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Background: Pyroglutamate A is an abundant, toxic peptide in Alzheimer disease brain.

Results: Pyroglutamate A aggravates the pre-existing behavioral phenotype of 5XFAD mice.

Conclusion: These results support a major pathological function of pyroglutamate A in Alzheimer disease.
Significance: The data further indicate that pyroglutamate A is an important therapeutic target.

Pyroglutamate-modified Af3 peptides at amino acid position
three (AB,g;_4,) are gaining considerable attention as potential
key players in the pathogenesis of Alzheimer disease (AD).
AP,g3_4> is abundant in AD brain and has a high aggregation pro-
pensity, stability and cellular toxicity. The aim of the present work
was to study the direct effect of elevated AB ,¢;_ 4, levels on ongoing
AD pathology using transgenic mouse models. To this end, we gen-
erated a novel mouse model (TBA42) that produces AB,g3 4o
TBA42 mice showed age-dependent behavioral deficits and
APB,e3-4> accumulation. The A profile of an established AD
mouse model, 5XFAD, was characterized using immunoprecipita-
tion followed by mass spectrometry. Brains from 5XFAD mice
demonstrated a heterogeneous mixture of full-length, N-terminal
truncated, and modified A peptides: AB;_ 45 AB;1_40 ABpE3-a0r
AByes_az AB3_42 ABy_42 and ABg_4,. 5XFAD and TBA42 mice
were then crossed to generate transgenic FAD42 mice. At 6 months
of age, FAD42 mice showed an aggravated behavioral phenotype
compared with single transgenic 5XFAD or TBA42 mice. ELISA
and plaque load measurements revealed that A ;.3 levels were ele-
vated in FAD42 mice. No change in Af,_,, or other Af} isoforms
was discovered by ELISA and mass spectrometry. These observa-
tions argue for a seeding effect of A, r_4, in FAD42 mice.

Alzheimer disease (AD)? is a progressive neurodegenerative
disorder characterized by the presence of extracellular amyloid

Bl This article contains supplemental “Experimental Procedures,” Table 1,
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plaques composed of amyloid-B (AB) and intracellular neuro-
fibrillary tangles. The discovery that certain early onset familial
forms of AD may be caused by enhanced levels of A3 peptides
led to the hypothesis that amyloidogenic Af is intimately
involved in the pathogenic process (1).

Analysis of amyloid deposits in AD brains revealed various
N- and C-terminal variants (2—4). The increased C-terminal
length of AB (from AB,_,,to AB,_,,) in AD enhances its aggre-
gation properties. Faster aggregation leads to earlier A depo-
sition, which is believed to promote its toxicity (5-7). Recently,
AP, _,5 was discovered as a novel toxic peptide in AD (8, 9). In
addition to A peptides starting with aspartate as the first
amino acid (AB,), several N-terminal truncated and modified
AP species have also been described. These AB isoforms
include a truncated peptide starting at position 4, first reported
in 1985 by Masters et al. (2, 10—12). Mass spectrometric anal-
ysis of AD brain tissue showed that an N-terminal truncated
isoform of AP starting with pyroglutamate (AB.g;) is fre-
quently present, thus explaining, at least partially, the initial
difficulties in sequencing AB peptides purified from human
brain tissue (16). Later immunohistochemical studies of human
brain identified AB,¢; as a major component of A plaques (12,
13). More recently, immunoprecipitation in combination with
mass spectrometry confirmed AB,z;_4, as a dominant A iso-
form in the hippocampus and cortex of AD patients (14, 15).

Saido et al. (12) suggested that removal of N-terminal amino
acids 1 and 2 of AB might be carried out by a hypothetical
amino or dipeptidyl peptidase(s), followed by a putative gluta-
mate cyclization activity. Also, aminopeptidase A may be

at the third amino acid position; ABg;_45, AB4, with an N-terminal pyro-
glutamate modification beginning at the third amino acid position;
ABpes_w Pyroglutamate A beginning at the third amino acid position with
an unspecified C terminus; AB,_,,, N-terminal truncated A starting with
amino acid four and ending with amino acid 42; ABs_,,, N-terminal trun-
cated A starting with amino acid five and ending with amino acid 42; APP,
amyloid precursor protein; EPM, elevated plus maze; FA, formic acid; hQC,
human glutaminyl cyclase; IP, immunoprecipitation; ANOVA, analysis of
variance.
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responsible in part for the N-terminal truncation of full-length
AR peptides (16). The enzyme glutaminyl cyclase (QC) was
later identified and discovered to also catalyze not only gluta-
mine but is responsible for N-terminal glutamate conversion
generating Af g5 or AP, from their glutamate precursors
(17, 18).

