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Data processing. The criterion for threshold was the boundary between a
block showing one response (action potential) per five trials and a block
showing no response per five trials. In unanaesthetized bats the response
magnitude and background discharge rate of thalamic and collicular neurons
fluctuated to some extent. Therefore, the threshold was determined with
additional criteria. If a given block showed at least one response per five trials, it
was interpreted to be within an excitatory area demarcated by a tuning curve. If
it showed no response per five trials, but the adjacent blocks, away from the
excitatory area, showed at least one response per five trials, the given block was
put within the excitatory area. Because auditory responses always occurred
within a time window of 50 ms with relatively constant latencies ranging
between 5 and 12 ms, and background discharge rate was low (0:58 6 0:32 s 2 1

for 17 collicular neurons and 0:85 6 0:43 s 2 1 for 16 thalamic neurons),
auditory responses were easily distinguished from background discharges.

We established the criteria for a shift in frequency tuning as follows. If
frequency–response or frequency-tuning curves shifted by cortical inactivation
with Lidocaine did not recover to more than 50% of their earlier value they
were excluded from our analysis. The fact that almost all curves shifted by
Lidocaine recovered by more than 50% indicates that the shift was significant.
To ensure that the shift was significant we used the following procedure. For
individual frequency–response curves, a weighted average frequency (best
frequency) was calculated for the summed responses to 5 consecutive frequency
scans. We obtained 10 such values to calculate the mean 6 s:d: We used a two-
tailed, paired t-test to determine whether or not the weighted average
frequencies (best frequencies) obtained for control and Lidocaine conditions
were significantly different (at P , 0:01). Frequency-tuning curves were based
upon the threshold measurement, so s.d. could not be calculated for each data
point. We therefore applied the following criterion: shifts in best frequencies
and frequency-tuning curves evoked by Lidocaine were considered to be
significant if the shift in best frequency was accompanied by shifts of more
than 75% of the data points in the same direction as that of the best-frequency
shift.
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The extreme obesity of the obese (ob/ob) mouse is attributable to
mutations in the gene encoding leptin1, an adipocyte-specific
secreted protein which has profound effects on appetite and
energy expenditure. We know of no equivalent evidence regarding
leptin’s role in the control of fat mass in humans. We have
examined two severely obese children who are members of the
same highly consanguineous pedigree. Their serum leptin levels
were very low despite their markedly elevated fat mass and, in
both, a homozygous frame-shift mutation involving the deletion
of a single guanine nucleotide in codon 133 of the gene for leptin
was found. The severe obesity found in these congenitally leptin-
deficient subjects provides the first genetic evidence that leptin is
an important regulator of energy balance in humans.

In 1994, two different strains of ob/ob mice were reported to have
defects in the gene encoding leptin, a previously unknown secreted
fat-cell product1. Leptin is thought to act primarily at the hypotha-
lamus, where it has effects on appetite, energy expenditure and
neuroendocrine axes2–4. Treatment of ob/ob mice with biosynthetic
leptin corrects all of their phenotypic abnormalities5–7. Further, the
administration of large amounts of leptin to normal rats and mice
markedly reduces body fat stores, suggesting that, at least in rodents,
leptin may influence body fat mass across a range of serum
concentrations8. A role for leptin deficiency in human obesity has
been considered but no pathogenic mutations in the gene that
encodes leptin have previously been found in obese humans9,10.
Despite considerable evidence that genetic factors contribute to
human obesity11, no mutations in any gene have been reported to
cause obesity in humans. We have studied two related children with
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extreme obesity, and our observations indicate that their obesity is
due to a congenital deficiency in the production of leptin.

The two children, here referred to as Ob1 and Ob2, are cousins
within a highly consanguineous family of Pakistani origin.
Although of normal weight at birth, both children suffered from
severe, intractable obesity from an early age. The children have no
additional clinical features to suggest that they might have a
pleiotropic genetic syndrome associated with obesity, such as

Alstrom’s or Prader-Willi syndrome. Previous investigations have
included normal karyotypes and normal computer tomography
(CT) of the brain of Ob1. Each child has two siblings of normal
weight, and none of their parents are morbidly obese. Informed
parental consent was obtained for all studies, and ethical permission
was granted by the Cambridge Local Research Ethics Committee.

