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Hyperosmotic relaxation lysis of chromaffin granules 
is caused by interactions between the granular membrane 

and intragranular vesicles 
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Bovine c~omaifin granules undergo irreversible structural changes during osmotic shrinkage in hypertonic sucrose and 
salt solutions, such that, on reexposure to isoosmotie conditions they do not regain their original morphology, but 
undergo lysis ('hyperosmotlc relaxation iysis'). Irreversible alterations of granules were induced by hypertonic 
incubations lasting for as little as 1 min. Fluorescence and EPR membrane labelling experiments showed that 
hypertonicity did riot induce m~abrane loss for instance by inwardly or ontw, a'dly directed pinching oil of membrane 
material. The mean sizes of ehromaffin granules as a function of increasing and subsequently decreasing osmotic 
pressure were measured by photon correlation spectroscopy; there was no significant difference in sizes of hypero~Anoti- 
tally pretreated granules as compared with controls. Freeze-fr, a~ure electron micrographs showed the formation of 
'twillS' aud qrlplets' under hypertonle conditions. They also revealed intragranular vesicles of 50-200 nm in diameter in 
both hypertonicaily and isotonlcally suspended granules. 'Twin' and 'triplet' granules were formed by the attachment of 
intragranular vesicles to the granule membranes. We suggest that hypemsmotie relaxation lysis is caused by the fact 
that this adhesion partly prevents the grmmle membra~e gram reexpanding, t'ms, leading to its rupture. 

Introduction 

Chromaffin granules are the storage vesicles in 
adrenal medullary cells. They have been frequently used 
as model systems for the investigation of hormone 
accumulation, storage and exocytosis. Osmotic proper- 
ties of chromaffin granules have been intensively in- 
vestigated [1-4] since osmotic forces play an important 
role in exocytosis [5-16]. However, the mechanism by 
which osmotic pressure gradients facilitate exocytosis is 
not known [16]. It has been suggested that osmotic 
forces either cause membrane fusion and fission di- 
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rcctly, by stretching the secretory vesicle membrane 
[6,7,17-19], or are of importance in facilitating release 
of the contents after fusion [11,12]. 

Isolated chromaffin granules are stable in isotonic 
(0.3 osM) sucrose solutions. In hypotonic solutions the 
granules undergo hypoosmotic lysis with half-maximal 
catecholamine release at approx. 200 mosM. In hyper- 
tonic sucrose solutions the granules remain intact for 
hours at low temperatures and do not release their 
contents [20]. They shrink and behave as almost ideal 
osmometers at least with respect to increasing osmotic 
pressure [1,3]. However, if they arc transferred back to 
lower but still hypcrtonic osmolarities, at which ~hey 
were previously stable, lysis and hormone release occurs 
[1,4,20]. In the past, this phenomenon was frequently 
observed when isolated chromaffin granules were puri- 
fied by sucrose density gradient certrifugation and re- 
suspended in isotonic solutions (see Ref. 21). Siidhof [1] 
called it 'hyperosmotic relaxation lysis'. It does not 
appear to be caused by sucrose uptake into the granules 
[1], neither it is specific for sucrose solutions. It was also 
observed in hypertonic NaC! solutions [1]. There is as 

0005-2736/89/$03.50 © 1989 Elsevier Science Publishers B.V. (Biomedical Division) 



112 

yet no satisfactory explanation for hyperosmotic relaxa- 
tion lysis. 

Becaus~ of the apparent importance of osmotic forces 
in exocytosis we reinvestigated this unusual phenome- 
non of hyperosmotic relaxation lysis. We tested differ- 
ent hypotheses regarding the structural changes of gran- 
ules caused by hypertonic incubation, using the follow- 
ing methods: fluorescence catecholamine release assay. 
fluorescence- and EPR-labeUing techniques, photon 
correlation spectroscopy, and freeze-fracture electron 
microscopy. 

