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Microdomains of High Calcium Concentration
in a Presynaptic Terminal

R. Llinas,* M. Sugimori, R. B. Silver

Increases in intracellular calcium concentration are required for the release of neurotrans-
mitter from presynaptic terminals in all neurons. However, the mechanism by which calcium
exerts its effect is not known. A low-sensitivity calcium-dependent photoprotein (n-ae-
quorin-J) was injected into the presynaptic terminal of the giant squid synapse to selectively
detect high calcium concentration microdomains. During transmitter release, light emission
occurred at specific points or quantum emission domains that remained in the same place
during protracted stimulation. Intracellular calcium concentration microdomains on the
order of 200 to 300 micromolar occur against the cytoplasmic surface of the plasmalemma
during transmitter secretion, supporting the view that the synaptic vesicular fusion re-
sponsible for transmitter release is triggered by the activation of a low-affinity calcium-

binding site at the active zone.

The role of intracellular free calcium as a
trigger for initiating presynaptic transmitter
release in chemical synapses was proposed
as the “calcium hypothesis” several decades
ago (I). The mechanism for this Ca?*-
dependent transmitter release remains un-
resolved, partly because the concentration
of Ca?* and the distribution of Ca?™ con-
centration within presynaptic terminals
during transmission are unknown.
Presynaptic voltage-clamp studies in the
giant squid synapse demonstrated a vety
short (200 us) latency between Ca’?™ entry
and postsynaptic response, suggesting that
Ca’?* channels are located at the site of
vesicle accumulation and neurotransmitter
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release (2). Moreover, direct measurement
of presynaptic Ca** currents suggested that
intracellular free Ca’' concentrations
([Ca%*].) near the Ca** channels could be
on the order of several hundred micromolar
(3). Computer models based on these data
suggested that the [CaZ*], falls off steeply
away from the cytoplasmic mouth of the
Ca?* channels (4~7). These small domes of
increased [Ca?*], are called microdomains.
Each Ca?* channel opening is thought to
produce a rapid (microseconds) increase in
[Ca?*],, which rapidly returns to its pre-
opening value when the channel closes (6).
Neurotransmitter release would thus be
triggered by a large transient increase in
[Ca®*], adjacent to the synaptic vesicles.
We have now tested directly the exis-
tence of such [Ca?*], microdomains by
using aequorin (a protein that emits light in
the presence of free Ca?™) (8, 9) injected in
the presynaptic terminal of the giant squid
synapse (10). In the presence of aequorin,
transient increases in [Ca’*], appear as
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flashes of light localized in time and space.

We designed special methodology to
identify, image, and characterize these
flashes of light. Fluorescent n-aequorin-J
(minimum Ca?* sensitivity of 107 M) was
injected into the presynaptic terminal (Fig.
1A) (11),-and its distribution in the termi-
nal was continually monitored by epifluo-
rescence microscopy (12). Once the termi-
nal was fully loaded with n-aequorin-J (Fig.
1B), the presynaptic fiber was continuously
stimulated at 10 Hz (13), and a well-
defined, stable set of quantum emission
domains (QEDs) appeared as white spots
(Fig. 1C) (14). The superposition of the
fluorescent images of the terminal digit
(Fig. 1B) and the QEDs (Fig. 1C) revealed
that the distribution of QEDs coincided
with the presynaptic terminal (Fig. 1D).
QEDs were particularly evident at the cen-
ter of the digit, where most synaptic con-
tacts occur.

We also determined the distribution and
number of QEDs in an unstimulated presyn-
aptic terminal at high magnification (Fig.
1F). When QEDs were integrated for 30 s
during tetanic stimulation (Fig. 1G), they
were found to be organized in regions re-
sembling semicircles or line segments and
were approximately equally spaced over the
presynaptic digit (Fig. 1, C and G).

Each QED fell within a contiguous rec-
tilinear juxtaposition of approximately 16
pixels (0.25 wm by 0.25 wm per pixel). The
size distribution of the QEDs was deter-
mined after measuring more than 15,000
such events for both long-term image inte-
grations (1,500 to 5,000 video frames);
serially repeated shorter integrations [600 to
1,200 national television standard code
(NTSC) video frames]; and sets of single
video frames. QEDs fluctuated in size from
0.25 to 0.6 wm? (Fig. 2), with a mean of
0.313 um? (range, ~0.25 wm? to ~0.375
pm?). QED patterns such as those shown in
Figs. 1 and 2 (areas 0.375 to 0.625 pwm?)
represent individual QEDs occurring at
nearly identical frame locations, with a
small overlap. On average, these sites oc-
cupied 8.4% of the presynaptic-postsynap-
tic membrane contact area, which is close
to the 5 to 10% determined by ultrastruc-
tural studies (15). The number of QEDs in
a 70 wm by 40 pm contact area (15) was
about 4500 (based on actual counting of
QEDs in the contact area), quite close to
the 4400 calculated for the number of
active zones (range 3580 to 5400) from
measurements and analysis of transmission
electron micrographs (16).

