
13. J. S. De Belle, M. Heisenberg, Science 263,692 (1994). 16. A. K. Cuo et al., Learn. Mem. 3, 49 (1996). M.-m. Poo for comments and discussion. Supported by 
14. The P-GAL4 line OK107 was crossed to UAS-CFP 17. R. Wolf, M. Heisenberg. Learn. Mern. 4, 319 (1997). the National Science Foundation of China (grants 

(CFP, green fluorescent protein). The MBs in brains 
from the resultant progeny can be visualized directly 
by CFP fluorescence (18). 

15. R. Wolf, M. Heisenberg, 1.Comp. Physiol. A 169,699 

18. J. B. Connolly et dl . ,  Science 274, 2104 (1996). 
19. We thank M. Heisenberg for helpful communication 

and for providing WTB and mbm' flies; K. Coetz and R. 
Wolf for help with the flight simulator; W. Xi, 5. Y. Xu, 

39770187 and 69835020), the Multidisciplinary Re- 
Search Programof Chinese AcademyOf Sciences, and 
the Major State Basic Research Program (grant 
C2m77800), 

(1991). and Y. Z. Ye for assistance in some experiments; and 12 December 2000; accepted 27 September 2001 

Presynaptic Proteins at  Onset 

of control; size, 101 ? 2%, control average =Rapid Increase in Clusters of 4.2 2 0.2 p,m2), suggesting that the increase in 
number was not due to an overall shift in size or 
intensity that made more puncta detectable. 

We double-labeled the cultures with an an- 
tibody against synaptophysin, a vesicle-associ- of Long-Lasting Potentiation 
ated protein used as a presynaptic marker. In 

lrina Antonova,' Ottavio Aran~io ,~*  control cultures, some but not all (32.7 ? 2.2%)Anne-Cecile Trillatn4 
Hong-Gang Wang,' Leonard Z a b l o ~ , ' . ~  of the synaptophysin puncta colocalized with Hiroshi U ~ O , ' . ~  

Eric R. Kandel,'*2*3 Robert D. ~awkins 'e~t  GluRl puncta (appearing as yellow or, more 
often, as adjacent red and green puncta) and 

A change in the efficiency of synaptic communication between neurons is therefore might participate in functional gluta- 
thought to underlie learning. Consistent with recent studies of such changes, matergic synapses. The remaining synaptophy- 
we find that long-lasting potentiation of synaptic transmission between cul- sin-IR puncta may form synapses with other 
tured hippocampal neurons is accompanied by an increase in the number of types of receptors or may be nonsynaptic. As 
clusters of postsynaptic glutamate receptors containing the subunit GIuR1. In for GluR1-puncta, brief exposure to glutamate . -

addition, pitentiation is accompanied by a rapid and long-lasting increase in the produced increases in the number of synapto- 
number of clusters of the presynaptic protein synaptophysin and the number physin-IR puncta [204 ? 17%, t(49) = 5.93, 
of sites at which synaptophysin-and GIUR~are colocalized. These results suggest P < 0.0011 and sites where synaptophysin and 
that potentiation involves rapid coordinate changes in the distribution of GluRl were colocalized [282 ? 46%, t(49) = 

proteins in the presynaptic neuron as well as the postsynaptic neuron. 3.81,P < 0.0011. Moreover, for both GluR1-IR 
and synaptophysin-IR puncta, glutamate pro- 

