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Cells were dissociated from the CNS of the embryonic mouse 
and rat to produce cell suspensions suitable for analysis and 
separation on a fluorescence-activated cell sorter (FACS). Cells 
from the spinal cord of the embryonic mouse were analyzed in 
the most detail. Cell suspensions generated three major peaks 
in histograms of forward-angle light scatter. Examination of 
material isolated from each peak and labeling of cell suspen- 
sions with the nonvital and supravital fluorescent dyes propidi- 
urn iodide, ethidium bromide, and acridine orange demonstrated 
that the three peaks represented live cells, dead cells, and sub- 
cellular fragments. Passage through the cell sorter did not de- 
tectably damage live cells, as shown by light microscopy, FACS 
analysis, and in vitro culture of sorted cells. Neurons and glial 
cells collected by sorting survived at least 4 weeks in culture. 

Cell suspensions dissociated from the dorsal root ganglia, hip- 
pocampus, hypothalamus, cerebellum, and cerebral cortex of the 
embryonic mouse and from the spinal cord of the embryonic rat 
produced similar results. Analysis of samples prepared at dif- 
ferent developmental stages showed that viable cells could be 
recovered from each of these regions throughout the important 
stages of neurogenesis and early cellular differentiation, but that 
few viable cells could be recovered from animals beyond late 
embryonic or early postnatal ages. 

Quantitative FACS analysis of monoclonal antibody A2B5, 
tetanus toxin and cholera toxin, and lectins binding to live dis- 
sociated cells from the embryonic spinal cord demonstrated that 
these cells had already developed binding sites for these cell- 
surface ligands by embryonic day 13. 

These results demonstrate that a fluorescence-activated cell 
sorter can be used for quantitative analysis of specific cellular 
properties, that FACS analysis and sorting can be used to iden- 
tify and isolate live cells from many regions of the embryonic 
mammalian CNS during important developmental periods, and 
that sorted neurons and glial cells can be maintained for weeks 
in culture. 

Understanding of cellular development and intercellular inter- 
actions in the developing nervous system is a fundamental goal 
in neurobiology. However, the vast numbers of cell types and 
the complexity of their interactions can make in vivo studies of 
cellular mechanisms difficult, if not impossible. The use of tissue 
culture allows studies at a level of detail usually not possible in 
vivo. However, most primary cultures contain a mixture of cell 
types, which usually cannot be distinguished on the basis of 
morphology, thus making it difficult or impossible to identify 
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specific cellular phenotypes. Several methods have been devel- 
oped for identifying or isolating specific cell populations for 
study in vitro (see reviews by Mirsky, 1982; Schachner, 1982; 
Schaffner and Schnarr, 1983). One approach with promise in- 
volves analysis of cell suspensions using a fluorescence-activated 
cell sorter (FACS) in combination with specific fluorescent probes. 

Cell sorting has been central in the identification and isolation 
of different cell types in the immune system (see reviews by 
Kruth, 1982; Loken and Stall, 1982; Loken et al., 1979; Scher 
and Mage, 1984). Because cells are examined individually, even 
small subsets of cells, if labeled with fluorescent probes, can be 
recognized within a heterogeneous population. The sorting ca- 
pability of the instrument allows the labeled cells to be isolated 
for further analysis and maintenance in culture. In studies of 
the nervous system, this technique has been used to identify 
different classes of glial cells (Abney et al., 1983; Campbell et 
al., 1977) to identify and isolate cellular elements from the chick 
retina (Brackenbury et al., 1984; Derby et al., 1983; Dyer et al., 
1983; Rathjen and Gierer, 1981; Rathjen et al., 1981) and pre- 
sumptive spinal motoneurons from the embryonic chick (Calof 
and Reichardt, 1984; McPheeters and Okun, 1980) and to ana- 
lyze cells from the cerebellum of the postnatal mouse (Sack et 
al., 1983). 

We have found that tissue from several major regions of the 
CNS of the embryonic mouse and rat can be dissociated into 
cell suspensions that are well suited for analysis and separation 
by a cell sorter. Cells can be dissociated from all regions ex- 
amined throughout the important stages of cellular differentia- 
tion and histogenesis. The live cells, dead cells, and subcellular 
fragments in these suspensions can be distinguished simply on 
the cell sorter, and live cells can be collected by sorting with 
little or no loss of viability. We have begun to label different 
classes of cells from the developing mouse spinal cord using a 
variety of surface-reactive markers whose binding to embryonic 
neural cells can be detected in the cell sorter. Some of these 
results have appeared previously in abstract form (St. John and 
Barker, 1983). 

Materials and Methods 

Animals 
Experiments were Performed with mice of the Swiss, BALBK, and 
C57B 16/J strains, and rats of the Sprague-Dawley strain. Pregnancies 
were timed by counting the day of appearance of a vaginal plug as day 
0. Embryonic mice were staged according to Rugh (1968). 

Preparation of dissociated cells 
Cells were prepared from the spinal cord, dorsal root ganglia, hippo- 
campus, hypothalamus, cerebellum, or cerebral cortex. Following dis- 
section, tissue was minced in Puck’s buffer (Gibco) containing no Cal+ 
or Mg*+ and maintained in this buffer for 30 min at 37°C. For enzymatic 
dissociation, one of the following was included during incubation in 
Puck’s buffer: trypsin (0. l%, followed by inhibition with excess soybean 
trypsin inhibitor; Sigma), collagenase (0.1%; Worthington), chymotryp- 
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Figure 1. Dissociated cells from spinal cords of embryonic mice at E12.5. Cells were dissociated without the use of enzymes (see Materials and 
Methods). Note wide range of sizes, presence of both phase-bright and phase-dark elements, and subcellular fragments. Phase-contrast. Bar, 
30 urn. 

Figure 2. Histogram of light-scatter 
values for material dissociated from 

0 
E 12.5 spinal cord and analyzed on cell 

50 100 150 200 25; sorter. Positions of three major peaks 

light scatter (channel number) 
(Z, ZZ, ZZZ) are marked. Linear scale 
on ordinate. 
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sin (0.1%; Worthington), papain (0.0 1%; Sigma), or dispase (0.1%; Boeh- 
ringer-Mannheim). Incubation in Puck’s buffer with or without enzyme 
was followed bv gentle repeated pipetting to dissociate cells. Following 
dissociation, ceils were centrifuged-at 300 x g for 5 min, and the pellet 
was resusoended in Hank’s Balanced Salt Solution (HBSS: Gibco) con- 
taining 25 mM HEPES (Gibco), pH 7.3, and 0.1% BSA (fraction V, 
Sigma). An aliquot was analyzed for viability based on exclusion of 
trypan blue. The suspension was diluted to a density of l-5 x lo6 live 
cells/ml for cell sorting. In sorting experiments, sorted cells were col- 
lected in the buffer used to resuspend the starting sample (HBSS/HEPES/ 
BSA). 

Cell culture 
Cells isolated from the embryonic spinal cord were maintained in vitro 
according to methods previously described (Barker and Ransom, 1978; 
Ransom et al., 1977). Cells recovered from cell sorting were centrifuged, 
and the pellet was resuspended in culture medium (see below). Cells 
were plated either on collagen- or polylysine-coated tissue culture dishes 
at a density of 5 x lo4 to 1 x lo5 cells/cm2 or on confluent cultures of 
once-passaged rat cortical astrocytes [prepared by minor modifications 
of the methods of McCarthy and de Vellis (1980) and Kimelberg (1983)] 
at a density of 1 x 10) to 1 x lo5 cells/cm2. All cultures were grown in 
Eagle’s Minimal Essential Medium (MEM, Advanced Biotechnologies, 
Silver Spring, MD) with 5% horse serum (Hazleton/Dutchland), trans- 
fenin (100 &ml; Sigma), selenium (52 rig/ml; Sigma), and insulin (5 
&ml; Collaborative Research, Lexington, MA), and the medium was 
changed every 3-4 d. 