Experiments involving various mouse models have high-
lighted the toxicity of A, ;5. Overexpression of AB,;5 4, inthe
brains of transgenic mice triggers neuron loss and an associated
neurological phenotype (19, 20). Blocking QC function, either
through genetic knock-out (21) or pharmacological inhibition
(22), lowers A5 levels, decreases plaque load, and amelio-
rates behavioral deficits in different AD mouse models. Con-
versely, crossing 5XFAD mice with transgenic mice expressing
human QC (hQC) significantly increases levels of soluble
APB_g3 4 peptides, raises plaque load, and intensifies motor
and working memory impairment (21).

The aim of the present study was to investigate how addi-
tional AB g5 4, impacts the progression of AD pathology inde-
pendent of QC manipulations. To accomplish this, we crossed a
novel transgenic mouse model that produces AB,g; 4
(TBA42) to an established AD mouse model (5XFAD). The
5XFAD mouse model expresses mutant human APP695 (Swed-
ish, Florida, and London mutations) together with presenilin-1
(PS1) containing the M146L and L286V mutations. 5XFAD
mice develop age-dependent behavioral deficits, axonopathy,
neuron loss, and robust plaque pathology (23, 24). We then
analyzed the effects of elevated Af ;5 4, on the behavioral phe-
notype, co-precipitation of other AB variants, and plaque load
pathology in the resulting transgenic mice (FAD42). Our find-
ings demonstrate that an increase in AB,g; 4, can adversely
affect the strong and robust AD phenotype of 5XFAD mice.

EXPERIMENTAL PROCEDURES

Transgenic Mice—The generation of the transgenic vector
expressing murine thyrotropin-releasing hormone-Af3
(mTRH-AB;_,,) under the control of the murine Thyl.2 regu-
latory sequence was described previously (17, 19, 20). The glu-
tamate at position three of the A amino acid sequence was
mutated into glutamine to facilitate enhanced pyroglutamate
formation. The mice thus express unmodified AB;q_4, (desig-
nated as AB; ,,), which can be readily converted to A3 4,
by QC. TBA42 mice were generated by male pronuclear injec-
tion of fertilized C57BL/6] oocytes. The resulting offspring
were screened for transgene integration by PCR analysis. Three
founder animals (TBA41, TBA42, and TBA45) were identified
and subsequently bred to C57BL/6] mice to establish independ-
ent lines. Transgene expression was assessed in the F1 genera-
tion of each line using RT-PCR. The line with the highest trans-
gene mRNA expression was selected for further breeding
(named truncated beta-amyloid 42; TBA42).

5XFAD mice were described previously (23). The APP695
and PS1 transgenes co-segregate and are both under the control
of the murine Thyl.2 regulatory sequence. All 5XFAD mice
were back-crossed for >10 generations onto a C57BL/6]
genetic background.

FADA42 mice were generated by breeding transgene positive
5XFAD mice to transgene positive TBA42 mice. Wild-type,
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transgenic offspring were identified subsequently using PCR.
All animal experiments were conducted in accordance with the
German guidelines for animal care and approved by the local
legal authorities. Only female mice were used in this study.

Behavioral Tests—Mice were group-housed with an average
of four individuals per cage and kept on a 12 h/12 h inverted
light cycle (lights off at 8:00 AM). Free access to food and water
was provided. Behavioral testing was performed during the
dark phase under red lighting.

The balance beam, cross-maze, and elevated plus maze
(EPM) were performed as described previously (24, 25). For the
cross-maze, spontaneous alternation rates were calculated as
the percentage of actual alternations made relative to the total
number of possible alternations.

Anxiety was measured in the EPM by determining the per-
centage of time spent in the open arms of the apparatus during
a 5-min period. All EPM data were collected using the ANY-
maze video tracking system (Stoelting, Wood Dale, IL).

