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The microtubule-associated protein tau undergoes aberrant
modification resulting in insoluble brain deposits in various
neurodegenerative diseases, including frontotemporal dementia (FTD), progressive supranuclear palsy, and corticobasal
degeneration. Tau aggregates can form in different cell types of
the central nervous system (CNS) but are most prevalent in neurons. We have previously recapitulated aspects of human FTD in
mouse models by overexpressing mutant human tau in CNS
neurons, including a P301S tau variant in TAU58/2 mice, characterized by early-onset and progressive behavioral deficits and
FTD-like neuropathology. The molecular mechanisms underlying the functional deficits of TAU58/2 mice remain mostly elusive. Here, we employed functional genomics (i.e. RNAseq) to
determine differentially expressed genes in young and aged
TAU58/2 mice to identify alterations in cellular processes that
may contribute to neuropathy. We identified genes in cortical
brain samples differentially regulated between young and old
TAU58/2 mice relative to nontransgenic littermates and by
comparative analysis with a dataset of CNS cell type–specific
genes expressed in nontransgenic mice. Most differentiallyregulated genes had known or putative roles in neurons and
included presynaptic and excitatory genes. Specifically, we
observed changes in presynaptic factors, glutamatergic signaling, and protein scaffolding. Moreover, in the aged mice, expression levels of several genes whose expression was annotated to
occur in other brain cell types were altered. Immunoblotting
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and immunostaining of brain samples from the TAU58/2 mice
confirmed altered expression and localization of identified and
network-linked proteins. Our results have revealed genes dysregulated by progressive tau accumulation in an FTD mouse
model.

The microtubule-associated protein tau (generally termed
“tau”) is encoded by the MAPT gene on human chromosome
17, which gives rise to different isoforms by alternative splicing
(1). The tau protein binds to the microtubule network throughout neurons. Although it is enriched in the axon shaft, we have
shown that under physiological conditions it is also present at
post-synaptic sites (2). Tau harbors a particularly high number
of 81 known and putative phosphorylation sites that regulate
many of its functions, including binding to microtubules and
other partners (1, 3, 4). In diseases commonly referred to as
tauopathies, tau becomes increasingly phosphorylated due to
an imbalance of kinase and phosphatase activity, resulting in
hyperphosphorylation (5). Hyperphosphorylated tau accumulates in the soma and dendrites of neurons and is prone to form
fibrillar aggregates (⫽ paired helical filaments; PHFs),2 eventually presenting as neurofibrillary tangles (NFTs) (6). Tau
hyperphosphorylation and deposition is also found in other
CNS cell types, including oligodendrocytes and astrocytes in
certain tauopathies (7). Tauopathies comprise a significant
number of neurodegenerative diseases, including Alzheimer’s
2
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ANOVA, analysis of variance; Syp, synaptophysin; App, amyloid-␤ precursor protein.
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disease (AD) and frontotemporal dementia (FTD). FTD
belongs to a collection of neurodegenerative conditions clinically characterized by variable behavioral, language, motor, and
cognitive deficits (8, 9). These conditions furthermore include
Pick’s disease, corticobasal degeneration, progressive supranuclear palsy, and globular glial tauopathy (7). Familial forms of
FTD have been linked to mutations in a range of gene loci,
including MAPT (10). Pathogenic MAPT mutations have been
instrumental in developing transgenic mouse models of
tauopathies that present with both FTD and AD-like neuropathology and functional deficits (11, 12). Although these mouse
models have made significant contributions to the understanding of processes underlying neurodegeneration and to the testing and development of potential therapeutic approaches (13,
14), the mechanistic insights gained remain incomplete.
We have recently reported a new P301S tau transgenic
mouse line, TAU58/2, that shows progressively increasing tau
pathology together with early-onset functional deficit, including FTD-like behavioral changes and compromised motor performance (15, 16). The TAU58/2 model of FTD has since been
used by others (17, 18). It would therefore be of general interest
to provide insight into systems changes in TAU58/2 mice and
other P301S tau transgenic mouse models of FTD.
Here, we provide insight into system changes in TAU58/2
mice and report CNS cell type–annotated differential gene
expression in young and aged animals. Validation at the protein
level revealed previously unknown changes to pre-synaptic factors, indicating that progressive alterations of this neuronal
compartment is associated with tau pathology in this mouse
model of FTD.

