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Potent amyloidogenicity and pathogenicity of AB43

Takashi Saito!8, Takahiro Suemoto’8, Nathalie Brouwers®3, Kristel Sleegers®?, Satoru Funamoto?,
Naomi Mihira', Yukio Matsuba', Kazuyuki Yamada®, Per Nilsson!, Jiro Takano!, Masaki NishimuraS,
Nobubhisa Iwata'-’, Christine Van Broeckhoven?3, Yasuo Thara? & Takaomi C Saido!

The amyloid-B peptide AB42 is known to be a primary amyloidogenic and pathogenic agent in Alzheimer's disease. However,
the role of AB43, which is found just as frequently in the brains of affected individuals, remains unresolved. We generated
knock-in mice containing a pathogenic presenilin-1 R278! mutation that causes overproduction of AB43. Homozygosity was
embryonic lethal, indicating that the mutation involves a loss of function. Crossing amyloid precursor protein transgenic mice
with heterozygous mutant mice resulted in elevated AB43, impairment of short-term memory and acceleration of amyloid-g
pathology, which accompanied pronounced accumulation of AB43 in plaque cores similar in biochemical composition to those
observed in the brains of affected individuals. Consistently, ApB43 showed a higher propensity to aggregate and was more
neurotoxic than AB42. Other pathogenic presenilin mutations also caused overproduction of AB43 in a manner correlating with
AP42 and with the age of disease onset. These findings indicate that Ap43, an overlooked species, is potently amyloidogenic,

neurotoxic and abundant in vivo.

Alzheimer’s disease, the most common form of dementia, is charac-
terized by two pathological features in the brain, extracellular senile
plaques and intracellular neurofibrillary tangles. Senile plaques
consist of amyloid-B peptide (AB) that is generated from amyloid
precursor protein (APP) through sequential proteolytic processing
by B-secretase and y-secretase. Two major forms of AB exist, AB40
and APB42, with AB42 being more neurotoxic as a result of its higher
hydrophobicity, which leads to faster oligomerization and aggrega-
tion!. A number of mutations associated with early-onset familial
Alzheimer’s disease (FAD) have been identified in the APP, PSEN1I
and PSEN2 genes, and these mutations lead to accelerated production
of AB42 or an increase in the AB42/AB40 ratio. Together, these find-
ings indicate that AB42 is essential for the initiation of pathogenesis.
However, the possible involvement of longer A species that also exist
in the brains of individuals with Alzheimer’s disease has not yet been
fully investigated.

Thus far, various longer AB species, such as AP43, AB45, AB4S,
APB49 and AB50, have been qualitatively described in the brains of
individuals with Alzheimer’s disease®. Similar A species have also
been found in transgenic mice that overexpress APP carrying FAD-
linked mutations®. Further quantitative studies have revealed that
APB43 is deposited more frequently than AB40 in both sporadic
Alzheimer’s disease (SAD) and FAD*-7.

How these A species with different C-terminal ends are generated
from the precursor has mainly been investigated by cell biological
and biochemical methods. A number of studies®® have found that

Y and € cleavage by y-secretase controls the fate of the C-terminal
end. AB43, generated from AB49 via AB46, is subsequently converted
to AP40 by y-secretase, whereas AB42 is independently generated
from A348 via AB45. It has also been reported that the FAD-associated
1213T mutation in the PSENI gene increases the generation of longer
AP species, such as AB43, AB45 and those even longer than AB46, in
addition to AB42 (ref. 10). It is also noteworthy that Ap43 appears to
be as prone to aggregate in vitro as AB42 (ref. 11), leading to faster
formation of oligomers than occurs in the case of ABA40 (ref. 12).
These observations imply that AB43 could be produced as a physio-
logical or pathological metabolite of y-secretase and may affect AR
amyloidosis in the brain.

To address whether AB43 contributes to Alzheimer’s disease patho-
logy, we decided to take advantage of the molecular phenotype of
the presenilin-1 (PS1) R278I mutation, as this mutation results in
selective overt production of AB43 in vitro'3, an effect that occurs
to a much greater extent than in the case of other mutations, such
as R278K, R278S and R278T. The R278I mutation has been inde-
pendently reported in a pedigree bearing atypical Alzheimer’s dis-
ease with language impairment!. A follow-up survey revealed that
one of the affected individuals subsequently progressed to more
severe cognitive impairment, and another individual from a dif-
ferent branch of the family with the mutation showed Alzheimer’s
disease~associated symptoms with an early loss of episodic memory
and with a clinical onset of the disease at 59 years of age (M.N. Rossor,
University College London, personal communication).
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We generated PS1-R2781 knock-in mice to assess the biological
importance of the mutation and the pathological effect of AB43 on
AP amyloidosis. Homozygosity in knock-in mice was embryonic
lethal, presumably because of a partial loss of y-secretase activity
that resulted in a failure in Notchl processing. Consistent with this,
mouse embryonic fibroblasts (MEFs) derived from the homozygous
knock-in mice exhibited a failure in PS1 endoproteolysis and Notch1
processing, implying that the particular selectivity of the PS1-R2781
mutation for AB43 production is closely associated with the par-
tial loss of y-secretase activity, that is, suppression of the AB43-to-
AB40 conversion, which could also be caused by some of the other
PS1 mutations. We crossed heterozygous knock-in mice with APP
transgenic mice (APP23 mice carrying the human APP isoform 751
transgene harboring the Swedish mutation (K651N M652L)) and
found that the progeny exhibited short-term memory loss before
plaque formation and developed considerably accelerated amyloid
pathology, indicating that AB43 is potently amyloidogenic and patho-
genic in vivo.

RESULTS

Generation of PS1-R278I knock-in mice

To generate PS1 knock-in mice, we constructed a targeting vector car-
rying a point mutation that results in the replacement of arginine 278
to isoleucine in exon 8 of the PSENT allele (Supplementary Fig. 1a).

R278l/R278I

++ +/R278I

PS2 CTF .

Figure 1 Phenotypic and biochemical
characterization of PS1-R278l knock- ¢}

in mice. (a) Embryonic lethality in IS
homozygous PS1-R278I knock-in

mice. An overall size reduction,

stubby tail (arrowhead), limb ateliosis PE1INTF P
(yellow arrows) and hemorrhage

in the CNS (white arrow) were
observed. Scale bars represent 2 mm.
(b—f) Embryonic brains (b-e) and
MEFs (f) were analyzed by western blot
(see Supplementary Fig. 4). Antibodies
are listed to the left of each panel.

(b) Expression of y-secretase
components. FL, full-length PS1.

PS1 CTF |

f +/+

PS1 NTF

Pen-2

Pen-2

Immunoprecipitation: gPS1-NTF

+/R278|

Homologous recombination, germline transmission and genotype were
confirmed by Southern blotting and PCR (Supplementary Fig. 1b,c).
The expression levels of the mutant and wild-type PSI in the
embryonic mouse brains were identical (Supplementary Fig. 1d).
Unexpectedly, homozygous knock-in (R278I/R278I) was embryonic
lethal at embryonic day 15-18 (E15-18; Fig. 1a). The mutant embryos
showed an overall size reduction, a stubby tail, limb ateliosis and
hemorrhage in the CNS as compared with wild-type littermate con-
trols (Fig. 1a).

This phenotype is similar to that of PS1-deficient mice and
Notchl-related mutant mice'>'®, although the adverse phenotype
of the PS1-R2781 knock-in mice appeared a few days later than that
of PS1-deficient mice. In contrast, we observed no developmen-
tal deficits in heterozygous knock-in (+/R278I) mice (Fig. 1a and
Supplementary Fig. 2). The lethal phenotype of the R2781 muta-
tion appears to be caused by a loss of developmental function that
manifests only under the recessive condition. We generated two lines
of double-mutant mice: R2781 knock-in/PS1 knockout and M146V
knock-in/PS1 knockout. The phenotype of former was embryonic
lethal and the latter was normal (Supplementary Fig. 3a-d). This
observation suggests that the R278 mutation is a loss-of-function
mutation. To the best of our knowledge, this is the first case of
developmental abnormality being caused by a FAD-linked PS1
point mutation.

c
);\X s ++ +/R2783 R278IR278! (kDa)
351 g ! oo
- <NTF  PS1
——— » TTTTEE
NC s o o s
-720

Aph-1 [

L 19G (L)

APP CTF
- Pen-2

IgG (L 196 (L) - AICD
<gC T(F> Aph-1 “ﬁm LR e
appCTF R % -acD

N-Cad e s B e ———_ ) o
R2781/R278I o s

(c) BN-PAGE analysis of native
y-secretase complexes. —/— indicates
homozygous PS1 knockout mice.

e e - - -
Myc-NICD —

N-Cad P - CTF N-cad

Cleaved [
e I -

Arrows indicate the position of the Practin - -

native wild-type, 360-kDa PS1 and

PS2 y-secretase complexes, whereas arrowhead points to the atypical high molecular weight (750 kDa) y-secretase complex. (d) Immunoprecipitation by
antibodies to PS1-NTF. IgG(H) and 1gG(L) indicate immunoglobulin heavy and light chains, respectively. (e) y-secretase activity in PS1-R2781 knock-in
brains. Brain extracts were analyzed by western blotting to detect endogenous APP CTF-B, APP CTF-o, APP intracellular domain (AICD), full-length

N-cadherin, N-cadherin CTF and NICD products. *

indicates an additional signal, smaller than that of CTF-¢, which appeared in the knock-in mice.

(f) Notch1 processing in PS1-R278l knock-in MEFs. Myc-tagged ANotch was transiently expressed in the MEFs, and cell lysates were subjected to western
blot analysis using antibody to Myc. -actin levels are shown as internal controls.
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Abnormal PS1 endoproteolysis and Notch1 processing

To assess the functional importance of the R278 mutation in the PSI
knock-in line, we analyzed the biochemical properties of PS1-R2781
Y-secretase in the embryonic brains before degeneration (Fig. 1a).
Western blotting revealed a marked decrease in the levels of the
N-terminal fragment (NTF) and C-terminal fragment (CTF) of PSI,
indicating a failure of PS1 endoproteolysis, in homozygous knock-
in brains, whereas the y-secretase components, including Nicastrin
(Nct), presenilin enhancer-2 (Pen-2) and anterior pharynx defective-1
protein (Aph-1), were expressed at normal levels (Fig. 1b). The NTF
and CTF in the homozygous knock-in mice were, however, clearly
detectable, indicating that a fraction of the endoproteolytic activ-
ity of PS1 still remained (Fig. 1b and Supplementary Fig. 3e). It is
also noteworthy that the endoproteolysis was partially blocked in the
heterozygous PS1-R2781 brain, suggesting that the process is at least
partly autolytic.

