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ABSTRACT

. The p?esenﬁ investigaiion determined the ionic and osmot-

ic responses in fish exposed to petroleum hydrocarbons., Ju-'

venile rainbow trout, Salmo gairdneri, in freshwater were

exposed to 100 ul/L of micron-size, oil-in-water dispersions.
of fresh and weathered oils for 7 days. Three oils, a light

‘weight Norman'Wells crude, a medium weight Venezuelan crude,

and a 'pafaffih oil were testéd.  Significant decreases in
plasma sodium and chloride ions, and osmoiality, were found
in theé crude oil exposed fish. Major,chénges in plasma ion-
ic status were not"evidenf in the paraffin oil treatments.
pathological changes, such as epithelial lifting and éhlo-
ridé.céll vacuolation, vere evidént in'gills of fish ekposed
to crude oil géspersions. Exposure. to the water—soluble
frattioﬁ of weathered Crude'qils or intraperitoneal injec-
tions of weathered Norman Wells cru&é oil prodﬁced moderate

alterations- in hydromineral balance. © Gill morphalogical

changes were not evident in these fish, ‘These experiments

suggesf plasma ionic and osmotic . imbalance from expospfe to

petroleum hydrocarbons could result from cellular damage'in

the branch®al ;iésue.

- iv -
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Decreases in plasma ion}é and 65motic;domponéﬁls‘-kere.,
found in fresﬁﬁéter acélimated trout expoéed fp; 7 days‘toL
paraffin oil disperéioﬁé spiked with an aromatic hydfocar-
bon. The five.qompoundS'éfudied were beﬁzene; naphthalene,

\phénanﬁhrene, benz(a)anthrdcene and benzo(a)pyrene. Only the -
benzene and benz(a)anthracene treatments resulted in signif--
icant changes in the plasma ionic profile. No correlation
betﬁeeh the acute toxicity of the arohatic hydrocarbons apd'
ftﬁeir molecular weight was'found. "

Sélt water acclimated trout “exppsed to weathered crude
oil dispersionsAfor 7 dayg had significantly elevated plasma

sodium and chloride concentrations, éleyated osmolality, and

. decreased calcium concentrations. Mortality was evident in
' ‘ R
the, Venezuelan crude o©il exposures, No major changes in

‘plasmé ionic and osmotic composition were found }n fish giv-
en intraperitoneal injections of weéthered crude oil. In
both freshwater and salt water fish, the changes in plasma
.ion and osmotic concentration; could have resulted..from a.

breakdown of the lon transport mechanisms,

1

Activifies of microsomal preparqtions of ion-stimulated
adenosine triphoéphataées (Na*-K*, Na“-NH4*, HCO3-, Caz;,
Mg?* ATbagés) from gills of freshwater ana salt water trout
‘were examiﬁed'following 7 day exposures to weathérgd:ggpdgé

oil dispersions. Enzyme activities from control fish were

1
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generally similar to those described in the published record

- and validated the suggested role these enzymes . play in ion

»;2- 'n:ﬁiﬁgulation.. Cruﬁe 0il di;persions were demon;trated to be
~capable of altéringteﬁzymé écﬁivities. The results suggest
fhe.ionic‘iﬁbalaﬁée in :héudil.exposed‘fish.caﬁ Ee'gftfibut-
ed to'changeé {nﬂeﬁzyme activities.in the gill tissue.
‘ActivitieS'of the gill enzymes were assayed with*s.D mg/L" -
© of the‘ayomatic hydrbcarbons. Génerally,Q‘e#posure té”arb—‘
Zma;id\hydfoqarbons resulted in"iﬁhibition of enzyme activi- .
tiesl AMénovalent.ion -stimulated ATPases were‘more'adverse—
.ly‘affectedi than caicium‘or magnesium -stimulated ATPaéés;
‘Tﬁe-lowér ho;eéular weight.hydréharhons had the gfeatest_ef-‘
fect on ehzymé activities. Tﬁése effects can be correlated
to the observed ionic d&sfunction- of hydrocarbon exposed
f&sh.f Téis étudf-ﬁas demonstrated that oil p&llutants céﬁ”
disturb important physiélbgicél and_biochemical processés
involved in‘hydromineral regulation. .

- T
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~des  branchies.

- RESUME

Le but“de'cet:e ftude etait de determiner la réponse io-

e » . ”~ . ' .
‘nique et osmotique de poissons téleostéens exposés a3 des

hydrcarbures de pétrole. ‘Des truites arc-en-ciel juveniles,

Salmo gairdneri, furent exposées pendant 7 jours a.100 ul/L

d'émulsions microscopiques d'hiile fraiche et altérée en eau
dqﬁce. Les pétrdléé bruts de poids_léger Norman Wells et de
poids moyen de vénézueia, et -une huile de paraffine furent

testées. Les concentrations plasmiques des ions de chlorure

et de sodium ainsi gque 1'osmolalité furent plus faible chez

les poissons exposés aux pétroles bruts. De tels change=

ments majeurs 'n e, furent pas enregistrés'chez les poissons
exposéés 3 l'huile de pgraffine. Des changementg pathologi-
ques, -tels gue la séparation epitheliale et la vacuolation
des céllulés chlorures, apparﬁrént. au niveau des branchies
des poissons exposées aux émulsions de pétrole brut. 'La

1
balance hydrominérale ne fut. que faiblement affectée chez.

: ﬁES'inssons exposées aux fractions -solubles dans l'eau des
A . . . Ve L. .
pétroles bruts alteree ou chez des poissons 1injectees 1n- .

_trapéritonéalement de pétrole brut altéré de Norman Wells.’

Ces poissons ne montrerent augun changement morphologigue

) Pd i .
Ces experilences suggerent que le

- vii -
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déséquilibre ionique du plasma est dG 3 des dommages cellu-
L . y - . . 7 o ta . ) . }
laires dahs'les tissus des branchies. . "

Une diminution des conCentrations_des composantes ioni-
- -
ques et oswothues du plasma fut observee chez des poissons

accl1mates en eau douce et eposés 3 des emulslons a’ hulle de

paraffine enr1ch1t a’ un hydrocarbure aromat1que. . Le ben-
zane, la naphthaline, le phenanthrene,. le- benz(a)anthracene
et le benzo(aipy:éne furent Studifs. Seul les traitments au
benzéne et au benz(a)anthfac}ne_aboutirent'a des changements

.significatifs du profil ionique du plasma, Il n'y avait pas
de 'corrélation entre la gpxicité aigue des hydracarbures
aromatiques et leurs poids moleculaires.. . .

. .
-

. Cy e NS - P
Les truiteg acclimat@es a l'eau salée et exposées pendant
N
- . - . -~ »

7 gours aux-emuL51ons de petrole brut "altere avaient des

.. - ‘T‘a Lol b

o
concentrat1ons plasmlques de sodlum et de chlorure .€levées,

une.osmolalité plus forte et une concentration de calcium

" plus. faible. L'exposition au petrole brut vénézuela aboutit

3 une mortalité. "~ Aucun changement majeur de la compositibn
ionique et osmotique ne fut enreglstre chez les p01ssons in-
jectes 1ntraper1tonealement de petrola brut altere Des
altérations.patholdgiques: au niveau des branchies peuvent
avoir contrlbuees au desequ111bre 'ioniqua chez les poissoné
traltes, mais le rdle d'autres tlSSUS controlants la balance

ne peut etre’exclu. Les changements des concentrations io-
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' transport d'ionms.

. .. . re N
l'activite des enzymes,

ya

niques_ét osmotiques: du plasma autant chez les poissons en

A .--7, . } -‘ , - 'A_ ) .
eau douce que chéz les poissons en eau salee peuvent ‘etre le

resultat d'un mauvais fonctionnement des méchanzsmes; de

“n

LY

-L‘activité ;He préparatiohﬁ microsomales d'ATPasiques

;stiqﬁlées'par des ions (Na*-K*, Na*-NH&*, HCO3-, Ca?**, Mg?*

ATPasiques) prbvenant de branchies de truite en eau douce et '

G o - » et . ' '- -
en eau. salee exposées pendant 7 jours.  a-des emulsions de

' pétrole brut alt8ré. fut examinde. L'activité: des enzymes

des poissons témoins etait semblable aux valeurs déja pub-

lifées et confirme le rSle probable que jouent ‘ces enzymes

dans la regulation des concentrations d'ions. Les emulsions

de pétrole brut furent capable de modifier 1'activité des-

" enzymes. - Ces données suggérent que le déséguilibre ionique

chez les poissons exposés 3 l'huile - peut €tre d a la modi-
fication .de l'activité dgs,ethmes,&es branchies.

L'activité de cés enzyﬁes fut evaluéé en présence'de 5.0
mé/p‘d'un hydrqcarbure‘arohatiqué. "En géhéral,ll'expdsitfbn
aux hydroéarbures'.afomafiqUéé'abduﬁit 3 une inhibition de
Les cpmposeé de poids‘moléculairg
faible eurent le'plﬁs,d'effeﬁ. LesIATPasiques'stimulées par.

des ions monovalents furent plus affectées qué les ATPasi-

. s s e
gques stimulees par le.calcium ou le magnesium. Ces effets

-

. / . YO ST . . : s
sont en correlation avec le- deséquilibre ionmique observe

.
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-Qchez les p01ssons exposes aux hydrocarbures‘ | Cette €tude
demontre que les polluants petrollferes peuvent deranqér des.
~ processus phy51ologlques 'et blochlmlques . importants pour

l’équilibpe hydrominéral. ..

i
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Chapter I
I NTRODUCTION

h]

The increase in demand for and the utilization of peFré-
leum products in recent years has resulted in- steadily in-
creasing levels of hydrocarbons in the aquatic environment.
A gréater ‘environmental pollutant load ‘may be - expected as
higﬁer volumes of petroleum are transported and new deposits
are exploited. Estimates by the National Academy of Scienc-
es (1973) indicate:the'influx of petroleum into the aquatic
environment from all sources approximates 6.2 million *metric
tons ;er year. More recent evidence suggests the.amount is
as high as 10 million metric tons annually (Grossling,
1976). At preéent, hydrocarbons in.the aquatic environment
are already 100 . times greateér than their yearly production
and the potential threat to organisms by this accumulation

is obvious.

Petroleum 1is a naturally occurring mixture of organic:
compounds derived from the partial decomposition of animal
and plant matter over geological time. It is composed of -

tens of thousands of different chemical compounds, with hy-
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..drocarbons béing the most abundant. The hydrpcarbonlcompd—

nents can be divided into three'éeneral classes: .(1) alip-

hatic, {2) alicyclic, and (3) aromatic (Clark and Brown,

1977). The aliphatic hydrocarbons consist of . saturated or

ﬁnsaturated.open—chain compounds. Some hydfocarbbns pelong-
ing_in this.group include the paraffins‘(alkanes)J the ole-
fing (alkéneéj, and the alkynes (acet&lenes): Al%cyclié hy-
drocarbong are saturated -or unsaturated compouﬁds having

some or all of their carbon atoms in a ring structure. Aro-

matic hydrocarbons are compounds with one or more six-carbon

benzenoid rings. It is impértant to realize the complex

chemical composition of fossil fuels.and different petroleum

produéts have distinguishing chemical and physical charac-
teristics., Variations in the 'chemistry_df petroleum are
common in samples from different.wélls in the éamé field or
samples from the same  well at differentl depths or time
(Clark and Brown; i977). |
' = : N

-Hydrocarbons can enter. the environment via three general
pathways: (1) human activities, (2) geochemical processes
and (3) biosynthesis (Clark and MacLeod, 1877). | Anthropo-
genic activities are the major éources of petroleum hydro-

carbons. Frequently, pollution by '0il originates from dis-

charge by barges and ships, accidental or careless handling

of o0il products in. transportation, drilling and production

“activities, as well as surface runof f- from “land. Natural
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0il seeps represent another 'important source df7hydrocar4‘

i

"fbons, estlmated to, be as great 1n volume as the ‘input Erom

human activities (Wilson et gl:, 1974; Grosslrng, 1976)
Blogenlc hydrocarbons also occur in the environment. . The

classes of hydrocarbons from blosynthe51s are mostly alkanes'

and cover a rather narrow molecular weight range. The ques-

tion of whether aromatic hydrocarbons can be synthesized by
organisms is still debated (Hites, 1976).- Compared-to other
sources of pol;ntants, petroleum represents " the substance
which is discharge& into the environment: ;at'the 'greatesr

volume and frequency (Fugaro and Boyd, 1978).

A considerable volume of 1literature exists on toxicity

effects of petroleum hydrocarbons to aguatic organisms (Ma-

©lins, 1977). It remains difficuit, however, to evaluate the

relative toxieity of petroleum products and the sensitivity
of .different species to oil. ‘The main reason is that-many
of the different physical, chemical and biological interac-
tions governing the possible impact‘.of 0il on organisms are
often not considered (Moore and Dwyer, 1974). 0il bioassays.
differ from those involving other pollutants in that atr

tempts are made to examine the effects of a mixture of toxi~

‘cants combined rather than the effects of a single pure com-~

pound. In order to evaluate the results of such tests. one
has to take into account the lérge number of interactions

which occur and the many compounds that are present.
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Most 011 tox1c1ty studles expose organlsms to fresh oid

-layered*on top of the water. Under most natural s1tuat10ns,

~spilled 01l.js acted upon_ by numerous environmental -factors.

Processes thai can affect the parent oil when 1t 15 released

‘into water 1nclude- (l) spreadlng> on the water surface to

form a sl1ck}¢'(2) evaporation of volatile fractlons, (3)
dlssolutlon of'water' soluble cemponents in the water, l4)
emu151f1cat10n (dlsper51on) - (5) adsorption into tarvballs,
(6) modlflcatlon of the petroleum mikrure by microorganisms,
and (7) phofbchemicalAreactions (Clark and MacLeed, 1977).
Of these precesses, diseolutioa 'andudispersion appear to
represent‘mhe most important mechAnisms by which organisms
can encounter 0il in the water column. Low molecular weight
aliphatic and aromatic hydrocarbons are often removed from
an oil slick by diesolution. The aromatic content of oil
may‘be the most toxic fracrion because of its preﬁerential
leaching inte the water and irs ability to be accumulated
selectlvely by organisms (Moore and Dwyer 1974). The phys-

ical -and chemlcal characterlstlcs of oil-in-water disper-

sions (also termed.emulslons or particulate o0il) have been

‘studied previously (Shaw and Reidy, 1979), but there is a

paucity of information on its toxicity. ©0il d1spersed in

_water as micron-size droplets results in.a million fold in-

crease in the surface area of the oil (Berridge et al.,’

1968). Parker et al. (1971) investigated the stability of

'flne dlsper51on5 of oil and found they can persist in water



for several weeks. . Emulsified oii can also contribute to
long-term-polluéioﬁ.as; 0il refinery effluent 1vaﬁ Gelder-
“-Oit;ay,IIQfB).‘ Oil-in-water dispersions mag cause- biologi-
cal damage becaﬁée of their rapid dispérsibility ana-pergis-
'ﬁeﬁce in.watgr;:_ Aaditionaliy; some WOrkefs have suggested
tha; suséehaed‘?il particlés beneafh a slick can have a
greater impact':?n arganisms than -dissolved hydrocafbons

n

(Parker et al., 1971; Nelson-Smith, 1972).

. The weéthering of petroleum can substantially modify its
agueous solubiiity, dispersibilitg'and-chemical composition
in the waterl(Lysyj and Russell, 1974; MacKay and Shui,
.1976; Shaw and Reidy, 1879). Upon release into the aquatic
environment various .physical forces- immediatély ‘interact
with the Hydrocarbons beginning‘tﬁe.process of weafhéring;
A large proportion of hydrocarbons, particularly the" aromat-
ic fraction, can be retained despite considerable weathering
action. Blumer aﬁd Sass (1972) ‘ﬁouﬁd Ehat oil stranded on
beach sediment for over a year preéefvgd its initial aromat-
ic hydtocarbon ratio. Similérly, Vanégrmeulan and Gordon
(1976) Erepdrted that five years after a spilll the oil in
interstitial water énvironments-had a sizable 4fr§ction of
aromatics remaining, while the n-alkanes were completely de-
graded. They stated tﬁat the remaining hydrocarbons could
eventually re-enter 'the Qater column by wave action and

shifting'sand. Such re-entry of hydrocarbons can contgibute

J
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. to more adberse-effecﬁé. years after the.inigégl oil dis-

tharge (Sanders et g;.,'igao).

"The identification of organismic responses to oil. is com-

plicated by the nature of petroleum. The dominant cénstitu-

ents are hydrocarbons and almost all biological-respdnses

" dre attributed to these compounds (Moore and Dwyer, 1974).

Volatile paraffinic‘hydrocarbbné containing fen‘carbqn atoms

generally insignificantin the environment be-

cause of their low boiling point. ~Some soluble alkanes can’
cause cell damage and narcosis in protozoans (Goldacre,

1968), but thé high concentrations required to bring about

such effects are unlikely to occur under spill conditions.

Non-volatile paraffins occur naturally in many aquatic or-

- ganisms and are not directly toxic (Clark and Brown, 1977).

Petroleum oftén contains a small mixture of alicyclic hydro-
carbons or naphthenes. These compounds have been isolated

from marine algae and are prominent in some terrestrial

plants (Clark and Brown, 1977). .Given the low concentra-

: ~
tions at which these compounds exist in petroleum, it is un-

likely ‘these hydrocarbons are responsible for the toxic ef-
fects (Moore and.Dwyer,.'1974). Recent work indicates the
toxicity of petroleum products may be directly correlated to
its content of arom&tic hydrocarbons (MoorE'énd'Dwyer, 1974;
Neff,'1979). Neff (1979) réviewed the sources and occurrence

of aromatic hydrocarbons in the ‘aquatic environment and re-

A

6

@
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pdrfed thesewcompgunds to be ubiquito&s.; Aromatic hydroéaf—'
mbons, sucﬂ as benzene, ° naphthalené and their derivatives,
have higher water solﬁbility than paraffins of quai-molecu—

lar weightl(McAuliffe; 1966).. Ifﬁesé'lower mdlecu1ar weight

aromatics are belieyeﬁ to be the toxic components of oil.

However, higher molecuiér|weight‘ aromatics with "four and
five benzekbid rings are cumulative toxicants and can bé.

‘,carcinégeniC“and mutagenic inducers in test animals (Hodgins
et al.,. 197~7yeff, 1979).. .

Despite the large data base available on petroleum toxic-

" ity, most of the infonmationliS‘of limited value from a com-

3

‘paratiﬁe standpoint. Generally, these studies are repprtéd
in the form of LDS50s or the concentration of hydrocarbons
'requiffd to produce fifty percent mortality in test animals
over é éiven time: Considering the complex nature of bgzro-
leum préducts, it is impossible to evaluate the. toxicity ofr

different oil products.. The validity of using such studies

in oil tokicity investigatiénsxbgs beensquestioned (LaRoche,

é‘-1197'3; cited in Moore and Dwyer, 1974). These studies, ho#-

-

- ever, are useful for examining the differential sensitivity

of various species or life stages within the same species ‘to
the pollutant. In general, larval and juvenile life stages
are more ‘sensitive to oil than ‘adult stages. :The latter us-

ually show lethal effects at higher concentrations. Estua-

rine and coastal species are believed to be more tolerant to

—
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‘6il pollutant stress than pelagic species, because the for--

-mer are adapted to a ‘normally more stressful physical.ehvi-

L

réhment {eg..temperature, Salihity) (Neff et al,, 1976a}.

