inhibitors (/2) produces behavioral ef-
fects similar to those of potent adenosine
receptor agonists (2). These findings in-
dicate that AD has a major role in regula-
ting the presynaptic levels of adenosine
during the process of nucleoside release
and uptake. Alternatively, AD may par-
ticipate in terminating the pre- or post-
synaptic actions of adenosine, or both,
by degrading this nucleoside to its rela-
tively inactive metab'olite, inosine (2).
Such a putative role is consistent with
the location and the high specific activity
of AD in cortical synaptosomes (4). Fi-
nally, the application of adenosine has
been shown to modify neuronal electri-
cal activity in many brain areas including
cortex and striatum (2, 11, 13), a finding
compatible with the diverse axonal pro-
jections of AD-containing neurons in the
TM, €M, and PCM nuclei.

A separate issue concerns the report
by Vincent et al. (9) that many neurons
in TM, CM, and PCM contain glutamic
acid decarboxylase and may therefore
utilize y-aminobutyric acid as a neuro-
transmitter. Whether AD-containing
neurons in these nuclei form a popula-
tion separate from those containing glu-
tamic acid decarboxylase or whether the
two enzymes occur in the same cells
remains to be determined. Some neurons
in the TM and CM that were retrogradely
labeled after fast blue injections into the
cortex or striatum did not show staining
for AD (Fig. 1, e and f). This indicates
the possibility for some degree of segre-
gation of hypothalamic neuronal popula-
tions containing AD and glutamic acid
decarboxylase. Nevertheless we cannot
rule out the presence of both of these
enzymes in at least some hypothalamic
neurons.
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Sequence of the Human Somatostatin I Gene

Abstract. Two human genomic DNA fragments containing alleles for the gene
coding for somatostatin I were isolated and sequenced. This gene contains a single
intron that interrupts the coding sequence in the propeptide portion of the somato-
statin moiety. The site of initiation of transcription of the gene was located by
transcription experiments in HeLa cell extracts, and the putative regions for
controlling the initiation of transcription were identified.

Somatostatin is a 14-amino acid neu-
ropeptide and hormone (somatostatin-
14) found in the brain and spinal cord,
and in the pancreas, stomach, and intes-
tine. It suppresses the release of many
pituitary, pancreatic, and gastrointesti-
nal polypeptide and glycoprotein hor-
mones and regulates some aspects of
gastrointestinal function, including gas-
tric acid and pepsin secretion as well as
smooth muscle contractility (/). In addi-
tion, it may function as a neurotrans-
mitter (/). Previous studies suggest that
somatostatin-14 is derived from a larger

Fig. 1. Organization
of the human somato-
statin gene. (A) Link-
age map of the gene
and adjacent regions.

—m

polypeptide, prosomatostatin (/). The
sequence of the somatostatin precursors,
including their signal peptides, have
been deduced from the nucleotide se-
quence of the cloned somatostatin com-
plementary DNA’s (cDNA’s) from ang-
lerfish (2, 3), human (¢), catfish (5-8),
and rat (9). The nucleotide sequences of
two independently isolated cDNA'’s
from the anglerfish endocrine pancreas
(2) revealed the amino acid sequences of
two different prosomatostatin molecules,
each of which contained distinct 14— and
28-amino acid = somatostatin moieties

EE EE"

