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Amplification of calcium signals at dendritic
spines provides a method for CNS quantal

analysis

Sabrina Wang, Oliver Prange, and Timothy H. Murphy

Abstract: It has been proposed that the small volume of a dendritic spine can ampffys@mals during synaptic
transmission. Accordingly, we have performed calculations to determine whether the activalemethyl-p-aspartate
(NMDA) type glutamate receptors during synaptic transmission results in significant elevation in intracelltfiar Ca
levels, permitting optical detection of synaptic signals within a single spine. Simple calculations suggest that the
opening of even a single NMDA receptor would result in the influx of ~ 310 008" @ms into the small volume of a
spine, producing changes in €devels that are readily detectable using high affinity>Cimdicators such as fura-2 or
fluo-3. Using fluorescent (4 indicators, we have imaged local €dransients mediated by NMDA receptors in spines
and dendritic shafts attributed to spontaneous miniature synaptic activity. Detailed analysis of these quantal events
suggests that the current triggering these transients is attributed to the activation of <10 NMDA receptors. The
frequency of these miniature synaptic?C#ransients is not randomly distributed across synapses, as some synapses
can display a >10-fold higher frequency of transients than others. As expected for events mediated by NMDA
receptors, miniature synaptic &aransients were suppressed by extracellula® M negative membrane potentials;
however, the M§" block could be removed by depolarization.

Key words miniature releaselN-methylp-aspartate (NMDA), calcium, glutamate, spine.

Résumé: Des travaux ont suggéré que la petite taille d’une épine dendritique peut amplifier les sigrfawuant la

transmission synaptique. Conséquemment, nous avons fait des calculs pour déterminer si I'activation des récepteurs du

glutamate de typ&-méthylo-aspartate (NMDA) durant la transmission synaptique provoque une augmentation
significative des taux de Caintracellulaire, permettant la détection optique des signaux synaptiques a l'intérieur d’'une
seule épine. Des calculs simples suggérent que I'ouverture d’un seul récepteur NMDA induirait un influx d’environ
310 000 ions C# dans une seule épine, provoquant des variations des taux“ddacdement détectables a I'aide
d'indicateurs de CH de haute affinité comme le fura-2 ou le fluo-3. Nous avons utilisé des indicateursie Ca
fluorescents pour examiner les fluctuations transitoires des couraftddtaux véhiculées par les récepteurs NMDA

dans les épines et les axes dendritiques suite a une activité synaptiqgue miniature spontanée. Une analyse détaillée de

ces parameétres quantiques suggere que le courant déclenchant ces fluctuations transitoires est di a I'activation de

<10 récepteurs NMDA. Ces fluctuations ne sont pas distribuées aléatoirement a travers les synapses, étant donné que

certaines synapses peuvent présenter une fréquence de fluctuations transitoires d'un facteur >10 supérieure a celle
d’autres synapses. Comme prévu dans le cas des parametres véhiculés par les récepteurs NMDA, les fluctuations
transitoires des courants €asynaptiques ont été supprimées par les iong*Mgtracellulaires aux potentiels
membranaires négatifs; toutefois, le blocage par les ion& Mgu étre renversé par une dépolarisation.

Mots clés: mini-libération, N-méthylo-aspartate (NMDA), calcium, glutamate, épine.

[Traduit par la Rédaction]
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Introduction

Many models of synaptic physiology have focused on the
dendritic spine as a structure that isolates or concentrates in
coming synaptic signals (Lisman and Harris 1993; Harris
and Kater 1994; Jaffe et al. 1994; Jaffe and Brown 1997,
Edwards 1995; Segal 1995). The role of the dendritic spine
in this function has remained somewhat controversial as
some investigators propose a role for restriction of*Gad not
voltage. Computer modeling of €adynamics (Zador et al.
1990; Koch et al. 1992; Koch and Zador 1993) has-sug
gested that the dendritic spine would provide an ideal-com
partment to amplify C&-mediated signals. For example,
Koch et al. (1992) proposed that at rest dendritic spines
would contain only as few as 3 free calcium ions within
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their small volume. This surprisingly small number is C&* channel blocker PN200-110 (isradipinepM) was included

attributed to the fact that most €aions are bound or buf in the perfusion medium (in some experiments another L-type
fered (1 free : 200 bound; Helmchen et al. 1996). DirectPlocker (R)PN202-791 (M) was used instead of PN200-110).
measurements of dendritic spine — shaft coupling byAII experiments were conducted at room temperature (~23°C) in
Svoboda et al. (1996) support the model of Koch and ZadoYOltage clamp mode, with the exception of two experiments in

