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A B S T R A C T  

Electron microscope observations are consistent with the interpretation that the elements 
of the endoplasmic reticulum are osmotically active in situ as well as after isolation. More 
recently, it has been reported that microsomal suspensions equilibrate almost completely 
with added C14-sucrose and that no osmotic behavior is evident from photometric data. 
These findings were considered at variance with the electron microscope data. However, 
equilibration with added label simply attests to a relatively high permeability, and, in 
addition, the photometric data need not be critical. Osmotic volume changes, measured 
photometrically, may be masked by concomitant events (e.g., changes in the refractive 
index of the test solutions at varying osmotic pressures, breakdown of the particles, and 
agglutination). For these reasons the photometric experiments were  repeated. In this work, 
the reciprocal of optical density of microsomal suspensions was found to vary linearly with 
the reciprocal of concentration of the medium at constant refractive index. These changes 
probably correspond to osmotic volume changes, since the effect was found to be (a) inde- 
pendent of substance used and (b) osmotically reversible. The transmission of the suspension 
was found to vary with the refractive index of the medium, the concentration of particles, 
and the wavelength of incident light, according to relationships that are similar to or 
identical with those obtained for mitochondrial suspensions. 

I N T R O D U C T I O N  

The cell is subdivided into a number of compart- 
ments of characteristic composition and functional 
activity. Electron microscope studies have revealed 
that most of these compartments are bounded by 
membranes of varying complexity. At high resolu- 
tion, the simplest of these membranes appears as 
a double layer, the unit membrane (1) and prob- 
ably corresponds to a bimolecular lipid layer in 
combination with protein (1, 2). It would appear 
that the nuclear and mitochondrial membranes 
are more complex and are composed in part of two 

unit membranes. Other elements, for example the 
endoplasmic vesicles, Golgi elements, and secretory 
granules, are in general bounded by single unit 
membranes. 

The functional significance of these membranes 
is still not completely clear. In mitochondria 
(e.g., 3, 4) and microsomes (5), they seem to 
play a vital role in the organization of their en- 
zymes. In other cases, they play an obvious role 
in the segregation of material from other cell 
elements (see 6). Perhaps less obviously, in some 
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cases they act as semipermeable barriers, where 
they may play a more subtle role in regulating the 
accessibility to enzyme sites and in maintaining 
optimal levels of cofactors, intermediates, and 
products at particular sites. For an evaluation of 
this role, a precise knowledge of their permeability 
properties is necessary. 

It  would seem likely that a number of these 
systems are not freely permeable to relatively low 
molecular weight substances, since they respond 
to the osmotic pressure of the medium. In some 
cases this is evidenced, for example, by the release 
of their internal contents in dilute media (e.g., 
catecholamine granules (7, 8), lysosomes (see 9), 
and pigment granules of sea urchin eggs (I0)). 
In other cases, it is evidenced more rigorously by 
the fact that the particles follow osmotic law 
rather closely (e.g., mitochondria (11-13)). From 
these considerations, it would appear probable 
that most of these intracellular membranes 
resemble functionally the cell membrane. In 
fact, studies of the permeability of mitochondria 
to non-electrolytes ( l l ,  14) show that the perme- 
ability of these particles parallels closely that of 
cells. More recent studies suggest the presence of 
special transport mechanisms, analogous to those 
that have been encountered in the study of the 
cell membrane, in thymus nuclei (15), heart 
mitochondria (e.g., 16), and muscle microsomes 
(17, 18). 

The microsomal particles of isolated prepara- 
tions seem to correspond structurally to elements 
of the endoplasmic reticulum (19, 20), from which 
they are thought to arise as a consequence of a 
fragmentation of the original cytoplasmic vesicles. 

From electron microscope studies, there is some 
evidence that the vesicles of the endoplasmic 
reticulum respond to the osmotic pressure of the 
medium whether in situ (21) or isolated in the 
form of microsomal vesicles (20). 

More recently, it has been claimed that sucrose- 
isolated microsomes do not respond to the osmotic 
pressure of the sucrose media, as evidenced by 
photometric measurements. In addition, the 
particles were found to equilibrate almost com- 
pletely with added C14-sucrose over a relatively 
long experimental period (22). In contrast to this 
equilibration, the particles were found not to be 
readily penetrated by C14-carboxypolyglucose of 
high molecular weight. 

These results have been thought to be at vari- 
ance with those obtained by electron microscopy. 

However, it should be recognized that the equili- 
bration simply attests to a relatively high pene- 
trability to added label and need not imply a lack 
of osmotic responses. In addition, the photometric 
data need not be critical. The transmission of 
incident light by a suspension can be altered by 
concomitant events such as agglutination, loss of 
high molecular weight components, breakdown of 
the particles, or differences in the refractive index 
at the different concentrations of the medium 
(see 12). 

