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Summary
Chronically catheterized specimens of the toad Bufo marinus (L.) were given
single bolus injections, periodic bolus injections, and continuous infusions (via
peristaltic pump) of the neuropeptide arginine vasotocin (AVT). Urine flow and
glomerular filtration rates (GFR) were monitored to quantify the antidiuretic
response of the toad to AVT under these conditions. The response to single bolus
injections was dissipated after l h , despite the continued presence of AVT,
whereas continuous infusion of AVT at levels as high as 100 ng kg" 1 was ineffective
in lowering flow rates, suggesting that pulsatile Increases in the hormone might be
required to effect a more prolonged response. In toads which were 'primed' with
AVT via continuous infusion with the pump, additional pulses of AVT were able
to lower flow rates for l h , with sensitivity to the hormone decreasing with an
increase in primed concentration of AVT. Pulses of AVT given to unprimed toads
significantly lowered flow for over 2h. This study is the first to show that phasic
bursts of AVT are more effective in regulating the renal response of the toad than
are continuous, nonpulsatile infusions.

Introduction

The following experiments were undertaken to establish the effects of doserelated single bolus injections, and long-term continuous infusion and periodic
bolus injections, of the neuropeptide arginine vasotocin (AVT) on the glomerular
filtration rates (GFR) and urine flow rates in the toad Bufo marinus. An attempt
was also made to determine the in vivo pulse interval for the release of AVT.
Single bolus injections of AVT were given to estimate the extent and duration of
the antidiuretic effect of the hormone in Bufo marinus. Long-term infusion
experiments were then done in an attempt to mimic the conditions these anurans
experience during lengthy periods of dehydration. In preliminary trials, we could
not stop urine flow in the long term and we began to wonder whether the nature of
hormone release in vivo might be more pulsatile, and continuous infusion was
overloading receptor sites.
There is some evidence that the release of vasopressin in rats is in response to
Key words: arginine vasotocin, Bufo marinus, toads, episodic secretion.
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the phasic firing of vasopressin-secreting neurones (Dyball & Leng, 1985; Dyball
etal. 1985; Dyball & Paterson, 1983; Shaw etal. 1984). In animals such as dogs,
sheep, horses and humans, where large continuous blood samples can be obtained
for vasopressin analysis, there is evidence that the hormone is released in an
episodic fashion (Katz etal. 1979; Redekopp etal. 1986; Weitzman etal. 1977).
There is also evidence that if isolated toad bladders are incubated with high
concentrations of vasopressin, the bladders are somewhat refractory to further
stimulation by lower concentrations of the hormone (Handler & Preston, 1981).
Eggena & Ma (1986) suggest that the apparent insensitivity of bladders to intense
stimulation by AVT might be caused by a 'downregulation' of the hormone
receptors. More recently, Eggena (1987) has shown that the isolated toad bladder
responds more readily to short bursts of exposure to AVT. The present
experiments were thus designed to compare the effects of bolus injections and
continuously injected amounts of AVT on some aspects of renal function in the
freely moving but chronically catheterized toad.
Materials and methods
Bufo marinus were obtained from a commercial supplier (Charles D. Sullivan
Ltd, Nashville, TN) and were maintained in sand-filled aquaria with access to
water. Prior to the experiment, adult animals of either sex were chosen randomly
and put in dechlorinated water for 2 days to decrease the blood level of AVT. They
were then anaesthetized in a solution of tricaine methane sulphonate (1-5 gl" 1 ,
buffered to pH7 with NaHCOa). Once anaesthetized, the animals were cannulated in the femoral artery (Boutilier et al. 1979a,b) for blood sampling. Ureters
were cannulated for a continuous measure of urine flow using a technique
modified from Tufts & Toews (1985): a dorsal incision was made in the skin
between the posterior end of the sacrum and the iliac bone, and the underlying
muscle was separated to expose the ureter. A cannula was inserted into the ureter
and secured 0-5cm upstream with surgical thread (Ethicon, CE-4). The cannula
consisted of a 1 cm segment of polyethylene tubing (PE90) inserted 0-5 cm into a
length of silastic tubing (1 mm i.d.). The protruding tip of the polyethylene tubing
was heat flared, this being the end that was inserted into and secured to the ureter.
