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Leonardo, a Drosophila 14-3-3 Protein Involved
in Learning, Regulates Presynaptic Function

Kendal Broadie,* Emma Rushton,* will be an essential step in elucidating the role of these
molecules in the physiology of the synapse.Efthimios M. C. Skoulakis,† and Ronald L. Davis†

Recently, we identified a novel Drosophila learning*Department of Biology
mutant, leonardo, in a gene that encodes a conservedUniversity of Utah
member of the 14-3-3 protein family (Skoulakis andSalt Lake City, Utah 84112
Davis, 1996). Viable leonardo mutants show decreased†Department of Cell Biology and Neurology
learning performance correlated to the level of ex-Baylor College of Medicine
pressed protein; the strongest mutants show a 30%Houston, Texas 77030
decrement in associative learning (Skoulakis and Davis,
1996). Null leonardo mutants die as mature embryos,
indicating that the protein also plays an essential func-

Summary tion. Leonardo protein is highly expressed in the central
nervous system and preferentially enriched in the mush-

The leonardo gene encodes a conserved member of room bodies of the adult brain, centers for olfactory
the 14-3-3 protein family, which plays a role in Dro- memory (Skoulakis and Davis, 1996). These studies sug-
sophila learning. Immunological localization of the gest that the Leonardo protein plays an essential role
protein shows that it is expressed at synaptic connec- in neuronal function underlying associative learning.
tions and enriched in presynaptic boutons of the neu- The leonardo gene encodes the Drosophila homolog
romuscular junction (NMJ). Null leonardo mutants die of the z isoform of the 14-3-3 protein family (Skoulakis
as mature embryos. Electrophysiological assays of the and Davis, 1996). The 14-3-3 proteins are small, acidic,
mutant NMJ demonstrate that basal synaptic trans- cytosolic proteins of z30 kDa whose crystal structure
mission is reduced by 30% and that transmission am- predicts dimer formation (Marais and Marshall, 1995;
plitude, fidelity, and fatigue resistance properties are Jones et al., 1995; Xiao et al., 1995); each subunit con-
reduced at elevated stimulation frequencies and in low sists of nine antiparallel helices, which combine to form
external [Ca21]. Moreover, transmission augmentation an open, negatively charged channel. Members of the
and post-tetanic potentiation (PTP) are disrupted in 14-3-3 family are highly conserved in a broad range of
the mutant. These results suggest that Leonardo plays eukaryotic organisms (Aitken, 1995). In vertebrates, the
a role in the regulation of synaptic vesicle dynamics, family consists of seven closely related proteins (typical
a function which may underlie synaptic modulation isoforms, 75%–92% sequence identity) and two dis-
properties enabling learning. tantly related proteins (atypical isoforms). Leonardo

shows 88% amino acid identity to the mammalian 14-
3-3z isoform, a typical family member. Surprisingly, the

Introduction multiple 14-3-3 isoforms characteristic of vertebrates
seem to be absent in Drosophila, and Leonardo appears

One fruitful approach to identifying proteins participat- to be theonly typical 14-3-3 protein in Drosophila (Skou-
ing in synaptic function and plasticity has been the char- lakis and Davis, 1996).
acterization of Drosophila mutants defective in olfactory 14-3-3 proteins have been implicated in a wide range
learning and memory (Davis, 1996). The best character- of intracellular signaling mechanisms in many cell types
ized class of learning mutants are involved in cAMP- (Aitken, 1995). First, 14-3-3 proteins act as regulators
dependent signaling, including dunce, which encodes of protein kinase C (PKC), and have been suggested to
a cAMP-dependent phosphodiesterase (Byers et al., act as both inhibitors and activators of kinase activity
1981); rutabaga, which encodes adenylyl cyclase (Levin (Aitken et al., 1995; Xiao et al., 1995). Second, 14-3-3
et al., 1992); DCO, which encodes a catalytic subunit of proteins activate tyrosine hydroxylase (TH) and trypto-
cAMP-dependent protein kinase (Drain et al., 1991); and phan hydroxylase (TPH), the rate-limiting enzymes in
dCREB, which encodes a cAMP-dependent transcrip- catecholamine and serotonin biosynthesis, respectively,
tion factor (Yin et al., 1994). Many of these same proteins possibly through the regulation of calmodulin kinase II
were subsequently implicated in synaptic function and (CamKII) and/or related protein kinases (Ichimura et al.,
plasticity at the Drosophila neuromuscular junction 1995; Xiao et al., 1995). Third, 14-3-3 proteins interact
(NMJ; Zhong and Wu, 1991; Zhong et al., 1992; Davis, directly with proteins of several signal transduction cas-
1996). This combination of behavioral studies of learning cades, including CDC25 phosphatase during cell cycle
and functional studies of the NMJ has given strong sup- control and the protein kinase RAF-1 in the mitogen-
port to the idea that the cAMP cascade plays a central activated protein kinase (MAPK) pathway (Fantl et al.,
role in learning through participation in synaptic plastic- 1994; Freed et al., 1994; Irie et al., 1994; Li et al., 1995).
ity mechanisms (Davis, 1996). However, it is known that The name “Leonardo” for the Drosophila 14-3-3 homo-
many diverse regulative mechanisms control the ex- log was selected to reflect the multitude of molecular
pression of synaptic plasticity. Indeed, several addi- functions attributed to these proteins.
tional classes of Drosophila learning mutants have been The 14-3-3 protein family is present at high concentra-
identified, which may encode proteins with important tions in the vertebrate brain and, as elsewhere, these
synaptic roles (Davis, 1996). Characterization of mutants proteins are thought to be involved in various cellular

functions, including kinase regulation and exocytosisthrough functional and anatomical assays at the NMJ
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(Martin et al., 1994; Patel et al., 1994; Gelperin et al., We assayed Leonardo protein expression in the ner-
vous system, with an emphasis on the NMJ, using two1995). In the brain, 14-3-3 proteins are found enriched in

synaptic connections, where they exist in both cytosolic polyclonal antisera. Both antisera are highly specific for
Leonardo protein, recognize only a single spot on two-and synapticvesicle bound fractions (Martin etal., 1994).

