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Neural Stem Cells Reduce Hippocampal Tau and Reelin Accumulation
in Aged Ts65Dn Down Syndrome Mice
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Tau accumulation, in the form of neurofibrillary tangles (NFT), is an early neuropathological characteristic
of Alzheimer’s disease (AD) and early onset AD frequently seen in Down syndrome (DS). We investigated
the presence of tau accumulation in the brains of aging DS mice using the Ts65Dn mouse model. All aged
mice appeared to have substantial clusters of extracellular granules that were positive for tau and reelin, but
not for amyloid-β or APP. These clusters were found primarily in CA1 of the hippocampus. In addition, the
aged trisomic DS mice had a significantly greater accumulation of extracellular tau/reelin granular deposits
compared to disomic littermates. These granules were similar to those described by others who also found
extracelluar proteinous granules in the brains of non-DS mice engineered to model aging and/or AD. When
neural stem cells (NSC) were implanted unilaterally into the hippocampus of the Ts65Dn mice, the tau/
reelin-positive granules were significantly reduced in both trisomic and disomic mice. Our findings indicate
that changes in tau/reelin-positive granules could be used as an index for neuropathological assessment in
aging DS and AD. Furthermore, changes in granule density could be used to test the efficacy of novel
treatments, such as NSC implantation. Lastly, it is speculated that the unique abilities of NSC to migrate
and express growth factors might be a contributing factor to reducing tau/reelin accumulation in aging DS
and AD.
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INTRODUCTION APP and Aβ, but plaque formation and tau accumulation
have not previously been reported (24,54).

Over the years, several mouse models of AD haveThe hallmarks of Alzheimer’s disease (AD), amy-
loid-β (Aβ) plaques, tau-based neurofibrillary tangles reported clustered granules in multiple brain areas, but

specifically in the hippocampal stratum radiatum/lacu-(NFT), and cognitive decline, are present in approxi-
mately half of the individuals with Down syndrome nosum (Rad/LM) of CA1 (2,9,27,29,33). These “enig-

matic” granules are extracellular and appear to be an(DS) prior to the age of 50 (7,20,21,40,59,64). The rela-
tionship between DS and AD pathology might be related accumulation of matrix proteins, dystrophic neurites, as

well as tau and reelin proteins (10,34,44). Because as-to the triplication and subsequent overexpression of cer-
tain genes on chromosome 21, including amyloid pre- pects of DS appear to be closely related to AD, we ex-

amined the brains of aged Ts65Dn trisomic and disomiccursor protein (APP) and superoxide dismutase 1
(SOD1) (39). The distal arm of mouse chromosome 16, littermates for the presence of tau/reelin-positive gran-

ules as seen in some AD murine models.which contains more than 80% of gene homologues for
human chromosome 21, is triplicated in the Ts65Dn Although neural stem cells (NSCs) are typically used

as neuronal replacements, there is a growing apprecia-mouse model of DS (1). This partially trisomic mouse
recapitulates many characteristics of DS and AD, in- tion that in the brain NSCs migrate to sites of damage,

provide neuroprotection, and promote axonal growthcluding age-specific cognitive decline, neuronal cell
loss, and decreased levels of nerve growth factor (NGF) through neurotrophin release (3,4,27,38,65). Because of

these characteristics, we hypothesized that NSCs could(22,24,25). These mice also have elevated expression of
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be a viable treatment for DS or DS with early onset of One month after implant of mNSCs, mice were eu-
thanized by anesthetic overdose and perfusion fixed withAD. We explored the possible therapeutic effects of

NSCs implanted into the hippocampus on the presence 4% paraformaldehyde. The brains were removed, paraf-
fin embedded, and cut into 20-µm coronal sections. Im-of the tau/reelin-positive accumulations. We found that

aged Ts65Dn trisomic mice have increased numbers of munohistochemistry was done using primary antibodies
against MAP2 (for neurons, 1:500; Millipore AB5622),clustered extrasomatic tau/reelin-positive granules within

the hippocampus compared to age-matched disomic GFAP (for astrocytes, 1:500; Millipore MAB360), Tau5
(1:100; InvitrogenAHB0042), reelin (1:50; Milliporecontrols. Furthermore, we present data that suggest that

tau/reelin-containing granules significantly decrease in MAB5364), Aβ (1:500; Millipore AB5571), APP (22c11)
(1:500; Millipore MAB348), APP-Kpi domain (1:100;number in the presence of transplanted NSCs, indicating

a possible use of NSC implantation in DS and AD to Millipore AB5302), and BrdU (1:50; BD Biosciences
#347580). Tissues exposed to anti-APP-Kpi underwentreduce the development of AD neuropathology.
a citrate buffer antigen retrieval step and those exposed