1993 d indicat | . K it i which current clamp recording at about =70 mV membrane poten
(_ ) an Indicate a low spine neck resistance, suggesting \yqre performed. Imaging of neuronal Taransients was per
little attenuation of voltage, but do not rule out a role in-am

e e formed with wide field microscopy, using an intensified CCD
plifying Ca?* signals. camera, as previously described (Murphy et al. 1995; Mackenzie
By using the fluorescent G4 indicator fura-2 et al. 1996). Confocal imaging with a Bio-Rad MRC 600 system
(Grynkiewicz et al. 1985), we have been able to detect optiattached to a Zeiss upright (Axioskop) microscope was used for
cal signals attributed to the activation of a small number ofthe experiments in Fig. 2 that required long sampling times. For
N-methylo-aspartate (NMDA) receptors during miniature the confocal imaging two objectives were used; either 0.9 N.A.

synaptic activity (Murphy et al. 1994, 1995). Yuste and Zelss 63x water immersion or an Olympus 0.9 N.A. 60x water im
Denk (1995), using acute hippocampal slices, also repoff'ersion. Confocal and video images were exported as byte arrays
similar C&" transients mediated by miniature synaptic activ by removal of data headers and analyzed using custom routines

v We h f d the studv of t iniat written with the IDL (Research Systems Inc., Boulder, Colo.)pro
Iity. Ve have focused on the study oI spontaneous minia urGramming language on a Pentium processor based computer.

synaptic activity since it permits a (optical) quantal analysisynole-cell voltage and current clamp experiments (Hamill et al.

by resolving the elemental form of synaptic transmissionjgg1) were conducted using aAxon Instruments Axopatch
within a CNS neuron (Stevens 1993). Previous studies haveooB amplifier and 6-9 @ electrodes pulled from 1.5-mm

shown that C# imaging can be used to resolve the activa glass pipettes. The patch pipettes were filled with a solution
tion of synaptic inputs during evoked activity (Regehr andcontaining the following (in mM): fluo-3 K salt, 0.5; KMeSQ,,
Tank 1990; Muller and Connor 1991; Alford et al. 1993; 122; NaCl, 20; Mg-ATP, 5; GTP, 0.3; and Hepes, 10 (pH 7.2). In
Malinow et al. 1994: Yuste and Denk 1995: Schiller et al.Some cases Kwas substituted with Csfor better clamp control. In
1998). In this manuscript we have extended our previou§XPeriments using wide-field microscopy (Figs. 1 and 3), mag-
studies on the imaging of miniature synaptic activity by in—b“'r""'lz'c:""é+'c""’t gfgf(')”'ty cé .t'“t?“catgr.w't? Tugglgggu%r%s%e?ge ;a
vestigating in detail ij the relationship between miniature asal [C&]; a nm excitation (Raju et al. , 0.5-0.75 mM),

. dl | ch - 5 th was included in the pipette solution to resolve the fine processes
synaptic currents and local changes in {Ga (ii) the con- ;e resting conditions. Fluo-3 and mag-fura-2 were purchased

trol of the frequency of miniature activity; andi{ the volt-  fom Teflabs (Austin, Tex.)oL-APV was purchased from Precision
age dependence of €ainflux associated with miniature Bjochemicals Inc. (Vancouver, B.C.). Tetrodotoxin was purchased

synaptic activity. from Sigma Chemical Co. (St. Louis, Mo.). PN200-110 and
(R)PN202-791 were gifts from Sandoz Research Institute (Hanover,
N.J.).

Methods For alignment of whole-cell current records with miniature syn-

. . . aptic calcium transients (MSCTSs), we first determined the site and
Embryonic cortical neurons and glial cells (from day-18 rat fe- jme of MSCT origin. The sites of MSCT origin were defined as

tuses) were grown 3-4 weeks in vitro on polylysine-coated Ada:?eviously described (Murphy et al. 1995) by monitoring the rising

33C (a nonfluorescent plastic substrate 0.127 mm thick) or glasghase of the (4 transient and selecting the dendritic region with
cover slips before use in imaging experiments (as in Murphy andpe eqjiest rise. The initiation time of the &aransient was de
Baraban 1990). Aclar was obtained from Proplastics, Linden, N.Jineq a5 the first point of four consecutive measurements (33-ms
Our animal protocol was approved by the Committee on Animalyerya) that was 1 standard deviation above baseline noise. Align