To examine whether a mutation in the gene that encodes leptin
might underly severe obesity in subject Ob2, the nucleotide

Figure 1 a, Detection of a homozygous frame-shift mutation in the leptin genes of

probands Ob1 and Ob2. Adipocyte RNA was isolated from a needle biopsy of

subcutaneous adipose tissue obtained from Ob2. RNA was reverse-transcribed

and the nucleotide sequence encoding the leptin protein was amplified by PCR

and subcloned, and four subclones were sequenced. The nucleotide sequence

provided by the automated sequencing apparatus corresponds to the reverse

complement of the coding sequence. In all four clones of Ob2’s leptin cDNA, five,

rather than the expected six, guanine nucleotides were present between

nucleotides 393 and 398. The same region of the leptin coding sequence was

amplified from genomic DNA of Ob1 and an unrelated control subject. The leptin

gene of the control subject has six guanines (G) in the appropriate position

(shown as cysteines (C), as the reverse complement strand was sequenced),

whereas Ob1 is homozygous for the deleted guanine.b, c, Individualswith severe

early-onset obesity are indicated by black symbols. The genotype, if known, is

indicated below the symbol: N, normal; M, leptin mutation. Clinically unaffected

family members are not homozygotes for the frame-shift mutation. The

inheritance of the leptin frame-shift mutation in available first-degree relatives of

Ob1 and Ob2 was examined by PCR–SSCP (c). The mutant sequence resulted in

a readily detectable mobility shift, which was clearly seen in homozygous form in

Ob1 and Ob2. As expected, all four parents were heterozygotes. Of the siblings of

the probands, three were homozygous for the wild-type sequence, andone was a

heterozygote. These results were confirmed by direct sequencing (data not

shown). d, The secretion of mutant leptin is impaired. CHO cells were transiently

transfected with expression vectors encoding either mutant or wild-type leptin.

Leptin immunoreactivity was examined in cell lysates (top) and in the medium

(bottom) by immunoprecipitation, SDS–PAGE and western blotting. With wild-

type leptin, the expected band at 16K is seen in both the cell lysate and the

medium, whereas, in cells transfected with mutant leptin, no leptin is seen in the

medium, although a truncated 14K species is detectable in the lysate.
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sequence of leptin cDNA (Genbank accession no. U18915) was
examined. Leptin cDNA was generated from reverse-transcribed
RNA isolated from 20 mg of subcutaneous adipose tissue obtained
by needle biopsy. Polymerase chain reaction (PCR) products were
subcloned and four independent clones sequenced. All clones from
subject Ob2 contained a frame-shift mutation in the leptin-coding
region consisting of the deletion of a single guanine nucleotide
normally present in codon 133 (see Fig. 1a for the reverse comple-
ment sequence). Both Ob1 and Ob2 were confirmed to be homo-
zygous for this deletion by direct sequencing of PCR products of the
leptin gene amplified from their genomic DNA (Fig. 1a). The
mutation disrupts the reading frame of the leptin gene, leading to
the introduction of 14 aberrant amino acids after Gly 132 in the
native leptin polypeptide, followed by a premature stop codon.

To examine the co-segregation of the leptin gene mutation with
body fat content in this pedigree, 176 base pairs of the leptin gene
encompassing the site of the deleted guanine nucleotide were
examined by PCR–single strand conformation polymorphism
(SSCP) analysis in the probands and their available first-degree
relatives using genomic DNA isolated from blood leukocytes as a
template. The mutation resulted in a readily detectable mobility
shift, which was seen in homozygous form in both Ob1 and Ob2

(Fig. 1c). As expected, all four parents were heterozygotes. Of the
four siblings of the probands, one was a heterozygote and three were
homozygous for the wild-type sequence (Fig. 1b, c). The genotype
of all family members was confirmed by nucleotide sequencing. The
mutation was not found by SSCP analysis in 108 alleles of UK
control subjects of Pakistani origin.

