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Wind-driven upwelling in the ocean around Antarctica helps regulate the exchange of carbon
dioxide (CO2) between the deep sea and the atmosphere, as well as the supply of dissolved
silicon to the euphotic zone of the Southern Ocean. Diatom productivity south of the Antarctic
Polar Front and the subsequent burial of biogenic opal in underlying sediments are limited by
this silicon supply. We show that opal burial rates, and thus upwelling, were enhanced during
the termination of the last ice age in each sector of the Southern Ocean. In the record with the
greatest temporal resolution, we find evidence for two intervals of enhanced upwelling concurrent
with the two intervals of rising atmospheric CO2 during deglaciation. These results directly link
increased ventilation of deep water to the deglacial rise in atmospheric CO2.

Scientists have long sought to unravel the
combination of physical and biogeochem-
ical processes responsible for the tight cou-

pling between atmospheric CO2 concentrations
and Earth’s climate that has persisted for at least
the last 600,000 years (1), with the expectation
that knowledge of the processes linking CO2

and climate in the past will improve projections
of future climate change under rising anthropo-
genic CO2 levels. It is believed that no single
mechanism can account for the full amplitude of
past CO2 variability (2, 3). Although multiple pro-
cesses operating synergistically may be involved
(4, 5), there is general agreement that lower CO2

levels during glacial periods require increased
(relative to interglacials) isolation of deep-water
masses from the atmosphere—for example, by
increased stratification in the ocean (2, 4–8).

Previous studies [e.g., (2, 9)] have inferred a
vital role for the Southern Ocean in regulating
glacial-interglacial variability of atmospheric CO2

because deep-water masses outcrop in the South-
ern Ocean and exchange gases with the atmo-
sphere. Indirect evidence favoring Southern Ocean
control includes the tight coupling between CO2

and Antarctic temperatures (1, 10–12); the phase
relationship between CO2 and other environmental
parameters during deglaciation (5, 13, 14); the
widespread distribution of 13C-depleted carbon,
most likely of deep-sea origin, that invaded the

upper ocean and atmosphere during deglacia-
tion (4, 15, 16); and the precipitous drop during
deglaciation in 14C activity of dissolved inorganic
carbon (DIC) in North Pacific intermediate wa-
ters, requiring injection of carbon from a reser-
voir long isolated from the atmosphere, such as
the deep sea (17). However, until now there has
been no direct evidence for a change in South-
ern Ocean circulation that could have altered

substantially the partitioning of CO2 between
the atmosphere and the deep sea.

Biogenic opal as an upwelling proxy. Burial
of biogenic opal, the microscopic tests of ma-
rine diatoms, provides a link to past changes in
upwelling and ventilation of deep-water masses
in the Southern Ocean. Diatoms live in the eu-
photic zone where they use dissolved silicic acid
(H4SiO4) to form opal tests. The zone of maxi-
mum production of biogenic silica (opal) occurs
just south of the Antarctic Polar Front (APF)
(18, 19), corresponding to the region of maxi-
mum supply of dissolved nutrients (including Si)
to surface waters by upwelling of nutrient-rich
deep-water masses (Fig. 1) (20).

Within the zone of maximum opal production,
diatom growth throughout spring and summer
typically depletes surface waters of dissolved
Si supplied during the previous winter (20, 21).
Consequently, although the physiological status
and growth rate of individual diatom cells may
be limited by iron (22), the total amount of bio-
genic opal produced each year within this region
is ultimately limited by the supply of dissolved
Si (18–20). Therefore, past changes in the pro-
duction and burial of opal within this region are
tied directly, although not necessarily linearly, to
the rate of upwelling.

