parametric maps (SPM) were computed from local MR signals using a linear
multiple regression with conditions (modelled as two temporal basis functions)
and runs as co-variates®. Only regions formed by more than 12 contiguious
active voxels (P < 0.05) were analysed. The main effect of dual-task (and
delayed-response, respectively) performance was computed by selecting the
regions which were co-jointly significantly activated in the dual-task (delay)
and branching conditions compared with the control and delay (dual-task)
conditions (Z > 5.4, P < 0.0005, corrected for multiple comparisons). The
additive effect of delay and dual-task performance was observed in the regions
co-jointly and significantly activated in all conditions compared with the
baseline (Z > 5.4, P < 0.0005, corrected). No interaction between those factors
(P > 0.05, uncorrected) was observed in those regions. Branching-specific
activations were computed as the regions with significant activations in the
branching condition compared with the control (Z > 5.4, P < 0.0005, cor-
rected) and with a significant interaction between the delayed-response and
dual-task factors (branching and control compared to delay and dual-task
conditions; P < 0.0005, uncorrected). The same branching-specific activation
was found post hoc by computing the voxels co-jointly activated in the
branching condition compared separately with all other conditions (fronto-
polar: Z > 5.4, P < 0.0005, corrected; elsewhere P > 0.05, corrected). Branch-
ing-specific activations were confirmed in five single-subject analyses. They
were located bilaterally in the superior fronto-polar gyrus at the crossing of the
middle frontal gyrus (two subjects) or in the middle fronto-polar gyrus (three
subjects)*. Moreover, bilateral fronto-polar activations were replicated in six
additional normal right-handed subjects performing the branching and two
additional control tasks.
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Synaptic calcium transients
in single spines indicate
that NMIDA receptors

are not saturated

Zachary F. Mainen, Roberto Malinow & Karel Svoboda

Cold Spring Harbor Laboratory, 1 Bungtown Road, Cold Spring Harbor,

New York 11724, USA

At excitatory synapses in the central nervous system, the number
of glutamate molecules released from a vesicle is much larger than
the number of postsynaptic receptors. But does release of a single
vesicle normally saturate these receptors? Answering this ques-
tion is critical to understanding how the amplitude and variability
of synaptic transmission are set and regulated. Here we describe
the use of two-photon microscopy’ to image transient increases in
Ca’" concentration mediated by NMDA (N-methyl-p-aspartate)
receptors in single dendritic spines of CA1 pyramidal neurons in
hippocampal slices. To test for NMDA-receptor saturation, we
compared responses to stimulation with single and double pulses.
We find that a single release event does not saturate spine NMDA
receptors; a second release occurring 10 ms later produces ~80%
more NMDA-receptor activation. The amplitude of spine NMDA-
receptor-mediated [Ca®*] transients (and the synaptic plasticity
which depends on this) may thus be sensitive to the number of
quanta released by a burst of action potentials and to changes in
the concentration profile of glutamate in the synaptic cleft.

The issue of receptor saturation has been controversial, partly
owing to complexities in the interpretation of indirect experiments>.
A direct test for saturation is to examine the interaction between two
synaptic currents occurring in rapid sequence™’. Receptor satura-
tion during the first event will block the response to a second event
that occurs before transmitter has had a chance to unbind from the
receptors. Glutamate unbinding from NMDA receptors occurs
slowly (7> 100ms)>. Although it is conceptually simple, this
experiment is complicated by the probabilistic nature of transmitter
release. Because only a fraction of stimulated synapses release
transmitter, the first and second responses might not occur at the
same synapses, as is required for the interaction test. A reliable way
to detect failure and release of transmitter at a single synapse is
therefore required.

