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Summary. Intracellular calcium [Ca 2 ~ ]i measurements in cell sus- 
pension of gastrointestinal myocytes have suggested a single 
[Ca2+]i transient followed by a steady-state increase as the charac- 
teristic [Ca2+]i response of these cells. In the present study, we 
used digital video imaging techniques in freshly dispersed myo- 
cytes from the rabbit colon, to characterize the spatiotemporal 
pattern of the [Ca2+]i signal in single cells. The distribution of 
[Ca'- ~ ]~ in resting and stimulated cells was nonhomogeneous, with 
gradients of high [Ca2+]i present in the subplasmalemmal space 
and in one cell pole. [Ca2~]i gradients within these regions were 
not constant but showed temporal changes in the form of [Ca-'+]/ 
oscillations and spatial changes in the form of [Ca2+]i waves. 
[Ca2+li oscillations in unstimulated cells (n = 60) were indepen- 
dent of extracellular [Ca 2§ and had a mean frequency of 12.6 -+ 
1.1 oscillations per rain. The baseline [Ca'-+]/was 171 -- 13 nM 
and the mean oscillation amplitude was 194 - 12 riM. Generation 
of [Ca2+]i waves was also independent of influx of extracellular 
C a  2+ . [Ca2-]i waves originated in one cell pole and were visualized 
as propagation mostly along the subplasmalemmal space or occa- 
sionally throughout the cytoplasm. The mean velocity was 23 +- 
3 p~m per sec (n = 6). Increases of [Ca2+]i induced by different 
agonists were encoded into changes of baseline [Ca2+]~ and the 
amplitude of oscillations, but not into their frequency. The ob- 
served spatiotemporal pattern of [Ca2"]i regulation may be the 
underlying mechanism for slow wave generation and propagation 
in this tissue. These findings are consistent with a [Ca2+]i regula- 
tion whereby cell regulators modulate the spatiotemporal pattern 
of intracellularly generated [Ca2+]i oscillations. 
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Introduction 

Changes in [Ca2+]i mediate a large variety of  cellular 
responses,  such as contraction,  secretion and cell 
growth. The characteristic response seen in suspen- 
sions of  smooth muscle cells is a [Ca2+]i transient 
followed by an elevated steady-state increase (Bitar 
et al., 1986; Takuwa,  Takuwa  & Rasmussen,  1990). 
In contrast,  single-cell f luorescence recording has 
shown that receptor-mediated Ca 2+ signalling can 

be oscillatory in nature, allowing for f requency as 
well as amplitude modulation of the response (Or- 
chard, Eisner & Allen, 1983; Woods,  Cuthber tson 
& Cobbold,  1986; Ambler  et al., 1988; Berridge & 
Galione, 1988; Gray,  1990; Jacob et al., 1988; Cob- 
bold, 1989). Single-cell imaging studies have also 
shown that in various cell types,  different spatial 
patterns of the [Ca2+] i response  can be detected 
(Berridge, 1988; Cheek, 1989; O'Sull ivan et al., 
1989; Rooney,  Sass & Thomas,  1990). A combina-  
tion of amplitude, f requency and spatial responses  
of receptor-mediated [Ca2+]i changes could allow 
a cell to respond differentially to Ca2+-mobilizing 
agonists. Reported spat io-temporal  pat terns include 
differences in the spatial [Ca2+]i distribution be- 
tween agonists in chromaffin cells (Cheek, 1989), 
oscillations with agonist-induced f requency and am- 
plitude modulation in a variety of  excitable and non- 
excitable cells (Berridge & Galione, 1988; Cobbold,  
1989; Gray,  1990) and propagat ion of [Ca2+] i gradi- 
ents (Berridge, 1988; Berridge & Galione, 1988; 
Cornell-Bell et al., 1990; Takamatsu  & Wier, 1990). 

In the specific case of  gastrointestinal smooth 
muscle, a variety of  responses  has been described 
suggesting that this cell type also responds to ago- 
nists with spatio-temporal  signalling patterns.  Single 
cell imaging has suggested spatial heterogenei ty of  
[Ca2+]i, with subplasmalemmal  and nuclear [Ca2+]i 
gradients (Williams et al., 1985; Williams, Becke t  & 
Fay, 1987). In homogeneous  [Ca2+]f distribution has 
been confirmed by electron microscopy and by elec- 
tron probe analysis,  which demonst ra ted  central and 
peripheral compar tments  of sarcoplasmic reticulum 
(SR) (Devine, Somlyo & Somlyo,  1972; Bond et 
al., 1984; Kowarski  et al., 1985). The presence  of a 
temporal  signalling pattern in the form of [Ca2+]~ 
oscillations is suggested by the presence  of sponta- 
neous (Benham & Bolton, 1986) or agonist-induced 
cyclical activity of  Ca2+-activated K § channels 
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(Mayer et al., 1989). Such periodic changes could 
play a role in slow wave generation since spontane- 
ous membrane depolarization may be dependent on 
Ca 2+ influx (Himpens & Somlyo, 1988; Langton, 
Burke & Sanders, 1989). 

In this study using single-cell imaging tech- 
niques in colonic myocytes distinct spatio-temporal 
patterns of intracellular Ca 2 + signalling are demon- 
strated. It is shown that (i) there is a distinct nonho- 
mogeneous spatial distribution of [Ca 2 + ]i; (ii) [Ca  2 + ]i 

changes in an oscillatory fashion; Off) [Ca2+]i  gradi- 
ents originating from one cell pole can spread along 
the longitudinal axis; and (iv) different stimuli result 
in distinct [Ca2+]i responses. 

Materials and Methods 

PREPARATION OF SINGLE MYOCYTES 

Myocytes were dispersed from the longitudinal muscle layer of 
the distal rabbit colon as previously described (Mayer et al., 
1989). A 5-cm long piece of colon was removed, rinsed and placed 
in ice-cold physiological salt solution (PSS)-A (in raM): 126.0 
Na +, 6.0 K +, 1.0 Ca 2+, 1.2 Mg 2+, 132 CI-, 11 glucose, 10 N-2- 
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), ti- 
trated with NaOH to pH 7.4. Pieces of the longitudinal muscle 
layer were removed under a dissecting microscope and incubated 
in the dispersion solution in a shaking bath at 37~ The dispersion 
solution (20 ml) was PSS-A containing 10 mg type 2 collagenase 
(Cooper Biomedical), 20 mg trypsin inhibitor (Sigma) and 50 mg 
bovine serum albumin (BSA: Sigma). Following a 10-rain incuba- 
tion period, the tissue was removed, placed into PSS-A at room 
temperature and gently dispersed using a firepolished pasteur 
pipette. Imaging results obtained in cells dispersed in PSS-A, in 
which the [Ca 2+] was lowered to 100/XM did not differ from those 
prepared in 1.0 mM Ca -'+. 