Deglacial changes in upwelling. Three sedi-
ment cores (TN057-13PC, NBP9802-6PC, and
E27-23PC; Fig. 2) with relatively high accumu-
lation rates [10 to 20 cm/kyr (103 years)] were
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Fig. 1. Water masses entering and leaving the Southern Ocean. Wind-driven upwelling brings
Circumpolar Deep Water (CDW) to the surface within the zone south of the Antarctic Polar Front (APF).
A portion of the upwelled water moves southward and loses buoyancy, eventually forming Antarctic
Bottom Water along the coast of Antarctica. The remainder of the upwelled water moves northward at
the surface under the forcing by the prevailing westerlies. Part of the Antarctic surface water mixes with
subtropical surface water to form Subantarctic Mode Water (SAMW), a water mass that feeds the
thermocline of the Southern Hemisphere (SH) oceans. The densest form of surface water becomes
Antarctic Intermediate Water (AAIW), which may be traced northward beyond the equator. Nutrients
carried by SAMW are mixed into the surface layer throughout the SH oceans, but especially in upwelling
regions such as the eastern equatorial Pacific Ocean (21). The Polar Front Zone (PFZ) and Subantarctic
Zone (SAZ) are the regions between the APF and Subantarctic Front (SAF), and between the SAF and
Subtropical Front (STF), respectively. Approximate location of cores used in this study from sites just
south of the APF is shown by a triangle at the bottom. This figure is modified from figure 4 in (21).
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selected to provide high-resolution records of
opal accumulation during the most recent degla-
ciation. A fourth core, TN057-14PC, was studied
to produce an opal flux record for the last glacial
period. The age model for E27-23PC was based
initially on biostratigraphy and then was refined
with 14C dates of mixed planktonic foraminifera
(tables S1 and S2 and fig. S1). We developed an
age model for TN057-14PC using biostratigra-
phy (tables S3 and S4 and fig. S3) that compares
well with a published age model (23) based on 14C
and 18O (fig. S4). We used published age mod-
els for the other cores (24, 25). Opal concentra-
tions were measured spectrophotometrically after
alkaline dissolution (26). Sediment burial rates,
corrected for sediment focusing, were evaluated
with the 230Th-normalization method (27). Ura-
nium and Th isotopes, together with 231Pa, were
measured by inductively coupled plasma mass
spectrometry (28). A summer (February) sea sur-
face temperature (SST) record for TN057-13PC,
constructed by applying the modern analog
technique (29, 30) to diatom species assem-
blages measured at ~50-year resolution, is taken
from Nielsen (31).

Each of the three deglacial records (Fig. 3)
exhibits a rapid increase in opal flux coinciding
with the onset of deglaciation at about 17,000
years ago (ka), followed by a deglacial maxi-
mum and declining fluxes into the Holocene
(after ~10 ka). Most of the opal produced by
diatoms in the Southern Ocean is regenerated,
either in the water column or during early sedi-
ment diagenesis (18, 19), complicating the inter-
pretation of opal fluxes. Therefore, an independent
proxy is required to discriminate between changes
in opal production (Si supply) versus changes in
opal preservation as the ultimate cause of the
deglacial maximum in opal burial.

To discriminate between production and pres-
ervation of opal, we measured the 231Pa/230Th ratio
of the sediments. Like 230Th, 231Pa is produced
uniformly throughout the ocean by radioactive
decay of dissolved uranium, and both isotopes are
removed from seawater by scavenging onto sink-
ing particles (32). However, 231Pa has a strong
affinity for sorption to biogenic opal, and 231Pa/
230Th ratios of particulate material throughout the
open ocean are tightly correlated with the opal
content of particles (33). Although 231Pa/230Th
ratios of sinking particles and sediments are in-
fluenced by particle flux as well as by the opal
content of particles, the strong correlation be-
tween 231Pa/230Th ratio and opal flux (25, 34, 35)
in many sediment records supports the view that
opal flux is the primary variable determining
sedimentary 231Pa/230Th ratios. Furthermore, par-
ticulate 231Pa/230Th ratios are not altered by loss
of biogenic phases during early diagenesis of sed-
iments (36), allowing the downcore record of
231Pa/230Th ratios to be interpreted in terms of
past changes in opal flux. Based on the positive
correlation between 231Pa/230Th and opal flux in
each of our records (Fig. 3), we conclude that
the deglacial maximum in opal flux reflects past

changes in opal production and Si supply rather
than variable opal preservation.

Reconstructed opal fluxes indicate maximum
rates during deglaciation in each sector of the
Southern Ocean (Fig. 3). Shifting circulation
patterns and biogeographic provinces to the north
or south will not lead to greater biogenic silica
production than that occurring today because the
core sites are all from the region of maximum
dissolved Si supply and opal production in the
modern ocean (see above). Therefore, we con-
clude that the supply of dissolved Si to surface
waters south of the APF, which is intimately
linked to upwelling of deep-water masses, was
at its maximum during deglaciation.

