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Conditions which influence the viability, integrity,
and extraction efficiency ol the isolated perfused rat
liver were examined to establish optimal conditions
lor subsequent work in reperfusion injury studies in-
cluding the choice ol buffer, use ol oncotic agents, he-
matocrit, perfusion flow rate, and pressure. Hat livers
were perfused with MOPS-buffered Ringer solution
with or without erythrocytes. Perfusates were col-
lected and analyzed lor blood gases, electrolytes, en-
zymes, radioactivity in Mill studies, and lignocaine in
extraction studies. Liver tissue was sampled lor histo-
logical examinations, and wet:dry weight ol the liver
was also determined. MOPS-buffered Ringer solution
was lound to be superior to Krebs bicarbonate buffer,
in terms ol pH control and buffering capacity, espe-
cialIy during any prolonged period ol liver perfusion.
A pH ol 7.2 is chosen lor perfusion since this is the
physiological pH ol the portal blood. The presence ol
albumin was important as an oncotic agent, particu-
larly when erythrocytes were used in the perfusate.
Perfusion pressure, resistance, and vascular volume
are flow-dependent and the inclusion ol erythrocytes
in the perfusate substantially altered the flow charac-
teristics lor perfusion pressure and resistance but not
vascular volume. Lignocaine extraction was relatively
flow-independent. Perfusion injury as defined by en-
zyme release and tissue fine structure was closely re-
lated to the supply ol O2, The optimal conditions lor
liver perfusion depend upon an adequate supply ol ox-
ygen. This can be achieved by using either erythro-
cyte-free perfusate at a flow rate greater than 6 mI/
min/g liver or a 20% erythrocyte-containing perfusate
at 2 mI/min/g. ~ 1996 Academic Presa, Inc.

INTRODUCTION

The isolated perfused rat liver is a widely used model
for simulating in vivo conditions, with the advantage of
being able to precisely control experimental conditions.
However, the optimal conditions for perfusion research
remain ill defined in terms of such considerations as
the inclusion of erythrocytes in the perfusing solutions
[1], appropriate flow rates, buffer composition, and the

preferred concentration of albumin [2, 3]. While most
studies report O2 consumption and hile fiow, other mea-
sures ofliver function are less well defined and in many
cases the viability of the preparations used is not well
established.

In this study, we have examined the conditions which
infiuence the viability, integrity, and extraction effi-
ciency ofthe isolated perfused rat liver. The key condi-
tions examined were the nature of the buffer, the pres-
ence of erythrocytes and albumin, and perfusate fiow
rateo Tissue function and viability have been assessed
by many separate procedures including histological ex-
amination of tissues, O2 consumption and hile fiow,
wet:dry tissue weight ratios, enzyme release, perfusion
pressure, multiple indicator dilution (MID) studies,
and lignocaine extraction.

MA~ AND METHODS
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Animals and surgery. Female Sprague-Dawley rats weighing
between 200 and 275 g were obtained from the Medical School,
University of Queensland. AlI animal studies received ethical ap-
proval. Animals were fasted for 24 hr before experimentation. Anes-
thesia consisted of a single intraperitoneal injection of a mixture
of 2.5 mg xylazine, 12.5 mg ketamine, and 0.5 mg diazepam in a
total volume of 350 ,ul. Five hundred units of heparin was injected
into the inferior vena cava to prevent blood clotting. The portal vein
was cannulated with a 16-gauge iv catheter and the liver perfused
with MOPS-buffered Ringer solution at a flow rate of 10 rol/mino
The abdominal inferior vena cava was cut quickly and the flow
rate increased to 0.05-0.15 mI/min/g body weight. The chest ofthe
animal was opened and the inferior vena cava was cannulated via
the right atrium of the heart using a lO-cm length of polyethylene
tubing (Intramedic, Clay Adams, Parsippany, NJ; PE-240, i.d. 1.67
mm). The abdominal inferior vena cava was ligated and the perfu-
Bate outflow was drained to a waste bottle, thereby flushing the
blood from the liver. The hile duct was alBO cannulated using a 5-
cm length of polyethylene tubing (PE-10, i.d. 0.28 mm). Bile was
collected into Eppendorf tubes. Liver wet weight ranged from 4.6
to 6.8 g and averaged 5.7 :t 0.6 g (mean :t SEM). Erythrocytes were
collected from domestic dogs. The dogs were being destroyed under
guidelines approved by the University of Queensland Animal Ex-
perimentation Ethics Committee, and the collection procedure was
approved by the same committee. Blood was collected directly into
collection bags containing citrate (citric acid 3.27 g/liter; sodium
citrate 26.30 g/liter; Tuta Laboratories, Lane Cave, NSW, Australia)
by cardiac puncture. The dog blood was washed three times in phos-
phate-buffered saline, with the buffy coat removed after each wash.
The washed erythrocytes were then further washed with three



