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ABSTRACT

Lipid solvent extraction of aldehyde-fixed hepatic tissue of rats caused disappearance of
all intravascular and hepatocellular osmiophilic droplets normally present, thus indicating
their lipid content. Intramitochondrial dense granules and osmiophilic droplets in lyso-
somes also disappeared after this treatment. Lipid solvents extracted 43.8 to 92.6% of the
radioactivity from aldehyde-fixed rat liver with C!4-labeled lipids. Only 0.7 to 5.8%, of the
radioactivity was extracted when the hepatic proteins were labeled. When tissue was fixed
with OsOy, the lipid solvents extracted only 0.7 to 7.29, of the radioactivity from lipid-
labeled liver and only 0 to 0.79% when proteins were labeled. Thin layer chromatography
of the lipid solvents used in extraction of formaldehyde-fixed tissue revealed that triglyc-
eride, phospholipid, and cholesterol and other lipid classes had been removed. However,
acetone extracted less phospholipids than did ethanol or methanol-chloroform. During fat
absorption the number and size of osmiophilic droplets increased in the nongranular endo-
plasmic reticulum. In animals fasted up to 5 days, 250-A osmiophilic particles were still
present in the Golgi vesicles, other cytoplasmic vesicles, and in the space of Disse. These
were considered possibly to represent lipoprotein being synthesized in the liver cell and

secreted into the blood.

INTRODUCTION

Homogeneous osmiophilic droplets are a charac-
teristic component of the cytoplasm of hepatic
cells (1-4). Larger droplets 1 to 2 u in diameter
occur randomly in the cytoplasm, while smaller
droplets up to 2000 A in diameter may frequently
be seen in Golgi vesicles and in cisternae of the
smooth endoplasmic reticulum. Very small osmio-
philic droplets are also rarely present in cisternae
of the rough endoplasmic reticulum. While it
usually has been assumed that these osmiophilic
droplets are of lipid nature, their composition has
not been thoroughly established. Recently, Bruni
and Porter (5) suggested that some of these smaller
intravesicular osmiophilic particles are of protein
composition and might represent synthesized al-
bumen.

In the course of absorption, transport, and
utilization of lipids, hepatic parenchymal cells
take up lipid from the blood during fat absorption
from the intestinal tract (6, 7) or following mobili-
zation of fatty acid from adipose tissue triglyceride
(8). Concurrently, the liver cells assemble low
density lipoproteins within their cytoplasm, which
then are secreted into the blood (9-11). It can be
surmised that stages of these processes might be
visualized as particulate lipid in the liver cells by
electron microscopy.

The present study is an investigation of two fac-
tors pertaining to the possible relationship of these
osmiophilic droplets in the hepatic cell to the liver’s
role in lipid metabolism. First, the variations in
size and distribution of osmiophilic droplets within
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liver cells, in sinusoids, and in the space of Disse
were examined by subjecting animals to dietary
alteration of the rate of hepatocellular lipid uptake
and lipoprotein synthesis and secretion. Second,
the extractability of these droplets by lipid solvents
employed prior to OsO4 fixation in the preparation
of liver tissue for electron microscopy was studied
morphologically and by radiochemical methods.

MATERIALS AND METHODS

The following experiments were undertaken to pro-
duce various stages of lipid uptake and secretion by
liver cells. Adult male and female Holtzman rats
weighing 200 to 300 g were used. (z) Six male rats
were fed ad libitum by providing a continuous supply
of stock diet.! (b) A state of increased fat absorption
was produced in 15 male rats by administering 2 ml
of a corn oil emulsion by stomach tube.? Three ani-
mals at each time interval were sacrificed for study at
30, 45, 90, 180, and 360 min. (¢) Twelve male rats
were fasted but allowed water ad libitum, and 3
animals were studied at each of the time intervals of
24, 48, 65, and 120 hr.

Liver tissue from all animals and tissue from small
intestine and kidney of some of the fat-absorbing
animals were prepared for electron microscopy by
placing 1 mm? blocks directly in osmium tetroxide
buffered to pH 7.4 with Veronal. Tissues were proc-
essed through graded alcohols and propylene glycol
and embedded in an epoxy resin {(Maraglas, reference
12).

The effect of lipid solvents on osmiophilic droplets
was studied by first fixing overnight freehand slices of
liver less than 1 mm thick, from animals in the fore-
going experiments, in 6.5% glutaraldehyde (13) or
10% neutral-buffered formaldehyde. The thin slices
were then placed for 6 hr in either 959, ethanol,
absolute acetone, or methanol-chloroform (1:2).
Following extraction, small 1 mm?® blocks were post-
fixed in osmium tetroxide for 2 hr, dehydrated, and
embedded in Maraglas. For a comparison of the
effects of lipid solvents upon primarily OsOg-fixed
tissue and aldehyde-fixed tissue, liver which had first
been fixed in OsO4 was subjected to an additional
treatment with absolute ethanol, acetone, or meth-
anol-chloroform before being embedded in Maraglas.
Thin sections were studied with an RCA EMU 3-F.

