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Flow Cytometric Analysis and Isolation of Permeabilized Dopamine

Nerve Terminals from Rat Striatum
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Fluorescence-activated cell sorting (FACS) was used to
identify and isolate permeabilized dopaminergic nerve ter-
minals from rat striatum based on immunofluorescent la-
beling of tyrosine hydroxylase (TH). Striatal synaptosomes
were permeabilized by fixation with modified Zamboni fluid.
A highly fluorescent subpopulation of particles was detected
by FACS following sequential incubation with a monoclonal
antibody to TH (LNC 1) and a fluorescein-conjugated sec-
ondary antibody. After correcting for nonsynaptosomal par-
ticles present in the synaptosomal fraction, analysis of these
data suggested that approximately 12-15% of striatal syn-
aptosomes were dopaminergic, consistent with previous es-
timates. Specific labeling by LNC 1 was decreased if syn-
aptosomes were prepared from rats that had received
intraventricular injections of 6-hydroxydopamine. The de-
crease in labeling was highly correlated with the extent of
the lesion as determined by measurement of striatal dopa-
mine levels, suggesting that LNC 1-labeled synaptosomes
were derived from nigrostriatal dopamine terminals. In order
to verify that LNC 1-labeled synaptosomes were enriched
for TH, equal numbers of labeled and control synaptosomes
were isolated by FACS and analyzed by SDS-PAGE. LNC
1-labeled synaptosomes were shown by Western blot tech-
niques to be enriched 6-fold for TH compared with control
synaptosomes, suggesting that the labeled population con-
sisted almost entirely of dopaminergic synaptosomes.

Dopamine (DA) neurons have been the focus of intensive in-
terest because of their involvement in psychiatric and neuro-
logical disorders. However, the extent to which the inherent
properties of DA neurons can be characterized is limited by the
cellular complexity of most currently available experimental
preparations. In vitro studies of dopaminergic function, for ex-
ample, are typically conducted using homogenates, brain slices,
or synaptosomes. In each case, a heterogenous population of
cells or nerve terminals is analyzed as a group, and results are
expressed as an average value per unit of wet weight or protein.

Flow cytometry provides a means of conducting biochemical
studies at the single cell level. This approach is advantageous
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in several respects. First, each cell in a population is analyzed
individually, so that differences between subpopulations are not
obscured. Second, quantitative and multiparameter measure-
ments are made on many thousands of cells, enabling the prop-
erties of a population to be defined based on a statistically ad-
equate sample. Finally, subpopulations of interest can be purified
for further analysis (for reviews, see Kruth, 1982; Loken and
Stall, 1982).

In the accompanying paper, we describe methods for the flow
cytometric identification and analysis of striatal synaptosomes
(Wolf and Kapatos, 1989). These methods were developed in
the course of studies aimed at isolating dopaminergic striatal
nerve terminals using fluorescence-activated cell sorting (FACS).
The isolation of a subpopulation of intact cells or nerve ter-
minals by FACS requires a fluorescent probe (e.g., a monoclonal
antibody) that recognizes a cell surface marker specific to that
subpopulation. For example, monoclonal antibodies to cell sur-
face antigens have been used in conjunction with FACS to purify
several neuronal populations (Kapatos et al., 1983, 1985; Mos-
kal and Schaffner, 1986). No such probe has yet been developed
for DA neurons, although an enrichment of DA neurons from
embryonic mouse mesencephalon has been obtained using a
monoclonal antibody to neural specific protein 4 (di Porzio et
al., 1987). If cells are permeabilized by fixation, however, it
becomes possible to analyze and sort based on immunoflu-
orescent labeling of intracellular antigens. This approach has
been used successfully in the isolation of neurophysin-contain-
ing neurons from rat hypothalamus (Paden et al., 1986).

We now report the isolation of striatal DA nerve terminals
using a similar strategy. DA nerve terminals were identified
based on the presence of tyrosine hydroxylase (TH), an intra-
cellular antigen specific to DA nerve terminals in this tissue.
Selective immunolabeling was accomplished using a mono-
clonal antibody to TH and a fluorescein-conjugated secondary
antibody. DA nerve terminals were then detected and isolated
using a fluorescence-activated cell sorter. The availability of
pure preparations of fixed DA nerve terminals may enable the
identification and quantification of their intracellular and cell
surface constituents (e.g., enzymes, structural proteins, recep-
tors, ion channels, and transporters).