For these reasons, a systematic study of this 
question was undertaken. The reciprocal of the 
optical density of the suspensions was found to be 
directly proportional to the reciprocal of the os- 
motic pressure of the medium. These changes in 
transmission most probably correspond to osmotic 
volume changes, since (a) the effects are osmoti- 
cally reversible and (b) they do not seem to depend 
on the nature of the solute. 

The optical density of the microsomal suspen- 
sions was found also to depend on the refractive 
index of the medium, the concentration of the 
particles, and the wavelength of incident light, in 
a way somewhat similar to that of mitochondrial 
suspensions. 

M E T H O D S  

Microsomes wcre isolated from rat liver by a method 
similar to that used by a number of other investigators 
(e.g., 23, 20). Male rats of the Holtzmann strain, 
weighing approximately 200 to 250 grams, wcrc 
fasted for approximately 16 hours and then killed by a 
blow on thc head and cervical fracture of the spinal 
cord. The livers were removed and cut into large 
pieces which were washed in chillcd 0.7 molal sucrose 
(about 4°C). The tissue pieces were then minced with 
scissors and homogenized in a motor-driven glass and 
Teflon homogenizer of the Potter-Elvcjhem type. 
Eight to twelve livers were used, and each liver ( ~  5 
to 6 gin) was homogenized in about 20 cc of 0.7 molal 
sucrose, brought to pH 7.4 with 0.02 M tris [tris(hy- 
droxymcthyl)aminomethane] chloride buffer. The 
volume of the homogcnate was brought to approxi- 
mately 300 cc with the homogenization medium. 
Throughout thesc operations thc preparation was 
maintained between 0 ° and 4°C, by keeping the 
vessels in an ice-saline bath. 

Mitochondria, nuclei, and other large particles 
and debris wcre centrifuged out at 22,000 g, for 30 
minutes, in a refrigerated LRA-I Lourdes angle 
centrifuge operated at a chamber temperature of 
--2°C. The microsomes were then sedimented from 
the supernatant in a type 30 rotor of a Spinco model 
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L refrigerated preparatory ultracentrifuge operated 
at 30,000 RPM (78,000 g, average) for 1 hour. The 
supernatant of this last centrifugation was discarded 
by suction and the particles were suspended with a 
homogenizer of the Potter-Elvejhem type after mixing 
with approximately 20 to 30 cc of the isolation me- 
dium with a glass rod. Occasionally the particles 
were suspended with a glass rod without homogeniza- 
tion. The stock suspensions were stored at 0°C. 

Observation of the preparation with the electron 
microscope, after fixation in 10 per cent buffered 
formalin, washing with ion-free water, and negative 
staining with phosphotungstic acid (see, e.g., 24, 25), 
revealed a preparation of spherical or ellipsoid par- 
ticles ranging in diameter from about 0.1 to 0.3/~. In 
some favorable grids the vesicles appeared to be pre- 
dominantly rough surfaced elements, in agreement 
with previous works (20, 26). 

The photometric work was carried out with a 
Coleman junior spectrophotometer. The solutions 
were kept at a temperature between 23 and 26°C, 
depending on the experiment. Usually, the solutions 
were maintained within 1 °C in each individual ex- 
periment (except for the experiment depicted in Fig. 
3). Typically, 0.1, 0.2, or 0.5 cc of stock suspension 
was placed at the bottom of the vial, and 10 or 3 cc of 
test solution were added by means of a syringe pro- 
vided with a rubber  nozzle. In the reversal experi- 
ments, 8 or 25 cc of solutions were added to the 10 cc 
of the original suspension in the test solution. In these 
cases, the solutions were mixed with a glass rod or by 
gentle swirling of the suspensions. All solutions used 
were buffered in 0.02 M tris chloride at pH 7.4. 

In the quantitative comparison of the effects of the 
different substances on optical density, speed was 
deemed important. In these experiments, for con- 
tinuous recording, a Sanborn recording system was 
used, consisting of a low level preamplifier, model 
150-1500, a power supply, model 150-400, and a 
single channel recorder, model 151-100. In these 
cases, 3 cc of test solution were added to 0. I cc  of stock 
suspension. 

In a number  of experiments it was found necessary 
to measure the refractive index of the medium. This 
was done with an American Optical Co. refractometer 
(TS Meter). 

