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A mouse model for Down
syndrome exhibits learning and
behaviour deficits
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Trisomy 21 or Down syndrome (DS) is the most frequent genetic cause of mental
retardation, affecting one in 800 live born human beings. Mice with segmental trisomy
16 (Ts65Dn mice) are at dosage imbalance for genes corresponding to those on human
chromosome 21g21-22.3—which includes the so-called DS ‘critical region’. They do not
show early-onset of Alzheimer disease pathology; however, Ts65Dn mice do
demonstrate impaired performance in a complex learning task requiring the integration
of visual and spatial information. The reproducibility of this phenotype among Ts65Dn
mice indicates that dosage imbalance for a gene or genes in this region contributes to
this impairment. The corresponding dosage imbalance for the human homologues of
these genes may contribute to cognitive deficits in DS.

Trisomy 21 is the most frequently observed aneuploidy
among live born infants'. DS produces a variety of
developmental anomalies? including facial
dysmorphology, congenital defects of heart and gut,
infertility,immunodeficienciesand an increased incidence
of leukaemia. Brain development is markedly affected.
Grossly, brain weight is reduced, disproportionately so
for cerebellum and brain stem®. Neuronal number is
reduced in many regions and abnormal neuronal
morphology is noted, especially in cerebral cortex. The
brains of DS individuals exhibit neuropathology
indistinguishable from Alzheimer disease by the end of
the fourth decade*®. DS is a leading genetic cause of
mental retardation and places a substantial burden on
affected individuals, their families and society.

A major goal of DS research is to correlate dosage
imbalance of specific genes from human chromosome 21
with different clinical aspects of the syndrome. Substantial
progress toward regional localization of such genes has
come through the analysis of individuals with segmental
trisomy 21 arising from translocations or duplications
resulting in triplication of a subset of the chromosome®*'.
However, the resolution of this approach is limited by the
substantial phenotypic variability among DS individuals
and the very small number of well-characterized cases of
‘translocation DS®. A thorough analysis of the
developmental consequences of DS requires an animal
model that can provide access to cells and tissues from all
developmental stages.

Comparative mapping between mice and humans has
revealed thathuman chromosome 21 shares alarge region
of genetic homology with mouse chromosome 16 (Chr
16) (ref. 12). This observation led to the use of mice
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trisomic for Chr 16 as an animal model of DS”. The
trisomy 16 (Ts16) mouse exhibits some characteristics of
DS, however, its value as a model is limited by several
factors. First, Ts16 mice die in utero, precluding many
types of analyses, especially of the development and
function of the central nervous system. Second, murine
homologues of the distal 2-3 Mb of human chromosome
21 are found on mouse chromosomes 17 and 10. In
addition, Chr 16 contains a number of genes found on
human chromosomes other than 21. Thus, Ts16 mice are
not trisomic for some human chromosome 21 genes and
are at dosage imbalance for many genes that are not
implicated in the pathogenesis of DS.

A new mouse model of DS has been proposed. We
generated a reciprocal translocation, T(16C3-
4;17A2)65Dn (hereafter T65Dn), which can be used to
produce segmental trisomy for distal Chr 16 (ref. 14).
Cytological examination shows that the large 16”7 T65Dn
translocation product includes most of Chr 16 and nearly
all of Chr 17, while the reciprocal 17* product is a small
marker chromosome containing the distal segment of
Chr 16 translocated very close to the centromere of Chr
17. Missegregation of the 17'¢ chromosome in female
translocation heterozygotes produces mice with segmental
trisomy, Ts(17'¢)65Dn (Ts65Dn mice). These mice display
a variety of phenotypic abnormalities, including early
developmental delay evidenced by reduced birth weight,
muscular trembling, male sterility and abnormal facies'.

