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ABSTRACT A mouse model for Down syndrome, Ts1Cje,
has been developed. This model has made possible a step in the
genetic dissection of the learning, behavioral, and neurolog-
ical abnormalities associated with segmental trisomy for the
region of mouse chromosome 16 homologous with the so-
called “Down syndrome region” of human chromosome seg-
ment 21q22. Tests of learning in the Morris water maze and
assessment of spontaneous locomotor activity reveal distinct
learning and behavioral abnormalities, some of which are
indicative of hippocampal dysfunction. The triplicated region
in Ts1Cje, from Sod1 to Mx1, is smaller than that in Ts65Dn,
another segmental trisomy 16 mouse, and the learning deficits
in Ts1Cje are less severe than those in Ts65Dn. In addition,
degeneration of basal forebrain cholinergic neurons, which
was observed in Ts65Dn, was absent in Ts1Cje.

Although Down syndrome (DS) (1) is a frequent cause of
mental retardation, major and minor congenital abnormali-
ties, and, in later life, Alzheimer’s disease (AD), the mecha-
nisms by which the presence of an extra copy of chromosome
21 causes these abnormalities are still unknown. On the
assumption that it will be possible to relate components of the
phenotype to imbalance of a specific gene or sets of genes (2),
a search for these genes is currently underway. In this regard,
persons with DS resulting from segmental duplications or
partial trisomies of chromosome 21 have been studied, and a
so-called “DS region” in 21q22, which produces many, al-
though probably not all, of the physical and cognitive defects
of DS has been identified (3, 4).

Because the distal end of mouse chromosome (MMU) 16
corresponds genetically to most of human chromosome 21
(Mouse Genome Database; http://www.informatics.jax.org),
mice with an extra whole MMU16 were the first to be used as
an animal model for DS (6). Although trisomy 16 mice have
several phenotypic features suggestive of DS, their value as a
DS model is limited because they die in utero and because
MMU16 contains many genes located on human chromosomes
other than 21. A viable partial trisomy 16 mouse (Ts65Dn) with
a translocation producing segmental trisomy of the region of
MMUI16 from App to MxI has been developed (7) and
extensively studied (8-10). Ts65Dn mice exhibit male sterility,
developmental delay, learning and behavioral deficits, and
age-related degeneration of basal forebrain cholinergic neu-
rons (BFCNs). Degeneration of BFCNs is characteristic of
elderly persons with DS and of AD patients and may contrib-
ute significantly to dementia (11). Recently, yeast artificial
chromosome (YAC) transgenic mice that contain human
DNA from 21q22.2 have been produced and shown to have
impaired learning (12).
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We now report the development of a partial trisomy 16
mouse, Ts1Cje, which carries an extra copy of the segment of
MMUI16 spanning from Sod! to MxI, but functionally not
including SodI. This segment corresponds to human 21q22.1 to
22.3. The learning deficits of Ts1Cje are less severe than those
of Ts65Dn, in which the region of MMU16 involved in the
trisomy is larger than in Ts1Cje, but are more severe than those
of the YAC transgenic mice in which only a small region of
human 21q22.2 is present. In addition, although the Ts65Dn
animals show BFCN degeneration, Ts1Cje mice do not.

