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medieval alluviation and burial of pre-Roman
organic-rich soils observed in “all lowland and
piedmont river valleys in Britain and much of
Northern Europe” (42) might have been the re-
sult of mill damming.
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Lhx2 Selector Activity Specifies
Cortical Identity and Suppresses
Hippocampal Organizer Fate
Vishakha S. Mangale,1* Karla E. Hirokawa,2* Prasad R. V. Satyaki,1* Nandini Gokulchandran,1*
Satyadeep Chikbire,1 Lakshmi Subramanian,1 Ashwin S. Shetty,1 Ben Martynoga,1 Jolly Paul,1
Mark V. Mai,3 Yuqing Li,4 Lisa A. Flanagan,5 Shubha Tole,1† Edwin S. Monuki2,5†

The earliest step in creating the cerebral cortex is the specification of neuroepithelium to a cortical
fate. Using mouse genetic mosaics and timed inactivations, we demonstrated that Lhx2 acts as
a classic selector gene and essential intrinsic determinant of cortical identity. Lhx2 selector activity
is restricted to an early critical period when stem cells comprise the cortical neuroepithelium,
where it acts cell-autonomously to specify cortical identity and suppress alternative fates in a
spatially dependent manner. Laterally, Lhx2 null cells adopt antihem identity, whereas medially
they become cortical hem cells, which can induce and organize ectopic hippocampal fields. In
addition to providing functional evidence for Lhx2 selector activity, these findings show that the
cortical hem is a hippocampal organizer.

Classic genetic analyses in Drosophila
have described the roles of “selector”
genes (1–3), which drive developmen-

tal patterning events by cell-autonomously
specifying cell identity, suppressing alternative
fates, regulating cell affinity, and positioning
developmental borders that often serve as sec-
ondary signaling centers. The LIM homeobox
gene Lhx2—a vertebrate ortholog of the well-
described Drosophila selector gene Apterous
(Ap) (1)—has been postulated to act as a selec-
tor gene in the developing mouse cerebral cor-
tex (4). Lhx2 is expressed in cortical precursor
cells but not in the adjacent telencephalic dorsal

midline, which consists of choroid plexus
epithelium (CPe) and the intervening cortical
hem, a secondary source of bone morphogenetic
protein (Bmp) and wingless-int (Wnt) signals
(figs. S1 and S4) (4, 5). Previous studies in-
dicate that the hem is required for hippocampal
induction and/or expansion (6, 7), but evidence
that the hem is sufficient to induce and organize
hippocampal tissue has been lacking. Conven-
tional Lhx2 null embryos (“standard” knockout,
or sKO) (8) possess excessive hem and CPe
at the expense of hippocampus and neocortex
(4, 5). Although this is consistent with a selector
gene phenotype, the basic issue of cell autonomy
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could not be resolved, because a cell-autonomous
fate transformation (cortex-to-hem/CPe) could
not be distinguished from a nonautonomous
hem/CPe expansion as a result of defects in
cortical precursor proliferation (8).

The preneurogenic critical period. Lhx2
expression arises in the forebrain before neuru-
lation and is strong in the cortical neuroepi-
thelium, but absent from the dorsal midline, after
neural tube closure (fig. S1, A and B). At em-
bryonic day 10.5 (E10.5), Lhx2 and Lmx1a (hem
marker) displayed substantial spatial overlap,
which became markedly reduced by E12.5 (Fig.
1A) (4, 5). These patterns suggest a cross-
suppression mechanism (2) regulating cortex-
hem cell fate and contributing to cortex-hem
border (CHB) formation and refinement. Con-
sistent with this, Lhx2 sKO embryos displayed
expanded hem (Fig. 1B and fig. S1C) and Lhx2-
hem overlap domains (fig. S1D) by E10.5.

To better define the critical period for hem
fate suppression by Lhx2, we performed timed
inactivations with an Lhx2 conditional knockout
(cKO) mouse (fig. S2) (9). Lhx2 inactivation at
E0.5 (ACTBCre driver) (10) or E8.5 (tamoxifen-
inducible R26CreER driver) (11) resulted in E12.5
hem expansion or diminished dorsal telencephalic
phenotypes that were qualitatively and quantita-
tively indistinguishable (Fig. 1, C and D, and fig.
S3A) (12). This indicated a critical period starting
on or after E8.5 and no essential Lhx2 functions
in the forebrain before this stage.

