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ABSTRACT

Unlike:the‘respiratory organs'of_airhreathing yerte—
"lbrates where gas:exchange_is perfusion limited, gas_transfer.
"across fish‘gills is‘difquion-limited. Fish oan‘therefore‘
,lenhance gas,eﬁchange‘byvinCreaslng the]glllndiffusing capacity.
:,PrevioUs suégestions.lndlcate that fish may achleve thlS by
',altering the pattern of glll blood flow to 1ncrease the area of
»glll perfused and‘to reduce the.bloodewater diffusion barrier,f‘
tho'verffy these suggestionsvan inVestigation-of‘the patterns of
: gill blood flow, thelr regulatlon and thelr 51gn1f1cance in gas

'fexchange in the ling cod Ophlodon elongatus, was undertaken

The clrculatory arrangement'ln the'glll fllamentyof}_
ythe'ling cod oonsists of an arterio—arterial'respiratory‘network
-and ‘an arterlo venous venolymphatlc system All cardiac output_
passes through the resplratory exchange s1tes, the lamellae
.::Blood flow through lamellae is descrlbed by sheet blood flow 'l

A equatlons, where flow is proportlonal to the vascular sheet

.thlckness (h) - The lamellar vascular sheet is very compllant
.and h increases with transmural pressure:(A Py m).” It is predict--

-.ed that if AP and flow are raised, then 1ntralamellar shunt—

la

) Ilng of blood flow and a reductlon of the blood-water barrier.

w1ll result thereby 1ncrea51ng the glll dlffu51ng capa01ty
~Not all lamellae appear to be equally perfused under

.certaln in vivo- condltlons Furthermore, if restlng perfu51on
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;‘conditlonsfare siﬁulated, ohly 67%]df the‘mere proxlﬁal lamellae'
"Jare’perfused.'t?hﬁs the total gill area is not utilisedaat restl
:aTo account fermthie situation it is proposed that the critical
closihgipressﬁres,aésOciated with distal'lamellar units are .
greater thah those for ‘the proximal lamellaelflThe affereht-'.
parterieles'were_determined'to'be thevmajer resistance site in
“¢:the gille‘andhthey therefore . cbntrdl flow to lamellae; Elevations -
:gln flow and lamellar 1nput pressure w1ll reduce the llkellhood
;of crltlcal 01051ng and more lamellae will be perqued _Lamellar
' recruitment increases the g;ll drffu51ng capacity. |
| The aemonstrated changee-ln flow patterhs to andeithinh
' {lamellae arereffectedyby elevated flow'agg'input preSSuree
;.(er,APlém).;.Chahges‘in eardlac perforﬁanceyand'in-the'pressure
;profile ofutheygillS-alteriflow and preseure. -Cardiactperfermahce
'fin_liﬁg cod is influenced by intrinsic, cholinergic and adrenergic
- controls which alter stroke volume and heartvrate ‘ The preésure-
hy;proflle.efvthe_§ills eankbe altered by chollnerglcally or adre—
_’nergieally\mediated Chahges 1n Vessel dJmen51ons.- The glll out-
fflow'arteries vaeoconetrlct in locallsed reglons w1th chollnerglc
_stimulation.aﬁd thereby increa51ng_glll reslstance (Rg) and
‘lamellar'inputgpreesures. Afferent Vessels apparently dilate
.w1th B adrenerglc stlmulatlon and thereby lower Rg.
| | Cardlovascular changes are a53001ated w1th condltlons
.of:reduced oxygen availability (hypexia);and'of'increased oxygen-

deﬁand (struggling).in ling cod. The cardievascular changes are
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‘ .such'that they alter tne pattern of gill blood flow»and'increase
the glll dlffus1ng capac1ty. increased oxygen uptake, cardiac'ﬁ
output and gill ventllatlon are assoc1ated w1th hypox1a and
'fstruggllng. The quantltatlve increases in cardlac output per se -
V'associated.with these conditions does not fully,account for the.
observed increase in oxygen uptake. F'It is. concluded tnat changes‘
.1n glll dlffus1ng capac1ty through alteratlons in glll blood
-__flow patterns are 1mportant in enhanc1ng oxygen uptake across

the gllls.
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.'In'recent'years patterns‘ot‘blood flow through theigill_
» fllament and lamellae in teleost fish-has received'someb I,
)’attentlon. A number of these studies. base.their conclusions
:completely or. - largely on the anatomlcal arrangements of blood
.'vessels (e.g. Mott, 1950 Steen and’ Kruysse, l964 ‘Hughes and
Grimstone,‘l965; Rlchards and Fromm,.l969- Morgan and Tovell,
1973) .~ Such studies have been valuable, but confus1on over.
.prec1se vascular arrangements has 1nvalldated some of thelrt
conclus1ons. Furthermore, they generally lacked any
vcon51derat10n of the phy51cal propertles of blood vessels, for
which con51derable llterature now ‘exists (Bergel 1972; Attlnger
‘and Attlnger, l973, Kaley and Altura, 1977).‘ Blood?vessels are
‘not simple rlgld tubes espec1ally when conductlng pulsatlle blood
flow.' They have a compllance whlch is dependent in part on the
radlus/wall thlckness ratlo which may vary w1th absolute blood
pressure .and pulse frequency. :Thus the re51stance of a vessel
L owill vary dependlng on the condltlons of the 1nput and output:
flow. For. 1nstance, vessels w1ll collapse at above ambient
pressures,ftheir"crltlcal closure pressure ’ (Burton, l951,
'iNlcol, et al., l951) “The resistance'and'compliance of*vessels'
.are largely pa551ve propertles, but they‘can be 1nfluenced
neurally or humorally, e. g. adrenerglc and/or chollnerglc
'actions. " The actlons may be tonic etfects, i. e.,to enable the
vessel to ma1nta1n a glven dlameter over a range of pressures, or
"be directed at spe01f1c sites e g. sphincters to control blood’

pressure and flowvto certaln regions. . To evaluate the relatlve



°~

importance of these passive and active vascular changes

'infotnation on vaScuiar.innervation-iS'necessary. .With the
'”';exceptlon of Gannon S (1972) extensive work cn.the_adreneréic
‘ tlnnervatlon of - trout heart and gills, thievinformatién:is
»lacklng.~‘It 1S-therefore not surprlslng that‘preVicus

~descriptions cf giil.blOod flow based on anatomy alone are.

somewhatvlimited.

Phy51olog1cal studlee of gill blood flow have lcaned

heavily on in,v1tro perfusion studies (See later for numerous

references), which date back to the Keys and Bateman §l932)-

'petfused_heart—gill preparation. -At best it is diffiCult'to_'
‘mimic in vivo conditions Ln-vitro.~'We also lack a detailed
o knowledge of the 1nd1v1dual 1mportance that each of the varlous'

"1n v1tro perfu51on condltlons has upon patterns of flow through

thevglll Once we- establlah their lmportance, it 1is llkely that
a number of conclu51ons from prev1ous in’ v1tro work w1ll need

relnterpretatlon because of neglect surroundlng the seIectlon ot '

perfu51on'cond1tlons;

In vivo-infornation Of gill blood flowbis not vast.

Other than the studles of DaV1s (1972) and Booth'(l978) which

establlshed that- only a portlon of all gill lamellae were

perfused,ln trout at rest,,therevhas-been no study,dlrected‘.

‘toQatds establishing patterns of blood. flow through the grll.

Lertaln detalled in. vivo lnvestlgatlons of cardlovascular

‘Hfunctlon have been helpful in ascertalnlng some characterlstlcs

of pre- and pcst—branchlal blood flow (Jones‘et al., 1974;



Stevens et al., l972) "Many other in vivo stUdies haye measured

5:4blood pressures and heart rate  in teleosts, but Stevens and

‘<

Randall (l967b) Holeton and Randall (l967b) and chenluk and-

Jonesi(l977) only have estlmated values for cardlac output for

'rest1ng teleosts. Randall et al; (l9b7) noted at ‘that tlme that .
~the data on c1rculat10n and resplratlon in. flSh were fragmentary,
"the same might now be-sald'for the 1nformatloneon specrflc blood

flow patterns in the gllls.

Why are patterns of glll blood flow so 1nterest1ng7

Saunders- (1962) observed that 1n several teleosts that 0y
.uptake‘(Moz) predlcted from total gill area,-was nearer to the

Aelevated levels measured durlng sw1mm1ng rather than those

measured at rest.' ThlS is surprlslng since Oj transfer at the

Cgllls 1s con51dered to be a pa551ve process. Steen and Kruyssel
~(l964) attempted to- explaln the flndlngs in terms of anatomlcal
"_shunts whlch they developed from- Rless (l88l) orlglnal concept

:of two blood pathways in glll fllaments. Thelr ch01ce of eels as

an experlmental flSh was unfortunate to explaln the findings of

Saunders since the eel glll vasculature differs: in_a-veryf

-inportant respect from‘the trout and “many other flsh. _Alldi
vcardlac output goes through the gllls 1n trout (Gannon et al.,
11973) unllke in eels where blood " can enter non- resplratory
-channels and by—pass the lamellae. As-a consequenceﬁ'arterial'
‘blood in eels is fully saturated only durlng exe101se, whllstv

:arterlal blood in trout is fully oxygenated at rest (R andall et

al., l967) Clearly the explanatlon of Steen ang- Kruysse cannot

o befapplied.to the findings of Saunders. Steen and Rruysse,
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~however, made the 1mportant observation that alterations in bloodl

'flow can alter M02 in eels. In trout the pattern of gill blood

flow can_change._ Only 609 of all lanellae are perfused at rest
(Booth, 1978); a situation predictedbby Randall et al. (l967){and
Morgan and'Tovel (1973);._Perfusioniof more lamellae wouldh
increase the surface area for'gaseous exchange, Which could
increase thevrate of 0xygen,transfer. Trout, however, increase

M02 by 5 to lO times during exercise (Saunders,fl962; Stevens

and'Randall, l967a, Kiceniuk and Jones, 1977) and:thus lamellar
A
recruitment from 60% to even 100% cannot fully account for thlS

’chanqes ‘Thus Randall-et al. (1967) have suggested that 1ncreased

blood volume in the glll respiratory c1rculation, shunting of

.blood.closer to the surface of the gills_and apdecrease.invthe

thickness of lamellae may all be important in altering Mooy .

‘_lThere have also- been postulates that flow changes Wlthln

1nd1v1dual lamellae (1ntralamellar shunting) (Hughes and

nbrimstone, l965) It 1s, therefore, clear that various patterns
of gill blood flow must occur and they have fundamental effects
~on the rate of - M02 in teleosts.' However the spec1f1c nature of

these changes and, thelr control is largely unknown., Thus I w1ll

T‘ examine various gill blood flow patterns, 1ndicat1ng how they are

'affected or effected by adrenergic, cholinergic or passive'

mechanisms and suggesting how they may effect 0y exchange.

This study approached the problem from phy81ologlcal and

-morphological standp01nts~us1ng a numberyof_recently developed
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Ateéhniques in ‘addition to established ones. - The“experimental

fish was Ophiodon elongatus (ling cod)'because-of its'suitability
for the lg-QiVO surgery.ffNothing is known of thervascular
pathways,in this fish, thus, in Section I, therefweré,eXamined‘

. ) \
using histological and morphological thchniques and 3-D

~ observations of plastic vascular corrosion casts (Gannon ct al.,-

1973). Idusedgequations to descfibe the lamellar blood flow

after'first determining the vascular dimensiéns and the "passjive

T properties of the vessels with respect'to pressure. 1 also

predicted the major gill resistance sites and possible flow
control sites from the vascular geometry and then"tested'these .

predictiOns using blood pressure measurements in the gill

- filament. Ilalsovestablished'the_importance of actiye (humoral

or neural)Acatdiovasculaf:controlsdinfcontrolling'gill,blood flow

using invvitro and in‘viVo eXperiments.' The pass1ve-properties

mzof the gill vessels and how they 1nfluence the number of lanellae
~.perfused were. examlned In the flnal Sectlon, the cardlovascular
: responses of the flSh to reduced oxygen demand hypox;a;vand to |
dlncreased oxygen requlrements, struggllng, were . examined and -

flnterpreted based on- the prev1ous observatlons and concluslons.f

The flnal outcome was a more complete analy51s ot blood flow in a

'teleost Wthh enabled a descrlptlon ‘of branchlal blood- flow

' ”patterns and thelr probable mode of regulatlon.
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GENERAL MATERIALS -AND METHODS

:Fiéﬁ sﬁbpiy and holding faciiitieé
Salines o | | |
Routine surgery .

v:Expéfimeﬁtal'aquéfia

‘Isolated peffuéed'hdlobranch pféparation
Reéording<éyst¢ms |

~ In vivo monitoring -



Fish supply and holding facilities

Llng cod, Ophlodon elongatus, were caught by local

fishermen, transported to U.B.C. and held in large aquaria
' supplied with flowing,.aerated water. lhe_water temoerature:was
“:Hmaintalned.oetweeni9 and ll°C.l:The'fish‘Were‘fed a maintenanoe
“diet of live rainbow trout; but'were starved'for at least several
vdays prlor to an experlment A total of 69 ling cod were used in
 ‘these experlments with welghts ranglng from 2. 5 to 6 5 kg
~(average welght = 4.6 kg). |

Rainbow trout, Salmo gairdneri, (300 to 600 g) were

‘ used in one series of'experiments. They were obtained from a
.local fish hatchery and held in large aquarla supplled w1th
"flow1ng, aerated dechlorlnated Vancouver tap water at U.B. C.¢
__The‘water‘temperature fluctuated-between 7 and 12°C depending on
.the season. The trout:were fed dally_with commercial'troutlu
pellets. | |
All'experiments were performed4at water temperatures .

between 10 and 11°C.

Salines'

| Cortland salines for saltwater and freshwater fish
- (Wolf, 1963) were-used in all experlments. ' The com9051tlon in
g;lAL of the:freshwater fish‘Saline was: - 7.25 g NaCl; 0.38g
KCl; 0.162 g CaClz; 0.23 QTMgso4.7H20- 1.0 ngchQ3; 0.4 g.
NaH2P04 2H20 (or 0.36 g NaH2PO4 H20) 1.0 g glucose o

: The saline for saltwater flSh contains -an addltlonal 3.25 g NaCl



-anduhas'ah‘osmClality of1373‘m'Osm. ‘Salines used for "in vivo -
experiments_were heparinised (10 IU.ml‘l) and thehglucose was

excluded;'

‘ Routlne surglcal protocol to allow in vivo

‘measurements of cardlac output, pre— and post- branchial

blood pressure and ventllatlon

Llng cod were deeply anaesthetlsed (0. 026 MS222
itrimethane sulphonate), placed ventral 51de up in an- operatlng
sling ahd cooled withban 1ce.packion;the body,e_The gllls were -
contlnuously 1rrlgated with cool (é to l4°C) 'recirculating’
seawater contalnlng anaesthetlc (0 005% MS222). A‘4f6lcm
7‘1nc1s;on was made;anthe skln"along the 1h51de-of the'opercular
- cavity wall inhline_with, but slightly ventral to the»ventrala
aorta. vThe muscie mass; which is thinnest"in this area,.was
'carefully teased aside to expose the perlcardlum and the more
‘_ventral hypobranchlal artery. The perlcardlum surroundlng the‘
iventral.aorta was opened and a pneumat1C'cuff (Shqukas, l977).was

implanted around the anterior end of the ventral aorta. A

"{cuff—type‘electromagnetic.flOw probe'(Biotronics)'was selected

hfor good flt on the ventral aorta (10= 20%. Vessel constrlctlon,d;”
Langille, pers. commg) and was’ 1mplanted near to.the - bulbus
:arteriosus;“The pneumatlc cuff and the flow probe were,
;therefore, max1mally separated on the vessel. ‘Bcthicuffs were
":anchored to thelr ad]acent muscle nasses w1th several silk thread

‘sutures. The bevelled tlp-cf a non—occlu51ve catheter-



(50 ch.éf.polyethyiehé'(PE)jtubing, PE 60) was inftoduced.
upStfeém into tﬁé Ventral aorta withvthe'aid of a.Medicut.cénnula
(Alde‘Medical,‘St.vLQuis). All catheters were pfefilled with
hepariﬁiSea»saiine. The cathéterIWas.secured td the body bfvthe
_'fléw probe ahd_té the adjaceht muscle mass. The:wound-iﬁAthe |
muscie masévaﬁd'in the skin were §lbséd.5eparateiy witﬁ,siik
th;ead:suturés, -Theidorsal aortaiWas.cannulated'yia*thé
Efférent banchial artéry bf'one'of the.4th_gill ércbes‘(Jones“gg
al., 1974). 'The ¢athetér, 50‘¢mjofAPEVlOO tubing,'was introduced
dqwnstreém éf'the.ligated effefenp vessel and advénCed.ZFS cm
toWafd$ the:dorsal aorta. = The. vessel was.tied around the
~catheter ahd_the}Skin:incisibh closed around the catheter which
'{was'anchored in place to the tissue. The bdccal andAopércular'
rcéviﬁies wéfé also_cénnulated ih‘sdme éxperimentsgusing meﬁhods
:similar tojﬁhose described by Holétbn'and Randéll (l967a)_using
PE 200‘tdbing."These surgical‘procedures routigely lasted
appréximately Qﬁe'hoUr and wére accdmplished‘Qithvminimal blood
lbés»from‘the’ﬁiéh." . | |
: Reco&éry.of the_fiéh from anéesthetic-wéS begun during_

.thé'final_stégeé.of the éurgery by'removing_fhe ice pack"and;'“
comméncing giil‘irrigation with freshvsaltWatér. 'When.étrOng 
‘bpercular'movemenfé héd began, USuélly,Within SAmigutes,-thé fish
waé»placédviﬁ_the»exPérimental holding aquarium ﬁitted Qith'a
“geﬁpotary:gill'irrigatibn‘tube.' Fish Qere sufficiently‘reinedv
after 5 to 10 minutes to sﬁim.off;the irrigatibn,tube énd.éﬁstain

- their own gill ventilation.
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' The experlmental aquarlum (Fig. l) was a.darkened- Covered

-'pleXiglass box, which limited. forward and lateral movements. - The

saltwater supply was flow—through aerated and at lO—ll°C, but it

could,also be dlverted through a gas exchanger to generate

3~hypoxichor hyperoxic water. YA constant temperature rec1rculating

system was also ‘in line -and this was used to recirculate water.

'containing‘anaesthetice e.g. 0.7% urethane (ethyl carbonate)

during in vivo micropressure experiments. In experiments where
oxygen consumption. was measured, the plexiglass box was replaced

by an airftight, darkened ?lexiglass cylinder that'had a much

‘reduced_water.dead‘space. -

nIsolated, perfusedﬁholobranch-preparation

g The-heartuand‘ventral'aorta.Were'exposed by an 8—10 cm’

:'*ventral mldllne incision in deeply anaesthetlsed llng cod (0.02%

"3.M8222) The c1rculat1ng blood was heparlnlsed w1th an

=

1ntracard1ac 1njectlon of sodlum heparln (l OOO IU kg’l)'

'The-bulbus arterlosus (bulbus) was cannulated occlu51vely through

an 1n0151on in the ventrlcle w1th a short, heat flared PE 200

-catheter. "The branchlal vessels were cleared of blood w1th

'approx1mately 200 ml of pre- flltered (Hllllpore, 0.45“),

heparlnlsed sallne 1nfused v1a the catheter The best clearing

results were obtained when rapld pulsatlons were applled to. the

perfusion syrlnge, and when the gllls were completely submerged

and'irrigated'with the salt water at 10°C during the perfusion.

The filament_tips and. the small filaments at:either'end of the



 FIGURE I

 A-séhema£ic diagram of the exéerimental holding.
aquaridm diépléyihg the thfee alterhétive water sgpplies that
"weré-utilised. €f$,a thrée wayvtap whiéh'cOntrolled the
'directidn of flow.'Gas = gas suppiy;'either air, :100% N2_6; '
160% 02; The aguarium was coVéred witﬁ a loose fitting_lid

when the fish was inside. -
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arch were always difficult to clear at this stage. The tips and

o any Unclear filaments. were later.cleared,'either by saline

perfusion after the afferent branchial artery was cannulated, or)

more commonly, during'the initial perfusion period'of-thel

."

-experiment; Clearlng blood lowered glll reslstance to perfu51on.-
lThe whole branchlal basket was excised and theny1nd1v1dual
'holobranchsvwere dlssected.free; Isolated’holobranchs were

stored in aerated (95% 0z; 5% COy) 'saline, on ice, until

requlred for c¢annulation.

'The afferent and efferent arch vessels’were exposed at

‘ elther end of the holobranch and cannulated w1th blunted and

shortened 18 G, thln walled hypodermlc;needles. In early

. experlments 0.5 mm lengths of PE 100 were used as catheters,; The

arch was kept ice-cooled during cannulatlons.e The gill arch and

4free"filaments distal to-the cannulation site were ligated as

near to the catheter as p0851ble. Hence a minimaliamount“of'cut

or exposed tlssue was perfused and the poorly cleared fllaments

were excluded from the preparatlon.. It.was.estlmated thatmat

least 95% of the remalnlng fllaments were clear -of blood. These

varch ligationS-also‘reduced, but did not completely.stop, venous.

and lymphatlc outflow which would have otherw1se proceeded at an

" unrestricted rate. The arterlal perfu51on pathway was’ further
.isolated;by also;llgatlng‘the hypobranchlal artery at the
_afferent end of  the arch. . Cannulated arches weretstored in thev
- same 1ice-— cold sallne as above and were always used w1th1n 3h

- of thelr removal from the flSh.



Recording Systems

Blood and water pressures'were”detected using saline.
filled Statham\pressure‘transducers (P23Db[ P23BBvand P23V),-'
_connected to saline filledAcatheters; For micropressure
_measurementsjthe P23Dbppressure transducer was oil filled,ﬁ'The
transducers‘were~calibrated adainst pressures'denerated by a
statlc water.coluﬁn beforevthe experiment (l'cm H20.= 0”098
'}kPascals) V The transducers were- always balanced to a zero slgnal
at the approprlate water or ‘saline level. ThlS balance-p01nt wasv
- checked frequently throughout the course of an experlment."lhe_
.btransducers falthfully reproduced osc1llat1ng pressures in the‘
'range being monltored s1nce the frequency response of the fluld
-fllled transducers and thelr a55001ated catheters was 1in excess. of
.lO Hz, as determlned by the_Hanson "pop" test (McDonald, l960)
.'pulsatile.ventralbaortic blood flow (cardiac output, Q):was
monitored with a BL610 flow meter'(Biotronix Ltd )} set for a 12.5
h:Hs frequency'response, us1ng the s1gnals of the 1mplanted N

;electromagnetlc flow probe.. A zero, flow callbratlon 31gnal was
'. obtalned in v1vo by elther,_brlefly occluding the‘ventral~aortav
‘_dlstal to the flow. probe by inflating ‘the pneumatlc cuff,by
disturbingvthe.flsh 1n the aquarlum, or by an 1ntravascular ;
Carbachol (K+K) injecti'on. (0.01 to 0.1 ug.ml blood™l) (see
later-Figs..l6'and.40)._iThe latter two procedures produced:a.t
bradycardia'during which yentral aortic blood flow stopped |
'vbriefly. 'Any‘major flow probe movement would change thefzero

signal level. Such changes;_whilst'a nuisance, were easily -
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‘corrected for, or a new zero signal was established using one of

the above techniques. Drift of the flow probe signal~during.

lengthy recording periods'was not extensive between zero

_calibrations and was ignored. The signals from individual flow

probes were calibrated either in situ or in vitro with measured

" saline perfusions. Beat to beat heart rate was monitored in some’

experimentS‘using,a rate meter triggered by the pulsatile blood

.flow'signal.

All electrical signals were suitably amplified for .

;monitoring on chart recorders. Initially a Beckman R four

‘71 channel chart.recorderfwas.used to.cOntinuously displaylrecords

durlng an exper1ment. 'Later a Brush 260 six-channel chart

,recorder was used in conjunctlon w1th a Tanberg serles 115 tape.

recorder (equlpped with a flutter-compensatlonfdev1ce) With

' thlS latter system all 51gnals were recorded dlrectly onto the

‘chart recorder -and. the blood pressures and blood flow 51gnals

1
were also stored dlrectly onto magnetlc tape. “The stored

1nformatlon was used for subsequent analyses, when the signals

,were“replayed through Ssz band.pass fllters ontovthe_chart,

' recorder. The filters reduced background electrical noise

produced by the tape recorder} but did not alter'the'signal

'waveform 51gn1f1cantly.

Oxygen concentratlon was. monltored contlnuously in the

1nflow1ng water’ Wlth a Beckman 0260 02 analyser that had

. cautomatlc temperature compensatlon. The 51gnals from the oxygen

analyser were only recorded ‘on  the . Brush recorder durlng hypox1c

' or‘hyperox1c,exposure experiments., For oxygen uptake experlments



e

14. -

the oxygen partlal pressure, Pos, in water samples was mtasuredA
w1th a Radlometer PHM72 system with assoclated electrodes and'
lwater jackets.y The oxygen electrodes were callbrated u51ng zZero
IOQYgen.solntions (saturated sodlum sulphlte or Nop equlllbrated

seawater) and air, or lOO% 02 equilibrated,seawater.

hIn'vivo monitOring_ofsblood’flow.and.ventilation-in Ophiodon
elongatds. | | |
Q}:blood éressures and Ventilatlon:pressures were
'A:monitored in vivo on individdalﬁlinglcod after recowery from =
'rontlne surgical‘procedures and acclimation to:the aquarium for
lZ_to 24 hours. ‘Records_were collected for up- to 6 daysvand‘
often'continuously'for 10 tO'lS’hours'ln-any one day. - dﬁ-
‘occasion monltorlng was contlnued over nlght on an undlsturbed
flSh. N01se was mlnlmlsed ‘and kept constant (white: nOLSe)
'*durlng experlmentatlon. The fish were usually in one- of three
states. The majorlty of the tlme fish. were "restlng when the'
,env1ronment was constant, and this state corresponded to steady'
state‘recordlngs. FlSh usually became,"dlsturbed" when the
‘env1ronment suddenly changed. and here the recordlngs altered 1nd
an unpredlctable fashlon.<_ '"struggle 1nvolved v151ble or
: audlble tail movements and it was accompanled by a partlcular
1pattern of cardlovascular and resplratory events._ Struggllng
quually. followed a dlsturbance but sometlmes it ‘apparently
;_occhrred spontaneously.. All experlments commenced only when‘the
fish were considered to be in a resting state.. If;the.fish

' struggled or ‘were disturbed during the experiment the results
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were not analysed. An exception to this rule was during hypoxic

exposure'wheh fish often struggled and in‘this:case'the'struggle

'response»Was_ahalysed'separately.
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 SECTION I

THE MORPHOLOGY AND VASCULAR PATHWAYS

OF THE GILLS IN LING COD

”GroSs.morphblogy'and-morphOmetrics of ling'cod gills. 
»Plasticicorrosion.éaStihg of the gill_vaéculathre}

. The properties of the lamellar capillary bed'asfrevéaled by
silicone elastomer;éésting of>the capillaries_uﬁdef

known transcapillary pressure gradienté.-

Predictions oh gill blood flow.



INTRODUCTION -

In order to interpret phySiological eXperiment54
concernlng blood flow it is essentlal to first establlsh the
rnature of the vascular pathways under observatlon. This has not
‘always been the 51tuatlon in the past. .For lnstance, a

ontroversy concernlng‘arterlo -venous shunts in. gllls was only
'3recently resolved when the correct vascular networks of glll

_ filaments were establlshed (see Steen and Kruysse, 1964; Richards.
and-FrOmm, 1969; Gannon et al., l973, Mordan,anleovell, 1973;.
‘Vogel et al., 1973, 1974 and 1976; Cameron, 1974; Laurent and
Dunel,Al9767 Smith, l976); ;Three points.emerged‘from this-
controverSy,'.First, whllst teleOSts all-havevthe'same'basic
pattern of glll blood vessels, many 1mportant spec1es differences
ex1st.n Second, some of the technlques used for v1suallslng the‘
complex 3—d1men51onal patterns of vessels were on:occas1on
_misleading,:'The development of methylﬂmethacrylate vascularl
“corrosiOn castlng by‘Murakami:(l97l) has, however, allOwed’

3- dlmen51onal analy51s of vascular beds using the scannlng
-electron mlcroscope. Gannon t é;_ (1973) adopted thlS technlque

to examine the vasculature 1n Salmo galrdnerl. ‘Since then the

. gill vessels of'other teleost specles have been'examined uslng a
-similar technique (Dunel and Laurent, 1977; Olsen, pers. comm. ).
'Lastly,.the_wealthhof previous'llterature datlng back almost two
':centuries wasesomewhat ignored.. The'anatomiCal works of Munro

(1785), Doellinger.11837), Hyrtl (1838), Muller (1839),.



" Riess (1881) on fish gill vasculature have nOW:beeniwell reviewed
by Smith (1976), Laurent and Dunel (l976iaand Campbell et ;ly_(inj_
-_preparation)-' IroniCally itlis Muller‘s (1839) major concluSLOnsi
that have 1n fact been verified u51ng modern technlques.
’Fundamentally, two vascular systems ex1st in the gllls a
resplratory system w1th arterio- arterlal pathways and - a nutrltlve
system w1th arterlo—venous pathways.l Whether the nutrltlve |

supply is derlved only from efferent arterlal vessels, as- in

_Salmo galrdnerl, or both afferent and efferent arterlal vessels,

as in Angullla, is an important spec1es difference since in the
former 51tuatlon all the ‘cardiac output must pass through the
'resplratory exchange area, the-secondary lamellae. |

Vessel geometry is helpful in establishing theoretical

patterns of flow through the vasculature. Vessel resistance‘cani
be calculated from vessel geometry by assumlng P01seulllean flow
»and know1ng certaln phy51ologlcal blood flow varlables. In a
parallel.network of vessels,_such as the'gills;‘reslstance sites
'are.valuableiln predlcting flow‘patterns. Unfortunately)
theoretlcal analysis of blood flow in caplllary beds where vessel
dlameters approach vessel length,_e g. resplratory exchange

'SlteS,-lS'dlfflCUlt u81ng P01seulllean-equatlons (Welbel l963)
-Sheet blood flow equatlons, however, allow a better descrlptlon‘;
:of such caplllary blood flow. With sheet blood flow‘equatlons,.'
. and given the propert1es~ofpthe vascular bed,fpredlctions of

volumes, resistances and flow patterns can be made relatively -



‘easilyl' Sheet bloed'flow,equations/have been used*te.descrlbe
.alveelar blbod'flow (Fung and Sobln, l969 and-l977)- The aerived-
equatlons for sheet blood flow descrlbe the caplllary sheet by
_lts'thlckness (h),nlts area (expressed as‘a ratlo of vascular‘
"area‘to that of the tisSue)‘and its vascular compllance.
Charaeterlsticallyy.hhls_depenQent upon the transmural_pressure
‘gradient (APalV), hut the planar dlmensions, hQWever, '
remain cOnstant.h The degree to whlch h changes 1s set by.w, the =
compllance coefficient. _For alveolar caplllarles o is at least |
an order of magnltude'greater than tor1systemic”capillarles,'i.e.
“thetalVeolar_vaschlar sheetfthickhess_is'very sensitive to the
'transmural pressure. o |

" The . resplratory exchange slte in fish is thelglll-
lamellae. The lamellae are erect eplthellal folds enca51ng a
dense caplllarybnetwork. The eplthellal folds do'notvseparate
“under blood pressure becadSe‘pillar cells-extend between the twe.-
epithelial sheetstat‘regular'interyals; The pillar cells fermh
lthe’capillary ehdethelium.‘.Thevlamellae, therefere,lshOW some
;structural 51mllar1t1es w1th ‘mammalian alveoll w1th the plllar
cells of lamellae belng analogous to the avascular posts of -
‘alveoli.‘ Capillary blood flow in lamellae might then'be‘similar“
to sheet.flow in alveoli. Scheid’and:Piiberv(l§76)"have
‘ssdggested_that."sheet flowﬁ.be‘adepted for-lamellar flow in
v_elaSmobraheh fish. The lamellar shape is certainly‘sheet-like in’
elasmobrahchs;;as)it is'in teleost Eish. Kemptonj(l969) |

preferred the term lamellar sheet to lamellar capillaries when



‘descrlblng the dogflsh glll anatomy lIf sheet-flow theory were'
appllcable to lamellar blood flow, clear 51m11ar1t1es would exist
;between blood flow in vertebrate resplratory organs.w
s Slmllarltles between mammallan pulmonary and teleost glll

blood flow are 1ndeed apparent The dlstrlbutlon ‘of pulmonary
*'”blOOd flow (Permutt et al.,_l962;‘West,,l977),_and.glll hlood
flowl(éoothy_l978) may'alter to meet respiratory-oxygen_demands;
In'an upright human only ahout¢2/3rds'of thellung;is'perfused'at
rest, but dur1ng exerc1se there 1s 1ncreased lung perfusion |
,assoc1ated w1th elevated arterlal blood pressures‘and 1ncreased
_cardlac output. ‘In restlng trout only 60% of glll lamellae are
- perfused (Booth’ l978) It is expected that the number of
lamellae perfused can be 1ncreased glven a change in metabollc

'demand, e, g. exerc1se,‘or in water quallty, .G -hypox1a,_s1nce
. gaseous exchange at the gllls 1s apparently dlffu51on llnlted
(Randall et al.,:l967- Flsher et al.[ 1969; Randall,_l976),
junllke the lungs where perfu51on llmltatlons ex1st Ii th1s Were
not - the ‘case then ‘the 1ncreased oxygen dellvery (Vg) and removal
le) from the glll Wthh are also assoclated w1th these two .
‘situatlons would-be p01ntless. Saunders'(l962), bteen and
'Kruysse (1964) and Hughes and brlmstone (1965 have suggested
that the effective glll exchange area can be: 1ncreased and more
. Ilamellae are indeed recrulted durlng_hypoxla 1nitrout (Booth,
fpers; comm)? -Exercising trout} however, increase oxygen uptake
as much as'5 fold (Randa'll"le_t il_, ‘.l9,67'); but lamell‘ar

recruitment will only increase oxygen uptake by about 50%. Thus
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other factors which affect gaseous diffusion:must cohtribute'to

'increase okygen*uptake.- Randall et al. (l967)concluded ‘that
'shuntlng of blood closer to the surtace of the glll "and av

reductlon of lamellar thlckness might be operatlve durlng L

hypox1a. Wlth a detalled knowledge of. the pattern of flow in

glll lamellae 1t is predlcted that we will be able to understand

»how lamellar tlow patterns may affect dlffu51on.

bheet blood flow equatlons have not been- applled to‘

_the teléost glll lamellae; I establlshed the propertlesgof,the
‘ _lamellar vasculature in ling cod to- determlne whether sheet flow

equatlons could be applied. and 1ntralamellar flow patterns could

subsequently be predlcted from- these equatlohs Ne;ther glll

vascular pathways nor glll morphometrlcs have . been studled

;prev1ously in llng cod, SO these studles were carrled out here
[Methyl methacrylate plastlc vascular corr051on castlng and

‘scannlng electron mlcroscopy were the major tools used to

determlne'vascular pathways. Hav1ng establlshed Vascular

.pathways and-geometry, predictions were made ©n glll‘blood flow
dusing Poiseuillian'equations‘for the input and.outputzvessels'and

'equationsifor sheet bloodfflOW_for the-gill lamellae.-
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- MATERIALS AND METHODS

‘Gross. morphology,and morphometrics on fixed gill tissue

In 15 freshly kllled ling cod (weight range 2. 7 to,l
6:3’kg;) the whole branchial -basket was excised and fixed in
Bouin's.fixativebfor 12 to 24-hours. The gills'were'examined andi
measured with the aidfof'a Leitzioperating.miCroscope either.

g 1mmed1ately post fixation or after storage in 70ﬁ EtOH.-.Arch

‘f lengths were measured at the base of the filaments.' ThlS length

Aapprox1mates to that of the arch arteries.‘ The total number of
fllaments were counted on each arch ‘and the mean filament length
determinedvby measuring the length of»every.lOth‘filamentt Only'
the posterior hemibranchs'frOm thei4-arches on one'side.Of'the fish
were usually_examined,,since_investigation of the whole‘gill
apoaratus showed bilateral symmetry existed-between'the gill arches
”and:that anterior and posterior hemibranChs were Similar.

| Some gill filaments were also:eXamined histOlogiCally.
Completeafilaments'wereoremoved from the.central regioniof the
second gill‘arch'and embedded.in-paraffin blocks.iFHistolOgical'
5u ‘serial sections were taken in the transverse, sagittal and»
.longitudinal‘planes.b The sections were . mounted on slides and

stained with haemotoxylin and eosin.

.Vascular castlng using methyl methacrylate plastic

The technlques used were essentlally those described by
_Murakami (1971) and modified by Gannon (1979) The branchlal

'vasculature was completely or partially cast by 1njection
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with the pre—polymerislng plastic'fluid‘in 8 fish. Prior tovthe
injection the gills”were cleared_of bloodiusing heparinised.
saline’(see general methods) . 'The polymerlslng plastic_cocktail,
wh1ch permitted a 10 to 15 mlnute worklng tlme..was prepared just
prior to 1nfu51on from a k1t (Polysc1ences Inc" Warrington,'Pa.).
-Care was taken to exclude air bubbles from the catheter ‘when. the
iplastlc 1nfu51on was started All 1nfus1ons were. made from a 50 ml
;syrlnge. Up to 10 minutes were taken to- ‘infuse 10 to 20 ml of
ﬂmethyl methacrylate 1nto the glll bed to- prevent a hlgh caplllary
pressure developing due to: the relatlvely hlgh v1sc051ty (50 to.

80 cp) of the unpolymerlsed methyl methacrylate. _Excess¢ve

- capillary pressures would rupture the lamellar vessels.'
After:completlng.the perfu51on the catheters‘were occluded
'iand the gills left submerged and undisturbedlforftwo hours.whilst--
the plastic polymerised and.hardened The tissue was. dissolved
from around the corros1on cast by flrst soaking in warm water

(<50 C) overnight and - then by dally changes of 20% NaOH

tsolutlons. The cast was flnally cleaned in distilled water in an

‘ultrasonlc bath and drled w1th lOO% EtOH.

