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The extent to which inositol 1,4,5-trisphosphate (InsP3)-induced calcium signals are 
localized is a critical parameter for understanding the mechanism of effector activation. 
The spatial characteristics of InsP3-mediated calcium signals were determined by tar- 
geting a dextran-based calcium indicator to intracellular membranes through the in situ 
addition of a geranylgeranyl lipid group. Elementary calcium-release events observed 
with this indicator typically lasted less than 33 milliseconds, had diameters less than 2 
micrometers, and were uncoupled from each other by the calcium buffer EGTA. Cellwide 
calcium transients are likely to result from synchronized triggering of such local release 
events, suggesting that calcium-dependent effector proteins could be selectively acti- 
vated by localization near sites of local calcium release. 

Inositol 1,4,5-trisphosphate-induced in- 
creases in cytosolic CaZ+ concentration are 
essential for a large number of receptor- 
initiated signaling pathways in nearly all 
cell types (1 ). Although InsP3-mediated 
Ca2+ transients are often largely uniform 
across the cytosol, it has been proposed that 
they result from the synchronized triggering 
of highly localized Caz+-release events (2), 
much like those of ryanodine receptor 
channels (3). Such localized events could 
target specific Ca2+-sensitive proteins, thus 
increasing the precision by which Imp3-me- 
diated signal transduction activates down- 
stream targets. 

Resolving the spatial aspects of CaZ+ 
signaling is problematic when the Ca2+ 
indicator itself is readily diffusable, and 
could be more accurately resolved with an 
immobilized CaZ+ indicator. To design such 
an indicator, we relied on the endogenous 
posttranslational protein-modification ma- 
chinery to add a geranylgeranyl lipid group 
to a peptide containing a COOH-terminal 
CAAX sequence. This CAAX peptide was 
coupled to dextran-calcium green with a 
homobifunctional amine cross-linker (4). 
The resulting indicator (CAAX green) was 
soluble and uniformly distributed in the 
cytosol immediately after electroporation 
into rat basophilic leukemia (RBL) cells (5) 
and was then ~rocessed bv addition of a 
geranylgeranyl lipid group within 3 hours 
(Fig. 1) (6). This processing led to the 
nonspecific localization of CAAX green to 
internal membranes. as indicated bv its lo- 
calization to the plasma membrane, nuclear 
membrane, and various reticular structures 
in the cytosol (Fig. 1). 

The time course of membrane attach- 
ment of CAAX green was more accurately 

(i) The diffusion coefficient, as determined 
by photobleaching experiments (7), was 
6.55 + 1.1 p.mz/s (n = 9) immediately after 
electroporation and decreased to 0.64 + 
0.11 ymz/s (n = 4) at 1 hour. (ii) Maximal 
retention of CAAX green fluorescence in 
digitonin-permeabilized cells was reached 
within 45 min (95 + 12%, n = 5) (8). 
These results suggest that CAAX green is 
lipid-modified in less than 1 hour after in- 
troduction into the cytosol, resulting in 
membrane attachment and immobilization. 

A rapid increase in cytosolic CaZ+ con- 
centration (<66 ms) (Fig. 2A) was trig- 
gered when a saturating amount of InsP3 
was uniformly released throughout the cell 
by ultraviolet (UV)-mediated photorelease 
of caged InsP3 (9). Subtracted images were 
used to determine the spatial aspects of this 
rapid increase (Fig. 2B) (10). In response to 

a maximal dose, InsP3-mediated CaZ+ re- 
lease was largely uniform across the cell, 
similar to the spatial characteristics ob- 
served for rece~tor-mediated CaZ+ tran- 
sients observed in these and other cells (1, 
11). Similar results were observed in 10 
cells analyzed. 

Local Caz+-release events have been ob- 
served in Xenopus leavis oocytes and pancre- 
atic acinar cells in response to minimal 
increases in InsP, concentration (1 2). 
These events have thus far been observed 
only in specialized regions of cells and may 
result from nonuniform distributions of 
InsP, receptors or a locally increased sensi- 
tivity to InsP, (13). Nevertheless, it has 
been proposed that receptor-mediated CaZ+ 
transients in all cell types are the result of 
rapid coupling of individual, all-or-none 
Caz+-release units (2). The coupling be- 
tween such local release units would be 
mediated by CaZ+ diffusion and triggered by 
CaZ+ activation of InsP3-dependent CaZ+ 
release (14). We reasoned that if such ele- 
mentary Ca2+-release units were the build- 
ing blocks of cellwide CaZ+ transients, in- 
dividual units could be resolved by blocking 
the Caz+-mediated synchronization with 
the slow CaZ+ buffer EGTA. 

