
Expression and Function of the 
segmentation Gene f~shi taram 
During Drosophila Neurogenesis 

Segmentation genes control cell identities during early 
pattern formation in Drosophila. One of these genes,@hi 
tarazu Pz ) ,  is now shown also to control cell fate during 
neurogenesis. Early in development,& is expressed in a 
striped pattern at the blastoderm stage. Later, it is tran- 
siently expressed in a specific subset of neuronal precursor 
cells, neurons (such as aCC, pCC, RP1, and RP2), and 
glia in the developing central nervous system (CNS). The 
function of@ in the CNS was determined by creating+ 
mutant embryos that express@ in the blastoderm stripes 
but not in the CNS. In the absence offiz CNS expression, 
some neurons appear normal (for example, the aCC, 
pCC, and RPl), whereas the RP2 neuron extends its 
growth cone along an abnormal pathway, mimicking its 
sibling (RPl), suggesting a transformation in neuronal 
identity. 

D URING INSECT NEUROGENESIS, AN UNDIFFERENTIATED 

sheet of ventral ectoderm is transformed into a highly 
differentiated central nervous system (CNS). Each hemi- 

segment contains about 250 neurons, many of which can be 
individually identified according to their characteristic morphology 
and synaptic connectivity. The generation of neuronal specificity 
occurs in two steps. First, in each segment, the morphologically 
uniform ventral ectoderm differentiates into a stereotyped array of 
neuronal precursor cells, namely, neuroblasts (NB's) and midline 
precursors (MP's), and nonneuronal cells. Second, each NB within 
this array divides asymmetrically to generate a characteristic chain of 
progeny, called ganglion mother cells (GMC's), each of which 
divides once more symmetrically to produce pairs of sibling neurons 
(1, 2). Unlike NB's, the MP's divide only once to generate two 
neuronal progeny (3). Each of the NB's and MP's can be individual- 
ly identified according to its position within the array, and more 
significantly, according to the identified neurons it generates (4). 

Experiments with laser ablations (5, 6) show that any cell in the 
neuroectoderm can become an NB, but once a cell enlarges to 
become an NB, it inhibits its neighbors from doing so and causes 
them to differentiate into nonneuronal cells. Each NB appears to be 
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assigned its individual identity according to the position at which it 
enlarges within the neuroectoderm. Determined by its position, 
each NB goes on to generate its characteristic family of GMC's by an 
invariant cell lineage. Thus the fate of each individual neuron is 
determined both by its lineage and interactions with other neurons. 

This model for insect neurogenesis leads to the prediction of 
several different classes of genes involved in the control of cell fates 
during neurogenesis. In Dros@hila, "neurogenic" genes such as 
Notch appear to be involved in the local interactions controlling the 
decision of cells to become either NB's or nonneuronal cells (7, 8). 
The regulatory genes involved in the positional determination of 
individual neuronal precursor cells and the lineal determination of 
their progeny have yet to be identified. 

In contrast, much is already known about the regulatory genes 
that control the earlier events of pattern formation involved in 
segmentation and segment identity. Two classes of genes that are 
required zygotically to establish the normal pattern of segmentation 
have been identified: segmentation (gap, pair-rule, and segment 
polarity) genes, which establish segment number and polarity (9); 
and homeotic genes, which control segment identity (10). 

One of the best studied segmentation genes is fushi tarazu @z) 
(11-13). Loss of @ fhction produces an embryonic lethal "pair 
rule" phenotype. The@ gene contains a homeobox (11,12) and is 
thus likely to encode a DNA binding protein (12, 14). The @ 
protein is localized in the nucleus (15), consistent with its role as a 
regulatory protein. The @ transcript and protein are localized in 
seven stripes at the cellular blastoderm stage at a double segment 
periodicity (15, 16); these stripes are coincident with the primordia 
of the deleted pattern elements in theftz mutant embryos (13, 15- 
17). 