We next investigated whether the PS1-R2781 mutation affects
the assembly of the y-secretase complex by Blue Native PAGE (BN-
PAGE)'”. A major signal corresponding to a molecular weight of
360 kDa, the normal molecular weight of the native PS1 Y-secretase
complex, was detected in both wild-type and knock-in brains in
a manner similar to that of the PS2 y-secretase complex (Fig. 1c).
Immunoprecipitation experiments further demonstrated that the
mutant PS1 formed a complex with Nct, Pen-2
and Aph-1 (Fig. 1d). These data indicate a
that the PS1-R2781 mutation does not affect
the formation of the y-secretase complex. ) R
Notably, BN-PAGE detected a minor signal o
corresponding to a higher molecular weight of e
750 kDa in the homozygous knock-in brains 021
(Fig. 1c). A similar higher molecular weight e

0.6 1 AB42

0.5 y=0.003x + 0.1694 0.6

= 0.9866

0.D
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in the PSENT gene (PS1-AE9)'7 and from SH-SY5Y cells treated with
a Y-secretase inhibitor, L-685,458 (ref. 18). PS1-AE9 and PS1-AT440
also cause PS1 endoproteolytic abnormality in a similar manner to
the PS1-R2781 mutation'®-2!. The presence of this high molecular
weight y-secretase may reflect a conformational change in the multi-
component complex or binding of additional factor(s) to the complex,
although its mechanistic involvement remains unclear.

We then examined the effect of the mutation on the metabolism
of the y-secretase substrates. Both the CTF-¢, and CTE-B3 of APP
and the CTF of N-cadherin accumulated at substantial levels in the
homozygous PS1-R278I knock-in mouse brain, but not in the wild-
type or heterozygous brains (Fig. le). Conversely, the APP intracel-
lular domain and Notch1 intracellular domain (NICD) could not be
detected in the homozygous knock-in. An additional signal smaller
than that of CTF-a appeared in the knock-in mice (Fig. 1e), pre-
sumably representing an aberrant proteolytic product of CTF-0, and
CTEF-B. These data indicate that the PS1-R2781 mutation leads to a
substantial loss of y-secretase activity in a recessive manner.

To further analyze the mutant Y-secretase, we established MEFs
from knock-in mice and littermate controls. Western blotting
(Supplementary Fig. 4a), BN-PAGE (Supplementary Fig. 4b) and
immunoprecipitation experiments (Supplementary Fig. 4c) revealed
that the biochemical properties of mutant presenilin in MEFs were

b C
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Figure 2 AP levels in adult PS1-R2781 knock-in
mouse brains and MEFs. (a,b) Establishment of
ELISA system to specifically quantify AB42 and
AB43 (see Supplementary Figs. 6a,b and 7).
(c—e) Specificity of the antibodies to AB40, AB42
and AB43 used in this ELISA system. Synthetic
AB1-40, AB1-42 and AB1-43 were separated
by tris/tricine PAGE (15% polyacrylamide gel)
and subjected to western blotting. Antibodies to
AB C40, C42 and C43 specifically recognized
AB1-40, AB1-42 and AB1-43, respectively (see
Supplementary Fig. 6¢-¢). (f-n) Quantification
of AB40, AB42 and AB43 by ELISA in adult
mouse brains (f-j) and MEFs (k-n). (fj) Cortical
hemispheres from 24-month-old wild-type and
heterozygous knock-in mice were homogenized
and fractionated into Tris-HCl-buffered saline—
soluble (TS) and GuHCl-soluble fractions. Data
represent mean £s.e.m. (n=9). *P< 0.05 and
**P < 0.01 between wild-type and heterozygous
knock-in mice, Student’s ttest. (k-n) AB
concentrations in conditioned medium from MEFs.
We inoculated 8 x 105 cells in a 1-ml culture.
The conditioned medium was collected after

24 h and subjected to ELISA. R278I/~ indicates

a double heterozygote PS1-R278I knock-in x PS1
knockout mice. Data represent mean + s.d.

from two independent experiments (n= 16).
**P < 0.01 compared with wild type, one-way
ANOVA with Scheffe's Ftest. ND, not detected.
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Figure 3 Acceleration of Ap pathology and short- a
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identical to those in the embryonic brains. We then expressed Myc-
tagged ANotchl in the mutant and wild-type MEFs. Western blot
analysis revealed that conversion of Myc-ANotch1 to Myc-NICD by
limited proteolysis occurred in wild-type and heterozygous knock-in
MEFs, but not in the homozygous knock-in or PS1 knockout MEFs
(Fig. 1f). These results indicate that the R287I mutation induces
developmental deficits by abolishing of y-secretase-dependent
Notchl processing.

AB40, AB42 and AB43 in PS1-R278I knock-in brains and MEFs
Because homozygous R2781 knock-in mice are embryonic lethal,
we went on to analyze adult heterozygous knock-in mice. The adult
heterozygous mice were normal in terms of development and anat-
omy at both 3 and 24 months of age (Supplementary Fig. 2), whereas
various biochemical properties of PS1, such as partial abnormal-
ity of endoproteolysis, the molecular weight of y-secretase and the
identity of the complex components, were identical to those of the
heterozygous embryonic brain (Supplementary Fig. 5). We then

established a specific and highly sensitive ELISA system that could
distinguish between AB40, AB42 and A43 over a broad concentra-
tion range (Fig. 2a,b and Supplementary Figs. 6a,b and 7). The
antibodies that we used were highly specific to each AP species
(Fig. 2c—e and Supplementary Fig. 6c-e). Brain tissue fractions that
were soluble in Tris-HCl-buffered saline and those that were soluble
in 6 M guanidine-HCI (GuHCI) were subjected to quantification.

There was a significant decrease in the steady-state levels of A$40
in the GuHCl-soluble fraction in the brains of aged (24 months old)
heterozygous PS1-R2781 knock-in mice as compared with wild-type
animals (P < 0.01), although no differences were recorded in the levels
of ABs in the Tris-HCl-buffered saline fraction, or in the levels of AB42
and AB43 in the GuHCl-soluble fraction (Fig. 2f,g). This reduction of
AP40 in the GuHCl-soluble fraction resulted in a significant elevation
of the AB42/AB40 (P < 0.05) and AB43/AB40 (P < 0.01) ratios in the
GuHCl-soluble fraction (Fig. 2h,i). Notably, the AB43/AB42 ratio
was also significantly increased in the GuHClI-soluble fraction of the
heterozygous PS1-R278I knock-in mouse brain (P < 0.05; Fig. 2j). In
younger PS1-R2781 knock-in mice (3 months old), AB43 levels were
too low to detect, although the GuHCI-AB40 levels were again signifi-
cantly reduced in the knock-in mice (P < 0.05; Supplementary Fig. 8).
These results indicate that AP43 levels in the mouse brain increase
on aging, and that the increase in the AB42/AB40 and AB43/AB40
ratios observed in the older heterozygous mice appears to be primarily
caused by a decrease in APB40. Furthermore, the R2781 mutation led
to an elevation in the AB43/AB42 ratio in aged mice. Taken together,
these findings indicate that the PS1-R2781 mutation gives rise to a
modest in vivo effect in terms of the levels of endogenous AB species
under heterozygous conditions.

We next quantified the AP variants in conditioned medium from
knock-in MEFs (Fig. 2k-n). The steady-state levels of AB40 were

Figure 4 AB40, AB42 and AB43 in APP x PS1-R278I mice. (a-i) The
levels of AB40 (a,d), AB42 (b,e) and AB43 (c,f) were quantified by ELISA
and the ratios of the AR species (g-i) were subsequently determined.
Cortical hemispheres from single APP and APP x PS1-R278| mouse
brain (3 and 9 months old) were homogenized and fractionated into
Tris-HCl-buffered saline-soluble fractions (a—¢) and GuHCl-extractable
fractions (d—f). Data represent mean + s.e.m. (n =7, 3 months old;
n=75, 9 months old). *P < 0.05 and **P < 0.01 between APP mice

and APP x PS1-R278l mice, Student’s t test.
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significantly reduced in a gene dose~dependent manner in the PS1-
R278I MEFs as compared with wild-type MEFs (P < 0.01). In con-
trast, AB43 markedly increased in the homozygous knock-in MEFs,
whereas AB42 levels remained unchanged in all genotypes (Fig. 2k).
Thus, the ratios of longer AP species significantly increased in
homozygous PS1-R2781 knock-in MEFs (P < 0.01; Fig. 2l-n).
Notably, there was no increase in AB43 levels in conditioned
medium from heterozygous knock-in MEFs (Fig. 2k). To unravel
the underlying mechanism, we crossed heterozygous R2781 knock-
in mice with PS1 knockout mice (R2781/-) and measured the levels
of ABs present in conditioned medium from cultured MEFs. AB43
levels were increased, implying that wild-type PS1 processes AB43
to AB40 in heterozygous PS1-R2781 knock-in MEFs (Fig. 2k).
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ach consisting of duplicate measurements. *P < 0.05 and **P < 0.01 compared with wild type, one-way ANOVA with Dunnett test.

Furthermore, no AB43 was detected in heterozygous PS1 knock-
out MEFs (data not shown). Together, the data suggests that the
Y-secretase substrate can be transferred between separate PS1 mol-
ecules or between dimers of PS1, as previously suggested??, or even
between PSI molecules in the PS1 complexes, for further process-
ing. The fact that total AB (AB40 + AP42 + AB43) was decreased
in heterozygous knock-in MEFs, as compared with homozygous
knock-in MEFs, is of particular interest. This might be a result of
a dysfunctional PS1 heterodimer, with wild-type PS1 being either
directly affected by PS1-R2781 or overloaded with AB43 generated
by PS1-R278I. Further experiments are required to resolve the rea-
son behind the decreased total A level (Fig. 2k and Supplementary
Fig. 9b). Taken together, our data indicate that the R278I mutation

f

A[/AR43
]

Figure 6 Localization of A species in amyloid plaques of APP x PS1-R278] mice. (a,b) A set of serial brain sections from 9-month-old APP x
PS1-M146V mice (a) and APP x PS1-R278l mice (b) were immunostained with the following antibodies to AB: 4G8 (total AB), C40 (AB1-40), C42
(AB1-42) and C43 (AB1-43). (c—e) The immunoreactive areas in single APP (left), APP x PS1-M146V (middle) and APP x PS1-R278| (right) mice

were quantified as indicated (n = 6). **P < 0.01 between APP x PS1-M146V mice and APP x PS1-R278| mice, one-way ANOVA with Scheffe's Ftest.
ND, not detected. (f-h) Double-staining with 4G8 (green) and AB40 (f), AB42 (g) or AB43 (h) (red). The images in the left (green) and middle (red) are
merged (yellow) on the right. Scale bars represent 500 um (a,b) and 50 wm (f<h).
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Figure 7 Mature amyloid plaques in APP x PS1-
R278l mice and in vitro aggregation property
and neural cell toxicity of Ap43. (a—f) A set of
serial brain sections from 9-month-old APP x
PS1-M146V mice (a,c) and APP x PS1-R278]
mice (b,d) were stained with thioflavin S (a,b)
and immunostained with 4G8 (c,d). Thioflavin
S—positive plaque are marked with arrows (a,b)
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two-way ANOVA with Scheffe's Ftest or Dunnett test.

inhibits AP43 to AB40 conversion, leading to increased AB43
levels and concomitant decrease of AB40 without altering AP42
levels. A similar AB-processing pathway has been described
previously? (Fig. 2k and Supplementary Fig. 10).

