
only insulin) do not respond similarly 
to the addition of prolactin (3). The 
action of hydrocortisone that endows 
mammary epithelial cells with the ca- 
pacity to respond to prolactin in terms 
of casein synthesis has been heretofore 
unknown. This report describes an ef- 
fect of hydrocortisone on the ultra- 
structure of the alveolar epithelial cells. 

Alveolar epithelial cells in explants 
that have been cultured in the pres- 
ence of insulin for 4 days have only a 
small amount of rough endoplasmic 
reticulum (RER) (Fig. 1). This ultra- 
structural appearance was very con- 
stant in cultured tissue from eight ani- 
mals, and is also representative of the 
morphology of the majority of alveolar 
cells in uncultured tissue from C3H/ 
HeN mice midway through pregnancy. 
When explants from the same animals 
were cultured for 4 days in the pres- 
ence of both insulin and hydrocorti- 
sone a dramatic alteration was ob- 
served. The alveolar epithelial cells de- 
veloped an extensive RER system 
(Fig. 2). 

This marked difference in the struc- 
ture of these cells is not reflected in 
their ability to synthesize some non- 
secretory proteins, for it has been dem- 
onstrated (4) that insulin causes a 
fourfold increase in the formation of 
a nonmilk protein fraction, and that 
hydrocortisone exerts no effect on such 
synthesis in the presence of insulin. It 
appears, however, that the presence of 
the hydrocortisone-induced RER is a 
prerequisite for the formation of secre- 
tory protein, such as casein, under the 
influence of prolactin. 
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The introduction of exogenous ge- 
netic material or DNA-containing struc- 
tures into animal cells can be achieved 
by diverse techniques. These include in- 
fection of cells with bacteria and 
viruses, formation of hybrids of two 
cell types by fusion (1), transplantation 
of isolated single nuclei in eggs and 
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Work by others has implicated ste- 
roids in the formation of smooth mem- 
branes in a variety of systems (5). 
Rough endoplasmic reticulum has been 
shown to be associated with secretory 
proteins in a number of tissues (6). 
The observations presented here sug- 
gest that the formation of RER, under 
the influence of hydrocortisone, in 
mammary alveolar cells is necessary 
for full expression of the genetic po- 
tential of ,these cells. Prolactin, a termi- 
nal agent in the differentiation of mam- 
mary epithelium, elicits milk protein 
synthesis only in cells which possess 
this membrane system. 
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embryos (2), microinjection of nuclear 
and mitochondrial fractions (3), and 
pinocytic uptake of purified DNA (4). 
We have been interested in the problem 
of the degree of independence which 
can be achieved by various cytoplasmic 
organelles that contain DNA, such as 
mitochondria and chloroplasts. 
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can be achieved by various cytoplasmic 
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In order to introduce isolated hetero- 
specific cytoplasmic organelles into 
mammalian cells with technical facility 
and high yield of hybrid cells, advan- 
tage was taken of the phagocytic prop- 
erties of mouse fibroblasts (L cells) 
grown in suspension culture. These 
cells incorporated isolated chloroplasts 
and mitochondria within 30 minutes 
after addition of the organelles to the 
cell culture. We have first concentrated 
on chloroplasts because they are easier 
to follow than mitochondria. Unlike the 
fate of DNA-containing gelatin par- 
ticles, which were hydrolyzed in diges- 
tion vacuoles within an hour after up- 
take by L cells (5), green chloroplasts 
were seen in L cells for at least 5 days 
or five cell generations after ingestion. 
Green cells divided like normal cells, 
randomly segregating chloroplasts into 
progeny cells. After six divisions, green 
cells were greatly outnumbered by cells 
of subsequent generations, limiting 
further observations on their fate. 

The ingested chloroplasts retained a 
considerable degree of structural in- 
tegrity. With electron microscopy it was 
seen that the chloroplasts residing in 
the cytoplasm were only partially sur- 
rounded by a membrane. No phagocy- 
tosis vesicles surrounded the chloro- 
plasts. The organization of chloroplast 
lamellae was similar to that in freshly 
isolated organelles. Chloroplasts reiso- 
lated after 1 or 2 days in cell culture 
showed light-stimulated Hill reaction 
activity (reduction of dichlorophenolin- 
dophenol) and CO2 fixation; the chloro- 
plast DNA was found to be in macro- 
molecular form with a molecular weight 
in the range of 107 to 108 daltons. 

