THE JOURNAL OF EXPERIMENTAL ZOOLOGY 279:254-264 (1997)

Physiological Inactivation of Vasoactive Hormones

in Rainbow Trout

KENNETH R. OLSON,'* DANIEL J. CONKLIN,'! J. MICHAEL CONLON,?

MARK KELLOGG,' MICHAEL P. SMITH,' LEROY WEAVER JR.,’!

PETER G. BUSHNELL,? anp DOUGLAS W. DUFF?

Indiana University School of Medicine, South Bend Center for Medical
Education, University of Notre Dame, Notre Dame, Indiana 46556

?Regulatory Peptide Center, Department of Biomedical Sciences, Creighton
University Medical School, Omaha, Nebraska 68178 .

’Department of Biology, Indiana University at South Bend, South Bend,
Indiana 46634

ABSTRACT  Hormone titers are affected by interplay between secretion and inactivation pro-
cesses. While secretion is a focal process, inactivation mechanisms are often complex and poorly
understood. In the present study, inactivation of cardiovascular regulatory hormones was exam-
ined from a physiological perspective by analyzing the half-time (t.,) for recovery of dorsal and
ventral aortic and central venous pressure, cardiac output, heart rate, and systemic and branchial
vascular resistance following infusion or injection of hormones into conscious rainbow trout, Onco-
rhynchus mykiss. When possible, these were compared to recovery ty of isolated vessel rings in
vitro. The ty; for epinephrine or norepinephrine recovery in vivo was 3—4 min, approximately twice
as long as recovery ty, for isolated celiacomesenteric and epibranchial artery rings in vitro. Thus,
the rate-limiting step in vascular relaxation is the concentration of circulating catecholamine con-
centrations, and not metabolic or mechanical events within the vascular wall, The in vivo recovery
1, following angiotensin IT (ANG 1I) infusion was 6-7 min, nearly twice that of catecholamines,
but also greater than the t,, following bolus ANG II injection, inhibition of angiotensin converting
enzyme with captopril or injection of trout bradykinin. Arginine vasotocin (AVT) rccovery ty, in
vivo, was considerably longer (20-30 min) than either catecholamine or ANG II ty, and longer than
AVT recovery ty; of isolated vessels in vitro (5-6 min). The inactivation kinetics of catecholamines
are consistent with circulatory convection-limited processes and do not appear to be limited by
either tissue uptake or enzymatic degradation. This is probably the fastest type of ‘on-off” endo-
crine regulation in fish. Inactivation of ANG II and bradykinin are also convection limited, but
ANG II metabolism may become saturated with high doses of exogenous ANG II. AVT inactivation
is not convection limited and may compensate for a quantitatively lower capacity of the pituitary
for peptide secretion, or less emphasis on AVT as an on/off effector of vascular resistance. J. Exp.
Zool. 279:254-264, 1997. © 1997 Wiley-Liss, Inc.

Cardiovascular function in fish is affected by a
variety of endocrine vasoconstrictory systems in-
cluding the sympathetic nervous system (SNS;
Nilsson, ’84; Morris and Nilsson, '94), renin an-
giotensin system (RAS; Olson, 92), kallikrein ki-
nin system (KKS; Olson, ’92; Olson et al,, "97),
and arginine vasotocin (AVT; Le Mevel et al., "93;
Warne and Balment, ’95). Regulation of these sys-
tems is dependent upon the ability to elevate hor-
mone titers in response to appropriate stimuli, and
the capacity to restore plasma concentrations to
resting levels after the stimulus has passed. In
all situations, hormone concentrations are affected
by interplay between the rates of hormone pro-
duction (secretion or activation) and inactivation.
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Secretion/activation processes are better charac-
terized experimentally and they are usually held
to be the major factor governing short term regu-
lation of plasma titers. Inactivation processes are
technically more difficult to examine, however, re-
cent evidence from mammalian studies suggest
that these may also be under physiological con-
trol (Davis et al., ’92; Kuchel, ’94).

Hormone inactivation, from a biochemical per-
spective, entails removal of the secreted preduct
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from the circulation either through tissue uptake,
excretion, or metabolic transformation. From a
physiological perspective, recovery following hor-
mone activation encompasses restoration of the ef-
fector to the pre-stimulated state. Physiological
recovery includes biochemieal inactivation of circu-
lating hormones, dissociation of hormone-effector
complexes, and return of intracellular processes to
the previous state. If the latter two occur at a slower
rate than plasma inactivation, physiological recov-
ery will lag behind plasma recovery; if they are
faster, plasma inactivation becomes the rate limit-
ing process. Plasma inactivation can, in turn, be
affected by the kinetics of the biochemical processes
themselves, or by convective delivery of hormone
to the inactivation sites.