To evaluate Ts65Dn mice as 2 model for studies of DS,
somatic cell hybrids were constructed and used to map
the Chr 16 breakpoint of the T65Dn translocation. The
17' translocation chromosome contains genes from Chr
16 representing most of the segment evolutionarily
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Somatic cell hybrids

Fig. 1 The T(16;17)65Dn translocation
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conserved with the long arm of human chromosome 21,
while markers close to the centromere of Chr17 are absent.
Two representative genes from the segment are expressed
at elevated levels in Ts65Dn animals, demonstrating that
sequences on the marker chromosome are
transcriptionallyactive. Ts65Dn mice do notdisplay some
DS-associated phenotypes such as cardiac and skeletal
anomalies, and no leukaemic Ts65Dn mice have been
reported. We did not find pathologylike that of Alzheimer’s
disease in animals up to 21 months of age. However,
evaluation of the performance of Ts65Dn micein a variety
ofbehavioural tests demonstrates that segmental trisomy
16 results in spontaneous locomotor hyperactivity and
impaired performance ona complexvisual spatiallearning
and memory task. Thus, the Ts65Dn mouse has a genetic
basis analogous to that of humans with segmental trisomy
21 and demonstrates behavioral abnormalities consistent
with DS. This model will be valuable for studies of 2
variety of developmental problems that occur in DS.

identification of the T65Dn breakpoint

Primary PRGS* (phosphoribosyl glycinamide synthase*)
fibroblasts from a mouse with one copy each of normal
Chrl6 and 17 and the reciprocal 16! and 17*¢ products of
the T65Dn translocation were fused to neomycin-resistant,
PRGS  (purine-dependent) AdeC-neo hamster cells.
Somatic hybrids were selected in purine-free medium
supplemented with G418. Three primary hybrids
containing both the proximal Chr 16 gene, Smst, and a
distal gene, Ets2, were passed through two rounds of
subcloning by limiting dilution in non-selective mediurm.
Thirty-nine subclones were recovered and typed for the
proximal and distal markers. Fourhybridlines, H65B3.2a-
2, -8, -13, and -14, were positive for Smstand negative for
Ets2, demonstrating that they had lost both normal Chr
16 and the small 17 translocation product but retained
thelarge 16" chromosome. Oneline, H65B3.2a-1, showed

the reciprocal pattern and thus retained the marker
chromosome (17'* ) responsible for segmental trisomy in
Ts65Dn mice as the only Chr 16 information in the cell.

The genetic position of the breakpoint was localized by
typing the hybrids with 12 additional markers spanning
the chromosome (Fig. 1). All four of the 16" hybrids were
positive for Pgk-ps! and five markers proximal to it, while
the 17'hybrid was negative for these markersand positive
for App, D16Mit7 and D16Mit69, Grikl, Sodl, Ets2 and
Mzxl, the most distal marker mapped on Chr 16.
Surprisingly, the marker D16Mit68, which maps between
App and Pgk-psI on the recombinational map of Chr 16
(ref. 12), was absent from all five hybrids. D16Mit68 was
a robust marker that generated the expected 210 bp
fragment from DBA/2] mice (the strain in which T65Dn
was induced) and from an independent set of mouse X—
hamster somatic cell hybrids segregating a different Chr
16 translocation (not shown). The absence of this marker
from the T65Dn hybrids suggests that a small portion of
Chr 16 surrounding the translocation breakpoint may
havebeen deleted from the chromosome at the time of the
translocation. This would place the actual breakpoint at
the D16Mit681ocus, which is 0.7 cM proximal to App on
a composite map of Chr 16 (ref. 12).

Two markers of proximal Chr 17 were mapped in the
hybrids (data not shown). DI7Mit58 is located 1.1 cM
from the centromere of Chr 17 on the M.LT. reference
paneland D17Mit34maps 10.0 cM from the centromere*®.
Both markers were absent from hybrids containing the
small marker chromosome and present in hybrids
containing the larger 16" translocation product. Thus,
very little information from Chr 17 is at dosage imbalance
in Ts65Dn mice.

