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We previously generated a mouse model with a mutation in the
murine Atm gene that recapitulates many aspects of the childhood
neurodegenerative disease ataxia-telangiectasia. Atm-deficient
(Atm2y2) mice show neurological defects detected by motor
function tests including the rota-rod, open-field tests and hind-
paw footprint analysis. However, no gross histological abnormal-
ities have been observed consistently in the cerebellum of any line
of Atm2y2 mice analyzed in most laboratories. Therefore, it may
be that the neurologic dysfunction found in these animals is
associated with predegenerative lesions. We performed a detailed
analysis of the cerebellar morphology in two independently gen-
erated lines of Atm2y2 mice to determine whether there was
evidence of neuronal abnormality. We found a significant increase
in the number of lysosomes in Atm2y2 mice in the absence of any
detectable signs of neuronal degeneration or other ultrastructural
anomalies. In addition, we found that the ATM protein is predom-
inantly cytoplasmic in Purkinje cells and other neurons, in contrast
to the nuclear localization of ATM protein observed in cultured
cells. The cytoplasmic localization of ATM in Purkinje cells is similar
to that found in human cerebellum. These findings suggest that
ATM may be important as a cytoplasmic protein in neurons and
that its absence leads to abnormalities of cytoplasmic organelles
reflected as an increase in lysosomal numbers.

ATM is one of a growing family of conserved high-molecular-
mass kinases with homology to protein and lipid kinases.

This family is known to regulate diverse processes such as mitotic
checkpoints, meiosis, telomere length monitoring, and V(D)J
recombination in organisms from yeast to mammals. ATM is a
large phosphoprotein that is ubiquitously expressed. Studies
have shown that ATM is present predominantly within the
nucleus of cultured human cells with a small fraction present in
the cytoplasm (1–3). Work with cell lines from patients with
ataxia-telangiectasia (A-T) and in vivo and in vitro studies with
cells and tissues from Atm2y2 mice have identified defects in
molecular pathways that are normally activated after DNA
double-strand breaks in the genome (for reviews, see refs. 4 and
5). It is likely that ATM participates in initiating signal trans-
duction pathways via its kinase activity to regulate the activity of
molecules that manage cell-cycle arrest and repair. Therefore,
ATM deficiency predictably results in radiosensitivity, germ cell
degeneration, mild immunodeficiency, and an extreme sensitiv-
ity to developing T cell lymphomas.

Whereas the DNA damage response function of ATM is well
documented, no clear understanding of its function in postmi-
totic cells has been established. This lack of understanding is
particularly poignant in that neurodegeneration of postmitotic
neurons is the hallmark manifestation of A-T in humans. Al-
though Atm2y2 mice faithfully recapitulate the human disorder

in many respects, a general lack of neuronal degeneration has
been reported by several groups when animals have been
examined at a young age before tumor formation (6–9). How-
ever, one group reported neuronal degeneration detectable by
electron microscopy (EM; ref. 10).

We performed an analysis of cerebellum from young, tumor-
free Atm2y2 mice to determine whether neuronal abnormali-
ties exist and to identify anatomical lesions that may help explain
the neurological dysfunction. Our study also examined the
cellular localization of the ATM protein in the adult nervous
system.

Materials and Methods
Generation and Use of Atm2y2 Mice. Atm2y2 mice were gener-
ated as described (6). Animals were either inbred 129SvEv or
Black Swissy129SvEv backgrounds. No significant strain differ-
ences were found with the exception of a similarly increased
incidence of ectopic Purkinje cells (PCs) in both Atm2y2 and
wild-type mice of the 129SvEv background (data not shown).
Atm2y2 and control mice used in one EM study were generated
independently, maintained in an outbred background, and kindly
provided by David Baltimore and Yang Xu (California Institute
of Technology; ref. 9). Animals were 4–16 weeks of age. Because
all lines of Atm2y2 mice show a near complete penetrance of
T cell lymphoma formation beginning at 10–12 weeks of age, we
used two methods to ensure that lymphomas did not contribute
to any findings. The majority of animals used were 4–12 weeks
of age, a time when most animals remain tumor-free. All animals
were carefully examined for the presence of T cell lymphomas by
using gross and microscopic inspections. Any animal with evi-
dence of tumor was excluded from the analysis. Animal proce-
dures were performed according to protocols approved by The
Salk Institute for Biological Studies and the National Institutes
of Health animal care and use committees.

