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Alzheimer’s disease (AD) is attributable to synapse dysfunction and loss, but the nature and progression of the presynaptic structural and
functional changes in AD are essentially unknown. We expressed wild-type or arctic form of 3 amyloid,_,, (AB) in a small group of
neurons in the adult fly and performed extensive time course analysis of the function and structure of both axon and presynaptic
terminals at the identified single-neuron level. A3 accumulated intracellularly and induced a range of age-dependent changes, including
depletion of presynaptic mitochondria, slowdown of bi-directional transports of axonal mitochondria, decreased synaptic vesicles,
increased large vacuoles, and elevated synaptic fatigue. These structural and functional synaptic changes correlated with age-dependent
deficit in motor behavior. All these alterations were accelerated in flies expressing the arctic form of Af3. The depletion of presynaptic
mitochondria was the earliest detected phenotype and was not caused by the change in axonal transport of mitochondria. Moreover,
axonal mitochondria exhibited a dramatic reduction in number but a significant increase in size in aged AB-expressing flies, indicating
aglobal depletion of mitochondria in the neuron and an impairment of mitochondria fission. These results suggest that A3 accumulation

depletes presynaptic and axonal mitochondria, leading to other presynaptic deficits.

Introduction

Alzheimer’s disease (AD) is the most common form of dementia
in elderly people. The AD brains show the presence of neural
fibrillary tangles (NFTs) and extracellular senile plaques, as well
as the loss of synapses and neurons. In AD animal models and
patients, synapse loss exhibited a stronger correlation with cog-
nitive deficits and occurred earlier than plaques, NFTs, and neu-
ron loss (Terry et al., 1991; Sze et al., 1997; Mucke et al., 2000;
Scheff and Price, 2006). Thus, it is widely believed that synapse
dysfunction and loss represent the cellular basis of cognitive def-
icits (Small et al., 2001; Hardy and Selkoe, 2002; Selkoe, 2002;
Shen and Kelleher, 2007).

Since the identification of B-amyloid (AB) (Glenner and
Wong, 1984) and A precursor protein (APP) (Kang et al., 1987;
Tanzi et al., 1987), several lines of evidence indicate that A3 ac-
cumulation plays a causal and central role in AD. First, mutations
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of APP and APP metabolic enzymes cause familial AD (Selkoe,
2001; Tanzi and Bertram, 2005). Second, both APP and A trans-
genic animals exhibit AD-like pathology and cognitive impair-
ment (Go6tz and Ittner, 2008). Third, the soluble AB level in AD
brains correlates with the extent of cognitive deficits (Lue et al.,
1999; McLean et al., 1999). Fourth, AB is neurotoxic to cultured
neurons (Yankner et al., 1990; Pike et al., 1993), brain slices, and
animal brains (Walsh et al., 2002; Selkoe, 2008; Shankar et al.,
2008). Finally, reducing cerebral AB improves the pathological
and cognitive deficits in AD animal models (Morgan et al., 2000;
Weiner and Frenkel, 2006).

Before the synapse loss in AD patients and animal models,
there must be functional and structural changes at the synapse.
Investigation of the time course of these changes and their tem-
poral relationship will help to determine how A3 accumulation
leads to synapse dysfunction and eventual loss. Synaptic ultra-
structure has been examined in AD patients and mouse models.
The consistent finding is a significant reduction of synapse den-
sity with concomitant increase in the average length of synaptic
contacts as a compensatory response to synapse loss (Scheff and
Price, 2006). Two aspects of synaptic functions—basal synaptic
efficacy and long-term potentiation (LTP)—have been fre-
quently examined in many studies of AD transgenic mice. For
example, many studies have shown the reduction of basal
transmission and LTP at hippocampal CA3—CA1 synapses of
these transgenic mice (Larson et al., 1999; Selkoe, 2002; Oddo
etal., 2003; Jacobsen et al., 2006), although other studies failed
to observe either or both of these functional changes in vivo or
in brain slices (Chapman et al., 1999; Hsia et al., 1999; Fitzjohn
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etal., 2001; Jolas et al., 2002; Gureviciene et al., 2004; Zhang et
al., 2005). However, the nature and progression of synaptic
changes that lead to synapse dysfunction and loss remain to be
fully characterized.

Drosophila has been used extensively to express neurode-
generation-causing proteins or peptides for the study of human
neurodegenerative diseases, including polyglutamine expansion-
related diseases and Parkinson’s disease, and has provided valu-
able insights into the distinct cellular and molecular mechanisms
underlying these diseases (Bilen and Bonini, 2005; Cauchi and
van den Heuvel, 2006; Marsh and Thompson, 2006). Drosophila
AD models were generated by expression of human A or APP/
presenilin/BACE (-secretase activity of the 3-site APP-cleaving
enzyme). These AD flies exhibited age-dependent AD-like pa-
thology and behavioral changes (Finelli et al., 2004; Greeve et al.,
2004; Crowther et al., 2005; Iijima-Ando et al., 2008).

In the present study, we performed extensive time course
analysis of the function and structure of both axon and presyn-
aptic terminals at the identified single-neuron level in adult flies
with a small group of neurons expressing AB. We found that A3
expression caused intracellular accumulation of AB and pro-
duced age-dependent depletion of presynaptic mitochondria, be-
fore a range of other presynaptic changes.

