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Reliability and Heterogeneity of Calcium Signaling at Single
Presynaptic Boutons of Cerebellar Granule Cells

Stephan D. Brenowitz and Wade G. Regehr
Department of Neurobiology, Harvard Medical School, Boston, Massachusetts 02115

Activity-dependent elevation of calcium within presynaptic boutons regulates many aspects of synaptic transmission. Here, we examine
presynaptic residual calcium (Ca,., ) transients in individual presynaptic boutons of cerebellar granule cells at near-physiological tem-
peratures using two-photon microscopy. Properties of Ca,, under conditions of zero-added buffer were determined by measuring Ca,
transients while loading boutons to a steady-state indicator concentration. These experiments revealed that, in the absence of exogenous
calcium buffers, a single action potential evokes transients of Ca,. that vary widely in different boutons both in amplitude (400 -900 nm)
and time course (25-55 ms). Variation in calcium influx density, endogenous buffer capacity, and calcium extrusion density contribute
to differences in Ca,., among boutons. Heterogeneity in Ca,, within different boutons suggests that plasticity can be regulated indepen-
dently at different synapses arising from an individual granule cell. In a given bouton, Ca,. signals were highly reproducible from trial to
trial and failures of calcium influx were not observed. We find that a factor contributing to this reliability is that an action potential opens
alarge number of calcium channels (20 -125) in a bouton. Presynaptic calcium signals were also used to assess the ability of granule cell
axons to convey somatically generated action potentials to distant synapses. In response to pairs of action potentials or trains, granule cell
boutons showed a remarkable ability to respond reliably at frequencies up to 500 Hz. Thus, individual boutons appear specialized for

reliable calcium signaling during bursts of high-frequency activation such as those that are observed in vivo.
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Introduction

Calcium signals within presynaptic boutons trigger neurotrans-
mitter release and regulate synaptic strength by controlling
calcium-dependent short-term plasticity. In contrast to the high
calcium levels near calcium channels that trigger fast neurotrans-
mitter release (Augustine, 2001), a spatially uniform calcium sig-
nal of tens or hundreds of nanomolar persists for tens of millisec-
onds to seconds (Zucker and Regehr, 2002). This residual
calcium (Ca,.,) controls asynchronous neurotransmitter release,
facilitation, recovery from depression, and posttetanic potentia-
tion (Magleby, 1987; Zucker and Regehr, 2002). Thus, the regu-
lation of Ca,, in presynaptic terminals has important implica-
tions for many forms of plasticity.

Most of what is known regarding presynaptic Ca,., is based on
either large presynaptic structures with many release sites or pop-
ulations of small terminals (Augustine et al., 1985; Regehr and
Atluri, 1995; Helmchen et al., 1997; Pelkey et al., 2006). Within
presynaptic boutons, most calcium is bound to calcium binding
proteins and only a small fraction remains free. Provided
calcium-binding proteins have rapid kinetics (Roberts, 1993;
Nagerl et al., 2000; Muller et al., 2007), calcium equilibrates
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within milliseconds and the localized calcium signals near
calcium-permeable channels dissipate rapidly after the channels
close. Asaresult, Ca,. has been quantitatively described for small
neuronal structures by a single compartment model that consid-
ers influx, calcium buffering, extrusion, and bouton geometry
(Neher and Augustine, 1992; Tank et al., 1995; Helmchen and
Tank, 2005).

Few studies have examined calcium dynamics in individual
small presynaptic boutons (Koester and Sakmann, 2000; Koester
and Johnston, 2005). As a result, many issues regarding Ca,., that
have important implications for short-term synaptic plasticity
are unresolved. Many issues regarding the extent of variability of
Ca,., in an individual bouton and the heterogeneity of Ca,., in
different boutons can be addressed by measuring Ca, ., transients
in single boutons (Koester and Sakmann, 2000). Recording and
imaging single neurons also permits loading specified concentra-
tions of fluorescent indicators to determine endogenous buffer
capacity and the amplitude and time course of Ca, ., unperturbed
by exogenous buffers such as fluorescent calcium indicators
(Tank et al., 1995; Helmchen et al., 1997; Koester and Sakmann,
2000; Maravall et al., 2000; Jackson and Redman, 2003). This
approach also allows optical measurement of action potential
propagation along axons during high-frequency stimulation
(Cox et al., 2000; Koester and Sakmann, 2000).

Here, we address these issues using two-photon fluorescence
microscopy to measure Ca,, in individual boutons of cerebellar
granule cells. In different boutons, action potential-evoked cal-
cium transients vary widely in amplitude and time course, which
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could lead to profound heterogeneity in calcium-dependent
short-term plasticity. We find that variability in presynaptic cal-
cium influx, buffering, and extrusion underlies the heterogeneity
in Ca,, observed in different boutons. For a given bouton, how-
ever, the properties of Ca,., were consistent from trial to trial.
Moreover, action potentials propagated reliably along granule
cell axons and evoked presynaptic calcium transients even during
high-frequency trains. Thus, individual granule cell axons and
presynaptic boutons appear to be specialized for reliable calcium
signaling even in response to bursts of high-frequency activation.

Materials and Methods

Electrophysiology. Transverse slices (220-250 um thick) were cut from
the cerebellum of Sprague Dawley rats (postnatal days 15-18). Dissec-
tions were performed in an ice-cold sucrose solution containing the fol-
lowing (in mm): 75 NaCl, 26 NaHCO;, 75 sucrose, 25 glucose, 2.5 KCI,
1.25NaH,PO,, 7 MgCl,, and 0.5 CaCl,. Slices were incubated for 30 min
at 32°C in the sucrose-containing solution, and then transferred to saline
solution containing the following (in mm): 125 NaCl, 26 NaCO;, 1.25
NaH,PO,, 2.5 KCl, 1 MgCl,, 2 CaCl,, 25 glucose, and after 30 min al-
lowed to cool to room temperature. All solutions were bubbled with 95%
0,/5% CO.,.

Recordings from granule cells were made at 34 = 1°C with an intra-
cellular solution that consisted of the following (in mm): 114 KMeSO,, 10
HEPES, 4 MgATP, 0.4 NaGTP, and 14 Tris-phosphocreatine. The intra-
cellular solution was supplemented with Alexa 594 (50—100 um) for
visualization and either fluo-5F (150-250 um) or Oregon Green
BAPTA-6F (500 um) for measurement of intracellular calcium. Action
potentials were evoked by current injection through the patch pipette (1
ms; 400—800 pA). To evoke multiple action potentials (see Figs. 7, 8),
trains of 1 ms current injections were delivered. Electrode series resis-
tance (5-8 M{2) was compensated by balancing the bridge in the ampli-
fier headstage.

