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Abstract
Tau is a neuronal microtubule-associated protein. Its hyperphosphorylation plays a critical role in
Alzheimer disease (AD). Expression and phosphorylation of tau are regulated developmentally,
but its dynamic regulation and the responsible kinases or phosphatases remain elusive. Here, we
studied the developmental regulation of tau in rats during development from embryonic day 15
through the age of 24 months. We found that tau expression increased sharply during the
embryonic stage and then became relatively stable, whereas tau phosphorylation was much higher
in developing brain than in mature brain. However, the extent of tau phosphorylation at seven of
the 14 sites studied was much less in developing brain than in AD brain. Tau phosphorylation
during development matched the period of active neurite outgrowth in general. Tau
phosphorylation at various sites had different topographic distributions. Several tau kinases
appeared to regulate tau phosphorylation collectively at overlapping sites, and the decrease of
overall tau phosphorylation in adult brain might be due to the higher levels of tau phosphatases in
mature brain. These studies provide new insight into the developmental regulation of site-specific
tau phosphorylation and identify the likely sites required for the abnormal hyperphosphorylation
of tau in AD.
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Tau is a major microtubule-associated protein (MAP) in the brain. Its main known
biological function is to promote microtubule assembly and to stabilize microtubules. In
adult human brain, six tau isoforms are expressed as a result of alternative mRNA splicing
from a single gene (Goedert et al. 1989b; Goedert et al. 1989a; Kosik et al. 1989). Since the
seminal discovery that abnormally hyperphosphorylated tau constitutes paired helical
filaments (PHF) of neurofibrillary tangles (NFTs) (Grundke-Iqbal et al. 1986a; Grundke-
Iqbal et al. 1986b; Lee et al. 1991; Montejo de Garcini et al. 1986; Ihara et al. 1986), a
hallmark brain lesion of Alzheimer disease (AD), extensive studies on the structure,
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function, and posttranslational modifications of tau as well as its abnormalities in AD have
been carried. Both expression and phosphorylation of tau are reported to be regulated
developmentally. In fetal human brain, only the smallest isoform of tau is expressed.
Compared to adult tau, fetal tau is highly phosphorylated at several phosphorylation sites
seen in AD brain (Goedert et al. 1993; Brion et al. 1993; Kenessey and Yen 1993;
Morishima-Kawashima et al. 1995). However, fetal tau, though highly phosphorylated, is
functional and is not polymerized into NFTs, whereas hyperphosphorylated tau from AD
brain inhibits microtubule assembly and polymerizes into NFTs (Alonso et al. 2001; Alonso
et al. 2006; Iqbal et al. 1986; Alonso et al. 1994; Yoshida and Ihara 1993). Thus, a detailed
comparison between tau in fetal and abnormally hyperphosphorylated tau in AD brain will
help elucidate the mechanism underlying the differences between these two states of tau.

Investigation of the mechanisms of abnormal hyperphosphorylation of tau in AD brain has
led to identification of major protein kinases and phosphatases that regulate tau
phosphorylation. The major tau kinases include glycogen synthase kinase 3β (GSK-3β),
cyclin-dependent kinase 5 (CDK5), mitogen-activated protein kinases (MAPKs), cAMP-
dependent protein kinase (PKA), calcium/calmodulin-dependent protein kinase II (CaMKII),
and dual-specificity tyrosine-regulated kinase 1A (Dyrk1A) (Gong and Iqbal 2008; Ferrer et
al. 2005). Among various protein phosphatases, PP1, PP2A, PP2B and PP5 have been
shown to dephosphorylate tau (Liu et al. 2005).

In this report, we describe a detailed regulation of tau expression, tau phosphorylation at
individual phosphorylation sites, and tau kinases and phosphatases in rat brain during
development from embryonic day 15 (E15d) to the age of 24 months.

Materials and methods
Antibodies and reagents

The primary antibodies used in this study are listed in Table 1. Peroxidase-conjugated anti-
mouse and anti-rabbit IgG were obtained from Jackson ImmunoResearch Laboratories
(West Grove, PA, USA). The enhanced chemiluminescence (ECL) kit was from Amersham
Pharmacia (Piscataway, NJ, USA).

Animals and human brain tissue
Wistar rats were from Charles River Laboratories, Inc. (Wilmington, MA). Pregnant female
rats were sacrificed at 15 (E15d) and 19 (E19d) days of gestation, and the brains of rat
fetuses (E15d and E19d) were dissected immediately. Rat brains were also collected from
pups on the day of birth (P0), and male rats at post-natal day 5 (P5d), P15d, post-natal
month 1 (P1m), P6m, P12m, and P24m. All animal experiments were performed according
to the “Principles of Laboratory Animal Care” (NIH Publication 86−23, revised in 1985)
and were approved by the Animal Welfare Committee of the New York State Institute for
Basic Research in Developmental Disabilities.