The biochemical rate of caftecholamine inacti-
vation in fish has been estimated by observing
the disappearance of a bolus of unlabeled (Dashow
and Epple, ’83) or radiolabeled (Ungell and Nils-
son, '79, '83; Nekvasil and Olson, '86; Gamperl
and Boutilier, ’94) catecholamine from the circu-
lation. An approximation of physiological inacti-
vation rate has also been derived from the time
course of the fall in arterial pressure after a single
bolus catecholamine injection (Wood and Shelton,
'80). Most of these studies have shown that the
half-time for catecholamines in the circulation is
around 2 min which is close to the half-time for
convective distribution of inert molecules in the
plasma (Gamperl and Boutilier, *94; Nekvasil and
Olson, '86).

Comparatively little is known about the inacti-
vation rate of vasoactive peptides. To our knowl-
edge there has been only one study of ANG II
inactivation in vivo (Olson et al., ’86) and in that,
only the disappearance of radio-label following bo-
lus injection of "I-ANG II was measured. The
estimated half-time of '*1 in plasma had two rate
constants, the first was essentially equivalent fo
that predicted by convective dilution in the circu-
lation and the second around 12 h (Olson et al.,
’86). AVT inactivation has not been measured, al-
though Le Mevel ('93) observed that cardiovascular
effects of AV'T persisted longer than ANG II in trout.
Bradykinin turnover has not been measured in fish,

There are several problems inherent with most
studies of inactivation rate of vascactive hormones
in fish. First, when plasma hormone concentra-
tions are monitored following a single intravas-
cular bolus, it is difficult to separate biochemical
inactivation from convective and diffusive dilution
of the hormone in blood and interstitium. Second,
when inactivation is determined from the clear-

ance of radicactivity following injection of a labeled
hormone, the rate of clearance of radioactivity does
not correct for production of radic-labeled metabo-
lites and their subsequent addition to, or clearance
from, the circulation. Third, when a physiological
variable, such as recovery of blood pressure, is used
as an imdex of hormone inactivation, the actual
rate of hormone clearance from the plasma may
be masked by dilution of the injected bolus, bio-
chemical, or mechanical processes associated with
smooth muscle and eardiac recovery, or nonsyn-
chronous changes in resistance upstream and
downstream from the measurement site. However,
the time course of pressure restoration probably
provides a more physiologically relevant picture
of the recovery process than measuring the rate
of physical removal of the stimulant from the cir-
culation, if the above errors in this method can ei-
ther be controlled or compensated.

The purpose of the present experiments was to
examine inactivation of cardiovascular hormones
in trout from a physiological perspective by mea-
suring the recovery rate of cardiovascular vari-
ables in vivo following hormone infusion or
injection. These data were compared to the recov-
ery rate of isolated vessels in order to distinguish
local from general plasma inactivation kinetics.

MATERIALS AND METHODS
Animals

Rainbow trout {(Oncorhynchus mykiss; 400-750
g), of either sex, were obtained from a local hatch-
ery and kept in circulating 2,000-liter tanks at
12°C and under appropriate, seasonal light:dark
cycles. Fish were fed a maintenance diet of com-
mercial trout pellets (Van Den Bosch, Zeeland, MTI)
up to 48 h prior to experimentation.

In vivo infusion protocol

Details of trout cannulation are described in Ol-
son et al. ("97). Trout were anesthetized in hen-
zocaine (ethyl-p-amincbenzoate; 1:12,000, W:V)
and placed ventral side up in a “V” trough. The
dorsal aorta was cannulated percutaneously via
the roof of the buccal cavity with PE 60 and the
cannula exteriorized dorsally through the snout.
This procedure took less than 1 min and the gills
were not irrigated. Thereafter, gills were confinu-
ously irrigated with cold (5-10°C) aerated water
containing 1:24,000, W.V, benzocaine. The heart
was exposed with a midline ventral incision and
the ductus Cuvier was cannulated with 0.51 mm-
1.D. Silastic tubing (Dow Corning medical grade,
PGC Scientifics, Gaithershurg, MD). A clamp was
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then placed bhetween the ventricle and the bulbus
and a silastic cannula was inserted into the bul-
bus near the bulboventricular junction. After the
clamp was removed, a 35 Transonic flow probe
(Transonic Systems Ine., Ithaca, NY} was placed
around the ventral aorta distal to the site of the
cannula ingertion and connected to a Transonic
T101 flow meter. The wound was closed with in-
terrupted silk sutures and sealed with cyanoacry-
late gel (super glue gel). Ventral cannulas and flow
prohe cable were secured to the abdomen, pelvic
and caudal fins with silk sutures. All cannulas were
filled with heparinized saline (100 USP units - ml™
hHeparin in 9.0 g/l NaCl) and conneeted to pres-
gure transducers. The fish were revived and
placed in black plastic tubes in a 1,000 1 tank
with through-flowing aerated well water at 12°C.
Experiments were conducted 48 h after surgery.
An in-line four-way stopcock in the dorsal aortic
¢annula served as the site for hormene infusion.