We used fluorescence-labelling techniques and EPR 
measurements to determine whether there was a loss of 
membrane material due to endocytotic pinching-off 
during hyperosmotic incubation. No decrease in granule 
membrane area was detected. The mean sizes of gran- 
ules as a function of osmotic pressure were measured by 
photon correlation spectroscopy; no significant dif- 
ference in the sizes of granules that either were or were 
not preincubated at still higher osmolarities was ob- 
served at the same osmotic pressure. We also made 
freeze-fracture electron micrographs, which revealed that 
• twin' and "triplet" structures were formed out of origi- 
nally spherical vesicles in hypertonic media. These 
shapes were probably caused by adhesion of small 
intragranular vesicles [22] to the granule membranes. 
Hence, when these membranes came into close contact 
and adhered strongly then the outer granule membrane 
was only partly available for osmotic swelling. After a 
decrease of osmotic pressure the granules were therefore 
unable to round up again, and swelling back to their 
original size and shape was prevented. 

Materials and Methods 

Solutions. All solutions were buffered with 10 mM 
Na-Hepes, Serva, at pH 7.4. The osmotic pressure of 
buffered isotonic (0.26 M) sucrose solution was 0.299 
osM measured by a Knauer osmometer. All other osmo- 
larities as well as refractive indices and viscosities of 
sucrose solutions were taken from Ref. 23, (p. D-262, 
Table 88). 

Preparation of ehromaffin granules. Granules were 
prepared as described by Siidhof [1]. This procedure 
yielded a crude (P2) granule fraction, but  contamination 
with other organelles was comparatively low as shown 
by electron microscopy. Bovine adrenal glands were 
obtained from a local slaughterhouse and placed on ice 
within 30 min after death of the animal. Preparation 
started 1 h later. After dissection and homogenization 
of adrenal medullary tissue in isotonic buffered sucrose 
solution, call debris was spun down at 1000 × g for 10 
rain. The granule-containing supernatant was centri- 
fuged at 22000 × g for 20 rain and the pellet (P2) was 
carefully resuspended in isotonic sucrose, whilst leaving 
behind a thin brown layer (mainly mitochondria). This 

pl'ocedure was repeated twice. The final pellet was 
resuspended in a small volume of sucrose solution and 
centrifuged at 2000 × g for 5 rain. The resulting homo- 
geneous supernatant contained about 5-10 mg pro- 
t e in /ml  as determined by the biuret method with hu- 
man serum albumin as siandard and was used for the 
following experiments, isolation was carried out at 4 °C .  

Lysis determination. Lysis of chromaffin granules was 
determined ~ ~ a fluorimetric catecholamine release as- 
say [1,24]. C~ ~echolamines show maximum fluorescence 
excitation at 285 nm and emission at 320 nm. As 
catecholamines are very concentrated within the gran- 
ules (0.5-0.7 M) [25,26] their fluorescence is quenched. 
Thus dilution of catecholamines due to lysis is accom- 
panied by an increase of fluorescence. 0'/b lysis refers to 
the fluorescence intensity of an aliquot of granules in 
isotonic or hypertonic solutions whereas 10070 lysis 
refers to the intensity in 10 mM Hepes. 

Measurements were carried out in a Perkin-Elmer 
MPF 4B fluorescence spectrometer using wavdengths 
of 285 nm (excitation) and 320 nm (emission) and slit 
widths of 6 nm. Granules were added, either from the 
stock suspension or after hypertonie, incubation, into 2 
ml of sucrose solution in a quartz cuvette at 16°C.  The 
final protein concentration was less than 200 Fg /ml .  
After 2 rain equilibration spectra were read and cor- 
rected for the corresponding sucrose solution. 

Membrane labelling by fluorescent and spin probes. 
For fluorescence measurements [27] the granule mem- 
branes were labelled with 0.2 mM ONS (2-n-octade- 
cylaminonaphthalene-6-sulphonic acid), Serva, for 15 
min. ONS was dissolved in a 1 : 1 mixture of dimethyl- 
sulfoxid and ethanol. After eentrifugation at 20000 × g 
for 20 min the granules were incubated in isotonic or 
hypertonic sucrose solutions. After 15 min 1.4 mM 
freshly dissolved T N B S  (2 ,4 ,6- t r in i t robenzene-  
sulphonate) was added, and reacted with the granules 
for 1 h at 4 ° C  [27,28]. After centrifugation at 20000 x g 
for 20 rain the granules were resuspended in the ap- 
propriate sucrose solution and ONS fluorescence was 
read using wavelengths of 368 nm (excitation) and 425 
nm (emission). 

