
the n inc field. Second. because rcceution of the 14. D. N. Keys, D. L. Lewis, J. E. Selegue, B. Pearson, 8. B. ex-olution, there n a s  a relauation of tile strict 
En-mediated repression of ci that occurs in the 
posterior compaltment of Dr.oaoplli/ii. Further- 
more, the coincidence of the expressioa do- 
mains of er! iill. and c.i, rather than ol'er~ i in  and 
1111. indicates that during focal establishment ell 
and ii11, are targets. rather than inducers. of HI1 
signaling. 

I11 P. coeilin. as in most species of hutter- 
flies. el-espots are found only in the posterior 
compartment of the wing. the ~ l o ~ n l a l  doillai~l 
of I ! / !  and e i ~  iill. expression. T-Ionex-er. a feu 
hutterfll- fanlilies contain species with eye- 
spots in the anterior compartment. 1Elili signal- 
ing plaqs a role in focal establishment and all 
butterfly eyespot foci delelop by the same 
mechanism. as is suggested hl- correlations in 
their \.aliance (22). tllcil cx~~ressioil of HI1 sig- 
naling components and eri i111, s l ~ o ~ ~ l d  he asso- 
ciated x~-it l~ foci located in the anterior as \r ell as 
the posterior compartmsnt. To test n-hcthcr Hh 
sig~aling accompanies focal esrablishmci~t re- 
gardless of its locatioil ill the n.ing. n e  exam- 
ined hindu ing imaginal discs of Bic1.c iiic 
ciil,~.ilni!n, a species that forms eycspots 011 both 
sides of the ,Z P compartmmt border (Fig. 3X). 
Both En Tnv and Ci are coexpresscd in all 5. 
cii~yrziii~ii eyespot foci, including the one in the 
anterior cornpartmeat (Fi,n. 3. B and C ' j .  Thus. 
the expression of the HI1 signaling pat11n.a) and 
erldSin' is associated a-ith the dcx.eloi~ment of all 
el-espot foci and has become independent of 
.A P compa~ti~~ental  restrictions. 

The noxel expression patterns of /?/ I ,  ptc~. ci. 
and ril i in  could result from independent or 
depei~dent changes in their regulatioa during 
eqespot e\.01utio11. Exl)eri~l~e~~tal  e~ideilce fioi11 
Di~o,oplli/a and compararixre analqsis of b~~t ter -  
flies leads us to infer that sonle chances in the 
expression of 1111 pathx\.ay components n-ere 
p ~ i ~ n a i y  \vhercas others n ere secoadaly conse- 
quences. For instance. beginning in the late 
third instar of tile de\.eloping Di~oiopl~ilci ning 
disc. the ability to express eil'irn in responsz to 
HI1 signaling is a general propelt4 of Ci-ex- 
pressing cells, This competence is present 
tl~roughout the anterior compaltment (-73) bur is 
only used just anterior to the A P bounda13- to 
pattern intenvin tissue (24. 23). Expression of 
cil'irl~. just to the aarerior of the .A P boundal? 
in P. coei!iri and B. iii~i~i~nirci indicates that this 
regularoly circuit is c o n s e ~ ~ e d  in butterflies 
(note overlap of Eli Inv and Ci in Fig. 3C 1. The 
si~nilarity bet\lccn the induction of ei!'irii bq 
1% at the A? hounda~y and in eyespot foci in 
late ning de\.elopme~~t suggests that during 
e>espot exrolution. the I-Ill-dcpcndcnr regu1ato1-v 
circuit that establishes foci was recruited fiolll 
the circuit that acts along the A P bouada~? of 
the ning (Fig. 4). 

For this HI1 regulatory circuit to operate in 
focal de\-elopment, tn o primaly spatial regula- 
tory changes must ha\ 2 ex olx ed. First, mecha- 
nisms must hahe ex-olved that modulate lelels 
of 1111 expression along the pro~imodistal axis of 

- 
HI1 signal depends on expression of the Ptc 
receptor. n h i c l ~  in turn depends on Ci fi~nction. 
the restriction of ci fro111 the posterior compa~t- 
ment must 11ax.c bee11 relaxed. ~ ~ i c  and eil i in  
expression n-ould then ex.olve as seco~lda~y 
conseqllcllces of these regulato~? changes. This 
recl.uitment of an entire regulato~? circuit 
through chaages in the reg~~la t io~l  of a subset of 
components iacreases tile facility nit11 which 
nexv developmental functions can evolve and 
maq he a general theme in the evolution of 
novelties nithin extant structures. 
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Turning Brain into Blood: A 
Wematopsietic Fate Adopted by 
Adult Neural Stem Cells in Viva 