Immediately following dispersion, aliquots of cells were in- 
cubated in PSS-B containing (in raM): 100 Na +, 5.4 K +, 1.2 Mg 2+, 
1.0 Ca 2+, 109.8 CI-, 10 pyruvate, 10 aspartate, 10 fumarate, 10 
glutamate, 20 HEPES, 2 mg/ml BSA 5 tzM l-(2-5'-carboxyoxazol- 
2'-y/)-6 aminobenzofuran-5-oxy-(2'-amino-5'-methylphenoxy) 
ethane-N,N,N',N'-tetraacetic acid acetomethoxy ester (fura-2/ 
AM: Molecular Probes, Eugene, OR). Cells were incubated for 
30 min at 37~ without agitation. Cells were then washed by 
centrifugation, resuspended in and incubated in PSS-B for at least 
20 rain to allow de-esterification of internalized fura-2/AM. A 
suspension of cells was kept at room temperature, and aliquots 
were removed for measurements. The viability of cells was con- 
firmed by their contractile response to agonists. Visual evaluation 
of fura-2 fluorescence revealed diffusely fluorescent cells. 

IMAGE ANALYSIS 

Intracellular calcium levels in individual myocytes were esti- 
mated using fura-2 fluorescence monitored with an image analysis 
system (Jacob et al., 1988). Fura-2 loaded myocytes adhered to 
the bottom of a perfusion chamber (100 pA volume). PSS-A was 
continuously circulated through the chamber at a rate of 1 ml per 

rain. To minimize the contractile response of cells to agonists, 
the bath fluid was kept at 25~ The time period for complete 
exchange of the bath solution during superfusion was <15 sec. 
Cells were observed through a Nikon Fluo 40 objective with a 
Zeiss Axiomat microscope in the epifluorescence mode using a 
long pass filter cutoff at 510 nm. Alternating excitation wave- 
lengths of 340 and 380 nm were provided by a 75 W Xenon lamp, 
filtered by interference filters mounted in a rotating filter wheel, 
via the epifluorescence port of the microscope. The imaged field 
was monitored by a COHU ISIT camera. Image pairs were gener- 
ally captured at a sampling rate of two frames per sec under the 
control of TARDIS software, and stored as digitized 256 gray 
level images. Subsequent digital image analysis was performed 
under the control of TARDIS software using a Joyce-Loeble 
Magical Image Processor. Following subtraction of background 
autofluorescence, Rma x and Rmi n were  determined from image pairs 
of ceils equilibrated with ionomycin (5/zM) and EGTA (10 raM). 
Rma x and Rmin are the maximum and minimum 340/380 nm ratios 
obtained at saturating or zero [Ca2+]. These parameters were 
used by the image processor to relate the ratio of each 340, 380 
nm pair to [Ca 2+] using a KI) value of 224 nM (Ambler et al., 1988; 
Jacob et al., 1988). Autofluorescence of myocytes was determined 
following quenching of the signal in ionomycin treated cells with 
2 mM manganese chloride (Grynkiewicz, Poenie & Tsien, 1985). 
Following this procedure, fluorescence could no longer be de- 
tected at either wavelength. Images were processed in pairwise 
fashion, and the final result was displayed on a video monitor 
screen in 32 shades of pseudo-color, with blue colors representing 
low [Ca 2 + ]i and red-magenta colors representing high [Ca 2 + ]i- To 
determine regional changes in [Ca-'+]/, fluorescence was moni- 
tored over time within regions of the cell defined by the interactive 
software. Each field of view contained 1-3 cells. 

To determine if regional increases in [Ca 2 +]g were propagated 
along the cell, fluorescence ratios were monitored within up to 
five equally sized regions of interest, drawn along the longitudinal 
cell axis. The velocity of propagation was estimated from the 
distance between two adjacent regions of interest divided by the 
phase shift in the oscillation peak between these two areas. For 
quantitation of [Ca2+]g oscillations the following definitions were 
used. The amplitude of [Ca>]i oscillations was defined as the 
change in [Ca>]~ from the trough to the peak of oscillations. The 
baseline [Ca2"],. wag defined as the line drawn through the trough 
values of oscillations. The frequency of [Ca2"]i oscillations was 
defined as the number of full oscillations per rain. 

ELECTRON MICROSCOPY 

Rabbits were anesthetized with nembutal (50 mg/kg). The aorta 
was canulated and the animal was perfused for 2 rain with phos- 
phate buffer containing 5 U/ml heparin. Following the initial 
peffusion, the perfusate was switched to a solution containing 
4% paraformaldehyde and 3% glutaraldehyde (pH 7.4), and the 
perfusion continued for an additional 10 rain. A piece of distal 
colon was then removed and placed in phosphate buffer. Strips 
of tissue 4 mm long and 1 mm wide were cut along the longitudinal 
axis of the longitudinal muscle layer for further tissue processing. 
Post fixation was completed in 2% OsO4 for 1 hr following re- 
peated washing of tissue strips in phosphate buffer. Tissues were 
dehydrated in graded steps of ethanol to a final concentration of 
100%. Tissue strips were infiltrated in 50/50 100% ethanol and 
Polybed resin (Polysciences) for 2 hr, followed by overnight incu- 
bation in 100% resin. Embedding was completed in uncapped 
Beem capsules and polymerized at 60~ overnight. 1 /xm thick 
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Fig. 1. Spatial distribution and temporal variations in [Ca2-]~ in 
unstimulated myocytes. Marked heterogeneity in cell length and 
distribution of [Ca2+]i was noted. Left panel shows a representa- 
tive cell in which a band of increased [Ca 2+] is limited to the 
subplasmalemmal space. Middle panel shows a cell with partial 
contraction limited to the upper pole of the cell. Increased levels 
of [Ca2+]i are seen within the cytoplasm of the contracted pole, 
whereas more distally they are progressively confined to the 
subplasmalemmal ~,space. Right panel shows a regionally con- 
tracted cell (lower pole), in which the pole with increased cyto- 
solic [Ca 2+] does not correlate with the contracted pole. In this 
and subsequent figures the [Ca2+]~ concentration is displayed in 
pseudocolor images, with blue colors representing low [Ca2+]r 
and red-magenta colors representing high [Ca2*]~. The back- 
ground surrounding cells is displayed in black. 

sections were cut for block orientation and stained with Toludine 
blue. 80 nm sections were cut with a diamond knife on a Reichert 
ultramicrotome and counterstained with uranylacetate (2%) and 
lead citrate, and examined in a Zeiss EM109 electron microscope. 