Two-photon imaging. We used a custom two-photon laser-scanning
microscope with a 60X, 1.1 numerical aperture (NA) objective (Olym-
pus Optical, Tokyo, Japan) and a Ti:sapphire laser (Mira; Coherent,
Santa Clara, CA). A single excitation wavelength of 810 nm was effective
for simultaneous excitation of both green and red fluorophores (Best-
vater etal., 2002; Yasuda et al., 2006). Fluorescence signals were collected
in the epifluorescence and transfluorescence pathways (using a 1.4 NA oil
immersion condenser). Green and red fluorescence were separated using
a 565 nm dichroic and filtered using 495/60 and 607/45 bandpass filters,
respectively (Chroma, Brattleboro, VT). Green and red fluorescence
were collected using R9110 and H7422 photomultipliers (Hamamatsu,
Hamamatsu City, Japan), respectively. Imaging and physiology were
controlled with custom software written in MatLab (The MathWorks,
Natick, MA), which was generously provided by Bernardo Sabatini (Har-
vard Medical School, Boston, MA). Line scans were performed at 500 Hz
for 256—512 ms. Fluorescence signals were converted to calcium concen-
trations using values of R_;, and R, (Grynkiewicz et al., 1985). R
and R, refer to the minimum and maximum ratios, respectively, of the
green fluorescence signal divided by the red fluorescence signal (G/R).
These values were measured under conditions of zero calcium and satu-
rating calcium, using intracellular solutions containing 0 mm Ca/3 mm
EGTA and 3 muM Ca, respectively, as described previously (Brenowitz et
al., 2006). R, for fluo-5F was also measured by delivering trains of
action potentials (20—-100 stimuli at 333 Hz) to saturate the indicator.
Similar values of R,,, were obtained with both methods. The K}, of
fluo-5F and Oregon Green BAPTA-6F measured in the internal solution
at 35°C using calibration solutions containing EGTA and varying
amounts of CaCl, (Tsien and Pozzan, 1989) were determined to be 585
nm and 3.0 uM, respectively. Images of granule cells with axons (see Figs.
1, 5, 7) consist of Kalman-filtered stacks of 25-80 images taken with 1
pm steps.

Fluo-5F, Oregon Green BAPTA-6F, and Alexa 594 were from Invitro-
gen (Carlsbad, CA). All other chemicals were purchased from Sigma/RBI
(St. Louis, MO).

Deconvolution. The point spread function of the microscope was mea-
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sured by exciting 0.22 um fluorescent beads at 810 nm (see Fig. 3A). The
line profile of the point spread function was well approximated by a
Gaussian function with a SD of 0.37 um (full width at half-maximum,
0.47 pm). This is close to the resolution limit predicted by the Rayleigh
criterion [1.22 - A/(2 - NA) = 0.45 pm].

To determine bouton dimensions, we used a deconvolution method
that assumed boutons could be well approximated by ellipsoids. An im-
age of the bouton was fit with a two-dimensional Gaussian function to
determine the center and orientation of the major and minor axes of the
bouton. Line profiles of the fluorescence intensity of the bouton along
these axes were then fit with an iterative procedure in which spheres of
varying diameters were convolved with the experimentally measured
point spread function. By minimizing the error between the line profiles
of the bouton axes and the convolved sphere, the dimensions of the
bouton axes could be determined. We verified the accuracy of this ap-
proach using fluorescent spheres of 0.52, 0.78, and 0.99 um diameter
(Bangs Laboratories, Fishers, IN) that have dimensions similar to granule
cell boutons (see Fig. 3B).

Variance—mean analysis. Optical noise analysis was performed using a
method based on that of Sabatini and Svoboda (2000). First, we mea-
sured the mean and variance of fluorescence signals obtained with a
sealed pipette filled with 150 um fluo-5F. The intensity of the fluores-
cence signal was varied by changing the laser power. In the absence of any
biological source of variability, fluctuations of the fluorescence signal
from the pipette consist of dark noise from the detectors and photon shot
noise. As expected, the variance—mean relationship of fluorescence sig-
nals measured from the pipette is linear, with a y-intercept that indicates
the variance resulting from dark noise (see Fig. 5G, black symbols and
line). Next, to determine the variance—mean relationship of bouton flu-
orescence, 50-100 action potential-evoked calcium transients were re-
corded and superimposed (see Fig. 5B, right) and the mean and variance
of the fluo-5F fluorescence intensity were calculated at each time point
during the trials. Variance and mean values were binned over 20 ms
segments during trials of 256 ms (2 segments during the prestimulus
baseline and 10 during the peak and decay of the transient). The data
points were fit to a line and the ratio of the slope of this fit to the slope of
a linear fit to the pipette measurements was determined (see Fig. 5G, red
symbols).

Results

We measured Ca,., in individual presynaptic boutons of granule
cell axons using two-photon microscopy. Whole-cell current-
clamp recordings of granule cells in transverse cerebellar slices
were obtained using a potassium-based intracellular solution that
contained the red dye Alexa 594 (50 uM) for visualizing the gran-
ule cell axon and the green calcium indicator fluo-5F (150 um; K,
of 585 nm at 35°C) for measuring calcium transients. After load-
ing the granule cell for 15-20 min, the ascending axon and par-
allel fiber were visible (Fig. 1A, top). At higher magnification
(Fig. 1A, bottom), boutons were visible as bead-like swellings
along the axon (Palay and Chan-Palay, 1974; Pichitpornchai et
al., 1994). Line scans were performed across individual boutons
(Fig. 1B, top) at 500 Hz and fluorescence signals from Alexa 594
and fluo-5F were simultaneously acquired. An action potential
initiated in the soma (indicated by the arrowhead in Fig. 1B,
middle and bottom) evoked a rapid increase in the green fluo-5F
fluorescence (Fig. 1 B, middle), whereas the red Alexa 594 fluo-
rescence remained stable (Fig. 1B, bottom). Fluorescence
changes were plotted as the change in the ratio of green to red
fluorescence (AG/R). Depolarization of the soma triggered an
action potential (Fig. 1C, left) that in turn evoked calcium tran-
sients (Fig. 1C, middle). Calcium transients were stable and could
be imaged repeatedly for many trials and averaged (Fig. 1C,
right). Trials in which no current was injected are shown for
comparison (Fig. 1 D). These experiments establish that we were
able to reliably detect presynaptic fluorescence transients in sin-
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gle boutons in response to an action
potential, and the signal-to-noise ratio of
the fluorescence transients were suffi-
ciently high to clearly distinguish action
potential-evoked calcium transients from
control trials in which no action potential
was evoked.

