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Distribution of Active Glycogen Synthase Kinase 33 (GSK-33) in Brains Staged for Alzheimer
Disease Neurofibrillary Changes
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Abstract.

Accumulation of paired helical filaments (PHFs) in neurofibrillary tangles, neuropil threads, and dystrophic neu-

rites is one of the major ncuropathological hallmarks of Alzheimer disease (AD). The principal protein subunit of PHFx is
the abnormally hyperphosphorylated tau. Glycogen synthase kinase 3 (GSK-33) is one of the candidate kinases involved in
PHF-tau formatian. To play a role in PHF-tau formation, it would be expected that GSK-3p is active in 1angle bearing neurons.
In the present study, we investigated the regional and intracellular distributions of active and inactive forms of GSK-38 in
brains staged for neurcfibrillary changes. We found that ncurons with tangle-like inclusions positive for active, but not inactive,
GSK-3p appear initally in the Pre-o layer of the entorhinal corex and extend to other brain regions, caincident with the
sequence of the development of neurofibrillary changes. Active, but not inactive, GSK-3p was found to initially accumulate
in the cytoplasm of pretangle neurcns. These data provide direct in situ evidence thut is consistent with the involvement of

GSK-33 in PHF-tau formation.
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INTRODUCTION

Intracellular deposition of paired helical filaments
(PHFs) in neurofibrillary tangles (NFTs), dystrophic neu-
rites, and neuropil threads (NTs) is one of the major neu-
ropathological features of Alzheimer disease (AD) (2).
The principal protein subunit of PHF is abnormally hy-
perphosphorylated tau (3—6). Neurofibrillary changes are
thought to result in the symptoms of dementia in AD
patients (7-13). However, the mechanisms leading to
PHF formation are not clear. It has been suggested that
abnormal hyperphosphorylation of tau in AD is due to
an imbalance in tau protein kinases/phosphatases. Al-
though a number of candidates including glycogen syn-
thase kinase 3 (GSK-3) (14, 15), mitogen-activated pro-
tein kinase (MAPK) (16, 17). and ecyclin-depandent
kinase S {cdkS5) (18, 19) have been proposed, the kinases
responsible for the formation of abnormally hyperphos-
phorylated tau in AD brain remain elusive.

(GSK-3 was originally identified as a protein kinase that
phosphorylated and inactivated glycogen synthase (20).
Unlike other extracellular signal-regulated protein kinas-
es, GSK-3 is fully active in unstimulated cells and is
inhibited in response to insulin/insulin-like growth factor-
1 (IGF-1), growth factors and other signals {21). Pown-
regulation of GSK-3 activity is believed to involve phos-
phorylation of an N-terminal serine-21 residue for
GSK-3a and serine-9 for GSK-38 (22-24). Up-regulation
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of GSK-3p activity appears to occur through its phos-
phorylation at tyrosine-216 and dephosphorylation at ser-
ine-9 (25-27). The mechanisms involved in maintaining
the activity of GSK-3 in AD brain remains unknown.

Both GSK-3a and GSK-3p can modify in vitro normal
tau to a highly phosphorylated form that bears PHF epi-
topes and which exhibits a migration pattern on electro-
phoretic gels similar to PHF (14, 15, 18, 28-30). GSK-
3 phosphorylates serine-235 and serine-404, whereas
GSK-33 phosphorylates serine-199/202, threonine-231,
serine-396/404, and serine-413 (14, 15, 28, 31-35). In
addition, GSK-3a and GSK-3p have been found to both
induce PHF-like tau phosphorylation in intact cells (36—
39), leading to a reduced microtubule assembly (38, 39).
Inhibition of GSK-3 activity by insulin, IGF-1, or lithium
reduces tau phosphorylation and promotes tau binding to
microtubules in cultured human neurons {40, 41). Such
studies suggest that the GSK-3 activity is likely to con-
tribute to the formation of abnormally hyperphosphory-
lated tau in AD brain.

