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Microtubule-associated protein tau is hyperphosphorylated and aggregated in affected
neurons in Alzheimer disease (AD) brains. The tau pathology starts from the entorhinal
cortex (EC), spreads to the hippocampus and frontal and temporal cortices, and finally
to all isocortex areas, but the cerebellum is spared from tau lesions. The molecular basis
of differential vulnerability of different brain regions to tau pathology is not understood.
In the present study, we analyzed brain regional expressions of tau and tau pathology-
related proteins. We found that tau was hyperphosphorylated at multiple sites in the
frontal cortex (FC), but not in the cerebellum, from AD brain. The level of tau expression in
the cerebellum was about 1/4 of that seen in the frontal and temporal cortices in human
brain. In the rat brain, the expression level of tau with three microtubule-binding repeats
(3R-tau) was comparable in the hippocampus, EC, FC, parietal-temporal cortex (PTC),
occipital-temporal cortex (OTC), striatum, thalamus, olfactory bulb (OB) and cerebellum.
However, the expression level of 4R-tau was the highest in the EC and the lowest in
the cerebellum. Tau phosphatases, kinases, microtubule-related proteins and other tau
pathology-related proteins were also expressed in a region-specific manner in the rat
brain. These results suggest that higher levels of tau and tau kinases in the EC and
low levels of these proteins in the cerebellum may accounts for the vulnerability and
resistance of these representative brain regions to the development of tau pathology,
respectively. The present study provides the regional expression profiles of tau and tau
pathology-related proteins in the brain, which may help understand the brain regional
vulnerability to tau pathology in neurodegenerative tauopathies.
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INTRODUCTION

Neurofibrillary pathology made up of hyperphosphorylated tau is the common feature of a family
of neurodegenerative disorders collectively termed tauopathies, which include Alzheimer’s disease
(AD), argyrophilic grain disease (AGD), Pick’s disease (PiD), progressive supranuclear palsy (PSP),
corticobasal degeneration (CBD) and several others (Tolnay and Probst, 1999; Lee et al., 2001). In
the brain with AD or AGD, tau pathology is initiated in the entorhinal cortex (EC) and follows a
stereotypical pattern to progressively propagate to the limbic system and eventually to widespread
isocortex regions (Braak and Braak, 1991; Saito et al., 2004; Braak and Del Tredici, 2011). Of note, in
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AD cases some brain areas such as the cerebellum are relatively
spared from tau pathology (Larner, 1997). Thus, it seems that
some regions of the brain are more vulnerable whereas the others
are more resistant to the development of tau lesions (Kaufman
et al., 2016). Despite that microarray analysis has revealed
different mRNA expression profiles in different brain regions
(LiangW. S. et al., 2007; Liang et al., 2008), and that phylogenetic
diversity of tau isoforms expressed in different mammalian
species has been proposed to link to particular vulnerability of
the human brain to tau pathology (Janke et al., 1999), the exact
nature of molecular basis underlying the differential vulnerability
to tau pathology is not understood.

Although several transgenic animal models of tauopathy,
which overexpress wild-type or mutated human tau up
to many folds of the endogenous murine tau, have been
developed in the last two decades (Andorfer et al., 2003;
Oddo et al., 2003; Santacruz et al., 2005; Yoshiyama et al.,
2007; de Calignon et al., 2012; Rockenstein et al., 2015),
filamentous tau pathology has not been observed in wild-type
rodents expressing murine tau only (Ojo et al., 2016),
suggesting that the level of tau expression may be critical
for the development of tau pathology. Tau is known to be
phosphorylated by several protein kinases and dephosphorylated
by several protein phosphatases (Wang et al., 2007) and
therefore, hyperphosphorylation of tau can be considered as the
consequence of an imbalance between activities of tau kinases
and tau phosphatases (Iqbal et al., 2016). However, whether
tau and its kinases and phosphatases are differentially expressed
across brain regions and how they are associated with the
susceptibility of tau lesions in the corresponding region remain
elusive.

To understand the possible role of differential topographic
expression of proteins involved in regional-specific vulnerability
to tau pathology, in the present study we first compared the
phosphorylation and total levels of tau protein between frontal
cortex (FC) and cerebellum in AD and in control brains. We
then dissected nine different brain regions of the rat (Rattus
norvegicus), a species known to have phosphorylated tau and
predominantly tau with four microtubule-binding repeats yet all
six isoforms of tau in the brain (Gärtner et al., 1998; Janke et al.,
1999; Hanes et al., 2009), andmeasured biochemically the protein
expression levels of tau, tau kinases, tau phosphatases and other
tau pathology-related proteins in different brain regions.

MATERIALS AND METHODS

Human Brain Tissue
Frozen cerebella and frontal and temporal cortices from
autopsied and histopathologically confirmed AD and
age-matched normal human brains (Table 1) were obtained
without identification of donors from the Sun Health Research
Institute Donation Program (Sun City, AZ, USA). Brain samples
were stored at −80◦C until used. The use of autopsied frozen
human brain tissue was in accordance with the National
Institutes of Health guidelines and was exempted by the
Institutional Review Board (IRB) of New York State Institute
for Basic Research in Developmental Disabilities because ‘‘the

research does not involve intervention or interaction with the
individuals’’ nor ‘‘is the information individually identifiable.’’

Rats and Dissection of Rat Brain Regions
Wistar rats, purchased originally from Charles River
Laboratories, were bred and housed with a 12/12 h light/dark
cycle and ad libitum access to food and water. This study was
carried out in accordance with the recommendations of the PHS
Policy on Humane Care and Use of Laboratory animals. The
protocol was approved by the Institutional Animal Care and
Use Committee of New York State Institute for Basic Research
in Developmental Disabilities. Six adult male Wistar rats,
5–6 month-old, were euthanized in a CO2 chamber and their
brains were immediately taken out and submerged in ice-cold
phosphate-buffered saline until further dissection. Each rat
brain was dissected into nine regions (as indicated in Figure 1),
flash-frozen in dry ice and stored at−80◦C until used.

Preparation of Brain Homogenates and
Crude Extracts
The brain tissue was homogenized in cold buffer consisting
of 50 mM Tri–HCl, pH 7.4, 8.5% sucrose, 2.0 mM EDTA,
10 mM β-mercaptoethanol, 100 mM GlcNAc, 1.0 mM sodium
orthovanadate, 50 mM NaF, 50 nM okadiac acid, 2.0 mM
benzamidine, 1.0 mM phenyl-methylsulfonyl fluoride and
10 µg/ml of each of aprotinin, leupeptin and pepstatin. The
homogenate was mixed at 1:1 ratio (v/v) with 2× Laemmli
buffer (125 mM Tris–HCl, pH 6.8, 2% SDS, 10% glycerol,
10% 2-mercaptoethanol, 0.004% bromphenol blue), followed by
boiling for 5 min. Protein concentration was quantified by using
A660 Protein Assay kit (Pierce, Rockford, IL, USA), following the
manufacturer’s instructions.

For immuno-dot blots, the tissue homogenate was centrifuged
at 16,000× g at 4◦C for 10 min to obtain crude extract.

Western Blots and Immuno-Dot Blots
For Western blots, same amount of brain homogenate protein
was subjected to 10% SDS-PAGE and electro-transferred onto
the Immobilon-P membrane (Millipore, Bedford, MA, USA).
The blots were then probed with primary antibodies against
total tau, tau isoforms, tau kinases and phosphatases and tau
pathology-related proteins (Table 2) and developed with the
species-matched peroxidase-conjugated secondary antibodies
(Jackson ImmunoResearch, West Grove, PA, USA) and ECL
kit (Pierce, Rockford, IL, USA). For immuno-dot blots,
same amount of brain crude extract protein was dotted on
nitrocellulose membrane and probed with primary antibodies
against total tau or phospho tau epitopes (Table 2) and developed
with the secondary antibodies and ECL kit as used in Western
blots. The exposure was fine-tuned to an extent such that
linearity of response was evident for majority of the blots,
except for a few cases when too marked discrepancy in protein
abundance was present between brain regions and we had to
over expose those with very high abundance so that majority of
low-abundance protein bands could show up. The Multi Gauge
V3.0 densitometry software (Fuji Photo Film Co., Ltd.) was
utilized to quantify the density of blots.
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TABLE 1 | Alzheimer’s disease (AD) and control (Con) cases used in this study.