MATERIALS AND METHODS

Mice. The production of the heterozygous Sod! mutant
mice, T(12;16)1Cje (formerly known as Ts108Cje), by gene
targeting has been described (13). Primers for PCR amplifi-
cation of the neomycin sequence were Neo3: 5'-CTCACCT-
TGCTCCTGCCGAG-3" and Neo4: 5'-CTGATGCTCT-
TCGTCCAGATCATC-3'. Ts1Cje animals were generated by
mating Ts1Cje males on a CD1 background to (C57BL/6JEi X
C3H/HelJ)F1 (JAX JR1875) females to produce a genetic
background close to that of Ts65Dn for phenotype compari-
son. Because the trisomic segment of MMU16 contains the
mutated Sod! gene disrupted by neomycin resistance se-
quence, screening of mice was performed by using multiplex
PCR with primers Neo3 and Neo4, with Grik1F2: 5'-
CCCCTTAGCATAACGACCAG-3" and GriklR2: 5'-
GGCACGAGACAGACACTGAG-3' as internal controls.
PCR was performed by using the following reaction condi-
tions: “hot start” followed by 30 cycles of 94°C, 45 s; 55°C, 60 s
in a 25-ul reaction mixture containing DNA (50-100 ng), 10
mM TrissHCI (pH 8.3), 50 mM KClI, 1.5 mM MgCl,, 0.001%
gelatin, 0.2 mM dNTPs, 0.4 uM of each primer, and 0.7 units
of AmpliTaq polymerase (Perkin—-Elmer). All mice used in
behavioral studies were confirmed to have intact retinas by
histology because C3H mice carry the retinal degeneration
(Pdeb™") mutation (14).

Fluorescence in Situ Hybridization (FISH). Metaphase
spreads were prepared as described from fetal fibroblasts (15).
FISH was performed as described with some modifications
(15). Probes were labeled with digoxigenin-11-dUTP (Boehr-
inger Mannheim) by nick translation (Enzo Diagnostics). With
P1 clones, bacterial artificial chromosome (BAC) clones, and
sorted chromosomes, the probes were amplified by degenerate
oligonucleotide-primed—-PCR (16) before nick translation.
Digoxigenin-labeled probes were detected with a fluorescein
isothiocyanate-conjugated sheep antidigoxigenin Fab frag-
ment (Boehringer Mannheim).

Abbreviations: DS, Down syndrome; MMU, mouse chromosome;
BFCN, basal forebrain cholinergic neuron; AD, Alzheimer’s disease;
YAGC, yeast artificial chromosome; FISH, fluorescence in situ hybrid-
ization.
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Five independent A clones covering a total 20.2 kb of the App
gene were obtained from A. G. Reaume (Cephalon, West
Chester, PA) (17). Plasmid pMx34 containing 3.2 kb of cDNA
for MxI (18) and plasmid mEts2S16 containing 16 kb of the
gene for Ets2 were provided by R. H. Reeves (Johns Hopkins
University, Baltimore). Mouse chromosome 12-specific probes
(19), which originally came from N. P. Carter (Sanger Centre,
Cambridge, United Kingdom), were obtained from D. Pinkel
(University of California, San Francisco). Plasmid pSod1/16
contains 16 kb of the Sod! gene. P1 clone Gart11313 contain-
ing 40 kb of the Gart gene was obtained from G. Brodsky and
D. Patterson (Eleanor Roosevelt Institute, Denver). T12, a
bacterial artificial chromosome (BAC) clone that covers
DI12Mit41, the most distal marker on MMU12, was provided by
X.-N. Chen and J.R. Korenberg (Cedars-Sinai, Los Angeles).
YAC282B10 (Research Genetics, Huntsville, AL) was shown
to contain Grikl by PCR amplification of the expected size of
fragments with two sets of primer pairs for Grikl (Grikl1F1:
5'-CTGATGCCCAAGGCTCTATC-3" and GriklR1: 5'-
TCATTGTCGAGCCATCTCTG-3', 199 bp; GriklF2-
Grik1R2, 333 bp).

Morris Water Maze. The Morris water maze tests (20) were
performed as described (12). The mice first were repeatedly
tested for 2 days for their ability to locate a submerged
platform that was marked with a flag (the visible platform
test). The next week they were tested for 3 days for their ability
to locate an unmarked submerged platform (the hidden plat-
form test), followed by 2 days of testing in which the platform
was switched to the opposite quadrant (the reverse hidden
platform test). One hour after the final trial of each of these
two tests, the platform was removed, and the times spent in
each quadrant (dwell) and the number of times the mice
crossed the previous site of the platform (crossings) were
recorded for 1 min (as the probe and reverse probe tests,
respectively). Each training block represents four different
trials in which the mice were released in a pseudo-random
fashion from each of four quadrants. Three blocks of trials
were performed per day.