Both GSK-3«a and GSK-3P (a/p = 1.5/1), as well as
tau, are enriched in brain (31, 42, 43) and found to be
associated with the cytoskeleton (15, 32). Although GSK-
3P has been preferentially found in NFT affected neurons
(44, 45), the presence of active GSK-3B has not been
characterized in pretangle neurons. Since the formalion
of abnormally hyperphosphorylated tau is known to start
in Pre-o neurons of the entorhinal cortex and then extend
to other brain regions in a predictable sequence (1), we
investigated in the present study the distribution of both
active and inactive forms of GSK-3f, as well as abnor-
mally hyperphosphorylated tau in entorhinal cortex, hip-
pocampal formation, and temporal cortical regions of hu-
man brains staged for the progressicn of neurofibrillary
changes (1). We found the active GSK-3B and the ab-
normally hyperphosphorylated tau had similar topographic
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distribution from very early to late stages of AD neuro-
fibrillary patholegy.

MATERIALS AND METHODS
Antibodies

Affinity-purified rabbit polyclonal phosphospecific antibodies
GSK-33 Tyrosine-216 (active form) and GSK-38 Serine-9 (in-
active form) were bought from QCB™ (Hopkinton, MA).
Mouse monoclonal phosphate dependent antibody (mAb) ATS,
which recognizes serine-202 and Threonine-205 of PHF-tau,
was purchased from Innogenetics (anti-human PHF-tau,
Zwujndrecht, Belgium}.

Materials

Brains from 35 cases, aged 23-92 years were obtained al
routine autopsy (Table). Blocks of temporal lobe including en-
torhinal, hippocampal, and temporal cortices, and/or amygdala
were fixed by immersion in a mixture of 4% parafermaldehyde
and picric acid, pH 7.0. Ten tissue blocks were subsequently
embedded in paraffin and 8 tissue blocks in polyethylene glycol
(PEG). Tissues embedded in paraffin were seclioned at 12 pm,
Frozen lissues and tissues embedded in PEG were sectioned at
50-100 pm,

Brain Staging

Aldehyde fuchsin-Darrow red staining was used for topo-
graphic orientation (46). Two sections were visualized by the
Gallyas silver-iodide technique for demonstration of neurofi-
brillary changes {47) and by immunocytochemistry with mAb
ATS for demonstration of PHF-tau pathology (48). Demonstra-
tion of amyleid deposits was made by selective silver staining
(49},

All cases were classified by applying the histopathological
staging system for neurofibrillary changes and amyloid depo-
sition as described previcusly (1, 12). This staging procedure
permits the differentiation of 6 stages (Table) with increasing
severity of neurofibrillary changes. mainly in the entorhinal cor-
tex/hippocampal formation. The transentorhinal stage 1 was de-
fined by the selective involvement of NFTs and numerous den-
dritic NTs in projecting cells residing within the transentorhinal
region. Accentuated transentorhinal pathelegy and a very mild
involvement of the entorhinal Pre-a and first Ammen's hom
sector is seen in the transentorhinal stage II. The limbic stages,
1TV, showed severe changes in the entorhinal region and hip-
pocampal formation in addition to the transenterhinal region,
with changes spreading within the limbic system. The isocort-
ical stages, V/VI, were characterized by severe widespraad de-
struction of limbic regions and in addition involvement of the
isocortical association areas.

Tissues were classified alse with respect to the extent of am-
yloid deposition (1). In this classification, the term amyloid re-
fers to plaque-like deposits with or witheul a neuritic compo-
nent. Stage O was characterized by the total absence of amyloid
deposits. Stage A showed a few plagues in the basal isocortex.
Stage B showed many plaques in the basal isocortex and allo-
cortex. Stage C showed large numbers of plaques in all paris
of the cortex.
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TABLE
Sex, Age, and Neuropathological Staging of
Accumulation of Both Amyloid Deposits (A-C) and
Neurofibrillary (NF) Changes (I-VI)

Amyloid
Case Sex Age deposits  NF changes
1099/96 M 38 0 0
1230/96 F 45 0 o
L097/96 M 26 0 0
1086/96 F 28 0 0
"a70/96 F 38 0 0
*1030/96 M 23 0 0
1117/96 F 70 0 I
26/97 F 66 0 II
1163/36 M 57 0 11
1117/96 F 70 c 1
1118796 F 66 0 1I
“837/90 M 30 Q It
:86/91 M 87 0 (|
*66/90 F 80 0 1
1069/96 F 72 0 11L
187/97 F 86 0 1L
596/97 F 86 0] 1iL
376/97 M 7 0 III
*499/91 F R7 0 11
11 88/89 F 92 0 I
1180/91 M 80 B 1
991 F 82 B 111
183791 F 86 C 1
890706 F 79 A v
:146/89 M 55 C v
=150/89 M 88 C v
122770 M 65 B v
»55/53 F 77 B v
"6/94 F 72 B v
*12/54 F 79 B v
b53/53 M 68 C v
637/87 F 78 C v
484/90 F 69 0 VI
*92/73 F 66 C Y1
"G9/73 F 74 C vl

