~N ®

19.
20.

21.

22.

23.

2118

Nataro, K. Maher, P. Mackie, J. Kaper, ibid. 55, 2370
(1987); J. P. Nataro, |. Scaletsky, J. Kaper, M. Levine,
L. Trabulsi, ibid. 48, 378 (1985).

. M. M. Levine et al., J. Infect. Dis. 152, 550 {1985).
. M. 8. Donnenberg et al., J. Clin. Invest. 92, 1412

(1993).

. J. A Giron, A. S. Y. Ho, G. K. Schoolnik, Science

254, 710 (1991).

. |. Sohel et al., J. Bacteriol. 178, 2613 (1996), K. D.

Stone, H.-Z. Zhang, L. K. Carlson, M. S. Donnen-
berg, Mol. Microbiol. 20, 325 (1996).

. J. L. Puente, D. Bieber, S. W. Ramer, W. Murray,

G. K. Schoolnik, Mol. Microbiol. 20, 87 (1996).

. 8. W. Ramer, D. Bieber, G. K. Schoolnik, J. Bacte-

riol. 178, 6555 (1996).

. I. Sohel, J. L. Puente, W. J. Murray, J. Vuopio-

Varkila, G. K. Schoolnik, Mol. Microbiol. 7, 563
(1993); M. S. Donnenberg, J. A. Giron, J. P. Nataro,
J. B. Kaper, ibid. 6, 3427 (1992).

. T. Tobe, G. K. Schoolnik, I. Sohel, V. H. Bustamante,

J. L. Puente, ibid. 21, 963 (1996).

. O.G. Gomez-Duarte and J. B. Kaper, Infect. immun.

68, 1767 (1995).

. J. Vuopio-Varkila and G. K. Schoolnik, J. Exp. Med.

174, 1167 (1991).

. D. Bieber, S. W. Ramer, C.-Y. Wu, unpublished

results.

. R. Rothbaum, A. McAdams, R. Giannella, J. Partin,

Gastroenterology 83, 441 (1982); S. M. Hill, A. D.
Phillips, S. J. Walker, Gut 32, 154 (1991); C. J. Tay-
lor, A. Hart, R. M. Batt, C. McDougall, L. McLean, J.
Pediatr. Gastroenterol. Nutr. 5, 70 (1986); A. E.
Jerse, J. Yu, B.D. Tall, J. B. Kaper, Proc. Natl. Acad.
Sci. U.S.A. 87, 7839 (1990); A. E. Jerse, K. G. Gic-
quelais, J. B. Kaper, Infect. Immun. 59, 3869 (1991);
T. K. McDaniel, K. G. Jarvis, M. S. Donnenberg, J. B.
Kaper, Proc. Natl. Acad. Sci. US.A. 92, 1664
(1995); T. K. McDaniel and J. B. Kaper, Mol. Micro-
biol. 23, 399 (1997).

. S. Knutton, T. Baldwin, P. H. Wiliams, A. S. Mc-

Neish, Infect. Immun. 57, 1290 (1989).

B. Kenny et al., Celf 91, 511 (1997).

M. S. Donnenberg, J. B. Kaper, B. B. Finlay, Trends
Microbiol. 5, 109 (1997).

S. Hicks, G. Frankel, J. B. Kaper, G. Dougan, A. D.
Phillips, Infect. Immun. 57, 1570 (1998).

Mutations were introduced into the EAF plasmid by
homologous recombination after first introducing the
gene-specific changes into the respective fragments
subcloned into pBlueScript (Stratagene). We used a
limited polymerase chain reaction (PCR)-based muta-
tional strategy to reduce the chance of introducing sec-
ondary mutations; minimal regions of the PCR-amplified
products containing the desired changes were ligated
into existing subclones. The limited PCR regions could
easily be sequenced and shown to be free of extrane-
ous mutations. To generate the desired alteration on the
EAF plasmid in B171-8, we performed suicide vector—-
directed homologous double recombination as de-
scribed in (7, 17). We generated B171-8AAcm by re-
placing the pilinencoding bfoA gene with a chloram-
phenicol acetyltransferase gene; transcription of the re-
maining bfo operon genes was unaffected (77, 16).
B171-8T::Gm has sustained an insertional disruption of
bfpT (13). Wild-type phenotypes were restored by pro-
viding the mutants with a normal copy of the respective
gene in trans on a low-copy-number plasmid.