Immunohistochemistry—Mouse tissue was processed as
described previously (26). In brief, 4-um paraffin sections were
deparaffinized in xylene and rehydrated in a series of ethanol
baths. Sections were pretreated with 0.3% H,O, in PBS to block
endogenous peroxidases. Antigen retrieval was achieved by
boiling sections in 0.01 M citrate buffer (pH 6.0), followed by a
3-min incubation in 88% formic acid (FA). Nonspecific antigens
were blocked using a solution of 10% FCS and 4% skim milk
powder in PBS. Sections were incubated in primary antibody
solution overnight at room temperature, washed, and then
incubated for 1 h with biotinylated secondary antibody solu-
tion. Staining was visualized using the Vectastain kit (Vector
Laboratories, Burlingame, CA) and 3,3’-diaminobenzidine
(Sigma-Aldrich). Microscopy was performed on an Olympus
BX-51 microscope equipped with a DP-50 camera (Olympus,
Hamburg, Germany).

Antibodies—The following anti-Af antibodies were used for
immunohistochemistry and immunoprecipitation (IP), as indi-
cated: 4G8 (A epitope 17-24; Covance, Princeton, NJ), 6E10
(AB epitope 4-9; Signet Laboratories, Inc., Dedham, MA),
G2-11 (AB epitope at the C terminus of A42 (27)), AB[N] (IBL
America, Minneapolis, MN), 1-57 and 2-48 (both against
N-terminal A[BPE3 (26), Synaptic Systems, Gottingen, Ger-
many). Glial fibrillary acidic protein (mouse monoclonal, Syn-
aptic Systems) was used for immunohistochemistry. Biotiny-
lated goat anti-mouse and swine anti-rabbit immunoglobulins
(DAKO, Glostrup, Denmark) were used as secondary antibod-
ies for immunohistochemistry.

Mass Spectrometric Analysis—Homogenization of brain tis-
sue was performed as described previously (28). Briefly, the
brains (~50 mg) were homogenized (Pellet Pestle®, Sigma-Al-
drich®) on ice in TBS (20 mm Tris, 137 mm NaCl, pH 7.6) with
complete protease inhibitor tablets (Roche Applied Science,
Basel, Switzerland). The extraction ratio (brain tissue:TBS) was
1:5 (weight/volume). FA was added to the sample (final concen-
tration, 70%) followed by sonication (power, 15; Amplit.mi-
crons; TUne, “middle”) and centrifugation at 30,000 X gfor 1 h
at 4 °C. The FA-soluble A extract was dried and dissolved in
FA and finally neutralized using 0.5 M Tris.
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IP using the KingFisher magnetic particle processor
(Thermo Scientific) and mass spectrometric analysis using
MALDI TOF/TOF MS were performed as described previously
(29). Briefly, an aliquot (4 ul, 1 mg/ml) of the AB-specific anti-
bodies 6E10 and 4G8 was separately added to 50 ul of Dyna-
beads M-280 sheep anti-mouse IgG (Invitrogen) according to
the manufacturer’s instructions. The washed beads with bound
antibody (50 ul of 6E10 and 50 ul of 4G8) were combined and
used for IP of the neutralized FA fraction. IP of brain tissue with
the antibody 1-57 was conducted as described above.

The beads/FA fraction was transferred to a KingFisher mag-
netic particle processor for automatic washing and elution of
the AB isoforms. The collected supernatant was dried in a vac-
uum centrifuge and redissolved in 5 ul of 0.1% FA in 20% ace-
tonitrile. MS measurements were performed using a Bruker
Daltonics UltraFlex MALDI TOF/TOF instrument (Bruker
Daltonics, Bremen, Germany).

ELISA of AB Levels in Brain—Mice were sacrificed using cer-
vical dislocation. Brains were dissected rapidly on ice, the olfac-
tory bulb and cerebellum were removed, and the hemispheres
were separated. Brains were frozen on dry ice and stored at
—80 °C until use. Frozen brains (n = 3—4 per group) were
homogenized on ice in TBS (120 mm NaCl, 50 mm Tris, pH 8.0)
containing complete protease inhibitor tablets (Roche Applied
Science)) using a Dounce homogenizer. The extraction ratio
(brain tissue:TBS) was 1:8 (weight/volume). Samples were cen-
trifuged at 27,000 X g for 20 min at 4 °C. Supernatants (TBS
fractions) were removed, and the remaining pellets were resus-
pended in 0.8 ml of 2% SDS with complete protease inhibitor,
sonicated, and centrifuged at 27,000 X g for 15 min at4 °C. The
resulting supernatants (SDS fractions) were treated with 1 ul of
Benzonase (Novagen, Darmstadt, Germany) and incubated for
10 min at 4 °C on rotary wheel. All fractions were stored at
—80 °C until use. ELISA measurements of A, ,,and AB,;;in
the TBS and SDS fractions were performed in triplicate accord-
ing to the manufacturer’s instructions (IBL Intl, Hamburg,
Germany). A levels were normalized to brain wet weight.

