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ABSTRACT

Unilateral vagotomies were performed on frogs to see if the 

diving reflex would be altered and if subsequent sprouting would 

correct this alteration. It was found that a unilateral vagotomy 

had no effect on diving bradycardia which occurred in a normal 

manner after surgery. Diving bradycardia was also found to be free 

of sympathetic influence.
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INTRODUCTION

M When part of a nerve supply to a tissue has been removed, the

remaining, intact axons will send out branches or "sprouts" to make 

new synapses in the denervated area. This sprouting has long been 

recognized but its significance has not been well studied. We 

wanted to find out if the function lost by denervation was restored 

by sprouting. To do this we joined sprouting of the vagus nerve (a 

member of the parasympathetic nervous system) with a function of the 

vagus nerve: production of the diving reflex.

The diving reflex occurs when an animal is submerged in water.

It is characterized by a sudden bradycardia (slowing of the heart).

This bradycardia is the result of the vagus' activity at the cardiac 

ganglion.

If either the right or left vagus is cut, the other will send out 

sprouts at the cardiac ganglion, a process completed within 8-10 days 

(K. Courtney and S. Roper, 1976). We hoped that we could cut the left 

vagus, see some alteration in the diving bradycardia, and within 10 

days, see the diving bradycardia return to normal due to the sprouting. 

This restoration of function could prove very important for persons 

suffering from nerve damage.
*
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LITERATURE REVIEW

Neuronal Sprouting

The sprouting of collateral branches by intact axons in an area 

which has been partially denervated is a widespread phenomenon that 

has long been recognized (see review by Edds, 1953). Besides occurring 

in the central and peripheral nervous systems, it has also been shown 

to occur in the autonomic nervous system (Murray and Thompson, 1957; 

Courtney and Roper, 1976). Although there is some recent indication 

that sprouting restores the function lost (Lynch et al., 1973; Azmitia 

et al., 1978; Selzer, 1978; Devor et al., 1979), this has not been 

well studied. It is not clear if sprouting is a phenomenon aimed at 

restoring function to the damaged tissue or if it is a wild, uncontrolled 

growth that establishes inappropriate connections between neurons.

A preparation that has proven useful for the study of sprouting 

is the frog cardiac ganglion (Courtney and Roper, 1976). The cardiac 

ganglion lies in the interatrial septum and is innervated by the right 

and left branches of the vagus nerve. Courtney and Roper (1976) have 

shown that after a crushing of the left vagus, sprouting of the right 

vagus reaches its maximum extent at about eight to ten days. After 

this period, virtually 100% of the ganglion cells along the left vagus
||

are innervated by the right vagus (compared to 48%forinoperated control frogs). 

This occurs before regeneration of the left vagus, the regenerating
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vagus re-establishing synaptic connections only after four to eight 

weeks (Roper, 1976).

Diving Bradycardia

Like sprouting, the diving reflex is also a widespread and long 

recognized phenomenon (see review by Andersen, 1966). It has been 

seen in all animals studied, including man (Scholander, 1963; Hong 

and Rahn, 1967). While Jones and Shelton (1964) had reported that 

frogs experience no diving reflex, Lund and Dingle (1968) later showed 

that frogs do experience the diving reflex, although the extent to 

which it is shown depends on time of year and temperature.

The diving reflex is an extensive physiological adjustment made 

to counter the potential asphyxia posed by prolonged submergence in 

water. Besides bradycardia, the reflex includes a shut-down of the 

peripheral circulation and of the circulation to "non-critical" organs 

(Scholander, 1963; Andersen, 1966). Even so, reflex bradycardia is 

often the only considered aspect of the diving reflex.

The vagus nerve is responsible for slowing the heart during diving 

bradycardia (Andersen, 1966). Lund and Dingle showed that this is also 

true in frogs. Using atropinized and vagotomized frogs, they found 

that in neither case was the normal diving bradycardia manifested.

They also found though that a normal diving reflex was seen when only 

one vagus was severed. Still, it should be noted that they did not 

dive their frogs for at least two weeks after the vagotomies were 

performed.

In characterizing the diving reflex in frogs, Lund and Dingle 

(1968) noted two types of bradycardia during diving. One they termed
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rapid-onset bradycardia which describes the bradycardia induced by 

the vagus. It begins abruptly, soon after immersion and considerably 

lowers the frog's heart rate in a few minutes. Its onset is often 

characterized by sinus arrhythmia and heart beats occurring in doublets. 