Staining with lead or heavy metal other than
osmium was omitted in this study, because we have
found previously (14, 15) that osmiophilic particles

1 Purina Dog Chow.

2The corn oil emulsion consisted of Oral Lipomul
(The Upjohn Co., Kalamazoo, Michigan). Each 15
cc contains 10 g of corn oil.
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and droplets within hepatic cells appear denser by
contrast when heavy metal stains are not employed.
We also wanted to avoid the complicating influence
of heavy metal stains, other than osmium, in compar-
ing the appearances of OsOy-fixed tissue with and
without prior lipid solvent treatment.

The amounts of lipid and of protein extracted by
lipid solvents after formaldehyde fixation prior to
OsO4 postfixation and the amounts extracted by
lipid solvents after direct OsOj; fixation were studied
and compared as follows: liver lipids of 4 rats were
labeled in vivo with C!* by administration of 2.5 uc
of triolein-C!* 4 hr prior to sacrifice. The specific
activity (cem/g) of fresh, unfixed liver homogenate
and of methanol-chloroform extract (total hepatic
lipid) was determined, enabling a calculation of the
percentage of radioactivity in the total hepatic lipid.
Formaldehyde-fixed hepatic tissue slices, before and
after lipid extraction with ethanol, acetone, or meth-
anol-chloroform, were homogenized and subjected to
radioactivity counting, and the lipid solvent extracts
were separately counted. From these data the per-
centages of radioactivity from lipid-labeled livers
(“lipid radioactivity”) extracted by the different
procedures were calculated. Similar procedures were
carried out on hepatic tissue (of 2 of these rats)
which had been subjected to direct OsOy fixation
before and after treatment with ethanol, acetone or
methanol-chloroform. A liquid scintillation system
(Nuclear-Chicago Corporation, Des Plaines, Illinois)
was used in all radioactivity counts.

Phosphomolybdic acid—stained (16), thin layer
chromatographs (17) of lipid classes from a methanol-
chloroform extract of whole fresh liver homogenate
were compared with chromatographs of lipid solvents
used in preparing formaldehyde-fixed tissue. In addi-
tion, the formaldehyde solution used in primary tissue
fixation was subjected to thin layer chromatography.

In 4 additional animals, hepatic proteins were
labeled in vivo by the intravenous administration of
2 e of C4-l-leucine 1 hr prior tosacrifice. The specific
radioactivity (cpM/g) of unfixed liver homogenate
and of trichloracetic acid precipitate (total hepatic
protein) (18) was determined, and the percentage of
radioactivity in total hepatic protein was calculated.
Radioactivity counts were obtained from slices of
formaldehyde-fixed liver of each of the 4 animals
before and after the use of lipid solvents, as previ-
ously described. The level of radioactivity was simi-
larly determined on liver slices of OsQy-fixed liver
of 2 of these animals before and after the application
of lipid solvents. From these data the percentage
extraction of radioactivity from protein-labeled livers
(*‘protein radioactivity””) was determined in each of
the experiments.
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RESULTS

Distribution of Osmiophilic Particles in Liver
of Fasted and Fed Rats

In rats which had been fed stock diet ad libitum,
a few large osmiophilic droplets measuring up to
2 u were seen in many of the liver cells (Fig. 1).
These larger droplets usually appeared to lie free
in the cytoplasm, but there was a suggestion of a
membrane surrounding some of them. Intra-
vesicular droplets measuring 200 to 400 A in di-
ameter were present but sparse in the smooth
endoplasmic reticulum and the Golgi apparatus.
Osmiophilic particles 200 to 600 A in diameter
were also occasionally found in the space of Disse.

As early as 30 to 90 min after corn oil ingestion,
the sinusoids, in which lumen contents were intact,
and the spaces of Disse contained an increased
number of small osmiophilic droplets 300 to 500 A
in diameter, compared with fasting controls. At
180 and 360 min, the droplets had become more
numerous, and they were more abundant in the
space of Disse than in sinusoids (Fig. 2). In the
sinusoids the droplets ranged from 250 A to 1 u in
diameter, while in the space of Disse they meas-
ured 250 to 4500 A in diameter.

Many osmiophilic droplets were located inside
membrane-bounded vesicles in the peripheral por-
tion (near the space of Disse) of the cytoplasm of
liver cells, and some of these vesicles communicated
with the cell surface between the microvilli. Most
of the cytoplasmic vesicles containing osmiophilic
droplets were bounded by smooth membranes;
only rarely were small osmiophilic particles seen in
cisternae of the granular endoplasmic reticulum.
The droplets became smaller and fewer in deeper
portions (near the nucleus) of the hepatocytes.
While most cytoplasmic vesicles contained a single
osmiophilic droplet, a few contained clusters of
six or more droplets about 500 A in diameter.
Occasionally, vesicles at the periphery of hepato-
cytes were open at the cell surface and communi-
cated with the space of Disse. At the 180 and 360
min periods, the droplets were comparable in
range of size to chylomicrons in the intestinal
mucosal lymphatics at the same time intervals
(Fig. 3).