Results
Differential gene expression in young and old TAU58/2 mice
TransgenicP301Stauexpressionisassociatedwithhyperphosphorylation of tau in several brain regions in TAU58/2 mice
(Fig. 1A). We have previously shown that neuropathology,
including the hyperphosphorylation of tau and presence of
NFTs, progressively increases as TAU58/2 mice age (16). Similarly, functional deficits such as disinhibition and motor
impairments progress with time (15, 16). The underlying
molecular mechanisms of the functional deficits associated
with a progressive tau pathology in TAU58/2 mice remain
unknown. To obtain an unbiased insight into the molecular
changes associated with transgenic P301S tau expression over
time, we performed quantitative polyadenylated RNAseq
(RNAseq) of cortical brain samples from both young (3 months:
early pathology) and old (10 months: progressed pathology)
TAU58/2 mice and their nontransgenic littermates (Fig. 1B).
This allowed us to compare differential gene regulation at
individual ages, between ages, and between genotypes (i.e.
TAU58/2 versus nontransgenic mice). 48,526 genes were identified for subsequent quantitative comparison in each group.
After thresholding (fragments per kilobase million (FPKM) ⬎1
and ABS (log2FC) ⬎0.58) for three complete sequences per
gene and group, we found 1,202 differentially-regulated genes
in young TAU58/2 mice compared with their nontransgenic
littermate controls (Fig. 1C and Fig. S1 and Table S1). For com-
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parison, 1,180 genes were differentially regulated between old
TAU58/2 and nontransgenic control mice. There was an overlap of 315 differentially-regulated genes between young and old
TAU58/2 gene sets.
Instead of analyzing individual differentially deregulated
genes, we were interested in system changes associated with tau
pathology in young and old TAU58/2 mice. Therefore, we subjected the differentially-regulated genes from either young or
old TAU58/2 or those found in both age groups to gene ontology analysis using the online PANTHER software version 13.1
to predict altered pathways (Fig. 1D) (19). In addition to gene
annotation to distinct pathways, PANTHER also provides the
statistical representation of each pathway relative to a mouse
baseline dataset. Differentially regulated genes from both
young and old TAU58/2 mice were annotated to a wide range of
cellular pathways with over-representations of several pathways relative to the PANTHER reference dataset. For young
TAU58/2 mice, this included synaptic transmission and cell– cell
signaling, and vesicle-mediated transport pathways were overrepresented relative to the PANTHER reference dataset, while the
immune response pathways were under-represented. For old
TAU58/2 mice, the mitochondrial transport pathway was most
prominently over-represented. The overlapping and differentially-regulated genes between young and old TAU58/2 mice were
over-represented by cellular organization and transport pathways.
A similar complex picture of gene annotations to GOTERMS
and pathways was obtained when we subjected the gene data
sets of differentially-regulated genes from TAU58/2 mice to
gene ontology analysis using the online DAVID software version 6.8 (data not shown).
Taken together, we found a large number of differentiallyregulated genes in young and old TAU58/2 mice with overlap in
the genes of the cytoskeleton organization, protein transport,
cellular organization, cell– cell signaling, transport, cellular
process, immune response, and stimulus response pathways.
Accordingly, gene ontology analysis provided a wide spectrum
of predicted changed cellular/molecular pathways. Given the
broad spectrum of predicted systems affected in both age
groups, further stratification was undertaken to obtain increased granularity while keeping bias to a minimum. Note that
a separate analysis of differentially-regulated genes that
reached significance (p ⬍ 0.05; Fig. S1) did not reveal deregulation of relevant distinct pathways or networks (data not
shown). Hence, we explored an alternative approach for reducing complexity as outlined below.
CNS cell type–specific gene annotation of differentially
expressed genes in TAU58/2 mice
Given that the RNA for sequencing was extracted from tissue
homogenates, our analysis may have suffered from differentially-regulated genes being annotated to common pathways
despite the possibility that these genes are not expressed in the
same cell type. Therefore, we decided to reference our differentially-regulated genes from young and old TAU58/2 mice to the
dataset of CNS cell type–specific gene expression (20). 1,072
(89%) and 1,060 (90%) of the differentially-regulated genes from
young and old TAU58/2 mice were covered by the CNS cell
type–specific gene expression dataset, respectively (Fig. 2A).
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This included 281 (89%) differentially-regulated genes that
overlapped between young and old TAU58/2 mice.
Next, we sorted the referenced differentially-regulated genes
from both age groups against CNS cell-specific data sets (neurons, astrocytes, microglia, and oligodendrocyte precursor cells
(OPCs), newly-formed oligodendrocytes (NFOs), myelinating
oligodendrocytes (MOs), and endothelial cells) and applied a
cutoff criterion of a z score of ⬎2 (Fig. 2A) (20). This resulted in
cell type–specific expression lists of 271 (25%) and 279 (26%)
from the differentially-regulated genes of young and old
TAU58/2 mice, respectively (Fig. 2A). In both young and old
TAU58/2 mice, the highest number of cell-specific differentially-regulated genes were annotated to neurons, consistent with
cell-intrinsic effects of neuronal transgene expression. This was
followed by differentially-regulated genes annotated to microglia, consistent with a microgliosis in TAU58/2 mice (16). Interestingly, Iba1 staining showed increased numbers of microglia
only in aged but not young TAU58/2 mice (Fig. S2), suggesting
differential gene regulation in microglia prior to overt microgliosis. For comparison, microgliosis was more prominent in
the brainstem of TAU58/2 mice. Numbers of differentiallyregulated genes in astrocytes, oligodendrocytes (⫽ combined
OPCs, NFOs, and MOs), and endothelial cells in young
TAU58/2 mice were similar. The number of differentially-regulated genes annotated to astrocytes and endothelial cells were
22 and 41% lower, respectively, in old versus young TAU58/2
mice. Accordingly, TAU58/2 mice showed moderate, progressive astrocytosis, in contrast to strong astrocytosis in the brainstem (Fig. S2). Taken together, differentially-regulated genes
from young and old TAU58/2 mice were predominantly
expressed in specific CNS cell types.
CNS cell type–specific gene clusters indicate explicitly altered
functional pathways
Next, we subjected the annotated differentially-regulated
genes for each CNS cell type and age group to STRING
protein–protein interaction network analysis for prediction of
altered molecular pathways and gene clusters (21). For neurons,
STRING analysis revealed one large network of interconnected
genes in young TAU58/2 mice (Fig. 2B and Fig. S3A). This network contained two major components: genes associated with
synaptic vesicle trafficking (Vamp2, Syt3/4, Syn2, Rab11b, and
Dnm1) and with glutamate receptor signaling (Gria1, Grm2,
Gng2, and Shank1). Similarly, STRING analysis displayed one
large network in old TAU58/2 mice, sharing association with synaptic vesicle trafficking (Vamp2, Syt3/4, Rab11b, and Dnm1) with
young TAU58/2 mice (Fig. 2C and Fig. S3B). In contrast to young
TAU58/2 mice, glutamate receptor signaling was no longer prominent (Gng2), but other receptor signaling-associated (Gpr83,
Prkar1b, and Gpsm1) and tubulin-associated (Tubb3) genes were
part of the network in old TAU58/2 mice.

