Hepatic Changes Produced by a Single Dose
of Endotoxin in the Mouse

Electron Microscopy

Emmanuel Levy,* M.D., Ph.D., F.C.Path.,
Ruby J. Slusser, and Boris H. Ruebner, M.D.

THE HEPATIC LESIONS observed in the mouse by light micro-
scopic techniques, including histochemistry, following a single injection
of endotoxin have been described previously.! Among the changes are a
leukocytic reaction in the sinusoids, swelling of the Kupffer cells, platelet
and fibrin thrombi, glycogen depletion, fatty metamorphosis, and changes
in the location and intensity of the acid alkaline phosphatase reactions.
There have been few studies by electron microscopy of the effects of a
single injection of endotoxin, and these have concentrated on intravascu-
lar events.?® An electron microscopic study of the mouse liver following
injection of endotoxin was therefore undertaken in an attempt to clarify
the resulting cellular events and to provide an ultrastructural basis for
some of the known biochemical changes.

Materials and Methods

Pathogen-free CD; mice, 6-8 weeks old (Charles River Laboratories) were used.
They were maintained for 2 days on Purina Pur Pak Lab Chow (pathogen free) with
water ad libitum; food was withheld starting the evening before injection.

The endotoxin was Difco Bacto Lipopolysaccharide E. coli 0111:B4, prepared by
a modification of the Boivin technique and suspended in sterile pyrogen-free water
(Cutter Laboratories, Berkeley, Calif. so that 100 ug. or 300 ug. were contained in
0.1 ml A total of 44 animals received intravenous injections in the tail vein, as
previously reported.! Control animals were given 0.1 ml. of the sterile pyrogen-free
water.

Samples of liver for electron microscopy were taken from 12 animals—3 after %
hr., 3 after 1 hr., 3 after 4 hr., and 3 after 24 hr. In addition, material from 6 control
animals was examined. The tissue was fixed in osmic acid* and embedded in
Araldite. Sections 1 u thick were cut on a Porter Blum MT-1 microtome and stained
with toluidine blue for preliminary screening. Thin sections were cut on a Porter Blum
MT-2 microtome, mounted on bare 400-mesh copper grids, and stained with lead

From thﬁdl‘)epartment of Pathology, The Johns Hopkins University School of Medicine,

Supported by Research Grants AI03958 and 5-RO1-AM-00660-13 and b Research
Career Development Award (Dr. Ruebner) from the National Institutes of yI'-IZaIt:h, U.S.
M 310, Oftcs ot The Smomes Jii‘,"" Department( et of ths Aoy nract No. DA-

, ce of the eon Army.
Aeceptedffor publication Oct. giérngT :J Y
or reprint uests: Dr. ner, Department of Pathology, i
University School of Melgxgcine, Bal':imorltle,e Md. y Jobns Hoplins
® Present address: Pathology Department, Central Emek Hospital, Affula, Israel.

477



478 LEVY, SLUSSER, AND RUEBNER Vol. 52, No. 2

citrate 3 or uranyl acetate or both. Sections were examined with an RCA EMU 3G or
3H electron microscope.

Results

The general ultrastructure of the liver is well known,®” and several
studies have dealt with particular aspects of the mouse liver.®'? The find-
ings in the control animals agreed with these observations and will not
be described unless they appear necessary to elucidate the changes in
animals given endotoxin injections.

The changes observed at various times after endotoxin injection were
focal and varied somewhat in different animals. The predominant changes
at any particular sampling interval will be described.

Half-Hour Specimens

Hepatocytes. Occasional mitochondria showed slight swelling. The
vesicles of the Golgi zones were filled with homogeneous, moderately
electron-dense material resembling that found in controls, but were larger
and often more numerous. In addition the vesicles contained electron-
opaque particles of variable shape and density measuring 450-900 A
(Fig. 1). Some of the particles showed increased density at their periph-
ery. There was moderate dilatation of the endoplasmic reticulum (ER)
and some degranulation of the rough ER. Some of the dilated ER vesicles
contained opaque particles which resembled those in the Golgi zones but
were somewhat smaller (150-225 A), and other ER vesicles contained
only homogeneous material. Glycogen granules appeared reduced com-
pared with those found in controls.

