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Summary

We combined local photolysis of caged compounds

with fluorescence imaging to visualize molecular dif-
fusion within dendrites of cerebellar Purkinje cells.

Diffusion of a volume marker, fluorescein dextran,
within spiny dendrites was remarkably slow in com-

parison to its diffusion in smooth dendrites. Computer
simulations indicate that this retardation is due to

a transient trapping of molecules within dendritic
spines, yielding anomalous diffusion. We considered

the influence of spine trapping on the diffusion of cal-
cium ions (Ca2+) and inositol-1,4,5-triphospate (IP3),

two synaptic second messengers. Diffusion of IP3

was strongly influenced by the presence of dendritic

spines, while Ca2+ was removed so rapidly that it could
not diffuse far enough to be trapped. We conclude that

an important function of dendritic spines may be to
trap chemical signals and thereby create slowed

anomalous diffusion within dendrites.

Introduction

Intracellular chemical signaling is critically important for
regulating nearly all aspects of neuronal function, from
transient changes in cell metabolism to long-lasting
changes in synaptic transmission (Augustine et al.,
2003; Wang and Storm, 2003; Bird et al., 2004). The de-
gree of spatial and temporal localization of these chem-
ical signals plays an important role in determining their
ultimate course of action. This is particularly true for
the case of neurons, whose complex structures can im-
part large influences on the generation and spread of
chemical signals.

Here, we consider this question by examining the in-
fluence of dendritic spines on diffusion. Spines are ana-
tomical structures whose function has long been per-
plexing (Nimchinsky et al., 2002). It is widely thought
that spines serve to compartmentalize chemical signals
generated by synaptic activity, thereby impeding diffu-
sion of these signals into dendrites (Sabatini et al.,
2001). A substantial amount of experimental data sup-
ports this hypothesis (Yuste et al., 1999; Ngo-Anh
et al., 2005; Sobczyk et al., 2005), particularly for short-
lived signals such as calcium ions (Ca2+), though there
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are also indications that this may not always be the
case (Miyata et al., 2000; Holthoff et al., 2002; Noguchi
et al., 2005).

We have addressed this problem from a different per-
spective, asking whether spines influence the diffusion
of chemical signals along dendrites. Purkinje cells
(PCs) are a good system in which to study this question
because their dendrites contain both sections without
spines, as well as branches with high densities of spines
(Palay and Chan-Palay, 1974; Harris and Stevens, 1988).
We found that a biologically inert compound, fluorescein
dextran (FD), exhibits different diffusion properties in
these two types of dendrites, with diffusion being slower
and nonlinear within spiny dendrites. Computational
modeling indicates that this difference arises because
spines act as temporary traps for molecules as they
move along spiny dendrites, yielding a process known
as ‘‘anomalous’’ diffusion that is physically distinct from
conventional diffusion (Klafter and Sokolov, 2005). Other
experiments demonstrate that Ca2+ ions are strongly
buffered, so they are removed before being trapped
by spines, while inositol-1,4,5-trisphosphate (IP3) is
trapped much more as it diffuses through dendrites. Be-
cause anomalous diffusion also causes molecules to be
correlated in space and in time, trapping may influence
signal transduction within spines.

Results

The goal of this study was to determine the influence of
dendritic spines on diffusion of molecules within PC
dendrites. We began by uncaging FD, an inert tracer
whose diffusion should be limited only by cellular geom-
etry. A brief flash of UV light (5 ms in duration, 3–8 mJ en-
ergy) was used to uncage FD within a small spot (7 mm
half-width) within PC dendrites (Wang and Augustine,
1995). The resulting change in FD fluorescence (DF/Fo)
was tracked at high speed (120 images per second) to
examine the diffusional redistribution of FD over time.
Representative images from such an experiment are
shown in Figure 1A. The top image shows the fluores-
cence of Texas red, a noncaged dye that was introduced
into the PC to visualize dendritic structure. The three
lower images show superimposed pseudocolor over-
lays of DF/Fo at three different times. Changes in FD
fluorescence reached a maximum within 50 ms of the
light flash (arrowhead, Figure 1B). To avoid possible
complications due to the finite time required for caged
FD to be uncaged, we began our analysis at the time
when FD fluorescence was maximal (t = 0). Bleaching
reduced FD fluorescence by less than 30% over 1 s
(Figure 1B).

As is evident in the images of Figure 1A, diffusion of
FD was remarkably slow in spiny dendrites. Such behav-
ior is analyzed in Figure 1C, which shows the corre-
sponding spatial profiles of FD along the dendritic
path indicated by the blue line in Figure 1A. At t = 0,
FD fluorescence was distributed in a Gaussian profile
and the width of this profile changed relatively little
over the next second. To examine the time course of
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diffusional redistribution of FD, the spatial variance of
FD fluorescence at each time point was calculated
from plots such as those in Figure 1C using Equation
13 (see Experimental Procedures). This variance did
not increase linearly over time, as expected for normal
diffusion (Equation 12), but instead showed strong non-
linear properties (Figure 1D). These measurements of
spatial variance allowed us to use Equation 14 to deter-
mine the instantaneous apparent diffusion coefficient
(Dapp) of FD at each time point. These values were nor-
malized by the diffusion coefficient of FD measured in

Figure 1. Photolysis of Caged FD in Purkinje Cell Spiny Dendrites

(A) Confocal image of a spiny dendrite (top) and superimposed

pseudocolor overlay of FD fluorescence at t = 0, 100 and 1000 ms af-

ter uncaging. The maximum of the pseudocolor scale corresponds

to the peak value of FD fluorescence measured at t = 0. The blue

line shows the pathway on which fluorescent profiles are tracked

and the d indicates the center of the uncaging spot.

(B) Time course of fluorescence changes along the dendritic path-

way marked in (A). The 7 indicates time of photolysis.

(C) Spatial profiles of fluorescence changes along the same den-

dritic pathway, centered around the uncaging spot. The profiles

were convolved with a 2 mm Gaussian function and were taken at

120 frames/s.

(D) Spatial variance of DF/Fo over time, calculated from profiles such

as those shown in (C).