For microglia, STRING analysis identified one prominent yet
different network of interacting genes in young and old
TAU58/2 mice, as well as some nonoverlapping and less connected gene clusters (Fig. 2, D and E, and Fig. S4). In young
TAU58/2 mice, the main microglial cluster of differentiallyregulated genes was associated with immune (Cx3cr1, Fcgr3,
Selplg, and Csk) or complement (C1qa and C1qb) activation.
Notably, we found complement factors C1q and C3 stained
phosphorylated tau-harboring neurons in the brains of young
and aged TAU58/2 mice, showing initial signs of C3 foci in
young TAU58/2 and marked cytoplasmic C1q and C3 accumulation in aged TAU58/2 (Fig. S5). The prominent gene cluster in
old TAU58/2 mice was associated with ubiquitination (Ubc and
Wwp2) and cytokine signaling (Smad3, Stat6, and Bcl2l1). We
noted that Ubc took a central position in the large gene cluster
in old TAU58/2 mice. Because of its central role in protein
regulation, this may contribute to a clustering of otherwise
functionally unrelated proteins. Differential regulation of
Smad3 is shared between microglia-annotated genes of young
and old TAU58/2 but was only part of the prominent cluster in
old mice.
For astrocytes, STRING analysis revealed less prominent
gene clusters in both young and old TAU58/2 mice (Fig. 2, F and
G, and Fig. S6). Notably, a similar cluster with up-regulated
Bdnf and down-regulated Slc1a2 was present in young and old
TAU58/2 mice. An Fgf-related gene cluster was only up-regulated in young TAU58/2 mice, whereas only Fgf1 was downregulated in old TAU58/2 mice.
For endothelial cells, STRING analysis showed a prominent
and differentially-regulated gene cluster in old TAU58/2 mice
associated with surface receptors (Tfrc, Ly6a, Ly6c1, Cd59a,
and Itgb1) and their regulation (Kitl and Adam10) (Fig. 2I and
Fig. S7A). A minor gene cluster of genes regulating focal adhesion (Crk, Tgfb1i1, and Myl9) was present in young TAU58/2
mice (Fig. 2H and Fig. S7B).
No significant gene clusters were identified for oligodendrocytes, even when combining differentially-regulated genes
from OPCs, NFOs, and MOs (Fig. 2, J and K, and Fig. S8). Taken
together, STRING analysis of differentially-regulated genes
annotated to specific CNS cell types identified both overlapping
and distinct gene clusters in young and old TAU58/2 mice.
Post-translational validation of differentially regulated
candidates and associated proteins
Focusing on the differentially-regulated genes annotated to
neurons in young and old TAU58/2 mice, we selected candidates for determining their protein translation levels in cortex
extracts from independent cohorts of TAU58/2 and nontransgenic mice of both age groups. Both antibody availability and
assay performance were criteria for selection. Among the tested
proteins linked to synaptic vesicle trafficking, we found a

Figure 1. mRNA expression profiling in P301S tau transgenic TAU58/2 mice. A, left, immunofluorescence staining with phosphorylation site-specific tau
antibodies to serine 214 (pS214; green) and 422 (pS422; green) in brains from old TAU58/2 mice. Right, heat maps of staining intensity from six different brains.
B, schematic of dissection procedure to obtain corresponding cortical brain samples (red outlines) from old and young TAU58/2 mice and nontransgenic
littermate controls for mRNA sequencing. Red broken line indicates level of brain section shown in A. C, thresholding of pairwise expression of identified genes
(FPKM ⬎1, 兩log2FC兩 ⬎0.58, p ⬍ 0.05) identified unique and shared differentially-regulated genes (blue ellipses) in young and old TAU58/2 mice. D, PANTHER
pathway mapping of differentially-regulated genes in young and old TAU58/2 mice revealed a broad range of potentially altered cellular and molecular
processes, including their representation relative to a C57Bl/6 baseline reference.
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Figure 3. Validation of translation products from differentially-regulated genes in young and old TAU58/2 brains. A–J, Western blotting of cortical brain
extracts from young and old TAU58/2 (transgenic (tg)) and nontransgenic (wt) mice with specific antibodies and subsequent quantification of band intensities
relative to levels detected for young WT samples from multiple blots (sample sizes: n ⫽ 3 (young wt); n ⫽ 7 (young tg); n ⫽ 4 (old wt); n ⫽ 6 (old tg); *, p ⬍ 0.05;
**, p ⬍ 0.01; ***, p ⬍ 0.001; ****, p ⬍ 0.0001; one-way ANOVA (Fisher LSD test)). K, probing with the human tau (hTau)-specific tau13 antibody-confirmed
genotypes. Representative blot of actin levels confirmed equal loading.

marked increase in the protein levels of synaptotagmin 4 (Syt4)
in both young and old TAU58/2 mice as compared with their
nontransgenic littermate controls (Fig. 3A). Similarly, cortical
neurons showed markedly increased staining for the related
synaptotagmin 3 (Syt3) in young and old TAU58/2 brains compared with nontransgenic controls (Fig. 4A). For comparison,
endophilin A1 (Sh3gl2) levels were unchanged in young and old
TAU58/2 mice when compared with the age-matched controls
(Fig. 3B). Similarly, vesicle-associated membrane protein 2
(Vamp2) levels were found to be unchanged in both age groups,
irrespective of transgenic P301S tau expression (Fig. 3C).

The ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor subunit glutamate receptor 1 (Glur1 (also known as
GluA1, Gria1)) was expressed at comparable levels in young
and old TAU58/2 and nontransgenic mice (Fig. 3D). Calretinin
(Calb2) expression was reduced levels in young TAU58/2 compared with nontransgenic mice. In contrast, calretinin levels
were markedly increased in old TAU58/2 mice (Fig. 3E). The
transcription factors forkhead box protein O3 (Foxo3) and
T-box brain protein 1 (Tbr1) levels were comparable in young
TAU58/2 and nontransgenic mice. In contrast, Foxo3 showed a
trend toward increased levels in old TAU58/2 compared with

Figure 2. Annotation of differentially-regulated genes to CNS cell types. A, process schematic for annotation of differentially-regulated genes from young
and old TAU58/2 mice to CNS cell types by referencing to a previously published dataset (Zhang et al. (20)). Ellipses indicate number of genes at each step,
including overlapping differentially expressed genes between young and old TAU58/2 mice. B and C, predicted networks of differentially expressed genes
annotated to neurons in young (B) and old (C) TAU58/2 mice. Light-blue–filled circles indicate up-regulated genes, and light-gray–filled circles indicate downregulated genes. The size of filled circles indicates relative degree of deregulation (large ⫽ highly deregulated and small ⫽ moderate deregulation as compared
with gene expression in nontransgenic controls). Dark-blue borders indicate deregulation in both young and old TAU58/2 mice. Lines indicate connection
predicted by STRING analysis. D and E, predicted networks of differentially-regulated genes annotated to microglia in young (D) and old (E) TAU58/2 mice. F and
G, predicted networks of differentially expressed genes annotated to astrocytes in young (F) and old (G) TAU58/2 mice. H and I, predicted networks of
differentially-regulated genes annotated to endothelial cells in young (H) and old (I) TAU58/2 mice. J and K, predicted networks of differentially expressed
genes annotated to oligodendrocytes in young (J) and old (K) TAU58/2 mice.
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Figure 4. Altered expression of Syt3, Tbr1, and Stmn3 in tau harboring neurons of TAU58/2 mice. A, staining of young and old TAU58/2 and nontransgenic control brains with antibodies to Syt3 (red) and phosphorylated tau (AT8). Insets show Syt3 staining of dorsal thalamic nucleus as a reference area of same
intensity in TAU58/2 and nontransgenic mice. Scale bar, 50 m. B, staining of young and old TAU58/2 and nontransgenic control brains with antibodies to Tbr1
(red) and phosphorylated tau (PHF1). Merged images include nuclear DAPI (blue) staining. Arrows indicate NFTs with marked accumulation of phosphorylated
tau and absence of Tbr1. Insets show higher resolution images of neurons indicated by open arrowheads in larger images. Scale bar, 50 m. C, staining of young
and old TAU58/2 and nontransgenic control brains with antibodies to Stmn3 (red) and phosphorylated tau (PHF1). Merged images include nuclear DAPI (blue)
staining. Arrows indicate NFTs with marked accumulation of phosphorylated tau and absence of Stmn3. Scale bar, 50 m.

nontransgenic mice (Fig. 3F). There was an age-dependent
decrease of Tbr1 levels (Fig. 3G). In contrast to predominant
nuclear localization of Tbr1 in the cortex of nontransgenic
mice, neurons harboring hyperphosphorylated tau showed
cytoplasmic mis-localization of Tbr1 in young TAU58/2 brains
(Fig. 4B). Similar mis-localizations of Tbr1 in tau-positive neurons were present in aged TAU58/2 brains, whereas NFTs have
lost Tbr1 expression. Levels of the Thy-1 membrane protein
(Thy1) were markedly increased in young but not old TAU58/2
mice compared with respective nontransgenic controls (Fig.
3H). The scaffolding 14-3-3 protein ␥ (Ywhag, 14-3-3␥) was
unchanged in young and old TAU58/2 mice as compared with
nontransgenic controls (Fig. 3I). The microtubule-destabilizing
factor stathmin 3 (Stmn3) was unchanged in young TAU58/2
mice. In old mice, Stmn3 levels were lower than in young mice
with no difference between old TAU58/2 and nontransgenic
mice (Fig. 3J). Interestingly, Stmn3 co-localized with hyperphosphorylated tau in cortical neurons of young TAU58/2 mice,
whereas NFTs in the cortex of aged TAU58/2 brains lost Stmn3
staining (Fig. 4C). Probing Western blotting membranes for
human tau confirmed the expression of P301S mutant transgenic tau in TAU58/2 mice, and actin was used as loading control (Fig. 3K). In summary, Western blotting confirmed changes
to transcript products of differentially-regulated genes annotated to neurons in both young and old TAU58/2 mice.
Focusing further on neuron-specific and differentially-regulated genes in young and old TAU58/2 mice, we conducted an
additional analysis via the MouseNet functional prediction
server (version 2). MouseNetV2 is an algorithm-based tool to
predict new pathway members based on established networks
of input datasets (i.e. guide genes) (22). Both guide gene datasets
of neuron-annotated differentially-regulated genes in young
and old TAU58/2 mice returned a significant area under the
curve input analysis, indicating closeness of genes (area under