Cast examination and analysis

. The methyl methacrylate'casts»were first'examined
macroscoplcally and w1th a llght mlcroscope.‘-For scannlng
selectron mlcroscopy ‘small areas of 1nterest were - carefully

. dlssected from the cast, gold coated and examlned w1th a
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Lambrldge “teréOScan microscope;- A~l0 kV.aCCelerating voltage'
was used on the mlcroscope to minimise VOlatlllsathh of the

plastic cast (Gannon, l978). Some'scannlng électron mlcroscopy

‘was.performed'at the University of New Brunsw1ck Frederlcton
’u51ng a Cambrldge Stereoscan S4 10 ahd’a 5 kV accelerating' |
.voltage. The great depth of focus-of the scannind'electron
ymlcroscope (SEM) ‘at high magnlflcatlons greatly alded the |

,observatiOn and_tracing of vascular networks.in,the gill

fllament.ve

Detalled measurements and welghlngs were made on a

'complete orthograde cast of the second glll arch of a 4 kg l1ng
y.cod.-For.every lOth'fllament‘the length and the total number of -

lamellae and their spacing were recorded'(See Plate 5). The";y

dlameters of the afferent and efferent filament arterles were

measured at’ VdrlOUS locatlons a known dlstance from the base of

i_the fllament. Two or three 1nd1v1dual lamellae were carefully

dlssected free at five to elght locatlons a known dlstance from

the fllament base.f Only nine - fllaments were used but they were

selected to 1nclude the complete range of fllament lengths found

.on ‘a 4 kg llng cod.l,The afferent andrefferent lamellar

arterloles were measured and photonlcrographs taken of the .

. 1nd1v1dual lamellae for surface area determlnatlons.

Fllament and lamellar volumes were estlmated by welghlng
1ntact fllaments and then welghlng all the lamellae removed from
them. Palrs of fllaments from ‘both hemlbranchs were comblned to.

lncrease the'accuracy-of the welghlngs. Welghts were determlned



for_evéry 10th pair of'filamenté'neighbouring thoSe.qéed for
'ﬁhe morphometric analysis deécribed a5ove.‘ The'weights_Wéré x
'compared.toithat bf.a known volume,of'methyl_méthacrylate.which.
~had received the:same treatmeht-after polymerisatioﬁ,  Cést'

shrinkage was less than 1%.

‘Types of caéts made
| Several modes of"plastiC'injection were used. They

inVolyed orthograde‘and rétrdgrade perfusions via.majorf;rteries
and veins. | |
A} C:tﬁograde arteriél giil p?rfuéibns;were made.Via the véntral
. aortic catheter (as above).. B..ﬁetrograde arteriél.gill'
*;perfusidns were made via an»dcculéive, retrograde‘dorsal ébftic
catheter. _This’caﬁheter (5 cm PE,200ttubingj Waé implénted_fiﬁ
'the vessel througﬁ'a ventral‘bodf Qall inc;sion..'Viscerai'
_arteries were;ligatgd toialléw preferential retrogradebflow to‘
the éills; .C. Rétrograde'venous perfpsions‘wéié performed via.'
,thé gill venous;retdrn_vessel; which is located ih the
'pericardial-cayity dorsad'tb the_ventral-aorta,  An oCclusivé;
catﬁeter‘was also'implaﬁted in thié-veSSel.
VD..Double'infusions'weréfpérforméé-iﬁ which a partial orthbgrade
infusion was followed by one of the ‘two rétrograde infusions}
_Differentiél coldufihg.of the plaétic éom§ound distinguiéhed_thé

two ihf@éiqns._ This téchnique‘allowed be£tef filling-of thé
" vén6us.aﬁd lymphatic'nétwotks, since the artetiéi dﬁtlet for‘£he
’retrdgradé filliﬁg»was essentiaily bl§cked, and,lin addiﬁion,
permitted the ttacing of vessels o their afferent(vefferént:or

venous origins.



Silicone elastomer casting of lamellar capillaries under

"yeonstant'transmural pressures

The 5111cone elastomer mlcrovascular castlng technlque, as

'"developed for the pulmonary caplllary bed and fully descrlbed by

‘"uasobln et ‘al. (1970), was adapted for mlcrovascular castlng in the

" flSh gllls.' The 5111cone polymers, catalyst and accelerator used
;were those espec1ally supplled to Dr. Sobin' s;laboratory by
T G.E.C. (Waterford N.Y.). |

:Castiné Procedure; Threeillhg cod of similar weigﬁt' .
(3.3, 3.6 and 3.8 kg) were used. Ihdlvldual'fish:were_lightly
‘anaesthetised and prepared uith a‘ventral aorticvcatheter for
{perfusion (see_generalbmethods). »The;gllls were submerged and,k
'lrrigated with sealwater at allptimes. The pre;polymerised,,”
fsilloone‘elastomer,was prepared just priorutoipertusioh'and.hadfa
‘working.timeAOE 20 min. It was introduced at'a cohstaht pressure

. head of 70 cm H20 w1thout any pre- perfu51on Wlth sallne.;‘Thus;

'l'the 5111cone formed an 1nterface w1th the heparlnlsed blood

" Once perfus1on had started, the dorsal aorta was bLsected and.the

;elastomer f lowed freely from the vessel After about 10 min_'

'perfu51on at a pressure head of 70 cm H20 at "least the

”prox1mal two thlrds of all centrally located fllaments were .
"jcompletely_clear of blood. At this time the pressure head was
'treduced'to-Createea transmural.pressure.gradlent of_20 cm Hy0 .

ffor_a Seleoted'region_of_the»areh; ‘This region was.the cehtral

filaments near . to the:bendlof the arch and'these'filaments5lay



‘parallelito the'mater'surface. To achieve a transmurai pressure
'~of 20 cm HZO the perfus1on head was set at a helght of 20 cm
"»Hzo above these fllaments.',Perfus;on was’ maintained at thlS
‘3transmural.pressure gradlent for one minute;‘then through-flom
.was stopped in’ one glll arch by clamplng the. dorsal “end of the"
arch. ‘The static pressure gradlent was malntalned for 0. 5 min
“.before the elastomer_was held-w1th1n~the-arch, at’ thlS given
i'transmural pressure, byhciamping.the afferent.end of the?arch as
gwell.‘nNow thererfusion pressure.Was raised'by lO'cm H20'and -
bﬂthe'protocoltrepeated on a differentdarch le glll arches were
tcast at dlfferent pressures for each fish at lO cm HZO |

.transmural pressure 1ncrements up to 70 cm Hzo 1 e. 26,»30,
540, 50‘ 60 and 70 cm’ HZO. ‘The 4th~glll'arches ‘were not used.
‘bAfter completlon of the castlng the gllls were left submerged and
}undlsturbed for the 2 hours requlred for catalytlc hardenlng of

{“the elastomer.

h'fTissue-preparation- After'thedelastomer hadéhardened the-intaétl
- gill basket was exc1sed and the tlssue flxed overnlght in a 109‘
;buffered formalln solutlon. Four nelghbourlng fllaments from thei
‘ fse;ected,area 1n_each glll arch were dlssected’free»and embedded-_
:rin blocksrof gelatin.‘ The fllaments were all between 19 and Zl‘
. mm in length;: -The region 5 mm- from the fllament base was-
T,seéﬁibnéd ih,a.cryostat,»hThe 10m and 20/» thlck sectlons _were
”nStained'WIth crésyl viOlet,,using'cooled solutlons mounted on.
slldes in glycerol gelatln and subsequently covered and sealed.

”The staln was basement membrane specific and sharply defined the: -



hlamellar mlcrovasculature aga1nst the opaque 51llcone whlch
“fllled'the vessels. This deflnltlon was. seen in the plan v1ew

_‘and’in cross-sedtion. -

Measurement techniques: Automated measurements wére made from a
- video screen displaying microscope.images of the sectioned

‘material. These_measurements'were'performed in. ‘Dr. Sobin's

‘fflaboratory;in-Los_Angeles and the techniques_usedlwere those

ﬁfully,descrlbed By Sobin et al. (1970). The vascular”space‘to‘
tissue ratio (VSTR) was determined from the'plan seCtions of.the

7lamellae (Plate 1). In a given mlcroscoplc fleld b to l2 clearly.

lzv131ble plllar cells outllnes ‘were’ traced from the video. image

:onto transparent plastic.’ The,area occupied by ‘the plllar cells
’:4was determlned and- substracted fron the total area that they
'Afoccupled (vascular_plus tissue cellvarea) 1,e; the VSTR. Areas"_‘
of the outllnes were measured w1th an. automatic planlmeter -
(loaned by La51co, Los Angeles, Ca ) . The’ vascular sheet
' thickness_ch)_was measured u51ng a spllt 1mage device on the
'Vldeo.SCreen. The dlameters of afferent and efferent arteries -
v'were also measured in-the same wayl- Measurements of: h were made
.‘at‘all transmural»pressures, but only lamellar cross sectlons-
with allvlamellarlchannels;fllled;were;analysed.l VSTR
;measurements'were made'largely_atnthef20~and 70 cm H,0-

“transmural pressures. ‘Artery‘diameters were only‘measured at;20
.‘dand 70 cm HZO transmural pressures.. The lamellar transmural;

4pressure is here after referred to as APlam'
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PLATE 1

A'plan view of a secondary'lamella fromla'ling~A
cod that had been perfused w1th polymerlslng 51llcone |
-elastomer. The tissue was stalned for the basement membrane
and‘the pillar cells (pc) are 1nd1cated, The sectlon'

f thlckness is 20U such that the ‘lamella sheet 1s almost
rcompletely 1ntact. For VSTR analy51s groups of tlearly
»_v151ble plllar cells were,lsolated; as 1nd1cated, and the
»'total area. of the enclosure determined. The area of the
plllar cells encloseéd was combined and substracted from the
:total_area to yield the VSTR._ (Magnification = 785x:,

,calibratiOn,bar'='20p).
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Abbreviations commonly used in the text mQrphological_and
vascular descriptions. o .“5 | |
ABA  _ _ .= ‘afferent braﬁch&ai artery
AAA . v._ = ‘afferent arch értery
AFA r = afferén£ filémght artery
ALA R ; =1. afferent lamellar arﬁeriole,’
ELA .;. = .effereht lamellar&grtetiole'
EFA | o= efferent filahentléfﬁery |
VEAA _b : .'::=, efferent arqh aftefy
EBA ._' R = effefent brahchialfértery }
YDA_: S = doréal adrta K |
cM SR = 'fcoeliaco—meSehtery.%rtery
_CART- v _‘ ‘.Q 1;filament caféilage ﬁ
- CS. L =  central sinus.' ;
cvL | o = centrél_véﬁolymphat?cs.
EVC | L= . éfferent-companion vessel
ACV = affereht Compaﬁioﬁ %essel
LAM - o | - ':léméllar'vascdlar sHeet

LAM plus ALA and ELA *

baSal periphéfal_blooi channel of LAM

marginal pefipheral blood channel of-LAM

afferent

jeffefentf

N : . oo :
compliance coefficient o% LAM vascular sheet
. mean LAM thickness

‘lamellar transmural pressure -

alveolar transmural pressure

vascular space to tissue ratio
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 RESULTS
| In géhéral thé mOrpholééy and major érterial.pathways;ofv
 'the lihg cod gills differ only in~éetai1 from the well |
established deécri?tiohé'fbr othéf teleosts; notably Salmo
gairdnéri} Aﬁ emphasis is‘thereeré‘plaéed‘bn,additional
infofmatioh'énd_cOntrasting.resulfé. To avoid coansion, the
terms gilil filament“(=vprimaryvlamella)'and laméllav(’¥ se¢ondary

lamella) are used here.

Gill morphology and morphometrics

:'.Gill,aréhes and fila@ents;-'The branchial>basket isi

bilaterally symmetricél.' The fouf gill‘arches (holobranché) oh
eiﬁher_Side:suPQOrtltwo arrajs of gill»filaments (hemibianéhs)f‘
'»‘The.filamehfgubf eaéh,hemibranch‘bf a_hOlobraﬁch interdigitate
andjthéiffgepta are ‘not fused; -A'nUmber of'éhotter filamehts are
located at either'end of tﬁé afch'(PLafe‘Z). 'The four gill . |
arches have_different\lengths (Fig;IZA)_ahd support_diffé;ent-
numbers of filamentsb(Fig. ZB); Gill arches 1, 2 and 3 suppdrt
,appréximately the séﬁe fotal iengthﬂgf filamenfs since gill arch-"
3 suppOtts filamént$_Qf gréater length on average than. arches 1
and 2 (Tablé'I); ”fhevaurth:gill‘arch is reduced in'size. The |
_incfease id gi1l Sizé {totélﬁfilament‘lenéth).wiéh incfeaéiﬁg
body weight'is due4lérgely‘to'10ngér filémeﬁts’kFigf.3)vrathef

thah'greater filémentfnumbers'(Figr 2B).



PLATE 2

é.i The gehe;al arrangemehf:of thé”giil filameﬁts.in tﬁe
céntre of : the gili éréh asAreveéled by methyi methécfylaté
cbrroSion ¢as£inga1 White arrowS'inaicate'the'recqrrent’:.
venolymphatic éhaﬁnels of the'érCh._'Bléék arrow inaiéates-

“efferent filament artery junction with efferent arch artery

(Calibration marker'='2 cm);v

B, C and D. Surface.views of gill lamellae in situ-on the

filament after,critical.point dfyihg;i B = center of

‘filament, C = filawent tip and D = filament base and septum .

(sep). 'Arrows indicate direction of waEer‘flow., (B = 94x,

‘bar = 200 ; C and D = 38x, bar = 500p).
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FIGURE 2A

-Tﬁe relationship betwéeh gili‘arch‘léngﬁh (ﬁm)_for 
indiViduai'gill arches aﬁd fish wéight.i For clarity
individual data ppints are-givén for §ill‘aréhes 1 ahd 4:on1y
'(soiid regression liqés)} The regression lines.fOr gili
~arches 2 and 3 are the non4con£inuohé‘iiﬁés. The.tegreééion
iine equatiohs.are: : | |

1 9.34 Wt. + 107.1

Archflv=
Arch 2 = 9.19 Wt. + 104.7
Arch 3 = 9.78 Wt. + 86.5

Arch 4 = 6.38 Wt. + 77.7

. FIGURE 2B

The’felatiénship beﬁween the number of fiiaménts
supported on'oﬁe gill hemibranéh of each-bf the 4 ar¢hes,aﬁd,
‘fiéhjweight;_ The notation USed.is,thé'same as for ZA."The‘-
_ regréésiéh line»eﬁuationsuére: | |

= 2,89 Wt. + 243.2

Arch 1 =
Arch 2 = 3:26 Wt, + 241.3
= 4.72 Wt. + 213.8

Arch 3

Arch 4 = 3.11 Wt. + 186.8
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TABLE I

¢ ) ) . .
jA’Summary'offthe morphometric analysis. of the gill .
arches and gill'filamenﬁs3from115 ling cod (wt range = 4.0 to:

6.2 kg{ méan‘é 531 t 0.2 kg). The meah values._ standard

- K o . : ' c 5 S o

error ‘were calculated. from measured values for each fish’

: ie A K o S . S o _ »

(n = number of fish).  The mean filament spacing and the -
1 ’ .

total filament length of the ‘gills are based on calculations

'frOm:the‘mean_values'fbf indiyidual.fish.

g
§



335 TABLE I

(m)

. Morphometric Arch 1 Arch 2 Arch 3 Arch 4
- Arch length 155 * 9 152 £ 9 136 * 10. 113 * 7
(mm (n = 18) ’ S B
#'filaments/holbranch 258 + 7 258 + 12 .238 + 12 202 + 6
(n = 18) '
Mean filament spacing  0.60 0.59 0.57 0.56
()
Mean filament lehgth 15.3 + 0.9 16.4 * 1.1 16.7 + 0.8 16.9 + 0.8
(mm) (n = 8)
Total filament length 0.790 ‘0.846 0.745 0.683
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FIGURE 3

" A) .Mean filament. length for the.whole gill -

basket versus fish weight.

‘B) Total filament length for.ﬁhe whole gill
Structure,innling.cod for a range of fish

weights.
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| Lamellae: Thesecare the resplratory‘exchange sites; They are
;regularly arranged on both 51des of the fllaments (Plates-zland'
3), extend across . the w1dth of the fllament and have a varlety
.ofvshapes thaturesemble trlangles. The shortest edge of the
"trlangle is anterlor and faces the water flow (Plate'3l '.The
'_lamellae are unsupported eplthellal folds that are held together
‘ under the strain of 1nternal blood pressure by regularly spaced
plllar cells, whlch'form-the endothellal_l;ning-of'the lamellar
~capillaries (Plate,4)':'A‘noticable:interstitlal/lymphatic space
S is located between the eplthellum and the plllar cells. This
A space was swollen con51derably in some preparatlons, The
‘epithelium is one_cell thick eXcept at the base of theflamella
(the junctionfwith'the filament) where it is thickened.l Sohe‘
lamellar capillaries'are buried Within the'filahent epithelium
(Plate 4)r ‘and thls occurs more exten51vely on the efferent side
of the lamella.,.Clearly'the_blood to water_eplthellal barrler‘lsg
much greater in these,basal'regions.than‘elSewhere on the.
"lamella.' | | | | |
| | The lamellae are regularly spaced along the fllament
length and fllaments of dlfferent lengths have 51mllar lamellar
spac1ngs in. the 4 kg spec1nen examlned (Flg 4y . _Lamellae are
spacedislightly_closer together at the.tip and base of the
fllament,_but tbése‘reglons are limited and contrlbutevlittle to -
: the OVerall‘lamellaelnumbersiln;thellong'filaments.of.these'large:

fish.
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PLATE 3
The general relief of the filament with dorsal and
ventral lamellae as shown by a ZQM, thick histological cross
section. The section was prepared for VSTR analysis. afa =
afferent filament artery; ala = afferent lamellar artery;
cagt = filament support cartilage; lam = lamellar with b =
baéal blood channel and m = marginal blood channel; ela =
efferent lamella arteriole; efa = efférent filament artery

and ecv = main efferent companion vessel. acv = main

afferent companion vessel. (120x, bar = 200 H).
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 PLATE 4

Histpiogical se¢tibns‘of the giil lamella (lam) in»
Cfoss section and:thé filahent (fil) in sagi££§l séc£i6n.
b = bésa; lamellér;blood Chéhnel, m:='mar§iﬁal lamellaﬁ blood
4channél,:PC = pillar ggll,lEP_¥'laméllaiepitheiiumIand’
 c = cartilage.' Note:hbw.the basai-laﬁélla_blood channels_are
_buriedvin-filaméng epithelium.(B)} .(iOfL sectioné”as | |
.'prepared_for1VSTR analySiSL  Magnificationsi‘ A = 155x,
B ;.354x'and C = 1040x. Calibrétioﬁ bars: . A = iOOu ' B'= ZOU.

and C = 10W).






' FIGURE 4

" The lamellar spacing determined from vascular casts

for a complete range of filament lengths from a 4 kg ling -
cod. Filaments shorter than 8mm were not numerous and were

not examined.
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Vascular pathways in ling cod

The follow1ng descrlptlon is a synthe51s of the
_ observatlons made on plastlc corrosion casts, on hlstologlcally
fsectloned material and from many dlssectlons. .

lThe bulbus arterlosus and ventral aorta have‘muStular
wallsf:the'wall ofvthe'bulbus.fs trabeculated. The ventral aorta
is long (3 cm in a 4 kg fish) and divides into 8 afferentl

_branchial-arterles (Plate 5).

..Gill.arch vessels:‘ Thejafferent:branchial artery (ABA)'extends
dorsally‘along the.arch’and bifurcateS'to form.the'afferent archv
Aarteries.l )(Plate 554, Each AAA in turn forms a parallel
series of rlght angled branches whlch correspond to the
alternatlng afferent fllament arterles of each . hemlbranch._ The

AAA is somewhat compressed laterally ‘and tapers along its length._

. The efferent vessels have a 81mllar, but - reversed, arborescent

‘pattern._ The parallel series of efferent fllament arteries unite-

perpendlcularly to an efferent arch.artery (EAA).“The EAAs are |
,rpalred'atbe1ther end of_the holobranch‘(one for each hemlbranch)
1but.they form a single vessel centrally; .An efferent branch;al
artery_(EBA) extendS'dorsally.in eachﬁarch. dThe tWo posterior
EBAS unite as do the two anterior‘EBAs, ‘thus two efferent |
.ieplbranchlals are formed on either . s1de .of the pharynx (Plate 6).
The eplbranchlal arteries unlte to form the dorsal aorta.

The formatlon of the dorsal aorta is not a 51mple
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'unlflcatlon of - the four efferent eplbranchlal arter1est> The
.eplbranchlals from the posterlor arches certalnly unite with the
.dorsal aorta, but at the -same tlme they appear contlnuous w1th
_the coellaco mesenterlc artery.' The confluence of the left and
rlght eplbranchlals from the posterlor arches is predomlnantly on
the left side of the»dorsal_aortaﬂl.e. the rlght_efferent
'epibranchial_actuaily passes;ventrally to'the dorsal aorta (Plate‘
6).»:in the same region on theAright side of thefdorsai aorta the
~_coeliaco—mesenteric artery is ‘derived. In this’locaiiSed_region,
hthe arterial‘walIS'have‘deep smooth_muscle coats. o

A gill arch in crOSS‘section,revealsvthat the'EAA lies
in between the anteriorly located branchiai arteries and-the more. -
| posteriorly located AAA (Fig.AS). Two major venolymphatlc
channels1are'also‘located in theﬂarch, one 1in between the AAA and
EAR, the other anterior to the EAA (Plate 2). |

The carotid and afferent“oseudobranch arteries are
formed from a single branch of the'EBA,of the first gill arch
. beforevit forms thebepibranchial artery. The singie,hypohranchial
arterybis derivea from branches of the_EAA”in gill‘arches 2 and_-
3 and passes along the pericardiai.cavity to snpply_the o
hypobranchialimusculature;-.A relatively small branch from the
'hypobranchlal artery forms the ‘vasa vasorum of the ventral aorta,
the bulbus arterlosus and_90551bly the_ventrlcle.' .There" was no’

other coronary sdpplyjfo‘the heart seen in ling cod;



Respiratory network of the gill filament -

Arterial vessels: A single afferentbfilament artery (AFA)‘f
nextends w1th a gradual taper towards the tip of each filament and
:1s parallel to ‘the posterlor edge of the fllament. The etferent'
'fllament artery (EFA) lS s1mllarly arranged but on thehanterior.
edge-ofithe filament.i The EFA ‘is sllghtly longer than the AFA at
llts base since it- extends over the AAA before unltlng w1th the
EAA. A constrlctlon in the corros1on cast of the EFA was -
iconsistantly-seen‘at the base of the EFA'where it unltes_with'the |
 AAA (Plate 7) N | | N

| Lamellar caplllary beds extend ‘between the AFA and EFA
to formla“parallel, ladderfllke network_of_vessels along.thef
'filament length (Plate_8)._'A lamellar’capillary sheet andvitsb

V-associatedfarterioles are termedha'"lamellar.unitﬂ (Plate.Q).

hamellar unit: Thepnature of the-afferent'lamellar arteriolet
.:(ALA) is4Variahlef' ProximalgALAs‘differ from dlstaleALAs, ASome”
generallsatlons can, however,:be made.' The'ALA'extends almost
.completely over the width of the fllament support cartllage_
'before formlng the-lamellar caplllarles (Plates 3 and lO).'»In
_dlstal reglons the AFA length is reduced and corresponds to the
narrower fllament cartllage.' Ind1v1dual ALAs usually supply
"individual lamellae on either s1de of the filament. However,
some ALAS may d1v1de along the1r length to. supply two lamellae onv

the same 'side of the fllament. The orlglns of the ALA for the
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dorsal and ventral sides of the filament are quite éeparéte.at

" 'the base of the filament. However, mdre diStally the ALA

 ;origins_become much closer and about.mid—filament'the dofsalfand

“ventral ALAs sharé a short, common vessel origin'(Platé ll).

Analysis'of'plastié casts ‘also showed that the diamétef'of distal-

- ALAs was 3 to. 6mu smaller than proximal ones. The efferént.

-lamellar arterioleé~(ELA), by conttast, are always-Short and

“Undivided. ‘Even in its short length the ELA has a noticable |

"bulbar region (Plates 8, 9, 10 and 12). Both the ALA and ELA

: o . e ' AN
have smooth muscle in their vessel walls. The various

 “triéngular“.shapes of lamellar capillary sheets:an6 the regular

locations of pillar cells (holes in.the corrosion cast) can

L3

5clearly_be seen-in‘Platéf8. Thé diStinct peripheral channels of .
"the‘laméliafare larger than the~Cehtral éapillaries; " On -each |
.lémélla, thé‘outsidé “hérginal" Channél is continuousvﬁhilst'thé
'lbwer "basal"lcﬁqnnel of£en ta?ers ;bwétds-the”effereh£ s%de,5'

. where the vessel also lieé-more deeply in the filament tissues '

' (See Plates 3 and 4).



Venolymphatic networks of the gill filament

| - In addition to the respiratory network, another
;vascular complex ex1sts Wlthln the glll filaments.‘the
tvenolymphatics. No vessels other than the ALAs are derived from
.the,afferent filament artery.< Thus the venolymphatic.c1rculation
is derived totally from the efferent c1rculation and the | |
formation of lymph. The major venolymphatlc vessels are the
vafferent and_efferent chpanion véssels,'which lie.parallel_to.l'
the AFA and.EFA reSpectively; and theflarge central‘sinus.that

' lies'in the filament.body;' These-vessels are all interconnected

and have thin, non-muscular walls that»appear very distensibleQ.

Efferent:companion vessels:(ECV)f A major vessel lies parallel
to and outside of the»EFA}‘with which it also has short. |
connections (Plate 12). The connections are spaced about every
6004 gi.e.‘everv_lZ,lamellae or so, and thev.haveAsmooth.muscle
in'their walls which’is'a continuation of*that found'in the-EFA.
Several 1nter connected ECVs of a smaller. diameter also extend
along the fllament length but 1n a more meandering fashion (Plate::
12)."The smaller vessels are»connected;to the main ECV,’ and they
also have regular short, narrow, lou diameter inter—connections
Tto the.central sxnus.” These are the only inter- connectlons to
the central ‘'sinus .on- the efferent 51de of the filament and they

: pass around the EFA . and in between the ELAs (Plate'lZ)‘
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Central_sinus:-'A large sinus occupies'the center_of'the'filament '

“ pbetween the EFA and the filamentfcartilage. The dimensions of

. the- central sinus were always much greater 1n retrograde"

i3

‘corr051on casts made w1th retrograde filling (Plate 13). vThe

whole central sinus is connected to the LCV (as descrlbed above)

and to the afferent companlon vessels by. long- vessels that extend -
~either 51de of and the'wholevw1dth of”the.fllament'cartllage.

' (Plates .8 and 1l). No direct connections to either the EFA or,

"the‘AFA'were seen. A small, separate; more diffuse and blindAv

ending system is also located in theifilament bOdyﬁbetweenIthe.

:-central sinus and the lamellar’ base (Plate l3) .This System'is

- more pronounced in the reglon 1mmed1ately underneath a lamella

“and.lt ls connected to ‘the central sinus near to. the cartllage,

“_It has no other COnnections, and is,consequently'thought to .. .

represent the lymphatic‘drainage”System of{the;lamellae.e

Afferent companlon vessels (ACV) - These paired vessels lie

"_parallel to the 1n51de ot the AFA, both dorsad and ventrad

‘x’f(Plate-ll).' As well as thelr own connectlons to the central

f's1nus, they themselves are 1nter connected by a varlcose ‘

fcaplllary network around the outs1de of the AFA (Plate 11). The

ACV ‘was the most poorly cast of the fllament vessels and olten
:only the sectlon 1n the center of the fllament was fllled whllst

- at other: tlmes the cast had a segmented appearance along 1ts

Aelength due to partlal fllllng “at dlfferent levels along the

fllament.
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'The dtaihage of the filament venolymphatic system into

" the arch ahdvsubsequently from the arch was not examined in
‘jgreatAdetailj There are no dlrect connectlons of the central
'51nus Eer se. to the arch The ACVs are unlted w1th the major

 'venolymphat1c vessels in between the AAA and EFA. _A_qulte-dense;

1ntertw1n1ng-network_of vessels»ex1sts at the base of the filament

and in the filament septum. It has origins from the EFA base and

'7is often inter—cohnected with neighbouring filaments'(Plate 7)»

“This and the ECVs dppear to connect w1th the venolymphatlc vessels

' 1
_surroundlng the anterior of the-bAA. Some of - the venolymphdtlc

':arch_vessels, at least, were connected to the sinus venosus by the

anterior venous return vessel located in the pericardial cavity,

"as indicated bY‘successful'retrograde gill injections via this.

vessel.



" PLATE 5 -

General form andharrangment ef:the'afferent Qessels
to the'gillsdas shown byimethy1~méthacrylate‘correeian”. |
vcasts. - | . | |
a) A cast of the bulbus arterlosus and ventral aorta.

b)‘ The - afferent branchlal arterles and part of the ventraliv
aorta. |
¢) The 4 gill atches (hoiebranchs)'With)filaments in situ.
.Aréh'2 has“everyllOth.filament1missing.to ahOWISampiing
areas. | | ‘ | |
a) The afferent arch'artery Withfbranchial artery from the
flrst and the fourth (shorter) glll arches. Sbme |
afferent arterles are partlally cast on the fourth’ glll
‘Aarch.l | .

Calibration‘marker =2 cm)..’
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“PLATE 6

The genéral aprangement_of the fou;-(l,2,3,4)A
 efferent branchial arteries as réveéléd'byra methyl
meﬁhacrylate corfosion'cast;  da =>dor$al aorta (which-ﬁas
almést tptally remo&ed).gm'%.goéliéco?ﬁesenteric értery,
Noﬁe the édnfluénce 6f:the_bfanchiél artéries'to-form the 2
.Pairs'of'épibranghials,vand‘also the épﬁfluence'of the
epibranchials (see text)}b A % ddrsal»view B = veﬁtral View;

(Calibration bar = 2 mm)s






FIGURE 5 -

A schematic line diagram df,the vascular arrangement
in- the gill arch and_proximalvregion of a‘gill filament of: a
-ling cod. L = lymphatic vessels; BA = branchial arteryf,EAA'
N | - , R W
= paired efferent arch arteries; AAA = afferent arch artery;
efa = efferent filament artery; afa = éfferent filament

J o o
artery; acv. = afferent ‘companion vessel.
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'PLATE 7

TwO Viewsrof the’base Qf'thé-efferep; filémeﬁtf
artery (efa) neaf»td its juhcﬁion Witﬁ’theneffefenf aréh_
.értéfy:(eaa). These demonsﬁtéte the-ébﬁstrictién_(arrows).
;in.thé qorrésion'caSt of the EFAs. Noté:the‘piéXQS of

venolymphatiC'(Vl)'vessels at the base . of the filament}

(A = 78x : B = 50x. Calibration bars = 200U ).






PLATE 8

[@4]

Methyl methacrylate casts of gill lamellae. 1 to
are a series to show the various shapes and sizes of
lamellae. They progress from a basal filament location (1)
to a distal filament location (5). a = afferent; e =
efferent. 6, 7 and 8 are the afferent, central/marginal and

efferent regions of a lamella, respectively, in more detail

1]
i

(Magnifications : 1 T4%x, 2 64x, 3 = 66%x, 4 = 74x, 5 =

6lx, 6 = 300x, 7 = 1l076x and 8 = 582x. Calibration bars :

1t

1 to 5 200, 6 = 50 , 7 = l0Hd and 8 = 20u).

Abbreviatiovns are explained in legend for Plate 3.

L






PLATE 9

Histological cross sections of the gill filament in
more detail than shown in Plate. 3. A - the afferent side,
B and C the efferent side of the filament. (A and C = 155k,

bar = 100u : B = 650x, bar = 20§ ).

Abbreviations,ére explained in legénd forvPlate 3," 
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- PLATE 10

A methyl methacrylate corr051on cast of a.glll
fllament reveallng the general arrangement of the.t-
vasculature. Some lamellae have been removed to reveal the
sttucture of the-veno}ymphatxcs (vl) and central sinus (cs)‘
which iie in‘between thelopposing lamellae; :In C note-the:
mStubs of:the ECV to CS connectlng vessels ‘because the ECV was
removed, '(Magnlfleatlons :.'A = 67x, B = lle_and C = l88x.:’

Calibrations bars A = 200u , B = 100p and C = 501 ). .

Abbreviations are explained in legend of Plate 3.






PLATE 11

A detalled view, of the corrosion casts of the

vessels on the afferent 51de of the filament.

A/

B/

c/

D/

-A general_v1ew. Note the parallel_serles of central

venolymphatic vessels eonnecting'the acv. to the cs

(73x, bar = 200U ).

Close up view of the orlgln of the afferent lamellar,ﬁ
arterioles ‘(ala) in ‘the prox1mal region: of the AFA

Note the dorsal and ventral vessels have separate orlglns
and the sllght taper of the.vessel towards its basev‘ |

(460x, bar = 20y).

"As ‘B above, but in the distal region of the AFA. Note the

single_point.of‘origin forJdorsal*and ventral ALAs.

A fracture'section_ofethe:filament*cast to reveal the dorsal

‘and ventral arrangement'of,the'pairedAACVs.
.(l46x, bar = lOOu').‘

'E/"

The dlffuse network of vessels 1nterconnect1ng the palr of

main ACVs.~VTh;s_was.dlssected out~from the-AFA,»wh;eh would

rnormally lie inside;(392x, bar = 20y ),'






on

A/

_B/

c/

PLATE 12

: A detalled v1ew of the corros1on casts. of the vessels

the efferent side of the fllament.-

A.Slde VlQW'OF the EFA to demonstrate the parallel allgnment:
of the main ECV and the meanderlng nature of smaller ‘

ECVs (2002, bar~='50u ).

A ddrsal view of the EFA to show.the:nature'and_spacing of

the EFA to ECV Connectiens. lNotthhe indentations on the EFA

',are'continued on thisgconnection,gunlike the section of the

ECV in A (l46x, ‘bar = 100u ).
Dorsal view of the fllament to show the small vessels between
the ECV and the central sinus (cs). Note these vessels:

1nterdlgltate between tne ELAs (33lx, bar = 50 ).
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 PLATE 13

‘A detailed‘view of'the-%orroeiOn easts of the

vessels 1n the central reglon oftthe filament. The high-

degree of - fllllng of the central 51nus fllllng was achleved

by. retrograde castlng procedures.’;

A/

B/

C/T

A fracture sectlon of the fllament to demonstrate the _”

vlarge proportlons that the central 51nus (es)vcan attain

(l4lx, bar =_100u ) .

A view of the,difque_network'of,central'venolYmphatics:

(cvl) which lie in between and separate.from the lamella

d'(lam) and the central sinus. _(See aiso Plate'll A)

Note - the basal lamellar channel and the more deflned
nature of the cvl that. is underneath (258x%x, bar = 50u ).
A more detalled v1ew of the base ‘of the lamella and the

cvl.than in B (1132x, ‘bar = lOU ).






" Lamellar. casts with silicone elastomer over a range.of

“'static transmural pressure gradients =

The_vascular space.to tissuejratio (VSTR) for lamellae
5‘mm from the base of the'filament'did not change:OVer the 20 to
70 cm H,0 transmural pressure range and ‘has a mean value of |
'788.1% E 0.3 (n 65 for 3 flSh at 4 transmural pressures) (blg .6)
iTheapillar cell‘shapeAchanged somewhat dependlng upon its.location
" in the'lamellarhsheet (Table II,lPlate*l4) but the VSTR was.not
:affected. 1, 609 1nd1v1dual measurements of the lamellar vascular
sheet?thickness were made. The mean sheet thlckness, h; 1ncreased
llneraly w1th APy am within the pressure range 30 to 60 cm
LH20 (Fig. 7). vThe compllance coeff1c1ent (o) from thls
'i'relatlonshlp is 0. 07U .cm HZO ; .‘The~d value-was much
; reduced at APlam values Ain excess of 60 cm H20 ‘At:
'APlaﬁ values of 20 cm. HZO all . lamellar channels were not
filled in some lamellae (Plate 15),. but only lamellae w1th all -
" channels filled.mere,inCluded in the~analy51s. No lamella channel

' waslseen with.a thickness-less than’5 2U. |

The sheet thlckness is non—unlform w1th respect to the
'lamellar helght (Flg' 8). There'ls a progre551ve thlckenlng of |
‘the vascular sheet at 1ncrea51ng distances from the lamellar basal'
fchannel, whlch is true at all the, transmural pressures examlned |
(Fig. 8). For analy51s, thevlamellar channels were'separated into
f3 equal areas contalnlng 4 to 8 lamellar channels, but the two .

most basal and the:two most'marglnalvchannels were:treated
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»separately; ‘hence the 5 lamellar reéions;in Figures 8 ‘and §f
TheubaSal'regionuineludesvsome'channels‘which»lie-within-the
filament ebithelium'(Platesd4 and 15). For eaeh_region thea
a value was dependent upon the absolute‘pressure; but for a‘dlvenA
Aplam' the o value Varled between the 5 reglons analysed
V(Flg. 9). At a low BP1am. the a value was generally
,greatest in dlstal reglons, but very low in the basal reglon.-'*
Thus the vascular sheet thlckness 1ncreases preferentlally in
distal reglons of the lamella when [Plam.ls increased from.
20 to. 50 cm HyO.. Over a 20 to 70 cm H,O APlam change,
“the intrease in the absolutervalues for vascular thickness was._
about‘the same  in all the five regions-examined fFig. 8). |

| In some sectlons the fllament arterles were measured in’
eross—sectlon._ The diameter - measurements at the two extreme
,fpressures'(ZO and 70 cm H20) in the three flsh»examlned were

not 51gn1f1cantly dlfferent (Table II)



FLGURL 6

Mean values for the lamellar vascular tissue space
ratio, VSTR, in three fish (0 = 3.3 kg, & = 3.6 kg, 0O = 3.8
kg weight) over a wide range of transmural pressures,
APjame Vertical bars represent standard errors of éach
pofnt (only the maximum range is indicated) and the number of
obéérvations for each point is indicated alonyg side. The
horizontal line is the mean value of 88.1% for all the VSTR

\
values.
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TABLE II

A. ..  The variation'in-pillar céll:cross sectional areé 
‘expressed as planar area.  The'pillar cells were grouped'. '_ :
according to three locations on'eachAlamellaezi atferent,

central and efferent.

B. - ' Thé mean. diameters of the afferentkand‘efferen£ v
filament arteries from siiicone elastomer césts at twb
:transmupal pfeséures of'201ahd‘70‘cm'H20. vThe.measdremeﬁtsﬁ
were. made from histological seétions fakeh 5.0 mm from the
base of filaments 10 to 20 mmvlqng taken from 3 ling cod.
»The‘measuféments,at each:pressuré ére*no£‘significantly_

"differeéent.
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TABLE IIA
‘Pillar cell location area (pz) + S.e - (n)
Afferent | 18.4 * 1.1 (16)
Cen_tral. | ‘_23.0 0.8 (29)*
Efferent ' 21.6 * 1.2 S (14

*Indicates a Sigﬁificant difference (95 % C.I.) from the mean

value for the afferent location.

