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Biochem. 162, 156 (1987)], and poly(A)+ RNA 
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bridized according to the manufacturer's instruc- 
tions. The RNA was immobilized on the membrane 
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Gilbert, Dm. Natl. Acad. Sci. U.S.A. 81, 1991 
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Dual Role of the Drosophila Pattern Gene tailless in 
Embryonic Termini 

One of the f ist  zygotically active genes required for formation of the terminal domains 
of the Drosophila embryo is tailless (tll). Expression of the tll gene is activated 
ectopically in gain-of-function mutants of the maternal terminal gene torso (tor); this 
suggests that tor normally activates the tll gene in the termini. Ectopic expression of tll 
under the control of an inducible promoter results in differentiation of ectopic 
terminal-specific structures, the Pilzkorper, and leads to the activation of at least one 
gene, hunchback, that is required to form these structures. Ectopic expression of the tll 
gene also represses segmentation by repressing the gap genes Krtippel and knirps and 
probably also pair rule genes. 

E STABLISHMENT OF THE TERMINAL 
domains of the Drosophila embryo 
requires activity of the maternal ter- 

minal genes, including tor, trunk (trk), torso- 
like (tsl), and l(1)polehole [l(l)ph] (1). The 
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key role of the tll gene in the terminal 
hierarchy is demonstrated by the almost 
complete overlap between the phenotype of 
loss-of-function mutants in maternal termi- 
nal genes and tll; both produce embryos that 
lack terminal structures, including parts of 
the brain and cephalopharyngeal skeleton in 
the anterior and the eighth abdominal seg- 
ment (A8), posterior spiracles (including 
Filzkorper), anal pads, and hindgut in the 
posterior (2-6) (Fig. 1). Genetic and molec- 
ular data suggest that the termini of the 

Fig. 1. Ectopic expression of the tll gene induces terminal 
structures. Dark-field photo aphs of cuticle preparations. (A) T Wid-type (OreR), (B) tllI4 /tl lpp, (C)  embryo from a torWK 
trkM mother, and (D) embryo from a cross of torWK trkM 
females to HST3.1 males, heat-shocked for 20 min (29). Seg- 
ment A8 and Filzkorper [indicated by arrow and arrowhead in 
the wild-type emb o in (A), respectively] are missing from the 
tll in (B) and torg trkM in ( C )  embryos. Among 70 heat- 
shocked (10 to 20 min) HST3.1 embryos from torWK trkM 
mothers, 27 had Filzkorper, which ranged in appearance from 
the diffuse Filzkorper (arrowheads) shown in (D) to the well- 
o r g m k i  Filzkorper seen in (A). In this experiment, more than 
twk Filzkiirper p& embryo we& occasiondy seen, &d in heat- 
shocked HST3.1 embwos uo to eieht Filzkomr Der embwo were 
seen (Fig. 3B shows f;ur F l i z k 6 i ) .  AmoAg i84 heat-;hocked 
(10 to 20 min) embryos from tor trkM mothers, only four had 
a partial Filzkorper. The formation of partial FiMorper in this 
sinration is perhaps due m the fact that both tor and trk mutants 
display weaker phenotypes at higher temperatures (5). 

Drosophila embryo are established by a path- 
way in which a uniformly distributed tyro- 
sine kinase receptor (the product of the tor 
gene) is activated at the poles of the embryo 
by a ligand controlled by the tsl gene; the 
activated tor receptor in turn activates the 
D-raf protein (the Drosophila Raf-1 homolog, 
encoded by the l(1)ph gene), and this leads to 
locaked activation of tll transcription at the 
termini (4, 7, 8). The tll gene product, a 
steroid receptor-like protein (4), likely regu- 
lates gene activity required for formation of 
the structures missing from the termini of 
both maternal-terminal and tll mutants. 

