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Strong Effects of Subphysiological Temperature on
the Function and Plasticity of Mammalian
Presynaptic Terminals

Kristina D. Micheva and Stephen J. Smith
Department of Molecular and Cellular Physiology, Stanford University, Stanford, California 94305

Most cellular processes are known to be strongly temperature dependent. Nevertheless, a large fraction of studies of mammalian synaptic
function have been and are performed near room temperature (i.e., at least 10°C below physiological temperature). Here, we examined
the effects of temperature on presynaptic function in primary cultures of rat hippocampal neurons. FM dyes, VAMP (vesicle-associated
membrane protein)-GFP (green fluorescent protein) transfection, and HRP uptake were used to quantify various aspects of synaptic
vesicle recycling. Our results show that there are very substantial differences in synaptic vesicle recycling at physiological temperature as
opposed to the common, lower experimental temperatures. At 37°C, compared with 23°C, the speed of both exocytosis and endocytosis
was higher. The size of the recycling vesicle pool (in both number of vesicles and spatial extent) was twofold larger at 37°C. In addition,
although repeated 10 Hz electrical stimulation caused an NMDA receptor-dependent enlargement (averaging 170%) of the measurable
recycling vesicle pool at 23°C, the same stimulus repetition had no effect at 37°C. These results show that it is potentially misleading to
extend conclusions drawn about vesicle function or presynaptic plasticity at lowered experimental temperature to physiological condi-
tions and that much new experimental work at the higher physiological temperature range will be needed to understand the true

parameters of presynaptic functions.
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Introduction
Recent advances in optical methods have allowed direct measure-
ments of the function and plasticity of individual presynaptic
boutons in a variety of species and preparations. The use of fluorescent
membrane dyes such as FM 1-43[N-(3-triethylammoniumpropyl)-4-
(4-(dibutylamino)styryl)pyridinium dibromide] and green fluorescent
protein (GFP)-tagged synaptic vesicle proteins have revealed a wealth of
information about presynaptic function, such as kinetics of exocytosis
and endocytosis of synaptic vesicles, vesicle pool characteristics (for re-
view, see Cochilla et al., 1999; Ryan, 2001), different modes of vesicle
recycling (Zenisek et al., 2002; Aravanis et al., 2003; Gandhi and Stevens,
2003), and presynaptic plasticity (Zakharenko et al., 2001, 2002). The
development of techniques for photoconversion of FM dyes (Henkel et
al., 1996; Harata et al., 2001a) and immunolabeling of GFP (Micheva et
al., 2003) have further allowed the extension of such studies to the elec-
tron microscope level.

To date, these elegant optical studies have been performed
almost exclusively with cell cultures or other explant prepara-
tions, and a great majority have been performed at room temper-
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ature. Although such conditions are physiological for many lower
vertebrate species, these temperatures are at least 10°C below
physiological for mammalian neurons. It is well known that tem-
perature has large effects on biological phenomena and, in par-
ticular, on enzyme kinetics, plasma membrane state, and synaptic
transmission (Thompson et al., 1985; Shen and Schwartzkroin,
1988; Volgushev et al., 2000a,b, 2004; Pyott and Rosenmund,
2002). Even synaptic morphology appears to be profoundly af-
fected by temperature changes (Kirov et al., 2004; Roelandse and
Matus, 2004). A mammalian synapse cooled down to room tem-
perature may thus function in a very different way than it does at
physiological temperature. Therefore, it is particularly important
to determine how optical measurements of presynaptic function
performed at room temperature relate to a synapse functioning at
physiological temperature. Only then can we safely incorporate
the new and exciting findings about synaptic function into theo-
ries and models of mammalian brain function.

Materials and Methods

Cell culture and transfection. Primary embryonic hippocampal cultures
(“Banker” style) were prepared as described previously (Goslin et al.,
1998) and used 7-16 d later. All procedures were approved by the Insti-
tutional Animal Care and Use Committee. Neurons were transfected
with vesicle-associated membrane protein (VAMP)-GFP (a gift from Dr.
R. Scheller, Genentech, South San Francisco, CA) using a modified cal-
cium phosphate transfection protocol (Xia et al., 1996).