Materials and Methods

Genetics and stocks

Drosophila stocks were cultured on standard medium at 23-25°C. After
pupation, the adult flies were cultured on standard medium and en-
trained into a 12 h light/dark cycle at 28.5°C if not otherwise indicated.
The control (Cantonese S) and w'''® were used as controls. The up-
stream activating sequence (UAS) transgenic lines used for expressing
wild-type AB, 45> AB,_40 and the arctic mutant A, _,, are generous gift
from Dr. D. C. Crowther (Cambridge University, Cambridge, UK)
(Crowther et al., 2005), in which the recombinant AB DNAs are fused to
a secretion signal of the Drosophila necrotic gene. The P[Gal4]A307
(Allen et al., 1999) was used to drive the expression of AB in the giant
fiber (GF) system and other components of the nervous system, and
P[Gal4—elav.L]3 was used for pan-neuronal expression. P{UAS-mito-
GFP.AP}3 (Drosophila Bloomington Stock Center, University of Indiana,
Bloomington, IN) was used to label mitochondria.

Behavioral assays

The flight assay was performed according to a previous study (Fayyazud-
din etal., 2006). Briefly, single flies were tapped down into a glass cylinder
with inner diameter of 100 mm and length of 390 mm, which was divided
into 13 zones of 30 mm each. The zone in which the fly landed was noted
for each fly and used to estimate the landing height. At least 10 flies were
used for each genotype at each age, and the results were averaged. In some
cases, aged flies failed to fly at all and dropped into the bottom of the
cylinder, and the landing height was taken as “0.”

Longevity assay

One hundred flies from each genotype were equally separated into five
vials containing standard fly food and dry yeast and were cultured at
28.5°C. After every 3 d, flies were transferred into vials with fresh food
and dried yeast, and dead flies were counted. Survival rates were analyzed
with the SPSS 11 Kaplan—Meier software.

Electrophysiology

We recorded both excitatory junctional potential (EJP) and current
(EJC) in the giant fiber system as described previously with some modi-
fications (Huang et al., 2006). Briefly, during EJP recording, an adult
female fly at a certain age was mounted ventral-side down on a glass with
Tackiwax (Boekel Scientific) soft wax under a dissection microscope. The
fly legs and wings were all removed to prevent disturbance while the
stimulation was given. A glass reference electrode was inserted into
the abdomen, and a glass stimulating electrode was inserted into each
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eye. A glass recording electrode was driven through the dorsal thorax
cuticle. During high-frequency stimulation, the stimulation intensity
was 5-20 V with the duration of 0.2 ms, ~150% of the threshold stimu-
lation intensity at 0.5 Hz. Intracellular penetration into the muscle was
monitored by a sudden potential drop of 4070 mV. The muscle identity
[dorsal longitudinal muscle (DLM) vs tergotrochanteral muscle (TTM)]
was determined by electrode placement and verified by the latency of
evoked EJP. Signals were amplified by Multiple Clamp 700B (Molecular
Devices) and digitized at 20 kHz by Digidata 1440A (Molecular Devices).
Data were collected and analyzed with pClamp software (version 10.0;
Molecular Devices). All glass electrodes were filled with 3 M KCL. The
recording environment temperature was 25°C.

During EJC recording, an adult female fly was laterally mounted over
a water resistant Sylgard bar, secured with Tackiwax, and wrapped with
Parafilm, in which a hole was made for dissecting overlying cuticle and
muscles to expose one set of DLM cells in Ca** -free saline consisting of
the following (in mm): 128 NaCl, 2 KCI, 4 MgCl,, 5 HEPES, and 36
sucrose. The dissection saline was then replaced with oxygen-containing
1.8 mM CaCl, saline, perfused at 0.3—0.4 ml/min. The posterior dorsal
mesothoracic nerve carrying the DLM motor neuron axons was sucked
into a glass stimulation pipette. Two glass microelectrodes (2-10 M)
filled with 3 M KCl were inserted in the e-cell or d-cell of the DLM. The
DLM resting potentials ranged from —70 to —90 mV. Two-electrode
voltage clamp (TEVC) was performed using an Axoclamp 900A ampli-
fier (Molecular Devices), with the holding potential at —80 mV. Data
were collected with Digidata 1322A (Molecular Devices) and analyzed
with pClamp software (version 9.2; Molecular Devices). The decay con-
stant (1/7) of EJC peak amplitudes was calculated by exponential func-
tion fitting with y = ¢ ~*’™ + b. The recording environment temperature
is 19°C.

Electron microscopy study

For electron microscopic (EM) investigation of the presynaptic terminals
of DLM motor neurons, the thorax was isolated and dissected along the
midline into two parts in cold PBS. For the investigation of the axons of
DLM motor neurons, the cuticle at the ventral site of the thorax was open
to facilitate the immersion of fixative into the ventral ganglion in which
the DLM motor neurons are located. Then, preparations were immedi-
ately fixed in 2% paraformaldehyde and 2% glutaraldehyde in 0.1 M
phosphate buffer, pH 7.4, for 30 min at room temperature. Preparations
were then further fixed in 4% glutaraldehyde in 0.1 M phosphate buffer,
pH 7.4, for 2 h at room temperature or overnight at 4°C, after which the
preparations were postfixed in 2% OsO,, in the same buffer for 2 h at 4°C,
block stained in 1% aqueous uranyl acetate, dehydrated with increasing
concentrations of ethyl alcohol, and embedded in Epon 812. LKB cut
ultramicrotone or Leica EM UC 6 ultramicrotone was used to cut sam-
ples. For the study of DLM presynaptic terminals, ultrathin sections (70
nm) were obtained by cutting the DLM fibers transversely. For the study
of the axons of DLM motor neurons, the cutting started from the ventral
side of the thorax at the step of 10 wm. The sections of the first 160 wm
were thrown away. Then the sectioning was intermittent, with a cutting
followed by staining of the section from the cutting with toluidine blue
and examination of the stained section under microscope until the nerve
containing the axons of DLM motor neurons appear in the semithin
section. Afterward, ultrathin sections were collected and double stained
with uranyl acetate and lead citrate. Ultrathin sections were examined
using a Jeol 1220 electron microscope at 80 kV and Hitachi H-7650. EM
pictures were taken by CCD camera and analyzed with Image-Pro Plus
6.0 software (Media Cybernetics).

