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End-to-side portocaval shunts (PCS) were constructed in six dogs to evaluate the effect of complete
portal blood flow diversion on hepatocellular structure and function, hepatic reticuloendothelial (RE)
activity, and serum opsonic activity (OA). RE activity remained normal after PCS despite a 40%
reduction in estimated hepatic blood flow. Tissue distribution of injected colloid shifted away from
liver to spleen, lung, and bone marrow. OA decreased to 40% of baseline values 6 weeks after PCS
and remained low. Postshunt changes in hepatic morphology primarily affected hepatocytes and
included deglycogenation and loss of rough endoplasmic reticulum. Significant changes in Kupffer
cell morphology were not observed. Complete portal flow diversion in the dog caused profound
alterations in hepatocellular structure and function without compromising Kupffer cell phagocytic
and metabolic activity. Kupffer cells may be less dependent than hepatocytes upon hepatotrophic
factors contained in portal blood. OA did not correlate with changes in vascular lipid clearance,
suggesting that either phagocytosis of RES test lipid in the dog is not dependent on prior opsonization,
or that the assay used was neither sensitive nor specific enough to measure a critical opsonic threshold

required for effective phagocytosis.

INTRODUCTION

The vascular clearance of particulate mat-
ter, endotoxin, and other antigenic materials
is a physiological function of the fixed mac-
rophages of the reticuloendothelial (RE) sys-
tem [25]. Macrophages localized to the sin-
uoids of the liver (Kupffer cells, KC) and
spleen account for nearly 90% of intravas-
cular phagocytosis {5], and experimental
data suggest that the serum factors or *“‘op-
sonins” are important regulators of RE
phagocytic activity [21, 23, 27].

Functional alterations of the RE system
have been demonstrated in many patholog-
ical conditions including cirrhosis of the liver
[32]. Experimental systemic diversion of
portal blood containing hepatotrophic fac-
tors has been shown to profoundly affect
hepatocellular structure and function [30].
Most important evidence of compromised
KC function in cirrhosis has been derived
indirectly from observations regarding the
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reduced intravascular clearance of intrave-
nously injected radiolabeled colloids [4, 10].
It is not known whether a primary functional
defect or a reduction in effective sinusoidal
perfusion causes these abnormalities in
phagocytic and metabolic activity.

The purposes of this study were to mea-
sure the effects of end-to-side portocaval
shunt on canine KC and hepatocellular
structure and function and to relate these
changes temporally to alterations in serum
opsonic activity.

MATERIALS AND METHODS

Twelve conditioned mongrel dogs, 10 to
30 kg in body weight, were maintained on
standard kennel chow and water ad libitum.
Each animal underwent baseline determi-
nations of hepatic reticuloendothelial phago-
cytic index(PI) and degradative (DI) index,
as well as opsonic activity (OA), and esti-
mated hepatic blood flow (EHBF). Liver
function was assessed by determining serum
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levels of: glutamic oxaloacetic transaminase
(SGOT), glutamic pyruvic transaminase
(SGPT), total protein (TP), albumin (ALB),
globulin (GLOB), as well as serum protein
electrophoresis (SPEP).

The RE phagocytic index was determined
using a gelatinized RES test lipid emulsion
consisting of anhydrous triolein mixed with
glycerol and alcohol soluble soy lecithin in
a ratio of 10:10:1 by weight, respectively
[11]. To this trace amounts of !*'I-labeled
triolein were added. Immediately prior to
use, the anhydrous base was mixed with a
0.3% gelatin-5% dextrose in water solution
using a Waring blender at high speed for 10
min resulting in 10% emulsion with an av-
erage particle size diameter of 1-7 um. Each
animal received an intravenous dose of 150
mg/kg of anhydrous base equivalent emul-
sion containing 30 to 50 uCi of "*'I. Ten
drops of Lugol’s solution were administered
to all test animals one day prior to and on
the morning of the study.

Anesthesia was induced with 20 mg/kg
of thiamylol sodium (Suritol) to permit
placement of a central venous catheter by
way of the external jugular vein, a peripheral
catheter into an upper extremity vein, and
a catheter into the urinary bladder. Animals
were then awakened and maintained in a
simple restraining harness throughout the
study period. Throughout the 2-hr test pe-
riod, 2 ml/kg/min of 0.9% normal saline was
administered intravenously to each animal.