Ap pathology and memory impairment of APP mice

Overexpression of wild-type human APP in the above-stated
MEFs using a semliki-forest virus vector? resulted in a significant
increase in AB43 in the heterozygous R2781 knock-in cells (P < 0.05;
Supplementary Fig. 9). The presence of the excessive y-secretase sub-
strates, that is, APP CTF-ot and CTF-f3, appeared to force the mutant
PSI to participate in APP processing. These observations prompted us
to crossbreed heterozygous PS1-R2781 knock-in mice with APP mice
to assess the effect of AB43 in vivo. APP x PS1-R2781 mice started to
accumulate pathological AR deposits at around 6 months of age,
whereas it took about 12 months for APP transgenic mice to begin to
show signs of such deposition (Fig. 3a-h). Massive astrocytosis was
also detected around the amyloid plaques by 9 months age in the APP x
PS1-R278I mice, but notin single transgenic mice (Fig. 3e,f). Behaviorally,
3-4-month-old APP x PS1-R278I mice exhibited short-term memory
impairment as compared with single transgenic mice when their
performance was evaluated in a Y-maze test (Fig. 3i,j). A similar
tendency was also observed in the Morris water-maze test, although
the difference in this case did not reach statistical significance

(P = 0.051; data not shown). Taken together, these findings indicate
that the PS1-R2781 mutation leads to accelerated AP pathology with
an accompanying inflammatory response and that the cognitive
impairment occurs even before plaque formation.

We next quantified the steady-state levels of AB40, AB42 and AB43
in the brains of APP and APP x PS1-R278I mice at 3 and 9 months.
Notably, only the double-mutant mice exhibited selective elevation of
AP43 in both Tris-HCl-buffered saline-soluble and GuHCl-soluble
brain fractions at 3 months, which is a time before the pathological
deposition of AP (Fig. 4a-f), but by which the double-mutant mice
already showed short-term memory impairment (Fig. 3i,j). In con-
trast, AB40 and AB42 levels started to increase at around 9 months.
Consequently, both the AB43/AB40 and AP43/AB42 ratios were
higher in the double mutant mice than in the single APP trans-
genic mice at both 3 and 9 months, whereas the AB42/AB40 ratio
remained unaltered (Fig. 4g-i). It is worth noting that the elevation
of biochemically detectable A343 levels preceded plaque formation,
implying that AP43 may be the initial seeding species and the trigger
of memory impairment in this mouse model. The steady-state level
of AB43 also increased in an age-dependent manner in the single
APP transgenic mouse brains, beginning before plaque formation
(Fig. 3g,h and Supplementary Fig. 11).

In addition, we observed that a variety of FAD-associated PS1 muta-
tions resulted in overproduction of AB43 in a manner correlating with
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Figure 8 AB43 in amyloid plaques in
Alzheimer’s disease brains. (a-m) Serial
sections of the hippocampal region (a-d,h,i,j-m)
and the frontal cortical region of brains from
individuals with Alzheimer’s disease (f,g) were
stained with 4G8 (total AB), C40 (AB1-40),

C42 (AB1-42) and C43 (AB1-43), as well

as thioflavin 8, as indicated. The single

staining (a-d,f~i) was developed using
3,3’-diaminobenzidine, whereas the double
staining (j-m) used the fluorescent dyes
fluorescein (green, AB) and rhodamine

(red, AB43). The images in j and k are merged
(yellow) in I. Scale bars represent 250 um (a—d)
and 25 um (f-m). The ratio of AB40, AB42 and AB43 of the

plaque areas in the hippocampal region of brain sections from four
individuals with Alzheimer’s disease were quantified in e. **P < 0.01
between AB40 and AB43, one-way ANOVA with Scheffe's Ftest
(see Supplementary Fig. 15).

the quantity of AB42 as well as with the age of onset of the affected
individuals®* (Fig. 5 and Supplementary Fig. 12). These observations
suggest that there is an intrinsic mechanism by which AB43 is physio-
logically generated and that both AB42 and AB43 may be involved
in Alzheimer’s disease pathogenesis. The reason for the correlation
between AB42 and AB43 remains elusive.

APP x PS1-R278I versus APP x PS1-M146V mice

We generated another line of double-mutant mice by crossbreeding
the APP transgenic mice with PS1-M146V knock-in mice, which
served as a positive control with which to compare the APP x PS]-
R2781 mice, as the former mutation results in overproduction of A42
rather than AB43 (ref. 25). As expected, the PS1-M146V mutation,
unlike the PS1-R2781 mutation, resulted in selective accumulation of
AP42 (Supplementary Fig. 13). Although the steady-state levels of
APB42 in the APP x PS1-M146V mice was about tenfold greater than
that of AB43 in APP x PS1-R287I mice at 9 months, the total plaque
areas, as determined by immunohistochemistry, were similar (Fig. 6).
Both double-mutant mice accumulated AB40 and AP42, whereas AB43
was much more abundant in the APP x PS1-R2781 mice (Fig. 6a,b).
Quantitative image analyses yielded consistent results (Fig. 6c—e).
APB43 immunoreactivity colocalized with the plaque cores in a manner
similar to that of AB42, but not to that of AB40 (Fig. 6f-h). Notably,
A species with the third N-terminal residue converted to pyrogluta-
mate (N3pE-Af), a potently pathogenic AB subspecies?6-29, also colo-
calized with plaque cores and deposits were more abundant in APP x
PS1-R2781 than in APP x PS1-M146V mice (Supplementary Fig. 14).
Although the underlying mechanism that accounts for the elevated
N3pE-Ap generation in the APP x PS1-R2781 mice remains unclear,
the observation is consistent with a previous finding that some prese-
nilin mutations increase the quantity of N-terminally truncated AB
in the brains of individuals with FAD3?,

Although APP x PS1-M146V mice accumulated greater numbers
of AB plaques in the cortical and hippocampal areas than APP x
PS1-R2781 mice, the density of thioflavin S-positive plaques per
total plaques was significantly greater in the APP x PS1-R278I mice
(P < 0.01; Fig. 7a—f). This observation indicates that AB43 is even
more prone to seed cores in plaque formation than AB42. To test this
hypothesis in vitro, we carried out thioflavin T-binding experiments
using an equal amount of AB40, AB42 and AB43 (20 UM each). AP43
induced the highest incorporation of thioflavin T into AP aggre-
gates (Fig. 7g). In addition, stoichiometric experiments, in which we
added a relatively small quantity of AB40, AB42 or AfB43 (0.2 pM) to
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a mixture of AB40 (20 uM) and AB42 (2 M), revealed that, of the
three, AB43 most potently accelerated the i ncorporation of thioflavin T
(Fig. 7h). These data indicate that AB43 contributes to the formation
of the thioflavin T-positive B-sheeted structure to a greater extent than
cither AB40 or AP42, a finding that may account for the observation
that a relatively small amount of AB43 is sufficient to accelerate AB
amyloidosis and induce plaque core formation in vivo.

Neural toxicity and amyloid pathology of Ap43

Consistent with AB42 having higher hydrophobicity and higher
toxicity than AB40 in vitro and in vivo, a large number of studies
have found that AB42 contributes to synaptic dysfunctions3!-34,
We therefore compared the toxicity of AB40, AB42 and AP43.
APB43 showed a higher potent neural toxicity in a dose-dependent
manner as compared with AB40 and AB42 (Fig. 7i,j). These results
indicate that APB43 directly affects neural toxicity and induces
synaptic dysfunction, which would contribute to short-term memory
impairments before the amyloidogenesis (Fig. 3i,j).

Finally, we performed immunohistochemical experiments on brain
sections from individuals with SAD to explore the possible involve-
ment of AB43 in human neuropathology. AB43 accumulated in the
brains more frequently than AB40 (Fig. 8a-e and Supplementary
Fig. 15), and was present in both diffuse (Fig. 8f,g) and dense-cored
(Fig. 8h,i) plaques, similar to AB42 and N3pE-Ap (Supplementary
Fig. 16a-d). Furthermore, thioflavin S fluorescence signals colocal-
ized well with AB43 immunoreactivity (Fig. 8j-m), as well as with
N3pE-AB (Supplementary Fig. 16e—g). These observations are con-
sistent with those of previous studies, which found that a substantial
amount of AB43 accumulates in SAD and FAD brains*7.

DISCUSSION

Previous studies using Bri-Ap fusion proteins have shown that AB42
is essential for amyloid deposition in vivo®! and that AB40 inhibits
this deposition®. The difference between AB40 and AB42 lies in the
C-terminal amino-acid sequence, that is, the additional presence of
isoleucine and alanine residues in AB42. Because both isoleucine
and alanine are hydrophobic amino acids, it is reasonable to assume
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that AP42 is more prone to form a (-sheet structure than AB40. In
contrast, the carboxyl-terminal amino acid of AB43 is threonine,
which carries a hydrophilic alcohol group (together with a hydro-
phobic methyl group) and could therefore reverse the hydrophobicity
of APB42. Thus, the amyloidogenicity of AB43, a natural product of
Y-secretase activitys’g, has remained elusive.

We focused on AB43, an overlooked species in Alzheimer’s dis-
ease research, and investigated its role in the amyloidogenesis and
pathogenesis of Alzheimer’s disease. To date, the major focus of
research into Alzheimer’s disease has been placed on the amyloido-
genecity of AB42 and, in numerous studies, BC05, an antibody to A42
that has been used to demonstrate that AB42 is the major pathogenic
species in Alzheimer’s disease. As partial crossreactivity of BCO5 to
AP43 had already been reported, AB42(43) was noted in some of
the studies that used BC05. However, many studies have overestimated
APB42 levels and ignored the possible changes in AB43 levels. Almost
all FAD-associated PS1 mutations result in an increased A342/AB40
ratio that is caused by an increase of AB42. However, some of the PS1
mutations lead to a decrease of AB40 with or without alteration of
AP42 levels, which also leads to an increased AB42/AB40 ratio. One
explanation of the association between decreased AB40 and FAD could
be that AB40 is involved in protection from plaque fromation32. We
found that decreased AP40 levels accompanied increased AP43 levels
in PS1-R2781 knock-in mice. Furthermore, the increased AB43 lev-
els accelerated AP pathology, contributing to the early onset of the
disease. Thus, we propose that AB43 should be separately analyzed
from AB42.

In an effort to explore the role of Af43 in AP amyloidosis, we gen-
erated PS1-R2781 knock-in mice, as this mutation causes overpro-
duction of AB43 in vitro'3. We chose to use this presenilin mutation
knock-in procedure rather than the overexpression strategy for the
following reasons. First, the R2781 mutation is known to be clinically
pathogenic. Second, the knock-in procedure is less artificial than
transgenic overexpression approaches in general, and the knock-in
mice could potentially be used to generate a relevant Alzheimer’s
disease model by crossbreeding with other mice, such as mutant
APP transgenic or knock-in mice. Unexpectedly, the phenotype of
the homozygous knock-in mice proved to be embryonic lethal in
association with abnormal PS1 endoproteolysis. Limited proteolysis
of APP CTF-o and CTF-§3, N-cadherin, and Notch1 was also ham-
pered in the homozygous knock-in embryos, although the y-secretase
components appeared to have been properly assembled as a 360-kDa
complex. On the basis of previous studies, it appears that the dis-
turbance in Notchl processing represents the primary cause of the
premature death that we observed!®3¢, Compared with PS1 knock-
out, the embryonic lethality of PS1-R2781 knock-in mice occurs at a
slightly later stage. Taking into account the fact that a 50% reduction
of y-secretase activity in heterozygous PS1-R2781 or in heterozygous
PS1 knockout mice does not lead to embryonic lethality and that
a 90% reduction in homozygous PS1-R278I mice is lethal, it seems
that the y-secretase activity threshold for survival is somewhere
between 10-50% of wild type. The remaining 10% y-secretase activ-
ity in homozygous PS1-R2781 knock-in mice could account for the
delayed lethality compared with PS1 knockout mice (Supplementary
Fig. 10c). Taken together, these results strongly suggested that the
primary phenotype of the R2781 mutation was a partial loss of func-
tion of y-secretase activity.

