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ABSTRACT To study the pathogenesis of central nervous
system abnormalities in Down syndrome (DS), we have ana-
lyzed a new genetic model of DS, the partial trisomy 16
(Ts65Dn) mouse. Ts65Dnmice have an extra copy of the distal
aspect of mouse chromosome 16, a segment homologous to
human chromosome 21 that contains much of the genetic
material responsible for the DS phenotype. Ts65Dn mice show
developmental delay during the postnatal period as well as
abnormal behaviors in both young and adult animals that may
be analogous to mental retardation. Though the Ts65Dn brain
is normal on gross examination, there is age-related degen-
eration of septohippocampal cholinergic neurons and astro-
cytic hypertrophy, markers of the Alzheimer disease pathol-
ogy that is present in elderly DS individuals. These findings
suggest that Ts65Dn mice may be used to study certain
developmental and degenerative abnormalities in the DS
brain.

Down syndrome (DS) or trisomy 21 is the most frequent
genetic cause of mental retardation with a prevalence of 1:800
live births (1, 2). Abnormal central nervous system (CNS)
function is universal in individuals with DS and is noted during
development and adult life (3). Hypotonia in the newborn
period is followed by developmental delay and mental retar-
dation. In addition, all individuals with DS demonstrate the
neuropathology of Alzheimer disease (AD) by age 30–40 years
(4). To explore pathogenetic mechanisms in DS, investigators
have produced and characterized animal models. Until re-
cently, trisomy 16 (Ts16) mice served as the best model of DS.
Mouse chromosome 16 (MMU-16) is the chromosome most
homologous to human chromosome 21 (HSA-21), and fetal
Ts16 mice demonstrate both systemic and neurological phe-
notypes similar to those found in DS (5). However, there are
two important limitations in examining the Ts16 model. (i)
Ts16 is not a perfect genetic model for trisomy of HSA-21.
MMU-16 is larger than HSA-21 and contains genes located on
HSA-21 as well as other human chromosomes (3). (ii) Ts16
mice do not survive birth (3). The latter prevents analysis of
many features of brain development and maturation. Because
of these limitations, attempts have been made to develop new
genetic models in which only the region syntenic between
MMU-16 and HSA-21 is triplicated. Candidate animal models
for DS should meet two criteria: (i) subjects possess three
copies of all or most of the genetic material present on HSA-21
responsible for the DS phenotype but not genetic material
outside this region and (ii) animals survive into adulthood.
The ‘‘DS region’’ of HSA-21 has been defined as the subset

of genes that when present in three copies results in the major

phenotypic features of DS, including the characteristic facial
appearance, congenital heart disease, and mental retardation
(6). Interestingly, though most DS cases are caused by the
presence of an entire extra copy of HSA-21, a small number
have a ‘‘partial trisomy,’’ resulting from an unbalanced trans-
location or partial duplication of the long arm of HSA-21. The
critical DS region appears to reside within the q22 region (6).
The distal end of MMU-16 is genetically homologous to the
q22 region of HSA-21; at least 14 defined genes have been
localized on both the human and mouse chromosomes in this
region (7).
Segmentally trisomic mice, Ts(1716)65Dn [herein referred to

as Ts65Dn (8)] appear to fulfill the criteria for a candidate DS
model. These mice are trisomic for a segment of MMU-16 that
is homologous to HSA-21; the segment includes material just
proximal to App extending to Mx (7). Thus much of the distal
end of MMU-16, encoding most of the MMU-16 segment
shared with the long arm of HSA-21 in the q22 region, is
translocated to ,10% of the centromeric end of MMU-17 to
form a small translocation chromosome (8). Importantly, these
mice survive into adulthood. Reports regarding Ts65Dn mice
have documented behavioral abnormalities in adult animals (7,
9, 10). However, there are no reports documenting the devel-
opmental and age-related features expected for the CNS DS
phenotype.
To characterize the nervous system of Ts65Dnmice, we have

carried out detailed behavioral, morphological, and molecular
analyses in both developing and mature subjects. We discov-
ered similarities and differences with respect to DS. Like DS,
Ts65Dn animals have (i) abnormal behavior during early
postnatal development as well as in adulthood, (ii) normal
brain weight in the early postnatal period, (iii) initial normal
development of basal forebrain cholinergic neurons (BFCNs),
(iv) marked loss of BFCNs with age, (v) astrocytic hypertrophy
in the adult, and (vi) abnormal expression of genes both on and
off the trisomic segment. Unlike aged DS subjects, there was
no evidence of b-amyloid (Ab)-containing plaques or neuro-
fibrillary tangles in older mice. These findings suggest that
Ts65Dn mice may be used to study the pathogenesis of both
developmental and neurodegenerative CNS phenotypes in DS.