Biochemical studies suggest that 14-3-3 proteins may dimensional Western blots, and do not recognize an
antigen in null leonardo mutant embryos (see below).bind Ca21 (Zupan et al., 1992) and phospholipids (Roth

et al., 1994). In neurosecretory cells, 14-3-3 proteins Leonardo protein is first reliably detected in the nervous
system at 16–18hr AF in neuronalcell bodies, axons,andregulate secretory vesicle dynamics throughmodulation

of the cortical actin cytoskeleton (Roth and Burgoyne, synapses, including the NMJ (Figure 1B). The protein is
progressively partitioned to the NMJ and lost from the1995). Thus, 14-3-3 proteins appear to occupy a key

interface between secretory vesicles, the cytoskeleton, motor axons during the next few hours (16–20 hr AF).
By 20 hr AF, Leonardo protein is tightly localized toand regulatory kinase cascades. These observations

have raised the possibility that 14-3-3 proteins regulate synaptic boutons and barely detectable in axons (Fig-
ure 1B). This progression of synaptic protein localizationvesicle dynamics during synaptic transmission in the

nervous system. is similar to that seen for other synaptic proteins, such
as the synaptic vesicle (SV) proteins, SynaptobrevinIn this study, we have used a genetic approach to

study possible 14-3-3 protein function at the synapse. (Sweeney et al., 1995) and Synaptotagmin (Littleton et
al., 1993), and theSV-associated Cysteine String ProteinWe have examined the expression of the Leonardo pro-

tein at the NMJ and assayed the functional conse- (CSP; Broadie, 1996). However, Leonardo expression in
the synapse is delayed relative to these other proteins;quences of null leonardo mutations on synaptic trans-

mission. We report here that Leonardo is strongly and the SV proteins are first detected in the NMJ about 3 hr
earlier, concurrent with the onset of synaptic transmis-specifically expressed in the presynaptic boutons of the

NMJ. In mutants, thebasic processes of synaptogenesis sion. Leonardo accumulates following the initial phase
of synaptogenesis (16–18 hr AF), concurrent with theand excitation-secretion coupling are not perturbed, but

properties of synaptic modulation such as transmission development of synaptic modulation properties (Broa-
die, 1994).augmentation, high frequency transmission fidelity, and

post-tetanic potentiation (PTP) are strongly impaired. In mature larvae, Leonardo protein is highly enriched
in NMJ synaptic boutons and at low levels in all sur-We propose that Leonardo may function in the activity-

dependent regulation of synaptic vesicle dynamics to rounding tissues, including the motor axons and muscle
(Figure 1C). The protein is expressed in all detectablecontrol the pool of releasable transmitter vesicles at

presynaptic fusion sites, a role that may explain its func- morphological classes of NMJs, including both type I
and type II (Johansen et al., 1989; Figure 1C). Double-tion in learning.
labeling with antisera against presynaptic proteins, such
as CSP (Zinsmaier et al., 1994), showed that Leonardo isResults
expressed presynaptically and colocalizes with synaptic
vesicles in the presynaptic boutons (Figure 1D). TheLeonardo Is Expressed in Presynaptic Boutons

The Drosophila NMJ matures over a period of just 8 protein is present at lower levels in axonal processes
removed from the presynaptic boutons. Double-labelinghr at 258C during embryonic development, from initial

contact between the motor neuron and its target muscle experiments with antisera against postsynaptic pro-
teins, such as the PS integrins (Broadie et al., unpub-(13 hr after fertilization [AF]) to a mature synaptic arbor

(21 hr AF, hatching; Broadie and Bate, 1993a; Broadie, lished data), show that Leonardo protein is enriched in
presynaptic boutons surrounded by a halo of postsyn-1994). During this process, both morphological and

physiological synaptic properties are synchronously re- aptic integrin protein, localized in the subsynaptic reticu-
lum (SSR; Figure 1E). The fluorescent signal suggestsfined. Morphologically, the growth cone terminates its

growth to the target muscle (12–13 hr AF), establishes that low levels of the Leonardo protein may also be
present in the postsynaptic muscle.the synaptic domain on the muscle (13–14 hr AF), and

differentiates specialized presynaptic varicosities (15–
20 hr AF), synaptic boutons, as the sites of neurotrans-

Null leonardo Mutants Are Embryonic Lethalmitter release (Broadie and Bate, 1993a; Broadie, 1994;
Mutants in leonardo were isolated in an enhancer detec-Broadie et al., 1995). Physiologically, synaptic transmis-
tor screen for mushroom body expression; two indepen-sion begins soon after contact (13–14 hr AF), a functional
dent and lethal P-element insertions, leoP1375 and leoP1188,NMJ capable of mediating muscle contraction develops
were recovered (Skoulakis and Davis, 1996). We have(14–15 hr AF), fidelity and fatigue-resistant transmission
generated a series of imprecise excisions by mobilizingproperties mature (16–18 hr AF), and patterned, periodic
the P-element in leoP1375 and from a local hop (leo1.3H).synaptic transmission begins (18–20 hr AF; Broadie and
Two of the excision lines, leo12BL and leo7BL, have grossBate, 1993a, 1993b, 1993c). In the mature larvae, several
structural rearrangements of the leonardo gene as de-distinct classes of NMJs can be classified based on
tected by Southern blotting (see Experimental Proce-bouton size, ultrastructural features, and neurotransmit-
dures). Immunohistochemical staining of leo12BL andter complement (type I and II with further subdivisions;
leo7BL homozygous embryos failed to reveal significantJohansen et al., 1989). The mature NMJ shows features
levels of Leonardo protein. Furthermore, Western analy-of morphological and physiological plasticity similar to
sis of extracts from individual mutant embryos (N 5 20)those observed in other defined synaptic systems (Bud-

nik et al., 1990; Zhong and Wu, 1991). revealed that homozygotes for either of the alleles do
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Figure 1. Leonardo Protein Is Expressed at Synaptic Contacts and Enriched in Presynaptic Boutons

