the functionally determined topological
map (19). We also conclude that the func-
tional operation of the cerebral cortex de-
pends on the pattern of thalamocortical
connectivity. Segregation of TCAs in sen-
sory cortex promotes independence of pro-
cessing inputs that characterize neighbor-
ing, but nonadjacent, groups of sensory re-
ceptors such as whisker follicles. Overlap of
TCAs in barrelless mice generates receptive
fields of cortical neurons that are more ap-
propriate to a continuous and less discrim-
inate representation of the tactile periph-
ery. This overlap excludes the possibility
that single-whisker information can be pro-
cessed separately within a discrete group of
cortical neurons before further intracortical
relay. Most theories on sensory discrimina-
tion and map modification by sensory ex-
perience depend on precise spatiotemporal
ordering of sensory inputs (20). The defec-
tive temporal differentiation and impaired
spatial separation of sensory inputs uncov-
ered here within the somatosensory cortex
of barrelless mice provide a model for test-
ing such hypotheses,
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A Neural Tetraspanin, Encoded by late bloomer,
That Facilitates Synapse Formation

Casey C. Kopczynski, Graeme W. Davis, Corey S. Goodman*

Upon contacting its postsynaptic target, a neuronal growth cone transforms into a pre-
synaptic terminal. A membrane component on the growth cone that facilitates synapse
formation was identified by means of a complementary DNA-based screen followed by
genetic analysis. The late bloomer (Ibl) gene in Drosophila encodes a member of the
tetraspanin family of cell surface proteins. LBL protein is transiently expressed on motor
axons, growth cones, and terminal arbors. In /bl mutant embryos, the growth cone of the
RP3 motoneuron contacts its target muscles, but synapse formation is delayed and
neighboring motoneurons display an increase in ectopic sprouting.

As neuronal growth cones encounter a
variety of guidance cues, they steer toward
attractive signals and away from repulsive
ones (1). Ultimately, they reach their tar-
gets, shut down their motility machinery,
retract their filopodia, and transform into
presynaptic terminals. In Drosophila, genetic
analysis can be used to dissect the molecular
machinery of synapse formation at the em-
bryonic neuromuscular junction (2). In
each abdominal hemisegment, some 40 mo-
toneurons make specific synaptic connec-
tions with 30 identified muscle fibers. For
example, the RP3 motoneuron forms syn-
apses on muscles 7 and 6 (3).

We designed a complementary DNA
(cDNA )—based reverse genetic approach to
identify molecules involved in growth cone
guidance, target recognition, and synapse
formation (4). In an effort to bias our search
toward molecules involved in cell-cell in-
teractions, we purified mRNA from rough
endoplasmic reticulum—bound polysomes
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and used it to prepare a cDNA library that
was enriched and then normalized for
clones encoding membrane and secreted
proteins. We initially screened 850 clones
by large-scale whole mount in situ hybrid-
ization to identify clones that hybridize to
subsets of neurons or their targets during
development. Here, we describe the Ibl gene
that functions to facilitate the establish-
ment of neuromuscular synapses.

An bl cDNA, p3B6, was identified as a
clone that hybridizes to a specific subset of
neurons in the embryonic central nervous
system (CNS). All motoneurons that can
be uniquely identified express Ibl, including
aCC, RP1 through RP5, the three U’s, and
the VUMs; for example, aCC (a motoneu-
ron) expresses lbl, whereas its sibling, pCC
(an interneuron), does not (Fig. 1A). A
lateral cluster of neurons that is coincident
with the major cluster of other motoneu-
rons also expresses [bl (Fig. 1B), which fur-
ther suggests that [bl is expressed specifically
by motoneurons (5). Some peripheral sen-
sory neurons also express lbl, but transiently
and in much smaller amounts (6).