TABLE TI1IB

‘Transmural pressure, Artery diameter, ﬁ, + s.e.(n)
cm H O afferent filament |[efferent filament
20 - 218 *2.6 205 * 4.1
- (59) L (30)
70 214 +5.8 198 * 4.3
(62) - , (62)




" PLATE 14

Hiétologiéal:plan views of'gill_laméllae aé déed for.
VVSTR~analysi$. -Noté the rééﬁlat arrangement ofiﬁillar celié'_
(pc), but that the pattern and_size ofjthe‘billar cells
.vafies with the regionbof”the lamellé'séieqted A =_cehtfal,

B = afferent region of the.lameila.  (725x, bar-= 20 ).
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Mean values * s.e., of lamellar vascular sheet

thickness measurements, h, at different transmural pressures,

APjm- The regression line is for h values for

APjgm vValues between 30 and 60 cm Hy0 only and is

giJen by
h = 8.31 + 0.07 APy,

For an explanation of the other symbols see the legend bf

Figure 6.
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FIGURE 4

Mean lamellar vascular shecet thickness, h, for 5

lamellar regions at 3 different transmural pressures, 20, LYY

and 70 cm Hy0. Note how closely the lines for 20 and 70
cm HyQ parallel cach other, while at 50 cm H)0 the shape

[}

is much different. (See discussion for explanation)

® = basal 2 channels O = basal area

'
m = marginal 2 channels
A = central area O = distal area

Vertical bars represent * s.e.
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FIGURE 9

Changes in.mean lamellar vascular sheet lamellar
thickness, E, with transmural pressure, AP amr for
different regions of the lamella. This demonstrates the
vagiation of the compliance coefficient, o , with the region
of'the filament and absolute pressure, since 0 represents the

gradient of each line. Vertical bar represent # s.e,
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Histological cross sections of gill lamellae to show
the size of the blood channels. The vessels were cast under
different transmural pressures ( APy p), A = 20 cn
Hr0 B = 40 cm Hp0 and C = 60 cm Hp0. Note that some
vessels are collapsed (arrows) at 20 cm Hp0 and that the

vessels are large at higher APy ,. ( 725x, bar = 20u).






The geometry of the'branchial‘vessels

- The. branchlal vasculature 1s a complex network
‘These results are based on selected measurements whlch I belleve-
are_representatlve samples.that-can be extrapclated to the whole:
‘gill,'vThe fllament was Considered as a unit with variable'length
Similarly, lamellar units were conSidered to varyAmith‘respect‘to~
 “their p051tlon on' a fllament and the overall length of the
'fllament on which they were found. The geometry of the gill
vasculature is summarlsed in Table III : The data are drawn.f
largely from measurements made on one corr031on ~cast of a 4 kg~
ling cod. ‘ The lamellar vascular sheet thlckness data are’ drawn'ﬂ

from_the_51llcone castlng experlments.

Lamellar‘SurfaCe aréa-' The planar vascular surfaceiarea‘of
1nd1v1dual lamellae is greater on longer fllaments (Flg. lO) and
the total lamellar surface area 1ncreases w1th fllament length
(F1g.~ll) ‘The -area of 1nd1v1dual lamellae is also dependent upon.
its } p051tlon on the fllament However, ‘the lamellar area is
Talmost llnearly dlstrlbuted along the filament length, regardless
of the absolute filament length (Flg.-_ ).' Even though flgure lz
{-dlsplays a sllghtly "S" shaped relatlonshlp, 60 " of the total
_‘lamellar area is found on "the prox1mal bO% of - the fllament.‘

| 'The total glll lamellar vascular surface area for a 4.
.kg ling cod is 1.38 m2 or 345 mmz;g.l; -Thls value |

assumes a total number of filaments of 3760 (Fig.. 2); a_mean,
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filament lengthifor the.gill of'l4,4 mmv(fig;_Bl'and'a:total-
“lamellar surfaCe area‘for'a l4t4ymm.filament of 367 mm?
l(Fig.sll);‘ This-area_value iS’based,on-planar surface areas;_but
" the perlpheral channels are; however, rounded;v'The effect of the
perlpheral vessel curvature was estlmated byvtrac1ng the outs1de
of the vessels in Plate 15, which 1is representatlve.of a

m1d lamellar cross sectlon The- planar surface area. was

' increased by 6%, but thls percentage would . clearly vary: from

lamella torlamella,gsince the oVerall shape.of lamellae-varies.

Lamellar volume:  This ‘was:-calculated from the wefghts of
 corrosion’casts;f The total lamellar'unit~volume:for a'filament
increases proportlonately w1th the fllament volume and is 63% of
the latter-(F195 13). Both: volumes 1ncrease exponentlalfgunfth
filament length..:The,fllament-volume comblneS»lamellar, arterial
.and venolymphatic volumes. The,total volume.of all-the‘lamellar
unlts of a 4 kg llng cod was 3. 34 ml. .Thls value,was derived
from flgure 13 where the total lamellar volume for a l4 4 i
fllament = 0.9 pl (Flg. 13). Lamellar»volume was also estlmated:
‘-from thelr geometry Total lamellar volume in thlS case was ‘_
4.85 ml (Table IV). Assuming only 60% of lamellae are perfused
atlrest (Section'III) and_a'restlnghcardlac output of
O.évml.sec‘l'(Sectlon Il), thehtransit time;of blood through"
the lamellae is calculated to be between 2:5'andﬂ3.6 secondsf_for,

“the estimatedﬂand'weighea lamellafvolumes respectively.



hfferent filament-artery:_ The diameter of.the base_of the AFAl
‘llncreases llnearly on fllaments of 1ncrea51ng length, but a"
doubllng in diameter is accompanled by a quadrupllng of the
length (Flg. l4a). The AFA artery also taper> along its length.-
The relatlonshlp between the % decrease in AFA dlameter along the
gfilament length is displayed in Fig. 14b. ‘The relationship is =
'vnon—linear. _There.is,almQSt.no taber.oyer.the proximal 20 to 30%
‘of_thegfllament, At a location:GO% along the‘filament.length the'

AFA has ‘tapered by 10-30% (Fig. léB)Q-



TABLE IIL

The gyeometry of the ygill vessels in a 4 kg ling cod,

Ophiodon elongatus. The data were derived from measurements

made on a methyl methacrylate corrosion cast of the branchial
basket. Filament numbers were counted and lamellar numbers

were extrapolated for a mean filament length of 14.4 mm using

figure 4.
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TABLE III

Branchial Artery

. . .Diametet ‘Number .. Length  Total X septianaL, Volume
Vessel .~ " (u) . (cm) area (cm ) (ml)
Ventral Aorta 4000 1 .7 3.0 » 0.126 0.378
Affefeht. : ) S :
Branchial Artery 2500 -8 5.0 : - 0.393 1.97
Afferent - - ‘ o
Arch Artery . 700 -16 - 7.5 ) .- 0.0616 0.462
Afferent o ' :
Filament Artery 200 3760 1.44 1.18 1.70
Afferént'» S e B
Lamellar Arteriole = 20 1.94 x 10 0.045 6.10 0.274
Lamella . 60% 10 1.16 x 10° 0.1 26.0 2.9
, 100% 10 1.94 x 10° .0.1 48.5 4.85
Efferent ' . R R _
Lamellar Arteriole 28 1.94 x 10° 0.009 _ 1.19 0.010
Efferent = . | o S :
Filament Artery 190 3760 1.5 - 1,07 1.61
' Efferent . : - I .
‘Arch Artery 700 e, 7.5 - 0.061l6 - 0.462
Afferent
12000 8 5.0 0.251 1.25
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FIGURI 10

The planar vascular surface area of lamellae for a
range of filament lengths. Each point represents a
determination for an individual lamella at a measured
distance from the filament base. The filaments were taken
from the 2nd gill arch of 4 kg ling cod. N.B. The effect of
marginal vessel curvature would be to increase surface area

values by about 6% (See P.67).



-  69a -

lamellar.  area (mm?2)

074

Distance from base of filament (mm)

20

24



FIGURL 11

The total lamellar vascular surface area (planar)
for the complete range of filament lengths found on a 4 kg
ling cod. This telationship was established using an
integration of the relationships showing in Fig. 7, plus
other similar relationships not included in that graph. The
line was fitted by eye. N.B. The effect of the marginal
vessel curvature would be to increase the areas by

approximately 6%.
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FIGURE 12 =

ﬁesults.of iéﬁeilar surface anéaS‘erm FigE'lO'ahd
others (n = 9.filam¢nts of'different_lengths), that are
expréssed aé:percentages; _ﬁqté’tbe siight "Sﬁ_shape
relationshipy:but that.60%4of the totalglameliar areé.isi
:fOund ih“the pr0ximal_60% of the‘filamént iength, Data wefeb
»tékenffrdm all'féuf.filamehts,’whiéh,SEéQ,a similaf

:elationship‘for % area to % length.
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FIGURE 13

_ -The‘exponential.relétiohshié:betwéen total filaméht
volume~an§ tdtal'iamellar.unit leume withxréspect to -
filaﬁent length. The results:aré'frbm wéights'of plastic  :
casts and each point represents a differept,filamént.‘ Leng£h
refers to the combined lengthS;ofvtwo filémenté with'equal>
length-that-bpposed ea§h other on the énteriof‘and pqsﬁeriot
vhemibrandhs (Seé,Méterialsﬁand]Mephodsf; Thé iines wéfe

¢

fitted by eye.
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FIGURE 14

" The gebmetry'of:the afferent filameht artery from

vascular corrosion casts..

A/

The diameters. of the base ofAQessels Vershs‘their length

" (n = 17'filaments), tb_show that shofter filaments_haye

narrowerfafferent filament arterieérat their base.

The afferent_filamentfarteryftapersialong itS»length in a’

non-linear fashion),'Oyer-tHE proximal 20.to 30% of its

léngth'there is little or no'tapefQ  The amount the'vessel ;

- has tapered by'the position 60% alohg'its léhgth is

~ indicated by the,broken‘line,»i.e. there has been only'a>‘.

10 to 30% decrease in its dimensions.
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'DISCUSSION"'.
The patternvof.respiratoryvvascular'pathwayshinaling_cOd.
©gills differs llttle:from those previously descrlbed_for-other.
'téleosts (bee Introductlon for references) : Llng cod, if?
: anything, have a less complex vessel arrangement than other.
teleosts. For 1nstance,l1n llng cod the AFA is 51mply tapered and
round'in cross—section; whereas ampullae are present in carp. and
trout (Hyrtl;-1838;_Rless, 1881; Campbellvgt al., in prepar-
ation).. Furthermore,'there‘are no_COnnectlons-between'the AFA .

and central sinus which have‘been previously reported for

Anguilla‘anguilla (Steen'andlKquSSe,,1964;;Dunel and”Laurent,
l977)}'.These'differences'hidhlidht some of . the species variation.
amondSt teleosts. A striking dlﬁference between ling'codfand |
‘trout is in'thevnature_of the venolymphatlc,arrangement. 'In'

vtroutAsmall, meandering capillariespconnect:the.EFA'wltthothbthel
d_ECV and thepcentral'sinus (Campbell~§t‘al., in preparathn; Vogel

t Jl‘/ l976{HVogel}.l978).ﬂlBy contrast Qphiodonlhave regular
 but short EFA to ECV connectlons, which have a.larger,diameter
dand also possess a smooth muscle coat._ My.flndingsbsupport the
general observation that marlne'flsh'have‘better"developed
.venolymphaticvnetwork than freshwater>fish (Steenfand Kruysse;
1964);.‘. . . -

- A simple.functional summaryiof-the vascular flow through
2 llng cod gllls is now proposed.- (See.Plate le for a composlte:
dlagram of the vascular pathways 1n the glll fllament) ' All the

cardiac output passes through_the glll lamellae. At the



PLATE 16

A schematic cross section through the gill filament
to demonstrate the arrangenent of the vasculature contained
within. Blue represents venous blood in the respiratory
vasculature and red represents arterial blood in the same
system., The venolymphatics are in yellow. The [ilament

support cartilage is colored green.



EFFERENT
FILAMENT
ARTERY

companion
vessels

efferent
lamellar
arteriole

LAMELLA

=

central

Si

g e
nus

AFFERENT
FILAMENT
ARTERY

/

companion
afferent vessel
lamellar
arteriole

-BG ) =



o

lamellae there”Willtbe some'lymbh formation‘which drains.via .
'*extraceilular channeis betWeen the_piliar and epithelial cells -
”.into'the centralvsinus; Oxygenated'bloodfenters thehefferent '
‘fllament artery and ‘thence to the efferent arch arterles.‘ The
efferent flow from the glll arches may take one of several routes_'
dependlngvon Wthh arch is consldered, ‘In. all arches flow can
Hpasg into the dorsal aorta,,With'lesser‘amounts-passing to the -
.”head region_(including.the‘pseudobranchs) and into'the o
”hypobranchial.supply; A portlon of the oxygenated blood in the
efferent fllament artery also enters the ‘main efferent companlon
hvessels. Thls oxygenated blood ‘is dlstrlbuted to the fllament |
and arch_tlssues and;returns.d;rectly_to;the sinus venosus.y.The
:central.sinus'is drained'via‘the afferentncompanion vessels.f The
'Jvenolymphatic system returns’directly‘to-thenheart. _Hovyflow is
‘..generated in the afferent companlon vess el is probLematic'since
‘therelare at least three hlgh resistance (1 e. narroW}'channels

. between ‘the efferent fllament artery and ACV ' Like'mammalian

T lymphatics, flow 1s probably driven by arterlal pulsatlons and_‘

" filament movements and it is aided by non—return valves.

;Veno—lymphatlc.flow is dlscussed in more detail 1n_Sect;on¢II;

,Lamellar blood flow

Two - 1ndependent relatlonshlps were derlved for the_
lamellar vascular sheet. . Flrst, mean lamellar'vascular sheet_

'thickness (h)-varies directly>with'the'transmural pressure
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(APyay) over a typlcalvln vivo pressure range (h =>8;3é>+'f
'QO 07 APlam) Second, vascular space to tissue ratio;(VSTR)~
"'does not vary with. APlam By der1v1ng these equatlons 1t
"is now ev1dent that the lamellar vascular sheet is. qultej
_compllant but, - at'the same time,'anlsotroplc. In addition,‘the'
lamellar vascular sheet behaves in a. manner predlcted by sheet
blood flow theory (Fung and SObln, 1969). o

The 51m11ar1tles between~capillary structure and’blooo
\flow in the lungs and gllls are now conflrmed In fact~the two
Vascular beds appear more alike than prev1ously thought since
E-blood flow in both 1s-best descrlbed as a sheet flow The 88 l%
VbTR for ling cod compares well with the 91% for mammallan
;alveoll.(Sobln et al., l970l;e A ratlofof 80% wasgdetermlned for
" frogs by_Maloney“and Castle (1969) using’differenthmethods.,_The
: posslbllity-nowierists'that.sheetVblood’flow'is”found‘ln the
:respiratory circulation of allivertebrates. The compllance.of

. the lamellar vascular sheet 1is: hlgh { a=g, o7u .cm H20 J-)

.:-and is comparable to the alveolar sheet in. greyhound lungs (2l*to

'31 kg), where.d‘=>0;079u-.cm ‘HyO~ l-when APlam =:25Hcm

;Hzo. The_cat'alveolar sheet is even more'compliant:(a ¥‘0;21p
.cmtﬂzO“l);. The_h‘value‘for the lamellae of.ling cod‘

l(about 3 5 kg)'is greater'than~that'forﬁlun§-alveoli of cats (3

. to 5 kg) (Sobln et al., 1972). There:is.also less:resistance_to:'

'blood flow-ln the branchial,circulatlon than in:the.pulmonary_or

‘other systemic vasCUlar beds. These tvo facts are_no doubt

‘related, since resistance is inversely proportional to hd,



A gill'lamella-has'a non—uniform.vascular sheet

thlckness and- the greatest h values are a55001ated with dlstal
vlamellar reglohs, Slnce o values for each reglon of the lamella
are dependent_upon the absolute APlam rh does not,lncrease

uhiformlylfromhregionrto region as Aélam rises. This
'situation"ls~more-complexpthan‘that for_lungs, where hbis_unifOrm
:-for a_given alveolus, -The a'value hasfa COhstaht Value in.cat
.'lungs,ebut aoes hOweVer vary»with Apalv in”greyhound lungs:

.at 25 cm H20, o = 0. 079u .Cm HZO 1 and at 10 cm HZO
AR

0= 0.12 H.cm HZO 1 (Glazier et al., 1969)
| The nonfuhifOrm'properties.of the gill lamellae'haye
some lmportaht‘cohsequehces withvrespeCt,to lntralamellar blood
ﬁrloufpatterns.' Con51der1ng only pa551ve dlstrlbutlons of flow,
N blood flow w1ll always be greatest 1n central and dlstal reglons
; of the lamellae 51nce h is greatest here for all APlamv |
(Flg. 8). The eftect of ra1s1ng blood pressure w1ll be to alter
1ntralamellar flow patterns (Table Iv). Fluctuatlons in’ blood
pressure will alter APlam,,s1nce blood pressures are about
' 50 t1mes those pressures assoc1ated w1th normal glll ventllatlon.
In Table IV the proportlon of blood flow to the basal areas is.
compared with the remalnder of the lamella.; These calculatlonsrﬂ
- show that 1f'APlam 1s_1ncreased and flow_(l.e.h Q)fis. |
:raised, then'blood‘flow'isfshuhted preferehtially to the éentral.
'andpdistal_regiOns.;.Intralamellar_shuhting.of hlood\flow can .

'therefore'ooCur automatically as‘a result of eleyated_é and blood
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f‘pressures

It can now be seen how elevated Q and blood pressures
can lincrease the dlffu51ng capac1ty of flsh.' First through:-
intralamellar shuntlnguof blood to_regions of‘the.lamellaA
associated with reduced diffusion-diStanceS}'_Gaseous.exchange is
' diffusion limited andhtheVdiffusion_barriers are.well documented
(Hughes.and:Perry,'1976{_Piiper gt él., l977)} Between ‘the blood
and‘environment.there_are three barriers} One of ‘these, the |
epithelial thickness, clearlp increaSes significantly at,the base
of the lamella; presumably as_support for the lamella fold._
Furthermore,fup‘to 5>lamellar'channels may be burled in the>
‘filament epithelium (Plates 4 and'lS).. The diffusion,distances
'are thus much greater in basal reglons than in dlstal reglons.
Intralamellar shuntlng is therefore dlrected away from reglons of
hlgh dlffu81on distances and hence the overall gill dlffuslon
‘capacity will be raised. Although the estlmated quantlty of
blood shunted may appear small (Table IV)- the 1ncreases 1n
dlffu51ng-capa01ty w1ll be,more pronounced.__The marglnal“channel
'has a much larger 'free'isurface area than other lamellar
: channels (the curvature of the’ marglnal channel 1ncreases the“
planar‘surface area of,the lamella.by~at least 6%)7
| : Secondly, when APlam is- ralsed and h lncreases,
'gthe dlffu51on barrler thlckness must decrease by a correspondlng
amount because the VSTR_does_not change. The VSTR is a.measure
of the pillar cell sizedin relation to the vascularlSheet
dimensions.f Slnce the pillar cell dlmen51ons do not change with

. APlam' then the dlffu51on barrler must’ alter to accommodate‘



TABLE

A summary of the chanues in flow that can occur
without any change in resistance when APj,, 1s raised.
The basal regions are compared with the remainder of the

lamella. Flow was assumed to be proportional to the fourth

power of the vascular sheet thickness, and h values were taken

»
-

from figure 3. The second column summarises how these flow

changes are regionally distributed.
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ABLE IV -

"% increasé in Distribution
absolute flow'- of ftlow % :
© AP
. lam 2

o 20 50 70 20 50 70
Basal regions . .- 0 52 122 - 40 31 36

,cm H

Central, distal and - 0 115 156 60 69 - 64
~marginal ‘regions : ' R |



_yincreases,in Vasculardsheet tm}ckness.
Thlrdly,'overall 1ameilar-blood volume is'increased'with.

elevated E@amband Q. ‘This in}\ 1tself increases -the |
lamellar dlffu51ng capac1ty. Danzer et al (1968) consider the
-hlncreased aveolar caplllary vomee the major reason for an>
-~ elevated diffusing capaclty of_the human lung»dur;ng exercise.
Although'they COnsider'changes-in membrane thickness‘of*little
1mportance in this: respect, lungﬁmembranesbare‘extremely'thin,
The lamellar dlffu51on barrler, however, may be 10 fold that of
‘the alve011 and in flSh, membrane changes-clearly have'a~qreater
,potent1al to alter dlffu51on capac1tance, as presented above.
‘ These three. mechanlsms which 1ncrease glll dlffu51ng capac1ty with-
elevated Q. and blood pressure may,‘therefore, enable exerc1sLng
- fish tO'inCrease in Oxygen'nptake'S fold,‘when.éill surface.area
mis only increased byv50%. The'relatiVe importance of each of'the
three meChanisms_must'still.be.established | | |

| | Clearly£intralamellar"shuntlng can occur pass1vely‘as .a
result of chanées:in APlam’and flow,tovthe lamella. Whether
intralamellar shunting is'alWays”a passiye (automatlc)-phenomenon
'_ needsnto be'dl3cussed. Intralamellar shunting.has been:suggested'
in the past based on v1sual observatlons ot lamellar flow (Steen
h and‘Kruysse, l966 Rlchards and Fromm, 1969) and. that plllar cells
might be'contractlle and_as a_result actiVely control lamellar
blood flow (Bettefoalland and Hughes,hl973).: This'conclusion was
'based on the orlentatlon of. thln fllaments in plllar cells before

and after ATP treatment (Hughes and Grlmstone, l965;



.

Bettex-Galland andrHﬁgbés, 1973). Thét pillaf cells contract has
often been postulated to explain increased gill resLstaﬁcer'but

the actualTIIkelihbod-of in vivo.pillar cell contraction was.

vquestioned‘by Richards and Fromm (1969). It is_aisa qdestiOned

here.

- There is no direct evidence that humoral or neural

~influences affect pillar cell'cohtractility in vivo and any
future studieS-must show that any'changes'in lamellar dimensibns

"and flow cannot be accounted for_by-changesuin APl am-

Acetylcholine has been cited-(speégiaﬁion,'npt-darecp.
observaﬁion) aS'having a cbntractile efféctAba.pillér cells
(Steen énd Kruysse} l966)€-bdt th;sziéluniikely to be.of
importance ig_giig'because.the pillar cellé are‘not.innerVated

(Hughes and Grimstone, 1965; News;ead,'l965.énd-l967; Gannon,

‘1972). -Acetycholine released into the circulation 1is rapidly

' destroyed by cholineSterase..'Othér factors like oxygen level or

the lével‘qf-circulating‘catecholaminés’méy affect pillar cell

' tension, but this has yét to be demonstrated in fish. - At preésent

theré.is”no:reason toucohclUdeithat changes in ‘intralamellar flow__'

- are anything but‘passive'(automatic)Vresponses”t¢?changes'ih '

transmural pressure.

'Lamellar'biood channels display the phenomenon. of -

- critical closure at low APjap.. The’cqncept<of:critical

' closhre of_small”véssels was:fitstAestabiished by Burtpn (1951)

and‘NiCOl‘gE-gl}'(lQSl). It has'since been Observed in

,mesenteri¢>Vessels by Lamport and Baez (1962), contested.on



theoretioal grounds by Peterson.(1962) and demonstrated.by Fung
and Sobin (l972) in pulmonary alveoll. At a APlam of about

20 cm H20 many lamellae were observed w1th no 51l1cone in some‘n
basal and central channels of otherw1se fllled lamellae (Plate.8).
'TAll lamellar channels had been prev1ously exposed to a hlgher
Aplam durlng the prellmlnary 5111cone perfu51on and unfllled
channels were never ‘seen at a APlam exceedlng 30 CIn. H20 |

These unfllled channels must have collapsed at the low APlam'
:Wood (l974a) examined the. crltlcal c1051ng pressure for trout

v gllls in XLEEQI but 1ncorrectly con51dered the dlfferences
between input and output pressures 1nsteadvof APlam"

.Re analy51s of his results reveals'that many glll preparatlons
‘dlsplayed crltlcal clos1ng at pressures of 15 to 25 HyO for
APlam' Wthh 1s in agreement w1th my work.' Because vessels

" can collapse at-pressures above amblent explainSme-observation:
A that no vessels‘were.open below h:='5 éu;' Slmllar observatlons'-
‘have been made for the mesentery and: alveoll.' Crltlcal c1051ng
gpressures are assoc1ated w1th vessels not - belng open below Su
f.(mesentery, Lamport and Baez,‘l962) and 2.5u-(alveoll, Fung and
.'bobln, 1972) Not all lamellae, nor all lamellar channels
-collapsed at the overall APlam of 20 cm H,0 (Fig. l5).

Thus not all vessels have the same critical c1051ng pressure.
The 51gm01d.curve of Fldure 7 can. now be explalned.',There_ls no
sharp cut off at h 5,2u_for two_reasons. FLrst(.h is_a mean

value of a.non—unlformly thlcklvascular sheet. Second) only



lcbmpletely filled lamellae were analysed at low APlam and
'thusAlamellae.wlth lon-critical closing'pressures were-selected.
‘At hlgh a APlam' 1ncreases 1n h are llmlted by the flnlte
curvature of the lamellar sheet'( ung and Sobln,ll972)

Whether cr1t1cal closure occurs in vivo’ is. speculatlve;'
unllke the mammallan 51tuatlon. Collapsed lamellar vascular
channels would be advantageous 1n some 51tuatlons e.qg. osmotlc
exchange w1th the water could be mlnlmlsed or. when lamellae were
damaged or parasitised.: That the,lamellar vascular sheet can:~;
collapse would appear to be.an important reasonufor_maintaining
Adorsal'aortic'pressure,in vivo, anc'in experimental'Situatlons.
flﬂ_titro".-.. . H

in.COnclusionL sheetvblooalflow,theory_can-befapplied:to
"rlamellar blood-flowvin.fish gills,. lntralamellar.shuntlng;can |
f,occur'passively as a conSeQUence,of‘pressure changes; .Theﬁ_'

-importance of intralamellartshuntlhg“in.teleostS‘is that'the»

diffusion capacity for respiratory exchange can.be varied.
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Pre?xctlons on 51tes of gill resistance

Q S It iso p0581ble to calculate'the‘resistance'to flow in
the §1lls and determlne sites of hlghjresistance withln the gill.
.vasc&lar network based on'the'preyiously described'morpholody.
land stsel geometry of the gllls. 'Sltes of high resistance Will
be 1nfLuent1al Ain the pattern of blood flow through the gllls.
Fung'and Sobln (1977) have‘summarlsed the equatlons they
.developed for determlnlng re81stance in sheet flow systems and
»these equatlons can be applled to the lamellae. ,The.equatlons_l'

have adapted’ are,as_follows.
- Lamellar resistanceydeam, is giyen by
‘Riam = 3 ~ — 3 R (1)

h + h 2h .+ h h 7 + h
a Ta v a'v .. v

‘where hy and hy are the’sheet thioknesses at the afferent and

- efferent ends- of the'lamella.i

and  C= o iﬂkéliflg i di - d '.: ' "h:' | (2)

: . -SA_‘ c .
'where.lné_kinematic_viscosity, k>and f.are'constants determined
'by'the geometry of'the pillar calls) T is the averadellength of
the lamellar caplllary channels, d is'the compliance coeffioient,.
S is the V&TR value and A is the lamellar’ area._:Flow; Q( lsv |
glven_by | |

o= gmtonth oy



F — Bo -

Mean sheet,thickness, h, is-giyen.by

h = hg +a APlam ST ,(4-‘).

where h : 8. 3lu 'and v = 0. 07 u .Chi H20 l for llng cod
| Blood flow in the remalnlng gill. vessels, the afferent
and efferent: arterles and arterloles, 1Svprobably P01seullllan
b.and can therefore ‘be descrlbed by P01seullle S equatlons.
'P01seu1lle S equatlon states that flow, Q(,
‘.'= AP r41r -
, o 5T : o T Lo _
- where AP is the-pressure drOp»along'aivessel of length L and of
radius r. Thls'was verified-by calculating 'a' for these'.
yessels. 'a' was less than 0.8 wherei'a‘ i{ézé-and_w_s angular
frequenCy (McDonald, l960) | | o |
Theé relatlonsh1p between © and re51stance is complex
.beeausevthe vascular system is compl;ant. lf 1nput‘pressure.
»increasele will rise, but as the vessels arefcompliant they
expand. >So resistance,falls as pressure rises, since resistance
is inversely propOrtional:to‘the'fOurth'power of_the-Vesselfl
radius. Thus.in'this analysis‘I have,assumed a}cOnstant cardiac
‘output = 44 ml.min*l (See'Seotion ll)'and,a'oonstant input
‘pressure, where APlam = 45 cm Hy0, to permlt the_ o
.calculatlon of pressure drops along vessels in the glllsl_'Atl
“constant pressure and flow the glll re51stance is. 1nversely
: related to the pressure drop In the case 0of the lamellae, ,
‘res1stance and flow werercalculated directly from the3dlmensions
"of the gllls.v' | |

. : , . _ ﬂ :
. The pressure drop between the ventral. and dorsai aortae



is 13 cm H>0 in vivo.(see section II) - This value represents

',.the sum of the pressure drops in Qnd1v1dual vessels of the gllls.

Below I have made a partial account for thlS pressure drop by
: maklng calculatlons for the vessels of .the glll fllament only.
:_Detalled_lnformatlon of - the values\used in the calculat;onS’ls‘

, . !
presented in Appendix I. '

_Theflamellae- ln the equatlons deallng w1th‘sheet flow. (l,2;3d

and 4) only Rlam and hV are unknowns.é Assumlng 60% »
&,

lamellar perfus1on, hV was calculated to be 11. 44u and

Rlam to be 7.65 x lO3 cm- HZO min.m1=1, Thus o . 7{07

.Aplam on the efferent 81de of the lamella was 44. 7l cm »l |

Hy0.' Therefore the pressure drop across the'lamellae<1s very

small 0. 29vcm-H26 (45 to 44 71 cm'HQO); From equatlon (l)

the effect of - ra151ng APlam from 45 to 65 cm HZO on

lamellar blood volume was calculated. The hawould 1ncrease from

ill.44tto l2@86u P which‘represents;a_lZ% inc%ease in capillary‘

‘ B
volume. B

‘Afferent-filament»artery:‘ These veSsels have many lengthéfand.'
: radii in.any gill bed. ‘Asiauresultgnot all‘filaments reCeive.the
same'amount'of flow. ‘As:aniAFA has'arteridle‘hranchesvalongdits‘
length flow will dlmlnlsh along the length "Furthermore“thea
‘vessel tapers along 1ts length. ThlS varlablllty hampers )
calculatlon of AP for the AFAs | It was. therefore assumed that’

flow to any filament‘was dependent;upon_the number of lamellae
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.it supported;_ Blood:flow‘to,anyefllament isfthen.proportlenal.te.-
its length'since lamellae’are evenlyAspaeed (Fig l2) Vessel
radlus is also dlrectly related to fllament length (Fig. 14). A
representatlve AFA (or.fllament) was_selected to reéresent the
‘gill bed and this vessel had‘a‘léngth'equlualentntd‘the mean.
Afilament length'for the'wholejgill.' For a 4 kg ling eod the AEA
Awas'l4@4 mm in lengthAand had(a'lOO H radius.- Furthermore.the
effeets ongessel'taper-and‘flbw'loss te.branchingnarteriolesvon
"veSSel resistanee‘nulllfy each Other,.assumlng 60%hlamellar' -
ijperfusion (Appendir I). The representatlve AFA used in these
'calculatlons was therefore cons1dered to:- be of a unlform

_ dlameter. | |

AP‘é'Z 1 cm H20 for the afferent fllament arterles

under .the above condltlQns. The re51stance of the representatlve

AFAgis 1(84'x 102'cm_H2O.min.ml'l.

-The;lamellar arterioles-‘ ‘The . efferent lamellar arterloles have a
:relatlvely unlform length and range of" dlameters on any fllament.
Because of the bulbar swelllng in the ELA, its radlus canfrange o
B from 11 to lSp . By assumlng the mlnlmum radlus for ‘the vessel an’
overestlmate of the pressure drop was determlned to be 0. 15 cm
'H20 w1th 60% of lamellae perfused.’ The re51stance ~of the vessel
is 3.95 x 103 cm HZO min.ml™ l |

| The afferent lamellar arterloles ‘have' tomplex varlatldns
Ainvtheir geometry.v Vessel‘length ean_be as much as.70011vln |

proximal ldcatidns‘and asjshert as-1201L,distally;f Distal .



arterioles have diameters up to 6_p7narrower than proximal
vessels and some ALAsS have a narrower region at their point of

rorigin from the "AFA (Plate 11). In'addition flow cannot be

' estlmated accurately because of blfurcatlons 1n the vessel

. These blfurcatlons may supply two lamellae on the same ‘side ot-’

.

the fllament or, more commonly and in dlstal regions, - they.may'
asupply a palr of dorsal and Ventral lamellae. The'variations'in

“ALA - geometry and flow prevent a general calculat1on of AP and,

“re51stance, as presented above, Instead the calculations were

g’ : . . S ' o .
made u51ng‘representat1ve dlmen51ons of'ALAs from proximal,

dcentral and dlstal locatlons (see Appendlx I) The values'for'

these calculatlons are presented in Table \' along with values

" for the other fllament vessels as calculated above. The-v

.lcalculated re51stances and pressure drops for ALAs w1ll be

: underestlmates ‘since 1t was. assumed one ALA supplied ont lamella

,‘and the vessels had unlform dlameters. Thls underestlmatlon’”

. would]be greatest for the_dlstal ALAs-sinoe they;were»all.

bifurcated.

In the gills the_ALAs'are olearly_the major resistance'

”site.and the majorvpreSSure drop ocCurs‘hereA(Table V) ‘The

.ALAs, therefore, have an ideal geometry to control 1nput

pressures to the - lamellae and . thus determlne 1ntralamellar flow

fpatterns. A 25% reductlon in the dlameter of a dlStdl ALA would

1ncrease re51stance to. 4.98 X 105 cm ‘HyO.min. ml l and AP

“to about 15 cm H20 given no other changes.» Thus crltlcal‘u


http://H2O.min.ml-1

’...90'—-
' TABLE V

A summary 6f‘thei¢alculat10ns of vascular
'résistahce, preésufe drop.across VesSels”(AP) and'blood_
transitﬁtimes inAQ;llvfilament vessels. 'Three_caiculatiéhsv
werelﬁade.fqr afferent lamellar artériles,in“proXimal;'
éentrél5and‘6i$£al-106atiOns of the'fiiament because their
geéﬁeﬁfy.is different:fof.variéusbregiOns_of the.filamént.

See text and Appéndix I for details of the calculations..
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artery

_TABLE \Y/
Resistance -1 AP Blood transit
(cm HyO.min.ml ") | (cm H,O) time (sec)
Afferent filament 1.84 x 10? 2.1 2.1
artery :
"Afferent Proximal;  1.27 x 10° 4.8 )
lamellar )
arterioles Central 1.21 x 10° 4.6 0.34
A o ) o
Distal 1.33 x 10° 5.0 )
Lamella 7.65 x 10° 0.29 2.5 to 3.6
"Efferent filament 3.95 x 108

0.01




elosure pressure'forwlamellar_channelsiand indeed fdrvthe'uhole
gill (woqd,'1974a)'wOuld'be‘attainea{ Fihe:edntrol“ofiALA>
diameter-mldht he achieved neurally- 'ALAs receive'adrenergic
‘ innervatien_in-other teleosts, but thls has yet to be . establlshed»
for'Qthodgng An afferent arterlole control s1te of . caplllary
hlood pressurehls con51stent~w1th flndlngs for other
\microeirculatory systems3(seevSectlQnilI)} -v

.Mergan.and Tovell (l973i‘eoncludedlthat thenafferentf
filament artery restrictediflow'to distal.lamellae;becausefitsdv
taper.reduced'lamellar input pressures. 'They; hOWeVer[ did not
consider that AFA branching_reduees'flow along'the,AFA.b My
flndingsllendeno-suppbrt to.their:Cbnclusion or that AFAs control
_input pressures or flowfto*lamellaeQI A greater than SOélr |
‘reductlon of vessel dlameter over. the whole vessel length is
needed to develop a suff1c1ent pressure drop that crltlcal
' closure pressures are reached.ln ‘the lamellae. Arter;al vessels
rarely alter their dlameter more than 50% (Petersen, 1962)'

~-Of the l3 cm H,0 pressure drop across the branchlal
vessels ln vivo, my calculatlons reveal that 9 6 cm HZO or. more
ls.due to vascular re51stance»1n the fllament. I assume here
that the'pressure drop.in the EFA is simllar to that‘determlnedi
~for the AFA -The small pressurevdrop acrdssvthe lamellae:may”be
: surprlslng to some authors who prev1ously con51dered that the-
‘ caplllary bed regulated glll blood - flow patterns. The
_calculatlons presented here for lamellar re51stance do not
vsupport thls contentlon;t'wlth such a small AE across-lamellae, a

‘high pressure associated with ventilation’ (the other component
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of the tranSmural.pressure) could have 1mportant etfects on:

"intralamellar flow.patterns. This may be why ventilation—

perfusion synchrony occurs in Ughlodon during streSS»when'

fventilation pressures rise up to 5 cm Hzo

Ventilation—perfu31on synchrony occurs 1n other flSh during

stressful conditionsi(Randall, 1967;-Hughes, l972 Roberts,

1975).

: Blood tran51t times through filament vessels are also

‘shown in Table V. 'They were calculated u51ng a constant flow and

o ) L Lo
.the-vessel'volumes.presented in Table .1IV. Lamellarwtran51t time

h'representS'thelresidence time of red blood cells: at the gas -

exchange site. The time of 2.5 sec is higher‘than, but of the

'same order as the l sec trans1t time in mamnalian lungs (West,.

‘11977) In mammalian lungs the degree of gaseous exchange is-

?determined'by ventilationvand perfusion rates (perfu51on limited)

'since_thefalveolar diffusion barriers are so thin. - If the

- alveolar barrier is thickened by'disease,vgas-exchange is.

L'HSeverely reduced i.e.ithe system_approaches diffusion_'

'limitations. Considering that lamellar diffusion distances.are‘

;lO times greater than in alveoli, but that red. blood cell
'residence time is- only 2 to 3 times greater,vit 1s.p0551ble‘that.'
"lamellar gaseous exchangegis diffusionrlimited_in ling cod.
Fisher et al. (1969) and_Randall.(1976):have concluded'that
\_'lamellar gaseous exchangelistdiffusion.limited‘for'otherg

'teleosts..e

In_Summary,\I~have,demonstrated:in this section. that all

"cardiac output passes through the lamellae in ling cod. The



.venolymphatic flow in the gill"ﬁilaments must be ' derived

.Tentirely frdm.efferent vessels ahd-lymph formatroh. I:predieted.”

‘from éalculatioﬁs~based Qn vessel geometry,. that ALAs are the

v:major resistance site in the gills-and consequently determine the

o

Iameilar:input:pressure and APlah."Ihtralamellar blon

flow patterns can now be predicted- from APlam,'s1nce

‘lamellar flow_is*best_described by sheet blood filow equatlons.