In the presence of 0.5 to 1 mM intracel- 
lular EGTA, the rise time of the global 
CaZ+ increase induced by a saturating dose 
of Imp3 was 15 times longer than in the 
absence of EGTA (Fig. 2C). This suggests 
that CaZ+ diffusion is reauired to eenerate - 
the rapid, global release event observed in 
Fig. 2, A and B. Strikingly, underlying this 
slowed release were rapid, localized, and 
stochastic release events that often changed 

determined by two additional approaches: o hours 3 hours 6 hours 

Fig. 1. Localization of CAAX green to internal membranes in RBL cells. Differential interference contrast 
Department of Cell Biology, Duke University Medical (DIC) and confocal fluorescence images with fluorescein optics are shown for cells at 0, 3, and 6 hours 
Center, Durham, NC 27710, USA. after electroporation (7). Bar, 10 )~m for all images. The dissociation constant (K,) of membrane-bound 
*To whom correspondence should be addressed. CAAX green is 650 nM (4). 
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location in subsequent frames (Fig. 2D). 
Similar results were observed in six cells 
analyzed. Under these conditions the basal 
Ca2+ concentration was the same with 
EGTA [51 2 12 nM (n = lo)] and without 
EGTA [5 1 + 17 nM (n = lo)]. These 
images reveal the existence of elementary 
Ca2+-release units and suggest that these 
units were resolved only because EGTA 
reduced the probability of triggering indi- 
vidual release events. Lower EGTA con- 
centrations (100 to 250 p,M) were not suf- 
ficient to uncouple these elementary Ca2+- 
release units. One can therefore calculate 
that the time required for coupling of re- 
lease events is - 1 ms (1 5). 

It is difficult to determine the exact di- 

mensions of individual release events at the 
resolution of light microscopy. We deter- 
mined an upper limit to the size of localized 
Ca2+-release events by marking locations 
with a 6% or higher increase in intensity 
(Fig. 3A). The size distribution of these areas 
was represented as a histogram, with the 
number of events dotted as a function of the 
maximal diametei of the area (Fig. 3B). 
Ca2+-release events with diameters from 0 to 
2 p,m were most frequently observed. A plot 
of the local frequency of Ca2+-release events 
showed that they are triggered in all regions 
of the cytosol, with slightly higher frequen- 
cies in the perinuclear and plasma mem- 
brane regions (1 6). Comparison of the dis- 
tribution of release events with the distribu- 

tion of indicator showed no correlation, in- 
dicating that the localization of release 
events was not an artifact resulting from 
uneven indicator distribution. 

We analyzed the time course of Ca2+- 
release events by comparing the Ca2+- 
release kinetics measured from the whole 
cell to that measured at several 1-p,m2 box- 
es in various regions of the cell (Fig. 3C). 
This comparison showed that different re- 
gions of the cell experience different release 
kinetics. The local transient can coincide 
with, lag behind, or precede the global in- 
crease, and rapid local increases were often 
observed. The duration of these shorter 
events was typically less than 100 ms, with 
many events below the resolution limit of 
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Fig. 2. Increase in Ca2+ concentration after UV laser-triggered photore- 
lease of saturating amounts of InsP, in the absence and presence of EGTA. 
(A) The change in average relative fluorescence intensity of CAAX green 
in an individual cell as a function of time. Images were recorded every 33 
ms and corrected for background fluorescence before the average fluo- 
rescence intensity was determined. The arrow indicates a 20-ms UV-laser 
pulse illuminating the entire cell. The peak free Ca2+ concentration was 
estimated to be 400 nM with the in situ K, calibration of the indicator (4). (B) 
Subtracted images show a near uniform increase in local Ca2+ con- 

+264 rns +297 rns +330 rns 

centration. A 10% increase in CAAX green fluorescence corresponds to a 
-50 nM increase in the free Ca2+ concentration (4). Consecutive images 
were recorded at the times indicated (relative to the UV pulse). Decreases 
in Ca2+ concentration are shown in black. (C) Same intensity trace as 
in (A) but measured in the presence of EGTA. An estimated intracellular 
concentration of 0.5 to 1 mM EGTA was introduced by addition of 20 mM 
extracellular EGTA during the electroporation of caged InsP,. (D) Sub- 
tracted images in the presence of EGTA show localized Ca2+-release 
events. 
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33 ms. Therefore, although the global in- 
crease in Ca2+ elicited by InsP, is slowed in 
the presence of EGTA, the localized Ca2-- 
release events remained rapid. The effect of 
EGTA appears to be to prevent synchronl- 
lation by lowering the probability of trig- 
gering local Ca2+ -release events. 