The trailing end of the cannula was then sutured to the skin of the animal posterior
to the incision on the dorsal surface, and the incision was sewn shut and sealed
with cyanoacrylate glue (no. 7432, Bostik Gmbtt, Oberursel, FRG). Bladders
were cannulated with a length of Tygon tubing (0-13cm i.d.) notched in several
places in the terminal 2 cm to facilitate emptying of the bladder and infusion of
'isourine' (Na + , 2mequivl" 1 , K + , 0 - 3 m e q u i v r \ C P , l^mequivl" 1 , Ca 2 + ,
O^mequivl" 1 ). A purse-string suture closed the cloaca around the exiting
catheter and cyanoacrylate glue was applied to eliminate water entry or urine
leakage.
Preparation of the 'minipump' and catheter for continuous infusion
The sciatic vein was catheterized with PE50 polyethylene tubing in the same
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manner as the femoral artery. The vein was used for the continuous infusion of
synthetic AVT (Sigma Chemical Co.) with an Alzet mini-osmotic pump (Alza Co.,
Palo Alto, CA). In a preliminary study, a small mesenteric vein was chosen for
infusion as we were concerned that hormone infused into the posterior circulation
might enter the renal portal system and possibly be modified or eliminated by the
kidney. In both cases, however, the effects were similar and the less invasive
sciatic vein catheterization was used thereafter. After surgery the animals were
allowed a 24-h recovery period.
For the delivery of AVT, the PE tubing exiting the animal was filled with
isosmotic saline followed by hormone dissolved in saline. The tubing was then
connected to the minipump which was filled with inert dye and placed in an
isosmotic saline solution. The hormone solution was demarcated on either side by
a 1 mm length of paraffin oil to prevent mixing and had inert dye added so that its
movement could be observed. Using the pumping rate of the minipump
(0-42/ilh" 1 ), and the exact length and internal volume of the catheters, it was
possible to calculate (±8min) the time at which the hormone would start to enter
the circulatory system. The catheter lengths were thus prepared so that the
hormone entered the blood on the following day, 48 h post-surgery.
The bioactivity of the hormone was tested by diluting AVT to mimic the
concentration which would be present in the delivering catheter. A single bolus of
lOOngkg"1 was then injected into three animals. The same solution, left at room
temperature, was injected once every day on days 1, 2 and 4 in the same three
animals. Urine flow was monitored in all cases.
Experimental groups
There were four experimental groups, each involving a different set of animals.
1. Single bolus injection of AVT
After a control period, animals were injected with a single dose of synthetic
AVT (Sigma Chemical Co.) dissolved in 0-2-0-5 ml of glucose-free MacKenzie's
toad saline (de la Lande etal. 1962). Doses were of 0,1,10 and lOOngkg"1. Urine
flow was monitored continuously and GFR measurements were made lOmin, and
1 and 2h after injection of the hormone. The time between GFR determinations
was dictated by the low urine flow after AVT injection.
2a. Continuous infusion of AVT via minipump
Following a control day of infusion with saline, the hormone reached the blood,
and animals were continuously infused with the minipump to a final AVT dosage
of 10 or lOOngkg"1 above the expected blood level. Urine flow was measured
during both days.
The half-life for AVT in the blood of toads is about 33 min (Hasan & Heller,
1968). Thus the continuously infused hormone concentration followed an exponential increase such that 50 % of the expected final dosage was in the blood after
30min, and 99% was present after 220min. After this, the exogenously intro-
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duced AVT would be maintained at a constant level. The increase in AVT level
can best be expressed by the formula:
T = c/k x (1 - e- k t )/m ,
where T is [AVT] in the blood at any time, t is the approximate time to reach
steady state, c is hormone pumping rate (ngkg~ 1 min~ 1 ), m is mass and k is the
decay rate of AVT = ln2/33.
