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Summary, |- When Lhnwies 3s exposed 1o hypoxia
both heart rate and ventilation rate decrease together
(Fig. 1, Fig. 2A). Hypoxia ultimately leads o cessa-
tien of venulation and concomitant bradycardia.
When oxygen is reintroduced into an ox
[ree aquarium ventilation resumes rapidly, with a par-
allel inereuse in heart rate (Fig. 1, Fig. 2B).

3. Covariation of heart and gill activity simlar
to that in hypoxia experiments alse occurs during
the normal respiralory hehavior patterns of Linilus
such us infermittent venrilation, swimming, hyperven-
tilation and gill cleaning.

4. The covariation of heart and venulauon rales
is especially evident during transitions ol intermitlent
ventilation (alternating periods of apnea und ventilu-
tion, Fig. 3

5. Covariation is also evident during the lar,
increases in ventilation lrequency which occur during
yperventilation and swimming

6. Gill cleaning 1y a urmm\ determined motor
sequence which consists of rhythmic flicking of the
inner lobes of a gill plate between the book gill
Tamellae of the plate on the opposite side. During
this behavior there 15 @ marked slowing of the heart
rate which is wt Teast us greut as the decrease in rate
seen during perieds of apnea (Figs. 5 and 6).

7. Changes in heart rate associaled with ventila-
o1y activity do not appear o be caused by the mer,
bolic demand resulting Iram such activity (Fig.

8. Inacddition to frequency covariation of the heart
and ventilation rates, there can also be phase coordi-
nation of the two rhvthms. When the two are ¢l
to the same [requency or to harmonic frequencies,
the heart often mainteing a phase preference with
respect to the coneurrent gill interval over a consider-
able peried of time (g, %)

Y. These resulls suggest that there are common
Lomie inputs to both the cardiac ganglion and the
central patiern generators for the various ventilatory
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behaviors, which moedulate the frequencies of hoth
simultangously. Both the frequency covariation and
phitse communication belween the fwo sysiems may
serve to increase the efficiency of the respiratory-cir-
culatory interactions.

The respiratory behavior of Limulus palvphemns is
a product of the coordinated ¢ ab-
dominal apy
combined activity is respansible lor (he efficie
change of oxygen between the environment and the
body tissues. The neural control of the ventilatory
movements has been examined in detail (Hyde, 1893;
Fourtner etal, 1971; Wyse, 1972 Knudsen,
for recent review see Wyse and Puge, 19 as has
the activily ol the cardiae ganglion and its associated
cardioregulalory nerves (Carlson, 1904, 1905 Paiten
and Redenbaugh, 1900; Pax and Sanhorn, 1964 Pax,
1969 Bursey and Pax. 1970: Corning and Von Burg,
1969, 19704, 1970b: Abbout et ul, 1969}, The interac-
tion belween these two systems has not been studied
i dewsil. That there might be a close coordinution
between them is suggested by previous work with
decapod crustacea (Lavimer, 1964; MeMahon and
Wilkens, 19 Wilkens ctul., 1974 Young, 1973
Coyer, 19 b1 and by work with Limudes itsell,
indicating that both heart and ventilation respond
to the same stimuli. The ventilation rate of Ehnudus
ows as the ambient oxygen concentration is lowersd
(Waterman snd Travis, 1953; Pags, 1973}, The heart
rate of Livides is alse sensitive 1o environmental oxy-
aen levels (Falkowski, 1974). However, the simulia-
neous response of both systems to hypoxia has not
been examined,
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Heart and ventilation rates also Muctoate consider-
ably during normal behavior of Lines, Spontancous
alterations in venlilalory activity have been noled by
a variety of authors, but very Little duta is available
concerning changes in heart rate during these behav-
fors. In [set, there is only one case in which the heart
rate was reported Lo change at all during normal
behavior of the animal (Corning and Von Burg,
1970b).

