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SHock and the response of tissues and
organs to hypoxia has interested investiga-
tors in several fields for many years. With
the advent of new disciplines, underlying
cellular responses and biochemical phe-
nomena are better understood. Electron
microscopy has aided studies of fine struc-
tural variations of the cell under these con-
ditions. Although best correlated with bio-
chemical factors, this technic allows an
over-all view of the cell, suggesting struc-
tural-metabolic relationships that are not
evident from biochemical data alone.

In the intact animal, interactions tend to
obscure the basic events in the cellular re-
sponse to injury. The problem is diminished
when a single isolated organ can be main-
tained in a state of relative equilibrium
under physiologic conditions, and cellular
responses can be associated more closely
with specific environmental changes. This
condition is provided in the isolated, per-
fused liver of the rat, since the fine struc-
ture of the hepatic parenchymal cell re-
mains essentially unchanged for several
hours. The preparation also retains the
ability to react to appropriate hormonal
stimuli (glucagon and epinephrine) with
changes in fine structure consistent with
known biochemical events.?

This type of information is also valuable
in the solution of clinical problems. For ex-
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ample, it is generally agreed that clinical
shock is accompanied by inadequate per-
fusion of tissue and organs resulting in hy-
poxia.?® In this study, the changes in he-
patic fine structure have been determined
when hypoxia and anoxia have been pro-
duced both by occlusion of the circulation
and by reduction in oxygen content of the
perfusate.

Methods

Livers of Sprague-Dawley rats weighing
190 to 320 Gm. were perfused cyclically at
37° C. with 30 ml. of 50 per cent blood ob-
tained from rats and diluted with Ringer’s
solution. Heparin, 1,000 I.U., and 5,000
units each of buffered penicillin and strep-
tomycin were then added, and the system
was flooded with a mixture of 95 per cent
O; and 5 per cent CO,, or with nitrogen,
depending on the conditions desired. The
apparatus and technic of perfusion used
have been described previously.?

Male rats were given food and water
ad libitum. Blood was obtained from three
to six donors, and another donor provided
the liver to be perfused. Each experiment
started between 9:00 and 11:00 a.m. in or-
der to insure the use of tissue in a similar
nutritional state for all experiments. Rates
for production of bile were determined by
counting drops from a cannula inserted
into the common bile duct. The method of
perfusion provided a constant inflow pres-
sure of 14 cm. of water through the portal
vein, and the rate of flow was checked for
consistency at frequent intervals through-



192 ASHFORD AND BURDETTE

out the experiment. Modifications % 3¢ of
the method of Gomori® were used for de-
termination of acid phosphatase.

Serial biopsy specimens were taken from
various lobes of the liver, using one lobe
for each biopsy. Blocks 1 X 2 mm. were
singly 17 or doubly ** fixed with glutaralde-
hyde and/or 1 per cent osmic acid in phos-
phate or cacodylate buffer at pH 7.4. After
dehydration, they were embedded in Epon
812.1¢ Sections were cut on a Porter-Blum I
ultramicrotome and stained with lead solu-
tion.*®* A Siemens Elmiskop I electron mi-
croscope was used for studies of fine struc-
ture. Corresponding adjacent biopsies were
fixed for conventional microscopy with for-
malin-acetic acid, embedded in paraffin,
and stained with hematoxylin and eosin
after sectioning.

Experimental Design

Livers were perfused and each was sub-
jected to one of three periods of hypoxia:
30 minutes, 1 hour or 2 hours. Hypoxia was
produced by one of two methods: 1) sim-
ple ligation of a lobe and 2) flooding of
the chamber with nitrogen. Preparations
with the shortest period of hypoxia (30
min.) were provided with a new supply of
hypoxic blood at the start of the period of
hypoxia in order to avoid a short lag in the
development of hypoxia. After the assigned
hypoxic period, each liver was perfused
with oxygenated blood by adding oxygen
to the same blood. Each type of experiment
was carried out in triplicate with successive
perfused livers.

Biopsy specimens were taken after a suit-
able perfusion had been demonstrated (20-
30 min. of perfusion), after the assigned
period of hypoxia (two biopsies ), and after
30 minutes and 2 hours of recovery. The
recovery samples of necessity represented
only tissue that had previously been per-
fused anaerobically.

Perfusions were continued only in those
preparations that gave evidence of free
flow of blood (12-18 ml./min.) during the
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control period. During this period, the liver
was carefully examined and sites for all five
biopsies were selected from tissue with
similar efficiency of perfusion. At least five
blocks were examined from each biopsy
site.

An additional perfusion was carried out
when tissue was processed for acid-phos-
phatase activity; determinations of pOs,,
pCO,, and pH were made. Processing in-
cluded a 2-hour period of hypoxia and
specimens were taken before and after this
treatment.