A surprising finding from localization studies with& antibodies 
(15) and the expression of ftz/lacZ fusion genes (containing the @ 
promoter and the lac2 coding region) (18) is that@ is transiently 
expressed a second time during embryogenesis in a segmentally 
repeated pattern in the developing CNS. Given the role that this 
regulatory gene plays in cell determination at the blastoderm stage, 
we wondered whether ftz might also be involved in cell determina- 
tion during neurogenesis. 

To test the potential role of ftz during neurogenesis, we first 
analyzed the pattern of @ expression in the developing CNS, 
focusing our attention on several specific neuronal lineages that 
containftz-expressing neurons (herein calledftzf neurons). We then 
created @ mutant flies that direct normal ftz expression in the 
blastoderm stripes, but not in the developing CNS. The phenotype 
of these mutant flies suggests that ftz controls cell identity during 
neurogenesis. 

Transient expression ofj2z in a segmentally repeated subset of 
neuronal precursor cells, neurons, and glia. We monitored the 
spatial and temporal pattern offtz expression with antisera to assay 
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for& protein (15,19,20), or by assaying for p-galactosidase (p-gal) 
in transformant (also called transgenic) embryos carrying aftzllacz 
h i o n  gene (Fig. 1) (18, 20, 21). Both methods show the same 
spatial pattern of& CNS expression (with one minor exception; see 
Fig. 2). The advantage of the first method is that it shows the 
temporal expression pattern of & protein. The p-gal method, 
however, allows for easier identification of the&+ neurons since 6- 
gal persists longer than the native@ protein, presumably due to the 
stability of the transcript or protein (or both), and thus is present in 
&+ neurons after axonogenesis has begun (by this stage, the & 
protein has largely disappeared). In addition, p-gal is localized in the 
cytoplasm rather than the nucleus and reveals the structure of the 
cells-including their axons, thus permitting us to unequivdy 
identify the neurons. 

By the time of germ band elongation, the initial blastoderm 
striped expression of the @ proteinhas largely disappeared. After 
about 1 hour, during which no & protein is detectable (4 to 5 
hours),& expression in the developing CNS begins in a segmental- 
ly repeated subset of neuronal precursor cells. Of the approximately 
250 neurons generated in each hemisegment, & is expressed in 
about 30 nuclei per hemisegment at hour 8 of development, and by 
hour 12 it is no longer expressed in the CNS. 

Midline precursor lineages. Three W s ,  a bilateral pair of 
MP2's and the unpaired MP1 along the midline, have been identi- 
fied in the Drosophila embryo (3, 22). The MPl and both MP2's 
express&, as do their pairs of neuronal progeny. MP2 is the first 
neuronal cell to express&; it begins to express& as it delaminates 
from the ectoderm into the NB layer (Fig. 2B). It remains in the NB 
layer for about 1 hour (Fig. 2, C and D) before moving dorsally and 
dividing to generate the dMP2 and vMP2 neurons (Fig. 2E). Soon 
after this cell division, the dMP2 and vMP2 express& at different 
levels; dMP2 consistently expresses& at a higher level than does 
vMP2 (Fig. 3). Expression of@ disappears in the dMP2 and vMP2 
neurons between hours 8 and 9 ofdevelopment, &re axonogenesis. 

MP1 enlarges from the midline ventral e d e r m  about 2 hours 
later than MP2, and begins to express& immediately (Fig. 4B); 
both of its progeny express ftz; equally (Figs. 2E and 3). The last 
time@ expression can be detected in the MP1 neurons is around 
hour 8 of develovment. 

