Dephosphorylation of FTDP-17 Mutant Tau

initiate hyperphosphorylation. But as it has generally been
observed, high phosphorylation of Tau increases its propensity
to dissociate from microtubules (9, 11). Compared with mutant
Tau proteins, P-WT Tau, upon dissociation from microtu-
bules, is dephosphorylated easily after conversion to the trans
form by Pinl, and therefore W'T Tau is much less likely to form
aggregates Le. representing the non-pathologic state,
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Introduction

Cholinergic pathways have been shown to play an important role
in the regulation of cerebral vascular resistance, relaxation and
contraction of blood vessels, and regional blood flow {1-3]. It is well
known that acetylcholine (Ach) is a powerful dilator of most vascular
beds and that this activity is mediated by endothelial muscarinic
Ach receptors triggering the release of the actual vasorelaxing agent,
nitric oxide (NO) [4-8]. In a previous study, we demonstrated that
M; receptors (M5R) mediate Ach-induced relaxation of cerebral
but not of peripheral blood vessels [9], consistent with immunchis-
tochemical [10] and pharmacological studies [11,12].

Ach binding to M5Rs leads to the activation of G proteins of the
Gq family which in turns triggers increases in intracellular calcium
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and inositol 1,4,5-triphosphate levels [13-16] and eventually the
activation of endothelial NO synthase (eNOS) and the production of
NO [12]. Therefore, the constitutive constriction of cerebral arteries
in male M5R™" mice that we observed in a previous study [17] is
most likely due to the lack of Ach-mediated NO release.

We previously reported that male M5R. knockout (M5R™'7)
mice show a constitutive decrease in the diameter of the basilar
artery and of middle cerebral arterioles, a reduction in cerebral

" blood flow (CBF), and impaired autoregulation of CBF, as

compared to wildtype littermates {17]. Male M5R™ /= mice also
displayed dendritic atrophy in the cerebral cortex and hippocami-
pus and impaired function of CA3 hippocampal pyramidal cells,
probably secondary to cerebrovascular insufficiency [17]. More-
over, deficits in short-term memory (Y-maze) and cognitive
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behavior (ohject recognition) were evident in male M5R™ /™ mice,
consistent with impaired hippocampal function [17]. These data
suggest that male MS5R™’" mice are a suitable model for
evaluating the effect of decrcased CBF on neurologic function.
Numerous animal models of chronic cerebral hypoperfusion have
been generated by surgical methods. For example, one of these
models showed white matter lesions, glial activation, and spatial
memory deficits, mimicking several pathological aspects of human
ischemia [18,19]. Male M5R™’" mice show also prolonged
chronic cerebral hypoperfusion without necrosis in brain [17].

In the present study, we show that the phenotypic changes
displayed by the male M5R™’" mice were absent in female
M5R™’" mice. One possibility is that estrogens, the primary
female sex hormones, protect female M5R™/~ mice against the
detrimental cffects associated with the lack of M5Rs in males.
Consistent with this notion, several studies have shown that
estrogen incrcases CBF by stimulating the release of NO from
vascular endothelial cells [20].

To test the hypothesis that estrogen protects against cerebro-
vascular and neuronal deficits caused by the absence of M5Rs, we
conducted phenotyping studies with male M5R™/™ mice bearing
estrogen (E2) implants. We found that E2 treatment fully restored
the diameter of the basilar artery to normal in male M5R™/~
mice. Furthermore, treatment of male M5R™’" mice with
estrogen also improved their cognitive performance in a Y-maze
test and reduced the atrophy of neural dendrites in the cerebral
cortex and hippocampus.

This study demonstrates that male M5R™/" mice, but not
female M5R™’~ mice, show a significantly increased number of
GFAP positive cells in cortex and hippocampus, but the number of
S1008 positive astrocytes, a measure of the total number of
astrocytes, remain unchanged. These astrocytic responses are
unlikely associated with neural cells death or immunoglobulin
leakage around cercbral blood vessels. This observation suggests
that the lack of M5R in male mice leads to astrocytic swelling in
cortex and hippocampus. Interestingly, E2 treatment of male
M5R™" mice completely restored normal GFAP expression levels
in hippocampus. These findings indicate that M5R™/" mice
represent an excellent novel model system to study the beneficial
effects of estrogen on cerebrovascular function and cognition.

Results

Gender difference of CBF in M5R™/~ mice

We employed the Magnetic Resonance Angiography (MRA)
based time-of flight (TOF) method to study the area of the basilar
artery in male and female M5R™* and M5R™’" mice. Ovariecto-
mics were performed 4 month after birth using standard surgical
procedures. To synchronize menstrual cycle length, we inject
pregnant mare serum gonadotropin (PMSG) / human chorionic
gonadotropin (hCG) into female mice by intraperitoneal injection (IP)
before E2 treatment (see Material and Method section). MRA was
carried out 2 week after ovaricctomy (OVX) surgery and two days
after PMSG/hCG treatments on 4 month-old female M5R™*
(n=11) and M5R™ " mice (n = 12). TOF angiograms were obtained
using a two-dimensional gradient-echo sequence (for additional
experimental details, see Materials and methods). Three-dimensional
angiograms of the MCA and the basilar artery (the segments
indicated in Figure 1A) were obtained by using MATLAB software.
Figure 1A shows that the diameter of the MCA and the basilar artery
was similar in female M5R"* and M5R™'" mice. In contrast,
ovariectomized female M5R ™™ mice showed a significant decrease
in vascular diameter in the MCA and the basilar artery, as compared
to intact female M5R ™'~ mice (Figure 1A).

@ PLOS ONE | www.plosone.org
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For CBF measurements, we defined the branches of the MCA
in the order from Al to A3 (data not shown) and previously
described in [17]. We measured the CBF of cerebral arterioles
located on the cortical surface at the level of the peripheral branch
of the MCA in male M5R*"* and M5R™’" mice (4-month-old)
using laser-Doppler flowmeter. Under resting conditions, male
MS5R™’" mice showed a significantly lower ($<<0.001) CBF than
male M5R*"* mice at the Al branch {see Supporting Information,
Figure S1). However, female M5R™’" mice did not show any .
significant impairment in CBF, as compared to female M5R™*
mice (Figure S1). Furthermore, OVX M5R™’" mice showed
impaired CBF ($<0.001), similar to male M5R™’~ mice (Figure
$1), suggesting that female sex hormones, such as estrogen, may
be able to compensate for the impairment of cerebrovascular
function caused by the lack of M5Rs in male mice.

Neuroanatomical and cognitive phenotypes of female
and OVX female M58/~ mice

Male M5R™'" mice showed a significantly reduced number of
dendritic spines in cortical and hippocampal CA3 pyramidal
ncurons [17]. We therefore also examined the number of
dendritic spines in cortical pyramidal neurons (layer V) from
female MSR** and M5R™’" mice. Golgi staining studies
revealed that cortical pyramidal neurons from female M5R™/™
mice (4-month-old) showed no clear signs of atrophy of the basal-
dendritic tree and apical dendrites (Figure 1B). However, OVX
female M5R™’™ mice (4-month-old) showed a similar phenotype
as male M5R™’" mice (Figure 1B). Immunostaining cxperi-
ments were carried out 2 weeks after OVX surgery and two days
after PMSG/hCG treatment on 4 month-old females. The
number of spines in basal dendrites was significantly reduced in
OVX female M5R™ '~ mice, as compared with OVX female
M5R*"* mice (Figure 1B) (number of spines per 10 yum length
of dendritic segment: OVX female M5R™* mice, 24.4%0.3;
OVX female M5R /™ mice, 18.1%0.9; means=SEM; P<0.05;
n=40 dendritic segments from 3 animals per group). We also
analyzed the expression of several key neuronal receptor proteins
by using western blot analysis (cerebral cortex and hippocampus).
Specifically, we examined the expression levels of the NR1 [N-
methyl-D-aspartate (NMDA) receptor subunit], GluR1 (AMPA
receptor subunit), and GluR5 (kainate receptor subunit) gluta-
mate receptor subunits. We did not observe any significant
differences in glutamate receptor expression levels between
female M5R™'™ and M5RY* mice {(4-month-old) (Figure S2).
However, OVX female M5R** mice (4-month-old) showed
significantly reduced expression levels of NR1 and GluR5
receptors in cortex and hippocampus ($<0.05; Figure $2) and
reduced expression of GluR1 in cortex, as compared to OVX
female M5R*"* mice. GluR1 expression levels in hippocampus
remained unaffected (Figure S2).