We used two-photon-laser scanning microscopy (2PLSM)' to
monitor synaptic activation by measuring [Ca®'] transients in
postsynaptic spines’. Dendritic spines on CAl pyramidal cells
have a single postsynaptic density® associated with a single apposing
presynaptic active zone’. Ca®" entering spines through NMDA-
receptor (NMDA-R) channels is therefore a direct reflection of
NMDA-R activation at single synapses. We filled neurons in brain
slices by whole-cell recording with a high-affinity Ca** indicator and
activated synapses by extracellular stimulation using a glass pipette
placed close to an apical dendritic branch'®. Synaptic [Ca®']
transients were imaged using either frame (16 Hz; Fig. 1) or line-
scan (500 Hz; Fig. 2) mode. Frame mode allowed us to discriminate
between anatomically distinct Ca®* sources and thereby to isolate
[Ca®] signals arising from single spines (Fig. A in Supplementary
Information).

To isolate NMDA-R-mediated Ca** influx, neurons were voltage-
clamped at positive potentials (above synaptic reversal potential;
Fig. 2¢) to allow opening of NMDA receptors, inactivate voltage-
sensitive Ca** channels (Fig. B in Supplementary Information), and
minimize the effects of possible synaptic voltage escape. Under these
conditions, fluorescence transients were unaffected by the selective

151




letters to nature

Figure 1 Probabilistic activation of NMDA receptors monitored by imaging spine
[Ca® transients. a, Fluorescence image of tertiary apical dendritic branch of a
CA1 pyramidal neuron. Scale bar: 2 um. b, Sequence of frames (64 ms per frame,
area shown by large box in a) showing relative change in fluorescence (AF/F(t))
during synaptic stimulation (asterisk shows stimulus time). Grey scale: -5 to 90%
AF/F. ¢, Average fluorescence (F(t)) measured at spine (small solid box, filled

AMPA (B-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid)
receptor antagonist NBQX (2,3-dihydroxy-6-nitro-7-sulphamoyl-
benzo quinoxaline) (5-10 wM) and blocked by the NMDA-R
antagonist D-CPP (R(-)-3-(2-carboxypiperazine-4-yl)-propyl-1-
phosphonic acid) (10 uM; 4.2 = 3.5% of control, n = 5). Fluorescence
transients peaked at around 50—100 ms after a stimulus (Fig. 2b),
consistent with the time course of the NMDA-R current® (Fig. 2c),
and decayed slowly (probably mainly reflecting unbinding of Ca**
from the indicator"). To test for a possible contribution of Ca*"
release from intracellular stores, we inhibited store refilling by using
cyclopiazonic acid (CPA). In control experiments (see Methods),
CPA treatment (30 wuM) increased the decay time of action-
potential-evoked dendritic fluorescence transients to 167 * 11% of
control (n = 3, P < 0.002), showing that the drug was effective'”.
CPA had no effect on the amplitude of synaptic fluorescence
transients (93 £ 8% of control (n = 3); compared to 95 * 4%
(n=75) over a similar time period in untreated slices), showing
that release from stores does not contribute to spine [Ca']
transients under these conditions.

Synaptically activated spine fluorescence transients mediated by
NMDA-Rs were large enough to distinguish successful transmitter
release from failure of release (Fig. 1d—f), and could be monitored
for up to ~500 trials (stimulation rate, 0.2 Hz). The probability of
release measured at different synapses was broadly distributed
(mean, 0.38, s.d. = 0.23; n = 32). Fluorescence transients showed
greater trial-to-trial amplitude variability than the background
noise  (8.d.ie = 5.1 £ 0.4% AF/F,  s.d..,, = 15.9 £ 1% AF/F,
noise-subtracted coefficient of variation (c.v.) = 0.34 = 0.02,
n=27; AF/F is the relative fluorescence). Failure and
response distributions were well separated (on average,
2 X 8.d.pie < mean,,, — 2 X s.d...,,). Consistent with previous

noise resp resp
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symbols) and background (dashed box, open symbols). Arrowhead indicates
stimulation time; thin line indicates 0 level. Scale bar: 20 arbitrary units. d, 34 spine
responses collected in the period indicated by horizontal bar in e. Scale bars: 25%
AF/F, 200ms. e, Amplitude of fluorescence transients showing failures (open
symbols) and releases (filled symbols). f, Corresponding histogram of response
amplitudes.

electrophysiological measurements'>'*'®", responses showed pro-

nounced paired-pulse facilitation (PPF) that was inversely related to
release probability. The probability of at least one release increased
to 0.75=*x0.22 for a pair of stimuli 10ms apart, implying
PPF = 2.08 = 0.87 (see Methods).

