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Figure 9.4 a) brainstem and b) cerebral concentrations of
brain amines measured using ether overdose or stunning
(stun) as methods of-sacrifice (see appendix D1). Results
shown are mean + standard error, n = 6 per group.
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Figure 9.5 a) brainstem and b) cerebral catecholamines following PCS in rats.
Results shown are mean =+ standard error, n = 6 per group (see appendix D2).
*P<0.05, **P<0.01, ***P<0.001 (Student's unpaired t-test, compared to time = 0
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error, n = 6 per group (see appendix D3). *P< 0.05,
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preoperative values at 9 weeks (figure 9.6(b)). Both cerebral and
brainstem SHIAA and SHTP concentrations remained elevated throughout
most of the investigation. These results are in keeping with previous
reports that brain biogenic amines are elevated significantly after
portacaval anastomosis in rats (Bengtsson et al 1985, Siemert et al

1978).

9.4.3 Comparison of brain biogenic amine concentrations in PCS and PCT

rats

This series of experiments assessed the degree to which portal
diversion alone contributed to the elevations in brain biogenic amines
previously measured in PCS rats. (The earlier series of experiments
confirmed that the major changes in catechol amines were in dopamine,
and therefore noradrenaline and adrenaline were not included in the
next series of results.) Figure 9.7 illustrates the changes in
brainstem and cerebral levels of dopamine in PCS and PCT rats. As in
the previous series of experiments (figure 9.6), the largest
elevations in dopamine concentrations were found in the brainstem of
PCS rats at 1 and 3 weeks -post operatively. Similar ' changes - were
measured in PCT rat brainstem concentrations figure 9.7(a), suggesting
that these elevations were probably due to portal diversion rather
than hepatic insufficiency. Cerebral dopamine concentrations (figure
9.7(b)) did not rise consistently above control values and were not

significantly different between the PCS and PCT groups.

Figure 9.8 shows the changes in cerebral concentrations of indole
amines in PCT and PCS rats at post-operative time periods up to 15
weeks. Figure 9.8(a) demonstrates that the concentrations of SHT did
not alter significantly in any of the 3 groups. In contrast,

concentrations of SHTP (figure 9.8(b)) and SHIAA (figure 9.8(c)) were
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Figure 9.7 a) brainstem and b) cerebral concentrations
of dopamine following PCS and PCT in rats. Results
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appendix D5). No significant differences were found
between the two groups at any time point (Student's
unpaired t-test).
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higher in PCS and PCT than control rats at most time points. PCS rats
showed higher levels of SHIAA than PCT rats at all time points, but

higher levels of 5HTP at only 3 and 15 weeks.

Figure 9.9(a) shows that there were no differences in brainstem
concentratiqns of SHT between PCS, PCT and control rats except at 15
weeks post operatively. Fiqure 9.9(b) demonstrates that the PCS rat
brainstem concentrations of SHTP were elevated significantly above
control values from 3 weeks onwards. The PCT rats also showed
elevated levels of SHTP up to 9 weeks, which declined to normal at 15
weeks. A coﬁparable pattern was found in brainstem 5HIAA (figure

9.9(c)).

9.4.4 Biogenic amine concentrations in perfused rat brains

Previous work has suggested that alterations in biogenic amines
could be a result of hepatic insufficiency and consequently one of the
causative agents of hepatic encephalopathy (Fischer 1982). The next
series of experiments was designed to assess the changes in biogenic
amines in 1isolated perfused rat brains of PCS and control rats, in
order to clarify whether the changes observed in PCS rats are due to
an intrinsic CNS defect or to the presence of an abnormal liver and

portal-systemic shunting in the intact animal.

In this experiment a series of perfused normal brains had a
comparable survival time to the previous series of perfusions (median
17 minutes, range 15 - 26 minutes, n = 6). Perfused brains from PCS
rats at 7 days afger the operation had a median survival time of 18
minutes (range 16 - 27 minutes, n = 6) and were not significantly

different from control brains.
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Figure 9.9 Brainstem concentrations of a) 5HT, b) 5HTP and
c) SHIAA following PCS and PCT in rats. Results shown are
mean * standard error, n = 6 per group (see appendix D7).
*P< 0.05, **P< 0.01, ***P<0.001, Student's unpaired t-test,
compared to control rats at each time interval.
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The PCS brain amine investigations indicated that the major
catechol and indole amine alterations were established by one week
after operation (fiqure 9.5 and 9.6) and therefore this post-operative
time interval was selected for perfusion of the brains of PCS rats.
Cerebral catechol amines were not measured since the concentrations
had been shown to be unaltered in PCS' rats. Figure 9.10 shows
brainstem catechol amine concentrations in a series of 6 perfused
control and 6 perfused PCS brains one weekrpost-operatively, and in 6
unperfused control and 6 unperfused PCS brains. ‘Brainstem
concentrations of dopamine and adrenaline measured in PCS and control
brains after perfusion were lower than those in corresponding

unperfused brains.

However, perfusion significantly decreased brainstem
concentrations of B5SHTP in both control and PCS groups (figure
9.11(a)). Figure 09.1ll(a) shows no significant differences in 5HT
between any of the groups. These trends were also seen in the
cerebral concentrations of S5HT and 5HTP (figure 9.11(b)). 1In general,
PCS brains retained higher concentrations of S5HTP than controls
following perfusion although, this procedure appeared to decrease

brain amine concentrations.
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9.5 DISCUSSION

Previous investigators have used the techﬁique of stunning and
decapitation as a rapid method for the excision of rat brains (Bucci
et al 1980, Cummings et al 1976, Fischer and Baldessarini 1975,
Siemert et al 1978, Zanchin et al 1981). The instability of catechol
amine concentrations during stress and possibly during ether
anaesthesia, could readily influence the concentration of biogenic
amines in the rat brain. This study established that there were no

differences between the 2 procedures studied.

Associations between increased brain indole amine  turnover
(Baldessarini and Fischer 1973, Curzon et al 1975, Tyce and Owen 1978,
Bengtsson et al 1985), decreased catechol amine (dopamine)
breakdown (Fischer 1982, Fischer et al 1976, Zieve and Olsen 1977) and
hepatic encephalopathy remain speculative. Perhaps this is because
the phenomenon of PSE is complicated by the existence of two
components, portal-systemic diversion and hepatic insufficiency, both
of which are seen in the PCS rat. The unique feature of the PCT rat,
compared with the PCS rat, is that it provides an opportunity to
segregate the shunting component from that of hepatic insufficiency.
This series of investigations attempted to clarify whether préviously
observed changes in PCS rats were due to hepatic insufficiency or
portal-systemic diversion by examining the various changes which
occurred in the brain of PCS and PCT rats for up to 75 weeks
post-operatively and also by assessing these changes during
perfusion. The perfused, in vitro, investigations were of interest
since the influence of other organs in the body was removed and
therefore the status of PCS rat brains could be assessed directly.

Furthermore, this model avoided influence of ammonia either from
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dietary sources (Jeppsson et al 1979, Sherlock 1975) or from gut flora
(Nance et al 1971). Finally this model permitted investigation of
whether the changes observed in vivo persisted in vitro during

perfusion.

9.5.1 IN VIVO STUDIES

Noradrenaline and adrenaline

Changes in catecholamine concentrations have produced varied
results in previous studies. Our studies confirmed significant
reductions in cerebral adrenaline but not noradrenaline, at 9 and 15
weeks. However after 75 weeks, no significant increases were found in
cerebral noradrenaline or adrenaline in PCS or PCT rats. Reduced
cerebral noradrenaline and dopamine concentrations were also measured
in PCS dogs (Faraj et al 1981, Fischer 1982), but these studies only
measured the changes for up to 4 weeks post operatively. It is
therefore possible that some form of adaptive change may occur in the
metabolism of noradrenaline and adrenalin between 4 and 75 weeks
following the operation which tends to normalise brain concentrations
of these catechol amines. It is further likely that these transient
changes are due to portal systemic diversion rather than hepatic

dysfunction.

Dopamine

The observed . transient increases in dopamine concentrations
reported in our studies confirm the findings of Siemert et al (1978)
who found 1little change by 6 weeks after PCS. 1In addition, Tyce and
Owen (1978) did not observe any significant changes in cerebral

dopamine concentrations in hepatectomised rats. However in contrast
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to the results of Siemert et al (1978) and Tyce and Owen (1978)
increases were measured at 1 and 3 weeks following the operation in
PCS rats and were accompanied by corresponding increases in PCT rats
(figure 9.7). This observation suggests that these transient
increases are due to portal-systemic diversion rather than hepatic

dysfunction.

These results support the hypothesis that if alternative
catecholamine pathways can be stimulated due to the increases in
dopamine concentrations these could 1lead to the formation of other
biogenic amines which act as false neurotransmitters (Fischer 1982)
(see figure 9.2). Figure 9.2 shows how an increase in the formation
of dopamine could be a result of increased tyrosine or phenylalanine
levels. Increased concentrations of these two substrates could
increase the formation of phenylethanolamine, tyramine and octopamine,
all of which are false neurotransmitters as described in chapter 2
(Faraj et al 1981, Fischer 1982, Payne 1982, Tyce and Owen 1978).
Aromatic amino acid decarboxylase does not show a high degree of

specificity and acts, at least in vitro, on a variety of substrates

oxidizing “viftually aﬁy"wphenyiééhyiémihe - to its corfesponding
phenylethanolamine (for example phenylalanine to phenylethanolamine
and tyrosine to tyramine). Consequently a number of structurally
analogous metabolites such as tyramine may replace noradrenaline at
the nerve endings and function as a false neurotransmitter by the

generation of atypical post-synaptic potentials (Cooper et al 1978).

In addition, these observations may also explain the
discrepancies in the literature regarding the changes in catecholamine
metabolism following PCS. For example Bucci et al (1980) reported no

change in brain dopamine 7 weeks following PCS in rats. This suggests
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that he missed the early peak in concentrations found in these
studies. Siemert et al (1978) also did not look at the concentrations
until 6 weeks post-operatively and again may have missed an earlier
peak. Faraj et al (198l1) showed increased plasma dopamine levels and
decreased brain concentratons of dopamine following PCS in dogs. 1In
contrast, Curzon et al (1975) reported no change in brain dopamine

concentrations 3 weeks after PCS in rats.

SHT

The results showed that cerebral 5HT levels did not alter
significantly during the time course of the experiment (figures 9.6a
and 9.8a). Figure 9.9(a) shows lower values of brainstem SHT in
control animals (unoperated) than in PCS or PCT animals sacrificed
immediately after the procedures. There is no obvious explaination

for this difference.