Immunostaining and imaging

Whole-mount AB staining. The whole CNS of flies, including the brain
and ventral ganglion, was dissected out in PBS and fixed with 4% para-
formaldehyde in PBS for ~45 min. Preparations were washed with PBS
for 10—15 min and repeated twice and then treated with formic acid
(70%) for 30 min to reexpose the epitope, followed by three washes with
PBS-Triton X-100 (0.5%)-BSA (5%), 2-3 h incubation with primary
antibody (6E10), PBS wash, 2 h incubation with FITC-conjugated sec-
ondary antibody, and confocal imaging. Experiments were done at room
temperature.
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Mito-green fluorescent protein imaging and
puncta quantification. Control mito-green flu-
orescent protein (GFP) and Af,  -mito-GFP
flies were dissected in PBS to expose DLM cells
and fixed with 4% paraformaldehyde in PBS
for ~45 min. Preparations were then washed
and mounted with Vectashield mounting me-
dia (Vector Laboratories) and imaged with a
laser scanning confocal microscope (Zeiss LSM
510 META NLO) at the step of 1 wm to acquire
the projection of Z-stack images. At each stage
of age, a standard image of mito-GFP puncta in
a control fly was taken, and then the imaging
parameters of it was used for imaging on all the
rest control flies and A, flies. The density of
mito-GFP puncta was calculated with Stereo
Investigator software (MBF Bioscience).

Time-lapse imaging of axonal transport of mi-

159 e cRL
104 ——AB42x2

Landing Height (cm) o
8

tochondria. Flies were dissected and mounted 54 *252?1
in the same way as that in EJC recording. The 04 - Ag4o);1

dissected preparations were examined under T

Zhao et al.  AB-Induced Age-Dependent Presynaptic and Axonal Alterations

B

cholinergic
glutamatergic
= electrical

an upright Zeiss confocal microscopy (Zeiss o 7 14 21 28 35 42 4
LSM 510 META NLO) equipped with a 63X Days after Eclosion
water-immersion objective (C-Apochromat D

63X) at room temperature (20-23°C). An 1

axon of DLM motor neuron was aligned hori- —_

zontally across the imaging region, and a 50 ‘;’

pm segment of the axon was selected to be E 058
photobleached to eliminate the strong fluores- =

cence of the stationary GFP-labeled mitochon- ) 0.6

dria clusters. The pinhole was set to maximum 9

to get the maximal depth of imaging (10 um). % 0.4

Time-lapse images were acquired atarate of 5s =

within 60 min after dissection. g 0.2

Statistical analysis & AB40X1
Student’s ¢ test, unpaired and two-tailed, was o

used for significance analysis. Data were repre-
sented as mean = SEM.

Results

A accumulates intracellularly

and induces age-dependent

behavioral changes

The flight behavior of Drosophila is con-
trolled by the GF system, which consists of
a pair of giant fiber neurons. Each sends
one giant axon to the thorax to activate
different muscle fibers via two pathways:
the “monosynaptic” TTM pathway via an electrical synapse and
the disynaptic DLM pathway mediated by a peripherally synaps-
ing interneuron (PSI) and its cholinergic synapse (Fig. 1A). We
expressed the wild-type AP or its arctic form (E22G), which is
known to exhibit increased ability to aggregate (Nilsberth et al.,
2001), in neurons of the GF system and a subgroup of neurons
elsewhere in the adult Drosophila brain using the galactosidase-4
(Gal4)-UAS method. Four groups of AB flies were generated:
AB4rr ABarxi> ABuox1> and AB,,., expressing two and one
copy of wild-type AB,_,,, one copy of AB,_,,, and one copy of the
arctic form of AB,_,,, respectively. Pan-neuronal expression of
either wild-type or the arctic form of A, _,, produced intracellu-
lar accumulation of A, accelerated age-dependent decline of
mobility, and shortened the fly’s lifespan (Crowther et al., 2005).
Consistent with this finding, we found that expression of both
wild-type and the arctic form of AB, _,, resulted in the accumu-
lation in the soma and axon, as shown by immunostaining with
antibody against A, ;, (Fig. 1B). Behavioral analysis revealed

Figure 1.

0 10 20 30 40 . 50 60
Days after Eclosion

AB accumulates in the cell body and axon of neurons in the giant fiber system and causes age-dependent decline of
flight ability and early death. A4, A diagram of the GF system. Only half of the giant fiber system is drawn for clarity. B, Immuno-
staining of A3 in control (top left) and AB (top right) fly CNS. Note the A3 immunoreactive signal (indicated by red arrow) in the
nerve bundle of DLM motor neuron. The bottom s a higher amplification of the middle segment of ventral ganglionin the top right.
C, Age-dependent decline of flight ability in control and A3 flies. DLMn, DLM motor neuron; TTMn, TTM motor neuron. CTRL is
control flies containing only [Gal4]A307, [UASJAB ;55 », of [UAS]A B, transgene; the genotypes of AB,,5, ABuzsc1r ABaosc1s
and AB,,. are [Gal4]A307;[UASIAB . 5 [Gal4]A307;[UASIAB s 1 [Gal4]A307;[UASIAB 95 ;. and [Gal4]A307; [UASIAB .
respectively. n = 30 flies for each data point. D, Quantification of survival rate against age. n = 100 flies for each genotype.

that AP expression accelerated age-dependent decline of the
flight ability and shortened the lifespan (Fig. 1C,D). The decline
occurred first in flies expressing A3,,., followed in order by those
expressing ABy> w2 ABirxi> and AByw; (Fig. 1C), with the order
correlated with the aggregative abilities of these peptides found in
vitro (Murakami et al., 2002). These results indicate that A ex-
pression in a subgroup of Drosophila neurons had produced sig-
nificant behavioral defects. The specificity of the effect of AB; 4,
expression was shown by the finding that the flight ability of
AB,x flies was similar to that of control flies harboring only two
AB,_,, transgenes or only the Gal4 driver.