To this paper we will demonstrite that in Limuefus
peliphenis there s a coordimation of the gill and
heart rhythm. both during normal activity, and i
response 1o alterations in the ambient oxygen concen-
tration. We will also discuss how these results

help us to more Tully understand the neural control
of respiration,
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Results
Resposise of the Heart andd Cifls 10 Hypoxia

One way Lo determing if two rhythmic belaviars show
a [regquency covariation s Lo alier the frequency ol
one and look for w corresponding response in the
other. The ventilation rate in Limndis is proportional
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to the ambient oxygen concentration, decreasing at
lower pOy (Waterman and Travis, 1933: Page. 1973),
Thus, by systematically altering the ambient pO, we
were able to elicit changes in the ventilation rate and
then examine the corresponding changes in the heart
rate,

Figures 1A und 1B are graphs of such an experi-
ment showing the changes in p(),, ventilation, and
heart rates during the middle portion of a typical
one hour experiment. Figures 2A and 2B are graphs
taken [rom the same data showing the transitions
in ventilalory behavior in greater detail. As the pO,
was lowered by bubbling mitrogen, both the heast
and ventilation rates decreased in a nonlinear fashion.
When ventilalion ceused at low oxygen con tions




WOH. Watson 111 and GoA. Wyse: Coordination of the Hes

et and Gill Rhythms in Limuliy

269

A

|
|
|
a |
n
©
z 200 720
©
=
150
w
zZ 140
120
)
£
E
80 — Fig. 2A and B. Ch
2
Data taken from
sho pure 14
W0 A. ALPO, of approsint
wentilation stopped and T
rapidly slawed
20 B (g
a wis 1

there was a substantial and quite rapid deer
the heart rate (Fig. 2A), Heart rate and amplitude
continued Lo dechne il hypoxia was mwintained for
lang periods of time. When oxygen was reintroduced
alter a period of apnea, ventilation hegan within sec-
onds. accompanied by a 3-5 fold increase in heart
rale (Figs. 1, 2B). In some cases there was a slight
increase in hearl rate prior to the initiation of ventila-
tion: whereas in others there was no change n heart
rale until after the onset of ventilatory movements,

Thus. the heart and ventilation rates showed a
strong tendency Lo increase und decrease wogether as
the external oxygen concentration was systematically
altered. Such a frequency covariation was [ound in
all 24 experiments performed on 11 different animals.

Tieo 200

his covariation was found 1o be dependent on the
integrity of the cardioregulalory nerves. 1T these
nerves were cut prior 1o aliering the ambient oxygen
concentrations the heart rate remained unchanged
theoughout the experiment. while the ventilation fre-
quency varied as usual.

Covariaiion During Normal Behavior

Linmidus Tas a limited but inleresting repertoire of
respiratory behavior patterns which ineludes hyper-
ventilulion, swimming, intermittent ventilation, und
aill cleaning. Recause results of the hyposia experi-
ments suggested that covanalion of cardiac and venti-
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Fig. 3. Graph of heart () and ventilat

latory chythims might be part of the normal respira-
tory behavior of the animal. we conducted a series
ol experiments designed Lt examine the relationship

between these chythms during all of the aforemen-
lioned behaviors

s made from unrestrained animals in
ed aquaria for up 10 a week. each animal
ied displayed al least three of the different behav-
some tme during the recording period. Lach
different behuvior had its own characleristic pattern
of electrical activity. cthogram™ (Elsner, 1975)
Ihis enubled an accurate identification of each hehuv-
Lot 50 that constant ohservation during the recerding
period was unnee

litermiitens Ventilation

g perods of ventilation and apnea. simi-
Jar, ot identical to the paliern seen during
Chevne-Swkes  ventilation in  vertebrates  (Ilvde,
18931, When ventilation stopped spontaneously dur-
ing bouts of intermilient ventilation. there was a pre-
tipitous drop the hearr rate | 31, which was
comparable to that seen during the hypoxia-evoked
apned in the previous experiments {of. Iig. 3 and Fig,
) After a short period nf apnea (Lvpieally ahout
furali i n resumed and the heart
tate returned to normal (Fig. 3). The inerease in heart
Tate, however, did not lollow the enset of ventilation;
rather, it preceded ventilation in much the same man-
ner as it did in some of the hypoxiy experiments.