Quantification of Plaque Load—Extracellular A3 plaque load
was calculated from serial images of the cortex (100X magnifi-
cation) taken from sagittal sections spaced a minimum of 20
pm apart. Four sections were evaluated per animal (n = 5-7 per
group). Using NIH Image] software (version 1.41), images were
converted into an eight-bit black-and-white format. Image
thresholds were set to a fixed value to define the total plaque
area. Thresholds were selected to maximize the plaque area
detected while minimizing the contribution of intracellular A3
accumulations. Plaque load was calculated as the percentage
area occupied by A immunostaining.

Statistical Analysis—Statistical differences were evaluated
using one-way or two-way analysis of variance (ANOVA) fol-
lowed by Bonferroni post hoc tests or unpaired ¢ test, as indi-
cated. All data are given as means * S.E. All statistics were
calculated using GraphPad Prism (version 5.0, GraphPad Soft-
ware, San Diego, CA).

RESULTS

Generation and Characterization of TBA42 Mice—To study
the role of AB,g; 4, in AD more precisely, we generated the
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FIGURE 1. AB accumulation and gliosis in TBA42 mice. TBA42 mice accu-
mulated abundant intraneuronal AB in CA1 pyramidal neurons of the hip-
pocampus by 3 months of age (A and B). 6-month-old TBA42 mice showed
marked intraneuronal AB accumulation in cerebellar nuclei (Cand D). Strong
astrogliosis, a marker for neurodegeneration, was present in the CA1 region
of the hippocampus in 12-month-old TBA42 mice (E) and absent in age-
matched control mice (F). 12-month-old TBA42 mice demonstrated AB accu-
mulation in the spinal cord (G and H). Note the example of prominent intran-
euronal ABin H. Scale bars, A, C,and G = 200 um; B, D, E, and F = 50 um; H =
20 pm.

TBA42 transgenic mouse model. The TBA42 transgene was
designed to preferentially liberate AB,_,, peptides into the
neuronal secretory pathway. This allows QC to enzymatically
catalyze the conversion of AB; 4, to A3 4, (16,17, 21).

Transgene expression was assessed in TBA42 mice using
immunohistochemistry. Intraneuronal accumulation of Af3
peptides was observed in the hippocampus by the age of 3
months (Fig. 1, A and B). At 6 months of age, intraneuronal A3
was also seen in cerebellar nuclei (Fig. 1, C and D). Interestingly,
analysis of 12-month-old TBA42 mice revealed marked gliosis
in the hippocampus (Fig. 1, E and F) and additional A in spinal
cord motor neurons (Fig. 1, G and H). Signs of gliosis, an indi-
cator of ongoing neurodegeneration, were absent in age-
matched WT mice (Fig. 1, E and F). This finding suggests that
gliosis is a consequence of the A aggregation in TBA42 mice.
Extracellular AB deposits were rarely detected in TBA42 mice
at all of the ages analyzed.
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FIGURE 2. Alterations in age-dependent motor function, working memory, and anxiety in TBA42 mice. The behavioral phenotype of TBA42 mice was
assessed at 3, 6, and 12 months (M) of age. TBA42 mice demonstrated significantly reduced performance in the balance beam (A) and the cross-maze tasks (B)
at the age of 12 months. There was no difference in the number of arm entries in the cross-maze task between TBA42 and wild-type control (C). The elevated
plus maze revealed that TBA42 mice already had highly reduced anxiety levels by the age of 3 months (D) (two-way ANOVA with Bonferroni post hoc tests; *,

p < 0.05; **, p <0.01;*** p <0.001; n = 6-12 per group).