Confocal microscopy of live neurons and image analysis. During imag-
ing, neurons were keptat 37 or 23 °C in Tyrode’s solution [containing the
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following (in mm): 119 NaCl, 2.5 KCl, 2 CaCl,, 2 MgCl,, 25 HEPES], pH
7.4, with the addition of 30 mm glucose, 1% ovalbumin, 10 um 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX; Tocris Cookson, Ellisville, MO)
and, unless noted otherwise, 50 um D(—)-2-amino-5-phosphono-
pentanoic acid (p-AP-5; Tocris Cookson). N-(3-triethylammo-
niumpropyl)-4-(6-(4-(diethylamino)phenyl) hexatrienyl) pyridinium
dibromide (FM 4-64) loading was performed by superfusing the dye (5
M) into the imaging chamber and electrically stimulating the neurons
by passing current pulses between platinum electrodes placed at opposite
ends of the chamber. Temperature control was achieved by circulating
air from a precision air heater in a chamber enclosing the microscope
stage with the specimen and opening around the objective lens. The air
escaping the chamber flows around the objective and controls its tem-
perature as well, thus ensuring constant temperature across the speci-
men, which is in close thermal contact with the oil-immersion objective.

Imaging was done with a laboratory-designed laser-scanning confocal
microscope using a Zeiss (Oberkochen, Germany) 40X/1.3 numerical
aperture Fluar objective. Images were sampled at 0.286 wm pixel size and
collected every 4.5 s (1 s in some experiments). Images were analyzed
with custom software (N. E. Ziv, Technion, Haifa, Israel). FM 4-64 fluo-
rescence intensities were averaged over 6 X 6 pixel squares centered on
presynaptic boutons. When analyzing VAMP—GFP-transfected neurons,
VAMP-GFP fluorescence intensities were averaged over entire presyn-
aptic boutons and immediately adjacent regions. The area of FM 4-64
fluorescent boutons was obtained using Image]. Grayscale images of
loaded neurons were converted to black and white images using the
Threshold function of the program, and all puncta between 0.14 and 8.00
wm? with a regular rounded shape were analyzed.

HRP uptake and electron microscopy. HRP uptake was achieved by
electrically stimulating the neurons (10 Hz for 1 min) in the presence of
HRP type VI-A (10 mg/ml; Sigma, St. Louis, MO), using the same setup
and medium as that for the FM 4-64 loading described above. After the
end of stimulation, HRP was left for an additional 1 min and then washed
away. The hippocampal cultures were then fixed in 2.5% glutaraldehyde
in 0.15 M cacodylate buffer for 1 h. HRP was visualized by 25 min incu-
bation in 3,3’-diaminobenzidine tetrahydrochloride (0.75 mg/ml) in
0.05 M Tris-HCI, pH 7.6, containing 0.01% hydrogen peroxide (Neale et
al., 1999). The cultures were then prepared for electron microscopy using
rapid microwave irradiation (PELCO 3451 laboratory microwave sys-
tem; Ted Pella, Redding, CA) and ColdSpot (Ted Pella), as described in
detail previously (Micheva et al., 2003). Serial ultrathin sections (60 nm)
were cut with an ultramicrotome (Ultracut E; Leica, Nussloch, Ger-
many), poststained with uranyl acetate and lead citrate, and viewed with
aJEM-1230 electron microscope (JEOL, Peabody, MA) at 80 kV acceler-
ated voltage using a Gatan (Pleasanton, CA) 791 CCD camera. Image]
was used for measurements of synaptic vesicles.

Data analysis. Comparisons between the two experimental tempera-
tures were performed using coverslips from the same neuronal prepara-
tion on the same day. Statistical analysis was performed using a two-sided
Mann—-Whitney test. Data are reported as mean = SEM.

Results

FM 4-64 loading detects a larger recycling vesicle pool at
physiological temperature

The FM fluorescent membrane dyes are routinely used for the
determination of synaptic vesicle pool sizes. When applied extra-
cellularly during periods of synaptic activity, FM dyes become
trapped within recycled synaptic vesicles (FM loading) and can be
visualized by fluorescence microscopy after washing off extracel-
lular dye. The intensity of the trapped dye is proportional to the
number of recycled vesicles. Subsequent exocytosis causes release
of the dye (FM unloading) (Betz et al., 1992).

We loaded hippocampal synapses with FM 4-64 using electri-
cal stimulation at 10 Hz for 1 min, and the dye was left for an
additional 1 min before washing out. This protocol labels ~90%
of the total recycling vesicle pool at room temperature (Ryan and
Smith, 1995). Subsequently, the synapses were unloaded by elec-

