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that contained nearly all astro-oligo fates (type 6) or neuron-
oligo fates (type 7). Although both CD24'° quadrants generated
three-fate clones, CD133'°CD24' and CD15'°CD24" cells gen-
erated a higher proportion of type 4 clones, whereas
CD133"CD24" cells generated higher numbers of type 5 and 7
clones. Similar results were found after CD15/CD24 selection,
although type 7 clones also were generated from the
CD15™CD24™ population (Fig. 60). On the basis of these
results, we conclude that CD133/CD24 and CD15/CD24 expres-
sion can be used in a similar manner to predict mouse CNS
precursor potency. Interestingly, the cell fraction enriched in
clone-forming neuronal progenitors expresses higher levels of
CD133 and CD15 than does the cell fraction enriched in mul-
tipotent stem cells. CD24 expression distinguished mouse fetal
stem cells from postmitotic neurons and their progenitors; how-
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Figure 5. Coexpression of CD24, CD133,
CD15, PSA-NCAMs, and A2B5 on fetal
mouse forebrain cells. (A-O): E13.5 mouse
lateral ganglionic eminence was freshly dis-
sociated with 0.2 mg/ml of Liberase-1. Light
scatter profile (A) shows that whole cells
(main) make up 90% of total events. (B):
7-amino-actinomycin-D (7-AAD) staining
(shown without main gate) shows that live
cells are 98% of main population, 88% of
total events. (C-0): Profile of live cells
based on main, 7-AAD ™ gating. (C): Exam-
ple of isotype control (for CD24) on two-
dimensional plot. (D-O): Frequency histo-
gram for CD133 (D) and CD24 (E), and dot
plot of coexpression (F); CDI5 histogram
(G) and CD15 coexpression with CD133 (H)
and CD24 (I); A2BS5 histogram (J) and
A2BS5 coexpression with CD133 (K) and
CD24 (L); PSA-NCAM histogram (M) and
PSA-NCAM coexpression with CD133 (N)
and CD24 (O). Green overlay indicates con-
trols for nonspecific staining. CD133 and
CDI15 are coexpressed similarly among cor-
tical cells, with highest expression in cells
also expressing high levels of CD24 and
A2BS5. PSA-NCAM is expressed only in
cells expressing high levels of CD24 and is
rarely coexpressed with CD133. (P-R): Sep-
arate analysis of CD133 and CD24 staining
in E13.5 mouse cortex (P) medial ganglionic
eminence (Q) and caudal ganglionic emi-
nence (R); profile of live cells based on main
7-AAD™ gating. Profile is similar when gat-
ing is performed on 7-AAD™~ or Annexin-
V7, cells.

ever, treatments that degrade CD24 expression (such as papain;
Fig. 3) prevent such functional characterization.

DISCUSSION

Methods of neural tissue dissociation vary widely and lead to
differences in dissociation efficiency and viability as measured
by flow cytometry [32, 35]. We find that papain, or purified
preparations of trypsin replacement (TrypLE) or collagenase/
dispase/neutral protease (Liberase-1, Accutase), each yield ef-
ficient dissociation of mouse CNS tissue and human CNS tu-
mors into single cells that remain viable for long periods of time
before culture. Liberase-1 or TrypLE work best on mouse and
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Figure 6. Prospective isolation and clonal
analysis of fetal mouse cortical cells. (A):
Colors denote sort gates overlaid on
CD133/CD24 expression profile from
E13.5 mouse cortex after Annexin-V™"
(nonviable) cells were gated out; (B-D):
example of purity analysis showing cell en-
richment after gating (rectangles) for
CD133°CD24" (B), CD133"CD24" (C),
and CD133"CD24" (D); each plot shows
mean relative fluorescent intensity of CD24
(x-mean) and CD133 (y-mean) for enriched
population, along with percentage of cells
within gate area before (top) and after (bot-
tom) sorting. (E): Example of two-cell
clone, 16 hours postclonal density plating.
(F, G): Cell survival (F) and percentage of
cells dividing (G) at 16 hours postplating.
(H-M): examples of clone types generated
after sorting, 3 days of expansion, 6 days of
differentiation, and staining for MAP2a+b
(neurons), GFAP (astrocytes), O4 (oligo-
dendrocytes) and DAPI (all nuclei). Type 1
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human tissue based on the balance of dissociation efficiency,
viability, and preservation of tested antigens. Papain most ag-
gressively degrades CD24 antigenicity, whereas Accutase pre-
serves antigenicity but is least efficient in dissociation; however,
we could not rule out that even longer Accutase incubation
times might yield more complete digestion. Using Liberase-1
dissociation, we identify novel patterns of selectable marker
expression in mouse fetal cortex, LGE, MGE, CGE, and post-
natal SVZ. We also show that CD133 and CDI15 expression
closely parallel each other in mouse brain cells and are roughly
interchangeable for prospective isolation, unlike that reported in
human brain [41]. Interestingly, a neuronal progenitor popula-
tion expresses higher levels of CD15 and CD133 than multipo-
tent stem cells of the fetal mouse forebrain. Coexpression with
CD24 enhances the discrimination of these two populations,
indicating that Liberase-1, TrypLE, and Accutase have an ad-
vantage over papain for this type of analysis in mouse.

