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Low bone mineral density (BMD) is a significant comorbidity in Alzheimer’s disease (AD) and may reflect
systemic regulatory pathway dysfunction. Low BMD has been identified in several AD mouse models
selective for amyloid-b or tau pathology, but these deficits were attributed to diverse mechanisms. In this
study, we identified common pathophysiological mechanisms accounting for bone loss and neuro-
degeneration in the htau mouse, a tauopathy model with an early low BMD phenotype. We investigated
the Wnt/b-catenin pathwayda cellular signaling cascade linked to both bone loss and neuropathology.
We showed that low BMD persisted in male htau mice aged from 6 to 14 months, remaining significantly
lower than tau-null and C57BL/6J controls. Osteogenic gene expression in female and male htau mice was
markedly reduced from controls, indicating impaired bone remodeling. In both the bone and brain, htau
mice showed alterations in Wnt/b-catenin signaling genes suggestive of increased inhibition of this
pathway. These findings implicate dysfunctional Wnt signaling as a potential target for addressing bone
loss in AD.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Skeletal fragility has been recognized as a clinical comorbidity in
Alzheimer’s disease (AD) for over 20 years (Johansson and Skoog,
1996; Looker et al., 2012; Melton et al., 1994). Low bone mineral
density (BMD) and its clinical sequelae, osteoporosis, occur at twice
the rate in AD patients as in healthy, elderly adults (Johansson and
Skoog, 1996; Looker et al., 2012). These low bone mass conditions
weaken the skeleton and increase likelihood of bone fractures, and
in patients with AD, this poses significant complications. AD pa-
tients who experience a bone fracture event are at an increased risk
of disability, decreased quality of life, and hastened mortality
(Amouzougan et al., 2017; Bonafede et al., 2016; Melton et al., 1994;
Tamimi et al., 2012). As a comorbidity in AD, low BMD occurs
independently of sex, age, body mass index, physical activity level,
and disease stage (Loskutova et al., 2009; Melton et al., 1994;Weller
and Schatzker, 2004; Zhao et al., 2012; Zhou et al., 2011)dmaking it
a challenge to find an obvious factor that accounts for it in this
neurodegenerative disorder. Most notably, low BMD has even been
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used to predict risk of dementia in some populations years before
diagnostic confirmation of AD, suggesting that bone health may be
affected at presymptomatic stages (Chang et al., 2014; Sohrabi et al.,
2015; Tan et al., 2005; Zhou et al., 2011, 2014).

Analogous to this clinical comorbidity, low BMD phenotypes are
manifested in several transgenic mouse strains used to model hu-
manized AD neuropathology. These strains include htau (Dengler-
Crish et al., 2017), amyloid precursor protein (APP)/presenilin 1
mutant (Peng et al., 2014; Yang et al., 2011), and Swedish mutation
APP (Cui et al., 2011; Xia et al., 2013)mice. The strains inwhich bone
loss is noted are quite interesting because htau mice express only
one form of AD-like pathology (i.e., tauopathy) and APP-mutant
mice more dominantly express amyloid pathology: 2 distinct
neuropathological mechanisms in AD. Consistency of a low BMD
phenotype across these strains indicates a close relationship be-
tween degeneration of brain and bone regardless of pathological
specificity. Therefore, identification of common mechanistic factors
supporting bone loss in both of these models may provide impor-
tant information on much needed therapeutic targets for address-
ing this comorbidity in AD.

Bone loss comorbid with neurodegenerative conditions may
reflect either neural dysfunction in bone regulatory structures (Oury
et al., 2010;Yadavet al., 2009), detrimental peripheral effectsonbone
(Kajimura et al., 2013), or a combination of both (Ross et al., 2018;
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Shi et al., 2010). Bone is a dynamic tissue that shares a number of
regulatory signaling pathways with brain tissue that are relevant to
degenerative disorders. For example, triggering receptor expressed
on myeloid cells-2 (TREM2) is currently an important molecular
target in AD research (see Bemiller et al., 2017). TREM2 is expressed
on microglia in the nervous system (Jay et al., 2015), where it is
shown to play a role in neuroprotection (Bemiller et al., 2017). It is
also expressed on bone-specific macrophages (osteoclasts) where it
functions as anegative regulatorofmineral resorptionduringnormal
bone remodeling processes, thus facilitating bone formation (Otero
et al., 2012). Mutations in the TREM2 gene have been linked with
increased risk of late-onset AD (Guerreiro et al., 2013; Jonsson et al.,
2013), bone loss (Otero et al., 2012), and theneurodegenerativeNasu-
Hakola disease that produces both senile dementia and osteoporotic
bone cysts (Paloneva et al., 2000).

TREM2 activates the canonical Wnt/b-catenin intracellular
signaling pathway (Zheng et al., 2017), which is a major regulator of
cellular function in most tissues of the body (including bone and
brain). The canonical Wnt pathway (schematically described in
Fig. 1) activates transcriptional coregulator b-catenin, which is a
principle driver of bone formation (reviewed in Krishnan et al.,
2006) and mediator of synaptogenesis and neurogenesis in the
brain (reviewed in Oliva et al., 2013). Perturbations in Wnt/bcat
signaling have been extensively characterized for their contribu-
tions to skeletal defects (Korvala et al., 2012; Westendorf et al.,
2004), and there is growing evidence that genetic mutations
leading to deficient activity of the Wnt/bcat pathway increase the
Fig. 1. Schematic representation of the Wnt/b-catenin (bcat) signaling pathway during inacti
by a destruction complex composed of axin, tumor suppressor adenomatous polyposis coli (A
Clevers and Nusse, 2012). GSK3b phosphorylates bcat, marking it for ubiquitination and prote
In addition, this pathway can be actively inhibited by endogenous antagonists such as the se
the low-density lipoprotein-related receptor protein (LRP5/6) Wnt co-receptor (Bourhis e
Wnt7a,Wnt7b, and Wnt8) bind and activate coreceptors frizzled and LRP5/6, triggering the r
complex (Willert et al., 1999). Coactivation of frizzled/LRP5/6 enables phosphorylation of GSK
bcat (Zhao et al., 2015). Without GSK3b and the destruction complex to quash it, free bcat acc
factor/lymphoid enhancerebinding factor) family of DNA binding proteins, which facilitate
risk of developing AD (Alarcón et al., 2013; Zhang et al., 1998).
Therefore, vulnerabilities within the canonical Wnt pathway pro-
vide attractive target mechanisms that could account for bone loss
comorbid with AD.

