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ABSTRACT

Rat hepatocytes, normally not highly pinocytic cells, become so after partial
hepatectomy when about two-thirds of the liver is removed. Droplets, up to 20
um in diameter, develop, initially by addition to smaller pinocytic structures and
later by fusion with lysosomes. The droplets contain a material with an electron
microscope periodicity characteristic of fibrin; they are periodic acid Schiff-
positive as is plasma. It is therefore reasonable to consider plasma glycoproteins to
be major components of the droplets. The droplets are at all times membrane
delimited, an observation possible only after perfusion fixation. The droplets are
positive for three lysosomal hydrolases identified cytochemically: acid phospha-
tase, N-acetyl-B-glucosaminidase, and S-glucuronidase. From light and electron
microscopy it is evident that these activities are acquired by fusion with lysosomes,
mostly autophagic vacuoles and residual bodies both of which become very
numerous after partial hepatectomy.

Pinocytic structures are seen relatively infrequently in the hepatocytes of normal
rats but a great many are present after partial hepatectomy. They are most easily
observed if horseradish peroxidase (HRP) is intravenously injected before sacri-
fice and sections are incubated for HRP cytochemistry. The low dose of HRP
employed (10 mg/100 g body weight) does not induce pinocytosis in controls,
either untreated rats or rats subjected to laparotomy, including palpation of the
liver. However, in partially hepatectomized rats even a much smaller dose of
intravenous HRP (3.3 mg/100 g) visualizes the pinocytic structures in hepatocytes
(coated vesicles, channels, cuplike bodies, and droplets). Kupffer cells pinocytose
much HRP in both control and partially hepatectomized rats.

Some 25 years ago cytoplasmic droplets, 20-30
pm in diameter, were described in the hepatocytes
of rat liver after partial hepatectomy (1, 2, 11,
34), but their nature and origin were not estab-
lished. Doniach and Weinbren (11) showed that
the droplets gave staining reactions for protein and
thus regarded them as protein droplets. These
authors and others (2, 4) observed that the drop-
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lets did not appear if partial hepatectomy were
performed on fasted rats or on rats fed only dex-
trose. We will adopt their terminology and refer to
the droplets as protein droplets.

Becker and Lane (6), Vorbrodt (39), and Pfeif-
fer and Bannasch (33) demonstrated that the pro-
tein droplets displayed acid phosphatase (AcPase)
and other hydrolase activities and could thus be
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considered as lysosomes. Becker and Lane (6)
suggested that the droplets arise by autophagy. On
the other hand, Pfeiffer and Bannasch (33) pro-
posed that plasma membrane damage was induced
by partial hepatectomy and Onoé (32) that a
permeability change in the plasma membrane fol-
lowed partial hepatectomy; in both cases these
authors considered that plasma from the space of
Disse passed, in free form, into the hepatocyte
cytoplasm. This conception could be adequately
evaluated only in hepatocytes that remained well
preserved during fixation and other steps in tissue
processing. We have found that with perfusion
fixation such preservation is possible. It can then
be seen that the protein droplets are at all times
delimited by intact membranes and that the drop-
lets have a pinocytic origin.

MATERIALS AND METHODS

40 Sprague-Dawley male rats (Holtzman Co., Madison,
Wis.), averaging 61 g, were used in these studies. We
were using small rats in other studies where mitotic
synchrony was important, and Becker et al. (5) have
shown that such synchrony follows partial hepatectomy
in small rats to a greater degree than in larger ones. The
surgical procedure was that of Higgins and Anderson
(16) and involved removal of about 1.7 g of liver. No
evidence of shock was observed.

After variable periods from 1 to 48 h after partial
hepatectomy, portions of liver were fixed for light and
electron microscopy. Controls consisted of untreated rats
and rats subjected to laporatomy, including palpation of
the liver. Under light ether anesthesia isotonic saline was
perfused, via the portal vein, for 1 min, followed by
fixative for 2-3 min, both at room temperature, at a flow
rate of 2-3.5 ml/min. The fixative was 2.5 glutaralde-
hyde (Ladd Research Industries, Inc., Burlington, Vt.)
and 0.1 M cacodylate buffer, pH 7.2. The liver was then
removed and slices, 1-1.5 mm thick, were carefully cut
with a Wilkinson razor blade (The Wilkinson Co., West-
lake Village, Calif.) and immersed in cold fixative. This
fixative (Karnovsky's [19], as modified by Miller and
Herzog [27]) consisted of 2.5% glutaraldehyde, 2%
formaldehyde (freshly prepared from paraformalde-
hyde}, and 0.025% CaCl, in 0.09 M cacodylate buffer.
The period of immersion fixation was 3 h for light mi-
croscopy and 1 h for electron microscopy.

