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Abstract: Down syndrome (DS) is one of the most complex genetic disorders in humans and a leading
genetic cause of developmental delays and intellectual disabilities. The mouse remains an essential
model organism in DS research because human chromosome 21 (Hsa21) is orthologously conserved
with three regions in the mouse genome. Recent studies have revealed complex interactions among
different triplicated genomic regions and Hsa21 gene orthologs that underlie major DS phenotypes.
Because we do not know conclusively which triplicated genes are indispensable in such interactions
for a specific phenotype, it is desirable that all evolutionarily conserved Hsa21 gene orthologs are
triplicated in a complete model. For this reason, the Dp(10)1Yey/+;Dp(16)1Yey/+;Dp(17)1Yey/+
mouse is the most complete model of DS to reflect gene dosage effects because it is the only mutant
triplicated for all Hsa21 orthologous regions. Recently, several groups have expressed concerns that
efforts needed to generate the triple compound model would be so overwhelming that it may be
impractical to take advantage of its unique strength. To alleviate these concerns, we developed a
strategy to drastically improve the efficiency of generating the triple compound model with the aid
of a targeted coat color, and the results confirmed that the mutant mice generated via this approach
exhibited cognitive deficits.

Keywords: Down syndrome; mouse models; coat colors; cognitive function

1. Introduction

Human trisomy 21, which is associated with Down syndrome (DS), occurs in one in
approximately 800 live births [1]. This chromosomal rearrangement leads to a constellation
of phenotypes, and its effects on the nervous system are particularly problematic because
the changes lead to developmental delays and intellectual disabilities with very high pen-
etrance; notably, trisomy 21 is the most common chromosomal cause of developmental
intellectual disabilities in humans [2,3]. Given the high degree of evolutionary conser-
vation between humans and mice at the genomic and phenotypic levels, the mouse has
remained the most extensively investigated model organism for DS (Figure 1). Considered
by some investigators as a contiguous gene syndrome [4], the earliest group of genomic
mouse models for DS included mouse trisomy 16, Ts65Dn, and Ts1Cje [5–8]. The mouse
trisomy 16 model was developed based on the orthologous conservation between a part of
human chromosome 21 (Hsa21) and the distal portion of mouse chromosome 16 (Mmu16)
(www.ensembl.org, accessed on 20 June 2021). However, there are some major deficiencies
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associated with the mouse trisomy 16 model; namely, approximately 76.5% of Mmu16
is not orthologous to Hsa21 and none of the mutant mice can survive postnatally [8]. In
contrast, Ts65Dn mice are viable postnatally, and these mice carry marker chromosome
Ts(1716)65Dn, an unbalanced derivative of a balanced chromosomal translocation between
Mmu16 and Mmu17. This extra chromosome spans the genomic region between Mrpl39
and the telomere on Mmu16, which is orthologous to a region on Hsa21 and contains
approximately 100 Hsa21 gene orthologs. Ts(1716)65Dn also contains a subcentromeric
region of Mmu17 [9,10]. Therefore, Ts65Dn is not a complete mouse model of DS based
on gene dosages. Ts1Cje is triplicated for a smaller Hsa21 orthologous region than that
of Ts65Dn, and this region ranges from Sod1 to the telomere on Mmu16 [7]. The sec-
ond group of genomic mouse models developed were transchromosomal models [11,12].
Tc1, a transchromosomal mouse strain, represented an important model following the
first group, and these mice carry a Hsa21-based transchromosome [12]. However, that
transchromosome misses more than 50 Hsa21 genes because of the presence of several
deletions [11,13]. In addition, Tc1 is a mosaic model so the transchromosome in Tc1 is not
present in many cells in a mutant mouse and different Tc1 mutant mice have different levels
of mosaicisms [13,14]. Recently, a new transchromosomal model that does not appear to
be mosaic has been reported, but the transchromosome in TcMAC21 still misses 14 Hsa21
genes because of the presence of several deletions [11]. The third group of models devel-
oped involved duplication mice engineering primarily with mouse embryonic stem (ES)
cell technology [15–20]. Among these, Dp(10)1Yey/+, Dp(16)1Yey/+, and Dp(17)1Yey/+,
abbreviated hereafter as Dp(10)1Yey, Dp(16)1Yey, and Dp(17)1Yey, respectively, span the
entire Hsa21 orthologous regions on Mmu10, Mmu16, and Mmu17, respectively.
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Figure 1. Presence of the Ty transgene at the breakpoints of Dp(10)1Yey and Dp(16)1Yey but
not Dp(17)1Yey.

Studies on DS, including mouse-based studies, have revealed that there are com-
plex interactions among triplicated genomic regions and Hsa21 gene orthologs, which
are causally associated with DS phenotypes [18,21–23]. To mimic all the evolutionarily
conserved gene interactions, it is necessary that all Hsa21 gene orthologs are triplicated in
a model. For these reasons, the Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey model has a unique
advantage. However, it has been suggested that the generation of this triple compound
mutant would be a daunting task that could be impractical to pursue [2,11,24]. In this
report, we dispute this suggestion by describing an efficient coat color-facilitated strategy
for generating this important compound mutant. The results of behavioral tests confirmed
that these mutant mice exhibited developmental cognitive deficits.
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2. Materials and Methods
2.1. Mice

Dp(10)1Yey, Dp16)1Yey, and Dp(17)1Yey mice were maintained in a 129Sv back-
ground [16,20]. Individual mouse mutants were backcrossed with albino B6 mice
(C57B6/J-Tyrc-Brd) for two or three generations. For the identification of Dp(10)1Yey, specific
polymerase chain reaction (PCR) primers 5′-AGC CGG CGA ACG TGG CGA GAA A-3′

and 5′-AAG GCC TGC TGC CAA GCC ATC AG-3′ were used. For the identification of
Dp(16)1Yey, specific PCR primers 5′-CTG CCA GCC ACT CTA GCT CT-3′ and 5′-AAT TTC
TGT GGG GCA AAA TG-3′ were used. For the identification of Dp(17)1Yey, specific PCR
primers 5′-GCC AGC AAC GCG GCC TTT TTA CG-3′ and 5′-CAT TGG GGA GCC AGG
GCT GAT GGT-3′ were used. The mutant mice and wild-type control mice were main-
tained at a temperature- and humidity-controlled animal facility with a 12:12 h light/dark
cycle, and the mice had ad libitum access to food and water. All mouse experiments were
approved by the Institute Animal Care and Use Committee.

2.2. Open Field Test

The mice were placed in an open field arena and tracked for 10 min. The arena was a
transparent plastic box with the following dimensions: 40 (L)× 40 (W)× 40 cm (H); the box
was divided into 25 zones, and the central nine zones were considered as the center. The
experimental data were recorded and analyzed with an HVS Image All in One Tracking
2019 system (HVS Image Ltd., Twickenham, Middlesex, UK). The total distance traveled
(cm), average velocity (cm/s), percentage of zones used, and percentage of time spent in
the center were analyzed for each genotype.