SHTP and SHIAA

Sustained increases in cerebral 5HTP and 5HIAA concentrations
were observed throughout the experiment in PCS rats (figure 9.6a).
However, only SHIAA concentrations remained elevated in brainstem
regions of PCS rats when compared to control values (figure 9.6b).
The increased levels of 5HIAA suggest an increased breakdown of 5HT,
particularly since the concentration of B5HT remained essentially
unchanged. The increased cerebral levels of 5HTP suggest an increase
in synthesis of SHT; at least up to 9 weeks. This implies that S5HT is
either being metabolised at a faster rate by monoamine oxidase and
aldehyde dehydrogenase (reflected in the increased 1levels of 5HIAA,

see figure 9.1), or that reuptake into nerve vesicles has been
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accelerated.

Elevations in the cerebral (figure 9.8b) and brainstem (figure
9.9b) concentrations of SHTP were seen in PCT rats up to 9 weeks. This
suggested that previously reported increases in 5HT and tryptophan
concentrations in PCS rats (Baldessarini and Fischer 1973) could be
attributed to portal-systemic diversion up to this time. These levels
were not significantly higher than controls at 15 weeks. These
results‘imply that the reduction in 5HTP concentrations (the precursor
of 5HT) in PCT rats after 15 weeks (figures 9.8b and 9.9b) -might be
due to the increased catabolism of O5HT thus reducing the
concentrations of its precursor. It is therefore possible that
previously reported increases in tryptophan and SHT levels in PCS rats
(Baldessarini and Fischer 1973) could have been due to portal-systemic
diversion rather than liver dysfunction since increased levels of SHTP
were found in our PCT results up to 9 weeks post-operatively.
However, significant elevations of cerebral and brainstem 5HIAA in PCS
rats above PCT and control rats were measured throughout the study.
These results suggest an increased catabolism of 5HT as a direct
consequence of hepatic insufficiency and not due to portal-systemic
diversion. Alternatively a reduction in the excretion rate of SHIAA
may have occurred as a consequence of hepatic insufficiency. This
seems to be less likely because increases in 5HTP concentrations were
found with no corresponding increase in its metabolite B5HT. This
suggests an increase in the breakdown of O5HT through increased
monoamine oxidase and aldehyde dehydrogenase activity or increased SHT
acetylase activity to reduce SHT concentrations (figure 9.1). Thus
while it 1is agreed that portacaval anastomosis increases SHT
metabolism in general (Bucci et al 1980, Baldessarini and Fischer

1973), the results from this study further suggest that liver
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dysfunction per se may increase the activity of monoamine oxidase and

aldehyde dehydrogenase, thus increasing the catabolism of S5HT.

9.5.2 PERFUSED SERIES

In general, perfusion of PCS and control rat brains decreased the
concentrations of all brainstem catechol amines (fiqure 9.10). The
observation that in vitro perfusion of 1 week PCS rat brains reduced
the inéreased levels of dopamine and 5HTP measured in vivo was
probably indicative of the transient nature of these changes at least
during the early post-operative period. It is possible that these
differences are due to oedema in the brain caused by perfusion.
Future studies could confirm this by measurement of the wet weight of
the brains in control and perfused brains. However, perfused PCS
brains had significantly higher levels of dopamine but lower levels of
adrenaline than perfused control brains. The differences in dopamine
and adrenaline concentrations in each perfused group did not appear to

influence survival time, which did not differ between the two groups.

A significant decrease in brainstem SHTP was found between all
perfused and corresponding unperfused rat brains (figure 9.1la). In
addition a significant decrease in cerebral S5HTP was seen in PCS
perfused brains. This contrasts with the results of Woods et al
(1976) who reported few alterations during perfusion. The
pre-perfusion values measured during these studies were higher than
those reported by Woods et al (1976). However, these authors did not
differentiate betweén cerebral and brainstem concentrations of each
amine. Nor is it clear whether these authors excluded other sources of
brain amines, especially indole amines from the pineal gland, the

normal site of activity of S5HT-n-acetylase (figure 9.1). There were
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also differences in the techniques used to measure the amines: Woods

used flourometric analyses and this study used HPLC.

The data also showed increased dopamine concentrations in PCS
brainstems compared with control brains following perfusion. This was
accompanied by a reduction in adrenaline concentrations when compared
to control values. However, these results do not preclude the
possibility that a reversal of the PCS amine changes during perfusion

might have influenced the survival time.

It is also possible that portacaval anastomosis may not be
sufficient to precipitate the gross derangements usually associated
with PSE. It has been suggested that PCS produces insufficient
impairment in hepatic function to act as a reliable model of PSE
(Bucci et al 1980). Investigation of the changes in brain biogenic
amine concentrations in PCT rats during this study showed that much of
the observed changes could be accounted for by systemic diversion of
portal blood in the PCS rat. Therefore the hepatic dysfunction
component of the PCS rat may be insufficient to present all the

-characteristics normally associated with the syndrome of. PSE.
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9.6 SUMMARY

Preliminary investigations upon the influence of the method of
sacrifice on the concentrations of brain amines showed that there were

no significant differences between the 2 methods studied.

The transient increase in dopamine concentrations seen in PCS
rats at 1 and 3 weeks may have promoted the formation of the false
neurotransmitters phenylethanolamine, tyramine and octopamine at these
time points. These changes were also seen in PCT rats and this
suggested that the changes were due to portal-systemic diversion
rather than hepatic insufficiency. Moreover, the increases in S5HTP,
and particularly ©5SHIAA, which were unique to PCS rats, suggest that
the changes were due to hepatic dysfunction rather than
portal-systemic diversion. However, the increases in 5HTP were
transient and only SHIAA concentrations remained elevated throughout
the study. These data therefore suggest that breakdown or possibly

re-uptake of S5HIAA are reduced in hepatic dysfunction.

In vitro perfusion of 1 week PCS rat brains reduced the increased
in vivo levels of dopamine and 5HTP, possibly reflecting the transient
nature of the alterations during the early post operative period. 1In
addition, it 1is concluded that the nature of the changes seen in PCS
rats are not due to intrinsic fixed alterations of metabolic pathways

in the brain.
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CHAPTER 10

CONCLUSIONS AND FUTURE PROPOSALS
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CONCLUSIONS AND FUTURE PROPOSALS

It is difficult to ascribe the pathogenesis of hepatic
encephalopathy to a single factor. The wealth of literature on the
subject reflects the probable multifactorial nature of the process.
In addition the considerable degree of pathological deterioration that
the liver may undergo before any deleterious effect is reflected in
the brain further complicates the picture. Results obtained from
experiments with germ-free PCS dogs (Nance et al 1971) and rats
(Jeppsson et al 1979), eviscerated rats (Degos et al 1974) and
patients undergoing treatment with antibiotics (Dawson et al 1954)
demonstrate that the 1liver may provide functions other than
detoxification of portal blood to maintain 1liver/brain equilibrium.
Original information in support of this theory was provided by the in
vitro studies of Geiger and Magnes (1947) who demonstrated that the
inclusion of an isolated perfused cat liver in an isolated perfused
cat brain preparation prolonged the brain survival time and provided a
regulatory role in the control of brain oxidative metabolism. This
thesis has confirmed the observations of Geiger, using the rat as the
experimental model, and related the results to the in vivo
neuropharmacological changes associated with PSE in PCS and PCT rat

preparations.

The inadequacy of many existing models of isolated organ
perfusion preparations necessitated the development of a new circuit.
The preliminary results of the isolated perfused rat 1liver
preparations in chapﬁer 5 indicated that the new system was capable of
maintaining a functioning 1liver for up to four hours after which
optimum conditions could not be maintained (chapter 6). The viability

of the 1liver was readily assessed by measurement of perfusion
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pressure, bile volume production and hepatic oxygen uptake. Bile
volume production and hepatic oxygen uptake are probably the best
indices of viability of the isolated perfused rat liver (Brauer et al
1951, Ashford and Burdette 1965, and Keiding et al 1980). Assessment
of trauma to the perfusate in the system by measurement of plasma free
haemoglobin and haematocrit showed that‘the circuit was adequately

trauma~-free for the time period necessary for these investigations.

A series of isolated rat liver perfusions (chapter 6) established
that the choice of perfusate, erythrocyte source and haematocrit could
influence liver viability. Washed canine red cells did not induce
gross metabolic derangements although variations in bile volume
production were observed. Optimum conditions £for survival of the
isolated perfused rat liver were defined and utilised for the series
of concomitant liver/brain perfusions described in chapter 8. The use
of haemodiluted rat blood as the perfusate could not maintain
acceptable EEG signals from the isolated perfused rat brain, a finding

in agreement with that of Andjus et al (1967).

A detailed series of investigations established the isolated
perfused rat brain preparation (chapter 7). The EEG traces recorded
were assessed in vivo and in vitro by administration of incremental
doses of sodium pentobarbitone up to a lethal dose. Parameters such
as flow rate, perfusion pressure and the P02 of the perfusate were
investigated under constant experimental conditions. It was found
that the best results were obtained by in situ isolated rat brain
perfusions, which exhibited minimal extraneous electrical noise.
These investigations established an average survival time of the in
situ isolated perfused rat brain and served as a baseline for

investigations wupon the influence of concomitant perfusion with an
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isolated rat liver (chapter 8).

The combined perfusion studies clearly demonstrated the
physiological dependence of the brain upon the liver for the normal
maintenance of the spontaneous EEG and oxidative glucose metabolism.
This repeated the previously unconfirmed findings of Geiger and Magnes
(1947). Future investigations with this model might concentrate upon
more precise measurements of glucose concentrations to determine if
decreases in glucose uptake correspond with a failing liver after 2 to

3 hours of perfusion.

The biochemical features of the liver/brain interrelationship
were investigated further in chapter 9 by a series of experiments
conducted using PCS and PCT rats. Chapter 9 examined the relevance of
the PCS rat model to clinical hepatic encephalopathy: changes observed
in the PCS rat were compared to the PCT rat, including the measurement
of brain biogenic amines at post-operative time intervals of up to 75
weeks. These results were then compared with those from the in vitro
isolated perfused brain described during chapter 7. These results
implied that elevations in brain amines were not solely responsible
for the reduction in the survival time of the perfused brains and that
some other factors may be responsible, including the regulation of
glucose entry into the brain. Previous investigations have associated
variations in the concentration of brain amines of PCS dogs and rats
with the precipitation of PSE (Bucci et al 1980, Fischer et al 1975,
Siemert et al 1978) but the data from this thesis suggest that these

changes may only be one aspect of the problem.

Other studies have measured visual evoked EEG potentials in
galactosamine induced hepatic failure rats. These results were found

different from those recorded in rats in which ammonia and AAA
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concentrations were artificially elevated to simulate HE (Zeneroli et
al 198l1). These results also implied that elevated plasma ammonia and
AAA concentrations are not the major factors involved in the

precipitation of PSE.