A part of the tissue was prepared for electron micros-
copy without prior incubation. Osmication and subse-
quent procedures were done as described previously
(23). The remainder of the tissue was kept overnight in
cold cacodylate buffer containing 0.2 M sucrose. For
light microscopy frozen sections, approx. 10 um thick,
were cut on a Sartorius microtome and placed in cold
distilled water. They were incubated for AcPase activity
by the lead procedure with CMP as substrate (23) and
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for three enzyme activities by p-rosaniline procedures
(AcPase {3], B-glucuronidase [15], and N-acetyl B-glu-
cosaminidase [14]). Sections of livers from horseradish
peroxidase (HRP)-injected rats were also incubated for
peroxidase activity by the 3,3'-diaminobenzidine (DAB)
procedure of Graham and Karnovsky (13). For electron
microscopy, nonfrozen sections, approx. 25 um thick,
were prepared with the Sorvall TC-2 tissue sectioner
(DuPont Instruments, Sorvall Operations, Newton,
Conn.), according to the method of Smith and Farquhar
(35). The nonfrozen sections were incubated for AcPase
activity by the lead procedure (23). In the case of livers
from the HRP-injected rats other nonfrozen sections
were incubated in the DAB medium (13). Osmication
and subsequent procedures were done as with unincu-
bated tissue.

In some experiments, HRP (Type II, Sigma Chemical
Co., St. Louis, Mo.), diluted in isotonic saline, was
injected slowly into the tail vein of rats, under light ether
anesthesia, 10 min before sacrifice of the animal. In all
cases 0.1 ml was injected, but the HRP dose was ad-
justed for partially hepatectomized animals to the ap-
prox. two-third reduction in liver mass. Thus the control
rats received 10 mg HRP per 100 g body weight and the
partially hepatectomized rats 3.3 mg HRP per 100 g
body weight. Preliminary experiments showed that 1 h
posthepatectomy was best suited for finding HRP activ-
ity in the protein droplets. The HRP injections induced
signs of cyanosis, i.e., a deeper, more rapid breathing,
and a reddening of the ears. In a few experiments, 10-
um frozen sections were cut from both control and
regenerating liver after fixation overnight in 10% form-
aldehyde (prepared from paraformaldehyde); these sec-
tions were stained by the periodic acid-Schiff (PAS)
procedure (24).

RESULTS
Light Microscopy

The lead procedure for AcPase reveals the lyso-
somes with great clarity. In control animals, either
unoperated or sham-operated rats, the hepatocyte
lysosomes are found predominantly along the bile
canaliculi, as in the areas indicated by arrows in
Fig. 1. They are relatively uniform in size and
small, none remotely approaching the large pro-
tein droplets in hepatocytes of regenerating liver
(Fig. 2).

Confirming previous reports (2, 11, 4) the pro-
tein droplets that appear after partial hepatectomy
do not form if the rats have been fasted for 24 h
before surgery. In normally fed rats the develop-
ment of droplets is reflected in the AcPase prepa-
rations. Soon after partial hepatectomy the peri-
canalicular concentration of the lysosomes begins
to diminish. By 1 h posthepatectomy, AcPase
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Figure 1 Frozen section of liver of control (sham-operated) rat, incubated in CMP medium for 30 min
at 37°C. In this relatively thick section (ca. 10 xm) there is considerable overlap of the stained lysosomes.
Arrows indicate regions where the pericanalicular distribution of the lysosomes is more evident. X 430.

