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The Dynamic Control of Kiss-And-Run
and Vesicular Reuse Probed with
Single Nanoparticles

Qi Zhang, Yulong Li, Richard W. Tsien*

Vesicular secretion of neurotransmitter is essential for neuronal communication. Kiss-and-run is a
mode of membrane fusion and retrieval without the full collapse of the vesicle into the plasma
membrane and de novo regeneration. The importance of kiss-and-run during efficient
neurotransmission has remained in doubt. We developed an approach for loading individual
synaptic vesicles with single quantum dots. Their size and pH-dependent photoluminescence
change allowed us to distinguish kiss-and-run from full-collapse fusion and to track single vesicles
through multiple rounds of kiss-and-run and reuse, without perturbing vesicle cycling. Kiss-and-run
dominated at the beginning of stimulus trains, reflecting the preference of vesicles with high
release probability. Its incidence was increased by rapid firing, a response appropriate to shape the
kinetics of neurotransmission during a wide range of firing patterns.

s a keystone of neuronal communication,
Athe exocytosis and endocytosis of syn-

aptic vesicles may take different forms
(I). In full-collapse fusion (FCF), vesicles flatten
completely into the plasma membrane, lose their
identity, and must be replaced eventually by newly
generated vesicles (2). In contrast, transient fusion
and retrieval, often called “kiss-and-run” (K&R),
would preserve a limited supply of releasable ves-
icles for reuse (3). Although nonclassical modes
akin to K&R have been demonstrated in non-
neuronal cells (4-8) and in a specialized calyceal
synapse (9), it remains uncertain whether K&R is
appreciable in small nerve terminals typical of the
mammalian brain, which rely on only a few dozen
releasable vesicles (8, 10). Vesicle recycling in
these terminals has been studied by optical reporters
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such as styryl dyes or synaptopHluorin (synapto-
physin fused with pH-sensitive green fluorescent
protein) (//—15). However, the limited signal-to-
noise (S/N) ratio of such probes has left uncertain-
ty about the functional impact of K&R.

Quantum dots have been widely used for
applications requiring high S/N ratios (16-18).
Those with peak emission at 605 nm and a diam-
eter of ~15 nm (Qdots hereafter; fig. S1A) pro-
vided suitable artificial cargo: small enough to
fit into the vesicular lumen (~24 nm), yet large
enough to be rejected by putative K&R fusion
pores (1 to 5 nm) (9, 19). Furthermore, the pH
dependence of Qdot emission (/7) would allow
reporting of exocytotic events, similar to pHluorin-
based indicators (20, 21).

Imaging single Qdot-loaded vesicles. Sparse
Qdot loading was accomplished by mildly stimulat-
ing neurons. Functional synapses in the Qdot im-
ages were identified by subsequent FM4-64 staining
(Fig. 1A). At many FM4-64—positive synapses, the
Qdot signal was close to background (P > 0.10,

t test), indicating no Qdot uptake (Fig. 1A). The
remaining synapses (~42%) showed higher intensi-
ties distributed in two evenly spaced peaks (Fig. 1A).
The interpeak spacing matched the unitary Qdot
signal determined by blinking, a spontaneous inter-
mittency of photoluminescence (22) (P> 0.25, # test).
This calibration (23, 24) confirmed that peak 1 cor-
responded to uptake of a single Qdot per synapse.

Qdot photoluminescence was pH-dependent:
It increased by ~15% when pH was raised from
5.48 (intravesicular) to 7.34 (extracellular) (Fig.
1B). Indeed, photoluminescence of single Qdots
in pH 7.34 agarose gel [72.1 + 2.1 arbitrary units
(a.u.), n = 371] exceeded that in nerve terminals
by ~15% (P < 0.01, t test), a difference reversibly
nullified by perfusion with pH 5.48 solution (fig.
S2C). These data suggested that synapse-loaded
Qdots were harbored at pH ~5.5, presumably
within synaptic vesicles, as seen directly in elec-
tron microscopy images (25).

