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tion represents strong evidence for a distinc-
tive evolutionary origin of dinoflagellate
chloroplasts, although a comparison of their
plastid tRNA sequences with those of extant
organisms will be required to fully resolve the
issues raised here. However, it is clear that
the dinoflagellate RuBisCO represents a
form of the enzyme not previously found in
chloroplasts.

REFERENCES AND NOTES

1. N.-E. Assali, W. F. Martin, C. C. Sommerville, S.
Loiseaux-de Goér, Plant Mol. Biol. 17, 853 (1991); C.
W. Morden and S. S. Golden, J. Mol. Evol. 32, 379
(1991); W. Martin, C. C. Somerville, S. Loiseaux-de
Goér, ibid. 35, 385 (1992); C. W. Morden, C. F.
Delwiche, M. Kuhsel, J. D. Palmer, BioSystems 28,
75 (1992).

2. F. Narang, L. Mcintosh, C. Somerville, Mol. Gen.
Genet. 193, 220 (1984); G. Gibson and F. Tabita, J.
Biol. Chem. 252, 943 (1977); |. Andersson et al.,
Nature 337, 229 (1989).

3. D. Morse, unpublished data.

4. A Perkin-ElImer model 9600 PCR was run for 35
cycles of 1 min each at 95°C, 45°C, and 72°C [M.
Innis, D. Gelfand, J. Sninsky, T. White, PCR Proto-
cols (Academic Press, San Diego, CA, 1990)].

5. The oligonucleotides synthesized corresponded to
the peptides ANITA (5'-GCNAAYATHACNGC-
NGAYGA-3') and GGGAF (5'-TGNCCRAANGCNC-
CNCCNCC-3') (18).

6. S. Machabée, L. Wall, D. Morse, Plant Mol. Biol. 25,
23 (1994). The cDNAs were synthesized from poly(A)
RNA and cloned into lambda ZAP vector (Stratagene,
San Diego, CA). Total genomic DNA was purified by
centrifugation on CsCl gradients after extraction.

7. G. Coruzzi, R. Broglie, A. Cashmore, N.-H. Chua, J.
Biol. Chém. 258, 1399 (1983).

8. |. Kanevski and P. Maliga, Proc. Natl. Acad. Sci.
U.S.A. 91, 1969 (1994).

9. P. H. Raven, Science 169, 641 (1970).

10. A. I. Loeblich, J. Protozool. 23, 13 (1976).

11. M. Watanabe et al., J. Phycol. 23, 382 (1987); L. W.
Wilcox and G. J. Wedermayer, Science 227, 192
(1985).

12. K. Tangen and T. Bjérnland, J. Plankton Res. 3, 389
(1981).

13. K. Ritland and M. Clegg, Am. Nat. 130, S74 (1987).

14, C. Woese, Microbiol. Rev. 51, 221 (1987).

156. T. Cavalier-Smith, Biol. J. Linn. Soc. 17, 289 (1982);
C. Morden, C. Delwiche, M. Kuhsel, J. Palmer, Bio-
Systems 28, 75 (1992); M. W. Gray, Trends Genet.
5, 294 (1989).

16. D. Yang, Y. Oyaizu, H. Oyaizu, G. J. Olsen, C. R.
Woese, Proc. Natl. Acad. Sci. U.S.A. 82, 4443
(1985); M. W. Gray, Annu. Rev. Cell. Biol. 5, 25
(1989).

17. The extant proteobacteria Rhodopseudomonas
sphaeroides has both form | and form Il RuBisCO.

18. Abbreviations for the amino acid residues are as
follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G,
Gly; H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P,
Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp;
andY, Tyr.

19. A protein extract from Gonyaulax cells (~1 mg of
protein) was electrophoresed on two-dimensional
gels [P. Milos, D. Morse, J. W. Hastings, Naturwis-
senschaften 77, 87 (1990)).

20. The nitrocellulose membrane was stained with Pon-
ceau red, and one 55-kD isoform was excised for
microsequencing. Trypsin proteolytic fragments were
sequenced by the Harvard Microchemistry Facility.