MATERIALS AND METHODS to anti-BrdU had a 2N HCl permeablization step. En-
dogenous protiens, peroxidases, and biotin were blockedTwelve-month-old male Ts65Dn mice, both DS triso-

mic and their non-DS disomic littermates, were bred and using appropriate blocking buffers prior to the addition
of the primary antibodies. Negative control sectionsmaintained according to previously published reports

and approved by the institute’s Animal Care and Use omitted the use of primary antibodies. Some sections
were also stained using cresyl violet for contrast andCommittee (26,54). Mice were implanted unilaterally

with 500,000 viable disomic murine neural stem cells Periodic acid-Schiff (PAS), which identifies extracellu-
lar matrix carbohydrate macromolecules.(mNSCs) into the hippocampus (coordinates: −2.0 mm

AP, −2.0 mm ML, 1.5 mm DV relative to bregma). Prior The locations of protein accumulation, in clusters of
extrasomatic granules, were identified from digital im-to transplant, the mNSCs were labeled with a 10 µM

solution of 5-bromo-2-deoxyuridine (BrdU) for post- ages taken at 20× magnification throughout the rostral–
caudal extent of the hippocampus. Brain sections, 11–14mortem identification through BrdU immunohistochem-

istry (BD Biosciences). As a control, some animals were per animal, were examined bilaterally. This analysis was
performed by an observer who was blinded to both thesham implanted with an equal volume of saline (4 µl)

rather than mNSCs. The experimental groups were: di- genotype and the type of transplant. Clusters of protein
accumulations were counted in seven areas within thesomic/saline (n = 6), trisomic/saline (n = 5), disomic/

mNSCs (n = 6), and trisomic/mNSCs (n = 7). hippocampus: the three layers of CA1 and CA3 (Rad/
LM, the pyramidal cell layer, and stratum oriens), andFor implantation, the mNSC clone C17.2 line was

used and cultured as a monolayer according to pre- the dentate gyrus (DG). A four-way mixed-model ANOVA
was used to determine statistically significant differ-viously published reports (56,57). This is a well-charac-

terized, stable clonal population of engraftable NSCs ences. Comparisons were made between genotype (triso-
mic vs. disomic), transplant (saline vs. mNSCs), the im-that has been used successfully for transplantation, inte-

gration, and therapeutic benefit in many animal models planted versus unimplanted side, and lastly between the
seven hippocampal areas. Significance was defined by aof neurological disorders (35,51,52). The C17.2 line was

originally generated by overexpressing myc, via retrovi- value of p < 0.05, and post hoc analyses were done us-
ing a Fisher’s least significant difference test.ral transduction, from NSCs isolated from neonatal

mouse hindbrain ventricular zone (6,32,51). The self-
RESULTS AND DISCUSSIONrenewal gene myc preserves multipotency, self-renewal,

and the undifferentiated state of the cells in vitro, but is Clusters of granulated protein accumulation were
found in both aged (13 months) disomic and trisomicdownregulated upon contact, engraftment, and differen-

tiation (6,14,45). The C17.2 cell line fulfills the strict Ts65Dn mice (Fig. 1). Extrasomatic granules were lo-
cated primarily in the hippocampus and olfactory bulboperational definition of a stem cell including enhanced

expression of established induced “stemness” genes (6, (Fig. 1A, B). Occasional clustered granules were evident
within the cortex, cerebellum, and pons, but these were45,51,52). They are nestin positive, are mitogenic to

EGF (an effect that can be augmented by bFGF), and not quantified. Granules described here in the aged triso-
mic and disomic Ts65Dn mice appear to be similar inthey can be maintained and proliferate in bFGF alone in

place of serum (41). Thus, these cells faithfully repre- size (3.15 ± 0.17 µm diameter), appearance, and loca-
tion as granules described in aged C57BL/6 mice and insent and emulate the biology of endogenous NSCs, as

well as the NSCs propagated using different techniques murine AD models (i.e., SAM P8, AD11, SynGAP, and
3xTgAD) (2,9,28,33).(including those used to isolate, expand, and passage