The osmiophilic droplets within vesicles of the
Golgi apparatus were larger and more numerous
during fat absorption than in fasting or in ad
libitum—fed animals. The longer the time interval
after administration of the fat meal, for as long as
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3 to 6 hr, the larger (up to 1000 A) and more
numerous (Fig. 2) were the osmiophilic droplets in
the Golgi vesicles.

In fasted rats the hepatic cells contained fewer
osmiophilic droplets of all types than in animals fed
ad libitum or those receiving test doses of fat. The
large, homogeneous, densely osmiophilic droplets
were reduced in number and size in fasted animals,
and they were absent from the great majority of
liver cells after 5 days’ fasting. Small osmiophilic
droplets measuring about 250 A continued to be
present in Golgi vesicles, even in 5-day-fasted ani-
mals. However, they were fewer and smaller than
in fed animals (Fig. 4). In addition to osmio-
philic droplets in Golgi vesicles of fasting animals,
droplets about 250 A in diameter were also sparsely
present in nongranular membrane-bounded vesi-
cles. These small intravesicular particles were
randomly located in the cytoplasm. A few similar
small osmiophilic particles were found in the space
of Disse in fasting rats.

In fat-absorbing animals the lysosomes fre-
quently contained large, homogeneous osmio-
philic droplets up to 5000 A in diameter (Fig. 5).
In fasting rats the lysosomes occasionally contained
osmiophilic droplets, but after 5 days’ fasting these
droplets were sparse.

Intramitochondrial dense granules were equal
in size and number in fasting and fed animals.
These bodies ranged from 250 to 450 A in di-
ameter, were homogeneous, highly electron
opaque, and the margins were somewhat irregu-
lar and finely spiculated (Fig. 6). The degree of
their electron opacity was comparable to that of
other homogeneously electron-opaque particles
and droplets in the cytoplasm.

Effect of Lipid Solvents on Hepatic
Cell Ultrastructure

Glutaraldehyde or formaldehyde-fixed tissue
which was not subjected to the eflects of lipid sol-
vents prior to OsO, postfixation revealed the same
osmiophilic dense particles and droplets as seen in
tissue primarily fixed in OsO, (Fig. 7). Treatment
of aldehyde-fixed tissue with ethanol, acetone, or
methanol-chloroform, prior to OsO, fixation, gave
essentially similar results. One of the most striking
of these effects was disappearance of all cyto-
membranes (Fig. 8). The dense lines of sectioned
membranes of the nuclei, granular and nongranu-
lar endeplasmic reticulum, Golgi elements, and
mitochondria, as well as the plasma membrane of
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Ficure 1 Portion of a liver cell from an ad libitum—fed animal. Part of a sinusoid (S) is shown. Rare
osmiophilic particles (x) about 500 A in diameter are present in the space of Disse (D). Large osmiophilic
droplets up to 1 g in diameter are present in the cytoplasm. A faintly visible membrane partially surrounds
one of these (L), which may represent nongranular endoplasmic reticulum displaced by the droplet. Golgi
vesicles (G) contain numerous small osmiophilic particles about 500 A in size. Osmiophilic droplets are
present in some of the lysosomes (Ly). Glycogen (G) in the cytoplasm is of low electron opacity due to
absence of lead staining. X 18,000.



Ficure 2 Portions of sinusoid (S) and hepatocyte in rat which had received corn oil by stomach tube
3 hr previously. Osmiophilic droplets 500 to 2000 A in diameter (x) are present in the sinusoidal blood,
and similar droplets are present in the space of Disse (D). Droplets 500 to 1000 A in size are observed in
membrane infoldings at the surface of the hepatic cell and in vesicles bounded by nongranular membranes
(arrows). The Golgi vesicles (@) contain osmiophilic droplets up to 1000 A in size which are larger than the
osmiophilic droplets in the Golgi vesicles of ad libitum—fed animals. X 27,000.



Fieure 3 Portions of lumen and wall of intestinal mucosal lymphatic of rat 3 hr after corn oil administra-
tion. Chylomicrons in the lumen (Lu) range from 300 to 1500 A in diameter. Similar osmiophilic droplets
are present in the wall of the lymphatic (L) and in the interstitial spaces (S) of the lamina propria.
X 28,000,

Fieure 4 Liver cell of rat which had been fasted for 120 hr. The total amount of osmiophilic droplet
material demonstrable under the electron microscope is much reduced over that seen in ad libitum—fed
animals. Osmiophilic droplets about 300 A in diameter are present, however, in the Golgi vesicles (@)
and in the space of Disse (D). X 22, 000.