The noise contribution to the observed 
local increases in fluorescence intensitv was 
deterinined by histogram analysis of the 
amplit~~de of fluorescence intensity fluctua- 
tions (Fig. 3D). No significant difference 
was observed between the fluctuations at 
basal Ca2+ concentration itou vanel) and . L L  

those of cells with thapsigargin-depleted 
Ca2- stores (middle panel), suggesting that 
the small basal fluctuations are not suonta- 
neous release events. In contrast, the aver- 
age local intensity fluctuations increased bv 

made from the local change in fluorescence 
intensity. At least 30 pA of current is re- 
quired to generate a 10% increase in 
CAAX green fluorescence, assuming that a 
release volume of 1 p,1n3 contains more 
than 50 p,M of Ca2- buffer. This is similar 
to the current responsible for Ca2+ "puffs" 
in Xenopus oocytes (10 to 20 pA) (12). The 
conductance of InsP,-rece~tor channels in- , L 

corporated into lipid bilayers is -2 pA (14), 
suggesting that the observed localized 
events are likely to result from the simulta- 
neous opening of several InsP3-gated Ca2- 
channels. 

Our study shows that InsP,-induced 
Ca2+ transients are likely the result of syn- 
chronized triggering of elementary Ca2+- 
release units. Because the amplitudes of lo- 
calized release events were similar at in- 

260% after an ikrease in InsP, concentray creasing Ca2- concentrations, it is likely 
tion, demonstrating that the observed that Ca2- does not control the size of Ca2+ - 
Ca2+-release events are significantly above release events but instead regulates the sto- 
the photon noise (bottom panel). chastic probability at which elementary 

An estimate of the Ca2- current respon- Ca2--release units are triggered. The exis- 
sible for individual release events can be tence of localized all-or-none Ca2+-release 
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Fig. 3. Analyss of elementary Ca2+-release units. Subtracted images the same as those shown in Fig. 
2D were used to analyze the spatial distribution of local Ca"-release events, (A) A threshold of 6% AFIF 
was mposed on the subtracted image, and the resutng binary image shows areas of the cell above this 
threshold n wh~te and areas below in black. (B) Histogram of the number of release events as afunction 
of the size of elementary release units (largest dameter). A series of 20 consecutive Images during the 
risng phase (Fig. 3) were processed as in (A) and analyzed with Image-1 object analyss. (C) The trne 
course of fluorescence increases from several regons of the cell analyzed n two ways. (Top) Relatve 
local fluorescence increase; (bottom) subtractive plot showng the ncrease in fluorescence reatve to 
the prevous frame. The global ncrease across the cell is shown in the top left panel and is also plotted 
in each of the local release traces (solid line). (D) Comparison of the fluctuations in local fluorescence 
intensty n unstmuated cells (top), after addition of thapsgargn (middle), and after uncaging of nsP, 
(bottom). Local fluctuations were plotted by counting the number of times a given change n local 
fluorescence intensity was measured (in every 33 ms, at different 1 -l*m2 areas). Gaussian fits to each 
histogram are shown as solid nes .  

events suggests that Ca2+-dependent en- 
zvmes can be selectivelv activated bv their 
localization with, or translocation td, such 
local sites of Ca2- release. 
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Shared Motor Error for Multiple Eye Movements 
R. J. Krauzlis,* M. A. Basso, R. H. Wurtz 

Most natural actions are accomplished with a seamless combination of individual move- 
ments. Such coordination poses a problem: How does the motor system orchestrate 
multiple movements to produce a single goal-directed action? The results from current 
experiments suggest one possible solution. Oculomotor neurons in the superior col- 
liculus of a primate responded to mismatches between eye and target positions, even 
when the animal made two different types of eye movements. This neuronal activity 
therefore does not appear to convey a command for a specific type of eye movement 
but instead encodes an error signal that could be used by multiple movements. The use 
of shared inputs is one possible strategy for ensuring that different movements share a 
common goal. 