5

miming and Hy eniluticn

The gill appendages of Limulus are often utilized for
swimming as well as ventilation. Although thers are

on
{o3) rates duri bant of iz
dlusion. Tnzrmitient ventilation is
patlern af
[& i
paitern. which
fizure, is quite
20 250

some basic dilferences between swimming und hypar-
ventilation (Knudsen, 1973), both hchuw:\\; invalve
a dramatic increase in the rate of
over thal seen during normal respi
of these behaviors there was alse an acceleration of
the heart rate during Lthe corresponding ing se in
ventilauon rute. This is best illustrated in Figure 4.
Swimming resembled intermittent ventilation, in that
it requently accurred in bouts which were sepurated
by periods of apnes. As in intermitient ventilation,
e most dramalic changes in hearl rate accompanied
these periods of apnea. In addition, even when no
period of apnea separuted bouts of swimming (as
in the beginning of Fig. 4), there was u slight, but
consistent change in heart rate. Similar results were
obtained during hyperventilation. when the legs were
not active. Therefore, any increase (n ventilation rate,
whether due 1o slight rate increases in normal wul.h-
tion or to hyperventilation or swimmi
ated with un increase in hearl rate.

the heart rate increase preceded the o
Lion (Figs. 3, 4

sel ol ventila-

Cleaning

Gill ¢leaning hehavior invol periodic medial ad-
duction of gill plates across the midline, so that the
gill plates of a pair can interact. The inleraction con-
sists of rhythmie Micking of the inner lobe of a will
plate between the book gill lamellae of the plale an
the opposite side. Usually all gill plates engage in
cleaning uctivity at the sume time, for 4 period of
about 105 10 a Tew min. This behavior s similar
to the “erump movements” described by Hyde
(1393) and the “across rubbing™ noted by Puiten
{19125 however, distiner cramping movements {in
which the gill plates are held adducted across the
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gime
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—C. Heart and gill activin

il
eventually there was transition
which aperenium 4

om swim-

legs were
there were
ol changes in leart ra ventiianian
slowed bul did not stop, bevween first two swimming b
tion in beart rate ¢ small compragd 10
apnz

midling without clean Micks) usually oceur only
aller damage Lo the gills or nerve cord.

We have recorded gill eleaning in intact and semi-
intact animals, as well as in Lotally solated opisthaso-
mal nerve cords. Thus the hasic paltern seems to
be a centrally determimed sequence whose partern gen-
crator is located in the 2anglia of the ventral cord.
The mator pattern consists of pralonged activity in

hms in Lioei:

muscles 48 and 115 (which adduct the gill plates
acrass the midline), along with briel thythmic bursts
113 and/or 114, which flick the inner lobe,
Far experimental purposes it was sufficient w use
the sporadic, large amplitude discharge lrom venlila-
Lory m 0 Lo identily bouts of will ¢leaning hehav-
1ot (1

Characteristically,

in muscles

@il cleuning oecurs as a com-
ponent of intermittent ventilation. During periods of
LIZzl“IlV‘ Ihﬂe was a mpnl uccrsnse in tn.art Tl

In many \mlzmu,- llu shmu 2 of the heurt rate
markedly greater than during apnea alane (Fi

) Theretors, the reductions in
rates seen during gill cleaning were not simply
to absencs of venulation, bul prahably involve

vty on Respiratory fiehavio

From the evidence presented so far it is apparent

a change in the ventilation rate, whether exper-
imentally evoked or endogenously activated, also will
resull inoa change in heart rate. We were curious
to see whether or not this was merely due to the
inereased metabelic aetivity associated with ventila-
Loty moevemnents, or whether it was specifically Jmkul
with ventilation apart from general metaboli sls.

To test these aliernalives. recordings were made
from unrestrained animals during periods of intermic-
Ltent umbulatory activity, Recardings were made from
muscle 25 (Wyse and Dwyer,
from the heart and gill muscles, so that constant ab-
SErVATIoN Was DOt necessary o determing times whea
activity occurred. Leg movements were often
lated increases in the ventilution rate, which
made it difficult o separate the aclivity elfeets on
t rute, from the ventilation effects. We were formu-
nate, however, to obrain a number of records in which
the animals were active both during ventilation and
apnea (Figo 70010 was clear rom these records Thal
changes in heart rute were always associated with
changes in ventilation rate, regardless of the general
locomator activity of the ammal. Both rates [re-
qu-cmh- increased in the absence ol leg activily (Fig.
rrowd, and simultancous apnea and bradycardia,
oo gill cleaning ziﬂd bradyeardia. routinely oceurred
during periods of wi activity. Lurthermore,
those increases in heart and ventilation raie that were
correlared with aeneral ambulatory activiry, usually
snr.etljus\ before or just after the onset of activity.
sls that were nol i 1t of any
zes in the klood gas concentrutions due 1o the
ased metabolic demand of the tissues, These re-
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sults of previous experiments, in which the heart rate
was shown to increase prior to the onset of am move-
ments, indicate that although changes in hearl rale
are aften corrclated with increased metabolic activity,
the metabolic demands resulting from such activity
arc not the only cause of these increases.

