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ABSTRACT

The vptake of contaminants by diffusion across fidi gills may be

altered by changes in the contaminant's physicochonical form or

changes in fish respiraticai. This stucfy investigated the effects of

changes in contaminant v^Ttake due to sorption to humic acid and

changes in fi^ rei^iration, induced by altering respiratory demand

via an acute change in temperature and by altering the diffusional

capacity of the gill meattibrane by esqxssure to chlorine. In each

experimental design the v:ptake of selected polycyclic aroroatic

hydrocarbons (PAHs) and polychlorinabed biphenyl congeners (PCBs) by

the gills of rainbow trout, salinn oairdneri (Richardson) were measured

simultaneously with measurements of fish respiratory functions using a

fi^ metabolic chamber.

Binding to humic acid (HA) reduced the bioavailability of

benzo[a]pyrene (BaP) and 2,2',5,5'-tetrachlorobipher^l (TCB). A 1:1

correlation was found between reductions in the percentage of BaP or

TCB that was freely dissolved (not bound to HA) and reductions in

iptake of the contaminant by trout gills. These results imply that

only the freely dissolved BeiP or TCB weis available for vptake.

Ei^t to 24^l ejqxjsure to chlorine resulted in damage to gill

lamellae. Reducticais in the vptake efficiencies of oxygen and three

PCB congeners in chlorine-exposed trout were hypothesized to result

from the chlorine-induced damage to the gill membrane. However,

increcises in ventilatory functions compensated for the lowered uptake

efficiencies and resulted in no net change in either oxygen or PCB

iptake.
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An acute decrease in tenperature resulted in reduced re^iration

and iptaJce of o^en and BaP, TCB, and n^iithalene (NAP) by trout.

Reductions in vptake efficiencies were hypothesized to result from

tenperature-induced reductions in the permeability of the gill

membrane. Reductions in ventilatory functions and otygen ooTsunption

were attributed to a reduced metabolic demand at the lower

tenperature.

These results indicate that physiological and environmental

factors can have a direct modulating effect on the diffusion of

contaminants across the gill membrane. The quantitative relationships

between sorption and bioavailability and fish re^iration and

contaminant vptake found in these ejperiments can be used to inprove

models of containinant iptafce in the natural environment.
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CHAPTER I

CTNERAL INIRODUCnaJ

Aquatic organisms exposed to xenctoiotics in the natural

environmait accumulate these substances primarily by two routes, via

the food chain and throu^ direct i^Jtate frcm respiratory water. For

hydrcphc±>ic chemicals, including many of the hi^ier molecular wei^t

polycyclic aromatic hydrocarbons (PAHs) and polychlorinated bipbenyls

(PCBs) having octanol^water partition coefficients (1^) ranging from

10^ to 10®, v?)take from water by diffusion across respiratory surfaces

is considered to be the most important ejqxDsure route (Hunn and Allen,

1974; Norstrom et al., 1976; Neely, 1979; Bruggeman et al., 1981)..

These compounds will preferentially partition in lipids and will

readily diffuse across the gill membranes of fish.

Predictive models of accumulation of hydrcphobic toxicants by fish

have related laboratory determinations of steady-state bioaccumulation

factors (BCF) to measurements of compound hydrcphobicity, such as the

compound's (Neely et al., 1974; Metcalf, 1977; Veith et al., 1979;

Kenaga and Goring, 1980; Bruggeman et al., 1984) and water solubility

(Chiou et al., 1977; Metcalf, 1977; Kenaga and Goring, 1980). These

relationships allow for the prediction of toxicant accumulation based

on an easily meeisured chemiccil prcperty of the toxicant, and have been

^own to be useful for compounds within a wide range of

hydrcphobicities.

Bioaccumulation is the net effect of the offsetting processes of

contaminant vptake and elimination. Additional physiological



processes are also involved that may alter either or both processes.