Tamoxifen (TM)–mediated recombination
typically occurs within 48 hours of administra-
tion (11, 13). To test E10.5 as the critical period
endpoint, we used E10.5 TM injections or
Emx1Cre, which drives dorsal telencephalon-
specific Cre recombination by E10.5 (14). Both
strategies resulted in subtle to inapparent E12.5
phenotypes (Fig. 1, C and D, and fig. S3A).
This defines E8.5 to E10.5 as the critical period
for hem suppression by Lhx2, a period when the
cortical neuroepithelium is composed almost ex-
clusively of stem cells (15) and is not yet
producing definitive cortical plate neurons (16).

Lhx2 selector activity at the molecular level.
To examine cell-autonomy unambiguously, we
generated Lhx2 null mosaics using two com-
plementary methods: (i) mouse embryonic stem
cell (ESC) aggregation chimeras (17, 18) using
green fluorescent protein (GFP)–expressing
Lhx2 null ESCs derived from Lhx2+/− matings
1Department of Biological Sciences, Tata Institute of
Fundamental Research, Mumbai 400005, India. 2Depart-
ment of Developmental and Cell Biology, School of Bio-
logical Sciences, University of California Irvine, Irvine, CA
92697, USA. 3Department of Biology, Swarthmore College,
Swarthmore, PA 19081, USA. 4Center for Neurodegeneration
and Experimental Therapeutics, Department of Neurology,
School of Medicine, University of Alabama at Birmingham,
Birmingham, AL 35294, USA. 5Department of Pathology and
Laboratory Medicine, School of Medicine, University of
California Irvine, Irvine, CA 92697, USA.

*These authors contributed equally to this work.
†To whom correspondence should be addressed. E-mail:
emonuki@uci.edu (E.S.M., cKO component); stole@tifr.
res.in (S.T., ESC chimeras)

Fig. 1. Hem fate sup-
pression by Lhx2 during
an E8.5 to E10.5 critical
period. (A) Double fluo-
rescent in situ hybridiza-
tion (ISH), boxed regions
enlarged (right). At E10.5,
cortical (Lhx2, green) and
hem (Lmx1, red) markers
overlap. By E12.5, this
overlap is reduced (arrow-
heads). Scale bars, 100
mm (Hoechst panels, 300
mm). (B) Lmx1a ISH. By
E10.5, the excessive hem
phenotype (dotted lines)
is present in Lhx2 sKO
mutants. Scale bar, 300 mm. (C) Temporal inactivation studies; Wnt3a ISH. E12.5 cKO hem expansion (dotted
lines) is similar after E0.5 (ACTBCre) or E8.5 (R26CreER) inactivations but inapparent after E10.5 inactivations
(R26CreER or Emx1Cre). Scale bar, 300 mm. (D) Quantification of hem:dorsal telencephalon area ratios (Wnt3a:
Ngn2 areas). White bars, littermate controls; black bars, Lhx2 cKOmutants; error bars, SEM; t test, *P < 0.05;
**P < 0.005. Unless otherwise noted, all images henceforth are coronal sections, medial left.

Fig. 2. Cell-autonomous
cortex-to-hem fate trans-
formation in Lhx2nullmo-
saics. (A) In control ESC
chimeras, GFP-expressing
cells intermix randomly
with host cells, and dor-
sal telencephalic pat-
terning is normal. (B
and C) Lhx2-null cells in
mutant ESC chimeras [GFP-
positive cells in (B)] or in
tamoxifen-generated cKO
mosaics [Lhx2-negative
patches in (C)] do not
express Foxg1, Emx1, or
Pax6 in medial cortical
regions [arrowheads in
(C)]. Surrounding wild-
type cells express these
markers [open arrow-
heads in (B)]. Laterally,
Lhx2-null cells express
Foxg1 but not Emx1 [black
arrowheads in (B)]. (D
and E) Lhx2-null cells ex-
press cortical hem mark-
ers Lmx1a, Wnt2b, and
Wnt3a medially [arrows
in (D), arrowheads in (E)]
but not laterally in the
dorsal telencephalon [ar-
rowheads in (D)]. Scale
bars, 100 mm. d, dien-
cephalon; dt, dorsal tel-
encephalon; vt, ventral
telencephalon.
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(fig. S4) and (ii) low-dose TM injections at E5.5
in Lhx2 cKO mice (12). To identify null cells in
Lhx2 cKO mosaics, we developed and validated
an affinity-purified Lhx2-specific polyclonal
antiserum (12).