A expression causes age-dependent transmission failure

To investigate more directly AB-induced neuronal changes, we
first examined the neural transmission through the GF system in
vivo. Repetitive brain stimulation at 10 or 100 Hz (total of 50
stimuli) was used to activate the GF system, and evoked EJPs were
intracellularly recorded in DLM or in both DLM and TTM mus-
cle fibers. In control young flies (3—7 d), EJPs were reliably elic-
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Figure2. ABexpressionincreases age-dependent neurotransmission failure in the disynaptic DLM pathway. A, Representative

100 Hz brain stimulation-evoked DLM EJP recordings from control (CTRL) (left column) and A3, .., (right column) flies at different
ages. B, The percentage of successful DLM responses to 100 Hz brain stimulation against age in control and A 3-expressing flies.
n = 5flies for each data point. C, The percentage of successful responses against the sequential number of stimulus in the
titanic brain stimulation (100 Hz, 50 stimuli). Each data point represents the average of at least five A3, ., flies. D, Brain
and thorax 100 Hz stimulation-evoked DLM EJP recordings from a 14-d-old AB3,, fly. Note that neurotransmission failure
in brain stimulation-evoked EJP recording but not in thorax stimulation-evoked EJP recording. *p << 0.05, **p <0.01, and
***p < 0.001, respectively.
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Figure3.  AB expression enhances synaptic transmission fatigue. A, Representative compressed recording traces of DLM EJCs
from control (CTRL) (top) and A, . flies at age of 18 d (middle). The gray curved line on each trace is the fitting curve for the peak
points of EJCs 8-250. In the bottom row, the A3, EJC trace was scaled to and superimposed on the control EJC trace. B, C, The plots
of the first EJC peak amplitude (B) and fatigue rate (inverse of the decay constant 7 of EJC peak amplitudes) (€) against age. n =
5 flies for each data point. *p << 0.05 and ***p << 0.001, respectively.
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ited by each stimulus at a low stimulus
frequency of 10 Hz (success rate of 100%)
(supplemental Fig. 1A, available at www.
jneurosci.org as supplemental material)
for either the DLM or TTM pathway. Oc-
casional failure of eliciting EJPs appeared
during high-frequency stimulation (50
stimuli at 100 Hz) in the disynaptic DLM
pathway (Fig. 2A, B), and the average suc-
cess rate of neurotransmission declined
slightly with age during the subsequent
weeks (Fig. 24, B). In flies expressing var-
ious forms of AB, however, the success
rates of neurotransmission along the
DLM pathway declined much more rap-
idly with age, with the rate of decline in the
order of A, > APy > ABpxy >
AB,ox, (Fig. 2B). Furthermore, the fail-
ure of neurotransmission increased with
time during the period of 100 Hz stimula-
tion in both control and AB,,, flies of
different ages, with the AB,, flies exhib-
iting more rapid decline (Fig. 2C). Similar
findings were found for AB,,.-expressing
flies (data not shown). The synaptic fail-
ure under 10 Hz stimulation was slightly
different between aged control and
ABr o/ AB,, flies (supplemental Fig. 1 A,
available at www.jneurosci.org as supple-
mental material). This indicates that A
expression resulted in a higher susceptibil-
ity to use-dependent synaptic failure, pre-
sumably attributable to presynaptic fatigue
during high-frequency transmission.

In addition to the DLM pathway, we
also examined neurotransmission in the
“monosynaptic” TTM pathway in control
and Ap flies of different ages. In general,
success rate of transmission in the TTM
pathway was much higher than that of the
DLM pathway, with EJPs rather faithfully
evoked by 100 Hz stimulation in all young
flies, and the success rate of transmission
showed a similar small decline in aged
(>3 weeks) control and Af,,.,-expre-
ssing flies (supplemental Fig. 1B-D,
available at www.jneurosci.org as supple-
mental material). The lower sensitivity of
monosynaptic TTM than disynaptic DLM
pathway to AB disruption suggests that
the main effect of neurotransmission fail-
ure in A flies was a result of disruption of
central synapse between the PSI and mo-
tor neurons (Fig. 1A). This is further
supported by the finding that the trans-
mission failure along the DLM pathway
was characterized by the sudden disap-
pearance of EJPs that is consistent with
the failure of synaptic transmission be-
tween PSI and the motor axon, which is
mediated by axo-axonal cholinergic syn-
apse (Ikeda et al., 1980; King and Wyman,
1980). Furthermore, in six AR, flies
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(8—20 d), direct stimulation of motor ax- A
ons innervating DLM by placing the stim-
ulating electrode in the thorax was applied
after brain stimulation. As shown by ex-
ample recordings in Figure 2D, direct
stimulation of motor axons evoked 100%
successful EJP response in each fly,
whereas brain stimulation induced 39 *
12% successful EJP response ( p < 0.01).
Together, these findings indicate that A
expression induces an age-dependent
synaptic defect ata central synapse, result-
ing in neurotransmission failure in the GF
system.