| J>\H:~;1-2

le— 0
I

%
! AHSI

One million recombi-
nant phage of a X\
Charon 4A library B
prepared from a par-

tial Hae III-Alu I di- EI RI RI R! Bﬁ['; P| | EK{
gest of human fetal 5 3

liver DNA  were
screened with a nick-
translated human pre-
prosomatostatin cDNA

pHSI-1-2.7

+

probe (22). Phage
containing somatos- et

tain gene sequences
were plaque-purified,

and then DNA was prepared from phage grown in liquid culture (23). The location of the
somatostatin gene (indicated by the filled box) was determined by hybridization of the 3*P-
labeled cDNA to Southern blots of single and double restriction endonuclease digests of DNA
from AHSI-1 and AHSI-2. The restriction enzymes indicated are as follows: A, Acc I; B, Bam
HI; Ba, Bal [; Bg, Bgl II; E, Eco RI; H, Hind III; N. Nar I; P, Pst I; and R, Rsa I. The ordering
of the three Eco RI sites at the 3’ end of A\HSI-2 has not been determined. The quotation marks
indicate Eco RI sites produced by linker addition during the construction of the library. The Eco
RI site of \HSI-1 on the right appears close to or identical to the natural site. (B) Organization of
the gene. The 2.7-kbp Eco RI-Hind III fragment of AHSI-1 was cloned into plasmid pBR322
(pHSI-1-2.7). The box delimits the structural portion of the gene. The hatched section indicates
the region encoding the untranslated portion of the mRNA, the filled region indicates the
protein coding portion, and the open region represents the intervening sequence. The
sequencing strategy and the restriction sites at which sequence determinations were initiated

are shown.
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(somatostatin I and somatostatin II).
Subsequent studies have shown that so-
matostatin I and II have distinct biologi-
cal activities (/0). An additional somato-
statin gene from catfish not clearly relat-
ed to anglerfish somatostatin I or II has
also been inferred from the amino acid
sequence of the isolated peptide (/1).
These observations suggest that there
may be a family of somatostatin genes,
with individual moieties having distinct
biological activities. However, only a
single somatostatin peptide has been iso-
lated from mammals. The amino acid
sequence of somatostatin-14 and soma-
tostatin-28 predicted from the cloned so-
matostatin cDNA derived from a human
somatostatinoma of the pancreas and
from a rat medullary carcinoma are iden-
tical and in precise agreement with the
14— and 28-amino acid peptides isolated
from porcine and ovine hypothalamus
and porcine intestine (/12-14).

Hybridization with a radioactively la-
beled cloned human preprosomatostatin
cDNA was used to isolate the somato-
statin gene from a A Charon 4A library
containing human chromosomal DNA
(4). Four distinct recombinants were iso-
lated; three of these contained two Eco
RI fragments of 6.0 and 12.0 kilobase
pairs (kbp) (AHSI-1) (Fig. 1A), and the
other contained Eco RI fragments of 1.1
and 10.3 kbp (A\HSI-2) (Fig. 1A). In both
AHSI-1 and NHSI-2, the larger Eco RI
fragment hybridized with the cDNA
probe. This probe also hybridized to an
Eco RI fragment of 12 to 13 kbp in
digests of genomic DNA. Mapping stud-
ies with restriction endonucleases indi-
cated that AHSI-1 and AHSI-2 contain
congruent DNA segments from the re-
gion of the somatostatin gene (Fig. 1A).
However, AHSI-2 contains an additional
Bam HI site within the somatostatin
gene (Fig. 1A). Studies of the organiza-
tion of the somatostatin gene in human
populations have established that this
Bam HI site and an Eco RI site not
present in either of these clones are
polymorphic (/5). We infer that A\HSI-1
and ANHSI-2 are somatostatin alleles. Dis-
persed middle repetitive sequences are
present in both of these clones, but their
locations have not been precisely deter-
mined.

We have sequenced the 2667-base-pair
(bp) Eco RI-Hind III fragment of AHSI-1
containing the somatostatin gene (Figs. 1
and 2), as well as the other allelic soma-
tostatin gene sequence, AHSI-2 (not
shown). In addition, a 1953-bp fragment
was sequenced from the Hae III site at
nucleotide 411 to the nucleotide at posi-
tion —408, to which an Eco RI linker had
been added during the cloning, to the
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Hind III site at nucleotides 1537 to 1542
(Fig. 2). Only threée changes were found
in this 1953-bp region of AHSI-2: an
insertion in the 5’ flanking region of two
additional T’s (T, thymine) in the oligoT
tract between nucleotides —164 and
—152; a substitution of a C (C, cytosine)
for T at position 274 which generates the
Bam HI site, and a deletion of three TG
(G, guanine) pairs in the tandem repeat
region between nucleotides 846 and 868.
Comparison with the cDNA sequence (4)

indicates that the structural region of the
gene is 1480 bp and that it contains a
single intervening sequence of 877 bp
which interrupts the protein coding re-
gions of the gene between glutamine at
amino acid position —57 and glutamic
acid at position —56 in the propeptide
portion of the somatostatin precursor.
The sequence of the anglerfish somato-
statin I gene (/6) indicates that this gene
contains an intron in the same location.
Thus, as in other genes, the location of

