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Summary.

By use of a micro technique for producing extracts of spinach

mesophyll cells, chloroplasts were isolated in a state wherein they displayed micro-

scopically visible, reversible osmotic properties.

Swollen spherical chloroplasts treated

with hypertonic sucrose or mannitol media, but not NaCl, could be shrunken to a

state resembling their disk appearance in living cells.

Reversible osmotic behavior

was more easily demonstrated when the chloroplasts were initially isolated from
cells in a relatively low osmolar concentration in contrast to using 0.25 M sucrose

or more concentrated media.

Individual chloroplasts could be swollen and contracted
repeatedly through as many as 4 cycles.

The relationsh’p between the capacity

for osmotic behavior and chloroplast appearance in cell extracts is discussed.

In the living higher plant cell, chloroplasts con-
sist of a granular, chlorophyllous, stationary lamellar
component surrounded and, presumably, interpene-
trated by a pleomorphic mobile phase containing
stroma (4,6,21,22). In chloroplasts viewed in
situ by electron microscopy (14), the stationary
lamellar component together with the mobile phase
is enclosed by a structural membrane. Whether or
not this limiting membrane has properties of dif-
ferential permeability has not been clearly resolved
despite evidence that chloroplasts are osmotically-
sensitive structures. A view that chloroplasts are
grana-less — i.e. they appear bright, refractile,
contracted spheres without grana — may result
from chloroplast swelling and contraction behavior.
Swelling behavior of isolated chloroplasts changing
from contracted homogenous spheres to unfolded
granular discs has been documented by cine micro-
photography (5). This latter transformation is an
extreme one resulting in the water-broken type of
granular chloroplast (12). Here, we describe a
less violent transformation involving reversible
osmotic behavior as recorded earlier on cine film
(7).

Studies with isolated chloroplasts using meas-
urements of light-scattering, packed pellet volume,
and volume distribution curves of chloroplast sus-
pensions (10,17,19) and observations of chloro-
plasts by electron microscopy (10,13) have indi-
cated that chloroplasts can undergo reversible
swelling and contraction under the influence of light
and darkness. It is interesting, therefore, that
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several attempts failed to obtain osmotic reversal
of osmotically-induced swelling of isolated chloro-
plasts as obtained for mitochondria (cf. 1).
Chloroplasts were reported to swell readily to
volumes consistent with the Boyle-van’'t Hoff law
(15,17). However, since an osmotic reversal of
swelling could not be achieved, the latter chloro-
plasts may be described more closely as osmotically-
sensitive structures rather than osmometers — os-
motic sensitivity indicating an irreversible response
engendered by an osmotic stimulation.

Wherever osmotic reversal of chloroplast swell-
ing was not successful (15,17,21), chloroplasts
were initially isolated in sugar media greater than
0.5 osmolar or the cells were relatively harshly
treated by blending. Itoh (9) and Hongladarom,
Honda and Wildman (7) used a relatively low con-
centration of osmoticum during the initial isolation
of chloroplasts and were able to demonstrate osmotic
contraction. However, in the report of Itoh (9)
anomalous effects were recorded since in the dark
chloroplasts after osmotic contraction did not con-
form to the Boyle-van't Hoff law. Indeed, the
chloroplasts became swollen in concentrated sucrose
medium. The anomalous behavior, which corre-
sponds to non-osmotic swelling of chloroplasts (3)
even in concentrated hypertonic sugar media (2),
presumably can be prevented by use of a suitable
medium containing protein, e.g. bovine serum al-
bumin, which protects against non-osmotic swelling
(3). Non-osmotic swelling occurs in protein-less
media whether or not the osmotic environment is
changed.

Inorganic salts, ordered in lyotropic series, con-
tract chloroplasts (16,18). However, the contrac-
tion may be ascribed to effects on fixed charges
in the chloroplast (gel) structure — i.e., to Donnan
effects not dependent on the presence of a differ-
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entially permeable membrane — since contraction
also was induced in water-broken chloroplasts (18)
which correspond to naked lamellar systems or
chloroplasts stripped of their outer limiting mem-
branes and stroma (12).

A technique is more completely described here
(3,7) for isolating spinach chloroplasts in a con-
dition which permits microscopic demonstration of
the osmotic reversal of chloroplast swelling. Since
initial chloroplast osmotic swelling probably con-
forms to Boyle-van't Hoff law (15, 17), our efforts
were concentrated on defining conditions necessary
for the demonstration of the reversible swelling
characteristic of true osmometers.

