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ABSTRACT
Lobsters of the species Homanrs arnericanus were exercised on an underwater
treadmill to measure the cardio-respiratory responses to non-exhaustive walking.
Specifically, measurements were made of the rate and stroke volume of the heart and
scaphognathites, acid-base status of the haemolymph (pH,total C02,Pco~,Poz, lactate),
and oxygen consumption.

Heart rate and ventilation rate increased rapidly at the onset of exercise. The
increases in rate were not correlated with exercise intensity. The heart beat at 85-90 beats
mid' and the scaphopathites beat at 175-180 beats min" at all walking speeds examined
(1 .7,2.4,4-4, and 8 m mid). Exercise at all speeds caused a reduction in haernolymph

pH with the fastest walking speed resulting in the strongest acidosis. Davenport analysis
indicates the acidosis is predominantiy respiratory (due to accumulation of COz).

Haemolyrnph and tissue lactate levels remained low at all walking speeds (less than 1.5
mM in the haemolymph and 12 nmol mge' in the tissue). Oxygen consumption was
augmented during exercise with the greatest increase occurring at a walking speed of 8 m

'

min' .

In a separate set of experiments, cardiac output of the lobster was impaired by
cutting the dorsai nerves to the heart (eliminates ability to increase heart rate by neural

mechanisms) or by cutting the dorsal nerves and two alary ligaments (eliminates ability to

increase heart rate and reduces stroke volume by 25%). When these animals were
exercised on the treadmill heart rate increased only slightly and very slowly. Ventilation
rate was progressively greater as the impairment of cardiac output became more severe.

During exercise the scaphognathites beat at 175 beats mixi' in intact animals, 185 beats
min-' when the dorsal nerves were cut, and up to 200 beats mixi' when both the nerves

and the ligaments were severed. Anaerobic metabolism became an important factor under
conditions of impaired cardiac output. Exercise in lobsters that had the dorsal nerves cut
caused lactate levels to rise fiom less than 2 mM in control conditions to 6 mM, while
cutting the nerves and two ligaments resulted lactate levels of 8 mM at the end of the
waking period.

During walking ventilation volume and stroke volume were positively correlated
with walking speed, while the increases in ventilation rate were not. Stroke volume of the

scaphognathites is sensitive to walking speed.
A sonomicrometry technique was employed to assess cardiac stroke volume. An

isolated in situ heart preparation was first used to validate that contraction amplitude is
significantly correlated with stroke volume in the intact animal. The heart beats at the

same elevated rate at all walking speeds, while stroke volume is sensitive to the intensity
of exercise. Stroke volume was significantly greater during exercise at 8.0 m m i d than at
2.4 m miri'.
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CaAPTER 1: GENERAL INTRODUCTION
The open circulatory system of the decapod crustacean has been characterized
in the past as being inefficient and sluggish in comparison to the closed system found
in mammals and other vertebrates (Martin and Hose, 1995). Recently this view has

been challenged. It seems more appropriate to describe the system as one that is
highly complex and well regulated. It is a very efficient system capable of producing a
degree of tissue perfusion comparable to the vertebrate system (McMahon and

Burnett, 1990; Martin and Hose, 1995).
In aquatic crustaceans, including the lobster Hornarm americmus, this
complex circulatory system must fiinction in conjunction with the ventilatory
appendages to support aerobic respiration. It is the responsibiiity of these appendages,
called the scaphogaathites (SGs), to pump sufficient volumes of water over the gills

to maintain a m i o n gradient for oxygen across the gills for uptake by the

haemolymph. This oxygenated haemolymph retums from the gills to the heart where
it is distributed to the tissues of the body. Aerobic respiration cannot be maintained

and anaerobic metabolism will become important if sufficient oxygen is not extracted

fiom the environment or the oxygen is not delivered to the tissues quickly enough.
Lobsters are migratory animals so one of the main goals of this study was to

examine the physiology of these animals during exercise in a way that is more
realistic than many studies done in the past. While previous studies on crustacezn
exercise have focused on driving the animals to a point of exhaustion with such
means as continuous chasing and prodding, the present study endeavored to impose a
more typical, nonexhaustive form of exercise (like that which may occur in the

natural habitat) with the use of an underwater trtadmrll.Thetreadmill is

advantageous as it allows for the precise monitoring and gradation of walking speed,

which, in turn, allows for a more carefid examination of cardio-respiratory responses.

Though there may be some disruption associated with the abrupt onset of
walking when the treamill is turned on it still simulates more readily the natural

environmental conditions for an animal migrating along the ocean floor. Tuming on
the treadmill did not induce any startle responses (see chapters 2,3 and 4). Note that

the treadmill does not stimulate the viscous drag that would be experienced by a
fieely moving lobster so only the effects of locomotor muscle contractions have been
measured.
Heart and vasculature

Decapod crustaceans possess a single chambered heart (0-10 - 0.1 5 % of total
body weight) that is suspended within the pericardial sinus by three pairs of alary

ligaments (Martin and Hose, 1995). In decapods, the walls of the pericardial cavity
are complete and thus this space acts like a second heart chamber similar to the

mammalian auricle (Miller, 1895; McMahon and Burrnett, 1990). Energy stored in
the alary ligaments as they are stretched during systole is utilized during diastole to

re-expand the heart and aspirate haemolymph fiom the pericardial sinus (Guirguis and
Wilkens, 1995).

Haexnolymph leaving the heart enters a complex arterial system consisting of

seven separate outflows including the anterior aorta, the posterior aorta, the sternal
artery, paired antennary arteries, and paired hepatic arteries. Each artery is separated
fiom the heart by paired semilunar valves which prevent reflux of haemolymph

(McMahon and Burrnett, 1990). Haemolymph is distributed by the arteries to lacunae
(irregular haemoiymph spaces without a limiting membrane), thus the tissues are
directly bathed in the blood. This is what gives rise to the term 'open circulatory

system'.
Haemolymph is channeled through a system of coelomic sinuses (there are no
veins in the open circulatory system) that direct the blood to the gills for gas exchange

and then back to the pericardial sinus. Blood enters the heart via valved structures
called ostia. There are a total of six ostia in lobsters (Maynard, 1960; McMahon and
Burnett, 1990; Martin and Hose, 1995).

The heart of the lobster is neurogenic with the basic rhythm of contraction

being determined by the nine cell cardiac ganglion (CG) located on the inner dorsai
wall of the heart (Alexandrowicz, 1932). The CG produces bursts of action potentials
that activate the myocardium. This CG burst rate is modulated by the cardioregulatory
nerves of the central nervous system that reach the heart by way of the paired dorsal
nerves. These nerves travel in the connective tissue above the posterior-dorsal alary

ligaments before entering the heart itself. Each nerve contains two accelerator axons
and one inhibitory axon (Alexandrowicz, 1932). Stimulation of the cardioaccelerator

axons will increase heart rate while stimulation of the cardioinhibitory axons will
slow or stop it (Florey, 1960; Field and Larimer, 1975; Wikens and Walker, 1992).
Heart rate may also be modulated by the pericardial organ honnones (Wilkens and
McMahon, 1992).

The scaphognathites

The SGs of decapods are modified portions of the second maxillae which
h c t i o n to maintain a flow of water over the gills so that oxygen may diffuse into the
haemolyrnph. (Pasztor, 1968; Wilkens and Young, 1975). The beating action of the
SGs is produced by eleven muscles separated into two antagonistic groups with each
group being innervated by a separate motor root originating in the suboesophageal
ganglion. The rhythmic pattern of movement is generated by paired oscillatory

networks of neurons located in each half of this ganglion (Mendelson, 1971). In spite
of this separate innervation, the two SGs behave as though they receive common
input (Wikens and Young, 1975). Interneurons originating from the central nervous
system provide coordinating control of both the heart and the SGs (Wilkens et al.
1974).

The elevator and depressor muscles contract to cause the SG to oscillate
rhythmcally. Both the upward and downward movements will pump water through
the branchid cavity !?om the prebranchial chambers (McMahon, 1995). It is possible

to pump water in either direction, but the normal route is for water to pumped through
the branchid cavity and out the anterior channels located below the antennae.

Response to exercise

The heart rate of the lobster responds to exercise in two phases (Guirguis and

Wilkens, 1995). The firstphase is rapid onset tachycardia while the second is a stable
maintenance of the elevated rate . The rate of beating jumps from the prezxercise
level to a new elevated level within 2-3 seconds of the start of walking. This new

elevated level is maintained throughout the exercise period with little or no

fluctuation. Recovery from walking is a far slower process that may depend on the
accumulation of lactate and carbon dioxide during exercise. The crab Curcinus
maenas showed a similar response (Hamilton and Houlihan, 1992). Heart rate

increased from about 85 beats m i d to approximately 150 beats m i d within 2-3 min
of the start of treadmill walking. The elevated rate was quite stable throughout the
exercise period.
Exercise is a stress that will increase the oxygen requirements of the tissues. It
has been shown that the lobster does respond to exercise with an increase in oxygen

consumption and that this increase is correlated with the speed of walking (Hodihan
ef al. 1985). Data collected in our lab has also shown that ventilation volume (the

volume of water pumped over the gills per minute) increases as speed of walking is
increased (see chapter 3). Both of these factors play a critical role in maintaining or
increasing oxygen levels in tbe blood.
Most crustaceans respond to exercise with a reduction in haemolymph pH due
to a mixed respiratory and metabolic acidosis (McDonald er ai. 1979; Wood and

Randall, 1981a,b; Full and Herreid TI, 1984; Full, 1987; Moms and Greenway, 1989;
Hamilton and Houlihaq 1992). This means that the acidosis is due to both the
respiratory accumulation of carbon dioxide and the build up of the metabolic end
product lactate and its associated protons. Previous studies indicate that anaerobic

metabolism (as evidenced by lactate accumulation) plays an important role in meeting
the energy requirements during exercise in crustaceans. At rest, lactate levels are

generally close to zero. Exhaustive exercise in the land crab Cardisornu camifex
elevated lactate levels to 5.5-7.5 mM (Wood and Randall, 19816). In the blue crab

CalZinectes sapidus, lactate levels rose to 10 mequiv 1-' following 25 min of
continuous swimming (Booth and McMahon, 1985). Even submaximal treadmill
exercise at 5.8 lamin-' in C. maenas resulted in lactate levels of 4 m M (Hamilton and
Houlihan, 1992).
Purpose

The dynamics of the heart rate response to exercise have been clearly
demonstrated (Guirguis and Warn, 1995), however no information has been
collected regarding the effects of different speeds of walking on this response. As
well, no data is available on ventilation rate responses or acid-base status following

exercise at different speeds.
Experiments were performed to determine if varying the intensity of exercise
would affect the magnitude of the heart and ventilatory responses. By including

measurements of ventilation rate and acid-base status a more thorough evaluation of
the lobster's ability to supply oxygen to the working muscles was possible. These
results are presented in Chapter 2.

The study by Guirguis and Wilkens (1995) demonstrated the importance of the
dorsal nerves in mediating the heart rate response to exercise in H.americanus.