(A) Null leonardo mutants (leo12BL) show a normally structured neuromusculature. The panel shows the ventral neuromusculature of three
abdominal hemisegments (A2–A4) in the mature embryo (20 hr AF) stained with an antibody against Cysteine String Protein (CSP): the ventral
CNS, three peripheral nerves (N), and the NMJ on muscle 6/7 (arrow). The asterisks (*) indicate the segment boundaries. The mutant NMJ is
normal in size, location, branching pattern, and bouton number.
(B) Leonardo protein expression in the wild-type embryonic NMJ (20 hr AF) revealed with an anti-Leonardo antibody. The panel shows the
ventral neuromusculature of a wild-type embryo in abdominal segment A2; the arrow indicates the NMJ on muscles 6/7. The asterisks (*)
indicate the segment boundary. Leonardo protein is highly enriched in the CNS and the NMJ boutons.
(C) Leonardo protein expression in the NMJ synaptic boutons of a third instar larva. The protein is highly enriched in both type I and type II
synaptic boutons.
(D–D99) A larval NMJ double-labeled for Leonardo (D, red) and the SV-associated CSP (D9, green). The merged image (D99) shows the co-
localization of these two proteins.
(E–E99) A larval NMJ double-labeled for Leonardo (E, red) and postsynaptic PS integrin (E9, green). The merged image (E99) shows a distinct
Leonardo presynaptic domain (red) surrounded by a halo of postsynaptic integrin (green).
Scale: (A) 50 mm, (B) 30 mm, (C–E) 10 mm.

not contain detectable levels of Leonardo protein (Figure (Skoulakis and Davis, 1996). The CNS and neuromuscu-
lature appear morphologically normal and the mutant2). Therefore, by these analyses, both leo12BL and leo7BL

appear null for Leonardo protein expression. However, embryos exhibit coordinated muscle movements similar
to those observed in wild-type locomotion. Therefore,the two alleles are distinguishable by genetic comple-

mentation with the leonardo hypomorph leoP1188. The it is not clear whether lethality results from synaptic
transmission defects (see below) or an undetected es-leo12BL allele does not complement leoP1188 for lethality,

buta fewtransheterozygous escapers areobserved with sential requirement outside of the neuromusculature.
leo7BL. These results suggest that leo12BL is a null leonardo
allele and leo7BL is a very strong hypomorph. Impaired Presynaptic Function at the NMJ

of leonardo MutantsBoth leo12BL and leo7BL mutants die as mature embryos.
They show a range of morphological abnormalities out- Null leonardo mutants display largely normal synapto-

genesis at the NMJ (Figure 1A). The muscles are inner-side of the nervous system, including incomplete dorsal
migration of the lateral epidermis and failure of dorsal vated in the correct domain and develop presynaptic

boutons similar to wild type (Figures 1A and 1B). Neitherepidermal closure (data not shown). However, the failure
in dorsal closure appears not to be the sole cause of the number nor distribution of synaptic boutons in the

NMJ is significantly different from normal (number oflethality, since the hypomorphic mutations leoP1188 and
leoP1375 show no detectable defects in dorsal closure yet boutons at muscle 6/7 NMJ [A2]: wild type, 17 6 2.8;

leo7BL, 16 6 3.7; leo12BL, 19 6 3.2; mean 6 SD; N 5 20).also display lethality beginning at late embryonic stages
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Figure 2. Absence of Leonardo Protein in Lethal leonardo Mutant
Embryos

Mutant embryos and ry (rosy) control embryos were assayed for
Leonardo protein expression at 22–23 hr AF with the anti-Leonardo

Figure 3. Null leonardo Mutants Display Impaired Presynapticantibody on Western blots. Individual embryo extracts of both geno-
Function at the NMJtypes (N 5 20) were run in parallel. Control embryos showed a strong
(A) Endogenous synaptic currents in wild-type (wt) and leo7BL mu-Leonardo band (30 kDa), whereas both mutant alleles, leo7BL and
tants recorded from the voltage-clamped (260 mV) muscle in normalleo12BL, showed no detectable protein. Similarly, no protein expres-
[Ca21] (1.8 mM). Both genotypes show periodic bursts of large excit-sion was detected with in situ antibody labeling.
atory junction currents (EJC), which drive coordinated peristaltic
movement in the body muscles.
(B) Synaptic transmission was assayed by stimulating the nerve with

Moreover, the boutons express a normal abundance a suction electrode at 0.2 Hz (arrow indicates shock artifact) while
and distribution of synaptic proteins, including Synapto- recording currents in the voltage-clamped muscle. The mean peak

suprathreshold EJC amplitude was measured from 10 embryos oftagmin, Syntaxin, and CSP, as judged by immunological
wt and leo7BL. The mutant shows a significant 30% decrease instaining (shown for CSP in Figure 1A). All these features
peak EJC amplitude. The leo12BL mutant shows a similar reducedof morphological and molecular synaptogenesis de-
amplitude of 1.26 6 0.22 (mean 6 SEM).

velop with the normal timecourse, suggesting that syn- (C) Postsynaptic function was assayed by iontophoretic application
aptogenesis is not delayed or otherwise perturbed. of the transmitter, L-glutamate, to the postsynaptic membrane
Therefore, Leonardo protein does not appear to be re- (arrow indicates application time) while recording current in the

voltage-clamped muscle. The mean peak glutamate current ampli-quired for morphological synaptogenesis.
tude was measured from 10 embryos of each leo genotype (shownThe null mutantembryos also show near normal physi-
for leo7BL), and no significant difference was observed with wild type.ological development and basal excitation-secretion
All records in this and subsequent figures were taken from musclefunction at the NMJ at the end of embryogenesis (20–22
6 in abdominal segment A2 of mature embryos (20–22 hr AF).

hr AF). The NMJ is functional and capable of driving
robust muscle contraction (Figure 3A). As in wild type,
the mutant NMJ produces rhythmic, periodic bursts of We examined the frequency and amplitude of sponta-

neous miniature EJCs (MEJCs) in the mutant genotypesexcitatory junctional currents (EJCs), which drive coor-
dinated peristaltic muscle contractions similar to those to determine whether constitutive SV fusion is altered

(Figure 4). The Drosophila NMJ shows two classes ofnormally observed during larval locomotion. However,
the amplitude and frequency of these endogenous EJCs MEJCS: class 1, with a larger amplitude and rapid time-

course believed to represent quantal fusion events ontoin leo mutants is significantly reduced relative to wild
type (Figure 3A). This reduced function originates in a the recorded muscle; and class 2, with a smaller ampli-

tude and slower timecourse believed to representpresynaptic defect, since stimulation-evoked EJC am-
plitude is reduced (Figure 3B), whereas the postsynaptic quanta released onto adjacent, coupled muscle fibers

(Broadie etal., 1995). Both classes of MEJCS are presentresponse to iontophoretically applied transmitter, L-glu-
tamate, is similar to normal (Figure 3C). At a basal stimu- in the leo mutants and show normal frequency and am-

plitude distributions (Figure 4A). In Ca21-free bath, thelation frequency (0.2 Hz), the mean suprathreshold peak
EJC amplitude is reduced approximately 30% in the wild-type NMJ displays a totalMEJC frequency of 0.17 6

0.06 Hz, and leo12BL shows a similar frequency of 0.13 6mutant compared to wild type. Thus, basal presynaptic
function is mildly impaired in leo null mutant embryos. 0.07 Hz (mean 6 SEM; N 5 13 and 11 cells, respectively).