‘Recent investigations have focused on sublethal effects
of pefroleum hydrocarbons. These physiological, behavioral
and growth studies have acknowledged that oil and its con-

stituents cén affect maﬁzrkéy biological pfocesses in organ-
isms. These responses are considered to be sensitive indica-
tors of possible deleterious effects.on long-term success of
a populatioﬁ'and may provide an early indication'gf in-

creased environmental contamination. Two approaches can be

‘taken when performing such studies. ~One can expose the test

organism chronically to low levels of the stréssful stimulus
and meaéure its effects on groﬁth and réproducgaon over a.
long period of time. The second approach is to expose the
fish briefiy and record the effects f;r possible mode of ac-
tion. of the pollutant (Duval and Fink, 1S81). |

A large number of physiological responses ﬁave.'been em-
ployed to study the influence of enQironmental stress on
fish. One of thesé is the measurement of metabolic rate, or

respiration. Sheepshead minnows, Cyprinodon variegatus, ex-

hibited an increase in respiratory rate when exposed to the
water-soluble fractions (WSF) of a No. 2 fuel oil, but re-

duced their oxygen consumption when exposed to a Bunker C
‘ e
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residual oil (Andérson et al., 1974a). Suppression of re-

splratory rates was observed in plnflsh Lagodon . rhomboldes,

when challenged with a petrochemlcal waste (Anderson 1979).
Changes in respiratory rate of fishes have also been ob-
served during exposure to crude ¢ils and individual aromatic

hydrocarbons., An increase in opercular vegtilation was re-

ported in pink salmon, Oncerhynchus gorbuscha, exposed to
two Alaskan crude oils (Thomas and Rice, 1975; . Rice et al.,

1977b). Chinook salmonr 0. tshawyscha, and striped bass,

. Morone saxatilus, exposed to benzene showed an-immediate in-

crease in respiratory rates, followed by a decrease upon
‘ prolonged exposure. These responses appear to be transito-
ry; because the respiretory rates return to control levels
ppon.rélesse into clean water (Brocksen and‘Bailey, 1973).
Studies performed with different fish species and many pe-
t;oleﬁm products indicate oxygen consumption can either in-
'crease, decrease or remein unchanged (Patten, 1977). Neff

\

t 1}, (1976a) suggested that respiratory rates reflect the

sum of several superimposed responses of the animal, thus
accounting for ‘the wvariability of the stress response.
Therefore, oxygen consumption may not be useful as a general

.

indicator of o0il pollutant stress.

1

L S , )
Several recent studies have dealt with behavioral reac-

tlons of fish to petroleum Convulsive respiratory reac-

tions wvere observed 1n\Atlant1c salmon, Salmo%Salar (Barnett
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and Toews, 1978). The "cough" is actually a short reversal:

of normal_watef flow followed by: a rapid extrusion of water
tbrough the opefculum (Hoieton and Jones, 1975). The amount
of gas exghaﬁged during this response is probably less thaﬁ
a normal respiratory 'mqvement because of an éltéred align-

ment of the gills. Morrow (1973) reported that coho (Onco-

" rhynchus kisutch) and sockeye (0. nerka) salmon displayed

abnormal behavioral reactions to crude oils at concentra-
tions of 500 to'BOQO ul /L. The fish swam on the water sur-

face near the slick and lost their swimming coordination.

- Exposure 'of Fundulus similis to No. 2 fuel oil produced de-

creases in mobility and loss of equilibrium (Dixit and An-
dg;soh, 1977). These workers stated the degree of interfer-
ence with locomotory capabilities in the fish was related to
the naphthalene content accumulated in the brain; Several
pfoblems occur when behavioral responses are used as an in-
dex of sublethal pollutant stress. It is’b%ten difficult to
diétinguish polluﬁant—indhced interactiéhs from™~normal be-
havioral variations, which can be extremely complex and can
be influenced by a wide spectrum of natural biotic and abi-
otic factors. 1In addition, the observed effects can not be
interpreted with regard to long-term survival nor be used
for predicting impact. Finally, in most éases, .behavioral

PR \ .
responses are no more sensitive to sublethal . hydrocarbon

stress ‘than other physiological measurements.
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' ,Gfowth and ;éproductibn haQeibeen uéed‘as meansiof.meas—
.?uf@;g reéponSeé td:sublethal‘cénéentrations‘of hydrocérbons.
Rice et al. (1975) found lowered growth rates in'pink salm-

on following a 10 day 0il exposure. Delayed g;bwth was also

" recorded in Pacific herring larvae, Clupea harengdé pallasi,

and striped'bésgy Morone saxatilis, after contamination by
benzene (Sﬁfﬁchgaker'gg al., 1974; Korn et al., 1976).. In .
addition, weights and lengths of coho salmon fry decreased
upon exposure to toluene and naphthalene (Moles et .al.,
1981). A decline iﬁ-hétching success of ova 'from.rainbéw
trout Qés reported following -incorporation of crude oil in-
the diet (Hodgins et al., 1977b). The average survival of
.the resulting aleviﬁs decfeésed, but the authors stated the
effects did not indicate a significant deleterious impact on
reproductive péténtial of éhe trout, Struchsaker (1977),
however, found a drastic reduction in survival of eggs and
larvae of herring from a brief exposure to benzene. Similar
adverse effects were reported on embryogenésis and larval

. . & .
development in winter flounder, Pseudopleuronectus america-

nus (Kuhnhold et al., 1978). These studies indicate that oil
pollutants may have long—tefm‘ defrimental impacts' on fish
populations. |

Another physiological parameter employed as an index of

pollutant stress is the ability of organisms to regulate in-

ternal ion balance. Water-electrolyte status in both fresh
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and salt water aﬁaptéd'fiéh appears io be .sensitive to envi-—

ronmental chéngesI(Mazeéud,gg al., 1977}). Reportedly, sub-

lethal levels of copper resulted-in loss of ionoregulatory

capacity in brook trout,,Salﬁélihus fontinalis, perch, Perca

flavescens, bluegill, ﬁepomis macrochirus, and bullhead, Ic-

talurus nebulosus (McKim et al., 1970; Christensen gt al.,

1972). Similarly, exposure to. copper and zinc resulted in a
significant decréase: in plasma osmolality in channel cat-

fish, Ictalurus crysoleucas (Lewis and ‘Lewis, 1971). McCar-

thy and Houston (1976) found'osmoreguiatory impairment in

goldfish, Carassius auratus, as a functional consequence of .
exboéure to sublethal cadmium concentrations.  Changes i
circulating plésma ion concentrations'in fish exposed to
chlorinated hydrocarbons havé'been documented (Janicki and
Kinter, 197la; 1971b; Leadem et al.; 1974). Thus, osmoregu-
latory events are sensitive physiological measuréﬁents.suit-
able .for a variety of contaminants and Species of test ani-

mals.

The branchial epithelium is the most important effector
organ involved in the maintenance of .salt balance in tel-
eosts (Maetz, 1971;- 1974). Freshwater fish loses salt to
the hypotonic medium by diffusion and in the copious urine
it excretes. Maintaining a constant and high internal osmot-
ic environment require active uptake of ions_thréugh the

gills. Comparatively, seawater fish compensates for the
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";Fr.noe, exhlblted gill hlstopathology from oil exposure {Lo-

13

.,large 1nflux of ions from .the hypertonic media across vari-

OUsfeplthella and the reabsorptlon of water by the intestine

'”by actively excretlng electrolytes through’, the gills to

[V

maintain proper osmotic balance. " . v

I“The gill, as one of ‘the most delicate'epithefia exposed
to‘tne,environment, is prone to damage by pollutahts. Hydro-
carbons' can cause snch effects.v For 1nstance, seven species
of fish collected near an oil dlscharge showed structural

gill damage. Loss -of epithelial and mucous cells, sloughing

. of the ’‘epithelia and reduction in the numbers of chloride

cells  (acidophilic cells or-ionopytes) were evident (Blanton

and Robinson 1973) . Eels, Anguilla anguilla, canght,in wa-

near the wreck of the Amoco Cadiz off the coast of

Uﬁpez et al., .1981). -An abnormal prollferat1on of chlorlde

”fcells and mucous cells was apparent in the 011 exposed fish.

Laboratory studies have valldated these findings. Fresh and

salt water ‘acclimated ralnbow trout,“Salmo gairdneri, devel—

'doped hlstopathologlcal alteratlons in the. glll ds a conse—'

_quence of Bunker C oil or Bunker C 011 and dlspersant expo—

sures for 96 hr (McKeown and March, 1978a). * The structural
alteratlons included curling of lamellar tips, rupturing of
cells, epithelial 1lifting and an increase in necrotic de-

bris. Likewise, exposure to a Wyoming crude oil for 90 days

=
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induced gill lesions in cutthroat trout, Salmo clarki (Wood- .

warq.g£~§l;,"1981). The lesions were qhafacterized‘by_hy-
perplasia, edema and fusion of the lamellae. Similarly,

Hawkes (1977) reported that coho salmon. and starry flounder,

Platichthys stellatus, exposed to the qater-soluble'fraction
of a crude oil, showed cellular disruptions and sloughing of

surface cells,

In conjunction with the above evidence, individual compg-
nents of petroleum can also alter the gill afchitecture.
The dinuclearlgrqmatic hydrocarbon, naphghalene, at concen-
trations from 0.002 to 30 mg/L, caused gill hyperplasia and

hemorrhaging in filaments of exposed F. heteroclitué'(DiMi—

chele and Taylor, 1978). Phenol, a minor component of crude
0il, had severe pathological effects on gills of rainbow
trout (Mitrovic et al., 1968), and fourteen specieé of fish
collected in phenol polluted waters of the Rhine and Elbe
Rivers (Reichenbach-Kline, 1965). Further, extfacts of motor
oil exhaust with high conqentrations of monocyclic aroﬁatic
hydrocarbons‘caused alterations in gill structures of ex-
posed goldfish (Brenniman et al., 1979). The gill area (2 to
10 cm?/g body weight) represents the largest permeable sdr-
face on a' fish (Hughes, 1966} aﬁd appears to be a target

site for water-borne hydrocarbons.
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Branchial tissues of fish have been shown - to accumulate
substantial levels of_crude oil'ana.individual hydrocarbons
(Neff et al., 1976b; Rice et al.,, 1977b; - McKean and March,
1978b). They are algo the primary sites of hydfocagbon en-:
trance, since thé gill's micellar layer can adsorb the wa-
ter-borne hydrocarbons (Lee et al., 1972). As stated earli-

er, acute exposures to petroleum products can‘'cause cellular

- modifications in the gill ‘epithelium (Blanton and Robinson,

1973; Hawkes, 1977; DiMichele and Taylor, '1978; 'ﬁopeh-g&

al., 1981). An attractive.hypotﬁesis is that the sensitivity
of fish to petroleum hydrocarbons involves impairmgnt of
gill functions, specifically ion regulation, - as a result of
cellular éhanges in the gill tissue. Ionic dysfunction from
oil exposure has been demonstrated 1in some organisms, An-
deréon and Anderson 61956) noted that oil-exposed oysters,

Crassostrea virginica, had altered ion concentrations in the

pericardial fluid, Ingestion of oil by ducklings, Anas pla- .
tyrhychos, 1inhibited salt and water transport in the. intes-

tine {(Crocker et al., 1974). Similarly, a single oral dose

of crude oil in herring gull chicks, Larus argentatus,
g$used impairment in sodium transport and nasal gland func-
tion (Miller et al., 1978). With these observatioﬁs, it is
of interest to test hydrocarbon stressed fish for osmo?egﬁL

latory failure.
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Roubal (1974) found hydrocarbons accumulating in'lipid
deposits -such as-the lipoid portion bf‘ﬁellulgr_membranes.

This invasion of hydrocarbons, “particularly aromatics, was

postulated to be effeétive in altering membrane bropeqties_»'

and perturbing membrane-bound enzymes. These enzYmes -vital

~T
]

to many physiological processes- reguire precise lipid-pro--
tein ‘interactions for their fuhction. At present, ve}y lit-
tle is known concernihg membrane-pollutant interactions.
These influenceé.may represent the molecuiar basis of physi-
oiogical changes in chemically insulted organisms.- A few
studies indicate certain biochemical "8Ystems can.be per-
turbed by petroleﬁm.‘ A great deal of attention has focused
on the metabolism and discharge of petfoléum products. This
process is mediated by the mixed—functibn—oxidase enzymes
located on the endoplasmic reticulum of animal cells. The
topic of biotransférmation of accumulated hydrocarbons has
recently been the subject of several reviews (varanasi and
Malins, 1977; Nava, 1979; ‘Connél} and Miller, 1981). Fish
collected from petroleum-contaminated areas had elevated
ievels of benzopérene-hydroxylase enzyﬁe activities 1in the
gill and liver tissues (Payne, 1976). Heitz et wl. (1974)
studied the acute effects of crude oil on enzymes in tissues

of Mugil cephalus and found B-glucuronidase and leucine ami-

nopeptidase had decreased activities while malate dehydroge-
nase and glutamic®pyruvic transaminase had augmented activi-

ties.x_,Additionally, .certain aspects of lipid metabolism



were altered in g.'heteroclitus.by low levels of No. 2 fuel

0il {Stegeman and'éabo; 1976; Sabo'and étegemgn;A 1877). A

major'feduction in the rate of C'*'- aceiatelincdrporationr
into't;iglyéeridés dccuEred in oii exposed fish. As a result
of decreased lipogenééis in the liver, a Smallerrnumbér of
lipoid droplets-was evident in this organ. Furthermore, a
decrease in{the rate of phospholipid synthesis and increased
synthesis of cholesterol . was fbund.' This is a significant
observation in that these products.arg|major components of

cellular membranes.

;Recent studies clearly indicate chloride cells in ‘the
branchial ebithelium of teleosts as the specific loci of
electrolyte exchanges between internal and external media
(Karnaky, 1980). Adenosine triphosphatase enzymes (ATPaséé)
localized on the basolateral membraﬁe in these specialized
cells are closely associated with active ion exchange across
the gill membrane. Thé fact ATPase enzyme activities vary
with salinity adaptation emphasizes the important role these

»

enzymes play in ion balance (Maetz and Bornancin, 1975).

Soﬁe evidence is available ‘indicating organié.ppllutants
can disrupt membrane trénsport (Kinter and Pritchard, 1977).
Petroleum hydrocarbons, like many organic substanceé, have a
high affinity for lipids. This association with the lipid

portion of cellular membranes may alter the conformation of
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the strﬁcturg'(Roubal, 1974; Roubal_and:Cpllier, 19745.‘ Ob-

servations by Blanton and Robinson (1873) and Lopez et al.

(1981), ~showed .that petroleum can modify chloride cell mor-

'_phology in gills of fish. One may postulate that the active

ion transport mechanism in oil expoéed fish can bg)disrupted
by hydrocérbons.x‘ Examination of ATPase enzymes would pro-
vide insight into the effect of oil_pbllutants on_tpis bio-
chemical system. ‘ |

The purpose of the present investigation is to examine
the physiological responses, particularly ionic and osmotic
balance, of rainbow trout following exposure to crude oils
and their constitueﬁts in fresh and salt .water. In addi-
tion, .studies were perfofmed to assesé the effects of petré-
leum ‘hydrocarbons on adenosine triphosphatasé enzymes,
Rainbow tréut was selected as thé test organism because the
species occurs expansively in the .temperate zone ' and much
information concerning its physiology is currently available
(Wells, 1977). It is a eufyhaline teleost which survives
well in both a fresh and salt water medium and is a good
osmoregulator of internal body fluids (Houston, .1959:. Gor-

don, 1963).



, CHapter-II

fPETROLEUM EFFECTS ON OSMOREGULATION IN
FRESHWATER ACCLIMATED TROUT

2.1 INTRODUCTION =

Approximately 30% of the annual influx of petroleun into
the aquatic envifonmentl(S to ib millioﬁ metric tons) pol-
lute freshwater ecosystems (Tarshis, 1981). Each of .the
Great Lakes has exgerienced oil pollufion from accidental
spills and refinery-wéste resulfing in loss of fish fwilber,
1969). Despite considerable research on the_impact of pe-
troleum on fish, the ;fea is;sgill poorly understood because
of variability of oils_and,én&ironmental factors affecting
both the test species and the pollutant (Pa£ten, 197?): Un-
less these variables are taken into consideration, pre-
dictions of potential environmental consequences by oil is
impossible.'

o/ . .

Information 1is sparse with respect to the effects of
weathering processes upon the toxicity of spilled oilé Fresh
and weathered oil have different chemical coﬁpositions, S0
one may expect different biclogical effectg on eﬁposed or-

ganisms, Weathered oil "had greater -toxicity effects on

"
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hatchability of bird eggs (Macko and King, 1980) and on phy—

. toplankton survival (Vandermeulan ég gig, 1979), than fresh

oil. The probability of exposure of organisms, such as fish,

to Weathered oil is greater relative-to fresh oil.

Oil-in~water dispersions can account for up . to 98%"of'
spi;lled‘oil (Boylan and Tripp, 1971; - Gordon et al., 1973).
Dispersed oil particles .are often formed bf wind -and wave
action, or by additioh_qf”chémical agents. These factors, by
facilitating the formation of dispersions in the'water‘col-
hmn, may actuallf increase 'hydrocarbon exposure to aquatic
organisms. In fact, oil in this form can-be.ehcountered by
aquatic organisms, iﬁcluding fish (Conover, 1971; - Kuhnhold,
1978). Finely dispersed oil may be more hazardous to aquét—

ic life than water-soluble fractions of ©il because of its

biocavailability and persistence’ in  the water (Clark and

Findley, 1977). Yet, information on the toxicity of oil-in-—

water dispersions is lacking.

. The acute toxicity of petroleum has.been correlated with
its content of soluble derivatives (Mdore'and Dwyer, 1974).
Tﬁe water-soluble fraction (WSF) of oil u;;ally cohtains
relatively high concentrations of mono- and dinuclear aro-
matic hydrocarbons and low concentrations of higher molecu-.
lar weight aromatic hydrocarbons (Anderson et al., 1974b).
No studie5<havé been attempted to assess the toxic-éffects

of WSF of oil following weathering.
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. ﬁpﬁake'of hydrécarbons%from waté or. food dccufs;rapidly
" in fisp (Lée et al., 1Qﬁ2} Roﬁbal ég al., 1977). There is
evidence tha? relatively high concént%étioné;(up to 1200x‘
‘the. media concentration) of these compouﬂds_can accumulate
in various tissues such as/ liver, braip and giiis, .Eve&A
though there has been extensive research on metabolism. and
bibtransformation of assimilated hydrocarbons (varanasi and
, » .

Maliﬁs,-1977), there is little information on physiological

consequences of this retention.
. .

