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— Aspects of respiratory and tirculatory phys1ology_!ere fnvesti- .. "

gated in the winter f]oundérwgPseudopléhronectes americanus) and-the’

. i sea raven'(Hemitrtpterus americanus). The ph}gjtél‘and pmys1ofpg1ca1
.factors affecting oxygen uptake and elivery were the main fott of the

— B . research. Hemoglobin function, blood flow tu the tissues, and the ‘

| operation of cardiac muscle dur1ng d1fferent seasons were 1nvestigated. )

The 1nf1uence of temperature on the acclymatization process was

=~

| 1nvestigated. S L e S - Tfi
T A s1gnif1cant difference in"oxygen uptake at the 9111;“(V02) was
found in the seasonal]y acclimatized f1ounder (Q19 =.2.4; winter-. \\T\r o
__li_ 'temperature was 0. 5°c,,and summer temperature was 9.5°C}, Comparap1e Lo 7%%
' changes were observed 1n the cardiac output (V) and ventilation ‘T'ﬁ
St - volume (Vw) of the winter flounder. The gilts of winter fish were

_more resistanf‘to oxygen uptake, yet the oxygen tension of arterial B ?

.-blood (Paoz) in winter fish did not differ from that of summer . o
fish. - . o ' . L | F

A mumbEr'of findings point to or suggest: the causes;ot.éhanges 1n€;

| puyuen resistance of the"gills during sehsona],acc]imatjzat1on. ;Lgt o /7
igtrg;bloud viscosity of the winter floumder, eepec1eljy at tempera- . 3' /' r
tures below 10°C, shows a éreqt sensittvitx_td changee in temperature. . ;//
Viscosity measurements igﬂgjtg.indicate that at Jower temperatures N /
L b1oqq‘tende to flow throughilqrger; less resistant blood vessels, so . '
v © that the surface area for oxygen transfer to the blood 1s Timited in_ ///' i

. R winter fish gills.. However, a slwer blood flow rate during the




e T iii
winter; and seasonal changes in blood components, assist in maintaining
aarterial oxygen tension. As indicated by studies on the sea raven
heart in situ winter acclimatized fish. have diminished ability to’
produce a cardigc—output During the ‘winter there is a significan;,
fnerease in concentration ofltbtal-hemoglobin and a sighificant shift
toward higher hemoglobin-oxygen afffnity.’ ¢ |
‘ Intraerythrocytic components such as H+ Cl', and nucleotide
' triphosphates (NTP) influence hemoglobin-oxygen affinity in the winter ‘
flounder. Temperature influences the concentration of intraerythro- . f . q,‘;‘
‘gytic modifiers, and seasonal changes tend to support shifts in oxygen | '
afflritty. S . e i; o I
It is concluded that temperature plays ‘a significant role in-

'effecting physiological changes‘during acclimatization to the seasons.

The physical effects’ of temperature upon blood f1ow and oxygen uptake

"
- at the gi11s -are opposed by alterations in blood components meeting

metabolic demands while maintaining oxygen tension, .
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CHAPTER 1

INTRODUCTION )

Poiki‘lothermic vertebrates such as fish are affected internally by
theijr external 'enirironment. During‘ seasonal changes. in the external ~
Aenvironment the organism <an maintain internal physio'logica/'l variables
at different"'leve'ls than would be predicted from the conditions of the
environment. This sort of- physioiogica'l adjuﬁment has been refered to

” as dynamic equil ibrium by Prosser (1964). Dynamic equilibrium is ) K
necessary for the survival of organisms in widely changing environ- l"'.
ments, " because the range of interna1 variables such as pH or 902 for
surviva1 are smaller than those that may be dictated by the externa1

. o ' _environment (Prosser, 1964). -Fish have adapted many physioIogical

‘ . _mechanisms that a'liow them to_maintain an intern‘al equi}'ibrium. of

. | particular interest are those fisl which live’ in temperate retjions that

undergo broad temperature changes with changing seasons. The research

i : . of this thesis investigates some of the mechanisms emp]oyed b_y fish in

) achieving oxygen uptake- and delivery during different seasons. .

. Y Temperature is recognized as’ an important inf‘luence on the

physical environment, aﬁ well as on the physioiogica'l performance of

anima]s (e.g. Hoar, 1983 Prosser, . 1973) A nimber of \physicai -

' chaﬂenges confront fish as they afttempt to meet metabolic demands. . A

91’ | - \The_y must be able to move water past the gills in order to breathe. N

s v 7« " The viscosity of water.increases as it cools, thus ventilation: becomes

“more difficult for the fish. Although the oxygen gontent of water is
P . . : . c ) & ’

A=
-

.
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higher at coaler temperatures. the absolute amount of oxygen present 1n
. water is only 3 per cent of the amount.of oxygen found in air. The
- difficulty faced by water breathers during ventilation is more eviden&
when the convection requirements for ::}er breathers and air breathers
are compared (Dejours, 1981). The convection requirement is the volume
‘of ventilator_y medium required per unit of oxygen uptake. The values
| are usually very high for water breathers.
Temperature also effects aﬁnumber of changes 1n physi-e-l-ogical
processes in fish (e.g. -Houston, 1973° Fry, 1971)., The results of -
changes in fish physiology have been viewed in two contexts. When thgs] -
| ' | seasons . change, & _change in temperature takes plageﬂin conjunction -with.
other changes in the physical environment and the alterations which
'take place as part of the physiological response of the animal are - ’
called conditions of acclimatization (Fry, 1958) In the laboratory it
is possible to effect physiological alterations in response to changes —
.in temperature alpne; ‘these create conditions of acclimation (Fry,
1958). Many of the early studies on the effects of temperature on fish
- used oxygen consumption as the main physiological indicator of acclima-
- tion or acclimatization (e.g. Scholander, Flagg, Halters ‘and Irving,
1953 and Fox, 1936) . Measurements of oxygen consumpt'lon are usefu™ in
demonstrating the Operation of cardiovascular and ventilatory - systems.
;" -—Knowledgeﬂof the oxygen consumption of a species can be used to predict
the‘capability of the animal fb tolerate d1f§Ering_environmental con- .i T
ditfons. Precht (1958) found various_'l’evel;s of compensat'lon for .
:Qf ' . changing temperatures in some speciesiof poikﬂﬂotﬁerms.e-dold water~
fishes are purticularly well known for their ability to compensate for

[

) temperature. : = " S .
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- .Polar agquatic poikilotherms, under the in%\ue'nce of year-round
temperatures below 5°C, are thougﬁt td be adaptéd to cold, making
_comparisons with tropical aquatic animals df Fficult. Scholander gggl.'
(1953) compared rates .of oxygen cons’ump\tiqn tn arctic and tropical
poikﬂétherms as a base for a theory of cold adaptation: that t;old'
water species are able to maintain a higher rate of oxygen consumption
at low temperatures than warm water fia at those temperatures,
Hoh'lsch.'lag (1960; 1962a,b; 1964) concluded that notpthenﬂd
species exhibited cold adapta}:‘lon, indicated by dg'ta on oxy;e;‘ consump-’
* ‘tion. However, he found no ck‘ld adaptation in an Antarctic zoarcid
(Wohischlag, 1963). Oxygen consumption studies of “a mmber of
_Ar;tatctié fish »sp.ecies, including hemoglobinless types, by Hemingsgn

and Do.ugla's (1970}, Grigg (1967"').'ar;d4Ralph and Everson (1968) reported

o

rates comparap'le to those'found by HohI.schlag {1964). In 1970 Holeton
showed that oxygenlconsumptfon in nototheniids was much 1owér-than thaf) o
recorded by Wohlschlag in 1960 and 1964. In two later stud'les on . I,
Arct1c species, Holeton challenged the validity of the cold adaptation o
theory (1973, 1974), Criticism of the cold adaptation studies-has
focysed primari 'Iy dh experimentdl procedures used by researchers, and
their interpretations of the data. Cold adaptation still1 remains to be
soundly demons.gatéd under laboratory conditi ons (Clarke, 1984).
However, a recent study by Tetens, Wens; and DeVries (1984) supports ) 3)
the theory. - ‘ s o )
Studies of oxygen consumption are useful 1in 1110$trat1ng the '
ability of certain species to adapt to env1ronmenta‘l conditipns. -

However, the functions of E\Q several .components of ‘the oxygen del{very
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system have yet to—be elucipated. > The effects of temperature: on some
‘arspects of circulatory and ventﬂatory physiology of fish have been’
studfed, 'an'c_l,— results pertinent to tﬁe present research are reviewed
below. The mos't/str'lkﬁg exar[tpl_esvof physiological atterations in
response to te?nperature come from studies on.Antarctic fish. Those
fish endure extreme cold ‘for their entire life. Th are fewer

reports on the effects of exposure to similar co'ld condi tions on a

‘seasonal bas¥s.

Blood 1s the medium by which oxygen travels from the"gﬂ]s to the

tissues in fish. B"I.eod i:oh\afns hemoglobin, an Oxygen-binding protein

basic to the oxygen de'livery system. Except'ions of this general rule

in f'l sh spec1 es are found in the Antarct‘l c where many species of fish

- have 'no hemog'lobin 1n the'lr blood- this ts thought to be due to the. -

persistence of extreme]y co'ld temperatures. .The cold water is richin “

dissolved oxygen, and therefore it 1is thcught that the presence of
11
hemog]ob'ln is. not 50 essent1a1 Due to the absence of hemog'lobin,

gt L

—_ blood viscosity {s decreased (Hemm$ ngsen and Douglas, 1972) Some

—— -

polar fishes which do have hemglopin may stﬂl have blood of Tow
viscos:lty‘_(Graham, Fl'etghe'r, and‘Haedric_h,' 1985) . Genera11y, it is
recognized that total hemoglobin conc‘en't'ration ([‘Hb]l’ arlg_ total number
of }e& blcod cells (rbc's) of Arctic end Antarctic fish species ,are

lower than [Hb] and ‘rbc's in temperate and -tropical fisil (Wells, Ashby,

_Duncan, aqd MacDhonald, 1980; :Rutr;am and.Freel, 1978; Everson fld_ Ralph,

1966; Koo}man,.1963;. ‘[y'ler, 1960; Scholander and Van Dam, 1957; Ruud,

1954). Similar trends to Towered_hemoglob¥n and rbc's were observed in

- the.pinﬁsh\(Lagodon rhombo{ des) and in the striped mllet (Mugil

4
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. Eardjgva;cular'syétem and the vent{latory éystem.'l Antarctic fish

A

cephalus) during acclimatization from 25°C to 7°C (Cameron, 1970), and

in acclimatfon to low temperature “in rainbow trout (Salmo gairdneri)

from 21°C to 3°C (Houston and Cyr, 1974; DeWilde and Houston,* 1967) and
» ) '

in cafp (Cyprinus carpio) from 18°C to 2°C (Houston and Smeda, 1979).

The reduction 1n the capacity to store oxygen in the blood in
conditions of low teu'tperature seems reaso;labIe because of the ekpected
reduttion in oxygen needed by the tissues under such conditions, '
However, §n some species the reversé situatfon is seen. After acclima-

tion to low temperature in three species, [(Hb] was shown to have =~ =

increased in rainbow trout*from 18°C to 2°C, (s.tudied by Nikinmaa,

bSoivjé,' and Raflo (198'1) and by Nikinmaa, Tuurala, and Soivio (1‘980);

and Baldwin (iQBZa); and in winter flounder. from 15°C to 5°C, sfgudiéd .
by Cech, Bridges, -Rowell, and Balzar in 1976. - X
Denton and yoﬁse‘f (1975) suggest that seasonal hematological

\ - . o
changes in_the rainbow trout can be due to factors others than tempera-

" ture, such as diet and activity. : “~

r

» Responses of Qarfous ‘blood components to temperature would be
better understood 1f the physiology of cardiovascular and ventilatory -

systems of each ,Qpecies were fully known.” Blood “co ponents meet the .

del.nands'of ‘tissués for oxygen, depending upon the o eration of the <= v

ts

lacking hemoglobin, due to re'sponsé to ‘extrenely 1 W tempe.ratures. ’

)

“in; blackfish (Gadopsis marmoratus) from 20°C to 10°C; studied. by Dobson

)]
3
3
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helnoglobinless fish have larger blood volumes (Twelves, 1972; Holeton,
1970; Hemmingsen and Douglas, 1970) than 'red—bloodeg_' fish (that is,
fish with hemoglobin.in their blood). They are therefore able to |
pr'oduce larger cardiac ’eutput wﬂ:h 'Iow peripheral resistance
(Hemmingsen and Doug‘l as, 1972 and 1977; Hemmingsen, Doug1 as, Johansen,
“and Mﬂ'lard 1972; HoTeton, 1970 and '.1972). Reduced resistance was
attributed to fncrease In size and/or number of capﬂ]aries carrying
the b'lood (Hemn'l ngsen and Douglas, 1972' Ho'leton, 1970) and decreased
b'Iood viscosity (Henln'ingsen and Dougl as, 1972; Twe’l ves, 1972).

/ Cech’ et a'l al. (1976) found that at high temperaures, .there was a

decrease in hemoglobin in the winter flounder, and oxygerg demands were

- satisf‘led by a great'ly 'Increased cardiac output. Nikinmaa et a'l.

( 1981) found that. temperatdre had no 1 nf!uence on the b'lood voiume. of,.

" rainbow trout, however, Hb 1evels changed at higher temperatures as a

result of red blood cells noving into the tissues (tissue rbc shunt)y,
Twelves ( 1972) found blood volumes of 'red-b1ooded’ Antarctic fish
species to be greater than those of other tel eosts not exposed to
conditions .of constant cold. ‘
- The ventilation volume (\'I"! of the hemoglobinl ess ;Rntar'cti.ci fish
was very high, and gill ﬂssues were more res‘lsi.:ant- to oxygen tfansfer
(T07)-than in other fish (Holeton, 1970). The J0z results 1Lfnis .
extreme case are interesting. SeasonaTIy‘ c_ycHng fish that rec:ei ve
exposure to extremely Tow temperatures would be useful models 1in under—
standing why fish in 'Iow temperature conditions have\ower T02 ‘
values: An 1dea'l mdeI would be a fish which also undergoes seasonal

hema‘l‘:ologiqal alterati ons. such as the uinter flounder. The louer

N
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105" values 1n the hémog1ob1 nless Antarctic fish may he 'dup to
diminished capacity of the__blood to hind with oxygen, The winter
flounder s an.{deal species because the ;“'l sh undergoes an increase in
‘ f n[Hb] during acclimatization to wmt:er temperatures. That 1ncrease‘1n |
' ‘[Hb] ,may act to counter increases in gill oxygen resistance, .'
Diminished TO» may also be due to the phy‘s!i.ca'l effects of temperature
- on blood flow. Blood at 1ower Emper'atures is more viscous, and this
. ' maj' reduce the gi11 perfusion area in fish. -In 1 sh. with red b]-;o'd
ceHs more rbc’s are 1ikely to be 1n the secondary lameT1lae during
- gonditidhs of high temperature {N1 k'l.nrnaa et a\., 1981 and 1980). This .
wou'ld proﬁde a greater potentia] for Hb ox_ygenat'lon dur1ng times of -
1ncreased oxygen demand (Tuurala, Part Nikinmaa and Soivio. 1984)
‘ Co . Researeh has been done on the effects of seasonal and temperature
. - changes on hemog1ob1n funct1on. If temperature is the on]y functional
/ o rodi £ er, then Hb-oxygen affinity increases as the temperature
( ' | decreases (Wells and Jokumsen, 1982). But the ef fects of temperaturet*
/ . on, who]e b"lood can produce a number of vari ations of Hb-oxygen
. affin'lty, depending upon “the species. For exarnple, duri ng exposure to
high temperatures the Hb-oxygen aff'lnity 1nﬁw1nter' flounder decreases
.- ‘\(Hayden, ‘C’ed;h, and Bridges, 1975); values fer"Hbmiygen affinfity’ - _

5° * increase in the brown bullhead {Ictalurus nebulosus) (Grigg, 1969);

while no detectable change in Hb-oxygen aff{inity were found 1n rainbow
trout (Weber, Wood, and Lomholt, 1976)"”
Findings on the Hb-oxygen aff'lnity of whole blood are more vari- L e

able because [Hb] function is 2150 influenced by 1ntrace'l'lular con- T PR

ponents. Seasonal Tevels of WY, "C'l" Mg""', and Catt.~as well as o

—T N
‘e
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' .. _ nicleotide triphosphates (NTP), which have all been shown to influence
’ ""Hb function, have been obser;ed in fish by Dobson and Baldwin (1?82.a),
Powers {1980) Houston and Smeda (1979&, and Housttfh (1973).
It is apparent that research has demonstrated the importance of b

»

temperature on parts of the oxygen delivery system in various fish

= specfes. It 1s clear that persistent, extreme cold can have radica'li
affects on the oxygen delivery system in fish. However, fish exposed
’ '.to the i:ha_ngi ng temperatures of the seasonal cycle exhibit more varied,
but less extreme, changes in physiology durine'écclimatizatioh to low
tenﬁratures. Even though the physioiogica'l changes of temperate and
seasonai fish are’ less extreme than in some of the Antarctic fishes, .
 some . species such as the wi nter flounder are exposed to Sub-zer-o S N, —
- - temperatures for several months a year.' The adaptation of the species ' :)(_e ;
1 to such a wide range- of conditions in the ph_ysica'l “envi ronment must

mean adjustment in man_y parts of the \ircul atory and respiratory. - ' -

R B systems of.the fish. '
- In the present study,. the investigation into the parameters. :
Jrentioned in this,discussion had” three purposes' o
1) to describe the function of various parts of the oxygen
' - delivary system in the winter flounder
k4 ./ | 2). to describe physio'l ogical changes which take place in thk——f/
. I ‘cardiovascu'lar and respiratory systems during the process of
acc'limatization- L S L D
3) to test the hypothesis that tempemture \lays a major roie in
- N o the process of acciimatization.

-

The. .specific~ tests are outTined in detai'l in Chapter 2. Each area
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> studied-seasonal chaﬁges. in hematology and hemog!objn functi on, blood
' viscosity, cardiac performance, and rsph'ator_y performance - occupies’
a separate chapter, giving the results of the data collected, and dis- .

N cussing those resuTts.— B'riefly, changes upon the physiology of the

D "
o

winter flounder, as a result of temperature changé over the seasonal

cyclef showed that the process of acclimatization affects all aspects

of physiology. Chapter 6 attempts to integrate the ’dj}a and make some

conclusions that will assist 1n the prediction of seasonal physio»

- logjcal performance of \.ﬁ sh under certain cond'l-t'lonN Ve

The fish““used in tr'ﬁs study are distributed in the.oceans of the

\

|
north temperate latitude\s, and normany encounter water temperatures up
to 15°C during the surrlne|r, and winter temperatures as low as -1, 0 c.

The wide range of temper:iatures to-which these species’ haVe had to adapt
made possible the 1nvest'\ll gat1on of many aspects of their physio1ogy.
The ch/nges of physio1og'lca1 functions~ during summer acclimat'lzation .
- , wer_e also 'Investigated. Detailed accounts of the species studTed can Y
be found‘ in Bigelow and Schroeder (1953), and Leim and Scott (1966).
The main species studied 1n the present research v;as the ﬁin{er
flounder, because of the accumulation ,of biological and physiological
informatjon avaﬂalﬂe on this species (e.g. Fletcher, 1977 and 1975).

The sea raven (Hem‘ltripterus americanus) was usefta part of the

experiment to study the effects of seasonal and acute temperature
changes on heart function. The sea raven had been thoroughly
—— researched by F'a-rrell, Macleod and Driedzic in 1982, and by ‘Saunders
H : .‘/

o and Sutterlin in 19}1. therefore the investigative procedures used were

a . , :
stifghtforward. Consideration was given to using the winter flounder
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\ ’ for these studies of heqr£ function, but due to the awkward location of ’ ‘
. that organ in the winter flounder it was felt that {investigative

procedures would be hampered by the technical difficulties. The sea /

o

raven experiences seasonal temperatures similar to those of the wi ntér

flouride , and {s also & bottom-dwelling fish, ;o some general con-- )
- clusions are possible. ‘ '
: The main objective of the present-research was to prov1d9 ‘ -
“_; . expemments that would allow discussion about a thesis. -Th . '
"'— . thesis which was investigated was that teniperature has an important ) :‘
i ' . ‘@ .
T ‘ R 1nf1uence on many physm]og'lca] functwns wh1ch account’ for oxygen
L uptake and delivery in cold temperate marine teleos_ts. : >
N3 ‘ _ ' . _ '
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CHAPTER 2 =

MATERIALS AND METHODS \

2.1 Seasonal changes in_hematology and- hemogl obin functi}n

P T e . v
A

,.Y‘.'v -~
et Bl

{

-, . e * s /
. 5*1-./1 Experimental animals /-

= g

13

Minter flounder (Pseudopleuranectes ;Rericanus) were kept 1n flow-

through seawater aquaria for at 1 east one week prior to experimentation

(Fletcher, 1975), Ambient seawater conditions were mai ntained at all

° \sim.és of the-‘year: temperature"range‘ -0.5 to 15°C and s”alinity\ ‘range

28-32 %00 (Steele, 1974). During the months of April to October

n

-flounder feed acti vely,'and at other perifds the gut contents are
’

diminished (Fletcher and King, 1978). Durihg the (eed'l ng perfod fish

. o . .
were fed chopped capelin (Mallotus villosus) ad 1{bitum 5 days. per

week .