Endogenous calcium buffers bind the
majority of calcium ions entering a nerve
terminal and control the amplitude and
time course of Ca,., (Neher and Augus-
tine, 1992; Tank et al., 1995; Helmchen
and Tank, 2005). Fluorescent calcium in-
dicators also contribute to the buffer ca-
pacity of the cell, which is defined as the
ratio of the number of calcium ions bound
to buffers to the number of ions that re-
main free (Neher and Augustine, 1992).
The total buffer capacity of a cell (ky) is
determined by the buffer capacity of the
endogenous buffers (k,) and the buffer ca-
pacity of the calcium indicator (k;,4), such
that k = K, + Kjng. By loading the granule
cells with a known steady-state concentra-
tion of calcium indicator, it was possible to
perturb calcium signaling in a manner that
can be used to determine k, and the am-
plitude and time course of Ca,. under
conditions of zero-added buffer (Neher
and Augustine, 1992; Tank et al., 1995;
Helmchen etal., 1997). For experiments in
which buffer capacity was measured, gran-
ule cells were loaded with an intracellular
solution containing 250 uM fluo-5F,
which contributes an added buffer capac-
ity (K;,q) of 427, and 100 puMm Alexa 594.
Experiments were restricted to ascending
boutons within 100 wm of the cell body to
enable steady-state loading in a reasonable
time period. Loading of the bouton was
monitored by measuring the intensity of
red fluorescence, and the added buffer ca-
pacity was calculated as k;,q = [fluo-5F]/
Kp, where [fluo-5F] = R(#)/R,,. * [fluo-
5F] piperter and R(?) and R, refer to the
Alexa 594 intensity at time ¢ and at steady
state, respectively (Fig. 2A). During load-
ing, the calcium transient evoked by an ac-
tion potential decreased in amplitude and
decayed more slowly (Fig. 2 A, bottom; B).
A plot of the inverse of the calcium peak
versus added buffer capacity has a linear
relationship. By fitting the data points to a
line (Fig. 2C), the peak inverse calcium
transient in the absence of added buffer is
indicated by the y-intercept. For the exper-
iment illustrated in Figure 2, this fit
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Figure 1. Measuring presynaptic calcium in single granule cell boutons. A, Top, Two-photon image of a granule cell loaded
with a patch pipette with Alexa 594 (50 wm) and fluo-5F (100 wm). Bottom, Enlarged view of the parallel fiber from A with
presynaptic boutons that appear as beadlike varicosities in granule cell axons. B, Top, Fluorescence measurements were made by
performing a line scan across a bouton (vertical line). Green (middle) and red (bottom) fluorescence in response to an action
potential evoked by current injection in the soma at the time indicated by the arrowhead. C, A representative experiment is shown
in which action potentials were evoked by 1 ms somatic current injections. Top, The potential measured in the soma (left), the
fluorescence signals in the green and red channels for a single trial (middle), and the average fluorescence signals for 56 trials
(right) are shown. Bottom, The fluorescence ratio (expressed as AG/R) of a single trial (left) and of the average of 56 trials (right)
is shown. D, The potential measured in the soma for a trial in which no current was injected (left), and the fluorescence ratio of a
single trial (middle) and of the average of 19 trials (right) are shown.

56 *+ 12) (Fig. 2 D, left) and peak A[Ca], ranged from 390 to 860

yielded a value of A[Ca], = 610 nm, where A[Ca], refers to the  nwm (520 + 130 nm) (Fig. 2D, middle).

amplitude of the calcium transient extrapolated to conditions of As calcium indicator loads into the cell, the time constant of
zero-added buffer. The x-intercept of the line indicates the en- calcium decay gets progressively slower. This allows a plot of T
dogenous buffer capacity of the terminal, which in this case was  versus k. to be used for determining k, and 7, (Helmchen et al.,
Ko = 84. In 11 boutons, K, ranged from 34 to 86 (mean = SE,  1997; Sabatini et al., 2002). However, to avoid photodamage, we
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fluorescent beads of known diameters that
ranged from 0.52 to 0.99 pum (Fig. 3B).
This method provided accurate estimates
of the sizes of fluorescent beads that have
dimensions very similar to granule cell
boutons. We approximated each bouton
with an ellipsoid (see Materials and Meth-
ods), as shown for a representative bouton
with the lines indicating the orientation of
the major and minor axes of the bouton
(Fig. 3C). We then used an iterative fitting
procedure to determine the major and mi-
nor radii of the ellipsoid (Fig. 3D) (major
axis, 1.63 wm; minor axis, 1.03 wm). This
allowed us to estimate the volume of the
60- bouton, which in this example was 0.91 fl.
o Volumes ranged from 0.1 to 1.9 fl
(mean * SE, 0.63 = 0.04 fl; n = 89 bou-
i tons) (Fig. 3E, black). A similar volume
distribution was observed for 11 boutons
in which buffer capacity measurements
were made (Fig. 3E, blue).