Human brain tissue (frontal cortices) from AD patients (mean age 73.2 ± 10.1 y) and control
individuals (mean age 73.6 ± 8.2 y) was obtained from the Harvard Brain Tissue Resource
Center (Belmont, MA). The average postmortem delay before tissue collection was 4.7 ± 3.2
h for AD and 5.0 ± 1.2 h for controls. All brain samples were confirmed pathologically and
stored at −70°C until used. The use of frozen human brain tissue was in accordance with the
National Institutes of Health guidelines and was approved by the Institutional Review
Committee of the New York State Institute for Basic Research in Developmental
Disabilities.
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Western blot analysis
Rat brain tissue was homogenized in buffer consisting of 50 mM Tris-HCl (pH 7.4), 2.0 mM
EDTA, 10 mM β-mercaptoethanol, 8.0 μg/ml aprotinin, 100 μg/ml leupeptin, 4.0 μg/ml
pepstatin, and 8.5% sucrose. Aliquots of the homogenates were mixed by the same volume
of 2× concentrated Laemmeli buffer (125 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 2%
β-mercaptoethanol and 0.005% bromophenal blue), followed by heating in boiling water for
5 min. Protein concentrations of the samples were determined by using modified Lowry
method (Bensadoun and Weinstein 1976). The levels of specific brain proteins and their
phosphorylation were determined by Western blots using 5% (for MAP1A and MAP1B
only) or 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). The
Western blots were developed by using ECL, and the immunoreactivities of the blots were
quantified densitometrically.

Immunohistochemistry
Tissue was first fixed in 10% PBS-buffered formalin and embedded in paraffin. Thin (6 μm
thick) sections were cut, and immunohistochemical staining was carried out by using avidin-
biotin-peroxidase complex system (Vector Labs, Inc., Burlingame, CA) and visualized by
diaminobenzidine (DAB) staining.

Results
Developmental regulation of expression and phosphorylation of tau

The level and site-specific phosphorylation of tau in the brain homogenates of rats of
various ages were determined by Western blots developed with 92e to total tau and
phosphorylation-dependent/site-specific tau antibodies, respectively. We found that tau
expression increased sharply in the developing brain during the embryonic stage (Fig. 1A,
B). After birth, the total level of tau in the brain remained relatively stable. It increased only
slightly (∼20%) till the age of 15 days and then decreased by 20% over the life span. The
Western blots also demonstrated that during the early embryonic stage, only the shortest tau
isoform was expressed in the rat brain, whereas the larger tau isoforms started to show after
P5d. The most dramatic change in the expression of various tau isoforms occurred between
P15d and P1m. Before P15d, only two major tau bands were seen, whereas by the age of
P15m, four tau bands with comparable intensities appeared (Fig. 1A). After rats reached
adult age (P3m), the expression of fetal tau disappeared. These observations are consistent
with previous reports on the developmental regulation of expression of various tau isoforms
(Takuma et al. 2003).

Tau phosphorylation at a total of 14 phosphorylation sites was studied during development.
We found that tau phosphorylation at all these sites were regulated developmentally (Fig.
1A). On the basis of the patterns of changes during development, these phosphorylation sites
can be divided into three groups. In group 1 (Ser202, Thr212, Thr217, Ser356, Ser404, and
Ser409), tau was found to be highly phosphorylated during development up to the age of
P15d, and tau phosphorylation levels were the highest at embryonic stages (Fig. 1C). Tau
phosphorylation at group 2 sites (Thr181, Ser199, Thr205, Ser214, Ser262, and Ser422)
increased dramatically during the embryonic stage and the first 5 (Thr181, Thr205, Ser262,
and Ser422) or 15 days (Ser199 and Ser214) of life (Fig. 1D). After the peak, tau
phosphorylation at these sites declined to low levels at the age of 1−3 months old, and then
it remained relatively unchanged for the rest of life. In group 3 phosphorylation sites of tau
(Thr231 and Ser396), we did not observe any marked alteration of tau phosphorylation from
E19d through the age of P24m (Fig. 1E). As demonstrated in Fig. 1A, tau expression at
E15d was very low. Thus, this time point was not included for calculation of site-specific tau

Yu et al. Page 3

J Neurochem. Author manuscript; available in PMC 2009 May 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



phosphorylation, because the normalized tau phosphorylation at Thr231 and Ser396 had
been extremely high (data not shown), which appeared to be misleading.

We also observed that, within the groups, different tau isoforms appeared to be
phosphorylated differently during development. For example, Ser199 of the three adult tau
bands were similarly phosphorylated during adulthood, whereas Ser214 of the upper most
band was hardly phosphorylated (Fig. 1A), although both sites were belong to Group 2 and
had similar changes in overall phosphorylation. Similarly, Thr231 of the upper two tau
bands was more phosphorylated than the lower band, whereas Ser396 of the lower band was
also highly phosphorylated. These observations demonstrate the complex dynamic
regulation of tau phosphorylation at the levels of both tau isoforms and phosphorylation
sites.