The test lipid emulsion was administered
intravenously over 60 sec. Four milliliters of
central venous blood was withdrawn every
minute for 10 min, then every 15 min for a
total of 2 hr. One milliliter was saved for
subsequent assay of !3'I activity. The re-
maining 3 ml sample of blood was centri-
fuged at 1400g for 10 additional min at 4°C,
and a 1-ml aliquot of serum was removed.
Each sample was precipitated twice with 1
ml of 30% tricholoroacetic acid, and centri-
fuged at 1400g for 10 additional min at 4°C.
One milliliter of resulting protein and lipid
devoid supernatant was saved for assay of
free serum ']
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Urinary output was collected at 15-min
intervals and recorded. One-milliliter ali-
quots of urine were withdrawn from each 15-
min collection for measurement of urine *'I.

Whole blood ' activity was plotted ver-
sus time on semilog scale and clearance of
lipid was treated as linear for the first 10
min following infusion [11, 12]. Using the
least-squares method of linear regression
analysis, an equation was derived, and the
half-time (7,,) of lipid clearance and the
resulting K constant were calculated. The K
constant, obtained by dividing 0.693 (In 2)
by the T, ,(min), represented the phagocytic
index (PI).

Degradation or deiodination of phagocy-
tized '*'I-labeled lipid results from RE met-
abolic activity. Levels of free "'I activity
were evaluated by measuring radioactivity
in the supernatant of previously precipitated
whole blood samples and in 15-min urine
samples. Cumulative "'l clearance, repre-
sentative of overall lipid metabolism, was
determined by summing activity levels from
interval urine samples. Cumulative *'I ac-
tivity was plotted versus time on a semilog
scale; T/, was the time required to excrete
half the total cumulative "*'I activity. The
resulting K constant was the degradative in-
dex (DI). Whole blood, supernatant, and
urine '*'I activity plotted together gives a
profile of lipid clearance and metabolism
(Fig. 1).

Opsonic activity was detected by deter-
mining the ability of serum samples to cause
agglutination of gelatin-coated carboxy-la-
tex particles in the presence of heparin [9].
Carboxy-latex particies 0.892 um in diam-
eter were covalently bonded to gelatin using
the carboidimide reaction, diluted in Hank’s
balanced salt solution (HBSS) to a particle
concentration of 1 X 10®/ml and refrigerated
at 10°C for use in the assay. One to three
milliliters clotted of dog blood was centri-
fuged at 1000g for 10 min. Fifty milliliters
each of serum, particle solution, and HBSS
to which 20 units heparin/ml had been
added comprised the test mixture. Control
tubes contained similar constituents without
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heparin. After 1 hr of agitation at 37°C, the
reaction was stopped by addition of 3 ml of
phosphate-buffered saline (PBS) and sedi-
mented over night at 4°C. All assays were
performed in triplicate. The optical density
(OD) of the resulting supernatant was mea-
sured against a PBS blank at 650 nm in a
light spectrophotometer and the opsonic ac-
tivity (OI) was calculated using

(1 — average test OD)
(average control OD)

X 100%.

Activity indices were normalized to control
values and plotted as mean percentage ac-
tivity versus time.

Estimated hepatic blood flow (EHBF) was
determined scintigraphically by measuring
the rate of hepatic uptake of a “subcritical”
dose of 500 uCi of **"Tc-sulfur colloid. A
2.5-cm-diameter Nal v probe was positioned
over the liver with constant geometry main-
tained throughout the experiment. After ra-
pid intravenous injection of the radiolabeled
sulfur colloid, 1-sec instantaneous count
rates were recorded for 10 min. Least-squares
linear regression analysis of data collected
during the first 2 min of count rate collection
was representative of hepatic blood flow at
low particle doses. Linear regression analysis
was used to determine the T, (min) and
K (min™'). Estimated hepatic sinusoidal
blood flow was calculated from

EHBF = K (min™")
X body weight (kg) X 0.095,

where 0.095 represents the percentage blood
volume to body weight in the dog.

Six animals underwent construction of
end-to-side portocaval shunts (PCS) and six
others underwent sham operations (control).
All dogs were anesthetized with nitrous ox-
ide and 0.5% fluothane. Streptomycin (0.5
g) and penicillin (250,000 units) were ad-
ministered once daily for 5 days following
operation. Animals were studied preopera-
tively and at 3, 6, and 9 weeks postopera-
tively. During the last study period, each
animal received 1 mCi of TSC intravenously
over 5 min.
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F1G. 1. Demonstrates the phagocytic and degradative
profiles of intravenously injected '*'I RES test lipid
emulsion.