Nmblast lif;eages. In Dmphila newgenesis the segregation 
of 16 NB's in each thoracic hemisegment (2) and a single unpaired 

Flg. 1. Diagram of ftz P-ele- -- N 
ment constructs and dele- . U P . .  , - Z ftz 
tions. The top line shows the - 
structure of the frrrhi ta*neu 
(P.) gene. Exons are shown f t z ~  
by solid boxes, inmn by an 
open box.  rans script ion is 
from left to right. Three con- 

- ftzK 

trol elements s f  the ftz gene 
are indicated: UP, the up- 
stream element (zebra stripe ttz-lac2 
enhancer); N, the neurogenic - 1 kb 
element; Z, the zebra element 
(18). Sequences from the ftz gene that are included in the P-element 
constructs ftzG and &K are shown in the middle. The ftzG construct 
contains all three conml elements at the 5' side of the transcription unit. The 
@X construct has the upstream and zebra elements, but has a deletion of a 
2.8-kb region containing the neurogenic element (and an adjacent 0.95-kb 
fragment dispensable for normalftz function) (18). In both constructs,ftz 
sequence extends approximately 2 kb from the polyadenylation signal. 
Structure of the pzllacz fusion gene (conrsponding to P[y, pzlfucCl 
element (18) is shown at the bottom. Solid line represents yquences from 
the& gene. Ercbcrichh rdi lncZ gene is represented as a cross-hatched box; 
the vertical hatched box indicates terminator sequences from the DmrophiJa 
hsp70 gene. The indicated fragments were cloned into the Camegie 20 P- 
element vector with the my+ gene at the 5' side of the& gene. 

median NB has been reported (8,22). We can identify 25 NB's in 
each thoracic hemisegment (Fig. 5) and the unpaired median NB. 
None of these NB's express@. However,@ is expressed in specific 
GMCs which are the progeny of some of these NB's (Figs. 3 and 5), 
as do the neurons that arise from these GMCs. Here we focus on 
the neuronal progeny from two GMC's: (i) the first GMC (GMC-1) 
from NB 1-1, which divides to give rise to the aCC and pCC 
neurons (23); and (ii) a GMC (most likely GMC-1) from an 
unknown NB, which divides to give rise to the RPl and RP2 
neurons (24). NB 1- 1 does not express @, but its first daughter, 
GMC-1, expresses@ immediately after it is born (Figs. 3 and 4 4 .  
At about hour 6 of development, GMC-1 divides to generate the 
aCC and pCC neurons. Both neurons initially express @ equally 
(Fig. 2E), but by hour 8 of development the aCC neuron expresses 
@ at a higher level than the pCC neuron (Figs. 3 and 4B). A similar 
asymmetry is seen in the RPl and RP2 neurons: RP2 expresses@ at 
a higher level than does RPl (Fig. 3). 

Fig. 2. Spatial pattern offtz expression in transformant flies expressingpzl 
IaEZ gene. (A to E) Whole-mount wild-type ( P J h Z )  and (F) ftz mutant 
(PJ l ac~y%~*~)  embryos stained with an antibody to p-galacmsidase (p-gal). 
In all panels, anterior is up and the following symbols are used: MP2 and its 
progeny, wide black arrow; lack of MP2 in the second cephalic segment, 
hollow arrowhead; MP1 neurons, small arrowhead; the sibling aCC and 
pCC neurons, large arrowhead; glial precursor and its progeny, thin arrow. 
(A) Lateral view of a gasdating embryo showing the early pattern of seven 
stripes. (6) Lateral view of a germ band extended embryo at about hour 5. 
Residual P-gal in the seven stripes is visible (by this time the@ protein in the 
stripes has disappeared); the MP2 has just delaminated from the ventral 
ectoderm in segments C3 (third cephalic) to A8 (eighth abdominal). In C1, 
C2, and A9 there does not appear to be a MP2 precursor. (C) Ventral view 
of an embryo at about hour 6. The MP2's in segments C3-A1 are shown, as 
well as the glial precursor and the aCC and pCC. (D) High magtllfication 
ventral view of the MP2 cells in an hour 6 embryo. Also visible, but slightly 
out of the focal plane, are the aCC and pCC. The median neuroblast (*) 
stains transiently (the MNB cannot be detected with ftz antibody). (E) 
Ventral view of an embryo at about hour 7. MP2 has divided into its two 
progeny, dMP2 and vMP2 (wide black arrow). (F) Ventral view of the 
pattern of p-gal in an hour 6 pzllacZy%W20 embryo. Each double-wide 
segment contains two pairs of MP2's separated along the anterior-posterior 
axis by two neuroblasts (other embryos show 0 to 2 NB's between the 
MP2's). Scale bar: (A and B) 50 pm; (C) 20 m; (D) 10 pm; (E and F) 15 
Pm- 
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In order to obtain an estimate (lower limit) for how many NB 
lineages produce&+ progeny, we first examined embryos with the 
& antibody to identify the NB's with&+ GMC's in contact with 
their dorsal surface (and thus likely to be derived from that NB); we 
counted eight NB's in each hemisegment (Fig. 5). 