82 JOURNAL OF SURGICAL RESEARCH: VOL. 66, NO. 1, NOVEMBER 1996

Peristaltic
Pump

~
Gas
Flow I

PeñU5ate
Flow

FIG. 1. Semidiagrammatic view of the perfusion system. Direction of flow is indicated by arrows.

changes of MOPS buffer (3-[N-morpholino]propanesulfonic acid; The membrane oxygenator generated a partial pressure of O2 of
Sigma, Sto Louis, MO) containing 2% bovine serum albumin (BSA). 576:t 9 mm Hg (n = 16). We found that the p02 of the infiow
The pH of fue MOPS buffer was carefully adjusted with NaOH so samples was greatly affected by fue mode of specimen collection. If
as to achieve the desired pH of 7.2 after the 20% (v/v) erythrocytes the sample was collected by a plastic syringe inserted into the injec-
were added to the buffer. The hematocrit of the final suspension tion port, the p02 obtained would be about 50-100 mm Hg lower
was determined to a value of 15.4 :t 1.6%. than that collected by just allowing the perfusate to drip from the

Buffers. Perfusion media investigated were Krebs-Henseleit port into a collection vial which was then sealed before p02 mea-
buffer and MOPS-buffered Ringer solution. Both the Krebs-Hensel- surement. This discrepancy is probably a result of gas exchange
eit buffer [4] and the MOPS-buffered Ringer solution [5] contained turbulence occurring when perfusate was drawn into the syringe.
11.1 mM glucose, with or without 2% dialyzed BSA (Sigma; bovine Laboratory workers unaware of this discrepancy could have re-
albumin fraction V, Cato No. A- 7906). Dialysis tubing was treated ported underestimated p02S and consequently updervalued O2 sup-
with sodium bicarbonate and EDTA before use. Forty grams of BSA ply and O2 consumption (if the infiow sample is taken by syringe
was dissolved in 400 mI ofMOPS buffer (25 mM) anddialyzed for 48 and outflow sample by dripping).
hr with two changes of 4 liters of MOPS buffer. Preliminary studies The outflow perfusate was recycled to the central reservoir for
showed that dialyzed BSA effectively reduced hemolysis of dog eryth- recirculation, except when MID or lignocaine extraction studies
rocytes during liver perfusion studies. The pH of rat portal venous were performed. In these studies a single-pass perfusion design was
blood in vivo was measured as 7.209 :t 0.005 (n = 4) and all studies employed in which a bolus of an indicator or lignocaine solution
were therefore performed at pH 7.2. The pH of the Krebs- Henseleit was injected into the portal vein and the outflow collected for analy-
buffer was adjusted by the amount ofNaHC03 added. The pH ofthe siso Flow rate was regulated by a variable speed pump drive (Mas-
MOPS-buffered Ringer solution was adjusted with 5 N NaOH, before terflex) and maintained constant throughout an experimento The
addition of erythrocytes as described above. Prior to experiments actual rate was determined manually using measuring cylinder and
commencing, all buffer solutions (with Qr without BSA) were filtered timer.
through a 5-Jl.m membrane filter (Millipore, Maidstone, England) to Histological studies. At the conclusion of each experiment, fue
remove any potential microemboli [6]. The osmolality of the MOPS liver was completely excised and freed of any extraneous tissue. Mul-
buffer used was 288 :t 8 mOsm/kg. tiple small samples were taken from each liver (mean 6.3 mm, range