In human CNS tissue studies, cruder preparations of trypsin
can cleave important cell surface antigens such as CD133,
requiring a recovery period for antigen re-expression [6]. We
find that all four tested enzymatic methods efficiently dissociate
human tumor tissue while preserving CD133, although Lib-
erase-1 preserves antigenicity the best. Consistent with studies
in various tissues [35, 55-58], there were differences in the

(C-F).

aggressiveness of each enzyme preparation. First, papain and
TrypLE sometimes generated free DNA during dissociation,
suggesting cell lysis. Second, mouse and human CD24 staining
was greatly reduced after papain treatment, whereas BMPR-IA
and BMPR-IB were both rendered antigenically and function-
ally inactive after either Liberase-1 or papain digestion (TrypLE
and Accutase were not tested). However, this last effect may be
a useful property in mouse and human embryonic stem (ES) cell
applications, where levels of BMP signaling are critical deter-
minants of pluripotency [59, 60]. Suspended aggregate (neuro-
sphere) cultures are often difficult to dissociate into single-cell
suspensions without killing a substantial proportion of the cells.
We found that viability and efficiency of passaging tumor
cultures, in monolayer or in suspended aggregates, worked well
with Liberase-1 (Table 1). TrypLE also worked well for this
purpose, whereas papain yielded poor viability (not shown).
Mouse cell passaging from fibronectin-coated dishes was not
facilitated by Liberase-1 when compared with nonenzymatic
passaging (not shown). We did not compare the effectiveness of
these enzymes in passaging mouse neurospheres.

The high viability of cell dissociation also allowed us to
perform multiantigen analysis with high confidence that results
are representative of the cell types in the tissue. Our results show
that CD133 and CD15 can be used almost interchangeably along
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with CD24 to distinguish mouse multipotent stem cells from
neuronal progenitors and postmitotic neurons. Interestingly, we
find that the cells expressing the highest levels of CD133 and
CD15 are more likely to be neuronal progenitors than multipo-
tent stem cells. In contrast, we find that P2 SVZ has fewer
CD133MCD15™CD24"™ cells, which may be why selection on
the basis of CD15 alone works for enriching multipotent stem
cells from postnatal SVZ [21]. We did not test this by compar-
ative prospective isolation and clonal analysis using these mark-
ers to determine the profile of neuronal progenitors from P2
SVZ cells. Although neuronal progenitors (type A cells) in the
postnatal SVZ express CD24 [18], they may express lower
levels of CD133 or CD15 than do neuronal progenitors in the
E13.5 cortex. Alternatively, these may be a distinct subset of
neuronal progenitors from PSA-NCAM™ neuronal progenitors
[7, 25, 28], which we show are nearly all CD24" and express
little or no CD133/CD15. In our hands, these cells showed
almost no proliferation in either bFGF (Fig. 6) or epidermal
growth factor (EGF) (not shown); however, it is quite possible
that our stringent medium does not support the survival of these
cells. Additionally, a CD133'°CD24"™ neuronal progenitor may
be better responsive to other mitogens such as Sonic Hedgehog
[17].

Our results show that multipotent fetal cells are enriched in
the CD24" fraction, similar to results in adult SVZ [9], but that
there is heterogeneity in the resulting clone types. Three-fate
clones enriched in oligodendrocytes (types 6—7) were most
frequently generated from CD15™CD24" and CD133"CD24"
cells. Because we see that many cells in this region also express
the glial-committed progenitor marker A2B5 (Fig. 5K) [7, 10,
27, 61], this suggests that CD15™A2B5" selection will enrich
for type 6 or 7 clone-forming cells. We found another interesting
heterogeneity within the CD24' population: Cells expressing
lower levels of CD15 and CD133 preferentially generated three-
fate clones with simple bipolar morphologies and weak staining
for neuronal and glial markers. In contrast, cells expressing
higher levels of CD15 and CD133 more frequently generated
three-fate clones with extensive processes and stronger cell-type
marker staining. Although we have yet to determine lineage
relationships between these precursors, one intriguing possibil-
ity is that CD133'°CD15'°CD24'" cells are a more primitive
multipotent cell population than CD133™CD15™CD24" cells.
Consistent with this idea, the majority of neurospheres from

postnatal SVZ comes from CD24'*~ transit-amplifying type C
cells rather than type B stem cells; expansion in EGF promotes
multipotency in these type C cells [18]. Likewise, fetal cortical
CD133"CD15"CD24" cells may retain potency that they do
not exhibit in vivo, whereas the CD133'°CD15'°CD24'® popu-
lation may be stem cells both in vitro and in vivo. It is also
possible that bFGF and EGF may differentially expand or in-
struct [62—65] these cell subgroups. Our future studies will test
these possibilities.

In summary, we show that the flow cytometric analysis of
the important neural antigens CD133, CD15, and CD24 are
affected by the manner of dissociation. Although nonenzymatic
dissociation does not digest antigens, this method is not useful
for flow cytometric analysis since poor viability prevents proper
titration of antibodies like CD133. We show that CD24 antige-
nicity, which is retained during Liberase-1, TrypLE, or Accutase
treatment but lost during papain treatment, provides a useful
discrimination between mouse fetal multipotent stem cells, neu-
ronal-committed progenitors and neurons when paired with
CD133 or CDIS. These results reinforce the importance of
comparing multiple methods of dissociation when characteriz-
ing novel selectable markers in future neural lineage studies.
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