They called the other type of bradycardia slow-onset bradycardia. Slow- 

onset bradycardia begins slowly and needs 10-20 minutes to lower the 

frog's heart rate, a rate often higher than that obtained by rapid-onset 

bradycardia (20-35 beats per minute vs 10-20 bpm for rapid-onset brady

cardia). The predive heart rate ranged from 55-65 bpm in normal frogs 

and from 40-65 bpm in vagotomized frogs. Slow-onset bradycardia is 

believed to be the result of asphyxia.

Lund and Dingle (1968) also found 20°C to be the best temperature 

at which to perform the diving experiments. This temperature best matches 

the frog's cloacal temperature. They found temperatures above 20°C 

to put too much stress on the animals, while temperatures below 11°C 

inhibit the activity of the vagus.

e



MATERIALS AND METHODS

Frogs of the species Rana pipiens were used. These frogs were 

generally two to three inches long and weighed from 28 to 73 grams.

They were kept at room temperature in bins supplied with continuously 

running water. The frogs were occasionally (once or twice a week) fed 

meal worms.

In order to dive the frogs, they were placed in pieces of material 

which had holes to allow the protrusion of the head and limbs. This 

"straight jacket" was tacked down to a piece of cork board so that the 

frog's ventral surface rested on the board. This board was placed in a 

tank that had a water inlet allowing water to flow in till the frog was 

submerged, and a water outlet allowing emersion of the frog. The tank 

also had a bolt through one side to which a ground wire was attached 

(see Fig. 1). ■ ■

Wate •* 
Xnlet

Glcctrode
Ground
vAre.

Fig. 1 Diving apparatus.This photograph shows a frog in the "straight 
jacket" restraint which has been tacked to the cork board in the 
diving apparatus in anticipation of a dive. Note the arrangement 
of wires and hoses.
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Just prior to placing the frog on the board, a pin-type electrode 

was placed under the skin along the mid ventral line, with the tip 

resting on the sternum. The electrode was connected to an amplifier 

which fed into a dual beam oscilloscope, a tachometer, and a chart

JSb recorder. In this way, the heart rates of the frogs were observed and

recorded.

After placement in the tanks, the frogs were allowed at least 30 

minutes to accommodate to the restraint. The frogs were submerged in 

diluted frog ringer's solution (9 parts water to 1 part ringer's) 

which had been well-aerated prior to use. This water was maintained 

at 20°C.

All injections were made into the frog's dorsal lymph sac. To 

permanently eliminate the sympathetic nervous system, 6-hydroxydopamine 

was injected at least 40 hrs before the animals were used experimentally. 

One-tenth ml of the 10 mg/ml solution was injected for every 10 grams 

of frog. Propranolol, used to temporarily suppress the sympathetic 

nervous system, was given in doses of 0.1 ml of a 2 mg/ml solution for 

every 25 grams of frog. These frogs were dived 30-45 minutes after 

being injected. Atropine sulphate, used to destroy any parasympathetic 

response, was given in doses of 0.1 ml of a 0.28 mg/ml solution per 

every 10 grams of frog. These frogs were dived 15 minutes after being 

injected.

Vagotomies were performed after the frogs were anesthetized with 

MS-222 (tricaine methane sulphonate; 0.1 ml of a 1% solution per 10 grams 

of frog). They were kept on ice throughout the surgery. To perform the 

vagotomies, an incision was made through the skin just posterior to the
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tympanic membrane. The underlying muscles (depressor mandibularis and 

dorsalis scapulae) were separated ano the vagus was found lying in 

close proximity to the internal jugular vein. Once located, the vagus 

was crushed or severed. The skin was then sutured. For the sham- 

operated animals, the same procedure was used, except that the vagus 

was not crushed or severed. The frogs were dived starting with the 

first day after surgery.



RESULTS

A group of 20 frogs was first used to establish the characteristics 

of the normal diving reflex in frogs. From these, 48 trials were com

pleted. Three out of the 48 showed no rapid onset bradycardia and 2 

of these 3 were recorded from the same frog. A bradycardia was con

sidered rapid if the lowering of the heart rate began abruptly, and 

slow if the heart rate declined gradually. The results for the 45 

trials showing rapid bradycardia are summarized in Figure 2. These 

show a marked decrease in the heart rate within an average of six 

minutes.

Fig. 2 Heart rates before, during, and after diving and the time to
full bradycardia in unoperated frogs experiencing normal diving 
reflex. Each column represents the average for 45 trials, with 
standard error bars included.