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 the method of Gray
and Whittaker (1962) as described in the accompanying paper (Wolf
and Kapatos, 1989). For incubations and immunolabeling, synapto-
somes were used at a concentration of approximately 1 mg protein/ml
in Kreb’s Ringer phosphate buffer (KRP) consisting of 121.9 mm NaCl,



0.87 mm CaCl,, 4.89 mm KCJ, 1.23 mm MgSO,, 1.23 mm KH,PO,,
10.3 mm sodium phosphate buffer (pH 7.4), and 11.87 mm glucose.
Synaptosomes were diluted 1:100 in this buffer immediately prior to
FACS analysis.

Flow cytometric analysis and sorting. Flow cytometry was performed
with 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. Instrument settings and optics were the same as
described in the accompanying paper (Wolf and Kapatos, 1989). Syn-
aptosomal fluorescence was analyzed with logarithmic amplifiers set for
4 log decades.

Fixation of synaptosomes. For most experiments, synaptosomes were
fixed with a modified version of Zamboni fluid (Stefanini et al., 1967)
as described previously for dissociated cells (Hatfield and Hymer, 1985;
Paden et al., 1986). Equal volumes of synaptosomes (in KRP, pH 7.4)
and modified Zamboni fluid (4% wt/vol paraformaldehyde and 15%
vol/vol saturated picric acid in 0.1 M phosphate buffer, pH 7.4) were
combined and incubated for 30 min at room temperature, yielding final
concentrations of 2% paraformaldehyde and 7.5% picric acid. For pur-
poses of comparison (see Fig. 6), synaptosomes were also fixed with
paraformaldehyde (final concentrations of 0.01, 0.1, 1, and 2%) in 0.1
M phosphate buffer (pH 7.4) by incubating for 30 min at room tem-
perature. In all cases, synaptosomes were washed 4 times after fixation
by centrifugation (16,000 x g for 15 min) and resuspension in modified
Dulbecco’s PBS (modified DPBS; Gibco Laboratories, Grand Island,
NY) containing 0.53 mm MgCl, and no CaCl,. Fixed synaptosomes may
be stored in this solution for several weeks at 4°C without significant
alteration of their light scattering properties.

Immunofluorescence labeling. TH-containing synaptosomes were
identified using a mouse monoclonal antibody (LNC 1) of the IgG, class
directed against TH purified from the PC12 pheochromocytoma cell
line (G. Kapatos and D. Kuhn, in preparation). Synaptosomes were
incubated overnight at 4°C with 2 ug/ml of LNC 1 IgG (equivalent to
a 1:2000 dilution of LNC 1 ascites fluid). The secondary antibody,
fluorescein isothiocyanate-conjugated (FITC) F(ab), goat anti-mouse
IgG (Jackson ImmunoResearch, Avondale, PA), was used at a dilution
of 1:50. Details of the immunolabeling procedure are provided by Wolf
and Kapatos (1989). Ascites fluid containing mouse IgG from either of
2 adjuvant-induced plasmacytoma lines, RPC5 and MOPC21 (Litton
Bionetics, Charleston, SC), was used in control experiments.

Gel electrophoresis and Western analysis. Synaptosomes were col-
lected by FACS onto HA-type membrane filters (0.45 um pore size;
Millipore, Bedford, MA) under vacuum. Synaptosomes collected in this
way accumulate on the filters in discrete spots that can be detected using
an ultraviolet source. For SDS-PAGE, the spot containing the synap-
tosomes was cut out and transferred to an Eppendorf tube containing
50 pl of Laemmli buffer. Samples were then sonicated, heated at 95°C
for 10 min, and centrifuged in a Beckman microfuge to pellet the paper.
Preliminary experiments established that approximately 60% of the
protein spotted onto Millipore filters is extracted under these conditions.
Protein concentration was determined by the method of Peterson (1977).
SDS-PAGE was performed on 0.8-mm-thick 10% polyacrylamide slab
gels by conventional methods (Laemmli, 1970). Proteins were elec-
troblotted to nitrocellulose (Towbin et al., 1979). The Western blot was
then incubated in 5% nonfat dry milk to block nonspecific antibody
binding sites (Johnson et al., 1984) and reacted with 0.2 ug/ml of LNC

