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Methods were developed for the analysis and isolation of 
striatal nerve terminals (synaptosomes) using fluorescence- 
activated cell sorting (FACS). Comparison of the light-scat- 
tering properties of synaptosomal and mitochondrial frac- 
tions indicated that particles in the synaptosomal fraction 
were generally larger and more sensitive to hypotonic lysis, 
consistent with results obtained by other methods of anal- 
ysis. FACS analysis using indirect immunofluorescence 
techniques indicated that approximately 84% of the syn- 
aptosomal fraction was labeled by monoclonal antibody 
(mAb) A2B5 and thus appeared to be of neuronal origin. After 
permeabilization, between 5 and 10% of the particles were 
labeled by a mAb to glial fibrillary acidic protein, suggesting 
that they were derived from astrocytes. A fluorescent volt- 
age-sensitive dye (VSD) was used to distinguish intact syn- 
aptosomes from free mitochondria (only the former maintain 
a membrane potential under the present experimental con- 
ditions). Approximately 83% of the synaptosomal fraction 
exhibited increased fluorescence after incubation with the 
VSD; furthermore, the fluorescence signal decreased in re- 
sponse to depolarizing agents (elevated potassium and ve- 
ratridine). A portion of the mitochondrial fraction responded 
similarly, consistent with the presence of contaminating syn- 
aptosomes. Analysis of synaptosomal labeling by 11 fluo- 
rescein-conjugated plant lectins indicated that striatal nerve 
terminals differ significantly in their cell surface glycocon- 
jugates. Subpopulations of synaptosomes defined on the 
basis of lectin binding were collected by FACS onto filters 
and probed with a mAb to tyrosine hydroxylase (TH) using 
Western blot techniques. While subpopulations exhibited dif- 
ferent amounts of TH immunoreactivity, none of the lectins 
appeared to recognize TH-positive (i.e., dopaminergic) syn- 
aptosomes exclusively. These findings demonstrate that 
synaptosomes can be characterized and isolated for further 
study based on FACS analysis of properties such as size, 
membrane potential, and the presence of intracellular or cell 
surface molecules. 

Most tissue preparations currently available for studying neu- 
ronal function consist of an indeterminate number of cell types. 
This cellular complexity limits the extent to which the properties 

Received Nov. 9, 1987; revised Apr. I 1, 1988; accepted June 2, 1988. 
We thank Tim Geddes and Vicki Kemski for excellent technical assistance, and 

Drs. James G. Granneman, Louis A. Chiodo, Michael J. Bannon, and Matthew 
P. Galloway for helpful discussions of the manuscript. We also thank Cynthia 
Stinson and Kate Early for expert assistance with manuscript preparation. This 
work was supported in part by U.S. Public Health Service Grant MH-43657. 
M. W. is the recipient of a National Research Service Award (NS-08413). 

Correspondence should be addressed to Dr. Marina E. Wolf, Laboratory of 
Neurochemistry, Center for Cell Biology, Sinai Research Institute, 6767 West 
Outer Drive, Detroit, MI 48235. 

Copyright 0 1989 Society for Neuroscience 0270-6474/89/010094-12$02.00/O 

of a particular type of neuron can be examined. Flow cytometry 
enables simultaneous measurements of several parameters to 
be made on a cell-by-cell basis for many thousands of cells in 
a population. These parameters may include size, internal struc- 
ture and granularity, and the presence of cell surface molecules 
which can be labeled with fluorescent probes. Subpopulations 
of cells can then be separated by fluorescence-activated cell 
sorting (FACS). To date, flow cytometric methods have been 
applied mainly to studies of the immune system (Ledbetter and 
Herzenberg, 1979; Loken and Stall, 1982). Recently, however, 
a number of neuronal populations have been successfully iso- 
lated from dissociated tissue by FACS and maintained in pri- 
mary culture for subsequent characterization (Moskal and 
Schaffner, 1986; O’Brien and Fischbach, 1986; di Porzio et al., 
1987; Schaffner et al., 1987). 

In addition to whole cells, flow cytometry can be used to study 
any subcellular element that can be prepared in a single particle 
suspension, including free mitochondria, whole nuclei, and 
chromosomes (see Kruth, 1982, for a review), as well as mem- 
brane vesicle fractions (Moktari et al., 1986). We have devel- 
oped flow cytometric techniques for the analysis of resealed 
nerve terminals (synaptosomes). The present results demon- 
strate that, when analyzed by flow cytometry, intact synapto- 
somes prepared from rat striatum can be characterized based 
on size, membrane potential, and cell surface molecules, and 
thereby distinguished from other particles in the synaptosomal 
fraction (e.g., free mitochondria or particles containing astro- 
cyte-specific markers). Subpopulations of synaptosomes defined 
by any of the above parameters can be isolated by FACS and 
subsequently probed for antigens of interest, such as tyrosine 
hydroxylase (TH), using Western blot techniques. The accom- 
panying paper (Wolf and Kapatos, 1989) demonstrates that syn- 
aptosomes that have been permeabilized by fixation can be 
isolated by FACS based on the presence of intracellular antigens 
and that this strategy can be used to obtain greatly enriched 
preparations of dopaminergic striatal synaptosomes. 