AB expressed in our flies was fused to a
secretary signaling peptide; a portion of A
should have been secreted out of neurons,
although AB expression resulted in pre-
dominantly intracellular accumulation.
To investigate whether the induced neu-
rotransmission failure was mainly a result
of extracellular AB, we compared the de-
cline rate of neurotransmission along
the DLM pathway in flies with Af ex-
pression driven by P[Gal4]A307 with
that in flies with AB expression driven by
P[Gal4-elav.L]3. P[Gald—elav.L]3 is a
pan-neuronal expression driver that pre-
sumably should have produced more ex-
tracellular AB. In addition, to promote
more Af being targeted to plasma mem-
brane and secreted out to extracellular
space, we cultured flies at 23.5°C rather
than 28.5°C. The decline rate of neuro-
transmission in flies with arctic AB expres-
sion driven by P[Gal4]A307 was faster than
that in flies with arctic A3 expression driven
by P[Gal4—elav.L]3 (supplemental Fig. 5,
available at www.jneurosci.org as supple-
mental material). This result does not sup-
port that the induced transmission failure
was mainly attributable to extracellular AB.
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A expression causes age-dependent depletion of presynaptic mitochondria and synaptic vesicles. A, Representative

EM pictures of DLM motor neuron—DLM presynaptic sections from control (left), A3,,, (middle), and A3, (right) flies at ages

A expression causes age-dependent
presynaptic defects

Our finding that AB accumulates in DLM
motor neurons as well as PSI neurons is
consistent with the observation that both
cholinergic and glutamatergic synapses
were affected in AD brains. To further in-
vestigate the synaptic function of DLM neuromuscular synapses,
we performed TEVC recording of EJCs in the DLM fibers, in
response to electrical stimulation of motor axons at 10 or 100 Hz.
A train of 100 Hz stimuli (250 pulses, 0.4 ms in width) induced
EJCs that exhibited a progressive decay in the peak amplitude
with time, indicating synaptic fatigue in response to high-
frequency use. As shown by example recordings in Figure 3A, we
found that 18-d-old control fly exhibited a slower rate of synaptic
fatigue than that of AB,,, fly of the same age. The rate of syn-
aptic fatigue was quantified by the inverse of decay constant 7 of
the peak EJC amplitude (see Materials and Methods) and the
ratio of the amplitudes of the 100th EJC to the first EJC (supple-
mental Fig. 2, available at www.jneurosci.org as supplemental

of9d (top) and 21 d (middle and bottom). Note the reduced synaptic vesiclesin the A3, .. , and flies at the age of 21 d. * indicates
vacuole in mitochondria. mit, Mitochondria; AZ, active zone. Scale bar, 500 nm. B, Percentage of presynaptic sections with
morphologically normal mitochondria. C, Percentage of presynaptic sections with mitochondria exhibiting broken cristae or
vacuole (abnormal). Quantification of synaptic vesicles located within 150 nm of the active zone (RRP) (D) and 150 nm away
the AZ (RP) (E). Each data point represents the data of 40 —138 presynaptic sections from 5-10 flies. *p << 0.05, **p << 0.01,
and ***p < 0.001, respectively.

material). Whereas the peak amplitude of the first EJC evoked by
the stimulus showed a slight reduction with age in all flies (Fig.
3B), the increased rate of fatigue with age appeared much earlier
in AB,x, and AB,,. flies than control flies (Fig. 3C), with the
severity in the order of AB,,. > AB,,x, > control flies. We noted
that the increased synaptic fatigue appeared during the second
and fourth week in AB,,. and AB,,, flies, respectively, at ~1
week before the marked reduction in the survival rate (Fig. 1E).
In contrast to that found for 100 Hz stimulation, synaptic fatigue
was much lower during 10 Hz stimulation, and the age-
dependent changes in the fatigue rate were not significantly dif-
ferent between control and AP flies (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material). Thus,
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4A,B). Two groups of SVs were defined:
the readily releasable pool (RRP) located
within 150 nm from the active zone, and
the reserve pool (RP) located beyond 150
nm from the active zone. We measured
the frequency of the presence of mito-
chondria, the pool size of RP and RRP,
and the size distribution of SVs in the pre-
synaptic sections on the DLM fibers,
which were identified by the presence of
the active zone (Fig. 4A). We found that,
in 3 d young flies, all these parameters
were not significantly different between
control flies and ABy,w, or AB,,. flies,
suggesting no early developmental defects
caused by AB expression (Figs. 4 B-E, 5C).
By 9 d, there was a significant reduction in
the frequency of mitochondria found in
the presynaptic sections of both AB,,.,
and A, flies (Fig. 4C), without detect-
able change in synaptic vesicles (Figs. 4B,
5C). Interestingly, the reduction of pre-
synaptic mitochondria occurred before
the marked increase in synaptic fatigue,

E 310 3 days 10 9days 10 21 days as observed during 100 Hz stimulation
§ 08 08 08 of these NMJs in both AB,,«, and AB,,.
Bos 06 08 flies (Fig. 3). By 21 d, the mitochondria
04 04 04 number in both AB,,. and AB,,, flies
202 02 02 showed an additional decline (Fig. 4B).
% 00 00 00 The number of abnormal mitochondria
= 10 20 30 40 5 60 70 80 ™ 2 2 a0 20 70 80 N ) with vacuoles or broken cristae was
Vesicle Diameter(nm) Vesicle Diameter(nm) Vesicle Diameter(nm) slightly but significantly increased in both
AB and AB,,. flies (Fig. 4C). In addi-
3da == CTRL 9 da . 42X2 arc ©