1 IgG. The antigen—antibody complex was visualized enzymatically with
goat anti-mouse immunoglobulin conjugated to alkaline phosphatase
(Blake et al., 1984). Relative amounts of discrete proteins in Western
blots were quantified using a Zeineh soft laser scanning densitometer
and accompanying software (Biomed Instruments, Fullerton, CA). SDS-
PAGE was also used to compare the electrophoretic mobilities of syn-
aptosomal proteins fixed under various conditions (Fig. 6). Proteins
were detected using Coomassie stain.

6-Hydroxydopamine lesions. Lesions were produced by bilateral
administration of 6-hydroxydopamine (6-OHDA; Sigma) into the lat-
eral ventricles using a modification of the method of Noble et al. (1967).
Rats were anesthetized with chloral hydrate (400 mg/kg, i.p.). A hole
was made 1.2 mm lateral to bregma on the coronal suture (Paxinos and
Watson, 1982) using a 25 %-gauge needle with a stop 2-3 mm from its
tip. The 6-OHDA was injected using a Hamilton syringe with a luer tip
and a needle with a stop 4 mm from its tip. Each rat received 125 ug
of 6-OHDA per side, dissolved in 10 ul 0f 0.9% NaCl and 0.1% ascorbic
acid. The rate of injection was approximately 2.5 ul/min, and the syringe
was allowed to remain in place for 1 min after the injection. Pargyline
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(50 mg/kg, i.p.; Sigma) was administered 30 min before 6-OHDA treat-
ment. This has been shown to enhance the toxicity of 6-OHDA (Breese
and Traylor, 1970). Rats were killed 7 d after the lesion. DA levels were
measured in aliquots of striatal homogenates to determine the extent
of the lesion. Measurements were made using high-pressure liquid chro-
matography with electrochemical detection, essentially as described pre-
viously (Galloway et al., 1986).

Results

Analysis of Zamboni-fixed synaptosomes

Flow cytometric analysis and sorting based on intracellular an-
tigens such as TH requires that synaptosomes be permeabilized
by fixation to allow penetration by immunoglobulins and to
immobilize intracellular antigens within permeabilized cells.
Synaptosomes were fixed with modified Zamboni fluid (see Ma-
terials and Methods) and then compared with fresh synapto-
somes with respect to forward angle light scatter (FALS) and
90° light scatter (Fig. 1). FALS is proportional to particle size,
while 90° light scatter is a relative indicator of internal structure
and granularity. As discussed in the accompanying paper (Wolf
and Kapatos, 1989), light scatter analysis of fresh striatal syn-
aptosomes indicated a heterogenous population of particles with
diameters ranging from several tenths of a micron to several
microns. Synaptosomes fixed with modified Zamboni fluid ex-
hibited very similar light scattering properties, although the
number of particles with high FALS signals was decreased slight-
ly. This may suggest that larger synaptosomes are more suscep-
tible to destruction during the repeated centrifugation and re-
suspension steps involved in the fixation process. Alternatively,
synaptosomal structure may be modified by fixation so as to
decrease the amount of light scattered at small angles. Zamboni-
fixed synaptosomes (rinsed 4 times) were virtually identical to
fresh synaptosomes with respect to autofluorescence (Fig. 1).

Immunolabeling of dopaminergic synaptosomes

Unlabeled fixed synaptosomes were used to define background
fluorescence by setting an analysis window that contained only
0.2% of unlabeled synaptosomes. Synaptosomes that became
sufficiently fluorescent to be included in this window as a result
of immunolabeling were considered to have been recognized by
the antibody in question. In order to label DA terminals selec-
tively, fixed striatal synaptosomes were incubated sequentially
with LNC 1 and a FITC-conjugated secondary antibody. FACS
analysis demonstrated that this labeling procedure resulted in
the appearance of a highly fluorescent subpopulation of syn-
aptosomes. Dilution curves for LNC 1 ascites and control ascites
fluid from the MOPC21 tumor line are shown in Figure 2.
While nonspecific labeling by MOPC 21 increased with antibody
concentration, specific labeling by LNC 1 (defined as the dif-
ference between labeling produced by LNC | and MOPC21)
became maximal at a dilution of 1:2000, or approximately 2
vg/mlIgG. Thisdilution was used in all subsequent experiments.

