photomorphogenesis (/7). Here, we show
that the enhanced stabilization of phyB-Pfr
is responsible for the light-hypersensitive
phenotypes in ARR4-overexpressing lines.
Moreover, ARR4 contributes to this regu-
latory mechanism, and the ARR4:phyB in-
teraction requires the extreme NH,-termi-
nus domain of phyB. These results raise the
question whether phyB is the cognate sen-
sor kinase of ARR4 or whether it is the
target of a two-component signaling system
comprising ARR4. Because histidine ki-
nase activity of phyB has not been reported
and because ARR4 gene expression is also
induced by cytokinin (9), phyB may be the
target of a hormone-modulated signaling
system rather than the sensor kinase itself.
The cytokinin receptor CREI is a function-
al sensor histidine kinase (/9, 20), which
might regulate the activity of ARR4. 4ra-
bidopsis seedlings expressing a nonphos-
phorylable form of ARR4, display a hypo-
sensitive phenotype to red light (217). This
observation demonstrates the importance of
phosphorylation of ARR4 for the modula-
tion of phyB signaling. Therefore we pro-
pose that ARR4 may act as a signal module
integrating both red light (via phyB) and
hormone (cytokinin) signaling.
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Synaptotagmin Modulation of
Fusion Pore Kinetics in
Regulated Exocytosis of

Dense-Core Vesicles

Chih-Tien Wang," Ruslan Grishanin,? Cynthia A. Earles,’
Payne Y. Chang,’ Thomas F. ). Martin,2 Edwin R. Chapman,’
Meyer B. Jackson'*

In the exocytosis of neurotransmitter, fusion pore opening represents the first
instant of fluid contact between the vesicle lumen and extracellular space. The
existence of the fusion pore has been established by electrical measurements,
but its molecular composition is unknown. The possibility that synaptotagmin
regulates fusion pores was investigated with amperometry to monitor exocy-
tosis of single dense-core vesicles. Overexpression of synaptotagmin | pro-
longed the time from fusion pore opening to dilation, whereas synaptotagmin
IV shortened this time. Both synaptotagmin isoforms reduced norepinephrine
flux through open fusion pores. Thus, synaptotagmin interacts with fusion
pores, possibly by associating with a core complex of membrane proteins and/or

lipid.

The fusion pore represents a pivotal inter-
mediate in Ca?™ -triggered neurotransmitter
exocytosis. Contact sites between the vesi-
cle and the plasma membrane presumably
contain special components capable of
forming a fusion pore after the binding of
Ca2*. The fusion pore has been likened to
the channels that control ion flux across
cell membranes (/), and like ion channels,
single fusion pore activity can be observed
in high-resolution electrical measurements
(2-5). Whereas plasma membrane ion
channels are formed by well-characterized
proteins, the structural components of the
fusion pore have yet to be identified. A
molecule likely to be intimately associated
with fusion pores is synaptotagmin, a syn-
aptic vesicle protein that binds Ca?* and
phospholipid (6). Genetic and biochemical
studies have suggested a number of possi-
ble functions for synaptotagmin in vesicle
trafficking and fusion (7-10). One appeal-
ing scenario is that soluble N-ethylmaleim-
ide—sensitive factor attachment protein re-
ceptors (SNAREs) form fusion pores.
These proteins catalyze the fusion of lipid

'Department of Physiology, University of Wisconsin
Medical School, 2Department of Biochemistry, Uni-
versity of Wisconsin, Madison, Wl 53706, USA.
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vesicles (/I), and putative fusion pores
formed by these proteins could be regulated
by synaptotagmin through rapid Ca2*-
stimulated binding to the SNARE complex
(12). Here, we examined the role of synap-
totagmin in specific steps of secretion in
norepinephrine (NE)-secreting PC12 cells
using amperometry to monitor release from
individual dense-core vesicles.

When an amperometry electrode was
positioned at the surface of a PCI12 cell,
exocytosis of a single vesicle registered as
a spike of current as NE was oxidized at the
electrode surface (3, /3) (Fig. 1). These
spikes were elicited by depolarization, in
this case induced by rapid local application
of KCI (Fig. 1) (/4). Responses to KCl
were characterized by a latent period with
no spikes, followed by a period of spikes at
irregular intervals. Recordings such as
these provide information about the kinet-
ics of exocytosis, allowing us to compare
control PC12 cells (Fig. 1A) with cells
transfected with either synaptotagmin I
(Fig. 1B), synaptotagmin IV (Fig. 1C) (I5),
or the alA (P/Q-type) Ca?* channel (Fig.
1D). Because of the irregular nature of the
release process in a single trial, we counted
spikes after a given time interval and con-
structed normalized waiting time distribu-
tions (Fig. 1E). These plots provide an
overall time course for secretion that is in
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qualitative agreement with previous studies of
dense-core vesicle secretion in PC12 cells (/16—
18). Synaptotagmin I did not alter the time
course significantly. By contrast, secretion was
reduced by synaptotagmin IV and enhanced by
Ca?* channels. Thus, the level of secretion in
PCI12 cells falls in a range amenable to regula-
tion in either direction.