F & 20 ys - ,:guxz s v ‘ s “ltays tion, both the pool size of RP and RRP was
S T e o significantly reduced in AB,,. and AB,, .,
@ flies (Fig. 4 D, E). Moreover, synaptic ves-

N 150 300 300 . .
© icles became more heterogeneous and sig-
E‘” = 0 nificantly increased in size by 21 d (Fig.
Ew 10 10 "4 5A-E). Interestingly, vacuoles are present
=z in presynaptic sections of AB,,., and
0345623456213456034552345";234560345623A5523456 ABarcﬂies(Fig.SB—D,F).However,the
toprea(om) tghrealrm) lghree() size of mitochondria as well as the presyn-
Figure 5. A expression increases the size and heterogeneity of synaptic vesicles and causes accumulation of presynaptic ~ 3Ptic terminal in the three groups of flies,

vacuoles in an age-dependent manner. Presynaptic sections from control (4), A, (C), and AB, . (B, D) flies at the age 0f 21 d.
The black arrowhead indicates the large synaptic vesicles, and * indicates the vacuole (diameter of >80 nm). E, Quantification and
accumulative probability of synaptic vesicle diameters at the age of 3,9, and 21 d. n = 600 — 800. F, The histogram of log value of
the area of vesicles and vacuoles in square nanomolar. Note the second peak (indicated by arrow) in A, flies at the age of 21d.

Scale bars, 200 nm.

presynaptic synaptic defect caused by A expression at these
neuromuscular junctions appears only during high-frequency
synaptic use. The defects of glutamatergic neuromuscular trans-
mission is consistent with that found at PSI-motor axon syn-
apses, although the presynaptic defect at the latter was revealed by
the failure of evoked action potential in the motor axon.

A expression induces age-dependent presynaptic

structural changes

Structural changes that may account for the presynaptic dys-
function at DLM neuromuscular junctions were further stud-
ied by using EM. We examined presynaptic organelles, including
mitochondria and synaptic vesicles (SVs) (diameter of 25-80
nm) in control, AB,,w», and AB,. ., flies of different ages (Fig.

as estimated by their average area in
the section, was not significantly different
at any one of the three ages (supplemental
Fig. 4, available at www.jneurosci.org as
supplemental material).

GFP labeling of presynaptic mitochondria

To confirm the loss of presynaptic mitochondria caused by neu-
ronal AP expression, we expressed in the giant fiber system of
control and A, flies a construct encoding a mito-GFP fusion
protein, which is specifically targeted to mitochondria (Pilling et
al., 2006). The mito-GFP puncta in DLM motor nerve terminals
and preterminal regions in both Af,,. and control flies were im-
aged with confocal microscopy at different ages (Fig. 6 A). At each
age, the density of mito-GFP puncta in AB,, ., flies was deter-
mined and normalized to that observed in control flies of the
same age. We found that, consistent with the age-dependent de-
pletion of presynaptic mitochondria in the EM study (Fig. 4), the
DLM motor nerve terminals and preterminal regions in Af,,.
flies exhibited an age-dependent reduction in the density of mito-
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GFP puncta (Fig. 6 A, B), with significant
reduction of mito-GFP density in Af,,.
flies observed at the age of 9 d.

Ap expression reduces

axonal mitochondria

To test whether the age-dependent deple-
tion of presynaptic mitochondria in Af
flies could be attributable to an accumula-
tion of mitochondria in the axon, we ex-
amined the cross sections of the proximal
half segment of the axons of five DLM
motor neurons in both control and AS,,.
flies at age of 21 d with EM. As reported
previously (Ikeda et al., 1980; King and
Wyman, 1980), the distal axonal segment
of the PSI interneuron synapses on and is
surrounded by the proximal axonal seg-
ments of five DLM motor neurons; the
diameters of the axons of the five DLM
motor neuron are ~2-5 um (Fig. 7A). We
quantified the number and size of mito-
chondria in control (n = 8) and AB,,.
(n = 7) flies. The size of mitochondria was
estimated by the area of mitochondria in
the section. From each fly, 620 cross sec-
tions of DLM motor neuron axon bundle
were used to obtain the average of mito-
chondria number per axonal section and
mitochondria area. The averages of each
fly were used to obtain the means for the
each genotype. A total of 385 axonal sec-
tions in control and 280 in AB,,. flies and
3299 mitochondria in control and 1071 in
AB,,. flies were examined. Surprisingly,
we found that the mean mitochondria
number was markedly reduced in A,
flies (3.7 £ 0.6, n = 7 vs 7.5 * 0.6 in
control, n = 8, p < 0.001), whereas the
mean mitochondria area was significantly
increased (89527 * 14237 nm? n = 7 vs
51774 * 5837 nm? in control, n = 8, p <
0.05), as shown by example sections in
Figure 7, suggesting a defect in mitochon-
dria fission.

A expression slows axonal transport
of mitochondria

Impairment of axonal transport has been
implicated in neurodegenerative diseases,
including AD. To investigate whether the
depletion of presynaptic and axonal mito-
chondria was attributable to defective
axonal transport of mitochondria, we
conducted live cell time-lapse imaging us-
ing confocal microscopy in dissected flies
expressing mito-GFP. To highlight the
motile GFP-labeled mitochondria, pho-
tobleaching was applied to a 50 wm seg-
ment of DLM axon. Individual motile
GFP-labeled mitochondria were identi-
fied using kymographs, and their moving
velocity was quantified. As reported pre-

Zhao et al.  AB-Induced Age-Dependent Presynaptic and Axonal Alterations

V¥ Mito-GEP

vy)