Seventeen male Ts1Cje mice and 18 male diploid litter mates
were investigated twice (first test, age 12-16 weeks; second
test, age 23-25 weeks). The mice were not handled before
initial testing. Excluded from analysis were one Ts1Cje mouse,
which died before the second test, and four diploid mice, which
were found to be blind. Therefore, the data from 16 Ts1Cje
(wt. 37.2 = 0.7 g) and 14 diploid control mice (38.3 = 1.1 g)
were analyzed. To explore the effect of age on performance,
eight male Ts1Cje and 10 of their diploid litter mates also were
investigated for the first time at 27-28 weeks of age. Excluded
from analysis were one Ts1Cje and two diploid mice that were
found to be blind.

Spontaneous Locomotor Activity. Spontaneous activity was
examined as described (12) 1-2 months after the first Morris
water maze test. The mice (controls n = 14, Ts1Cje n = 16)
were placed in a cage for 1 h in the dark during the light phase
and monitored by infra-red beams. Activity in the center and
periphery of the cage was measured by photocells.

Brain Analysis. Brain tissue processing and immunocyto-
chemistry were performed as described (9). The antibody used
to visualize BFCNs was REX (anti-p75N¢FR) (21). The num-
bers and profile areas of p75NGFR.positive neurons were
measured as described (9).

Data Analysis. Repeated measures ANOVA was used to
analyze spontaneous locomotor activity and latencies in the
platform tests. This statistical analysis provided tests of an
overall difference between control and Ts1Cje groups, differ-
ences between blocks, and group by block interaction. For
spontaneous locomotor activity, impairment could be ex-
pected to have two somewhat opposite effects: a lower initial
exploratory impulse and slower learning resulting in less
reduction of exploration over time. This second tendency
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would produce a time by group interaction that reduces overall
difference between the groups, and the statistical power to
detect such an interaction is low. To focus more directly on
these two possible differences, two-sample ¢ tests were used to
compare the two groups on activity levels in the first three time
blocks and on the reductions in activity between the first and
last time blocks. Two-sample ¢ tests also were used to compare
the groups on time spent in the trained quadrant for the probe
tests and on the BFCN results. One-sample ¢ tests were used
separately for each group to test for greater than 25% time
spent in the trained quadrant in probe tests and to test for
greater time spent in the trained quadrant on the repeated
probe test than on the first probe test. All values in the text and
figures are expressed as mean = SEM.

RESULTS

Origin and Characterization of Ts1Cje. Ts1Cje was derived
during Sodl gene targeting by homologous recombination
using neomycin for positive and diphtheria toxin A for negative
selection (13). The heterozygous Sod! mutant mice, identified
by the presence of the Sodl mutant allele, a 50% reduction of
CuZnSOD activity in blood, and expression of a shortened
Sodl mRNA derived from the mutant allele, were found to
have aberrant segregation when crossed to wild-type animals.
In addition to the expected wild-type and heterozygous mutant
mice, progeny that carried the Sod! mutant allele and had
100% of wild-type CuZnSOD activity also were found [201/
533 (36.3%), 174/533 (31.5%), and 178/533 (32.3%), respec-
tively]. The mice with the Sodl mutant allele and 100%
CuZnSOD activity were found to have three copies of Sod! by
FISH on metaphase chromosomes (Fig. 1a). Two of the Sod!
alleles were on MMU16, and one was on MMU12 (Fig. 10).
Further characterization of the heterozygous SodI mutants by
FISH revealed a translocation between MMU16 proximal to
Sod1 and the very distal region of MMU12, with the MMU16
breakpoint being between App and Sod! (Fig. 1 ¢ and d). The
same translocation was observed in the original targeted Sod1
mutant ES cell clone (data not shown), indicating that it
occurred in association with the targeting of Sod! by homol-
ogous recombination.