Despite this, MEFs prepared from homozygous embryos produced
extremely high steady-state levels of AB43 (approximately 20-fold greater
than that of wild-type MEFs); this accompanied a substantial decrease
in AB40 production and no changes in AB42 levels. Previous in vitro

studies have found that AB43 is processed to AB40, whereas AB42 is
independently produced from AP45 in the presence of y-secretase®”.
Consistent with these findings, our results from crossbreeding hetero-
zygous PS1-R2781 mice with PSI knockout mice, which showed sub-
stantial levels of both AB40 and AB43, indicate that AB43 was indeed
converted to AB40 independently of AB42 production (Fig. 2k).
Furthermore, we carried out in vitro y-secretase assays and found that
the ratio of production of AP46 in homozygous PS1-R2781 MEFs was
increased with a concomitant increase of AB43 and decrease of AB40
(Supplementary Fig. 10), suggesting that production of AB40 and
AP43 also depends on AB46 production, as previously postulated®-1°.
Thus, inhibition of this AB43-to-AB40 conversion could account for
the increase in AB43 and the concomitant decrease in AB40 in the
knock-in MEFs. Notably, treatment of PS1-AE9-expressing cells with
L-685,458 results in elevated AP43 production”, consistent with the
notion that multiple processes are involved in the generation of vari-
ous A species and that a partial loss of y-secretase activity might give
rise to a particular AP species. However, in vitro y-secretase activity
of heterozygous and homozygous PS1-R2781 was markedly reduced
in a gene dose-dependent manner, whereas there were no substan-
tial differences in the steady-state levels of total MEF-produced A3
compared with wild-type MEFs. To elucidate the reason behind this
contradiction, it will be necessary to investigate other mechanisms,
such as intracellular trafficking and secretion of Af, in depth.

The molecular mechanism that allows AP43 production, but
not other proteolytic processes, remains to be clarified, but it likely
involves specific conformational changes of the y-secretase complex>®.
Because AP42 is produced independently of AB43 in the presence of
v-secretase, some of the FAD-associated PS1 mutations that cause a
decrease in AP40 without an increase in AB42, such as A79V, A231V,
C263F, 1282V, L166P and G384A%%3%, might actually result in the
elevation of AB43 in a manner similar to the R2781 mutation. In addi-
tion, PS1-AE10, an artificial PS1 mutation located to the loop domain
of PS1 where R2781 is present, leads to a substantial reduction of the
steady-state levels of AB40 without any alteration of AB42 levels, simi-
lar to our results; however, AB43 levels were not measured?0. It will
therefore be important to investigate whether these FAD-associated
mutations give rise to increased AB43 levels and to scrutinize their
amyloidogenicity. In fact, the 1143T, L262F, 1282V and G384A muta-
tions did lead to substantial production of AB43 in our transfection
assays. Notably, AB43 levels and the ratio of AB43/AB40 substantially
correlated well with the age of disease onset in a manner similar to
AP42 levels and the ratio of AB42/AB40. In addition, a PS1-1143T
carrier in a Swedish family with FAD gave rise to high levels of Af43
(ref. 7). These observations highlight the possibility that compounds
that facilitate the AB43-to-AB40 and AP42-to-AB38 conversions
might be beneficial for prevention and treatment of Alzheimer’s
disease by decreasing both AB42 and AB43. In support of this notion,
an oral vaccination with an adeno-associated virus vector carrying
AP1-43 ¢cDNA was reported to result in a marked reduction of AB
burdens and improvement of behavioral performances in Tg2576 APP
transgenic mice*+42,

Although we originally thought to generate APP x homozygous
PS1-R2781 mice, we also explored the possible utility of heterozygous
PS1-R2781 knock-in mice, given that overexpression of APP in hetero-
zygous PS1-R2781 knock-in MEFs resulted in selective elevation
of A343. Consistent with this, APP x heterozygous PS1-R278I mice
exhibited short-term memory impairment, selective biochemical
accumulation of AP43 at an early stage before plaque formation and
substantial acceleration of AP pathology thereafter as compared with
APP mice. It should also be noted that the APP x PS1-R278I mice

309

ADVANCE ONLINE PUBLICATION NATURE NEUROSCIENCE



@ © 2011 Nature America, Inc. All rights reserved.

exhibited a greater density of the thioflavin S-positive signal per plaque
than APP x PS1-M146V mice, which overproduced AB42 instead of
APB43. Consistent with previous reports®”, we observed AB43-positive
plaques more often than AB40-positive ones in the brains of individu-
als with Alzheimer’s disease. AB43 has previously been found in amy-
loid plaques in individuals with Alzheimer’s disease®®7, as well as in
aged gorillas®® and in some Alzheimer’s disease model mice harboring
PS1 or APP FAD mutations®!?. In addition, it has been suggested that
the amount of AB43 in plaques correlates with cognitive decline®. We
also found that AB43 exhibited potent neural toxicity, comparable to
or even greater than that of AB42. These findings establish that AB43
is indeed amyloidogenic in vivo and likely to be pathogenic. Thus, the
C-terminal amino acid residue of AP43, threonine, appears to
strengthen the hydrophobicity of the peptide rather than reversing it.
Notably, biochemical accumulation of AB43 preceded pathological
deposition in the APP x PS1-R278I mice and in the single APP mice.
In addition, the basal AB43 levels substantially increased with aging in
wild-type mice up to atleast 18 months of age (data not shown). These
observations suggest that AB43 is potentially valuable as a biomar-
ker for presymptomatic diagnosis of Alzheimer’s disease. We believe
that it would be worth trying to quantify AB43 levels in cerebrospinal
fluid from individuals with Alzheimer’s disease and controls. We also
detected the presence of N3pE-Af in APP x PS1-R2781 mouse brains,
afinding that is supported by a previous report quantitatively describ-
ing N3pE-AB42 and N3pE-AB43 in the brains of individuals with FAD
or SADZ. 1t is of particular interest that Pittsburgh Compound B, a
probe for amyloid imaging by positron emission tomography, selec-
tively binds to N3pE-AR*, implying that N3pE-AB42/43 could be par-
ticularly prone to seed deposition of other A species, consistent with
previous findings®®. It is also possible that the mutation might affect
the interaction of PS1 with other substrates or alter its property of non-
Y-secretase activity, such as regulation of neurotransmitter release®.
In summary, our results indicate that AB43, which has largely been
overlooked, is potently amyloidogenic and toxic, and highlight the
potential value of AB43, that is, cerebrospinal fluid AB43 levels, as
an early marker for some of the detrimental effects of aging in the
adult brain. We propose that inhibition of AB43 generation, such
as by facilitating the conversion of AB43 to AB40 in the y-secretase
complex, should be beneficial for prevention of AB amyloidosis.

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/natureneuroscience/.

Note: Supplementary information is available on the Nature Neuroscience website.
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ONLINE METHODS

Generation of PS1-R2781 knock-in mice. The genomic DNA of mouse PSEN]
was isolated from the bacterial artificial chromosome (BAC) library from the
129/8v mouse genome, and one BAC clone that included introns 5-11 of the
PSENT gene was obtained (Supplementary Fig. 1). The fragment from the Apal
site of intron 5 to the HindIII site of intron 11 provided the basis for construction
of the targeting vector. To introduce the PS1-R2781 mutation, we subcloned the
Smal/BamHI fragment containing introns 7 and 8 of the PSENT gene into pBlue-
script vector. To introduce the R2781 mutation, we used 5'-GGT TGA AAC AGC
TCA GGA AAT AAATGA GACTCT CTT TCC AGC-3" (underlined, original G
to T mutation) as our primer, using GeneEditor Mutagenesis System (Promega)
according to the manufacturer’s protocol. This fragment was used to replace the
original sequence of the PSEN1 gene. Finally, a pgk-neo gene cassette was inserted
for positive selection at the EcoRI/Smal sites located in intron 7, and a diphtheria
toxin A fragment cassette was inserted for negative selection at the HindI1T site in
intron 11. We used the Apal/EcoRI [ragment spanning from intron 5 to intron 7
(4.3kb) as the long arm and the BamHI/HindI1I fragment spanning from intron 8
to intron 11 (3.8 kb) as the short arm of the targeting vector.

Embryonic stem cell cultures and gene-targeting experiments were carried
out as described previously. Targeted embryonic stem cells were microinjected
into 129/Sv blastocysts. DNA was extracted from the biopsied tail of mouse pups,
and the F1 generation of the mutant animals was identified by Southern blot
analysis with a 3’ external probe that was produced by PCR using 5-AAT GGA
TAA TCA GAG CCT GCC-3" and 5-TCC TCA CAA CTA ACT ACC CAA
GG-3 as primers.

The heterozygous mice were crossbred with Ella-Cre transgenic mice to
remove the pgk-neo gene, after which the generated PS1-R2781 knock-in mice
were backcrossed to the C57BL6/] strain. When the pgk-neo gene was removed
by Cre excision, a short sequence ranging from the EcoRI to the Smal sites of
intron 7 was also removed. Deletion of this short sequence in intron 7 enables
detection of the genotype of mutant mice. To genotype the PS1-R2781 knock-in
mouse, tail DNA was isolated and subjected to PCR analysis using 5-AGT TTC
AGA CCA GCC TAG GCC AC-3" and 5-AGG AAG GGA GAC TTG ACA
GC-3" as primers.

Other mutant mice. PSI knockout mice and PS1-M146V knock-in mice were
purchased from the Jackson Laboratory. APP23 mice carrying the human APP
isoform 751 transgene harboring the Swedish mutation (K651N M6521)* have
been described previously*®. All animal experiments were carried out according
to the RIKEN Brain Science Institute’s guidelines for animal experimentation.

MEFs. MEFs were prepared from E13-14 embryos of wild-type, PS1-R278T
knock-in and PS1 knockout mice, and inoculated in Dulbecco’s modified Eagle
medium supplemented with 10% fetal bovine serum (EBS, vol/vol). The con-
ditioned medium and cell lysates from MEFs (passage <8) were subjected to
biochemical analyses, including ELISA, native PAGE and western blotting,
Transfection of the MEFs with the Myc-tagged ANotch construct'’ was per-
formed using FuGENE 6 Transfection Reagent (Roche) according to the manu-
facturer’s instructions.