Cell-surface labeling 
Cell suspensions were labeled with the following ligands: monoclonal 
antibody A2B5 (Eisenbarth et al., 1979; obtained from Pelfreez); mono- 
clonal antibody to Thy 1.2 antigen (Miles); C fragment of tetanus toxin 
and monoclonal antibody to tetanus toxin (generous gift from J. G. 
Kenimer and W. H. Habia. U.S. Food and Drug Administration, Be- 
thesda, MD); FITC-conjugited subunit B of cholera toxin (generous gift 
from List Biological Laboratories, Campbell, CA); and the lectins wheat 
germ agglutinin, concanavalin A, Dolichos biflorus agglutinin, peanut 
agglutinin, Ulex europaeus agglutinin I, Ricinis communis agglutinin I, 
and soybean agglutinin (Vector Labs). Binding reactions for all ligands 
were routinely performed at 4”C, with similar results observed at room 
temperature and at 37°C. Hank’s BSS containing 25 mM HEPES, pH 
7.3, and 0. II BSA was used for all incubations and washes. Samples 
were incubated in the ligand for 60 min, then washed. For immunoflu- 
orescence, primary antibodies were followed by FITC-conjugated F(ab’), 
fragments of rat anti-mouse IgG (H+L), obtained from Jackson Labs 
and diluted 1:50 for use. Biotin-conjugated lectins were used at final 
concentrations of l-2 and 50-100 pg/ml, followed by FITC-conjugated 
avidin (Vector Labs) at a final concentration of 5 &ml. For quantitative 
assays of A2B5 binding, the monoclonal antibody was followed by lZ51- 
F(ab’), fragments of sheep anti-mouse IgG (H+L), obtained from New 
England Nuclear and diluted to a final concentration of 1 &i/ml (ap- 
proximately 10 @/ml). Incubations in secondary reagents were for 30- 
60 min. Cultures labeled with 1251-antibodies were dissolved overnight 
in 1 N NaOH, and samples were counted in a gamma counter. 

Fluorescence microscopy was performed on a-Zeiss Photomicroscope 
III eauioued with a 100 W mercurv-arc lamp for em-illumination. The . .- 
filter set for FITC included a 4501490 nm excitation filter, a 510 nm 
dichroic mirror, and a 520 nm long-pass barrier filter (Zeiss filter set 
48 77 09); the filter set for rhodamine included a 556/ 12 nm bandpass 
excitation filter, a 580 nm dichroic mirror, and a 590 nm long-pass 
barrier filter (Zeiss filter set 48 77 15). FITC and a&dine orange were 
observed with the FITC filter set; propidium iodide and ethidium bro- 
mide, because of their broad excitation and emission spectra, could be 
observed with either filter set. Samples were observed with a 16 or 25 x 
oil-immersion Plan-Neofluor objective. 

Fluorescence-activated cell sorting (FACS) 
Cell sorting and analysis were performed on a FACS 440 (Becton-Dick- 
inson, Mountain View, CA) equipped with detectors for forward-angle 
light scatter, right-angle light scatter, and two colors of fluorescence. 
Excitation was provided by a 4 W argon ion laser (Spectra Physics) 
tuned to generate 400 mW at 488 nm. Emissions from Auorochromes 
were passed through a 490 nm long-pass filter, green and red signals 
were separated by a 570 nm dichroic mirror, green signals were passed 

Figure 3. Subcellular fragments recovered from spinal cord (E12.5) 
cell suspension by sorting material in peak I of the light-scatter histo- 
gram. Phase-contrast. Bar, 30 pm. 

through a 530/30 nm bandpass filter, and red signals passed through a 
625/35 nm bandpass filter (filters from Becton-Dickinson and Corion). 
All experiments were performed with 70 pm nozzle tips. 

All particles with values of light scatter higher than an arbitrarily 
chosen threshold level were included in the analysis. These particles, 
called “events” on the cell sorter, included both intact cells and sub- 
cellular fragments (see Results). The cell sorter was operated at rates up 
to 2500 particles/set for sorting and up to 6000 particledsec for analysis 
without sorting. Raw data, usually collected from 50,000 particles per 
sample, were stored, analyzed, and displayed on a PDP 1 l/23-based 
computer (Consort 40; Becton-Dickinson) and a VAX 750 (Digital 
Equipment Corporation). Data consisted of digitized pulse heights from 
each of the photosensors of the FACS and were collected to the PDP 
1 l/23 using direct memory access (DMA). The on-line data collection 
routine was modified from a program supplied by Becton-Dickinson 
(G. Breitbard, unpublished observations). This program is written in 
FORTRAN with the necessary assembly language routines for on-line, 
real-time data acquisition. Further analysis of the data was performed 
with the same computer or the VAX (operated by the Research Services 
Branch of NIMH). Proarams for analvsis were either modified from 
those supplied by ‘Becto~Dickinson or developed in our laboratory. 

When a suspension of cells is passed through a cell sorter, each cell 
or fragment in the preparation scatters light. The amount of scattered 
light, a parameter called forward-angle light scatter, is quantified, and 
the results for the light-scattering properties of the population are ex- 
pressed as a frequency histogram displaying the number of particles or 
events as a function of the light scattered. Intensities of fluorescence for 
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Figure 4. Propidium iodide (PI) staining of dissociated cells from El 3 spinal cord. Cells were dissociated without enzymes and then stained with 
PI as described in Materials and Methods. a, Phase-contrast; b, fluorescence view of same field: PITC filter set. Brightly fluorescent PI-positive 
cells are easily distinguished from nonfluorescent PI-negative cells. PI-negative cells (short-tailed arrows in a only) usually were phase-bright, while 
PI-positive cells (long-tailed arrows) usually were more phase-dark. Bar, 30 pm. 
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Figure 5. FACS analysis of propidium iodide (PI) staining of material 
dissociated from E 13 spinal cords. Dual-parameter hidden-line histo- 
grams of light scatter and fluorescence for material dissociated without 
enzymes are shown. A, Untreated control sample displays little, if any, 
background fluorescence. The three major peaks of light scatter (Z, ZZ, 
ZZZ) are seen in lowest channels of fluorescence Cforeground). B, Sample 
stained with PI displays fluorescence in almost all material that com- 
prises peak II but in almost no cells whose light scatter falls in peak III. 
Vertical axis, representing relative number of events in each channel, 
is on a linear scale. 

the cells and particles in a sample also are displayed as frequency his- 
tograms. Data often are expressed as dual-parameter histograms dis- 
playing the distribution of the cells according to any two measured 
parameters. Provisions were made to plot values of the parameters as 
a function of the cells’ position in the sort, which was an indication of 
the value of the parameter as a function of time. This was used to check 
for variations due to large-scale inhomogeneity in samples. 

Propidium iodide (Sigma) was added to samples at a final concen- 
tration of 75 PM (50 pg/ml) to label the dead cells in the population 
(e.g., Jacobs and Pipho, 1983; Krishan, 1975; Loken and Stall, 1982). 
Ethidium bromide (25 PM; Sigma) and acridine orange (8 PM; Sigma) 
were used to label dead and live cells, respectively, as described by Parks 
et al. (1979); there was virtually no spillover between channels for the 
signals from these dyes. 

