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Summary 

The glial cells missing (gcm) gene in Drosophila en- 
codes a novel nuclear protein that is transiently ex- 
pressed early in the development of nearly all glia. In 
loss-of-function gcm mutant alleles, nearly all glia fail 
to differentiate, and, where we can follow them in the 
PNS, are transformed into neurons. In gain-of-function 
gcm conditions using transgenic constructs that drive 
ectopic gcm expression, many presumptive neurons 
are transformed into glia. Thus, gcm appears to func- 
tion as a binary genetic switch for glia versus neurons. 
In the presence of gcm protein, presumptive neurons 
become glia, while in its absence, presumptive glia 
become neurons. 

Introduction 

Neurons play the leading roles in processing and transmit- 
ting information in the nervous system, while glia provide 
the supporting cast, wrapping and insulating neurons, pro- 
viding them with nourishment, regulating them with cy- 
tokines and growth factors, maintaining their ionic ho- 
meostasisF and helping to establish and maintain the 
blood-bra~n and blood-nerve barriers. Although neurons 
and glia are such different cell types, they often arise from 
common lineages in both the central nervous system 
(CNS) and the peripheral nervous system (PNS). What 
makes glia different from neurons? Does a genetic switch 
(or switches) exist that can turn presumptive neurons into 
glia or presumptive glia into neurons? Do different CNS 
and PNS lineages use different genes to direct some of 
their offspring into the glial fate, or is a common switch 
called forth in a variety of different lineages? 

In Drosophila, much is known about the genes that con- 
trol the development of the specific patterns and identities 
of neurons (e.g., Jan and Jan, 1993; Campos-Ortega, 
1993; Goodman and Doe, 1993). Nevertheless, little is 
known about the genes that control the decision of neu- 
ronal versus glial cell fate. In the PNS, sensory organ pre- 
cursors (SOPs) divide several times to generate specific 
neurons, glia, and support cells (e.g., Bodmer et al., 1989; 
Jan and Jan, 1993). Two PNS lineages that figure promi- 
nently in this study are the SOP lineages giving rise to 
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the lateral chordotonal (CH) organs, in which each SOP 
undergoes several divisions to generate a neuron and 
three support cells (a ligament cell, a sheath or scolopale 
cell, and a cap cell), and the SOP lineage giving rise to 
the dorsal bipolar dendrite (BD) neuron, in which the SOP 
appears to divide only once to generate the BD neuron 
and its glial support cell. Other peripheral glia wrap and 
insulate the axons in the peripheral nerves. 

In the Drosophila CNS, most neurons arise from gan- 
glion mother cells born by the asymmetric division of neu- 
roblasts (NBs), although a few neurons arise from midline 
mesectodermal progenitors (Goodman and Doe, 1993). 
Glia have similar origins. The longitudinal glia arise from 
a lateral NB-like cell, the longitudinal glioblast (Jacobs et 
al., 1989). Other glia arise from NBs that generate mixed 
lineages (Udolph et al., 1993). Midline glia arise from mid- 
line mesectodermal progenitors (Kl&mbt et al., 1991 ; Boss- 
ing and Technau, 1994). In the grasshopper, midline gila 
arise from the median NB that generates both neurons 
and glia (Condron and Zinn, 1994). The switch in the me- 
dian NB generation of these two cell types is controlled 
by the activity of both engrailed and protein kinase A (Con- 
dron et al., 1994; Condron and Zinn, 1995). 

Three different nuclear proteins have been identified 
that are expressed in different subsets of glia in the devel- 
oping embryo. The most ubiquitous glial marker is the 
homeodomain protein encoded by the repo gene. Repo 
(also called RK2) is expressed in nearly all PNS and CNS 
glia except midline gila (Xiong et al., 1994; Campbell et 
al., 1994; Halter et al., 1995). Longitudinal gila also ex- 
press the homeodomain protein encoded by the prospero 
(pros) gene (Doe et al,, 1991) and the P1 form of the Ets 
domain transcription factor encoded by the pointed (pnt) 
gene. Midline glia neither express repo nor pros, but they 
do express the P2 form of the pnt protein (Kl&mbt, 1993; 
Klaes et al., 1994). Mutations in these three genes do not 
prevent glia from developing, but do lead to defects in 
aspects of their differentiation. 

In this paper, we describe the cloning, molecular charac- 
terization, and genetic analysis of the glial cells missing 
(gcm) gene in Drosophila. gcm encodes a novel nuclear 
protein that is transiently expressed in nearly all PNS and 
CNS glia (except midline glia). In loss-of-function gcm mu- 
tants, nearly all CNS and PNS glia (except midline glia) 
fail to differentiate. In the CH organ lineage in the PNS, 
the normally repo-positive ligament cells are transformed 
into additional CH neurons. In the BD neuron lineage, the 
normally repo-positive glial cell is transformed into an addi- 
tional neuron. In gain-of-function gcm conditions using 
transgenic constructs that drive ectopic gcm expression 
in presumptive neurons throughout the CNS and PNS, 
many presumptive neurons are transformed into glia. We 
observe numerous extra repo-positive glia in the CNS. In 
the BD lineage in the PNS, the presumptive neuron is 
transformed into another repo-positive glial cell. Because 
glia are missing from the outset in gcm mutant embryos, 
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this mutant provides the opportunity to assess the role of 
gila in establishing axon pathways and in neuronal survival 
and differentiation. 

Thus, gcm functions as a binary genetic switch for gila 
versus neurons. The same gene has been cloned and 
characterized by Y. Hotta and his colleagues, and in a 
companion paper (Hosoya et al., 1995 [this issue of Cell]), 
they present results that support these same conclusions. 
In addition, in a screen for mutations affecting the PNS, 
P element 84/12 was identified as being inserted in gcm 
(Kania et al., 1995). 