In the present study, we sought evidence of alterations in ca-
nonicalWnt signaling in the bone and brain of htaumice. Htaumice
express pathologically phosphorylated conformations of the
microtubule-stabilizing protein tau, which destabilize the neuronal
cytoskeleton and assemble into neurofibrillary tangles akin to hu-
man AD (Andorfer et al., 2003). Previously, we characterized a
robust, low BMD phenotype in this strain present from 3 to
6 months of age, a time when the murine skeleton exhibits rapid,
anabolic growth (Dengler-Crish et al., 2017). In this study, we
expanded our characterization of htau bone density into older mice
across 6e14 months of ageda time of skeletal maturity and stable,
homeostatic bone growth more comparable to bone remodeling
processes experienced by aging adult humans (Gargiulo et al., 2014;
Watanabe and Hishiya, 2005). Adding a powerful contrast to this,
we compared changes in BMD and Wnt signaling with C57BL/6J
mice, a strain known to exhibit age-related osteoporotic bone loss
unrelated to neurodegeneration (Beamer et al., 1996;Watanabe and
Hishiya, 2005). This enabled us to determine if skeletal and mo-
lecular signaling changes were unique to the AD model. Our data
revealed significant skeletal density deficits and evidence of
impaired bone remodeling in aged htaumice that exceeded those of
control mice. Deficits in skeletal integrity/remodeling coincided
with multiple alterations in canonical Wnt signaling, both
ve and active states. Inactive state (left): The constituent inactivity of bcat is maintained
PC), casein kinase-1 (CK-1), and glycogen synthesis kinase (GSK)3b (Aberle et al., 1997;
asomal degradation, causing overall inhibition of its activity in the cell (Liu et al., 2002).
creted glycoproteins dickkopf homologue I (DKK1) or sclerostin (SOST), which bind to
t al., 2011; Mao et al., 2001). Active state (right): Wnt activators (e.g., Wnt3a, Wnt5,
ecruitment of the protein disheveled (DVL), which assists in disrupting the destruction
3b at its inhibitory site, serine 9, thereby suppressing its phosphorylation/restriction of
umulates in the cytosol, translocates to the nucleus, and can activate the TCF/LEF (T-cell
target gene transcription or suppression (Arce et al., 2006).
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peripherally in the bone and in the central nervous system. Taken
together, this evidence suggests that integrative studies of the bone
and brain may offer novel insights into a potentially common mo-
lecular regulator responsible for degeneration in both systems.

2. Materials and methods

2.1. Subjects

Male and female htau mice (B6.Cg-Mapt tm1(GFP) Tg(MAPT)
8cPdav/J strain on a C57BL/6J background) were used in this study.
Htau mice are homozygous for a targeted deletion of the mouse
microtubule-associated protein tau (MAPT) allele and hemizygous
for insertion of a humanized MAPT (hMAPT) transgene. The hMAPT
transgene triggers expression of all 6 human tau isoforms in the
absence of endogenous mouse MAPT (Andorfer et al., 2003). Htau
mice are a clinically relevant disease model because they express
the 3R/4R tau isoform pattern that is associated with late-onset
human AD (Panda et al., 2003). Around 3 months, htau mice
exhibit an osteoporotic phenotype that coincides with elevated
ptau levels in brainstem regions associated with serotonergic
regulation of skeletal remodeling (Dengler-Crish et al., 2017).
Pervasive ptau and neurofibrillary tangle pathology are present in
other brain regions such as the hippocampus and cortex by
6e9 months (Andorfer et al., 2003; Komuro et al., 2015; Polydoro
et al., 2009).

The primary control group consisted of age- and sex-matched
C57BL/6J (C57) mice, the background strain on which htau were
developed. Notably, C57 mice exhibit age-related osteoporotic bone
loss (Beamer et al., 1996; Watanabe and Hishiya, 2005), making
them an apt contrast for deleterious changes in the htau skeleton.
For an additional comparison, age- and sex-matched littermates of
htau mice that are true tau knock-outs devoid of endogenous
mouseMAPTand are noncarriers of the hMAPT transgenewere also
studied. While these tau-null mice controlled for endogenous
MAPT manipulation, their lack of any MAPT (mouse or human)
produces developmental phenotypes unrelated to AD, making
them poor primary controls (Dengler-Crish et al., 2017; Geiszler
et al., 2016). Thirty mice were used for the experiment (5 mice
per sex per strain) and the study began at 6 months of age, followed
by sacrifice at 14 months. A separate cohort consisting of 24 two-
month-old htau, tau null, and C57 mice (4 mice per sex per strain
group) was used to provide replication data across the 2- to 5-
month skeletal growth period that was previously characterized
in Dengler-Crish et al. (2017). Skeletal changes across this highly
anabolic growth period were compared with changes that occurred
in the mature homeostatic bone remodeling phase (6e14 months)
targeted in the present study.

All mice were obtained from breeding colonies at the Northeast
Ohio Medical University Comparative Medicine Unit and were
housed in the same room under identical environmental condi-
tions. Breeding stocks of htau mice were originally obtained from
Jackson Laboratories (stock #005491), and automated genotyping
of transgenic offspring was performed by Transnetyx (Cordova, TN)
using real-time polymerase chain reaction (PCR). All procedures
using mice were approved in accordance with the Northeast Ohio
Medical University Institutional Animal Care and Use Committee.