The heterozygous Sod! mutants, which are apparently bal-
anced carriers for the translocation designated T(12;16)1Cje,
have one each of normal MMU12 and MMU16 and of 12!° and
16'2 translocation chromosomes (Fig. 2a). Partial trisomy of
the distal region of MMU16, Ts1Cje, is generated when a
gamete carrying MMU12'® and MMU16 (by adjacent-1 seg-
regation) combines with a normal gamete carrying MMU12
and MMU16. Because the SodI allele on MMU12 is disrupted
by the neomycin resistance sequence, the Ts1Cje animals have
100% rather than 150% of wild-type CuZnSOD activity.
Therefore, Ts1Cje is not functionally trisomic for Sod1.

Further FISH analysis revealed that Ts1Cje carries three
copies of Gart, Ets2, and MxI genes (FISH not shown)
confirming the triplication of the distal region of MMU16.
Grikl, which maps between App and SodI, was not triplicated
(Fig. le), narrowing the break point to between Grikl and
Sodl. Therefore, the translocated segment of MMU16 con-
tains, in addition to the mutant Sod! gene, Gart, Ets2, and Mx1,
but not App or Grikl (Fig. 2b). In addition, the subtelomeric
MMU12 sequence (BAC T12) was found on both MMU12s by
FISH (Fig. 1f), indicating that few, if any, of the telomeric
genes on MMU12 were missing from the 12! chromosome.
Therefore, Ts1Cje appears to be trisomic only for the segment
of MMU16 spanning from Sod! to MxI (but functionally not
including Sod1).

Both male and female Ts1Cje mice are fertile and produce
Ts1Cje progeny at the expected 50% segregation frequency
when crossed to wild-type animals. Ts1Cje mice have survived
more than 1 year and are indistinguishable from controls in
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Fic. 1.  Analysis of anomalous and heterozygous Sod! mutant
mice (Ts1Cje a, b, e, and f; T(12;16)1Cje ¢ and d) by FISH. (a) A Sod1
probe hybridized to the distal parts of two MMU16 (arrowheads). In
addition, the Sodl probe also hybridized to a third chromosome
(arrow), and therefore three copies of Sodl gene were detectable. (b)
The same metaphase as in a. The third chromosome containing the
Sodl gene was confirmed to be MMUI12 by rehybridization with a
MMU12 paint probe (arrow). (c¢) The SodI probe hybridized to one
MMU16 (arrowhead) and to one MMU12 (arrow), indicating a 12;16
reciprocal translocation. (d) The same metaphase as in c¢. An App
probe hybridized only to the two MMU16s (arrow head). (¢) The
YAC282B10 probe, which contains the Grikl gene, hybridized to the
distal parts of two MMU16s (arrowheads), just as was observed with
the App probe. (f) The most terminal MMU12 BAC probe (T12)
hybridized to the distal parts of two MMU12s (arrow).

gross appearance. There are no apparent limb or facial mal-
formations or other dysmorphic features.

Learning Deficits in the Morris Water Maze. The mice first
were tested in the visible platform test. The mice need only
learn to associate the flag with the platform to solve the task,
and spatial information is irrelevant. Both Ts1Cje and control
mice showed significant improvement in search time over
successive trials, and the Ts1Cje mice performed as efficiently
as control mice (Fig. 3a). Performance in the visible platform
test is affected by factors such as vision, swimming ability, and
motivation to escape from water, and Ts1Cje mice appear to
be normal in these respects.

In the hidden platform test, the mice must learn the spatial
relationships between objects in the room and the position of
the platform to escape from the water. As expected, the control
mice showed decreased latencies (time to reach the platform)
over the nine blocks of training (three per day for 3 days).
However, the performance of Ts1Cje mice was significantly
impaired (Fig. 3b). The findings for path lengths closely
paralleled those of escape latencies, with path length shorten-
ing as latency decreased (data not shown). After these trials
were completed, the mice were then immediately tested in the
probe trial. This test assesses spatial selectivity based on the
premise that mice that have learned the spatial localization of
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FiG. 2. (a) Diagram of meiosis of the 12;16 reciprocal transloca-
tion in the heterozygous Sodl mutants. Four types of gametes are
obtained: normal, disomic, and nullisomic for the distal region of
MMU16, and balanced. The partial disomic gametes produce a partial
trisomy 16 (Ts1Cje). * indicates the neomycin resistance marker on the
1216 translocation. (b) Diagram of the mapping of the triplicated
region in Ts1Cje by FISH analysis. The numbers in the parentheses
indicate the copy numbers of genes detected by FISH. There is
segmental trisomy of the region from SodI to MxI. *, Sodl is not
functionally trisomic because the Sodl gene in the translocated
segment is inactivated by the insertion of the neomycin resistance
sequence.