Perfusion system. The buffer was drawn from its reservoir by a 2-9 mm) and placed in 10% neutral buffered formalin (SEA Trading,
peristaltic pump (Masterflex; Cole-Parmer Instrument Co, Chicago, Brisbane, Australia) for histological examination. Sections were ex-
IL) and passed in sequence through a bubble trap with in-line filter, amined blind and the extents of apoptosis and necrosis graded sepa-
a membrane oxygenator comprising 4 m of coiled silastic tubing (Dow rately (O to 3+). The remaining liver was carefully blotted and the
Corning Co, Midland, Michigan; i.d. 1.5 mm), a Y-tube connected to wet weight determined. The liver was then placed in an oyen for 24
a manometer, and eventually into the portal vein of the animal hr at 80°C, after which time fue dry weight was determined, and fue
through a Teflon cannula (Fig. 1). The inclusion of an injection port wet:dry weight ratio was calculated.
positioned immediately prior to fue portal vein cannula allowed col- Biochemical studies. pH, p02' pC02, and hematocrit of the col-
lection of portal inflow samples. Outflow samples were collected via lected perfusate were determined with an ABL 520 analyzer (Radi-
the inferior vena cava cannula. The perfusate was stored in a glass ometer, Copenhagen, Denmark) and total hemoglobin and O2 content
reservoir standing on a magnetic stirrer. The perfusion system was (vol%) were measured with an OSM3 analyzer (Radiometer) op-
housed in a perfusion cabinet with temperature and humidity main- erating in fue dog mode. Hepatic oxygen consumption (Jl.mol/min/g
tained by a water bath undemeath. liver) was determined by the formula
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The mean transit time (M1vr) for each solute was calculated from
the ratio ofthe area under the first moment curve, i.e., outflow con-
centration time-time profile (AUMC) to the area under the curve
(AUC), i.e., MTr = AUMC/AUC. The volume of distribution for each
marker was then estimated from the product of MTr and flow rate
[8]. The resistance was estimated as the observed perfusion pressure
corrected for catheter effects divided by the observed flow rateo

Lignocaine extraction. Lignocaine extraction across the liver was
used as a viability measure for the efficiency of hepatic metabolism
[9]. Lignocaine was given as a bolus injection (approximately 20 p.g
in 100 p.l) and the outflow from the liver collected for 5 mino A 10-
m! sample was taken from this pooled collection and lignocaine ex-
tracted on 1-m! phenyl bond-elute columna (Varian, Harbor City,
CA). The lignocaine was eluted with 17.5% (v/v) acetonitrile in phos-
phate buffer. Lignocaine was measured by injection onto a reverse-
phase HPLC system (Waters, Milford, MA) with detection at 210
nro. The lignocaine extraction was estimated as the total amount of
lignocaine recovered in the perfusate divided by the dose injected.

Statistical analysis. AlI values are expressed as means :t SEM.
Experiments were carried out in triplicate unless stated otherwise.
Results were considered significant if P was <0.05 when compared
by ANOVA or Student's t test.

0.0 0.5 1.0 1.5 2.0 2.5

Perfusion Time (hr)

FIG. 2. Changes in perfusate pH dUring prolonged perfusion of
rat livers with MOPS-buffered Ringer solution or Krebs-Henseleit
bicarbonate buffer. Isolated rat liver was perfused with MOPS-buf-
fered Ringer solution (O) or Krebs-Henseleit bicarbonate buffer (8)
for a period of 2 hr. The Krebs-Henseleit buffer was equilibrated
with 5% CO2 and 95% O2 and the MOPS buffer was equilibrated
with 100% O2, The perfusate was not recirculated and pH of the
outflow from the liver was determined at regular intervals. Data
shown were obtained from single typical experimento