Spherical or oval vacuoles measuring from 1.6 s to 5 ¢ in diameter,
never seen in controls, were quite prominent. They had a single limiting
membrane, were generally situated between the nucleus and the sinusoi-
dal border, and were usually at some distance from the cell membrane.
These vacuoles contained material which was less electron-dense than
that in the mitochondria and was finely granular at high magnification.
Occasionally the vacuoles also contained strands of electron-dense mate-
rial measuring from 0.5 p to 1.5 s in length and 70 mp to 140 my in width
with a periodicity of approximately 150 A, which corresponds to the
periodicity of fibrin in the mouse.’® In addition some roughly spherical
vesicles with double membranes, which may have originated from the
ER, were present (Fig. 2), and scattered granules varying from 500 to
750 A in diameter, resembling those in the Golgi zones, were also visible.
Dense bodies, resembling those shown by electron histochemistry to con-
tain high acid phosphatase activity® and therefore thought to be lyso-
somes, were often seen in contact with the outer surface of the vacuoles.
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Aggregates of granules, resembling those composing dense bodies but
without limiting membranes, were sometimes seen within the vacuoles
adjacent to the lining membrane (Fig. 3). In addition there were fairly
numerous, strongly electron-dense particles approximately 50 A in diam-
eter which at high power consisted of 2—4 subunits arranged in a manner
typical of ferritin.'® A second type of vacuole not seen in the hepatocytes
of control animals was also observed. These were round to oval with a
diameter varying from 0.6 u to 1.1 x. Their contents were similar in den-
sity to that of mitochondria and appeared amorphous at low magnifica-
tion and finely granular at higher magnification. Embedded in this mate-
rial were small, dense granules compatible with ferritin, as well as
occasional larger granules similar to those described in the Golgi appa-
ratus but somewhat paler. In these vacuoles there were occasional vesicles
lined by single membranes.

The dense bodies generally maintained their normal pericanalicular
distribution. Most of them were composed of intensely electron-opaque
particles. Occasionally one of the dense bodies was swollen along part
of its periphery, with separation of the membrane from the core. Cyto-
segresomes were occasionally seen, usually containing incorporated
mitochondria. Microbodies and multivesicular bodies, particularly in the
neighborhood of the Golgi apparatus and near the sinusoidal border, ap-
peared to be increased in number although they were not studied quan-
titatively (Fig. 4). The zone of the hepatocytes adjoining the sinusoid
often showed marked swelling extending into the microvilli (Fig. 5). At
high magnification, ferritin particles scattered through the cytoplasm
were prominent. The perisinusoidal zone often showed prominent vesicles
which contained material similar to that in the ER and Golgi apparatus.
The nucleus showed focal moderate dilatations of the perinuclear space,
within which occasional moderately dense particles were seen, similar
to those described in the ER. The nuclear pores were prominent and in
some areas apparent breaks were seen with the extrusion of granular
material into the surrounding cytoplasm. Occasional bile canaliculi were
dilated and had lost some of their microvilli.

The space of Disse appeared moderately dilated and contained promi-
nent dense particles, 300-1200 A in diameter, resembling those in the
Golgi and the ER. Usually the particles were located between microvilli
without being actually attached to them (Fig. 6). The swollen microvilli
were often embedded in “fuzzy” electron-dense material without any
periodicity; similar material was much less abundant in control animals.

Sinusoids. The Kupffer cells showed moderate cytoplasmic swelling,
with occasional myelin figures present within the cytosomes. Some of the
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mitochondria had an increased number of cristae, which occasionally lost
the normal perpendicular orientation to the outer membranes. Focal
dilatation of the space between the outer and inner membranes, resem-
bling that in the hepatocytes, was sometimes seen. In a few places there
were discontinuities of the cell membrane, suggesting increased fragility
and subsequent rupture, possibly during processing. In the cytoplasm
there were some vacuoles similar to the smaller type described in the
hepatocytes; these were seen infrequently in control animals.

Platelets were common, often in groups of 5 or 6. These were often ar-
ranged in a mosaic pattern (Fig. 7). Individual platelets showed deforma-
tion with loss of their normal round or oval shape and pseudopodia. Sur-
rounding these aggregates and between individual platelets there was
electron-dense fuzzy material similar to that surrounding swollen micro-
villi in the space of Disse. Although the majority of the platelets retained
several specific granules in their central areas, the periphery often ap-
peared swollen and degranulated. Some of the granules showed varying
degrees of vacuolation and rarely contained material with a periodicity of
160 A corresponding to fibrin. Scattered particles of 2 main types were
also found; the smallest and most electron-dense particles measured up to
100 A in diameter and were similar to ferritin, while the second type
measured approximately 250 A, and was probably glycogen.

