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Inositol 1,4,5-Trisphosphate and Ryanodine Receptor Distributions
and Patterns of Acetylcholine- and Caffeine-Induced Calcium
Release in Cultured Mouse Hippocampal Neurons

Kathryn J. Seymour-Laurent and Michael E. Barish

Division of Neurosciences, Beckman Research Institute of the City of Hope, Duarte, California 91010

The distributions of inositol 1,4,5-trisphosphate and ry-
anodine receptors (InsP,R and RyR) and the patterns of
increase in intracellular calcium ion concentration
([Ca2+],) elicited by their activation were compared in cul-
tured hippocampal neurons. InsP,R and RyR were labeled
using specific antibodies and formed small aggregations
in the somata and dendrites of pyramidally shaped neu-
rons. Both receptors were densest in somata. In dendrites
the InsP,R and RyR were not distributed homogeneously;
InsP,R was found in all regions, while RyR was least
dense in fine processes. Increases in [Ca?t], elicited by
acetyicholine (to activate InsP, receptors via muscarinic
receptors) and caffeine (to stimulate ryanodine receptors)
were measured in dendrites using Ca?*-sensitive fluores-
cent dyes and confocal microscopy. Ca?* responses to
acetylcholine were transient and observed in proximal
and distal dendritic regions. In contrast, caffeine-induced
responses were sustained and restricted to proximal den-
drites. Thus the patterns of calcium release in fine den-
drites mirrored the distributions of InsP,R and RyR.
Calcium responses to both acetylcholine and caffeine
were observed in the absence of external calcium and
thus were dependent on Ca?* release. Ca?* responses
showed localized fluctuations and variations in response
delay times. Sequential activation of InsP;R and RyR in
somata resulted in mutual occlusion of Ca?* release. The
existence of InsP,-gated and Ca?*-induced Ca?* release as
spatially distinct, but mutually interacting, mechanisms
may be important in the generation of oscillations and
propagating Ca?* waves in somata and dendrites of hip-
pocampal neurons.

[Key words: antibody, RyR, InsP,R, Calcium Green-1,
Fura-2, calcium, confocal microscopy, video microscopy,
intracellular Ca?+ regulation]

Tonic calcium (Ca?*) plays a central role in many neuronal
processes including electrogenesis, synaptic transmission and
plasticity, embryonic growth and differentiation, and activity-
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dependent gene expression (Kennedy, 1989). To function nor-
mally, neurons must coordinate the activation of Ca**-depen-
dent pathways while avoiding interference between Ca’*
signals. It might be expected, therefore, that neurons spatially
and temporally compartmentalize the Ca?* moving between the
surface membrane, internal stores, and intracellular targets. Lit-
tle is known about how this may occur.

The spatial and temporal distribution of [Ca®*], increase after
excitation will depend on many factors including the location
and density of ion channels and neurotransmitter receptors, the
distribution and avidity of Ca?*-binding proteins, and the ar-
rangement of internal membrane-limited Ca?* stores bearing
sequestration pumps and release channels (Blaustein, 1988;
Tsien and Tsien, 1990; Miller, 1991; Henzi and MacDermott,
1992). Hippocampal neurons exhibit at least two pharmacolog-
ically and molecularly defined mechanisms by which Ca** may
be released from intracellular compartments: activation of ino-
sitol 1,4,5-trisphosphate receptors (Berridge and Taylor, 1988)
and activation of ryanodine receptors (Thayer et al., 1988; Bur-
goyne et al., 1989). Interactions between these two mechanisms
of Ca?* release will influence the dynamic behavior of cyto-
plasmic Ca?* signals in neurons. It is important, therefore, to
understand the distributions and densities of intracellular Ca®*
release channels in different neuronal regions and the Ca** sig-
nals resulting from their activation.

InsP, receptors (InsP;R) (Furuichi et al., 1989; Mignery et
al., 1989; Ross et al., 1989; Nakanishi et al., 1991; Volpe et
al., 1991; Takei et al., 1992; Villa et al., 1992; Sharp et al.,
1993a) and ryanodine receptors (RyR) (Ellisman et al., 1990;
Padua et al., 1991; Sah et al., 1993) are both present in the
mammalian brain. Although both receptors coexist in many
neurons, their distributions differ between cerebellar Purkinje
and hippocampal pyramidal neurons (Walton et al., 1991; Mar-
tone et al., 1993; Sharp et al., 1993b). In Purkinje cells, InsP,R
were found in spines and dendritic shafts and RyR were re-
stricted to the shafts only (Walton et al., 1991), while the re-
verse was found in hippocampal neurons (Sharp et al., 1993b).
However, the distributions of each receptor within single neu-
rons have not been intensively investigated.

InsP;R and RyR have both been localized to the endoplasmic
reticulum (ER) (Ross et al., 1989; Ellisman et al., 1990; Walton
et al., 1991; Villa et al., 1992). The highly interconnected ER
of neurons (Martone et al., 1994) appears to be responsible for
the uptake, storage, and release of intracellular calcium (Miller,
1991; Henzi and MacDermott, 1992). The different distribu-
tions of InsP;R and RyR in dendritic shafts and spines suggest
that portions of the ER may be specialized for interaction with



specific Ca?* release channels, and therefore the increases in
[Ca?*], resulting from activation of InsP,R and RyR may differ
spatially and temporally. This possibility has not been inves-
tigated in central neurons, despite physiological evidence in-
dicating compartmentalization of Ca2* signals between spines
and dendritic shafts (Guthrie et al., 1991; Miiller and Connor,
1991) and observations of spatially different patterns of Ca?*
release after stimulation of InsP;R and RyR in chromaffin cells
and dorsal root ganglion neurons (Thayer et al., 1988; Bur-
goyne et al., 1989).

We describe here nonuniform and nonoverlapping distribu-
tions of InsP,R and RyR, spatial and temporal nonhomogene-
ities in the intracellular Ca?* responses induced by their acti-
vation, and functional interactions between these two Ca?*
stores. OQur observations suggest that Ca>* release from intra-
cellular stores, and interactions between the two classes of Ca?*
release channels, may participate in shaping and partitioning
the activity-dependent cytoplasmic Ca?* signals modulating
cellular functions in hippocampal neurons.

Materials and Methods

Cultures of mouse hippocampal neurons

Timed pregnant Swiss—Webster mice were obtained from Simonsen.
Dissociated cell cultures were prepared from embryos aged 14-16 d
of development using procedures previously described (Wu and Bar-
ish, 1992). Cells were grown in chambers constructed of a 17 mm
diameter Teflon O-ring glued to a 25 mm diameter coverslip using
Sylgard 184 (Dow Corning). Coverslips were coated with 100 pg/ml
poly-D-lysine for 1 hr, rinsed with sterile water, and further coated
with 25 pl of 12.5 pg/ml laminin in Hank’s balanced salt solution
(HBSS) for 2-3 hr. Cells were plated into these chambers to give a
final density of 50 X 103 cells/cm?. An antimitotic agent, fluorodeox-
yuridine (10 M), was added to the cells after 24 hr in culture.