Resting pressure and cardiac eutput were visu-
ally monitored for 1-2 h prior to experimentation
to insure that they were stable and within nor-
mal values for resting trout. Control values were
continuously collected by computer for 5 min prior
to hormene infusion and throughout the remain-
der of the experiment. Epinephrine or norepineph-
ririe (1 x 107 mol-1™) or ANG 1T (1 x 107 mol- 171
were infused with a syringe infusion pump (model
22, Harvard Apparatus, South Natick, MA) at the
rate of 0.3 mol-min™ for 1 min to flush the can-
nula and to prime the fish. The fish was then con-
tinuously infused at 1-2 ml-hr ™ for 20-30 min, to
achieve gsteady-state cardiovascular parameters
for at least 15 min. The actual infusion rate for
each fish was adjusted fo elevate dorsal aortic
pressure by 5-10 mmHg. The stopcock was then
closed to the pump and cardiovascular parameters
were recorded for an additional 30-45 min until
they returned to preinfusion levels.

Analog pressure signals were recorded with
Hewlett Packard 7853A patient monitors (Palo
Alto, CA). Digitized signals of pressure and flow
were collected every 0.1 sec and 1 sec averages
were stored in a computer. The pressure trang-
ducers were calibrated with a water manometer
and the flowmeter was calibrated in situ at the
end of the experiment by pump perfusion of the
ventricle with 12°C saline at known flow rates.
Heart rate was derived by the computer from ei-
ther the ventral aorta or systolic puise interval. Sys-
temic vascular resistance (Rs) was calculated by
dividing dorsal aortic pressure (pDA) minus ductus
Cuvier pressure (pDC) by cardiac output (CO):

K.R. OLSON ET AL.

Rs = [pDA-pDC] - CO™ (1)

Gill vascular resistance (Rg) was calculated as
the difference between ventral aortic (pVA)} and
dorsal aortic pressures divided by cardiac cutput:

Rg = [pVA—pDA] - CO™! (2)

Both resistances were calculated from the one-sec-
ond averaged pressure and flow values.

Typical control values were: pDA, 24.1 + 1.5
mmHg; pVA, 348 = 2.5 mmHg; pVEN, 2.6 = 0.5
mmHg; CO, 20.6 + 2.7 mm-min“keg™; HR, 59.4 =
3.2 beats-min’; Rs, 1.2 + 0.2 mmHg-ml " min~"
kg™ Rg, 0.5 + 0.1 mmHg-ml ™ min*kg™. Saline in-
fusion did not affect any of these parameters.

In vive bolus injection protocol

The time course of the effects of a single holus
injection of hormone, or of the angiotensin convert-
ing enzyme (ACE) inhibitors, captopril or lisinopril,
on cardiovascular parameters was examined in
trout instrumented as above, or in trout fitted with
only a dorsal aortic cannula, Injected doses were:
Epi (1 x 10 molkg™), ANG II (1 x mol-kg™),
captopril or lisinopril (3 x 10°® molkg™®), and AVT
{1 x 107 mol-kg™). ANG II was also injected after
captopril pre-treatment. Trout bradykinin ([Arg?,
Trp®, Leu®lbradykinin; tBK; 1 x 10°° molkg™) was
injected into trout pretreated with 0.5 mg-kg™ in-
domethacin as part of a separate study (Olson et
al., '97). All hormones were given in a single 0.25—
0.5 ml bolus into the dorsal aorta cannula followed.
by an additional 0.3 ml saline flush. Data was col-
lected as above for 5 min prior to, and 30 (Epi, ANG
I and captopril) or 60 (AVT, tBK) min thereafter.
Bolus saline injection did not affect pDA.

Isolated vessels

Trout were stunned by a blow to the head and
the spine was severed. Celiacomesenteric (CM)
and third- or fourth-arch efferent branchial (EB)
arteries were removed and placed in 4°C phos-
phate-buffered saline (PBS). Loose connective tis-
sue and blood was removed from the adventitia
and a pair of 1 to 2 mm-wide rings were cut from
the center of each vessel. The endothelium was
not removed in these experiments. Two 280 um
diameter steel “S” hooks were used to fasten the
rings between a Grass FT03C force-displacement
transducer and support rod and the rings were
suspended in individual 20 ml water-jacketed (12
+ (0.2°C) smooth muscle chambers and aerated
with reom air.

The rings were equilibrated for 1 h at 0.75 (CM)
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or 0.5 (EB) grams tension to establish a constant
resting tension. They were then contracted with
1 x 107 mol-17" epinephrine for 5 min and washed
with four rinses of PBS over the next hour and
resting tension was reestablished. In the cat-
echolamine studies, one ring from each pair was
then pretreated (10-15 min) with the beta antago-
nist, propranolol (1 x 10~ mol-17") to prevent any
B-mediated relaxation concurrent with the con-
traction (Olson and Meisheri, ’89). The rings were
then contracted with 1 x 107 mol-1" epinephrine
or norepinephrine or 1 x 107 mol- 17 arginine va-
sotocin (AVT) until tension plateaued (~10 min).
The chambers were then flushed with 25 ml PBS,
drained, and the vessels quickly washed with a
gentle stream of 10°C PBS. The chambers were
flushed a second time, filled, and the vessels al-
lowed to relax. In other experiments, the vessels
were pretreated with the monoamine oxidase in-
* hibiter, pargyline (107° mol-1"") prior to epineph-
rine treatment. Neither ANG 1T nor tBK contract
large systemic arteries in trout (Olson et al., ’94;
Conlon et al., ’96) and they were not examined in
this study.