Materials and Methods 
Preparation of synaptosomes. Male Sprague-Dawley rats (200-300 gm) 
obtained from Hilltop Laboratories (Portage, MI) were used in all ex- 
periments. Rats were killed by decapitation and the striata dissected 
over ice. Synaptosomes were prepared according to a modification of 
the method of Gray and Whittaker (1962). All sucrose solutions were 
buffered with 10 mM HEPES to pH 7.4 and contained 1 mM EDTA. 
Striata were placed in 30 vol of an ice-cold solution of 0.32 M sucrose 
and homogenized using a glass homogenizer and a Teflon pestle. Tissue 
was first suspended by hand, then homogenized at 800 rpm with 10 
slow passes of the pestle. The homogenate was centrifuged at 1000 x 
g for 10 min. The supematant was removed with a Pasteur pipet and 
centrifuged at 16,000 x g for 15 min. The resulting pellet was resus- 
pended in 30 vol of 0.32 M sucrose by homogenization as described 
above. This homogenate was was gently layered onto discontinuous 
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sucrose gradients consisting of 4.3 ml of 1.2 M sucrose, 4.3 ml of 0.8 M 

sucrose, and 1 ml of 0.32 M sucrose. One gradient was used for the 
homogenate obtained from the striata of one rat. The gradients were 
centrifueed at 63.000 x P for 90 min using a SW40Ti rotor (Beckman). 
Synaptoiomes were ha&ted from the 0.8/l .2 M sucrose interface with 
a Pasteur pipet, gradually diluted over 30 min with 0.32 M sucrose, 
resuspended by homogenization, and centrifuged at 16,000 x g for 15 
min. The synaptosomal pellet obtained from each gradient was resus- 
pended in 1 ml of Kreb’s Ringer phosphate (KRP) buffer consisting of 
12 1.9 mM NaCl, 0.87 mM CaCl,, 4.89 mM KCl, 1.23 mM MgSO,, 1.23 
mM KH,PO,, 10.3 mM sodium phosphate buffer (pH 7.4), and 11.87 
mM glucose. This suspension contained approximately 1 mg synapto- 
somal protein/ml. Synaptosomes were used at this concentration for 
incubations and labeling, and were diluted 1: 100 for analysis by FACS. 
Where indicated, freshly prepared synaptosomes were permeabilized 
with modified Zamboni fixative prior to use (see Wolf and Kapatos, 
1989). For experiments utilizing free mitochondria, the mitochondrial 
pellet obtained from a sucrose gradient was surface-washed 3 times and 
resuspended in 500 ~1 of KRP buffer. Protein concentration was deter- 
mined by the method of Peterson (1977). 

Flow cytometric analysis and sorting. Flow cytometry was performed 
on a FACS 440 (Becton-Dickinson, Mountain View, CA) using a 5 W 
argon-ion laser (Spectra Physics) tuned to generate 200 mW with a 488 
nm emission line. This system is capable of detecting 4 parameters 
simultaneously, including forward angle light scatter, 90” light scatter, 
and 2 colors of fluorescence. Photomultipliers were operated at 400 V 
(90” scatter) and 600 V (fluorescence 1 and 2). A neutral density filter 
(NDl) was used in the detection of forward angle light scatter. Fluo- 
rescein, which is excited at 488 nm, was used as the chromophore in 
all studies. Fluorescence emissions were passed through a 530/30 nm 
band,pass filter (all optics provided by Becton-Dickinson). Prior to each 
run, the cell stream was aligned to optimize signals using glutaraldehyde- 
fixed autofluorescent chick red blood cells (Sigma Chemical Co., St. 
Louis) and polystyrene microspheres (Polysciences, Inc., Warrington, 
PA) as standards. Synaptosomal fluorescence was analyzed with loga- 
rithmic amplifiers set for either 4 or 5 log decades (see figure legends). 
A 50 pm nozzle was used in all experiments. Sheath fluid consisted of 
0.9% NaCl. Analysis and sorting were performed at a sample flow rate 
of approximately 2000 events/set. The head drive frequency during 
sortina was annroximatelv 37,500 Hz. The sort purity under these con- 
dition; was between 85 and 95%. Analysis was based-on 20,000 events/ 
sample. List mode data were stored using a PDP 1 l/23-based computer 
(Consort 40; Becton-Dickinson). 

Detection of membrane potential. 3,3-Dipentyloxacarbocyanine [Di- 
O-C,(3); Molecular Probes, Eugene, OR] was used in all voltage-sen- 
sitive dye experiments. Care was taken to keep the dye protected from 
light and air. A stock solution of 10m4 M Di-O-C,(3) in ethanol was 
diluted 1: 100 in distilled water. Five microliters ofthis stock were added 
to synaptosomes that had been diluted 1: 100 with KRP buffer (500 ~1 
total volume) to achieve a final Di-O-C,(3) concentration of lo-* M. In 
all cases, acquisition of 20,000 events for FACS analysis was begun 2 
min after addition of the dye. In some experiments, synaptosomes were 
incubated with depolarizing agents (veratridine or elevated potassium) - - 
for 2 min prior to the addition ofdye. Veratridine (Sigma) was dissolved 
in dimethvlsulfoxide (DMSO) and diluted 1: 100 to achieve a final con- 
centration of 75 PM in the synaptosomal sample. Addition of DMSO 
alone had no effect on synaptosomal membrane potential. When ele- 
vated potassium was used as a depolarizing agent, synaptosomes were 
diluted 1:lOO into modified KRP buffer containing 55 mM KC1 and 
incubated for 2 min before addition of dye. The NaCl concentration in 
this buffer was reduced accordingly in order to maintain isotonicity. 