We next examined short time memory in female M5R™/~
and M5R** mice, using the Y-maze spontancous alternation
task [17]. We found that locomotor activity did not differ
significantly between the four groups (female M5RY* mice,
female M5R™’™ mice, OVX female M5R*"* mice, OVX female
M5R™'" mice; data not shown), The Y-maze test was carried
out 2 weeks after OVX surgery and two days after PMSG/
hCG treatment on 4 month-old females. In the Y-maze task,
female M5R™’” mice (4-month-old) showed no significant
impairments in spatial memory (Figure 1C). However, OVX
female M5R™’™ mice {(4-month-old) showed impaired sponta-
neous alternation performance, similar to the male M5R™/"
mice [17] ($<0.05; Figure 1C).
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Figure 1. Gender-specific phenotypic differences displayed by M58~/ mice. (A) First, rapid scanning for the basilar artery provide the each
portion of artery (left image; 3D angiograms of the basilar artery from female M5R** mice). Second, the vascular area of each portion of the basilar
artery was measured by the high resolution imaging within 30 min on a perpendicular section of the vessel (the site where the basilar artery enters
the circle of Wills), and mean vascular area was determined as the average of the 7 segments on the measured area of each 100 pm intervals (right
image). Ovariectomies were performed 4 months after birth using standard surgical pracedures. To synchronize menstrual cycle length, we injected
pregnant mare serum gonadotropin (PMSG)/human chorionic gonadotropin (hCG) into female mice by IP injection before E2 treatment (see Materials
and Methods section). MRA was carried out 2 weeks after OVX surgery and two days after PMSG/hCG treatment on 4 month-old female M5R**
{n=11) and M5R™"~ (n=12) mice. Values are means-+SE., *p<0,05. (B) Morphologic changes of cortical }Jyramidal neurons {layer V) from OVX female
M5R™"" mice. Golgi staining studies revealed that cortical pyramidal neurons from OVX female MSR ™"~ mice showed clear signs of atrophy of the
basal-dendritic tree and apical dendrites, White scale bars in upper panels, 50 um; black scale bars in lower panels, 10 pm. (C) Performance of female
M5R™" and M5R**mice, as well as OVX M58 ™™ and OVX M5R™* mice, in the Y-maze spontaneous alternation task. Note that only OVX female M5R™~
mice showed a performance deficit in this test, Data are given as means=SEM; female M5R™*, n=11 mice; female M58~ n= 12 mice OVX female
MS5R', n=20 mice; OVX female M5R™, n=20 mice; *p<0.05.

doi:10.1371/journal.pone.0005159.g001

Mitogen-activated protein kinase (MAPK) activation and 180 min time point (Figure 2B). These results support the
NO release by a muscarinic agonist and E2 in TM-BBB concept that both muscarinic and estrogen receptor signaling leads
cells to enhanced NO production via activation of eNOS through ERK
1/2 pathways in TM-BBB cells [29-31].

RT-PCR studies showed that TM-BBB cells express M5Rs but
not M3Rs which are normally found on non-cerebral arteries
[32,33], as well as ERa, ERB and GPR30 estrogen receptors
(Figure 3A) (See material and methods). Therefore, we also
" ’ ; - treated TM-BBB cells with selective estrogen receptor agonists,
endothelial cells, we used the immortalized TM-BBB cell line, ERa (1,3,5-Tris(4-hydroxyphenyl)-4-propyl-1H-pyrazole (10 uM
which is derived from mouse brain vascular endothelial cells {28] PPT), ERB (10 uM DPN), and GPR30 (10 pM G1) for 60 min.
(See material and methods). TM-BBB cells were treated with Subsequently, cell lysates were prepared and analyzed by western
bethanechol (Bch; 100 yM), a muscarinic receptor agonist, and E2 blotting with anti-pERK or anti-total ERK antibodies. This
(10 nM) for 0-60 min. Bch and E2 induced the phosphorylation analysis revealed the increased ERK1/2 phosphorylation mediat-
of ERK1/2 in a similar manner (Figure 2A,B). Moreover, both ed by 10 uM PPT, 10 uM DPN, or 10 uM GI for 60 min
compounds stimulated NO production by ~1.6-fold at the (Figure 3B).

17B-estradiol (E2), the primary estrogen, has been reported to
signal rapidly through ERK/MAP kinase [21-23] and PI3K/Akt
[20,24] to induce eNOS activity and NO generation in peripheral
blood vessel derived cells [25,26] and in neuroblastoma cells [27].
To examine the effect of estrogen on NO release in cerebral
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BBB cells were stimulated with 100 uM of the muscarinic agonist, bethanechol (Bch), or 10 nM E2 for different periods of time (1-60 min), and cell
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are means*SEM. **p<0,001 {vs vehicle control). .
doi:10.1371/journal.pone.0005159.g002

Restoration of normal cerebral artery diameter by E2 in
male M5R™/~ and OVX female M5R™/" mice

MRA experiments were carried out 2 weeks after OVX surgery
and two days after PMSG/hCG treatment on 4 month-old
females. Figure 4B shows that the diameter of the basilar artery
was similar in female MSR™ and M5R™’" mice (schematic
representation of the E2 injection and MRA monitoring schedule,
see Figure 4A). In contrast, OVX female M5R™ /™ mice showed a
significant decrease in vascular diameter, as compared to intact
female M5R™/™ mice (Figure 4B). Moreover, treatment of OVX
femnale M5R™’™ mice with E2 (1 ug E2 was injected into the tail
vein) completely prevented these deficits (Figure 3B). We noted

that PMSG/hCG treatment did not significantly affect the -

diameter of the basilar artery in female mice (Figure 4B) and
E2-treated male mice (Figure S3B).

As reported previously [17], the diameter of the basilar artery
was significantly reduced in male M5R™/™ mice, as compared to
male M5R""* mice (Figure 4C). Strikingly, E2 treatment (1 pg E2

@ PLoS ONE | www.plosone.org

was injected into the tail vein) of male M5R™’~ mice led to an
increase in the diameter of the basilar artery, similar to that
observed with control male M5R*'* mice (Figure 4C). On the
other hand, in male M5R*"* mice, E2 injection had no significant
cffect on vascular diameter (Figure 4C).

Normalization of neurite atrophy and cognitive function
by E2 treatment of male M5R™" mice

We next examined whether the deficits displayed by male
M5R™’" mice could be overcome by chronic (3 weeks) E2
treatment (an 0.1 mg E2 pellet was implanted in the neck). As
expected [34], non-treated male M5R™’™ mice (4 months old
mice) showed a significant decrease in the diameter of the basilar
artery (Figure 5B) (a schematic representation schedule of E2
tablet implantation and MRA monitoring is given in Figure 5A).
Strikingly, E2 treatment of male M5R™’™ mice led to a recovery of
vascular diameter, similar to that of control male M5R*/* mice
(Figure 5B). PMSG/hCG treatment had not significant effect on
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the diameter of the basilar artery in male mice during transient or
chronic E2 treatment experiments (Figure 83).