Care, The University of British Columbia (animal care certificate j,ant of currents would be limited by the 33-ms resolution of the

A95-0296) and followed the Canadian Council on Animal Caréjnqing system. In some cases slow transient elevations i#jiCa

Myere observed (>1 s rise time); these types of events were net con
containing the following (in mM): NaCl, 137; KCI, 5.0; Cagl sidered MSCTS? ) yp

5.0; MgS 1; NaHPO,(7H,0), 0.34; NaHepes buffer, 10; : . . . . .
NaHCQ,g, ﬁ’tetfodo?oxin,4(%.00203?’—0.001’; and gIEcose, 22 ipH 2 4 To identify dendritic regions showing MSCTs we used images
and ~315 mosmol). MgS{evels were altered as indicated in the of the change in fluo-3 fluorescence (difference images) between
figure captions. Electrophysiological characteristics such as Spikgonsecutlve 1-5 pe_rlods. Fo.r example, we .f'rSt averaged flyores
generation and input resistance of neurons prepared in this Wagence over 1-s periods (30 images) to obtain 10 averaged images
have been previously described in Mackenzie and Murphy (199g)total sampling epoch is 10 s, 300 images). Images of change in
In some experiments (e.g., Fig. 1) 10428l picrotoxin was added fluorescence (difference images) were then produced by subtract

to suppress GABA receptors. A calculated liquid junction potentialing. consecutive averaged images (image pairs) and determining
of 12 mV was not corrected for (Neher 1995 therefore all their absolute value. The difference images were then averaged and

a single image was created that reflected sites that exhibited-great

membrane potentials and holding potentials are expected to b h in i he 10 I h Th
more negative than reported. In imaging experiments, we generall§fSt €hanges in fluorescence over the 10-s sampling epoch. These
otential sites of MSCTs were further evaluated using plots from

examined neurons that had holding currents of less than —200 p 5 . .

at —80 mV. Additional criteria for selection of neurons included 2-0HM" areas of interests (see Figs. 1 and 3).

stable and low resting [Gé]l levels and an absence of progres In modeling Cé+ influx into single Spines we have assumed that
sive morphological changes in dendrites, such as swelling. Bel3.75% of the current carried by NMDA receptors is mediated by
cause miniature synaptic currents were generally of lowCa&* ions with 5 mM extracellular CaGl We have based this as
amplitude (see Fig. 1), series resistance compensation was ngémption on the study of Garaschuk et al. (1996), who observed
performed. For confocal imaging experiments the NMDA recep that 11% of the current (5.5% of the ions given the valence of 2)
tor blocker bL-2-amino-5-phosphonovaleric  acid o.(APV, ~ mediated by NMDA receptors was attributed to *Caons in
100 pM) was added during a baseline period (Fig. 2). In experi 2.0 mM CaC}. Other assumptions were that the volume of a-den
ments requiring steady depolarization the L-type voltage-sensitivélritic spine was Jum? (1 x 10" L). We have produced a simple
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Fig. 1. A concentration of calcium signals in small dendritic compartments aides optical detection of quantal responses. (A) Schematic
model of NMDA receptor mediated postsynaptic’Cmflux in response to presynaptic miniature transmitter release. Synaptic
activation of a single NMDA receptor (given a 140-ms exponential decay of the current) will result on average in 31G0Rh<a
entering the neuron; calculation based on charge transfer of the first 200 ms indicated by shaded area (see Methods). Cumulative
charge transfer for the single-channel case is plotted above the simulated current for comparison with the actual current data shown in
Fig. 1B. (B) Records of average change in fluo-3 fluorescené&® frmalized toFyag.tura2 (Fmag N = 25 MSCTs from both large and
small processes) and corresponding averaged miniature synaptic current for 26 MSCTs recorded from the primary (1°) and secondary
(2°; small diameter) dendrites of a cultured cortical neuron. (C) Cumulative miniature synaptic current plotted with avéfage Ca
transient (data from fig. 1B). (D) Filtering of miniature synaptic current by dendritic processes. Miniature synaptic currents were
localized to secondary (2°) or primary (1°) dendrites< 16 and 10, respectively) by using their temporal correlation with imaging
data. Changes in fluo-3 fluorescence normalized to the fluorescence of a second fluorophore (mad-fiygpee plotted above the
records of whole-cell current. Recordings were made in 5 mM gaCMgSQ, medium, at —80 mV holding potential in voltage
clamp mode R = 22 MQ). The image shown in Fig. 1D is a raw mag-fura-2 image and depicts process architecture and volume of 1°
and 2° dendrites, not changes in fJa
1 NMDA receptor opening