Immunohistochemical distribution of tau phosphorylation during development
We investigated the topology of tau phosphorylation during development by
immunohistochemistry. For these studies, we selected three time points (E19d, P5d, and
P6m) to cover the embryonic and postnatal development stages as well as the adult stage.
Four antibodies that did not react with any rat brain proteins other than the site-specific
phosphorylated tau and covered phosphorylation sites of the three groups (see above) were
selected for immunohistochemistry. These antibodies included anti-pS199, anti-pS202, 12E8
(to pS262 and pS356), and anti-pS396. We found that except for 12E8, which stained E19d
rat brain very weakly, the three other antibodies had similarly strong staining patterns for
E19d rat brains (Fig. 2). The strong staining was seen over the whole brain except for the
cortical neuroepithelium (cx) and caudate/putamen neuroepithelium (cpu) that surround the
lateral ventricle (LV). A clear laminar staining pattern of the cortical plate (CxP), cortical
subplate (CxS), intermediate cortical layer (ICx), and subventricular cortical layer (SubV)
was seen. At high magnification, most staining was observed in the cell bodies, whereas the
nuclei were nearly free of staining (Fig. 2, E and F).

At postnatal day 5, the staining patterns of phosphorylated tau were different among various
phosphorylation sites, and antibody 12E8 still minimally stained rat brain tissue (Table 2).
Anti-pS199 and anti-pS396 had the strongest staining in the cerebral cortices. They also
strongly stained deeper structures of the brain such as the caudate putamen and globus
pallidus, whereas anti-pS202 and 12E8 hardly stained these structures. The hippocampus
was moderately stained only by anti-pS396. Within the cerebral cortex, both neuronal cell
bodies and cell processes were strongly stained with anti-pS199 and anti-pS396. The
staining in different cortical layers appeared to be similar except for a little darker staining in
layer II. There was no obvious difference in the staining pattern with various phospho-tau
antibodies in the cerebral cortex.

In rats at P6m, immunostaining of brain sections with these phosphor-tau antibodies was
found to be generally weak to moderate except with anti-pS199 (Table 2). The topographic
distribution of tau phosphorylated at different sites was different, especially in the
hippocampus (Fig. 3). Anti-pS199 did not stain cell bodies of most pyramidal neurons (p) of
the cornu Ammonis (CA) or granule neurons (g) of the dentate gyrus (DG), but the stratum
oriens (o) and stratum radiatum (r) were moderately stained (Fig. 3A). The strongest pS199
staining was observed in the mossy fibers (mf) of the CA3 sector. With anti-pS202, in
addition to mossy fibers of the CA3, the pyramidal neurons of CA1/2 and CA4 were also
stained, but the neuronal cell bodies at CA3 and DG were not stained (Fig. 3B). Antibody
12E8 only weakly stained pyramidal neurons at CA1/2 and CA4 and some DG neurons (Fig.
3C). Other areas were unstained. Staining of the hippocampus with anti-pS396 was also
weak (Fig. 3D). Only weak to moderate staining was seen in the stratium lacumosum/
moleculae and mossy fibers.
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Comparison of tau phosphorylation during development with AD abnormal tau
phosphorylation

Although tau both in normal developing brain and in AD brain is highly phosphorylated at
multiple sites, only the latter inhibits its activity to stimulate microtubule assembly and
polymerizes into NFTs. The functional change and NFT formation of tau are believed to
result mainly from its abnormal hyperphosphorylation (Del et al. 2008; Gong et al. 2006).
To investigate what makes the functional differences between normal tau in the immature
brain and tau in AD brain, we compared the extents of tau phosphorylation at individual
phosphorylation sites between tau in the developing rat brain and pathological tau from AD
brain. We found that, as compared with adult tau, tau was hyperphosphorylated at different
sites to various extents during different developmental stages (Fig. 4). When we compared
tau between AD brains and control brains, 12 of the 14 examined sites were found to be
dramatically hyperphosphorylated in AD. Among these 14 sites, the phosphorylation level
of seven sites (Ser202, Thr212, Thr217, Thr231, Ser396, Ser404, and Ser422) was much
higher in AD brain than in developing rat brain, whereas the phosphorylation level of the
other seven sites (Thr181, Ser199, Thr205, Ser214, Ser262, Ser356, and Ser409) in AD
brain were similar to or lower than tau in the developing rat brain. These results suggest that
the different phosphorylation levels in the selective sites between tau in the developing brain
and tau in AD brain might play a key role in converting tau from a molecule that is
biologically active into one that inhibits microtubule assembly and polymerizes into NFTs.