Results 

Identification and Cloning of the gcm Gene 
Our studies on gcm began with the ethyl methanesul- 
fonate-induced allele gcm 13°a isolated in a systematic 
screen for mutations that disrupt the organization of CNS 
axon pathways in Drosophila (Seeger et al., 1993). We 
observed that late stage gcm mutant embryos have a CNS 
with abnormal and occasionally missing longitudinal axon 
pathways; subsequent analysis revealed that they also 
have a reduced number of glial cells, gcm ~3°8 was mapped 
to 30B9-12 on the second chromosome by its failure to 
complement Df(2L)200 (Lane and Kalderon, 1993). A sec- 
ond allele (gcm NT-~) was discovered in a collection of di- 
epoxybutane-induced mutations that map to the 30A-30C 
region (Uemura et al., 1989). This allele has more severe 
pathway defects and almost completely lacks gila; this 
phenotype is not enhanced when placed over Df(2L)200. 

While surveying the genomic region containing gcm, we 
discovered that we had in our collection of enhancer trap 
lines a P[ry + lacZ] line, rA87 (from Kl&mbt and Goodman, 
1991), that expresses I~-galactosidase (13-gal) in gila (see 
Figure 2H) and maps to 30B9-12. To test whether this 
insert is in or near gcm, we cloned the associated gene 
and generated imprecise excisions of the rA87 P element 
insertion. 

Of genomic DNA flanking the rA87 insertion site, 6 kb 
was recovered by p!asmid rescue. This fragment was used 
to isolate overlapping genomic clones. Fragments from 
either side of the rA87 P element were used to isolate 
embryonic cDNA clones, several of which mapped to the 
same EcoRI-BamHI fragment as the rA87 P element in- 
sert (Figure 1A). cDNA clone gcm-1 and genomic DNA 
from the corresponding region hybridize on Northern blots 
to a single transcript of approximately 2.2 kb, the same 
size as our longest cDNA clone. Using cDNA gcm-1 for 
in situ hybridization, we detect embryonic transcripts in 
gila similar to the 13-gal expression in line rA87 (Figure 2). 

The rA87 P element insert is homozygous viable as well 
as viable over gcm alleles. We generated 200 excision 
lines of rA87 and recovered 10 lethal excisions that fail 
to complement both gcm ~°a and gcm ~74. All 10 alleles 
(gcm '~P~ to gcm '~e1°) express little or none of the glial- 
specific transcript, gcm "~P~ contains a small 3.5 kb deletion 
that specifically removes the entire glial-specific transcript 
(see Figure 1A) and has a phenotype identical to gcm NT~. 
Thus, the glial-specific transcript identified by rA87 is the 
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P/VLNGMPITM PVPMPVPMPV PSPPATKSRV AIDWDINDSK 40 

MPSVGEFDDF NDWSNGHCRL IYSVQSDEAR KHASGWAMRN 80 

TNNHNVNILK KSCLGVLLCS AKCKLPNGAS VHLRPAICDK 120 

ARRKQQGKQC PNRNCNGRLE IQACRGHCGY PVTHFWRRDG 160 

NGIYFQAKGT HDHPRPEAKG STEARRLLAG GRRVRSLAVM 200 

LARESALSDK LSSLRPTKRQ AKTQSIQESK RRRMGASDVL 240 

ETKQELWPP TTYLPTSTPT HSTNFNQSQG SYVPAGQGSV 280 

ISQWNREIHY ETEDPCYANG MYSyDMLHSP LSAHSSTGSY 320 

YQENKPQQLQ HSQYQQ~LSP QQHVPVSYDP SQPISSSLQC 360 

GMPSYEICDD TSSLTSSSGY CSEDYGYYNG YLPNSLDVSN 400 

GSQSQNLSQD ASIYTTSSEI FSVFESTLNG GGTSGVDLIY 440 

DEATAYQQHQ QQGTFPHLTN YQQEPQDQMQ SADYYYSNTG 480 

VDNSWNIQMD ATYHPVNSTD PIYC 504 

Figure 1. Map of gcm Locus and Sequence of Gcm Protein 
(A) Map of the gcm locus represented by restriction enzyme sites 
BamHI (B), EcoRI (E), and Hindlll (H). The location of the P[ry* lacZ] 
element (rA87) insertion is indicated by the vertical line under an in- 
verted triangle, with an arrow representing the direction of lacZ tran- 
scription (this insertion is 109 bp 5' to the end of our longest cDNA 
clone). The position of the gcm transcription unit is indicated by the 
boxes below the map; the translated region is indicated by the closed 
portion. The bottom horizontal line represents genomic DNA from the 
P excision mutant gcm,~P~; the break in the line indicates deleted DNA. 
gcm "~P~ deletes 3,5 kb of genomic DNA, including the entire gcm tran- 
script, but retains approximately 1 kb of the P element. 
(8) Deduced amino acid sequence of gcm protein. 

product of gcm, and gcm "jPI and gcm 'v7-4 both represent 
the complete loss-of-function of gcrn. 

gcm Encodes a Novel Nuclear Protein 
The complete nucleotide sequence of the 1.9 kb cDNA 
gcm-1 was determined, and the 2.2 kb cDNA gcm-2 was 
sequenced from both ends to cover the stop codons flank- 
ing the open reading frame (ORF). gcm contains an ORF 
that encodes a protein of 504 amino acids (see Figure 1B). 
Gcm has no homology to other known proteins and no 
internal repeats. We generated antibodies (Abs) against 
a gcm fusion protein and used them to show that gcm 
protein is localized to the nucleus (Figure 2G). 

