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Abstract
Many different cellular systems and molecular processes become compromised in Alzheimer’s disease (AD) including
proteostasis, autophagy, inflammatory responses, synapse and neuronal circuitry, and mitochondrial function. We focused in
this study on mitochondrial dysfunction owing to the toxic neuronal environment produced by expression of Aβ42, and its
relationship to other pathologies found in AD including increased neuronal apoptosis, plaque deposition, and memory impair-
ment. Using super-resolution microscopy, we have assayed mitochondrial status in the three distinct neuronal compartments
(somatic, dendritic, axonal) of mushroom body neurons ofDrosophila expressing Aβ42. The mushroom body neurons comprise
a major center for olfactory memory formation in insects. We employed calcium imaging to measure mitochondrial function,
immunohistochemical and staining techniques to measure apoptosis and plaque formation, and olfactory classical conditioning to
measure learning.We found that mitochondria become fragmented at a very early age along with decreased functionmeasured by
mitochondrial calcium entry. Increased apoptosis and plaque deposition also occur early, yet interestingly, a learning impairment
was found only after a much longer period of time—10 days, which is a large fraction of the fly’s lifespan. This is similar to the
pronounced delay between cellular pathologies and the emergence of a memory dysfunction in humans. Our studies are
consistent with the model that mitochondrial dysfunction and/or other cellular pathologies emerge at an early age and lead to
much later learning impairments. The results obtained further develop this Drosophila model as a useful in vivo system for
probing the mechanisms by which Aβ42 produces mitochondrial and other cellular toxicities that produce memory dysfunction.
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Background

Sporadic and genetic forms of Alzheimer’s disease (AD) are
characterized by the failure of many different cellular and
molecular systems of the brain and other tissues [1–4]. For
instance, the associated neuropathology reported for AD and
AD animal models include the generation of toxic cleavage
products of APP [5]; impairments in the autophagy-lysosomal
pathway leading to protein aggregation [6]; chronic inflam-
mation initiated bymicroglial activation [3, 7]; synapse failure
and loss, reduced dendritic complexity, and impaired connec-
tivity and brain circuit function [8]; glutamate excitotoxicity
and cell death [9]; increased oxidative stress [10, 11]; impair-
ments in mitochondrial dynamics and function [12, 13] and
others. Despite the broad effects of the disease, research into
AD etiology has been driven largely by insights obtained from
genetic forms of the disease. Thus, the last two decades have
witnessed a concentrated effort to understand the metabolism
of amyloid precursor protein (APP), the generation of Aβ
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oligomers, the deposition of amyloid plaque, and the effects of
genetic insults to this molecular system on other aspects of
brain function. Although this focus is understandable in retro-
spect, many other facets of AD neuropathology have
remained relatively sketchy. Moreover, extensive efforts
made in developing therapeutics based on the APP/Aβ hy-
pothesis have generally failed in clinical trials.

This history has prompted a sense of urgency to develop a
better understanding of other aspects of AD neuropathology.
Such an understanding will likely lead to two very significant
gains. First, providing detailed knowledge of other system fail-
ures that occur in AD should lead to insights into their relation-
ships and help establish the hierarchy for the progression of
sporadic AD. Second, combinatorial drug therapies may be
developed using a mixture of drugs that protect the major sys-
tem failures in the disease. Without clear knowledge of the
initiating trigger(s) for sporadic AD, therapeutic advances will
necessarily be combinatorial and require detailed knowledge of
the different neuropathologies that define the disease.

Mitochondrial dysfunction represents a hallmark neuropa-
thology for AD and other brain disorders. Indeed, the failure of
the mitochondrial system has been found to be an early neuro-
pathology and proposed to be a trigger [14, 15]. Each neuron
contains thousands of mitochondria that are thought to be born
in the soma and then trafficked to distal sites in axons and
dendrites; each organelle offering its functions to remote re-
gions of the neuron including synaptic specializations [16].
They provide many different functions that help maintain neu-
ronal health, the two most recognized being the generation of
ATP through respiration and buffering of cytoplasmic calcium.
In addition to trafficking to and from distal sites, mitochondria
divide in the process of fission and join together in the process
of fusion. These processes along with mitochondrial movement
fall under the rubric of mitochondrial dynamics.