Antibody Production and Immunoblotting. BALByc mice were
immunized with a bacterially produced, purified His-tagged
fusion protein encoding amino acids 2,165–2,715 of human ATM
to generate the monoclonal antibody AM9. After a 3-month
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immunization schedule, mouse splenocytes were fused with
SP2y0 myeloma cells, and resultant hybridomas were isolated
(11). Characterization of anti-ATM monoclonal antibody spec-
ificity was done by immunoblotting and immunoprecipitation
assays (E.A.H. and K.B., unpublished work). Immunoblotting
was performed as described (1, 12). Indicated loads of protein
were electrophoresed on 7.5% low crosslinking acrylamide gels
(121:1 acrylamide:bisacrylamide). After electrophoresis and
electrotransfer, the blots were incubated in spent AM9 tissue
culture supernatant at a dilution of 1:2. Immunoblot signals were
detected by using a chemiluminescent protocol (Supersignal,
Pierce) and recorded on Kodak x-ray film.

Immunohistochemistry. Mice were anesthetized with an intraperi-
toneal avertin injection (80 mg per g body weight) prepared by
dissolving 2.5 g of 2,2,2-tribromoethanol in 5 ml of tert-amyl
alcohol (Aldrich Chem, Metuchen, NJ) at 37°C for 30 min. The
rib cage was reflected to expose the heart; the lower left ventricle
was cannulated; and salineyheparin solution (0.1 M Sorensen’s
buffer, pH 7.4y10 units/ml heparin) was circulated, followed by
fresh 4% (volyvol) paraformaldehyde. The right atrium was cut
to allow outflow of the blood and perfusion solutions. Tissues
were either sectioned after paraffin embedding or cryoprotected
overnight in 20% (volyvol) sucrose, mounted in OCT media, and
cut at 220°C in a cryostat. Paraffin sections were deparaffinized,
and immunohistochemistry was performed by using ABC re-
agents, secondary antibodies, and detection (Vector Laborato-
ries) according to standard protocols. AM9 was used undiluted
or diluted 1:5 in all tissues, with Atm2y2 mouse tissues used as
controls for nonspecific binding.

PC Counts. PCs were counted by using previously described
profile-based counting methods (13). Animals were perfused
with 4% (volyvol) paraformaldehyde in 0.1 M phosphate buffer.
The brain was excised from the skull case and stored overnight
in fresh fixative. The next day, the tissue was dehydrated through
graded alcohol and infiltrated with paraffin (Paraplast Plus,
Fisher). By using standard histological methods, a full set of
serial 10-mm sections was collected for each half cerebellum
counted. Every 20th section was stained with 0.2% Cresyl violet
and examined at 340. PCs were identified by their large size and
position in the PC layer.

Golgi–Cox Staining and Analysis. Animals were euthanized by
carbon dioxide asphyxiation; brains were removed and immersed
in fixative (10 mg/ml potassium dichromatey10 mg/ml mercuric
chloridey4.5 mg/ml potassium chromate; precipitate was cleared
with 0.1 M HCl). Brains were stored in the dark undisturbed for
6–8 weeks. Tissue was dehydrated first in equal parts acetone
and alcohol at room temperature for 24 h. Solution was replaced
with ether alcohol (anhydrous etheryethyl alcohol) for 24 h at
room temperature. Brains were then infiltrated with low-
viscosity nitrocellulose celloidinyparlodion (Fisher) at a con-
centration of 5% (volyvol; 2 days), 10% (volyvol; 1 day), and 12%
(volyvol; 5 days). Brains were embedded in fresh 12% (volyvol)
low-viscosity nitrocellulose and hardened with chloroform va-
pors overnight. Blocks were stored in 70% (volyvol) EtOH until
cut with a sliding microtome, and 100-mm sections were hydrated
in distilled water for 15 min and developed in 5% (volyvol)
sodium sulfite for 20 min. Sections were dehydrated in 95%
(volyvol) ethanol for 1 h, cleared in terpineol overnight, and
mounted and coverslipped with Permount.