A =3.1 x 10° Ca” ions Cumulative
spine volume: 1 um’ current
~0.7 uM [Ca™,

0.5pC
Current 5 pA
(1 channel) 350 ms
Average Average Cumulative
Fluo-3 fluores. Fluo-3 fluores. current*

1 dF/F,,,
10 pA 2pC
Average 250 ms 500 ms
mini current — —
Average

& Fluo-3 fluores.

primary dendrite 10 um
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Fig. 2. Analysis of miniature synaptic Gatransient frequency at single dendritic sites. (A) Example of MSCTs recorded using
confocal microscopy. Left panel: Confocal image of dendrite region examined showing the location of the spines mentioned below.
The image was produced by averaging fluo-3 fluorescence during baseline and MSCTs. Boxed regions correspond to magnified regions
in middle panel (spines). Middle panel (spines): Three dendritic spines are highlighted, #1, #3, and # 4. Right panel: Plots of fluo-3
Cé&*-induced fluorescence for seven dendritic sites. The data shown were obtained in medium nominally fréé witM§ mM
extracellular C&" and at —80 mV holding potential under voltage clamp before and after washout of the NMDA antageARY,

using confocal microscopy with a 1.1-Hz sampling frequency. (B) Analysis of MSCT frequency using a Poisson distribution in the
absence of extracellular MgGQOFor each synapse the number of MSCTs observed per site was plotted. Expected values were
generated using the Poisson equatipp = (e™mk/k!, wherem is mean events/site arldis expected events/site). Comparison of the
two distributions by the Kolmogorov—Smirnov distribution analysis test indicated that thet@asient frequencies were not described

by a random Poisson distributiop € 3 x 10®). (C) Data reduction used to achieve a longer sampling period. An example of a high
resolution record of fluo-3 fluorescence versus time (taken with a CCD camera at 30 Hz; trace 1) that was subjected to a simulated
data reduction corresponding to the confocal sampling rate (1.1 Hz; trace 2). Despite this drastically reduced sampling rate, MSCTs
were still detectable using the data reductiéip.{, trace 2). To select responsive sites the first derivative of the fluorescence data
(Feq) Was taken (B/dt, trace 3). A response criterion was then appliell/dtl responses must be greater than 2 SD of the baseline
dF/dt. Data points that satisfy the criterion are shown in Fig. 2C (trace 4), labeled select.

A

dendrites spines activity at sites
APV washout
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7 SN U SOV V o W0
3MLWMWWWWNM
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Fig. 3. Higher frequency and amplitude of miniature synapti¢‘Geansients at depolarized potentials in the presence of extracellular
Mg?*. To examine the role of Mg block in attenuating MSCTs in physiological extracellular ¥gl mM), MSCTs were compared at

—35 and —80 mV holding potential under voltage clamp. A'Qzhannel blocker was added to prevent a steady-state rise fii]{Gae

to the depolarized potential (see Methods). At depolarized potentials, more frequent and |&fgeai@aents were observed (all

MSCT responses observed at each potential are plotted, as indicated), consistent with a role for NMDA receptors and reméval of Mg
block (by depolarization). Occasionally, MSCTs were observed at negative membrane potentials (—80 mV). Examples of changes in
fluorescence at —80 mV for four different dendritic sites (only responsive sites) are shown in the right panel. At one spine (records
indicated by *) in particular a clear Gatransient is observed at —80 mV (white box indicates enlarged region). However, at the other
three sites, only small changes in fluorescence near background noise levels were observed (—80 mV). Three 10-s (300 image) epochs
were obtained at —35 and —80 mV holding potentials. The image shown is of mag-fura-2 fluorescence (high fluorescence at resting
C&") and depicts the process volume and structure. Dendritic locations of MSCTs were identified at each holding potential by analysis
of serial difference images (1-s averages) as described in Methods.

Active spine
at -80 mV

*

10 um

mag-fura-2 M‘M 250%

raw fluorescence dF/F
3s
All miniature events are shown T

for 3, 10-s trials at each potential.