8
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Several observations were made about the normal diving reflex. 

Frequently, at the onset of bradycardia, the heart beats appeared in 

doublets (as similarly reported by Lund and Dingle, 1968) but these 

did not usually last long and were quickly replaced with single beats

V at a slow rate. Also, the frog frequently struggled while under water.

This struggling usually caused the heart rate to quicken. However, the 

closer a frog was to experiencing full bradycardia, the shorter were 

these periods of faster heart rate (tachycardia).

After the normal diving reflex had been characterized, ten of the 

20 frogs received left unilateral vagotomies, two received bilateral 

vagotomies, and eight received sham operation in which the vagus was 

exposed but not touched. These frogs were then dived for the next ten 

days, during which time sprouting of the right vagus should have been 

completed.

The data obtained showed no difference between the diving reflex 

of the operated and sham-operated animals, even as early as the first 

day after surgery. Figures 3-6 show an analysis of four different 

aspects of the diving reflex. Table 1 shows some statistical measure

ments of this data. Only the first three days are shown since during 

that time the differences should have been the greatest. Referral back 

to the data for the frogs previous to surgery (Fig. 2) reveals basically 

the same reflex before surgery as after.

In order to determine why this supposed vagal reflex was unaffected 

by a unilateral vagotomy, several followup experiments were performed. 

Some frogs were treated with propranolol or 6-hydroxydopamine (60HDA) 

in order to selectively block the sympathetic nervous system. Right
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Fig. 3 Heart rates during full bradycardia of operated and sham-operated 
frogs. Each circle represents on trial on a frog that received 
a unilateral vagotomy and each square represents one trial on a 
sham-operated animal.
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Fig. 5 Time necessary after immersion for bradycardia to be established 
in operated and sham-operated frogs. Each circle represents one 
trial on an operated animal and each square represents a trial on 
a sham-operated animal.

Fig. 6 Time after immersion at which heart beats occurred in doublets in 
operated and sham-operated frogs. Doublets often mark the onset 
of bradycardia. Not all trials are shown here since not all frogs 
exhibit this peculiarity. Each circle represents a trial on an 
operated animal and each square represents a trial on a sham-operated 
animal.
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unilateral vagotomies and bilateral vagotomies were performed on 

another group of frogs. Also, some frogs were injected with atropine 

in order to selectively block the parasympathetic nervous system.

The frogs treated with 60HDA showed significantly (p<.05)

# lower pre- and postdive heart rates (mean predive rate = 51.0 bpm;

mean postdive rate = 38.5 bpm after 60HDA administration). However, 

the heart rate during full bradycardia and the time to bradycardia 

were essentially the same as in normal frogs. The speedup in the heart 

rate following a struggle was not noticed in these frogs or those 

treated with propranolol. After left unilateral vagotomies were per

formed on the 60HDA frogs, they showed the same diving reflex as they 

had before the vagotomies. No aspect of the reflex was significantly 

different, although the dive rate was very close to being significantly 

higher after surgery.

The animals treated with propranolol, which only temporarily blocks 

the sympathetic nervous system, also experienced significantly slower 

heart rates (see Table 2). Analysis of the data in Table 2 with the

"Student's t" shows that before surgery, propranolol significantly (p<.05) 

lowered the pre- and postdive heart rates, but did not significantly 

affect the other parameters. After surgery, propranolol did not sig

nificantly affect any of the parameters but the surgery itself significantly 

lowered the pre- and postdive heart rates.

Of the 13 trials performed on the 6 frogs receiving bilateral
t

vagotomies, only 2 trials showed a possible rapid-onset bradycardia.

Those two trials displayed heart rates of 25 bpm and 18 bpm, but the onset 

of these rates was not as abrupt as seen in the normal diving reflex.

CARROLL COLLEGE LIBRARY
HELENA, r-’QNT'
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TABLE 2 HEART RATE RANGES OF FROGS TREATED WITH PROPRANOLOL BEFORE 
AND AFTER UNILATERAL VAGOTOMIES

Before unilateral vagotomies After unilateral vagotomies

Full brady
cardia rate

Minutes to 
bradycardia

Without
propranolol

With
propranolol

Without
propranolol

With
propranolol

54.1 + 1.67** 40.2+2.88 33.3 + 2.68 32.7 + .722

16.0 - .699 17.8± .437 17.5 + .560 18.3+ .722

55.6+2.69 35.7+2.54 33.3+1.82 27.7+1.09

4.71+1.27 3.08+ .718 2.13± .54 5.33+2.76

* Rates given are average for data collected. All are in bpm. 