The pH dependence predicted distinct pat-
terns of Qdot photoluminescence upon K&R
and FCF (Fig. 1B): K&R would allow protons
but not the Qdot to escape, causing transient de-
acidification and Qdot brightening. FCF would
appear as similar Qdot brightening followed by
loss of signal as the Qdot departs.

Qdots unambiguously identify FCF and K&R.
Qdot-loaded boutons did exhibit different patterns
of photoluminescence upon stimulation (0.1 Hz,
2 min; Fig. 1C): (i) baseline noise, (ii) a transient
positive deflection (uptick), (iii) an uptick followed
immediately by a negative step (downstep), and
(iv) patterns ii and iii in sequence. The uptick level
showed as a distinct peak ~15% above baseline, dis-
tinct from baseline noise (Fig. 1D). Amplitudes of
the upticks with or without downsteps were the same
(~9.9 au,, fig. S3A). Invariably, downsteps followed
an uptick, were irreversible (236/236 events, fig. S3B),
and were identical in amplitude to that of single
Qdots (P> 0.25, ¢ test), consistent with the disappear-
ance of Qdots after FCF. With or without downsteps,
the great majority of upticks were stimulus-locked
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(Fig. 1C, Fig. 2, and Fig. 3B), with latency briefer
than the image acquisition interval (fig. S3, C and
D). Some traces (8.6%) included events that were
not clearly stimulus-locked (fig. S3C), presumably
reflecting spontaneous exocytosis.

The upticks were probed by blocking vesicular
H' transport with bafilomycin A1 (Baf). Without
Baf, all nonblank records could be classified as
K&R alone, FCF alone, or K&R + FCF in succes-
sion (Fig. 1C and Fig. 2). With acute exposure to
Baf, which spares the pre-exocytotic pH gradient but
prevents postexocytotic reacidification (25), iso-

lated upticks were replaced by persistent increases
(upsteps) of the same amplitude (10.47 + 1.14 a.u.,
n = 49). This was expected if Qdots remained in
post-K&R vesicles that failed to reacidify. After an
upstep, subsequent uptick-downsteps were replaced
by simple downsteps, 73.6 + 3.4 au. (n = 157),
115% of the basal Qdot signal. After 1 hour of Baf
incubation, which abolishes both the existing pH
gradient and vesicular reacidification (26), prestimu-
lation photoluminescence rose to ~115% of control,
and no further increase was ever observed upon
stimulation; all downsteps proceeded without a
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prior uptick. The amplitudes of upticks, upsteps,
and downsteps showed expected interrelationships
(fig. S4). Note that upsteps were never observed in
the absence of Baf; contrary to expectations if Qdots
externalized by FCF had clung on long enough to
be recaptured by conventional endocytosis [time con-
stant, T, estimated at 14, 17, and 48 s, respectively,
in (13, 14, 27)]. Instead, the upticks can be attri-
buted to vesicular retention of the Qdot and re-
acidification upon closure of a fusion pore.

This interpretation was tested further by in-
creasing external pH buffering with 50 mM Tris