4 active active
-80 mV -35 mV

model for C&* flux through NMDA receptors by assuming an mimic the slow activation (~10 ms rise time) and the stochastic be
instantaneous rise and an exponential decay of an NMDA receptdravior of NMDA receptors, it would approximate the shape of the
mediated miniature synaptic current (Fig. 1A). In our model we NMDA receptor mediated excitatory postsynaptic current (EPSC)
have used a decay time constant of 140 ms (determined from outester et al. 1990). Errors in €ainflux attributed to using an in

data, Fig. 1B), resulting in a smooth curve that was scaled to astantaneous rise of NMDA receptor current would be small given
amplitude predicted for opening of a single NMDA receptor chan the prolonged time course of the NMDA receptor EPSC. To- esti
nel (McBain and Mayer 1994). This smooth curve was used to apmate the [C&' ]; levels associated with the average kinetics and ion
proximate the average €a flux through a single receptor. flux of a single NMDA receptor opening, we calculated the average
Although this smooth curve with an instantaneous rise would noturrent over the first 200 ms after receptor activation (1.9 pA).
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This value was then converted to charge (1.9 pC/2sG= 0.38 pC),  currents that were coinciding with MSCTs (Fig. 1D). Our
and the charge was converted to ions (using 6.02 % Is/C).  analysis indicated that on average very small currents trigger
Assuming that 13.75% of the ions ar_e2Céas above) we estimate \SCTs. For example, the average amplitude of the minia
that 310000 CH ions enter the spine (on average) during theyre cyrrent that was temporally correlated with the ICGa
opening of a single channel over 200 ms. Assuming théf Gaff- 1 ciant was ~10 pA for synapses that were close to the cell

ering is on the order of 1 ion free to 200 bound in dendrites of dv (Fia. 1D). If dendritic filteri f
mammalian forebrain neurons (Helmchen et al. 1996), we estimatQ0 y (Fig. ). If one assumes no dendritic filtering of re

2.6uM free [C&"]; (for a spine volume bl x 10°5L). In additon ~ SPONSES, this would be accounted for_ by opening as few as
to buffers, C&" extrusion mechanisms need to be considered. Basethree NMDA receptor channels (see Fig. 1A for average cur
on the model of Schneggenburger et al. (1993, equation 8) and agent through single channel). The sensitivity of MSCTs to
suming a linear (first order) Gaextrusion mechanism with a time NMDA receptor antagonists (see Fig. 2 and Murphy et al.
constant of 80 ms (Helmchen et al. 1996), we estimaté‘[Gaof  1994) suggests that MSCTs are predominantly mediated by
~0.7uM in a spine on average 20_0 ms after the activatiqn of_a sin NMDA receptors. When monitoring responses at the cell
of a single NMDA receptor to represent the limit of optical detec o, rant due to pipette series resistance (~Z2 fof the exam

tion. It is likely that this [C&*]; is an overestimate since we have ple in Fig. 1) and dendritic cable properties (Spruston et al.

assumed no diffusion of GAout of the spine neck. We also -ac . e
knowledge that CH buffering or extrusion mechanisms in spines 1994). Recent data by Forti et al. (1997) suggest filtering of

may be greater than those measured in dendrites (Helmchen et &Ynaptic current amplitude measured by somatic whole cell
1996), also resulting in an overestimate of free {devels. recording by up to 70%. Therefore, if we estimate filtering
of up to 70%, the average current we observe would be at

tributed to the activation of as few as 10 NMDA receptors.
The effects of dendritic filtering were apparent when-cur

