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Abstract

Distal neuronal terminals may be the site of apoptotic events and early synapse loss in neurodegenerative disease. To examine apoptosi
in synaptic regions, we established a cell-free assay using a rat brain crude synaptosomal preparation (P-2 fraction) as a model system. The
apoptosis marker annexin-V was used to measure phosphatidylserine (PS) exposure, and to ensure that only intact terminals were assaye
synaptosomes were dual labeled with a viability marker (calcein AM). Fluorescence was quantified by flow cytometry analysis. Annexin-V
labeling increased rapidly in synaptosomes, following a 1 min incubation with staurosporine. However, increased caspase-3-like activity
was not measured until 30 min with a fluorometric assay. The addition of a peptide inhibitor of caspase-3-like activity (Ac-DEVD-CHO)
during homogenization was not able to block the initial increase in annexin labeling, but resulted in a partial blockade of annexin labeling
after 30 min. These data demonstrate that PS externalization and caspase activation occur rapidly in this widely used neurochemical
preparation.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction ternalized PS residues and has been widely used to detect
early apoptosis in a number of model systems. PS external-
The idea that neurons die via apoptosis in neurodegen-ization is usually considered to be a downstream event of
erative diseases is an attractive premiSastry and Rao, caspase activatiorvgn Engeland et al., 1998However, it
2000, in part because apoptotic cell death avoids the in- is interesting to note that in platelet activation, which shares
flammation that results from the leakage of cell contents some features in common with apoptosis, the loss of mem-
with necrotic cell death. The signal transduction mecha- brane asymmetry is caspase-independéfaif(et al., 1999,
nisms involved in the initiation of apoptosis are not clearly Brown et al., 2000
understood and vary between experimental systems; how- Demonstration of the central role of the caspases in the
ever, activation of the caspases and externalization of phos-cellular apoptosis pathways has relied in part on a number
phatidylserine (PS) residues in the cell membrane appear toof in vitro systems that include annucleate cytoplasts and
be early events in programmed cell death in most systemscell free systems in which lysates from apoptotic cells are
(Stennicke and Salvesen, 1998; van Engeland et al.,)1998 applied to intact cells or isolated nuclétfow et al., 1995
Phospholipid asymmetry is maintained by aminophospho- Mattson et al., 1998a,b; Ellerby et al., 199We have de-
lipid translocase in viable cells; PS exposure that results veloped methods for analysis of in vitro nerve terminals
when asymmetry is lost is thought to trigger phagocytosis using a synaptosome preparation in order to study mecha-
(Tang et al., 1996; Fadeel et al., 199Fhe phospholipid nisms related to synapse loss, which is a key early event
binding protein annexin-V binds with high affinity to ex- in Alzheimer’s diseaseMasliah et al., 1994; Mucke et al.,
2000. By labeling with annexin-V and a viability marker
- (calcein AM) prior to flow cytometry (fluorescence-activated
_Abbreviations: _P—2, crude synaptc_)somal fraction; FACS, quoresc_ence cell sorting; FACS), annexin-V labeling can be measured
activated cell sorting; KRP, Krebs-Ringer phosphate buffer; P1, propidium 544 o+ synaptosomes. This assay is analogous to standard
iodide; PS, phosphatidylserine . oY
* Corresponding author. Tek:1-310-206-3840; faxi-1-310-206-3241.  methods for detecting apoptosis in intact cellerfnes et al.,
E-mail address: kgylys@sonnet.ucla.edu (K.H. Gylys). 1995; Schmid et al., 1994In this study, we demonstrate
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that both PS externalization and caspase activation occurthe KRP buffer during incubations. Purified synaptosomes

within 30 min in synaptosomes.

2. Experimental procedures
2.1. Materials

Annexin-V-phycoerythrin (PE) was obtained from
Pharmingen (San Diego, CA) and calcein acetoxymethyl
ester (calcein AM) was obtained from Molecular Probes,
San Diego, CA). Ac-YVAD-CHO and Ac-DEVD-CHO
were obtained from Anaspec (San Jose, CA) and Kamiya
Biomedical, respectively. Other reagents and protease in-
hibitors were obtained from Sigma.