Blue native-PAGE (BN-PAGE). Non-denaturing native PAGE was performed
to confirm the integrity of the y-secretase complexes!” using the Novex Bis-Tris
gel system (Invitrogen) according to the manufacturer’s instructions. Samples
were extracted from embryonic brains and MEFs using the sample buffer from
the Novex Bis-Tris gel system that contains 1% digitonin. Equal amounts of
proteins as determined using the BCA Protein Assay Kit (Pierce) were loaded
on a 3-12% gradient Bis-Tris acrylamide gel. Immunoblotting was performed
using the antibodies H70 (to the PS1 N terminus, Santa Cruz) and Ab-2 (to
PS2, Calbiochem).

Immunoprecipitation assay and western blot analysis. Brain homogenates from
embryonic brains (E14-16) and cell lysates of MEFs were immunoprecipitated
with H70, and then captured by Dynabead-conjugating protein G (Invitrogen).
Immunoprecipitants were subjected to western blot analysis using antibodies H70,
MAB5232 (to the PSI loop, Chemicon), Ab-2, PA1-758 (to Nicastrin, Affinity
Bioreagents) and ACS-01 (to Aph1)!?, and antibody to Pen-2 (Zymed). In addi-
tion, we used antibody to AB1-12 (6E10, Covance), antibody to the N terminus

of APP (22C11, Chemicon), antibody to APP CTF (Sigma), antibody to Myc
(9B11, Cell Signaling), antibody to Notch1 (mN1A, BD Bioscience) and antibody
to B-actin (AC-15, Sigma).

ELISA. Soluble materials from mouse cortical hemispheres were dissolved in
Tris-HCl-buffered saline and the insoluble materials were dissolved in guanidine-
HCl solution as described previously*®. Samples from the brains and from the
conditioned medium of MEFs were analyzed using an AB-ELISA kit (Wako) to
quantify AB40. To specifically quantify the levels of AB42 and AP43, we estab-
lished an AB42- and AB43-specific sandwich ELISA system using the AB-ELISA
kit (Wako). Given that BCO05, a detection antibody of this kit, cross-reacts with
AB42 and AB43 (ref. 35), we used the AB42- and AB43-specific antibodies C42
(AP42 specific, IBL) and C43 (AB43 specific, IBL). The specificities of these anti-
bodies are shown in Figure 2c-e and Supplementary Figure 6c-e. Samples were
incubated overnight at 4 °C in a 96-well plate coated with the capture antibody,
BNT77 (antibody to AB11-28)*. AB from samples captured in the ELISA were
incubated with C42 or C43 (1:100, 3 h at 20-25 °C), after which horseradish
peroxidase-conjugated antibody to rabbit IgG (1:500, 2 h at 20-25 °C) was added
as a detection antibody. Synthesized AB42 or AB43 peptide (Peptide Institute)
was used for the preparation of a standard curve, and diluted with the diluents
solutions provided in the kit. For consistency, when we quantified the amount
of AP40, a synthesized AB40 peptide (Peptide Institute) was also used for the
preparation of a standard curve. This system also worked in broader concen-
tration range of AB42 and AB43 (Supplementary Fig. 6a,b). Furthermore, a
highly sensitive AB43 system, based on modified protocols, was established for
the measurement of samples containing small amounts of AB43, such as samples
derived from non-APP transgenic mice and cells that are not overexpressing APP
(Supplementary Fig. 7).

Immunohistochemical and histochemical studies. Paraffin-embedded
mouse brain sections were immunostained with 4G8 (antibody to AB17-24,
Covance), C40 (specific antibody to AB40, TBL), C42, C43 and MAB3402
(antibody to GFAP, Chemicon), with or without tyramide signal amplification
(PerkinElmer Life Sciences) as described previously*®. Quantification of immuno-
reactivity from brain sections were carried out using MetaMorph imaging
software (Universal Imaging) as previously described*®,

Y-maze test. Mice were housed individually before transferring to the behavioral
laboratory. They were kept during the behavioral analysis. The light condition was
12-h:12-h (lights on 8:00). The laboratory was air-conditioned and maintained
at a temperature of approximately 22-23 °C and a humidity of approximately
50-55%. Food and water were freely available except during experimentation.
Large tweezers were used to handle mice to avoid individual differences in the
handling procedure. All of the experiments were conducted in the light phase
(9:00-18:00), and the starting time of the experiments was kept constant.

The Y-maze apparatus (O'Hara) was made of gray plastic and consisted of three
compartments (3-cm (width) bottom and 10-cm (width) top, 40 cm (length) and
12 cm (height)) radiating out from the center platform (3 x 3 x 3 ¢m triangle).
The maze was positioned 80 cm above the floor, surrounded by a number of
desks and test apparatuses around the maze to act as spatial cues. In this test,
each mouse was placed in the center of the maze facing toward one of the arms
and was then allowed to explore freely for 5 min. Experiments were performed
atalight intensity of 150 Lx at the platform. An arm entry was defined as four legs
entering one of the arms, and the experimenter counted the sequence of entries
by watching a TV monitor behind a partition. An alternation was defined as entry
into all three arms on consecutive choices (the maximum number of alternations
was the total number of entries minus 2). The percent alternation was calculated
as (actual alternations divided by maximum alternations) x 100. The percent
alternation was designated as the spontaneous alternation behavior of the mouse,
was taken as a measure of memory performance.

Thioflavin T-binding assay. The thioflavin T-binding assay was performed by
mixing aliquots of Af}. Human AB1-40, AB 1-42 and AB1-43 were purchased
from the Peptide Institute. We first examined the aggregation properties of AB40,
AP42 and AB43 individually by incubating the peptides separately at 20 uM in
50 mM potassium phosphate buffer (pH 7.4) at 37 °C for 24 h with agitation. The
stoichiometric effect of different A species on aggregation was investigated in
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the mixture of AB40 and AB42 by adding and mixing ABs in 50 mM potassium
phosphate buffer (pH 7.4) at molar concentrations of 20:2:0.2 UM (AB40:AB42:
AB40, AB42 or AB43 = 100:10:1) and incubating them at 37 °C for 24 h with
agitation. After incubation, thioflavin T was added to a final concentration of
5 UM and thioflavin T fluorescence was measured at excitation and emission
wavelengths of 442 nm and 485 nm, respectively.

Neural cell toxicity assay. Primary cortical neurons were isolated as previously
described® and plated at a density of 5 x 10 cells per well in 96-well plate (1= 6
wells in each experimental conditions). We treated 10-14 d in vitro cultures with
synthesized AP40, AB42 and AB43 peptide (Peptide Institute) at 0.1 to 10 uM
of APBs for 72 h. These AP peptides were dissolved in 10 mM phosphate buffer
(pH 7.4,90%) and 60 mM NaOH (10%), which was used as the vehicle’>. SH-SY5Y
cells were plated at a density of 2 x 10* cells per well with 10% FBS supplemented
medium in 96-well plate (n = 6 wells in each experimental conditions), and incu-
bated for 24 h. Then the medium was replaced with medium containing 1% FBS
(vol/vol), and treated with each AP peptides for 48 h. Cell viability was deter-
mined using MTS assay (CellTiter 96 Aqueous One Solution Cell Proliferation
Assay Kit, Promega)™, and lactate dehydrogenase release as cell toxicity was
performed using CytoTox-ONE Homogeneous Membrane Integrity Assay Kit
(Promega)*?, according to the manufacturer’s instructions and compared to
vehicle treated cells.

Alzheimer’s disease brain sections. Post-mortem Alzheimer’s disease brain
tissues were kindly provided by J.Q. Trojanowski and V.M.-Y. Lee (University of
Pennsylvania). The tissues had been fixed with ethanol or formalin and embed-
ded in paraffin. This study was approved by the Institutional Review Board of
the RIKEN Brain Science Institute.
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Signaling through extracellular signal-regulated kinase (ERK) is important in multiple signal transduction networks in the CNS. How-
ever, the specific role of ERK2 in in vivo brain functions is not fully understood. Here we show that ERK2 play a critical role in regulating
social behaviors as well as cognitive and emotional behaviors in mice. To study the brain function of ERK2, we used a conditional,
region-specific, genetic approach to target Erk2 using the Cre/loxP strategy with a nestin promoter-driven cre transgenic mouse line to
induce recombination in the CNS. The resulting Erk2 conditional knock-out (CKO) mice, in which Erk2 was abrogated specifically in the
CNS, were viable and fertile with a normal appearance. These mice, however, exhibited marked anomalies in multiple aspects of social
behaviors related to facets of autism-spectrum disorders: elevated aggressive behaviors, deficits in maternal nurturing, poor nest-
building, and lower levels of social familiarity and social interaction. Erk2 CKO mice also exhibited decreased anxiety-related behaviors
and impaired long-term memory. Pharmacological inhibition of ERK1 phosphorylation in Erk2 CKO mice did not affect the impairments
in social behaviors and learning disabilities, indicating that ERK2, but not ERK1 plays a critical role in these behaviors. Our findings
suggest that ERK2 has complex and multiple roles in the CNS, with important implications for human psychiatric disorders characterized

by deficits in social behaviors.

Introduction

The extracellular signal-regulated kinase (ERK) cascade links
transmembrane receptors to downstream effector mechanisms.
In neurons, the ERK cascade is activated by stimuli associated
with synaptic activity, and in turn activated ERK phosphorylates
numerous proteins involved in a diverse array of cellular pro-
cesses including long-term potentiation, long-term depression,
synaptogenesis, and transcriptional and translational regulation
(Kelleher et al.,, 2004; Thomas and Huganir, 2004). Although
numerous studies have investigated the role of ERKs in behav-
ioral plasticity, it is controversial whether the ERK isoforms,
ERK1 and ERK2, redundantly share their many brain functions
and compensate for each other or whether they play distinctive
roles. In the analysis of ERK signaling, most experiments use
inhibitors of the upstream kinase, MEK. ERK1 and 2 are solely
activated by MEK, and thus, it is difficult to examine the specific
contribution of each isoform to physiological functions.
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Recently, however, accumulating evidence has suggested that
the role of each isoform in long-term memory may not be func-
tionally redundant. It was demonstrated that Erkl knock-out
mice did not show a significant impairment in learning ability
(Selcher et al., 2001), although the treatment of rodents with a
MEK inhibitor impaired memory formation (Kelleher et al.,
2004; Thomas and Huganir, 2004). On the other hand, we re-
ported that Erk2 knockdown mice, in which Erk2 expression was
partially (20—40%) reduced, showed deficits in long-term mem-
ory (Satoh et al., 2007).

Although these results suggest a central contribution of the
ERK2 isoform to learning and memory, a specific role of ERK2
for other behavioral profile has not been fully revealed in vivo.
However, accumulating evidence has suggested that the ERK
pathway is also involved in regulating emotional/affective be-
haviors (Ailing et al., 2008; Engel et al., 2009) potentially as an
integrator at the nexus of multiple neuronal signaling cas-
cades. Moreover, the relevance of ERK to human psychiatric
disorder has been speculated (Kumar et al., 2008; Engel et al,,
2009). Considering the complex and pleiotropic involvement
of ERK in neuronal functions, it is important to examine the
behavioral profile of Erk2 conditional knock-out (CKO) mice
in detail and dissect the roles of ERK1 and ERK2 to understand
the clinical relevance. :

Because Erk2 knock-out is embryonically lethal (Satoh et al.,
2007), the conditional loss of Erk2 in the nervous system is of
great interest to gain a better understanding of the specific func-

31 4ions of ERK2 in vivo. Here, we used a conditional, region-

specific, genetic approach to target Erk2 using the Cre/loxP
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strategy with a nestin promoter-driven cre transgenic mouse line,
in which cre activity is confined to the CNS.