The spike frequency (maximum slopes in
Fig. 1E) was doubled by Ca?* channels,
unchanged by synaptotagmin I, and reduced
2.6-fold by synaptotagmin IV (Fig. 1F). Each
change in frequency was accompanied by a
change in latency (time from onset of stimu-
lation to first spike) in the opposite direction
(Fig. 1G). Other spike properties such as
amplitude and quantal size, which are not
directly related to the kinetics of exocytosis,
were not altered by synaptotagmin I or IV
(19). The results with Ca2* channels indicate
sensitivity to Ca%* current, but the reduction
in exocytosis caused by synaptotagmin IV
transfection cannot be explained by changes
in Ca?* current. Ca?* current was unaffected
by transfection with synaptotagmin I or IV
(20). The mean peak Ca?* current elicited by
voltage steps from —80 to +10 mV was 53 *
17 pA in control cells (N = 6), 47 = 10 pA

Fig. 1. Amperometric  p
recordings of NE re-
lease from PC12 cells
(depolarization ~ with |

Control

KCl indicated by bars).
(A) Control cells. (B)
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in cells transfected with synaptotagmin I
(N =17,P = 0.38), and 53 = 11 pA in cells
transfected with synaptotagmin IV (N = 7,
P = 0.35). As expected, transfection with
Ca?* channels increased Ca?* current to
104 = 9 pA (N = 5, P < 0.05). The time
constants for Ca?* current inactivation
ranged from 350 to 450 ms for control and
synaptotagmin-transfected cells and were sta-
tistically indistinguishable. Thus, although
synaptotagmin is known to interact with
Ca?* channels (2/-23), no effect was ob-
served here.

The vesicle size distribution is altered in
Drosophila lacking synaptotagmin I (24). We
examined the distribution of quantal size, as
this should reflect dense-core vesicle size
(provided that vesicular NE concentration
remains the same). Spike area (cube root
transformed to be proportional to vesicle di-
ameter) appeared to be normally distributed
and was indistinguishable between controls
and synaptotagmin I or IV (19). Ca?* chan-
nel transfection produced a small but signif-
icant increase in spike amplitude and quantal
size as well as a small shift in the distribution.
PC12 cells contain a heterogeneous popula-
tion of vesicles (25), and this analysis indi-

10 pA

Cells transfected with ™+
synaptotagmin . (C)

Cells transfected with
synaptotagmin IV. (D) B
Cells transfected with  Syt!
alA Ca?* channels.

(E) Distributions of

spike times for con-
trol, synaptotagmin |,
synaptotagmin IV, and
aTA. The distributions ¢
were normalized to
the number of trials
(42 for control, 30 for
synaptotagmin [, 38
for synaptotagmin IV,
?n)d 11 for a1A). M?ar; D
F) frequency and (G .
spike latency. Fre- AekeriA
quency was calculated j
|

Syt Iv

as the maximum slope

.Jll \1.1

l .Il|{| |

from the plots in (E); 7
first-spike latency was
averaged from all re-
cordings. Means are of
>500 events from 11

to 42 cells, in experi-
ments from two to
eight  transfections.

** P <0.07; ¥ P <
0.001.
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cated that synaptotagmin transfection did not
redistribute vesicles between size groups.

The different vesicles of PCI12 cells un-
dergo exocytosis with different kinetics (Z6,
17). To determine whether transfected pro-
teins were targeted to dense-core vesicles, we
prepared fusion proteins of cyan fluorescent
protein (CFP) linked to the NH,-terminus of
synaptotagmin I and IV (26). Cells trans-
fected with these constructs exhibited CFP
fluorescence concentrated in highly mobile
puncta, consistent with a location on vesicles.
Ca?™*-triggered exocytosis was readily seen
in these cells. Cells were fixed and stained
with antibodies against CFP and the dense-
core vesicle. protein chromogranin (Fig. 2).
Chromogranin and synaptotagmin exhibited
the same pattern of fluorescence, and over-
lays showed that both synaptotagmin I and IV
colocalized with chromogranin (Fig. 2).
Thus, both isoforms were targeted to dense-
core vesicles.