2b. Periodic bolus injections
Five hours after AVT had entered the circulatory system via the minipump (see
2a above), animals were given a series of bolus injections for 3 h. Based on a halflife of AVT in the toad of about 30min, wecalculated the required dosage which,
if injected every lOmin, would maintain a theoretically constant AVT blood level
of twice the primed concentration. These 'primed' toads were continuously
infused with AVT via the minipump during the entire period. To obtain a
lOngkg" 1 increase, the first injections were 7, 2 and Ing. Following that, a
continuing series of injections every lOmin of 3-5, 1 and 5 ng would theoretically
maintain a constant blood AVT concentration. To obtain a lOOngkg"1 increase,
the preceding introductions were rapid and differed from the continuous slow
infusion by the osmotic pumps. Urine flow was measured every lOmin and GFR
was estimated less frequently (see Fig. 3).
3. Continuous infusion of saline via minipump
Animals underwent an experimental protocol similar to 2b, except that the
pump was only delivering saline; they are referred to as 'unprimed'.
4. Periodic bolus injections at various time intervals
Following a 3-h control period, a group of unprimed animals was given bolus
injections at either 15-, 20- or 30-min intervals over a 5-h period. The AVT dosage
was maintained at lOngkg" 1 . The injection sequences (in ngkg" 1 ) were as
follows: 15-min interval (8, 2; 4, 1, 4, 1...), 20-min interval (5, 5, 2-5, 3-75, 2-5;
3-1, 2-9, 3-1, 2-9...) and 30-min interval (10; 5, 5 . . . ) . Urine flow was measured
every 15min for the entire experimental period.
GRF measurement and fractional reabsorption of water
Following catheter preparation, the animals were put into a 3-1 wide-mouthed
glass experimental chamber. The bladder was emptied and isourine infused
through the bladder catheter (a volume of 25 % of body mass). A volume of water
2 times body mass was added to the chamber and air flow in the chamber
maintained at 600ml min" 1 . To measure the GFR, l^Ci of [14C]inulin was
injected into the femoral artery. After a 5-h equilibration period, urine and plasma
samples (100/zl) were taken every hour for at least 4h and dissolved in 15 ml of
scintillation fluid. Inulin concentrations in plasma and urine were determine^
radiometrically using a liquid scintillation counter (LS-230 Beckman). Urine flow
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was measured continuously at 10- or 15-min intervals. The following equation was
used to determine the GFR: GFR = ([U] x U)/[P1]), where [U] and [PI] denote
urine and plasma inulin concentrations, respectively, and U denotes urine flow
rate (ml 100 g- l uh- l ). Fractional reabsorption of water (%TH 2 O) was estimated
as:
%TH 2 O = [(GFR - U)/GFR] x 100.
Statistics
Data are shown as means ± S . E . of the mean number of animals given in the
figure legends. Differences between two protocol groups (e.g. Figs 3A and B and
4A and B) were assessed with paired Mests (P<0-05). Post-infusion or -injection
group differences were assessed by comparing the pre-infusion or -injection values
shown with the subsequent values using paired t-tests.
Results
Single bolus injection of AVT
The urine flow rates and glomerular filtration rates were obtained from four
groups of Bufo marinus: those given a sham injection of glucose-free MacKenzie's
toad saline, and those given saline injections containing AVT at doses of 1, 10 or
lOOngkg"1.
Urine flow rates and GFRs were not significantly altered by sham injections
(Fig. 1). For the 1,10 and lOOngkg"1 doses, urine flow rates dropped significantly
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Fig. 1. Relationships among urine flow rates ( • ) and glomerular filtration rates (O)
(GFR) for animals given sham injections of saline and animals given AVT injections of
100,10 and 1 ng kg" 1 (N = 5 for each dose). All values are given as means + S.E. A plus
sign beside the mean indicates a significant difference from the control (P^O-05).