The assessment of visual evoked poténtials in PCS and PCT rats
has not been reported in the literature to date. However behavioural
and spontaneous EEG measurements in PCS rats up to 50 days
post-operatively disclosed few changes, although increases in brain
indole amine metabolism and ammonia concentrations were detected
(Bucci et al 1980). Woods et al (1976) also reported an increase in
brain concentrations of 5HT in PCS rats which was probably
attributable to an increase in the formation of S5HT. However, 5HIAA
concentrations were not measured and the increase could have been due
to a decrease in 5HT catabolism and this remains to be clarified.
Significant elevations in cerebral and brainstem concentrations of
indole amines were also measured in PCS rats during this study with a
decreased concentration in brainstem dopamine. The changes in
catechol amine metabolism were also measured in PCT rats which implied
that these were due to portal diversion rather than hepatic
dysfunction. It therefore remained a possibility that the elevations
in S5HT and 5HIAA which were exclusive to PCS rats may have a relevance

in the precipitation of PSE.

In order to confirm the relevance of these agents to the syndrome
of PSE, it would be.of interest to measure them in acute forms of
experimental hepatic failure induced either by hepatectomy or drugs
such as carbon tetrachloride or galactosamine. These results could be
related to the degree of severity of HE in these rats by means of EEG

and behavioural measurements. This series of investigations could
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help answer the criticism that the PCS rat model may 1lack the
necessary degree of severity to reproduce all the features of PSE
(Bucci et al 1980). These changes could then be compared to
measurements conducted in totally hepatectomised rats or rats with
drug induced hepatic failure in order that the degree of injury could
be readily assessed. This could help establish a correlation between
the severity of PSE (as measured by EEG and behavioural studies), the
degree of hepatic dysfunction and the concentrations of putative

neurotransmitters.

The influence of portal diversion alone on the
electrophysiological status of PCS rat brain has yet to be reported.
This component of the PCS rat model may be of equal importance to
hepatic dysfunction during PSE and this could be readily investigated
in the PCT rat. In addition, measurement of the blood brain barrier
(BBB) permeability by the horseradish peroxidase technique (Laursen
and Westergaard 1977) in PCT rats could establish the relevance of
portal diversion alone upon the observed increases in BBB permeability

in PCS rats.

Investigations into the numerous mechanisms that have been
associated with PSE have been in progress for over 20 years. Recent
studies, 1including the present one, have brought sophisticated
techniques such as microvascular surgery and isolated organ perfusion
into use to address some of the fundamental questions. Although these
investigations have yielded only a limited amount of information, I
feel that some valuéble Observations have been recorded which will
contribute to our understanding of experimental PSE and PSE in man.
In particular during this study, the concept of combined 1liver and

brain perfusion was re-introduced, miniaturised using modern
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technology and successfully applied to the rat. Consequently the
results obtained here bear a greater relevance to the majority of
current experimental data upon PSE which have been obtained in this
animal. I hope that this work will stimulate others to adopt these
new techniques as an investigative tool to help unravel the complex

syndrome of portal systemic encephalopathy.
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Appendix A1 Effect of sodium hydrosulphite concentrations on oxygen transport
Conc/Moles 0.1 0.25 0.5 0.75 1.0

TPT ml/min/m2 1608 136+9 3068 327+12 319+10

Appendix A2 Effect of flow rate on oxygen transport
Flow ml/min 25 50 i 100 200
TPT ml/min/m?2 302+10 332+15 329+10 305+8

Appendix A3 Effect of zero flow rate on oxygen transport
Time/mins 1 2 3 4 5

TPT/ml/min/m?2 291 291 166 146 42

Results shown are mean + S.E n= 6

(TPT).

2.0
34018

21

114



Appendix A4 OTC vs flow rate in uncoated and coated oxygenators

UNCOATED MEMBRANE
Flow ml/min 5 12.5 15 18 20
TPT ml/min/M2 61.5,63 118 118 112,112 142,167
167
COATED MEMBRANE
Flow ml/min 5 12 15 18 20
TPT ml/min/M2 41 78,53 64 104,104 91,78
92,112

25

114,114,127
144,121,178

25
98,93
78

Appendix A5 % Saturation difference vs flow rate in uncoated and coated oxygenators

Flow ml/min 5 12.5 15.0 17.5 20
Coated 39 25,18 - 22,28,26,26 18,21
Uncoated 45,55 35 37 28 29.5,28.5

25

19,17.5,17.0
29.5,27,26.2

997



Appendix B1 Table of parameters measured during the 6 Isolated rat liver perfusions described in Chapter 5. Results
shown are mean i S.E. n=6

HOURS OF PERFUSION
MEASUREMENT 0 1 2 3 4 5 6
Oxygen uptake (umol min-1g-1) - 0.99 £0.08 0.983 +0.11 0.93 £0.13 0.88 + 0.09 0.95 £ 0.07 0.85 +0.12
Bile Volume (ul) 527 £ 65 630 £ 81 784 + 84 694 + 88 505 + 97 391 £ 92 180 + 46
Haematocrit (% cells) 9.75 +0.35 9.67 £0.38 9.63 +0.36 9.58 +0.31 9.73 £0.30 9.55 £ 0.31 ©9.27 +0.24
Liver Wt (g) 16.34 £ 0.75 - - - - - 10.46 +0.18
Perfusion Pressure (mmHg) 18.0 £ 4.1 11.4 £1.6 11.56 £2.3 10.5 +1.9 11.6+2.4 9.9 + 21 8.7 +1.7
Flow rate (ml min-1g-1) 1.92 +0.06 1.92 +0.06 1.92 +0.06 1.92 +0.06 1.92+0.06 1.92 +0.06 1.92 +0.06
K+ (umol I'1) 556 +0.6 5.25+0.36 59 +0.60 6.20+0.40 6.70+0.63 6.64 +£0.38 7.30 £ 0.4
Urea (umole I'1) 41107 4.3 £0.3 5.3 £0.4 57+0.5 6.0 £0.7 6.0 + 0.4 773 £1.2
Bilirubin (pmol I'1) 0.9 £ 0.31 0.97 +0.31 2.01 £0.66 2.45 £ 0.51 2.48 £ 0.65 3.9 £0.45 4.68 +1.34
Glucose mmol I'1) 17.83 +1.62 27.54 +1.52 21.94 +1.31 22.07 £1.36 20.54+1.23 20.62 £3.16 19.52 + 1.52
Plasma haemoglobin PFH (mg%) 85.8 +12.3 178 +22.1 274 +£28.0 343.1 +25.9 439.7 +431 516.1 £+ 52.8 650.1 +53.3
AST (U I'1) 18.75 +1.25 34.67 £9.3 42.00 £15.50 §7.67 +17.89 85.67 £ 6.06 10267 +15.14 65.67 +23.59
ALK (lU |'1) 26.4 +3.4 26.2 £5.1 29.25 £ 9.1 41.0 £16.0 50.00 t18.1 57.7 + 225 75.3 £ 30.8
Bilirubin (umol I'1) 47.25 £12.06 11.50 £ 0.25 13.50 £0.90 23.00 +0.61 31.251+0.41 36.00 +£2.30 46.25 +2.13
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Appendix B2

MEASUREMENT 0
Plasma/mg% 3.0
Bile mg% -

BSP removal during LP66. Results shown are BSP concentrations.

HOURS OF PERFUSION
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
2.4 2.2 2.1 2.0 1.9 1.7 1.23 2.4

8.75 5.8 488 6.25 5.625 6.72 4.68 6.4

4.5

2.4
11.72

5.0

2.6
14.68

5.5

2.5
14.37

6.0

62.5
17.19

89¢
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Practical Miniaturized Membrane Oxygenator for IsOl.é_tedi
Organ Perfusion

B. ALEXANDER, T. VON ARNEM, M. AsLAM, P. S. KOLHE, AND I. S. BENJAMIN

Department of Surgery, Royal Postgraduate Medical School, Hammersmith Hospital,
London, England

Silastic membrane tubing oxygenators possess valuable atraumatic properties, but no satisfac-
tory miniature system for isolated organ perfusion has been achieved. We describe the construction
of a new type of miniaturized Silastic membrane tubing oxygenator, 1.5 m long, 1.5-mm diameter,
75-um wall thickness, incorporated in a single self-supporting unit readily applicable to isolated
organ perfusion because of its simplicity, durability, and small prime volume of less than 3 ml. In
vitro experiments using out-dated human banked blood demonstrated that the unit can effectively
oxygenate blood of hematocrit 35% at flow rates of at least 10 ml/minute and that higher flow
rates may be used to oxygenate blood or perfusates of a lower hematocrit. The results were verified
in three different practical experimental applications: isolated rat liver, rabbit heart, and rat free

skin flap perfusion.

Additional key words: Perfused liver, Perfused heart, Perfused free skin flap, Coiled tubing

oxygenator, Small animal oxygenator.

Maintenance of a viable isolated, perfused organ is
dependent upon an efficient delivery to, and exchange
of, (blood) gases,with the tissues. Oxygenators used in
the past for this purpose often required large prime
volumes and were complicated by foaming due to direct
contact of the perfusate with the gas phase (6, 22, 28,
30). The latter problem could be reduced by use of
rotating spherical flasks (23), but these still required a
large prime volume and introduced the added complica-
tion of a mechanical component. Bubble oxygenators
used for cardiopulmonary bypass in small laboratory
animals (29) still produce damage to erythrocytes (13,
32), low density lipoproteins (5, 39), and reticuloendo-
thelial function (27, 33).

The advent of membrane oxygenators reduced many

of these traumatic effects, and although smaller mem- -

brane oxygenators were produced for small animals and
isolated organ studies, they still had comparatively large
prime volumes, and economy restricted their widespread
use (38).

Membrane oxygenators have been successfully pro-
duced using hollow Silastic membrane tubing (dimethyl-
polysiloxane), and their efficiency has been assessed (2).
The atraumatic properties of this material have already
been established (1, 11, 15, 21), and a miniaturized pro-
totype was developed in our laboratory comprising 18
tubes, 1.5-mm bore, 30 cm in length, that reduced the
prime volume to 12 ml (7). The header problem was

decreased by the use of larger diameter membranes than -

those utilized, for example, in hollow fiber dialy:
minimizing the dead space area exposed to blood. H
ever, this was used for relatively low flow rates, anc
compensate for this, other workers used lengths of

terial ranging from 12 to 20 feet (10, 12, 15) impo
high input pressures. Secondary mixing was require
reduce the excessive length and number of tubes, .
this was accomplished either with the use of a mechar
oscillator (1, 20) or, more simply, by coiling the ti
around a cylindrical former (37). Initial experiments"
tubes coiled around a cylindrical former (12, 26, 31)1
a comparatively large K value (ratio of former diam
to tubing diameter) (8, 9). Use of a smaller K valu
the present model produced more efficient oxygena
(3), which is reflected in the small prime volume of
than 3 ml.

