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ABSTRACT

Isolated rat livers were perfused for 90 min. with oxygenated KRB at 37°c,
oxygenated KRB at 43°C, or inadequately oxygenated KRB, containing low glucose,
at 83°C. Bile production and GPT, GOT, and K* released into the perfusate were
measured at zero time and every 15 min. All livers (8 per group) were processed
for light and electron microscopy at the end of the 90 min. period. Control livers
(37°C) were normal in all aspects monitored. Heat alone inhibited bile production
after 435 min. and induced elevations in GPT, GOT and K* which reached peak

levels in 60 min. Light and electron microscopic structure revealed focal

hepatocellular damage and generalized endothelial damage. The addition of
hypoxia and hypoglycemia to 43°C heat exposure inhibited bile production after

30 min. GPT, GOT, and K" release reached peak levels after 45 min. Structural
changes were similar to those produced by heat alone except severe damage was

uniformly distributed throughout the livers.
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Introduction
Focal hepatic necrosis is a common finding in both humans!® % % % 3 ang
anlmnls" ’ suffering from hyperthermia. These lesions have been described in
Cross country nnnen’. Bantu mlners’. therapeutically hyperthermic patlents’ and
in rats where hyperthermia was induced by either exhaustive exercise or sedentary
heating® 72,

Since the lesions were usually centrilobular, ischemic injury has been
considered as a possible cause of the hepatic changes7’w

such as the direct effects of heated blood?’!!

. However, other causes,

12 on labile

and undefined toxins
populations of cells, have been suggested. Unfortunately, studies concerning the
pathogenesis of heat-induced hepatic necrosis have been hampered by the
complexities of systemic manifestations occurring during heatstroke.

The isolated perfused liver, studied under precisely defined conditions, pro-
vides a means for evaluating the effects of individual or combined parameters on

2 utilized this preparation to assess

this organ. For example, Collins and Skibbal
tolerance to the range of temperatures used in thermotherapy for cancer. In their
work, metabolism of glucose, urea production and oxygen consumption declined
between 42°C and 43°C. More recently, Collins et al.!* observed a decrease in
protein synthesis, RNA systhesis and DNA synthesis at 39°, 41° and 42°C,
respectively.

This report, utilizing a similar method, compares clinical and pathological
parameters of organs perfused at ¢3°C, and those made hypoxic and hypoglycemic
while perfused at 43°C with control livers perfused at 37°C. Bile production,
transaminase release, K* release, and light and electron microscopic structure

were used as measures of hepatic integrity. The direct effects of heat and their

amplification by hypoxia with hypoglycemia are discussed.




Materials and Methods
Livers were isolated from 24 Charles River CD strain male rats (mean weight

810g + 61 SD) according to a procedure similar to that of Miller'>

3 however, the
bile duct was cannulated with a B-D 20 gauge 1-1/2 in. IV Cath connected to
silastic tubing which allowed bile to drain into a tuberculin syringe with 0.0lcc
graduations. Just prior to ligation of the portal vein for cannulation, one cc of
heparin (1,000 units/cc) was infused into this vein and allowed to circulate for one
minute. The portal vein was then ligated and cannulated with a glass cannula which
was connected to the perfusion apparatus at all times. The vena cava was then cut
at the diaphram and perfusion was initiated allowing flow of oxygenated fluids
throughout the extraction procedure. This reduced the time between portal
ligation and actual perfusion. Another one cc of heparin was added to the
perfusate entering the portal cannula.

The perfusion apparatus is illustrated in figure 1. Individual units were
enclosed in water jackets for adequate temperature control. A 6 litre flask sup-
plied warm oxygenated Krebs-Ringer bicarbonate, containing 0.14% glucose, to the
reservoir (#1) on a continuous basis since the perfusate was not recirculated. The
solution was oxygenated by bubbling 95% O, -5% Co, through spargers submerged
in the fluid of both the reservoir and the 6 litre flask. The pH was adjusted to 7.4
with either 0.IN KOH or 0.IN HCL using an automatic titrator (Radiometer Inc.).
Oxygenated fluid was pumped from the reservoir through a rice paper filter (#2) to
a peristaltic pump. Fluid then flowed through a Y shaped manometer-bubble
breaker (#3) which indicated perfusion pressure, allowed bubbles to escape, and the
solution to bypass the liver when the perfusion pressure exceeded 26 cm of water.
Perfusion pressure was recorded with Statham pressure transducer (#4), connected