21. The gels were transferred to nitrocellulose [A. H.
Towbin, T. Staehelin, J. Gordon, Proc. Natl. Acad.
Sci. U.S.A. 76, 4350 (1979)] and stained first with an
antibody to Rhodospirillum RuBisCO and then with
125|-labeled protein A before exposure to x-ray film.
No reaction was observed with an antibody to Nico-
tiana RuBisCO used as a control.

22. DNA extracted from chloroplasts purified on Percoll
gradients was purified on CsCl gradients as de-
scribed [M. Schuler and R. Zielinski, Methods in

1624

>

Plant Molecular Biology (Academic Press, San Di-
ego, CA, 1989)]. Chloroplasts were the only bodies
present in the chloroplast fractions that were stained
by 4’,6'-diamidino-2-phenylindole (a fluorescent
DNA stain).

283. After transfer to Genescreen membranes, the sam-
ples were hybridized for 4 hours, according to the
phosphate-SDS protocol of G. M. Church and W.
Gilbert [Proc. Natl. Acad. Sci. U.S.A. 81, 1991
(1984)], and probed with a labeled PCR fragment
(oligolabeling kit from Pharmacia).

24, F. M. Ausubel et al., Current Protocols in Molecular
Biology (Green and Wiley-Interscience, New York,
1987). The filter was hybridized first to the atpB
probe, stripped, and then hybridized to the
RuBisCO probe. Both probes were exposed to x-
ray film overnight.

25. The protein sequences (accession numbers: Anabae-
na, PO0879; Chromatium, P22849; Rhodospirillum,
P00418; Nicotiana, PO0876; and Gonyaulax, L41063)
were aligned with the Geneworks software package
(Intelligenetics, Mountain View, CA).

26. About 100 ml of each cell culture (~1 mg of protein)
was centrifuged, and then the protein was extract-
ed from the cell pellet by sonication and heating for
10 min in two volumes of sample buffer [U. K.

Laemmli, Nature 227, 680 (1970)]. Equal amounts
of the extracts were subjected to SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE), and the gel
was either stained with Coomassie blue or trans-
fered to nitrocellulose. Dinoflagellates were ob-
tained from the Bigelow laboratories, Booth Bay
Harbor, MN (G. polyedra),; Ward Scientific, St. Cath-
arines, Ontario (A. pacificum); and the North East
Pacific Culture Collection, Vancouver, BC (P. lunula
and G. aureolum). Nicotiana tobaccum samples
were obtained from greenhouse-grown plants at
the University of Montreal.

27. We thank D. Beebe, C. Cavanaugh, W. Doolittle,
S. Gibbs, and G. Lorimer for their comments on the
manuscript before submission. We are grateful to
G. Lorimer for making available both an antibody to
proteobacteria RuBisCO and a genomic Rhodospi-
rillum DNA clone, to C. Cavanaugh for providing an
antibody to Nicotiana RuBisCO, and to F. Lang for
the atpB gene probe. This work has been support-
ed by a grant from the National Sciences and En-
gineering Research Council of Canada (D.M.), by
Office of Naval Research grant NO0O14-94-1-0575,
and by NIH grant 2R01-GM-19536 (J.W.H.).

16 September 1994; accepted 30 March 1995

Presynaptic Component of Long-Term
Potentiation Visualized at Individual
Hippocampal Synapses
Antonio Malgaroli,* Anthony E. Ting, Beverly Wendland,

Andrea Bergamaschi, Antonello Villa, Richard W. Tsien,
Richard H. Scheller

Long-term potentiation has previously been studied with electrophysiological techniques
that do not readily separate presynaptic and postsynaptic contributions. Changes in
exocytotic-endocytotic cycling have now been monitored at synapses between cultured
rat hippocampal neurons by measuring the differential uptake of antibodies that recognize
the intraluminal domain of the synaptic vesicle protein synaptotagmin. Vesicular cycling
increased markedly during glutamate-induced long-term potentiation. The degree of
potentiation was heterogeneous, appearing greater at synapses at which the initial extent
of vesicular turnover was low. Thus, changes in presynaptic activity were visualized
directly and the spatial distribution of potentiation could be determined at the level of

single synaptic boutons.