We also examined populations of single cells cultured in vitro 
from dissociated transformant embryos (4 to 6 hours) containing 
the & / M  fusion gene (25). In these cultures, individual NB's 
divide to form clonal clusters of neurons; thus the clusters of 
neurons represent the progeny of individual NB lineages (26). 
Approximately 35 percent of the neuronal clusters in vitro express P- 
gal, implying that about 8 to 9 of the 25 NB's per hemisegment 
produce progeny expressing &. These results also show that 
different lineages express& in different numbers of neurons. Of the 
clusters containing p-gal-positive neurons, some had as few as a 
single pair, whereas other clusters were composed entirely of p-gal- 
positive neurons. 

Taken together, the results from both direct observations and 
cultured neuronal cells suggest that about 8 of the 25 NB's produce 
&+ progeny, and that each of the &+ NB lineages may have a 
characteristic pattern of& expression. 

Glial lineages. Immediately after& expression is first detected in 
MP2,& is expressed in a large lateral cell (called the glial precursor 
or GP) (Figs. 2C and 5). Although this cell looks like an NB in both 
size and position within the NB array, the GP moves dorsally from 
the NB layer and divides symmetrically (unlike an NB) to form a 
pair of cells at about hour 6 of development (Fig. 2E). At between 
hour 7 and 7.5 of development additional cells are seen nearby; 
these might be progeny of a second GP, or the result of continued 
division of the initial progeny from the GP. These lateral cells 
assume a fibroblastic shape (Fig. 2E) characteristic of certain insect 

dMP2 vMP2 MP1 (I) MPl (r) 
NB 1-1 

RPl RP2 

Fig. 3. Schematic diagram of four neuronal lineages that contain P,+ 
neurons. (Left) Neuroblast 1-1 (NB 1-1) is a stem cell that generates a f d y  
of ganglion mother cells (GMC's). GMC-1 expresses& immediately after its 
birth; it divides to form the aCC and pCC neurons, which express P, at 
different levels (black, high level; cross-hatched, low level) soon after birth. 
(Left center) A GMC (most likely GMC-1) from an unknown NB divides to 
generate the RP1 and RP2 neurons, which express P, at different levels. 
(right center) Midline precursor 2 (MP2) concurrently delaminates from the 
neuroectoderm and begins expressing P,; its two neuronal progeny, the 
dorsal MP2 and ventral MP2 neurons ( d m 2  and vMP2) express P, at 
different levels. (Right) Midline precursor 1 (MP1) delaminates from the 
neuroectoderm and begins expressing &. Its two neuronal progeny, the 
MP1 neurons, are bilateral homologs; they express P, at an equal level. 
(Inset) Level of expression of&, en, eve, and Ubx proteins in GMC-1 and its 
progeny aCC and pCC neurons. & and eve are expressed in aCC and pCC 
neurons in every segment (Cl to A8). Ubx is expressed in aCC and pCC . 
neurons only in segments T2 to A6 (parasegments 5 to 12); it is expressed at, 
a higher level in aCC than pCC in all of these segments, with the exception of 
segment T3 (parasegment 6) where expression is reversed (high in pCC and 
low in aCC). In segment T2 (parasegment 5) Ubx expression is usually equal 
in both aCC and pCC, although the aCC occasionally appears to express it at 
a higher level. In segment A6 (parasegment 12) Ubx expression in these two 
neurons is much lower than in the other abdominal segments. 

glia (27), and migrate anteriorly and medially along the dorsal 
surface of the developing CNS. In 12-hour&/M embryos, p-gal is 
occasionally observed in identified glial cells lying along the dorsal 
surface of the CNS. 