Although there is consensus that the induction Application of glutamate to the cultures can duced a greater increase in the number of punc- 
of plasticity in the CAI region of the hippocam- also produce long-lasting potentiation or de- ta that were colocalized than puncta that were 
pus usually involves Ca2+ influx through pression (6, 12). Brief (-1 min) application not [GluRl, 275 2 44% versus 143 ? 15%, 
postsynaptic N-methyl-D-aspartate (NMDA) re- of glutamate in 0 Mg2+ saline (to allow t(25) = 3.99,P < 0.001; synaptophysin, 288 ? 
ceptor channels, there is less agreement about opening of NMDA receptor channels) pro- 46% versus 174 ? 11%, t(25) = 2.84, P < 
the expression of the plasticity (1-3). Recent duced a rapid and long-lasting increase in the 0.011 (S2). Like GluR1-IR, there was no change 
studies have provided strong support for amplitude of excitatory postsynaptic currents in the intensity (97 2 2% of control) or size 
postsynaptic mechanisms (4), including chang- (EPSCs) at synapses between pairs of hip- (104 ? 3%, control average = 4.5 ? 0.2 km2) 
es in the surface membrane expression of pocampal neurons in dissociated cell culture of the synaptophysin-IR puncta. 
a-amino-3-hydroxy-5-methyl-4-isoxazolepropi-(13) (Fig. 1A). Glutamate also produced a The glutamate-induced increases in the 
onate (AMPA) glutamate receptors in synaptic rapid and long-lasting increase in the fre- number of synaptophysin-IR puncta, GluR1- 
clusters or "puncta" that label for GluRl (4-7). quency of spontaneous miniature EPSCs IR puncta, and sites where they were colo- 
However, there is also evidence that long-lasting (mEPSCs) (Fig. 1B) with no change in their calized were all blocked by the NMDA an- 
potentiation may involve presynaptic mecha- amplitude (average 5 to 30 min after gluta- tagonists D-APV (Fig. 2, A and B) or MKS01 
nisms as well (1-3). To investigate such presyn- mate, 102 2 6% before glutamate; average [lo0 kM; synaptophysin, 159 ? 13% versus 
aptic changes, we examined irnmunoreactivity before glutamate, 8.8 2 0.3 PA). Further- 99 ? 7%, n = 5 and 6, t(9) = 4.43, P < 0.01; 
for GluRl and a presynaptic vesicle-associated more, the glutamate-induced increase in GluRl , 126 ? 34% versus 89 ? 10%; colo- 
protein, synaptophysin, in cultured hippocampal mEPSC frequency was blocked when the calized, 163 ? 24% versus 91 k 16%, t(9) = 

neurons. bath solution contained the NMDA receptor 2.60, P < 0.051. These results suggest that, 
Hippocampal neurons in culture can un- antagonist D-aminophosphovalerate (D-APV), like the potentiation of mEPSC frequency, 

dergo activity-dependent long-lasting synap- consistent with the idea that glutamate acts by the increase in synaptophysin-IR puncta may 
tic plasticity with many of the key features of stimulating postsynaptic NMDA receptors. depend on activation of postsynaptic NMDA 
long-term potentiation (LTP) or long-term Brief application of glutamate also pro- receptors. Furthermore, like the potentiation, 
depression (LTD) in the CA1 region of hip- duced an increase in the number of GluR1- the increase in the number of synaptophysin- 
pocampus in slices or in vivo (5, 8-1 1). irnmunoreactive (IR) puncta in cultures fixed 5 IR puncta was maintained at nearly the same 

min after the glutamate application, compared level 30 min after the glutamate application 

,Center for Neurobiology and Behavior, College of to control cultures from the same batch that [I92 k 23% of control, n = 6 and 5, t(9) = 

Physicians and Surgeons, Columbia University, were fixed 5 minafter saline application (aver- 2.98, P < 0.051, consistent with a role in 
'Howard Hughes Medical Institute, 3New York State age from all such experiments, 166 +- 18% of maintenance of the potentiation (S3). 
Psychiatric Institute, New York, NY 10032, USA. 4De- control, = 26 and 25 dishes, t(49) = 3.45, To verify that these changes were not par- 
partment of Anatomy and Cell Biology, SUNY Health P <0.01) [SI (14)] (Fig. 2, A and B). Although ticular to the pre- and postsynaptic markers Science Center, Brooklyn, NY 11203, USA. 

the size and fluorescence intensity of the GluRl examined, we also demonstrated that brief ap- 
*Present address: Nathan KLine Institute, Orangeburg. puncta varied considerably, there was no differ- plication of glutamate produced increases in the NY 10962, USA.  
TO whom correspondence should be E- ence in these parameters between control and number of puncta that labeled for the presyn-  
mail: rdhl@columbia.edu glutamate-treated cultures (intensity, 96 ? 2% aptic proteins synapsin I (Fig. 2, C and D) and 
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R E P O R T S  

synuclein (not shown) (15), and for the postsyn- 
aptic protein, PSD95, as well as sites where 
synapsin I and PSD95 were colocalized (Fig. 2, 
C and D). On the other hand, glutamate pro- 
duced no change in the number of puncta that 
labeled for the NRl subunit of postsynaptic 
NMDA glutamate receptors (102 2 17%, n = 

6 and 6), as previously shown for long-term 
depression in culture (5, 6), suggesting that 
there is no general change such as overall 
growth. The increase in number of PSD95 
puncta was accompanied by an offsetting de- 
crease in their average size (Fig. 2E), suggest- 
ing that the new PSD95-IR puncta could arise 
from splitting of preexisting puncta (4). By 
contrast, the average size of the synapsin-IR 
puncta, like that of the synaptophysin-IR and 
GluRl-IR puncta did not change. 