Dual parameter plots of FALS and fluorescence for unlabeled
and LNC 1-labeled synaptosomes are presented in Figure 3. In
this particular experiment, 13.1% of LNC 1-labeled synapto-
somes were more fluorescent than unlabeled controls. If non-
specific labeling by a control monoclonal antibody (2.7%) is
subtracted, these results indicate that 10.4% of striatal synap-
tosomes were specifically labeled by LNC 1. A similar percent-
age was found to be specifically labeled by LNC | when this
experiment was repeated 4 times using separate preparations of
striatal synaptosomes (mean = 9.9 + 0.5%). This is consistent
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Figure 1.
fluid. Analysis was based on 20,000 events per sample.

with previous estimates, obtained using other methods, of the
percentage of striatal synaptosomes that are dopaminergic (see
Discussion). It is interesting that synaptosomes labeled by LNC
1 were not preferentially located in a particular range of FALS
values (Fig. 3). This suggests that dopaminergic synaptosomes
are heterogeneous with respect to size.

Effect of 6-OHDA lesions on synaptosomal labeling

Ifthe synaptosomes labeled by LNC 1 are, in fact, dopaminergic,
labeling should be decreased in synaptosomes prepared from
rats pretreated with 6-OHDA so as to selectively destroy nigro-
striatal DA terminals. We therefore compared the ability of LNC
1 and a control monoclonal antibody, RPC3, to label fixed
striatal synaptosomes prepared from untreated and 6-OHDA
lesioned rats. As predicted, 6-OHDA lesions resulted in signif-
icant decreases in LNC 1 labeling. This is illustrated in a dual
parameter plot of FALS and fluorescence for synaptosomes pre-
pared from a rat with an 82% depletion of striatal DA (Fig. 3).
While 13.1% of striatal synaptosomes from an untreated rat

Comparison of light-scattering properties and fluorescence of fresh striatal synaptosomes and synaptosomes fixed with modified Zamboni

were labeled by LNC 1, only 3.8% were labeled in synaptosomes
prepared from the lesioned rat. Residual labeling by LNC 1
presumably occurred on surviving DA terminals.

FACS analysis of synaptosomes prepared from 4 rats with
lesions of varying effectiveness indicated that the reduction in
LNC 1 labeling was proportional to the extent of the lesion (Fig.
4). Regression analysis revealed a correlation coefficient of —0.93
between the percentage depletion of striatal DA and the per-
centage of striatal synaptosomes labeled by LNC 1. These find-
ings suggest that synaptosomes labeled by LNC 1 are derived
from the terminals of nigrostriatal DA neurons. Labeling by
RPCS was slightly increased after 6-OHDA lesions which pro-
duced 80-90% depletions of striatal DA (see Fig. 4). It is possible
that additional nonspecific binding sites are exposed on the
degenerating terminals or cellular debris that result from the
lesion. Dual parameter analysis of FALS and 90° light scatter
revealed no significant differences between synaptosomes pre-
pared from untreated and 6-OHDA-lesioned rats (data not
shown), in support of our earlier conclusion that dopaminergic



and nondopaminergic synaptosomes cannot be distinguished on
the basis of light scattering properties.

Analysis of TH content of sorted synaptosomes

In order to verify that synaptosomes recognized by LNC 1 were
enriched for TH, equal numbers (3 million) of control and LNC
1-labeled synaptosomes were sorted onto membrane filters.
Control synaptosomes (starting material) were sorted based on
light scatter, while LNC 1-labeled synaptosomes (TH-positive
synaptosomes) were sorted based on indirect immunofluores-
cence using a sort window set to include only 0.2% of control
events. The proteins recovered from each filter were separated
by SDS-PAGE, electroblotted to nitrocellulose, and immuno-
probed for TH using LNC 1. In all lanes, LNC 1 recognized the
62 kDa monomeric subunit of TH. Synaptosomes that had been
sorted based on labeling with LNC 1 were found to contain
approximately 6 times more TH than an equal number of con-
trol synaptosomes (Fig. 5).