Fluorocarbon emulsions are more efficiently oxy
ated (19) due to the absence of a boundary layer (17
that shorter lengths of tubing have been used very e: -
tively (18). The greatest problem of coiling Silastic tu
into small coils is kinking, and this may be avoide:
the use of more permeable Teflon microporous n
brane tubing (Gore-Tex) (34, 35). Effective oxygena
was established with this material, but the manufac
of these devices is complicated, and the cost ma;
prohibitive.

We have previously reported a novel techmque
coiling Silastic membranes and have assessed their
formance (3). One disadvantage of these early protot,
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was the fragility of the 75-um membrane thickness,
which suffered irreversible collapse after use. Further-
more, if high hematocrit blood or high flow rates are
used, excessive oxygenator input pressures (up to 250
mm Hg) tend to distend and burst the tubing. The
present report describes the construction of a coiled
Silastic tubing oxygenator that is compact, robust, and
reusable, with a prime volume of less than 3 ml. It is
composed of a 1.5-m length of 1.5-mm bore membrane
tubing coiled in a K~ = 4 formation with a 75- to 120-um
coating of silicone rubber, which obviates the cumber-
some cylindrical former and increases durability and
compactness. Header problems do not exist, since the
oxygenator is composed of a single coiled tube connected
to a Luer fitting on the transmission circuit. The per-
formance of these units is assessed during outdated hu-
man banked blood and in three experimental perfusion
applications: the isolated rat liver, rabbit heart, and rat
free skin flap.

MATERIALS AND METHODS

The membrane was supplied on a reel as a 150-m
length of 1.5-mm bore, 75-um wall thickness hollow
tubing (Siltech Ltd., South Glamorgan). A blunt-ended
16-French gauge (FG) needle was attached to one end of
the tubing by immersing the tip of the membrane in
cyclohexane, which allowed it to swell, producing a
shrink fit. This needle was attached to a pressure head
of distilled water to maintain inflation of the membrane
during the remainder of the procedure. A winding ma-
chine was designed to wind the membrane with even
pressure without twists and at a constant pitch between
turns (Fig. 1). A 1.5-m length was wound onto the alu-
minum former (6.0-mm diameter, 53 ¢cm long) and a 16-
FG needle or a 3-cm length of 5 FG Portex cannula
(Portex Ltd., Hythe, Kent, England) attached to the
other end. The needles or cannulas were secured to the
membrane with R.T.V. silicon adhesive (Dow Corning
Corporation) to withstand high input pressures. The
complete assembly was finally placed into a glass gas
chamber and connected to a testing circuit (2).

All oxygenators were prepared in an identical manner

sedeEn e iy

F16. 1. Photograph illustrating the winding machine designed to

produce evenly wound oxygenators, a coated oxygenator partially re-
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up to the point of detachment of the 1.5-m length of
membrane following the winding procedure. Two forms
of oxygenator were investigated, uncoated and coated.
For preparation of the coated oxygenators the metal rod
formers were coated with the liquid detergent Teepol
(B.P. Ltd., London, England) and allowed to dry prior
to assembly to facilitate removal of the oxygenator.
Knots were tied at each end of the wound oxygenator to
maintain the head of pressure inside the tubing and this
was detached from the remainder of the membrane; small
crocodile clips were then attached to the loose ends to
prevent uncoiling during the dipcoating procedure.

A partially cross-linked silicon elastomer, Silcoset 105
(ICI Ltd., Stevenson, Ayrshire, England) diluted in tol-
uene at 10% w/v was used as the dipcoat solution. This
solution was poured into a v-shaped tray, and the oxy-
genator rods were briefly immersed and then allowed to
cure at room temperature for 5 hours to result in a
coating 75 to 120 um in thickness over the membrane.
The knotted ends of the oxygenator were then detached,
and the water inside the membrane was expelled to allow
the metal rod formers to be removed. Figure 2 illustrates
the shape and thickness of the coating. Finally, 3-cm
lengths of 5-FG Portex cannulas were attached to each
end, and the flexible coated oxygenator was placed into
a Perspex housing, which also acted as a gas jacket (Fig.
3). The complete assembly may now be obtained com-
mercially (Sci Med Products Ltd., East Molesey, Surrey,
England).

IN ViTRO TESTING WITH OUTDATED HUMAN BANK
BLooD

The testing circuit used has been previously described
(2). Silastic tubing (2 mm in diameter, 1-mm wall thick-
ness) was used throughout the testing circuit, since this
material minimizes hemolysis and any complications due
to washout products such as the plasticizers often asso-
ciated with polyvinyl chloride materials. The 1-mm wall
thickness of the transmission tubing was sufficient to
prevent any measurable entry of atmospheric oxygen
into the circuit during the testing time. A total volume
of 50 ml of blood was recycled repeatedly until saturation

AT TI TN,
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moved from its metal rod former (foreground), and a finished oxygen-
ator seated in its perspex housing (background).
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FiG. 2. Cross-section through oxy-
genator to illustrate shape of coating.

F1t:. 3. Photograph of the new compact, spiral coiled Silastic mem-

brane tubing oxygenator (dimensions: housing 82 mm®, 24 mm deep;
oxygenator tubing, 1.5-mm bore, 1.5 m long, 75-um wall thickness,
excluding coating).

was obtained. The pH of the stored blood was corrected
to 7.4 by the addition of sodium bicarbonate, and the
reservoir was protected from atmospheric oxygen by a
layer of liquid paraftin. The hematocrit was adjusted by
dilution with normal saline.

ISOLATED LIVER PERFUSIONS

Male Sprague-Dawley rats (250 to 300 gm) were anes-

thetized with ether and intraperitoneal sodium pento-
barbital (Sagatal, May and Baker Ltd.) at 30 mg/kg. The
excision of the liver and preparation of the human eryth-

dipcoat

MINIATURIZED MEMBRANE OXYGENATOR

Silastic membrane
tubing

—

> ||
754

rocyte-derived, heparinized, perfusate with a fine
matocrit of 36% was carried out according to the m
of Hems et al. (16). Pressure in the portal venous ca
was monitored by a transducer connected to a

medical four-channel recorder (SE Laboratories, M
sex, England). Pressures were maintained in the

of 15 to 20 mm Hg by adjustment of the pump flow
Blood gases were measured at the start of each per!
and thereafter every hour from the outflow of the
genator, the reservoir, and the venous effluent fro
liver.

ISOLATED RABBIT HEART PERFUSION

New Zealand white rabbits weighing 3.4 to 3.9 k
anesthetized by intramuscular injection of fentan
anisone (Hypnorm, Janssen R & D, Inc.), 0.5 ml/k
diazepam (Valium, Roche Laboratories), 70 mg/k
heparin, 1000 units/kg, was administered intraver
Hearts were rapidly excised and placed into i
Krebs-Henseleit buffer. The maximum period of
mia was 2 minutes before perfusion was begu
heparinized Krebs-Henseleit buffer at 37° C as
stant flow Langendorff preparation. This perfusa
oxygenated with two spiral coiled oxygenators in [
at a flow rate of 50 ml/minute. Perfusion pressu
50 to 90 mm Hg; left ventricular pressure was me
with a fluid-filled latex balloon introduced via t
atrium. Flow rates were recorded with an electrom:
flow meter (SE Laboratories) with a Skalar-Flow
Flow, perfusion pressure, and left ventricular p
were recorded on a Hewlett-Packard eight-chan

corder.

ISOLATED FREE SKIN FLAP PERFUSION

Male SA Wistar rats (200 to 250 gm) were anest
with ether and intraperitoneal sodium pentobarbi
gatal, May and Baker), 30 mg/kg. The free skin
based on the superficial epigastric artery and ve
femoral artery and vein were ligated distally and
lated with a 2-FG cannula (Portex Ltd.). The f
immediately irrigated with heparinized perfusate
of Haemaccel (Hoechst U.K. Ltd.), 11.5 ml ¢
sodium bicarbonate, glucose (200 mg/100 ml), a
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arin (2 units/ml)); the maximum period of ischemia was
5 minutes.
The flap was perfused inside a sterile organ bath.

- Arterial pressure was monitored by a transducer con-

nected to an SEM medical four-channel recorder (SE

" Laboratories) and maintained in the range of 110 to 120

mm Hg by adjustment of the pump flow rate which rarely
exceeded 400 ul/minute. Once flow rates and pressures
had stabilized, samples for blood gas analysis (pre- and
postoxygenator and posttissue) were taken at hourly
intervals for the first 6 hours. A series of 12 perfusions
were carried out, ranging from 24 to 48 hours duration.

BLOOD ANALYSIS

Blood gases were analyzed on an ABL 1 Acid Base
Laboratory (Radiometer, Copenhagen, Denmark) and a
166 micro pH/blood gas analyzer (Corning Medical, Es-

sex, England), oxygen contents on a Lex O, Con (Lex*"

ington Instruments Inc., Massachusetts), hemoglobin es-
timations on an Eel hemoglobinometer, using the cyano-
methemoglobin method, and hematocrit on a Hawksley
microhematocrit centrifuge (Hawksley Ltd., London,
England).

STATISTICAL METHODS

Results were analyzed by computerized regression
analysis and by multivariate regression analysis using
the Generalized Linear Interactive Modelling (GLIM)
program of the Numerical Algorithms Group of the Royal
Statistical Society.

RESULTS

IN VITRO EXPERIMENTS ON OUTDATED BANKED
BrLoob

There was a significant parabolic relationship between
percentage saturation difference and flow rate for both
coated and uncoated membranes, but values for coated
membranes were significantly lower than those for un-
coated membranes (p < 0.01) (Fig. 4). The minimal
satisfactory difference in oxygen saturation of 30% (14)
between the input and output of the oxygenator blood
was attained at approximately 16 ml/minute using the
uncoated membrane and 9 ml/minute using the coated
membrane.
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Figure 5 demonstrates the influence of flow rate on
the oxygen transport across the membrane at two differ-
ent hematocrits. The two curves illustrating the oxygen
transport in the uncoated membranes demonstrate an
increase at the higher hematocrit (40%), although this-
becomes less prominent at lower flow rates. The coated
membranes exhibited an approximate decrease of 30%
in oxygen transport compared with uncoated mem-
branes, although again this was less prominent at lower
flow rates.