FiGure 2 Frozen section of regenerating liver, 4 h after partial hepatectomy, processed as in Fig. 1. The
largest intracellular structures evident in the section are the protein droplets. The one indicated by D shows
little reaction product resulting from acid phosphatase activity, whereas the other large droplets show much
reaction product. The long arrows indicate lysosomes near the surfaces of protein droplets. The small
arrows indicate lysosomes which, judging by their size, are probably autophagic vacuoles or residual bodies
resulting from them; cf. Fig. 7 (see Reference 30). The pericanalicular lysosome distribution (Fig. 1) is no
longer evident. This field, like that of Fig. 1, is from the periportal region of the lobule; a bile ductule, with
small lysosomes, is at the lower left of the micrograph. x 580.

activity is evident in some large protein droplets.
At 4 h posthepatectomy, the lysosomes can be
grouped roughly into three classes according to
size. Those that remain pericanalicular are the
smallest. The largest are the AcPase-positive pro-
tein droplets. These may reach 20 um in diame-
ter, but most are smaller. The intermediate-sized
lysosomes (short arrows, Fig. 2) are revealed by
electron microscopy (Figs. 7 and 9) to be auto-
phagic vacuoles (see reference 30 for definitions
of these and other types of lysosomes). Even at
4 h, a few protein droplets show little AcPase
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reaction product (droplet D in Fig. 2). However,
most are highly reactive (Fig. 2). Whether the
droplets are reactive or not, lysosomes may be
present near their surfaces (Fig. 2, long arrows).

Because the droplets give much less intense
staining, the p-rosaniline procedures for the three
lysosome hydrolases (AcPase, B-glucuronidase
[Fig. 4], N-acetyl B-glucosaminidase [Fig. 3]) ex-
hibit greater variability in droplet activity than the
lead procedure for AcPase. Of the three enzymes,
AcPase activity gives the most intense staining and
N-acetyl B-glucosaminidase the least.
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Ficures 3-6 Frozen sections of regen-
erating liver. All but Fig. 6 are from rats 4
h after partial hepatectomy; that in Fig. 6
is from a rat 1 h posthepatectomy and 10
min after intravenous injection of HRP
(3.3 mg/100 gm body weight).

Ficure 3 After incubation for N-acetyl B-glucosaminidase for 60 min at 37°C. Hepatocyte and Kupffer
cell lysosomes are lightly stained; compare deeper staining in Fig. 4. Note variability in staining of protein
droplets (arrows). x 200.

Ficure 4 After incubation for B-glucuronidase for 50 min at 37°C and counterstaining with methyl
green. Lysosomes of hepatocytes and Kupffer cells are stained more intensely than in Fig. 3. Note
variability in staining of protein droplets (arrows). x 200.

Ficure 5 After staining by periodic acid-Schiff procedure. Staining is seen in the blood vessel (long
arrow) and in the protein droplets, some of which are indicated by the shorter arrows. x 425.

FiGure 6 After incubation in DAB medium for 60 min at 37°C. Five stained protein droplets are
indicated by arrows. Also stained are erythrocytes (E) in or near the sinusoids and in a portal blood vessel
(upper right), endothelial cells (EN), lysosomes of Kupffer cells (K) and hepatocyte peroxisomes (P).
X 425.

Fig. 5 shows that the protein droplets (short similar staining of littoral cells in control and in
arrows) are strongly PAS-positive, as is the blood partially hepatectomized rats. The endothelial
plasma (long arrow). cells show a uniformly dark staining (EN, Fig. 6).

DAB preparations of HRP-injected rats show a  The large lysosomes (residual bodies [30]) of the
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Kupffer cells are also intensely stained (K, Fig. 6).
In the hepatocytes the peroxisomes stain (P, Fig.
6) despite the suboptimal nature of the incubation
mixture for these organelles (see reference 31). In
the 1-h regenerating liver some of the droplets
show reaction product when the rats are sacrificed
10 min after HRP injection (arrows, Fig. 6).

Electron Microscopy

Perfusion fixation is essential for good preserva-
tion of the protein droplets that form in the hepa-
tocytes after partial hepatectomy. These hepato-
cytes show dramatic increases in heterophagic and
autophagic structures. Pinocytic channels (Figs.
11-13), cuplike bodies (Figs. 7 and 12) (see refer-
ence 17) and coated vesicles (Fig. 11) are numer-
ous, whereas in hepatocytes of control rats only
coated vesicles are seen and they are relatively
infrequent. After partial hepatectomy, pinocytic
channels may be seen continuing into larger pino-
cytic structures (Figs. 11 and 15). Apparently, the
protein droplets arise by growth of these struc-
tures, but merger of pinocytic structures, although
not observed, cannot be excluded.