The nearly exclusive restriction of bl
expression by motoneurons was confirmed
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with the use of an antiserum raised against
an LBL fusion protein (7). All of the CNS
axons that express LBL protein exit the
CNS in one of the two major peripheral
motor nerves (5) (Fig. 1C). In the body
wall, all motor nerve branches stained with
the antiserum (Fig. 1D), which indicates
that most, if not all, motor axons express
LBL. The protein is distributed along the
entire length of the motor axons, including
their growth cones and presynaptic termi-
nals (Fig. 1D). Motor axons stained in the
absence of detergent, indicating that LBL is
a cell surface protein. The expression of
LBL on motor axons is transient; in third-
instar larvae, no expression was detected.
An bl cDNA clone was sequenced (8),
revealing an open reading frame of 208
amino acids (Fig. 2A). A database search
(9) for proteins that share sequence similar-
ity with the deduced LBL sequence revealed
eight proteins with highly significant simi-
larity scores (Fig. 2A); all of these proteins
are members of the tetraspanin family (10),
which currently includes ~15 vertebrate

&7

Fig. 1. In the developing CNS, /b/ mRNA and LBl

proteins and one invertebrate protein. Like
LBL, all tetraspanins are relatively small
proteins (<350 amino acids) with four pu-
tative transmembrane domains (Fig. 2B)
(11).

To determine the function of Ibl, we
identified two P-elements [P(w+)S64 and
P(w+)Y13] that are inserted in the 5’ un-
translated region of the Ibl gene and that
disrupt its expression (12). The P(w+)YI3
insertion eliminates all expression of Ibl
transcript in embryos; [bl¥!? homozygous
mutant flies are viable and fertile. To iden-
tify potential defects in motor axons and
synapses, we stained [bl¥'? mutant embryos
with the monoclonal antibody (mAb) 1D4
(13). In Ibl mutant embryos, motor axons
follow their appropriate pathways and reach
their correct muscle target region by stage
early 16 (14), as in control embryos. How-
ever, although they reach their targets, bl
growth cones do not transform into presyn-
aptic terminals in the normal fashion. For
example, in control embryos, the RP3 mo-
tor axon forms synapses in the cleft between

L protein are expressed by motoneurons. (A and B)

Ventral nerve cord of a stage 14 embryo hybridized with the Ib/ p386 cDNA probe (blue); axons (brown)
were immunostained with BP102 mAb. In (A), the dorsal focal plane is shown; Ibl expression is detected
in the RP motoneurons (arrow points to RP1, RP4, and RP3) and in aCC (arrowhead), but not in aCC’s
sibling, the interneuron pCC. In (B), a more ventral focal plane, /bl is expressed in discrete lateral clusters
of neurons (arrow) that are coincident with the locations of major clusters of motoneurons. (C and D)
Stage 16 embryo stained with an LBL-specific antiserum. In (C), LBL protein is expressed on motoneuron
axons exiting the CNS in the intersegmental (ISN) and segmental (SN) nerves. RP axons (white arrow) exit
in ISN; the black arrow points to a lateral cluster of motoneuron cell bodies. In (D), a ventral region of the
body wall, the focus is on ventral longitudinal muscles 7 and 6. The LBL protein is expressed on all motor
nerves (ISN, SNa, SNb, and SNd). The arrow marks the RP3 terminal arbor in the cleft between muscles
7 and 6.
1868 SCIENCE