2.2. Bone densitometry

Bone density was measured monthly using dual emission x-ray
absorptiometry (DEXA) on a Lunar PIXImus (GE Healthcare) scan-
ner. DEXA is a high-throughput radiographic method for accurately
measuring bone density and body composition in live animals
(Fuchs et al., 2013). Mice were weighed and anesthetized with 2.5%
inhaled isoflurane vapor to provide immobilization and were then
placed onto the PIXImus platform where they received a 5-minute
DEXA scan as previously described (Dengler-Crish et al., 2017).
Analysis performed using PIXImus software (GE Healthcare/Lunar)
provided quantification of overall skeletal BMD as well as BMD
measurements of targeted regions of interest that included the
femur and lumbar spine. These bone sites reflect dominance of
specific skeletal envelopes with different metabolic properties (i.e.,
cortical bone-dominant femur or trabecular bone-dominant
vertebrae) and enabled determination of any phenotypic effects
specific to bone type. Percent body fat composition was also
measured using the PIXImus software and was used along with
body mass data to determine any effects of overall body size/
composition on bone health. Detailed descriptions of these
methods including regions of interest delineations are reported in
Dengler-Crish et al. (2017).

2.3. Tissue collection

After the final DEXA scans were performed at 14 months of age,
mice were sacrificed via decapitation under inhaled isoflurane
(3.5%) anesthesia. The femur and tibia were dissected from the
lower limbs, and bones were stabilized in RNAlater (ThermoFisher
Scientific, Waltham, MA) and frozen at �80�C until analysis. Hip-
pocampus and brainstem regions centered around the dorsal raphe
nuclei were dissected frommouse brains and frozen immediately in
liquid nitrogen. Brain samples were stored at �80�C until analysis.

2.4. RNA isolation/cDNA synthesis for quantitative real-time PCR

Total RNA was isolated from mouse femora and tibiae under
RNAse-free conditions following recommended protocols for TRI
Reagent (ThermoFisher) and treated with Turbo DNA-free (Ther-
moFisher) to remove DNA contaminants. Extracted RNA was
quantified on a NanoDrop 2000c spectrophotometer (NanoDrop,
Wilmington, DE), and RNA integrity was assessed via visualization
of extracted RNAs on an ethidium bromideestained 1% agarose gel.
cDNA and reverse transcriptase controls were synthesized using the
High-Capacity cDNA Reverse Transcription kit (ThermoFisher).
Synthesized cDNAs were then normalized to 50 ng total RNA. For
brain samples, total RNA was isolated from hippocampal and
brainstem homogenates using IBI isolate (IBI Scientific, Peosta, IA),
and 900 ng of total RNA was used to synthesize cDNA with Verso
cDNA synthesis kit (ThermoFisher).

In bone tissue, expression profiles of the following osteogenic
genes were used to assess positive bone formation and structural
skeletal integrity: collagen type Ia1 (Col1a1), a high abundance
fibril-forming collagen associated with bone maturation (Chaplin
et al., 2015) and collagen type Va1 (Col5a1), a low abundance
collagen that confers strength to bone tissue (Wu et al., 2010).
Expression profiles were determined for Wnt-related genes
selected to represent extracellular and intracellular (including re-
ceptor and nuclear) signaling levels of the pathway, as well as
components involved in bone formation and neuroprotection (refer
to Fig. 1). Bone-specific Wnt genes that were assessed included
sclerostin (Sost), a secreted polypeptide and Wnt antagonist that
promotes bone resorption and inhibits formation; and the Wnt/
bcateactivated runt-related transcription factor 2 (Runx2) that
promotes bone formation (Komori, 2010). Assessment of genes
associated with Wnt signaling components included bcat (Catenin
beta-1 or CTNNB1), low-density lipoproteinerelated receptor pro-
tein 5 (Lrp5; predominantly form in bone), Lrp6 (predominant form
in brain), Wnt antagonist Dickkopf homologue 1 (Dkk1), endoge-
nousWnt activatorsWnt3a (ligand associatedwith bone formation)
and Wnt7a (ligand involved in synaptogenesis/neuroprotection),
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and DNA binding protein T-cell factor/lymphoid enhancer binding
factor Tcf4 (Tcf7Lef2). Tcf4 was targeted because it is known to
activate bone-forming osteoblasts (Bennett et al., 2005) as well as
an important role in the suppression of the b-site APP cleaving
enzyme 1 (Bace1) promotor, which, when uninhibited, contributes
to the neurotoxic pathological amyloid-b (Ab) load characteristic of
AD (Parr et al., 2015; Tapia-Rojas et al., 2016). All genes, their
functional significance, location in which they were assayed, and
associated primer sequences are described in Table 1.

Quantitative real-time PCR reactions were run in duplicate on
either an ABI 7900-HT or QuantStudio 6 Flex PCR system (Applied
Biosystems, CA) using PowerUp SYBR Green PCR Master Mix
(ThermoFisher). Relative target mRNA expression levels in brain
samples were normalized to GAPDH reference using the DDCt
method. DCt values of target genes from C57 mice were used as a
calibrator to determine the relative fold change in gene expression
between the 3 strain groups. If preliminary analysis revealed sex
differences for a particular gene, then data were recalibrated using
female C57 values. For analysis of bone tissue, we used a validated
method of absolute quantitative real-time PCR (Ball et al., 2013,
2016) to minimize complications associated with housekeeping
gene variance, given the novelty of our comparisons of Wnt gene
expression in bone across transgenic mouse strains (Bustin, 2002;
Fernandes et al., 2008). For each gene target, dilution curves and
linear regression equations were generated for use in osteogenic
expression analyses, and significance of threshold cycle (Ct) values
and amplification efficiencies were calculated (Yuan et al., 2007).
2.5. Statistical analysis