Impact on low-latitude surface waters. En-
hanced upwelling in the Southern Ocean during
deglaciation would have introduced a chemical
signature during the formation of Antarctic In-
termediate Water (AAIW) and Subantarctic Mode
Water (SAMW), water masses that entrain up-
welled deep water during their formation (Fig. 1).
Mode waters carry a chemical signature from up-
welled deep water (e.g., nutrient concentrations,
d13C of DIC) throughout the thermocline of the
Southern Hemisphere. This chemical signature
is transmitted to surface waters via upward mix-
ing, and it is particularly strong in upwelling
regions (21). Spero and Lea (16) invoked this
mechanism to explain the deglacial minimum in

d13C of planktonic foraminifera that is observed
at many sites throughout the Southern Hemi-
sphere, as well as in a record of the d13C of at-
mospheric CO2 derived from the Taylor Dome
ice core (15). However, others have been reluc-
tant to use the d13C of planktonic foramininfera
as a proxy for entrainment of upwelled deep wa-
ter because vital effects can overprint the d13C
signature from DIC that is incorporated into the
shells of foraminifera (4). Therefore, we sought
evidence for deep-water injection into the thermo-
cline that would be independent of these effects.

If the deglacial minimum in d13C of plank-
tonic foraminifera were truly a chemical signa-
ture of increased upwelling of deep water in the
Southern Ocean, then one would expect a con-
temporary maximum in the supply of dissolved
Si and, therefore, in the growth of diatoms in
low-latitude regions where water masses origi-
nating in the Southern Ocean are known to up-
well. This is expected because deep waters are
enriched in dissolved Si just as they are in 13C-
depleted DIC. To test this prediction, we have
determined the accumulation rate of opal at a
site in the eastern equatorial Pacific Ocean (EEP),
where SAMW upwells today (37) and near
the site studied by Spero and Lea (16). There,
we find a clear correlation between the degla-
cial minimum in d13C of Neogloboquadrina
dutertrei and a corresponding maximum in the

Fig. 2. Locations of cores used in this study. The position of the Antarctic Polar Front (66) is shown
as a solid line.
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accumulation rate of opal (Fig. 4). N. dutertrei is
the preferred species to use in such a comparison
because it inhabits the deep mixed layer and

upper thermocline, thereby providing the purest
record of changes in the chemical composition of
waters derived from the Southern Ocean (16).

Sediment records from other sites in the EEP
have also been shown recently to contain a degla-
cial maximum in opal accumulation (34, 38), in-
dicating that the feature illustrated in Fig. 4 is
widespread. Subsequent work has found the
deglacial maximum in opal flux to have oc-
curred throughout the equatorial Atlantic Ocean,
as well (35). Although other factors (e.g., changes
in local upwelling) could have influenced these
opal burial records, they are independent of the
vital effects thought to overprint the d13C of plank-
tonic foraminifera. Consequently, we interpret
the widespread deglacial minimum in d13C of
planktonic foraminifera (16), concurrent with
the deglacial maximum in opal burial in equa-
torial upwelling regions, to reflect a period of en-
hanced entrainment of nutrient-rich deep water
during the formation of SAMWs that eventually
surface in tropical upwelling regimes.

Link to atmospheric CO2. Increased upwell-
ing in the Southern Ocean, inferred from the opal
flux records, coincided with the deglacial warm-
ing in Antarctica, as well as with the rise in atmo-
spheric CO2 (Fig. 5, A, C, and D). In TN057-13,
the sediment record with the highest temporal
resolution, the opal flux declined during the Ant-
arctic Cold Reversal (ACR; ~14.5 to ~12.5 ka),
corresponding to a plateau in CO2 concentra-
tion. Although precise age control is lacking for
portions of the TN057-13 record, the timing of
the ACR is constrained reliably by a radiocarbon
date just before its onset (Fig. 5) and by the SST
record from this core. Within the resolution of
the sample intervals, the decrease in upwelling
coincided with the reduction in SST correspond-
ing to the ACR (Fig. 5, B and C). Furthermore,
the ACR is also manifest in TN057-13 sediments
as a local maximum in the d18O of planktonic
foraminifera and by a maximum in the abundance
of ice-rafted debris (24), both expected conse-
quences of cooling during the ACR. Increased
upwelling resumed following the ACR, coincid-
ing with the second phase of Antarctic warming
and rising CO2 (Fig. 5). The overall timing and
character of events recorded in the upwelling
proxy record from TN057-13, including the mid-
deglacial interruption of upwelling, lead us to
conclude that enhanced upwelling of the Southern
Ocean was a primary contributor to the deglacial
rise in atmospheric CO2.