NSCs as neurospheres) (51,52). Immunohistochemistry detected a strong tau and a
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Figure 1. Protein accumulations in the form of clustered granules were present in the hippocampus of disomic and trisomic Ts65Dn
mice. (A, B) Low magnification of CA1 in the hippocampus labeled with the Tau5 monoclonal antibody of 13-month-old disomic
(A) and trisomic (B) Ts65Dn mice revealed tau-positive granules in clusters primarily in the Rad/LM layer of CA1 (circles), but
which could also be found in Py of CA1 (triangles), and in the Or of CA1 (squares). (C, D) Double labeling of the ipsilateral
hippocampus against Brdu (black), to identify the mNSC, and MAP2 (gray), to identify neurons. The mNSCs appear to migrate
generously throughout all layers of the hippocampus in the disomic brain (C) and in the trisomic brain (D). (E) Higher magnification
of Tau5-labeled granules (circled) interspersed in ascending dendrites (arrows) of CA1 neurons whose soma are in the pyramidal
layer (arrowheads). (F) While not as intensely stained as with Tau5, granules were also positive for reelin (circled). Cresyl violet
was used for contrast, revealing the pyramidal cell layer (arrowheads) and the blackish-gray reelin granules in the dendritic layer
below (circled). (G) High magnification of Tau5-positive clusters (dark gray, circled) and BrdU-positive cells (black, arrows).
Abbreviations: cc, corpus callosum; Or, stratum oriens; Py, pyramidal cell layer; Rad/LM, stratum radiatum and lacunosum-molecu-
lare. Scale bars: 500 µm (A–D), 50 µm (E), 100 µm (F, G).

less strong reelin presence in the granules found in the was not observed; however, this variance could have re-
sulted from different methodologies (28–30). For exam-disomic and trisomic Ts65Dn brain (Fig. 1E, F). The

granules also produced a positive PAS reaction, suggest- ple, the positive granules found in the Ts65Dn brains of
this present study were tagged by the monoclonal anti-ing the presence of matrix proteins, proteoglycans, and

glycogen, which is consistent with an early description body Tau5, which binds both the phosphorylated and
unphosphorylated states of tau (19). In the previousby Jucker et al. (28,29). The tau results, however, are in

contrast with those same studies, in which tau presence studies, the Tau1 antibody was used, which only binds
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to unphosphorylated tau (28–30). With more than 15 at this time. Electron microscopic analysis of these gran-
ules revealed a core of dense membranous material withpotential tau phosphorylation sites it is conceivable that

frequent false negatives could occur with the Tau1 anti- a discontinuous outer membrane of heparin sulfate pro-
teoglycan surrounded by degenerated axonal and den-body (58).

Recent studies from the Knuesel group (11,33,43) dritic processes (29,34,44). The positive PAS results
found in the granules of the disomic and trisomic brainsfound reelin-positive granular accumulations in aged

wild-type mice and in SynGAP and 3xTg-AD mouse support these earlier results. Hence, the granules most
likely represent a degenerative event whereby the coremodels of AD. Reelin is an extracellular glycoprotein im-

portant for laminar structuring in the brain, for synaptic contains cellular debris from older cell loss surrounded
by evidence of ongoing neurodegeneration.plasticity, and for modulating tau phosphorylation (10,

15,47); thus, it may not be surprising to find these hippo- Quantification of the clusters of tau/reelin-positive
granules in the hippocampus revealed that the trisomiccampal granules containing both reelin and tau. As such,

we did find that the extracellular clusters in the disomic DS mice had as much as three times the number of clus-
ters as their disomic littermates [genotype main effect:and trisomic brains were positive for reelin (Fig. 1F).