2.3. T-Maze Spontaneous Alternation Test

To examine hippocampal function, continuous spontaneous alternation tests were
performed based on the protocol of Deacon and Rawlins [25]. The T-shape maze was
made of opaque acrylic (Plexiglas) with a start arm (90 × 10 × 20 cm) as well as left and
right arms (37 × 10 × 20 cm for each arm). A sliding door was placed in the start arm to
create a holding place that was separated from the rest of the maze, while a divider panel
(20 × 20 cm), which extended 10 cm into the start arm, was centered in the middle of the
“T” between the left and the right arms. At the beginning of the test, a mouse was placed
into the start arm. After 5 min of confined time, the slide door was opened, and the mouse
had free access to the rest of the maze for 10 min. Any entry into one of the lateral arms
was recorded, and entry into an opposite arm was defined as an alternation. Only a valid
entry, when the whole body of the mouse including its tail was inside the lateral arm, was
counted. The maze was cleaned with 10% ethanol in between tests with different mice. The
percentage of time the mouse alternated between left and right arms over the total number
of entries was defined as alternation performance.

2.4. Nesting Test

To further test hippocampus-associated function in the mice, nesting tests were per-
formed based on the protocol of Deacon [26]. Approximately 1 h before the dark phase,
mice were separated into individual testing cages that contained corn cob bedding. Then, a
2-g pre-weighed pressed cotton square (Nestlet) was placed into each testing cage. After
the 12-h dark phase, mice were returned to their home cages. The nests were scored, and
the unused Nestlet was weighted. We used the following scoring system: 0 = Nestlet
was not noticeably used; 1 = Nestlet was slightly used but not gathered; 2 = Nestlet was
partly used and gathered, but there was no nest formed; 3 = Nestlet was partly used, and a
flat nest was formed; 4 = Nestlet was mostly used to form a nest, but noticeable Nestlet
remained; 5 = Nestlet was totally torn up to form a perfect nest, and no Nestlet remained.

2.5. Contextual Fear-Conditioning Test

The contextual fear-conditioning tests were performed using the Fear-Conditioning
Video Tracking System (Med Associates Inc., St. Albans, VT, USA). The test chamber
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floor was a grid of stainless-steel rods connected to an electric shock generator. A video
camera was mounted in the front of the chamber. A ceiling light illuminated the interior
chamber through the transparent ceiling. Each mouse was allowed 2 min to explore the
chamber as baseline activity before conditioning. Then, a foot shock (1 mA scrambled)
with a duration of 2 s was delivered, which was controlled by Video Freeze Software V.1.8
(Med Associates Inc., St. Albans, VT, USA). After another 30 s, the mouse was removed
from the test chamber. Each mouse was returned to the test chamber after 24 h and again
after 72 h and monitored for 3 min with no foot shock. The Video Freeze Software recorded
the freezing behavior automatically. Mean freezing time during the contextual exposure
was calculated as a measure of contextual learning.

2.6. Foot-Shock Sensitivity Test

To ensure accurate interpretations of the fear-conditioning test data, foot-shock sensi-
tivity tests were performed in the test chamber. During these tests, each mouse was placed
into the chamber and subjected to a series of foot shocks delivered every 10 s starting at
0.05 mA, with a 0.05 mA increment between each shock. The minimal level of current
needed to elicit flinching, vocalizing, or running was recorded.

2.7. Morris Water Maze Test

Hippocampal-dependent spatial memory was analyzed by using a standard Morris
water maze test [27–29]. A circular pool (152 cm in diameter) was used, and the water had
a temperature of 25 ± 1 ◦C. The experimental data were recorded and analyzed with the
HVS Image All in One Tracking 2019 system (HVS Image Ltd., Twickenham, Middlesex,
UK). Mice were trained with the following sequence of trials: visible platform, hidden
platform, probe test, reversal platform, and reversal probe test. On day 0, visible platform
trials were carried out with four trials for each mouse. In each trial, the mouse started
from one of four start points (north, east, south, west) and swam for a maximum of 90 s
to reach the platform. Once on the platform, the mouse was allowed to recover for 10 s
before being gently removed from the pool. On days 1–7, the hidden platform trials were
carried out, and each mouse was used in four trials each day. Data on the latency (time to
find the platform), path-length (travel distance), and swimming speed were collected. On
day 8, a probe test was administrated without the platform. Each mouse had 60 s to search
the pool, and the percentages of time spent in different quadrants were recorded. On days
9–13, the reversal platform trials were carried out as previously described but the platform
was hidden at the opposite quadrant. On day 14, the reversal probe test was administrated
without the platform.

2.8. Sample Size and Statistical Methods

For the phenotypic analysis, five male and six female Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey
mice and six male and seven female wild-type control mice at 2–4 months of age were used,
and these mice were identified via the coat color-facilitated strategy. The data from the
T-maze spontaneous alternation tests, nesting tests, Morris water maze tests, contextual fear-
conditioning tests, and foot-shock sensitivity tests, as well as body weight and body length
measurements, were subjected to a one-way analysis of variance (ANOVA) between genotypes.
The ANOVA did not detect any effects of sex in all the phenotypes, including the behavioral
phenotypes, so the data from male mice and female mice were pooled and analyzed together
for these experiments. All values reported in the text and figures were expressed as the means
± standard error of the mean (SEM).

3. Results
3.1. Efficient Generation of Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey Mice Facilitated by Coat Colors

Mouse tyrosinase minigene (Ty) driven by its own regulatory element was a coat color
marker gene in the targeting vectors used in engineering of the three Dp mutants, namely,
Dp(10)1Yey, Dp(16)1Yey, and Dp(17)1Yey [16,20]. Because these targeting vectors were
integrated into the genome of mouse ES cells via insertion events during gene targeting, all
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genetic elements of the targeting vectors were inserted into the targeted alleles, including
Ty [16,20]. As a consequence, Ty is co-segregated with Dp(10)1Yey and Dp(16)1Yey in
mutant mice (Figure 1) [16,20]. However, the presence or absence of this coat color was
not our original concern when we designed our strategy to develop these mouse mutants.
Therefore, Ty is not co-segregated with Dp(17)1Yey, but is with its reciprocal deletion,
Df(17)1Yey [30].