to a Grass model 7 recorder. Perfusing solution then circulated through a 10/30
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glass joint (#5) designed to hold a Clark O, electrode, also connected to the

recorder. The fluid proceeded through a small heating condenser (#6) connected to
a glass portal cannula which was inserted into the portal vein of the liver.
Perfusate exited the transected vena cava of the liver and out through the bottom
of the perfusion chamber (#7) to another 10/30 glass joint (#3) containing a second
Clark O, electrode. Finally, the fluid dripped into a collecting funnel leading o a
collection vessel. The position of the gas humidifier (#9) is also shown in figure L.
A needle thermocouple, not showing, was inserted in the tubing attached to the
portal cannula to monitor incoming temperature.

All connections between units were made with latex tubing. The temperature
of the perfusing solution was controlled by adjusting five water baths which
supplied the water jackets, and by adjusting current to a Clayborn heating tape (not
shown) which was wrapped around the latex tubing leading from the condenser (#6)
to the glass portal cannula. This arrangement allowed temperature control within +
0.2°C. In order to insure that the changes observed in the liver were due to the
experimental variables and not to changes induced in protein perfusing solution,

16 and Goodman

albumin and red blood cells were not used. Schmucker et al.
et al." demonstrated that the perfused liver could be maintained without RBC
with a flow rate about 30 ml/min. A flow rate of 40 ml/min. and a PO, above
300 mm Hg were employed with all but the hypoxic group.

A group of eight livers was perfused at 37°C and samples of perfusate exiting
the livers, taken at 0 time and every 15 min. for 90 min., were analyzed for
glutamic-pyruvic transaminase (GPT) and glutamic-oxaloacetic transaminase (GOT)
using a Gilford 3402 automatic enzyme/end point analyzer and Worthington/Gitford

Statzyme Kits. Potassium was measured with a Beckman Klina flame photometer.

A reading of accumulated bile was taken every 15 minutes. At the end of the 90
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minute period, the livers were either perfused with Karnowsky's fixative
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portions of the median lobe taken for light and electron microscopy, or separate
slices were placed in neutral buffered formalin or 2% glutaraldehyde in cacodylate-
sucrose buffer, and processed for light and electron microscopy. A second group of
eight livers was perfused in thé same manner as controls except the perfusing
solution was maintained at 43°C. A third group of eight livers (hypoxic-
hypoglycemic) was also perfused at 03°C, but the perfusing solution was
oxygenated (90257) with a gas containing 12% O,, 5% CO, and 83% N,. In this
case, the perfusing solution contained only 0.0014% glucose and the flow rate was
set at 10 ml/min. to further ensure the degree of hypoxia. Samples were taken as
described for control livers.
Results

Figure 2 shows bile production of the three groups of perfused livers. Bars
indicate SEM and points without them had SEM smaller than the point size.
Control livers (37°C) produced bile in a linear manner over the course of the
experiment. Bile production by the hyperthermic group (43°C) was reduced after
30 min. and reached a plateau after 45 min. The hypoxic-hypoglycemic
hyperthermic group perfused at 43°C (HHH-43% produced much less bile and
reached a plateau after 30 min. Neither GPT nor GOT was detected in perfusate
from control livers (Figs. 3 and 4). Perfusion at 43°C raised GPT and GOT levels
after 45 min. with both reaching peak elevations at 60 min. The HHH-43°C group
produced elevated GPT and GOT after only 30 min. and both enzymes reached
peaks after 45 min. Since the flow rate of this group was reduced, the dotted lines
show the curves corrected for the reduced flow rate.

17

As observed by others °, control livers released potassium at a slow rate

throughout the perfusion period (Fig. 5). The 43°C group released potassium at a
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slightly higher rate which reached a peak at 60 min. As with the enzyme release,
potassium release in the HHH-43°C livers was greater and reached a peak after 43
min.