Expression of gcm Transcript and Gcm Protein 
We followed gcm expression using in situ localization 
of transcripts with digoxygenin-labeled antisense RNA 
probes, immunocytochemistry using antisera against gcm 
protein, and the more persistent [3-gal expression as driven 
by the rA87 enhancer trap P element as a marker of the 
cells that transiently express gcm. The patterns of gcm 
transcript and gcm protein expression are identical. 
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Figure 2. gcm Expression 
(A-F) In situ localization of gcm transcripts 
showing lateral views of whole-mount embryos 
(dorsal up, anterior to left) (A and B) and fron- 
tal views of dissected embryos (anterior up) 
(C-F). 
(A) Blastoderm stage, gcm is expressed in an 
anterior ventrally restricted patch approxi- 
mately 16 cells wide by t2 cells in dimension. 
(B) Stage 10. gcm is transiently expressed in 
segmentally repeated patches of three to five 
ectodermal cells (arrow). 
(C) Same stage as in (B) but dissected. 
(D) Early stage 11. gcm expression in the seg- 
mentally repeated patches fades as gcm be- 
comes restricted to a large glioblast as it delam- 
inates from each patch (arrow). A second patch 
of gcm-expressing cells arises medial to the 
first glioblast (top arrowhead) and gives rise 
to a second glioblast (bottom arrowhead). We 
tentatively call the first cell the peripheral glio- 
blast and the second cell the longitudinal glio- 
blast (see text). 
(E) Late stage 11. The longitudinal glioblast has 
divided, and additional gcm-expressing cells 
begin to appear. 
(F) Stage 12. gcm-expressing cells continue to 
appear and divide, and the presumtive longitu- 
dinal gila migrate medially. 
(G) Stage 14. Localization of gcm protein as 

detected by anti-gcm Ab. Gcm is expressed in the nuclei of the longitudinal gila (arrowhead) and other gila. 
(H) ~-Gal expression in rA87 stage 16 embryo as detected by anti-J~-gal Ab. I~-Gal is expressed in the nuclei of nearly all CNS glia (except mid- 
line gila). 

Scale bar for (A)-(E) is 50 ilm, for (F)-(H) is 10 p.m. 

gcm is initially expressed in an anterior ventral region 
of the cellular blastoderm, in a patch approximately 16 
cells wide and 12 cells in length (Figure 2A). During gastru- 
lation these cells invaginate at the end of the ventral fur- 
row, just anterior to the cephalic furrow, in an area giving 
rise to the presumptive cephalic mesoderm. After stage 10, 
cephalic expression rapidly fades. We have not detected 
any mutant phenotype associated with this expression. 

During stages 10-11, in each hemisegment, two 
patches of three to five ectodermal cells sequentially and 
transiently express gcm and from each patch delaminates 
a single large blast cell that maintains gcm expression 
(Figures 2B, 2C, and 2D). The expression of 13-gal in line 
rA87 acts as a good lineage marker for these two blast 
cells and shows that all of their progeny become gila (Fig- 
ure 2H). The first more-lateral glioblast appears to give 
rise to most, if not all, of the exit and peripheral gila, and 
thus we tentatively call it the peripheral glioblast. The sec- 
ond more-medial glioblast appears to give rise to the longi- 
tudinal gila, and thus we tentatively call it the longitudinal 
glioblast (Jacobs et al., 1989). This pattern of gcm expres- 
sion clearly shows that there are two glioblasts in each 
hemisegment, but sorting out the precise identities of their 
progeny will require future lineage analysis. By late stage 
11, both glioblasts have divided. The progeny that gener- 
ate the longitudinal gila have begun migrating medially, 
while the progeny that generate the peripheral gila have 
begun migrating distally. Additional gcm-expressing cells 
have begun to appear (Figure 2E), increasing rapidly in 

number. Besides the two large glioblasts and their progeny 
(the exit and peripheral gila and the longitudinal gila), we 
do not know the identity of the other gcm-expressing cells, 
other than, as indicated by 13-gal expression in rA87, they 
all become gila. 

gcm is expressed in the progeny of the longitudinal glio- 
blast as they migrate medially to become the longitudinal 
gila (Figures 2F and 2G). gcm transcripts and gcm protein 
(Figure 2G) are last detected in the longitudinal gila as they 
take their final positions covering the longitudinal tracts 
around stage 14. By stage 15, gcm protein has disap- 
peared, even though 13-gal continues to be expressed in 
line rA87 in all CNS gila (except midline gila) as a persistent 
marker of previous gcm expression (Figure 2H). In the 
brain lobes, gcm expression remains high in a complex 
pattern through stage 17. In the PNS (as detected by tran- 
sient expression of gcm transcripts and persistent expres- 
sion of ~-gal in rA87), gcm is transiently expressed in all 
repo-positive gila along peripheral axon pathways and as- 
sociated with sensory organs (e.g., Figure 6A). 

gcm Function in the CNS 
In gcm ~pl mutant stage 16 and 17 embryos, there are only 
a few repo-positive cells remaining in the CNS (compare 
Figure 3B with 3A and Figure 3E with 3D). The wild-type 
CNS contains 60 repo-positive gila per segment, while 
gcm mutants have two to three per segment (n = 28) in a 
random pattern. The only CNS gila consistently remaining 
are the repo-negative midline gila (as detected with en- 
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Figure 3. CNS Glia in Wild-Type, gom Loss-of- 
Function, and gcm Gain-of-Function Embryos 
Dissected stage 16 embryos (two segments; 
anterior is up) stained with anti-repo antisera 
showing nearly all CNS glia. (A)-(C) are fo- 
cused on the inside surface of the CNS at 
the level of the longitudinal pathways, while 
(D)-(F) are focused on the outside surface of 
the CNS. (A and D) Wild-type embryo. (B and E) 
gcm "~p~ loss-of-function mutant embryo. There 
are very few repo-expressing cells. (C and F) 
C155-GAL4; UAS-gcm gain-of-function em- 
bryo. There is an increase in the number of 
repo-expressing cells, particularly at the out- 
side surface of the CNS (F). Scale bar, 10 I~m. 

hancer trap line AA142; Kl&mbt et al., 1991). Electron mi- 
croscopic analysis of gcm mutant embryos confirms that 
there are no glia covering the longitudinal tracts (Figures 
4B and 4D) and no glia ensheathing the nerve cord (Figure 
4C), but there still are midl ine glia. 

gcm N7-4 has an identical phenotype to gcm '~P~ and is thus 
likely to be a complete loss-of-function mutation. Never- 
theless, this allele produces gcm transcripts. As detected 
by in situ hybridization, in gcm N74, gcm transcripts are 
observed in the same initial pattern of presumptive CNS 
glioblasts and glia. Although a cell appears in the normal 
location of the peripheral gl ioblast and divides as normal, 
its progeny fail to migrate distally. In the absence of wild- 
type gcm function, gcm transcripts in gcm N74 appear to 
fade more rapidly than normal. 