The ability to determine the volume of
the boutons allowed us to quantify the cal-
cium influx evoked by an action potential
for the 11 boutons in which buffer capacity

s)
B
T
O MO 0©

Determination of endogenous buffer capacity. A, Added buffer capacity (top) and peak [Ca] in response to a single
action potential in an ascending bouton during loading of the cell with Alexa 594 (50 wm) and fluo-5F (250 wm). B, Calcium
transients (average of 5 traces) recorded at the times indicated (A, bottom). C, The relationship between A[(a] ~and added
buffer capacity () during loading of the cell. The horizontal arrowhead indicates the unperturbed inverse peak calcium increase
that would be observed with zero-added buffer (A[Cal, ). The vertical arrowhead indicates endogenous buffer capacity of the

0 measurements were made (Fig. 2). The
number of calcium ions (N, ;) was calcu-
lated with Equation 1, where V is the vol-
ume, 1, is Avogadro’s number, A[Ca]q is
the steady-state calcium increase, and k- is
the combined buffer capacity of the en-
dogenous buffer and the added indicator.

bouton (k). D, Endogenous buffer capacity k, (left), unperturbed peak calcium A[Ca], (middle), and unperturbed decay time

constant (7,) of calcium transient (right) ( = 11 boutons from 11 cells). Error bars indicate SE.

minimized exposure times and this prevented accurate measure-
ments of 7 during loading without extensive averaging (Fig. 2 Bc).
This approach allowed accurate measurement of peak calcium
levels, which were used to determine k,, (Fig. 2C). The time con-
stant of calcium decay in the absence of added indicator was
calculated as 7, = 7gg[Ko/(Ky T Knp)]- Here, T4q refers to the
steady-state decay time constant and ranged from 290 to 569 ms
(395 * 36 ms). The unperturbed decay time constant (7,) was
~10-fold faster and ranged from 24 to 54 ms (42 = 3 ms) (Fig.
2D, right).

The average properties of Ca,., signaling determined from
single boutons are consistent with estimates from previous stud-
ies in which calcium signals were monitored in large populations
of granule cell boutons. In studies in which many fibers were
loaded with a low concentration of a low-affinity calcium indica-
tor, it was possible to measure average 7 (25-52 ms) under con-
ditions in which the effects of the indicator on Ca,., were minimal
(Atluri and Regehr, 1996; Beierlein et al., 2004). Thus, there is
good agreement between the properties of Ca,. signaling deter-
mined previously from population responses and averages of es-
timates of Ca,., in single presynaptic boutons described here.

To further quantify the calcium transients in single presynap-
tic boutons and investigate geometric factors that could regulate
Ca,.,, we estimated the volumes of granule cell boutons using a
simplified deconvolution method (see Materials and Methods).
We tested this approach by using the measured point spread
function of the microscope (Fig. 3A) to deconvolve images of

Nions=V+ nyA[Calsg kr. (1)

The number of ions ranged from 6000 to
19,000 (Fig. 3F). We also calculated N, as follows:
Nions: V- nA.A [Ca] 0"Ko» (2)
where A[Ca], is the calcium increase with no added indicator and
K, 1s the buffer capacity of the endogenous buffer. On average,
these two approaches gave similar estimates of the number of
calcium ions entering a bouton [mean * SE, 11,000 * 1400 (Eq.
1) and 11,600 * 2200 (Eq. 2)], although values differed slightly
for individual boutons.
We estimated the number of calcium channels that opened
(n.,) in response to a single action potential using the following
equation:

(3)

where i is the current through a single calcium channel, ¢ is the
time the calcium channel is open, and e is charge of an electron.
We calculated i using a driving force of 100 mV and a conduc-
tance of either 2.4 or 5.5 pS, which correspond to the range of
single-channel conductances of calcium channels measured in
physiological Ca** (Gollasch et al., 1992; Church and Stanley,
1996), as opposed to higher values of 15-20 pS measured in the
presence of high concentrations of Ba’* (Forti et al., 1994). The
duration of channel opening was assumed to be 200 ws (Borst and
Sakmann, 1996; Sabatini and Regehr, 1998; Geiger and Jonas,
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Figure3. Measuring the volume of presynaptic boutons. A, Experimentally measured point
spread function obtained from a fluorescent bead with diameter of 0.11 m (dashed line). The
Gaussian fit to this profile (solid line) has a half-width of 0.28 pm. B, Bead diameter (== SE)
calculated as described in Materials and Methods as a function of the nominal bead diameter. A
linear regression to these points constrained to pass through the origin has a slope of 1.04 =
0.06. €, Image of a bouton illustrating the major and minor axes (red and blue lines, respec-
tively) of the ellipsoid used for volume calculation. The ellipse obtained by deconvolution of the
bouton image is shown in yellow. D, Line profiles of pixel values for the major (red) and minor
(blue) axes. The dashed lines indicate the convolution of the point spread function with spheres
of diameters of 1.63 and 1.03 m. The deviation of the major axis profile from the Gaussian
curve is attributable to the axon. E, Distribution of volumes for a group of 89 boutons (black) and
for a sample of 11 boutons for which steady-state loading was performed as described in Figure
2 (blue). F, Total number of calcium ions entering the bouton in response to an action potential.
Error bar indicates SE.

2000; Sabatini and Svoboda, 2000). Using these parameters, the
number of calcium channels opened by an action potential in a
single bouton ranged from 42 to 125 (based on a single-channel
conductance of 2.4 pS) or 18 to 55 channels (based on a conduc-
tance of 5.5 pS).

We also determined the extrusion rate ( j) for each bouton
using the following equation:

. V- ([Ca]i_[ca]rest)'KT.nA
] = )

Tss

(4)

Brenowitz and Regehr e Ca,,, in Single Granule Cell Boutons

where V is the volume of the presynaptic bouton, k is the total
buffer capacity, and 7 is the steady-state time constant of decay.
The extrusion rate for ([Ca]; — [Ca] ) = 100 nM ranged from 22
to 104 ions/ms (mean * SE, 50 £ 7 ions/ms).

Factors influencing Ca,., within presynaptic boutons
The surface-to-volume ratio of the bouton can be an important
factor in controlling calcium transients, with calcium transients
tending to be larger and more rapid in small structures that have
a larger surface-to-volume ratio. For a given density of calcium
channels (n.,/A), the total calcium influx varies as the surface
area (A) and the change in calcium concentration varies as 1/V as
follows:
k-A- (ﬂch/A) k- (nch/A)A k- (nch/A)
A[Caly= = =~ Vo
Vk, Ko V Ko

>

(5)

where k is a constant. Thus, if n.,,/A and k, were constant, the
change in calcium as a function of bouton volume could be
roughly approximated by the following:

A[Ca],=aV 15, (6)

where a is a constant. According to Equation 6, the observed
range of bouton volumes should result in only small variations in
A[Ca], (Fig. 4A, solid line). However, a comparison of the ob-
served relationship between A[Ca], and bouton volume with the
prediction of Equation 6 suggests that the surface-to-volume ra-
tio is not the primary determinant of differences in A[Ca],. Sim-
ilarly, if the extrusion density and buffer capacity were constant,
the decay of calcium should depend on the surface-to-volume
ratio and hence the volume of the bouton according to the
following:

7= bV, (7)

where b is a constant, and it is predicted that the observed differ-
ences in V would result in differences in 7, (Fig. 4 B, solid line).
However, the relationship between 7, and V indicates that many
of the observed differences in 7, cannot be accounted for by
differences in bouton volume (Fig. 4 D).