Because of the growing concerns over the possible difficulties associated with the
generation of the triple duplication mice as expressed by several groups [2,11,24], we
decided to examine the efficiency of generating these mice with the aid of coat colors. After
backcrossing to albino B6 mice, one copy of the Ty minigene led to a cream coat color
in Dp(10)1Yey mice and Dp(16)1Yey mice (Figure 2b). To generate the triple duplication
mice, we first crossed Dp(10)1Yey females with Dp(16)1Yey males because Dp(16)1Yey
females showed an impaired ability to raise their pups. Dp(10)1Yey;Dp(16)1Yey mice
were identified by the tan coat color resulting from the presence of two copies of Ty
(Figure 2b), and the identifications were confirmed by PCR-based genotyping. Afterward,
Dp(10)1Yey;Dp(16)1Yey mice were crossed to Dp(17)1Yey mice. The progeny from such a
cross carried eight different genotypes and had three different coat colors (Figure 2).
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Figure 2. Coat color-facilitated strategy to identify the triple compound model of Down syndrome
(DS). (a) A Dp(10)1Yey mouse with a cream coat color is crossed to a Dp(16)1Yey mouse with a cream
coat color to produce a Dp(10)1Yey;Dp(16)1Yey mouse with a tan coat color. Further crossing of a
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Dp(10)1Yey;Dp(16)1Yey mouse and a Dp(17)1Yey mouse with a white coat color yields progeny
with eight different genotypes. Among them, the ones with a cream coat color can be discarded
because none of them carry the triple duplications. A single polymerase chain reaction (PCR) using
the primers specific for Dp(17)1Yey can be used to identify the triple compound mutant mice and
the wild-type control mice. (b) The relationship between the genotypes and coat colors among the
progeny generated from the cross between Dp(10)1Yey;Dp(16)1Yey mice and Dp(17)1Yey mice. 1:
Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey, tan. 2: Dp(16)1Yey;Dp(17)1Yey, tan. 3: Dp(10)1Yey;Dp(17)1Yey,
cream. 4: Dp(16)1Yey;Dp(17)1Yey, cream. 5: Dp(10)1Yey, cream. 6: Dp(16)1Yey, cream. 7: Dp(17)1Yey,
white. 8: wild-type control, white. The mice in the photograph are four and a half weeks old.

The progeny with a tan coat color carried the genotype of Dp(10)1Yey;Dp(16)1Yey;Dp
(17)1Yey or Dp(10)1Yey;Dp(16)1Yey. The progeny with a cream coat color carried the
genotype of Dp(10)1Yey;Dp(17)1Yey, Dp(16)1Yey;Dp(17)1Yey, Dp(10)1Yey, or Dp(16)1Yey.
The progeny with a white coat color carried the genotype of Dp(17)1Yey or a wild-type
genotype. Therefore, to identify the triple compound mutant mice and their wild-type
control mice, all the progeny with a cream coat color can be discarded because none
of these carries triple duplications (Figure 2a). To identify the triple compound mice
among the progeny with a tan coat color, we can perform a single PCR test using the
primers specific for Dp(17)1Yey to distinguish Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice
and Dp(10)1Yey;Dp(16)1Yey mice. To identify the wild-type control mice among the
progeny with a white coat color, we can perform a single PCR test using the primers
specific for Dp(17)1Yey to distinguish Dp(17)1Yey mice and wild-type control mice. In one
such breeding experiment, we identified 23 triple compound mutant mice and 31 wild-type
litters, as well as the progeny with all other genotypes (Table 1). Their genotypes were
confirmed by using the primers for identifying Dp(10)1Yey, Dp(16)1Yey, and Dp(17)1Yey
(Table 1). These PCR-based genotyping results were matched with the coat colors, as shown
in Figure 2, without exception.

Table 1. Analysis of the relationship between genotypes and coat colors among the progeny generated by crossing
Dp(10)1Yey;Dp(16)1Yey mice to Dp(17)1Yey mice.

Genotype Group (1) (2) (3) (4) (5) (6) (7) (8)

Coat colors Tan Tan Cream Cream Cream Cream White White
Progeny # 23 25 31 23 28 24 34 31

Ratio 10.50% 11.42% 14.16% 10.50% 12.79% 10.96% 15.53% 14.16%

(1): Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey; (2): Dp(10)1Yey;Dp(16)1Yey; (3): Dp(10)1Yey;Dp(17)1Yey; (4): Dp(16)1Yey;Dp(17)1Yey; (5):
Dp(10)1Yey; (6): Dp(16)1Yey; (7): Dp(17)1Yey; (8): wild-type.

Based on the above results, approximately 48.4% of the progeny do not need PCR-
based genotyping because they have a cream coat color and thus do not carry the triple
compound duplications (Figure 2, Table 1). For the remaining progeny (approximately
51.6%), we only need to perform a single PCR test for each one to identify the triple
duplication mice and their wild-type control mice. In summary, by using this approach,
approximately 82.8% of the genotyping efforts can be eliminated. The remaining 17.2% of
the genotyping effort is sufficient for the identification of the triple compound mutant mice
and their wild-type control mice. Therefore, DNA-based genotyping is about 581.4% more
effective with the coat color-facilitated strategy than that without the proposed strategy for
the identification of the triple compound model and their wild-type control mice.

3.2. Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey Mice Identified via the Coat Color-Facilitated Strategy
Exhibit Cognitive Deficits

Using the above coat color-facilitated strategy, we generated the triple compound
model with a tan coat color and albino wild-type control mice. At 2–4 months of age,
Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice had a normal appearance. As indicated by the
nose-to-anus body lengths and body weights, the triple compound mutant mice were
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smaller than the wild-type control mice (p < 0.05) (Figure 3). Because the presence of an
exogenous coat color transgene in the albino background may alter vision and other phe-
notypic features, including those associated with behaviors [31–38], we next performed a
battery of behavioral tests (as described in the Materials and Methods) on these two groups
of mice at 2–4 months of age. In open field tests, we found no difference between the two
groups in terms of the general activity level, gross locomotor activity, and exploratory
habits (p > 0.05) (Figure 4).
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Figure 3. Body length and weight: (a) The mean nose-to-anus body length of
Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice was shorter than that of the wild-type control mice
(p = 0.022). (b) The mean body weight of Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice was smaller than
that of the wild-type control mice (p = 0.023). *, p < 0.05.
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Figure 4. Open field test: Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey and the wild-type control mice were
placed in the open field arena for 10 min and their activities were recorded. There were no significant
differences between these two groups of mice in terms of the total path traveled (a) (p = 0.67), time
spent in the center arena (b) (p = 0.39), or total times of rearing (c) (p = 0.38).

Detailed results for the following four types of tests to examine the hippocampal
function of the triple compound model are described below: the T-maze test, nesting
test, contextual fear-conditioning test, and Morris water maze test. In the T-maze tests,
the alternation rate of entry into the left or right arm is associated with reference and
working memory [25]. In these tests, the average value for entries into the T-maze
for Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice was 15.55, which was similar to the value
of 18.08 for the wild-type control mice (p = 0.43). However, the alternation rate of
Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice was significantly lower than that of the wild-
type control mice (p < 0.001), thus indicating the triple compound mice had impaired
hippocampal function (Figure 5).
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Figure 5. T-maze test: Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey and the wild-type control mice were
allowed to explore the arms of the T-maze for 10 min and each entry into each arm was recorded.
(a) There was no difference in the average total entries between the two groups of mice (p = 0.43).
(b) Alternation rate was calculated with the times of correct entries over total times of entries. The
alternation rate of Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice was significantly less than that of the
wild-type control mice. *** p < 0.005.