the platform will selectively search the place where the hidden
platform had been located. The control mice preferentially
searched in the quadrant in which the platform had been
located during training rather than in the other three quad-
rants (dwell) (Fig. 3c). They also crossed over the site (cross-
ings) at which the platform had been located more often than
over corresponding locations in other quadrants (data not
shown). In contrast, although Ts1Cje mice also spent more
time in the trained quadrant than in any of the other quadrants,
they spent significantly less time than controls in this quadrant
(Fig. 3¢). Ts1Cje mice failed to cross the trained site selectively
and crossed significantly less frequently than controls (P =
0.01). Taken together, the hidden platform and probe tests
demonstrate that Ts1Cje mice have substantial deficits in
spatial learning.

In the reverse platform test, the mice are required to learn
anovel position for the hidden platform, which has been placed
in the quadrant opposite to its original location in the hidden
platform test. This task is considered to be a test of cognitive
flexibility in which a previously successful strategy must be
inhibited and a new strategy developed to solve the new task
(22). Both groups showed significant decreases in latency,
indicating evidence of learning. However, Ts1Cje mice took
significantly longer than control mice to locate the hidden
platform (Fig. 3d). Similarly, in the reverse probe test, the
control mice searched (dwell) preferentially in the trained
quadrant in this task, whereas the Ts1Cje mice did not (Fig.
3e). Therefore, Ts1Cje mice show a deficit in cognitive flexi-
bility.

Improvement in Learning 3 Months After the First Set of
Tests. To explore whether the learning deficits in Ts1Cje were
stable over time, the Morris water maze tests (except for the
visible task) were repeated in the same test setting 3 months
later. The performances in the hidden platform test of both
control and Ts1Cje mice were significantly improved in com-
parison to 3 months earlier (Fig. 3 b vs. f). However, there still
were significant differences between the two groups similar to
those found in the original tests. The probe test confirmed the
improvement in spatial learning in both control and Ts1Cje
mice, with selectivity for the trained site becoming more
pronounced (Fig. 3 ¢ vs. g). Indeed, after 3 months there was
a clear preference by Ts1Cje mice to swim in the trained
quadrant. However, the reverse platform and reverse probe
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F1G6.3. Performance of control (n = 14) and Ts1Cje mice (n = 16)
in the Morris water maze task (first test a-e; retest f and g). Mean
latency: time to reach the platform. Dwell: the percentage time spent
searching in each of the four quadrants of the pool. The trained sites
were quadrants 1 and 3 in the probe and the reverse probe tests,
respectively. (a) The visible platform test. The effect of genotype was
not statistically significant (P = 0.43). Performance improved over
blocks (P < 0.0001), but there was no statistically significant block by
genotype interaction (P = 0.24). (b) The hidden platform test. The
effect of genotype was statistically significant (P = 0.036). Perfor-
mance improved over blocks (P < 0.0001), but there was no statistically
significant block and genotype interaction (P = 0.78). (c) The probe
test (dwell). Both control (P < 0.0001) and Ts1Cje (P = 0.003) mice
spent significantly more than 25% time in the trained quadrant. The
difference between the two groups in the time spent in the trained
quadrant was significant (P = 0.007). (d) The reverse hidden platform
test. The effect of genotype was statistically significant (P = 0.0039).
Performance improved over blocks (P = 0.0003), but there was no
statistically significant block by genotype interaction (P = 0.30). (¢)
The reverse probe test (dwell). Both groups spent more than 25% time
in the trained quadrant. The preference for the trained quadrant was
statistically significant for the control mice (P = 0.023) but not for the
Ts1Cje mice (P = 0.15). The difference between the groups in the time
spent in the trained quadrant was not statistically significant (P =
0.35). (f) The repeated hidden platform test. The effect of genotype
was statistically significant (P = 0.0013). Performance improved over
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F1G. 4. Spontaneous locomotor activity of control (n = 14) and
Ts1Cje mice (n = 16). The activity is shown in 12 sequential blocks of
5 min each. (a) Total activity. The effect of genotype was not
statistically significant (P = 0.62). Activity decreased over blocks (P =
0.0003), but there was no statistically significant block by genotype
interaction (P = 0.12). (b) Activity in the central region. Activity
decreased over blocks (P = 0.011), but there was no statistically
significant block by genotype interaction (P = 0.20). Although the
effect of genotype was not statistically significant (P = 0.06), the
activity of Ts1Cje was significantly lower than that of controls in blocks
1-3 (block 1, P = 0.017; block 2, P = 0.0037; block 3, P = 0.0035). In
addition, the change in central activity from block 1 to block 12 was
less in the Ts1Cje mice than in the controls (P = 0.046).