Materials and Methods

Plant Material and Extraction Medium. Com-
mercial spinach (Spinacia oleracea L.) was used as
the source of chloroplasts. The extraction medium
developed for maximum preservation of organelles
in homogenates (3) was used for some experiments.
This medium contained 2.5 g Ficoll/100 ml medium,
5 g Dextran-40/100 ml medium, 10 mg bovine serum
albumin/100 ml medium, 0.025 M Tris-HCI1 buffer,
pH 7.8, and 0.25 M sucrose as the osmotic agent.
This medium is called 0.25 M SFDP. The medium
used for isolating chloroplasts in the slightly swollen
condition was composed of the same ingredients ex-
cept the concentration of sucrose was 0.025 M, and
will be called 0.025 m SFDP. For contracting
swollen chloroplasts, the medium contained 0.5 ™
sucrose and will be called 0.5 M SFDP. Ficoll,
Dextran-40, and bovine serum albumin are not
essential for the demonstration of the phenomenon
to be described, but they maintain the chloroplasts
in a condition where the phenomenon is easier to
recognize.

Method for Extraction of Chloroplasts. The
lower epidermis of a fully expanded spinach leaf
was stripped off, exposing about 1 cm? of meso-
phyll cells. A few drops of the extracting medium
were placed on the exposed cells. With a special
knife, made of a razor blade chip inserted at 1
end of a wooden applicator stick, the mesophyll
region under the medium was cut about 100 times.
The cell-free extract was then collected by a
capillary pipette and transferred to a slide. A
coverslip was laid down and held in place with
wax at 2 opposing edges. The chloroplasts on the
microscope slide were ready for microscopic ob-
servation within about 3 minutes after the stripping
of the epidermis.

The concentration of the medium on the slide
was changed by placing a drop of solution on
1 edge of the coverslip and sucking the liquid
under the coverslip by means of a piece of filter
paper on the opposite edge. Thus, the chloroplasts
could be kept under continuous observation while
the medium was being changed.
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If the spinach leaf cells were extracted by grind-
ing in media with mortar and pestle only 20 9% of
the chloroplasts, compared with 60 to 80 9, by the
micro method, were capable of reversible swelling.
Further concentration by centrifugation and resus-
pension of the chloroplasts decreased the yield of
osmometer-like chloroplasts to 1 9%,.

Microscopy. Observations were made with a
Zeiss phase contrast microscope equipped with a
V Z condenser, Neofluar objective lenses, Komplan
ocular lenses and basic body II. A Zeiss electronic
flash illuminator was used to prevent excessive
subject and camera movement during exposure of
35 mm Kodak Plus-X and Panatomic-X film.

Results

Appearance of Chloroplasts Isolated in 0.25 M
SFDP Hypertonic Medium. As shown previously
(3) most of the chloroplasts (60-809) isolated
from spinach mesophyll cells in 0.25 M SFDP have
a slightly contracted appearance, although closely
resembling the appearance of chloroplasts in living
cells. The mobile phase, from which extend con-
spicuous protuberances, can be seen surrounding the
grana. When these irregular disk-like chloroplasts
were caused to swell osmotically by decrease of
sucrose concentration in SFDP medium, recontrac-
tion of spherical swollen chloroplasts was only
rarely observed upon exposure to 0.5 M SFDP. It
appeared that swelling had proceeded to the extent
of disrupting the mobile phase (on most of the
chloroplasts). This situation was obtained also
when buffered sucrose (0.25 M or 0.50 M) instead
of SFDP media was used.

From the results of isolating chloroplasts in a
series of SFDP media differing only in sucrose
concentration, the isotonicity of the chloroplasts
was determined to be near 0.08 osmolar (by freezing
point depression). Since most isolation media are
at least 0.25 ™ in sugar, it follows that chloroplasts
usually are subjected to hypertonic shock during
the initial stages of isolation from cells. Partial
loss of mobile phase may occur in the initial stages
of hypertonic contraction during isolation, e.g. by
segmentation of protuberances, and may account for
the subsequent inability of the chloroplasts isolated
in 0.25 M SFDP to recontract following osmotically-
induced swelling.

The Appearance of Chloroplasts Isolated in 0.025
M SFDP Medium and Contraction of the Swollen
Chloroplasts. When 0.025 M SFDP was used for
isolation, the majority (80 9 ) of the isolated chloro-
plasts appeared slightly swollen and more or less
spherical in form as shown in figure 1A. How-
ever, the grana could be seen in most of the swollen
chloroplasts. In these chloroplasts the grana-con-
taining stationary components were still compact
and unswollen within the mobile plane which had
swollen into the shape of a balloon. Since the
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swollen chloroplasts were spherical, the photomicro-
graph of figure 1A through a single phase of focus
does not reveal this situation as clearly as direct
observation with the microscope where the spherical
stractures can he explored through all planes of
focus.

When a drop of the 0.3 M SFDP medium was
drawn under the coverslip, the majority of the
swollen chloroplasts shown in figure 1.\, gradually
contracted and changed to the configurations shown
in figure 1B, the arrows and numbers in figure 1.\
and B indicating identical chloroplasts.