R E S U L T S  A N D  D I S C U S S I O N  

The Dependence of Optical Density on Osmotic 

Pressure 

I t  is generally recognized tha t  the amoun t  of 
l ight scattered by a suspension depends on the 
difference between the refractive index of the 
particles and  tha t  of the suspension med ium (see 
29, 30). In  fact, osmotic volume changes of sus- 

pended particles can be measured photometr ical ly 
primari ly because of the resul tant  al terations in 
internal  refractive index. T h a t  this general  

relat ionship is valid has been repeatedly demon-  
strated for mi tochondr ia  (11, 12, 31) and  eryth- 
rocytes (e.g., 27). 

In  particles exhibi t ing osmotic behavior,  the 
task of correlat ing volume changes with optical  
density changes is ra ther  complex (see 12) if the 
refractive index of the med ium is permit ted  to vary 
simultaneously with the osmotic pressure of the 
med ium (and hence the volume of the particles). 
I t  is considerably simpler to carry out  these tests 
while main ta in ing  constant  the refractive index 
of the medium.  I I t  is possible to do so and  simul- 
taneously to vary osmotic pressure by the use of 
mixtures of two or more solutes. This  technique 
has been described previously (see 12, legend to 
Fig. 2). Alternatively,  solutions of very low refrac- 
tive indices, such as inorganic salts, can  be used. 

In  a few cases tested, microsomes were sus- 
pended in solutions containing potassium chloride 
and  the optical density was found to decrease 
with increasing osmotic pressure. This  effect was 
found to be irreversible, and it may correspond to 
lysis, aggregation, or rupture  of the particles. 
Al though other  electrolyte solutions (e.g., sodium 
sulfate and  sodium citrate) do not  behave in this 
fashion, they do reduce the optical density 
ra ther  rapidly with time. For these reasons, in 
this study non-electrolyte solutions in tris buffer 
were used predominant ly .  Most  of the experiments  
reported here made  use of calculated concentra-  
tions of mannitol-raffinose mixtures, and  the 
optical density of the suspension was measured 10 
seconds after exposure to the solute (see discussion 
below). 

When  microsomal suspensions are placed in 
mannitol-raffinose solutions at constant  refractive 
index, the optical density of the suspension in- 
creases with osmotic pressure (see Fig. 1 A). This  
relat ionship is similar to tha t  encountered with 
erythrocytes (e.g., 27) and  mi tochondr ia l  suspen- 
sions (see 11, 12). Over  a l imited range of concen- 
trat ions the relationship is approximately  linear. 
However,  the da ta  are represented somewhat  

x Where the optical density is not corrected for re- 
fractive index (e.g., uncorrected data from the ex- 
periments carried out with mannitol, glucose, or 
sucrose), the effect of osmotic pressure is completely 
masked by the concomitant change in refractive index 
with concentration. 
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more faithfully when the reciprocal of the optical 
density is considered to vary linearly with the 
reciprocal of concentration, as shown in Fig. 1 B 
(see equation 2, below). Deviations usually occur 
below a concentration in the neighborhood of 
0.30 osmolal, where the optical density is higher 
than predicted and does not change significantly 
with osmotic pressure. The exact concentration 
at which the relationship no longer applies varies 
from experiment to experiment and ranges from 
about 0.25 to 0.33 osmolal (e.g., compare Fig. 1 

support the contention that microsomes follow 
osmotic law. In this respect, it is also encouraging 
to see the same general function describe the 
changes in optical density in relation to osmotic 
pressure in the case of microsomes as well as of 
erythrocytes and mitochondria. If  we were to 
assume that these changes do represent osmotic 
volume changes, the relative osmotically active 
volume can be readily calculated from photo- 
metric data  (see 12). Osmotic law (Boyle-Van' t  
Hoff  law) is defined by equation 1, 
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FIGURE 1 The dependence of the optical density of mierosomal suspensions on the concentration of the 
medium. A mannitol solution or mannitol-rafl3nose mixtures at a Ar of 0.017 wele used (see text). Each 
point corresponds to an average of 4 determinations carried out after 10 seconds of exposure. The standard 
error is smaller than the radius of the circles. The optical density was measured at 500 mg and the suspen- 
sions were maintained at £3°C. 

A. Optical density (OD) as a function of the concentration of the medium (osmolal). 
B. The reciprocal of the optical density (1/OD) as a function of the reciprocal of concentration (1/ 

osmolal). 

0.5  .,.. 

with Fig. 4). 2 A similar situation is evident in 
mitochondria at much lower concentrations. In 
the case of mitochondria, this effect was previously 
attributed to leakage of internal solute (I1, 12). 
The extreme resistance of mitochondria to disrup- 
tion by swelling is probably the result of the 
availability of the cristae in forming new surface 
membrane (see 11, 14, 28). An analogous mecha- 
nism is not likely to be present in microsomes. 

These observed changes in optical density 

In this connection, it is interesting to note that ex- 
periments which failed to encounter an osmotic be- 
havior in microsomes were carried out on prepara- 
tions isolated in 0.30 M sucrose (22). 