. The vascular sheet of a lamella is'compllant, but s;nce-lts

?compiiance varies regionally, intralamellar shunting of leOdr

flow can occurvautomatiCally“aS' Plam and Q change.‘ When

jresting'blood pressures are elevated 1ntralamellar shuntlng

'-occurs away from the base of the. lamella, towards regionS‘Qf:

'reduced eplthllal thlckness. blnce gaseous exchange-is

."apparently'diffusipn:limited in lingrcod,.intralamellar shunting

 enhances gaseous exchange. Lamellae have a critical closure

.”pressurefaud:whether they are’perfused or not is'.determined

largely4bygthe»input7pressure. jThevresistanbe'associated,withf

distal lamellae is greater than for"prdximalelameilaef ‘Thus

' distal'lamellae'are less likely to be perfused. 'If3distai_

"lameIlae were not normally perfusedlih vivo, theh-eievated
.ventral aortlc blood pressures 1n ling cod would alter the
"pattern of glll blood flow in two ways- a) recrultment oﬁ distal

:lamellaey_b) intralamellar blood flow changes. * Both flow

alterations, as ‘pointed out, enhance 0Ojp transfer. The

predlctlons outllned in thlS Sectlon are now tested

experlnentally in vivo. and in v1tro in subsequent sectlons.
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SECTION II

AN EXAMINATION OF GILL: BLOOD FLOW CHARACTERISTICS AND

GILL RESISTANCE AND HOW THEY CHANGE IN VITRO AND IN VIVO

'Blood flow to the gills in resting ling cod.

Mlcropressure measurements in v1vo, anaesthetised

llng cod

Micropressurevmeésuremen%s in isolated, perfused
 holobranchs and the effect of adrenergic and :

ehOlinergicvdrugs'on gill resistance

The In“vivo.effects=of'intravaschlér admihistration
of - adrenerglc and chollnerglc drugs on glll

re51stance and glll blood flow in restlng llng cod.
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INTRODUCTlON

In recent years mammallan m1croc1rculat10ns have become
:better understood as a result of - dlrect studles “of blood flow and
blood pressure in small arterles, arterloles and caplllarles..
Blood pressures can be measured 1n small vessels by |
mlcropuncturej a technlque ploneered by Landls (1934) s Landis'
measured average caplllary blood mlcropressures with plpets of
8 to lS/J tip dlameter. Only recently, however, have accurate,
.pulsatile-mioropressure measurements been made lndsmall_blood
vessels (Weiderhielm'_t al., 1964). Weiderhielm:gtlgl. developed
a highvfidelity, automatic, servonulling‘device whloh‘used pipets:
as small as,O,l‘p:tip diameter,v Weiderhielm'svdevice.has sincepd
beenvrefined both electronlcally and mechanically (Intaglietta et
al., 1970; lntaglietta, 1973) . lhe major‘insight gained‘from
micropressure measurements ishthat-major pressure drops (major
sites'of,resistance to flOwl canlbe located. ZFurthermore, flow'
'dlrectlons can be a551gned from pressure measurements w1th1n a
system, glven the vascular arrangement as well- as 1nput and |
output perfu51on pressures. |

Mlcropressure studies have been limited prlmarlly to
mammalian systemlc vascular beds that were ea51ly acoe551ble,
visible and relatively stableuor free.from movement e;g;gthe'bat
wing'(Weiderhielm‘and Weston, 1973), the'rabbit mesenterv_and
~omentum (ZQeifach_and_Lipbwsky, 1977) . 'From these'and.many-otheril

studiesbit is_now’recogniied that capillary blood flowpis-



pulsatile with afpressure_pulse of the order 1 - 2‘cm HyO, A
general“findinglis that“the major site ovaaSCular resistanceVis
A_located in precapillary arterioles; a conclusion also‘made hy
Landls (1934) . ‘Thus_the arteridlarlresistance reduces.Capillary
blOod pressure to.about 20 mm'Hg, mhiCh ‘represents only lS>to 20%
*of the central systemic blood pressurt._‘Furthermore, it is now
,held that the 1ntracaplllary pressure is largely regulated at
‘1nput 31tes or precaplllary sphlncters whlch-may be located,ln,
therarteriole tNicoll, l97l).'This_concept is.supported'bycthe,'
‘work oleronek and Zweifach (l975l. They‘examinedvthe:effect.of-'
. vessel dilation.on‘micropressures by'administering isoprenalinei
and demonstrated that arterloles ‘as small as 20u would ‘dilate and
‘produce major re51stance changes. Lundvall and-Jarhult (1974)
also report : adrenerglc dllatlon of precaplllary sphlncters.v If‘
arterloles are regulatlng caplllary pressure, they w1ll also |
control flow to ‘the caplllary bed bobln et al. (l977) ‘have
concluded that smooth muscle in pulmonary arterloles of fetal.and
new born mammals is concerned only with pulmonary blood tlow
Iregulation, thave'also,been able to w1tness slow.arterlole
pulsations of_myogenic origln in mammalian mesenteric.vessels.
'(thrOugh the courteSy;of'Dr. Intaglietta and co—WOrkers)' The
arterlole contractlons would stop blood flow w1thout complete
vessel constrlctlon and dlvert flow to a. nearby branch.d

| '_Regulatlonbof 1ntracaplllary blood pressure . is clearly

of prime importanCe'to_mammals'since'it sets the~transcapillary,
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.bloodipressure. This presSure'will»determine transcapillary
.fluid.eXchange i.e. theﬁrate of-lymph formation (Starling, l896;
‘Landls 1934 Weiderhielm, 1968), and: inathe,lungs at.least}_both
athe dlstrlbutlon of blood flow and caplllary blood volume (Fung

7andeob1n,‘l977). " Intracapillary pressure w1ll be largely'

determined by the'arteriole resistance.

- Do 51m11ar mechan1sms for regulat1ng 1ntralamellar

pressures exist - in f_lsh'> The branchlal vascular® flow. dynamlcs in ..

teleosts dlffer in a number of 1mportant respects from the

pulmonary and systemlc c1rculat10n in mammals. The branchlal

vascular bed reduces the central blood pressure by only 25 - 30%

in most teleosts, 1nclud1ng Ophlodon (Randall 19703 Stevens,gt'
al., 1974). The 1ntralamellar blood pressures are therefore -
comparatively high: generally at least;BU cmfhzo;which'is»the o

outflow blood'pressure measured-in the dorsal aorta.v.Lamellar

- caplllary blood pressure should also be ‘quite pulsatlle, this

agaln ‘is predlcted from the- pulsatlllty of dorsal aortlc blood

2

'pressure. I predlcted in bectlon I that the major res1stance to

glll blood tlow was’ the afferent lamellar arterlole..'If this'is
true, ALA" re51stance ‘'would determlne the preferent1al perfu51on
of prox1mal lamellae and the A P)ap Wthh affects

1ntralamellar blood flow and the rate of lymph formatlon.

Clearly, 1t is 1mportant to confirm- that ALA is the major

‘resistance 51te in the dynamlc_51tuatlon. The‘mlcropressure

system,. as developed for mammalian investigations, was therefore

‘used to'examine'pressure.within,gill filament vessels and l
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establish the'major resistance site.
Alterations in vascular dimensions arevrefleCted'in

measurements of gill“resistance., Glll re51stance (Rg) may be

faltered by dlrect vascular actlons of hormones, through neural

~act1vrty or a myogen;c feedback system. The 1solated'perfused

gill or holobranch ‘has been used extensively in the past to study:
the'effectsfof adrenergic and cholinergic drugs on Rg. It is
clear'that intraVascular.infusion of adrenaline reduces Rg in -

“Vitro, however a controversy surrounds the exact nature of the

‘ adrenerglc response (Krawkow, 1913- Mott, 1951 Randall_and‘y

Stevens, 1967; Rlchards and- Fromm, 1969;<Randall et-al.p.l972{
Wood, 1974a). In trout,Aat least, it appears there are “v |

T ol - adrenerglc constrlctory amjg adrenerglc dllatory receptors in’
the gllls-(Wood, '1975). . The exact site of these receptors ‘has
yet to be- locallsed but it is known that adrenerglc f1bres¥
1nnervate-afferent,lamellar.arterloies.(Gannon, 1972).
Catecholamlne 1nfus1on will also reduce flow lnto the;,

venolymphatlcs in trout (Glrard ‘and Payan, 1976) p0551bly through

. %fadrenerglc vasoconstrlction of connecting vessels’(Dunelpand

Laurent, l977)..‘Acetyicholineninfusion in XlEEé markedly
increases gili resistance-(ostlund anthange, 1962; wOod' l975)
‘Attempts to locallse the site of acetylchollne actlon in the glll"
were not successtul-(Steen‘and,Kruysse,“l964; Rlchards and.Fromm,‘
‘i969; Klaverkamp_and-Dyer, 1974) until quite.recently (Smith,
l977- Dunei and Laurent, 1957) bmlth prov1ded good - experlmental

ev1dence that acetylchollne causes a ma]or vasoconstrlctlon at
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'the base of the EFA 1n trouL- a s1te whlch probably corresponds '
to a marked constrlctlon seen in plastlc vascular corrOslon casts
of trout EFAsA(Campbell gt»al., 1nvpreparat1on; bmlth; l976) andAf
other teleosts (bunel'anduLaurent} 1977). | -
Glll'blood flow and chanoes‘in'gill resistance haveAnot -
been examlned extens1vely in vivo. Studies such as Steyens et '
al. (1972)4 Jones gt al. (1974)‘and Chan-and Chow (l976) have |
examined blood:flow initeleostslln some detaxl, but not_hranchial
Jblood flow specifically. lStevens et al.j(l972), worklnngith v
Ophlodon concentrated largely on - cardlac function ahd - N
'?demonstrated that the heart rate was under vagal control. 'lt
varled w1dely w1th water temperature and had the major 1nfluence
- on Q : Also, 1ncreased vagal act1v1ty was associated w1th
_exerc1se and w1th dlsturblng the flsn.d They showed an
Q —adrenerglc‘systemlc_vasoconstrlctlon; but concludedfthat the
assoclatedlcardfac responses were reflexogenic; Jones and’
;co workers (1974)‘compared a hydraulic.clrculatory model”With

. measured cardlovascular varlables from Gadus morhua and examlned

the 1mportancevot_vascular compllance in pulsatlle blood.flowt
.They concludedvbranchial blood flowrWas‘both continuous anddlll
pulSatile."They'also discuSSed the.signifiCance offmatching
stroke volume w1th glll blood volunme and concluded stroke Volume
rarely oxceeded glll blood volume. Chan. and Chow (l976) made an

extens1ve 1nvestlgat10n of the pharmacologlcal effects on’

cardlovascular functlon in Angullla japonlca us1ng 1ntravascular



' injections of most known-vasoactiVehagents{ bThey,measured a
varlety of arterlal and venous blood pressures, but uere unable'
to callbrate their Doppler flow meteéer to. allow accurate: .
measurement-of Q~changes.
V.Aenumber'of‘cardiovasoularvinvestigations’haVe also
" been made on dogfish; theﬂworks of;Satchell (1962), Kent}and
Peiroeh(l975'and31978) and the recent_experimentai'serfes by‘
.B.-utle:rv and "Taylor (1975) and Taylor et al (1977) have been
partlcularly useful since they hlghllght -the remarkable....
. similarities 1n cardlovascular responses between teleosts andt.
elasmobranchs.'For'example,-the vagally mediated bradycardla in
response to env1ronmental hypox1a has been examlned exten51vely_
f1n both flSh groups. (See Sm;th and Jones {1978) and Daxboeck
and - Holeton-(l978) for references)" | | - |
| Vagal innervation of the teleost heart is well.
: establlshed A The cardlac Vagus carrles largely chollnerglc
flbres and a negatlve chronotroplc vagal tone ex1sts durlng
restlng states in-a number of - teleosts, but not in §§lgg
lgalrdnerl (Randall, 1970) Adrenerglc cardlac exc1tatlon 1s also
‘ev1dent in some teleosts and both pos1t1ve 1notrop1c and
_ thronotroplc effects are belleved to be medlated by B —receptors
vin»the_heart (Gannon and Burnstock, 1969;;Randall,-l970i Chanland
: Chow, 1976} Holmgrenrvl977).:‘Adrenergic cardiac’stimuiation may
be. due to‘endogenous catecholamine'levels (Wahlqv1st and NllSSOﬂ,
l§77) or. v1a vagal stlmulatlon (Gannon and Burnstock 1969)

“ Vagal.stlmulatlon appears more complex than.a slmple'negative ‘
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»._chronotropic‘effect since in-trout,‘at ieaSt,-the vagusfaiso
carries some'adrenergic'excitatOry,fibresu(Yamauchi and,
Burnstock 1968--Gannon and Burnstock 1969)., Gannon (1972) and
Cobb and Santer (1973) both document ‘a small cardlac acceleratlon
after vagal stlmulatlon of the hedrt was. stopped Kulaev (1958)
and Rudinov (l959),'as reported by“Chan and Chow (1976)' found.
'that the effect of stlmulatlng reduced numbers of vagal flbres
(produced by sectlonlng vagal branches one. by one) was to change
‘the ellc1ted bradycardla to a tachycardla T
Prev;ous 1nvest;gat1ons have, therefore, provided*
:information on”controIHOf,cardiac_activ1ty_£n XiXQ and_onzgeneral_
blood flow injteleosts. The inVestigation_of gili_blood rJOW’has
.not,‘however,.been detailedvenough forfan analysis ofphowh.‘\ |
'patterns of gill.blood‘flou change.: for this reason pre—.andp
- post- branchlal blood pressures were . monltored along w1th Q and
heart rate 1n_rest1ng‘0phlodon. Ventllatlon rate and amplltudes
were also monitored; Micropressuregmeasurements were'madegln'
:filament Vessels'in.anaesthetisedofish:andvintisolatedjgillnarch'
Apreparations to locaiise the major site'of1gill~reSistance.h,
'The'effects of adrenergic and'cholinergic:agonist drugs on'gill
'resistance and blood'flow were also examined'by injections into
the ventrai<aortadof:resting.ling codhand‘drug infusions'into
isolated‘gill arch’preparations. -Thus:ig Xilg_and'ln,iltré
experlments were carrled out tova):confirm'that.the'ALA Qas the'
major reSLStance 51te to glll blood flow,»b)'establiSh'Whether :
.vascular changes alter the. balance of ‘vessel re31stances

suff1c1ently to alter glll blood flow patterns.?-»
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 MATERIALS .AND METHODS

.Intravascular administration”of adrenergic and cholinergic

‘agonlsts ‘in vivo

Adrenerglc and chollnerglc agonlst drugs were 1njected
';lntravascularly in XiXQ via 1ndwelllng catheters in restlng flsh
An attempt was made to observe any effects on the glll
vasculature.. Thus the agonlsts were admlnlstered through the'

ventral aortlc catheter and would pass through the gllls before

-‘reachlng the heart oY systemlc c1rculat10n. All‘drug~1n3ectlons

.'were made 1n.concentrated form, u51ng a 0. l to 0.25: ml carrler
Volume of heparanlsed saline. 'The flnal bloodiconcentratlons
(g. ml l) of the drugs, based oh a 56 blood volume, were
1 x lO 7 ACH (O—acetylchollne chlorlde, B D.H. ); 1ox 107 7

~NAD (L—arterenol bltartrate, Slgma)~ l x. 1078 to 10~ 7-

Isop (DL—1soproterenol HCl, Sigma){_l x 107 8 to 10~ 7 CARB :

(carbachol, K + K) and l X lO 6 to 107 > ATROP (atroplne |
. alkaloid N.B.C.).. These concentratlons were selected after :
'_trlals which determlned the minimum dosage requlred to produce an .
“observable response.. ngher concentratlons often promoted

“'strugglihg'of-theffish. ACH ahd NAD are naturally;occurlhg'

neuro%trahSmitters and both_are,metabolised wlthiu”several

,minutes.' IS0P and CARB,,hoWever, are,synthetic agonists whlch
'are slowly metabollsed ‘in a perlod of up to 1 hr. Recoyery‘

periods were allowed between succe551ve drug injections.. The"
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recovery period was‘l hr following NAD or ACH‘and 2:ton3 hrporg
overnight follOW1ng ISOP or CARB admlnlstratlon.i-Recovery'
perlods were: rlgorously adhered to ‘and were prolonged 1f there
was any doubt concernlng the flsh s recovery " ATROP is known' to
.produce'a prolonged.muscarlne chollnerg;c blockade in otheruflsh
.(Randali, 1970) . Hence/hafter ATROP treatment in ling*cod;A
further.experiments were considered to'be‘on fish with a:

cholinergic blockade..

‘Micropressure measurements in the gill filament vasculature.

These;heasurements were‘made on'isolatedfperfused

) holobranchs‘and in vivo on anaesthetised;or narcotised,“’
‘restrained fish.b o o | |

:Isolated perfused holobranch protocol 'Five holobranchs were .
Pprepared as_prev1ously-descr1bedV(bee general methods) The
Qhole branchial'basket'Was cieared 1n 51tu_us1ng sallne:deiivered

'from a Harvard pulsatlle 1nfu51on pump, but Oniy the_firetiorv

h second holobranchs were used.l A pulsatlle 1nflow,-(Qi)'of 1.25

'-ml min~1 -Kg -1 was malntalned throughout the experlment.

The sallne was not preflltered and 1t-was gased‘w1th carbogen.‘
Drugs for adrenerglc or chollnerglc stlmulatlon of the holobranch,
vasculature were introduced by way of a 3- ~way tap, whlch allowed_
‘a 30 to 60 sec perfu51on w1th saline contalnlng an’ agonlst. ,The'
'agonlst drug concentratlons (g,ml,l) of perfusate were;’

:_10f§ to ;of7 NAD.andj10-7 to 1078 for Isop and |

ACH.
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.Tnput perfusion'preSSure (Pi) andloutput perfu51on
pressure (Po) were monltored, whlch.allowed calculatlon of
.-OVeralT gill resistance (Rg) ? (P{-Pg) /Qi.'_The out £ low
_(Qo)bfrom the efferent:archhartery cannuia was ﬁeasured‘
periodicaliytunder_control conditions, but always duriné drug‘ .

perfusions.

In Vivo procedure' These experlments were performed on 10 lrng
‘cod that had been routlnely prepared for blood flow and blood
.pressure‘measurements (See.general_methods). The anlmal was
immobilised”prioryto”the experiment'with*either.Z% urethanevadded_
to the-aquarium or with-aneintraperitonealhinjection of curare (3

‘l). The lmmoblllsed flSh was supported ‘in a. body

- mg.Kg
.vholder; w1th'1ts gllls 1rrlgated, and was rotated onto One Slde.
The gill filaments.were made access;ble for.mloropunoture by.v‘
'remov1ng part of one- operculum.~ Individual?filaments Qere'
'stablllsed for mlcropuncture by a holdlng dev1ce manoeuvered
around them w1th a mlcromanlpulator. The holdlng.dev1ce.
econs1sted of a length of PE 260 tublng, Wthh fltted freely

around‘thevfllament.- It had many w1ndows cut out - to allow free

access for water and for the'entry of_mlcroplpets;
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-Micropressure'instrument preparation and measurement protocol

The mlcropressure system, itStcalibration'and the
analy51s of the measurements are dlscussed 1n detall in Appendlx
_ , ,

| J-'The'principles of{theimicrOpresSure.system and its
operatlon -followed the servonulllng technlques of . Welderhlelm et
gl.'(l964) and Intaglletta (1973). .A micropressure 4 system -
(I.P.M.,'Sah Diego)”seryonulling-device was used in conjunction
rwith'bevelleahmicropipets;'.Indiyidual mioropipets were made.fromv
. sorupuloUSly cleaned borosilicate'glass capi;lary tuping_(u.i.mm’
0.D. .and 0.08 mm ID; Cornlng, New York)_oh-a yertical'pipet
"puiler (model 700_C, David Kopf Instruments, Tujunga, Ca.); ‘The
micropipet tip diameters were regularly z_to-4p'.. Micropipets
were filled with triple'filtered (0.45u, Miliipore)-iM NaCi. _The"
tip was”filled-overnight by capillarity and the stem of the
micropipet Waseback—filled:from.a syrihge. Any air.bubhles‘in '
thé*stem were alWays:remOVed'at this stage byﬁparefqliy,flicﬁihg"
the pipettstem:tﬂThe tips were-remarkably}hardy to'this'procedure
and the cleanllness of the 1n31de of - the stem was. reflected in.
the ease w;th=whrch air bubhles were removed Plpet bevelllng
greatlyifacilitated micropuhéture, therefore each plpet was’
sharpehed oh onevor, oocasiohally, two SldeS w1th a BvV-10
mlcroplpet beveller (Sutter‘Instrument Co.,~Los~Angeles); -Thé
?mlcropressure system was - callbrated agalnst pressures from a
sstatlc column of water; ;The frequencyvresponse‘of the system,

was always'in'eXCess of 10Hz and was tested using the 'pop' test .
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;(Mobonald,'l960)sin a'specially deslgned chamber issuedvby}thel
manufacturers (IPM, San‘biego) for this.purpose;‘lThe- |
mlcropressure system was nulled at- the seawater or sallne.surface'w
in all experlments. " The’ mlcroplpet was. manoeuvered with a manual
__Narashige variable:angle mlcromanlpulator and 1tS'progress was
”followed with a Leitz oberating.mloroscopei'. |

"In Xlzg'micropunotures_were'made_on both‘afferent'and
efferent sides of-gilljfilaments locateddnear tosthe bed in the
.arch on the‘first and second gill‘hOlobranChs..Mlcropunctures
- were made up to 3 hrs after the flSh was 1mmoblllsed but
experlments were termlnated when the fish elther began voluntary
movements (2 to-3vhours)ior Q became unstable and decllned, as.'
‘was the case with curarlsed fish after 1 to 2 hr. Blood
jvpressures and Q were monltored contlnuously throughout the
experlment. lg v1tro_m1oropunctures were made in the.same_regions
ofithe isolated gill holobranoh‘and the experiments,lastedr23to 3

hrs.

.Analzsis.

'Ventral aortic (VA) and'dorsal'aortic.(DAl'bressures are
described by their mean_and bulse pressures;where.pulse:%
vsystole —'diaStole and mean ='-.d.ia’-:xs_;t:oleb+ l/3,pulse. fAlld7
pressurts are expressed in om HZO unless stated otherw1se
(1 cm HZO = 0.098 kPascals) V,btroke volume (ml) was determlned
~from the area. under the pulsatlle tlow recordlng. .ngh.chart "
speeds, 5 mm.sec l; were used to 1mprove the accuraoy of area‘

measurements. Beat to beat heart rate was determlned from the _
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'_ﬂflow record and is expressed in beats. m1n ; "Cardiac output
l(ml‘mln‘l), Q, is~ the product of stroke volume and heart
‘rate,- Q and stroke volume are expressed per kg flSh welght
(ml.Kg~ liand ml.min” -1 -Kg~ lxrespectlvely). Gill
.‘reslstance,pBg, is defined-as VA‘mean‘fle mean/Q,and.systemic_.
f{resistance,'ks( isvdeflnedhas'DA'mean/QLi'The resistance.unltsl'
'-afe;cm Hzo.min;Kgrml’l. ‘TheIRg, therefore, assumes the' -
"majdr.resistancevin'the lamellar units where_allrQ:passes
(Sectionsl), The Rs‘assumes{venous return_tortheiheart»is at 3
vambient preSSure (see Randall,-l968;.Randallq_l970)w' The»-
:cardlovascular data were complled, lnitially graphed and'
statlstlcally analysed u51ng a PDP- ll computer. The" grouped data'
were expressed.as’mean values + standard error (s;e.) from h
""indlvidual" observations on m fish,rUnless otherwise stated, An
"individual"‘observationArepresents»slngle measurement'for.any
"glven variable. A 95% confidence limitnwas used'asia test'of"

.~ significance with the Student 't' test.

' ‘_Graphical treatment of data .

- In all’ graphs dlsplaylng 1n-v1vo data the 31ngle p01nts
are.“indlv1dual" values wherever p0551ble 1.e; there may be an
: overlap of "1nd1v1dual" values and - thus some points may represent
more than one~"ind1v1dual" value. The mean restlng value of. the'
vvarlable belng graphed 1s 1nd1cated by the broken horlzontal
_dllne.‘ The standard error for the nean restlng value is

frepresented by vertical bars, but often the”standard error
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lieswwithin'theeactual:poiht. The?mean'restinngalue'isvuSed
as a point ef_referenee,'Since no-statieticél inferehceeean‘be
made from thie type Qf graphical4tfeatment.‘ Thelgfaphs:ere
presented tq illusttete'the tteﬁas ferIQUalitativevchenges with
time‘(or oxyéeﬁ content}'SeCtionlIV).. Quantitative cﬁahgee7are
dealt with_in'the'tablee, Where statistieal COmperisons‘ate' v

made.



2108 -

" RESULTS

Branchial blood flow and respiration'inxunanaesthetiSed‘resting“
~ling cod .

‘The resting'state

Flsh were - observed 1n the sea at depths up to 30 m. -
They ‘rest on the sea floor propped on their large pectoral fins.
dEach ventllatlon was perceptable only by sllght opercular |
) movements that were‘separated_by several»seconds,> In the holdlng
iaquaria fishradopted.a similar resting hehaviour, spend;ng long
periods stationary on”the bottom}»fln the‘eXperimental aquarium
buooal-cayity'movements.during uentilationvin resting fish uere_
_ hardly peroeptable to the e?e. -The-mouth‘remaineddslightly_open
‘but was sealed during-bucCal‘compression:(Fig.,l5)lby‘the'buccai
flap.*The period ofdreduced pressure"inhthe:opercuiar‘oavity was
L v1sually correlated to opercular abductlon.d The differentiai'
'pressure gradlent across the. gllls is small, less'than*0r4.cm;

H20 at 1ts hlghest and 1s at amblent pressure during the

:resplratory pause prlor to 1nhalatlon (Flg. 15) 'The ventllatlon -
-rates ranged from 6 to 16.min~1 w1th a mean value = 11,9 + 0.4

(ndé 60 for 8 flsh).‘_Heart rate often fluctuated_from-%eatgto
beat, but Q, wasiunchangedf jHeart'rates betweenvfish r%nged fron
22 to 35 beats.min"l which was a greater Variation.than.thej" |
‘ beat'to'beat fluctuations.i Ventral aortic‘blood flou uas
‘contlnuous throughout the cardlac cycle at. restlng heart ratesg

The dlaStOllC portlon of flow was not steady and
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charaoteristically”deolined-With.tlme (ﬁig. l6) : Tnus at lower

heart rates, end dlaStOllC flow and pressure were.reduced

| Fluctuatlons in va pressure were often greater than those.in'DA

mean pressure." Between 249 and 30% of VA mean pressureJWas lost
to - the glll bed re51stance ( APg mean/VA mean) and the v%ntral"

- aortic- pressure pulse (VA pulse) was damped by about 609 ( APg

pulse/VA Pulse) (Table VI). ”.v l : .‘ ‘Z ,' u*ig.A
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~ TABLE VI

A/ - | Measured.eardiOvaseular &ariables ln resting~llng_
cod. Data is derlved from restlng values prlor to all
treatments ln 8 flsh._ Values expressed as mean values‘i
-standard error fer the 103 observatlons. va mean, VA pulse,
DA mean and DA - pulse are the mean and pulse pressures 1n the

ventral aorta and dorsal aorta expressed 1n cm HZO

B/ : ' Summary of calculatlons based on the varlables
'measured in Table: VIA. Q = SV X HR APg = VA mean - DA mean;,
APg_pulse = VA pulse - DA pulse. Ry = APg/Q, RsrelDA o

‘Abbreviations are;explalned above. -



- '110a -

TABLE VI
A/
Heart rate
beats.min—1 29.8 + 0.4
Stroke Volume A o :
ml.kg-1 0.37 + 0.008
VA mean o " 52.6 + 0.4
VA pulse o 12.4 * 0.2
DA mean . ’ '39.6 = 0.3
‘DA pulse , 6.0 £ 0.2
B/
. _ i
" Cardiac output, Q. : :
ml.min"lkg™ ©'10.91 * 0.22
‘Rg . ' | 1.24 *.0.04
Rs - ‘ 3.86 + 0.12
APg - 13.1 % 0.4

1+
(]
.
S

| APg pulse , ' 6.4
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FIGURE 15

 Typical’records‘for simditanedﬁsfrecordingé.of "
respirafory.and_cardiévascular variébies.. Therelis_é
respiratory péhsé-in the bpercqiér'(o.p.)-and'chcal'éavitieé
(b;p.).asfiﬁdicated by the‘period,ijémbiént-pressure katﬁ;) .
in both cavities.. BuCcai.and‘Qperculaf Ventilatiob éressures
and dorsal aortaAbléod pfess@re (DA)~are.angmeasured:in cm |
HéO abéve ambien£ pressure;b Pulsétiié‘flqw iq the Qenfral  
aorta. (Q, ml.min'l) illustrates the é&ﬁtinuoué"diaétolfc
flow. ~Heart rate.(h;r.[:beatsfﬁinfi)'is showh as ani

on-line beat to 'beat record.
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FIGURE 16 .
"'A.typical reéord_of the cardiovasculat variables in

a resting ling cod.-'Noté the continuous diastolic flow and

the effect of bréathing-on the flow rebbrding-during

diastole. .Boo! répresenté a shock (bangihg). 'Note'the zero

flow during diastole._ All abbreviatidns are eiplained in

legénd for'Fig;~15. VA is venﬁral aortic~pressute.
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Observatlons on anaesthetlsed llng cod

There was’ often a marked change Ain thedlnten51ty of the
red coloratlon to»the»glll filaments alongvthelr length,lusually
oCcuring about midwayvalong the"filament;' The distal fllamental
‘areglons were. llghter in colour than the prox1mal half of the‘
f;lament and this dlfference was-more pronounced:on the afferent
rather than the efferent side of.the‘filament{ These -colour ..
‘differences were attributed"tO‘different;degrees;of blood
”oxygenation, with_the'lighter'regions corresPondingfto.greater
oxygenatlon. : | ' .

The opercular and fllament.muscles were‘not always
.c0mpletely»1mmob11;sed“by anaesthe51a._ Large;opercular moyements
were abolished, but smaller, rhythmic'movements-often oersisted.
'The‘filaments also displayed‘small;*anterio—posterior-oscillatory
Lmovements, which were enhanced 1f glll 1rr1gat10n was stopped.
'The fllaments also. had very sllght pulsatlle movements Wthh were
synchronlsed w1th the blood . pulse. ThlS pulsatlllty was ea81ly
seen when the pressure sens1t1ve mlcroplpet touched the fllament,
. and 1n-fact the pu;satlllty_caused'artlfacts durlng_some
: micropressure measurementsl;' ” o |

| During urethaneﬁanaesthesia Qamas maintained close_to'
resting levels, even though heart ratelwas:reduced (Table”VII; cf
TablerI), Rguwas‘elevated'buths'masjreduoedv(Table‘VII). ‘Both

- resistance values are associated with a reduced DA pressure.
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If gill irrigation flow'wasiteduqéd or stopped, then the
fish would develop an immediate bradycardia.‘ Ndfmal»heart rates
would return wheh gilliirrigation,was reétored’to7the.normal'£low X

rates.
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“TABLE VII

Meap-Valués iﬁs,e;-f¢r theicérdibvéScular variables. -
recorded,ffom 5'ling”¢§d under.deép-uréfhéne'énaesthésia“
during,thé 9 micfopressgre.reéofdinés %hafvwefe made; " Mean
blood preséuréé afe’p:esented-ahd Rg"= VA mean — DA mean/Qf )

and Rs = DA mean/Q in cm HZO;min;kg.ml'l{



Cardiac output, Q.
(ml.min}, kg™Y)

Heart rate
(beats.min™)

Ventral aortic (VA)
pressure (cm. H50)

Dorsal aortic (DA)
. _pressure (cm- H20)

Gill}resistanée,'Rg

..Systemic resistance, Rs

-1

“TABLE VII

15a -

10.7

20V5

149.2

22.8

I+

I+

i+

I+

I+

I+
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© Gill filament micropressure measurements

In .vivo llng cod Nlne recordlngs of . pulsatlle mlcropressures

N

were made in 5 anaesthetlsed llng cod at various locatlons along
the afferent and efferent 51des of ‘the fllament length. TWO.

recordlngs, .one afterent and one efferent, were less_than the DA

pressure (Flg. l7).' For the remalnlng measurements, the

mlcropressures assoc1ated with the afferent 51de recordlngs were

"all greater than those on the efferent 51de. The afferent slde

1 - :
records were 70 to;9b% of the VAvpressure, but the two efferent
records_were'onlY-slightly above the:DA.pressnre. These two

groups clearly represent blood pressures in the afferent and

efferent respiratory-network{

Six other micropressure measurements. were made on

‘CurariSed'fish)_but were not included.in the analysis because

either Q was much treduced;, or the DA catheter was no longer

‘patent. On one occasion a curarised fish displayed an |

interesting responSe'when the filament was touched by the

'adyancing micropipet. Both_VA-and‘DAlpressures would immediately

rise by 2 to.3 cm HO0 for‘aboutha-l minute-period,‘presumably-

' representing a touch reflex.

_Isolated perfused holobranchs.; In vitro thée mlcroplpets were

less prone to blockage and movement compared to in vivo because
{

'the preparatlon was nore ea51ly manlpulated and more. - stable.

_As'a result better quallty recordlngs Were obtalned (Fig., 17), .



there was a higher ratio of successful micropunctures and
micropressures could be recorded for up to several minutes,
unlike in vivo where the recording time was several seconds.

The 22 micropressure records that were made 1in vitro are
summarised in Fig. 17. Three categories of pressure, similar to
the in vivo recordings, are evident. By comparison, however, the
efferent micropressures and output pressures are reduced due to
the high overall gill resistance of the preparation (Rg = 6.16 =
0.33, n = 20). The afferent micropressures were also
comparatively reduced and clearly reflect an elevated resistance
to‘flow in vessels afferent to the gill lamellae.

ACH perfusion for 30 to 60 sec caused Rg to rise in 90%
of the 24 trials, with an accompanying rise in Pi. Qg was
reduced and sometimes ceased during the peak ACH response.
Micropressure recordings after ACH administration were usually
invalidated by filament movements associated with the rising Rg
that dislodged the micropipet. In two instances, however, the
efferent micropressure rose after ACH perfusion (Fig. 16b and
Fig. 18). On 5 other occasions the efferent micropressure was
also rising before the pipet became dislodged.

No successful continuous micropressure recordings were
made during adrenergic infusion. Filament movements again
accompanied gill resistance changes. Rg decreased with
adrenergic stimulation, n = 5 for NAD and n = 6 for IS0P, or did
not change, n = 2 for 150P. NAD perfusion caused a marked fall
in Pj and rise in Poy. The pressure changes accompanying ISOP

treatment were similar, but very small.
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FIGURE 17

A summary of the micropressure measurements made in
the afferent and efferent sides of the gill filament in
anaesthetised ling cod klﬁ VIVO) and in isolated perfused
holobranchs from ling cod (IN VITRO). Each micropressure
point represents an average value for a single micropuncture.
a) In vivo micropressures are expressed as a percentage of
the ventral aortic mean blood pressure (va) that was measured
at the same time. The average value for all dorsal aortic
mean blood pressures (da) is similarly expressed with the
standard error indicated by the vertical bars (n = 9 for 5
fish). b) In vitro micropressures are expressed as
percentages of the input mean pressure. The vertical bars
indicate the standard error of the average value for all
output mean pressures (n = 22). The ranges of micropressures
which are greater than da or output pressure is enclosed by
solid lines. Pulsatile micropressures that were below this
range are indicated by V. The micropressure recorded after

ACH administration is indicated by o.
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FIGURE 18

Exanmples of typical micropressure recordings. a) an
in vivo record of pulsatile pressure from the afferent
venolymphatics with accompanying ventral and dorsal aortic
blood pressures, cm H,0, and cardiac output, 0,
ml.min"l, Note the filament movement artifacts in the
micropressure record after the 4th pulse. b) an in vitro
record of an afferent filament micropressure with input and
output perfusion pressures. c) an in vitro record of
efferent micropressure and the effect of ACH perfusion (1 x
1077 g.ml—l for 30 sec). The decline in P, was
accompanied by a near zero outflow. All pressures are in cm

HzO.
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The effect of intravascular injection of adrenergic agonists

in resting ling'cod,

.NORADRENALINE (NAD) = %The.response to NAD administrdtion into the
'-ventral ‘aorta was rapld ‘and began after 20 to 30 secC of’the

-1njectlon,. The response was reprodu01ble with blood pressures.

and. blood flow 1ncrea51ng ‘'simultaneously (Fig.. 19). 'At the peak

pressor response to NAD the mean Q'was eleVated'429‘above the

Arestlng-value.. The pattern of va blood £ low durlng the cardlac»

cycle was alsorchanged:sxnce_both systolic and dlastollc flows

increased. Speciﬁically; peak systolic floW;was greater and-

diaStolic flow rate remained almost'constant, unlike its normal
decllne w1th time durlng rest (Fig. 19)'  These changesbresulted
in the mean stroke volume 1ncreas1ng by 349

After NAD 1njectlon Rg decreased by 30% of the mean

"restlng value (Table VIII, Fig. 20).' In 1nd1v1dual flSh Rs

elther did not change or 1ncreased as a result of the 1njectlon.

' Overall,;there wasuno_SLgnlflcant change_ln.meaans values:(Table

VII). There was an'increase'in'mean'bloodipressures.but the
pressure_drop across the gills.did'not change,. VA and DA pulse.
pressures also 1ncreased‘ ‘However; there was a much greater
damplng of the pressure pulse by the gllls, A Pg pulse,
1ndlcat1ng an increase in the total glll compllance (Table;-
VILI). | |
N :»pVentilatlon characteristically changed after afNAD

injection. There was a noticeable pause in ventilation which-

coincided with the rise in Q and VA mean pressure (Fig.~l9).'
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FIGURE 19

The effect of a noradrenaline 1njectlon (NAD)'into'
the ventral aorta of a 11ng cod on cardlovascular and. |
resplratory varlables that were monltored 51multaneously
Cardiac outputaQQ),xml.mln ;,‘1ncreases due to systollc
and diastolic‘fleﬁ ehanges. (Compare expanded traces l,A
'resting, and 2;.peak resanse);J:in thie fish‘thefe waS<alsof
an anreaeed heart tate..'NOte.also'the 3ynChronoas risetinA
VA”aad DAfpreseures (cm HyO0). | From thevpfesedte | |
measuremeﬁts intthe opercular.eavity (op) (eﬁ HZO) the
brlef resplratory pause at the onset of the pressor respense‘

can be seen.
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. TABLE VIII

A/ - Tﬁe efféét of a norad;enaline;(ﬁAD)'injeétidﬁ_intoi'"
the ventfél'adrta in 8 ling cdd'(12 obsef§ati6ns) on measured
cafdiovascula: vériableg. The'teSt'and_peak'respOnsé'Valués
are éompared.stétistiéally}}* ‘significant difference."The

abbreviations are explained in Table VI..