EM. Animals were prepared by using three methods. One set of
animals was perfused transcardially (80–101 mmHg; 1 mmHg 5
133 kPa) with 500 ml of 1% glutaraldehydey1% formaldehydey
0.1 mM CaCl2 in 0.12 M sodium potassium phosphate buffer (pH
7.25). Heads were kept at 4°C for 2 h before the cerebrum and

cerebellum were excised and postfixed for at least 18 h at 4°C.
Samples were punched in 5-mm-thick nonadjacent vibratome
sections cut sagittally in the hippocampus and in the vermal
cortex and fastigial nucleus of the cerebellum (two samples per
region per section in five sections per mouse). The samples were
fixed secondarily for 3 h in 2% (volyvol) osmium tetroxide in
phosphate buffer and counterstained in 2.5% (volyvol) uranyl
acetate before being processed for dehydration and embedding
in Araldite (Fluka). Random sections were prepared by using a
Reichert–Jung ultracut-E ultramicrotome. In a separate exper-
iment, mice were perfused with 2.5% (vol/vol) glutaralde-
hydey2% (vol/vol) formaldehydey6% (vol/vol) sucrose in 0.1 M
Sorensen’s buffer (pH 7.4) for 8 min. After perfusion, samples
of cerebellum and hippocampus were fixed by immersion in 2.5%
(vol/vol) glutaraldehydey2% (vol/vol) formaldehydey6% (vol/
vol) sucrose in 0.1 M Sorensen’s buffer (pH 7.4) and then
postfixed in 1% osmium tetroxide. Tissues were dehydrated
through alcohol and propylene oxide and embedded in Eponate
12 resin (Ted Pella, Redding, CA). Random thin sections were
prepared with a Sorvall MT-2B ultramicrotome and stained with
uranyl acetate and lead citrate. Finally, in a third experiment,
mice were perfused by using 2.5% (vol/vol) glutaraldehydey2%
(vol/vol) formaldehydey0.5 M sucrose in O.1 M cacodylate
buffer (pH 7.2) for 10 min. After perfusion, samples were fixed
for an additional 1.5 h at room temperature by immersion in 0.1
M cacodylate buffer (pH 7.2). Samples were postfixed in 1%
osmium tetroxide in PBSy0.05 M sucrose for 1 h at room
temperature, rinsed in water three times for 15 min, and
processed for 1 h in 0.5% uranyl acetate at room temperature.
Tissues were dehydrated with acetone and embedded in Spurr’s
resin (Electron Microscopy Sciences, Fort Washington, PA).
Random thin sections were prepared with a Reichert–Jung
ultracut-E ultramicrotome and stained with lead citrate.

Sections were examined by using a Philips Electronic Instru-
ments (Mahwah, NJ) 201 or EM420 (80-kV) EM, a Siemens
(Iselin, NY) Elmiskop 101 (60-kV) EM, or a JEOL 100CX EM.
Examination and analysis were performed in three separate
laboratories in a blinded fashion. In one laboratory, 1 mm2 per
block was examined by using 10 blocks per region per mouse such
that 10 mm2 per mouse was viewed for a total analysis of 50 mm2

of cerebellar cortex from five wild-type and five Atm2y2 mice.
Similar analyses were performed independently in two other
laboratories with a total of four controls and four Atm2y2 mice.

Lysosomal Counts. Ultrathin sections were cut (one level ' 10
sections per block) from two to four randomly chosen blocks per
mouse. Grids were examined under EM, and the total number
of lysosomes per grid and total number of PCs per grid were
counted in a blinded fashion. Each grid was independently
counted by two persons per laboratory. The somatic neuroplasm
of 94 PCs from five wild-type mice and of 120 PCs from five
Atm2y2 mice as well as the neighboring molecular and granular
layers were photographed. Areas of the cell cytoplasm ranged
from 88 to 100 mm2 per cell in the wild-type mice and from 88
to 96 mm2 per cell in the Atm2y2 mice. All types of membrane-
bound lysosomes larger than 0.1 mm were identified morpho-
logically and counted; these included primary and secondary
lysosomes and lipofuscin-containing lysosomes. Vacuoles, mul-
tivesicular and fibrillary bodies, as well as degraded mitochon-
dria and membranes were discarded from the counts. However,
no increase in multivesicular bodies was found. The lysosomes of
glial cell processes, dendrites, axons, and non-PC neurons were
not counted.