VOL. 271 + 29 MARCH 1996

muscles 7 and 6 by stage late 16 (Fig. 3A).
In contrast, in Ibl mutant embryos, the RP3
terminal arbor is often absent at stages late
16 (Fig. 3B) and early 17 (Fig. 3C) (15). A
second phenotype observed is the presence
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Fig. 2. The /bl gene encodes a member of the
tetraspanin family of transmembrane proteins. (A)
The deduced LBL amino acid sequence (Gen-
Bank accession number U49081). Amino acids in
reverse type are identical with at least three of
eight other tetraspanins including CD37, CD53,
CD63, CD82, A15, CO-029, IM23, and PETA-3
(26). Abbreviations for the amino acid residues are
as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe;
G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn;
P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W,
Trp; and Y, Tyr. (B) Predicted membrane orienta-
tion of LBL on the basis of homology with other
tetraspanins and staining of embryos with an LBL
antiserum raised against the large extracellular
“loop” (7). The shaded area represents the cell
membrane. Amino acid residues conserved be-
tween LBL and four or five (@), six or seven (@), or
all eight (eee) family members listed in (A) are
indicated. Conserved cysteines are marked C as
reference points. Asterisks denote locations
where one or more of the other eight tetraspanins
varies significantly in length; numbers of amino
acids (a.a.) show the largest insertions.
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of ectopic axonal arborizations onto mus-
cles 7 and 6 from the transverse nerve (TN)
(Fig. 3, B and C) (15). Because LBL is not
expressed on TN axons, the ectopic pro-
cesses that extend from the TN onto mus-

sequence of the lack of RP3 innervation
(16). In both first- and third-instar larvae,
muscles 7 and 6 in all Ibl mutant segments
have apparently normal RP3 synaptic ar-
bors (Fig. 3D) (17). Moreover, all ectopic

cles 7 and 6 appear to be a secondary con- TN arborizations have been retracted.

Fig. 3. The RP3 synaptic terminal arbor on muscles 7 and 6 is absent or abnormal in b/ mutant embryos.
Embryos (A to C) and larvae (D) were stained with 1D4 mAb (4) to visualize motor axons and TN axons.
A2, A4, and A5 refer to abdominal hemisegments 2, 4, and 5. In (A), three hemisegments of a wild-type
(w'778) control embryo at stage late 16 are shown. The RP3 terminal arbor is established in the cleft
between muscles 7 and 6 (arrows). TN axons grow along a dlial-like cell process extending from the nerve
cord and typically do not branch onto muscles 7 or 6. In (B), an Ib/*’3 mutant embryo at stage late 16 is
shown; the RP3 terminal arbor is absent from the cleft between muscles 7 and 6 in all three segments,
even though the SNb motor axons including RP3 are just adjacent to these muscles (asterisks). Instead,
TN axons (arrowheads) ectopically arborize onto muscles 7 and 6 and sometimes enter the cleft between
muscles 7 and 6. In (C), an /b/*’¢ mutant embryo at stage early 17 is shown; the four hemisegments are
(from left to right) A4 to A7. The RP3 terminal arbor is absent from A5 and A6, and TN axons (arrowheads)
have instead ectopically extended into the cleft between muscles 7 and 6 in these segments. A4 has a
phenotypically “‘wild-type” RP3 terminal arbor (arrow); A7 has an RP3 terminal arbor in the cleft that is
smaller than in the wild type (arrow). In (D), muscles 7 and 6 from segment A2 of a /b/*’3 mutant third-
instar larva are shown. A phenotypically wild-type RP3 synapse is seen in all segments at this stage.

Fig. 4. The RP3 growth cone reaches its target region in /bl mutant embryos. Photomicrographs of a
stage late 16 filleted embryo are shown in which the cell body of the RP3 motoneuron was penetrated
with a microelectrode and filled with Lucifer Yellow (LY), then processed by horseradish peroxidase
immunocytochemistry with an antibody to LY. (A) and (B) are two different focal planes of the same
preparation. The focal plane in (A) is on the cleft between muscles 7 and 6 (arrow), where the RP3 growth
cone would have transformed into a synaptic terminal arbor in wild-type embryos. The focal plane in (B)
is external to muscles 7 and 6 and just internal to muscles 14 and 30. This is the region where the RP3
growth cone (arrow) is often located in Ib/ mutant embryos at this stage.
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Thus, the ability of RP3 to establish a syn-
apse on muscles 7 and 6 is impaired in bl
mutant embryos, but by the end of embry-
ogenesis, synapses do form.