Lymphocytes, eosinophils, and neutrophils were occasionally encoun-
tered; these showed no special features except that the neutrophils con-
tained granules measuring 250 A, which were similar to those seen in the
platelets and were most probably glycogen. The specific granules of the
leukocytes showed some vacuolation.

The swollen microvilli of the hepatocytes and their surrounding coat
of electron-dense material, together with the swollen Kupffer cells and
platelets were sufficient in many places to fill the sinusoidal space.

One-Hour Specimens

Hepatocytes. The mitochondrial swelling increased, with some of the
cristae tending to loop at the periphery instead of extending into the
organelle. Occasional mitochondria showed a marked loss of cristae. The
prominence of the Golgi apparatus was greater than at the half-hour
interval, and the contents of the vesicles were either uniformly or moder-
ately electron-dense, or showed scattered, dense particles, mainly periph-
eral, on a less dense background. The amount of glycogen was markedly
reduced. The ER, particularly in the perisinusoidal zones, showed more
dilatation than at half an hour, and many vesicles contained from 1 to 3
particles similar to those in the Golgi apparatus. The large vacuoles were
reduced in number and size compared with the half-hour specimens. The
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lysosomes showed 2 apparent changes; those with closely-packed, strongly
electron-dense particles were reduced in number while those showing
fewer and less dense granules were increased; their location appeared to
be less definitely pericanalicular. The perisinusoidal zone showed a per-
sistent increase in microbodies and multivesicular bodies with swollen
microvilli. Vesicles, many of which contained particles similar to those
noted in the space of Disse at half an hour, continued to be prominent
(Fig. 8). Dilatation of bile canaliculi persisted.

The space of Disse now showed marked dilatation. Free particles were
still conspicuous but perhaps somewhat fewer than in the half-hour speci-
mens. The “fuzzy” material surrounding the microvilli had increased in
prominence (Fig. 9).

Sinusoids. The swelling of the Kupffer cells increased. They showed
some large vacuoles containing granular material of the type described in
the hepatocytes at the half-hour interval. The ER, particularly the rough
ER, appeared dilated and empty, sometimes markedly so (Fig. 10). The
lysosomes seemed more numerous and swollen, with some apparent dis-
charge of granules into the surrounding cytoplasm. Some cytosegresomes
were also seen. Areas of necrosis of the hyaline body type *! were occa-
sionally seen (Fig. 11). The focal dilatation of the perinuclear space con-
tinued to be prominent with occasional rupture of membranes and extru-
sion of granular material (Fig. 12). Smaller vacuoles of the type described
at the half-hour interval appeared more numerous (Fig. 13).

Four-Hour Specimens

Hepatocytes. Focal swelling of the hyaloplasm and swelling of mito-
chondria became more pronounced than previously. The number of lyso-
somes appeared to be decreased in the pericanalicular zones and more
prominent in the perinuclear area; many showed varying degrees of
vacuolation (Fig. 14). Golgi vesicles remained prominent, both near the
nuclei and in the pericanalicular zones. The ER continued to show dilata-
tion, now somewhat less marked. Occasional vacuoles varying from 0.7 »
to 1.0 x in diameter could still be seen, now usually located near the sinus-
oidal border. Some smaller vacuoles with granular contents were present.
Microbodies continued to be prominent. The swelling of the sinusoidal
microvilli and the surrounding electron-dense material persisted. Bile
canaliculi continued to be dilated.

The space of Disse continued to be widened but there seemed to be a
reduction in the number of 500-750 A particles. Free mitochondria and
glycogen particles were occasionally seen (Fig. 9). Platelet aggregations
and neutrophils persisted in the sinusoids.

The Kupffer cells continued to be swollen with dilated ER and showed
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a persistent increase in lysosomes. Cytosegresomes containing membrane
structures, particularly mitochondria, and foci of necrosis were seen (Fig.
15). Vacuoles were more numerous than in samples taken at earlier in-
tervals. Focal perinuclear dilatation persisted.