Chloroplasts were isolated from 
leaves of fresh spinach (Spinacia olera- 
cea) and African violets (Saintpaulias) 
by grinding the thoroughly washed 
leaves at 4?C in a mortar with a modi- 
fied Honda (6) medium (0.25M sucrose, 
2.5 percent Ficoll, 5 percent Dextran-40, 
0.01 percent bovine serum albumin, 
6 mM mercaptoethanol, 25 mM tris- 
(hydroxymethyl)aminomethane-HCl, pH 
7.8). The solutions and glassware were 
sterile. The suspension was filtered 
through cheesecloth, centrifuged twice 
at 400g, and the bulk of chloroplasts 
was sedimented at 1000g. The pellet 
was washed twice in the same medium. 
Electron microscopy of the isolated 
organelles showed that approximately 
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Uptake of Isolated Chloroplasts by Mammalian Cells 

Abstract. Mouse fibroblasts (L cells) in suspension culture incorporated isolated 
chloroplasts of spinach and African violets and isolated mitochondria of chicken 
liver. The organelles resided in the cell cytoplasm and were not contained in 
vacuoles or digestion vesicles. Green cells divided like normal cells. Green chloro- 
plasts were followed for five cell generations or 5 days, at which time hybrid cells 
were greatly outnumbered by nongreen progeny cells. The ingested chloroplasts 
retained their structural integrity as determined by electron microscopy of organ- 
elles and hybrid cells and by analysis of photochemical activity and DNA in 
chloroplasts reisolated from cells after 1 or 2 days in culture. 
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purification of chloroplasts by density 
gradient centrifugation was omitted be- 
cause it caused substantial loss of struc- 
tural integrity and photochemical activ- 
ity. The final pellet of chloroplasts was 
suspended at a concentration of 1 to 2 
mg of chlorophyll per milliliter as 
determined by the method of Arnon (7). 

The L cells were grown in suspension 
culture as described (8), except that 
streptomycin and penicillin were omitted 
from the medium to avoid possible 
damage to chloroplast functions. Cells 
in the logarithmic phase of growth 
(5 X 105 cell/ml) were incubated with 
isolated chloroplasts for 30 to 60 min- 

utes at 37?C at a ratio of 20 to 25 
chloroplasts per cell. The reaction was 
monitored by phase-contrast micros- 
copy. Figures 1A and 2A show phase 
micrographs of isolated spinach and 
African violet chloroplasts, respectively. 
African violet chloroplasts are three to 
four times larger than the organelles of 
spinach. After 30 minutes of incubation 
with L cells, one to six spinach chloro- 
plasts or one to two large African violet 
chloroplasts were present inside 70 to 
90 percent of the cells. The cells were 
sedimented, resuspended in fresh me- 
dium, and grown in culture for several 
days, being exposed to about 12 hours 

of daylight per day. The cells were di- 
luted with fresh medium after each 
division. Figures 1 and 2 show phase 
micrographs of L cells before incuba- 
tion (Figs. lB and 2B) and 1 to 3 days 
after incubation with spinach or Afri- 
can violet chloroplasts (Figs. 1C and 2, 
C to E). The chloroplasts were vivid 
green, and their size and structure ap- 
peared similar to that of freshly iso- 
lated chloroplasts (Figs. 1A and 2A). 
The uptake of chloroplasts was gen- 
erally accompanied by a significant in- 
crease in cell volume from about 1500 

[m3 to 2500 [Lm3, as measured in the 
Coulter counter. 

The ingestion of chloroplasts by the 
L cells was verified with electron 
microscopy. At intervals, cells were 
fixed with 2 percent osmium tetroxide 
in 0.1M phosphate buffer at pH 7.4, 
and then, to enhance preservation of 
membranes, fixed with 0.5 percent ura- 
nyl acetate in Zetterqvist buffer as de- 
scribed (9). The samples were embedded 
in Araldite and sections were stained 
with lead citrate. Within seconds after 
the additions of chloroplasts to the cell 
suspension, projections of the cell sur- 
face contacted the organelles. After 5 
to 30 minutes chloroplasts resided in 
the cytoplasm of most cells. Figure 1D 
shows an ultrathin section of an L cell 
24 hours after ingestion of two spinach 
chloroplasts. As in isolated chloroplasts, 
the lamellae and grana were well dis- 
tinguished but slightly disorganized. A 
higher magnification of the structure of 
lamellae is shown for African violet 
chloroplasts after having resided intra- 
cellularly for 1 and 2 days (Fig. 2, G 