B/ . . The affect of a noradrenaline injection'into_the
ventral abrta on_cardiovascularAvariables-caléulated from

those measured in Table VII A above. .
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TABLE VIIT

A/ : ‘ o

: Rest (n=22) _Peak(n=12)_
Heart Rate o '
beats.min= 30.6 + 1.0 32.9+ 2.2
Stroke Volume ' - .
ml.kg-l . 0.356 *0.014  0.477 * (0.039*
VA mean ’ - | 52.6 % 0.8 747 % 2.6%
VA pulse ' . 12.2% 0.5 24.3 % 1,8%
DA mean . 39.4 % 0.8 . 60.9 % 2,0%*
DA pulse | 6.1 £0.4 . 12.5% 1,2%

Rest , . Peak

Cardiac output, O ' :
ml.min?.kg? _ 10.7% 0.4 S 15.2 % 1.1%
Rg | ©1.26% 0.07 0.88 % 0.06%
Rs 3.81* 0.22 4.35* 0.37
Apg I 13.3% 0.7 13.8 % 1.4
APg pulse. 3.0% 0.4 11.8 % 1.0%
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 FIGURE 20

A‘summary of the:analysis‘éf the effect of
nofadfeﬁalihe injeétiéni(NAD) intoiﬁhe ventral aorté in 8
fish upéﬁ}cardiaé ou£pﬁ£, Q,_stroke'§61qme,'s,v.'and_gill'f
reéiStaﬁce, Rg.t,Time.(seC)‘is meésured from'the completion_'

of the injection.
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wesenss = rest value £ se.
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ISOPRENALINE.(ISOP): ISOP ihﬁectedhinto:the veﬁtrai'aorta_
prbduped, insgeneral; small‘iﬁitial changés dU:ing'the first 100
sec. The Q was.élevated slightly due £o an ingreased stroké o
volume:(Fig. 21; Tabie IX). Bdfh Rg:and-RsAQeré reduced..
'sighificantly_during'the initial‘i00 gec?(Table IX);'.Dufing the
lOO‘Séc'after ISOP ihjeétion the”préssure'drop across ﬁhé gilis»
,(Ang mg§n) Qas1hbt éltered, but thefe‘was éhvinCreaséd damping
of thevpreséure puise} ‘APg pulse (TablevIX)w‘ |
,The_biphasic;réSponée_to,ISdP injectidns-Wéé
characteriséd.by a significanf elevationléf-heart:rate after
t= lOOjseé (Table Ix; Figs. 21 énd 22) and Q returniné to a rest
value. Rg and Rs‘were both at yalqes in betweeﬁﬂthose of rest;b.

and their reduced values when t < 100 sec. -
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' FIGURE 21

A sUmhary;of the‘anaiysis of ﬁhe.efféct'of
isoprenalinev(iSOP) injection in£o £hewVent:aI'aorta of 8
fish upon cardiaé outpht-(Q), heéft'rate khr);'stfoké-VQIume m
(sv) and'gill resis£an§e (Rg)}“-Time (éec).is‘measuréd ffom

the completion of the injection.
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TABLE IX

A/~ The effect of an isopfénaline (iSOP) injectidﬁ into
the ventral~abrta.in,8 ling'cod (lOAObéérvations) bn_méasuredf
CardibyaSGular variables.liThe;restivélues afe coMpared“with:

all valué$ when t <100 séc and £?’l00'éé¢ aftér injeétion.: .
denotes ,statistical‘differénée; The abbféviatidns are

explained in Table.VI.

B/ = . The effect of a isoprenaline injection into the.
ventfal'aorta on cardiOvascularfvariaﬁies calculated from

those measured in Table IX A abOvé.,
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‘TABLE IX
a/ . : : I | o
Rest(n=18) t<100sec(n=17) "t>100sec(n=22)"
.Heart Rate .
beats.min=" . 30.2 % 0.9 29.7 * 0.8 34.9 * 1.9%
"Stroke Volume ' , ‘
ml.kg~? '0.352 + 0.023 0.401 % 0.022* 0.313 +.0.023
VA mean  50.8 + 0.7 '47.5 & 1.1*  44.1 + 0.8*
VA pulse ~13.1 * 0.4 14.7 + 0.9* 11.7 + 0.8%
DA mean '39.4 + 0.9 36.3 + 1.2*% 34.4 + 0.8%
DA pulse ' 6.2 + 0.3 6.6 + 0.5 5.3 + 0.5%
-y | - . B
Rest _ t<100sec : t>100sec
~Cardiac ou%pu;,AQ il
‘ml.min=tkg= 1045 +.0.6 “11.8 £.:0.7% 10.6 + 0.8
Rg : 1.19 * 0.13 0.92 * 1.10* 1.00 + 0.12
Rs | 4.13 +'0.38 3.34 t 0.30% 3.63 + 0.32
APg 11.5 * 0.8 11.1 + 1.2 9.7 * 0.9*%
APg pilse 6.9 * 0.4 8.1 = 0.6* 6.4 * 0.6



FIGURE 22

,The‘effect of an.isoprenaline (ISOPl injection intop
the ventral aorta of a llng cod- on cardlovascular and
resplratory Varlables Wthh were monitored 51multaneously
Note ‘the b1phasxc response of cardlac output (Q, |
ml.min™ l) andvheart rate (h.r;, beats.mln"l) durlng
periOds.f2"and.l3f as. compared to rest, period '1'.
Expanded traces of perlod l',"2? and 3 are also snown;
In period '2' heart rate‘charaCteristically.decreases and
stroke,volume increases{'nhllst in'period '3F'heart'rate
1ncreases and stroke. volume is decreased. During.these3n
responses DA and VA mean pressures (cm H20)'were reduced;'
but pulse pressures are- elevated durlng period '2'. -
Ventilation - is 1nd1cated by opercular pressures (cm H2Q)'

and does not change. '
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- The effect of intravascular administration of cholinergic agents

'in resting ling cod

ACH injection‘into the ventral;aorta producedpa peak .
response within 50 to 60 Sec of injeétiOn'(Figs. 23 and 24). The
extent of the response to ACH 1n]ect10n varled from flSh to flSh.

'The Q and stroke volume both 1ncreased 51gn1f1cantly, but the .

~ mean heart rate did not;change:(Table‘X).- The peak systollc flow

was.elevated'and:the diastolic floﬁ did not decline w1th't1me.f
Therefore the shape of the ventral ‘aortic flow pulse was . changed
'to a pattern resembllng that seen durlng the peak response to a
-NAD,1njectlon,'-There_was marked 1ncrease in Rg, but:Rs‘dld not
ohange (Table X). During the peak response VA and DA pulse-' |
pressures-were elevated}.and, APg pulse was alsofincreased;j
Ventilation rates:nere fncreased:after_an hCH_injeetion.:

. Carbachol (CARB)4injectibns produoednpeak'respOnses in
blood flow and.pressure similarftovthevAéH responses. 'Hoﬁever;
_CARB,_whiohfremains:longer in ‘the ciroulation;preduéed heart,rate
‘dramatioally, to.l2 to’lS_beats.mfnfl after aboit 90 to 120
-.sec;"The Q'was”alsopredueedfbeloﬁ:restingjvalues at‘thisftimef

|  One hour after an atropihe (ATROP)~injectionhheart.rate
‘had gradually rlsen to a steady state value of about 45. beats
min 1 (n=3 flsh) There were no beat to beat heart rate
fluctuatlons and thlS peak heart rate was'sustalned for at least
2 hrs. (Thls was the flnal experlment before sacr1f1c1ng the
' fish’ ) The Q was ' not changed by ATROP 1nject10n. Nlnety mlnutes

after the ATROP 1nject10n a CARB 1n]ect10n 1nto the dorsal aorta
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had'ﬁ6 effectf§n heart.rate;‘Q or_Ré,"uniike the‘uﬁatropinised;
,fish{‘ TheeRs.hOWéver deéfeaSéd by 15% about 30 sec after the
injectibﬁ‘with'correspohdiﬁg reéuétions'in‘VA_énd DA-meéh
preSSufes.(Eig._zs);1\Ventilatiqn rdte was_ihcteaSéd slightly".

above the pre-CARB injectioh rate.
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FIGURE.23

The affect of an acetylchollne 1njectlon (ACH)»into
bthe ventral aorta of 2 dlfferent llng cod (a) and (b). 'Note
,the‘varlabrllty in the:peak pressor response«between fish;'
uIn (a) the cardiac output’(é), ml.hin“l, ohahges'are-‘

‘small with heart-rate (hr), beats;min'l}hihCreasing‘
slightiy, rf anythihg. DA'meah pressure, om-HZO;‘was'
depressed and ‘the - opercular pressure (op) recordtindioates
that - ventllatlon rate 1ncreased In (b) only cardlaé output_
and 'VA and DA pressure are. shown,_w1th areas Flf and_'2"
»dlsplayed~w1th an_expanded t1me-scale. The pressor respohse
of ACH 1s ev1dent with DA pressures also increasing sllghtly}
‘é 1ncreased markedly through 1ncreased stroke volume, w1th

blood flow belng elevated durlng both the systollc and

diastolic perlods.-
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TABLE X

A/ The effect of an acetylcholine (ACH) injection into
the ventral aorta in 8 ling cod (11 observations) on measured
cardiovascular variables. The rest and peak response values
are compared statistically, * significant difference. The

abbreviations are explained in Table VI.

B/ The effect of an acetylcholine injection into the
ventral aorta on cardiovascular variables calculated from

those measured in Table X A above.
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TABLE X
a/. , : L
: ~Rest(n=30) ‘Peak(n=11)
Heart Rate |
beats.min™ ©u29.10+ 007 '29.1 +71.2
Stroke Volume _
ml.kg? ~ 0.400 '+ 0.016 0.440 * 0.020*
VA mean ©'52.7 + 0.6 63.7 '+ 2.0*%
VA pulse | 0 12.4 £ 0.4 22.4 + 2.3%
" DA mean 39.7 + 0.6 42,3 * 1.4%
DA pulse 6.0 0.3 7.9 *.0.6
B/ .
Rest o Peak
Cardiac output, O : :
ml.min"% kg™ 11.5 % 0.1 12.7 *.0.6*
Rg - ~1.16 +0.08 1.71 +0.19*
“Rs © 3.60 £0.16 3.25 +0.23
A pg - 13.2 +0.9 22.2 £2.2%
A Pg. pulse | 6.4 +0.3 14.5 #

_2.1*



- 132 -
. FIGURE 24

 A'summary of the.analysis of the,éffect of
aCetylchOline.(ACH)'iﬁjection iﬁto the ventral aorta of 8
'ling cod‘upohv¢ardiaé outputj(Qy,rgill résistance (RQ) and
the drop in mean pressufe over the gills (APg); fTime_(Sec)

is measured from the time of completion of

the injection. -
L A
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FIGURE 25 .

- The_effect_of'aycarbaehol injeCtion (CARB) into thed

dorsel‘ebrta ofve‘preViously etropinised‘ling cod. Heart'
:rate (hr; beats.min l) and cardlac output (Q, ml mlnvl)
dotnot change, but ventral (VA) and dorsal (DA) aortlc
pressures are reduced. Ventllatlon_rate 1ncrea$es, as.
indicated by the buccal pressure (b p., cm H20),reeerd;;

‘The expanded trace is a demonstratlon of the zero flow

callbratlon u51ng,a pneumatlc cuff. The cuff was inflated

over.the_time_period:indieated'by.the thiCk horizontal_bar

the Q record.:

on.
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DISCUSSION’

"The restlng llng cod

A detalled 1n v1vo examlmatlon of card1ovascular

© variables pertalnlng‘to branchlal blood flow waS-made-w1th

‘Ophiodon elongatus u51ng s1multaneous measurements of pre— and
;postebranchlal blood_pressures, and" Q. The flndlngs of the |
present'study are,generallv'consiStent:w1th other.in vivg studies
in teleostsf(étevens,et alﬁ,*1972}'Jones,gg_g;.,'1974} Chan ;nd
-.Chow,.l976) Ventral aortic flow and, therefore7 gill.blood'flow

are contlnuous even durlng dlastole due to the W1nd kessel effect

© of the large bulbus arter1osus. Blood pressures and Q have

similar valuesvto those”measured (or calculated) for other

' teleostsl .A-Q'value of»5.9 mk. m.in“l.Kg:'l was.reported‘by __T
Stevens et al. (1972) for smaller spec1mens of Ophlodon (l to 4
kg). They also reported a heart rate of 47 beats m1n l and a

1 ventllatlon rate of 26;8 breaths.mln‘l.,-Such hlgh'rates and

“low Q values were only found in dlsturbed or traumatlsed flSh in
- my study.; A sllghtly hlgher water temperature (l3°C) was used

by Stevens et al., Wthh may explaln, in part, the hlgh cardiac

3andvrespiratorydrates.: Q 1n restlng badus morhua is 52 -

ml.min~1 (5‘fish weighlng-2<to;3 kg)v(Jones etral., 1974)
TAlthough no mean welght was glven for gadus, it is apparent thatv
::'Q is greater in Gadus than in Qphlodon. The 1nterspec1flc
vdlfference in- Q is expected 31nce free sw1mm1ng flsh w1ll have-

‘higher Q than bottom dwelllng flSh; Trout for 1nstance, have T
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‘a 51m11ar restlng Q to gadus oL about.20 ml. mlnvl.kgll
‘(as calculated by the Fick pr1nc1ple, Stevens and Randall,
l967b) | |

In the restlng llnd cod the heart rate varies from beat
to .to beat, but Q changes llttle Since there are compensatory
‘changes in stroke volume-‘ These.observatlons can be explained in
terms of btarllng S Law of the heart. According.to Starling's |
plaw,.stroke volume can be . altered 1ntr1n81cally and is related
to the degree of stretchlng of atrlal muscle flbers when the -
vchamberyls filled. Greater atrlal fllllng w1ll produce hlgher
stroke}volumes and,greater atrlal fllllng can be achleved by a.
"reduced heart rate, elevated venous pressures, or . both. :The~
.igeneral appllcablllty and the 1mportance of: Starllng s law of the'
'heart 1n restlng teleosts has been dlscussed by Randall (l970)
Recently,_Short and ‘co— workers (l977) made an exten51ve study of’

'cardlac act1v1ty in dnglSh and establlshed the 1mportance of

‘ixstarllng s law 1n these elasmobranchs._,v

‘The . APg mean . represents only a 25% to 30% loss of

-VA pressure, which suggests.that the gllls have an.unusually low
..reslstanCe to'flow'for a capillarypnetwork compared to mammalianl
microcirculations, :Thevreasonafor»thls may.be-due to lamellar
dsheet flow sinCe‘h is high,‘almost‘dOuble that'fouhd'for'cat
pulmonary_microcirculation (See Sectlon'I);.‘Ihe pressure;pulse,
_ls, however, damped‘by 60%,’which ls not7at all”surprising‘diven'
the compllant nature 'of the mlcrovascular bed (Sections I and

III). The 1mportance ‘of systemlc compllance on damplng of " the DA
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pulse.pressure (Jones et al,, l974l was. not'examined here}
' Ventllatlon in llng cod d1d not appear to dlffer in anyd
'major respect from prev1ous descr1ptlons of teleost ventllatlon
patterns (Balllntljn and Hughes, l963, Shelton, 1970), althoughl-
-itlwas not examlned thoroughly in this study. Ophiodon haye o
v'buccal and opercular ventllatlon pumps."The'buccal.pumpingdand'
the opercular suctlon phases generated the greatest hydrostatlc
_pressure_changes,'but restlng ventllatory pressuresAnever
‘exceeded 1 cm h20 ‘Ventllatlon rates could be as low as. 6 to 7

-1 1n some flSh that had been left undlsturbed for.

" breaths. min~
many hours.: The mean ventxlatlon.rate (12 breaths,mln ;) is
elow compared with the trout, for‘instance, mhere_the rate ls_
fcommonly_60‘breath-mln'l. The gulet‘ventilatory_pattern of'
Ophiodon‘COrrelates,Well with lts-benthic habitat'(shelton,,

1 1972).

' Mlcropressure measurements and glll re31stance

Thls study applled the mlcropressure technlques to both
resplratory vessels and the flsh mlcr001rculatlon for the flrst
'tlme.x Its appllcatlon .was clearly restrlcted by movement
hartlfacts and the. 1nab111ty to see the plpet 1n51de the vessels.
In XLXQ the sens1t1v1ty of the gill . to. 1rr1gatlon, the -
<_:1nstab111ty of - the gill fllaments w1th1n the water current and

the 1ncomplete response of the gill fllament and opercular.
: muscles,to anaesthes1a were unresolveable-problems. Consequently‘

many of the micropuncture recordings were not used'because;of
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uncertalnty concernlng their valldlty (Appendlx II) ' The in

vitro preparatlon was . technlcally more su1table, but possessed

sllghtly dlfferent perfu51on characterlstlcs compared to in

VivO. - The fllament movements assoc1ated w1th “Rg changes

_follow1ng drug 1nfu51on were unfortunate, and the glll lamellae

were far too‘flex1ble for_m;cropuncture measurements;x Desplteb

" the ~above limitatiOns the‘high fidelity'of some in vitro

mlcropressure recordlngs (Flg. 18b) was indeed enéouraging.l

¢

A general pattern for the pressure dlstrlbutlon within -

‘v1vo and 1n

-'v1tro._ Thls pattern shows that the major - reslstance to flow

" resides w1th1n the - lamellar unit and that the comblned re51stance

of the'afferent branchial arterles 1s~small.‘ These  conclusions
help substantxate predlctlons made in Sectlon TI.
" The absolute pressure loss in the branchlal arterles and

1n the lamellar unlt cannot be establlshed with certalnty sxnce

the " mlcropressure measurements may not have been made from only

-the fllament arterles, i. e.‘some measurements could have been :

made 1n lamellar arterloles. 'Nevertheless a good 1dea of the

posslble rangevof re51stances can be deduced from figure l7 In

‘the anaeSthetised flsh VA blood pressure was reduced by 56% due

‘to the total‘gill re51stance. As llttle as 10% of Rg ‘was due to

the‘resistance of the afferent branchial” arterles, which agrees

'with thatVreported in Section I where AFA reslstance'was

calculated as 16% of Rg. “The -lamellar unit, on.aVerage,\aCCOunted

for over'half, (58%) of Rg (avvalue derived bylcomparingjthe
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average of all afferent‘and all efferent.micropressures)
'Slmllar conclu51ons to these can be made in v1tro. In thlS case
_the lamellar un;t was on averagey44% of Rg - (a max1mqm value-ofA
-73%) : It‘is also clear that'afferent and efferent'arterY‘ |
‘-res1stanceswwere 1ncreased in 1solated holobranch preparatlons,
' wh;ch probably,aocounts for.the oyerallAreductlon_ln.tne lamellar
componeht to.overa;l:Rg;' The afferent arteriole.is ciearly_the"
' major_resistance in:the ;ameilar'nnitgand the-hypothesis that‘the_d
major site”of gill resistance is the.afferent lamellar.arterioles
’has now received.some égéefimehtalssuppart}' | |

| In Ophlodon it~ appears that the prox1mal fllament is
more’dreatly perfused than dlstal fllament under certaln 1n XiXQ
condltlons, assumlng that the llght coloratlon of dlstal lamellae_
1n anaesthetlsed fish' was due to slower flow1ng, fully oxygenated
- blood (See Sectlon-III also).‘ A 51m11ar, tentatlve conclu51on
mas also made by bavis (1972) who made v1sual observatlons and
__took-infra,red filmshof‘troht gllls, Blood flow control at the
.:ALA.ekplains:the difference between»proximal andtdistal lamellar
.perfusion since distal ALAs.have a_higher“resistanceAtomfiow dne
to thelr geometry (Sectlon I) 'vDamis (1972) alSO coholndedhthat-
an adrenalln 1njectlon 1ncreased the perfu51on of the filament
'tlp as- well as the filament as a whole.‘ Increased perfu51on ofv
Athe tlp reglon would 1nvolve‘lamellar recrultment.‘ However,:the_
" .mode- by whlch ALAs would control lamellar retru1tmentlls Stlll
A speculatlvev51ncetlamellar recru;tment_oould occur antomatlcallyd"

With increased blood pressure, blood.flow or”both.'-In addition'
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_there may be autonomlc control of ALA size, 51nce in trout the_

vessels have adrenergic 1nnervatlon.. Randall (l976) postulated

B adrenerglc dllatlon of distal ALAs to 1ncrease lamellar
- perfusion. In actuallty a comblnatlon of these two controls is

expected.

'”Drug 1njectlon studles"

The response to any drug 1nject10n in vivo 1s complex

“and its 1nterpretatlon 1s,_therefore, dlfflcult and tO'some,

degree speculatlve. Drugs 1njected 1nto the ventral aorta pass'

through the glll in’ about 15 to’ 20 seconds (bectlon I).. Thus,, o

vpbranchlal vascular responses to such 1njectlons should have a
'time lag of thls'order.v'I analysed peak responses,.but peak

i responses developed over a perlod of 30 to 60.sec. Thus by
~combining all peak responses w1th up to lOO sec delay after the

1njectlon I 1ncluded all responses that were branchlal 1n orlgln;-.‘

In vitro branchlal vasodllatlon and vasoconstrlctlon are ea51ly
demonstrable w1th drug infusions 51nce Ql‘ls constant.‘ The

demonstrated branchlal vasoactlve effects of agonlsts drugs in

vitro were also utlllsed 1n the analysis of 1n v1vo responses to_
- the same agonlsts._ Lag times for a response were helpful 1n'
‘_evaluatlng the 51tes of drug actlon as. 1ndlcated by the

‘observatlons on the cardlac effects of synthetlc agonlst drugs

1njected into the ventral aorta. 'The 1notrop1c effect of ISOP on
the heart and ‘the negatlve chronotroplc effect of CARB both

occured.about 2 minutes after_lnjectlon._ ‘This t1me lag 1s
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consiStant.WithfeStimatedpof'circulation’times,for teleostsA}
(Davis, 1970) . | | o
In v1vo dlstlnctlon must be made between dlrect‘agonlst
actions and reflexogenlc (hemostat1c°) mechanlsms. ‘Randall and
Stevens (1967), for 1nstance, noted reflexogenlc Vagal
stlmulatlon of the heart after adrenallnevlnjectlons in trout.
_Lutz and Wyman (l932) reported that an 1ncreased VA pressure 1n
dnglSh ellc1ted a vagally medlated bradycardla, as d1d Mott -
(1951) wrth.eels. Furthermore, Satchell (1962) reported that a
'bradycardla‘was evoked durlng hypox1a when VA pressure also
1ncreased._ I Wlll attempt to make my dlstlnctlon by u51ng knomn
‘:vasoactlve actlons from 1n XlEEQ responses and tlme lag of the
_response.- For example, a NAD 1nject10n in Ophlodon had the'
-.dlrect agonlst effect of reduc1ng Rg, but the assoc1ated 1ncrease .
-in Q must be reflexogenlc 51nce the t1me lag of the response)
precludes rec1rculatory effects of NAD on the - heart.
| Under the steady state pulsatlle perfu51on condltlons of
the in-gitgg-experlments.ACH markedly 1ncreased Rg.j In vivo, ACH
vln]ected 1nto the ventral aorta also caused a marked branchlal
vasoconstrlctlonlln llng cod 51nce Rg rose markedly (Table X)
_The presence of a chollnerglcally medlated branchlal
oconstrlctlon 1s in. agreement w1th prev1ous in v1tro andlln'
vivo 1nvestlgatlons in teleost spec1es (See Introductlon).
A spec1f1c site of branchlal chollnerglc
rvasoconstrlctlon has been hypothe51sed (Smlth, 1977; Dunel and .

Laurent, 1977), which is located at the base of the efferent‘h



,filament«arteryg ‘A number of observatlons in my study are
ConSlStant with thelr‘hypothe81s, Firstly, there are vascular‘
syconstrictions at;the.base‘of the EFA in ling.cod-(Sectlon~I)_
siﬁilar to those observed:in-other~teleosts.A'Secondly,tACH'
‘1nfu51on in v1tro resulted in flow belng diverted from normal
efferent pathways, 1nce outflow via the efferent artery
deCreased_markedly w1th_1nflow unchanged; an observatlon also.'
recorded by Smlth'(1977). The“obséruation’can be'explained by
'increased,venolyhphatic‘flowyduevto chollnergic.conStrictlonaat.
.thehEFA base, because EFA to venolymphatics:connections‘are_
locatedlupstream.to thisrsite, ‘An alternativeyarguement‘isfthat
a general'cholineréic‘oonstriction”ln.all}arteriesselevates'Rg,‘
:similar to‘the‘actlon'demonstrated.on'strlps of large branchial
arteries (Klaverkamp and Dyer,.l975), ‘Smoothhmuscle also .
»-surrounds the short" vessels connect1ng the EFA to the ECV and
therefore,-these vessels would also be constrlcted thus
,preventlng venolymphatlclflow if the major response was a general
{'chol1nerglc vasoconstrlctlon;' Thus, whlle ‘some general
_chollnerglc vasoconstrlctlon may ocCur,.it cannot_aocount-foruthe'
‘Observed’ reductlon in efferent artery outflow. -Lastly, the"~:
cefferent mlcropressures con51stently rose after ACH treatment in
‘the 1solated holobranch preparatlons.. Since Qo fell at the S
_same.tlme, the chollnerglc constrlctlon 51te must be downstream
of the pressurefmeasurementsu: The 81te could elther be at the
basetof the'EFA,_aéain, or w1th1n ‘the efferent arch arteryb A
.igeneral‘resbonse:in,the EAA can be-argued.agalnst beoause lt

would require extensive cholinergic innervation of the
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’EAA'orfcirculatingnlevels of.acetlychOliné,.yThefpossibility of '
1hhormonal ACHhactions ln'teleosts'hasxbeen.discuSSed'and rejectedb
"(Wood, l975l but nothlng is known about the dlstrlbutlon of
”jchollnerglc flbres in ‘the gllls.. Whether the 51te of chollnerglc
vactlon is the base of the EFA or not will have to awalt B |
locallsatlon of chollnerglc termlnals
| The observatlon that glll fllaments move w1th ACH

1nfu51on in XLEEQ may be important in. produ01ng Rg changes. The_
base of the EFA lles close to the cartllage Wthh surroundskthe
.glll arch.< It is p0551ble that the base of the LFA could be
phy51cally constrlcted by the cartllage when the arch hemlbranchsby
are spread out. .. Whenever perfused holobranchs were belng set.up,-

the orientation of the arch bend,,whlch affected ‘the spread of

' hemlbranchs,‘was lmportant 51nce ‘some manlpulatlons would ralse

P; 1ndependent ‘of other factors.. Smlth (1976) .has actually
'Wnoted the‘difficulty ofvinfuslng viscous~fluidsspast the base_of‘.
f,the efferent fllament artery in trout. Thus filanent'novements
-'may be 1mportant 1n the Rg elevatlon after ACH admlnlstratlon.l.
What 1s certaln 1s that branchlal vasoconstrlctlon is’
ﬁlocallsed to the efferent glll arterles 1n llng cod. and w1ll L

result 1n elevated EFA 1ntravascular pressure unless flow 1s

o reduced; Consequently, 1ntralamellar pressure ( APlam) and

_lamellar 1nput pressures will also rlse in the whole fllament.
These elevated pressures 1n1t1ate lamellar recrultment,

1ntralamellar shuntlng and 1ncreased lamellar blood volume
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_automatlcally It'is postulated therefore,'that chollnerdic
_vasoconstrlctlon at’ the base of the fllament 1n1t1ates changes in
blood flow" of the whole fllament.. Input flow must_be‘malnta;ned‘
or: elevated in face of the 1ncreased Rg, however,ufOrithese_flow
pattern changes to be effected .

In vivo after the VA 1njectlon of ACH éﬁihcreased
reflexogenlcally, Wthh effected the lamellar recrultnent,
lamellar volume changes and 1ntralamellar shuntlng 1n1t1ated by

branchlal<vasoconstr1ct10n. The ACH 1njectlon waS»also

o a55001ated w1th elevated ventllatlon rates and pumplng pressures

(Flg.v23) whlch 1ncrease glll ventllatlon (Vg) ; Vagal and
‘chollnerglc neurones have been 1mpllcated w1th resplratory
"control (Hughes and bhelton, 1962' Roberts, l975), but my
-experlments prov1de no evidence for mechanlsm behlnd the 1ncrease
hln Vg. Increased Vg, however,.lncreases 02 dellvery to the
gllls whlch is fundamental to enhanc1ng 0y transfer in: flsh.

VI therefore,_concluded that the branchlal actlons of ACH are all
.geared towards 1n1t1at1ng condltlons for 1ncreased 02 transfer,
whlch are effected by 1ncreased Q (reflexogenlc) and Vg._

The heart 1n llng cod has chollnerglc receptors whlch
reduce heart rate 1f st1mulated - note the effects of CARB
1n]ectlons. The heart also recelves chollnerglc tone since
atropine'injectlons resulted in a sustalned tachycardla a
'result.whichsagrees w1th prev1ous flndlngs for Ophlodon (btevens-

t al. Ml972); carp (Randall, 1968),and Gadus morhua (Holmgren,

1977). ‘The résting trout lacks vagal tone (Stevens and Randall,
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.

1 1967a). It is interesting that no heart‘rate-higher'than'the

atropinised rate was ever obserVed in'mybexperiments.f And that

the. characterlstlc beat to beat heart rate fluctuatlons were

1‘abolished by‘atrOplne; Chollnerglc tone is probably medlated via

vagal Cardiac innervatlon as 1n-other flSh. Consequently, 1f thel
general chollnerglc nerve act1v1ty 1ncreased in llng ‘cod,- . then a
bradycardla and an efterent branchlal vasoconstrlcton could all
be expected ‘to follow 1mmed1ately.3 Decreased chollnerglc
actlvlty would'anrease heart_rate and;Q, if stroke volume‘mas
malntained. | | | N -
It is clear that intravascularllnfusidhﬂof'catecholamines
reduces Rg 1n v1tro and 'in vivo in llng cod My findings agree.

w1th prev1ous results for catecholamlne 1nject10ns in teleosts

both.in v1vo,and iﬂ v1tro."IbOP, a pure ﬁf-adrenerglc

agonist, produced'Only a small'Rg change in vitro. In. trout

gills B-— adrenerglc dilation - produces more marked RgfreduCtIOns-

(Wood, '1975). Why 1s there thlS dlfference'> When comparing

results of dlfferent experlments one must con51der the vascular

propertles of the 1n v1tro preparatlon and ‘the perfu51on -

condltlons.-’Wood controlled 1nput pressures w1th-reduced'inflow-

'rates; T used ‘normal inflow rates and 1nput pressures were hlgh.

I suggest that under the condltlons of my in vitro preparatlon'

the vessels had llttle Oor- ‘no vascular tone and only .small

dllatory responses were p0551ble. Vascular tone is deflned”as

the ablllty of a vessel wall to ma1nta1n 1ts dlameter over a

range of 1nternal pressures.
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NAD,'a'potent o - and‘B 4vadrenergic:agonist;dproducedo
a greater reductlon in Rg ‘than did ISOP 1n my experlemnts.. There‘
are two p0551ble explanatlons for thlS. First NAD could be a - ;.
dllatory and B - dllatory in’ Ophlodon. 51ncevonly-d.—v'fn |
constrlctory receptors have been found prev1ously 1n teleost glll;
vasculature (WOod,a1975),vthls explanatlon is unllkely. An.a'— |
'constrictory and.B —fdilatorybaction.is the’other possibility,
' but how can & - constr1ctlon decrease glll re51stance? In gllls
dd— constrlctlon has only small effects on overall perfus1on
pressures (WOOd, l975)-- Therefore vessel dlameters_are unllkelyh
- to be altered greatly by o - constrlctlon. - If, instead,,the-df—»
constrlctlon effect is. to stlffen afferent arterlal vessel walls,
i.e.. 1ncrease vascular tone,.the pressure proflle in the gllls
would be altered,. Pulse pressures would be larger whlch would
'ralse‘lamellar_input‘pressuresﬁ 'ngher 1nput-pressures would_
overcome_critical-closure pressures_and recruit lamellae; in.
addition'to'increasing thehlanellar volume; ABoth changesvreduce-'
Rg withfconstant Qi'conditions. <The*hypothesls of O — .
gCOnstriction1conferring'branchial'vascular.toneﬁis~glven'support
-by comparing vaSCular properties.ihuvivg and in vitro.atGill arch.
preparatlons ‘are noted for their lack of vascularvtone, hlgh

compllance and hlgh re51stance to flow (Wood, l974b v1sual

| observatlons, bectlon III)-f The flndlngs of Payan and Glrard
(1977) can also be 1nterpreted to suggest elther a lack of or ‘a
' reduced vascular tone 1n XLEEQ since phentolamlne and propanolol

(u - and B - adrenerglc antagonlsts, respectlvely) had llttle
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’.affect,on“gill'perfusion'pressures or'flow bvithemselves.:,lg
'givgllgill resistance‘is_low‘(Table.VI)landlgillAvascularutone.d
"does‘ekist‘(Wood;?l974b,:Helgason énd7Nllsson, l973) contrary to
,the suggestions"of RandalliandAStevens (1967);~iIn restlng flSh-

.branchlal vascular tone maylln‘fact be due to clrculatlng
catecholamlnes whlch are at suff1c1ent levels to elicit ton1c
vascular effects.kNakano ‘and Tomllnson, 1967; Mazeaud et al.,'
:l977)._ It 1s concluded that the branchlal vasculature in - o

nOphlodon possess B - dllatory and o - constrlctory receptOrs;.

_In restlng llng cod VA 1n]ect10ns of NAD and. of IbOP

-1produced dlfferent responses. NAD had a marked pressor effect,~

" but ISOP: produced. a depressor effect.' Qnezexplanatlon for this

is that.the system1C'c1rculatlon possesses a - adrenergiC'

_receptors,'whlch produce a very potent vasoconstrlctlon (Stevens

and Randall, 1967; Wood‘and Shelton,_l975; Stevens_gt al., 19?4),

The coeliac artery isIOne'specificvslte‘of.adrenergic
;vasoconstrlction in teleosts (Holmgren;'l978)- NAD 1n]ected 1nto»'
'_the ventral aorta in my experlments 1ncreased Rs, 1n;most ling

. dcod. In the remalnder, Rs~was not changed‘by-NAD injection and -
in these the pressor response was a result of Q belng elevated;

NAD admlnlstratlon in llné cod in addltlon to’ branchlalht

:vasodllatlon w1ll brlng about lamellar recrultment and |

vllntralamellar shuntlng because of 1ts pressor effects and

‘elevatlon of Q, Lamellar recrultment can. apparently be

,qualitatively assessed.by changes 1n pulse.pressures,51nce-the -
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lamellae are complaint vascular sheets (Section‘l)._ Perfusion of

additiOnal COmplaint.yascularkbeds'in parallel raisesjthe overall

.gill compllance and increase the damplng of the pressure pulse

AaCIOSS'the gills. The APg pulse was 1ncreased with

adminiStration.of catecholamlnesslnto restlng llng-cod.”'Notably,

the greatest 1ncrease in APg pulse occured w1th NAD

admlnlstratlon, Wthh correlates well with the NAD pressor

gresponse that greatly enhanced lamellar recrultment.

Cardlac output 1ncreased reflexogenlcally in response
-

‘to catecholamlne 1njectlons into the ventral aorta. « The elevated

Q was a result of 1ncreased stroke volune, as ‘there was. little
change in heart rate;‘ APg mean, however, was‘relatively
unchanged as a result of Rg ‘and Q changes.l'In other'words the

changes ‘in Q and Rg were compensatory Or automatlcally matched

A decrease in Rg can be due to - lamellar recrultment and/or

vasodllatlon.: Lamellar recru1tment w1ll 1ncrease fllament blood

‘volume the greatest, 51nce the- lamellae contaln the ma]orlty of

the blood (F1g. 13( Sectlon I) _ The recrulted lamellae w1ll
thus be largely respon51ble for accommodatlng the 1ncreased 0.
I,_therefore, postulate that the 1ncreased Q closely matches

lamellar recru1tment, 1n Wthh case 1ncreased Rg only reflects

| the branchlal Vasodllatlon."Thus the NAD 1njectlons produced

'greater lamellar recru1tment and branchlal vasodllatlon than, IbOP‘

\

_since the Increases in anut pressures, Q-and APy pulse were
_ greater. Clearly changes in branchlal blood flow: patterns occur

in response to catecholamlnes through increase 1nput pressure
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tand é,

'The venolymphatlcs

thtle is known concerning flow in the venolymphatlc.

system of teleost gllls. The.results-presented.here and-ln

'Sectlon I prov1de some 1nformat10n on venolymphatlc flow in llng

. cod. Blood. flow is derlved from the efterent fllament arterles

and can proceed through a series of mnarrow connectlng-vessels

between'the ECVs, CS'and ACVs (Section I). Lymph;formed at the

: lamellae enters the 1nterst1t1al space between the eplthellum and

caplllary endothellum.' The 1nterst1t1al space apparently dralns

'1nto the. central sinus’ by separate channels lylng beneath the

lamellae. These channels have not been observed before in other
teleosts. Valve-like structures ex1st at the:base of the-

lamellae in the 1nterst1t1al space in trout (Campbell et al., in
preparatlon) buch valves, 1f present in llng cod would prevent

reflux of lymph from the central sinus to the lamellar

vlnterstltlal space.

The CS and ACVs are relatlvely tree of red blood cells

‘and ‘the ECVs contain reduced rbc numbers_compared:to-arterlal
‘blood. lA high rate.of lymph formationpwould produce this

_sitUation in_the venolymphatlcs;' Plasma'skimming would also
Vreduce rbc numbers in the venolymphatlcs. 'The'small-vascular

bconnectlng vessels’ are ideal for excludlng red blood cells but

allow1ng‘plasma through.-,ln trout Vogel et al.~(l976) noted that
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the openlngs of venolymphatlc connectlng vessels are surrounded
"by mlcroscoplc "hairs".. These halrs could serve to exclude red
blood cells in trout, but they have not been looked for.ln llng
1,cod. Blood flow from the EFA to the maln ECV may be controlled h
1n llng cod by the smooth muscle that surrounds the connectlng
‘vessel. | “ o B
 Based on the micropressufes.measured4here,»

venolymphatic flow‘is'driven by low'preSSures. .Thls conclusion
could be predlcted from the presence of narrow 1nter connectlng:,
vessels_of the venolymphatlcs. The mlcropressures were'
.pulsatile, confirming thatfvenolymphatlc flow.ls pulsatlle.
'fMammallan lymphatlc systems are low pressure.and have a pulsatllef
flow. Increased pulsat111ty is known to enhance lymphatlc flow
“in mammals (Parsons and McMaster, 1938 McMaster and. Parsons,
l938 Ruszyak et al., 1967) f bome lymphatlcs can propel fluid by
- their own 1ntr1n81c act1v1ty and 1ncreased lymphatlc transmural
. pressure w;ll 1ncrease the rate of lymph propu151on (McHale and
Roddie, ‘1976). Arterio- lymphatlc 1nteractlons also 1nfluencev
'lymph flow since .in mammallan lungs lymphatlc flow is enhanced byl
the arterlal pulse pressure (Shephard and Klrklln, 1969
N1colaysen'and Hauge, l977) Furthermore non- pulsatlle arterlal _
-~ lung perfu51on resulted 1n lymph accumulatlon Wthh was -
:assoc1ated with reduced oxygen consumptlon. Arterlo—lymphatiC"A
'1nteractlons may also occur - in the glll fllament, and it 1s' :
predlcted that the pulsatlle nature of arterlal flow could have

1mportant effects on venolymphatlc-flow.' Thls predlctlon is
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examlned in Sectlon III.. Venolymphatlc flow in gllls mlght also
‘be under neural or humoral control mechanlsms, 51nce in trout,
la—adrenerglc COnstrlctlon decreases‘venolymphatlc volume (Girard
and~PaYan, l976- Payan'and Girard'v1977? Dunel'and‘Laurent,;
i977).] The 1mportance of malntalnlng venolymphatlc flow in the
"fllament 1s‘qu1te s1mple. If lymph formed at the lamellae were .
bto accumulate, 02 transfer would be llmlted because of

: 1ncreased dlfoSlon‘dlstances._-, | |

In summary.-I. have demonstrated experlmentally that thelyy"
- ALAS are the major re51stance 51te to glll blood flow and dlstal‘

.lamellae are not perfused under certaln in-vivo condltlons.