Christopher W. W. Bjornssn,*'r$ Rodney k. Rietze,*$ 
Brent A. Reynolds, M. Cristina Magli, AngeBo L. Vescsvil 

Stem cells are found in various organs where they participate in tissue ho- 
meostasis by replacing differentiated cells lost to physiological turnover or 
injury. An investigation was performed to determine whether stem cells are 
restricted to produce specific cell types, namely, those from the tissue in which 
they reside. After transplantation into irradiated hosts, genetically labeled 
neural stem cells were found to produce a variety of blood cell types including 
myeloid and Lymphoid cells as well as early hematopoietic cells. Thus, neural 
stem cells appear to have a wider differentiation potential than previously 
thought. 

§ten1 cells have bee11 identified in adult extremely li~llited self-repair. CNS ste111 
tissues that ~111dergo extensix e cell replace- cells call generate the three major cell types 
ment due to pllqsiological t ~ u . n o ~ e s  or inju- fofound in the adult brain: namely. astro- 
ry such as the hematopoietic. intestinal. and cl-tes, oligodendrocytes. and neurons (3). 
cpidcrnlal systems ( I ) .  These cells hax-e This is collsistellt \i~ith the \.iew that the 
been found in the central nerxrous sqstem developmental potential of stern cells is 
(CNS)  ( 2 ) ,  a tissue thought to be capable of restricted to the differentiated e le~l le~l ts  of 
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the tissue in which they reside. However, some 
developmental peculiarities suggest certain 
cells may be able to differentiate into cell types 
that are not of the same dermal origin (4). 
Hence, we sought to determine whether neural 
stem cells (NSCs) could produce hematopoietic 
progeny. 

A bone marrow (BM) repopulation assay 
(5) was used to test this hypothesis. Hemato- 
poietic stem cells from unfractionated adult 
BM (107cells per animal) or NSCs cultured 
from either the embryonic or adult forebrain 
(lo6 cells per animal) ( 6 )  of ROSA26 mice 
were systemically injected into sublethally 
irradiated Balblc recipient animals (7). RO- 
SA26 animals were selected as the source of 
donor tissue because they are of a different 
immunological background than Balblc and 
are transgenic for lacZ (8), which encodes for 
the Escherichia coli enzyme P-galactosidase. 
Importantly, to eliminate possible contamina- 
tion of NSCs with cells of mesodermal origin 
(9),  we also injected clonally derived adult 
ROSA26 NSCs (Fig. 1). 

Polymerase chain reaction (PCR) (10) 
was used to assay for the presence of lacZ 
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in splenic DNA isolated from animals 
transplanted 5 to 12 months earlier. The 
lacZ gene was not detected in samples from 
either unirradiated or irradiated Balblc 
mice that received vehicle (EBSS) (Fig. 2), 
whereas a strong signal was observed from 
both untreated ROSA26 animals and irra- 
diated Balblc mice that received ROSA26 
BM (Fig. 2). A strong lacZ signal was also 
detected in animals injected with embryon- 
ic, adult, or clonally derived adult NSCs 
(Fig. 2). Because the behavior of NSCs 
derived from three clones (2H1, 4E8, and 
3C6) was indistinguishable from that of 
bulk cultures, only results from a represen- 
tative clone (2H1) and embryonic NSCs 
will be considered for the remainder of this 
report. 

To test whether engrafted NSCs adopted 
a hematopoietic identity, we used in vitro 
clonogenic assays, immunocytochemistry, 
and flow cytometric analysis. For the clo- 
nogenic assays, cells from the BM of trans- 
planted animals were plated in methylcel- 
lulose in the presence of defined cytokines 
(11). Ten to 14 days after plating, colonies 
founded by single hematopoietic progenitor 
cells were subjected to X-Gal histochemis- 
try to detect P-galactosidase activity (12), 
thereby identifying hematopoietic precur- 
sors of a NSC origin. None of the colonies 
derived from the BM of irradiated Balblc 
animals injected with EBSS stained posi- 
tively for P-galactosidase (Fig. 3A). Con- 
versely, BM isolated from recipients of 
either embryonic or adult NSCs formed 
colonies that reacted strongly to X-Gal 
(Fig. 3, B and C). A few colonies (<5%) 
did not stain positively for P-galactosidase 
(Fig. 3C), showing that some endogenous 
hematopoietic progenitors had survived the 
sublethal irradiation. Different types of col- 
onies generated from BM isolated from 