Neurons were used for experiments after 3—7 d in culture. They
were identified as pyramidal based on the presence of a triangular
perikaryon with a prominent apical dendrite and shorter basilar den-
drites (Banker and Cowan 1977, 1979; Kreigstein and Dichter, 1983).
Processes were identified as dendritic based on their lengths, tapering
diameter, and branching pattern (Dotti et al., 1988). Using standard
whole-cell patch-recording techniques we have not observed forma-
tion of functional synapses in these young cultures.

Immunocytochemistry

Dissociated cell cultures were rinsed three times with phosphate-buf-
fered saline (PBS; pH 7.25) at room temperature and fixed with fresh
4% paraformaldehyde (in PBS) for 1 hr. Fixation and all subsequent
steps were performed at 36°C. After fixation the cells were rinsed with
PBS, permeabilized with 0.1% Triton X-100 in PBS for 1 hr, and
blocked by incubation in a solution of 2% BSA (Sigma ultrahigh avid-
ity BSA, A-3424) and 0.2% Triton X-100 in PBS (PBSgs.rx) for an
additional hour. Dilutions of antibodies were made in PBSgq, 1x. Af-
finity-purified goat anti-InsP,R (GT328) raised against purified rat cer-
ebellar InsP, receptor (gift from Drs. S. H. Snyder and A. H. Sharp)
and affinity-purified guinea pig anti-RyR (GP561) raised against pu-
rified rabbit brain ryanodine receptor (gift from Drs. K. P. Campbell
and P. S. McPherson) were both used at 1:50 dilution.

In experiments involving reaction with a single antibody, cultures
were incubated in primary antibody for 1 hr, then washed three times
in PBSgg,rx (10 min). The cells were then incubated for 1 hr in the
appropriate biotin-conjugated secondary antibody, either affinity-pu-
rified F(ab'), fragment goat anti-guinea pig IgG (Jackson Immuno-
research) or affinity-purified F(ab'), fragment rabbit anti-goat IgG,
both at 1:200 dilution (Chemicon). After three washes in PBSgq,1x,
cells were incubated for 1 hr in a 1:200 dilution of Cy-3-conjugated
streptavidin (Jackson Immunoresearch), washed three times, and
mounted in SlowFade (Molecular Probes). Neurons were viewed using
a Zeiss model 210 Confocal Laser Scanning Microscope (LSM) with
a Zeiss 63X planachromat objective (1.4 NA), Argon laser (488 nm)
excitation, and a 520 nm long-pass barrier filter in front of the detec-
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tor. The thickness of the optical sections was estimated to be 0.25 um
from information provided by the manufacturer (Carl Zeiss Inc.).

In double-labeling experiments, cells were fixed, washed, and in-
cubated in anti-InsP;R and anti-RyR antibody solutions (1:50; 1 hr at
36°C) as described above. The cells were then washed in PBSggamrxs
incubated in 1:100 dilution Cy-3-conjugated rabbit anti-goat IgG
(Jackson Immunoresearch; 1 hr), washed three times in PBSggqx,
incubated in 1:200 dilution goat anti—guinea pig biotinylated IgG
(Jackson Immunoresearch; 1 hr), washed, incubated in 1:200 DTAF-
conjugated streptavidin (Jackson Immunoresearch; 1 hr), washed, and
mounted in Slowfade. Neurons were viewed on the Zeiss LSM. Im-
ages using DTAF-conjugated antibodies were collected using helium—
neon laser excitation at 543 nm and an emission filter with a bandpass
at 522-535 nm. Images using Cy-3-conjugated antibodies were col-
lected using argon laser excitation at 488 nm and an emission filter
with a bandpass at 610-660 nm. We confirmed that these combina-
tions of laser excitation wavelengths and bandpass emission filters
yielded complete separation of red and green channels at the gain and
offset levels employed. We also confirmed that the 2° and 3° antibod-
ies did not give measurable nonspecific binding under the staining
conditions employed.

Images acquired on the LSM were stored as PIC files (proprietary
Zeiss format), translated to TIFF format using IMAGEFILE (R. Fetter,
Department of Molecular and Cell Biology, University of California,
Berkeley), and manipulated and analyzed using OPTIMAS (BioScan)
and PHOTOSTYLER (Aldus) software.

Measurement of intracellular Ca** concentrations

Solutions. During experiments cells were continually perfused with a
solution based on HBSS containing 137 mm NaCl, 5.4 mm KCI, 1.8
mM CaCl,, 4.2 mM NaHCO,, and 10 mm HEPES, at pH 7.25. The
perfusing solution also contained 0.3 pMm glutamate and 10 pM glycine
to activate Ca**-permeant NMDA channels and replenish the intra-
cellular Ca2* stores between drug applications (Tsai and Barish, un-
published observations). When multiple responses were required we
allowed Ca®* release mechanisms to recover for 3-5 min between
stimulations (Tsai and Barish, unpublished observations). Ca?*-free
solutions were prepared by omitting Ca?* salts; EGTA was not added.
Solutions containing acetylcholine, caffeine, or ryanodine (Calbi-
ochem) were made fresh each day. All chemicals were obtained from
Sigma unless stated otherwise.

Loading with Ca?*-sensitive dyes. Cultured cells were loaded with
Calcium green-1/AM or Fura-2/AM (both from Molecular Probes) in
a Mg?*-free HBSS-based solution containing 1.8 mm CaCl, and 25
mMm HEPES using standard techniques. Stock solutions of Calcium
green/AM or Fura-2/AM (1 mM) were prepared in dry DMSO. Each
milliliter of loading solution contained 10 pl of Calcium green/AM
or Fura-2/AM stock, 10 ul of 10% Pluronic F-127 aqueous solution,
and 20 pl of DMSO. Cells were incubated in the loading solution for
1 hr at 36°C, washed with Mg?*-free HBSS, then held for at least 2
hr at room temperature to allow cleavage of the acetoxymethyl (AM)
ester to occur.

Measurement of [Ca®*], using the Zeiss LSM. All images of den-
drites were acquired with the Zeiss LSM. Cells were loaded with Cal-
cium green as described above. Cells in their coverslip chambers were
mounted on the microscope stage and were continually perfused with
Mg?*-free Ca>*-containing HBSS-based solution. Transmitters and
drugs were applied to the cell region being imaged using a puffer
pipette with a tip diameter of about 20 pwm placed approximately 50
pm from the cell. Dendrites selected for study originated from pyra-
midally shaped neurons and were not growing on astroglial cells. This
eliminated any contribution of glial responses to the neuronal signals
analyzed.