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lOmin after injection, and returned to pre-injection rates after 30min for the
1 ngkg" 1 dose and after about an hour for the 10 and lOOngkg"1 doses. As with
urine flow, GFRs were depressed lOmin after AVT injection. For the 10 and
1 ngkg" 1 doses, the GFRs returned to normal after 1 h. For those toads given the
supraphysiological lOOngkg"1 bolus injections, GFRs were higher than preinjection rates l h after injection and were normal 2h after injection.
Toad urine flow and continuous AVT infusion via osmotic pump
Urine flow in toads is quite variable, with variations occurring naturally or
stimulated by such uncontrolled events as Ughts being turned on or laboratory
noises. In our experiments using minipump infusion (Fig. 2), urine flow (in
ml 1 0 0 g ^ h " 1 ) varied from 1-62 ±0-25 to 2-69 ±0-14 for the lOngkg" 1 dosage,
whereas flows ranged from 2-24± 0-36 to 3-07 ± 0-36 for the lOOngkg"1 dosage.
In neither the 10 ng nor the 100 ng experiments did the gradual infusion of
hormone by the osmotic pumps stimulate any statistically significant change in
urine flow in the 17 animals studied.
Bolus injections of AVT into AVT-primed or unprimed toads
In all cases, the injection of a hormone bolus caused a significant depression in
the toads' urine flow rates. The drop in urine flow was most pronounced in the
unprimed animals in that a 7 ng injection produced an immediate 69 % drop in
urine flow (Fig. 3A) and a 70ng bolus produced an 8 1 % drop (Fig. 3B). If the
AVT dosage was relatively low (i.e. lOngkg" 1 ), the AVT bolus injected into the
10 ng kg" 1 primed animals lowered the flow by 69 % (Fig. 3A), but when the dose
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Fig. 2. Effects of osmotic pump infusion of 10 (O) and 100 (•) ngkg" 1 AVT on urine
flow in the toad. Although flow was quite variable, there were no significant changes in
either the 10 (N = 4) or 100 (/V=8) ngkg" 1 groups. There were no statistically
significant changes in either group. All animals were chronically catheterized in the
femoral artery, ureters and bladder and were moving freely.
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Fig. 3. Urine flow changes following periodic (every lOmin) bolus injections of AVT
into primed (O) and unprimed ( • ) animals. (A)lOngkg" 1 bolus injections;
(B) lOOngkg"1 bolus injections. A plus sign beside the mean indicates a significant
difference from the control (P^O-05). For the lOOngkg"1 animals, there was also a
significant difference between primed and unprimed groups between 20 and 50min
after the injection of AVT.

was kept at high levels (100 ng kg 1 bolus into the 100 ng kg 1 primed animals), the
AVT injected dose decreased urine flow by only 42% (Fig. 3B).
Another important difference between the AVT-primed and unprimed animals
Is that the effects of periodic bolus injections persisted for a longer period in
unprimed animals. Nonetheless, the continuous injection of AVT did not maintain
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urine flow at low levels, since in all cases urine flow was starting to return to normal
within l h after the manual infusion of the hormone.
The GFR results (Fig. 4A,B) show the same pattern as the urine flow
measurements, with a smaller initial decrease in the primed (41 % and 9 % for the
10 and lOOngkg"1 doses, respectively) than in the unprimed animals (69% and
53 % for the 10 and 100 ng kg" 1 doses, respectively). In both the 10 and 100 ng kg" 1
unprimed animals, the GFR remained depressed for at least 1 h. In the primed
animals, the GFR depression was less pronounced but still lasted for 1 h in the
lOngkg" 1 animals, although it was absent in the 100ng animals.
Although changes in urine flow can be mediated by a number of factors, it
appears that the initial and subsequent decreases in flow were mostly glomerular in
origin and not tubular. This is demonstrated by the close relationship between the
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Fig. 4. Effect of periodic bolus injections of AVT on GFR in Bufo marinus.
(A) lOngkg"1 injections in primed (O) (A/ = 9) and unprimed (•) (N=7) animals.