For DEXA-obtained variables, sex and strain group (htau, tau
null, and C57) differences in overall skeletal BMD across
6e14 months were analyzed by factorial multivariate analysis of
variance (MANOVA). The MANOVA method was used for this
particular analysis because it enabled sex-by-strain comparisons for
each monthly BMD measurement while compensating for any
sphericity violations in the data. Main effects for sex and strain
group were determined and qualified by any significant in-
teractions between the 2 variables. When significant main effects of
sex or interactions were present, data files were split by sex and
Table 1
Osteogenic (bone formationepromoting) and Wnt pathwayeassociated genes, their func

Target gene Function

CTNNB1(b-Catenin) Wnt signaling: transcriptional coregulator; promotes bone forma
neuroprotective effects

Col1a1 Osteogenic: promotes bone formation; bone maturation

Col5a1 Osteogenic: promotes bone formation/confers bone strength

Dkk1 Wnt/bcat antagonist: associated with bone loss and AD pathology

Lrp5 Wnt coreceptor (predominant form in bone): inhibits GSK3b and

Lrp6 Wnt coreceptor (predominant form in the brain): inhibits GSK3b
b-catenin activity

Runx2 Osteogenic/Wnt signaling: transcription factor that promotes bon

Sost Local (bone) Wnt/b-Catenin antagonist; secretion product scleros
formation and promotes bone resorption

Tcf7Lef2 (TCF4) DNA-binding protein with neuroprotective effects; it has binding
Runx2 transcription factor

Wnt3a Wnt/b-catenin agonist: promotes bone formation and neuroprote

Wnt7a Wnt/b-catenin agonist: promotes synaptogenesis and proper neu
analyzed independently for strain differences (Dengler-Crish et al.,
2017) using univariate analysis of variance (ANOVAs) and
Bonferroni-corrected planned comparisons.

To create a consolidated set of variables representing aggregate
changes over the entire homeostatic bone remodeling period,
monthly values for total skeletal BMD, femoral BMD, lumbar BMD,
body mass, and percent body fat were each averaged across
6e14 months. Sex by strain differences in each of these aggregate
variables were assessed with factorial ANOVA models. Follow-up
analyses were conducted as described previously with the addi-
tion of planned comparisons between males and females within
each strain in response to any significant sex effects or interactions.
In the absence of significant sex main effects or interactions, data
for that variable were collapsed across strain for further compari-
sons. Statistics are only reported for significant main effects when
interactions were absent. Estimates of effect size for main effects
and interactions of omnibus analyses are presented as h2, which
describes the percent of group variance that can be attributed to the
experimental condition (Warner, 2013).

Based on methodological differences, gene expression variables
are presented as either transcript copy number (bone samples) or
relative expression/fold change (brain samples). For each gene and
site of expression (i.e., bone, hippocampus, brainstem), 2-way (sex
by strain) ANOVAs were used to establish differences between
groups, and univariate ANOVAs with either Bonferroni or Tukey’s
honestly significant difference tests were used to follow-up sig-
nificant main effects and interactions. Wherever sex effects were
absent in the omnibus tests, data were pooled across strains to
increase statistical power.
3. Results

3.1. Low BMD phenotype in htau mice persists in a sex-dependent
manner across homeostatic remodeling phase

Composite results for overall skeletal BMD are presented in
Fig. 2. Data for the 2- to 5-month anabolic bone growth period were
obtained from a separate replication study; data from 6 to
14 months are plotted from the present study. Replication data
were consistent with those reported in Dengler-Crish et al. (2017),
tion, site targeted for expression, and primer pair sequences