Hypozxic conditions affect the pH of cerebral blood serum.
However, the collection of cerebral blood : serum for pH
measurcments is technically very difficult in mice. The Na*/H*
exchanger isoform 1 (NHEI) is known to be essential for the
maintenance and regulation of pH in cortical astrocytes [35].
NHEI1 is also known to slightly detectable in cortical neurons [35].
We therefore examined NHE! expression levels in astrocytes of
fimbria hippocampus, an area enriched with GFAP positive
astrocytes. If reduced CBF causes acidosis associated with hypoxia
in the brain of male M5R™’~ mice, NHEI is predicted to be
upregulated in cortical astrocytes [36]. We demonstrated that
NHE! immunolabeling was abundantly associated with plasma
membrane structures of choroid plexus between fimbria of
hippocampus and cortex (Figare 5C). In male M5R™’" mice,
the intensity of NHE] immunostaining was markedly increased in
GFAP positive astrocytes in fimbria hippocampus (Figure 5C).
E2 treatment of male M5R™’~ mice restored normal NHEI
immunostaining, similar to that of control male M5R** mice
(Figure 5C).

@ PLoS ONE | www.plosone.org

Normalization of astrocytic swelling in cortex and

hippocampus by E2 treatment of male M5R™/~ mice
Under hypoxic conditions, changes in estrogen levels can lead to
astrocytic swelling in the brain [37,38]. On the basis of these
findings, we studied the number and morphology of astrocytes in
the cortex and hippocampus of E2 treated male M5R™’~ and
MB5R*"* mice, as well as non-treated male M5R™'~ and M5R™"™*
mice. We found that non-treated male M5R™’™ mice showed a
significant increase in the number of GFAP positive cells in cortex
(Figure 4A) and hippocampus (Figure 4A, Figure 84A-C), but
the number of S100f positive astrocytes, a measure of the total
number of astrocytes, remained unchanged. Furthermore, GFAP
positive astrocytes in non-treated male M5R™’" mice showed
many astrocytic processes (Figure 84C). However, male M5R™ /™
mice did not show migration of microglia (Iba-1 or Mac-2 positive
cells) in cortex and hippocampus (Figure 84C). To examine the
intactness of the blood brain barrier (BBB), we injected 25 mg/kg
Evans blue (EB) into the tail vain of 6-month-old male M5R™/~
and M5R*'* mice, followed by visualization of auto-fluorescence
of EB in cortical tissue [39]. Since EB binds to albumin, red
fluorescence of EB observed in tissue indicates leakage of blood
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vessels. Leakage of EB in surrounding blood vessels was not
detected in cortex and hippocampus of male M5R™/~ and M5R**
mice (Figure S4E). These data suggest that astrocytic swelling in
male M5R™ /" brain is unlikely to be associated with inflammation
around cortical or hippocampal blood: vessels. Moreover, non-
treated female M5R™ /" mice did not show a significant increase in
the number of GFAP positive cells in cortex and hippocampus
compared to female M5R"* mice (4 months old; Figure 6A).
However, 4-month-old OVX female M5R™ ‘" mice showed
activated GFAP positive astrocytes in' cortex and hippocampus
(Figure 6A), similar to male M5R™ /™ mice (Figure 6B, Figure
$4A-C) (morphological analysis was carried out 2 weeks after OVX
surgery on 4 month-old female MSR " and M5R™' mice),
suggesting that female sex hormones, such as estrogen, may be able
to compensate for the astrocyte activation caused by the impairment
of cerebrovascular function, Strikingly, E2 treatment (an 0.1 mg E2
pellet was implanted in the neck) of male AMOR™ /" mice restored
normal GFAP expression levels (Figure 6B, Figure S4B). On the
other hand, E2-treated male M5R*’* control mice showed similar
levels of GFAP expression in cortex and hippocampus as non-
treated M5R™* mice (Figure 6B, Figure S4A,B).

To exclude the possibility that E2 treatment upregulates GFAP
gene expression levels in male M5R™’™ mice, we carried out
morphological studies on CA3 hippocampal astrocytes using
three-dimensional reconstruction of electron microscope images
(Figure 6C). A total of 100-110 sections of 70 nm electron
microscope images were reconstructed to visualize astrocyte
shapes (see three-dimensional reconstruction of electron micro-
scope images in Supplemental movies; non-treated male M5R" "~
mice, Movie S1; non-treated male M5R™’" mice, Movie §2;
E2-treated male M5R" mice, Movie $3; E2-treated male
MS5R™’" mice Movie $4). This analysis showed that the astrocyte
activation leaded to the swollen astrocyte foot processes in male
MS5R™"™ mice were markedly reduced in E2-treated male M5R™/™
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mice (Figure 6C). It is therefore unlikely that E2 treatment leads to
changes in gfap gene expression levels in male M5R™’" mice.

Normalization of neural morphology in cortex and

hippocampus by E2 treatment of male M5R™/~ mice

We examined the effect of chronic (3 weeks) E2. treatment on
astrocyte: morphological changes.: As expected, non-treated male
M5R™’" mice (4 months old) showed a significant reduction in
spine number in cortical (Figure 7A,B) and CA3 hippocampal
pyramidal neurons (Figure 7Q); and synapse number in CA3
hippocampal pyramidal neurons (Figure 7D). However, after 3
weeks of E2 treatment, these morphological deficits were greatly
amcliorated (Figure 7A-D).

We also examined the effect of chronic E2 treatment on the
performance of male M5R™ /" and M5R™* mice in the Y-maze
spontaneous alternation test which is commonly employed to
assess spatial working memory. As reported previously, male
M5R™"" mice (4 months old) showed pronounced deficits in
spontaneous alternation performance ($<0.05; Figure 7D), as
compared to male M5R""* mice. After chronic E2 treatment, male
MS5R™’™ mice did no longer show any significant impairments in
this task (Figure 7D), indicating that E2 enhances cognitive
function in male M5R™’" mice.

Discussion

The therapeutic utility of estrogen in postischemic treatment
paradigms has been studied using chronic cerebral hypoperfusion
models. E2 administered after permanent middle cerebral artery
occlusion or reversible middle cerebral artery occlusion reduces
infarction size in ovariectomized female rats [40-42]. In these
studies, estrogen is thought to act as a cerebral vasodilator and to
protect vascular integrity. However, surgically induced animal
models of cerebral hypoperfusion also lead to neuronal death and
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inflammation [18,19]. It is therefore possible that the E2-mediated represent a novel model to study the physiological and

reduction of infarction size seen in these models may be caused by pathophysiological roles of the central cholinergic vasodilator

anti-inflammatory or anti-apoptotic activitics of E2 [43,44]. Thus, system in regulating CBF, reactive astrocytic swelling and

MB5R™’~ mice represent a novel genetic model of chronic cerebral cognitive processes.

hypoperfusion that can provide new insight into beneficial effects Strikingly, the phenotypic changes displayed by male M5R™’~

of estrogen in the absence of necrotic or inflammatory processes. mice were not observed in female M5R™ /™ mice, suggesting that
We demonstrated that male M5R™ '~ mice displayed a female sex hormones might modulate CBF in female M5R™ /™

significantly increased immunostaining of GFAP positive cells in mice. Consistent with this notion, we observed that estrogen (E2)

cortex and hippocampus, indicative of astrocytic activation. One was able to release NO from cerebral vascular endothelial cells

possibility is that this defect is responsible for the dendritic atrophy (NO is predicted to trigger vasodilation and increase CBF).

and loss of neural functions in these regions displayed by male To test the hypothesis that estrogen may rescue the phenotypic