Results

The flow of blood through the isolated,
perfused liver was remarkably stable after
adjustment occurred. The rate of flow after
the institution of hypoxia showed a con-
sistent rise to a maximum of about 25 per
cent greater than in other preparations,
preceded by a transient decrease in rate.
On recovery from hypoxia the rate of blood
flow returned to original values except for
an occasional preparation stabilizing at a
level slightly lower than before hypoxia.

In previous investigations flow of bile
continued for many hours with this method
of perfusion.> Ordinarily, the rate of pro-
duction of bile in the fourth hour is at least
half of that during the first hour of per-
fusion. A stable rate for production of bile
was observed at the time of each control
biopsy. During the hypoxic period, the rate
of production dropped rapidly. After hy-
poxia for 30 minutes, it was decreased to
40 to 65 per cent of control values; the flow
was 0 to 30 per cent of this value after 1
or 2 hours. On oxygenation of the prepara-
tion, transient partial recovery was usually
observed for a few minutes, followed by a
return to the previous low rate.

Gross Appearance

The appearance of the preparations were
observed throughout the period of per-
fusion, but the standard preparation failed
to show any difference that would distin-
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guish it from the liver of the rat in situ.
Often the peripheral tissue showed mar-
gination with bluish discoloration that dis-
appeared after perfusion started. This was
apparently a surface phenomenon, since
light pricking of these areas allowed the
escape of well oxygenated blood. During
hypoxia of either type, the liver tended to
be less richly colored and developed a
subtle plexiform pattern, suggesting the
outline of lobules. The surface of prepara-
tions undergoing the longest periods of
hypoxia exhibited a sweating phenomenon.

Light Microscopy

Using the methods of fixation and stain-
ing described, significant differences in the
appearance of most specimens were not de-
tected. The cells displayed a normal ap-
pearance after perfusion and hypoxia in-
duced by 30 minutes of anaerobic perfusion.
However, those perfused anaerobically for
1 or 2 hours had a foamy or vacuolated
cytoplasm occasionally. These variations in
cellular appearance were found to be focal
and apparently distributed at random
throughout the lobule. Alterations were
sufficiently variable so that perfusions last-
ing 1 and 2 hours could not be distin-
guished from each other by this method.

Electron Microscopy

Control Perfusion

The features of the hepatic cell after per-
fusion for 30 minutes did not differ ap-
preciably from that seen in previous studies
on the liver of the rat in vivo® (Fig. 1).
Very few changes occurred,? even after 4
hours of perfusion under identical circum-
stances. These consisted of moderate de-
crease in glycogen, reduction in the size
and number of bundles of rough endoplas-
mic reticulum, slight dispersion of ribo-
nucleoprotein (RNP) particles and mod-
erate increase in the number of lysosomes.
These are features that appear under con-
ditions of fasting in situ'® and were not
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considered related to any adverse condi-
tion of perfusion.

Hypoxia (1 and 2 Hours)

Nucleus. The chromatin, usually evenly
distributed in well fixed material, was
marginated and aggregated (Fig. 2a). The
nuclear membrane remained unaltered ex-
cept for alteration of the spacing of the
inner and outer layers of the envelope. This
late change, when present, was closely as-
sociated with similar changes of the endo-
plasmic reticulum. The nucleolus was not
appreciably altered.

Rough Endoplasmic Reticulum. The
rough endoplasmic reticulum (RER) was
seen in two forms: the usual array of paral-
lel lamellae studded with ribosomes (Fig.
2a) and homogeneous fields of vesiculated
membranes, many of which retained char-
acteristic ribosomes (Fig. 3). These two
types occasionally existed in the same cell.
The form of rough endoplasmic reticulum
did not depend on the integrity of the cell;
that is, disrupted cells often displayed the
same types of rough ER as did intact cells
(Fig. 2b).

Smooth Endoplasmic Reticulum. The
lumena of the smooth ER were dilated in
all cells although the degree of dilatation
varied from cell to cell; in cases with ex-
treme changes in the rough ER, areas of
smooth ER were indistinguishable from it
(Fig. 3), although in cells with less ad-
vanced changes this organelle retained its
localization in discrete areas of the cell
(Fig. 2a). This structure was also associ-
ated with vacuoles (see below).

Glycogen. The total amount of demon-
strable glycogen was sharply decreased.
This product, ordinarily located in the in-
terstices of the smooth ER was seen with
increased frequency in structures that ap-
peared to be lysosomes. The glycogen seen
in the cell was compact and appeared in
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smaller clumps than are seen usually. This
product was depleted in many cells, al-
though there was no discernible correlation
between its presence and the retention of
normal cellular characteristics or with dis-
ruptions of cells. Large quantities of free
glycogen were found within the lumina of
the sinusoids, and its concentration was
proportional to the duration of hypoxia.
This was much more evident in ligated
specimens, presumably because the debris
was not diluted by the circulating blood.