With the exception of occasional dilation of sinusoids (Fig. 6), the light

microscopic appearance of control livers was completely normal. Perfusion at

43°C for 90 min. resulted in dissociation of hepatocytes (Fig. 7). Necrosis of
individual hepatocytes also 6ccurred, but a zonal pattern was not discernible. The
severity of these changes varied from one lobule to the next (Fig. 8). The
HHH-43°C group (Fig. 9) showed changes similar to those produced by heat alone,
but hepatocellular dissociation was more severe and generally involved the majority
of lobules in a given section.

The ultrastructure of control (37°C) livers perfused for 90 min. was normal
(Fig. 10). Both the heated (43°C) group (Fig. 11) and the HHH-43°C group (Fig. 12)
were severely damaged. In both cases, endothelial cells were lost, microvilli were
reduced in size and numbers, and cytoplasmic membranes of hepatocytes were
frequently ruptured. Some hepatocytes in the group exposed to heat alone (43°C)
retained nearly normal appearance with microvilli present, although sinusoidal
endothelium was either diminished or missing. In both heated groups, mitochondria
contained flocculent dense material.

Discussion

Hyperthermia in rats induces clinicallg, histological and ultrastructural
changc.es7 which are similar in many respects to those described in humansz’ 3 « This
work demonstrates that heat alone (43°C) inhibits bile production after &5 min.,
and, at the same time, induces leakage of transaminases and K*. According to

these parameters, damage is maximal after sixty minutes at 43°C,

Throughout the experiments there were no indications of damage to control
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livers except for slow leakage of potassium. Although Karnowsky's fixative was

adequate for processing control tissue for both light and electron microscopy, it
resulted in periportal shrinkage in the experimental livers. This was probably due
to the effects of its high osmolarity on damaged cells. Fixation with glutar-
aldehyde for electron microscopy and formalin tér light microscopy alleviated this
préblem, although this latter procedure necessitated use of tissue slices rather than
perfusion fixation.

Tissues were processed for light and electron microscopy at the end of the
experimental period (90 min.). At this time, dissociation of hepatocytes was a
prominent feature at the light microscopic level, although some areas appeared to
be nearly normal in the group exposed to heat alone. Electron microscopy revealed
that endothelial cells were usually either damaged or missing even in areas where
adjacent hepatocytes retained nearly normal structure. Thus, it appears that
endothelial cells were injured early in the evolution of direct heat-induced hepatic
injury.

The imposition of hypoxia and hypoglycemia, in addition to hyperthermia
('03°C), resulted in amplification of the same type of changes observed in livers
exposed to heat alone. Bile production ceased 15 min. earlier than in those exposed
to heat alone. This was followed by peak elevations of transaminases and K'. In
this group (HHH-43°C), the histological and ultrastructural changes were essential-
ly uniform throughout the lobes examined. These alterations differed from those
induced by heat alone only in degree.

This observation that the addition of hypoxia and hypoglycemia changed only
the extent of structural damage, and the time and extent of enzyme leakage
indicates that either one or both of these additional stresses potentiate the effects

of heat. Read et al.zo

indicated that hepatic anoxia augmented the toxic effects
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of hepatic hyperthermia when dogs were subjected to extracorporeal liver
perfusion. Hanisiadis et al.Zl also found that hypoxic cells were more sensitive to
heat than aerobic cells, but Kim et al.22 found no difference in the sensitivity of

hypoxic and aerobic cells to heat. Since both the Jatter two conflicting reports

were related to exposure of cultured cells to hyperthermia in cancer therapy, the

ev-aluatlom of organ responses may be more relevant.

Kew et al., and Willis et al.8 described electron dense matrical material in
mitochondria of hepatocytes from heatstroke victims and therapeutically hyperf
thermic patients which closely resembles that observed in mitochondria of this
report. Flocculent mitochondrial densities are thought to represent denatured

matrical protein and are commonly observed in cells which have been irreversibly
injured?3.