Correlation of+ CNS expression with cell determination. In 
the grasshopper, NB's (and probably MP's) are positionally deter- 
mined as they enlarge; NB progeny are determined by lineage at the 
time of their birth (5, 6). The transient CNS expression of& in 
Dmsophila correlates with both of these events. The & protein is 
apparently the first molecular marker that demonstrates the individ- 
ual specification of neuronal precursor cells as they enlarge and 
delaminate from the ventral ectoderm (MP2 and MPl),  or as they 
arise from s~ecific NB's (such as GMC-1 from NB 1- 1). 

The quantitative& expression in particular neurons also corre- 
lates with patterns of determination. Sibling neurons that differenti- 
ate identically (such as the two MP1 express& protein at 
equal levels, whereas sibling neurons that follow different develop- 
mental pathways (such as aCC and pCC, vMP2 and dMP2, and 
RP1 and RP2), express different levels of& protein in each neuron 
(Fig. 3). These results are consistent with the idea that& plays a 
role in the control of neuronal determination. 

Construction of transformant mutant embryos lacking jb 
CNS expression. Having identified&+ neurons in the developing 
CNS, we next examined the role that this gene plays in their 
development. In principle, the function of a gene can be analyzed by 
examining the phenotypes of mutations in the gene. However, to 
test the function of the& gene in the developing CNS, we could 
not simply examine embryos homozygous for a& null allele. The 
segmentation pattern defects in such embryos produce a distorted 
neuroectoderm showing displaced and duplicated neuronal precur- 
sors (6,13,28) (Fig. 2F). This pattern alteration makes it difficult to 
interpret defects that are due to loss of& expression in the CNS. 
Thus, to test & function during neurogenesis, we selectively 
removed the expression of& in the developing CNS by creating a 
promoter mutation of the& gene. 

Fig. 4. Expression of& protein in the developing CNS. Ventral views of 
whole-mount embryos; anterior is up. (A) Germ band extended embryo 
about hour 5.5; there are approximately 6 GMC nuclei visible per hemiseg- 
ment. The MP2 precursor (long arrow) and the first GMC from NB 1-1 
(arrowhead) are visible. (B) Higher magnification of an embryo just prior to 
germ band shortening, about hour 8. The dMP2 and vMP2 neurons (long 
arrow), MP1 neurons (short arrow), and the aCC and pCC neurons 
(arrowhead) are indicated. Note the anterior migration of the aCC and pCC 
from near the posteriorly located MP2 neurons (A) to near the anteriorly 
located MP2 neurons (B). Scale bar is 25 pm. 
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We based our experiments on the previous identification of 
sequences required for@ expression and function (18). The h c -  
tional unit of the @ gene lies within an approximately 10-kb 
sequence as assayed by rescue of lethality. The&/lacZ fusion genes 
have previously been used to identify three cis-acting control 
elements in the 5' flanking region: the zebra element, which confers 
the striped blastoderm pattern; the neurogenic element, which is 
involved in CNS expression; and the upstream element, which has 
an enhancer-like effect on the expression of the striped pattern. The 
actions of the upstream element and the neurogenic element are 

Fig. 5. Map of neuronal 1 5 I and glial precursor cells 1' 
in the thoracic segments ! 
of the Dvosophila em- " 
bryo, based on camera 
lucida tracings. Segmen- 
tal and parasegmental 
identities are to the left 
of the neuroblasts; the 
expression pattern offtzl 
lac2 and en in the epider- 
mis overlying the neuro- 
blasts is shown at the far 
left. The precursor cells 
expressingftzllacZ are in 
black, the neuroblasts 
that produce&+ proge- 
ny are cross-hatched. 
Neuroblast 1-1 is ? I marked with an "X" and 
the possible 26th NB in 
each hemisegment is in- 
dicated by a dashed out- 
line. The ventral midline (vertical dashed line) and tracheal pits (*) are 
indicated. MNB, median neuroblast; GP, glial precursor; MP2, midline 
precursor 2; MP1, midline precursor 1; T2 and T3  refer to the second and 
third thoracic segments, respectively; ps, parasegment. 