DRUGS AND CHEMICALS 

In addition to the chemicals mentioned above, the following com- 
pounds were used: carbamylcholine chloride (carbachol), caf- 
feine, nifedipine, lanthanum trichloride (LaCI3) (all Sigma). The 
synthetic NK-1 agonist [Sar9,Met(O2)H]-SP was a generous gift 
from Dr. M. Regoli, University of Sherbrooke, Quebec. 

Results 

CELL MORPHOLOGY 

Dispersed myocytes varied considerably in their 
shape. Cells measured between 100 and 140 txm in 
length with a mean cell length of 125 -+ 12/xm (n = 
80). More than 50% of cells showed partial contrac- 
tions limited to one cell pole (Fig. 1, middle and right 
panel), as defined by a widening of the cell diameter 
and/or a change from the characteristic cell tapering 
into a more rounded appearance of the cell pole. 
Less than 5% of cells were fully contracted and were 
not used for image analysis. 

Electron microscopy of the cells showed charac- 
teristic features ofintracellular structures. As shown 

in Fig. 2, in longitudinal sections through the plane of 
the nucleus, it was possible to visualize sarcoplasmic 
reticulum frequently with bound ribosomes both in 
the two conical regions near the poles of the nucleus, 
and close to the plasma membrane. In contrast, tu- 
bular structures were rarely seen in the rest of the 
cytoplasm. In the supranuclear regions, the tubular 
structures were located in the same region as the 
bulk of the mitochondria. In the subplasmalemmal 
space, tubules were frequently seen in association 
with caveolae. Supranuclear SR-like structures were 
most frequently seen limited to one cell pole, even 
though cells with a symmetrical distribution were 
also observed. 

SPATIAL DISTRIBUTION OF [Ca2+]i  

Regardless of cell geometry, the great majority of 
myocytes showed a characteristic, nonhomoge- 
neous distribution of Ca 2+ in the cytosol. This 
pattern was constant over time and not related to 
cell movements. Two patterns were observed. In 
one (70% of cells) there was a narrow band of 
elevated Ca 2+ confined to the subplasmalemmal 
regions whereas the rest of the cytoplasma showed 
homogeneous, low levels of [Ca2+]i (Fig. 1, left 
panel). In the other (25% of cells), and additional 
region of high [Ca 2+] was seen throughout the 
cytoplasm in the supranuclear space of one cell 
pole (Fig. 1, middle and right panel). Thus, [Ca2+]i 
gradients were not confined to edges and ends of 
cells, areas which may be susceptible to sampling 
artifacts. In the second group of cells, three regions 
of [Ca2+]g could be distinguished along the length 
of the cell. The supranuclear region with elevated 
[Ca2+] i occupied 26 +- 3% (range 10-50%) of the 
total cell length. In the adjacent segment, the 
elevated [Ca2+]i was progressively confined to the 
subplasmalemmal region, and towards the opposite 
pole only the subplasmalemmal region showed 
[Ca2+] i elevations as in the first pattern described. 
Regardless of cytosolic distribution, [Ca2+]i was 
always highest in the subplasmalemmal space. Nu- 
clear or perinuclear [Ca2+]i gradients were absent 
from both [Ca2+] i patterns. As illustrated in Fig. 
1, the type of pattern observed did not correlate 
well with the overall cell length or the presence of 
regional contractions. Even though the contracted 
pole of a cell was more likely to contain zone 1 
(Fig. 1, middle panel), the opposite, relaxed pole 
frequently showed the regional increase in cyto- 
plasmic [Ca 2+] (Fig. 1, right panel). In less than 
5% of cells, high cytoplasmic [Ca 2+] values were 
found throughout the cell. These cells were not 
used for further analysis. 
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Fig. 2. Electron micrograph of myocyte from the longitudinal muscle layer of the distal rabbit colon in longitudinal section. Several 
myocytes, one displaying nucleus (n), are shown, sr, sarcoplasmic reticulum of both smooth and granular types; rnit,  mitochondria; 
c a r ,  caveolae. Calibration bar, t /xm. 

Neither the dihydropyridine antagonist nifedi- 
pine, in concentrations that block L-type Ca 2+ chan- 
nels in this tissue (3 • 10 -7 to 3 • 10 6 M) (Mayer 
et al., 1990) nor lanthanum (La3+; 1-5 • 10 5 M) 
affected the nonhomogeneous distribution of cell 
[Ca 2+] visualized by fura-2. However ,  as shown in 
Fig. 3a, La 3§ attenuated the amplitude of spontane- 
ous subplasmalemmal [Ca2+]i oscillations, and this 
effect was reversed by chelating La 3 + with micromo- 
lar concentrations of EGTA (50/xM). As the affinity 
of EGTA for La 3+ is several orders of magnitude 
greater than for Ca 2+ (Martel & Smith, 1974), addi- 
tion of 50 /~M EGTA will completely chelate La 3+ 
but leave the bath [Ca 2+] virtually unaffected (0.95 
raM). When cells were perfused with a 126-mM KC1 
solution in which the free [Ca 2+] was buffered to 5 • 
10 8 M, spontaneous Ca 2+ oscillations were greatly 
attenuated (Fig. 3b). 

