






R204 WOOD, McMAHON, AND MCDONALD 

TABLE 1. Pv, Pa, Pa,,, - Pv,,., , and vol before and 
after different experim-ental treatments 
in perfused trout preparation 
- - _------_I__p-- .--- ~ -_- -~ 

Before After 
-- - 

ml/100 g per min. Conversely, Rs was also unaffected 
by high irg but was significantly elevated by epineph- 
rine and of course by the high Pa treatment (Fig. 3B). 
There were no significant differences in Rs between the 
latter two groups. 

Pv Pa Pa Pa o2 - pv,, VW 

Eplnephrine, 
10 ‘M 

-_-. 
54.7 14.4 21 8 2 63 60.4 39.0* - 0.3* 2.56 

III = 91 
H:lgh Pa 49.8 11.2 23.2 3 87 50.9 36.1* -24.2 4.20 
111 = 7) 
tilgh Vg 52.5 9.8 - 19.1 52.4 10.3 - 7.4* 

1II = 71 
-. --.-- -.--_-.--- - - - -- ~- - 

Values are means. See SYMBOLS for explanation of abbreviations. Pv and Pa are 
measured in cmH,O, Pa,,, - Pv,, in Torr, and Vo2 in ~1 O,/lOO g per min. Before values 
taken 30 min after start of experiment at Q = 1.0 ml/l00 g per min. After values taken 30 
mln after application of experimental treatment at this same a (60-90 min after start of 
experiment 1. *Significantly different ( P 5 (1.05 1 from before values by paired two-tailed 
Student l-test. 

relations within the preparation (Fig+ 2, A and C; Table 
1). 

Epinephrine (lo-” M) in the perfusate significantly 
elevated Pa at all values of &, whereas Pv was not 
significantly changed (Fig. 2, A andB; Table 1). Conse- 
quently the Pv - Pa differential was markedly reduced 
at all Q’s relative to the control group (Fig. 2, A andB). 
The response of the systemic vasculature, and thus Pa, 
to epinephrine tended to decline with time. This can be 
seen by comparing the Pa value of the epinephrine 
group in the initial comparison data (39.0 2 1.5 (9) 
cmH,O (mean t SE (N)); Table 1) with that at the same 
Q in the regular experiments (28.9 t 3.9 (9) cmH,O; 
Fig. 2B)* The former value was obtained 30 min after 
the initial application of epinephrine, whereas the lat- 
ter represents a mean value for later times (l-8 h) due 
to the randomized nature of & variation (see MATERIALS 

AND METHODS). This phenomenon can be prevented by 
oxygenation of the perfusate (321, but oxygenation could 
not be employed in the present experiments because it 
would have interfered with the 0, exchange determi- 
nations. No marked changes in branchial adrenergic 
reactivity (i.e., Pv - Pa) were seen over the same 
period. 

Artificial manipulation of Pa to the 30-40 cmH.,O 
range effected a twofold (high a> to threefold (low &) 
elevation of Pa relative to the control group, although 
Pv was not significantly altered at any & (Fig* 2, A and 
D; Table 1). The actual values of Pa attained at each & 
did not differ significantly from those in the epinephrine 
treatment (Fig. 2, B and D). As with the epinephrine 
treatment, the Pv - Pa differential was markedly 
reduced at all Q’s relative to the controls (Fig. 2, A and 
D, . 

Vascular resistances were calculated as Rg = (Pv - 
Pa@ and Rs = Pa/Q. Both Rg and Rs fell markedly in 
all treatment groups as & increased, the largest changes 
occurring at the lowest &‘s (Fig. 3, A and B). Rg was 
unaffected by the high vg treatment but was signifi- 
cantly lowered at all Q’s by both epinephrine and high 
Pa (Fig. 3A). The latter treatment was in fact slightly 
more effective, resulting in significantly lower values of 
Rg than the epinephrine treatment at & = 0.50 and 1.0 

Oxygen Exchange 

0, exchange by the internal perfusate during its 
passage through the gills has been expressed as Pa, - 
Pvo2 to compensate for slight differences in Pvoz (30-40 
Torr) in different experiments (Figs. 4 and 5). Since 0, 
was carried entirely by physical solution in the perfk 
sion medium, (Paoz - PvO,). abO, will equal the 0, 
concentration difference between arterial and venous 
samples. In the control group, Pa - PvO increased 
from a negative value at Q = 0.5 ml7100 g p& min (net 
0, loss) to an apparent asymptotic maximum at & = 3.0 
ml/100 g per min; the latter value was not significantly 
different from zero (no net 0, flux) (Fig. 4). 