Whereas control ESC chimeras had ran-
dom distributions of GFP-expressing cells and
normal dorsal telencephalic patterning (Fig.
2A), Lhx2 null cells in mutant ESC chimeras
and cKO mosaics clustered into patches. Null
patches within medial cortex displayed down-
regulation or absence of cortically expressed
Emx1, Foxg1 or Pax6 (Fig. 2, B and C, and
fig. S5C) and ectopic induction of hem markers
Lmx1a, Wnt2b, or Wnt3a (Fig. 2, D and E).
These results establish a cell-autonomous role
for Lhx2 in the molecular specification of cor-

tical identity and suppression of hem fate.
Interestingly, although Lhx2 null embryos have
excessive CPe in addition to hem (4), no molec-
ular (Ttr) or morphologic (epithelial simplifica-
tion) evidence of ectopic CPe was detected in
mosaic embryos (Fig. 2). Thus, Lhx2 activity in
cortical stem cells specifically regulates a
cortex-hem rather than cortex-CPe fate decision.

The cortex-to-hem transformation in Lhx2
null cells was spatially dependent (Fig. 2, B
and D, and fig. S5). Similar to Lhx2 sKO
mutants (4, 5), the “hem competent zone” in
mutant ESC chimeras and cKO mosaics com-
prised the medial telencephalic wall and ex-
tended some distance laterally but did not
include the entire pallium. Lateral Lhx2 null
patches did not express hem markers or the

definitive cortical marker Emx1 but had
reduced Pax6 and unaffected Foxg1 levels
(Fig. 2 and fig. S5). This marker profile charac-
terizes the subpallium; however, like Lhx2 sKO
mutants (4, 5), subpallial genes Dlx1, Dlx2, and
Mash1 were not ectopically induced in lateral
Lhx2 null patches (fig. S4).

Emx1 absence, with Pax6 and Foxg1 pres-
ence, also characterizes the antihem, a putative
secondary signaling center at the lateral extreme
of the pallium (19, 20). Strikingly, the antihem-
specific marker Dbx1 was induced in lateral
Lhx2 null patches in mutant ESC chimeras (Fig.
3D) and in lateral regions of the Lhx2 sKO
dorsal telencephalon (Fig. 3, A and B, and
fig. S6). Adjacent sections demonstrated an
Lhx2 sKO pallium composed almost exclusive-
ly of antihem and hem fates (Fig. 3B). Lhx2
activity in cortical precursors therefore suppres-
ses two alternative fates (hem and antihem) at
the edges of cortex and results in an Lhx2 null
pallium devoid of hippocampal and neocortical
identity at the molecular level (5), a distinct
phenotype among cortical transcription factor
mutants (Fig. 3C).

Lhx2 selector activity at the cellular level.
In mosaic embryos, a high degree of Lhx2
null cell clustering was apparent in dorsal tel-
encephalon, lesser degrees in ventral telencepha-
lon, and no obvious clustering elsewhere in the
forebrain (Figs. 2 and 4). Conversely, wild-type
(Lhx2-positive) dorsal telencephalic cells also
aggregated in mutant ESC chimeras and often
formed true neural rosettes (Fig. 2, B and D, and
fig. S7), a morphology not displayed by any
Lhx2 null cell aggregate. To examine clustering
further, we compared E12.5 distributions of
cells recombined for Lhx2 or an unlinked locus
(rosa26) using the low-dose TM strategy. Both
qualitatively and quantitatively, Lhx2 null cells
displayed significant clustering throughout the
dorsal telencephalon, whereas rosa26 recom-
bined cells did not (Fig. 4, A and B, and fig. S3,
B and C). Taken together, these findings indi-