tests continued to show a deficit in learning flexibility in
Ts1Cje mice (data not shown).

To investigate whether the improved performance was
caused by previous training in the tests or maturation, we
tested another set of control and Ts1Cje mice at age 27-28
weeks. Both control and Ts1Cje mice performed at nearly the
same level as the first set of mice had at 12-16 weeks of age
(data not shown). These findings suggest that previous training
improved performance in spatial learning, but Ts1Cje mice
still performed less well than did control mice.

Spontaneous Locomotor Activity. The total locomotor ac-
tivity of both control and Ts1Cje mice significantly decreased
over the period of testing, indicating habituation to a novel
stimulus (Fig. 4a). Although Ts1Cje mice were hypoactive
relative to controls in the first half of the period, the activity
of the Tsl1Cje mice over the entire period did not differ
significantly from that of the control mice (Fig. 4a). Because
total spontaneous locomotor activity represents gross move-
ment of mice, activity was analyzed by the region in which the
mice crossed the photo beams. Mice usually establish a home
base in a corner of the cage and undertake repeat investiga-
tions of the cage from this base during the process of habit-
uation (23). Therefore, activity in the central region of the cage
is considered to reflect exploratory behavior (24). There was
no significant difference between the two groups in the activity
in the peripheral region of the cage (P = 0.45). In the central
region, however, control mice showed a significant reduction
in activity over the period of testing, whereas the activity of
Ts1Cje mice was low during the entire test (Fig. 4b).

Basal Forebrain Cholinergic System. The brains of adult
Ts1Cje mice were grossly normal. To determine whether
Ts1Cje mice have BFCN abnormalities similar to those seen in
Ts65Dn, in which the number and size of p75NCFR-positive
neurons is decreased at 6 months (9), the number and sizes of
p75NGFR positive neurons in the medial septal nucleus of
control and Ts1Cje mice were measured. At 6 months of age,
there was no significant difference in number [Ts1Cje, 958 =

blocks (P = 0.0006), but there was no statistically significant block by
genotype interaction. (g) The repeated probe test (dwell). Both control
(P < 0.0001) and Ts1Cje mice (P = 0.0002) spent significantly more
than 25% time in the trained quadrant, and there was a statistically
significant difference between two groups (P = 0.0074). In addition,
when compared with 3 months earlier, both control (P = 0.011) and
Ts1Cje (P = 0.008) mice showed increases in time spent in the trained
quadrant.
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76 (n = 5) versus control, 985 * 68 (n = 5), P = 0.798]. Also,
the mean cross-sectional profile area of p75NSFR-positive
neurons of Ts1Cje mice did not differ significantly from that
of control neurons [Ts1Cje, 163.7 = 2.23 um? (n = 5, n = 400)
versus control, 160.3 * 2.13 um? (n = 5, n = 400), P = 0.274].