Case Age at death (year) Gender PMIa (h) Braak stageb Tangle scoresc

AD 1 89 F 3 V 14.5
AD 2 80 F 2.25 VI 14.5
AD 3 85 F 1.66 V 12.0
AD 4 78 F 1.83 VI 15.0
AD 5 95 F 3.16 VI 10.0
AD 6 86 M 2.25 VI 13.5
AD 7 91 F 3 V 8.50
Mean ± SD 86.29 ± 5.99 2.45 ± 0.61 12.57 ± 2.51
Con 1 85 M 2.5 II 4.25
Con 2 86 F 2.5 III 5.00
Con 3 81 M 2.75 III 6.41
Con 4 88 F 3 II 2.00
Con 5 90 F 3 III 4.50
Con 6 88 F 3.5 III 2.50
Con 7 88 F 3 IV 4.50
Mean ± SD 86.6 ± 2.9 2.89 ± 0.39 4.17 ± 1.50

aPMI, postmortem interval; bNeurofibrillary pathology was staged according to Braak and Braak (1995); cTangle score was a density estimate and was designated as

none, sparse, moderate or frequent (0, 1, 2 or 3 for statistics), as defined according to CERAD Alzheimer’s disease criteria (Mirra et al., 1991). Five areas (frontal, temporal,

parietal, hippocampal and entorhinal) were examined, and the scores were combined for a maximum of 15.

Statistical Analysis
Data were computed as mean ± SD and subjected to
Kolmogorov-Smirnov test with Dallal-Wilkinson-Lillie for P
value for Gaussian distribution. Parametric tests were used
since normality of data distribution was evident for the data.
For comparison between two groups, data were analyzed with
two-tailed Student’s t test. For comparison among multiple brain
regions with matched observations, repeated measures one-way
ANOVA followed by Tukey’s post hoc test was employed.
P < 0.05 was considered statistically significant.

RESULTS

Tau Is Hyperphosphorylated in the Frontal
Cortex but Not in the Cerebellum from AD
Brains
In AD brain, neurofibrillary tau pathology is observed in
multiple brain regions including the hippocampus, EC,
temporal and frontal cortices and other areas (Braak and
Braak, 1991); however, the cerebellum is spared from tau

pathology (Larner, 1997). To identify whether tau is also
hyperphosphorylated in AD cerebellum, we determined the
level of tau phosphorylation in the cerebellum vs. the FC of
frozen post-mortem AD and non-affected control brains using
immuno-dot blots, which were developed with antibodies
recognizing tau phosphorylated at varying sites. As expected,
tau was observed to be 3.5–18 folds more phosphorylated, when
normalized with total tau, at Ser199, Ser202, Thr205, Thr212,
Thr217, Ser262, Ser396/404 and Ser422 sites in AD than the
control cases in the FC (Figure 2). Intriguingly, such higher
phosphorylation level of tau was not seen at any of these sites
in the AD cerebellum (Figure 2), indicating that in agreement
with the absence of tau pathology, the cerebellum is spared from
abnormal hyperphosphorylation of tau.

Human Cerebellum Expresses Less Tau
than Frontal and Temporal Cortices
We then quantified using immune-dot blots and compared
the level of total tau among the cerebellum and frontal and
temporal cortices in control brains, and we found that the tau

FIGURE 1 | Schematic diagram showing the rat brain regions examined. Color codes show the olfactory bulb (OB), cerebellum and cerebral cortical regions (A) and
subcortical areas (B) studied. The rat brain was submerged in ice-cold PBS and subjected to dissection on a piece of wet filter paper on ice. The OB and the
cerebellum (Cb) were first sampled, followed by the hippocampus (Hc), the thalamus (Th) and the striatum (St). The hypothalamus and the brain stem were
discarded. After the entorhinal cortex (EC) was dissected, the remaining cerebral cortex tissue was coronally cut into three parts identically along the axial axis to
represent the frontal cortex (FC), parietal-temporal cortex (PTC), and occipital-temporal cortex (OTC).
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TABLE 2 | Primary antibodies employed in this study.

Antibody Type Species Specificity Reference/Source (catalog/lot number)

Anti-pS199-tau Poly- R p-tau (S199) Invitrogen (44734G/86604A)
Anti-pS202-tau Poly- R p-tau (S202) Cell Signaling (11834)
Anti-pT205-tau Poly- R p-tau (T205) Invitrogen (44738G/801106A)
Anti-pT212-tau Poly- R p-tau (T212) Invitrogen (44740G/0300C)
Anti-pS214-tau Poly- R p-tau (S214) Invitrogen (44742G/0500B)
Anti-pT217-tau Poly- R p-tau (T217) Invitrogen (44744/785771A)
12E8 Mono- M p-tau (S262/356) Dr. D. Schenk
PHF-1 Mono- M p-tau (S396/404) Dr. P. Davies
R145d Poly- R p-tau (S422) Pei et al. (1998)
R134d Poly- R Pan-tau Gong et al. (2000)
92e Poly- R Pan-tau Pei et al. (1998)
RD3 Mono- M 3R-tau Millipore (05-803/JBC1863429)
RD4 Mono- M 4R-tau Millipore (05-804/2073108)
CK1ε (4D7) Mono- M CK1ε Santa-Cruz (sc-81446)
CK1δ (E10) Mono- M CK1δ Santa-Cruz (sc-55554/C1307)
PKA cα (C-20) Poly- R PKAcα Santa-Cruz (sc-903/B1111)
PKAcβ (C-20) Poly- R PKAcβ Santa-Cruz (sc-904/K0207)
Cdk5 (C-8) Poly- R Cdk5 Santa-Cruz (sc-173/C091)
Dyrk1A (8D9) Mono- M Dyrk1A Wegiel et al. (2004)
Anti-GSK-3 (D75D3) Poly- R GSK-3 Cell Signaling (5676S/3)
Anti-CaMKII (G-1) Mono- R CaMKII Santa-Cruz (sc-5306/J1311)
Anti-PP1 (E-9) Poly- R PP1 Santa-Cruz (sc-7482/1032)
Anti-PP2Ac Mono- M PP2Ac BD Transduction Lab (610555/26637)
R126 Poly- R PP2Bc (CaNA) Pei et al. (1998)
Anti-PP5 Poly- R PP5 Bahl et al. (2001)
NeuN (A60) Mono- M NeuN Millipore (MAB377/NG1715199)
Iba1 Poly- R Iba1 Wako (019-19741/LKN4881)
GFAP Poly- R GFAP Thermo (PA1-06100)
CSF-1R (C20) Poly- R CSF-1R Santa-Cruz (sc-692/A0810)
CNPase (D83E10) Mono- M CNPase Cell Signaling (5664/2)
MAP1b (3G5) Mono- M MAP1B Abcam (ab3096)
MAP2 (SMI52) Mono- M MAP2 Covance (SMI-52R)
DM1A Mono- M α-tubulin Sigma (T9026/081M4861)
TuJ1 Mono- M βIII-tubulin Covance (MMS-435P)
Anti-APP (RAS57) Poly- R APP Pluta et al. (1994)
Anti-TDP-43 (A260) Poly- R TDP-43 Cell Signaling (3449S/1)
Anti-β-actin (AC-15) Mono- M β-actin Sigma (A1978/046M4789V)
Anti-GAPDH (FL-335) Poly- R GAPDH Santa-Cruz (sc-25778)

Abbreviations: Mono-, monoclonal; p-, phosphorylated; Poly-, polyclonal; M, Mouse; R, Rabbit.

expression level in the cerebellum was about 1/4 of that in the
frontal and temporal cortices (Figures 3A,B). To test whether
total tau level of the cerebellum is altered in AD brain, we
normalized total tau level with actin, and the results showed a
slight decrease in total tau in AD cerebellum compared to the
control (Figures 3C,D).

Tau Isoforms Are Differentially Expressed
in Various Rat Brain Regions
To determine the expression profiles of tau and its isoforms,
namely 3R-tau and 4R-tau, in normal brain, we dissected
different brain regions of 5–6month-oldWistar rats as illustrated
in Figure 1 and employed Western blots to examine the
level of tau expression. We found that the expression level
of 3R-tau was comparable across all different brain regions
studied, including the hippocampus, EC, FC, occipital-temporal
cortex (OTC), parietal-temporal cortex (PTC), the striatum,
olfactory bulb (OB) and the cerebellum, except for a possible
higher level in the thalamus (Figures 4A,B). Interestingly, the

entorhinal and frontal cortices showed the highest level of 4R-tau
compared to the other brain regions examined, being over
two folds of the 4R-tau level in the hippocampus. In sharp
contrast, however, the level of 4R-tau was extremely low in the
cerebellum, OB and the thalamus, being about 1/5 of that in
the hippocampus (Figures 4A,C). Adult rodent brain mainly
expresses 4R-tau (Ojo et al., 2016). In case of total tau, we
observed the highest and comparable level in the hippocampus
and EC as compared to other brain regions; the cerebellum and
OB showed lowest total tau level, being ∼2/3 of that in the
FC and less than 1/2 of that in the hippocampus and the EC
(Figures 4A,D).