The distinction between presynaptic and
postsynaptic aspects of neurotransmission
is fundamental to understanding how syn-
aptic function is modulated, yet it is often
difficult to assess (1). Vesicular release of
neurotransmitter from presynaptic termi-
nals is generally measured by electrophysi-
ological recordings of postsynaptic signals
(2). However, the variable responsiveness
of the postsynaptic membrane renders it
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an unreliable indicator of presynaptic ac-
tivity (1). This unreliability has given rise
to ambiguity and controversy, particularly
in the area of long-term potentiation
(LTP) (3), for which the existence of a
presynaptic component of enhancement is
still intensely debated (4—-6). Thus, alter-
native approaches are required to monitor
changes in presynaptic activity directly.
We now describe experiments in which
vesicular fusion and recycling (7) were
detected by the uptake of specific antibod-
ies that recognize a luminal epitope of the
vesicular protein synaptotagmin (8, 9).
Levels of activity during two sequential
experimental periods were monitored sep-
arately with the use of two different anti-
body preparations, generated in different
animal species, and were assessed by indi-
rect immunofluorescence. This approach
provided a ratiometric measure of changes



in exocytotic activity after experimental
interventions and allowed each synapse to
serve as its own control. Thus, synaptic
modulation could be studied with great
spatial resolution. We used this approach
to test the idea that presynaptic modifica-
tions contribute to glutamate-induced
LTP of synaptic transmission in CA3-
CA1 hippocampal cultures (5). This form
of potentiation is mediated by N-methyl-
D-aspartate  (NMDA) receptors and is
strongly suppressed by postsynaptic hyper-
polarization (5), similar to classical LTP in
hippocampal slices (3); the potentiation
can be studied in the absence of spike
activity in the neuronal network (10).
Goat and rabbit antibodies were gener-
ated against a 24—amino acid peptide cor-
responding to a portion of the intraluminal
domain of synaptotagmin (11). Immuno-
blot analysis of hippocampal membranes
with the affinity-purified antibodies re-
vealed a single band of 65 kD, correspond-
ing to the mobility of synaptotagmin (Fig.

cation of glutamate, they display a long-
lasting, NMDA receptor—dependent LTP
of evoked and spontaneous transmission
(5). Cultured hippocampal CA3-CA1 neu-
rons were incubated with either the goat or
rabbit antibodies to synaptotagmin (anti-
synaptotagmin) in the presence of 1 pM
tetrodotoxin (TTX) for 10 min to 10 hours
(14). Neurons were then fixed and pro-
cessed for immunocytochemistry (8, 9).
The goat and rabbit antibodies were inde-
pendently detected with fluorescently
tagged, species-specific antibodies to immu-
noglobulin in order to identify sites of up-
take (15). Both the rabbit and goat anti-
bodies were efficiently internalized by hip-
pocampal neurons (Fig. 1, B and C). The
resulting punctate staining pattern corre-
sponds to the distribution of synapses, as
revealed by the precise colocalization of
anti-synaptotagmin with other presynaptic
terminal markers (synapsin [ and synapto-
physin). No staining was observed when the
same experimental procedures were repeat-

1A) (12). Preabsorption of either the goat
or the rabbit antibodies with the synapto-
tagmin peptide completely abolished their
ability to label the 65-kD band, confirming
their specificity (Fig. 1A). To test whether
the antibodies were competent for antigen
binding and uptake by synaptic terminals
during cycles of spontaneous synaptic vesi-
cle turnover, we used cultured CA3-CA1l
hippocampal neurons that had been ob-
tained from 3- to 5-day-old rats and main-
tained in culture for 10 to 20 days (13). At
this stage, the cultured hippocampal neu-
rons have developed functionally mature
synaptic contacts and, in response to appli-