To test whether the tll gene product is 
sdcient  to activate programs leading to 
differentiation of terminal-specific struc- 
tures, we prepared a construct in whiJl tll is 
under the control of the heat-inducible hsp70 
promoter; iines carrying this construct are 
referred to as HS-tll lines. We examined the 
effect on cuticular differentiation of ectopic 
expression of tll in embryos from tor trk 
double mutant mothers; these embryos ex- 
press little or no tll RNA in the posterior and 
do not make Filzkorper (5, 9) (example in 
Fig. 1C). Heat shock of HS-tll embryos from 
tor trk mothers leads to the formation of 
Filzkorper (example in Fig. lD), indicating 

418 SCIENCE, VOL. 254 



that in the absence of the maternal taminal 
system and ofthe endogenous tll activity in 
the posterior, the ectopically expmsed tll 
gene is d a e n t  to activate a pathway leading 
to ditbtntiation of a taminal-specific struc- 
ture. The appeat;ma of eaopic Filzkotpec in 
heat-shocked HS-tll em- could be ex- 
plained if tU activates the expression of specific 
genes requirrd fbr Filzkorper formation. Al- 
tered arpression of at least one such gene, 
hunckback (hb), can be observed immediately 
following heat shock. The posterior smpe of 
hb expression depends on tU activity (10) and 

is rrquirrd for the formation of posterior 
s m ,  induding part of the Filzkorper 
(11). After 30 min of eaopic tll expression in 
a wild-type background, the posterior smpe 
of expression of the 3.2-kb hb transaipt ex- 
pands anteriorly but not posteriorly (Fig. 2); 
this supports the proposition that in the 
posterior tU activates hb expression, whereas 
htukekin represses it (10). 

Another likely function for the dl gene 
product is the repression of segmentation 
genes. In tU mutants, the central segmented 
domain expands toward the termini (2-4, 

Fig. 2. Expmsion of --- --- 
segmentation g c ~ s  in A E 
heat-shocked H W  an- 
bryos. The RNAs fix hb, 
Kr, kni, and en wae d c  
tMCd by in situ hybrid- 
ization to whole embrv- 

D) ' WM-& embryos 
(&R). (E through H) I 
Embtyosfiomacrossof 
Hm.lmalesto-R 
females were heat Y 4  
shocked for 30 min. Em- 7 
bryos hybridized with a 
probe specific for the 
3.2-kb hb d p t  (A 
and E), a Kr probe (B ' 
and F), and a kni probe 
(C and G) wae 1.5 to 
2.5 hours old at time of 
initiation of heat shock 
and were 6 x 4  for hy- 
bridization 30 min after 
the heat shock. Thc em- 

\ - 
bryossh~wnareatthe I 
thmdem s9ge. Only 
the central #n do- 
mainsofKrandkniare 
rrpsscdbyectopicfl 
exmession. The mms- 
sick o f ~ i b y ' x m p I c f l  
explains the posaior- 
wardcrparsiofoftheanmiorhbdomainsccnin(E)bCCllLsCthiSdomain+inKim~(32). 
Ern+ hybndizai with the en pdu  (D and H) were 3.0 to 3.5 hours old at the time ofinitiation ofheat 
shodrandwere6xed3Ominafmthehtltshock.Ecaopic~mofflintor~-of-~mu~ants 
or in HS-dl embryos heat shocked stactkg at 1.5 to 3.0 hours rcdts  in elimination of all m mipes. 