Thelpurpose of the present study was to 'determine the
toxicity of weathered cfﬁdé oils, using.ﬁlasmé ionic and os-
motic status of  freshwater fish as an indicator of stress.
Specifically, attempts were made to correlate effects to the
chemical characteristics 6f tﬁe oils. Evaluaqion of the
“contribution to tpxicify by various modeé of hydrocarbon ex-
posure, weathered oil was partitioned into (1) bilfin—water
" dispersions, (2) water-soluble fraction, (3) and systemic
cogpamination (intraperitoneal injection). 1In addition, the
toxicity of the aromatic fraction of o0il was assessed by ex;
posing the test animals to individual aromatic hydrocarbons

in dispersed form. , F
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2.2 METHODS AND MATERIALS.

b Y

2.2.1 Experimental Animals and Holding Facilities

Juvenile ,raihboﬁ trout, = Salmo. gairdneri (Richardson},

from the same genetic strain were procured from . Thistle

Springs Trout Farm (Ashton,.Ontarié). ‘The fish were held in
- large fibreglass tanks with a fiow*throﬂgh system supplied

" with dechlorinated Ottawa Citf tap water (8-12 °C; pH

7.4-7.8) and continuous aeration, AChlorine_(American Public -

Health Associatién, 1971) and ammonia (SolorzaHB, 1969) were

below detection limits. Dissolved oxygen was kept above 80%

saturation (Yellow. Springs Instruments). Photoperiod was

held capstant at 12L/12D, wusing wide spectrum fluoresceht_

light. The trouf, 50-150 g, were acclimated to these condi-

tions for at least four weeks prior to experimentation. They
were fed 'ad libitum once daily with dry commercial trout
pellets (Purina Chow, No.4 Developer).

-,

2.2.2 Experimental Procedures

Following acclimation, groups of(;:to 10 fish were placed
in glass aquaria (60x60x80 cm) filled with dechlorinated wa-

ter held at 10#1 °C.- Water was continuously aerated and re-

circulated (Dynaflo Power Filter 150) at 4.to 6 L/min. Fish
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were fed every other day and acclimated to these condltlons
for one additional week; before experlmedt;tlon. Feeding
ceased 4Bdh prior to etarﬁ' of the tests. D1ssolved oxygen
eas,maintained at 75-85% Sateration (Yeliow Springs instru-
ments); Ammonia was monltored regularly u51ng the methods of
'Solorzano. {1969) and the levels were, always below the toxlc
limit recommended for salmonlds (Wedemeyer and Yasutake,

1977).

A light weight Noqpan Welis and a medium weight Venezue-
llah crude 0il were used in the toxicity tests. The Norﬁ%n
Wells crude oil from northern Canada (Northwesf Territories)
is representetive-of petroleum from the area, while Venezue-
lan crude oil is common to the type often transported to the
‘east coast of Canada. Both crude oils were kept in sealed
amber containers at -20 °C until use. A light weight paraf-
fin oil (14 to 18 carbons) was used to test the effects of
0il particles alone, without the presence of toxic compo-

nents.

Standard 7-day toxicity tests were used to establish the
influence of hydrocarbon treatments on trout, The methods
employed were similar to those recommended by LaRoche et al
(1970) for o0il toxicity evaluation. For weathered 011 treat-
ments, the three oil types were prepared at 1000 ul/L and

aged for 3 days in aquarium water. When the concentra&ions



el IR

R | 24
héd‘réacﬁea _épﬁré#imaﬁely 100 ul)L; the fish were added.'
These concentrations’ were used to simulate those following a-
spill siﬁuétion (1.0 to 200 yl/L) (Clark and Findley, 1977).

For comparative purposes, fresh 100 u;/L doses of the three

-0ils were studied in dispersed form. Fish were placed into

the aquaria immediately after- the oil addition. In both exsg
posure.regimes, the oil was emulsified mechanically into mi-

tron-size oil-in-water dispersions using a homogenizer., Si-

multaneous sets of non-exposed (control) = fish accompanied

the above tests. No food was administered to the fish dur-

ing the exposure period.

-

To separate the effects of the water-soluble fractions of’
crude oils and dispersions, groups of fish were exposed to

preparations of water-soluble components of the oils. Norman

Wells .and Venezuelan water~soluble fractions were prepared

by placing the ¢0il on top of the water in an enclosed con-

tainer. The o0il was in contact with * the water but a micron-
size mesh net prevented any.particulate 0il to enter the wa;
tér column. The water-soluble f;action was weathered for 3
days, from a AOminai concentration of 1000 ul/L, before ad-

dition of test animals,

The following design was employed to differentiate exter-
nal oil effects from internal contamination. Groups of

trout were treafed with a 3 day weathered crude oil (Norman



wells)'.by inpraperitoneal infeétions (IP) at a dése of 100
ul/kg of fish per day for 7 days. Roubal et al. {(1977) dem-
onstrated that IP ihjéctions of hydfocérbons in salmonids
resulted in similar accumulative effects as those adminis-
) tered through'diet. The fish were held in recirculatiné sys-
ltems {Living Streams,‘Model'LS 700, F;igid Units, Inc., To-
ledé, Ohio)  equipped with a- circulator (Min-o-cool
circulator, Frigid Unité,.lnc.) and‘SUpplied‘with dechlori-
nated tap water (1011,°C5. Charcoal filters were installed
ta remoﬁe any exéreted_ hydrocarbons aﬁd metabolic products,
Controls were kept in a similar system and were sham inject-

ed.

To test the effects of individual aromatic hydrocarbons,
the folldwing experimental design was employed. A nominal
dose of paraffin oil (100 ul/L) ' was spiked with 3.0 mg/L of
benzene, 0.3 mg/L of naphthalené, 0.03 mg/L of phenanthrene,
'0.003 mg/L of behz(a)énthrécene, or 0.0003 mg/L of ben-
zé(a)pyrene, and made into a dispersion by homogenization
(Figure 1). The concentrations were based on levels of these
- compounds one may detect in the .water column after an oil
discharge. Even though benzopyreqe does nﬁt occur .in crude
oils, or is at very low concentration, it is often producéd
in the enviroqment by virious chemical reactions (Neff,
1979). The fish were exposed to these compounds for 7 days,

by methods similar to those described above.
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2.2.3 Sampling and Anéiytical Procedures

The fi}h were subjgcted to the hyd:béarbon treatments.for_
7 dayé and were not fed durin; this pefiéd. ‘Preliﬁinafy ex-,
periments indicaﬁed the fish ceased feeding upon exposure to
0il particles_ét aqsages as low as 50 ul/L. Following expo-
sure, the trout were gently dipnetted from the water and
anaesthetized with‘O,l% ethYl?m-aﬁinobenzoate methane sulfo-
nate (MS—222; Sigma); The anaesthetic was prepared with de-
chlorinated water and kept at the same temperature as the

test water. - Neutralization of the pH of M§-222 (phosphate

‘buffer, monobasic) was carried out to avoid any changes in

the hematological profile (Wedemeyer, 1970; Scivio et al.,
1977) A high concentration of anesthetic was found to bé
mor; effective in that it reduced struggling timef At the
above concentration the fish were sedated in less than one
minute. Sampling was performed at the same time ' of day

(14:00 h) to preclude any diurnal changes in blood parame-,

ters.

Blood was taken by severing the caudal peduncle of the
anaesthetized fish and collected in ammonium heparinate
(1000 I.U./ml) coated microtubules. Plasma was stored at -70

°C until subsequent analysis.
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Plasma sodium was aetermiﬁed' by an internal standard
flame phvtdmeter {Evans Electroselenium, LFd.). Piasma'chlo—
ride was measured by potentiometrié tj$ration on a Buchler- .
Cotlove chloridometer (Buchler Instruments; 'Inc.).. Calcium
éoncentrationS‘were estimated specbréfluofometricélly by the
.methods of Wallach and Steck (1963) and Kepner and Hercules
(1963) (G.K. Turnéf Associates).  Plasma osmotic activity
was determined by freezing point depression (Advanced In-
struments, Inc.). If sufficient plasma was available, potast
sium concentration was determined by flame‘phoéometry.' All
ion and blank stahdards were made with.-doubly distilled and

deionized water (0-1 mOsmole/kg).

Branchial tiséues from control and experimental anitals
were sampled for histopatholdgical examination. This'wofk
was performed by M.E. Duey (Duey, MS in preparation, Univer-
sity Qf Ottawa) and some of the results have been published

 (Engelhardt et al., 1981).

In some of the exposure regimes, groups of fish were sam-
pled on days 1, 3, 5, aﬁd 7. These included exposures to
weathered dispersions of the two. crude oils (Norman Wells
and Venezuelan) and Norman Wells oil IP injection (Appendix
C). The purpose of these investigations was to examine the
cortisol'response as related to the ion profile. 1In addi-

tion, a study of the effects of cortisol injections, and
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cortisol injections/oil exposure in combination, on ion bal-

ance was carried out (Appendix C, D). Cortisol was measured

by the Immo-Phase method (Corning) as described previously
for eel plasma (Nava, 1979). Sincé the corticosteroid re-
sponse did not appear to have affected the ionic status in. .

these fish, the results are discussed in Appendix C and D.

In addition to the plasma ions, several other physiologi—
cal parameters were monitored 1in the above experiments.
These included packed red blood cell volume (hematocrits)
(Hesser, 1960) and packéd white blood cell volume (leuco-
crits) (McLeay and Gordon, 1977). Blood hemoglobin concen-
tratiop was determined by the cyanmethemoglobiq.reagent (Hy;
cel). Plasma gldcose was measured colorimetrically using
the glucose oxidase and peroxidase enzyme reactions (Sigma).
The plasma protein concentration was estimated by a modffi-
cation of the procedures of La;;y et al. (1951). Livef so-
matic inaices and‘percénﬁ'water content of epaxial muscle
were flso determined. These results are in Appendix E.

Total hydrocarbon ”concentratipns in test waters were
measured spectroflu?ometric?lly (G.K. Turner Aésociates) as
described previously (Engelﬁardt et al., 1977). Optimal wav-
elengths of excitation at 290 and 365 nm and emission at 360
and 410 nm were employed, - for Norman Wells and Venezuelan

crude oils, respectively. Aliphatic and aromatic fractions



of the crude oils were also determined_by gas;;hromafography
(Appendix B). Total ﬁumhef of oil éarticles (dispersions)
.ﬁas-measured using a Coulter Counter (Coulter Eléctronics;
Inc.). A random selection of not less than 100 particles
wa$ measured microscopically with the wuse of a calibrated

ocular grid to determine ‘size distribution-(Appendix A).

2.2.4 Statistical Analysis

Statistical comparisons of test and control data was made
using one-way analysis of variance (ANOVA) following test
for Homogeneity. A significance level of p< 0.05 was em-

ployed.
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The molecular weight and structure of selected aromatic
hydrocarbons used in the study.

Figuré l: Aromatic hydrocarbons

30
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2.3 RESULTS

No mor‘tal-it'y wa-é. found in.ela'ny of the ek&sure regimes,
but changes iﬁ plésma-water-electrolyte statué were appar-
entﬂmﬁ The effecté'of fresh and weathered paréffiﬁ, Normén
Wells and Venezuelan oils on plasma sodiuﬁ and chloride ion

concentrations are illustrated in Figure 2 and 3, respec-

- tively. Significant decreases were found in levels of these,

two major.electrolytes in the plasma of fish exposed to
fresh and weathered crude oils, but.ion levels in paraffin
oil treated trout were not compromised. Plasma caiciﬁﬁ con-
centrations did not change significantly in fish from any of
the exposure regimes. Decreases in plasma oémolality was
evident in fish from fresh and weathered crude oil expo-
sures, except the fresh Venezuelan exposure. In addition,
the 1000 ul/L paraffin 0il exposed fish showed a decline in

plasma osmolaiity (Figure'4).

Comparisons between fresh and weathered cil effects
showed sodium concentrations were significantly lower in
fresh Norman Wells oil exposed fish than those éxposed to
weathered oil. Fish exposed to fresh Norman Wells oil also
had lower sodium ievels than those exposed to fresh Venezue-

lan crude oil. No differences in plasma sodium concentra-

‘tions were found in fish from the fresh and weathered Vene-

zuelan crude 0il exposures, Similarly, the sodium
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concentrations from fish exposed Ep-tﬁe_two‘ weathered oils
showed .no significént differences., Furthermore}lthe plasma
chloride levels did not differ between fish exposed to fresh

and weathered Norman Wells and .Venezuelan oils; Fish from

'the weathered Venezuelan crude 0il exposures, however, had

significantly lower plasma osmolality.than:fish from fresh
0il exposures. ~ No differences were .obéerved for fresh and

weathered Norman Wells exposed fish., Comparisons between

oils showed no differences in. the weathered exposures but a

significantly lower plasma osmotic activity was found in
fresh Norman Wells relative to fresh Venezuelan 0il expo-

sures.

The water-soluble fractions {(WSF) of the crude oils had
only limited effects on ion balance. A significant decrease

was found ig_glasﬁa‘chlo;ide and potassium levels in fish

éxposéd to the WSF of Norman Wells crude oil, The sodium

and calcium levels did not differ from controls. Plasma os-
molality of fish exposed to the WSF of Venezuelan crude oil
shovwed a significant decline (Figure 5). In the intraperi-
toneal'injection experiment, weathereg Morman Wells crude
oil caused a decréase in plasma chloride ion levels. No

changes were evident 1in the other plasma ion parameters

(Figure 59.
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External exposures to aromatic hydrocarbons resulted in

some -changes in plasma ion concentrations. However, only the

. monocyclic aromatic hydrocarbon, benzene and the four. ben-

ienoidlring COmpound,.bénz(a)anthfécene, had significant ef-
fects. Exposure to benzene caused decreases in plasma sodi-
um and chloride, and éoncomitgnt_declings in plasma osmotic
présshr@. Benz(a)anthrécene exposed fish ha@ significantly
lower plasma chloride ion .coﬁcentrations dompared to con-
trols (Figure 6). ‘ ' : *

»

The external exposures to weathered crude oil over 1,3,5

and 7 days demonstrated the plasma 1ionic status in the fish

over time (Appendix C). 'Changes 1in plasma sodium and chlo-
ride, as well as osmolality, were evident. The int?aperito—
neal experiment over the same time frame did not produce

similar findings (Appendix C). \\

Changes in other hematological parameters were evident in

the oil exposed fish. While hematocrits did not vary sig-

nificantly in the external o0il exposures, the packed white
blood cell volumes, or leucocrits showed dramatic declines

in the oil exposed £ish (Appendix E).

/
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Plasma sodium ion concentratlons ‘in freshwater acclimated
rainbow trout following exposure to fresh (100 ul/L) and

weathered (1000 ul/L) 011-d&38ers1ons for 7-days.

"S" denotes a statistically 51gETf}caQE\d1fference {ps 0. 05)
. from controls.

L ‘-"‘--.___

"%" denotes a 5tat15t_\ally 51gn1f1cant dlfference (ps 0.05)
between fresh and weathered crude 0il treatments.

T N,

"**" denotes'a statistically significant difference (ps 0. 05)
between fresh crude 0il treatments.

‘All values_ are means of 10 fish, except control N=20.
Vert1cal bars represent one standard deviation.

Figure 2:

’
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Sodium levels'in 01l dispersion exposed fish
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Plasma chloride ion concentrations in freshwater acclimated
rainbow trout following exposure to fresh (100 ul/L) and
weathered (1000 ul/L) oils for 7 days. :

- dénbtesgalétatistically significant difference (p< 0.05)

from tontrols. | :

All values are means -of 10 fish, except control N=20,.
Vertical bars represent one standard deviatjon. °

Figure 3: ' Chloride levels in oil dispersioﬁ exposed fish

-
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Plasma osmolality in freshwater acclimated rainbow trout
following exposure to fresh (100 ul/L) and weathered
(1000 ul/L) oil dispersions for 7 days.

"g" denotes a statistically signifidant difference {p<. 0.05)
from controls.

Wx" Jepotes a statistically significant difference (ps 0.05)
between fresh and weathered crude oil treatments..

nxx" Jenotes a statistically significant difference (ps 0.05)
between fresh crude ©0il treatments.

All values are means of 10 fish, except control N=20.
Vertical bars represent one standard deviation,

Figure 4: Plasma osmolality in oil dispersidn exposed fish
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Plasma ion concentratlons and plasma osmolality in fresh-
water acclimated rainbow trout following exposure to
weathered water-soluble fractions (WSF) of Norman Wells
(NW) and Venezuelan (V} crude oils and intraperitoneal
" injections (IP) of weathered Norman Wells crude oil

for 7 days. :
"x" denotes a statistically significant difference (p< 0.05)
from"the respective controls.

All values are means of 8 fish and vertical bars represant
one standard deviation.

o

Figure 5: Osmoregulatory'effects in o0il injected and WSF
exposed fish
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_ Plasma sodium and chloride ion concentrations and plasma

osmolality in freshwater rainbow trout following exposure
to individual aromatic hydrocarbong in (100 ul/L) paraffin
0il (PARA) dispersions. The aromatic hydrocarbons used were:

benzene (BEN), naphthalene (NAP), phenanthrene (PHE},

benz (a)anthracene (BZA) and benzo(a)pyrene (BIP).

nx" Jdenotes a statistically significant difference (p< 0.05)
from controls (CONT).

All values are means of 8 fish and vertical bars represent
one standard deviation. '

Figure 6: Osmorequlatory effects of aromatic hydrocarbon
exposures .-
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2.4 - DISCUSSION

Acute hydrocarbon exposure disrupted:the iono- ﬁnd osm-
oregulatory‘progesses in trout (Figures 2 to 6$. Reduced
plasma‘ion and osmotic conéentratiohs may be a non-specific
reaction to various noxidus‘éompounds. A large number of
water-borne substances are capable of induéing morpholog&cal-
changes in branchial tissue and plasma ionic imbalances.,
Exposure to vanadium ;r'nickel can result in gill histopa-
‘thology and shifts in plasma ion concentrations (Andersoﬁ et
al., 1979). Similar observations wére reported féllowing
treatment with formalin (Wedemeyer, 1971; Wedemeyer and Ya-
sutake, 1974) and ozone (Wedemeyer,gg al., 1879) in hatchery’
fish. These.two compounds are often used in fish cultures to
control diseases,..The alterations in gill lamellar epiﬁheii—
um, found in these studies, were similar t§‘%hos¢_described
in fish from the present study (Engelhardt et al., '1981).
Pathological chénges included epithelial_ lifting and cellu-
lar damage. These morphological changeé"likely contributed

to the hydromineral imbalance in the plasma.

Sublethal exposures to other toxicants can induce'osm—'
oregulatory impairment in freshwater fish. Some of these in-
clude copper (McKim et al., 1970; Christensen et al., 1972),
zinc (Lewis and Lewis, 1971), cadmium (McCarty and Houston,

1976), and mercury (Schmidt-Nielson, 1974}. Most of these
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workers repofted decredses in plasmé electrolytes, ﬁgrgeing.

with the présent'study; In contrast, exposure toiendrin, a

' éhlorinateb hydroéarbon, resulted in higher serum electro-

lyte concentrations and osmolality of rainbow  trout (Grant:

;and'Mehrlg, 1973). A breakdown of the branchial uptake and

-transport mechanism in freshwater. fish would cause a de-
crease in.the.animal's abiiity to replenish ions in iEs body
fluids.  This would result in.a continuous loss of ions to
the hypotonic medium. Such a dysfunction appears to have oc-
curred in the- tést animals of this stuﬁy. Interestingly,
ionic ‘stress from handlfng or pollutant-exposﬁre in fresh
water can be reduced by addition of 0.3% salt or by increas-
.ing the calcium concentration in the water (Wedemeyet, 1972;

Lewis and Lewis, 1971).