antigen,' nestin. ~ifierentiation was 
induced by plating a fraction of 
these cells in 1% fetal bovine serum, 
in the absence of growth factors. (E) 
The simultaneous detection of neu- 
rons [red; 25.3 ? 0.9% of total cell 
number (TCN); n = 6, 2 SEMI, as- 
troglia (blue; 71.6 f 6.3% TCN; 
n = 6), and oligodendroglia (green; 
0.9 f 0.01% TCN; n = 6) among 
the progeny of this cell indicate its 
tripotentiality (79). Secondary clones 
of the cell displayed in (A) produced 
an average of 48 f 3.2 (n = 6) cells 
capable of producing tertiary, tripotential clones, thereby demonstrating self-maintenance (2). 
Data are from clone 2H1. Bars: (A) to (C), 90 pm; (D), 60 pm; (E), 40 p,m. 

adult NSC recipients included pure granu- 
locyte (13%), granulocyte-macrophage 
(Fig. 3, D, E, and F) (30%), and pure 
macrophage (Fig. 3, G, H, and I) (22%), as 
well as mixed colonies (19%). Megakaryo- 
cytic and B cell colonies were also present, 
although at lower frequencies (<I% and 
<lo%, respectively). Erythroid cells were 
not taken into account in this analysis be- 
cause their evaluation cannot be reliably 
carried out by X-Gal staining. None of the 
NSC cultures proliferated or formed colo- 
nies when used in the same clonogenic assay 
before injection. Thus, ROSA26-derived NSCs 
can give rise to hematopoietic precursors af- 
ter engraftment into irradiated Balblc hosts. 

To further demonstrate the engraftment 
of NSCs into the hematopoietic system, we 
exploited the fact that distinct cell surface 
antigens are expressed by ROSA26 (H- 
2Kb) and Balblc (H-2Kd) mice. We assayed 
cells isolated from the spleen, BM, and 
peripheral blood of transplanted and con- 
trol animals by flow cytometry (13) using 
antibodies specific to H-2Kb and H-2Kd 
(14). Whereas no H-2Kb-positive (H- 
2Kb+) cells were found in animals injected 
with EBSS alone, numerous H-2Kb+ cells 
were detected in animals that received ei- 
ther ROSA26 BM or, more importantly, 
NSCs (Fig. 4A). By this approach, early 
experiments showed effective engraftment 
with between lo5 and lo7 NSCs per animal. 
With lo6 NSCs per animal and lo7 BM 
cells per animal, 100% of BM, 100% of 
embryonic NSCs, 70% of adult NSCs, and 
63% of clonal-adult NSC recipients showed 
positive engraftment by flow cytometric 
analysis (n = 20, 20, 40, and 30 animals per 
group, respectively). In addition, donor-de- 
rived (H-2Kb+) cells were first detected in 
the peripheral blood of NSC recipients 20 to 
22 weeks after injection compared with 16 
to 18 weeks for ROSA26 BM recipients. 
After initial detection in peripheral blood, 
spleen cells were harvested and processed 
for dual-label flow cytometry (13) with 

Fig. 2. Detection of lacZ in splenic DNA isolated 
from animals injected with ROSA26 NSCs by 
PCR. The lacZ gene was not detected in control 
(lane 1) or irradiated Balblc animals injected 
with vehicle (lane 3). ROSA26 animals (lane 2) 
and Balblc mice that received either ROSA26- 
derived BM (lane 4), embryonic NSCs (lane 5), 
adult NSCs (lane 6), or clonal adult NSC 2H1 
(lane 7) produced strong amplification signals 
for lacZ (upper band; 374 base pain). CAPDH 
was also amplified in the same reaction tube as 
an internal control (70) (lower band; 309 base 
pairs). 
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antibodies to H-2Kb in combination with 
either antibodies to CD3e (anti-CD3e) (T 
lymphocytes), anti-CD19 (B lymphocytes), 
or anti-CDl l b  (myeloid cells) (15). A sig- 
nificant number of ROSA26-derived NSCs 
gave rise to B and T lymphocytes or my- 
eloid cells after transplantation into Balblc 
hosts (Fig. 4, A and B). None of the hema- 
topoietic antigens tested was expressed by 
any NSCs before transplantation. 

Thus, NSCs isolated from the embryonic 

and adult murine forebrain, which generate 
neurons and glia, engraft into the hematopoi- 
etic system of irradiated hosts to produce a 
range of blood cell types. This demonstrates 
that the actual differentiation potential of 
adult NSCs, which are currently viewed as 
tripotent neural precursors, is much broader 
than expected. 