Using the enhancer detect ion/GAL4 system (Brand and 
Perrimon, 1993), we generated embryos that express gcm 
ectopically in all presumptive neurons. We constructed a 
fusion gene that places the cDNA gcm-1 under the control 
of an upstream activating sequence (UAS) (UAS-gcm) that 
al lows the reporter (gcm) to be activated by the GAL4 tran- 
scriptional activator. Two UAS-gcm reporter lines were 
generated. Ectopic expression of gcm in presumptive neu- 
rons was achieved by crossing these reporter lines with 
a GAL4 effector line (C155-GAL4) that directs expression 
in all embryonic neurons early in their development (Lin 
and Goodman, 1994). In C155-GAL4; UAS-gcm embryos, 
ectopic expression of gcm in presumptive neurons through- 
out the CNS causes a striking increase in the number of 
repo-positive cells (compare Figure 3C with 3A and Figure 

Figure 4. gcm Mutant Embryos Lack Longitu- 
dinal Glia and Other Glia 
Electron micrographs of the CNS of wild-type 
(A) and gcrn ~p~ mutant (B-D) embryos at late 
stage 16 showing the longitudinal axon tracts 
(A, B, and D) and the edge of the CNS and ISN 
(C). (A) In wild-type embryos, the longitudinal 
tracts are covered by longitudinal gila (arrow). 
(B and D) In gom mutant embryos, the longitudi- 
nal glia are missing (arrows), the longitudinal 
tracts are exposed to the hemolymph (arrows), 
and in some segments the longitudinal tracts 
are thinner (D) or are missing. (C) In gcm mu- 
tant embryos, the sheath gila that surround the 
CNS are missing, the ISN is missing the glia 
that normally wrap it (arrows), and large macro- 
phages surround the CNS (asterisk). Scale bar 
indicates 4 I~m in (A), (B), and (D) and S p.m 
in (C). 
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3F with 3D), suggesting that many presumptive neurons 
are transformed into glia. Such embryos have 214 repo- 
positive glia per CNS segment (n = 3), an increase of 
350% over the wild-type level of 60 per segment. 

Late stage gcm mutant embryos exhibit defects in axon 
pathways in the CNS in which the longitudinal connectives 
are sometimes reduced in width and occasionally com- 
pletely missing between segments (compare Figures 4B 
and 4D with 4A and Figure 5B with 5A). To determine 
the cause of this phenotype, we used MAb 1D4 against 
fasciclin II to examine the development of the first two 
longitudinal axon pathways (the MP1 and vMP2 pathways) 
and subsequent additional fasciclin II-positive pathways 
(Goodman and Doe, 1993; Lin et al., 1994) (Figures 
5C-5F). 

The pCC axon, which normally pioneers the vMP2 path- 
way, extends anteriorly at late stage 12/early stage 13 in 
a normal fashion in 100% of hemisegments (n = 128) in 
gcm embryos (Figure 5C). In 82% of hemisegments (n = 
158), the MP1 and vMP2 pathways form normally at late 
stage 13/early stage 14 (arrowheads in Figures 5D and 
5E). However, in 18% of hemisegments, one or both of 
these pathways is incomplete or missing between seg- 
ments (compared with <1% in wild type; n = 110) (arrows 
in Figures 5D and 5E). By stage 16, more severe defects 
are observed in the longitudinal tracts. The normal three 
fasciclin II-positive longitudinal pathways are present in 
65% of hemisegments (n = 62) (arrowheads in Figure 
5F), but in 35°/0, one, two, or all three of them are missing 
or severely disrupted (arrows in Figure 5F). Thus, in gcm 
embryos, there is a progressive increase in defects ob- 
served in the developing longitudinal axon pathways, from 
a normal pCC at early stage 13, to a low percentage of 
segments with abnormal MP1 and vMP2 pathways at late 
stage 13/early stage 14, to a higher percentage of seg- 
ments with abnormal longitudinal tracts by stage 16. 

In the CNS of late stage gcm mutant embryos, we also 
observe increased neural cell death. Stage 16 embryos 
have fewer neurons compared with wild type, causing the 
CNS to be reduced and variable in width. We also observe 
that the mutant CNS is surrounded by an unusually large 
number of macrophages that are greatly enlarged and vac- 
uolated compared with wild type (see Figures 4C, 5G, and 
5H), consistent with studies by Tepass et al. (1994), who 
reported that mutants with increased cell death have larger 
macrophages containing more vacuoles due to the in- 
creased uptake of cellular debris. 

gem Function in the PNS 
We focused our genetic analysis in the PNS on the devel- 
opment of two sensory organs: the lineage giving rise to 
the dorsal BD neuron and supporting glial cell, and the 
lineages giving rise to the pentascolopidial lateral CH or- 
gans (LCH5) (Ghysen et al., 1986; Bodmer et. al., 1989). 

In the dorsal BD neuron lineage, the BD neuron is 22C10 
positive (Fujita et al., 1982), whereas the glial support cell 
is repo positive. In each wild-type abdominal segment, the 
BD neuron has distinctive bipolar dendrites that extend 
laterally along with the processes of the repo-positive glial 
cell (Figure 6B). Enhancer trap line rA87 (in gcm) also 

Figure 5. The CNS of gcm Mutant Embryos 
Dissected embryos (pairs of segments; anterior is up). 
(A and B) MAb BP102 staining of wild-type (A) and gcm ~PI mutant (B) 
stage 16 embryos showing the longitudinal and commissural axon 
tracts. In gcm embryos the longitudinal axon tracts are abnormal and 
occasionally missing between segments (arrow). 
(C-F) MAb 1D4 (anti-fasciclin II) staining of gcm mutant embryos. 
(C) Late stage 12 embryo. The pCC axon (arrowheads) extends anteri- 
orly as normal in all hemisegments. 
(D) Stage 13 embryo. In most segments the vMP2 pathway forms 
normally (arrowheads), but is occasionally incomplete (arrow). 
(E) Stage 14 embryo. The MP1 (right arrowhead) and vMP2 (left arrow- 
head) pathways form in most segments, but are occasionally missing 
(arrow). 
(F) Stage 16 embryo. Severe defects are observed in the longitudinal 
tracts. All three fasciclin II-positive longitudinal pathways are present 
in many segments (arrowhead), but are missing or disrupted in others 
(arrows). 
(G-H) Macrophages revealed by anti-peroxidasin staining in wild-type 
(G) and gcm mutant (H) stage 16 embryos. 
(G) In wild type, small macrophages are observed on the surface of 
the CNS (arrowhead). 
(H) In gcm embryos, an increased number of large macrophages are 
observed on the surface of the CNS (arrow). 