Cutting these nerves eliminates the rapid increase in heart rate at the onset of exercise

and thus significantly decreases cardiac output. An even more severe impairment of
cardiac output occurs when the dorsal nerves and two of the suspensory ligaments are
cut. In addition to the loss of ability to rapidly increase heart rate (due to cutting the

nerves), cutting the two alary ligaments will decrease stroke volume by approximately

25% (Wikens and McMahon, 1992). In the present study the dorsal nerves and alary

ligaments were cut to determine whether these surgical interventions would affect
ventilation rate and acid-base status during exercise. This was done in order to
determine the role of the nerves and ligaments in maintaining aerobic respiration and
also to ascertain if the scaphognathites could compensate for the reduction in cardiac
output by beating at a higher fkequency than that seen in the intact animal. The results
for these experiments are located in Chapter 3.

Heart and ventilation rates are not the only factors that influence cardiac
output and ventilation voiume (the volume of water pumped over the gills in one
minute). Variability in the stroke volume of the heart and the scaphognathites will
also effect cardiac output and ventilation volume and, therefore, affect oxygen

availability.

To determine if changes in stroke volume of the scaphognathites were
occurring during walking at different speeds, animals were masked and total

ventilation volume was measured. This enabled the determination of scaphognatbite
stroke volume (Chapter 3).

In order to bypass the difZiculty of making measurements on all seven of the
arteries leaving the heart of the lobster a sonomicrometry technique was utilized in

order to assess weather changes in cardiac stroke volume occurred during walking at
different speeds. This allowed for the direct measurement of contraction amplitude of
the heart which was used to calculate the stroke volume of the organ. The
sonomicrometry results are presented in Chapter 4.

By performing the aforementioned experiments a number of conclusions will
be drawn regarding the cardio-respiratory response to exercise in the lobster Hornarus

americanus. All the major variables (heart rate, ventilation rate, acid-base status of

the haemolymph, oxygen consumption, ventilation volume, and stroke volume of the
heart and scaphognathites) have been examined in animals walking at different
speeds. As a result, strong arguments will be put forth concerning the whole animal

physiology of the lobster during exercise.
Each chapter is written in manuscript style with relevant background
information and specific hypotheses in each chapter. Each chapter contains a methods

and materials section describing the detaiis of the experiments of that chapter. A
modified version of Chapter 2 has been published by the Company of Biologists in
the Journal of Experimental Biology (Vol. 201, pages 2601-2608,1998).

CHAPTER 2

THE EFFECTS OF WALKING ON HEART RATE, VENTILATION RATE
AND ACID-BASE STATUS OF THE LOBSTER H O U U S AMERIC4NUS
Introdactioa
If the aerobic demands of the tissues of a lobster are to be met, the heart and
scaphognathites (SGs) must be able to coordinate their activities to effectively

maintain a supply of oxygen (Wilkens, 1976,1995).The SGs and heart must maintain
an adequate flow of water and haemolymph, respectively, to maintain the d i h i o n

gradient across the gdls into the haemolymph, and the heart must distribute the
oxygenated haemolymph to the rest of the body. Indeed, the heart and SGs display
parallel alterations in activity in response to many stimuli (Wilkens et al.1985).

Exercise is a stress that will produce an increased oxygen demand by the
tissues that must be met in order to sustain aerobic metabolism. One important way to
increase the supply of oxygen to the tissues is to elevate the heart and ventilation rates

during periods of increased activity. For the heart, the frequency of contraction is
determined by the bursting pattern of the nine cell cardiac ganglion. This rate is
modulated by the cardioregulatory nerves of the central nervous system that reach the
heart in the paired dorsal nerves, which travel in the connective tissue above the

posterior-dorsal alary Ligaments before entering the heart itself. Each nerve contains
two accelerator axons and one inhibitory axon (Alexandrowicz, 1932). Stimulation of

the cardioaccelerator nerves will increase heart rate, while stimulation of the
cardioinhibitory nerves will slow or stop it (Florey, 1960; Field and Larimer, 1975;

Wilkens and Walker, 1992). Heart rate is also modulated by the pericardial organ
hormones (Wilkens and McMahon, 1992).
At the onset of exercise, the heart rate of crabs and lobsters jumps fiom its

pre-exercise resting value to a new elevated value (Hamilton and Houlihan, 1992;
Guirguis and Wiens, 1995). This increase in heart rate occurs in less than 1 min and

in lobsters once the new level is reached there is little to no fluctuation during a 30
min walk.

The scaphognathites (SGs), located at the anterior ends of the branchial
chambers, are also important in maintaining an oxygen supply to the tissues (Pasztor,
1968; Wilkens and McMahon, 1972). Their function is to pump water over the gills
so that oxygen can be e m t e d and carried to the tissues in the haemolymph. The

rhythrmc pattern of movement is generated by paired oscillatory networks located in
each half of the suboesophageal ganglion (Mendelson, 1971). In spite of this separate

innervation, the two SGs behave as though they receive common input (Wilkens and

Young, 1975). In addition, interneurons originating fiom the central nervous system
provide coordinating control of both the heart and the SGs p i k e n s et a/.1974).

If sufficient oxygen is not delivered anaerobic metabolism must be utilized.
Past studies have demonstrated that many crustaceans respond to exercise with a

reduction in haemolymph pH that is due to both increased C02 production as well as
to a build up of lactic acid. Thus, crustaceans typically show both respiratory and
metabolic acidosis (McDonald e?al. 1979; Wood and Randall, 198 1a,b; Full and
Herreid II, 1984; Full, 1987; Morris and Greenaway, 1989; Hamilton and Houlihan,
1992). By measuring the acid-base status of R americanus at rest, and during

exercise and recovery at different waking speeds, the ability of these animals to meet
their metabolic requirements, either aerobically or anaerobically, can be assessed.

Guirguis and Wiikens (1995) examined the effect of a single speed of walking
(1 -7m m i d ) on heart rate. The goal of the present study was to determine the effect

of walking at different speeds on heart and ventilation rates and on metabolic
processes. It was anticipated that heart and ventilation rates would be correlated with
the intensity of exercise and that as exercise became more strenuous anaerobic

metabolism would become more important.

Materials and methods
American lobsters Homarus americunus (Milne-Edwards) weighmg between
550 and 650 g, were obtained fiom a local supplier and held in a tank of artificial

aerated sea water at 14°C. The animals were fed twice a week.
Exercise protocol

Specimens were cooled in ice and prepared for experimentation by
implantation of impedance electrodes around the heart and scaphognathites through
holes drilled in the carapace. Electrodes were held in place using dental latex and
cyanoacrylate adhesive. Another hole was drilled over the pericardial sinus lateral to
the heart for the purpose of post-branchial haemolymph sampling. Pre-branchial

haemolyrnph samples were drawn from the joint of one of the waking legs.
Following surgery, all animals were allowed to recover for 48 h prior to any
experimentation. This was enough time to allow heart and ventilation rates to be
completely stable at resting levels.

The animals were exercised on a variable-speed underwater treadmill
consisting of a sanding belt passed around a motordriven tensioning drum. The
treadmill was surrounded by aerated sea water at 14°C and the sides of the apparatus
were covered with black plastic to minimize visual stimuli.
The lobsters were left in the treadmU overnight to allow them to become
settled. The resting heart and ventilation rates were measured prior to any other
testing and blood samples (pre-branchial fiom the joint of a walking leg and post-

branchial fiom the pericardial sinus) were drawn to determine pH, partial pressure of
oxygen (PoZ),
concentration of carbon dioxide, and concentration of lactate before
exercise. Partial pressure of carbon dioxide (Pco2)
was calculated using the
Henderson-Hasselbach equation and the measured values of pH and concentration of
carbon dioxide.
Once resting measurements had been completed, the treadmill was turned on
at a predetermined speed (1.7,2.4,4.4 or 8.0 m min-')and the animal was exercised

for 30 min. To maintain position in the treadmill, animals were tethered via the

rostrum. The tether was anchored outside the treadmill. In no way did it interfere with
the animal's ability to walk nor did it suspend the animal in the water in any way. The
tether forced the animal to walk and prevented it fiom drifting to the back of the

treadmill, much like walking a dog on a leash. Heart and ventilation rates were
monitored throughout the exercise period and during 30 min of recovery. Blood

samples were taken at the end of the 30 min exercise period and at the end of 30 min
of recovery.

The effects of haemolymph sampling were tested by taking samples at the
same intervals outlined above in animals that remained at rest.

Determination of huemolymphpH, Pol and concentration of C&
Pre-branchial and post-branchial haemolymph samples were drawn using iced,
gas-tight, 500 pl glass syringes and analyzed immediately. Sample volume ranged

fiom 400 to 450 pl.
Partial pressure of oxygen was measured using a Radiometer oxygen electrode
held at 14°C in a thennostated water jacket. The electrode was calibrated to zero with

a solution of sodium sulphite and to 19 kPa with air-saturated sea water.
Haemolymph pH was measured using a Radiometer BMS 3 M K 2 blood micro
system at I4OC.
Concentration of carbon dioxide (mM)was determined either using the
method of Cameron (1971) or with a Capni-Con Model 5 total C02 analyzer. Results
obtained by these two methods were not statistically different (P > 0.05).

Partial pressure of CO2 (in mmHg; 1 mmHg = 133.332 Pa) was calculated
using the Henderson-Hasselbach equation as follows:

where total COz ( T c ~is) in mM,a = C 0 2solubility coefficient = 0.05 I

rnM C 0 2 1" mmEIg-', and pK = 6.04.

Lactate rneaswements

Two different methods were used to detenaine haemolymph lactate
concentrations. The first method was an enzymatic analysis of haemolymph samples
using the Sigma diagnostics lactate kit no. 826-uv. This involved mixing the

haemolymph sample with lactate dehydrogenase and a glycine buffer (modified for
lobster haemolymph by adding enough EDTA to make a 10 m M solution and
adjusting to pH 9 using hydrochloric acid as in Full and Herried, 1984). The samples
were incubated in a water bath at 37OC for 15 min and then anaiyzed
spectrophotornetrically (at 340 MI) on a Bausch and Lomb spectrophotometer.
Lactate was also analyzed using a YSI model 27 lactate analyzer. This
machine was calibrated with 5 rnM and 15 mM lactate standard solutions (YSI) and
blood samples were injected into the machine using a YSI no. 2361 syringepet.

Results were consistent between the two methods of analysis.
Measuring tissue lactate

Samples of waking leg muscle tissue were taken at rest, at the end of 30 min

of walking on the treadmill at 8 m mid,and after 30 min of recovery from walking
on the treadmill at the aforementioned speed.
The entire walking leg was removed with bone shears and immediately placed
in liquid nitrogen for preservation. For analysis of tissue lactate, the legs were

removed from the liquid nitrogen and allowed to warm slightly in order to permit the
removal of the carapace and dissection of a mass of muscle. No attempts were made
to distinguish between different fiber types.

