






�50-fold increased A�pE3/A�x–42 ratio compared with
6-month-old APP/PS1KI mice (62).

Soluble Oligomeric Pyroglutamate A�: The Missing Link
in A� Toxicity?

For more than 2 decades, the amyloid hypothesis has been
the central hypothesis in coining the molecular pathology of
AD (63). This hypothesis argued that amyloid fibrils, which are
large insoluble polymers of A� found in senile plaques, are the
trigger of neuron loss and dementia typical for AD. Albeit the
convincing genetic, biochemical, and cell biological data for a
major role ofA� inAD, growing evidence points toward soluble
A� oligomers.

One of the major flaws in the amyloid hypothesis is the weak
correlation between the severity of dementia and the density
and localization of amyloid plaques in the brains ofADpatients.
Memory impairment and pathological changes in many AD
mouse models occur before the first signs of plaque deposition
(64). Soluble oligomers are low molecular weight non-fibrillar
structures, which are stable in aqueous solution and remain
soluble even after high speed centrifugation (64). A� oligomers
preferentially develop intracellularly within neuronal processes
and synapses rather thanwithin the extracellular space (65, 66).
Results from several laboratories suggest these oligomers to be
the missing link in the amyloid hypothesis. Although A�
plaques are poor correlates for the clinical symptomatology in
AD andDS patients, soluble oligomers are suggested to be good
predictors for synaptic loss (67), neurofibrillary tangles (68),
and clinical phenotype (69, 70). Just as in the human brain,
studies using AD mouse models support the role of oligomers.
In the Tg2576mousemodel, the appearance of A� dodecamers
coincided with the onset of spatial memory impairment. Inter-
estingly, injection of these purified oligomers into the ventricles
of wild-type rats caused a dramatic drop in spatial memory
performance (71).With regard to short-term effects, oligomers
have been shown to impair synaptic plasticity by blocking long-
term potentiation and reinforcing long-term depression (72).
Tomiyama et al. (73) generated APP transgenic mice express-
ing the E693� mutation, which causes neuronal cell death and
cognitive impairment by enhanced intracellular A� oligomeri-
zation without plaque formation.
With the abovementioned considerations, oligomers are

thought to be a good target for therapeutic antibodies especially
since this pool represents a minor subset (�1.4% of the total
A�) compared with the plaque pool, which occupies the whole
parenchyma (68). Reports have shown that monoclonal anti-
bodies raised against oligomers prevent oligomer-induced tox-
icity, production of reactive oxygen species, and their attach-
ment to synapses in primary hippocampal cells (74). In
addition, Klyubin et al. (75) have shown that immunization
against A� oligomers neutralized long-term potentiation inhi-
bition induced by A� oligomers injected in rat hippocampus.
Analysis of water-soluble A� in AD, DS, and non-demented

elderly brain specimens indicated the presence of A�1–42,
A�pE3–42, and A�pE11–42. In DS, water-soluble A� appeared
early (�20 years before the appearance of the plaques) and
increased with age and the progression of the amyloid pathol-
ogy. Interestingly, water-soluble A� increased by 100-fold in

young cases accompanied by an increase in A�pE3–42 (76).
Russo et al. (77) showed that cases with a PS1 mutation devel-
oped a higher ratio of water-soluble A�pE3–42 andA�pE11–42 to
full-length A�1–42 in comparison with sporadic AD cases. In
linewith this observation, water-soluble A� frombrains of nor-
mal elderly individuals with abundant amyloid and neurofibril-
lary pathology demonstrated a decreased A�pE3–42/A�1–42
ratio compared with AD cases (76). Overall, the ratio of water-
soluble A�pE3–42 to A�1–42 seems to be proportional to the
clinical phenotype and the severity of the disease.

Passive Immunization against Low Molecular Weight
Pyroglutamate A� Oligomers

A recently generated novel monoclonal antibody (9D5) was
used to demonstrate that it is possible to detect low molecular
weight pyroglutamate-modified A� oligomers (51). The selec-
tivity of the antibody for low molecular weight (4–10-mers)
pyroglutamate-modified A� was confirmed by size exclusion
chromatography and immunoblot assays. When the 9D5 anti-
bodywas added toA�pE3–42monomers, it efficiently decreased
the formation of higher aggregates of the A�pE3–42 peptide but
did not interferewith the rapid formation ofA�1–42 aggregates.
Furthermore, adding the 9D5 antibody to SY5Y neuroblastoma
cells completely abolished the toxic effects of A�pE3–42 pep-
tides, whereas the toxicity of A�1–42 was unaltered. Interest-
ingly, the 9D5 antibody showed a specific staining pattern in
AD cases, differentiating between non-demented control cases
and AD. Passive immunization of 4.5-month-old 5XFAD mice
with the 9D5 antibody for 6 weeks was capable of reducing
overall A� plaque load and A�pE3–x levels, leading to a normal-
ization of the behavioral phenotype. Based on that, 9D5 repre-
sents a therapeutically and diagnostically effective monoclonal
antibody targeting lowmolecular weight A�pE3 oligomers (51).
Several mechanisms were proposed as potential modes of