LSM images were collected using a Zeiss 40X achroplan water-
immersion objective (0.75 NA), argon laser (488 nm) excitation, and
a 520 nm long-pass barrier filter. We adjusted the laser illumination
intensity to give the highest possible spatial resolution consistent with
maintenance of-cell viability and absence of photodynamic damage.

Image format and data analysis. Tmages (256 X 256 pixels) span-
ning 40 X 26 pm at the image plane were collected using ZEISS IMAGE
SERIES software and stored digitally. They were translated to TIFF
format using IMAGEFILE and processed as described below using op-
TIMAS (Bioscan) image analysis software. Since Calcium Green is
used at a single excitation wavelength, changes in [Ca?*], were cal-
culated as fluorescence intensity at a given time (F) divided by fluo-
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Figure 3. InsP;R and RyR immunoreactivities have similar distributions in the soma and the apical process, but different distributions in the
dendrites. Confocal microscope images of double-labeled hippocampal neurons immunostained for InsP;R (Ai, Bi, Ci) and RyR immunoreactivity
(Aii, Bii, Cii) in soma (AL, Aif), and proximal (Bi, Bif) and distal (Ci, Cii) dendrites. InsP;R was localized using DTAF-conjugated secondary
antibody and RyR was localized using biotin-conjugated secondary antibody followed by Cy-3-conjugated streptavidin (see Materials and Methods).
The use of narrow bandpass barrier filters ensured no bleedthrough of fluorescence from one channel to the other. These gray-scale images can be
compared directly as they were collected at the same gain and offset and processed with a single pass of a 3 X 3 pixel median filter. While both
RyR and InsP;R immunoreactivity were always found in pyramidally shaped neurons, and the density of both was highest in regions of thc soma
near the emergence of a main dendrite, their distributions did not precisely overlap. In particular, the InsP,R immunoreactivity was less aggregated
than that for RyR (compare patterns of staining indicated by arrows in A), particularly in the distal dendrite (compare areas of staining near arrows

in C). Images in A-C were collected from different neurons. Scale bar: A, 12 pm; B, 10.7 pm; C, 10 pm.

rescence at rest (F;,). We compared images calculated as F/F, to im-
ages calculated as (F — F,)/F,, and concluded that the former
procedure yielded the least noisy data. All the images were back-
ground subtracted and F, images were constructed as the average of
four frames to minimize noise. F/F, was calculated for each frame on
a pixel-by-pixel basis, and a median filter (3 % 3 matrix) was applied
to each normalized image. To determine changes in [Ca®*], in partic-
ular regions, areas of interest were outlined and the average F/F, value
for each region (excluding black values) in each frame of a series was

calculated in OPTIMAS and exported to an ExCEL (Microsoft) spread-
sheet.

Two criteria had to be met before data were accepted. First, we
tested each cell to insure that application of the perfusion medium
alone did not increase [Ca**].. Second, we tested for cell movement
or changes in cell shape by masking, coloring, and overlaying the
original (non-normalized) images. Any changes in cell outline were
readily apparent, and if observed the cell was not considered further.

Measurement of [Ca®*], using quantitative video microscopy. All



images from somata were acquired using quantitative video micros-
copy. Cells were loaded with Fura-2/AM as described above. The cells
in their coverslip chambers were mounted on the microscope stage
and continually perfused with HBSS-based solution (see above). Test
solutions were applied using a multibarreled puffer pipette with a tip
diameter of about 500 pwm placed approximately 500 pm from the
cells being examined. One channel of the puffer pipette was always
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Figure 4. Regional differences in col-
ocalization of InsP,R and RyR immu-
noreactivities. In these combined con-
focal microscope images InsP,R
immunoreactivity is green and RyR
immunoreactivity is red. Immunostain-
ing overlap appears as yellow. Multiple
optical sections could be obtained from
all regions including the dendrite be-
cause of the thin optical sections. The
data collection and analysis for each
pair of images was performed under
identical conditions. Thus the intensity
of the fluorescence in each image will
reflect the density of Ca** release chan-
nels. We confirmed that the preparation
did not shift between collections of the
image pairs. The differences in red and
green images were random in all direc-
tions and therefore were not due to sys-
tematic chromatic aberration. A, In the
soma, high levels of InsP, and RyR im-
munoreactivity and substantial colocal-
ization were observed near the base of
the primary dendrite. Scale bar, 12 pm.
B, In the apical process InsP;R and
RyR immunoreactivities are more sep-
arate with less colocalization than in
the soma. Scale bar, 10.7 pm. C, In the
distal dendrites there is little overlap,
and RyR immunostaining is more in-
tense in the proximal regions of the
dendrite (top of C), while InsP,R im-
munoreactivity is more evenly distrib-
uted throughout the dendritic area.
Scale bar, 10 pm.

flowing; this procedure minimized fluid disturbance on changing so-
lutions, and insured rapid exchange at the cell (estimated to be 250
msec).

Measurements of [Ca?*], were made using a camera-based image
processing system (VideoProbe; ETM Systems) coupled to a Zeiss
ICM-405 inverted microscope using standard procedures (Grynkiew-
icz et al., 1985). Images were collected using an Olympus 40X UV
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APO (NA 1.4) objective and an intensified CCD camera (Hamamatsu).
Neurons were illuminated using a 75 W xenon bulb and a computer-
controlled filter changer in the excitation path (Lambda-10; Sutter In-
struments). Fluorescence emission at 510 nm (bandwidth 40 nm) was
measured using excitation at 350 and 380 nm (bandwidths 10 and 13
nm) and a dichroic mirror at 400 nm. [Ca?*], was calculated from the
ratio (R) of fluorescence emissions after background subtraction ()
(F350/F3g), according to the relation (Grynkiewicz et al., 1985)

[Ca® ], = Ky (Fisowin’ Fsoma) (R = Ry (R — R)]

The K, for Fura-2 at room temperature was taken to be 135 nMm (Gryn-
kiewicz et al., 1985) and the min and max fluorescence values were
obtained during calibration experiments with minimum and saturating
concentrations of internal calcium. Minimum [Ca?*], was measured
after incubation of cells in a Ca?"-free solution containing 10 pm
4-bromo A-23187 (Molecular Probes) and 10 mMm EGTA for 30 min.
Maximum [Ca?*], values were obtained after incubating the same cells
in a solution containing 10 wM 4-bromo A-23187 and 10 mm Ca?*.

min max

Results

The distributions of anti-InsP;R and anti-RyR
immunoreactivity

Immunostaining and confocal microscopy techniques were em-
ployed to determine (1) if InsP,R and RyR coexist in pyrami-
dally shaped hippocampal neurons, and (2) to identify their
patterns of staining and areas of potential overlap within soma
and dendritic regions. The data presented here are representa-
tive of eight and 10 neurons studied in multiple optical sections
through the soma and reacted with a single antibody against
InsP;R or RyR, respectively, 71 and 67 neurons studied in sin-
gle optical sections and reacted with either one or the other
antibody, and 37 neurons studied in single optical sections and
reacted with both antibodies. Data for the apical processes are
representative of four and three processes studied in multiple
optical sections and reacted with a single antibody against
InsP.R or RyR, respectively, 26 and 31 neurons studied in sin-
gle optical sections and reacted with either one or the other
antibody, and 17 neurons studied in single optical sections and
reacted with both antibodies. The data presented for dendrites
of thickness 1 pwm or less are representative of 19 and 24 den-
drites studied in single optical sections and reacted with either
one or the other antibody, and 12 dendrites studied in single
optical sections and reacted with both antibodies. Excessive
photodynamic bleaching precluded obtaining multiple optical
sections from doubly stained neurons.