Drosophila melanogaster has been employed as a model
for studying the neuropathology found in diseases that include
Parkinson’s disease, Alzheimer’s disease, and amyotrophic
lateral sclerosis [17–21]. The organism offers the convenience
of small size, rapid generation time, and the ability to generate
hundreds of organisms at a relatively low expense, while pro-
viding the toxic, cellular disease environment related to genet-
ic forms of the diseases using transgenic approaches analo-
gous to those used for the mouse.

For AD-related neuropathology, many of the prior studies
have employed the expression of Aβ42 or other toxic peptides
in retinal cells to assay cell death [22–25]. This approach
offers a rapid way of screening cell death based on external
morphology but prompts the concern that retinal cells are
unique and may not offer the physiology of neurons found

in the central brain. Other studies have employed pan-
neuronal expression of the toxic peptides [26, 27], but this
approach fails to mimic the accepted progression of the dis-
ease in humans from the medial temporal lobe to other brain
regions. The medial temporal lobe is intimately involved in
memory formation, which accounts for the initial symptom
displayed by AD patients—forgetfulness.

Here, we have expressed toxic peptide Aβ42 in the mush-
room body neurons (MBn), neurons that constitute a major
brain center for olfactory memory [28, 29]. We focused our
efforts on understanding how impairments in mitochondrial
dynamics and function emerge and evolve with the age of the
fly and relating these to the temporal evolution of other AD
pathologies including apoptosis, plaque deposition, and mem-
ory dysfunction.We found that mitochondria are more numer-
ous and smaller in size at a very early age in the Aβ42 envi-
ronment. Consistent with this, we found that mitochondrial
calcium import was also impaired in young flies along with
apoptosis and plaque deposition. Interestingly, learning be-
came impaired much later than the mitochondrial deficits
and other cellular pathologies.

�Fig. 1 Mitochondrial morphology in the soma of MBn expressing Aβ42. a
Diagram of theMB in the fly’s right hemisphere. The somata of theMBn are
colored dark blue with their associated neuropil areas colored light blue. The
calyx (C) contains the dendrites of the MBn and the vertical (V) and hori-
zontal (H) lobes contain the axons of the MBn. The three major classes of
MBn, α/β, α′/β′, and γ, classed according to the projection patterns of their
axons, are illustrated along with the associated neuropil to which they
project—the α/β lobes, α′/β′ lobes, and γ lobe, respectively. The 10-μm3

volumeROI (red box), located at a 11 o’clock position viewed from a frontal
perspective of the calyx in the fly’s right hemisphere (1 o’clock for the left
hemisphere), was used to characterize the somatic mitochondria. d dorsal, m
medial, a anterior. a′ Low-resolution maximum projection images of the
soma and dendritic regions of the adult MB in both hemispheres. The
R13F02-Gal4 expression was visualized using UAS-myr-Td-tomato and
UAS-mito-GFP. Brain neuropil was stained with anti-NC82. Scale bar 50
μm. b Maximum projection images of individual mitochondria, mitochon-
drial centroids, and their lengths in a 10-μm3ROI from the somatic region of
a control brain at 1 day of age. Genotype: UAS-mito-GFP/+; R13F02-
Gal4/+. Scale bar 1 μm. c Same as a for an Aβ42-expressing brain at
1 day of age. Genotype: UAS-mito-GFP/UAS-Aβ42; R13F02-Gal4/UAS-
Aβ42. d Same as a for a control brain at 15 days of age. e Same as c for an
Aβ42-expressing brain at 15 days of age. f Box plots of somatic mitochon-
drial parameters in control and Aβ42-expressing flies at 1 day of age.
Mitochondria are more numerous (***P < 0.001), shorter (**P < 0.01)
and of reduced volume (**P < 0.01) with increased sphericity (***P <
0.001) in the Aβ42-expressing flies. Mann-WhitneyU, n = 7. Each box plot
shows the median, interquartile range and the range. g Same as f for control
and Aβ42-expressing flies at 15 days of age. Mitochondria are more numer-
ous (***P< 0.001), shorter (***P< 0.001) and of reduced volume (****P<
0.0001) with increased sphericity (****P < 0.0001) in the Aβ42-expressing
flies. Mann-Whitney U, n = 6
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Methods