The nonhomogeneous pattern of [Ca2"]~ was 
also found in stimulated cells, but was not related to 
cell movement.  Depolarization with 126 mM KC1 
perfusate (containing 1 mM Ca 2") which increases 
voltage-sensitive Ca 2+ influx resulted in a transient 
increase in [Ca2+]i of variable duration. This in- 
crease was evident in the supranuclear region and 
the subplasmalemmal space (Fig. 4). The region of 
[CaZ+] i increase thus reflected the distribution of 
fura-2 fluorescence previously observed in unstimu- 
lated cells. As shown in Fig. 5, stimulation by caf- 
feine also reflected the [Ca2+]r pattern described 
here. In five out of six cells, caffeine resulted in an 
elevation of the subplasmalemmal [Ca2+], and where 
a polar distribution was observed, the most pro- 
nounced increase in fluorescence occurred at the 
polar region. The response to superfusion with car- 
bachol (10-6-10 -4 M) was studied in 12 cells. In the 

nine cells responding with an increase in [Ca2+]i two 
spatial patterns were observed. In three cells, the 
changes in [Ca2+]i were distributed as in the resting 
cell, being seen in one pole and in the subplasmalem- 
mal space. In three cells a transient crescent-shaped 
[Ca2+] i change along one side of the cell extending 
20-30% towards the midline was seen prior to the 
increase in the polar region (Fig. 6a). The associated 
changes in [Ca2+]i occurred so rapidly, that it was 
only reflected in one data point (upper part of Fig. 
6a). Given the sampling rate of one image pair per 
second, reliable imaging of this event  was therefore 
not possible. The possibility of a sampling artifact 
causing the initial rapid response, however,  is un- 
likely since immediate [Ca2+]~ changes were only 
seen in response to carbachol but not to any other 
stimulus tested. 

Three physiological explanations have been ad- 
vanced to explain the nonhomogeneous distribution 
of fura-2 fluorescence in similar cell types (Williams 
et al., 1985; Alkon & Rasmussen, 1988; Somlyo & 
Himpens, 1990). One suggestion is that fura-2 fluo- 
rescence reports on Ca 2+ levels within the SR (Wil- 
liams et al., 1985). However ,  it has been shown that 
fura-2 does not penetrate the SR and further that the 
SR does not contain esterases capable of liberating 
fura-2 from fura-2 AM (Somlyo & Himpens,  1990). 
In the current experiments,  agents known to release 
Ca 2+ from the SR, such as caffeine, increased the 
fura-2 fluorescence rather than decreasing it, making 
this hypothesis unlikely. A second explanation in- 
vokes transmembraneous cycling of Ca 2+ resulting 
from prolonged influx through voltage-sensitive 
Ca 2+ channels and extrusion via the plasma mem- 
brane Ca 2+ pump (Alkon & Rasmussen, 1988). Since 
neither nifedipine nor La 3 + affected the distribution 
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Fig. 3. Dependence of spontaneous [Ca2+]~ 
oscillations on influx of extracellular Ca 2-. 
(a) Effect of La 3- on spontaneous [Ca2+]i 
oscillations. Representative experiment 
showing the partial inhibition of the 
amplitude of spontaneous [Ca2-]i oscillations 
by 25 ~*M La 3+. No effect on frequency of 
oscillations was observed. The inhibitory 
effect was reversed instantaneously by 
chelation of La 3+ with 50 /*M EGTA. Based 
on the much higher affinity of EGTA for 
La 3+ as compared to Ca 2+ (Martel & Smith, 
1974), the free [Ca 2-] of the PSS solution in 
the presence of 50/xM EGTA remains 
almost unchanged at I).95 raM. In this and 
subsequent figures, the bath temperature 
was 22~ (b) Dependence of [Ca2+]i 
oscillations on extracellular [Ca>]. Upper 
part: Representative experiment showing the 
prompt disappearance of spontaneous 
[Ca2+]i oscillations following the exchange of 
the bath solution from PSS to 126 mM KCI 
solution containing 5 x 10 -8 M Ca 2+. (A and 
B) above the trace refer to the color plates 
shown in the lower part of the Fig. Lower 
part: Shown are consecutive pseudocolor 
images of a myocyte when bathed in PSS (1 
mM Ca 2+) (A, upper panel) and following the 
exchange of the bath solution to 126 mM 
KCI (5 x 10 -8 ~4 Ca '-+) (B, lower panel). 

of  [Ca2~]i, vol tage-sens i t ive  Ca 2+ ent ry  was not  a 
r equ i r emen t  for the spatial  he te rogene i ty  of Ca 2+. 

N o n h o m o g e n e o u s  [Ca2+]i d is t r ibut ions  could 
also arise f rom var ious  sampl ing artifacts.  For  exam- 
ple, m o v e m e n t  of cells be tween  the capture  of the 
340 and  380 nm image ei ther  in the form of contrac-  
t ion or m o v e m e n t  wi thin  the chambe r  could result  
in sampl ing artifacts at the cell edges. However ,  
[Ca2+]i gradients  were  not  l imited to the cell edges, 
and  the con t inuous  p resence  of these gradients  

would  require  a cons t an t  m o v e m e n t  of the cell syn-  
ch ronous  with the sampl ing  rate. Similarly,  rat ioing 
of images with low s ignal- to-noise  ratios could result  
in region with ar t i factual  high [Ca2+]i. H o w e v e r ,  
s u b m e m b r a n o u s  f luorescence  gradients  were  also 
seen in the respec t ive  340 and 380 n m  images before  
ratioing. 

Thus ,  even  though a con t r ibu t ion  of the dis- 
cussed  factors  to our  f indings canno t  be comple te ly  
ruled out ,  the most  l ikely exp lana t ion  for the nonho-  
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Fig. 4. The effect of membrane depolarization on the temporal 
and spatial pattern of [Ca 2- ]i. Upperpaneh Representative exper- 
iment showing the increase of baseline [Ca2+]~ in response to 
membrane depolarization with 126 mM KCI solution. No effect 
on the amplitude of oscillations was observed. Experimental con- 
ditions were the same as described in Fig. 3. Lowerpaneh Individ- 
ual pseudocolor images from the experiment shown above illus- 
trating the spatial distribution of the [Ca>]/ under control 
conditions (left) and following the exchange of the bath solution 
with 126 mM KCI solution (right). Display in pseudocolors is the 
same as described in Fig. 1 and Materials and Methods. 

Fig. 5. The effect of caffeine on the temporal and spatial pattern 
of [Ca2+]i. Upperpaneh Representative experiment showing the 
stimulatory effect of caffeine on baseline [Ca 2+ ]i and on the ampli- 

~ +  - , 

tude of spontaneous [Ca- ]i oscdlaUons. No effect on frequency 
of oscillations was observed. Cells were continuously perfused 
with PSS or PSS containing 20 mM caffeine. Whole cell images 
were acquired at the rate of one image pair per sec. Lowerpaneh 
Individual pseudocolor images from the experiment shown above 
illustrating the spatial distribution of [Ca2+]i under control condi- 
tions (left) and following addition of caffeine (right). The caffeine- 
induced stimulation of [Ca2+]/occurred primarily in the subplas- 
malemmal space. 

mogeneous distribution of [Ca2+]~ involves a finite 
permeability of the SR present in the pole of the cell 
and the subplasmalemmal space, with C a  2+ efflux 
and reuptake occurring even in unstimulated cells 
(Somlyo & Himpens, 1990). Cell stimulation results 
in enhanced release from this pool, maintaining the 
geometry found in unstimulated cells. 