receiver operating characteristic curve: young ⫽ 0.5963 (p ⬍
0.0001); old ⫽ 0.6445 (p ⬍ 0.0001)). Several proteins were predicted to be linked to clusters of guide genes (Table S2). These
predictions were validated by Western blotting of brain
extracts from young and old TAU58/2 mice using commercial
antibodies. Candidates for validation were selected by
MouseNet score, antibody availability, and assay performance.
Of the synaptic proteins tested, synaptophysin (Syp) showed
unchanged levels in young and old TAU58/2 mice compared
with nontransgenic mice (Fig. 5A). In contrast to Syt4, Syt1/2
showed no change in expression levels in young and old
TAU58/2 mice (Fig. 5B). Similarly, the synaptosomalassociated protein 25 (Snap25) was unchanged between ages
and genotypes (Fig. 5C). The (vesicular) membrane proteins
amyloid-␤ precursor protein (App) and the related APP-like
protein 1 (Aplp1) were also expressed at similar levels in young
and old TAU58/2 and nontransgenic mice (Fig. 5, D and E). The
postsynaptic N-methyl-D-aspartate (NMDA) receptor subunit
1 (Nmdar1) was found to be expressed at higher levels in young
compared with old mice, with a trend toward higher levels in
young TAU58/2 mice compared with nontransgenic controls
(Fig. 5F). In contrast, Nmdar1 levels were significantly reduced
in old TAU58/2 mice compared with old nontransgenic
controls. Glutamate decarboxylase 1 (Gad1 ⫽ Gad67) was
expressed at comparable levels in young and old TAU58/2 and
nontransgenic mice (Fig. 5G). Next, we probed for levels of
cyclin-dependent–like kinase 2 and 5 (Cdk2 and Cdk5). Both
Cdk2 and Cdk5 levels were unchanged in young and old mice
irrespective of their genotype (Fig. 5, H and I). Finally, we tested
for the expression of different 14-3-3 isoforms; 14-3-3
(Ywhas) showed a trend toward an age-dependent decrease
with lower levels in old mice compared with young nontransgenic mice (Fig. 5J). In young TAU58/2 and nontransgenic
mice, levels of 14-3-3 were comparable, but there was a trend
J. Biol. Chem. (2019) 294(38) 14149 –14162
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Figure 5. Expression of candidate proteins predicted by MouseNet in young and old TAU58/2 brains. A–M, Western blotting of cortical brain extracts
from young and old TAU58/2 (tg) and nontransgenic (wt) mice with specific antibodies and subsequent quantification of band intensities relative to levels
detected for young WT samples from multiple blots (sample sizes: n ⫽ 3 (young wt); n ⫽ 7 (young tg); n ⫽ 4 (old wt); n ⫽ 6 (old tg); *, p ⬍ 0.05; **, p ⬍ 0.01; ****,
p ⬍ 0.0001; one-way ANOVA (Fisher LSD test)). Representative blot of actin levels is shown in Fig. 3K.

toward increased expression in old TAU58/2 mice compared
with old nontransgenic controls. Staining of young nontransgenic brain sections showed 14-3-3 was predominantly
nuclear, whereas in young TAU58/2 mice a subset of phosphorylated tau-harboring neurons lacked nuclear 14-3-3 (Fig.
6A). In old TAU58/2 brains, nuclear straining was largely
absent together with frequent large cytoplasmic focal 14-3-3
staining that co-localized with phosphorylated tau. Old nontransgenic brains maintained nuclear 14-3-3 staining. Interestingly, few smaller 14-3-3 foci in the nontransgenic cortex
co-labeled with phosphorylated tau, possibly reflecting a process of brain aging. 14-3-3 (Ywhaz) showed similar expression
levels in young and aged TAU58/2 and nontransgenic mice
(Fig. 5K). 14-3-3␤ (Ywhab) levels remained unchanged in
young TAU58/2 mice but were lower in old TAU58/2 mice

14156 J. Biol. Chem. (2019) 294(38) 14149 –14162

compared with nontransgenic controls (Fig. 5L). Although the
staining of brain sections from young TAU58/2 showed cytoplasmic accumulation of 14-3-3␤ that co-labeled with phosphorylated tau, 14-3-3␤ localized to the neuropil in nontransgenic mice (Fig. 6B). For comparison, the old TAU58/2 cortex
harbored frequent and large cytoplasmic aggregates of 14-3-3␤
that co-labeled with phosphorylated tau. Small and infrequent
foci of 14-3-3␤ in old nontransgenic brains similarly co-labeled
with phosphorylated tau, possibly reflecting aging. Finally,
14-3-3⑀ (Ywhae) was lower in old than in young mice, irrespective of their genotype (Fig. 5M).

Discussion
In this study, we report comparative gene expression analysis
between young and old human P301S transgenic TAU58/2

RNA profiling in P301S tau transgenic mice

Figure 6. Co-aggregation of 14-3-3 proteins with phosphorylated tau in neurons in aged TAU58/2 mice. A, staining of young and old TAU58/2 and
nontransgenic (nontg) control brains with antibodies to 14-3-3 (red) and phosphorylated tau (pS214; green). Open arrowheads indicated neurons with lack of
neuronal 14-3-3 staining. Arrows indicated focal staining of 14-3-3 aggregates. Inset, magnification of neurons in aged nontransgenic staining. Scale bar, 50
m. B, staining of young and old TAU58/2 and nontransgenic (nontg) control brains with antibodies to 14-3-3␤ (red) and phosphorylated tau (pS214; green).
Arrowheads indicate cytoplasmic accumulation of 14-3-3␤. Arrows indicated focal staining of 14-3-3␤ aggregates. Scale bar, 50 m.