2.2. Caspase activity

Caspase activity was measured using the flurometric Cas-

pACE Assay System, (Promega, Madison, WI). Aliquots
of the crude synaptosomal preparation (P-2 fraction) were
resuspended in cell lysis buffer (25 mM HEPES (pH 7.5),
5mM MgCl;, 5mM DTT, 5mM EDTA, 2mM PMSF,
10pg/ml leupeptin and 10.g ml pepstatin) and subjected
to four freeze—thaw cycles. Cell lysates (408 protein per
samples) were then incubated with and withoups0 in-
hibitor (Ac-YVAD-CHO for caspase-1 or Ac-DEVD-CHO
for caspase-3) for 30 min at 3C prior to addition of 5QuM
substrate (Ac-YVAD-AMC for caspase-1 and Ac-DEVD-

were isolated on a Percoll gradient according to a modi-
fication of previously described rapid methodagy and
Delgado-Escueta, 1984Briefly, the P-2 was layered onto

a step gradient containing 4 ml each of 16, 10 and 6% Per-
coll (diluted in 0.32 M sucrose, pH 7.4), centrifuged (5 min,
32,000x g); and the purified synaptosomes were collected
from the 10/16 (%) interface.

2.4. Dye labeling

Aliquots of P-2 were suspended in KRP buffer with and
without staurosporine and incubated for the indicated time
at 32°C; untreated P-2 samples were maintained in KRP on
ice until labeled. For dye labeling, dye diluted in KRP buffer
was added to 5-140I aliquots of P-2 (total volume 0.1 ml),
incubated for 10 min at 4C, then diluted in 0.5 ml PBS for
immediate flow cytometry analysis. For calcein AM, final
dye concentration was 0.02 nM, and for annexin-V-PE final
concentration was 150 ng/ml.

2.5. Flow cytometry

Flow cytometry was performed with a FACS 440
(Becton-Dickinson, Mountain View, CA) using a 488 nm
argon ion laser. P-2 particle fluorescence was analyzed
with logarithmic amplifiers set for four log decades. Sam-
ple flow rate was approximately 3000 events per second,;

measured in a Cytofluor Il fluorescence reader at an excita-0/d was set on forward light scatter (channel 42) to exclude
tion wavelength of 360 nm and an emission wavelength of debris. Analysis was performed using FCS Express soft-

460 nm. Proteins were measured using Pierce BCA reagentsWare (DeNovo software, Ont., Canada). A studettest

2.3. P-2 preparation

The P-2 fraction was prepared as described previously
(Weiler et al., 198}, briefly, adult male Sprague—Dawley

for independent observations was used for all comparisons.

3. Results

rats were decapitated and brains (minus cerebellum) were3.1. Flow cytometry synaptosis assay

rapidly removed and placed in 10vol. of ice cold 0.32M
Tris buffer (pH 7.4) with protease inhibitors (2 mM EGTA,
2mM EDTA, 0.2mM PMSF, 4.g/ml leupeptin, 4ug/ml
pepstatin, fwg/ml aprotinin, 2Qug/ml trypsin 1). The tis-

Crude synaptosomes are a heterogenous preparation con-
taining free mitochondria, myelin, and membrane fragments
in addition to functional and intact nerve terminals, and it

sue was homogenized in a teflon/glass homogenizer (clear-s critical to exclude contaminants from data analysis when
ance 0.1-0.15mm) by eight gentle up and down strokes atusing this preparation. Our previous characterizat®ylys

800 rpm. The homogenate was spun at 209@or 10 min to

et al., 2000 has shown that drawing an analysis gate on the

remove nuclei and cell debris. The resulting supernatant waslargest particles (greater thamuin based on size standards)

centrifuged at 10,000 g for 20 min to obtain the crude synap-
tosomal pellet or P-2. The final pellet was washed with 2 ml
of Krebs—Ringer phosphate buffer (KRP; 118 mM NacCl,
5mM KCI, 4mM MgSQ;,, 1mM CaCh, 1 mM KH2PQy,
16 mM sodium phosphate buffer (pH 7.4), and 10 mM glu-
cose) and centrifuged (4 min, 2080g, 4°C) before resus-
pension in KRP for incubations.