Samples in a given group (e.g., in a given figure) were analyzed at the 
same time with the settings on the instrument unchanged between sam- 
ples. Samples from different groups (e.g., from different regions of the 
CNS) were analyzed with similar, but not necessarily identical settings. 
Thus, results for samples from different regions of the CNS, although 
similar, are not strictly comparable, for example, with respect to exact 
positions of peaks in histograms. 

Results 
Spinal cord and dorsal root ganglia 

Spinal cord 

Material dissociated from the spinal cords of mice at embryonic 
day 12.5 (E 12.5), the age normally used to establish cell cultures 

Table 1. Comparison of staining by trypan blue and propidium 
iodide 

TB positive TB negative 

PI positive 168 (46.3%) 1 (0.3%) 
PI negative 1 (0.3%) 193 (53.2%) 

A sample of dissociated cells from embryonic spinal cords (E 13) was stained by 
both trypan blue (TB) and propidium iodide (PI), and cells in randomly chosen 
fields were examined and counted by bright-field and fluorescence microscopy. 

(e.g., Ransom et al., 1977), is shown in Figure 1. Although axons 
and dendrites have already begun to develop in vivo at E12.5 
(Flanagan, 1969; Holley et al., 1982a-c; Lance-Jones, 1982; 
Wentworth, 1984a, b), most were sheared off during dissocia- 
tion, leaving only cell bodies and subcellular fragments. 

The histogram of light scatter for material dissociated from 
spinal cords at E 12.5 consistently displayed three major peaks 
(Fig. 2). Several approaches were used to identify the cellular 
components constituting each peak. 

Peak I 
Material recovered by sorting peak I consisted of subcellular 
fragments and debris (Fig. 3). Two complementary observations 
suggested that the cellular debris and fragments recovered by 
sorting from peak I were those present in the starting sample 
rather than new fragments generated from intact cells during 
passage through the cell sorter. Cell suspensions centrifuged 
through a density gradient to remove debris prior to analysis 
on the cell sorter generated a smaller peak I. Cell suspensions 
that contained more debris, such as those severely triturated or 
subjected to osmotic shock, generated a larger peak I (not shown). 

Peaks II and III 
Several lines of evidence showed that peak II was generated by 
dead cells, while peak III was comprised of live cells. There was 
close correspondence between the percentages of trypan blue- 
stained and unstained cells in a sample and the relative numbers 
of cellular elements scattering light in peaks II and III. Physical 
methods that disrupt cells, such as osmotic shock or incubation 
with cytotoxic concentrations of lectins, consistently decreased 
the size of peak III and stoichiometrically increased the size of 
peak II (not shown). 

Direct evidence that peak II corresponds to dead cells and 
peak III to live cells came from analysis of cell suspensions 
stained with nonvital and vital fluorescent dyes. Propidium io- 
dide (PI), a 668-Da fluorescent dye excluded from live cells but 
taken up by dead cells (Krishan, 1975; Loken and Stall, 1982), 
labeled cells that appeared relatively dark and flat in phase- 
contrast and did not stain phase-bright, apparently spherical 
cells (Fig. 4). There was a close correspondence between staining 
by PI and staining by trypan blue. In samples stained with both 
dyes, virtually every cell stained by one dye was also stained by 
the other (Table 1). Among samples prepared from the spinal 
cord by different methods of dissociation, there was a significant 
correlation between the exclusion of trypan blue determined 
microscopically and exclusion of PI determined on the cell sorter 
(Table 3). This correspondence between trypan blue and PI 
staining was seen consistently in samples from different embry- 
onic periods and from different regions of the developing CNS. 
Thus, PI fluorescence was considered functionally equivalent to 
trypan blue as a marker of nonviable cells in these dissociated 
cell suspensions. 

Analysis on the cell sorter of cells dissociated from embryonic 
spinal cord and stained with PI revealed that over 80% of the 
cells comprising peak II were labeled, while over 90% of the 
cells in peak III were not (Fig. 5). On the basis of staining with 
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Figure 6. Acridine orange (AO) and ethidium bromide (EB) staining of dissociated cells from El 3 spinal cord. Cells were dissociated without 
enzymes and were stained with A0 and EB as described in Materials and Methods. a, Phase-contrast; b, fluorescence view of same field: FITC 
filter set. AO-positive cells (long-tailed arrow) fluoresce green and usually are phase-bright, while EB-positive cells (short-tailed arrow) fluoresce 
yellow/red and usually are more phase-dark. Bar, 30 pm. 
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Figure 7. FACS analysis of acridine orange (AO) and ethidium bromide (EB) staining. Figure shows dual-parameter histograms of light scatter 
and fluorescence for material dissociated without enzymes from E 13 spinal cords. A and C, Unstained control cells. B and D, Cells stained with 
A0 and EB. Control sample displays little or no green fluorescence (A) or yellow/red fluorescence (C). Sample stained with A0 and EB displays 
green fluorescence from A0 (B) in almost all cells with light scatter in peak III (arrows in A and B) but in almost no cells in peak II; yellow/red 
fluorescence from EB (D) is found in most cells of peak II (arrows in C and D) but in few cells in peak III. Linear scale on vertical axes. 

PI, then, peak II was comprised largely of nonviable cells and 
peak III was composed mostly of live cells. The same finding 
was made for cells dissociated from several supraspinal regions 
of the CNS (see below). 

Cell suspensions from the spinal cord were stained with two 
other fluorescent dyes, a&dine orange (AO) and ethidium bro- 
mide (EB), that label vital and nonvital cells, respectively (Parks 
et al., 1979). Because their fluorescent emissions occur at dif- 
ferent wavelengths, these dyes could be used simultaneously to 
label vital and nonvital cells for analysis on a a fluorescence 
microscope (Fig. 6) or on the cell sorter (Fig. 7). In the example 
shown in Figure 7, quantitative analysis showed that EB labeled 
15% ofall particles; the light-scatter histogram for these particles 
contained a single peak coincident with peak II for the starting 
material. A0 labeled 49% of all particles, and these generated 
a light-scatter histogram with a single peak coincident with peak 
III of the starting sample. Thirty-seven percent of all particles 
were not stained by either dye, and these comprised peak I in 
light scatter. Less than 1% of all particles were labeled by both 
A0 and EB; these few particles were spread uniformly across 
the entire range of light scatter. By these criteria, then, about 
64% (percentage of EB-positive plus percentage of AO-positive) 
of all particles in the suspension taken for illustration were cell 
bodies, and about three-quarters of these (AO-positive) were 
viable. Thus, analysis with EB and A0 provided further evi- 

dence that peak II contained mostly nonvital cells and peak III 
primarily vital cells. 

Additional characterization of the material in peaks II and 
III was obtained by microscopic examination of the material 
sorted according to either light scatter alone in unstained sam- 
ples or both fluorescence and light scatter in samples stained by 
PI. When PI-positive cells were sorted, virtually all of them 
could be stained by PI (Fig. 8) or trypan blue after the sort. 
Sorted PI-positive cells did not survive in culture, even under 
conditions that supported survival of live cells at a 50-fold lower 
plating density. The nonviability of PI-positive cells was not 
simply a toxic effect of the dye, since cells with peak II levels 
of light scatter sorted from an unstained sample also took up 
trypan blue after the sort and failed to survive in culture (Table 
2); less than 2% of unstained cells in peak II were viable in 
cultures. 