MATERIALS AND METHODS

Animals. All mice were maintained on a B6C3HF1 outbred
background by mating Ts65Dn female mice (obtained fromM.
Davisson, Jackson Laboratory; ref. 8) with B6C3HF1 male
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mice (Jackson Laboratory). Lymphocytes were karyotyped
from all animals and one to three Ts65Dn mice were matched
and housed with 2n (diploid) littermates of the same sex. Many
of the behavioral tests assessed in our analysis require intact
vision. While the outbreeding paradigm maintains the mice on
a variable genetic background, a recessive gene, rd, is also
inherited. The presence of this mutation in the homozygous
state results in retinal degeneration and blindness (11). There-
fore, we histologically examined the retina of each animal at
the completion of our behavioral studies. In all cases, '25%
of both Ts65Dn and 2n mice had retinal degeneration. Be-
havioral results from these animals were eliminated from our
analyses. Investigators carrying out behavioral as well as
histological studies and analysis were blind to animal genotype.
Behavioral Testing. Neurobehavioral development on post-

natal days (PD) 1–23 was assessed by daily testing of the pups
according to the procedure of Fox (12) and was supplemented
by a tactile stimulation test and vertical screen test as described
(13, 14). The homing test (on PD12) and ultrasonic vocaliza-
tion test were performed as described (13, 14). Pups were
weighed daily, and measures of somatic growth included eyelid
and ear opening, incisor eruption, and body and tail length.
Open field testing was performed as described (15). Passive
avoidance apparatus and testing were similar to that described
(15). Adult animals were tested in the Morris water maze
adapted for mice (16). For statistical analysis of behavior, an
ANOVA for repeated measures was used for processing
behavioral data rearranged in blocks of repeated trials. Post
hoc comparisons were performed using paired t tests with
Bonferroni’s correction. Nonparametric data were analyzed
using the Kruskal–Wallis test.
Tissue Processing, Immunocytochemistry, and Northern

Blot Analysis. Tissue processing and immunocytochemistry
were performed exactly as described (17). The antibodies
utilized for immunostaining were as follows: REX (anti-
p75NGFR) (18), RTA (anti-trkA) (19), anti-glial fibrillary acidic
protein (GFAP; Chemicon), 1280 (anti-Ab, a gift of D. Selkoe,
Boston), and Alz-50 (gift of P. Davies, Bronx, NY). RNA
preparation, Northern blot analysis, and densitometry were
performed as described (17).
Assessment of Brain Region Volumes, Cell Number, and

Profile Area. The volumes of brain regions were measured in
an unbiased manner using Cavalieri’s method (20). Every third
coronal section throughout each brain was stained with Cresyl
violet and visualized with an MCID image analysis system
(Imaging Research, St. Catherine’s, ON, Canada) linked to a
charge-coupled device (CCD) camera with a 35-mm lens. In
20-month-old mice, hippocampus and cortex were measured
from their incipience rostrally to the end of the interpedun-
cular nucleus caudally. All other structures at all ages were
measured in their entirety. Cell numbers were estimated in an
unbiased manner using the optical disector method (21, 22) in
combination with the Cavalieri method for estimating refer-
ence volume (20). The first section in each series was chosen
randomly, followed by every third section thereafter, with a
total of 7–10 sections per structure. Cells were sampled using
a disector frame taped to the monitor screen; cells were
counted if they contained a nucleolus that fell within the
dissector frame under a 3100 objective (n.a., 1.32). The
cross-sectional area of each counted cellular profile was then
measured as described (19). The movement of the microscope
stage in the x, y, and z planes was accomplished manually.
Within-individual variance (coefficient of error, CE) was
calculated as described (22). Between-group analysis of age-
matched samples was carried out using Student’s t test.