Chinese hamster ovary (CHO) cells were transiently transfected
with expression vectors encoding either wild-type or mutant leptin
cDNA. Although 16K wild-type leptin was readily detectable in the
medium by immunoprecipitation, SDS–polyacrylamide gel elec-
trophoresis (SDS–PAGE) and western blotting, no secreted mutant
leptin was detected (Fig. 1d). The absence of mutant leptin in the
medium was not due to failure of the antibodies to recognize the
mutant leptin because, when cells expressing the mutant leptin were
lysed, a 14K truncated species was readily detected (Fig. 1d). It is
therefore likely that the frame-shift mutation results in a form of
leptin which is not targeted normally for secretion.

To examine whether homozygosity for this frame-shift mutation
was associated with abnormalities in circulating leptin, serum leptin
levels were measured by radio-immunoassay in Ob1 and Ob2 and
found to be close to the limits of detection of this assay at 1.0 and
0.7 ng ml−1, respectively. The mean (6s.d.) serum leptin levels
found in 16 normal prepubertal children was 8 6 4:5 ng ml 2 1,
and in 30 adults was 23 6 10 ng ml 2 1. Because serum leptin levels
show a strong positive correlation with indices of obesity12 (see Fig.
2), the finding of barely detectable levels of serum leptin in these two
extremely obese children was notable. As the leptin levels measured
by radio-immunoassay were very low, serum leptin levels in Ob1
and Ob2 were examined further using a highly sensitive solid-phase
sandwich enzyme immunoassay. Serum leptin levels in Ob1 and
Ob2 were 0.11 and 0.38 ng ml−1, respectively, again close to the
detection limit of this assay (0.07 ng ml−1). Finally, no immunor-
eactive leptin was detected in the serum of Ob2 by western blotting.
A band identical to the recombinant standard 16K was readily
detected in serum from all four heterozygote adults, but no
immunoreactive material of lower molecular weight was seen in
the serum of these subjects (M. Nicolson, data not shown). As the
antibodies used to detect leptin in all three assay systems were
polyclonal and raised to the entire protein, it is possible that we have
understimated the circulating concentrations of the mutant leptin

Figure 2 Serum leptin concentrations in Ob1 and Ob2 deviate markedly from the

normal relationship between percentage body fat and serum leptin. Serum leptin

concentrations were measured by radio-immunoassay in the probands, their

relatives, adult and prepubertal control subjects. As expected, serum leptin levels

in both adult and prepubertal controls correlated positively with estimates of

percentage body fat. The serum leptin levels of Ob1 and Ob2 were markedly

reduced, being the lowest recorded in this study at 1.0 and 0.7 ngml−1,

respectively. Moreover, the finding of low circulating leptin in Ob1 and Ob2

represents a marked deviation from the expected relationship between

percentage body fat and serum leptin. This relationship was not markedly

different in the relatives who were heterozygous for the frame-shift mutation

compared either to family members who were homozygous for the wild-type

sequence or to unrelated control subjects.

Table 1 Endocrine biochemistry of subjects Ob1 and Ob2

Ob1 Ob2 Reference range
.............................................................................................................................................................................