The changes observed in heated isolated perfused livers are similar in many
respects, although not identical, to those observed in both intact animals and in
humans. Thus factors other than heat alone probably contribute to the character of
the lesion in the intact animal, but different time/temperature relationships may
also result in modification of the nature of the injury. This is supported by the
work of Collins et al.” which indicated that different metabolic processes are

altered at different temperatures.




] Acknowledgements
The authors wish to thank Mr. R. C. Daum for technical assistance and

Mr. Willard Hall for glass blowing services.




"h'conducun; the research described In this report, the investigators adhered to
the '‘Guide for Laboratory Anlml Facllltles and Care', as promulgated by the
Commltm on thc Guide tor Lubontory Anlmnl Facllltl« nnd Care of the Imtlttm
of Laboratory Animal Resources, National Academy of Sclences - National
‘Research Council." |

"The views, opinions, and/or findings contained in this report are those of the
author(s) and should not be construed as an officlal department of the Army

position, policy, or decision, unless so designated by other official documentation.”




TR o,
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Fig. 2 -

Fig. 3 -

Fig. ¢ -

Fig. 5 -

Fig. 6 -

F‘gc 7 -

Fig. 8 -

Explanation of Figures
Perfusion apparatus: reservior 1, filter 2, bubble breaker-manometer 3,
pressure transducer &4, receptor for 02 electrode 3, warming condenser 6,
perfusion chamber 7, receptor for C)2 electrode 8, gas humidifier 9.

Bile production by control livers was nearly linear over the perfusion
period. Heat alone inhibited bile production after 43 min. The combined
effects of heat, hypoxia and hypoglycemia (HHH) inhibited bile production
after 30 min. Bars indicate SEM. No bars were used when the SEM was

less than the point size.

Control livers released no detectable GPT. Heat alone induced release of
GPT which reached a maximum after 60 min. Combined stressors heat,
hypoxia and hypoglycemia (HHH), resulted in maximal release after 45
min. When flow was reduced with the HHH group, a proportional increase
in detected enzyme occurred. The dotted line shows GPT curve for HHH

group adjusted for flow rate.
Release of GOT follows a similar pattern to that of GPT.

Control livers released K* slowly over the 90 min. perfusion period. Peak
levels for the two heated groups occurred at the same times as peak levels

for both enzymes of respective groups.
Control liver, stained with H&E, has normal appearance (X330).

Heated liver, stained with H&E, shows a focal area of severe dissociation

of hepatocytes (X270).

Heated liver, stained with H&E, showing area of milder damage (X230).
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" Fig. 9 - Heated hypoxlc, hypoglycemic liver showing severe dissociation which

occurs throughout the liver (X230).

Fig. 10 - Electron micrograph of control liver. Hepatocytes and endothelium are
normal (X9,000).

Fig. 11 - Electron micrograph of heated liver showing severe damage. Electron’
dense materlal is present in what remains of mitochondria (X135,000).

Fig. 12 - Electron micrograph of heated, hypoxic Hypoglycemic liver showing severe
damage (X15,000).




i
2.
3
.
5.

6.

7.

9.
10.

References

Herman, R. H., Sullivan, B, H: Heatstroke and jaundice. Am J Med
27:154-166, 1959.
Shibolet, S., Coll, R., Gilat, T., Sohar, E: Heatstroke: Its clinical picture and

‘mechanism in 36 cases. Q J Med 36:525-348, 1967,

Bianchi, L., Ohnacker, H., Beck, K., Zimmerli-Ning, M.: Liver damage in
heatstroke and its regression. Hum Pathol 3:237-248, 1972,

Kew, M., Bersohn, I., Seftel, H., Kent, G.: Liver damage in heatstroke. Am J
Med 49:192-202, 1970.

Kew, M. C., Minick, T. O., Bahuy, R. M,, Stein, R. J., Kent, G.: Ultrastructural
changes in the liver in heatstroke. Am J Pathol 90:609-618, 1978.

Hubbard, R. W., Bowers, W. D. Jr., Mager, M.t A study of physiological,
pathological and biochemical changes in rats with heat and/or work induced
disorders. Israel J Med Sci 12:884-386, 1976.