Rat Brain Regions Express
Microtubule-Related Proteins Differentially
MAP1B and MAP2 are major neuronal microtubule-associated
proteins besides tau in the central nerve system. We found
that MAP1B was expressed comparably in the hippocampus,
entorhinal and frontal cortices and OB, but expressed less in
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FIGURE 2 | Tau is hyperphosphorylated in the FC but not in the cerebellum of
individuals with Alzheimer disease (AD). Same amount of brain crude extract
protein from AD and control cases was dotted in triplicates on nitrocellulose
membrane and developed with the site-specific and phosphorylation
dependent anti-tau antibodies indicated at the right side of the blots. Each bar
chart indicates quantitation for the corresponding dot blots to the left; the
y axis indicates relative phosphorylation levels of tau at the indicated epitope
to respective control (normalized by normal tau). Data are expressed as
mean ± SD, n = 7. ∗∗∗P < 0.001. Con, control; AD, Alzheimer’s disease.

parietal-temporal and occipital-temporal cortices, cerebellum,
striatum and thalamus (Figures 5A,B). In the case of MAP2,

we found that EC expressed the highest level of this protein.
Cerebellum, striatum and thalamus expressed the lowest
level of MAP2 (Figures 5A,C). The level of α-tubulin was
comparable across brain regions examined except for a slightly
less expression in FC, OTC and OB (Figures 5A,D). The
cerebellum expressed the highest and OB the lowest level of
βIII-tubulin, whereas the other brain regions expressed similar
level of this protein (Figures 5A,E). The expression level of
actin in the hippocampus and EC was significantly higher,
and in the thalamus lower, than the other rat brain regions
(Figures 5A,F).

Expression Levels of Tau Kinases Vary
Among Rat Brain Regions
Tau is known to be phosphorylated by multiple kinases which
include casein kinase 1ε (CK1ε), casein kinase 1δ (CK1δ), protein
kinase A (PKA), dual-specificity tyrosine phosphorylation-
regulated kinase 1A (Dyrk1A), glycogen synthase kinase 3α
(GSK-3α), GSK-3β and calcium/calmodulin-dependent protein
kinase II (CaMKII; Wang and Liu, 2008; Iqbal et al., 2016).
Therefore, wemeasured usingWestern blots the expression levels
of these kinases in different brain regions. We found that the
expression levels of tau kinases varied among rat brain regions
(Figure 6). The hippocampus showed significantly lower level
of CK1ε and PKAc but higher level of GSK-3β compared to
the EC; the latter, however, showed no statistically significant
difference in the levels of the tau kinases examined as compared
to other cortical regions (Figure 6). The cerebellum exhibited
significantly higher level of CK1δ than the striatum and occipital-
temporal and parietal-temporal cortices but lower level of PKAc,
cdk5, Dyrk1A and CaMKII than most of other brain regions
(Figure 6).

Expression Levels of Tau Phosphatases
Differ Markedly Across Rat Brain Regions
The phosphorylation level of tau is regulated by phosphatases
that dephosphorylate tau; these enzymes include protein
phosphatase 1 (PP1), protein phosphatase 2A (PP2A), protein
phosphatase 2B (PP2B) and protein phosphatase 5 (PP5; Liu
et al., 2005a). We measured the expression levels of tau
phosphatases in different rat brain regions. We found that the
EC and the striatum exhibited significantly higher PP1 level
than any other brain region examined, whereas the cerebellum,
OB and the thalamus showed ∼1/3 of the PP1 level in
EC (Figures 7A,B). Occipital-temporal and parietal-temporal
cortices and the thalamus showed significantly higher level of
PP2A catalytic subunit (PP2Ac) than any other brain region
studied; the level of PP2Ac in the cerebellum was significantly
lower than other brain regions except for OTC (Figures 7A,C).
PP2B, also known as calcineurin (CaN), consists of the catalytic
subunit A (CaNA) and regulatory subunit B (CaNB). The
hippocampus, EC and FC exhibited higher expression of PP2B
(CaNA) than any other brain regions; PP2B level in the
cerebellum, OB andOTC appeared to be the lowest among all the
brain regions examined (Figures 7A,D). Entorhinal, frontal and
occipital-temporal cortices expressed higher level of PP5 than the
hippocampus, striatum, thalamus and OB (Figures 7A,E).
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FIGURE 3 | Human cerebellum expresses much less tau than the frontal or temporal cortex. Same amount of brain crude extract protein was dotted in triplicates on
nitrocellulose membrane and developed with tau antibody (R134d) against total tau or β-actin as a loading control (A,C). The level of tau was normalized by actin
(n = 7, B,D). ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. Cb, cerebellum; FC, frontal cortex; TC, temporal cortex.

Neurodegeneration-Related Proteins Are
Expressed Dissimilarly among Rat Brain
Regions
Amyloid β precursor protein (APP) is proteolyzed by β-secretase
and γ-secretase and generates amyloid β peptide (Aβ), which

forms amyloid plaques, a hallmark of AD (Hardy, 2017). We
found that the level of APP was expressed highly in the thalamus
and at a lower level in the cerebellum (Figures 8A,B).

Transactive response DNA-binding protein 43 kDa (TDP-43)
are typically aggregated and accumulated in the neuronal

FIGURE 4 | Expression level of tau is different in different regions of the rat brain. Same amount of protein of nine brain regions was analyzed by Western blots
developed with anti-3R-tau (RD3), anti-4R-tau (RD4) and anti-total tau (92e) (A). Relative levels of 3R-tau (B), 4R-tau (C) and total tau (D) were also expressed as
mean ± SD, which represents matched observations of individual brain regions in six rats, and subjected to repeated measures one-way ANOVA followed by Tukey’s
post hoc test (and the same for the figures hereafter). ∗ Indicates statistical significance when compared to the EC, the earliest cortical area that develops tau
pathology in AD brain; # indicates statistical significance compared to the cerebellum, a brain area that is spared from tau pathology. ∗,#P < 0.05; ∗∗,##P < 0.01;
∗∗∗,###P < 0.001. OB, olfactory bulb; FC, frontal cortex; PTC, parietal-temporal cortex; OTC, occipital-temporal cortex; EC, entorhinal cortex; Cb, cerebellum;
St, striatum; Th, thalamus; Hc, hippocampus.
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FIGURE 5 | Differential expression profiles of microtubule-related proteins in various rat brain regions. Western blots (A) were employed to determine the levels of
MAP1B (B), MAP2 (C), α-tubulin (D), βIII-tubulin (E) and actin (F) in nine brain regions. Data are expressed as mean ± SD, which represents matched observations
of individual brain regions in six rats. ∗Compared to EC; #compared to cerebellum. #P < 0.05; ∗∗,##P < 0.01; ∗∗∗,###P < 0.001.

cytoplasm in frontotemporal lobar degeneration with ubiquitin-
positive inclusions (FTLD-U) and amyotrophic lateral sclerosis
(ALS; Neumann et al., 2006). In certain tauopathies like
chronic traumatic encephalopathy, filamentous tau inclusions
are often accompanied by pathology comprising aggregation
of TDP-43 (McKee et al., 2013). Intriguingly, we found
that the cerebellum and OB of adult rat brain expressed a
three-fold higher level of TDP-43 than the other brain regions
(Figures 8A,C).

The Rat Brain Expresses Varying Levels of
Neuronal and Glial Markers in Different
Regions
Gliosis appears in several neurodegenerative diseases (Wyss-
Coray andMucke, 2002; Ransohoff, 2016; Rodriguez et al., 2016).

In AD brain, accompanying neurodegeneration, microglia are
overactivated and play important roles in AD pathogenesis
(Mattiace et al., 1990; Sasaki et al., 1997; Wes et al., 2016;
Leyns and Holtzman, 2017). NeuN is specifically expressed in
neuronal nuclei and commonly used as a neuronal marker
(Mullen et al., 1992). We observed the highest expression of
NeuN in cerebellum and the lowest expression in striatum and
thalamus (Figures 9A,B). We also found that EC expressed the
highest, but the cerebellum the lowest, level of Iba1, a marker of
microglia (Figures 9A,C).