Elevated expression of Chr 16 genes
KCN-sensitive superoxide dismutase (SOD) activity was
measured in the livers of three Ts65Dn mice and four
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Fig. 2 App expression is elevated at the RNA and protein level
in Ts85Dn mice. a, Northern blots of brain RNA were probed
for App message, stripped, and reprobed with Gapd. Scanning
densitometry was used to compare relative levels in control
(C) and segmentally trisomic (T) animals. b, Western blots on
total brain protein were analyzed with antibodies against the
C-terminal end of APP and against B-tubulin. The CT15
antibody recognizes several APP variants that arise due to
differential splicing of the message but share the same carboxy
terminus.

euploid littermates. The mean activity was 2.31 + 0.18 U/
mg protein in segmentally trisomic mice compared with
1.68 + 0.10 in normal controls. This 1.4-fold increase was
significant (P < 0.05,t= 3.359in a two-tailed t test). Thus,
theincreased copy number of Sod1 genes in this segmental
trisomy is reflected in the elevation of enzyme activity, as
expected if genes on the 17'¢ marker chromosome are
expressed.

Fig. 3 APP expression in neurons is elevated but amyloid
plaques are absent from the brains of Ts65Dn mice up to 21
months of age. Sagittal section of hippocampus from control
(@) and Ts65Dn mouse (b) showing neurons after
immunocytochemistry with the CT15antibody directed against
the C terminus of APP.
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Quantitative northern blotting of RNA from cerebral
cortex was used to compare the levels of App transcript in
four euploid and three Ts65Dn mice (Fig. 2a). Filters were
hybridized with the murine App cDNA clone, stripped,
and reprobed with a control probe recognizing Gapd. The
ratios of hybridization intensity were determined by
scanning densitometry and the averages for Ts65Dn mice
were compared to controls. This analysis demonstrated a
2.2-foldincreasein AppmRNA in the cortex of segmentally
aneuploid adult animals, consistent with the 2.5-fold
increase seen in cortex of trisomy 16 mice at fifteen days
of gestation”. Concomitant elevation of APP protein was
demonstrated in the same animals by western blotting
using a polyclonal antibody, CT15, directed against the
carboxy-terminal end of the molecule. Intensity of
reactivity with a monoclonal antibody specific for B-
tubulin served as a control (Fig. 2b). A significant, twofold
increase in APP protein was observed.

Allele of AD-like histopathology
Four control and six Ts65Dn animals ranging in age from
3 to 21 months were examined. Normal neuronal and
glialintegrity were observed on staining with three standard
stains and there was no indication of neuritic plaques or
neurofibrillary tangles on examination with Congo Red,
Thioflavin T or Bielschowski silver staining.
Immunohistochemistry also failed to reveal pathology
reminiscent of that seen in Alzheimer disease. As expected
from northern and western blotting studies, analysis with
the CT15 antibody showed increased APP reactivity in
Ts65Dn animals, especially in the hippocampus (Fig. 3).
However, antibody 8E3, directed against the Ab peptide,
and a second antibody against ubiquitin did not detect
any abnormal deposits characteristic of senile plaques.
No increase in GFAP was observed in the brains of
Ts65Dn mice by immunocytochemistry or by northern
blotting (data not shown). Screens with antibodies to
synap-tophysin and to phosphorylated and non-
phosphorylated epitopes of neurofilaments did not detect
differences between control and trisomic animals and
tyrosine hydroxylase reactivity appeared normal.