In the nesting test [26], Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice showed a signifi-
cantly lower score for nest building when compared to the wild-type control mice (p < 0.05),
and these mice left significantly more unused Nestlet material compared to the wild-type
control mice (p < 0.05) (Figure 6).
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Figure 6. Nesting test: Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice and the wild-type control mice were housed in-
dividually in a new cage with a pre-weighted Nestlet overnight. (a) The nest scores were 1.55 and 3.15 for the
Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey and wild-type control mice, respectively (p = 0.03). (b) The remaining Nestlet
weighed 1.23 g for Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice and 0.61 g for the wild-type control mice (p = 0.02).
Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice consistently scored worse and left more Nestlet behind than the wild-type
control mice. (c) A representative picture of a nest built by a wild-type control mouse, which corresponded to a score of 4.
(d) A representative picture of the Nestlet remaining in the cage of a Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mouse, which
corresponded to a score of 1. * p < 0.05.

To examine the capacity for hippocampal-mediated contextual memory in mice,
we performed the contextual fear-conditioning test [27,39]. Before the delivery of foot
shocks, Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice and their wild-type control mice showed
a similar baseline freezing level (p > 0.05). After 24 h, both mutant mice and wild-type
mice showed increasing freezing behavior upon return to the test chamber. However,
Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice froze significantly less than wild-type mice
(p < 0.005). Then, 72 h after checking the baseline freezing level, the mice were returned to
the original test chamber again, and we observed that the mutant mice still froze signifi-
cantly less than the wild-type control mice (p < 0.05) (Figure 7a). To facilitate interpretation
of the contextual fear-conditioning data, foot-shock sensitivity tests were performed, and
these data showed that there was no difference between the two groups of mice in terms
of the mean threshold of the current needed to elicit flinching, vocalizing, and running
(p > 0.05) (Figure 7b).
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Figure 7. Contextual fear-condition test and foot-shock sensitivity test: (a) Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice and
the wild-type control mice were placed in the testing chamber for 2 min, and a 2-s foot-shock was delivered at the end of
the period. Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice and the wild-type control mice exhibited no significant difference
at the baseline freezing level (p = 0.67). Then, mice were placed back into the chamber 24 and 72 h afterward. After
24 h, Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice froze significantly less than the wild-type control mice (p = 0.003). After
72 h, Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice still froze less than the wild-type control mice (p = 0.014). (b) A foot-shock
sensitivity test was performed on both groups of mice. The minimum currents required to induce flinching, running, or
vocalizing were similar for Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice and the wild-type control mice. * p < 0.05; *** p < 0.005.
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throughout genomes with consequences exhibited at the molecular, cellular, and organis-
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knowledge, while others have been demonstrated experimentally [18,21–23,40–42]. To re-
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gene orthologs in an animal model are triplicated. If any of those genes remained at the 
disomic status in the model, this would create the possibility that some critical interactions 
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The current study demonstrated that Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice can 
be generated efficiently with the aid of coat colors. The value of 10.5% for the transmission 
ratio of the triple compound mice we obtained (Table 1) was lower than the value of 12.5% 
predicted by the Mendelian ratio. The magnitude of the reduction was approximately 
17.9%, which was close to what we observed for the incidence rate of heart defects associ-
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Figure 8. Morris water maze test: Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice and the wild-type control mice were compared
in a Morris water maze test. (a) During the hidden platform test from day 1 to 7, no differences in the path-lengths taken to
reach the platform were observed between the mice carrying two different genotypes (* p > 0.05). During the reverse platform
test from day 9 to 13, the path-lengths taken to reach the platform were longer for Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey
mice than those for the wild-type control mice (* p < 0.05). (b) In the probe test on day 8, no differences in the times spent
in the target quadrant were observed between the mice carrying two different genotypes (p > 0.05). (c) In the reverse
probe test on day 14, differences in the times spent in the target quadrant were observed between the mice carrying two
different genotypes (* p < 0.05). (d) There was a small difference in swimming speed between the mice carrying two different
genotypes (p < 0.05).

To examine hippocampal-mediated spatial learning and memory [27–29], we com-
pared the performances of the Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice and wild-type
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control mice in the Morris water maze test. In the hidden platform version, although
the path-length needed for both groups to locate the platform significantly decreased
following the training (p < 0.05), there were no significant differences detected between
the mutant mice and the wild-type control mice (Figure 8a). In the probe test, the differ-
ence between the Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice and wild-type control mice
was not significant either (Figure 8b). However, when reversal learning was tested,
Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice exhibited significant deficits when compared
with the wild-type control mice. Specifically, Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice
took a longer path-length to reach the platform, starting from the second day of reversal
training trial (p < 0.05) (Figure 8a). Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice also spent less
time than the wild-type control mice in the target quadrant during the reversal probe tests
(p < 0.05) (Figure 8c). Lastly, the mutant mice exhibited slower swimming speeds when
compared with the wild-type control mice (p < 0.05) (Figure 8d).

The aforementioned behavioral results confirmed that Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey
mice identified via the coat color-facilitated strategy had significant deficits in hippocampal-
mediated cognitive function.

4. Discussion

Down syndrome is one of the most complex human genetic disorders because it is
associated with the triplication of all the genes on Hsa21. These triplicated genes not only
affect phenotypes directly, but also interact among themselves and with disomic genes
throughout genomes with consequences exhibited at the molecular, cellular, and organis-
mal levels. Some of these interactions have been speculated to occur based on established
knowledge, while others have been demonstrated experimentally [18,21–23,40–42]. To
reflect these evolutionarily conserved interactions at all levels, it is desirable that all Hsa21
gene orthologs in an animal model are triplicated. If any of those genes remained at the
disomic status in the model, this would create the possibility that some critical interac-
tions may not have been mimicked. For this reason, the triple compound mouse model
Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey can serve as a reference model for DS in analyses of
gene dosage effects because of its unique genotype.

The current study demonstrated that Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice can be
generated efficiently with the aid of coat colors. The value of 10.5% for the transmission
ratio of the triple compound mice we obtained (Table 1) was lower than the value of 12.5%
predicted by the Mendelian ratio. The magnitude of the reduction was approximately 17.9%,
which was close to what we observed for the incidence rate of heart defects associated with
the triple compound model [20].

Even though duplications, such as Dp(10)1Yey and Dp(16)1Yey, may facilitate se-
quence homology-based recombination, we have not detected this phenomenon among
our mutants. If it has happened, the frequency of such a recombination must be very low
according to the ratio of the genotypes of the progeny. If such an event does occur, the
recombination will eliminate the targeted Ty gene as well as the duplication simultane-
ously, thus converting a mutant mouse carrying both Ty and Dp(10)1Yey or Dp(16)1Yey
to a wild-type mouse. Therefore, regardless of whether or not sequence homology-based
recombination takes place, Ty will co-segregate with Dp(10)1Yey or Dp(16)1Yey, unless the
recombination is not sequence homology-based, which usually only occurs at an extremely
low incidence rate.