We found that Erk2 CKO mice exhibited marked anomalies in
social behaviors as well as decreased anxiety-related behaviors
and deficits in long-term memory. These anomalies have great
relevance to autism-spectrum disorders (ASDs). Our findings
* _suggest pleiotropic roles for ERK2 in neurological and behavioral
functions, and that this protein might be a factor underlying
human psychiatric disorders.

Materials and Methods

Mice. All experiments were conducted according to the institutional eth-
_ical guidelines for animal experiments and the safety guidelines for gene
manipulation experiments of the National Defense Medical College and
- were approved by the Commmittee for Animal Research at the Natjonal
Defense Medical College (Tokorozawa, Saitama, Japan). Mice were
maintained on a 12 h light-dark cycle (lights on from 7:00 A.M. to 7:00
P.M.) with room temperature at 91 + 1°C. Mice had ad libitum access to
water and food.

Generation of floxed Erk2 and Erk2 CKO mice. The Erk2 gene was
isolated from a 129X1/8v] mouse genomic library. To generate the
Erk2(floxN) allele, we constructed a targeting vector from 16.8 kb of Erk2
DNA (from the Apal site in intron 1 to the Taql site in intron 6) (Fig.
1 A). For positive selection, a floxed (flanked by loxP sites) Pgk-neo cas-
sette was inserted in the opposite direction into the EcoRI site in intron 1.
A third loxP site, Kpnl, and Sapl sites were inserted into the Bglll site in
intron 3 (Fig. 1A). Targeted insertion of the plasmid by homologous
recombination was performed in 129 derived embryonic stem cells
(E14), and derived germline targeted offspring (Erk2 +/fox(Nee™) mice)
were obtained. While the expression of ERK2 in Erka fox(Neot)/flox(Neo)
Imice was reduced owing to the presence of the Pgk-neo cassette (Satoh et
al., 2007), 1t resumned normal levels after excision of the neo cassette byin
vivo crossing with transgenic mice expressing cre recombinase (EITA-cre
1mice) to obtain mice carrying the Erk (flox(Neo™)) allele (Erkz +fox®¥e)
mice) or the Erk2 (Aflox) allele (Erk2 +/Aflox mice). The disruption
of the Erk2 gene locus was confirmed by Southern blot analysis of
genomic DNA from adult mice (Fig. 1 B,C). In the genotyping PCR, the
primers used for detection of the Erk2(flox) and Erk2 wild-type alleles
were mE2-F3 (5'-GATCT GATGCTT! GCCAAAGCC-3") and mE2-R4
(5'-TGTAAAGTAGCAGCAGATGC—3') (Fig. 1D). The primers used
for detection of the Erk2(Aflox) allele were mE2-F3 and mE2-R1 (5'-
CAGAGTTTCATTAT GGAGTCCTCGC-3") (Fig. 1 D).

Erka T /fex(Ne0=) mice were backcrossed with C57BL/6] mice for >1 0
generations. We crossed these mice with nestin promoter-driven cre
transgenic mice (Vernay et al., 2005), which were maintained on the
same background (C57BL/6]).

Electron microscopy. Electron microscopy was performed as previously
described (Nakata and Yorifuji, 1999). Briefly, under deep anesthesia by

intraperitoneal injection of pentobarbital (50 mg/kg), mice (7-weeks of .

age) were perfused transcardially with 0.1% heparin-PBS followed by 2
fixative with 2.5% glutaraldehyde, 2% paraformaldehyde in 0.1 M phos-
phate buffer, pH 7.4. The brains were immediately removed from the
skull and cut into coronal slices (1 mm thick). Undera stereomicroscope,
small pieces (1 X 1 mm) of the slices were extracted from the hippocam-
pal CAl or layer 11/11 of the temporal association cortex (at the levels 2.0
i caudal to bregma). Then, semithin (200 nm) sections were prepared
and stained with 1% toluidine blue. Ultrathin (60~70 nm) sections were
cut using an ultramicrotome (Ultracut-N; Reichert-Jung), contrasted
with uranyl acetate and lead citrate, examined using a JEM-1010 electron
microscope (Jeol) and photographed. Atleast 20 photomicrographs were
analyzed for each mouse to quantify the postsynaptic density (PSD)
length, spine number and the percentage of perforated spines.

Dil staining. Lipophilic dye 1.1 '—(dioctadecyi—3,3,3’,3’—tetrzm1ethylind0—
carbocyanine perchlorate (DIl) (Invitrogen) staining was performed as de-
scribed previously (Satoh et al., 2007).

Immunohistochemisity. Immunohistochemical studies were per”
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solution (Vector H3300; Vector Laboratories) for antigenic retrieval and
heated in an autoclave (121°C) for 5 min. Then, sections were incubated
with a nonspecific blocking reagent (Dako) for 1 h to reduce background
staining.

For bright-field dye staining (Fig. 1G), sections were then incubated
with a primary antibody (anti-ERK2; mouse monoclonal, 1:1000; BD
Transduction Laboratories) overnight in a humidified chamber at 4°C,
followed by application of a biotinylated horse anti-mouse TgG second-
ary antibody (Vector Laboratories). For signal amplification, sections
were incubated with an avidin-biotin-horseradish peroxidase complex
(ABC Elite kit; Vector Laboratories) and visualized by a 3,3'-
diaminobenzidine tetrachloride (Vector Laboratories) reaction accord-
ing to the manufacturer’s instructions. Finally, the sections were
counterstained with hematoxylin. PBS was used for rinses.

For fluorescent staining, the primary antibodies used were anti-ERK2
(Fig. 2; rabbit polyclonal, 1:400; Cell Signaling Technology), anti-glial
fibrillary acidic protein (GEAP) (see Fig. 4; mouse monoclonal, 1:50;
Sigma), or anti-NeuN (Fig. 3; mouse monoclonal, 1:100; Millipore). Af-
ter application of primary antibody overnightina humidified chamber at
4°C, sections were incubated with secondary antibodies. The secondary
antibodies used were Alexa-Fluor 488-conjugated goat anti-mouse IsG
(1:400; Invitrogen) or Cy3-conj ugated goat anti-mouse 1gG (1:400; Jack-
son Immunoresearch) for primary antibodies derived from mouse. For
primary antibody derived from rabbit, Cy3-conjugated goat anti-rabbit
1gG antibody (1:400; Jackson Immunoresearch) was used. Sections were
examined with a wide-field or confocal fluorescence MICroscopy using
Nikon C1 system (Nikon). Samples from at least four mice per genotype
were examined in each experiment. '

Cell counting. Cell number was assessed using the Stereoinvestigator
system (MicroBrightField). The boundaries were drawn using Stereoln-
vestigator and stained cells were counted within sampling frames chosen
in a systematically random manner within the areas of interest. The
number of cortical cells stained for NeuN was counted in the dorsolateral
portion of the cerebral cortex, from the retrosplenial cortex medially up
to the rhinal fissure ventrolaterally.

Western blot analysis. Preparation of protein extracts was performed as
previously described (Satoh etal., 2007). Briefly, the amount of protein in
cach sample was measured using a BCA assay kit (Pierce). Samples were
subjected to SDS-PAGE. The proteins were transferred onto an
Immobilon-P membrane (Millipore). The blots were then immunore-
acted with primary antibodies. The primary antibodies used were
anti-ERK1/2 (rabbit polyclonal, 1:1000; Cell Signaling Technology),
anti-phospho-ERK1/2 (rabbit polyclonal, 1:1000; Cell Signaling Tech-
nology), or anti-B-actin (mouse monoclonal, 1:2500; Sigma). Then, the
primary antibodies were recognized using horseradish peroxidase
(HRP)-conjugated secondary antibodies. Detection was performed with
chemiluminescent substrates for HRP (Super Signal West Pico; Pierce or
ECL plus; GE Healthcare). The signals were analyzed using an LAS3000
digital imaging system (Fujifilm). Samples from at least five mice per
genotype were examined in each experiment.

Behavioral tests. Mice used for behavioral tests were age-matched male
littermates except for the maternal behavior test and pup exchange test.
For the maternal behavior and pup exchange test, age-matched female
littermates were used. Since the Erk2 CKO mother does not care well for
their pups, all mice used in the behavioral tests were borne and reared by
control mothers, except for those used in the pup exchange test. The
apparatuses used in this study were made by O’Hara & Co., Ltd. except
where described.

Open field test. The open field test was performed as described previ-
ously (Satoh et al., 2007). Briefly, activity was measured as the total
distance traveled (meters) in 10 min in the open field chamber (50 cm
long X 50 cm wide X 40 cm high). The center square of the open field,
comprising 50% of the total area, was defined as the “central area” of the
open field. Mice used for the test were 9—11 weeks old.

Elevated plus-maze test. The clevated plus-maze (EPM) test was per-
formed as described previously (Satoh et al., 2007). Briefly, mouse be-

formed as previously described (Satoh et al., 2011). Briefly, paraffin secs 1 Bravior was recorded during a 10 min test period. The percentage of time

tions (5 pwm thick) were deparaffinized and immersed in unmasking

spent in the open arms was used as an index of anxiety-like behavior.
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Figure 1. Generation of frk2 (KO mice. 4, Schematic diagram of targeted knock-out of the mouse Erk2 gene. The Erk2( flox(Neo+)) allele is converted to the £rk2( flox(Neo—)) allele by in vivo
cre-mediated partial recombination using ElA-cre mice. White boxes represent £rk2 exons and black boxes represent the Pgk-neo cassette. The 5’ and 3’ outer probes used for Southern blotting are
shown as gray boxes. The locations of the primers used for genotyping are indicated underneath each scheme. B, , Southern blot analysis of wild-type and mutant mouse genomic DNA. DNA samples
aredigested with Kpnl and hybridized with the 5 (B) or 3" (€) outer probe. The positions and sizes of the wild-type and mutant fragments are indicated. D, PCR genotyping of wild-type and mutant
mice. The positions and sizes of PCR fragments for wild-type and mutant mice are indicated. E~G, Expression profile in adult Frk2 CKO mice. E, Expression of ERK1 and 2in extracts of the hippocampus,
cortex and cerebellum. F, Phosphorylation status of ERK1 and 2 in basal conditions. In £ and F, B-actin serves as the control for protein loading. G, Loss of ERK2 protein in the nervous system in £rk2
KO mice.Immunohistochemical analysis of the hippocampus (bottom) and hippocampal pyramidal cells (top) show the distribution of ERK2 in neuronal cells from nestin-cre— ; Erk2 "% (control)
mice, and that ERK2 is absent in nestin-cre+; Erk2 "™ (Erk2 CKO) mice. Slides are counterstained with hematoxylin. Scale bars: top, 10 m; bottom, 500 um.

Mice used for the test were 9—11 weeks old (the same set of mice as in the
open field test).