Measurements of miniature synaptic currents indicate that EENts that correlated with local changes in {Gawere com
small number of NMDA receptors (<8) are activated duringPared in primary and secondary dendrites (Fig. 1D). In the
quantal transmission (Bekkers and Stevens 1989: Robinsdise of activity at secondary dendrites, changes irf[Ca
et al. 1991; Silver et al. 1992). With regard to Tawe  Were comparable with those at the primary dendrl_te (when
estimate that even the opening of a single NMDA receptor irfEXpressed as aFtf,,,). However, the average amplitude of
the absence of Mg block results in the influx of ~ 310 000 the miniature current _(measured .by the |ntegral) was larger
Ca* ions into the synapse (Fig. 1A). Given a dendritic spine®n the primary dendrite, suggesting filtering of currents on
volume of 1um? or less, we estimate [&4; to be elevated Secondary dendritic processes (Fig. 1D).
to ~0.7uM levels (Fig. 1A and Methods). These rather large Previous results from our laboratory have suggested a
changes in [CH]; would be detectable using high affinity nonrandom distribution of MSCTs across synaptic sites
fluorescent C& indicators (Grynkiewicz et al. 1985; Minta (Murphy et al. 1994, 1995). However, these experiments
et al. 1989). Consistent with this proposal, we have previwere limited to rather short sampling times as a result of
ously filled neurons with fura-2, and have shown detectiondata storage restrictions and potential for cell damage due to
of the C&* component of spontaneous miniature synapticexcessive light exposure. To overcome this limitation, data
activity, termed miniature synaptic calcium transientsfrom multiple cells were pooled (Murphy et al. 1994). We
(MSCTs; Murphy et al. 1994, 1995). In these experiments ihave now used confocal microscopy and slower sampling
is important to use a high concentration of?Candicator  rates to compare the frequency of MSCTs at different synap
(0.3-0.5 mM) to detect the small dendritic spines over backses within a single neuron over relatively long periods
ground fluorescence. A high indicator concentration also en(Fig. 2A). Using confocal microscopy we show that even
sures efficient capture of incoming &aons, resulting in a  with a slow sampling rate (1.1 Hz), we are able to reliably
fluorescent signal that is proportional to Tanflux (Neher  detect MSCTs (Fig. 2B). Proof of this was made by perform
199%). We now report a detailed analysis of the averaggng a simulated data reduction of MSCTs recorded with high
current that triggers these MSCTs. temporal resolution (30 Hz; CCD camera data) to the 1.1-Hz

In Fig. 1B, a plot of the average miniature synaptic-cur temporal resolution associated with confocal imaging. This
rent and associated changes in fluo-3 fluorescence from 2gmulation shows that a lower sampling rate is still able to
miniature synaptic events recorded from single synaptic sitegetect these events (see example in Fig. 2B).
within a single neuron is shown. Examination of the rise In the example shown in Fig. 2A, seven dendritic sites
time of the C&" transient versus that of the current indicatedwere examined for MSCTs, using confocal microscopy. For
a lag in reaching peak €alevels (when compared with the these sites plots of raw fluorescence (pixel value) versus
peak current). To further examine this lag we plotted the cutime are shown. Examination of confocal images of fluo-3
mulative current versus the change inGmduced fluores  fluorescence indicated that the transients show characteris
cence, and observed that Tainflux (synaptic current) tics that were consistent with MSCTs (data not shown). In
continues even after peak fluorescence is reached (Fig. 1Che presence of the NMDA receptor antagonistAPV
This result indicated that the slow peak of the MSCT(100uM) most sites, with the exception of site 3, show little
(~150 ms) could be attributed to current still coming into theor no spontaneous changes in fda At some dendritic
synapse during the decay phase of the EPSC. Selection sftes a large number of spontaneous q atransients
synapses that were on large-diameter dendritic processéBISCTs) were observed after washoutoofAPV (Fig. 2A).

(>3 um) and within 50-10@m of the neuronal soma (to+e The MSCT frequency aftes.-APV washout varied consid
duce potential effects of dendritic filtering) suggested thaterably (in some cases >10-fold) between spines (e.g.; com
we were not greatly underestimating the amplitude of thepare spines 1 and 3). To further analyze these events, we