Differences in several properties of boutons other than vol-
ume contribute to differences in A[Ca], and 7,. There was con-
siderable variability in the calcium influx/area (Fig. 4C), the cal-
cium extrusion/area (Fig. 4D), and in the endogenous buffer
capacity (Fig. 4E). In all cases, there was no dependence of the
properties on the volume of the bouton. Although influx density,
extrusion density, and buffer capacity affect A[Ca], and 7, in
predictable ways, there is no simple dependence on any of these
properties. For example, it is predicted that, provided the density
of calcium channels is uniform, A[Ca], varies inversely with
buffer capacity as follows:

A[Calozk(’(o)il' (8)

However, a plot of A[Ca], versus the buffer capacity is not well
approximated by a fit to Equation 8 (Fig. 4 F, line).

Departures from the predicted dependence of A[Ca], on the
buffer capacity indicate that some factor must offset the effects of
large endogenous buffer capacities. A plot of the density of cal-
cium influx as a function of the endogenous buffer capacity sug-
gests that boutons with a large buffer capacity also have a higher
density of calcium channels (Fig. 4G). This tends to reduce the
effects of an elevation in buffer capacity and accounts for the
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Figure4. Properties of individual boutons. A—E, Parameters for calcium regulation in indi-

vidual boutons are plotted as a function of bouton volume for the calcium increase (A) and the
time constant of calcium decay produced by a single action potential in the absence of added
buffer (B), the number of ions entering the bouton divided by the surface area of the bouton (in
square micrometers) (C), the calcium extrusion per square micrometer « millisecond for
AlCa]; = 100 nm (D), and the buffer capacity of the endogenous buffer (F). The trace in A is a fit
to Equation 6, where @ = 435, and the trace in B is a fit to Equation 7, where b = 49. The
calcium increase produced by a single action potential in the absence of added buffer (F), the
number of ions entering the bouton per square micrometer (G), and the calcium extrusion per
square micrometer - millisecond for A[Ca] = 100 nm (H)) are plotted as a function of the buffer
capacity. The trace in Fis afit to A[Cal; = k(x,) ~1 where k = 22,000, and the traces in G and
Harefits to the functionj = mic, + b, wherem = 0.027and b = 1.116 (R2 = 0.67;p < 0.05)
for G,and m = 0.165 and b = 4.36 (R* = 0.82; p < 0.05) for H.

deviation from the predictions of Equation 8. Provided the den-
sity of calcium extrusion is constant, an increase in K, also affects
the time constant of calcium decay as follows:

To — kK(). (9)

We found that boutons with a large buffer capacity also had an
elevated extrusion density (Fig. 4 H). This also tends to counter-
act the effects of a high endogenous buffer capacity. Our obser-
vation that both calcium channel density and extrusion capacity
increase with k, suggests the possibility that mechanisms under-
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lying calcium signaling in presynaptic boutons may be coordi-
nately regulated.

Low variability of calcium transients in individual granule
cell boutons

We determined the variability of calcium transients in granule
cell boutons by measuring action potential-evoked calcium tran-
sients in individual boutons for 50-100 trials. A representative
experiment is shown (Fig. 5) in which a granule cell was loaded
for >20 min with a pipette solution containing 150 um fluo-5F
and 50 uM Alexa 594 (Fig. 5A). An action potential triggered in
the soma (Fig. 5B, left) evoked a rapidly rising calcium transient
in the bouton (Fig. 5B, right). When action potentials were
evoked at 15 s intervals, the calcium transients were highly con-
sistent, as illustrated by superimposing 50 consecutive traces (Fig.
5B, right), by a plot of the amplitude of evoked calcium transients
in successive trials (Fig. 5D), and in histogram of response am-
plitudes (Fig. 5E). The coefficient of variation of the peak fluo-
rescent change in response to an action potential was 0.14 for this
experiment and was 0.16 = 0.01 for similar experiments (n = 14).
In no case was a failure of calcium influx observed, which is
consistent with our finding that a large number of calcium chan-
nels open during an action potential.

Because the opening of presynaptic calcium channels is ex-
pected to be a binomial process, trial-to-trial variability of Ca,.,
varies inversely with the number of channels present in a bouton.
We therefore performed variance—mean analysis on single bou-
ton fluorescence transients (Sabatini and Svoboda, 2000) to in-
vestigate whether there was significant variability in the number
of calcium channels that open during each action potential. We
first determined the variance—mean relationship expected from
the dark noise of the detectors and photon shot noise by imaging
a pipette while varying the laser intensity (Fig. 5G, black symbols
and line) (see Materials and Methods). Next, the variance-mean
relationship was determined for fluorescence transients mea-
sured in a granule cell bouton (Fig. 5G, red symbols). Between 50
and 100 consecutive trials were used to calculate mean and vari-
ance. The variance—mean relationship of the bouton fluorescence
transients was indistinguishable from that obtained from pipette
measurements, indicating that trial-to-trial variability in the
number of calcium channels opened by an action potential did
not contribute a detectable amount of noise to fluorescence sig-
nals measured in the bouton. The ratio of the slope of the vari-
ance—mean relationship of the bouton to that of the pipette was
1.03 = 0.03 (n = 4 boutons). These results further support our
finding that a large number of calcium channels open during an
action potential.

Heterogeneity of calcium transients in neighboring boutons
To determine the heterogeneity of calcium signaling in different
presynaptic terminals formed by an individual granule cell, we
compared Ca, transients in neighboring boutons. Calcium
transients were measured sequentially in adjacent boutons after
>20 min of recording to minimize complications that could arise
from differential loading of indicators. As shown in a representa-
tive experiment, calcium transients were measured in three adja-
cent boutons (Fig. 6A). Calcium transients measured in these
three boutons exhibited large differences in their peak levels and
decay time constants (Fig. 6 A, left). There were more than two-
fold differences in the amplitudes (127-290 nm) and decay time
constants (125—280 ms) of calcium transients measured in these
boutons.