Site Primer sequence 5030

tion and Brain, bone Fwd
Rev

CCATCTTAAGCCCTCGCTCG
GCTGAGCTTCAGGTACCCTC

Bone Fwd
Rev

CTGGCGGTTCAGGTCCAAT
TTCCAGGCAATCCACGAGC

Bone Fwd
Rev

CTTCGCCGCTACTCCTGTTC
CCCTGAGGGCAAATTGTGAAAA

Brain, bone Fwd
Rev

CTCATCAATTCCAACGCGATCA
GCCCTCATAGAGAACTCCCG

increases b-catenin activity Bone Fwd
Rev

GCAAGAAGCTGTACTGGACG
GGCCCTTGGCTGGTCC

and increases Brain Fwd
Rev

TTGTTGCTTTATGCAAACAGACG
GTTCGTTTAATGGCTTCTTCGC

e formation Bone Fwd
Rev

CCAACCGAGTCATTTAAGGCT
GCTCACGTCGCTCATCTT

tin inhibits bone Bone Fwd
Rev

AGCCTTCAGGAATGATGCCAC
CTTTGGCGTCATAGGGATGGT

site for osteogenic Brain Fwd
Rev

ACCGCCCGAACCTATCTTCA
GAACGAGCATCCTTGAGGGT

ction Bone Fwd
Rev

ACCTGTGAGGGTCTCCTACC
TCTCCATTTGAGCCCTGTCG

ral function Brain Fwd
Rev

TGAACTTACACAATAACGAGGCG
GTGGTCCAGCACGTCTTAGT



Fig. 2. Bone mineral density (BMD) measured by DEXA across age in htau mice and controls. (A and B) Average monthly BMD measured from overall skeleton in control C57BL/6J
(C57; gray circle), tau null (�/�; green circle), and htau (purple triangle) strain groups graphed separately for female (A) and male (B) mice. Reference BMD data from a separate
sample of mice are plotted for the 2- to 5-month anabolic skeletal growth phase and provide a replication of findings previously reported in Dengler-Crish et al. (2017). BMD data
from the target observation period of 6e14 months represent bone growth during a homeostatic phase of skeletal remodeling. Black asterisks indicate statistically significant
differences between htau and C57; green asterisks indicate significant differences between htau and tau �/� mice (p < 0.05); error bars depict standard error of the mean (s.e.m).
(A) Among females, htau mice initially exhibit reduced BMD compared to controls during the anabolic skeletal growth phase from 3 to 6 months of age but reach control densities
by 7 months with no further significant differences up to 14 months. (B) Among males, htau BMD is significantly reduced from C57 and tau �/� siblings throughout early anabolic
growth, and this reduction is sustained for the duration of the homeostatic growth phase (6e14 months of age). (C) Differences in overall skeletal density averaged over the entire
homeostatic bone remodeling period are shown for female (\) and male (_) C57 (gray bars), tau �/� (green bars), and htau (purple bars) mice. Male C57 had a 4% reduction in BMD
from female C57, and male htau mice exhibited a 9% reduction bone mass from female htau. # symbols indicate statistically significant sex differences (p < 0.05); error bars depict
s.e.m. (D) Mean femoral (left) and lumbar spine (right) BMD averaged over 6e14 months. BMD at either site did not differ among female mice. Among males, htau mice had reduced
femoral and lumbar BMD compared to C57 mice (black asterisk ¼ p < 0.05) but only differed from tau-null siblings in femoral density (green asterisk ¼ p < 0. 05). When compared
to female conspecifics, male htau displayed significantly lower BMD at both bone sites. # symbols indicate significant sex differences of (p < 0.05). Error bars show s.e.m.
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confirming significant differences in overall BMD from 3e5 months
of age in female and male htau mice compared to C57 controls and
tau nulls. For the homeostatic skeletal remodeling period
(6e14months), MANOVA results indicated significant main effects
for sex and strain, which were qualified by significant interactions
for BMD measurements from 7e14 months (see Appendix A for
individual statistics at each month). At 6 months, htau BMD was
significantly reduced from C57 (Bonferroni-corrected p ¼0.001)
and tau nulls (Bonferroni-corrected p ¼ 0.02), F2,27 ¼9.87,
p ¼0.001. Follow-up comparisons from ages 7e14 months were
conducted separately by sex. From 7 to 14 months, female htau
BMD values were in range of female C57 and tau null values and
were statistically indistinguishable. Dissimilar to their female
counterparts, male htau BMD was consistently reduced from both
male C57 and tau null mice for the 6e14 months duration of the
homeostatic skeletal growth period (Fig. 2B; p < 0.05 in all
monthly comparisons). Interestingly, male tau null BMD was
significantly greater than their htau siblings but was indistin-
guishable from male C57, indicating that a low BMD skeletal
phenotype was attributable to carrier status of the mutant human
tau transgene. All mice in the study began showing an age-related
decline in overall BMD around 11e14 months that was more
pronounced among male mice (Fig. 2).
3.2. Htau mice exhibit large magnitude sex differences in overall
skeletal BMD across the homeostatic remodeling phase

To directly analyze sex differences in BMDwithin each strain, an
aggregate homeostatic BMD variablewas created by averaging BMD
values across the entire 6e14 month period. These average ho-
meostatic BMDvalues are plotted in Fig. 2C.Males in both C57 (F1,8¼
20.09, p ¼0.002) and htau (F1,8 ¼ 117.9, p < 0.001) strain groups
demonstrated significantly lower BMD than their respective fe-
males. The magnitude of this sex difference in male htau far
exceeded that of C57males, withmale htau experiencing a 9% lower
reduction in bone mass from female htau mice compared to a 4%
reduction inmale C57 bone mass compared to female C57s. No sex
differences were shown among tau null mice (F1,8 ¼ 0.15, p ¼ ns).

3.3. Male htau mice exhibit reduced BMD at individual bones across
the homeostatic remodeling phase

Average homeostatic BMD data for the femur and lumbar spine
are plotted in Fig. 2D. Significant strain by sex interactions in
femoral density were indicated by analyses (F2,23¼ 8.35, p¼ 0.002).
Female mice did not differ in femoral BMD, but male htau exhibited
lower values than both C57 and tau null males (F2,12 ¼ 18.71,
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p < 0.001) and lower femoral BMD compared to female htau
(F1,8 ¼ 21.52, p ¼ 0.002). While C57 femur density did not differ by
sex, male tau null mice had significantly denser femur than their
females (F1,8 ¼ 6.1, p ¼ 0.04). Analyses of lumbar spine density also
revealed a significant strain by sex interaction (F2,23 ¼ 6.0, p ¼
0.008). Again, lumbar BMD did not differ among female mice of any
strain, but among males, htau spine density was significantly lower
than C57mice (F2,12¼ 7.8, p¼ 0.001) but not tau nulls. Male tau null
lumbar BMD seemed to occupy values somewhere between C57
and htau, which failed to distinguish them from either of those
groups (see Fig. 2D). No sex differences in lumbar BMD were indi-
cated among C57 or tau null mice, but male htau had lower spine
density than their females (F1,8 ¼26.51, p ¼ 0.001). Collectively,
these findings show that phenotype alterations in male htau skel-
etal density are measurable across multiple bone sites.
3.4. Body mass and body fat composition are elevated in C57
control mice relative to other strains