Fig. 1. Single Qdots loaded into synaptic boutons
exhibit distinct patterns of photoluminescence change.
(A) Neurons stimulated (10 Hz, 1 s) with 400 nM Qdots
present, then thoroughly washed. The distribution of
photoluminescent intensity was measured at FM4-64—
defined regions of interest. Best fit was obtained with
three evenly spaced Gaussians (black line and red
dashed lines labeled 0, 1, and 2; red line indicates the
summation of Gaussians 1 and 2), 63.9 a.u. apart.
Spacing agrees with amplitude of blinking events (gray
bars with the black line indicating a Gaussian fitting;
mean 613 £ 4.5 a.u.) (P > 0.25, t test). Inset: Gircles
mark functional boutons identified by FM4-64 staining,
with (red) or without (white) single Qdot loading. Scale
bar, 3 um. (B) pH-dependent Qdot photoluminescence.
D Cartoons show hypothetical Qdot signals arising from pH
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instead of 10 mM HEPES (pH,, always 7.3). If Tris
entered the vesicle and remained sequestered along
with the Qdot, luminal reacidification should be
slowed (/2). Indeed, the uptick decay was longer
(P<0.01, ttest; fig. SSA). In contrast, the time course
of uptick-downsteps remained unchanged with Tris
(fig. S5B), as expected for externalized Qdots.
Tracking the motion of single Qdots during and
after fusion (movie S1) buttressed our interpretation
of the two kinds of Qdot signals (supporting online
text). Downsteps were always associated with the
Qdot moving out of synapses (fig. S6); the diffu-
sion coefficient, D = 1.7 £ 0.1 umz/s, resembled
that of Qdots tethered to membrane proteins (26).
In contrast, in instances of uptick alone, Qdots re-
mained close to their position at the moment of fu-
sion (displacement 50 + 6 nm, n = 43), consistent
with the idea of K&R as “retrieval on the spot”
(29). Was the Qdot-reported K&R inadvertently
promoted by Qdot adherence? Previous findings
with FM4-64 coloaded with Qdots argued against
this idea (25). For further verification, we monitored
vesicle cycling with the use of pHluorin-tagged ve-
sicular glutamate transporter 1 (30) but found no
difference in vesicle dynamics before, during, or
after maximal loading with Qdots (fig. S7).
Timing and prevalence of K&R and FCF.
The all-or-none nature of Qdot uptake allowed us
to track a single vesicle in the total recycling pool
(TRP) until its final FCF. Labeling of individual
vesicles in the TRP was obtained with strong
stimulation (10 Hz, 2 min) at low Qdot con-
centration (4 nM). Among 793 vesicles in single
Qdot—loaded boutons, 302 exhibited fusion and
are represented as raster lines (Fig. 3A); the
others showed no fusion with field stimulation
but only with later high K" challenges. Of the
302 vesicles, 292 fused upon field stimulation; of
these, 13 showed one K&R, 58 showed one K&R
followed by FCEF, 1 showed two K&R events, and
220 showed FCF only. Thus, K&R occurred in
~25% of all vesicles and accounted for 21% of all
fusion events over the field stimulation.
Intriguingly, the prevalence of K&R and FCF
was dependent on stimulus number. K&R events
were predominant initially (63.4 + 9.9% at first
stimulus) but became less prevalent as stimulation
continued (Fig. 3C), falling to <10% later in the
train (Fig. 3E). Because Qdots can report FCF after
K&R but not vice versa, we examined first-fusion
events specifically, and found the same trend.
K&R is favored by RRP vesicles. What is the
basis of the decaying K&R ratio? One possibility
is that vesicles with higher release probability
per vesicle (P,), namely readily releasable pool
(RRP) vesicles, prefer K&R (37, 32). Alterna-
tively, the shift in fusion modes might arise from
a cumulative effect of electrical activity, indepen-
dent of Py, To test these ideas, we prefaced field
stimulation with a hypertonic challenge to selec-
tively mobilize RRP vesicles without electrical
activity or Ca”" elevation (33). Rapid application
of Tyrode’s solution + 500 mM sucrose for 10 s
caused vesicular turnover, reflected by upticks and
uptick-downsteps whose peak-aligned averages

were virtually identical to the corresponding re-
sponses to electrical stimulation. The two types of
events were similarly timed [P > 0.1, Kolmogorov-
Smirnov (K-S) test] and clustered between 1 and
7 s after the hypertonic challenge started. The hyper-
tonic challenge elicited more K&R than FCF (Fig.
3E), yielding a K&R ratio (0.63 + 0.05) similar to
that found with the first field stimulus. During the
subsequent electrical stimulation, the numbers of
K&R and FCF events held steady, then fell in
parallel as Qdot-labeled vesicles were depleted
(Fig. 3E). Consequently, the K&R ratio stayed at
~15% during the whole stimulus train (Fig. 3F).
Thus, RRP-resident vesicles displayed a strong
propensity for K&R, but once-fused RRP vesi-
cles and vesicles freshly recruited from the re-
serve pool were less favorably disposed to K&R,
thus accounting for the observed drop in the
K&R ratio.

