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mechanisms (Fig. 2b, c; Fig. 3¢). Third, as suggested for adrenal
chromaffin cells*?, Ca®* influx could activate release of Ca®"
from internal stores that are distributed non-uniformly
throughout the cytoplasm. But Cd**, a specific blocker of the
L-type calcium current'®?°, reduced the L-type current and the
change in [Ca®"]; by the same extent (Fig. 3), inconsistent with
this hypothesis. Thus it is highly likely that the hotspots we
observed resulted from nonuniform clustering of L-type chan-
nels within the growth-cone membrane.

Although many studies have indicated a role for [Ca®**]; in
modulating growth-cone behaviour, the results are paradoxical.
An increase in [Ca®*]; can cause outgrowth of the growth-cone
margin”®, but it also inhibits neurite elongation®®. Consistent
with the hypothesis that [Ca®*]; promotes localized margin
outgrowth, we found that hotspots were usually located at the
base of processes that had extended from the growth cone (for
example, structures marked p in Fig. 2b). Out of 32 growth
cones, 24 had processes. In these 24 growth cones, process bases
comprised only 20% of the total circumference of the growth
cone (measured as angles subtended at the growth-cone centre),
but 38 hotspots out of a total of 47 were located at the process
base, indicating a high spatial correlation (P <0.001, x? test).
We observed hotspots in both proximal and distal regions of the
growth cone. No hotspots were observed in the neurite (marked
n in Figs 2b, and 4a), where raised [Ca®']; inhibits growth.

To examine the [Ca®" ), changes produced under physiological
conditions, we used a conventional microelectrode to pressure-
inject Fura-2 and electrically stimulate cells (Fig. 4b) maintained
in a medium containing 1.8 mM Ca®* at 32-36 °C. Distinct Ca?*
hotspots could be detected during a train of five action potentials
at 10Hz (Fig. 4a). In two growth cones, hotspot [Ca®"];
increased to >1 pM during the train (for example, Fig. 4¢). On
average, hotspot [Ca®*]; increased by 89+26 nM per action
potential (n = 11); that is, 12 action potentials would be required
to raise hotspot [Ca®*]; to micromolar levels. In 7 of the 11
growth cones, we saw outgrowth of the growth-cone margin by
6+ 1 pm in the 4 min following action-potential stimulation. In
five of these, the site at which the greatest outgrowth occurred
was close to a hotspot, indicating a strong spatial correlation
between hotspots and site of outgrowth (P <0.001, x? test; see
Fig. 4 legend for details). [Ca®*]; is thought to affect cell mor-
phology by activating proteins that cut, nucleate and cap actin
filaments®**. These proteins are activated by micromolar con-
centrations of [Ca®*];. Our results demonstrate that at the hot-
spot, relatively few action potentials will raise [Ca?*]; sufficiently
to activate these proteins.

The results described here could explain how the pattern of
connections formed in the developing nervous system depends
on the electrical activity in the neurons®. Unstimulated growth
cones tend to grow straight forwards®. But hotspots, and there-
fore the margin outgrowth caused by electrical activity, are
asymmetric. [Ca®"]; hotspots produced by clustering of L-type
Ca®" channels therefore provide a mechanism for triggering the
turning of electrically active neurites, and could have a crucial
role during development.