Similar contractions were observed when sucrose
was replaced by 0.5 M mannitol in the hypertonic
SFDP medium. However, 0.35 M NaCl (Arnon's
medium) could not replace sucrose or mannitol as
osmoticum. On the other hand, chloroplasts swollen
in 0.35 M NaCl (NaCl ineffective as osmoticum)
could bhe subsequently contracted by mannitol or
sucrose media. Therefore, the chloroplast system
was not damaged by swelling in NaCl. The chloro-
plast osmometer system clearly is controlled by a
differentially permeable membrane as opposed to
an ideal  semi-permeable membrane. When the
spinach chloroplasts were isolated and manipulated
in huffered sucrose instead of SFDIP media, the
results were the same except that fewer plastids
(60-80 9,) could be reversibly shrunken.

A few of the swollen chloroplasts in 0.025
SEDP did not contract hut maintained their swollen
forms or even continued to swell further in the con-
tracting medium. However, the majority (80 9)
of the chloroplasts regained a flattened disk appear-
ance wherein the mobile phase was inconspicuous
and the grana conspicuous. The simultaneous con-
traction of manv swollen chloroplasts to the condi-
tion shown in figure 1B, was highly reproducible
each time chloroplasts were extracted from a fresh
sample of spinach leaf tissue with 0.025 M SFDP
medium. The phenomenon could also be readily
demonstrated with mesophyll chloroplasts isolated
from Nicotiana tubacum and N. glutinosa leaves.
It was also possible to record the phenomenon by
cine photomicrography (7). The chloroplasts in
figure 1B which were contracted, i.e. were capable
of osmotic behavior, hecame swollen spheres again
upon addition of 0.025 M SFDP. It should he re-
called that the swelling of chloroplasts has always
heen easy to demonstrate. The problem is to dem-
onstrate cycles of contraction and swelling, the
property of reversible hehavior of osmometers.

Reversible Swelling and  Contraction Through
Several Cycles. Of the many swollen chloroplasts
that have the capacity to contract, some are able
to complete more than 1 cycle of swelling and con-
traction. Figure 2 shows 1 example of a chloro-
plast that was induced by different concentrations
of sucrose to undergo 4 complete cycles of swelling
and contraction.

Chloroplasts prepared in 0.025 M SFDP medium
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imvariably exhibited reversible swelling and con-
traction when the tonicity of the medium was varied
with sucrose. In contrast, if the chloroplasts were
originally isolated in a high concentration of sucrose,
either in Tris buffer alone or in the SFDP medium,
then caused to swell subsequently by decreasing the
sucrose concentration, the majority of the swollen
chloroplasts did not contract when the sucrose con-
centration was increased again. In this respect,
the behavior of the chloroplast shown in figure 2
was exceptional.

The chloroplast was isolated in 0.25 M SFDP
and had the appearance shown in figure 2A. Al-
though not readily apparent in the photograph, the
chloroplast was a flattened irregular disk, not a
sphere.  The mobile phase was conspicuous together
with a well preserved protuberance. The grana
were also readily resolved. When SFDP medium
without sucrose was added beneath the coverslip,
the chloroplast began to change its configuration
to that shown in figure 2B and finally resulted in
the spherical configuration shown in figure 2C.
The spherical shape was determined by examina-
tion at various focus planes. Some of the mobile
phase moved to the tip of the protuberance (fig
2B) and a portion of it accumulated in the form
of a small spherc indicated by the arrow in figure
2C. At the same time, the remaining part of the
mobile phase still enclosing the chlorophyll-hearing
stationary component swelled into a bigger sphere
as seen in figure 2C. At this point, 0.5 M SFDP
medium was added, the chloroplast contracted, grad-
ually changing from the spherical form through
configurations shown in figure 2D, F, and F until
regaining its original disk shape shown in figure
2G.  The chloroplast in figure 2G was induced to
swell again by adding SFDP medium without
sucrose. It assumed the spherical configuration
shown in figure 2H and on addition of 0.5 M SEDP
it again reverted to a configuration similar to that
shown in figure 2G. Two more cycles of swelling
and contraction were ohserved with this particular
chloroplast, but after the swelling in the fifth cycle,
the chloroplast failed to respond to 0.5 M SFDP.
Suddenly, the small sphere from the protuberance
which had decreased in size during each successive
cycle then appeared half-filled. It remained so for
a few minutes and then it gradually assumed an
empty appearance. The sphere containing the chlo-
rophyll-bearing component which had slightly in-
creased in size in cach successive cycle continued
to swell slowly. This phenomenon was also suf-
ficiently reproducible to he recorded by cinemicro-
photography.