Labeling ofsynaptosomes using antibodies or lectins. Freshly prepared 
synaptosomes or synaptosomes that had been permeabilized with mod- 
ified.Zamboni fluid (see Wolf and Kapatos,, 1989) were incubated for 
1 hr at 4°C in KRP buffer (pH 7.4) containing 2% normal goat serum 
(NGS; Gibco Laboratories, Grand Island, NY) to saturate nonspecific 
antibody binding sites. Synaptosomes were then incubated overnight at 
4°C with primary antibody. After washing 3 times by centrifugation at 
16,000 x g (15 min) followed by resuspension in KRP buffer plus 2% 
NGS, synaptosomes were reacted with a 1:50 dilution ofthe appropriate 
fluorescein isothiocyanate-conjugated (FITC) F(ab), goat secondary an- 
tibody (Jackson ImmunoResearch, Avondale, PA) and incubated for 1 
hr at 4°C. Synaptosomes were washed 3 times and resuspended in KRP 
buffer prior to FACS analysis. Specific antibody labeling was defined as 
total labeling with the monoclonal antibody of interest minus nonspe- 

cific labeling observed with control ascites fluid containing mouse Ig of 
the same class. Control ascites was obtained from either of 2 adjuvant- 
induced tumor lines: MOPC21 (IgG,) and MOPC104E (IgM,). For all 
antibodies, preliminary experiments were conducted to compare specific 
labeling at 3 or more dilutions. The dilution yielding the maximal spe- 
cific labeling was used in all subsequent experiments. FITC-conjugated 
plant lectins were obtained from Vector Laboratories (Burlingame, CA). 
Lectins were incubated with synaptosomes in KRP buffer (pH 7.4) for 
30 min at 4°C at a final lectin concentration of 2 &ml. After centrif- 
ugation at 16,000 x g for 15 min, all of the supematant was removed. 
The synaptosomes were washed once and resuspended in KRP buffer 
prior to FACS analysis. 

Western analysis of sorted synaptosomes. TH was detected using LNC 
1, a monoclonal antibody raised against TH purified from the PC12 
pheochromocytoma cell line (G. Kapatos and D. Kuhn, in preparation). 
Synaptosomes were sorted based on fluorescence or light scatter and 
collected onto HA-type membrane filters (0.45 pm pore size; Millipore, 
Bedford, MA) under vacuum. Synaptosomes collected in this manner 
accumulate on the filters in discrete spots which can be detected using 
an ultraviolet source. These “spot-blots” were fixed by incubation for 
15 min in 10% vol/vol acetic acid and 25% vol/vol isopropyl alcohol 
(Jahn et al., 1984), incubated in 5% nonfat dry milk to block nonspecific 
antibody binding sites (Johnson et al., 1984), and then reacted with 0.2 
us/ml of LNC 1 IgG. The antigen-antibody complex was visualized 
enzymatically with-goat anti-mouse immunoglobulin conjugated to al- 
kaline nhosohatase (Blake et al.. 1984). Relative amounts ofTH in suot- 
blots were quantified using a &ineh soft laser scanning densitometer 
and accompanying software (Biomed Instruments, Fullerton, CA). 

Results 
Light scatter analysis of striatal synaptosomes 
Initial flow cytometric analysis of the synaptosomal fraction was 
based on measurements of forward angle and 90” light scatter. 
Briefly, forward angle light scatter (FALS) is a measure of light 
scattered at narrow angles and is proportional to particle size 
(Mullaney et al., 1969). The amount of light scattered at wider 
angles is influenced by factors such as secretory granule content, 
nuclear diameter, and the size and shape of intracellular organ- 
elles (Kerker et al., 1979; Benson et al., 1984; Hatfield and 
Hymer, 1986a, b). The 90” light scatter signal therefore serves 
as a relative indicator of fine internal structure. 

The light scattering properties of the synaptosomal fraction, 
the mitochondrial fraction, and polystyrene microspheres of 
known diameter are compared in Figure 1. These data suggest 
that particles in the synaptosomal and mitochondrial fractions 
have diameters ranging from several tenths of a micron to sev- 
eral microns, and that synaptosomes are generally larger. This 
is consistent with previous electron microscopic studies, in which 
most synaptosomes were observed to be between 0.5 and 1 pm 
in diameter, while free mitochondria were usually 0.5 pm or 
less (Gray and Whittaker, 1962; Dunkley et al., 1986). 

Resuspension of the synaptosomal fraction in water followed 
by repeated freeze/thaw cycles disrupted the synaptosomal scat- 
ter pattern, generating a pattern similar to that of the mito- 
chondrial fraction (Fig. 2). Particles with FALS as low as 8 
appear to have been lysed, suggesting that some of the smaller 
particles in the synaptosomal fraction may represent intact syn- 
aptosomes. Identical treatment of the mitochondrial fraction 
did not significantly alter its light scattering properties (data not 
shown), consistent with previous reports that mitochondrial 
morphology is fairly well preserved after hypotonic shock (Jones 
and Matus, 1974; Haas et al., 1988). 

Detection of neuron- and astrocyte-derived particles 

Monoclonal antibodies directed against neuron-specific and as- 
trocyte-specific markers were used to further characterize the 
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Figure 1. Dual parameter contour plots comparing the light scattering properties of polystyrene microspheres, the synaptosomal fraction, and a 
mitochondria-enriched fraction prepared from rat striatum. In all cases, analysis was based on 20,000 particles. For each particle, FALS and 90” 
scatter are presented as x and y  coordinates, respectively, on a 64 x 64 grid. These units (l-64) are arbitrary and intended to convey relative 
differences in light scatter. The relative number of particles at a given location on the grid is indicated by contour lines. All samples were analyzed 
with identical instrument settings, enabling the range of synaptosomal and mitochondrial sizes to be estimated by comparing their FALS signals 
to those generated by microspheres of known diameter. 

origin of particles in the synaptosomal fraction. Antibody bind- 
ing was assessed using indirect immunofluorescence techniques 
in combination with FACS. Since some of these markers are 
intracellular, these studies were performed using striatal syn- 
aptosomes that had been permeabilized by fixation with mod- 
ified Zamboni fluid as described in the accompanying paper 
(Wolf and Kapatos, 1989). Specific antibody labeling was de- 
fined as total labeling with the monoclonal antibody of interest 
minus nonspecific labeling observed with a control monoclonal 
antibody of the same Ig class (see Materials and Methods). Re- 
sults are expressed as the mean of 3 labeling experiments per- 
formed with different synaptosomal preparations. 