Glial fibrillary acidic protein (GFAP), a marker of astrocytes,
is up-regulated in AD brain (Delacourte, 1990; Wes et al., 2016).
We found that the cerebellum expressed higher level of GFAP
than any other brain regions; EC expressed higher level of GFAP
than other cerebral cortical areas (Figures 9A,D).
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FIGURE 6 | Expressions of tau kinases differ in various rat brain regions. Western blots (A) were used to examine relative levels of tau kinases, CK1ε (B), CK1δ (C),
PKAcα (D), PKAcβ (E), cdk5 (F), Dyrk1A (G), GSK-3α (H), GSK-3β (I) and CaMKII (J). Data are expressed as mean ± SD, which represents matched observations
of individual brain regions in six rats. ∗Compared to EC; #compared to cerebellum. ∗,#P < 0.05; ∗∗,##P < 0.01; ∗∗∗,###P < 0.001.

2′,3′-cyclic nucleotide phosphodiesterase (CNPase)
is expressed exclusively by oligodendrocytes in the
CNS (Kasama-Yoshida et al., 1997). We found that

striatum and thalamus expressed highest level of CNPase,
while EC and OB expressed lower level of this protein
(Figures 9A,E).
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FIGURE 7 | Expression levels of tau phosphatases are different in different regions of the rat brain. Western blots (A) were used to analyze the levels of tau
phosphatases, protein phosphatase 1 (PP1) (B), catalytic subunit of protein phosphatase 2A (PP2Ac) (C), protein phosphatase 2B (PP2B) (D) and protein
phosphatase 5 (PP5) (E). Data are expressed as mean ± SD, which represents matched observations of individual brain regions in six rats. ∗Compared to EC;
#compared to cerebellum. ∗P < 0.05; ∗∗∗,###P < 0.001.

DISCUSSION

Tau pathology in AD brain occurs sequentially in the EC, the
hippocampus and widespread isocortex areas, but is never seen
in the cerebellum (Braak and Braak, 1995; Larner, 1997; Braak
and Del Tredici, 2011). It is of significance to understand the
molecular basis of the differential vulnerability/resistance of
different brain regions to tau pathology. In the present study,
we found that unlike hyperphosphorylation of tau in the FC, tau
was not hyperphosphorylated in the cerebellum of the same AD
brains. Cerebellum expressed one fourth of the level of tau in the
human FC. Similar to human brain, the rat cerebellum expressed
much less tau than EC, the hippocampus and other regions of the
forebrain.We observed comparable levels of 3R-tau, but different
levels of 4R-tau, expression in different rat brain regions. Since
4R-tau is the dominant isoform of tau in the rat brain (Janke
et al., 1999; Hanes et al., 2009), it is likely that regional differential
expression of 4R-taumay account for varying expression levels of
total tau in different brain regions. EC expressed the highest level

of tau, fromwhere tau lesions are initiated, and lowest expression
of tau in cerebellum, which is spared from tau pathology. Thus,
the level of tau may determine or play an important role in
the onset and severity of tau pathology. Consistent with this
speculation, inhibition of tau expression in tau transgenic mice
by anti-sense oligonucleotides not only prevents but also rescues
tau pathology (DeVos et al., 2017) and spatial reference memory
(Fu et al., 2017), and injection of hyperphosphorylated tau seeds
into the brain induces pronounced tau pathology in transgenic
mice overexpressing human tau but only produces minimal tau
pathology in wild-type mice (Clavaguera et al., 2009; Hu et al.,
2016). In the present study we determined the level of rat tau
in brain homogenate. We would not expect marked presence of
insoluble tau species in the brain of 5–6-month old wild-type
Wistar rats, however, the presence and possible difference in the
level of insoluble tau between brain regions is not completely
excluded, which merits future investigation.

Tau is the major microtubule-associated protein in the
central nerve system. Microtubules, the essential structures

Frontiers in Aging Neuroscience | www.frontiersin.org 9 September 2017 | Volume 9 | Article 311

http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Hu et al. Regional Expression of Alzheimer-Related Proteins

FIGURE 8 | Expression profiles of neurodegeneration related proteins vary in different regions of the rat brain. Western blots (A) were used to characterize the
expression levels of neurodegeneration associated proteins, APP (B) and TDP-43 (C), in nine regions of rat brain. Data are expressed as mean ± SD, which
represents matched observations of individual brain regions in six rats. ∗Compared to EC; #compared to cerebellum. ∗P < 0.05; ##P < 0.01; ###P < 0.001.

for intracellular transport and the maintenance of neuronal
morphology, are non-covalently linked cytoskeletal polymers
composed of heterodimer subunits of α- and β-tubulins.
α-tubulin was expressed comparably throughout all rat brain
regions with a slightly less expression in the FC, OTC and
OB. βIII-tubulin, a neuronal specific β-tubulin, was highly
expressed in the cerebellum, but expressed at an extremely
low level in the OB. MAP1B is prominently expressed during
early neuronal development but in the adult brain it remains
in areas with high synaptic plasticity (Tortosa et al., 2011;
Villarroel-Campos and Gonzalez-Billault, 2014). We observed
that in adult rat brain the hippocampus, EC, FC and OB
expressed higher level of MAP1B, suggesting that these areas
have high synaptic plasticity. MAP2 is known to be expressed
in dendrites of mature neurons, and in the cerebellum it
is preferentially localized in finer and distal branches of
Purkinje cell dendrites (Chauhan and Siegel, 1997); low level of
MAP2 found in the present study in cerebellum, striatum and
thalamus is consistent with low dendritic mass in these brain
regions.

Tau lesion is made up of hyperphosphorylated tau,
which could result from up-regulation of tau kinases or/and
down-regulation of tau phosphatases.Multiple kinases, including
cdk5, GSK-3β, PKA, CK1ε, Dyrk1A and CaMKII, are known
to phosphorylate tau in vitro (Wang and Liu, 2008). There
are two types of tau kinases, proline directed kinases (PDPK)
and non-proline directed kinases (NPDPK) that phosphorylate
Ser/Thr residues followed by proline or not proline, respectively
(Avila, 2008). Tau contains 17 Ser/Thr proline directed sites
and 63 Ser/Thr non-proline directed sites. Cdk5, GSK-3β and
Dyrk1A belong to PDPK, and PKA, CaMKII and CK1 are
NPDPK (Iqbal et al., 2005). Up-regulation of GSK-3β (Jin et al.,
2015b), cdk5 (Lee et al., 2000), CK1ε and δ (Kannanayakal et al.,
2006), and Dyrk1A (Jin et al., 2015a) and down-regulation of
PKAcα and PKAcβ (Liang Z. et al., 2007) have been reported in

AD brains. In the present study, we found that the cerebellum,
in which there are no overt tau hyperphosphorylation or
tau pathology, expressed lower level of PKAcα, PKAcβ,
cdk5, Dyrk1A, GSK-3α and CaMKII than the EC, while EC
expressed relative higher levels of CK1ε, PKAcα, PKAcβ and
Dyrk1A.

It has been reported that major four phosphatases, PP1, PP2A,
PP2B and PP5, catalyze tau dephosphorylation in vitro and
in cultured cells (Liu et al., 2006). PP2A is the predominant
tau phosphatase and accounts for ∼70% of tau phosphatase
activity in the human brain (Liu et al., 2005a). Its activity
toward tau is regulated by the methylation of its catalytic subunit
at leu309 (Longin et al., 2007; Janssens et al., 2008). PP2A
is down-regulated in AD brain and this downregulation may
contribute to tau pathology (Gong et al., 1994; Liu et al., 2005a).
Activities of PP1 and PP5 are also reduced (Gong et al., 1994;
Liu et al., 2005c), but PP2B activity is increased because of the
proteolysis by activated calpain in AD brain (Liu et al., 2005b;
Qian et al., 2011). Here, we found that rat cerebellum expresses
low levels of PP1, PP2A and PP2B and higher level of PP5.

Amyloid plaques are another hallmark brain lesion of AD.
In addition, TDP-43 pathology is a hallmarks of ALS, but it
also appears in some AD cases (Higashi et al., 2007; Josephs
et al., 2014). In the present study we found that the cerebellum
expressed low level of APP, but the highest level of TDP-43. We
recently found that TDP-43 suppressed tau expression and tau
exon 10 exclusion (Gu et al., 2017a,b). Thus, the high level of
TDP-43 in the OB and the cerebellum may contribute to the low
expression of 4R-tau in these regions.