Protein droplets are always membrane delim-
ited (Figs. 7-11). The content of the protein drop-
lets is generally granular and only slightly electron
opaque (Fig. 7), but regions of greater opacity
may also be seen. Thus, areas of degenerating
cytoplasmic organelles are seen within a droplet in
Fig. 8 as if fusion of autophagic vacuoles with the
droplet had occurred.

In control rats, the number of autophagic vacu-
oles, identified by the recognizable cytoplasmic
organelles they contain (see reference 30), though
variable, is always low. After partial hepatectomy
the number of autophagic vacuoles increases
greatly. Five are seen in Fig. 7, a small portion of
a hepatocyte 4 h posthepatectomy. The direct
merger of an autophagic vacuole (4) with a pro-
tein droplet is seen in Fig. 9, showing AcPase
reaction product in both vacuole and droplet. The
two autophagic vacuoles, in Fig. 7, no. 1, and in
Fig. 8, bottom left (A), may reasonably be inter-
preted as vacuoles close to merger with protein
droplets at the time the cells were fixed. We did
not observe merger of droplets with small lyso-
somes. Such lysosomes would include: (@) small
dense bodies (residual bodies [30]) such as were
seen fusing with pinocytosed hemoglobin droplets
in earlier studies from our laboratory (12); and (b)
vesicles, much smaller, that might function as pri-
mary lysosomes (30). However, our experiments
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did not include serial sectioning so that such
mergers are not excluded. Often the droplets show
a “halo” beneath the delimiting membranes, as in
Figs. 7 and 8. These are characteristic of residual
bodies (10, 30).

In some droplets, fibrillar strands showing the
cross-banding characteristic of fibrin are encoun-
tered (Fig. 10), confirming the observations of
Pfeiffer and Bannasch (33). In adjacent strands,
the cross-bands tend to appear in register.

As with light microscopy, electron microscopy
shows no differences between untreated controls
and sham-operated controls in which the liver was
palpated. In control rats injected with 10 mg
HRP/100 g body weight, 10 min before sacrifice,
the Kupffer cells show many HRP-positive pinocy-
tic vesicles (coated and uncoated), pinocytic chan-
nels, cuplike bodies (17), and residual bodies. In
contrast, no alterations are apparent in the hepa-
tocytes, including those surrounding the portal
tracts and those near the central veins. The coated
vesicles that are continuous with the plasma mem-
brane at the space of Disse show no HRP reaction
product, and they are still encountered relatively
infrequently. Rarely, smaller internal HRP-posi-
tive vesicles (without coats) may be seen not far
from the space of Disse.

Figs. 11-13 show the numerous pinocytic struc-
tures in rats partially hepatectomized 1 h earlier
before injection of HRP (3.3 mg/100 g body
weight). There are a great many HRP-filled, inter-
nalized coated vesicles (Fig. 11), pinocytic chan-
nels (Figs. 11-13), cuplike bodies (Fig. 12) and
larger structures with which the pinocytic channels
are continuous (Fig. 11, arrow). In Fig. 13, a
channel is continuous with a circular structure
large enough to be considered a small protein
droplet. Neither the Golgi apparatus nor struc-
tures near it show HRP in the hepatocytes of
HRP-injected rats studied in these experiments.

DISCUSSION

Our work confirms the observations of Becker and
Lane (6) and Vorbrodt (39) that partial hepatec-
tomy induces the appearance in the rat hepatocyte
of many autophagic vacuoles. However, their view
that the large protein droplets and autophagic
vacuoles are identical is shown to be incorrect. We
have shown the two structures: (@) to exist as
separate entities; (b) to be able to fuse with each
other; and (c) one (the protein droplets) to acquire
recognizable contents of the other (the autophagic
vacuoles). Also, their modes of origin are differ-
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Ficure 9 Portion of a hepatocyte from regenerating liver, 4 h after partial hepatectomy, incubated in
the AcPase (CMP) medium for 30 min at 37°C. Unreactive structures include ER (unlabeled), nucleus (N)
and mitochondria (M). Reaction product is seen in the protein droplet at the left of the Figure and in the
autophagic vacuole (A, to the left) with which it is apparently fusing. The short arrow is directed to reaction
product extending from the autophagic vacuole to the droplet, thus indicating the continuity of the droplet
and autophagic vacuole. The long arrow is directed to a region of the droplet where its tripartite membrane
is evident. The continuity of this membrane with the membrane at the bottom of the autophagic vacuole is
indistinct, either because of accumulated reaction product or because it is improperly oriented in relation to
the electron beam. The body indicated by A, at the right, is either an autophagic vacuole or residual body