Once the muscle was extracted its mass was determined and it was placed in
cold 8% perchloric acid and homogenized with a mortar and pestle. This mixture was
centrifbged at 10 OOOg for 15 min. The supernatant was then assayed enzymatically

using the Sigma diagnostics kit as discussed above.
Haemolymph samples were also drawn at the same intervals as tissue samples
were taken for determination of blood Lactate concentration.
Buffering capaciry of Haemolymph

To determine the buffering capacity of Haemolymph a 4-5 mL haemolymph
sample was drawn from the pencardial sinus and centrifbged at 13 000 g for 10 min
to remove the clot. The supernatant was transferred to a round-bottomed tonometer

mounted on a wrist-action shaker and held in a water bath (1 4°C). Haemolymph was
equilibrated to different partial pressures of CO2 ranging fiom approximately 0.5 to
5.5 mmHg (1 mmHg = 133.332 Pa) using a Wsthoff gas-mixing pump.

T C (mM)
~

and pH were measured following 30 rnin of equilibration at each P C O tested.
~
These

data were used to create a Davenport diagram. The measured values of TCO,and pH
were plotted against each other with the slope of this line being equal to the buffering

capacity of the haemolymph in slykes (mM of COt/pH unit).
Statistics

Statistical analysis was canied out using Sigmastat, a statistical software
package. A combination of t-tests, paired t-tests and Mann-Whitney rank sum tests
were utilized. In all instances a 5% level of significance was employed.

Results
Walking b e h i o u r

Lobsters were forced to walk at specified speeds because of the tether. As
mentioned above, the tether did not affect the animals except to prevent them from
drifting to the back of the treadmill and not walking. At the lower speeds (1-7 m minI

2 . 4 m mid1),there was a greater likelihood that the animals would attempt to crawl

out of the treadmill apparatus. Therefore, not all walking legs were necessarily used
for wallcing at all times. At speeds of 4.4 m rnin-'and 8.0 m mixi' the animals were

more likely to use all walking legs during the exercise period. At all speeds, the
chelae were held up off the surface, the tail was extended and the sttimmerets were
beating.

In order to confirm that increasing the treadmill speed actually caused the
anhais to wak faster, animals were videotaped and the fiequency of leg movements
was determined for each speed. The average leg movements from both sides of the
body are presented in Table 2.1. There was a significant correlation beween treadmill
speed and frequency of leg movement (8= 0.94; P < 0.05).

Although the treadmill is able to operate at speeds greater than 8 m min-', the
lobsters would not exceed this speed: increasing the treadmill speed beyond this level

caused the animals to drag and attempt to tail-flip. They were more inclined to let
themselves drag on the treadmill than try to walk at these speeds. The lobsters did not
reach the point of exhaustion (the point at which the animal is not able to walk any
longer) in a 30 min walk at any of the speeds tested up to 8.0 m min-'.

Table 2.1 : Data showing the effects of treadrd speed on frequency of leg movements
in Hornam men'canus.

Treadmill speed (m.min-I) frequency of leg movements (cycles.min-I)
1.7
2.4
4.4
8 -0

+
+
+

19.2 2.4
31.8 2.0
43.5 3.1
59.8 k 3.2

values are averages of legs fiom both sides of the body
r2 = 0.94, P < 0.05; N = 4. Mean+ S.E.M.

Sampling effects

Tests were performed to evaluate the effect of haemolymph sampling on
otherwise undisturbed animals. Typically, heart rate and ventilation rate showed small
increases when haemolymph was taken, but these increases lasted less than 5 min and
were not statistically significant Blood chemistry variables were also quite stable and
unaffected by the process of removing haemolymph. There were no significant

differences in pH, Po2,T c ~PC&
, or lactate levels in comparison with resting
animals.
Heart and ventilation rate responses

The responses of heart rate and ventilation rate were virtually identical at all
walking speeds. Heart rate increased fkom approximately 60 beats mine'to

approximately 80-90 beats min-' and ventilation rate increased fiom approximately

100 beats midLto 175-180 beats min-' (Table 2.2, Fig 2.1). The maximum values for
heart rate and ventilation rate did not differ significantly among the speeds tested.

Following 30 minutes of recovery heart and ventilation rates remained significantly
elevated relative to rest at all walking speeds (Table 2.3, Fig 2.1).
The increases in heart rate and ventilation rate were almost instantaneous with
the onset of exercise (Fig 2.2). Rates always stabilized within 1-2 rnin of the stan of

exercise.

Acid-base response
Changes in pH and lactate levels were similar at the thee lower speeds (Table
2.2). There was a tendency for Po2to increase as walking speed was increased;
however, the differences were not statistically significant. The acidosis that resulted

fkom exercise at 8.0 m min-' was si@cantly

greater than at the lower speeds. The

greatest PCO, increase occurred aAer exercise at 8.0 m min-' while lactate was 1.29
mM at this speed,

The changes in acid-base status at all four speeds were significantly different

from those at =a.The animals that were walked at 8 -0m mixi' had previously been

.

walked at 2.4 m mid' several days earlier. In these individuals, pH and PCO-showed

significantly greater changes at 8.0 m min-' as compared to 2.4 m min-'. The changes
in Po1_,
and lactate concentration were not significantly different between the two

speeds.

Data fiom pre-branchid haemolymph samples are not shown. Post-branchid
oxygen tension was approximately 30% higher than pre-branchial Po2throughout
rest, exercise, and recovery. There were no significant differences between pre-

branchial and post-branchial values for pH, TCO,,Pco,,and lactate levels.
The acid-base status following 30 min of recovery from exercise is shown in
Table 2.3. As can be seen fiom the table, many of the parameters remain significanlty
different from pre-exercise values after 30 min of recovery. HaemoIymph lactate
concentrations were significantly greater than pre-exercise values following 30 min of
recovery fiom exercise at all speeds. Haemolymph pH remained significantly
depressed relative to rest only after exercise at 8 m min-'. The other blood chemistry

variables were not significantly different fiom rest after 30 min of recovery.

Figure 2.3 shows a plot of the effects of walking at 8 m m i d on tissue lactate
levels. As was the case for haemolymph lactate concentration (Tables 2.2 and 2.3),
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Figure 2.1 : The effects of walking on heart rate (circles) and ventilation rate (squares)
in Homarus americanus. A, B,C and D represent treadmill speeds of 1.7,2.4,4.4 and
8.0 m min" respectively. The treadmill was tuned on at 0 min and stopped at 30 min.
All values after 0 min are sigdicantly different fiom resting values. Ventilation rates
are the mean value for the two scaphognathites, which always beat at approximately
the same rate. Values are means f S.E.M. (N=5). Data for panels A and C collected
by Ambreen Patel.

Figure 2.2: Sample traces of heart rate (A) and ventilation rate (B)in Homarus
americanus. Arrows indicate the start of exercise. Note the rapidity with which the
rates increase at the start of walking.

muscle lactate did not change very much as a result of exercise. The increase in
muscle lactate foilowing 30 m i .of exercise to 9 nmoVmg was very slight and not
significant. After 30 min of recovery, tissue lactate was 12 nmol/mg.
Figure 2.4 is a Davenport diagram (Davenport, 1973) used to relate changes in
total COr (mM) to changes in pH at diffkrent partial pressures of carbon dioxide. The
curved lines are the PC& isopleths calculated fiom the Henderson-Hasselbach

equation (a= 0.05 1;pK = 6.04; T = 15 "C). The straight line represents the buffering
value of the Haemolymph (-6.8 mmol C@/pH unit). The fact that the data points
basically follow the buffering line indicates that the acidosis produced fiom walking

is due predominantly to changes in CO2 levels in the blood.
Discussion
Heart and ventilatory response

The heart and ventilation rate responses to exercise were similar at all walking
speeds. No significant changes with walking speed were evident in either variable.
Furthermore, the changes in heart rate and ventilation rate were highly correlated
(r2= 0.94). Wilkens et al. (1 974) showed that the heart and SGs receive common

input from higher levels of the central nervous system which might account for the

simultaneous increases in heart and ventilation rate.
The absence of a graded response to increased walking speed is not due to a
lack of ability to vary the heart and ventilation rate with exercise. Work in our
laboratory has shown that, under conditions of severe cardiac impairment (due to
cutting the regulatory nerves to the heart and the a l q ligaments of the heart),

Table 2.2: Mean heart rate, ventilation rate and acid-base response following 30 min
of exercise in the lobster Homarus americanus.

Heart rate
(beats mid)
Ventilation
rate
(beats mid')
FH

Rest
60.0k2.4

1.7 m mixi'
80.4f4.gf

2.4 rn min"
87.0+1.7*

4.4 m min"
79.2f3.5'

8.0 m min"

100f12.0

17427.1'

181.5+3.8*

17426.1*

177 k 3.9*

+

85.5+2.9*

7.78 f 0.03 7.63 k 0.04* 7.64 k 0.03* 7.66 0.04* 7.42 k O.O1*a
6.20 f 0.87 8.53 f 0.73* 9.01 f 0.65* 9.44 f:0.61* 9.50 f 0.47'
T C O Z ( ~ . M ) 4-80kO-44
5.5 1 k 0.53*
5.74 + 0.59*
PCO,(Pa)
268.0 k 4 1.0
507.2 k
603.5 k 84.0*a
50.2*
lactate
-020 0.02 1.67 st 0.26* 1.55 2 0.19* 1.49 k 0.33'
1.29 f 0.26*
concentration

Po, (kPa)

-

-

+

An asterisk (*) indicates values that are significantly different from rest

An a indicates the value at 8.0 m d
l is sigruficantly different from the
corresponding values at the slower speeds

Blood chemistry values are fiom post-branchial haemolymph
Mean c S.E.M. (N=5-7)

Table 2.3: Mean heart rate, ventilation rate and acid-base response following 30 min
of recovery from exercise in the lobster H O ~ I Uamericanus.
S

Rest
heart rate
(beats mid')
ventilation rate
(beats min-')
PH

Pa &Pa)

Tco,(mM)
PC% (Pa)
lactate
concentration
(mM)

1.7 m mimi

61.5k2.9

71.2+4.04

100.0 +I2

129.6 5 15.9'

2.4 m min-'

+ 0*
121.5 + 1 0 9
72.0

4.4 m min-I

68.4 ,+ 4.9*

8.0 m min-I
75.0 a 3.0*

153.6 f 8.2*

129.1 2

9.9*
7.78 k
0.03
6.20 f
0.87
4.80
0.44
268.0 +.
41.O
0.20 f
0.02

+

7.71 f 0.04

7.73 k 0.02

+ 0.6
-

+ 0.3
4.26 + 0.23

1.49 f 0.18'

6.91

7.74 t 0.04

+ 0.6

7.54 k
0.02* "
9.36 1.4

-

4.71 k 0.1

278.1 k 10.2

-

0.73 f 0.15*

1.54 rt 0.43'

373.2 4
39.9
1.01

5.70

5.92

An asterisk (*) indicates values significantly different from rest.
An a indicates the value at 8.0 m mine' is significantly different than the
corresponding values at the slower speeds.

Blood chemistry data are fiom post-branchial haemolymph samples.

Mean + S.E.M. (N = 5-7).

+

+

0.26*
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Figure 2.3: The effects of walking at 8.0 rn min'l on tissue lactate levels in Hornam
americanus. Muscle samples were obtained fiom the walking legs. Treadmill was
started at 0 min and stopped at 30 min. values are means f S.E.M. (N=5).