On some occasions, the strain background of mice can have an important effect on a phe-
notype [43–49]. Because individuals with DS have different genetic backgrounds, it is desirable
for mouse models of DS to also have a more mixed background, which better mimics the
human condition, instead of an inbred or congenic strain background. If some DS phenotypes
appear only in a model with an inbred or congenic background, these phenotypes may not
represent mechanistically what happens in humans with DS. For these reasons, the mutant
mice used in this study have been backcrossed to albino B6 for about two to three generations
from the 129Sv background, instead of five generations, and this approach allowed us to avoid
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a background leaning forward congenic. This more mixed strain background could have
reduced the incidence rate of heart defects slightly. The backcrossing process has resulted in
different mixes of C57B6/J-Tyrc-Brd and 129Sv backgrounds in individual mice. Because the
wild-type C57B6/J-Tyrc-Brd and 129Sv mice exhibit some differences in behaviors, the differ-
ent contributions of C57B6/J-Tyrc-Brd and 129Sv backgrounds may lead to variability of the
phenotypes in individual Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey mice beyond the impact of the
triplications of the same Hsa21 gene orthologs. Sampling of a sufficient number of mice with
different genotypes, as shown in the current study, reduce the strain background-associated
variability of the phenotypes.

Our present study confirmed that the triple compound mutant mice generated with
the coat color-facilitated strategy exhibited significant impairments in cognitive function.
It is our expectation that the mutant mice generated with this coat color-facilitated strategy
will exhibit many DS phenotypes detected in Dp(16)1Yey and Ts65Dn models with the
advantage of reflecting the triplications of all Hsa21 gene orthologs in mice.

Recent establishment of TcMAC21 mice is another significant development in the
efforts to model DS [11]. However, 14 Hsa21 genes were deleted in the transchromosome in
the model and many of these deleted genes already have been implicated in important DS
phenotypes [50–57]. In addition, incorporation of a human chromosome in mice may not
precisely represent triplication of a part of the genomic material, as in human trisomy 21 in
DS, because of the sequence differences between the syntenic regions in these two species.
The regulatory elements influencing gene expressions may be different in humans and
mice, which may lead to differential spatial and temporal expression patterns for the gene
orthologs on mouse and human chromosomes [2,11]. Furthermore, some human proteins
may not participate in normal oligomerization with mouse proteins; some human proteins
may even function differently from mouse orthologous proteins [2], which may be consid-
ered as abnormal proteins in a transchromosomal mouse mutant. All these possibilities
may complicate the interpretations of data generated from transchromosomal models.

Based on this work and other studies, all important animal models of DS have their
advantages and disadvantages [11,14,58]. It may therefore be advisable to analyze different
DS-associated phenotypic features and their underlying mechanisms in multiple animal
models. For the same reason, different preclinical treatment strategies and their associ-
ated pharmacological mechanisms should be studied in multiple animal models. Such
comparable analyses may yield surprising insights [58]. In conclusion, we can anticipate
that the Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey model generated via the much more efficient
and cost-effective strategy described in this study will continue to play a critical role in
DS research.

Author Contributions: Conceptualization, Y.L. and Y.E.Y. Experimental design and execution, Y.L.,
Z.X., T.Y., A.P., M.D. and Y.E.Y. Data analysis, Y.L., T.Y., A.P. and Y.E.Y. Manuscript preparation, Y.L.,
A.P., M.D. and Y.E.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by grants from the NIH (R01HD090180, P3016056) and
from the Children’s Guild Foundation.

Institutional Review Board Statement: All mouse experiments were approved by the Institute
Animal Care and Use Committee of Roswell Park Comprehensive Cancer Center.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available from the corresponding
author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.



Genes 2021, 12, 1215 12 of 14

References
1. Bull, M.J. Down syndrome. N. Engl. J. Med. 2020, 382, 2344–2352. [CrossRef]
2. Antonarakis, S.E.; Skotko, B.G.; Rafii, M.S.; Strydom, A.; Pape, S.E.; Bianchi, D.W.; Sherman, S.L.; Reeves, R.H. Down syndrome.

Nat. Rev. Dis. Primers 2020, 6, 9. [CrossRef] [PubMed]
3. Dierssen, M. Down syndrome: The brain in trisomic mode. Nat. Rev. Neurosci. 2012, 13, 844–858. [CrossRef]
4. Korenberg, J.R.; Chen, X.N.; Schipper, R.; Sun, Z.; Gonsky, R.; Gerwehr, S.; Carpenter, N.; Daumer, C.; Dignan, P.; Disteche, C.; et al.

Down syndrome phenotypes: The consequences of chromosomal imbalance. Proc. Natl. Acad. Sci. USA 1994, 91, 4997–5001.
[CrossRef]

5. Davisson, M.T.; Schmidt, C.; Akeson, E.C. Segmental trisomy of murine chromosome 16: A new model system for studying
Down syndrome. Prog. Clin. Biol. Res. 1990, 360, 263–280. [PubMed]

6. Reeves, R.H.; Irving, N.G.; Moran, T.H.; Wohn, A.; Kitt, C.; Sisodia, S.S.; Schmidt, C.; Bronson, R.T.; Davisson, M.T. A mouse
model for Down syndrome exhibits learning and behaviour deficits. Nat. Genet. 1995, 11, 177–184. [CrossRef]

7. Sago, H.; Carlson, E.J.; Smith, D.J.; Kilbridge, J.; Rubin, E.M.; Mobley, W.C.; Epstein, C.J.; Huang, T.T. Ts1Cje, a partial trisomy 16
mouse model for Down syndrome, exhibits learning and behavioral abnormalities. Proc. Natl. Acad. Sci. USA 1998, 95, 6256–6261.
[CrossRef] [PubMed]

8. Xing, Z.; Li, Y.; Pao, A.; Bennett, A.S.; Tycko, B.; Mobley, W.C.; Yu, Y.E. Mouse-based genetic modeling and analysis of Down
syndrome. Br. Med. Bull. 2016, 120, 111–122. [CrossRef]

9. Duchon, A.; Raveau, M.; Chevalier, C.; Nalesso, V.; Sharp, A.J.; Herault, Y. Identification of the translocation breakpoints in
the Ts65Dn and Ts1Cje mouse lines: Relevance for modeling Down syndrome. Mamm. Genome 2011, 22, 674–684. [CrossRef]
[PubMed]

10. Reinholdt, L.G.; Ding, Y.; Gilbert, G.J.; Czechanski, A.; Solzak, J.P.; Roper, R.J.; Johnson, M.T.; Donahue, L.R.; Lutz, C.;
Davisson, M.T. Molecular characterization of the translocation breakpoints in the Down syndrome mouse model Ts65Dn.
Mamm. Genome 2011, 22, 685–691. [CrossRef]