The difference between calcium signaling in neighboring bou-
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Figure5.  Reliability of calcium transientsin single boutons. A, A representative experiment

is shown in which whole-cell recordings were made from the soma of granule cells, action
potentials were evoked, and the resulting calcium transients were measured in the indicated
bouton. B, Action potentials (left) evoked fast presynaptic calcium transients (right). Fifty indi-
vidual trials are shown inred, and the average is superimposed in black. €, Control trials in which
no action potential was evoked (left) showed no calcium increase (right). Ten individual trials
are shown in blue, and the average is shown in black. D, Peak fluorescence ratios for trials
illustrated in B (red) and C (blue). E, Histogram of peak fluorescence ratios for single action
potential trials (red) and no action potential trials (blue). F, The coefficient of variation of peak
fluorescence changes from individual boutons (open symbols; n = 14) and their average
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Figure 6.  Variability in calcium signaling between neighboring boutons. The properties of
calcium signals evoked by single action potentials were compared for neighboring boutons.
Granule cells were loaded with 150 wm fluo-5F and 50 wm Alexa 594. This is shown for a
representative experiment in which calcium was measured in three neighboring boutons lo-
cated on the parallel fiber 109124 wm from the soma. A, Recordings made in succession
40-50 min after breaking into the granule cell revealed differences in calcium signals in these
boutons. The volume, time constant of calcium decay, and peak calcium increases [V (fl), 7 (ms),
A[Ca] (nm)] for these boutons were (0.97, 276, 127), (0.39, 109, 287), and (0.51, 125, 191),
respectively. B, Histogram of the absolute value of the relative change in peak A[Ca] between
adjacent boutons ([Ca], — [Cal,)/[([Ca], + [Cal,)/2]. C, Histogram of relative change in decay
time constant between adjacent boutons, calculated as the absolute value of AT = (7, —
/(7 + )2

tons was a consistent finding. This was apparent for 76 compar-
isons of 92 boutons (67 ascending and 25 parallel fiber boutons)
from nine cells. Nearly all adjacent boutons were located <20 um
apart. Both the amplitudes and decay time constants of Ca,.
showed considerable variability (Fig. 6 B,C). Under our experi-
mental conditions, it is likely that calcium buffering was domi-
nated by the calcium indicator loaded from the patch pipette.
Therefore, the differences observed in presynaptic calcium dy-

<«

(closed symbol). Error bar indicates SE. G, Variance analysis of fluorescence transients. Mean—
variance relationship predicted from dark noise and shot noise alone was measured by imaging
the pipette and varying the excitation intensity (black symbols). These points were fit with aline
(solid line). Mean and variance of green fluorescence for the data in B were calculated over 20
ms segments of the 256 ms fluorescence transient (2 segments during the prestimulus baseline
and 10 during the fluorescence decay). The slope of a linear fit to data from the pipette (slope,
23.7 £ 1.8) and the bouton (slope, 22.7 == 0.5) were not statistically different.
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namics reflect heterogeneity in calcium influx and extrusion rates
among neighboring boutons. This heterogeneity persists despite
the observed correlation between k, influx density, and extru-
sion density, which tends to reduce differences in calcium signals
among boutons (Fig. 4). These findings suggest that the proper-
ties of synapses made by granule cells are likely to exhibit heter-
ogeneity in calcium-dependent short-term plasticity.

In these experiments, we could not identify the postsynaptic
targets of individual boutons. However, it has been estimated that
~94% of granule cell boutons contact Purkinje cells (Palkovits et
al., 1971), with the remainder targeting stellate, basket, and Golgi
neurons (Palay and Chan-Palay, 1974). Also, because the average
properties of paired-pulse facilitation and delayed release at dif-
ferent postsynaptic targets of granule cells are similar (Atluri and
Regehr, 1996; Xu-Friedman and Regehr, 2000), it is unlikely that
the observed heterogeneity in Ca,., could be a consequence of
boutons forming synapses with different types of postsynaptic
cells.

Reliability of axonal action potential propagation with
multiple stimuli
In vivo studies have shown that granule cells fire at high rates in
response to sensory stimuli (Chadderton et al., 2004; Jorntell and
Ekerot, 2006), but the capacity of granule cell axons to propagate
action potentials at high frequency is not known. We therefore
measured Ca,., to assess the ability of action potentials to propa-
gate at high frequencies in granule cell axons. First, we examined
responses to pairs of action potentials evoked at different inter-
vals by injecting current in the soma with the patch pipette (Fig.
7). In the example shown, a parallel fiber bouton located 158 um
from the soma was selected for analysis (Fig. 7A). In alternating
trials, action potentials were evoked singly and in pairs with in-
tervals that ranged from 2 to 10 ms (Fig. 7B, left), and the fluo-
rescence transient in the bouton was monitored. The averaged
responses to one and two action potentials were compared (Fig.
7B, right, red traces). The decay of the calcium transient in re-
sponse to a single action potential was fit with an exponential
function and the predicted response to two action potentials was
determined by the linear sum of two transients offset by the in-
terval between successive stimuli (Fig. 7B, right, black traces). In
this example the measured calcium transient in response to a pair
of action potentials was closely matched by the predicted re-
sponse for all frequencies examined. These experiments demon-
strate that, for this representative granule cell, pairs of action
potentials evoked at up to 500 Hz reliably propagate along the
ascending branch of the axon into the parallel fiber. It was not
possible to reliably evoke action potentials at frequencies >500
Hz using current injection in granule cell somata. Ascending
branch boutons were located 56—-129 pum from the soma
(mean = SE, 81 * 16 wm) and parallel fiber boutons were located
122-158 wm from the soma (mean * SE, 145 = 11 um). In all
cells tested in this manner (four ascending and three parallel fiber
boutons), pairs of action potentials propagated reliably at stimu-
lus intervals of 100, 200, and 333 Hz ms. For 500 Hz stimulation,
five of seven cells responded reliably, and for two boutons (one
ascending and one parallel fiber bouton) the second somatic ac-
tion potential failed to evoke an additional calcium response.
To further investigate the ability of granule cell axons to signal
reliably at high frequency, we delivered stimulus trains of 1-6
action potentials at 100 Hz (Fig. 8 A, top) and 1-12 action poten-
tials at 333 Hz (Fig. 8 B, top) and measured the resulting calcium
transients in presynaptic boutons (Fig. 8 A, B, middle, red traces).
For 100 Hz stimulation, 250 uM fluo-5F was used because it gave
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Figure 7.  Action potential propagation in response to stimulus pairs. The ability of pairs of
action potentials to invade presynaptic boutons was assessed by measuring calcium transients
in a parallel fiber bouton. A, B, This is shown for a representative experiment in which calcium
levels were measured in the bouton indicated by the yellow box. B, Pairs of action potentials
were evoked at 100, 200, 333, and 500 Hz (left). Calcium transients evoked by one and two
action potentials were measured at each frequency (right; red traces). The response to a single
action potential was fit with a single exponential decay (black), and the trace was shifted and
superimposed to indicate the predicted calcium transient from a pair of stimuli. ¢, Summary of
the fraction of cells responding at the indicated frequencies (n = 7).