GAATTCAAGGACAGG TTTTCTTAAACTTTCTTTGTTTCTAGGAGATCAGGC AGAGC TGAATTTAACC AAGA
ATCTTTTGATCC TTTCCACATATAGATATACAATAGTGGTCACATATGTTCTGGGAGTTCCTAGACCTTAT
ATGTCTAAACTGGGGC TTCC TGACATAAAACTATGC TTACCGGCAGGAATCTGTTAGAAAACTCAGAGCTC
AG TAGAAGGAACACTGGC TTTGGAATGTGGAGGTCTGGTTTTGCTCAAAGTGTGCAGTATGTGAAGGAGAA
CAATTTACTGACCATTACTCTGCC TTACTGATTCAAATTCTGAGG TTTATTGAATAATTTCTTAGATTGCC
TTOCAGCTC TAAATTTC TCAGCACCAAAATGAAGTCCATTTCAATCTCTCTCTCTCTCTTTCCCTCCCGTA
CATATACACACACTCATACATATATATGG TCACAATAGAAAGGCAGG TAGATCAGAAGTCTCAGTTGCTGA
GAAAGAGGGAGGGAGGGTGAGCCAGAGTACTTCTCCCCCATTG TAGAGAAAAGTGAAGTTCTTTTAGAGCC
CCGTTACATCTTCAAGGCC TTTTATGAGATAATGGAGG AAATAAAGAGGGCTCAGTCCTTCTACCGTCCAT
ATTTCATTCTCAAATCTGTTATTAGAGGAATGATTCTGATCTCCACCTACCATACACATGCCCTGTTGCTT
GTTGGGCC TTACACTAAAATGTTAGAGTATGATGACAGATGGAGTTGTCTGGGTACATTTGTGTGCATTTA
AGGGTGATAGTG TATTTGCTCTTTAAGAGCTGAGTGTTTGAGCCTCTGTTTGTGTGTAATTGAGTGTGCAT
GTGTGGGAGTGAAATTGTGGAATGTGTATGC TCATAGCACTGAGTGAAAATAAAAGATTGTATAAATCGTG
GGGCATGTGGAATTGTGTGTGCCTGTGCGTGTGCAGTATTTTTTTTTTTTTAAGTAAGCCACTTTAGATCT