Results and Discussion
ATM Is Localized to the Cytoplasm of PCs and a Subset of Dorsal Root
Ganglia Neurons. Western blotting of extracts from wild-type and
Atm2y2 mouse brain showed that AM9 antibody recognized
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ATM (Fig. 1). The antibody staining indicated that ATM is
expressed in wild-type adult cerebellum but is absent in Atm2y2
cerebellum. Atm2y2 mouse tissues were used as a negative
control for all immunohistochemical experiments with this an-
tibody to study the localization of ATM in tissue sections. We
focused on the cerebellum and dorsal root ganglia, because the
cerebellum is affected early in the disease and because high
levels of RNA expression have been found in adult mouse dorsal
root ganglia (14). ATM immunostaining localized to the PC
layer of the cerebellar cortex (Fig. 2A). At higher magnification,
the protein appears exclusively cytoplasmic in the PCs (Fig. 2 C
and D). No staining was detected in the control Atm2y2 mouse
brain (Fig. 2B). Interestingly, the pattern of localization of ATM
in mouse cerebellum is similar to that in human adult cerebellum
reported recently (15). Likewise, cytoplasmic ATM immunore-
activity was present in a subset of neurons in the dorsal root
ganglia in the wild-type mouse (Fig. 2 E and G), and no specific
staining was observed in the Atm2y2 mouse (Fig. 2F and H).
We were unable to detect ATM in other brain regions by using
this antibody.

The predominantly cytoplasmic localization of ATM in these
types of neurons is particularly intriguing. The catalytic domain
of ATM has significant homology to that of the phosphatidyl-
inositol-3 kinases, specifically the p110 catalytic subunit of
phosphatidylinositol-3 kinase. These kinases are generally cyto-
plasmic proteins mediating signal transduction pathways in
response to growth factor stimulation. Phosphatidylinositol-3
kinases play important roles in the cell including signaling to the
nucleus, vesicle transport, and rearrangement of the cytoskele-
ton (16). Although ATM has not been shown to act as a lipid
kinase, a fraction of ATM is found in the cytoplasm of mitotically
active cells, and we have found that ATM is exclusively cyto-
plasmic in oocytes arrested in meiosis I (17). Recent evidence is
consistent with a role for ATM in the cytoplasm, because it has

been found to associate with b-adaptin, a cytoplasmic protein
important for vesicle and protein transport (18). Furthermore,
cells in which the protein is predominantly nuclear are compe-
tent to undergo cell division, as opposed to neurons, which are
postmitotic, or oocytes, which are arrested in the cell cycle. It
remains to be established whether the localization difference is
due to tissue-specific functions of ATM or depends on the
cell-cycle arrest imposed by the postmitotic nature of the cells.

Atm2y2 Mice Have Normal Cerebellar Morphology. We examined
the cerebella of control and Atm2y2 mice by using a combi-
nation of methods including stains for Nissl substance, parval-
bumin, and calbindin immunohistochemistry. We found no
significant differences in the morphology or distribution of
neurons between wild-type and Atm2y2 brain (data not
shown). To obtain a more detailed picture of the morphology of
dendritic arbors, we used Golgi–Cox staining. We examined
three Atm2y2 and three wild-type control littermates. We
considered 130 PCs that were fully impregnated totally within
the section and contained no breaks along the dendrites caused

Fig. 1. ATM is expressed in adult brain. (A) Protein (100 mg) obtained from
SDS extracts of wild-type (lane 1) and Atm2y2 mouse (lane 2) cerebella was
subjected to electrophoresis on a 5–15% linear acrylamide gradient gel,
followed by immunoblotting with AM9. Note reactivity with the high-
molecular-mass ('350 kDa) ATM protein. Additional immunoreactivity was
observed against a '55-kDa protein that is likely to be a proteolytic fragment
of ATM, because its presence is confined to the extract from wild-type brain.
(B) Extracts used in A (5 mg) were subjected to analysis with a calbindin
antibody (Chemicon) to confirm equal protein loading.