Drosophila Husbandry

Fly strains were raised on standard food medium at room
temperature. Crosses were made at 70% relative humidity
with a 12-h light-dark cycle in a 25 °C incubator. Fly lines
used in this study are listed in STAR ★ METHODS.

Immunostaining for Structure Illumination
Microscopy

For structured illumination microscopy, brains were isolated
from female flies at various ages, processed as previously
described and imaged with high-resolution microscope [49].
Additional details are available in STAR ★ METHODS.

Mitochondrial Calcium Entry

Brains were isolated from female flies of various ages and
continually perfused with saline solution (124 mM NaCl,
3 mM KCl, 20 mM MOPS, 1.5 mM CaCl2, 4 mM MgCl2,
5 mM NaHCO3, 1 mM NaH2PO4, 10 mM trehalose, 7 mM
sucrose, 10 mM glucose; adjusted to pH 7.2 at 25 °C).
Neurons were depolarized by adding 15 mM KCl to the per-
fusion solution. Additional details are available in STAR ★

METHODS.

Cell Death Assay

Brains isolated from female flies of various ages were proc-
essed as previously described for immunohistochemistry [49].
The primary antibody against Dcp-1 was used to monitor cell
death of MBn. Additional details are available in STAR ★

METHODS.

Amyloid Plaque Staining

Brains from female flies of various ages were dissected and
processed as previously described [49]. The isolated brains
were immunostained with anti-NC82 and after immunostain-
ing were perfused with 0.5% Thioflavin S for 24 h. Additional
details are available in STAR ★ METHODS.

Behavioral Assays

For behavior experiments, young flies were collected and
maintained in bottles to various ages. The flies were trans-
ferred to vials 12 h prior to the experiments. We used the
negatively reinforced, olfactory classical conditioning to assay
learning [50]. Additional details are available in STAR ★

METHODS.

Results

Neuronal Mitochondrial are Smaller and More Numerous in
the Soma of Flies Expressing Aβ42

We used the Gal4/UAS system to co-express Aβ42 and a
mitochondrial-targeted GFP (mito-GFP) [30] to probe the ef-
fects of the toxic cellular environment produced by Aβ42 on
mitochondrial morphology in neurons. The Gal4 driver used,
R13F02-Gal4, is a mushroom body neuron (MBn) specific
driver (Fig. 1(a)). The MBs are insect brain structures that reg-
ulate the acquisition and storage of olfactory memories [28, 29].
We employed structured illumination microscopy (SIM) which
allowed us to characterize the form of individual mitochondria
and segment them. We performed this analysis on the mito-
chondria in a 10-μm3 volume at a standardized location in the
somatic, dendritic, and axonal regions of the MBn.

We focused initially on mitochondria in the soma (Fig.1a)
and found that, compared with the control group, the Aβ42-
expressing animals contained increased numbers of mitochon-
dria in the MB soma as early as 1 day after eclosion (Fig. 1(b,
c, f)). We also measured the length, volume, and sphericity of
the somatic mitochondria. In Aβ42 animals, we found that
mitochondrial length was shortened, the average size
reduced, as reflected in surface area and volume, and the
sphericity was increased at day 1 (Fig. 1(b, c, f)). In the pro-
cess of analyzing the mitochondrial morphology, we searched
for hemispheric differences in these parameters and found
none for both the control and Aβ42 animals (Fig. S1).
Because of this, both hemispheres were imaged in each fly,
and we collapsed the morphological data from both