To further confirm that the primary de-
fect in bl mutant embryos is in synapse
formation and not pathfinding, we used
intracellular injection of Lucifer Yellow
into the RP3 cell body to examine the
location of the RP3 growth cone (18). In all
stage mid- to late 16 bl mutant RP3 dye fills
(n = 13), the RP3 growth cone followed its
normal pathway and was adjacent to mus-
cles 7 and 6 (Fig. 4). RP3 had not formed its
terminal arbor on muscles 7 and 6 in any of
these stage 16 dye fills, but rather remained
a growth cone contacting these and neigh-
boring muscles. Thus, the primary defect
associated with loss-of-function mutations
in the Ibl gene appears to be the impaired
ability of an identified motoneuron growth
cone (RP3) to respond to its muscle targets
(muscles 7 and 6) and to transform into a
presynaptic terminal arbor. LBL does not
appear to function in pathfinding or in the
recognition of the correct target region.
Rather, LBL is expressed nearly exclusively
on motoneurons and appears to function as
a key component that facilitates the forma-
tion of neuromuscular connections.

Clues to LBL function during synapse
formation are provided by other tetraspan-
ins. Several tetraspanins are components of
receptor complexes in the immune system
(19), and some deliver costimulatory signals
for cell activation (20) or promote an in-
crease in intracellular Ca?* (21, 22). Tet-
raspanins can increase adhesion and de-
crease motility (23). Two tetraspanins func-
tion as suppressors of metastasis (24). One
tetraspanin (CD9) is dynamically expressed
on both neurons and glia in the developing
and mature mammalian nervous system
(22, 25).

By analogy with the functions of other
tetraspanins, we suggest that LBL may
function as part of a receptor complex on
motoneuron growth cones during synapse
formation. LBL function would increase
signal transduction (possibly by increasing
intracellular Ca?*) through this putative
presynaptic target recognition complex
and would promote both an increase in
adhesion and a decrease in motility, thus
facilitating the growth cone’s transforma-
tion into a presynaptic terminal. Presum-
ably, other components of the hypotheti-
cal presynaptic recognition complex can
still function in the absence of LBL, albeit
in a less robust fashion, because the syn-
apse ultimately does form in lbl mutant
embryos. The function of LBL in promot-
ing motoneuron synapse formation, and its
nearly exclusive expression by motoneu-
rons, lead us to predict that other tet-
raspanins may function during the forma-
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tion of synapses elsewhere in the nervous
system of Drosophila and probably in mam-
mals as well.
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Replay of Neuronal Firing Sequences in
Rat Hippocampus During Sleep Following
Spatial Experience

William E. Skaggs and Bruce L. McNaughton

The correlated activity of rat hippocampal pyramidal cells during sleep reflects the activity
of those cells during earlier spatial exploration. Now the patterns of activity during sleep
have also been found to reflect the order in which the cells fired during spatial exploration.
This relation was reliably stronger for sleep after the behavioral session than before it; thus,
the activity during sleep reflects changes produced by experience. This memory for
temporal order of neuronal firing could be produced by an interaction between the
temporal integration properties of long-term potentiation and the phase shifting of spike
activity with respect to the hippocampal theta rhythm.

Several lines of circumstantial evidence
point to a role for the hippocampus in
memory, including numerous reports of am-
nesia or learning deficits after hippocampal
damage (1) and of the presence in several
parts of the hippocampus of a robust and
long-lasting form of Hebbian synaptic mod-
ification known as long-term potentiation
(2). Much of the data can be accounted for
by a theory postulating that the hippocam-
pus is the heart of a system capable of
storing memory traces on the basis of a
single, brief experience, after which these
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traces are ‘“consolidated” gradually into
more permanent storage in the neocortex
(3-5). A memory system of this sort would,
however, be seriously lacking if it were in-
capable of encoding information about the
order in which events occurred.

Recent studies indicate that hippocam-
pal unit activity during sleep reflects the
activity patterns that occurred during the
experience that preceded the sleep interval.
Pyramidal cells in the CA3 and CAl re-
gions of the rat hippocampus have long
been known to fire in a spatially specific
manner in a variety of behavioral para-
digms, with each cell firing when the rat is
in a particular area of the environment (6):
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