Micheva and Smith e Temperature Effects on Synaptic Vesicle Recycling

trical stimulation at 10 Hz for 2 min, and the FM 4-64 labeling of
synapses was determined as the difference in intensity of the syn-
apses in their loaded and unloaded state. Under these conditions,
the fluorescence intensity of the FM 4-64 labeling was signifi-
cantly higher at 37°C [660 * 16 arbitrary units (a.u.); n = 941
boutons from nine coverslips] compared with 23°C (412 £ 9a.u.;
n = 1281 boutons from 10 coverslips; p < 0.0001; Mann—Whit-
ney test) (Fig. 1 A, B). In addition, the area of the FM 4-64 puncta
was significantly larger at 37°C (Fig. 1C). Thus, at 37°C, the ap-
parent spatial extent of individual FM 4-64-labeled vesicle pools
(measured as punctum area) averaged 1.61 * 0.06 um? (n = 634
boutons from two coverslips) compared with 1.10 * 0.04 um? at
23°C (n = 673 boutons from two coverslips). Longer loading
protocols (e.g., 2 min at 10 Hz in the presence of the dye and 1
min waiting period before washing off the dye) resulted in similar
differences between the two temperatures but with an increased
background (results not shown).

Fluorescence emission characteristics of many dyes are known
to depend on temperature, and, as the temperature is increased,
the fluorescence decreases, a phenomenon known as tempera-
ture quenching (Guibault, 1990). The change in fluorescence is
normally 1% per 1°C; however, for some compounds, it can be as
high as 5% per 1°C. We found that the fluorescence of FM 4-64
molecules in membranes decreases fairly substantially with in-
creasing temperature. To quantify this relationship, dye-loaded
presynaptic boutons were imaged while alternating the tempera-
ture of the medium between 23 and 37°C. The FM 4-64 signal at
37°C was, on average, 70 = 2% of the signal at 23°C. Similar
results were obtained by imaging larger areas of cell bodies or
dendrites, the plasma membrane of which is also weakly stained
after exposure to FM 4-64 (67 * 4% fluorescent signal at 37°C).
Paraformaldehyde fixation of the cultures immediately after dye
loading did not affect the temperature dependence of FM 4-64
(71 = 2% fluorescent signal at 37°C), suggesting that these tem-
perature effects depend on intrinsic properties of the dye in the
membrane environment. Therefore, the actual difference in the
total recycling vesicle pool at the two temperatures is expected to
be substantially larger than the 1.6 times difference apparent
from uncorrected FM 4-64 measurements. Thus, our data sug-
gest that the recycling vesicle membrane pool may be approxi-
mately two times larger at 37°C compared with 23°C.

Electron microscopic characterization of the recycling vesicle
pools: morphology

To directly confirm the above conclusions about temperature-
related changes in the total vesicle recycling pool, we loaded pre-
synaptic boutons with HRP using the same stimulation protocol
as that for FM 4-64 and then processed the neurons for electron
microscopy. HRP, detected by the dark appearance of its DAB
reaction product, was found predominantly in synaptic vesicles,
clathrin-coated vesicles, and other membranous structures in
presynaptic terminals (Figs. 2, 3). HRP was also observed occa-
sionally in larger vesicular structures (both uncoated and clathrin
coated) in dendrites and cell bodies. Meanwhile, in control ex-
periments, when neurons were incubated in HRP without elec-
trical stimulation, only an occasional presynaptic vesicle was la-
beled at both temperatures (1.9 % 0.6% at 23°Cand 2.2 = 0.8% at
37°C, as counted on single-section presynaptic bouton profiles;
n = 20 for 23°C; n = 13 for 37°C.).

To quantify the differences in synaptic pools at the two tem-
peratures, we compared the size distribution of HRP-positive
structures by measuring their surface area on single sections (Fig.
2). As seen from the frequency distribution histogram of the data
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Figure 1.

(Fig. 2 B), the great majority of HRP vesicles had an area falling
within the range of the area of clear synaptic vesicles (35-50 nm in
diameter corresponding to ~1000—-2000 nm?). The population
of larger HRP vesicles consisted of a variety of endocytic vesicu-
lotubular structures, and they were more frequently observed at
37°C. Thus, 11% of the HRP vesicles had an area >2000 nm?* at
23°C compared with 16% at 37°C. Overall, the average area of
HRP vesicles was significantly increased at 37°C (1517 % 41 nm?
at 37°C compared with 1318 =+ 32 nm? at 23°C; p < 0.01;
Mann—Whitney).

Surface area (um?)