‘ Both fregh ana weathered crude oils caused osmoregulatory
'failure in the exposed fish (Figures 2, 3, 4). Different
toxic fractions of thé'oil,' however, may be responsible.
The vdlatile, low-boiling hydrocarbons in fresh oil can rap-
idly penetrate'and solubilize in the lipid components of the
gill membrane, while the higher-boiling hydrocarbons 1in

weathered oil would penetrate more slowly. The action of

toxic oils ,in plant cells is by disrupting libid molecules

in cellular membranes (van Overbeek and Blondeau, 1954). The

'chénges observed in gill morphology and plésma ionic/osmotic

-

levels in fish from the different crude oil exposures. can be
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correlated to the specific chemical composition of the oils

employed'(Appendik B)., The Norman Wells oil. is a ‘light-

_welght crude with h1gh concentratlons of volatile and solu-

ble components. Upon weatherlng, one would expect most of
these compounds to be eliminated from the water column. The'

/
Venezuelan crude 011 on the otber hand, has a hlgh propor—

‘tion of medlum and hlgh molecular welght aromatic hydrocar—

bons, whlch would persist in the water. Blerl g; al.
(1977) found aromatic hydrocarbons accumulated in fish more’
rapidly from weathered crude oil. In-addition, nhey'observea
more aromatics were accommodated in the water from weathered
than fnesh oil. It was somewhat snrprising that the weath-
ered Norman ‘Wells oil had similar' effecns on the'exposed‘
fish as the fresh oil treatment. 'One would expect the more
volatile components to evaporate‘from the medium.'.Possibiy,
when oil is formed into micron-size“dispersions, the soluble
and volatile hydrocarbons are retained in the water. Ander-
son _E}_l., (1974b) found oil-in- ‘vater dispersions often re-
tain the chemical composition of the parent oil, This no-

tion is supported by a study showing weathered crude oil

- dispersions to cause increased coughing rates 1in Atlantic

!

salmon, Salmo salar, similar to fresh dispersions (Barnett

and Toews, 1978). Others demonstrated that oil layered on
the water surface rapidly lose their toxic components (Mor-
row, 1973}, This suggests crude 011 dlsper51ons can persist

in the environment and can retain thelr toxic potential.
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; Paraffin oil patticiesldid-hot induce significant chaﬁggs :

rin plasma ionic .sfatué (Figufes'2,3,4f- or lgill morpholbgy 

(Engelhardt et al., 1981). This observation is consisteht

“with previous stﬁdies.which showed paraffinic fractions of -

petrbléum to have few toxic effects (Nelson-Smith, 1972;-van
Gelder-Ottway, 1976). This indicates the plasma ionic’ imba-

lance and gill patholegy in crude oil exposures were a re-

' sult of toxic hydrocarbons in the o0il particles and not due

to irritation of the gill epithelium by oil particles alone.
Other workers, however,’ reported suspended inert particles,

such as kaolin and diatomaceous earth, can alter fish giil

'morphology (Herbert and Merkens, 1961).

No major impact on ion balance was apparent from exposure
té the weathered water-soluble,fraétion of the c¢rude oils
(Figure 5). - In contrast, others reported‘many toxic effeécts,
attributable to this fractjoﬁ of petroleum. Some .of these
effects included gill histopathology (Hawkes, 1977), altered
respiratory rates (Thomas and Rice, 1975; Rice gg al.,
1977b), and loss of swimming coordination (Dixit and Ander-
son, 1977). All these studies, however, used fresh water- .
soluble fractions of petroleum and the concentrations were
maintained by continuous” additions. Such conditions are un-
likely to occur during oil discharges in the environment un- '
lgss the amount of oil sp%lled is extremely iarge. This

study indicates that weathéring of the water-soluble frac-
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tion of 0il results in a loss of toxic 'components. Yet,

: these components appear to be accommodated in the water col-

umn aeven after weatherlng- when oil is dlspersed 1nt9‘par-

ticulates.

Differences were evident in’external and internal vectors

of exposure.,' The absence of major disruptions-in hydromin—

eral regulatory processes in the iP injection experiments

(Flgure 5) may be attributed to the animal's ability to ex—

crete the hydrocarbons before 51gn1f1cant guantities can ac-

‘cumulate in the gllls. 1t: ‘has previously been demonstrated

. that hydrocarbons taken up through the gut, versus'those,ab—

dorbed from the water, preferentlally accumulateﬁin}yarious
tissues (Mackie et al., 1974; Teal,, 1977). These authors
- ] . .

reported hjdrocarbons_ from the éut_were deposited in the

liver, while those absorbed from water accumulated in muscle

and other tissues. Hydrocarbons in the liver would be me- *

-~ -

tabolized and excreted more rapidly than those in other tis-

suesr In external exposures, however, the gills are the

) primary'site of entry (Lee t al. 1972), and significant

quantltles of hydrocarbons can accumulate in theulipid por-
tlons oi +this organ. ThlS is reportedly the case for rainbow
trout exposed to Bunker C oil (McKeown and March 1978b) and

for other salmonids exposed to crude 01ls (Rice et al.,
4

1977b1? Interestingly, Coleman and co-workers (1977) found

- .

injections’ of the organochlorine pesticide,_DDT (1,1,1, tri-

o -



water- adapted T11ag1a aurea did- not cause uany apprec1able

changes in chlor1de cell ultrastructure 1n the gllls,, yet,

th1s compound can d1srupt plasma ion balance upon external

appllcatlon (Jan1ck1 and Klnter, l971b Leadem et al.,\1974

Welsbart and Felner, 1974) One can speculate that 51gn1f1*

1ng_external exposures to oil and possibly other pollutants.

While other routes of entry would have little or. no effect

on this phy51ologlcal parameter.

- There .is general accord that aromatic hydrocarbons are .

responsible for the major toxic actionsr of petroleum prod-

uctSt(ﬁwxer and Moore, 1974). The relative contributions of

individual aromatics' to toxicity are"yet to be defined.

Several. studles - have a&tempted to evaluate the impacts of

these hydrocarbons in fish (Table I) Some workers cbncludede

that much of the ‘toxicity of petroleum is attributable to

the mono- and dinuclear aromatics, while others found the -

4

‘toxicity to incredse with greater ring number up to the four

and five 'ring .compounds fNeff, 1979).. The results of this
study do’ not contribute evidence to support either one of
these arguments. Though‘moderate_‘changes in plasma ions

. L .
concentrations and osmolality were found for all five aro-

Lmatic hydrocarbons  (Figure  6), only benzene and

benz(a)anthracene exposures resulted in major disruptions.

-

a4

IChloro—z 2fbis°(p—chlbrophenyl)ethane),' into*{resh and saltga_

'_cant changes in the plasma ion profile would only occur dur-



In addition, ‘therégweré‘no significant trends with respect -

to molecular weight. The reason for .this observation'is“ngt

completely clear. Poséiblf, the_paraffin'dil could have‘ad;,‘

hered to the aromatic particles and made them unavailable to

the fish. Boehm-and‘Quinn (1876) repérted‘thatiaromatic'hy—

drocarbons’ can ‘adsorb to organic . matter in solution and be--

come biologically inactive. More work is requited before

the relative toxicity of the various aromatic hydrocarbons

13

to fish can be ascertained.
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It'iSinbt clear if the petroleuqrinduced‘ diSrﬁptidns in

iAlion status and' gill histopathology were deleterious to the

trout.““These.effects may indicate the fish would regquire a

greatEr'énergy expenditure to compensate for the osmoregula-

tory failure. Although only a few studies have focused on

'the,ppecise”métaboliélcost. of ionoregulatory processes, it

appears to be an energetically expensive function (Rao,

1968). In freshwater acclimated rainbow trout, about 20% of

total metabolism is used in osmoregulation (Rao, 1968).  An

elevated osmorequlatory cost would occur during periods of
stress, as seen in trout experiencing ionic imbalance during

exercise (Wood and Randall, 1973).

The reported ' increase in oxygen qonsumbtion in oil-ex-
posed fish (Thomas and Rice, 1975; Rice gt al., 1977) may
involve the use of more energy to recover lost ions. ' This
inéreaserin metabolism for osmoregulation would result in a‘
reduced scope for activity (Fry, 1971). This could éxplain
the curtailed activity observed in some oil stressed fish
(Morrow, 1973; Dixit and Anderson, 1977). Cyanide poisoning
in trout results in osmoregulatory impairment, increased ox;
ygen consumption‘and reduced swimming stZmina (Leduc and
Chan, 1875). These could also be the consequences of oil
exposure. In additien, depending of‘ﬁhe duration of the

stress, there could be less energy available to channel into

7
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other functions, such as gfogth and rebroduction,‘ thereby

decreasing fitness. i

Laboratory toxicity tésts in which the measured effect is
' t

death do not adequately reflect the potential ecological im-

;pact of a pollutant (Perkins, 1979). Sublethal responses are

considered to be more sensitive indicators of pollutant

stress and survival botential. At present, there is a need

_for reliable indices of environmental contamination. .The

resuits of this study showed the homeostatic mechanisms in-
volved 1in electrolyte métabolifm are suitable respconses.
Hopefdlly the‘résﬁlts would encourage further work with sub-
1ethai dosages and provide a better understanding of the ef-
fects of pollutant stress. Such studies are important in
that small physiologiéal perturbations may decrease viabili;
ty or even survival of organisms in the environment. Fur-
thermore, mortalities from such physiological dysfunctiéns
can:be regarded as even more serious than massive die-offs.
Since such occurrences are less obvious, the situations may
not be corrected in a short enough time span. The monitored

effects in this study did not bring about‘im%!diate mortali-

ties, but the fish may be incapab

f withstanding further

stress. For example, salmonids/exposed to sublethal levels

of copper developed osmoregulapory impairments. These fish
were found to be less tolerant\of salt water and none sur-

vived the transition to sea (Lofz and McPherson, 1976).
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S;miiar findings were reported for .chromium.expésed fish
(Sué&ﬁﬂ!ﬁlQﬁO); Possibly, oil exposed fish will sﬂﬁfer:thé
same fape. | | '

-

In summary, trout exposed to crude oils and selected hy-

“drocarbons developed osmoregulatory impairment. This was

most evident in exposures to oil dispersions from fresh and

‘weathered oil. The effects were attributed to toxic hydro-

carbons on the oil particles,~ since paraffin oil had no ma-

jor impact. Weathered water-soluble.fraction exposures and

.01l injections of weathered 0il did not appear to have sigjf'

4

nificant effects on electrolyte metabolism. Aromatic hydro-

carbons may be the toxic components in petroleum products,

i

however, their relative contributions to toxicity is still

-

poorly understood. Monitoring of ionic/osmotic status in

fish subjected to environmental contamination is a sensitive

index of water quality.



Chapter IIT

PETROLEUM EFFECTS ON OSMOREGULATION IN SALTWATER
ACCLIMATED TROUT

2

3.1 INTRODUCTION:

Salt water adapted fish possess different ionoregulatory

strategies compared to their counterparts in freshwater,

Salt water teleosts achieve mineral balance throhgh active
extrusion of electrolytes by the gills to compensate'for.the
large influx of ions from the hypertonic media. To replace

the water that is lost across the gills by osmosis, the fish

.drink salt water and excrete the excess salt via the gills.

As in freshwater, two 1ndependent ion pumping mﬁkhaniSms for
t

sodium and chloride extrusion are found in salt\water fish.

Sodium efflux is believed to be mediated by a sodium-potas--

sium exchange. An electrogenic pump is ‘involved in chloride
. o :

extrusion (Maetz, 1971).

Since fresh and salt water fish display different ion
transport mechanisms, one may observe different effects of

petroleum on fish adapted to different salinities. The pur-

pose of this study 1is to assess the toxicity - of external

_.50...
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‘weathered crude oil exposures and intraperitoneal oil injec-

tions on plasma ion balance in fish acclimated to a hyper-

tonic medium.

gl
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3.2  METHODS AND MATERIALS *

3.2.1° ExggrimentalNAnimals
‘ ‘ : _

‘Rainbow trout,  100-150 g in size, were purchased ffom a
local fiéh hétchéry-and acclimated to laboratofy conditions
for 4 weeks, Foilowing'this period, the fish were placed in
large recirculating aquaria (Living Streams, .Inc, Toledo,
Ohio) containing 21 o/oo0 (ppt? salt water made from commer-
cial sea salt (Instant Ocean, Inc.). The sfstem was equipped

with high capacity charcoal filters to remove metabolic

waste products., The temperature was maintained at 102 °C

. and photoperiod was held constant at 12L/12D. One third of

the volume of the water was removed and replaced weekly y%th
media of the same salinity. Oxygeﬁ was maintained ét 75-85%
saturation. Ammonia Qas not detected in significant amounts

(Solorzano,. '1969). 'The trout were , kept in Ehis system for
four weeks before experimentation. They wéré fed ég'libitum
daily on dfy commercial trout feed (Purina Chow, No.4 Devel-

oper) .

3.2.2 Experimental Procedures

r

Following acclimation; groups of 5 to 10 fish were trans-

ferred to glass aguaria and held at 101 °C with 21 o/oo

Al
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‘salt wafe:‘similar,to the tést-systgm described for fréshwa,

ter_exposuré (section 2.2.2, pages 22-24). The ‘watef was
continubusly aerated and recirculated. Fish were acéliméted
for an additional week befére the start of ‘the testé. They
were féd every other day uhﬁjl‘48.h before.experiments;. The
érodps ‘of fish were tested for the effects of weathered
crude. oils dispersions (Norman Wells and Venezuelan) in salt
water. The-concentrations and duration of the exposure were
the same as those previouély described (section 2.2;2, pageé
22{24). Simultaneous sets.of controls were employed.

To differentiate the effects of external and sys}emic
contamination by petréieum hydrocarbons, groups of fish.were
treated with .3 day weathered Norman Wélls crude oil by in-
traperitoneal (IP) injections at a dosage of lO ul/kg fish
per day for 7 days. Conﬁrqls groups were sham injected.
The fish were not fed during the 7 day test. The trout were
held in recirculating systems (Living Streams, Frigid Units,

Inc.) containing 21 o/oo salt water.

Branchial tissue from these fish were removed for histo-
logical examination following the experiment (Engelhardt et

al., 198l1). = In addition, -an experiment was performed to

- monitor the ionic status qf oil injected trout over 1, 3, 5

and 7 days}(Appehdix c).
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The sampling and aﬁalytical proceduréé were similér to .

those .described for the freshwater exposure$ (section 2.2.3,
pages 26-29).: The neutralized anaesthetic (MS-222) was mik-
ed with 21 o/oo salt water and kept at the same temperature

as the test water,. - .
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3.3  RESULTS |
) Seven day éxposufé to weathered Norman wellé and Venezue-
1aﬁ crude oil dispersions.fh 21 5/09 salt water resulted in
‘plasma ionic disturBances. Elevated sodium, chloride énd
potassium doncenkrations, as well as siénificantly highef
plaséa osmolality were found in the cﬁﬁde oil exposed fish
zFigure 7). External oil éxposures also éaused reductioﬁs iﬁA
éarculating calcium concentrations. 'No‘sigﬁificaht differ—
.ences were observed in plasma ions or osmolality betwéen the
weathered Norman Wells and Venezuelan oil exposed fish. Iﬁ
addition to the ionic-and osmotic. changes in. the plasma of
Venezuelan oil exposed fish, ‘mortalitQ'was recordedAin this
exposure. The experiment was repeated with similar findiﬁgs
(40 to 50% 'mdrtality). élaéma from the surviving fish of.
fhe two exppriments were Used for ion analysis. Examination
of the moribpﬁd fish showed significant quantities of oil

particles in the alimentary tract.

Intraperitoneal injections of weathered crude oil (Norman
Wells) did not result in any'%mjor alterations ' in plasma
ionic profile compared to controls. Only.calcium showed a

significant decline (Figqure 7). R '
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Plasma: 1on.concentrat10ns and plasma osmolality in salt water
acclimated rainbow trout following exposure to weathered -
Norman- Wells {(NW) and Venezuelan %V) crude 0il dispersions
and intraperitoneal (IP) injections,of weathered Norman

- Wells (NW) crude: oi'l for 7-days. ™ e

'Figure 7:  Plasma ion and osmolality in salt water

"¥m denotes a statlsfically 51gn1f1cant dlfference (pS O 05)
from controls (C). .- _ o
All values are means of 8. flsh and vertical bars represent
one,standard deviation. "

u
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-acclimated trout
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Hydfomineraf'disruptionsr were apparent'in ~rainbow trout

acclimated to.a hypertonic medium. The increase in plasma-

monovalent ion- concentratlons -and osmolallty found in salt
water acclimated flsh (Flgure 7) .is reversed with respect to

the treqd observed in fish ‘exposed to 0il in freshwater

(Chapter- IT). . As a result of the large influx of ions from

9
-

the external medium, ~alterations in ion transport processes

i

in the éill epithelium'éould result in higher ion concentra-

tions in.the ?lood."This is consistent with the ionoregula-
tory .mechahisms“proposed for salt water teleosts ' (Maetz,

1971).

‘Elevbted'plaéma osmopic componénts in fish from hyperos-

motic salines may be a géneral effect’ of organic pollutant

‘stress. Betroleum products, 'such_asi Bunker C .0il (McKeown

and March, 1978a), crude oil (Payne et al., 1978}, monocycl-

ic. aromatic hydrocarbons (Morrow et al., 1975), and na-

“

phthalene {Levitan and Taylort_l979), can .effect such a Fe-

imbalange in salt water fish (Eisler and Edmunds, 1956.w-

Leadem et al., 1974). This study showed hydromineral bal-
ance was perturbed by extefﬁgimsxposurés to weathered‘oi}—
in-water dispersions.- Cellular alterations in gills of

these fish suggest these lesions were responsible for the

.sponse. Organochlorine hydrocarbons'can also. 1nduce ionic .
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*oﬁsgpved ionitAdyqupétion (Engelhardt et al., 1981). Chlo-

ride cell damage ‘bould_resubt in a breakdown of ion trans-

-

portiﬁg processes. In addition, decreased plasma calcium
concentrations can cause changes in gill membrane permeabil-
ity. This divalent ion is an important mediator of membrane

permeability-(Isaia and Masoni, '1976)..