Mitochondria. The mitochondria of all
cells displayed changes after lengthy pe-
riods of hypoxia. Although the membrane
system was relatively unchanged, the matrix
was less dense and characteristic granules
were absent or decreased in number and
size (Fig. 2a). The over-all dimensions of
the mitochondria remained the same. Oc-
casionally, however, a mitochondrial struc-
ture was found within a dense body, pre-
sumably a lysosome.* Others had a very
dense matrix (Fig. 5b) but showed this
change even when apparently free within
the sinusoid.

Golgi Apparatus. The golgi apparatus
is recognized by a characteristic arrange-
ment of flattened vesicles and cysternae
containing small numbers of electron-dense
particles. These structures showed little
change after hypoxia, although flattened
vesicles constituted a lesser proportion of
the configuration and electron-dense inclu-
sions were slightly more frequent.

Matrix. The matrix of all cells appeared
less dense, but this could be due at least
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in part to variables in photographic proc-
essing. However, the number of mitochon-
dria per unit area of cytoplasm decreased
about 25 per cent during prolonged hy-
poxia. This may have been due partially to
swelling of organelles, although vacuoles
were excluded from measurement.

Vacuoles. Vacuoles are not reported in
the hepatic cytoplasm of the normal rat.® 2
During perfusion, small vacuoles were
noted in two of over 60 perfusions. In these
two instances, the development was mini-
mal but was present to some extent in every
block of tissue examined. However, it was
noted that these experiments had been re-
corded as moderately traumatic, with some
difficulty experienced in obtaining a free
flow of perfusant.

After hypoxia, especially that produced
by anaerobic perfusion, cytoplasmic vacu-
oles were seen in many cells. These varied
in size from very small (Fig. 4b) to very
large. In the latter instance they virtually
replaced the cytoplasm of the cell. Small
forms were found only in peribiliary areas
near lysosomes. As the size increased a pe-
ripheral distribution was often noted that
appeared to be associated with the smooth
endoplasmic reticulum (Fig. 4a). These
structures usually were surrounded by a
single membrane, although in some sections
the membrane was partially absent. Cel-
lular organelles or cytoplasm often could
be seen projecting into the lumen of these
structures (Fig. 4b). When tissue was pro-
cessed to demonstrate acid phosphatase ac-
tivity by the Gomori method, the resultant
lead precipitate was found not only in lyso-
somes but also in these vacuoles. Cellular

Fi1c. 1. Electron micrograph of a portion of three hepatic parenchymal cells perfused 30 min (con-
trol). Plasma membranes can be seen (pm) approximating each other between the biliary canaliculus
(be) and the sinusoid (S). The sinusoid contains a Kiipfer cell (K). Free plasma membrane is thrown
into microvilli (mv) and demonstrates pinocytotic pits (p). Dense substance represents glycogen (g)
associated with the smooth endoplasmic reticulum (SER). Membrane is obscure when glycogen is
plentiful. Rough endoplasmic reticulum (RER) is seen as arrays of parallel particle-studdec{ lamellae
when cut in cross section or as field of RNP particles forming rosettes when sectioned tangentially.
Granules are plentiful within the matrix of the mitochondria (m). Peribiliary dense bodies (lys) lyso-
somes are seen near biliary canaliculus. Golgi apparatus (G) is visible, as is a microbody (mb). A
nucleus (N) is seen in the lower left corner. Bar represents one micron (X 16,000).
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Fic. 3. Portion of a cell hypoxic two hours. Mitochondria (m) are intact, although granules are

reduced. Glycogen

(g) is generally reduced in amount, although this is not obvious in this cell.

Rough endoplasmic reticullum (RER) and smooth ER are vesiculated, but rough ER can be identi-

fied by particles clinging to membranes (X15,500).

structures bevond the limits of the vacuole
usually were well preserved. Only smaller
vacuoles interpreted as very early forms
were seen in ligated specimens.

Lysosomes. The peribiliary dense bodies
of the hepatic cell have been associated
with the lysosomes originally described
chemically by deDuve.? These bodies were
characterized by an heterogeneous collec-
tion of amorphous material contained
within a single membrane and had a diam-
eter of about 0.5 microns. These structures

appeared the same in perfused livers as
in specimens from liver in vivo (Fig. 1).
However after hypoxia they sometimes
exhibited a different appearance. When
associated with the small (and probably
early) vacuoles previously described, they
often appeared as a characteristic hetero-
geneous mass without limiting membrane
within a small vacuole. The Gomori
method demonstrated lead precipitate in
these peribiliary structures (Fig. 5¢) and
in vacuoles in this region (Fig. 5d). Many
that were apparently intact were not as-

Fic. 2a. Section of liver hypoxic for 2 hours. Organelles are intact, although mitochondria (m)

lack granules. Nucleus (N) displays mild
mic reticulum (SER) is slightly dilated (x18,000).