Relaxaticn kinetics following a ligand-indepen-
dent contraction were examined in a separate
group of experiments by depolarizing vascular
smooth muscle with high potassium. Rings of EB
were contracted by addition of potassium chloride
to the chamber (final concentration 50 mM K*)
and relaxation was initiated by replacing the bath
with PBS after tension had stabilized for ~10 min.

Vessel tension was recorded with Gould chart
recorders (model 8188, Gould Instruments, Cleve-
land, OH). The chart recordings were optically
scanned into the computer and digitized for curve-
fit analysis.

Curve analysis

Rate constants for the decline in cardiovascu-
lar parameters at the end of hormone infusion, or
the drop in artery tension in vitro, were deter-
mined with curve-fitting software (Jandel Scien-
tific Software, San Rafael, CA), It was assumed
that these curves followed a single or two-compo-
nent exponential decay with one or two rate con-
stants and could be defined by the egquations:

A=A, + Ay (3)

A=Ay + A]teiklt + A2te_k2t {4)

Where: A, is the activity (pressure, resistance, ten-
sion, etc.) at any time, t. A, is activity at equilib-
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rium (rest). A, and A, are activities due to com-
ponents 1 and 2, respectively and —k; and -k, are
the rate constants for the fast and slow compo-
nents, respectively. The half-time (t.,) is calculated
from the rate constant: () = 0.693.k™". Only the
fast component was examined in detail in the
present study. In practice, it was evident that
when two components were present the half-time
f the second (slow) component was one to two or-
ders of magnitude longer than the first and prob-
ably was of little overall significance in accounting
for most of the observed decline in physiological
activity. Additionally, the presence of a second com-
ponent had little affect on the value of the rate
constant of the first component.

Values were compared by one-way ANOVA or
Mann-Whitney Rank Sum test and expressed as
means + SE,

Chemicals

Catecholamines, salmonid [Asn®, Val’] angiotensin
H, arginine vasotocin, indomethacin, pargaline, and
captopril were purchased from Sigma (St. Louis,
MO). tBK, (Arg-Arg-Pro-Pro-Gly-Trp-Ser-Pro-Leu-
Arg; Conlon et al, ’96) was synthesized by Chi-
ron Mimetopes Peptide Systems (San Diego, CA),
and purified by reverse phase HPLC on a Vydac
218TP54 column. Lisinopril was a generous gift
from Merck, Sharp and Dohme Research Labora-
tories (Rahway, NJ). All other chemicals were re-
agent grade. Phosphate buffered saline (PBS)
consisted of (in g:I™ 7.37 NaCl, 0.81 KCI, 0.10
CaCl,, 0.14 MgSQO,, 0.46 KH,PO,, 2.02 Na,HPO,:
pH adjusted to 7.8. Vessel rings were incubated
in PBS containing 0.9 g-1"! glucose.

RESULTS

The general protocols for hormone infusion or
bolus injection are shown in the case of norepi-
nephrine (Nepi) in Figures 1 and 2, respectively.
After an initial 5§ min control period, Nepi was
infused at a rate of 6 x 10~ mol-kg™min" for 1
min (prime) and then at 5 x 10™ mol-kg™ min*
for an additional min. During the initial 510 min
of the infusion period pressures and flow were
quite variable, becoming stable thereafter. Nepi
infusion was stopped after 20 min (26 min elapsed
from start of record) and the cardiovascular vari-
ables returned toward baseline at an exponential
rate. Figure 2 shows regponse and subsequent de-
cline in cardiovascular parameters after a bolus
Nepi injection. A typical curve fit analysis for the
drop in ventral aortic pressure from Nepi infu-
gion (data from Fig. 1) is shown in Figure 3. This
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NOREPINEPHRINE INFUSION
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Fig. 1. General protocol for hormone infusion in conscious  x10) pressures, cardiac output (CO, O), heart rate (HR, A)

trout. At the end of a 5 min control period norepinephrine
was infused at the rate of 6 x 107® molkg \min for 1 min
(prime) and then at 6 x 10~ molkg tmin™ for an 20 addi-
tional min. Dorsal (pDA, heavy lower line) and ventral (pVA,
heavy upper line) aortic and ductus Cuvier (pVEN, thin line;

follows a mono-exponential decline with a rate con-
stant of 0.24 min ' and a 2.9 min %, (Fig. 3). Relax-
ation of the celiacomesenteric artery in vitro after
Nepi exposure was also mono-exponential with a
0.9 min~ rate constant and 0.8 min t,, (Fig. 4).
Relaxation t,, for infused or injected hormones/
inhibitors are shown in Tables 1 and 2, respec-
tively. Table 3 shows relaxation t,, for isolated ves-
sels. In vivo t.,, for epinephrine (Epi) or Nepi
infusion, Epi injection, angiotensin converting en-
zyme (ACE) inhibition, or angiotensin II (ANG II}
injection (with or without ACE inhibition)}, were
not significantly different. Half-times for ANG 11
infusion, with or without ACE inhibition, were
similar, and they were approximately twice as long
as the catecholamine t,, (P < 0.05). Catecholamine
relaxation t.,, in vivo was twice as long as that for
celiacomesenteric arteries in vitro. AVT injection

and calculated systemic resistance (Rg, () fluctuated during
the first 10 min of infusion and became stable thereafter.
When infusion was terminated at 26 min these parameters
recovered at an exponential rate.