Maternal behavior test. The maternal behavior test was conducted as
described previously (Jin et al., 2007). Briefly, pregnant females were
individually housed for a few days before parturition and examined for
maternal behavior on the morning of parturition. After a 10 min separa-
tion of the mother from her pups, the dam was put in one corner of a cage
and three of her pups were placed in different corners of the same cage.

age of newborns scattered was recorded at the end of the test. Mice used
for the test were 13—15 weeks old.

Pup exchange test. The pup exchange test was conducted using six Erk2
CKO and control mother couples. Pups that were born on the same day
were exchanged during the first day after birth. The number of surviving
pups was followed until weaning. Mice used for the test were 11-15 weeks
old.

Resident-intruder test. The resident-intruder test was performed as

Then, she was observed for 20 min with minimal disturbance, and thg 1 @reviously described (Takayanagi et al., 2005). Twenty-week-old resi-

time spent in crouching over the three pups was recorded. The percent-

dent males were individually housed for 2 weeks before testing. Eight-
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week-old wild-type mice, housed in groups,
were used as intruders. New intruder mice
were used in each test. The attack duration,
frequency and latency to first attack were re-
corded for 10 min.

Social recognition test. The social recognition
test was conducted as described previously (Sato-
moto et al,, 2009). We transferred 16-week-old
mice from group to individual housing for 7 d
before testing to permit establishment ofahome-
cage territory. Testing began when an ovariecto-
mized female mouse was introduced into the
home cage of each male mouse for a 1 min con-
frontation. At the end of the 1 min trial, the stim-
ulus animal was removed and returned to an
individual cage. This sequence was repeated for
four trials with 10 min intertrial intervals, and
each stimulus mouse was introduced to the same
male resident in all four trials. In a fifth trial, an-
other ovariectomized stimulus female was intro-
duced to a resident male mouse. The stimulus
females were all wild-type miice. Investigation was
defined as direct, active and olfactory exploration
of the female by the subject male mice. In general,
this consisted of nosing and sniffing of the peri-
oral and anogenital regions, as well as close fol-
lowing and pursuit. Aggressive posturing and
sexual behaviors including mounting were 1ot
included in the measures of investigation. Fe=
males were exposed to only one male per day to
reduce male odor contamination.

Sociability test in the open field chamber. The
preference for interaction with animate (caged
adult mouse) versus inanimate (caged dummy
mouse) targets (sociability) was examined in
the open field chamber according to a slightly
modified method of Kwon et al. (2006). Ani-
mate or inanimate targets were put into cylin-
drical cages allowing olfactory but minimal
tactile interaction. The cylindrical cage was 10
cm in height, with a diameter of 9 cm and bars
spaced 7 mm apart. Sniffing directed at the
cage was scored for 10 min under 70 lux light-
ing conditions. We used 16-week-old mice in
this test and all animate targets were wild-type
male mice.

Sociability and social novelty test in a three-
room chamber. Social preference for novelty
was performed in a three-room chamber as
previously described (Moy et al., 2004). Fach
chamber was 20 cm long X 40.5 cm wide X 30
cm high. Dividing walls were made from clear
Plexiglas, with small openings allowing access
into each chamber. In the test, mice were ini-

tially allowed to explore the chambers for 10 min. After the habituation
period, a caged wild-type male mouse, which had no prior contact with
the subject mice, was placed in one of the side chambers. The cylindrical
cages used were the same as those used in the sociability test in the open
field. The subject mouse was placed in the middle chamber, and then
the mouse was allowed to interact with an empty cage in one room
versus a caged social target in another room for 10 min (sociability
test). At the end of the first 10 min session, each mouse was tested in
a second 10 min session to quantify social preference for a new
stranger (social novelty test). The unfamiliar new stranger mouse was
placedinan identical cage in the chamber that had been empty during
the first 10 min session. The test mouse had a choice between the first,
already-investigated mouse (familiar) and the novel unfamiliar
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ERK2 GFAP merged

Figure 2. ERK2 protein s abrogated in neuronal and glial cells in £rk2 CKO mice. A-C, ERK2 is expressed in neuronal cellsin
control mice at 12 weeks of age. Double staining for ERK2 (4) and the postmitotic neuronal marker NeuN (B) in the neocortex show
that ERK2 is expressed in neurons, as indicated by colocalization (€). D~F, ERKZis abrogated in neuronal cells in Frk2 CKO mice.
Double staining for ERK2 (D) and NeuN (F) with amerged image (F) show that ERK2 is not detectable in neuronal cells in £rk2 (KO
mice. G-I, ERK2 is expressed weakly in astrocytes in control mice. Double staining for ERK2 (6) and the astrocyte marker GFAP (H)
in the neocortex with a merged image (/) show partial colocalization of ERK2 and GFAP, indicating that ERK2 is expressed weakly
in some astrocytes (arrows) although not in other astrocytes. Arrowhead indicates probable expression of ERK2 in neurons. J-L,
ERK2 is abrogated in astrocytes in Frk2 CKO mice. Double staining for ERK2 (/) and GFAP (K) witha merged image (L) show that
ERK2 is not detectable in astrocytes in Erk2 CKO mice. Scale bars, 20 p.m.

Olfactory test. The olfactory test was conducted as described previously
(Satomoto et al., 2009). Briefly, mice were habituated to the flavor of a novel
food (blueberry cheese) for 3 d before testing. On the fourth day, following
24 h food deprivation, a piece of blueberry cheese was buried under 2 cm of
bedding in a clean cage. The mice were placed in the cage, and the time
required to find the food was measured. The same set of mice was used as in
the sociability and social novelty test in the three-room chamber.

Novelty test. The novelty test was performed as previously described
(Satomoto et al., 2009). Mice were housed individually and activity was
measured as the total time spent interacting with an inanimate novel
object (a small red tube) in 10 min. The same set of mice was used as in
the sociability and social novelty test in the three-room chamber.

Nest formation test. Nest formation was examined as described previ-

mouse (novel). The time spent in each chamber was measured. Ten3 ] fously (Lijam et al., 1997) with minor modification. Six cages of male

week-old mice were used for the study.

controls and six of male Erk2 CKO mice (1 = 4mice per cage) were used
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Figure3. Neuronal numberisnotalteredin £rk2 CKO mice. 4, B, Cortical coronal sections are
immunostained for the neuronal marker NeuN. No significant difference is detected in the
number of NeuN ™ cells between controls and £rk2 CKO mice at 13 (A) and 7 (B) weeks of age.
€, The fold differences in the numbers of NeuN ™ cells at 13 weeks of age are calculated (CKO vs
control, n = 5 mice for each, t = 0.33, t test, p > 0.05). Scale bars, 100 um.

to evaluate nesting patterns. Small pieces of cotton nesting materials were
placed in each cage. After 45 min, nest depth was measured. Mice used for
the test were 9—11 weeks old.

Fear conditioning test. The fear conditioning test was performed as
previously described (Satoh et al., 2007), with some modifications.
Briefly, the conditioning (acquisition) trial for contextual and cued fear
conditioning consisted of a 3 min exploration period followed by one or
three conditioned stimulus-unconditioned stimulus (CS-US) pairings
(US: foot-shock intensity 0.15 mA, duration 1 s; CS: 80 dB white noise,
20 s duration; the US was delivered during the last second of the CS
presentation). In the three pairing protocol, each stimulus was separated
by 1 min. A context test was performed in the conditioning chamber for
5 min in the absence of white noise at 24 h after conditioning. The level of
nonspecific freezing for the context test was monitored for 5 min before
the conditioning in the same context. A cued test (for the same set of
mice) was performed by presentation of the cue (80 dB white noise, 3 min
duration) in an alternative context with distinct visual and tactile cues.
The level of nonspecific freezing provoked by the new context was mon-
itored for 3 min before the presentation of the cue in that new context.
Mice used for the test were 9—11 weeks old.

MEK inhibitor administration. To examine the effect of blockade of
ERKI activation in Erk2 CKO mice, MEK was systemically inhibited
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Figure4. Inactivation of ERK2 results in more astrocytes within the cerebral cortex. Immu-
nohistochemistry with GFAP, a marker for astrocyte, reveals that GFAP immunoreactivity is
increased in the cortices of rk2 CKO mice compared with controls at 13 weeks of age. Note that
GFAP ™ cells seem to be more abundant in outer layers than inner layers of cortices in Frk2 CKO
mice. Scale bar, 100 pm.

(Calbiochem) dissolved in dimethyl sulfoxide, 1 h before the behavioral
tests.

Oxytocin assay. We examined the plasma concentration of oxytocin
(Oxt) in 9- to 11-week-old mice. The Oxt assay was performed according
to the manufacturer’s protocol (Oxytocin Enzyme Immunoassay kit,
Assay Designs).

Oxt administration. Mice were treated with acute subcutaneous injec-
tion of Oxt dissolved in saline (10 ng per kg body weight) as described
previously (Jin et al., 2007). Mouse brain samples were removed 10 min
after Oxt treatment for Western blot analyses. Mice used for the test were
9-11 weeks old.

Statistics. Data were analyzed using the Student’s 1 test, Welch’s ¢ test,
two-way ANOVA with Fisher’s post hoc test, and two-way repeated mea-
sures (RM) ANOVA with Fisher’s post hoc test. Values are presented as
the mean = SEM.

Results

Generation of Erk2 CKO mice

To study the function of ERK2 in the CNS, we used a conditional,
region-specific, genetic approach to target Erk2 (Fig. 1 A). In this
study, we used a nestin promoter-driven cre transgenic mouse
line, in which cre activity is confined to the CNS (Vernay et al.,
2005). The resulting Erk2 CKO mice (nestin-cre+; Erk2flox/flox
mice or Erk2® “NS/ 2 NS nyice) were viable and fertile with normal
appearance. As anticipated, Erk2 CKO mice exhibited signifi-
cantly reduced expression of ERK2 in the cortex, hippocampus
and cerebellum compared with littermate controls (Fig. 1E,G),
although a little residual expression of ERK2 was observed in the
cerebellum (Fig. 1 E; cerebellum, long exposure). At the moment,
we have no clear explanation for this residual expression, al-
though it is possible that a larger number of nestin-cre-
unexpressing cells might exist in the cerebellum. The littermate
controls used for this study had one of the following genotypes:
nestin-cre—;Erk2*"", nestin-cre—;Erk219¥1% or nestin-cre+;
Erk2™/* (hereafter termed control mice). We did not detect any
differences among the different genotypes of the control group
and we assumed that any phenotypic differences between them
would be minimal.

We found no differences in ERK1 expression levels between
the brains of Erk2 CKO and control mice, indicating that there
were no compensatory changes in ERK1 expression (Fig. 1 E). We
also evaluated the in vivo basal activation state of ERK1 and 2 in
brain extracts with an antibody against phospho-ERK1/2 (Fig.
1F). In Erk2 CKO mice, the density of the phospho-ERK1 band

by intraperitoneal injection of 30 mg/kg SL327 (a-[amino[(43 | &vas greater than that in the control, suggesting the existence of

aminophenyl)thio|methylene]-2-(trifluoromethyl)benzeneacetonitrile)

compensatory upregulation in phosphorylation levels as previ-
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ously reported (Lefloch et al., 2008). Al-
though nestin-cre—; Erk2fox/8ox (control)
tmice were completely normal and showed
the expected ERK2 protein expression
profile (Fig. 1G, upper left and lower left),
Erk2 CKO mice lacked ERK2 immunore-
activity (Fig. 1G, upper right and lower
right).