-

\

Injections of weathered crude oil did not produce signif-

icant alterations in ionic/osmotic balance in fish (Figure
7). This is consistent with thé freshwater study (Chapter
IIj,'in-which‘no major changes were observed in plasma ionic
components.  No gill damage was -foﬁnd.in-the IP injected
trout of this stﬁdy (Engelhardt et gl;,- 1981). Further,
Coleman et al. ~ (1977) found no signifiéant~a1£erations in
gill morphology when salt water fish were injected with an
'organochlorine hydfocarbon.l Perhaps, as in %reshwater, such
iAa‘mode'pf  entry ;f'hy&roqarbons does hpt- result in physio-

logi¢al changes in ion balance. because the fish are capable

of metabolizing and excreting the toxic compoundsj Roubal - ét -

al (1977) stafed that coho salmon'were able to transform

-
—
iad -

'IP injected aromatic hydfocérboﬁs within 24 hr into water-
soluble, excretable products. It is well established that

hydrocarbon hydroxylase enzymes are Tresponsible for the me-

tabolism and excretion of hydrocarbdns from body tissues

4

(Varanasi an&xMalins, 1977). These enzymes can reduce the
hydrocarbon load of the fish, therefore, the ion regulatory

A

_processes were not compromised.
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Tissues responsible for ion reguietiOn{‘ other -than the

i . Vo
. .

gills, could have contributed.to the observed osmotic fail-

ure. . The intestipe-pfays a role in osmotic balance in salt

water acclimated fish (Maetz, 1971; 1974). The gut'epithe"

lium absorbs salt wat

along with its.compleﬁent of monovar

lent.'ions. Perturbing thNs process would effect an increase

e in salt uptake or a loss ¥ free water. Alterations in the

permeability of the gut epitheliﬁﬁ'by the influxlof hydro--
‘carbons could. result in an jnc:eesed salt load which the
gllls are unable to excrete. The increased‘plasma‘ien levels
and osmolallty would support this. °The function of the kid-
neys in these fish should also be considered. In marine tel-
eosts, the kidney secretes a urine which is hypotonic te the
external medium. If the function of this organ is disrupted,

a further loss of water from the animals would be expected.

S ——— S s L .

This could result in dehydration.

Stresses requiring adjustment beyond the means of the or-
ganism would be lethal, as observed in the Venezuelan crude
oil exposure. Mortality- in these fish could have resulted
from disruption of physieloéicel pfecesses other than ion
régulaﬁion in the branchial. tissue. No significant differ-
ences were found in plasma ion parameters of fish sﬁrviving
the Venezuelan oil exposure and fish exposed to Norman Wells

oil. Theérefore, one can speculate that the lethal effects

U
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_were consequences of the fish's . inability to cope with osm-

oregulatory impairment.

. The mortality recbrded in the Venezuelan 0il exposure in

salt water wésépot.foﬁnd with the same treatment in‘fréshwa-

ter. - This observation suppdrts the suggestien that varia-

tion in environmental féctdrs such as salinity cah substan-
tially‘affect the ' sensitivity of ‘an organism to pollutants
(Kinne, .1964). In this case;‘both survival and thsiologi—'
cal responses were mediéted_by a changé in physical parame-
ters., Thié‘fugther emphasizes that, in order to monitor: the
sensitivity 6f.an organism.to petroleﬁm or ogher'pollutants,

the many environmental variables governing:the possible im-

pact must be considered.

ey

Interestingly, several studies have reported pollutant-
. .

salinity interactions 1in fish (Lorz and ' McPherson, 1976;

Levitan and Taylor, 1979; Linden et al., 1979; Sugatt,
19865. Levitan and Taylor (1979) repor&ed salinify—depen-"
dent mortalities in naphthalene' exposed fish, Survival was
greater at.hypq- or iscosmotic salt concentrations than at
hyperosTotic salinities.  Further, sublethal exposure_ to
chromium (Sugatt, 1980), or copper (Lofz and McPherson,
1976} induced osmoregulatory impairment in fish in freshwa-
ter which resulted in decreasad-survival following transfer

to salt water. The ability of fish exposed to oil in fresh-
a-—\ ’ -
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‘water to tolerate salt water or fish exposed to 0il in salt
water to tolerate: freshwater remains to be evaluated. Such

transitions from one salinity to another are often part of

the life cycle of many anadromous or catadromous species, '

Although -the cost - ofi?qjoregqlation does not increase
'proporfidnally, with ihareasing sélinity, metabolic rates’
have been found to: be higher in greétef osmotic graaiénts.
Rao (1968) reported that ﬁhe energy-neéds attributable to
osmoregulation: in rainbpw trout was 27% of total ﬁetaﬁh@ism'
at 30 o/oo0 salt water compared to 20% in frés?watgr. In the
présent study, . trout were aCcliméte@ to 21 o/00 salt_water.
The metabolic~ rate;,would pfobablg be higher in fish from
.this‘salinity than those from freshwater. - If this is the
case, one can speculate,that increased osmoregulatory stress
in these fish would ﬁurther tax the liﬁited;scope for activ-
aity in-the oil ékpoged Qnimals. Tﬁis could have contributed
. to the lethal eﬁfects‘found in some fish. It would be of
interest to téstlthe effect of oil poli@tants on ion balance
in fish acclimated. to water isoosmotic (15 o/00)" to;blood
concentrations. Since the fish may expend less renergy for
hyiromineral balance, the éffects of 0il could be different

from exposures in fresh and salt water.

The ecological significance of laboratory results is dif- -

ficult to evaluate in terms of natural conditions. It is;

-
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tions wi%ﬁ thgse-réported-from. field studies. 'For’ example,
ong»oil‘spi;llwhich.had angrse.effects_gh fishery resources
occurred during thei'West Falmouth incident off 'Woods Hole,
M{ssachusetts (Sanders et al., 1980) A barge carrying fuel
0il* with a high aromatic hydrocarbon content (41%) Eeleé%ed

a relatively small load (600 to 700 tons) into the estuarlné

waters. The oil was quickly accommodated in the water column

and spread over. a wide area by~wind and wave actioms. This
resulted in massive mortalities of fish andl other benthié
organiSms.~ Severél years following' the original in\cidgntr
re~entry of oil caused additiﬁnal moitglitiéslin ‘tﬁe biota
(Sanderé} 1978; Sanders et al., 1980). The presenf study

showed that weathered oil dispersions accommodated in #ater

~ can have 51gn1flcant effects on fish and suggested that per—

sistent aromatlc compounds may be the toxic agents. of petro--

leum. 1In addition, environmental factors, such as salinity,
wvere found to be able to modify the sgnsitivity of o:génisms
to pollutant stress. Organisms in estuarine condifions arg
subjected to wide fluctuations in environmental /parameters

(salinity, temperature) and these factors.can increase the

susceptibility of the apimais to oil pollutants (Linden et

al., 1979). These flucfuatibﬁs and toxic-hydrocarbons may -

have contributed to the adverse effects reportgdtin the

above field study.

62

however, relevant to draw comparisons between these observa-
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In summary, salt watet acélima;ed'fish developed hydrom-
- ineral imbalances 'upon'exposure‘ to crude. oil dispersions.

Elevated plasma electrolyte concentrations were found in |

these fish, The responses in salt water acclimated fish ap-

pear to be a_refiection of the ion transport processes and

.

the metabolic cost of these animals.

. . L

- 63
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Chapter Iv.

HYDROCARBON ‘EFFECTS ON GIﬁL ATPASES

.6

4.1 INTRODUCTION

The majoritf of teleosts are found in waters ranging £rom

.5 to 1000 'mOSm/kg corresponding to fresh and sea water

(Schmidt—Nielsen,'1974). All teleosts regulate the osmotic
concentration of their internal environment to a level daif-

ferent from:.the external mediuT} . The gill "ebithelium of

teleosts is . one of the most important‘effector; organs for

the maintenance of hydromineral balance (Maetz, 1871).

..
Due to it's Inherent morpholegical complexity, one cannot

consider the gill epithelium .as a simple tissue in ion

transport studies, as is done with the intestine, the uri-

nary bladder, or the flat skin from the operculum (Karnaky;

1980). The branchial tissue consists of respiratéry,éells,
. | - ’ .
mucous cells, and at the basal portjon of the secondary .la-

meliae, chloride cells~(Conte, 1969; - Laurent -@nd Dunel,

1980). In addition to osmo ulatory functions, the teleost

gill perf&rms other vital roles such as respiratory exchange

(Randall et al., 1967), waste excretion (Maetz, 1973) and

acid-base regulation (deRenzis and Maetz, 1973).

- 64 —_— '
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- Kegs_end Willmer (1932) found ‘ecidgphilic cells in tel-
eost gills teeembling'_the oxyntic célls of frog intestinal,
muegsa Mesponsible for hydrochloric acid (HC1). secretion.
They suggested these acidophilic cells were responsible for
ehlo;ide secretioﬁ across the~gills. Since their pioneering
work, chloride cells are generally accepted ﬂs the 51tes OE.
‘actlve ion exché\ge\across the g111 epithelium (Conte, 1969,
Maetz and Bornancin, . 1975). The chloride ¢gell theory has
been criticized on many occasions by various woxkers (Parry,
1966). Although most of the skepticism has -been resolved bx
numerous physiological,'morphological, and biochemical stud-
ies, certein espects of the chloride cell function remain
uncertain (ﬁaetz Memorial Symposium,'IQBO).
Motphological-obéervations: show ehloride' cells to have
numerbus'mitochogdria and a dense aggregation of glycogen
granules, reflecting the high energy. requirement of the
structure. Anothér important feature is the'considerable-“
development of an agranular endoplasmlc reticulum, Electroﬁ.;
_mlcrographs have shown that a phy51cal cont1nu1ty exists be-
tween this tubular _system and the basolateral membrane
(Philpott, 1965; Shirai and.Utida, 1970}, suggesting these
“organelles- are 51tuated in a position su1table fon a role in
active “ion transport. These structures may be enzyme-arrays

associated with ion transportlng act1v1ttes of the cell
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(Ritch-and Pﬁiiﬁbtt,‘ 1969). 'RédiOIabel¥ed sodium and chlo=

ride acqumulated “in chloride cells‘fbllowing-‘intracardiac
injection'(Masgni and Garcia Romeu, 197§). Brown (l§73; cit-
ed in Maetz and Bornancin, - 1975) reﬁbrted similar findings
when elecﬁrolytes.wére added into-the external mgdia. Fur-
ther, ‘these ions were_foﬁnd to concentrate in.vesicles of

the tubular system of chloride cells {Shirai, 1972).

Several studies examined alterations 1in these cells fol-
lowing experimentél manipulations. For‘iqstanée, Pacific

salmon, Oncorhynchus sp., developed chloride cell.damage

following irradiation and resulted in plasma ‘osmotic imba-
lance {(Conte,. 1965;- Conte and Lin, 1967). Maeté et al.
(1969) found a breakdown in ion excreting mechanisms follow-

ing injections of actinomycin D -a drug which prevents pro-

tein synthesis and cell regeneratjon. They attributed the

“fon dysfunction to blockage of chldride cell replacement. A

major impairment of branchial osmor latory. processes was

evident in salt water while a slight perturbation was ob-
se{yed'in freshwater. These findings suggest that osmotic’
disruptions are attributable to failure of the branchial

salt transporting cells. -
» _ N

»

F

+

_Investigations with euryhaline fish ‘subjected to varying
salinitieés have“-implied'phléridé cells - as sites of ion-

sransporting activity. Transfer of'fish_ from fresh to salt

v
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water results in an increase-in ion exdhange rates, an in-.

crease in. number and szze of chlorxde cells, and a'greater

'development of m;tochondrla and endoplasmic reticulum in-

‘these cells. {(Shirai and Dtida, 1970). | Transfer back to

freshwater results in both a decrease_in number and a degen-

-

erat1on of’ the ceils.

The  suggestion that ion-activated enzymes play a funda-

"mental role in transepithelial salt transport has received-

support from numerous- studies with 'the teleost gill (Maetz

apd Bornancin, 1975). Yet, in order to impart a direct role

- to these enzymes in 12:ﬂ;egulatory processes, one must show -

sufficient evidence - showing.ghloride cells to be rich in
) . ) . .

a*-K* ATPase activity, fndicatr g this enzyme plays an im--

portant role in the ion exchange

1978). - Autoradiography with labelled ouabain -a potent'in-
AN : _

“hibitor of Na*-K°’ ATPasé and sodiﬁm,'tranpért— demonstrated
/

: . P .

the enzyme is located {in the basolateral membrane of chlo-
ride cells, on the numerous invaginations'of- the tdbular
system (Karnaky et al., i976; Karnaky, 1980). Studies show-

ing increases in chloride cell number andyultrastructural

development during salinity adaptation ‘havé, found similar °

increases in Na'-K' ATPase enzyme activities (Shirai, 1972;

Stirling et al., 1974; , Sargent et al., 1975; Sargent and

_\&!ﬁ»mson, 1978).

of transportlng cells, There is -

cechanism (Sargenteet al.,

i
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_ Since the‘work of Jens Skou {1957; see review in Skou,

<

1965) w1th crab nerve, the ouabaln sen51t1ve,_sodium and por -

-tass1um st1mulated magne51um dependent aden051ne trlphos—

“

| phatase (EC 3 6. 1.3 ATPase)  has been intimately associated

with active cation transport across~biomembranes.‘-Included '
are such eplthellal membranes as nerve cells, erythrocytes,
kldney tubules, frog skin, .avian nasal glands Aand rectal
glands of elasmobranchs (Bontlng, 19711. The presence of
this enzyme in specialized cells from teleost branchial tis;

"sue was demonstrated independently by Epstein et al: (1967)

and Kamlya and Utida (1968) in Fundulus heteroclltus and An-

|

gu1lla ]aponica, respectlvely These flsh exh1b1ted hlgher.
-~ ‘ﬁﬁ - .

specific enzyme act1v1t1es in salt water and the authors at- ‘
&> v

trlbuted thlS to 1ncreased salt load pumped across the gills

in a hyperton1c medium. - Their findings are,con51stent with
existingﬁlon exohange mechanisms (Maetz,.1969). Gill ATPas-

es haVe since been stud1ed in numerous spec1es of fish, in—_

*

cludlng varlous salmonlds (Kamlya and Utlda, 1969; Jampol

4

and Epstein, 1970 Lasserre, 1971: _Butler and Carmichael,

' : . . <
1972; Pfeiler and K1rschner, 1972; Evans and Mallory, 1975).

The relatlve 1mportance of these gill enzymes to 1on balance .

is reflected by ‘the changes in their: act1v1t1es in relat1on'

o—

. to vary1ng sallnltles. Reportedly, enzyme activities can

also he affected by a variety of environmental factors, in-

cluding'temperature'(Zaugg et al., 1972; Adams et al., 1975;

McCarty and Houston, ~ 1977), hydrostatic pressure (Pfeiler,

, b
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'1981; Pequette and Gilles, 1978; Moon, 1975), and photoper-

iod (Zaugg and Wagner, 1973; Ewing et al., 1980). Further,

many environmental toxicants can influence activities of AT-

Pases isolated from branchial tissue (Leadem et al., 1974;
Poston, 1979; Watson and Beamish, 1980; 1981). ' Thus it ap-

pears gill ATPases are sensitive to a variety of natural and

‘anthropogenic environmental changes.

Hydfocarboqs ;an traverselfhe gill epitheiium (Rice et
al., 1977b) f and disrupt the structural integrity of thé' 
branchial tissue (Blanton and Robinson, 1973; McKeown and
March, 1978af Lopez et al., 1981). Morphologicél changes in

gill  architecture included alterations in chloride cell

~stryctures. In the present study, such'changes caused ionic

dysfynction in the oil-exposed fish. With this evidence, one
can h othe;ize thatlalterations'iﬁ‘ activities Jf membrane-
bound enzymes (ATPases) can result from exposure to petrole-
um hydrocarbons. c

A sodium;potaésium stimulated, magnesium dependent, oua-
bain-sensitive ATPase (Na*-K* ATbaseY has been demonstrated

in rainbow trout (Pfeiler and Kirschner, 1972; Zaugg and

~McLain, 1972; Watson and Beamish, 1980, 1981). Other ion ac-

tivated ATPases also occur, including a bicarbonate stimu-
lated, ouabain-insensitive, magnesium dependent, thiocya-

nate-sensitive ATPase (HCO3- ATPase) (Bornancin et al.,



w
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1980; 'ﬁcCarthy and Houston, 1977), a,sddium—ammonium stimh-
‘latea, magnesium | dependent, duabain-sensitive ATPase
(Na®3NH4*® ATPase) (Watson and Beamish, 1980;1981), and a
céléium dependent ATPase (Ca®* ATPase) (Ma et al., 1974;
Watson and BeamiSh,JIQBO; 1981), A residual ATPase or oua-—
‘bain-insensitive magnesium ATPase (Mg’; ATPgse)‘has been re-
ported, but‘usually in relation to other ATPases (Zaugg and“'

McLain, 197é;.Watson and Beamish, 1980;.1981).

The preéent study consists of two separate phases. In the
first part, liﬂ vivo experiments were conducted similar. to
the previous sections 1in freshwater (Chaﬁter I1) and salt
water (Chapter III),A to determine if ATPase enzymes activi-
. ties aré affected by petroleum hydrocarbons. In the second
pért, attempts were made to determine if individual aromatic
hydrocarbons cég influence the ‘same enzymes in vitro. In

addition, the relative toxicity of these hydrocarbons on en-

zyme activity was evaluated.



4.2 METHODS AND MATERIALS

4.2.1  Experimental Animals

Juvenile rainbow trout, 100-200 g in size, were obtained
from a local commercial hatchery (Thistle Springs Trout

Farm, Ashton, Ontario). They were acclimated in the labora-

tory to freshwater (section 2.2, pages 22-25) and salt water.

(section 3.2, pages 52-53) conditions as. described previous-

iy.

4.2.2 Petroleum Effects on Gill ATPases In Vivo'

N

-

The fisﬁ were ekposed,to weatheéed Norman Wells and Vene-
zuelan crude oil dispersions in fresh and 21 o/oo salt water
as described previously. Simultaneous sets of controls ac—
gompanied these tests. The exposure period waé for'7 days.
Following exposure, fish were removed ’from the aquaria,
‘stunned witg-a blow to the head, weighed and exsanguinated.

This was performed at the same time of day (11:00 h) to pre-

clude any possible diurnal changes in enzyme activities.

Procedures for extraction, isolation and determination of -

gill microsomal enzymes were modified from. those. of Watson

and Beamish (1981) and summarized in Table 2. The branchial

[}

e é
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appéfatps from ¢ to 6 fish were dissécted individually and
'placéd in ice-cold 0.9% Naé}. Gill filamenté were homogeﬁ-
ized (10% w/v) in solution§§0—4 °C; .pH 7.4), céﬁtéininé 0.25
M sucrose; 5 mM dis@diuﬁ EDTA (ethylenediamﬂne tetraacetic
acid; disodium salt), : and 40 \mM | Tris-HC1 -
(Tris(h?droxymethyl)amiﬁoﬁethane Hydrochiofide) buffer. . The
tissue waslground in glass with a téflon‘ pestlelfor 15
strokes, with the addition of sodium deq}yéﬁolate (0.1%) af-
ter B strokes. Treatment with detergen;'is required to in-
crease‘éﬁpessible ATP—bind}ng sites (Sargent et al., 1978).
" The .suspension wéa.centrifuged at 900 xg for 10 minutes, and
then at i0,000 xg for 30 ﬁinutes,_to remove the cellular de-
brisfahd mitochondrial fraction, respectively. The remain-
ing supeqnatant was centrifuged at 38,000 xg for 120 minutes
to sediment the microsomal fraction. The resulting pellet
. was washgd with ice-cold homogénizing.medéum. and recentri-
fuged at 38,000 xg for another 30 minutés. The final peilet
was resuspended with ice—cdid homogenizing medium without
deoxycholate. All the above operations were performed at 0
to 4 °b. Aliquots (0.1} of the final suspension were as-
sayed in duplicate with 1.8 ﬁl of incubation media (Table:
-3). The levels of substrate (ATP), 1ions and pH employed
yielded maximal specific activities (Watson, personal commu-
nication;-Watson, 1978). The assays were carried out on the

same day of enzyme preparation to avoid loss of enzyme ac-

tivities after freezing (Ma et al., 1974). Protein concen-

[ 1

»
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tration was estimated by a modification of ‘the methods of

Low;y-gglgl, (1951) using bovine serum albumen as the stan-
dard.- Eniyme‘regptions wefe initiated following préinchba-
\tion for 15 minutes at the assay temperature (18 °C), by the

addition of 0,1 ml 100 mM vanadiuh‘free adenosine triphosp-

hate (ATP) (Sigma Product No. A-5394). It has recently been
shown that some commercial preparations of ATP contain vana-

dium, a potent inhibitor of ouabdin sensitive-Na’—g"ATPase

(Cantley et al., 1978; Beauge and Glynn, 1978). &ﬁe pH of
the ATP solution was adjusted to,7.4 witﬁll N NaéH. After 30
to 60 minutes of incubation, reactions were terminated by
plécing the incubation tubes on ice and by §dding 0.5 ml of
30% (w/v) trichloroacetic acid (TCA). Following centrifuga-
tion at 3000 xg for 10 minutes, aliquots of the supernatant

were removed for duplicate determination of inorganic phos-

phate (Pi) 'by an automated modification of the Fiske and

Subbarow (1925) procedure using‘a Technicon AutoAnalyzer Il

(Technicon method No. SE2-004F3).