Fig. 2. ATM is present in the cytoplasm of adult PCs and dorsal root ganglia
neurons. Detection of cytoplasmic ATM immunoreactivity in the cerebellum
from a wild-type mouse in the PC layer (arrows) (magnification: A, 310; C,
340; D, 3100) and lack of staining in the Atm2y2 mouse [magnification: B,
310 (see arrows); C Inset, 340 (see arrowheads)]. (E and G) ATM cytoplasmic
immunoreactivity in the wild-type dorsal root ganglia (magnification: E, 310;
G, 3100). (F and H) No specific signal is detected in the Atm2y2 mouse
(magnification: F, 310; H, 3100). (Bar 5 0.5 mm.)
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by fixation or section artifacts. No abnormalities were detected
in either the Atm2y2 or wild-type samples (see Fig. 3 for an
example). Finally, we performed terminal deoxynucleotidyl-
transferase-mediated UTP end labeling to detect apoptosis,
proliferating cell nuclear antigen staining to detect inappropriate
cell-cycle activity, and flow cytometric and immunohistochem-
ical analyses to analyze the number and character of microglia.
We found a slight but statistically insignificant decrease in
activated microglia and microglial numbers in Atm2y2 mice,
consistent with a relative immunodeficiency, and no other
abnormalities (data not shown).

Atm2y2 Mice Have Normal Numbers of PCs. We also performed PC
counts on two Atm2y2 and two wild-type control animals. No
obvious Purkinje-like cells were present in the molecular layer of
either the mutant or the wild type. If there were PCs deep in the
internal granule cell layer, these would have escaped detection,
because they would have been mistaken for Golgi II cells.
However, such a mistake was unlikely, because calbindin immu-
nocytochemistry revealed no such cells in the sections we
examined. Profile-based counting methods were used on 10-mm
paraffin sections. All identified PCs that had a portion of the
nucleus in the section were counted, and the areas under the
curves were determined. The raw PC counts determined in this
way differed by less than 63% among the animals examined.
Correcting for counting errors by the method of Hendry (19) did
nothing to alter the result. These findings, in conjunction with
neurological testing, indicate that neurologic dysfunction exists
in young Atm2y2 mice in the absence of anatomical defects
detectable at the level of the light microscope.

Atm2y2 Mice Have Increased Numbers of Lysosomes in PCs Detect-
able by EM but No Evidence of Neurodegeneration. Although we
were unable to show evidence of cerebellar morphology disrup-
tion or neurodegeneration, an isolated report suggested that one
line of Atm2y2 mice had evidence of neurodegeneration de-
tectable by EM (10). Therefore, we performed EM analysis of
cerebellum. We studied a total of five Atm2y2 mice and five
wild-type mice at 2.5–4 months of age. In addition, three
Atm2y2 and three control mice at greater than 4 months of age
were studied (matched pairs of Atm2y2 and control mice at 6,
8, and 12 months of age). We also conducted parallel studies on
one wild-type and one Atm2y2 mouse provided by D. Balti-
more and Y. Xu (10), where neurodegeneration had been
reported in three of the three animals analyzed.