Monoclonal antibody A2B5, which has been shown to bind 
to most or all neurons in the mammalian CNS (Eisenbarth et 
al., 1979), labeled 83.9 + 1.7% of the synaptosomal fraction 
(Fig. 3). An identical percentage of events was labeled by A2B5 
in experiments using fresh, nonpermeabilized synaptosomes (data 
not shown). A2B5-labeled particles were found along the entire 

range of FALS signals. This indicates that some of the smallest 
particles in the synaptosomal fraction, as well as the larger par- 
ticles, are of neuronal origin. Neurofilament was used as a second 
neuronal marker. Monoclonal NFl neurofilament antibodies 
(Labsystems, Finland), which detect the 200,000 Da neurofil- 
ament polypeptide, specifically labeled approximately 50% of 
the synaptosomal fraction (Fig. 3). This is probably an under- 
estimate of the actual percentage of neurofilament-containing 
particles, however, since there was considerable overlap between 
the populations labeled by neurofilament and by its control 
monoclonal antibody MOPC2 1. 

It is possible that pinched-off glial cell fragments (gliosomes) 
are formed during the preparation of synaptosomes and that 
these particles band with the synaptosomal fraction during den- 
sity gradient centrifugation (Cotman et al., 1971; Henn et al., 
1976). Glial fibrillary acidic protein (GFAP), the main subunit 
protein comprising intermediate filaments of astrocytes, was 
used as an astrocyte-specific marker (Bignami et al., 1980). FACS 

Figure 2. Effect of resuspension in 
distilled water and repeated freeze/thaw 
cycles on light scattering properties of 
the synaptosomal fraction. 
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Figure 3. Specific labeling of the syn- 
aptosomal fraction by monoclonal an- 
tibody A2B5 (1: loo), monoclonal NFl 
neurofilament antibody (l:lOO), anti- 
GFAP monoclonal antibody (1: 1 000), 
and equivalent dilutions of their appro- 
priate control antibodies (MOPC104E, 
MOPC2 1, and MOPCZ 1, respectively). 
Synaptosomes were incubated with the 
dilution of primary antibody indicated 
in parentheses followed by FITC sec- 
ondary antibody. A 4 log unit range of 
fluorescence intensity is presented on 
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analysis demonstrated that anti-GFAP monoclonal antibodies 
(Labsystems, Finland) labeled 7.5 f  1.4% of the synaptosomal 
fraction, suggesting the presence of astrocyte-derived particles 
(Fig. 3). The range of FALS signals generated by GFAP-labeled 
particles indicates that gliosomes have approximately the same 
range of sizes as synaptosomes. 

Detection of particles possessing a membrane potential 
It has been shown previously that intact synaptosomes maintain 
a significant membrane potential in medium similar to that used 
in the present studies (Blaustein and Goldring, 1975; Deutsch 
and Rafalowska, 1979; Hansson et al., 1980; Scott and Nicholls, 
1980; Heinonen et al., 1985), while free mitochondria do not 
(see Discussion). This difference was used as an alternative basis 
for identifying intact synaptosomes and distinguishing them from 
free mitochondria and other particles. 

Membrane potential can be measured with flow cytometric 
methods using fluorescent voltage-sensitive dyes (Shapiro et al., 
1979; Seligman et al., 198 1; Seligman and Gallin, 1983; Hick- 
man et al., 1984; Tatham et al., 1984; Wilson and Chused, 1985; 
Jenssen et al., 1986; Lazzari et al., 1986; Sullivan et al., 1987; 
Mandler et al., 1988). The present studies utilized Di-O-C,(3), 
a cationic dye that accumulates in the negatively charged interior 
of cells or synaptosomes. The amount of Di-O-C,(3) that enters 
a synaptosome, as determined by fluorescence intensity, there- 
fore provides an index of the extent to which the synaptosome 
is hyperpolarized with respect to the external medium (for re- 
views, see Cohen and Salzberg, 1978; Waggoner, 1979; Bash- 
ford, 198 1). 

The results of adding Di-O-C,(3) to the synaptosomal and 
mitochondrial fractions 2 min prior to FACS analysis are illus- 
trated by dual parameter plots of FALS and fluorescence (Fig. 
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Figure 4. Analysis of the fluorescence intensity of the synaptosomal and mitochondtial fractions before and after addition of the voltage-sensitive 
dye (VSD) Di-O-C,(3). A 5 log unit range of fluorescence intensity is presented on the abscissa. 

4). Fluorescence of the synaptosomal fraction increased dra- 
matically following incubation with Di-O-C,(3), indicating that 
most of the particles in the synaptosomal fraction have a sig- 
nificant membrane potential. In contrast, the majority of par- 
ticles in the mitochondrial fraction exhibited only small in- 
creases in fluorescence. 

Dual parameter plots such as those in Figure 4 offer the ad- 
vantage of preserving information about the relationship be- 
tween fluorescence intensity and other parameters (e.g., FALS) 
for each particle. For example, Figure 4 shows that it is the 
smaller particles in both the synaptosomal and mitochondrial 
fractions that lack a membrane potential. This is consistent with 
the presence of contaminating mitochondria in the synaptoso- 
ma1 fraction. Conversely, the larger particles in the mitochon- 
drial fraction which possess a membrane potential probably 
represent contaminating synaptosomes (see below). 

Certain types of analysis can be accomplished more readily, 
however, if the data are presented as single parameter histo- 
grams depicting the fluorescence distribution profile for the pop- 
ulation. In the histograms shown in Figure 5, fluorescence is 

plotted on a log scale and expressed as channel number (O-259, 
a relative measure of fluorescence intensity. It is helpful to note 
that, while fluorescence is measured over 256 channels in all 
experiments, fluorescence data are collapsed to 64 units when 
data are presented in the dual parameter mode (e.g., Fig. 4). 
Thus, the same range of fluorescence intensity (5 log units) is 
represented in both single and dual parameter plots, even though 
the scale values are different. A change of approximately 51 
channels in the single parameter mode or 13 units in the dual 
parameter mode both indicate a lo-fold difference in fluores- 
cence. 