Discussion
When chloroplasts do not behave completely as

true osmometers (15,17, 21) it is difficult to ac-
count for their volumes conforming to the Boyle-
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F1c. 1A. Swollen chloroplasts extracted in 0.025 M SFDP. The arrows and numbers indi-
cate identical chloroplasts with those in figure B. Magnification 1600.

Fic. 1B. Shrinkage of the swollen chloroplasts in figure A after 0.5 M SFDP was added.
Every chloroplast indicated by arrows and numbers responded to the change of osmotic environ-
ment. Magnification 1600.
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Fic. 2A to H. Reversible swelling and contraction of a chloroplast through several cycles.
For explanation, see text. Magnification 3200. Estimated chloroplast volumes based on form
changes from disk (A) to sphere (D) to disk (G) to sphere (H) are: (A) 53.7 u2 X 05u =
26 u3; (D) 4/3 7 (26 u)3 = 74 u3; (G) 472 u2 X 0.5 p = 24 u3; and (H) 4/3 7 (27 p)?3
= 82u3. Shapes were established by examination at different focus planes.
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van't Hoff law after swelling. If differentially
permeable membranes were damaged, i.e. became
permeable by stretching during chloroplast swelling,
the usual explanation to account for failure to
reverse osmotic swelling, could the chloroplasts be
expected to continue to swell and attain their final
volumes in conformity with the Boyle-van’t Hoff
law? TIf initially the chloroplasts were osmometers
controlled hy an elastic differentially permeable
membrane, could the chloroplast volumes remain
expanded upon the membrane subsequently hecoming
permeable?

The usually reported permanence of the ex-
panded volume (15,17, 21) reflects, therefore, the
plastic nature of damaged chloroplasts. However,
dynamically pleomorphic chloroplasts in vivo (8)
and chloroplasts in vitro which show osmotic re-
versal of swelling (7) were observed to hehave
elastically. In some cases, we observed that the
mobile phase stretched several hundred microns
because of the rapid flow of medium over the
chloroplasts but still retracted again to a length of
5 to 10 microns after the flow diminished or stopped.
Therefore, stretching, in itself, should not dis-
organize the lipoprotein system during swelling, as
suggested by Mercer, et al. (15). There is no
evidence, moreover, that organelle membranes
stretch and thin during organelle swelling. Rather,
the relative constancy of 75 A unit membrane
dimensions (20) may indicate the addition of mate-
rials to the membrane during surface area expan-
sion.

In hypertonic media usually employed to isolate
chloroplasts, loss of mobile phase followed by self-
repair (as evidenced by subsequent swelling be-
havior (7)) of the differentially permeable mem-
brane may result in extreme shrinkage of the
remaining mobile phase. Some loss of mobile phase
can occur by mechanical breaking off of protuber-
ances formed during shrinkage and also of those
pre-existing protuberances. Shrinkage forces the
stationary component to fold on itself and may
account for the high frequency of folded chloroplasts
in homogenates (class I chloroplasts of reference
21), whereas folded chloroplasts are never seen in
living cells. Although the rapidity of the event
following cell extraction prevents cine film record-
ing, the actual folding process was observed. An
excellent example of a section through a folded
chloroplast is shown in an electron micrograph by
Kahn and Wettstein (12, fig 4). Swelling of a
folded chloroplast may extend the surface area to
a point where self-repair of the differentially per-
meable membrane fails for lack of mobile phase.
Subsequently, reconstruction of the chloroplast can-
not be induced by hypertonic media.

Chloroplasts which lose enough mobile phase
during cell extraction so that repair of the differ-
entially permeable membrane cannot be effected,
probably turn into the unfolded chloroplasts with
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sharply defined grana found with high frequency
in homogenates (e.g., class II chloroplasts of ref
21). Because such chloroplasts, corresponding to
the naked lamellar systems of Kahn and Wettstein
(12), as well as intact plastids, can show light-dark
induced swelling and contraction (cf. fig 3 of ref
10), it seems likely that the light-dark induced
swelling and contraction properties helong to the
stationary lamellar component and are maintained
whether or not the mobile phase and differentially
permeable membrane are intact.

Chloroplasts which lose none, or only a small
amount of the mobile phase, and whose membranes
are repaired successfully, are intermediate in ap-
pearance hetween the 2 extreme forms — folded,
refractive chloroplasts and unfolded naked lamellar
systems, described above. Chloroplasts of this type
are likely to swell and contract as long as sufficient
mobile phase is present to effect repair of the outer
membranes.

Grana-less chloroplasts can be made to appear
from granular chloroplasts by reversible osmotic
behavior. The contracted, bright, refractile grana-
less spherical chloroplasts and the water-broken
dark, granular disc chloroplasts are extreme forms
which may be produced according to osmotic en-
vironment and physical treatment.
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