(E) Dapp was calculated from spatial variance and was normalized by

the diffusion coefficient for FD in free solution (Dfree = 0.08 mm2/ms).
intracellular solution (Dfree = 0.08 mm2/ms), yielding a
parameter that illustrates the time-dependent retarda-
tion of FD diffusion within the PC (Figure 1E). The initial
value of the Dapp was close to 40% of that of Dfree, and
Dapp decayed further throughout the duration of the
measurements. Note that this decay was not due to
bleaching of FD, because it was not correlated with
the time course of bleaching (Figure 1B); in any case,
bleaching affects fluorescence uniformly along the den-
drite and should not change the spatial distribution of
FD fluorescence. Instead, this time-dependent decay
in the Dapp indicates the presence of a process that pro-
gressively slows diffusion of FD.

Modeling Diffusion in Dendrites
We next used computational models of intracellular dif-
fusion to understand how the structure of PCs might
slow the diffusion of an inert molecule such as FD. Our
simulations were based on the conditions of experi-
ments, such as the one in Figure 1, where molecules
with Dfree equal to that of FD were introduced within
a volume that initially occupied a 1–3 mm long segment
of a cylindrical dendrite. The dendrite had a total length
of 120 mm and a radius of 0.2–8 mm.

Our simulations first considered a smooth dendrite
without spines. As expected, the variance of the spatial
distribution was linearly dependent on time, and Dapp

was constant over time (see Figure S1 in the Supple-
mental Data available with this article online). This is
consistent with simple diffusion but differs from the be-
havior observed in PC dendrites (Figure 1E). Diffusion in
this simple structure has an analytical solution (Crank,
1975), allowing us to validate the results from our numer-
ical simulation. The model closely matched the analyti-
cal solution, with differences between the calculated
and predicted Dapp being less than 1%. The consistency
between the predictions of our model and the analytical
solutions indicates that boundary effects due to the fi-
nite length of the cylinder and reflective walls have no
significant influence on our results, at least for times
up to 1 s.

We next considered what causes diffusion of FD in PC
dendrites to be so different from that expected in a sim-
ple, cylindrical dendrite. Because FD is not bound within
PC cytoplasm or transported out of the PC, the complex
structure of the PC dendrite is a likely source of this dif-
ference. Simulations indicate that many aspects of this
structure, such as the presence of many branches and
changes in taper, have relatively small influences on
Dapp (Figures S2 and S3). However, dendritic spines
are present at a very high density on PCs (Harvey and
Napper, 1991), and these were predicted to have very
significant effects. We considered the effect of dendritic
spines by randomly inserting spines along an un-
branched dendrite. Each spine consisted of two con-
centric cylinders representing neck and head compart-
ments (Figure 2A). The sizes of these compartments
were randomly varied within the range of published
values (Harris and Stevens, 1988; see Experimental Pro-
cedures), so that neck diameters varied from 0.1–0.3 mm,
while neck lengths ranged from 0.4–2.1 mm and head
lengths were between 0.4 and 0.7 mm. Spine head diam-
eter depended upon the values of head length and vol-
ume and ranged from 0.5–0.7 mm, with a minimum ratio
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Figure 2. Modeling Diffusion in Spiny Dendrites

(A) Dendritic spines of different shapes were randomly attached to

a smooth cylinder of diameter 1 mm and length 120 mm.

(B) Normalized concentration profiles at t = 120 ms from simulations

with the indicated densities of spines.
of head-to-neck diameter of 1.5. In all cases, the total
volume of the neck and head were within the range of
values reported by Harris and Stevens (1988). Dapp

was then determined for molecules diffusing along the
main dendrite, to simulate experimental measurements
such as those in Figure 1.

This model predicted that spines dramatically slow
diffusion within dendrites. By varying the density of
spines, we found that increasing spine density had pro-
gressively greater effects on spread along the dendrite
(Figure 2B). Higher spine density was also predicted to
decrease spatial variance nonlinearly over time (Fig-
ure 2C), with the nonlinear time dependence clearest
at earlier times (Figure 2D). This behavior reflects what
was observed in the measurements of FD spread in
PCs (Figure 1D). The nonlinear behavior of spatial vari-
ance over time was also reflected in a time-dependent
reduction in Dapp, which continuously decreased over
time and did not reach a stable value within 1 s (Fig-
ure 2E). The fraction of volume occupied by the spines
increased with higher spine density, resulting in a lower
fraction of molecules moving along the dendrite. How-
ever, this was not the sole cause of the time-dependent
reduction in Dapp because the fraction of molecules re-
maining in the dendrite reached a constant value in
less than 100 ms (Figure S4) while Dapp continued to de-
cline for at least 1 s. At a density of 10–13 spines/mm,
which is typical for 1 mm diameter dendrites in PCs (Har-
vey and Napper, 1991), Dapp was predicted to decay by
50% within 200 ms (Figure 2E), which is very similar to
what was observed in living PCs (Figure 1E).

The sublinear changes in spatial variance over time
that are illustrated in Figures 2C and 2D can be charac-
terized by a power law of the form

hx2if Do � t2=dw (1)

where hx2i is the spatial variance, t is the time and Do is
the diffusion coefficient. If the exponent, dw, of this func-
tion is 2, then the process is considered to be normal dif-
fusion (Equation 12). However, if dw > 2, then the process
is called anomalous diffusion (ben-Avraham and Havlin,
2005). For this reason, we will refer to dw as the anoma-
lous exponent. Anomalous diffusion arises when the
random walk performed by molecules is influenced by
their previous positions in space (Klafter and Sokolov,
2005). This makes the process of anomalous diffusion
mechanistically quite different from that of normal diffu-
sion, where the movement of a particle is independent of
its previous position. Given the relationship between
hx2i and Do, Equation 1 indicates that the diffusion coef-
ficient depends on time and can be rearranged to yield

hx2if DðtÞ � t (2)

where D(t), the time-dependent diffusion coefficient, is

DðtÞ= Do � t2=dw 2 1 (3)

(C and D) The spatial variance decreased non-linearly with increas-

ing spine density (marked on each curve, spines/mm), particularly at

early times (shown in [D]).