1 
V - b = K -  (l) 

C 

where V is volume, b is the so-called osmotic 
dead space (thus V - b is the osmotically active 
volume), K a constant, and C the concentration of 
solute in the external medium. Equation 2 follows 
from the empirical relation found experimentally. 

1 
- ~ -- ~ -  (2) 

C 

In this equation, ~ is the reciprocal of optical 
density, and K and f~ empirical constants. The 
combination of these two equations results in 
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equation 3, which relates osmotically active 
volume (V - b) with the reciprocal of optical 
density. 

K(4, - a) 
V -  b - - -  (3) 

Many of the results of the experiments that 
follow have been expressed in terms of apparent 
relative osmotically active volume (V  - b /Vo - 

b), where the osmotically active volume in 0.335 
osmolal solutions (V0 - b) was arbitrarily taken 
as unity. The assumption of an osmotic volume 
change at this point in the discussion, is one of 
convenience, and the units may be regarded simply 
as relative units of optical density. 

A photometric effect underlain by an osmotic 
event should be measurable over a wide range of 
concentration of microsomes, refractive index of 
the suspending medium, and wavelength of 
incident light. In addition, a knowledge of these 
factors is necessary for the effective use of the 
photometric technique. In the case of mitochon- 
dria, the dependence of optical density on the 
osmotic pressure of the medium is modified 
characteristically by these parameters. It would 
be of some interest to determine whether results 
with microsomal suspensions yield similar rela- 
tionships. 

It should be noted that changes in optical 
density do not necessarily correspond to volume 
changes. They may be the result of (a) loss of high 
molecular weight substance from the particles 
(lysis), (b) agglutination of the particles, (c) 
fragmentation of the particles, (d) changes in 
light absorption, and (e) other effects not clearly 
evaluated at this time (see 12 for a discussion of 
some of these factors). Changes in the transmission 
of microsomal suspensions which are probably not 
osmotic in nature have in fact been encountered 
in the presence of high molecular weight substances 
(Tedeschi and James, unpublished observations). 
Because of these factors, the interpretation of 
photometric observations requires a good deal of 
caution. Fortunately, in most cases, it is possible 
to differentiate between osmotic effects and effects 
stemming from other factors. In contrast to most 
other effects, osmotic phenomena are (a) osmoti- 
cally reversible in a predictable manner and (b) 
independent of the substance used. Experiments 
were carried out to clarify these points. 

Dependence of the Optical Density on the 
Concentration of M ierosomes 

The linearity of the relationship between q~ 
and 1/C holds at any given microsomal concentra- 
tion. This is represented in Fig. 2. It may be 
noted that at any given reciprocal of osmolality, 
the q~ varies linearly with the reciprocal of the 
concentration of microsomes (1/N). However, 
small deviations occur at high microsomal con- 
centration. Apparently, deviations from Beer's 
law occur at the extreme of this range, although 
they are minor in nature. The slope of the lines 
and the intercepts on the ~b axis are equally affected 
by the concentration of microsomes. To take this 
new information into account, the results can be 
expressed by equation 4, a modification of equa- 
tion 3. 

4, = ~  K ~ + f ~ '  (4) 

Gn is constant only at constant microsomal 
concentration, and it is a function of particle 
concentration. In the range in which Beer's law 
applies, G~ corresponds to N / N o  (the relative 
concentration of particles). These relationships 
are identical with those observed for mitochondria 
(l l, 12). 

Dependence of the Optical Density on the 
Wavelength of the Incident Light 

The relationship between ~b and 1/C is approxi- 
mately linear, regardless of wavelength used. As 
shown in Fig. 3, the results are approximated by 
lines which converge at an imaginary point on 
the abscissa where ~b = 0 and 13/K = 1/C (in 
this case, approximately 12). Consequently, and 
analogously with the results shown in Fig. 2, the 
slope and the intercept at l / C  = 0 are equally 
affected, in this case by wavelength. The relation- 
ship between two equivalent measurements at 
two different wavelengths can be expressed as in 
equation 5, 

4'1 = L× ~ (5) 

where ~bx and ~b~ are any ~b at a particular wave- 
length, and Lx is a constant. It is interesting to 
note, however, that this relationship does not hold 
below 450 m/z. These deviations are real and have 
been confirmed by experiments spanning the range 
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from 400 to 450 m#. Above these wavelengths, 
any optical density can be predicted after estima- 
tion of the constants L~, K, and /3. The deviations 
at the lower wavelengths may perhaps be the 
result of the absorption peak encountered in this 
range (20). 