To account for seme of these effects on v^jtake or elimination

bioaccuraulation models have been adjusted to incliide factors such as

fish growth (Nimii and Qio, 1981; Ihomann, 1981), ccnpound metabolism

(Southworth et al., 1980), and accumulation throu^ other routes,

including cutaneous accumulation (Metcalf, 1977) and v^jtake via the

food chain (Roberts et al., 1979; Bruggeman et al, 1981; Ihomann,

1981). These additions to the steacfy-state BCF approach provide

additional specificity for modelled predictions of contaminant

accumulation, and enable models to be tailored to include additional

jiiysiological properties of the e^qxosed biota and physicochemical

properties of the contaminant.

Availability of contaminants for i^jtate by diffusion across gill

membranes can be affected by the physicochemical form of the diffusing

contaminant. Binding of contaminants to dissolved sorbents will alter

the physicochemical nature of the contaminant and may inhibit its

diffusion across the gill membrane due to the increased size of the

contaminant-sorbent ccaiplex and/or the hydrophilic properties of the

sorbent. By binding to sorbents, diffusion of the contaminant would

be predicted to be altered in the absence of physiological changes in

respiration or reductions in gill diffusional capacity.

Fish ventilatory functions control the amount of contaminant-

laden water that ccmes in contact with the gill mesnbrane. Gill

ventilation will vary to meet the fi^'s demand for oxygen and will

also change in response to irritation of the gills by chemical

irritants. For both metabolic and chemically induced changes in fish



respiration, the resulting alterations in contact time and effective

exposure of ventilatory water with the gill membrane may affect the

diffusion of water-borne contaminants.

In addition to affecting fii^ ventilation, chemical irritants may

also alter the structure and integrity of the gill membrane. Damage

to the gill menibrane may result in reductions in the functional

siarface area of the gill and an increase in the gill membrane

diffusion distance. Each of these effects wculd be ei^jected to cause

a reduced capacity for diffusion of contaminants and ojQ^en by damaged

gills.

Ihe primary dDjective of this study was to quanti^ the effect of

changes in ccnpound bioavailability and changes in fish respiration on

the diffusion of selected hydrophobic contaminants across the gills of

rainbow trout, Salmo qairdneri (Richardson). the compounds used in

the study include two PAHs; benzo[a]pyrene (BaP) and naphthalene

(NAP), and three PCB congeners; 2,2'4,4'-tetrachlorobipher^l (22'44'-

TCB), 2,2',5,5'-tetrachlorGbiphenyl (22'55'-TCB), and 2,2',3,3',5,5'-

hexachlorobiphenyl (22'33'55'-HCB). Using a fi^ metabolic chamber

(McKim and Goeden, 1982), siimiltaneous measurements of fi^

ventilation volume, ventilation rate, and the vptake of oxygen and

ccmpound were made under three different ejperimental designs.

The envirOTimental and physiologiccil variables manipulated in these

ejperiments were chosen to include three methods of edtering

contaminant rptake by fish: eilteration of fish ventilatory functions

thrcfu^ changes in metabolic demand, reductions in the diffusional

capacity of the respiratory surface by exposure to a gill tissue



irritant, and changes in the physicxxhemical form of the toxicant

throu^ sorption to a dissolved sorbent. These changes in respiratory

functiCTis and ccrapcund bioavailabililY predicted to affect vital

ccnponents of the process by vhich fish accumulate water-borne

toxicants via the gill, and may result in changes in the efficiency of

contaminant vptake by trout.

In the first series of ei^jeriments (Chc^jter II) the

bioavailability of hydrcphobic contaminants to rainbow trout in the

presence of humic acid (HA) (Aldrich Chemical Corporation, Milwaukee,

WI), a cammercicilly-available source of dissolved organic

macromolecules (DCM), was investigated (Black and McCarthy, 1988).

Benzo[a]pyrene and 22'55'-TCB, two ccnpounds having different

affinities for binding to DCM, were used in this study. By directly

measuring gill vptake of these contaminants using the fish metabolic

chamber, the effect of binding to dissolved sorbents on contaminant

vptake by fish was determined. Using this e^roach reductions in

toxicant tptake can be ccnpared with reductions in the freely

dissolved contaminant measured in s^}arate binding e}^)eriments.