Fig. 1. Uptake of isolated spinach chloro- 
plasts by mouse L cells. (A-C) Phase 
micrographs. (A) Isolated chloroplasts; 
(B) L cell; (C) L cell with ingested 
chloroplasts after 30-minute incubation 
and growth for 1 day. Cells dilated in 
hypotonic saline. (D, E) Electron micro- 
graphs. (D) Cell with two ingested chloro- 
plasts, as described for (C). The chloro- 
plasts are not surrounded by digestion 
vesicles. (E) Cell with heat-denatured 
chloroplasts, which are degraded in diges- 
tion vesicles after 1 day of growth (A-C, 
X 1700; D-E, X 8000). 
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and H). The organization of lamellae 
was similar to that of freshly isolated 
chloroplasts (Fig. 2F). Many organelles 
appeared twisted. This might have been 
the result of a strong cytoplasmic flow, 
which was also reflected in the presence 
of highly pleomorphic nuclei and mito- 
chondrja. The osmiophilic, probably 
lipid-containing granules of isolated 
chloroplasts (Fig. 2F) were less osmio- 
philic in intracellular chloroplasts. Per- 
haps addition of certain lipids or lipid 
precursors to the medium could have 
restored the granules. Ribosome-like 
particles could be seen in the stroma of 
both types of chloroplasts at higher 
magnifications. Characteristically, most 
chloroplasts were confluent with the 
cyptoplasm of the cell because they 
were only partially limited by an outer 
membrane. They were not surrounded 

by membrane-bound phagocytosis or 
digestion vesicles. Such vesicles, how- 
ever, were formed in control experi- 
ments in which inactive material in the 
form of 0.55-/Am polystyrine particles 
or spinach chloroplasts heated at 95?C 
for 10 minutes (Fig. 1E) was ingested. 
This material was collected in mem- 
brane-bound vesicles within 1 day after 
phagocytosis. 

After 5 days or five cell generations, 
one to three green chloroplasts were 
still present in many cells of the greatly 
diluted green cell population. Cells con- 
taining chloroplasts divided normally, 
and chloroplasts were apparently dis- 
tributed into daughter cells at random, 
as judged by cell and chloroplast counts. 
It appears that chloroplasts were not 
rejected by the cells. The average 
chlorophyll content after four cell divi- 

sions was correspondingly reduced from 
8.0 x 10-10 mg of chlorophyll per cell 
(one to two spinach chloroplasts per 
cell) to 1.8 X 10-10 mg of chlorophyll 
per cell. It is not yet known, however, 
whether chlorophyll of degraded chloro- 
plasts is also retained by the cell. 

The integrity of ingested spinach 
chloroplasts was examined in organelles 
reisolated from green L cells after 1 
to 2 days in culture. Hill reaction activ- 
ity, as reflected by the light-dependent 
reduction of dichlorophenolindophenol, 
was determined as described (10). 
Illumination of 2000 foot candles 
(22,000 lu/m2) of light was provided 
by a 300-watt photoflood lamp. At a 
concentration of 0.2 to 0.5 ,ug of 
chlorophyll per milliliter of reaction 
mixture, values of 200 to 400 ,umole 
of dye reduced per milligram of chloro- 

Fig. 2. Uptake of isolated African violet chloroplasts by mouse L cells. (A-E) Phase micrographs. (A) Isolated chloroplasts; (B) 
control L cells; (C) L cell with ingested chloroplast after growth for 1 day, (D) 2 days, and (E) 3 days. (F-H) Electron micro- 
graphs. (F, lower left) Longitudinal section of an isolated chloroplast; (G, lower center) transverse section of an ingested chloro- 
plast after growth of L cell for 1 day and (H, lower right) 2 days. (A-E, X 1700; F-H, X 12,000). 
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phyll per hour were obtained for 
chloroplasts after 1 day in cell culture 
as well as for freshly isolated chloro- 
plasts. Jagendorf and Evans (10) re- 
ported a similar value of about 300 
,tmole/mg per hour for spinach 
chloroplasts. Fluctuation of values was 
mostly due to a considerable dye reduc- 
tion rate in the dark, which was sub- 
tracted from the light reaction. Con- 
taminating L cell mitochondria were 
responsible for most of the dark re- 
action. The results suggest that the 
chloroplast lamellae retained some 
functional as well as structural in- 
tegrity. 