action for the clearance of A� via immunotherapy. The first
mechanism is that antibodies act catalytically to dissolve pre-
formed A� aggregates or prevent A� aggregation (78). A sec-
ond proposedmechanism relies on binding of the antibodies to
A�, followed by interaction of the Fc part of the antibody with
the Fc receptor on the microglial surface, leading to increased
A� phagocytosis (79). These mechanisms assume that suffi-
cient antibodies cross the blood-brain barrier and bind to the
amyloid. Another option does not require the penetration of
the blood-brain barrier. The peripheral sink hypothesis was
demonstrated for the first time with the A� antibodym266 and
suggests that the presence of circulating antibodies in plasma
alters the equilibrium and favors the efflux of A� toward the
periphery due to an A� concentration gradient (80). It was
demonstrated that the central domain A� monoclonal anti-
body m266 can act as an A� sink both in vitro and in vivo and
that parenteral administration of it can alter the equilibrium of
A� between the central and peripheral compartments. Another
mechanism proposes the ability of certain antibodies to bind to
oligomers and neutralize their synaptotoxic effects directly
(75). It is worth mentioning, however, that these mechanisms
are not exclusive and may overlap under different circum-
stances. Moreover, different states of the disease might require
one mechanism more than the other (81).
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Based on that, antibodies that are exclusively selective for
oligomeric A� are promising tools for therapeutic intervention
in AD for many reasons. As mentioned above, A� oligomers
represent �2% of the total A� pool in the brain, which makes
them an achievable therapeutic target especially assuming that
only a minor amount of the antibodies can cross the blood-
brain barrier (0.11%of the circulating antibodies enter the brain
(82)). Thus, targeting oligomeric A� can tremendously reduce
the amount of antibodies needed to achieve the desired effect in
comparison with fibrillar (plaque) A�, representing the pre-
dominant species in ADbrain. Also, antibodies against A� olig-
omers bind the pernicious toxic species and decrease the build-
ing units for fibrils, thereby hindering plaque formation.On the
other hand, immunization against fibrillar forms may dissolve
the plaques into soluble A� forms and thus increase the poten-
tially toxic species in the brain. Furthermore, immunization
against the oligomeric A� minute species might spare patients
from the drawbacks of some clinical trials such as microbleeds
and hemorrhages that might result from an excessive immune
reaction against A� plaques (83).

Pyroglutamate A� Cyclization Is Catalyzed by
Glutaminyl Cyclase

QC belongs to the metal-dependent acyltransferase family,
converting glutamine (or alternatively glutamate) into pyroglu-
tamate with the liberation of ammonia (or water) (84). In vitro
and in vivo experiments indicated the presence of QC in the
secretory pathway (endoplasmic reticulum, Golgi apparatus,
and secretory granules) (85–87).

A recent study has shown that complete genetic depletion of
QC in mice resulted in a 24% decrease in thyroxine, suggesting
mild hypothyroidism. However, QC knock-out (KO) mice
showed similar blood glucose and glucose tolerance levels com-
pared with wild-type mice. Other parameters related to QC
activity, such as serum gonadotropin-releasing hormone, thy-
roid-stimulating hormone, and testosterone concentrations,
were not changed by QC depletion (88).
Compelling evidence demonstrates the role ofQC in the gen-

eration of A�pE. Incubation of synthetic A�3–x with recombi-
nant QC resulted in conversion to A�pE3–x, a reaction that is
favored under acidic pH conditions and blocked by the pres-
ence of a QC inhibitor (44). Furthermore, in two different cell
lines, QC stimulatedA�pE3 generation (89, 90). Application of a
QC inhibitor suppressed the cyclization reaction to A�pE3.
Interestingly, addition of recombinant QC to culture media
generated only minor amounts of A�pE3. This finding indicates
that pyroglutamateA� formation is favoredwithin intracellular
compartments (89).
In agreement with in vitro studies, several in vivo reports

have supported the role of QC in the production of A�pE3.
Injection of A�3–40 into wild-type rat cortex led to significant
production of A�pE3–40 within 24 h, which was inhibited by
co-application of a QC inhibitor (91). Oral administration of a
QC inhibitor to Tg2576 andTASD-41 transgenicmice reduced
A�pE3, A�40, and A�42 levels. This was accompanied by a
reduction in plaque load and gliosis in addition to improve-
ments in contextual fear memory and spatial memory. Simi-