Where then do the new synaptophysin-IR 
puncta come from? New protein synthesis is 
not required; brief exposure to glutamate still 
produced increases in the number of synapto- 
physin-IR puncta, GluRl-IR puncta, and sites 
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It:::: where they were colocalized in cultures treated 

with the protein synthesis inhibitor anisomycin 
(Fig. 3, A and B). We then tested for the 
involvement of cytoskeleton-mediated cluster- 
ing of existing synaptophysin within presynap- 
tic processes, as may occur for GluRl postsyn- 
aptically (4-7). Such clustering would likely 
require cytoskeletal proteins such as actin, 
which colocalizes with presynaptic proteins as 
well as with GluRl (16, 17). We therefore 
examined the effect of an inhibitor of actin 
polymerization, cytochalasin D, and found that 
the glutamate-induced increases in the number 
of synaptophysin-IR puncta, GluR1-IR puncta, 
and colocalization sites were all blocked in 
cultures that had been treated with cytochalasin 
D (Fig. 3, A and C). Thus, actin plays an 
important role in the increases in number of 
puncta, although we cannot distinguish between 
an active transport role or a more permissive 
scaffolding role (S4). Like the early phase of 
LTP in hippocampal slices (18-20), the gluta- 
mate induced increase in mEPSC frequency in 
culture was similarly unaffected by the protein 
synthesis mhibitor anisomycin, but mhibited by 
the actin polymerization inhibitor cytochalasin 
D (S5), suggesting that the actin-dependent 
changes in synaptophysin-IR and GluR1-IR 
puncta could contribute to the potentiation of 
mEPSC frequency. 

To verify our immunocytochemical results 
in individual neurons over time, we expressed a 
synaptophysin-GFP (green fluorescent protein) 
fusion protein in cultured hippocampal neurons 
by infection with recombinant adenovirus (S6, 
S7). Ten minutes after brief exposure to saline 
(control), most synaptophysin-GFP puncta re- 
mained stable, but there were also both losses of 
preexisting puncta and gains of new puncta that 
approximately canceled each other out (Fig. 4, 
A and C). Ten minutes after brief exposure to 
glutamate, more puncta were gained and fewer 

,5  2 I00 - - o ~ r $ = B  
.lo -5 0 5 10 15 20 25 0  

Time (nun)  -5 0 5 10 15 20 25 30 
T ~ m e(min) 

Fig. 1.Glutamate produces increases in EPSC amplitude and mEPSC frequency. (A l )  Examples of evoked 
EPSCs produced in a postsynaptic neuron by step depolarization that elicited an inward current in the 
presynaptic neuron before (Pre), and 5 and 25 min after, brief application of 200 FM glutamate to  the 
dish. (142)The average change (mean 2 SEM) in EPSC amplitude following brief application of glutamate 
or saline (control). There was a significant overall difference between the two groups in a two-way 
analysis of variance (ANOVA) with one repeated measure [~(1,6) = 51.84, P < 0.01], and planned 
comparisons showed that the groups were significantly different at each time point after the glutamate 
application (P <0.01 in each case). Each point represents the average of 20 successive trials, normalized 
to  the average value during the 10 min before glutamate application (baseline) in each experiment. The 
average baseline values were 59 rt 23 PA, n = 4 (glutamate) and 99 t 41 PA, n = 4 (control), not 
significantly different. (BI) Examples of spontaneous mEPSCs before (Pre), and 5 and 30 min after, brief 
application of glutamate to  the dish. (Inset) The amplitude distributions of the mEPSCs at those times. 
(BZ) The average change in mEPSC frequency following brief application of glutamate, saline (control), 
or glutamate and D-APV (50 pM). There was a significant overall difference between the three groups 
[F(2,20) = 4.51, P < 0.051, with the glutamate group significantly different from both the control group 
and the glutamate + D-APV group at each time point (P < 0.05 in each case). Data were normalized 
to  the average value during the 10 min before glutamate application (baseline) in each experiment. The 
average baseline values were 41 t 10 minpl, n = 11 (control), 38 t 12 min-', n = 8 (glutamate), and 
36 2 10 minpl, n = 4 (glutamate + D-APV), not significantly different by a one-way ANOVA. 

puncta were lost than in the control group, re- 
sulting in a net increase in the number of puncta. 
This increase was maintained at least 30 min, 
and was blocked by D-APV (Fig. 4B). These 
results provide an independent replication of the 
results obtained with imrnunocytochemistry 
(S8). In addition, we examined the onset of the 
effect and found no glutamate-induced increase 
in the number of puncta 1 min after the gluta- 
mate application, indicating that the induction of 
the increase takes between 1 and 10 rnin. 