To test for receptor saturation, we compared NMDA-R-spine
[Ca®™"] transients produced by single stimuli to those produced by
pairs of stimuli separated by 10ms (Figs 2, 3). At this delay,
glutamate that bound to NMDA-Rs during the first release will
still occupy the receptors, owing to its slow unbinding rate™®
(Fig. 2c). If receptors are saturated by a single release of glutamate
then there will be no unbound receptors available for opening by a
subsequent release. The expected response for a stimulus pair would
therefore be about the same as for one stimulus. In fact, the average
fluorescence transients evoked by pairs of stimuli were significantly
larger than those evoked by single stimuli (Figs 2b, 3a, b) and the
distributions of responses to stimulus pairs were shifted to larger
amplitudes (Fig. 3c). Quantal peaks were not apparent in the
distributions of paired stimulus responses, probably because of
the large variance of single quantal NMDA-R responses. Similar
shifts in response amplitudes were observed in all synapses exam-
ined (Fig. 3d; single stimulus response r, = 43.8 * 2.8% AF/F,
paired stimulus response r,,, =55.1 =3.2%AF/F, n=27,
P <107’ paired sign test). Glutamate released following a
single action potential therefore does not saturate postsynaptic
NMDA-Rs.

What fraction of NMDA-Rs remain available for binding after
one release event? Owing to the slow rise time of [Ca**] transients
mediated by NMDA-Rs (Fig. 2b), we could not distinguish between
instances of single and double transmitter release in response to
pairs of stimuli. Instead, we used a simple model to estimate the
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Figure 2 Time course of NMDA-R currents and spine fluorescence transients.
Single or pairs of stimuli were delivered on alternating trials. a (left), Vertical line
indicates the placement of the line scan (scale bar: 1 um). a (right), Line scan in
which vertical dimension corresponds to the image (left) and the horizontal
dimension represents time. Stimulus times indicated by arrowheads. Below:
AF/F(t) at the bottom spine (averaged over window indicated by brackets). Scale

number of double releases based on the failure rates for single and
paired stimuli (see Methods). We could then obtain a prediction for
the ratio of paired to single response amplitudes (ry,/r;; both
excluding failures), assuming linear summation. We assume a
single site releasing either zero or one vesicle per action potential'>'¢
and that release probability on the second stimulus is independent
of whether release occurred on the first. For most synapses, r1,/1
fell close to the value predicted for linear summation and well above
the line of saturation (r,,,/r, = 1) (Fig. 4a). Thus, NMDA-R-
mediated [Ca?*] responses sum close to linearly, with the second
response of a pair producing 0.8 £ 0.08 times the first response
(Fig. 4b), translating into a fractional occupancy of less than 0.56 for
a single vesicle.

There are several uncertainties in this calculation. First, we may
underestimate the amplitude of larger responses because Ca’"
indicators have sublinear sensitivity to larger Ca** changes.
Second, we may overestimate the expected number of double
releases because the probability of release may be temporarily
depressed following a successful release'®". Both these factors bias
the calculation towards saturation. On the other hand, glutamate
from more than one vesicle (released either by one presynaptic
bouton or by several neighbouring boutons) may interact with the
same population of NMDA-Rs (multi-vesicular release'®). In this
case, the quantal content due to the second action potential would
be greater than assumed, biasing the calculation against saturation.
Finally, although CAL1 spines receive a single presynaptic contact™’,
it is possible that some synapses could activate two independent
populations of receptors. We consider this unlikely, as it would
require perforated synapses with multivesicular release and very
effective mechanisms to prevent glutamate diffusion between adja-
cent receptor populations.