RESULTS

and oxygen supply (JI,mol/min/g liver) was determined by the formula

inflow O2 content
f1l.. h x ow rateo

lver wet welg t

MOPS buffer was more effective than Krebs-Hensel-
eit buffer at controlling perfusate pH as shown in Fig.
2. A comparison of various indices of liver function be-
tween the two buffer systems is shown in Table 1. The
only significant difference was in the wet:dry weight
ratios, which were significantly lower when MOPS
buffer was used.

ln the absence of albumin, wet:dry weight ratios of
livers after 3 hr of perfusion were significantly higher
than in the presence of undialyzed albumin (3.92 :t:
0.04 versus 3.23 :t: 0.04; P < 0.001), indicating the
development of significant tissue edema in the former.
Hemolytic indices of the perfusate during a 2-hr perfu-
sion were algO much higher in the absence of albumin.
Dialysis of the albumin before use resulted in a further
lowering of the hemolytic index as shown in Fig. 3. It
should be noted that these differences in hemolytic in-
dex are associated with significant LD release (>50 U/
liter) although no hemolysis is apparent on naked eJe
examination.

Sodium, potassium, aspartate transaminase (AST), and lactate de-
hydrogenase (LD) were determined with a Hitachi 747 analyzer (Hi.
tachi, Tokyo, Japan). Hemolytic index, which indicates the extent
of hemolysis, is automatically calculated on the Hitachi 747 from
differential wavelength readings at 408, 505, 570, and 600 nro, and
was routinely determined on all samples containing dog erythrocytes.
(A hemolytic index of 100 equates to approximately 1 g of free hemo-
gIobin per liter of solution.) Because LD may be released from either
erythrocytes or hepatocytes, the hemolytic index was an integral part
of determining the source of any increases in LD activity. Where
necessary, fue source of LD was followed up by isoenzyme fraction-
ation on agarose gel [7].

Multiple indicator dilution studies. MID technique used in this
study essentially foIlows the methodology utilized in previous studies
[3]. The injectate used to define the vascular, extracellular, and total
water volumes consisted of [SH]H2O (1 jJ.Ci), ['4C]sucrose (0.2 jJ.Ci),
and 125I-BSA (2 jJ.Ci) in 50 jJ.l ofperfusate. The injectates were deliv-
ered as rapid boluses via the inflow catheter, and their effiuent was
collected at 1- to 2.5-sec intervals ayer fue initial 70 seco AlI samples
were stored at 4°C prior to analysis. All outflow samples and appro-
priate injectate dilutions were centrifuged and 100 jJ.I of supernatant
was transferred to an Eppendorf tube. Two hundred microliters of
acetonitrile was added and all samples were centrifuged again, prior
to samples being taken for counting of gamma radiation (Packard
Cobra 111 gamma counter; Downers Grove, IL) and beta radiation
(1600TR series liquid scintillation counter; Packard). The outflow
concentration for each solute at each collection time was expressed
as a fraction ofthe injected clase per milliliter in the perfusate eluting
at fue midpoint of fue collection intervalo The total recovery of all
solutes was assessed from fue area under the outflow concentration-
time profile (AUC), the measured perfusate flow rate, and fue
amount of marker injected (Dose), using the trapezoidal rule for
integration:

TABLE 1

Comparative Indices oí Liver Function in Livers
Perfused with either MOPS or Krebs-Henseleit Bu:ffers

Krebs-
Henseleit

MOPS
bufferParameter

Bile flow (¡;,Vrnin/g)
O2 consumption(¡;,moVminlg)
LD release (U/g/120 min)
AST release (U/g/120 min)
Wet:dry weight ratio