Spontaneous locomotor hyperactivity

Spontaneous activity of Ts65Dn and control mice of
both sexes was similar on most variables during the
habituation period, but was increased significantly in
both the total distance and the average distance per
movement variables in segmental trisomic animals (data
not shown). Analysis of 24-hour activity also
demonstrated significant hyperactivity in Ts65Dn mice
compared with controls (Fig. 4). During the dark cycle,
Ts65Dn mice of both sexes demonstrated significantly
higher interruption of photocells in both the horizontal
and vertical planes. The increase in horizontal activity
translated into significantly greater locomotor activity as
evidenced by higher levels of distance traveled and
increased distance per movement. These increases were
most evident in the first half of the dark cycle. There were
no differences in activity during the light cycle as both
Ts65Dn and control mice demonstrated normal diurnal
activity patterns. The spontaneous hyperactivity
demonstrated in the Ts65Dn mice is consistent with
previous reports of hyperactivity in Ts16<->2n
chimaeras'®. Spontaneous hyperactivity has been noted
in a variety of rodent models of developmental and
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Fig. 4 Patterns of spontaneous activity 4
for 24 hours in combined male and
female Ts65Dn and control mice (12 25000 Dark
each, control and Ts65Dn). a, Horizontal 1
activity: ANOVA demonstrated
significant effects for sex [F(1,18) =
10.308, P<.005], genotype [F(1,18)
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demonstrated significant effects for sex
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[F(11,198) = 12.212, P < .001] and
significant sex x time [F(11,198) = 4.927,
P < .001]and genotype x time [F(11,181)
=3.730, P < .001] interactions. Ts65Dn
mice were significantly hyperactive
relative to controls during the first 8 h of
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demonstrated significant effects for sex [F(1,18) = 5.210, P<.05] and time [F(11,198) = 15.954 P < .001] and a significant
genotype x time [F(11,181) = 5.021, P < .001] interactions. By this measure, Ts65Dn mice were hyperactive relative to controls
during the first 6 hours of the dark cycle. Females were more active than males. There were no differences on any of the other
behavioral variables. d, Total distance: ANOVA demonstrated significant effects for sex [F(1,18) = 4.576, P<.05], genotype
[F(1,18) = 8.553, P <.02] and time [F(11,198) = 97.353, P < .001] and significant sex x genotype [F(1,18) = 4.985, P < .05}, sex
x time [F(11,198) = 4.927, P < .001] and genotype x time [F(11,181) = 3.730, P < .001] interactions. Overall, Ts65Dn mice were
significantly hyperactive relative to controls during the first 6 h of the dark cycle. This was due to significant hyperactivity in

male Ts65Dn mice relative to controls.

neurodegenerative disorders'>?* and appears to be a
nonspecific marker of disordered CNS development.

Impaired performance in the Morris water maze
In the first phase of the task, the location of the platform
was indicated by a flag. Although Ts65Dn mice
demonstrated significant decreases in search time over
the 6 trials, their performance remained significantly
impaired relative to controls throughout testing (Fig. 5a).
When placed into the hidden platform version of the task
(Fig. 5b), control mice demonstrated significant carryover
from thevisible platform component and quickly mastered
the task. In contrast, Ts65Dn mice initially performed no
better than before visible platform training and their
performance remained significantly poorer than that of
controls throughout the nine trials. Both controls and
Ts65Dn mice demonstrated a knowledge of the platform
position as indicated by higher searching times in the
quadrant containingthe platform than in other quadrants
in the tank (Fig. 5¢). Even in this aspect of the task,
however, the performance of the Ts65Dn mice was
significantly impaired relative to controls. Thus, while the
Ts65Dn mice were able to acquire aspects of the Morris
water maze task, their performance remained significantly
impaired relative to controls.

Discussion

The Ts65Dn mouse represents a new animal model for
Down syndrome. These mice possess extra genetic
information from the region of distal Chr 16 corresponding
to human chromosome 21q21-22.1. Comparative maps

of these regions18 loci mapped in the same or consistent
orders, including App, Grikl, Sodl, D16H21S58, Gart,
Son, Ifgt, Ifnar, Crf2-4, Gasd, Kcnel, Chr, Pcp4, Erg, Ets2,
Hmg14, Mx2and Mx! (ref. 12). Cytological examination
indicates that approximately 7-10% of Chr 16, or about
9-12 Mb, is present in the small translocation product and
thus is present at dosage imbalance in Ts65Dn animals.
Estimates of the physical distance from APPto MX1 inthe
corresponding region of chromosome 21 in humans are
on the order of 15 Mb on the Nofl map® and 12 Mb as
measured on radiation hybrid lines®.

Ts65Dn mice are not at dosage imbalance for the
homologues of all genes on human chromosome 21, and
thus are more analogous to human beings with
translocation DS than with full trisomy 21. Three loci
mapped to both human 21 and Chr 16, the anonymous
DNA segments, D16H21513, D16H21516,and D16H21552
(ref.24),arenotincluded in the 17" marker chromosome,
and genes distal to MX1I on HSA21 are found on mouse
Chr 17 and 10. Dosage imbalance for Chr 17 genes carried
on the T65Dn translocation may also contribute to the
Ts65Dn phenotype. However, markers of the most
proximal Chr 17 locus identified by the M.L.T. genome
effort ' were absent from the 17' marker chromosome,
suggesting that this contribution is minimal.