If synaptotagmin participates in mem-
brane fusion, then transfecting different
isoforms should alter fusion pore kinetics.
We therefore examined the “foot” current,
which immediately precedes the steeply
rising spike (Fig. 3A). Foot onset signals
fusion pore opening, and feet are seen in
association with ~80% of spikes = 20 pA.
The amplitude of ~3 pA was similar to that
in chromaffin cells, but the duration was
considerably shorter (3, 27). We examined
the lifetimes of feet to determine whether
synaptotagmin influences the stability of
the fusion pore. As with ion channels (26,
29), the transitions of fusion pores are sto-
chastic in nature, so we used lifetime dis-
tributions to characterize fusion pore kinet-
ics (Fig. 3B). These were well fitted by a
single exponential (P < 0.0001 for each
fit), as previously reported (3). Thus, the
open fusion pore can be represented by a
single kinetic state. The time constant ob-
tained from these exponential fits is equal
to the mean open time, which was 1.38 =
0.04 ms in control cells, 1.76 £ 0.06 ms
with synaptotagmin I, and 0.97 * 0.02 ms
with synaptotagmin IV. These values are
significantly different (Fig. 3C, left), indi-
cating that exogenous synaptotagmin alters
the stability of the fusion pore. Vesicles
containing excess synaptotagmin I formed
more stable fusion pores, and vesicles con-
taining excess synaptotagmin IV formed
less stable fusion pores. The lifetime of
1.70 * 0.05 ms with Ca?* channels was
similar to that with synaptotagmin I, sug-
gesting that enhancing Ca?* entry and en-
hancing Ca?* sensing have similar effects
on fusion pore dynamics.

The foot current amplitude, by analogy
with the ion channels, can be influenced by
the shape of the fusion pore and by the dy-
namics of very rapid transitions between per-
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meation states. Ca?* channels, synaptotag-
min I, and synaptotagmin IV all reduced the
foot amplitude (Fig. 3C, right). This suggests
that these proteins either influence the struc-
ture of the fusion pore, possibly by narrowing
or lengthening it, or modulate a dynamic
pore-gating process that is too fast to see with
our instrumentation.

The foot current is thought to terminate by
fusion pore dilation, during which transmitter
rapidly escapes from a vesicle in a spike of
current. This phase of release is controlled by
NE escape from an intravesicular matrix
(27), as well as diffusion when exocytosis
occurs at sites away from the electrode (30).
Transfection with proteins altered spike
shape (Fig. 4). Synaptotagmin IV accelerated
the rise time (Fig. 4B) but left the decay times
unchanged (Fig. 4, C and D). Slightly more
than 50% of the spike decays were double
exponential, with the fast component domi-
nating. Ca®* channels and synaptotagmin I
had no effect on the rise time (Fig. 4B) but
slowed the fast component of decay (Fig.
4C). The slow component of decay was
markedly slowed by synaptotagmin I (Fig.
4D). MUNCI18 was also recently reported to
alter spikes, reducing the half-width and
quantal size of spikes in chromaffin cells
(31). Because spike shape and size are gov-
erned by events after fusion pore dilation,
these results are not what one would expect
for proteins involved in membrane traffick-
ing. Thus, the factors controlling transmitter
efflux after fusion pore dilation require fur-
ther study.

Synaptotagmin I and IV both altered fu-
sion pore lifetime (Fig. 3), indicating that this
protein regulates the fusion step. Because our
measurements are at the single-channel level,
we used ideas developed from channel kinet-
ics to interpret the results (28, 29). We con-
sider assembly of a closed fusion pore, re-
versible opening and closing, and irreversible
open pore dilation in a kinetic scheme.

ka ko ka

- C=20—->D

ke

The open state (O) produces foot current, and
the dilating state (D) produces the spike. £, is
the assembly rate constant, &k, and k_ are the
opening and closing rate constants, and k, is
the rate of entering the dilating state. The
open-time distribution will then be a single
exponential with a time constant:

5= 1/(ks + k)

Both k, and k, contribute to 74, because both
processes terminate the open fusion pore
state. According to this model, synaptotag-
min I reduced the sum k; + k, whereas
synaptotagmin IV increased it.