A linear relationship could be demonstrated, using
regression analysis, between input and output pO, in the
range of 35 to 200 mm Hg input pQO,, for both coated and
uncoated membranes. A simplified graph (Fig. 6) has
been provided to illustrate the operative working effi-
ciency of the device. No significant difference was ob-
served in this study between coated and uncoated mem-
branes. To eliminate a possible effect of hematocrit on
transport efficiency, these studies were repeated using
perfusates with hematocrits of 33 to 35%, and similar
results were obtained.

ISOLATED LIVER PERFUSION

Slight variations in input pO. to the oxygenator (due
to the metabolism of the liver) influenced the output
pO., but this was always maintained above 150 mm Hg
(mean 227.16 *+ 1.8 SE, n = 42) using a 5% carbogen
mixture (Table 1). The low “posttissue” pCO, did not
appear to be detrimental to the liver, in agreement with
the findings of other workers using this method (15, 18).
Fluctuations beyond the normal physiologic range could
be compensated for by increasing or decreasing the flow
rate through the oxygenator.

ISOLATED RABBIT HEART

Pre- and postoxygenator blood gases were compared
with results obtained using conventional bubble and film
oxygenators (4, 24). Initially, a single oxygenator was
used, but the high input pressures at high flow rates in
excess of 50 ml/minute necessitated the use of two oxy-
genators in parallel. Table 1 illustrates the blood gas
values obtained during perfusions using two oxygenators
in parallel at flow rates of 50 ml/minute. Little variation
was detected between preparations, and the results

Uncoated: Haematocrit=36.4%£ 0.8%
Input pO2 =41.6+ 1.9 mm.Hg
Haematocrit=34.9% 0.9%
Input p02=d9.3t 2.6 mm,Hg

F1G. 4. Variations in the percentage
of oxygen saturation difference at var-
ious flow rates in coated and uncoated
membranes. Dotted line corresponds to
the minimal satisfactory difference in
oxygen saturation of 30% (14).
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flow rate on the oxygen transport of the 100 —
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FiG. 6. Simplified graph to demon- 5 Uncoated r-0.9 p<0.001
strate the operative working efficiency & Haematocrit= 25.4%0.4%
of the oxygenator. Results were obtained 3 200 Flow rate=23.9% 0.6 ml per min.
using several different samples of out-
dated human banked blood diluted to the Coated r=0.9 p<0.001
appropriate hematocrit with saline. pH Haematocrit= 26.3% 0.2%
of the blood was adjusted to physiologic Flow rates 20.7% 0.4 ml per min.
values with sodium bicarbonate.
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shown are representative of 33 perfusions each of 3 hours
duration.

._Typical postoxygenator blood gases using a bubble/
film-type oxygenator are also shown in Table 1. Gener-
ally, the pO. values obtained were higher than those
obtained with the new oxygenator, but either system was
capable of producing pO, values greater than 400 mm
Hg. This was high enough to maintain a stable prepara-
tion with constant perfusion pressure and myocardial
contractility throughout a 3-hour perfusion. Preoxygen-
ator pCO, levels in excess of 48 mm Hg were occasionally
encountered due to pregassing the Krebs-Henseleit

buffer with carbon dioxide to aid dissolution of the
. calcium chloride. This was readily compensated for by

substituting 100% oxygen for the 5% carbogen mixture
in the oxygenator. .

IsoLATED FREE SKIN FLAP PERFUSIONS’

Arterial perfusion pressure was monitored and main-
tained at 125 mm Hg, using a flow rate in _the_ region of

INPUT O, (mm. Hg)

300 ul/minute. Oxygen saturation was readily achiev:
due to both low flow rates and the use of hemoglobi
free perfusates. The results of 12 perfusions were pr
sented in Table 1.

After perfusion for more than 3 hours, the flaps becar
edematous with a weight increase of more than 300'
After perfusion the flap was replaced in the same anim
by reanastomosis of the vessels to the femoral artery a;
vein on the contralateral side. Immediately after t
clamps were released, the flaps became pink, and veno
blood flow could be seen. Three days postoperatively, :
of the flaps became ischemic, and only one flap surviv
for 5 days after perfusion. Dissection of the vessels at
and 5 days postoperatively revealed intravascular thros
bosis.

DISCUSSION |

The 10% dilution of the partially cross-linked silic
elastomer resulted in a dipcoat of reproducibly unifo:

“thickness, strength, and resistance to collapse. Attemy
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TABLE 1. SUMMARY "OF BLOOD GAS RESULTS FROM THREE DIFFERENT PERFUSION PREPARATIONS® -

Experiment - Sample rH - pO. = pCO,-
Isolated liver perfusion (hematocrit Postoxygenator 7.44 + 0.05 227292 329+18 -
=293+ 1.1); n =23 Posttissue 7.31 = 0.09 53.9+22 29.8 +1.9-
" Reservoir 7.41 % 0.02 141.8 £ 9.5 29.7+1.3
Isolated rabbit heart Preoxygenator 7.54 = 0.09 172.6 £ 3.2 203+1.8
Postoxygenator 7.39 = 0.05 419.1 £ 10.0 38.8+2.1
Typical results post- 7.37 480.1 38.0
bubble oxygenator
Isolated free skin flap Preoxygenator 7.35 £ 0.05 207.6 + 12.3 34.6 £ 3.7
Postoxygenator 732+ 0.0 387.3 = 28.4 349 +3.8
Posttissue 7.6 £ 0.06 179.8 £ 24.3 170+ 24

2 Results shown are means * standard error. The isolated rabbit heart and {ree skin flap perfusions were of “open-circuit” design, and the
oxygenator could be used to add both oxygen and carbon dioxide to the perfusate. The perfusates used in these two experimental situations were
colloid-electrolytes (see text), and only the isolated liver perfusion used an erythrocyte-containing perfusate.

to further dilute the elastomer resulted in very fragile
coats that often fractured during extraction of the oxy-
genator from the rod formers. The 10% dilution doubled
the effective wall thickness of the membrane from 75 to
150 to 200 gm, but this did not produce a proportionate
decrease in efficiency of the membrane.

Results obtained with outdated human banked blood
were used to give a broad indication of the optimum
lengths and configurations of tubing. Blood was used to
test the oxygenator because initially it was proposed to
use the device with an erythrocyte-containing perfusate
in the isolated liver perfusions and for rats undergoing
cardiopulmonary bypass (1). It should be noted that the
increased oxygen-carrying capacity of the perfusate due
to the presence of hemoglobin, the resultant boundary
layer effect (17), and the shape of the oxygen dissociation

_curve might all influence the performance of the device.

The increase in efficiency of oxygenators by coiling
Silastic tubing has already been reported (3). Therefore,
these experiments were carried out using 1.5-mm diam-
eter tubing, 75-um wall thickness, in a coil configuration
of K' = 4 (ratio of coil diameter to tubing diameter) since
smaller coils resulted in kinking. Efficiency of oxygena-
tion was reduced by 25% in coated membranes (3),
initially calculated from using a single unit of outdated
human banked blood; a reduction of 37% in efficiency
was later obtained from a range of different units of
blood with hematocrits ranging from 28 to 36% with a
wider range of input pO, values.

The linear output versus input pO, curve (Fig. 6) gives
an approximate index of the operative capability of the
oxygenator under experimental conditions. The output-
input pQ, difference appears to increase somewhat as
the input pO. increases. This is because the majority of

-hemoglobin at the higher pO, values has become satu-

rated with oxygen, and oxygen is dissolved in the plasma.

Since the solubility of oxygen in plasma is much lower

than that in a hemoglobin-containing solution, a very

much smaller volume of oxygen was required to increase

the total pO,. Thus, although it might appear that the

oxygenator is more efficient at higher pO, values, this is

not the case, since a smaller volume of oxygen delivery
is required to increase the pO, at this working range.

For liver perfusions a hematocrit of 30% or less and a
flow rate of less than 26 ml/minute was used. Under

these-conditions, a single oxygenator was sufficient to
maintain the mixed arteriovenous reservoir at physio-
logic arterial pO- values. Previous oxygenators of a sim-
ilar design (31) required larger surface areas and, there-
fore, increased prime volumes.

For the isolated rabbit heart perfusion in which much
higher flow rates were used, two oxygenators in parallel
were necessary to maintain an adequate pO,. Neverthe-
less, the system required a smaller prime volume and was
more compact than bubble dxygenators used previously
(24). Although the older oxygenators were able to achieve
tissue input pO, of 600 mm Hg (4, 25), the present system
maintained a tissue input pO, of 400 mm Hg and an
output pO- in the region of 100 mm Hg, and the heart
retained its contractility throughout the perfusion.

To our knowledge this is the first report of an isolated
free skin flap perfusion in the rat. The perfusions were
carried out to assess the effects of prolonged storage and
possible improvement of functional viability of the dis-
sected tissue at room temperature rather than at 4° C
(36). Pronounced edema of the flap occurred after 3 hours
of perfusion despite the use of Haemaccel or albumin as
an osmotic agent in the perfusate and was not prevented
by the addition of mannitol. This edema is not unique to
the perfused flap but has been noted following reanas-
tomosis of flaps that have not been perfused but have
been stored aseptically at 4° C for 24 hours and may be
a result of endothelial damage (36). Perfusion techniques
have been used in other organ transplant procedures (18)
and may be valuable for isolated skin flap preparations.
Furthermore, this preparation may form the basis of a
very compact model for the study of capillary transport
phenomena (10).

Thrombogenicity, leukocyte, or platelet function tests
have not been completed in this particular configuration
of oxygenator. However, previous studies using an iden-
tical membrane assembled in a different configuration
have shown satisfactory results (1, 11, 21), and it is
probable that these properties will apply to the present
configuration. This new compact membrane oxygenator
may, therefore, prove useful in experiments involving
cardiopulmonary bypass in rats or other small animals,
and preliminary investigations in this area have been
encouraging (1).