. Fig. 6. Graph
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Lop araph
Heart.

.. gill ¢

rate changes in heart and
arig imrermintent gill clea
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Phasic Coordination beiween the Gills and the Heart
Close examination of the film records indicuted that
in addition to a frequency covarialion there wils sane-
a phase preference of the heartheut with respect
to the concurrent gill interval (Fig. 8). such that the

time:
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heartbeat tended to fall near the midpoint of a gill
beat eycle. Simultaneous analysis of frequency plots
and sequential phase plots revealed that phasic
coordination usually ocewred during periods when
heart and ventilatory rhythms were at the same
frequency or at harmonic Irequencies. During periods
of strong phase preference there were often instances
when the heartbeat would skip whole cycles and re-
wirn at the preferred phase in the next cyele. Such
skips are evident during the first 300 s of Figure 1A
farrows). The strong phase preference and occasional
cycle-skipping at this time resuled in periodic heart
interburst intervals of approximately 6 s (3 gill inter-
vals long. 301 coupling), rather than the usual
intervals (heartheat falling after cvery other il burst,
2-1 coupling). This type ol phase preference wa
found 1w oceur in a numhber of animals, and in each
the preferred ph a5 around 0.5, [owever,
it should be emphasized that although the prefered
phase appears 1o be similar from animal 1o animal
the degree Lo which dilferent animals maintain this
coordination varies considerably, Whereas some ani-
mals were found to have little, if any. phase prefer-
ence, one animal we examined maintained a particular
phase preference throughout an enbire d:
s Lahion

v ol experi-




Discu

Although the cardiac ganglion and the partern geners-
tors for ventilation in the uhdominal ganglia are both
apakle of independent oscillution, chun
activities in an intact animal are very elose
nated

in their
ly coordi-
In fact, al no lime have we ever witnessed
a ehange in the hearl rate which was not associated
with a qualitatively

similar change in the venlilation

has been reported o have a cardiac re-
1o hypoosmolic stress {Mangum et al., 1976},
rdin in respense to hypexiz (Fulkow,
and cardioperiodicities (Corning and
Burg, 1970b). Our dala sugeest that in these studics,
hoth ventilation and heart rates changed together in
a coardinated manner. 1t hus also been reported previ-
ausly that the heart rate of Limulus changes little
over 24 hours (Pax and Sanborn, 1964). However,
we find Lthat i intact animals under normal condi-
tions, the ventilation and heart rates are quite vari-
able. The heart tule can chaonge 3 5 fold from one
minute to the next (see F 3.4, 6, T, depending
on the ventilatory activity ui the animal. The coordi-
nation af the heart and gills, as well as the short-term
variability of both rates, should be taken inte secount
when interpreting the elfects of environmental stress
ar other stimuli on the respiratory behavior of Li-
aitelus,