We have shown that synaptic [Ca**] transients in individual
dendritic spines can be used to detect quantal release of neuro-
transmitter and quantify postsynaptic receptor opening. In contrast
to purely electrical recordings, the number and identity of active
synapses can be monitored functionally on a trial-by-trial basis. The
signal-to-noise ratio of optically detected Ca®" influx mediated by
NMDA-Rs exceeds that of electrically detected NMDA-R currents
and approaches that of electrically recorded AMPA-R currents.
Control experiments demonstrated isolation of NMDA-R-
mediated Ca** influx in our studies. Because the conditions of the
intracellular environment were deliberately non-physiological (for
example, high dye concentration, prolonged whole-cell washout
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bars: 260ms, 50% AF/F. b, e, Average EPSC (vertical bar, left in e¢) and
corresponding AF/F(t) (b) for single (left) and double (right) stimuli at the same
spine as a. The time base in ais expanded in b and ¢. The EPSC (and hence peak
open probability) peaks at ~10 ms (when the second stimulus is delivered). Scale
bars: 25% AF/F,100 pA, 25 ms.

and depolarization), we do not rule out a physiological role for
other Ca®" sources.

NMDA-R-mediated spine [Ca”*] transients are not fully activated
by the glutamate released by a single action potential. Rather, a
second action potential occurring a short time (10 ms) later causes
an additional increase in [Ca®'] at the same spine, implying an
underlying increase in NMDA-R opening. The simplest interpreta-
tion of our findings is that synaptic NMDA-Rs are not saturated by
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Figure 3 NMDA receptors are not saturated following a single action potential.
a-c, Responses (AF/F(t)) for one (left) and two (right) stimuli (10 ms interstimulus
interval) at a single spine. a, Average of all responses including failures (failure
rates: 0.46 and 0.07, respectively). b, Average of all responses excluding failures.
Atthis spine, responses to double stimuli were significantly greater than to single
stimuli (r; =50.3 =2.29 vs ry,, = 64.0 = 2.17% AF/F, n = 50, 86). ¢, Histograms
showing the distributions of failure (white bars) and non-failure (shaded bars)
response amplitudes. Note shift in distribution to larger amplitudes with double
stimuli. Scale bars: 500 ms, 25% AF/F. d, Average response amplitudes, excluding
failures, for all spines tested (n = 27). For each spine, the corresponding average
single and double stimulus response amplitudes are connected.

153




letters to nature

glutamate from a single vesicle. This finding is surprising because
NMDA-Rs have a high affinity for glutamate and are thought to be
outnumbered by a factor of 10—100 by transmitter molecules
contained in one vesicle’. Studies using kinetic analysis of com-
petitive NMDA-R antagonists® and biophysical modelling'*** indi-
cated that NMDA-R occupancy could approach 100% after a single
action potential (but see ref. 21). Our data indicate that the
concentration profile of glutamate reaching NMDA-Rs could be
lower or briefer than conventional estimates. The higher tempera-
ture in our experiments may allow more effective glutamate
clearance, possibly explaining differences between our study and
previous ones®'®. It could also be that some receptors directly
opposite the release site are saturated while other receptors located
on the same spine but further from the release site are not.

The absence of saturation of NMDA-Rs has a number of
implications for our understanding of the function of excitatory
synapses. Lack of saturation implies that the size of NMDA-R
responses is limited by the transient concentration of glutamate,
rather than the number of functional receptors. Changes in vesi-
cular release or uptake mechanisms may therefore contribute to
determining the amplitude and variability of postsynaptic
responses. With uptake sufficiently efficient to prevent saturation,
crosstalk or spillover between neighbouring synapses” would be less
prominent than postulated in models assuming saturation®.
Indeed, even the closest neighbouring spines monitored in our
study (~1pwm apart) acted independently, with no evidence of
crosstalk (Fig. A of Supplementary Information). If AMPA-Rs are
co-localized with NMDA-Rs, they are also likely not to be saturated
under similar conditions'®**?.