TGTCACC TOCCC TGTCTTCTGTGATTGATTTTGCGAGGC TAATGG TGCG TAAAAGGGC TGG TGAGATCTGG

*
GGGCGOCTCCTAGCCTGACGTCAGAGAGAGAGTTTAAAACAGAGGGAGACGGTTGAGAGCACACAAGCCGC

TTTAGG AGCG AGG TTCGG AGCC ATCGC TGC TGCC TGCTGATCCGCGCC TAGAGTTTGACCAGCCACTCTCC

-égg Leu Ser Cys Arq Leu Cys Ala
AGCTCGGCTTTCGCGGCGCCGAG ATG CTG TCC TEC CGE CTC Téc GCG
ERe BRE A30 TR ERY 2R R Gy %GR TR & AR RR B
MM S B L S MR MR AR B M M AR omanco
AGACTCCCTCGACGTCTCCCGGATTCTCCAGCCCTCCCTAAGCCTTGCTCCTGCCCCATTGGTTTGGACGT
AAGGG ATGC TCAGTCC TTCTAAAGAGTTTTGG TGC TTTTC TGGG TCCCTCAGCTCCCGAAGCTCTTGAGAA
AACTATCAAAGGC TAGAATCCCCTTC TAACTCTTTTTTTCCCCCATGATAAGCGCAGTCGGTCACAGTTCA
GGTGAGTTCTTACTTGGCATTCAAGAAAATTACAAAATCTGGG TAGTTGTCTGGGCACGAAGCGACAATGG
CGTCTATCCCTGGTGCTGACCCTGGGAAGCGCTGACCCAGGTGCTGAAACGCAGACCTCTGAAGCTGCTAC
CTCTTAGCG TACC TCACTTCC AAACG TCGGG ACTAGGGCAAAGGGGCAATCTAAAGACCGAACGCCG TATG
TTTGAGATTGTGAGAAGCCTCG TTCCCCTACAGTTTTACTTGGTAAAAATGG TAAAACAATTCTACTTTGT
AGCTCG TGATGTGAAAATTGAATTAAACTGTTGGCACACACTTTATCTTACCAGAACGG TCTTTATGTGTG
TGTGTGTGTGTGTGTGTGTGTTTGTGCGTGTGTGTGTGTGTGTGTGTGTGTTAAGTC TACAGGGACAGAAA
GGTTGCAGAAACATTTGAGC TCTTAAAGCC TTTTTGTGTAACTTGG TAATTATAGCAACTATCC TTATTTT
TATATCCTTGATTGATTTTAAATGTGACAAAAAATGCGCAGCTGTAAAAACTGGATTTTGTGTGTGACCAA
ATCTGTTCTTTAATTTAGGC TTTTCAAATTTTTTCCATTGTCC TCCCCACTTCTCTTTCTCTCTTTTTCTA
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Fig. 2. Sequence of the human somatostatin gene in pHSI-1-2.7. The DNA sequence was
determined by the method of Maxam and Gilbert (24) as described (4). The cap site is indicated
by an asterisk. The TATA box is underlined and an arrow indicates the 3’ end of the structural
portion of the gene. The cap site is nucleotide 1. Upstream nucleotides are designated with
minus signs. The predicted amino acid sequence of preprosomatostatin is also indicated.

Alanine, the first amino acid of somatostatin-14, is residue 1.
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intron junctions in the gene appears to be
relatively conserved during evolution,
even though boundary sequences may be
quite divergent.

The sequences of the coding region of
both alleles are identical to that of the’
isolated cDNA. The cap site nucleotide,
Al (A, adenine) (asterisk in Fig. 2),
present in the sequence of one of the
cDNA clones, was identified by S1 nu-
clease mapping (17) (Fig. 3). Four frag-
ments of differing lengths were protected
by the RNA; they comigrated with DNA
sequence-specific fragments in the re-
gion of the sequencing ladder 5'-
TTGTGTGCT-3' in the noncoding
strand, corresponding to the RNA tran-

script sequence S5'-AGCACACAA-3'.
The results of the S1 mapping experi-
ment suggest that transcription begins at
nucleotides Al, G2, A3, or A5 (Fig. 2);
thus somatostatin messenger RNA
(mRNA) probably has heterogeneous 5’
ends. We have obtained cDNA clones
corresponding to an mRNA starting at
Al and at A3. A comparison of the gene
sequences with the cDNA sequence and
the S1 mapping results indicates that
there are no intervening sequences in the
region of the gene encoding the 5’ un-
translated portion of the mRNA.

The results of transcription experi-
ments in vitro (Fig. 4) support the assign-
ment of transcription initiation sites and
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Fig. 3 (left). S1 mapping of the 5’ end of 234 == -
somatostatin mRNA. A 276-bp Bgl II-Pst I
fragment [coordinates —68 to —63 and 208 to
213, respectively (Fig. 2)], labeled at the 5’
end of the Pst I site was hybridized overnight
with or without 1 pg of total human somato- e ——