Cells that had peak III levels of light scatter and excluded PI, 
when isolated by cell sorting, consistently were found to be 
phase-bright (Fig. 9a). When such cells were restained with PI, 
almost all were found still to exclude the dye (Fig. 9b). Quan- 
titative analysis on the cell sorter showed that over 90% of them 
still excluded PI (not shown). Unlike the material isolated from 
peak II, most cells sorted from peak III survived in culture for 
at least 4 d (Table 2) to 1 week (Fig. lo), and many survived 
for more than 4 weeks, similar to the survival of unsorted cells 
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Figure 8. Sorted PI-labeled cells. Cells were dissociated without enzymes from El3 spinal cords and stained with PI. Cells labeled by PI were 
isolated by sorting and stained with fresh PI before microscopy. a, Phase-contrast; b, fluorescence of the same field. Note that almost all cells 
stained with PI. Bar, 30 pm. Another, unstained portion of the same starting sample was used for sorting the cells shown in Figure 9. 

in culture. The fact that few PI-negative cells became PI-positive sorting per se. Cells that survived in culture included many that 
during sorting and the fact that many sorted cells survived for displayed neuronal morphology (Fig. 10) and could be labeled 
weeks in culture after sorting demonstrated that most of the live by antibody to neurofilament and others that could be labeled 
cells in a given sample were not detectably damaged by cell by antibody to glial fibrillary acidic protein (P. A. St. John, 



St. John et al. Vol. 6, No. 5, May 1986 

Figure 9. Sorted cells from peak III of light scatter. Cells dissociated without enzymes from El 3 spinal cords (same sample as used for sorting 
propidium iodide-labeled cells shown in Fig. 8) were prepared without staining and were sorted on the basis of light scatter alone. Cells with light 
scatter in peak III were collected and stained after the sort with PI before microscopy. a, Phase-contrast; b, fluorescence of the same field, FITC 
filter set. Almost no cells stained with PI after being sorted. Bar, 30 pm. 
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Figure 10. Sorted cells in culture. Dissociated cells with light scatter in peak III were isolated by sorting and maintained in culture for 7 d on a 
previously plated layer of cortical astrocytes (see Materials and Methods). Sorted cells are those with large, phase-bright cell bodies (arrows) and 
extensive processes; flat, phase-dark cells are part of astrocyte culture. Over 90% of such sorted cells exclude PI or EB and take up A0 in culture. 
Sorted cells plated directly on coated culture dishes produced comparable results. Phase-contrast. Bar, 30 pm. 

unpublished observations). The apparent presence of these pro- 
teins that mark differentiated neurons and astrocytes, respec- 
tively, suggests that differentiation of these major classes of 
neural cells in vitro may proceed normally after sorting, in agree- 
ment with previous studies of sorted glial cells (e.g., Abney et 
al., 1983). 

Table 2. Survival of sorted cells in culture 

Number Number at Survival 
Sample plated 3 db v4 

Peak II of 50,000 0 <2 
light scatter 100,000 0 <I< 

500,000 7500 1.5 

Peak III of 50,000 67,500 135 
light scatter 100,000 120,000 120 

500,000 239,000 48 

* Nominal number of cells based on the number of particles sorted, as counted 
by the instrument during sorting; this number was not confirmed with a 
hemocytometer. Samples were plated on confluent cultures of cortical astrocytes 
m 35 mm dishes (see Materials and Methods). 
b Number of sorted cells surviving at 3 d was estimated by binding of monoclonal 
antibody A2B5 and radioactive secondary antibody (see Materials and Methods). 
A standard curve was generated with unsorted cells from a different ahquot of the 
same cell suspension that was used for sorting. The nominal number of cells 
surviving in the sorted samples was estimated by comparison with the standard 
c*rve. 
= Indicated percentages correspond to limits of detection for antibody binding. 

Variability and reproducibility 
Before using the cell sorter to analyze differences between his- 
tograms for different samples, it was necessary to assess the 
variability among replicate samples prepared by the same pro- 
cedure. This was done with individual spinal cords from five 
embryonic mice that were selected as being at the same devel- 
opmental stage (E 12). Each spinal cord was hemisected, one half 
was dissociated with trypsin, and the other half was dissociated 
nonenzymatically. Nonenzymatic dissociations consistently 
produced histograms of light scatter with three characteristic 
peaks whose positions and relative sizes were quite similar from 
sample to sample (Fig. 11). The results demonstrated that vari- 
ation was low among replicate samples prepared from different 
animals of the same age. 

Dependence on method of dissociation 
Several methods for enzymatically dissociating cells from the 
embryonic spinal cord were compared with nonenzymatic dis- 
sociation to develop a protocol for the optimal yield of live cells. 
Spinal cords of mice at approximately E 13 were dissociated with 
trypsin, chymotrypsin, collagenase, or dispase, and the cell sus- 
pensions were analyzed on the cell sorter. Each enzyme pro- 
duced a suspension with a higher fraction of live cells than was 
produced by simple mechanical dissociation, as shown by ex- 
clusion of trypan blue (Table 3) and by light scatter and PI 
labeling analyzed on the cell sorter (Table 3, Fig. 12). However, 
dissociation protocols that produced a high fraction of viable 
cells did not invariably produce a high total number of viable 
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Figure I I, Variation among samples of dissociated cells analyzed on 
the cell sorter. Spinal cords from individual embryos, all at El 2.5, were 
dissociated without enzymes, stained with PI to mark dead cells and 
analyzed separately on the cell sorter. Results are displayed as histo- 
grams of values for light scatter. Note similarity of positions and relative 
areas under the peak for major peaks (II and III) among different 
samples; staining with PI (not shown) confirmed that peak II contained 
the PI-positive cells. 

cells per spinal cord. For example, over 95% of the cells in 
samples dissociated with dispase had light scatter in peak III 
and excluded PI, but the total yield of such viable cells per 
spinal cord was relatively low (Table 3). Protocols using trypsin 
or collagenase both produced high fractions of live cells and 
high total yields, but results with trypsin were more consistent 
among different lots of enzyme, so trypsin was used for routine 
enzymatic digestion in further experiments. 

Figure 12. FACS analysis of dissociation methods. Spinal cords frdm 
embryos at E 13 were dissociated by the methods indicated (details in 
Materials and Methods), stained with PI, and analyzed on the cell sorter. 
Histograms for light scatter are displayed. Sample labeled lrypsin + 

fits y  psi” 

chymotrypsin h u’;;;;_ 

0 50 too 150 200 250 

SBTI was prepared with trypsin that was mixed with soybean trypsin 
inhibitor before use to inactivate the trypsin. Note differences in relative 
sizes of major peaks (II and III) between samples prepared with and 
without enzymes, with almost no peak II (star) for samples prepared 
with trypsin, collagenase, and dispase; peak II in the sample prepared 
with SBTI-inhibited trypsin was comparable to that in the sample pre- 
pared with no enzyme but was truncated for display. Staining tith PI 
(not shown) confirmed that peak II contained the PI-positive cells in 
all samples. Quantitative analysis of these samples is presented in Ta- 
ble 3. 
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Figure 13. FACS analysis of material dissociated from spinal cords of mice at El 1, El 2, El 3, E14, and El 5. Spinal cords from individual embryos 
at the indicated ages were hemisected, and half were dissociated with trypsin and the other half dissociated without enzymes. The samples were 
stained with PI before analysis on the cell sorter. Histograms for light scatter alone are displayed. Note changes in relative sizes and relative positions 
of peaks III (arrows) and II at different ages (much of peak III was off scale in samples from El 1). Staining with PI (not shown) confirmed that 
peak II contained the PI-positive cells in all samples. 