.

) ' 2.1.2 Sample collectith

1 -
a

A1l blood sampies were takén by caudal puncture of unanesthetized

1 @ : fish. Blood samples were taken using 3 mL plastic syringes equipped

with 21 gauge needles, and the samples p;laced Tnto heparinized glass
; . -

containers - (dry heparin: Vacutainer).: All samples were refrigerated

)‘ . during expeﬁments and assay preparations. Summer blood samples were .
> ’ , | _
K taken during July and August and winter samples were taken from

+ / : - .
4 \ L~
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i
i
»
\
k

.....




“‘before being igecorded (Hewlett Packard 17501A) At least five
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February to April for whole blood studies. Wi nter blood samples for

. N . . _ /
prepar_'ation of hemoglobin sol utﬂmiwere taken d r-fng December.”

£y

2.1.3 Whole blood Psn protocol and hematological techniques

A number of blood al 1‘quots were made from each animal sampled.

-Qne aliquot was used immediately to determine oxygen dfssociation

characteristics {P5g). ' Anether was immediately used for measuring
hematocr'it -(Ht) hemog'l obin concentration: ([ﬂ) ,@t@@i de triphos-
phate concem:r'ation (ENTP)), and pH. The remainder of the sample was

usg{ for rbec counts and sizing, and plasma and ceH e]ectrolyte concen-

] trat1ons.' . . A . o . .

The P50 determinat'lons ‘were made using the m'lxing technique

, (Torrence and Lenfant 1969 Edwards and Mart'ln, 1966). A blood sample’

(0.5-1.0 rrL) was pltaced into .a _r-'otaitirlg ‘glass container receiving .
n'ltrogen or air, The blood equﬂibrated within 30 'minutes and readings ‘ '._

were initiated 45-60 minutes after the start of gassing. Each sample

?

was drawn into a 0.5 nl_ g‘lass, gas-t'lght s_yr'lnge (Ham'l]ton) before
bei_ng analysed for total content (602 , and part'la‘l pressure (Poz) of .
dx;ygen. The need'le deadspace was f{lled with mercury, which also acted
as a device for mixing the b‘lood sample. The Coz was determined u51 ng
the LEX-- 02 - CONp_ (Lex1ngton Instruments MA.). ~P02 measur-e-

mep‘s were taken with a C'lar'k type e'lectrode (Radiometer E5047 Copen- ‘

/

- hagen), aﬁd\appropriatew amp1 1f1ed (Rad'iometer PI-M71 (:openhagen)'

. . ‘ \,
‘ni trogenated—aerated m'lxtures from each’ 1nd1v1dua1 samp‘le were made\'ln .
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" August) and summer fish acclfmatized,to winter temperatures. Fish
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determ1 ning Psg. The oxygen e'l ectrode was calibrated heﬂ?re each

. experiment and the cald bratfon was checkedf-throughout t,he duration of-

expertmentation. A zero Py, reading was ﬁet using a so!ution of 0.01 M

sodium borate saturated with sodium su\fit& The high port'lon of the

9

Po2 range kas calibrated with air saturated water as described in
Hi tchman (1983). T "

o

AY1 of the percant saturation va1yes pertain to hemogl obin on‘ly, e
therefore all OXygen carried 1n phys(ca'l solution has been subtracted '}‘

as follows: ‘ \
7 . \ .

C02 Hb C°2 blood (Cﬂz,pusma max - 02, blood s/amme) A |
. PO p1dsmia max

§ . ‘ .

. /
Oxygen content values are in units of m1(111{tres of 0p pér 100 m1 of

_ solution. Plasma max refers to the maximum partial pressure or content™

of oxygen in the plasma under the experimental conditions. The. P50 I
value was, determined using ‘thg Hi1l equation (Riggs, 1970); the Poz,
and percent saturation values for tﬁS-?S% oxygen saturated samp.) es.
Hemoglobin concentration was assessed b_y means of the cyanmethemo-
g'lobin method emp1oy1ng S1gm;'standards Methemog‘l obin levels were
measured- usi ng the methods outIined in Henry (1964). The NTP- concen-
trations were measured using' the methods -outl1ned dn Sigma p_ulletin
#366 - UV, w1nter accHrﬁatized fish (February to April) and winter‘ . 7 \-

fish acc'limatized to summer temperatures were sampl ed for b'lood NTP ’ -t

leve1s. The same tests were done on summer acchatized fish (Ju'ly and

-

7 Recu
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-eXposed to.non-seasonai temperatures (o°c during the summer and 10°C

during the winter) were acclimated for 30 days. Hematocrits were done
]

.
in dupiicate on’ a microhematocrit centrifuge (Internationai Instruments— -

ot

-4, t‘ model MB) A glass microelectrode (Radiometer E5021 COpenhagen) -

connected to ! PHM71 acid-base analyser. (Radiometer, Copenhagen) was

used to measire pH.

[

Intraerythrocyte levels of Na+ K+, Mg**, and<Ca* were determined
using f1ame atomic absorption (Varian-Tectron, *model AAS and Varian “

" .A-25 recorder) (Fietcher and Ktng. 1978). Red biood celis were separa-

- ted frbm plasma by. centrifugation \and the piasma was pipetted off. ,?

. Red ce11s were then digested in concentrated nitric acid Analyses -

\

were done on; c1ear digests. Piasma vaiues for the four ions'ﬁereiaiso

determined using fiame atomic absorption. Chioride concentrations wene o

measured from p1asma and rbc digests by the Radiometer CMT-10 chioride ;‘} .

titrator. gater content of rbc s was caicuia ed after drying cell
| samp1es at’ 60°C until no. further change in mass was noticed

Ay

The-pH of rbc s was measured on hemolysates (Steen and Turitzen,
1968) One mE*biood sampies were centrifuged for 2 minutes at 5000 X—’
LG, then immediateﬂy submersed in a mixtdre of ethan01 and dry ice. The
- pagt of the centrifuge tube containing plasma and white cells was cut
away, and the.- part of the tube containing rbc S was reseaied Before

' being thawed. Two subsequent freezing and thawing events en$ured that

- ce11s had been disrupted Measurements of pH on iysed rbc's were taken

using a giass microelectrode. . Lo ' :: ; i. _' <L T

-

:' S 1 b1ood cell sizes. and numbers were obtained using a Coulter

" Channelyzer and céuntgr (Coulter Electronics, Ontario) ,Blood sampies

A
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«  were d1luted to 50,000 times the orlglnal concentration in pH adJusfed_
saline before'count1ng and sizing with Q 100;pm aperture.‘.lhe fol~
Jowing c0mprised the dlluting saline- NaCl = 150 nM (snmmerf, 175 i
- (Winter), KCL =.2.7 m, MgClz 6 Hp0 '= 1.0 ™, CaCly « 2 H30 -
2 7 m, D - Glucose = 2 2w, andéIES buffer (N-trls[hydroxymethyl]
methyl Z-amlnoethane sulfonlc acid) = 3.0 mM.° Dupllcatexcounts,were

o

“done on 0.5. mL samples” (20,000-50, 000 cells per counting). Colncldence

-

correctlons‘ﬁE:; made where needed (Ahonymous. 1970) The Channelyzer
e organlzes a size ‘s¢an of each sample 1nto 100 channels, each représen-
h tlng an average volume. The average channel time was,callbrated wlth, o
.1f;J .1‘;- | 1‘ paper mulberry pollen (dfameter 13 um) Mean torpuscular volume '
o ’ (MCV) was determlned by dlvlding the total uolume of a size scan by its
number of cells. The total volume was determined as the sum of the

products of the total number of cells per channel (or range of

channels) and the average volumé of thp cells ‘characteristic of:those

:channels. ;, . ) B . , . i
. ®
100 , - qqe L fo N
o MCV Z # cells * average volume of chanpel(s)
' L ' Tt y¥ of cells— E ' e
& A1l mean tell volumes were in units of cubic microns (um3). -
“.2,1.4 Hemdglbbih solution preparation ‘ 3 . R T oo
7 It was 1mportant to produce a hemoglobln solutlon that was free of o
, . 1 .
L. . substances that would 1nfluence 1ts functions, such as nucleotide .
, ) ‘ v .
’ - \. : ! A
. _ : ' , . \
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'tribhosphates, c1-, Catt, Mgtt, and H*. When this prepara- s

A 10 nM NaCl so1ution adjusted to a pH of 7.95 was used to elyte the Hb

'Corﬁ., MA.) concentrated the hemolysate under an air pressure:of 207 .

. kPa (30'ps§¥.(delkmano and Bayer, 1976}, The-column and éoncentratfon

(/\ | | . 16

B

tion is cdmp]eted .known/amounts of specific agents can be added and

evaluated on their influence over hemog1ob1n function.

-

&
Blood from several fish was poo1ed together and used 1n preparing

~

the hemoglobin so1utiops. Blood was obtained from the fish by the

* method described in 2.1.2, After the plasma was removed, b1ood cells

were washed three times with ice cold sa1ine (see 2.1.3). The blood .

cells received a final wash with 50 .wM Trizma base buffer

(Tr1s[hydroxymethy1]am1nomethane at a pH of 7.95). The 211-buffer

solution was then sonicated for 2 minﬁfés at 70% of ful scale power

(Biosonik'III Bronw111 Scientific, NY.) while on fce.. Th hemolysate

was centrifuged-(soob rpm) twice for 20-30 min at 4°C to re any

;cLll ‘debris. The' resulting hemolysate (approx1mate1y 20 ml) was passed

"throuqh a Sephadex G25 column’ twice before being conGEntrated

Sephadex G-25 is recommended for desa]ting_purposes (Anonymous, 1984)
and for the removal of nucleotiﬁes’such as ATP and GTP. {Jelkmann and
Bauer,’1976). The ¢olumn was 40'cm Tong with a 1.5 cm diameter. The

elution volume was approximately 30 m.. The flow rate was 80 mL/hour.

solution from the column. Levels of-NTP in the second elution of the _ T

Land 2

‘Hb solution were undetectable.- The finmal Hb solution wis diluted with

5-8‘tjmes 1ts volume using 50 ™ Trizma base buffer (pH = 7.95). A
high pressure .filtering device (PM10 filter, 10,000 D cutoff; Amicon

.
-

. procedures were carried out at 4°C.. ‘ ‘ T

.
» !




17
N . .

The Pgp determinations en Hb solut%ons vere done as described
for whole blood. Concentrations of Cl'; Ca++,lMg++, Ht, and ATP were
added to the appropriate hemolysates in order to observe their effects
on hemoglobin function (NaCi,lCaCIQ . ZHZQ.;MgCig + 6H20 and
HC1 were used). Stock solutions of the fons and ATP were made and
Hb: ion ratfos were based on an assumed Hb molecular weight of 68,000

L)

grams/mole (Hoar, 1983)

2,1.5 Data analysis - : , :

Unpaired t-tests with p < 0 05 were used to compare mean values
for summer and winter fish Anaiysis of covarfance was used to test
for siqnificant differences in the slopes of lineslin figure 11 ° Cow

(snededor and Cochrane, 1967). . ' .
2.2 ]In yitro and in situ viscosity ' ) -

‘ 2.2.1 MWinter flounder in vitro study

\l
< = s

Hinter flounder (Pseudépieuroneétes americanus) were regularly

coliecte& from Conception Bay, Newfoun&land, by divers using SCUBA.
Fish were kept at the laboratory in a 40, 000 litre aquarium under
seasonally ambient conditions of photoperiod temperature and salinity
(Fletcher, 1977). Measurements were’ carried out from October to May

{temperature range -1 to 10°C). ,
L . , B ') .
Blood samples (5-15 nL) were taken from d*anesthetized fish by
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caudal pungture, |immediately heparinized (100 units Na* heparin/mi

N ) o
blood), and then stored on- fce. !

Red eelld or plasma were removed after centrifugation (4006 rpm)

-

Qas Ht's were adjusted to desired levels ranging from 0% (plasma) to .

80%. ‘Hhite blood ce1l§ constituted less than iﬁzof the rbcﬁnumbers;

therefore no effort was made to remove them from the.blood {Dintenfass, ~

1071). - ' . o
Yarious concentratiens of plasma protein were attained by dilution

of normal plasma with fldunder saline solutiod (as above), or by con-

- ' . centration in an AMICON ultrafiltration device (Lexington Inst. Inc., -

. . Missouri) with . a UM2 fi1ter under 207 kPa (30 psi) nitrogen pressdre.:
Hemoglobin and Ht- values were determined as described above.

‘Total plasma proteids-were measured using the biuret reaction (Henry, !

Ly . 1964); with 0.1 m of plasma. | : .

' . ll"

- The freezing point depression of the plasma was measured using an

Advanced osmometer (Model 30, Adva?ced Inst. Inc., MA. ) Thi:{ras done

pafnt
' depression = approximately 1.12°C; see Fletcher, 1977). However, {t

to ensure that only_"winter type".fish were used (i.e. freezing

l ' was later discovered that fish which hed atypical winter values (i.e.
freezing pdint\depressiod smaller than 1.12°C), d1d.not have noticeably
different bloed plesma viscositiess '

T Viseosity'was determined)oﬁ 1 ml blood or plasmd,samplee,usihg e'
. cone piete_yiscbmeter {LVT mode) 0.8° cone angle, Brookfieid Ltd., 1
Hissdssauga, Ontarfo)., The tempereture Pf the sample cup was regulated

(+0.1°C) using a recirculating cooiing,unit«(ﬂeslab Inst. Inc., Ports-

mouth, NeH.). Ca1ibrat10n of _the viscometer was checked usingtsrook-

field standards; the gap between the cone and pIate was adjusted
. . | L
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{mmedfately prior to each test. The Jrocedures outlined by Rand,

\

v ~ Lacombe, Hunt and Austin (1964) were used to determine vfécosity At

L 4

P

least four sets of readings wern.made for each sample and the values
obtained at each shear rate were averaged. In all instances, the
measurements were made within 24 hours of bYood collection.

2.2.2 The role of flounder plasma in in vitro viscosity: flounder-

sculpin blood mixtures, and plasma and serum_experiments

#

L W
\

, Flounder blood is much more viscous than sculpin blood, because of -

" the plasma ﬁiscosi;y and the ability of the plasma to aggregate red .

' . o : A
blood cells.{Graham- and Fletcher, 1985). Blood from the shorthorn v

. seu1p1n (Myoxocep;glus scorpius) was used to eva!uate thg role of

f1ounder plasma 1n red blood cell aggregation.

In the experiment, blood was taken anu=w1nter flouhder and short-
horn sculpins, then each was divided into cells gnp plasma by centrﬁ-
fugation. The rbc's were washed three times with sélfné (recipe as
above). The following mixgngs.of rbc'g‘and p]aéma were prepared: 91)
flounder cells in flounder p]asma; (11) f10under—ce11s in sculpin
pla (1i1) sculpin cells in sculpin p\asma, and (1v) sculpin cells
in %der plasma.. The sculpin cells in the flounder plasma exhibited‘

i |
prqfuse clumping and could not be used for viscosity determinations.

The rolé of fibrinogen in the visgosity of flounder whole blood

was qﬁéessed by the .following experiment.‘.Flounder_red cells were sus-

pended (Ht = 16%) in plasma and autologous serum {plasma and serum were

pooled togetlier from a group of seven fish). The viscosities of the - -~ - . =
] e ! v : 4
plasma, serum, rbc's in plasma, and rbc's in serum were compared at 0°C.

.- e
-



2.2.3 ]p sity viscosity study

The m_\ﬂgg viscosity investigations provide data for very
— spe'c;l fic conditions of flow: at one shear rate in a uniform, noncom-
pliant vessel. The following set of experiments utilized the ﬁving
. vasculature of the wi nt:.er'i flounder as a viscome’ter. " The experimental
parameters were temper’a\t\nre ;nd flow rate; both i anuence bl.ood ‘/
viscosity. By comparing blood and saHne f'low through the vasculature
it 1s possible to determine the average blood viscosi ty as 1t passes
through the preparat'lon. The object of the experiments was to eluci- '
date the. importance of' temperature and" flow rate to/in situ viscos?'ty. .
_ Experiments we/re _carried ‘out dur1 ng the wi nter (February to .
| | Apri 1). *Anesthetized (0. 76 m EthyI-M-Aminobenzoate, MS222, Sigma)
wi nter flounder (200-600 g} were sectioned to remove- the anterior bod_y. ' -
The remaining trunk (50-75% of the body mass) had no kidney or peri-
tonea'l"organs. The dorsal aorta and oaudal vein were implanted w.ith
— snugly fitting steel catheters ( inside diameter'= 1 mm). A tight .
1igature of umbﬂ:}al"f_a‘p?ﬁi‘s appl{ed about -.theﬂl hemal arch of the |
& vertebrae to secure the catheters in place. Approximately 25‘50 ml's of
heparinized sa]ine (10 m/ml) flowed.into the dorsal aorta from a 40 cm
head and removed the blecod from the trunk vasculature.
The sectioning, catheterization and rinsing procedure took.no -
longer than 10 mfnutes. The fish was then,: s&:merged in a temperature
R 'controned saline bath' (saline same as perfusate minus ‘the PVP; see
-~ .below). A peristaltic pump de'livered saHne-_or blood from aermostated
| contai ners go—tne dorsal aorta, _Pressure was measured with pressure

[

"\
. \
.
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transducers (Microswitch, léGPC or National Semiconductor. LX1601 DF),
and signals were amplified and reconded before fluid entered the trunk |
(Hewlett Packard preamplifier, 17402A and recorder 7402A). In addition
to the conVéniionaT‘equipment 1isted, a custom made preampliiier was

used with the Microswitch iZGPC transducer, and a custom made interface
. was u;ed with the National Semiconductor LX1601°DF transducer. Flow’
was‘altered by changing the pump fate. Flow was measured by collecting
the volume of effluent leaving the ceudal vein. There was no backflow
of Perfusate after it passed through a check valve (Fiéure 1).

’ & The efficiency of voiume recovery from the trunk was assessed
after each flow change. Usua11y ‘the outflow volume from the catidal
"vein catheter, as 5 percentage of the inflow (efficiency of yolume . “.i
. reéezery), declined with increased fiow rates. Leaks at low fion pres- ‘
sures were fﬁon open tissues in tne gut. and the segmental vesselS along
the long section of the truhk. At elevated flows and preésures (e.q.
67-80 cm Ho0), the catheter insert area showed signs of leakage..
Experiments were terminated at that point or flow was decreased-to,. ' *
aIiow for perfusate switch (i.e. saline to blood). The preparation
gave consistent flow-pressure relationships for up:-to 2.5 hours of
saline perfusion.- ‘ )

; Experiments were efther conducted under high (blood = 10.12 I_‘” , = -
- 0.15°C, saline = 10.13 + 0.15°C) or Tow temperature conditions (blood = |
0.59 + 0 15°C, "saline = 0.78. + 0. 45°C) An initial perfusion with the
fo]iowing saline solution lasted’ 30 minutes for each preparation:
10-5 M yohimbine - HC1 (competitive alpha adrenergic blocker,

Sigma); 10~5 M papaverine - HCl (nonspecific snooth'muscle\ -~ ' ' E

A el
e T
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Figure 1. Diagramatic representation of the experimental setup for
. measuring blood viscosity. amp = amplifier, rec = recorder,
_ p.t. = %negsure trahsdu_cer, X = position’ of flow meter and - ’
; ' " Windkessel. : ! '
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relaxant, Sigma); 10.71 g/1 NaCl, 0.41 g/l CaC'lz . ZHZO, 0.22 g/1 KC1,
0.13 g/1 MgS0,, 0.38 g/1 Na,HPO,, 0.04 g/1 NaHP0,, 40 g/1 polyvinyl-

pyrrolidone (PvyP, MW = 40,000; Sigma); 1.0 g/1.glucose, and 2.0" g/1

NaHCO3.
Blobd from 9-24 fish was pooled together, then pH and Ht adjusted at -

. The perfusate was equilibrated with 0.5% COp and air.