During deglaciation, the D14C of atmo-
spheric CO2 dropped by 15 to 20% (Fig. 5E),
a much greater change than can be attributed
to a contemporary decrease in 14C production,
thereby requiring dilution of atmospheric CO2

with carbon from an older (lower D14C) reservoir
(39, 40). Ventilation of the deep ocean around
Antarctica, as proposed here, would have sup-
plied the necessary 14C-depleted carbon by ex-
posing the atmosphere to DIC that had been
isolated in the deep sea for centuries, if not mil-
lennia. Like the rise in atmospheric CO2, the
deglacial drop in D14C exhibited a pause coin-
ciding approximately with the reduced upwell-
ing in the Southern Ocean (Fig. 5). Marchitto et al.
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Fig. 3. Opal fluxes, a proxy for upwelling south of the Antarctic Polar Front, from three sites in the
Southern Ocean. Increased upwelling during the deglacial period, roughly 17,000 to 10,000 years ago
(highlighted in shaded box), is evident in opal fluxes at sites in the Pacific (A), Indian (B), and Atlantic (C)
sectors of the Southern Ocean. Initial unsupported 231Pa/230Th ratios mirror the pattern of opal flux in
each core, supporting the view that the opal flux reflects changes in upwelling and opal production rather
than changes in opal preservation (see text). Results plotted in (A) are from (25).

Fig. 4. Two proxy records exhibiting a chemical signature of Southern Ocean water reaching the surface of the
eastern equatorial Pacific Ocean. The deglacial minimum in d13C of N. dutertrei and the corresponding
maximum in opal flux (shaded interval) are both consistent with increased supply of nutrient-rich deep water
upwelled in the Southern Ocean during this period (16). Original d13C data from (67); opal data from (34).
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(17) linked the atmospheric D14C record to up-
welling in the Southern Ocean when interpreting
the 14C ages of benthic foraminifera in a core from
intermediate depth off the west coast of Mexico.
Their results show an injection of 14C-depleted DIC
into intermediate waters during deglaciation, occur-
ring in two pulses that coincided with the intervals
of rising atmospheric CO2. Marchitto et al. inferred
that the injection of 14C-depleted DIC was a con-
sequence of increased overturning in the Southern
Ocean, with the signal being transmitted via AAIW
(Fig. 1). Opal fluxes reported here support the in-
terpretation of Marchitto et al., showing periods of
increased upwelling coincident with rising atmo-
spheric CO2 and declining D14C of CO2 (Fig. 5).

The deep North Atlantic Ocean. Deglacial
changes in the ventilation of the Southern Ocean
were associated with deep-water signals at loca-
tions as distant as the high-latitude North Atlantic
Ocean. For example, coincident with the increased
upwelling in the Southern Ocean, deep waters at
~40°N in the Atlantic Ocean are inferred to have
borne an Antarctic D14C signature (41), at a time
when sedimentary 231Pa/230Th ratios are also in-
terpreted to indicate a shutdown of North Atlantic
Deep Water formation (42). Furthermore, upper
deep waters at ~60°N had a strong Antarctic d13C
signature (43) during deglaciation, with a pattern
of temporal variability resembling that of the up-
welling record from the Southern Ocean (fig. S2).

Northern Hemisphere trigger and atmo-
spheric teleconnection. Two general conditions
are believed to have contributed to increased over-
turning of the Southern Ocean during deglacia-
tion. Watson and Garabato (6) invoked increased
heat fluxes into the ocean as a consequence of
rising air temperatures. They reasoned that the
downward mixing of this surface buoyancy flux
would favor increased upwelling. Toggweiler (7)
called upon a poleward shift in the mean posi-
tion of the Southern Hemisphere (SH) Westerlies,
with a corresponding increase in northward Ekman
transport of surface waters. We propose a com-
bination of these conditions linked to initial
forcing within the North Atlantic followed by
transmission of the signal to the Southern Ocean
via a reorganization of atmospheric circulation.