Changes in k,, k, k,, k_, or the number of
membrane-associated vesicles can all account
for the changes in time course of exocytosis
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A
B

Fig. 2. Synaptotagmin on dense-core vesicles. CFP-tagged synaptotagmin and the dense-core
vesicle protein chromogranin were visualized by double immunofluorescence (26) in cells trans-
fected with CFP-synaptotagmin | (A) and CFP-synaptotagmin 1V (B). CFP-synaptotagmin is shown
as green (left) and chromogranin as red (center). Merged images (right) show colocalization as
yellow. Cells that did not take up cDNA for the fusion protein stain only for chromogranin and
appear red in the merged images.

Fig. 3. (A) Foot cur-
rent indicates fusion
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in Fig. 1. Increasing &, would make exocyto-
sis slower by terminating more fusion pore
openings without producing spikes;, leaving
stand-alone feet, which often elude detection
(32). 1t is important that increasing k, reduces
the frequency and increases the latency, be-
cause it can also account for the reduction in
Tg- This provides a simple explanation for
the direction of the observed changes pro-
duced by synaptotagmin IV in three different
measurements. Synaptotagmin I increased
the fusion pore lifetime (Fig. 3) but left the
latency and frequency unchanged (Fig. 1).
According to the above model, this would
result from 20% reductions in both k4 and £..
This will not alter spike frequency or latency
(Fig. 1, F and G) because the fraction of open
fusion pores that dilate, k,/(k. + k,), remains
unchanged. Thus, the results of both synap-
totagmin I and IV are most parsimoniously
explained by changes in rate constants direct-
ly associated with the open fusion pore.
PC12 cells express synaptotagmin I (33,
34) and IX (35) and contain synaptotagmin
III mRNA (36). Transfection with synapto-
tagmin I should increase the ratio of synap-
totagmin I to other isoforms and may increase
the number of copies of synaptotagmin per
vesicle as well. The parallel changes in k4 and
k. just discussed for synaptotagmin I would
then reflect these changes. Enhancing Ca?*
entry with extra Ca?* channels altered the
stability of the fusion pore in the same way as

A 7, =0.48

Control Ty =202

g -
7] [¢]
:
] .4 .
g° £
)]
2 E
s =
L 0.2 By
= 3
@ fa]
&
o
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extra synaptotagmin I, as expected if synap-
totagmin I acts as a Ca?* sensor. Synapto-
tagmin IV levels are normally very low in
PC12 cells (34). In light of the weak Ca?*
binding of this protein (37), the reduced exo-
cytosis seen with synaptotagmin IV further
supports synaptotagmin’s role as a Ca?* sen-
sor. Overexpression of synaptotagmin IV in
Drosophila reduces synaptic transmission
(38), and this may reflect the reduction in
Ca?*-triggered fusion observed here.
Synaptotagmin influences the stability of
open fusion pores and is therefore likely to be
intimately associated with a molecular com-
plex that performs the function of fusing
vesicle and plasma membranes. Changes in
fusion pore dynamics have recently been pro-
posed to play a role in synaptic plasticity
(39), and the control of synaptic vesicle fu-
sion pores by synaptotagmin could provide a
molecular mechanism. Synaptotagmin oli-
gomerizes (40) and binds lipids (6), syntaxin
(41), SNAP-25 (42), and the SNARE com-
plex (12), all in a Ca?*-dependent manner.
Because SNARE proteins fuse membranes
(11), the synaptotagmin-mediated alteration
in fusion pore open time may represent a
functional consequence of these interactions.
Mutations in synaptotagmin that impair
Ca?*-triggered lipid binding (9) and oli-
gomerization (/0) reduce synaptic transmis-
sion, and the present approach offers a means
of assessing whether these mutations act

7, =081
1, =3.76

N w L

Decay time (t,,msec)

-

Control Syt| SytIV olA

Control Syt SytlV olA

Control Syt| Sytlv a1A

Fig. 4. (A) Spike shapes and deca(ys. Spikes are shown alongside double exponential fits to the decay

phase (scale bars: 10 pA, 1 ms).