**Standard error

Right unilateral vagotomies had essentially the same effect as the 

left unilateral vagotomies. The characteristics of the diving reflex 

were the same after the surgeries as they had been before, except for 

the predive heart rates which dropped significantly (t = 2.397, p<^.05) 

after the vagotomies.

The administration of atropine sulphate prevented the frogs from 

showing any rapid-onset bradycardia. The atropine also significantly 

(t = 3.62, p<\05) raised the predive heart rate.



DISCUSSION

It is clear that a unilateral vagotomy involving either the left 

or right vagus had no effect on diving bradycardia in the frog. These re

sults are similar to those obtained by Lund and Dingle (1968),although 

they did not dive their frogs until at least 2 weeks after surgery and 

by this time sprouting would have been completed. Because of these 

results, it is not possible to make any conclusions about the signifi

cance or directedness of sprouting.

It could be that sprouting had occurred and had been, to a large 

extent, completed by the time the first trials were run. However, frogs 

were run as early as 18 hours after surgery, and Courtney and Roper (1976) 

reported only a small amount of sprouting by 24 hrs. It therefore seems 

unlikely that sprouting was completed before the first dives.

It is more likely that both branches of the vagus just aren't 

necessary to slow the heart rate substantially. Courtney and Roper (1976) 

showed that 34% of the ganglion cells lying along the left branch of the 

vagus had inputs from both the right and left vagi. Possibly, this 

overlap (which presumably would be similar in ganglion cells lying 

along the right vagus) keeps enough neurons active to induce a full 

bradycardia. If we assume that both right and left vagi are similar 

in the number of ganglion cells which they innervate,and if we use the 

figures presented by Courtney and Roper (1976), we find that each branch

15
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of the vagus innervates about 68% of the total number of ganglion cells. 

This is a substantial percentage of the cells that would still be 

innervated after a unilateral vagotomy. Quite possibly, 68% of the 

cells constitutes a sufficient number to produce a pronounced bradycardia.

< One then wonders why there are two vagi when only one

is sufficient to markedly decrease the heart rate. Perhaps it is just 

a remnant of the vertebrate's bilateral symmetry. Or, perhaps, there 

is some other function of the vagus' innervation of the heart which 

requires both branches. Both branches of the vagus could be necessary 

in order to stop the heart, although the usefulness of such an event is 

questionable. Possibly, the extra branch remains as some sort of safety 

mechanism. Damage to one vagus then would not prevent normal functioning. 

In the case of vagal inhibition by low temperatures (Lund and Dingle,

1968), the presence of 2 vagi may allow the animal to withstand lower 

temperatures than the presence of one vagus alone would.

As for the diving reflex, our results are very similar to those 

obtained by Lund and Dingle (1968). The onset of rapid bradycardia was 

usually very abrupt and easily recognizable. The repeat of the bilateral 

vagotomy and atropine experiments again proved that the diving brady

cardia is under vagal control.

Since sympathetic neurons lie in the same nerve trunk as the vagal 

neurons, we used propranolol and 60HDA to selectively block the sympathetic 

neurons. This would show whether the sympathetic nervous system (by 

decreasing its activity) also played a role in producing diving brady

cardia and whether cutting the vagus had caused complications since 

some sympathetic neurons would also necessarily be cut. We found that 

the sympathetic nervous system did play a role in maintaining the predive
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and postdive heart rates but that it had very little to do with pro

duction of full bradycardia or the time it took for this to be 

established. Even the sympathetic involvement in the pre- and postdive 

rates is probably the result of stress put on the animal by the restraint 

Lund and Dingle (1968) found that restraint raised a frog's heart rate 

considerably above the normal, non-restrained rate.

The drop in the predive heart rate after unilateral vagotomy in 

the frogs receiving propranolol is hard to explain. Some of the drop may 

be due to the frog's acclimation to the diving procedure. This is most 

likely the case in the drop of predive rates that the frogs receiving 

right unilateral vagotomies exhibited after surgery.

In summary, it can be concluded that bradycardia is a vagally- 

induced response to submergence in water. Although this response is 

eliminated by a bilateral vagotomy, it is unaffected by a unilateral 

vagotomy and is independent of the sympathetic nervous system.

+
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