Fig. 6 (left). The ftzK.6 embryos lack & CNS 
expression. (A and B) Wild-type embryos. (C and 
D ) f t z K . 6 $ ~ ~ ~ ~ ~  embryos. (A and C) Expression 
of the& protein in whole-mount embryos at 10 
hours; lateral view, anterior is up. (B and D) 
Axons of the CNS in dissected embryos stained 
with an antibody to horseradish peroxidase 43 6 ) that stains all Drosophila axons. TheftzK.6@ H34 

embryo in (D) is an example with a major seg- 
mentation defect; most of the embryos we assayed 
had defects that were much less severe. Fusions of 
the T1R2 segments are shown above the arrow 
and the A4lA5 segments are below bottom arrow. 
Segments from T3 to A3 (between arrows) show 
relatively normal morphology. Nonnal segments 
such as these were used to assay the phenotypes of 
individual identified neurons. Scale bar: (A and 
C) 100 pm; (B) 50 pm; (D) 90 pm. Fig. 7 
(right). U6x and eve expression in identified neu- 
rons in the presence or absence of ftz CNS 
expression. Wild-type (A and B) andftzkT.6@- 
(C and D) embryos dissected to reveal the CNS 
stained with antibodies to U6x (A and C) and eve 
(B and D) proteins. Anterior is up; the aCC 
(short arrow), pCC (arrowhead), and RP2 (long 
arrow) are indicated. (A) In segment T3 (paraseg- 
ment 6) the aCC has a higher level of U6x 
expression than the pCC; in more posterior seg- 
ments (Al-A6) the relative levels of U6x in each 
neuron is reversed, due to the large decrease in 

independent; the neurogenic element is required only for the CNS 
expression but not for the blastoderm expression (28). 

-we constructed a P element containing a mutated @ gene 
(termed t h e w  gene) in which the neurogenic element is deleted 
from the 5' flanking region (Fig. 1) and obtained six transformant 
lines carrying the ftzK gene by means of P element-mediated 
gerrnline transformation (29). We compared our results from these 
lines with similar lines carrying the@G gene that contains all three 
cis-acting control elements (1 8, 29) (Fi 1). Both ftzK and &G 
transformant lines were crossed into a @"Y orBwiO (subsequent- 
ly termed@-) background lacking@ protein, as assayed with a@ 
antibody (15). 

We monitored the expression of & e @ ~  andftzK genes in a@- 
background by an immunocytochemical assay of the @ protein. 
Embryos carrying the@G gene show the normal pattern and levels 
of& protein distribution in both blastoderm stripes and in the 
developing CNS. Transformant mutant embryos containing the 
ftzK gene, in contrast, show either a decrease in or no detectable@ 
protein in the CNS, depending upon the chromosomal position of 
the P element insertion. Similar line-dependent msition effects 
influencing the quantitative expression have also been observed with 
&/M genes (18). - 

For subsequent experiments we used the ftzK.6 line which has 
nearly normal levels of& blastoderm expression without immuno- 
cytochemically detectable& protein in the CNS (Fig. 6). ALIw.6; 
@- individuals die before reaching the second instar larval stage, 
having either the normal cuticle pattern or weak segmentation 
defects (30). The defects ranged from a barely detectable loss of 
denticles in the fifth abdominal segment to the loss of all denticles in 
the first and fifth abdominal segments. 

Expression of other segmentation and homeotic genes in the 
absence of* CNS expression. At blastoderm stage, & expression 
overlaps with that of several segmentation and homeotic genes, 

U6x expression in the pCC. In segment T2 (para- 
segment 5) both aCC and pCC show an equal level of U6x expression. (B) 
aCC, pCC, and RP2 neurons in all segments (Cl-AS) show an equal level of neurons (compare A to 
eve expression. (C) In flies ladcingftz CNS expression, U6x expression is expression is normal in 
normal in the aCC and pCC neurons, but absent in the RP1 and RP2 neuron (compare B to I 

C). (D) In the absence of 
the aCC and pCC neuron 
3).  Scale bar is 50 pm. 