FM 4-64 loading of hippocampal neurons in culture. 4, Confocal images of hippocampal neurons in primary culture
(12 d in vitro) loaded with FM 4-64 (left) and subsequently unloaded (right). The neurons were kept at either room temperature
(top) or physiological temperature (bottom). Loading was achieved using electrical stimulation at 10 Hz for 1 min and unloading
at 10 Hz for 2 min. Scale bar, 10 wm. B, Histogram presenting the distribution of the fluorescence intensity of the FM 4-64 labeling
at individual synapses at hoth temperatures; fluorescence values are corrected for temperature quenching (n = 1281 boutons
from 10 coverslips at 23°C,and n = 941 boutons from 9 coverslips at 37°C). €, Distribution of the surface area of individual FM 4-64
puncta at both temperatures (n = 673 boutons from 2 coverslips at 23°C, and n = 634 boutons from 2 coverslips at 37°C).
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Electron microscopy confirms the
twofold increase in total recycling
vesicle pool at

physiological temperature

Additional analysis was performed on se-
rially sectioned synaptic boutons, where
the following data were obtained: number
of HRP synaptic vesicles (i.e., area < 2000
nm?), number of larger HRP structures,
number of non-HRP synaptic vesicles, and
total number of synaptic vesicles per bou-
ton (Fig. 3). A total of 82 boutons from two
coverslips were analyzed at 23°C, and 89
boutons from two coverslips were ana-
lyzed at 37°C. There were twice as many
HRP synaptic vesicles per bouton at 37°C
(89 = 7 HRP synaptic vesicles) compared
with 23°C (43 %= 4 HRP synaptic vesicles;
significantly different at p < 0.0001;
Mann-Whitney test). In addition, more
larger endocytic structures labeled with
HRP were observed at 37°C (19 %= 2 per
bouton at 37°C compared with 6 = 1 at
23°C; p < 0.0001; Mann—Whitney test). At
both temperatures, the number of larger
HRP structures was positively correlated
with the number of HRP synaptic vesicles
(for 23°C, Spearman’s rank correlation co-
efficient, r, = 0.59, p < 0.000001; for 37°C,
r, = 0.65, p < 0.000001). The larger HRP
structures are probably either endosomes
labeled by HRP from one or more endo-
cytic vesicles fusing with it or may repre-
sent portions of the plasma membrane in-
ternalized by bulk endocytosis (De Camilli
etal.,2001). In either case, they would cor-
respond to at least one exocytosed synaptic
vesicle, and thus, the sum of the small
HRP-containing synaptic vesicles and
larger HRP structures will represent the
lower limit of the total number of recycling
vesicles. Calculated in this manner, the to-
tal number of recycling vesicles is at least
108 at physiological temperature and 49 at
room temperature.

The number of non-HRP clear synaptic
vesicles per bouton was larger at 23°C (175
=+ 28 compared with 113 = 7 at 37°C; p =
0.051; Mann—Whitney test). The total
number of synaptic vesicles was similar at
both temperatures (219 * 29 at 23°C and
202 * 12 at 37°C). These results from the
EM analysis are in agreement with our ob-
servations using FM dyes and directly confirm that the same
stimulus can recruit twice the number of synaptic vesicles at
physiological temperature compared with room temperature.

In addition, our EM results underscore other important
temperature-dependent differences of synaptic vesicle recycling
that cannot be easily detected using confocal imaging of FM dyes.
Thus, ~5% of synapses (4 of 82) have less than or equal to five
HRP vesicles at 23°C, but none of the 89 synapses observed at
37°C was with such a small number of recycled vesicles. At 37°C,
the great majority of synapses (96%; 85 of 89) use >25 vesicles

unload
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when stimulated at 10 Hz for 1 min, but
this percentage drops to 66% (54 of 82) at
23°C.

Docked vesicles

The number of docked vesicles, defined as
synaptic vesicles in direct contact with the
presynaptic plasma membrane at the ac-
tive zone, was counted in a subset of bou-
tons in which the plane of section was ap-
proximately perpendicular to the active
zone. The number of docked HRP vesicles
per active zone was not different at the two
temperatures (2.3 = 0.3 at 23°C, n = 46;
2.6 = 0.3 at 37°C, n = 53). However, the
number of docked non-HRP vesicles was
almost twice as high at 23°C (6.8 £ 1.0 vs
3.8 £ 0.4 at 37°C; p = 0.0375; Mann—
Whitney test) The total number of all
docked vesicles tended to be higher at 23°C
with 9.0 = 1.3 docked vesicles per active
zone compared with 6.5 % 0.5 vesicles at
37°C, but this trend did not reach statisti-
cal significance (p = 0.27; Mann—Whit-
ney test).