Results
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constructed a distribution of MSCT frequencies for thissmall number of receptors is sufficient to trigger MSCTSs.
neuron. Only dendritic sites that showed events are inCalculations based on &abound fura-2 would likely un
cluded in this analysis (no inactive sites were included)derestimate the number of ions that interact with the dye be
The distribution of MSCT frequencies was skewed towardcause of additional cellular Gabuffers and pumps. Thus,
high frequency sites (Fig. 2C). A Poisson model was used tthe estimates based on #ound fura-2 combined with di
generate an expected distribution of MSCT frequencies byect measures of current amplitude are proof of the exquisite
assuming all sites had an equal probability of activitysensitivity of our imaging method. Consistent with our mea
(Fig. 2C). Comparison of the distributions indicated that asurements and calculations Petrozzino et al. (1995) ob
Poisson model was unable to describe the data, confirming serveduM [Ca?*]; levels in dendritic spines with repeated
highly nonrandom distribution of MSCT frequency. The synaptic stimulation. A potential limitation of our direct
data shown in Fig. 2 are from a single cell and are represemrmeasurement of currents that temporally correlate with
tative of data from six neurons. MSCTs is the possibility that some of these currents may re
In previous examples (Murphy et al. 1994, 1995), weflect activity at AMPA-type glutamate receptors. However,
have used low extracellular Mg medium to unblock we believe that this potential error would be small as a result
NMDA receptors (Mayer et al. 1984; Nowak et al. 1984) of the rapid kinetics of AMPA receptors (small total charge
and promote C# influx through NMDA receptors to ob influx) and the presence of a large proportion of synapses
serve MSCTs. This condition was chosen to ensure that ththat contain only NMDA-type receptors (Wang and Murphy
highest signal to noise response would be available foranall998). This potential error would also tend to overestimate
ysis. However, low M§" conditions are of course not physi the number of NMDA receptors that are associated with
ological. Therefore, using more physiological conditionsMSCTs.
(1 mM extracellular Mg*) we report a low frequency of Analysis of MSCT frequencies using the Poisson model
MSCTs at negative holding potentials (=80 or —70 mV;indicates a highly nonrandom distribution across responsive
Fig. 3). If the neuron was depolarized to —35 mV, robustsites, suggesting that different synapses within cultured CNS
C&* transients, which resembled those observed in the ameurons do not have equal probabilities of spontaneous min
sence of Mg*, were readily apparentn(= 4 neurons). In jature activity. In fact, synapses can differ by >10-fold with
these experiments we have added antagonists (Triggle amdspect to their frequency of miniature synaptic events. Our
Jannis 1987) to block noninactivating L-type voltage-sensitiveresults which directly demonstrate differences in miniature
C&"* channels that would be expected to open at —35 mVkelease probability are consistent with those obtained using
This experiment is consistent with results presented by othether measures, such as time-dependent block of evoked
ers, such as Yuste and Denk (1995) and Schiller et alsynaptic currents by MK-801 (Rosenmund et al. 1993;
(1998), who demonstrate that a pairing of action potentialsHessler et al. 1993). We have previously reported this non-
and synaptic stimulation results in enhanced NMDA recepuniform probability, using statistical analysis of pooled data
tor activity (and C4&" influx) presumably as a result of relief from multiple cells (Murphy et al. 1994). In the current ex-
of the Mg”* block. periments using a slower sampling rate and confocal micros-
copy we have clearly established large differences in MSCT
frequency between synapses within a single cell. The mech
anism of this apparent difference in MSCT frequency is
Our results indicate that optical imaging of single quantallikely presynaptic since sites that show a lower frequency of
events in CNS neurons is feasible. Detection of these evengvents do not necessarily show them at lower amplitude
arises through the high permeability of NMDA receptors to(data not shown). This is an important observation since it
C&* ions and the small volume of postsynaptic structuresvould be possible for all sites to have an equal frequency of
such as spines. As [€4; is normally tightly regulated activity, but only the largest amplitude events being de
within a neuron, a large gradient for €anflux exists. Cou  tected. Presynaptic mechanisms for the apparent high rate of
pled with exquisitely sensitive detectors of fJa(Minta et al. ~ miniature activity at some synapses may include elevated
1989), we argue that it is possible to resolve quantal eventgresynaptic terminal resting [€%; (Atluri and Regehr 1998).
associated with the opening of a single NMDA receptor ehanAlthough greater than 10-fold differences in response fre
nel (Fig. 1A and Methods). Direct measurement of {Gaus quency are observed, we believe that this might be an under
ing fura-2 indicated that G& changes within spines were estimate of the true heterogeneity in miniature release rates,
within 100-2000uM levels and suggests the involvement of Since some spines never show MSCTs over the sampling pe
only a small number of receptors (Murphy et al. 1994, 1995)riod and are apparently inactive. Since MSCTs are largely
For example, if we assume that fura-2 is the dominant buffeNMDA receptor mediated (Murphy et al. 1994, 1995), their
in the cell, then we can estimate the amount of'da the = apparent absence at some synapses suggests postsynaptic
cytoplasm on the basis of the moles of fura-2 that are-pregegulation of NMDA receptor function in a manner analo
ent. Calculations based on €dnduced changes in fura-2 gous to that proposed for AMPA receptors (Isaac et al. 1995;
fluorescence suggest that several hundred micromolar dfiao et al. 1995; Wang et al. 1996). It is also possible that
fura-2 interact with C& at a synaptic site (20AM = 2.0 x some of the heterogeneity in MSCT frequency may reflect
10"1° mol, given a 1 x 1025 L spine volume). This number differences between synapses in postsynaptit Gaffering
would be equivalent to 120 000 &€aions binding to the and potential release of €afrom intracellular stores.
dye. This quantity of C# is comparable with that enteringa  Our previous studies (Murphy et al. 1994, 1995) have
single open NMDA receptor (310000 over 200 ms,used the absence of extracellular ¥tp relieve M@* block
Fig. 1A). Therefore, we confirm that €aentry through a of the NMDA receptor, permitting local Gatransients to be