Normalized Densi
o i
[$) ]

o
2

3 6 9 12 15 18 21 24
Days after Eclosion

Figure6. Quantification of GFP-labeled presynaptic mitochondria. A, Representative images of mito-GFP puncta in control and
A, flies at the ages of 6 and 21 d. In control flies (CTRL), only mito-GFP was expressed in the giant fiber system by using the
P[Gal4]A307;in A, flies, both AB, . and mito-GFP were expressed. The mitochondrial clusters were revealed by the mito-GFP
puncta. Mito-GFP puncta in the nerve terminals and preterminal regions were collected by Z-stack imaging at the step of 1 um
with a confocal microscopy. The numbers 1-4 indicate the four DLM muscle cells. Scale bar, 50 pum. B, Quantification of the
normalized densities of mito-GFP puncta in both control and AB, flies at different ages. At each stage of age, a standard image of
mito-GFP puncta in a control fly was taken, and the density of its mito-GFP puncta was used for normalizing the densities of
mito-GFP punctain therest control flies and A 3, flies. The histograms represent the mean of the normalized densities at different
ages. For each data point, the nis between 7 and 12. *p << 0.05, **p < 0.01, and ***p << 0.001, respectively.

Figure 7.  A[ expression reduces the number but increases the size of axonal mitochondria in aged flies. Representative cross
sections of DLM motor neuron (DLMN) axons from control (4) and A3, (B) flies at the age of 21 d. Scale bars, 2 um.
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S secretary signaling peptide. Presumably,
12 5*0'8' 14-20 days A should have been secreted out of neu-
10 8 0.6 g rons. However, in the culture of Drosoph-
;’ ) o e ila S2 cells transfected with the same
£ 044 5 recombinant DNA, AP was predomi-
-3 nantly retained within the cells with barely
@ 2 &2 detectable level in the medium; particu-
S E 0 . [_ _I I_!_l larly, the arctic mutant A3 was only found
o Ay ACTRLR AB R in the cell lysate (Crowther et al., 2005,
arc their Fig. 2b). When expressed in neurons
Figure 8. A expression causes age-dependent slow down of axonal transport of mitochondria. A, Kymograph showing the of flies, A predominantly accumulated

motility of axonal mitochondria labeled with GFP in control (CTRL) and A3, flies at the age of 20 d. Rand Aindicate retrograde and
anterograde transport, respectively. Scale bars, 10 wm. B, Quantification of the velocity of moving axonal mitochondria in
controland A3, flies at the stages of age 3— 6, 7-10, and 14 -20 d. The number of flies of each genotype at each age stage

is 3—5. **p < 0.01 and ***p < 0.001, respectively.

viously, those motile GFP-labeled mitochondria migrated either
to or away from the soma without change in moving direction, at
least in the photobleached segment and during the period of
imaging (Pilling et al., 2006) (Fig. 8 A). At the ages of 3-6 and
7-10 d, the velocity of both anterograde and retrograde transport
of GFP-labeled mitochondria was not different between AS,,.
and control flies (Fig. 8 B). At the age of 12-20 d, both antero-
grade and retrograde transport of mitochondria in AB,,. flies
were significantly reduced when compared with those in control
flies. Interestingly, the amount of reduction was similar in both
directions, 46.5% in anterograde vs 50.7% in retrograde (Fig.
8 B), indicating no obviously imbalanced anterograde and ret-
rograde transport of mitochondria in Af,,. flies. Note that the
reduction of transport of axonal mitochondria occurred after
the depletion of presynaptic mitochondria (Fig. 4).

Discussion

By expressing Af in the GF system in Drosophila with a tissue-
specific driver, we generated an AD model for investigating age-
dependent alterations of synaptic function and ultrastructure at
the identified single-neuron level. We found that A3 accumulates
in the neuronal soma and axon in the GF system. A expression
caused age-dependent reduction of flight ability and early death
and a range of age-dependent functional and structural changes

within neurons, at least before the death
of those neurons (Crowther et al., 2005;
present study). Thus, the A expression-
induced early loss of presynaptic mito-
chondria in the present study might be
mainly attributable to the intraneuronal
A. It is unlikely mainly attributable to extracellular A because
flies expressing wild-type AB, which presumably had more extra-
cellular AB, exhibited less loss of mitochondria and less severe
presynaptic defect than flies expressing arctic mutant Af3. More-
over, we expressed Af in flies with a pan-neuronal driver. In
those flies, which presumably had more extracellular AB, the
neurotransmission failure along the DLM pathway occurred
later and was less severe than that in flies with A expression
driven by P[Gal4]A307. This result further suggests that AB
expression-induced loss of mitochondria and presynaptic de-
fects were not mainly attributable to extracellular ApB.
Intracellular AB accumulation occurs early in AD patients and
mice and is localized in endosomes, lysosomes, multi-vesicular
body, and mitochondria (Lustbader et al., 2004; Gouras et al.,
2005; Manczak et al., 2006; LaFerla et al., 2007). AB produces
multiple phenotypes by binding to proteins in mitochondria,
including changes in the release of reactive oxygen species (ROS),
Ca** buffering, cytochrome c activity, and mitochondria mor-
phology (Lustbader et al., 2004; Du et al., 2008). Eliminating
these proteins or blocking their binding to AB prevents or mini-
mizes pathological change and cognitive deficits in AD mice
(Lustbader et al., 2004; Du et al., 2008). These findings indicate
that mitochondria is a major target for AB, and disruption of
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mitochondria function is a major component or mechanism of
AD pathogenesis. Accumulation of A3 at presynaptic mitochon-
dria may disrupt synaptic function by disrupting presynaptic
mitochondria function (Reddy and Beal, 2008). Our data dem-
onstrate that A accumulation reduces presynaptic mitochon-
dria number, indicating that lack of mitochondria might be a
major cause of AB-induced presynaptic deficit.