0.62 :!: 0.03
1.9 :!: 0.1

47.5 :!: 7.3
5.9 :!: 1.6
3.6 :!: 0.2*

0.57:!: 0.06
1.8 :!: 0.03

72.4 :!: 18.4
10.3 :!: 2.6
4.0 :!: 0.1*

AUC
Dose

% recovery = x flow rateo

Note. Rat livers were perfused at 3.5-4.5 mI/min/g with the eryth-
rocyte-free buffers which contained 2% BSA. The livers were removed
for weight determination at the end of fue perfusion. The values are
expressed as means ::!: SEM (n = 4 for MOPS and n = 3 for Krebs-

Henseleit).
*p < 0.05, unpaired t test.
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FIG. 3. Effect of albumin and dialysis upon the hemolytic index.
MOPS-buffered Ringer solution containing noBSA ('\7), 2% undia-
lyzed BSA (8), or 2% dialyzed BSA (O) wás pumped through fue
perfusion system without the rat liver for a period of 60 mino The
buffer was sampled at regular intervals for the determination of
hemolytic index. Data shown were obtained from single typical ex-
periment.
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FIG. 5. Dependence of enzyme release on O. consumption. (A)
Release of LD and (B) release of AST from perfused rat livers as a
function of O. consumption. lsolated rat livers were perfused with
MOPS-buffered Ringer solution with (8) or without (O) dog erythro-
cytes for 2 hr. Data are plotted as means :t SEM &om a group of
three animals at each value of O. consumption indicated.

The effect of O2 supply and O2 consumption on vari-
ous parameters of liver function is shown in Figs. 4
and 5. From Fig. 4 it is apparent that hile flow is very
dependent upon O2 supply until a critical value of ap-
proximately 3.5 ,umol/min/g of liver is reached, for per-
fusion in the presence or absence of erythrocytes. At
this oxygen supply, the hile flow was 0.93 :t: 0.06 ,ul/
min/g liver measured at 1 hr after onset of perfusion
and 0.72 :t: 0.06 ,ul/min/g at 2 hr. The average hile flow
ayer the 2-hr perfusion period was 0.82 :t: 0.10 ,ul/-
min/g.

Similarly, wet:dry weight ratios are higher at O2 sup-
ply values below 3.5 ,umol/min/g liver for perfusion in
the absence of erythrocytes, though the differences are
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not statistically significant (at O2 supply of 1.7 Ji,moV
min/g the wet:dry weight ratio was 3.87 :!:: 0.25, and at
O2 supply of 4.7 Ji,moVmin/g the ratio was 3.43 :!:: 0.13;
P > 0.2). For perfusion in the presence of erythrocytes,
the wet:dry weight ratio stayed low at approximately
3.3-3.5. An O2 supply of 3.5 Ji,moVmin/g of liver corre-
sponds to an O2 consumption of 2.3 Ji,moVmin/g in the
absence of erythrocytes and appears to be the critical
O2 requirement for healthy liver tissue from fasted ani-
mals. This is confirmed in Fig. 5 which shows the en-
zyme release at different O2 consumptions, in the pres-
ence or absence of erythrocytes. Oxygen consumption
was matched by adjusting flow rates. There was effec-
tively no enzyme released when erythrocytes were
present (minimum O2 consumption possible was 1.9
Ji,moVmin/g, due to flow considerations), though en-
zyme release was observed in the absence of erythro-
cytes up to and including an O2 consumption of 2.3
Ji,moVmin/g. When the O2 consumption was identical
(2.3 :!:: 0.1 Ji,moVmin/g), there was significantly less LD
enzyme released when erythrocytes were present (in
the presence of erythrocytes 19.5 :!:: 3.5 U/gi120 min;
in the absence of erythrocytes 38.3 :!:: 4.3 U/gi120 min;
n = 3, P < 0.03). Thus it appears that erythrocytes
offer Borne protection from damage that is separate
from their ability to provide adequate O2.