�Fig. 2 Mitochondrial morphology in the dendrites and axons of MBn
expressing Aβ42. a Diagram of the MB in the fly’s right hemisphere.
See the legend of the figure for a complete description. The 10-μm3

volume ROI (red box) located at the medial edge of the calyx was used
to characterize the dendritic mitochondria. d dorsal, m medial, a anterior.
b Box plots of dendritic mitochondrial parameters in control and Aβ42-
expressing flies at 1 day of age. Mitochondria are more numerous (**P <
0.01) in the Aβ42-expressing flies, but no significant differences were
observed in length, volume, or sphericity in the Aβ42-expressing flies.
Mann-Whitney U, n = 6. Each box plot shows the median, interquartile
range and the range. c Same as b for flies at 15 days of age. Mitochondria
are more numerous (***P < 0.001), shorter (*P < 0.05) and of reduced
volume (**P < 0.01) with increased sphericity (**P < 0.01) in the Aβ42-
expressing flies. Mann-Whitney U, n = 6. d Same as a showing the ROI
(red box) for characterizing axonal mitochondria located at a standardized
and central location in the bulbous tip of the α lobe as viewed from a
frontal perspective. e Box plots of axonal mitochondria parameters in
control and Aβ42-expressing flies at 1 day of age. No significant differ-
ences were observed in number, length, volume, or sphericity in the
Aβ42-expressing flies at 1 day of age. Mann-Whitney U, n = 6. Each
box plot shows the median, interquartile range and the range. f Same as e
for flies at 15 days of age. Mitochondria are more numerous (***P <
0.001), shorter (**P < 0.01), and of reduced volume (**P < 0.01) with
increased sphericity (**P < 0.01) in the Aβ42-expressing flies. Mann-
Whitney U, n = 6
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hemispheres to obtain data on a per fly rather than a per hemi-
sphere basis. The mitochondrial morphological differences
observed between control and Aβ42 animals at 1 day of age
were preserved at older ages. Aβ42-expressing flies at 5, 10,
and 15 days of age also contained more numerous, shorter,
smaller, and more spherical mitochondria compared with their
age-matched controls (Figures S2, Fig. 1(d, e, g)).
Collectively, these data indicate that the expression of Aβ42
induces fragmentation of somatic mitochondria that is evident
at 1 day of age and that this fragmentation persists across the
first 2 weeks of adulthood.

Mitochondria in Dendrites and Axons are Smaller and
More Numerous in Flies Expressing Aβ42, But
Detectable Differences Emerge at Later Ages

We then wondered whether the mitochondrial fragmentation
observed soon after eclosion in the MBn soma of Aβ42-
expressing flies was a neuron-wide effect or whether the other
cellular compartments—the axons and dendrites—might ex-
hibit differences. In the dendrites, we observed an increase in
mitochondrial number at 1 day-of age, but no significant dif-
ference in length, volume or sphericity (Fig. 2a, b). Other
mitochondrial defects to include shortening, reduction in size,
and increased sphericity were observed at 5, 10, and 15 days
of age (Fig. 2c; S3, S4). In the MBn axons, we failed to
observe any changes in these mitochondrial morphological
parameters at 1, 5, or 10 days of age (Fig. 2d, e; S5, S6).
However, by 15 days of age, the mitochondria were more
numerous, shortened, smaller, and more spherical in the
Aβ42-expressing flies (Fig. 2f).

In summary, detectable mitochondrial fragmentation oc-
curs first in the soma of MBn expressing Aβ42, subsequently
in the MBn dendrites, and then in the distal axons. This is
somewhat surprising given that current dogma posits that mi-
tochondria are born in the soma from biogenesis followed by
transport into the more distal regions of the neuron. It may be
that some biogenesis occurs locally, with the toxicity of Aβ42
reduced in axons and dendrites compared with the soma, or
the toxicity may be generally equivalent in all parts of the
neuron with the mitochondria having differential sensitivity
between compartments. Alternatively, all biogenesis could
occur in the soma, but gating mechanisms present in the
neurites may only allow healthier mitochondria to be
transported.