Synaptic vesicle exocytosis is faster and
less variable at

physiological temperature

The fluorescent membrane dye FM 4-64
was also used to compare exocytosis kinet-
ics at 37 and 23°C. Hippocampal neurons
were loaded by electrical stimulation at 10
Hz for 30 s, and, after an additional 30 s,
the dye was washed away. FM unloading
was achieved by electrical stimulation at 10
Hz for 2 min. Normalized FM unloading
curves (Fig. 4) show that, at room temper-
ature, exocytosis proceeds more slowly
and is much more variable compared with
physiological temperature. The actual dif-
ference is even bigger, because the recy-
cling vesicle pool is more than two times
larger at 37°C, as shown above. Using the
normalized FM fluorescence data (Fig. 4C,
the second time point after the beginning
of stimulation) and the EM data about the
number of recycling synaptic vesicles, we
can calculate the absolute speed of exocy-
tosis, assuming that there is no vesicle re-
use in the initial period of stimulation.
Thus, during the first 9 s of electrical stim-
ulation, an average presynaptic bouton releases 49 synaptic vesi-
cles at 37°C (i.e., 45% of 110 vesicles), compared with 19 vesicles
at 23°C (i.e., 38% of 50 vesicles). This amounts to a difference of
2.6 times in the absolute speed of exocytosis at the two
temperatures.

Figure 2.

Synaptic vesicle endocytosis is faster at

physiological temperature

Synaptic vesicle endocytosis was quantified by transfecting the
neurons with a cDNA construct encoding VAMP2/synaptobre-
vin fused to GFP. The fusion protein is oriented such that GFP is
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Morphology of HRP-labeled structures after electrical stimulation. A, Electron micrographs of presynaptic boutons
formed by hippocampal neuronal cultures (15 d in vitro) electrically stimulated in the presence of HRP at 23°C and 37°C. HRP
uptake is identified by the dark DAB reaction product. Scale bar, 0.5 pm. B, Examples of HRP-labeled structures at the two
temperatures. Scale bar, 100 nm. €, Distribution of the area of HRP vesicles (in square nanometers) as measured on single sections
(n = 603 vesicles at 23°C, and n = 610 vesicles at 37°C). d, Diameter.

within the acidic lumen of synaptic vesicles. Because of its pH
sensitivity, GFP fluorescence increases after exocytosis when
VAMP-GFP becomes exposed to the neutral extracellular pH.
Subsequent endocytosis of synaptic vesicles is reported quantita-
tively by a decrease in GFP fluorescence, caused by internaliza-
tion of VAMP-GFP within endocytic vesicles and their rapid
acidification (Li and Murthy, 2001). In contrast to FM 4-64,
VAMP-GFP fluorescence and its dependence on pH did not
change with temperature, as confirmed with a series of control
experiments. Transfected hippocampal neurons were fixed and
permeabilized, and VAMP-GFP fluorescence was measured at
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Figure3. Recycling vesicle pool in hippocampal neurons identified by HRP uptake. 4, At 23°C, compared with 37°C, a smaller
number of HRP vesicles is observed, and some presynaptic profiles are even entirely devoid of HRP vesicles (asterisk). The arrows
indicate presynaptic boutons. d, Dendrite. Scale bar, 0.5 wm. B, Distribution of the number of HRP structures per presynaptic
bouton, as determined from serial sections. €, Absolute numbers of HRP, non-HRP, and all vesicles per presynaptic bouton
(mean == SE; n = 82 boutons from 2 coverslips at 23°C, and n = 89 boutons from 2 coverslips at 37°C). syn., Synaptic. Error bars
represent SEM.
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Figure4. Speed of exocytosis as measured with FM 4-64. 4, B, Unloading curves from experiments performed at 23°C (4; n =

8 coverslips with at least 100 boutons each) and 37°C(B; n = 7 coverslips with at least 100 boutons each). FM 4-64 fluorescence
intensities are normalized to the initial resting state of each presynaptic bouton and averaged for each experiment. SEs are not
presented in A and B, because they were on the order of 1%. C, Comparison of the mean unloading curves from the experiments
in A and B with SEs.
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neurons (2 min at 10 Hz) evoked synaptic
vesicle exocytosis, which resulted in an in-
crease in presynaptic VAMP-GFP fluores-
cence. Fluorescence gradually returned to
baseline after the end of stimulation, pre-
sumably because of endocytosis and re-
acidification of vesicles. The time courses
of VAMP-GFP intensity changes in pre-
synaptic boutons were compared at the
two temperatures (Fig. 5). Electrical stim-
ulation resulted in a bigger increase in
VAMP-GFP fluorescence at 37°C, consis-
tent with the larger recycling vesicle pool
described above. The difference in the
peak VAMP-GFP fluorescence at the two
temperatures, however, was not as big as
the previously measured difference in the
recycling vesicle pool, because the VAMP—
GFP fluorescence detects the balance of
exocytosis and endocytosis, and endocyto-
sis proceeds faster at physiological temper-
ature, as described below. After the end of
electrical stimulation, VAMP-GFP fluo-
rescence returned to baseline faster at 37°C
(time constant of 107 = 7 s) compared
with 23°C (time constant of 153 * 10 s;
p < 0.001; Mann—Whitney test). Bearing
in mind that more than twice the number
of synaptic vesicles have to be recycled at
37°C, this result points to a significant, ap-
proximately threefold increase in the abso-
lute speed of endocytosis after electrical
stimulation at physiological temperature.