The relative forms of the Pa, - Pv, versus a curves 
were very similar in the other three groups, though the 
absolute values differed (Fig. 5). The asymptotic nature 
of these relationships is at least partly an artifact of 
averaging. In all four groups, the majority of prepara- 
tions showed a maximum value of Pa, - Pv, at some 
intermediate value of &, followed by a decline at the 
highest values, as illustrated by the example in Fig. 4. 
The actual & at which Pa, - Pv, reached a peak 
varied from preparation to preparation, whereas in 

I 1 1 I 1 
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FIG. 3. Effects of control (n = 91, epinephrine (n = 91, high vg (n 
= 71, and high Pa (n = 7) experimental treatments on the relation- 
ship between A, branchial vascular resistance (Rg) and Q, and B, 
systemic vascular resistance (Rs) and a in the perfused trout 
preparation. Means are given (standard errors omitted for 
clarity). *Mean significantly different (P 5 0.05) from compara- 
ble value at same & in control group. 
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FIG. 4. Effect of variations in Q on Pao2 - Pv,,+, in perfused trout 
preparation under control conditions (rl = 9,. Means 2 1 SE are 
given. Dotten’ he illustrates results from a single preparation 
(weight = 189 g); note that highest value of Pa,, - Pvo, is attained 
at an intermediate 8, and that Pa,,,, - Pv,,,, declines at higher Q’s. 
This effect is obscured by averaging ;n mean resuIts. 

some animals Pa,, - Pvos was still increasing at the 
highest & tested. -Averaging effectively obscured this 
optimum & effect. 

Epinephrine (10 5 M) significantly elevated Pa,, - 
Pv,., by about 15 Torr relative to the control group over 
the whole range of & tested (Fig. 5). This effect was also 
seen in the initial comparison data (Table 1). Thus at & 
2 2.0 ml/100 g per min, there occurred a significant net 
uptake of 0, by the perfusate in the presence of epineph- 
rine. The high vg treatment increased Pa, - Pv, in a 
similar manner to epinephrine (Fig. 5; Table l), though 
this rise was significant (relative to the control group) 
only at & 5 1.5 ml/100 g per min. Nevertheless, net 0, 
uptake by the internal perfusate was significantly 
greater than zero at Q 2 2.5 ml/100 g per min in the 
presence of high Vg. The high Pa condition had no 
significant effect on the Pa,, - Pv,,~, versus & relation- 
ship (Fig. 5; Table 1). 

Vo., from the external ventilatory flow was calculated 
by the Fick principle as vo., = (Pie., - Pea. ) l crwo,- vg. 
However Pi, - Pe,, differences w&e gen&ally <n the 
order of 0.5-5.0 To& which approaches the precision 
(+0.5 Torr) of the analytical system. Consequently, 
measurement error was substantial and the variability 
in the data was large. Nevertheless vo, tended to rise 
with increasing & in all three treatments (Fig. 6), 
though this trend was significant (P < 0.01) only in the 
control group (as assessed by the significance of the 
correlation coefficient ). No significant differences in vo, 
from control values occurred in either the high Pa or 
the epinephrine groups, though the mean values in the 
latter were regularly lower than in the other two (Fig. 
6). No effect of epinephrine or high Pa could be seen in 
the initial comparison data (Table 1). Overall, vo, 
averaged about 5 ~1 O,/lOO g per min (Fig. 61; this 

figure may be compared with a value of 51.2 5 4.5 (4) 
~1 OJlOO g per min measured in resting trout in vivo. 

PSO.,, the 0.) tension of the perfusate returning from 
the systemic circulation, was extremely low (6.5 2 1.9 
(9) Torr) and did not vary significantly with Q, despite 
an increase in Pa,, from 7.8 2 2.8 Torr at 0.5 ml1100 g 
per min to 37.5 2 4,O Torr at 3.0 ml/100 g per min. Thus 
0, uptake by the systemic tissues was limited by the 
rate of 0, delivery, and the observed increases in Pa - 
Ps from 1.2 2 2.1 Torr at the lowest Q to 31.6 t 2.6 Torr 
at the highest & simply reflected the increasing oxygen- 
ation of the arterial perfusate. In two animals, Ps& 
between 0.5 and 2.0 Torr were consistently record&d, 
indicating the remarkably low tensions from which 
trout cells can take up 0,. 

DISCUSSION 

Blood Pressure and Vascular Resistance 

In the present preparation, the branchial and sys- 
temic circulations were perfused in situ under condi- 
tions closely duplicating the in vivo situation with 
respect to the serial arrangement of the vascular beds, 
the normal range of &, the pulsatile wave form and HR 
of Q, the PO, of the branchial perfusate, and the 
external vg. The results largely confirm the findings of 
earlier work (29, 32) in which the branchial and sys- 
temic vascular beds were isolated and perfused sepa- 
rately under less physiological conditions. 