Dependence on age 
The effect of age on the yield of live dissociated cells was ex- 
amined with nonenzymatic and tryptic dissociation of spinal 
cords from mice at ages ElO-E15. Although many live cells 
could be recovered from the spinal cord at ElO, El 1 was the 
earliest age when the spinal cord could routinely be dissected 
free of other tissue. Both mechanical and enzymatic dissociation 
of this early embryonic tissue yielded many live cells (Fig. 13). 
The total number of live cells recovered per spinal cord, as 
determined by hemocytometer, increased with embryonic age 
to a peak at E 12-E 13. The number of cells killed during nonen- 
zymatic dissociation also increased with age (note the increas- 
ingly large peaks I and II for samples from animals of increasing 
ages). Through E 13, this loss could largely be overcome by using 
trypsin for dissociation, as shown by the large peak III in the 
light-scatter patterns (Fig. 13: El 1, E12, E13, and E14). 

In suspensions dissociated from later embryonic ages (El 7 or 
later), virtually no viable cells could be dissociated from the 
spinal cord by use of trypsin or any of the other enzymes ex- 
amined. Attempts to dissociate live cells from the spinal cords 
of neonatal animals or adults were uniformly unsuccessful. Thus, 

examination of live cells from the mouse spinal cord on the cell 
sorter indicates that viable cells can be analyzed and sorted 
throughout the period E 1 l-El 5 (see Discussion), with El 2-E 13 
being the optimal time for dissociation and examination of cells 
from this region of the CNS. 

The samples from spinal cords at different ages displayed a 
feature not found in samples from any of the supraspinal regions 
examined. As shown in Figure 13, the positions of both peak 
II and peak III were progressively shifted to lower values of 
light scatter in samples from progressively older animals. In all 
samples, it was still the case that the cells in peak II were labeled 
by PI and that almost all the cells in peak III excluded PI. The 
cause of this shift along the axis of light scatter is not known. 
No significant shifts were observed in the samples from other 
regions of the CNS (see below). 

The light-scatter pattern characteristic of material dissociated 
from the embryonic mouse spinal cord was also seen with sus- 
pensions derived from embryonic rats of equivalent develop- 
mental stages (not shown). Cells dissociated without enzymes 
generated three peaks in light scatter, with the cells in peak II 
preferentially labeled by PI, while cells dissociated with trypsin 
generated peaks I and III only. 
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Table 3. Comparison of methods for dissociating variable cells from 
the embryonic spinal cord of the mouse 

Trypan FACS: 
blue ex- PI ex- Total 

Method of Number elusion elusion yield 
dissociation of cells WJ) ( w live cells 

No enzymes 1.0 x 10’ 30 29 3.3 x 106 
Trypsin 1.1 x 10’ 72 81 8.0 x 106 
Trypsin + SBTI 1.1 X 107 52 33 5.2 x lo6 
Chymotrypsin 1.2 x 10’ 58 68 7.0 x 106 
Collagenase 1.0 x 10’ 70 90 6.8 x 106 
Dispase 0.7 x 10’ 89 97 6.3 x lo6 

Each sample was prepared from the spinal cords of 5 animals at El 3; that is, all 
samples were prepared from approximately the same wet weight of tissue. Con- 
ditions for dissociation are described in Materials and Methods. 
Number of cells refers to the combined total number of cells, both those that 
excluded trypan blue and those that took up the dye. Total yield of live ceils refers 
to the total number of cells that excluded the dye. FACS: PI exclusion refers to 
the number of cells that were found by analysis on the cell sorter not to be stained 
by PI expressed as a percentage of the combined total of cells in peaks II and III 
of light scatter. 
Correlation between trypan blue staining and PI labeling was significant (r = 0.943, 
p < 0.01) by Spearman nonparametric correlation test. 

Dorsal root ganglia 
In early experiments (not illustrated), samples were prepared 
from spinal cords that had sensory (dorsal root) ganglia attached. 
Spinal cords and dorsal root ganglia from animals ranging from 
E 11 through E 15 were separated, dissociated, and compared by 
analysis on the cell sorter. The two groups of cells could not be 
distinguished by light scatter at any of the ages examined; i.e., 
the positions of peaks in the histogram for light scatter were 
close and the distributions of the peaks were largely overlapping 
(not shown). 

Cells from supraspinal regions of the CNS 

Hippocampus 
Cells from the developing hippocampus in mice at ages El6 
through postnatal day 2 (P2) were dissociated and analyzed on 
the cell sorter. Live cells could be dissociated at all ages ex- 
amined, with a maximum yield of cells at approximately E 18 
(Fig. 14). As with the spinal cord, the yield of live cells was 
much higher in samples dissociated with trypsin than in those 
dissociated nonenzymatically. Unlike samples from the spinal 
cord, the positions of peaks II and III changed little between 
samples from animals of different ages. 

Hypothalamus 
The yield of live, dissociated cells from the hypothalamus was 
relatively low compared with the other regions examined. Cells 
could be recovered by nonenzymatic dissociation from El6 
through E20 (Fig. 15), but all samples contained many dead 
cells. Few live cells were recovered by nonenzymatic dissocia- 
tion at P2. As with other regions of the embryonic CNS, the 
yield of live cells was higher when trypsin was used in the 
dissociation, and the use of trypsin allowed recovery of viable 
cells at later stages of development (see E20 and P2 in Fig. 15). 
However, at most ages examined, large numbers of cells were 
killed even when trypsin was used in the dissociation. The best 
recovery of live cells was from animals at approximately E 16. 

Cerebral cortex 
Cells were dissociated from the cerebral cortex in mice ranging 
from El3 through P4. The yield of viable cells was high from 
El 3 through E20 (Fig. 16). Nonenzymatic dissociation produced 

Table 4. Binding of cell-surface labels to dissociated cells from 
embryonic spinal cord 

Live cells 
fluorescent 

Sample Ligand to4 
Preparation 1 A2B5 antibody 86.7 

Anti-Thy 1.2 1.7 
Control 1.2 

Cholera toxin B 97.0 

Control 0.7 

Concanavalin A 79.5 

Wheat germ 87.5 

agglutinin 

Ricin,,, 78.1 
Control 2.4 

Preparation 2 A2B5 antibody 33.8 

Tetanus toxin C/ 58.2 

antitoxin 
Antitoxin alone 2.8 

Anti-Thy 1.2 2.1 
Control 2.0 

Cholera toxin B 36.9 

Control 1.0 

Cells for both preparations 1 and 2 were dissociated without added enzymes from 
spinal cords of mice at E 12-E 13. Analysis included only those cells that excluded 
PI and displayed values of light scatter higher than peak I; these were judged to 
be live cells on the basis of previously shown results (see above). The fraction of 
these cells that displayed fluorescence more intense than an arbitrarily chosen 
threshold is expressed as the percentage of live cells that were fluorescent. 

Procedure for labeling is described in Materials and Methods. Control for FITC- 
conjugated cholera toxin was untreated cells. Control for antibodies was FITC- 
conjugated secondary antibody alone or an irrelevant primary antibody (not shown). 
Control for biotin-conjugated lectins was FITC-conjugated avidin only. 