= Paraffin embedded tissues; ' PEG embedded tissues; the rest
is frozen.

immunocytochemistry

Immunostaining of [ree-floating PEG embedded or frozen
sections was performed basically using procedures described
previously (48) with some modifications. Briefly, incubations
were performed with the following primary antibodies for 40-
44 h at 4°C. Monoclonal antibody (mAb) AT8 was used at a
dilution of 0.1 wg/ml, the polyclonal antibody GSK-38 Tyro-
sine-216 1o active GSK-3p at 1.5 pg/ml, and the polyclonal
antibody GSK-38 Serine-9 to inactive GSK-33 a1 3 pg/ml. Sec-
tions were then incubated with bictinylated anti-rabbit IgG or
anti-mouse IgM at a dilution of 1:200 for 2 h and were then
visualizad with the avidin-biotin-peroxidase complex kit (Vec-
tor, Burlingame, CA) with 3-3'-diaminobenzidine-4 HCIYH,0,
{DAB, Sigma, St. Louis, MO} as substrate. Double immunofu-
orescent staining was also used, in which CY™3-conjugated
anti-rabbit IgGG (Jackson ImmunoResearch Laboratories, Inc.,
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Immuncreactivity for active {al, a2, cl, ¢2) and inactive GSK-3p (bl, b2, dl, d2) in brains at stage 0 neurofibrillary

changes. a2 and b2 are the higher magnifications of al and bl Pre-o neurons in entorhinal cortex (ento), respectively. ¢2 and d2
are the higher magnifications of ¢l and dl pyramidal neurons in CAl, respectively. Layers Pre-o, Pre-p, Pre-v, Pri-o, Pri-3, and
Pri-y of entorhinal cortex are marked by I, 1, 111, IV, V, and VI, respectively. Case 1097/96, frozen sections. Magnitudes for

scale bars are given in micrometers (pm).

West Grove, PA) was linked to polyclonal antibodies specific
to active or inactive form of GSK-3, and CY™2-conjugated
anti-mouse 1gG (Jackson ImmunoResearch Laberatories, Inc.)
linked to mAb ATS,

Immunostaining of paraffin embedded sections was per-
formed following the similar procedures as for free-fApating
PEG embedded or frozen sections, except that the primary an-
tibody incubations were performed at room temperature over-
night. After immunostaining paraffin sections with antibodies
to GSK-3B shown by DAB in brown color, sections were sub-
sequently double incubated with mAb ATE (0.1 or 5 wg/ml),
and detected with Vector® SG substrate kit (Vector, Inc.) which
yields a blue-grey stain. Some of the paraffin embeadded sec-
tions wete pretreated with 95% formic acid for 2 h before the
immunaostaining.

The regional and intracellular distributions of ATE immu-
noreactivity, active and ipactive forms of GSK-38 were based

I Newrnputhal Exp Nearod, Vol 58, September, 1999

on the immunostainings of frozen, PEG and paraffin embedded
sections.

RESULTS

Distribution of Abnormally Hyperphosphorylated Tau,
and Active/Inactive GSK-33 Positive Neurons in Brains
with Stage 0 Neurofibrillary Changes

ATE immunoreactivily was not visible in either grey
or while matter of the entorhinal, hippocampal and tem-
poral cortices of stage 0 cases. The antibody to active
GSK-3p showed moderate staining in cytoplasm in many
layer Pre-c neurons and a few neurons in cother layers of
the entorhinal region, as compared with neighbouring
negative neurons {(Fig. lal, a2). Faint immunoreactivity
for active GSK-3B was found in the hippocampal CAl
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Immunoreactivity for AT8 (al, a2, dl, d2), active GSK-3B8 (bl, b2, el, 2}, and inactive GSK-3pB (cl, c2, fl, f2) in

brains at stage I/II neurcfibrillary change. a2, b2 and ¢2 are the higher magnifications of al, bl and ¢l Pre-a neurons in entorhinal
cortex (ento}, respectively. Layers Pre-w, Pre-f, Pre-v, Pri-a, Pri-B, and Pri~y of entorhinal coriex are marked by 1, I, III, 1V, V,
and VI, respectively. d2, e2 and f2 are the higher magnifications of d1, el and f1 CAl pyramidal neurons, respectively. Case
1118/96, frozen sections, Magnitudes for scale bars are given in micrometers (pm).