TEMPORAL VARIATION OF [Ca2+]i  

In a variety of excitable and nonexcitable cells, oscil- 
lations in [Ca2+]i have been reported (Orchard et 
al., 1983; Schlegel et al., 1987; Berridge & Galione, 
1988). These oscillations can be generated by inter~ 
mittent influx of extracellular C a  2+ through the plas- 
mamembrane (membrane oscillator) by intermittent 
release from intracellular stores (cytosolic oscilla- 
tor), or by a combination of both mechanisms. When 
fura-2 fluorescence was monitored within defined 
intracellular regions, [Ca2+]i  oscillations were ob- 
served in myocytes under control conditions and 
during superfusion with agonists. The presence of 
oscillations was observed in cells dispersed in low 
Ca2+-containing solutions and was independent of 

the total [Ca2+]i  of individual myocytes, indicating 
that [ C a  2 +] oscillations are not a result of C a  2 + over- 
loading of the SR. [Ca 2+] oscillations were greatly 
attenuated when cells were bathed in 126 mM KC1 
solution with a free [Ca 2+] of 5 • 10 -8 M (Fig. 
3b). Conversely, in cells without spontaneous [Ca 2+ ] 
variations, oscillations could be induced by cell acti- 
vation with an agonist (see Fig. 7b). These findings 
indicate that temporal variations in [ C a  2+] a r e  not 
random variations in the fluorescence signal but rep- 
resent physiological variations. However, given the 
sampling rate of one image pair per sec, and the large 
variation in apparent oscillation frequency, aliasing 
in many of the experiments is to be expected. 
Aliasing is suggested by the observed temporal vari- 
ation in oscillation amplitude (Figs. 5-7) and by the 
imaging of some oscillation peaks by only one data 
point (Fig. 3b). In cells with polar distribution of 
[Ca2+]i (n = 16), the peak value of [Ca2+] i within the 
polar region was 976 -+ 11 nM and the nadir was 
356 -+ 40 riM. In the adjacent subplasmalemmal 
space, the value oscillated between 488 -+ 43 and 
189 -+ 10 riM, and at the opposite end of the cell the 
respective values were 160 + 8 and 50 -+ 4 nM. 
The averaged values obtained from the entire cell 
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Table. Average parameters ofagonist- induced [Ca2-],changes in 
individual myocytes 

Condition Cells Baseline Oscillations 
(nM) 

Amplitude Frequency 
(riM) 

Control 60 171 • 13 194 -+ 12 12.6 -+ 1.5 
KCI (126 mM) 6 512 • 45 a 208 --+ 18 13.8 • 1.2 
Caffeine (10 mM) 6 520 • 5P  310 • 28 a 10.8 -+ 1.5 
Carbachol (10 -5 M) 10 339 • 25 a 212 --+ 15 11.3 -+ 1.0 
NK-1 (10 -8 M) 10 232 • 18 384 --+ 23 a 9.6 --+ 1.0 

a 

200 25 
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~ 150 I/y_ ~'I 
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Fig. 6. Effect of carbachol on the temporal and spatial pattern of 
[Ca2+]i. (a) Representative experiment showing the time course 
of regional [Ca 2 +]i changes in response to carbachol. The cartoon 
on the right of the graph shows the regions of  interests in which 
fura-2 fluorescence was monitored. As indicated by the dotted 
arrows, the pseudocolor images underneath the graph illustrate 
representative [Ca2+] i distribution patterns under control condi- 
tions (left), immediately following addition of carbachol (middle) 
and during the development of [Ca 2 + ]i oscillations in one celt pole. 
(b) Dose response relationship for global changes in baseline 
[Ca2+]i (open triangles), oscillation amplitude (filled circles) and 
frequency of oscillations (filled triangles) obtained from experi- 
ments as shown in a. For the baseline and oscillation amplitude, 
mean values _+ sE for the percent increase over prestimulation 
values are shown. Oscillation frequency is shown in number of 
oscillations per min. Each data point represents the mean from 
4-10 experiments.  

(n = 32) for the baseline [Ca2+]i and the oscillation 
amplitude were 171 --- 12 and 194 -+ 12 riM. The 
mean frequency of oscillations was 12.6 -+ 1.1 
per min (range 9-24.0). Oscillation frequency 
varied between individual cells despite constant 

Baseline [Ca2+]i, oscillation amplitude and frequency were deter- 
mined as described in Materials and Methods.  Shown are mean 
values _+ SE. 
a Significant difference to control values (P  < 0.05). 

sampling rates, consistent with a physiological 
variability. 

Stimulation of the cell could in principle exert 
four types of effect: a tonic effect resulting in un- 
changed oscillations being superimposed on an ele- 
vated [Ca 2 + ]i (Gray, 1990); a change in the amplitude 
(Tsunoda, Stuenkel & Williams, 1990) or shape of 
oscillations (Woods, Cuthbertson & Cobbold, 1987); 
a change in the frequency of oscillations (Cobbold, 
1989) or a combination of these. 

We tested four agents, K + depolarization, caf- 
feine, carbachol and a substance P analogue, all of 
which have been shown to stimulate [Ca 2 + ]i in intact 
smooth muscle preparations. All agents affected 
baseline [Ca2+]i, the amplitude of [Ca2+] i or a combi- 
nation of both, without affecting the frequency of 
oscillations. 

Prolonged depolarization of the plasma mem- 
brane with 126 mM KC1 solution containing 1.0 mM 
Ca 2+ increased the baseline [Ca2+]iby 214 +_ 10% of 
control values without affecting the amplitude or 
frequency of [Ca2+]i oscillations (n = 6) (Fig. 4 and 
the Table). Hence membrane depolarization re- 
sulted in a simple tonic effect on cytosolic [Ca2+]. 
When the free [Ca 2+] of the depolarizing solution 
was buffered to 5 x 10 8 M, [Ca2+]i oscillations were 
greatly attenuated and the [Ca2+]i decreased (Fig. 
3b). The addition of the Ca 2+ entry blocking agent 
La 3+ (5 x 10 -5 M) reduced the amplitude of sponta- 
neous oscillations by 38 -+ 3% without effect on their 
frequency (Fig. 3a) (n = 6). 