Ccmparisons were made to test the hypothesis that only the freely

dissolved contaminant can diffuse across respiratory membranes and be

accumulated by trout gills, validation of this hypothesis would make

it possible to develop relationships for estimating the effect of

sorbents such as HA on contaminant vptake ky fish based on

determinations of the affinity of the contaminant for binding the

dissolved sorbent (I^).



Increased acxannulation of MIT, organic mercuric chloride, and BaP

by fish has been measured at elevated teroperatures (Murphy and Murphy,

1971; tfedeod and Pessah, 1973; Reinert et al., 1974; Jimenez et al.,

1987). Althou^ fish ventilation was not measured in any of these

esperiments, increased contaminant accumulation was attributed to

increases in fi^ ventilatory functions, thcu^t to result frcm an

increased metabolic demand at hi^er temperatures. In ejperiments

described in Chapters III and IV, the influence of changes in trout

respiratory functions on the vptafce of toxicants fish gills was

examined. Trout respiration was altered by two ̂ jproaches, using an

invasive and a noninvasive method of altering trcut respiration.

Chapter III describes esq^eriments in vhich trcut were eiqxjsed to PCB

congeners concomitantly with ejqxasure to chlorine, a gill irritant

that is a ccmmon additive to industrial process wastewaters and

municipal sewage discharges. Changes in the gill diffusional capacity

were also monitored throu^ histopathological analysis of gill tissue.

In research described in Chapter IV, trcut e^qjeriencing an acute

decrease in temperature were simultaneously esq^osed to BaP, 22'55*-

TCB, or NAP. Each series of ejq)eriments was designed to cause

specific changes in trout respiraticxi, so that the effect of both

increases and decrecises in respiration cai ocxitaminant uptake could be

investigated.

In eill three ejqjerimental epproaches, the underlying general

hypothesis was that the uptake of hydrophobic toxicants by fi^ gills

can be affected by environmental and physiological processes that

alter either the physicochemical properties of the diffusing molecule,



the diffusicml capacity of the respiratory surface, or fi^^

respiration, the physiologiccil process ViMch exposes the contaminant

molecules to the respiratory surface. These experiments have been

designed to identify and quantitate predicted changes in the

contaminant's physical form or the re^iratory physiology of the

exposed organism and to relate them to changes in contaminant i^jtate.

The general relationships found between changes in respiration and

physicochemical form of the contaminant and changes in contaminant

i^jtake have potential use in fine-tuning predictive models of

contaminant v^xtake to account for similcu: physiological and

environmental changes that occur during contaminant exposures in the

natural environment.



CHAPTER II

INFLUENCE OF HUMIC ACID OJ IHE UPTAKE OF BENZO[A]PXRENE

AND 2,2',5,5'-TBTRACHIDR0BIfflENYL BY RAINBOW TROUT,

aairdneri (RichcirdscHi)

Introduction

Aquatic organisms are eiqxased to numerous hydrophcbic organic

contaminants (HOCs) in their natural environment as a result of

pollution iiputs frcm industrial and municipal scurces. Althou^ some

HOCs can be accumulated via dietary e}<posure, a major rcute of

accumulation for hydrophobic conpounds by fish and aquatic

invert^rates is via passive diffusion across respiratory membranes

(Hunn and Allen, 1974; Norstrcm et al., 1976; Neely, 1979; Bruggeman

et al., 1981; and McCarthy, 1983). Coitaminants bound to sediments

and particles cannot traverse this meaiibrane barrier (McCarthy, 1983;

Adams et al., 1985). Binding of contaminants to naturally occurring

dissolved organic macrcroolecules (DCM) will also alter the

availability of these conpounds for vptate by aquatic organisms.

Numerous studies have demonstrated reductions in the accumulation of

HOCs, including polycyclic arcmatic hydrocarbons (PAHs),

polychlorinated bipheryls (PCBs), and DDT, by fish and aquatic

invertebrates in the presence of naturally occurring and ccramercially

available DCM sources (Leversee et al., 1983; Spacie et al., 1983;

Landrum et al., 1985; McCarthy and Jimenez, 1985; McCarthy et al.,

1985; landrum et eil., 1987). Using steady-state and kinetic analyses,

a quantitative relationship was found between reductions in PAH uptake
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rates and bioacx:aiinulation by Dachnia maana and reductions in the

freely dissolved PAH in the presence of a ccramercially pr^>ared humic

acid (HA). Since D. itaona do not readily metabolize PAHs and

d^xiration rates were unaffected by the presence of HA, reductions in

PAH accumulation were concluded to result frcm the reduced

bioavailability of the PAH bound to humic acid (McCarthy et al.,

1985).