Bowers, W. D. Jr., Hubbard, R. W, Leav, I, Daum, R., Conlon, M., Hamlet, M.,
Mager, M., Brandt, P.: Alterations of rat liver subsequent to heat overload.
Arch Pathol Lab Med 102:154-157, 1978.

Wills, E. J., Findlay, J. M., McManus, J. P. A.:: Effects of hyperthermia
therapy on the liver Il Morphological observations. J Clin Pathol 29:1-10,
1976.

David, H., Uerlings, 1., Grupe, M.t Strukturveranderungen von Leberzellen bei
supranormalen temperaturen. Exp Path 5:2-10, 1971.

Wyndham, C. H:t The physiology of exercise under heatstress. Ann Rev
Physiol 35:193-220, 1973.

§hlbolet, S., Lancaster, M. C., Danon, Y.: Heatstroke: A review. Clin Med
47:280-301, 1976.

12

St

T ———




i e BRI P

@wv)ﬁtﬁms_;m R s

12,

Graber, C. D., Reinhold, R. B., Breman, 1. G., Harley, R. A. Hennigar, G. R.:

" Fatal heatstroke. Circulating endotoxin and gram-negative sepsis as complica-

13

14.

13.

16.

17.

18.

19.

21.

22,

tions. JAMA 216:1195-1196, 1971.
Collins, F. G., Skibba, J. L.: Effect of hyperthermia (37-45°C) on gluco
neogenesis urea synthesis and 02 consumption in the perfused rat liver. Fed

Proc 36:302, 1977.

Collins, F. G., Collins, J. V., Skibba, J. L.: Effect of hyperthermia on DNA,
RNA and protein synthesis in the perfused rat liver. Fed Proc 37:244, 1978.
Miller, L. L.t Technique of isolated rat liver perfusion. Isolated liver
perfusion and its applications. Edited by I. Bartosek, A. Guaitani, L. L. Miller.
New York, Ravin Press, 1973, pp 11-51.

Schmucker, D. L., Jones, A. L., Michielsen, C. E.: An improved system for
hemoglobin-free perfusion of isolated rat livers. Lab Invest 33:168-175, 1975.
Goodman, M. N., Parrilla, R., Toews, C. J.: Influence of fluorocarbon
emulsions on hepatic metabolism in perfused rat liver. Am J Physiol 225:1384-
1388, 1973.

Karnowsky, M.: A formaldehyde-glutaraldehyde fixative of high osmolarity for
use in electron miscroscopy. J Cell Biol 27:137A, 1965.

Hubbard, R. W., Criss, R. E. L., Elliott, L. P., Bowers, W. D., Leav, 1., Mager,
M.: The diagnostic slgnl{lcance of selected serum enzymes in a rat heatstroke
model. Am J Physiol in Press.

Reed, W. A., Manning, R. T., Hopkins, L. T. Jr.: Effects of hypoxia and
hyperthermia on hepatic tissue of the dog. Am J Physiol. 206:1304-1308, 1964.
Harisiadis, L., Hall, E. J., Kraljevic, U., Borek, C.: Hyperthermia: Biological
studies at the cellular level. Radiology 117:447-452, 1975.

Kim, J. H., Kim, S. H., Hahn, E. W.: 5-thio-D-glucose selectively potentiates
hyperthermic killing of hypoxic tumor cells. Sci 200:206-207, 1978.

13




| ORISR SRR SERTERNST R VIV WL e
BiLE
(K
© HHN-43°C
Ve ® HEATED 43°C

' © CONTROL-37°C
L (B ) ﬁ

V.24

e

o (1] 3 L1 0 14 9w




T

S

400

300

200

-

MINUTES

e ————— ——— S B g

5

POTASSIUM RELEASE

L84 © HHH-43°C
# HEATEO-43C
© CONTROLI7°C

e ey e e AT WA 7 e e 7

v'.\

|
|
|
|
|

S







./J/..I.AQ- ' ‘J_ $

LU TEWNT T

3 wf& * 4 ’.N gﬂ..xxﬁ
L 26 BT o Y

Py
W