Mitochondria in Aβ42-Expressing Flies Exhibit
Impaired Calcium Import

To evaluate the toxic consequences of Aβ42 expression on
mitochondria, we measured mitochondrial calcium import in
MBn. We used isolated brains (Fig. 3) from control and
Aβ42-expressing flies that carried a transgene expressing the

calcium reporter, UAS-4mtGCaMP3 [30], targeted to the mito-
chondrial matrix. These flies also expressed UAS-RFP to pro-
vide a normalization signal for the 4mtGCaMP3 responses. The
MBn-specific GAL element R13F012-Gal4 was used to drive
the transgenes, providing for specific expression in the soma,
dendrites, and axons of MBn (Fig. 3a, S5). A total of 15 mM
KCl was perfused into the bath containing the isolated brains in
order to stimulate calcium influx into the cytoplasm and mito-
chondria [30]. For consistency, we measured the normalized
4mtGCaMP3 signal from the same somatic area used for ex-
periments examining mitochondrial morphology.

Figure 3b–d show representative fluorescence images from
the MB somata and dendrites in control and Aβ42-expressing
flies at 1, 5, and 15 days of age. KCl perfusion generated a
robust signal from these neurons in control and Aβ42-
expressing flies at 1 day of age, with no significant difference
in the peak magnitude of the response between the two geno-
types (Fig. 3e). In contrast, the mitochondrial calcium import
in Aβ42-expressing MBn at 5, 10 (not shown) and 15 days of
age was significantly depressed relative to the control, with
essentially no import occurring in the Aβ42-expressing MBn
at 15 days of age (Fig. 3f, g). These data reveal a functional
impairment in the somatic mitochondria from Aβ42-
expressing MBn. However, the morphological impairment
was significantly different from the control at 1 day of age,
but the functional impairment was only trending at this same
age. This could indicate that the functional impairment fol-
lows the morphological impairment in time, or it could be
due to differences in the sensitivity of the two assays. It is
notable from the fluorescent assays that the functional impair-
ment extends into the MBn dendrites.

�Fig. 3 Mitochondrial calcium import is impaired in the MBn of Aβ42-
expressing flies. a Maximum projection images showing the expression
of UAS-4mtGCaMP3 and UAS-RFP in the MBn ex vivo. The red box in
the left panel represents the 10-μm3 volume used to quantify somatic
responses. Genotype: UAS-4mtGCaMP3, UAS-RFP /+; R13F02-
Gal4/+. Scale bar 50 μm. b Representative pseudocolor images of the
mito-GCaMP3 response in the soma and dendrites of MBn for control
and Aβ42-expressing flies at 1 day of age, before and after stimulation
with 15 mM KCl. The bottom row of images illustrates the RFP signal
which was used to normalize the mito-GCaMP3 signal. Genotypes:UAS-
mito-GCaMP3, UAS-RFP /+; R13F02-Gal4/+; and UAS-4mtGCaMP3,
UAS-RFP/UAS-Aβ42; R13F02-Gal4/UAS-Aβ42. c Same as b for flies at
5 days of age. d Same as b for flies at 15 days of age. e Quantification of
the normalized 4mtGCaMP3 response in the soma of MBn (10 μm3

volume, red box in a) of control and Aβ42-expressing flies at 1 day of
age. The upper panel illustrates a representative response to KCl in the
two genotypes. Group data are shown in the lower panel as a box plot of
the median, interquartile range, and the range. The maximum response of
4mtGCaMP3 in the Aβ42-expressing flies was depressed but not signif-
icantly different from the control. Mann-Whitney U. n = 12. f Same as e
for flies at 5 days of age. ****P < 0.0001. n = 12. Note also the depressed
response in the dendrites as shown in the pseudocolor image. g Same as e
for flies at 15 days of age. ****P < 0.0001. n = 12
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Increased Apoptosis in Aβ42-Expressing MBn