Fig. 1. Specificity and synaptic uptake of antibodies to
synaptotagmin (anti-synaptotagmin). (A) Immunoblot
analysis of rat hippocampal membranes with anti-syn-
aptotagmin prepared in goat (lanes 1 and 2) or rabbit
(lanes 3 and 4) and detected with 125|-labeled protein G
or '25l—protein A, respectively. Preabsorption of anti-
bodies with the immunogenic peptide completely abol-
ished specific labeling (lanes 2 and 4). The background
is higher in lanes 1 and 2 because of a fourfold longer
film exposure. p65, 65-kD immunoreactive band. (B
and C) Confocal microscopy of active synapses visual-
ized by the uptake of anti-synaptotagmin generated in
rabbit (B) or goat (C). Hippocampal neurons were incu-
bated overnight in culture medium (37°C, 5% CO,) con-
taining antibodies and 1 uM TTX. Neurons were then
fixed and processed for double-label immunostaining
with mouse antibodies to microtubule-associated pro-
tein-2 (MAP-2) as counterstain and specific fluorescent
secondary antibodies. The red fluorescence indicates
the dendritic and somatic localization of MAP-2, and
the green points represent active synaptic terminals (as
judged by their precise colocalization with other synap-
tic markers such as synapsin ). Arrowhead, a presyn-
aptic axon with several consecutive boutons along the
same postsynaptic MAP-2-labeled dendrite. Variability
in the extent of synaptic staining was apparent under
control conditions, with a coefficient of variation (SD/
mean) of 0.58 (rabbit) or 0.56 (goat). Bar, 25 um.
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ed with antibodies that recognize the cyto-
solic portion of synaptotagmin. Thus, stain-
ing resulted from a specific interaction of
antibodies with a luminal epitope, not from
a general uptake of antibodies into the cell
(8, 9). A large variation was apparent in the
staining intensity of individual terminals
(Fig. 1, B and C). We investigated the
possibility that the variation in staining
correlated with the amount of synaptotag-
min in the terminal. Hippocampal cultures
were incubated for 1 hour with rabbit anti-
bodies, fixed, permeabilized, and allowed to
interact with goat antibodies as a measure
of total synaptotagmin content. The vari-
ability persisted when corrections were
made for the total synaptotagmin content
of each bouton (16), as expected from the
intrinsic variability of activity at central
synapses (17).

To investigate possible variations in
synaptic vesicle turnover during the
course of an experiment, we incubated
hippocampal cultures first with goat anti-
bodies for 1 hour (P1) and then with
rabbit antibodies for 1 hour (P2). Compar-
ison of the relative amounts of antibody
uptake during the successive incubations
provided a means for visualizing changes
in synaptic activity. The amount of each
species of antibody internalized during P1
and P2 was quantified with the aid of a
confocal fluorescence microscope system
(I18) and expressed in arbitrary units of
fluorescence intensity at individual sites
(F1, F2). Under control conditions, in
which no experimental intervention was
applied, synaptic uptake of antibodies re-
mained relatively constant, as indicated by
the similarity between the pattern and
extent of the F1 and F2 signals. The ratio
F2/F1 was determined for 301 individual
synapses and averaged 0.88 = 0.048 (%
SEM), indicating similar uptake and de-
tection of rabbit and goat anti-synaptotag-
min. No significant differences were ob-
served when the order of the incubations
with goat and rabbit antibodies was re-
versed. To check that antibody applica-
tion did not affect synaptic activity, we
obtained whole-cell recordings from indi-
vidual hippocampal neurons (Fig. 2A)
(19). Application of the purified antibod-
ies had no detectable effect on the fre-
quency of miniature excitatory postsynap-
tic currents (EPSCs), either under control
or enhanced-release conditions [average
ratio relative to control, 0.98 * 0.033 (n
= 12)].

To test the ability of this approach to
detect changes in synaptic activity, we
examined the effect of promoting Ca?*
entry and thereby increasing synaptic ves-
icle turnover. After incubation under con-
trol conditions during P1, Ca?™ influx was
augmented during P2 by increasing the
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external K* concentration from 5 to 15
mM and by application of FPL 64176, a
potent agonist of L-type Ca’* channels
(20). In parallel experiments with record-
ing under whole-cell voltage clamp, this
form of stimulation markedly increased
the frequency of miniature EPSCs (3.6 *
0.2—fold relative to control, n = 15) (Fig.
2A). The combination of increased K*
plus FPL 64176 also enhanced the uptake
of anti-synaptotagmin. Synapses that
showed little staining during P1 (Fig. 2B)
took up a larger number of antibodies
during P2, resulting in a brightly fluores-
cent F2 signal (Fig. 2C). The F2/F1 ratio
was determined for individual synapses
and averaged 2.99 * 0.16 (n = 210 syn-
apses), more than twofold greater than
control (P < 0.0001, ¢ test) (Fig. 2F).