Behavioral Analysis of TBA42 Mice—To determine whether
functional impairments accompanied the observed brain pathol-
ogy, we subjected cohorts of 3-, 6-, and 12-month-old TBA42 mice
to a battery of behavioral tests. The balance beam was selected to
evaluate general motor coordination. Three and 6-month-old
mice performed comparably wtih WT animals. However, by the
age of 12 months, TBA42 mice showed significant impairment
(p < 0.001; Fig. 2A). Similarly, assessment of working memory in
the cross-maze demonstrated that only 12-month-old TBA42
mice had noticeable deficits in this task (p < 0.001; Fig. 2B).

AD mouse models can show decreases in anxiety in addition
to memory deficits (24, 30), and changes in anxiety are com-
monly detected using the EPM. In this task, animals with lower
anxiety levels spend greater amounts of time on the open arms
of the apparatus and less time in the closed arms. When TBA42
mice were tested in the EPM, a striking decrease in anxiety was
already observed in 3-month-old mice (p < 0.001). This reduc-
tion persisted at the later time points tested (p < 0.01; Fig. 2C).
Taken together, these data demonstrate that the A3 accumula-
tion in theTBA42 mice is sufficient to induce age-dependent
behavioral deficits.

To study the potential effect of elevated Af;; 4, in a con-
ventional AD mouse model, we crossed TBA42 with 5XFAD
mice. Extracellular plaque pathology is present by 3 months of
age in 5XFAD mice, and age-dependent behavioral deficits are
first observed in 6-month-old animals (23, 24).The resulting
transgenic mice (termed FAD42) were investigated using mass
spectrometry, behavioral tests, ELISA, and plaque load analysis.

Immunoprecipitation and Mass Spectrometric Characteriza-
tion of Wild-type, TBA42, SXFAD, and FAD42 Mouse
Brain—Using the two antibodies 6E10 and 4G8 in the IP exper-
iments, a distinct A isoform pattern consisting of AB;_,,,
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AB4_ 42 ABq_40 and AB;_,, was detected in the FA-extracted
brain tissues from 5XFAD mice (Fig. 3, for representative mass
spectra). The most dominant form was the peak representing
AB;_ 4, A similar pattern was detected in the transgenic model
FAD42. TBA42 mice displayed no peaks corresponding to Af3
using 6E10 and 4G8. However, using the N-terminal-specific
AB antibody 1-57, AB,g3 4, and unmodified AB, ,, were
detected in TBA42, 5XFAD, and in FAD42 mice whereas
AB,Es_a0 was only detected in 5XFAD mice. Interestingly, no
major difference in the pattern of different A variants isolated
after IP was found between 6-month-old 5XFAD and FAD42
mice. In all cases unmodified AB;_,, was much less abundant
than AB, g5 4,. No peaks corresponding to A3 were detected in
WT mice using either the 4G8 and 6E10 or the 1-57 antibodies.
These results confirm that 5XFAD mice harbor a heterogeneity
of N-terminal truncated and modified A3 peptides, but TBA42
mice express only A3 4, and unmodified AB;_,,. Interest-
ingly, no gross difference in the pattern of different A variants
isolated after IP was found between 6-month-old 5XFAD and
FADA42 mice. A minor peak of AB x5 4, was detected in 5XFAD
mice and not in the other models investigated. Although the A3
isoforms detected in the mass spectrum cannot be interpreted
as adirect reflection of their abundance in the brain because the
ionization efficiency can vary for the different isoforms, we can-
not completely rule out a significant precipitation of A3 4
in 5XFAD alone. It could be that the loss of the weak AB,;3 40
signal is likely due to differential ionization efficiency not
reflecting a true precipitation difference between 5XFAD and
FAD42 mice. Moreover, it cannot be excluded that the different
levels of AR, variants between 5XFAD and FAD42 mice are
due to highly aggregated AB,;; in the FAD42 animals and may
have therefore been not efficiently extracted for IP-MS analysis.
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FIGURE 3. N-terminal heterogeneity of Af3 peptides in 5XFAD and FAD42 mice. Mass spectra of immunoprecipitated AB peptides from the brains of mice
using pan-Ap antibodies 6E10 and 4G8 (A and B; used as a mix) and the N-terminal-specific antibody 1-57 (C) recognizing both pyroglutamate AB,,¢; and
unmodified AB; peptides. A, the dominant fraction in 5XFAD and FAD42 mice was AB,_,,, followed by AB;_ 40, ABpes- a2 ABa_ a2 ABpes-a0 and AB;_,,. B, there
was no significant difference in the pattern between 5XFAD and FAD42 mice. C, using 1-57 for IP-MS, N-terminal truncated ABe_,, was the major peptide

detected in 5XFAD, FAD42, and TBA42. No AB was detected in WT mice.