Mitochondria play a fundamental role in regulating cell sur-
vival and cell death. Multiple types of stimuli such as activa-
tion of the proapoptotic Bcl-2-associated X protein (BAX),
oxidants, and stress cause the mitochondria to release
caspase-activating proteins like cytochrome c which leads to
apoptosis [31–34]. We wondered whether the expression of
Aβ42 specifically in the MBn and the subsequent impair-
ments in mitochondrial structure and function were associated
with increased apoptosis. The Drosophila death caspase-1
(Dcp-1)—the homolog of mammalian Caspase-3—is an ef-
fector caspase that triggers cell death after activation upon
cleavage by initiator caspases. Immunohistochemistry with
antibodies to the activated Dcp-1 has been used extensively
to quantitate apoptosis [35–37]. We stained brains from con-
trol and Aβ42-expressing flies of various ages with an anti-
Dcp-1 (cleaved) antibody [38–40] to determine whether apo-
ptosis was increased.

We observed a significantly increased number of Dcp-1
puncta in the MB somata of Aβ42-expressing flies at 1 day
of age compared with their age-matched controls (Fig. 4a,
b, g). This measure of apoptosis was markedly increased with
age in the experimental flies at 5, 10 (not shown), and 15 days
of age (Fig. 4c–f, h, i). Notably, the Dcp-1 puncta were ob-
served only in the MB somata, and not in other regions of the
brain consistent with the spatially limited expression of the
driver/Aβ42. Collectively, these data reveal an increased level
of apoptosis in the somata of Aβ42-expressing flies that par-
allels the onset and severity of mitochondrial morphological
and functional deficits.

Amyloid Plaque Develops Near the Aβ42-Expressing
MBn

A main feature of AD is the formation of amyloid plaque in
the hippocampus and other brain areas [41–43]. To measure
amyloid plaque and its co-occurrence with mitochondrial im-
pairment and apoptosis, we stained Aβ42-expressing brains
with Thioflavin S, a stain that binds to the amyloid fibrils [23,
44, 45]. We observed a slight increase in Thioflavin S staining
in MB somata of Aβ42-expressing brains at 1 day of age
compared with the control (Fig. 5a, b, g). The amyloid plaque
burden increased at 5, 10 (not shown), and 15 days of age (Fig.
5c–f, h, i). Thus, amyloid plaque burden generally follows the
other cellular phenotypes observed—mitochondrial morpho-
logical and functional deficits and increased apoptosis.

An Impairment in Olfactory Learning Occurs by 15
days of age for the Aβ42-Expressing Flies

A prominent behavioral consequence of Alzheimer’s disease
is the decline of learning and memory ability [45, 46].

However, the developmental relationship between the cellular
pathologies such as mitochondrial impairment and the mem-
ory impairment has not been fully examined. We assayed
olfactory memory tested at 3 min after training in the control
and the Aβ42-expressing flies. The expression of Aβ42 in the
MBn failed to impair 3-min memory performance at 1, 5, and
10 days of age (Fig. 6). However, we detected a significant
memory deficit in the experimental flies at 15 and 20 days (not
shown) of age compared with the control genotypes.
Interestingly, the 3-min behavioral impairment in the experi-
mental flies fails to follow the early-developing mitochondri-
al, apoptotic, and amyloid pathology observed in the MB
somata and dendrites. Rather, the age-dependent development
of memory impairment follows most closely the mitochondri-
al impairment observed in the MBn axons (Fig. 2d–f, S5, S6).

Discussion

The overriding challenge in finding causes and developing
therapies for Alzheimer’s disease (AD) is that the disease
causes the failure of many different tissue, cellular, and mo-
lecular systems, as noted earlier. The dizzying array of neuro-
pathological consequences is undoubtedly linked, but the hi-
erarchy of disease etiology and progression for sporadic AD
remains unclear. Yet, emerging evidence indicates that mito-
chondrial dysfunction may be one of the more upstream fail-
ures, as captured in the mitochondrial cascade hypothesis
originally championed by Swerdlow and colleagues [14, 15].