To determine the distribution of Ca?* release channels within
the somata of neurons, the cells were immunostained for
InsP,R (Fig. 1) and RyR (Fig. 2), and a series of optical sec-
tions were collected at 2 pum intervals through the pyramidally
shaped cell bodies. InsP;R immunoreactivity was found
throughout somata (Fig. 1), but had a nonuniform distribution
that was particularly intense in regions close to the nucleus
(Fig. 1D-F). In addition, a gradient of immunoreactivity was
observed through the cell body, with the highest receptor den-
sity in the cytoplasmic region next to the glial substrate on
which the cells were growing (Fig. 1). RyR immunoreactivity
was more punctate and was concentrated in the apical region
of the neuron (Fig. 2E-G). There was no evidence that RyR
immunoreactivity was polarized relative to the glial surface.

In doubly labeled cells, the distributions of anti-InsP,R and
anti-RyR immunoreactivity were similar but not identical (Figs.
3, 4). Comparison of gray-scale images that were collected and
processed identically (Fig. 3) shows that RyR immunoreactiv-
ity is more highly aggregated than that of InsP,R (arrows in
Fig. 3). The colored images (in which RyR immunoreactivity

is red, InsP;R is green, and regions of overlap are yellow)
emphasize the close proximity of the aggregations of intense
InsP,R and RyR immunoreactivity in somata and proximal
dendrites (Fig. 4A,B). Some aggregations of InsP;R and RyR
were in close proximity, while others could be resolved inde-
pendently (Fig. 4C). RyR tended to be restricted mainly to
larger diameter dendrites, while InsP,R extended throughout
all processes (Fig. 4C). In fine processes the density of both
Ca?* release channels was lower than in other neuronal regions
(Fig. 4C). Release channel density can be estimated from these
images because the optical section thickness was identical for
all regions of the cell, and therefore each image shows fluo-
rescence from the same volume.

In summary, while InsP,R and RyR immunoreactivity was
found throughout neurons, the receptors differed in their extent
of aggregation. Further, the spatial distributions of the two Ca>*
release channels are not the same in dendrites, although they
may be in close proximity to one another in other regions.
These observations are consistent with the idea that they exist
on different sections of ER, particularly in fine dendrites.

The patterns of intracellular Ca** release

These experiments were designed to determine the spatial and
temporal distribution of changes in [Ca?*], after release of Ca?*
from intracellular stores in dendrites in response to two differ-
ent stimuli. Acetylcholine was applied externally to activate
muscarinic receptors (M1 is the dominant subtype; Levey,
1993) and stimulate production of InsP, and intracellular Ca?*
release (Berridge et al., 1983; Kudo et al., 1988). Responses
to acetylcholine were completely abolished with simultaneous
application of 2 uM atropine (data not shown). Caffeine was
used to activate ryanodine receptor channels (Murphy and Mil-
ler, 1989; Tsai and Barish, 1990, 1991, unpublished observa-
tions; Uneyama et al., 1993) underlying Ca?*-induced Ca?* re-
lease. Cyclic ADP-ribose may be an endogenous activator of
these ryanodine receptor channels (White et al., 1993; Buck et
al.,, 1994). Not all cells responded to acetylcholine, although
the proportion that did increased with culture age; after 3 d in
culture about 25% of neurons responded to acetylcholine, and
after 7 d more than 60% responded (n = more than 100 cells;
data not shown). The number of neurons that responded to
caffeine also increased with culture age, from about 20% after
3 d to at least 50% after 7 d (n = more than 100 cells; data
not shown; see also Tsai and Barish, unpublished observa-
tions). Changes in [Ca?'], in dendrites were recorded using a
confocal LSM to obtain the highest spatial resolution. Using
this image collection system, up to three separate responses
could be recorded from processes before bleaching and pho-
todynamic damage became excessive. Experiments were per-
formed with Ca?* in the external solution to allow replenish-
ment of internal stores between trials.

We assumed that intracellular concentrations of caffeine and
InsP, were elevated uniformly within the portions of neurons
examined because both acetylcholine and caffeine were applied
rapidly over the entire neuron (see Materials and Methods),
and because within the limited fields examined (40 X 26 pum)
muscarinic acetylcholine receptors appear to be distributed rel-
atively uniformly (Levey et al., 1991). Thus we have taken the
increases in [Ca?"], observed to reflect the distributions of
InsP,R and RyR. On a larger scale of the whole neuron, how-
ever, variations in muscarinic acetylcholine receptor density as



well as nonhomogeneities in the distributions of Ca?*-binding
proteins will also shape intracellular Ca?~ signals.

Data collection methods and analysis techniques for the Ca?*
responses to acetylcholine and caffeine are described in Ma-
terials and Methods. We observed that prior to stimulation nor-
malized fluorescence was maintained at a uniform level over
the image field (see images on left in Figs. 5Ai-Ci, 6A4i-Ci).
Differences in Ca?* responses after stimulation were not due
to dendrite thickness varying in the field of view, as the optical
section collected was constant and less than the diameter of
the smallest process, and data are presented as normalized to
initial fluorescence intensity. The examples presented below
are representative of 20 and 22 neurons responsive to acetyl-
choline and caffeine, respectively.

Ca?* responses to acetylcholine. Images and analyses of the
Ca?* responses in dendrites in response to stimulation by ace-
tylcholine are presented in Figure 5. The pseudocolored images
show F/F, calculated on a pixel-by-pixel basis as described in
Materials and Methods. Stimulation with acetylcholine (10 pum)
elicited transient increases in [Ca?*], with a latency of about
2.5 sec. The responses reached a peak after 5-15 sec, and re-
turned to baseline within about 25 sec even in the continued
presence of the agonist (images on right in Fig. 5Aii—-Cii). Re-
sponses occurred in fine processes (Fig. 54,B) as well as in
thicker processes more proximal to the cell body (Fig. 5C).
Within different dendrites we observed spatial and temporal
variations in [Ca®*]; responses to acetylcholine. Spatiaily, the
increase in [Ca®*], may extend throughout all processes in the
field of view (Fig. 5Ai), show localized increases in [Ca?*]; or
“hot spots” (Fig. 5Ai,Bi), or have increases restricted to only
a portion of the image field (Fig. 5Ci). Thus two regions with
a large response could be separated by a nonresponsive region
of the dendrite (red, blue, and yellow regions in Fig. 5C). Tem-
porally, some regions showed an increase in [Ca?*], with a
single peak response (Fig. 54,C), while others exhibited small
fluctuations after the peak response (for example the red region
in Fig. 5B). Response latencies of regions in the same cell also
varied (Fig. 5C). Further, some cells showed a second response
1040 sec after the first one (Figs. 5Bii, 7A). These patterns
were seen with approximately equal frequency.