In the branchial results, the principal point of interest 
is the marked passive distensibility of the system. For 
example, in the control group, note the 66%) drop in Rg 
as & was raised from 0.5 to 3.0 ml/100 g per min (Fig. 
3A 1; this was associated with a doubling of Pt W (Pv 
+ Pa)) from 23.3 to 47.2 cmH,O (Fig. 2A). Similarly, in 
the epinephrine group, a doubling of Pt (30.4 to 61.1 
cmH,O) over the same & range caused an 80% decrease 
in Rg (Figs. 2B and 3A ). This passive distensibility can 
also be seen in the results for the high Pa group (Figs. 
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FIG. 5. Effects of epinephrine (II = 91, high vg (II = 7), and high 
Pa (11 = 7) experimental treatments on relationship between Pa,+ 
- Pvo2 and Q in perfused trout preparation. Position of control 
relationship from Fig. 4 is indicated by rlotfeci Line. Means + 1 SE 
are given. ‘&Mean significantly different CP 5 0.05) from compa- 
rable value at same B in control group. 
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2D and 3A 1 in which Rg was significantly lower than in 
the controls at all values of @ Earlier, by applying a 
simple hydraulic model to the branchial circulation, we 
indicated that for a given Pt, the contribution of Pa 
would be more effective than that of Pv in reducing Rg 
~29). This is directly confirmed by the present work. An 
illustration is given in Table 2. Note that while Pt’s 
were identical in the two groups, the Rg in the high Pa 
treatment was significantly lower, This difference re- 
flected the greater contribution of Pa and reduced 
contribution of Pv to Pt in the latter relative to the 
control group. Many changes in Rg observed in vivo are 
probabl\T explicable in terms of passive distensibility 
associated with changes in Pv and Pa (9, 11, 29, 32). 

Epinephrine (10p5 M) significantly reduced Rg at all 
Q’s relative to the control group (Fig. 3.A). This effect is 
associated with the stimulation of dilatory /+adrenore- 
ceptors in the branchial vessels; a much smaller cy- 
adrenoreceptor constriction is masked (19, 29, 30). How- 
ever, Pa’s were significantly elevated by epinephrine 
(Fig. 20, a phenomenon caused by systemic constric- 
tion. This effect is due to stimulation of constrictory cy- 
adrenorecptors in the systemic vessels; a smaller p+- 
adrenoreceptor dilation is probably hidden (31). As R-g 
was reduced to a comparable or greater extent by the 
high Pa treatment (Fig. 3A ), one possible interpretation 
is that the branchial dilation in the epinephrine group 
simply reflected physical distension by elevated Pa 
rather than a true decrease in vasomoter tone caused 
by epinephrine. There are several reasons for believing 
this interpretation to be untrue. First, epinephrine (10. 5 
M) causes a 50% decrease in Rg even in the presence of 
a constant high Pa = 40 cmH,O (29). Second, the 
situation is complicated by the presence of efferent 
venous pathways as well as an efferent arterial (i.e., 
dorsal aortic) pathway from the gill (see introduction), 
Epinephrine decreases venous outflow and increases 
dorsal aortic outflow (7, 19, 22). The high Pa treatment 

FIG. 6. Effect of variations in a on 0, up- 
take (iTo,) from external ventilatory flow by 
gills in perfused trout preparation under con- 
trol (white; n = 9), high Pa (crosshatched; 
n = 71, and epinephrine (stippled ; n = 9) 
experimental treatments. Means are given; 
bars = +I SE. 

3.0 

TABLE 2. Example situation illustrating that, 
for a given Pt, contribution of Pa is more 
effective than that of Pv in reducing Rg 
--._~ 

Control High Pa 
tn =9, In =7, 

- -.~-, __ --_--~__ 

Pt, cmH,O 47.3 -+ 2.0 48.4 5 2.6 
Rg, cmH20- 100 g. min/mI 18.5 k 1.4 12.4 + 2.7* l 

Pv, cmH,O 75.0 k 4.2 57.9 k 3.7* 
Pa cmH,O 19.5 k 2.3 39.0 k 1.7* 
Q, ml/100 g per min 3.0 1.5 --- .- ~~- 

Values are means k 1 SE. *Significa ntly different (P 5 0.05) 
from control values by unpaired two-tailed Student t-test. 

on the other hand will increase the effective resistance 
at the dorsal aortic outflow (i.e., Rs), but should not 
affect that at the venous outflow. Calculation of Rg by 
(Pv - Pa)@ will therefore tend to underestimate the 
vascular resistance of the gill-dorsal aortic route (arte- 
rial outflow) to a greater extent in the high Pa treat- 
ment than in the epinephrine condition. 