fasting glucose 4.7 4.4 3.5–5.5mmol l−1

insulin 158 46 0–60pmol l−1

proinsulin 21 8.1 0–5pmol l−1

32-33 split proinsulin 39 11 ,13pmol l−1

9:00 ACTH 58 28 5–50 ng l−1

9:00 cortisol 420 156 280–650nmol−1

TSH 4.80 4.6 0.4–4mU l−1

free T4 11.4 12.4 9–20pmol l−1

FSH 0.8 0.2 prepubertal 0.6–3.4U l−1

LH ,0.2 ,0.2 prepubertal 0.6–1.7U l−1

oestradiol ,20 — prepubertal ,60pmol l−1

testosterone — ,0.2 prepubertal ,0.7 nmol l−1

.............................................................................................................................................................................
Levels of testosterone, oestradiol, luteinizinghormone (LH) and follicle-stimulating hormone
(FSH) are all consistent with the prepubertal state. Ob1 has marked fasting hyperinsulinae-
mia and a mild elevation in 9:00 levels of adrenocorticotropic hormone (ACTH) and
thyrotropic hormone (TSH).
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in Ob1 and Ob2. Even if this were the case, it is unlikely that the
mutant leptin would have any biological activity, as it lacks the
carboxy-terminal cysteine that is required for intra-chain disul-
phide bonding. Mutation of this cysteine has been reported to
render the protein biologically inactive13. The coexistence in Ob1
and Ob2 of low levels of immunoreactive serum leptin, gross obesity
and a homozygous frame-shift mutation of the leptin gene are,
therefore, likely to be causally linked.

The frame-shift mutation may adversely affect serum leptin levels
in several ways. First, premature stop codons frequently result in
instability of mRNA and a low level of steady-state mRNA14. Second,
the introduction of an aberrant stretch of amino-acid sequence into
the native peptide may disrupt the intracellular targeting and
secretion of leptin, as is suggested by the transfection experiments
in CHO cells.

The ob/ob mouse is of normal weight at birth, but rapidly exhibits
hyperphagia and is characterized by several phenotypic abnormal-
ities and severe obesity. We studied the phenotype of subjects Ob1
and Ob2 to determine the degree of similarity between the murine
and human syndromes of congenital leptin deficiency. Given the
ethical constraints on the study of prepubertal children and our
concern to conform to parental wishes, phenotypic characterization
was restricted to clinical observations, including auxology, and the
measurement of simple biochemical parameters (Table 1). Ob1, a
female, had a normal birthweight of 3.46 kg, but gained weight
rapidly in the early postnatal period. Her weight deviated from
predicted centiles by 4 months of age (Fig. 3a). At the age of 8 years,
Ob1 weighs 86 kg (.99.6th centile), her percentage body fat is 57%
(reference range for children, 15–25%), and her height is 137 cm
(75th centile). As a result of her obesity she developed abnormalities
of growth in the long bones of her legs, resulting in the need for
corrective limb surgery. She underwent liposuction of lower-limb
fat in 1994 in an attempt to improve her mobility.

Ob2 is a cousin of Ob1 and is now aged 2 years. He had a normal
weight at birth (3.53 kg) but rapidly became obese, deviating from
predicted centiles for weight by 3 months of age (Fig. 3b). He
currently weights 29 kg (.99.6th centile), with 54% body fat. He
has difficulty in walking because of extreme obesity. His current
height is 89 cm (75th centile). In contrast to ob/ob mice, which show
stunted linear growth, the heights of both Ob1 and Ob2 are at the
75th centile. However, given the age of the subjects it is not possible
to comment on the future effects of leptin deficiency on the pubertal
growth spurt and final adult height of these children.

Although a formal assessment of appetite has not been con-
ducted, there is a clear history of marked hyperphagia, with both
children noted from early infancy to be constantly hungry, demand-
ing food continuously and eating considerably more than their
siblings. Thus, in both mice and humans, congenital leptin defi-
ciency is associated with a normal birthweight followed by the rapid
development of severe obesity associated with hyperphagia and
impaired satiety. Detailed assessment of energy expenditure has not
yet been possible in these children, although their mean body
temperatures are within the normal range (36–37 8C).

The ob/ob mice are also characterized by hypogonadotropic
hypogonadism, resulting in sterility. As both Ob1 and Ob2 are
both clinically prepubertal, with serum concentrations of luteiniz-
ing hormone, follicle-stimulating hormone, oestradiol and testos-
terone at prepubertal levels (Table 1), the effects of congenital leptin
deficiency on the human reproductive system cannot yet be estab-
lished in these children. In contrast to ob/ob mice, which are
markedly hypercortisolaemic, plasma cortisol levels at 9:00 in
both children are within the reference range, with Ob1 having a
slight increase in 9:00 plasma adrenocorticotropic hormone (Table
1). However, the administration of 1 mg of dexamethasone at 24:00
to Ob1 completely suppressed urinary free cortisol to ,17 nmol l−1.