Average body mass and fat composition across the homeostatic
skeletal remodeling period are plotted in Fig. 3. Body mass differed
by sex (F1,23 ¼ 12.49, p <0.002) and strain (F2,23 ¼ 16.4, p < 0.001)
with no significant interaction between these variables. Among
females, C57 exhibited greater body mass than both htau (Bonfer-
roni-adjusted p ¼ 0.04) and tau nulls (Bonferroni-adjusted p ¼
0.04), F2,11 ¼ 5.71, p ¼ 0.02, an interesting distinction, given that
BMD did not differ between C57 and these strains. Female htau and
tau null body mass did not differ from each other. C57 males also
weighed significantly more than both htau (Bonferroni-adjusted
p¼ 0.001) and tau null males (Bonferroni-adjusted p¼ 0.02), F2,11¼
5.1, p ¼ 0.02. Htau and tau null males did not differ from each other
in body mass, despite displaying large differences in BMD (recall
Fig. 2B). This finding indicates that body mass was not the driving
factor for low BMD bone in male htau mice. Direct sex differences
were not compared within each strain as it was anticipated that
male mice would weigh more than female mice overall. In analyses
of body fat composition, only significant strain differences were
indicated (F2,23 ¼ 12.05, p < 0.001), with C57 mice having elevated
body fat composition compared to htau and tau null mice, F2,27 ¼
14.04, p < 0.001 (Bonferroni-adjusted p ¼ 0.001 for each individual
comparison).
Fig. 3. Body mass and body fat composition averaged across the homeostatic
remodeling period from 6e14 months of age. Stacked bars depict body mass (colored
portion) and percent body fat (black portion) for female (left) and male (right) C57
(gray), tau �/� (green), and htau (purple) mice. Y-axis provides absolute (not relative)
scale values for average grams of body mass and percent body fat. Female C57 mice
weighed significantly more (black asterisks) and had greater percent body fat (white
asterisks) than both tau �/� and htau females (p < 0.05). Htau and tau �/� do not
differ on either variable. This exact pattern of findings was reflected among males.
Error bars depict standard error of the mean.
3.5. Decreased expression of osteogenic genes indicates
compromised skeletal health in male and female htau mice

Expression of osteogenic genes Col1a1 and Col5a1 can be used as
an assessment of bone formation and strength as well as remod-
eling integrity (Chaplin et al., 2015; Wu et al., 2010), and expression
levels measured from the tibia and femur of 14-month-old mice are
presented in Fig. 4. Both Col1a1 (F2,29¼ 22.69, p< 0.001) and Col5a1
(F2,29 ¼ 17.95, p< 0.001) expression levels in bone differed by strain
and were significantly reduced in both female and male htau bone
compared to C57 and tau null samples (Bonferroni-adjusted p <

0.001 in all comparisons). Col1a1 expression in male htau bone was
further reduced from female htau, F1,10 ¼ 18.53, p ¼ 0.002, likely
reflected the severity of the low BMD phenotype presentation in
males. While Col5a1 expression trended lower in male htau
compared to their females, this effect was not significant. Male C57
mice had greater expression of these genes compared to female
C57s, F1,8 ¼ 11.31, p ¼ 0.01. Collectively, these findings further
support the impaired skeletal phenotype in male htau, but most
importantly, provide a striking indication that female htau skeletal
remodeling processes are also compromised, albeit in ways that
were not detectible with radiographic densitometry.

3.6. Alterations in peripheral Wnt pathway gene expression are
associated with skeletal compromise in htau mice

Assessment of specificWnt geneswas targeted to components of
the canonical signaling pathway known to be associatedwith either
osteoporosis or Alzheimer’s-associated neuropathology (recall
Table 1). Targeted genes represented multiple levels of signaling
within the cellular Wnt/bcat pathway. Expression levels measured
from the tibia and femur of 14-month-old mice are presented in
Fig. 5. Significant alterations in gene expression measured in htau
bones were identified for CTNNB1 (F2,29 ¼ 99.47, p < 0.001), Dkk1
(F2,29 ¼ 43.36, p < 0.001), Sost (F2,29 ¼ 87.89, p < 0.001), Lrp (F2,29 ¼
59.44, p < 0.001), and Runx2 (F2,29 ¼ 50.42, p < 0.001). At the
extracellular signaling level, htau bone exhibited significantly
increased mRNA levels of Dkk1, a systemic Wnt antagonist and Sost,
a Wnt antagonist expressed locally in bone cells compared to con-
trols (Bonferroni-corrected p < 0.001 in all comparisons). However,
therewereno differences between strain groups in the expression of
the endogenous Wnt activator Wnt3a, suggesting that increased
inhibition of the Wnt/bcat pathway may be the initiator of Wnt
dysfunction as opposed to deficient endogenous activation.

Decreased expression of Wnt co-receptor Lrp5 gene was detec-
ted in htau bone compared to controls (p < 0.001). Consequently,
htau bone showed a significant reduction in bcat expression
compared to C57 and tau null bone (p < 0.001). Runx2, a tran-
scription factor and regulator of osteoblast function that is activated
by bcat at the nuclear level (Reinhold and Naski, 2007), was also
significantly reduced in htau bone compared to controls (p <

0.001), with male htau showing significantly greater deficits than
female htau (F1,10 ¼ 6.12, p ¼ 0.03). Collectively, these data indicate
that multiple components of Wnt/bcat signaling are disrupted in
htau bone compared to controls. This pattern is also consistent with
those previously reported for accompanying osteoporotic bone loss
triggered by Dkk1 or SOST antagonism of the Wnt pathway (Mao
et al., 2002; Marsell et al., 2012).

3.7. Alterations in central Wnt pathway gene expression
differentiate htau mice from controls

Data summarizing expression levels of Wnt/bcat genes for hip-
pocampus and brainstem of 14-month-old mice are presented in
Fig. 6. The sameWnt gene targets were assayed in brain tissue as in