We offer with this study a relatively deep, in vivo investi-
gation of mitochondrial dysfunction due to the toxicity asso-
ciated with Aβ42 expression. We employed super-resolution
microscopy to gain insights into the structural changes that
occur in mitochondria due to this toxicity, including quantify-
ing the number, length, volume, and sphericity of mitochon-
dria in the soma of MBn and their dendrites and axons. We
found that the mitochondria were shorter and smaller in size,
consistent with increased mitochondrial fragmentation that
has been reported by others [1]. It has frequently been reported
that mitochondrial number or content is reduced in AD, in
contrast to our results, but this may be related to disease pro-
gression. Increased fragmentation would lead to increased mi-
tochondrial numbers early in the disease with mitochondrial
loss observed at later stages due to other contributing factors
including perhaps a greater effect of decreased mitochondrial
biogenesis. Other researchers have also reported increased
mitochondrial number in ADmodels [47, 48].We found func-
tional defects in mitochondria due to Aβ42 toxicity in the
form of impaired import of calcium. And similar to changes
in mitochondrial morphology, mitochondrial function de-
clines with age of the fly. In addition, we provide evidence
for increased apoptosis and amyloid plaque deposition in the
vicinity of the MBn engineered to express Aβ42. Moreover, a
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Fig. 4 Increased Dcp-1 expression, a marker for apoptosis, in the MBn of
Aβ42-expressing flies. a Representative maximum projection images of a
brain from a control fly at 1 day of age co-stained with anti-cleaved Dcp-1
and anti-NC82. Genotype: +/+; R13F02-Gal4/+. Scale bar 50 μm.
b Representative maximum projection images of a brain from an Aβ42-
expressing fly at 1 day of age co-stained with anti-cleaved Dcp-1 and anti-
NC82. Some of the Dcp-1 positive puncta are highlighted by red arrows.
Genotype: +/UAS-Aβ42; R13F02-Gal4/UAS-Aβ42. Scale bar 50 μm. c
Same as a for a control fly at 5 days of age. d Same as b for an Aβ42-
expressing fly at 5 days of age. eSame as a for a control fly at 15 days of age.

f Same asb for anAβ42-expressing fly at 15 days of age. gQuantification of
the number of Dcp-1 positive puncta in the MBn somata at 1 day-of age. A
significant increase in the number of puncta was observed in the Aβ42-
expressing brains compared with the control. Box plots show the median,
interquartile range, and the range.Mann-WhitneyU, ****P < 0.0001. n = 6.
h Same as g for 5 days-of age. A significant increase in the number of puncta
was observed in the Aβ42-expressing brains compared with the control.
****P < 0.0001. n = 6. i Same as g for 15 days-of age. A significant increase
in the number of puncta was observed in the Aβ42-expressing brains com-
pared with the control. ****P < 0.0001. n = 6
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Fig. 5 Amyloid plaque formation in theMBn of Aβ42-expressing flies. a
Representative maximum projection images of a brain from a control fly
at 1 day of age co-stained with Thioflavin S and anti-NC82. Genotype:
+/+; R13F02-Gal4/+. Scale bar 50 μm. b Representative maximum pro-
jection images of a brain from an Aβ42-expressing fly at 1 day of age co-
stained with Thioflavin S and anti-NC82. Emerging amyloid plaque
staining is highlighted by red arrows. Genotype: +/UAS-Aβ42;
R13F02-Gal4/UAS-Aβ42. Scale bar 50 μm. c Same as a for a brain from
a control fly at 5 days of age. d Same as b for a brain from an Aβ42-
expressing fly at 5 days of age. Amyloid plaque staining is highlighted by