Fasting plasma glucose was normal in both children, but fasting

Figure 3 Ob1 and Ob2 had normal birthweights but rapidly developed severe

postnatal obesity. a, Auxology of proband Ob1. Ob1’s birthweight was at the 50th

centile. By 4 months of age her weight was above the 98th centile. She is now

aged 8 years. Her current height,137 cm, is on the 75th centile for girls. Her current

weight is 86 kg, and her mobility is severely impaired by her extreme obesity. b,

Auxology of proband Ob2. Ob2 is a first cousin of Ob1 and both sets of parents

are related. Ob2’s birthweight was on the 50th centile for boys. By 3 months his

weight was above the 98th centile. He is now aged 2 years. His current height,

89 cm, is at the 75th centile. His current weight is 29 kg, and his mobility is also

severely impaired by extreme obesity.
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insulin levels were elevated in Ob1, consistent with the hyperinsu-
linaemia and insulin resistance seen in ob/ob mice (Table 1).
Furthermore, the markedly higher plasma insulin concentration
in Ob1 compared to Ob2 suggests that insulin resistance may
worsen with age in human leptin-deficient states.

Although thyroid dysfunction is not a consistent feature of the
phenotype of ob/ob mice15, a slight elevation of thyroid-stimulating
hormone was noted in both children. The detection of a mild
dysfunction of the pituitary–thyroid axis in these leptin-deficient
children may represent a species difference, or may simply reflect
the fact that normal ranges for serum thyroid-stimulating hormone
have been defined more precisely for humans.

Thus, congenital deficiency of leptin in humans results in a
phenotype with striking similarities to that seen in mice (severe
obesity, hyperphagia and hyperinsulinaemia). The human pro-
bands seem to differ from ob/ob mice in that they do not show
impaired linear growth, nor do they have marked hypercortisolae-
mia or hyperglycaemia. Whether the latter abnormalities will
appear with time in the human probands, or are absent as a result
of intrinsic species differences or the retention of a residual amount
of leptin bioactivity in Ob1 and Ob2, remains to be established.

The fact that all four parents and one of the four siblings of the
probands were heterozygous for the frame-shift mutation in the
leptin gene allowed us to examine whether this genotype was
associated with any phenotypic abnormalities in humans. None
of the four heterozygous parents, nor the one heterozygous sibling,
were morbidly obese (Fig. 2), a finding consistent with the absence
of severe obesity in the murine ob heterozygotes16. Additionally, in
the heterozygote relatives, the relationship between percentage body
fat and serum leptin concentration was not significantly different
from that seen in control subjects (Fig. 2). It should be pointed out
that the control subjects in these studies were Caucasians from the
UK, whereas the probands and their family members are all of
Pakistani descent. However, to our knowledge, no consistent
differences in serum leptin levels, other than those attributable to
ethnic variations in body fat content, have been reported in subjects
of different ethnic origins17. Thus, it is unlikely that the validity of
the results is seriously affected by lack of matching for ethnicity. The
absence of morbid obesity or a marked reduction in measurable
serum leptin levels in the heterozygous relatives of the probands
suggests either that fine tuning of leptin expression is not required
for weight control in humans, or that compensatory mechanisms
influencing expression of the wild-type allele are stimulated in the
presence of an inactivating mutation in the other allele. However,
definitive statements regarding potentially subtle effects of hetero-
zygosity will require detailed studies of body composition and
energy expenditure in these subjects and in ethnically matched
controls.