Changes in relative fluorescence intensity can be quantified 
by calculating the mean channel number (MN), or average rel- 
ative fluorescence, for synaptosomes and mitochondria in dif- 
ferent treatment groups. While a unimodal distribution ofnative 
fluorescence was found for a control synaptosomal fraction (Fig. 
5A; MN = 48), a bimodal fluorescence distribution profile was 
observed after incubation with Di-O-C,(3) (Fig. 5B). Most of 
the particles exhibited large increases in fluorescence (MN = 
128) while the remainder exhibited only very slight increases 
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(MN = 54). Analysis of 4 different synaptosomal preparations 
indicated that 82.6 f 1.2% of the particles in the synaptosomal 
fraction responded to dye addition with large increases in flu- 
orescence, indicating that they possess a significant membrane 
potential. It seems likely that these particles represent intact 
synaptosomes (or astrocyte-derived particles; see below). 

Additional experiments showed that the synaptosomal mem- 
brane potential is sensitive to depolarizing agents (Fig. 5, C, 
D). Synaptosomes transferred to medium containing 55 mM 
potassium chloride or 75 PM veratridine just before the addition 
of Di-O-C,(3) exhibited a leftward shift in fluorescence intensity 
compared with synaptosomes incubated with Di-O-C,(3) alone. 
This suggests that they were depolarized by these treatments 
and therefore took up less of the fluorescent voltage-sensitive 
dye. Depolarization-induced changes in relative fluorescence 
were quantified in terms of MN for the subpopulation of events 
in the synaptosomal fraction that responded to addition of Di- 
O-C,(3) with a large increase in fluorescence. MN values were 
as follows: dye only, 128 (Fig. 5B); 55 mM potassium chloride, 
115 (Fig. SC); 75 PM veratridine, 118 (Fig. 5D). A decrease in 
MN from 128 to 118 represents approximately a 37.5% decrease 
in fluorescence intensity. 

The response of the mitochondrial fraction to incubation with 
Di-O-C,(3) under control and depolarizing conditions is pre- 
sented in the right half of Figure 5. Like the synaptosomal frac- 
tion, the mitochondrial fraction switched from a unimodal (MN 
= 46; Fig. 5E) to a bimodal (MN = 63 and 134; Fig. 5F) 
fluorescence distribution after dye addition. The subpopulation 
exhibiting little or no increase in fluorescence intensity presum- 
ably contained free mitochondria, damaged synaptosomes, and 
membrane fragments. The small shift in MN exhibited by this 
subpopulation may suggest that some free mitochondria are 
slightly hyperpolarized. The subpopulation exhibiting a large 
increase in fluorescence intensity (approximately 30% of total) 
presumably consists of contaminating synaptosomes, since this 
subpopulation and the majority of particles in the synaptosomal 
fraction have similar MNs and, therefore, similar membrane 
potentials. This is supported by the observation that this com- 
ponent of the mitochondrial fraction also exhibited a leftward 
shift in fluorescence intensity, suggestive of depolarization, in 
response to elevated potassium or veratridine (Fig. 5, G, H). 
Mitochondria lack voltage-dependent sodium channels and 
would therefore not be expected to respond to veratridine. 

Recognition of synaptosomes by plant lectins 
The binding of 11 FITC-conjugated plant lectins to intact striatal 
synaptosomes was analyzed by FACS. There were substantial 
differences in the percentages of synaptosomes labeled by lectins 
with different carbohydrate binding specificities, suggesting that 
subpopulations of nerve terminals differ in their cell surface 
glycoconjugates (Table 1). In addition, differences in the pattern 
of synaptosomal labeling were observed, as illustrated by dual 
parameter plots of FALS and fluorescence for 3 representative 
lectins (Fig. 6). Since the fluorescence intensity of a single syn- 
aptosome is proportional to the number of lectin molecules 
bound and therefore proportional to the number of lectin re- 
ceptors on the synaptosome, these plots can yield information 
about the relative number of lectin receptors per terminal. 

For Phaseohs vulguris leucoagglutinin (PHA-L), labeled syn- 
aptosomes appeared as a tight band of approximately constant 
fluorescence intensity. This suggests that synaptosomes are fairly 

SYNAPTOSOMES MITOCHONDRIA 

100 200 100 200 

FLUORESCENCE (CHANNEL NUMBER) 

Figure 5. Single parameter histograms illustrating the effect of Di- 
-O-C,(3) on the fluorescence of the synaptosomal fraction (left panels) 
and mitochondrial fraction (right panels) under control and depolarizing 
conditions. A, Control synaptosomes; B, synaptosomes, dye only; C, 
synaptosomes, 55 mM KC1 and dye; D, synaptosomes, 75 PM veratridine 
and dye; E, control mitochondria; F, mitochondria, dye only; G, mi- 
tochondria, 55 mM KC1 and dye; H, mitochondria, 75 PM veratridine 
and dye. Depolarizing conditions result in a leftward shift in fluorescence 
intensity for the synaptosomal fraction and for the portion of the mi- 
tochondrial fraction with a significant membrane potential (channels 
100-170). Fluorescence was analyzed over 256 channels, representing 
a 5 log unit range of fluorescence intensity. 

homogeneous with respect to the number of PHA-L binding 
sites. Fluorescence appears to increase slightly with increasing 
FALS, but this is not surprising since larger synaptosomes would 
be expected to have a greater surface area and, therefore, more 
lectin binding sites. In contrast, a much broader range of fluo- 
rescence intensities was observed for synaptosomes labeled by 
soybean agglutinin (SA). This suggests that synaptosomes that 
produce the same FALS signal, and are therefore similar in size, 
can differ significantly in the number of their SA binding sites. 