mice. Cell-type–specific gene network analysis revealed distinct and shared pathway clusters in both young and old
TAU58/2 mice, indicating different molecular mechanisms
during disease progression.
Analysis of the entire gene expression data sets from young
and old TAU58/2 mice, including shared differentially-regulated genes, provided limited insight into underlying molecular/cellular mechanisms due to the complexity of the data. The
only pathway that showed a notable over-representation of
altered gene expression was associated with mitochondrial
transport, which may indicate perturbations of cell respiration.
It is well-established in cells and mice that increased levels of
pathological tau compromise the transport of mitochondria
(and other cargos) along the microtubule network (23–25).
Furthermore, we have previously shown impaired mitochondrial respiration in mutant tau transgenic strains (26, 27). To
this end, it remains to be shown whether mitochondrial distribution and respiration are changed over time in TAU58/2 mice.
However, considering both data sets of most significantlyderegulated genes in young and old TAU58/2 mice as well as
outputs from different pathway analysis, no obvious candidate
genes or pathways could be identified that warranted targeted
investigation. This may be due to the very broad impact of
transgenic P301S mutant tau expression on many different
pathways or, more likely, reflects that current pathways prediction tools do not consider differential expression of genes in
independent cell types. In other words, different dysregulated

genes that map to the same pathway may well be expressed in
different cell populations, hence preventing direct physical
interaction or connection at the molecular level. Therefore, we
have referenced the differentially-regulated genes from young
and old TAU58/2 mice against a comprehensive gene expression data set of distinct cells types from mouse brains (20). This
significantly reduced the complexity of the data and identified
distinct cell type–specific gene networks.
The differentially-regulated genes annotated to neurons
depicted changes to larger gene clusters in both young and old
TAU58/2 mice. Both age groups shared a network of altered
expression of genes associated with synaptic vesicle trafficking,
suggesting early and persistent functional changes of the presynapse in TAU58/2 mice. This is in line with recently reported
pre-synaptic deficits in other tau transgenic mouse models
(28 –30). Alterations in glutamate receptor signaling was prominent in young TAU58/2 mice but did not contribute to the
differentially-regulated gene cluster in old mice. This may indicate that aberrant glutamatergic activation contributes to early
deficits in TAU58/2, whereas other receptor-signaling pathways and changes associated with the tubulin cytoskeleton contribute to deficits as mice age. Accordingly, hyperexcitability
has been described in different tau transgenic mouse models
(31, 32). Interestingly, the mRNA-encoding astrocyte-annotated Slc1a2 (also known as Glt1 or Eaat2) that removes glutamate from synapses (33) was consistently down-regulated in
both young and old TAU58 mice, possibly contributing to
J. Biol. Chem. (2019) 294(38) 14149 –14162
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increased glutamatergic signaling. We have previously shown
earlier, and confirmed in this study, progressive astrocytosis
and microgliosis in TAU58/2 mice (16). Consistently, young
TAU58/2 mice showed clusters of differentially regulated
microglia-annotated genes associated with immune- and complement activation, indicative of an inflammatory response.
Accordingly, the microglial checkpoint protein Cx3cr1 was
down-regulated (34). In old TAU58/2 mice, the differential
gene signature for microglia was less specific and limited to
general cytokine response molecules and ubiquitination. Interestingly, our analysis suggests that endothelial cells and oligodendrocytes were also compromised when human mutant tau
is expressed in neurons. This suggests a rather complex cellular
response to neuronal tau pathology in TAU58/2 mice that
changes with progression of pathology.
Validation of differentially-regulated genes annotated to
neurons by Western blotting revealed distinct changes to protein levels in the presence of transgenic P301S mutant tau in
TAU58/2 mice and between age groups. Consistent with an
absence of differential regulation, the majority of proteins
linked to guide genes by MouseNet showed no change in
expression levels in TAU58/2 mice. Nevertheless, we identified
changed protein expression levels for Nmdar1 and 14-3-3 isoforms in TAU58/2 mice. Together, this shows that subjecting
transcriptional data to a variety of available analysis tools and
referencing to cell-specific gene expression data sets can identify deregulated pathways and proteins in mouse models. However, we also show that differential regulation of individual
genes does not necessarily mean that protein levels are also
changed. Hence, validating the differential mRNA datasets at
the translational level remains necessary. Although Western
blotting has not revealed protein changes of the differentiallyregulated genes or age groups, this does not exclude changes to
protein expression or activity in a subpopulation of cells.
Probing brain extracts for expression levels revealed changes
in a range of proteins associated with synaptic vesicle trafficking, including Syt4, Syp, and Sh3gl2, whereas others were not
changed, such as Syt1/2, SNAP25, and Vamp2. Furthermore,
staining showed increased Syt3 labeling of cortical neurons in
TAU58/2 brains. This is in line with the prediction of a network
of differentially-regulated genes associated with synaptic vesicle trafficking in young and old TAU58/2 mice. Here, pathological tau may affect specific factors in synaptic vesicle trafficking
rather than blocking this process per se. Similarly, we have previously shown that axonal transport is disrupted by pathological tau by specific interference with motor proteins, rather than
clogging the passage of all cargos in axons (35). Syt4 levels are
significantly increased following neuronal hyperexcitation (36).
Neuronal hyperactivity has been reported for tau transgenic
mice (31, 32). Accordingly, increased Syt4 and possibly Syt3
levels in TAU58/2 may be in response to neuronal hyperexcitation. Interestingly, we have recently shown that Syt1 interacts
with human tau via a specific motif at its N terminus (37). Furthermore, Syt and other synaptic proteins may interact differentially with distinct tau isoforms (38). Syt1 levels were
increased in the CSF of AD patients (39). Conversely, Syt2 levels
were decreased in synapses in FTD and AD brains (40).
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We found a trend toward increased expression of Nmdar1
in young TAU58/2 mice, although levels were significantly
reduced in old TAU58/2 mice. This may explain, at least in part,
the predicted cluster of differentially-regulated genes associated with glutamatergic signaling in young but not old
TAU58/2 mice. Furthermore, this is consistent with early
hyperexcitation phenotypes reported for P301L tau transgenic
mice (31, 32). We have previously shown that tau is directly
involved in the regulation of NMDA receptor signaling at the
post-synapse (2, 4, 41, 42). Interestingly, the molecular modulator of neuronal excitation and long-term potentiation, calretinin (43), was significantly decreased in young and increased in
aged TAU58/2 mice, possibly contributing to early hyperexcitation. Conversely, its late up-regulation may reflect compensatory mechanisms. Whether TAU58/2 mice present with
hyperexcitation and neuronal network synchronicity similar to
AD mouse models (44, 45) and how these molecular processes
contribute to functional deficits of these mice remain to be
shown.
Previous reports have linked different 14-3-3 protein isoforms to NFT pathology in humans (46 –48) and tau aggregation (49). Furthermore, increased CSF 14-3-3 levels have been
reported for a range of neurodegenerative diseases, including
FTD and AD (50), and may aid in diagnosing underlying conditions (51). 14-3-3 directly interacts with tau, which is regulated by and mediates phosphorylation of tau (52–54). This
interaction may contribute to regulation of the neuronal microtubule network (53, 55) and contribute to tau aggregation (56,
57). Here, we found reduced Ywhag mRNA expression in aged
TAU58/2 mice. However, this did not translate to altered
14-3-3␥ protein levels. Interestingly, protein levels of other
14-3-3 family members were changed in aged TAU58/2 mice.
Specifically, 14-3-3 and 14-3-3␤ protein levels were decreased
and increased in old TAU58/2 mice, respectively. Both 14-3-3
and 14-3-3␤ aggregated in the tau pathology-harboring neurons in aged TAU58/2 mice, possibly contributing to changes in
levels. Interestingly, 14-3-3 also lost its normal nuclear localization as TAU58/2 mice aged, whereas 14-3-3␤ accumulated
in the cytoplasm already in young TAU58/2 mice, which both
may be due to their interaction with phosphorylated tau in the
cytoplasm (52–54). Furthermore, 14-3-3⑀ levels were found to
be age-dependently reduced. Given the diverse functions and
roles of 14-3-3 proteins in multiple pathways, changes to their
expression levels in the response to transgenic P301S tau
expression could potentially affect many physiological processes. Notably, 14-3-3 has been found to regulate the dynamics
of neurofilaments (58). Hence, altered 14-3-3 protein expression may contribute to the neurofilament pathology found in
TAU58/2, other tau transgenic mice, and human tauopathies
(16). Although infrequent, we found neuronal foci of 14-3-3
and 14-3-3␤ that co-labeled with phosphorylated tau in aged
nontransgenic mice, suggesting an age-related underlying process that may be accelerated in TAU58/2 mice by transgenic tau
expression and pathology. To this end, 14-3-3 may play a central role in neurodegenerative diseases that warrants further
investigation in tau transgenic mouse models of FTD.
Finally, we found significantly increased levels of the surface
protein Thy1, which is also known as CD90 antigen, in young
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TAU58/2 mice. Notably, the P301S tau transgene is driven by
the murine Thy1.2 promoter. Although it cannot be fully
excluded that this affects the expression of endogenous Thy1,
transcription factor dilution would rather result in reduced
expression levels. Therefore, increased Thy1 levels are more
likely linked to the presence of pathogenic tau in TAU58/2
mice, but its roles in the brain in health and disease remain
elusive.
In summary, reducing the complexity of whole transcriptome data by annotating genes to specific CNS cell types has
identified several new proteins that were found to be changed in
tau transgenic TAU58/2 mice. Although it is unlikely that this
information would have been obtained from interrogating the
entire data set for expression changes or by pathway analysis,
we do acknowledge that the exclusion of differentially-regulated genes during the data analysis possibly excluded other
relevant genes. Nevertheless, our study provides new insight
into the complex effects of human mutant tau accumulation in
an in vivo model of FTD. Finally, our differential gene data set
may prove useful for interrogation of specific genes of interest
by the wider dementia research community.