In summary, a compact, durable, and reusable oxygen-




Appendix C1. Table of parameters measured during IRLPs using KRBA with the omission of an oxygen carrier.
Results shown are mean + S.E n=6

MEASUREMENT

Oxygen uptake (umol min-1g-1) -

Bile volume (ul)
Haematocrit (% cells)

Liver wt (g)

Perfusion pressure (mmHg)
Flow rate (ml min-1g-1)

K+ (mmol I-1)

Urea (mmol-1I-1)
Bilirubin (umol-11-1)
Glucose (mmol I'1)
Plasma haemoglobin (mg%)

AST (U I'1)
ALK (U Ir'1)

Bilirubin (umol 1-1)

585 £ 62

15.7 £ 0.99
15.67 £ 5.8

2.35 £ 0.33

6.37 £ 0.66
0.22 £ 0.09
0.67 £ 0.37
11.43 £ 1.87

9.75 + 3.14
6.0 £ 2.04
4.1 +1.28

0.26 + 0.05
295 £ 59

18.3 + 4.1
2.61 £0.22

6.31 £ 0.58
0.65 £ 0.09
0.85 £ 0.25
16.4 £ 0.82

13.25 £ 3.27
6.25 +3.32
4.63+t2.14

HOURS OF PERFUSION
2 3
0.31 +0.04 0.32+0.08
472 + 37 458 + 75
15.8+4.4 15,5+ 4.6
2.60 £ 0.24 2.64 £0.20
6.54 £ 0.62 6.87 £0.75
1.02+0.18 1.42 +0.22
1.12+0.38 0.70+£0.11
16.82 £+ 0.82 17.82 £ 0.94

35.00 £10.86 55.5+31.27 90.5 +32.11 34.75 £ 21.72

6.75 +2.95
7.53 £ 3.84

3.75 £ 3.12
4.9 +£0.43

0.28 £ 0.09
425 + 108

15.0 £ 4.4
2.45 +0.20

7.48 + 0.97
1.90 + 0.31

0.8 £ 0.09
17.85 + 1.33

5.75 +2.84
3.48 +£1.90

0.36 £ 0.09
338 + 94

17.4 £5.47
2.56 £ 0.19

8.38 + 1.32
2.25 +0.35
0.98 +0.22
17.4 +1.28

6.25 +3.17
1.22 + 0.55

0.31
232

14.04
18.17

2.73

7.71
2.30
0.88
17.06

54.5
11.25
0.95

+ 0.08
+ 93

.39
.09

.28

H+ H+ 4+
o 0 =

+ 0.71
+ 0.43
+ 0.09
+1.67

1 20.07
+3.06
+ 0.46

LLe



Appendix C2. Table of parameters measured during IRLPs with pcv=20% haemodiluted rat blood.

are mean = S.E. n=6

MEASUREMENT 0

Oxygen uptake (pmol min-1g-1) -

Bile volume (ul) 778 £161
Haematrocrit (% cells) 22.9 £1.9
Liver wt (g) 16.2 +1.3

Perfusion pressure (mmHg) 23.4 +3.4
Flow rate (ml min-1g-1)  1.76 £0.18

K+ (mmol I-1) 5.7 +0.6
Urea (mmol I'1) 4.4 £1.1
Bilirubin (umol I-1) 0.9 +0.31
Glucose (mmol I-1) 18.1 £1.9

Plasma haemoglobin (mg%)

AST (1U I'1) 8.0+1.6
ALK (WU Ir1) 3.7 £+0.3
Bilirubin (umol I-1) 38.2 £5.1

HOURS OF PERFUSION

Results shown

1 2 3 4 5 6
1.12+0.15 0.97+0.12 0.99+0.15 1.09+0.15 1.06+0.70 1.02 £0.23
962+169 1343 +40 12356 +38 1103 +124 495 +95 210 £45
32.2+1.8 23.2+1.8 23.0+1.8 22.7+1.4 22.2+1.3 21.7 £1.3

15.3 £1.3

22.6 +2.7 21.7+4.9 22.7 £3.3 22.3 +£3.9 23.3*+4.0 22.2 £3.9
1.97+0.09 2.07+0.07 2.10+0.05 2.15+0.11 2.10+0.04 2.07 £0.04

5.56+0.7 6.1+0.6 6.3 £0.4 6.8 +£0.4 7.4 £0.3 8.1 £0.5
5.3+1.2 6.2+1.4 7.0 £1.5 7.7 1.6 8.2+1.6 8.7 £1.7
0.97+0.2 2.01+0.66 2.45+0.51 2.98 +0.65 3.92+0.9 5 4.68 +1.34
22.3+2.7 21.6+1.9 20.9+t1.6 20.9t2.1 21.1£2.4 22.6 +2.3
85.8 +12.3 178.8 +22.1274.7 +28.0 343.1 +25.9439.7 +43.1 516.1 £52.6 650.1 +53.3
14.2+2.9 19.0+3.6 25.0 +4.3 32.7 £5.5 52.2+9.5 73.5 14 .1

5.0+0.6 6.2+0.4 10.4 £0.6 13.9+1.4 17.3x2.4 23.4 +4.1
42.7+18.1 31.7+6.3 45.8 +11.9 63.2 +17.1 90.4 +37.7 143.3 £+39.3

8LC
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Appendix C2

MEASUREMENT

pH
PO,
pCO,
HCO,

pH
P02
pCo,
HCO,

pH
PO,
pCO,
HCO,

Blood gas data from perfusions

0

7.913 £0.026

©290.2+£98.4

46.9£6.7
20.1 +2.8

7.277 £0.061
211.5+28.4

43.0 £4.9
19.9 £3.0

7.248 £0.040
72.5 £6.4

43.7+7.0
21.3+2.1

REb CELL SOURCE: RAT

1

7.302 £0.044
220.6 £18.3

42.4 £3.0
19.56+2.4

7.314 £0.044
201.7 £21.0
43.5 +3.4

21.1+2.9

7.280 £0.044
70.6 £7.1

45.2+4.6
19.8+2.1

PCV: 20%

HOURS OF PERFUSION

2

7.379 +0.021
235.0 £19.5

40.1 £2.5
23.9 £1.7

7.386 £0.034
117.1 £16.6

44.8 £3.5

23.5+1.3

7.352 £0.026
65.6 + 4.1
44.2+4.2
23.7 1.4

3

7.411 £0.017
244.4 +19.5

35.6 4.1
23.7+1.3

7.431+£0.018
218.0 +23.3

41.1+£3.4
22.9+0.8

7.403 £0.027
71.7+6.4
42.0 + 4.4
23.4+1.0

4

7.451 +£0.052
229.3 +15.2

32.6 +4.1
23.2 1.6

7.380 £0.060
171.1 £21.8

38.1 £5.2
21.0 +£0.9

7.377 £0.051
66.1 £8.0
39.9 £5.5
22.1 +1.1

5

7.473 £0.045
240.8 £10.2

34.8 £5.1
25.4 +4.1

7.424 +£0.045
165.0 £26.3

37.9%5.2
24.1+3.3

7.405 £0.048
64.4+8.6

39.0+5.5
23.8 +3.1

6

7.407 £0.041
232.2 +£19.0

34.7 £3.7
23.0 +2.8

7.389 +£0.03
153.3 +23.6

40.5 +£4.3
23.2+1.8

7.382 +£0.03
63.4 £9.1

42,2 +4.8
23.3 +1.8

6LC



Appendix C3 Table of parameters measured during IRLPs with PCV=10% haemodiluted dog blood. Results shown
are mean = S.E. n=6.

RED CELL SOURCE: DOG PCV=20%
HOURS OF PERFUSION
MEASUREMENT 0 1 2 3 4 5 6
Oxygen uptake (umol min-1g-1) - 1.23+£0.25 1.10+0.06 1.56 +0.17 0.97 +0.20 0.80+0.0 60.72 £0.09
Bile volume (pl) 416 +44 284 +83 384 +89 390 £99 248 +72 128 +46 56 +23
Haematocrit (% cells) 9.1 +1.1 8.4+0.9 8.0+0.8 7.8 +0.8 7.5+0.8 6.9+0.9 6.8 +0.9
Liver wt (g) 17.48 +0.7 18.78 +2.08

Perfusion pressure (mmHg) 15.2 £0.9 13.6 +2.7 14.5+£1.50 15.1 1.0 14.8 £0.7 14.6+1.8 156.9£1.0
Flow rate (ml min-1g-1) 1.91 +£0.20 1.97+0.13 2.01+0.10 2.00+0.11 2.05+0.11 2.05x0.12 2.01 £0.11

K+(mmol I-1) 8.9t1.1 8.2+0.3 8.4 £0.3 8.6 +0.4 9.3 £0.8 9.4+0.8 9.4 £0.9
Urea (mmol l‘1) 0.8 £0.2 1.1 +£0.2 2.0+0.4 2.6 £0.5 3.4 £0.5 3.6+0.4 4.1 £0.2
Bilirubin (umo! I-1) 6.4 +0.9 7.0+0.9 8.8+1.4 13.4 £+1.75 18.2 +2.6 22.2x21 25.2 +2.3
Glucose (mmol I-1) 20.0 £0.7 24.1+0.9 23.9+1.7 27.0+1.9 27.9+1.9 28.8+2.4 31.8+1.4

Plasma haemoglobin (mg%) 407 +73 448 +93 521 £106 621 +119 676 +123 1163 +360 1322 +412
Bilirubin (pmol 1) 51.4 +2.2 38.6 £t7.2 44.6+7.5 45.4 +6.3 48.4 +6.3 50.8 +6.2 58.4 £6.0
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Appendix C3

MEASUREMENT

pH
PO,
pCoO,
HCO4

pH
po,
pCO,
HCO,

- pH
POy
pCoO,
HCO,

7.246 £0.080
103.8 £49.2

46.51+5.5
24.3%+1.9

7.249 £0.075
102.2 +£47.8

46.7 £5.4
21.8+4.1

7.257 £0.081
108.9 £ 46.9

39.25 +4.2
21.9+4.1

i
!