Results for preparation 1 are displayed in Figures 18, 19, and 21. Results for 
tetanus toxin-fragment C labeling of preparation 2 are shown in Figure 20. 

cell suspensions in which an unusually high fraction of the cells 
were vital, but dissociation with trypsin increased even this 
percentage and allowed production of a sample with nearly all 
live cells (Fig. 16). At ages later than E20, however, recovery 
of viable cells decreased, and by P4 many fewer were obtained 
with either method of dissociation. 

Cerebellum 
Live cells could be dissociated from the cerebellum from E16, 
the earliest age examined, through at least P7 (not shown). As 
with the other regions examined, the total yield of live cells and 
the fraction of cells that were viable were both increased by the 
use of trypsin during dissociation (Fig. 17). Thus, substantial 
numbers of live cells could be recovered from the cerebellum 
throughout a long period of development. 

Antigens and binding sites on dissociated embryonic cells 
Cells dissociated from the spinal cords of mice at E 13 include 
immature neurons, astrocytes, oligodendrocytes, and precursors 
to these, as shown by the survival of immunologically identified 
cells of all these types in culture (P. A. St. John and M. T. 
Caserta, unpublished observations). Because live cells could be 
dissociated from the spinal cord or from supraspinal regions 
only at relatively early stages of development. it was important 
to determine whether cells at these immature stages had yet 
developed cell-surface antigens and binding sites that could be 
used for the labeling and sorting of different cell types. This 
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Figwe 14. FACS analysis of material dissociated from the hippocampus in mice at E16, El& E20, and P2. The left and right halves of the 
hippocampus were separated in individual animals at the indicated ages, and half were dissociated with trypsin and the other half without enzymes. 
The samples were stained with PI before analysis on the cell sorter. Histograms for light scatter alone are displayed. Note change in relative sizes, 
but little or no change in positions, of peaks II and III at different ages. Staining with PI (not shown) confirmed that peak II contained the PI- 
positive cells in all samples. 

question was addressed with cells from the El 3 spinal cord and 
a series of antibodies, toxins, and lectins that bind to surfaces 
of cells from the mammalian CNS. 

Monoclonal antibody A2B5 
Monoclonal antibody A2B5 (Eisenbarth et al., 1979) binds to 
the surfaces of most or all neurons in the CNS (see Discussion). 
Analysis on the cell sorter showed that A2B5 bound to many 
of the live cells dissociated from the spinal cord at El 3 (Fig. 18, 
Table 4). As shown in Fig. 18, the intensity of labeling ranged 
from levels barely above those of control samples to levels that 
were quite high. However, there was no indication of the pres- 
ence of subpopulations among the labeled cells on the basis of 
the intensity of labeling. Although A2B5 can be cytotoxic (Ei- 
senbarth et al., 1979), the exclusion of PI from cells labeled by 
the antibody showed there was no detectable toxicity under the 
conditions used. In fact, in some samples there appeared to be 
a preferential labeling of live cells, in peak III of light scatter, 
and subcellular fragments, in peak I, rather than dead cells, in 
peak II (Fig. 18). The reason for this differential labeling was 
not determined. 

Thy 1 
In contrast to A2B5, antibody to the Thy 1 antigen, which also 
is present on many neurons in the adult mammalian CNS (Bar- 
clay, 1979; Barclay and Hyden, 1978; Mirsky and Thompson, 
1975; Mooreet al., 1971; Raffet al., 1979), showednodetectable 
binding to freshly dissociated cells from the spinal cord at El 3 
(Fig. 18). Separate experiments with cultured cells from the 
spinal cord and with frozen sections of older embryos (P. A. St. 
John, unpublished observations) showed that immunologically 
detectable Thy 1 antigen appeared several days later in devel- 
opment, consistent with the results of Zwemer et al. (1977), 
Barclay (1979), Fields et al. (1982), and Brown et al. (1984). 
However, this was at a time when few, if any, viable cells could 
be recovered from the spinal cord (see above). 

Toxins 
Tetanus toxin binds to gangliosides G,, and G,, (Dimpfel et 
al., 1977) and cholera toxin binds to ganglioside G,, (e.g., 
Willinger and Schachner, 1980) on cell surfaces. Each toxin 
labels neurons in the adult CNS (Dimpfel et al., 1975; Koulakoff 



1506 St. John et al. 

no enzyme 

Vol. 6, No. 5, May 1986 

0 50 loo 160 200 260 

liiht scatter (channel number) 

V 

hh El8 

0 50 loo 150 200 250 

light scatter (channel number) 

Figure 15. FACS analysis of material dissociated from the hypothalamus in mice at E16, E18, E20, and P2. The left and right halves of the 
hypothalamus were separated in individual animals at the indicated ages, and half were dissociated with trypsin and the other half without enzymes. 
The samples were stained with PI before analysis on the cell sorter. Histograms for light scatter alone are displayed. Note change in relative sizes, 
but little or no change in positions, of peaks II and III at different ages. Staining with PI (not shown) confirmed that peak II contained the PI- 
positive cells in all samples. 

et al., 1982; Mirsky et al., 1978; Raff et al., 1979; Willinger and 
Schachner, 1980; also see discussion of specificity below). Anal- 
ysis of dissociated cells from the spinal cord showed that many 
cells already had developed binding sites for each of these toxins 
by E 13 (Table 4, Figs. 19 and 20). Like the binding of antibody 
A2B5, the binding ofboth tetanus toxin/antitoxin and ofcholera 
toxin spanned a wide range of intensities, with no indication of 
subpopulations among the labeled cells in either case. Cholera 
toxin, like A2B5, appeared to bind preferentially to live cells 
and debris rather than to dead cells (Fig. 20). 

Ligands for undefined binding sites 
Lectins also were found to label groups of dissociated cells from 
the spinal cords of embryonic mice. Concanavalin A, wheat 
germ agglutinin (WGA), and Ricinus communis agglutinin I 
(RCA I) bound to many of these cells (Fig. 2 1, Table 4). The 
effect of lectin binding on the cells depended on the concentra- 

tion of lectin. At relatively high concentrations, in the range of 
50-100 &ml, each cell suspension in which cells had bound 
lectin presented an unusual histogram of light scatter, with a 
much smaller peak III and larger peak II (not shown) than in 
histograms for either unreacted samples or samples incubated 
with lectins that did not bind to cells; this suggests that binding 
of the lectin had been cytotoxic. At concentrations in the range 
of l-2 &ml, the same lectins were found to bind to cells, but 
they caused little or no detectable cytotoxicity (Fig. 2 l), as shown 
by the continued exclusion of PI from labeled cells. 

Subpopulations of cells from the embryonic spinal cord also 
could be labeled by several monoclonal antibodies to undefined 
cell-surface antigens. Monoclonal antibodies raised against spi- 
nal cords of embryonic rats (P. A. St. John and A. E. Schalfher, 
unpublished observations) or against neural tissues from adults 
of other species (P. A. St. John, A. E. SchalTher, G. D. Trisler, 
and M. Nirenberg, unpublished observations) labeled live, dis- 
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Figure 16. FACS analysis of material dissociated from the cerebral cortex in mice at El 3, El 5, El 7, E20, and P4. Cortices from individual animals 
at the indicated ages were separated: one was dissociated with trypsin and the other without enzymes. The samples were stained with PI before 
analysis on the cell sorter. Histograms for light scatter alone are displayed. Note change in relative sizes, but little or no change in positions, of 
peaks II and III at different ages. Staining with PI (not shown) confirmed that peak II contained the PI-positive cells in all samples. 

sociated cells at approximately E 13, when these cells are suitable 
for analysis and isolation by cell sorting. 