The presence of both arterial and venous outflow 
routes from the gill also poses a problem for the calcu- 
lation of Rs by Pa/Q, because the actual & perfusing the 
systemic circulation will be reduced by the amount of 
the venous outflow from the gill. Girard and Payan (7) 
determined this loss to be lo-20% of Q, but used a 
preparation in which the normal pressure relations of 
the outflow channels were markedly abnormal. Smith 
(22) employed more realistic outflow pressures, and 
found a 20-60% loss of & (estimated from Figs.). In light 
of this uncertainty, we have elected to use simply an 
uncorrected & in the calculation of Rs, recognizing that 
this will tend to underestimate the real Rs to some 
extent. Nevertheless, the levels of base-line Rs com- 
puted in the control group (Fig. 3B) agree closely with 
those determined at comparable Q’s in the isolated, 
directly perfused trunk (32). 

The data provide evidence of passive distensibility in 
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the systemic vascular bed, Rs falling by about 60% in 
the control group as & was raised from 0.5 to 3.0 ml/l00 
g per min (Fig. 3&. However, due to the lack of 
endogenous cll-adrenergic tone in the preparation (321, 
the Pt’s (Pa/Z = 3.8-9.8 cmH.,O) were far below the 
physiological range (15-25 cmH,O). Extrapolation of the 
Pa and Rs curves in Figs. 2A and 3B to the normal Pt 
range indicates that there should be little passive dis- 
tensibility in Rs under in vivo conditions, in agreement 
with earlier work (32). In the epinephrine group, the Rs 
data are complicated by the time-dependent decrease in 
systemic adrenergic reactivity (see RESULTS), and can- 
not be used to assess distensibility over the physiologi- 
cal range of Pt’s. 

Oxygen Exchange I 
Both the forms and relative positions of the Paoz - 

Pvo., versus Q curves (Figs. 4 and 5) were surprising. 
One might expect that Pa, - PvO would be greatest at 
the lowest & (i.e., highest’Vg/Q &io) and then fall as 
perfusate transit time decreased (i.e., diffusion limita- 
tion -cf. Fig* 4 of Jones, Randall, and Jarman (12)). On 
the contrary, under all treatments, Pa, - Pv, was 
lowest and negative at the smallest Q ana increased to 
a maximum value at higher &‘s (Figs. 4 and 5). This 
behavior can only be explained by a significant uptake 
of 0, from the internal perfusate by the branchial 
tissue. At low Q’s, this 0.) demand drove Pa,O.p, and thus 
Pa0., - Pvo.,, down to a negative value. As Q-increased, 
the -influence of this demand per unit perfusate flow 
decreased, so Pa, - Pv, rose. Furthermore, this de- 
mand must have taken ‘place at sites distal to the 
oxygenation sites or else Pa02 would have been reele- 
vated in the oxygenation sites (presumably the second- 
ary lamellae). The influence of transit time limitation 
was seen in the decline of PaO, - Pv,.) at the highest 
values of &, an effect which caused the gsymptotic form 
of the averaged curves (Figs. 4 and 5). 

Current anatomic evidence (6, 26-28, indicates that 
all the perfusate must flow through the secondary 
lamellae before passing to the various efferent path- 
ways. Therefore it seems reasonable to assume that the 
oxygenation sites and 0, demand sites are perfused in 
series. On this basis, an estimate was made of the 
magnitude of this 0, demand from the internal perfu- 
sate by the gills. For this calculation in the control 
group at Q = 0.5 ml/l00 g per min, it has been assumed 
that perfusate entered the gills at the set Pv,, = 35 
Torr, was oxygenated to 100 Torr in the lamella!e, and 
was then deoxygenated to Pa, = 4.6 Torr (i.e., observed 
Paoz - Pv, = 30.4 Torr; Fig. 4) by the 0,) demand sites. 
Thus the internal O*, demand is given-by (100 - 4.6 
Torr) l & 9 ab02 = 2.44$1 O.,/lOO g per min. The major 
assumption in this estimate is the “oxygenated” Pa,, = 
100 Torr. This value was chosen on the grounds that 
Paoz in vivo at approximately this temperature and Vg 
level is about 100 Torr (4). In vivo, cyb(), is much higher 
and the Vg/Q ratio is much lower (41, so that estimate 
should be conservative. 