The [Ca?*), reached during presynaptic
activation (200 to 300 pM) was determined
by sampling the number of QEDs over
consecutive 10-, 15-, or 30-s periods. Many
loci repeated periods of photon emission
within consecutive sampling periods, as
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Fig. 1. (A) Diagram of the giant squid synapse
showing the spatial organization of the presyn-
aptic and the postsynaptic elements. The
square (arrow) denotes the location of the syn-
aptic junction shown in (B). (B) Fluorescence
image of a presynaptic digit injected with a
fluorescent preparation of n-aequorin-J. (C)
Video image of photons emitted from QEDs.
Image represents the accumulated light emis-
sion from n-aequorin-J elicited by Ca2* entry
during tetanic stimulation (10 s, 10 Hz). (D)
Superposition of the images in (B) and (C). (E)
The number of light emissions generated by
e-aequorin (@) and n-aequorin-J (&) (600 to
650 over a period of 3 s) corresponds to a
[Ca2*], near 104 M, about two orders of mag-
nitude less sensitive than the e-aequorin re-
sponse (stippled bar) (8, 9). (F) QEDs in an
unstimulated terminal (30 s, 10 mM extracellu-
lar Ca?+). (G) QEDs in the same terminal as in
(F) during tetanic stimulation (10 s, 10 Hz).

07025 03127 0.375 04375 05 05625 0.625

QED size (um?)

Flg. 2. Distribution of QED size (n = 2500).

shown in Fig. 3, A and B, for two consec-
utive 15-s periods, indicating that Ca?*
entry tended to be organized temporally and
spatially. QEDs detected during the first
15-s period (Fig. 3A, red) and those detect-
ed during the second 15-s period (Fig. 3A,
blue) are shown as yellow spots in Fig. 3B.
When the second period is compared to the
first period, there is an area correspondence
of ~95%; when the order for comparison
was reversed, the correspondence was 87%.
Subsequent sequential 15-s periods, having
correspondences between 93 and 98.81%,
indicate that within such time most of the
sites of Ca’* entry to the terminal are
activated.

Prolonged integrations (1200 to 5000
video frames) were performed during stim-
ulation to determine the percentage of the
total presynaptic terminal area containing
QED:s. Figure 4 corresponds to the terminal
bulb of a presynaptic fiber before (Fig. 4A)
and during (Fig. 4B) stimulation (as in Fig.
1A). The average clearly describes areas of
high probability of light emission and the
pronounced differences between the pre-
stimulation and stimulatory conditions. Be-
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Fig. 3. (A) The center portion of two QED images obtained during consecutive 15-s recording
intervals from the same area of terminal; the left panel (red) shows the first interval after stimulation;
the right panel (blue) shows the subsequent 15-s period (blue). (B) The superposition (>93%) of the
QEDs from consecutive 15-s recording intervals in (A) (red and blue) appears yellow.

Fig. 4. Three-dimensional projection after image integration (4800 frames, 30-Hz sampling rate) of
the QED image in a terminal bulb of a presynaptic fiber (A) before stimulation and (B) during
stimulation, illustrating the steepness of the Ca2* microdomain profiles. Image intensities were
segmented into an 8-bit range, with the maximum intensity corresponding to the video intensity level
of 255 (white) and the lowest to a level of 0 (black), with intermediate levels ranging from high (red)
through intermediate (yellow and green) to low (blue) probabilities that a particular microdomain
would be active.

cause of the long integration times used,
fused rather than discrete QEDs were ob-
served in both cases. The distribution of
[Ca?*), was not random and often formed
ringlike structures, lines, or combinations
of these. These patterns probably corre-
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spond to the “fingerprints” of clawlike
postsynaptic dendrites that contact the pre-
synaptic digit in the active zone (17).
Detailed analysis of the temporal and
spatial distribution of QEDs ‘suggests that
once a microdomain is activated, the tem-



poral repeat frequencies at which a partic-
ular microdomain is activated differ from
those of the same microdomain before stim-
ulation. Upon activation, three classes of
temporal repeat frequencies, not seen under
prestimulation conditions, appeared, the
primary temporal class having a mean delay
period between the initial activation and
subsequent activation of 1.37 s, which may
indicate temporal requirements or con-
straints upon reestablishing microdomain
activation. Under stimulation, the lifetime
of a QED averaged 200 ms, clearly a high
value that is likely attributable to the pho-
ton efficiency and lag characteristics of the
camera and light-intensity losses through
the optical system. Under most conditions,
QEDs that occurred as singlets or doublets
did not occur at high frequency at any
particular microdomain. Analysis of the
activation dynamics of individual micro-
domains suggested a quasi-sequential acti-
vation, that is, a low probability of imme-
diate reactivation. One possible mechanism
for this refractory period may be related to
the high [Ca?*], at the active zone or to the
low number of readily releasible vesicles. In
fact, high [Ca?*]; depresses Ca’* channel
activity by blocking the channel and in-
creasing its inactivation (18). Also, it is
well documented that an average of one
vesicle is normally released per active zone
(15, 19, 20). In fact, in squid, the quantum
content is 5000, close to the value of 4500
measured here; thus, there must be an
average of one vesicle per active zone. The
presence of such “lateral inhibition,” by
activation of a certain number of channels
in an active zone patch (average measured
area, 0.313 pum?), would temporarily de-
press local channel activity. If this were so,
a special kinetics would operate, in which
the probability of release is related to the
previous activity in any given active zone
(21). This prospect adds an interesting new
variable to incorporate into models of trans-
mitter release.

The distribution of Ca?* microdomains
suggests that these sites are active zones

where increased [Ca®*], triggers neurotrans-
mitter release by binding to a low-affinity
Ca’*-binding site at the presynaptic vesi-
cles and activating the release process.
Such a mechanism would safeguard the
synapse from large amounts of spontaneous
transmitter release because probably more
than one Ca’* channel must be activated
per active zone to trigger exocytosis (6).
Also, there would be enough time to re-
place the expended vesicles (6). The short
delay between Ca’* entry and transmitter
release suggests that only vesicles near the
QEDs would be released by a given action
potential (2). The fact that [Ca®*], attains
such high concentrations at release sites
must be taken into account in the study of
the mechanisms of membrane fusion.
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