In conclusion, the findings in subjects Ob1 and Ob2 strongly
suggest that leptin critically influences energy balance in prepuber-
tal humans. Our findings do not exclude an additional role for
leptin in the initiation of puberty18 and/or the maintenance of
gonadotropin function in postpubertal life19. Now that recombinant
human leptin is available for investigation in humans, it should be
possible to determine whether the correction of leptin deficiency in
the two obese propositi might have therapeutic benefits. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Control subjects and clinical measurements. Adult control subjects were
healthy Caucasians from the UK aged 30–39 years (n ¼ 30). Prepubertal
control subjects were Caucasian children from the UK aged 1–11 years that
were undergoing elective surgery (n ¼ 16). No control subject had undergone
any recent marked change in body weight. Height (cm) and weight (kg) were
measured, and percentage body fat for adults was calculated using Garrow’s
formula20, and estimated for children using Fomon’s reference data21 with
calculations for obese children based on the assumption that excess weight was
80% fat. The average percentage body fat for a 70-kg UK Caucasian male is

17%, and for a 60-kg UKCaucasian female is 22–25%. Average percentage body
fat in prepubertal children ranges from 15% to 25% (ref. 21).
Serum leptin measurements. Serum samples were collected after an
overnight fast and immediately frozen at −20 8C. Samples were thawed once
immediately before the assays. Radio-immunoassays were performed using a
commercially available kit (Linco Research) with a detection limit of 0.5 ng ml−1

and in-house intra- and inter-assay coefficients of variation of 3% and 5%,
respectively. Serum leptin levels of Ob1 and Ob2 were also measured using a
highly sensitive enzyme-linked immunoassay (minimum detection limit,
70 pg ml−1; intra- and inter-assay coefficients of variation were 6.5% and 8.3%,
respectively) (M. Nicolson, Amgen).
Cloning and sequencing of leptin cDNA. Total RNA was reverse-transcribed
to first-strand cDNA using AMVreverse transcriptase (Promega). Leptin cDNA
(nucleotides 11–527) was amplified by PCR and cloned into the pCR-Script
SK(+) vector using the pCR Script cloning system (Stratagene). Four clones
were sequenced using an ABI 373 automated sequencer.
Direct sequencing of leptin genomic DNA. Nucleotides 2536–2760 of leptin
genomic DNA were amplified from genomic DNA of the probands and
immediate family members by PCR. Sequencing of the PCR product was
performed using an ABI 373 automated sequencer.
Single-strand conformation polymorphism analysis. Nucleotides 2536–
2760 of the leptin gene were amplified from genomic DNA of probands and
available family members by PCR including [a-32P]-dATP. The PCR product
was diluted with formamide and electrophoresis performed on a 6%
acrylamide gel at room temperature for 6–8 h at 20 W. The gel was dried and
exposed to film for 24 h.
PCR primers and conditions. Amplification of full-length leptin cDNA of
Ob2: sense primer, GAACCCTGTGCGGATTCTTG; antisense primer, CAG-
GAAGAGTGACCTTCAAG; PCR, 1.5 mM MgCl2, (94 8C 1 min, 55 8C 1 min,
72 8C 1 min) for 1 cycle, (94 8C 1min, 55 8C 1 min, 72 8C 1 min) for 40 cycles.
Amplification of leptin from genomic DNA: sense primer, CCAACGACCTG-
GAGAACCTCCGGGATC; antisense primer, CAGGAAGAGTGACCTTCAAG;
PCR, 1.5 mM MgCl2, (94 8C 1 min, 55 8C 1 min, 72 8C 1 min) for 1 cycle, (94 8C
1 min, 55 8C 1 min, 72 8C 1 min) for 30 cycles. Primer used in sequencing of
PCR products: antisense, GTCCTGCAGAGACCCCTGCAGCCTGCT.
Transfection studies. Wild-type and mutant leptin cDNAs (Amgen) were
inserted into the expression vector pRc. CMV (Invitrogen) using XbaI and
ApaI. Sub-confluent CHO.K1 cells grown in four-well plates were transfected
with the plasmids indicated using Lipofectamine according to the manufac-
turer’s instructions (Gibco BRL). Approximately 24 h after transfection,
immunopreciptiation of cell lysates and cultured media was performed using
polyclonal anti-leptin antibody, PC3 (Amgen). Immunoprecipitates were
electrophoresed on 15% SDS–PAGE, transferred to PVDF membrane
(Immobilon), and probed with PC3 antibody and 125I-labelled goat anti-
rabbit secondary antibody (Cal Biochem). Results were analysed using a Fujix
BAS 2000 phosphorimager.
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The Notch family of transmembrane receptor proteins mediate
developmental cell-fate decisions1, and mutations in mammalian
Notch genes have been implicated in leukaemia, breast cancer,
stroke and dementia2–4. During wing development in Drosophila,
the Notch receptor is activated along the border between dorsal
and ventral cells5–7, leading to the specification of specialized cells
that express Wingless (Wg) and organize wing growth and
patterning6,8,9. Three genes, fringe (fng), Serrate (Ser) and Delta
(Dl), are involved in the cellular interactions leading to Notch
activation7,9–15. Ser and Dl encode transmembrane ligands for
Notch16,17, whereas fng encodes a pioneer protein10. We have
investigated the relationship between these genes by a combina-
tion of expression and coexpression studies in the Drosophila
wing. We found that Ser and Dl maintain each other’s expression
by a positive feedback loop. fng is expressed specifically by dorsal
cells and functions to position and restrict this feedback loop to
the developing dorsal–ventral boundary. This is achieved by fng
through a cell-autonomous mechanism that inhibits a cell’s ability
to respond to Serrate protein and potentiates its ability to respond
to Delta protein.