In EPR experiments, granules were first gently mixed 
with 1 mM of the cationic spin probe CAT 16 (1-oxyi- 
2 ,2 ,6 ,6- te t ramethyl -4-dimethylara inopiper id inecoty l  
bromide), Bulgarian Academy of Sciences, Sofia, at 
4 ° C  for 30 rain [29]. The molar ratio l abe l / l ip id  was 
about 1:50. The lipid content of the granules was 
determined by the ammoniumferrothiocyanate method 
[30]. After centrifugation at 16000 x g for 10 min gran- 
ules were resuspended in ice-cold solutions of different 
sucrose concentrations. Immediately before the record- 
ing of spectra ascorbie acid was added to the samples at 
a final concentration of 1 mM. The temperature of the 
cuvette was adjusted to 4 _ 0 . 5 ° C .  In order to de- 
termine the redox activity of the granules, the signal 



stability of the water-soluble spin probe TEMPO 
(2,2,6,6-tetramethylpiperidine-l-oxyl) was measured in 
parallel experiments. Spectra were read at  an  Z W G  231 
EPR spectrometer (Academy of Sciences of the G.D.R.)  
at 3290 G,  a modulation of 8 G,  and  a phase of 
2 / 1 0 - 2 / 2 0 .  

Both fluorescence and  EPR labelling experiments 
were carried out with two different granule prepara-  
tions. 

Photon correlation spectroscopy. Measurements of 1 / z  
average diameters of granules were performed using a 
'Zetasizer-2'  (%'alvern, U.K.) with the 632.8 nm line of 
a helium-neon laser. Granules  were suspended in 
buffered sucrose solutions, containing 0.5 mM EDTA. 
at  a concentrat ion (50 # g  p ro te in /ml )  that  should be 
low enough to avoid secondary scattering or granule 
aggregation [31]. Buffer and  sucrose solutions were pre- 
filtered through 0.22 # m  filters, Millipore Corp.  Gran -  
ules were incubated and  diluted with 4 ° C  solutions 
whereas measurem~nt.s were carried out at  2 0 ° C .  
Scattered fight signals were accumulated over a period 
of  10 min for  each sample. For  da ta  analysis the method 
of  cumulant  expansion [32] was used, which yielded 1 / z  
a,,era~oo diameter as well as polydispersity. 

Freeze-fracture electron microscopy. Granules  were 
prepared as described above and  then incubated at  
different osmotic pressures for 15 rain. Some samples 
were fixed with 2% glutaraldehyde at  2 0 ° C  for 20 win; 
usually the samples were used without  fixation. Gran-  
ules were centrifuged for 20 rain at 22000 × g and  kept 
at  0 ° C .  A sandwich technique was used, in which the 
material  was placed between specimen holder plates for 
the double-repfica stage of Baizers. After freezing by  
plunging into liquid propane  the samples were fractured 
and  repfieated at  - 1 5 0  o C using a BAF 400 D appara-  
tus (Balzers AG,  Liechtenstein). The replicas were 
cleaned with sodium hypochlori te and  rinsed with dis- 
tilled water.  They were examined in a JEM 100 B 
electron microscope (Jeol, Japan)  at  80 kV. 

Results 

Lysis experiments 
Repeat ing several experiments of Siidhof [1] we were 

especially interested in the dependence of hyperosmotic 
relaxation lysis on  the incubat ion osmolarity. Fig. 1 
shows the lysis of  chromaffin granules, in terms of 
catecholamine release, as a function of external sucrose 
concentrat ion after  transfering the granules from hyper- 
tonic solutions to the lower osmolarities indicated. 
Granules  were pr¢incubated in solutions of different 
sucrose concentrat ion for 15 rain, and  no  catecholamine 
release was observed when the granule suspension was 
diluted with the incubation solution (see 0% values for  
incubat ion concentration).  Lowering the sucrose con- 
centration, however, led t~ hyperosmotic relaxation ly- 
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Fig. l. Hyperosmotic relaxation lysis of chromaffin granules in lerms 
of eatecholamine release as a function of sucrose concentration. 
Granules were preincubated in 0.26 ( + ). O.39 (D). 0.52 (o). 0.78 (11). 
0.99 (.)  or 1.2 ' × ) M buffered sucrose at 4°C for 15 rain. A transfer 
to the respective solution of lower sucrose concentration followed. 
The h:ftmost curve starting from isotonic solutic.n (0.26 M sucrose) 
refers to hypotonic lysis; the other curves reflect hyperosmotic relaxa- 

tion lysis. 