Healthy adult volunteers (18 to 48 years old) gave
written, informed consent for participation in this
study. All volunteers provided a medical history and
underwent physical examination and laboratory test-
ing. The study was performed in the General Clinical
Research Center (GCRC) at Stanford Hospital (Stan-
ford University, Palo Alto, CA). The challenge organ-
isms were resuscitated from frozen stocks of organ-
isms that were confirmed to be O111 antiserum re-
active, EAF plasmid positive, and eaeA hybridization
positive. Each mutant carried its characteristic mu-
tation as assessed by DNA seqguence, mRNA, and
protein immunoblot analysis. The cultures were
grown overnight in Luria broth, washed three times in
phosphate-buffered saline (0.85%), visually inspect-
ed for the absence of bacterial clumps, and adjusted
to the appropriate ODg,, for each inoculation. Vol-
unteers took nothing by mouth for 2 hours before

challenge. They ingested 150 ml of a 1.3% sodium
bicarbonate solution 1 minute before ingesting 30 ml
of the dose of challenge bacteria in phosphate-buff-
ered saline plus 1.3% sodium bicarbonate. All stool
samples were collected for 48 hours. The nursing
staff were unaware of the nature of the challenge
bacteria and scored the stool specimens as formed/
semiformed or liquid. The end point of this study was
development of diarrhea as indicated by the volume
and number of liquid stools produced in the first 48
hours. Forty-eight hours after ingesting the bacteria
the volunteers were treated with ciprofloxacin and
were released from the GCRC after their stools were
determined to be negative for E. col.

24. R. P. Anantha, K. D. Stone, M. S. Donnenberg, in-
fect. Immun. 66, 122 (1998).

25. C. B. Whitchurch, M. Hobbs, S. P. Livingston, V.
Krishnapillai, J. S. Mattick, Gene 101, 33 (1991); P.
Lauer, N. H. Albertson, M. Koomey, Mol. Microbiol.
8, 357 (1993).

26. Amino acid residues are abbreviated 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; X, Xaa; Y, Tyr.

27. D.C.Fry,S. A. Kuby, A. S. Mildvan, Proc. Natl. Acad.
Sci. U.S.A. 83,907 (1986); S. C. Hyde et al., Nature
346, 362 (1990).

28. In-frame deletion mutations of HfpD (B171-8AD) and
bfpF (B171-8AF) were constructed from convenient re-
striction sites within those genes. Site-directed muta-
tions in the nucleotide triphosphate binding regions of
BfpD (B171-8D™9) and BfpF (B171-8F™3) were gener-
ated by a madification of the Stratagene QuikChange
mutagenesis strategy. A pair of primers carrying the
intended nuclectide changes but otherwise comple-
mentary to the sequences encoding the Walker box A
region of either protein were used for amplification. To
minimize unintentional changes in the nucleotide se-
quence, we used the limited PCR-based strategy (22) to
replace the homologous wild-type fragment that had

been cloned into a modified version of suicide plas-
mid pGP704 (37). The appropriate loci of the EAF
plasmid were replaced by the intended mutations by
using the suicide vector-driven homologous recom-
bination strategy employed above. Complementa-
tion of the D and F mutations was accomplished by
providing a copy of the wild-type gene on a low-
copy-number plasmid, which restored the normal LA
and autoaggregation phenotypes.

29. R. H. Valdivia and S. Falkow, Mo!. Microbiol, 22, 367
(1996).

30. D. G. Davies et al., Science 280, 295 (1998); W. C.
Fugua, S. C. Winans, E. P. Greenberg, J. Bacteriol.
176, 269 (1994); S. Swift, J. P. Throup, P. Williams,
G. P. Salmond, G. S. Stewart, Trends Biochem. Sci.
21,214 (1996).