Qualitative evaluation of regions throughout the cerebellar
cortex and the fastigial nucleus at the EM level did not disclose
any significant difference between control and Atm2y2 mice of
all ages and strains (Fig. 4, compare A, C, E, and G with B, D,
F, and H), suggestive of neurodegeneration. No degenerating
PCs were found. The ultrastructural content of the soma and the
dendrites of the neurons (PC, granule cells, and interneurons)
appeared similar in all cases. Classical aspects of degeneration
were rare in the neuropil of the molecular and granular layers of
the Atm2y2 mice as well as of the control mice. Axodendritic
and axosomatic synapses of the asymmetric and symmetric types
had normal structure and location throughout all layers of the
cerebellar cortex of all mice examined. Therefore, there is no
disorder detected in any area of the cerebellum suggestive of
neurodegeneration, even at the level of the extracortical PC axon

Fig. 3. Atm2y2 mice have normal PC morphology. Golgi–Cox staining
shows that the morphologies of PCs from adult cerebella from a wild-type (A)
and an Atm2y2 (B) mouse are similar. Note the normal morphology of the cell
body (arrowhead) and extensive arborization of the dendritic tree (arrows) in
both PCs, with no evidence of neurodegeneration.

Fig. 4. The cerebella of wild-type and Atm2y2 mice have analogous
subcellular and synaptic ultrastructure. Asymmetric synapses (arrows) made
by parallel fibers (PF) on PC spines in the molecular layer of wild-type (A) and
Atm2y2 (B) mice (magnification: 324,000). (C and D) Symmetric synapses
(arrowheads) made on PC soma by presumptive basket cell axon terminals (B)
from wild-type (C) and Atm2y2 (D) mice. A parallel fiber bouton (PF) with
presynaptic vesicles makes an asymmetric synapse (arrow) on a postsynaptic
dendritic PC spine in the deep molecular layer [glia (G); magnification:
324,000]. (E and F) Glomerular synapses made by mossy fiber (MF) terminals
(arrows) on granule cell dendrites (GD) in the internal granular layer of the
wild-type (E) and Atm2y2 (F) cerebellum. Arrowheads show tight junctions
between GDs (magnification: E, 336,000; F, 327,000). (G and H) Synapses
made by PC axon terminals (arrows) on the dendrites (D) of neurons in the
fastigial nucleus of wild-type (G) and Atm2y2 (H) cerebellum (magnification:
327,000).
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terminals found in the deep cerebellar nuclei, such as the fastigial
nucleus (Fig. 4 G and H).

Although we did not detect evidence of neurodegeneration,
we found that the numbers of lysosomes (primary, secondary,
and lipofuscin-containing lysosomes) in Atm2y2 mice were
increased in cerebellar PCs of all animals studied (Fig. 5). To
quantify the increased frequency of lysosomes in the PC
somata of the Atm2y2 mice, we counted the lysosomes in
size-matched neuroplasm areas of identical numbers of PC
somata chosen randomly in control and Atm2y2 mice (Table
1). We noted an approximate 2-fold increase in the number of
lysosomes per PC. These experiments were extended to a few
animals of other strains and ages including those provided by
other investigators and older animals. Regardless of the strain
or age, there was a consistent increase in lysosomes detected.
However, the small number of older animals and animals from

different strains analyzed precluded a statistical analysis in the
older age group only. Of note, we observed a similar increase
of lysosomal numbers in pyramidal cells of the hippocampus of
mutant mice. Therefore, independent from the strain back-
ground, lysosomes have a tendency to proliferate or accumu-
late in PCs (and pyramidal neurons) in Atm2y2 mice. Com-
paring the distribution of the lysosome numbers between
Atm2y2 and control PCs counted (n 5 55 in each group) with
the Kolmogorov–Smirnov test indicated that proliferation of
lysosomes occurs in most Atm2y2 PCs (P , 0.05). This finding
rules out the possibility that ATM deficiency has differential
lysosome-proliferating effect across the cell population.

The increase in lysosomes is likely an important finding,
because abnormalities in lysosomes are considered a prominent
morphologic marker of distressed neurons and because lysoso-
mal abnormalities are associated with neurodegenerative dis-
eases (20-24). Studies have suggested that accumulation of
abnormal proteins, as in prion encephalopathies and formation
of byA4 protein from its precursor in Alzheimer’s disease, takes
place in lysosome-related organelles (24). Engorged lysosomes
subsequently release their hydrolytic enzymes and are postulated
actually to cause neuronal damage.