Glial cells, which function primarily as the physical
support for and nutrifying neurons and regulating the internal
environment of the brain, account for nearly half the number of
cells in the human brain (von Bartheld et al., 2016). During early
embryogenesis glial cells direct the migration of neurons and
produce neurotrophic factors that modify the growth of axons
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FIGURE 9 | Variable expressions of markers of glia and neurons in different regions of the rat brain. Western blots (A) were used to determine the expression levels
of neuronal marker NeuN (B) and glial markers Iba1 (microglia) (C), glial fibrillary acidic protein (GFAP; astrocytes) (D) and CNPase (oligodendrocyte) (E) in different
rat brain regions. Data are expressed as mean ± SD, which represents matched observations of individual brain regions in six rats. ∗Compared to EC; #compared to
cerebellum. ∗,#P < 0.05; ∗∗,##P < 0.01; ∗∗∗,###P < 0.001.

and dendrites (Campbell and Götz, 2002). Glial cells also play an
important role in synaptic plasticity (De Pittà et al., 2016). Gliosis
is another feature of AD and related neurodegenerative diseases
(Leyns and Holtzman, 2017). Over-activation of microglia is
found around Aβ plaques, which suggest the involvement of
microglia in Aβ clearance (Mattiace et al., 1990). Recent studies
have shown that microglia participate in the spread of tau
pathology (Asai et al., 2015). In the present study, we found that
EC expressed the highest and cerebellum expressed the lowest
level of Iba1, and that EC expressed high level, but other cortical
regions expressed low level of GFAP. CNPase is the marker of
oligodendroglia (Kasama-Yoshida et al., 1997). High level of
CNPase observed in striatum and thalamus is consistent with
higher content of white matter in these regions. Strikingly, the
level of Iba1 was very low in the cerebellum, indicating a possible
low population of microglia in this brain region.

NeuN is widely used as a neuronal marker and expressed in
the neuronal nucleus (Dredge and Jensen, 2011). Cerebellum is
known to occupy 80% of brain’s neurons with 10% of brain’s
mass (Azevedo et al., 2009). The ratio of glia/neuron is ∼0.2:1 in
cerebellum, ∼4:1 in telencephalon and ∼10:1 in the rest of brain

regions (Azevedo et al., 2009; von Bartheld et al., 2016). In
the present study, we observed that cerebellum expresses the
highest while the striatum and thalamus the lowest level of NeuN,
which is consistent with the highest density of neurons in the
cerebellum (von Bartheld et al., 2016).

In the present study, we found that tau is
hyperphosphorylated in the cerebral cortex but not in the
cerebellum in AD brain. Cerebellum expresses only one fourth
the level of tau seen in the frontal and temporal cortices in
the human brain. The rat brain expresses comparable levels
of 3R-tau throughout different regions, but the cerebellum
expresses the lowest and EC the highest level of 4R-tau. The
rat EC expresses higher levels of major tau kinases such as
CK1ε, PKAcα and PKAcβ but similar level of PP2A, the major
tau phosphatase, as compared to the hippocampus. Because
the EC and the hippocampus are both critical brain regions
involved in memory encoding and retrieval (Suh et al., 2011;
Basu et al., 2016), the high neuronal activity in the EC may leave
tau more prone to phosphorylation and therefore higher risk
of developing tau lesions. In contrast, the rat cerebellum only
expresses very low level of PKAcβ, cdk5 and CaMKII when
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taking into account the relative level of PP2A. Importantly, the
average neuronal load of tau and tau kinases is even much lower
in the cerebellum, considering the high density of neurons in it
(Azevedo et al., 2009). In addition, other tau pathology-related
proteins are also expressed differentially across various brain
regions.

Taking together, higher levels of tau and/or tau kinases
in the EC and low levels of these proteins in the cerebellum
may account for the vulnerability and resistance of these
representative brain regions to the development of tau
pathology, respectively. The present study, for the first
time, provides a critical reference point for further studies
to unravel the molecular mechanisms involved in the selective
vulnerability/resistance of particular brain regions to tau
pathology in AD and related neurodegenerative disorders.

AUTHOR CONTRIBUTIONS

FL,WH, C-XG, andKI: conception of the research.WH, FW, YZ,
and FL: performing experiments. WH, FW and FL: analyses and
interpretation of results. WH and FL: drafting of the manuscript.
C-XG, KI, and FL: critical revision of the manuscript.

FUNDING

This work was supported by U.S. Alzheimer’s Association
grants (DSAD-15-363172 and 2016-NIRG-397030), National
Natural Science Foundation of China grants (81030059 and
31671046), and a project funded by the Priority Academic
Program Development of Jiangsu Higher Education Institution
(PAPD).

REFERENCES

Andorfer, C., Kress, Y., Espinoza, M., de Silva, R., Tucker, K. L., Barde, Y. A.,
et al. (2003). Hyperphosphorylation and aggregation of tau in mice expressing
normal human tau isoforms. J. Neurochem. 86, 582–590. doi: 10.1046/j.1471-
4159.2003.01879.x

Asai, H., Ikezu, S., Tsunoda, S., Medalla, M., Luebke, J., Haydar, T., et al.
(2015). Depletion of microglia and inhibition of exosome synthesis halt tau
propagation. Nat. Neurosci. 18, 1584–1593. doi: 10.1038/nn.4132

Avila, J. (2008). Tau kinases and phosphatases. J. Cell. Mol. Med. 12, 258–259.
doi: 10.1111/j.1582-4934.2007.00214.x

Azevedo, F. A., Carvalho, L. R., Grinberg, L. T., Farfel, J. M., Ferretti, R. E.,
Leite, R. E., et al. (2009). Equal numbers of neuronal and nonneuronal cells
make the human brain an isometrically scaled-up primate brain. J. Comp.
Neurol. 513, 532–541. doi: 10.1002/cne.21974

Bahl, R., Bradley, K. C., Thompson, K. J., Swain, R. A., Rossie, S., and Meisel, R. L.
(2001). Localization of protein Ser/Thr phosphatase 5 in rat brain. Mol. Brain
Res. 90, 101–109. doi: 10.1016/s0169-328x(01)00089-4

Basu, J., Zaremba, J. D., Cheung, S. K., Hitti, F. L., Zemelman, B. V.,
Losonczy, A., et al. (2016). Gating of hippocampal activity, plasticity, and
memory by entorhinal cortex long-range inhibition. Science 351:aaa5694.
doi: 10.1126/science.aaa5694

Braak, H., and Braak, E. (1991). Neuropathological stageing of Alzheimer-related
changes. Acta Neuropathol. 82, 239–259. doi: 10.1007/bf00308809

Braak, H., and Braak, E. (1995). Staging of Alzheimer’s disease-related
neurofibrillary changes. Neurobiol. Aging 16, 271–278; discussion 278–284.
doi: 10.1016/0197-4580(95)00021-6

Braak, H., and Del Tredici, K. (2011). The pathological process underlying
Alzheimer’s disease in individuals under thirty. Acta Neuropathol. 121,
171–181. doi: 10.1007/s00401-010-0789-4

Campbell, K., and Götz, M. (2002). Radial glia: multi-purpose cells for vertebrate
brain development. Trends Neurosci. 25, 235–238. doi: 10.1016/s0166-
2236(02)02156-2

Chauhan, N., and Siegel, G. (1997). Age-dependent organotypic expression of
microtubule-associated proteins (MAP1, MAP2, and MAP5) in rat brain.
Neurochem. Res. 22, 713–719. doi: 10.1023/A:1027306227402

Clavaguera, F., Bolmont, T., Crowther, R. A., Abramowski, D., Frank, S.,
Probst, A., et al. (2009). Transmission and spreading of tauopathy in transgenic
mouse brain. Nat. Cell Biol. 11, 909–913. doi: 10.1038/ncb1901

de Calignon, A., Polydoro, M., Suárez-Calvet, M., William, C., Adamowicz, D. H.,
Kopeikina, K. J., et al. (2012). Propagation of tau pathology in a model of
early Alzheimer’s disease. Neuron 73, 685–697. doi: 10.1016/j.neuron.2011.
11.033