31. V. L. Miller and J. J. Mekalanos, J. Bacteriol. 170,
2575 (1988).

32. Scanning electron microscopy was performed at the
Microscope and Graphic Imaging Center, California
State University, Hayward (N. R. Smith, Director) and
at the SETI Institute, NASA Ames Research Center.
The studies of volunteers were performed in the Gen-
eral Clinical Research Center (GCRC) at Stanford Uni-
versity Medical Center. Supported by Health and Hu-
man Services grants 1R03-DK52038 and 1R01-
Al39521 from the National Institutes of Health and by
Health and Human Services grant M01-RR00070
from the General Clinical Research Program, National
Institutes of Health. We thank D. Kaiser, B. Stocker,
and B. W. Brown for helpful suggestions and critical
reading of the manuscript; R. Valdivia and S. Falkow
for providing the GFP plasmid; S. R. Kushner for pro-
viding pWKS plasmids; J. Giron for providing the BFP
antiserum; J. Engel for the suggestion to use GFP to
mark the individual bacteria; the nursing staff of the
GCRC and the volunteers for their participation in the
study; and N. Smith and K. Kato for their advice and
generous use of the SEMs.

27 February 1998; accepted 11 May 1998

Drosophila Synapse Formation: Regulation by
Transmembrane Protein with Leu-Rich Repeats,
CAPRICIOUS

Emiko Shishido, Masatoshi Takeichi, Akinao Nose*t

Upon reaching the target region, neuronal growth cones transiently search through
potential targets and form synaptic connections with only a subset of these. The ca-
pricious (caps) gene may regulate these processes in Drosophila. caps encodes a
transmembrane protein with leucine-rich repeats (LRRs). During the formation of neu-
romuscular synapses, caps is expressed in a small number of synaptic partners, in-
cluding muscle 12 and the motorneurons that innervate it. Loss-of-function and ectopic
expression of caps alter the target specificity of muscle 12 motorneurons, indicating a

role for caps in selective synapse formation.

The final step in formation of neural con-
nectivity involves the recognition of target
cells. Although earlier events of growth
cone guidance greatly restrict the target
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region, neurons still have to choose a spe-
cific synaptic partner from among several
potential targets (I). We studied synapse
formation in the neuromuscular system of
Drosophila melanogaster. In each abdominal
hemisegment of Drosophila larvae, ~40
motorneurons innervate 30 muscle fibers
in a specific manner (2). Once a motor
axon enters its target region during late
embryogenesis, its growth cone searches
over the surface of many muscles but with-
draws from most of these contacts, forming
stable synapses only with its own target or

SCIENCE ¢ VOL. 280 « 26 JUNE 1998 * www.sciencemag.org


mailto:nose@bio.phys.s.u-tokyo.ac.jp
http://www.sciencemag.org

targets (3-5). Here, we describe the caps -

gene that regulates the formation of some
of the selective synaptic connections in
this system.

We screened for enhancer trap lines
that express a reporter gene in specific
muscle fibers during the establishment of
motorneuron innervation (6). caps was
identified by analysis of one such line,
E2-3-27 (7). In E2-3-27 embryos, the re-
porter (caps-LacZ) is expressed in four dor-
sal (1, 2; 9, and 10) and six ventral (12, 14
to 17, and 28) muscles (Fig. 1A). In mus-
cle 12, caps-LacZ and caps RNA (see be-
low) are expressed in a single nucleus of
the syncytial muscle, near the contact site
of the motorneuronal growth cone (Fig. 1,
B, C, and F). caps-LacZ is also expressed in
central nervous system (CNS) motorneu-
rons aCC, RP2, RP5, and the most medial
U, all of which innervate caps-LacZ—posi-
tive muscles (Fig. 1, D and E) (8). caps-
LacZ is not expressed in motorneurons
that have been identified as innervating
caps-negative muscles (for example, RP1,
RP3, and RP4). Thus, the expression of
caps-LacZ is correlated with neuromuscu-
lar specificity (Fig. 1H).