Careful assessment of the clinical phenotypes of
individuals with partial duplications of HSA21 have been
used to correlate dosage imbalance of specific regions of
human chromosome 21 with many aspects of the DS
phenotype, including characteristic cardiac anomalies
and mental retardation®. The heart defects characteristic
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Fig 5. 12 Ts65Dn and 12 control mice were tested
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of Ts16 (and DS) have not been observed in live born
Ts65Dn mice, raising the question of whether these
anomalies are analogous to those observed in 30-50% of
liveborn individuals with DS. In both humans and mice,
the specific defects in development of the atrial-ventricular
septa are extremely rare except in DS or Ts16, although
associated outflow tract problems are more common in
both species. In contrast to the variable frequency of
cardiac anomalies in DS, these defects were observed in
nearly 100% of mouse embryos that were trisomic for all
of Chr 16 on a C57BL/10 background®. Ts65Dn mice are
not inbred but are maintained by mating carriers of the
17'¢ chromosome to B6EiC3HF1 hybrid mice, producing
trisomy on a variable genetic background. In Ts65Dn
mice and in DS individuals, the variable genetic
background may ameliorate cardiac defects in many
individuals. Alternatively, the Ts16 cardiac defect may be
due to genes outside the region of human 21 homology. A
region of proximal Chr 16 is homologous to HSA22q11,
deletion of which is correlated with cardiac defects in
velo-cardio-facial and DiGeorge syndromes™.

The occurrence by the age of 35 or 40 of neuritic plaques
and tangles characteristic of AD isamong the few attributes
common to all individuals with DS®. So far, there is no
information from translocation DS individuals that would
help to localize genes contributing to the development of
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AD-like histopathology. The APPgene has been associated
with AD because a cleavage product of this protein is the
major constituent of neuritic plaques®*, because specific
APP mutations are found in rare familial forms of early-
onset AD**2, and circumstantially because APP levels are
elevated in DS individuals®. Transgenic mice that express
elevated levels of the complete human APP protein from
the normal promoter do not develop AD-like pathology™,
but animals expressing a mutant form of APP at very high
levels from a heterologous promoter are able to form
neuritic plaques like those in AD*. The absence of this
neuropathology from Ts65Dn mice raises the possibility
that the invariant early-onset AD phenotype of DS may
stem in part from dosage imbalance of chromosome 21
genes not represented on the 17'° chromosome.

In contrast to the brains of individuals with DS, the
Ts65Dn brain displayed minimal gross pathological
alterations (manuscriptin preparation). However, Ts65Dn
mice displayed a significant performance deficit on the
Morris water maze. While they were able to learn both the
visible and hidden platform components of the task, they
showed significant deficits relative to controls. Euploid
mice demonstrated significant carry-over from thevisible
to the hidden platform components, while the initial
search times of Ts65Dn mice in the hidden platform task
were not improved at all by prior conditioning. Many
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types of disruption to the hippocampus impair
performance in the hidden platform but not the visible
platform component of the task®. Thus the deficits
exhibited by the Ts65Dn mice appear not to be specific for
hippocampus. The Morris water maze is commonly used
for assessing spatial learning and memory that uses the
relationship among stimuli to guide behaviour. It requires
the development of an effective search strategy, the
identification of relevant stimuli, the memory of effective
behaviour on previous trials and the integration of this
information into appropriate performance. The impaired
performance of Ts65Dn mice could result from a deficit
in one or more of these components.