Analysis of TH in synaptosomal subpopulations defined by 
lectin binding 
FACS-isolated synaptosomes can be further characterized using 
Western blot techniques. This is illustrated by a series of ex- 
periments in which subpopulations of synaptosomes separated 
on the basis of lectin binding were compared with respect to 
their content of TH, the rate-limiting enzyme in dopamine (DA) 
biosynthesis. Approximately 16% of striatal nerve terminals are 
thought to be dopaminergic (Hiikfelt, 1968; Hijkfelt and Un- 
gerstedt, 1969; Iversen and Schon, 1973) and would therefore 
be expected to contain TH. 

Preliminary experiments demonstrated that TH immuno- 
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Figure 6. Dual parameter plots of FALS and fluorescence illustrating labeling of subpopulations of synaptosomes by several FITC-conjugated 
plant lections. BSL-I, Bandeiraea simplicifolia I; SA, soybean agglutinin; PHA-L, Phaseolus vulgaris leucoagghtinin. 

reactivity could be detected in synaptosomes collected onto 
membrane filters by FACS. The spots shown in Figure 7 contain 
defined numbers of particles from the synaptosomal fraction 
that were probed with a monoclonal antibody to TH (Kapatos 
and Kuhn, in preparation) and an alkaline phosphatase- 
conjugated secondary antibody. The amount of TH immuno- 
reactivity in these synaptosomal spots was proportional to the 
number of particles collected (Fig. S), as would be expected if 
TH-containing synaptosomes are randomly distributed in con- 
trol samples. 

Using this method, the amount of TH immunoreactivity in 
equal numbers of unlabeled and labeled synaptosomes was de- 
termined for each lectin in Table 1. For most lectins, similar 
amounts of TH immunoreactivity were observed in labeled and 
unlabeled subpopulations. There were, however, some excep- 
tions. For example, synaptosomes recognized by SA contained 
approximately 3 times as much TH as synaptosomes not rec- 
ognized by SA (Fig. 9). In no case, however, did a lectin exclu- 
sively label either dopaminergic or nondopaminergic synapto- 
somes. 

Discussion 
To our knowledge, these studies represent the first application 
of flow cytometry to the analysis of mammalian nerve terminals 
(synaptosomes). The purpose of this work was to illustrate the 
usefulness of FACS in characterizing a heterogeneous popula- 
tion of particles such as the synaptosomal fraction and in iden- 
tifying previously unknown constituents (e.g., astrocyte-derived 
particles). Furthermore, these experiments demonstrate that 
subpopulations of synaptosomes can be detected by FACS based 
on differences in physiological responsiveness, cell surface mol- 
ecules, and intracellular components. Once separated by FACS, 
subpopulations of synaptosomes defined by any of the above 
criteria (e.g., recognition by specific lectins) can be further char- 
acterized using Western blot techniques. 

The composition of the fractions generated in the course of 
synaptosome preparation has been well characterized using 
techniques such as electron microscopy and marker enzyme 
assays (Gray and Whittaker, 1962; Hajos, 1975; Booth and 
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Figure 7. Western blot analysis of defined numbers of striatal syn- 
aptosomes collected by FACS. Tyrosine hydroxylase was detected using 
monoclonal antibody LNC 1 and alkaline phosphatase-conjugated sec- 
ondary antibody. Synaptosomal spots contain the following numbers 
of particles: A, 2 x 105; B, 4 x 105; C, 6 x 105; D, 8 x 10s; and E, 1 
x 106. 

Clark, 1978; Mena et al., 1980; Dagani et al., 1985; Dunkley et 
al., 1986). It was therefore important to establish that flow cy- 
tometric methods produce results consistent with those obtained 
using conventional methods of analysis. For example, light scat- 
ter analysis indicated that particles in the synaptosomal fraction 
range from several tenths of a micron to several microns in 
diameter, while particles in the mitochondrial fraction are gen- 
erally smaller. This is consistent with estimates of synaptosomal 
and mitochondrial diameters obtained using electron micros- 
copy (Gray and Whittaker, 1962; Dunkley et al., 1986). Fur- 
thermore, light scatter analysis could be used to demonstrate 
the well-documented sensitivity of synaptosomes to hypotonic 
lysis (Bradford, 1969). 

r = 0.925 
p ( 0.001 
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Figure 8. Relationship between the number of synaptosomes collected 
by FACS and TH immunoreactivity as evaluated by scanning densi- 
tometry. Data were obtained by scanning filters similar to the one shown 
in Figure 7. 

Light scatter analysis, however, is not sufficient to discrimi- 
nate between synaptosomes and other particles. For example, 
there is considerable overlap between the FALS signals gener- 
ated by the synaptosomal and mitochondrial fractions. Syn- 
aptosomes could be distinguished more definitively using mono- 
clonal antibody A2B5, which recognizes a polysialoganglioside 
(GQ) present on the surface of most or all neurons (Eisenbarth 
et al., 1979) but not on mature astrocytes or oligodendrocytes 
(Berg and Schachner, 1982; Schnitzer and Schachner, 1982; Ab- 
ney et al., 1983). FACS analysis of antibody binding indicated 
that 83.9 + 1.7% of the synaptosomal fraction was specifically 
labeled by A2B5. This is probably an overestimate of the per- 
centage of intact synaptosomes in the preparation, however, 
since A2B5 should also recognize membrane fragments or dam- 
aged synaptosomes containing this neuronal marker. 