Figure 2.4 : Davenport diagram for H o m u m americanus haemolymph. C w e d lines
are PC@ isopleths. The straight line is the haemolymph buffering capacity (-6.8 mmol
C02 I-' pH unitt1).A, rest; B,after 30 min of exercise at 8.0 rn m i d ; C,after 30 min
of recovery from exercise at 8.0 m mid1.See text for further details. 1 torr = 133.332
Pa. Values are means f S.E.M. (N=5)

ventilation rate can peak at rates higher than those reported here on intact animals (see
Chapter 3). Similarly, heart rate has been reported to exceed those levels recorded
here when cardiac h c t i o n is impaired or when hormones are administered (Guirguis
and Wilkens, 1995). Thus, the fact that heart rate and ventilation rate responded
similarly at all speeds tested in this study cannot be attributed to physical limitation of
the structures and tissues themselves. Although they are capable of beating at faster

rates they simply do not.

It is apparent fiom Figs 2.1 and 2.2 that the heart and SGs respond to exercise
immediately and with a fixed, constant response. While the mechanism of such a
response in the lobster is not known, it clearly does not include sensory input
regarding the intensity of exercise. This new and unexpected result cannot be

explained at this time.
Contrary to the 'on' response seen at the onset of exercise, recovery from
exercise is a longer process that probably depends on the level of stress caused by the
walk. Recovery of both heart and ventilation rate can take as long as 8 - 12 h in

ectothennic animals (McMahon, 1981). The time constants of recovery for heart and
ventilation rates in this study also indicate that recovery is an extended process. For
heart rate, the time constants are 23 min and 30 min after walking for 30 min at 2.4 m

min" and 8 m mixi' respectively. The values for ventilation rate are 10 min and 12
min respectively. It is possible that recovery of heart and ventilation rate is driven by
the metabolic consequences of the exercise period. For example, in humans, the

recovery of heart rate closely follows the time course of reuptake of potassium ions.

Metabolic response

Since the heart and ventilation rate responses seem to be fixed, it is possible
that increased walking speed would have metabolic consequences. The responses to
exercise at 1.7,2.4 and 4.4 m d'
were not significantly Merent suggesting that
these speeds were within the aerobic capacity of these animals. This is fiuther
indicated by low levels of lactate. Anaerobic metabolism did not seem to play much

of a role at these speeds.

The reduction in pH after exercise at 8 rn.mixi1 was much more severe than
after lower walking speeds, yet lactate production was still low. This is in stark
contrast to past studies on crustacean exercise physiology that have shown far more

substantial increases in lactate levels. For example, Wood and Randall (198 1b) found
that lactate concentration peaked at 5.5-7.5

mM after exhaustive exercise in the land

crab Cardisornu camifex. Even submaximal treadmill exercise at 5.8 m min-' in
Curcinus maenos resulted in accumulation of lactate to levels of almost 4 rnM

(Hamilton and Houlihan, 1992). Thus, the levels of lactate measured in this study
seem low compared to other studies, even taking into account that we did not exercise
the lobsters to the point of exhaustion.
Davenport analysis (Davenport, 1974) shows that the acidosis produced by
wallcing in H americanus is almost entirely respiratory in nature (Fig 2.4). This

means that anaerobic metabolism is utilized only to a small degree. While many
crustaceans show a mixed (respiratory and metabolic) acidosis (McDonald et al.
1979; Smatresk er al. 1979; Smatresk and Cameron, 1981;Wood and Randall,

198la&; Wheatly et al. 1986; Hamilton and Houlihan, 1992), it seems that

americanus shows a predominantly respiratory acidosis. This means that aerobic

respiration is the main route of energy production during exercise at these intensities
and under these conditions.

Another factor must be considered, however. The best way to determine

lactate concentration is by whole-body analysis, because lactate can become
compartmentalized in the tissues of the animal and be under-represented in the
haemolymph (Full and Herreid II, 1984). Booth and McMahon (1985) report a
discrepancy between haemolymph lactate and muscle lactate in the blue crab,
Callinectes sapidus.At alI points throughout exercise and recovery muscle lactate

levels were higher than haemolymph lactate levels. The measurements of tissue
lactate in this study showed that there were no significant changes in muscle lactate
due to non-exhaustive exercise. This suggests that the lactate that is being produced
during walking is released to the haemolymph very quickly where low level, but
significant, increases were measured. These findings are in agreement with those from
the Davenport analysis in showing that anaerobiosis is not making much of a

contribution to energy production during these levels of exercise.
Compensationfor exercise

Ventilatory activity by the SGs is oxygen sensitive in water breathers

(Dejours, 1981). It has been suggested that crustaceans possess an internal sensor for
monitoring the oxygen tension of post-branchid blood (Ishii e f al. 1989; Zinebi er al.
1990). This was thought to be a means of controlling both heart rate and ventilation
rate by feedback inhibition (Larimer, 1964). Crayfish, Astacus leptodactyllus, possess
chemoreceptors whose activity increases with a decrease in oxygen tension (Ishii er

al. 1989). These receptors are localized in the wall of the branchioccafdiac veins
carrying post-branchial haemolymph and could therefore monitor the oxygen tension

in the blood. Similarly, Zinebi et al. (1990) concluded that peripheral oxygen-

sensitive chemoreceptors are present in the ventrai anterior region of the arterial
system near the SGs in the crab C. maenas. Another possibility is that there are
oxygen sensors on the gills themselves. Such oxygen-sensitive elements have been

characterized on the g d s of Limuluspolyphenus (Page, 1973; Crabtree and Page,
1974). Such sensors could be important in determining the heart and ventilation rates

during recovery fiom exercise due to decreased haemolymph oxygen tension, but their
activity would not predict exercise onset.

While some crustaceans (Cancer magister, C. cumifex) do indeed show

reductions in haemolyrnph P a after exercise (McMahon, 1981) such was not the case
for H arnericanus in the present study which showed increased oxygen tension after a
30 min walk (Table 2.2). Also, the increase in ventilation rate occurs within seconds

after exercise begins while changes in PO,occur over the order of minutes, therefore,

even if sensors for detecting decreasing oxygen tension are present in H urnericanzls
some other mechanism must account for the changes in ventilation rate at the start of
the walking period.

While heart rate and ventilation rate respond to onset of exercise with a sharp
increase in rate, there is no correlation of these variables with exercise intensity
during the exercise period. However, other mechanisms could meet the increased
oxygen demand. McMahon (1995) suggests that stroke volume changes in the heart

may be more variable than heart rate responses in H.arnericanus and depend on the

level of activity. This makes sense as increasing the heart rate too much would be
counterproductive if there is not enough time between beats for adequate filling of the
heart.

Increasing the stroke volume of the heart would result in greater delivery of
oxygen to the muscles. A similar argument can be made for ventilation volume
(volume of water pumped over the gills). Increasing the ventiIation volume would
enable more oxygen to be extracted per beat of the scaphognathites. Preliminary work

on measuring ventilation volume and oxygen consumption has, in fact, shown
ventilation volume increases as speed of wallcing increases (see Chapter 3). This
response has also been demonstrated in other crustaceans (Herreid II et al. 1979).
Whether ventilation volume is directly correlated with exercise intensity in the lobster
remains to be determined.
One other source of compensation could be &om the pattern of walking. As
mentioned previously, at the slower speeds the animals are less likely to utilize all the
walking legs. At these speeds, some of the legs typically are used for 'feeling' the
surroundings rather than for locomotion. At 8 m min-', however, all the legs usually
contribute to the locomotion of the animal. increasing the number of walking legs

being used may divide the work more evenly between the available muscles.
However. increasing the number of muscles used may result in an increase in the
oxygen demand and thus have a greater metabolic impact on the animal.

In conclusion, the hypothesis that heart rate and ventilation rate would show
increases in proportion to increases in exercise must be rejected. Heart and ventilation
rates showed fixed responses to exercise regardless of speed. Animals that walked at

8 m min-' showed significantly greater decreases in pH that were due predominantly
to a respiratory acidosis, PC& was significantly greater at the highest exercise

intensity (8 m m i d ) . Haemolymph lactate levels showed similar, low-level increases

for all exercise speeds tested. The reason why there is no gradation in heart rate and
ventilation rate responses to exercise is not clear.

CHAPTER 3

THE CARDIO-RESPIRATORYRESPONSE TO EXERCISE UNDER
CONDITIONS OF IMPAIRED CARDIAC OUTPUT AND THE
DETERMINATION OF VENTILATlON VOLUME AND
SCAPHOGNATHITE STROKE VOLUME IN HOlMARUS AMERICAlVUS
Introduction

During periods of increased activity it is essential that an adequate supply of
oxygen be delivered to the muscles if aerobic metabolism is to be maintained. In
marine decapod crustaceans the heart and the scaphognathites (SGs) are responsible

for maintaining this supply of oxygen (Wilkens, 1976, 1995). The SGs pump water
over the gills so that oxygen can diffuse into the haemolymph and the heart pumps the
oxygenated haemolymph to the rest of the body. If the tissues do not receive sufficient

quantities of oxygen, anaerobic metabolism becomes important for energy production
The SGs are modified portions of the second maxillae which fkction to pump
water over the gills so that oxygen may diffuse into the haemolymph (Pasztor, 1968;
Wikens and Young, 1975). They beat in a rhythmic pattern generated by paired
oscillatory networks of neurons located in the suboesophogeal ganglion (Mendelson,

1971). It is the upward and downward movements of the SGs that draw water fiom
the prebranchial chambers through the branchial cavity and out the anterior channels

located below the antennae (Wilkens and McMahon, 1972; McMahon, 1995).
Exercise is a form of stress that will increase the oxygen requirements of an

animal. One important way to meet this increased demand is by increasing ventilatory

and heart rate during the exercise period, but there is a paradox in that the lobster
heart and ventilatory rates increase &om resting rates to new elevated rates which

show no correlation with intensity of walking. The elevated rates are virtuaily the

same at all walking speeds (Guirguis and W'iem, 1995; Rose ef a2 1998; Chapter

2).
It is not clear why heart and ventilation rates do not correlate with exercise
intensity. The heart has been shown to be capable of beating at fiequencies in excess
of 100 beats m i d when alary ligaments are cut (Guirguis and Wilkens, 1995).
Therefore the absence of a graded heart rate response to different intensities of

exercise cannot be attributed to physical limitations in the tissues themselves; even
though the heart is capable of beating at faster rates it simply does not. (Rose er 01.
1998).

One purpose of the present experiments was to determine if the SGs can
cornpenstate for a surgically imposed impairment of cardiac output by beating at
higher rates than in control animals. If the scaphognathites are able to beat faster

when the heart is pumping less blood we would know that the SGs (like the heart) are
physically capable of beating at higher fiequencies, but do not do so in the intact

animal. In addition, this would be the first demonstration of ventilatory compensation
for reduced cardiac output. By measuring oxygen tension and lactate production under
conditions of impaired cardiac output it is possible to assess the roles of the dorsal
nerves and the alary ligaments in maintaining aerobic respiration during exercise.