The severity of mental retardation varies substantially
among DS individuals and can be influenced by the
degree of environmental enrichment®. While this
individual variability complicates the characterization of
cognitive deficits that result directly from trisomy 21,
affected individuals perform less well on some tasks than
on others. When compared to younger children of a
similar mental age, DS individuals demonstrate deficits in
auditory and visual spatial processing” and in short-term
memory*. Deficits in either visual spatial processing and/
ot short term memory would impair performance in the
Morris water maze. In contrast to DS individuals, Ts65Dn
mice show a relatively low level of individual variation in
a specific learning/performance deficit resulting from a
well-defined dosage imbalance of less than 0.4% of the
mouse genome. Since Ts65Dn mice are maintained on a
hybrid background, genetic homogeneity is apparently
not a major factor accounting for this low variability. The
reproducibility of this impairment suggests that a subset
of genes in this region may affect brain development in a
specific manner to result in these deficits. It is reasonable
to suggest that dosage imbalance for the human
homologues of these genes in human beings may
contribute to cognitive deficits in DS individuals. Creation
of dosage imbalance with transgenic mice containing
yeast artificial chromosomes from human 21 or Chr 16
should provide a viable approach to further localization
and identification of these genes® *.

Our analysis establishes the genetic basis for the use of
Ts65Dn mice as a viable animal model for studies of DS.
In contrast to mice trisomic forall of Chr 16, Ts65Dn mice
survive gestation and usually live to adulthood, and thus
provideaccesstoall cells, tissuesand higher order processes
at all stages of development. The ability to test cognitive
performance provides a sensitive indicator of brain
development and function, as well as a system for
examination of the underlying physiological basis for
differences between trisomicand euploid animals. Ts65Dn
mice also provide a model for studying the aging process
in DS, a critical concern in the face of an increasing
average age of DSindividuals. Thereare obviousdifferences
in the specific end points of development between mouse
and human beings that will determine some of the limits
of this animal model. However, the patterns of sequential
gene expression in development of all mammals share a
common basis, and thus Ts65Dn mice provide an
important biological model for the study of one of the
most frequent genetic anomalies seen in human beings.

Methods
Mice and chromosome translocations. The production of the
reciprocal translocation, T65Dn, has been described™. Briefly, DBA/

2] male mice were irradiated, mated to C57BL/6} females and their
progeny screened for chromosomal anomalies involving Chr 16.
Translocation breakpoints wereidentified in G-banded chromosomes
of cultured peripheral lymphocytes*. All mice used in this study were
bred in the Robertsonian Chromosome Resource at The Jackson
Laboratory. Ts65Dn animals were generated by mating segmentally
trisomic females to (C57BL/6EiJ x C3H/HeJ)F1 males each generation.
Because C3H/HeJ mice carry a mutation resulting in retinal
degeneration (rd), all mice used in behavioral studies were confirmed
to have intact retinas by direct analysis of the rd gene*', examination
of the retina by slitlamp, or both. Ts65Dn mice are available from the
Jackson Laboratory.

T65Dn cell strains. Primary fibroblast cell strains were established
from lung, liver, spleen and testis of young adult heterozygous mice
carrying both products of the reciprocal translocation, T65Dn. The
organs were minced in sterile phosphate buffered saline with repeated
rinsing to remove red blood cells, Washed tissue pieces were
transferred to gelatin coated tissue culture dishes, fed with Dulbecco’s
MEM supplemented with 10% fetal calf serum and antibiotics, and
cultured in a 37 °C incubator in 10% CO, atmosphere. When robust
cell growth was seen in a dish (generally 1-2 weeks after plating), the
cells were trypsinized and split 1:2. In general, cells from one original
dish were expanded through 3-4 passages in this manner.

Somatic-cell hybrids. AdeC-neo is a derivative of the hamster CHO
cell line that is deficient in the purine salvage pathway enzyme,
phosphoribosyl glycinamide synthetase (PRGS) encoded in the Gart
complex on Chr 16 (ref. 42). Hybrids were made by polyethylene
glycol-mediated fusion of AdeC-neo and T65Dn cells as described®.
24 haafter fusion, the cells were trypsinized and split 1:10 into purine-
free Ham’s F12 medium (GIBCO) containing 400 pug ml™ of G418.
Colonies appearing after 10-14 days were picked using cloning
cylinders and expanded. Subcloning was accomplished by plating
10-100 cells per 100 mm? dish in non-selective Ham’s F12 medium
(with purines) and picking well-separated individual colonies with
cloning cylinders.