Reductions in the bioavailability of PAHs were seen with the

anphipod Pontoooreia hovi in the presence of naturally occurring DCM

frcm sediment interstitial waters (Landrum et al., 1987). A

biological partition coefficient (I^) was calculated based on the

assumption that only the freely dissolved PAH is bioavailable. Ihe

concentration of freely dissolved PAH in the e^^xDsure water was

estimated frcm the i;53ta]ce kinetics of ccxitrol e}^)osures with no IX»1

added. Ihe concentration of PAH bound to DCM was Ccdculated by

subtracting the estimated freely dissolved PAH omcentration frcm the

total PAH concentration for each es^x^sure with DCM. Ihe was

calculated as the ratio of the bound concentration per gram of DCM

divided by the freely dissolved concentraticMi. This kinetically

determined biological partition coefficient (I^) agreed very well with

physicoGhanical determinations of the binding of the PAHs to DOM

(Landrum et al., 1987).

Ihese studies indicate a quantitative relaticaiship between

reductions in bioavedlable HOC due to binding to DCM and reductions in

accuraulaticn of these HOCs ly invertebrates. Ifcwever, previous

results from bioaccuraulation studies with aquatic vertebrates, such as

8



fi^, have been less cxmclusive. In a stucty in vghich bluegill sunfish

(Leponds madiTOdiirus) were esqxDsed to benzo[a]pyrene (BaP) with and

without humic acid (20 mg C/L), humic acid reduced the accumulation of

BaP by sunfi^ by 90%, ccmpared to control exposures with no humic

acid present. However, this stui^ was unable to canfirm that BaP

bound to humic acid was not bioavailable, because estimates of the

vptake rate coefficient for BaP bound to humic acid were not zero, but

were ̂ roximately 10% of those estimated for dissolved BaP (McCarthy

and Jimenez, 1985).

In this stu^ one aspect of the accuraulaticxi process, vptake of

contaminants by fish gills, was isolated in order to investigate the

effect of humic acid on the availability of HOCs to fish. By making

direct measurements of contaminant i^rtake efficiency (percentage

vptalce), potential errors due to rapid biotransformaticxi of the

ccnpound or pharmaccx^TTamics within the organism can be eliminated.

Direct ccnparisons were made between the changes in vptake

efficiencies and changes in the CCTycentration of the freely dissolved

contaminant due to the presence of humic acid. Using this approach

the hypothesis that only the freely dissolved BaP or TCB is available

for uptake by fish gills was tested. Verification of this hypothesis

wculd justiJ^ the use of physicochemical determinations of contaminant

binding to DCM to predict contaminant bioavailability in the presence

of DCN in the natural environment.



Materials and Methods

Fish

Adult rainbov trout, salmo oairdneri (Richardscai), obtained from

the Cross-eyed Cricket hatchery (Lenoir City, Tennessee) and Smoky

Mountain Trout Farm (Hamptan, Tennessee), were acclimated in large

flcvr-throui^ tanks at 18 °C for at least cxie mcnth prior to

experimentation. The mean trout wei^t (±STD) was 523 g (±331, n =

18). Trout were fed daily with trout chew (Purina Mills, Inc., St.

Louis, MD) until 24 h prior to experimentation. Mean water chemistry

parameters for the eiperimental dechlorinated tep water were: pH,

8.04; conductivity, 246 /Lonhos/an; alkalinity, 104.1 mg Ca003/L; and

hardness, 131 mg CaCO^/l"

Chemicals

Benzo[a]pyrene (BaP) ([V-^^^ClbenzoCajpyrene, 11.7 mCi/mmol) was

obtained fran California Bionuclear, Sun valley, California, and

2,2 •, 5,5 • -tetrachlorobipheryl (TCB) ([ring-UL-^^C] -

2,2',5,5*-tetrachlorobipheryl, 12.6 mCi/ninol) was obtained from

Pathfinder Laboratories, St.Louis, Missouri.