(E) The nonlinear time dependence of spatial variance resulted in

strong subdiffusion.
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From Equation 3, dw can be obtained graphically from
the inverse of the slope (m) of logarithmic plots of (hx2i/t)
over time:

dw = 2=ðm + 1Þ (4)

Figure 3A shows such a logarithmic transform of the
simulation results shown in Figure 2C, sampled and av-
eraged as in the experiments (see Figure 1). To compare
the anomalous portion of this and subsequent plots, we
referenced them to a value of 0 at early times. The hori-
zontal line, with a slope of 0, corresponds to normal dif-
fusion (dw = 2). This line also represents the simulation
results for the case of a dendrite without spines, which
exhibited normal diffusion. In cases where dendritic
spines were added, the function decayed slowly over
the first several ms, during which diffusion was almost
normal. After this initial delay, the function decreased
steeply beginning at 20 ms and continued to decline
for as long as 500 ms, with the steepness of this decline
proportional to the density of spines. Linear fits to points
within this section of the curves (thick lines) were used
to calculate the anomalous exponent and indicate that
dw increased linearly with spine density (Figure 3B).
The values of dw were calculated for two different values
of Dfree (Figure 3B, 0.08 mm2/ms, filled symbols; 0.2 mm2/
ms, open symbols), and dw was found to be indepen-
dent of Dfree. This indicates that anomalous diffusion is
due to the structure of the dendrite, rather than the
nature of the diffusing particles, which is a characteristic
property of anomalous diffusion (Saxton and Jacobson,
1997).

At later times, the slope of the functions declined as
diffusion returned to a normal process, albeit with a re-
duced rate. Such a transition from anomalous diffusion
to reduced normal diffusion is commonly observed
when particles move through randomly scattered obsta-
cles (Saxton, 1994) or are trapped in a time-dependent
fashion (Ritchie et al., 2003; ben-Avraham and Havlin,
2005). Depending on the density and depth of these
traps (in our case the shape and size of the spine; see
below), molecules can undergo both types of diffusion,
with anomalous diffusion usually having a stronger influ-
ence at shorter times. Over a wide range of physiologi-
cally relevant values of Dfree and spine densities, it was
rare for diffusion to return to a flat slope, indicating re-
duced normal diffusion, before 1 s. In fact, extending
to 1 s the linear fits for the curves generated with 5–15
spines/mm changed the value of dw by less than 7%.
Therefore, our simulations suggest that, within the
time window of our experiments, molecular movement
within dendrites is dominated by anomalous diffusion
and that this anomalous diffusion is caused by the pres-
ence of dendritic spines.

These simulations indicate that dendritic spines can
act as traps for molecules diffusing along a dendrite.
The brief delay apparent in the plots of Figure 3A would
then reflect the time required for these molecules to
reach (and be trapped by) spines. When there are no
spines (Figure 3C, top), molecules will diffuse freely, ex-
cept for reflecting off the plasma membrane, yielding
a normal diffusion process. When spines are present
(Figure 3C, middle), molecules have some probability
of entering the spines and remaining trapped for a
while before returning to the dendrite to diffuse freely.
Figure 3. Anomalous Diffusion Simulated in Spiny Dendrites

(A) The anomalous exponent (dw) was extracted from the slope (thick

lines) of plots of Log(variance/t) versus Log(t). In normal diffusion,

m = 0 and dw = 2; when m = 21 then dw/Inf and the percolation limit

is reached.

(B) Predicted values for dw as a function of spine density, at two

values of Dfree.

(C) In normal diffusion (top), there are no obstacles and molecules

can diffuse freely along the dendritic axis. In the presence of den-

dritic spines (center), molecules enter spines and are trapped for

some period of time before going back to the dendrite and diffusing

along the dendritic axis. At a very high density of spines, the perco-

lation limit is reached and molecules that escape from one spine

would enter another one, and their axial diffusion is reduced so se-

verely that Dapp approaches zero.
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Figure 4. Dendritic Spine Structure Regulates Anomalous Diffusion

(A) Varying spine head volume, while keeping the spine neck param-

eters fixed, increased the anomalous exponent, dw.

(B) Varying spine length with a fixed spine neck diameter (0.3 mm, no

spine head) had little effect on dw.

(C) Keeping the volume fixed while varying the spine diameter also

had only a small effect.

(D) The presence of a bottleneck between the spine head and

neck increased the value of dw considerably. The neck parameters

were fixed and the spine head volume was constant, varying the

head length and diameter. In all simulations, we used the proto-

typical spine parameters: spine neck diameter 0.2 mm, neck length

0.6 mm, head diameter 0.6 mm, head length 0.6 mm, unless other-

wise noted, at a fixed density of 15 spines/mm in a 1 mm diameter

dendrite.
Anomalous diffusion in dendrites is therefore a dynamic
process, originating from the fact that molecules can
both enter and leave spines. It is very different from
the ‘‘capacitative’’ effect that would occur if trapped
molecules could not leave the spine (Zador and Koch,
1994); such an effect would have resulted in normal dif-
fusion, with a reduced Dapp that was constant over time.
In the extreme case of very high spine density, mole-
cules that leave a spine will have a high probability of en-
tering another spine. This will dramatically limit axial dis-
placement of molecules along the dendrite, so that they
effectively will be unable to move away from their sites
of generation (Figure 3C, bottom). This condition is re-
ferred to as the percolation limit (Saxton and Jacobson,
1997) and is evident in logarithmic plots as a line with
a slope that approaches 21 as dw approaches infinity
(Figure 3A).

Spine-induced anomalous diffusion was predicted to
depend upon the geometry of the spines. This was eval-
uated systematically, at a fixed spine density (15 spines/
mm), using the average values for spine parameters
(0.2 mm neck diameter, 0.6 mm neck length, and 0.6 mm
head diameter and length). We varied the length and
diameter of the spine head and neck within the ranges
reported for PCs (Harris and Stevens, 1988), while keep-
ing the remaining parameters constant. The structural
parameter that had the largest influence on dw was the
diameter of the spine head (Figure 4A), while variations
in the length of the spine head or neck had little influence
(data not shown). Because the volume of the spine
increased when the diameter of the spine head was
varied, it is possible that dw increased because of spine
volume changes. However, this was not the case be-
cause increasing the volume of a spine alone had mini-
mal effects on dw (Figure 4B). Further, the effects of
increasing the fractional volume occupied by spines
should reach equilibrium in less than 100 ms (Figure S4),
while anomalous diffusion lasted much longer (Figures
2E and 3A). A similar outcome was obtained when the
spine volume was kept fixed as spine diameter and
length were varied (Figure 4C). However, when the spine
neck parameters were fixed and the volume of the head
was constant, dw still increased as the head diameter
increased (Figure 4D). Therefore, the parameter that
regulates dw is the size of the head with respect to the
neck. Our interpretation is that spine trapping relies on
the properties of the ‘‘bottleneck’’ between the head
and shaft of the spine. The flattening of the curve in
Figure 4D at large values of head diameter presumably
results from the spine head becoming very short, in-
creasing the probability that molecules reflect off the
top of the spine head and return to the spine neck.