By measuring ventilation volume (the flow of water over the gills per unit
time) at different walking speeds, the roie of the SGs in compensating for different
intensities of exercise in animals with nonnal cardiac h c t i o n was determined.

Materials and methods
American lobsters Hornorus americanus (Milne-Edwards), weighrng between
550 and 650 g, were obtained Erom a local supplier and maintained in artificial aerated

sea water at 14°C. Animals were fed a diet of fkozen fish twice a week.
Surgicalprocedures

Animals were packed in crushed ice and cooled before any procedures were
carried out. Impedance electrodes were implanted around the heart and
scaphognathites through holes drilled in the carapace. The electrodes were held in
place with dental latex and cyanoacrylate adhesive. Another hole was drilled over the
pericardid sinus lateral to the heart for the sampling of post-branchid haemolymph.

Pre-branchial haemolymph was taken fkom the joint of one of the walking legs.
Following these procedures, all animals were allowed to recover for a minimum of 48
h before being used in an experiment.

The surgical procedures to impair cardiac output were as follows: a square of
carapace directly over top of the heart was removed to expose the hypodermis. A wax
border was moulded and fastened to the carapace immediately surrounding the
exposed tissue to prevent any loss of haemolymph. Once this border was securely in
place the hypodermis was cut and pulled back to expose the underlying heart (Fig 3.1)
The dorsal nerves, which run in the connective tissue on top of the two
posterior dorsal alary ligaments, were sectioned by making superficial cuts through
this connective tissue. This left the alary ligaments intact. Alternatively, a more severe

impairment of wdiac output was achieved by cutting the two posterior dorsal
ligaments which automatically eliminates the nerves at the same time.

Figure 3.1 : Schematic drawing of the dorsal view of the heart of the Lobster as it is
seen when the dorsal carapace and underlying hypodennis are removed. Note the
dorsal nerves that travel on the surface of the two posterior dorsal alary ligaments.

Once the desired intervention was completed, the hypodermis was moved

back into place over the heart and the square of carapace was replaced and sealed in
place with melted dental wax. Animals were allowed to recover for 48 to 72 h before
being exercisedSeveral animals were put through sham operations where the carapace was
removed and the heart was exposed, but no ligaments or nerves were cut. This was
done to measure the effects associated with the surgical procedures that expose the

heart.

Ejcercise protocol

Animals were exercised on a variable-speed underwater treadmill consisting

of a sanding belt passed around a motor-driven and a tensioning drum. The treadmill
was contained witbin a tank of aerated sea water at 14°C which was covered with
black plastic to minimize visual stimuli.

The lobsters were left in the treadmill overnight to allow them to become
settled. Resting heart and ventilation rates were measured prior to any other testing.

Prior to walking, pre-branchial and post-branchial haemolymph samples were drawn
to determine pH, partial pressure of oxygen (PO,), total carbon dioxide (Tco?)and

concentration of lactate. Partial pressure of carbon dioxide (PCo2)was calculated with
the Henderson-Hasselbach equation and the measured values of pH and TCo2.

Once resting measurements were completed, the treadmill was turned on at a
pre-determined speed and the animal was exercised for 30 min. To maintain position

in the treadmill,animals were tethered by attaching a string to the rostrum and
anchoring it outside the treadmill. The tether did not suspend the lobster in the water

in any way and it did not interfere with the animal's ability to walk. It simply forced
the animal to walk at the speed of the treadmill without allowing it to drift to the back

of the tank.

Heart and ventilation rates were monitored throughout the exercise period and
through the k t 30 min of recovery. Haemolymph samples were taken at the end of
the 30 min walking period and following 30 min of recovery.

Determination of

haemol'h pH, POt and TCo2

Haemolymph samples were drawn using iced, gas-tight, 500 pl glass syringes
and analyzed immediately. Sample volume was approximately 450 4. P a was
measured using a Radiometer oxygen eiectrode held in a water jacket at 14°C.

Haemolymph pH was measured using a Radiometer BMS 3MK2 blood micro system
at 14 OC.T c ~(mmol
,
I*') was determined using a Capni-Con model 5 Total COz

Analyzer.

P C O ~(inmmHg: 1 mmHg = 133.332 Pa) was calculated using the HendersonHasselbach equation as follows:

Pco~=

TCO2

a(l +
where TCo2is in mmol1", a is the solubility coefficient of COz
(0.051 mmol I-' m m ~ ~ -and
' ) pK=6.04.
Measuring haemol'ph lactate
Two methods were used to determine the concentration of lactate in the
haemolymph. One method was an enzymatic analysis of haemoiymph samples using

the Sigma diagnostics lactate kit no. 826-uv and a glycine b e e r modified for lobster
haemolymph by adding enough EDTA to make a 10 mmol 1-' solution and adjusting
to pH 9 with hydrochloric acid. The samples were incubated at 37 "C for 15 rnin and

analyzed on a Bausch and Lomb spectrophotometer at 340 nm.
Alternatively a YSI model 27 lactate analyzer was used. This machine was
calibrated with lactate standard solutions (YSI) and the samples were injected with a

YSI syringepet. Results obtained by these two methods were not statistically different.
Measuring ventil~tionvolume and oxygen consumption

In order to measure ventilation volume (the volume of water pumped over the
gills every minute) animals had to be masked. This was accomplished by cutting open
the closed end of a balloon and fastening it around the cephalothorax with
cyanoacrylate adhesive. This forced all ventilated water out the open end of the
balloon which was fitted with a 6 mm Biotronix flow transducer. The transducer was
attached to a Biotronix pulsed logic flow meter (model BL-610) and a Maclab/8 data

acquisition unit running Chart software. Ventilation rate was monitored

simultaneously by an impedence convener with ventilation volume so that the stroke
volume of the SGs could be calculated.

Measurments of pre-branchial and post-branchial oxygen tension (Po2)of the
water were also made so that oxygen consumption (VOt) could be determined
according to the following fonnula:
V02 = (Mo2)(1.67 woVL torr)(ventilation volume)

Where the difference in oxygen tension is measured in units of torr and oxygen
consumption is calculated in units of p o l 021min.

Statistics

Statistical analysis was carried out using the Sigmastat statistical sofhare
package. Paired t-tests and student's t-tests were used to determine if surgically
impaired animals responded differently than control animals. These tests were also
used to compare ventilation voiume responses at different speeds. In all instances a P
value < 0.05 was considered significant.

RESULTS
Sham operated controls

Sham experiments were performed to ensure that the procedure of exposing
the heart during surgical interventions did not have any effects on the cardiorespiratory response to exercise. This sham surgery, following the recovery period,
did not result in significant differences in heart rate, ventilation rate, or acid-base
status at rest or during treadmill exercise as compared to control animals (N=3, data

not shown).

Efects of reduced cardiac output on heart and ventilation rates during exercise

In control (intact) animals, heart rate typically increased from resting rates of
approximately 60 beats m i d to between 80 and 90 beats min-' within seconds of the
onset of exercise (Fig. 3.2). After the dorsal nerves were cut there was no rapid
increase in rate, but a slow and graduai increase occured over several minutes and
peaked at a rate of approximately 70 beats m i d (Fig. 3.2A). Severing the two
posterior-donal alary ligaments automatically eliminates the dorsal nerves. This
results in a heart rate response similar to that seen in animals that only have the nerves
sectioned (Fig. 3.2B)even though stroke volume is also reduced by approximately

25%. Both of these surgical procedures result in significantly depressed heart rate

responses during exercise.
Ventilation rate in control animals increased from approximately 110 beats
mid1to 175- 180 beats min-' at the start of walking. As with the heart rate response,

this increase occurred during the first 2 minutes of walking (Fig. 3.3). Severing the
dorsal nerves did not a e c t resting ventilation rate, but during exercise at 2.4 m min"

ventilation rate increased to between 185 and 190 beats min-'. This increase was
significantly greater than the increase seen in control animals (Fig 3.3). Cutting both
the nerves and the two alary ligaments sigdicantly elevated resting ventilation rates

ro 150-160 beats mid1and it increased to 200 beats min-' during walking. This high
ventilation rate was not maintained and began to decrease before the exercise period
was completed (Fig. 3.3).

Eflects of reduced cardiac output on the acid-base response to exercise

The haernolymph pH of resting lobsters was between 7.7 and 7.8. This vaiue
decreased to about 7.6 following 30 min of treadmill exercise at 2.4 m min-I.
Associated with this reduction in pH level was an increase in P C O ~
fiom 273 Pa to
491 Pa, as well as a small increase in haemolymph lactate levels from less than 0.5

rnrnol 1-' to 1.56 mmol f1(Fig. 3.4).
Surgically impaired animals showed significantly larger decreases in
haemolymph pH during waking than were seen in controls. Both denervated and
denervated and ligament sectioned animals had pH values of approximately 7.4.
Haexnolymph lactate increased to about 5.8 mmol 1" in denervated animals and to
more than 8 mmol I-' in denervated and ligament sectioned animals. The change in

PcG in the haemolymph during exercise in denervated animals was similar to the
response in control animals. In contrast, denervated and ligament sectioned animals
showed significantly higher PC& levels than the control group (Fig. 3.4).
Exercise caused increased post-branchial haemolymph oxygen tension (Po2)

in all three test groups (Fig. 3.4). Denemated animals showed the largest increase
fiom approximately 6.5 kPa to approximately 11.5 kPa The increase in oxygen

tension in denervated and ligament sectioned animals was similar to control animals
as both groups displayed increases to 7.5-8.5 kPa

Post-branchial oxygen tension was approximately 30% higher than prebranchial at all points during rest, exercise and recovery in control and surgically
impaired animals. In all other parameters measured no pre-branchial values were

significantly different fiom post-branchial samples and thus are not shown.
Effects of walking speed on ventilation volume and oxygen consumption in intact
lobsters
At rest, lobsters had ventilation flows of approximately 75 ml mid'. This flow

of water increased significantly to 180 ml mia-' and 280 ml min-' at walking speeds
of 2.4 m mine' and 8 rn min-' respectively. The flow of water over the gills was
significantly greater during exercise at 8 m min" as compared to 2.4 m min" (Fig.

3.5).
Ventilation rate showed no correlation with exercise intensity as the maximum
rate was approximately 180 beats mixi' SG-'
at both speeds tested (Fig. 3.6), thus the
increased ventilatory volume must have arisen fiom an increase in stroke volume of
the SGs (Fig. 3.7). Walking at 2.4 m min-' resulted in a slight, non-significant
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Figure 3.2: The effects of walking at 2.4 m min-' on heart rate in intact (circles),
denervated (squares;panel A) and denervated and ligament sectioned (squares; panel
B) lobsters. The treadmill was started at 0 min and stopped at 30 min. Heart rate was
significantly lower at all points during exercise in both groups of impaired animals.
Values are means k S.E.M.N=5 for each condition.

