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MAP kinases (MAPK) are a family of serine/
threonine (Ser/Thr) kinases that link ceU surface
signals to changes in enzyme activity andgene ex-
pression. They are the products of the newly de-
scribed gene family referred to as extracellular
signal regulated kinases (ERKs). Moreover,
MAPKsphosphorylate tau invitroatSer/ThrPro-
line sites, generating a multiply phosphorylated
tau protein that is similar to the hyperphos-
phorylated tau found in Alzbeimer neurofibril-
lary tangles (NFTs). We studied MAPK immuno-
reactivity and in situ hybridization patterns of
the two majorgenes that compriseMAPK activity,
ERKI and ERK2, in the human hippocampalfor-
mation. Our goal was to determine whether the
pattern ofERK expression is consistent with the
hypothesis that MAPKs contribute to NFTforma-
tion. ERKI mRNA ispresent in smaUamounts and
confinedprimarily to dentategyrus granule ceUs.
ERK2 mRNA, by contrast, gives a much stronger
hybridization signal and ispresent in dentate gy-
rus granule ceUls andpyramidal ceUls throughout
aU hippocampal subfields and adjacent temporal
neocortex. Quantitative measures ofERK2 mRNA
reveal that NFT-bearing neurons contain ap-
proximately 15% less ERK2 mRNA than nearest
neighbors that do not contain NFT. NFT-bearing
neurons contain approximately 25% less polyA
mRNA, suggesting a relative preservation of
ERK2 mRNA even in metabolicaly compromised
ceUs. MAPK immunoreactivity (which represents
both ERKI and ERK2) is seen in neuronal soma,
dendrites, axons, and in reactive astrocytes. In
Alzbeimer's disease, neurons that contain NFTs
are alsoMAPK immunoreactive, but neurons that

contain the highest amounts ofMAPK immuno-
reactivity are not necessarily vulnerablefor NFT.
MAPK immunoreactivity is present in the same
neurons as NFT and in the same subcelular com-
partments as tau, supporting a roleforAMAPKs in
tau phosphorylation in Alzheimer's disease.
However, thepresence ofERK immunoreactivity
is not sufficient topredispose neurons to NFTfor-
mation. (AmJPathol 1994, 144:565-572)

The major biochemical component of neurofibrillary
tangles (NFTs) in Alzheimer's disease (AD) is
a hyperphosphorylated form of the microtubule-
associated protein tau.' Because NFT formation ap-
pears to be a key feature of the pathophysiology of
AD,2 intensive study is directed at understanding the
conversion of tau into NFT. Phosphorylated tau de-
rived from the paired helical filaments (PHF) that
make up NFT differs from normal tau isolated from
brain in two distinct ways: it has a higher apparent
molecular weight on Western blots and it possesses
unique antigenic recognition sites recognized by sev-
eral anti-tau or anti-NFT antibodies. Furthermore,
phosphorylated tau changes its conformation and in-
teracts less strongly with microtubules.3 In vitro, tau
can be phosphorylated by several protein kinases,
including protein kinase C, casein kinase 11, calcium/
calmodulin-dependent protein kinase 11, cAMP-
dependent protein kinase,4-6 glycogen synthase ki-
nase 3,7X and MAP kinases (MAPK; also referred to
as mitogen-activated or MAP-2 kinases).12 It is un-
known which if any of these lead to phosphorylation
of tau in NFTs in vivo. Of the kinases examined, how-
ever, only the MAPKs and glycogen synthase kinase
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3 phosphorylate tau in such a way as to cause both
a PHF taulike shift in electrophoretic mobility and rec-
ognition by a panel of PHF-tau antibodies.

Extracellular signal regulated kinases (ERKs) are a
recently cloned gene family of kinases that have
MAPK activity, are activated by a wide variety of ex-
tracellular signals, and are a common feature of the
tyrosine kinase receptor and heterotrimeric G protein
cascades. They have been implicated in cell cycling,
response to insulin and growth factors, and response
of neurons to neural activity.13-15 They appear to be
central players in kinase cascades that link cell sur-
face stimulation to changes in enzyme activity and
gene expression.16-18 Despite a rapidly expanding
literature on the biochemical and physiological prop-
erties of these kinases, little anatomic data are avail-
able concerning their localization in brain.