We cloned the genomic DNA flanking

the P-element insertion site (Fig. 2A) and
identified a gene (caps) whose expression
pattern was identical to that of the report-
er gene (Fig. 1, F and G) (9). caps encodes
a transmembrane protein with 14 Leu-rich
repeats (LRRs) in its extracellular do-
main (Fig. 2, Band C). LRR, a ~24 amino
acid motif found in various proteins
from sources as diverse as yeast to human,
may mediate protein—protein interactions
(10). Among the proteins with LRRs,
CAPS protein was most closely related to
the product of the tartan gene from Dro-
sophila (11), with amino acid similarity
extending beyond the LRR region into the
cytoplasmic region. Proteins with LRRs
expressed on the cell surface may function
in cell adhesion of recognition (6, 12).
CAPS protein is expressed on the surface
of developing motor axons (Fig. 1I) (13).
In first-instar larvae, CAPS protein was
detected in the mature synaptic sites of all
caps-positive muscles (Fig. 1, ] to L) (14,
15).

To determine the function of caps in
vivo, we first generated caps loss-of-func-
tion mutant alleles, which lack the first
exon (Fig. 2ZA) and do not express CAPS
protein detectable by our antibody (16).
Most of the caps mutants die late in em-
bryogenesis or soon after hatching, al-
though a few survive to adulthood (17).
Although no gross developmental defects
were found in the CNS or musculature of
caps mutant embryos and larvae (18), the
target specificity of muscle 12 motorneu-
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rons was altered (19). In wild-type larvae,
muscle 12 is innervated by the terminal
branch of ISNb, including the RP5 axon,
which projects to the boundary between
muscles 12 and 13 and forms synaptic
endings exclusively on muscle 12 (Fig.
3A) (20). In contrast, in caps mutant lar-
vae, the terminal branch is often accom-
panied by additional varicosities on mus-
cle 13, a neighboring caps-negative muscle
(Fig. 3B) (21, 22). Thus, caps restricts
arborization of the nerve terminal to mus-
cle 12.

Ectopic overexpression of caps in all
embryonic muscles by G14-GAL4 driver
caused formation of more ectopic synapses
(23, 24). In ~70% of the hemisegments,
the ISNb terminal formed one or more

RH()RTS

additional collaterals that formed more ro-
bust synaptic endings on muscle 13 (Fig.
3C) (25, 26). The ectopic nerve endings
contained type III boutons, which are typ-
ical of muscle 12 but not muscle 13 neuro-
muscular synapses (Fig. 3, Dand E) (22, 27,
28). Since the ectopic synapses were
present in the first-instar larvae, caps may
function while the connections are being
formed (29). This possibility is further sup-
ported by the absence of such ectopic end-
ings when caps expression was induced after
completion of synaptogenesis by Mhc®2-
GAL4 (30).

We propose that caps mediates selective
synapse formation. The loss-of-function
phenotype may result from improper recog-
nition of the target muscle, whereas the