Dependence of Optical Density on the 
Refractive Index of the Medium 

We have seen that the optical density of a 
suspension of particles is a function of the differ- 
ence between the refractive index of the particles 
and that of the medium. In the case of osmotically 
active particles (e.g., erythrocytes, mitochondria), 
osmotic volume changes will alter the internal 
refractive index. This leads to a change in the 
amount  of light scattered by the suspension. Alter- 
ing the refractive index of the suspension medium 

should also alter the optical density of the suspen- 
sion. 

Experiments were carried out to study syste- 
matically the effect of external refractive index on 
optical density. The purpose of the experiments 
was to clarify the relation between optical density 
and osmotic pressure with changes in the refractive 
index of the medium in order (a) to find out 
whether microsomes and other semipermeable 
systems behave analogously, (b) to evaluate 
whether the amount of light scattered by a suspen- 
sion in different media at the same osmotic 
pressure but differing refractive index is quantita- 
tively equivalent (e.g., the experiments summa- 

rized in Table I), and (c) to provide information 
that would facilitate future experiments, where 

suspensions in media of different refractive indices 

would have to be used. 

FIGUaE ~ The dependence of tile re- 
ciprocal of optical density (1/OD) on 
the reciprocal of the concentration of the 
medium (1/osmolal) and the reciprocal 
of the relative concentration of the par- 
ticles (l /N).  Each point represents an 
average of 4 determinations. The stand- 
ard errors of the measurements arc smaller 
than the radius of the circles. The solu- 
tions were at a Ar of 0.017 (see text). The 
measurements were carried out at 500 
mtt after 10 seconds of exposure. The 
suspensions were maintained at ~3°C. 
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FmVRE 3 The dependence of the reciprocal of optical density (1/OD) on the reciprocal of concen- 
tration (1/osmolal) at various wavelengths of incident light. Each point represents an average of 4 
determinations. The standard errors of the measurements are smaller than the radius of the circles. The 
solutions were at a Ar of 0.017 (see text). The temperature of the suspensions was maintained between 
~0 and ~5°C. 

0 

The use of mannitol-raffinose mixtures neces- 
sarily limits the range of refractive index that can 
be tested. With these mixtures, it is not possible 
to obtain solutions of low refractive index and high 
osmotic pressure. In addition, the limited solu- 
bility of raffinose does not permit the preparation 
of some solutions of high refractive indices and 
low osmotic pressures. Therefore, it was not 
possible to study the complete range of concen- 
trations and refractive indices. 

Within the range studied, a systematic varia- 
tion in the refractive index is reflected in the 
optical density. The  experimental data can be 
closely approximated by parallel straight lines, 

each representing the reciprocal of optical density 
as a function of the reciprocal of concentration at 
a different refractive index (expressed as At, the 
difference between the refractive index of the 
solutions and that of water). An increase in the 
refractive index results in a systematic increase 
in the reciprocal of optical density (see Fig. 4). 

This relation can be expressed in the form of 
equation 6, 

K 
4~ = ~ q- /3,(1 -I- c~ Ar) (6) 

where /3s is the imaginary 4~ where 1/C = O, 

Ar = 0 (in this case 1.03), and ot is a constant (in 
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this case 17.5). In this experiment, ~ is 0.110. This 
relationship is the same as that describing the 
behavior of mitochondrial suspensions, as pre- 
viously shown (12). In fact, the constant a is 
approximately the same. 

The demonstration that the same relationship 
holds at the different refractive indices for the two 

rigorously tested. Sucrose, glucose, and mannitol- 
raffinose were chosen for this test because their 
effects are somewhat slower than those of other 
substances used. 

Selection of an exposure time is somewhat 
problematic. After exposure to a solution which 
differs in osmotic pressure from the original suspen- 

systems is encouraging. However, it would be more 
meaningful if it were possible to show that the 
same optical density or the same apparent osmoti- 
cally active volume results from the same osmotic 
pressure, regardless of the substance used. 

Independence of the Nature of the Medium 

Any purely osmotic effect should occur inde- 
pendently of the solute used, provided its perme- 
ability is relatively low. The same relationship 
holds for a number of substances, for example, 
sodium citrate-raffinose mixtures and sodium 
sulfate alone. However, in these cases, after the 
initial drop, the optical density decreases rather 
rapidly with time and the question cannot be 

FIGURE 4 The dependence of the re- 
ciprocal of optical density (1/OD) 
on the reciprocal of concentration of the 
medium (1/osmolal) at various refractive 
indices of the suspending medium, ex- 
pressed as the difference between the 
refractive index of the solution and water 
(At) (see text and l~, Fig. ~). The sus- 
pensions were mixed with the mannitol- 
raffinose mixture of the proper refractive 
index, and the optical density was meas- 
ured after 10 seconds of exposure at 500 
m/z. The suspensions were maintained at 
~°C.  