Histological assessment was performed on alllivers.
N ecrosis occurred to varying degrees in a1l animals in
the group with lowest oxygen consumption, but not in
other groups. Compare Figs. 6a and 6b which show
histology of liver after a 2-hr infusion at an O2 con-
sumption of 2.8 Ji,moVmin/g liver, in the presence of
albumin but without erythrocytes, and Figs. 6c and 6d
which show a section of liver 2 hr after an infusion at
an O2 consumption of 1.3 Ji,moVmin/g liver, algo in the
presence of albumin but in the absence of erythrocytes.
In the former experiment LD release was 18.2 U/gi120
min, AST release was 2.4 U/gi120 min, and appearance
on histology was normal. In the latter, LD release was

-+- --++o~

5 10 15 20

Oxygen Supply (IJ.mol/min/g liver)

FIG. 4. Dependence of hile flow and wet;dry tissue weight ratio
on oxygen supply. (A) Change in hile flow and (B) change in wet:dry
weight ratio as a function of oxygen supply. Isolated rat livers were
perfused with MOPS-buffered Ringer solution with (.) or without
(O) dog erythrocytes for 2 hr. The different levels of oxygen supply
determined were a result of perfusing the livers of different animal s
at different flow rates or different hematocrits. Data are plotted as
means :t SEM from a group ofthree animals at each value of oxygen
supply indicated.



FIG. 6. Histological comparison of tissue perfused in the absence of erythrocytes, above and below the critical O2 consumption of 2.3
JLmol/min/g. (a) and (b) Histologically nonnalliver (H&E, original magnüication a x130, b x165). Oxygen consumption was 2.8 JLmol/min/
g liver, LD release was 18.2 U/l/120 min, and AST release was 2.4 U/1/120 mino (c) and (d) Early atinar zone 2 and 3 necrosis manifested
by altered staining, altered size and shape, and fine cytoplasmic vacuolation ofhepatocytes (H&E, original magnmcation c x110, d x175).
Oxygen consumption was 1.3 JLmol/min/g liver, LD release was 112.6 U/1/120 min, and AST release was 19.0 U/l/120 mino Arrowheads,
portal tracts; arrows, tenninal hepatic venules.
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change in pressure, resistance, or distribution volumes
ayer the 2 hr of perfusion. A slight increase in pressure
was observed in the third hour (not shown). There is a
direct, almost linear relationship, between pressure
and flow for both e¡ythrocyte-containing and erythro-
cyte-free perfusate with a slightly higher pressure be-
ing observed for perfusate containing erythrocytes (Fig.
7 A). As a consequence, fue resistance is relatively unaf-
fected by the flow rate used (Fig. 7B). Consistent with
fue flow dependence of pressure, the vascular volumes,
as defined by BSA, in Fig. 7C algO show an apparently
linear increase with a changing flow. Figure 7C algO
shows that the distribution of sucrose and water in the
perfused liver are linearly related to flow rateo The
distribution of these solutes relative to albumin were
independent of flow rate suggesting that no edema was
presento Figure 7D shows that lignocaine extraction is
enhanced by the presence of erythrocytes in the perfu-
Bate at flow rates less than or equal to 4 mJ/min/g of
tissue (greater than 90% extraction). There was no dif-
ference between the two perfusates at a flow rate of 6
mJ/min.
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FIG. 7. Dependence of perfusion pressure, resistance, volume of
distribution, and lignocaine extraction on fiow rateo (A) Perfusion
pressure, (B) resistance, and (D) lignocaine extraction as a function
of fiow rateo Isolated rat livers were perfused with MOPS-buffered
Ringer solution with (8) or without (O) dog erythrocytes for 2 hr.
Perfusion pressure was determined &om fue height of perfusate re-
corded on fue manometer attached to the perfusion system. It is
expressed in mm Hg assuming the speclftc gravity of perfusate is
the same as water and fue specific gravity of mercury is 13.534. (C)
Volumes ofdistribution as a function offiow late. The indicators used
included [~]H2O in the presence (8) and absence (O) oferythrocytes,
r.C]sucrose in fue presence (T) and absence ('1) of erythrocytes, and
126I-BSA in the presence (O) and absence (.) of erythrocytes. Flow
rate was regulated by a variable speed pump drive and maintained
constant throughout an experimento Data are plotted as means :t
SEM &om a group of three animals at each value of fiow rate indi-
cated.