Correlation of tau phosphorylation to the period of intense neurite outgrowth during
development

Establishment of neuronal connections in developing brain can be divided into two periods.
The first period is characterized by active neurite outgrowth during the embryonic and early
postnatal days, which is marked by MAP1B expression (Riederer et al. 1986; Schoenfeld et
al. 1989). The second period is involved mainly in neurite stabilization and synapse
formation and is marked by the appearance of MAP1A expression (Riederer and Innocenti
1991; Schoenfeld et al. 1989). To study if tau phosphorylation correlates to neuronal
development, we detected the expression of MAP1B and MAP1A in rat brain during
development. As expected, MAP1B expression was found to increase dramatically during
early development and reached its peak at P0–P5d (Fig. 5). The MAP1B expression then
decreased rapidly and became undetectable after P1m. In contrast, MAP1A started to
express after P5d, and the expression reached its peak at P1–3m. When the dynamic changes
of MAP1B and MAP1A were compared with those of site-specific tau phosphorylation, we
found that tau phosphorylation at the sites of groups 1 and 2 generally correlated with the
increase in MAP1B expression (compare Fig. 5 with Fig. 1). Among these tau
phosphorylation sites, the patterns of tau phosphorylation at Thr181, Thr205, Thr217, and
Ser404 matched with the change of MAP1B expression best during development. Tau
phosphorylation at some other sites, such as Ser202, Thr212, Ser356, and Ser404, was not
increased or even decreased during the period of E19-P0, whereas the MAP1B expression
was markedly increased during the same period, suggesting that tau phosphorylation at these
sites might not be related to neurite outgrowth. Taken together, these observations suggest
that tau phosphorylation at some sites might regulate the dynamic changes of microtubule
assembly that, in turn, play a critical role in neurite outgrowth.

Developmental regulation of tau protein kinases
Since tau phosphorylation at various sites is catalyzed by specific tau kinases, we
investigated several tau kinases during development. GSK-3β is the tau kinase most often
implicated and phosphorylates tau at several phosphorylation sites (Ferrer et al. 2005;
Takashima 2006; Aghdam and Barger 2007). We found that the expression of GSK-3β was
regulated developmentally with dynamics similar to that of tau phosphorylation at group 2
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phosphorylation sites, which increased during early development and peaked at P5d to P15d
and then declined during the rest of life (compare Fig. 6A with Fig. 1D). It is well
established that GSK-3β activity requires its phosphorylation at Tyr216, and the kinase is
inactivated by phosphorylation at Ser9, which is the major regulating mechanism of GSK-3β
activity (Plyte et al. 1992; Hughes et al. 1993). Thus, we also determined the level of
GSK-3β phosphorylated at Tyr216 or Ser9 by using phosphorylation-dependent and site-
specific GSK-3β antibodies. We found that the pTyr216 profile was similar to the total
GSK-3β profile (Fig. 6A), indicating that this site is not an active regulator of GSK-3β
activity, which is consistent with the general belief that Tyr216 is constitutively
phosphorylated and plays a minor role in regulating the kinase activity (Shaw et al. 1997). In
contrast, Ser9 phosphorylation of GSK-3β was found to be high during early development
and declined markedly during late development (P5d–P1m). This change appeared to be
much more dramatic after the data were normalized with the total GSK-3β level.
Considering both the expression level and the Ser9 phosphorylation of GSK-3β, we
speculate that the kinase activity was higher during P5d–P15d than other periods of
development.

The activity of GSK-3β is regulated mainly via phosphorylation at Ser9 by AKT, which, in
turn, is phosphorylated and activated by PI3K (Cross et al. 1995). Thus, we also determined
the levels and phosphorylation/activation of these two upstream kinases of GSK-3β. We
found that AKT expression was relatively stable during early development and slowly
declined during late development (P0–P1m) to the level equal to 60−70% of the embryonic
level (Fig. 6B). The phosphorylation of AKT at Ser473, which represents its activation,
increased during early development and peaked at P5d. Then, it declined to a very low level
at P3m. PI3K is composed of two subunits: the catalytic subunit p110 and the regulatory
p85. The expression of both subunits was found to increase during embryonic stages and
then decreased slowly after birth (p110) or after P15d (p85) (Fig. 6C). The developmental
changes of phosphorylation of PI3K p85 at Tyr458, which activates the kinase, were found
to resemble those of AKT (compare Fig. 6C with Fig. 6B), consistent with the fact that AKT
is phosphorylated and activated by PI3K activation. However, the activation of these two
kinases did not match Ser9 phosphorylation of GSK-3β completely. These results suggest
that PI3K-AKT is not the sole upstream regulator of GSK-3β.

CDK5 is another important tau kinase, which is activated when associated with its
activators, P35 or P25 (Lee and Tsai 2003; Ferrer et al. 2005). The expression of CDK5
increased during development and peaked at the age of P15d. Then, it maintained unchanged
till P24m (Fig. 6D). The levels of both P35 and P25 increased during early development, but
the former slightly declined after P5d and the latter slightly declined during P5d and P30d
and then increased again afterwards.