A novel finding is that anti-GFAP monoclonal antibodies 
recognize 7.5 + 1.4% of the synaptosomal fraction, suggesting 
that portions of astrocytes pinch off during tissue homogeni- 
zation and form resealed vesicles that fractionate with synap- 

Table 1. FITC-conjugated plant lectins recognize subpopulations of striatal synaptosomes 

% 
Synaptosomes 

Lectin Carbohydrate specificity bound 

Bandeiraea simplicifolia I a-N-Acetylgalactosamine/Lu-galactose 33.1 
Concanavalin A ol-Mannose 98.6 
Dilichos biflorus agglutinin N-Acetylgalactosamine 63.6 
Lens culinaris agglutinin a-Mannose 97.6 
Peanut agglutinin Galactosyl@- 1,3)&acetylgalactosamine 78.0 
Phaseolus vulgaris agglutinin Leucoagglutinin 96.1 
Pisum sativum agglutinin a-Mannose 97.7 
Ricinus communis agglutinin I GalactoselN-acetylgalactosamine 98.0 
Sophora japonica agglutinin N-Acetylgalactosamine/galactose 5.6 
Soybean agglutinin N-Acetylgalactosamine/galactose 50.1 
Ulex europaeus agglutinin a-Fucose 18.1 
Wheat germ agglutinin N-Acetylglycosamine 97.7 

Synaptosomes were incubated for 30 min at a final lectin concentration of 2 &ml. This concentration was selected 
because it has been shown to be well below the level which produces lectin receptor saturation and cell agglutination 
(Malin-Berdel et al., 1984), which would interfere with flow cytometric measurements. In fact, synaptosomes displayed 
no changes in light scattering properties after labeling with plant lectins (data not shown). 
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These findings suggest that intact synaptosomes can be iden- 
tified by FACS and subjected to flow cytometric analysis without 
loss of physiological responsiveness. In preliminary studies, sub- 
populations of the synaptosomal fraction exhibited depolarizing 
and hyperpolarizing responses, respectively, following incuba- 
tion with the excitatory transmitter glutamic acid or the DA 
agonist apomorphine (Wolf and Kapatos, in press). This suggests 
that occupation of receptors on nerve terminals can modulate 
terminal membrane potential, as has been concluded previously 
from electrophysiological studies of terminal excitability in in- 
tact rats (see Tepper et al., 1985, for a review). 

It seems likely that those particles in the synaptosomal frac- 
tion that possess a substantial membrane potential are intact 
synaptosomes rather than free mitochondria. While there have 
been no measurements of the membrane potential of free mi- 
tochondria under the precise experimental conditions used in 
our studies, a considerable amount of data suggests that the 
mitochondrial membrane potential will be dissipated under these 
conditions. According to the chemiosmotic hypothesis of oxi- 
dative phosphorylation, the mitochondrial membrane potential 
is due to the extrusion of hydrogen ions from the matrix as a 
result of the activity of the respiratory chain (Mitchell, 1966). 
For coupled mitochondria supplied with substrate or ATP, a 
membrane potential in the range of - 130 to - 190 mV has been 
reported (Mitchell and Moyle, 1969; Nicholls, 1974; Akerman 
and WikstrSm, 1976; Akerman, 1979; Deutsch et al., 1979; 
Scott and Nicholls, 1980). However, free mitochondria do not 
respire when incubated in glucose-containing Ringer’s solution 
because a suitable substrate is lacking (Bradford, 1969). Fur- 
thermore, high external calcium concentrations (1 mM in our 
studies) in the presence of inorganic phosphate are lethal to 
mitochondria and result in a collapse ofthe mitochondrial mem- 
brane potential (Nicholls and Crompton, 1980). These obser- 
vations are consistent with the present finding that most par- 
ticles in the mitochondrial fraction do not take up significant 
amounts of Di-O-C,(3). 

Voltage-sensitive dye experiments would not be expected to 
distinguish between synaptosomes and gliosomes since glial cells 
have resting potentials in the same range as neurons (Kuffler, 
1967). Recently, cultured astrocytes have been shown to possess 
voltage-dependent sodium, potassium, and calcium channels 
(Bowman et al., 1984; Bevan and Raff, 1985; Barres et al., 1988). 
Gliosomes might therefore be expected to take up voltage-sen- 
sitive dyes and to exhibit changes in dye distribution in response 
to elevated potassium or veratridine. Thus, the 82.6 + 1.2% of 
the synaptosomal fraction shown to possess a membrane po- 
tential in voltage-sensitive dye experiments may contain both 
synaptosomes and gliosomes. By summing the percentages of 
particles recognized by A2B5 and anti-GFAP monoclonal an- 
tibodies, it can be estimated that particles expressing glia- or 
neuron-specific markers constitute approximately 90% of the 
synaptosomal fraction. This is greater than the percentage of 
particles that appear to possess a membrane potential. The dif- 
ference probably represents damaged synaptosomes or glio- 
somes. The remaining 10% of the synaptosomal fraction can 
presumably be identified as mitochondria or membrane frag- 
ments containing neither GFAP nor GQ ganglioside. These re- 
sults are essentially consistent with previous estimates, although 
direct comparisons are difficult because of the different methods 
used by various investigators to calculate synaptosomal purity 
(see Hajb, 1975; Menaet al., 1980; Dagani etal., 1985; Dunkley 
et al., 1986). 

Figure 9. Western blot analysis of sorted striatal synaptosomes illus- 
trating preferential localization of tyrosine hydroxylase in synaptosomes 
with soybean agglutinin (SA) binding sites (A = 500,000 synaptosomes 
not labeled by SA; B = 500,000 synaptosomes labeled by SA). 

tosomes. This might explain, in part, the presence of membrane- 
enclosed bodies lacking synaptic vesicles and other synaptic 
specializations in electron micrographs of synaptosome-en- 
riched fractions (Gray and Whittaker, 1962; Booth and Clark, 
1978; Mena et al., 1980; Dunkley et al., 1986). The existence 
of glia-derived particles, or gliosomes, in the synaptosomal frac- 
tion has been suggested by previous studies showing that vesicles 
derived from either cultured glia cells or the astrocyte-derived 
C-6 glioma cell line band in the same region as synaptosomes 
during density gradient centrifugation (Cotman et al., 1971; 
Henn et al., 1976). Furthermore, synaptosomal fractions are 
known to contain contaminants with a high specific activity of 
2’,3’-cyclic nucleotide 3’-phosphohydrolase, an enzyme that is 
enriched in the membranes of C-6 glioma cells (see Mena et al., 
1980). The present results, however, provide the first direct 
demonstration of the presence of gliosomes in the synaptosomal 
fraction, as well as a method for quantifying gliosome contam- 
ination. 