Anomalous Diffusion in Purkinje Cell Spiny
Dendrites

Our modeling results indicate that the presence of den-
dritic spines should generate anomalous diffusion in
dendrites. We tested this possibility experimentally by
comparing the spread of FD fluorescence signals in
spiny and smooth dendrites of living PCs. Figure 5A
shows a composite image of two uncaging episodes
performed in the same PC, one at a smooth dendrite
and the other at a spiny dendrite. We analyzed the fluo-
rescence profiles and their spatial spread along the
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Figure 5. Diffusion in Smooth and Spiny Purkinje Cell Dendrites

(A) Confocal image of a Purkinje cell dendrite showing smooth and

spiny dendrites with superimposed pseudocolor overlay of FD fluo-

rescence at t = 0 ms after two separate uncaging events. The max-

imum of the pseudocolor scale corresponds to the peak value of FD

fluorescence measured at t = 0. The blue and green lines show the
indicated paths, as in Figures 1C and 1D, and found con-
siderable differences between diffusion in the two re-
gions of the dendrite (Figures 5B–5D). The logarithmic
transformation illustrated in Figure 3A was used to plot
the time-dependent decline in FD fluorescence in the
two dendrites. This transformation revealed that the
spread of FD could be described as an anomalous diffu-
sion process for times as long as 1 s for the spiny den-
drite, while diffusion in the smooth dendrite was less
anomalous. Fits to the linear portion of these functions
(Figure 5E) were used to determine dw, which in this
case was 2.6 6 0.1 (95% confidence intervals of linear
fit) for the smooth dendrite and 4.6 6 0.6 for the spiny
dendrite. Thus, as predicted by our simulations, spread
of FD in spiny PC dendrites behaves like an anomalous
diffusion process, while diffusion in smooth dendrites is
nearly normal.

We calculated dw for smooth and spiny dendrites in
a total of 21 measurements taken from six different cells.
The top panel in Figure 6A shows logarithmic plots for all
the data, separated into spiny (red) and smooth (black)
dendrites, and the bottom panel shows their averages.
The results of individual experiments indicated that in
every case where FD was uncaged in spiny dendrites,
anomalous diffusion was present throughout the entire
duration of the measurement. In smooth dendrites,
only normal diffusion was observed in three experi-
ments (upper three black curves in Figure 6A, top), while
in the remaining five experiments a small amount of
anomalous diffusion was evident. On average, while
spiny dendrites had a dw of 8.0 6 1.4 (SEM), smooth
dendrites had a dw of 3.0 6 0.2, which is close to the
value of 2 associated with simple diffusion (Figure 6B).
Because the average diameter of smooth dendrites is
larger than that of spiny dendrites in PCs (Gundappa-
Sulur et al., 1999), we also calculated dw for cases where
these two types of dendrites had comparable diameters
(1.5 to 3.5 mm). For this subset of smooth dendrites the
mean dw (3.1 6 0.2 SEM) again was significantly smaller
(p < 0.05, t test) than that of spiny dendrites (6.9 6 1.0).
Although the average dendritic length of spiny (18.0 6
1.6 mm SEM) and smooth (31.1 6 2.0 mm) dendrites
was different, the correlation between dw and the length
of spiny dendrites was small (r = 0.33) and insignificant
(p = 0.32). Thus, differences between diffusion in the
two types of dendrites were not due to differences in di-
ameter or length. Instead, anomalous diffusion was as-
sociated with the presence of dendritic spines, as pre-
dicted by our simulations.

We considered alternative explanations for the occur-
rence of anomalous diffusion of FD in spiny dendrites.
One possibility is that bleaching of FD could produce
a time-dependent loss of fluorescence that would re-
semble anomalous diffusion. However, anomalous dif-
fusion was observed at times when FD bleaching was

pathway on which fluorescent profiles were tracked, and the d indi-

cates the center of the uncaging spot.

(B and C) Spatial profiles of fluorescence along the indicated path-

ways in A for smooth (B) and spiny (C) dendrites.

(D) Spatial variance of DF/Fo over time for the two paths indicated

in (A).

(E) Logarithmic plots show anomalous diffusion in the spiny dendrite

but practically normal diffusion in the smooth dendrite.
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minimal (Figures 1B and S5), and calculations indicated
that the small amount of FD bleaching that was present
could not produce anomalous diffusion behavior
(Figure S6D). These considerations dismiss bleaching
as a cause of the anomalous diffusion of FD. We also
asked whether the finite length of the dendrite segments
analyzed would cause a time-dependent loss of dye
from the end of the dendrite that resembled anomalous
diffusion. Three arguments indicate that this is not the
case: (1) our measurements did not show any decay in
fluorescence that could account for the observed reduc-
tions in apparent diffusion (see Figures S5 and S6). (2)
Calculation of the spread of a concentration profile is in-
dependent of its amplitude, so that a homogeneous dis-
appearance of molecules along dendrites would only
scale the amplitude of the fluorescent profiles without
changing their apparent spread. (3) Calculations indi-
cate that such effects would not yield the behavior mea-
sured experimentally (Figure S6C). These arguments
also dismiss the possibility that the anomalous diffusion
behavior arises from movement of dye to dendritic
branches other than the ones analyzed. Thus, we con-
clude that FD exhibits anomalous diffusion in spiny
dendrites of PCs.

Although the simulations we implemented are sim-
plified cases, the values of dw measured in living PCs

Figure 6. Anomalous Diffusion in Living Purkinje Cells

(A) Log(variance/t) versus Log(t) for all the experiments (top) and

average behavior (bottom) separated in smooth (black) and spiny

dendrites (red). Each data point is the average of two replicates

(bars are the SEM).

(B) Average values for the anomalous exponent determined in

smooth and spiny dendrites (21 samples in six Purkinje cells, 11 in

spiny and 10 in smooth dendrites). Asterisk indicates a statistically

significant difference (p < 0.001, Mann-Whitney test).
usually were within the range obtained in the simula-
tions. While our simulations predicted values of dw be-
tween 2 and 6 in spiny dendrites, values of dw were be-
tween 3.2 and 7.0 in 7 out of 11 experimental
measurements in PCs. Remaining differences between
the simulations and experimental measurements could
result from several factors, such as higher spine densi-
ties and/or larger spine volumes (Harris and Stevens,
1988) or from contributions from intracellular organelles,
such as endoplasmic reticulum (Martone et al., 1993;
Weiss et al., 2004). In particular, the presence of intracel-
lular organelles could explain why the values of dw in
smooth dendrites were somewhat above the value of 2
expected for free diffusion.