A form of NMDA-dependent
presynaptic potentiation can only be
detected at 23°C

We observed from previous experiments
at 37°C (Micheva et al., 2003) that, when
synaptic boutons are tested twice serially
with the same FM 4-64 protocol (30 s at 10
Hz load; 2 min at 10 Hz unload), they take
up equal amounts of the dye, even when
the second loading session closely follows
the first (<2 min). To our surprise, when
the same experiment was repeated at 23°C,
synaptic boutons loaded significantly
more dye the second time (Fig. 6 A). Thus,
although the ratio of the second-to-first
load was 1.03 £ 0.04 at 37°C, it reached
1.69 = 0.17 at 23°C (p < 0.001; Mann—
Whitney test). The extent of this potentia-
tion was quite variable, exceeding on a few
occasions a ratio of 3.00. These experi-
ments were done in the presence of CNQX

varying temperatures and pH. VAMP-GFP fluorescence did not
change from 37 to 23°C, and the ratio between the VAMP-GFP
fluorescence at pH 7.4 and pH 5.6 (corresponding to the pH of
the synaptic vesicle lumen) remained stable (2.3 ratio).

For the quantification of synaptic vesicle endocytosis, hip-
pocampal neurons were transfected with VAMP-GFP and
loaded with FM 4-64 by electrical stimulation for 30 s at 10 Hz to
help identify active synapses. Electrical stimulation of the

(AMPA/kainate antagonist) but without b-AP-5 (NMDA antag-
onist). The addition of b-AP-5 abolished the presynaptic poten-
tiation at 23°C, without having an effect on the loading at 37°C
(Fig. 6 B-D). Therefore, although at 23°C, a 10 Hz stimulus can
induce a pronounced NMDA-dependent presynaptic potentia-
tion, this phenomenon completely disappears at physiological
temperature.

These results can be interpreted that either the NMDA-



7486 - ). Neurosci., August 17, 2005 - 25(33):7481-7488

160 4
150 -
140 -
130 1

p—
—_
(= -]

Normalized VAMP-GFP

—_—
[an]
[

180 240 300 360 420
time (s)

60 120

Figure 5. Speed of endocytosis determined with VAMP—GFP. VAMP—GFP fluorescence
changes in presynaptic boutons during electrical stimulation at 23 and 37°C are shown. Mean
values of the normalized VAMP—GFP fluorescence intensities and SEs are shown (for 23°Cn =
222 boutons from 7 coverslips and 37°C, n = 157 boutons from 7 coverslips).

dependent presynaptic potentiation, which was described previ-
ously in neuronal cultures (Ryan et al., 1996), is an artifact of the
lowered experimental temperature, or the threshold for inducing
presynaptic plasticity is temperature dependent. To test these
possibilities, we repeated the above experiments at 37°C in the
absence of D-AP-5 using a stronger 50 Hz unloading stimulus
instead of 10 Hz. Under these conditions, presynaptic potentia-
tion was induced in 5 of 11 coverslips (ratio of second-to-first
load, 1.37 # 0.05). This potentiation, however, was not as strong
as the one induced at 23°C with a 10 Hz stimulus, as described
above, where all of the 16 coverslips tested displayed some degree
of potentiation. Thus, lowering the experimental temperature
appears to decrease the threshold for inducing presynaptic
plasticity.

Discussion

Our results show that temperature is a crucial experimental factor
in studies of mammalian synapses, because it substantially influ-
ences the speed, magnitude, and even the nature of presynaptic
events. At physiological temperature compared with room tem-
perature, the size of the recycling vesicle pool is two times larger,
and the speed of both exocytosis and endocytosis is faster. In
addition, a form of NMDA-dependent presynaptic plasticity that
is prominent at room temperature cannot be observed at physi-
ological temperature. Here, it should be noted that our methods
are not designed to detect rapid exocytic/endocytic events, such
as “kiss-and-run,” in which vesicles cannot be stained by FM dyes
or HRP and thus we do not provide information on vesicles that
may be possibly involved in such pathways.