- each experimental temperature (cold experiment: pH = 7.848 _; 0.025, Ht
= 19.31 + 0.61; warm experiments: pH = 7.936 + 0.020, Ht =.19.24 +
0.50).

0.012,

Saline pH values were: cold = 7.890 + 0.028; and’warm = 7,926 +
After the 1n{t1a1 30 minutes perfusion with saline, a stable pres-,
sure flow trace was evident and any leakage was detected. The 1n1t1a1
perfusion was at: 3(5 -40 cmHzo pressure, then f1ow was lowered or
_ ra1 sed enough to change pressure b_y about 10 cmHy0 per shift.
stable trace was established, the flow was altered again, within the.
range of ~20 to 80 cmHp0.  _ _
 Blood was pumped: throgpggmmsame trunk as the saline. The blood
“wa‘s mi xed-cohtfnuously with a mxgnetic stirrer, :;d was fully oxygena-
ted. Papaverine and yohimbfne were added to the bYood at 10-5 M
concentration. Pressure-flow relationships were developed after caudal
vein effluent Ht was equ1va1ent to "that in the thermostated reservo1r.-.-
Flow alterations due to catheter resistance were taken into

ccount diring~a]l measurements.

2.3 Seasonal cardiac performance “ .

2.3.1 Experimental .anfma_ﬂs and water conditions '
] “ N >

\

Once a -



Sea raven (Hemitripterﬁé americanus) were cdught in Passamaquoddy

Bay, and kept 1n ambient surface seaw at the Huntsman Marine
Lab6ratory, St. Andrews, New Brunswick,” The fish were then traﬁsported
to Mount Allison University, and he)d-tn seawater (30 O/o0) &ntil
experimentation. No food was administered while the fish were in
captivity. . '

Water temperature in the area of.capture was 2-3°Cidur1ng the
winter (January, 1984), and 12-14°C during ‘the summer (geﬂzember, 1983)
(Fletcher, Kao, and Haya, 1984). During the winter experiments, fish .
were held in the 1aboratpry at 5°C for at Yeast four yeeké, and in the
summer at 10°C for at least one week. The'summer‘ffsh exﬁériments were
initiated at aJtemﬁeratufe of 13.3°C, with Vj at- approximately 15
m1/kg*m1n‘i. Tﬁe preload {input) and output ﬁressures of the ~
summer fish were 0.95-+ 0.17 cmHz0, and 39.90 + 0.57 cmHp0.respec-

tively. Winter fish experiments were initiated at a temperature of

~ 3.4°C with Qb at approximately 9 ml/kg*min=l. The initial Qb

for winter fish was selected based on -observations of cardiac output ‘
from summer fish after ‘acute temperature decrease. The preload and
output pressures for winter fish were 1.23 + 0.21 cmH,0, and 41.65 +-

0.71 cmip0 respectively, '

2.3.2 Experimental prot®col

Ahe;thetized'fish (Ms222, Sigma) were weighed before surgery.
Fish wet mass was used as a reference for setting Vp.' Surgery was

conducted as described in Farrell et a_'i . (1982), the prbcedure taking

“ A

.....



?bdominai veins were accessible ;Qsziii;aninqjsion.in the opercular

fn.a temperature controlled bath of Cortland saline. All abdominal

10-20 minutes. The fish were piaced ventral side up on an operating
table, and'the gills were irrigated with seawater. Stainless-steel
cannolae'were'implanted and secured in the ventral aorta and the ..

.: -
hepatic vein. The ducts of Cuvier, anterior jugular veins, and

abdomina1 veins were 1igated so the only fluid entering the venous

sinus was through the hepatic vein. The herves going to the heart were

oestroyed. N - B 4
o \ “
‘The nerves, jugular veins,.ducts of Cuvier and some of the Y-

e

cavity. The ducts of Cuvier were 18ft yntied until the last moment so

'that the heart was supplied with blood during the procedure. After. the \\

ventra] aorta cannuf% was secured a perfusion with heparinized saline
was delivédred through-the hepatic vein cannula from a temporary ‘é}k
reservoir (I:IU/mi;Na*'heperin). The ducts of Cuvier were then tied
ciosed,vand the nerves were destroyed. After surgery,;each animal was
totally trensected immediotely caudal to the pectoral fins, then placed

el

viscera were rembved.' The perfusion saline composition was 150 mM

_NaC1, 2 nM MgSO4 7Hp0, 5 mM KCL, 2.3 m4 CaCl,, 2.3 M NazHPD4,‘p 2 mM

NaHzPQ4, 3 g/l dextrose, and 40 g/1 polyviny]pyrroiidone (MW =

40 ,000).

An initial perfus#on of at least 15 minutes was allowed for tissue =

‘flushing and heart rate stabilization. Recaordings were then made on a

.beat hy beat basis of Vb, fy, and output pressure. _The preload

pressure was eievated siow]y (<5 mm at each adjustment) unti maximo\"‘\\ -

vb'was attained._ When maximum Vb stabilized (approximately 30 s),
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3o &
ahother series of recordings were taken before restoring Vb and -
‘pre19ad pressure to origina? leve1s.. When original ﬁb ha&
stabilized, an acute teﬁperature change of.about 10°C was made as,
€bllows£ in winter fish, the perfusate and water jacket were warmed
from 3.4 + 0.2°C to 13.6 + 0.3°C over 10.2 + 0.8 minutes; in summer
Fish,.tﬁe perf;sate and water jacket were cooled frem 13.3 + 0.3°C to
4.1 :.6.2°C over 19.9 % 3.6 minutes. The temperature of the saline in
the bath holding the preparatfon changed much more slowly than that of
> the perfus;te. Tﬁerefore,.heart tissue temperature was altered L
primarily by the perfhsate passage. :The témperatu%e of thévmyocardium
was nof’ﬁé&suréd. It was assumed that théhhéarq tissue temperature was
stable at‘or near the pe(fuéate temperature, becqusé even thodgh the. .
laggihg saline bath solution tempé}atuie was'st11] changing, fy was
stable. Heart rate stability at the a1teredperfﬁsate was requ1;ed
before the éxperiments proceedéd. Afte( éhe-perfusate tempé}ature
change was completed, and heart rate was siqb1e, tpe cardiovascular
vafiabléé were recorded again. Preload was(ébajn elevated to achieve-

3

maximum Qbrat the new temperature. The experiments were terminated

shortly after the recordings at this stage. Ventricles were excised
immediatef&, and after emptying contents and drying with tissue paper,j

wet mass was measured. N . . J/

/J\/'
.
.

'2.3.3 Experimenta) measurements and calculations

A}

The preload and output 6;essures were measurbd w{th pressure

tranggggers (Biotronex Laboratory, Kensington, Maryland). The volume

s
- .’_



ejected with each heart beat lSVHMwas measured with an electromag-
- « . netic flow probe (Biotronex Laboratory, B!. 5020) The f'low probe was
| " calibrated with known volumes of physio]ogica] saline at the\ experi- !
mental- temperatures. Pressure and ﬂow signals were ampried.
(Biq,tronex Laboratory, BL-630) and d15p1 ayed on a chart recorder
(Biotronex Laboratory, BL 882) Perfusate temperature was measured
o with a mercury thermometer 1mmed1 tely prior to, entering the heart.

Heart rate was dete;rmi n31 ﬁ‘OJ! pressure traces and Vb was

calculated as: ' , P L
. - . ' - . ol
' N A TEA . o R
I " S ot ,
e _ .
Lo Cadiac output values are-1n units of mi11i11tres of blood per minute -
., ) | R ' T L
per_kilogram wet mass of the. fish (ml/min - kg-l). The power out- . e
. . .? b - , ¢‘~ '
v put of the ventricle was calculated as follows:
i N ) - -‘ “ .
. l . f B r . h T T S 9

' power = (outpit pressure - preload pressure) * Vp,

3

and exprtessed as mH/kg ventricle wet mass. The resistance ‘of nflow .
.and outflow catheters of the heart were considered in all pressure

measurements. AU Va1ues presented are means + standard error (SE), °

-, T v [ -

except: where otherwi sé stated. Mean va1ues were eva]uated for si gnff‘l-

N :
oe\nt differences usir Student g t-test with p <0, 05 (unpmred tests were

. )
used for winter fnsh vs summer flsh componsons paired tests were used to

1
po b . \\.

~ compare tempe,mture treotments mthm each smonol group)

’
i




2.4 Blood volume, red blgod cell distribution, and respiration. studies

3 - . - -, ‘

‘g:4.1 Experimental animals 4 , !

" Winter flounder (Pseudopleuronectes americanus) were captured by

SCUBA divers from COncept1on Bay, Newfoundland and kept iﬁ 40 ,000
iter seawater, tanks for at least one week prior to experimentation 'eﬁ.
(F]etcher, 1975). Respiration exper1ments were carried out ‘from 30

September'to 6 November (water temperature = 9 to 10°C) and 18 January .

- , respiration experiments at‘9;i0°c,cannot-be réferedato strictly as
smnner fish because at that time of the year day Tength’is somewhat .

shortened. Howeven, the temperatufes which existed at that time were

typ1ca1 of those found 1n July and early August. For accuracy, the
o - results from thts group of . experiments will be refered to as the high -

. temperature values, except in Tab]e 4 6, and 7, and Figure 2 where the
term summer 1s used for convenience. If a season must be refered to
summer/fall wou]d be»appropriate. Animals were fed 1iberal amounts'of

"chopped cape1tn ‘daily during periods of high temperatures. Experi—l
ihental fish uere denied food at Teast 24 hours before surgery. After
sungery, fish were allowed 1- 3 days recovery .before experiments

' LE LN M , &
+ . ° [}
cmnnence:t"y oo . : .
- - ’ v - . r » I .

t

2.4.2" Animal preparations. = ° -
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S0 77 to 28 Mar¢h (water temperature =-0.5-to 1.6°C). ' The animals used for ‘ "
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A water ti ght res;iiratorj bag was stitéhed over the opercular apparatus

-—

MS222. The fish at high temperatures were prepared in a different
manner from the cold water fish. That precaution was essent'ial,

because during high temperatures the winter flounder does not tolerate

" excessive handling: The surgery at’this time had to be as limited as

possible, so two experimental groups were used. The preparations
involved for each group are described below. -A1] measurements were
taken fr:o_m fish resting on sandy bottomed taw.'lks.

One of the groups used in ,hi gh temperature experimeﬁts contained

eight. fish and was prepared ‘for measurements pf respiratory parameters.

of the fish (Figure Z) The bag collected al] the water ventilating
the gills (Vw) but was applied 1oose1y enough to minimize the ;' C -
restriction on breathing’ motions. The bags were made of}pliable,

strong denta1 dam (Hygenic COrp., Ohio) -

A sman plastic tube attached the bag to a 6 mm wide vesse]
(inside diameter) leading to an overflow container. No significant
backflow pressure was anticipated because of the low flow rate through
the tube. The opening for the tube collecting V, water was at the
Jlavel of the water in Ehe fish holding ;:hamber. The partial pressure
of oxygen for inflowing water ,1:0 tﬂe gﬂ‘ts(Pioz) w;s meésured; on L

~sampl es'taken di rect'ly beside the mouth {Rddfometer microe]ec.trt;ae

"E5047 and amplifier, PHM71 cOpenhagen) The oxygen tensfon from ».

expiratory water “’eﬂz’ was sampled from the col]ection tube. '

A po'lyethylene cannula {PE90) was inserted 0,5 cm inside the

! . .
opercular cavity at the Junction of the opercular and preopercular bone

on the dorsal side of the animal. The cannula was filled with seawater



' L]

F1§ur"e 2. “Prep;arat'lon' for measang-. the vgnf:ﬂation volume of\“ the _
| winter 'flq'qnder"dur"ing,the summer, ' A, fi'shlwith ventilation
bag attached. B. blood measurements. . amp.= amplifier, rec

; recorder, p.t. = pressure transducer, all -other symbols

are described in the symbol legend (p. xi).
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and attached to a pressure transducer (National Semi- conductor. LX1601
DF or Micro Switch, 126Pc see 2.2.3), - Oscillation in opercular pres--
-sure was used to record the frequency of respiration (fg). The ‘
ampl'laf'ied signals from the pressure_ transducer were displayed on a
chart recorder (Hewlett Packard recorder, 7402A and preamplifier,
17402A). | |

The ventilation stroke volume (SVp) was calculated as follows:

SVR = iw/fR.
Venti‘lation stroke volume values were in units of mﬂH Titres of water
per breath per kilogram wet mass (ml/breath kg-1). The oxygen
uptake at the' gin (VOZ) was calculated as follows:

where By, -was the solubjlity of oxygen 1n. seawater at exp_erimental'
temperature and salinity. The oxygen uptake values were in units of
miT11litres of 0> per minute per kilogram wet mass of the fish
(m/min + kg~1). ' |

In a second group of fish at high temperatures"(n = 9, Figure.2b)
|the cauda'l vein and artery were cannu]ated with polyethylene tubes

-(PESO). Al fish were fitted, with an arterial and a venousyla.

-

/

The arterial cannula: was inserted 1nt0'u Tateral 1qc1§10/n1 the tail

then fed anterfor to the level of the dorsal aorta. “The venous cannula

‘was inserted from-the {ncision anterior tp' the position of the kidney.

Vv —
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The cannulae were secured with silk sutures and filled with heparinized -
saHne (100 units/n., Sigm) (saHne as above in section 2 1.2).
Arterfal and venous oxygen tens1on.(Pa02, PVOZ)' and content (caoz,_, \
Cygy) were measured. "Heart rate (fy} was monitored fron pressure
| fluctuations after attaching the arterial catheter t,c; a pressure trans-
ducer, and fp was monitored as above. The fish in the two warm water \ L
. groups had the follming wet mass: 493 + 61 g vs, 591 + 4 g, . 0.05,

Cardiac output was estimated as: ‘ .

iy = : Yo, - . Z
a0y ™ vUz
The units for Vb values are i 111‘rf~tres-of tﬂ‘ood per minute per
.kﬂogram wet mass of the fish (m/min = kg-l). ‘
{ ‘ B -
In winter fish (407.3 + 36 g, n = 11) a11 of the above ~measure- ..
ments were made on  individval an1tna1s (Figure 3). The mouth and gill - 4
e Openings were isolated 1nto separa‘te wate; chambers (e.q. Heath 1972).
- A. thin membrane (dental-dan) was stitched about the fish s mouth and
| | fitted into a part1t10ning box. Water Tevel in the pre- and post-  ~
o Opercu1ar chambers was equaHsed with the use of a manometry system,
The V,, value was a measured vo1ume of overﬂow water from the oper-
¢ cular compartment of the box. As with the warm water: experiments, at '

'Ieast two measurements of the ventilation volume were made for each

2 anima]., The remainder .of surgical and measurement procedures were the

s

same as for the high temperature fish.' The remaining caudal portion of
the Hsh (approx*lmate]y 75% of the body surface area), was 1so1atéd in

]
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- .f-’ig'urq 3. Prep;uration for measuring the ventilation vp'lume'of the
| winter flounder during the winter, .0:11 measurements for
'b'l ood and 'water'_ ‘made on same fish..-amp = ampldifier, rec = |
régorder, p.t. =>\pressure transducer, all othler symbols are

described fully in the symbol legend (p. xi).
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8 separate compartment. wh-en the ventﬂatiop measurements were
fini shed the oxygen ;btake by the skip was estimated over a 1-8 hour
“period. The surface area ‘of each fish was estimated from tracings of
the outiine of the fish made on‘caHbrated graph paper,
The two ventiTation l;tethods cou'ldpn]y be compared on the winter
accl imated animals. Three wihter fish with ventilatory bags were use{'

in the comparison.’

\f :
. 2.4.3 Blood volume and red blood cell distribution
. [

-

. w1ht'e|{ (February-March) and summer (August-September) acclimatized
fish were used-to. determine blood volume anﬁ the instantaneous distri-
bution of red blood cells, foﬂow'ing the methods outlined by Albert
(1971). The blood volume of winter fish was examined at the seasonal
temperature (0°C, 335.9 + 61.4 g, n=8), and after 8-15 days at 8.5°C
(367 .8 + 45.%9; n = 8}, The blood volume of sumerﬁh was examined

’ at the seasonal temperature (10°C, 302.3 + 68.1 g, n = 6), and after 20
days at1°C (296.7 + 49.8 g, n= 5). |
Radfoactive chromium (51Cr)‘ was used to tag rbc's whivch were
later to be injected into the tirculatory system. A concentration of
100 uCi 5]Cr/ml. of hepérini zea blood was ‘mixed in the presencé of 32 __ ¢
C0p/ balance air for 1.5- 2 hours. The cells were then washed. three
times with flounder saline (see section '2.1l.3) before a 0.3 m. infusion
(cel1s were reconstituted t6 a‘[ip,r'oxfmat‘ely the same“Ht as orfginat

blood sample with $a11ne)'.“l Tagged rbc's were introduced into the

caudal vein or artery in unanesthetized flounders, Any leftover cells
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were used to determin:e 'pnedﬂution activity (cpmy). A time period of
2.5-4 hours was allowed for cells to distribute throu'glztout the circu-
latory system. Pr"evfotis t;sts determinedl that 2 hours was sufficient .
to allow coan ete mixing for blood volume determinations at 1°C (G.L. .
Fletcher, personal communication).

After the equﬁibration period, a caudal puncture was used'to draw

blood from unanesthetized fish. The fl,ounder‘was then totally 1mnersed»‘

.in 1iquid nitrogen which effectively stops aH circuTation rapidly.

Liquid nitrogen was held in a heavﬂy i nsu]ated container that restric-
ted movement by the fish. The time of blood sampling to the time of
totq] 't'lssue freezing was never longer than 39 seconds. The blood . -

sample was placed in a;heparinized container for counting and hemato-

“crit determinations. Hematocrit was determined as above. The activity

of 20.1 m sample of the final blood sample was tounted (cpmg}, then

used in tne following volume calculation: A \

. blood volume =cpm;,
- o

The volume was then standardized to a perceritage of the total wet mass

of t(he' fish. 7

—a

Frozen tissues were sectioned from the flounder: total 1iver,

'spléen, ;1¢ney. intestine, gj 11 filaments, and portions. of the white
- muscle fBrmn ths 'cen'trﬂ part of the dark surface of the animal.
Samples. of dermi s and epi dermfs were taken from the same regfon as the"
' white muscle. Preweighed tissues were analysed for gan‘a emfssions

- over-a 20 ninute perfod. The values presented are expressed as the

J

[



percent of the total tissue mass that was rbc's.

The mean values for high and Tow temperature experiments were

compared using the unpaired Student's t-test with p < 0.05.
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CHAPTER 3

'
|
SEASONAL CHANGES IN HEMATOLOGY AND HEMOGLOBIN‘-'FUNCTION‘

P
L)

|
3.1 Introduction , R

L 4

® The manner 1n which oxygen is de'IivelJed'to the tissues in verte-

brates has beén described as a cascade, where oxygen f1ow's' along pres- -

sure grad1énts from regions of high oxygen va]ues ( arterial blood) to -
the working units of the cells (m tochondria) (wood and Lenfant, 1979,
At a given oxygén tension in the circul,atiq% (PQ2 , the percgnt of

circulating hefnpg] obin that 1s bound to oxydgn can be predicted. Such
predictions are made from the r}:sud ts of} in vitro tonometry, using the
Psy (half saturation,of gemoglobin with oxygen) as a common
reference. ' . ’

To understand the oxygen delivery system, Io'ne must begin with a

clear.description of the hem‘ato!ggdceﬂ parameters of the organism. For

example, the amount of hemoglobin in the blood {vi'l‘l'direcﬂy affect the

amount of circulating oxygen. Some hematological features have been
found to change uith the alterations in demand ﬂLor oxygen during
strenuous exercis; (Wood, Turner, and Graham 1983' Yamamoto, Itazawa,

and Kobayasht, 1980), hypoxia (Wood and Johanser{ 1973), and tempera-

ture change (Houston and-pyr, 1974 ; Cameron, 19 0; DeWilde and Houston,

1967). The change's in hematological vari ab1;s uch as Ht, 'rb'c.' count or
corpuscular hemoglobin content (MHC) are relatively slow corhpcred with

the speed at\which alterations in cardiovasuclar, ventilatory and
W
,I‘-) . 8]

-
£

-

e .

-
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other modifying agents had been removed; the temperature of the hemo-

hemoglobin function occur (Weber, 1982). . ° .
This section investi giétes some possible functional modifiers of
hemoglobin, and seasolﬁﬂ changes: in hematological variables 1n the

winter flounder. The aff'ln‘1ty Qf hemoglobin to bind: with oxygen can be

affecte

by ’a number of factors. found within the red blood cells; -some

organic, her§ inorganic. Intraerythrocytic concentrations of Mgt+,

catt, Hf, c-,
in the rbc's of winter acclimatized (0°C) and sumer acclim@tized .