A 14-3-3 Protein Regulates Presynaptic Function
395

Figure 4. Miniature EJC Frequency and Am-
plitude Distribution Is Not Significantly Al-
tered in leonardo Null Mutants

(A) The Drosophila NMJ shows two classes
of MEJCs: class 1, larger amplitude currents
with a rapid timecourse believed to represent
quanta released onto the voltage-clamped
muscle; and class 2, smaller amplitude cur-
rents with a slow timecourse believed to rep-
resent quanta released onto adjacent, cou-
pled muscle fibers. Both classes of MEJCs
are present in leo12BL at a similar frequency as
in wild type. MEJC frequency was assayed
both in Ca21-free bath (0 mM Ca21) and in
standard Ca21 bath (1.8 mM Ca21) containing
0.5 mM TTX. Each bar represents the mean 6

SEM from at least 10 embryos.
(B) The current amplitude distributions of
MEJCs in wild-type and leo12BL embryos in 0
mM and 1.8 mM Ca21. In each case, current
amplitudes were divided into 5 pA bins, and
currents were recorded until a bin collected
100 events. Both the amplitude distribution
andaverage amplitude were similar in the two
genotypes at both Ca21 concentrations.

Thus, MEJC frequency is not significantly altered in the NMJs show a nearly 100% transmission success rate,
whereas 50% of stimuli fail to elicit an EJC in the mutant.mutant, suggesting Leonardo function specifically af-

fects evoked transmission. The amplitude distribution Despite these Ca21-sensitive defects in transmission,
the Ca21 cooperativity of synaptic transmission is notof class 1 MEJCs was also similar in the null mutant and

control (Figure 4B), and the average MEJC amplitude altered in the mutant compared to wild type, as assayed
by the slope of the Ca21 dependence curves (Figure 5C).was not altered (wild type, 34.9 6 8.1 pA; leo12BL, 38.7 6

9.3 pA; mean 6 SEM; N 5 13 and 11 cells, respectively). However, the Ca21 dependence curve is shifted to the
right in leo mutants, indicating that a higher externalThus, MEJC amplitude is not altered in the mutant, rein-

forcing the conclusion based on glutamate ionto- [Ca21] is required to achieve the given level of secretion
(Figure 5C). This transmission defect in leonardo is simi-phoresis that glutamate receptor accumulation in the

postsynaptic membrane is normal. lar to though less severe than that observed in synapto-
tagmin null mutants (Broadie et al., 1994).The evoked transmission defect in leo mutants ismore

pronounced at reduced external Ca21 concentrations. The leo mutant alleles show a dorsal closure defect,
which may secondarily interfere with NMJ developmentWe stimulated the motor nerve with a suction electrode

at 1 Hz and recorded NMJ function in a range of Ca21 or function. We controlled for this possibility with two
sets of controls. First, we examined a leonardo hypo-levels from 0.1–1.8 mM (Figure 5A). EJC amplitude and

transmission failure was quantified in wild-type and leo morph (leoP1188), which shows no detectable dorsal clo-
sure defect, by stimulating the motor nerve with a suc-null mutants. The mutant showed a significantly de-

pressed mean EJC transmission amplitude over the en- tion electrode at 1 Hz at 0.2 and 1.0 mM external [Ca21]
and quantitating NMJ transmission amplitude and fail-tire [Ca21] range. At higher Ca21 levels (.1 mM Ca21),

the average EJC amplitude was reduced 50% relative ure rate. The leoP1188 allele showed a similar, albeit
weaker, phenotype as the leo null. The EJC amplitudesto wild type, whereas at lower Ca21 levels (,0.5 mM

Ca21), the average EJC amplitude was reduced 80% or were 0.27 6 0.11 nA and 0.94 6 0.29 nA at 0.2 and 1.0
mM Ca21, respectively, compared with wild-type ampli-more (Figure 5A). This Ca21-sensitive difference can be

explained, at least in part, by the elevated transmission tudes of 0.56 6 0.05 nA and 1.63 6 0.12 nA (mean 6

SEM; N 5 12 cells). Transmission failure in 0.2 mM Ca21failure rate observed in the mutant at low Ca21 levels
(Figure 5B). For example, in 0.2 mM Ca21, wild-type was 27% 6 9% in leoP1188 compared with 4% 6 3% in
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examined another dorsal closure mutant, foreclosed
(fcl244b), for NMJ transmission defects (Broadie and Bate,
1993a). Both the amplitude and other transmission char-
acteristics of this mutant were not significantly different
from wild type. Therefore, we conclude that the dorsal
closure and synaptic transmission phenotypes are com-
pletely separable and that leonardo mutants show a
specific defect in presynaptic function.

Synaptic Transmission Fidelity and Fatigue
Resistance Properties Are Impaired
in leonardo Mutants
In leonardo mutants, synaptic transmission properties
are progressively impaired with increasing stimulation
frequency (Figure 6). At a basal stimulation frequency
(0.2 Hz), the peak suprathreshold EJC amplitude is only
mildly decreased (30%; Figure 3B), and the NMJ shows
transmission fidelity and fatigue properties similar to
wild type. However, at elevated stimulation frequen-
cies (range, 1–50 Hz), transmission amplitude, fidelity,
and fatigue properties are all progressively impaired
(Figure 6).