sis. The leftmost curve of Fig. 1 refers to hypoosmotic 
lysis, diluting the granule suspension from isotonic 
sucrose concentrat ion to lower osmolarhies. There is a 
monotonic change of the slopes of the lysis curves, in 
that  the curves become steeper the lower the concentra-  
tion of sucrose in the incubation. 

It should be noted that maximum catecholamine 
release due ta  hyperosmotic relaxation iysis never re- 
ached the value of hypoosmotically lysed granules (at 0 
M sucrose concentration).  Only 75-90% catecholamine 
release as compared with hypoosmotic lysis was ob- 
served (see also Ref. 1). 

We tested whether hyperesmotic relaxation lysis was 
caused by the 'di lut ion shock'  occurring suddenly when 
transfer from high to low osmotic pressure was accom- 
plished. Granules  were preincubated at  0.78 M sucrose 

leo. 
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Fig. 2. Influence of the incubation time in 0.'/8 M sucrose on 
hyperosmotic relaxation lysis of chromaffin ~anulcs. Oranulcs were 
transferred from the incubation solution to the respective solution of 
lower sucrose concentration in one step after I rain (0). 3 rain (x), 15 

rain (rn), 60 min (o) or 150 rain (Ig). 
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Fig. 3. 1/z average diameter of chromaffin granules as determined by 
photon correlation spectroscopy, e, mean 4-S.D. of control granules 
from four different preparations suspended at the indicated sucrose 
concentration. The other symbols refer to granules of two different 
preparations preincubated at 0.78 M or 1.3 M sucrose and subse- 
quently transferred to lower osmolarities. The granules either were 
transferred back in one step ( o, ra) or step by step (+) to the sucrose 

concentration indicated. 

for 1 h and then transferred to 0.52 or 0.39 M sucrose, 
respectively, either directly in one step or in 20 steps, 
lasting altogether for 20 rain. There was only a negligi- 
ble difference between these methods. 

To investigate the influence of the incubation time 
on hyperosmotic relaxation lysis granules were incubated 
in 0.78 M buffeted sucrose solution for different periods 
and then transferred to solutions of lower osmolarities, 
see Fig. 2. There was a slight loss (4%-13%) of catechol- 
amines after 1 or 1.5 h incubation in 0.78 M sucrose 
solution. On decreasing the external osmotic pressure 
hyperosmotic relaxatton lysis occurred, and this was 
enhanced with increasing incubation times. However, 
the shortest possible incubation time of 1 min at high 
osmolarities was already sufficient to cause irreversible 
alterations of the granules leading to hyperosmotic 
relaxation iysis (Fig. 2). 

Size measurements by means of photon correlation spec- 
troscopy 

To obtain information about the lysis mechanism at 
high osmolarities, the sizes of granules were measured. 
Fig. 3 shows mean (1/z average) diameters of chromaf- 
fin granules from four different preparations as a func- 
tion of sucrose concentration. Full circles represent 
mean diameters of granules after 10 rain incubation at  
the respective osmolarity. The mean diameter of gran- 
ules decreased on increasing the external osmotic pres- 
sure. When the volume of granules was calculated from 
these data, assuming a spherical shape, and plotted vs. 
the inverse osmotic pressure a straight line was obtained 
(not shown). This indicated the behaviour of an ideal 
osmometer reported by Morris et al. [3] and Stidhof [1]. 

The other symbols in Fig. 3 refer to granules prein- 
cubated in 0.78 or 1.3 M sucrose solution and trans- 
ferred back to lower sucrose concentrations indicated. 

Surprisingly, with decreasing osmotic pressure the mean 
size of lysing granules increased monotonically and 
continuously. Within the error of this measurement, no 
significant difference between both populations of gran- 
ules, intact and lysing, could be observed. Thus, a 
simple lysis mechanism caused by a permeability in- 
crease for the osmoticum sucrose, its uptake, water 
influx and subsequent lysis, can be excluded. In such a 
case, the granules lysis at hypertonic osmolarities should 
have a diameter as large as or even larger than that at 
isoosmotic pressure. 