Note added in proof. Consistent with the identification of the
hotspot calcium channels as L-type and not N-type, the dihydro-
pyridine agonist BAY K8644 (1uM) enhanced the L-type cur-
rent by 170+ 14% (n = 8), but had no effect on the T-type current.
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IN mice yd T-cell populations with distinct T-cell receptor (TCR)
repertoires and homing properties have been identified. Diversified
populations are found in lymphoid organs'™ and intestinal epi-
thelia®®. By contrast, the ¥& T-cells that have been found in the
murine skin are homogeneous. They express a TCR consisting of
one particular Vy5 and one particular V31 chain®® and seem to
originate from early fetal thymocytes®’. We have now systemati-
cally analysed many tissues by immunohistochemistry and TCR
gene sequencing aided by the pelymerase chain reaction. These
studies revealed a second homogeneous y& T-cell subset in epithelia
not of the intestine and skin, but of the vagina, uterus and tongue.
The TCR expressed by this y3 T-cell subset consists of the same
V&1 chain. Cells that express this particular TCR have previously
been shown to be positively selected in the late fetal thymus’.
We performed immunohistological analysis using monoclonal
antibody 3A10 (ref. 8) on frozen tissue sections of various organs
from 8-10-week-old BALB/c mice. We found v T cells in most
of the tissues analysed, frequently in close association with
epithelial cells (Table 1). Representative data of tongue, vagina
and uterus, which are discussed here, are shown in Fig. 1a. Most
¥d T cells in tongue and vagina were attached to, or embedded
in, the basal layer of stratified squamous epithelium (Fig. 1a).
About 30% of ¥8 T cells in uterus were associated with simple
columnar luninal epithelium (Fig. 1a). The rest of uterine y8 T
cells were broadly distributed in endometrium and myometrium
(Fig. 1a, and data not shown). Staining of adjacent sections
with monoclonal antibody H57-597 (ref. 9) showed that some
af T cells were also present in most tissues, but they were mainly
distributed in subepithelial regions (Fig. 1a, and data not
shown). y8 T cells seemed to be localized to all epithelia that
faced internal or external body surfaces, but not to epithelia
within organs such as kidney, pancreas, liver or testis (Table 1).
To determine the use of Vv gene segments, we extracted DNA
from lymphocyte preparations of various tissues of C57BL/6
mice (8-10-weeks old) and amplified it by the polymerase chain
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reaction (PCR)'® using primers for Jyl and various Vvy-
segments. We detected the amplified DNA by Southern-blot
analysis using a Jyl-specific oligonucleotide probe (Fig. 2a).
We determined the relative intensity of the bands by using a
Fuji Bioimage Analyser and converted this to the relative
frequency of the corresponding rearrangement in a given DNA
sample by using the standardization curves shown in Fig. 2b.
As expected from previous studies, Vvy4, Vy5 and Vy7 were
preferentially used by vd T celis in peripheral lymphoid organs,
skin and small intestine, respectively (Fig. 2a)*®. It was of
interest that Vy6-Jyl rearrangements, which predominate in
the fetal and newborn thymocyte preparations (Fig. 2a, compare
the ratio of Vy4 and V+6 bands of fetal and adult thymus)”'"!2
predominated in lymphocyte preparations from the tongue,
uterus and vagina, although some Vvy4-Jvy1 rearangements, and
very few Vy7-Jv1, Vy5-Jvy1 (Fig. 2a) and Vy1-Jv4 rearrange-
ments (data not shown), were also observed in these T cells.
Flow cytometric analysis of lymphoid cell suspension from these
tissues showed that about half of the cells carrying the CD3
antigen were v8* TCR, Thy-1*, CD4~ and CD8" (Fig. 1b). Few
if any of these cells could have been derived from ‘contaminat-
ing’ blood, because only 3% of CD3" blood cells express
vSTCRs®,
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TABLE 1 Distribution of & T cells in mouse

Contact with
Presence of  epithelial
v8 T cells* cells

No. of cells

Organs per animatt

Digestive system
Tongue +
Oesophagus +/— %
Stomach
Small intestine
Large intestine
Liver
Pancreas

1x10°
1x10°

I+ + 4+
4+ 44+

Reproductive system
Ovary +/—
Uterus + +
Vagina + +
Testis -
Epididymis +/— -

1 x10°
1x10°

Urinary system
Kidney -
Bladder + +
Others
Skin + +
Brain
Heart —

5x10°

Lymphoid organs
Thymus
Spleen
Lymph-node
Blood

1x10°
8x10°
1x10°
6 x10*

+ 4+

*The data from BALB/c mice examined by immunohistological experi-
ments except for blood.