Activities of Na‘*-K*, and Na‘'-NH4*® stimulated ATPase were
calculated from the‘aifference between assays performed in
the presence and abséncé of 1 mM ouabain. Activities of cal-
cium and magnesium dependent ATPases were esgimated by the
difference between blank determinations and those containing
the respective cations. The HCO3~ stimulated ATPase activi-

ty was calculated from the difference between assays per-

———
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formed in the presence and absence of 5 mM' SCN- {(thiocya-:

nate). All ‘activities are expressed as the number of micro-
moles of*indrganit phosphate liberated per'milligram of pro-

tein per hour {(uM Pi/mg/hr).
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Procedures for ATPase determination
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GILLS DISSECTED INTO 0 9% NaCL (O-LIOC)

FILAMENTS REMOVED, WEIGHED, AND PLACED N 0, 25M SUCROSE,
51 EDTA, 40 MM TRIS-HCL MEDIUM (107 Wy: 0-40C; PH 7.1D

HG‘-‘:OGENIZED- IﬁowALL ([NNI-MIXER) N0 s

GROUND FOR 15 STROKES (TEFLON GRINDER)., wiTH 0.17 NA—DEOXYCHOLATE
ADDED AFTER 8 STROKES |

CENTRIFUGEJ (900>< G) 15 MmN, (Q-4OC) IN A SORVALL RC-2B
SUPERNATANT CENTRIFUGED (10,000% 6) 30 min, (0-49C)
SUPERNATANT CENTRIFUGED (38,000 6) 2 R, (0-40C)

FINAL SUPERNATANT DISCARDED, MICROSOMAL PELLET WASHED,

RE-CENTRIFUGED (38,000x 6) 30 MIN, (0-4°C) - N
FINAL PELLE¥ RESUSPENDED IN 3-D ML OF HOMOGENIZING MEDIUM

(0-40C) WITHOUT DEOXYCHOLATE -

0.1 ML OF MICROSOMAL SUSPENSION PLACED IN 1.8 ML OF INCUBATION

MEDIA, INcUBATED (180C, 30-60 MiN.). REACTION STARTED BY |
aopiTioN oF 0,1 mL 100 N VANADIUM-FREE NAzﬂ\TP

" Reaction stopped witH 0,5 ML oF 30% TCA (0°0)

_ATP HYDROLYSIS OF P; DETERMINED BY AN AUTCMATED MODIFICATION
oF F1ske anD SumBaROW (1925) PROCEDURE (TECHNICON METHOD,
No. SE2-004F3).




TABLE 3

Composition of branchial ATPase incubation media

FaE
'
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-4.2.3 Aromatlc Hydrocarbon Effects on G111 ATPases In .

77

Vltro

The glll apparatus of six freshwater and 21 o/00" salt wa-
ter accl1mated trout were used in each test. .Control enzyme
activities were determlned in non- exposed fish asing the
same extract1on, 1solat10n and assay procedures described in

the previous section (4.2.2, pages 74-77). . Test enzyme ac-

‘tivities were assayed using the same microsomal suspension,

but with the addition of 5.0 mg /'L benzene, naphthalene, phe-
nanthrene, benz(a)anthracene‘or benzo(a)pyrene (Figure 1).
These-compounds were added to the incubation media at their
ma X 1mum waber solubility and‘ as finely dispersed'partiéu—

lates. . No solvent carriers were used betause most of these

'chemicals have been found to cause unacceptlble 1nh1b1tory

effects on ATPase enzymes (Janicki and Kinter, 1971b; Desai-
ah and Koch, 1977). The .use of an in vitro design allowed
the same f£ish to. be assayed for control enzyme actiVity as

well as for effects of one of the aromatic hydrocarbons

' . . !

4.2.4- Statistical Analysis

Statistical. analysis was performed using one-way _analysis
of variance (ANOVA} following test_fof‘homogeneity. Signifi-

cance was accepted at p=0.05 or better.



4.3- RESULTS

4.3.1 Crude 0Oil Effects In Vivo

[

Spec1f1c act1v1t1es of Na -K‘ Na -NH4’, HC¢3', Mg+ and
Ca** ATPase from control fish are presented in Table ;.
Higher Na ~K* ATPase act1v1t1es and lower Mg" ATPase activ-
'rtles were-observed in salt water acclimated flsh relative
to those 1in freshwater. No significant differences were
found in the other enzyme activities which were attributable

to salinity change. ' ' .

Following exposure to the crude oils, significant altera-
tions were observed in enzyme activities (Figures 8 to.l2).
In freshwatér, significant reductioné in Na*-K* and HCO3-
ATPasé activities were found in the Norman Wells (NW) and
Venezuelan‘(VENX crude 0il exposed fish. The petroleuﬁ hy-
drocarbons aléd pfgdﬁced elevations in Mg?** ATPase’activi-
;ies; In addition, Nofman Wells crude’ oil caused major re-
'ductidns in Na*-NH4* and Ca?*. ATPase activities. ., In salt
water, the Norman Wells crude oil caused significant in-
creases in HCO3- and Ca?*® ATPase actiﬁities.‘ The Venezue;an
crude oil exposure resulted in a significant.decrease in ac-
tivities of Na*-K* ATPase only.-'The other eﬁzyme activities
were altered moderately, but were . not found to differ from

h ]

control values.
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The microsémal protein concenirations'did not differ sig~’

nificantly.betweéh éontrol, Norman Wells or Venezuelan 0il

. . v
exposed fish. ) L
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TABLE 4

Specific activities of control gill ATPases (I)

All values represent the means of 6 flsh + one standard
deviation.

.Activifies are expressed as uM Pi/mg/hr.
"*" denotes a statlstlcally significant difference (ps< 0.05)

between enzyme activities of fresh and salt water accllmated fish.

kS
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Sodium-potassium stimulated ATPase activities in gills of
fresh and salt water acclimated rainbow trout following
exposure to weathered Norman Wells (NW) and Venezuelan (VEN)
crude 0il dispersions for 7 days. .

4 _

"x" denotes.a statistically significamt difference (p< 0.05)
from controls. ' ' :

All values are means of 6 fish, except VEN in salt water N=4.

Vertical bars represent one standard deviation.

Figure 8: Sodium-potassium ATPase activities

Y
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Sodium-ammonium stimulated ATPase activities in gills of fresh
and salt water acclimated rainbow trout following exposure to
weathered Norman Wells (NW) and Venezuelan (VEN) crude oil
dispersions for 7 days.

"x" denotes a statistically significant difference (ps 0.05)
from controls. -

All values are means of 6 fish, except VEN in salt water N=4,

Vertical bars represent one stindard deviationm. . e

Figure 9: Sodium-ammonium ATPase actiqﬁties
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Bicarbonate stimulated ATPase activities in gills of fresh
and salt water acclimated rainbow trout following exposure
to weathered Norman Wells (NW) and Venezuelan (VEN) crude
oil dispersions for 7 days. .

"x" denotes a statistically significant:difference (p< 0.05)
from controls. '

All values are means of 6 fish, except VEN in salt water N=4,

Vertical bars represent one standard deviation.

Figure 10: Bicarbonate ATPase activities
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Magnesium stimulated ATPase activities in gills of fresh
and salt water acclimated rainbow trout following exposure

to weathered Norman Wells (NW) and Venezuelan (VEN) crude
oil dispersions.for 7 days.

"%" denotes a statisticaliy significant difference (p< 0.05)
from controls. :

All values are means of 6 fish, except VEN in, salt water N=4.
Vertical bars represent one standard deviation.

b

Figure 11: Magnesium ATPase activities
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Calcium stimulated ATPase activities in gills of fresh
and. salt water acclimated rainbow trout following exposure

to weathered Norman Wells (NW) and Venezuelan (VEN) crude
0il digpersions for 7 days:

"*" denotes a-statistically 51gn1f1cant difference (p< 0. 05)
from controls.

All values are means of 6 fish, except VEN in salt water N=4,

Vertical bars represent one standard deviation.

Figure 12: Calcium ATPase activities
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, “4.3.2 Aromgtic,Hydrocarbon‘Effects In Vitro

. ) - : i
'
LR
. . . N

Fresh aqd salt water control ATPase tactivities are shown -

In Table /5. Higher Na’-K* and Na*-NH4°® ATPase activities™

/
were found 1n salt water accllmated trout compared to fresh-

water trout. Activities .of Mg?* ATPase decreased in salt

water., No 51gn1f1cant changes wvere found iﬂ HCO3- and Ca®* "

. ATPase’act1v1t1es in flsh from the two salinities.

A
‘
- . .
“

Changes induced by aromatic'hydrocarboné were more promi-

nent in. freshwater fish compared to those from salt water

(Figures 13, 14). Benzene additions in the incubation media

-

resulted in reduction ih activitdes of all enzyme measured

in both salinities, except Ce“*_ATPase'from salt water, Na-

phthalene caused- depressed activities .in all enzymes' except
Mg** ATPase from freshwater fish. The-three benzenoid ring
compound; phenanthrene, caused significantly elevated Na*-K*
and HCO3- ATPase activities and no changes in Na*-NH4*, Ca?"’
and Mg?** ATPase act1v1t1es 'in freshwater. In_ salt water, its
- presence resulted in lowered Na'-K* act1v1t§.
-Benz(e)anthraceoe induced lower Na*-K* , Na*-NH4* and HCO3-
ATPase activities in freshwater, but Qid not affeot enzyme
activities from salt water fish. The five-benzenoid ring
aromatic hydrocarbon, benzo{a)pyrene did not appear to have

any significant effects on enzyme activities from the two

salinities.

J
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TABLE 5
e es o4 . 3
Specific activities-of*control gill ATPases (11)

1

All values rdpresent the weans of 36 fish % one standard deviation.
Activities arle expressed as uM Pi/mg/hr.

mx" Jenotes a!statistically significant difference (ps 0.05)
between enzyme activties of fresh and salt water fish.
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Percentage change from control activities of ~branchial
sodium-potassium, sodium-ammonium and bicarbonate
stimulated ATPase activities of fresh and salt water
acclimated trout, as affected by benzene (BEN), naphthalene
(NAP), phenanthrene (PHE), benz(a)anthracene (BZA) and
benzo@a?pyrene‘(BZP).

"*" denotes a statistically significant difference (ps< 0.05)
from the respective controls, All N=6.

~

Figure 13: Aromatic hydrocarbon effects on ATPase
activities (I}
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Percentage change from control activities of branchial
calcium and magnesium stimulated ATPase activities of
fresh and salt water acclimated trout, as affected

by benzene {(BEN), naphthalene (NAP), phenanthrene

(PHE), benz(a)anthracene (BZA) and benzof(a)pyrene (BZP).

"%" Jenotes a statistically significant difference (ps 0.05)
from the respective controls. All N=6. : ' :

Figure 14: Aromatic hydrocarbon effects on ATPase
. activities (II)
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4.4 DISCUSSION

4.4.1 ATPases and Osmoregqulation

According to the published'record,.Na‘-K"ATPase is found
in a"variety of teleosts and éenerally exhibit higheg‘enzyme
éctivities in salt water speciesv compared to their freshwa-
ter counterparts {Bornancin and Maetz, 1975), A few euryha-

line labrid species, which are actually true marine fish-

_(Lasserre, 1971; Gallis and Bourdichon, 1976;‘Ga11is et al., -

1979) provide the exception to this rule. They display high-
er enzyme activities when transferred to freshwater from a
marine environmeﬁt.' In addition, elevated Na*-K* ATPase ac-
tivities occur during parr-smolt transformation in some sal-
monids prior to seaward migration {Zaugg and McLain, 1970;
1972;: Giles and Vanstone, 1976). This respdnse may reflect
physioldgical changes in these ;isﬁ _fof:a different mode of
ion transport -one that is mére suitable 1in salt water

(zaugg and McLain, 1970; 1972).

The higher Na’-’K+ ATPase activities reported here in con-
trol salt water trout relative to-those from freshwater (Ta-
bles 4, 5) agrees with similar studies using rainbow trout
(Kamiya and OUtida, 1969: zaugg and MclLain, 1970; 1972;

Pfeiler and Kirschner, 1972). This increase in activity is



associatzd with an increase chloride cell number as well as
increased brgénélle development in these cells (Shirai,
1972; Karnaky et 2l., 1976). There is éiéﬁggeqtion that
fresh and .salt waigr adapted fish may fhave different forms
of Na'-K* ATPase enzymes (Motais, 1970; Pfeiier *and Kﬁr—
' schner, 1972). More research is required-in this area, how-
ever, before one could say with Eértainty,ﬁhat twdldifferent

Na®-K* activated enzymes are operating at each salinity.

it is difficult to compare specific activities of enzymes
in this study with values found in the literature. This can
be. attributed mainly to the diversity of techniques uti-
lized..Some_workers measure activities Qf"whéle tissue homo-
genates, while othefs eliminate the cellular debris and use
the subcellular fractions. Thelsubcellular fractions consis-
tently exhibit higher égiyme,activities (Bornancin et al.,
1980; Ho and Chan, 1980). Some ‘studies make no attempts at
purifying the enzyme extracts, while others use deoxycholate
treatment. This process of purification has been shown to be
eséential in many cases (Zaugg and McLain, 1970; 1972; Sar-
gent et al., 1980). The assay temperatures employed in dif-
ﬁeren£ studies have varied from 10 to 45 fC. The importance
of using a temperature within the thermal range in which the
fish iﬁhabits has been emphasized (McCarty and Houston,

1977; Watson and Beamish, 1980}. The temperature used in

this study (18 °C) is well within the thermal tolerance lim-—

1



[l o da

B e R ST R T

B E L

g el S U RIS L Y

: _ 92
J S o
(0 to 25'°C). As a result of the vari-

its of rainbow trout
ety of methods'employed in ATPase assays, only cautious
qualitative'comparisons_ of- enzymé activities can.-be made., -
In addition to the increase in Na'-K° ATPase activities re-
pofged fo; salt water‘acclimated fish and for salmonids un-
dergoing smoltification stated earlier, a variety ofAenvi-
ronmental‘ inflpences. have‘ been demonstrated to affect

activities of this enzyime (Table 6).
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TABLE 6

Environmental influences on gill ATPase ‘activities

References: ) Moon, 1975;

) Pequette and Giles, 1978;

) Pfeiler, 1980;

} Murphy and Houston, 1974;

) Zaugg and McLain, 1976; . :

) Zaugg et al., 1972; Adams et al., 1973; 1975;
zaugg and Wagner, 1973; -

(7) McCarty and Houston, 1977;

(8) Ewing et al., 1980; - zaugg, 1981.
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A Na -NH4 ATPase was found in branchial tissue of trout
© (Tables 4, 5). Several groups of workers reported that ammo-.
nium ion can substitute for pota551um in the Na'-K* ATPase

" reaction. This has been demonstrated in F. heteroclitus

(Towle et gl.: lgf?) and A. rostrata (Butler and Carmichael,
1972). Furthe?, a variety of monovalent cations, ‘inciuding
Rb*, Cs*, T1*, Li*, and NH4® have been reported to.be.capa-
ble of replacing K* in the dephosphorylétion reaction in
Na*-K® ATPase extracts from 'salt water A. anguilia (Bell et
al., 1977; Sargent et al., 19é0); This dephosphorylation
step and resultgnt enzyme activity can be blocked b; the
cardiac glycoside, ouabain; Ammonium ions have long been -
labelled as the physiological counterion for sodium e;changej
in teleosts {Maetz and Garcia-Romeu, 1966; Maetz, 1971).
The fact that ouabain can inhibit sodium uptake and ammonium.
excretion 'in rainbow trout (Kerstetter et al., 1970; Payan
et al., 1975) further supports the presence of sq;h an en-

zyme.

The reason for the moderate, but significant, increase in
Na*~NH4* ATPase activity in salt water control fish from the
second series of experiments (Table 5) is not immediately
obvious. No such 'increase was obseryed in the first series
(Table 4). Towle and coworkers (1977) reported ammonium ion

inhibition of ouabain binding to gill microsomes can be

7
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slightly higher'o}‘ the same in salt water fish compared fo_
thoSéyfrom freshwatér.,'Other Ehgn thié; the guestion of sa-
linity effects on this enzyme has not.been addressed. . The
increased Na'-NH4* ATPase activities in salt water could be.
an accessory mode of:sodigm tranéfgr'éut of the blood. This
mechanism ﬁay only be operative during pefiods requiring
rapid removal -of sodium, when Na*-K* ATPases are not capable
of handling the excess ion load. The. turnover of chloride
cells, and_théréfore ATPase énzymes, is greater in‘salt wa-
ter fish than ffeshwatgr fish (Conte‘and Lin,. 1967), so
there could be periods when the fish willlhave fewer Né‘-K’
enzyme units operating. Ammonia-sodium exchanges have been
repprted in a number.of salt water gcclimated teleosts (Ev-

ans., 1977) and as stated earlier, ammonium ions can substi-

tute for potassiqm'in the Na*-K* ATPase reaction (Bell et

al., 1977; Sargent et al., 1980).

An ATPase stimulatéd by anions; especially bicarbonéte,
was previously_ reported in oxyntic cells of Necturus sp.
{Wiebelhaus ggégi., 1971) which was believed to be responsi-
ble,fé; HCl secretion. Such an enzyme in fish gills has been
found, Ppt its cellular distribution has been debated. van
Amelsvoort et al. (1977) claimed the anion-dependent ATPase
in trout' gills 'is exclusive to the mitochondrial Efaction.