Scale bar, 10 p.m. 
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Figure 6. gcrn Function in the PNS 
(A-D) The dorsal cluster of sensory neurons in 
dissected stage 16 embryos (single segment; 
dorsal up, anterior to left). 
(A) Enhancer trap line rA87 reveals the glial 
cell (arrow) (the nucleus is black as stained with 
anti-13-gal Ab) that supports the BD neuron (ar- 
rowhead) (the cytoplasm of the BD neuron and 
other neurons are stained brown with MAb 
22C 10). 
(B) Wild-type embryo; neurons stained with 
MAb 22C10, glia with anti-repo Ab. Arrowhead 
marks the BD neuron; arrow marks its glial sup- 
port cell. 
(C) gcm 4pl loss-of-function mutant embryo 
stained with MAb 22C10, showing two 22C10- 
positive neurons in the position of the BD neu- 
ron (arrowheads); anti-repo staining reveals no 
glia (data not shown). 
(D) C155-GAL4; UAS-gcm gain-of-function 
mutant embryo stained with anti-repo Ab, 
showing two repo-positive glia in the position 
of the 8D neuron (arrows). There are also three 
extra repo-positive glia in the dorsal cluster. 
(E-F) The pentascolopidial lateral CH organ 
(LCH5) in single abdominal segments in dis- 
sected stage 16 embryos (dorsal up, anterior 
to left). 
(E) Wild-type embryo stained with MAb 22C10 

and anti-repo Ab. The five CH neurons are visualized with 22C10 (arrowhead). Each CH neuron has a prominent dorsal dendrite. Ventral to the 
CH neurons are five ligament cells that express repo (arrow). 
(F) gcm loss-of-function mutant stained with MAb 22C10 reveals at least four extra CH neurons (note absence of ligament cells and many extra 
CH neurons and dendrites). 

Scale bar, 10 p.m. 

expresses I~-gal in the BD glial cell (Figure 6A). In gcm "~P7 

mutant  embryos,  the repo-posit ive glial cell is missing and 
is replaced by a dupl icated 22C10-posi t ive BD neuron 
(100% of hemisegments;  n -- 40) (Figure 6C). The two 
BD neurons do not extend their  dist inct ive bipolar den- 
drites, but do extend axons toward the CNS (Figure 7). 

Ectopic expression of gcm in the BD neuron l ineage 

transforms the presumpt ive BD neuron into a glial cell. In 
C155-GAL4; UAS-gcm embryos,  in which gcm is ectopi- 
cal ly expressed in all presumpt ive neurons, the BD neuron 
is missing and is replaced by an extra repo-posit ive glial 
cell (100% of hemisegments;  n = 19) (see Figure 6D). 
The extra repo-posit ive glial cell is jux taposed to and 
shaped like the normal glial cell. In the gcm loss-of-function 

and gain-of-function analysis of the BD l ineage, we ei ther 
observe two 22C10-posi t ive neurons or two repo-posit ive 
glia, respectively, all with the appropr iate morphology;  we 
never observe intermediate cell types. 

We also observe ectopic repo-posit ive cells in the dorsal 
cluster of sensory neurons (see Figure 6D) that normal ly  
contains no glia (see Figures 6A and 6B), suggest ing that, 
here too, presumpt ive neurons are capable of trans- 
forming into gl ia in the presence of gcm. 

In each abdominal  segment  of wi ld-type embryos,  the 
five CH neurons of LCH5 are 22C10 posit ive (see Figure 
6E). Each of these five CH neurons has an axon that ex- 
tends ventra l ly  towards the CNS and a prominent  dorsal 
dendr i te that inserts into one of five sheath (scolopale) 
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0 ~-------------~0~ I glia 
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C gcm mutant D gcmectopic 
loss-of-function gain-of-function neuron~ glia 

II w: ur°n 
out with 

I .| bipolar bipolar 
¥ ¥ dendrites processes 

Figure 7. Diagram of the BD Neuron and Glial Cell in Wild-Type, gcm 
Loss-of-Function, and gcm Gain-of-Function Embryos 
(A) The BD SOP divides once to generate the BD neuron and glial 
support cell (Bodmer et al., 1989). 
(B) In wild type, the BD neuron and its glial support cell both have 
bipolar processes. 
(C) In gcm loss-of-function mutants, the glial support cell is transformed 
into a neuron; both neurons have axons, but neither has a lateral 
dendrite. 
(D) In gcm gain-of-function mutants, the BD neuron is transformed 
into another gila cell; both glia extend bipolar processes. 
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Figure 8. In gcm Mutant Embryos, Ligament 
Support Cells Transform into Extra CH Neurons 
Electron micrographs of the PNS of wild-type 
(A and C) and gcm dP~ mutant (B and D) embryos 
at late stage 16 showing cross sections of the 
dendrites of the lateral CH neurons (arrows) 
inserted in the sheath cells (A and B) and of 
the LCH5 nerve branch between the ISN and 
the CH neurons (C and D). 
(A) Wild-type LCH5 contain five CH neurons 
(arrows), each with a single dendrite inserted 
into a single sheath cell. 
(B)gcm mutant embryos contain as many as 10 
neurons; the ligament cells are missing. This 
section shows eight CH neuron dendrites 
(arrows) inserted into the normal five sheath 
cells, such that three of the sheath cells each 
has two dendrites from two different CH neu- 
rons inserted into them. 
(C) In wild-type embryos, we observe seven ax- 
ons (asterisks) in the LCH5 nerve, five from the 
CH neurons and two from other neighboring 
neurons; the nerve is surrounded by glia 
(arrow). 
(D) In a gcm mutant embryo, the nerve contains 
11 axons (asterisks); the extra four axons are 
presumably from four extra CH neurons. The 
nerve lacks glial wrappings. 