Ficure 5 Portion of liver cell of rat fed fat 114 hr previously. The tissue was fixed immediately in OsOj.
Numerous osmiophilic droplets are present in Golgi vesicles (G). The lysosomes contain numerous large,
dense osmiophilic droplets (L). Part of a bile canaliculus (C) is shown. X 33,000.

Ficure 6 Mitochondria of liver cell of rat which was fed ad libitum. Visible in the matrix of the mito-
chondria are discrete, generally rounded osmiophilic droplets, the “dense intramitochondrial granules’”
(x). These have slightly irregular, spiculated margins and average about 350 A in diameter. X 60,000,



Figure 7 Electron micrograph of liver tissue of the same animal shown in Fig. 8. The tissue was first
fixed in formaldehyde, and then treated with OsOs. Osmiophilic droplets are present in the space of Disse
(D), in Golgi vesicles (G), and in cisternae of the endoplasmic reticulum (R). Intramitochondrial dense
granules are visible (z) as are the membranes of mitochondria, endoplasmic reticulum, and other eyto-
membranes, Lysosomes contain numerous large osmiophilic droplets (L). X 22,000.



the cells, could no longer be demonstrated. While
these cytomembranes became invisible, 'many
other protoplasmic structures, such as nuclear
chromatin granules, ribosomes, lysosomes, dense
bodies, mitochondrial matrix, and ground cyto-
plasm, remained essentially undisturbed. In con-
trast with formaldehyde- or glutaraldehyde-fixed
tissue treated with lipid solvents before postfixa-
tion with OsO,, tissue fixed only with OsO, and
then treated with ethanol, acetone, or methanol-
chloroform during the process of dehydration re-
vealed that osmiophilic cytomembranes remained
undisturbed and that osmiophilic droplets in the
sinusoids and in the cytoplasmic vesicles remained
(Fig. 9). Osmiophilic droplets in tissue subjected
to this treatment, however, were of less electron
opacity than in OsOfixed tissue which had not
been subjected to additional and prolonged treat-
ment with lipid solvents.

Effect of Lipid Solvents on Homogeneous
Osmiophilic Droplets

Homogeneous osmiophilic droplets were visible
in formaldehyde- or glutaraldehyde-fixed hepatic
tissue when lipid solvents were not employed prior
to OsO, postfixation, but they disappeared when
lipid solvents were used prior to OsO,. Specifically,
in fasting, ad libitum-fed, and fat-fed animals,
there was a loss of visibility of all osmiophilic drop-
lets in the sinusoids and space of Disse, in the non-
granular membrane-bounded vesicles in the cyto-
plasm, and in the Golgi vesicles, and .of the
cytoplasmic osmiophilic droplets 1 y in diameter or
larger (Figs. 8, 10, and 11), While usually the
osmiophilic droplets had completely disappeared
when acetone was the lipid solvent used, collapsed,
finely membranous, myelin figurelike deposits fre-
quently remained (Fig. 12). The osmiophilic drop-
lets contained within lysosomes and the dense in-
tramitochondrial granules (Figs. 6 and 7) also
were completely removed by the lipid solvents
(Figs. 8, 10, and 11). The nucleoids of dense bodies
were not, however, affected by lipid solvents.

Chemical Studies of Lipid and Protein
Exzxtraction by Lipid Solvents

The effects of lipid solvents on the radioactivity
of hepatic lipids and proteins in formaldehyde-
fixed and OsO4fixed tissue are shown in Tables I
and II. In animals receiving CU"-l-leucine, an
average of 76.19, of the radioactive label in liver
tissue was in recoverable hepatic proteins. In those
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‘receiving triolein-C!, an average of 72.1% of the

hepatic “tissue radioactivity was in extractable
hepatic lipids. During OsO, fixation there was a
loss into the OsO4 solution of 8.0 and 8.69 of the
radioactivity “in protein-labeled livers (protein
radioactivity) and of 10.7 and 23.9% of the radio-
activity in lipid-labeled liver (lipid radioactivity)
in the two animals of each group studied. Formal-
dehyde fixation-was accompanied by a loss into

 the fixative solution of 10.6 to 11.6% of the protein

radioactivity and of only 0.8 to 2.29, of the lipid
radioactivity. "Ethanol extraction of OsOfixed
tissue was followed by loss of only 0.7% of protein
radioactivity and of only 0 to 2.49, of lipid radio-
activity. When formaldehyde-fixed tissue was
treated with ethanol, 2.0 to 3.99% of the protein
radioactivit)‘r was removed, while 67.3 to 92.6%, of
lipid radioactivity was extracted. Acetone and
methanol-chloroform extraction produced results
which were similar to those of ethanol extraction,
except that usually the percentage of extraction
was slightly greater with ethanol.