11. Kazuki, Y.; Gao, F.J.; Li, Y.; Moyer, A.J.; Devenney, B.; Hiramatsu, K.; Miyagawa-Tomita, S.; Abe, S.; Kazuki, K.; Kajitani, N.; et al.
A non-mosaic transchromosomic mouse model of down syndrome carrying the long arm of human chromosome 21. eLife 2020,
9, e56223. [CrossRef] [PubMed]

12. O’Doherty, A.; Ruf, S.; Mulligan, C.; Hildreth, V.; Errington, M.L.; Cooke, S.; Sesay, A.; Modino, S.; Vanes, L.; Hernandez, D.; et al.
An aneuploid mouse strain carrying human chromosome 21 with Down syndrome phenotypes. Science 2005, 309, 2033–2037.
[CrossRef]

13. Gribble, S.M.; Wiseman, F.K.; Clayton, S.; Prigmore, E.; Langley, E.; Yang, F.; Maguire, S.; Fu, B.; Rajan, D.; Sheppard, O.; et al.
Massively parallel sequencing reveals the complex structure of an irradiated human chromosome on a mouse background in the
Tc1 model of Down syndrome. PLoS ONE 2013, 8, e60482. [CrossRef]

14. Reeves, R.H. Down syndrome mouse models are looking up. Trends Mol. Med. 2006, 12, 237–240. [CrossRef]
15. Herault, Y.; Delabar, J.M.; Fisher, E.M.C.; Tybulewicz, V.L.J.; Yu, E.; Brault, V. Rodent models in Down syndrome research: Impact

and future opportunities. Dis. Model. Mech. 2017, 10, 1165–1186. [CrossRef]
16. Li, Z.; Yu, T.; Morishima, M.; Pao, A.; LaDuca, J.; Conroy, J.; Nowak, N.; Matsui, S.; Shiraishi, I.; Yu, Y. Duplication of the

entire 22.9-Mb human chromosome 21 syntenic region on mouse chromosome 16 causes cardiovascular and gastrointestinal
abnormalities. Hum. Mol. Genet. 2007, 16, 1359–1366. [CrossRef] [PubMed]

17. Olson, L.E.; Richtsmeier, J.T.; Leszl, J.; Reeves, R.H. A chromosome 21 critical region does not cause specific Down syndrome
phenotypes. Science 2004, 306, 687–690. [CrossRef] [PubMed]

18. Pereira, P.L.; Magnol, L.; Sahun, I.; Brault, V.; Duchon, A.; Prandini, P.; Gruart, A.; Bizot, J.C.; Chadefaux-Vekemans, B.;
Deutsch, S.; et al. A new mouse model for the trisomy of the Abcg1-U2af1 region reveals the complexity of the combinatorial
genetic code of down syndrome. Hum. Mol. Genet. 2009, 18, 4756–4769. [CrossRef] [PubMed]

19. Watson-Scales, S.; Kalmar, B.; Lana-Elola, E.; Gibbins, D.; La Russa, F.; Wiseman, F.; Williamson, M.; Saccon, R.; Slender, A.;
Olerinyova, A.; et al. Analysis of motor dysfunction in Down Syndrome reveals motor neuron degeneration. PLoS Genet. 2018,
14, e1007383. [CrossRef]

20. Yu, T.; Li, Z.; Jia, Z.; Clapcote, S.J.; Liu, C.; Li, S.; Asrar, S.; Pao, A.; Chen, R.; Fan, N.; et al. A mouse model of Down syndrome
trisomic for all human chromosome 21 syntenic regions. Hum. Mol. Genet. 2010, 19, 2780–2791. [CrossRef]

21. Duchon, A.; Del Mar Muniz Moreno, M.; Lorenzo, S.M.; de Souza, M.P.S.; Chevalier, C.; Nalesso, V.; Meziane, H.; de Sousa, P.L.;
Noblet, V.; Armspach, J.P.; et al. Multi-influential genetic interactions alter behaviour and cognition through six main biological
cascades in Down syndrome mouse models. Hum. Mol. Genet. 2021. [CrossRef] [PubMed]

22. Jiang, X.; Liu, C.; Yu, T.; Zhang, L.; Meng, K.; Xing, Z.; Belichenko, P.V.; Kleschevnikov, A.M.; Pao, A.; Peresie, J.; et al. Genetic
dissection of the Down syndrome critical region. Hum. Mol. Genet. 2015, 24, 6540–6551. [CrossRef] [PubMed]

23. Ma’ayan, A.; Gardiner, K.; Iyengar, R. The cognitive phenotype of Down syndrome: Insights from intracellular network analysis.
NeuroRx 2006, 3, 396–406. [CrossRef] [PubMed]

24. Gupta, M.; Dhanasekaran, A.R.; Gardiner, K.J. Mouse models of Down syndrome: Gene content and consequences.
Mamm. Genome 2016, 27, 538–555. [CrossRef]

25. Deacon, R.M.; Rawlins, J.N. T-maze alternation in the rodent. Nat. Protoc. 2006, 1, 7–12. [CrossRef] [PubMed]
26. Deacon, R.M. Assessing nest building in mice. Nat. Protoc. 2006, 1, 1117–1119. [CrossRef]

http://doi.org/10.1056/NEJMra1706537
http://doi.org/10.1038/s41572-019-0143-7
http://www.ncbi.nlm.nih.gov/pubmed/32029743
http://doi.org/10.1038/nrn3314
http://doi.org/10.1073/pnas.91.11.4997
http://www.ncbi.nlm.nih.gov/pubmed/2147289
http://doi.org/10.1038/ng1095-177
http://doi.org/10.1073/pnas.95.11.6256
http://www.ncbi.nlm.nih.gov/pubmed/9600952
http://doi.org/10.1093/bmb/ldw040
http://doi.org/10.1007/s00335-011-9356-0
http://www.ncbi.nlm.nih.gov/pubmed/21953411
http://doi.org/10.1007/s00335-011-9357-z
http://doi.org/10.7554/eLife.56223
http://www.ncbi.nlm.nih.gov/pubmed/32597754
http://doi.org/10.1126/science.1114535
http://doi.org/10.1371/journal.pone.0060482
http://doi.org/10.1016/j.molmed.2006.04.005
http://doi.org/10.1242/dmm.029728
http://doi.org/10.1093/hmg/ddm086
http://www.ncbi.nlm.nih.gov/pubmed/17412756
http://doi.org/10.1126/science.1098992
http://www.ncbi.nlm.nih.gov/pubmed/15499018
http://doi.org/10.1093/hmg/ddp438
http://www.ncbi.nlm.nih.gov/pubmed/19783846
http://doi.org/10.1371/journal.pgen.1007383
http://doi.org/10.1093/hmg/ddq179
http://doi.org/10.1093/hmg/ddab012
http://www.ncbi.nlm.nih.gov/pubmed/33693642
http://doi.org/10.1093/hmg/ddv364
http://www.ncbi.nlm.nih.gov/pubmed/26374847
http://doi.org/10.1016/j.nurx.2006.05.036
http://www.ncbi.nlm.nih.gov/pubmed/16815222
http://doi.org/10.1007/s00335-016-9661-8
http://doi.org/10.1038/nprot.2006.2
http://www.ncbi.nlm.nih.gov/pubmed/17406205
http://doi.org/10.1038/nprot.2006.170