Immunohistochemistry against other AD markers re- F(1, 40) = 13.08, p < 0.01] (Fig. 2A). The majority of
hippocampal tau/reelin-positive clustered granules werevealed that the clustered granules did not label for Aβ

or with either APP antibody. This is consistent with the located in Rad/LM of CA1 in the hippocampus (53.97 ±
4.99% and 69.97 ± 1.63% of all clusters in the hippocam-findings of Jucker’s group in aged mice (28,29), but in-

consistent with the results from the Knuesel group, in pus of disomic and trisomic brains, respectively) (Fig. 1A,
B). The stratum oriens and the pyramidal cell layers ofwhich reelin-positive granules in their AD-transgenic

mice also contained Aβ and APP (11,33,43). In the cur- CA1, the three regions of CA3, and dentate gyrus (DG)
had significantly fewer tau clusters [hippocampal arearent study, Aβ immunostaining did not reveal any Aβ

plaque deposition in the brains of aged Ts65Dn mice, a main effect: F(6, 240) = 45.31, p < 0.01]. The prominent
presence of granulated clusters in the Rad/LM of CA1, afinding consistent with Reeves et al. (54). It is possible

that the actual protein composition of these clustered dendritic layer, as opposed to layers of soma density (i.e.,
hippocampal pyramidal or granular cell layers) is consis-granules differs between AD models engineered to ex-

press amyloid plaques, and DS models. tent with previous reports of this phenomenon in aged and
AD mouse models (2,28–30) (Fig. 1E).The tau/reelin granules in the present study were neg-

ative for MAP2 and GFAP immunoreactivity, suggest- Additional insight regarding the appearance of tau/
reelin-positive granules is again provided by the Juckering that the granules do not contain large quantities of

these proteins that are associated with neuronal and group, who indicate that the clusters may be specific to
the C57BL/6 mouse strain, as they are found infre-astrocytic processes, respectively. This is also consistent

with previous immunohistochemical observations (28– quently in other strains (28,29,34). The Ts65Dn mouse
was developed using C57BL/6 as a genetic background,30). However, ultrastructural analyses done by others

suggest that small quantities or fractions of these pro- which could explain their presence in the disomic litter-
mates. In fact, many transgenic mouse models are bredteins may still be present as dystrophic processes in and

around the granules (34,44). onto the C57BL/6 genetic background, making it possi-
ble that the presence of these granules in other trans-The etiology and significance of these clustered gran-

ules that are positive for tau and reelin remain unknown genic models has been underreported. Based on our data

FACING PAGE

Figure 2. Tau-positive granules were found more frequently in the trisomic brain but NSC presence induced a reduction in both
disomic and trisomic brains. (A) Significantly more tau positive clusters were found in the hippocampus of the trisomic mice
compared to the disomic group (mean ± SEM; *p < 0.05). Bars represent the mean total number of clusters found in all seven areas
of the hippocampus. (B, C) The Rad/LM of CA1 was the only region to be significantly affected by the presence of mNSCs
compared to the other six areas of the hippocampus (interaction between treatment and areas, p < 0.05). (B) In the Rad/LM of
CA1, mNSCs decreased the number of clusters in both disomic and trisomic brains. While mNSCs significantly reduce the tau
positive clusters, the difference as a function of genotype in the degree of reduction was similar, with a 58.6% reduction in disomic
mice and a 28.6% in trisomic mice. (C) Significantly fewer tau-positive clusters were found in the remaining six areas of the
hippocampus and no significant mNSC effect was found in these areas for either disomic or trisomic brains. However, one can still
appreciated the elevated levels of tau positive clusters in the trisomic brain areas compared to the disomic brains, especially in
CA1-o and the DG (circled bars). Abbreviations: CA1-o, stratum oriens of CA1; CA1-p, pyramidal layer of CA1, CA3-o, stratum
oriens of CA3; CA3-p, pyramidal layer of CA3; CA3-r, stratum radiatum and lacunosum-moleculare (Rad/LM) of CA3; DG,
dentate gyrus.
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and earlier studies by others, we know that these clus- reelin-positive granules in the Rad/LM of CA1 and the
disomic mice benefited by a 58.6% reduction (Fig. 2B).tered granules, while characteristic of the C57BL/6 ge-

netic background, are affected by certain disease states. Clusters in other areas within hippocampal CA1, CA3,
or DG were not significantly affected by the presence ofFor example, the number of clustered granules increases

with age in normal C57BL/6 mice, but these granules mNSCs (Fig. 2C).
The mNSC were labeled with BrdU prior to implantare found with greater frequency in SAM P8 mice, leu-

kemia model AKR mice, SynGAP mice, 3xTg-AD and BrdU immunohistochemistry was used to identify
the mNSCs postmortem. Visual analyses of BrdU im-mice, AD11 mice, and now we find them present in the

trisomic Ts65Dn mice (33,34,44). munostaining indicated that many BrdU-labeled cells
were localized at the site of injection and within the im-It is tempting to suggest that the tau/reelin-positive

granules are a murine homologue of human NFTs. Mice planted hippocampus 1 month postimplantation (Fig.
1C, D). Occasionally, these labeled cells were seen indo not develop the classical intracellular “flame” of ac-

cumulated hyperphosphorylated tau indicative of NFT the corpus callosum and contralateral hippocampus, but
in very low numbers. Previous studies have indicatedunless they are engineered with the human tau gene