We chose sublethal irradiation because it 
eliminates a significant fraction of the endoge- 
nous hematopoietic precursors without killing 

injected' with either embryonic or 
clonal adult NSCs, both of which 
yielded identical results. X-Gal 
histochemistry was used t o  iden- 
t i fy  hematopoietic clones de- 
rived from NSCs after 10 t o  14 
days in culture (72). Whereas 
none of the colonies from Balblc 
BM stained positively for p-ga- 
lactosidase (A), colonies from 
the BM of animals that received 
adult NSCs displayed P-galacto- 
sidase activity (blue) (B). In the 
same cultures a few unlabeled 
clones were found in Balblc mice 
injected with clonal adult NSCs (C) (arrow), showing the persistence of a small number of 
endogenous (Balblc) hematopoietic precursors in  recipient animals. NSC-derived (P-galado- 
sidase-reactive) colonies were further characterized by morphology. Colonies w i th  distinctive 
granulocyte-macrophage (D and E) and pure macrophage (G and H) characteristics before (D 
and C) and after (E and H) reaction w i th  X-Gal are shown. The X-Gal reaction was stopped 
prematurely t o  allow for morphological identification o f  individual cells wi th in these colonies 
after staining. High-power microphotographs show the identifying morphology o f  the cells 
derived from the t w o  types of colonies as stained by May-Criinwald-Ciemsa [(F), granulocyte- 
macrophage; (I), pure macrophage]. Bars: (A), 40 pm;  (B) and (C), 90 pm;  (D), (E), (C), and (H), 
40 Fm; (F) and (I), 15 Fm. 

the mouse. We felt this would be necessaq 
because NSCs would likely need more time to 
acquire a hematopoietic fate than a lethal dose 
would allow. That the repopulation of the im- 
mune system took on average 3 weeks longer, 
combined with a slightly weaker engrafbnent 
for NSC compared with BM recipient animals, 
seems to supports this idea. This extra time 
required suggests that NSCs undergo additional 
steps of fate determination, differentiation, and 
maturation with respect to-BM cells to produce 
hematopoietic progeny. 

Fig. 4. Identification of differenti- 
ated hematopoietic cell types de- 

A 

rived from ROSA26 NSCs. Hema- p e ~ ~ \ ~ m l  
topoietic cells from transplanted Spleen 

mice were processed for flow cy- Bone Marrow 
tometry (73). (A) A significant 
number of H -ZK~+  cells were cD3e/~-2Kb 
found in the BM, spleen, and pe- ~ D l l h M - 2 ~ b  

ripheral blood of Balblc animals CDISM-~K~ 

It has been suggested by studies in various 
model systems that most somatic cell special- 
ization may not involve irreversible genetic 
changes (16). The seminal demonstration of 
conserved genomic totipotentiality in adult 
somatic cells was provided in a study that 
describes the cloning of an adult ewe (17). 
Our work is complementary to these findings 
and suggests that the reactivation of dormant 
genetic programs may not require nuclear 
transfer or experimental modification of the 
genome. NSCs appear naturally endowed 
with the appropriate machinery required to 
express an otherwise silent genomic potenti- 
ality in response to an appropriate pattern of 
stimulation. 

Given the fact that human NSCs can be 
continuously expanded for extended periods 
of time (18), the finding presented here may 
have implications for the treatment of a num- 
ber of human disorders. If they behave sim- 
ilarly to their murine counterparts, human 
NSCs may provide a renewable, charac- 
terized source of cells that could be used in 
approaches aimed at hematopoietic re- 
constitution in various blood diseases and 
disorders. 

Bslblc ROSA26 EBSS MEEw :$!! EmigtiC 
2.35i0.40 94.2+1.13 I . M ) + o . ~ ~  56.7i12.6 43.1i6.87 43.9i6.98 

0.92+0.15 97.3i1.03 1.68+0.44 95.3i2.45 65.4i23.5 m.7i11.0 

2.2w.55 42.3i4.09 1.59io.51 38.8~2.48 35.8i10.0 40.4i6.61 

0.5~io.08 33.0i5.16 0.77i0.05 31.9i2.62 28.1+14.2 9.86+4.69 

0.47io.09 3o.oi2.24 o . ~ ~ + o . M  14.5i3.85 14.9i10.9 19.5i6.88 

0.57+0.08 51 .&I .go 0.59i0.07 56.2i2.50 26.8+11.7 31.8+1.38 
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A Tobacco Syntaxin with a Role 
in Hormonal Control of Guard 

Cell Ion Channels 
Barbara Leyman, Danny Ceelen, Francisco J. Quintero," 

Michael R. Blattt 

The plant hormone abscisic acid (ABA) regulates potassium and chloride ion 
channels at the plasma membrane of guard cells, leading to stomatal closure 
that reduces transpirational water loss from the leaf. The tobacco Nt-SYR7 gene 
encodes a syntaxin that is associated with the plasma membrane. Syntaxins and 
related SNARE proteins aid intracellularvesicle trafficking, fusion, and secretion. 
Disrupting Nt-Syrl function by cleavage with Clostridium botulinum type C 
toxin or competition with a soluble fragment of Nt-Syrl prevents potassium 
and chloride ion channel response to ABA in guard cells and implicates Nt-Syrl 
in an ABA-signaling cascade. 