If ERKs are fundamentally involved in tau phos-
phorylation in Alzheimer brain, it is crucial that they
are present in the same location and cell types that
develop NFT. Neuropathological studies19,20 have
shown that a subpopulation of pyramidal neurons
within the CAl/subicular area are the neurons within
the hippocampus most at risk for developing NFT, and
essentially all cases of AD predictably contain NFT in
these neurons. This study used in situ hybridization
and immunohistochemistry to determine the anatomi-
cal distribution of the MAPKs ERK1 and ERK2 in the
human hippocampal formation and examine in which
cellular compartments they reside. Furthermore, we
asked whether they are present in the population of
neurons affected by NFT and tested the possibility
that expression of these kinases is increased in neu-
rons that develop NFT.

Materials and Methods
Twelve individuals were studied. Seven had the
clinical and neuropathological diagnoses of AD (1
of whom had trisomy 21, 2 had concurrent Parkin-
son's disease, and 1 had concurrent diffuse Lewy
body disease, mean age 76.7 years, range 61 to 96
years, postmortem interval 12.1 ± 7.8 hours). Five
were neurologically normal control individuals who
did not meet Khachaturian criteria for AD by neuro-
pathological evaluation (mean age 57.4 years,
range 22 to 77 years postmortem interval 27.6 ±
15.8 hours). All neuropathological evaluations were
conducted independently by the Alzheimer Disease
Brain Bank using the Bielchowski silver stain for se-
nile plaques and NFTs. Anatomical analyses were
performed without knowledge of the age or diag-
nostic' category.

Immunohistochemistry

The material studied here consisted of the hippo-
campal formation and adjacent temporal neocortex
that had been fixed in paraformaldehyde-lysine-
metaperiodate at 4 C for 24 to 48 hours then cryo-
protected at 4 C in 15% glycerol/0.1 M phosphate-
buffered saline (pH 7.4) for an additional 24 hours.
Fifty-micron thick sections were cut on a freezing
sledge microtome. Sections were processed for im-
munohistochemistry using a free floating procedure.
ERK immunoreactivity was identified using a mono-
clonal antibody (Zymed clone Z033) raised against
a synthetic peptide representing 21 amino acid se-
quence near the carboxyl terminus of MAPK lead-
ing to reactivity with both ERK1 and ERK2.21 Immu-
noreactivity was detected using a goat anti-mouse
peroxidase-linked secondary antibody (Jackson Im-
munoresearch, West Grove, PA) and visualized with
diaminobenzidine. Some sections were lightly coun-
terstained with thionin to aid in cellular identification
and in determining cytoarchitectural fields. Control
tissue was incubated without primary antibody. For
the double staining experiments, immunoreactivity
was visualized using a rhodamine-linked secondary
antibody and sections were counterstained with
thioflavine S to detect NFT.

Quantitation of Immunohistochemical
Product

Diffuse density measurement of the dentate gyrus
and CAl/subicular area were obtained using a Leitz
Aristoplan microscope equipped with stage encod-
ers and a CCD-72 Dage-MTI video camera. Digi-
tized information was used by the Bioquant Micro-
quant Image Analysis System running on a Grafitica
486 computer. The dentate gyrus granule cell layer
and the CAl/subicular field were outlined on each
captured image by the operator and the area and
optical density were measured. This was repeated
on adjacent fields until the entire structure had been
observed and a weighted average optical density
calculated. The optical density was converted to
diffuse density units (a negative log function) ac-
cording to a conversion equation generated using a
series of standard grey-scale (Kodak, Rochester,
NY) as previously described.22 Comparison of AD
and control values was by Student's t-test.

In situ Hybridization

Fifty-micron thick sections of frozen tissue were cut
on a sliding microtome and mounted on poly-L-
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lysine-dipped slides. The tissue is treated with 24
U/ml pronase for 10' at room temperature then
washed in buffered saline and alcohol and allowed
to dry. The 45 nucleotide long DNA probes were
synthesized on an Applied Biosciences Oligo-
nucleotide Synthesizer. Three probes were used:
POLY TTTTTl TTTTTTTTTITTTTTTTTT[TTTIITT
T1T1[TTTT1, ERK1 GGGGCAGCCAGAACCCCTT-
CCATTCCAAAACTGCCAGAGACTGGGA, and ER-
K2 CCGATGTCTGAGCACGTCCAGTCCTCTGAG-
CCCTTGTCCTGACAA.
The ERK1 and ERK2 probes were chosen from