We next examined the effects of glutamate 
on subthreshold changes in fluorescence, which 
might provide information about the origin of 
the new puncta (Fig. 4D). We saw no evidence 
for splitting of presynaptic terminals into two 
(4). We did, however, see three other types of 
changes: (i) Some puncta appeared to move 
along a process (Fig. 4D1). As previously de- 
scribed (21), these puncta are prefabrictated 

packets of synaptic proteins that are being 
transported to their fmal destination. Their 
movement would not contribute to the increase 
in total number, and was not affected by gluta- 
mate (3.8 ? 0.7% versus 5.5 2 1.4% of punc- 
ta). (ii) Some subthreshold puncta stayed in the 
same location and became more intense (or- 
ange) (Fig. 4D2). (iii) Some relatively diffuse 
regions of fluorescent material (green areas) 
appeared to aggregate into nearby suprathresh- 
old puncta (red or orange spots) (Fig. 4D3). 
Such aggregation could contribute to the ap- 
pearance of truly new puncta, as well as to 
intensification of preexisting puncta. 

To quantify aggregation of puncta, we 
measured the changes in total fluorescence of 
the puncta and the surrounding area within 5 
pm of the puncta (22) (Fig. 4E). For puncta 
that were gained (Post only), the increase in 
fluorescence of the puncta was accompanied 
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Fig. 2. Glutamate pro-
duces rapid increases in 
the number of punaa 
that are immunoreac- a, 
tive (IR) for pre- and -
postsynaptic proteins. 
(A) Examples of synap- z 
tophysin (syp)-IR (red), 50 

GluR1-IR (green), and 
O 

Con Glu GIu+ Con Glu Glu+ Con Glu Glu+ C Slu Con Glu 
D-APV D-APV D-APV- . .. . - . .. . - . .. 

colocalization (either 
yellow or adjacent red and green) in a control dish (left), a dish fixed 5 min 
after brief application of 200 p M  glutamate (middle), and a dish fixed 
after application of glutamate in the presence of 200 p M  D-APV (right). 
Scale bar, 5 pm. (B) Average results from experiments like the one shown 
in (A) (n = 6 dishes in each group). In this and subsequent figures, ** = 
P < 0.01, * = P < 0.05 compared to  control, and # = P < 0.05 
compared to  glutamate. The number of puncta in a representative field 
(94 p m  by 142 pm) have been normalizedto  the number in comparable 
fields in control dishes from the same culture batch. The average control 

values (innumber of uncta) were 47 + 8 (syp), 75 +- 10 (GluRl), and 
20 + 3 (calocalized~(C) Examples of qnapsin I (syn)-IR. PSD95-IR. 
and colocalization in  a control dish (Left) and a dish fixed 5 min after 
brief application of glutamate (right). (D) Average results from ex-
periments like the one shown in (C) (n = 6 and 6). The average 
control values were 112 t 8 (syn), 90 + 7 (PSD95), and 58 + 6 
(colocalized). (E) Glutamate also produced a rapid decrease in the size 
of the PSD95-IR puncta. The average control values were 4.7 + 0.2 
pm2 (syn) and 3.9 + 0.2 (PSD95). 

Glu + 
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v . 
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CytochalasinD 
by a decrease in fluorescence of the surround-

Aing area, consistent with aggregation into the 
puncta. Conversely, for puncta that were lost 
(Pre only), the decrease in the fluorescenceof 
the puncta was accompanied by an increase 
in fluorescence of the surrounding area, con-
sistent with disaggregation. There was no 
significant difference in these effects between 
the cultures treated with saline, glutamate, or 
glutamate and D-APV, and the results have 
been pooled. These results suggest that in 
control conditions the puncta undergo contin-
ual aggregation and disaggregation that are in 
approximate equilibrium, and that glutamate 
temporarily shifts the balance so that a great- C 

er number of puncta aggregate. 
There is an increase in the number of 

synaptophysin-IR puncta during protein syn- '" 

thesis-dependent late-phase LTP lasting more 
than 2 hours (23),when there is actual growth 
of new synapses (4) .  Our results now dem-