Materials and methods
Mice
TAU58/2 mice express P301S tau under the neuronal
mThy1.2 promoter as reported previously (16). Mice were
maintained on a pure C57Bl/6J background and held in littermate groups on a 12-h light/dark cycle with access to standard
chow and water ad libitum. Male transgenic and nontransgenic
littermates were used for this study. Mice were killed by cervical
dislocation, and brains were rapidly removed, dissected, and
tissue snap-frozen for mRNA and protein expression. Three
mice per age and genotype were used for RNAseq. All experiments were approved by the Animal Ethics Committees of the
University of New South Wales and Macquarie University.
RNAseq
Extraction of mRNA and mRNA sequencing were done by
Macrogen (Korea). Briefly, RNA extraction was performed
using Maxwell 16 LEV simplyRNA tissue kits (Promega) and
library construction performed using TruSeq-stranded total
RNA with Ribo-Zero Gold sample preparation kit and TruSeq
rapid SBS kit. Sequencing was subsequently performed on the
Illumina HiSeq 2500 platform following the HiSeq 2500 System
User Guide Document no. 15035786 version 01 HCS 2.2.70
protocol and using HCS version 2.2 for sequencing control. All
samples generated ⬎3 billion bp reads of 100-bp paired-ends
reads which corresponds to 50⫻ coverage. The HISAT2,
StringTie, and Ballgown pipeline was used for analysis as
described previously (59). Reads were mapped against the
mm10 Mus musculus reference genome using HISAT2 version
2.0.4 with the “– dta” option and sorted using samtools version
0.0.19. The subsequently sorted alignment data were compared
with the GRCm38.85 assembly release to estimate transcript
abundance and table counts using StringTie version 1.3.0 with
options “-B -f 0.1 -m 200 -g 50.” Output from StringTie was
used for differential expression analysis in Ballgown version
2.2.0 on the RStudio platform using R version 3.4.2. FPKM for