RESULTS

Brain Growth and Gross Morphology in Ts65Dn Mice. The
brain of adult Ts65Dn mice has been reported to be grossly

normal (7, 8). We confirmed this for both the developing and
adult brain and showed that brain weight in Ts65Dn did not
differ from those of 2n subjects at PD10 and 3 months. To
determine whether there were regional differences, we quan-
titated the size of the hippocampus, cortex, striatum, and
cerebellum at PD2, PD10, PD22, 20 months, and in adults. No
significant differences were noted in the volume of these brain
regions between Ts65Dn and 2n mice. No abnormalities of
neuronal migration were noted in the cortex of Ts65Dn mice.
Thus, gross structural aspects of brain growth and develop-
ment appeared to be unaffected by the segmental trisomy.
Behavioral Characterization of Ts65Dn Mice. In DS, de-

velopmental and somatic growth delay as well as mental
retardation are nearly universal (1, 2). We performed a battery
of behavioral tests during both the postnatal and adult periods
to determine if analogous abnormalities could be detected in
Ts65Dn animals. First, somatic and sensorimotor development
of pups was assessed from PD1 through PD23. There was delay
in the achievement of certain physical and most sensorimotor
milestones. Body weight gain was slower in Ts65Dn pups
[F(16,256)5 3.57; P, 0.01)]. In contrast, no gross differences
were found for the time of eyelid and ear opening or incisor
eruption. To evaluate sensorimotor development, a wide range
of reflexes were assessed as were more specific behavioral
endpoints such as (i) the pattern of ultrasonic vocalization, (ii)
performance on a homing test, and (iii) learning performance
and locomotor activity in an open field arena (12–14). In
almost all reflexes the emergence of adult-like responses was
delayed in Ts65Dn pups (Fig. 1A). Differences were statisti-
cally significant for cliff aversion, swift righting, screen climb-
ing, vibrissa placing, and ear twitch response [x2(1) 5 5.48,
7.36, 5.58, 5.31, 4.98, respectively; P , 0.05]. Despite delays,
both Ts65Dn and 2n mice reached neurobehavioral matura-
tion for these responses near the time for weaning. Ultrasonic
vocalization, a communicative behavior aimed at eliciting
maternal care (13, 14), was delayed by '4 days; its peak
expression was observed at PD9 in Ts65Dn mice (Fig. 1C).
Ts65Dn mice also demonstrated more scattered locomotion in
association with ultrasonic vocalization with a 20% greater
number of ‘‘stop and go’’ events [F(1,16) 5 5.35); P , 0.05].
Ts65Dn pups were also quite abnormal in homing (Fig. 1B).
This could reflect poor motor coordination or an inability to
detect olfactory signals. Almost identical to findings in adults
(see below), Ts65Dn pups showed a significant increase in
locomotor activity (frequency of crossings and wall rearing) at
PD21 (Fig. 2A). However, not all behaviors were abnormal. At
PD18, learning performance in the passive avoidance task
revealed no significant difference between Ts65Dn and 2n
mice [F(1,26) 5 0.341; P 5 0.56].
Ts65Dn animals were also assessed on behavioral tasks at

6–8 months of age. In open field testing, several differences
were noted (Fig. 2A). There was an increase in the frequency
of crossings (main effect of karyotype [F(1,19) 5 5.4; P ,
0.05], and in frequency of wall rearing [F(1,19) 5 10.3; P ,
0.05]. Post hoc comparisons indicated that these differences
were more consistent in the last 10 min of the test, particularly
in the frequency of crossings (2n versus Ts65Dn; P , 0.05 in
blocks 3 and 4). In addition, a trend toward reduction in
duration of grooming was also evident [F(1,19) 5 3.4; P 5
0.07]. No differences were found in the latency to approach a
novel object or in lying still.
Mice were also tested in the Morris water maze. In the

hidden platform task, subjects must learn the location of a
submerged, invisible platform to escape the water. While the
latency to reach the platform decreased by'50% in 2n animals
over 4 days of testing, Ts65Dn animals showed no significant
improvement in performance (Fig. 2B). On testing days 2
through 4, the latency to reach the platform was significantly
greater when comparing Ts65Dn and 2n animals: Ts65Dn (n5
13) versus 2n (n 5 17): day 1, P 5 0.312; day 2, P 5 0.01; day
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3, P 5 0.007; day 4, P , 0.001. A second group of Ts65Dn and
2n littermates underwent testing on the visible platform task

in the Morris water maze. On all days of testing, Ts65Dn
animals performed more poorly in this task with significant