sion medium, equilibrium, in relation to initial 
water movement,  is likely to be reached rapidly. 
The initial decrease in optical density after 
exposure to dilute solutions of sucrose, raffinose, 
and mannitol seems to be essentially over within 
the mixing period (less than half a second). 
However, this initial decline is followed by a 
slower one which probably corresponds to the 
effect of the penetration of the solute. In the 
experiments described in the previous section, a 
lO-second exposure to the experimental medium 
was used for convenience. Although this procedure 
is suitable for the experiments carried out in the 
initial characterization of the system, it probably 
includes in the measurement the effect of pene- 
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tration of some of the solute. Although this effect 
is probably small, it is significant. The  results ob- 
tained at shorter exposure times (}~ second or 1 
second) most closely approximate the apparent 
volumes predicted from osmotic law. Accordingly, 
for the experiments to be described in this section, 
the transmission of the suspension was measured 

T A B L E  I 

Independence o f  the Effect  f rom the 
Nature  o[ the Solute 

The effects were measured at 500 mp and the 
suspension was maintained at 24°C. The 
relative osmotically active volumes were calcu- 
lated by using equation 6 after determining 
the constants a,  ~,, and K with mannitol-  
raffinose calibration curves (see text). The 
results reported under experiment 1 represent 
the average of 4 determinations, those under 
experiment 2 the average of 8 determinations. 
The deviations reported are standard errors. 

V -- b/Vo -- b 
Experi- 
ment  Substance Estimated Theoretical 

Sucrose 0.75 4- 0.06 0.77 
Glucose 0.77 4- 0.06 0.77 

Sucrose 0.57 4- 0.06 0.57 
Glucose 0.60 4- 0.03 0.57 

Sucrose 0.41 -4- 0.10 0.45 
Glucose 0.45 4- 0.05 0.45 

Sucrose 0.70 4- 0.06 0.77 
Glucose 0.70 4- 0.01 0.77 

Sucrose 0.59 4- 0.03 0.57 
Glucose 0.58 4- 0.08 0.57 

Sucrose 0.37 4- 0.07 0.45 
Glucose 0.45 4- 0.02 0.45 

with time with a rapid recording system (see 
Methods). 

The optical densities recorded after 1 second 
(experiment I, Table  I) or ~ second (experiment 
2, Table I) were used in the analysis of the data 
of this experiment. These were the earliest record- 
ings consistently free of mixing artifacts in each 
experiment. 

The  same apparent volume is evident for the 
three cases. This is shown in Table  I. The values 
predicted from osmotic law (theoretical V - b / V o  

- b) are compared with the relative osmotically 
active volume (apparent V - b / V o  - b) obtained 
experimentally for sucrose or glucose. The  neces- 

sary constants (x, /3~, a) for the calculations were 
obtained by determining the effect of osmotic 
pressure and refractive index independently by 
means of ratFmose-mannitol solutions. The 
apparent relative osmotically active volumes 
( V  - b / V o  - b) were calculated by means of 
equation 6. In effect, the optical densities cor- 
rected for refractive index were compared for 
sucrose, glucose, and mannitol-raffinose (since 
the latter was used to determine the constants) 
solutions, each at three different concentrations. 

It  is clear that the effect, as far as tested, is 
independent of the substance used. Therefore, it 
is likely to represent an osmotic event. As we have 
seen earlier, osmotic effects should be osmotically 
reversible. Osmotic reversibility could thus 
constitute an additional criterion for differentiating 
between an osmotic effect and an effect brought 
about by other phenomena. 

O s m o t i c  R e v e r s a l  

Changes in optical density which correspond to 
osmotic volume changes should be reversible 
osmotically in a predictable fashion. For example, 
an osmotically induced low optical density should 
be reversed by the addition of a calculated amount  
of solute. On  the other hand, an osmotically 
induced high optical density should be predictably 
reversed by dilution of the solute. In either case, 
the final optical density should be the same as, or 
very close to, that of other suspensions of corre- 
sponding microsomal concentration and refractive 
index, which were exposed to a single osmotic 
pressure of the medium (represented in these 
experiments by the raffinose-mannitol calibration 
suspensions). Since the final microsomal concen- 
tration and refractive index in these experiments 
are not the same as the initial values, the results 
have been expressed as apparent relative 
osmotically active volume ( V  - b / V o  - b) as 
discussed above (see equation 3 and its discussion). 
As we have seen, these values are found readily 
by calculation after obtaining the necessary 
constants from calibration suspensions of micro- 
somal concentration, refractive index of the 
medium, and wavelength of incident light identi- 
cal with those of the experimental determinations. 