(Fig. lcl, c2), and CA2 and temporal cortical pyramidal
neurons {not shown).

The antibody to inactive GSK-3p showed more mod-
erately stained neurons in the entorhinal Pre-a layer (Fig.
1bl, b2), as compared with that for active GSK-3f3. How-
ever, the hippocampal CA2 neurons displayed very in-
tense immunoreactivity for inactive GSK-3B (not shown),
whereas the hippocampal CA! (Fig. 1di, d2) and tem-
poral cortical pyramidal neurons (not shown) showed
moderate immunostaining.

Distribution of Abnormaily Hyperphosphorylated Tau,
and Active/lnaclive GSK-3p Positive Neurons in Brains
with Stage |/Il Neurofibrillary Changes

Brains at this stage showed some neurons with un-
changed morphology and neurons with tangle-like inclu-
sions and NTs positive for AT8 in layers Pre-a and Pri-
o of the entorhinal region (Fig. 2al, a2). Many
unchanged neurons and some neurons with tangle-like
inclusions positive for AT8 were found in the hippocam-
pal CAl region (Fig. 2dl, d2). Relatively more un-
changed neurons and neurons with tangle-like inclusions
positive for AT8 were found in layers Pre-« and Pri-a of
the entorhinal cortex and hippocampal CA1 regions of
stage II, as compared with stage 1 (not shown).

A few neurons with tangle-like inclusions positive for
active GSK-3B were observed in the Pre-a layer of the
entorhinal cortex (Fig. 2b1, bZ) but not hippocampal CA1l
region (Fig. 2el, e2) of the brains staged at I/II. Other
neurons in the entorhinal cortex and hippocampus were
either faintly stained or contained several intensely la-
belled granules in the cytoplasm. Moderate immunore-
activity for active GSK-3pB was seen in neurons of the
CA?2 region and granule layer of the dentate gyrus, as
well as In some neurons in the subiculum (not shown).

In the adjacent sections, immunoreactivity for inactive
GSK-33 was strongest in the CAZ, CA3 (not shown), and
Pre-o layer pyramidal neurons, moderate in the Pre-(3,
Pre-v, Pri-a and Pri-vy layers (Fig. 2cl, ¢2), and CA1 (Fig.
2f1, i2) and CA4 pyramidal neurcns, granule cells of the
dentate gyrus (not shown), and layers Il and V pyramidal
neurons of the temporal cortex.

A large number of microglial-like cells positive for ac-
tive GSK-3p were seen all over the grey and white matter
of the entorhinal cortex, hippocampal formation, and
temporal cortex of brains staged at 0 and I/II. These cells
were more intensely stained than neurons (Figs. 1c2,
2e2). Microglia positive for active GSK-3f appeared to
be fewer in number in brains staged at IV, V, and VI, as
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Immuncreactivity for AT8 (al, a2, d), active GSK-38 (bl, b2, €), and inactive GSK-33 (cl, c2, [) in staged 11V

brains. a2 is the higher magnifications of al lamina dissecans, b2 and ¢2 are the higher magnifications of bl and c1 Pre-o neurons,
respectively, in entorhinal cortex {ento). Layers Pre-a, Pre-B, Pre-v, Pri-e, Pri-§3, and Pri-y of entorhinal cortex are marked by I,
1L, I, 1V, V, and VI, respectively. Case 890706, frozen sections. Magnitudes for scale bars are given in micrometers {m).

compared with the earlier stage brains. This phenomenon
was not found for the antibody to inactive GSK-38,

Distribution of Abnormally Hyperphosphorylated Tau,
and Active And Inactive GSK-33 Positive Neurons in
Brains with Stage (II/IV Neurcfibrillary Changes

In comparison with the stage 0 and I/IL brains, the
stage [II/IV brains showed much more severe involve-
ment of neurons with tangle-like inclusions positive for
ATR in the entorhinal (Fig. 3al, a2), hippacampal CAl
regions (Fig. 3d), and subiculum. Of these, many were
late stage tangles (19, 48, 50). The hippocampal CAZ,
CA3, and CAd regions, as well as all layers of the tem-
poral cortex, in particular layers 11l and V, showed AT8
positive tangles and plaques (not shown).