Fig. 4. Lhx2 on-off
state confers differen-
tial cell affinity. E12.5
mosaic (Lhx2cKO/sKO;
R26CreER/fl) and con-
t r o l ( L h x2 c K O / + ;
R26CreER/fl) littermates
after 5 mg per gram
of weight TM in-
jection on E5.5. (A)
X-gal histochemistry
(blue) and Lhx2 im-
munohistochemistry
(IHC) (red), with cor-
responding dot panels. X-gal–positive cells in mosaic animals are scattered,
whereas Lhx2-negative cells in mosaics form contiguous patches. Dotted lines
designate pial surfaces. Scale bar, 50 mm. (B) Quantification of recombined
cells (black circles) completely isolated from nonrecombined cells. The
percentage of completely isolated X-gal–positive cells in Lhx2 cKO mosaic
embryos (9.8%) was similar to that calculated in R26R embryos lacking the

Lhx2 cKO allele (8.5%). (C) Lhx2 IHC. Compared with controls, the medial
Lhx2-negative domain (between arrowhead and asterisk) in mosaic embryos is
enlarged. Scale bar, 100 mm. (D) Three-hour in vitro aggregation (21) of
E14.5 Emx1Cre;Lhx2 cKO mutant and control littermate cells. Cells in mutant-
mutant mixes distribute randomly, whereas cells in mutant-control mixes
segregate into discrete clusters. Scale bar, 25 mm.

Fig. 3. Hem and anti-
hem fate expansion in
Lhx2 sKO and ESC chi-
meras. (A) In E12.5 con-
trols, a false-color overlay
of Wnt2b (green) and
Dbx1 (red) expression
shows hem and antihem
domains separated wide-
ly by the relatively large
cortical (neocortical and
hippocampal) neuroepi-
thelium. (B) In E12.5 Lhx2
sKO brains, hem (green)
and antihem (red) are
both expanded andmeet
with no intervening cor-
tical neuroepithelium.
(C) Schematics of mutant
dorsal telencephalic phe-
notypes illustrating how
the complete absence of
hippocampus and neo-
cortex is unique to the Lhx2 mutant (4, 5, 28–30). AH, antihem; H, hem; Hippo, hippocampus; Ncx,
neocortex. (D) Lhx2-null cells in ESC chimeras express Wnt2b medially (arrowheads) and Dbx1 laterally
(open arrowheads), confirming ectopic cell-autonomous adoption of hem and antihem identity, respectively.
GFP images in (D) are assembled from multiple frames. Scale bars, 200 mm.
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cate that both Lhx2-null and Lhx2-positive cells
have homophilic affinity preferences.

In mutant ESC chimeras, including those
containing a very low percentage of dorsal tel-
encephalic ESC incorporation, the endogenous
cortical hem invariably contained Lhx2 null cells
(fig. S4), consistent with loss of Lhx2 conferring
hem identity. Lhx2 null cells in these chimeras
also preferentially colonized the dorsomedial
cortex. To examine this further, we inspected
Lhx2 and rosa26 recombined cells in low-dose
TM embryos. Whereas rosa26 recombination or
accumulation did not display a dorsomedial bias
(fig. S3C) (20 sections from three embryos), the
dorsomedial telencephalon in the cKO almost
invariably displayed an enlarged Lhx2-negative
domain (Fig. 4C) (50 of 54 sections from four
embryos). Lhx2 null cells therefore preferential-
ly colonize, sort, and/or migrate to the endoge-
nous hem and dorsomedial cortex.

To determine whether cell surface properties
account for differential clustering in vivo, we
performed short-term in vitro aggregation
studies (21). Mixes of Lhx2 mutant and control
littermate cells displayed significant segregation
compared with mutant-mutant mixes within
3 hours (Fig. 4D) (82% versus 37% segregation
ratios, c2 P < 0.01). The Lhx2 mutant-mutant
segregation ratio (37%) was similar to control
ratios described previously for embryonic corti-
cal cells (~36%) (21, 22), whereas the Lhx2
control-mutant ratio (82%) appeared greater
than control-Paxsey/sey mixes (~50%) (22). Thus,
in addition to molecular markers, Lhx2 specifies
cortex versus hem fates at the level of cell sur-
face properties that drive differential cell clus-
tering in vivo.