Scale bar is 1.33 ilm in (A) and (B) and 0.5 
pm in (C) and (D). 

cells, which contact  five cap cells that contact  the epider- 
mis. Just ventral  to the f ive CH neurons are the f ive liga- 
ment  glial cel ls that have smal ler  nuclei and are 22C10 
negat ive and repo posit ive. 

In gcm ~P~ mutant  embryos,  the repo-expressing liga- 
ment  cells are absent (100% of hemisegments;  n = 56), 
and instead we observe a range of extra CH neurons that 
are 22C10 posit ive and have large nuclei and dorsal den- 
drites (see Figure 6F): 10 neurons, 29%;  nine neurons, 
34%; eight neurons, 26%; seven neurons, 10%; six neu- 
rons, 1%; and five neurons, 0% (n = 42). 

We examined these CH organs in stage 16 wi ld-type 
and gcm ~P~ mutant  embryos by serial sect ion electron mi- 
croscopy. In wi ld- type LCH5 organs, we consistent ly ob- 
serve f ive CH neurons, each with a single dorsal dendr i te 
inserted into a single sheath cell (Figure 8A). We randomly  
picked and reconstructed two gcm mutant  LCH5 organs. 
In both We observe 10 neuron- l ike cells with large nuclei 
and no l igament cells. In both we observe eight dorsal 
dendr i tes inserted into the normal  f ive sheath cells, such 
that three of the sheath cells each have two dendr i tes from 
two CH neurons inserted into them (Figure 8B). The two 
neuron-l ike cells that lack dorsal dendr i tes are on the ven- 

tral side of the cluster, furthest from the sheath cells. We 
also counted the axons in cross sect ions of the LCH5 nerve 
branch after it leaves the CH neurons but before arriving 
at the intersegmental  nerve (ISN). In wi ld-type embryos,  
we count seven axons, five from the CH neurons and two 
from other neighbor ing neurons (Figure 8C). In one gcm 

mutant  segment,  we count 11 axons (Figure 8D); we pre- 
sume that the extra four axons are from four of the extra 
CH neurons. Moreover,  the LCH5 nerve branch in gcm 

embryos lacks glial wrappings (Figure 8D). 
Despite the absence of gl ia in gcm mutants,  per ipheral  

sensory nerves as v isual ized with MAb 22C10 and periph- 
eral motor  nerves as v isual ized with MAb 1D4 (ant i- fas- 
ciclin II) deve lop in a relat ively normal fashion in gcm ~P1 

mutant embryos.  

Discussion 

The results presented here support  a model  in which the 
gcm gene funct ions as a genet ic  switch to control glial 
versus neuronal cell fate in both the Drosophi la CNS and 
PNS. In the presence of gcm protein, presumpt ive neurons 
become glia, whi le in its absence, presumpt ive glia be- 
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come neurons. In the CNS, nearly all glia (except midline 
glia) are missing in the absence of gcm; many extra gila 
appear after ectopic expression of gcm. However, our 
most striking evidence supporting this model comes from 
genetic analysis of gcm function in the PNS. 

In the dorsal BD neuron lineage, a single SOP is thought 
to divide once to generate the BD neuron and its glial 
support cell (Bodmer et al., 1989). In loss-of-function gcm 
mutants, the presumptive glial cell is transformed into a 
neuron. In gain-of-function gcm conditions produced by 
ectopic expression of gcm, the presumptive BD neuron 
is transformed into a glial cell. In the CH organ lineage, 
in loss-of-function gcm mutants, the presumptive ligament 
cell (which normally expresses the glial marker repo) is 
transformed into a CH neuron. 

The specific types of glia and neurons generated in any 
given lineage appear to differ by only the transient expres- 
sion of gcm. In the absence of gcm, the presumptive glial 
cell does not transform into a random neuron, but rather 
transforms into the appropriate type of neuron for that par- 
ticular lineage. Thus, in the absence of gcm, the presump- 
tive glial cell presumably expresses the appropriate com- 
bination of neural cell fate specifiers so that it can 
differentiate into an appropriate neuron. In the CH lineage, 
in the absence of gcm, the presumptive ligament cell differ- 
entiates into a normal CH neuron. 

Conversely, in the presence of gcm, the presumptive 
neural cell does not transform into a random glial cell, but 
rather transforms into the appropriate type of glial cell for 
that particular lineage. In the BD lineage, in the presence 
of gcrn, the presumptive BD neuron is transformed and 
differentiates like the normal glial cell associated with the 
BD neuron. Thus, although glia and neurons have very 
different properties, the specific kinds of glia and neurons 
generated within any particular lineage share many com- 
mon aspects of their genetic specification. Their differ- 
ences appear to be controlled by the presence or absence 
of gcm. 

In Drosophila, although glia arise from a variety of differ- 
ent kinds of lineages in the CNS and PNS, nearly all of 
them appear to be specified by a common genetic switch 
controlled by gcm. gcm functions to control the specifica- 
tion of the longitudinal glia that arise from the longitudinal 
glioblast, other CNS glia that arise from a variety of differ- 
ent NBs generating both neurons and glia, the sheath glia 
surrounding the CNS, the exit glia and peripheral glia that 
arise from the peripheral glioblast, and the glial support 
cells for sensory organs that arise from SOPs. These gila 
normally transiently express gcm and then maintain ex- 
pression of repo, a glial homeodomain protein; in gcm 
mutants, all of these gila are absent and repo is not ex- 
pressed. 