DISCUSSION

Ts1Cje, a mouse model for Down syndrome, is the result of a
fortuitous translocation that occurred during the targeting of
Sodl. To our knowledge, there is no precedent for such a
translocation in association with gene targeting by homologous
recombination. There is, however, a report of a reciprocal
translocation that is thought to have occurred during the
construction of a transgenic mouse (25). Although the precise
mechanism is not known, it seems reasonable to infer that the
chromosomal rearrangement was mediated by the homologous
recombination event induced by exogenous DNA.

Ts1Cje mice have distinct learning and behavioral abnor-
malities. As adults, Ts1Cje mice show low levels of locomotor
activity in the center squares of the activity box, suggesting
decreased exploratory behavior. In the Morris water maze,
they are able to perform normally in the nonspatial learning
(visible platform) task but exhibit an impairment of spatial
learning in the hidden platform and probe tasks that can be
improved by previous training. They also show a deficit in
learning flexibility in the reverse hidden platform task.

Rats and mice with hippocampal lesions or in which the
septohippocampal pathway is disrupted are impaired in the
spatial (invisible platform) version, but not in the cued (visible
platform) version of the test (20). Hippocampal lesions also
affect exploratory locomotion (26). These findings suggest that
the deficits exhibited by Ts1Cje mice are caused by abnormal-
ities within the hippocampus that result in abnormal hip-
pocampal function.

Ts1Cje mice differ significantly from Ts65Dn mice, the
other viable partial trisomy 16. The triplicated region in Ts1Cje
is smaller than that in Ts65Dn, which is segmentally trisomic
for the region from App to MxI (8). This region corresponds
to most of the long arm of human chromosome 21 except for
the region distal to MXI. Unlike Ts1Cje males, which are
fertile, Ts65Dn males are sterile (7). This sterility may be a
result of the extra minute chromosome in Ts65Dn, which has
41 chromosomes and is also segmentally trisomic for a small
region of proximal MMU17. Ts65Dn mice exhibit develop-
mental delay in neonatal life (9), impaired performance in
complex learning tasks (8, 9), and behavioral abnormalities
(8-10). In the Morris water maze, Ts65Dn mice show learning
impairment in the nonspatial (visible platform) test that ranges
from mild to severe, depending on the report. They also show
a severe impairment in spatial learning as revealed by the
hidden platform and probe tests (8, 9). These findings are in
contrast to those with Ts1Cje mice that have no deficits in the
nonspatial version of the task and moderate to severe impair-
ment of spatial learning (Fig. 5). Locomotor hyperactivity is
seen in Ts65Dn and is thought to be caused by deficits in
controlling and inhibiting behavior, possibly in association
with deficits in prefrontal cortical function (10). Learning
deficits in the visible platform task have been seen in decor-
ticate animals with superior colliculus or basal ganglia abla-
tions but not in decorticate animals from whom the hippocam-
pus has been removed (27). The more widespread learning and
behavioral impairments of Ts65Dn likely result from deficits in
the function of the hippocampus and its afferents as well as
other brain regions.

One hallmark neuropathological abnormality in Ts65Dn is
an age-related loss of immunoreactive BFCNs (9), which
mimics the age-related dysfunction in BFCNs seen in DS and
AD (28). BFCNs play an important role in attention, memory,
and learning, and their degeneration may contribute to the
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dementia of DS and AD (11). Unlike Ts65Dn mice, which at
6 months of age have a significant loss in number of immu-
noreactive BFCNs and a modest decrease in their size, in
Ts1Cje these neurons were normal in number and size. Al-
though these findings define a clear difference between
Ts65Dn and Ts1Cje, they do not exclude the possibility that
dysfunction of BFCN synapses in the Ts1Cje hippocampus
contributes to the learning deficits.