the 3' untranslated region of the mRNA because of
extensive homology within the coding region. Each
probe was radiolabeled with 35S-dATP (1000 to
3000 Ci/mmol) using Dupont's terminal transferase
oligonucleotide 3' end labeling kit. Approximately
3.6 x 106 counts of labeled probe in 120 pl hybrid-
ization solution (50% formamide, 10 mM Tris, 1 mM
EDTA, 0.3 M NaCI, 10% dextran sulfate, 1x Den-
hardt solution, and 0.1 M DTT) was hybridized to
mounted tissue at 37 C overnight. After hybridiza-
tion, tissue is washed under increasingly stringent
conditions, from 2x standard saline citrate (SSC) at
room temperature to 0.5x SSC at 50 C. After rinsing
in 70% ethanol the slides were air-dried and ex-
posed to Amersham Hyperfilm BMax from 2 days to
6 weeks in a light-tight cassette with 14C standards
(for quantitation of signal). Thereafter, sections were
dipped in Kodak NTB2 emulsion, exposed for 1 to 2
weeks (poly-T) or 1 to 2 months (ERK1 and ERK2),
developed, and counterstained with thioflavine S
(for fluorescence detection of NFT and senile
plaque) and lightly with thionin for cell bodies. Con-
trols included pretreatment with RNAse (which oblit-
erates all signal) and addition of 10-fold excess of
unlabeled probe which also essentially eliminates
all signal (Figure 1).

Quantitation of In Situ Product

A combination of bright field and fluorescent im-
ages provides the ability to demarcate neurons that
contain or do not contain NFT. The Nissl counter-
stain was effectively removed from the black and
white video image by introducing a Kodak 47B blue
filter into the light path. The location of NFT is noted
by inserting the fluorescent cubes in or out of the
light path.23 The density of in situ hybridization
product (silver grains) is then measured in neurons
that contain an NFT and in a nearest neighbor that
is NFT-free. These measurements were conducted
in the CAl field for ERK2 (5 cases) and poly A (6

cases) probes. The ERK1 in situ product was
sparse in CAl and measurements were not thought
to be meaningful. Approximately 15 pairs within
each case were obtained; a single average diffuse
density from each case was then used for further
statistical analysis. Because these data were within
case and field comparisons, no additional external
corrections were applied.

Results
Figure 1 shows the overall pattern of ERK immuno-
reactivity in the hippocampal formation. The re-
gional distribution was consistent in all cases, with
no difference observed between AD and control
cases. The most intensely stained area was the
dentate gyrus granule cell layer, followed by CA3
and the mossy fiber zone, CA4, subiculum, then
CAl. Many but not all neuronal cell bodies as well
as many dendrites and axons in the neuropil were
intensely immunoreactive. Presumed interneurons in
stratum radiatum and in the deep white matter also
stain intensely. In temporal neocortex, ERK immuno-
reactivity showed a laminar distribution with small
pyramidal neurons in layers 11 and VI > moderate

Figure 1. ERK immunoreactivity in the human hippocampalforma-
tion ofa 77-year-old control individual (top) and an 85-year-old in-
dividual with Alzbeimer disease (bottom). The dentate gyrus and
CA3 areas are most heavily immunoreactive, although many neu-
rons in all hippocampal subfields are stained.
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and large pyramidal neurons in layers III and V >
layer IV. The large modified pyramidal neurons in
layer 11 and those in layer IV of entorhinal cortex
were also well stained.

To address the question of whether there was a
change in the amount of ERK immunoreactivity in
areas prone to NFT formation (CAl/subiculum)
compared with areas that are relatively unaffected
in AD (dentate gyrus), we measured the optical
density of ERK immunoreactivity in the CAl/
subiculum field and in the dentate gyrus granule
cell layer using a Bioquant computerized image
analysis system. There was no difference in the
amount of ERK immunoreactivity in either the den-
tate gyrus (0.36 ± 0.03 optical density units AD;
0.39 ± 0.09 control, mean ± SE, not significant) or
in the CAl/subicular field (0.27 ± 0.02 diffuse den-
sity units, AD; 0.30 ± 0.05 control, mean + SE, not
significant).

At higher magnification (Figure 2), the subcellular
distribution of ERK immunoreactivity in pyramidal
neurons in CAl can be clearly seen. The neuronal
soma and axons are immunoreactive, along with
fine dendritic arborizations of both the apical and
basilar dendrites. Increased staining in the nucleus
was apparent in rare neurons but most frequently
the neuronal nuclei were unstained. In addition to
this population of neurons, reactive astrocytes were

also immunoreactive. These were scattered
throughout the hippocampal formation, primarily in
AD, and were prominent also in temporal neocortex,
especially in the infragranular layers and at the
grey/white junction.