The isolated perfused liver has a limited viability
even when studies are performed under optimal condi-
tions. Under usual conditions it may be maintained for
,¡approximately 3-4 hr [2, 3]. Nevertheless, ifmeaning-
fuI biological questions are to be posed and answered,
as near optimal conditions as possible must be utilized.
It must algo be remembered that damage to the liver
may not manifest for Borne time (for example, enzyme
release from an anoxic liver may not eventuate for
nearly an hour after perfusion has commenced) and to
b~valid either studies must be performed for sufficient
time for damage to be able to manifest or initial studies
must demonstrate the validity ofthe experimental con-
ditions.

A variety of criteria have been used to define the
functioning and viability ofisolated perfused rat livers.
These criteria include O2 consumption, gluconeogene-
gis, redox state, hile flow, gross morphological appear-
ance of the liver, clearance of carbon particles, and drug
extraction [2, 3]. While Borne studies haye examined
the role of variables such as hematocrit [10], we are
not aware of any study which has attempted to interre-
late liver integrity, physiology, O2 and drug extraction
efficiency, erythrocyte presence, and perfusate flow
rateo

It is generally agreed that the most important agents
in determining tissue viability are the perfusate compo-
sitian and 02-carrying capacity [2]. Hardison and Wood
[11] suggested that bicarbonate, present in Krebs-
Henseleit buffer is required to maintain the hile salt-
independent fraction of hile flow. Our study, however,
shows that the MOPS buffer which contains no bicar-
bonate is at least as effective as, if not superior to,
Krebs-Henseleit buffer in supporting hile flow and
other viability índices (Table 1). Gores et al. [2] algO

112.6 U/gi120 min, AST release was 19.0 U/gi120 min,
and histology showed early acinar zone 2 and 3 necro-
gis, reflecting more severe cell injury at low levels of
O2 consumption.

The effect of changes in portal flow rate on hepatic
circulation is shown in Fig. 7. There was no significant
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suggested that the Krebs- Henseleit buffer maintains
a stable pH when equilibrated with a 95% Oz :5% COz
atmosphere. We have found that fue perfusate pH in-
creased with time when using Krebs-Henseleit buffer
(as illustrated in Fig. 2). Rat portal blood has a pH of
7.2, thus the pKa of MOPS buffer of 7.2 makes it an
ideal buffer for liver perfusion studies. We found that
there was less change in pH of the perfusate pool (Fig.
2) and less tissue edema developed when MOPS was
used instead of Krebs- Henseleit buffer (Table 1). Mis-
chinger et al. [12] had reported falling pH over a 3-
hr perfusion period with the Krebs-Henseleit buffer,
whereas Schmucker and Curtis [13] found the pH of
Krebs-Ringer bicarbonate perfusate to increase dur-
ing aerobic perfusion. OuT result indicated an initial
fall in pH followed by gradual rige. Control of perfusate
pH is of critical importance as it has been shown when
studying the development of reperfusion injury in iso-
lated perfused liver that changes in pH are closely re-
lated to fue degree of injury observed [14]. We have
chosen a pH of 7.2 for OuT perfusion experiments since
this is the physiological pH ofrat portal blood we deter-
mined. We feel that such a pH is more appropriate than
a pH of7.4 used by most workers in this field [15-17].