The striking difference in the reduction of the spatial
spread between the spiny and smooth dendrites could
not be accounted for by other structural differences,
such as the dimensions or branching patterns of the
dendrite, because the model predicts that these param-
eters will have relatively small effects on diffusion (Fig-
ures S2 and S3). The predictions of these simplified
models were confirmed and extended by first recon-
structing the dendrites of the PC shown in Figure 5
and then simulating diffusion within this complex struc-
ture under various conditions. The effects of dendrite
branching were considered by simulating diffusion in
the main smooth dendrite and comparing diffusion in
the presence and absence of side branches (Figure 7A).
These simulations indicated that branching had little ef-
fect, evident as minimal effects on both the time course
of the spatial variance (Figure 7B, left) and on the loga-
rithmic transform of the variance (Figure 7B, right). The
influence of spines was considered by simulating diffu-
sion in the spiny dendrite in the absence or presence
of spines (Figure 7C). The presence of spines caused
a time-dependent reduction in spatial variance (Fig-
ure 7D, left) and increased dw from a value of 2.3, indicat-
ing near-normal diffusion, to 3.8, indicating anomalous
diffusion (Figure 7D, right). The small nonlinear time de-
pendence of variance apparent in the smooth dendrite
could be distinguished from anomalous diffusion be-
cause it did not show a power law relationship, i.e., a
straight oblique line on the logarithmic plot (Figure 7D,
right). This behavior presumably arose from the time-
dependent loss of molecules into other dendrites, as
illustrated in Figure S6C. These anatomically realistic
simulations indicate that it is the presence of spines—
rather than the finite length or branching pattern of the
dendrite—that generates anomalous diffusion in spiny
dendrites of PCs.

Anomalous Diffusion Limits Spread of Second
Messengers

The above results indicate that dendritic spines slow dif-
fusion of FD in dendrites. We next sought to determine
whether similar anomalous diffusion processes could
limit the intracellular spread of physiological signals,
such as second messengers. We first considered Ca2+,
a second messenger important for the control of ion
channels (Edgerton and Reinhart, 2003; Womack et al.,
2004) and synaptic efficacy (Hartmann and Konnerth,
2005) in PC dendrites. Calcium is tightly controlled
within PCs (Fierro and Llano, 1996; Maeda et al., 1999)
due to the presence of numerous calcium binding
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Figure 7. Modeling Diffusion in Recon-

structed Dendritic Architectures

(A and B) Diffusion in a thick smooth dendrite

with ([A], branched) and without ([A], un-

branched) branches. The plot of the variance

against time ([B], left) and its logarithmic

transform ([B], right) show no significant ef-

fect of branching on diffusion.

(C and D) Variance against time on a branched

dendrite covered with spines ([C], spiny) or

smooth ([C], no spines), 11 spines/mm. The

plot of the variance against time ([D], left)

and its logarithmic transform ([D], right)

show a strong influence of spines on diffu-

sion. The data were analyzed with the same

parameters used in the experiments. The

white spots indicate site of initial release of

molecules.
proteins (Maeda et al., 1999; Schmidt et al., 2003) and
Ca2+ pumps (Sepulveda et al., 2004; Hartmann and
Konnerth, 2005), allowing us to consider an extreme
case where spread is limited by cellular regulatory
mechanisms.

Local rises in intracellular Ca2+ concentration ([Ca2+]i)
were produced by focal photolysis of DMNPE-4, a caged
Ca2+ compound (Ellis-Davies, 1998). The resulting
changes in [Ca2+]i were monitored with a fluorescent
indicator dye, Oregon green BAPTA-1 (Finch and
Augustine, 1998), as shown in Figure 8A. In contrast to
the fluorescence signals associated with uncaging of
FD (Figure 1B), fluorescence signals associated with
local [Ca2+]i changes were short lived and returned to
basal levels in less than 500 ms (Figure 8B). This rapid
decay is presumably due to efficient removal of Ca2+

by buffers and pumps. The spatial profile of fluores-
cence changes within the dendrite, along the path indi-
cated by the blue line in Figure 8A, is shown in Figure 8C.
In nine experiments from eight cells, spatial variance
increased only a small amount over time (Figure 8D). For
both spiny and smooth dendrites, this time-dependent
increase in variance was linear, with a slight trend to-
ward slower increases in spiny dendrites than in smooth
dendrites. The slope of the plots in Figure 8D corre-
spond to a Do of 0.32 6 0.11 mm2/ms (95% confidence
interval of the fit) for smooth dendrites and 0.21 6 0.04
mm2/ms for spiny dendrites. The small reduction in diffu-
sion coefficient measured in spiny dendrites is consis-
tent with recent observations of Ca2+ diffusion in cul-
tured hippocampal cells (Korkotian and Segal, 2006).
Because these diffusion coefficients are too fast for
buffered Ca2+ diffusion (0.065 mm2/ms, Allbritton et al.,
1992), they are likely to reflect movement of the indicator
dye (Neher and Augustine, 1992) and are in good agree-
ment with the diffusion coefficient of 0.2 mm2/ms for cal-
cium dyes (Michailova et al., 2002). Logarithmic plots of
variance/t over time indicate a lack of anomalous diffu-
sion, with dw approaching 2 (Figure 8E). These results in-
dicate that diffusion of Ca2+ is very limited—presumably
due to the robust Ca2+ removal mechanisms of PCs
(Fierro et al., 1998; Maeda et al., 1999; Schmidt et al.,
2003; Sepulveda et al., 2004)—but appears to be almost
linear for the brief time that the signal lasts. Assuming
a diffusion coefficient for Ca2+ of 0.065 mm2/ms (Allbrit-
ton et al., 1992), a decay time constant of 120 ms would
prevent Ca2+ from spreading more than 5 mm from the
site of release. This means that Ca2+ will diffuse only
a few microns before being bound or removed, thereby
limiting trapping of Ca2+ by spines.
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We next considered movement of IP3, a second mes-
senger that also is involved in regulation of synaptic
efficacy in PC dendrites (Khodakhah and Armstrong,
1997; Finch and Augustine, 1998; Miyata et al., 2000;
Doi et al., 2005). We uncaged IP3 focally and monitored
its diffusion indirectly, by tracking the subsequent re-
lease of Ca2+ from intracellular stores. Given the above
indications that Ca2+ diffuses very little, we expected
that any time-dependent fluorescence changes would
arise from movement of IP3 rather than Ca2+. Local
uncaging of IP3 released Ca2+ locally (Figure 9A), as pre-
viously reported (Finch and Augustine, 1998). The IP3-
induced rise in [Ca2+]i occurred after a delay of a few

Figure 8. Calcium Diffusion in Purkinje Cell Dendrites Is Normal and

Not Affected by Dendritic Structure

(A) Confocal images of a smooth dendrite and superimposed pseu-

docolor overlay of dye fluorescence at t = 0, 100 and 200 ms after

uncaging Ca2+. The blue line shows the pathway on which fluores-

cent profiles are tracked, and the d indicates the center of the un-

caging spot.