De Pittà, M., Brunel, N., and Volterra, A. (2016). Astrocytes: orchestrating synaptic
plasticity? Neuroscience 323, 43–61. doi: 10.1016/j.neuroscience.2015.04.001

Delacourte, A. (1990). General and dramatic glial reaction in Alzheimer brains.
Neurology 40, 33–37. doi: 10.1212/WNL.40.1.33

DeVos, S. L., Miller, R. L., Schoch, K. M., Holmes, B. B., Kebodeaux, C. S.,
Wegener, A. J., et al. (2017). Tau reduction prevents neuronal loss and reverses
pathological tau deposition and seeding in mice with tauopathy. Sci. Transl.
Med. 9:eaag0481. doi: 10.1126/scitranslmed.aag0481

Dredge, B. K., and Jensen, K. B. (2011). NeuN/Rbfox3 nuclear and cytoplasmic
isoforms differentially regulate alternative splicing and nonsense-mediated
decay of Rbfox2. PLoS One 6:e21585. doi: 10.1371/journal.pone.0021585

Fu, H., Rodriguez, G. A., Herman, M., Emrani, S., Nahmani, E., Barrett, G., et al.
(2017). Tau pathology induces excitatory neuron loss, grid cell dysfunction, and
spatial memory deficits reminiscent of early Alzheimer’s disease. Neuron 93,
533.e5–541.e5. doi: 10.1016/j.neuron.2016.12.023

Gärtner, U., Janke, C., Holzer, M., Vanmechelen, E., and Arendt, T. (1998).
Postmortem changes in the phosphorylation state of tau-protein in the
rat brain. Neurobiol. Aging 19, 535–543. doi: 10.1016/s0197-4580(98)
00094-3

Gong, C. X., Grundke-Iqbal, I., Damuni, Z., and Iqbal, K. (1994).
Dephosphorylation of microtubule-associated protein tau by protein
phosphatase-1 and -2C and its implication in Alzheimer disease. FEBS
Lett. 341, 94–98. doi: 10.1016/0014-5793(94)80247-5

Gong, C. X., Lidsky, T., Wegiel, J., Zuck, L., Grundke-Iqbal, I., and Iqbal, K.
(2000). Phosphorylation of microtubule-associated protein tau is regulated by
protein phosphatase 2A in mammalian brain. J. Biol. Chem. 275, 5535–5544.
doi: 10.1074/jbc.275.8.5535

Gu, J., Chen, F., Iqbal, K., Gong, C. X., Wang, X., and Liu, F. (2017a). Transactive
response DNA-binding protein 43 (TDP-43) regulates alternative splicing of
tau exon 10: implications for the pathogenesis of tauopathies. J. Biol. Chem.
292, 10600–10612. doi: 10.1074/jbc.M117.783498

Gu, J., Wu, F., Xu, W., Shi, J., Hu, W., Jin, N., et al. (2017b). TDP-43 suppresses
tau expression via promoting its mRNA instability. Nucleic Acids Res. 45,
6177–6193. doi: 10.1093/nar/gkx175

Hanes, J., Zilka, N., Bartkova, M., Caletkova, M., Dobrota, D., and Novak, M.
(2009). Rat tau proteome consists of six tau isoforms: implication for animal
models of human tauopathies. J. Neurochem. 108, 1167–1176. doi: 10.1111/j.
1471-4159.2009.05869.x

Hardy, J. (2017). The discovery of Alzheimer causing mutations in the APP
gene and the formulation of the ‘‘amyloid cascade hypothesis’’. FEBS J. 284,
1040–1044. doi: 10.1111/febs.14004

Higashi, S., Iseki, E., Yamamoto, R., Minegishi, M., Hino, H., Fujisawa, K., et al.
(2007). Concurrence of TDP-43, tau and α-synuclein pathology in brains of
Alzheimer’s disease and dementia with Lewy bodies. Brain Res. 1184, 284–294.
doi: 10.1016/j.brainres.2007.09.048

Hu, W., Zhang, X., Tung, Y. C., Xie, S., Liu, F., and Iqbal, K. (2016).
Hyperphosphorylation determines both the spread and the morphology of tau
pathology. Alzheimers Dement. 12, 1066–1077. doi: 10.1016/j.jalz.2016.01.014

Iqbal, K., Alonso Adel, C., Chen, S., Chohan,M. O., El-Akkad, E., Gong, C. X., et al.
(2005). Tau pathology in Alzheimer disease and other tauopathies. Biochim.
Biophys. Acta 1739, 198–210. doi: 10.1016/j.bbadis.2004.09.008

Frontiers in Aging Neuroscience | www.frontiersin.org 12 September 2017 | Volume 9 | Article 311

https://doi.org/10.1046/j.1471-4159.2003.01879.x
https://doi.org/10.1046/j.1471-4159.2003.01879.x
https://doi.org/10.1038/nn.4132
https://doi.org/10.1111/j.1582-4934.2007.00214.x
https://doi.org/10.1002/cne.21974
https://doi.org/10.1016/s0169-328x(01)00089-4
https://doi.org/10.1126/science.aaa5694
https://doi.org/10.1007/bf00308809
https://doi.org/10.1016/0197-4580(95)00021-6
https://doi.org/10.1007/s00401-010-0789-4
https://doi.org/10.1016/s0166-2236(02)02156-2
https://doi.org/10.1016/s0166-2236(02)02156-2
https://doi.org/10.1023/A:1027306227402
https://doi.org/10.1038/ncb1901
https://doi.org/10.1016/j.neuron.2011.11.033
https://doi.org/10.1016/j.neuron.2011.11.033
https://doi.org/10.1016/j.neuroscience.2015.04.001
https://doi.org/10.1212/WNL.40.1.33
https://doi.org/10.1126/scitranslmed.aag0481
https://doi.org/10.1371/journal.pone.0021585
https://doi.org/10.1016/j.neuron.2016.12.023
https://doi.org/10.1016/s0197-4580(98)00094-3
https://doi.org/10.1016/s0197-4580(98)00094-3
https://doi.org/10.1016/0014-5793(94)80247-5
https://doi.org/10.1074/jbc.275.8.5535
https://doi.org/10.1074/jbc.M117.783498
https://doi.org/10.1093/nar/gkx175
https://doi.org/10.1111/j.1471-4159.2009.05869.x
https://doi.org/10.1111/j.1471-4159.2009.05869.x
https://doi.org/10.1111/febs.14004
https://doi.org/10.1016/j.brainres.2007.09.048
https://doi.org/10.1016/j.jalz.2016.01.014
https://doi.org/10.1016/j.bbadis.2004.09.008
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Hu et al. Regional Expression of Alzheimer-Related Proteins

Iqbal, K., Liu, F., and Gong, C. X. (2016). Tau and neurodegenerative disease: the
story so far. Nat. Rev. Neurol. 12, 15–27. doi: 10.1038/nrneurol.2015.225

Janke, C., Beck, M., Stahl, T., Holzer, M., Brauer, K., Bigl, V., et al. (1999).
Phylogenetic diversity of the expression of the microtubule-associated protein
tau: implications for neurodegenerative disorders.Mol. Brain Res. 68, 119–128.
doi: 10.1016/s0169-328x(99)00079-0

Janssens, V., Longin, S., and Goris, J. (2008). PP2A holoenzyme assembly: in
cauda venenum (the sting is in the tail). Trends Biochem Sci. 33, 113–121.
doi: 10.1016/j.tibs.2007.12.004

Jin, N., Yin, X., Gu, J., Zhang, X., Shi, J., Qian, W., et al. (2015a). Truncation
and activation of dual specificity tyrosine phosphorylation-regulated kinase
1A by calpain I: A molecular mechanism linked to tau pathology in
Alzheimer disease. J. Biol. Chem. 290, 15219–15237. doi: 10.1074/jbc.M115.
645507

Jin, N., Yin, X., Yu, D., Cao, M., Gong, C. X., Iqbal, K., et al. (2015b).
Truncation and activation of GSK-3β by calpain I: a molecular mechanism
links to tau hyperphosphorylation in Alzheimer’s disease. Sci. Rep. 5:8187.
doi: 10.1038/srep08187

Josephs, K. A., Whitwell, J. L., Weigand, S. D., Murray, M. E., Tosakulwong, N.,
Liesinger, A. M., et al. (2014). TDP-43 is a key player in the clinical
features associated with Alzheimer’s disease. Acta Neuropathol. 127, 811–824.
doi: 10.1007/s00401-014-1269-z