Mean EJC amplitude and amplitude variation were
quantified in normal [Ca21] (1.8 mM) over a range of
stimulation frequencies in wild-type and leo null mu-
tants. At a low stimulation frequency (1 Hz), EJC ampli-
tude in the mutant is depressed by almost 50% relative
to wild type, but the mean variability of EJC amplitude
is not significantly altered (Figure 6B). At a moderate
stimulation frequency (10 Hz), EJC amplitude is de-
pressed more than 60%, and amplitude variability is
doubled relative towild type (Figure 6B). Finally, at a high
stimulation frequency (50 Hz), the mutant NMJ shows an
80% depression in EJC amplitude and a 250% increase
in the variability of transmission relative to a normal
synapse under the same conditions (Figure 6B). These
results show that the NMJ synapse in the leo mutant is
incapable of maintaining high fidelity transmission atFigure 5. The Presynaptic Defect in leonardo Mutants Is More Se-
elevated stimulation frequencies and that the averagevere at Low External Ca21 Levels, But the Ca21 Cooperativity of

Transmission Is Not Altered amount of transmitter released decreases with increas-
ing stimulation frequency.(A) NMJ transmission was evoked with suction-electrodestimulation

of themotor nerve (1 Hz) and themean EJCamplitude was measured The null mutant synapse also shows elevated trans-
in the voltage-clamped (260 mV) muscle in wild-type (wt) and leo- mission fatigue at high stimulation frequencies. At low
nardo (leo12BL) mutant NMJs in a range of external Ca21 concentra-

to moderate stimulation frequencies (up to 10 Hz), thetions (0.1–1.8 mM). The leo mutants have significantly reducedmean
mutant NMJ is able to keep up with demands and showsEJC amplitude at all [Ca21] with the average differential increasing

at lower [Ca21]. no significant fatigue above that normally observed (Fig-
(B) NMJ transmission failure was measured in each genotype in a ure 6C). At 10 Hz, both wild type and mutant display a
range of [Ca21] (0.1–1.0 mM). At the wt NMJ, near 100% transmission rapid 25% depression in mean EJC amplitude, which
success is observed in 0.2 mM Ca21. In contrast, leo12BL NMJs show

then plateaus and is maintained indefinitely. In contrast,50% transmission failure at 0.2 mM Ca21 and only approach 100%
at higher stimulation frequencies (.20 Hz), the leo mu-transmission success at 0.8–1.0 mM Ca21.

(C) The mean quantal content of transmission was measured in the tant NMJ displays a significantly heightened transmis-
range of 0.02–0.4 mM Ca21 for each genotype. Both leo alleles (leo7BL sion fatigue relative to normal (Figure 6A). For example,
and leo12BL) show the same Ca21 cooperativity of quantal release as at 50 Hz, the mutant EJC amplitude rapidly fatigues
wt, as evidenced by the slopes of the two plots (n 5 1.35, wt; 1.22,

to 20% of its initial value, whereas the wild-type NMJleo12BL; and 1.48, leo7BL), but much higher [Ca21] is required to obtain
maintains transmission at z60% of its initial value (Fig-the same amount of release. Each point represents the mean 6

SEM from at least 10 embryos of each genotype. ure 6C). In both cases, the fatigue is rapid and occurs
within five stimuli in the train, after which the mean EJC
value plateaus and is maintained for the duration of the
train. These results show that null leo mutant NMJs arewild type. Thus, a weak leonardo hypomorph, which
incapable of maintaining transmission amplitudes underlacks the dorsal closure defect, shows similar types

of transmission dysfunction at the NMJ. Second, we conditions of high demand.
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Figure 6. Synaptic Transmission Amplitude, Fidelity, and Fatigue
Resistance Are Impaired in leonardo Mutants in a Stimulation Fre-
quency-Dependent Manner Figure 7. Short-Term Synaptic Facilitation IsMaintained in leonardo

MutantsThe NMJ was stimulated in normal [Ca21] (1.8 mM) at three frequen-
cies, low (1 Hz), moderate (10 Hz), and high (50 Hz), and the mean The NMJ was stimulated with 20-pulse trains in the range of 0.2–20
EJC amplitude, EJC amplitude variance, and EJC amplitude fatigue Hz in low external [Ca21] (0.1 mM). The amplitude of the last 10 EJCs
over time were quantified. Each parameter was increasingly de- in the train was averaged (A) and divided by the initial EJC amplitude
pressed in leo12BL mutants with elevated stimulation frequencies. as a measure of short-term facilitation (B).
(A) A representative EJC record from a NMJ stimulated at 50 Hz in (A) Wild-type and both leo mutants (shown for leo7BL) display fre-
wt and leo12BL. The EJC from the first, second, third, and twentieth quency-dependent facilitation at frequencies .1 Hz. The amplitude
stimuli in the train are shown. In wt, some transmission fatigue is of the EJC events is greatly decreased in leo mutants relative to the
observed with the twentieth stimulus, producing an EJC of 60%– control.
70% of the initial amplitude. In leo12BL, the initial response is only (B) The percent facilitation is shown over the range of stimulation
slightly reduced compared to wt, but the amplitude is rapidly de- frequencies. The wt NMJ shows 50% facilitation at 5–10 Hz, which
pressed over the first few stimuli of the train, and the twentieth then declines at higher stimulation frequencies, presumably due to
stimulus produces an EJC 20% of the initial amplitude. the onset of fatigue. The leo7BL NMJ shows stronger facilitation at
(B) Mean EJC amplitude and the percent variation of EJC amplitudes all stimulation frequencies, with no indication of the high frequency
in both genotypes at the three stimulation frequencies. The leo12BL decline. The facilitation slope for leo12BL was similar to leo7BL (shown),
mutant shows a more pronounced frequency-dependent depres- with a 20 Hz facilitation of 289% 6 41% relative to the basal ampli-
sion in EJC amplitude (top plot), largely attributable to the dramatic tude. Each point represents the mean 6 SEM for at least 10 embryos
loss of transmission fidelity (bottom plot) and fatigueat high stimula- of each genotype.
tion frequencies.
(C) EJC fatigue over time is quantified as EJC amplitude (It) divided

1991). These synaptic modulation properties developby initial EJC amplitude (Iinitial). At moderate stimulation frequencies
during embryonic synaptogenesis and further mature(10 Hz; top plot), EJC fatigue is similar in both genotypes. At high
during postembryonic stages. In the mature wild-typestimulation frequencies (50 Hz), the leo12BL mutant shows a dramatic

increase in EJC fatigue, which occurs within the first few stimuli of embryo, the NMJ shows a frequency-dependent facilita-
the train (middle plot) and then is maintained for the duration of the tion distribution with a characteristic bell shape (Figure
record (bottom plot). In every plot, each point represents the mean 6 7). During low frequency stimulation (,1 Hz), there is
SEM from at least 10 embryos of each genotype.