(10°C) fish. Inorganic fons and ‘adenosing triphosphate (ATP) iwere~ yih”en'

~ added to prepared hemoglobin solutions from which concentrationg of

-

globin solutions was at an intermediate 5°C. The levels of h__emog1ob1n
modifiers added covered the seasonal range of values ?gbse—rved in !j_\gg_
This experiment enab1e;1 a comparis'on to be made of tpe relative impor--
tance of each modifier as 1tuaffec‘ted okyéen affinity. The direct
effectlé of temperatu’rg;\on hemo§1 c:;ﬂ n within rbc‘s and 1in prepared d
solutions were also observed.  Red biood cells from winter acclimatized,

and summer acclimatized fish were subjected to tonometry at 0° and

10°C.
3.2 Results

3.2.1 Sedsonal hematology _ -
) _

—_—

Table' 1 is a summary of the ;'r-ln_c data on .the winter flounder.. -

There is significant difference between summer fish and winter fish

and nucleotide triphosphates (NTP) were measured o B | )/_

e
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Table 1: Hematological data for the winter flounder. [Hb]

#

= hemoglobin concentration, Ht =

hematocrit,

MHC = mean hemoglobin content per cell (nanograms), total fons =.sum in m4/1 cells for Na‘t,

AR T E

o
e s

o
P2 T PN

.
T S g e e e
et %

. g

- " C1- . K*, .Ca**, Mg** in the red blood cells. Values are means + SE. () = n.
. ’ ‘-._9 -
[Hb] % met Hb Ht cell #'s MHC. cell volume k3 total ions
.1{g/100 m) (%) (m-1). - +(ng/celi) (um3) watér > (m4/1 cells)
I 7.8 - 13.52 25.00~ - 2.62 x 103 31,17  _ 101.4 65.9 199.:4
Winter +.48 +0.59 +1.28 . +.10 x-10° ~ +1.08 o 13:09 +0.3 8.35
‘ T10) T15) T10) (9) (9) 19) Ti6) (10) .
1- - © . .
| 5.65 - 13.08 - 20.93  2.18 »102 ©  28.19 . - 90.30 69.6 199.3
Sufmer “4.32 +0.96 - +1.33  +.15 x'109 - +0.66 . +3.03 +0.7 +3.47
o) T21), " T0) © () - T(10) "~ T10) Ty Ti0) ! B
: p < 0.05 N:S. - p<0,05 p <005 p<0,05 p<0.05. p<O0.05 N.S. " P
Note: N.S. is the abBreviation’ for not signiﬁcant. Meain_ vaiues forj winter and summer were compared
by using the unpaired Student's t-test. Significance was at the 95% confidence level. . -
. P <
- ¥
- B -hu
. . 5
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with re§pect'fo'rbc size and nuﬁber, total [Hb],NMHcﬁf:;d Ht. The

. summer fish have féwer, smaller rbc's with less hemoglobin in each

“cell, résulting in a decrease in’[Hb] and Ht for the group. A Yarge

percentage of the total [Hb] (132) s in the form of methemog]obin

during the winter and summer sampling times. N ‘

4]

3.2.2 Seasonal red blood cell jon and WP levels

Table 2 sumnarizes the 1ntfqgnythrocyt1c fon levels fduﬁd in the
winter f:kunder. Ch]oride values are significantly lower in winter
fish than in summer fish “but Mg++ and Ca** levels are higher

“in winter fish. The Ca**/Hb molar ratios- 1ncrease significant]y 1n
winter ‘fish. The 1owest fon va]ﬁhs are those’ of Catt, fol1owed by |

. Mg*# and C1-. “The extrace]]u]ar (pHe) and intracellular

"(pH{) pH values are inverse1y related to temperature (Figure 4).
Observed pHg/changes resemble those of water (pHHZO) while pH1 is K
relatively stable throughout ‘the year, T B

The NTP/Hb motlar rgtios'are significantly highef in summer fish
‘rbc's than in those of winter fish (Table 2) Temperature 1s respon-
, sible for the total seasonal shift 1n the ratios (Figure 5). During

exposure of the summer fish group to cold water, the NfP/Hb 1evels
actua11y fa11 below those for winter acclimatized fish

) " L]
R . . . .

3.2.3 _Mater content of red blood cells 5}'

The water content of summer rbc's is significantly greater than

’

. 3 . .. , . te ot -,
o, KL I S , N A Y T
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Table 2:

N.S.. T

flounder. Me?

used.,

\

Séason&] difference in red blood cell contents for the wiﬁter

n values are averages + SE. () = number of animals

not significant.

Summer Winter

L]

JHE L

N.S. is the abbreviation for not significant. Mean values for winter an

.
f;
/

s

pp—

d

summer were compared using the unpaired -Student's t-test. Significance was

at the 95% confidence Tevel.

Summer . Winter
(umoles/mL cells) “Significance (X/HB) + Significance
kt - 97.6 94.3 22.04 20,24 A
: +6.06 48,52 NS . +0.82 +0.55 p < 0.05
- Tie) T10) T0). "  .T10) ,
v
o S 69.2 59.5 18.44 ' 12.9 -
- S 1™ +1.8 +4-.4 p < 0.05 +1.1 +0.8 p <0.05
Do . - T1e) T10) . Tw0) T10) :
- . Na*t 29.3 a1.7 . 7.50 8.96
+6.13 . €10.2 . NS +0.68 +0.74 p < 0.05
. -\ T16) (10) . 7). . T10)
- ] . 0.29 0.55 © 0.09 - 0:13
) Catt +0.02 _ +0.06 p < 0.05 +0.01 - ‘+o.01 p < 0.05
-t . . T1e) Ti0) o) -~ o)
, 4.88 5.65 . 1.22°  1.30
Mgt +0.13 +0.20 ° p < 0.05 +0.09 +0.07 NS
. Ti6) - T10) T10) T10)
‘ . 6.25 6001 " 1058 1-36 : .
NTP +0,51 +0.25 NS +0,.09 +0.03 - p <€0.05
T10) T10) Ti0) - Ti0)
- »

L.

T

[2]




Figure 4.

Plasma and red blood cell pH (pHe-and pHi) for the

winter fldunder at different times of the year. °Symbo'ls are
means + SE The .buffer 11ne shows the _pH- temperatu;e depen-
dence of a phosphate buffer system (Rad1ometer. Copenhagen,'
$1500) . The pH temperature dependence of Ha0 is- also

given. - - * . .
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Figure 5.

Summer and winter red blood cell nuc]eotid:/}p&phosphate
ight of the bars

concgd}rations for the winter flounder, H

equals the mean value and the vertical 1ines are SEM. ()= "~

a—

n. Symbols above bars match expgrimen;al groups that were

significantly different (p < 0.05). Significance testing

was done by using the unpaired Student's t-test.
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of winter rbc's (Table 1). There is no difference between the ion

'
concentrations of summer fish and winter fish rbc's (Table 1).

3.2.4 The effect of temperature on whole blood oxygen affipity

Figure 6 shows the effects of temperature on the Hb-oxygen dis-
sociation of .whole blood. The Pgg values from low temperature
experiments are always lower than values'from high temperature tests.

s . .
The average seasonal changé in the Pgg,of whole blood ;}\511\:°"
(Figure 6). The full seasonal ?50 shift is demonstrated'duri g-an

" acute temperature change to'winter dnd summer fish blood. Summer fish

blood brouqht to winter temperatures has P5o values that are not
significantly different: from the values of Pgg 1n blood from winter
acclimatized fish. Winter fish blood brought to summer temperatures
has Pgq valueetghat are not significantly different from the

Psg values in blood from summer acclimatized fish.

3.2.5 The effect of temperature on the oxygen eff1n1ty of hemoglobin

“solutions .-

The influence of temberature alone accounted for 65 per cent of
the total seasonal Pgp shift for who1e blood (Table 3, Figure 7).
Temperature is approximately four times more influential than ATP, the

next most important functiona] modifier. Hemoglobin from summer

acc?*matized (July—August) fish and w1nter acclimatized (December) fish

show the same Pgo-values when tested at 5°C (Figure 7).;.
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" Figure 6. The effett ofvtemperature upon hemoglobin dissociation
characteristics for the whole blood of the winter flounder _ ..
durfng‘wihter.and guﬁmer periods. Opgn symbols. were —for
10°C tests (n =3 for winter and n = 3 for sumer tests).

_C]osed‘symboié were\tesﬁﬁ at 0°C (n = 3 for winter-and 4 for
summer tests). :Hemoglzbin concentrations were: summer (0°C)
o = 5,21 +0.32 g/iaﬁ'mi (mean + SE); summer (10°C) = 5.65 +
0.96 g/100 m1; winter (0°C) = 4.82 + 0.42 g/100 ml; and
winter (10°C) = 5.06 + 0.27 g/100 ml. Lines were fit to

points by eye.
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~ Figure 7. The effect of EfmperatUre upon oxy-hemoglobin dissociatian

characteristics-forlhemog%obfn—sbfutions‘of the winter -

.flounder.b Symbols are 1nd1vﬂd9$ﬁ values from pooled blbod =
samples (n= 5 to 10 fish). Open circle valuésfrsre from-
summer acc]imatizéd fish (Ju]y-August) and closed symbOIS‘
. o : - . * 4 i
_ . were from winter acclimatized fish (December). No ATP was
present. Regression equation was Pg5g = 0.37
(temperature) + 1.33 {r = 0.99). Hemoglobin concentratioh =
7.14 + 2.28 /100 m. . - ..
| ,
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3.2.6 Intracellular modulatorst%f hemoglobin function

i
Bl

. . /
The most important. intraceﬂuhr;nﬁﬁifier of these tests is ATP

~(Table 3). The effect of ATP on Hb-oxygen afffnity 1s given in Figure -
8. The effect of ATP is the same at both high and low experimentaI
temperatures. The seasonal range of [NTP] (shaded region in Figure 8)
- causes the P50 to change by 1.0 mmHg (approximately 17.5 per cent
of the total seésonal Psg shift for whole .blood; Table 3).
Chloride 1ons are the next most influential intracellular Hb

functional, modifier, Thé seasonal change~in - concentration causes

a Pgp shift of 0.6 mnHg, er 10.5 per cent of the total. seasonal
value for whole blood (Figure 9, Table 3). Chloride fons act-in the . | ‘}
same manpgr as ATP, 53/P50 values increase as C17/Hb values "
increase. An increafe in C1- concentration in the preseﬂﬁe of. ATP : -
-~ decreases the effect:veness of the nuc1eot1de in a1ter1ng} b functfen
(Figure 9). The Ci=/Hb interaction suggests a competition for Hb
binding sites. . ' /,-‘
- Calcium and magnesfum have no direct effect upon hemoglobin
function in the absence of all other funct10na1 modifiers (Figure 10,‘
- Both influence the effectiveness of ATP 1n altering Hb function.
El, ' celciuh 1s effective at-a much higher. concentration than {s found i

— ~

9 vive. The effect of Mg** on ATP occurred within the seasonal range - \

of Mg** values in the rbc's. -

Hydrogen ions have a -small effect upon the Hb function of the

hinter_flounder. The Bohr and Root effects are small, which corres-

50 pqnds’to the small change in pHy values between winter and summer 3 .~:
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Intracellular modulators of hemoglobin
function. Total seasonal P5g shift was 5.7

torr (see text section324 and figure 6):

% of total seasonal Pgy shift values were
calculated from this. Direct influence on
Hb-oxygen affinity (Pgp) = results obtained
in the absence of all other Hb functional
modifiers (eg. NTP-and fons}. The total
direct influence was taken as the total Pgg
shift occurring over the observed seasonal
concentration of fons and NTP (shaded bars
on figures 8-11; at 5°C) or over the

~temperature range 0-10°C (figure 7).

Modulator- Direct influence - % of total
. ~ on oxygen affinity
. {torr)
[
. u '
Temperature - 3.7 64.9
ATP 1.0 17.5 .
cr 0.6 10.5
H* 0.3 5.3
ca2* & g2t 0.0 ' 0.0
Total 5.6 - 98.2
A\
o "~

- .
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. " Figure 8, The effect of ATP’ on the Pgq of winter flounder hemog1o- .
° " 'b1n solutions at 0°C (@) and 10°C (QO). Hemog]obi n concen- . ‘
B tration was. 4.18 9/100 ml, Shaded bar = seasonal “Yan q\ of |
‘ ' : NTP/Hb values.. The 1eft margin c—f the bar represents an\
a o S : average winter (w) ratio, and the right marg*ln represents an’ \ '
e O average summeir (¢) va1ue. For specff'lc winter and sunmer ‘ '
ratios see Tabl 2 A'I'I values are from a single poo'led -
‘sample (n = 10]. o - . R
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Figure 9,'} CT-/tb molar ratio and the effect orn g:he.oxy-l{emqglobin

dissocation values of winter flounder hemoglobin solutions

_with ATP' (ATP/Hb = 1.5:1) (@} and without (C ). Shaded bar

v

"and letters as in Figure X ,n =5 to 10 fish. Hemoglobin

con'céﬁ'tratiqp was 5.50 g/100; ml.
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Figure 10. Mg"r+ and ca*t/ib molar ratios and the effects on N
oxy-hemoﬁ]obin di ssociat'l.on values of wi nter. f1ounder hemo-
globin St-nutions‘, with .and w'ﬂhbut ATP. The_'r'l ght margin

" of the shaded bar represents an_average~iv'1qtér iw) ratio,

-and the right margin represents an av'era'ge' summer (sf

‘value. For specific winter and; summer ratios see Table 2. -

. % Hemoglobin concentration was 5.15 g/100 ml.
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“in the environment’ of winter vﬂd‘uryder. One, important change is

acclimatized fish (Figure 11 and 12). - There is no‘sign'lffcant dif-

' ference between the Bohr shift (Aﬂ'logloP,éo/ApH) at 0°¢ (-0.66) and 10°C ' -

(-0.43) (F = 4.3, d.f. = 1, 11, p <0.05). The Bohr shift is respon-

siblTe for 5.3 per cent of the total seasonal P5g change for whole

blood (Table 3). , S -

" The influence of pH on oxy-hemoglobin saturation fs the same at 0°
and 10°C (Figure 12). The seasonal change in pHy for winter f1 ounder
rbé's alters oxy-hemoglobin saturation by 4.5 per cent. '

3.3 - Discussion | o , o

- i

3.3.1. General

During §easpn&1 c,hjange there are a number of physical alterations

e e e i

) S L4 . ¥ ) o ‘. : t
temperature. Temperature change is able to alter significant]y the \

metabolic ﬁrocesses of poikilotherni_s and thus the démahd for ox,ygén by

" the Yiving tf¥ssues. ) Hemoglobin is recognized as beingo an 1mpor,tant

oxygen carrier. The following discdssion describes the effect of

season and temperature upon the quant'jtati ve and functional aspects of

hemoglobin. -

4
-
=X

)

3.3.2 Seasonal h'ematolbgy of the winter f1ounder E

- —

Summer acclimatized winter flounder have reduced capacity to carry

-

oxygen 1n. the bldod; -The Findings in thié study’ agree with the Hb
o ' ' . o
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L
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Figure ‘11. The Bohr effect of flounder hemog]ob'ln at. 0°C (®) and 10°C
- - (0). No ATP was present during tests. The shaded area = '
seasonal range of. rbc pHi where w = winter mean value and
" . s = summer mean value. Symbols are 1nd11v_1§ual~ reedings
.';._ T B from pooled samples (n=5to l_b fish}. ﬁegre;sione were: . ¢
| 10°, Togyg Py - <043 L5y +4 19°(r = £0.97); and
o°c 10910 P50 = -d 66 (pr) +5.49 (r = -0.92). - .
+ _ Hemoglobfn- concentrations were: KO“C 4,75 + 0.11 g¢/100
m; and 0°C = 4.56 + 0.10 a/100 m. -
' . ] ’ f -
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‘Figure 12. Root effect of flounder hemoglobin at 0°C ( @) ‘and 10°C

" rbe pHi, where w = wirnter mean value and s = summer mean

(o). 'Symbo1s are individual readings from pooled samples *

(n.=5 to 10 fish). The shaded area = seasonal range of

value. Hemoglobin conéeﬂtrafions were: 10°C = 4,75 + 0.11

g/100 m1, and 0°C = 4.56 +0.10 ¢/100 ml,
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values reported by Cech et al. (1976) for the winter flounder. THe

hematocrit of the brown bullhead (Ictalurus nebulosus) was found by

' Grigg (1969) to decrease during high temperature acclimation., However,
the pinfish (Lagodon rhomboides) and the striped mullet (Mugil °

caphalus) demonstrated [Hb] increases during exposure to high tempers-
ture (Cameron, 1970). In ‘studies by Nik{nmaa gi_ﬂ. (1981l ahd 19:‘.;0),
the Ht and [Hb] of rainbow trout were shown to decrease during high
temperature acchat‘I on; but in other stud1 es by Houston and Cyr, in
1974, and by Dewﬂde and Houston, in 1967, the ra1 nbow trout demon-
strated [Hb] increases during exposure to high temperature.

There are two obvious patterns 4n [Hb] adJustment to temperature ’
change. At th'ls point, it is difficult to. determine why such patterns
deve10p. The differences are sbecies speci f1c, with the exception of
the rainbow trout. In the case of the trout, Nikinmaa et a'l. s f'lsh
were a Scandi navia variety amd\ouston and coworkers fish were from
hatcheries 1n Ontario, Canada.’ Perhaps there are real physiological 4
differences between these strai ns of trout. Further research 1nto the
ci rculatory and respt ratory ph_ysiolog_y of the winter ﬂounder (Chapter
4, 5 and 6) wﬂl asstst in understanding ‘the seasone! hematology of the

flounder at least.

P
—

The red _b]ood.cel'l _.volufne of. summer acclimatized wihter ﬂou'nders -

was sfgnificantly smaller than that of winter.acclimatized ‘Fish.

Holland (1970) determhed that 'Smaner' 'rbc’s: become oxygenated more

reaiiﬂ_y. Therefore, the sunlner accl'lmatized flounder have;'less hemoglo-

bin contained within rbc s that may become oxygenated more readi ly.

An interesting feature of the hematology of winter flounder is the A

2
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‘large amount od‘ methemo'.globin (Table 1, Appendix 1). Methemoglobin
ddes not assist in the transport of oxygen, and in humans methemoglobin
Teyels are usually les; than 1 per cent of the total hernoglobin
(Dijkhuizen‘, Bu’ursma., Fongers, Gerding, Oesburg, an'd Zij1stra, 1977;
Henry, 1964). ’The' presence of high concentrations of methemoglobin in
the winter flounder would reduce the capacity of the blood to carry
oxygen. High values (2 per cent to 28 per cent) of methemoglobin have
been found in several other species of fish (Dobson and Ba'ldwin,, 1982a;
_Heuy and Beftinger, 1982; Cameron, 1971, Appendix 1).

‘ The presence/of methemogl obin tends to make the shape of oxy-
hemoglob'ln di ssociation curves more hyperbo'l ic fnstead of the sigmoidal
~shape _expected when hemoq'lobfn has--not been displaced by Targe amount
) ‘ of methemog1ob1n (Daang and. Roughton, 1942) -Thus, the atiﬂit_y df 'A
SR ) -AS groups 'to cooperate 1n oxygen b*lnd1ng 'ls 1es$ apparent in the

. pregence of such _hi_gh Tevels of methenloglobin.

1

'+ . 3.3.3 The seasonal variabﬂity' of the intraerythrocytic environment .