FIG. 2. Behavioral data for adult Ts65Dn and 2nmice. (A) Results of open field testing. The following responses weremeasured: crossing (scored
by dividing the floor of the arena in squares and counting the crossing of square limits with both forepaws), wall rearing (alternating forelimb placing
movements on the wall), and grooming (wiping, licking, combing, or scratching of any part of the body). (B) Morris water maze. On each day of
testing, mice were evaluated in four consecutive trials in the visible platform task or six consecutive trials in the hidden platform task. Different
groups of animals were tested in hidden and visible tasks. There was a 10-sec intertrial interval and a 90-sec maximum swim latency per trial. Data
collection was automated by a computerized video tracking system (San Diego Instruments). The testing apparatus for passive avoidance was similar
to that described (15). The procedure consisted of two phases: acquisition occurred on day 1 and retention occurred on day 2. In the acquistion
phase, mice underwent a multitrial session. The sliding door between compartments was raised and the mouse was allowed to cross into a dark
chamber. When the mouse crossed thus lowering the tilting door, the door shut, and a 3-sec 0.3-mA footshock was delivered to the grid floor. A
trial ended when the mouse gave the step-through response or remained in the start compartment for 120 sec. The acquisition phase ended when
the subject either remained in the start compartment for 2 consecutive trials or after 10 trials by stepping through. For the retention phase, the
procedure consisted of one trial not punished by footshock. The trial ended when the mouse gave the step-through response or remained in the
start compartment for 120 sec.

FIG. 1. Neurobehavioral data for developing Ts65Dn and 2n mice. In A, sensorimotor reflexes (12) were assessed. Pups were scored on a scale
from 0 to 3 with a score of 3 representing an adult-like response. In B, the homing test and the vocalization test were performed (13, 14). In the
homing test, the time for each pup to reach the goal area was recorded (cut off time 3 min). (2n, n 5 9; Ts65Dn, n 5 9).
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differences recorded on both day 2 and day 3 (P , 0.05) (Fig.
2B). Of note, there was greater variability in the performance
of Ts65Dn animals. Some Ts65Dn animals were able to learn
the task while others never appeared to improve. Significantly,
there were no differences in swim speed between Ts65Dn and
2n mice.
Adult mice were also assessed in the passive avoidance task.

No statistical differences were detected between the groups at
any time. However, in the second part of the acquisition phase,
step-through latencies from the Ts65Dn mice were shortened
(Fig. 2B). As in the visible platform task, some Ts65Dn
animals had scores comparable to 2n mice, whereas others
were clearly impaired throughout the acquisition session. In
fact, analysis performed on the standard deviation values
revealed a significant difference between groups (Wilcoxon,
P , 0.05), observations from Ts65Dn mice being more scat-
tered. Of note, similar variability in performance was found in
both young and older Ts65Dn animals; whereas variability in
performance decreased somewhat with age in 2n animals (data
not shown).
Age-Related Abnormalities in the Septohippocampal Cho-

linergic System in Ts65Dn Mice. Given the presence of AD
pathological markers in elderly DS patients, these were eval-
uated in Ts65Dn and 2n animals at 6 months and 20 months
of age. Brains were examined for the presence of plaques and
tangles with both Bielshowsky silver staining as well as with Ab
and Alz-50 immunostaining. There was no evidence for ab-
normal staining resembling that seen in DS and AD.
In both DS and in AD, BFCNs are selectively vulnerable to