Distinct sensory and motor functions are 
localized in different regions of the brain. In 
the visual system, for example, attributes 
such as form and motion may be processed 
in largely separate areas ( 1  ). However, it is 
not known how the results of such special- 
ized processing are combined to produce a 
single coherent percept, an issue that is 
often referred to as the "binding ~roblem" 
(2). A similar question applies to motor 
systems, because most actions, despite their 
unitary appearance, are composed of multi- 
ple movements, each controlled by different 
brain regions. For example, when we visu- 
ally search the contents of a room, we use a 
combination of saccadic and pursuit eye 
movements, interspersed with periods of 
fixation. The individual movements are 
quite distinct: Saccades are brief high-ve- 
locity movements that interrupt fixation 
and abruptly reorient the eyes toward ec- 
centric visual targets, whereas pursuit is a 
continuous slow movement that smoothly 
rotates the eyes to maintain alignment with 
moving targets. These movements are also 
mediated by largely distinct neuroanatomi- 
cal pathways (3). The anatomical pathways 
underlying saccades and fixation include 
such cortical regions as the lateral intra- 
parietal sulcus and the frontal eye fields and 
such subcortical regions as the superior col- 
liculus and brainstem reticular formation. 
In contrast, the pathways underlying pursuit 

Laboratory of Sensorimotor Research, National Eye Insti- 
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include such cortical regions as the middle 
temporal area and medial superior temporal 
sulcus and such subcortical regions as the 
basilar pons and cerebellum. What enables 
these different oculomotor subsystems to 
interact harmoniously, despite this modular 
design? One possibility is that they overlap 
at early stages of movement preparation. 
For example, the visual capture of a single 
target with different types of eye move- 
ments would be facilitated if they shared a 
mechanism for target selection. Indeed, re- 

cent behavioral experiments have suggested 
that there are common inputs for triggering 
the onset of saccades and pursuit (4). The 
data from our Dresent studv ~rovide  evi- , . 
dence for overlap in the underlying neural 
~athwavs. 

Our experiments focused on the superior 
colliculus (SC) of wimates, a laminated mid- . . . 
brain structure known to'be important for 
the generation of saccadic eye movements 
(5). The superficial layers of the SC contain 
visually responsive neurons that form a reti- 
notopic map of visual space, whereas the 
deeper layers contain saccade-related neu- 
rons that form a corresponding motor map. 
In most of this motor map, neurons in the 
intermediate and deep layers increase their 
firing rate before, or burst during, saccades of 
a   articular direction and amplitude. How- 
ever, in the portion of the map correspond- 
ing to the fovea, located at the rostral end of 
the SC, neurons are tonically active during 
periods of steady fixation and decrease their 
firing rate for most saccades. Accordingly, 
these neurons have been referred to as "fix- 
ation cells" in the cat ( 6 )  and monkev (7) 
and are believed to be kportant for deter: 
mining when saccades are initiated. We now 
show that these neurons report mismatches 
between eye and target positions as do neu- 
rons elsewhere in the SC motor map. Fur- 
thermore, they are also modulated by the 
small mismatches that occur during pursuit 
eye movements. Together, these two results 
suggest that SC neurons might encode a 
more general form of motor error rather than 
commands for specific movements. 

We first show that neurons in the rostral 

Fig. 1. Tuning of neurons in the rostral SC for ................... 
small mismatches between eye and target posi- 
tions. (A) Modulation in the firing rate (FR) of neu- 
ron 1 recorded after small ipsiversive (ipsi) and 
contraversive (contra) steps of a target presented 
on a homogeneous background. Square symbols 
plot the average firing rate from 12 trials over an 
interval beginning 100 ms after the step and last- 
ing either 100 ms or until 8 ms before any correc- a 
tive saccade. Error bars indicate ?1 SD. Dotted kz 
line indicates the percentage of trials in which .#% 
each amplitude of the target step elicited a sac- =* 0'5 

cade. Saccades were detected as any eye move- 6g 1 ..- -- - .. . -. . ment exceeding 5"/s and 800°/s2; these criteria 
identified saccades as small as 0.05". Dashed line O O ~ . ~ , ~ ~ ~ ~  

indicates the average firing rate with no target 
steps. (B) Modulation of four rostral SC neurons - 
(numbers 1 through 4) after small steps; all were 3 No visible target 0 

recorded from the right SC of one monkey. The Y 

data have been normalized so that the peak of 
each curve equals 1. (C) Firing rate of neuron 1 
recorded as the monkey maintained fixation after 
the visual stimulus was extinguished. Circles indi- -5 -4 -3 -2 -1 o I 2 3 4 5 
cate the average firing rate during each of 18 sac- lpsi Motor error (degrees) Contra 

cade-free intervals lasting 73 to 230 ms and are 
plotted as a function of the average motor error during each interval. Dashed line indicates the average 
firing rate across all intervals. The superimposed gray curve shows the discharge of the same neuron 
when the stimulus was still present, as in (A). 
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