'ftz CNS expression, eve 
s, but absent in the RP2 
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including engraied (en), Ultrabitboyax (Ubx) , and even-skipped (eve). In 
the absence of blastoderm ftz expression, the pattern of and Ubx is .. 1 , L  

altered (17,31), while the pattern of seven stripes of eve expression is 
not affected (32). Since all three of these genes are expressed in a 
subset of cells during neurogenesis (33135). we examined the " " , , 
expression of these genes in individually identified neurons (aCC, 
pCC, MP1, dMP2, vMP2, RPl ,  and RP2) (20, 22) in both wild- 
type embryos and those lacking& CNS expression. 

Ubx is expressed in many embryonic neurons in a segment-specific 
pattern. In segments of the posterior thorax and abdomen [or more 
specifically, parasegments 5-12; see (36)], Ubx protein is expressed in 
the nuclei of the aCC, pCC, RP1, and RP2 neurons, but not in the 
MP1, dMP2, or vMP2 nuclei (Figs. 3 and 7). In the third thoracic 
(T3) segment (parasegment 6), Ubx is expressed at a higher level in the 
DCC neuron than the aCC neuron. whereas in the T2 and A1-6 
segments (parasegments 5 and 7-12), its relative level of expression 
in these two neurons is the opposite (Fig. 3). The en protein is 
expressed in about 18 CNS nuclei per hemisegment in a segmentally 
repeated pattern (37); none of these neurons express fh;. The eve 
protein is expressed equally in the aCC, pCC, and RP2 neurons, but 
not in the MP1, dMP2, vMP2, or RPl  neurons (Figs. 7 and 8). 
Thus, three identified neurons (aCC, pCC, and RP2) each express 
ftz, Ubx, and eve proteins, and one (RP1) coexpressesftz and Ubx. 

In the absence of& CNS expression ( i n w . 6 J t z -  embryos), the 
patterns of en expression ard unaltered. In contrast, loss of & 
expression alters the neuronal expression pattern of both Ubx and eve 
proteins. The Ubx and eve genes respond to loss offtz expression in 
different ways in different neurons. InftzK.6@- embryos, the aCC 
and pCC neurons express Ubx and eve at normal levels. The RPl  and 
RP2 neurons, however, no longer express the Ubx protein (Figs. 7C 
and 8). Moreover, the RP2 neuron does not express the eve protein 
(Figs. 7D and 8).  These results indicate that, in one pair of neurons, 
ftz is required for the expression of Ubx and eve in RP2 and Ubx in 

Fig. 8. Function of 
fi CNS expression. 
(A) Expression of&, 
eve, and Ubx in four 
identified neurons 
(two pairs of sib- 
lings: aCC and pCC, 
RPl  and RP2), and 
their differential re- 
sponses to the ab- 
sence of flz expres- 
sion. High expres- 
sion is indicated by 
black, lower expres- 
sion by cross-hatch- 
ing, and no expres- 
sion by open circle 
(relative levels of Ubx 
expression vary from 
segment to segment; 
see Fig. 3). In the 
absence of & CNS 
exoression. eve and 

A WT FTZ - 

U ~ X  are ' expressed 
normally in the aCC and pCC, but not in the RPl  and RP2 neurons. (B) 
Moroholow of these same four neurons in wild-type embryos (left) and after 
rem6val O@Z CNS expression (right). Camera l&da tracings of intracellular 
dye fills with Lucifer yellow illustrate the normal pathway choice by the 
growth cones of the aCC, pCC, and RP1 neurons in the absence offcz. 
However, the growth cone of the RP2 neuron does not behave normally. 
Three different morphologies have been observed: (i) duplication of RPl, 
(ii) short axon following the RPl  pathway, and (iii) two short axons, one 
following the RP1 pathway and the other following the normal RP2 
pathway. The number of times the result was observed is shown in 
parentheses; normal RP2 morphology was never observed in the absence of 
& CNS expression. 