modest facilitation; facilitation peaks near 100% at 5–10
Hz; and at high frequencies (.10 Hz) the NMJ begins

Short-Term Facilitation Is Strengthened but to fatigue, and net facilitation declines. When a stimulus
Synaptic Augmentation and Potentiation train is maintained, the transmission amplitude is aug-
Are Disrupted in leonardo Mutants mented for the duration of the recording. Following a
The Drosophila NMJ shows robust facilitation, augmen- high frequency (5–10 Hz) stimulus pulse, the NMJ dis-

plays post-tetanic potentiation (PTP): EJC amplitude istation, and potentiation properties (Zhong and Wu,
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potentiated by an average of 200%, and this potentiated
amplitude then decays back to baseline within a time
course of several minutes (Figure 8). We examined the
facilitation, augmentation, and potentiation properties
of the NMJ in leo null mutants to determine whether
these processes were affected in the absence of the
protein.

Short-term facilitation was measured in low external
[Ca21] (0.1 mM) by stimulating the NMJ in 20 pulse trains
at increasing stimulation frequencies and dividing the
mean amplitude of the last ten responses by the initial
EJC amplitude (Zhong and Wu, 1991). Wild-type NMJs
show significant facilitation at stimulation frequencies
.3 Hz, but the degree of facilitation declines at stimula-
tion frequencies .10 Hz, presumably due to the onset
of synaptic fatigue (Figure 7). This short-term facilitation
in leo null mutants was similar to normal. Indeed, the
degree of facilitation was significantly increased in the
mutant relative to normal and did not decline at stimula-
tion frequencies .10 Hz (Figure 7). The observed ele-
vated short-term facilitation may be due to the strongly
depressed EJC amplitude observed in the mutants (Fig-
ures 5A and 7A), which may produce conditions that
increase the response to facilitative integration and pre-
vent the onset of fatigue. Based on these results, we
conclude that leo mutants show no defect in short-term
facilitation properties but rather show a substantially
stronger facilitation.

We next assayed maintained transmission augmen-
tation and PTP at the mutant synapse. The experiment
involved stimulating the NMJ in low external [Ca21] (0.1
mM) at 0.5 Hz for 1 min to establish a baseline, delivering Figure 8. Post-Tetanic Potentiation (PTP) Is Replaced by Depres-
a 5 Hz stimulus train for 1 min, and then returning to a sion (PTD) in leonardo Mutants
0.5 Hz stimulation frequency for 5 more min (Figure 8A). To measure PTP, the NMJ was stimulated in low [Ca21] (0.1 mM) at
EJC amplitudes were measured prior to the 5 Hz train, 0.5 Hz for 1 min, given a 5 Hz stimulus train for 1 min, and then

returned to the 0.5 Hz stimulation frequency. EJC amplitude wasat three points during the train, and at 30 s intervals
averaged prior to the 5 Hz pulse; at the beginning, middle, andfollowing the train (Figure 8). Under these conditions, the
end of the pulse; and at 30 s intervals following the pulse. PTP iswild-type NMJ exhibits strong amplitude augmentation
expressed as the percentage of average EJC amplitude after theduring the 5 Hz stimulus train and strong potentiation
pulse over the baseline EJC average prior to the pulse.

following the train (Figure 8B). The mean augmentation (A) Representative traces from wt and leo12BL mutant. For each rec-
at the end of the 5 Hz train was 100%, followed by a ord, arrows indicate three EJCs, recorded prior to, immediately fol-
mean potentiation of 200%, which then decayed over lowing, and 2 min following the 5 Hz pulse.

(B) The mean EJC response expressed as a percentage of the start-the course of 2–4 min. In the mutant, EJC amplitudes
ing EJC amplitude. In wt, strong augmentation is observed duringshowed strong initial facilitation during the 5 Hz stimulus
the 5 Hz pulse, and significant PTP is maintained for 2–3 min follow-train (Figure 8B), similar to that observed in the short-
ing the pulse. In leo12BL, initial facilitation is observed during the 5term facilitation experiments (Figure 7B). However, this
Hz pulse followed by a decay in augmentation. Following the pulse,

facilitation was not maintained but rather decayed over the leo12BL NMJ shows significant PTD, which returns to baseline
the course of the 1 min train, showing that the mutant over the course of a few minutes. The leo7BL mutant (not shown)
NMJ was unable to maintain transmission augmentation shows a similar PTD phenotype with a amplitude depression of

44% 6 11% at the first time point following the stimulus. Each point(Figure 8B). Following the stimulus train, the mutant NMJ
represents the mean 6 SEM from at least 10 records made from atshowed no indication of potentiation. Indeed, the normal
least 5 embryos of each genotype.PTP was replaced with a strong post-tetanic depression

(PTD; Figure 8B). This PTD recovered toward the base-
line value over a period of 1–2 min. These results show

vesicle population. The onset of Leonardo expressionthat while short-term facilitation is strongly apparent in
in the embryonic NMJ is coincident with the develop-the mutants, both long-term augmentation and PTP are
ment of synaptic modulation properties (facilitation,lost in the absence of the Leonardo protein.
augmentation, and potentiation), which follow the initial
stages of synaptogenesis (target recognition, synapseDiscussion
morphogenesis, excitation-secretion coupling). This ex-
pression pattern is consistent with the possibility thatLeonardo Is Expressed in the Presynaptic Terminal
Leonardo may participate in late-developing mecha-and Plays a Role in Presynaptic Function
nisms of synaptic modulation through interaction withThe Leonardo protein is strongly expressed in presynap-

tic boutons, where it colocalizes with the transmitter synaptic vesicles. It is possible that Leonardo plays a
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specific role in the development of presynaptic proper- Biochemical work has suggested that these proteins are
directly bound to the plasma membrane of synapticties at the NMJ. For example, the protein may be in-

volved in the maturation of presynaptic terminals to vesicles in the mammalian brain (Martin et al., 1994).
Third, in vitro assays have shown that 14-3-3 proteinsallow high frequency, high fidelity release of synaptic

vesicles. However, the maintenance of high level protein can directly bind phospholipids and may bind Ca21 (Zu-
pan et al., 1992; Roth et al., 1994). Taken together, theseexpression at the mature larval NMJ, and the absence

of any detectable defects in molecular or morphological studies are consistent with a role for 14-3-3 proteins in
regulating synaptic vesicle dynamics.synaptic development, suggest that Leonardo plays a

sustained role in synaptic function. Two related model systems give insight into the possi-
ble mechanisms of 14-3-3 synaptic function. First, inNull leonardo mutants are embryonic lethal and show

defects in presynaptic function. The basic process of yeast, 14-3-3 proteins function in vesicle trafficking be-
tween the Golgi and plasma membrane (Gelperin et al.,neurotransmission appears largely normal, since the