The longitudinal glioblast in the CNS appears to be re- 
stricted to generate only glia (the same may be true of the 
peripheral glioblast), while most other stem cells in the 
CNS and PNS are multipotent and generate both neurons 
and glia (Jacobs et al., 1989; Udolph et al., 1993; Bodmer 
et al., 1989). gcm expression correlates with these differ- 

ent patterns of restriction, being expressed in the two glio- 
blasts and their progeny from the outset, but not being 
expressed in the multipotent NBs in the CNS or SOPs in 
the PNS, but rather only appearing in their progeny des- 
tined to be glia (as observed by the transient expression 
of gcm mRNA and persistent expression of lacZ from the 
P element inserted in gcm). 

We do not know precisely when gcm is required in the life 
history of any single cell to send it down the glial pathway, if 
and when neural cells become refractory to gcm function, 
and whether cells other than presumptive neurons can 
also be turned into glia. However, a number of observa- 
tions lead us to speculate that gcm is required early in the 
life of a cell and that as neurons differentiate they become 
refractory to gcm function. First, gcm is normally tran- 
siently expressed at early stages and disappears by the 
time gila fully differentiate. Second, in our ectopic expres- 
sion experiments, some but not all presumptive neurons 
transform into glia. Most new glia are located near the 
outside surface of the CNS, where the youngest presump- 
tive neurons are located, supporting the notion that timing 
may be critical for gcm function. 

Our results confirm that midline glia are different from 
all other CNS and PNS glia, by showing that rnidline glia 
have a unique specification independent of gcm. Midline 
glia arise from midline mesectodermal cells; they do not 
express gcm, repo, or pros, but they do express sim, slit, 
and argos (which other glia do not). The midline glia are 
specified in part by the spitz group genes (Crews et al., 
1988; Kl&mbt et al., 1991) and the P2 transcript from the 
pnt gene (Kl&mbt, 1993). 

The Role of Gila in the Development 
of Axon Pathways 
In the absence of gila, most axon pathways can develop, 
although there is increased variability from segment to 
segment, and in some segments the pathways may be 
missing or abnormal. 

When the longitudinal gila were discovered (Jacobs et 
al., 1989), it was thought that they prefigure the first longi- 
tudinal pathways (Jacobs and Goodman, 1989); however, 
subsequent analysis revealed that the repo-positive longi- 
tudinal gila follow rather than precede the first growth 
cone, pCC (Lin et al., 1994; R. D. F., C. Kopczynski, V. 
Auld, and C. S. G., unpublished data), consistent with the 
results presented here that in gcm mutant embryos, the 
pCC growth cone extends anteriorly in a normal fashion 
in 100% of hemisegments. In the absence of longitudinal 
gila, in 82% of hemisegments, the initial two longitudinal 
axon pathways (the MP1 and vMP2 pathways) develop 
normally; in the remaining 18%, these two pathways either 
do not form or are highly abnormal. In 65% of hemiseg- 
ments, relatively normal longitudinal connectives form; in 
the remaining 35%, they either do not form or are very 
thin and highly abnormal. Thus, the longitudinal glia are 
not absolutely required for the formation of the longitudinal 
axon pathways, but they do help to facilitate the formation 
of these pathways. 
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Gila Are Required for Specific Aspects 
of Neuronal Differentiation 
Previous in vitro studies in vertebrates have shown that 
glial cells (and specific factors they secrete) can be re- 
quired for both neuronal survival and differentiation (e.g., 
Hatten et al., 1988). Moreover, it has been shown that 
specific aspects of neuronal differentiation can be influ- 
enced by the presence or absence of gila in cell culture. 
For example, rat sympathetic neurons grown in vitro ex- 
tend single axons in the absence of gila, but only extend 
dendrites in the presence of gila (Tropea et al., 1988). 

The gcm mutant has al lowed us to address these issues 
in the developing organism. By examining neural develop- 
ment in the absence of gila, it has been possible to show 
that certain aspects of neuronal differentiation require the 
presence of gila. In the BD l ineage in the PNS, normally 
both the BD neuron and its glial support cell extend bipolar 
lateral processes. In gcm loss-of-function mutants, the 
presumptive glial cell is transformed into another neuron, 
and although both neurons extend axons, neither neuron 
develops the character ist ic  of the BD neuron (Figure 7). 
In contrast, in gcm gain-of-function conditions, the pre- 
sumptive BD neuron is transformed into another glial cell, 
and both glial cells extend bipolar lateral processes. These 
results suggest that it is the glial cell and not the neuron 
that leads the way in establishing the bipolar  lateral pro- 
cesses and that the glial processes either induce or stabi- 
lize the dendrites of the neuron. 

CNS Gila Are Required for the Surv iva l  
of CNS Neurons 
In the absence of CNS gila, many CNS neurons die during 
later stages of embryonic development,  and the CNS be- 
comes surrounded by an unusually large number of en- 
larged macrophages. Neuronal apoptosis has also been 
reported in the optic lobes of repo mutant adults (Xiong 
and Montell, 1995). In the absence of functional gila, it is 
possible that CNS neurons die owing to the lack of the 
b lood-bra in barrier. In Drosophila, the gila that sheath the 
CNS help shield CNS neurons against the high K + concen- 
tration of the hemolymph. Exposure to high K + concentra- 
tion is likely to depolarize neurons, abolish their excitabil- 
ity, and possibly lead to higher levels of Ca 2+ influx. For 
example,  gliotactin is expressed on peripheral glia, and 
in gliotactin mutant embryos, the peripheral gila do not 
form a b lood-nerve barrier and, as a result, peripheral 
motor axons are exposed to the high K + hemolymph, ac- 
tion potentials fail to propagate, and the embryos are para- 
lyzed (Auld et al., 1995). Drosophila gila secrete proteins 
that regulate NB proliferation (Ebens et al., 1993), and it 
is possible that CNS gila might provide trophic factors that 
regulate neuronal survival. 