RPl ,  whereas in another pair of neurons (aCC and pCC), it is not 
required for the expression of either gene. Thus, duEing segmenta- 
tion, ftz regulates en and Ubx expression, but not eve expression; 
during neurogenesis, however, these regulatory interactions are 
different as& is required for the normal expression of eve and Ubx, 
but not en. 

Other evidence supports the notion that the regulatory mecha- 
nism of& gene expression differs in the CNS and the blastoderm. 
Use of the ftz1lac.Z fusion genes reveals that high levels of ftz 
expression in the blastoderm stripes require interaction of the&+ 
product with the upstream enhancer element, whecas such an 
interaction does not take place in ftz' cells in the CNS (28). 
Therefore, cell-specific expression of segmentation and homeotic 
genes in the CNS may be mediated by regulatory elements different 
from those used for blastoderm expression. 

Development of identified neurons in the absence o f p z  CNS 
expression. We next examined the axonal morphology of seven 
identified (normally ftz') neurons in embryos lacking & CNS 
expression. Dissected &K.6@- embryos were viewed with No- 
marski optics, and identified neurons were microinjected with the 
dye ~uci fer  yellow (38). In the absence of&, normally&+ neurons 
survive (28) and differentiate. For six of the neurons examined 
(aCC, pCC, MP1, dMP2, vMP2, and RPl) ,  axonal morphology 
was unaltered by loss offtz expression (n is more than 15 for each 
neuron) (Fig. 8). In addition, we were able to identify morphologi- 
cally normal aCC neurons in&- embryos lacking both blastoderm 
and CNS expression. Thus, the primary axonal outgrowth of these 
six neurons is unaltered by their loss of ftz expression during 
neurogenesis. 

In contrast, the axon of the RP2 neuron does not behave normally 
(n = 9) (Fig. 8) .  In wild-type embryos, the RP2 axon extends 
anterior and then laterally out along the ipsilateral intersegmental 
nerve at the anterior border of its own segment, whereas its sibling's 
axon (RPl)  extends across the midline, and then posterior i d  
laterally out along the contralateral intersegmental nerve at the 
posterior border of its own segment (22, 39). Intracellular dye 
injections reveal that, inJtzK.6Jtz- embryos, the RP2 growth cone 
either follows the same pathway as its sibling's axon (RPl)  or, 
alternatively, has two growth cones, one following the RP1 pathway 
and the other extending anteriorly (Fig. 8). Thus, in the absence of 
ftz (and eve), RP2 appears to be par&illy transformed toward its 
sibling, RP1. 

Segmentation genes, the homeobox, and neurogenesis. Neuro- 
nal differentiation is a complex process involving many different 
events, including the choice of appropriate axon pathways, dendritic 
branching, synaptic partners, neurotransmitter (or transmitters), 
recmtors. and ion channels. We have not been able to assav for 

I ' 

properties other than axonal morphology. However, the pathway 
choice by the neuron's primary growth cone is a complex and 
stereotyped event that occurs early in neuronal differentiation and 
thus serves as a good indication of cellular determination. 

In the absence of&, the axon morphology of the RP2 neuron is 
transformed toward that of its sibling, the RP1 neuron. This 
transformation suggests that loss of ftz expression has caused an 
alteration in the identity of the RP2 neuron. Such a transformation 
in cell fate is similar to the consequences of homeotic and segmenta- 
tion mutations observed in the epidermis (9, 10) and supports the 
idea thatftz plays a regulatory role in neuronal determination as well 
as in cell determination during segmentation. 

Of the seven identified neurons described here, which normally 
express&, we have observed a mutant phenotype in only one of 
them (RP2). This may mean that there is some redundancy in the 
system such that the absence of & is compensated for by the 
presence of another gene (or genes) product which also serves to 
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