degeneration (5, 23). These neurons supply the major cholin-
ergic input to both the hippocampus and neocortex, and their
degeneration may contribute to the dementia of DS and AD.
Interestingly, studies on DS patients suggest that while BFCNs
are normal at birth, during infancy, and in the early adult
period (24, 25), they degenerate in older adults (23). Using
unbiased stereological techniques for neuronal counting (the
optical disector method), we assessed the number of BFCNs in
the medial septal nucleus of both Ts65Dn mice and 2n
age-matched control littermates at PD2, PD10, PD22, 6
months, and 20 months of age. BFCNs were identified by
immunostaining with an antibody to p75NGFR, a protein which
in this region is localized specifically to cholinergic neurons.
During the first weeks of postnatal development, there was no
difference in either the number or size of BFCNs in Ts65Dn
and 2n control subjects (Fig. 3). The situation in adult animals
was very different; age-related neuronal atrophy and loss of
BFCNs was detected (Fig. 3). At 6 months of age, the number
of p75NGFR-immunoreactive (IR) neurons in the Ts65Dn mice
was decreased by 30% and at 20 months there was 40%
decrease. In contrast, even in 20-month-old 2n animals there
was no decrease in the number of p75NGFR-IR neuronal
profiles. Significantly, the loss of cholinergic neurons in
Ts65Dn mice appears to be somewhat selective since there was
no difference in the number of caudate–putamen cholinergic
neurons when comparing 6-month-old Ts65Dn and 2n mice
(mean 6 SEM: Ts65Dn 5 5150 6 328, n 5 5 versus 2n 5
4142 6 390, n 5 5; P 5 0.083). The neuronal atrophy of
remaining Ts65Dn BFCNs with age is analogous to that seen
in remaining BFCN neurons in AD (26).
Glial Abnormalities in Ts65Dn Mice. Glial abnormalities

have been described in both the developing and adult DS brain.
These include astrocytic hypertrophy and an increase in as-
trocyte number (27, 28). GFAP is an astrocyte-specific protein.
There was evidence of a small but statistically significant
hypertrophy of GFAP-IR astrocytes in the hippocampus of
Ts65Dn animals (mean 6 SEM, Ts65Dn 5 62.5 6 0.88 mm2,
n5 5, n5 2500, versus 2n5 59.86 0.82 mm2, n5 5, n5 2500;
P 5 0.02). We also counted the number of GFAP-IR astro-
cytes in the right hippocampus of Ts65Dn and 2n mice at 3
months of age. There were 27% more GFAP-IR astrocytes in

the Ts65Dn hippocampus. This change was not statistically
significant (mean 6 SEM, Ts65Dn 5 10, 316 6 1414, n 5 5,
versus 2n 5 8150 6 1134, n 5 5, P 5 0.24).
Abnormal Gene Expression in Ts65Dn Mice.Most studies

in DS and other aneuploid organisms have shown that gene
expression is proportional to gene dose (1). Nevertheless,
there are examples in both DS and in Ts16 mice to indicate

FIG. 3. Analysis of the number and size of p75NGFR-IR neurons in
the medial septal nucleus of Ts65Dn and 2n mice during development
and in the adult. The mean cross-sectional profile area of p75NGFR-IR
neurons with a nucleolus were assessed in Ts65Dn and 2n mice. No
significant differences were found at PD2, PD10, or PD22. At later
times, areas were as follows: (mean6 SEM) 6 months, Ts65Dn, 1496
2.2 (n 5 5, n 5 300) and 2n, 156 6 2.3 (n 5 5, n 5 300), P 5 0.04; 20
months, Ts65Dn, 147 6 0.5 (n 5 5, n 5 506) and 2n, 153 6 0.3 (n 5
5, n 5 506), P , 0.001.