Twenty-four-Hour Specimens

Hepatocytes. Striking swelling of the mitochondria with marked
peripheral looping of cristae was seen, along with some continued dilata-
tion of the ER and persistence of dilated Golgi vesicles. In some areas
there was reconstitution of the rough ER. Lysosomes continued to show
vacuolation. Foci of necrosis were now present ( Fig. 16). The number of
large lipid droplets was increased.

In the space of Disse platelets embedded in fuzzy material persisted.
The sinusoidal microvilli appeared to be increased. Bile canaliculi showed
persistence of dilatation and reduction in the microvilli (Fig. 17).

Discussion

The dose of endotoxin employed in this investigation has a high mortal-
ity in conventional mice but was found by previous workers ** and in our
investigations * to have no lethal effects on pathogen-free animals.

The particles in the space of Disse, ER, and Golgi vesicles appeared to
be identical. A smaller number of similar particles in these sites has been
described in normal mice ***® and rats.**** Our controls showed occa-
sional particles in the Golgi apparatus and ER but not in the space of
Disse. An increase in these particles resembling that described here has
been observed after ethanol?® or carbon tetrachloride,?” choline defi-
ciency,” liver regeneration,” administration of adenine to ethionine-
treated rats,?® and fatty acid infusion.?>*!32 These particles were consid-
ered to be albumin,* lipid, or lipoprotein.?*%**-3! The size range of our
particles is within that for lipoprotein (100-1000 A),333* and it seems
likely that they consist of low-density lipoprotein.*® These findings could
be the result of stimulation of the adrenal cortex by endotoxin,? which
leads to mobilization of fatty acids from the body stores,*® and increased
synthesis and excretion of lipoprotein by hepatocytes.?>*1:32 It seems un-
likely that any of the other alterations we observed, except possibly some
of the mitochondrial swelling, could have been the result of steroid
stress.** Another possible explanation for the increased number of lipo-
protein particles could be liberation of hepatic fatty acids by the endo-
toxin.?® The decreased number of these particles after the first hour fol-
lowing injection of endotoxin may be due to interference with protein
synthesis. This suggestion would be consistent with the changes which
we observed in the ER.
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Vacuoles are produced in the parenchymal cells of the liver by hy-
poxia,®*#! chemical hepatotoxins,**** hypertonic solutions,***5 dietary
deficiences,**¢ alloxan,*” and partial hepatectomy.*® The large vacuoles
which we observed resembled hypoxic vacuoles in their size, the speed
of their development, and their association with congestion and reduction
in glycogen. Reduction of hepatic oxygen tension after doses of endotoxin
has beenreported *° and may have been caused by swelling of Kupffer cells
and hepatocytes, vascular occlusion by platelet thrombi, and aggregates
of circulating cells and congestion.'**>> The comparatively small number
of vacuoles would suggest that hypoxia was only moderate. Hypoxic
vacuoles appear empty or contain only proteinaceous material #:44.5%:5¢
while our vacuoles contained granular and membranous material and re-
sembled the vacuoles induced by dextran ® and sucrose,** in which lyso-
somes are thought to be concerned. Factors other than anoxia—such as
intake of endotoxin in colloidal suspension—probably contributed, there-
fore, to the formation of the large vacuoles. The fibrin in these vacuoles
also suggests the presence of endotoxin since endotoxin can produce fibrin
from plasma proteins ** which the vacuoles are known to contain.*® Al-
though fibrin with characteristic periodicity was not observed in the
sinusoids, entry of fibrin into the vacuoles by phagocytosis remains pos-
sible. The origin of the large vacuoles from a particular organelle **>7 has
not been established, perhaps because the first specimens were not taken
until half an hour after injection and vacuoles may form within a few
minutes.***>® The smaller hepatocytic vacuoles probably represent
swollen lysosomes or cytosegresomes, an interpretation in keeping with
their subsequent appearance in Kupffer cells. Since dextran apparently
does not cause ultrastructural changes other than vacuole formation,® the
other morphologic changes described here probably represent toxic
effects of endotoxin.