. and the _effects on hemoglobin funétfon -

Y

A \ " » e
- The oxygen affini ty of-Hb—*hrwfnter f'l ounder whole b1 ood was

greater in winter fish than 1:3 summer fish (Figure 6). There. are

tive results vary. However, Hb-oxygen affi nity resu!ts can be grouped

' S accord1 ng to. the qua} i tat*lve‘) response to temperature chahge.. When

temperature is decreased thirs study found- an 1ncreased Hb-oxygen .

afffnf t_y in the wfpter ﬂounder, &greei ng with the results of the

~° . -
[ .

s - . N T A - .
, , Y opebey . ” /

numerous studies on the b'lood oxygen affini t_y of fish ‘and the quantfta- ‘

e




study by Hayden et al. (1975), Other spec1es showing the same Hb-
oxygen affinity 1ncrease during temperature decrease were several

) Antarctic species (Tetens et al., 1984; Qvist _eﬁﬂ., 1977; Grigg.
1967) , the carp (Cyprinus carpfo) studied by Albers et al. (19835, and

several Amazon speci.es (Powers, Martin, Garlick, Fyhn, and Fyhn, 1979;
Powers_; Fyhn, fyhn, Martin, Garlick .and Wood, 1979). When tempe-rature
s increased, an { ncrease in Hb-oxg}gen affinity occurred in the brown

) bull,head (Grigg, 1969). Several catostomid speCies (Powers, 1974), and

the kiT1ifish Fundulus heteroclitus (Powers, 1980} do not demonstrate -

Hb-oxygen aff‘lnityrchanges after temperature a\terations.., Again, the
findings on rainbow trout by Nfkinmaa et al. (1980) showing an 1ncrease
d ‘ ° in Hb-oxygen affinity when» temperatures are decreased.’ do not agree
| with the findings by Weber et al, (1976) that ralinbow trout do not
'demonstfate Hb-o';wgen' affi ﬁ'ity 'changes after temperature alterations. -
The di rect effect of temperature on hemoglobin in the absence of
other funct'lonﬂ modifiers is to increase oxygen affinity as tempera-
ture decreases (Wells and Jokumsen, 1982; weber et al., 1976; Weber and ' o
DeHi‘Ide, 1975). The pre_di ctability of the temperature influence on ﬂl_:__
i . soluti ens su'ggest_s _that.the variab¥ 1ty between species whole bl ood4
oxyger; affinity during seasonal aclimatization may be due to fntra- L
ery\th;"ogytic modi fiers. | _
< A1l of therc'hangee in the seasonal concentration of intracelular .
. ‘ hcomponents _from lflounder rbc's agssisted in-creating a greater Hb-oxygen
affinity in the winter-acc‘limmzed fishe Increased Hb-oxygen affinity
during the winter would assist oxygen uptake at the gills. The . .

decreased Hb—oxygen _affin'l ty during, the 'summer would facﬁitate oxygen .




= o in killffish“*ATP/Hb values were 1ndependenf of the oxxgen_cnntent of .

' ’ >
unloading to the tissues.
¢ . The m;Zt influential fntracellular modifier is ATP. It is assumed
that in the winter flounder, ATP would be more influential than GTP,‘as

was found for the European flatfish (P1euronectes platessa) in a study

by Hood Johansen, and Heber (1975) 'ThelgTP/Hb changes were similar
e " to those seen after seasona1 accTimatization and cah be demonstrated
. after-temperature acclimation. While temperature is 1mportant because
e 4'of‘fts direct.effects on hemoglobin function-(see 3.2.5), it is also

¢

‘ important f0r fts indirect effects in 1nf1uenc1ng NTP 1eve1s. ’

I S ' It could be argued that NTP/Hb varied becasue of changes .in oxygen

related to temperature. However, Greaney and Powers (1977) found that
’

the water. An‘intersting_feature of ki]lifish NTP/Hb results is that

L

the values decresase when temperatures increase, an opposite trend from

the‘present study. The NTP/Hb resBlts of the present/study had a-

€ «w

- ; 's1m11ar response to temperature as those for'Pag1qhenia borchgrevinki

=T (Tetens et et al., 1984) and the blackfish (Dobson and Ba1dw1n 1982a)

"*_“ The 1nf1uence of temperature to Ca'*+ Mg+, and c1-

levéls 1n the winter flounder was not 1nyest19ated although there are

signi?‘cant 'séasonal changes in the amounts of 1ons present in the

]

T blood Houston and Smeda (1979) and Koss and Houston (1981) documen- ’

. ¢ ted the change 1n rbe 1ons during temperature accl%mation 1n,the rain-

by trout &am, and gHdfish (Carrasius auratus) . Data for fon. levels

o of rbc s in goldfiq acclimated $0.10° and 30°c (Koss and Houston,
1981) are qua11tat1 ely similar to those found in’ this study. - The \
A -',.; " rainbow trout and carp shoued the same ‘trends in rbe C1=/Hb ratios
e ! o Yo ' . )
w ! : . . : \
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(Houston and 'Smeda, 1979) as ‘the winter flounder. The carp showed no

~ o O |
changes in Ca**/Hb in response to temperature change. Grigg (1967) .

also found no temperature effects on rbc Catt 1eveis for brown -

, builheads acciimated to 9’.and 24°c. The Mg+ /Hb ratios for Fain- |
‘,bow trout studied at 2' and 18°c and carp at. 16° and 30°C were highest A.A.L_;_ﬂi

during exposure.to iow temperature (Houston and Smeda. 1979) those

'findings therefore differed from those in the present study

' Lykkeboe Johansen, and Maioiy (1976) investigated the direct

effects of c1 upon the performance of hemogiobin in Tiiapia grahami.

The action of C1- in that species {s similar to that which has been
found in the present research; as the C1-/Hb ratio increases. the
oxygen affinity of Hb decreases. Magnesium has been shown to interfere

with the effect of ATP on Hb, effectively increasing the Hb-oxygen

“affinity (Weber and Lykkeboe, 1978; Weber, 1978; Lykkeboe et al.,

1976). 1In the present study Mg'* was also found to interact with

ATP in altering Hb function. However, the seasonal var{ation in rbc

' Ng"’+ is so small in the flounder that there is no significant P

alteration in Hb-oxygen affinity. During handling, winter flounder

. become stressed‘(FTetcher,vl975)h and have been. known to produce

greatly elevated plasma Mgt levels (M. King and G. Fletcher,
unpublished data). If this increase is translated intraceiluiar]y, o

then when fish ere stressed‘ Mg*t would tend to increase Hb-oxygen

. affinity to a greater degree. Presumably this would be true at any

- time of the year, and the increase in Hb-oxygen affinity would be ~

dependent upon.the level of Mg++ incresse and the'mode of transla-

.. tion of Mg** intracellularly. In the present study Ca** was.

Y ot
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found to influence Hb-oxygen affinity at levels far from the in vivo
Ca** concentrations. Calcium has no significant role in the

- - )

control of seasonal Hb-oxygen affini€y in the winter flounder.

Hydrogen fons can inf1uence Hb function'via the Bohr or Root

) shifts. Hydrogen ions tend to stabilize the: T-state hemoglobin (tense

or deoxy—Hb) thus decreasing Hb-oxygen affinity (Perutz, 1970a and b)..
The pH1 changes for winter fiounder rbe's are small (0.003 units/°C)
compared to those for b1ackfish where qu parailels changes in pHe

(0 016 units/°C, Dobson and Baidwin 1982b) The rbc pH is known ‘to be-
regu1ated by cell membrane exchangers sensitive to B-adrenergic media-
tion (Niktnmaa, 1983 Nik{inmaa and Huestis, 1984) Adrepaline adminis-
“tration in high“doses Increases the pH of fish red bloocheils; there-
fqre increasing Hb-oxygen affinity (Nikinmaa. 1983). TheipHi off

summer fish was expected to decrease more than it did. However, there.:

may have' been gr%?ter B-adrenergic activity at the rbc membrane during
the summer. Peyraud-ﬂaitzenegger, Barthe]emy, and Peyraud (1980)

showed that B-agonists are more effective on summer acclimatized eels
’ L)

(__guil]a'ggguilla).

The values‘oi the Bohr effect f und in the present study were in
the range of yalues found in other studies on the winter flounder

(Hayden et al., 1975) 'and in other flatfish species (Weber and DeW{lde;

1975) " The Bohr effect on winter flounder -Hb was the same at 0° and

LY

yh

s

10°C, so is not temperature dependent. That is consistent with Bohr

effect studies done on Antartic fish Hb over a 5°C range (Tetens et

' ﬂ]., 1984)-

The Root effect of ! H* on Hb fs commonly associated with the
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‘“ mately 35 per cent of the total s asona1 change 1n whole blood oxygen

. physiological responses-to"seasdnal change are apparently'due to the

P e
e

3

regulation of buoyancy in fish. The winter flounder, however, has no

swim bladder, but does have a choroid rete (Wittenberg an¥ Haedrich,

'1974). The Root effect may therefore be important to the physiology of

the winter flounder eye. Such an assumption has been made previously
for fish without swim. bladders by Ingermann and Tewil11ger (1982)

. The: 1on and NTP 1evels 1n winter f1ounder can account for approxi=-

affinity. Temperature has a direct effect on hemog1ob1n and therefore
1nf1uences the remainder of the change in seasona1 oxygen affinity.

Temperature mqy therefore be considered to | be the most 1nf1uent1a1 Hb
functional modifier. Temperature is also instrumental in controlling

[NTP], the most important 1ntraceliu1ar modifier. \\\°

3.4 . Summary of seasonal hematoloqy findings .

« \\\h\\e‘
~It_ has been shown that the.seasonal change from winter to summer !

, brings about, a decrease in the cepacity of the blood to store oiygen

and a decrease in Hb-oxygen affinity in the winter flounder, These

physical changes in the environment. Temperature was found Yo be
responsible for much of the change in seasonal oxygen arflnity in the
winter flounder. The change in Hb-oxygen affi nity in the summer
results in 1mproved”de11very of oxygen to the tissues at a time when’
eérobic demands are highest. Even though seawater sz is lower during
the summer, it is still greatly elelated above limiting values whlch |

might cause °*¥9?“-5 finity to fncrease. The reason for a decrease 4n * R é
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[Hb) during the summer {s notlapparent at this' point.

' fhe results of this~stddy on seasonal changes 1n hematology an'c}
'~ hemogTobin functfon, in conjunction with the results of the studies on
) blood viscosity and cardiac performance (Chapter 4 and 5), will provide |
a greater knowledge of the physical and physiological falctor_"s ‘u;hi.ch

" 1>nfluénce oxygen uptake and delivery in the winter flounder. -

)
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Many of the results in this chapter appear in pubhshed e

for ,J" Flgures 13, 14. 15, and 17 are reproduced from a paper .
by M.S. Graham and G L. Fletcher (1983) entlt'led " Blood and e

'_ plasma y1scos1ty of winter flounder: 1nf1uence‘of temperature, - ‘ .

red blood cell concentration, and shear rate ". That paper

is in the Canadian Journal of Zoology (61(10):2344-2350).

Figures'16 and 18 are reproduced from the paper by M.S Graham
and G.L. Fletcher (1985), and a complete reference,_1s given on ) v
page 151, .o \ . ' A P
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- according to studies.by Chien (1975) and-Guyton'end Richerdson (1961).

.kept near the core of the. animal, so is at normal temperature. The

75
- . ' CHAPTER 4

BLOOD VISCOSITY

4,1 .Introdqction

" The resistance of a fluid to prw, or 1ts’viscosity,’is 1nverse1y‘

relate& to‘teﬁperature. The vjscdeity of a given~f1u1d'remdins uniform'

at any flow for most fluids as long as temperature rémains stable.
) - e SR
These fluids are said to be Newtonian in this respect (Burton, 1972). -~

Blood is a complex tissue made up of many components, and as such does

A ﬁot behave as a Newtonian fluid. It is known that as fhe flow rate of

blood increases, thetyiecos1ty decreases (Chien, 1975; Burton, 1972;
Dintenfass, 1971). v1scos1ty‘also changes as changes take.pIacelwithin

the blood compdnents (amount of rbc's and tyﬁe of plasma proteinsf

BlPod viscosity 1s only a matter of cbnce#n under pathophysiologi-
cal conditions for humans. However, research has been done on mammals
that must’ehdufe qold temperatures ‘regularly. In hibernators such as

the ground squirrel (Maclean, 1981), and in the extremities of po1er

. animals such as seals (Guard and Murrish, 1975) and reindeer (Halikas,

1971), blood 1s subjected to.extreme cold. Although edaptations have
been made . 1n a11 of the above-mentioned anima1s to minimize the effects

of cold on the blood, the v1scosity of the: blood in these animals does -

‘1ncrease greatly.. For non-hibernators. most of the blood volume is

L



hibernators tolerate the refrigeration of the entire circulatory
system. The blood components of ground squirrels have adapted so as -
not to be as'temperéfhre sensitive as those of non-hibernating rodents
(Maclean, 1981). . ,

. Fish are poikilotherms that are able to ljée through significant
_seasonal and acufe teﬁpérature changesf In polar and cold temperéte.,
§1shes;,gxtreme cold pre&ié;gbly_dicta;gs h*gh1y viscous b1ood;:and
reduced cardiac output (or'b106d flow ratg) at tﬁe.same tfme. It is
obvious that fish- 1ike the winter flounder survive these ﬁighly viscous‘
cbnditioﬁs in their blood year after year.' The manner of.that surv!vaI '
. 1s not apparent. Perhaps they are like the mémmalian hibernators and
| possess S1ood cohstituents that have a&épted to the physical ethron-
ment, h&vfng blood viscosity which.ghow only mf@gr'iemperature depen-
dence. It is also possible that thefe are very great.changes.in blood
vfscosity'relafed to temperaturg thch will in tur; deﬁgnd COmpgnsatony

changes in the respirat&ny and cardiovascular systems, in order to

" facilitate oxygen uptake and delivery 1n'the animal. Only after the _ ;’,f:

basic rheological properties of the blood are described, and compargd’

.- | with those of otﬁer animals also faced with physical challenges,. can

these possibilities be discussed 1n ‘yll, and some general conclusions '_ B

. ‘ made.
Some work has,a1ready_bsen done on the v1§cos1ty of fish blood.
Hemmingséh and Douglas (1972), using a glass tube viscometer, found the
viscosity of blood of heﬁog1ob1n1ess Antarctic fish to be very | ‘_‘ .

temperature dependéht between 0° and 10°C. . Cameron and Davis (1970)

| iﬁvestigated the'réIétive viscosity of bléqd from rainbow trout at

Tt e amat el
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20°C. Milligan and Wood (1982) observed the relative blood viscosity

of rainbow trout following exposure to acidified water at 14°C. Mood

(1974) studied blood fressure-flow {n the trout’ branchial system, and

',"measured the relative viscosity of blood and plasma at 5°C. Blaxter,
Hardle and Roberts (1971) neasured relative viscosity of plasma from -
deep sea fishes at 0° 10°. and 20°C, and found that temperature had
s ( | "'considerable influence. Blaxter et 31, used a method known as the
descending sphere technique, whereby t;: time taken for. a hard
spherical -object to sink through a viscous fluid is recorded.

_ None of the preceding studies provide information about‘tﬁe
influence of shear rate on blood viscosity, The object of this study
is to quantify some of the basic rheological prOperties of blood of
winter flounder, including the effects of. shear rate. Wheré possible
these results will be compared with findings from other studies.
Information on temperature influence on flow Fesistance of blood wifl_

'be menEEbned again in a later chapter when the results of data on
oxygen dynamics between'water and blood at the gills of seasonally
aéclimatized flounders are discussed. If temperature is found to
influence blood viscosity to a large degree, t he‘routing of blood
through the vasculature of the gills may differ between winter fish and
summer' -fish. That difference would be apparent in respiratory measure-

ments at the gills. . q | ' o

Finally, experiments were done to observe thé effects of ‘tempera-

A

tute on blood viscosity in 1iving tissues.'

v

A short.discussion on the operation of the cone-plate vJscometer

. | . "
o F-1s warranteds This is A precision instrument that can be used on small
S ‘ . R s .. IR
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blood samples. The cone 1s attached to a spring, and both are tur/r'\gr
by a variable-speed motor. The cone is brought into contact wvift\h/ the
fluid which has been_ p'Iacéd, in a metal cup. The fluid resists the
movement of the cone. However, once the speed is set, the mofor

~ provides a constant movement of the cone. The viscosity of the fluld,

] o

or the resistance to the rotation of: the cone, {s measured by the

» . . , . I-—;'?‘ - )
torque, on the spring. The s;{eed of rotation of the cone is directly. -
proﬁc;f.t'ional to- the shear rate fhrough the sample. ‘ o / ;

8.2 Results . - | :

- L}

4.2.1 The effect of temperature and shear rate on viscosity

The blood and plasma of the winter?‘]ounder a.re greatiy' affected
by temperatu;'e (Figure 13) and sheaf_rate (Figure 14)." Most of the
effect of temperature is demonstrated in. the -1° t(_), 10°C range. .
Yi scosity vslues of blood and plasma measured at 10°C show an increase %
of about four-fold over a temperature decrease to -1°C. Blood and
- plasma are shear rate dependent at all‘tempera'tures (Figure 14), The B
~ lowest viscosity values occur at high shear rates. Viscosity changés

at shear rates greater than 23 s-1 are very small for flounder

" blood and Piasma. For flounder blood at normal-Ht (22%), the viscosity

. L 'change per unit shear rate becomes I'argér' as the temperature A R

K. decreases, S

v

\
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Figure 13. The effects of temperature on blood (ut = 22.26 + 0.20%),

and plasma (total protein = 4.32 + 0.12 ¢/100 m1) vis-

cosity of'the winter flounder. n = 4 to 15 fish. Values

are:means * SE. -
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Figure lrt The effect of temperature and shear rate on blood and /- ‘
plasma viscosity of the winter ﬂounder. Total protein |
concentration = 4.32 + 0.12 ¢/100 m1; average [Hb] 4,93 +

- ' + 0.18 9/100 m1; average Ht = 22.26 + 0.20 %. Ya'l'ues are

(fmeans +SE. n-= 4 to 15 fish. C - . ' -

T b




Vi scoSi ty, cps

by

0] S LT

[

- .-
<
. . \J .
1 . . v d-
0*" I P 1 o g \* g L

-2 §§5 - 13 225

¢

. Shedr rate; s1

‘.

N
¢

N

45077900

F N

"y
. :
rd
,
» . -
M . X
J .

P



. ~xXI

-viscosity between plasma and serum.
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4, 2‘5 Viscosity of blood and pTasma after aiterﬁng plasma contents
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The following experiments were undertaken in order to i11ustrate
the importance of components in wintexr flounder plasima to the viscosityl
of the -blood and plasma. Plasma protein concentrdtion alters the

viggosity«of the plasma over a wide range of shear rates (Figure 15).

o ﬁowever, only small changes in viscosity occur ovEr the normaT range of'.

\:.plasma protein coQ€entrations (3-6 g/100 m; FTetcher 1975)

The blood‘§&rum is Tess Vjscous than the autoTogous pl\\na {Figure‘

-16) Jhe viscosity of pTasma and. serum is shear rate dependent.. The

"Viscosity of a rbc-serum mifzure is Tess than that of a rbc-piasma
mixture (Figure 16)s The difference in viscosity seen between the

plasma-and serum rbc mixtures was greater than the differencg_in

§
: )

4.2.3 The effect of hematocrit on blood viscosity L o ‘
. . !» .

The effect of different concentrations of red blood cells on bToodJ

vi\cosity were tested at var us. temperatures._ The results at _each’ Z

temperature are quaTitativeTy‘simiiar. bata for 0° and 15°C. have been

‘., ’ 4 ’ te

_seleoted to 11lustrate the relationships Between temperature,'shéar_

rate, and Ht (Figure 17). The viscosity of whole blood at lr‘per cent

Ht is greater than plasma'viscosity at a1l temperatures. At:higher

.tempecatures (»10°C), 1increases-in Ht (11 to 75%) resulted {n exponen-

tial increases in viscosity. At Tower temperatures (<5°C), and shear

‘rates (<4,5 5'1) viScosity did not increase significantly over the

-
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serum (O) viscosity atj, 0°C and a range of_ shear_rates.
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“‘readings on flounder and sculpin whole blood (Figure 18). Shoréﬁorﬁ‘%

" . 90°
i
| . 4 4
11 to 40 per cent Ht range. Atiﬁ?ghér shear rate and temperatures the .
v\j%y ’ - : \’ -p
viscosi / values increased steadf]y over the 11-40 per cent H% range.

4.2.4 Thé importance of red blood cell aggregates to flounder blood T
viscosity - U . RN

. . s
A 14
4 s S o

Flounder red blood c§1ls were mixed with plasma from the shorthorn

sculpin, Thé viscosity of the mixture was comp§}ed with results: from

'”schpiqs have Tow blpod‘viséisjiyhcomphfbd to flounder Q4.3.5).' . ' o

; Substitution of flouﬁder pléshméwith sculpin plasma in a mixture -
ﬁith flounder rbc's gives viscosity values fp'the.range'of sculpin
whole blood levels~ At-0°C and a shear rate of 2.3 s-l, flounder‘
whole blood viscosity is 91 cps, while flounder plasma 15.53 cps. The
-différgnce (91-53 = 38 cps) '1s due to the blood cells and blood cell"
aggregates. In phé same experimental conditions, tﬁe viscosity-of the
%1ounder rﬁc;s-;culpin plasma mixture s 13'éps, and sculpfn plasma is
WEASHFEduqf;S‘cps; 'Th; differénce (f3-5‘=f8 cps) 1s due to the

viscosity of the‘f10under rbc's and any aggregateé.‘ If the assumption

“1s ;ade thit under these experimentﬁ] conditions flounder rbc's-do not £
pggrégaté,~tﬁeﬁ 8_cps {from the'preceding calculation) ﬁust be due to , -
the presence of individual founder rbc's. Therefore, the contribution . ‘
of fbc‘qggfégates to the tot;1‘blood visEosity offgpe flounder is 3-8 | =
= 30 cps, or 33 per cent (30/91 ='0.33ff~ﬁ'<‘ - o - B

» M N

L N "
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Figore 18. The' results of viscosity Ie er.iments using shorthorn ST

sculpin and, winter flounder blood mixtures. Results were _

l
s, \ obtained at D° and 15°C ‘and at various shear rates...