The depletion of presynaptic mitochondria could be attribut-
able to a reduced transport of mitochondria or to a global reduc-
tion of mitochondria in the neuron. AB oligomerization along
axonal microtubules has been found in AD patients and mice
(Wirths et al., 2002, 2007; Takahashi et al., 2004). In our A flies,
A was found to be localized in the axons of presynaptic termi-
nals with mitochondria depletion (Fig. 1B). Axonal Af could
disrupt axonal transport of mitochondria. Indeed, axonal trans-
port of mitochondria was significantly reduced in the aged A
flies. However, the early depletion of presynaptic mitochondria
in A flies could not be ascribed to the reduction of anterograde
transport because of two reasons. The first is that the depletion of
presynaptic mitochondria occurred before the change of axonal
transport of mitochondria. The second is that not only the an-
terograde but also the retrograde transport of mitochondria was
reduced in A flies, and the ratio of the anterograde to the retro-
grade velocity is similar to that in control flies, indicating no
unbalanced axonal transport of mitochondria. Therefore, the de-
pletion of presynaptic mitochondria could be attributable to an-
other reason. Each DLM motor neuron has a soma of 10-20 pwm,
a long axonal truck of ~2 um in diameter, and thousands of
presynaptic terminals of 1-2 uwm in diameter (Ikeda et al., 1980;
Huang et al., 2006). The volume of the sum of axonal and pre-
synaptic terminals is much bigger than the volume of the soma.
Thus, the remarkable reduction of mitochondria number in the
axon and presynaptic regions indicates a global depletion of mi-
tochondria in the DLM motor neuron. In support of this, the
mitochondria number in the soma of neurons in AD patients is
also significantly reduced (Hirai et al., 2001). Global reduction of
mitochondria in the neuron could be attributable to a decrease in
mitochondria biogenesis or an increase of mitochondria turn-
over. The decrease in number and increase in size of somatic and
axonal mitochondria suggest an impairment of mitochondria
fission, a critical process for mitochondria biogenesis.

The size of mitochondria in the proximal axon (diameter of
2-5 wm) of DLM motor neuron was significantly increased in
aged A flies. This is consistent with the finding in AD patients, in
which the size of mitochondria in the soma of neurons is signif-
icantly increased (Hirai et al., 2001). However, the mitochondria
size in the presynaptic terminals in A flies at the three examined
ages was not significantly changed. This might be attributable to
two reasons. The first is that the size and shape of mitochondria in
neurons vary widely and depend on its location in neurons, such
as soma, axon, and dendrites. The second is that big mitochon-
dria might be prevented to transport into relatively much smaller
presynaptic terminals with even smaller upstream axon segment.

Mitochondria are the source of ATP and the major or-
ganelle for Ca*" storage in the presynaptic terminal. Mitochon-
drial ATP is required for mobilizing SV from the RP during intense
electrical stimulation in Drosophila (Verstreken et al., 2005). In
addition, the replenishment of RP SVs depends on the internal Ca**
release (Kuromi and Kidokoro, 2002). Thus, both mobilization and
replenishment of SVs may be reduced by mitochondria depletion in
AP flies, leading to the susceptibility to activity-induced synaptic
fatigue and neural transmission failure in the polysynaptic path-
way. Moreover, SV depletion in the presynaptic terminal in aged
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A flies may also result from the marked reduction of mitochon-
dria in the axon, because anterograde SV transport requires ATP
(Schroer et al., 1985; Llinas et al., 1989). Finally, ATP is required
for other processes in the transmitter secretion machinery. The
disassembly of ternary cis-SNAREs complex (Sollner et al., 1993),
which demands high ATP consumption during high-frequency
transmission, could be impaired in AB-expressing flies attribut-
able to presynaptic mitochondria depletion. Endocytic, autoph-
agic, and lysosomal activities are high in synapses and along the
axon (Nixon et al., 2008). A decrease in retrograde axonal trans-
port caused by mitochondrial depletion could result in an accu-
mulation of autophagic vacuoles and pre-lysosomes in the
presynaptic terminal, which might contribute to the accumula-
tion of large vacuoles in our aged A flies.

Significant depletion of presynaptic mitochondria oc-
curred before obvious changes in synaptic transmission and
other synaptic ultrastructure in A flies. This phenomena is
reminiscent of the dramatic mitochondria dysfunction/ATP
reduction that occurs 2—3 months before neuritic degenera-
tion in AD mice (Blanchard et al., 2003; Eckert et al., 2008;
Hauptmann et al., 2009) and the metabolic decline (glucoses
utility and oxygen consumption) in nondemented individuals
genetically at risk for AD (Bookheimer et al., 2000; Small et al.,
2000). Thus, although ATP reduction could be a consequence
of mitochondria dysfunction associated with neurodegenera-
tion (Lustbader et al., 2004; Yan and Stern, 2005; Lin and Beal,
2006; Du et al., 2008), it could also be prerequisite for the AB
accumulation-induced neuropathological changes. Indeed, AB-
induced neurotoxicity in primary culture neurons correlates with
the basal ATP level of the cell before AB application (Simakova
and Arispe, 2007).

Together, we generated an AD model for investigating age-
dependent alterations of axonal and presynaptic function and
ultrastructure induced by accumulation of AB at the identified
single-neuron level. Accumulation of AB may inhibit mitochon-
dria fission and in turn mitochondria biogenesis, leading to a
range of age-dependent changes in the function and structure of
both axon and presynaptic terminal. Therefore, our finding may
uncover a new major component or cellular mechanism of AD
pathogenesis.
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