clumping and margination of chromatin. Smooth endoplas-

) Part of an hepatic cell subjected to hypnoxia at 37° C. for 2 hours. Mitochondria (m) are in-

tact but display characteristic granules reduced in number and size. Rough

endoplasmic reticulum

(RER) is_intact, although the smooth endoplasmic_reticulum (SER) is slightly dilated. Glycogen (g)

is scarce. Plasma membrane (pm) is well preserved between the cells but is quite simple an

is dis-

rupted at its free margin. Cellular debris is present in the space of Disse (D) (X23,000).
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sociated with vacuoles. In a few cells,
changes that might have represented an
open or dissolved limiting membrane were
not necessarily associated with any change
of the surrounding structures. It was sus-
pected that this latter group represented an
artifact secondary to fragility or a related
phenomenon occurring during fixation or
to difficult interpretation of the plane of
sectioning. Dense bodies were apparently
intact in many of those cells displaying ex-
tensive vesiculation of the endoplasmic
reticulum or breached plasma membranes

(Fig. 6b).

Cell Membrane. The cell membrane of
control specimens resembled that seen
previously * and described by others.® The
free surface of the cell contained many
microvilli and numerous pinocytotic pits,
whereas the portion of the membrane fac-
ing other cells was simple in contour with
the exception of occasional deviations for
pseudopodia and the biliary canaliculi
(Fig. 1). After hypoxia this appearance
was altered. Although portions of the mem-
brane between cells remained unchanged,
the free surface of the cell became much
flatter. Pinocytotic pits and microvilli were
seen less frequently, and the membrane
often described a simple line. In many cells
the free membrane was discontinous or ab-
sent (Fig. 2b). In cells perfused anaero-
bically, often only half a cell containing
constituents with normal appearance per-
sisted. The absent portion of the cell ap-
parently had been eroded by the circulat-
ing elements of the blood. Even in these
cells most of the plasma membranes be-
tween the cells remained intact.
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Biliary Canaliculus. During anaerobic
perfusion these structures underwent no
obvious change, but after ligation of the
lobe these structures were found to be
closed, accompanied by an increase in the
size of the microvilli that may have con-
tributed to occlusion. Occasionally a multi-
laminated structure (Fig. 5a) was seen,
examples of which have been interpreted
to be protruding cytoplasmic processes in
cross section.*®

Comparison of Perfused and Ligated
Specimens

Most studies have utilized either ligated
or incubated hepatic tissue. The two meth-
ods for achieving hypoxia used in the pres-
ent study, anaerobic perfusion and liga-
tion of the lobar vessels, produced similar
changes although there were some marked
differences in the degree of change pro-
duced.

The vacuoles described were seen almost
entirely in cells perfused anaerobically. Al-
though they could be identified in ligated
specimens, they were very small and not
numerous. Glycogen appeared to be less
plentiful in the perfused specimens than in
those ligated. Apparently the plasma mem-
brane was not ruptured in the one group
more than in the other, although the
change was much more obvious in the liver
perfused anaerobically since these cells
were often partially eroded. The biliary
canaliculi of the anaerobically perfused
specimens remained essentially normal in
appearance, whereas they usually appeared
to be closed in ligated specimens.

Fic. 4a. Portion of hepatic cell perfused anaerobically for 2 hours. Vacuoles (v) can be seen in
the perighery of cell, associated with areas containing glycogen and smooth endoplasmic reticulum

(9,000

b) Portion of Fig. 4a at higher power. Dilated vacuoles can be seen to coalesce (arrow). Lipid
body (L) protrudes into the lumen of one vacuole, as does cytoplasm into the other. Parallel membranes

within the cytoplasmic
plasmic reticulum (SER

rotrusion may represent cristae of adjacent mitochondrion. Smooth endo-
appears to communicate with vacuole (X35,000).
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F16. 5a. Section of an
hypoxic cell representing
a xi)iliary canaliculus at
junction” of three cells.
Laminated appearance is
thought to represent a
cross section of protruded
cytoplasmic processes
(X16,000).

b) Portion of a cell
hypoxic for 2 hours. One
mitochondrion (m) has
become very dense but
still displays cristae. Other
mitochondria are rela-
tively normal. These or-
ganelles are free within
the sinusoid (x19,000).

¢) Lysosomes in the
control material. No stain
is used. Fine precipitate
of lead within the bodies
was deposited by the Go-
mori reaction for acid
phosphatase. Note intact
ground substance around
these bodies. Bar repre-
sents half of one micron
(X71,000).

d) These vacuoles
from liver hypoxic two
hours are not lead stained.

Fine lead precipitate results from Gomori reaction for acid phosphatase. Note similarity of precipitate to
that in Fig. 4b (x59,000). These vacuoles may represent the results of lysosomal action during hypoxia.

