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Genetic, molecular, pathological and bio-
marker studies suggest the amyloid precur-
sor protein (APP) derivative �-amyloid
(A�) plays an important role in the patho-
genesis of Alzheimer’s disease (AD). Gen-
eration of 40 – 42 amino acid-A� is
contingent upon sequential proteolytic
processing of APP by �-secretase-1
(BACE1) and �-secretase (Vassar et al.,
1999). Cleavage of APP at one of two
�-sites by BACE1 generates truncated
C-terminal (C99 or C89) fragments that
are subsequently cleaved by �-secretase to
release A� peptides. Though the majority
of A� peptides are 40 aa (A�40) in length,
mutations in the genes encoding APP and
the �-secretase catalytic components
presenilin-1 (PS1) and presenilin-2 in-
crease production of 42-amino-acid spe-
cies (A�42), which are capable of rapid
nucleation (Jarrett et al., 1993). These ge-
netic mutations ultimately cause early
onset, familial forms of AD (FAD) by ele-
vating the A�42/A�40 ratio and exacerbat-
ing A�42 deposition in select forebrain

regions, including the hippocampal com-
plex and neocortex (Scheuner et al.,
1996).

For over a quarter of a century, reports
have indicated that non-neuronal cells ex-
press APP (Card et al., 1988) and secrete
putative A� peptides (Busciglio et al.,
1993), but it is widely believed that fore-
brain excitatory neurons produce the ma-
jority of A� in an activity-dependent
manner (Kamenetz et al., 2003). In short,
NMDAR-dependent neuronal activity is
thought to increase APP endocytosis from
the membrane via a clathrin-dependent
mechanism, rendering it more susceptible
to amyloidogenic processing within the
endosomal system by BACE1. Intracellu-
lar A� monomers and oligomers, the lat-
ter of which possess their own neurotoxic
properties, are then released into the ex-
tracellular milieu (for review, see O’Brien
and Wong, 2011), where they aggregate
into larger fibrils and plaques and act as
proinflammatory lesions, stimulating the
activation of microglia and astrocytes. Re-
active glial cells cluster around A� depos-
its, indicative of a phagocytic response
that may have both beneficial and harmful
effects on surrounding neurons. The del-
eterious effects of reactive glia on the AD
brain are thought to stem from A�-
mediated release of proinflammatory
molecules, including reactive oxygen spe-
cies, interleukins, prostaglandins, cyto-
kines, and complement factors. However,
a recent report in The Journal of Neurosci-
ence (Veeraraghavalu et al., 2014) suggests
that astrocytes and microglia may play an

additional role in AD pathobiology by
contributing directly to cortical and hip-
pocampal A� load.

To examine glial-derived effects on
overall brain A� load, Veeraraghavalu
and colleagues (2014) used three previ-
ously characterized transgenic murine
lines to exclusively direct production of
human A� to non-neuronal cells (Fig. 1).
In the first transgenic line, the ubiqui-
tously expressed murine prion protein
(PrP) promotes expression of FAD-
linked PS1�E9 cDNA flanked by two loxP
sites and a downstream copepod green
fluorescent protein (cGFP) reporter
(PrP.PS1�E9lox/lox.cGFP). The deletion of
exon 9 (�E9) from PS1 renders the pro-
tein resistant to endoproteolysis and
alters the A�40/A�42 ratio. (Thinakaran et
al., 1996). Crossing this line with mice ex-
pressing Cre recombinase driven by the excit-
atory neuron-specific promotor �CaMKII
(�CaMKIICre) generates a second line of
mice in which the mutant PS1�E9 is re-
moved, but cGFP continues to be ex-
pressed in excitatory neurons located
within the hippocampus, cortex, stria-
tum, septum, and amygdala (Fig. 1).
Thus, subsequent enhancement of A�
production is limited to cells devoid of
�CaMKII in these areas. However, it is
important to note that interneurons, in
addition to glia, may provide an alterna-
tive source of A� in these mice.

In PrP.PS1�E9lox/lox.cGFP mice, reco-
mbination-mediated reductions in
PS1�E9 levels and subsequent cGFP ex-
pression occurred concomitantly, begin-
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ning at 6 weeks of age. Silencing and
appearance of PS1�E9 and cGFP expres-
sion, respectively, were not observed at
earlier ages because transcription of
�CaMKII mRNA is developmentally re-
stricted. Previous reports have indicated
that expression of the excitatory neuron-
specific, serine-threoninekinase�CaMKIIin-
creases approximately tenfold during the
third week of life (Burgin et al., 1990) and
stabilizes shortly thereafter. By 7 months
of age, PS1�E9flox/�CaMKIICre bigenic
animals displayed a nearly 80% reduction
in human PS1�E9 levels relative to age-
matched PS1�E9flox mice. Excision of the
human PS1�E9 cassette also elevated the
accumulation of murine N-terminal frag-
mented PS1, indicative of successful re-
combination and recovery of endogenous
PS1 expression. Moreover, PS1�E9 dele-
tion was restricted to excitatory neurons
as cGFP signal did not colocalize with the
astrocyte-specific antigens glial fibrillary
acidic protein and S100 calcium binding
protein B (Veeraraghavalu and Sisodia,
2013).

A third transgenic strain used by
Veeraraghavalu and colleagues (2014)
was generated by breeding the PS1�E9flox
line with mice overexpressing APP muta-
tions (K595N, M596L) linked to FAD
(APPswe) (Veeraraghavalu et al., 2014).
Bigenic APPswe/PS1�E9flox mice were
then crossed with �CaMKIICre mice to
generate trigenic animals expressing
PS1�E9 in non-neuronal cells, cGFP in fore-
brain excitatory neurons, and APPswe ubiqui-
tously (APPswe/PS1�E9flox/�CaMKIICre)
(Fig. 1).