Comparison of fixation protocols

As described above, Zamboni-fixed synaptosomes satisfied a
number of criteria essential to these experiments: (1) They could
be analyzed by FACS, suggesting that clumping was minimal;
(2) they were very similar to fresh synaptosomes with respect
to light scattering properties and autofluorescence; (3) fixation
did not appear to interfere with recognition of TH by LNC 1.
An additional concern, however, is that fixation might produce
significant modifications in other synaptosomal proteins, pre-
venting their recognition by antibodies or other ligands and
thereby interfering with attempts to further characterize DA
terminals isolated by FACS. It was therefore of interest to de-
termine whether synaptosomes could be permeabilized using
gentler fixation conditions. To this end, synaptosomes fixed with
modified Zamboni fluid were compared with synaptosomes fixed
with low concentrations of paraformaldehyde alone with respect
to (1) SDS-PAGE analysis of synaptosomal proteins and (2)
immunolabeling of TH by LNC 1 as determined by FACS anal-
ysis.

SDS-PAGE analysis of proteins obtained from fresh synap-
tosomes, Zamboni-fixed synaptosomes, and synaptosomes fixed
with varying concentrations of paraformaldehyde is shown in
Figure 6. The pattern of Coomassie staining is extremely similar
in all lanes, suggesting that fixation does not alter the qualitative
electrophoretic properties of synaptosomal proteins. However,
even though equal amounts of protein were applied to all lanes,
different amounts of protein appear to have been recovered from
synaptosomes fixed by different methods. For example, fresh
synaptosomes contained several bands of high molecular weight
that were less intense in synaptosomes fixed with high concen-
trations of paraformaldehyde or with modified Zamboni fluid.
The lowest recovery of these high-M, proteins was observed for
Zamboni-fixed synaptosomes. Recovery improved with de-
creasing concentrations of paraformaldehyde alone, such that
approximately equal amounts of all Coomassie-stained proteins
were detected in fresh synaptosomes and synaptosomes fixed
with low (0.1 and 0.01%) concentrations of paraformaldehyde.
Examination of the amount of protein remaining in the stacking
gel (see Fig. 6) suggested that lower recoveries were due to the
fact that some protein never entered the resolving gel for samples
fixed with modified Zamboni fluid or high concentrations of
paraformaldehyde. This may be attributable to cross-linking of
proteins as a result of fixation.
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Figure 2. Dilution curves for LNC 1 and a control monoclonal anti-
body, MOPC21. Fixed striatal synaptosomes were incubated with the
indicated dilution of ascites as described in Materials and Methods and
then reacted with a 1:50 dilution of FITC-conjugated secondary anti-
body.

Next, FACS analysis was used to determine the extent to
which TH was labeled by a 1:2000 dilution of LNC 1 in syn-
aptosomes fixed with the methods described above. In order to
define background fluorescence, an analysis window was set
containing only 0.2% of fresh synaptosomes. Fixed synapto-
somes falling into this window were considered to have been
labeled by LNC 1. The greatest percentage of labeling was ob-
served for Zamboni-fixed synaptosomes (11.6%), with progres-
sively fewer synaptosomes labeled at decreasing concentrations
of paraformaldehyde (Table 1). However, labeling well above
background levels (5.1%) was observed even at the lowest con-
centration of paraformaldehyde (0.01%). This suggests that all
of the fixation protocols rendered synaptosomes permeable to
antibodies. The decreased labeling observed with low concen-
trations of paraformaldehyde may suggest that cross-linking of
membrane proteins was not sufficient to prevent soluble TH
from diffusing out of the synaptosomes after fixation. This would
be consistent with the observation that fixation methods which
produced the greatest protein cross-linking, as assessed by failure
of proteins to enter the resolving gel (Fig. 6), also resulted in
the greatest percentage of synaptosomal labeling by LNC 1.

Discussion

While synaptosomes have proven valuable in studies of synaptic
function, their utility is limited by their chemical heterogeneity.
This has prompted attempts to obtain synaptosomes enriched
for various transmitters. Although a partial enrichment can be
obtained in some cases based on differing sedimentation char-
acteristics (see Robinson and Lovenberg, 1986), immunological
approaches to defining synaptosomal subpopulations are most
promising. For example, Richardson et al. (1984) obtained af-
finity-purified cholinergic terminals from rat brain using an anti-
sera to a ganglioside antigen found on cholinergic membranes,
enabling biochemical studies that would have been problematic
in a mixed preparation (Richardson, 1986; Richardson and
Brown, 1987; Richardson et al., 1987).