(B) Time course of fluorescence changes along the dendritic path-

way marked in (A). The 7 marks the time of photolysis.

(C) Spatial profiles of fluorescence along the dendritic pathway indi-

cated in (A), centered on the uncaging spot.

(D) The spatial variance of intracellular Ca2+ signals was linear over

time for both smooth and spiny dendrites.

(E) Logarithmic plots show normal diffusion of calcium (nine experi-

ments in eight cells).

Error bars are the SEM.
ms and reached a peak level that was sustained for
a few hundred ms before subsiding (Figure 9B). Unlike
the [Ca2+]i rise produced by uncaging Ca2+ directly,
this [Ca2+]i signal spread over time, so that the spatial
profiles measured at different times crossed over each
other (Figure 9C). This spread of the IP3-induced Ca2+

signal in spiny dendrites could be described by an
anomalous diffusion process, with a very steep slope on
logarithmic plots (Figure 9D, filled symbols). In smooth
dendrites, these signals also exhibited anomalous diffu-
sion behavior, though the slope of logarithmic plots was
much less steep (Figure 9D, open symbols). There was
a significant difference (p < 0.01, Mann-Whitney non-
parametric test) in the mean values of dw (Figure 9E)
determined for spiny dendrites (10.9 6 1.7 SEM; n = 4)
and for smooth dendrites (4.5 6 0.4; n = 6). The fact
that dw in smooth dendrites was substantially greater
than 2, in the absence of spines, suggests that diffusion
of IP3 also is affected by other factors. Prime candidates
for such factors are intracellular binding and degrada-
tion, which can cause anomalous diffusion (Saxton,
1996) and are known to occur in the case of IP3 (Pattni
and Banting, 2004). In summary, our analyses suggest
that diffusional spread of IP3 in dendrites is anomalous
and that this arises from 2 sources: IP3 metabolism
and spine trapping.

Discussion

Using a combination of optical experiments and com-
puter simulations, we have determined that dendritic
spines act as traps to produce anomalous diffusion of
molecules along dendrites of cerebellar PCs. Our results
indicate that spines influence dendritic structure in a
way that limits the spread of intracellular chemical sig-
nals. Spines trap not only the inert volume marker FD,
but also the second messenger IP3. Trapping of Ca2+

is limited, because these ions are rapidly sequestered
or otherwise removed from the PC.

We considered several alternative explanations for the
observed power-law time course of fluorescence spatial
variance in spiny dendrites. Our simulations showed
that the experimentally measured rates of FD diffusion
in PC dendrites could not be attributed to the branching
of these dendrites, their finite length, or to changes in
dendritic diameter. In addition, our experimental mea-
surements showed that FD molecules were not bleached
significantly over the time of the measurements and, in
any case, simulations established that bleaching could
not account for the observed time-dependent slowing
of Dapp. Instead, both the simulations and the experi-
ments indicated that the presence of spines causes
a fundamental change in the nature of the diffusion of
molecules along dendrites. Simulations also indicated
that this change is not simply due to an increase in the
relative volume of the spines. Instead, both simulations
and experiments point to the conclusion that dendritic
spines trap molecules, leading to anomalous diffusion
in PCs. Further work will be needed to determine whether
spine trapping occurs in other neuron types.

Anomalous diffusion is a breakdown of the laws of
mass action (Schnell and Turner, 2004). As opposed to
normal diffusion, in which the movement of molecules
is not correlated with their previous position, during
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anomalous diffusion molecules are spatially and tempo-
rally correlated (ben-Avraham and Havlin, 2005). These
spatiotemporal correlations reflect a fundamentally dif-
ferent behavior which, for example, affects spread of
molecules within membranes (Saxton and Jacobson,
1997) and the generation of biochemical reactions in
the cytoplasm (Schnell and Turner, 2004). Anomalous
diffusion also is distinct from aggregation mechanisms,
for example those involved in concentrating neurotrans-
mitter receptors at postsynaptic membranes (Poo and
Young, 1990; Triller and Choquet, 2005). Such aggrega-
tion mechanisms involve the near-permanent trapping
of molecules, while anomalous diffusion causes molec-
ular movement to be slowed but not stopped.

Figure 9. IP3 Diffusion in Purkinje Cell Dendrites Is Regulated by

Both Dendritic Spines and Cellular Degradation

(A) Confocal images of a smooth dendrite and superimposed pseu-

docolor overlays of dye fluorescence at t = 0, 500 and 1000 ms after

uncaging IP3. Blue line indicates pathway for fluorescence quantifi-

cation, and d shows the center of the uncaging spot.

(B) Time course of fluorescence changes along the dendritic path-

way marked in (A). The 7 marks the time of photolysis of caged IP3.

(C) Spatial profiles of fluorescence changes along the dendritic path-

way indicated in (A), centered on the uncaging spot.

(D) Logarithmic plots of average behavior of IP3 signals, showing

anomalous diffusion in smooth and spiny dendrites.

(E) Mean values for anomalous exponent in smooth and spiny den-

drites (bars are the SEM; ten experiments in eight cells). Asterisk in-

dicates a significant difference between the two means (p < 0.01,

Mann-Whitney nonparametric test).
Although the largest contribution to anomalous diffu-
sion in PCs is from spines, there is a small amount
observed in smooth dendrites. This low amount of
anomalous diffusion could be due to the presence of
intracellular organelles or crowding by macromolecules
(Schnell and Turner, 2004). This apparently varies among
cell types, because diffusion in smooth dendrites of
cerebellar interneurons is normal (Soler-Llavina and
Sabatini, 2006). Such differences may reflect differences
in the intracellular composition of interneurons and PCs
(Lafarga et al., 1991).