-20 -10

0

10

20

30

40

50

60

70

time (min)

Figure 3.3: The effects of walking at 2.4 m mixi' on ventilation rate in intact (circles),
denervated (squares) and denervated and ligament sectioned (triangles) lobsters. The
treadmill was started at 0 min and stopped at 30 min. Throughout the duration of the
walking period ventilation rate was significantly elevated in denervated animals
compared to control animals. Ventilation rate was significantly elevated in denervated
and ligament sectioned animals compared to control during rest and through 15 min
of exercise only. Values are means f S.E.M.N=5 for each condition.
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Figure 3.4: The acid-base response to walking at 2.4 m min" in intact (white bar), denervated
(black bar) and devervated and ligament sectioned (shaded bar) lobsters. The treadmill was
started at 0 min and stopped at 30 min. Exercise produced significant changes in pH, PC02,
POt and lactate. Data are fiom post-branchial haemolymph samples. An asterisk (*) indicates
the point is significantly different fiom the control group at the same time. Values are means
5 S.E.M. N=5-7.

increase in stroke volume from about 0.8 ml beat-' SG-'at rest to 1.0 ml beat-' SG".
Exercise at 8 m d'
caused a significant increase in stroke volume to approximately
1.6 mi beat-' SG'. The stroke volume of the SGs during exercise at 8 m min-' was

significantly greater than at 2.4 rn min-'.
In figure 3.8 the consumption of oxygen has been found to be greater at a
watking speed of 8 m mine' compared to 2.4 m min-'. At the slower speed V02 peaks

at a value of about 16 p o l 02/min whereas at the faster wallring speed VOz reaches a

value of nearly 25 pmol Oz/min.

Discussion
Heart and ventilatory responses to exercise in animals with impaired cardiac
firnction
As shown previously (Guirguis and Wilkens, 1995), cutting the dorsal nerves

to the heart eliminates the rapid increase in heart rate that occurs at the onset of
exercise (Fig. 3.2). The slower increase in heart rate seen in such animals, as well as
animals that have been denervated and ligament sectioned, is likely a hormonal effect,
as the heart is known to be responsive to several of the pericardial organ hormones

(Wilkens et al 1985; Wilkens and McMahon, 1992; Guirguis and Wilkens, 1995). In
both cases it is reasonable to assume that cardiac output during exercise will be
reduced.
When cardiac output is impaired, lobsters appear to compensate for the deficit
in the circulating supply of oxygen to tissues by increasing the frequency of SG

beating (Fig. 3.3). Animals that were denervated only showed nonnal ventilation rates

time (min)

Figure 3.5: The effects of walking at 2.4 m min' (circles) and 8 rn min-' (squares) on
total ventilation volume in lobsters. The treadmill was started at 0 min and stopped at
30 min. An asterisk (*) indicates the point at 8 m min" is sigxuficantly greater than
the corresponding point a? 2.4 m m i d . Values are means k S.E.M. N=5.

-10

0

10

20

30

40

50

60

70

time (min)

Figure 3.6: The effkcts of walking at 2.4 m mixi' (circles; solid line) and 8 m m i d
(squares; broken line) on ventilation rate in the intact lobster. The treadmill was
started at 0 min and stopped at 30 min. Note the responses are basically the same at
both speeds. Values are means 2 S.E.M. N=5.
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Figure 3.7: The effects of walking at 2.4 m min-' (circles) and 8 m min-' (squares) on
the stroke volume (calculated) of the scaphognathites in the lobster. The treadmill was
started at 0 mitl and stopped at 30 min. An asterisk (*) indicates significant
differences between the two data sets. Values are means f S.E.M. N=5.

Figure 3.8: The effects of walking at 2.4 (circles) and 8 m min-' (squares) on oxygen
consumption of the lobster. The treadmill was started at 0 min and stopped at 30 min.
An asterisk (*) indicates the point at 8 m min" is significantly greater than the
corresponding point at 2.4 m min-I. Means k S.E.M. N = 5.

when at rest, but had significantly elevated ventilation rates throughout the entire
exercise period. Animals that had been both denervated and ligament sectioned
showed significantly elevated ventilation rates at rest and fiuther increases during
waking. This elevated resting rate is likely a result of reduced cardiac output. During

exercise, these animals responded to the lower cardiac output by ventilating at rates
that often exceeded 200 beats min-I, but this greatly elevated rate could not be
maintained througout the entire duration of the walk. After 5 min of exercise the rate
fell steadily until the treadmill was stopped.
Metabolically, there is a cost associated with the beating of the SGs. At rest,
they account for 30% of the oxygen consumption in the crab Carcinus maenas
(Wilkens et ui 1984). The elevated ventilation rate in denervated and ligament
sectioned lobsters will contribute to this oxygen demand. Beating at rates of 200 beats

m i d or more during exercise under conditions of denervation and ligament
sectioning may have resulted in an oxygen demand by the SGs that could not be met
by the impaired circulation. Indeed, these animals had lower Poz value than controls

after walking and after a 30 min recovery period.
A previous study (Guirguis and Wikens, 1995) showed that heart rate

increases to a level greater than that seen in intact animals following a reduction in
cardiac stroke volume by cutting two alary ligaments. Therefore it would be desirable
to obtain direct measurements of cardiac stroke volume when ventilation is impaired
to determine if both systems are integrated symmetrically. Crustaceans do show
baroreceptor reflexes that wodd &ect cardiac output (Rajashekhar and Wilkens,
1991;Wilkens and Young, 1992).

These results show that during locomotion by lobsters with reduced cardiac
output the SGs are capable of beating at rates that exceed those seen in intact animals

(Rose et al. 1998). This is an important result because it tells us that the fixed rate
responses in intact animals are not due to the physical limitations of the structures
themselves or in their neural drive. They are capable of beating at faster rates, but do
not do so in the intact animals. This result indicates that lobsters must possess a

sensory mechanism that detects reduced haemolymph Pd, and translates this
information into increased ventilatory drive.
The Pso for H o m m haemocyanin is 9 m m

Hg (1-20 kPa) at a pH of 7.85.

This value wiU increase to about 30 mm Hg (4.00 kPa) at a pH of 7.2 (Mangum,
1983b) and put it in the range of measured pre-branchial haemolymph PO2 values
during exercise in impaired animals. Thus,as pH drops during exercise under
conditions of cardiac denervation and ligament sectioning the animals will rely more

on oxygen delivery from haemocyanin in addition to any oxygen dissolved in the
haemoiyrnph. There is a definite advantage to increasing the amount of water passing
over the gills when the heart is not pumping as much blood because prebranchial PO,
is not at the hearnocyanin saturation level.
The role of the dorsal nerves and alary ligaments in maintaining aerobic metabolism

The acidosis induced by exercise in cardiac output impaired animals was more
severe than in intact animals. Our previous work (Rose et a1 1998) showed that
exercise at all speeds in intact animals results in a reduction in haemolymph pH,
primarily as a result of increased PC@; the contribution of lactic acid to the acidosis
was relatively minor (less than 30%). In cardiac denervated and ligament sectioned

animals, however, the production of lactic acid was more pronounced and contributed

to more than 50% of the reduction in pH based on the Davenport analysis (see Rose er
al1998). This clearly demonstrates the role of the neural controi of cardiac

performance and the importance of the suspellsory ligaments in ensuring adequate
cardiac output to highly oxidative muscle tissue.
Most crustaceans seem to respond to exercise with a mixed respiratory and

metabolic acidosis (McDonald et al 1979; Wood and Randall, 198fa,b; Full and
Herreid U, 1984; Full, 1987; Moms and Greenaway, 1989; Hamilton and Houiihan,
1992); however, in intact lobsters the acidosis is mainly respiratory (Rose er al, 1998).
It is not until cardiac output is impaired that anaerobic metabolism becomes

prominent and the acidosis becomes mixed in origin.
It is interesting to note the lack of recovery in lactate levels following the

exercise period. It is possible that the elevated lactate levels are due to both increased
production as well as a reduced rate of clearance. This would allow the heart to make

use of the lactate as an energy source for the production of ATP as occurrs in
mammalian hearts.

Though anaerobic metabolism became an important factor when cardiac
output was impaired, the denervated animals still showed increases in haemolymph
oxygen tension. Despite the increased ventilation rate, the denervated and ligament
sectioned animals had Po, levels below those of control animals.
The fact that control and cardiac denervated H.americanus are abte to
increase the oxygen tension in the blood shows how well adapted they are to this form

of exercise. The muscles in the walking legs contain an abundance of slow,

mitochondria rich fibers, that are resistant to fatigue (Houlihan et al. 1985; Govind,
1 995). Such adaptations are of obvious importance for sustaining aerobic metabolism

in a migratory animal such as the lobster.
Compensatingfor walking speed in the intact animal

In the intact lobster, ventilation rate always peaks at approximately the same
levels regardless of walking speed (Rose et al. 1998). However, ventilation volume
increased with waking speed. Exercise at 8 rn min-' multed in a significantly
elevated ventilation volume compared to exercise at 2.4 m rnixi'. A similar result has
been obtained in the land crab Cmdisoma guanhumi (Herreid et al, 1979). Since
ventilation rate is fixed in the lobster, these changes in total ventilation volume result

fiom changes in stroke volume.
The stroke volume of the SGs did not change significantly during exercise at

2.4 m m i d , indicating the increase in ventilation volume at this speed was due
primarily to the increase in ventilation rate. Stroke volume did increase significantly
during exercise at 8 m mixi', which combined with the increase in ventilation rate

resulted in the larger increase in totai ventilation volume.
Associated with the increase in ventilation volume was an increase in oxygen
consumption at the faster walking speed. Past work (Houlihan er a2 1985) has shown
that the lobster is able to increase its consumption of oxygen as exercise becomes
more strenuous and this work confirms that to be the case. This M e r c

o

~ thes

conclusion the lobster is well adapted to meeting its energy requirements aerobically

as discussed in detail in Chapter 1.

In conclusion, this study has shown that the fixed nature of the ventilation rate
response to exercise in intact lobsters (Rose et al. 1998) is not due to a physical
limitation of the appendages themselves. The SGs can beat at higher rates than in
control animals when cardiac output is imparied suggesting that it is physically
possible for them to beat faster in intact animals as well.
The dorsal nerves and alary ligaments were found to be important for the heart
to be able to move sufficient haemolymph to sustain aerobic metabolism.Cutting

these structures resulted in significant increases in haemolymph lactate and therefore
anaerobic metabolism. Since ventilation rate is fixed in the intact exercising lobster,

compensation for walking speed must result fiom adjusting stroke volume. Total
ventilation volume was found to be proportional to walking speed due to a
significantly increased stroke volume of the scaphognathites. While these results do
show that the lobster can compensate for different intensities of exercise, it still does
not explain why heart and ventilation rate responses are so fixed.

CHAPTER 4
SONOMICROMETRY ASSESMENT OF CHANGES IN CARDIAC STROKE
VOLUME DURING EXERCISE IN THE LOBSTER
H O ~ U S A M E R I ~ S
INTRODUCTION
The circulatory system of the lobster consists of a single chambered heart, a
series of arteries, and the haemocoel. It is an open-circulatory system because there

are no veins; all haemolymph is =turned to the heart via the coelomic sinuses.The

heart itself is suspended within the pencardial cavity by three pairs of alary ligaments

and the haemolymph enters the heart by way of valved osda. (McMahon and Burnett,
1990).