K&R increases upon rapid stimulation. Hip-
pocampal neurons often fire in bursts with intraburst
frequencies far greater than 0.1 Hz. A key ques-
tion is whether the balance between modes of
fusion tilts when neurotransmission intensifies.

Accordingly, after single Qdots had been loaded
into the TRP, we applied 10-Hz field stimulation
for 2 min. The fusion rate clearly increased (Fig.
4A). Qdot-loaded vesicles were sorted according
to their behavior during the stimulation (Fig. 4B).
Again, the prevalence of K&R started high but
fell with continual stimulation (Fig. 4C). The ini-
tial contribution of K&R was significantly greater
at 10 Hz (~88%) than at 0.1 Hz (~62%; P < 0.05,
t test); likewise for the later steady level of K&R
prevalence (~30% versus 10%; P < 0.05, ¢ test).
Among Qdot-labeled vesicles responding to electrical
stimulation, 68% supported one or more K&R
events, considerably more than with 0.1-Hz stim-
ulation, and this effect likely extended beyond the
RRP (<30% of vesicles) (11, 32, 33). At 10 Hz,
individual vesicles supported as many as three
rounds of K&R before a final FCF (Fig. 4A).
Various combinations of fusion and retrieval events
were observed (Fig. 4B).

To clarify the increase in reuse, we sorted Qdot-
loaded vesicles according to overall performance
and plotted the respective latencies to first fusion.
Of the vesicles undergoing FCF alone, ~84% fused
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Fig. 3. Prevalence of K&R changes over the course of stimulation as RRP vesicles are depleted. (A) Raster
representation of traces (n = 302) from single Qdot-loaded vesicles that responded to 0.1-Hz field stimulation
for 2 min. For each stimulus and subsequent interval, Qdot signals registered as nonresponse (gray), K&R
(red), nonresponse after K&R (maroon), FCF (blue), or Qdot no longer present in region of interest (black).
Pooled traces from N = 8 cover slips, three separate cultures. (B) Traces corresponding to the first 12 rasters in
(A). Photoluminescence changes are color-coded for each stimulus and ensuing interval as in (A). (C) Numbers
of K&R (red squares) and FCF events (blue triangles), plotted for every stimulus. (D) K&R ratio for every
stimulus (V = 8). Vertical bars are £SEM. (E) Numbers of K&R (red squares) and FCF events (blue triangles),
plotted for prestimulation hypertonic challenge (suc) and for each field stimulus. (F) Corresponding K&R ratio
(solid red squares), compared with control [faded red squares, copied from (D)] (**P < 0.01, % test).
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with a delay of >30 s, late enough to ensure that
they originated from the reserve pool rather than
the RRP (11, 32). In contrast, all vesicles generat-
ing three K&R events first fused within <30 s.
Overall, the earlier the first fusion of a vesicle
(higher P,), the more K&R it supported (Fig.
4D). This was not simply due to a longer time
span from stimulation onset to final FCF, because
this span was independent of the number of K&R
events (fig. S8). Instead, residence in the RRP (and
high P,,) favors K&R, in agreement with findings
with hypertonic challenges (Fig. 3, E and F).
How soon after K&R can a vesicle be reused
under rapid stimulation? We focused on cases where-
in two consecutive K&R events were followed by
FCEF, to obtain a balanced comparison between
K-K intervals (i.e., elapsed time between two con-
secutive K&R events) and K-F intervals (i.e.,
elapsed time between K&R and ensuing FCF).
K-K intervals (Fig. 4E) were briefer (shortest,
2.67 s; median, 5.67 s; average, 10.26 + 2.04 s)

K-F

and faster than the classic exocytosis-endocytosis
cycle in hippocampal terminals (8). In contrast,
the K-F interval (Fig. 4E) was longer than the K-K
interval by a factor of ~3 (median, 22.3 s; average,
26.8 = 3.6 s). However, the K-F interval was faster
than the latency to FCF only by a factor of 3 (~60 s);
vesicles undergoing reuse by FCF after K&R still
enjoyed a big kinetic advantage over unused ves-
icles destined for FCF.