~ . 3 . E a o p i c e x p ~ o n o f t h e f l g a ~ r r p r r s s c s ~ o n . T h c d l ~ w a s e x p r e s s e d  
ectopically in embryos at d iken t  stages and for varying lengths o f h e  during development as 
dcxribed in Fig. 1. (A through C) Cuticles ofHSJU embryos (from a cross o f H m . 1  males to &R 
females) aged 1.5 to 2.5 hours [nudear cydes 9 through 13 (33) or embryonic stages 3 duough 5 
(34)] were heat-shocked for 15 min (A), 20 min (B), and 60 min (C). (D duough F) Cuticular 
phenotypes of HS-dl embryos aged 2.5 to 3.0 hours [stages 5 to 6 (34)] (D) and 3.0 to 3.5 hours 
stages 7 to 8 (34)] (E and F) at time of initiation of20-min heat shock. Filzkorpcr, both ectopic and 
those occwhg in a normal position, are indicated by arrowheads. (0) We determined the time of 
maximal sensitivity to ectopic expression of tff by crossing HST3.1 males to w1 females la- the 
HS-dl conmuct, collecting embryos for 30-min in* aging the embryos to the indicated stages, 
and thcn heat shocking for 20 min ?he fraction of unhatched embryos atkc this treatment was 
detumid,  and cuticles were prepared and analyzed from all unhatched embryos. The tor gain-of- 
function phenotype (whitc boxes) is any ofthe phenotypes fdling in the range ofthose shown in (A) 
to (C), the lawn phenotype (shaded boxes) is that shown in (D), and the pair ruk phenotype (black 
boxes) is that shown in (E) and (F). For each time point, an additional 3 to 8% ofthe total embryos 
failed to hatch and had either no apparent d h  or a variety of d a t e d  defects, such as failures in 
head involution or cuticular difkemiation. A similar propomon (3 to 5%) ofthe embryos from the 
control cross of rySM males tow1118 &males failed to hatch and showed similar wild-type or d&ve 
cutides upon heat shodr; none showed the segmentation defec~ seen in the HSJU cross. For each 
time point, at least 100 embryos were heat shodred. No lethality (failure to hatch) above background 
was observed when the HS-dl embryos were heat shocked after 3.5 hours. 

12-14), and in tor gain-of-function mutants, 
the deletion of contiguous groups of seg- 
ments from the central segmented domain 
depends on the presence of a wild-type copy 
of the rll gene (15). To test whether the tll 
gene pauct is su0icient to suppress seg- 
mentation, we expressed tll ectopically by 
heat shodring 1.5- to 2.5-hour-old HS-tll 
embryos. &r 20 min of heat shock, virtu- 
ally all embryos carrying the HS-tll construct 
showed a tor gain-of-function phenotype 
(Fig. 3G). With increasing duration of heat 
shock, the embryos showed an increasing 
repression of segmentation (Fig. 3, A 
through C) similar to that seen in embryos 
from mothers canying the temperature-sen- 
sitive t o F  gain-of-function mutation (15). 
The observed repression of segmentation 
spreads from a &ntral position a t  approxi- 
mately 40% egg length in both HS-tll and 
t o F  (15) embryos, suggesting that seg- 
mented domains in the center of the embrvo 
are more sensitive to suppression by tll than 
those doser to the termini. Because the 
maternal terminal svstem is not active in the 
central segmented domains of the embryo 

1.5 2 2 5  3 3 . 5 - 4  4.5 5 
Age at initiation of heat shock (hours) 
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Fig. 4. Ectopic expression of tll in tor gain-of- A 
function and HS-tll embryos. The tll RNA was 
detected by in situ hybridization to whole embry- 
os (30). All embrvos shown are at the blastoderm 
stage [nuclear cycle 14 (33) or embryonic stage 5 
(34)l. (A) Wild-type embryo (OreR). (B) Em- 
bryo from a torRL3 homozygous mother at 25°C. 
(C) Embryo from a t o F 2 '  heterozygous mother 
at 25°C. The strong staining throughout the 
embryo [except for the anterior tip because of a 
repressive effect of the bicoid gene (9)] suggests that the tll RNA is expressed in the ectopic location at 
an amount similar to that normally found in the termini. (D) Embryo from a cross of OreR females with 
HS-tll males, heat-shocked for 30 min as described in (29); after the heat shock, we allowed the embryo 
to continue development for 30 min before fixation. 

(16) and a similar repression of segmentation 
is induced by the ectopic expression of tll in 
embryos from tor trk mothers (Fig. ID), we 
conclude that tll is capable of repressing seg- 
mentation independently of other genes acti- 
vated by the maternal terminal pathway. 