T The numbers of y3 T cells in lymphoid organs (C57BL/6) were determined
by flow cytometry®. For other organs, the approximate numbers of v3 T cells
were estimated as foliows: (number of v& T cells per cross section of the
organ) x{{length of the organ in wm)/(thickness of the section (6 um) % 2)).
The calculation is based on the assumption that a stained T cell (~8 um
in diameter) observed would almost always occupy two adjacent tissue
sections. (each 6 um thick). We also assume that the tissues or organs
examined have a constant diameter.

I Very scarce distribution of v3 T cells is indicated by +/—.

FIG. 1 Demonstration of vd T cells in tongue, vagina and uterus. &
Immunohistostaining of tissue sections. Fresh tissues from 8-to-10-week-
old BALB/c mice were snap-frozen, and 6 nm sections were fixed with cold
acetone, stained with a monoclonal antibody anti-y3TCR (3A10), or a mono-
clonal antibody anti-aBTCR (H57-597), affinity-purified goat anti-hamster
IgG-biotin (Caltag, California), and avidin-horseradish peroxidase conjugates.
The specificity of the staining was confirmed by the control staining of
adjacent sections without the primary antibody. Arrowheads indicate some
of the stained TCR-positive cells. Large and small arrows indicate
endogenous peroxidase activity and basal lamina, respectively. E, epithelium;
0C, oral cavity; L, lumen; M, striated voluntary muscle; C, connective tissue;
Em, endometrium. b, Flow cytometric analysis of lymphocytes prepared from
reproductive organs. Conjugates of anti-CD3(145-2C11)-fluorescein
isothiocyanate (FITC), anti-y3TCR(3A10)-biotin or -FITC, anti-aBTCR(H57-
597)-biotin, anti-CD4(GK1.5)-phycoerythrin (PE), anti-CD8(53-6.7)-biotin,
and streptavidin-PE. Quadrants were determined on the basis of the control
staining with streptavidin-PE and a goat anti-hamster-FITC conjugate. The
percentage of positive cells in each quadrant is shown. Flourescence
intensity is shown in log,, scale.

METHODS. Vaginae and uteri from 10-week-oid C57BL/6J mice were exten-
sively washed with PBS, minced into ~1-mm? pieces, and digested for 1 h
with 0.5% trypsin and 0.02% EDTA in PBS. Lymphoid cells were pelleted
by centrifugation through 30% Percoll (Pharmacia LKB, Sweden) at 1,750
r.p.m. for 10 min, washed, and incubated overnight at 37 °C in RPMI 1640
medium containing 10% FCS and lymphokines (interleukins-1 and -2). Nonad-
herent cells were collected and examined by procedures described pre-
viously®.
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We cloned many V+v6-Jyl PCR products from these cells
and determined the junctional sequences of randomly chosen
clones. Most of these sequences were in-frame and identical
with the canonical y-chain gene sequence expressed by late fetal
v¥3 thymocytes” (Fig. 2c). To confirm the identity of TCR
expressed by the uterus- and vagina-associated yd T-cell subset
with the late fetal yd thymocytes, we further cloned and sequen-

ced V31-J82 PCR products prepared from the DNA isolated
from this peripheral vy T-cell subset. Indeed, we found that the
V81-D?%2-J82 sequence was identical to that used in the thy-
mocytes (Fig. 2d)’. By contrast, most other sequenced Vy-Jy
junctions in the same DNA preparations were out-of-frame.
Therefore, all of four Vy5-Jy1 sequences were out of frame,
and only four of twenty Vvy4-Jvy1 sequences were in-frame, and