Ca?* responses to caffeine. The changes in {Ca?*], in den-
drites elicited by caffeine (10 mm) showed some consistent
differences when compared with those induced with acetylcho-
line (Fig. 6). First, dendritic responses to caffeine were more
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sustained than those to acetylcholine. In the presence of caf-
feine, [Ca?*]; in dendrites usually required 2-4 min to return
to resting levels (Fig. 64,B), although a few processes showed
slight recovery, but not to resting levels, after 20-25 sec (Fig.
6C). Second, localized increases in [Ca?*],, or ‘“hot spots,”
were observed less often with caffeine than with acetylcholine
(compare Figs. 5Aii—Cii, 6Aii—Cii). Third, increases in [Ca?*];
in response to caffeine were restricted to thicker processes and
did not extend into fine (1 wm or less diameter) dendrites (im-
age on right in Fig. 6A4i,Ci). Other properties of caffeine-in-
duced release were similar to those of acetylcholine-induced
Ca?* changes, including response latency, time to peak, and
peak amplitude (compare graphs in Figs. 5-7).

There was considerable region-to-region variability in caf-
feine-induced Ca?* responses. Regions within the same field
could exhibit monotonic increases (green region in Fig. 6B),
or small fluctuations about the peak (red regions in Fig.
6Aii,Bii), show different latencies of response (Fig. 6Aii, Bii)
or times to peak (Fig. 6Bii), have different peak amplitudes
(Fig. 6Bii,Cii), or not respond at all (Fig. 6Aii, Cii). Caffeine-
induced Ca?* release could occur in some regions while adja-
cent, and generally distal, regions could fail to show a Ca?*
increase (Fig. 64,C). As with acetylcholine, these responses
were seen with approximately the same frequency.

Ca?* responses were occasionally observed to propagate
along a dendrite. In the neuron illustrated in Figure 6B, an
increase in Ca?* appeared to move from right to left along the
dendrite, as indicated by the increasing times to peak in the
red and green, and the blue and yellow regions.

Ca?* responses to acetylcholine and caffeine in the same
dendrite. Dendrites were sequentially stimulated with both caf-
feine and acetylcholine to reveal potential differences in the
patterns of Ca®* release. Processes that responded to acetyl-
choline did not always respond to caffeine and vice versa.
About 30% of cells that responded to one stimulus also re-
sponded to the other (n is greater than 40). The proportion of
cells responding to both acetylcholine and caffeine increased
with culture age, but this was not quantified. A total of 13
observations were made on dendrites responding to both ace-
tylcholine and caffeine.

Two examples of dendrites that responded to both acetyl-
choline and caffeine are presented (Figs. 5A, 64, 7). The order
in which stimuli were presented did not affect the patterns of

-

Figure 5 (top).

Acetylcholine-induced release of Ca?* in dendrites is phasic and localized. Ai, Bi, and Ci are confocal microscope images of Ca**

release in three different representative neurons. The images shown are F/F, (see Image format and data analysis in Materials and Methods) where
[Ca?*]; is indicated by color; warmer colors represent higher [Ca?*];, as shown in the color bar. Acetylcholine (10 uM) was applied using a puffer
pipette. The proximal dendrite is toward the fop of the image in this and the following figures. The first image in each pair shows the dendrite at
rest and the second shows the maximal response, which occurred after about 5 sec for Ai and Ci and after about 15 sec for Bi. Changes in [Ca?*];
were spatially nonuniform across the processes and could be restricted to small localized regions (Ai, Bi). Regions may show different response
latencies (A#i, Cii), and some regions were unresponsive (Ci). Scale bar, 20 wm. Aii, Bii, and Cii are plots of average changes in [Ca?*]; for the
regions indicated by the colored ovals in each resting image against time. The average F/F, values for each region were calculated as described in
Materials and Methods. Acetylcholine caused a transient increase in [Ca?*]; that lasted about 10 sec. Frames were collected every 2.56 sec and
acetylcholine was applied continuously beginning at the end of the fifth frame collection, as indicated by the solid line in each plot. Note that the
time base in Cii is different from Aii and Bii.

Figure 6 (bottom). Caffeine-induced release of Ca?* in dendrites is sustained and localized. Ai, Bi, and Ci are confocal microscope images showing
Ca** release in three representative dendrites in response to 10 mm caffeine. Data collection, analysis, and presentation are as described for Figure
5. Caffeine-induced Ca?* release tended to be restricted to larger dendritic regions. Scale bar, 20 pwm. Aii, Bii, and Cii are plots of normalized
fluorescence values in four regions of each dendritic field. Caffeine consistently induced a sustained increase in [Ca®*], for up to 65 sec in some
regions. Some regions may not respond to caffeine (A#, Cii). Bii shows propagation of a Ca?* wave front along the dendrite; the red and green
regions responded before the yellow and blue regions. Frames were collected every 2.56 sec and caffeine was applied continuously beginning at
the end of the fifth frame collection, as represented by the solid black line on the plots. Note that the time base in Cii is different from Aii and Bii.
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Figure 7. Acetylcholine-induced and caffeine-induced patterns of changes in [Ca**], may differ within the same dendrite. Ai is 12 consecutive
normalized (F/F,) fluorescence confocal microscope images collected at 2.56 sec intervals demonstrating [Ca?*]; changes in response to 10 pm
acetylcholine. The first image in each series shows [Ca®*]; at rest. The proximal region of the dendrite is toward the top of each image. The
pseudocolor bar indicates the color representing the fluorescence values. Scale bar, 20 wm. Bi is 12 consecutive images of the same dendrite in Ai
collected as above in response to 10 mm caffeine. The stimulus was continuously applied using a puffer pipette beginning in the frame marked
with a whire dot in the upper left corner. The dendrite was washed for 3 min between drug exposures to allow the [Ca?*], to return to resting levels
(compare the two [Ca®*], images at rest). Aii, Average normalized fluorescence values in the four regions indicated in the inset image on the right
in response to acetylcholine plotted against time. The acetylcholine-induced Ca®* increase was transient, and occurred with variable amplitude and
latency. Bii is the average normalized fluorescence values in the same four regions as Aii in response to cafteine. The caffeine-induced Ca®* response
was more sustained, but also showed variable latency. The green region, which responded to acetylcholine, was less responsive to caffeine. Figures
5Ai and 6Ai were collected from the same dendrite and show that regions responding to acetylcholine did not necessarily respond to caffeine.
Comparison of these images also indicates that caffeine responses were stronger in proximal regions while acetylcholine responses were distributed
throughout the dendrite.