(16–18,48,55). Dense staining for hyperphosphorylated that NSCs take advantage of nearby white matter tracks
to help them migrate to remote sites (42,49), so it isendogenous tau can be found in some hippocampal and

cortical neurons of the double transgenic AD mouse possible that as early as 1 month postimplant the NSCs
migrated across the corpus callosum to gain access towhich expresses the gene for the human APP mutation

(APPSw) and a knockout of the murine gene for induc- the contralateral hippocampus. There were no apparent
differences in the migration pattern of BrdU-labeledible nitric oxide synthase (NOS2); however, the classical

NFT morphology is still absent (8,62,63). cells or in the apparent numbers migrating between diso-
mic and trisomic brains. Double label immunohisto-It may also be possible that the extracellular tau accu-

mulations found in mice are similar to the perisomatic chemistry with Brdu and MAP2 or Tau5 suggested that
the mNSC did not differentiate into neurons because allgranules found in pretangle neurons of AD patients (12,

23,53,60). The perisomatic granules appear to be pro- BrdU-positive cells were MAP2 and Tau5 negative.
Because no significant difference in the number ofteinous aggregations juxtaposed to the soma of the pyra-

midal neurons in CA1, which are positive for tau but tau/reelin clusters was found between the implanted and
unimplanted sides of the hippocampus [main effect ofthat have not developed an actual NFT. Unlike the gran-

ules found in the aged DS mice and the mouse models side: F(1, 40) = 0.008, p = 0.92], it would suggest that
the mNSCs induce effects in brain areas remote fromof AD, the perisomatic granules appear as individual

granules next to the soma and not clustered within the the original injection site either by migration and/or
through the release of soluble factors (36,37,41). Be-dendritic layers, so like the NFT discussion above, it can

only be speculation as to whether these granules are a cause large numbers of BrdU-labeled cells were not
found in the contralateral hippocampus or encircling themurine version of what has been describe in human AD.

While the exact nature of the granules remains elu- clusters on the ipsilateral side (Fig. 1G), an argument
for soluble factors is supported. The ability of mNSC tosive, the currently available data strongly suggest that

they are pathological, emerging as a function of age and reduce tau/reelin-positive granules could be related to
their ability to produce growth factors, which can regu-as a consequence of disorder (33,34,44). As such, we

were interested in determining if the presence of the late tau phosphorylation and facilitate healthy neurons
(13,31,46). Decrease in neural growth factor synthesis isclustered granules could be altered or reduced. To this

end, aged trisomic and disomic mice were implanted a prominent characteristic in DS, AD, and normal aging
(5,25,50,61). The intrinsic production of growth factorswith undifferentiated mNSC or with a control volume of

saline. by NSCs might be responsible for the lower number of
tau/reelin-positive granules found in the hippocampus ofDifferences in tau/reelin clusters between mNSC-

and saline-implanted brains as a function of the hippo- both the aging trisomic and disomic Ts65Dn mice.
Because DS and AD affect multiple neural systems,campal area suggest that mNSCs significantly reduce

tau/reelin-positive granules in the Rad/LM of CA1 in they are difficult disorders to treat. Changes in the accu-
mulation of extracellular tau and reelin could be a novelboth the disomic and trisomic littermates [two-way in-

teraction between transplant and area: F(6, 240) = 2.28, neural anatomical index for assessing potential treat-
ments for AD in DS. As found with NSC treatment, thep < 0.05]. Genotype did not add any additional influence

on the interaction between treatment and hippocampal presence of these accumulations can be reduced in both
the aged DS and aged control mice. Pursuant to this,area, suggesting that each group benefitted from the

mNSC implants to a statistically equivalent degree [three- future studies would investigate the relationship between
the clusters of tau granules over time, their reduction inway interaction effect: F(6, 240) = 0.11, p = 0.99]. Tri-

somic mice had a 28.6% reduction in the number of tau/ the presence of NSCs residing long term in the hippo-
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