Membrane labelling experiments 
In order to determine whether there was a loss of 

membrane under hypertonic conditions by endocytotic 
uptake into the granules, EPR- and fluorescence-label- 
ling experiments were performed. Both probes, ONS 
and CAT 16, should label only the outer leaflet of 
granule membranes [27,29]. If excess membrane was 
drivan into the granules and separated from the outer 
membrane during osmotic shrinkage one would expect 
to obtain a signal from label in the inner membrane 
compartment even after destruction of the labels located 
in the outer granule membrane. 

TNBS reacts with amino groups of lipids and mem- 
brane proteins forming a fluorescent reaction product 
[28]. As its absorption spectrum overlaps with ONS 
emission spectrum it causes quenching of ONS fluores- 
cence, cf. [27]. In our experiments, reaction with TNBS 
quenched the fluorescence of ONS in control granules 
(in isotonic sue,.--,') from 100% to 60%. The same value 
was obtained for labelled granules which were incubated 
in 0.78 M sucrose and to which TNBS was added after 
osmotic shrinkage. 

In EPR experiments, the spin label located in the 
granule membrane should be reduced by ascorbic acid. 
Ascorbic acid itself does not permeate membranes at 
4 ° C  [33]. Since chromaffin granules are known to have 
several membrane-bound and inner redox systems [26] 
we studied their activity in a parallel experiment using 
the water-soluble spin probe TEMPO. After 45 rain the 
spin signal of 0.1 mM TEMPO added to the granule 
suspension only decreased from 100% to 91%. Thus, the 
redox activity of the granules themselves was negligibly 
low at 4 o c .  

After addition of 1 mM ascorbic acid to labelled 
control granules (in isotonic buffered sucrose) the CAT 
16 signal was completely destroyed. The same result 
was observed for labelled granules which were incubated 
in 0.8 M sucrose solution before the addition of ascorbic 
acid. Given that neither TNBS [27] nor ascorbic acid 
[29,33] penetrated the granule membranes, inwardly-di- 
rected pinching off of membrane can be excluded. Sus- 
pensions of CAT 16-labelled and hyperosmotically 
treated granules were centrifuged at 12000 × g for 12 
min. The supernatant did not show any spin signal 
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Fig. 4. Isolated chromaffin granules in isotonic sucrose solution. In all micrographs the bar represents 200 nm and the shadow direction is from 
bottom to top. 

which suggested that the granules did not vesiculate 
into small separated parts either. 

Freeze-fracture electron microscopy 
For the direct observation of these phenomena by 

electron microscopy, we used the freeze-fracture tech- 
nique. Here we show micrographs of unfixed granules 
only. Fixation with 2~ glutaraldehyde led to artifacts 
such as crinkled membranes and cluster formation of 
intramembranous particles (IMPs) even for controls. In 
general, however, similar r, haracteristic alterations of 
hyperosmoticaliy treated granules were observed in glu- 
taraldehyde-treated membranes as in unfixed samples. 

Isolated chromaffin granules suspended in isotonic 
buffered sucrose were found to be dispersed (Fig. 4). 
Most of them were of spherical shape with a mean 
diameter of approx. 400 am which was in agreement 
with the data obtained by photon correlation spec- 
troscopy (Fig. 3). The concave fracture faces with more 
IMPs are the P-faces (protoplasmic fracture faces), the 
convex fracture faces with less IMPs the E-faces (ex- 
oplasmic fracture faces), lntramembranous particles 
were distributed randomly. Generally, cross fractures of 
granules were found rarely (Fig. 5) which is a common 

effect for vesicles of this size. Part of cross-fractured 
granules revealed 1 to 2 intragranular vesicles. These 
vesicles were round to oval and had a size of 50-200 nm 
diameter (Fig. 5b-d). 