Genes 2021, 12, 1215 13 of 14

27. Clapcote, S.J.; Lazar, N.L.; Bechard, A.R.; Roder, J.C. Effects of the rd1 mutation and host strain on hippocampal learning in mice.
Behav. Genet. 2005, 35, 591–601. [CrossRef]

28. Clapcote, S.J.; Roder, J.C. Survey of embryonic stem cell line source strains in the water maze reveals superior reversal learning of
129S6/SvEvTac mice. Behav. Brain Res. 2004, 152, 35–48. [CrossRef]

29. D’Hooge, R.; Nagels, G.; Franck, F.; Bakker, C.E.; Reyniers, E.; Storm, K.; Kooy, R.F.; Oostra, B.A.; Willems, P.J.; De Deyn, P.P.
Mildly impaired water maze performance in male Fmr1 knockout mice. Neuroscience 1997, 76, 367–376. [CrossRef]

30. Yu, T.; Clapcote, S.J.; Li, Z.; Liu, C.; Pao, A.; Bechard, A.R.; Carattini-Rivera, S.; Matsui, S.; Roder, J.C.; Baldini, A.; et al. Deficiencies
in the region syntenic to human 21q22.3 cause cognitive deficits in mice. Mamm. Genome 2010, 21, 258–267. [CrossRef]

31. Brown, W.P.; Morgan, K.T. Age, breed designation, coat color, and coat pattern influenced the length of stay of cats at a no-kill
shelter. J. Appl. Anim. Welf. Sci. 2015, 18, 169–180. [CrossRef]

32. Buggia, L.B. Questions about coat color and aggression in cats. J. Am. Vet. Med. Assoc. 2011, 239, 1289.
33. Jacobs, L.N.; Staiger, E.A.; Albright, J.D.; Brooks, S.A. The MC1R and ASIP Coat Color Loci May Impact Behavior in the Horse.

J. Hered. 2016, 107, 214–219. [CrossRef] [PubMed]
34. Perez-Guisado, J.; Munoz-Serrano, A.; Lopez-Rodriguez, R. Evaluation of the Campbell test and the influence of age, sex, breed,

and coat color on puppy behavioral responses. Can. J. Vet. Res. 2008, 72, 269–277.
35. Stelow, E.A.; Bain, M.J.; Kass, P.H. The Relationship Between Coat Color and Aggressive Behaviors in the Domestic Cat.

J. Appl. Anim. Welf. Sci. 2016, 19, 1–15. [CrossRef]
36. Turner, J.W., Jr.; Carbonell, C. A relationship between frequency of display of territorial marking behavior and coat color in male

Mongolian gerbils. Lab. Anim. Sci. 1984, 34, 488–490. [PubMed]
37. Webb, A.A.; Cullen, C.L. Coat color and coat color pattern-related neurologic and neuro-ophthalmic diseases. Can. Vet. J. 2010, 51,

653–657.
38. Yamamuro, Y.; Shiraishi, A. Genotype-dependent participation of coat color gene loci in the behavioral traits of laboratory mice.

Behav. Process. 2011, 88, 81–87. [CrossRef]
39. Lu, Y.M.; Jia, Z.; Janus, C.; Henderson, J.T.; Gerlai, R.; Wojtowicz, J.M.; Roder, J.C. Mice lacking metabotropic glutamate receptor 5

show impaired learning and reduced CA1 long-term potentiation (LTP) but normal CA3 LTP. J. Neurosci. 1997, 17, 5196–5205.
[CrossRef] [PubMed]

40. Marechal, D.; Lopes Pereira, P.; Duchon, A.; Herault, Y. Dosage of the Abcg1-U2af1 region modifies locomotor and cognitive
deficits observed in the Tc1 mouse model of Down syndrome. PLoS ONE 2015, 10, e0115302. [CrossRef]

41. Sturgeon, X.; Le, T.; Ahmed, M.M.; Gardiner, K.J. Pathways to cognitive deficits in Down syndrome. Prog. Brain Res. 2012, 197,
73–100. [CrossRef]

42. Zhang, L.; Meng, K.; Jiang, X.; Liu, C.; Pao, A.; Belichenko, P.V.; Kleschevnikov, A.M.; Josselyn, S.; Liang, P.; Ye, P.; et al. Human
chromosome 21 orthologous region on mouse chromosome 17 is a major determinant of Down syndrome-related developmental
cognitive deficits. Hum. Mol. Genet. 2014, 23, 578–589. [CrossRef]

43. Threadgill, D.W.; Dlugosz, A.A.; Hansen, L.A.; Tennenbaum, T.; Lichti, U.; Yee, D.; LaMantia, C.; Mourton, T.; Herrup, K.;
Harris, R.C.; et al. Targeted disruption of mouse EGF receptor: Effect of genetic background on mutant phenotype. Science 1995,
269, 230–234. [CrossRef] [PubMed]

44. Genik, P.C.; Bielefeldt-Ohmann, H.; Liu, X.; Story, M.D.; Ding, L.; Bush, J.M.; Fallgren, C.M.; Weil, M.M. Strain background
determines lymphoma incidence in Atm knockout mice. Neoplasia 2014, 16, 129–136. [CrossRef] [PubMed]

45. Johnson, K.R.; Zheng, Q.Y.; Noben-Trauth, K. Strain background effects and genetic modifiers of hearing in mice. Brain Res. 2006,
1091, 79–88. [CrossRef]

46. Han, H.J.; Allen, C.C.; Buchovecky, C.M.; Yetman, M.J.; Born, H.A.; Marin, M.A.; Rodgers, S.P.; Song, B.J.; Lu, H.C.;
Justice, M.J.; et al. Strain background influences neurotoxicity and behavioral abnormalities in mice expressing the tetracycline
transactivator. J. Neurosci. 2012, 32, 10574–10586. [CrossRef] [PubMed]

47. Bailey, R.M.; Howard, J.; Knight, J.; Sahara, N.; Dickson, D.W.; Lewis, J. Effects of the C57BL/6 strain background on tauopathy
progression in the rTg4510 mouse model. Mol. Neurodegener. 2014, 9, 8. [CrossRef] [PubMed]

48. Shah, S.; Sanford, U.R.; Vargas, J.C.; Xu, H.; Groen, A.; Paulusma, C.C.; Grenert, J.P.; Pawlikowska, L.; Sen, S.; Elferink, R.P.; et al.
Strain background modifies phenotypes in the ATP8B1-deficient mouse. PLoS ONE 2010, 5, e8984. [CrossRef] [PubMed]