The antibody to active GSK-3P intensely stained neu-
roms with tangle-like inclusions in a similar manner to
condensed abnormal tau protein positive for AT8 in all
layers of the entorhinal region (Fig. 3bl, b2), and in hip-
pocampal CAl neurons (Fig. 3e). Many other neurons in
these regions showed moderate diffuse staining with this
antibody. Some intensely stained tangle-like inclusions
were also seen in the subiculum, CA2, CA3, and CA4,
as well as in neurons of the granule layer of the dentate

J Wewropalhod Exp Neareal, Vol 38, Sepremiber, 1999

gyrus and layers III and V of the temporal cortex. How-
ever, the majority of neurons in layers I, III, IV, V, and
VI of the temporal cortex were only faintly stained (not
shown).

Immunereactivity for inactive GSK-3(3 was intense in
many neurons of the Pre-a layer and in other layers of
entorhinal regions (Fig. 3cl, ¢2), as well as in the hip-
paocampal CA2, CA3, and CA4 pyramidal neurcons (not
shown). CA1 pyramidal neurons (Fig. 3f), as well as neu-
rons in the subiculum, granule layer of the dentate gyrus
(not shown), and layers II, IIl and V of the temporal
cortex showed moderate staining for inactive GSK-3p.
Tangle-like neuronal inclusion was not seen with anti-
body to inactive GSK-3j.

Distribution of Abnormally Hyperphosphorylated Tau,
and Active/lnactive GSK-33 Positive Neurcns in Brains
with Stage V/VI Neurofibrillary Changes

In stage V/VI brains, AT8 positive tangles were seen
throughout the entorhinal cortex (Fig. 4al, a2), hippo-
campal regions (Fig. 4d), and temporal cortex (not
shown). Tangle-like neuronal inclusions positive for ac-
tive GSK-3f were also seen throughout the entorhinal
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Fig. 4. Immunoreactivity for ATB (al, a2, d), active GSK-3f (bl, b2, f1, {2), and inactive GSK-3p {(cl, c2, e} in stage ViVl
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brains. a2, b2 and c? are the higher magnifications of al, bl and ¢l Pre-a neurons in entorhinal cortex (ento), respectively. Layers
Pre-ot, Pre-f. Pre-y, Pri-&, Pri-B, and Pri-y of entorhinal cortex are marked by 1, 11, III, IV, V, and VI, respectively. f2 is the
higher magnifications of f1 layer III pyramidal neurons in temporal cortex {tempo). Case 55/53, PEG embedded sections. Mag-

nitudes for scale bars are given in micrometers (pm).

cortex (Fig. 4bl, b2). Many neurons in the temporal cor-
tex, particularly in layers III and V, were intensely stained
for active GSK-3B (Fig. 4f1, {2),

The inactive GSK-3P immunoreactivity was moderate
in neurons of the entorhinal cortex (Fig. 4cl, ¢2), subic-
ulum, CA1 (Fig. 4e), CA2, CA3, and CA4 regions (not
shown), and in the temporal cortex, especially layers 1I,
III, and V {not shown). None of tangle-like neurcnal in-
clusions were found to be positive for inactive GSK-3pB.
In addition, similar to those seen in Stages 0/0, I/II and
ITIIYIV, some neurcns showed intensely stained granules
that seem to be associated with lipofuscin pigment.

Patterns of Distribution of Abnormally
Hyperphosphorylated Tau, GSK-3B Active/Inactive
Forms in Neurons

Immunostaining with mAb ATE and polyclonal anti-
body to active GSK-3p permitted classification of 3 pat-
terns of neurons in the entorhinal and hippocampal re-
gions of brains staged at IVII, VIV, and V/VL

Pattern {: Neurons showing accumulation of immu-
noreactivity for active GSK-3p in intense diffuse gran-
ules in the cytoplasm. These neurons have relatively

unchanged morphology, but start to accumulate abnor-
mally hyperphosphorylated tau (indicated by small black
arrows in Fig. 5SA-C, and with bigger white arrow heads
in Fig. 6A, B).