b »
a 102+
Vy7-Jyl Vy6-Jy1 Vy5-Jy1 Vyd-Jy1
322 bp 283 bp 248 bp 203 bp
=
[
Fetal thymus 2
Adult thymus © 1014
Blood £
Lymph node 2
Tongue
Small intestine
Skin
Vagina
Uterus 1004—, . .
10-3 10-2 10-1
Relative copy numbers of rearranged
Vy gene segments per sample
FIG. 2 a Detection of rearranged TCR vy-chain gene c
segme_nts in vanous.prgans by Southern-blot V16 N amn Frame Frequency
analysis of PCR-amplified products of chromo- Germ line TGC TGG GAT A AT AGC TCA GGT TTT
somal DNA. The blots of PCR products were probed — 1214
i ~ ifi i i Vagina & uterus TGC TGG GAT AGC TCA GGT n
with a Jyl-specific ohgonucleo_tlde probe. The TGC TGG GAT A ceeTe A GGT TTT  out 1714
expected length of the respective PCR product TGC TGG GAT GCCGAA T Out 1/14
from previously characterized y& T-cell hybri- . TGC TCG GAT AGE TCA GGT TPT  In* 7/8
ongue
domas 3(V,f KNG; V5, KI129; V6, KI21; and V7, o TGC TGG GAT cTea AGC TCA GGT TTT Out 1/8
KN106)** is indicated by the arrows. The arrow- Ve " - " -
M- . ) . rame Frequency
heads |nd|pate dmenc proc!ucts which could ha\{e Germ line TGC TCG GAT CT AT AGC TCA GGT TTT
formed using the imperfect inverted repeats within
the Jy-gene segment. b, Standardization curves Vagina & uterus TGC TGG AT AT AGC TCA GGT TTT Out 4/4
of PCR regctions. The control experiments using Vy4 N I Frame Frequency
serial dilutions of DNA from the hybridomas indi- Germ line TAC GGC TAA AG AT AGC TCA GGT TTT
gated that the intensity of PCR bands is propor- Vagina & uterus TAC GGC CGAT AT AGC TCA GGT TTT In 1/20
tional to the copy number of the corresponding TAC GGC TA T AGC TCA GGT TTT 1In 1/20
genes. O, Vy4-Jy1; @, Vy5-Jyl; B, Vy6-Jyl; g:g gg CA;GGG AT AGC TCA §§$ % (ig) i;gg
A VyT-Jyl. ¢ l{y—Jyl junctional sequences in TAC GG IaA A AT AGC TCA GGT TTT  Out 5/20
female reproductive organs (uterus and vagina) TAC GGC TAA T AGC TCA GGT TTT Out 4/20
- - i i - TAC GGC TAA AG c T AGC TCA GGT TTT Out 1/20
and tongug. g V8.1 D32 J§2 Junctional sequen TAC GGC CCGAT AT AGC TCA GGT TTT Out 1/20
ces are aligned with germline sequences of Vv TAC GG GAT AT AGC TCA GGT TTT Out 1/20
and Jy1*"** D82 and J82'° gene segments. V-J TAC GGC T GTAT AT AGC TCA GGT TTT Out 1/20
e : . CGAT AT AGC TCA GGT TTT Out 1/20
or V-D-J joining can be either compatible or Tho Goc TAA AG o hoe Ton Gor TIT  owe 1730
incompatible with the transiation of the J segment TAC GGC TA T AT AGC TCA GGT TTT Out 1/20
in a required frame. This is indicated for each
junctional sequence. The sequences indicated by d
asterisks are identical with the canonical sequence
; 7 V31 N D52 N Jd2 Frame Frequency
observed in the V/y6 subset of fetal thymocytes'. Germ line TCA GAT ATCGGAGGGATACGAG ¢ TCC TGG
The in-frame Vy4 clone indicated by parenthesis "
cannot encode a complete -y-chain, because of the Vagina & uterus TCA GAT ATCGGAGGGA G C TCC TGG In 6/6

termination codon (TAA, underlined) present in the

Vv4 gene segment. Also shown is the frequency of DNA clones obtained
for each junctional sequence.