M5R™"" mice. These findings suggest that male M5R™’~ mice deficits displayed by male M5R™/~ mice, we implanted estrogen
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doi:10.1371/journal.pone.0005159.g007

pellets in the dorsum of male M5R™’" mice, and initially
performed MRA measurements on the basilar artery three weeks
post-implantation. We found that the diameter of the basilar artery
was restored to normal in male M5R™’” mice treated with
estrogen. Several studies have shown that M5Rs are expressed by
cerebral endothelial cells [9,10]. Estrogen receptors (ERs) have
also been shown to be expressed by vascular endothelial and
smooth muscle cells {45,46]. Estrogen binding to membrane-
bound ERs can lead to the activation of G proteins such as Gs and
Gq [47,48]. M5Rs and ERs may therefore be linked to common
signaling pathways in cerebral endothelial cells. The observed
rapid activation of MAPKs by E2 in TM-BBB cells may therefore
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reflect the activation of membrane-bound ERs linked to G protein
signaling pathways. Consistent with this concept, the novel
membrane estrogen receptor GPR30 [29-31] was also detected
in the TM-BBB cell line (Figure 34). We found that PPT (an
ERa agonist), DPN (an ERf agonist), and G1 (a GPR30 agonist)
promoted ERK activation (Figure 3B). Therefore, a combination
of estrogen receptors, ERa, ERB, and GPR30, may allow for
sufficient ERK.1/2 phosphorylation.

E2-mcdiated NO production has been linked to vasodilation
and is thought to involve stimulation of eNOS following rapid
activation of phosphatidylinositol-3 kinase (PI3K)/Akt or MAPK
signaling in different vascular tissues [20,21,25,49].
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In the present study, we demonstrated that OVX female
MS5R™’ mice, in contrast to non-OVX female M5R™’" mice,
suffer from a constitutive constriction of cerebral arteries, reduced
CBF, dendritic atrophy (Figure 1A), and short-term memory loss
(Figure 1C). We also found that E2 injection completely restored
the diameter of the basilar artery in OVX female M5R ™/~ mice
(as compared to non-OVX female M5R™’™ mice). E2 partially
restored the vascular arca in OVX female MSR'* mice (as
compared to non-OVX female M5R** mice). In addition, E2
rescued the constitutive constriction of the basilar artery in male
M5R™’" mice. These results suggest that estrogen (E2) can
compensate for the lack of M5R-mediated vasodilation in cerebral
blood vessels in M5R™ /™ mice. M5R™’" mice can therefore be
used as novel model to examine the vasodilator effects of estrogen
in vivo. Therefore, estrogen therapy may be clinically useful not
only for female but also for male patients suffering from
cercbrovascular deficits.

It is known that ischemia results in a marked reduction of tissue
pH [50] and cerebral ischemia has been demonstrated to produce
an intracellular acidosis in the ischemic core as well as in the
ischemic penumbra [51]. For cxample, the NHEI is one of the
major acid extrusion mechanisms after intracellular acidosis.
NHE]! catalyzes the electroneutral exchange of H" and Na* ions
across cellular membranes, thereby regulating the pH of the
cytoplasm [52,53). Therefore, expression of NHE! is thought to
protect cells from internal acidification and to regulate cell volume
in response to hypoxia. We found significantly increased NHE1
expression levels in male AM5R™’" mice (Figure 5C). Swollen
astrocyte foot processes lead to changes in brain extracellular space
volume, composition, and geometry in aged animals with severe
learning impairment [49]. It is hypothesized that the degree of
hippocampal learning impairment in aged animals is related to
astrocyte swelling [49]. Thercfore we speculated that hypoxic
stimulation induced astrocyte activation might contribute to the
changes of neural activity in brain of male M5R™/™ mice. We
found that the lack of M5Rs in male mice was associated with
cortical and hippocampal astrocytic swelling and deficits in
dendritic morphology. It is well known that changes in astrocyte
function regulate synaptic transmission [54~57)]. It is tempting to
speculate that the astrocytic swelling phenotype observed with
male M5R™ /" mice is a consequence of cerebrovascular
insufficiency. Strikingly, E2 treatment of male M5R™ /" mice led
to a reversal of the astrocytic swelling phenotype, which can
occupy extra-synaptic spaces (Figure 6C), and restored normal
numbers of dendritic spines of pyramidal neurons in cortical and
hippocampal pyramidal neurons (Figure 7A-D). Treatment with
E2 also improved the performance of male M5R™/" mice in a
cognitive test (Y-maze spontaneous alternation task)(Figure 7E).
Estrogen treatment did not affect GFAP expression levels in male
MS5RY mice, as studied by western blotting analysis (Figure
S4B). It is therefore unlikely that E2 acts on astrocytes directly to
reduce GFAP immunoreactivity. GFAP expression levels were
strikingly correlated with NHE] expression levels in astrocytes,
probably as a consequence of the hypoxic state of the brain of
male M5R™’~ mice. Our findings support the idea that E2
regulates important neuroprotective mechanisms n vive by acting
directly on endothelial cells and/or through glial cell intermedi-
aries. Estrogen has been demonstrated to have numerous effects
on glial cells and neurons. Besides affecting CBF by acting on
vascular ERs, E2 may protect against neuronal damage through
actions on glial cell activation [36,37]. Furthermore, animal
studies suggest that E2 has neuroprotective effects against excito-
toxicity [58], oxidative damage [59], and cerebral ischemia {60].
Our observations support the concept that the beneficial effects of
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cstrogen on neural function observed in the present study are due
to cerebral vasodilation controlling astrocyte activation as well as a
direct neuroprotective effect. Clearly, additional studies are
needed to examine the causal relationship between the cerebro-
vascular, neuromorphological, and behavioral deficits displayed by
male M5R™’" mice and to further explore the mechanisms
underlying the ability of estrogen to reverse these phenotypes.

Materials and Methods

Animals

M5R™’™ mice were produced as described previously [9]. The
average menstrual cycle length is 4 days in mice. To synchronize
menstrual cycle length, we injected pregnant mare serum
gonadotropin (PMSG)/human chorionic gonadotropin (hCG)
into female mice by intraperitoneal (IP) injection before E2
trecatment. Female mice were primed with an IP injection of
7.5 TU of PMSG and 7.5 IU of hCG to induce ovulation. After
two days, female mice were subjected to the experiments. Animal
experiments were approved by the Animal Experiment Commit-
tee of the RIKEN Brain Science Institute,

Measurement of CBF using a laser Doppler flowmeter

CBF measurements were performed as previously described
[17]. The branches of the MCA were defined in the order from Al
to A3 [17]. A probe with a diameter of 0.5 mm was attached to
the point of divergence of the MCA, and CBF was measured
continuously in the parietal lobe using a laser Doppler flowmeter
(ALF 21, Advance Co., Ltd, Tokyo), in conjunction with a
PowerLab system (AD Instruments, CA, USA).

MRA analysis

MRA was performed as previously described [17], with minor
modifications. Mice were anesthetized with pentobarbital and
subjected to micro-MRI scans using a vertical bore 9.4 T Bruker
AVANCE 400WB imaging spectrometer with a 250 mT/m
actively shielded microimaging gradient insert (Bruker BioSpin
GmbH, Ettlingen, Germany) [17]. A 25-mm resonator was used
for signal excitation and detection. The depth of anesthesia was
monitored with a breathing sensor, and was maintained with 0.5
to 1.5% isoflurane in air (2 I/min flow rate). Two-dimensional
horizontal MRA images were acquired by using a method derived
from gradient-ccho pulse sequence with flow compensation. The
scans were performed with the following imaging parameters:
TR =50.0 ms; TE=5.0 ms; flip angle =25 matrix = 256:256;
field of view=2-2 cm® number of slices=40; slice thick-
ness =0.05 mm; and total imaging time =51 min (10 averages).
Angiograms were obtained by generating maximum intensity
projections using Paravision software (Bruker BioSpin GmbH).
Basilar arterial vascular area was measured on the perpendicular
section of the vessel using OSIRIX software, and mean vascular
dimension was determined as the average of 7 segments in the
measured area (Fig. 3A).