Comparison of thin layer chromatographs of
methanol-chloroform extracts (total lipid) of fresh,
unfixed liver homogenate with chromatographs
of the lipid solvent extracts from formaldehyde-
fixed liver showed that all lipid classes present in
fresh, unfixed liver were also represented in the
lipid solvent extracts (Fig. 13). By inspection, the
relative amounts of the lipid classes were similar in
lipid solvent extracts of unfixed as compared with
extracts of formaldehyde-fixed tissue, except in the
case of acetone (Fig. 13). In the acetone extracts of
3 of the 4 animals, spots representing extracted
phospholipids were considerably smaller than
those of ethanol and methanol-chloroform extracts.

DISCUSSION

Pertinent to the interpretation of our findings on
lipid solvent effect upon liver cell ultrastructure is
the nature of OsO, reaction with tissue elements.
Recent studies (19, 20) have added confirmation
to the earlier view (21) that osmium tetroxide
staining depends upon the presence of unsatu-
rated bond sites in fatty acid residues. Osmium
tetroxide staining results from this reaction al-
though the osmium is deposited at other sites on
the lipid molecule. These studies have shown also
that protein is stained only slightly by osmium
tetroxide. Accordingly, disappearance of densely
osmiophilic droplets and particles after treatment
with lipid solvents prior to OsO, fixation indicates
lipid content. Structures of the cell which remain
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after treatment with lipid solvents and which are
inherently electron opaque or stain lightly with
osmium tetroxide are believed to represent the pro-
tein components of the cell devoid of their at-
tached lipids.

In his discussion on tissue fixation for electron
microscopy, Pease (22) commented on the effects
of lipid solvents on formaldehyde-fixed tissue. He
noted that cytomembranes disappeared from view
and he attributed this to the lipid solvent effect.
In his illustration of tissue prepared with formalde-
hyde fixation, it is apparent that particulate lipids
have also been removed from the tissue, as we ob-
served.

Although lipid solvents have been used for many
years in the preparation of tissues for histological
(23) and electron microscope studies (22), the de-
gree of lipid extraction and the effects upon the
various lipid classes have not been extensively stud-
ied (24). Relative preservation of lipid droplets in
tissue fixed and maintained in formaldehyde is the
basis for frozen section demonstration of lipid by
sudanophilia, while formaldehyde-fixed tissue
processed through lipid solvents to paraffin blocks
contains no sudanophilic droplets (25). Thus, it
appears that lipids may, to some degree, be ex-
tracted from formaldehyde-fixed tissue by lipid
solvents. On the other hand, OsOfixed tissue,
even though it is passed through lipid solvents
prior to embedment, continues to exhibit osmio-
philic lipid droplets. This suggests that lipid sol-
vents do not readily extract lipids following OsO,
fixation. Our chemical and radiochemical studies
substantiate these observations.

In vivo labeling of hepatic lipids and proteins
by the procedures used in our experiments might

not be expected to result in complete distribution
of the label in total hepatic lipids and total hepatic
proteins, respectively. Possibly some of the C! in
the course of the experiments might be meta-
bolically diverted to compounds other than protein
or lipid within the liver. Nor is it certain that the
procedures of separation of total lipids (metha-
nol-chloroform extraction) or of total proteins
(trichloracetic acid precipitation) result in com-
plete collection of these fractions. Possibly for
these and other reasons it was found that the per-
centage of the C! radioactivity in the “total pro-
tein” of the liver of animals having received C!-1-
leucine was 769, of that in the whole liver ho-
mogenate and that, in those animals receiving
triolein-C’%, 729, of the label was in the “total
lipid” fraction of the liver. Since not all the radio-
activity appeared in total protein or lipid frac-
tions of fresh, unfixed liver homogenates, the
radioactivity extracted from formaldehyde- or
OsOyfixed liver tissue by lipid solvents is re-
ferred to as “protein radioactivity” and “lipid
radioactivity,” respectively. Interpretations of the
significance of the degrees of extraction of radio-
activity by lipid solvents should take into account
the fact that the figures obtained are not rep-
resentative of absolute values of lipid and protein
extractions; the observations, by indicating a
trend, are believed, however, to be valid.