Appearance after Recovery from Hy-
poxia for 30 Minutes

There was very little evidence of cellular
damage after 30 minutes of hypoxia ap-
plied by either method. Nearly all cells re-
tained all of the characteristics of the start-
ing material, as did cells seen in the re-
covery specimens. Some indirect evidence
of cellular destruction was deduced from
the presence of a small but unusual amount
of cellular debris in the lumina of the
sinusoids.

Appearance after Recovery from Hy-
poxia for 1 to 2 Hours

Changes were generally similar in speci-
mens taken 30 minutes and 2 hours after

the restoration of oxygen to the system, al-
though specimens displayed more nearly
normal appearance after 2 hours. Cells ob-
served could be classified as one of three
types.

1) Many cells had regained nearly all of
the features characterizing cells in control
reporations. The matrix of the cells ap-
peared slightly denser and the surface
structure of the cells appeared to have
separated partially. Mitochondrial density
per unit area had returned to the control
value. Microvilli were particularly well de-
veloped and covered the apparently newly
exposed surfaces as well as the usual free
margin of the cell. The biliary canaliculi
were enlarged, appearing slightly distorted.

Fic. 6a. This previously hypoxic cell has not recovered mitochondrial features completely despite

perfusion with oxygen for 2

ours. Endoplasmic reticullum is intact. Poorly defined

incomplete

plasma membrane (pm) and endothelial cell (en) are obscured by debris in the space of Disse (D).
Plasma membrane is nearly absent in this cell (X21,500). Space in the upper right corner is the

sinusoid.

b) Portion of an hepatic cell after 2 hours of recovery. Rough endoplasmic reticulum is vesicu-

lated (RER). Mitochondria
(G) is seen. Apparently intact lysosomes (lys)

(m) have failed to display normal characteristics. A golgi complex
are near a residual vacuole (V). Vacuoles are seen dur-

ing recovery period only in those cells that fail to demonstrate normal features (x19,500).
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Vacuoles were nearly absent in these cells,
and the number of lysosomes were not
measurably increased or decreased. Little
glycogen was seen (Fig. 7).

2) Some cells displayed the same ap-
pearance as the vesiculated cells seen dur-
ing hypoxia. The endoplasmic reticulum
was completely vesiculated with the loss of
zonal organization of the cellular compo-
nents. The mitochondria remained agranu-
lar, and the plasma membrane was a sim-
ple structure (Fig. 6b).

3) Other cells displayed the erosion as-
sociated with disruption of the plasma
membrane and failed to manifest any evi-
dence of recovery (Fig. 6a). Vacuoles were
observed in some of these cells.

Discussion

Newer methods of investigation®® have
stimulated re-examination of the responses
to injury at the cellular level. Different
structural response when the hypoxic state
is produced by different methods has been
detected by electron microscopy. Several
studies have recorded the response of the
liver to hypoxia, and there is general agree-
ment that some changes are universal.
These include margination and clumping
of the nuclear chromatin, loss of mitochon-
drial granules and thinning of the matrix
of this organelle. There is considerable
disparity in the time required for these
changes to occur, ranging from 5 minutes 1°
to many hours under hypothermia.!t: 12
Other observed changes are simplification
or discontinuity >1° of the plasma mem-
brane, swelling of the biliary canaliculi and
vesiculation of the endoplasmic reticulum.
10:15,28 Some observers report vacuolar for-
mation in the cytoplasm, although these
changes have been noted only in those ex-
periments in which circulation to the liver

RESPONSE OF PERFUSED HEPATIC PARENCHYMA TO HYPOXIA 203

continues during hypoxia.> 1% 2° These au-
thors are unable to describe a correlation
of the vacuoles with an established cellular
system. Although Trump et al.?® describe
lysosomes that appear open, they conserva-
tively refrain from conclusions, since no
surrounding structures are affected and this
image may be artifactual.

Since the functions and interrelationships
of various components of the cell are not
fully understood, it is difficult to determine
the criteria of damage within a cell that
would indicate loss of viability. A logical
approach to this question is observation of
fine structure during the recovery period.
Any cell that has the ability to re-establish
normal characteristics after an alteration
during the period of injury presumably is
viable. Should the cell fail to revert during
recovery, survival is doubtful. Certain char-
acteristics of cellular change can be cor-
related with an apparent loss of viability,
focusing attention upon these changes as
a clue to the cause of cellular mortality.
In this study these changes are endoplas-
mic disorganization and disruption of the
plasma membrane. Also, any morphologic
change that can be correlated with exist-
ing biochemical information to indicate
cellular injury may be associated with se-
vere cellular injury. In this study the de-
velopment of cytoplasmic vacuoles con-
taining acid hydrolytic enzymes falls in this
category of alterations.

Endoplasmic Reticulum

Although there are many differences in
the enzymatic systems associated with the
two types of hepatic endoplasmic reticulum
(rough and smooth), the visible difference
is the possession of ribonucleoprotein par-
ticles attached to the membranes of the
rough component. The rough ER is con-

Fic. 7. Electron micrograph of cells after recovery for 2 hours. They a}:)pear normal in every respect.