good resolution of the calcium transients, whereas for 333 Hz
stimulation the low-affinity indicator Oregon Green BAPTA-6F
was used (500 uMm; Ky = 3.0 uM) to more accurately report the
high levels of calcium evoked by such high-frequency trains. The
fluorescence transient in response to a single action potential was
well described with a single exponential decay function. To pre-
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Figure 8.  Action potential propagation in response to stimulus trains. Current injections in
granule cell somata were used to evoke trains of action potentials at 100 Hz (4) and 333 Hz (B).
For 100 Hz trains, n = 9 neurons (5 ascending and 5 parallel fiber boutons) and for 333 Hz trains,
n = 10neurons (8 ascending and 6 parallel fiber boutons). 4, B, Top, Action potentials recorded
in the soma of two representative granule cells. 4, B, Middle, Red traces indicate calcium tran-
sients measured in response to 1,2, 3,and 6 action potentials at 100 Hz (A) and 1, 2, 3,6,and 12
action potentials at 333 Hz (B). The black traces indicate predicted calcium transients based on
linear summation of a single exponential fit to the calcium transient in response to a single
action potential. 4, B, Bottom, Ratio of observed peak calcium levels to predicted calcium levels
for trains of different lengths delivered at 100 Hz (A) and 333 Hz (B). In these experiments,
ascending boutons were located 60 —117 pum from the soma (mean == SE, 94 == 5 um), and
parallel fiber boutons were located 121-194 um from the soma (mean == SE, 155 = 7 um).
obs., Observed; pred., predicted.

dict the fluorescence change during a stimulus train based on the
assumption that calcium influx for each action potential remains
constant during a train, we calculated the linear sum of this func-
tion (Fig. 8 A, B, middle, black traces). As seen in the data from a
representative granule cell bouton, the observed fluorescence
changes during 100 and 333 Hz trains closely matched the linear
sum of the fluorescence transients in response to a single action
potential. To combine data from many cells, it was not possible to
directly average fluorescence transients because of differences in
peak amplitudes and decay rates among boutons from different
neurons. Therefore, we calculated the ratio of the observed peak
of the calcium transient to the predicted peak for each train du-
ration (Fig. 8A, B, bottom). The observed peak of the calcium
transient was determined by fitting a single exponential function
to the decay of the transient and the predicted value of the peak
was based on summing the fit of the transient in response to a
single action potential. In each case, the observed and predicted
amplitudes closely match, indicating that, in all granule cells
tested, action potentials reliably produced calcium transients in
presynaptic boutons during trains of up to 12 stimuli at 333 Hz.

These experiments indicate that spikes initiated in granule cell
somata generate action potentials that invade granule cell axons
and reliably evoke action potentials at high frequencies. Further-
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more, branch point failures were not observed at the junction
between the ascending axon and parallel fiber axon. Our results
demonstrate that action potentials evoked by high rates of firing
in granule cells reliably transmit information to postsynaptic tar-
gets in the cerebellar cortex.

Discussion

Measurements of Ca,., transients in individual presynaptic bou-
tons revealed heterogeneity in Ca,. signaling in different bou-
tons, but remarkable trial-to-trial reproducibility for a given
bouton. Moreover, even during high-frequency trains of up to
500 Hz, action potentials propagated reliably in granule cell ax-
ons and each action potential evoked the same increase in Ca,..
Thus, heterogeneity of Ca,., is likely to underlie heterogeneity in
synaptic plasticity in different boutons, but individual boutons
appear to be specialized for faithful and consistent signaling even
at the high rates of granule cell activity observed in vivo.

Heterogeneity of Ca,., in presynaptic boutons

Anatomic studies using biocytin or Golgi staining combined with
serial electron microscopic reconstruction have confirmed the
correlation between granule cell axonal varicosities and presyn-
aptic boutons (Palay and Chan-Palay, 1974; Pichitpornchai et al.,
1994; Gundappa-Sulur et al., 1999; Xu-Friedman et al., 2001). By
measuring Ca,., in single boutons, we observed a high degree of
heterogeneity in presynaptic calcium dynamics of different gran-
ule cell boutons. Using the steady-state loading technique, we
found that peak A[Ca], varied from ~400 to 900 nM and decay
rates ranged from 25 to 55 ms. This established that amplitude
and decay time constant of Ca,, can vary by more than a factor of
2 for boutons from different granule cells. We examined the ex-
tent of variability of Ca,, in different boutons from the same
neuron by comparing calcium transients in adjacent boutons.
This approach minimized the effects of variable loading of cal-
cium indicator in different boutons. These experiments revealed
that the wide range of peak levels and decay rates of Ca,, ob-
served in boutons from different neurons was also observed in
boutons along the same axon.

Heterogeneity of presynaptic Ca,. has also been observed in
other cells (Llano et al., 1997; Koester and Sakmann, 2000) and is
likely to contribute to heterogeneity in properties of synaptic
transmission. In some cases, the identity of the postsynaptic neu-
ron may regulate properties of Ca,., and short-term plasticity
(Rozov et al., 2001; Koester and Johnston, 2005; Watanabe et al.,
2005). Heterogeneity in calcium signaling in boutons of cortical
pyramidal cells could also be controlled in a target-dependent
manner, because these cells synapses onto a variety of cell types
(Koester and Sakmann, 2000). In the cerebellum, synapses
formed by granule cells do not appear to be regulated in a target-
dependent manner. However, synapses made by granule cells
exhibit a wide range in the time course and amplitude of paired-
pulse facilitation and extent of delayed release, which are con-
trolled by Ca.,., (Atluri and Regehr, 1996, 1998; Xu-Friedman and
Regehr, 2000). For example, Ca,., and delayed release have a
power law relationship with an exponential value of 2.5. Based on
a 2- to 3-fold difference in Ca,. levels, the amount of delayed
release will vary by 5- to 15-fold. Thus, bouton-specific regula-
tion of Ca,., could provide a mechanism to allow synapse-specific
control of calcium-dependent short-term plasticity at synapses
made by granule cells.