(B) lOOngkg"1 injections in primed (O) (N= 10) and unprimed (•) (N = 5) animals.
All values given as means+ S.E. A plus sign beside the mean indicates a significant
difference from the control (P=£005).
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Fig. 5. Urine flow changes following infusion of AVT at intervals of 15 (N = 13), 20
(N= 15) and 30 (N= 14) min. AVT dose was lOngkg"1. A plus sign beside the mean
indicates a significant difference from the control value (P=£0-05).

change in GFR and urine flow following single and periodic bolus infusions of
AVT (see Figs 3 and 4). In general, the effects of either single bolus or continuous
injections of AVT on tubular water reabsorption were minimal. Although there
was an increase in the fractional reabsorption of water for up to 1 h after injections
began in the primed and unprimed groups, the changes, with one exception (at 1 h
for the lOngkg" 1 unprimed group), were not significant.
Periodic injections at various intervals in unprimed toads
The urine flow values remained significantly lower than controls for 2 (30-min
interval) to 3 (15- and 20-min intervals) hours (see Fig. 5). However, in all cases,
the urine flow started to return to normal 45 min to l h after the first AVT
injection, as was observed for the 10-min injection interval in the unprimed
animals (Fig. 3A,B).
Bioactivity
The results of the test for the bioactivity of AVT over the experimental period
showed that the hormone was just as effective after 48 h as it was after 24 h. After
96 h, the initial effect of AVT injection was the same as it was after 24 or 48 h. The
lime it took for the urine flow to recover to pre-injection values varied from 80
(after 24 h) to 50 min (after 96 h) as shown by paired Mests.
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Discussion
The present study is the first to demonstrate that AVT-mediation of urine flow in
the freely moving toad Bufo marinus is most effectively regulated by pulses of
AVT and not by a protocol whereby AVT levels are increased gradually and
maintained at one level.
In the first experiment, it was found that the antidiuretic response to a single
bolus injection of up to lOOngkg"1 of AVT was greatly dissipated after l h
(Fig. 1). The half-life of AVT in toads is approximately 33min (Hasan & Heller,
1968), so there should still have been sufficient AVT in the plasma to effect an
antidiuretic response for at least 3 h. Gradual introduction of the hormone and the
carrier saline via the osmotic pump did not increase the length of the response: in
fact, even when the given AVT blood dosage had reached levels as high as
100 ng kg" 1 animal, there was no change in urine flow (Fig. 2). We have shown,
however, that the toad kidney is sensitive enough to modulate flow when AVT
doses as small as Ing kg" 1 are injected into the blood in the form of a bolus
(Fig. 1). Both experiments suggest that the AVT receptors are unresponsive to the
continuous presence of AVT and require pulsatile increase in the hormone to
cause a change.
That AVT is most probably released in a pulsatile fashion was demonstrated in a
third experiment in which AVT was injected periodically over a 3-h period
(Fig. 3A,B)- In these experiments, urine flow was maintained for over 2h at a
level significantly lower than the control in both the 10 and lOOngkg"1 unprimed
groups. In the primed groups, the urine flow returned to normal within an hour, in
a manner similar to that observed for the single bolus injection.
This episodic secretion pattern of hormone release (with the hormone arginine
vasopressin or AVP) has been shown to occur during lengthy periods of
dehydration in the dog and is not simply a random occurrence (Weitzman et al.
1977). There is also evidence that AVP secretion is pulsatile or episodic in normal
active humans (Katz et al. 1979) and the horse (Redekopp et al. 1986).
The AVT-stimulated movement of water across the toad bladder (hydroosmotic response) occurs most readily when the isolated bladders are exposed to
short pulses of the hormone (Eggena, 1987). Eggena (1987) has shown that
continuous exposure of the bladders to AVT abolishes the hydro-osmotic response
and that bladders with a previous history of AVT exposure show a diminished
response. Our results for the antidiuretic response in vivo almost mirror these
results for the isolated toad bladder.