NMJ is capable of mediating patterned synaptic com- 1995). It is possible that this role has relevance to 14-3-3
function at the synapse, since many vesicle pathwaymunication to drive coordinated movement. However,

basal NMJ excitation-secretion coupling is reduced by proteins have conserved functions from yeast to neu-
rons (Bennett and Scheller, 1993). In particular, Syntaxin30% relative to normal. This presynaptic transmission

defect is heightened by lowered external [Ca21] and and Rop, a Drosophila homolog of yeast SEC1, appear
to have presynaptic functions at the Drosophila NMJelevated stimulation frequencies, both of which result

in a strong depression of synaptic current amplitude, consistent with the function of their yeast homologs
(Broadie et al., 1995; Schulze et al., 1995). Second, cate-transmission fidelity, and fatigue resistance properties.

Moreover, while short-term facilitation is robust in the cholamine secretion from bovine adrenal chromaffin
cells is strongly potentiated by application of exogenousmutant, long-term transmission augmentation and post-

tetanic potentiation are both lost. Indeed, the mutant 14-3-3 proteins (Roth et al., 1994; Roth and Burgoyne,
1995; Chamberlain et al., 1995). The activation of Ca21-NMJ shows a period of transmission depression follow-

ing high frequency stimulus trains. These observations dependent secretion by 14-3-3 proteins occurs in the
ATP-dependent priming step in the pathway. The 14-3-3show that Leonardo plays an important role inpresynap-

tic function. proteins appear topotentiate neurosecretion by causing
a reorganization of the cortical actin cytoskeleton toThe results of this study are consistent with the hy-

pothesis that Leonardo regulates the pool of fusion- increase vesicle access to the plasma membrane and
enlarge the readily releasable pool of secretory vesiclescompetent vesicles in the Drosophila NMJ. Our ob-

servations suggest that the basic trafficking and (Roth and Burgoyne, 1995). Since many mechanisms
of neurosecretion and synaptic transmission are highlypresynaptic availability of vesicles does not require

Leonardo. However, under conditions of high vesicle conserved, it is tempting to speculate that Leonardo
may also mediate its presynaptic role by regulating thedemand, transmission begins to fail. Thus, the mutant

phenotypes are consistent with a defect in the mobiliza- actin cytoskeleton in order to controlavailability of trans-
mitter vesicles at presynaptic active sites.tion or recruitment of vesicles to the presynaptic fusion

sites. Since lowered external [Ca21] also increases mu-
tant dysfunction, it is possible that Leonardo acts in

14-3-3 Proteins and Signal Transduction Cascadesthe chain linking activity-dependent Ca21 influx to the
How might 14-3-3 proteins be involved in regulating themobilization or utilization of the presynaptic vesicle
synaptic cytoskeleton and the presynaptic availabilitypool. This hypothesis is consistent with the protein ex-
of neurotransmitter vesicles? The 14-3-3 protein familypression pattern and offers a plausible explanation for
modulates a number of signal transduction cascades inthe learning defect in leonardo mutants (Skoulakis and
a wide variety of cell types. Of potential importance atDavis, 1996).
the synapse is the regulation of protein kinase A (PKA),
protein kinase C (PKC), and the protein kinase RAF-114-3-3 Proteins and Synaptic Function
(Fantl et al., 1994; Freed et al., 1994; Irie et al., 1994;Leonardo is a typical member of the 14-3-3 protein fam-
Li et al., 1995). Functional plasticity at the synapse isily, which shows 88% amino acid identity to its closest
influenced by overlapping cassettes of these signalmammalian homolog, 14-3-3z (Skoulakis and Davis,
transduction cascades, whose function depends on the1996). The 14-3-3 proteins have been implicated in a
previous activity history of the synapse. The mecha-wide range of physiological processes involving con-
nisms behind these plastic changes probably includeserved signal transduction cascades, but no family
regulation of vesicle mobilization, control of releasemember has ever before been directly linked to the
probability at independent active sites, and the modula-mechanisms of presynaptic function. However, three
tion of other steps in exocytotic release. The role ofexisting sets of data support the results of this study
overlapping signaling kinases has been observed in sys-and suggest that 14-3-3 proteins may be involved in
tems ranging from sensory neuron synapses in Aplysiapresynaptic function in a range of species. First, 14-3-3
to mammalian hippocampal synapses (Nicoll and Ma-proteins were initially identified as abundant proteins in
lenka, 1995; Capogna et al., 1995). For example, PKAthe mammalian and avian brain (Patel et al., 1994) and
and PKC have been shown to have overlapping roles inare strongly expressed in neuronal synapse fractions
synaptic facilitation in Aplysia, with PKA dominating in(Martin et al., 1994). Second, it is known that 14-3-3
short-term facilitation, PKC in long-term facilitation, andproteins exist in both cytosolic and membrane-associ-

ated fractions (Martin et al., 1994; Roth et al., 1994). both together contributing to intermediate forms (Byrne
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Experimental Proceduresand Kandel, 1996). Moreover, the effect of 14-3-3 pro-
teins in triggering Ca21-dependent neurosecretion from

Drosophila Stocksbovine adrenal cells is strongly potentiated by the co- The leoP1188/CyO; ry506 and leoP1375/CyO; ry506 lines were isolated in an
activation of PKC (Chamberlain et al., 1995). Elegant enhancer detector screen for genes preferentially expressed in the
work using membrane capacitance measurements has mushroom bodies. Both strains contain noncomplementary lethal

insertions in the first intron of the leonardo gene. Mobilization ofshown that PKC acts to increase the pool size of readily
the leoP1375 P-element yielded viable excision alleles and one viablereleasable secretory vesicles without a major change in
hop (leoP1.3H) in the second intron of the gene (Skoulakis and Davis,the Ca21 dependence of exocytosis (Gillis et al., 1996).
1996). An additional lethal allele (leo7BL) was isolated during the