On increasing the oemotic pressure by the addition 
of sucrose (0.5-1.2 M) the mean diameter of granules 
decreased, see also Fig. 3. Many granules were ~rans- 
formed into ' twin'-shaped granules or even 'triplets" 
(Fig. 6). These d~v;.a'.i3r, s from sphericity were already 
found in granules suspended in 0.5 M sucrose solutions, 
but the parts of the ' twins '  were less pronounced. In 
some cases the fracture path had left the membrane of 
the granule exposing membranes of internal vesicles 
(Fig. 6a, arrow). Apposed intragranulac ve~icles can be 
clearly distinguished by the cleft between them whereas 
the covering granule membrane is devoid of such a cleft. 
In some cases, deformations of the granules resembled 
'bubbles" placed underneath the granule membrane (Fig. 
6b). Additionally, the distribution of intramembranous 
particles was no longer random. Often the larger part  of 
the 'twin" showed the majority o i  the particles, whereas 
the other part was almost free of them (Fig. 6a). 

Cross fractures of granules were rare, but  they also 
showed intragranular vesicles (Fig. 7a-d).  One to five 
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Fig. 5. Cross-fractured chromaffin granules in isotonic sucrose solu- 
tion revealing no (a), small (b, c) or large (d) inlragranular vesicles. 

Fig. 7. Cross-fractured chromaffin" granules after hypertonic incuba- 
tion revealing one (a) or two (b), but also more (c, d) intragranutar 
vesicles. In (b) only one intragranular vesicle is still visible in the 
"twin'. but the f/attened contact area (arrow) suggests on a second 

v¢sicle broken away. 

Fig. 6. Chromaffin granules after hypertonic incubation in 1.2 M (a) or 1.0 M (b) sucrose solution. Nonspherir',al granules, mostly "twins' and 
' triplets', are obviously deformations induced by intragranular vesicles (arrow). 



intragranular vesicles were observed in these granules, 
the larger o~aes had a diameter of about 150 nm, the 
smaller ones a diameter of 50-90 nm. In general, in- 
tragranular vesicles found in hyperosmotieally shrunken 
granules appeared to have the same size as in isoloni- 
tally suspended granules (Fig. 5). Often intragranalar 
vesicles seemed to be pressed together and towards the 
granule membrane since many of then-, were not spheri- 
cal (Fig. 7b-d).  

D i s c u s s i o n  

Hyperosmotic lysis behaviour of chromaffin granules 
is shown in Fig. 1. Data from this figure were used to 
construct Fig. 8, in which the sucrose concentration 
range ACso ~ over which granules had to be transferred 
to yield 50% catecholamine release is plotted vs. the 
incubation concentration. Open and dosed circles rep- 
resent two different granule preparations. The osmotic 
tolerance tics0 ~ increases almost linearly with the 
sucrose concentration in the incubation. 

To interprete this behaviour let us consider two 
limiting cases. Curve 1 in Fig. 8 represents ideal reversi- 
ble behaviour of granules. A value of 180 mM sucrose 
was assumed for one-half maximal lysis independent of 
preincubation at elevated osmolarities. The other limit- 
ing case is irreversible shrinkage of granules accompa- 
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Fig. 8. Osmotic tolerance of chromaffin granules after exposure to 
hyperosmolarity. The ordinate shows the sucrose concentration dif- 
ference over which chtomalfin granules have to be transferred to yield 
50~ catecholamlne rdease as a function of the incubation concentra- 
tion. O, O, experimental data from two granule preparations. Curves 
I-4 are theoretical curves. Curve I demon,qrates the lysis behavioar 
of reversible shrunken granules if they behaved as ideal osmometers. 
One-half maximal lysis was assumed to occur at 180 mM sucrose. 
Curve 2: hypothntic lysis behaviour of irreversible shrunken granules 
that have lost excess membrane. A clitical sucrose concentration 
difference of 80 raM, corresponding to a critical membrane tension of 
21 mN/rn, was assumed to induce lysis. The radius decrease upon 
shrinkage, which was neglected for curve 2, was taken into account for 
curve 3 to calculate osmotic resistance from the law of Laplace. The 
same was done for curve 4, in which the parts of the "twins' were 

considered to be separated, 
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nied by loss of excess membrane (curve 2). Moving the 
granules back to lower osmolarities we assume that they 
would stand a decrease of external sucrose concentra- 
tion of 80 mM at most. This value was taken from 
hypoosmotic lysis experiments assuming that the critical 
membrane tension for lysis AS = 21 m N / m  (calculated 
from the law of Laplace, see below) is a constant. 
Experimental data fall between these limiting curves. 