The size of stoinatal guard cells in higher 
plant leaves is rapidly reversible and is cru- 
cial to maintaining the hydrated environment 
n~ithin the leaf. In dry conditions. guard cells 
respond to the holmone abscisic acid (ABA) 
to regulate plasma membrane K' and C1- 
channels which facilitate solute efflux. The 
concurrent decrease in turgor and cell ~701- 
ume closes the stomata1 pore to reduce transpi- 
rational water loss (1). Response to ABA de- 
pends on gt~anosine triphosphatases (GTPases). 
protein (de-)phospholy-lation, and changes in 
cytosolic-fiee Cap concentration and pH (2, 3) 
and is associated with substantial alterations in 
intracellular membrane structure in the guard 
cells (4). 

\Tie isolated elements that contribute to 
ABA signaling in vivo, adapting a strategy 
similar to that used to identify inamnlalian 
receptor and ion channel proteins (5, 6). 
Polyadenylated [poly(A)+] RNA k o m  leaves 
of drought-stressed Xicotinnn tabactrill was 
injected into X'erzopzts Ine~is  oocytes. Expres- 
sion of the Xicotinnn mRVA led to a cross- 
coupling bet~veen exogenous ABA-sensitive 
elements and the endogenous signaling path- 
Tvays of the oocyte, evidenced by activation 
of the Xeriopzts Ca2'-dependent C 1  current 
in the presence of 20 FM ABA ( 1 1  = 16; Fig. 
1A). Current activation Tvas specific to 
inRVA-injected oocytes and was obsened in 
response to ABA. but not to acetate or kine- 
tin. a plant h o n ~ ~ o n e  that stimulates cell divi- 
sion and stomatal ope~ling (1). After sucrose 
gradient kactionation of ,Vicotini~n mRNA. 
the active fraction (mean size, 1.3 Itb) was 
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used to constix~ct a cDNA library for expres- 
sion and screening. Subdivision of library 
pools yielded clones that promoted the ABA- 
evoked current and a copurifyiilg baclcground 
current with similar characteristics but inde- 
pendent of ABA. The backgrouild cu l~en t  
Tvas isolated to a single clone (Fig. 1B). After 
depleting this transcript from ,Vicotini~ci 
mRNA. 110 ABA-sensitive current was ob- 
sewed (7). indicating that the gene carried by 
the clone Tvas necessary to evoke the ABA- 
sensitive cuiTent ( 8 ) .  

Sequencing the transcript cDNA (9) re- 
vealed an open-reading kame encoding a 
syntaxin-related protein (Nt-Syrl: GenBank 
G m b e r  AFI 12863) of 300 arnino acids with 
a predicted nlolecular mass of 34.01 liD and 
an isoelectric point of 7.95. Aligninents of 
Nt-Syrl protein (I\/Iegalign, DNAstar, Madi- 
son. Wisconsin) showed similarities to the 
syntaxin-like Knolle gene product of Ai.abi- 
dopsis thrrlinrirr (38% identity) (10). human 
syntaxin-1A (23?/0 identity) (11). and the 
yeast syntaxins SSOlp and SS02p (22?/0 
identity each) (12). Syntaxins are essential 
for synaptic transmission, they coordinate 
cellular growth, and are implicated in 
vesicle trafficking in yeast. plants, and an- 
inlals (10, 13-15). Features of Nt-Syrl 
common to syntaxin proteins (Fig. 2A)  in- 
clude three donlains (HI  through H3)  Tvith 
high probabilities for fornling coiled-coil 
structures in protein-protein interactions. a 
putative membrane-spa~lning (hydropho- 
bic) domain, and an adjacent domain (with- 
in H3)  of 84% identity (92% homology) 
Tvith the epirnorphin consensus sequence 
( I  I ) .  Nt-Syrl also showed partial conser- 
vation of the three sites necessary for bind- 
ing and cleavage by CIosti.idi~~ii~ bot~1li11ztrn 
type C neurotoxin (BotWC) (16) .  Unlike 
other syntaxin proteins. Nt-Syrl harbors a 
putative EF-hand, Ca2+ -binding sequence 
and nucleotide binding site. Southern blot 
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