ERKs and JNKs are the major brain mitogen-activated protein kinases (MAPKs) and play
important roles in neuronal differentiation and development as well as in phosphorylation of
tau, especially under stress condition (Reynolds et al. 1997; Petersen et al. 2007; Zhu et al.
2002; Pei et al. 2002). We found that the expression of ERK1/2 and, especially, the
phosphorylation at Thr202/Tyr204, which represents their activation, increased during
development and peaked at P5–15d (Fig. 6E). The developmental regulation of JNK levels
resembled those of ERKs, but the activation of JNK1, as evidenced by its phosphorylation at
Thr183/Tyr185, was detectable only during P0–P15d (Fig. 6F). This JNK activation window
matched well to phosphorylation of tau at group 2 sites (compare Fig. 6F with Fig. 1D).

PKA, another important tau kinase (Jicha et al. 1999; Liu et al. 2004; Gong et al. 2006;
Wang et al. 2007), is a tetrameric holoenzyme consisting of two catalytic (C) and two
regulatory (R) subunits. We studied the developmental regulation of expression of the major
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brain isoforms of PKA subunits. We found that their levels all increased during development
before P5d, after which they remained stable, except for RIβ, which kept increasing during
adulthood (Fig. 6G). Both RIα and RIβ also had a small peak between P5d and P15d.

CaMKII phosphorylates a broad range of substrate proteins including tau (Lindwall and
Cole 1984; Baudier and Cole 1987). Neither of the two isoforms, CaMKIIα or CaMKIIβ,
was detectable before P5d (Fig. 6H). Expression of CaMKIIα was observed after P15d and
reached the highest level at P3m and then slightly declined. Expression of CaMKIIβ peaked
sharply at P1m and also rapidly declined to a lower level for the rest of adulthood. Because
CaMKII can be activated by autophosphorylation at Thr286 (Giese et al. 1998), we studied
its activation by detecting the phosphorylated CaMKII at this site. We found that CaMKII
activity gradually increased after P15d.

Dyrk1A phosphorylates tau and also primes tau phosphorylation by GSK-3β (Liu et al.
2008). We observed that Dyrk1A expression increased during development and peaked at
P5d. Then, it declined to a much lower level at P6m (Fig. 6I).

Developmental regulation of tau protein phosphatases
In addition to protein kinases, activities of tau protein phosphatases also regulate the level of
tau phosphorylation. Among many protein phosphatases, PP1, PP2A, PP2B, and PP5 have
been implicated in the regulation of tau phosphorylation (Tian and Wang 2002; Liu et al.
2005). We thus studied the levels of the catalytic subunits of these phosphatases during
development. We found that except for PP1, whose level remained stable over the life span,
the levels of PP2A, PP2B, and PP5 increased during development and reached stable, high
levels after P15d (Fig. 7). The developmental regulation of PP2B level was more remarkable
than that of PP2A and PP5 levels.

Discussion
In general, phosphorylation regulates the biological activity of tau to stimulate microtubule
assembly negatively, and AD-like abnormal hyperphosphorylation makes it to inhibit
microtubule assembly and to polymerize into PHFs/NFTs (Del et al. 2008; Gong and Iqbal
2008; Avila 2006). Fetal tau is also highly phosphorylated at many phosphorylation sites, as
seen in PHF-tau (Brion et al. 1993; Goedert 1993; Kenessey and Yen 1993; Morishima-
Kawashima et al. 1995), but there is no evidence of the lack of microtubule assembly or
PHF/NFT formation in the fetal brain. Recent studies suggest that the functional impacts of
tau phosphorylation depend on the specific phosphorylation sites and the extent of
phosphorylation (Liu et al. 2007; Wang et al. 2007). To learn what determines the functional
differences between fetal tau and AD pathological tau, we compared the levels of tau
phosphorylation at several individual phosphorylation sites. Among 14 tau phosphorylation
sites studied, we found that tau in the developing rat brain was phosphorylated to a similar
or higher level at Thr181, Ser199, Thr205, Ser214, Ser262, Ser356, and Ser409, as
compared to tau in AD brain. These results suggest that the phosphorylation of tau at these
seven sites is not sufficient to induce neurofibrillary pathology. It is worthy to note that two
of these sites, Ser262 and Ser356, are located in the microtubule-binding domains of tau and
that phosphorylation of tau at these sites inhibits or diminishes tau's biological activity in
vitro (Sengupta et al. 1998; Biernat et al. 1993; Drewes et al. 1995; Xie et al. 1998; Liu et
al. 2007; Singh et al. 1996). As the phosphorylation level of these two sites was much
higher in fetal brain than in AD brain, it is possible that tau in the developing brain has a
smaller microtubule-binding activity than tau in the mature brain. A smaller tau activity
might be required in the developing brain, in which microtubules are more dynamic and the
intraneuronal tubulin concentration is much higher than the mature brain (Charriere-
Bertrand and Nunez 1992; Bhattacharya and Sarkar 1991).
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Although tau was found to be abnormally hyperphosphorylated in AD brain two decades
ago, the present study is the first to compare quantitatively the levels of tau phosphorylation
at multiple individual phosphorylation sites between tau in AD brain and tau in age-matched
control brains. We found that the phosphorylation levels of tau at 12 of the 14 studied sites,
except Ser214 and Ser356, were much higher in AD brain than in control brain. At some
phosphorylation sites, such as Thr212, Thr217, Thr231, Ser396, Ser404, and Ser422,
phosphorylation was very low in control brain, and the increase in AD brain reached 10- to
100-fold. It appears that the high level of tau phosphorylation at a combination of multiple
sites distinguishes tau in AD brain from tau in fetal brain and contributes to the loss of its
biological activity and to its polymerization into NFTs. This conclusion is consistent with
our recent in vitro study showing that tau phosphorylation only at multiple regions
maximally diminishes its activity and disrupts microtubules (Liu et al. 2007). It should be
noted that Ser396, Ser404, and Ser422 at the C-terminal end of tau are among those sites
that were very highly phosphorylated in AD brain but were only slightly to moderately
phosphorylated in developing brain. Therefore, a high level of hyperphosphorylation of tau
at the C-terminus may be responsible for tau's self-aggregation into NFTs. Consistent with
our findings, in vitro phosphorylation of tau at the C-terminus by GSK-3β promotes its self-
aggregation (Liu et al. 2007). Mutations of Ser396, Ser404, and Ser422 of tau into glutamate
to mimic phosphorylation make it more fibrillogenic than the wild-type tau (Abraha et al.
2000; Haase et al. 2004), and mutation of Ser422 to alanine prevents β-amyloid–induced tau
aggregation (Ferrari et al. 2003).