Fig. 4. Expression levels of osteogenic genes in bone samples taken from the tibia and femur of 14-month-old mice. Average transcript copy number (per 50 ng mRNA) is plotted for
female (\) and male (_) mice of each strain as coded in legend. Expression levels of bone formation/strength indicators Col1a1 and Col5a1 are significantly reduced in htau mice
(both sexes) relative to controls. Male htau mice showed further reduction in Col1a1 expression from htau females. In C57 mice, male Col5a1 expression was elevated compared to
females. Asterisk indicates significant strain differences of (p < 0.01); # indicates significant sex differences of (p < 0.01); error bars depict standard error of the mean.
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bone with the following substitutions: endogenous Wnt activator
Wnt7a, which is involved regulating neuronal function, Lrp6, the
form of Wnt coreceptor predominantly expressed in brain tissue,
and TCF4, a DNA-binding protein that suppresses pathological
protein processing in AD. In the hippocampus, a brain regionwhere
htau mice typically show tau pathology, htau mice expressed
significantly reduced levels of Lrp6 (F2,19 ¼ 16.82, p < 0.001), bcat
(F2,19¼ 7.9, p¼ 0.003), and TCF4 (F2,12¼ 4.6, p¼ 0.03). Notably, Dkk1
expression did not differ by strain group in this brain region. In the
brainstem, a region involved in regulation of homeostatic bone
remodeling and an areawhere tau pathology emerges very early on
in htau mice, expression levels ofWnt7a (F2,26 ¼ 7.2, p ¼ 0.003) and
Lrp6 (F2,26 ¼ 4.94 p ¼ 0.02) were all significantly reduced in htau
compared to both C57 and tau null controls (p < 0.5). Brainstem
TCF4 (F2,25 ¼ 4.94, p ¼ 0.02) expression trended toward a reduction
in htau compared to controls, but this effect did not reach signifi-
cance. Brainstem Dkk1 expression differed by strain as a function of
sex (F2,19 ¼ 4.05, p ¼ 0.03), with female htau demonstrating very
Fig. 5. Gene expression levels for select Wnt pathway components measured in the tibia an
plotted for genes associated with extracellular Wnt ligands (Wnt3a) and antagonists (Dkk1 a
and nuclear transcription factor Runx2. Expression data for most genes did not differ by sex
for Runx2 which is plotted separately. Strain groups are coded in legend. No differences in W
htau bone compared to controls. Expression of the Wnt coreceptor Lrp5 gene was reduced i
factor and promoter of bone formation Run2x was also reduced in htau mice compared to co
to their female (\) counterparts. Lines and labels at bottom of figure categorize Wnt compon
significant differences between htau and tau �/�; back asterisks indicate significant differenc
sexes (p < 0.01). Error bars depict standard error of the mean.
high levels compared to both C57 (p < 0.01) and tau null females
(p ¼ 0.02). Male mice did not differ by strain in Dkk1 expression.
However, male mice registered significantly lower Dkk1 gene
expression than their female counterparts (F1,8 ¼ 16.51, p ¼ 0.005).
Similar to gene expression results from bone, these data from htau
brain tissue confirm alterations in Wnt gene expression patterns
that indicate aged htau mice uniquely experience perturbations in
Wnt signaling.

4. Discussion

Insufficient Wnt/bcat activation impairs bone remodeling
(Krishnan et al., 2006) and contributes to AD pathogenesis (Tapia-
Rojas et al., 2016), albeit in distinctly separate contexts. This study
is the first to show altered gene expression related to Wnt/bcat
signaling in a mousemodel that exhibits both low BMD and AD-like
tauopathy. These data show that htau mice sustain a compromised
skeletal phenotype beyond 6 months of age and until at least
d femur of 14-month-old mice. Average transcript copy number (per 50 ng mRNA) is
nd Sost), coreceptor Lrp5, intracellular signaling molecule beta catenin (bcat; CTNNB1b),
and are collapsed across this variable in the first graph; sex differences were indicated
nt3a expression were shown by strain; Dkk1 and Sost mRNA levels were increased in

n htau bone, with a corresponding reduction in bcat. At the nuclear level, transcription
ntrols, with male (_) htau bone exhibiting further deficiency in Runx2 mRNA compared
ents by the cellular level at which they signal in the pathway. Green asterisks indicate
es between htau and C57 (both at p < 0.01). # indicates significant differences between



Fig. 6. Expression levels of Wnt pathway genes measured in the hippocampus (left) and brainstem (right) of 14-month-old mice. Relative expression (fold change) from calibration
control is plotted for each gene across strains. Coding for strains is shown in legend. Htau hippocampus showed significant reductions in expression compared to controls for the
following genes: Lrp6, bcat, and Tcf4. Hippocampal expression of Wnt antagonist Dkk1 did not differ by strain. In the brainstem, htau mice had reduced expression of Wnt7a and
Lrp6, and nonsignificant trend toward reduced Tcf4 levels compared to controls. Htau brainstem expression of Dkk1 exhibited sex differences and is shown on separate plot (note
difference in y-axis scale). Female htau brainstem expression of Dkk1 was significantly elevated from female C57 and tau �/� controls. Black asterisks indicate significant difference
from C57; green asterisk indicates significant difference from tau nulls (p < 0.05). While male mice did not differ in brainstem Dkk1 expression, male htau exhibited significantly
lower expression than female htau (p < 0.01). \ indicates data for female mice; _ indicates data for males.
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14 months, with the severity and manner of low bone mass pre-
sentation differing by sex. Male htau mice experienced a profound
reduction in bone mass, measured using radiographic densitom-
etry, from as early as 3 months, persisting until 14 months. In
contrast, female htau mice demonstrated an early low BMD
phenotype during the period of anabolic skeleton growth from 3 to
6 months of age but then attain what appears to be normal bone
mass around the time they enter the adult homeostatic skeletal
remodeling period (7 months). However, at 14 months, female htau
mice exhibited strong indication of impairment in skeletal
remodeling processes as evidenced by reduced osteogenic andWnt
pathway gene expression in bone. It is possible female bone
changes in more subtle ways or that the bone-enhancing effects of
circulating estrogens (Yang et al., 2013) compensate for changes in
remodeling processes. These questionsmay need to be addressed in
future studies tracking microarchitectural changes in bone tissue
composition as a function of reproductive status.