Ejposure solutions were pr^ared by recirculating filtered, UV

sterilized, dechlorinated tap water thrcu^ a 8- by 20-cni gleiss

generator column filled with 3-itm glass beads coatad with ̂ ^C-BaP or

14c-tcb by roto-eveporation. BaP soluticai ccaToentrations ranged from

0.5 to 3 /xg/L. TCB solution conoentraticHis ranged from 0.2 to 2.5

/xg/L. The generated BaP and TCB solution concentrations were below
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published water solubilitY values for each ccnpcund; 4 /xg/L for BaP

(Mackay and Shiu, 1977) and 41 /xg/L for TCB (Mackay et al, 1980).

Stock humic acid solutions (1 mg/L, dry wei^t basis) were

pr^jared by dissolving humic acid (Aldrich Chemical Corporation,

Milwaukee, Wisconsin) in distilled water followed Yjy filtering the

solution throu^ preccnibusted glass fiber filters (Type A-E, nominal

cutoff of 3 Gelman Sciences, Inc.). Ihe organic carbon content of

the humic acid solutions was determined using a total carbon analyzer

(01 Corporation, College Static*!, Texas). The total carbon analyzer

quantifies the carbcxi dioxide released from persulfate csxidation of

the organic carbcffi cxjntained in the saitple using a nc*i-dispersive

infrared detector. Humic acid concentrations are e^^ressed as

milligrams of carbon per liter of solution (mg C/L).

Stock humic acid soluticms were added to 50 L of the radiolabeled

BaP or TCB solution and eillcwed to equilibrate for 30 min (BaP) or 24

h (TCB). This solution was mijffid with equal volumes of chilled, UV

sterilized, filtered dechlorinated tc^ water, yielding an ejqxDsure

solution with the desired humic acid ccxxentration at 18 °C flcwing

into the metabolic chamber. Exposure water was punped into the

metabolic chaittoer ty a peristaltic puitp with flew rates adjusted to be

in excess of each fish's ventilation volume. Oiygen concentrations of

the inflcwing water exceeded 80% saturation.

Trout were esqxssed to radiolabeled BaP solutions with humic acid

concentraticsns of 0, 0.1, 0.5, 1, 3, and 5 mg C/L and to radiolabeled

TCB solutions with humic acid cxxicentrations of 0, 3.4, and

11.8 mg C/L. Different humic acid concentraticxTS were chosen for each

11



ocnpc3und because BaP and TCB have different affinities for binding to

DCM. Average log values for BaP and TCB are 6.3 and 4.8,

respectively (Hassett and Milicic; McCarthy and Jimenez, 1985; landrum

et al, 1987; McCarthy and Black, 1987). Humic acid concentrations

were estimated to yield ccnparable percentages of freely dissolved

ocnpound for both contaminants (see Environnenteil Inplications, Eg. 2-

5, pp. 22-23). Each ej^xDsure lasted 3 h and contaminant i:?Jtake and

respiratory functions were measured at 2 and 3 h after the beginning

of the e^^xcsure. Contaminant e^^xisures (with humic acid added) were

ccnopared with control contaminant esgxjsures (no humic acid added) for

each fish. Ihe order of all e^qxxsures (with or without humic acid)

for each fish were selected at randcm.

Surgical Procedures

Trout were anesthetized with MS-222 (tricaine methanesulfonate.

Crescent Research Chemicals, Paradise Vall^, Arizcaia) and placed on a

fish surgical table (McKim and Syrett, 1982). Each trcut was

immobilized by i^inal transection, and a latex mesnAirane was sutured to

the trout's mouth. The anesthetized trout was then transferred to a

fish metabolic chamber (McKim and Goeden, 1982) vhere it was allcwed

to recover fron the anesthesia and surgiccil procedures for at least 18

h.