The repression of segmentation that re- 
sults from ectopic expression of tll (Fig. 3A 
through C) could occur if tll represses gap 
genes, which function at the top of the 
segmentation hierarchy. When 1.5- to 2.5- 
hour-old HS-tll embryos are heat-shocked 
for 30 min, expression of Kriippel (Kr) and 
knirps (kni) in the central segmented domain 
is repressed (Fig. 2, F and G). The terminal 
domains of Kr and the anterior domain of 
kni, which appear later than their respective 
central domains, are not repressed by ec- 
topic tll, presumably because different con- 
stellations of transcription factors are pre- 
sent at these times and positions. Repression 
of Kr and kni, which together are required 
to establish segments T1 through A7 (17), is 
thus sufficient to explain the loss of contig- 
uous groups of segments seen in HS-tll and 
tor gain-of-function embryos (Fig. 3, A 
through C and G). From these data, we infer 
that an important function of tll in the termini 
is to repress gap genes and thus to define the 
limits of the central segmented domain. 

The phenotypes of HS-tll embryos heat 
shocked at slightly later times, however, 
suggest that ectopically expressed tll may 
also suppress other segmentation genes. 
When 2.5- to 3.0-hour-old embryos are heat 
shocked, most of the lethal embryos form 
cuticles with a continuous field of nonpolar 
den~cles (the lawn phenotype) (Fig. 3, D 
and G). This could be explained by an effect 
of ectopic tll on either gap or pair rule gene 
expression (18, 19). Heat shock at 3.0 to 3.5 
hours results in embryos in which T3 is 
fused to Al, A2 to A3, and so on (Fig. 3, E 
through G). This phenotype is by definition 
a pair rule phenotype (17, 20) and is not 
easily explained by the effect of tll on gap 
gene expression. Because the alternating 
odd and even stripes of engrailed (en) gene 
expression are activated by different combi- 
nations of pair rule genes (21), we used the 
en transcription pattern as an indicator of 

pair rule gene activity. When tll is expressed 
ectopically starting at 2.5 to 3.5 hours, the 
even-numbered en stripes, corresponding to 
the domains missing from the cuticles (Fig. 
3, E and F), are missing (Fig. 2H). These 
results suggest that, when expressed ectopi- 
cally in the central segmental domain, tll 
represses pair rule genes as well as gap genes. 

The repression of the gap genes Kr and kni 
and the expansion of the late blastoderm stage 
hb domains seen after ectopic expression of tll 
closely mimic the &&s of the tor gain-of- 
function alleles (10, 13, 15). The basis for the 
tor gain-of-function phenotypic series is re- 
vealed by the altered tll expression pattern in 
these mutants; in embryos from to? (a 
weak allele) mothers, the terminal domains of 
tll RNA expression are expanded, whereas in 
embryos from t o F 2 1  (a strong allele) moth- 
ers, the expanded domains frequently meet in 
the center of the embryo, resulting in high 
and almost uniform expression of tll (Fig. 4). 
These results support the notion that the tll 
gene is the crucial zygotic gene activated by 
the matemal terminal hierarchy. 

The effects observed after ectopic expres- 
sion of the tll gene indicate that it functions 
both as a repressor of segmentation genes 
and as an activator of genes required to 
establish the unique characteristics of the 
termini. This dual role could be explained if 
the product of the tll gene were a transcrip- 
tion factor capable of functioning as both an 
activator and a repressor. The coexistence of 
both k i o n s  in one protein is consistent 
with the sequence similarity between the tll 
protein and-steroid receptors (4),  some of 
which have been shown to act as both repres- 
sors and activators of transcription (22). 
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Autocrine or Paracrine Inflammatory Actions of 
Corticotropin-Releasing Hormone in Vivo 

Corticotropin-releasing hormone (CRH) functions as a regulator of the hypothalamic- 
pituitary-adrenal axis and coordinator of the stress response. C R H  receptors exist in 
peripheral sites of the immune system, and C R H  promotes several immune functions 
in vim. The effect of systemic immunoneutralization of CRH was tested in an 
experimental model of chemically induced aseptic inflammation in rats. Intraperitoneal 
administration of rabbit antiserum to  CRH caused suppression of both inflammatory 
exudate volume and cell concentration by approximately 50 to 60 percent. CRH was 
detected in the inflamed area but not in the systemic circulation. Immunoreactive 
CRH is therefore produced in peripheral inflammatory sites where, in contrast to its 
systemic indirect immunosuppressive effects, it acts as an autocrine or paracrine 
inflammatory cytokine. 