As shown in Fig. 5 and the Table, activation of 
Ca 2+ release from the SR by caffeine increased the 
amplitude of the oscillations by 104 -+ 10% from 
control values, and the baseline [Ca2+]i by 153 _+ 
11% (n = 6). There was no effect on oscillation 
frequency. 

As shown in Fig. 7a and the Table, the NK-1 
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cation of the peptide within 100 sec without prior 
superfusion of peptide-free solution resulted in a loss 
of the peptide's effect, suggesting desensitization. 

Carbachol caused a pattern of [Ca2+] i change 
similar to caffeine and the NK-1 agonist (Table). As 
shown in Fig. 6b, the relative effects on baseline 
[Ca2+]i and oscillation amplitude were dose depen- 
dent. The baseline [Ca2+]i concentration increased 
from 178 -+ 15 ng at a dose of 10 .6 M to 339 --+ 25 
nM at a dose of 10 -4 M (n = 5 - 1 0 ) .  In contrast, 
the increase in oscillation amplitude was maximal at 
10 6 M (160 --+ 25%) and decreased to 51 _+ 20% at 
higher agonist concentrations. The [Ca2+]~ increase 
persisted for more than 5 min in continued presence 
of the agonist. Repeated application of the agonist 
did not result in desensitization to the agonist's 
effect. 

c 
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Fig. 7. Effect of the NK-l agonist [Sarg,Met(O2)ll]-SP on the 
temporal and spatial pattern of [Ca:+]/. (a) Upper panel: Repre- 
sentative experiment showing the stimulatory effect of the NK- 
1 agonist on baseline [Ca2+]i and on the amplitude of oscillations. 
No effect on the frequency of oscillations was observed. [Ca2+]i 
represent average values from the whole cell. Lower panel: Indi- 
vidual pseudocolor images from the experiment shown above 
illustrating the spatial distribution of [Ca2+], �9 under control condi- 
tions (left) and following exposure of the cell to the NK-1 agonist 
(10 -8 M). (b) Representative experiment from a cell without de- 
tectable spontaneous [Ca'-+], oscillations. Superfusion with the 
NK-I agonist resulted in appearance of [Ca2"]i oscillations. Fura- 
2 fluorescence was monitored from the supranuclear region of the 
cell. 

agonist (10-1~ -6 M) had a similar effect on base- 
line [Ca2+]i and on the amplitude of [Ca2+]i oscilla- 
tions as caffeine, without affecting their frequency. 
For example, at a peptide concentration of 10-10 M, 
the observed increases in baseline and oscillation 
amplitude were 111 --+ 5% and 36 + 5%, respectively. 
In cells without spontaneous [Ca2+]i oscillations, the 
peptide was able to induce oscillatory [Ca2+]~ 
changes (Fig. 7b). In the continued presence of the 
peptide, the increase in [Ca2+]s persisted for up to 
several hundred seconds. However, repeated appli- 

SPATIO-TEMPORAL PATTERN 

When [Ca2"]i was monitored within subregions of 
cells, different spatio-temporal patterns were appar- 
ent. These patterns were observed in unstimulated 
cells and in cells activated by carbachol, NK-1 or 
membrane depolarization. In 80% of cells studied 
(n = 60), [Ca2+]i peaks did not appear to occur 
simultaneously within different regions along the cell 
axis. Figure 8a shows five consecutive images of a 
cell following the application of carbachol (10 -5 M). 
A region of increased [Ca 2+ ] which is initially limited 
to the upper cell pole (first image) spreads through- 
out the cytoplasm to the nuclear region (images 2 to 
4) before the sequence starts over again (last image). 
A propagation throughout the cytosol as illustrated 
by this experiment was observed in 5 out of 60 cells. 
Figure 8b shows a different cell during peffusion 
with the NK-I agonists. In this cell a progressive 
phase shift of the [Ca2+]i peak could be monitored 
through four different regions along the cell axis, 
consistent with a propagation of the [Ca2+]~ gradient. 
In contrast to the cell depicted in Fig. 8a, the propa- 
gation of the [Ca2+]~ signal appeared to be confined 
to the subplasmalemmal space. The mean speed of 
propagation calculated from the phase shift of the 
[Ca2+] i peaks in nine cells was 23 -+ 3/xm per sec 
(range 9 to 38/xm). Within a given cell, the speed 
calculated for regions at varying distances from the 
origin of propagation were similar without evidence 
for a proximal-to-distal gradient. Even though prop- 
agation was observed in unstimulated and ceils acti- 
vated by receptor occupation or membrane depolar- 
ization, [Ca2+]~ propagation was always from the 
pole with high [Ca2+]i to the opposite pole. In the 
majority of cells, a phase shift in [Ca2+]~ peak be- 
tween different regions of the cell was observed, 



E.A. Mayer et al.: Intracellular Ca in Colo)aic Smooth Muscle 115 

Fig. 8. Temporo-spatial pattern of [Ca2~]i. (a) Consecutive pseu- 
docolor images from a myocyte following the application of carba- 
chol (10 -5 M). The experiment illustrates the spread of a region 
of high [Ca2+]i arising in the upper pole of the cell (first image) to 
the center of the cell (images 2-4). This is followed by a return 
of the [Ca 2 +], distribution to the original pattern (last image). The 
apparent spread of the [Ca2+]i gradient was observed throughout 
the cytoplasm. The cell length decreased by 10%. Images were 
captured at a rate of 2 per sec. (b) Representative experiment 
from a different myocyte following the application of the NK-I 
agonist. Lower panel shows consecutive pseudocolor images of 
the cell, with apparent propagation of the area showing high 
[Ca2+] i from one pole of the cell along the subplasmalemmal space 
to the opposite pole. Upper panel shows time course of [Ca2% 
calculated from four different cell regions (1-4). Cell regions 
correspond to regions along the cell indicated to the left of pseu- 
docolor panel. In three consecutive images, a phase shift in the 
oscillation peaks between the four monitored cell regions was 
observed. The speed of propagation was 32/ ,m per sec and was 
similar between different regions. 

even though a continuous progression of a [Ca2+]; 
wave through more than two cell regions could not 
be determined. In 20% of cells studied, the majority 
of peaks of [Ca2+] i oscillations appeared to occur 
simultaneously. 