Caffeine

change in [Ca?*],; caffeine was presented first in Figﬁres 5A
and 6A, while acetylcholine was presented first in Figure 7.
Within a given region the time between the application of
each stimulus and the onset of the response could differ. For
example, in Figure 7, Aii and Bii, the yellow region responded
to caffeine at the same time as the red region, but one frame
time (2.6 sec) earlier to acetylcholine. Further, the acetylcho-
line- and caffeine-induced Ca?* responses could be spatially
distinct (Figs. 54, 6A), although in some processes Ca** re-
sponses were in the same regions (Fig. 7). In general, Ca®*
responses to caffeine were restricted to thicker dendrites more
proximal to the soma, while the Ca?* responses to acetylcho-

line extended into fine processes. Examples of this can be seen
when comparing Figures 64 and 5A, and in the Ca®* response
of the small side branch from the dendrite (green region in Fig.
7) which exhibited changes in [Ca®*]; in response to acetyl-
choline, but showed a much smaller response to caffeine.
While both stimuli could induce time-varying fluctuations in
[Ca?*],, these had different spatial and temporal patterns within
the same dendrite (Fig. 8). Following application of caffeine,
[Ca2*], initially increased in a localized portion of the distal
dendrite (@ in Fig. 8B). The region of high [Ca?*] then spread
throughout the dendrite and fluctuated around an elevated
steady state. In contrast, acetylcholine-induced Ca** fluctua-
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In response to acetylcholine and caffeine, regions of high [Ca®*], may shift position along a dendrite with time. The images presented

in Figure 7 were used in this analysis. The changes in [Ca®*], in response to acetylcholine or caffeine were measured along the line shown in the
inser; the 280 pixels along the line were binned in groups of 10. In each case the stimulus was applied at the arrow. A, Ca** response to acetylcholine.
The Ca?* wave front was initiated at the most distal point (@) and shifted proximally over two frame times (O). B, Ca?* response to caffeine. The
change in [Ca**], was initiated in the same proximal region as the response to acetylcholine, but showed small fluctuations in [Ca®*]; around the

elevated steady state.

tions tended to be larger and more localized, with [Ca?*]; re-
turning to resting levels before the initiation of the next cycle
(Fig. 84). The shift over time in the location of the Ca?* peak
may indicate the presence of a Ca?* wave (Fig. 84). Thus the
initial Ca’* response, the putative leading edge, started in the
distal portion of the dendrite (@ in Fig. 84) and by the next
frame (2.6 sec later) had shifted proximally (O in Fig. 84).

Fluctuating changes in [Ca®"], in response to stimulation
may be a common characteristic of hippocampal neurons. Fluc-
tuations in [Ca®*]; similar to those presented in Figures 5-8
were observed in 50% (11 out of 22) of neurons responding to
caffeine and 55% (11 out of 20) neurons responding to ace-
tylcholine. Of the 13 neurons responding to both caffeine and
acetylcholine, six displayed fluctuations in response to both
stimuli and four showed single transient responses to both stim-
uli. Of the remaining three neurons, two showed fluctuations
to acetylcholine only and one to caffeine only.

Acetylcholine- and caffeine-induced responses in Ca’*-free
external solution. To determine if the presence of external cal-
cium was important in shaping the Ca’* responses to acetyl-
choline and caffeine, experiments were performed on dendrites
and somata in Ca’'-free and Ca?*-containing external solu-
tions. Although experiments in Ca’*-free solutions were not
performed in the presence of a calcium chelator, our previous
results (Barish and Mansdorf, 1991) have shown that depolar-
izing hippocampal neurons in Ca*"-free solution using high K*

results in no change in [Ca?*],. In dendrites, the acetylcholine-
induced Ca** response recorded in Ca**-free external solution
showed a transient time course similar in amplitude to, and the
same duration as, the Ca®* response in Ca?*-containing exter-
nal solution (Fig. 9Aii). In four out of five experiments where
the dendrite responded to both challenges of acetylcholine, the
same response pattern was seen in the presence and absence
of external Ca®*. Similarly, in four out of four experiments the
caffeine-induced Ca** response in dendrites showed a sus-
tained time course in the continuous presence of caffeine in
both Ca’"-containing and Ca?'-free external solutions (Fig.
9Bii).

In somata, Ca®>* responses to both acetylcholine (Fig. 104)
and caffeine (Fig. 10B) were not significantly different when
Ca** was not present during a first trial, but were slightly re-
duced when acetylcholine and caffeine were presented a sec-
ond time in Ca?*-free external solution. When Ca?* was re-
turned to the perfusing solution, both acetylcholine- and
caffeine-induced responses increased slightly. However, none
of these differences proved to be statistically significant when
the means were compared for acetylcholine (n = 30) and caf-
feine (n = 17).

These results suggest that influx of external Ca?* does not
play a significant role in shaping the Ca*" responses to acetyl-
choline and caffeine in either dendrites or somata. It is inter-
esting to note that the temporal pattern of Ca** release induced



by caffeine in dendrites differs from that in somata in both
Ca?*-free and Ca®*-containing external solutions.

Interaction of Ca?* responses to acetylcholine and caffeine
in somata. Examining the interactions of the Ca*" release sys-
tems required acquisition of multiple responses that could not
be obtained from dendrites using the LSM due to irreparable
tissue damage. Therefore, we used video-based microscopy to
study the interactions of Ca?* responses in neuronal somata.

Figure 11A illustrates partial occlusion of the Ca?* response
to acetylcholine by simultaneous exposure to caffeine. Caffeine
significantly reduced the amplitude of the Ca?* response to
acetylcholine in 10 of 13 neurons that responded to both stim-
uli; there was no decrement in the other three cells. Preexpo-
sure to caffeine reduced the response to acetylcholine to ap-
proximately 7% of control (7.3% + 2.6, mean = SEM, n =
10). After washing, the Ca?* response to acetylcholine returned
to approximately 50% of the initial value (48% = 7) of the
control value.

In the complementary experiment, partial occlusion of the
Ca?* response to caffeine by simultaneous exposure to acetyl-
choline was also observed (Fig. 11B). The Ca?* response to
caffeine was significantly reduced by acetylcholine in 21 of 23
neurons that responded to both stimuli; in the remaining two
cells there was no decrement. Overall, in the presence of ace-
tylcholine, the Ca?* response to caffeine was reduced to about
21% of control value (21% = 3, n = 21). After washing the
response to caffeine returned to about 60% of control (64% =
8).

In control experiments on sister cultures, Ca?* responses to
acetylcholine and caffeine decremented to 50-55% of their ini-
tial value over three test pulses (data not shown). We conciud-
ed, therefore, that the decrements in response amplitude pro-
duced by simultaneous application of two stimuli were not long
lasting.