In Limufus the cardiac and the ventilatory re-
sponses to hypoxie are coordmated. This has also
been found to be the cuse in decapods {Larimer, 1964
MeMahon and Wilkens, 1975, Wilkens et al., 1974
Cover. 1977a) n the case of decapods, it is not elear
whether the responses Lo changes in ambient pO,
are medinted via external receplors, internal recep-
tors, or divect effects of oxyeen on the central nervous
system. MoMahen and Wilkens (1975) hyporhesized
thal the response of decapod crustacea t
inambient ps is & result of changing internal oaygen
levels directly affeeting both curdiae ganglion puce-
maker cells und oscillator cells (Mendelson, 1972 that
are responsible {or generating the scaphognathite
thythm, For Einwhes there is considerable evidence
that the responses are mediated predomimantly by
external oxygen receptors, First. external oxygen r
ceplors on the gill lamellag and the intercoxal cuticle
of Limuduy have been identitied which appear Lo be
respensible for mediating the behav :ml response of
wams to changes in ambient pOy 97
Thompson anu Page, 19
Receplors which increase their rale of [rng in re-
spomse Lo hypoxia have also been identified on the
aills ol Oreonectes {(MeMahon and Wilkens, 1975)
Second, ventilation resumes in Limndus, following the
relntroduction of oxygen. with @ laleney as brief as
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S5 (Walerman and Travis, 1953). This resumption
is rapid, despite the fuct that the gills are clamped
shut and thus allew little or no transfer of oxygen
across the gill surface. Third, animals which have
been bled prior o experimentation respond Lo hy-
poxia and the reintroduction of oxygen in the same
manner a3 control animals, Finally, if the cardioregu-
latory nerves are lesioned prior 10 eXpasure 10 hy
poxia, Lthere is no change in heart rate. although the
ventilatory system responds usuul.

at is the newral mechanism respensible for con-
joint regulation of ventilation and heart rates? Tt is
likely that similar mechanisms are utilized whether
the chunges are in responses o hypoxia, or due @
spontancous changes in respiralory hehayvior. Presum-
ably, the heart rate is modulated primarily via the
14 cardiac nerves (see preceding paragraph). The
properties of these nerves have been examined by
a number of inw alors, utilzng stmulaten tech-
nigues (Paxand Sanhorn, 1964: Pax, 1969 Bursey and
Pax, 1970: Corning and Von Burp, 1969, 1970a), TTow-
e very hittle 1s known about the role of these nerves
in the normal behavior of the animal, except for one
report (Corning and Von Burg, 1970h) that cardio-
periodicities were dependent on input from nerves
and 8 Ventilation rate is probably modulated by
camumand fibers, as well as by phasic sensory feedback
resulting from gill movement (Wyse and Page. 1976),
Command [Thers which aflect venulation rate have
been localized in isolated abdominal cords of Livlus
(Wyse, 1972: Wyse and Page, 1976, [Towever, their
el on heart rate has not been examined, Wilkens
alo (1974) have cxamined command ers Lhat
fected either heart or scaphognathite rates in Coneer
magister. OF the fibers sampled, 08% were bivalent
allecting both rates. Our data suggest that Livmedns
v also utilize bivalent commands Lo increase and
rease the heart und ventilution rales conjointl
In addition to a frequency covariation hetween
the heart and gills, there also appears to be u type
of phasic coordination. This most closely resembles
the relative enirainment seen hetw bilateral seapho-
gnathites in  decapod  crustaces  (Wilkens  and
Young, 1975), and between the scuphognathile and
cardiac ganglion in Cancer magister and Cancer frro-
raius (Coyer, 1977h) In all these cases thers appears
Lo be sufficient phasic communication hetween the
Lwo systems 1o enable a certain phase relationship
to be maintained when they are near the same fre-
quency or harmonic freguencies. However, the weak-
ness of the coordination results in a very nurmow range
ol entrainment {Wendler, 1974; Wilk 1976). und
thercfore, in any one animal, periods of tight coupl-
ing, relative entrainment, and independent drift are
pussible, depending on the relutive (requencies of the
will and hearl patlern generators.

o
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Both the frequency and the phasic coordination
may be important in maintaining efficlent clrculatory-
Tespitalory interactions. By malching the circulation
al' the hemolymph with the aclivity of the gill plates
necessary for oxvgenzrion of the hemolymph, energy
is nol wasled, for instance. in pumping deoxygenated
bload throughoul the body during apnea. There are
miechanical considerations as well. The ventilalory
movements of the gill appendages may be utilized
oot only to aid in the oxyvgenation of the hemolymph,
but also to pump the blood, through the branchial
canals, Lo the pericardial cavity (Lochhead, 1950). 10
gill ventilating movemenls ulso serve as wecessory
hemolymph pumps then both @ phase preference of the
twa pumps, and a frequency covariation between
them, would function to coordinate heart output with
venous return from the gills.
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