Ten minutes later an open liver biopsy was
obtained. Specimens were immediately fixed
in 10% buffered formalin and 2% gluteral-
dehyde for light and electron microscopy,
respectively. Exasanguinated liver, spleen,
and lung weights were obtained following
sacrifice and a specimen of bone marrow was
obtained from the proximal femur. Each
organ was assayed for radioactivity per gram
of tissue weight. Tissue distribution was ex-
pressed as the percentage injected dose
phagocytized per gram tissue of each organ
(% ID/g) and per total organ (% ID/TO).
Bone marrow was assumed to represent 2%
body weight. All data, represented as x
+ SD, were analyzed using Student’s ¢ and
unpaired ¢ tests.

RESULTS

There was no statistically significant
change in either ¢ value of lipid emulsion
clearance or phagocytic index (PI) at 3, 6,
or 9 weeks postshunt compared to preoper-
ative values. In addition, there was no sig-
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TABLE 1

EFFECTS OF PORTOCAVAL SHUNT ON VASCULAR CLEARANCE AND DEGRADATION OF INTRAVENOUSLY
InJECTED "*'I TEST LiPip EMULSION

Postshunt
Preshunt 3 weeks 6 weeks 9 weeks

Half-time lipid

clearance (min) 6.47 £ 1.32 6.00 £ 0.39 5.89 + 0.38 6.23 + 0.86
Phagocytic index* 0.107 0.116 0.117 0.111
Half-time urine '*'I

appearance (min) 86.5 + 7.6 84.2 4.6 79.3 +6.5 83.0 8.5
Degradative index 0.008 0.008 0.009 0.008

“In 2/T1/2.

nificant difference in the ¢ of urine "*'I ac-
tivity or the degradative index (DI) at these
test periods compared to preoperative values
(Table 1).

Estimated hepatic sinusoidal blood flow
(EHBF) decreased significantly (P < 0.01)
after portocaval shunting from 49.1 + 3.5 to
269 +2.7 ml/min/kg body weight. At-
tempts to autoregulate or restore EHBF to-
ward preshunt values were not observed at
6 or 9 weeks following operation in any test
animal.

Elevations in serum transaminase values
were observed in all PCS animals (Fig. 2)
with wide variations at each time interval.
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F1G. 2. Illustrates the sequential changes in SGOT
and SGPT values following portocaval shunt compared
to controls. SGOT and SGPT values were significantly
(P < 0.05) increased at 3 and 6 weeks, respectively.

(SGOT) was significantly (P < 0.05) ele-
vated at 3 weeks, returned to control values
by 9 weeks. Similarly, SGPT was signifi-
cantly (P < 0.05) elevated at 6 weeks but
tended to return toward normal by 9 weeks.
Levels of serum protein and albumin
slowly declined throughout the course of the
study. Albumin levels were significantly de-
pressed below control values at 6 weeks and
remained low. Total protein levels decreased
more slowly achieving significance (P
< 0.05) 9 weeks postshunt. No demonstrable
trends were observed among electrophoret-
ically detemined protein fractions (Fig. 3).
Normalized opsonic activity declined pro-
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F1G. 3. Illustrates the electrophoretic profile of serum
proteins before and up to 9 weeks after portocaval shunt.
Total protein and albumin were decreased significantly
(P < 0.05) by 9 weeks without a demonstrable decrease
in 4 or -2 globulin fractions.
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gressively following PCS. By Week 6, OA
decreased significantly (P <0.01) to less
than 40% of preoperative levels. Depressed
OA persisted through the ninth week
(Fig. 4).

Tissue distribution of intravenously in-
jected TSC changed dramatically after PCS.
The percentage injected dose phagocytized
per total organ (% ID/TO) shifted from the
liver to the spleen, lung, and bone marrow.
There appeared to be a significant postshunt
increase in phagocytized particles (% ID/g)
in both the liver and spleen compared to con-
trols (Table 2). Observed changes in tissue
distribution of radioactivity did not correlate
with the vascular clearance (T, or PI) of
injected test lipid emulsion.