When the same intervention (15 mM
K™ and FPL 64176) was applied during P1
as well as P2, synaptic uptake was aug-
mented during both periods, as shown by
bright staining for both goat (Fig. 2D) and
rabbit (Fig. 2E) antibodies; the F2/F1 ratio
(1.07 = 0.045, n = 161) remained close to
control values. Whereas the F1 signal was
affected by extending the intervention to
P1, the F2 signal was not (Fig. 2G). Syn-
aptic uptake of antibodies during P2 was
not significantly affected by increased up-
take during P1 (P > 0.1, ¢ test) (Fig. 2G,
inset) and the cumulative distributions of
F2 were approximately the same (Fig. 2G).
Thus, previously internalized antibodies
did not affect subsequent uptake of anti-
body molecules or their detection with
secondary antibodies.

Similar procedures were used to exam-
ine presynaptic correlates of a long-lasting
synaptic potentiation elicited by a brief
application of 50 pM glutamate in a
Mg?* -free solution (21). This protocol re-
sults in a clear NMDA receptor-depen-
dent LTP in this system (5) and in hip-
pocampal slices (22). Each preparation of
cultured hippocampal cells was subjected
to electrophysiological recording to verify
its competence for this form of potentia-
tion before testing it for possible changes
in presynaptic vesicular turnover. Neurons
were exposed for 1 hour to goat anti-
synaptotagmin during P1, briefly washed,
and then challenged for 30 s with either
Tyrode’s solution (control) or a Mg?*-free
solution containing 50 pM glutamate. A
1-hour exposure to rabbit antibodies (P2)
was begun 10 min after the induction
protocol, in order to avoid measuring
short-lasting changes in activity that pre-
cede LTP (3). Synaptic uptake of antibod-
ies at individual synaptic terminals was
then determined. The fluorescence result-
ing from antibody uptake during P2 was
not markedly different from that during P1
in the control experiments with mock
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stimulation (Fig. 3, A and B) or when the
Mg?*-free glutamate stimulus was applied
in the presence of blockers of NMDA
receptor channels [25 pwM D,L-2-amino-5-
phosphonovaleric acid (APV) plus 10 pM
MKZ&801]. In contrast, after the LTP induc-
tion protocol, F2 was greater than F1 (Fig.
3, C and D). The increase in F2 intensity
was a consistent observation in numerous
neuronal cultures (n = 21).

Fig. 2. Ratiometric mea- A
surement of changes in Pl
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Under the specific conditions that pro-
duce LTP, the cumulative distribution of
F2/F1 ratio values measured at individual
synapses was markedly displaced toward
higher values of F2/F1 (Fig. 3E). This shift
was attributable to an enhancement of F2,
indicative of increased synaptic exocy-
totic-endocytotic cycling during P2 (Fig.
3E, inset). The increase in ratio values
relative to control was completely pre-

P2

vesicular turnover asso-
ciated with increased
Ca?* influx. (A) Repre-
sentative example of
whole-cell current re-
cording of spontaneous
EPSCs (membrane po-