12 |H

Fig. 1. Expression of caps in motomeurons and muscles. (A to E) caps-LacZ expression. Stage 15
E2-3-27 embryos stained with an antibody to LacZ. (A) Expression in a single nucleus in muscle 12
(arrowheads) and in nuclei of other ventral muscles 14 to 17 and 28 (Cy3; red). Muscle morphology
visualized with fluorescein isothiocyanate (FITC)-phalloidin (green). (B) Double staining with antibodies to
LacZ (arrowhead; brown; horseradish peroxidase reaction) and to Fasciclin Il (arrow; purple; alkaline
phosphatase reaction), which visualizes the motor axons. (C) 4’,6’-diamidino-2-phenylindole staining to
visualize all nuclei (blue). (D and E) Expression in a subset of motomeurons in the CNS (arrowheads; Cy3;
red). Subset of CNS axons visualized with monoclonal antibody (mAb) 22C10 (FITC; green) (18). (F and
G) caps RNA expression in a single nucleus in muscle 12 [(F), arrowhead] and in motorneurons aCC and
RP2 [(G), arowheads]. (H) Hemisegment structure. caps-positive muscles (yellow), caps-positive mo-
tomeurons in the intersegmental nerve (ISN; green) and in intersegmental nerve b (ISNb; blue) are
shown. Still to be determined is whether motomeurons that innervate other caps-positive muscles (9, 14
to 17, 28) also express caps. (1 to L) CAPS protein localization. () CNS of a stage 15 embryo. (Jto L) A
first-instar larva. The same preparation is visualized with Nomarsky optics (J), or with antibodies to CAPS
[(K) Cy3; red] or to Fasciclin Il [(L) FITC; green). Fasciclin Il is expressed on all neuromuscular synapses
(4). CAPS is detected at the synapses on muscle 12 (arrowheads) but not on muscle 13 (arrows). Bar:
30 pum in (A), (D), and (B); 20 pmiin (B}, (C), (F), (G), and () to (L).
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Fig. 2. (A) Configuration of the caps gene in E2-3-27 enhancer trap line
and in two caps alleles. The horizontal bar at the bottom of (A) indicates
restriction mapping of the region. E, Eco RI; H, Hind lll; K, Kpn |; P, Pst |;
Sc, Sac [; S|, Sal I; V, Eco RV; Xb, Xba I; and Xh, Xho I. (B) The deduced
amino acid sequence of CAPS protein. The signal peptide is underlined,
and the transmembrane domain is double underlined. Arrowheads indicate
conserved Cys residues in the NH,-terminal and COOH-terminal flanking

[ 4

£ C

-
N
e

D 13

Fig. 3. The effects of loss-of-function and ec-
topic expression of caps. Body-wall fillet prepa-
rations of third-instar larvae were stained with
mAb 1D4 to visualize all motor endings (A to C)
and with antiserum GC1 (39) to visualize only
type Ill endings (D and E). (A) Wild-type pattern
of innervation of muscles 12 and 13. (B) In a
caps mutant larva [caps®5-2/Df(3L)Ly], the mus-
cle 12 nerve terminal sends a collateral back to
form a few type Ib boutons on muscle 13 (arrow,

enlarged in the inset). (C) In a G14-GAL4/+; UAS-caps-Ib/+ individual, the muscle
projects toward and forms several type Ib boutons on muscle 13 (arrows). (D) Wild t
exclusively type Ill motorneuron innervation of muscle 12. (E) Ina G14-GAL4/+,

the type Ill motorneuron turns back and innervates muscle 13. Bar: 200 um
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regions of LRRs. Single-letter codes for amino acids are: 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. (C)
Diagram showing the domain structure of Tartan -(77), CAPS, and
Connectin (6). Hatched rectangles indicate LRR, and dotted boxes
denote NH,-terminal and COOH-terminal flanking regions. Conserved re-
gions in the cytoplasmic domain of Tartan and CAPS are shaded with
horizontal lines. SP, signal peptide; TM, transmembrane domain; GPI,
GPl-anchor.. The bar at the bottom of (C) shows the length of 100 amino

acids.
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extra synapses on muscle 13 could reflect
retention of inappropriate synaptic con-
tacts. In contrast, the gain-of-function phe-
notype could indicate that the nerve termi-
nal is attracted to muscle 13 and other
muscles by ectopic caps (31). In both cases,
however, muscle 12 motorneurons reach
their target region normally (32) and ex-
tend along muscle 12 before making ectopic
synapses on muscle 13 (33). Thus, caps may
stabilize specific motorneuronal contacts
during a late phase of target selection.

The expression of caps on both sides of
the synaptic partners suggests that caps
functions homophilically, as has been pro-
posed for the candidate target recognition
molecules, Connectin and Fasciclin III (6,
34, 35). However, expression of caps in S2
cells did not promote cell aggregation (36,
37). Thus, caps may mediate synaptic target
recognition through cell-cell signaling rath-
er than adhesion.