Behavioral Analysis of FAD42 Mice—To evaluate the effects
of additional AB 5 4, on the behavioral phenotype of 5XFAD
mice, we tested 6-month-old WT, 5XFAD, TBA42, and FAD42
mice in the balance beam and EPM. Motor performance was
significantly impaired in the FAD42 mice as shown by the bal-
ance beam (p < 0.001; Fig. 44). In addition, the EPM revealed
that anxiety levels were even further decreased in FAD42 mice
(p <0.001; Fig. 4B). These data indicate that the extra A z5 4,
resulting from the TBA42 transgene in the FAD42 mice is suf-
ficient to enhance the behavioral deficits observed in 5XFAD
single transgenic mice.

AB Accumulation in FAD42 Mice—To assess the impact of
additional AB,z; 4, on total AB deposition, cortical plaque
load was measured in 6-month-old 5XFAD and FAD42 mice. A
significant increase in the ratio of AB,;; to AB,_, plaque
area was observed between 5XFAD and FAD42 mice
(5XFAD, 0.93 * 0.1; FAD42, 1.5 *= 0.12; Fig. 5, A-D and G).
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The ratio of AB, ,, to AB, . plaque area remained
unchanged (5XFAD, 1.7 * 0.23; FAD42, 2.56 = 0.52; Fig. 5,
C-G). These findings indicate that the additional A3 4,
in FAD42 mice enhances seeding and increases plaque dep-
osition relative to 5XFAD mice. No obvious changes in the
intraneuronal AP pattern were detected between 5XFAD
and FAD42 mice in the primary motor cortex (supplemental
Fig. S1). The observation of increased plaque load and
increased pyroglutamate Af pools using ELISA in FAD42
mice argues for a major contribution of extracellular soluble
A pools. Interestingly, in the spinal cord, hippocampus and
cerebellum, we did see an apparent increase in the number of
neurons with intracellular AB in FAD42 compared with
TBA42 and 5XFAD (supplemental Fig. S2).

Frozen brains from 6-month-old 5XFAD, TBA42 and
FADA42 mice were subjected to sequential protein extractions in
TBS- and SDS-based buffers. ELISA was then used to measure
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FIGURE 4. Aggravated behavioral impairments in FAD42 mice. Motor
function and anxiety were assessed in 6-month-old WT, 5XFAD, TBA42, and
FAD42 mice using the balance beam (A) and elevated plus maze (B), respec-
tively. In both tasks, transgenic FAD42 mice showed increased impairment
relative to the WT and single transgenic 5XFAD and TBA42 animals (one-way
ANOVA with Bonferroni post hoc tests). ***, p < 0.001 (n = 5-9 per group).

levels of soluble (TBS) and insoluble (SDS) AB, ,,and AB,g; .
(mass AB/g brain). Levels of TBS-soluble AB, _,, were signifi-
cantly higher in the 5XFAD (162.8 = 22.2 (ng/g)) and FAD42
mice (154.7 £ 13.8 (ng/g)) than in TBA42 mice (8.2 * 0.4 (ng/
g), p < 0.001; Fig. 6A). Similarly, in the SDS fraction, 5XFAD
(32,032 + 13,803 (ng/g)) and FAD42 mice (31,771 + 14,234
(ng/g)) had more AB,_,, than TBA42 mice (11 = 0.5 (ng/g))
(Fig. 6C). TBS-soluble AB,z; , levels were substantially
higher in FAD42 mice (238.4 = 67.8 pg/g) than in TBA42
mice (51.25 = 7.5 pg/g; p < 0.05) and elevated relative to
5XFAD mice (141 * 28.5 pg/g) (Fig. 6B). Notably, the
amount of SDS-soluble AB;; , was significantly higher in
the FAD42 mice (29,061 *= 2,805 pg/g) in comparison with
both the TBA42 (3,714 * 485 pg/g; p < 0.001) and 5XFAD
mice (15,826 * 1,547 pg/g; p < 0.01). Significant differences
in the levels of SDS-soluble AB,;; . were also observed
between TBA42 and 5XFAD mice (p < 0.01; Fig. 6D). Com-
pared with other transgenic mouse models and AD patients,
the TBA42 model produces medium levels of AB ;5. Inter-
estingly, the FAD42 mouse line has comparable levels as
observed in the brain of AD patients with Braak stage I and II
(supplemental Table 1). The observed up-regulated QC
activity was not unexpected because Schilling et al. (22) have
shown massive increase of QC mRNA and higher QC activity
in AD brain samples previously (supplemental Fig. 3). QC is
found in astrocytes making plausible that QC activity could
change in response to the A pathology in AD (1). The phys-
iological background of this phenotype is presently under
intense investigation.
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DISCUSSION