t,, was nearly an order of magnitude longer than
that for catecholamines (P < 0.05). Ariteries ex-
posed to AVT in vitro took twice as long to relax
compared to arteries exposed to catecholamines
(P < 0.05), whereas AVT relaxation in vivo was
significantly (P < 0.05) slower than AVT relaxation
in vitro. Relaxation t,, of EB following 50 mM K*
contraction was not significantly different from
catecholamine contracted vessels, but was gignifi-
cantly (P < 0.05) slower than pDA and pVA pres-
sure recovery in vivo. The t,, after bolus injection
of trout bradykinin (tBK) was similar to the t,
for catecholamines, ACE inhibitors, and ANG II
injection. The monoamine oxidase inhibitor, par-
galine, did not affect the rate of Epi relaxation of
celiacomesenteric arteries. Other than AVT, most
treatments did not produce consistent response
in either cardiac cutput or gill resistance. The
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NOREPINEPHRINE INJECTION
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Fig. 2. General protocol for bolus hormone injection in con-
scious trout. At the end of a 5 min control period a single, 1 x
107% mol-kg™, bolus of norepinephrine was injected and car-
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Fig, 3. Curve-fit analysis of the fall in ventral aortic pres-
sure after norepinephrine infusion. Open circles (O) are data
from Figure 1, solid line is the predicted mono-exponential
decay with a half-time of 2.9 min.

diovascular variables were monitored for 25 min. Symbols as
in Figure 1.
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Fig. 4. Curve-fit analysis of the relaxation of an isolated
celiacomesenteric artery after removal of 10~ mol.I™ norepi-
nephrine from the bathing medium. Open circles (Q) indi-
cate measured artery tension as a percent of maximum
contraction, solid line is the predicted mono-exponential de-
cay with a half-time of 0.8 min.
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TABLE 1. Half-time (in min) for relaxation of
cardiovascular variables in vivo following continuous

infusion'
Epi Nepi ANGII  Capto + ANGII
pDA  28+02 39:05 52205 6.8 +0.8°
(21) (8 C)] 13
pVA  3.4+03 43+07 61+10°
(21) (8) 9
pVEN 3208 7.0+ 1.3%
(21) (8
Rs 3.1+05 37:06 61+1.3°
(21} (6) (7)

*Epi, epinephrine; Nepi, norepinephrine; ANG II, angiotensin II;
Capto, captopril; pDA, dorsal aortic pressure; pVA, ventral aortic pres-
sure; pVEN, central venous pressure; Rs, systemic resistance; blank
space indieates parameter not mesured; n.c., no consistent change
cbserved. Means = SE.

2A11 ANG II half-times are significantly greater than corresponding
Epi half-times (P < 0,05).

predominant cardiovascular response to AVT in-
jection was an increase in gill resistance.

DISCUSSION

Ungell and Nilsson (79, '83) provided the first
estimate for the rate of vasoactive hormone clear-
ance from fish plasma by measuring the rate of
disappearance of radioactive epinephrine (*H-Epi)
from dogfish (Squalus acanthias) and cod (Gadus
morhua) plasma following bolus injection. They
found that clearance had two components. Analy-
sis of their data (Ungell and Nilsson, *79, ’83) us-
ing the curve-fit method of the present study
shows that the fast component has a 5.4 min ts,
in 8. acanthias and 1.9 min t,, in G. morhua (Table
4). Since then, a number of investigators have
shown that plasma catecholamines fall rapidly af-
ter bolus injection (Table 4),

It is evident from studies on trout, Oncorhyn-
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chus mykiss (Nekvasil and Olson, '86; Gamperl
and Boutilier, '94), that passive dilution of label
from the injection site could account for much, if
not all, of the fast component because the t, for
the decrease in plasma “H-catecholamine and “C-
sucrose (an inert extracellular volume marker} fol-
lowing bolus injection are very similar (Table 4).
If catecholamine clearance is corrected for pas-
sive dilution by normalizing *H-catecholamine
clearance to *C-sucrose clearance (Nekvasil and
Olson, ’86; Gamperl and Boutilier, '94) and exam-
ined by curve fitting, the corrected fast compo-
nent t,, for Epi is 1.7 (calculated from Nekvasil
and Olson, '86) or 2.4 (calculated from Gamperl
and Boutilier, '94) min and for Nepi is 0.8 min
(calculated from Nekvasil and Olson, '86). Because
these t,, fall within the t,, of passive dilution of
“(C-sucrose, there is considerable uncertainty re-
garding their accuracy. In the present study, the
problem of passive dilution was circumvented by
infusing unlabeled catecholamines or angiotensin
II (ANG 1I) until measurable, but not unphysi-
ological, changes in cardiovascular parameters
were achieved and maintained under steady-state
conditions. It is presumed that when the cardioc-
vascular parameters are at their new steady state,
an elevated, steady-state plasma catecholamine
or ANG 1l concentration is also attained. Because
the blood recirculation time in trouf is one minufe
or less (Olson and Duff, ’93), a 20 min infusion
period will permit at least 20 circulation times
for mixing.