The onset of rapid warming in Antarctica and
the deglacial rise in atmospheric CO2 concentration
coincided with the interval of intense cold in the
North Atlantic region surrounding Heinrich Event 1
(HE1) (8, 17, 44). A north-south linkage is further
supported by the coincident interruption of Ant-
arctic warming and CO2 rise during the Bølling-
Allerød period of warmth in the north, and the
resumption of Antarctic warming and CO2 rise
during the Younger Dryas (YD), another period of
intense cold in the Northern Hemisphere (NH).
Recent studies have presented evidence for a glob-
al reorganization of atmospheric circulation during
NH cold events such as HE1 and the YD. Paleo
proxy evidence for a southward shift in the Inter-
tropical Convergence Zone (ITCZ) during HE1
and/or the YD is found in records from Africa
(45, 46), Asia (47), and South America (48–50).

Modeling studies suggest that a southward shift
in the ITCZ is a robust feature of atmospheric re-
organization, regardless of whether cold NH con-
ditions are induced by imposing sea ice (51) or
fresh water (52, 53) on the North Atlantic Ocean.

Less attention has been paid to the westerlies,
but lake sediments in Germany record a substantial
reorganization of NHwesterlies during theYD (54),
while rising levels of paleo Lake Lahontan in the
western United States during HE1 and the YD are
consistent with a southward shift of the NH west-
erlies during those intervals (55). A rapid warming
of SSTs off the coast of Chile at the onset of HE1,
and again during the YD, has been attributed to a
southward shift of the SH westerlies (44). In sup-
port of these findings, five coupled General Circu-
lationModels exhibit a southward displacement of
the SH westerlies and an intensification of wind
stress at the latitude of the Drake Passage when
cold NH conditions are induced by imposing fresh
water on the North Atlantic Ocean (56).

An increase in wind stress at the latitude of
the Drake Passage is thought to be a key factor
regulating upwelling in the Southern Ocean (7).
However, enhanced wind stress alone may have
been insufficient to increase upwelling. A corre-
sponding increase in baroclinicity of the Antarctic
Circumpolar Current would have established a
southward eddy transport that largely offset the
increase in northward Ekman transport caused
by the winds (57). Therefore, it may be necessary
to invoke increased buoyancy forcing, possibly

caused by the southward shift of the SH wester-
lies, via a combination of increased sea-ice diver-
gence, increased precipitation, and direct warming
(6), to complement the increased wind stress (7)
and fully account for the deglacial increase in
upwelling evident in our records (Figs. 3 and 5).

Corresponding events during the last glacial
period. Atmospheric CO2 concentrations rose
by 10 to 20 parts per million (ppm) during pe-
riods of intense NH cooling throughout the last
glacial period (12). Rising CO2 coincided both
with Heinrich Events (between 30 and 60 ka)
and with cold intervals before interstadials 19,
20, and 21 (60 to 90 ka). These NH cold intervals
corresponded to the warming phase of Antarctic
warm events A1 to A7 (58).

Evidence from low latitudes for changes in
hydrological conditions at times of NH cooling—
for example, in Chinese cave deposits (47) and
in the Cariaco Basin (48)—suggests that a global
reorganization of atmospheric circulation sim-
ilar to that proposed for the last deglaciation
may have occurred at those times. If true, then
shifts in the SH wind system may have been re-
sponsible for rising atmospheric CO2, and one
would expect to find evidence for contemporary
increases of upwelling in the Southern Ocean.

To test this possible link between NH cool-
ing and upwelling in the Southern Ocean, we
measured the opal accumulation rate in core
TN057-14PC, which was recovered from a site
~1° north of the location of TN057-13PC (Fig.