Ovariectomy and E2 implantation
Ovariectomies were performed 4 months after birth using

standard surgical procedures. MRA was carried out 2 weeks after
OVX surgery on 4 month-old female M5R™'* and M5R™'™ mice.

For transient E2 treatment experiments, 1 g E2 was injected into

the tail vein. For the chronic administration (3 weeks) of estrogen
pellets (steady-release pellet of an 0.1 mg 17-estradiol pellet) to
adult male mice, a small incision was made in the dorsal neck
region for the insertion of the hormone pellet (Innovative
Research) to maintain plasma estrogen levels ranging from 250
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to 260 pg/mL, and the incision was closed with a wound clip
under anesthesia. The doses used in these experiments were
chosen based upon their ability to generate physiological serum
concentrations [19]. Estrogen was below the level of detection
prior to E2 treatment of male mice.

Cell culture

The conditionally immortalized mouse brain capillary endo-
thelial cell line (TM-BBB) was performed as previously described
[61]. The culture medium used consisted of DMEM (Gibco,
Carlsbad, CA) supplemented with 15 pg/ml endothclial cell
growth factor (Roche Diagnostics, Indianapolis, IN), 100 U/ml
benzylpenicillin potassium, 100 ug/ml streptomycin sulfate, and
10% fetal bovine serum,

Immunoblotting

TM-BBB cells were seeded at a density of 6.5 x10* cells per dish
on collagen type I-coated 35-mm culture dishes (Becton
Dickinson). After 48 h of culture, cells were incubated for 24 h
in growth factor-free medium followed by 2 h incubation in
serum-free fresh medium at 33 °C. TM-BBB cells were incubated
at 33 °C with vehicle, bethancchol 100 UM (Bch: MP Biomedicals,
Solon, OH) or 17-B-estradiol 10 nM (E2: Sigma Chemical Co.) as
indicated. TM-BBB cells were also treated with selective activators
of ERa (1,3,5-Tris(4-hydroxyphenyl)-4-propyl- 1 H-pyrazole; PPT,
Sigma), ERB (DPN, Tocris Bioscience), and GPR30 (Gl,
MERCK). Cells were rinsed with ice-cold phosphate-buffered
saline (PBS) containing 0.5 mM Na3VO4 and then collected in
100 pl of lysis buffer (50 mM Tris-HCI, pH 7.5, containing
150 mM NaCl, 1% Triton X-100, 1% deoxycholate, 0.2 mM
NagVO,, 1 mM EGTA, 0.4 mM EDTA, | mg/ml of aprotinin
and leupeptin, and 0.1 mg/ml of phenylmethylsulphonyl fluoride).
Lysates were centrifuged at 10,000 g for 15 min at 4°C to remove
insoluble material and normalized for protein content. Equal
amounts of protein (20 [g) were separated by 10% SDS-PAGE,
transferred to nitrocellulose membranes (Schleicher & Schuell),
probed with rabbit polyclonal phospho-p44/42 MAP kinase
antibody or rabbit polyclonal p44/42 MAP kinase antibody (Cell
Signaling Beverly, MA). Subsequently, the membranes were
incubated with goat anti-rabbit IgG secondary antibodies
(PerkinElmer Lifc Sciences Inc. Boston, MA),

RT-PCR

Total RNA was extracted from tissues derived from TM-BBB
using Trizol reagent (GIBCO). After DNase treatment (2 units f™';
Ambion), total RNA (=1 [1g) was reverse-transcribed by using oligo
(d1)16 primers and murine leukemia virus RT (Perkin-Elmer),
followed by PCR amplification of a DNA segment specific for each
receptor gene (PCR conditions: 98°C for 2 min; 35 cycles of 98°C for
10 sec and 55°C for 30 sec; 72°C for 5 min). For PCR amplification
for the ER alpha gene, 5'-"TGGCGCTCCATGGAACAC-3' and
5"-CATCTCCAGGAGCAGGTC-3'; ER beta gene, 5'-AAAGC-
CAAGAGAACCAGTGGGCAC-3' and 5-GCCAATCATGTG-
CACCAGTTCCTT-3'; GPR30 gene, 5'-ATCTGGATGGCCT-
CAGTGTC-3' and 5'-ACTATGTGGCCTGTCAAGGG-3'; M3
receptor gene, 5'-ACCAAGACCACAGTAGCAGTG-3' and 5'-
CTCTCTACATCCATAGTCCC-3’; M5 receptor gene, 5'-
GTCTCCGTCATGACCATACTCTA-3' and 5'-CCCGTTGT-
TGAGGTGCTTCTAC-3'

Nitrite assay
NO production was determined by measuring nitrite accumu-
lation in culture medium using the NO2/NO3 Assay Kit-FX
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{(Dojindo Laboratories, Kumamoto, Japan) according to manu-
facturer’s instructions. Briefly, TM-BBB cells were seeded at a
density of 6x10* cells per dish on collagen type I-coated 24 well
plates (IWAKI, Chiba, Japan). After 48 h of culture, cells were
washed twice with phenol red-frec and serum-free MEM (Gibco)
followed by incubation in 300 il of the same medium containing
vehicle, Beh or E2. After this incubation period, 300 pl of medium
were removed from each well and centrifuged at 1,000 g for
15 min at rcom temperature, Supernatants (80 (il aliquots) were
mixed with 20 gyl of Buffer solution (pH 7.6) and 10 ul of
fluorescence reagent (2,3-Diaminonaphthalene) solution, followed
by incubation for 30 min at room temperature. The reaction was
terminated by the addition of 30 pl of Stop solution. Fluorescence
was mecasured using a spectrofluorometer (ARVO MX, PerkinEl-
mer Life Sciences Inc.), with excitation and emission wavelengths
sct at 355 and 460 nm, respectively

Immunohistochemistry and Golgi staining

Frozen cryosections (15 im) were treated with 3% H,O,,
incubated with blocking buffer (PBS containing 0.01% Triton and
1.5% normal goat serum), and incubated overnight at 4°C with
primary antibodics. Sections were incubated with secondary
antibody in blocking buffer for 1 h at room temperature. The
primary antibodics used were anti-GFAP Ab (DAKO), anti-Iba-1
(Wako, Japan), and anti-Mac-2 (American Type Culture Collec-
tion, USA). Secondary antibodies were alexa fluor 546 goat anti-
mouse IgG (Molecular Probes) and alexa fluor 488 goat anti-rabbit
IgG (Molecular Probes). Sections were counterstained with
Hoechst (CALBIOCHEM). Golgi staining was performed essen-
tially as described previously {17]

Electron microscopy

For clectronmicroscopic observation of astrocytes in the CA3
region of the hippocampus, a M5R™’" mouse and a wild-type
control mouse were fixed 2.5% glutaraldehyde and 4% parafor-
maldehyde. After fixation, the tissue samples were postfixed with
1% (w/v) osmium tetroxide in 0.1 M PB, dehydrated in a graded
ethanol series, and embedded in epoxy resin (EPON812, TAAB,
Aldermaston, UK). For electron microscopic observations, the
brain was sectioned into a series of 100110 sections (70 nm thick)
with an ultramicrotome (EM UCS6, Leica, Heidelberg, Germany).
Ultrathin sections were stained with uranyl acetate and lead
citrate. Electron micrographs recorded on imaging plates through
a JEM-1200EX electron microscope (JEOL DATUM LTD.,
Tokyo, Japan) were scanned and digitized by an FDL 5000
imaging system (Fuji Photofilm, Tokyo, Japan). To reconstruct 3D
images of astrocytes, cach series was aligned using sEM Align
software and edges of astrocytic cytoplasm were traced using IGL
Trace software based on ref. {62] (freely available at http://
synapse-web.org/tools/reconstruct/ reconstruct.stm).