When catecholamine infusion was stopped, all
cardiovascular variables that were affected by el-
evated plasma catecholamines decayed at approxi-
mately the same rate with a ty, of around 3 min
(Table 1). The t, for physiclogical recovery from

TABLE 2. Half-time (in min) for relaxation of cardiovascular variables in vivo following bolus injectignl

ANG II

Epi ANGII Captopril  (+ capto) Lisinopril Lisinopril AVT tBK
pDA 3305 3.8x0.1 32+0.3 35=03 49+ 0.4 40=+0.3 18.0+6.6° 3.0x03

(11) (3) (7) (13) (12) (37 4) (4}
pVA 40086 4.0 +0.6 3.7+08 30.8+21% 43=x11

(11) (3) (11} {5) (4}
pVEN 44+1.4 4005 45+09 3.3+07

(5} (3 (10) (4)
Co 6016

(8}
Rs or 21x06 5.0+0.9 30.0 +9.22 2.2 + 0.4
Rg” (7} (8) (4) (4)

'Epi, epinephrine; ANG I, angiotensin II; Capto, captopril; AVT, arginine vasotocin; tBX, trout bradykinin pDA, dorsal aortic pressure; pVA,
ventral aortic pressure; pVEN, central venous pressure; CO, cardiac output; Rs, systemic resistance; Rg, gill resistance, blank space indicates

parameter not measured or no consistent change observed. Means + SE.

2A11 AVT values significantly greater than all corresponding values for other hormones (P < 0.05).
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TABLE 3. Half-time (in min) for relaxation of
celiacomesenteric (CM) or efferent branchial (EB) artery
rings in vitro following continuous exposure'

Epi Epi+Par  Nepi AVT 50 mM K*
CM 16+03 13+01 17x04 49=x03
(12) (9) (5) (4)
EB 1406 6507 21x02
(3) (8) (15)

‘Epi, epinephrine; Par, pargaline; Nepi, norepinephrine; AVT, argin-
ine vasctocin; 50 mM K*, 50 mM potassium chloride. Means = SE.
All catecholamine values significantly less than corresponding
in vive parameters (Tables 1 and 2) for identical hormone (P <
0.05), All AVT values signficantly greater than catecholamine val-
ues or 50 mM K* (P < 0.05). All 50 mM K" values significantly
less than corresponding in vive parameters (Fables 1 and 2) ex-
cept pVEN, Rg, and Rs (P < 0.05) but not different from in vitro
catecholamine values in this table,

catecholamine infusion (Table 1) is also similar
to the half-time for physiclogical recovery from a
catecholamine bolus (Table 2) and to the half-time
for passive dilution of '*C-sucrose observed by
Gamperl and Boutilier ('94; also see Table 4). Be-
cause isolated vessels relax twice as fast in vitro
(Table 3) as they do in vivo (table 1), it is doubt-
ful if biochemical or mechanical events in the ves-
sel wall are rate limiting factors in blood pressure
recovery. Also, because isolated vessels relax
at the same rate after the receptor-mediated
catecholamine contraction as they do after a volt-
age-mediated 50 mM K' depolarization, ligand-
receptor interactions are not rate limiting. These
observations indicate that convection of catechola-
mines through the vasculature, but not tissue
uptake, enzymatic degradation, or receptor dis-
sociation, is the rate limiting step in catechola-
mine inactivation. The observation by Gamperl
and Boutilier (94) that the rate of *H-epinephrine
disappearance from trout plasma is unaffected by
simultaneous injection of unlabeled epinephrine is
consistent with a convective rather than either a
cellular uptake or enzymatically limited process.
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The cardiovascular effects of ANG II infusion
decayed with a 6 min t,, around twice as long as
that needed for convective mixing. Because ANG
IT does not constrict large vessels (Olson et al.,
’04) it was not possible to determine if the pro-
longed ANG II relaxation was due to a decreased
rate of ANG 1T dissociation from vasculature re-
ceptors or to slower plasma clearance. Perhaps of
some relevance is the fact that the in vitro t, of
another constrictor peptide, AVT, is three times
longer than that of the catecholamines (Table 3;
although see below).

The t,, for pDA recovery from ANG II infusion
is longer than that following an ANG II bolus (P
< 0.05) or the development of hypotension after
injection of the angiotensin converting enzyme
(ACE) inhibitor, captopril (P < 0.05; Tables 1, 2).
The time course for both ANG II injection and
ACE inhibition (~3 min) are more consistent with
convection limited processes. Because the total
amount of ANG II injected was considerably less
(< 1%) than the amount of ANG II infused, pro-
longed infusion may have overloaded the catabolic
capacity and resulted in a decreased recovery rate.