Fig. 5. Deglacial records illustrat-
ing the coupling between warm-
ing in Antarctica, upwelling in the
Southern Ocean, and rising atmo-
spheric CO2. (A) Deuterium proxy
for air temperature over Antarctica
from the EPICA Dome C ice core
on the EDC1 time scale (68). (B)
February SST estimated by apply-
ing the modern analog technique
(29, 30) to diatom species assem-
blages extracted from TN057-13PC
(31). (C) Opal flux from TN057-
13PC (Fig. 3) as a proxy for upwell-
ing in the Southern Ocean. Opal
flux and February SST are plotted
on the published age model for
TN057-13PC (24), based partly on
14C ages from depths in the core
indicated by triangles at the bot-
tom of the graph. (D) Atmospheric
CO2 concentrations reconstructed
from analysis of the European
Project for Ice Coring in Antarctica
(EPICA) Dome C (EDC) ice core
samples. The black curve is on the
EDC1 age model (11, 69). The red
curve is the same data placed on the age model of the Greenland Ice Sheet Project 2 (GISP2) ice core (17).
(E) Radiocarbon content of atmospheric CO2. The black curve is the INTCAL reconstruction (70). The red
curve is the Cariaco Basin record placed on the Hulu Cave age scale (40). Periods of warming in Antarctica
are highlighted in red, while the Antarctic Cold Reversal (ACR) is highlighted in blue. The age model for
TN057-13 is not constrained well enough during the onset of deglaciation to establish a lead or lag
relationship between the onset of increased upwelling and the initial increase in atmospheric CO2.
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2). Because of changes in the dynamics of the
Antarctic Circumpolar Current, conditions that
led to the preferential deposition of sediment
(sediment focusing) at the site of TN057-13PC
during deglaciation were located farther north
during the last glacial period. Consequently, it is
necessary to combine records from multiple
sites when constructing a high-resolution record
of opal flux throughout the last glacial cycle.
During the interval between 30 and 60 ka, when
we have the best constraints on the age model of
TN057-14PC (see Supporting Online Material),
the opal flux record provides evidence for in-
creased upwelling associated with each period
of elevated CO2 (Fig. 6). Uncertainties in the age
model for TN057-14PC do not allow for mea-
ningful assessments of apparent lead-lag relation-
ships between upwelling and CO2. Rather, the
principal conclusion to be drawn from these
results is that each interval of elevated CO2 was
accompanied by a period of increased upwelling.

Before 60 ka, constraints for the age model
of TN057-14PC are less robust. Nevertheless,
the opal flux record indicates increased upwell-
ing associated with Antarctic warm events A5
and A6, and possibly with A7 (Fig. 6). We in-

terpret the general correspondence of elevated
CO2 and increased upwelling with periods of in-
tense NH cooling to indicate a common mech-
anism operating throughout the last glacial
period, as well as during deglaciation. In each
case, intense NH cooling induced a reorganiza-
tion of global atmospheric circulation, leading to
a southward shift in the SH westerlies, increased
upwelling in the Southern Ocean, and rising at-
mospheric CO2 levels. Complementary evidence
for a northward shift in the SH westerlies and re-
duced ventilation of deep water in the Southern
Ocean at the onset of glaciation supports this in-
terpretation of a governing role for SH winds (59).

Implications for the future. A southward dis-
placement and intensification of the SH wester-
lies has been observed in recent decades (60–62).
The implications for ocean-atmosphere exchange
of CO2, and for future ocean uptake of anthro-
pogenic CO2, have been the subject of discus-
sion and debate (63–65). Our evidence for the
response of the Southern Ocean to past shifts in
the winds may help guide the further develop-
ment of models used to predict future CO2 fluxes
in this critical region for the exchange of CO2

between the atmosphere and the deep sea.
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Fig. 6. Records from the last glacial period illustrate the coupling between warming in Antarctica, upwelling
in the Southern Ocean, and rising atmospheric CO2. (A) Opal flux proxy for upwelling in core TN057-14PC
(51°59.059'S, 4°30.976'E, 3648m; Fig. 2) on the GISP2 time scale (figs. S3 and S4). (B) Atmospheric CO2 from
the Byrd ice core on the GISP2 time scale (12). (C) d18O of ice in the Byrd ice core on the GISP2 time scale (58).
(D) d18O of ice in the GISP2 ice core as reproduced in (58). Selected interstadials are labeled in (D). Antarctic
warm events (58) are labeled in (C). Blue vertical bars indicate Heinrich Events (71) and cold intervals before
interstadials 19 to 21. Red vertical bars indicate periods of relative warmth in Antarctica that include increased
upwelling and elevated CO2. The gray tie-line indicates a possible correlation between upwelling and CO2 at the
bottomof the TN057-14PC record, corresponding to A7, where the agemodel has an uncertainty of ~5 ka (fig. S4).
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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.

Asakeystone of neuronal communication,
the exocytosis and endocytosis of syn-
aptic vesicles may take different forms

(1). In full-collapse fusion (FCF), vesicles flatten
completely into the plasma membrane, lose their
identity, andmust 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

such as styryl dyes or synaptopHluorin (synapto-
physin fused with pH-sensitive green fluorescent
protein) (11–15). 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 (17) 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, t 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 T 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 downstepswere the same
(~9.9 a.u., 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, t 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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