The aim of the current report was to study the direct effect of
an A, 4, increase in 5XFAD mice, a conventional AD
mouse model expressing human mutant APP and PS1 trans-
genes. We could demonstrate that AB 5 ,, induces age-de-
pendent behavioral deficits in TBA42 mice. This finding is con-
sistent with previous studies in similar transgenic models
expressing AB 54, (19, 20). Transgenic expression of hQC in
5XFAD mice also leads to the elevation of AB,;.5, thereby exac-
erbating behavioral deficits, increasing plaque load, and raising
levels of AB,g3 4, but not general A, ,,. It should be noted
that QC has several targets besides Af3,_,, and these substrates
could potentially influence the phenotype of the transgenic
5XFAD/hQC mice in the previous study (21). N-terminal pyro-
glutamate residues have been described for a number of hor-
mones and secreted proteins (31). For example, the N terminus
of monocyte chemoattractant protein 1 (CCL2/MCP-1) is
modified to a pyroglutamate residue, thereby protecting it
against degradation (32). MCP-1 plays a pivotal role in different
inflammatory conditions (33). As microglial activity could con-
tribute to neuron dysfunction (33), a potential effect of QC
overexpression on microglia-mediated inflammation in trans-
genic 5XFAD/hQC mice cannot be ruled out.

Using mass spectrometric analysis, we demonstrated that
5XFAD mice already exhibit high amounts of AB,;; 4, and
other AB isoforms. Our findings corroborate earlier works
identifying AB,_,, as the dominant A peptide present in the
brains of 5XFAD mice (21, 23, 24). Besides A3, _,,, the follow-
ing peptides were detected in 5XFAD mice, in order of abun-
dance: AB;_ 40 ABs_s20 ABs 42 ABpes_ax and AB;_,,. The
appearance of an exceedingly heterogeneous population of
N-terminal truncated and modified AB peptides in 5XFAD
mice is in line with previous observations made in the APP/
PS1KI mouse model (34).

Levels of N-terminal truncated and modified AB are known
to vary between AD mouse models. In Tg2576 mice, truncated
and modified AB isoforms do not appear before 1 year of age
and comprise ~5% of total AB (35). A3 and other modified
forms of AB were reported to be absent in APP23 mice until
almost 2 years of age (36) or low in PS2APP mice (15). Using
another approach, Maeda and colleagues (37) demonstrated
that the localization and abundance of [*'C]PIB autoradio-
graphic signals were associated closely with AB;; plaques in
AD and different APP transgenic mouse brains. This observa-
tion suggests that the ["'C]PIB-PET retention signal depends
on the accumulation of specific A3 subtypes (37). Interestingly,
significant brain area-specific neuron loss develops in both
APP/PS1KI and 5XFAD mice (23, 24, 34, 38 —40). In other AD
mouse models, neuron loss is much less prevalent (41). Taken
together, these findings suggest that truncated and modified
A peptides have an important implication for neurodegenera-
tion in murine models of AD.