Kannanayakal, T. J., Tao, H., Vandre, D. D., and Kuret, J. (2006). Casein kinase-1
isoforms differentially associate with neurofibrillary and granulovacuolar
degeneration lesions. Acta Neuropathol. 111, 413–421. doi: 10.1007/s00401-
006-0049-9

Kasama-Yoshida, H., Tohyama, Y., Kurihara, T., Sakuma, M., Kojima, H.,
and Tamai, Y. (1997). A comparative study of 2′,3′-cyclic-nucleotide
3′-phosphodiesterase in vertebrates: cDNA cloning and amino acid sequences
for chicken and bullfrog enzymes. J. Neurochem. 69, 1335–1342. doi: 10.1046/j.
1471-4159.1997.69041335.x

Kaufman, S. K., Sanders, D. W., Thomas, T. L., Ruchinskas, A. J., Vaquer-
Alicea, J., Sharma, A. M., et al. (2016). Tau prion strains dictate patterns of
cell pathology, progression rate, and regional vulnerability in vivo. Neuron 92,
796–812. doi: 10.1016/j.neuron.2016.09.055

Larner, A. J. (1997). The cerebellum in Alzheimer’s disease.Dement. Geriatr. Cogn.
Disord. 8, 203–209. doi: 10.1159/000106632

Lee, V. M., Goedert, M., and Trojanowski, J. Q. (2001). Neurodegenerative
tauopathies. Annu. Rev. Neurosci. 24, 1121–1159. doi: 10.1016/s0896-
6273(00)81106-x

Lee, M. S., Kwon, Y. T., Li, M., Peng, J., Friedlander, R. M., and Tsai, L. H. (2000).
Neurotoxicity induces cleavage of p35 to p25 by calpain. Nature 405, 360–364.
doi: 10.1038/35012636

Leyns, C. E. G., and Holtzman, D. M. (2017). Glial contributions
to neurodegeneration in tauopathies. Mol. Neurodegener. 12:50.
doi: 10.1186/s13024-017-0192-x

Liang, W. S., Dunckley, T., Beach, T. G., Grover, A., Mastroeni, D., Walker, D. G.,
et al. (2007). Gene expression profiles in anatomically and functionally distinct
regions of the normal aged human brain. Physiol. Genomics. 28, 311–322.
doi: 10.1152/physiolgenomics.00208.2006

Liang, W. S., Dunckley, T., Beach, T. G., Grover, A., Mastroeni, D., Ramsey, K.,
et al. (2008). Altered neuronal gene expression in brain regions differentially
affected by Alzheimer’s disease: a reference data set. Physiol. Genomics. 33,
240–256. doi: 10.1152/physiolgenomics.00242.2007

Liang, Z., Liu, F., Grundke-Iqbal, I., Iqbal, K., and Gong, C. X. (2007). Down-
regulation of cAMP-dependent protein kinase by over-activated calpain in
Alzheimer disease brain. J. Neurochem. 103, 2462–2470. doi: 10.1111/j.1471-
4159.2007.04942.x

Liu, F., Grundke-Iqbal, I., Iqbal, K., and Gong, C. X. (2005a). Contributions
of protein phosphatases PP1, PP2A, PP2B and PP5 to the regulation of tau
phosphorylation. Eur. J. Neurosci. 22, 1942–1950. doi: 10.1111/j.1460-9568.
2005.04391.x

Liu, F., Grundke-Iqbal, I., Iqbal, K., Oda, Y., Tomizawa, K., and Gong, C. X.
(2005b). Truncation and activation of calcineurin A by calpain I in Alzheimer
disease brain. J. Biol. Chem. 280, 37755–37762. doi: 10.1074/jbc.M507475200

Liu, F., Iqbal, K., Grundke-Iqbal, I., Rossie, S., and Gong, C. X. (2005c).
Dephosphorylation of tau by protein phosphatase 5: impairment in Alzheimer’s
disease. J. Biol. Chem. 280, 1790–1796. doi: 10.1074/jbc.M410775200

Liu, F., Liang, Z., andGong, C. X. (2006). Hyperphosphorylation of tau and protein
phosphatases in Alzheimer disease. Panminerva Med. 48, 97–108.

Longin, S., Zwaenepoel, K., Louis, J. V., Dilworth, S., Goris, J., and Janssens, V.
(2007). Selection of protein phosphatase 2A regulatory subunits is mediated
by the C terminus of the catalytic Subunit. J. Biol. Chem. 282, 26971–26980.
doi: 10.1074/jbc.M704059200

Mattiace, L. A., Davies, P., Yen, S. H., and Dickson, D. W. (1990). Microglia
in cerebellar plaques in Alzheimer’s disease. Acta Neuropathol. 80, 493–498.
doi: 10.1007/bf00294609

McKee, A. C., Stern, R. A., Nowinski, C. J., Stein, T. D., Alvarez, V. E.,
Daneshvar, D. H., et al. (2013). The spectrum of disease in chronic traumatic
encephalopathy. Brain 136, 43–64. doi: 10.1093/brain/aws307

Mirra, S. S., Heyman, A., McKeel, D., Sumi, S. M., Crain, B. J., Brownlee, L. M.,
et al. (1991). The consortium to establish a registry for Alzheimer’s disease
(CERAD). Part II. Standardization of the neuropathologic assessment of
Alzheimer’s disease. Neurology 41, 479–486. doi: 10.1212/WNL.41.4.479

Mullen, R. J., Buck, C. R., and Smith, A. M. (1992). NeuN, a neuronal specific
nuclear protein in vertebrates. Development 116, 201–211.

Neumann, M., Sampathu, D. M., Kwong, L. K., Truax, A. C., Micsenyi, M. C.,
Chou, T. T., et al. (2006). Ubiquitinated TDP-43 in frontotemporal
lobar degeneration and amyotrophic lateral sclerosis. Science 314, 130–133.
doi: 10.1126/science.1134108

Oddo, S., Caccamo, A., Shepherd, J. D., Murphy, M. P., Golde, T. E., Kayed, R.,
et al. (2003). Triple-transgenic model of Alzheimer’s disease with plaques
and tangles: intracellular Aβ and synaptic dysfunction. Neuron 39, 409–421.
doi: 10.1016/S0896-6273(03)00434-3

Ojo, J. O.,Mouzon, B. C., and Crawford, F. (2016). Repetitive head trauma, chronic
traumatic encephalopathy and tau: challenges in translating from mice to men.
Exp. Neurol. 275, 389–404. doi: 10.1016/j.expneurol.2015.06.003

Pei, J. J., Gong, C. X., Iqbal, K., Grundke-Iqbal, I., Wu, Q. L., Winblad, B.,
et al. (1998). Subcellular distribution of protein phosphatases and abnormally
phosphorylated tau in the temporal cortex from Alzheimer’s disease
and control brains. J. Neural Transm. 105, 69–83. doi: 10.1007/s0070200
50039

Pluta, R., Kida, E., Lossinsky, A. S., Golabek, A. A., Mossakowski, M. J.,
and Wisniewski, H. M. (1994). Complete cerebral ischemia with short-term
survival in rats induced by cardiac arrest. I. Extracellular accumulation of
Alzheimer’s β-amyloid protein precursor in the brain. Brain Res. 649, 323–328.
doi: 10.1016/0006-8993(94)91081-2

Qian, W., Yin, X., Hu,W., Shi, J., Gu, J., Grundke-Iqbal, I., et al. (2011). Activation
of protein phosphatase 2B and hyperphosphorylation of Tau in Alzheimer’s
disease. J. Alzheimers Dis. 23, 617–627. doi: 10.3233/JAD-2010-100987

Ransohoff, R. M. (2016). How neuroinflammation contributes to
neurodegeneration. Science 353, 777–783. doi: 10.1126/science.aag2590

Rockenstein, E., Overk, C. R., Ubhi, K., Mante, M., Patrick, C., Adame, A., et al.
(2015). A novel triple repeat mutant tau transgenic model that mimics aspects
of pick’s disease and fronto-temporal tauopathies. PLoS One 10:e0121570.
doi: 10.1371/journal.pone.0121570

Rodriguez, J. J., Butt, A. M., Gardenal, E., Parpura, V., and Verkhratsky, A.
(2016). Complex and differential glial responses in Alzheimer’s disease and
ageing. Curr. Alzheimer Res. 13, 343–358. doi: 10.2174/1567205013666160229
112911