To determine whether or not ERK immunoreactiv-
ity co-localized within NFT-bearing neurons, we
used a double immunofluorescence protocol visual-
izing ERK immunoreactivity with a rhodamine-linked
secondary antibody and visualizing NFT with the
fluorescent histochemical stain, thioflavine S. NFT-
bearing neurons consistently contained ERK immu-
noreactivity (Figure 3), although NFTs themselves
were not immunoreactive and extracellular or
"tombstone" NFT were not associated with ERK
staining.

In situ hybridization (Figure 4) was conducted to
differentiate ERK1 and ERK2 patterns of anatomic
distribution because the antibody should recognize
both. The autoradiograms show that ERKI mRNA is
localized primarily in the dentate gyrus granule
cells, and there is little ERKI mRNA present in the
hippocampal pyramids. By contrast, the ERK2 sig-
nal is extremely strong in the dentate gyrus granule
cell layer and in CA4, CA3, CA1, and the subicular
fileds. In addition, adjacent parahippocampal gyrus
and temporal neocortex showed much stronger
ERK2 than ERK1 hybridization in neurons. We con-
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Figure 2. Higher magnification ofERK (left) immunoreactivity in the CAl area of the buman hippocampus. Bar 50 ,m. Under X 100 magni-
fication, ERK immunostaining (right) is clearly seen in the neuronal soma, dendrites, and axon. Bar = 10 ,um.
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Figure 3. Rhodamine immunofluorescence shows many ERK immu-
noreactive neurons in CAl of an Alzbeimer individual (left). The
same field using barrier filters specific for thioflavine S reveals NFT
and a senile plaque (right). NFT co-localize within ERK immunore-
active neurons. Bar = 40 pm.

clude that the majority of the immunoreactivity we

observed was due to ERK2.
Because the MAPK immunoreactivity was present

throughout the cell bodies and neuropil, we mea-

sured regional levels and found no difference be-
tween control and AD brain. This technique is not
well suited to ask the question about the individual
neuron that contains or does not contain an NFT.
This latter question was addressed by quantitating
the ERK2 in situ hybridization product within NFT-
bearing or nearest neighbor non-NFT-bearing neu-

rons. This within-sample comparison obviates is-
sues of differences in postmortem time, perimortem
conditions, and technical issues of labeling probes,
exposure times, and development of emulsion that
can complicate quantitative comparison of in situ
hybridization product between cases.23 The diffuse
density of hybridization product for ERK2 in NFT-
bearing neurons was 0.85 0.025% of non-NFT-
bearing nearest neighbors (P < 0.003, paired
t-test). For comparison, the same protocol was con-

ducted using a poly-T probe to assess loss of
poly-A mRNA in NFT-bearing neurons, yielding a

value of 0.75 ±+ 0.04% (P < 0.0015).

Discussion

Several members of the ERK family of genes have
been cloned, including ERKi (p43), ERK2 (p42),
and ERK3.14 ERKs include the pp42 MAPK pro-
tein13'15,24 that is one of the major tyrosine phos-
phorylated proteins in transformed cells and impli-
cated in signal transduction. As assessed by
Northern blots, ERKs are expressed in a develop-
mentally and regionally specific fashion in brain14
but the cell types and anatomic profile of expres-
sion of these genes is unknown.
ERK activity is regulated by dual phosphoryla-

tions at adjacent tyrosine and threonine sites.2526 A
MAPK kinase, MEK, phosphorylates ERKs and
thereby activates them.27 In turn, MEK is phos-
phorylated by either a MEK kinase or Raf, a growth
factor-regulated protein kinase,18 suggesting that
ERK activation reflects a common pathway of cell
responses and is in a position to integrate multiple
extracellular signals.

In neural tissues, ERKs are responsive to nerve
growth factor,14 electrical stimulation,28 and NMDA
receptor activation.29 When activated, ERKs rapidly
phosphorylate targets that lead to changes in ki-
nase cascades, protein function, or gene expres-
sion. A variety of proteins, including MAP-2, myelin
basic protein, tyrosine hydroxylase, retinoblastoma
protein, RNA polymerase 11, S6 ribosomal protein ki-
nase, and proto-oncogenes including c-jun and
c-myc are readily phosphorylated by ERKs. Analy-
sis of a series of substrates led to the consensus
phosphorylation sequence of PX(S/T)P, although in
some instances ERKs can phosphorylate (S/T)P
motifs. 17.30,31