between-group comparison was performed using the stattest()
function in Ballgown.
CNS cell type–annotation of genes
For gene expression data sets from both young and old
TAU58/2 mice, raw FPKM values with a threshold of mean WT
FPKM ⬎1 and ABS(log2FC) ⬎0.58 were sorted ascendingly.
Genes with 0 FPKM were ignored for the analysis, unless all
reads were 0 for all WT or transgenic samples. Then genes were
sorted according to a CNS cell-specific gene expression data set
(20). The z scores were determined for each cell type and age
group. Exclusion lists with a z score of ⬎2 showed no overlap
between cell types. These genes were therefore annotated as
uniquely/preferentially expressed in distinct cell types and used
for further analysis by online tools PANTHER and STRING.
Gene cluster and pathway analysis
All differentially-regulated genes from young, old, and overlapping genes were individually used for pathway analysis with
the online PANTHER software version 13.1 to predict altered
pathways (19). Related pathways were grouped for presentation
purposes. A representation of pathway-associated genes relative to a PANTHER reference dataset from naïve mice were
furthermore determined.
Gene product lists from each young and old murine brain cell
types were translated into networks using STRING version 10.5
(21). Data source settings for nodal associations were set to
default (“on” for text-mining, databases, experiments, co-expression, neighborhood, gene fusion, and co-occurrence) with
“medium confidence” (ⱖ0.400) interaction score minimums.
Networks were visualized using Cytoscape version 3.6.1 (60).
Each node corresponds to a protein and each edge to a
STRING-based physical and/or functional interaction. Node
size is proportional to FPKM fold-change in transgenic relative
to nontransgenic samples. Blue and gray nodes represent upand down-regulation, respectively. Solid border nodes are differentially regulated cell-specific gene products found in both
young and old transgenic mice.
Western blotting
Western blotting was done as described previously (61, 62).
Primary antibodies were to the following: Syt4 (catalog
no. MABN109, 1:1K; Merck-Millipore); Sh3gl2 (catalog no.
ab169762; 1:1K, Abcam); Vamp2 (catalog no. ab3347, 1:1K,
Abcam); Glur1 (catalog no. MAB2263, 1:1K, Merck-Millipore);
calretinin (catalog no. sc-5043, 1:1K, Santa Cruz Biotechnology); Foxo3 (catalog no. 07-702, Merck-Millipore); Tbr1 (catalog no. ab31940, 1:1K, Abcam); Thy1 (catalog no. 550571, 1:1K,
BD Biosciences); 14-3-3␥ (catalog no. sc-731, 1:1K, Santa Cruz
Biotechnology); Stmn3 (catalog no. ab171625, 1:1K, Abcam);
hTau (catalog no. sc-21796, 1:5K, Santa Cruz Biotechnology);
actin (catalog no. A2066, 1:2K, Sigma); Syp (catalog no.
ab52636, 1:1K, Abcam); Syt1/2 (catalog no. sc-12466, 1:1K,
Santa Cruz Biotechnology); Snap25 (catalog no. ab5666, 1:1K,
Abcam); App (catalog no. ab32136, 1:1K, Abcam),;Aplp1 (catalog no. 171615, 1:1K, Calbiochem); Nmdar1 (catalog no.
MAB363, 1:1K, Merck-Millipore); Gad67 (catalog no.
MAB5406, 1:1K, Merck-Millipore); Cdk2 (catalog no. sc-748,
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1:1K, Santa Cruz Biotechnology); Cdk5 (catalog no. ab40773,
1:1K, Abcam); 14-3-3 (catalog no. sc-100638, 1:1K, Santa Cruz
Biotechnology); 14-3-3 (catalog no. ab51129, 1:1K, Abcam);
14-3-3␤ (catalog no. sc-25276, 1:1K, Santa Cruz Biotechnology); and 14-3-3⑀ (catalog no. sc-1020, 1:1K, Santa Cruz Biotechnology). Protein bands were visualized using HRP-coupled
secondary antibodies, goat anti-rabbit (catalog no. sc-2004,
1:5K, Santa Cruz Biotechnology); goat anti-mouse (catalog no.
115-035-166, 1:5K, Jackson ImmunoResearch); mouse antigoat (catalog no. sc-2354, 1:5K, Santa Cruz Biotechnology); and
the HRP Luminata Crescendo substrate (Merck Millipore).
Quantification was done with the Fiji software version 1.0
(National Institutes of Health).
Tissue staining
Immunohistochemistry was done as described previously
(16). Primary antibodies were against the following: Gfap (catalog no. G9269, 1:200, Sigma); Iba1 (catalog no. WEE4506,
1:200, Wako); PHF1 (1:250, gift from P. Davies); pS214 (catalog
no. AB170892, 1:1K, Abcam); Tbr1 (catalog no. AB31940,
1:100, Abcam); AT8 (catalog no. MN1020, 1:250, Pierce); pS422
(catalog no. AB79415, 1:500, Abcam); Stmn3 (catalog no.
AB171625, 1:100, Abcam); 14-3-3 (catalog no. sc-100638,
1:50, Santa Cruz Biotechnology); 14-3-3␤ (catalog no. sc25276, 1:100, Santa Cruz Biotechnology); Syt3 (catalog no.
orb13704, 1:100, Biorbyt); C1q (catalog no. AB71940, 1:25,
Abcam); and C3 (catalog no. AB11862, 1:25, Abcam). All
images were done on a BX51 fluorescence microscope (Olympus) using the Cell Sens software. Iba1 and Gfap-positive cells
were counted on one section per brain and an area of 1,000 ⫻
1,000 m.
Statistical analysis
Statistical analysis was done with the Prism 7 software
(GraphPad) using the indicated statistical tests. All values are
given as mean and standard error of the mean.
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