Pattern 2. Neurons which showed a mass of active
GSK-3p immunoreactivity {indicated by bigger black ar-
rows in Fig. 5A-C) that were proved to tangle by mAb
AT8 (not shown) and which showed less than half the
cytoplasm occupied by the masses (indicated by bigger
black arrows in Fig. 5A-C).

Pattern 3: Neurons which had the mass of active GSK-
3@ immunoreactivity (indicated by big open arrows in
Fig. 5A, B) that were proved to be tangle by mAb ATS
(indicated by small white arrow heads in Fig. 6A, B} and
which showed more than half the cytoplasm occupied by
tangles {indicated by big open arrows Fig. 3A, B, and by
small white arrow heads in Fig. 6A, B).

Some NTs shown by mAb ATE (Fig. 6A) were found to
be positive for active GSK-3p (Fig. 6B). Pattern 1 neurcns
were seen in paraffin, PEG embedded and frozen sections.
Pattern 2 and 3 neurons were only seen in PEG embedded
and frozen sections, but not in the paraffin embedded sec-
tions, even using pretreatment with 95% formic acid.

J Neiropathel Exp Newrol, Vol 58, September, 1999
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Fig. 5. Active G5K-3§ immunoreactivity (A, B and C) in CAl pyramidal neurons of brains with stage V neurofibrillary changes
and stage B amyloid deposition. Pattern 1 indicated by smaller black arrews, Pattern 2 indicated by bigger black arrows and Pattern
3 neurons indicated by open arrows. Case 55/53, PEG embedded sections. Magnitudes for scale bars are given in micrometers (m).

Some paraffin embedded sections were initially im-
munostained with the antibody to active GSK-38, and
then double immunostained with mAb AT8. In order to
maximally expose any hidden AT8 epitopes, the working
concentration of mAb AT8 for double immunostaining
was increased from 0.1 pg/ml to 5 pg/ml. Some Pattern
1 neurons remained AT8 negative even when using the
higher antibody concentration (not shown).

The antibody to inactive GSK-3B, showed in general
moederate cytoplasmic staining of the neurons with un-
changed morphology (Figs. 3¢2, 4¢2). Double immuno-
fluorescent staining using mAb AT8 and antibody to in-
active GSK-3B revealed no obvious accumulation of
inactive GSK-3p in AT8 positive pretangle neurons and
tangle bearing neurons (Fig. 6C, D).

DISCUSSION

To judge a protein kinase as a candidate enzyme involved
in PHF-tau formation, 4 genaral criteria should be taken
into consideration. Firstly, the protein kinase should pro-
duce a mobility shift of normal tau on electrophoretic gels

J Newroputitel Exp Nearod, Vof 38, Sepiember, (999

similar to PHF-tau in vitro. Secondly, up-regulation of pro-
tein kinase activity should induce PHF-like tau phosphor-
ylation and impair microtubunle assembly and stabilization
in intact cells. Thirdly, the protein kinase should be active
in neurens, in particular those affected by NFTs. Finally,
the protein kinase should occur in all the intracellular and
topographic areas where neurofibrillary changes are ob-
served. Previous studies have demonstrated that GSK-3p
fulfils the first 2 criteria (14, 15, 18, 29, 30, 36, 39, 44, 45).
Due to an inability to detect GSK-3p activity in NFT bear-
ing neurons, no direct in situ evidence supporting GSK-3p
as a protein kinase involved in PHF-tau formation has pre-
viously been available. Although GSK-3R has been found
1o be preferentially bound to NFTs (44, 43), the antibodies
used in previous studies could not distinguish the active and
inactive forms of this enzyme. In order to confirm if GSK-
3B is likely ta be involved in PHF-tau formation, we used
phosphospecific antibodies GSK-33 Tyrosine-216 and GSK-
3B Serine-9 to compare the distribution of active and
inactive forms of GSK-3B, respectively, with that of
abnormally hyperphosphorylated tau in the entorhinal
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Active Gsk- 3

Inactive Gsk--3

Fig. 6. Double immunofluorescent staining for abnormaily hyperphosphorylated tau by mAb AT8 (green, A and C) and
polyclonal antibodies to active GSK-38 (red, B} and inactive GSK-3f (red, D) in CAl pyramidal neurons of brains with stage
V neurofibrillary changes and stoge B amyloid deposition. Pattern 1 neurons are indicated by bigger white arrow heads and
Pattern 3 neurens are indicated by smaller white arrow heads, B and D are from the same field as A and C, respectively. Case
55/53, PEG embedded sections. Magnitudes for scale bars are given in micromerters {um).

cortex, hippocampal formation, and temporal cortical
regions of brains staged for neurofibrillary changes (1).
We found that GSK-3(3 in active form occurs wherever
the AD neurofibrillary pathology is observed.