Discussion 
These results demonstrate that tissue from the embryonic mam- 
malian CNS can be dissociated into suspensions of viable cells 
suitable for analysis on a FACS and subsequent long-term main- 
tenance in culture. Cell sorting has been used in previous studies 
of cells from the nervous system for analysis and isolation of 
neurons from the embryonic chick (Brackenbury et al., 1984; 

Calof and Reichardt, 1984; Derby et al., 1983; Dyer et al., 1983; 
McPheeters and Okun, 1980; Rathjen and Gierer, 198 1; Rathjen 
et al., 1981), and non-neuronal cells from neonatal and adult 
mice and rats (Abney et al., 1983; Campbell et al., 1977; Meyer 
et al., 1980). However, few studies of mammalian neurons have 
been reported. Sack et al. (1983) used a cell sorter for quanti- 
tative analysis of lectin binding to dissociated neurons from 
neonatal mouse cerebellum. A report of the isolation of putative 
motoneurons from spinal cords of adult mice (Eagleson and 
Bennett, 1983) provided little evidence for the viability of the 
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Figure 17. FACS analysis of material dissociated from the cerebellum in mice at E16, El 8, E20, and P2. The left and right halves of the cerebellum 
were separated in individual animals at the indicated ages: one half was dissociated with trypsin and the other without enzymes. The samples were 
stained with PI before analysis on the cell sorter. Histograms for light scatter alone are displayed. Note change in relative sizes, but little or no 
change in positions, of the major peaks (II and III) at different ages. Staining with PI (not shown) confirmed that peak II contained the PI-positive 
cells in all samples. 

sorted cells (see below). The present results provide an initial 
cell-sorter analysis of cells dissociated from the spinal cord, 
dorsal root ganglia, hippocampus, hypothalamus, cerebellum, 
and cerebral cortex of the mouse. The results can be grouped 
into five areas of analysis: the use of a cell sorter to discriminate 
between live and dead cells dissociated from the embryonic 
mammalian CNS; the postsorting analysis of the viability of 
sorted cells; the dissociation of live cells from different regions 
of the CNS; the dependence on developmental stage for dis- 
sociation of live cells; and the use of the cell sorter to detect the 
binding of a panel of cell-surface ligands for cells of neural origin. 

The live cells, dead cells, and subcellular fragments in these 
cell suspensions could be identified on the cell sorter on the 
basis of forward-angle light scatter. Dead cells appeared flat, 
collapsed, and phase-dark under microscopic examination. They 
scattered relatively little light, due to the loss of cellular volume. 

Live cells, however, were spherical and phase-bright in micro- 
scopic appearance and generated relatively high levels of scat- 
tered light in the cell sorter. Subcellular fragments, generally 
small and phase-dark, scattered the least light on the cell sorter. 
Studies of cells from peripheral blood have shown that in some 
cases light scatter discriminates between live and dead cells, 
while in other cases it distinguishes among live cells of different 
sizes (e.g., see reviews by Loken and Stall, 1982; Loken et al., 
1979). In the present work, forward-angle light scatter clearly 
distinguished between live and dead cells. 

Viable and nonviable cells could be differentially labeled by 
the fluorescent dyes PI, EB, and AO. Propidium iodide appeared 
to be equivalent to trypan blue for labeling dead cells. Both PI 
and EB permeate dead cells and make them highly fluorescent 
but do not permeate live cells (Jacobs and Pipho, 1983; Krishan, 
1975; Loken and Stall, 1982; Parks et al., 1979). Conversely, 
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Figure 18. FACS analysis of monoclonal antibodies against neural 
cell-surface antigens binding to material dissociated from the mouse 
spinal cord at E 13. Dual-parameter histograms of light scatter and flu- 
orescence are shown. Cells dissociated without enzymes were labeled 
with (A) antibody A2B5, (B) antibody to Thy 1.2 antigen, or (C) no 
antibody as described in Materials and Methods. Quantitative analysis 
of these results is presented in Table 4 (preparation 1). Linear scale on 
vertical axis. 

A0 labels live cells and not dead cells (Parks et al., 1979). 
Labeling dissociated cells from the CNS with these dyes con- 
firmed that the live and dead cells in these samples could be 
clearly distinguished by FACS analysis. 

Comparison of samples before and after sorting demonstrated 
that the live cells in a sample could be isolated by sorting with 
only minimal loss of viability. Analysis of survival in culture 
after sorting demonstrated long-term survival and differentia- 
tion of presumptive neurons and glial cells sorted from the 
embryonic CNS. 

Because variability between replicate cell suspensions was 
low, the cell sorter could be used for quantitative comparisons 
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Figure 19. FACS analysis of tetanus toxin binding to material disso- 
ciated from the mouse spinal cord at El 3. Figure shows dual-parameter 
histograms of light scatter and fluorescence. Cells dissociated without 
enzymes were labeled with (A) tetanus toxin fragment C followed by 
monoclonal antibody to tetanus toxin or (B) antibody to tetanus toxin 
alone. Quantitative analysis of these results is presented in Table 4 
(preparation 2). 

between different samples. Comparison of samples prepared by 
different methods of dissociation indicated that trypsin produces 
the optimal recovery of live cells. This finding is consistent with 
long-standing observations primarily based on exclusion of try- 
pan blue from dissociated cells prepared for culture. However, 
one goal of the present line of experiments is to identify and 
isolate various cell types by labeling cell-surface determinants, 
and many of these might be removed by proteolytic enzymes. 
Thus, it is significant that large numbers of live cells could also 
be dissociated without enzymes. 

Examination of samples prepared from embryos and neonatal 
animals of different ages showed that live cells could be re- 
covered from each of the regions studied at a range of devel- 
opmental stages. The optimal age and the range of ages for 
recovery of live cells were different for different regions. How- 
ever, comparison of these results with studies of neurogenesis 
and histogenesis in various regions of the CNS of the mouse 
indicates that live cells can be dissociated from each of the 
regions examined here through a developmental period that 
includes the last mitoses, migrations, and early stages of differ- 
entiation of most or all classes of neurons and glial cells of that 
region. 

Live cells can be dissociated from the spinal cord of the mouse 
from El0 through El 5. This period includes the time of neu- 
rogenesis for almost all neurons and glial cells in the spinal cord 
(Altman and Bayer, 1984; Nornes and Carry, 1978; Sims and 
Vaughn, 1979), as well as the early stages of process outgrowth 
and synaptogenesis by the neurons (Flanagan, 1969; Holley et 
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Figure 20. FACS analysis of cholera toxin subunit B binding to ma- 
terial dissociated from the mouse spinal cord at El 3. Figure shows dual- 
parameter histograms of light scatter and fluorescence. Cells dissociated 
without enzymes were labeled with (A) FITC-conjugated subunit B of 
cholera toxin or (B) buffer alone. Quantitative analysis of these results 
is presented in Table 4 (preparation 1). 

al., 1982a-c; Lance-Jones, 1982; Wentworth, 1984a, b). Thus, 
most or all cell types in the spinal cord should be tractable to 
analysis or isolation by cell sorting from the earliest develop- 
mental stages. However, few if any viable cells could be re- 
covered from the spinal cords of early neonatal or adult mice 
by the methods used here. This finding may explain the appar- 
ently low yield of viable cells among the presumptive moto- 
neurons isolated from adult mice by cell sorting (Eagleson and 
Bennett, 1983). 