Y-maze test
The Y-maze task was performed essentially as described
previously [17].

Statistical Analysis

Data are expressed as mean®SEM. Statistical comparisons of
CBF, nitrite, and MRA data were performed using Student’s #-test
or ANOVA. $<<0.05 was considered to be statistically different.

Supporting Information

Figure S1 Gender-specific phenotypic differences in CBF
displayed by M5R—/— mice. CBF was measured in the middle
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cerebral artery and arterioles (MCA). MCA branches were defined
in the order from Al to A3 for classification scheme, described
[17]. CBF was measured in the Al area by laser-Doppler
flowmetry. Male M5R—/— mice showed significantly reduced
CBF, as compared to male M5R+/+ mice. In contrast, female
M5R+/+ and M5R—/— mice displayed similar CBF. OVX
female M5R~/— mice showed reduced CBF, similar to male
M5R~/—~ mice. Data are expressed as CBF relative to M5R+/+
(white bars). OVX mice were used for CBF measurements 4 weeks
after surgery performed on 4-month-old female M5R—/— and
M5R+/+ mice. The numbers given in parentheses under the bars
indicate the number of independent experiments (mice). Data arc
means=SEM. **p<<0.001 (vs M5R+/+ mice).

Found at: doi:10.1371/journal pone.0005159.5001 (11.24 MB
DOCG)

Figure 82 Gender-specific phenotypic differences displayed by
female M5R —/— mice. Relative expression levels, determined by
Western blot analysis, of cortical {top panel) and hippocampal
(lower panel) glutamate receptor subunits in female M5R—/—
and M5R+/+ (= 100%) mice, and OVX M5R—/— and OVX
M5R+/+ (=100%) mice. The numbers given in parentheses
underncath the bars indicate the number of independent
experiments (mice). Data represent means®SEM; *p<<0.05;
*#n<<0.001.

Found at: doi:10.1371/journal.pone.0005159.5002 (11.24 MB
TIF)

Figure 83 PMSG/hCG treatment did not significantly affect the
diameter of the basilar artery in male mice. (A) Experimental
schedule for PMSG/hCG/E2 treatment cxperiments. (B) PMSG/
hCG treatment did not affect the diameter of the basilar artery
during transient or chronic E2 treatment experiments. All studies
were carried out with 3 month-old male M5R+/+ and M5R —/—
mice (n =12 per group). Data represent means®=SEM; *p<<0.05;
*#p<<0.001.

Found at: doi:10.1371/journal.pone.0005159.5003 (9.00 MB TIF)

Figure S4 Male M5R—/— mice exhibit astrocyte activation
without migration of microglia. Frozen sections of cerebral cortex
and hippocampus were prepared from 4-month-old male M5R+/
+ and M5R—/— mice. An E2 tablet (0.1 mg/21 days release) was
implanted into neck of each mouse. (A) GFAP immunostaining
signals in the hippocampal CA3 region from E2-treated male
M5R~/— and M5R+/+ mice vs. non-treated male M5R—/~
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Abstract. Alzheimer's diseuse {AD) is elinically characterizecd as » progressive dementia stanting with memory dysfunction and
characterized pathologically ns neurodegeneration accompanied by deposition of umyloid-, neurofibrillary tangles, and nevronal
toss. AD research has endsavored to explain the clinical symptoms of AD throygh pathological changes und 1o develop sarious
thevapivs for AD. Fulfillment of these goals, however, romains on the horizon. In this anicle, T review the relationship between
neuropathological changes that occur in the brain and clinical progression of AD, and propuse 8 hypothesis that bruin aging.

characterized by newrofibrillary wngles in emorhinal contex, is pre-requisite for dovelopment of AD.
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INTRODUCTION

Although the progression of the symploms of
Alzheimer's disease (AD) varies across individuals,
symptoms manifested during carly stages of the disease
appear to be similar. According to the Global Deterio-
ration Scale (GDS){ 1}, a psychological instrument that
rates cognitive deterioration, AD can be divided into
seven stages. Stage 1 is characterized by the absence
of cognilive decline. Individuals in this stage exhibit
no problems in daily living, Stage 2 is characterized by
very mild cognitive decline. Individuals in this stage
forget namies and Jocations of objects and may have
uouble finding words —all behaviors that are dependent
an the functions of the entorhinal cortex hippocampus
and part of the prefrontal cortex. Stage 3 is charac-
terized by mild cognitive decline, Individuals in this
stage face difficultics in waveling 1o new locations and
in handling problems at work. These bebaviors also
depend on the entorhinal cortex and hippocampus and
part of the prefrontal contex. Stage 4 is characterized
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Hirosawa, Wake.shi, Saitama 351-G108, Japsa, Tel: 487 48 467
SIS Fax. +S1 48 467 5916, E-mail, henaclr@ brainsibongo ip.

by moderate cognitive decline. Individuals in this stage
have difficulty completing complex tasks, that depend
on intact prefrontal cortex function. Stages 5 to 7 are
characterized by moderately severe cognitivedecline to
very severe cognitive decline. In addition to manifest-
ing behaviers typical of entorhinal cortical, hippocam-
pal, and prefrontal cortical dysfunction, individuals in
these bater stages of AD require help in daily living,
which is indicative of dysfunction of the basal gan-
gha, amyedala, and association cortices. Thus, mem-
ory formation and recall, abilities that depend on en-
torhinal cortical, hippocampal, and prefrontal cortical
function, are the first o show impainnent during the
early stages of cognitive decline in AD. Subsequently,
impairment appears in othier brain areas, leading to de-
mentin. How can the pathological hallmarks of AD -~
amyloid-3 (A ) deposition and neurofibrillary tangle
(NFT) formation ~ explain the progression of AD from
memory impainment to dementia?

AMYLOID-8

Amyloid-3 protein precursor (ASPP) mntations
have been found in cases of familial AD {FAD). These
mutations increase A3 production, including the longer
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form of A7 or fibrillogenic A [2,3], which when ag-
gregated induces nenronal death, Thus, A3 is thought
10 be one cause of AD. In 1991, Hardy and Higgins
proposed the A3 hypothesis: Aggregated A7 affects
neurons and induces NFT fornation and neuranal loss,
eventuatly leading 10 dementia {4-6]. In vitro studies
partly support this idea. Aggregated AZ, cxcluding
* amorphous A4, for example, induces neuronal death in
primary hippocampal acuronal cublures acecompanied
by hyperphosphorylation of tau {7-91, However, over-
expression of AAPP with the FAD mutation in mouse
brain causes AF deposition but not NFT formation and
clear neuronal foss, even though these mice show im-
paired spatial memory formation {10-12]. The appas-
ent disparity in the effects of aggregated A8 on newrons
in vitro and in vivo may stem from the possibility that
different species of aggregated Af exist.

When Yankner's group first reponied that AJ induces
newrotoxicity, they used in their experiments “aged
AA" which forms Cengo red-positive, thioflavin-
positive fibrils [9,13). Therefore, A3 aggregates hav-
ing 3-pleated sheets represent a potent neurotoxic form
of AJ agiregate. However, the possibility that “aged
AJ" contains aggregate forins other than fibrils cannot
be excluded. Similar findings were also observed with
the aggregation of other peptides, such as amylin {14}
and all D-ecnantiomers of A7 peptide [13]. These ob-
servations suggest that A7 aggregales that take op a
B-pleated sheet conformation induce cytatoxicity. This
type of cytotoxicity may not be mediated by specific
receptors, however, because aggregated D-cnantiomers
of A7 peptide {15] also cause neuronal death.