When utilized in combination with appropriate antibodies or
other ligands, FACS has the potential to provide an elegant
means of identifying and separating synaptosomal subpopula-
tions (see Wolf and Kapatos, 1989). To date, neuroscientists
have used FACS primarily to identify subpopulations of intact
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Figure 3. LNC 1 labeling of fixed striatal synaptosomes prepared from an untreated rat and a rat that received an intraventricular injection of
6-OHDA. The striatal DA content of the lesioned rat was 18% of control. The percentage of synaptosomes labeled in each group is indicated in
parentheses. LNC 1 labeling is decreased considerably in lesioned tissue. Nonspecific binding was defined using a control monoclonal antibody,
RPCS5. A 4 log unit range of fluorescence intensity is presented on the abscissa. Analysis was based on 20,000 events per sample.

cells based on differences in light scattering properties (Hatfield
and Hymer, 1986a, b), the presence of cell surface antigens
(Campbell et al., 1977; Rathjen et al., 1981; Abney et al., 1983,
Barald, 1983; Derby et al., 1983; Dyer et al., 1983; Kapatos et
al., 1983, 1985; Sack et al., 1983; Brackenbury et al., 1984;
Moskal and Schaffner, 1986; St. John et al., 1986a, b; Chen et
al., 1987; di Porzio et al., 1987), or the presence of retrogradely
transported fluorescent markers (McPheeters and Okun, 1980;
Armson and Bennett, 1983; Eagleson and Bennett, 1983; Rohrer
etal., 1983; Calof and Reichardt, 1984; O’Brien and Fischbach,
1986; Schaflner et al., 1987).

Several recent reports have described the flow cytometric
analysis of intracellular antigens in permeabilized cells. For ex-

ample, indirect immunofluorescence techniques in combination
with FACS have been used to determine the relative numbers
of growth hormone-, prolactin-, and luteinizing hormone-pro-
ducing cells in rat anterior pituitary (Hatfield and Hymer, 1985).
In another study, fixed neurophysin-containing neurons, which
comprised only 2% of the cells in the starting material, were
isolated by FACS from dissociated tissue punches of rat su-
praoptic and paraventricular hypothalamic nuclei (Paden et al.,
1986). Intracellular antigens have also been detected and quan-
tified in lymphocytes and transformed cells (Zeile, 1980; Schroff
etal., 1984; Freedman and Auersperg, 1986; Jacobberger et al.,
1986; Young et al., 1986; Hayden et al., 1988). We now report
the development of methods for the analysis and FACS-isola-
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tion of striatal synaptosomes that have been permeabilized by
fixation and the use of these methods to obiain greatly enriched
preparations of dopaminergic synaptosomes.

Dopaminergic striatal synaptosomes were identified based on
the presence of TH, an intracellular antigen confined to DA
nerve terminals in this tissue (Swanson and Hartman, 1975).
Analysis of 5 experiments indicated that 9.9 + 0.5% of the
particles in fixed synaptosomal fractions of rat striatum were
specifically labeled after sequential incubation with LNC 1 and
FITC-secondary antibody. Data presented in the previous paper
indicate that approximately 20-30% of the synaptosomal frac-
tion represents particles other than intact synaptosomes, in-
cluding free mitochondria and elements derived from astrocytes
(Wolf and Kapatos, 1989). After correction for these contami-
nants, the present results suggest that 12—15% of fixed striatal
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Table 1. Synaptosomal labeling by LNC 1: comparison of different
methods of fixation

% Labeled
Treatment Lanes (Fig. 6) by LNC 1
Zamboni A 11.6
2% paraformaldehyde B 8.6
1% paraformaldehyde C 8.2
0.1% paraformaldehyde D 6.8
0.01% paraformaldehyde E 5.1
Fresh synaptosomes F 32

Background fluorescence was defined as that level exceeded by only 0.2% of
unlabeled fixed synaptosomes. Using this criteria, similar percentages of fresh
synaptosomes were labeled by a 1:2000 dilution of LNC 1 (3.2%), RPC5 (3.8%),
and MOPC21 (3.9%), or after incubation with FITC-secondary antibody only
(2.7%).