APPswe mice do not display plaque
pathology until 18 –20 months of age.
However, Veeraraghavalu and colleagues
(2014) show that global incorporation of
mutated PS1 with APPswe (APPswe/
PS1�E9flox) increases A�42 production
and exacerbates plaque deposition as early
as 5–7 months of age. When mutated PS1
was restricted to non-neuronal cells
(APPswe/PS1�E9flox/�CaMKIICre), cor-
tical and hippocampal A� load was negli-
gible and indistinguishable from that in
age-matched APPswe mice. In line with
this finding, A� load was significantly
reduced in 8 –9-month-old APPswe/
PS1�E9flox/�CaMKIICre mice relative
to age-matched APPswe/PS1�E9flox
mice. However, by age 10 –12 months,
APPswe/PS1�E9flox/�CaMKIICre mice
displayed robust increases in soluble and
insoluble AB42 as well as plaque burden
relative to age-matched APPswe mice.
Therefore, 10 –12-month-old APPswe/
PS1�E9flox/�CaMKIICre mice were

largely indistinguishable from APPswe/
PS1�E9flox mice in terms of forebrain A�
load, despite the difference in the sources
of A�42 production (i.e., non-neuronal
versus neuronal).

In addition to the in vivo findings,
Veeraraghavalu and colleagues (2014)
found that astrocytes and microglia iso-
lated from young APPswe/PS1�E9flox
mice produced and secreted A� in a
�-secretase-dependent manner. Although
it appears that astrocytes, microglia, and
neural progenitor cells harvested from
APPswe/PS1�E9flox mice express notable
levels of human APP and A�40/42, how
these levels compare to those produced by
excitatory forebrain neurons remains un-
known. A side-by-side comparison of the
levels of neuron- and glia-derived A� spe-
cies (monomer, dimer, trimer, oligomer,
etc.) and other APP fragments would be
beneficial in enhancing understanding of
APP processing in non-neuronal cells.

Previous reports have shown that mu-
rine lines expressing the APP Swedish mu-
tation alone (Tg2576) exhibit progressive
impairments in spatial reference memory
beginning at 9 months of age, and co-
expression of mutated PSEN1 with APPswe
expedites these impairments by�3 months.
It would be interesting to ascertain whether
excision of excitatory–neuronal PS1�E9,
which Veeraraghavalu and colleagues
(2014) suggest accounts for �80% of
brain PS1�E9 at 7 months of age, is able
to delay the appearance or slow the pro-
gression of behavioral impairments in
APPswe/PS1�E9flox/�CaMKIICre mice
relative to age-matched APPswe/PS1�E9flox
mice. Such data would support the devel-
opment of specialized presenilin-1 inhib-
itors as potential therapeutic targets in
AD. It is also possible that non-neuronal-

derived A� species possess enhanced nu-
cleation capacity, as amyloid burden
rapidly increases between 8 –9 and
10 –12 months in APPswe/PS1�E9flox/
�CaMKIICre mice. If thatwerethecase,per-
haps APPswe/PS1�E9flox/�CaMKIICre mice
would show exacerbated cognitive impair-
ments relative to APPswe/PS1�E9flox mice
between the ages of 8 and 15 months. Such
a finding could potentially implicate non-
neuronal cells as the primary source of
neurotoxic A� in the aged brain. Con-
versely, aggregation of glial-derived solu-
ble A� oligomers and fibrils into plaques
may provide a beneficial mechanism for
sequestering more soluble forms of A�
from the neuropil. Insertion of the
APPswe and PS1�E9 transgenes under the
control of microglia- or astrocyte-specific
promotors from birth would allow
analysis of A� load independent of a
contribution from excitatory neurons,
ultimately leading to a greater under-
standing of AD gliobiology. Since
interneuron-derived A� may constitute a
portion of the total A� load seen in their
model, interneuron-specific promotion
of the transgenes may also account for A�
production independent of excitatory
neurons. Regardless, such ideas highlight
several areas for future research based on
the experiments of Veeraraghavalu et al.
(2014).

Three important conclusions can be
drawn from the data reported by Veera-
raghavalu and colleagues (2014). First, ex-
citatory neurons contribute greatly to early
amyloid seeding in APPswe/PS1�E9flox
mice, reinforcing the notion of activity-
dependent A� production. Second, non-
neuronal cells possess the cellular machinery
to synthesize and cleave APP and secrete
A�40/42 in a manner similar to neurons, sup-

Figure 1. Illustration depicting generation of the APPswe/PS1�E9flox/�CaMKIICre transgenic line. Mice harboring mutated
PS1�E9 cDNA flanked by two loxP sites and a downstream cGFP reporter were crossed with mice expressing �CaMKII-driven Cre
recombinase. The table indicates cell-type-specific transgene expression in the models used by Veeraraghavalu and colleagues
(2014). 3�-UTR, 3�-untranslated sequences of the PrP gene.
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porting the need for a greater understanding
of glial function in AD. Third, cells other
than excitatory forebrain neurons contrib-
ute greatly to hippocampal and cortical
A� load in aged APPswe/PS1�E9flox/
�CaMKIICre mice, likely by constitutively
synthesizing de novo A� peptides, which co-
alesce onto existing seeds or generate new
seeds. In light of these findings, it is impor-
tant to investigate the role of non-neuronal
cells and interneurons in the production of
small A� peptides in both sporadic and fa-
milial AD.
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