Rough endoplasmic reticulum (RER) is no longer organized into paralle

arrays. This is a normal fea-

ture in rat liver perfused for this length of time (4-5 hours). Compare with Fig. 1. Glycogen is

depleted (x19,500).
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sidered responsible for the manufacture of
most of the protein products manufactured
in the liver. The two types of membranes
differ in their structural response to hy-
poxia. Whereas the smooth ER is quite
labile and tends to become dilated with
increased volume of the inner phase, the
rough ER is more stable and tends to main-
tain its usual form for a longer period of
hypoxia. However when the period of dep-
rivation is long (1 hour or greater), the
rough ER becomes vesiculated, giving the
impression of sequestration and disintegra-
tion of the large laminar structures that are
seen in normal control material. This reac-
tion to injury has been noticed by others
in response to carbon tetrachloride ?” and
was interpreted as a structural change in-
dicating damage to this organelle. When
this change was found in cells during the
recovery period there were no signs of via-
bility; that is, the nuclear chromatin re-
mained marginated, mitochondrial gran-
ules and density did not return to normal
appearance, the cells contained increased
amounts of water and those cells retaining
an intact plasma membrane possessed one
that did not display characteristic pino-
cytotic pits or microvilli.

This correlation of reticular dissociation
with the lack of signs of viability raises the
question of its association with the cause
of this cellular failure. The importance of
the endoplasmic reticulum, especially the
rough form, for the functioning of a poly-
enzymatic process has been demonstrated
in studies utilizing differential centrifuga-
tion.* Enzymatic systems develop increased
or decreased activity when treated in such
a way as to destroy their chemical union
with the membranous system. This could
possibly result in the loss of viability of the
cell as a whole.

‘Cellular Disruption

The mechanism of cellular disruption
provides another source of possible death
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of the cell. This process, simplification and
disruption of the plasma membrane, has
been noted by others in hypoxic cells.? 1
Any mechanism causing this phenomenon
is obscure, but a likely cause is an increase
in the volume of the cell with simple dis-
ruption of the distended, free plasma mem-
brane. This view is supported by several
findings in this study. Supported mem-
branes (between the cells) remain intact
even with the extensive erosion of the cel-
lular contents. The volume of the cell in-
creases, indicated by a decrease in num-
bers of mitochondria per unit area in the
cytoplasma of the parenchymal cell and by
the decrease in density of the cytoplasmic
matrix. Majno®® found an increase in the
water content of incubated hepatic cells of
the rat during the first few hours of auto-
lysis. Osmotic increase in cellular hydration
associated with a depression of metabolic
activity has been reported®?* to be the
mechanism responsible for the change. The
absence of a membrane functioning nor-
mally, with all it implies in terms of ion
exchanges and enzymatic systems, may pre-
clude cellular recovery.

Lysosomes, Vacuoles and Acid Hydroly-
sis

It has been postulated that the initiating
force in death of the cell may be the re-
lease of acid hydrolytic enzymes from the
lysosomes.® These enzymes are found in
the peribiliary dense bodies of the hepatic
cell which are customarily identified by the
demonstration of acid phosphatase activity.
Some studies lend experimental support to
the association of these hydrolytic enzymes
with necrosis. These indicate an increase in
the activity of some of these enzymes 57 2°
or an increase in acid phosphatase drop-
lets demonstrated by routine histochemical
methods ** during cellular injury.

This study confirms the observation that
acid phosphatase is found within the lyso-
some of the normal parenchymal cell. Dur-
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ing extensive hypoxia, we were able to
demonstrate the presence of acid phos-
phatase in newly formed vacuoles originat-
ing in the characteristic lysosomal sector of
the cell, often abutting lysosomes. This
finding suggests the presence of active hy-
drolysis within the hepatic cell during hy-
poxia. Since the cellular pH decreases dur-
ing anaerobic metabolism, the acid en-
zymes are more active during this period.
This phenomenon has many characteristics
in common with autolysis. The vacuoles
contain not only a liquid phase but also
debris representing the remains of most of
the types of cellular organelles. Acid hy-
drolytic enzymes contained within the lyso-
somes ?? are known to be capable of carry-
ing on the many complex reactions as-
sociated with catabolism. Therefore the
association of structure and function seems
logical. Since this configuration is very
common in hypoxic material, but is rarely
seen in an apparently normal cell during
recovery, this process seems to be rever-
sible, at least within the time limits of this
experiment. A continuation of the condi-
tions promoting this vacuolar formation for
a longer period of time possibly may cause
sufficient cellular damage to preclude re-
versibility of the process.