Among control animals liver tissue ap-
peared relatively normal with hepatocytes
arranged in plates of one cell thickness sep-
arated by sinusoids that were occasionally
dilated adjacent to terminal hepatic venules.
The majority of hepatic parenchymal cells
contained a single central nucleus with a
prominent nucleolus, were plump, and con-
tained abundant glycogen. Kupffer cells
were not prominent (Fig. 5a). Transmission
electron micrographs of livers from control
animals showed hepatocytes with a normal
complement of glycogen, normal rough and
smooth endoplasmic reticulum, normal mi-
tochondria, and scant cytoplasmic lyso-
somes. Spaces of Disse contained occasional
collagen bundles. Fat and endothelial cells
unremarkable. Kupffer cells contained oc-
casional vacuoles filled with debris (Fig. 5b).
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FI1G. 4. Changes in serum opsonic activity normalized
to control values. Following portocaval shunt, QA de-
creased significantly (P < 0,01) over the initial 6-week
postshunt interval and then stabilized.

Acute diversion of portal flow resulted in
demonstrable morphologic liver changes.
Hepatocytes developed an eosinophilic finely
granular cytoplasm and exhibited marked
reduction in overall size and glycogen con-
tent. Dilatation of sinusoids became more
marked. Hepatocyte nuclei sizes appeared
more variable and many cells contained two
or more nuclei. Nucleoli were more abun-
dant. Kupffer cells were prominent and ap-
peared filled with refractile amphophyllic
material (Fig. 6a). Transmission electron
microscopy demonstrated marked depletion
of cellular glycogen. Mitochondria were
abundant and slightly more variable in size.
Their appearance may have been due to de-
creased cell volume. Rough endoplasmic re-
ticulum appeared less prominent with some

TABLE 2

EFFECT OF PORTOCAVAL SHUNT ON VASCULAR CLEARANCE AND TISSUE DISTRIBUTION
OF INTRAVENOUSLY INJECTED *"Tc

Liver Lungs* Spleen®
Experimental Half-time Phagocytic
groups clearance index % ID/g % ID/TO % ID/g % ID/TO % ID/g % ID/TO
Control 6.2 *1.32 0.046 0.14 + 0.03 827+ 6.3 0.07 + 0.07 23+ 13 0.05 + 0.02 6.7+ 27
PCS 6.23 + 0.86 0.048 0.23 + 0.08* 534 %16 0.01 = 0.01 9.7 + 8.0* 0.55 + 0.23 26.8 + 12.0*

“ Tissue distribution data (mean * standard error) determined at 15 min postinjection and expressed as percentage injected dose phagocytized per

gram (ID/g) and per total organ (ID/TO).
* P <005
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vesiculation and fragmentation. Lysosomes
appeared slightly increased in number.
Spaces of Disse were more dilated and con-
tained moderately increased amounts of col-
lagen. Fat-storing cells and endothelial cells
seemed unaffected. Kupffer cells appeared
larger and contained abundant phagolyso-
somes filled with osmophilic debris (Fig. 6b).

DISCUSSION

The reticuloendothelial system has been
shown to be a major host defense mecha-
nism. The phagocytic and metabolic activity
of fixed macrophages appears to be regu-
lated by many factors including organ blood
flow [3] and metabolic or functional status
of the RE cells [ 19, 22]. In addition, reactive
serum factors or opsonins have been dem-
onstrated to be important for in vivo and in
vitro Kupffer cell phagocytosis of both mi-
croorganisms and inert particulate matter
[22, 23, 26, 27].

The majority of intravascular phagocytic
activity occurs in the liver and has been at-
tributed to the large resident population of
Kupffer cells and to its extensive blood flow
[4, 24]. Several investigators have demon-
strated that complete diversion of portal
blood fiow into the systemic circulation ad-
versely affects hepatocellular structure and
function [30, 31]. These alterations have
been correlated not so much with changes
in total liver blood flow per se as with hepatic
deprivation of endogenous “hepatotrophic”
factors normally contained in portal blood
(29, 301.

Hepatocyte atrophy was pronounced fol-
lowing PCS and there was ultrastructural
evidence of deglycogenation and decreases
in rough endoplasmic reticulum (RER).
Starzl et al. demonstrated similar histolog-
ical findings and in addition, using morpho-
metric analysis, showed a 50 to 70% reduc-
tion in the area of RER per volume of cy-
toplasm and a reduction in the number of
membrane-bound ribosomes [30]. Since the
synthesis of albumin in liver cells is related
to ribosomes and RER [13], the fall in
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plasma protein concentration observed in
this study was thought to reflect impaired
production. In contrast, there are few mor-
phological data regarding the effects of por-
tal diversion on Kupffer cells of the liver and
much of the information pertaining to this
population of cells is incomplete.