Other studies showed that protofibrils of A3 are more
toxic than mature fibrils, becouse mature fibrils have
g reduce ability 0 associate with cell surface mem-
branes [16]. Recentstudies have claimed that oligomer-
ic A3 [17-19]. such as amyloid-g-derived diffusible
ligand (ADDL.) or so-called A356%, represents the tox-
ic species of AJ that aggregates in AD brains. This
small soluble form of oligomeric A7 aggregate induces
newroral death in organotypic neuronal cultures, and
significantly inhibits LTP induction {20-22]. More re-
cently, dimevized AJ has been reporied to be the small-
est ofigomer capable of inhibiting synaptic plasticity,
leading 1o memory impairment {19,23], Thus, with the
exception of monomeric forms, A affects neurons,
teading to neuronal death and impairment of synaptic
plasticity {23.24}.

Since mice overexpressing the AFPP FAD mutation
show impuired hippocampal LTP as well as memory
deficits similar 10 those seen in AD, it is conceivable
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that soluble A7 oligomers may be involved in the news
ol dysfunction that occurs in AD brains.  Although
the role of A oligomers in the clinical progression of
AD remains unclear, animat models based on the Ag
aggregation hypothesis {e.g.. mice overexpressing the
AdPP FAD smmation) continue 10 be used for devel-
oping therapeutic drugs for AD. In A4 immunother-
apy, immunizing a mouse against Ay prevents A4
deposition and memory impairment [25-30}, suggest-
ing that A4 immunotherapy can remove A oligomers,
which seems 10 be a cause of memory deficiis. Clin.
ical trials involving the immunization of AD patients
with AJsa, however, did not produce the same results
as the mouse modet.  While immunotherapy resulied
in the removal of AF plaques in AD brins, the re-
moval of plagues failed to halt progressive neurodegen-
eration [31]. Ahthough there was wide variation in A
Toad nnd pathology in the immunized group, Braak tau
stage was V to VI, and Mini-Mental Status Examina-
tion {MMSE) score declined from around 17 in aver-
age score 1o nemly 0. There are several reasons why
Ad immunotherapy was ineffective in treating AD pa-
tients. However, just becanse AZ mmmunotherapy was
incifective in treating AD patients, we cannot conclude
that AZ does not play a role in AD. Indeed, all of the
causative genes for FAD affect A generation, and AS
oligomers induce synaptic dysfunction in brain, indi-
cating that AA does play some role in AD neuropathol-
ogy. Since ASPP-overexpressing mice do show mem-
ory impairment without tav patholegy and newronal
joss [32], some of the tan changes that ocour before
NFT formation may be involved in memory impair
ment, These changes, however, may be insufficient 1o
promote NFT formation and neuronal logs, Interesting-
ly, reducing tau levels in AJPP-overexpressing mice
prevents A3-induced memory deficits 32). Therefore,
pathological changes in tau. which lead to NFT forma-
fion ang neuronal loss, may be key to understanding
why AS removal failed to halt the clinical course of
AD in humans.

TAU

Imrancuronal fibritlar depositions of hyperphospho-
ryinted tau protein form NFTs, a hallmark of AD. in-
creasing deposition of tau is found in the brain dur-
ing aging and in some neurological disorders. such
as Pick’s disease, progressive supranuciear palsy. and
frontotemporal dementia, Neuronal death Is observed
in the sanc brain reglons as METSs, and both ncuronal



A. Tukashinz ¢ How do Pathological Changes Explam the Progression of Demestin in Alzheimer s Divense? 731

death and NFTs correlate with the duration and severity
of illness in AD, althongh the amount of neuronal death
is many times more than the number of NFTs {33]. Re-
cently, a tay mutation was identified as the causal factor
in frontotemporal dementia parkinsonism-17 (FTDP-
17), a dementing disease characterized by NFT forma-
tion and neuronal loss | 34-39]. The elucidation of mu-
tated 1au in FTDP-17 conclusively demonstrated that
tau dysfunction or abnormality alone could induce neu-
rodegeneration characterized by NFTs and neuronal
death, leading to clinical dementia similar 1o that found
in AD. ‘

Braak and colleagues classified the progression of
AD into six stages based on the distribution of NFTs
in the brain [40]. in Braak stage |, NFTs are formed
in the transentorhinal cortex and the CA T region of the
hippocampus. The number of NFTs increases in Braak
stage !, and Braak stages 1 and 1 together are called the
transentorhinal stage. Braak stages § and 1 are classi~
fied as normal aging. In Brank stages 1Tl and 1V, called
the limbic stage, many “ghost” tangles appear in the
entorhinal contex, and NFT's are found throughout the
entive limbic system, including hippocampal regions
CA -4 and the amygdala. In the limbic stage, patients
show various AD-specific symptoms, such as memo-
ry impairment, reduced spatial cognition, and reduced
desire as a result of neural dysfunction in the limbic
system. In Bragk stages V and V1, called the isocortical
stage, NFTs are present in the cercbral contex, result-
ing in impaired neural function and dementia. This in-
creasing spread of NFTs into cerebral cortex correlates
with increasing impairment of brain function. Samuel
and colleagues reporied that the number of NFTs in
CAL, subiculum, and CA4 of the hippocampal forma-
tion correlate with the degree of dementia, and also that
synapse loss indentate gyrus, CA2/3, and CA4 strongly
eomreltes with the degree of dementia [41}. Therefore,
the distribution of NFTs is thought to correlate with
disease progression in AD, and synapse loss is key to
understanding dementiain AD. Others have also shown
a Yink between NFT formation and synaptic dysfune-
tion. For example, NFT-bearing neurons have reduced
GAP-43 mRNA and show synapse loss [42]. More-
over, axoplasmic transpert may be impaired in NFT-
bearing neurons, because they contain diminished and
twisted microtubules {41}, Thesc observations indicate
that synapse loss may occur through the impairment of
axonal franspont.

Impairment of axonal transpont through tau was first
suggested by data from in virro studies.  Hirokawa’s
group and Mandelkow’s groupreported that tau overes-

pression inhibits kinesin-mediated fast transport [43-
43}, This was corroborated by singie molecule anal-
ysis.  Dixit and colleagues showed that kinesin de-
taches from microtubules at patches of bound tau that
consist of about 10 molecules of tau {46]. Increasing
monomeric tau concentrations by 20-fold above physi-
ological tau concentrations, however, fails to affect ax-
onal transport in squid axon [47]. Taken together, these
findings indicatte that aggregated tau on microtubules,
Aot monomeric tau, may promote inhibition of axonal
transport.

However, there wre diserepancies in the findings of
reports that used human wild-type tau-overexpressing
mice to assess the ¢ffects of tau on axonal transport.
Ishibara and colleagoes indicated that 5-10-fold over-
expression of shortest human fau over endogenous tay
concentrations inhibits axonal transport [48], where-
as Nixon's group reported that 4-fold overexpression
of human tau does not inhibit axonal transport [49].
Therefore, it is possible that the effect of tau on ax-
onal fransport in vive ay depend on the level of tau
overexpression. However, because no evidence exists
to show that tau overexpression oceurs in the brains
of those with AD, it remains unclear whether s tau-
induced impairment of axonal transport contributes to
the dementia characteristically observed in AD.

An FTDP-17 mouse model that displays age-related
NFTs, neuronal death, and behavioral deficits may shed
light on how tau induces neuronal dysfunction. These
ntice overexpress P301L mutant tau under the regula-
tion of a tetracycline-indueible promoter. Although in-
hibiting mutant tau overexpression in these mice blogks
neuronal death and improves memory, NFTs contin-
ue to form {30], indicating that NFTs may not be re-
sponsible for neuronal death. Recent observations that
NWFT-bearing neurons contain activated caspase but do
not undergo acute apoptosis {51] suggest that NFTs are
not themselves toxic, but instead that the mechanism
of NFT formation is shared by the process underlying
aeuronal death and newronal dysfunction. The rela-
tionship between neuronal loss and memory dysfunc-
tion in the P30 1L mutant tav mouse model remains un-
clear. However, the key to understanding tau-induced
newronal dysfunction may be found by examining how
NFTsare formed.