Fig. 5 A represents an experiment in which 
an apparent swelling was reversed osmotically. 
The microsomes were initially exposed to a low 
concentration of raffinose. After 20 seconds of 
exposure, a concentrated solution of glucose was 
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added. The  apparen t  swelling appears fully or 
almost fully reversible (closed circles). The  reversal 
volume predicted from osmotic law is represented 
by the lower dashed line, the initial theoretical 
volume by the upper  dashed line. An equivalent  
volume of the original raffinose solution was added 
to the control suspensions (open circles). 

ments,  exposure to manni to l  or mannitol-raffinose 
ra ther  than  sucrose). In  this experiment,  the 
effect of concentra ted manni to l  is reversed by 
dilut ion (closed circles). A control,  where the 
suspension is diluted by the addi t ion of the original 
concentra t ion of manni tol ,  is represented by the 
open circles. In this figure, the dashed lines repre- 

/ 2  
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F i o r d .  5 Osmotic reversal of the photometric changes. The calibration determinations were ealried out 
at the refractive index, mierosomal concentration, and wavelength of incident light of the experimental 
suspensions after 10 seconds of exposure. The apparent relative osmotically active volume ( V  - b / V o  - b) 

was calculated using equation $ (see text). 
A. Reversal of an apparent swelling. At zero time, 10 cc of 0.~84 osmolal raffinose-tris were added to 

the stock suspension. For reversal, 8 cc of 1.396 osmolal glucose-tris were added (closed circles). For the 
control, 8 cc of 0.~84 osmolal raffinose-tris were added (open circles). Each point represents an average of 8 
determinations for the reversals and of 7 for the controls. The standard error of each point is smaller than 
the radius of the circles. The temperature of the suspensions was maintained at e0°C. The measurements 
were carried out at 600 m# before dilutions and at 500 m~t after dilution. 

B. Reversal of apparent shrinkage. At zero time, 10 cc of 0.736 osmolal mannitol-tris were added. For 
reversal, ~5 cc of 0.1~5 osmolal raffinose-tris were added (closed circles). In the controls, ~5 cc of 0.736 
manfiitol-tris were added (open circles). Each point represents 8 determinations in the experimental curve 
and 6 in the control curve. The standard error of each point is smaller than the radius of the circles. The 
temperature of the suspensions was maintained at ~5°C. The measurements were carried out at  700 m/z 
before dilution and at 500 m/z after dilution. 

Fig. 5 B represents an  exper iment  in which 
the microsomes were exposed to hyper tonic  
conditions by exposure to a concentra ted manni to l  
solution. After 10 seconds, the concentra t ion was 
diluted by the addi t ion of 25 cc of a dilute raffinose 
solution. Since our suspension med ium is hyper-  
tonic (0.736 osmolal sucrose-tris), every experi- 
men t  or cal ibrat ion in this study is probably  a 
version of this experiment.  The  fact tha t  trans- 
mission changes can be measured in experiments 
using these suspensions argues for a reversal. 
However,  it is possible tha t  non-osmotic effects 
could result from changes int roduced dur ing  the 
resuspension (e .g . ,  change in temperature ,  di lut ion 
of the suspension, and, for most of these experi- 

sent volumes predicted by osmotic law; the lower 
line represents the initial volume, and  the upper  
line represents the final volume. The  deviat ion 

from the predicted reversal volume is significant. 

I t  is possible tha t  this deviat ion reflects a small 

non-osmotic effect of manni tol .  On  the other  

hand,  it might  be the result of the exposure of a 

small fraction of the particles to the very dilute 

reversal solution (0.!25 osmolal raffinose-tris) 

before mixing is complete. We have seen (see 

discussion of the dependence of optical density on 

osmotic pressure) tha t  below a concentra t ion 

ranging from 0.25 to 0.33 osmolal the values of 

obtained are lower than  predicted. This  effect 
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might be the result of the leakage of internal 
solute. This question was not pursued further. 

C O N C L U S I O N S  

The data presented in these experiments are 
consistent with the interpretation that microsomes 
behave osmotically. This concept is supported by 
the facts that (a) the same relationship describes 
optical density in relation to osmotic pressure 
regardless of the number of particles in the suspen- 
sion, the wavelength of incident light, and the 
refractive index of the medium, (b) the function 
describing optical density in terms of osmotic 

pressure is modified by these parameters in a way 
analogous to that found for other osmotic systems 
(e.g., erythrocytes and mitochondria), (c) where 
tested under valid conditions the effect was 
found to be independent of the nature of the 
solute, and (d) the photometric changes were 
found to be completely or largely reversible by 
osmotic means. 

This work was aided in part by grants of the United 
States Public Health Service (RG-9156) and the 
American Cancer Society, Inc. (IN-9D). 