FIG. 4. Northern blot analysis of mRNA levels from the forebrain
of 4-month-old Ts65Dn and 2n mice. (A) The level of several mRNA
species was assessed for genes that were either localized to the 1716
translocation chromosome (present in three copies) or to another
chromosomal region (present in two copies). (B) Densitometric
scanning of x-ray film revealed significant increases in mRNA levels
for genes localized to the translocation chromosome in Ts65Dn mice.
In addition, there was significant overexpression of apoE mRNA in
Ts65Dn mice (p, P , 0.05, Ts65Dn versus 2n).
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that expression of some genes cannot be predicted on the
basis of gene dosage (17, 29). To examine the situation in
Ts65Dn, we measured brain mRNA levels for genes present
in either two or three copies. Genes present in three copies
in Ts65Dn mice include App and Sod-1. On the basis of gene
dose, mRNA levels would be predicted to be 1.5-fold the 2n
level. Examination of gene expression by Northern blot
analysis revealed that APP mRNA was present at levels
2-fold and SOD-1 mRNA was at 1.5-fold that seen in 2n mice
(Fig. 4). Both values were significantly greater than 1.0,
suggesting that genes on the segmental chromosome were
expressed. Though APP mRNA levels were increased be-
yond that expected for gene dose versus 1.5), the increase
was not significantly greater than 1.5. We also examined
forebrain mRNA levels of genes present in two copies in
Ts65Dn animals: (i) trkB [which is encoded on MMU-13
(30)], (ii) Gap-43 [which is encoded on the proximal arm of
MMU-16 (31) but is not present on the translocation chro-
mosome in Ts65Dn mice], and (iii) ApoE [which is encoded
on MMU-7 (32)]. While trkB and GAP-43 mRNA levels
were similar in Ts65Dn and 2n littermates, apoE mRNA
levels in the Ts65Dn brain were 1.5-fold the level found in the
2n brain (P , 0.05) (Fig. 4).

DISCUSSION

The development of segmental (Ts65Dn) mice (8) has pro-
vided a genetic model of DS in which much of the MMU-16
region that is homologous with the long arm of HSA-21 is
present in three copies. Importantly, there is very little genetic
information from MMU-17, which is also in dosage imbalance
(7). Determining whether the genetic abnormality present in
these animals leads to the hallmark nervous system abnormal-
ities seen in developing and mature DS individuals is critical to
define the contribution of specific genetic elements to partic-
ular phenotypes. Similar to earlier reports (7, 9, 33), we
demonstrate that there are behavioral abnormalities in adult
Ts65Dn mice. Significantly, we now show that like DS subjects,
Ts65Dn mice have behavioral evidence of developmental
delay and cognitive impairment in young subjects and have, in
older subjects, a selective age-dependent loss and cellular
atrophy of BFCNs.We conclude that Ts65Dnmice are amodel
for examining certain developmental and age-related DS CNS
phenotypes.
The behavior of Ts65Dn animals was abnormal during the

entire lifespan. Developmental delay and hyperactivity were
noted during early development. These findings parallel what
is observed in infants and children with DS (1, 2). Indeed, like
DS children (34), Ts65Dn mice did achieve developmental
sensorimotor milestones, albeit later than normal. As was
present at PD21, Ts65Dn adults also exhibited spontaneous
hyperactivity in open field testing; moreover, adult subjects
showed evidence of impaired learning in the Morris water
maze and in some there was poor performance in passive
avoidance testing. While there was no significant difference
between the performance of Ts65Dn and 2n mice on passive
avoidance, we did note greater variability between animals in
the Ts65Dn group. In fact, Ts65Dn mice failed to show a
normal decrease in variability on this task with age. This may
have been due to an increase in biological variability. It is also
possible that it represents a delay or arrest in behavioral
development. If so, it would be analogous to what has been
observed in DS. While DS children show continuous but
gradual improvement in mental age throughout childhood;
intelligence quotients generally decline from early in the first
year to late childhood (35).
The neural substrate for the abnormal behaviors seen in

Ts65Dn mice have yet to be defined. It is conceivable that the
loss and dysfunction of BFCNs contribute to the abnormalities
found on testing in the hidden platform task (36); however, the

behavioral abnormalities observed in Ts65Dn suggest a more
general cognitive impairment analogous to the mental retar-
dation seen in human trisomy 21 and in translocation DS (6).
For example, while it is possible that functional abnormalities
involving the hippocampus or its afferent and efferent projec-
tions would explain the failure on the hidden platform task,
such lesions alone would not account for impaired perfor-
mance in the visual platform task (16).
The most striking neuropathological phenotype in Ts65Dn