Molecules can transit from anomalous to normal diffu-
sion, with anomalous diffusion typically observed at ear-
lier times (Saxton and Jacobson, 1997; Ritchie et al.,
2003). In the case of PCs, the prevalence of anomalous
diffusion, for at least 1 s, is due to short-range correla-
tions caused by diffusible molecules being trapped in
spines. Our experimental results suggest that anoma-
lous diffusion will affect molecules with a cytoplasmic
half-life of several hundred milliseconds or longer. Bind-
ing to intracellular constituents and/or intracellular deg-
radation can further influence the value of the anoma-
lous exponent, increasing the exponent—as in the
case of IP3 and possibly any intracellular signal that is
not rapidly removed from the cytoplasm—or preventing
anomalous diffusion by avoiding spine trapping, as in
the case of Ca2+. Thus, spines and intracellular reactions
can combine to exert strong control over the movement
of physiologically important chemical signals.

Until now, characterization of diffusion has relied al-
most exclusively on measurements of diffusion coeffi-
cients (e.g., Fukatsu et al., 2004; Schmidt et al., 2005).
Diffusion coefficients typically are calculated by com-
paring the relative spread of a fluorescent molecule
over two time points (Fritzsch, 1993) or by measuring
the time constant of recovery after photobleaching (Ax-
elrod et al., 1976; Fukano et al., 2004). Our analysis indi-
cates that such apparent diffusion coefficients may not
be constant but instead can vary over time, even for
an inert molecule such as FD. Our observations of differ-
ences in diffusional behavior within two different types
of dendrites in the same cell also indicate that diffusion
coefficients can exhibit regional differences within
single cells. For these reasons, our analysis indicates
that measuring the anomalous exponent may be the
most reliable way to characterize diffusion, particularly
in spiny dendrites.

Trapping of molecules by spines can exert at least two
types of effects that could be important for dendritic
function. First, spines will have a strong influence on
how far and how fast locally produced molecules will
travel within dendrites. Over a time scale of 1 s, a mole-
cule with a Do of 2 mm2/ms (on the high end for a physio-
logically relevant molecule; Hille, 2001), would diffuse
about 60 mm. Thus, as long as molecules remain in the
cytosol, their movement could be dominated by an
anomalous diffusion process over distances as long as
entire dendrite branches. Second, anomalous diffusion
reflects an increase in the spatial and temporal correla-
tion of diffusing molecules (Schnell and Turner, 2004)
which would be expected to promote activation of bio-
chemical networks by intracellular signals trapped in
spines. Dynamic changes in spine volume, for example
as occurs during long-term synaptic plasticity (Lang
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et al., 2004; Matsuzaki et al., 2004; Zhou et al., 2004),
have been proposed to regulate synaptic efficacy by
controlling AMPA receptor levels in the spine head (Mat-
suzaki et al., 2004). Our results suggest that alterations
in spine structure could also influence spine trapping
and dendritic diffusion, thereby affecting the interaction
of signaling molecules within spines. This could contrib-
ute to ‘‘synaptic tagging,’’ the selective trapping of den-
dritic molecules by active spines that may be required
for long-term plasticity (Frey and Morris, 1997).

Many experimental studies have shown that the spine
neck can serve as a diffusion barrier to slow spread from
the spine head into the dendritic shaft, leading to the
idea that spines can serve as biochemically isolated
compartments (Svoboda et al., 1996; Majewska et al.,
2000; Nimchinsky et al., 2002; Goldberg and Yuste,
2005; Noguchi et al., 2005). Our results complement this
work by revealing a novel function for spines in PCs:
these spines can serve as diffusion traps, thereby gener-
ating anomalous diffusion of molecules along dendrites
and within spines.

Experimental Procedures

Green’s Function Monte Carlo Simulations

Simulating Diffusion

We modeled diffusion within a dendrite consisting of cylindrical

compartments. In each compartment, we implemented an algorithm

to solve the general form of the diffusion equation:

vC

vt
= DoLaplacianðCÞ (5)

where C is concentration and Do is the diffusion coefficient (Crank,

1975). For a cylinder the Laplacian has this form:

vC

vt
= Do

v2C

vr2
+

Do

r

vC

vr
+

Do

r2

v2C

vq2
+ Do

v2C

vz2
(6)

where r, q, and z are the radial, angular, and axial positions along the

main axis, respectively. Two major strategies exist to solve this

equation numerically: numerical integration and Monte Carlo (MC)

simulations. Numerical integration tracks continuous concentration

changes in all the points of the lattice (De Schutter and Smolen,

1998). MC simulations of diffusion, on the other hand, typically re-

quire tracking the movement of individual molecules that are ran-

domly walking within the volume (Stiles and Bartol, 2000).

Our experiments measuring diffusion in dendrites involved pho-

tolysis of caged compounds in dendritic compartments 1–5 mm in

length and less than 4 mm in diameter. With concentrations ranging

from 0.1–100 mM, the number of molecules released is in the order

of 107–109, making the simulation of such experiments computation-

ally demanding. The structure of dendrites also spans several spatial

scales, from dendritic spines, with volumes under 1 mm3, to dendritic

segments with diameters between 1and 8 mm (Fiala and Harris,

1999). These properties made neither method attractive for our dif-

fusion simulations.

In order to solve the diffusion equation under the complex bound-

ary conditions and spatial scales in dendritic trees, we implemented

an approach that uses a Green’s Function Monte Carlo method

(GFMC; Bormann et al., 2001). The method consists in converting

the initial condition into walkers, each of which represents a finite,

discrete number of molecules that occupy a discrete position r =

(lr, lq, lz) on a cylindrical lattice. The number of molecules per walker

and the spatial resolution of the lattice are selected as tradeoffs be-

tween accuracy and efficiency of the simulation. The setup consists

in selecting the number of molecules per walker (Mw, usually 100)

and the spatial resolution along the axis of the dendrite (dz, usually

0.05 mm). The molecules are fully defined by their diffusion coeffi-

cient in artificial intracellular solution (Dfree). We then defined den-

dritic structure (see below) and initial conditions, which depend on

the initial concentration (Im) and volume it occupies (V in mm3).
The initial number of molecules is given by

Tm = round
�
1e 2 18 � Im � V � NA

�
; (7)

where 1e218 converts from mol/m3 to mol/mm3, and NA is the Avoga-

dro number. The total number of walkers is given by

Nw = jTm=MwjR; (8)

where the j jR operator randomly rounds the number of walkers up or

down using probabilities given by the fractional part.