Yet, in order.for it to participate in the ion transfer pro-

‘cess, it must be localized in the microsomal fractions which

-,
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contain plasma membréﬁes..ﬁo and Chan (1981) also argﬁed for
a mitochondriélldistfibufion_éf~this enzymerin'Japénese eel
| branchial tissue, though activity was detectable in the mi-
crosomal fraction. Others have shown that an ATPas€ e#iSts
in the‘microsomal fraction of trout gills which:is'stimulat-
ed by anions in phe'presenée of magnesium {Bornancin EE,Ql-r
1980)., Similar findings vere réported_for goldfish (deReh?is
~and Bornancin, 1977) and American eel '(Soloman et al.,
1975). Furthermore, these.workers postulated that activity
from th}s enzfme can functi;n in aétive transport of chlo-
ride and bicarbonate in a similér manner that Na‘*-K* ATPase
is reiponsiblé for Na*/K* exchange. The fact™hat thiocya- -
naté can inhibit HCO3" ‘ATPase agrees with physiological
studies showing inhibition of chloride secrgtiqP and absorp-
tion by thiocyéhate (Kerstetter and Kiréchnér, 1972;'Epstein

et al., 1973; deRenzis, 1975).

The method of HCO3- ATPase extraction . in the p}esenf
study from trout gills agfees with the microsomal localiza-
tion of this enzyme (Bornancin et al., 1980). A similér ex-
traction procedure for isolating ATPase enzymes from eel
tissues showed mitochondrial contamination was not a signif-
‘icant factor (Fenwick, 1981). A ﬁroblem occurrég in this
study during attempts to establish a baseline or residual
activity for HCO3~ ATPase. It was finaily shown that. magne-

sium ATPase in the presence of both ouabain and thiocyanate

X
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grovided acceptéble'results'(Tablé 3}). Addition of thiocyéf

nate was required because residual activity‘(Mg" ATPase ac-

tivity) wés_apparently subjected to activation by‘chloride

"ions in the incubation media (Tris-HC},‘ MgCl2). Chléride

_stimulation can occur . in various tissues responsible for

Cl-/HCO3-' exchange (Bornéncin et al., 1980) and'chloride:can
act as a substrate with weak affinity for the enzyme (deRen-

zis and Bornancin, 1977). In effect, the HCO3~ ATPase in

»

» N .
the present study should actually be called a bicarbonate-

chloride stimulated ATPase. -
’
_Activities of branchial HCO3" ATPase showed no adaptive
changes in fresh or salt water acclimated trout (Tables &,

5), This is at variance with the work of Morigawa and Utida

‘(1976) who feportéd higher énzyme activities in gills and

iitestine of salt water Japarese eels. The present reSults,

however, agree with several studies for trout {Kerstetter

and Kirschner, 1974; Bornancin et al., 1980) and other fish

' (Soloman et al., 1975; Naon et al., 19813} Ho and Chan, 1981)

reporting no changes in enzyme activity with wvariatien in
external salinity. Thus, it does not appear that this en-
zyme is involved in osmoregulatory chloride exchanges. Since

the enzyme can be stimulated by bicarbonate and chloride, an
L}

involvement in acid-base regulation of the internal medium

would be more reasonable. Indeed, external or internal mod-

ifications in pH can bting about changes in pumping rates of
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'sodiam and :chloride, (deRenzis and. Maetz, 11973; Camefon,
1976). - 0 |

' Microsomal extracts from trdut'sdapted to fresh and sait
‘ water possess enzyme activities which are activated by magf
nesium and are 1nsens1t1ve to ouabain and thlocyanate. This
egzyme has often been reported,las "baseline" <or "residual

epzyme activity" in trout and other-salomonids {Zaugg and

McLain, 1969; 1970; 1971 Pfeller and Klrschner, 1972). The

-

specific activities of the enzyme have been found to vary

with salinity. In coho ‘'salmon, magnesium ATPase activity.

decreased in sait wafef fis. of in .fresﬁwater fish fed a
NaCl~enriched diet (zaugg and McLain, 1969; 1970); Siﬁilér
results sere fopnd,in this stuay after acclimation to a hy-
perosmotlc medium (Tables 4 5). Reportediy, salt water ac-
climated salmonids can convert’ Mg - ATPase to’ a férm' of
ta*-K* ATPase, since much of the elevation i&ENaf-K* ATPase
can be accounted for by a drop in Mg’*' ATPase activities
(Zaugg and McLain, 1969; 1970). No decrease in Mg?® ATPase
1_agtibity was found, however, in other species of fish -even
| thougﬁ there was a:significant increase in Na*-K* ATPase ac-
tivities (RKamiya aEd Utida, 1968). More work is mequired in
this area to provide insight into the significance of these

changes and to resolve the observed differences.
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Calc1um dependent ATPase extracted from-gills of raihhow'

trout has previously been characterlzed by several workers

(Ma et al:, 1974° Watson and Beamlsh 1980; 1981). This en—‘

- zyme shows ouabaln insensitivity and monovalent ion indepen=~

dence.- Magne51um can activate thls enzyme, but affinity is
higher for calc1um ions (Ma et al. _9?4).‘_A similar enzyme
system has Dbeen descrlbed in other teleosts including A.
rostrata (Fenwick, 1979), A. 'japonica‘(He and Chan, 1980),
Rutilus rutilus (Shepherd and‘ Simkiss, 1978; - Shepherd,

©-1981), F. heteroclitus (Burdick et al., 1976) and Osteoglos-

sum bicirrhosum (Moon, '1978). An important association of

this enzyme with calcium metabollsm is suggested by changes
1n enzyme act1v1ty with removal of the corpuscles of Stanni-

us, which results in hypercalcemia (Fenwick, 1976).

The picture is less clear in attempts to correlate enzfme
activities with salinity of the external media. Fenwick
{1979) lreported hiéher Ca?* ATPase activities in freshwater
eels compared to ,those from salt water. Conversely, others
have reported increased enzyme activiwgigé in salt water
adapted fish (Burdick et al., 2873; Ho and Chan, 1980).
Furthermore, Ma (1976; cited in Fengick, 1979) did not ob--
serve any significant differences in gill da" ATPase active
ity of fresh and salt water :acclimated trout. This is con-

sistent with the results of the present study {(Tables 4, 5).

The absolute levels of gill Ca®’* ATPase activity may be re-
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lated‘to ‘long;téyﬁ adaptﬁtion to_varyihg external calcium
concentrations (Sheﬁhérd, 1981).‘Enzyme activities in g; Eg-
tilus éhowed'little; change fofloﬂihg expogure for seven
‘weeks to high and low levels 6f calcidm in freshwater. Fish
captufed from ponds with high calcium concentrations exhib-.
ited high Ca*’ AfEase activity, and those from ponds with
v low external calcium had lower enzyﬁe activity. It has yet
to be established if the enzyme is responsible for uptake or

excretion of calcium (Shepherd and Simkiss, 1978),

-

‘A.4;2 Hydrocarbon Effects

The effect of crude oil dispersions on ATPase activities
correlated with the ionic imbalance in _hydrocarbon intoxi-
cated trout (Chapter II and'III). "Inhibition of enzymes can
be correlated t¢ a bréakdown of the idn tfansport mechanism.
Distﬁrbanbes in plasma ion levels .were found after blockage
of salt transporting functions (Conte and Lin, 1967; Maetz
et al., 1969). Such perturbations would result in decreased‘
and increased plasma ion levels in fresh and salt water
fish, respgctively. These effects weré evident in the hy-l
drocarbon treated fish. Inhibition of Na*-K® ATPase activi-
ty would cause a breakdown of active ion uptake and excre-
tion mechanisms: ‘Bonting (1970) found inhibition of this
enzyme by ouabain is accompanied by a parallel re@uction in

sodium transport. Alterations in Ca®’ and Mg*® ATPdse activ-
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'v1t1es could result in modifications in gill permability

since calcium and magne51um are essential for malntenance of
cellular membrane integrity and for- stabilization of bran-.
chial.pérmeability (Potts and Fleming, 1971; Isaia and Maso-
hi, 1976) . Changes in HCO3- ATPase activity may interfere
with the ability of the:fish_Eo regulate the pH of body flu-

ids and disrupt chloride transport. ~ In fact, lowered blood

‘ pH has been reported in ‘hydrocarbon treated goldfish in

freshwater (Brenniman ot al., 1979). Pe;tufbafion of
Né‘—NH4‘ stimulated enzyme activities, can result in de-
creased active sodium ﬁovemeht and ammonia excrétion. So%e
of these effects are speculative as information on the actu—
al phy51ologlcal actions of some of these enzymes is sparse
Although Na*-K* ATPase has been studied extensively, little
is known about the other enzymes. |
. . x,
Other' studies have also demonstrated ATPases to be sensi-

tive to various environmental contaminants in vivo (Table 7}

.and in vitro (Table 8). Most have involved only Na®-K* AT-

Pase. - Furthermore, the xenobiotics tested were often lipo-
philic substances -such as DDT. Knowing the lipophilic na-
ture of some petroleum compounds, including aromatic
hydrocarbons, it may not be surprising that activities of
membrane-bound enzymes were disrupted. In addition, a re-
cent report showed petroleum refinery effluent is capable of

inhibiting'Na‘—K* ATPase activities in the marine fish, Lep~
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'tocottus armatus (Boese et al., 1982). The fefinery wastewa-

ter cpntalned a hlgh concentratlon of naphthalene, a com-
pound shewn effectlve in 1nh1b1t1ng enzyme activities in
Ehis stuay (Figures 13,‘ 14). Interestlngly, fhe Norman
Wells crude oil was shown to have greater disruptiye effects
on gill enzyme activities than the . Venezuelan crude 0il
(Flgures 8 to 12). Chemical analysis of the two oils snowed
Norman Wells to have a . higher propertion of lower molecular
weight aromatic_hfdrocarbong.than Venezuelan crude oil (Ap-
pendix B). The in vitro experiments demonstrated that these
aromatic hydrocarbons had greater inhibitory effeets on AT-
Pase activities than the medium and high molecular weight
arnhatic compounds (Figufes 13,'14). Furthermore, the ef-
fects on enzyme activities in the Normen Wells exposea'fish
can be co:related to the observed chlor1de cell damage (En-

gelhardt et al., 1981). °
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In vivo effects of contaminants on gill ATPase activities

References:

e vt ot Nt st St S Y

Bouguegneau, 1877;

Lorz and McPherson, 1976;
Campbell et al., 1974;
Kuhnert et al., 1976;
Kinter et al., 1972;
Desaiah et al., 1975;
Watson and Beamish, 1980;

Shepherd and Simkiss, 1978.
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TABLE 8

In vitro effects of contaminants on gill ATPase activities

Primor et al., 1980;
Davis and Wedemeyer, 1971;
Janicki ‘and Kinter, 1971b;

References: (1)
(2)
(3)
(4) Poston,--1979;
(5)
(6)

Watson and Beamish, 198%3—— .
Shepherd and Simkiss, 1978.

-
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Moy,

Lethal effects were found in the Venezueiaﬂ crude‘oii ex-
posure in salt water, but 6n1y minor changes oécurred in.
gill enzyme activities. This indicates-that although the
'disrupted enzymé activities can explain the ionic chaﬁges,
other factors could be involved in the observed mortalities.
Respiratory disturbances could have caused the lethal ef-
fects (Meyerhoff, 1975; Rice et al., 1977b}. Possibly, hy-
drocarbons were able to disrupt carbonic.anhydrase activity.
. This enzyme 1is known to play an important role in gas ex-—
‘change (Haswell et al., 1980) and ion regulation (Maetz,

1971).

Generally, inhibitory effects were observed in the aro-
matic hydrocarbon in vitro exposures. The lower.molecular
weight compounds had gréater effects on enzyme activities at
the concentrations used (Figures 13, 14). "Qther resulﬁs
,might have been evident had the hydrocarbons not been tested
on a mass/volume basis. By using this methed for compari-
son, the benzene concentration {(0.064 mM) is higher than the
penzo(a)pyrene concentration (0.020 mM) . The conseguences
of using the same molar concentrations of each aromatic hy-
drocarbon remain to be evaluated. The measured effects may'
be due to the ability of these compounds to be rapidly ip;
corporated into membrane layers. This is discussed in de-

tail later 1in the text. To the knowledge of the author,



. . . i
/

only. one study has compared the tox1c1ty of a homologous se-

ries.of aromatic hydrocarbons. R0551 and Neff (1978) found

"the toxicity of polynuclear aromatic hydrocarbons was di-

rectly related to their solubility and residence time in the

test solution. ‘. These workers reported the 1ower molecular

weight hydroearbons had greater toxic effeEte on the marlne;

worm, Neanthes arenaceodentata, than those with higher mo-

.lecular weights. 'The latter groups of hydrocarbons may also

affect. enzyme activities, but their slow mobility across
biological'ﬁembranes would modify their apparent toxicity.
These compeunds can form biologically inactive micelles with
dissolved organic matter (Boehm and Quinn, . 1976). This
could have occurred with the ‘microsomes in the present

study.

‘The .stimulatory effects ’ of phenanthreee' on Na*-=K* and
HCO3- ATPase from freshwater trout (Figure 13)» is not fully
understood at ‘the present time! Increased activities of AT-
Pase enzymes have been reported 1in enzyme preparations con-
taminated with zinc (Watson and Beamish, 1980}. ‘Possibly,
phenanthrene was cagable of changing the enzyme conformation
to cause induction of activity. At present, no evidence of

such an occurrence can be advanced.

Differences in enzyme sensitivity to hydrocarbons were

found between the in vivo and in vitro tests (Figures 8 to

/ | . 106
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14). ‘Several poesible explanations can account for this,
a51de from the obvious employment of diffefent chemical com-

poundg. 'In the ‘in vivo equsures, one wou d expect the tish

4

to be capable of metabolizing some of the petroleum hydro-~

‘carbons to a non-toxic or a rapidly excretable product. The

ab111ty of fish, 1nclud1ng trout, to blotransform and dls—

charge petroleum hydrocarbons hds been- well documented (Var—:

~anasi and Malins, 1977). Another possibility is that some

components in blood can bind the hydrocarbons following
thelr entry 1nto the flsh and render them blologlcally inac- -
tive. Roubal (1974) found non-polar hydrocarbons associat-
ing with low viscosity molecules such as llplds, while polaf
hydrocarbons interact with.non-polar blood proteins like al-
bumen. The concentration of -hydrocarbons:at the sensitive

site would certainly .influencé the ‘apparent toxicity of

‘these substances. In live animals, the concentration in

tissues may be much higher than the levels in the external
medium, but the bioavailabilty of these compounds is un-
known. Gill tissues can accumulate a substantial amount of
hydrocarbons (Rice et al., 1977b), yet, the sensitive sites
of the enzymes may be protected by the intact membrane. In
the in vitro tests, enzyme units are directly exposed to the
chemicals. Even 1in this case, the actual concentrations
found in the microenvironment is unknown. The toxicents may
reach the immediate area of the enzyme, but binaing to other

membrane components could limit their access to the enzyme



unit. Another possible explanation isfthat:a live animal
can synthesize new. enzyme un1ts to replace the ihaqtivated‘
~forms. Slnce no 51gn1f1cant differences were found in mi-
crdsomal protein ‘concentrations, this last 90551b111ty seems
unlikely. Yet, de ggxg‘synthesis cannpt be dismissed on

this result alone. - C

.

4.4.3 Possible 'Mechanisms of Toxicity"

Littlg:is known- concerning the mechanism of toxicity of
petroleuﬁ, but hydrocarbons tend to associate with biomem-
Sranes and can interfere'with cellular strﬁclure and func-
tion.-e Aromat1c hydrocarbons can cause swelllng and dlsrup—
tions of plasma nmembranes of protozoans {(Goldacre, 1968).
Further, spin-labelling techniques were employed to study

the in vivo and in vitro interactions of petroleum hydrocar-

bons_in coho salmon. These compounds were shown to preferen=
tially.bind to cellular branesJ(Roubél, 1974; Roubal and
Collier, 1975). Specifically, aromat.ic hydrocarbons were
boﬁnd to various non-polar and electron-interactive sites on
the membrane surface resulting in pettufbations in membrane.
organization. gimilar findings were reported by Stegeman
':(1977).A Lipophilic hydrocarbons preferentially associated
with such lipqld‘stuctures as plasma mémbrane, mitochondrial
membrane, nuclear envelope and endoplasmic reticulum. Dis-

‘turbances of plasma or mitochondrial membranes in the liver
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by hydfocarbons' cahseh alterations in normal intefmediarje
metabollsm (Sabo and-Stegeman, 1976; Stegeman “and Sabo;
1977). Many:* phy51olog1cal functlons —such as*neurotransmls—

sion, muscle contractlon, “and 1on/osmot1q/exchange- re dl‘

.:ectly dependent oﬁ the structural propertles of blologf&al

membranes. The results of the present study clearly showed
crude oils and aromatic hydrocarbons can 1nterfere with mem-

brane-bound enzymes responsible for osmotic and 1on1<; X-

‘change in branchial tissue of fish.

Enzyme inhibition by DDT‘ and other chlorinated hydrocar-
bon pesticides has been the focus of considerable research.
Theee'lipophilic‘ compounds are potent inhibitors of Na®-K°®

ATPase extracted from fish dills and can disrupt: osmoregula-

" tion (Janicki and Kinter, 197la; 1971b; Leadem et al., 1974;

‘Miller and Kinter, 1977); ATPase enzymes ve a requirement

for lipids and contamination by lipid-soluble substances

such as hydrocérbons can result in altered enzyme function.

Schneider (1975) showed that DDT in particulate or solubi-

lized form can inhibit Na*-K* ATPase activity from rat

,brain. The toxicant can affect the enzyme directiy, indepen-

dent of changes in sodium or potassium concentrations, and
does not cause inhibitory effects by classical binding to
specific sites. The mechanism of toxicity was suggested to
be mediated by the ability of DDT to dissolve in the lipid

phase of the membrane and disrupt enzyme function by alter-
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ing the properties of the membrane. Changes in the lipoid
"comp051t10n of membrane can result 1n modifications _in the .

'aﬂlosterlc propertles of Na*-K* ATPase and other membrane-

./-—

_bound enzymes (Moreno et al., 1972) eccording.te the fluid
' mosalc model of membrane structure (Singer, 1972; Singer and
‘Nibh;}son, }972), -membrane phespholipids aré‘aligned in a
.bilayer; The polar heads'of,‘the phospholipids are at the
surface of the membrgff_ingféhe fatty acid tails extené into
the flyld cente:. Globular proteins are embedded 1in this
phospholipid matrix. Any alterations in the protein-lipid
interactions may, affect transport :atee‘and enzyme activi-
.tles (Rinter and Prltchard 1977). Thus,-it seems reasonable
ﬁo‘postulate that DDT induces its tox1c effects by decreas-
ing the'fluidity of membrane'phosph011p1ds, which in turn
_ would cause alterations in allosteric tpansitiéﬁ?\reqbired

for enzyme attivity (Schneider, 1975; Miller and Kinter,

977), 0 ® ”

"Such a mechanism has also been pfoposed for enzyme inhib-
ition by cholesterol (Kimelberg and Papahadjopoulus;, 1974).
These workers invesfigated the relationship betneen Na*-K*
ATPase, membrane fluidity and cholesterol. Cholesteroi was
"found to reduce the fluidity of membrane phospholipids, re-
.sulting in inhibition of Na*-K* ATPase activity. In eddi-
tieny some anaesbhetics (n*hexanol) can have disruptive ef-
fec%ﬁ on membrane fluidity and. promote ”inactivaﬁjon’ of

o

Bt

-
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Na';K* ATPase‘(Cbssins ég al., 1981).7 The'ab0vé hyboﬁhesis
of‘enzfmefinhibition’repeives' further support from iﬁvesti:

gations demonstrating. that §aditi6n of phospholipids' into
Na‘-K* ATPase preparations‘dép .prevent\or reverée inactiva-
tion of enzymes'by c?§6rinated hydrocarbons, ‘detefgents and
other organlc compounds (Wllson and Wllson 1972; Sharp et
al.,- ;974). Thls;nonncompetltlve nature of enzyme 1nh1b—
ition may also be'appropfiate'for lipophilic petroleum hy=
‘drocafbons. The water soluble (polar) components of-petro-
leum would interact with structures’ ‘on the surface of the
membrane, such as the phospholipid headé{and”extiinsic pro-
teins. While the lfgid_soluble (hon-polar)Jhydrdcarbons can
mdvé into the membrane amrd intéract'with the hydnophqbic in-
terior, with such structures as the phospholipiddtﬁils and
intrinsic proteins. Both types of interactions would result

in disrupted membrane integrity.