As compared with in the mature brain, tau was found to be highly phosphorylated at many
sites in the developing brain from E19d to P5d or P15d. These sites include Ser262 and
Ser356, which are located within the microtubule-binding domains and are believed to be
critical to tau's biological activity (Biernat et al. 1993; Drewes et al. 1995; Xie et al. 1998;
Liu et al. 2007). Considering that a very low level of tau is expressed at the early embryonic
stage, our results suggest that tau's function might not be required at this early stage.
Consistent with this conclusion, no developmental abnormality is observed in the brain of
tau knockout mice (Harada et al. 1994). The window of tau phosphorylation at several sites
matched well with the period of active neurite outgrowth during brain development, as
marked by MAP1B expression. It is possible that tau phosphorylation at these sites might be
required to keep the high dynamics of microtubule assembly and disassembly. Tau
phosphorylation at AT8 sites (Ser202 and Thr205), which belongs to our group 1 and group
2 sites, has been reported during this active neurite outgrowth period (Brion et al. 1994).

A high level of tau phosphorylation was also seen immunohistochemically during
development. We also found that the topographic distributions of tau phosphorylated at the
various sites examined were identical on E15d, while these distributions became site-
specific at P5d and P6m. It is possible that tau is functionally regulated by phosphorylation
at different sites, along with the development of various brain structures to fit their structure/
region-specific functions.

Multiple protein kinases can phosphorylate tau, and each of them favors different
phosphorylation sites of tau. We, thus, studied the developmental regulation of the major
known tau kinases, including GSK-3β, CDK5, ERK, JNK, PKA, CaMKII, and Dyrk1A. We
found that these kinases had different profiles of expression and activation during
development. Among the kinases studied, the expression/activation of GSK-3β, JNK1, and
Dyrk1A peaked postnatal 5−15 days, suggesting that these kinases contribute to tau
phosphorylation at group 2 sites (Thr181, Ser199, Thr205, Ser214, Ser262, and Ser422) that
also peak at the same periods. This notion is consistent with previous reports showing
phosphorylation of tau at these sites by these three kinases (Yoshida et al. 2004; Reynolds et
al. 2000; Liu et al. 2007; Liu et al. 2008). Tau phosphorylation patterns at group 1 sites did
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not match with the level/activation of any kinases studied during development. It is,
therefore, impossible to suggest which kinases play major roles in the regulation of tau
phosphorylation at which phosphorylation sites of these groups on the basis of these data.
On the other hand, we found that the levels of PP2A, PP2B, and PP5 were increased during
early development. Because these phosphatases have very broad site specificities, it is likely
that the overall developmental regulation of tau phosphorylation is attributed mainly to the
developmental regulation of tau phosphatases.