The algorithm treats every walker as a single unit that performs

a random walk over the lattice. The movement of each individual

walker at each time step Dt is controlled, independently for each

degree of freedom w, by a step size Dw(r), and by a binomial distribu-

tion with probabilities pw,+/2(r) that determines in which direction the

walker takes a step. The second and third term of Equation 6 suggest

a dependence of pr,+/2(r) and Dq(r) on lr, respectively. To effectively

solve the diffusion equation, two steps have to be drawn per itera-

tion. Therefore, the spatial and temporal steps are determined by

Dt = d2
Z=ð4 � DÞ;

Dr2 = D2
Z = d2

Z; (9)

Dq2ð1r > 0Þ= Dr2=I2r :

The directional probabilities for each dimension are given by

pr;+=2 =
1

2
ð1 6 1=IrÞ; (10)

pq;+=2 = pz;+=2 =
1

2
:

In the limit of Dt/0, with all other parameters scaling accordingly,

this random walk mechanism provides a good approximation to

a Wiener process, which in turn provides a fundamental solution

to the diffusion process in the absence of drift. By applying this fun-

damental solution to all walkers individually, we solve the diffusion

equation for any combination of initial conditions.

Boundary Conditions

Boundary conditions were checked and handled on even time steps.

There are three types of boundaries: walls, serial concatenations,

and spines perpendicularly attached to the surface of a cylinder.

The walls surrounding each individual compartment are treated as

reflecting surfaces:

pr;+ ðIr = 0Þ= 1;pr;2 ðIr = RÞ= 1; (11)

pz;+ ðIz = 0Þ= 1;pz;2 ðIz = LÞ= 1;

with R and L the radius and length of the compartment, respectively.

Since each cylinder has its own local coordinate system, geometric

conversions were implemented to allow the transition of walkers be-

tween serially and perpendicularly (spines) concatenated compart-

ments. The spine and dendrite have to overlap by the minimal inter-

section of the two cylinders in which the entire perimeter of the spine

is within the dendrite. A random number determines if a walker in this

overlapping region is transferred from one compartment to the other

(Bormann et al., 2001).

Implementation

The algorithm was implemented within GENESIS (Bower and Bee-

man, 1995). The simulations recorded the total concentration at

0.05 mm thick longitudinal sections along the axis of the dendrite, un-

less otherwise specified. We ran multiple simulations (8, 16, or 32)

with different initializations of the random number generator to in-

vestigate the variability in concentration on different structures.

The program was implemented on Linux desktops and then ported

to parallel architectures at the San Diego Super Computer Center.

Analysis of the data was done using Matlab.

Calculating Diffusion Coefficients

We assumed a one-dimensional diffusion process along the axis of

the dendrite described by

hx2i= 2Dot (12)



Neuron
646
where hx2i is the variance at each time point, Do the diffusion coeffi-

cient, and t time. The variance of the distribution was calculated in

the following way:

hx2i=
X

x

ðx 2 rmðtÞÞ2Cnðx; tÞ (13)

where rm(t) is the mean (or centroid) at each time point (Equation

13a), Cn(x,t) the spatial concentration profile, proportional to the

fluorescence, normalized to its area (Equation 13b). Before calculat-

ing the variance, each frame was background corrected, and the raw

fluorescence along the entire width of the dendrite (F(x,t)) was inte-

grated every 1 micron along the axis of the dendrite. We then con-

volved the resulting fluorescent profile with a Gaussian of 2 mm stan-

dard deviation (E(x), Equation 13c).

rm =

Ð
x

xCnðx; tÞdxÐ
x

Cnðx; tÞdx
(13a)

Cnðx; tÞ=
DGðx;tÞ
GoðxÞÐ

x
DGðx;tÞ
GoðxÞ dx

(13b)

Gðx; tÞ=
ð

t

Eðx; tÞFðx; t 2 tÞdt (13c)

The level of fluorescence before the stimulus (Go) was calculated

using at least 10 frames of the Texas red fluorescence. We then cal-

culated Dapp using Equation 14:

DappðtÞ=
hx2i2 hx2io

2t
; (14)

where hx2io is the variance of the initial condition.

The accuracy of our modeling approximation was validated by

integrating the diffusion equation for several cases, which yielded

results very similar to our numerical models (Bormann et al., 2001).

We also performed several simulations with different time steps

from 1 to 3 ms; these resulted in spatial steps of 0.01 to 0.05 mm,

but had little effect on the results. The minimum cylindrical structure

was 0.1 mm in diameter and 0.1 mm in length.

Cerebellar Slice Procedures

Sagittal slices from the cerebellar vermis were prepared from mice

12–17 days old (Finch and Augustine, 1998), following procedures

approved by the Animal Care and Use Committee of the Duke

University Medical Center. The extracellular solution was composed

of 125 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 1.3 mM MgCl, 1.25 mM

NaH2PO4, 26 mM NaHCO3, 20 mM D-glucose. The free radical scav-

enger trolox-C (0.1 mM) was added to the extracellular solution to

reduce phototoxicity.

Whole-cell patch clamp recordings were made from the somata of

PCs (Finch and Augustine, 1998). The intracellular recording solution

was composed of 130 mM potassium gluconate, 2 mM NaCl, 4 mM

Na2ATP, 0.4 mM Na-GTP, 4 mM MgCl2, 30 mM HEPES (pH 7.2), 0.5

mM EGTA. Caged FD (3 kDa molecular mass; 2–5 mM) and Texas red

dextran (10 kDa, 0.5 mM) were added to these solutions as needed.

For analysis of calcium diffusion, we reanalyzed images obtained

previously (Miyata et al., 2000). For those experiments, the patching

pipette was filled with caged calcium (DMNPE-4; Ellis-Davies, 1998)

and a high-affinity calcium indicator (Oregon green BAPTA-1,

Molecular Probes). Similarly, IP3 diffusion data were extracted from

images described in Finch and Augustine (1998), using caged IP3

(Walker et al., 1989) and the same calcium indicator. Fluorescence

images were acquired using a high-speed confocal microscope

(Noran Odyssey) at 120 frames per second. Caged compounds

were photolyzed by brief flashes (3–5 ms duration) from a shuttered

UV laser (Coherent Innova 305), as described in Wang and Augustine

(1995). The total amount of UV energy was 3–10 mJ. Images were

analyzed with routines written in Matlab. All pseudocolor images

were thresholded at 20% DF/Fo, which was approximately twice

the background noise level.

Supplemental Data

The Supplemental Data for this article can be found online at http://

www.neuron.org.cgi/content/full/52/4/635/DC1/.
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