Discussion 

This study has shown that myocytes from the longi- 
tudinal muscle layer of the rabbit colon have a re- 
markably regulated spatio-temporal pattern of 

[ Ca2+]i signalling. The data presented demonstrate 
(i) the presence of spatially distinct intracellular 
Ca 2+ pools, (ii) [Ca2+]i oscillations, and (ii)propaga- 
tion of [Ca2+]i changes from one cell pole along the 
longitudinal cell axis. 

Our data are consistent with the assumption that 
the subplasmalemmal lea  2 +]i gradients observed in 
the majority of myocytes reflect increased levels 
of free cytosolic Ca 2+ in the immediate vicinity of 
peripheral and central SR (Devine et al., 1972; Bond 
et al., 1984; Kowarski et al., 1985; Somlyo & Him- 
pens, 1990). These gradients increase in response to 
agents known to release Ca 2+ from the SR, and to 
those that increase influx of extracellular Ca 2t, and 
they decrease when influx of extracellular Ca 2+ is 
inhibited. In addition to the physiological mecha- 
nisms discussed earlier, these gradients could arise 
from sampling and motion artifacts along the cell 
edges. However, gradients were present in the great 
majority of stimulated and unstimulated cells, were 
present over long periods of observation, were not 
restricted to cell edges and appeared to be sensitive 
to physiological stimuli. Artifactual gradients arising 
from ratioing of image pairs with low signal-to-noise 
ratios are also unlikely since subplasmalemmal fluo- 
rescence gradients were also observed in the respec- 
tive images before ratioing. Based on these observa- 
tions we feel strongly that the images obtained in 
this study represent the two-dimensional projection 
of a physiological subplasmalemmal [Ca2+]i gradi- 
ent. Devine et al. (1972), using electron-microprobe 
studies, have shown the presence of Ca 2+ within 
distinct, yet interconnected components of the SR, 
the central and the peripheral SR. The peripheral 
Ca 2+ storage sites are likely to correspond to the 
vesicular structures reported in the subplasmalem- 
mal space of a variety of smooth muscle cells and 
visualized in the current study. Even though addi- 
tional studies are needed, the structural identity of 
the Ca 2+ pool located in one pole of the cell might 
be the asymmetrically located complex of vesicular 
structures and mitochondria visualized by electron 
microscopy in equatorial, longitudinal sections of 
muscle as shown in Fig. 1, which would correspond 
to the central pool of Devine's report. 

The changes in [Ca2+]i were oscillatory in nature 
in every cell examined with an oscillation frequency 
ranging between 9 and 24 cycles per min. Even 
though our sampling frequency should fulfill the Ny- 
quist criterion for reliable sampling of these events, 
aliasing, particularly at higher frequencies, cannot 
be ruled out. We and others have previously re- 
ported oscillatory activity of Ca2+-activated K + 
channels (Benham & Bolton, 1986; Mayer et al., 
1989). For example, in whole cell recordings of jeju- 
hal myocytes, the frequency of spontaneous tran- 
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sient outward currents at a holding potential of - 40 
mV was 13.2 cycles per rain, similar to the frequency 
of [Ca2+]i oscillations reported here. The frequency 
decreased with membrane hyperpolarization, but 
appeared independent of [Ca 2 + ]i (Benham & Bolton, 
1986). A possible physiological importance of the 
characteristic patterns observed for the [Ca2+]i sig- 
nal in this study is suggested by the analogous 
changes in membrane potential found in myocytes 
from the longitudinal muscle layer of the mammalian 
colon (Golenhofen &von  Loh, 1970; E1-Sharkawy, 
1983; Huizinga, Diamant & E1-Sharkawy, 1983). In 
the absence of stimulation, the membrane potential 
in this tissue remains' constant around - 7 0  mV. 
Agonists produce a characteristic cyclical appear- 
ance of potential changes consisting of a slow mem- 
brane depolarization with superimposed membrane 
potential oscillations. The frequency of these oscilla- 
tions varies between 10 and 35 cycles per min (EI- 
Sharkawy, 1983; Huizinga et al., 1983). These oscil- 
lations in turn develop spike potentials at the peak 
of depolarization. Contractions are associated in a 
tetanus-like fashion with clusters of oscillations. 
Similar to their lack of effect on [Ca2+] i oscillations 
in this study, agonists do not change the frequency 
of potential oscillations. In the current study, mem- 
brane potential changes were not required for the 
generation of [Ca2+]i oscillations. 

In excitable cells [Ca2+]i oscillations can be gen- 
erated by a membrane oscillator, which results in 
intermittent influx of extracellular Ca z+ through 
voltage-sensitive Ca 2+ channels (Schlegel et al., 
1987), whereas in nonexcitable ceils, intracellular 
mechanisms are responsible (Berridge & Galione; 
1988). Based on the resistance of oscillations to La 3+ 
and nifedipine, the origin of the oscillations found in 
the current study appears to be due more to intracel- 
lular recycling across the membrane of the SR and 
less to plasma membrane entry. However, similar 
to reports by others (Ambler et al., 1988; Jacob, et 
al., 1988), we found that refilling of intracellular 
stores from the extracellular Ca 2+ pool via voltage- 
insensitive mechanisms appears to be necessary to 
maintain oscillations, since lowering extracellular 
[Ca 2+] into the nanomolar range abolished detect- 
able [CaZ+]~ oscillations. In Contrast, clamping the 
membrane potential close to 0 mV in the presence 
of extracellular [Ca 2+] did not affect amplitude or 
frequency of oscillations. Since the latter protocol 
will result in transient Ca 2+ influx (Himpens & Som- 
lyo, 1988) followed by inactivation of voltage-sensi- 
tive Ca 2+ pathways, these findings also suggest that 
intracellular voltage-insensitive mechanisms are re- 
ponsible for the observed [Ca2+]i oscillations. Thus, 
the previously reported oscillatory and dihydropyri- 
dine-sensitive activation pattern of Ca2+-activated 

K + channels in colonic myocytes in response to 
substance P (Mayer et al., 1989) seems to be unre- 
lated to the [Ca2+] i oscillations reported here and 
may correspond to the generation of spike poten- 
tials, superimposed on membrane potential oscilla- 
tions. 