Discussion

The distributions of InsP;R and RyR

Our immunocytochemical data indicate that InsP,R and RyR
coexist as intermixed aggregates in individual cultured hippo-
campal neurons. Clusters of InsP;R were more diffusely dis-
tributed than RyR, and were found in more distal processes,
and thus the relative densities of Ca?* release channels varied,
with distal dendrites containing a higher proportion of InsP;R.
Aggregations of InsP;R and RyR have been previously ob-
served (Walton et al., 1991; Sharp et al., 1993b), with Walton
et al. (1991) reporting that RyR clusters were particularly punc-
tate when compared with InsP,R distribution.

Previous studies have also indicated that the proportions of
InsP,R and RyR vary in different regions of individual neurons
and between different types of neurons. For example, Sharp et
al. (1993b) detected InsP;R and RyR immunoreactivities in so-
mata and dendrites, but only RyR immunoreactivity in den-
dritic spines of rat hippocampal slice neurons. In contrast, Wal-
ton et al. (1991) found both InsP,R and RyR in somata and
dendritic shafts of cerebellar Purkinje neurons, but only InsP,R
immunoreactivity in dendritic spines.

Electron micrographs have shown that InsP,R and RyR co-
exist in varying proportions on the membranes of the rough
and smooth ER, subsurface cisternae, and the nuclear envelope
(Walton et al., 1991; Martone, 1993). Our observations indicate
that signals related to the glia, on which the cultured hippo-
campal neurons are grown, may influence the distributions of
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InsP,R but not RyR. Since the tubules and cisternae in the
dendritic shafts and spines of Purkinje neurons are highly con-
tiguous (Martone et al., 1993), and one interpretation of our
physiological data (see below) is that the InsP,R and RyR draw
from a common Ca?* pool, it is possible that, as with surface
membranes, the interconnected internal ER membrane network
shows regional specializations and domains that are regulated
by presently unknown epigenetic mechanisms (Sitia and Mel-
dolesi, 1992; Takei et al., 1992; Nori et al., 1993; Volpe et al.,
1993).

Intracellular Ca** responses to acetylcholine and caffeine

Dendritic Ca?* responses to acetylcholine and caffeine differed
from those obtained from somata (for other observations on
somata, see Kudo et al., 1988; Murphy and Miller, 1989; Tsai
and Barish, 1990, 1991, unpublished observations; Uneyama
et al., 1993). We observed that Ca?* transients elicited by caf-
feine declined more slowly in dendrites than in somata, while
responses to acetylcholine declined more rapidly in dendrites
than in somata. The source(s) of these differences is not clear,
but as they are preserved in the absence of external Ca** it
suggests an intrinsic difference in the functioning of Ca?* re-
lease and regulating systems of somata and dendrites.

The spatial patterns of Ca** responses to acetylcholine and
caffeine reflected the distributions of InsP,R and RyR within
neurons. Thus, both Ca?* responses to caffeine and RyR im-
munoreactivity were more prominent in proximal dendritic
regions, while Ca®>" responses to acetylcholine and InsP,R im-
munoreactivity were distributed throughout dendritic process-
es. We observed that regions of Ca?* responsiveness within a
given neuron were often localized to individual dendritic bran-
chlets, possibly defining Ca?* domains. These domains were
larger than the individual aggregations of InsP;R or RyR,
which may indicate the presence of Ca?* compartmentalization
due to ER regionalization and/or nonuniform distributions of
Ca?*-buffering proteins.

Propagating regenerative Ca?* surges have previously been
observed in large cells and cell networks, such as newly fer-
tilized eggs (Gilkey et al,, 1978; Busa and Nuccitelli, 1985;
Miyazaki et al., 1986), cardiac myocytes (Takamatsu and Weir,
1990), muscarinic acetylcholine receptor mRNA-injected Xen-
opus oocytes (Lechleiter et al., 1991), and gap junction—cou-
pled cultured glial or airway cells (Sanderson et al., 1988; Cor-
nell-Bell et al., 1990; Charles et al., 1991; Dani et al., 1992),
but their presence in neurons is unclear. In time series experi-
ments we observed regions of high [Ca?*] that moved along
processes during stimulation by acetylcholine or caffeine. Un-
fortunately, because the apparent peak-to-peak interval of these
waves (about 25 pwm) was similar to the size of the field ex-
amined on the LSM, a Ca?* peak could not be followed along
the entire dendrite, and we could not determine if these regions
of high [Ca?*] migrated in an organized manner.

Interactions of the intracellular stores

We observed mutual inhibition of caffeine-induced Ca?* re-
lease and acetylcholine-gated Ca** release in somata. This ob-
servation is similar to reports on chromaffin cells, in which
[Ca?*], transients induced by activation of caffeine-induced and
angiotensin-gated Ca?* release show different spatial distribu-
tions that correlate with the locations of different Ca>* ATPases
(Burgoyne et al., 1989), but show occlusion when methacho-
line-induced Ca?* release is preceded by exposure to caffeine
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Figure 9. Acetylcholine- and caffeine-induced Ca** increases in dendrites are similar in Ca*"-containing and Ca*"-free external solutions. Ai and
Bi are normalized (F/F,) fluorescence confocal microscope images collected at 2.56 sec intervals demonstrating relative fluorescence changes in
response to 10 pm acetylcholine and 10 mm caffeine. The first image in each pair shows the normalized fluorescence ratio at rest, and the second
shows the peak response. The proximal region of the dendrite is toward the top of Ai and the bottom of the Bi image. Data collection, analysis,
and presentation are as described for Figure 5. The pseudocolor bar indicates the colors representing the normalized fluorescence values. Scale bar,
20 pm. Aii is average relative fluorescence values in the four regions indicated in the resting image in A/ in response to acetylcholine in Ca?*-
containing and Ca*-free external solutions plotted against time. The acetylcholine-induced Ca®* increase was transient in both the presence and
absence of external calcium. Acetylcholine was applied continuously from the end of the fifth frame collection to the end of the 32nd frame as
indicated by the solid black bar on the plots. The dendrite was washed for 3 min in Ca®*-free external solution, as indicated by the hollow bar,
before the second acetylcholine trial. Bii, Average relative fluorescence values in the four regions indicated in Bi in response to caffeine as indicated
by the solid bar. The dendrite was washed for 3 min in Ca**-free external solution, as indicated by the hollow bar, before the second caffeine trial.
The caffeine-induced Ca** response was more sustained than the acetylcholine-induced response in both Ca**-containing and Ca*-free external
solutions.