In order to form rau fibeils, taw monomers first bind
together through disulfide bonds and SDS-resistant in-
teractions 1o form tau aligomers, which are not visi-
ble under atomic force microscopy {AFM). Forty tau
molecules bind together forming a B-sheet structure,

These 40-tau aggregates appear granular in shape un-
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Granular tau is a toxic species of tau aggregate

~  phosphanyiation _

Phogphorylated tay

Oligomor tau

Granuiar tau

Fibrilar tau

Fig. 1. Mechanism of uws filuncm formation. Tau becomes Tighly phosphorslsted and detachios from microtubules. Belore fibril fonnation,
phospho-au forms eligomerie ra, which cannot be visualized shrough AFML Afler atiaining » f-sheet configurztion, cligomeric tau tums into
a yranuker form of 1ou 2ppecpste, which s visible in AFM. Graoular aw stichs ogaibier so fonm tau Bbrils. This caseads - phosphoryiated 1au

formation 1o granular tau forswtion ~ nuy vonttibute Yo synay

tic Toss and ne

1 oss.

der AFM. Accumulations of granutar tau stick togeth-
er to form tau fibrils. Theeefore, before e Bbrils are
formed, tau forms two different kinds of aggregates:
tau oligomers, which are not deteciable by thioflavin T
staining or by AFM, and granular tau oligomers, which
are detectable by AFM (Fig. 1) [52). Increased Jev-
els of granular1au oligomer are found in frontal cortex
from Braak stage | brains {53]. NFTs, however, do
not appear in fronmtal cortex until Braak stage V, sug-
gesting that the increase in granular tau oligomer for-
wation precedes NFT formation. We found that aged
transgenic (Tg) mice that express wild-type tau show
memory impairment accompanied by synapse Joss and
acenmulation of hyperphosphiorylated tau, but without
NFT formation in entorhinal cortex. Thus, hyperphos-
phorylated tau aggregation and corresponding synaptic
dysfunction may occur far before NFTs form.

There are several eays 1o inhibit tii aggregation for-
mation. Before tau aggregation occurs, tau is wmodified
by hyperphosphorylation. An avernge of eight phos-
phate molecules ar¢ incorporated into one tau molecule
in AD brains, while two phosphate molecules are incor-
porated into one tay molecule in normal adult brains.
Therefore. one potential therapy for AD may involve
using kinuse inhibitars to inhibit tay byperphosphory-
lation. Preliminary work toward this end has shown
that tau kinase inhibitors block NFT formation in tau
Tg mice {54,55]. Develapment of 1au kinase inhibitors
as wel} as their clinical testing is still underway.

Another known tae aggregation inhibitor is methylth-
ionium chioride, or so-callcd methylene blue. During
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the 2008 International Conference on Alzheimer's Dis-
ease (JCAD), methyithionium chioride ( Rember T
wreatment was reporied to significantly block the pro-
gression of cognitive decline in mild-to-nyoderate AD
patients wha took the drug for at least 19 months {56].
This finding indicates that tiu aggeegation is closely
relted to neuronal dysfunction.

TAU AND Af

in clinical studies. AZ immunizations failed to blogk
the progression of cognitive decline in patients with
clinically diagnosed AD; even though A# deposition
was absent {31]. On the other hand, a tau aggrega-
tion inhibitor significantly Wlocked the progression of
cogritive decline in AD patients {36). These findings
indicate that apgregated taw, excluding au fibrils, may
more directly affect neuronal function than ofigomeric
AF. Beeruse inhibiting mutant tau overexpression in
these mice blocks neuronal demh and improves memo-
ry, but NFTs continue to form [50] and A3 deposit was
not tuxic, AA plaque and NFT, which are pathological
marker of AD, may not be a direct cause of neurode-
generation, The intermediate form of tan and A3 fibril
rather play an important role in neurodegeneration of’
AD. NFT and A7 deposition may be a bystander and
waork as a protector for toxic intermediate of A3 and
tan libril {571, In AAPP Tg mice, memory impairment
is mediated through1an, becavse the offspring resulting
from the crossbreeding of ASPP Tg mice with tau KO
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Relationship besween AP deposition and NFT formation during aging
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Fig, 2. Relationship botween AJ deposition und NFT formation. On the basis of Hrank™s seport 121, we calealated the prevalense of NFTs during

Braak stages § and U, and she prevalence of A# deposition and NFTs during Brask st

1o dilterent age groups.

mice do not show memory impairment {32). Therefore,
pathological changes in tau may represent the executing
factor for neurodegencration that nffects neuronal func-
tion. Oligomeric AJ, on the other hand, may represent
the initiating factor for neurodegeneration that wiggers
certain changes in tau (2.8, tau hyperphosphorylation
and several steps of tau aggregation). Once tau changes
begin, neuronal dysfunction occurs sequentially, start-
ing with synapse loss resulting from the formation of
hyperphosphorylated 1an, which Jeads to nenronai loss
and NFT formation resulting from some sort of aggre-
gated form of tau, Consequently, neuron loss and NFT
formation may lead to fatal functional loss. .
Observations on the pathologyof AD brains have re-
vealed that a chronological relationship exists between
oligomeric AJ and tau. Figure 2 outfines the relation-
ship between NFTs and AJ deposition during aging,

During the transentorhinal stage, Af deposition varies,

sometimes with no Af deposition. The prevalence of
the transentorhinal stage increases with age, indepen-
dent of A# deposition (which peaks at approximately
75 years of age, and then decreases due to the spread
of NFTs into other brain regions). However, the preva-
lence of NFTs in Braak stages 111-V{ increases after
A7 deposition. Thus, NFT formation in normal aging
is not dependenton A3 deposition. Afler NFTs formin
the entorhinal cortex, the spread of NFTS 10 the limbic
system and neocoriex, as seen in AD, may require A8
deposition. Thus, the chronology of the pathological
changes seen in AD scems to start with the formation
of NFTs - perhaps caused by aging Factors, such as ox-
idative stress —in the entorhinal cortex independent of

gox 11V (dementia), and plotied these figures sccording

oligomeric Ag level. Increasing oligomeric AS level,
which leads to AZ deposition and triggers the spread
of NFTs into the limbic system and neocortex, follows
formation of NFT in entarhinal cortex.

During aging, NFTs are formed first in entorhinal
cortex as & result of normal aging. At this time, wu
in other brain regions may also undergo some pre-
pathological changes. This premise is consistent with
the increased granular tau aggregation observed in the
prefrontal cortex at Braak stage 1 [52,53], a stage de-
fined as a state of normal aging, which means no sign
of dementin in clinical dingnosis. During this stage,
some functional impairment in the entorhinal cortex
and prefrontal correx may exist. However, the effect of
this limited neural impairment on brain function may
be compensated by the other neural cirenit. Oligomer-
ic A finther accelerates the formation of granular tau
sapgregates, leading to NFT formation in the limbic sys-
tem and neocortex, accompanied by synapse loss and
neuron loss. The compensation mechanism may not be
rescued anymore once newrodegeneration has spread
throughout the entire brain. The synaptic loss in the
fimbic system and neocortex that occurs as a result
of pathological changes in tau represents one cause of
cognitive decline. Subsequent neuronal Jass leads to a
fatal loss of neuronal fuuction, leading to irreversible
dementia (Fig, 3).

CONCLUSIONS

Ag initintes the tau aggregation cascade and may
accelerate brain dysfunction. In normal aging, the ag-
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