tential, —70 mV). Individ- S SRR (R

ual EPSCs, detected by
computer analysis of
digitized records (5), are
denoted by a vertical line
indicating the measured
EPSC amplitude. Lower
current traces are dis-
played on an expanded
time scale. Purified anti-
synaptotagmin was ap-
plied for 1 hour both un-
der control conditions
(P1, goat antibodies) and
during enhanced exocy-
tosis (P2, rabbit antibod-
ies). Vesicular release
was enhanced by appli-
cation of Tyrode's solu-
tion containing 2 uM FPL
64176 and 15 mM KClto
promote Ca?* influx
through voltage-depen-
dent L-type Ca2* chan-
nels. FPL 64176 induced
a sustained increase in
miniature EPSC frequen-
cy, whereas antibodies
had no effect on the fre-
quency of spontaneous
EPSCs. (B to E) Anti-
body internalization visu-
alized by the sequential
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aptotagmin, fixation, and detection with fluorescently tagged, species-specific secondary antibodies
[fluorescein-labeled antibodies to goat immunoglobulin (B and D) or rhodamine-labeled antibodies to
rabbit immunoglobulin (C and E)]. Bar, 8 wum (B and C) or 15 um (D and E). (B and C) Exposure to Tyrode’s
solution (P1) followed by Tyrode’s solution containing 15 mM K* plus FPL 64176 (P2), as in (A). (D and
E) Two sequential exposures to Tyrode’s solution containing 15 mM K* and FPL 64176. Note the large
enhancement of synaptic staining in (C) compared to (B), and the similarity in the degree of synaptic
staining in (D) and (E). (F) Cumulative distributions of F2/F1 values for individual synapses. Control, basal
Tyrode's solution in P1 and P2 (mean F2/F1 value, 1.3 = 0.09). 1 Ca?* influx, basal Tyrode's solution in
P1, Tyrode’s solution containing 15 mM K* and FPL 64176 in P2 (mean F2/F1 value, 2.99 * 0.16). (G)
Cumulative distributions of F2 values from the same sets of synapses as in the inset. (Inset) Pooled values
of fluorescence (mean = SEM). Left, basal Tyrode’s solution in P1, Tyrode’s solution containing 15 mM
K* and FPL 64176; right, Tyrode's solution containing 15 mM K* and FPL 64176 in P1 and P2. Uptake
of antibodies during P2 was unaffected by the degree of prior antibody internalization during P1. Likewise,
retention of antibodies internalized during P1 was not altered by the degree of antibody uptake during P2.
Similar results were obtained when goat and rabbit antibodies were applied in reverse order.
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vented when glutamate was applied in the
presence of NMDA receptor blockers,
consistent with the requirement for
NMDA receptors in the induction of LTP
(23). The near twofold change in antibody
uptake is comparable to the enhancement
of spontaneous quantal frequency de-
scribed previously (5).

Our approach allowed us to examine
the degree of potentiation at individual
synaptic terminals and to ask whether it
varied systematically with synaptic behav-
ior before potentiation (24). In the ab-
sence of a potentiating stimulus, there was
a strong positive correlation between F2
and F1 (r = 0.5, P < 0.0001), as expected
if a synapse that was more active during P1
continued to exhibit greater vesicular
turnover during P2. Such a correlation was
not detected in experiments in which the
glutamate stimulus was applied to trigger
LTP. In this instance, the synapses with
an initially larger F1 tended to undergo a
lesser degree of potentiation (Fig. 3, A to
D). This effect is illustrated by comparison
of the behavior of the overall synaptic
population with that of subgroups of syn-
apses divided according to their F1 value
(Fig. 4A). The shift in the F2 distribution
associated with LTP was much more pro-
nounced for synapses with an F1 value of