/

Flounder Yo) and sho‘*tho“-n sculpin (@) plasma viscqsity

. are in upper panels. Flounder (a) and shorthorn sculpin

N autologous whole blood viscosity are in lower

.d_iagr’ams. .M’i'x = flounder| cells and shorthorq sculpin
plasma. “Ht'stwere: flounder = 19.0%; sculpin = 16.8%; and
mix = 18.8%.
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- the fiow rate of biood through- 6ascu1ature conditioned to Tow tempera-

4.2.5 Aspects of ip situ blood viscbsity
. - . N \ B B ° L] «)
7
The in situ viscosity experiments employed.living tissue 'as a flow
.

through stcometer. . The resuits can be used to eStimate flow resi $- S
tance” and vi scosi ty withi n the(»body vasculature. _

The ﬂow of. saHne through vasculature conditioned to 10°C has the
same pressure-fiow reﬁitionships -as saline through vhscu'lature con-

ditioned to 0.6°C (Figures 19 and 20). However, at any given pressure, S

kY

ture is greate{than the flow/rate through vasculature conditioned to  d

/
high temperature. lThese trends of the saline and b'lood are further 2

r

supported by caicu'lations of resistance (Figure 21).

From in situ estimates of viscosity, average shear rates.can be
>

 —

interpoiated from findings on dn vitro viscosii:y (using Figure 14). At
10°C and at 40 cmHzo/fiow pressure (AP) the average vascu1ar shear

rate 1s 10 5'1. t'0°C, but otherwise simiiar conditions, the

A o,

sheéar rate ist s~1. These shesr rates wou'ld produce an average .

blood viscos}, of about 10 cps at 0° and 10°C. —

/

4.3 Disclissfon ' : ~

4.3/{ General ' . . e

/ »

Q@

Tempeﬁature'affects the viscosfty of all/fluids. Blood fis a

3 complex fluid which has non-Neu.tonia:k flow characte’ristics. Because s

_temperature ‘can also influence heart performance, it can bring -about -
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-« Figure 19. 'gh.situ pressurg-flow results for blépd (o) Endw§a11nq‘

( 0) perfusions at 0.6°C in the-winter flounder. Szmpgls

13,91 (r
10.59 (r

k]
9
»
.
- "
Y ’
i ‘f;-
Ll
airieohh

ay

are the individual results f
Regression 1ines wefe: bloo
0.87); and saline inflow .pressure

0.94).

inflow pressure

rom 11 separate perfdsioﬁs.

46.25 (Fs) +
28.79 (Fs) +
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Figure 20, _L situ pressure—ﬂow results for blobd (@) and saHne
' A 4

‘(0 ) perfusions at 1o°c 1n the winter flounder. Symbols .

. are the indivtpual results of 13_separate perfusions.

Regression 1ines were. blood 1nf10w pressure 43.27 (Fs)

+.22.74 (r = 0.81)i%and sa11ne'1nf1ow~pressure é_ZS.fO (Fs)

N + . .
. {

+13.26 (r = 0.86).
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Figure 21.

P

In situ flow resistance for b1ood (—) and saline (----)

at 10°C (@) and 0.6°C {O). \{Va'lues are calculated

" averages + SE. n =13 for 10°C expér'iments and 11 for

—- --0:6°C experiments.

]

- [ 4
T~
/
» .
£y
¢
) \
(G
4
A}
"
r -
-3
)
4
- \




Resistance, AP/ Fs

100

60

: ' . | | ’“‘“.r ‘| ]
" 20 C 40 60 |
APerfusion pressure, cmH,0

.

.
-
] . ’/'\
B o : u T 4.
- B



'and the (eindeer (Halikas, 1971).

_.ﬂ\.v'ithin the normal H;‘ringe:

. : ' : i
‘ *
- . .
! .

ehanges in -viscosity by altering the rate of blood flow. - Blood flow

rate {s directly proportional to shéqqr rate {Chien et ad., 1971; Wells

and Merri11, 1961). This se°ct10n discusses. the characteristics of

temperature influence on the in vitro viscostiy of flounder b1 ood, an(

goes on to 1 nvestfgate the importance.of various blood comporents to

the vfscosit_y of whole blood. Finally, the 1mp1‘1cat'10ns of 'th“ese

) find'lngs are discussed in relation to their effects on the ph_ysiology

of the seasonaHy acclimat'lzed winter f1ounder.

4.3.2 The -effects of shear rate on blood viscosity

-— [—

"

In general, Tow flow velocities result in reduced cell deforma-

-

tion, 1ncrease,d“ce1‘l' aggregation, and increased m As flow ,

increases, cell aggregation is reduced,.\\ghﬂf.- cell deformation

increases, -resylting 1in r‘ednced.vi sebsit_y. The aggregatdon of rbc'.s

occurring under 1ow flow conditions 1s due to. the bridging effect of

large p1asma protei ns adsorbed to the rbc surfaces (Chien, 1975)
Hinter fiounder\phsma, in the absence of rbc's, also has

viscesity ‘values which are shear’_rate dependent, especially at low

temperatures. Plasn?.'r shear rate dependency has been observed under

hypother%ic conditions 1n the leopard sea‘l (Guard and Murrish 1975), (
The~ratio of plasma viscosity to '

whole blood viscosity imthe winter flounder is the same' over a broad

range of temperatures and shear rates. i’hese—mt‘ros:fnd'lcate that A

plasma accounts for up to 50 per cent of the viscosity of whole blood

-

- /
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'.4.3.3 The importance of; plasma components to blood and plasma

\
-,

viscosity : - . —

1 » ~ :

-Plasma viscosity in humans is primarily a function of prote‘1n ‘.

co.nce'ntration, particularly the albumins and globulins (!.awrence,

-

1950). The 1ipids.and cholesterols were found to be less important .
(Larcan, *Streiff, Peters, and Genetet, 1965). When the total concen- '
. tration of plasma protein 1s' altered in samples from fhe winter =~ “

flounder, only small alfenatipns in viscosity are apparent {see Figure

— ¢

. f5). small changés in plasma viscosity aré also seen when fibrinogen

»

is selei:,t'lvqu\ removed (see Figure 16). _Fibrinogen al so is a factor in o

the aggregate'forma'.tion, therefore fibri noge;l makes a contribution to.-

"

.vigbosity. Red blood cell aggrega;e§ ére responsible for up to 33 per

cent of the tgta"l blood viscosity in the winter flounder. _
' N ¢ . . \-:—

4.3.4 The effect of red blood cell cont:entratipn on viscosity .

’ludies on mammalian blood indicate’that the i crt'.eases in

viscosity which accompany fincreases in Hf‘, up td'a ormal value (about S

45 ‘per cent), ar{due‘tq the interaction between 'rbt's and plasma v

proteins, and the fluid properties of the rbc's (C fen, 1975; -

Dintenfass, 1971). The lack of an increase in vigcosity values for ’ -
—— AY .

range wés not apparent fn other species (Chien, Usami, Daellenback, and )

Bryant, ;971; Halikas, 1971_). By 1hcreas1ng\.th rbc conqentration in a

- L. o o g
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| addition of rbc's ‘above aoHt of 40%. ‘ . -

S 102

per cent of the blood viscosity on its ogn, and then contributes o
funt—her by its abiH'ty to aggregate cells. The addition of cells
(increased Ht) would tend to fincréase viscosity while the displacement
of plasma and the plasmas ab{1ity to create aggregates’w0u1d tend to
decrease viscosity. In the Ht range of 11-40%, and under low tempera-

-~

ture and flow conditi 6ns, these two tendencies seem to balance unti) Ht
goes above 40%. At Ht's above 40%,“1':he rbc's become conceﬁgnated A
enough fur, frequent $nteraction with each other (crowding), causing . _
high vy suosity values. Viscosity Tncreases sharply .upon *I;urfner

Another possibility may explain the f‘l ounder viscosity results

with changing Ht. At approxi mately 10 per cent Ht, near maximm cell

‘aggregatdon may occur. This means that a¥1 aggregating plasima proteins

—'are in use., Further addition of rbc's causes no further fncreases in

viscos‘lty unti) the’ crowding of rbc's at very high Ht values,

Red blood cells are normally hi gh]y deformable, a character1 stic

which s essential to circulation through the capillaries (Schmid-’

{

Schonbein, 1976; Pi'othe_ro and Burton, 1962). The ce1‘1 men”lbranes-anuvthe
viscosity of the cnyplasm contribute to rbc deformabi'lity. \ﬂnter

" acclimatized fish, used in thase studies on viscosity, tend to have ‘
fatty acids in the cell membranes that are more unsaturated (Hochachka\
and Somero, 1971; Ku1per, Livne and Meyers‘tein, 1971). A larger
amount of unsaturated fatty acids would alTow a greater degree of cell

membrane flex{bility. The rbc membranes of winter acclimat‘l‘zed

flounder may be more flexible thnn those of summer fish,



_ . 103
. 4.3.5 . Physiological implications of viscosity to seasonally
‘ accl imatiYed fish ' , : ' L e

7

A number of poikilotherms demonstrate seasonal physiological

alterations that would he]p to of fset thér"many 1ndﬁced changes in
\ . \.Hscosity‘ The 1guanid-1i{zard has Ht-dependent blood viscosity, and
' | \unclergoes decreasing Ht with acchation to lower temperatures
v . (Mame, and Withers, 1975' Snyder, 1971). Some hibernati ng
| rodents have low vi scosity b'lood due to more f1ex1b1e rbe ‘membranes,
\.  and ‘plasma -characteristics -that minimize aggregation'at Tow flow rates

' - (Maclean, 1981) y ' <

The b‘l ood viscosity of two sculpin species (Myoxocephalus scorpius %

a{d) moxocephalus octodecemspinosus), and the Arctic char (Salvelinus

-

a_'lg'inus!_is mich less than that of winter flounder (Graham and

, Fletcher; 1985; Grahan, Fletcher, and Haedrich, 1985). The blood
gr.)_ viscosity of the Arctic char: was not even temperature de‘pendeﬁt
(Graham, F1etcher, and Haedrich, 1985). The main difference between
sculpin and flounder bloﬁd viscosity is the role of plasma, and 1ts
“{nteractign with rbc's (Graham and Fletcher, 1985). Since blood
viscosity is amajor determinant of blood flow resistance, low blood ~

: viscos;ity should confer a c1rcu1ap6ry -ad\;ant_age in cold water species.

Myoxocephalus spp. are beHe.ved to have their origin in the Arcti‘c

Lo ' .»(CO\van,’ 1972), ‘therefore circulatory adaptations to low temperatur:és . ‘ ‘
| " are’ expected. Icn‘contrast; the winter flounder ‘1s more temperate in
its distribution, w'l't‘h Newfoundland abproaching the northern 1imit of

. {ts range (l;?irq and Scott, 1966). Most populations of winte'r\lvf'l ounder

i
=
3
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) therefore inhabit waters)warmer than those inhabited by scuipins (van

Guelphin and Davis, 19795 McCracken, 1963).
It 1s apparent from in vitro results that the winter flounder is
faced with greatly increased blood viscosity dyring exposure to low

temperatures. Such high values may also be the case in vivo, because

reduced rates of-hiood flow during the winter (e.g. Cech et ei., 1976)

would decrease shear rate, thus promoting higher viscosity. The .

apparent stasis in biood viscosity over the 10—40 per cent Qt range may
be functionaliy significant to the winter fiounder. Uniike many other
fish species, the Ht of winter founder increases during the winter.

The stasis in bTood viscosity allows for an increased capacity of ‘the

blood to carry oxygen, without concomitant changes in rheology. -

4.3.6 Aspects of in situ blood visco

Results from in vitro tests suggest large - differences in bldod
viscosity values due to temperature influences. However, the resu]ts
~-of biood flow resistance in situ suggest. that the average viscosity of
blood in the winéer flounder vascular hed'is approximately equal at aln

temperatures. ‘That indicates the possibility of homeoviscous control

_ through a]teretions in the flow path of blood A review of some

pertinent information will be useful befoqp the\¥low alterations are
described "Needleman and Johnson (1980) found papaverine to be a
powerful .smooth muscle dilator. so all of the vessels in each’ in situ
winter fiounder preparation is expected to be fully perfused. The

pressure flow reiationships for saline are the same 1n high and low

-

Tl
P o



105

temperature preparations. Therefore, during perfusion with saline, a.

Newtonian fluid {5.06 cps at 0°C, and 3.74 cps at 10°C), the in situ

vasculature is functiogally the same at either experimental tempera-
“ture, Finally, it is known that at any shear rate, the viscosity of
" blood at a Tow temperatur-e is always greater than ‘that of warmer :
blood. L ; - : &
; S : ) ; :
Since the =,vasm.f'l ature in. the hi‘lgh and 1ow tempearature preparations
18 functionally the same, the pres’sg__:pe-'fléw difference during blood
“perfusicn must have been due to di ff%reences -in blood viscosity:"The _
. increased viscosity of low teufperatulﬂle blood would ;reate' a gréater
;'ﬂow through larger, Tow resistance vessels. The result 1s. a greater
netvf"l_bu rate from the cold prepératio_ns at any given perfusion .
v pressure. _'This effect of tempe‘rature on blood fldw may have {mportant
physiological implications. Viscosity may 1imit the perfusion rate 01:
the highly resistant vessels of the secondary lamellae of the gills
during low temberatures, hindéring oxyaen transfer. This limitation
may be accompanied by cir m features that act to help maintain
oxygen uptake from the watet. The possible reasons for the uncomm%
hemato1ogic51 findings for the winfev flopnder bointed out '_I_n Chapter 3
may beéome ‘clear’when the trends in ieasonal oxygen uptake at the gi_l]
are .viewed in 1ight of the present viscqsity findings.

L] -
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‘/ ‘ CHAPTER 5 | - SR
“-6 .. . "'—“‘4 !
. > SEASONAL. INTRINSIC CARDIAC PERFORMANCE

5.1 Introduction

! -

The ;(peri ménts described 4n this saction were performed on the
sea raven dué to the technical difficulties of reaching the winter
T f1ounder heart‘iﬂgv1vo. Cardiac preparation of the sea raven has been
done before. (Farrell, 1984; F.arrell et al., 1982), .

In this chapter, the functfon'of the sea raven heart d ring
seasonal change will be described. The sea raven (Hemitripterus

g

americanus) is a bottom-dwel1ing fish that 1ives in 'seasonal condit{ons

—

: ‘simﬂ_ar to those for the winiter flounder. There are also indications -

that the sea raven has similar feeding. habits to the winter flounder.
As described in 5.3.1 the sea raven feeds poorly, 1f at all, during
the winter. Winter flounder also do not feed  during the winter (see
2.1.1). These ;:onsiderat ons lead to the assumption that the standard
oxy’gen demand for the l/m}der and the sea raven will be similar. The

e - biological and environmental similarities of the sea raven to the

.
+

.winter flounder permit some general Conclusions on heart performance in

-—
e

the sea raven being-applied to the winter.flounder. A better under-
v A

stanﬂing of heart performance will contribute, in turn, to an under-
\ standing of seasonal oxygen uptakée and delivery in t'@ flounder. -
- _ The p-rfevious‘-twq chapters deal with seasonal aspects of circyla-~ .

1
tory physiology in the winter flounder. The hemat/ology, Hb function,




T ‘.*_‘ -":_ R RTRTI ". ~‘£“ - -1 PR T ) . : . . . — . —’ [ . - . - ':_- N Y P <. ".".'..;‘.
* - . . N -~ ' B k v - - . - Fa
L2 B . . o Pl e . 1 - . - P . N - -,
T A ' A P . . : . - . -
ik —n . , . - . A . . o
P .o . . . - . ro T
P , . \\ . .
ot
e . . . . 107
i . . -
T . ‘ . LY —
v . .
“

L ~ ‘ and res{stance to bloed flow were altered signifi canfcly by temperature. -
‘This chapter inyestigates the seasonel contractile ability of the heari:

:{ T ) _ muscle. |

Extrinsic \factors, such as neural and humoral substances, have

- been i‘mplicated in inotropic and chronotropi C. control of cardiac

, ' function. Cholinergic input__is-of prime impori;ance in control of fH

. (Laurent Holmgren ;and Nilsson, 1983 Gannon an‘d—B/r:%}ock 1969)

while adrenergi c fatgors alter the inotropi c state of the heart and o

s o " © - can exert an excita,tor:y influence on fH (Holmgren 1977; Randall, - -~ — 7

' //\ - ;1970, Gannon and Burnstock_, 1969). The relative importance of ‘ . |

’ ,,adr:energi‘c and cholinergic carciiac control: i; alé",o affected by envi ron-

St ) | mental temper"atures { Seibert, 1979; Wood, Piepczak, and Trott, 1979_;-

| Priede, 1974). . - .. |

. ' . ~Aside i'om_,the' extrinsic contro.l factors, influepces dependent

. . upon intréllul ar characteristics (i.e. intrinsic) are evident. For

-:; ' ' exa_mple. 'S"Vii\'can undergo marked alteration with smal l_’changes‘in

nflow pressure to the heart (the Starling refbonse) (Stuart, Hedi:'ke,.'

and lieber", 1983; Farrell, MacLeod,‘Dri edzic, and Hood,’1983; Fai‘rell et

al., 1982.'; Randall, 1970; Johansen, 1962). Also, the heart can — .

B

generai:e greater pressures when outflow resistance increases while )
maintaining Vy .( homeome tric regulation; Firrell, 1984). I
: - The chronotrOpic effect of temper'ature is easily recognized in
| i ntact f1sh. However-, the’ precis.ﬂ impact on the heart is complicai:ed
!by extrinsic factors, . As animals-acc]imate -to different temperaturesi
a number of cell mem&ne and fntracel tular adjustmr-nts take place

(Hazel and Prosser, 1974 Prosser', 1958). Ii; is likely that cellular .
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alterations occurring in cardtac tissue during acel imation fwiii affect
muscle contracti Iity The changes, 1f present may., provi de different

contractile r.e.spenses than those 5een during acute temperature,
al terations . ’ ) i

Infiow pressure to the heart and temperature ‘'were the- two experi-

qentai parameters used in the present study to investig‘a'f'e the intrin- -~

sic ‘'state of the fish heart: ' The investigation quantifies the di rect

effects of acute t:emperatureo changes on in situ heart preparations from

, winter and summer fish. Fish taken: duri ng the winter and during the

“summer were used to assess the _maximim-Svyy infiuenced by inf‘low

pressure as an index 'of muscle contractiiity. - L

0 a

5.2 Results
[

- L
-

The effect of temperature onheatt rate » : . '
. ] X

<=

rinffur'gical' preparation, nerves supplyin'g the heart of the sea ___—

raven were severed thus fy became dependent. upon the sino-atrial
pacemaker (Farreii et ai., 1982) Since fy was stabie under contrci
conditions, any change i n response to a'lterati ons in temperature was
interpreted as a variation in the intrinsic i rate. ‘The effects of
acute temperature change on fy are shown"’in Figure 22, After rapid
cooling to 4. 1°c the heart tissues of the sumer fish had an average
fy of 34 min"1 ~The average winter value was 23 min-! (at -
3.4°C). Rapid wa_rming of the heart tissues of winter fish to 13.6°C

created fy valués that were not significantly different from the

e Sy
DR
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. for seasonal summer fish.

. ’ 0
t ’ ' /

average fy values of fish acclimatized to summer conditions.

5.2.2 The effect bf temperature on aspects of seasonal Eardiac output
b ' .

~ - *

S ) ' e

Under conditions of\jow inflow pressure, the cardiac output of
summer fish is a1ways greater than that of winter fish (Figure 23).
The a1terat10ns in Vb during acute tempenature change are para11e1 1n
the summer .fish and winter fish When summer and winter\fish Vb
values are compared at similar Jow inflow pressures and temperatures,
no significant difference is apparent (Figure 23).