Reticular Disorganization, Cellular Dis-
ruption and Cytolysis

The prominence of these three changes
(reticular disorganization, cellular disrup-
tion and cytolysis) appears to vary with
different experimental conditions. Both cy-
tolysis and cellular disruption are seen
more frequently and in a more advanced
state after anaerobic perfusion than after
vascular occlusion and stasis. On the other
hand there is no detectable difference in
the frequency or completeness of reticular
disorganization after hypoxia produced by
either method. Therefore it appears that
the response of the parenchymal cell of the
murine liver to hypoxia varies with respect
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to extent and reversibility of the damage
and depends on the manner in which hy-
poxia is produced. The factors influencing
the cells to display more prominent and
frequent structural changes of any of the
three types described are not clear, al-
though the relative loss of buffering ca-
pacity and substrate pool could be more
acute in ligated specimens than in those
perfused anaerobically. The transient re-
sponse to restoration of aerobic conditions
when the flow of bile was measured, fol-
lowed by failure to reach control levels,
indicates that function may be altered con-
siderably even though many hepatic cells
resumed their initial appearance during the
recovery period. The complexity of the re-
sponse, due to variations in conditions of
vascular supply and magnitude and dura-
tion of original initiating factors, is easily
implied from the findings based on experi-
ences with perfusion of the isolated liver.
Certainly no single biochemical approach
will measure all of the significant cellular
responses to hypoxia, making the correla-
tion of biochemical events with morpho-
logic changes the more important to sim-
plify a formidable problem.

Summary

Isolated perfused livers from male rats
were subjected to hypoxia by ligation of
lobes and by perfusion with hypoxic blood
respectively. Specimens for study under the
electron microscope were taken before and
at the conclusion of periods of hypoxia of
both types and during the recovery phase
lasting 2 hours.

The rate of flow of bile was reduced by
hypoxia—more after 1 to 2 hours than after
30 minutes. Recovery after restoration of
access to oxygen was only transient.

Differences were found in the appear-
ance of the hepatic parenchyma when the
methods of inducing hypoxia were com-
pared. In ligated specimens, the biliary
canaliculi were closed; whereas more and
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larger vacuoles were found, the amount of
glycogen was less and the cells were more
eroded (even though the plasma mem-
brane was not ruptured more frequently)
in preparations perfused anaerobically.

Changes noted after 30 minutes of hy-
poxia were negligible and not consistent,
with the exception of more cellular debris
in the sinusoids. However the electron mi-
croscopy of the liver showed many changes
after anaerobic perfusion or ligation for
more than 1 hour in contrast to the focal
vacuolization of the cytoplasm which was
the only change detected by the light mi-
croscope after anaerobic perfusion for simi-
lar periods of time.

Changes in fine structure included nu-
clear clumping and margination, loss of
mitochondrial granules, alteration in distri-
bution and greater decrease in the amount
of glycogen than accounted for by fasting
in situ, and cellular swelling. Other changes
were flattening and disruption of the
plasma membrane, vesiculation and disor-
ganization of the endoplasmic reticulum
and vacuolization of the cytoplasm. The
cytoplasmic vacuoles contained acid phos-
phatase, an enzyme normally associated
only with lysosomes, as well as isolated
portions of cellular organelles.

It is postulated that three cellular
changes—disorganization of endoplasmic
reticulum, disruption and flattening of cel-
lular membrane and vacuolization of cyto-
plasm—probably contribute to the loss of
viability of the cell.

The respective morphologic responses to
hypoxia varied independently in extent and
reversibility with changes in experimental
conditions. Biochemical events correlated
with these morphologic changes, although
complex, should be followed more easily
when the sequence of cellular alterations
are used to design experiments for the pur-
pose of elucidating cellular mechanisms of
importance in shock or the clinical entities
in which hypoxia and/or ischemia are fea-
tures. They also offer means for assessing
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therapeutic measures objectively, even
though exact quantitation of response is
difficult to achieve with electron micros-

copy.

References

1. Ashford, T. P. and K. R. Porter: Cytoplasmic
Components in Hepatic Cell Lysosomes. J.
Cell Biol,, 12:198, 1962.

2. Ashford, T. P., K. R. Porter and S. Beden-
hausen: Fine Structural Modulations of the
Isolated Perfused Rat Liver. In press.

3. Bassi, M., A. Bemnelli-Zazzera and E. Cassi:
Electron-microscopy of Rat Liver Cells in
Hypoxia. J. Path. Bact. 79:179, 1960.

4. Dallner, G.: Studies on the Enzymic Organiza-
tion of the Membranous Elements of Liver
Microsomes. Acta Path. Microbiol. Scand.,
Supp. 166, 1963.

5. deDuve, C.: Lysosomes, A New Group of
Cytoplasmic Particles, Subcellular Particles.
T. Hayashi, ed., New York, Ronald Press Co.,
1959, p. 128.

6. deDuve, C.: Lysosomes and Chemotherapy, In
Biological Approaches to Cancer Chemo-
therapy, R. J. C. Harris, ed., New York,
Academic Press, Inc., 1961, p. 101.