Rapid reacidification and activity-dependent
fusion pore open time. For functional advantage,
speedy reuse of vesicles must be complemented by
prompt fusion pore closure and fast reacidification,
so as to allow vesicular refilling with neurotransmitter
(34) and avoid “shooting blanks.” Using 30-Hz
imaging, we found that once the Qdot signal in-
creased upon stimulation (single pulse; intertrial
interval ~20 s), it remained at the highest level for
a variable time before returning to baseline (Fig.
5A, inset). Such a plateau was expected while the
fusion pore remained open. Indeed, experimental
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Fig. 4. Up-modulation of K&R prevalence with intense stimulation. (A) Sample traces from Qdot-loaded
vesicles. (B) Categorization of vesicles with different fusion behaviors. (€) The K&R ratio during 10-Hz
stimulation for 2 min (analyzed with 5-s time bins to improve S/N) was significantly higher than that during
0.1-Hz stimulation (faded symbols, data from Fig. 3D). (D) Latency of first fusion in the different categories
[same color coding as (B)]. Each plot normalized by the number of vesicles in that category. The higher its Py,
the more K&R events a vesicle could support (P, = 0.051, 0.023, 0.010, and 0.001, respectively, for 3K + F,
2K + F, K+ F, and FCF only). (E) The interval between two consecutive K&R events (K-K, red) was significantly
shorter than that between K&R and a subsequent FCF of the same vesicle (K-F, blue) (P < 0.01, K-S test).
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traces were better fitted with a plateau preceding
a single-exponential decay than with an exponen-
tial alone (Fig. SA). The median plateau duration
was 0.367 s (average 0.527 = 0.085 s, n =43) and
the median time constant of decay was 0.69 s
(average 0.95 + 0.18 s, n = 43). To verify the
separation of plateau and decay phases, we again
applied 50 mM Tris (Fig. 5, B and C). The Qdot
signal showed the same amplitude and plateau
duration as with HEPES (Fig. 5F; both P> 0.5,
K-S test) while the decay was slowed (Fig. 5F;
P<0.01, K-S test), as also seen with low-frequency
imaging (fig. SSA). The buffer insensitivity of the
plateau amplitude and duration confirmed that the
plateau represented the period preceding vesicle
reacidification.

Because H' transport is the likely rate-limiting
step for transmitter refilling (/, 34), full reestab-
lishment of ApH suggests that transmitter refilling
was also nearly complete. Our direct measure-
ments yield a vesicle reacidification rate faster than
most previous estimates (13, /4), with one excep-
tion (/2). To probe whether the fusion pore open
time and the vesicle reacidification rate are subject
to change, we applied 10-Hz stimulation for 5 s.
The plateau duration became longer (Fig. 5, D and
E), increasing from ~0.5 s to 1.05 £ 0.18 s (n =
46), but both plateau amplitude and recovery time
constant of decay, Tqecay, remained unaltered (Fig.
5F). Thus, reacidification proceeded rapidly at
10 HZ (tgecay = 0.99 £ 0.12 s, n = 46), just as it
did at low frequency. The frequency-dependent
lengthening of plateau duration developed gradu-
ally during the 10-s stimulation train (P < 0.01,
Pearson correlation test), indicating again that fu-
sion pore gating was under physiological control.

Discussion. Using Qdots, we developed a
method to distinguish multiple fusion modes
with sharply different optical signals and single-
event resolution, which enabled us to clarify the
uncertainty about K&R at small nerve terminals
of the central nervous system (//—14, 26, 35). As
indivisible nanoparticles, Qdots could label indi-
vidual vesicles in either the RRP or the reserve
pool, which allowed us to monitor them without
loss of signal continuity or amplitude through
multiple rounds of reuse. In future studies, Qdots
of different sizes and colors could be used to
manipulate the vesicular volume available for
neurotransmitter or to track different vesicles. Fur-
thermore, Qdots might be engineered to give a
larger pH-dependent signal and to permanently
attach to the presynaptic membrane, enabling long-
term tracking of presynaptic activity in situ.