We further confirmed that ERK2 pro-
tein was abrogated both in neuronal and
glial cells in Erk2 CKO mice by double
staining (Fig. 2). ERK2 was expressed in

_neuronal cells in control mice at 12 weeks
of age, as indicated by double staining for

- ERK2 and NeuN (Fig. 2A-C), but ERK2
was abrogated in neurons of Erk2 CKO
mice (Fig.2D-F). Similarly, double stain-
ing for ERK2 and the astrocyte marker
GFAP in control mice demonstrated
slight expression of ERK2 in astrocytes;
this expression was absent in Erk2 CKO
mice (Fig. 2G-L).

Normal neuronal number with cortical
astrogliosis in Erk2 CKO mice

No significant difference was observed in
the neuronal architecture at 7 and 13
weeks of age (Fig. 3A, B). Then, we exam-
ined whether the total number of NeuN-
positive (NeuN 7) cells in cortices of Erk2
CKO mice. Numbers of NeuN ™ cells were
not significantly different between control
and Erk2 CKO mice at 13 weeks of age
(Fig. 3C; t test, t = 0.51, p > 0.05), indi-
cating that the effect of ERK2 abrogation
on the neuronal population was minimal
at this age. On the other hand, immuno-
histochemical analysis using antibody for
GFAP revealed that Erk2 CKO mice con-
tained more GFAP " cells in their cortices
compared with controlsat 13 weeks of age
(Fig. 4), indicating that ERK2 may be re-
quired for regulation of astrogliosis. This
is consistent with previous reports, which
demonstrated that inhibition of the
MEK-ERK pathway resulted in en-
hanced generation of astrocytes (Paquin
etal., 2005; Samuels et al., 2008; Heffron
et al., 2009). GFAP™ cells seem to be
more abundant in outer layers than in-

ner layers of cortices (Fig. 4), although we do not know the

reason.

Spine morphology is normal in Erk2 CKO mice

It has been reported that the ERK pathway might regulate synap-
tic remodeling (Wu et al., 2001; Goldin and Segal, 2003). Further-
more, the formation and stabilization ofde
is believed to be involved in long-term storage of information in
For instance, the MEK inhibitors
d a brain-derived neu-

the CNS (Sweatt, 2004).
PD98059 and U0126 completely prevente

rotrophic factor (BDNF)-induced increase 1n dendritic spine

ndritic spines via ERK
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Figure 5.  Synaptic density is not altered in Frk2 CKO mice. A, Representative confocal images of Dil-impregnated dendritic

segments of layer ll/lll neurons from control and Frk2 CKO mice. No prominent difference is observed in dendritic spines between
the genotypes. B, Representative electron micrographs of layer I1/11l spinesin the temporal cortex from control and Frk2 (KO mice.
The postsynaptic density is clearly visible as a dark band located right beneath the postsynaptic membrane in the spine head
(arrows). Scale bars: 4, 10 jum; B, 1 pum. €, The length of postsynaptic density from layer l/ll} in the temporal cortex is not
significantly differentin Erk2 CKO mice compared with controls. D, The number of spines per 100 pLm 2 segments of layer Il/Illin the
temporal cortexis notsignificantly different between the groups. E, The percentage of perforated spinesin apical dendrites of layer
11/l in the temporal cortexis not different between the groups. F, The length of postsynaptic density from the hippocampus is not
significantly differentin Erk2 CKO mice compared with controls. G, The number of spines per 100 um 2segments of the hippocam-
pusisnot significantly differentbetween the groups. H, The percentage of perforated spinesin apical dendrites of the hippocampus
is not different between the groups.

ber of dendritic spines at the basal level, we used the lipophilic
tracer Dil. Dil staining showed that the number of spines per 10
pm dendritic segment in cortical layer 1I/I1I was not altered be-
tween Erk2 CKO and control mice (Fig. 54; control, 6.1 * 0.4,
4 = 12 neurons from four mice; Erk2 CKO, 64 =05 n=12
neurons from four mice; £ test, I = 0.51, p > 0.05). To compare
the structure of individual spines between Erk2 CKO and control
mice, we examined spine size using EM. The length of the PSD
was used to detect changes in spine size (Meng et al., 2002). In
apical dendrites of layer II/111 in the temporal cortex, we detected
no major changes in the mean PSD length in Erk2 CKO mice

density (Alonsoetal., 2004). Thus we set out to examine the effec8 1 Gompared with controls (Fig. 5B,C; control, 255.0 = 11.5 nm,

of ERK2 abrogation on spine morphology. To examine the num-

1 = 5 mice, total 604 synapses; Erk2 CKO, 249.9 = 8.9nm,n =6
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Table 1. Effect of genotype on reproductive function
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oy No. of pregnant No. of Postnatal survivors
Male Female females observed No. of pups born postnatal survivors per total births, %
Erk2™ nestin-cre+ Erk2™ nestin-cre— 67 487 449 9.2
Frk2 *7% pestin-cre+ Erk2 f’ ™ nestin-cre— 16 115 108 939
Erk2 7% nestin-cre— Erk2 % nestin-cre+ 18 125 80 64.0
Erk2™: nestin-cre— Erk2™: nestin-cre+ 24 121 3 25

Time spent crouching
over three pups

1

Erk2 CKO, 6.31 * 1.26, n = 5 mice, total 213
areas, ttest, £ = 0.39,p > 0.05). In this area, the
proportion of perforated spines was not al-

S ! A : ' tered in the Erk2 CKO mice compared with
N B?,:g%m controls (Fig. 5H; control, 6.4 & 1.5%, n =5
\g . mice; Erk2 CKO, 5.3 * 2.1%, n = 5Smice, ttest,
; =043, p>0.05).
R S o T— 0 ! These results indicated that spine mor-
control . - .
phology in the basal state is normal in the
C : cea'ttt:::::%eug; D Latency to first attack E Attack duration F Attack frequency temporal cortex and hippocampu sof Erk2
o o 2 “ 2 CKO mice.
a0 g 8 10 { 520 {
o —
260 56 g% g15 Maternal nurturing is impaired in Erk2
g 40 é 4 e iz §10 CKO mice
80 Z, 5 : We found that whereas Erk2 CKO mice
(2] 20 ‘o
o oLLL I ﬂ il 0 & l could bear pups, the majority of pups
ity i oiney - from Erk2 CKO dams died neonatally by

Figure6.  Erk2CKOmiceare aggressive and impaired in maternal behaviors. A~C, Maternal nurturing in newly postpartum £rk2
(KO mice. A, In nurturing analysis of postpartum females, a mother is deprived of her first litter of pups for 10 min and then
rechallenged with three pups placed individually in the comers of her cage. The typical behavior of a control mother is shown,
approaching one pup immediately and collecting all three pups into one corner within a short latency (left), then crouching over
them. The £rk2 CKO mother typically ignores the pups and does not retrieve them immediately (right). B, Time spent crouching
over the pups in the nest of control (n = 10) and £rk2 CKO (n = 10) mothers. €, The percentage of scattered pups from the same
set of mothers as in B. D—F, Aggressive behaviors of male £rk2 CKO mice as measured by the resident-intruder test (control, n =

7; Erk2 (KO, n = 7). **p << 0.01, ***p << 0.001.

Table 2. The number of wounded mice in siblings when reentered into a cage after
isolation for 2 weeks

No. of No. of No. of
Genotypes of members observed  wounded mice per
inthe same cage mice mice % wounded cage
k2™ nestin-cre— 32 1 31 40
Erk2™: nestin-cre+  Erk2 " pestin-cre— 67 24 358 39

mice, total 846 synapses; ¢ test, t = 0.39, p > 0.05). In the same area,
the number of spines per 100 um* segment was the same in Frk2
CKO mice and controls (Fig. 5D; control, 3.43 & 0.37, n = 5 mice,
total 106 areas; Erk2 CKO, 3.95 * 0.38, n = 6 mice, total 129 areas; t
test, t= 1.0, p > 0.05). Larger spines often have a discontinuous PSD
and are classified as complex or perforated spines, whereas smaller
spines always have a continuous PSD and are classified as simple
spines (Calverley and Jones, 1990). In this area, the proportion of
perforated spines was not altered in the Erk2 CKO mice compared
with controls (Fig. 5E; control, 9.7 = 3.4%, n = 5 mice; Erk2 CKO,
8.0 = 1.4%, n = 6 mice; f test, t = 0.55, p > 0.05).

Similar to the cortex, we detected no prominent differences in
the mean PSD length in pyramidal neurons in stratum radiatum
of the hippocampal CA1 area between Erk2 CKO mice and con-
trols (Fig. 5F; control, 222.9 = 4.0 nm, n = 5 mice, total 2432
synapses; Erk2 CKO, 222.5 * 9.3 nm, n = 5 mice, total 2589
synapses; t test, t = 0.04, p > 0.05). In the same area, the number

postnatal day (P) 3, regardless of the ge-
notype of the pups. On the other hand,
pups from control mice were viable re-
gardless of the genotype of the pups (Ta-
ble 1). Because milk was not observed in
the digestive tracts of pups from Erk2
CKO dams, the excess mortality was likely
due to defects in lactation. Thus, we inves-
tigated the defects in maternal nurturing
in Erk2 CKO mice. In pup exchange test,
pups (# = 40) born to Erk2 CKO dams (n = 6) were successfully
fostered (n = 39) when nursed by control dams. On the other
hand, pups (n = 43) born to control dams (n = 6) died when
nursed by Erk2 CKO dams. This indicates that the survival defect
in the pups lie entirely with the Erk2 CKO dams. Erk2 CKO dams
showed a significantly shorter duration of crouching to keep the
pups warm and to nurse them (Fig. 6A,B; t test, t = 5.21, p <
0.001). Significantly more pups from Erk2 CKO dams were scat-
tered in their home cages (Fig. 6 A, C; t test, t = 8.67, p < 0.001).
These results clearly showed abnormal maternal nurturing be-
havior in postpartum Erk2 CKO mice.

Erk2 CKO mice display high levels of aggression

When male mice were put together with their siblings after 2
weeks of isolation, some mice were wounded severely. We ob-
served more wounded mice in cages containing Erk2 CKO mice
than those containing only control mice (Table 2), so we assessed
the aggressive behavior of Erk2 CKO mice using the resident-
intruder test. Erk2 CKO resident males attacked the intruder with
a shorter latency (Fig. 6 D), for a longer duration (Fig. 6 F;  test,
t=3.56, p < 0.01) and with higher frequency (Fig. 6 F; t test, t =
4.41, p < 0.001) than control residents. These results clearly
showed elevated aggressive behavior in Erk2 CKO mice.

Erk2 CKO mice display abnormal social interactions

of spines per 100 um? segment was the same in Erk2 CKO mic82 (We further investigated whether Erk2 CKO mice display abnormal

and controls (Fig. 5G; control, 5.62 * 1.28, 1 = 5 miice, total 217 areas;

social interactions. First, we investigated social memory, which, in