Serrate protein (Ser) seems to act as a signal from dorsal cells that
activates Notch in ventral cells, whereas Delta protein (Dl) seems to
act as a signal from ventral cells that activates Notch in dorsal
cells7,9.11–15. Both of these proteins are broadly expressed during early
wing development: Dl is initially expressed by all wing cells and Ser
is initially expressed by all dorsal wing cells. However, their expres-
sion soon becomes restricted to the dorsal–ventral (D–V) boundary of
the wing (Fig. 1b–d)7,9,11,13,14. This observation suggests that, as well
as being involved in signalling between dorsal and ventral cells, Ser
and Dl also respond to D–V cell interactions, and so they may
regulate each other’s expression. To examine this, transgenic flies
containing UAS-Ser (ref. 12) or UAS-Dl (ref. 14) were crossed to
flies containing ptc-Gal4 (ref. 18), which drives expression in a
stripe along the anterior side of the anterior–posterior (A–P)
compartment boundary (Fig. 1a)19. The ability of Ser to induce Dl
expression, and of Dl to induce Ser expression, was then assayed by
antibody staining of mid third-instar wing imaginal discs.
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Figure 1SerandDl expressionand feedback regulation in the wing imaginal disc.

Dorsal is up, anterior to the left. a, Schematic representation of A–P compart-

mental division of the wing disc; expression of the P-compartment signal,

Hedgehog (Hh, green), and of Patched (Ptc, purple) is shown. The wing pouch,

which is the portion of the disc that gives rise to the adult wing blade, is

demarcated by an oval. b, Schematic representation of D–V compartmental

division of the wing disc. The expression patterns of Fng (blue), Ser (yellow

hatching) and Dl (red hatching) are dynamic; expression from early to mid-

third instar is shown. c–h, Expression in mid third instar wing imaginal discs

(at same magnification) of Ser (c, e, g) and Dl (d, f, h). c, d, Wild type. e,

UAS-D130A ptcGal4 raised at 25 8C; arrow points to ectopic expression of Ser in

dorsal cells. f,UAS-Ser ptcGal4 raisedat 25 8C; arrowpoints to ectopic expression

of Dl in ventral cells. Previous studies of Ser signalling have indicated that cells

expressing Serare themselves refractory to Ser; this presumably accounts for the

restriction of Dl induction to the edges of the Ptc expression stripe. g, h, UAS-

activated-Notch ptc-Gal4 raised at 18 8C.
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