synaptosomes contain TH. This is in close agreement with pre-
vious estimates of approximately 16% derived from fluores-
cence (Hokfelt, 1968; Hokfelt and Ungerstedt, 1969) and au-
toradiographic (Iversen and Schon, 1973) studies of
catecholamine uptake into striatal nerve terminals. It should be
noted that percentages of synaptosomes labeled by LNC | were
derived by subtracting nonspecific labeling observed with a con-
trol monoclonal antibody of the same Ig class as LNC 1 and
could, therefore, be underestimates if actual nonspecific labeling
by LNC 1 is less than that produced by control monoclonal
antibodies. Small variations in the percentage of striatal syn-
aptosomes specifically labeled by LNC 1 in different experi-
mental preparations probably reflect the difficulty of distin-
guishing between unlabeled terminals with high autofluorescence
and dopaminergic terminals that for some reason (e.g., lower
TH content) exhibit relatively low fluorescence intensity (see
Fig. 3).

Control experiments demonstrated that LNC 1 labeling was

Figure 5. Comparison of TH levels in
3 million fixed control synaptosomes
(starting material, or START) and 3
million fixed striatal synaptosomes
sorted based on recognition by LNC 1
(TH+). Approximately 0.5 ug of pro-
tein was applied to each lane, analyzed
by SDS-PAGE, electroblotted, and im-
munoprobed with LNC 1. Densito-
metric analysis of the tyrosine hydrox-
ylase band (TH) is shown at right.
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Figure 6. Comparison of proteins in fresh synaptosomes and synap-
tosomes fixed with different methods (4, Zamboni; B, 2% paraformal-
dehyde; C, 1% paraformaldehyde; D, 0.1% paraformaldehyde; £, 0.01%
paraformaldehyde; F, fresh synaptosomes). In each case, 20 ug of syn-
aptosomal protein was analyzed by SDS-PAGE in duplicate lanes and
detected with Coomassie stain.

decreased in synaptosomes prepared from rats that had received
intraventricular injections of 6-OHDA. The decrease in the per-
centage of synaptosomes labeled by LNC 1 was proportional to
the percentage of striatal DA depletion produced by the lesion.
These findings strongly suggest that the fluorescent subpopu-
lation of synaptosomes observed after labeling with LNC 1 and
FITC-secondary antibody was derived from nigrostriatal DA
terminals. Synaptosomes sorted on the basis of recognition by
LNC 1 were found to be enriched 6-fold for TH content com-
pared with control synaptosomes sorted on the basis of light
scatter. This is the degree of enrichment that would be predicted
if TH-positive synaptosomes represented 16% of the starting
material and if nearly all of the TH-positive synaptosomes were
sorted using our protocol.

It is well known that fixation can have profound effects on
antigenicity (Kerr et al., 1988). Thus, attempts to further char-
acterize FACS-isolated dopaminergic synaptosomes could be
hindered if fixation alters synaptosomal proteins of interest so
as to interfere with their detection by antibodies or other ligands.
Our results suggest that fixation with Zamboni fluid does not
produce serious problems in this respect. While some degree of
protein cross-linking occurred, this appears to be desirable and
necessary when sorting based on soluble intracellular antigens
like TH. Furthermore, Zamboni fixation does not alter the spec-
trum of synaptosomal proteins as detected by SDS-PAGE or
their qualitative electrophoretic propertics. This indicates that
Zamboni fixation will not prevent the identification of proteins
on the basis of molecular weight.

Finally, it should be noted that it is not uncommon for an-

tibodies raised against intact antigens to be used in the detection
of these antigens in fixed tissue. With the exception of very
small molecules, for which it is sometimes necessary to generate
antibodies to the fixed form of the molecule, this is the approach
that is generally used in histochemical studies. In fact, we have
yet to encounter a case in which Zamboni fixation prevented
an antibody from recognizing its appropriate antigen (unpub-
lished observations). Similarly, results from other laboratories
have shown that Zamboni fixation does not interfere with flow
cytometric analysis of cells using antisera to growth hormone,
prolactin, and luteinizing hormone (Hatfield and Hymer, 1985)
or neurophysin (Paden et al., 1986).