METHODS. Cells were prepared from the lympoid organs, skin and intestines
as previously described*®. Cells from the other epithelia were prepared by
digestion with trypsin followed by centrifugation as described in the legend
to Fig. 1. These samples still contain large numbers of nonlymphoid
cells. High relative molecular mass DNA was extracted, digested with
EcoRl, and subjected to PCR. The PCR primers used were: V+v4,
5TGTCCTTGCAACCCCTACCC-3;  V«v5, 5-TGTGCACTGGTACCAACTGA-3';
V6, 5'-AGTGTTCAGAAGCCCGATGC-3; Vy7,5-AAGCTAGAGGGGTCCTCTGC-
35 and Jyl, 5'-CAGAGGGAATTACTATGAGC-3; V81, 5-GAATGGAAC-
TAATGCTCTGT-3"; and /82, 5'-CAACTTACGGGCTCCAC-3'. Test DNA (2 ug)
was made up to 100 ul in a reaction mixture (10 mM Tris-HCI buffer, pH 8.3,
50 mM KCI, 1.5mM MgCl,, 100 pmol both primers, 0.25 mM each dNTP,
0.01% gelatin, and 2.5 U Tag polymerase). Thirty PCR cycles were run with
1 min at 92°C, 2 min at 50 °C for y-chain genes, or at 45 °C for 8-chain
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genes, and 3 min at 72 °C per cycle. The PCR products were analysed by
the Southern-blot hybridization technique previously described®, A Jyl
oligonucieotide, 5'-TGAATTCCTTCTGCAAATACCTTG-3’, end-labelled with 32P
was used as a probe. Autoradiograms were generated using the FUJI BA100
Bio-image analyzer (FUJI Photo Film Co. Ltd.). To make the standardization
curves, the hybridoma DNAs were serially diluted with a DNA solution (2 ug
per 100 wl) derived from the PCC3 embryonal carcinoma cell ine?° lacking
any TCR y-gene rearrangement, and were subjected to PCR reaction and
Southern-blot hybridization. The intensities of autoradiographic bands were
quantitated using the Fuji Bioimage Analyzer, and were plotted on a log
scale. We estimated copy numbers of rearranged Vvy gene segments in a
given test sample from the standardization curves. The preference of a
particular Vy-Jy1 rearramgement was estimated from the ratio of copy
numbers of rearranged Vy-Jyl segments for each sample. The PCR prod-
ucts were purified, cloned and sequenced according to the procedure
described elsewhere”.
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one of these contained a premature termination codon in the 3’
end of the Vvy4 segment (Fig. 2¢). Vy6 rearrangements also
occur in many other tissues (Fig. 2a). But in all cases that have
been studied in detail, the junctional sequences are different
from the canonical sequence. For instance, 12 Vy6-Jv1 junc-
tions from lymph node cells (this study, data not shown) and
8 Vy6-Jv1 junctions from intestinal epithelial lymphocytes (ref.
5, Vvy4-Jvyl in the nomenclature used therein) were diverse,
and none was identical with the cononical sequence. Therefore,
homing to epithelia of vagina, uterus and tongue does not seem
to be a property of all cells expressing V6, but a property of
cells expressing the canonical Vy6- V381 sequences.