Using Qdots, we could characterize the rapid
reuse of vesicles. K&R gradually gave way to
FCF as the dominant fusion mode during a stim-
ulus train, contrary to the simple assumption of a
fixed ratio (26). Consequently, K&R and FCF can
each be predominant under different conditions.
K&R appears most prominent under high-activity
demand. FCF outweighs K&R under steady-state
stimulation at low rates—that is, under conditions
typical of studies in which K&R has been difficult
to detect (13, 14, 35).
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Fig. 5. High-speed imaging of Qdots reveals adjustable fusion pore open time but constant vesicle
reacidification rate with different levels of activity. (A) Comparison of pooled data exemplified by insets
(black symbols with error bars indicating SEM, n = 43) and averages of the two kinds of fits (gray and black).
Insets: Samples taken in normal Tyrode's solution with single shocks; interstimulus interval, >20 s. Two
types of fits were overlaid: a single-exponential decay (gray) and a plateau followed by an exponential
(black), the latter fitting significantly better even after statistical penalization for the extra parameter
(Akaike information criterion score, —60.5; P < 0.001). (B) Samples in 50 mM Tris (green) and in 10 mM
HEPES (black). (€) Corresponding pooled data in Tris (7 = 37) and in HEPES [same as (A)]. (D) Samples
(normal Tyrode's solution) with 10-Hz (pink) and single-pulse stimulation (black). Smooth lines are
corresponding fits as above. (E) Pooled data taken with 10-Hz (n = 46) and single-pulse stimulation [same
as (A)]. (F) Cumulative distributions of fit parameters. Plateau amplitude: distributions were not different
(all P> 0.1, K-S test); plateau duration: only distribution for 10-Hz stimulation was longer (*P < 0.01, K-S
test); Tgecay: ONly distribution for 50 mM Tris was slower (**P < 0.001, K-S test).

The duration of fusion pore opening (0.5 to
1 s) was in good agreement with the capacitance
measurements in the calyx of Held (9) and chro-
maffin cells (36). A subsecond opening would
easily allow complete emptying of small neuro-
transmitters. Further study is needed to determine
whether flickering or gradual widening of the
fusion pore (37, 38) allows gradual release of
neurotransmitter and postsynaptic receptor de-
sensitization at excitatory synapses.

K&R confers multiple functional advantages.
Some RRP vesicles could fuse up to four times,
allowing more efficient recycling, particularly with
the intermittent patterns of burst firing found for
hippocampal neurons in vivo. The rate of vesicle
reuse we recorded was much faster than could be
previously estimated (//)—a kinetic advantage if
reuse of the same vesicle is an alternative to
readying a fresh vesicle at the same release site.
Nonetheless, the shortest interval between succes-

sive fusion events still left enough time for nearly
complete reacidification (and, by inference, replen-
ishment with neurotransmitter), consistent with
preservation of quantal size even at high firing
rates (39). On the other hand, persistent occupancy
of release sites by a K&R vesicle awaiting reuse
might also contribute to “release site inactivation”
and falling P,,, during sustained firing.

With regard to synaptic variability, the repeated
reuse of a small population of vesicles in successive
bursts (//) would reduce variations in neuro-
transmitter content arising from differences in
vesicle volume or in luminal transmitter concen-
tration (34). Reuse of the same release site would
also lower “release location—dependent variability”
(40). In both ways, reuse would improve the fidelity
of information transfer during neurotransmission.
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Explosive Percolation in

Random Networks

Dimitris Achlioptas,® Raissa M. D'Souza,>>*

Joel Spencer®

Networks in which the formation of connections is governed by a random process often undergo a
percolation transition, wherein around a critical point, the addition of a small number of
connections causes a sizable fraction of the network to suddenly become linked together. Typically
such transitions are continuous, so that the percentage of the network linked together tends to zero
right above the transition point. Whether percolation transitions could be discontinuous has been
an open question. Here, we show that incorporating a limited amount of choice in the classic
Erdds-Rényi network formation model causes its percolation transition to become discontinuous.