FIGURE 2. Schematic of the hypothesized toxic cascade of pyroglutamate A� in AD and potential therapeutic interventions. After N-terminal truncation
of the first two amino acid residues of the full-length A�1– 40/42 monomers (A�1–x), QC activity catalyzes the formation of A�pE3–x monomers either intracellu-
larly or extracellularly. The A�pE3–x monomers are highly prone to rapid oligomerization and fibrillization. Oligomers may act as seeds for full-length A�
precipitating in plaques and blood vessels. As A�pE3–x oligomers are detected in microglia and human blood (51), it is likely that the oligomers are cleared by
these routes. Therapeutic effects were achieved by reducing QC activity, thereby inhibiting the cyclization of A�3–x, and by passive immunization with the 9D5
antibody against low molecular weight A�pE3–x oligomers.
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larly, treatment of transgenic Drosophila expressing A�Q3–42
for 4 weeks with a QC inhibitor led to reduced A�pE3–42 levels
(92).
The use of transgenic or knock-out mice strongly facilitates

analysis of the role of gene function in vivo. To study the effect
of ectopic human QC (hQC) overexpression, 5XFAD mice
were crossed with transgenic mice expressing hQC under the
control of the neuron-specific Thy1 promoter. 5XFAD/hQC
bigenic mice showed significantly increased levels of TBS-,
SDS-, and formic acid-soluble A�pE3–42 peptides and aggrega-
tion in plaques. 6-month-old 5XFAD/hQCmice developed sig-
nificant motor and working memory impairment. The effect of
endogenous QC was studied by generating 5XFAD/QC-KO
mice (homozygous for murine QC knock-out). 5XFAD/
QC-KOmice showed a significant reduction inA�pE3–42 levels,
decreased plaque pathology, and a rescue of the behavioral phe-
notype (93). These data clearly demonstrate that QC is a key
participant in modulating A�pE3–x levels in vivo and support
the concept that QC is a therapeutic target for AD. Interest-
ingly, A�pE3–42 levels were not completely reduced in homozy-
gous QC-KOmice, thereby shedding light on QC isoenzyme(s)
that might also play a role in A�pE3–x formation. Fig. 2 summa-
rizes the potential therapeutic actions to inhibit and/or clear
A�pE3–x oligomers from AD brain.

Pyroglutamate as a Potential Diagnostic Marker

The diagnosis of AD relies on neuropsychological tests, neu-
roimaging, and cerebrospinal fluid biomarkers. Nonetheless,
the exact diagnosis is not definite unless the autopsied brain is
examined and neuropathologically evaluated. Pittsburgh com-
pound-B (PIB) is a modified form of thioflavin T that crosses
the blood-brain barrier and binds to amyloid in nanomolar con-
centrations. Maeda et al. (94) demonstrated that the [11C]PIB
signal correlated with the localization and abundance of
A�pE3–x-positive plaques. An in vitro binding assay revealed
that specific binding of [11C]PIB toA�pE3–x fibrils was 4–5-fold
higher than to A�1–x.

Britschgi et al. (95) observed that many AD and healthy con-
trol plasma samples showed high levels of IgG autoantibodies
against A�pE3–42 and A�pE11–42. In addition, the titer of IgM
autoantibodies against A�pE3 correlated with the cognitive sta-
tus of individuals at risk to developAD (96). In good agreement,
the level of A�pE3 oligomers was significantly decreased in the
plasma of AD patients (51). However, it is noteworthy that
these studies are pilot studieswith small group sizes andneed to
be further replicated and confirmed using larger cohorts of
patients and controls.
In summary, compelling evidence of a significant contribu-

tionA�pE3 has been accumulated since its discovery in 1992. Its
specific biochemical properties and the molecular events con-
trolling the formation of A�pE3 provide a better understanding
of the pathology leading to AD, and it has the potential as a
target for therapy as well as a marker for diagnosis. Although
A�1–42 is a toxic peptide, a normal physiological function can-
not be excluded. Current knowledge indicates that A�pE3 is a
solely pathological cousin of full-length A� acting as a “hatchet
man” in AD.
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