In curve 2, the radius decrease caused by osmotic 
shrinkage was neglected. However, according to the law 
of Laplace AS = rAz~RT/2 ( r =  radius of the granule, 
• -=  osmotic pressure), small granules have a higher 
osmotic resistance than large ones. Taking into acount 
the radius decrease in hypertonic solutions, see Fig. 3 
and Ref. 1, curve 3 is obta:.ned. If the granules of 
• twinned" shape observed by electron microscopy con- 
sisted of two or more internally separated compart- 
ments their osmotic resistance should be calculated 
from the radii of the single parts as shown in curve 4. 
Neither curve 3 nor curve 4 fit the experimental data. 

From these considerations it can be concluded that 
either granules incubated in hypertonic solutions consist 
of two sharply different Fepulations one behaving com- 
pletely reversible, the other irreversible, cf. curves 1 and 
2 in Fig. 8. The other possibility is that the granules are 
homogeneous and undergo incomplete irreversible 
osmotic shrinkage (cf. case 2). 

From the EPR- and fluorescence-labelling experi- 
ments we exclude membrane loss by pinching off of 
membrane material into the granules or into the bulk 
solution. By means of freeze-fracture electron mi- 
croscopy twin or triplet granules formed at high osmo- 
larities were found. The question then arises as to the 
nature of these structures. 

'Twin '  formation was observed for chromaffin gran- 
ules [34] and other secretory vesicles (vesicles from the 
islet of Langerhans [35], Golgi-derived vest.ties [rom rat 
liver [36], neurosynaptosomes [37.'1... vesicles formed from 
myoblast membranes [38]) after addition of ,3£d-1 mM 
Ca 2+ which caused aggregation and fusion [34-38], 
Though the ' twins'  observed in our study resemble 
these aggregated or fused vesicles, at least two argu- 
ments show that they were not caused by aggregation or 
fusion of individual granules. Firstly, size measurements 
contradict such a model since the size of gran.ules 
decreased continuously and monotonically with increas- 
ing osmotic pressure (Fig. 3). Secondly, 'twin" forma- 
tion and hyperosmotic relaxation lysis itself depended 
on incubation osmolarity as a continuous function. 
Moreover, Fig. 6b suggests that the ' twins' were gener- 
ated by granule membrane deformations which arose 
from the granule interior and that they were no aggrega- 
tion or fusion products of individual granules. 

Our observations are more in accordance with the 
interpretation that "twins' and 'triplets' were induced 
by the attachment of intragranular vesicles to the gran- 
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ule membrane. Probably this process also induced the 
separation of IMPs from the granule membranes within 
the areas of contact to intragranular vesicles. 

Recently similar small (50-150 nm in diameter) 
vesicles have been found by Ornberg and co-workers 
[22] inside isolated and non-isolated chromaffin gran- 
ules after quick freezing and freeze substitution. As 
these vesicles are labile to fixation with aldehydes and 
following dehydration they have been detected only by 
using physn;al fixation. One :o five membrane-bounded, 
electron-transhiccnt vesicles were observed in 60-85~ 
of all granules. Neither the contents nor functions of 
intragranular vesicles are known at present [22]. 

Using the freeze-fracture technique, though not fre- 
quently, cross fractures of granules were obtained. They 
revealed intragranular vesicles under both, isotonic (Fig. 
5b-d) and hypextonic (Fig. 7) conditions. Their size 
(50-150 nm) was almost unaffected by an increase of 
osmotic pressure in agreement with the findings of 
Ornberg et al. [22]. 

lntragranular vesicles were not detecta':-!e from the 
outside in isotonically suspended granules. Its local 
curvatt=re and particle distribution did not i:,dicate the 
presence of intragranular vesicles underneath the graa- 
ule membrane. Repulsive forces or other mechanisms 
obviously prevented intragranular vesicles from exerting 
any detectable influence on the granule membranes. 
What mAght be the reason for the strong granule defor- 
mation at hypertonie conditions? 