Other molecules implicated in Drosoph-
ila neuromuscular target recognition (35,
38) include another LRR protein, Connec-
tin, which is expressed both pre- and
postsynaptically on a different subset of mo-
torneurons and muscles (6, 34). Thus, neu-
romuscular connections may be specified in
part by a combination of this group of genes
in Drosophila.
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nerve branch extended further, to either muscle 5, 6, 8,
or 30. However, these aberrations were observed in
only 2% of the hemisegments of control larvae (UAS-
caps-Ib/+, n = 53). No obvious neuromuscular defects
were seen in other regions of the body wall.

Ectopic endings made by type Ib motorneurons in
caps®s-2/DA3L)Ly larvae contained 3.9 + 1.3 (n =
12) boutons, whereas those in G14-GAL4/+; UAS-
caps-Ib/+ contained 15.7 = 1.7 (n = 14) boutons.
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In G14-GAL4/+; UAS-caps-Ib/+ larvae, 31% (n =
91) of muscle 13 contained ectopic type lll endings.
Type lll boutons were observed only in muscles 12

“and 13, excluding the possibility that caps induces

type Il morphology. Ectopic synapses with type Ib
and type Il are found in ~40% and 20% of muscle
13, respectively. More than one type of bouton is
found in some cases.

Ectopic endings on muscle 13 were observed in 5 of
11 segments in G714-GAL4/+; UAS-caps-Ib/+ first-
instar larvae.

Mhc82-GAL4 drives expression from first-instar larval
stage [G. W. Davis, C. M. Schuster, C. S. Goodman,
Neuron 19, 561 (1997); G. W. Davis, C. S. Good-
man, Nature 392, 82 (1998)).

This was further supported by the observation that
overexpression of caps in muscle 13 but notin 12 by

32,

33.

34,

35.

36.

37.
38.

39.

40.

H94-GAL4 (30) can induce the formation of the ec-
topic synapses by muscle 12 motorneurons (E.
Shishido et al., data not shown).

ftz-tau-lacZ transgene (18) was used to specifically
visualize muscle 12 motorneurons in the embryos.
This contrasts with the phenotype caused by ectopic
expression of fasciclin Il on muscle 13, where many
muscle 12 motor axons establish their synapses on
muscle 13 before reaching muscle 12 (30). Even
when caps overexpression has been induced in
muscle 13 but not in 12 by H94-GAL4 (31), most
muscle 12 motorneurons initially contact muscle 12.
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muscle adhesion when caps is overexpressed (24).
Expression of caps in S2 cells was conducted as
described (6).
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Abolition of Long-Term Stability of New
Hippocampal Place Cell Maps by NMDA
Receptor Blockade

Clifford Kentros,* Eric Hargreaves, Robert D. Hawkins,
Eric R. Kandel, Matthew Shapiro, Robert V. Muller¥

Hippocampal pyramidal cells are called place cells because each cell tends to fire only
when the animal is in a particular part of the environment—the cell’s firing field. Acute
pharmacological blockade of N-methyl-D-aspartate (NMDA) glutamate receptors was
used to investigate how NMDA-based synaptic plasticity participates in the formation and
maintenance of the firing fields. The results suggest that the formation and short-term
stability of firing fields in a new environment involve plasticity that is independent of NMDA
receptor activation. By contrast, the long-term stabilization of newly established firing
fields required normal NMDA receptor function and, therefore, may be related to other
NMDA-dependent processes such as long-term potentiation and spatial learning.

The ability of rodents to learn and remem-
ber features of a new environment is
thought to require the formation in the
animal’s brain of a cognitive map—a neural
representation of space. In 1971, O’Keefe
and Dostrovsky (I) proposed that a rat’s
position in space is encoded by the coordi-
nated activity of individual hippocampal
pyramidal cells [place cells, recently re-
viewed by (2)]. Such encoding is possible
because each place cell tends to fire only

when the rat (or mouse) is in a cell-specific
part of the current environment, the cell’s
“firing field.” The conjoint activity of place
cells is therefore thought to be the basis of
a map of the environment that the animal
uses for solving spatial problems. In this
sense, the cognitive map serves as a cellular
substrate for spatial memory (3). Place cells
have two other properties that make them
attractive as elements of a spatial memory
system. The first is environmental stabili-
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