Blood gas data from perfusions

i

RED CELL SOURCE: DOG

"
7.438 £0.090
216.6 £21.2

27.2 £3.1
17.8+1.6

7.440 £0.088
138.4 £21.6

27.8 £3.3
18.3 1.4

7.439 +0.084
56.8 +.9.7

26.9+2.6
17.7 £1.6

HOURS OF PERFUSION

7.398 +£0.047 7.358 &
204.2 +25.0

40 7.339 £ 0.070
237.2 £14.1

32.3 +£3.6
18.1 £3.0

7.375 +£0.038 7.340 £0.071
123.2 £19.6

32.9 £4.0
18.3 + 3.1

120.0 £17.8
39.1 +4.6
21.0 £0.5

+ +

60.6 +9.8
31.1 £3.5
17.9 +3.0

+
o oo

5 6

7.430 £0.023 7.480 £0.059
229,2+20.3 234.9+28.5

31.6+2.8 29.2+3.4
20.72+1.8 19.3+£2.0

7.426 £0.021 7.423 £ 0.025 -
106.5£47.1 141.6 £20.7

31.1+3.1 30.0+2.7
20.3%+1.9 19.7 £ 1.6

7.439+£0.039 7.456 £0.050
44.8+1.6  50.9+9.0

31.5+3.3 30.4 £3.5
20.6 +2.0 19.9+1.5

182



Appendix C4. Table of parameters measured during IRLPs with PCV=20% washed dog erythrocytes.
Results shown are mean + S.E n=6

RED CELL SOURCE : DOG PCV: 20%
HOURS OF PERFUSION
MEASUREMENT 0 1 2 3 4 5 6
Oxygen uptake(umol min-1g-1) - 1.36£0.17 1.19+0.11 1.59+0.12 0.92 +0.11 0.81+0.14 0.73+0.11
Bile volume (pl) 343 +30 248+59 357+90 280 +57 173 +47 180+60 140 +43
Haematocrit(%cells) 30.2+2.3 26.0+1.8 24.7+2.4 352+23 228+25 225+3.4 21.3+3.9
Liver wt (g) 15.7 £0.8 15.5+0.9

Perfusion Pressure (mmHg) 17.7 +1.8 20.4+1.8 21.3%2.0 18.8 +2.0 21.8+2.5 18.8+1.8 19.8+2.2
Flow rate (ml min-1g-1)  1.94 +0.05 2.05+0.06 2.09+0.08 2.07 +0.08 2.07 £+0.04 2.03+0.05 2.08+0.04

K+ (mmol I'1) 5.1 +£0.5 5.5*+0.5 5.7+0.5 6.0 £0.5 6.3 +£0.5 6.6 +0.4 7.0+0.5
Urea (mmol I-1) 2.0+0.3 3.5+0.6 6.3+1.0 6.2+1.0 7.6 +£0.9 8.3%+1.0 9.4+1.3
Bilirubin (pmol 1-1) 26.7 +5.1 29.5£7.7 38.0%6.0 47.7 +5.3 52.7 4 1 58.5+8.2 60.3 £8.2
Glucose (mmol I-1) 20.9 £2.6 24.4+2.4 18.6+1.7 17.4 £2.4 16.8 £1.7 14.8 £1.7 13.0+2.4
Plasma Haemoglobin (mg%) 245 +52 507165 813+126 1080181 1743 +428 2460+541 3727 +953
Bilirubin (umol I-1) 52.8 +9.6 86.2+19.56231.8+71.5 316.8 £100.0 399.5 +96.8 382.3+77.1 639.7 £+102.8
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Appendix C4

MEASUREMENT

pH
PO,
pCO,
HCO,

pH
PO,
pCO,
HCO,

pH
PO,
pCO0,
HCO,

Blood gas data frbm perfusions

0

RED SOURGE CELL : DOG

1

7.315+0.028 7.352 i0.§038

155.0 +12.8
40.8 +8.1
19.21+2.9

212.6 £22.8
29.8 £3.5
16.0 £1.7

7.385 £ 0.036
120.7 £21.6

29.2 2.9
16.8 £1.2

PERFUSION
2

7.399+0.081

233.7£22.8
33.0+4.9
20.0+£2.0

7.463 £0.052
97.0+13.0

29.7+4 1
20.4 +1.2

7.413 &

0.78
67.0+7.2
.8

1

32.7+4
19.5 £2.

TIME/HOURS

2453 £17.7
29.5+4.2
18.7 1.6

7.480 +0.041
137.2 £30.7

28.9 +£3.7
19.0£1.5

7.454 £0.045
70.4 £13.5

28.4 +£3.7
18.9£1.6

PCV: 20%
4 5
7.438 +0.050 7.466 +0.049 7,403 +0.038
244.9 +19.1 238.3+14.9
27.1 £2.3 30.8+1.5
19.0 £ 0.8 18.9+1.4

7.467 £0.045 7.432+0.048

137.3 £22.5 136.4 +23.4
27.9 £2.1 29.7 +1.7
19.6 +0.9 19.8 £2.1

7.460 £0.041 7.507 +0.094
65.1 +7.4 59.0 +6.0
28.1 +1.9 30.3+1.6
19.5 +0.7 19.3+1.5

6

7.401 £0.039
232.0 £26.5

31.8+%+1.5
19.9 +1.5

7.426 £0.032
112.8 £24.0

29.8 £1.6
19.7 +1.5

7.426 £0.037
60.3 £10.0

28.3 +1.8
19.3 +1.2

€8¢
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ator with a prime volume of less than 3 ml has been
described, which may be used for a variety of perfusion
experiments. It has a coil configuration of K = 4, a
length of 1.5 m, a 1.5-mm external diameter, and 75- to
120-um, wall thickness.
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Appendix C5 Table of parameters measured during IRLPS with PCV=10% using washed human erythrocytes.

shown are mean + S.E. n=6.

MEASUREMENT

Oxygen Uptake (umol min-1g-1

Bile Volume (pl)
Haematocrit (% cells)

Liver weight (g)

Perfusion Pressure (mmHg)

Flow rate (ml min-1)

K+ (mmol -1y

Urea (mmol I-1)

Bilirubin (umol 1-1)
Glucose (mmol I-1)
Plasma Haemoglobin (mg%)

Bilirubin (umol 1-1)

RED CELL SOURCE : HUMAN

~
mv
N
E=N

O wo©
© rUToo A
+
oONvOO =
o naw

- ek
[6,}

[ee)

6.60 £0.2
0.40 £0.04
0.8 +0.2

13.8 £0.8
138 £5

44.2 +3.6

1

1.15+£0.09
800+156
9.8+0.3

14.4 £1.7
1.95+0.07

6.8+0.3
0.94 +0.19
0.2+0.2

16.7+1.0
166 £7

156.8+1.3

PCV:10%
HOURS OF PERFUSION
2 3 4
1.156+0.09 1.11 +0.11 0.87 £0.05
896 +154 878 +135 708 +134
9.8+0.3 9.5 +0.4 9.3 +0.6
15.6 +2.7 15.6 £2.6 13.4%1.0
2.16+0.08 2.18 £+0.08 2.12 £0.09
6.9+0.3 7.1 £0.3 8.2 0.7
1.10+0.22 1.60 £0.22 1.86 £0.23
0.8+£0.2 1.3 £0.2 1.3 £0.2
19.0+1.5 19.6 +2.1 19.8+1.8
186 +11 208 £18 236 t22
20.6 +1.3 25.6 £4.1 32.0 +4.1

5

0.72+0.08
240+36
9.5+0.4

13.6 +1.08
2.15+0.08

8.3+0.5
2.26 +0.33
0.8+0.2

22.4 +3.2
262 +21

38.6 £4.6

6

0.66 £0.10
140 £25
9.5+0.4
12.1 £0.8
13.8 +£1.21

2.156 +£0.08

8.6 +0.4
2.48 +£0.31
0.6 +0.2

21.9+2.9
292 +25

48.0 £2.0

Results

¥8¢
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Appendix C5 Blood gas data from perfusions

RED CELL SOURCE : HUMAN PCV: 10%

HOURS OF PERFUSION
MEASUREMENT 0 1 2 3 4 5 6
pH . 7.666 £0.040 7.363 +0.050 7.369 +0.041 7.366 +0.035 7.360 +0.025 7.367 +0.032
PO, i 268.3+5.6 283.2 +5.6  257.7+6.6  253.3+14.0 275.0+10.6 269.8+10.7
pCO, . 41.7 £2.3 41.7 +3.3 42.2 +3.1 40.1 +3.3 38.9+2.7 39.8+2.8
HCO, . 20.5 +1.3 22.3 +1.1 22.3 +1.3 22.0 +2.8 21.4+1.1  21.7+0.6
pH 7.455 +0.035 7.333+0.033 7.326 +0.094 7.299 +0.096 7.331 +0.052 7.326 £0.033 7.331 +0.030
PO, 171.5+7.8  146.4+15.9 141.3+17.1 161.8 £20.7 124.7 £12.2 135.3:18.7 148.7 £21.2
pCo, 34.1 +2.2 41.9£2.6 42.3 £3.5 44.5 +3.4 42.8 +3.3 40.9+3.5  41.9+3.5
HCO, 19.9 +1.4 19.9+1.3 21.5 +1.0 202 £1.3 20.9 +1.2 20.7£0.9  21.6+1.0
pH ; 7.297 +0.024 7.314 +0.043 7.277 +0.035 7.297 +0.019 7.303 +0.035 7.292 +0.034
PO, . 51.7 +4.7 50.5+10.9  63.8+12.0  63.4 £9.9 58.6+9.2  65.0+11.6
PCO, . 44.3+£2.7 47.3 +4.6 46.8 +3.5 44.4 +3.1 42.6 +3.0  40.3 3.2
HCO, i 19.7 1.2 20.9 £1.1 22.0 +1.4 21.6 £1.2 20.9+0.6  20.4 +0.8

G8¢



Appendix C6 Table of parameters measured during IRLPs with PCV=20% using washed human erythrocytes.

shown are mean t+ S.E. n=6.

MEASUREMENT

Oxygen Uptake (umol min-1g-1) -

Bile Volume (ul)
Haematocrit (% cells)
Liver weights (g)

Perfusion pressure (mmHg)

Flow rate (ml min-1)

K+ (mmol I1)

Urea (mmol I-1)

Bitirubin (umol I-1)
Glucose (mmol I-1)
Plasma Haemoglobin (mg%)

Bilirubin (umol I-1)

1093 £+143

24.7 +0.3
15.3 £1.6
14.7 £3.4

2.03 +£0.03

7.83 £0.33
1.01 £0.05
1.13 £0.07

18.7 £2.6
193 £24

38.7 2.1

1

1.36 +0.16

1216 £89

22.3+1.0

17.7 £3.5
2.10+£0.05

7.33%£0.19
1.63+£0.12
1.00 £0.05

20.9+4.2
233 24

14.7 £1.6

HOURS OF PERFUSION
2 3

1.26+0.12 1.06 £0.11
1543105 1290 £100
22.7+1.1 22.7 1.5
17.3+3.2 17.0£3.4
2.18+0.06 2.21 £0.03
7.10+0.14 6.83 £0.32
2.07+0.18 2.53 £0.31
1.10+0.31 1.57 £0.35
21.2+3.4 21.3 2.1
276 £35 312 £46
22.7+11 30.0 £2.8

4

1.11 £0.29
720 +236
22.7 £1.5

16.7 £ 3.6
2.07 £0.04

7.33 £0.40
2.97 £0.35
0.60 £0.05

21.8 £1.3
342 +55

34.7 £3.3

5

1.04 +£0.40
357 +182
22.3+1.4

17.7+3.5
2.09+0.05

8.03 £0.24
3.34 £0.41
0.80+0.12

24.2+1.6
372+62

37.3+0.5

6

1.00 £0.1

77 £19
21.7 £1 .1
14.5 +0.9
19.0 £3.2

2.09 £0.05

0

10.17 £0.46

3.71 £0.38
0.63 £0.07

26.2 £0.7
428 +82

42.0 £0.9

Results

98¢
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Appendix C6 Blood gas data from perfusions.