(Liu et al., 1991). Cultured cerebellar neurons also show mu-
tually inhibiting interactions between caffeine-induced and ace-
tylcholine-gated Ca®* release processes that are similar to those
reported here (Irving et al., 1992). In contrast, other investi-
gations have suggested that the two Ca®* release systems func-
tion relatively independently (Murphy and Miller, 1989, for
cultured hippocampal neurons; Thayer et al., 1988, for sensory
neurons). The reasons for these variations are not clear at pres-
ent, but could be related to differences in cell type, species, or
culture conditions.

The mechanisms by which the two release processes may

interact are also not understood. The membrane systems on
which the two receptors reside may be contiguous, and thus
the Ca?* release channels may draw on a common Ca®" pool.
Alternatively, the two mechanisms may act on separate Ca®*
pools but influence each other at the receptor level. For ex-
ample, InsP,-gated channels might release Ca?* which would
in turn induce Ca?* release from the Ca?*-induced calcium re-
lease pathway through ryanodine receptors (Berridge, 1991;
Reber et al., 1993). Caffeine in turn might influence activation
of the InsP,-gated Ca®* release channel (1) by increasing cy-
tosolic Ca*", and thus reducing InsP, binding to its receptor
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Figure 10. Acetylcholine- and caffeine-induced Ca?* increases in somata are the same in Ca?*-containing and Ca?*-free external solutions. Ai is
a plot of [Ca®*], against time for the soma of a single representative cell analyzed from data collected using video microscopy showing the response
to acetylcholine (10 uM) (solid bar) in the presence and absence of external Ca?*. Application of Ca?*-free external solution is indicated by the
patterned bar and Ca?* responses to acetylcholine were slightly smaller in the absence of external Ca?*, with the second response being smaller
than the first. Bi, Plot of [Ca?*]; against time for the soma of a single representative cell showing the response to caffeine (10 mm) (solid bar). The
response to caffeine was slightly reduced in the absence of external Ca?*, particularly the second response. Note that the caffeine response in the
soma is transient and similar to the acetylcholine-induced response, not sustained like the caffeine response in the dendrites described in Figures
6, 7, and 9. Aii and Bii are bar plots of A[Ca?*]; (the difference between peak and resting values) for each exposure to acetylcholine and caffeine.
Data are mean = SEM (n = 30 for Ai; n = 17 for Bi). Comparison of the means was performed using Student’s ¢ test with the criterion for
significance at p < 0.05. When compared, none of the means in Ca?*-free solutions were significantly lower (all p > 0.05) than the controls.

(Supattapone et al., 1988), (2) by sensitizing release at low
resting [Ca?*], by InsP, resident in the cytosol before applica-
tion of acetylcholine (Bezprozvanny et al., 1991; Finch et al.,
1991), or (3) by raising [Ca?*], sufficiently to reduce InsP;-
gated Ca** release (Bezprozvanny et al., 1991). Caffeine may
also directly interfere with InsP,R activation (Parker and Ivor-
ra, 1990).

The interactions between acetylcholine- and caffeine-in-
duced Ca?* release suggest the operation of a two-pool oscil-
lator such as that described for other systems (Berridge, 1990,
1991, 1992). However, in general the mechanisms of Ca?*-
wave oscillation and propagation differ between cells and sys-
tems (Berridge and Galione, 1988; Harootunian et al., 1991;
Tsunoda, 1991), and it remains to be determined which are
present in hippocampal neurons.

Physiological significance of different spatial and temporal
patterns of calcium release

The physiological role of intracellular signals mediated by RyR
or InsP,R is not well understood, but changes in Ca?* play an
important role in many neuronal events (Kennedy, 1989; Mil-
ler, 1991; Henzi and MacDermott, 1992). The release of Ca2*
from intracellular stores can influence the signaling properties
of neurons in two general ways: (1) by altering the action po-

tential waveform and thus the excitability of a neuron, and (2)
by amplifying Ca?* signals in a localized region. Release of
Ca?* from intracellular stores has been shown to influence
Ca?*-activated K* currents and thus slow after-hyperpolariza-
tions in cerebellar Purkinje (Brorson et al., 1991) and periph-
eral (Kuba et al., 1983; Kawai and Watanabe, 1989; Sah and
McLachlan, 1991) neurons. Since some after-hyperpolariza-
tions have been linked to activation of Ca?*-induced Ca?* re-
lease, localization of RyR to specific dendrites may indicate
spatially distributed modulation of the action potential wave-
form.

Localized changes in [Ca?*], may also shape and partition
cellular processes. Hippocampal neurons can restrict the dif-
fusion of Ca?>" between dendrites and spines (Guthrie et al.,
1991; Miiller and Conner, 1991). Although the restriction
mechanisms are not known, one could involve the RyR local-
ized in spines (Sharp et al., 1993b) that may function to rapidly
amplify highly localized increases in [Ca?*], (Miller, 1992; Al-
ford et al., 1993). This could operate during synaptic input onto
dendritic spines, as single spines can accumulate Ca?* during
stimulation (Andrews et al., 1988) and [Ca’"], responses to
synaptic input on glutamate receptor activation can-be attenu-
ated by manipulation of Ca?*-induced Ca?" release (Mody et
al., 1991; Alford et al., 1993). Spatial restriction of Ca?* signals
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Figure 11.

Interactions between caffeine- and acetylcholine-induced Ca?* release. Ai is a plot of [Ca**]; against time for the soma of a single

representative cell analyzed from data collected using video microscopy showing the suppression of responses to acetylcholine (10 uM for 40 sec)
during simultaneous application of caffeine (10 mm for 80 sec). The response to acetylcholine was reduced to 21% of its initial value in the presence
of caffeine. The applications of caffeine and acetylcholine are indicated by patterned bars in the plot. Bi Plot of [Ca2*], against time for the soma
of a single representative cell showing the suppression of responses to caffeine (10 mm for 40 sec) during application of acetylcholine (10 um for
80 sec). The response to caffeine was reduced to 15% of its initial value in the presence of acetylcholine. The ability of caffeine to reduce resting
[Ca?*]; to below its initial value has been previously described (Tsai and Barish, unpublished observations). Aii and Bii are bar plots of A[Ca2*],
(the difference between peak and resting values) before, during, and after simultaneous application of stimuli. Data are mean = SEM (n = 10 for
Ai; n = 21 for Bi). Comparison of the means was performed using Student’s ¢ test with the criterion for significance at p < 0.05. In each case the
middle response is significantly lower (p < 0.05 or smaller) than either the first or recovery trials. There was no statistically significant difference
between the response decrement between the first and third trials in cells exposed to caffeine or acetylcholine alone (not shown) and the experimental

cells (Aii, Bii) (p > 0.8).

may be related to the pathway specificity of hippocampal long-
term synaptic potentiation (LTP), during which Ca?*-dependent
postsynaptic reactions to synapse activation are limited to sin-
gle inputs (Madison et al., 1991).

In general, spatial limitation of Ca?" responsiveness may
contribute to independent processing of synaptic input by
regions of the dendritic tree, while at the same time permitting
integration of activity across the entire neuron.
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