Activation of NMDA-Rs and consequent Ca** entry into post-
synaptic spines are critical to the plasticity of synaptic transmission
at many central neurons®. The degree of NMDA-R activation can
determine whether a synapse undergoes long-term depression or
potentiation”’, and the amount of NMDA-R opening depends on
membrane potential® and hence postsynaptic activity. We have
shown that NMDA-R opening is also sensitive to the number of
presynaptic quanta released in a short time period. Thus, bursts of
presynaptic action potentials may favour induction of potentiation
not only by enhancing transmitter release and generally increasing
postsynaptic depolarization, but also by enhancing fractional
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Figure 4 Quantification of NMDA-R response linearity (see Methods for calcula-
tion). a, Ratios of single to double stimulus non-failure responses, r+.,/ry, plotted
against the predicted ratios assuming linear response summation for each
synapse tested. Most synapses are well above saturation (horizontal dashed
line). Symbols designate indicator and imaging mode: OGB-1 frame mode (open
circles); OGB-2 frame mode (filled circles); OGB-1 line scan mode (grey circles).
The diamond corresponds to the synapse represented in Fig. 3a. b, NMDA-R
response linearity, Ary;. Linearity (absence of saturation) corresponds to a value of
Ary; = 1; saturation corresponds to Ary; = 0. Inset, comparison of the average
relative amplitudes of single (r4) and calculated double releases (ry,, = 1.80r).
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NMDA-R opening and thereby increasing [Ca®] transients at
specific spines. Without saturation, changes in the concentration
or rate of clearance of glutamate from the synaptic cleft might also
alter the fractional activation of NMDA-Rs by single action poten-
tials and hence modulate plasticity. U
Methods

Preparation and electrophysiology. Rat (postnatal day 16—19) hippocampal
slices (300—400 pm) were prepared in accordance with the animal care and use
guidelines of CSHL. Slices were prepared using a chilled (2-5°C) cutting
solution containing (in mM) 110 choline-chloride, 25 NaHCOj3, 25 p-glucose,
11.6 sodium ascorbate, 7 MgSO,, 3.1 sodium pyruvate, 2.5 KCl, 1.25 NaH,PO,
and 0.5 CaCly, and then incubated in physiological saline (127 NaCl, 25
NaHCO;, 25p-glucose, 2.5 KCl, 2 CaCl,, 1 MgSO,, 1.25 NaH,PO,, 0.1
picrotoxin) for 30-60 min at 35°C and then at room temperature until
required. NBQX (5-10 wM) was present in about half of the experiments
(otherwise a cut was made between CA3 and CAl). Experiments were done at
35°C. Whole-cell patch electrodes (2-4MQ) contained 135 caesium
methylsulphonate, 10 HEPES, 10 sodium phosphocreatine, 4 MgCl,, 4 Na
ATP, 0.4 Na-GTP, and 0.2-0.4 Oregon Green BAPTA-1 or 2 (OGB-1, 2).
Transmission was evoked by 0.1-ms voltage pulses delivered extracellularly by a
glass pipette (2—3 pum tip)'’. The stimulus intensity was adjusted to minimize
failure rate at a target synapse. Control experiments with NBQX, p-CPP and
CPA used the same alternating single/double pulse protocol as that used for
testing NMDA-R saturation.

Two-photon imaging. We used a custom 2PLSM microscope'® (software:
Lucent Technologies) to image fluorescence transients in CA1 spines. During
imaging, the focus was periodically adjusted to correct for drift. Only synapses
in which stable responses (determined by plots of AF/F) from well-isolated
Ca* sources could be verified (Fig. A of Supplementary Information) were
analysed. Relative fluorescence changes were computed as AF/F(t) =
(F(t) — Fy)IF,, where F, is the fluorescence at time t. Baseline fluorescence
(Fy) was determined by averaging the four frames (or 240 ms in the line scan)
preceding the stimulus. Because background fluorescence was dominated by
exogenous dye, it was not subtracted. We averaged the first two frames
(50—100 ms in line scan) following the stimulus to calculate the amplitude. The
relatively slow timescale over which spine [Ca®'] gradients dissipate® facilitated
isolation of signals from neighbouring spines (Fig. A of Supplementary
Information). The number of trials used to estimate response amplitudes
and release probabilities was (median) 77 in frame mode (n = 26) and 26 in
line-scan mode (1 = 4). We assume that the influx of Ca*" ions into a spine is
proportional to the fraction of doubly bound receptors. To maximize signal-to-
noise and avoid possible nonlinearities due to saturation of endogenous Ca**
buffers, we used indicator concentrations large enough to dominate Ca**
binding®. To test CPA efficacy on action potential [Ca**] transients, a low
dye concentration (40 puM OGB-1) was used so that the decay was dominated
by extrusion and uptake rather than indicator unbinding.