Agonists such as the NK-1 agonist or carbachol 
and caffeine, which releases Ca 2+ from the SR, in- 
creased amplitude r~ather than frequency of oscilla- 
tions. Even though the current results do not rule 
out the possibility that other cell regulators can mod- 
ify the frequency of oscillations, they suggest that 
in myocytes from the longitudinal muscle layer the 
[Ca2+]i signal is amplitude rather than frequency 
modulated. This finding is in contrast to the great 
majority of reported cell types with cytoplasmic 
[Ca2+]i oscillators, in which frequency modulation 
of the [Ca2+]i signal has been reported (Berridge & 
Galione, 1988; Berridge & Irvine, 1989; Cobbold, 
1989). However, if the observed [Ca2+]i oscillations 
are indeed responsible for slow wave generation in 
intestinal muscle, the observed lack of frequency 
modulation is in agreement with the reported con- 
stancy of the intestinal slow wave frequency (Cob- 
bold & Rink, 1987). 

Different models of cytosolic calcium oscillators 
have been proposed (Christensen, Caprilli & Lund, 
1969; Golenhofen & yon Loh, 1970; E1-Sharkawy, 
1983; Berridge, Cobbold & Cuthbertson, 1988; 
Meyer & Stryer, 1988; Payne et al., 1988; Gray, 
1990). These models fall into the two main categories 
of receptor-controlled and second messenger-con- 
trolled oscillators (Berridge & Galione, 1988). A key 
concept of the former is the assumption of oscilla- 
tions in Ins 1,4,5P 3 concentrations (Meyer & Stryer, 
1988; Cobbold, Cuthbertson & Woods, 1988), 
whereas in the latter, periodic release of Ca 2 + in the 
presence of constant Ins l,4,5P3 concentrations via 
feedback loops involving [Ca2+] i have been pro- 
posed (Iino, Kobayashi & Endo, 1988; Payne et al., 
1988; Berridge & Irvine, 1989; Gray, 1990). In one 
type of second messenger-controlled oscillator 
model, Insl,4,5P 3 is assumed to release [Ca2+]i to 
initiate the transient, but as [Ca 2+ ]i increases it inhib- 
its further release via negative feedback effect on the 
release site (Gray, 1990). Our finding that maximal 
increases in baseline [Ca2+]i such as seen with high 
doses of carbachol or K + depolarization were asso- 
ciated with a decrease in oscillation amplitude is 
consistent with such a mechanism. 

The current study did not allow us to character- 
ize different encoding strategies depending on the 
pool of activator Ca 2+ involved (Cheek, 1989; Kim & 
Westhead, 1989). For example, K + depolarization, 
receptor-mediated activation and caffeine all 
showed combinations of changes in baseline [Ca2+]i 
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and in oscillation amplitude, and an absence of fre- 
quency modulation. This pattern of encoding most 
closely resembles the [Ca2+] i signalling described in 
rat parotid acinar cells, a second-messenger con- 
trolled [Ca2+]i oscillator system (Gray, 1990). 

Peaks of [Ca2+]i oscillations did not occur simul- 
taneously in all areas of the cell, and in some cells a 
clear propagation of the Ca 2+ signal along the sub- 
plasmalemmal space or throughout the cytoplasm in 
form ofa [Ca2+]i wave was found. Similar spatiotem- 
poral regulation of [Ca2 +]~ has been reported in other 
cell types, including chromaffin cells (Cheek, 1989), 
astrocytes (Cornell-Bell et al., 1990), hepatocytes 
(Rooney et al., 1990) and cardiac myocytes (Taka- 
matsu & Wier, 1990). The reported velocities for the 
[Ca2+]i waves in these cells ranging from 19 to 100 
/xm per sec are similar to the values observed in our 
study. Our failure to detect definitive propagation in 
all cells studied, may be secondary to the faster 
propagation velocity in some cells, which would pre- 
vent reliable sampling of propagated events with the 
imaging rate used in this study. In cells with regional 
structural specializations, such as nonhomogeneous 
distribution of surface receptors or SR (Cheek, 1989) 
or functional polarity of the cell (Cheek, 1989; 
Rooney et al., 1990), the [Ca2+]i wave originates at 
a constant pole of the cell. This is similar to our 
findings in colonic myocytes where propagated 
[Ca:+]~ gradients originated at the pole of the cell 
that had the highest [Ca 2 + ]; during control conditions 
and following stimulation. The current findings may, 
therefore, indicate the presence of an intracellular 
"trigger zone" for the Ca 2+ signal located within 
a specialized structure of the central SR and the 
propagation of the signal along the peripheral SR or 
throughout the cytoplasm. It remains to be deter- 
mined if the polarity of Ca z+ release in form of a 
trigger zone arises from asymmetries of intracellular 
Ca 2+ compartments (Cheek, 1989) or from an asym- 
metric distribution of Ca 2+ release mechanisms. 
Ca2+-induced Ca 2+ release mechanisms have been 
well characterized in cardiac myocytes (Fabiato, 
1983) and may be present in colonic smooth muscle 
(Ilino, 1989). If Ca2+-induced Ca 2+ release plays a 
role in propagating the signal, as has been suggested 
for other cells, an increase of [CaZ+]~ within the trig- 
ger zone may set up the necessary gradient for diffu- 
sion of Ca 2 + to the Ca 2 +-sensitive release sites along 
the cell membrane, and thence to the cell interior. 

The physiological role of propagated [Ca 2 + ]z gra- 
dients is open to question. Given the CaZ+-sensitive 
conductances present in the plasma membrane of 
colonic myocytes (Cobbold & Rink, 1987; Mayer 
et al., 1989), the propagated [Ca2+]i signal can be 
expected to result in a corresponding wave of mem- 
brane potential and possibly contractile motion. Re- 

ported propagation velocities for the slow wave in 
intact colonic muscle range from 1 to 16 mm per sec 
(Christensen et al., 1969; Smith, Reed & Sanders, 
1987). Given the sampling bias for the lowest range 
of the spectrum of propagation velocities in the cur- 
rent study, and the temperature difference to the in 
vivo studies, it is conceivable that the Ca 2+ waves 
of individual myocytes provide the basis for slow 
wave propagation in colonic muscle. If this hypothe- 
sis is correct, propagation of Ca 2+ waves between 
cells should occur via gap junctions. A paucity of 
gap junctions in longitudinal intestinal muscle layers 
has been reported (Gabella, 1989), yet their spatial 
cellular distribution in this tissue is currently not 
known. If gap junctions were preferentially located 
at the ceil poles, a propagation of the slow wave and 
its underlying Ca 2+ gradient along the longitudinal 
axis of the gut could be explained. 

In conclusion, the findings of the current study 
are consistent with the hypothesis that the distinct 
spatio-temporal patterns observed in individual my- 
ocytes are the underlying mechanisms for slow wave 
generation and propagation in colonic smooth 
muscle. 
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