A recent study of hippocampal neurons in culture
(Fernandez-Alfonso and Ryan, 2004) also highlighted the tem-
perature dependence of presynaptic function and conclusively
showed that, at physiological temperature, a faster endocytosis is
sufficient to balance exocytosis and to avoid vesicle pool deple-
tion. There are, however, some differences with our results, such
as the surprisingly small increase (~10%) in the recycling vesicle
pool, as well as a decrease in the speed of exocytosis at physiolog-
ical temperature. Apart from the different methods used in both
studies, the fluorescence data were also analyzed differently.
Fernandez-Alfonso and Ryan (2004) measured the fluorescence
of a small central region of individual boutons (0.4 X 0.4 wm?),
whereas we used larger regions (1.7 X 1.7 um?*) corresponding to
the average size of FM 4-64 puncta or, for the VAMP-GFP mea-
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Figure 6. Presynaptic potentiation of hippocampal neurons. A, Synaptic boutons were

loaded twice serially with the same stimulation protocol. Mean values from the second FM load
normalized to the first load are presented (n = 16 coverslips at 23°Cand n = 13 coverslips at
37°C). B—E, Temperature and NMDA receptor dependence of the presynaptic potentiation.
Second FM load versus first FM load for individual presynaptic boutons stimulated at 23 or 37°C,
in the presence or absence of an NMDA blocker (0-AP-5; 50 pum), is shown. For each plot, n =
150 boutons from two coverslips. The line represents FM1 = FM2. Potentiation is evident only
at23°Cin the absence of -AP-5, where most of the data points are above the FM1 = FM2 line.

surements, also encompassing the immediately adjacent to the
bouton areas. Because the size of FM 4-64 puncta (i.e., the area
occupied by recycling vesicles) changes with temperature, these
two different ways of analysis may yield different results. It is also
important to keep in mind that the effect of temperature on
synaptic function is the result of the temperature dependence of a
great number of factors that could affect synaptic transmission in
either direction, and thus slight differences in the experimental
conditions may lead to opposite effects (Volgushev et al,
2000a,b). Regarding the speed of exocytosis, a recent electrophys-
iological study using autaptic cultures of hippocampal neurons
appears to support our findings. Thus, improved release capacity
was observed at higher temperature, caused by an increased re-
filling rate of the readily releasable pool and decreased release
probability (Pyott and Rosenmund, 2002).
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The size of the recycling vesicle pool

Mammalian CNS presynaptic boutons widely differ in their size
and synaptic vesicle content. In the hippocampus, there are, on
average, ~200 synaptic vesicles per bouton (Schikorski and
Stevens, 1997 and present study). Extensive stimulation mobi-
lizes only part of these vesicles, known as the recycling vesicle
pool, whereas the remaining vesicles have been termed the “rest-
ing pool” (Siidhof, 2004). Most previous studies have been con-
ducted at room temperature and have reported surprisingly small
recycling vesicle pool sizes: 25 vesicles (Murthy and Stevens,
1999) and 3045 vesicles (Harata et al., 2001b), and this idea now
appears to be generally accepted, although substantially larger
pools (average, 127 vesicles) (Ryan et al., 1997) have been de-
scribed at similar low temperatures. The assumed small size of the
recycling vesicle pool, together with the relatively slow speed of
clathrin-mediated endocytosis as identified at room tempera-
ture, appear difficult to reconcile with the sustainability of neu-
rotransmitter release, and this contradiction has been a major
motivator in searching for faster modes of synaptic vesicle recy-
cling (Harata et al., 2001b; Aravanis et al., 2003; Gandhi and
Stevens, 2003).

Our present results from the FM 4-64 loading experiments
and the EM analysis of HRP uptake indicate that the recycling
vesicle pool is approximately two times larger at physiological
temperature, with at least 110 recycling vesicles per presynaptic
bouton, compared with 50 at 23°C. Also, we observed that the
speed of endocytosis is significantly faster at physiological tem-
perature, as described previously in a variety of mammalian se-
cretory cells, including neurons (Mamdouh et al., 1996; Din-
kelacker et al., 2000; Pyott and Rosenmund, 2002; Fernandez-
Alfonso and Ryan, 2004). The larger size of the recycling vesicle
pool and the higher speed at which it can be reused via the “clas-
sical” clathrin-mediated mode of endocytosis considerably in-
crease the theoretical upper limit for maximum sustained release
rate at a mammalian CNS synapse at physiological temperature.
And although these arguments do not bear directly on the possi-
ble existence of additional modes of synaptic vesicle recycling,
such as the kiss-and-run mode, they do suggest that alternative
accelerated modes may not be necessary to account for physio-
logically observed release rates. Moreover, the substantial
temperature-related differences in synaptic function reported
here imply that meaningful future tests for alternative modes of
vesicle recycling must be performed at physiological tempera-
ture. It may be of interest that recent studies of vesicle recycling in
lower vertebrates (performed at their lower physiological tem-
peratures) have yielded results that do not favor a kiss-and-run
mechanism (Zenisek et al., 2002; Rizzoli and Betz, 2004).