large system is said to undergo a phase

transition when one or more of its prop-

erties change abruptly after a slight change
in a controlling variable. Besides water turning into
ice or steam, other prototypical phase transitions
are the spontaneous emergence of magnetization
and superconductivity in metals, the epidemic spread
of disease, and the dramatic change in connectivity
of networks and lattices known as percolation. Per-
haps the most fundamental characteristic of a phase
transition is its order, i.e., whether the macroscopic
quantity it affects changes continuously or dis-
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continuously at the transition. Continuous (smooth)
transitions are called second-order and include many
magnetization phenomena, whereas discontinuous
(abrupt) transitions are called first-order, a familiar
example being the discontinuous drop in entropy
when liquid water tumns into solid ice at 0°C.

We consider percolation phase transitions in
models of random network formation. In the classic
Erdos-Rényi (ER) model (7), we start with 7 iso-
lated vertices (points) and add edges (connections)
one by one, each edge formed by picking two ver-
tices uniformly at random and connecting them
(Fig. 1A). At any given moment, the (connected)
component of a vertex v is the set of vertices that
can be reached fiom v by traversing edges. Com-
ponents merge under ER as if attracted by gravita-
tion. This is because every time an edge is added, the
probability two given components will be merged is
proportional to the number of possible edges be-
tween them which, in turn, is equal to the product
of their respective sizes (number of vertices).

One of the most studied phenomena in prob-
ability theory is the percolation transition of ER
random networks, also known as the emergence of
a giant component. When rn edges have been
added, if r < ', the largest component remains
miniscule, its number of vertices C scaling as log 7;
in contrast, if » > 5, there is a component of size
linear in n. Specifically, C = (4r — 2)n for r slightly
greater than 2 and, thus, the fraction of vertices
in the largest component undergoes a continuous
phase transition at » = ' (Fig. 1C). Such continuity
has been considered a basic characteristic of per-
colation transitions, occurring in models ranging
from classic percolation in the two-dimensional
grid to random graph models of social networks (2).

Here, we show that percolation transitions in
random networks can be discontinuous. We dem-
onstrate this result for models similar to ER,
thus also establishing that altering a network-
formation process slightly can affect it dra-
matically, changing the order of its percolation
transition. Concretely, we consider models that,
like ER, start with n isolated vertices and add
edges one by one. The difference, as illustrated
in Fig. 1B, is that to add a single edge we now
first pick two random edges {e;,e,}, rather than
one, each edge picked exactly as in ER and inde-
pendently of the other. Of these, with no knowl-
edge of future edge-pairs, we are to select one and
insert it in the graph and discard the other. Clearly,
if we always resort to randomness for selecting
among the two edges, we recover the ER model.
Whether nonrandom selection rules can delay (or
accelerate) percolation in such models, which have
become known as Achlioptas processes, has re-
ceived much attention in recent years (3—6).

Fig. 1. Network evolu- A
tion. (A) Under the Erdos- ®
Rényi (ER) model, in each
step two vertices are cho- Q
sen at random and con- .,
nected by an edge shown | @ %
as the dashed line). In
this example, two com-
ponents of size 7 and 2
get merged. (B) In mod-
els with choice, two ran-
dom edges {eie,} are
picked in each step yet
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only one is added to the

network based on some selection rule, whereas the other is discarded.
Under the product rule (PR), the edge selected is the one minimizing the
product of the sizes of the components it merges. In this example, e; (with
product 2 x 7 = 14) would be chosen and e, discarded (because 4 x 4 =

www.sciencemag.org SCIENCE VOL 323

n = 512,000.

16). In contrast, the rule selecting the edge minimizing the sum of the com-
ponent sizes instead of the product would select e, rather than e;. (€) Typical
evolution of C/n for ER, BF (a bounded size rule with K = 1), and PR, shown for
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