(see legend to Fig. 7). x 49,000.

Ficures 7-8 Portions of hepatocytes from regenerating liver, 4 h after partial hepatectomy, incubated in
DAB medium for 60 min at 37°C. In these experiments the peroxidatic activity of catalase within the
peroxisomes (P) proved to be sufficient to oxidize the DAB (cf. Reference 31). Protein droplets are
labeled D.

Ficure 7 Fig. 7 shows autophagic vacuoles numbered 7-5. Mitochondria are readily recognizable in
vacuole 1, still recognizable in 2 and 3, and barely, if at all, in 4. The numeral 5 at upper left indicates an
autophagic vacuole containing sequestered ER. Vacuoles 2, 3, and 4 can be considered residual bodies
since they show what are probably residua of digestion (see Reference 30). Also labeled are mitochondria
(M) and cuplike bodies (C). x 25,600.

Figure 8 Fig. 8 shows three protein droplets within which are seen electron-dense material derived from
either autophagic vacuoles or residual bodies. An arrow indicates a still recognizable crista. Also labeled
are two autophagic vacuoles (A), a residual body (RB) and a lipid sphere (L) in the cytosol. x 20,000.

Mort aND Novikorr Pinocytosis in Hepatocytes after Partial Hepatectomy

701



Ficure 10 A small portion of a hepatocyte from regenerating liver, 4 h posthepatectomy, incubated in
the DAB medium for 30 min at 37°C. A part of a protein droplet is secen. Within the droplet is cross-
banded material, enlarged in the inset. The cross-bands of the two adjacent bundles are in register. The
distance between dark bands is 220 A (inser). The delimiting membrane of the droplet is intact although it
is not everywhere oriented properly with respect to the electron beam to show its tripartite nature.
X 86,000; inset, X 135,000.

ent: the droplets form from pinocytic structures,
while autophagic vacuoles probably arise by endo-
plasmic reticulum sequestering portions of cyto-
plasm (30). The protein droplets acquire acid hy-
drolase activities when they fuse with autophagic
vacuoles and other lysosomes. The hepatocyte of
regenerating liver thus constitutes a cell type in
which both heterophagy and autophagy are pro-
nounced. Presumably, both the external and inter-
nal macromolecules yield building blocks for the
growth processes which ensue later and which
restore the liver to its initial weight.
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Another reported view of protein droplet origin
(33, 32) is also shown to be erroneous by our
observations. This view holds that gross changes in
the plasma membranes facing the space of Disse
are induced by partial hepatectomy, permitting
plasma, in free form, to move into the hepato-
cytes. Our experience suggests that the observa-
tions in these reports are probably due to inade-
quate preservation of hepatocyte structure during
processing for electron microscopy. In adequately
perfused liver the protein droplets are at all times
membrane delimited and, as in other actively pi-
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nocytic cells, channels and other pinocytic struc-
tures lead directly into the droplets. On the other
hand, the material pinocytosed by the hepatocytes
after partial hepatectomy does indeed appear to
originate from plasma since: (2) the content of the
droplets, like plasma, is PAS-positive; and (b) the
cross-banded strands present in droplets resemble
fibrin. The lysosomal enzymes transferred to pro-
tein droplets may be involved in converting solu-
ble plasma fibrinogen into insoluble fibrin-like ma-
terial. We have explored this hypothesis by adding
lysosomes, isolated from rat liver, to fibrinogen in
vitro. Indeed, a clot that is presumably fibrin does
form, but the clot needs to be examined by elec-
tron microscopy.