G ~ Y  Anlso Glu+ Giu Aniso Glu+ Glu Aniso Glu+ Glu Cyio Glu+ Glu Cyto Glu+ Glu Cyio Glu+Onstrate that the number of synaptophysin Aniso A n i i  AniM CyCo Cyto Cyto 

puncta increases as early as 5 l o -mi  after 
stimulation, before any synaptic growth has 
been thought to occur. However, because 
growth of new postsynaptic filopodia and 
spines can occur within 10to 20 min after the 
induction of LTP (24, 25), we examined neu-
rons transfected with GFP instead of synap-
tophysin-GFP, but did not see any consistent 
changes in their mophology during the first 

Fig. 3. The glutamate-induced increases in puncta are not blocked by an inhibitor of protein 
synthesis (anisomycin), but are blockedby an inhibitor of actin polymerization (cytochalasinD). (A) 
Examples of synaptophysin-IR, gluR1-IR, and colocalization in dishes fixed 5 min after brief 
application of either glutamate (left), glutamate following treatment with 30 p M  anisomycin for 
1hour (middle), or glutamate following treatment with 30 p M  cytochalasin D for 15 hours (right). 
(B) Lack of effect of anisomycin on the glutamate-induced increasein puncta (n = 6 in each group). 
The average control values (in number of puncta) were 42 + 8 (synaptophysin), 42 2 6 (GluRl), 
and 12 2 3 (colocalized). (C) Effect of cytochalsin D on the glutamate-induced increase in  puncta 
(n = 9. 6 and 6). The average control values were 30 ? 5 (synaptophysin), 44 5 7 (GluRI), and 
7 + I(colocalized). 
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Fig. 4. Clutamate produces a rapid increase in the number 

I 
of synaptophysin-GFP puncta. (A) Examples of synapto- 
physin-CFP fluorescent punda before (Pre, green) super- 
imposed on those 10 min after (Post, red) brief application 
of saline (control, left), glutamate (middle), or glutamate in 
the presence of 200 p M  D-APV (right). Puncta that were 
present in the posttest only appear red, those that were 
present in the pretest only appear green, and those that 
were present at both times appear yellow. Scale bar, 10 

p m  (0) Average time course of changes in the total number of synaptophysin-GFP fluorescent puncta 
following brief exposure to  glutamate, saline (control), or glutamate and D-APV. There was a significant 
overall difference in number of puncta between the three groups in a two-way ANOVA [F(2,48) = 6.06, 
P < 0.011, with the glutamate group being significantly different from the control group and the 
glutamate + D-APV group at both 10 min and 30 min (P < 0.01 in each case). (C) Average number of 
synaptophysin-GFP pun& present in the 10-min posttest only (left), the pretest only (middle), or both 
tests (right) in each of the experimental groups. The number of puncta in the field (235 p m  by 355 pm) 
have been normalized to  the total number on the pretest in each experiment. The average pretest values 
were 102 2 14, n = 18 (control), 108 2 13, n = 24 (glutamate), and 172 * 33, n = 9 (glutamate + 
D-APV). (D) Examples of changes in subthreshold fluorescence signals. The image is the same as the 
middle panel of (A) (which was generated with an intensity threshold to facilitate recognition and 
counting of puncta) but without the threshold. (E) The average changes in fluorescence of the puncta 
and the surrounding area within 5 p m  for puncta that were counted in the posttest only (left), the 
pretest only (middle), or both the pre- and posttest (right). The changes in fluorescence have been 
normalized to the total fluorescence of the punda and surround on the pretest in each experiment. 

30 min following glutamate application. have found an increase in functional termi- 
Thus, the new glutamate-induced synapto- nals (indicated by vesicle cycling) during ear- 
physin puncta that we have observed proba- ly as well as late-phase LTP (2629). In 
bly do not reflect the growth of new termi- either case, our results support the emerging 
nals, although some might constitute a re- view that even the early stages of long-lasting 
serve pool of material for new terminals that plasticity involve microstructural changes 
have not yet formed (21). Alternatively, the and show that those changes can occur pre- 
new puncta may be associated with the con- synaptically as well as postsynaptically in a 
version of "silent" presynaptic terminals to coordinated fashion, as occurs during synap- 
functional ones, as several previous studies tic development (30). 
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