Live cells could be obtained from the hippocampus at least 
from El6 through P2, a period that includes most of the neu- 
rogenesis and early formation of the hippocampus (Angevine, 
1965). Thus, it may be possible to use this technique to analyze 
and isolate pyramidal cells, granule cells, and intemeurons from 
the hippocampus. 

Dissociation of the hypothalamus produced a relatively low 
proportion of viable cells in comparison with the other regions 
examined. Nevertheless, viable cells could be recovered at a 
range of developmental stages. Even the earliest stage examined 
here (E16) is past the time of neurogenesis and migration for 
most or all cells in the hypothalamus (Shimada and Nakamura, 
1973). Thus, all the cell types of this region may be available 
for analysis by cell sorting. 

The cerebral cortex of the mouse could be dissociated to 
produce samples highly enriched in viable cells at ages ranging 
from El3 through P2. This period includes the last periods of 
neurogenesis and the major periods of migration of neurons to 
form the cortex (Angevine and Sidman, 1961). Thus, the ce- 
rebral cortex may be a particularly fruitful source of viable 

Figure 21. FACS analysis of lectin binding to material dissociated 
from the mouse spinal cord at E13. Figure shows dual-parameter his- 
tograms of light scatter and fluorescence. Cells dissociated without en- 
zymes were labeled with l-2 pg/ml of biotinylated (A) wheat germ 
agglutinin (WC&, (B) concanavalin A (Con A), (C) Ricinus communis 
agglutinin I (ricin,,), or (D) buffer alone, and followed by fluorescent 
avidin. Quantitative analysis of these results is presented in Table 4 
(preparation 1). 
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neurons of different types for analysis and isolation by cell sort- 
ing. 

Viable cells were recovered from the cerebellum at ages from 
El 6 through P2. A report by Sack et al. (1983) included FACS 
analysis of cerebellar cells from mice at P6. The present results 
extend those findings by directly analyzing the viability of cells 
recovered at a wide range of ages. The present results span a 
period that includes the neurogenesis and early differentiation 
of all the major types of neurons in the cerebellum (Miale and 
Sidman, 196 1). 

One unexplained observation was the shift in the positions 
of peaks II and III of light scatter in samples from the spinal 
cords of progressively older embryos. It is possible that the 
differences in light scatter reflected differences in the sizes of the 
live cells dissociated from embryos of different ages, with only 
smaller cells surviving dissociation from older embryos. Con- 
sistent with such an explanation would be the increasing number 
of glial cells in the spinal cord over the ages in question (Altman 
and Bayer, 1984; Sims and Vaughn, 1979; Wentworth, 1984a, 
b), if glial cells scattered less light than neurons in the cell sorter. 
However, the concomitant shift in peak II argues against such 
a simple explanation, as does the absence of a similar shift 
among samples from other regions of the CNS, in all of which 
glial cells generally develop later than neurons. Additional ex- 
periments, including a direct comparison of cells from E 11 and 
El 5 spinal cords, will be required to determine the cause of this 
shift. 

Isolation of different cell types by cell sorting ultimately will 
require that different cell types can be identified with fluorescent 
labels at stages of development when the cells can survive dis- 
sociation from the intact CNS. In previous studies ofboth neural 
cells and cells from other tissues, a variety of toxins, lectins, 
and antibodies has been found useful for such labeling. In many 
cases, however, the utility of these ligands has been demon- 
strated only on mature, differentiated cells. The present results 
indicate that ligands from each of these classes also can be used 
to label embryonic cells. 

Cells from the embryonic spinal cord of the mouse at El3 
appear already to have developed binding sites for several li- 
gands. Of particular interest are tetanus toxin, monoclonal an- 
tibody A2B5, and cholera toxin, because each of these binds 
predominantly to neurons in the mammalian CNS (Dimpfel et 
al., 1975; Eisenbarth et al., 1979; Koulakoff et al., 1982; Mirsky 
et al., 1978; Raff et al., 1979; Schnitzer and Schachner, 1982; 
Willinger and Schachner, 1980). Each of these ligands bound to 
many or most of the live cells dissociated from the embryonic 
spinal cord. This would suggest that a large fraction of the live 
dissociated cells from the spinal cord at E 13 are neurons. This 
interpretation is complicated by the observation that each of 
these ligands also binds to certain non-neuronal cells. 

The binding of tetanus toxin may be the most specifically 
limited to neurons (e.g., Raff et al., 1979). Although tetanus 
toxin also binds to a class of glial cells and precursors in rat 
brain and optic nerve (Abney et al., 1983) and in mouse cere- 
bellum (Schnitzer et al., 1984) there appears to be little binding 
to glial cells from mouse spinal cord in culture (P. A. St. John, 
unpublished observations). Additional experiments are needed 
to establish its specificity on freshly dissociated cells from the 
spinal cord. Antibody A2B5 appears less specific than tetanus 
toxin, binding to neurons, to subpopulations of astrocytes and 
oligodendrocytes from mouse spinal cord (Schnitzer and 
Schachner, 1982; P. A. St. John, unpublished observations), and 
to a class of astrocytes from rat brain and optic nerve (Abney 
et al., 1983). Cholera toxin binds to neurons, oligodendrocytes, 
and a subpopulation of astrocytes among neural cells from the 
rat CNS (Raff et al., 1979), and to neurons and glial cells in 
cultures from mouse cerebellum (Willinger and Schachner, 1980) 
and spinal cord (P. A. St. John, unpublished observations). Ad- 
ditional experiments using combinations of these and other la- 

bels will be required for precise quantification and isolation of 
the different cell types present in samples like these. In the 
present work, though, the cells were dissociated from spinal 
cords of animals at E 13. This is after the last mitoses for almost 
all neurons and before a major wave of mitosis in glial cells 
(Altman and Bayer, 1984; Nornes and Carry, 1978; Sims and 
Vaughn, 1979). In combination with the results from labeling 
with tetanus toxin, cholera toxin, and A2B5, this suggests that 
the live cells from the spinal cord at El3 are predominantly 
neurons. It is of major significance for this line of investigation 
that such cell-surface markers are already present on cell surfaces 
at times when live cells suitable for cell sorting can be dissociated 
from the spinal cord. 

The simplest explanation for the differences between prepa- 
rations in the fraction of cells labeled by cell-surface probes (e.g., 
the two preparations included in Table 4) is that there were 
differences in the proportions of different cell types comprising 
the samples. It is also possible, though, that there were significant 
differences in the degree of expression of some surface markers 
even between animals that were relatively close in age, since 
there can be rapid developmental changes in the expression of 
certain markers (Koulakoff et al., 1982; P. A. St. John, unpub- 
lished observations). This will be examined in future experi- 
ments with carefully staged animals of different ages. 

Cells from the mouse spinal cord at El 3 also bind the lectins 
concanavalin A, WGA, and RCA I. Each lectin binds to a sub- 
population ofdissociated cells, as shown here, as well as to spinal 
cord cells in vivo and in vitro (P. A. St. John, unpublished ob- 
servations). These results are similar to those of Sack et al. (1983) 
for dissociated cells from the cerebellum of the mouse. Sack et 
al. (1983) found a preferential binding of one lectin, RCA II, to 
large neurons from the cerebellum. Additional experiments are 
in progress to identify the types of spinal cord cells labeled by 
these lectins. 

Thus, these results establish the feasibility of analyzing and 
isolating live mammalian neurons by fluorescence-activated cell 
sorting. This conclusion establishes the basis for future studies 
of identified types of mammalian neurons by cell sorting and 
long-term growth in culture. 
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