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SUMMARY: In order to develop a method to quantify the mucus secretion, we 
observed the mucus epithelium of the rabbit colon under a video-enhanced 
differential interference contrast microscope. Upon stimulation with 
muscarinic agonists, secretory granules in individual goblet cells were 

found to undergo a rapid light intensity change. Simultaneously, the lumen 
was widened and filled with a cloudy material. In each cell, many of such 
responses were followed by formation of a large cavity which could be 
recovered after removal of the stimulant. We infer that the light intensity 
change of a granule arises from exocytosis. Direct counting of the 
frequency of these quanta1 responses would be very useful to monitor the 
secretory activity of single cell in real time at a high sensitivity. 0 1‘391 
Academic mess, Inc. 

Secretory activity occurs in a wide variety of cells and has been the 

subject of extensive and continuing investigations. Particularly, the 

intracellular mechanism underlying its final step called exocytosis is still 

ambiguous and controversial (l-3). Measurement of the capacitance of the 

plasma membrane with a patch pipette (4) has been the only technique 

previously available for analysis of exocytosis in the time domain. 

However, this is technically difficult, inapplicable to cells surrounded by 

an intact tissue, and complicated by problems caused by membrane retrieval 

and other morphological changes of the cell. Thus, we employed the 

technique based on light microscopy (5,6) and video image processing (7-10). 

By using recently developed video apparatus, we improved the quality of the 

video-microscopic image considerably. As a result, this has become an 

Abbreviations: CCh, carbachol; DIC, differential Interference contrast. 
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alternative and more powerful method for dynamic studies of the secretory 

process at the level of a single granule. Here, we present new findings 

obtained by applying this method to colonic goblet cells without isolating 

them from the associated epithelial tissue. 

MATERIALS AND METHODS 

Mucus epithelium was obtained from distal colons of common rabbits. 
After removal of the underlying connective tissue and muscle layers, the 
colonic mucosa was sliced into small pieces containing 5 to 10 crypts. 
These pieces were placed in a narrow space between a slide glass and a 
coverslip, and observed under a differential interference contrast (DIC) 
microscope (Optiphot, Nikon, Tokyo). The DIC image was detected with a CCD 
(charge coupled device) camera (TI-23P, NEC, Tokyo), and the video signal of 
the camera was contrast-enhanced with a high speed digital image processor 
(PIP-4000, ADS, Osaka), monitored at magnifications of 4,500 to 9,000X, and 
recorded in videotape using an S-VHS video recorder (AG-7500, Panasonic, 
Osaka). The preparation was perfused continuously at a flow rate of 100 
pl/min with a solution containing (in mM) NaCl, 135; KCl, 5.4; CaClz, 1.2; 
MgClz, 1.2; glucose, 10; Na-phosphate buffer, 3 (pH adjusted to 7.3). This 
solution was oxygenated and warmed so as to maintain the temperature of 
the preparation at 30 to 36OC. Goblet cells of the colonic crypt were 
identified by their large group of granules (0.3 to 2 pm in diameter) in the 
apical pole. 

RESULTS AND DISCUSSION 

Secretory granules in goblet cells were found to be quiescent during 

continuous perfusion of the crypt with normal solution. When a cholinergic 

agonist, carbachol (CCh) or acetylcholine, was added to the perfusion 

solution at a concentration of 1 to 100 PM, these granules abruptly changed 

in brightness one after another and turned into a small 'blister' or caveole 

(Fig. 1). When a clean crypt lumen was obtained, these rapid optical changes 

were sometimes accompanied by a discharge of smoke-like viscous materials 

which were immediately carried away by water flowing in the lumen. Many of 

these responses appeared intermittently in individual cells so that a large 

concave surface gradually formed at their apical pole. We infer that these 

rapid optical responses arise from exocytosis of mucus-containing granules. 

These observations are quite consistent with and complementary to the re- 

sults of electron microscopic studies (11-15). 

The light intensity in the DIC image is primarily determined by the 

difference in the refractive indices of the object and its surrounding. 
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Fig. 1. DIC images of exocytosis in a colonic goblet cell reproduced 
from sequential video frames. A; Part of a crypt observed by optical 
sectioning close to the lumen at 5 min after application of 100 ?M 
CCh. Many goblet cells (e.g., arrow) containing secretory granules 
are shown with their apicobasal axis perpendicular to the focal plane. 
Several cells are seen to form a cavity (asterisk) as a result of many 
exocytotic responses. B - F; Sequential video Images showing an 
enlarged view of the cell indicated by the arrow in A. The interval 
between each frame is 33 ms. A granule abruptly changed in bright- 
ness (arrow). G; Difference image obtained by subtracting image E from 
image C and by addlng a proper offset value. This clearly reveals the 
rapid brightness change of a granule (arrow). 