The decreased alkaline phosphatase activity of the bile canaliculi with
increased sinusoidal activity reported by light microscopy ! may be cor-
related with the decreased number of canalicular microvilli that we ob-
served. The possibility of metabolic disturbances at these sites in associa-
tion with the development of vacuoles has been suggested in previous
reports.****%8 The changes in the lysosomes correlate to some extent with
our previous histochemical observations.! The reduced acid phosphatase
activity noted at 24 hr. by light microscopy would seem to parallel the
reduction in pericanalicular lysosomes observed by electron microscopy
and their replacement by electron-light lysosomes of the Type II of
Daems and van Rijssel.’* The decreased density of the lysosomes might
be the result of the release of enzymes including acid phosphatase as de-
termined by biochemical methods.?**! No definite basis, at the ultra-



484 LEVY, SLUSSER, AND RUEBNER Vol. 52, No. 2

structural level, has been found for the increase in acid phosphatase
demonstrated by light microscopy at 4 hr. Although the dense lysosomes
appeared prominent, it was not possible to assess them quantitatively.
However, the change in location of the lysosomes seen by electron mi-
croscopy is in keeping with the light microscopic observation of acid
phosphatase activity in the perinuclear zone.! The increased number of
lysosomes in the Kupffer cells correlates well with the marked acid phos-
phatase activity observed by light microscopy. The mitochondrial swell-
ing and vacuolation of the ER could correlate respectively with the reduc-
tion in succinic dehydrogenase and glucose-6-phosphatase activity sus-
pected by light microscopy.!

The platelet thrombi which we observed electron microscopically cor-
respond to our light microscopic observations. Morphologically the plate-
lets composing the thrombi showed the features of thrombosis before the
onset of viscous metamorphosis.®>* The material found occasionally
within platelets with a periodicity like that of fibrin is probably normal.?®

There are at least 3 possible interpretations for the electron-dense ma-
terial which we observed in the sinusoids and between the platelets.
“Fuzz” between the microvilli of normal animals has been regarded as
equivalent to a basement membrane by some,'**"* while others deny
the existence of such a membrane under normal circumstances.1®7-7
In our controls, fuzz was observed in the space of Disse and may have
represented fragments of basement membrane, plasma protein, or secre-
tory material.3"-%® In our experimental animals this material in the space
of Disse was increased and resembled basement membrane more closely,
as has been reported previously in hypoxia,*? viral hepatitis,”>™ cir-
rhosis,”>® and acute experimental trauma.®® While some of the “fuzziness”
around the platelets may have been the result of tangential membrane
sectioning, the material seen, particularly in this location, may well have
represented fibrin not polymerized sufficiently to develop a characteristic
axial periodicity. Electron microscopically, fibrin is usually fibrillar and
only rarely shows axial periodicity.>***¢ Another possible source for the
electron-dense material in the space of Disse is phospholipid release from
platelets, which may occur in coagulation.”* A single dose of endotoxin
produced fibrin without platelet thrombi in rabbits * while pregnant rats
developed a Shwartzman-like phenomenon and showed platelet thrombi
with fibrin.? The relative insusceptibility of mice to the Shwartzman reac-
tion may be correlated with the relatively small amount of fibrin-like ma-
terial which we found in the sinusoids.

In view of the changes in the sinusoids, bile canaliculi, and cell or-
ganelles as well as the cytochemical changes,’ it is suggested that endo-
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toxin may act primarily on membranes. However, this could be proved
only by localizing the endotoxin Since endotoxin preparations are col-
loidal suspensions, it should be possible to visualize the particles by
electron microscopy. Negative staining of an endotoxin preparation re-
vealed particles of 240-1400 A,* and shadow casting of endotoxin hy-
drolysates demonstrated particles with a wide range of morphologic ap-
pearances.®’ Although we were unable to identify endotoxin particles,
we believe that the pinocytotic vesicles at the sinusoidal border of the
hepatocyte in the early stage of the present experiment may be associated
with intake of endotoxin. More refined methods for identifying and label-
ing endotoxin at the ultrastructural level should elucidate its site and
mechanism of action.

Summary

The effects on the mouse liver of a single injection of endotoxin have
been studied by electron microscopy.

Hepatocytes showed vacuolation, dilatation of endoplasmic reticulum,
and mitochondrial swelling, with lysosomal changes and increase in
microbodies and multivesicular bodies; the amount of cell glycogen was
decreased and lipid increased. Increased lipoprotein production was sug-
gested by the appearance of electron-dense particles in the endoplasmic
reticulum, Golgi apparatus, and the space of Disse. Areas of necrosis were
also found.