In summary, we have studied the detailed dynamic changes of expression and
phosphorylation of tau at 14 individual phosphorylation sites, and expression and activation
of the major tau kinases and tau phosphatases in rat brain during development, ranging from
embryonic day 15 through the age of 24 months. We have found that while tau level steadily
increased during the embryonic stage, tau phosphorylation level was higher in the
developing brain than in the adult brain. However, tau phosphorylation at half of the
phosphorylation sites studied in the developing brain was much lower than that in AD brain,
and at the remaining sites, the tau phosphorylation was the opposite. Developmental
regulation of tau phosphorylation varied at different sites. The group 1 sites peaked at
embryonic day 19 to birth, and the group 2 sites peaked at postnatal day 5 to day 15. Tau
phosphorylation in the developing brain matched the period of active neurite outgrowth. Tau
phosphorylation at various sites had different topographic distributions. Studies of
developmental regulation of major tau kinases and tau phosphatases suggest that several tau
kinases might regulate tau phosphorylation at overlapping sites collectively and that the
decrease of overall tau phosphorylation in the adult brain might be due to the higher tau
phosphatases in the adult brain than in the developing brain. These studies provide new
insight into the developmental regulation of site-specific tau phosphorylation and identify
the likely sites required for the abnormal hyperphosphorylation of tau in AD.
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Fig. 1.
Levels of total tau and tau phosphorylated at individual phosphorylation sites during
development. (A) Equal amounts of brain homogenates from rats with the indicated ages
were analyzed by Western blots developed with antibody 92e to detect total tau or several
phosphorylation-dependent and site-specific tau antibodies to detect tau phosphorylation at
the individual sites. (B–E) The blots shown in panel A were quantified densitometrically,
and the mean values of each time point were plotted against ages. The data represent relative
immunoreactivities, those of which at birth (P0) were defined as 1. For quantification of tau
phosphorylation, the data had been normalized by the level of total tau, as determined by
92e blots, at each time point. According to the patterns of changes, alterations of site-
specific tau phosphorylation were divided into three groups and are presented in (C), (D),
and (E).
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Fig. 2.
Immunohistochemical staining of E19d rat brains with antibodies against tau phosphorylated
at specific individual phosphorylation sites. Paraffin-embedded sections of E19d rat brains
were immuno-stained with anti-pS199 (A), anti-pS202 (B), 12E8 (to pS262 and pS356, C),
and anti-pS396 (D–F), and the immunoreaction was developed by DAB. Panels E and F are
enlarged images in the area of cortex (E) and caudate putamen (F), respectively.
Abbreviations: Amyg, amygdala; Cpu, caudate putamen; cpu, caudate/putamen
neuroepithelium; cx, neuroepithelium; CxP, cortical plate; CxS, cortical subplate; ICx,
intermediate cortical layer; LS, lateral septal nu; LV, lateral ventricle; SubV, subventricular
cortical layer.
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Fig. 3.
Immunohistochemical staining of P6m rat brains with antibodies against tau phosphorylated
at specific individual phosphorylation sites. Paraffin-embedded sections of P6m rat brains
were immuno-stained with anti-pS199 (A), anti-pS202 (B), 12E8 (to pS262 and pS356, C),
and anti-pS396 (D), and the immunoreaction was developed with DAB. Abbreviations: CA,
cornu Ammonis; DG, dentate gyrus; g, granule neurons; lm, stratium lacumosum/moleculae;
mf, mossy fibers; o, stratum oriens; p, pyramidal neurons; r, stratum radiatum.

Yu et al. Page 16

J Neurochem. Author manuscript; available in PMC 2009 May 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Quantitative comparison of phosphorylation levels between tau in immature brains and tau
in AD brain. Site-specific phosphorylation of tau in brains of rats (shaded bars) with various
ages from E19d to P24m, and of tau in AD (black bars) and age-matched normal human
brains (open bars) was determined in brain homogenates by quantitative Western blots. All
data had been normalized with the amounts of total tau level. For rat brain tau, data (mean ±
SEM) are presented as relative immunoreactivities (phosphorylation levels), where the mean
immunoreactivities of tau in adult rat brains (P3m to P24m) were defined as 1. For human
brain tau, data are presented as relative immunoreactivities (phosphorylation levels), where
the mean immunoreactivities of tau in control brains were defined as 1.
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Fig. 5.
Developmental changes of MAP1A and MAP1B expression. Levels of MAP1A and
MAP1B in brain homogenates of rats during development from embryonic day 15 (E15d) to
the age of 24-months were determined by Western blots. The blots were quantified
densitometrically, and the relative immunoreactivities (mean ± SEM) are shown.
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Fig. 6.
Developmental regulation of the levels and activation of tau kinases. The total levels of
protein kinases and their phosphorylated form, which represent their activation or
inactivation, in brain homogenates of rats of various ages were determined by Western blots.
The blots were also quantified densitometrically, and the data are shown under the
corresponding blots. Open symbols with dotted lines represent the total levels of kinases or
regulators. Closed symbols represent the levels of the indicated phosphorylated kinases
quantified either without (solid lines), or after being normalized with, the total level of the
corresponding kinases (dotted lines).
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Fig. 7.
Developmental regulation of the levels of major tau phosphatases. The levels of the catalytic
subunits of PP1, PP2A, PP2B, and PP5 in brain homogenates of rats of various ages were
determined by Western blots. The blots were also quantified densitometrically, and the
relative immunoreactivities (mean values), with those at P0 defined as 1, are shown in the
graph.
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Table 1