While hepatic blood flow has been related
to RE activity [4, 25]), there appears to be
an inverse correlation between the rate of
blood flow and the efficiency of colloid ex-
traction by the liver [2, 24]. Saba suggested
that factors which tended to decrease transit
time through the liver would decrease con-
tact time between particles and macro-
phages [24]. His findings supported ear-
lier observations that the extraction ratio
and perfusate flow rate were inversely re-
lated [2].

These data suggest that canine Kupffer
cells may be more resistant to portoprivation
than hepatic parenchymal cells. The liver’s
response to increasing hepatocyte “drop-
out” is “low-grade” proliferation demon-
strable by autoradiography [30]. However,
this compensatory hyperplasia is not pro-
portional to the rate of cell death and may
result in reduced liver mass. The demon-
stration by light microscopy in this study
that Kupffer cells enlarge and become more
prominent following PCS confirms an ear-
lier, similar observation by Starzl et al. [31].
There is now increasing evidence that mac-
rophages can significantly increase func-
tional activity following phagocytosis by un-
dergoing intracellular modifications [22]. It
is also clear that reexposure of macrophages
presensitized to a specific antigen with the
same stimulus can result in rapid multipli-
cation. MacKaness demonstrated markedly
increased numbers of mitoses and increased
[*H]thymidine labeling of mouse peritoneal
macrophages challenged with a second an-
tigen to which the animal has been previ-
ously sensitized [20]. It is unclear, however,
whether this response results from hepato-
cyte atrophy or from macrophage prolifer-
ation as suggested by others [22]. Portopri-
vation may well be cell selective, affecting
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hepatic parenchymal cells to a greater extent
than reticuloendothelial cells.

The clinical evidence of altered or com-
promised hepatic RE function in patients
with severe chronic liver disease (cirrhosis)
has been inferred from studies showing re-
duced intravascular clearance of particulate
material [4, 10] and an increased prevalence
of systemic endotoxemia [15, 18] in these
patients.

Cooksley et al. studied RE function in
patients with alcoholic cirrhosis and ob-
served that phagocytic capacity (REPC) in
patients with decreased RE (sinusoidal) per-
fusion was significantly less than that in pa-
tients with normal RE perfusion [10]. Fur-
thermore, he demonstrated a strong corre-
lation between phagocytic activity and
perfusion in all patients with liver disease,
suggesting that REPC is a perfusion-depen-
dent phenomenon. In contrast, experimental
and clinical studies have demonstrated acute
alcohol-induced depression of RE function
without associated changes in hepatic blood
flow [1, 17]. The factor(s) responsible for
depressed REPC after alcohol administra-
tion are unclear. Intravenously administered
ethyl alcohol does not acutely alter regional
hepatic blood flow in man. Liu speculated
that the decrease in REPC observed in his
patients might have been caused by deple-
tion of serum opsonins [17]. Alternatively,
alcohol may act on macrophages at the cel-
lular level to cause changes in phagocytic
capacity. Only Jeunet et al., using an iso-
lated perfused liver model, have demon-
strated an association between RE blockade
and decreased Kupffer cell function [16];
other investigators have attributed this phe-
nomenon to depletion of opsonins [21, 23,
26, 27].

Cirrhosis is a chronic disease which with
progressive enlargement of portosystemic
collaterals [28] ultimately results in reduced
effective hepatic perfusion [8]. Patients with
advanced disease, especially those with as-
cites, often exhibit clinical and radiographic
evidence of portosystemic shunting and
markedly decreased sinusoidal perfusion [4,

10]. The impaired hepatic clearance of por-
tal endotoxin and bacteria which have been
demonstrated experimentally and in patients
with cirrhosis [14, 15, 32] could be due to
either to Kupffer cell failure or “spill-
over” secondary to decreased RE perfusion
and intrahepatic portosystemic shunting of
blood [7].

Our study demonstrates that despite por-
tocaval shunting and its attendant changes
in hepatocellular structure and function,
Kupffer cell phagocytosis and metabolism
of *'I-labeled test lipid emulsion in the dog
remains normal. The enhanced tissue uptake
on a per gram basis by the liver can be ex-
plained by increased functional activity of
existing Kupffer cells, proliferation of Kupf-
fer cells, or both. Kupffer cells appear to be
more resistant than hepatic parenchymal
cells to portoprivation.

Opsonic activity measured by carboxy-la-
tex particle agglutination or determination
of the «-2 globulin fraction of serum protein
does not appear to correlate with RE phago-
cytic capacity for RES lipid emulsion in the
dog. A lack of specificity and/or sensitivity
of available techniques to measure opsonic
activity may account for these findings.
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