Isolated organs have a time-dependent tendency to
absorb water, as with a relatively protein-free medium,
water gradually escapes from the vascular space and
interstitial edema develops [6]. In OUT recirculating sys-
tem, we found that presence of dialyzed BSA was im-
portant. In the absence of BSA, significant edema de-
veloped as assessed by wet:dry weight ratios. In addi-
tion, significant hemolysis occurred as assessed by the
hemolytic index. This is consistentwith the findings of
Hems et al. [15] who reported thatomission ofalbumin
from the perfusion medium caused gross swelling of
the liver and exudation of Huid from the surface, but
varying the albumin concentration between 1.5 and 6%
made no difference. Rosini et al. [18] algO found that
in the absence of an oncotic agent, release of cytosolic
enzymes into the perfusate increased as the oncotic
pressure decreased. We had similar findings with BSA
when LD and AST were measured (data not shown).
OuT results are at variance with those of Mischinger
et al. [12] who found increased tissue damage in the
presence of BSA. They apparently did not dialyze their
albumin before use and we found that dialysis reduced
the extent of hemolysis further. There is certainly
batch to batch variation of albumin and failure to dia-
lyze may have contributed to the discrepancy between
results.

The values of wet:dry weight ratio obtained in the
present study (Table 1, Fig. 4) compare well with those
of Exton and Park [19] who found that in fasted rats
the ratio was 3.78 before perfu~ion and 3.85 after perfu-
sion for 2 hr. The hile How values obtained are algo
comparable to those reported in the literature [2, 3].
The observed dependence ofbile How on oxygen supply
(Fig. 4) conflrms that reported by Schmucker and Cur-
tis [13].

The Oz consumption consistent with viable tissue

varies depending upon whether animals are red or
fasted. For red animal s it has been suggested that O2
consumption should be greater than 2.0 j.lmol/min/g
liver weight [2]. For fasted animals O2 consumption
may be as low as 1.1 j.lmol/min/g liver. Our data indi-
cate that in the absence of erythrocytes, an O2 con-
sumption of approximately 2.3 j.lmol/min/g liver is the
critical O2 requirement for healthy liver tissue from
fasting animals. However, in the presence of erythro-
cytes, little enzyme release occurred at O2 consumption
as low as 1.9 j.lmol/min/g liver. This study indicates
that erythrocytes are doing something in addition to
simply delivering O2 and that in some manner they
ameliorate the damage observed at that O2 consump-
tion rateo The exact nature of this beneficial effect is
unknown but it has been postulated that when erythro-
cytes are absent from the perfusate, endothelial cells
may change their shape, grow larger within the lumen,
and thus create an obstacle to the free perfusion of
sinusoids [20].

We have algO studied the relationship between hema-
tocrit and hepatic oxygen consumption (data not
shown). The results obtained were similar to those re-
ported by Riedel et al. [10], i.e., increasing the hemato-
crit of the perfusate increased the uptake of oxygen at
a given flow rateo

llitimately, tissue viability is judged by the gold
standard of histological appearance [13, 21]. We have
demonstrated a relationship between histological ap-
pearance of damage, hepatocyte enzyme release (LD
and AST), and O2 consumption rates. Our findings
agree with those of Hanks et al. [22] who observed
that perfusion of rat livers with 10% erythrocytes was
associated with enhanced O2 delivery and less cellular
injury compared to perfusion with cell-free buffer solu-
tion. Schmucker and Curtis [13] algo reported that the
fine structure ofhepatocytes was best preserved in liv-
ers perfused with dilute blood in comparison to perfu-
sion with hemoglobin-free medium.

In addition to these basic indices of tissue viability,
we have studied several other useful technical proce-
dures in this current work. The availability of the he-
molytic index is an important technical advance in
studies ofthe perfused liver when erythrocytes are con-
tained in the perfusate. The potential for confusion as
to the source of LD is removed by use of this index. In
addition, subtle changes such as those indicated above,
i.e., the effect of albumin and dialysis on erythrocyte
hemolysis, can only be identified by means ofthe hemo-
lytic index.

The relationship between perfusion pressure and re-
sistance with perfusate flow rate is similar to that re-
ported by Le Couteur et al. [23] for erythrocyte-free
perfusate. The addition of erythrocytes increases both
the perfusion pressure and the resistance (Figs. 7 A and
7B). The portal vein pressures observed in this work
are less than the 8 to 10 mm Hg reported for the liver
[2] and may result in an uneven distribution of perfu-
sate in the liver. However, injection of Evans blue into
the liver using albumin-free perfusate demonstrates an
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