RED CELL SOURCE = HUMAN PCV:20%
1 HOURS OF PERFUSION

MEASUREMENT 0 1 2 3 4 5 6

pH 7.293 £0.066 7.364 £0.024 7.428 +0.030 7.368+0.024 7.368 £0.024 7.448+0.044 7.388 £0.019
PO, 410 £46.13 80.2+£99.7 436.6 £139.2 227.1+48.4 216.5+£37.0 246.3+9.9  209.2 £22.2
pCo 237.2 +£0.63 8.7 £0.8 36.4 +2.1 34.2£3.1 43.5 £4.3 40.5+3.2 41.8 £4.0
HCO, 18.9 +2.31 8.6 £2.5 21.9 £2.1 24.6 £1.8 24.7 £2.0 24.1%0.5 24.0 £1.1
pH - 7.314 £0.069 7.362 £0.0497.3777 £0.082 7.310 £0.050 7.457 £0.026 7.397 £0.250
po, - 208.0£23,3 151.4+19.2 238.6+23.4 159.3428.9 152.04£17.7 140.6+7.9
pCo, - 44.8 £3.7 44.1 1.7 40.8 +3.1 42.9 £5.5 42.4 +3.4 44.5 +£2.9
HCO, - 19.1£2.2 22.211.9 21.6 £0.6 21.5 12,1 23.3+0.8 23.5 0.2
pH - 7.262 £0.063 7.314 £0.009 7.388+0.036 7.313 £0.037 7.401+0.016 7.400 £0,035
po, . - 54.0 £1.4 75.8 £11.9  63.812.9 42.3 £10.2  49.2+4.7 44.5 £ 4.1
pCO, - 47.5+7.8 46.6 +5.0 44.6 5.5 45.4 £5.4 45.0 £3.7 48.9 £1.4
HCO, - 19.5 2.1 22.112.4 22.7 £0.7 23.0 £2.0 23.740.8 26.6 +2.3

L8T



Appendix D1 Effect of tissue collection technique upon brain biogenic amines. Results shown are meant S.E. (n=6 per
group). Concentrations shown are expressed as pg / g brain.

Rat Weight SHT 5HTP NOR ADR DOP
CEREBRAL CONCENTRATIONS
Ether 313+10.0 0.423+0.0025 0.205+0.020 0.476+0.03 0.112 +0.036 0.315+0.025
Stunned 316+6.0 0.448+0.031 0.178x0.044 0.572+0.03 0.12 £0.080 0.423+0.09
BRAINSTEM CONCENTRATIONS

Ether 313+10.0 0.324%+0.017 0.126+0.017 0.300+0.020 0.380 +0.011 0.884+0.035
Stunned 316+6.0 0.311+0.013 0.119+0.020 0.416+0.042 0.350 +0.060 1.05+0.072

882



Appendix D2 Changes in cerebral and brainstem concentrations of catechol amines following portacaval shunting (PCS).
Results shown are mean + S.E. (n=6 per group). Concentrations shown are expressed as pg / g brain.

TIME/WKS NOR ; ADR DOP
CEREBRAL CONCENTRATIONS

0 0.41+0.04 0.35+0.05 1.06+0.06
1 0.51+0.01 0.45+0.06 1.36+0.01
3 0.48+0.01 0.36+0.01 1.25+0.01
9 0.42+0.08 0.19+0.01 1.14+0.01
15 0.33+0.005 0.20%0.01 0.9910.04
75 0.31+0.02 0.24+0.02 0.71+0.14
BRAINSTEM CONCENTRATIONS
0 0.4998 +0.03 0.114 +0.025 0.34 £0.031
1 0.633 £0.026 0.13+£0.003 1.49 +£0.04
3 0.52 £0.005 0.113+0.003 1.31+£0.03
9 0.48 £0.03 0.09 +£0.006 0.286 £0.03
15 0.612 £0.03 0.102+£0.003 0.3455 +£0.03
75 0.489 £0.06 0.06 £0.011 0.297 £0.02
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Appendix D3. Cerebral and brainstem concentrations of indole amines following PCS in rats.
S.E. (n = 6 per group). Concentrations shown are expressed as pg / g brain.

Time/Wks 5HT 5HTP

CEREBRAL CONCENTRATIONS

0 0.34 £0.017 0.112+ 0.01
1 0.397 +£0.02 0.298+ 0.01
3 0.424 £0.02 0.236+ 0.008
9 0.382 £0.02 0.192+ 0.02
15 0.365 +0.02 0.23+ 0.02
75 0.32 £0.03 0.277+ 0.01
BRAINSTEM CONCENTRATIONS
0 0.48 £0.03 0.17+ 0.03
1 0.55 +0.01 0.24+ 0.05
3 0.54 £0.02 0.48+ 0.01
9 0.48 £0.04 0.33+ 0.05
15 0.51 £0.02 0.29+ 0.05
75 0.49 £0.04 0.60% 0.11

Results shown are mean %

5HIAA

0.186 +£0.009
0.336 £0.03
0.363 £0.01
0.337 £0.01
0.314 +£0.03
0.302 £0.02

0.33+0.03
0.51 +0.07
0.77 £0.04
0.72+0.02
0.68+0.13
0.64 £0.08

06¢



Appendix D4 Changes in cerebral and brainstem concentrations of brain biogenic amines in perfused and non-perfused
PCS and control brains. Results shown are mean + SE, n = 6 per group. Concentrations shown are expressed as pg / g
brain. ‘

INDCLE AMINES BRAINSTEM CATECHOLAMINES
Rat weights/g SHT S5HTP Nor Adr Dop
Cerebrum - Brainstem Cerebrum Brainstem
Controls (C) 286 +11.0 0.51 i0.11i 0.71+0.23 0.28 +0.08 0.64+0.06 0.52+0.08 0.99+0.09 1.64 +0.05

Unperfused

Unperfused (PCS) 261 +17.5 0.57 +0.20 0.72+0.27 0.50+0.06 0.94+0.05 0.58+0.02 1.08+0.06 1.93 £0.03
Shunted brains (7 days)

Control Perfused 275 +29.6 0.34 +0.017 0.48 +0.03 0.112 +0.01 0.153+0.03 0.36 +0.07 0.67+0.09 1.01 +£0.08
Cc/P .

Shunted (PCS/P) 253 +383 0.397 +£0.02 0.55+0.01 0.198 £0.01 0.34+0.050.633+0.0260.13+0.003 1.49 £0.04
Perfused
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Appendix D5 Cerebral and brainstem concentrations of catechol amines following PCS and PCT in rats. Results shown

are mean * S.E., (n=6 group). Concentrations shown are expressed as ug / g brain.

A) CEREBRAL CONCENTRATIONS

1. PCS
Time Wks Nor Adn
Control 0 0.41 £0.04 0.35%+ 0.05
1 0.51 £0.01 0.48+ 0.06
3 0.48 £ 0.01 0.36+ 0.01
9 0.42 +0.08 0.19+ 0.01
15 0.33 £0.005 0.20+ 0.01
75 0.31 £0.02 0.24+ 0.02
2. PCT
1 0.543 £0.05 0.386+ 0.083
3 0.423 +0.02 0.231+ 0.02
9 0.307 £0.02 0.177+ 0.002
15 0.310 £0.003 0.165+ 0.002
3. Controls
0.41+0.04 0.35+ 0.05

Dop
.06 £0.06
.36 £0.01
.25 +0.01
.14 +£0.01
.99 £0.04
.71 +£0.14

O O — ek

1.40 £0.23
0.943 +£0.08
0.825 +£0.05
0.921 +0.06

1.06 £0.06
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Appendix D5

N - O W =+ O

a o,

— W W =< O

Nor

0.4998 +0.03

0.633 £0.026
0.52 +0.005

0.48 £0.03
0.612 +0.03
0.489 +0.06

0.4998 +0.03

0.586 +0.007
0.579 £0.008

0.42 £0.02
0.54 £0.02

B) BRAINSTEM CONCENTRATIONS

1.PCS

Adn

0.114+ 0.025
0.13+ 0.003
0.113+ 0.003
0.09+ 0.006
0.102+ 0.003
0.06+ 0.011

2. PCT

0.114+ 0.025
0.123+ 0.003
0.105+ 0.002
0.070+ 0.002

0.07+ 0.002

Dop

0.34 £0.031
1.49+0.04
1.31+0.03
0.386 £0.03
0.3455 +0.03
0.207 +0.02

0.38 +0.031

1.14 £0.48
0.228 +0.02
0.223 +0.02
0.226 +0.020
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Appendix D6 Cerebral concentrations of indole amines following PCS and PCT in rats.
(n=6 per group). Concentrations shown are expressed as pg / g brain.

Time
(weeks)

PCS
PCT
Control

PCS
PCT
Control

PCS
PCT
Control

1

0.34+0.03
0.21+0.02
0.18+0.01

0.20+0.01
0.19+0.02
0.11+0.01

0.40+0.02
0.31£0.02
0.34+0.02

3

0.36+0.01
0.23%+0.01
0.18+0.01

0.24+0.01
0.17+0.01
0.14%0.01

0.42+0.02
0.38+0.01
0.34+0.01

5HIAA

S5HTP

5HT

0.34%0.01
0.19+0.01
0.21+0.01

0.19+0.02
0.16%0.01
0.12+0.01

0.38+0.02
0.33+0.02
0.34+0.02

Results shown are mean + S.E,,

15

0.31+0.03
0.23+0.01
0.17%0.01

0.23+0.02
0.15+0.01
0.14+0.01

0.36%0.02
0.38+0.01
0.34+0.01
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Appendix D7 Brainstem concentrations 61‘ indole amines following PCS and PCT in rats. Results shown are mean t+ S.E.,

(n=6 per group). Concentrations shown are expressed as pg / g brain.

Time
(weeks)

PCS
PCT
Control

PCS
PCT
Control

PCS
PCT
Control

0

0.34+0.03

0.17+0.03
0.17+£0.03
0.18+0.03

0.48+0.03
0.48+0.03
0.34+0.03

1

0.51+0.07
0.53+0.03
0.33+0.03

0.24x0.05
0.30+0.04
0.15+0.03

0.55+0.01
0.56+0.04
0.48+0.03

5HIAA

SHTP

5HT

0.77+0.04
0.48+0.03
0.35+0.06

0.48+0.01
0.35+0.02
0.16+0.03

0.54+0.02
0.52+0.02
0.49+0.03

0.72+0.02
0.43+0.09
0.37+0.04

0.33+0.05
0.28+0.03
0.16+0.01

0.48+0.04
0.40+0.02
0.42+0.02

15

0.68+0.01
0.37+0.04
0.25+0.01

0.29+0.05
0.22+0.02
0.18%0.02

0.51+0.02
0.43+0.03
0.42+0.03
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