From 43.8 to 92.69%, of lipid radioactivity in
lipid-labeled rat livers was extracted from formal-
dehyde-fixed tissue by lipid solvents, while only 0
to 7.29%, of the lipid radioactivity was extracted
when the tissue had been primarily fixed in os-
mium tetroxide. Much smaller amounts of protein
radioactivity were extracted by lipid solvents from

Ficure 8 Electron micrograph of liver cell of the same animal shown in Fig. 7. The tissue
was fixed with formaldehyde, followed by treatment with lipid solvent (ethanol), and sub-
sequently with OsO4. A portion of sinusoid (8) and space of Disse (D) are visible. In the
cell can be seen the nucleus (N), nucleolus (No), mitochondria (M), lysosomes (Ly),
Golgi vesicles (@), intercellular zones (I), and bile canaliculi (). Notable in this electron
micrograph is the absence of lipid droplets from the sinusoid, space of Disse, and from all
cytoplasmie vesicles and cisternae. Dense osmiophilic droplets are also absent from ly-
sosomes. Cytoplasmic membranes of all types are absent, although demarcation of the
margins of cell components is clear-cut due to variations in electron opacity. There is
also a complete absence of dense intramitochondrial granules. X 14,000,

Ficure 9 Electron micrograph of liver tissue which had first been fixed in 0sOy4 and was
subjected to additional extraction with methyl alcohol-chloroform during preparation
for Maraglas embedding. The cytomembranes and the osmiophilic droplets of the cyto-
plasm and in the sinusoid (0) remain undisturbed. X 18,000.

310

TrE JourNaL or CeLn Brorogy - VorLuME 31, 1966



C. T. AsuwortH, J. S. Leonarp, E. H. EigExeropt, anp F. J. WricHTsMAN  Osmiophilic Droplets 311



Ficure 10  Electron micrograph of liver of animal 3 hr after fat administration. The tissue was first fixed
in glutaraldehyde, followed by treatment with lipid solvent (ethanol), and then with OsO4. A portion of a
sinusoid (S) and space of Disse (D) are shown, and no lipid droplets are visible in these locations. Absence
of osmiophilic droplets from Golgi vesicles (G) and other cytoplasmic vesicles is noted also. Larger, clear,
round spaces () are present in the cytoplasm which represent sites from which large cytoplasmic osmio-
philic droplets have been removed by the preparation of tissue with lipid solvents prior to OsQs post-
fixation. Lysosomes (Ly) and mitochondria (M) are visible. X 14,000.



hepatic tissue fixed either with formaldehyde or
with OsO, (range of 0.7 to 3.9% from formalde-
hyde-fixed and of 0.2 to 0.7% from OsOfixed
tissue). Thus it appears that formaldehyde fixation
does not render tissue lipids insoluble to lipid sol-
vents, whereas OsO,4 does. During the course of our
study, Korn and Weisman (26) reported on the
effects of ethanol extraction of lipid on amebae
fixed by glutaraldehyde or osmium tetroxide alone
or in combination. They showed that lipid in
aldehyde-fixed amebae is readily extractable,
which is in agreement with our findings. Their
result indicating a 20 to 25% loss mainly of tri-
glycerides and some phospholipids from amebae
following OsO, fixation is considerably greater
than our finding of a 0 to 7.2% loss for hepatic
tissue. The major portion of their label was in-
corporated into fatty acids and phospholipids
which contain no or one double bond. This may
account for the difference, since their fatty acid
analyses of the extracts revealed that over 909, of
the fatty acids extracted following OsO, fixation
contained no double bonds. Thus, determinations
excluded those fatty acids which had reacted with
osmium.

Thin layer chromatography revealed essentially
similar patterns of distribution and amounts of the
various lipid classes in both ethanol and methanol-
chloroform extracts from formaldehyde-fixed liver
tissue as compared with methanol-chloroform ex-
tracts of unfixed whole liver. This suggests that
there was no significant selective extraction of
specific lipid classes by these two solvents. On the
other hand, acetone extracts usually showed a de-
creased amount of phospholipid in the chromato-
graphs, as compared with ethanol and methanol-
chloroform extracts. This is in accord with the
known relative insolubility of phospholipid in ace-
tone (27).

These radiochemical studies lend support to our
electron microscope findings on the nature of
osmiophilic droplets within the hepatocytes. While
it has usually been tacitly assumed that many of
the dense membranes and densely osmiophilic
particles and droplets seen with electron micro-
scopy in hepatic cells contain lipid, conclusive evi-
dence on this point has not previously been ad-
duced. Since lipid solvents cause removal of these
particles, but fail to affect presumed nonlipid con-
stituents of the cells, it appears that those particles
and droplets under discussion do contain lipid
which is responsible for their dense osmiophilia.
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It may be significant that, in acetone-extracted,
formaldehyde-fixed tissue, electron microscopy
reveals the presence of membranous osmiophilic
formations resembling myelin figures at sites of
dense osmiophilic droplets as seen in tissue pre-
pared as usual for electron microscopy. Since ace-
tone is not a suitable extractant of phospholipid
(27), and since thin layer chromatographs indi-
cated less extraction of phospholipid by acetone
than by ethanol or methanol-chloroform, it is
possible that the membranous osmiophilic rem-
nants represent unextracted phospholipid.