We favor the hypothesis that Leonardo interacts with leoP1375 P-element mobilization. The leo12BL allele was independently
PKC or related kinases in a similar synaptic pathway to generated by mobilization of the viable insertion in intron two men-
regulate the size of the readily releasable vesicle pool tioned above. Molecularly, leo12BL harbors two partially deleted en-

hancer detector transposons. One is in the first intron, proximal toat presynaptic active sites.
the P-element in leoP1188, and is associated with additional genomicAn alternative hypothesis is that presynaptic kinases
rearrangements in that region that result in a 2 kb increase in theregulate exocytosis through the direct modulation of the
size of the intron. The second deleted transposon resides in the

fusion machinery. Many components of the presynaptic original location of the parental leoP1.3H. Allele leo7BL retains a partially
release machinery (e.g., Ca21 channels, Syntaxin, Rab3, deleted P-element in the site of the original leoP1375 in addition to a

500 bp deletion in intron two. Western analysis of single leo7BL orSynaptobrevin, etc.) are known to be phosphorylated
leo12BL mutant embryos selected at 22–24 hr AF on the basis of theby various kinases (Greengard et al., 1993; Nielander et
morphological phenotype failed to detect appreciable amounts ofal., 1995), and it has been suggested that these kinases
Leonardo protein (see below). The leo12BL allele is considered a null

function to modulate directly vesicle release probability leonardo mutant based on the molecular characterization of the
downstream of Ca21 influx (Trudeau et al., 1996). Activa- mutant gene, the absence of detectable Leonardo protein in homo-
tion of the PKC and PKA pathways may facilitate synap- zygous mutant embryos, and the failure to complement the lethality

of a leonardo hypomorph (leoP1188). The leo7BL allele is considered atic transmission through this presynaptic mechanism
strong hypomorphic mutant based on a low percentage of progeny(Weisskopf et al., 1994; Capogna et al., 1995). For exam-
surviving from a cross with leoP1188.ple, inhibition of PKA in hippocampal neurons blocks

Fly stocks were raised on standard cornmeal food at 258C.
synaptic facilitation, apparently by regulating the proba- The leonardo mutants were outcrossed to the wild-type strain OR-R,
bility of exocytosis of individual vesicles (Trudeau et al., and the mutant genotype was determined by failure to hatch at 22
1996). Interaction of Leonardo with protein kinases in hr AF and failure of epidermal dorsal closure. The wild-type strain

OR-R was used for all control measurements. All phenotypes werethis pathway is also consistent with many of the obser-
confirmed by crossing the mutant lines to a balancer containing avations of this study. Thus, Leonardo may be directly
lacZ reporter gene construct and assaying the absence of reporterinteracting with presynaptic kinases to regulate the
gene expression with X-gal incubation following the recording ses-

phosphorylation and functional characteristics of the sion. As a control for the dorsal closure phenotype in null leonardo
vesicle release machinery. mutants, we examined another mutant with a severe dorsal closure

defect called foreclosed (fcl244b), as reported previously (Broadie andTaken together, these studies suggest that Leonardo
Bate, 1993a).may be interacting with one or more presynaptic kinases

to regulate the pool of readily releasable synaptic vesi-
Histology and Western Blot Analysiscles in the Drosophila NMJ. The best studied transduc-
Two rabbit polyclonal anti-Leonardo antibodies were generated and

tion cascade at the Drosophila NMJ is the cAMP second characterized as described previously (Skoulakis and Davis, 1996).
messenger system (Davis, 1996). Mutations in dunce, Both antisera contained high titers of anti-Leonardo antibody and

showed high specificity binding the single Leonardo band on West-which increase cAMP concentration, or rutabaga, which
ern blots, both as crude antisera and following affinity purificationdecrease cAMP, both cause impaired synaptic facilita-
of the antibodies (Skoulakis and Davis, 1996). The antisera showtion and PTP. This effect has been explained, in part,
high recognition for the Leonardo protein in situ in the adult brain,

through the cAMP-dependent modulation of K1 cur- and specific staining was absent in the null leonardo mutant em-
rents, broadening spike duration and influencing Ca21

bryos. Leonardo protein expression in lethal mutant embryos was
entry (Zhong and Wu, 1993). However, it also appears assayed on Western blots using the anti-Leonardo antibodies. Em-

bryos were collected from a balanced population for 1 hr and agedthat there are distinct impacts of cAMP on short-term
to 22–23 hr AF at 238C. Following dechorionization and removal offacilitation and potentiation, probably mediated through
the vitelline membrane, individual embryos were homogenized in

PKA (i.e., DCO) and related kinases. CaM kinase also 20 ml Laemli buffer, and the extracts were run on 14% acrylamide
plays a role in the synaptic facilitation and potentiation gels and probed with the anti-Leonardo antibody (1:7000). The re-
and in the maintenance of synaptic fidelity at the Dro- sults were visualized with a horseradish peroxidase conjugated sec-

ondary antibody and enhanced chemiluminescence (SuperSignal,sophila NMJ (Wang et al., 1994). Finally, PACAP-like
Pierce).neuropeptide transmission coactivates the cAMP and

Drosophila embryos and larvae were immunohistologicallyRAS/RAF MAP kinase pathways to modulate both syn-
stained as reported previously (Broadie and Bate, 1993a; Broadie

aptic and K1 currents at the Drosophila NMJ (Zhong, et al., 1995). Staged animals were dissected along the dorsal midline,
1995). The loss of elements in these signaling cascades, pinned open, and fixed for 30–60 min with 4% paraformaldehyde

in phosphate buffered saline (PBS; 0.02 M phosphate buffer, 0.1particularly the cAMP and CaM kinase pathways, result
M NaCl [pH 7]). Following fixation, the preparations were washedin presynaptic defects strikingly similar to those ob-
repetitively in PBT (0.1%Triton X-100 in PBS), which then formed theserved in leonardo mutants. A priority for future research
base solution for the remaining staining trials. To examine Leonardo

will be to establish whether one or more of these path- expression, preparations were probed with the rabbit polyclonal
ways directly interact with Leonardo to regulate presyn- anti-Leonardo antibody at a dilution in the range of 1:100 (confocal

fluorescence) or 1:2000 (DAB reaction) in PBT. To examine NMJaptic function.
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