Fig. 3. Visualization of the enhancement of ve-
sicular turnover at individual boutons. (A and B)
Hippocampal neurons were subjected to a mock
application of control solution after P1, followed
10 min later by P2. Indirect immunofluorescence
reflects the spatial distribution of goat antibodies
taken up during P1 (A) and rabbit antibodies
taken up during P2 (B). All incubations with an-
tibodies were performed in the constant pres-
ence of APV (25 puM) to avoid possible potenti-
ation by intrinsic spontaneous activity. (C and D)
Hippocampal neurons were subjected after P1
to an LTP-inducing stimulus, consisting of a brief
(5 s) wash with a Mg?* -free solution followed by
a 30-s challenge with Mg?*-free solution con-
taining 50 pM glutamate (5). P2 began 10 min
after the end of the induction protocol. The spa-
tial distributions of goat antibodies taken up dur-
ing P1 (C) and rabbit antibodies taken up during
P2 (D) are shown. Antibody uptake during P2
was greatly increased relative to that observed in
control experiments (B). Bar, 10 wm. (E) Cumu-
lative probability distributions of F2/F1 values for
individual synapses. Control, sham application
of control solution in place of the LTP-inducing
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=50, and was markedly diminished for syn-
apses with an F1 value of >50. This relation
was further detailed by classifying synapses
according to their F1 values and calculating
the average percentage potentiation relative
to control for each class (Fig. 4B). A strong
negative correlation between F1 and the
degree of potentiation was evident. The
same correlation was apparent for large and
small boutons (25). The variability in F1
values persisted after correction for the
amount of total synaptotagmin immunore-
activity in individual boutons, indicating a
genuine variation in the level of exocytotic-
endocytotic activity during the control pe-
riod (16). Synapses with initially low synap-
tic activity might be expected to exhibit a
greater capacity to undergo potentiation rel-
ative to synapses with high initial activity
(26). Our data support the idea that this
capability can be realized under the influ-
ence of a strongly potentiating stimulus.
Thus, we have visualized directly an
enhancement of presynaptic activity in
association with long-lasting glutamate-
induced potentiation of spontaneous
transmission at hippocampal synapses.
Such potentiation is known to be paral-
leled by a persistent increase in evoked
transmission and is prevented by NMDA
receptor blockers or postsynaptic hyperpo-
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stimulus (n = 377 synapses); LTP, 30-s glutamate application (n = 843 synapses); APV + MK801, the
glutamate challenge was performed in the presence of the NMDA receptor blockers APV (25 wM) and
MK801 (10 nM) (n = 387 synapses). The distributions were obtained from three individual experiments
in which the synaptic signal-to-background ratio was very high, thus allowing a precise estimation of
basal and potentiated synaptic uptake of antibodies. The mean F2/F1 ratio was 1.48 + 0.04 in control,
2.93 = 0.07 with the LTP induction procedure, and 1.76 * 0.05 with the induction procedure
performed in the presence of APV and MK801. (Inset) Mean values of F1 and F2 for experiments with
the sham application (control) and LTP induction procedure (LTP). Whereas F2 was significantly
greater after the LTP procedure, thus explaining the increased F2/F1 ratio, F1 values were not
significantly different between control and LTP induction. These observations indicate that there is no
detectable loss of internalized antibodies as a consequence of the increased level of exocytotic-
endocytotic cycling associated with induction of LTP.
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larization (5), as is LTP in hippocampal
slices (3, 23). The ratiometric measure-
ments of antibody uptake allowed us to
monitor changes in presynaptic vesicular
turnover directly. This approach bypasses
postsynaptic receptors as indicators and
thus provides information distinct from
that obtained in electrical recordings. An
advantage of the present method is its
ability to detect changes at the single-
bouton level, which offers a way of ana-
lyzing synaptic plasticity against a back-
ground of great variability within a large
population of synapses (17). Indeed, the
degree of potentiation was highly hetero-
geneous, varying inversely with the initial
level of antibody uptake at individual
nerve terminals, as if synapses with low or
high basal activity approach a common
ceiling after potentiation (27). The spatial
resolving power of our antibody method
may be valuable for studying the spread of
LTP among neighboring synapses (28) and
in the mapping of patterns of stably ex-
pressed potentiation in complex neural
networks.
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Fig. 4. Correlation of synaptic enhancement
with the basal level of synaptic activity. (A) Dis-
tributions of F2 values in control and LTP-induc-
tion procedures for the overall synaptic popula-
tion (all) and for subpopulations sorted by their
F1 values (F1 = 50, F1 > 50). The difference in
F2 values between control and LTP was more
pronounced in boutons in which F1 values were
initially low and was almost absent when F1 val-
ues were high. Same data set as presented in
Fig. 3E. Quantitation of the pixel intensities for
synapses shown in Fig. 3, A to D, gave results
consistent with the overall trend. (B) Mean per-
centage potentiation for subgroups of synapses,
binned according to their F1 values after sub-
traction of corresponding control values, calcu-
lated as {[(F2/F1) +p/(F2/F1),,] — 1} multiplied
by 100%. Bars are SEMs calculated according
to the formula, variance = variance p + vari-
ance,,,,. The dashed line indicates F1 = 50, the
cutoff value used to sort synapses (A).
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