Mp^-aVv->iic Chantoer

The fish metabolic chamber is a modified respircmeter-metabolism

chamber previously described in detail (McKim and (Soeden, 1982). The

metabolic chamber is divided into three chambers (A, B, and C), each
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s^arated by a latex ireittorane (Fig. II-l). To test for leaks between

charnbers A, B, and C, a dye was added to ciiainber B. Oianibers A and C

were analyzed spectrcphotcsnetrically for the presence of dye,

indicating leakage between chambers. No leaks were detected into

either chamber.

Ej^xjsure water containing oxygen and the ̂ ^C-labeled test chemical

flawed into chainber A and was pimped across the gills into chamber B

by the ventilatory activity of the fidi. Excess water frcm chambers A

and B flowed out of stanc^ipes within each chamber. Ventilation

volume (milliliters of water passing over the gills per minute) was

determined by measuring the volume of water that overfIcwed the

stanc^ipe in chamber B as a functicai of time. Ventilation rate

(ventilatory strokes per minute) was meeisured by a physiograph

(Narcotrace 40, Narco Biosystems, Houstcxi, Texas), vhich records

cperculcir movements as a function of time. The amcunt of râ en taken

up by the gills was determined by measuring the difference in the

concentration of oxygen in water frcm chaitbers A and B. Qj^en

concentrations were measured using a dissolved mygen meter (YSI Model

58, Yellow Springs, Chio). Contaminant vptake by the gills was

determined by meesuring the difference in the radioactivity in

chambers A and B. Uptake efficiencies (percentages) were calculated

by dividing the amount of contaminant or oxygen taken vp by the gills

by the amount in the exposure water (chairtoer A). Data ejpressed as

the percentage of control were determined by dividing the measurement

observed during exposures with humic acid present by that meeusured

with no humic acid present (control ejposures).
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Figure II-l. The fish metabolic chamber.

(1) Exposure water with O2 and the ̂ '^C-labeled contaminant enters
chamber A. (2) Water with the contaminant and O2 is pumped over the
gills ̂  the ventilatory action of the fish. (3) Water minus the
contaminant and O2 extracted by the gills is expelled into chamber B.



Mpasai-npiitient. of Contaminant-- R-iTTrfina to Humic Acid

The percentage of BaP that was freely dissolved versus that bound

to humic acid was determined using equilibrium dialysis (Carter and

Suffet, 1982; McCarthy and Jimenez, 1985). Five milliliters of

ejqx3sure water containing humic acid was placed in a dialysis bag

(Spectra/Por 6, molecular wei^t cutoff of 1000 daltons) and

equilibrated for 4 d in a ̂ ^C-labeled BaP solution. The percentage of

freely dissolved BaP was calculated from the analysis of radioactivity

inside the dialysis bag (cantaining humic acid-bound BaP and freely

dissolved BaP) and the soluticxi outside the bag (freely dissolved

BaP).

The percentage of TCB bound to humic acid was determined using a

reverse phcise s^iaration method (landrum et ed., 1984). Five

milliliters of radiolabeled e}^)osure water with humic acid was aj^jlied

to a C-18 Pak cartridge (Waters Associates, Milford, MA).

Tetrachlorobiphenyl bound to humic acid will not sorb to the C-18

resin and was determined from the ancilysis of radioactivity in the

elxaent. The percentage of freely dissolved TCB was calculated by

subtracting the percentage bound from 100%.

Analvgig of Radioactivity

The ̂ ^C-radioactivity was meeisured using a Paoikard CDS 460 liquid

scintillation counter with automatic quench correction. Five

milliliters of water containing radiolabeled BaP or TCB were mixed

with 10 ml of scintillant (ACS, Amersham Corporation). BaP and TCB

concentrations (/ig/L) were calculated from the specific activities of

the stock solutions.
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Statist! ral AnalYses

Statistical aralyses were performed vising SAS Version 4.1

(Statistical Analysis Systems, Gary, NC). Specific tests are

identified in the text.