: Changes 1n vascular dlmen51ons through chollnerglc and adrenerglc ’

actlons 1n1t1ate alteratlons in glll blood flow patterns.; Gill

. ‘re51stance is altered by the vascular changes, but flow pattern

‘changes are effected by Q° regulatlon. Increased.Q-in yiyg.wlllj
'ftherefore be a58001ated w1th lamellar recru1tment and .
_1ntralamellar shuntrng, whlch.lncrease the glllldlfoSlhg'
capacity. }The'changes:inyflow'patternIaSSociated withhincreased“'”
=Q'and.input pressure were not_visualized,jbut;are asSumed'to
occur automatlcally based on’previous‘flndings. 'itjis-necessary.-
,.to experlmentally conflrm that flow changes do occur-, |
automatlcally with Q and pressure changes. ThlS conflrmatlon was'
-fcarrled out in Sect1on III by observ1ng lamellar perfu51on in |

1solated glll arches.'
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4 - . SECTION III

- AN _EXAMINATION OF THE .

VASCULAR RESISTANCE AND COMPLIANCE

~ AS_THEY AFFECT GILL BLOOD FLOW

_USING IN VITRO PREPARATIONS

The éffects of alterations in pre$Sure,,flow'and

pUlse'raLe_of gill blood flow patterns in the isolated,

-+ perfused hélobpanch |

‘Pressure/volume curves for the bulbus arteriosus

and ventral aorta .
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INTRODUCTION

In the prev1ous Sectlons 1t was, demonstrated that-

,pre lamellar. arterloles control lamellar blood A dellcate"

balance ex1sts between the overall res1stance of each parallel

lamellar unlt and the dlstal lamellae may not be perfused under

certain condltlons. Furthermore the pattern of flow dlstrlbutlon
'w1th1n a single lamella is not unlform.A In these;sltuatlons-an
- 1ncrease in Qeand 1n-glll 1nput pressure is predicted.to alter
Agill blood‘flow patterns:in such ahway that 62 transfer is
Aenhanced. Is-this'truly the Situation7 hxerc151ng trout do show
»marked changes in Q and VA pressure wh1ch are -also assoc1ated

with an.elevated,Moz (Stevens and'Randall 1967a and.b—

cheniuk and Jones} 1977) - However the dlrect effects of
increased Q and 1nput pressure on observed patterns of.glll blood
flow have not-been studled Such ‘an 1nvestlgatlon was made here
u51ng the 1solated perfused glll preparatlon, where lamellar N

perfuslon can be observed dlrectly. Also, only the pa551ve

" properties of the- vessels were examlned when perfu51on COndlthnS

b”were changed, since in- v1tro glll preparatlons have llttle or no

vascular'tone (Sectlon 1), and they are denervated

Our understandlng of glll blood flow control has

'beneflted from many studles uslng an in v1tro 1solated perfused
~,holobranch or head preparatlon (Ostlund ‘and Fange, 1962; Rlchards

and Fromm, 1969;-Wood, 1974b and 1975 Bergmann et al., 1974
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Forstér; l976"Payan‘and Girard,'1977l ‘ﬁThese'preparations have
" also been used to 1nvest1gate glll ion transfer (Payan and Matty,
1975; Pic et al., l974 a and b Glrard and Payan, l976 Payan, -
'Al978).-~lf lnput pressure and Q can altervblood flow»patterns,'ﬁ
then care must be’tahen in selectlng in yitrg perfusion
lcondltions.l At the very least, perfu51on pressures shouldlbe
“‘hlgh enough to av01d crltlcal closure of lamellar blood channelsr
(Sectlon I) - Yet 1n all these prevlous 1nvestlgat10nsuln yiygi
i.pressures and flow reglmes were largely 1gnored. Teleost flSh,
in vivo, have nelther:constant Q hor- constant gill perfu51on
pressure.r ‘Blood flow is pulsatlle and the DA blood pressure is-
~of the order of 20 to 40 cm HyO0. It is- reassurlng that
recently Shuttleworth (l978) did . con51der the 1n v1vo state of
blood flow and lamellar perfu51on in. the: de51gn of his 1solated
'perfused holobranch preparatlon,_as did Wood et al. (l978) The
direct effects of pulsatlle flow and pressure changes on . the
pattern of glll blood flow clearly need to be examlned and the )
results of thlS 1nvest1§atlon may well affect the 1nterpretat10n o
of prev1ous in XiEEQ experlments., o | |
| Interpretatlon of in X£E£9 results can be compllcated_;'
by the nature of the perfu31on condltons (Sectlon II) 7The
quantltatlve nature of vascular responses is deflnltely affectedy
by perfu51on condltlons. For exampley-ln the- perfused mammalian :
kldney preparatlon, pressor responses u51ng constant Q perfu81ons
_'were 2 to 5 tlmes lower than responses with constant pressure

y-perfu51on (Kha]utln, 1964) There are also dlfflcultles
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applylng in y;trg'reSUlts to‘in_yivo conditions'because‘of
different-perfusion conditlons{ In XiEEQ adrenerglc and
chollnerglc drug 1nfu51ons w1ll.m1mlc p0351ble neural vascular‘
control, but they only 1nform us whether vessels constrlct or.
":dilate. In vivo admlnlstratlon of these drugs produces more
complex responses than a re51stance change e.g. . changes in
pulsatlllty'and Q (Section II) If pulsatlllty-and_Q‘can’alson
change glll blood flow patterns, then clearly the extrapolatlon
v-‘of in vitro- flndlngs to the dlscu551on of. how branchial |
Hadrenerglc and chollnerglc effects alter blood flow patterns 1n'
vivo must be approached carefully. Indeed, I suggested 1n
'_Sectlon II that .in addltlon to alterlng Rg, Q must also be-_-:‘
malntalned orpelevated-to.alter perfu51on patterns, “It'ls
surprising then, that preyious-interpretation and'application‘of.
'1n vitro flndlngs rarely con51dered or acknowledged the','
dlfferences in perfus1on pressures and flows between the 1n v1vo»
and the in XiEEQ s1tuat10ns._ | | |
In teleosts blood flow remalns pulsatlle throughout the
~lbgills.- Lymphatlc flow is also pulsatlle. It has already been
.suggested ln Section II that arterlal pulsatlllty could affect
‘Moj by its effect on lymphatlc flow, based on the observed
*_arterlo lymphatlc 1nteract10ns in’ mammallan lungs.- It is
noteworthy that the fllament venolymphatlcs are. exten51ve 1n.llng
cod (beCtlon I),iand that the pulse pressures throughout the glll |
bed, 1in partlcular the lamellar caplllarles, are comparatlvely
,'high (Sectlon II) : Is pulsatlllty pgr se, therefore,‘lmportant

in determlnlng branchlal blood flow patterns’ Furthermore,‘to-
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'what extent oanvpulsatlllty of blood. flow be controlled°

Arterlal pulsatlllty is determlned largely by the
.action of therheart. Blood tlowvls,_however, depulsed - a Wlnd
kessel effect'—’by‘the elastic bulbus erteriosus.(Randall, 19637
eSatchell ‘1971- Jones et al., l974)‘ " In alnumberjof'teleosts'
there is sympathetlc 1nnervat10n of the smooth muscle of the-
bulbus-(eannon, 1972- ‘Watson pers. comm.). It is p0351ble then;
that sympathetlc release could alter ‘the . tone of the bulbus
arterlosus and thus modulate the degree of blood flow
i'depulsatlon. The effect of pulsatlllty per se oh branchlal bloodw
flow patternS'and whether or not the bulbus.can,contrlbute to the,.
control of pulsatlllty were examined here..

In this Sectlon I conducted 1nvestlgatlons on how'
'elteratlons ln pulsatlle ﬁleﬂ pressure and pulse rate passively
affect;gill‘perfusion andhpetterns ofllemellar perfusion by using

" the isolated holobranoh~preparat10nb
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'MATERIALS AND METHODS

In vitro isolated holobranch»perfusion:' the effect of

';alteratlons 1n pressure, flow and pulse rate on glll

'blood flow patterns

The clearlng, preparatlon and cannulatlon of:. the
1solated glll holobranchs has been described. 1n the. general
methodst.:The perfus;on protocol‘was as-follows,is

| | Each.arch‘Was perfused separately'inbatconstant“
temperature (ll°C) sallne bath u51ng a Watson Marlow pulsatlle
perfus1on pump (Flg. 26) . Inflow:(Qi) was,controlled‘Wfth a
series of_precalibrated, interchandeableztubes and'thefyariabled
pulsefrate'of the pump,' lnput.pressure,(Pi).was monitoredz
:within 2 cm of‘the'gill_arch using a Statham P23Dbﬁpressure-"
Atransducervand:a-Brush chart recorder..yThe afferent cannula.,'
'reslstance was measuredpafter each experlment'and-deductedyfrom_y
nean P, values. Outflow*from the efferent arch vessel (QO)
A,was‘measured by drop countlng and outflow pressure (Po) was set
by the height of the cannula above ‘the saline level of the
preparatlon (Fig. 26).‘ Thus Ql, pulse rate (hence stroke
volume),and‘Po,could'be manlpulated, whllst mean Pi_and Qoﬁ
: Were the measured‘variables.. bxcess1ve pulse pressures that were
_>generated by the pump were damped by a "Wind- Kessel".whlch
_con31sted of an a1r fllled syrlnge as a 51de branch of the malny
' perfus1on'llne (Flgf -26). -“Restlng“ values for- pulse.rate (30
» ﬁin‘l),“Qi to eachiarch (1.25 to. 1.5 ml min~ l .kg body

k weightfl)iantho'(3O to,40}cm‘H20).were'based.on
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. FIGURE 26

A ‘schematic diagram.to repreeeht the:ig vltrgAh
perfusionesystem used, The.perfusate-infiow andaperfusioh
bath vere;both-kept at oohstant}temperature by Waterfjaokets;,n
The Wind- kessel con51sted of an alr—fllled syrlnge, the
volume of which could be’ adjusted to vary the damplng of
input-pulse pressure.r_-PO = output pressure and the helght

of the efferent catheter above the sallne.
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'v‘the‘in vivo measurements from ling cod. 'Similarily('pulsenratesi
_of 45.min l‘and 15.min’ lvapprox1mate_the,maximum‘heart." |
rate. (atropinlsed)_and.theyminimum:heart rate (hypoxic
’bradycardLa) recorded:in ling codﬁ(see Seétions lI and 1V).
Typlcally, each holobranch was 1n1t1ally perfused at-
restlng Ql and pulse rate, whlle Pl gradually fell andiQO; |
gradually rose w1th time towards stable values._ AfterT
equilibration (10 to 15 min) '1nd1v1dual manipulations Werevmade
;’to pulse rate/stroke volume,iQ1 or PO, while recording-Pig | |
“and Qn. The subsequent effects on lamellar recruitment were .
"determined.‘ To v1suallze_the number of lamellae-perfused after a
‘glven manlpulatlon, a'l to 2 m1n equilibration period was. ] |
‘allowed, then a Pru551an Blue dye suspen51on was 1ntroduced to
.the inflow.y'This procedure also served to demonstrate successful
Wafferent‘cannulations since dye-never‘leaked from the'afferent’
f31de of the preparatlon. The partlculate dye lodged in the
,lamellar capillary channels to 1nd1cate the flow pathways at. that
time.i Perfus1on was stopped 1mmed1ately s1nce P1 was rising
"due to vessel occlus1on. The distrlbution of dye was observed by‘
clearing the glll tlssue 1n methyl salicylate after alcohol
dehydratlon. iThe intact holobranch was photographed and the"
extent of dye penetratlon along the filament length, as well as:-
the total length were measured in every lOth filament, Wthh were
' lsolated and v1ewed under a microscope. . The dye penetrated along

'a portion of the afferent fllament artery and entered all

lamellae connected'to_that segment of»artery containing dye.
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There was‘no ev1dence of dye in the remalnlng length of fllament
or lamellae.: S1nce the lamellae are evenly dlstrlbuted along the
filament.(Fig. 4, 5ect1on I), the percentage of lamellae perfused
”uaS‘calculated'from the extent of dye penetratlon_along the
dfllament expressed as percentage of total tllament length

- Six- holobranchs were routlnely used from each fish; the
fourth g1ll arches, which were'smaller thanAthe'rest and-had an

exce551ve amount of cut tissue, were not used.» Holobranchs

r-:lacklng Qo or that had exce551vely hlgh Pl values, were not

-used. The*experlments were conducted over_a 2 to 3 hours period

i procedlng gill removal thereby mlnlmlslng experlmental time and‘_

._the assoc1ated changes in the characterlstlcs ot the gllls w1th
time. ”Storihg“the hothranchs in 1oeecold ‘saline was helpful_ln

“this respect.



The presSure/Volume curvesvfor-the bulbus arteriosus

»andfventral aorta .
it is difficult.tO-separate'the3bulbus arteriosus‘from

N the-ventral'aorta. Therefore the pressure/volume curves were"

- established for the intact bulbus arterlosus and ventral aorta

vessel from two ling cod and 'six ralnbow trout. The - vessel
length was measured in situ in the anaesthetlsed flsh prlor to.'
belng”exc1sed 1“’Xi39 and cleared of blood. The'vessel was‘
cannulated at - both ends 'with PE 200 tublng and placed 1nto a
-‘perfu51on bath contalnlng the approprlate oxygenated sallne at

9 to lO°C ‘The vessel was stretched to and held at 1ts in XLXQ
‘length. The bulbus catheter was connected to a constant flow
:Harvard lnfu51on'syr1nge pump and ‘v1a a 51de arm, to-a Statham
~P23Db pressure.transducer’(Fig;}27). The pressure transducer
_-signalslwere~amplified and recorded‘on a Harvard chart;recorder;
Infusion rates comparable to those‘found,ln‘vivg were established
rin‘prellminary trials,:slnCefthe shape of pressure/volume curves
vary with theirate of increase‘oflinternal volumeh(Bergel; 196la
candﬁb; Fung,‘l972) f The major experlments were performed on -
vessels from trout) for whlch the- fllllng time. could be , |
'approx1mated to those assoc1ated w1th restlng heart rates found B
in trout (Randall,‘l970).- Fllllng of the ling. cod'vessel was ‘at
rbest 2 to 3 times slower than 1n ZiXQ becausevof the limitedd
delivery speed5of the'syrlngetpump compared_to the'large vessels.
' from‘the specimens.used.- For thiS'reason only‘the control“ B
T'pressure/volume curve ‘was establlshed in 2 llng cod SO . that 1ts

general 31m11ar1ty with the. trout vessel could be. ascertalned.
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. FIGURE 27
A schematic diagram of the watet~jécketed,
saline—fiiled perfusion bath used for examining the ~
préssure/volumé_cdrves of-thé'bulbus arteriosus and

ventral -aorta vessel.



saline

!

transducer

- water
*.JQCkef _
vinflow

perfusion

bath

=| = —> outflow

- BO9T -

 9051 

| < SUpply




-Each'experiment with the'trout‘vesselvconsisted of a
-'serles of prellmlnary vessel dlstens1ons, control sallne |
~dlsten51ons and the testlng of an agonlst drug. For each vessel
,ACH,‘ISOP and NAD were tested in sequentlal experlments and in
the final experlment ‘the sallne bath was progre531vely
-.deoxygenated w1th N2 gas whlle a serles of dlsten51ons were
made.' The protocol adopted for each experlment was,:1nfus1on
started w1th the vessel collapsed to a negllglble volume and thej'
outflow cannula clamped.< The 1nternal pressure was monltored on
“the chart recorder and 1nfus1on was stopped at .an 1nternal
‘preSSUre nO'greaterﬁthan lOO.Cm HZO. - The internal presSure was
‘jreleased 1mmed1ately.A Flve prellmlnary dlsten51ons ensured a -
lpre stretchlng of the exc1sed tlssue prior- to determ1n1ng anyA
serles of pressure/volume curves (Fung,'l972) : Three control
curves were,determlnedvflrst, Then an agonlst drug was added to
‘the sallne,bath‘(lfxf10‘4 mg.l }4f1nal'concentrat10n) and d:
‘three to fiVe,diStensions made,afterwards. Thelbath'and:wessel
~1were’washed thoroughly'with threepchanges'of_fresh,Saline and'the‘;:
vessel was freely perfused; _After lS'min alfinalTSaline change |
preceded the:next enperiment; When all three agonlst drugs had .
been.tested, the sallne was progre551vely deoxygenated for the
flnal experlment in- whlch four to six dlsten51ons were made over
a 5. to lO m1n perlod.. The repetltlon of the control curves w1th
psallne before each drug experlment ensured that the preparatlon
did not deterlorateﬂ ;All results,from any,preparatlon-thatl

developed a leakage part way through-the eiperimental series were
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“discarded. The pressure/volume curves wéte;conétructed‘directly '
from.the‘preSSUre'repdfdings'since'vb1Ume‘was_directly related to

time at- the calibrated, éonstant'flowfrates of_the syringe pump.



" RESULTS

The effect of. alteratlons in pressure, flow and pulse rate on

the lamellar blood flow 1n 1solated perfused holobranchs '
| A total of 52 successful glll perfu51on preparatlons

Jfrom 10 llng cod were studled. Cardlac output in restlng llng
_ cod at 11°C is about 10 ml. min~1 kg‘l VATheAlsolated
arches were'perfused 1n1t1ally at‘l/8th,the estimatedvcardiac.'
_outputvgiven the’weight oftthe donorrfiSh.A At.this-initial flow
rate, referred to as‘"resting‘Qi",:theimean input‘pressure
(P ) was between 70 to 95 cm H20 ‘The gill{reslstance‘to
flow, Rg (calculated frOm» APg/Qi, where APg:=‘P'—P6) was
1n1t1ally hlgh but fell to a stable value 10 to 15 min after the
onset of perfus1on.' |

A stepw1se 1ncrease in PO resulted 1n‘smaller changes
in Pl{ At low levels of PO, an 1ncrease caused a fall in Py
whereas at hlgh levels an 1ncrease PO reSulted in a small rise
'.in Pl (Flg. 28) Clearly, as APg falls w1th 1ncrea51ng P |
~and, -as Q1 is constant, Rg also falls with 1ncrea81ng Py
h(Flg. 28b) | | | | |
| " The ratlo of QO to Q5 was between 30 and 88% at the'
time of dye 1njectlon.5 Sallne was,_therefore,-also lost from the
| preparatlonlv1a;other outlets or by filtratlon. There-were.neyer
any leaks'in'the afferent portion,of'the_system,and‘all saline
:must,ftherefore,;enter thehsecondary lamellae,‘ Flu1d could be:'

»lost by flltratlon but thls is probably not a major pathway
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because when-Pi 1ncreased the dlfference between QO and Q-

: decreased (Flg} 29b) Thus there is more than one outflow f
-channel in the efferent c1rculat10n but flUld was . only collected

.frcm the,efferent branchlal artery;_ ‘The ratio of Qo Ql was. |
also increased by:raising Qi‘and/cr 1ncrea51ng the pulse rate
(Fig;.29a); =Elevation'cf Pé at'ccnstant.Qi initially |
_decreased Qo which then:returned‘tO'the original leyel:: If,

8 however,‘Po was greater than 30 cm H20 the pre change Qo

- was not always attalned

The progres51ve deoxygenatlon of the perfusate w1th

"~N2 gas falledbto produce-any_change in Pi_or‘Qo.ln three |

.preparations._'

Changes in lamellar perfusionﬂpatterns"

Under “restlng" perfus1on condltlons 66 8% # 3.6-
(n.= lOl~of all lamellae were perfused. - In any one: holobranch
the % perfu51on varled sllghtly from fllament to fllament. In
partlcular, fllaments ‘in the reglon dorsal ‘to .the: bend 1n the
arch usually had sllghtly more. lamellae perfused than elsewhere
-: on the arch (Plate 17). _ There was no obv1ous correlatlon between
the number of lamellae perfused and.glll re51stance Rg (Fig.- 30), .
There:was’a 51gn1f1cantnchange in lamellar_perfus1cn w;th

increases inFQi; P; and pulse'ratef(Figs."Bl and 32).

The effect‘of‘increased'Qi:and.Pi:f.In preparations_with,a



~'50-to 100%'increase (2 =i76ﬁ9%) in‘bi-and an elevated Pj
“:lamellar perfus1on‘was 1ncreased from 66. 8% to 77 8-i'3.0,nv=ll3)
(F1g. 31) - Not all fllaments of one arch showed the same
increase in lamellar perfu51on. Qi was 1ncreased through

: .elther 1ncrea51ng stroke volume or pulse rate. The changes in
Ql were controlled by me and resulted 1n changes 1n Py ”

However, the change in Qj ‘and P1' although in the same

dlrectlon _were not in phase. Typlcally when Ql was 1ncreased
'pPi 1n1t1ally rose by a mean of 37 96; (range l5 to 55%) and'

‘overshot its latter, stable 1ncrease 23.5% above the 1n1t1al

hleveldlrange 8_to'42%) (Fig. 29). e

- The effect of-increaseleojand_Pi}:1In this.system, elevation'
of Py, and the consequent limited rise in P, did-not‘alter‘%

lamellar perfusion but. -APg fell proportionately (Fig,'29).

The effect of changes in pulse rate/stroke,volume'at

' constant Qj

_'Increased rate/decrease stroke volume: The $% lamellae
3perfused was reduced (x ;-59,3% t 6. 0)'in 5 out of 6.preparati0ns
:_when pulse rate was 1ncreased to 45. m1n -1, but'inwas-

malntalned at or. close to a restlng value- by decrea51ng stroke'

. volume (Flg 32). Under these cond1t10ns, pulse pressure was

reduced and ‘mean Pl always 1ncreased 4 to lO cm H20
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Increased stroke.volume/decreased‘pulse.rate-‘ When. stroke volume
‘was doubled and Ql kept constant by decrea31ng pulse rate ‘to

le min l, pulse P; was also 1ncreased as a result. The,mean ,

fPi always decreased by 2 to lO cm HZO after these' “ |
| “manlpulatlons.A These changes resulted in ‘a mean of 68 2% 2.9%_
(n‘% 9) of the lamellae belng perfused .a'value 51m11ar to that
"at restlng stroke volumes. Increased stroke volume/decreased
.pulse rate per se can 1ncrease lamellar perfu51on since in 6 of
- the 9 preparatlons.there was alwaysran_lncrease in lamellarp
fperfusion (Fig.z 32) . Considering_only_these six,preparations(
lamellar perfusionfwas‘73tl‘# 1.4% compared with 66.8,l 3.0%1of’
"the total’number of lamellae under “resting" conditions{” In one K
'exper1ment, stroke volume was sllghtly less than doubled and Q3
'_was, therefore, below the restlng value. Here the %‘lamellae

perfused was again’ hlgher than restlng values.
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" FIGURE 28

‘: Thé'effect offstepwisé»incfeaées iﬁ PO onlthe méén*
P; and APg'(or_k,Rq'where'k:¥'l/Qi_at'réstihg Qi)f
a) absolut§ Values of P, iﬁ meén Piﬁf éachwpdintv
répreséhts the mean'vaiue +. 1 s.e. of'ﬁ'obserQaﬁions (nvabove.i
points),‘exCépt'ét_Po.#'60 Cm.HZO; where the'rénge of the
“two Vai@eé_is indicéted}'b) thé decrease in APg:acrbsstthe
'holobranéh»with}iﬁcreasing.PO.,'Each point representS‘they'
value f§r Pi—Pd takén;from Fig. 28A a£ éacﬁ.Po._ -

Note: 1 cm Hp0 = 0.098 kPa.
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CFIGURE. 29 -

A/ A typlcal recordlng of P1 when pulse rate uas elevated.
-from 30 to 45 pulses min~1 at the arrow. Ql was'A
not changed from the restlng value but Qo le |
1ncreased,

' Note the x5 increase in chart speed.

B/‘vA typlcal recordlng of the effect of elevatlng Q1
| 150% restlng flow by elevatlng pulse rate in a stepw1se
. fashlon from 30 to 45 . pulses m1n”i} upon Pl and the
'ratlo onto Ql. The time trace. is 1n seconds and

mlnutes.'
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" PLATE 17

An isolated holobranch of OphiddOn elongatus illustrating

dye diStribution ih,the ar¢h fiiam¢nts. The placement of -

the ligatdreé can’ bé seen at eithet end'of the.arch.'zThe

dye within the afferent bréhchial~arteryb(tbp Qf,piate)_
is also visible. ;' » ‘

A magnified image of a fiiameht>tip displaying the

'filling of the affetent"filament_artéry and some
ISécOndary lamellarjchanhels trévetéing:the filament.

 Note the completely clear vessels étlthe,tip.'

A'mdre;cehtral‘region of a filameht at higher -

‘-maghifiéatidn showing clearly the”filling-df'the base-df_‘

the‘laméllérvvesselsQ 
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FIGURE}3Q

Gill_resistanCé,f APg/Qi (or Rg) should be
directly correlated Wiﬁh’the réciprbcal‘of the number of
lamellae perfused (n) as»indicated'by'ihe continuous'line;

if the gilis arebavsimple ohmic resistance
: , , o ' : 1 ~  .n

| ._Rg‘ _' ; " Rlam |
siﬁce the lamellar‘are a_parallel‘array. 'Eaéh;poinﬁ3‘
‘rgpreéenﬁs the 'values for oné:holobranchlprepérétiod'ahd'
overail:the poiﬁt$ fepréseﬁt‘the-complete rahge of -
perquion‘céhditiqns_ekahined heré.f There iSvno: |

correlation. of these points..



- 170a - -

1

X1000

NUMBER OF LAMELLAE
"PERFUSED

- N W a




- 171 -
FIGURE 31

A 3 d1mens1onal representatlon of the effect.of
elevated Ql,'expressed as a ratlo of restlng Qj ( l) on %
lamellae perfused and on the 1nput pressure Pl. Each point;f
represents one holobranch preparatlon, where *-— restlng Ql
and pulse rate,‘o —elevated Ql at a pulse rate of 45
pulses.mln‘-l andgA = elevated Qj at a pulse rate of 30':'
pulses mlntl. | | | |
Note; The length of the solid llnesiconnectlng each p01nt in
;X/Z plane represents the '3 lamellae, asblndlcated on the -
_Y ax1s of the flgure.. The brokenxlines.are projectionshoff
‘the - coordlnate onto the X/Z plane._ This ls:not a standardttu
3 D plot., However it allows 51multaneous representatlon of
:3 varlables, when each poxnt is 1ndependent of the other'
p01nts. "With restlng perfu51on condltlons 67% of lamellae
:arefperfused.va llne for 67%.perfus;on ls proqected on theH

X-Y plane.
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" FIGURE 32

‘ Afsummary ofﬁthe effects‘upon-lamellar‘recrulfment '
_of alterlng pulse rate w1th stroke Volume ad]usted to l
.malntaln Ql at restlng levels.. Each p01nt 1n the
3- dlmen51onal representatlon is. one holobranch preparatlon
where O— 45 pulses min _l ®= 30 pulses min~ -1 and |
%= 15 pulses mln'l.‘ See legend of Flgure 31 for further

explanatlon of flgure.
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Pressure/volume curves for the bulbus arterlosus and

. ventral aorta ‘vesgsel |

-cDurlng surgery when‘these'vesselsvwere eXposed;
erpansion:of'the’yessel could be observed Withieachlventricular
ejectlon'of blood;- The‘bulbus'arteriosus was‘always~distended
“more than the ventral aorta. 'The reproduc1b111ty of the‘
vessels dlstentlons can be seen in flgure 33. ,The‘pressure
volume curves show that the vessels from trout'ahd”liho’cod.have
-a hlgh compllance at pressures between 40 and 60 cm H20 (Flg.
‘33);_ The llng cod vessels had a hlgh compllance up to’ pressures
u.of 75 cm HZO but these vessels. were dlstended at reduced rates
' to those found lﬂ XlXQ- '?he effectS‘of_adrenerglc and ;.
..cholinergic.agonist druQS'for'vessels'from]trout'are Suhmarlsedv
in figure  34. rfAcetylchOliheidecreased the vessel compliance over
bthe 40 to 60 cm. H,O. pressure range.' The'ﬁl— agohist: | |
1soprena11ne 1ncreased compllance more- than noradrenallne; an au—
' and-B —,agonlstrvover the same. pressure range. Hypox1a‘1ncreaSed
vessel compliance to;the-greatestgexteht and 1tsoprogressive:.

effects are shown in more detail in figure 34b.
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FIGURE 33

A) - Typlcal pressure/volume curves for the bulbush
_arterlosus and ventral aorta vessel in: trout. The
udlsten51ons were performed at-rateS'assoc1ated with in vivo

' conditons.

1t = 3 ihitial'saline control'curVes.
2! = 3 curves'after ACH treétment.:e'
f3‘-=‘3_saline-control curves about 1 hr after the
initial controls ‘and subsequent ACH treatment.
‘B) Three pressure/volume curves for the. llng cod vessel‘»

-with sallne fllllng rates that were 2 to 3X slower than those_»

-encountered 1n v1vo.
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FIGURE 34

'A)'.~‘e"A summery of the effects of adrenerglc and.
'ehelinerglc treatment, and hypox1a on the pressure/volume
relationships of the bulbus arterlosus and ventral aorta of
'trogt. These.eurves are.representat;ye of the ehangeSAfound

~in .all experiments.

B) The effect ef'progressive hypoxia (in the direction

" of the arrow) on. the véssel compliance-
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‘DISCUSSION .

,Lamellar‘perfusion is not,complete'in'the iSolated'
perfused holobranch when er PO, pulse rate and pulse PlAJ
are-comparable‘to 1n»v1vo restlng values for llng cod.{ Theh‘l
' obtained value of 67% perfus1on, is. in ~good agreement w1th'the
60% lamellar perfu51on in resting rainbow trout (Booth l978){:

The.agreement may well be closer,-51nce "restlng Q" in the:
'-isolatedfgill'arCh'was slightly hlgh,‘if-anythlng,'duefto some
fllaments at elther end of the arch not belng perfused. Qi was
based on . perfu51on of complete holobranchs, as in X&XQ'-
Interestlngly, the mean value for lamellar perfuslon uas 59.3% in'
experlments with. hlgh pulse rate/low stroke volume perfu51on.‘.It
is possible then that restlng llng cod--like trout, perfuse a
minimum of 60% of thelr glll_lamellae.- | |

| lncreased‘Qi'and P;j brought aboutilamellar
recru1tment._ So too d1d 1ncreased stroke volume/decreased pulse"‘
h rate.- However, 1ncreased leand P had the greater effect on -
lamellar recrultment; »In-flsh, exerc1se is- accompanled by ;"
.elevated~Q'and VA pressures (Stevens and Randall,‘l967a and b‘
fStevens gt_alr,il972; Section IV). " Fish in hypoxic condltlons,
.however,:maintain Q'in the face of a‘bradycardia by:increasing
'str0ke volume (Holeton and Randall, l967a and b Taylor et al.,
i l977 Section IV) : Thesevln vivo changes in blood flow and’
pressure 1n the ventral aorta could lead to changes in the number-

h of glll-lamellae perfused in a putrely pa351ve mannerAln-the.



rabove 81tuat10ns w1thout the 1nvolvement of any local neural or
humoral responses W1th1n the glll. | | |
Lamellar recrultment in- the 1solated glll of llng cod
occurs by perfu51on of the more dlstal lamellae on each fllamentv
Q4 and Pl could not be varled 1ndependently in my.. experlments
and 1t cannot be determlned 1f recru1tment 1is related to changes
in flow alone, pressure alone or'both'together. The follow1ng is
an explanatlon of a p0551ble way by whlch changes in pressure may
olead to lamellar recru1tment. The size of the fllament afferent
artery and the change 1n flow along 1ts length are such in llng
cod that each. lamellar arterlole along a fllament is subject £o
__almost the same 1nput pressure (SeCtlons I and II) The-crltlcal
closure pressure for any lamellar arterlole w1ll be set by 1ts
overall re51stance and its Vascular tone.(Burton, 1951). The
re51stance of dlstal afferent lamellar arterloles 1s greater
f:51nce they are sllghtly narrower than prox1mal ones and supply

more than one lamella, and 1t is llkely then that thelr crltlcal

f'closure pressure 1S'also greater.,I If the crltlcal closure

..pressure of arterloles does 1ncrease towards the dlstal end of.
the filament: then-a rise 1n P Wlll result in the recru1tment
_of,dlstal lamellae. In XiEEQ vascular compllance must" also be
rconSidered; 'The.arterloles'w1llvremaln patentf:once opened,
'pressures below the- openlng pressure (Busby'and Burton,fl965);
.'Thus 1ncreases 1n pulse pressure whlch elevated peak (systollc)

pressure above the cr1t1cal closure pressure, w1ll also cause



- 178 -0

",lamellar recru1tment even though there may be no change 1n mean_7
fpressure; Thus both the rise ‘in VA pressure durlng exerc1se and
the_marked:rlse.xn.VA‘pulse;pressure dur;ng'hypox1a_1n ffsh_may
account for the lamellar”recruitment‘that has been_observed_ln.v
,trout'during'hypokia (Booth,-pers.'comm.f and'hypothesiaedcduring
iexerc1se (Jones and Randall, l978)' | | : o |
My - hypothes1s above explalns how mean pressure and peak
systolic pressure pg£ se-overcome cr1t1cal~01051ng pressures. |
Unfortunately it does not explaln why. 1ncreased pulse

' rate/decreased stroke volume condltlons reduced lamellar -

_ perfu51on, when mean’ pressure rose sllghtly and offset any

o reductlon in systollc pressure, and why there was 1ncreased

lamellar perfu51on with low pulse rate/hlgh stroke volume_,'q
condltlons.: A fall in 1nterst1t1al pressure could lower the‘
pressure for crltlcal closure 1n the arterloles., In llngvcod
thererls an‘exten51ve venolymphatlc dralnage of the gllls and an
increase in lymph flow could decrease 1nterst1t1al pressure._”
h'Many of the lymphatlc vessels in the glll are 1n close‘
assoclation w1th fllament arterles such that there may be a
mechanlcal 1nteractlon between the'vessels, in partlcular the'l
afferent companlon vessels and fllament arterles and arterlolesl,
-(Plate II, bectlon I). The effect of the arterlo venolymphatlc -
‘1nteract10n ‘in trout gllls on Rg has been brlefly dlscussed by |
‘bmlth (1977) 'Volume changes in the-compllant fllament vessels
in v1tro that.are assoc1ated w1th the pulse pressure may then .

promote lymphatic drainage.  Thus if the pressure:pulse'1ncreases'
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thenuthere-may'he:more-adequate,venolymphatic drainagehand-a‘falle
1n 1nterst1t1al pressure resultlng in a fall 1n the cr1t1al
closure pressure of the lamellar arterloles. More . effectlve
'lymphatlc dralnage may then by 1ts effect ‘on 1nterst1t1al
apressure lead to lamellar recrultment.

If there are. arterlo—venolymphatlc 1nteract10ns then
'venolymphatlc flow would alter when arterlal flow was’ changed..
‘In this serles of perquLOn experlments only the outflow from the
EFA (QO) was measured. Qo although always less than Ql,
1ncreased if either. P1' Ql or- pulse rate was ralsed.A The
ﬂafferent branchlal artery was cannulated and. thlS vessel supplles
only the lamellar arterloles.f All of Qj passes throughvthe
'secondary lamellae and lamellar flltratlon was not a’ major
alternate pathway. for fluld loss.h Thus the sal1ne, hav1ng
'perfused the lamellae enters the efferent fllament vessel and
flows out elther‘by-the cannula-lnserted-ln thevafferent |
' branchlal artery or via some other pathway ‘The efferent
c1rculat10n glves rise to a recurrent nutr1t1t1ve supply to - the
fllament that forms a part of - an arch venolymphatlc dralnage and
also a hypobranchlal_arterlal-supply to the.ventral branchlal
muscles.f Bothuvessels”pass ventrally.down the gill”arch'kFig.
.'35), The hypobranchlal artery was tied off . separately and also
llgatures were t1ed around both the afferent and efferent |

’cannulae to seal off the venolymphatlc dralnage in’ the arch.
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FIGURE 35

, : Schematlc representatlon of the 01rculatlon through;v
the glll lamella and the body of the glll fllament 1nd1cat1ngA

'_the 51tes of cannulatlon.‘ (Based on Sectlon I)

-

-flow direction of perfusate -

I

ligéture
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lt.seemsbprcbable, hoWever,'that Saline leaked Out yia this
-yenolymphatic.supply.' Why then should an . 1ncrease in P; be
' assoc1ated with a decrease in venolymphatlc outflow?" One ansmer
;1s that at hlgher arterlal pressures, compl1ant arterlal_yeSSels.
| expand.and.ccmpressfthe'venolymphatic veSsels, thereby ralslng
“the re51stance to flow in the venolymphatlc system and thus ‘
'reduce venolymphatlc outflow- Such 1nteractlon would occur where-
‘[the lamellar arterloles and venolymphatlc vessels 1nterdlgltate
V(See Plates 11 ‘and 12 Sectlon l), Hence the observatlonethatv
-'hlgh'arterlal_pulse'rates»reduced'VeanYmphatic flow“is_:' |
':consistantnwithvthe chceptgofythe(ccnc€§t§of arterio-
venolymphatic interactions. | ‘
| In XLEEQ gllls do not act as simple ohmlc re51stance

hf‘(Flg;.30) and it 1s clear that glll compllance must be taken lnto
‘:accounty(FIg;‘29). .Under'constant flow condltlons,'a‘stepwlse |
elevation of P, decreased ngWithcut_lamellae‘recruitment'and'f
the changes:in.meanyPi were much smaller than ?- | Vessel
'~dimensipns must therefore‘increase to lower Rg. The extent. to
'whichecompllance affects overall»Rg.can be estimated. :In these
gill“perfusion,experimentsy When-Qi was eleyated,by a mean

value cf 76@9%,.lamellarvherfusion lncreased'frcm 67;8%'to,76;5%,'
If the gills were a?simple ohmic resistance; the‘mean Pi‘Should_
"_have lncreased by 55%. In fact, mean. P only rose an average

'of 37.9%, to- later stablllse at 23 5% above the average.