Tests of light-dependent, endogenous 
CO2 fixation (NaHC4Oa3) of chloro- 
plasts reisolated from L cells after 24 
hours were carried out as described (11). 
The radioactivity was measured in 
acidified chloroplasts (11) and in a hot, 
20 percent ethanol extract of the orga- 
nelles, which would contain phospho- 
glyceric acid if present (12). The 
radioactivity in extracts of dark-kept 
chloroplasts was subtracted from that of 
illuminated preparations. Values corre- 
sponding to about 0.2 [tmole of CO2 
fixed per milligram of chlorophyll per 
hour were obtained as total endogenous 
activity, and values of 0.05 to 0.1 
,tmole of CO2 fixed per milligram of 
chlorophyll per hour were calculated 
from radioactivity in hot, 20 percent 
ethanol extracts. Similar activities were 
found for freshly isolated chloroplasts. 
Correspondingly, Spencer and Unt (11) 
reported a rate of total endogenous 
CO2 fixation in the light of 0.23 jAmole 
of CO2 fixed per milligram of chloro- 
phyll per hour for spinach chloroplasts 
without their outer membrane. Because 
of the lack of a limiting outer membrane 
of the chloroplasts, radioactive material 
seemed to diffuse from the chloroplasts 
into the medium. This was also ap- 
parent in autoradiographs of illumi- 
nated chloroplasts prepared for auto- 
radiography as described (13). 

The integrity of the DNA of chloro- 
plasts after they resided intracellularly 
for 2 days was also studied. Chloro- 
plasts were isolated as described above 
and were further purified by centrifuga- 
tion in sucrose gradients (8). DNA was 
visualized after the chloroplasts were 
spread on a protein film by the osmotic 
shock technique (8). Clusters of DNA 
molecules, showing some free ends, 
were associated with ruptured mem- 
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daltons. Similar values were obtained 
for the linear DNA isolated from puri- 
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Fig. 3. Electron micrograph of the DNA 
of a spinach chloroplast reisolated after 
residing in an L cell for 2 days. Chloro- 
plasts were lysed by osmotic shock on a 
protein film and rotary shadow-cast with 
vaporized platinum-iridium. The DNA is 
linear and several free ends are seen 
(X 20,000). 

fled fresh chloroplasts by osmotic shock 
techniques and centrifugation in cesium 
chloride to equilibrium. 

Isolated mitochondria of chicken 
liver, labeled with H3-thymidine, were 
also taken up by L cells in 30 minutes, 
as observed by electron microscopy and 
by incorporation of the label into cells. 
The radioactivity of the cells declined 
in direct proportion to the increase of 
cell numbers during four cell genera- 
tions. 
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For days after intracerebral injection 
of a pulse of radioactive leucine, labeled 
soluble protein progressively appears in 
nerve endings (1, 2). This delay is be- 
lieved to be due to transport of soluble 
protein through axons from a perikaryal 
site of synthesis. Although there is very 
little labeled soluble protein in the nerve 
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Functional chloroplasts have been 
reported to occur naturally as symbiotic 
organelles in the digestive gland of the 
slug Elysia (14). We now see that ani- 
mal cells can incorporate chloroplasts 
and mitochondria from other orga- 
nisms. The degree to which these hetero- 
specific organelles can function and 
multiply in the animal cells under 
various conditions of culture is being 
studied. 
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there is already substantial labeled 
particulate protein in this fraction at 
this time (1, 2). Some of this appears to 
be mitochondrial protein made at nerve 
endings (2, 3), but some is not asso- 
ciated with mitochondria (2). Since the 
nerve ending fraction is known to be 
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Nerve Endings: Rapid Appearance of Labeled Protein 

Shown by Electron Microscope Radioautography 

Abstract. Electron microscope radioautographs of nerve ending fractions from 
mouse cerebrum show that radioactive protein is associated with nerve endings 
15 and 90 minutes after intracerebral injection of tritiated leucine and lysine. 
The results are consistent with synthesis of protein at nerve endings, or with 
extremely rapid transport of particulate protein to nerve endings in the mouse 
cerebrum, or both. 
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