Therefore, any rapid change in the light intensity from mucus-containing 

granules can be ascribed to changes in their refractive index. The most 

granules can be ascribed to changes in their refractive index. The most 

simple, plausible interpretation of the refractive index change is that the 

granule contents are rapidly released and replaced with a material of lower 

refractive index, i.e., the external medium. We exclude the possibility 

that translational movement of the granule caused the brightness change, 

because we saw no rapid movement in any directions along the focal plane 

even when side and top views of many responding cells were clearly visible. 
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Fig. 2. Morphological changes of goblet cells as revealed by DIC 
microscopy. A crypt was optically sectioned along the lumen. The 
border of the lumen is indicated by arrow heads. A; DIC image 
obtained 3 s before application of CCh. B; Image obtained 18 s after 
application of CCh (100 FM CCh was applied in the presence of 1 mM 
8Br-cyclic AMP to obtain the maximal response). Many granules showed 
an abrupt brightness change and formed a small cavity (arrow). C; 
Image obtained 35 s after arrival of CCh. As a result of many 
exocytotic responses, the lumen was widened and the apical membrane 
became very rough. D; Image obtained 17 min after arrival of CCh. 
Large cavities (asterisk) formed in the individual goblet cells, 
leaving few granules underneath (arrow). E; Image of the same 
preparation 50 min after removal of CCh. F; Traces of granules 
showing abrupt brightness change during an initial 45 s period of CCh 
stimulation. The bottom border for aggregation of granules in each 

is indicated by a curved broken line. cell 

The s ites of exocytotic responses in each goblet cell could be clearly 

determined when the cell was optically sectioned along the apicobasal axis. 
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Initially, the sites of exocytotic optical changes were distributed in 

limited areas exactly aligned along the luminal border of the crypt (Fig. 

2); later, they gradually spread toward the goblet cell bases. These resp- 

onses were never seen at an isolated site deep inside the aggregation of 

secretory granules. This indicates that granules fuse only with the apical 

membrane, rather than with other granules discontinuous to the apical mem- 

brane. Once a granule fused with the apical membrane to form a caveole, 

another granule was able to fuse with this caveole within a few hundred 

milliseconds. Often, three or four granules fused successively in this 

manner; this may correspond to the process previously referred to as 

'compound exocytosis' from electron microscopic studies (17). When CCh was 

applied for a long period of time, almost all granules in the goblet cell 

were depleted after their exocytotic responses, leaving a large cavity in 

the apical pole as shown in Fig. 2D. About 1 h after removal of the stim- 

ulant, the cell recovered its initial volume without producing new secretory 

granules (Fig. 2E). 

Our finding of a lack of direct granule-granule fusion is significant 

for the following reasons. Since the receptors to most agonists are likely 

to be located on the basolateral membrane of the goblet cell, the intra- 

to the apical membrane through narrow cytoplasmic spaces between secretory 

granules tightly apposed to each other (13-15). Our observation indicates 

that this signal, while in transit, cannot initiate membrane fusion between 

granules. It is very likely that the membrane of the secretory granule ac- 

quires the ability to fuse with neighboring granules only after fusion with 

the apical membrane. The apical membrane may possess a special class of 

fusion-initiating molecules, and they may be transferred to a granule mem- 

brane by lateral diffusion following the fusion response. 

Each exocytotic event in an individual goblet cell was easily captured 

by eye on real-time playback of the videotape, and was delivered to a 

computer through key board operation. Frequency histograms (Fig. 3) were 

made from the data files thus stored. Although there was a probabilistic 

variation in the shape of histograms obtained from individual cells, 100 PM 
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FiR. 3. Frequency of exocytotic response (abrupt brightness change of 
granules) in a single goblet cell stimulated by 100 JIM CCh (A) and in 
another cell stimulated by 1 PM CCh (B). The number of quanta1 
responses in every 10 s period was counted and expressed as histo- 
grams. CCh was applied for the period indicated by horizontal bars. 

CCh always induced a large peak of secretory activity during an initial 

period of a few minutes (Fig. 3A). Then, after a short silence, a moderate 

activity persisted for 20 to 40 min as application of the stimulant was 

continued. At lower concentrations of CCh (1 - 10 )IM), the frequency of exo- 

cytotic events was much lower, and usually no clear peak was formed in the 

initial phase (Fig. 3B). Since all of these responses were suppressed com- 

pletely by 10 JIM atropine, we ascertained that the muscarinic receptors are 

involved in the CCh-induced response. 

Through frequency determination of these quanta1 responses, we have 

developed a precise method for real-time estimation of secretory activity. 

This quanta1 analysis attains ultimate sensitivity and improves facility for 

long-period assay, and thus reveals dynamic characteristics of the goblet 

cell which can not be studied otherwise (16). Dynamic aspects of exocytosis 

of a single granule will also be studied in detail by analyzing the light 

intensity change of the granule recorded in the videotape (17,18). Studies 

of various exocrine (IT), endocrine (18) and neurosecretory cells using the 

same technique are currently in progress in our laboratory. 
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