The possibility that the protein droplets result
from anoxia, surgical trauma, or shock appears
unlikely since: (@) external signs of shock were not
evident in our animals and they tolerated the
partial hepatectomy very well; (b) neither pro-
longed ether anesthesia (up to 10 min, which is
five or more times that used during partial hepa-
tectomy) nor injection of saline without HRP
induced droplets; and (c) confirming the results of
others (2, 11, 4), when partial hepatectomy is
performed on fasted rats, droplets do not form.

A basic question is raised by our observations,
namely, what is it that converts a relatively nonpi-
nocytic hepatocyte into an avidly pinocytic cell
after partial hepatectomy? Is it that the hepato-
cytes in the remnant remaining after removal of
two-thirds of the liver are exposed to more plasma
in a given time? More than 10 years ago, Benacer-
raf et al. (8, 7) showed that there is a considerably
greater liver blood flow per unit weight of liver in
regenerating than in normal rat liver. These au-
thors demonstrated an increased phagocytic activ-
ity of the Kupffer cells (8, 7) and Leong et al. (22)
showed an increase of bile secretion in the regen-
erating liver. Goldfischer et al. (12) showed that if
low doses of hemoglobin (up to 15 mg/100 g body
weight) were injected intravenously into a normal
rat, then the protein was pinocytosed only by the
Kupffer cells. However, with much higher doses
(40-400 mg/100 g body weight), the hemoglobin
was pinocytosed by hepatocytes as well, and in the
manner described in the current experiments. In
the two investigations (26, 9) of which we are
aware that report uptake of HRP by normal rat
hepatocytes, considerably greater doses of HRP
were used than the 10 mg/100 g body weight used
in our experiments. Ma et al. (25) studied five
mammalian species, including the rat. Only the
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hepatocytes of the rabbit pinocytosed HRP at low
doses as well as at high doses.

These considerations regarding HRP doses and
the fact that the large pinocytic vacuoles, the pro-
tein droplets, do not form if the rats are fasted for
24 h before surgery warrant regarding the injected
HRP as a marker for the fluid phase in bulk
pinocytosis rather than an inducer of pinocytosis.
Steinman and Cohn (36) and Steinman et al. (37)
demonstrated this to be the case for cultured
mouse macrophages and L cells. As in the cells
they studied, there is no evidence from cyto-
chemistry that the HRP is adsorbed to the plasma
membranes of the hepatocytes.

Several possibilities may be raised in consider-
ing the mechanisms that lead to the increased
pinocytosis after partial hepatectomy. It is most
unlikely that synthesis by the liver of “acute phase
reactants” (see reference 21 for a review) occurs
as a consequence of surgical trauma and that these
proteins induce pinocytosis. The synthesis of such
proteins does not occur until 3-4 h after an effec-
tive stimulus; see Fig. 4.7 in Koj (21). Possibly
humoral or other changes in the animal after par-
tial hepatectomy convert receptors on the hepato-
cyte plasma membranes exposed to the space of
Disse. The hepatocyte may be converted to a cell
that responds to different plasma constituents.?
The work of Stockert et al. (38) indicates that
hepatocytes have two receptors, one responsive to
terminal galactosyl residues and another to termi-
nal N-acetyl-glucosaminyl residues, whereas kid-
ney appears to have a receptor responsive to man-
nosyl-terminating glycoproteins. Another alterna-
tive is that partial hepatectomy amplifies the
amount of pinocytic inducer present in the portal
blood of normal rats during intestinal absorption,
although release of new pinocytic inducers from
the liver or other organs cannot be excluded. The
dramatic hormonal and other molecular changes
induced by partial hepatectomy have recently
been summarized by Koff and Leffert (20).

In conclusion, it should be emphasized that pi-
nocytosis induction and macromolecular break-
down by heterophagy and autophagy are but two

! Dr. Richard J. Stockert assayed the plasma of one
control rat and one partially hepatectomized (1 h) rat of
our experiments. He found no change in level of any
inhibitor of 1#I-asialo-orosamucoid binding to hepatic
plasma membranes (18), a sensitive procedure for deter-
mining the levels of desialydated glycoproteins in
plasma.
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of many dramatic changes that follow partial hepa-
tectomy. Marked changes occur in almost all cell
organelles, albeit more slowly, as seen in earlier
cytochemical studies from this laboratory (29).
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