49. Jones, S.W.; Roberts, R.A.; Robbins, G.R.; Perry, J.L.; Kai, M.P.; Chen, K.; Bo, T.; Napier, M.E.; Ting, J.P.; Desimone, J.M.; et al.
Nanoparticle clearance is governed by Th1/Th2 immunity and strain background. J. Clin. Investig. 2013, 123, 3061–3073.
[CrossRef]

50. Carvalhaes, L.S.; Gervasio, O.L.; Guatimosim, C.; Heljasvaara, R.; Sormunen, R.; Pihlajaniemi, T.; Kitten, G.T. Collagen
XVIII/endostatin is associated with the epithelial-mesenchymal transformation in the atrioventricular valves during cardiac
development. Dev. Dyn. 2006, 235, 132–142. [CrossRef]

51. Izzo, A.; Manco, R.; Bonfiglio, F.; Cali, G.; De Cristofaro, T.; Patergnani, S.; Cicatiello, R.; Scrima, R.; Zannini, M.; Pinton, P.; et al.
NRIP1/RIP140 siRNA-mediated attenuation counteracts mitochondrial dysfunction in Down syndrome. Hum. Mol. Genet. 2014,
23, 4406–4419. [CrossRef] [PubMed]

52. Izzo, A.; Nitti, M.; Mollo, N.; Paladino, S.; Procaccini, C.; Faicchia, D.; Cali, G.; Genesio, R.; Bonfiglio, F.; Cicatiello, R.; et al.
Metformin restores the mitochondrial network and reverses mitochondrial dysfunction in Down syndrome cells. Hum. Mol. Genet.
2017, 26, 1056–1069. [CrossRef] [PubMed]

http://doi.org/10.1007/s10519-005-5634-5
http://doi.org/10.1016/j.bbr.2003.09.030
http://doi.org/10.1016/S0306-4522(96)00224-2
http://doi.org/10.1007/s00335-010-9262-x
http://doi.org/10.1080/10888705.2014.971156
http://doi.org/10.1093/jhered/esw007
http://www.ncbi.nlm.nih.gov/pubmed/26884605
http://doi.org/10.1080/10888705.2015.1081820
http://www.ncbi.nlm.nih.gov/pubmed/6513511
http://doi.org/10.1016/j.beproc.2011.08.004
http://doi.org/10.1523/JNEUROSCI.17-13-05196.1997
http://www.ncbi.nlm.nih.gov/pubmed/9185557
http://doi.org/10.1371/journal.pone.0115302
http://doi.org/10.1016/B978-0-444-54299-1.00005-4
http://doi.org/10.1093/hmg/ddt446
http://doi.org/10.1126/science.7618084
http://www.ncbi.nlm.nih.gov/pubmed/7618084
http://doi.org/10.1593/neo.131980
http://www.ncbi.nlm.nih.gov/pubmed/24709420
http://doi.org/10.1016/j.brainres.2006.02.021
http://doi.org/10.1523/JNEUROSCI.0893-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22855807
http://doi.org/10.1186/1750-1326-9-8
http://www.ncbi.nlm.nih.gov/pubmed/24428919
http://doi.org/10.1371/journal.pone.0008984
http://www.ncbi.nlm.nih.gov/pubmed/20126555
http://doi.org/10.1172/JCI66895
http://doi.org/10.1002/dvdy.20556
http://doi.org/10.1093/hmg/ddu157
http://www.ncbi.nlm.nih.gov/pubmed/24698981
http://doi.org/10.1093/hmg/ddx016
http://www.ncbi.nlm.nih.gov/pubmed/28087733


Genes 2021, 12, 1215 14 of 14

53. Jagadeesh, A.; Maroun, L.E.; Van Es, L.M.; Millis, R.M. Autoimmune Mechanisms of Interferon Hypersensitivity and Neurode-
generative Diseases: Down Syndrome. Autoimmune Dis. 2020, 2020, 6876920. [CrossRef] [PubMed]

54. Karousou, E.; Stachtea, X.; Moretto, P.; Viola, M.; Vigetti, D.; D’Angelo, M.L.; Raio, L.; Ghezzi, F.; Pallotti, F.; De Luca, G.; et al.
New insights into the pathobiology of Down syndrome–hyaluronan synthase-2 overexpression is regulated by collagen VI alpha2
chain. FEBS J. 2013, 280, 2418–2430. [CrossRef]

55. Locke, A.E.; Dooley, K.J.; Tinker, S.W.; Cheong, S.Y.; Feingold, E.; Allen, E.G.; Freeman, S.B.; Torfs, C.P.; Cua, C.L.;
Epstein, M.P.; et al. Variation in folate pathway genes contributes to risk of congenital heart defects among individuals with
Down syndrome. Genet. Epidemiol. 2010, 34, 613–623. [CrossRef] [PubMed]

56. Sheng, L.; Leshchyns’ka, I.; Sytnyk, V. Neural Cell Adhesion Molecule 2 (NCAM2)-Induced c-Src-Dependent Propagation of
Submembrane Ca2+ Spikes Along Dendrites Inhibits Synapse Maturation. Cereb. Cortex 2019, 29, 1439–1459. [CrossRef]

57. Zheng, Q.; Li, G.; Wang, S.; Zhou, Y.; Liu, K.; Gao, Y.; Zhou, Y.; Zheng, L.; Zhu, L.; Deng, Q.; et al. Trisomy 21-induced
dysregulation of microglial homeostasis in Alzheimer’s brains is mediated by USP25. Sci. Adv. 2021, 7. [CrossRef]

58. Aziz, N.M.; Guedj, F.; Pennings, J.L.A.; Olmos-Serrano, J.L.; Siegel, A.; Haydar, T.F.; Bianchi, D.W. Lifespan analysis of brain
development, gene expression and behavioral phenotypes in the Ts1Cje, Ts65Dn and Dp(16)1/Yey mouse models of Down
syndrome. Dis. Model. Mech. 2018, 11. [CrossRef]

http://doi.org/10.1155/2020/6876920
http://www.ncbi.nlm.nih.gov/pubmed/32566271
http://doi.org/10.1111/febs.12220
http://doi.org/10.1002/gepi.20518
http://www.ncbi.nlm.nih.gov/pubmed/20718043
http://doi.org/10.1093/cercor/bhy041
http://doi.org/10.1126/sciadv.abe1340
http://doi.org/10.1242/dmm.031013

	Introduction 
	Materials and Methods 
	Mice 
	Open Field Test 
	T-Maze Spontaneous Alternation Test 
	Nesting Test 
	Contextual Fear-Conditioning Test 
	Foot-Shock Sensitivity Test 
	Morris Water Maze Test 
	Sample Size and Statistical Methods 

	Results 
	Efficient Generation of Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey Mice Facilitated by Coat Colors 
	Dp(10)1Yey;Dp(16)1Yey;Dp(17)1Yey Mice Identified via the Coat Color-Facilitated Strategy Exhibit Cognitive Deficits 

	Discussion 
	References