The study described here shows that in mice, many peripheral
8 T cells are localized in epithelia not only of the skin and the
intestine, but also of several other mucosae that face body
surfaces. These observations support the view that v& T cells
play a part in the surveillance of body surfaces that are exposed
to environmental hazards'*'*. It is of interest that the TCR
repertoires of vd T cells differ in various tissues. Most intri-
guingly, two epithelium-associated vy T-cell subsets have dis-
tinct and homogeneous subsets of TCR, one in the skin>® and,
as shown here, one in mucosal epithelia or organs such as vagina,
uterus and tongue. Both subsets seem to originate from positive
cellular selection in the fetal thymus’. The homing of these v
T-cells to epithelial sites could be mediated by TCR. But this
possibility is neither very attractive nor consistent with the
epithelial homing of ¥& T-cells with ‘wrong receptors’ observed
in transgenic mice'>. It is also unlikely that the localization of
a given yd T-cell subset results from its specific retention in
certain epithelia rather than by specific homing®’. It is more
likely that the two monospecific cell populations represent dis-
tinct ¥y T-cell sublineages differing not only in their TCR, but
also in homing receptors and possibly other properties. One or
both sublineages could be absent, or have different properties
in other species such as man, in which a close association of
v3 T-cells with epidermal and mucosal epithelial cells has not
been observed'® "%, Each of the monospecific subset of v8 T-cells
in mice must recognize a self-component that selects these cells
in the fetal thymus’ and regulates their function in the periphery;
here the subset would be expressed in response to a large variety
of pathogens or non-infectious agents, as previously specu-
lated"'®. Further study should shed light on the role of
these epithelia-associated 8 T-cell subsets in the immune
system. O
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GRANULE membrane protein-140 (GMP-140), a membrane gly-
coprotein of platelet'* and endothelial cell®® secretory granules,
is rapidly redistributed to the plasma membrane during cellular
activation and degranulation'?%’. Also known as PADGEM pro-
tein®, GMP-140 (ref. 9) is structurally related to two molecules
involved in leukocyte adhesion to vascular endothelium: ELAM-1,
a cytokine-inducible endothelial cell receptor for neutrophils'®,
and the MEL-14 lymphocyte homing receptor'''?. These three
proteins define a new gene family, termed selectins, each of which
contains an N-terminal lectin domain, followed by an epidermal
growth factor-like module, a variable number of repeating units
related to those in complement-binding proteins, a transmembrane
domain, and a short cytoplasmic tail. Here we demonstrate that
GMP-140 can mediate leukocyte adhesion, thus establishing a
functional similarity with the other selectins. Human neutrophils
and promyelocytic HL-60 cells bind specifically to COS cells
transfected with GMP-140 complementary DNA and to microtitre
wells coated with purified GMP-140. Cell binding does not require
active neutrophil metabolism but is dependent on extracellular
Ca®*. Within minutes after stimulation with phorbol esters or
histamine, human endothelial cells become adhesive for
neutrophils; this interaction is inhibited by antibodies to GMP-
140. Thus, GMP-140 expressed by activated endothelium might
promote rapid neutrophil targeting to sites of acute inflammation.

COS cells transfected with a cDNA encoding GMP-140 sup-
port adhesion (rosette formation) of isolated human neutrophils
and promyelocytic HL-60 cells: similar adhesion has been
observed with ELAM-1-transfected COS cells'’. Immuno-
peroxidase analysis indicates that the anti-GMP-140 monoclonal
antibodies G1, G2, S12 (refs 1, 5) and W40 (ref. 5) identify
GMP-140-transfected COS cells, but not COS cells transfected
with ELAM-1 or ICAM-1 ¢cDNAs. Figure 1 shows that antibody
G1 blocks adhesion of HL-60 cells to GMP-140-transfected COS
cells, but not to ELAM-1-transfected COS cells. Conversely,
anti-ELAM-1 antibody H18/7 (ref. 13) inhibits binding of HL-60
cells to COS cells expressing ELAM-1, but not to COS cells
expressing GMP-140; there is a comparable specific inhibition
of neutrophil adhesion. Leukocyte adhesion to GMP-140-trans-
fected COS cells is also inhibited by G2, but not by S12 or W40,
suggesting that these two antibodies recognize epitopes not
essential for leukocyte binding.

Figure 2 shows that human neutrophils and HL-60 cells bind
to microtitre wells coated with purified platelet GMP-140, but
not to wells coated with control proteins. This indicates that
GMP-140 is sufficient to promote leukocyte adhesion.
Neutrophil binding is blocked by preincubation of GMP-140-

§ To whom correspondence should be addressed.

757

© 1990 Nature Publishing Group