For experiments with caspase inhibitors, inhibitors were
added to the sucrose during initial homogenization and to

excludes most contaminants and results in focus on a popu-
lation that is more than 90% neuronal (SNAP-25-positive).
In addition, because PS exposure occurs in necrosis, it is
essential for apoptosis assays to discriminate between the
cell or particles with an intact membrane, and to measure
annexin-V staining only in the intact cells. Our method uses
calcein AM as a viability marker. Thus, apoptotic synap-
tosomal particle are dual-labeled, positive for both calcein
AM and annexin-V.
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Fig. 1. Quadrant analysis from flow cytometry apoptosis assay for synaptosomes. Representative density plot showing calcein AM fluorescence vs.
annexin-V fluorescence for large synaptosomal particles (data was collected for 20,000 particles from each sample, 10,000 events are plutie@). Perc

of total particles is shown for each quadrant; particles positive for both markers are in upper right quadrant. (A) distribution of unstainedr®idmrep

(B) untreated P-2 dual-labeled for annexin and calcein AM; (C) dual-labeled P-2 preparation following 30 min incubation in KRP, §b32ual-labeled

P-2 preparation following 30 min incubation with 100 nM staurosporine &C3No increase in annexin-V labeling was observed when gradient-purified
synaptosomes were incubated with KRP buffer (E) or staurosporine (F).

Only the largest particles are included in the analysis. synaptosomes in KRP buffer and the pro-apoptotic protein
Fig. 1shows a representative annexin-V/calcein plot for the kinase C inhibitor staurosporine (QuM; 32 °C incubation).
crude synaptosomal preparation. The unstained P-2 fractionAnnexin-V labeling does not increase above the level seen
is shown inFig. 1A and Bshows the bivariate distribution in untreated tissue when synaptosomes are first purified on
of double-labeled particles in the untreated P-2. The uppera Percoll density gradienfFi{g. 1E and [, even though in
right quadrant contains particles that the ‘apoptotic,” posi- both preparations, greater than 90% of the large particles are
tive for both annexin-V and calcein AMrigs. 1C and D calcein AM-positive (upper and lower right quadrants com-
show an increase, greater than twofold, in the percentage ofbined). Gradient purification requires at least one extra hour
‘apoptotic’ particles resulting from incubation of the crude and additional manipulation; the absence of an annexin-V
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in the P-2 fraction. At the beginning of the experiment, 20%
(£2.2) of the intact particles are positive for annexin-V; this
percentage increases twofold after 1 min by staurosporine
treatment (0.JuM), to 43% *1.49). When synaptosomes
are incubated in KRP buffer, annexin labeling increases to
35% (+0.81); the increase by staurosporine compared to
buffer is significant following a 1 min incubatiorP(< 0.05
compared to buffer treatment), but not at subsequent time
points. The failure of staurosporine treatment to signif-
icantly increase ‘apoptosis’ levels above buffer controls
after 1 min was surprising and indicates that activation of
the pathway leading to phosphatidylserine exposure hap-
——Dbuffer pens every early even in untreated synaptomes. Increasing
the staurosporine concentration to 300 nM did not result in

(=23
o
4.

% double labeled (annexin + calcein AM)

Sts any significant change in the annexin-V/calcein AM results
0 : » ' : : , (data not shown).
0 5 10 15 20 25 30
treatment time (min,32°C) 3.3. Caspase-3-like activity is increased in synaptosomes

Fig. 2. Time course for production of ‘apoptotic’ (double-labeled) par- . . . .
ticles. Crude synaptosomes were treated for the time shown with either 1 N€ precise ordering of very early events in apoptosis is