Discussion
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resolved in dendritic spines. In this study we demonstrate matic and dendritic glutamate receptor channels of rat
that with modest depolarization to —35 mV, unblocking of hippocampal CAl pyramidal neurones. J. Physiol. (London),
the NMDA receptor occurs, allowing larger and more-fre 491 757-772.

quent MSCTs to be observed in the presence of physiologiGrynkiewicz, G., Poenie, M., and Tsien, R.Y. 1985. A new gen
cal Mg?* concentration. The observed change in MSCT eration of C&" indicators with greatly improved fluorescence
frequency (with depolarization) is somewhat puzzling since Properties. J. Biol. Chen260: 3440-3450. ,

an unblocking of postsynaptic NMDA receptors would notHamill, O.P., Marty, A., Neher, E., Sakmann, B., and Sigworth,
be expected to have an effect on frequency of transmitter re - 1981. Improved patch-clamp techniques for high resolution
lease. However, we believe that the reduction in MSCTF am current recordings from ceIIs_and cell-free membrane patches.
plitude associated with Mg block may reduce event  FfuegersArch. Eur. J. Physio9L 85-100.
detection. Thus, a reduction in amplitude at hyperpolarized@"'$: K-M., and Kater, S.B. 1994. Dendritic spines: cellular

b tential | duction i tspecializations imparting both stability and flexibility to syn
membrane potentals may also appear as a reduction in even aptic function. Annu. Rev. Neuroscl7: 341-371.

frequency. In the presence of _I%’rgwe OC.CaS'O.n"_i”y Ob. Helmchen, F., Imoto, K., and Sakmann, B. 19962Cauffering
served MSCTs at negative holding potentials; it is possmle and action potential-evoked &asignaling in dendrites of py
that these even+ts may result from local depolarization and amidal neurons. Biophys. J0: 1069-1081.

reduction in Mg" block. Itis also possible that a small num  pessler, N.A., Shirke, A.M., and Malinow, R. 1993. The preba
ber of synapses express Cpermeable AMPA-type gluta bility of transmitter release at a mammalian central synapse.
mate receptors (Schneggenburger et al. 1993). We anticipate Nature (London)366: 569-572.

that when postsynaptic action potentials occur concurrentlysaac, J.T.R., Nicoll, R.A., and Malenka, R.C. 1995. Evidence
with synaptic stimulation, as shown by Yuste and Denk for silent synapses: implications for the expression of LTP.
(1995) and recently by Schiller et al. (1998), similar NMDA  Neuron,15: 427-434.

receptor dependent €aransients would result from minimal Jaffe, D.B., and Brown, T.H. 1997. Calcium dynamics in thorny
synaptic stimulation. In fact we have described (Mackenzie excrescences of CA3 pyramidal neurons. J. Neurophygil.

et al. 1996) NMDA receptor antagonist sensitive’Can 10-18.

sients associated witminimal stimulation at depolarized Jaffe, D.B., Fisher, S.A., and Brown, T.H. 1994. Confocal laser
potentials, using a protocol similar to that employed by scanning microscopy reveals voltage-gated calcium signals
Malinow et al. (1994). In summary, our results suggest Within hippocampal dendritic spines. J. Neurob@: 220-233.
that the Sma” Volume of the dendn“c Sp|ne, Coupled W|thKOCh,C, and ZadOI‘_, A. 1993 The function of dendritic SplﬂQS:
the high C3* permeability of the NMDA receptor, per- devices subserving biochemical rather than electrical

mits the optical detection of quantal synaptic transmission Ccompartmentalization. J. Neurosdi3: 413-422.
within CNS neurons. Koch, C., Zador, A., and Brown, T.H. 1992. Dendritic spines:

convergence of theory and experiment. Science (Washington,
D.C.), 256. 973-974.
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