The large osmiophilic droplets which accumu-
late in the liver cells in hepatic steatosis would
seem, a priori, to be of lipid composition. Baglio
and Farber (28) discussed the evidence favoring
the lipid nature of osmiophilic droplets occurring
in hepatic steatosis due to ethionine, and Novikoff
et al. (29) concluded that osmiophilic droplets
forming in the liver after administration of orotic
acid were lipid. In fasting and in normal fat-ab-
sorptive states, however, the nature of small osmio-
philic particles and droplets in hepatic cells is more
problematical than in hepatic steatosis. Bruni and
Porter (5), in their studies of the normal, fasting
rat liver, described osmiophilic particles similar
to those we observed in nongranular membrane-
bounded vesicles and in the Golgi system. Reason-
ing from the known role of the granular endoplas-
mic reticulum in the synthesis of protein and the
hypothesis of release of protein into the Golgi
vesicles, these authors concluded that the osmio-
philic droplets were protein in nature. The intra-
vesicular particles illustrated in their report
possesed less electrons opacity than those we have
studied, but lead staining used in their material
tends to diminish the density of osmiophilic drop-
lets by decreasing contrast. The fact that in their
position and size the particles studied by Bruni and
Porter are similar to those we have studied in the
Golgi vesicles, endoplasmic reticulum channels,
and the space of Disse strongly suggests that they
are identical. Our studies obviously do not present
any evidence on the processes of protein elabora-~
tion and secretion, but our demonstration that
lipid solvents remove the small osmiophilic drop-
lets in the Golgi and other cytoplasmic vesicles in
fasting and in fat-fed rats indicates that the dense
osmiophilia of these droplets is due to their lipid
rather than their protein content.

Many recent biochemical studies have dealt
with the subject of lipoprotein elaboration by
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TABLE I

Degree of Labeling in Trichloracetic Acid Precipitate
(Total Protein) in Liver after C*-I-leucine and in
Methanol-Chloroform  Extract (Total Lipid) after
Triolein-C1*

cpMm/g in whole

Animal 9% of label 9, of label

No. Cl::s:ibc} liver h:::ogen- in lipid in proteln
1 {-Leucine 58,240 74.0
2 I-Leucine 58,280 78.5
3 {-Leucine 63,760 70.6
4 {-Leucine 57,760 81 .4
5 Triolein 2,520 67.5
6 Triolein 10,680 66.8
7 Triolein 13,150 83.8
8 Triolein 5,550 71.2

hepatic cells and the subsequent release of these
lipid particulates into the blood (9-11, 30), and
electron microscopy has been employed in the
effort to study the significance of intracellular
lipid droplets (2, 14, 28, 29, 31, 32). The exact
sites and morphologic expressions of these processes
have so far not been clarified, however. Since our
studies have shown that intravesicular droplets in
hepatic cells contain lipid which is responsible for
their marked osmiophilia, it seems highly probable
that at least some of them represent stages of lipid
incorporation and lipoprotein synthesis and secre-
tion. This does not, of course, deny that other forms
of intracellular lipid formations and droplets may
exist. It is difficult to determine which of the
lipid droplets represent absorbed chylomicron fat
entering the liver cells and which represent lipo-
protein droplets being assembled and secreted,
but some of our observations bear upon this ques-
tion. Lipoprotein droplets range from 300 to 700 A
in diameter as measured under the electron micro-

scope (33, 34). In the animal absorbing fat, osmio-
philic droplets as small as 300 A and as large as
2000 A occur in the space of Disse and in vesicles
near the periphery of the liver cell. We found such
droplets to be comparable in range of size to those
seen concurrently in the intestinal lymphatics of
the fat-absorbing animals. Therefore, it seems
likely that at least these larger-sized droplets (and
probably some of the smaller ones) are chylo-
microns entering the liver cell. Other osmiophilic
droplets of the smaller sizes probably represent
lipoprotein which has been synthesized in the liver
cell and is in the process of being secreted. We
have been unable to ascertain any difference be-
tween populations of the 300 to 700 A class of
lipid droplets within the liver cell which would
differentiate smaller chylomicrons entering from
lipoprotein droplets leaving the cells. Studies are
under way in our laboratory to correlate the pres-
ence, size, location, and number of intravesicular
lipid droplets in liver cells following C*¥-labeled fat
absorption with the time of hepatic uptake of
radioactivity and incorporation into hepatic lipids
and serum lipoproteins.