It is less clear why the onset of hypotension fol-
lowing ACE inhibition was also rapid. The short
ty, for ACE inhibition is consistent with a convec-
tion-limited process. This implies that the rate-
limiting step is the convective delivery of inhibitor
to the enzyme and that neither the rate of inhibi-
tor-enzyme association nor the rate of inactiva-
tion of circulating ANG II formed prior to ACE
inhibition are rate limiting. It aiso implies that
ACE activity is necessary for continual replenish-
ment of rapidly inactivated ANG II. The possibil-
ity of rapid ANG II turnover is supported by the
observation that ANG II is stoichometrically
formed from plasma ANG I and will stimulate
vasoconstriction during a single transit through
the perfused systemic circulation of trout (Olson
et al., "94). Thus both activation and inactivation

TABLE 4. Calculated half-time (in min) for clearance of radiolabelled catecholamines from the circulation

Species Lahel Fast t, Slow t, Reference

5. acanthias *H-Epi 5.8 234 Ungell and Nilsson ('83)

G. morhua SH-Epi 1.9 130 Ungell and Nilsson ('79)

O. mykiss H-Epi 1.8 204 Nekvasil and Olson (’86)

O. mykiss 3H-Nepi 1.7 230 Nekvasil and Olson ('86)

O. mykiss 4(-Sucrose 1.8 240 Nekvasil and Olson (°86)

O. mykiss H-Epi 2.9 433 Gamperl and Boutilier ('94)
O. mykiss UG Sucrose 3.3 1364 Gamperl and Boutilier ('94)
P. marinus Epi, Nepi® 4 Dashaw and Epple ('83)

ICaleulated from figure.
*Unlabelled.
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of ANG II, like that of catecholamines, appears to
be very rapid.

Unlike catecholamine metabolism, however, the
capacity for ANG II inactivation by trout may be
saturated if ANG 1II levels are elevated for a pro-
longed period, or if ANG II vasoconstriction de-
creases blood flow to a tissue that normally is
important in ANG IT catabolism. The latter sce-
nario has been proposed to occur in the gill where
metabolism of ANG II is limited to the alamellar,
filamental circulation (Olson et al., ’86) and per-
haps this occurs systemically as well. Neverthe-
less, it is evident that ANG II turnover is quite rapid
and that the renin angiotensin system is a rapid
on-off effector of arterial blood pressure in trout.

A single bolus of trout bradykinin (tBK) pro-
duces a complex, triphasic pressor, depressor, pres-
sor responge when injected in unanesthetized
trout (Olson et al., ’9'7). When the last two phases
are blocked with indomethacin, tBK produces a
single pressor phase whose recovery ty, is consis-
tent with convective dilution of the peptide and
not an enzyme-limited process. Furthermore, the
tBK recovery t.; is not affected by ACE (kininase
ID) inhibition (Olson, unpublished observation),
implying that peptidases other than ACE are suf-
ficient for BK inactivation. Perhaps these same
peptidases also are responsible for ANG II inacti-
vation described above.

The rate of AVT inactivation, in comparison to
other pressor hormones, is a slow process. It was
not practical in these experiments to infuse AVT,
however, with a recovery t,, of 20-30 min (Table
92) it is clear that convection is not a factor in AVT
inactivation. Furthermore, the recovery ty of iso-
lated vessels in vitro was around five times faster
than in vivo recovery (Tables 2, 3). This in effect
rules out smooth muscle metabolic and mechani-
cal processes as rate limiting factors and indi-
cates that recovery time is dependent on removal
of AVT or AVT-induced pressor substances from
the circulation.

Le Mevel et al. ("93) noted that the effects of
intra-arterial AVT injection in trout persisted
longer than ANG II injection, which is consistent
with our findings. It is possible that the dose in-
jected into trout in the present study, and by Le
Mevel et al. ('93), overloaded the metabolic capac-
ity of the fish. Alternatively, it is possible that inac-
tivation rate is low in trout to accommodate a low
pituitary secretory rate or to insure that sufficient
AVT reaches the effectors for tonic stimulation.

The relative contribution of individual tissues
to inactivation of circulating biomolecules can be
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estimated form the tissue-specific rate constant
(kp..) according to the equation:

ki = —Inf1 — (f; - f,)1 - (CO/Vy) (5)
Where; f; is the fractional inactivation of the bio-
molecule in a single transit through the tissue,
i.e., the ratio of the molecule’s concentration in
venous to arterial blood; f, is the {ractional perfu-
gion of the tissue, i.e., the ratio of tissue blood
flow to eardiac output; CO is cardiac cutput; and
V, is effective blood volume (plasma volume if the
hormone is not dissclved in red cell water). This
relationship was previously described for the gill
(Olson, *97) where f, is 1.0 because the gill re-
ceives the entire cardiac output. It can also be
assumed that the CO/V, ratio is around 1.0 (Ol-
son, '97). Figure 5 illustrates the relationships be-
tween ty, f;, and £, (also see below).