Southern, northernand westernblotting. DNA and RNA extraction,
Southern and northern blotting, radiolabelled probe synthesis and
hybridization were accomplished using standard procedures*.
Probes included genomic clone pMST1.4 for preprosomatostatin,
Smst'; the pks-Pit plasmid for the pituitary specific transcription
factor, Pit1*; a 700 bp HindI11-Psil fragment from clone CTH6p for
D16Led1 (ref.47), kindly provided by Dr. Richard Chaillet; clone B24
containing the pseudogene, Pgkl1-psI (ref. 48); cDNA clone pDS10.1
containing 1 kb from the 3’ end of an App cDNA clone'’; a glutamate
receptor (Grikl) mouse cDNA clone®; cDNA for the cytoplasmic
form of superoxide dismutase, Sod1 (ref. 50); and a murine cDNA for
the Ets2 protooncogene, pA3-1.6 (ref. 51); genomic clone pMx 3.4
for Mxl (ref. 52). A cDNA clone for glyceraldehyde phosphate
dehydrogenase, Gapd, was used in quantitative northern blotting
experiments, which were carried out as described* except that a
Molecular Dynamics scanning densitometer was used to quantify the
intensity of hybridization with each probe. Three Ts65Dn and four
control mice were used for each determination. PCR primers for the
marker D16Mit7 were reported by Dietrich et al*. Primers for
DI6Mitl9, D16Mit27, D16Mit68 and D16Mit69were obtained from
Research Genetics. PCR reactions were performed using 500 oM or
1 UM primer*. PCR products were separated on 3.5% low melting
point agarose gels and visualized under UV light after staining with
ethidium bromide.

For western blots, protein was extracted from the cortex of three
Ts65Dn and four control mice in 8 M urea, 50 mM Tris-HCl, pH 7.2,
0.5% SDS, 1 mM PMSF. Proteins were separated on SDS-PAGE gels
and transferred to nitrocellulose filters by electroblotting. Mouse
App protein was detected using the polyclonal antibody, CT15,
directed against the C-terminal 15 residues of App®. Monoclonal
antibody 18D8, which recognizes B-tubulin, was kindly provided by
D. Cleveland and was used as an internal control for protein loading.
Horseradish peroxidase-conjugated secondary antibodies were
visualized by chemiluminescence using the ECLsystem (Amersham).

SOD1 assay. SOD1 activity was assayed using a spectrophotometric
assay in which SODI inhibits the formation of nitrite from
hydroxylammonium chloride *. Reactions (500 ul) containing 250
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ulhuman SOD1 standard (Sigma) or cell extractin 65 mM phosphate
buffer, 25 pl xanthine (1.142 mg ml™}, 75 ul xanthine oxidase (0.1 U
ml™), 25 pul hydroxylammonium chloride (0.69 mgml™), and 125 pl
KCN (4 mM) or H,0 were incubated at 25 °C for 20 min. 500 ul a-
napthylamine (1 ng ml™') and 500 pl sulfanilic acid (3.3 mg ml™)
were added and the mixtures were incubated for a further 20 min at
25 °C after which the OD was determined at 530 nm*”. KCN-sensitive
SOD1 activity was calculated from the total activity minus the KCN-
resistant activity. Total protein was determined by the method of
Lowry, using standard protocols. One unit of enzyme activity is
defined as the amount that inhibits the formation of nitrite by 50%.