There are about 20 identified genes in the extra segment of
MMU16 present in Ts1Cje (Mouse Genome Database; http://
www.informatics.jax.org). Among these genes, a few of the
human homologues of Drosophila genes, such as simple
minded, SIM2 (29) and minibrain, MNBH (30), have been
highlighted as possible candidate genes for the neurological
abnormalities of DS. Recently, a series of YAC transgenic
mice containing DNA from 21q22.2 has been developed, and
two strains of YAC transgenic animals, YAC152F7tel and
YAC230ES, are of particular interest (12). YAC152F7tel,
which encompasses the human minibrain region, is a telomeric
fragment of YAC152F7; YAC230ES is proximal to YAC152F7
and encompasses the carbonyl reductase region. In the Morris
water maze, YAC152F7tel transgenic mice are normal in the
visible and hidden platform tests, mildly impaired in probe test
crossings, and severely impaired in the reverse versions of the
tasks that assess learning flexibility. YAC230ES8 transgenic
mice are normal in both nonspatial and spatial learning but
have deficits in learning flexibility.

Overall, the learning deficits of YAC152F7tel transgenic
mice in the Morris water maze appear to be greater than those
of YAC230ES transgenic mice but less than those of Ts1Cje
mice (Fig. 5). Ts1Cje mice, in turn, are less severely impaired
than are Ts65Dn (Fig. 5). Therefore, although imbalance of
the Mnbh region has an impact on cognitive function, the
learning and behavioral abnormalities of Ts1Cje cannot be
attributed solely to the presence of an extra copy of Mnbh.
Other genes in the region from below Sodl to MxI must
contribute to the spatial learning deficits.

Ts1Cje does not demonstrate the neuronal atrophy found in
Ts65Dn, suggesting that the region from App to Sodl is
required for this pathology to develop, as well as for the
impaired performance in the visible platform task. Two inter-
esting genes are located in this region. One is App, which is
thought to be associated with AD pathology (31), and the other
is Grikl, the product of which, the GluRS5 kainate receptor,
regulates inhibitory synaptic transmission (32).

Although the inferences just drawn from the comparison of
the various partial trisomics and transgenics are consistent
with the data, they must be viewed with caution. The different
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strains of mice were on different genetic backgrounds and were
tested at different ages. The YAC transgenic animals ex-
pressed human rather than mouse genes, and the transgenic
regions were not in their normal locations in the genome. The
apparatus and paradigms used to test the Ts65Dn animals are
different from those used to test Ts1Cje and the YAC trans-
genic mice, although the latter two were, in fact, tested with the
same apparatus and paradigms. To make definitive conclu-
sions about the differences among the trisomic, transgenic, and
control strains under discussion, they will have to be bred on
the same genetic background and to be tested at the same age
with the same protocols and apparatus. Furthermore, to assess
the specific contributions of genes in the App to SodI region
to the phenotype of Ts65Dn, it will be necessary to generate
animals trisomic for just this region and to test them in parallel
with Ts65Dn and Ts1Cje (2). This can be done by breeding
Ts65Dn females with balanced T(12;16)1Cje males, which will
generate all of the desired genotypes, including Ts65Dn,
Ts1Cje, segmental trisomy for App to Sodl, and diploid
controls.

As the mouse models for DS have progressed from the
original trisomy 16, with its severe abnormalities affecting
many organs and systems, to the partial trisomies Ts65Dn and
Ts1Cje and the 21q22.2 YAC transgenics, attention has fo-
cused principally on the brain as the chief site of pathology.
How relevant then are the neuronal and behavioral abnor-
malities in these animal models to the situation in DS? We
believe that it would be premature, at this time, to attempt to
draw any strict parallels between the cognitive deficits in
human being with DS and the learning, behavioral, and
structural abnormalities present in trisomic and transgenic
mice. More has to be done in both species to define precisely
the nature of the deficits that are present. Nevertheless, the
animal models will permit us to gain insight into the chromo-
somal regions and the genes they contain (which can be
considered as candidate genes) that have the capability of
perturbing neuronal structure and function when present in an
extra dose, and the mechanisms by which these perturbations
occur are likely to be relevant to the human situation. Fur-
thermore, as has been demonstrated by the reversal of the
atrophy of BFCNs in trisomy 16 by the treatment with nerve
growth factor (5) and the improvement of the spatial learning
deficits in Ts1Cje by previous training in this study, these
animal models can be used to assess potential pharmacological
agents and various forms of environmental enrichment for
their ability to improve learning and behavior.
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