4pre—change mean P;. hWhen Wood'gt al. (l978)nelevated Po
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in their'giil”preparation,.Rg was decreased and there was llttle
effect-on'fi;i Clearly,‘then, ‘the ‘range: of the glll compllance o
iﬁlvitro and its effect onARg is.indeed con51derable.w There 154"
however,,anoimportant‘difference betweenvthenvessei'tonenig vivg'
and in‘vitro. ln”vitro there.is littlé‘or'nOne,QWhilstfin_vlvg'
the muscuiar.lined arch andgfiiament arteries'and arteribles’have
_ resting adrenergicktone (HelgaSon and'Nilsson;”l973; Wood,ll974b}
-'&able III( Section i). "The lameéllae lack-vaSCUlar tone and;are
'very cOmpliant ksection I). .Swelling'of the lamellae. and of
vessels lacklng tone ‘would  account for the number of lamellae
' perfused not belng proportlonal to Rg when pressures and flow
reglmes are changed
E .Decreases 1n Rg cannot now.be taken as: unequlvocal

ev1dence for 1amellar recru1tment in vltro. They only indicate:a‘
change in. the pressure proflle across certaln portlons of the
‘glll vasculature that- result from changes in vessel dlmen81ons.
Of course lamellar recruitment max still’ occur as a result of the
"changes 1n the pressure proflle.' These tlndlngs clearly support
dthe predlctlons made 1n Sectlon II concernlng changes in glll
blood flow*patterns.‘ It was.concluded'thatvelevated Q‘actually
”effected»the lamellar recruitment;.that was'initiated.bv'ﬁg*
or_input pressure~changéSQwhiCh‘répreSent.changesfin‘vessel
dimensions.n.lnimy experiments in Section IiI,'Qi.was not_
.altered when Rg was lowered and no recru1tment was observed
Elevat;onS'ln Q have now been assoc1ated with lamellar’:

recruitment in vivo and in vitro.



-183. -

The consequences of these flndlngs are 1mportant to the
:1nterpretat10n of results 1n other 1nvestlgat10ns u51ng 1n v1tro
preparatlons.f.Pi, Qjr QO 6; pulse rate/stroke volume
: mustfall be consioered. The presSure_neededlto_overcomevcritical:

‘closure_Of.afferent'lamellar arterioles as well as lamellarvl
channels (Sectionyll will dlctateihow‘muchbof theﬁsurface"area of
'A_the~gills ls‘available.forfdiffusion; .Arterio¥venolymphatic :
-;interactions within the'oill must:also be'COnsidered when‘»
deslgnlng>in.V1tro perfu51on experlments. iln thefpast~theseof
factors wereanot usually con51dered. Thus the quantltatlve
1nterpretatlon of in v1tro pharmacologlcal studles w1ll, fom’
’ 1nstance, be affected by the pressure and flow reglmes 51nce in
B XLEEQ vascular compllance 1s hlgh and vessels w1ll be more or‘
.less dllated dependlng on- the ‘regime chosen.' In 1on and ‘water ‘
transport ‘studies the selectlon of approprlate flows and - |
v presSures is 1mperat1ve, 51nce_d1ffu51ng capac1ty'wlll be
naffected'by'the numberfof'lamellae perfused and 'APlamt
A»The APlam dictates-Capillary»fluid filtration4rates and‘
vlow lymphatlc clearance rates will increase lamellar d1ffus1on
":dlstances.; All these changes“affect ‘passive exchanée
quantitatively.
ﬁPulse rate‘and»pulsatility are also important in
determlnlng branchlal blood flow patterns because of
arterlo-venolymphatlc ;nteractlons.' Pulsatlllty w1ll be altered
by the tone ofuthe_branChial’vessels and the bulbus.arterlosus.

The bulbus was demonstrated to act as a Wind-kessel over a:_
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" hypoxic vasodilation through reduced.vascular tone. Haswell et
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range of pressures s1m11ar ‘to restlng VA blood pressures."The
degree to whlch blood flow is depulsed by the bulbus can be

altered however, by adrenerglc and chollnerglc agonlsts, and

‘-hypox1c condltlons. ‘What is the 1mportance of these observatlons

in XiXQ? Changes in VA pulse pressure in the 1ntact flsh w1ll
dependtOn a large number of_factors,'of whlch the propertles of
the bulbus 1s only one. However, with nohother*changes,.
adrenerglc stlmulatlon would increase depulsatlon. Hypox1a would
have a 51m11ar effect, but chollnerglc stlmulatlon would 1ncrease

!

pulsatility. If blood pressures are elevated at the same tlne as’
bulbus stimulation, then an adrenergic actlon.would increase
pulsatilfty, as would a chollnergic_acthn. aAdrenergieally
mediated bulbus compllance‘changes'in.Vivo appear feasible,.since.
a nunber of teleosts have sympathetlc 1nnervat10n of the bulbus
lGannon;:l972 -Watson, pers. comm.).' bympathetlc pathways have

N

not‘been examlned 1n Ophlodon. Whether chollnerglc alteratlons

occur in v1vo is speculatlve 51nce nothlng 1s known concernlng

o chollnerglc 1nnervat10n of the bulbus.f The sympathetlc

1nnervat10n of the bulbus in trout is derlved as a branch of the.
largely chollnerglc cardiac vagUs,nerve (Gannon, 1972) and

therefore cholinergic innervationjmay_also_be'present.t_The

effect of hypoxla‘onbthe‘bulbus~arteriosus,is_viewed as an

al. (l978)_rep0rted a similar phenomenon in‘the'branohiala
' f-vasoulaturejof_trout,’ I found no hypoxic vasodilatlon in ._'

-isolated'perfused‘gill.arches but.my'preparations had little or



- _18'5'>—

vascularvtone,vwhich:explains.the'apparent dlScrepancy.f The
,importance;of hypoxic'vasodilation_and whether it even occurspinf,
‘vivg is unknown. | | o
, In_summary,_l have now demonstrated that‘not all
lamellae will‘be perfused 1n restlng.llng cod. Increaseslln.Q
and 1nput pressure w1ll recrult lamellae automatlcally, as w1ll
condltlon ‘of reduced heart rate/hlgh stroke volume (pulsatlllty)
_ Mean and pulse pressures also affect venolymphatlc flow rates.
”Slnce 1ncreases in Q and 1nput pressure will also 1ncrease
n‘,A Plam ‘the. follOW1ng changes 1n glll blood flow patterns
can therefore occur 1n llng cod._-Lamellar recrultment,
flntralamellar shuntlng,’lncreased lamellar volume and the
fassoc1ated reduced epithelial thlckness, and 1ncreased
4'venolymphat1c flow and assoc1ated reduced lamellar 1nters1t1al
jspace._ All these changes can increase dlffu51ng capac1ty._ They
‘were, however, all demonstrated in vitgg, in EiEE or in XiXQ when,
rdrugs vere admlnlstered; Do they occur naturally~1n vivg? It is
"predlcted that if 02 demands 1ncrease or 02 avallablllty
"ﬂdecreases ‘one or more of these changes in glll blood flow w1ll be
’ brought aboututo malntaln 0y transferjat the gllls.f Thls

”‘-prediction-is tested. in Section'lv,



 SECTION IV . -

- A STUDY OF GILL BLOOD FLOW

AND ITS REGULATION IN

- OPHIODON .ELONGATUS

IN VIVO

~ In vivo monitoring of blood flow and ventilation during

 the struggle responses..

The:effect_ofvah hypo*ic and -an hyPeroxic,envirohmentfon
the cardiovaséular system, gill ventilation and

»‘oxygeniuptaké,
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'blood:w1th1n each lamella.
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INTRODUCTION

| Randall et al (1967) showed that - exerc1se and hypoxaa
in trout was assocxated w1th a change in glll transfer factor for
oxygen,‘Toz; (see page 250 for definition). The 1ncrease 1n
transfer factor was subsequently suggested to be caused by

changes in branchlal blood flow (Randall, 1970 Jones and Randallﬁ

‘1978) In partlcular it was suggested that there were changes in-

both the number of lamellae perfused and the dlstrlbutlon ot

1

gGaseous>exchange;in fish gills is diffusion limited
(Fisher'et‘al., 1969 Randall,_l976- Scheid.and Piiper, 1976) and
lamellar recrultment and the redlstrlbutlon of blood w1th1n the

lamella enhance the condltlons tor dlffu51on such that elevated 4}

and Vg (glll‘ventllatlon) are assoc1ated w1th lncreased M02

:f durlng exercise. (Stevens and Randall l967a.and b)..‘The capacityﬂ

of the gllls to transfer gases must be enhanced durlng exerc1se

otherw1se the 1ncreases in 02 dellvery (ventllatlon) and

_ removal (blood perfu51on) would be p01ntless. Thus'the'increases

in Q, Vg and To, are coupled durlng exerc1se to enhance Moz.”

.Dur;ng hypox;a-Toz and Vg are 1ncreased to maxntaln Mozgat

reduced levels of Oy in the water (Holeton and Randall, 1967a
and b). | |
Changes'in“lamellar recruitment;have been‘observed

during hypox1a in trout (Booth pers. comm;) and I have

'demonstrated a number of ways in wh1ch cardlovascular changes
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“increase gill Surface area.(lamellar.recruitment)'and altef
'diffusion'distances-(increased sheet thickness;-intrelamellar

shunting. and lymphatic drainage)_(Sections I,'II_and:III). From

the ihformation we have, some of theAmechanismsfthat,bring‘about

‘vthese changes are'evident; Alldchanges,in_lamelfaf perfusion can .

now be explained in.terms of automatic changes related to

"alterations in blood flow and input.ptessure‘tO'the lamellée

(SectionAIII) : There.are no observations of direct'humoral,ori'

neural actlons on the lamellar caplllary sheet g'f se.

‘Humoral agents do, however, produce the changes 1n:

vblood flow ‘and pressure and- some of these effects have been
“determlned for llng cod (Sectlon,II). ,LardlaC’output'can be
'regulated by humoral agents affecting heart réte and stroke ,f
'VOlume; Chollnerglc agonlst drugo have ‘negative:. chronotroplc

effects, and - restlng hedrt rates- are 1nfluenced by a chollnerglc

tone. Posxtlve inotropic effects are apparently medlated by |

B-adrenergic receptors in the heart. Thejpressor'effects'

produced byzACﬁ and NAD-injection in vivowwere largely a;reSult_'

of'direct vascular actions'Offthe drugs, whilst the_incfeased 0
was reflexogenic,eas'it could not'beuaccounted.forfby recircul-
ation of the drugs. to the heart..'The CéfdiovaSCulér‘changes in_‘

‘that were'mediated-by NAD and-ACH in ling cod were concluded to

pfoduce'alterétionSIin'gfll_hlood flow patterns,'whlch,would

‘alter Toé'(SeCtion‘iIf.‘ Similar cardioyasculap,changes have

heen previouSly demonstrated to affect Top in other;fish.

Adrenaline ‘infusion increased arterial oxygenation in vitro in
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trout (Wood et al., l§78)h,,Also intravenous injectionrof
adrenallne 1ncreased arterlal Poz and 02 content in

restralned eels (Steen and Kruysse, l964) These changes in
‘Toz assoc1ated with adrenallne 1nfu51on could also be explalned
~.in terms of alteratlons ‘in branch1al blood tlow and pressure |
.cau51ng automatlc changes 1n lamellar recrultment and perfu51on,_;
' based on my . flndlngs for llng cod. | |

| ”_ Thus, W hllSt I now have reasonably detalled 1nformatlon
con how blood flow and pressure may be regulated in llng cod “
_there are few data on how M02 1s affected by blood flow and
pressure changes 1n VlVO. The follow1ng questlons are therefore
addressed 1n thls Sectlon., What cardlovascular changes are made'
in v1yo ‘to ensure an 0, supply that meets tlssue demands and'
”ghow are these changes regulated in vivo, ‘Two.experlmental
:approaches were used to answer these questlons. 'lnuthe-ocean'
ling cod are bottom dwellers, and the nearest they appear to come
to exerc1se is burst type.sw1mm1ng. An analogous response ‘was.
examlned ‘here to establlsh ‘what card1ovascular changes accompany
an 1ncreased 02 demand. Secondly, the cardlovascular responses
to hypox1a and hyperox1c env1ronments were establlshed to
_determlne what changes can: be evoked if env1ronmental 02

.avallabllity ls reduced or-1ncreased,
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Exposure to hypoxic or'hyperoxichwater.
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MATERIALS AND METHODS

Routine surgery-was‘performedion 6 ling cod and blood |

flow and pressures were monitored cOntinuously-(See~general

methods). Gill ventllatlon and the water oxygen ten51on (POZ)

were monltored durlng the experlments._‘For each'experlment the

‘1nflow1ng water to. the aquarlum was made progre551vely hypoxlc

or hyperox1c w1th N2 or 02 gases,.respectlvely. The changlngv

"Poz stablllzed after about lO min and was - malntalned at thls

level for a further 10 to 20 min, The total exposure tlme was 30

:_min, or less if the fish"struggled,excessively. The fish”were“

then-returned to normoxic water conditions in a similar but more

Trapld fashlon. The normoxic'water'Po2.(160 to'l70 nm Hg).was.
isllghtly hlgher than amblent because of a small air leak ‘in the
bmalnvsalt water pump of the bulldlng. After each experlment flsh

were: allowed to recover for several hours or overnlght prlor to.

further experlments.-

.Oxygen uptake (Moé) determinations

M02 determ1nat1ons were made on flve other fish that
had been very_llghtly anaesthetlsedw(MS222) when'belng'placed_

into:the-aquarium and'had then been'alloweduto’recover and

e,accllmate overnlght. The sealed aquarlum was darkened except at

one end to allow v1sual observatlon of the flsh The'gas tension

"of 1nflowxng water could be altered w1th 0, or: N2 gases:
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(Fig. 36) 'Moz was measured in two ways.“First;'using:a

constant flow—through system (usually 2.1. m1n l))"inl-et and
outlet water samples were taken 51multaneously. ‘The oxygen _“
_ tensions of the water»samples were measured u51ng the Radiometer~

Ozlelectrode,

Mo2;=v APozfaoz.flow
. e
Uwhere M02 was’ measured in - ml Oj. hrv‘.Kg'l; Pop is

the dlfference 1n the inlet -.and- outlet water oxygen ten51ons
measured 51multaneously,(102 1s the - oxygen bunsen solublllty
‘constant for 23 o/oo seawater at 10 to. ll°C. (Green,'l965).f.Flow
(l;hrfl) was measuredlby»regular outflow collection'during
Ethe‘experlment. lThe flsh was weigheds(kg)_priorbto-the
experiment. | o | | . .

| A closed box system was ‘dlso used to measure Moz.x
‘1Here the water ‘was rec1rculatedv(Flg.'36l'and the flsh gradually
- reduced the water P02 due to .its own consumptlon. Water
'samples were oollected at 5 mlnute.tlme-lntervalsland the'water

~Pop measured

—vPolé).a:o .V

2 2%
t .

‘ Mo,y = . (Po!

“where Pdy and POj are water oxygen tensions at the first and
“Second'samples of 'a given time_period,‘ts(hr.) and 'V is the
yolume'of water.in-the reéiroulating system = (19.6 - £ish wt) ‘in

litres.
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FIGURE 36
- A sChehatic diag%am'bf ﬁhe:séaled éxperimehtal
'holding.aquarium gsed:fbf'meashremeﬁté of'oxygen uptake in i'
ling cod. Tbe:éléxiglass_CbntainerHWéé round .and darkened{n
Oné end:was c1¢ar_to allbw:§iéual'obsérVatiéﬁs; 'Anlaéfé£ed
'waﬁer supply'COuld'flqw“difecﬁly td_thé.aquafidm of beM".
’diverﬁedlthrough argas~stripperQ.‘Altérnatively thé.waﬁer_

_ insidé'the aquafium\coUld_be recirculated withfthe'pump,



water
supply

gas -

strippe

gas
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-Experimental protocol used durlng M02 determination5°7 Atl
least five M02 determinations were made at-a normox1c P02 for'
'each3fish;us1ng the;flow—through system.A These determinations4
‘ywereimade during ahéOlmin’periodvand preceded ‘the.experiments
V,using‘the closed box system. | | | | |

'_yThe effect of hypox1c water conditions on Moy was f
‘examined using the closed box system. - A 3 min: equilibratlon
period was allowed whenever the rec1rculat1ng system was started.
During this time all air bubbles were removed from the system. |
.The first water sample was. taken after thlS 3 min period
followed'by two others, 5 min and lO.min_later.' The'Moz»waS"
calculatedlfor each75 min-periodr'fThis'firstlset;of'two Mo2 .
determinations was.made'near to:normoxic water”conditions.' The
recirculating water_waS'then_made progressively;hypoxic and

further M02 determlnations were. made.‘ To reduce“the water

. Pop the aquarium was . flushed w1th deoxygenated water for 2

'minutes.' A three minute equ111bration period followed the_f
“restarting of the pump, before the second set of two M02‘
_determinations were made.~ Typically each set of Mozb

determinatlons was separated by about 6 minutes, during whlch
?;tlme the water Poz:was reduced 5-to 10 mm Hg. This protocol
was repeated and four or five sets of M02 determinations were
made on each fish as the water became progre51vely more hypox1c.,
Progress1ve hypox1a was stopped at a P02 of 20 mm Hg, or. when
‘the fish appeared disturbed._ Flushing of the aquarlum'w1th

deoxygenated water prevented C02 accumulation in the
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.rec1rculat1ng water as’ well as. produ01ng stepw1se reductlons 1n

water Poz._ Ventllatlon rate was measured by observ1ng and

vcountlng opercular movements over l mln.,perlod durlng all Moz

fdetermlnatlons. Ventllatlon anplltude was v1sually assessed at

the‘same time, where 0 5 = llttle dlscernlble movement and 5 =

max imum flarlng of the buccal and opercular cav1t1es.

Fo:'detaiisAof analysis,and gfaphical'teebniqdes_see

‘Materials. and Methods, Section I1.



- 194 .-

RESULTS

The struggle response

The restlng behav1our of llng cod 1in the Ocean and the

_ resting values for cardlovascular varlables and glll ventllatlon

in ling cod have been’ presented (bectlon II) Restlng llng cod

have an Moy of 22.8 * 0.6 ml Op.hr~1i, kg (n=26 for 5

_fish). When»fish;were dlsturbedvln'the ocean, they would make
"1 or 2 quick lateral tail movements-and 'glide to a new_restlng"
: poSitionta fewlmeters'aWay. - In the holding aquaria:l‘observed-a B
a51mllar behav1our pattern. Slmllar movements:areﬂalso used for

-feedlng, which I observed both in the ocean and in" the holdlng

aquaria. The flsh lle in walt‘and.then pounce qulckly on.a,

pa551ng flsh. In the experlmental aquarlun movements were '

illmlted but the llng cod's characterlstlc sharp lateral tall

movements were. not prevented The. tall movements were v1sually

assoc1ated w1th characterlstlc resplratory and cardloVascular
changes were the “struggle response (See pl4 also). wMany

' struggles were observed -and recorded durlng thls 1nvestlgat10n.

The nature of . the struggle generally moved the flow probes or

cannulae, Wthh caused artlfacts._

Complete artltact free records of all cardlovascular

'and resplratory varlables durlng struggles were therefore

dlfflcult-to'obtaln._ Four representatlve struggles from two
different“fish were, however, obtalnedrand_were sultablevfor'the

detailed_analYSis that was*performed here.
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Ventllatlon rate ‘and amplltude both 1ncreased after ‘the

'tail beat of a'struggle (blg. 37) ' Flsh that were seen to

struggle frequently had hlgher M02 values than the more gquieter
flsh (see varlablllty in restlng M02 values in Flg. 4l later)

Durlng a struggle cardlovascular varlables dlsplayed very

strxklng-patterns_when they,changed.(blgs, 37 and_38). ‘The‘tail

" beat was associated With a) a‘reduced Q; b) a marked bradycardla

and c) an elevated stroke volume of up to tw1ce the restlng

“value. The bradycardla developed gradually over the- two . to elght-

L 1 ' :
heart‘beats pr;orvto the tail beat. Stroke volUme'was elevated

during this period and Q was maintained. = The reduction in Q at

hthe'tail;beat was a very brief and sudden event, with Q riSing'
”equally,rapidly after the first tail beat up to a value 70 to. 80%

above the resting value. Increased 0 was largely a result of a

tachycardia (of 45 beat. minfl‘makimuml but stroke volume was

‘Stlll eleVated somewhat,[albelt decllnlng.: Heart. rate and stroke
.volume usually showed rec1procal changes durlng thlS phase of the

»struggle.' The Q returned to a restlng Value-about 100 secnafter

the tall beat 1n three of the struggle responses analysed. ',ln

one of the struggle responses, however,_Q_wasvre—elevated about l,
;mln aftertthe 1n1t1al*ta1l,beat; ‘Here the_stroke volume and.’
heart rate7increased,in_phase with each otheraand.there was no

tail beat. N

Glll re51stance (Rg) remalned remarkably stable for
most of the- tlme durlng the struggle (Elg. 3l)dconsidering the
fluctuatlons 1n Q The Rg did, however, increase cons1derably

prior to and at the tlme of the tail beat, but only for several

seconds.' The 1ncreased’Rg_was.assoclatedeith.the'bradycardia.
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The Rs also rose just prlor Loithe tail beat,‘butvfell markedly
at the tlme of and after the tail beat (Flg. 39). Rg;increaSed
-fdurlng the. second, delayed elevatlon in Q (Fig. 39): "As a
r_consequence of the relatlvely stable Rg durlng the struggle, the_
pattern for the APg mean pressure resembled that ot Q (Flg.<.
40).. The damplng of. the pressure pulse ( APg pulse) dlsplayed a.
ﬂpattern s1mllar to. that of stroke volume (Flg._'40),—and was.also
1ncreased when Q was elevated durlng a struggle}

FlSh did occa51onally struggle for sometime after
-atroplne had been 1njected v1a the dorsal aorta,‘but the
elevatlon of Q follow1ng ‘the tall beat became . much reduced
compared»to unatroplnlsed flSh , The atroplne 1n]ectlon gradually‘v
blocked changes in cardiac rate and after 1 hr there was no,
f~bradycard1a assoc1ated w1th tall beaLs (Flg. 37b) | In fact:heart
rate renalned elevated above restlng values (bectlon II) In
atroplnlsed fish, tall beats were ass001ated with' only small
,changes in ventllatlon, unllke restlng flsh (Flg. ,37f¢
| Atroplnlsed flsh developed another response where Q was
delevated (Flg._37c). Thls response wasvonly notlced in
atroplnlsed flSh:(j fish) ’and'it waslmuch akin to the response-
produced by a NAD 1njectlon into the ventral aorta of - restlng :
flsh (See Flg. 19).1 The 1ncreased Q was - not assoc1ated w1th any
body movement)'unlike the struggle response, and there'werefmajor»’
elevatlons in'VA and DA pressures (Flg. 37c) The amplftude:and
-rate of ventllatlon was notlcably unchanged durlng thlS response,
rexcept for the ventllatory pause at the begining of the- response

'(Flg. 37¢).
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FIGURE 37 .

Records of cardlovascular and resplratory varlbles
‘taken 51nultaneously durlng three types of "strugglev. |
response“ typlcailyzseen 1nv11ng cod.' In a1l cases‘Q»:
”_cardiac.ootput.(mi.min’l}kofls,,hr‘; beat to‘beatd

: heart rate (beats;min‘l), VAji_ventral aorta blood

| pressure (cm H20) DA = dorsal-aorta biood pressure (cm:‘uf
"HQO); OP. = opercular pressure (cm Hy0). 'Alldpressures_

,,were measured;from amblent,pressure (amb); The start!of.tail_v
Zmovements"are indicated.by soiid mertical bars atfthe bottomhi

of;the:figure.“

'fA.‘ The first trace shows a struggle with a 51ngle tall beat.
and the second trace 1llustrates the effect of several tall

 beats.

aB,» The effect of atroplne 1nject10n with: tlme (+ ‘15 mln,d
.+ 24 min and +'48 mln) »vThe cardlovascular events assoc1ated
With’tail'movements are reduced, there 1s a tachycardla w1th

no beat to beat rate‘fluctuations.“'

‘»C}' Two records of a response pecullar ‘to atroplnlsed fish.
T(¥ 65 ‘and + 95 min after‘lnjectlon) wh1ch caused elevatlons
'jln Q and blood pressures. Thls response was not assocxated
Iw1th a tall movements and can_be~contrasted with Fig.‘37A'and'f

compared w;th Fig. 19. .
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FIGURE 38 -

A sdmﬁafy,of the anaiysis'of thé>cérdiovésCulaf
variableS'duting four typical struggle’reéponSe$-in ling céd;
All Qaldes'Were measﬁfed simultanebusly;' Eéch boihtf
representé an individual valué‘fpr'cafdiaé 6utpu£.(é), strbkef
Volume (S.V.) ‘and heart rate (h.r;)f" Tﬁe'resting-V@IUe-for
‘éach'vériable'is‘aléo‘known;: Thé'ﬁail‘movementéistarted -

&heh-tA= 0.
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" FIGURE 39

 A‘éqmmary_o£:the'analysis'of the resistance ﬁo'Blood
"flow.in the bfanchiai (Ré)xand>systéﬁic KRS).Cifculainds
dUring fdur.tYpical $tru§g1e responéés:in‘ling coa, See the
legend of figUré.38 for fuftﬁer,eXpianétianOf thiS'figufé:

s
L
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FIGURE 40

A'Summary vathe‘analysis of changeés in blood
.’p:eSSUfes across the‘gill bed ‘during foer eypical stngéle
responses in iing‘cod. APg mean is‘the.change mean blood.
presSufeS acfoes the 91115; -APg pul e 1is the: change ‘in pulse_
Blood pfeSSUre,_whlch 1nd1cates the degree of damplng of
'_bulsatile‘fldw.l See the legend of flgure 38 for turtherA.

éxplahationiof'thls-flgure.
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The effects of exposure to hypoxic'water

[Ventilation"'increases.in”ventilation rates andramplltude:
accompanled progres51ve hypox1a, but these changes were out of :
‘phase w1th_each otheri(Flg. 41); Ventllatory amplltude lncreased
_ before ventilatlon~rate-as the water Poj was‘reduced.- L |
Furthermore, max imum ventllatory amplltude i.e. full distenSion'
’.of the buccal and opercular cav1t1es, was attalned at - a water

. P02 of 70 to 80 mm Hg; whllst peak ventilatlon rate'(30.j
breaths ,min l)'was reached at 50 - %OAmm'Hg'water Poé.- The-
_max1mum ventllatory act1v1ty was sustalned at water P02 levels.

as low as_ZO mm Hg. -

Oxygen uptake: = The Moy was elevated during progressive hypoxia.

‘and reached a peak value when the water P02 was 70 to 80 mmiﬂg

-1, -1
The Mo, at PCrlt was 51 3+ll 7 ml Othr- -kg =

‘ (n 5 flsh) but the range of Pcrlt exceeded resting'

’(Pcrit)°
values by 75% to. 300%.- Below a water P02 of 40" mm Hg, M02

-'was reduced (Flg,,4l)g

' Cardlac output._ Thls was usually malntalned or sllghtly elevated

,”when the water P02 was above 70 to 90 mm Hg (Flg. 42) Fish

| would_struggle durlng the hypox1c exposure (Flg. 43), but -these
struggles'have-been analysed separately (see above) and are,not

includedvhere. _The Q was reduced ‘when the water P02 was below

60 to 70 mm Hg and it was reduced to 69% of the restlng value at
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Tfthe termlnatlon of the progre551ve hypox1a (t O Table XI), when‘
the water P02 was as low as 20 mm Hg. The Q was reduced ‘as’ a
result of a marked bradycardla.' The effect of the bradycardla on
Q was, however, greatly offset by a concomltant 1ncrease in’
u‘strokelvolume (Flg 42 and Table XI)

| . Upon progress1ve reoxygenatlon of the hypox1c water Q

- was elevated above restlng values, althoughAthevwater 902

was below normox;c levels. ,The.Q:was elevated asiavresult;of'a
.vtachycardia'and a small'increase in stroke volume.t The subtle
v,lncrease in stroke volume dlsplayed by each flsh was not ev1dent
when the.mean values were statlstlcally compared (Table XI) due
to the large range values for stroke volume between flSh. The
flSh dld not struggle at a reduced water P02 when the water wasl

belng progre551vely reoxygenated after hypox1c exposure. '

__Glll re51stance (Rg) and systemic . re51stance (Rs)'f The Rg '

changes durlng progre551ve hypox1a were not marked until water

’-.Poz ten51ons were below’ 70 mm Hg,.when Rg became elevated, w1th

'a peak value at about 40 mm Hg (Flg. 44) Hypox1c exposure was .
'_termlnated at a water Pogy below 40 ‘mm Hg, and ‘Rg had generally -
V'decllned from the peak value but was still elevated above the
.rest. value (Table XI, Fig. .44)} The Rs, 1ncreased more markedly

' than Rg durlng hypox1a and also dlsplayed at peak value at about.
:'a,water P02 of 4Q-mm Hg (Flgf 44, Table XI) : Rs also decllned

in some fish at Poz_values 10wer'than-40-mm Hg.
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‘pﬁrihg,the‘first five hinqtés of the“féQXYQenatidn.of
the:hypdxic water‘Rs’waé;réduceé-éigﬁificantly} déspite-beLOW :
norquic ?oillevels;(Tablé XIf}_J%he Rg, howe&er,”was.aﬁ a -
| value in beiwéeh thé;elevated Va1de'é£Vt %-0 and.the festiﬁg
valuev(Tabie>XI); | |
| | ‘ Dﬁfing prbéressive’ﬁybbxiaﬁthé APg pul$¢ waé
A:indreaSed'compared §Q_that in resting fish;l The APy Was‘élso
eievated deing the feoiygenation.6f hprxic>wé£er wheﬁ vaés"

élevatedi(Table XI).
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FIGURE 41

_ The effect of_envirOnmental_hYpoxiasohtoxygen uptake
(M02) and ventilation"rate and amplitude (arbitfafy.uhits)'
“in 5 llng cod. The oxygen uptake durlng progres sive hypox1a.
efor each flSh 1s presented as a contlnuous llne. These
determinatlons-were made in the "closeduboX" system.  The.
 Mo2 valhesrjoinedeby-abtertieal'line7atAthe normoxib Po21
- are restlng values determlned u51ng the "flow;thrquh" ,
system. "Each. p01nt for the ventllatlon variables'is'ah

~individual value, but ‘many values overlap.
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FIGURE 42

A summary of the analysis of"cardiac output (Q)f“:
"heart rate (h r.) and stroke volume (S V. ) durlng the
oprogre551ve hypox1c exposure 1n 6 llng cod. 'Ind1v1dual

values are plotted ‘and the restlng value is 1nd1cated as’ a

reference;
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FIGURE 43

 The cafdio§ascd1ar'fesponsés of:a‘ling cod_to 
eprsure £o progressi?e ehvironmeﬁtal'hypoxia-and then
 reoxygenation of the watef._ Thejfbur'éelécted areasfafé -
faken_ftOm a’continuous reCofd;  "Reét“’is'érior.to thé..
'expgrimeﬁt:"N2'§n" rgpreSentslthe'Stért‘Qf water
dequgeﬁtion. fhé f9£h7min" is avgeiééted:traée'COntinUing
’<fromithé'9thAmin of ekposufe tovprdgreSSive'ﬂypoxié. ,Thé'.
'flsth,min“ éection displays'the-términétioﬁ~6f'the hypbxic
..exposure.in‘thé_lBth min ( t;= Q i whén”Né'was turned o£f.
and "air turhéd_on".- It can be;seen that.réoxygehaﬁibﬁlwas
muqh faste: thénAdeoxygenatioh. Noté Ehe.synchrohy bet@eeh"
thévheart»beétband’breathihg?during'éhé 9th min"Of ;;.
_progréssivé_hyp@xia;_"See Fig,-37'for éxpiahatioh of

abbreviations useéd,
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TABLL XI

A/ ’_ The effect of hypoxla on. mean Values .'s.e.,

i(n values) for measured cardlovascular varlables in 6 llng
COd. Rest1ng values were obtalned prlor to the exposure, and‘
are statlstlcally compared with t ‘ 0 values‘(representlng
the termination; of progre551ve hypox1a) and t'; +1 to +5min
.values (representlng the flrst 5 m1n of reoxygenatlon of o
'hypox1c water) &tatlstlcal dlfferences are 1ndlcated by *,{
VA mean, VA pulse, DA mean and DA pulse are the mean‘and ’

fpulse_pressures (cm HZO)‘ln the ventral aorta and dorsal

‘aorta.

.'B/ o The.affect.of hypox1a on cardlovascular varlables
: alculated from those varlables measured 1n Table XI A above.
‘é = SVVX'HR,e APg s-VA mean_- DA mean, APg pulse VA pulse_
.';‘DA pulse;r-Rg = VAPg/Q,’Rs:= DA mean/Q .

Abbreviations are as ekplained'above.
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a/
. Rest(n=18)  t=0(n=6) t=1to+5(n=14)
‘Heart Rate _ o T
beats.min™ 29.4 * 0.9  12.1 * 1.2% 32.8 * 1.9*
Stroke Volume : o _ : » '
ml.kg™ 0.384 +0.015, 70.696 -+ 0.108* ~0.421 * 0.028
VA mean ©'51.7 % 0.5 46.0 + 1.6% - 57.7 ‘+1.5%
VA pulse _ 12.2 + 0.5  22.3 * 1.8% . 15.5 * 0.9%
“DA mean . 1 38.5 % 0.6 3245 -2 1.3% . '38.4 £ 1.1
DA pulse 6.1 £ 0.3 7.4 +0.8% 6.0 + 0.2
- - “Rest t=0 -z t=1 to 5 min-
"Cardiac output,Q _ . T : -
‘ml.min . kg™ 11.2 + 0.4 7.7 *0.5*% 13.0 - 0.7*
Ry ©1.20 %0.09 1.88% 0,23% 1.49 *0.61
Rs 3.58 * 0.20 4.67 * 0.19* 3.23 +0.19
AP '13.3 * 0.8 13.6 * 1.2 18.9 % 1,3%

APg pulse . 6.1 * 0.4 8.5 *1.5% 9.7 %0.7*
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FIGURE 44

A summary of the analy51s of the res1stance to blood'
flow through the glll (Rg) and systemlc (Rs) 01rculatlons
durlng the progre351ve hypox1c exposure in 6 llng cod

Ind1v1dual values are presented and the restlng value is

indicatedg'
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The effects of exposure'to hyperoxic water

Progre551ve hyperox1a up to 90% 02 saturated produced

few cardlovascular changes. There were small changes in the fnean .-

values for VA mean and - DA mean pressures at t = 0. (Table XII).

'-.Only in one-of the four: experlments were Q ‘and stroke volume

reduced markedly.i
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TABLE XII

a/ The -affect of hyperoxia on measured cardiovascular
variables in 4 ling cod. For an explanation of the

abbreviations see‘Table XI._

B/ -+ - The effect of'hyperqxié.on catdioyaécular Variables'
‘calculated from those variablesvmeasuréd’in TableiXII A
above..

See Table XI for an eXp1anation7of the'abbreviations'uséd.,)'
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A/ : ' ﬁRest(n=12) t=0 (n=4) E t=lto+5min(n;8)
Heart Rate - _ : _ L
beats.min™ - 29.5 * 0.9 27.3 £ 1.7, 28.9 * 0.8

" Stroke Volume

mlv.kg"1 0.348 * 0.026 6.303 + 0.041 0.309 *.0.025
VA mean : -53.2 * 0.5 49 .4 i4'0.l7* *50f4.¢~l;lf
VA pulse 11.9 + 0.3 11.4 + 0.4 11.1 + 0.4*
DA mean : *40;8.i:i.0 38.1 +. 2.1 38;1 “* 152*'
DAApulse | 5.4 t 0.4 4.6 * 0.7 ,'5'0 * 0;5*
B/
Rest 1£=0 ' » v_t=itq+5min

Cardiac output, Q

ml.mih”,kgﬂ 10.2 * 0.8 8.5 * 1.6 9.0 * 0.9

Rg N | 1.27 *0.10 1.6l *0.54 - 1.29 *0.18
~ Rs . 4.00 * 0.21 4.48 * 0.25  4.23 t'o,zj

iPg | 12.4 £ 0.9 11.3 * 1.6 | 11;9 t 0.7

APg pulse 6.4 % 0.1 6.9 0.3 6.1 *0.3
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DISCUSSION -

The struggle response in ling cod
My v1sual observatlons conflrm ‘that the struggle re-

sponse analysed here is one form of exercrse normally found in

- ling cod. The struggle response is characterlsed by a. tall move—-
ment. A bradycardla(precedes,and an 1ncrease ‘in Q follows the

ig tail‘movement., Stevens et al (1972) made observatlons on

“-exerc151ng -and dlsturbed llng cod but their analys1s was less

fdetalled and they only reported the marked bradycardla and con—

.. .current reduction ln Q. Increased Q durlng sw1mm1ng has also

'been~observed’in trout (Stevens and Randall l967b chenluk and

Jones, l977) and dnglSh (Pllper et al., l977)
| The analy51s presented here revealed two strlklng

points First, cardlovascular changes durlng the struggle show

n-patterns Wthh reveal clear 1nterrelatlonsh1ps between the vari-=

. ables. Heart rate and Q shared a 51mllar pattern _ Stroke volumef

had a dlfferent pattern to heart rate, but 1t was 51mllar to the

pattern of APg,pulse. In llng cod therefore, heart rate has the

-“ma]or 1nfluence on Q ThlS conclu51on dlffer5~from those for

~:"trout and dogflsh where 1ncreases ‘in Q durlng exerc1se are

1»‘largely brought about through 1ncreased stroke volume (Stevens

;_and Randall l967b chenluk and Jones, 1977 Pllper et al.

‘ T‘l977) Secondly, durlng the struggle response, Rg changes werewf

small compared w1th flow changes except for the brlef but
dramatlc rlse in Rg prlor to~ and at the tall beat SlmllarlyA

in exerclslng trout‘Rg remalns relatlvelylunchanged (Stevens'
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_anthandall; 1967) orhincreases (Kiceniuk and Jones,'l977).v The

. elevated Q during struggling will recruit lamellae; which is con- .

sistent with the observed increase inethe'damping-of the pressure

'pulse,I'Lamellar reCruitment and no other changes should,»however,

“reduce Rg.

Why ‘does - lamellar recruitment.not alter Rg during the

struggle responsefif'the major'gill resistance-resides in the

e lamellar unit? “Q_must be elevated to.effectvlamellar reCruitment.