The present study showed divalent.cations stimulated AT~
Pases to be 1ess affected by hydrocarbon treatmentythan en-
zymes stlmulated by monovalent ions- (Figure 147. Slmllar
results were obtained by others (Watson and Beamish, 1980;
1981). This could in part bg related to the molecular struc-
ture'and the lipid-depéndence of the différent enz?mes. Two
recenr reports {(Kyte, 1981; Klingenberg, 1981) showed Na;-K‘
ATPase and Ca?* ATPase to have dlstlnct structural conforma-

tions. Stable tetramers, dimers, and monmers of Ca?* ATPase

&f
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‘/Qhave been 1dent1f1ed ~while Na*-K* ATPase exists only as a

dlmer. Wlth“thls eVLdence, one may postulate that.since

Ca’H ATPase, can functlon in three. phy51cal units, dlsruptlon

A_1n activity would be less pronounced. In addition, Ca?* AT-

Pase ' does ‘not appear .to reguire-a counterion for proper

. function. The b1nd1ng 51tes may only be located on. one side

of the enzyme, whereas in the Na -K* ATPase, enzyme, binding
sites are required on both sides, one for sodium and another

for potassium. Therefore, alterations on any one site would

impair enzyme function. This, of course, is strictly specu-

lative due to the paucity of 1nformat10n ‘on  the molecular

1

structure and‘mechanism of thesé enzymes.

‘

4?444{1 Geﬁefal Discussion

etk

'

" Results of this study showed that the plasma imbalance
caused by petroleum has' a biochemical basis: .Oil—exposed;
fish, especially anadromQus and catadromous.species, ‘chal-
lenged by changing salinities in the environment may conse-

quently be greatly affected. Salmonids undergoing -parr-

smolt transformation, “in preparation for seaward m1grat10n

.can also be affected. For example, Zaugg et al. (1972)

found an increase in water temperature can affect Na'-K* AT-

Pase activity in rainbow trout, resulting in loss of migrat-

ing disposition in these fish. In addition, depressed gill
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" N'Na*-K* ATPase activity after copper-zinc contamination re-
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I . : : s
duced the number of coho salmon successfully completing the

downstream mlgratlon, and increased ﬁbrtaiity in these fish
upon exposure . to salt water "(Lorz and McPherson, 1876). Sim-
11ar1y, this type of pollution 1nterrupted the upstream mi--

g ation‘of.Atlantlc salmon in the Miramichi .River '(Sprague

4]

r
; l., 1965; Sprague ‘and Saunders, 1967). The salmon popu-

lations declined in the polluted river. Finally, a recent

"study - found m1grat1ng species of Pacific salmon returned

downstream upon exposure to water contamlnated by monocyclic
aromatic hydrocarbons (Weber et gl.: 1981). This shows an
interesting correlation with the present\work in that ben--
zene had the most severe effect on gill'enzymes (Figures 13,

14).

Sinee crude-oil and refined.petroleum products afe trans-
ported in large quantities over many waterways, the risk of
0il pollution in the aguatic environment increases with ris-
iné demands for fossil fuels. For e%ample, in order to bring
oil produced in fields in Alaska's North Slope (an estimated
amount of 2 million barreis a dey) to refineries on the west
coast of North America, large .supertankers (45,000 to
150,000 tons)  will be'Jsed. The potential -for accidents
along the-northwestern'spipping lanes is presumed to be high
due to navigational hazards alond the routes and severe cli-

matic conditions (Clark and Findley, 1977). In addition,
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" these ténkérs are ailowed-under regulatioﬁ to réléase'oil&
ballast water into the ~Gulf of "Alaska beyond a specified
.distahﬁe from the .shore (Clark énd Findley, 1977). Thesé in-
cidents could. lead to-gradﬁal accumulation of hydrocarbons
.in,the area, and may represent -a hazard to the marine eco-
 system1 This study clearly showed petpoleum_.ekposure can
‘hq;e significant physiological consequences in fish. It can ’
:be postulated that oil dischafged-into biologiéally produc-

tive areas, such as coastlines and estuaries, could contrib-

ute to a loss of commercially valuable fish species.

In summary, petroleum hydrocérbons were capable of dis-
rUpting'branchial ATPase activities in both fresh and salt.
water acclimated trout. These effects could have played a
ﬁajor contribﬁtony role in the ionic/osmotic dysfunction

found in hydrocarbon stressed fish.



- _ Chapter V
SUMMARY .AND' CONCLUSIéNS

| S

Fresh and weathered crude oil dispersions werg“/found to
affect plasma ion balance_ih rainbow trout. Qiiﬁaccommodat-
ed‘fn the water column in the<particulate'f6rm can have an
impact on important physiolbgiqal procéssés in fish. _ Very
little work 'hgé been done on the toxicity of oil-in-water

o’

dispersions, despite the fact ‘that most of the oil found in

‘water is in this form. Even after weathering, oil disper-

sions can retain #heir toxic components. No major changes

were observed in the plaéma ion levels of paraffin oil dis-
persion exposed fish. This would‘ indicate that the disrup-
tions in electrolyte metabéiism were not a result of expo-
sure to oil dispersions, but from toxic hydroearbons in the
0il particles. The results of the weathered crude oil ex-
‘periments showed that these compounds are still in the water
even after undergoing wéathering;

t

Other modes of weathered oil exposure did not result in

major changes in the plasma ion profile of trout.. The wa-

ter-soluble fraction of weathered crude pils does not con-

tribute to the acute toxicity of petroleum to fish.  Fur-

- 115 -
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ther, oil introdeced to the .fish by intraperitoneal
1n]ect10ns (systemlc contamination) did‘ npe compromise the
mechaqisms'for_ ionic balance —p0551b1y because the oil is
quickly eliminated from bedy'tissues.

The changes-in hydrominerai balance'in trout exposed to -
aromatic hydrocarbons adds}e?idence to the pestulation that
these compounds are responsible for the toxic effects of pe-
troleum.. The results from the experiments, ﬂowever, did not
show aﬁjtgorrelatidn between effecfs on ion balance and mo-
lecular weidﬁt. Aey trends could have been masked by the ad-

dition of the paraffin oil dispersions.

Salt water acclimated trout exposed to weathered crude
0il: dlsper51ons had increased plasma 1on levels and osmolal-
ity. This effect is converse to that observed in freshwater
acclimated fish. This can be attributed to the difference in

salinity of the external media, and the different ion trans-
lport mechanisms in the animals.
_ )

The functional conseguences of exposure to crude oil dis-
persions in both freshwater and salt water acclimated trout
appeared to have resulted from a breakdown of the respective
ion transpo;t mechanisms. The observed changes in gill mor-
phology, especially damage to the chloride cells, may ac-

count for this. Other ion-transporting tissues could also

)
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have contributed to the ionic dysfunction, but they_hage‘&gt
to-be examined. “

¥

The disruption in gill ATPase activities following expo--

sure to weathered crude oil dispersionq'support the hypothe-'

sis that hydrocarbons can have serious effects on cellular

membrane structures which can result in impairment of enzyme

function. This series of experiments showed disruption of

enzyme activities could have played a major role in the
plasma ion imbalance in hydrocarbon exposed fish. Other vi-
tal physiologicai proceéses can be altered by oil contamina-
tion. The possibility that ot%er enzyme systems are affected

remains to be evaluated.

Information is sparse on the acute toxicigy of aromatic
hydrocarbons. The iﬂ EiiEE experiments showed lower molecu-
lar weight érématic hydrocarbons had greater effects on
branchial ATPase enzymes of Erout than higher molecular

weight compounds on a mass/volume basis. The observation

*

that monovalent ion stimulated ATPases were more severely

affected than divalent ion stimulated enzymes may have re-

sulted from their structural differences and 1lipid-depen-

" dence. But little is known about the structure and‘mecha-

nisms of ATPase enzymes.

117
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Finally, this study showed that the water-electrolyte
status in fish is a rellable indicator of oil pollutaht

stress. It is clear that ‘the study could be expanded to ex—

" amine the p0551ble role of other ion-regulating tissues. : In_

. addition, an evaluation of the dose resﬁonse of the enzymes

to various petroleum hydrocarbons should be undertaken. The

results of this study provide evidence that the mode of ac—'
e .

tion of petroleum may be one of pollutant-cellullar 1nterac-

tion. This area of research deserves attention.



s o s s < £
B T

RV S e

‘Appendix A

OIL-IN-WATER DISPERSIONS .

7
=

Thé'particles in‘the oil-in-water diépéﬁgions were found
to be from 1 um to 2 mm in diameter, with tﬁe majority at 5
um. ° The initial particle number of fresh dispersions was 1
x 10° par£icles/ml for the 1000 ul/L and 3 x 10* particles/
ml for the 100 ul/L treatments (Figure 15). This. decreased
steadily to about 2.x 10¢/ml and 8 X 10°/ml at . the end of
the experiments. Following thrég -days of weathering, the
1000 ul/L oil dispersion declined 1in particle number to
3.0—4.5-x-10‘/ml, at which time the tests of weathered oil

effécts-startea.

Total hydrocarbon concentrations in the water also de-
creaSedrfrom'the ini£131 concentration. At the end of the
tests, hydrocarbon concentrations were found to be at 60-100
ui/L for the 1000 ul/L dose and 5-10 ul/L for the 100 ui/L
dose. The rate of declineDOQer the course of the éexperiment
was similar for both fresh and weathered oil exposure re-
gimes (Figure 161._At both exposures, the heavier Venezuelan
crude oil was found fo_be more persistent in the water than

the lighter Norman Wells crude oil. .

- 119 -



120

The ph&siéal Charadteristiés ef the oil dispersions'esed
in’ the present 1nvest1gat10n were 51m11ar to those described
for spllls occurrlng in the f1eld (Forrester 971). or ex-—
perlmental spills under laboratory condltlons (Sha@,. 1979).
It was reported that ﬁicron-size‘oil particles formed -by
natural water movemente could be -detected in the water col-"
umn to depths of 80 m and dlstances of 250 km from the orig-
inal spill site (Forrester, 1971). It has also been stated‘
that in ~areas of strong water movements,. such as. the St.'
Lawrence River, it is impossible to either recover or dis-
perse the oil (Drapeau et gl., 1974]. It is reasonable to
assume that oil accommodated in the water column in this

form can encounter and affect aquatic organisms.

-



S

Number of paraffin oil particles in 1000 ul/L
and 100 ul/L (fresh) treatments over a 10 day
in aguaria., Similar graphs were found for the
crude oils.

" Arrows denote the time of addition ( +) and
and removal (t) of. test fish.

18 )
m_

" Figure 15: 0il ﬁarticle number
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Total hydrocarbon concentrations in water during the
weathered (1000 ul/L) treatments of. Venezuelan and
Norman Wells crude oils over a 10 day periocd.
Similar weathering patterns were found for the fresh
(100 ul/L) dose.

ArrOWS denote the time of addition () and
removal (} ) of test fish. :

Figure 16: Hydrocérbon'concentrations in water

"
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'“”ﬁormgd to identify the structures of individual aromatic

-hydrocarbons.

IELCRA

‘Appendix B %{L
CHEMICAL' ANALYSIS OF CRUDE OILS ~

fhe-cgude=oi;s were‘fractioﬂéfed intO'alibhatig_agdﬂéro-,
matic fractions bon neutral alumina column (5%_deaéti§ated)
prior td,analysis. Aliphatic anﬁ'aromatic hydrocarbons were
eluted yith hexané‘and benzene, réspectively. "Aliphatic.

fractions were-analyzed'by.gas chromatography (Hewlett pack- '

.ard 5840 GC). Aromatic hydrecarbons were analyzed on GC/MS.

Scan integration was used and dedicated mass, plots were per-

) o

“.compounds. . T . '

2

s

The_ch:omatograms of the two o0ils showed that the ‘Norman
Wells and Venezuelan crude oils differ substaptially in

their chemical composition {Fiqures 17, 18). The Norman

. Wells crude oil contained high conceRtrations of aliphatic

4

and 'low molecular weight aromatié'hydrbcarbons. The Vene-
zuelan crude oil contained yery"low‘concentfations of alip-
hatic and loy molecular weight Hydrocarbons, but had high

concgntrationé of * medium to high molecular weight aromatic
- L r

o~

-
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Gas chromatograms of Norman Wells (NW) and Venezuelan
{VEN)} crude oils. s -

Aliphatic fraction. . ‘ | %

- Figure 17:” Aliphatic fraction of crude oils

124
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Gas chromatogram of Norman Wells (NW) and Venezuelan
(VEN) .crude oils.

Aromatic fraction.

Figure 18: Aromatic fraction of crude oils

]






. : AppendixVCA
PLASMA ION CONCENTRATIONS AND OSMOLALITY

The ‘temporal reépoﬁse of‘plasma‘ions in fish samplea sam-
.pled over l, 3, 5 and 7 déys are illustrated in Figu:esl19,
20, and 21. The oil exposure regimes were similar to that
described in Chapters II gnd III. All sampling and analyt-
ical procedures were also the same.

The plasma ionic response as affected by cdrtisol injec—‘
tions was étudied; Freshwater accliﬁated trout were sham
injected, exﬁoseé to weathered crude oil-dispersionsﬂ corti-
sol injected, and cortisol injéﬁted/oil exposed for 7 days.
 The concentration of'fhe IP injected cortisol was 80 ng/lOO
g fish. The chénges in plasma ion concentrations and osmo;

lality are dgﬁumented in Table 9.

- 126 -
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i Changes in plasma ion concentrations and osmolallty
‘ in freshwater acclimated rainbow trout during the
course of 7 days of exposure to dispersions of
+weathered crude o0ils. -

All values means of 8 fish.
Vertical bars represent-one standard deviation.

Al

‘Figure 19: Osmoregulatory responses over 1, 3, 5 and 7 days
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128

Changes in plasma ion concentrations and osmolality

in freshwater acclimated rainbow trout during the
course of 7 days of IP injections of weathered

crude oil. - : ‘ _ ”

All values dre means of 8 fish.
Vertical bars represent one standard deviation.

-

Figure 20: Plasma ion profile over 1, 3, 5, and 7 days (I{
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Changes in plasma’ ion concentrations and osmolality
in salt water acclimated rainbow trout during the
course of 7 days of IP injections of weathered
crude oil. ‘

All values are means of 8 fish.

Vertical bars represent oné.standérd deviation.

Q

Figure 21: Plasma ion profile over 1, 3,.5, and 7 days (11)
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TABLE 9 .

Cortisol effects on plasma ion concentrations

1

all values are means of 8 fish and numbers in.the
brackets represent one standard deviation.

?
"k 1ndlcates a statistically 51gn1f1cant dlfference

¥

L



Cnsee  (MEE.(FOILO W@ BY (€Y vol

T RN (7l o1 e
o9 ve aofmm (£0)60 LE _m_ (8) E ~ + uDjonzausA

w0g14s2 OIS (HO190 u(o)8 ol a9) 28| 0 UDpnzawen

. . . ) i . ,d

B

: S B TR 10811100+
- Siiom .co:wmoz

)16z w80 Lt ae L0 «{0h) egl. b)Y b 7 SIIgM ubwuoN.

@:: 6z .o;mm (o). GO (k) 161 Eu...mm_p_._. - (dD) 1osi0D |
- g) 62 .. (80) tu Gemo € o8l (9)'opl | .8 1 . woug

@ g6z . (L0} _.m £0) 90 (£) 4 () el | . jowwod

y

o )

8«.._ Q\emosv :\umé S\EE 3\55 j\cué.. - UQyipuod
é._o_osmo #4404 4DN 9 | ¢ |ojusuledx3

.

* . ~ [
it - , . - .
.u..". . . L3 B .
S0, .. siopuioiod pwispld -
’ \L ‘. - . . R .
T 3 - : Ta T e, - . .
k] Lt . n
v . ;
..N.\. ) - . ‘ %
TR y . .
A .
\\ P -
e 1
B E P >
- \\‘\,\\_\.\
T, g v
' Sy P
s i ,
A ....1\ - Y
\.h‘w.x. . o
e




+ ed.

iAppeﬁdix_D,

PLASMA CORTISOL LEVELS

~ 4

Plasma cortisol levels- were measu;ed in rainbow trout

———

fgllpwing ekposure to various oil treatmeqts{ - Cortisol was

r

assayed by RIA,. using Corning Immo—Phasé methdds and:re-
ageﬁté. ’ _

'Cértisol_has been imﬁljcated to ,play a role in hydroqin--
erél‘balénce.in fish «(Forrest et al., 1973). No correla-

tions, -however, were found between the plasma ionic .response

and the plasma cortisol levels in the various exposures. The

lack, -of correlative effects is not clear at the present
. . - s . . ”

w —

time. A more detailed analysis of th&s_question is warrant-

5 ) - - ’ '
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N _ r .
' .TABLE 10
Plasma cortisol levels (I) .,

All values are mean of N fish and numbers
in brackets are standard deviations.
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PLASYA CORTISOL. (/).

(ONTROLS 28 (2839 8
| 15.00 AL2D 10
PARIFFIN (FRESHD 10.10 (6.08) 8
PARAFFIN (HEATHERED) 2.5 .1 8
MR HELLS (FFES) 510" 2.59) 7
NORYAN WELLS (WEATHERED) 0.0 9D 10
VENEZIELAN (FRESH) s @l 8
VENEZLELAN (HEATHERED) " @8 G 10
NORHAN VELLS (4SP) B e 8
VBEZELA OF) %GB e 8
y
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TABLE 11
n

" Plasma cdrtisdi‘legels (11)

All values represent the mean of 8.fish and .
numbers in brackets are standard deviations.
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oL ~ TABLE 12

Plasma cortisol levels (IIT)

Y

.

All values represent the mean of 8 fish. and
numbers in brackets are Standard deviations.
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TABLE 13-

Plasma cortisol levels (IV}
r ) -

All values represent the mean of 8 fish and
numbers in brackets are standard deviations.

)
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. . . : o Appendix E - . U
v . . o . . S
PHYSI OL.O.G ICAL PARAMETERS IN OIL EXPOSED TROUT )

-

. Some of the physiological resﬁonses measured iﬁ trout un-
der the varid}s experimental conditions were not included in
the main text because of ‘thgir peripheral importance to ion
regulatibn. They _érg illustrated iﬁ the following tables
(14 to 19) ' to demonstrate that other physiological ﬁaréhe-

ters are disturbed by oil exposure.
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TABLE 14

Physiological parameters (I)
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TABLE 15
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