Tau is phosphorytated at multiple sites in NFT.1
Several candidate tau kinases have been
proposed,9-12,32-35 although the biochemical char-
acterization of these kinases is incomplete. Epitope
mapping studies suggest that PHF-tau immunore-
activity is due at least in part to phosphorylation of
Ser/Thr-Pro motifs.9'36 Drewes et a19 and Goedert et
all1 have shown that ERK2 can phosphorylate tau
at 14-16 Ser/Thr Pro motifs per molecule. Tau can
also be phosphorylated by ERK110 and by a novel
ATP-sensitive tau kinase that is probably a member
of the ERK family.12 Goedert et all' suggest that
MAPK (ERK2) co-purifies with PHF,11 and although
we do not detect PHF-associated MAPK immunore-
activity, NFT-bearing neurons are MAPK immunore-
active (Figure 3).37 Taken together, these observa-
tions are consistent with the possibility that ERK2 is
responsible for or contributes to the phosphoryla-
tion of tau that leads to NFT formation in AD, but of
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Figure 4. Autoradiogram ofERK1 (left) and ERK2 (right) in situ hybridization in the human hippocampalformation in a 77-year-old control in-
dividual. Pretreatment uwith 10-fold excess unlabeled probe obliterated the signal.

course there remains the possibility that other ki-
nases are also of critical import.35

Our studies show the first neuroanatomical profile
of expression of ERK1 and ERK2 and provide for a
comparison of this profile to the pattern of NFT
changes in AD. The in situ hybridization studies
suggest that the majority of MAPK immunoreactivity
is due to ERK2. The cytoarchitectural fields in the
hippocampus that are most intensely MAPK immu-
noreactive in both controls and individuals with AD
are the dentate gyrus granule cells and area CA3,
with areas CAl and the subiculum less strongly
stained. Similar conclusions were reached by Tro-
janowski et a137 using a different immunoreagent for
MAPKs.
The in situ hybridization studies suggest that

ERK1 is unlikely to be a good candidate for a tau ki-
nase important in AD because it is not located in
the appropriate neuroanatomical fields. ERK2 is
present in neurons that contain NFT but is also pre-
sent in many neuronal populations that are fairly re-
sistant to NFT formation (eg, the dentate gyrus
granule cells or the lamina principalis interna of the
presubiculum). Quantitative in situ hybridization
studies suggest that the amount of ERK2 message
is reduced by approximately 15% in NFT-bearing
neurons compared with nearest neighbors that do
not contain NFT. However, this reduction is less than
the reduction in overall mRNA levels (approximately
25% in our study). These values compare well with
a previous study of loss of poly-A mRNA in tangle-
bearing neurons, which found a 33% reduction.38
These results suggests that ERK2 expression is
relatively preserved even in the face of substantial
metabolic compromise. Also consistent with this in-

terpretation is the measurement using immunoblots
that showed an 18% reduction of ERK2 protein in
AD hippocampus.37

At the immunohistochemical level, no difference
was seen in intensity or distribution of MAPK im-
munostaining in AD. The pattern of NFT in AD dif-
fers from that of MAPK staining. Areas CA1 and su-
biculum are most vulnerable and most severely
involved by NFT, with relative sparing of CA3 and
the dentate gyrus granule cells, whereas the den-
tate gyrus granule cells and CA3 neurons are more
intensely MAPK immunoreactive than CA] or su-
biculum. Similarly, in temporal neocortex the most
intensely MAPK-stained neurons are in layers 11 and
VI, moderately positive in layers IlIl and V, and least
stained in layer IV. NFT appear most consistently in
layers V and IlIl in the inferior temporal gyrus. Our
double labeling experiment, however, shows that
NFT-bearing neurons do contain MAPK immunore-
activity. This study provides information on the dis-
tribution but not on the functional state of MAPKs,
so it is possible that MAPKs are more strongly acti-
vated in NFT-bearing neurons in AD.
MAPK immunoreactivity is present in neuronal

soma and extensive dendritic arborizations, with
second- or third-order branch points observed in
fortuitous sections. In addition, the axon hillock and
proximal axon are clearly immunoreactive in pyrami-
dal neurons. Tau is normally present primarily in
axons in neurons and in AD phosphorylated tau ac-
cumulates in the neuronal soma and apical and
basilar dendrites as NFT and neuritic threads. Thus,
MAPKs are present in the same cellular compart-
ments as tau, consistent with the possibility that
they contribute to the hyperphosphorylation of tau
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associated with NFT formation. However, the ana-
tomical mismatches noted above suggest that ex-
pression of MAPKs is not sufficient to predispose
neurons toward NFT formation.
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