Bone loss and AD-associated pathology have been linked with
dysfunction at multiple levels of signaling in the Wnt/bcat pathway
(Inestrosa and Varela-Nallar, 2014; Liu et al., 2014; Parr et al., 2015;
Riise et al., 2015; Scali et al., 2006). In the present study, htau bone
exhibited increased expression of Dkk1 and Sost (sclerostin), which
encode for proteins that antagonize theWnt/bcat pathway at initial
stages of signaling. Both Dkk1 and sclerostin have been associated
with reduction in bone formation/quality (Glantschnig et al., 2011;
Pérez-Campo et al., 2016). Dkk1 plays several roles in AD patho-
genesis (Caricasole et al., 2004). It is overactivated by the patho-
logical protein Ab (Purro et al., 2012), causing Wnt suppression and
triggering a series of downstream effects that promote hyper-
phosphorylation of tau (Salcedo-Tello et al., 2014) and promote
cleavage of additional toxic Ab fragments, further perpetuatingWnt
dysfunction and pathological protein accumulation. Although
problematic as described in the preceding scenario, Wnt antago-
nists represent a potential target for therapeutic intervention.
Pharmacological agents that reduce Dkk1 overexpression could
benefit bone health (Glantschnig et al., 2011) and potentially slow
neurodegeneration (Caraci et al., 2008). Anti-sclerostin therapies
are currently being tested as therapeutics in osteoporosis and may
present a viable treatment option for bone fragility in AD (Recker
et al., 2015).
In htau brain, but not bone, our data suggest impairment in
endogenous Wnt ligand activation, as we detected reductions in
Wnt7a in multiple brain regions. Again, this finding supports the
potential to target Wnt activators therapeutically to resolve Wnt
signaling deficiencies in disease. Both endogenous and synthetic
Wnt agonists have shown neuroprotective potential in mouse
models of AD, reducing ptau and Ab load, and restoring synaptic
function that was previously perturbed by such pathology (Chacón
et al., 2008; Vargas et al., 2015).

Across both the bone and brain, we observed reductions in
expression of Wnt coreceptor LRP5/6. Dkk1 and SOST exert their
antagonist action by binding to these receptors, with Dkk1 trig-
gering the protein Kremin to endocytose LRP5/6 (Mao and Niehrs,
2003), preventing bcat activation (Riise et al., 2015). Genetic var-
iants in LRP6 associated with deficient Wnt/bcat signaling are
linked to increased late-onset AD risk (Alarcón et al., 2013; De
Ferrari et al., 2007). Notably, apolipoprotein E, of which the
inherited variant apolipoprotein E-ε4 allele predisposes risk for
AD (Corder et al., 1993), signals through the LRP family of proteins
(De Ferrari et al., 2007). Loss of function in this receptor has been
shown to enhance Ab pathology, inflammation, and synapse loss
(Liu et al., 2014). Since LRP5/6 activation normally inhibits
glycogen synthase kinase 3b (recall Fig. 1), loss of LRP function
enables this kinase to phosphorylate both bcat and tau, sup-
pressing activity of the former and causing pathological changes
in the latter (Salcedo-Tello et al., 2014; Scali et al., 2006). Glycogen
synthase kinase 3b is one of the principle kinases involved in tau
hyperphosphorylation that causes ptau to dissociate from axonal
microtubules and aggregate into neurofibrillary tangles that
contribute to neurodegeneration (Aamodt and Williams, 1984;
Braak and Braak, 1991).

Dysfunction of the canonical Wnt cascade at critical intracel-
lular signaling levels was also indicated in both htau bone and
brain tissue with significantly reduced expression of bcat. Other
studies observed reduced levels of this major transcriptional
coactivator in postmortem AD patient brains (Toledo and
Inestrosa, 2010), an observation that has also been linked with
the presenilin-1 mutation that confers susceptibility to the early-
onset familial form of AD (Zhang et al., 1998). As a likely sequelae
of bcat reduction in htau mice, we observed reduced expression
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of transcription factors Runx2 and Tcf4. In bone, RUNX2 acts as
major regulator of bone formation, activating a number of
downstream targets that facilitate positive skeletal remodeling
processes (Pérez-Campo et al., 2016). In brain, DNA-binding
protein TCF4 has been identified as having a neuroprotective
role, with evidence that it suppresses production of both ptau
and Ab (Parr et al., 2015; Tapia-Rojas et al., 2016). Extracellular Ab
plaques consist of neurotoxic fragments that are cleaved from
APP by beta secretase cleavage enzyme 1 (BACE1; Yan et al.,
1999). TCF4 can powerfully suppress the Bace1 promotor (Parr
et al., 2015), limiting BACE1 activity. However, Wnt/bcat inhibi-
tion prevents this, and BACE1 activity can go unchecked (Tapia-
Rojas et al., 2016). Collectively, these findings support the idea
that impairments in canonical Wnt signaling occur in both bone
and brain tissue of htau mice, suggesting that vulnerabilities in
this molecular cascade may contribute to itsskeletal and neuro-
pathological phenotype. This opens up a number of research
questions, particularly with regard to the time course of Wnt
signaling alterations in this model. In early or presymptomatic
disease states, is Wnt signaling selectively vulnerable to patho-
physiological processes of AD, or, does a predisposition toward
deficient Wnt signaling enable AD pathology to take hold? An-
swers to these questions are currently being pursued by members
of our research team.
5. Conclusions

Overall, the data from this study provoke a number of new
questions about common signaling pathway dysfunction across
multiple organ systems in AD, and promote an ideological shift
from viewing this disease as relegated to the nervous system to
one that affects multiple tissues. AD is vastly complex and likely
encompasses multiple etiologies and presentationsdwith or
without comorbid bone loss. Therefore, the results of the present
study may only be generalizable to variants of the disease char-
acterized by this comorbidity. However, this variant is worthy of
attention, given its prevalence and the profound impact skeletal
fracture has on quality of life in AD patients. Low BMD may indi-
cate a particular disease etiology that is triggered or exacerbated
by underlying Wnt signaling deficiencies. Identification of such
factors may provide opportunities to use personalized/precision
medicine approaches to treat individuals most likely to benefit
from therapeutic modification of Wnt/bcat signaling (Cholerton
et al., 2016; Hampel et al., 2017). The potential advantages range
from improving quality of life by correcting bone loss to slowing
the progression of a neurodegenerative mechanism.
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