C RH WAS ORIGINALLY ISOLATED 
from the hypothalamus and identi- 
fied by and named for its property to 

stimulate anterior pituitary secretion of 
adrenocomcotropic hormone (ACTH), the 
systemic hormone that regulates production 
of glucocomcoids by the adrenal cortex (1). 
CRH and its receptors are widely dismbut- 
ed in many extrahypothalamic sites of the 
central nervous system (Z), and this peptide 
functions as a coordinator of the stress re- 
sponse (3). By activating glucocomcoid and 

tion, enhances the proliferative response of 
leukocytes to lectins, and increases the 
expression of the IL-2 receptor on T lym- 
phocytes (8). In addition, CRH-binding 
sites exist in various subpopulations of leu- 
kocytes (9),  and CRH immunoreactivity 
and mRNA have been detected in resting 
subpopulations of human white blood cells 
(10). These data suggest that CRH might 
have local direct effects on immune or in- 
flammatory processes. We have tested the 
effect of systemic immunoneutralization of 

suppression by glucocomcoids (12). 
Male Sprague-Dawley rats were injected 

intraperitoneally with neutralizing rabbit 
antiserum to CRH (anti-CRH) 1 hour be- 
fore they were subdtaneously injected with 
carrageenin (13). Both exudate volume and 
cell concentrations in the treated area were 
suppressed by approximately 50 to 60%, 
when compared with the responses in con- 
trol rats treated first with normal saline. 
normal rabbit serum, or rabbit antiserum 
(anti-TSH) to thyroid-stimulating hormone 
(TSH) (Fig. 1). The specific suppression of 
the inflammatory response observed after 
immunoneutralization of CRH had an op- 
posite effect to that expected from neutral- 
ization of CRH in the hypothalamic-hy- 
pophyseal portal system. The latter should 
have resulted in hypoglucocomcoidism, 
which enhances the inflammatory response 
(12, 14). Instead, the results are compatible 
with local inflammatory effects of CRH. 
Direct local administration of anti-CRH 
into the air pouch simultaneously with car- 
rageenin suppressed the inflammatory re- 
sponse to carrageenin to the same extent as 
systemic administration of this antiserum 
(15). Neutralizing antiserum (anti-TNFa) 
to TNFa (tumor necrosis factor-a) also 
suppressed inflammation (Fig. 1). TNFa is 
a major autocrine or paracrine inflammatory 
cytokine, which stimulates inflammation di- 
rectly and by inducing the secretion of IL-1 
and IL-6 (1 6). The effects of anti-CRH and 
anti-TNFa were not additive, indicating 

itecholamine secretion; central nervous sys- CRH on the size of a quantiiiable idamma- that the two antisera might interfere with a 
tern CRH participates in the suppressive 
effects of stress on the immune or inflamma- 
tory system (4 ) .  CRH directly stimulates Flg. 1. (A) Effect of rabbit anti- 
leukocytes to produce immunoregulatory cm or anti-mFa on the inflam- * loor n B B 

I I 

tides (p-endorphin, A&, ad a-me(mb- rats adminisUation d - 
of carrageenin (11, 12). The mean 

cyte-stimulating hormone) (5, 6) and to 
( 2  SEM) volume of the inflamma- 

secrete interleukin 1 (IL-1) and IL-2 (6, 7). exudate and concenaation of 2 , 
CRH also stimulates lymphocyte prolifera- cxtkvasated leukocytes arc shown 

for each treatment group. Rats were 
injected inmaperitoneally with 1 ml , 60 
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0 

etai and Skin Diseases, National Institutes of Health, Or treatment with o 25 
Bethsda, MD 20892. expressed as a percentage of conml 10 
S. Listwak, Clinical Ncurocndocrinol Branch, Na- values. Dam shown arc one repre- ,- 
tional Institute of Mental Hcalth, A l c o R  D A xnmtive of & ww expen- + 6 2 xu- 
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