Seven separate arteries leave the heart which include the dorsal abdominal
artery (also known as the posterior aorta), the anterior aorta, the sternal artery, and the

paired antennary and hepatic arteries (McLaughlin, 1983). Becaw of the multiple
arteries it has been difficult to obtain measurements of stroke volume or cardiac
output in the intact animal by using techniques conventionally used in mammals.In

the mammal all blood going to the body leaves the heart via a single aorta. Therefore,
it is practical to measure cardiac output with flow probes or thennodilution

techniques applied to the aorta. To use such procedures in the lobster would require

measurements fkom all seven arteries simultaneously. The thennodilution techique

has been applied to the circulatory system of the crabs Cancer anthonyi and C.
magisfer, in order to measure total haemolymph flow in unrestrained animals over a
period of several seconds. Measurements were taken from the antennary artery only.

(Burnett et a1 1981). The technique used a small volume of haemolymph or filtered

sea water cooled to a temperature below that of the animal as an indicator. The
temperature change of the haemolymph in the antennary artery immediately

downstream from the ventricle (where the cooled haemolymph was injected) was
measured as a b c t i o n of time and used to assess cardiac stroke volume. There are
two potential sources of error in this technique. As with all indicator techniques,

inadequate mixing of the indicator can lead to erroneous measurements. In the case of
the lobster, the injection of cooled fluid into the heart might have negative effects on
the cardiac ganglion and the myocardium Stroke volume was quoted as 0.14-0.53 ml

'

beat*' in Cancer anthonyi and 0.18-0.76ml beaf in Cancer magistet.
A technique using an ultrasound pulsed doppler flowmeter has also been used

to measure stroke volume in the lobster during periods of inactivity and during
exposure to hypoxic conditions (Reiber et al1997; Reiber and McMahon, 1998).
Arterial haemolymph velocity was measured by using 1 mm diameter piezoelectric
transducers with the unidirectional doppler flowmeter. These studies measured flow

in five of the seven arteries, but the hepatic arteries were still left unaccounted for.

Stroke volume was measured to be approximately 0.7 ml beat-' at rest in Hornam
americanw.

It has heen established that crustaceans are capable of preferentially directing
haemolymph flow into specific arterial trees under different conditions. For example,

during periods of walking there is preferential haemolymph flow to the sternal artery
which supplies the periopods and scaphognathites (McGawet al1994). All the
arteries except the dorsal abdominal artery have valves that are both innervated and

sensitive to various neurohonnones (Kuramoto and Ebara, 1984; Kurarnoto et al
1992, 1995) which could effect changes in haemolymph distribution. Because of this
it is essential that measurements be made on all seven arteries before accurate
conclusions regarding stroke volume can be made.

Because it is so difficult to access all seven arteries in the intact exercising
lobster, a sonomicrometrytechnique was utilized to measure the size of the
contractions of the heart itself during exercise at different speeds. We have previously
demonstrated that the heart beats at approximately the same rate at all walking speeds
in the range of 1.7 - 8.0 m mid1(Rose et al, 1998; Chapter 2). It is hypothesized that

although heart rate is f&ly constant stroke volume will be larger at a faster walking
speed.

To calibrate and validate the sonomicrometry technique, the contraction
amplitude was correlated with stroke volume in an isolated in situ heart preparation.

MATERIALS AND METHODS
Animals
Adult lobsters, Homarus americanus, (550-650 g ) were obtained from a local
supplier and maintained in a tank of flowing artificial seawater (Instant ocean) at
14°C. The animals were fed regularly.

Isolated heart preparation
The procedure for isolating the heart is described in detail in Wilkens and
Mercier (1993). Briefly, a piece of the dorsal carapace was cut and removed so that
the heart and all of the suspensory ligaments remained intact. This piece of carapace
bearing the heart was then pinned ventral side up in a bath of oxygenated saline (Cole,

1941) maintained at 12-13 "C.The hearts were perfused continuously at a rate of 2

ml m i d with a Masterflux peristaltic pump (model 7013-20).
All arteries were tied off except for the dorsal abdominal artery which was

cannulated to receive all outflow fkom the heart. Once the ligatures were in place and
cannulation was complete the preparation was injected with a small amount of dye to
ensure there were no leaks.
Sonomicrometry on the isolated heart

Sonomicrometer crystals were used to determine the size of the contractions of
the heart on a beat to beat basis. The sonomicrometer (Triton Model 120) calculates
this peak amplitude (distance) based on the time it takes for a sound wave emitted

from one crystal to reach the second crystal and the speed of sound in the hernolymph.

Changes in heart dimensions were measured either anterior-posteriorly,
laterally, or dorsoventrally. Each direction was measured separately and individually.

In the anterior-posterior direction crystals were placed against the heart between the
hepatic arteries and against the heart dorsal to the bulbus arteriosis. Laterally, the
crystals were placed in the centre of the lateral walls of the heart. Dorsoventrally, one

crystal was placed against the underside of the heart while the other crystal was
placed on the top surface of the heart. The dorsoventral measurements were difficult
because it was hard to ensure the ventraI crystal remained in contact with the heart.

With the crystals in place the size of the contractions were measured while
simultaneous measurements of cardiac output were made by collecting the flow fiom
the dorsal abdominal artery because this artery has no valve at the exit point fiom the
heart. Since heart rate data is also conveyed fiom the sonomicrometer signal it was

easy to calculate the stroke volume of the heart fiam the measurements of rate and

cardiac output.
To effect measurable changes in stroke volume in the isolated heart, outflow
resistance was varied. Increases in outflow resistance were accomplished by
decreasing the diameter of the outflow tube. Four 10 cm lengths of polyethylene
tubing of decreasing diameter (1.68, 1.57, 1.19, and 0.86 mm inner diameter) were

connected to the end of the dorsal abdominal arterial catheter (2.27 mm inner
diameter).
C~ysralimplantation in the intact lobster

To implant the crystals in intact lobsters, the animals were anaesthetized by
packing them in ice and the heart was exposed as described in the previous chapter.

To measure contraction amplitude, sonomicrometer crystals were implanted anteriorposteriorly across the heart because this orientation provided the best correlations
with stroke volume in semi-isolated hearts. As in the isolated heart, one crystal was
placed between the hepatic arteries and the other was placed dorsal to the bulbus

arteriosis. The leads coming from the crystals were secured in a dental wax border
surrounding the opening in the carapace. This, in conjunction with the arteries they
were placed around, ensured the crystals stayed in place against the walls of the heart.
Once this was done the piece of carapace that had been removed to expose the heart
was replaced and sealed in piace with melted dental wax. This fiuther ensured the
crystals would not lose contact with the walls of the heart. Spring action of the wire

Ieads kept the crystals in contact with the walls of the heart throughout the contraction
cycle.

Exercise protocol

Before exercise, baseline crystal signals were established in resting lobstersNext, the treadmill was turned on at a speed of either 2.4 or 8.0 m mine'and the
animal was walked for 20 min. The lobsters were tethered in the treadmill tank to
ensure that they walked at the speed of the treadmill (see previous chapters for a

description of the tether and the treadmill apparatus). Recovery was monitored for an
additional 30 &
Statistics

Linear regressions were performed to obtain

values for correlations between

contraction amplitude and stroke volume in the isolated heart experiments. To
compare the effects of different speeds of walking on contraction amplitude in the
whole animal paired t-tests were used. These tests were done using Sigmastat
software by Jandel and in all instances a p value less than 0.05 was considered
significant.

RESULTS
Contraction amplitude as an indicator of stroke volume in the isolated heart

Changes in contraction amplitude were conelated with stroke volume where
stroke volume was controlled by varying the outflow resistance. Changes in outflow
resistance did not effect heart rate. The 3 values are presented in Table 4.1.
Significant correlations were found for contraction amplitude in the anterior-posterior
(I? = 0.569, p = 0.003), and the lateral (8 = 0.373, p = 0.016) orientations. Contraction

amplitude in the dorsoventrai direction was not significantly correlated with stroke
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Table 4.1:Correlation coefficients and stroke volume equations as determined
using sonomicrometry on the isolated heart prepartation.
Dimension
9
p value
stroke volume equation
A-P

L-L
D-V
A-P, anterior-posterior; L-L, lateral-lateral; D-V, dorsal-ventral

W L , percent change in anterior-posterior length
ALLL, percent change in lateral-lateral length
ADVL, percent change in dorsal-ventral length

* significant correlation between contraction length and stroke volume
all isolated heart experiments performed by K.MacDougall

volume (2 = 0.214, p = 0.13). The equations in the table relate percent changes in
contraction amplitude to percent changes in stroke volume.
Because contraction amplitude in the anterior-posterior direction provided the
most reliable indicator of stroke volume, it was decided that this would also be the
best choice for crystal studies in the whole animal. AIl subsequent reference to
contraction amplitude of the heart will refer to movements in the anterior-posterior
direction.
It was observed that when resistance was great enough to reduce cardiac
output to zero the heart of the lobster still contracted enough to produce measurable
movements of the crystais. This can be seen from the equations in Table 4.1 relating
contraction amplitude and stroke volume.
Abdominal squeezing and the startle response

To ensure that the sonomicrometer crystals would register a change in
contractile amplitude the animals' response to certain stimuli were investigated.

Figure 1 shows a sample of the effects of manually squeezing the abdomen of the
lobster in order to artificially force blood out of the abdominal haemoceol towards the
heart. When this was done there was a very prominent increase in contraction
amplitude of the heart. Once the abdomen was released contraction amplitude

returned to a baseline level. There was no change in contraction amplitude associated
with slowly placing a hand on the abdomen. The reason for the offset in the record is

not known.
It is well established that in crustaceans a brief period of cardiac arrest follows
the application of novel external environmental stimuli. This is termed a startle

response. Lightly tapping the carapace just behind the eyes (hard enough to cause an
eye withdrawl reflex) caused the heart to stop and then beat intermittently for a period
of approximately 30 seconds (Fig 4.2). On other occasions, tapping the carapace
caused the heart to cease beating for up to 1 min (data not shown).

Eflects of walking on contraction ampI'tude of the heart

Figure 4.3 is a sample tracing showing how contraction amplitude changed
during walking at 2.4 m m i d . Contraction amplitude increased abruptly as the animal
began to walk. Note that there was slight beat to beat variability in contraction
arnplitude both at rest and during exercise, and that there was an overall increase in
amplitude during exercise as compared to rest.
A summary of the effects of walking speed on contraction ampiitude is

presented in Fig 4.4. Exercise caused contraction amplitude to increase &om a resting
level of 0.6-0.7rnm to 1.0 mm and 1.4 mm during exercise at 2.4 and 8.0 m min"
respectively. These values represent a 60% increase in contraction amplitude during
wallcing at 2.4 m mine'and a 90% increase during wallcing at 8 m m i d . The increase
in amplitude at 8.0 m min'l was significantly greater than at the slower walking speed.

Note that, as determined in previous studies, the heart was beating at a rate of about
90 beats min" during exercise at both walking speeds (data not shown).
DISCUSSION

Estimates of stroke volume during exercise

Using the equation correlating contraction amplitude to stroke volume and the
measured values for percent change in contraction amplitude we caIculated the

Figure 4.1 : Sample tracing showing the effects of abdominal squeezing on contraction
amplitude in a lobster. Squeezing period indicated by bar. See text for details.