It is interesting that the monomeric form of TH (62 kDa) was
identified in Western blots obtained from Zamboni-fixed syn-
aptosomes. Previous studies have demonstrated that TH exists
as a tetramer of identical subunits (Markey et al., 1980; Okuno
and Fujisawa, 1982; Richtand et al., 1985). Since synaptosomes
were fixed prior to sorting and SDS-PAGE, any oligomers that
might have been cross-linked as a result of fixation would not
have dissociated into monomers when subjected to denaturing
gel electrophoresis. The detection of the monomeric form there-
fore suggests that fixation with modified Zamboni fluid does
not produce extensive cross-linking of TH to other TH mole-
cules (or to other proteins).

In the course of the present studies, we also attempted to
develop flow cytometric methods for isolating intact dopami-
nergic synaptosomes. This could be accomplished readily if a
cell surface marker unique to DA terminals could be identified
and used to raise antibodies. Lacking such a marker, a number
of alternatives were explored. Several neuronal populations have
been successfully identified and sorted after being marked by
retrograde transport of fluorescent tracers (see above for refer-
ences). We attempted to introduce a fluorescent label into the
terminals of nigrostriatal DA neurons using a FITC derivative
of Phaseolus vulgaris leucoagglutinin (PHA-L), a plant lectin
that is transported anterogradely. FITC-PHA-L was applied
iontophoretically to the substantia nigra of adult rats using the
method of Gerfen and Sawchenko (1984). After 12 d, striatal
synaptosomes were prepared from treated rats. When these syn-
aptosomes were analyzed by FACS, a small number (1-2%) of
terminals were more fluorescent than controls (data not shown).
This may suggest that FITC-PHA-L was taken up and trans-
ported by only a small fraction of the DA neurons in the sub-
stantia nigra. For example, if 10% of DA cell bodies took up
the lectin and if DA terminals represent 15% of total terminals
in the striatum, then only 1.5% of striatal terminals would be
labeled. Unfortunately, subpopulations of this size are very dif-
ficult to analyze or sort. This approach is therefore problematic
unless lectin could be introduced into the majority of the nigral
DA neurons.

A second approach was based on the possibility that DA
terminals might differ from other terminals in their cell surface
carbohydrates. Subpopulations of striatal synaptosomes rec-
ognized by 11 FITC-conjugated plant lectins with different car-
bohydrate binding specificities were collected onto membrane
filters by FACS and immunoprobed for TH using Western blot
techniques. In several cases, TH was enriched or depleted in
subpopulations of synaptosomes recognized by a particular lec-
tin. However, no lectin labeled either dopaminergic or non-
dopaminergic synaptosomes exclusively (Wolf and Kapatos,
1989).

While the flow cytometric isolation of intact dopaminergic



synaptosomes remains an exciting goal, there are some appli-
cations for which permeabilized synaptosomes are better suited.
For example, it should be possible to detect and quantify intra-
cellular antigens, including classical neurotransmitters, neuro-
peptides, and enzymes. Cell surface components, such as re-
ceptors and transporters, could also be examined. Since the
FACS can detect fluorescent signals at 2 or more wavelengths,
enabling simultaneous analysis of 2 or more antigens, this tech-
nique is well suited to colocalization studies. The question of
whether a particular molecule is present in DA terminals could
also be resolved by Western analysis of sorted TH-positive syn-
aptosomes.

This approach should prove useful in evaluating theories about
the role of specific molecules (e.g., components of signal trans-
duction systems) in the regulation of dopaminergic function.
Inherent in all such theories is the assumption that DA neurons
actually contain the regulatory component in question. While
histochemical methods can determine in a qualitative fashion
whether a molecule is localized to a particular type of neuron,
flow cytometry is unique in its ability to do so in a quantitative
and statistically adequate manner. A stronger argument for a
proposed chain of signal transduction could be made after show-
ing that all the required molecular links are present in the ap-
propriate neuronal population.

It is important to note that the techniques described in this
paper can be applied to the analysis and isolation of any chem-
ically identified population of nerve terminals or cells. Studies
using human tissue are feasible given the recent demonstration
that intact synaptosomes can be prepared from frozen human
brain (Hardy et al., 1984; Haberland and Hetey, 1987a, b).
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