KRP buffer or staurosporine (Sts), then labeled with annexin-V and cal- unclear and may vary between experimental syst&nsegn
cein AM for flow cytometry analysis. For each sample, data was collected and Kroemer, 1998 however, PS externalization is thought
ifro:‘ rzn%gro% par“g'rersi iﬂtthe almtszsesrsgv%e%perlcelg‘;"’t‘nge(’?rtc’)'ﬁ"fobi'ed to be a downstream event of early caspase activatian (
izdeupendent lésgerimgézntsq.uThe symbsg) (ndicaﬂesP < 0.05 compar:d EnQEIa_nd et al., 1998therefore CaSpase activity was mea-
to untreated P-2. sured in our synaptosome system with a fluorometric as-
say. Fig. 3 shows that neither caspase-Fig. 3A) nor
caspase-3-like activityHig. 3B) was increased after 5 min,
increase in purified synaptosomes likely results from loss of pyt caspase-3-like activity was significantly increased after
V|ab|||ty that occurs during the additional iSOlation Steps. 30 min. Consistent with the annexin_v ﬂow-cytometry ana|_
yses (Fig. 2), treatment with staurosporine (@©M) does
3.2. The number of annexin-V-positive synaptosomes not result in a significant increase in caspase activity com-
increases rapidly pared with buffer treated controls. At the concentration of
substrate used (50M), caspase activity measures include
Fig. 2 shows the time course for the production of caspase-4 and caspase-7 activiyefinicke and Salvesen,
annexin-V-positive synaptosomes. Data are from flow cyto- 1998; however, only caspase-3 has been detected in rat brain
metric analysis, as described above, of the largest particels(Shimohama et al., 2001
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Fig. 3. Direct measurement of caspase activity in crude synaptosomes prepared from rat brain measured by fluorometric assay. Caspase asthéty is expr
as relative fluorescence units (RFU). (A) Time course of caspase-1-like activity with Ac-YVAD-AMC as substrate. Crude synaptosomes were treated
for the time shown with either KRP buffer or staurosporine (Sts). (B) Caspase-3-like activity measured by fluorometric assay with Ac-DEVD-AMC as
substrate. Data are from four independent experiments. The symfasd é+) indicate P < 0.05 and 0.01, respectively, compared to caspase activity
measured at time O.
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Fig. 4. Blockade of increased annexin fluorescence by inhibition of
caspase-3-like activity. Crude synaptosomes were treated with either KRP
buffer or in the presence and absence Ac-DEVD-CHO, then labeled with
annexin-V and calcein AM for flow cytometry analysis. Annexin fluores-
cence is expressed as relative fluoresence units (RFU). Data are from four
independent experiments. The symbe) {ndicatesP < 0.05 compared

to annexin-V increase by staurosporine alone.

3.4. Increased annexin-V labeling is blocked by caspase
inhibition

ernational 44 (2004) 125-131 129
demonstrate rapid kinetics for the appearance of annexin-V
labeling and caspase activation in synaptosomal membranes
in this widely used in vitro neurochemical preparation.

A physiologic role for PS externalization in terminal re-
gions is suggested by the visualization of annexin-V fluo-
rescence accompanied by blebbing and caspase activation
in the neurites of hippocampal neuron cultures exposed to
amyloid{3 protein (A3)25-35, (Ivins et al., 1998; Cole et al.,
1999, and the speed with which loss of membrane asymme-
try and caspase activation occur reveals a potential for rapid
terminal responses to toxic insults. However, it is important
to note that the relationship of the present observations to in
vivo neurodegeneration is not yet clear. Historically, cell-free
systems have generated useful knowledge about the machin-
ery of apoptosis. For example, in programmed cell death
studies using annucleate cytoplasts, mitochondrial-mediated
activation of apoptosis and bcl-2 protection from apopto-
sis have been shown to occur in the absence of a nucleus
(Jacobson et al., 1994; Ellerby et al., 1997

Although the difference was significant at 1 min, the gen-
eral lack of a staurosporine effect compared to buffer was
unexpected, and suggests that homogenization results in ac-
tivation of both necrotic and apoptotic protease cascades.
Previously, apoptotic cell death was hypothesized to occur
in neurodegenerative diseases, with necrotic death occurring
in cerebral ischemia, traumatic brain injury and spinal-cord
injury. However, entry into necrosis versus apoptosis path-