The Control of Glial Cell Fate in Vertebrates 
Just as in Drosophila, so too in vertebrates, gila and neu- 
rons often share common l ineages in both the CNS and 
PNS. For example,  in the neural crest l ineage in the PNS, 
many migrat ing progenitors appear to retain the potential 

to give rise to both gila and neurons (e.g., Le Douarin et 
al., 1991 ; Frank and Sanes, 1991). A mult ipotent stem cell 
isolated from the mammal ian neural crest can generate 
both neurons and gila (Stemple and Anderson, 1992). In 
the vertebrate retina, individual stem cells are mult ipotent 
and can generate both neurons and gila (Turner and 
Cepko, 1987; Holt et al., 1988; Wetts et al., 1988). Mixed 
neural and gila l ineages have also been observed in the 
optic tectum (e.g., Gali leo et al., 1990) and spinal cord 
(Leber et al., 1990). Specif ied precursors that generate 
homogeneous clones of a single neural or glial cell type 
have been identif ied in the mammal ian cerebral cortex 
(e.g., Walsh and Cepko, 1992; Grove et al., 1993; Luskin 
et al., 1993); however, mult ipotent precursor cells that can 
generate both neurons and gila have also been identified 
in the cortex, possibly at earlier stages (Davis and Temple, 
1994; Wil l iams and Price, 1995). 

Given that vertebrates and fruit flies use many related 
genes for the patterning and specif ication of neurons and 
neural structures, we would not be surprised if vertebrates 
use a gcm-l ike gene and similar genetic switch to control 
glial fate in the variety of CNS and PNS lineages described 
above. It will be interesting to see to what degree this 
prediction of homologous gene function and expression 
is confirmed. 

Experimental Procedures 

Generation and Analysis of gcm Mutations 
Alleles gcm dp~ to gcm ~p'° were generated by imprecise excision of a 
Pity ~ lacZ] enhancer trap line rA87 (Kl~tmbt and Goodman, 1991) that 
is homozygous viable and maps just upstream of the gcm transcript. 
rA87 was mobilized by crossing to flies carrying a stable genomic 
source of transposase, z]2-3(99B), and gcm alleles were isolated by 
selecting ry- lines that failed to complement the lethalities of gcm ~3°8, 
gcm N7"4, and Df(2L)200. Mutant chromosomes were placed over bal- 
ancer chromosomes carrying lacZ markers CyO, P[ry + elav-lacZ] and 
CyO, P[w ~ actin 5C-lacZ], which aided in the identification of mutant 
embryos. To analyze midline gila, lines were constructed that carry 
gcm N7-4 or gcm ~p~ and the AA142 line (Kl~rnbt et al., 1991). 

Isolation and Analysis of Genomic DNA and gcm cDNA Clones 
Genornic DNA flanking the enhancer trap rA87 was recovered by plas- 
mid rescue. The flanking 6 kb of DNA was used to isolate overlapping 
genomic clones from the Tamkun iso-1 cosmid library. Fragments of 
DNA flanking either side of the rA87 insertion were used to screen 
the 9-12 hr embryonic cDNA library (Zinn et al., 1988); a single cDNA 
clone was isolated that mapped within 1 kb of the rA87 insertion site. 
This 1.9 kb cDNA (gcm-1) was sequenced. Additional cDNAs were 
isolated. The largest of these, a 2.2 kb cDNA gcm-2 (similar in size 
to the single band seen on the Northern), was sequenced from both 
ends to cover the stop codons at the beginning and end of the ORF. 
Genomic clones covering the entire ORF and the 5' end up to and 
past the rA87 insertion site were also sequenced. Genornic DNA from 
rA87 excision lines was examined by Southern blot analysis to deter- 
mine the extent of the deletions. 

In Situ Transcript Localization 
In situ localization of transcripts in whole embryos was performed as 
described previously (Kopczynski and Muskavitch, 1992) with minor 
modifications by C. Kopczynski. Digoxigenin-labeled RNA probes 
were generated from the gcm-1 cDNA cloned into pBluescript SK(+). 

Generation of Antisera 
Bacterial fusion protein was produced using QIAGEN QIAexpress. A 
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702 bp Pstl fragment from the gcm-1 cDNA containing amino acids 
99-330 was cloned into pQE-32, which adds 22 amino acids to the 
N-terminus. This addition contains six histidine residues, which allows 
for a one-step purification by immobilized Ni 2÷ chelate affinity chroma- 
tography. Rats were injected with 100 ~g of protein emulsified in RIBI 
adjuvent (Immunochem Research), and were boosted at 2 week in- 
tervals. 

Generation and Analysis of Gain-of-Function Conditions 
The UAS-gcm reporter construct was generated by cloning the entire 
gcm-1 cDNA into a pUAST vector that is a P element transformation 
vector that contains a polylinker flanked by five GAL4-binding sites 
upstream of the hspTO minimal promoter and by an SV40 polyadenyla- 
tion site. Two UAS-gcm reporter lines were generated by P element- 
mediated transformation. Ectopic expression of gcm was achieved 
by crossing these lines with the C155-GAL4 effector line that directs 
expression from early stages in all embryonic neurons (Lin and Good- 
man, 1994). 

Immunohistochemical Detection of Proteins in Embryos 
Horseradish peroxidase (HRP) immunohistochemistry and embryo 
dissections were carried out as previously described (Lin and Good- 
man, 1994). MAb 22C10 (Fujita et al,, 1982), MAb 1 D4 (anti-fasciclin 
I I) (G. Helt and C. S. G., unpublished data), and MAb BP102 (A. Bieber, 
N. Patel, and C. S. G., unpublished data) were detected with HRP- 
conjugated goat anti-mouse secondary Ab (Jackson Immunore- 
search). Anti-RK2/repc antisera (Campbell et al., 1994) and anti-gcm 
antisera were followed by biotinylated goat anti-rat secondary Ah and 
detected using Vectastain Elite ABC; the diaminobenzidine reaction 
was enhanced to give a black color by addition of 0.064% NiCI and 
0,020/o COCI2. Anti-~-gal was used and detected as previously de- 
scribed (Lin and Goodman, 1994). Anti-peroxidasin (Abrams et al., 
1993; Tepass et al., 1994) was followed by biotinylated goat anti-mouse 
secondary Ab and Vectastain ABC. 

Electron Microscopy 
gcm mutant embryos were collected from a gcm~PVCyO, P[ry + elav- 
lacZ] stock, screened for the 25O/o homozygous mutant embryos, and 
fixed and prepared for electron microscopy as previously described 
(Auld et al., 1995). 
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