7. deDuve, C. and H. Beaufay: Tissue Fractiona-
tion Studies, X. Influence of Ischemia on the
State of Some Bound Enzymes in the Rat
Liver. Biochem. J., 73:610, 1959,

8. Fawcett, D. W.: Observations on the Cytolo
and Electron Microscopy of Hepatic Cells.
J. Nat. Cancer Inst., 15:1475, 1955.

9. Gomori, G.: Microscopic Histochemistry, Univ.
of Chicago Press, 1952, p. 189.

10. Hubner. G. and W. Bernhard: Das Submikro-
scopishe Bild der Leberzelle nach temporarer
Durchblutungsspare. Beitr. Path. Anat., 125:
1, 1961.

11. Ito, S.: Post Mortem Changes of the Plasma
Membrane in Electron Microscopy, 5th Int.
Congress for Electron Microscopy, S. S.
Breese, ed., Philadelphia, Acad. Press, 1962,
vol. 2, p. 5.

12. Ito, S., J. P. Revel and D. W. Fawcett: Per-
sistence of Cell Fine Structure After Death.
Abstr. 1st Ann. Meet. Amer. Soc. Cell Biol.,
Chicago, November, 1961.

13. Leaf, A.: On the Mechanism of Fluid Ex-
change of Tissues in Vitro. Biochem. J., 62:
241, 1956.

14. Luft, J. H.: Improvements in Epoxy Resin
Embedding Methods. J. Biochem. Biophys.
Cytol., 9:409, 1961.

15. Majno, G., M. LaGalttuta and T. E. Thomp-
son: Cellular Death and Necrosis: Chemical,
Physical, and Morphologic Changes in Rat
{gggr. Virch. Arch. Path. Anat., 333:421,

16. Miller, F.: Acid Phosphatase Localization in
Renal Protein Absorption Droplets. 5th In-
ternat. Congress for Electron Microscopy,
S. S. Breese, Jr., ed., New York, Academic
Press, 1962, Vol. 2: Q-2.

17. Miller, F.: Personal communication. Depart-
ment of Pathology, Univ. of Munich, Ger-
many.



Volume 162
Number 2

18. Millonig, G.: A Modified Procedure for Lead
Staining of Thin Sections. J. Biochem. Bio-
phys. Cytol., 11:736, 1961.

19. Millonig, G. and K. R. Porter: Structural Ele-
ments of Rat Liver Cells Involved in Glyco-
gen Metabolism. Proc. European Regional
?é)éléerence on Electron Microscopy, Delft,

20. Molbert, E. and D. Guerritore: Elektronen
mikroskopische Untersuchungen am Leber-
parenslymber Acute Hypoxie. Beitr. Path.
Anat., 117:32, 1957.

21. Mudge, G. H.: Electrolyte and Water Metabo-
lism of Rabbit Kidney Slices: Effect of Meta-
1]?8]51;: Inhibition. Amer. J. Physiol., 167:206,

22. Novikoff, A. B.: Lysosomes and Related Par-
ticles, in the Cell. J. Brachet and A. E.
Mirsky, eds., New York, Academic Press, 2:
433, 1961.

23. Porter, K. R. and M. Bonneville: An Introduc-
tion to the Fine Structure of Cells and Tis-
sues. Philadelphia, Lea and Febiger, 1963.

24. Sabatini, D. D., K. G. Bensch and R. J. Barr-
nett: New Means of Fixation for Electron

RESPONSE OF PERFUSED HEPATIC PARENCHYMA TO HYPOXIA 207

Microscopy and Histochemistry. Anat. Rec.,
142:274, 1962,

25. Simeons, F. A.: Some Issues in the Problem
of Shock from “Recent Progress and Present
Problems in the Field of Shock.” Fed. Proc.,
Supp. 9:3, 1961.

26. Smith, R. E. and M. T. Farquahar: Prepara-
tion of Thick Sections for Cytochemistry and
Electron Microscopy by Non-freezing Tech-
nique. Nature, 200:681, 1963.

27. Takaki, F., T. Suzuki and S. Aizawa: Electron
Microscopic Studies on Vacuolar Degenera-
tion. 5th Internat. Congress of Electron Mi-
croscopy, S. S. Breese, ed., New York, Aca-
demic Press, 1962, p. 10.

28. Trump, B. F., P. J. Goldblatt and R. E.
Stowell: An. Electron Microscopic Study of
Early Cytoplasmic Alterations in Hepatic
Parenchymal Cells of Mouse Liver during
Necrosis in Vitro (Autolysis). Lab. Invest.,
11:986, 1962.

29. Van Lancker, J. L. and R. L. Holzer: The
Release of Acid Phosphatase and Beta-Glu-
curonidase from Cytoplasmic Granules in the
Early Course of Autolysis. Amer. J. Path.,
35:563, 1959.