The monoclonal antibody (mAb) AT8 recognizes 6
isoforms of tau in PHF (50). AT8 immunocytochemistry
has been used as a complementary method to reveal neu-
rofibrillary changes in brains at different stages (1, 48).
Similar to the distribution of neurofibrillary change
shown by ATS8 immunoreactivity, neurons with accumu-
lation of active GSK-3p positive tangle-like inclusions
were initially found in Pre-a and Pri-a layer pyramidal
neurons of the entorhinal cortex and hippocampal CAl
pyramidal neurons in brains at the trans-entorhinal (I}
stages. The involvement of active GSK-3[ pesitive neurons

with condensed abnormal tau protein in the entorhinal
cortex and hippocampal CAl region was sequentially
more severe when neurofibrillary changes progressed
from trans-entorhinal (/1) to the limbic (II/IV) and
eventually isocortical (V/VI) stages (1). Neurons with
condensed abnormal tau protein immunopesitive for ac-
tive GSK-3p were also seen in the temporal cortex of
brains at isocortical (V/VI) stages, consistent with inva-
sion of neurofibrillary changes to isocortical regions.
These data indicate that active GSK-35 is regionally co-
distributed with the progressive accumulation of abnor-
mally hyperphosphorylated tau protein.

In addition, we also found that Pattern 1 neurons,
which are the pretangle neurons visualized by mAb tau-1
and ATS (48, 50), appear to accumulate active GSK-3p
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in the cytoplasm. Active GSK-3B also appeared to ac-
cumulate more in the cytoplasm of Pattern 2 and 3 neun-
rons with condensed abnormal tau protein as NFTs de-
velop. A similar pattern of GSK-3B immunostaining in
NFTs has been obtained using R127d, an antibody that
dees not distinguish the active and inactive forms of this
enzyme (45). It is likely that Pattern | neurons represent
a crucial stage in the formation of abnormally hyper-
phosphorylated tau in neurons.

Since the accumulated active form of GSK-3pB in Pat-
tern 1, 2, and 3 neurons was seen using the antibody
against tyrosine-216, it will be important to know what
factors maintain the phosphorylation state of this site, in
particular whether protein tyrosine phosphatase PTP-1B,
whose activity is down-regulated in AD brain, is involved
(52). It was previously reported that GSK-3p is inhibited
and activated respectively by phosphorylation and de-
phosphorylation at serine-9 (21). Using the antibody
against serine-9, it was found that the inactive form of
GSK-3B did not accumulate in Pattern 2 and 3 neurons.
Although dephosphorylation of serine-% by protein phos-
phatase PP-2A can restore GSK-3p activity in cells (53),
this is unlikely in Pattern 2 and 3 neurcns, due to an
impaired protein phosphatase PP-2A activity (52, 54).

The different intensity of active GSK-33 immunostain-
ing seen in microglial-like cells and neurens of stage O/
0 and I/11 brains would imply that GSK-3B activation is
cell type specific. The relatively higher levels of active
GSK-3f in microglial-like cells of stage 0/0 and L1
brains, as compared with the late neurofibrillary staged
brains may provide a reason as to why we were previ-
cusly unable to show increased levels of GSK-3j activity
in AD brains (45). We cannot rule out the possibility that
the lower number of active GSK-3f positive microglia
in brains at the late stages of neurofibrillary changes is
caused by the transformation of activated microglia, mak-
ing them difficult to distinguish from other structures
(55).

In summary, active, but not inactive, GSK-3p is seen
to be codistributed with the progressive accumulation of
abnormally hyperphosphorylated tau and neurofibrillary
changes according to Braak staging. In particular, active
GSK-3B accumulation in pretangle neurons supports the
idea that GSK-3p is involved in the formation of abnor-
mally hyperphosphorylated tau. The data also suggest
that activation of GSK-3p in neurons occurs via phos-
phorylation at tyrosine-216.
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