Even if the extreme case was assumed, i.e., that 
“oxygenated” Pa, reached equilibrium with P&, the 
measured ire, stil1 exceeded the amount of 0, trans- 
ferred from the external water to the internal 0, de- 

R207 

mand sites. Consequently, there must also have oc- 
curred a significant external 0, demand, i.e., 0, taken 
up from the external vg by the gills but not transferred 
to the internal perfusate, This external 0.) demand was 
estimated in the control group at & = 0.i ml/l00 g per 
min as equal to the measured vo, 13+63 ~1 O,/lOO g per 
min; Fig. 6) minus the uptake transferred to the inter- 
nal perfusate ((100 - 35 Torr) m & l ab,,). The resulting 
figure for external O*, demand (1.97 ~1 O+/lOO g per min) 
was comparable to that for internal 0, demand (2.44 ~1 
O,/lOO g per min). 

The combined internal and external 0.) demand prob- 
ably increased as & was raised from 0.5 to 3.0 ml/l00 g 
per min, for the measured rise in irO, (3.07 ~1 O,/lOO g 
per min; Fig. 6) was larger than that accounted for by 
the observed increase in (Pael - Pvo2) l ab,- Q = 1.16 
pl O.,/lOO g per min (Fig. 4). Such a rise in endogenous 
0, demand probably reflected the perfusion of greater 
numbers of both secondary lamellae and 0, demand 
sites as & was raised, the increasing Pt surpassing the 
critical closing pressures of individual lamellae (29). 
The internal 0.) demand sites could include regions of 
Rg control such as arteriovenous anastomoses and 
smooth muscle on the efferent lamellar and efferent 
filamental arterioles, whereas the external 0.) demand 
sites are probably largely ion-t.ransporting celis located 
in the filamental and lamellar epithelia (16, 26-28). 
Eddy (5), on the basis of measured NaCl fluxes and gill 
potentials, has calculated a very similar value to the 
present external O., demand estimate for the cost of 
branchial ion regulation in the freshwater goldfish, 
about 1.65 ~1 O,/lOO g per min (Le., 1.68-2.24 JDO0.g 
per h). 

Overall, the combined internal and external 0.) de- 
mands of the branchial tissue accounted for essentially 
all of the vo, in the control and high Pa groups, and 
averaged 5.98 ~1 O,/lOO g per min, or about 11.7% of the 
normal Tiomp of resting intact trout at 7.5OC (51.2 ~1 O.,/ 
100 g per iin). This endogenous branchial metabolism 
has previously been neglected but may be of considera- 
ble importance. For example, it is of suffkient magni- 
tude to account for the production of all the CO, in- 
volved in HCO:JCl- exchange (3) and all the NH:, 
involved in “basal” ammonia excretion (ZO), assuming 
normal ko2/~02 and ~NH~/~o~ ratios. Furthermore, it 
will cause a definite overestimation of Q by the Fick 
technique commonly employed for determining this 
parameter in fish in vivo, expecially when combined 
with the 13% of resting vo, which is consumed cuta- 
neously (14). 

The increase in Pq,., - Pv,, caused by epinephrine in 
the present preparation (Fig.‘5; Table 1) constitutes the 
first experimental confirmation that epinephrine en- 
hances arterial oxygenation (cf. 24). The concentration 
of epinephrine (lo-’ M) employed is probably about the 
maximum that ever occurs in vivo (17). The effect may 
be attributed to the lamellar recruitment thought to be 
mediated by epinephrine (16, 29). One might expect a 
rise in Vo, to accompany the action of epinephrine on 
pa, - Pv 4 on the contrary, measured Vo2's were 
lo&r @h&h not significantly) than in the control 
group (Fig. 6). Therefore epinephrine may have en- 
hanced Pz+,,, - Pv,, ., by depressing endogenous 0, de- 
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mand rather than by elevating branchial surface area. 
On the other hand, no change in Vo., was detected in 
the initial comparison data (Table lj. In view of the 
uncertainties involved in the VQ measurements (see 
RESULTS). this matter clearly deserves further experi- 
mcwtal attention. 

The high Pa treatment was employed because our 
previous analysis of the branchial circulation indicated 
that the effects of epinephrine and high Pa on gas 
exchange might .be similar, both acting to increase 
lamellar recruitment (29). The lack of influence of high 
Pa on Pq,,, -- Pv,,, in the present study (Fig. 5) casts , 
doubt on this prediction. As discussed above, the actual 
mechanisms of branchial vasodilation stimulated by 
cpinephrine and high Pa may differ. 

The high Vg treatment was administered to test 
whether inefkiencies in ventilation (e.g., unstirred 
lavers, ventilatory dead space) contributed to the low 
0: transfers recorded in the present preparation. The 
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