Saito, Y., Ruberu, N. N., Sawabe, M., Arai, T., Tanaka, N., Kakuta, Y., et al. (2004).
Staging of argyrophilic grains: an age-associated tauopathy. J. Neuropathol. Exp.
Neurol. 63, 911–918. doi: 10.1093/jnen/63.9.911

Santacruz, K., Lewis, J., Spires, T., Paulson, J., Kotilinek, L., Ingelsson, M.,
et al. (2005). Tau suppression in a neurodegenerative mouse model improves
memory function. Science 309, 476–481. doi: 10.1126/science.1113694

Sasaki, A., Yamaguchi, H., Ogawa, A., Sugihara, S., and Nakazato, Y. (1997).
Microglial activation in early stages of amyloid β protein deposition. Acta
Neuropathol. 94, 316–322. doi: 10.1007/s004010050713

Suh, J., Rivest, A. J., Nakashiba, T., Tominaga, T., and Tonegawa, S. (2011).
Entorhinal cortex layer III input to the hippocampus is crucial for
temporal association memory. Science 334, 1415–1420. doi: 10.1126/science.
1210125

Tolnay, M., and Probst, A. (1999). Review: tau protein pathology in Alzheimer’s
disease and related disorders. Neuropathol. Appl. Neurobiol. 25, 171–187.
doi: 10.1046/j.1365-2990.1999.00182.x

Frontiers in Aging Neuroscience | www.frontiersin.org 13 September 2017 | Volume 9 | Article 311

https://doi.org/10.1038/nrneurol.2015.225
https://doi.org/10.1016/s0169-328x(99)00079-0
https://doi.org/10.1016/j.tibs.2007.12.004
https://doi.org/10.1074/jbc.M115.645507
https://doi.org/10.1074/jbc.M115.645507
https://doi.org/10.1038/srep08187
https://doi.org/10.1007/s00401-014-1269-z
https://doi.org/10.1007/s00401-006-0049-9
https://doi.org/10.1007/s00401-006-0049-9
https://doi.org/10.1046/j.1471-4159.1997.69041335.x
https://doi.org/10.1046/j.1471-4159.1997.69041335.x
https://doi.org/10.1016/j.neuron.2016.09.055
https://doi.org/10.1159/000106632
https://doi.org/10.1016/s0896-6273(00)81106-x
https://doi.org/10.1016/s0896-6273(00)81106-x
https://doi.org/10.1038/35012636
https://doi.org/10.1186/s13024-017-0192-x
https://doi.org/10.1152/physiolgenomics.00208.2006
https://doi.org/10.1152/physiolgenomics.00242.2007
https://doi.org/10.1111/j.1471-4159.2007.04942.x
https://doi.org/10.1111/j.1471-4159.2007.04942.x
https://doi.org/10.1111/j.1460-9568.2005.04391.x
https://doi.org/10.1111/j.1460-9568.2005.04391.x
https://doi.org/10.1074/jbc.M507475200
https://doi.org/10.1074/jbc.M410775200
https://doi.org/10.1074/jbc.M704059200
https://doi.org/10.1007/bf00294609
https://doi.org/10.1093/brain/aws307
https://doi.org/10.1212/WNL.41.4.479
https://doi.org/10.1126/science.1134108
https://doi.org/10.1016/S0896-6273(03)00434-3
https://doi.org/10.1016/j.expneurol.2015.06.003
https://doi.org/10.1007/s007020050039
https://doi.org/10.1007/s007020050039
https://doi.org/10.1016/0006-8993(94)91081-2
https://doi.org/10.3233/JAD-2010-100987
https://doi.org/10.1126/science.aag2590
https://doi.org/10.1371/journal.pone.0121570
https://doi.org/10.2174/1567205013666160229112911
https://doi.org/10.2174/1567205013666160229112911
https://doi.org/10.1093/jnen/63.9.911
https://doi.org/10.1126/science.1113694
https://doi.org/10.1007/s004010050713
https://doi.org/10.1126/science.1210125
https://doi.org/10.1126/science.1210125
https://doi.org/10.1046/j.1365-2990.1999.00182.x
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Hu et al. Regional Expression of Alzheimer-Related Proteins

Tortosa, E., Montenegro-Venegas, C., Benoist, M., Härtel, S., González-Billault, C.,
Esteban, J. A., et al. (2011). Microtubule-associated protein 1B (MAP1B) is
required for dendritic spine development and synaptic maturation. J. Biol.
Chem. 286, 40638–40648. doi: 10.1074/jbc.M111.271320

Villarroel-Campos, D., and Gonzalez-Billault, C. (2014). The MAP1B case: an old
MAP that is new again. Dev. Neurobiol. 74, 953–971. doi: 10.1002/dneu.22178

von Bartheld, C. S., Bahney, J., and Herculano-Houzel, S. (2016). The search
for true numbers of neurons and glial cells in the human brain: a review of
150 years of cell counting. J. Comp. Neurol. 524, 3865–3895. doi: 10.1002/cne.
24040

Wang, J. Z., Grundke-Iqbal, I., and Iqbal, K. (2007). Kinases and phosphatases and
tau sites involved in Alzheimer neurofibrillary degeneration. Eur. J. Neurosci.
25, 59–68. doi: 10.1111/j.1460-9568.2006.05226.x

Wang, J. Z., and Liu, F. (2008). Microtubule-associated protein tau in
development, degeneration and protection of neurons. Prog. Neurobiol. 85,
148–175. doi: 10.1016/j.pneurobio.2008.03.002

Wegiel, J., Kuchna, I., Nowicki, K., Frackowiak, J., Dowjat, K., Silverman, W. P.,
et al. (2004). Cell type- and brain structure-specific patterns of distribution
of minibrain kinase in human brain. Brain Res. 1010, 69–80. doi: 10.1016/j.
brainres.2004.03.008

Wes, P. D., Sayed, F. A., Bard, F., and Gan, L. (2016). Targeting microglia for the
treatment of Alzheimer’s disease. Glia 64, 1710–1732. doi: 10.1002/glia.22988

Wyss-Coray, T., and Mucke, L. (2002). Inflammation in neurodegenerative
disease—a double-edged sword. Neuron 35, 419–432. doi: 10.1016/s0896-
6273(02)00794-8

Yoshiyama, Y., Higuchi, M., Zhang, B., Huang, S. M., Iwata, N., Saido, T. C.,
et al. (2007). Synapse loss and microglial activation precede tangles in a P301S
tauopathy mouse model. Neuron 53, 337–351. doi: 10.1016/j.neuron.2007.
01.010

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017Hu,Wu, Zhang, Gong, Iqbal and Liu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 14 September 2017 | Volume 9 | Article 311

https://doi.org/10.1074/jbc.M111.271320
https://doi.org/10.1002/dneu.22178
https://doi.org/10.1002/cne.24040
https://doi.org/10.1002/cne.24040
https://doi.org/10.1111/j.1460-9568.2006.05226.x
https://doi.org/10.1016/j.pneurobio.2008.03.002
https://doi.org/10.1016/j.brainres.2004.03.008
https://doi.org/10.1016/j.brainres.2004.03.008
https://doi.org/10.1002/glia.22988
https://doi.org/10.1016/s0896-6273(02)00794-8
https://doi.org/10.1016/s0896-6273(02)00794-8
https://doi.org/10.1016/j.neuron.2007.01.010
https://doi.org/10.1016/j.neuron.2007.01.010
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive

	Expression of Tau Pathology-Related Proteins in Different Brain Regions: A Molecular Basis of Tau Pathogenesis
	INTRODUCTION
	MATERIALS AND METHODS
	Human Brain Tissue
	Rats and Dissection of Rat Brain Regions
	Preparation of Brain Homogenates and Crude Extracts
	Western Blots and Immuno-Dot Blots
	Statistical Analysis

	RESULTS
	Tau Is Hyperphosphorylated in the Frontal Cortex but Not in the Cerebellum from AD Brains
	Human Cerebellum Expresses Less Tau than Frontal and Temporal Cortices
	Tau Isoforms Are Differentially Expressed in Various Rat Brain Regions
	Rat Brain Regions Express Microtubule-Related Proteins Differentially
	Expression Levels of Tau Kinases Vary Among Rat Brain Regions
	Expression Levels of Tau Phosphatases Differ Markedly Across Rat Brain Regions
	Neurodegeneration-Related Proteins Are Expressed Dissimilarly among Rat Brain Regions
	The Rat Brain Expresses Varying Levels of Neuronal and Glial Markers in Different Regions

	DISCUSSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