The size of the readily releasable pool

The readily releasable pool of synaptic vesicles (i.e., the vesicles
that are immediately available for release) is usually equated to
the number of docked vesicles (for review, see Regehr and
Stevens, 2001) [but see Rizzoli and Betz (2004) for the frog neu-
romuscular junction]. Our estimate of the total number of
docked vesicles is within the previously reported range (Harris
and Sultan, 1995; Schikorski and Stevens, 1997). No statistically
significant temperature-dependent changes in the number of
docked vesicles were observed. This is consistent with electro-
physiological measurements of the readily releasable pool at
physiological and room temperatures (Pyott and Rosenmund,
2002). It would thus appear that a major variable susceptible to
temperature changes is the refill rate but not the size of the readily
releasable pool. At both temperatures, the proportion of HRP
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vesicles in the docked pool (28% at 23°C and 43% at 37°C) was
very similar to the proportion of HRP vesicles in the total pool
(24% at 23°C and 43% at 37°C), suggesting that newly recycled
vesicles are just as likely to be released during subsequent exocy-
tosis events as the other synaptic vesicles. This ultrastructural
observation is consistent with the previously reported intermix-
ing of vesicles that occurs with intense stimulation (Ryan and
Smith, 1995; Murthy and Stevens, 1999; Pyle et al., 2000). How-
ever, we cannot exclude the possibility that the non-HRP vesicles
in the docked pool could be the morphological correlate of rap-
idly recycling vesicles (Pyle et al., 2000; Aravanis et al., 2003;
Ghandhi and Stevens, 2003), which are open to the extracellular
environment for a very brief time (=1 s) insufficient to allow
HRP labeling. If this were the case, such rapidly recycling vesicles
would be almost twice as prevalent at room temperature (seven
per active zone) compared with physiological temperature (four
per active zone).

Temperature-related changes in plasticity

Synaptic plasticity is a fascinating topic full of unresolved contro-
versies (Malenka and Siegelbaum, 2001; Lisman, 2003; Silva,
2003; Lynch, 2004). An important factor contributing to these
controversies may be the experimental temperature. Thus, our
present results show that a stimulus that has no effect on synaptic
function at physiological temperature can cause profound
NMDA-dependent presynaptic changes at room temperature.
Consistent with our results, a weak tetanus led to a much stronger
NMDA-dependent potentiation of Schaffer collaterals in hip-
pocampal slices when applied at 23°C compared with 32°C (Mc-
Naughton et al., 1994). This temperature-dependent variability
in synaptic plasticity may be attributable to a number of concur-
rent changes occurring at room temperature, including broaden-
ing of action potentials (Thompson et al., 1985; Shen and
Schwartzkroin, 1988; Volgushev et al., 2000a,b), larger Ca>" in-
flux produced by an action potential (Borst and Sakmann, 1998;
David and Barrett, 2000; Dinkelacker et al., 2000), and easier
removal of the Mg>* block of NMDA receptor attributable to
membrane depolarization (Volgushev etal., 2000a,b). All of these
factors are expected to lower the threshold for induction of plastic
changes.

In addition, our EM results show that, at room temperature,
in contrast to physiological temperature, even a relatively strong
stimulus (10 Hz for 1 min) mobilizes only a very small number of
vesicles at a significant proportion of synapses (less than five
vesicles at ~5% of synapses). Such a small amount of release may
be virtually undetectable with other methods, and these synapses
may thus be classified as “presynaptically silent” (Kullmann,
2003; Voronin and Cherubini, 2003). Presynaptically silent syn-
apses have been speculated to have an important role in synaptic
plasticity as a “golden reserve” (Voronin and Cherubini, 2003).
Our present results, however, caution that presynaptic silence
could be an artifact of lowered experimental temperature.

Overall, our results strongly imply that synaptic plasticity in-
duced at subnormal temperatures may not only be more pro-
nounced but may also involve mechanisms that are not relevant
at physiological temperatures. Bearing in mind that numerous
other important aspects of synaptic function are also substan-
tially influenced by temperature, it seems appropriate to propose
that conclusions about physiological synaptic plasticity should
only be drawn from studies at physiological temperatures.
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