Even under isotonic conditions the granule core is a 
very concentrated solution (0.5-0.7 M catecholamines, 
0.12 M ATP, ions, proteins and neuropeplides [8,25,26]) 
showing uonideal osmotic behaviour. The osmotic pres- 
sure of this solution is not equal to the theoretical value 
of 0.8 osM. Instead it is equal to only 0.3 osM mainly 
due to cateeholaraine-ATP interactions [40,41]. 

With increasing osmotic pressure the granule core 
becomes more and more dehydrated. The micrographs 
(Figs. 6 and 7) show that dehydration goes along with a 
close approach of the inner surface of the granule 
membrane and intragranular vesicles. 

Dehydration should result in an increase in ionic 
strength, reducing electrostatic repulsion between adjac- 
ent charged surfaces. Since hydration forces are of 
major importance in stabilizing macromolecular solu- 
tions and interfaces [39] the osmotically-induced dehy- 
dration of the granules may also directly influence the 
stability of the granule contents. One explanation is that 
the core material of the granule upon dehydration ex- 
cludes the intragranular vesicles. It is also possible that 
dehydratiorl of both the intragranular vesicle surface 
and the granule membrane surface directly favours mut- 
ual adhesion, since the hydration of surface groups is 
known to be the major reason for membrane-membrane 
repulsion at short distances [39]. 

However, we clearly see that independent of the 

initial cause of the close approach of the vesicles and 
the granule membrane structural changes of the granule 
membrane become apparent. We see depletion of IMPs 
and well pronounced curvature changes. 

It is our hypothesis that these changes indicate a gain 
in interracial free energy from adhesion and do not 
simply result from squeezing the vesicles towards the 
inner surface of the granule membrane. This hypothesis 
is in accordance with the main experimental result of 
hyperosmotic relaxation lysis. The mechanism of this 
process might be the following: Upon decrea.~ing the 
osmotic pressure after hypertonic incubation the vesicles 
separate mole slowly from the granule membrane than 
water enters the granule. This is equivalent to a reduced 
apparent surface to volume ratio of the granules, be- 
cause the regions of the granule membranes attached to 
the vesicles remain highly curved. Their adhesion energy 
must be large enough to prevent peeling off due to 
tangential stress created by swelling. 

This mechanism does not require irreversible attach- 
ment of both membranes. Kinetic irreversibility in the 
time scale of swelling should be sufficient since the 
swelfing is very rapid for the given small size of gran- 
ules. There might be not enough time for the vesicles to 
wait for separation upon rehydration. 

Another question is whether this mechanism has 
some significance in explaining the inhibition of secre- 
tion at high osmotic pressures. In both intact [5,13,14] 
and permeabilized [5,8,9,13] chromaffin cells, secreta- 
gogue- and calcium-induced exocytosis, respectively, is 
inhibited by hyperosmolar solutions at a step after 
calcium entry [9,14]. The inhibitory effect of hyper- 
osmolar sucrose solutions on secretion from permeabi- 
lized cells [5,9,13] has been shown to be less effective 
than on that from intact cells [9,13,14]. This difference 
in the secretory response could result from an increase 
in the ionic strength [9] or an increase in intracellular 
pH [14] induced by osmotic shrinkage of intact cells. It 
has been demonstrated that elevated ionic strength as 
well as elevated pH partly inhibits exocytosis [9,14]. In 
contrast, inhibition of exocytosis in permeabilized, hy- 
pertohically suspended cells could be in part due to a 
loss of proteins essential for exocytosis [42]. 

The e~stence of intragranular vesicles demonstrated 
first by Ornberg et al. [22], and especially the strong 
interaction of these vesicles with the granule membrane 
demonstrated herein, require to consider the possibility 
that the inhibition of exocytosis by hyperosmolar solu- 
tions might also be caused by intragranular vesicle- 
granule membrane interaction. It is thought that swell- 
ing of the granules is crucial for completing exocytosis 
but not necessary for intiating it [11,12]. Consequently, 
if the strong interaction of intragranular vesicles with 
the granule membrane is the cause of hyperosmotic 
relaxation lysis, it may aiso be expected partly to pre- 
vent the swelling process of the granules, such that 



release of  the contents  might  be hindered. Another  
possibi l i ty is that  the IMP-free regions of the granules 
observed are less capable to fuse with the p lasma mem- 
brane [43]. 
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