Primary antibodies employed in this study

Antibody Type Specificity Phosphorylation sites Reference/Source

92e Poly- Tau (Pei et al. 1998)

pT188 Poly- P-tau Thr181 Biosource, Camarillo, CA, USA

pS199 Poly- P-tau Ser199 Biosource

pS202 Poly- P-tau Ser202 Biosource

pT205 Poly- P-tau Thr205 Biosource

pT212 Poly- P-tau Thr212 Biosource

pS214 Poly- P-tau Ser214 Biosource

pT217 Poly- P-tau Thr217 Biosource

pT231 Poly- P-tau Thr231 Biosource

pS262 Poly- P-tau Ser262 Biosource

pS356 Poly- P-tau Ser356 Biosource

pS396 Poly- P-tau Ser396 Biosource

pS404 Poly- P-tau Ser404 Biosource

pS409 Poly- P-tau Ser409 Biosource

pS422 (R145) Poly- P-tau Ser422 (Pei et al. 1998)

12E8 Mono- P-tau Ser262/Ser356 Dr. D. Schenk

Anti-MAP1A Mono- MAP1A Sigma-Aldrich, Inc., MO, USA

Anti-MAP1B Mono- MAP1B Sigma-Aldrich

Anti-p-GSK-3β Poly- P-GSK-3β Ser9 Cell Signaling Technology, MA, USA

Anti-p-GSK-3β Poly- P-GSK-3β Tyr216 Biosource

R133d Poly- GSK-3β (Pei et al. 1997)

Anti-p-AKT Poly- P-AKT Ser473 Cell Signaling Technology

Anti-AKT Poly- AKT Cell Signaling Technology

Anti-p-PI3K (85kDa) Poly- P-PI3K (85kDa) Tyr458/Tyr199 Cell Signaling Technology

Anti-PI3K (85kDa) Poly- PI3K (85kDa) Cell Signaling Technology

Anti-PI3K (110kDa) Poly- Anti-PI3K (110kDa) Cell Signaling Technology

Anti-CDK5 Poly- CDK5 Santa Cruz Biotechnology, CA, USA

Anti-P35 Poly- P35 Santa Cruz Biotechnology

Anti-p-MAPK Poly- P-ERK1/2 Thr202/Tyr204 Cell Signaling Technology

Anti-MAPK Poly- ERK1/2 Cell Signaling Technology

Anti-p-JNK Mono- P-JNK Thr183/Tyr185 Cell Signaling Technology

Anti-JNK Poly- JNK Cell Signaling Technology

Anti-PKAα (C-20) Poly- PKA-Cα Santa Cruz Biotechnology

Anti-PKAβ (C-20) Poly- PKA-Cβ Santa Cruz Biotechnology

Anti-PKA-RI Mono- PKA-RI Santa Cruz Biotechnology

Anti-PKA-RIIα Mono- PKA-RIIα BD Biosciences, Palo Alto, CA, USA

Anti-PKA-RIIβ Mono- PKA-RIIβ BD Biosciences

Anti-p-CaMKII Mono- P-CaMKII Thr286 Cell Signaling Technology

Anti-CaMKII Poly- CaMKII EMD Chemicals Inc, NJ, USA
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Antibody Type Specificity Phosphorylation sites Reference/Source

8D9 Mono- Dyrk1A (Wegiel et al. 2004)

Anti-PP1 Mono- PP1 BD Bioscience

R123d Poly- PP2A (Pei et al. 1998)

R126d Poly- PP2B (Pei et al. 1998)

Anti-PP5 Poly- PP5 (Bahl et al. 2001)

J Neurochem. Author manuscript; available in PMC 2009 May 4.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Yu et al. Page 23

Ta
bl

e 
2

In
te

ns
ity

 o
f i

m
m

un
os

ta
in

in
g 

of
 ra

t b
ra

in
s w

ith
 p

ho
sp

ho
-ta

u 
an

tib
od

ie
s

A
ge

 o
f r

at
s

5 
da

ys
6 

m
on

th
s

A
nt

ib
od

y
pS

er
19

9
pS

er
20

2
12

E
8

pS
er

39
6

pS
er

19
9

pS
er

20
2

12
E

8
pS

er
39

6

C
er

eb
ra

l c
or

te
x

++
+

+
−
/+

++
+

++
+

−
/+

+

Th
al

am
us

+
−
/+

−
+/

++
−
/+

−
/+

−
+/

++

A
m

yg
da

la
+

++
−

−
/+

−
/+

−
/+

−
−
/+

C
au

da
te

 p
ut

am
en

++
−

−
++

+
−
/+

+
+/

++

H
ip

po
ca

m
pu

s
+

+
−

+/
++

++
+

++
+

++

Th
e 

in
te

ns
ity

 o
f i

m
m

un
os

ta
in

in
g 

w
as

 e
st

im
at

ed
 b

y 
vi

su
al

 e
xa

m
in

at
io

n 
an

d 
is

 p
re

se
nt

ed
 a

s –
 (n

eg
at

iv
e)

, +
 (w

ea
k 

st
ai

ni
ng

), 
++

 (m
od

er
at

e 
st

ai
ni

ng
), 

an
d 

++
+ 

(s
tro

ng
 st

ai
ni

ng
).

J Neurochem. Author manuscript; available in PMC 2009 May 4.