The TBA42 mouse model, like the previously published
TBA2, TBA2.1, and TBA2.2 models (19, 20), expresses
ABsq_ 4o starting with an N-terminal glutamine (Gln) residue at
position three of AB. Glutamine was used instead of the natu-
rally occurring glutamate because it is a better substrate for
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FIGURE 5. Elevated plaque pathology in the cortex of FAD42 mice. Inmunostaining with pyroglutamate-AB-specificantibody 2- 48 in 5XFAD (A) and FAD42
(B) mice, with C-terminal specific antibody G2-11 against AB,_,, in 5XFAD (C) and FAD42 (D) mice, and AB,_, specific antibody AB[N] in 5XFAD (E) and FAD42
(F) mice. There was a significant difference in the plaque load expressed as a ratio of antibody 2-48 versus antibody ABIN] between 5XFAD and transgenic
FAD42 mice (G). No difference was found in the ratio of G2-11 versus AB[N]. One-way ANOVA and unpaired t test; **, p < 0.01. a.u., arbitrary units. Scale bar, 200
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FIGURE 6. Increased levels of A, in the brains of FAD42 mice as shown by ELISA. 5XFAD and FAD42 mice demonstrated elevated AB,_,, levels in the
TBS- (A) and SDS-soluble (C) fraction compared with TBA42 mice. There was no significant difference between the AB, _,, levels in 5XFAD and FAD42 mice for
either fraction. In all mouse lines, the SDS soluble fraction of AB, _,, harbored the most AB peptides. The levels of TBS-soluble AB,5_, were significantly higher
in FAD42 mice compared with TBA42 mice (B). Substantially more SDS-soluble AB,¢;_, was detected in FAD42 mice relative to both 5XFAD and TBA42 mice (D)
(one-way ANOVA and unpaired t tests). *, p < 0.05; **, p < 0.01; ***, p < 0.001.

both the spontaneous and enzymatically catalyzed conversion the unmodified AB; ,, also participates in the observed defi-
of AB;_4,into AB,g3 4, (17). The degree of conversion wasnot  cits. It should be noted that passive immunization against low
determined in the TBA2, TBA2.1,and TBA2.2 mice. Therefore, molecular weight pyrogutamate-modified A oligomers pro-
unmodified N-terminal truncated A3;_,, could also contribute  duces beneficial therapeutic effects in 5XFAD mice (39). These
to the observed pathology and behavioral phenotype. Mass data imply that a change in the amount of A, is sufficient to
spectrometric analysis revealed that the majority of AB in the affect pathology despite the presence of other Af isotypes.

TBA42 mice was indeed pyroglutamated, and only a minor por- Analysis of water soluble Af in AD, Down syndrome, and
tion was left unmodified. However, it cannot be excluded that non-demented elderly brain specimens indicated the presence
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of ABy 4o ABprs a2 and AB g, 4, (42). AD cases with PS1
mutations develop a higher ratio of water-soluble AB ;3 4,
andAB g4, to full-length A, ,, in comparison with spo-
radic AD cases (43). Overall, the ratio of water-soluble
A3 4z to AB,_4, seems to be proportional to the clinical
phenotype and the severity of AD and DS. Kuo et al. (36) per-
formed a chemical and morphological comparison of A pep-
tides and amyloid plaques present in the brains of APP23 trans-
genic mice and human AD patients. They reported that the
amyloid plaques characteristic of AD contain cores that are
highly resistant to chemical and physical disruption. In con-
trast, APP23 mice produced amyloid cores that were com-
pletely soluble in buffers containing SDS.

We observed that FAD42 mice have elevated AR, , in
TBS- and SDS-soluble brain preparations in comparison to
TBA42 and 5XFAD mice. The apparent differences between
AB, 4 and AP g5, levels are likely due to the fact that the
AB,_,, peptides are ~1000-times more abundant than
AB,E3_, Such a discrepancy was observed previously (21). We
hypothesize that AB ;5 4, elevation does not necessarily lead
to increased aggregation of total A if there is already a satura-
tion effect caused by AB,_,,.

AP,; isoforms have been identified by several groups in AD
brains (12, 13, 15, 36, 42-52). N-terminal deletions generally
enhance aggregation of 3-amyloid peptides in vitro (53). Addition-
ally, AB,; is known to have a high aggregation propensity (54, 55),
increased stability (56), enhanced toxicity compared with full-
length A (57), and dramatically reduced solubility at physiologi-
cal pH-conditions (58). Our findings go along with the A3 ., seed-
ing hypothesis (20, 54, 57). Here, we further corroborate the
importance of AB; 4, in the etiology of AD by demonstrating
the effects of elevating AB 3 4, in 5XFAD mice.
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