Lhx2 selector activity at the functional level.
Because definitive evidence for hem activity as
an organizer has been lacking (23), we ex-
amined whether ectopic hem cells exerted cell-
nonautonomous effects on neighboring wild-type
(Lhx2-positive) cortical tissue. In E15.5 mutant
ESC chimeras, Wnt2b expression in Lhx2 null
patches became restricted to the ventricular sur-
face (Fig. 5, B and J), as occurs in the normal
hem (Fig. 5I). Juxtaposed to the ectopic Wnt2b
domains were Prox1-expressing regions (dentate
granule cell marker) (Fig. 5, C and E) (24),
which in turn were adjacent to KA1-expressing
clusters (hippocampal CA3 field marker) (Fig.
5, C and G) (25), thus recapitulating the normal
hem-dentate-CA3 spatial relationships. Multiple
Prox1/KA1 patches were created at considerable
distances from their normal locations (Fig. 5, D
and F) and at several rostrocaudal levels. Within
each patch, Prox1 staining was typically stron-
gest adjacent to the ectopic hem tissue (arrow-
heads in Fig. 5E), which suggests recapitulation
of normal dentate cell migration patterns (Fig.
5A). Notably, all Prox1 and KA1 patches were
limited to wild-type tissue, consistent with a
cell-nonautonomous effect by ectopic hem cells
and an inability of Lhx2 null cells to take on
hippocampal identities.

Fig. 5. Multiple hippo-
campal fields induced by
ectopic hem cells in Lhx2
null ESC chimeras. (A, D,
F, and I) At E15.5, control
Prox1-positive dentate
granule cells [arrowhead
in (D)] have accumulated
after migrating along a
curved trajectory [pink ar-
row in (A), arrow in (D)].
KA1 expression [arrow in
(F)] identifies the adjacent
hippocampal field CA3.
Wnt2b-expressing cortical
hem is reduced to the
fimbrial ventricular sur-
face [open arrowhead in
(I)]. (B, E, G, and J) In
mutant chimeras, GFP ex-
pression and Prox1 stain-
ing (same section) show
dentate cells [arrowheads
in (E)] juxtaposed to Lhx2
mutant patches [open
arrowheads in (B) and
(C)] and an adjacent re-
gion of KA1 expression
[arrows in (G)]. Lhx2 mu-
tant patches express
Wnt2b in the ventricular
zone [open arrowheads in
(J)]. (C and H) Overlay of
(B), (E), and (G) shows Prox1-expressing cells arranged around the KA1 patch, suggestive of amigrating stream
[arrows in (C)]. Images in (B) and (C) assembled from multiple frames. Scale bars, 300 mm.

Fig. 6. Structural organization of ectopic hippocampi in Lhx2-null ESC
chimeras. (A andB) At E17.5, Prox1 immunostaining labels the control dentate
gyrus and two morphologically distinct dentate gyri in the mutant chimeric
brain (open arrows). (C) A phase-contrast image of an adjacent section reveals
that the normally continuous cell-dense layer of the CA fields has split in the
chimeric brain (arrows). (F) This split layer corresponds to two distinct Ammon’s
horns, labeled by CA3+DG marker Lhx9. (D and E) Nestin immunostaining
labels the control radial glial palisade and marks two such palisades in the
mutant chimera, which take a curved trajectory (red arrows) from the ventricular zone, terminating adjacent to the
two dentate gyri (open arrows). (G) Schematic of migration paths in chimeric brain (pink arrows, dentate; blue
arrows, CA1/CA3). Images in (A), (B), (D), and (E) were assembled from multiple frames.
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By E17.5, hem size and Wnt expression are
normally diminished; correspondingly, ectopic
hem patches were often undetectable. None-
theless, one chimeric hemisphere displayed two
distinct Prox1-expressing dentate gyri oriented
in the same direction (Fig. 6B). Notably, each
gyrus was associated with its own presumptive
Ammon’s horn (Figs. 6C), as well as an inde-
pendent radial glial palisade (Fig. 6E), a scaf-
folding that guides the migration of dentate cells
(26). The two radial glial palisades originated
from widely separated positions in the ventric-
ular zone, with intervening regions correspond-
ing to CA field origins (Lhx9) (Fig. 6, F and G),
consistent with hippocampal duplication. Wnt
signaling is also known to organize the radial glial
palisade (27), providing a basis for both the
specification and organization of ectopic hippo-
campi that form adjacent to ectopic hem patches.