statinoma RNA in 20 pl of a mixture of 80
percerit formamide, 0.4M NaCl, and 10 mM
Pipes, pH 6.5, at 52°C (the melting tempera- .
ture of this DNA fragment). The hybridization was terminated by diluting the reaction mixture
with 200 pl of ice-cold 0.3M NaCl, 3 mM ZnCl,, and 30 mM sodium acetate, pH 4.5, containing
1000 units of S1 nuclease (Miles). After incubation at 37°C for 1 hour, the digest was extracted
with phenol and precipitated with ethanol. The sizes of the S1 nuclease-resistant DNA
fragments were determined on an 8 percent polyacrylamide-urea gel (24). The sequencing
ladder from the coding strand of the 276-bp Bgl II-Pst I fragment that was used to estimate the
sizes of the S1-resistant fragments is indicated. The arrowhead in the + RNA lane indicates the
Sl-resistant fragments protected by mRNA molecules initiating at A3 (Fig. 2). The fragment
protected by mRNA molecules initiating at G2 is faint. Fig. 4 (right). Transcription of the
somatostatin gene in vitro. An extract was prepared from HeLa cells as described by Manley et
al. (25). The reaction mixture (50 wl) contained 30 ul of extract, 60 wM each of adenosine,
uridine, and cytidine triphosphates, 25 pM guanidine triphosphate (GTP), 10 pCi of
[ — *?P]GTP, and 2 pg of DNA. (Lanes 1 and 2) Sac I-pHSI-1-2.7; (lanes 3 and 4) Sac II-
pHSI-1-2.7; (lane 5) Sma I-pSmaF. [A derivative of pBR313 containing the SmaF fragment of
adenovirus that includes the adenovirus major late promoter (26, 27) and the runoff transcript
from a Sma I digest is 536 bases (27)]. Lanes 2 and 4 also contained «-amanitin (0.2 pg/ml). After
1.5 hours of incubation at 30°C the reaction was stopped by adding 350 pl of 6M guanidinium
hydrochloride, and the samples were prepared as described (28). The runoff transcripts were
analyzed by electrophoresis in a 5 percent polyacrylamide-urea gel (24). 32P-Labeled fragments
of Hae Ill-digested $X174 were included as size markers (outside lanes). The identity of the
higher molecular weight a-amanitin-insensitive transcripts is unknown.
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suggest that the sequence TTTAAA, a
variant of the TATA box (/8) found at
positions —28 to —23 from the cap site
(Fig. 2), is part of the somatostatin gene
promoter. DNA from pHSI-1-2.7 (Fig.
1B) was digested with Sac I (coordinates
905 to 910) and Sac II (coordinates 230 to
235) and mixed with a HeLa cell extract.
Runoff transcripts of around 950 and 230
bases, indicated by the-arrowheads in
Fig. 4, were observed with the Sac I-
and Sac II-digested templates, respec-
tively. The synthesis of both transcripts
was sensitive to low levels of a-amanitin
(200 ng/ml), indicating that they were
produced by RNA polymerase II. The
length of the shorter (more precisely
measurable) runoff transcript, in particu-
lar, is in good agreement with the length
expected if transcription is initiated at
the cap site suggested by the cDNA
sequence and the S1 mapping experi-
ments.

The 877-bp intervening sequence con-
tains many short homopolymeric se-
quences, including a 54-bp repeat of the
dinucleotide TG (nucleotides 812 to 865).
Similar regions of repeating dinucleo-
tides have been observed in the flanking
regions and intervening sequences of
other genes (19, 20). :

The location of the intron in the cen-
tral region of the transcribed portion of
the somatostatin gene is somewhat anal-
ogous to the central position of the intron
in the insulin gene. However, in contrast
to the situation in the insulin gene, where
the intron is in the connecting peptide
region, the intron in the somatostatin
gene does not obviously bifurcate func-
tional domains. The somatostatin intron
position exists within—but on the edge
of—a region conserved between the ang-
lerfish and the human genes (—59 to
—31), and next to a region of high vari-
ability, probably caused by additions and
deletions (—65 to —60). Thus in line with
other genes, the introns may exist proxi-
mal to a region of length polymorphism
@n. i

The availability of the human gene will
allow studies of its expression in heter-
ologous cells. The putative prosomato-
statin can be produced and its biological
and biochemical properties studied. The
human gene sequences should also aid in
studies of the regulation of the somato-
statin gene in various cells. This is of
particular physiological interest in view
of the many biological roles of this hor-
mone.

Lu-PING SHEN*
WILLIAM J. RUTTER
Department of Biochemistry and
Biophysics, University of California,
San Francisco 94143
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High Incidence of ‘‘Leapfrog’’ Pattern of Geographic Variation

in Andean Birds: Implications for the Speciation Process

Abstract. Many species of birds in the humid forests of the Andes show a pattern
of geographic variation in color that is virtually unknown in other regions of the
world. This pattern, here termed “‘leapfrog,”’ is one in which two populations very
similar in appearance are geographically separated from each other by very
different, intervening populations of the same species. Approximately 21 percent of
all Andean bird species and superspecies with three or more differentiated popula-
tions show the leapfrog pattern, and several of these show multiple cases of
leapfrogging color patterns. Lack of concordance in the geographic distribution of
taxa showing the leapfrog pattern suggests that there is a strongly random
component in phenotypic differentiation with respect to direction, geography, and

timing.