_While fH 1s directly related to ,témperature (Figure 22}, SVH

is 1nverse1y related (Figure 24). " The seasonal winter ‘fish therefore,

have the greatest SVy values, while the seasonal summer fish have the

lowest. A slight increase occurs in the average‘SVH during ‘acute
cooling of summer fish. Summer'ftsh at low temperature have
significantly lower éVH values than those for seasonal winter fish.
When winter fish are exposed to warm water, a large decrease occurs in

SYy. Winter fish acutely exposed to high teﬁperatures show SVy

"values that:are not significantly different from average SVy values

e

5.2.3‘,The effect of inflow pressure on seasonal cardiac performance

Alterations in inflow pressure to the heart changes SVy va1ues.

They 1ncrease with (ncreases in inflow pressure under all seasonal and

"
» Tt
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Figure 23. The effects of temperatur"e and inflow preéssure on cardiac ' ’

output (V) for winter (@) and summer (O) .acclimatized
sea ravens. In lower diagram (— ) was low ‘temperature

experiments and {---) was high temperature experiments.

Values are means + SE. p g



\

Vb » mis /kg-min-!

' - 113.
: / ‘
\ 8 o . v
‘H o 1/1 1 i 1 P 1 1 i | .|
0 L 6 . 8. 10 12 14
7
| 2 3 b . 5 | 6 -
Inflow prelssure, cmH20
- w»
- ) r
I



- e
N . ] . ‘
Figure 24. The effects of temperature and inflow pressure on the
stroke volume of ‘the heart (SVy) for winter (@) and
summer (O) acclimatized sea ravens. In lower di'agra\m
) (—) was low temperature experiments and (---) was high
temperature experiments. Values are means + SE.
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eiperimenta1 temperature conditions (Figure 24). The magnitude of

S¥y change 15 greater in summer fish than in winter fish at high
(13.3°C) and Tow (4.1°C) ?xperimental temperatures. The total Svﬂ\
change requires a much smaller alteration in inflow f?essure in summer
 fish. | '

Power (Figure 25) and V|, data at higher inflow pressure reflect

i

the higher SVy va]ue%

of seasonally acclimatized fish.: The Vb
] . .
values for winter ffsﬁfwere‘significantly tower during conditions of

high inflow. pressure. The Vb changes due to the effects of inflow

pressure are a function of SVy4, since fy is not affected (Figure —~

'L"
22). ‘ \

5.2.8 Aspects of contractility in seasonally acclimatized fish

1
‘

In this study a Starling response‘(measure of contractility) is .
regarded as an increase in SVy per unit inflow pressure, per unit
ventricular mass (Figure 26). The Starling response.df summér fish was
c;nsiderab1y greater than that_of~wiﬁfer fish at both'experimental
temperatures. The maximum contractility of summer fish heart muscle

was‘about five times greater than tRat of winter fish.
5.3 Discussion

5.3.1 Seasonal changes in cardiac muscle perfdrmahce

Summer and winter fish have the- ability to 1ncreqse‘Vb by‘

“ita



Figure 25. Tﬂe ‘effects of temperatur%_g_nd inflow pressure on power

' . output of the heart for; winter (@) and summer (Q) accli-
matized sea ravens. In lower diagram (— ) was low
temperature experiments and (---) was high temberature

experiments. Values.are means + SE.
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_Figure 26. The-Starling response of the heart (contractility) for .
, winter aﬁ/d summer acclimatized sea ravens. Symbols are ‘
) . means + SE, and n {is placed near each symbol. (Q) =
summer acclimatized fish and (@) = wigiagehlsh. .
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chrono;rop1q ﬁnd inotropic means. The seasonal differences in the
Starling response indicate that the inotropy of the heart varies. The
. 1notropic state of'the summer fish heart shows a broad range in adjust-
ment of contractility n response to femperiture change. .Summer fish
heart musc1e‘1$ also more Eensitiye to changes in inflow pressure. It
éhefefore abpears that summer fish are mor; capabie'of mgeting bTood
| ﬂflbw requirements du;ing conditions of changﬂhg demands fqgggxygen,
Observatfons.on intrinsic fy point to different temperZﬁufé sen-
sitivity dur1ﬁg.d1fferent éeaﬁoqs; summer fish show less sensitivity. \\
This may have adap;{vg'significance, as, for example, a summer fish
- being able fo'maintaih a high ff; when mo§1ng into colder water.
When inshore waier‘coo1s, often ﬁo near-freezing temperatures, the
:;-; | ~tﬁ,sga raven may move fnto'deeper wa;ér (as deep as }92 ﬁ; Bigelow and
“ Schroeder, 1953}, a1théugh thére is no.conc]usiye evidence. The sea
raven has been kﬁown;‘however, to overwinter in the néar—freezing
shallows around tgz Magdalen islands in the Gulf of St. Lawrence(”“i ‘
—  Winter tempéritures depress metabolic activity...From casuat
observations of winpe; fish, greatly reduced liver size was apparent,
indicating.the 11kelihood of 1imited feeding at this time of year. The
nutritfve status of the winter fish can only be speculative witﬁout
.more biological data{ If feeding is 1imited ddring the winter, produc-
tjgp.of high-enérgy compouhds necessary to.fuel contraction of the
heart muscle mAy-be'qffectéd. This may 1imit any c1r§u1atony com#ensa-
tions madg for seasonal temperature changes. However, }%-feeding‘and

swimming are” diminished in winter, then seasonal compensation fn -

"cihbulatony'performancg would notxbe necessary. . Conversely, in summer,

-

X - . B i .
W, . . ! | s
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_the heart of the summer f1§P undergdes positive inotropic and chrono-

4

tropic alterations, effectively producing éTevated Vi even when
P N ame b

confronted by intermittent cold temperatures.

" Despite the fact that the sea raven heart exhibits 1ittle compen-

sation for seasonal temperature change, it appears that intrinsic heart

" performan;é is suited for the oxygen demands of the fish. -

A defiqitive comparison between heart cont?écti11ty fn the sea
‘raven énd"the winter flounder is not possible unti]lmore 1nfoimation is
known. Ho@éver, some compariséns can be made between the species. The
winter f1ounde?, also a bottom dgeﬁ]er, does not'feed dur{nb the winter
months. Swimming activity is also reduced duriné the cold months. The
simlarities in temperatures to which the two species are exposed, and
the feeding and swimming habits of th;_iwo speciés in cold tempera-
'tqres, would tend to lead to similar shifts in seasonél oxygen demand.
Since heart performance generally can be related to overall demand f&r

oxygen, it {s- conceivable that winter flouﬁder also undergo similar

changes 1n cardiac éohtrattility related to i@ason.

5.3.2 General remarks on Eeart performancé

It is known from previous studies on 1ntif£ winter flognder that
cafd1ac.output in the resting fish is greatly'requced in cold temp;ra-
tures .(5°C) (Cech et al., 1976). .The p;esent research on the sea raven
also*shggests that the intrinsic potential to increase blood flow is |
much reduced 1n winter accﬁimatizeé fish. ° Ahcombination~of decreased

flow capacity and increased blood wiscosity 1n winter acclimatized fish

SR,
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»  “would-tend to-inhibit.oxygen transfer at.the gi1ls. .It will be -

~

interesting to consigler the oxygen upt;k-é at the gills of 'thi winter : .

K flounder (Voz-) in view of the hematological, respiratory, and cardio- .
»
vascular information on seasonally acclimatized fish..
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: — CHAPTER 6

SEASONAL RESPJRATORY PERFORMANCE

.6.1 Introduction ™~ ) \
The previous chapters describe tlle ej’fe"cts of temperature and

seasonal changes on portions of the‘ \respi'ratory and circulatory systems‘

~ of the winter flounder and sea raven, In this chapter using findings

-

discussed in the previous chapters, an attempt is made to exp'lain the
seasonal physiology- of the winteur flounder. -Thi.s discussfon is there-
fore meant .to be both an 1nterpreta2:)n and a summary of this research )
on. this species. - The flounder is emphasized Pmause most of the.
research‘wa‘s‘ done on that species. Indeed, all of the work would have
bée_n done' with -the wihter flounder, 1if technica'l difficulties were not
present.’ However, the sea raven was used to investigate the effects of
season and temperature upon heart p'erformance (see-Chapter 5). A
number of b10'|og1ca"l Wconsiderat1ons were made'in comparing the flounder
and the sea raven (5 3.1). It was concluded on that preliminary basis
that sea raven cardiac performance wou'ld erly be simﬂar to that of
.the winter flounder. On these grounds some of ‘the findings for “the sea ’
raven wfu be used in the 'Interpretatton of seasona'l oxygen-uptake and
delivery 1n the winter f'lounder. ‘
In this sect1on ‘the oxygen dynamics between the water and the
qblood are 1rwest1gated Measurements of oxygen uptake are useful, and

refléct the aerobic metaboHc needs ‘bf the fish. Oxygen uptake at the

4
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gills 1s dependent on the convective properties of the water and b1ood

_the amounts of oxygen present 1n the fluids, the distance that oxygen

. from the water travels in diffusing to the blood (diffusion distance),

the snrface area of the exchange site, end the ability of the blood to
bind and store oxygen. Seasonal changes in blood physiology (including
the function and quantity of the blood components, and the flow ‘
Charactéristics of the blood) contribute toward seasonal-dffferences in
the oxygen uptake at the gills. The contributions of the individual

components have been discussed in previous sections. . In the previoﬁs

" £hapters 1t was shown that temperature was responsible for much of the

seasonal change 1n blood physio%oéy. In this chapter, many components
of the ventilatory and circulatory system are considered together. In“
observing the characteristics of oxygen uptake at the gills during
different seasons, along ‘with some of the circulatory and venti]atory
parameters during those periods, a better understanding of the inter-

action of physiological components is gained.

The 1iterature on hematological changes due to,seasonal changes

points to differences even within fish species. In most.cases, rises
:p temperature result tnﬁincreases in {Hb] (Houston-and Smeda, 1979;
Cameron{ 1970), and [NTPj of the red blood cells (Tetens‘gt_gl., 1984;
Dobson and Baldwin, 1982a; Greaney and Powers, 1977). It-is thought
that these changes assist'in 1mprov1n§ oxygen. supply to the tissues by °
increasing the copacfty of the blood to store oxygen, and 1ncreasing
the potential of Hb to release oxygen. The changes in [Hb] and [NTP]
occur more gradually in response to temperoture change (ecclimat1on}.

K

compared to the inmediate response of the cardiovascular system (Weber,
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. 1982; Cech et al., 1976; Heath and Hughes, 1973).

species demonstrating dec're\ases in [Kb] during acclimation to hiéh |
tempera.turé include the winter flounder](cech gﬁgl., 19761, a Scandi-
navian variety of rainbow trout (Nikinmaa‘ﬁa_l.. 1981 and 1980); and
the brown bullhead .(Grigg, 1969). A decrease in (451 under high
femperature gonditions seems 1nappr6pr1ate, since demand for oxygen 1-5,..-
greater. SimiTarly, an increase in blood _ox'yget; sto'rage ca;aqcity
during the winter seems inappropriate s‘incé metal_w'lj_c oxygen denfand is
decreased at that time. Oxygen” upthke in_the resting ‘winter flounder
was studied to clarify fyrther the'..fun,ction of seasonal changes in the
‘hematoﬁ"logy of. the'speci es. M’easuremeﬁts were made of seasonal ch'ahges
in red blood cell' distri Sution,‘ and seasona[chanées in the respiratory
and cardjovascular ;ystems. Results of dﬁia analysis point to the.
importance of the maintenance of a balance befween hemodynamt cs and -
‘blood co_mpbsit'lon during the seasonal changes in oxygen uptalke.

¥

6.2 Results '
Thé avergae rate of oxygen uptake at the gills of the winter
flounder is considerably lower in winter fish (Qig = 2.4), as can
be seen in Tablé 4, -There are proportional changes in ¥, and Vp -
(Q10 = 2.2 and 2.5, respectively). The changes in V,, and Vp -

r

are the result of large alterations in frequency and modest shifts in .
V- L. ' o -
Even though some blood loss in the winter flounde}- occurred during

¢ surgical manipulation, the seasinal trends in Ht and [Hb] of

¥



Note for Table 4 v

The average values for winter. and summer were compared using
the unp'aired_ Student's t-test. Significance was decided at the
95% confidence level.

The P., values given in the table exceed saturation values.

0

i 2 -

This is a commonoccurrence at the Marine Sciences Research
Laboratory, Logy Bay, Newfoundland. The supersaturation with
oxygen occurs at all tdimes of the year, and is reTated to the

extensive mixing during the puui1p1'ng prdcedufe f‘rom the ocean to

- 1) .
-the 1aboratory. . These conditions are not deleterious to the

fish unless :temperature conditions change rapidly. For example,

‘g water saturated at low temperatures and then rapidly heated
- prbdﬂces gas bubbles which are lethal to the fish. Tie temperature!
* condi tions during the time of winter and summer experiments
W were very stablé. The Pio2 conditions of inflowing water during
these tests does not alter the interpretation of the results
- and cah:_u];':tions. :
— ' [

1l
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Table 4:
means +SE.

Water temperature, Ty o°C
Plogy > H0

Total‘(et Rass,.
grams__—~

Hematocrit, Ht
% red blood cells

Hemoglobin concentration, [Hb]
9/100 m.s blood

. Arter1a1 oxygen tension, Pao2

mm Hg

Venous oxygen tensi on, on
. mm Hg

Arterial oxygen content, Cao,
mts 02/100 mLs blood

Yenous oxygen content, C\,o2
m.s 02/100 m.s b1ood

Arterial Hb-02 saturation, Saoz
% ‘J-!\#

Venous Hb 02 saturation, S

I, V02

—~ \?](ygen tension, inflow water, P102

man

Oxygen tension, exp‘lred water, Pe02
mm Hg .

Oxygen consumption across gﬂl \Io2
m.s Op/kg . min~]

VYolume water flow at respir
mL.s Ho0/kg . min-

'Frequéncy of respiration, fp

breaths/min

Hq&er volume per respiration, SVR
ms Ho0/kg . breath-1

Yolume blood flow, Vi,
ms blood/kg . Bl

Frequency of heart beat, fy
. beats/min

Stroke volume of the hear? SWH
m.s blood/kg . beat

o

1on,'\iw

Summer

9.51 + 0.19
(17)

493 + 61
9

8.0 +1.1
)

2.25 + 0.24
(®)

" 82.3 +7.8

@ -

30.2 +3.7
@ .

2.33 + 0.19
{[)

1.14 + 0.20
(8)

69.32 + 6.77
®

38.10 + 2.27
®

159.5 +1.9
(@)

49.1 + 6.8
S )

0.33 + 0.021
(8)

73.4 +9.8
| (8)

46.2 + 3.5
(9)

1.9 + 0715
(6)

'26.74 + 3.56
o m .

26.8 +1.8

(6)
1.06 + 0:21
- ()

Respiratory and circu'lator_v in vivo data from the winter f'lounder.

() = number of animals used. NS = not significant.

®

e
Values are
Winter Significance
0.44 + 0.21 p < 0.005
(1T)
407 + 36 N.S.
1T \
1.2 + 0.3/0.025
(1T)
3.0+ 0.30 p< 0.05.
- {1 N
100.3 + 7.6 N.S.
(1T).
33.6 + 5.9 N.S.
(10)
3,90 + 0.35 p < 0.005
, (117
1.80 + 0.26  N.S.
(107
79,71 + 5.05 ° N.S.
(117 )‘
39.82 + 6.01  N.S.
(107
169.6 + 3.0 p< 0,01
(117
99.6 + 6.4 p < 0.005
(117
. 0.16 + 0.02 p < 0.005
(107
46.7 +10.3 - p € 0.02
) B
22,78 + 7.75 p < 0.005
(11
2.05 + 0.45 N.S.
(1oT
17.7 - + 20 p < 0.005
8y
18.1. + 1.3 p<0.005
(11
. 0.67 + .12 N.S.
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. are noted. The change in Ry, across the gills and fg ¥as greater,
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exp'erimental fish are consistent with results from uncannulated fish

when comparing data in Tables 1 and 4. In experimental fish, a change

from high temperatures to winter results in significantly higher Ht and

[Hbl, and Cap, 1n winter fish (Table 4), Other variables in venous and

arterial oxygen are not significantly different when winter and high
-

temperature values are compared.

The bloéd volumes of seasonally acclimatized winter fish and cold.

acclimated summer fish are significanily lower than the blood volume of

" fish under al:l warm vater cond-'lt.:ions (Figure 27). .

'The only significar.lt difference in seasonal red blood cell distri-
bution was found in samples o'f-“ dermis and epi&erm1s. They showed a '
h{gher rbc conte'nt in the summer sample (Table 5).._ bxygen uptake of
the skin {s about 33 perqcent of the total oxygen uptake in winter
acclimatized fish (Table 6). '

6.3 Discussion .

-

6.3.1 Experimental procedures

\

s

As explained in 2.4.2, due to the fragility of fish at high
temperatures, two different prfocedures were used to obtain data on
chanées in respi r;atory physiology. Measurements on winter fish fitted
with ventﬂafory masks gave values within the range of those derived by
usi ng the isolated box technique. However, some apparent di fferences t

. .

whille \7,, was lower for fish with ventilatory masks. These fi ndings‘;
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Figure 27.

-The results of 'seasonal blood volume measurements for the

winter flpunder. MWatched symbols indicate values that are
significantly different (6 <0.05). S 4nd W are mean

values + SE. [ ) =n, Significance testing was done

by using the unpaired Student's t-test.

o
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Table 5: Red blood cell distribution in the winter f‘lounder during various
temperature exposures. Values are percent tissue mass as red blood cells
(means + SE). () = number of animals:used.> Condition = season/
temperature, Fi1 = filament, and W. muscle = white muscle.

. Dermis &
Condition Spleen Kijdney Liver Intestine Gi11 Fil. W. Muscle Epidermis

3.579  0.801 " 0.476  0.034 0.574 0.005. - 0.017

sumer ' 1.029 273 127 .01 0.169 .  .002 .006
warm (6) (6) - (6) (6) ] (6) +(6) (6)
: .+ A

3.239 1.195  0.522 = 0.050 0.692 0.011 .014

Sunmer 0.442 0.248 . .089 .007 0.168 ©.005 .006
cold (5) " {5) (5) (5) (5) (5) (5)

4.261 0.719 0,348 0.053 0.670 0.007 .006

Winter .730 .280 .138 .016 0.344 0.002 .003
cold (8) {8) () (8) (8) (8) ~(8)
A
2.486 0.822  0.416 0.034 - 0.339 0.012 .0

Winter .660 .125 .069 .005 0.084 2005 .00
warm - (8) (8} (8) (8) . . (8) (7) (8)

NOTE: + compares s/w vs. w/w
& compares S/w Vvs. w/C - ' .

A1l comparisons were for p < 0.05

“~

ot Iinieintabetd it bttt a
!?ote statistical comparisons were done by using the unpaired Student's t- test.

i

.-
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Table 6: Respiration data from flow through respirometry on unrestrained wirfter flounders (Kiceniuk,
unpublished), and the present study for winter and summer-animals. 'VYalue# are means + SE.
. Kicenfuk's values are for whole animals (=total) and those for the present study are Tor gills,

i
.

IS skin, and whole body. All values are in units of ml0Oy/kg . min-1,
~ Kicenfuk 4 ‘ ___Present Study
sumer - | Rinter | summer l . Winter i
A -
; ] ] skin x 100 nMole O
. & {total) (total) (gi11) {giln) (skin) (total)  total T

0.28 + .03 0.20 + .01 -§0.33+ .04 0.15+ ,02 0.07 &02 0.22 + .03 33.2 +7.03 2.42 + .67
@ @ (8 (10) (3) ® (97 @

"¢ 9.90 +.03| 1.20+ .04 f9.51+ .19 | 0.44 + .21 0.44 + .21 0.44+ .21 0.44 + .21 0.44 + .21

ctl
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suggest a greater degree of restriction of ventﬂatio_nl using the mask
technique, therefore Qjp for \'Iw should—_ be considered conserva-
tive. Similar comments havelﬁeen put forward by ‘other researchers
" (Piiper and Schumann, 1967). Although the A'I,, for fish at high
temperatures 1is significantly greater than that of winter fish under
the Desent comdTtions, if it were possib‘le to use the 1§olated box
“technique, vw would ‘Hkely be even higher for sunqer acch,\atized
fish. ' -

Anemia- in the experimental fish was due to arterial and venous
cannulations during summer and winter experiments. Wood, McMahon, and

McDonald (1979a) provide respiration data for the starry flounder

(P]atichthys ‘stellatus) during various states of experimentally induced

anemia. In thé study by Wood et al. (1979a), the levels of anemia com-
parable to the values found in the present study brought about only a

- -
‘decrease in CVOZ'. That adjustment rfrain\tai ned the Caoz-qvoz di fference
at the same value for the anemic-and the control group. A similar
trend is expected for the winter flounder of the present study.