Ectopic induction of multiple hippocampal
fields was also apparent in another E17.5
hemisphere that contained detectable GFP-
positive cells distant from the endogenous hem
(fig. S8). These patches were associated with
ectopic expression of dentate/CA3 marker Lhx9
adjacent to CA1/neocortex marker SCIP, which
appeared between Lhx9-positive domains (fig.
S8), indicating the presence of distinct hippo-
campal fields at a considerable distance from the
normal hippocampus.

Discussion. The molecular, cellular (affinity),
and functional (organizer and responder activ-
ities) evidence for classic selector functions (1)
define Lhx2 as a cortical selector gene. Lhx2 se-
lector activity is specifically required by cortical
stem cells, without which these cells eventually
adopt hem or antihem fates rather than hippo-
campal or neocortical identities. Lhx2-negative
hem cells, in turn, act nonautonomously on
Lhx2-positive cortical cells to induce and pattern
hippocampal tissue. The absence of neocortex
and hippocampus in Lhx2-null embryos con-
trasts with the preservation of one or both of these
cortical structures in Pax6-, Foxg1-, and Emx1/2-
null mutants (Fig. 3C) (28–30). These tran-
scription factors are therefore likely to act after
Lhx2, with Foxg1 being amediator (28) of Lhx2-
dependent hem fate suppression (fig. S9). Lhx2 is
itself downstream of Six3 in zebrafish (31),
which is required to form the entire rostral pros-
encephalon (32), suggesting that Six3 creates a
rostral forebrain field within which Lhx2 spec-
ifies cortical identity. The similarities between
Lhx2 in the cortex and Ap in the Drosophila
dorsal wing compartment—which specifies cell
identity (dorsal), suppresses alternative fate
(ventral), and confers differential affinity proper-
ties that position a signaling center (dorsoventral
wing boundary) (33, 34)—are striking. Thus, con-
servedAp/Lhx2 selector functions, as demonstrated
in human/fly rescue experiments (35), apparently
extend to the mammalian cerebral cortex.

Cross-suppression and differential affinity
are typical mechanisms used by selector genes
to make tissue borders (2), and our studies

implicate Lhx2 selector activity in CHB forma-
tion and refinement. CHB refinement may also
involve cell sorting and/or migration (Fig. 4C).
Differential affinity is typically central to cell
lineage restrictions at tissue borders (2), and
previous studies provide evidence for lineage
restrictions at the CHB. Wnt3a-Cre (7) and
Gdf7-Cre lineage analyses (4, 36), as well as
Frizzled10-lacZ studies based on evidence for
lacZ perdurance (37), indicate strong confine-
ment of hem precursors from E10.5 to E12.5,
and D6-Cre lineage tracing provides similar
evidence from the cortical side of the CHB (38).
Together, these data imply that the CHB is an
Lhx2-dependent lineage boundary. As both a
developmental compartment and secondary sig-
naling center, the hem may share similarities to
the zona limitans intrathalamica (ZLI), a sec-
ondary Sonic hedgehog (Shh) production site
that also displays lineage restriction (39).

Although Lhx2 also regulates the cortex-
antihem border (CAB), Lhx2 roles at the CAB
and CHB probably differ, because Lhx2 is ex-
pressed in a continuous fashion across the lateral
pallium-ventral pallium (antihem) border. How-
ever, Lhx2 does not regulate the pallial-
subpallial boundary (PSB), which instead relies
on Pax6 selector gene activities (2, 5, 40).
Moreover, Pax6 is required to generate antihem
(19). Thus, reduced but maintained Pax6 ex-
pression in lateral Lhx2 null cells suffices to
maintain antihem and suppress subpallial fates
(40), allowing distinct CAB (Lhx2-dependent)
and PSB (Pax6-dependent) formation mecha-
nisms to be distinguished (fig. S9).