The abnormal increase in lysosomes in Atm2y2 mice likely
represents a primary event, because there is no evidence of
neurodegeneration. The behavioral abnormalities of our mutant
mice are consistent with neuronal compromise, and increased
lysosomal numbers may represent an early abnormality in the
disease process (1). It is interesting to note that several of the
proposed functions of ATM, if lost, could manifest as lysosomal
proliferation andyor dysfunction. For example, ATM is homol-
ogous to the phosphatidylinositol-3 kinase family of lipid kinases.
Phosphoinositide signaling is involved in vesicle dockingyfusion,
as well as other membrane transport reactions along the lyso-
somal sorting pathways (16). In addition, it was recently shown
that ATM interacts with b-adaptin, a component of the AP-2
adaptor complex that is involved in clathrin-mediated endocy-
tosis. Therefore, in the absence of ATM, intracellular vesicle
andyor protein transport may be impaired leading to abnormal-
ities in endosomal function (18). If so, then the increase in
lysosomes may be a marker of neuronal dysfunction before
neurodegeneration, and as such, the Atm2y2 mice may be a
good model for the study of early defects that ultimately cause
neuronal death in A-T.

Finally, two recent reports suggest that A-T may share
defects common to other neurodegenerative diseases. Analysis
of the midbrain of Atm2y2 mice showed decreased numbers
of tyrosine-hydroxylase-positive neurons in the substantia
nigra and ventral tegmental area (25). In addition, Atm2y2

Fig. 5. Proliferationof somaticprimary lysosomesand lipofuscingranules in the
cerebellum of Atm2y2 mice. Shown are PCs from a wild-type (A) mouse where
lysosomes are rarely encountered. In contrast, in the Atm2y2 PC shown, there
are large clusters of lysosomes in the PC cytoplasm (B, arrows). Similar abnormal-
ities couldbeseenoutsideofthePC layer. (D)Clustersof lysosomes inthegranular
cell layer (G) of the Atm2y2 sample, which are not apparent in the control (C).
(E and F) Detail of the fine structure of the lysosomes in the Atm2y2 mouse
brains. Somatic primary lysosomes are marked by arrows in E. lipofuscin granules
(complex, engorged lysosomes; arrowheads) are shown in F. Note the lack of
ultrastructural defects even in the presence of the lysosomal proliferation (n,
neuropil; N, nucleus). Scale bars are as indicated.

Table 1. Lysososomal counts

Animal No. PC S, mm2 per PC No. LY LY I LY II LY (I 1 II) LY lipo MVB No. LYyPC No. LY per mm2

Wt 1 11 88 35 8 13 21 14 22 3.18 0.036
Wt 2 11 91 30 6 16 22 8 12 2.73 0.03
Wt 3 11 90 38 11 13 24 14 18 3.45 0.038
Wt 4 11 93 43 26 9 35 8 23 3.9 0.042
Wt 5 11 100 44 20 13 33 11 26 4 0.04
Total 55 92.4 190 71 64 135 55 101 3.45 0.037
Atm2y2 1 11 87 68 27 27 54 16 22 6.18 0.071
Atm2y2 2 11 96 79 39 24 63 16 37 7.18 0.075
Atm2y2 3 11 95 60 29 15 44 17 24 5.45 0.057
Atm2y2 4 11 93 62 26 17 43 19 10 5.64 0.061
Atm2y2 5 11 88 63 27 22 49 14 15 5.73 0.065
Total 55 91.8 332 148* 105 253* 82* 108 6.04** 0.066

S, surface area; LY, total lysosomes; LY I, primary lysosomes; LY II, secondary lysosomes; LY lipo, lipofuschin-containing lysosomes; MVB, multivesicular bodies;
Wt, wild type. *, P , 0.01; **, P , 0.001.
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mice show evidence of free-radical-induced oxidative damage
in the brain (26). These findings, in conjunction with our
findings of lysosomal accumulation in neurons of Atm2y2
mice, suggest that A-T may share common pathways leading to
neurodegeneration and cell loss as found in more common
forms of neurodegenerative disease such as Alzheimer’s dis-
ease and Parkinson’s disease. As such, the Atm2y2 mice may
provide a useful model to study the early events common to
multiple forms of neurodegeneration.
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