—

6.3.2 Cutaneous oxygen uptake of the winter ﬁ&mder

r

The present \.!o'z_esltimates'for fish under restraint ar’e'simﬂar to
thos.e for unrestrained winter floun&er (Kfceniuk, unpublished data,
Tablg 6). The Kiceniuk data were obtained by f1ow-through respirometry
on winter fl1ounder resH‘:\g in a Sandy-bottomed tank. The whole-body \;02
for summer fish 1s equal to the oxygen uptake at the gills in the high

temperature fish used 1n the present study. The addit‘lon of skin v02
\ .
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would c:eate 2 higher whole-body V02 in {hc'e fish at Bigh temperatures.
Whole body \702 values during Tow teniperaéures did not differ from those
found by Kiceniuk (Table 6), even though gin th% present study,\ fish
’ were restrained.-‘ This agreement 1in 902 p]ues Yor fish at cold
‘ teffiperatures seems to s.u§gest that wini:e 'ai:cl imatized fish do ndt
_.--respond as readily to the stress of restraint as summer ffsh.

A M'dh\\'!o2 value in the skin of wiritir fish 'r(one-thh-d of the
total VOZ) is due, inpart, to the low Tate of oxygen taken up by the -
',gﬂls' at that time. It is expected-that \762 in the skin of summer fishg

would increase-in absolute value pecause of increased vasclarization
(Table 5§). High ‘yalues of cutaneous 902 have been described in other
fish at high temperatures (10°C) (Steffensen, Lomholt, and Johansen, .
1981; Nonnotte and Kirsch, 1978). | '
At 10°C, circulation to the skin can affect cutaneous gxygen up-
f take by as much as 10 per cent (Steffensen and Ldmho]t, inpress)., 1f
the Increased rbc contents of the skin 1nd1catéid by data in the present .
study gaused a 10 per cent increase ‘over w1ntef‘; vaiyes in skin %2' a
cutaneous \;02 o'f épproxfmately Z0 per cent woulid be expected for high
temperature values. At 10°C, Steffensen _g_f_:a_l_-.;f'(1981) found skin \?oé

to be 27 per cent of the total value in Pleurontfctes platessa, while

Nonnotte and Kirsch: {1978) found skin \702 to be( 33 per cent of the
* | )
total value in Platichthys flesus. Even thougH oxygen uptake across
* . |
the skin is high, most of 1t {5 used by the skjn tissues (Steffensen

£ )
and Lomholt, in press; Kirsc}!l-'and Nonnotte, 1977). The oxygen taken up
directly from the water by the skin js expected to be higher during the

summer due to a smaller diffusion distance (thinner epfdernis, 'see‘

-
T

..
-4
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£ .
6.3.3) and greater vascularization. The oxygen uptake from the water
by the skin suppliments the demand for oxygen by the cutaneous
tissues. '

L4 L

It isMg certain if thie skin vasculature of the winter flounder

has ahy respiratory significance for the rest of the bo'dy.. It 1is

+ apparent from Table 5 “that the ajteration in- cutaneous circulation

e

requires more/t/t;an’jus"t temperature acclimation, and that the skin f\as‘,.
_ré]at1ve’ly Titt1e vasculature when compared with other tissues (Table
5. ' '

6.3.3 Seasonal oxygen dynamics at the gills: Interaction of ‘hlood

components and hemorheology

- A

Blood volumes of summer and winter fish ander warm and cold con-

ditions were measured. One of the important components of the oxygen
delivery system is Hb. As. mentioned in 3.3.3, tem;';er'ature‘has a2 mjor .

influence on the function of Hb. In this section, the role of tempera-

. ture 1n control14ing Hb concentration will be briefly discussed.

/

Blood taken from the major caudal vessels of the winter flounder -.
indicated a greater blood volume in a1l fish ‘exposed to high water
temperaturés_. N';k1n'ﬁaa et al. (1981} explai r!ed that the blood volume
of the rainbow trout does nbt change with t;emperature acclimation, He
showed that the [Hb] of blood fron; the dorsal aorta decreased duHrig )
high temperature acclimation (18°C) apparently due to shunting of red
t;lood cells to the tissues. In the present study, 1t was found thit

blood vol ume did show a signf ficant change in response to seasonal and

temperature’a;ccl'lmation. However, seasonal df fference;lp the amount -
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[ )
of rbc's in the -tissues (a tissue rbc shunt) were not apparent in the

winter flounder (Table 5), except in the dermis/epidernis samples.

Determinations of blood volume were not affected .by changes 1in circu]a-

" “tion in the skin, thus. he'incfeased blood volume, decreased [Hb], and

“s

rbc concentration of P. americanus in ‘the high témperature fish is due
to increased plasma volume.
It is clear that the oxygen demands of the winter flounder change °

from winter to summer season. The oxy, en-carnying capacity of the

) biood7also changes seasonai]y, presumab]y best to answer that demand.

summer fish have a decreased blood oxygen carnying.capacipy, indicated -

oy the Tower [Hb] -and Ht values. . This finding 1s somewhat anomolous .
since use of oxygen by ihe‘tissues would be greatest at chat time. A’
closer exanﬂnation of Tab1e 4 and sqme calcuiations (Table 7) enabie
, some observations to be made om oxygen dynamics at the gi]is of

seasonaiiy acc1imatized winter fiounder. -

&

A nunber of calcuiations were made to arrive at an estimate of the
-characteristics_oi gin oxygen transfev under diffeignt seasonal condi-
tions and temperatures. Decreased cardiac output in winter fish would
.increase the time necessary‘for b1ood—gas enchange.at the tissues. .
Even though de is loWEr in winter fish, the slower blood flow through
' tissues is indicated in higher Caoz'c 0, differences. The high
arteriai venous 02 dilference in winter fish is also indicated by the
" greater effectiveness of oxygen transfer from the b1ood to the tissues.
The transfer factor (;ozi {s'a measure of conductance, giving the .

rate of oxygen movement per unit Poé‘gradient across the gflls -

: (Dejoyrs,'1981f.‘“The.iower TO2 of winter fish indicates a resistance

to oxygen transﬁer. $szh1jii~fs supported because of the greater

-

- -

!
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oxygen diffusion gradient across the\giiis in winter fish, and a
signifciantly Tower utilization.of ventilatory water. ihe effective-
ness of oxygen transfer from water to blood is also Tower in winter
fish. Finally, there is ap-increase of the average ventilation-
perfusion ratie in winter fish, '

Several of the calculations in Table 7 are-presehted without error
estinates, That short-coming was due to the eaperiments on summer
fish. Bioed measurements %ere: done on one group of fish‘at'high,
temperatures, while the d*ygen'measures on water were;done on another
group i2 4.2). When the values fron both eiperimental gronps were
needed in a calculation (e.qg. APOZ, Vb/V v /MO . capacity rate ratio,
- 102, and effecfiveness of waterFQZ transfer), average values from
each group were used. Be:ause no error is known for the high tempera- -
ture values, no statistical Xssting between winter and high temperature
ya]ues—was done. The TOz values indicate that the gills of winter
fish are more resistant to oxygen passage. However, there is no
statistical evidence to support the large difference in the average
Tbg values. Similar resuits are indicated by the effectiveness of
 water 02 transfer, capacity-rate ratio, andAPo2 values. In the
following arguments it is assumed that the fncreased.gill resistance to
02 doés exist ih winter. fish.' That assumption is based on the highly
significant difference seen between winter and high temperature fish
when the utiiization of 02 from ventilation water is compared. That
_consideration on its own indicates a very rea) difference in the gi1 |
resistance to oxygen transfer in;seasonally‘acclimatized fish.

Seasonal differences 1n gill oxygep'conductance may be due in part

“
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Table 7: Oxygen ‘transfer parameters for the winter flounder.- Values are ,
means + SE. () = number of animals used. N.S. = not

significant. . . :
Summer Winter Significanee
% 1.18 1.98
( s 02/1 0 m.s blood) 0.19 0.33 p < 0.05
(8) (10)
: )
Mean Py a gradient across gill; 3?3 48.1 67.2
[(P1o Pe0, 1/2] - [(PaOz + Pv@; %1 - 9.1 -
g) (-) (10)
Oxygen consumptio? across gill, V02 0.33 0.16
(mLs 0,/kg . min~ 0.04 0.02 - p<0.05
. . (8) (10)
?tilization)of 0p from water; Uwo, 0.69 . 0.41 ' -
Pi0,~ Pe0,)/Pi0o - 0.04 - 0.03 p < 0.005 f
N (8) (11)
utilization of 0, from blood, Upg, ~ 0.48  0.52 s
(Ca0p - Cv0,)/Cal, 0,07 0.07 N.S.
- (8) (10) -
Veptilation-perfusion ratio -7 4.4
VW/vb - - 1.2 -
(-) (8)
ConVection requirement, water ¢ 5.0 6.1
8 0.3 0.6 N.S.
(L, Hz ;nMoles 0z} (8) (10) 4
Copvection requirement, blood 1.8 1.7
i VI,/MOZ N - 0.3 -
L, BJood/nMoles 02) (<) (8)
. Transfer factor; 102 ' . 0.007 0.003
‘ (uEs Ozgkg . min"" . mm Hg™') ' (-).  (9) -
Capacity-rate ratio ) 0.83  1.05
Pao - PyQ /P'IO - Peo R ‘ 0.13 ’ -
2 2T T2 (<) (i0)
Effect1venes§/?; watenjpé gransfer 0.85 0.52
Pig, - Pel i0, = P - 0.05 - -
102 - 22 - Ve () (o) -
Effectivenesg/?f blood 07 transfer . 0.58 0.78
cao - qnaxo - C 0.07 0.09 le-
2~ W0 2~ 0 (5) (7)

Note._

Where applicable. the mean values for w1nter and summer were compared

‘ using_&hﬁ_unpaired Student s t- test. :Significance was at the 95%

confidence level.

. . . ' ' o
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to a combipation of rbc shunting within the gil1l filaments, and a
change in the rate of blood perfusion. th}e gin fi1am;:§:~here

d .
analysed in this study and no seasonal nor temperature influences on

rbc” content were discovered. However, Nikinmaa et al. (1980) found

lamellae at 18°C than at 2°C. The perfusiqn rgte through'the fi
(Vb) is also greater 1n-fish at high temperatures (p}esent Ytud
Cech_ggpgl.. 1976), facilitating oxygen uptake at the gills (Daxbugck,
Davie, Perry, and Randall, 1982). The variation in di'stribution of
rbc's over the f11amen§s‘dgpending upon season and temperature, along
with_the changeés in rate of blood perfus1oﬁ,‘wou1d,br1ng about seasonal
differences in utilizétioq of oxygen from the water (Uwozﬂ. '

. -~
A simple explanation of the seasonal differences in gill oxygen .

‘resistance in the winter flounder would be the alteration in the A

diffusion distance across the gill epithelium. Other studies on'the
winter flounder have shown that the epithelium of the trunk {is thicker
in the winter (Burton and Fletcﬂer, 1983). The"th1ckening was found‘to
be most noticeable in male f1ounders. However, both sexes demonstrated |
significant epithelial thinning during the summer. These seasonal
changes can be c6rrelated with the levels of ll-ketoﬁestosterone in ihg
blood (Campbell, Walsh, and Idler, 1576). ‘T}eatment\yith 11-
ketotestosterone caused increased skin ;hickness in the sackeye salmon

(1dler, Bitnerﬁ, and)Schmidt, 1961). Although no observations were I

. made of gill tissue by Burton and Fletcher in their 1983 stdd}, it 1s

possible that thickening occurs in.winter flounder gil11 tissue too.

Wood, McMahon, and McDonald (1979b) have ndted that T0p differences -

.-
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between the flatfish Platichthys s%%]iatus and the tench Tinca tinca

may be due to thickness of the gill epidermis.

Another explanation of seasonal blood oxygenation involves many of

the physioiog1ca1 changes which occur as a result of changes in
temperatﬁre. The blood of winter fish has a greater oxygen-binding
capacity (Tables 1 and 4), but, as mentioned in 4.2.3, this does not
result in increased ff;ﬁ resistance. However, the effect of tempera-
turg"and season on blgod viscosity {see 4.3.5), and heart performance
(see 5.3:1 and Table 4} is to decrease the rate of blood flow through
the respiratory vasculature of winter-acclimatized fish. Increased
blood.viséosity in winter fish mayjlimit the surféée area for gas
exchange at the gill. During the winter, viscous blood would flow
through the larger, less resistant basal and marginal channels (Hughes
and Morgan, 1973) to a gFeater extent. The findings on th? effects of
éempergture on in situ blood flow resistance in the winter flounder

support this suggestion {see 4.3.6). Such a flow pattern would expose

the blood to a smaller surface area for oxygen uptake, and fn the case

of the basal channel, deep fn epidermal tissue (Tuurala, Part, Nifkfnmaa

and’So1v10, 1984;JCooke, 1980; Smith and bohnson, 1977). Farrell, -
sobin, Randall, and Crosby (1980) studied the variation of intralame]-
Tar blood flow under different perfusion conditions. They found that
during conditions of low blood flow, blood was distributed nearer the
base of the lamella. Blood distribution moved distally as flow
increased through the Tamella,: and gas transfer at the gills fould
therefore be facilitated, . f -

The Tower Uw02 and T02 of winter-acclimatized fish appears to

'.‘, z ,}'%U

Y
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be due, therefore, to increased diffusion distance and/or the

rheological performance of the blood. Even though the gills of winter

fish showed a greater resistance to oxygen transfer,.a number of

. -aspects of the hematology assist in maintaining Psoz. Blood of winter

fish 1s'known to have a significantly higher affinity for oxygen, so
oxygen uptake is enhanced‘at the gills. The increased storage capacity

for oxygen in the blood of winter fish acts to increase the amount of

arterial oxygen. An fncreased average ventilation-perfusion ratio in

.o
p— A

winter‘fish means that more water moves across the gil1 surface per )
unit- b]ood flow. An increased P02 gradient across the gills of winter
fish facilitates a greater diffusion of oxygen towards the blood. In
the winter f{sh thén,.a number of factors could effect algreater
potential foy’blood oxygenation. *From the present study; these factors
are: an elevated Hb-oxygen affinity, a greater blood oxygen storage
capacity, a higher ventilation-perfusion ratio, and a greater‘Po2
gradient across the gills. It therefore seems that-the resistance to
oxygen transfer in winter fish is overcome largely by seasonal changes
in the blood components. ‘
Seasonally-acclimatized winter flounder showed differences in

oxygen demand. Seasonal ‘differences in oxygen dynamics at che gills,

‘the imary organ answering the demand of the fish for cxygen. were

also noted. Temperature is beliéved to be-responsible for the seasonal

3

change in oxygen demand, and the alterations in the process of oxygen

——

transfer to the blood. Even though oxygen conductance of the 91115 is
c]early\VQriable on a seasonal basis, the winter flounder is able to
mafntain Pao2 levels at all times (see above discussion and 3.3). The

13
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Pao2 values of fish at high temperature may seem unnecessarily high for
winter fjsh with?significantly lower Voz levels. However, the main-
tenance of Pao2 may be required by the winter fish during Periods of
stress. As indicated by the findings ;fnChapter 5, winter acclimatized
fish such as the sea raven and the w1nter flounder appear to have a
poor potential for 1ncreasing cardiac outht. The inotropic and ‘
chronotropic ability of the heart to meet 1\breased demands for -oxygen
may be very.limited in wjnter acclimatized fish. The flounder may have
adapted by having an oxygen reserve‘storeq_in circulating hemoglobin.
The !arger henoglobin concentration during the winter has been shown to

occur due to the 1nfluence of season (e.g. Table 1 and 4), and specifi-

"cally the influence of temperature (Figure 27). The-converse is true

S 7
for summer acclimatized winter fTounders. In those fish hemoglobin

values are‘reduced,.and cardiac output potentials are increased (Table

1 and 4, and Figure 23).

L]

The Hb function of seasonal]y acclimatized fish also seems we11

adapted.” The red blood cell components that influence Hb function, and

' the direct effects of temperature, produce Ho-oxygen affinity that .

favours delivery of oxygen to the tissues during the suﬁner, and
1ncrea§ed oxygen uptake at the gil11s during the winter. The trendﬁin
oxygen affinity change is. thén appropriate for the higher demand for

oxygen during the summer, éha the high resistance to oxygen passage at

the gin during the winter. Oxygen release rate ﬁa the tfssues 1s not
as critical during the winter because demand 1s low, and the passage of
blood s slower-at‘that time (Table 4).

The circulatory physio1ogy of the summer acclimatized Fish aids '

- n—

N



the blood in passing over a larger respiratory surface area, which is
less resistantz;o oxygen uptake. While the capacity of summer fish
blood to store oxygen is diminished, the blood is returned to the

”

respiratory surface at a greater rate.
It is clear that fish locaf;d in temperate zones that encounter

seasonal environmental changes, undergo marked physiological altera-

tions. Mapy aspéﬁis of the respiratory and circulatory.physiology are

directly 1nf]uenced by tgmperéture. Thé results of the E;E§en; study.

_ focus primarily on the chang§§ which’takg place in the winter flounder.

However,'simi1arities with these results éan be seen when compared with-

examp]eg,frdﬁ"other species. Initially, it should be recognized that

oxygen uptake and delivery is dependent upon many aspects of an

organisms physiology. The several aspects necéssarily interact in pro-

viding oxygen for the 1iving tissues, and some parts of the system are -

effected by temperature more thén others. The fact that the system is

built upon interacting parts allows for compensation if change occurs

to any of those components. The most obvious examples of such compo- -

nent interactions come from the Antarctic. Some fish species imthat

region have no hemoglobin in their blood. The persistent extreme cold

is thought to be responsible for that rather radical change to the cir-

cu1atpry system. The absence of heﬁoglobin, 1imits the oxygen storage

capacity of the blood. However, the ioss 1n oxygen capacity is some-

what<;ompensated by changesiin other components of fhe oxygen delivery

system: larger heari; more blood capillaries, and larger blood volume. "

" The oxygen storage capac!ty of blood from fish in temperate regions

changes on a seasonal basis. Presumably the change in oxygen-capacity
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is ultimately to satisfy the tissue oxygen demands. It is apparent
though, that the physical environment has different effects on various
species. The flounder, and other species meqtioned in Chapter 1, show
increases in hemoglobin when gcclimatized to winter conditions. It is
q'cﬁange'that would assist in maintgining Pao2 during a time when blood
convection through the gill, and oxygen passage into the blood are less
effective, The a];eratidns in blood components can be looked upon as
compeﬁsation fof the-effects of the'physicéi environment on other ’
ﬁhysio1g1ca1 features at that time. In those fish which show decreased
[Hb] dufing Tow temﬁerafﬁre csndition}ng, it is likely thét the other
components of the oxygen defivery system also respond in a different
fashion than that of the flounder. \
Although fish are poikilotherms, the notion of an equilibriuﬁ
durifig seasonal changes in the physical environment is quite apparent,
especially in the winter flounder. Even though there are marked
seasonal changes in the cardiovascular .and venti]afony system, the
functions of those systems are able to stabilize during winter and
summer acc]imatization. As those physiolojical systems perform, the
interact{on of the blood components with water via the gi1ls maintains

homeostasis in blood oxygen levels.

¥
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Appendix 1
"~ The bercentage of the total [Hb] that was metHb for a number of marine
teleosts. Date of sampling and species names are given. ( ) = number

of'animaIs sampled. Bars represent average vélues and lines are SEM.

N
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A Methemoglobin

M, scorpius |8 24Aug.'84

W.octodecemspindp-Cn 25 Aug. 82
- S 12 Aug.82

T. adspérsus

Ramericands 25 June'82 —g

P .
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| L ] | | ] |
|6.mortua 25 Aprit'84 3
{u scorpius 13Feb.85 —a
'M.scqﬂngs 26 April 84 ‘ . —O
M. octodecemspinosus 26 Aprill&k | —o
M.octodecemspiasus~ 13Feb8S —3
|7 adspesus 1Mqrch'83 —an |
P americarus 13Feb. 85 — 3
| ramericanus 29April'84-; l.@ -
6. morhua 5Aug'83 —— O
M. scorpius 29 June'82 ~  L—gy
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Appendix 2 ~
The units for the measurements done in the present study are commonly
used in the 1iterature, however some are not SI units. _The following

1s. a conversion table to allow. for quick ynderstanding of a1l values.

-760 mmHg = 760 torr (torricelli)

1 atmosphere

n

1 cmHn0 980.64 dyne/cn? = 0.10 KPa

1 pound/in? = 68947 dyne/cm2 = 6.89 KPa

1 dynefem® = 1 x 10~ KPa = 0.1 Pa (Pascal)
1 kPa = 7.5 mmHg
- 1 3
PO | .
/
]
» !
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