Kupffer cells showed early swelling and membrane damage, with in-
creased numbers of lysosomes and vacuoles. Possible damage to the
nuclear membrane was also seen as well as acidophilic bodies and areas
of necrosis.

The space of Disse was widened and contained increased electron-
dense material. The sinusoids showed platelet thrombi and circulating
cells including lymphocytes, neutrophils, and eosinophils.

The bile canaliculi were dilated.

These findings have been correlated with previous light microscopic
observations, and their pathogenesis has been discussed. The need for
more accurate localization of the site of endotoxin has been stressed.
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Legends for Figures

All illustrations are from animals that received 300 ng. of endotoxin intravenously.
Sections are stained with lead citrate unless otherwise stated. Figures 1-7 are specimens
obtained at one-half hour.

Fig. 1. Golgi apparatus in hepatocyte showing increased size and number of vesicles
(arrows) containing electron-dense material interpreted as lipoprotein. Dense body (L)
and microbody (M) are seen. X 35,800.

Fig. 2. Vacuole in hepatocyte showing fibrin strands with periodicity of 160 A (arrow),
some membranes, and scattered granules of various sizes. X 20,500.

Fig. 3. Vacuole in hepatocyte showing granular aggregates suggestive of origin from
dense bodies (arrows) along inner surface of vacuole. One vesicle continuous with
vacuole appears to represent discharged dense body (L). Uranyl acetate. X 16,500.
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Fig. 4. Pericanalicular zone showing 2 cytosegresomes (arrows), prominent micro-
bodies (M), and vacuolated dense bodies (L). X 16,000.

Fig. 5. Parasinusoidal zone of hepatocytes (H) showing marked swelling. Space of Disse
shows prominent ‘‘fuzz’’ (F). Breaks in limiting membrane of swollen Kupffer cell visible
(arrows). X 16,800.

Fig. 6. Lipoprotein particles (arrows) in space of Disse and dilated endoplasmic reticu-
lum of hepatocytes. Surface membrane of Kupffer cell shows apparent breaks (barbed
arrows). X 8800.
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Fig. 7. Thrombus in sinusoid composed of platelets, some of which are degranulated
and sho;vo%sggdopodia (barbed arrows). Fuzzy material (arrow) is seen between plate-
lets. X 10, .

Fig. 8. At 1 hr. Prominent vesicles (arrows) along sinusoidal surfaces of hepatocytes.
Some contain granular material (barbed arrows) suggesting reverse pinocytosis of
lipozproetggl particles. Empty vesicles may represent pinocytosis of unknown substances.
X .
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Fig. 9. At 4 hr. Increased electron-dense ‘‘fuzz’’ (arrows) surrounding microvilli. Some
fibrillar material (F) is also seen. Space of Disse (D) enlarged, and contains free mito-
chondria and glycogen. Edge of hepatocytes (H) seen. K, Kupffer cell. X 20,100.

Fig. 10. At 1 hr. Marked dilatation of rough endoplasmic reticulum in Kupffer cell. Note
separation of outer from inner nuclear membrane (arrows). X 30,300.
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Fig. 11. At 24 hr. Acidophilic body (AB) in Kupffer cell. Fibrillar material also seen.
X 22,300.

Fig. 12. At 1 hr. Focal separation between membranes of Kupffer cell nucleus (arrows)
with apparent damage to outer membrane (barbed arrows). x 19,700.
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Fig. 13. At one-half hour. Vacuoles (V), some empty and others containing finely granu-
lar material, and dense bodies (L) in Kupffer cells. Edge of hepatocyte shown. x 20,000.

Fig. 14. 4 hr. Marked vacuolation of dense bodies (arrows) in region of hepatocytic
nucleus. Uranyl acetate. X 9100.

Fig. 15. At 1 hr. Foci of necrosis (arrows) and dense body (L) in Kupffer cell. x 13,900.
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-3 .y o3 s o o e
Fig. 16. At 24 hr. Focus of necrosis in hepatocyte at left half of picture. Note swollen mito-
chondria with curled cristae. X 30,500. Fig. 17. At 24 hr. Dilatation of bile canaliculi

(BC) and loss of microvilli. Note also swelling of mitochondria with peripheral looping of
cristae. X 10,200.