was encountered in mature but not developing DS subjects.
The number and size of BFCNs was similar in Ts65Dn and 2n
subjects during development. It was only in adult subjects that
atrophy and progressive loss of BFCNs was detected. These
data suggest that triplication of genetic material in the distal
arm of MMU-16 does not affect neurogenesis or early devel-
opment and differentiation of BFCNs. This is not the case in
fetal Ts16 fetal animals in which there is a decrease in the
number of BFCNs generated (37). Thus, the presence of an
extra copy of genetic material in MMU-16 that is not tripli-
cated in DS results in a different cholinergic neuronal pheno-
type. It is interesting to note that, similar to Ts65Dn mice,
young persons with DS appear to be born with a normal
septohippocampal cholinergic system (24) and that degener-
ation of this system only appears with aging (23, 25). Our
findings suggest that as in DS, an extra copy of normal genetic
material produces BFCN degeneration in mature subjects.
That the Ts65Dn brain does not show a generalized late-onset
loss of neurons is suggested in the data for regional brain
volumes in mature subjects. In regard to regional volumes, it
appears that the mature Ts65Dn brain differs from that in DS,
where some but not all brain regions are smaller than normal
age-matched subjects (38). It is possible that development
abnormalities of other neuronal populations in Ts65Dn mice
escaped detection in our studies. It will now be important to
further evaluate this possibility looking specifically for other
abnormalities seen in the DS brain.
The age-related loss of cholinergic neurons in basal fore-

brain but not the striatum of Ts65Dn mice mimics the specific
age-related decrease in cholinergic function seen in DS and
AD (23, 25, 39). These findings raise the possibility that this
model may be used further to understand mechanisms under-
lying selective neuronal vulnerability seen in DS and AD.
Disturbed trophic support is a possible mechanism. It is
noteworthy that nerve growth factor (NGF) is required for the
normal differentiation of BFCNs (19). Equally intriguing are
recent data suggesting that the BFCN cell loss and atrophy that
occurs in aged rats is accompanied by a decrease in retrograde
transport of NGF from its site of synthesis in the hippocampus
to BFCN cell bodies in the septum (40). It will be important
to determine whether there are abnormalities in NGF levels or
signaling in Ts65Dn mice.
Similar to what has been described in Ts16 and Ts65Dnmice

(5, 7, 17), it appears that for some genes expressed in the young
adult Ts65Dn brain, gene dose and gene expression are directly
correlated. This was the case for Sod-1, which is located on the
trisomic segment, and for trkB and Gap-43, which are located
on non-trisomic segments. However, for other genes, this was
not the case. App (MMU-16) and apoE (MMU-7) were
overexpressed more than predicted on the basis of gene dose.
Overexpression of these genes may have significance for
AD-related neuropathology. One isoform of apoE (apoE4)
has been shown to be a major risk factor for AD (41). Its
presence is associated with earlier onset of dementia in
subjects with DS (42). Since, apoE is selectively expressed in
astrocytes (43), the increase in apoE mRNA in the Ts65Dn
mice and in AD may be associated with the activation of
astrocytes (hypertrophy) (44). Hypertrophy of astrocytes has
been described even in younger DS subjects before gross AD
changes have occurred (27, 28). There may be similar changes
in Ts65Dn mice. It has been postulated that overexpression of
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APP in DS leads to Ab deposition (45). Over the 2-year
lifespan of the Ts65Dnmouse,App overexpression did not lead
to Ab deposition. In fact, the only reports to date showing
extensive Ab deposition in the brain of mice are in animals in
which a mutant form of human amyloid precursor protein
(APP) has been overexpressed (46). Data showing that over-
expression of normal human APP in mice also fails to result in
plaque formation (47) suggests that the occurrence of AD
pathology in DS may be due to more than overexpression of
APP.
In summary, our analysis of the developing and adult CNS

of Ts65Dn mice documents functional and morphological
changes in Ts65Dn animals analogous to some of those seen
in DS. Our findings suggest that further studies with Ts65Dn
mice may be particularly useful to understand the biological
basis for some of the cognitive abnormalities seen in infants,
children, and young adults with DS. It is possible that this
model can also be used to provide insight into some of the
AD-like pathology seen in DS such as selective neuronal
vulnerability and glial abnormalities. While the model does not
currently allow us to study Ab deposition and neurofibrillary
tangle formation, it is conceivable that through genetic mod-
ifications of the model, these markers can be produced thus
providing this opportunity.
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