Pertinent also to the question of identity of the
small intravesicular lipid droplets are observations
on fasting animals. In the fasting state it can be
assumed that mobilized fatty acids are being taken
up by the liver and converted partly to lipopro-
teins, which in turn are being secreted into the
blood (8). Since mobilized fatty acid bound to al-
bumen is not recognizable under the electron
microscope (35), any observed lipid droplets in the
space of Disse or in the serum would presumably be
lipoprotein which has been secreted by liver cells.
In such animals, osmiophilic droplets are sparse,
but a few, ranging from 250 to 450 A in size, are
found in the space of Disse, in Golgi vesicles, and

Ficure 11 Electron micrograph of portions of liver cells and a sinusoid of animal which
had been fasted for 120 hr, for comparison with Fig. 4, The tissue was first fixed in for-
maldehyde, then treated with lipid solvent (ethanol), and subsequently with OsQ4. The
small osmiophilie particles which were present in the Golgi vesicles (&) and space of Disse
(D) (see Fig. 4) of tissue primarily fixed with OsOj4 are no longer visible. A bile canaliculus

(C) is visible. X 14,000,

Figure 12 Electron micrograph of liver of animal fed corn oil 8 hr previously. The
tissue was fixed in formaldehyde and treated with acetone prior to QsQy postfixation. The
osmiophilic particles which are seen in the sinusoid (S) and space of Disse (D) in tissue
fixed primarily in OsO4 are no longer present. The larger cytoplasmic osmiophilic droplets,
however, are represented by collapsed and sometimes concentrically arranged mem-
branous material in otherwise empty spaces (z). X 14,000,
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TABLE II

Effects of Lipid Solvents on C'*-Labeled Lipids and Proteins in Formaldehyde-Fixed and OsOy-Fixed Hepatic

Tissue. Radioactivity Expressed as Counts per Minute (cpm) from Entire Liver Sample Tested. Tissue
Samples Were Thin Slices Amounting to Approximately V4 to 1 g in Each Experiment

Radioactivity 9, Loss of 9 Loss of % Loss % Loss of RA

Animal (RA) in fixed RA fixative RA in of RA in in methanol-
No. C' label used Fixative used tissue fluid ethanol acetone chloroform
CPM
1 C%.1-leucine Formaldehyde 51,340 10.6 2.5 3.4 0.7
2 1-Leucine Formaldehyde 38,400 10.5 3.9 2.2 3.0
3 I-Leucine Formaldehyde 48,040 11.6 2.0 5.8 2.6
4 I-Leucine Formaldehyde 43,460 10.7 2.7 5.7 1.5
1 1-Leucine OsOy 15,720 8.6 0.7 0.7 0.2
2 I-Leucine 05Oy 15,740 8.0 0.7 0.3 0.2
5 Triolein-Cl4 Formaldehyde 2,780 2.2 67.4 43.8 58.9
6 Triolein Formaldehyde 8,540 0.8 89.0 68.2 85.4
7 Triolein Formaldehyde 12,800 2.1 92.6 74.7 87.2
8 Triolein Formaldehyde 5,800 1.9 83.9 74.2 79.8
5 Triolein OsOy 3,180 23.9 0 7.2 5.4
6 Triolein OsOy 6,880 10.7 2.4 2.2 2.6
Methanol-
chloroform Formalin Methanol=
extract of solution Ethanol Acelone chloroform
unfixed used for extract of exiract of extract of
* liver fixation formalin= formalin- formalin-
homogenale overnight fixed liver fixed liver fixed liver
Cholesterol
ester — b, ! )
Triglyceride — v .
t
Free

316

cholesterol — ?
Diglyceride —

. -
Monoglyceride — —_
Fatty acid —
Phospholipid —
: -
Start ™

Freure 13 Phosphomolybdic acid-stained thin layer chromatographs of lipid extracts of unfixed liver
and of formaldehyde-fixed liver, The lipid solvent extracts of formaldehyde-fixed liver produce a pattern
of lipid classes similar to that of the methanol-chloroform extract of unfixed liver. The phospholipid zone
is less prominent in the chromatograph of acetone extract of fixed liver than in that of ethanol or methanol-
chloroform extracts, The methanol-chloroform extract of the formaldehyde solution in which the liver
was fixed shows only a small amount of lipid, predominantly phospholipid.
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in nongranular membrane-lined vesicles. These
were identified as lipid-containing bodies by their
removal with lipid solvents. Such bodies, there-
fore, may represent lipoprotein particles which are
being synthesized and secreted by the liver cells.

The role of lysosomes in intracellular hepatic
lipid metabolism has received little attention (36).
Our studies have shown that lysosomes of hepatic
cells of rats contain dense osmiophilic droplets
which are more abundant during fat absorption,
and that they disappear following lipid solvent
effect. What bearing this content of lipid droplets
in lysosomes may have upon the processes of intra-
cellular lipid metabolism remains to be deter-
mined.

One other observation on the effect of pretreat-
ment with lipid solvents upon liver cell ultrastruc-
ture is the complete disappearance of mitochon-
drial dense granules in the same manner that
outer mitochondrial membranes and cristae dis-
appear, while the mitochondrial matrix is un-
affected. The composition of these dense in-
tramitochondrial granules has been variously
assessed to be artifact (37), iron (38), and calcium
or other cations (39, 40). The presently favored
concept is that they represent accumulations of
cations, especially calcium (5, 40). That mito-
chondria sequester calcium and phosphate has
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