B) Spike rise times (35 to 90%). (C) The time constant for the fast

component of spike decay, 7, (decays of single exponential fits were similar to the decays of the
fast component of double exponential fits, so the values were combined). (D) Time constants for
the slow component of decay, ,, from decays that were double exponential. *, P < 0.05; **, P <
0.01 [N = ~100 in (B), ~100 in (C), and ~25 in (D)].

through a change in fusion pore kinetics.
Future studies on how the control of fusion
pores by synaptotagmin is regulated by Ca?*
and SNARE proteins may provide a precise
picture of how this protein transduces Ca%*
signals during excitation-secretion coupling.
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Localization of Long-Term
Memory Within the Drosophila
Mushroom Body

Alberto Pascual and Thomas Préat*

The mushroom bodies, substructures of the Drosophila brain, are involved in
olfactory learning and short-term memory, but their role in long-term memory
is unknown. Here we show that the alpha-lobes-absent (ala) mutant lacks either
the two vertical lobes of the mushroom body or two of the three median lobes
which contain branches of vertical lobe neurons. This unique phenotype allows
analysis of mushroom body function. Long-term memory required the presence
of the vertical lobes but not the median lobes. Short-term memory was normal
in flies without either vertical lobes or the two median lobes studied.

The organization of the Drosophila brain,
which shows highly organized and special-
ized structures despite its small size, in com-
bination with its sophisticated behavioral rep-
ertoires and powerful molecular genetic tools
render this organism a model of choice for
the study of integrative brain functions, such
as associative learning and memory. The
mushroom bodies (MBs) constitute a promi-
nent bilateral structure of the insect brain.
The MBs are formed and rearranged sequen-
tially during embryonic and postembryonic
development (/-3). In adult Drosophila, they
are composed of about 5000 neurons, which
receive, through the calyx, olfactory inputs
from the antennal lobes. The MBs are essen-
tial for associative learning and memory (4—
6). Several proteins involved in learning and
short-term memory are detected at high levels
in the MBs (7), and chemical ablation of
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Drosophila MBs abolishes olfactory learning
(6). Synaptic transmission from the MBs is
required for retrieval of short-term memories
but not for acquisition or storage (8, 9). With
intensive and spaced training, Drosophila can
also display long-term memory (LTM),
which depends on protein synthesis after the
conditioning paradigm (/0). We have now
tested whether Drosophila MBs are involved
in LTM formation.

Three categories of MB intrinsic neurons
(Kenyon cells), associated with five sets of
lobes, have been described (Fig. 1A) (Z, 11).
Two types of neurons branch to give rise to a
vertical and a median lobe (a/B lobes and
a'/B’ lobes, respectively). The third type
composes the median vy lobe. Uniquely iden-
tifiable efferent neurons originate from spe-
cific parts of the medial and vertical lobes,
and send their axons to characteristic regions
of the forebrain (/2). Afferents from the fore-
brain also invade specific parts of the lobes
(12). The implication of this architecture,
which also characterizes other insect MBs
(13), suggests that the lobes are not identical
and may support quite distinct functions.
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Genetic characterization of the alpha-
lobes-absent (ala) mutant, which shows ab-
normal MBs, was previously reported (14).
The original mutation corresponds to the in-
sertion of a P-element and is recessive. Phe-
notypic revertants as well as new mutant
alleles were produced by excision of the P-
element (/4). We reassessed the ala brain
defect using the GAL4-OK107 enhancer-trap
line (15), which labels all five lobes (Fig. 1),
and the antibody to FasciclinII (FasII), which
strongly labels o/f lobes and weakly labels -y
lobes (11, 16). Three batches of brain analy-
ses showed that 10.5 = 2.8% of ala individ-
uals possessed all five lobes in both hemi-
spheres, 36 * 2.4% lacked the 8 and B’ lobes
in both hemispheres, and 4.5 * 1.1% lacked
o and o' vertical lobes. The remaining flies
showed different combinations of phenotypes
in the left and right hemisphere. ala flies
without vertical lobes also showed a fusion of
the left and right B and B’ lobes (Fig. 1C).
This fusion phenotype is also observed in a
fraction of ala flies with all lobes present
(3.6 = 1.4% of total) (16). A similar pheno-
type distribution was observed in ala/
Df(1)4b18 individuals (/7). vy lobes appeared
to be normal in ala mutants. This observation
was reinforced by the fact that in second
instar larvae ala mutants possessed normal
vertical and median y projections (/8).

The ala mutant was trained to associate an
odor with electric shocks by using three dif-
ferent experimental paradigms (19, 20): (i) a
single training cycle protocol to induce short-
term memory (21); (ii) an intensive spaced
conditioning protocol, consisting of 10 indi-
vidual training sessions with a 15-min rest
interval between each session, to induce
LTM (10); and (iii) a massed conditioning
protocol, consisting of 10 consecutive train-
ing sessions without rest, to induce 24-hour
memory but not protein-synthesis dependent
LTM (10).
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