That ectopic hem cells can induce and
organize ectopic hippocampal tissue in a cell-
nonautonomous fashion provides definitive func-
tional evidence that the hem is a hippocampal
organizer. These hem functions may occur be-
fore E12.5, because previous explant studies did
not uncover hem organizer activity at this stage
(41). Hem organizer activity is likely mediated
by Wnt signals (6, 27, 42, 43), whereas Bmps
may specify hem fate rather than hippocampal
identity (4, 44, 45). Fgf8, a rostromedially local-
ized signaling molecule, may serve as an inter-
mediary, because it is inhibited by Bmps and in
turn suppressesWnt expression (46). Our findings
extend the known early interactions of the Bmp-
Fgf8-Wnt signaling mechanisms at the telence-
phalic midline. Within this signaling framework,
Lhx2 plays a dual role in suppressing hem fate
while specifying the fate of hem-responsive tis-
sue to allow for hippocampal specification within
the Lhx2-positive cortical field.
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Million-Degree Plasma Pervading
the Extended Orion Nebula
Manuel Güdel,1,2,3,4* Kevin R. Briggs,1,5 Thierry Montmerle,4 Marc Audard,6,7
Luisa Rebull,8 Stephen L. Skinner9

Most stars form as members of large associations within dense, very cold (10 to 100 kelvin)
molecular clouds. The nearby giant molecular cloud in Orion hosts several thousand stars of ages
less than a few million years, many of which are located in or around the famous Orion Nebula,
a prominent gas structure illuminated and ionized by a small group of massive stars (the Trapezium).
We present x-ray observations obtained with the X-ray Multi-Mirror satellite XMM-Newton, revealing
that a hot plasma with a temperature of 1.7 to 2.1 million kelvin pervades the southwest extension of
the nebula. The plasma flows into the adjacent interstellar medium. This x-ray outflow phenomenon
must be widespread throughout our Galaxy.

The Orion Nebula (M42, Fig. 1), together
with its parent Orion Molecular Cloud, is
the prototypical massive star–formation re-

gion (1), in which thousands of stars are forming
from collapsing cloud cores (2, 3).Many forming
stars are surrounded by molecular envelopes or
show circumstellar disks and bipolar jets (4).

The Huygens region of the nebula is the
bright region surrounding the massive, ionizing
stars of the Trapezium group, the most impor-
tant member being q1Ori C (5). This region is a
thin layer of ionized (HII) gas lying on the sur-
face of the background molecular cloud, with
the ionizing stars offset toward the observer.
There is a foreground veil of neutral material that
confines the central cavity. To the southwest of
the Huygens region, the brightness drops rapidly
as one views the much larger Extended Orion
Nebula [EON henceforth (6)]. Ionized gas flows
through the thin layer at about 10 km s−1 and
then into the southwest cavity (5, 7, 8), where its
density of 30 cm−3 or somewhat higher (9) is

much lower than the 104 cm−3 in the Huygens
region (5). The geometry of the EON is not well
understood, but it must be confined on the far
side by the molecular cloud and seems to be
laterally bounded by neutral gas and dust.

The Orion Nebula has been a favorite target
of x-ray satellites for 30 years (10–12), the Chandra
X-ray Observatory having detected almost every
single Orion member star as a vigorous x-ray
source in a 17 arc min–by–17 arc min field cen-
tered on the Trapezium (12). In this paper, we
describe deep x-ray observations with the X-ray
Multi-Mirror satellite XMM-Newton (13) that
afford much wider spatial coverage of the region.
The half-degree diameter field we discuss here
is centered to the southwest of the Trapezium,
almost fully covering the EON cavity.

XMM-Newton’s charge-coupled device
(CCD) cameras (14, 15) observed several fields
covering this region (Fig. 2A). The combined
image shows the anticipated large assembly of
x-ray bright stars but also exhibits a faint, ex-
tended structure in the EON, roughly consisting
of a brighter patch in the north and a more ex-
tended area in the south. Overlaying the x-ray
extended structure on an infrared image taken by
the Spitzer Space Telescope (at 4.5 and 5.8 mm,
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Fig. 1. The Orion Nebula in the optical light (UK Schmidt telescope). [Copyright Anglo-Australian
Observatory/David Malin Images] Features described in the text are labeled. The bar in the upper
right corner gives the length of 1 pc (3.1 × 1018 cm). North is up, and west is to the right.
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