An alternative means of distinguishing synaptosomes from 
other particles was based on the fact that synaptosomes are 
known to possess a significant membrane potential (estimates 
range from -45 to -87 mV; see Blaustein and Goldring, 1975; 
Deutsch and Rafalowska, 1979; Hansson et al., 1980; Scott and 
Nicholls, 1980; Heinonen et al., 1985). In the present study, the 
fluorescent voltage-sensitive dye D&O-C,(3) was used to detect 
particles with a membrane potential. Because of its cationic 
nature, this dye partitions into negatively charged compart- 
ments. While other investigators have used voltage-sensitive 
dyes to measure the membrane potential of synaptosomes and 
synaptoneurosomes (Blaustein and Goldring, 1975; Kamino et 
al., 1978; Aiuchi et al., 1985; Heinonen et al., 1985; Akerman 
et al., 1987) FACS analysis of dye distribution offers the im- 
portant advantage of discriminating between responsive and 
nonresponsive populations. Our results indicate that 82.6 f 
1.2% of the synaptosomal fraction possess a significant mem- 
brane potential. Furthermore, most of these particles depolarize 
in response to 55 mM KC1 or 75 PM veratridine. 
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Plant lectins are polypeptides that bind with high affinity to 
specific sugars and have been used extensively to study differ- 
ences in the cell surface glycoconjugates expressed by mam- 
malian neurons and other cell types (for reviews, see Nicholson, 
1974; Goldstein and Hayes, 1978). In several recent studies, 
flow cytometric methods have been used to study lectin binding 
to dissociated cells (Reimann et al., 1984; St. John et al., 1986; 
Notter and Leary, 1987; Saunders et al., 1987). Our results 
demonstrate that subpopulations of synaptosomes can be de- 
fined using an array of fluorescein-conjugated lectins with dif- 
ferent carbohydrate binding specificities, suggesting that nerve 
terminals in the adult rat brain differ significantly in their gly- 
coconjugate composition. This may have important implica- 
tions for synapse formation and maintenance. 

Additional studies were conducted to determine the distri- 
bution of dopaminergic synaptosomes in subpopulations of syn- 
aptosomes recognized by different plant lectins. The purpose of 
these experiments was 2-fold. First, they were designed to il- 
lustrate that subpopulations of intact synaptosomes detected by 
FACS can be separated, collected, permeabilized, and probed 
for an antigen of interest. Second, if dopaminergic terminals 
proved to be unique in their cell surface glycoconjugates, flow 
cytometric isolation of DA terminals would be possible using 
an appropriate FITC-conjugated lectin. 

Preliminary experiments established that TH-containing syn- 
aptosomes could be detected in samples of FACS-isolated syn- 
aptosomes by probing with a monoclonal antibody directed 
against TH and an alkaline phosphatase-conjugated secondary 
antibody. Since the striatum is essentially devoid of norepi- 
nephrine- or epinephrine-containing nerve terminals (Swanson 
and Hartman, 1975) synaptosomes that contain TH can be 
identified as dopaminergic. The intensity of the synaptosomal 
spots, determined using a scanning densitometer, was highly 
correlated with the number of particles collected by the cell 
sorter. These data establish that this approach can be used to 
quantify the relative number of dopaminergic synaptosomes, or 
the relative content of any other antigen, in unknown samples. 

For each of the lectins, equal numbers of synaptosomes that 
were either labeled or not labeled by a particular lectin were 
collected onto membrane filters by FACS and immunoprobed 
for TH as described above. While TH was enriched in several 
subpopulations of synaptosomes defined by lectin binding, none 
of the lectins labeled either dopaminergic or nondopaminergic 
synaptosomes exclusively. Thus, while this approach provides 
a means of characterizing glycoconjugates on subpopulations of 
nerve terminals, it does not provide a selective probe with which 
to identify and isolate intact DA nerve terminals (see Wolf and 
Kapatos, 1989). 

In conclusion, our results demonstrate that subpopulations 
of intact synaptosomes can be analyzed and separated by FACS. 
Many types of additional analysis are possible given the appro- 
priate fluorescent probes. For example, flow cytometric methods 
are well suited to receptor binding studies (for review, see Bohn, 
1980) and have been used to study the cellular binding of a 
number of fluorescently labeled ligands, including a chemotactic 
peptide, estrogens, and luteinizing hormone-releasing hormone 
(Sklar and Finney, 1982; Kute et al., 1983; MacInnes et al., 
1983; Oxenhandler et al., 1984; Benz et al., 1985). Since 2 or 
more fluorescence signals can be analyzed simultaneously, it 
should be possible to characterize and sort nerve terminals based 
on the coincidence of several cell surface and/or intracellular 
molecules. These might include neurotransmitters, enzymes, ion 

channels, receptors, and transporters. In addition to detecting 
cellular constituents, FACS can be used to monitor physiological 
responses such as changes in membrane potential (see above) 
or intracellular calcium levels (Lazzari et al., 1986; Rabinovitch 
et al., 1986; Chused et al., 1987; Kapatos and Wolf, 1988; Wolf 
and Kapatos, 1988) and to separate subpopulations based on 
differences in responsiveness to neurotransmitters or other cel- 
lular messengers (Schieren and MacDermott, in press). Flow 
cytometry may therefore provide a novel means of studying the 
function of chemically identified nerve terminals. 
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