The frequency at which normal pulses of AVP or AVT occur during dehydration, or the frequency at which pulses of hormone should be introduced to give
a maximum response, is difficult to establish in a small animal such as a toad,
where serial blood sampling is limited. In dogs and sheep that were dehydrated,
the time between AVP spikes in the plasma averaged ll-6min (Weitzman et al.
1977). If the release of AVT in the dehydrated toad is episodic, and it appears that
this is the case, present methods (radioimmunoassays) based on serial and larg|
sampling sizes make it difficult to determine when these pulses occur. In our
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experiments, none of the three interpulse times was effective in completely
stopping urine flow.
The primed animals were exposed to the hormone for a long time, hence the
receptor reserve available must have been very low. Nonetheless, the receptors
available did effect a reduction in urine flow when pulsed with AVT. What is
surprising is that a significant reduction in flow occurred with bolus injections even
when the animals were exposed to continuously infused doses of AVT of
lOOngkg"1 for several hours. The decrease in sensitivity to the hormone with an
increase in the primed concentration suggests a degree of receptor saturation.
There is no question, however, that the phasic burst of hormone introduction is
more effective in stimulating a drop in toad urine flow than is a continuous and
nonpulsatile AVT infusion.
The initial decrease in urine flow following AVT bolus injections in Bufo
marinus can be attributed, in all but one case, to a reduction in GFR. In the
animals primed with lOOngkg"1 AVT, the decrease in urine flow is not
accompanied by a corresponding change in GFR (Figs 3B and 4B). It is possible
that the drop in GFR could have taken place between our sampling periods and an
increase in tubular reabsorption could have occurred since the GFR values were
unchanged from control for the entire experimental period, and the urine flow
values remained depressed for over an hour. In addition, it has been shown that, in
response to bouts of dehydration in Bufo marinus, precipitous and rapid decreases
in urine flow are of both glomerular and tubular origin (Tufts & Toews, 1985). The
presence of tubular reabsorption is evident in both the single bolus and periodic
injections of AVT. The increase, however, is small compared with the changes
observed when the animals are subjected to dehydration (Tufts & Toews, 1986),
where a constant and significant increase in the fractional reabsorption component
is observed even though the blood level of AVT is possibly no higher than
lOngkg- 1 .
It seems likely that the rapid physiological response of Bufo marinus to
dehydrating conditions involves a rapid release of AVT which suppresses
glomerular filtration and another (neuronal?) reflex which enhances tubular
reabsorption. Since the renal portal system supplies a significant portion of the
peritubular blood and tubular perfusate, whereas the glomerular filtrate results
almost exclusively from the arterial circulation (Deeds et al. 1977), it seems
reasonable to hypothesize different control mechanisms for the two very different
blood delivery systems.
What was perhaps most perplexing was our inability to keep the urine flow rates
reduced even with periodic but regular (10-min interval) AVT injections.
Subsequent attempts were made to determine the appropriate pulse rate interval.
Changing the injection frequency to 15, 20 and 30min did not alter the response.
In all cases, the urine flow started to return to normal 45 min to 1 h following the
first AVT injection (see Fig. 5). It may be that the true in vivo AVT pulse
frequency is close to one of these four intervals.
Eggena (1986) found that during dehydration Bufo marinus had a circulating
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level of AVT in the plasma of 4-86xlO~ 1 0 moir 1 (4ngkg - 1 ) compared with
l - S S x H T ^ m o i n 1 for a hydrated toad (Ingkg" 1 ). Osmotically stimulated Bufo
marinus had plasma AVT levels of l ^ x l C P ^ m o l l " 1 (lOngkg" 1 ). The importance of hydration of the animals prior to experimentation is thus crucial to ensure
a minimum circulating level of the hormone in the blood. To conduct our
experiments, low initial circulating levels of AVT are required, hence animals are
kept in water. Under these conditions, AVT injections will stimulate an increased
movement of water into the animal. To mitigate against a potential oedematous
condition, the responses could well be a decrease in the tubular reabsorption of
water and possibly the release of the diuretic hormone mesotocin.
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