Figure 4.2: Sample tracing of the startle response in the lobster. Arrow indicates point
at which the carapace was tapped to induce the response. Scale bar is 10 seconds.

Figure 4.3 : Sample tracing showing the effects of walking at 2.4 m min'l on
contraction amplitude in the lobster. Arrow indicates start of exercise. Scale bar is 1 0
seconds. See text for details.
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Figure 4.4: The effects of walking at 2.4 m min" (circles) and 8 m min-' (squares) on
heart contraction amplitude in the lobster. The treadmill was started at 0 min and
stopped at 20 min. An asterisk (*) indicates the contraction amplitude at the faster
walking speed is significantly greater than at the slower speed. Mean f S.E.M. N = 5.

percentage increase in cardiac stroke volume during exercise to be 20% and 67% for
walking speeds of 2.4 and 8.0 m mixi', respectively.

The resting stroke volume of the heart of H o m m has been measured to be
0.7 ml beat-' in animals comparable in size to those used in the present study (Reiber
er al 1997; Reiber and McMahon, 1998) and 0.14-0.76 ml beat*' in Cancer sp.

depending on species (Burnett et al 198I). As noted previously, however, the lobster
studies did not include measurements fiom the two hepatic arteries so the resting
stroke volume should actually be greater than this value. Wilkens er al(1997)
reported that the hepatic arteries make up 6.2% of the total arterial area. Resistance to
flow in each hepatic was determined to be 10.5 kPa s ml*',a value similar to that of
the dorsal abdominal and sternal arteries. Although Reiber suggested the hepatic
arteries were too small to measure flow, the data collected by Wikens er uZ (1997) on
arterial area and resistance suggest this is not the case. Nevertheless, we can make
conservative estimates of the stroke volume changes during exercise based on these
studies. If we assume the heart is pumping 0.7 ml beat-' at rest then exercise at 2.4 m
min1 would cause this value to increase to 0.9 ml beat-'. Exercise at 8.0 m min-'

would cause stroke volume to increase to 1.2 ml beat*'.
How the lobster effects c?umgesin stroke volume

In mammals,stroke volume varies with changes in the end diastolic volume
(preload) according to Starling's law of the heart (Berne and Levy, 1992.). Larger
preloads result in larger strcke volumes. In the lobster the alary ligaments that
suspend the heart in the pericardial sinus could possibly cause an effect analogous to
Starling's law in mammals.

The end-diastolic volume of the decapod ventricle is determined by the
amount of elastic recoil in the alary ligaments. The stretch of the ligaments, therefore,
may be seen to impart an external form of preload. These ligaments contain muscle
fibres that are innmated and capable of contracting (Vollc, 1988). It is theoreticaily
possible that by the altering the contractile state of these ligaments the lobster could
influence the preload on the heart. It is known that isolated lobster hearts have a larger
stroke volume when the preload is artificially increased (Wilkens, 1993). However, it
is not known if the suspensory apparatus actually adjusts the end-diastolic volume in
the lobster (Wilkens, 1995). It should be noted that changes in pericardial sinus

pressure will not increase end-diastolic volume directly (Wilkens and McMahon,
1992).
A second way to influence stroke volume may arise indirectly if there are

changes in the peripheral resistance of the arteries (Wilkens, 1997). The resistance of
each of the arteries leaving the heart has been found to be responsive to a variety of
neurotransmitters (including acetylcholine, glutamic acid, and y-aminobutyric acid)
and neurohormones (including dopamine, octopamine, 5-hydroxytryptamine,

crustacean cardioactive peptide, proctolin, F1 and F2). All of these substances were

found to change the peripheral resistance of the vessels which, in turn,affects the
stroke volume of the heart as well as the pattern of blood flow among the various
arteries (Wilkens, 1997). These substances could be acting on valves that are present
at the branching points of the arteries.
Thirdly, changes in myocardial contractility will directly influence stroke
volume. Various peptide hormones have been shown to effect changes in stroke

volume through direct interaction with the myocardium (Saver and Wikens, 1998;
McDougall and W i e n s , unpublished observations). It is unlikely that hormonally
induced changes in contractility are involved in the changes in stroke volume
recorded here because of the abrupt changes in stroke volume seen at the onset of
walking.

The abrupt increase in cardioacceleratory nervous input to the heart may also
affect other sights such as the alary ligaments, cardioartrial vdves and more distal
vascular sights to decrease resistance and thereby increase stroke volume ejection
fraction.

Evaluation of the sonomicto~etrytechnique

There are some obvious advantages and disadvantages to using
sonomicrometer crystals to measure changes in stroke volume of the lobster. The

main advantage of the technique is that it allows for direct measurements of
dimensional changes by the heart itself, thereby bypassing the difficulty of making
flow measurements on all seven arteries of the animal. It would be extremely difficult
to make flow measurements in an exercising lobster.

The main disadvantage of the technique is that it is not possible to obtain
accurate measurements of the actual stroke volume. Attempts were made to determine
if there is a correlation between resting stroke volume and whole body mass during
the semi-isolated heart experiments, but this correlation was not significant. There is a
stronger correlation between anterior-posterior length change and stroke volume in
semi-isolated hearts. As a result, it was not possible for us to directly comment on
quantitative values for stroke volume at rest or during exercise. What we can do is

estimate values based on our measurements of percent changes and published values
by other researchers.

In conclusion, this study demonstrates conclusively that although the heart of
the lobster beats at a constant rate of approximately 90 beats min-' during exercise,
regardless of walking speed, the stroke volume of the heart is sensitive to exercise

intensity. Walking at a speed of 8.0 m min" resulted in a larger contraction amplitude

of the heart and therefore a larger stroke volume than at a slower waking speed of 2.4

m

&-I.

CHAPTER V: GENERAL CONCLUSIONS
This study has endeavored to examine the physiology of exercise in the

American lobster, Horn-

americanu, from cardiovascular, ventilatory and acid-

base perspectives. A variable speed underwater treadmill was used as it allows for
experiments to be done in a more realistic fashion than past studies which tended to
exercise animals to the point of exhaustion with no gradations in intensity. The
treadmill allows for the utilization of precise walking speeds and, therefore, more
defined studies of physiological responses. A number of findings, some unexpected,
have been obtained fiom which it is now possible to draw some overall conclusions.

Exercise will increase oxygen requirements of the tissues. The lobster seems
to be very well adapted for walking and does so in a unique fashion. During exercise,

a small acidosis does occur as evidenced by the reductions in haernolymph pH after
walking at all speeds. Davenport analysis revealed that this acidosis was mainly
respiratory in nature and due to the accumulation of carbon dioxide. In other words,
the animals were able to sustain aerobic metabolism at alI walking speeds. Indeed,
haemolymph and tissue lactate levels remained very low, further supporting the
notion that anaerobic metabolism was not being utilized. Experiments done in the
past, as well as, the present study have found that the lobster is able to increase the

consumption of oxygen in proportion to the intensity of exercise. The muscles of the
walking legs contain an abundance of mitochondria and the fibers are resistant to
fatigue. All of these findings lend credibility to the notion that the lobster is a highly
aerobic organism that is capable of meeting its oxygen requirements oxidatively
during sustained, non-exhaustive walking.

The lobster has a number of factors at its disposal that ensure adequate oxygen
delivery to the tissues. The scaphognathites are the important structures for moving
water over the gills. The availability of oxygen for difkion into the haemolymph

from the water pumped over the 4 1 s by the SGs is affected by scaphognathite beat
fiequency and stroke volume. Together, these two factors determine the ventilation
volume of the animal. Unexpectedly, ventilation rate was found to increase in a
fashion that showed no correlation with walking speed. The SGs beat at a frequency
of 175-180 beats min-' at all walking speeds examined. Total ventilation volume,
however, was higher when the lobsters walked faster. Therefore, the animals are
compensating for different waking speeds by varying the ventilatory stroke volume.
Ventilation volume and stroke volume increase with exercise intensity, while
ventilation rate does not.
Like ventilation rate, the heart rate of the lobster was found to respond to
exercise in a fixed way. Maximum heart rate was 85-90 beats m i d at all walking
speeds tested. This was a completely unexpected result that cannot be explained at
this time. The sonomicrometry experiments showed that the stroke volume and

therefore cardiac output was variable and was sensitive to exercise intensity. Wbile
this confirms another mechanism used by these animals to compensate for different

walking speeds it does not explain why the heart rate response is fixed.

When cardiac output was impaired by cutting the dorsal nerves and/or alary
ligaments of the heart, aerobic respiration could not be sustained during exercise.

Heart rate could not increase fast enough and could not reach typical control values
when the nerves were sectioned and stroke volume was reduced by cutting the

ligaments. As a result of these interventions, oxygen delivery was insufticient to meet
the demands of the tissues and the animals became anaerobic. There was a greater
reduction in haexnolymph pH arising fiom increases in both carbon dioxide and lactic
acid. This demonstrates that the regulatory nerves and a l q ligaments participate in
the regulation of heart function that is necessary to ensuring adequate cardiac output

during exercise.

When the dorsal nerves and/or alary ligaments of the heart were cut
ventilatory compensation was observed. Cutting the nerves alone caused the animals
to ventilate at higher rate for the duration of the exercise period than control (nonimpaired) animals. Severing the dorsal nerves and the alary ligaments produced the
highest ventilation rates, but these very high values were not maintained throughout
the entire walking period as they were presumably too costly to sustain. This finding
is, to our knowledge, the first demonstration of ventilatory compensation for an
impairment of cardiac function. It confirms that there is communication, probably
neural, between these two systems that must coordinate their functions in order to
maximize oxygen delivery to the working muscles of the animal.
The general finding of this study is that the lobster utilizes fixed responses in
the fonn of constant increases in both heart and ventilation rates during exercise but
compensates for exercise intensity by varying the stroke volumes of the heart and
scaphognathites. This and previous studies have demonstrated that the heart and
scaphognathites can beat at fkequencies that exceed those seen in the intact lobster
during exercise, but for reasons that remain unexplained they do not do so.

Further research into the mechanism responsible for the increases in heart and
ventilation rate during exercise will be interesting, particularly in terms of explaining
the fixed nature of these responses. This fixed response seems unique and therefore it
requires additional investigation.
Another aspect of the study that requires further research is the examination of
the mechanism responsible for changes in cardiac and respiratory stroke volume. As
discussed previously, the sonomicrometry technique employed in this study provided
conclusive evidence that cardiac stroke volume of the heart is sensitive to walking
speed, but it was not possible to directly measure this stroke volume. Other
procedures, such as the doppler flow probes also do not describe moke volume
changes as accurately as possible because none of these studies make measurements
from all seven of the arteries leaving the heart. Therefore, the measurement of cardiac
stroke volume in the intact lobster remains to be accomplished.
While the lobster is known to be capable of changing the peripheral resistance
of the arteries to effect changes in stroke volume, other possible mechanisms exist. It
would be usefid to determine if the alary ligaments play an active role in bringing

about stroke volume changes by changing the end diastolic volume of blood in the
heart.
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