The relationship between PS exposure and caspase acways has been shown to depend on the intensity of the insult,

tivation was further examined by addition of a caspase w

inhibitor during synaptosome preparatiofig. 4 shows
the effects of Ac-DEVD-CHO, a peptide developed as a
caspase-3 inhibitor, on the increase in annexin-V staining in
the presence of staurosporine or buffer incubation &C32
Caspase inhibition resulted in a partial blockade of the in-
crease in annexin-V staining after 30 min incubation with
staurosporineHig. 4); the relative fluorescence (RFU) was
decreased from 11.8+1.8) to 6.7 ¢1.6) by the DEVD
peptide. This difference is statistically significant compared
to treatment with staurosporine along £ 0.03). Decreased
annexin-V staining by Ac-DEVD-CHO was observed af-
ter 5min, but this trend did not reach significance, and
inhibition of caspase-1 activity with the Ac-YVAD-CHO
peptide did not affect annexin-V labeling at early time

ith apoptosis predominating when an excitotoxic stimulus
is mild (Bonfoco et al., 1996 More recently, based in part
on substrate similarities, overlapping necrotic and apoptotic
pathways have also been proposed to contribute to neurode-
generative cell deatiNang, 200). The potential for com-
bination therapy suggested by this hypothesis is supported
by evidence that calpain and caspase inhibitor have additive
neuroprotective effectdNath et al., 1996; Pike et al., 1998
Further support for the hypothesis that necrotic pathways are
activated in synaptosomes is found in recent results showing
that synaptosomes are protected from in vitro lysis by both
calpain and caspase inhibitio&ylys et al., 2002

The finding that the early rise in annexin-V-positive par-
ticles could not be demonstrated reliably in purified synap-
tosomes may be related to increased integrity of the P-2

points. Taken together with the results of the caspase assayelative to a gradient-purified preparation, which requires

the time-course of caspase activation and their inhibitory

effects are consistent with caspase activation that follows t

PS externalization in the synaptosome preparation.

4, Discussion

extra time, manipulation and, in some protocols, exposure
o hypertonic gradients. This explanation is supported by
evidence that glutamic acid and high affinity choline up-
take become labile and drop after 8—12 min of incubation
(Wheeler, 1978; Jope and Jenden, 1)90h the other hand,
synaptosomes have been described as stable for up to 6h

without deterioration in ATP level, ion gradients, or neu-

Initial apoptotic events in neurodegeneration may occur
in axonal, dendritic, or synaptic compartments far removed

from the cell body, and may contribute to synapse loss be-e

rotransmitter releaseN{cholls, 1993, and previous exam-
inations of caspase activity using synaptosomdat{son
t al., 1998a,p and cell-free cytosolic extractsElerby

fore measurable cell death has occurred. The experimentset al., 1997, showed increases with a time course of hours

described use flow cytometry analysis with annexin-V to

rather than min. The functional integrity of synaptosomal
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preparations is not usually assessed, and despite discrepanmmetry may precede caspase activation in this preparation.

cies within the literature regarding viability of synaptosomal The present results demonstrate that the sensitivity of flow

preparations, use of the P-2 offers the advantages of shortecytometric analyses can reveal rapid changes previously un-

preparation and time and greater tissue yield in addition to detected in synaptosomes. Because synaptosomes contain

a shorter post-mortem interval. mitochondria, which play a significant role in the initiation
PS exposure does not occur with apoptosis in all cell of apoptosis, future studies in this model system may illu-

types; however, when PS exposure occurs, it is downstreamminate the sequence of events in apoptosis and reveal dif-

of caspase activatiofN@ito et al., 1997; Fadeel et al., 1999; ferences between nerve terminals and intact neurons in the

van Engeland et al., 1998The lack of a significantincrease pathways leading to degeneration.

in caspase-3-like activation before 30 min with the fluoro-

metric assay in the present results is consistent with the

explanation that PS externalization precedes caspase actiAcknowledgements

vation. However, our experiments with Ac-DEVD-CHO in-

hibitors suggest a trend for blockade of annexin labeling af-  This work was supported by NIA AG13741 to GMC and
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