Analysis. We classified transmission failures and successes by eye using the
fluorescence response waveform and the corresponding image. The average
response evoked by a stimulus pair is p;jry, where i, j indicate failure (=0) or
success (=1) of the first (i) or second (j) stimulus, and pj; and r; are the
probabilities and average amplitudes for a given outcome. To calculate
response linearity and occupancy, we assume a single release site® releasing 0 or
1 vesicles per action potential>'%; thus r, = r,, = r,, where r, is the average
non-failure response amplitude for a single stimulus. We define a metric of
response linearity, Ar, = (r,, — r,)/r,, the fractional amplitude of a response
conditioned by a preceding release. Ar,; =0 implies highly sublinear
summation and therefore a high fractional occupancy of receptors after the
first release. Ar,; = 1 implies linear summation and therefore low fractional
receptor occupancy after the first release. Arj; can be calculated from the non-
failure responses to single stimuli (r1) and to pairs of stimuli (ry,,); according to
the definition above, 1, = (pyr; + poury + put1)/(1 — pyy). We further
assume that the result of the first stimulus has no effect on the probability
of release of the second stimulus. The apparent paired-pulse facilitation is
then PPF = (1 — py/py)/(1 — p,), where p, and py are the measured
failure rates for single and double stimuli, respectively. The ratio r,,/r; expected
for the saturating (sat, where r;, = r,) and linear (lin, where r;, = 2r,) cases, in
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terms of py and poy, is: (T|+z/r1)“n = (2= po = poo/Po)/(1 = pyo) and (ry,/r )™ = 1.
Using the same model, we calculate Ar, = [r,(1 —py) — (1 —p)l/
(1 = Py — Poo/Po + Poo)- As receptor occupancy following the second stimulus
is =1, we can estimate receptor occupancy following the first stimulus to be
= 1/(1 4+ Ary,). The calculation of receptor occupancy does not depend on the
origin of release failures and is therefore insensitive to possible unreliability of
axonal stimulation. All measurements are given as mean * s.e.m. unless
otherwise noted. The error bars for the observed ratio ry,,/r; (Fig. 4a) were
calculated by s.e.m. = \/s{ + 51,5, 5; = p/(0,1/n; — 1), where p;, 0; and n; are,
respectively, the mean, s.d. and number of observations of single and double
responses.
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Ca?*/calmodulin binds to
and modulates
P/Q-type calcium channels
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Neurotransmitter release at many central synapses is initiated by
an influx of calcium ions through P/Q-type calcium channels"?,
which are densely localized in nerve terminals’. Because neuro-
transmitter release is proportional to the fourth power of calcium
concentration®’, regulation of its entry can profoundly influence
neurotransmission. N- and P/Q-type calcium channels are inhib-
ited by G proteins®’, and recent evidence indicates feedback
regulation of P/Q-type channels by calcium®. Although calcium-
dependent inactivation of L-type channels is well documented®™"!,
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Figure 1 Calmodulin binding to the C-terminal domain of the asa subunit. a,
|dentification of a calmodulin-binding domain (a14 CBD, shaded region) in asa.
Constructs delimited by the indicated amino acids that interacted with calmodulin
(CaM)in the yeast two-hybrid assay are indicated (+). b, Alignment of the a;,CBD
(RBA) with type 8 adenylyl cyclase (AC8). ¢, Ca®-dependent binding of a4 CBD
peptide (amino acids 1969-2000) to calmodulin in gel-shift assays with the
indicated peptide:calmodulin molar ratios. Single arrow, unbound calmodulin;
double arrows, peptide-bound calmodulin. e, Affinity of a;a CBD for calmodulin
estimated by fluorescence anisotropy (K, = 1.95 = 0.63 wM). Closed circles, aja
CBD peptide; open circles, control peptide. Inset, Scatchard plot.
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