Equation 5 and Figure 5 permit several predic-
tions regarding hormone inactivation processes.
First, the tissue with the largest rate constant
(shortest t,,) will have the greatest impact on the
rate of inactivation. Because no systemic tissue
receives more than ~20% of the cardiac output
(Olson, '92), the well perfused gill has a five-fold
advantage over any other individual tissue based
on flow alone. Thus a gill that only inactivates
90% of a hormone during a single transit (f; = 0.2)
will be as effective as any other tissue that inac-
tivates all the hormone (f; = 1.0) but only receives
20% of the cardiac output. However, if several tis-
sues have similar f;, then their f, become additive
and their collective contribution to inactivation is
increased.

Second, the inactivation efficiency of a tissue,
or group of tissues, can be estimated if the plasma
half-time and tissue perfusion are known. If the
half-time of a hormone in the circulation is be-
tween 2 and 8 min, a gill hormone inactivation
fraction between 20 and 30% could account for
all hormone inactivation. However, as shown in
Figure 5B, a 2 min plasma ty can not be achieved
by a tissue that receives < 20% of the cardiac out-
put and a 3 min t,, will occur in a tissue receiving
20% of cardiac output only if inactivation is 100%.
When a tissue receives 20% of the cardiac output,
around 55% inactivation is required to produce a
plasma half-time of 6 min (Fig. 5B). Unfortunately,
there is little information on the f; - f, product for
tissues other than gill (Olson, "97).

Third, if gill inactivation is greater than 20-
30%, the relationship between cardiac output and
plasma volume becomes the rate-limiting process
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f; (inactivation fraction)
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fp (perfusion fraction)

Fig. 5. Relationships between the plasma hormone
clearance, fractional hormone extraction, and fractional
perfusion. A: The predicted percent hormone remaining
in the plasma as a function of time for plasma half-times
ts, of 2, 3, 6, 15, and 30 min (assuming no additional se-
cretion). Curves with ti, of 2 and 3 min are in the range
of convective mixing. B: Relationship between fractional
hormone inactivation by a tissue (fj) and fractional per-
fusion (fp) relative to cardiac output for ty of 2, 3, 6, 15,
and 30 min. Example: if a hormone is inactivated only
by gill (f; = 1,0) then gill inactivation fraction will need
to be 0.11 to produce a plasma ti; of 6 min, whereas in-
activation by a systemic tissue receiving 20% of the car-
diac output (f, = 0.2} will have to be 55% (f; = 0.55) to
achieve the same half-time.
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for hormone inactivation. If the hormone rapidly
distributes into the inferstitial fluid, the total dis-
tribution volume will exceed the blood volume (V)
and the rate constant calculated from plasma or
volume will over-estimate the actual rate constant
during periods of tonic hormone secretion or con-
stant infusion. For example, if the total distribu-
tion volume is twice the plasma volume, then the
rate constant will be half and the t,, will be twice
that predicted from Eguation 5. In other words,
if gill inactivation is 20% and the distribution vol-
ume ig twice plasma volume the t., for the hor-
mone will be slightly greater than 6 min. At this
distribution volume (twice plasma volume), the ti,
will be restored to around 3 min if gill inactiva-
tion increases from 20 to 35%. If the molecule rap-
idly distributes throughout the entire extracellular
fluid compartment (~200 ml/kg), gill inactivation
would have to be 90% for a 3 min plasma t.,. How-
ever, dilution into the interstitial compartment
will only have a significant effect on the rate con-
stant and t., if it is nearly as fast as convective
mixing of plasma and if the hormone can re-en-
ter the circulation from the interstitial compart-
ment as fast as it left. This information is not
presently available.

Fourth, metabolic clearanece of a hormone from
plasma can be described by a single rate constant.
I i evident from Equation 5 that either a single
tissue with a large f; - f, product, or multiple tis-
sues with similar f; - f, products, will produce a
single rate constant that describes hormone inac-
tivation kinetics. This also means that if multiple
rate constants are present, factors other than tis-
sue extraction/metabolism are operative. These
factors can include; 1) reflux from an extravascu-
lar distribution volume or binding site, 2) produc-
tion and subsequent clearance of radiolabelled
metabolites of the injected hormone, or 3) uptake,
storage and delayed secretion of unmetabolized
hormone. Uptake, storage, and release of unme-
tabolized norepinephrine has been demonstrated
to occur in the trout gill (Colletii and Olgon, ’88)
and systemic circulation (Xu and Olson, *93) and
may account for the second, long t., observed by
many investigators after injection of labeled cat-
echolamines in fish (Table 4).

It is evident from these studies that physiologi-
cal recovery from circulating vasoactive catechola-
mines, and the peptides, ANG II and bradykinin
is on the same timescale as is physiological acti-
vation following hormone secretion. Because both
activation and inactivation are convection-limited
processes, it can be concluded that these hormones
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are rapid on/off effectors of cardiovascular func-
tion in trout. This is probably the case in other
teleosts as well.
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