Received for publication, March 30, 1963. 

B I B L I O G R A P H Y  

1. ROBERTSON, J. D., The ultrastructure of cell 
membranes and their derivatives, Biochem. Soc. 
Symp., 1959, 16, 3. 

2. STOECKENmS, W., The molecular structure of 
llpid-water systems and cell membrane models 
studied with the electron microscope, in Symp. 
Internat. Soc. Cell Biol., (R. J. C. Harris, 
editor), New York, Academic Press, Inc., 1962, 
1,349. 

3. GREEN, D. E., and HATEFI, Y., Science, 1961, 133, 
13. 

4. LEHNINGER, A. L., Components of the energy- 
coupling mechanism and mitochondrial struc- 
ture, in Biological Structure and Function, 
(T, W. Goodwin and O. Lindberg, editors), 
New York, Academic Press, Inc., 1961, 2, 31. 

5. ERNSTER, L., SIEKEmTZ, P., and PALADE, G. E., 
J. Cell Biol., 1962, 15,541. 

6. PALADE, G. E., The secretory process of the 
pancreatic exocrine cell, in Electron Micros- 
copy in Anatomy, (J. D. Boyd, F. R. Johnson, 
and J. D. Lever, editors), Baltimore, Williams 
and Wilkins Co., 1961, p. 176. 

7. HILLARP, N. A., and NILSON, B., Acta Physiol. 
Scand., 1954, 31, suppl. 113, 79. 

8. VON EULER, U. S., and LISHAJKO, F., Acta Physiol. 
Scand., 1961, 51, 193. 

9. DE DUVE, C., Lysosomes, a new group of cyto- 
plasmic particles, in Subcellular Particles, (T. 
Hayashi, editor), New York, Ronald Press, 
1959, p. 128. 

10. HARRIS, D. L., Biol. Bull., 1943, 85, 179. 
11. TEDESCHI, H., and HARRIS, D. L., Arch. Biochem. 

and Biophys., 1955, 58, 52. 
12. TEDESCHI, H., and HARRIS, O. L., Biochim. et 

Biophysica Acta, 1958, 28,392. 
13. TEDESCm, H., Biochim. et Biophysica Acta, 1961, 

46, 159. 

14, TEDESCHI, H., J. Biophysie. and Biochem. Cytol., 
1959, 6, 241. 

15. ALLFREY, V. G., MEUDT, R., HOPKINS, J. W., 
and MIRSKY, A. E., Proc. Nat. Acad. So., 1961, 
47,907. 

16. BRIERLEY, G. P., BACHMANN, E., and GREEN, D. 
E., Proc. Nat. Aead. So., 1962, 48, 1928. 

17. HASSELBACH, W., and MAKINOSE, M., Bioehem. 
Z., 1961, 333,518. 

18. EBASHI, S., and LIPMANN, F., J. Cell. Biol., 1962, 
14,389. 

19. PALADE, G. E., and SmKEVITZ, P., J. Biophysie, 
and Biochem. Cytol., 1956, 2,671. 

20. PALADE, G. E., and SIEKEWTZ, P., J. Biophysic. 
and Biochem. Cytol., 1956, 2, 171. 

21. WEISS, J. M., J. Exp. Med., 1953, 98,607. 
22. SHARE, L., and HANSROTE, R. W., J. Biophysic. 

and Biochem. Cytol., 1960, 7, 239. 
23. HOOEBOOM, G, H., SCHNEIDER, W. C., and 

PALADE, G. E., J. Biol. Chem., 1948, 172,619. 
24. HORNE, R. W., BRENNER, S., WAT~RSON, A. P., 

and WILEY, P., or. Mol. Biol., 1959, 1, 84. 
25. WHITTAKER, V. P., and HORNE, R. W., Proe. 5th 

Internat. Congr. Electron Mier. (Philadelphia), 
1962, 2, P-1. 

26. SLAUTTERBACK, D. B., Exp. Cell Research, 1953, 
5, 173. 

27. FISHER, D. P., Apparent light scattering by 
erythrocyte suspensions, Master's thesis, Uni- 
versity of Chicago, 1960. 

28. PAULY, H., and PACKER, L., J. Biophysic. and 
Biochem. Cytol., 1960, 7,603. 

29. OSTER, G., Chem. Rev., 1948, 43, 319. 
30. BARER, R., Ross, K. F. A., and TRACZ'CK, S., 

Nature, 1953, 171, 720. 
31. GOTTERER, G. S., THOMPSON, T. E., and 

LEHNINGER, A. L., J. Biophysic. and Biochem. 
Cytol., 1961, 10, 15. 

H. TEDESCm, J. M. JAMES, AND W. ANTHONY Mic~osomal Osmotic Behavior 513 