Histology. Organs were fixed in 4% paraformaldehyde or Bouin’s
solution by perfusion or drop fixation and embedded in paraffin.
Five to ten um thick sections were mounted onto Vectabond-treated
glass slides, air dried overnight, deparaffinized and transferred
through xylenes and alcohols to water. Selected sections were stained
with hematoxylin and eosin, Congored, cresyl violet, Luxol fast blue,
thioflavin T or Bielschowskissilver. Forimmunocytochemistry, slides
were pretreated with H,O, (3% in methanol) to block staining of
endogenous peroxidases, and washed in deionized water. To enhance
antigen detection, slides were irradiated ina conventional microwave
at full power in H,0 for 15 min, cooled to r.t. and rinsed three times
for 5 min each in 0.1 M PBS (pH 7.6). Sections were then incubated
in 0.4% Triton X-100 (TX)/0.1% PBS for 5 min atr.t. and transferred
to 109 normal horse or goat serum in 1% bovine albumin and 0.1%
TX/ 0.1M PBS for 1 h at r.t. Primary antibody and control solutions
were prepared in 0.1% TX/ 0.1 M PBS/ 10% normal horse or goat
serum and incubated on the slide for 24 h at room temperature.
Sections were rinsed in 0,1 M PBS followed by incubation in the
appropriate avidin-conjugated horseradish peroxidase for 30 min at
room temperature. Rinsed slides were reacted in the presence of
0.05% diaminobenzidine in 0.01% H,0,, rinsed in PBS, dehydrated
through graded ethanols to xylenes and coverslipped. Primary
antibodies included CT15 (ref, 54); 8E5, directed against the AD-
specific Ab peptide {courtesy of D. Shank, Athena Neurosciences);
SMI 31 and SMI 32 (Sternberger) against neurofilament protein;
antibodies directed against synaptophysin (Biogenix), glial fibrillary
acidic protein (GFAP) and tyrosine hydroxylase (Boehringer-
Mannheim); and control sera including anti-mouse IgG (Cappel),
anti-rabbit IgG (Vector), normal mouse serum (Sigma), and normal
rabbit serum (Gibco).

Behavioural testing, Spontaneous activity over a 26 h period was
examined in computerized Digiscan (Omnitech Electronics) activity
monitors, clear Plexiglas cages measuring 16 X 16 x 12 inches with
one row of infrared monitoring sensors mounted every 5 cm along
the perimeter at the base and a second row of sensors mounted at a
height of 10 cm. Data were collected and interpreted by a Digiscan
computer connected to an Apple 2e computer for data storage and
subsequent analysis. System differentiated behavioural variables
recorded from each sampling interval included a) horizontal activity
(total number of lower plane beam interruptions), b) total distance
(in inches), ¢) movement time, d) rest time, e) speed of movement,
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f) number of movements, g) mean distance per movement, h)
vertical activity (total number of higher plane beam interruptions),
i) vertical time, j) number of vertical movements, k) stereotype time,
1) number of stereotypes, m) time spent in each of the 9 separate
zones within the chamber. Animals were placed into the chambers 2
h prior to lights out and activity was monitored in 2 h intervals for 26
h. The first 2 h period was considered a habituation period and data
from that interval were separately analyzed by 2-way ANOVA. Data
from the subsequent 12 sampling intervals were analyzed by a mixed
model ANOVA with genetic status and sex as independent variables
and sampling interval as a repeated variable.

The Morris water maze consists of a circular swim tank 72 cm in
diameter filled with water made opaque by the addition of non-toxic
white latex paint. The tank is divided into 4 quadrants by the
imposition of 4 patterns on the internal wall. A small platform (5 cm
square) is placed in one of four quadrants, 1 cm below the surface of
the water. The first test is a visible-platform task in which the position
of the platform is signaled by the presence of a visually conspicuous
‘flag’ above the platform. The platform position varied among four
possible positions within each block of trials and animals were tested
on three blocks of trials per day for two days or a total of 24 trials.
Blocks of trials were separated by 1 h. Animals were placed in the
center of the tank and latency to locate the platform and escape from
the water was the dependent measure. Animals not finding the
platform within 60 s were placed on it for 30 s before the next trial.

Twelve days following completion of the visible-platform task,
mice were tested on the hidden platform version of the task in which
the platform was maintained in a fixed location and there was no flag
identifying its position. Animals were placed into the tank around
the perimeter in one of four start positions used in a semirandom
fashion throughout the 4 trials per block. Mice were allowed to
search the tank for 60 s and to remain on the platform for 30 s. If the
platform was not located within 60 s, they were removed from the
water and placed on the platform. Three blocks of trials were run on
three consecutive days. As in the hidden platform task, escape
latencies were the dependent variable.

In the final phase of testing, the platform was removed from the
tank and trained mice were allowed to swim for 180 s. Time spent in
each quadrant was ascertained to determine whether the majority of
swimming occurred in the quadrant that previously contained the
platform. Data from all components of the Morris water maze task
were analyzed by mixed model ANOVA.
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