red arrows and increasingly visible. e Same as a for a brain from a control
fly at 15 days of age. f Same as b for a brain from an Aβ42-expressing fly
at 15 days of age. Amyloid plaque staining is highlighted by red arrows
and robust. gQuantification of amyloid plaque burden in theMBn somata
at 1 day-of age. The normalized Thioflavin S staining was significantly
increased over the control. Box plots show the median, interquartile
range, and the range. Mann-Whitney U, **P < 0.01. n = 6. h Same as g
for 5 days-of age. ****P < 0.0001. n = 6. i Same as g for 15 days-of age.
****P < 0.0001. n = 6
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learning impairment develops in flies that express Aβ42 in the
MBn. Our studies offer a facile, in vivo model to query the
status of mitochondria in the presence of the toxic peptide
involved in AD. For instance, the various pathologies develop
over a period of 2 weeks, compared with 4–6 months for the
most vigorous mouse model for AD. Cost differences for sim-
ilar experiments using flies versus the mouse would vary by
orders of magnitude. The flies and techniques described here
could be used to probe the mechanism by which Aβ42 ex-
pression leads to structural and functional impairments of neu-
ronal mitochondria and how a dysfunction of the mitochon-
drial system and/or others leads to a late-developing impair-
ment in memory. In addition, it offers an expedient model to
test the protective potential of mitochondrial therapeutics.

We made two observations that are of high interest. First,
the abnormal morphology of mitochondria due to Aβ42 ex-
pression was observed to occur at different ages in the three
compartments of MBn. Mitochondrial fragmentation occurs
by 1 day after eclosion in the soma of the MBn, but not until

day 5 in the dendrites and day 15 in axons. In addition, we
observed an increased number of mitochondria both in the
somata and in dendrites at day 1 but not in the axons until
day 15. There are two broad explanations for these compart-
ment differences. It may be that the mitochondria in the var-
ious compartments are differentially sensitive to the toxicity
due to inherent differences in the mitochondria themselves,
including, for instance, differences in protein composition.
Alternatively, the compartments themselves may present dif-
fering levels of toxicity due to differential expression or local-
ization of the toxic peptide or other compartment-specific fac-
tors that influence the magnitude of the toxicity. Additional
research is required to understand this issue.

Second, the learning impairments occur relatively late, ob-
servable at day 15, whereas the mitochondrial structural and
functional impairments occur at day 1 along with increased
apoptosis and plaque deposition. This observation is consis-
tent with the interpretation that the learning impairment stems
from deficits in mitochondrial function and/or the other

Fig. 6 Impaired learning occurs
later than mitochondrial defects,
cell death, and plaque formation.
Performance Index (PI) when
tested at 3 min after olfactory and
negatively reinforced, classical
conditioning. The PI ranges from
zero to 1.0, where zero represents
no memory observed and 1.0
represents complete memory.
Flies carrying only the R13-Gal4
driver transgene (+/+; R13F02-
Gal4/+) or the UAS-Aβ42 trans-
gene (+/UAS-Aβ42; +/UAS-
Aβ42) were used as controls for
the experimental group carrying
both transgenes (+/UAS-Aβ42;
R13F02-Gal4/UAS-Aβ42). Flies
were trained and tested at 1, 5, 10,
and 15 days of age. No significant
differences between the controls
and the experimental groups were
observed at any age except at 15
days of age. One-way ANOVA
followed by Tukey’s multiple
comparison, **P < 0.01; ***P <
0.001. n = 8. Box plots show the
median, interquartile range, and
the range
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intervening pathologies. We favor this interpretation, but a
counterargument that cannot be dismissed is that each assay
has its own inherent sensitivity. It is formally possible that
learning impairments also exist at day 1 but that the behavioral
assay lacks the sensitivity to extract the difference. This seems
unlikely because of the large difference in time-of-onset: the
Aβ42-expressing flies show no learning impairment at 10
days of age, yet the mitochondrial impairments are pro-
nounced at day 1. The long delay between the detection of
cellular pathologies and the learning impairment, which is
essentially 15–20% of the fly’s lifespan, parallel the
decades-long progression of the disease in humans.

Conclusions

Collectively, our data show that mitochondrial dysfunction
occurs early in hierarchy of cellular behavioral pathologies
associated with Alzheimer’s disease and that this function
occurs at different times in the somatic, dendritic, and axonal
compartments of brain neurons.
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