Factors influencing Ca,., within presynaptic boutons
To investigate factors that may contribute to the observed prop-
erties of Ca,., we examined the relationship between calcium
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influx, endogenous buffer capacity, extrusion, and bouton geom-
etry. Variations in either the bouton volume or the surface-to-
volume ratio of small boutons were not a strong determinant of
the bouton-to-bouton variability in the amplitude and time
course of Ca,., signaling. However, there were larger differences
in the buffer capacity, the density of calcium influx, and the den-
sity of extrusion that contributed to differences in Ca,. signaling.
The observed range in presynaptic endogenous buffer capacity of
30-90 could account for threefold differences in the peak and
decay time constants of Ca,.,. These values of k, indicate that an
action potential elevates total calcium within a granule cell pre-
synaptic terminal to 15-45 uM, of which 1-3% remains free and
the remaining Ca*" is bound to endogenous buffers. Prominent
calcium binding proteins such as the kinetically slow parvalbu-
min (Lee et al., 2000) and calbindin are not expressed in granule
cells (Bastianelli, 2003). It is likely that calretinin, a calcium bind-
ing protein with rapid kinetics (Schwaller et al., 1997) that is
expressed in granule cells, makes a prominent contribution to the
endogenous buffer capacity (Bastianelli, 2003; Gall et al., 2005).
Despite large differences in k, among boutons, peak Ca,., did
not vary inversely with k, as predicted by Equation 8 (Fig. 4F).
This is because boutons with higher buffer capacity had both a
higher density of calcium channels and a greater capacity for
extrusion (Fig. 4G,H ). These factors partially compensate for the
differences in endogenous buffer capacity among boutons and
produce the net effect of reducing overall differences in peak
calcium levels and decay rates that are predicted to occur in bou-
tons with different buffer capacities. Our findings suggest that
mechanisms regulating Ca, ., dynamics in a bouton-specific man-
ner can act to reduce but not eliminate this overall heterogeneity.

Low variability of Ca,., in response to an action potential

Despite the wide range of calcium transients observed in different
boutons, the amplitude of calcium transients in a single granule
cell bouton varied little from trial to trial. Failures of calcium
influx were not observed in response to a single action potential.
To examine possible contributions to the reliability of Ca, in
presynaptic boutons, we determined the number of calcium
channels that open during an action potential based on peak
Ca,.,, endogenous buffer capacity, and bouton volume. We cal-
culate that 20—125 calcium channels open in a single bouton
during an action potential. Given this relatively large number of
calcium channels, it is predicted that Ca,., will show little vari-
ability among trials. Similar conclusions have been reached in
cortical pyramidal cells (Koester and Sakmann, 2000). As an ad-
ditional approach to exploring trial-to-trial variability of Ca,.,,
we examined the relationship between the variance and mean of
fluorescence transients in individual boutons. This approach has
been applied to dendritic spines of hippocampal neurons to dem-
onstrate that in some spines <10 calcium channels open in re-
sponse to a backpropagating action potential, contributing to
trial-to-trial fluctuations in the fluorescence transient resulting
from variability in the number of channels that open during each
trial (Sabatini and Svoboda, 2000). However, in granule cell bou-
tons, no such variance was observed, which is consistent with a
larger number of open channels during an action potential. The
large numbers of calcium channels may therefore provide a reli-
able calcium signal to control short-term plasticity at individual

synapses.

Reliability of axonal signaling at high frequency
Invivo recordings from cerebellar granule cells indicate that gran-
ule cells can fire very rapidly: bursts of three to five action poten-
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tials at ~100 Hz in anesthetized rats in response to brief sensory
stimulation (Chadderton et al., 2004), and >500 Hz in unanaes-
thetized decerebrate cats (Jorntell and Ekerot, 2006). The high
activity rates of granule cells raises the question of how reliably
action potentials can propagate at high frequency through the
unmyelinated axons of granule cells, which we addressed by im-
aging calcium transients in presynaptic boutons. By comparing
calcium transients in response to a single action potential and
pairs of action potentials evoked at varying intervals, it was pos-
sible to clearly detect failures of calcium influx into granule cell
boutons. All boutons tested responded to pairs of action poten-
tials without failures at 333 Hz, and most cells responded at 500
Hz. At no frequency were mixtures of failures and successes ob-
served. When trains were delivered at 100 Hz, it was possible to
clearly resolve each increment in calcium during the train. These
experiments indicated that calcium influx for each action poten-
tial remains uniform, suggesting that endogenous buffers in
granule cell axons do not become saturated during trains, in con-
trast to previous findings in hippocampus (Jackson and Redman,
2003) and cortex (Blatow et al., 2003). When action potentials
were delivered at 333 Hz, responses to individual stimuli could
not be resolved but the observed transients closely matched the
predicted response based on a linear summation of the calcium
transient in response to a single action potential. These experi-
ments demonstrated that granule cell axons respond reliably to
repetitive stimulation at up to 500 Hz. In addition, calcium influx
for each action potential during trains remains uniform under
these stimulus conditions.

These findings indicate that granule cell axons exhibit remark-
able specialization for reliable propagation of action potentials at
high frequency. In the cortex, propagation of 8—10 action poten-
tials at 50—100 Hz has been shown, but higher frequencies were
not tested (Koester and Sakmann, 2000). In extracellular record-
ings of action potentials from axons of hippocampal CA3 pyra-
midal neurons, the maximum rate of reliable propagation of APs
was ~160 Hz (Raastad and Shepherd, 2003; Meeks et al., 2005).
In Purkinje cell axons, simple spikes propagated with a high suc-
cess rate at up to 200 Hz but became unreliable at 300 Hz (Khaliq
and Raman, 2005; Monsivais et al., 2005). Thus, in comparison
with other classes of neurons in which high-frequency action
potential propagation has been examined, granule cells are re-
markable in their ability to reliably signal at up to 500 Hz.
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