One explanation is that the increased flow is the-Same'or nearly

: - _ o : _ _ N T .
the same as the 1ncreased'blood volume of the gills, as a result

:ﬁ of lamellar recrultment and 1ncreased Vascular sheet thlckness

kd

__(Sectlon I), and thus any’ potentlal change in Rg is. offset ThlS

- explanatlon is supported by calculatlons of 1ncreased flow and

potentlal changes in Rg due to’ lamellar recrultment Ain my experi-

:-ments. Restlng llng cod probably perfuse about 60% of thelr-

'vlamellae at rest. (Sectlon III) and 1f durlng a struggle all

lamellae ‘were perfused Rg could decrease by 66° w1th no, other

"changes Durlng the struggle response Q 1s 1ncreased by 70 to

80%, whlch would clearly offset the potentlal effect of lamellar

recrultment on Rg. Any dlscuss10n of the 1mportant changes 1n

' vascular dlmens1ons durlng the struggle response would be specu-
- lative since little is known concernlng Vascular compllance in -

'f,Vlvo,Aexcept that the‘lamellae.are,the majoruglll compllance slte.

' The tail‘beat.does‘not initiate the struggle response.

l There is a precedlng bradycardia- Wthh 1nd1cates some ant1c1patlon
- of the tall beat. The bradycardla reduces Q even though stroke .

" volume is increased due to 1ncreased fllllng tlmes and assuming
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unimpeded venous return. - The bradycardla can result from ‘an

" increase in cholinergic tone to the heart. The Rg,also.lncreased_

conCurrently}.fIncreased Rg can be‘prOduced by a chollnergically

mediated«branchial vasoconstriction (Section'II). It is proposed

‘that the observed bradycardla and 1ncreased Pg are both produced'

a short llved increase in. vagal chollnerglc act1v1ty Atro—

: plne, which blocks chollnerglc receptors, prevented the brady—

;cardla and- the increase in Rg durlng a- struggle response.'

The elevated Q ‘and tachycardla dlsplayed by exerc1s1ng

)
trout or dogflsh may be related eXC1tatory cardiac effects of

'01rculat1ng catecholamlnes dur1ng.exerc1se These hormones are

known to increase durlng exerclse in trout (Randall-' al., pers.

et
comm.f and also durlng stress 1n salmon (Mazeaud et al., l977)i
al

Gadus.(Nllsson et al. 1976) and dnglSh (Butler»et

., 1978).

‘. The 1mportance, 1f any, ‘of adrenerglc mechanlsms during the

struggle response in Ophlgdon is dlfflcult to determlne ' HoweVer

the second)delayed elevatlon of Q has many 51mllar1t1es to cardlo—'

vascular exc1tat10n through c1rculat1ng catecholamlnes (Section

;II), in whlch there is elevated-Q ' elevated VA mean pressure,

‘ no'change‘indAPg'mean andhan increased damping of'the pressure"
‘:pulse?'TTheQSimultaneousaelevations,of.strokexvolume and heart
 -rate, miﬁhout tailhbeats,vindiCates:an,adrenerglcally;medlated

i.inotrOpic“effecthin;additionfto'auloss»of.cholinergic tone to

the. heart (Section‘II) : Llng cod are also apparently capable of

‘adrenerglcally medlated cardlovascular responses .fln.atrop;nlsed"v

flsh _spontaneous cardlovascular changes occur w1thout_a tail beat.

There is an . elevated Q and pressor response w1thout any heart
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rate change (Flg.v37), ‘which are very 51m11ar to the cardlovas—

: cular changes brought about by a NAD 1njectlon into the ventral-
.aorta of restlng llng cod. ’There 1s.even the characterlstlc
'resplratory pause assoc1ated W1th the 1n1t1atlon of the pressor

.responser(Flg 37), It is’ 1nterest1ng that Stevens et al

(1972) noted that exXercise in’ atroplnlsed llng cod was accompan-

ied by an elevated Q and no heart rate changes. Llng cod there-

‘fore, probably can and do release catecholamines. durlng stressful'

Vs;tuatlons.llke other fish.

I propose that the struggle response in’ling cod is

largely*cholinergically‘mediated and'results in lamellar recruit-

ment w1th a matched elevatlon 1n blood flow.“ IncreasediQ also

alters 1ntra1amellar flow to further lncrease dlffu51ng capac1ty.x

“_ The 1ncreased dlffu51ng capac1ty, Q, and Vg permlt an elevation

. imum Ventilatory actiVity'at the water P

in Mo2 to meet the 1ncreased tissue O2 demands durlng the struggle.

.Exposure to hypox1c water.

Durlng hypox1a llng cod elevated thelr Mo2 as_muchgas
threefold and malntalnedrMozﬂlevels evenlat water-P02 as low as
40 mm-Hg.»v--_,My.obs'ervationsshow“a-peak%Mo2 associated’with max-

rit of 7.0 -mm ng

'qualltatlvely 51m11ar observations have been made for trout

(Holeton and Randall 1967 a and b) .- Llng cod can elevate or-

'malntaln thelr Q at Po2 levels above the P The effect.of,'

-cr1t

5'perlodlc struggles is to further 1ncrease Q by 70 to 80° for_

~ _short periods (see above). Struggllng, Wthh occurred'to.a
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'variable'extent is therefore in 1tself an 1mportant response to’

hypoxia. . Oxygen dellvery to and O2 removal from the gllls are

- clearly lncreased durlng hypoxra

%

It is clear that the increased perfu51on durlng hypox1a
_cannot per se account for the observed threefold elevatlon in.

Moz_‘ The rate of dlfoSlon must also change, which would 1nvolve

~._changes in surface area, dlffu51on distances and P02 gradlents

{_Thus dlffu51on llmltatlons must be operatlve durlng hypox1a in

- ling cod, a conclu51on flrst made for trout'(Randall et al.,

: 1967); . This conclusion 13{consrstent ‘with gas transfer 1n flSh

being diffusién limitedu(Fisher et_al.;-l969; Randall, 1976

' Piiper and Scheld 1976) . o

How then do observed- cardlouascular changes in. llng'

"_COd relate to the altered.To2 during hypoxla? The’ noted-cardlo—

'Vascular events are_those asSociated uith‘the bradycardia'and |

those wlth struggling.‘ These observed cardiovascular eyents ¢an
”promote lamellar recrultment lntralamellar shuntlng,‘lanellar
‘volume changes and elevated venolymphatlc flow, as W1ll ‘be deduced.
_below. All these changes 1ncrease the glll dlffu51ng capac1ty

rh_(Sectlon ITI). ‘-The'effects~ofgstruggllng.on To2 havevalready
'been‘discusSed in detail A-Lamellar recruitnent-occurs during:
‘hypox1a when the flSh struggles BradyCardia.perﬁse"Will:alsoi
lpromote lamellar recrultment based on the ln XiEEQ flndlngs
-(Sectlon III) since this lS a condltlon of hlgh stroke volume/;

low heart rate;~ The bradycardla probably maintains: a hlgher
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”percentage of lamellae perfused 1n between struggles than are

'perfused'durlng restlng states 'If thls is. the case then a. con—a5f~ .

dition of hlgh lamellar perfu31on w1ll ex1st durlng hypox1a 1n
;llng cod, whlch is 51m11ar to the observed lamellar recrultment
durlng hypoxla in trout (Booth pers. comm ) A hlgh pulse ,'
fpressure/low heart rate condltlon also enhances venolymphatlc
flow (Sectlon III) Improved venolymphatlc-flow may-resultpln..:.
dbetter dralnage of the lamellar 1nterst1t1al space. 'If~this iSd
true, then the blood water dlffu51on barrler will be reduced
durlng hypox1a .'f ‘ - S 'Avﬁf' |

The’ 1ncrease in Rg durlng hypox1a 1s.due to a choli-
'nerglcally medlated vasoconstrlctlon of the - branchlal outflow‘t
j'arterles (Sectlon II) As dlscussed above thlS alterSglll blood
:flow patterns through an elevated AP m, prov1ded Q is elevated,

" but

- Durlng hypoxia Q is elevated at Po2 levels. above the Pcrlt"

at Po levels below the P Q is no longer malntalned and

2

is no longer max1mal (Flg. 41). O2 dellvery however, remalns‘

_ crit’
: Mo2

: max1mal As Q falls, so W1ll APl m'and'lamellar recrultment.'

,It is suggested that because llng ‘cod are’ unable to malntaln Q

'7'below the Pcrit’ Rg is 1ncreased to compensate and thus malntaln

-+ the APl m,tO some degree ThlS strategy is successful to an-

extent since below the P

crlt’ oxygen uptake can stlll be elevated

(Flg.'4l).
Ling cod-lack'a coronary blood supply and thus mchaxé_

dial 0.

5 supply is derived from the venous_blood,~ Hypoxia;in N
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“g'trout ‘is ass001ated w1th reduced venous Po2 levels lHoleton and
"Randall, l967b),.wh1ch is. llkely to be true for llng cod as well s
-'If it does occur and there are no other changes, myocardlal V
lhypox1a w1ll develop Myocardlal hypox1a w1ll reduce the force

't'of cardlac contractlon in flSh (Gesser,'l978) One strategy B

':Wthh may malntaln myocardlal O2 supply 1s to 1ncrease blood

bres1dence tlme 1n the heart through a bradycardla.» Thls strategy _d?

Ahowever 1nvolves a compromlse between malntalnlng myocardlal
act1V1ty and reduC1ng Q 51nce the heart rate has the major 1n—'

' fluence on Q. L1ng cod however, ‘can malntaln a certaln degree"

5hof status quo in the face of bradycardla, because Q can be main-

tained Wlth 1ncreased stroke volumes (Starllng s law) Wlth
prOgres51ve.hypOX1a venous Po, levels must ultlmately fall SO -
IJIOW‘that”prolonged residence'times can no longer maintaln myo—"
hcardlal O2 supply, and Q is reduced

| -The chollnerglcally medlated cardlovascular changes‘
assoc1ated w1th hypox1a are similar to those observed to precede
'the tall mdvements durlng the struggle response 1n llng cod.

In other fish (tench Randall and Shelton,-l962 and dnglSh
Kent-and-Plerce, 1975) the hypox1c bradycardla is prevented by
atropine'inﬁection.‘ Thus these changes appear W1deSpread amongst-'
:fish In the precedlng discussion it was suggested (not demon-
strated) that these chollnerglcally medlated changes enhanced

: 1amellar recrultment, reduced dlffu31on dlstances_and helped |

maintain cardlac,performance,.all of which affect To,. The o
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ffindings of Taylor ggfgl.l,(1977y_aadhcredénce to’these'sﬁggess.
’tionsisince_they have'established.the importance of cholinergic-
neChanisms in_maintaining Toz during-hypoxla‘ln'dogfish~ lni'
;theiriwork, at any glven level of env1ronmental hypox1a,vthe

j--arterial'Poz was always lower 1n dnglSh in Wthh chollnerglc’

f‘mechanlsms had been prevented by atrOplne 1njectlon or vagl

'sectlons, compared w1th-1ntact flSh Slnce the qualltatlve and
1quant1tat1ve cardlovascular responses to hypox1a are 51mllar in ‘l
both llng cod and dnglSh 1t is llkely that the. chollnerglcallyﬂ
| 2 1n-11ng cod .*

The analy81s of cardlovascular responses of llng cod

medlated changes also have 1mportant effects on To

_‘to aeratlon of hypoxic water 1s dlfflcult to 1nterpret since the"'A
water“Poz‘1ncreased»rap1dly; There were,:however, srgnlflcantjf
cardiovascular_changeS'(Table'Xl, Fig,d43), which resembled -
1'those:ohserved after:NAb'hadhbeen'injected.intovthe:ventral
'aorta“of‘resting ling codI(Section:II) Heart rate -reached

45 beats.minfl, é&increased upftoZSO% stroke Volume was elevated
T.there was a pressor response and APg pulse 1ncreased Such
changes w1ll change the pattern of glll blood flow, 1ncrease' h
’the glll dlffu31ng capacrty and, therefore, the glll To2 would\
be 1ncreased.' These changes are cons1stent w1th the observed .
dincrease in Moz 1n llng cod durlng the aeration of hypox1c water.
A poss1ble 1nvolvement of adrenerglc mechanlsms in the flow and

’pressure changes associated w1th‘the 1ncrease in transfer-factor

cannot be discounted. : B o .
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nyperokia was not associated with'marked'cardiovascular
changes. Although-conditionsxfor oxygen'diffusion'are greatly
_ enhanced 1n thlS experlmental 51tuat10n,.no changes in glll per—-
'Afuslon were apparent. It is - suggested therefore, that restlng
pling-cod perfuse.a<min1mum number of lamellae, which would.be
‘abOUt_609 based on the observations made in Section Iii;
In conclusion the hypoxic response and the struggle
response of llng cod have remarkable 51m11ar1t1es w1th respect
to their assoc1ated cardlovascular and ventllatory changes
fBoth responses Wlll increase the number of lamellae perfused
”alter the perfu51on w1th1n each lamella and reduce diffusion
.distances These changes increase the dlffu51ng capacity of
gills. Vg and Q are also elevated Wthh accounts’ for Noé belng
~increased.. The struggle ‘response 1nvolves a tall beat which"
increases venous return, andvcholinerglc mechanlsms_that alterv“
'é andvﬁg priordto.and at the taii beat, thus:initiating‘the
changes in blood flow through the gllls The subsequent increase
in Q wlth reduced chollnerglc.act1V1ty, effects’ the changes 1nv
7fgill blood flow patterns. There may'aiSO'be a catecholamine. ‘
‘release after the tail beat as5001ated w1th struggling. The
'_"hypox1c response involves a chollnerglcally medicated cardlo—
’Vascular responses durlng progre551ve hypoxia, ‘which are

1nterrupted by numerous struggles. The aeratlon of hypox1cv'
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water may be accompanied by catecholamine release and no

ﬂ chblinergic.effeéts.
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Lamellar recrultment and 1ntralamellar shuntlng were
'_proposed in the past as p0551ble ways in wh1ch blood flow mlght
be altered in teleost gills. ThlS study has confirmed these two -
,hypotheses‘ »Durlng the course of my work Booth;(pers,.comm.)
'also/experlmentally establlshed that lamellar recrultment occurs
in trout-' Resplratory (lamellar) bypass ‘as found in Angu1lla,
‘does not occur in Ophlodon. “In add1t1on to demonstratlng two

'patterns of blood flow, my study has. presented observatlons wh1ch

permlt an: explanatlon of how these alteratlons “in. glll blood: flow

ytpatterns mlght<be regulated in v1vo. The the51s has emphas1sed

’p'passxve propertles of blood vessels, parlcularly the lamellar

o caplllary sheet wh1ch allow pa551ve changes 1n blood flow

ﬁpatterns,'and the 1mportance of APlam-‘ Overall, I-have
llrevealed a number of the 1ntr1cat1es of branchlal c1rculatlon and.‘f
1ts regulatlon in Ophlodon, whlch can- be applled to other
'teleosts,_prov1ded the often very lmportant 1nterspec1f1c
dlfferences are also cons1dered

r‘l Restlng llng cod perfuse about two thlrds of thelr

_lamellae,:;nd these are the prox1mal lamellae.-'Crltlcal closure
,3of small vessels, afferent lamellar arterloles, lamellar channels.
or both, in ‘distal" reglons of the fllament is - apparently central
to’ this condltlon.x Blood flow through the lamellae is best ‘
'-descrlbed by sheet flow._ The condltlons of lamellar blood flow

are, therefore, analagous to pulmonary blood flow in mammals
 and p0551bly amphlblans, thus patterns of capllary blood flow in

resplratory exchange 51tes show evolutlonary convergence..
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‘Lamellar recruitment

T Lamellae can be. recrulted automatlcally when input
’;pressure and/or flow are elevated Lamellar'recrultment does not

cause marked changes in Rg, whlch can be related to: changes 1n

' resistance to flow 1n the input and output branchlal vessels

- instead. The lamellae are very compllant vascular sheets with a
" low resistance to flow. Consequently overall glll compllance
'will'inCrease:wlth lamellar,recrultment, and blood flow will be .
‘damped : In ZiZQ elevatlons in Q-are accompanled by 1ncreased :¥‘
damplng of the pressure pulse, APg pulse.v It is: suggested,
:therefore, that:an.lncrease APy pulse is assoc1ated with

llamellar”recruitment 'Thus APg pulse measurements can‘be'USed'f

'_to qualltatlvely descrlbe changes in- lamellar perfu51on, glven

the compllance characterlstlcs of the lamellar sheet. More
accurdte predlctlons ot lamellar recrultment could be . obtalned if.
-_VA and DA blood flow patterns were compared for phaslc
rdlfferences. The afferent fllament-artery does not~have-a majorlr
:role in controlllng lamellar recrultment in Ophlodon. ;Its .
're51stance to flow ‘is 31gn1f1cant but I disagree with the
proposal of Morgan and Tovell (1973) that the vessel taper'hasia:
major effect on re51stance, because flOW.lS reduced along the |
vessel length. Morgan and Tovell (1973) apparently dld not |
.'consider these'fIOW'changes. In restlng ling cod the afferent

lamellar aterioles have'thepcontrolling'influence in perfusion

.



- 223 -

of 1nd1v1dual lamellae.: These vessels‘will also. set APlam
whlch ‘is extremely 1mportant to 1ntralamellar flow (See.below).
Flsh recruit more’ lamellae when oxygen demands

increase., We now have a clearer idea of ~what mechanlsms may-

a brlng thlS about 1n v1vo. Elevatlons of Q and/or arterlal blood

}‘pressures can bring about: lamellar recru1tment automatlcally. Sod'
too does a reduced.heart'rate/lncreased strokevvolume condltlonj
but to a lesser extent. The reason for these cardlovascular
*changes produc1ng lamellar recrultment has been explalned based

on my: 1niv1tro observatlons. The explanatlons are that a) the

higher - cr1t1cal closure pressures assoc1ated w1th dlstal lamellar '

A_un1ts are overcome by elevated systollc blood pressures (changes

.dln pulse pressure) or by elevated-mean pressure per se. In the
‘compllant lamellar unlts p051t1ve feedback occurs when

Pjam is raised since the vasculax sheet tthkneSS’l
blncreases and‘re51stance falls.‘.Hence blood pressures ‘need not
be contlnually elevated for lamellar recru1tment. »b)-Because.of
1arterlo venolymphatlc 1nteractlons in gill fllaments, 1ncreased
-venolymphatlc flow rates durlng high pulse pressure/low heart
rate perfu51on condltlons may reduce crltlcal closure pressures.
The nature of the cardlovascular changes that I observed durlng
. the in vivo responses to stress in ling cod hypox1a and'
struggllng, 'is such that both the above mechanlsms could operate
in XlX9° The lesultlng lamellar recrultment is 1mportant in |

: accountlng for the elevated M02 observed in these 51tuatlons.-
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Inlling cod, the chandes in Q-and/or'blood.preSSures
that produce lamellar recruitment are a result of adrenerg1c and
cholinergic'actions. Heart rate has. the major 1nfluence on Q in
.lingrcod, _Reduced cholinergic tone.to.the heart}orgadrenergic
.cardiac eXcitation»increaSeué; ' Increased cholinergic tone
reduces'heart;rate; but stroke volumejand'pulse'pressures arel
elevated and d is:maintained;prOVided}venous'return‘is-
'maintained{‘-Tail_beats mav be importantvin,increasing_venous;
~_‘return to elevate stroke volUme, 'The'hranchial Vasculature; |
iexcluding the lamellar vascular sheet, 1s also directly affected
by . cholinergic and adrenerglc actions. In VlVO gill outflow ‘.
'arteries vasoconstrict through localised chollnergic actlons;
'?which raise.Rg, In struggles the brief period of" elevated Rg

will raise the filament blood pressurei(auback pressure)_ and‘
..povercome the higher critical closure pressures assoc1ated w1th
the'distal lamellae.-.This leads to lamellar recruitment if Q is
Subsequently elevated . The 1mportance of elevating Q at . the same
'vtime as changing Rg was demonstrated in vitro where decrea51ng Rg
alone d1d %ot bring about lamellar recruitment; Branchial |
r vasodilation occurs through adrenergic actions and reduces- Rg:
‘f Vasodilation of input vessels reduces critical closure»pressures E
~and may be neurally mediated adrenergic vasodilation of afferent
vlamellar arterioles. Release of catecholamine stores also occurs

in ling cod and the humoral adrenergic actions cause a system1c

' vasoconstriction with.a resulting.pressor response, ‘in addltion



- 225 -

hvto branchlal'vasodllatlon. The pressor response and. the-‘
_branchlal vasodllatlon led to lamellar recrultment w1th the
'accompanylng 1ncrease in Q When cr1t1cal closure pressures are'b
-llowered or elevated blood pressures exceed . them, lamellar
5recrultment can occur.' Lamellar recru1tment should potentlallv
”'reduce Rg, unless the 1ncrease in. Q closely matches thesé
'-potentlal Rg changes. ThlS appears to. be the 51tuat10n with
~humoral adrenerglc actlons 1n llng cod. Catecholamlne 1njection
'causes llttle change in APg, even though lamellar recrultment andf
"vasodllatlon w1ll occur (Sectlons II and III) ' Slnce-lamellae

,contaln the greater blood volume of the fllament (Sectlon I),,
.1ncreases must therefore closely match the volume of lamellae
"jrecrulted This correlatlon clearly emphas1ses the reason for no_f
g'Rg changes accompanylng lamellar recrultment and ‘the 1mportance
ot elevatlng Q 1n XiXQ and in vitro to effect lamellar
recruitment. Such a 51tuat10n may well be best regulated 1f the
lamellar“recrultment occured automatlcally with Q and - pressure~
'elevatlons. |

The matchlng of. Q w1th lamellar recrultment has an
1mportant consequence in- gaseous exchange° red blood cell
tran51t t1me through the lamellae is unaltered by these
cardiovascular changes. oUCh a. 51tuatlon mlght be expected 51nce
blood oxygenatlon is- dependent on re51dence time of red’ blood
vcells in the Lamellae when exchange is dlffu51on llmlted

Lamellar tran51t tlme in resting. llng cod 1s about 2 seconds

(Section_I) Wthh approx1mates to the restlng frequency of the
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'heart beat; Clearly if alteratlons in Q occur through stroke
‘volume changes that- are matched to lamellar recrultment, then
t‘tran51t tlme remalns proportlonal to heart rate.: Durlng hypox1a,
"therefore,'when there is lamellar recrultment, 1ncreased stroke

volume and a bradycardla, the lameliar'transit time is'increased,

' This sxtuatlon fac111tates 02 transfer in the face “of . reduced g

_:Apartlalvpressure»gradlents.h Such a s1tuat10n was predlcted by
gtRandall (1970) Duringrstruggles When4Q 1s-elevated through
" heart rate and stroke volume 1ncreases, the relationshlp.between>
vlamellar tran51t time and heart rate is altered. eLamellar'

ftran51t time Ber se is not altered though.

"Intralamellar shunting

N

Moy in ling cod is increased up to three foldtduring
h; hypoxia. Restlng-ling cod perfusehabout_GO%of'thelr'lamella% 1f
3lamellar perfusion'became'makimal,_then‘the surfacefareagfor"
_gaseous exchange would be,increasefby'about"two—thirds; 1Thus
max1mal lamellar perfu31on w1ll only increase T02 by two thlrds
';1f there are no other changes, and thls does not account for -
| bserved 1ncreases in M°2'j Intralamellar shuntlng and the
assoc1ated changes in the lamellae with 1ncreased APlam-‘
'(Sectlon I) must, therefore,'contrlbute s1gn1f1cantly to.
.1ncrea51ng Moz. Intralamellar shuntlng is a redlstrlbutlon of
eblood flow w1th1n a lamella ‘and occurs because in llng cod the
__compllance,‘eplthellum and vascular sheet thlckness of ther'

: lamellae are. non—unlform.’ Intralamellar shuntlng can ea51ly be
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env1saged as an automatlc phenomenon as APlam.rlses NOW -
' that I have descrlbed lamellar blood 1n terms of sheet flow.
Slmply, flow is proportlonal to re51stance,'whlch is proportlonal
"to)lamellar vascular sheet. thlckness to the fourth power. Sheet
thlckness, and thus-flow,.are always greater 1n~dlstaljregionsfofd
the lamella. 'This'relationship ls true'at allvAPlam; "The-
- distal reglons are assoclated w1th hlgher dlffu51on capac1t1es
f”51nce in eplthellal dlffu51on dlstances are greater in basal‘
regions. . The dlstal reglons of the sheet are more compllant at
lowl&Plam than basal reglons. ThuS'as blood.pressure-r;ses‘;
the lamellar vascular sheet thlckens more in theudlstal’reglon'
 and alters the ratio of re51stances and flow between:the'distal_
h'and basal reglons. Therefore, 1ntralamellar‘shunting to»dlstal”
:lamellar reglons occurs automatlcally when AP]am riseSi'
:and, ‘as. a consequence, the gill dlffu51ng capacity:increases.,ff-
'Adrenerglc and chollnerglc cardlovascular actions cause pressor
'responses,'as descrlbed above, whlch’ralse APlam and_s
flncrease glll dlffu51ng capac1ty in thlS manner. . Other effects-
" of ralslng APyap are that lamellar volume is 1ncreased (a
. 12% rise with a 20 cm H20 1ncrease ‘in APlam) and ‘the- |
' eplthellum becomes thlnner as. the lamellar. blood sheet th1ckens.*
Both changes 1ncrease dlffu51ng capac1ty. ' The relatlve
contrlbutlons of 1ntralamellar shuntlng,'lncreased lamellar
'volume and reduced eplthellal thlckness on 1ncrea51ng dlffu51ng
'capac1ty are not known.

As APlam 1ncreases so w1ll lymph formatlon,
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.h0weyer. Fish are‘nOted‘for their high capillary'premeabilityt
(Hargens et al.,-1974) and'furthermore{ lamellar caplllary blood
pressures are hlgh by mammallan caplllary standards. .Lymph so_'
..formed w1ll enter the lamellar 1nterst1t1al space and, if,it»is-
not removed"will increase diffus1onudlstances and.decrease_
a.dlfqulng capac1ty.' To fish; 1ncrea51ng APlam ;s sO

1mportant 1n 1ncrea31ng T02 that there are certaln safeguards

.that appear to prevent lamellar 1nterst1t1al fluld accumulatlon

A“‘tassoc1ated w1th hlgh APlam., The lamellar blood flow is’

':hlghly pulsatlle compared to other caplllary beds, and because

~the. lamella blood sheet is compllant, this. pulsatlllty drlves‘

'lymph flow from the 1nterst1t1um into the central sxnus.. In
'hfaddltlon an 1ncreased arterlal pulsatlllty/reduced heart ratey
condition can promote'venolymphatlc flow.o'

| “The effect of 1ntralamellar shuntlng on gas transfer

'can be analysed in more detall in the future as an exten51on of
my flndlngs.A Accurate reglonal measurements of eplthellum
hthlckness and blood sheet tthknLSS, and how they change w1th
'APlam'are?needed. Predlctlons can then be made, as I dld,
ﬁ:based on the reglonal varlatlons in lamellar compllance.
,‘Important questlons to be answered in future 1nvestlgatlons are
'ehow and why does thls-reglonal varlatlon occur° I can speculate
on both these5p01nts.- Flrstly the reasons for-glll lamellaev_':
1dlsplay1ng reglonal non—unlformlty.. Is it fortultous that both o

V and h are reduced in the base of the lamellae where the

eplthellum is thlcker,_or are they related? Alveoll 1n the cat



..1ung are noted for a hlgh a value and a very th1n eplthellum, ”An_"'
“alternatlve 1s that the propertles of the plllar cells are . B
lmportant since they hold the lamellar vascular sheet together .
under blood pressure and undoubtedly affect the compllance."”v
Plllar cell size does . vary reglonally (Table III),_but whether g

thlS corresponds to the reglonal varlatlons 1n a would requlre a

o._more r1gorous analy51s of pillar cell size than performed here.-a

rCollagen flbre content of plllar cells may also be a factor. Vlng
some teleosts the plllar cells in basal reglons have a hlgherib
'.collagen content than those in dlstal regions (Newstead, 1967),
thlch is 1nterest1ng since - the lung and blood: vessel compllance |
are- both reduced 1f collagen flbre content 1s 1ncreased (Sobln,‘
"pers. comm., Gosllne ‘and Harman, pers. COmMMm. ) . Newstead S

«flndlng appears to correlate well w1th the less compllant basal

"lamellar reglons 1n llng cod and reglonal varlatlons in lamellar

hcompliance-may, then, be related ‘to collagen content of plllar -
cellsf | | | o
;', Why does reglonal varlatlon in compllance and, thush
.‘-1ntralameflar shuntlng ex1st in flsh°, Lamellae act as- the
,'gaseous and ionic exchange area.. Intralamellar shuntlng may be.'
'-necessary for tnls dual functlon. Restlng flSh apparently'
»perfuse the mlnlmum number of lamellae to meet tissue 02
: demands. Thereby they minimise dlffu51onal losses of water or
blons, Wthh have to be replaced by actlve processes to malntaln
-an 1nternal homeosta51s. Lamellar perfu51on 1s a. compromise -

between Moz and water or ionic loss, and should alter ‘in : -y

'relatlon to the demands of a glven 51tuatlon. .Durlng sw1mm1ng
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:_M02 should d1ctate the nature of lamellar perfu51on and thlS

o has 1ndeed been demonstrated.‘ Trout durlng sw1mm1ng act1v1ty

: tolerate an 1ncreased salt efflux ‘and water 1nflux whllst Moz
‘is elevated (Wood and Randall,'l973a and b) Clearly reglonal
varlatlons 1n lamellar dlffu51ng capacity and the ablllty to:
;shunt flow between these areas provxdes the flex1b111ty needed
rfor ad]ustlng lamellar perfus1on._ Some spec1allzed flshes |

‘“lnhablt hypox1c aquatlc env1ronments and obtaln the1r oxygen
qlargely by breathlng air uSLng another gas exchange s1te in

addltlon to that of the gllls. Blood flow1ng through the gllls
is, therefore,'oxygenated and, in hypox1c water, 02 loss from

the blood ‘to the water can occur. In thls situation perfu51on of

S reglons of the lamella w1th a h1gh dlffu51ng capac1ty is 'a -

llablllty. Alr breathlng fish are noted for large dlffu51on
dlstances over exten51ve reglons of the lamella and perfus1on of
lthese reglons would be hlghly advantageous in a hypox1c aquatlc
"env1ronment (Randall et al., l979) Some b1modal air- breathlng
.tflsh when 'in normox1c aquatlc env1ronments, do not alr breath and
"fobtalnvoxygen across the gllls. Here perfu51on of reglons of the
rlamella w1th hlgh dlffu51on capac1ty is necessary - To a1r |
"‘breathlng flsh,_therefore, 1ntralamellar shuntlng of blood flow"
"maydwell be?a way’of life. ‘There_ls.noi1ntra—alveolar shuntlng
of blood flow. 'ln'conclusion, ltfis'exPeCted.that as fish.-
.'radlated 1nto dlfferent nlches and as the relatlve roles of the-
gllls were altered, the nature of 1ntralamellar shuntlng altered
'accordlngly by reglonally modlfylng -the lamellar vascular sheet

'_complxance.
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APPENDIX I

~In-Section l, I presented"a”number of results for
’ calculatlons of the re51stance to flow and the pressure drop in
- gill fllament vessels.' The values used in those calulatlons are
presented here. | ‘ | |
In equatlon (1), used for.determining APlam,vthe

following values were used. 1n = 4.17 x 10~7 cm sz;min; k
y='13.8;'f = 1.8; L =‘b.05 cm; S =.0;88l;, a =7 x 107% cm.
HZO L; ha =,l,146 X 10'3-cm.j-The'total-lamellar area o

is 6.9 -x 103‘cm2, but it was’assumed that at rest only 60%.of
.the lamellae"were perfused.‘ Thus A = 4.14 X 103 cm?, |

| In,Poiseuille‘s equation‘(S)'r] =r0.833,x 106 cm
>H20Qmin, i.e._a blood‘viscosity-of 5 cp;‘ For the calculations
-von the afferent filament artery corrections wereimade for vessel
-¢taper and the loss of flow to branches. Vessel taper increases

re51stance to flow and re31stance was calculated from 1ts inverse

relatlonshlp tO'radlus to the-fourth power.. The calculatlons are

V'presented in Table XIII and they 1nd1cate that a taper of 10. to

30%. approx1mately doubles re51stance. The AFA tapers to 10 to

‘30% of its. basal diameter by a. p051t10n 60% of the way along 1ts

length (Flg ‘l4); Equatlon (6) was developed from a simple .

-electrlcal analogue to predlct the percentage decrease ‘in vessel

‘res1stance due to a progress1ve loss of flow to branches..
k;mel'

=‘m - _Zk . . - '
% n g . - (6)
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where n = the_tdtal'numberAbf‘lameiler uhits on a filament and

" m o= the,numberfpf iamellar dnits at'ahyﬂlocation along the |
.;filament length.b.Using equatioh (6), a‘veésel resistance would

be 50% lower than if there were no flow loss to branches. The

representatlve geometry used for ‘afferent lamellar arterloles in

prox1mal, central and dlstal locatlons was 1 = 600y w1th r = lOu,

1 = 300 4 with r = 8.5y and 1 =150y and r = 7 u,

_respectively.

~ e,
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“TABLE  XIII

The effect of taper on the resistance of flow in a
vessél, where resistance is inversely related td radius to

- the fourth‘powér.
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TABLE XIII
%. ‘'decrease in radius (x) 10 20 15 30 40 50
Resistance x10% (= r*) 1.5 2.4 3.16{ 4.2 | 7.7 | 16
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APPENDIX II

’Discu551on of the use of the micropressure system

Many accurate 1ntravascular and 1ntralymphatlc pressure
measurements have been made with the micropressure system (See"
%Section II for references)f ‘The fidelity of the micropressure 4
1system‘(Fig. 45l used here was measured.using calibrations
' against static pressures developed by a column of water and a
‘dynamic test of frequency response u51ng a- "pop—test“'(McDonald,
l960). Initlally each 1nd1v1dual pipet was calibrated and the
frequency response tested. After many calibratlons it was
established-that, provided thefpipet tip was not partially or

completely obstructed,'a batch of micropipets w1th 51milar tip

'.diameters had the same calibration and their frequency response

'was between 10 to 20 Hz. Therefore, in later experiments only a
representative'micropipet was calibrated from each batch-of
'pipets and the rest were v1sually examined for t1p size and
~1nternal partlcles. Typlcally 1f a micropipet t1p was obstructed
ethe system could not be nulled. SUCh.pipets were discarded, A
high yield of unobstructed pipets was obtained only lf a rigid
protocol.of-cleanliness was-adhered to: scrupulous cleaning of
the capillary tubing with a series of concentrated a01ds,
methanol and distilled water, triple filtering of all. solutions
'where p0351ble and using dust covers. with a relatively dust free

TOOMm.,



4-Source of measurement error

‘The mlcroplpet w1ll only record pressures 1f:the tip is
4unoccluded and on many. occa31ons plpets were d1scarded because K
they became‘blocked or partially‘blocked with mucus or tissue
“during the micropuncture}u Only'tuo types of pressures ceuld,
therefOre, betrecorded frém the micropipet. Those due to a)
blood pressureS'with the tip in a'vessel lumen and b) internal'
voiume changes'as a reSult'of bending of'the pipet tip, Despite
all my efforts to stablllse the preparatlon, movements at the
mlcro level were problematlc. Several strict cr1ter1a were,
htherefore, used to dlstlngu1sh between pressure artifacts from
‘pbendlng and true blood pressures. Of the several hundred
micropressure recordinés.made less than 40 passed this serutiny.
.:If'there was the ieast doubt concerning a recording it was
rejected; Some of theAeharacteristics of bendind artffacts are
outlined below. o

Mean pressure:- The greatest blood pressure in the glll fllament_
could be no- greater than the ventral aortlc (1n vivo) or 1nput
(in v1tro) pressures. Bendlng could generate even hlgher.

‘ pressures; | o | |

Wave-form:- Pulsatility is lost as blood passes through the
compllant glll ‘bed. ' There is also a characteristic shape,td the
ventral aortlc or 1nput pressure pulse.d Bending generated pulse

pressures which were in excess of afferent pulse pressures and
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- .which possessed a different wave shape. Often reversed'saw4tooth
-_shapes and very sharp triaugular shapes were_seen‘asﬁartifacts.
Partioular effort was:madeito select micropressures with‘similar
wave forms as the 1nput and output pressures. Note Fig. 17,'
p.116. |
"Phasicerelatlonstips: _Benoing artlfacts were“out of phase with
:.true micropressures, either leading afferent or lagging‘behind>'
uefferent pressures; | | |

| The location of the mlcroplpet tip was never v1suallzed
during pressure measurements since the tlp size approaches the
.resolutloh‘of lightvmicroscopy‘and all'gill arteries and
arterioles'are looated deep-iu~the tissues; Post—experimemtalv
‘Histological examination of filament micropuncture'sites Was~iv
uulnfOrmativeHdueltoithelsmallhsizevof the puncture,'the~vastness
of.the'tissueoand‘limited quantities of dye that could be
:ihjected intolthe tissuevfrom the'mioropipet. It was; therefore, -
':assumed that the mlcroplpet was . in. a lumen of a vessel if a |
‘.pulsatlle pressure ‘was being recorded and the artlfact'
'possibilities had'been eliminated.  But what vessel‘was the pipet
in? Fortunately, the regular_arrangement.of the'filament -
.vasoulature alloWed.an:ansmer. ‘On‘eitherlthe efferent or
‘afferent side of the filament there‘are'only two types-oﬁ
'vessels: venolymphatic and.arterial. ‘l made no'attempt to
distihguish_between recordings made in filament arteries and
lamellar_arterioles on either the afferent or efferent side of
the*filament. Itlwas also.assumed that arterial pressures oould

not be less than output pressures.
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Micropressure measurements were also attempted on trout

gills in vitro and C-O sole (PleuronichthYs coenosus), a flat

fish, in vivo, but these experiments had no better success than

the experimehts with ling cod. -

P

PR
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FIGURE 45.

A’schematic»répreéentation of A. the fundamental
. principle of the servo nullihg_micropressure measurements and
B. the experimental setup (as taken from handbook, I.P.M.,

-San“Diégo,fCa;),
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APPENDIX III

?The transfer factdr.is'a measure of the relétive
ébility of the:respiratdry'surface to éxchange gaseé, and is
.éffectedbby;changeé in.3urface area ayailablé for exchange, aé
well as diffusion distance betwéen:blood and water (Randall et
gi;i.l967). The oxygeh transferﬁfactor Toé, is definedAés.

MO2

" Top = Po2 difference between water and blood

"Diffusing'éapacity of the gills is;estimated”from morphometric.

data on the secondary lamellae.

Diffusing capacity =. K.

X

h
;where'A is the total'surface‘area of all lamellae and ih is the

f-hérmonic mean thickness of thé blood to water barrier.