Patterns of geographic variation in
birds have been documented and ana-
lyzed for a half-century or more, and the
interpretation of these patterns has pro-
vided much of the basis for speciation
theory (/). The clinal nature of most
patterns of color variation has been in-
terpreted as evidence for the importance
of gene flow, environmentally induced
selection, or both, in determining popu-
lation structure (/). Syntheses of overall
patterns of geographic variation pro-
duced ‘‘Gloger’s rule’’—the tendency
for populations from more humid areas
to be more heavily pigmented than con-
specific populations from less humid ar-
eas—and what could be called ‘“Mayr’s
rule’’—the association between increas-
ingly marked geographic isolation and
increasingly marked phenotypic differ-
entiation.

I now report a pattern of geographic
variation in color in Andean birds, the
generality of which has heretofore not
been recognized. This counterclinal pat-

tern, here labeled the ‘‘leapfrog’ pat-
tern, is one in which, within a single
biotope, two phenotypically very similar
populations are geographically separated
from each other by very different inter-
vening populations of the same species
(see cover). Geographic variation of this
type has been reported for a few bird
species (2), and two cases from the An-
des have been studied extensively (3);
however, such cases have received little
theoretical attention.

To quantify the frequency of occur-
rence of the leapfrog pattern in Andean
birds, I analyzed geographic variation in
color patterns of all bird species in humid
forest and forest edge in the Andes from
northern Colombia and Venezuela to
northwestern Argentina, the southern
limit of humid montane forest. This re-
gion was selected because of the relative
homogeneity in habitats at any given
elevation over a broad latitudinal range
(4). The sample consisted of 386 species
and an additional 30 superspecies assem-

bled from a subset of the species sample.

Geographic variation in color pattern
was analyzed within the framework of
current subspecies limits. Although the
subspecies concept has been attacked
repeatedly on conceptual and practical
grounds (5), subspecies were used as the
unit of analysis simply because no alter-
native existed; a quantitative, compre-
hensive assessment of color variation in
all 386 species would be a life-long task.
The study skin collection of the Museum
of Zoology, Louisiana State University,
was the primary source of data for the
analysis. These data were supplemented
by compendiums of subspecies descrip-
tions (6) and recent taxonomic revisions.
A species or superspecies was consid-
ered to show the leapfrog pattern if two
geographically nonadjacent taxa were
more similar in plumage pattern and col-
or to one another than either was to the
intervening taxon.

A conservative bias in the analysis
was that only major, conspicuous fea-
tures of coloration and pattern were ana-
lyzed; potential leapfrog patterns in sub-
tle, less obvious plumage characters
were ignored. Another conservative bias
was that many described subspecies
from the Andes cannot be readily distin-
guished from adjacent populations with
taxonomically acceptable (75 percent),
much less statistically acceptable (95
percent) (7), certainty; inclusion of inva-
lid subspecies artificially inflates the
number of species in which a leapfrog
pattern can be detected.

By definition, the leapfrog pattern can
be detected only in species with three or
more subspecies. Of the 386 species ex-
amined, 127 were monotypic, 45 had
only one, and 85 had only two subspe-
cies within the geographic limits of the
study. Thus, 129 species (33.4 percent)
remained for inclusion in the analysis. Of
these, 25 (about 19 percent) (8) showed
the leapfrog pattern. An additional nine
species showed the leapfrog pattern
when subspecies from outside the main
Andes were included; for example, from
the tepuis of southeastern Venezuela,
coastal ranges of Venezuela, and the
highlands of Middle America. As for
superspecies, only six of the 30 exam-
ined contained the necessary minimum
of three component allospecies. Of
these, three superspecies (50 percent)
displayed a leapfrog pattern of color
variation (9). Thus, combining species
and superspecies, of 135 taxa in which
the leapfrog pattern is possible (that is,
those with three or more component
taxa), 28 (about 21 percent) displayed
leapfrog color variation (Table 1). Fur-
thermore, there are multiple cases of the
leapfrog pattern within three species and