Results and Discussicxi

Effect of Humic Acid on Respiratory Functions

Humic acid did not affec± respiratory functions (ventilation

volume, ventilation rate, oxygen extraction efficiency) in either the

BaP or TCB ej^xjsures (Fig. II-2). Increases in humic acid

concentration caused no significant changes in re^iratory functions

(XBopared with measurements macae cJuring cxaitrol ej^xssures (p < 0.05,

Duncan's Multiple Range Test). Mean values (±SEM) for respiratory

functions were: oxygen extraction efficiency, 57.6 (+2.5)%;

ventilation volume, 183.0 (+10.1) ml/roin; eind ventilation rate, 97.4

(+2.4) strokes/min.

Bindincf of BaP and TCB to Humic Acid

The ccmpounds vised in this study, BaP and TCB, have different

affinities for binding to humic acid. The partition coefficent (I^)

for BaP measured frcan equilibrium binding ejqjeriments with humic acid

was 3.6 (±0.5) x 10® (n = 9). This value is similar to previously

reported values of 1.8 x 10® (McCarthy and Jimenez, 1985) and 2 x 10®

(McCarthy and Blacik, 1987). The for TCB measured in this study was

5.8 (±0.4) X 10^ (n = 12). Another stucty r^xcrted a similar value

(7.1 X 10^) using a gas purging method (Hassett and Milicic, 1985).
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Figure II-2. Trcwt respiratory functions measured during exposures to
BaP and TCB in the presence and absence of DCM.

Histograms represent the mean values (+SEM) for oxygen iqjtake
(®) / ventilation volume (b), and ventilation rate (c).

There were no differences between control measurements with no DCM
added and measurements made with DCM present (p < 0.05, Duncan's
multiple range test.
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Effect of Humic Acid on Uptake Efficiency of BaP and TCB

Binding to humic acid appeared to affect the the apparent i5±ake

efficiency of BaP and TCB by trout gills (Table II-l). With

increasing humic acid ccaxentrations the i^itake efficiencies of both

BaP and TCB decreased. Because re^iratory functions remained

constant at all DCM concentrations, decreases in x^jtake must reflect

the effect of sorptive interacticais between DCM and the contaminant.

The magnitude of the reducticai in i;pta]ce was related to the amount

of BaP or TCB bound to humic acid (Table II-l), such that reductions

in contaminant vptake correlated with reductions in the freely

dissolved contaminant. These observatiois support the hypothesis that

in these ejperiments only the freely dissolved BaP or TCB is available

for uptake by trout gills. Figure II-3 shews this correlation with

measurements of the percentage of freely dissolved HCX: plotted against

the percentage of control uptake efficiency (uptake measurements made

in the presence of humic acid divided ly cxxitrol uptake measured with

no humic acid present). The resulting regressicai equation was y =

0.86X + 8.41, vhere x is the percentage of ccxTtrol uptake and y is the

percentage of freely dissolved contaminant; r^ = 0.91, n = 24. The

1:1 relationship between these two measurements predicted by the

hypothesis that cxxly the freely dissolved contaminant is bioavailable

falls within the 95% confidence limits of the regression of the data

points. Thus, for eill humiic acid concentrations, the follcwing

relationship was observed between reductions in biological uptake and
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Table II-l. Fhysicxxdiemical and biological uptake measurements for
BaP and TCB exposures at all DCM concentrations.

PHYSICOCHEMICAL
PARTITIONING TROUT GILL UPTAKE

HOC log Kp
(DOM) % FREELY UPTAKE CORRECTED UPTAKE
mg C/L DISSOLVED EFFICIENCY EFFICIENCY

BaP 6.3 0 100 52 ± 1.9 (6) 52
0.1 66 ± 3.1 (3) 38 ± 1.0 (4) 57
O.S 37 ± 0.5 (3) 17 + 1.4 (6) 45
3.0 14 ± 0.8 (3) 8 ± 1.2 (4) 56

TCB 4.8 0 100 50 ± 9.8 (6) 50
3.4 85 ± 3.1 (6) 44 ± 8.0 (6) 51
11.8 57 ± 24 (3) 26 ± 4.5 (3) 47
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the physicxxdiemical form of the HX due to binding to humic acid (HA)

in these e^^periments:

uptake efficiency (with HA)

v;?>take efficiency (no HA) = freely dissolved KX . (1)

Uptake of PCM

Humic acid and HOCs bound to humic acid did not ̂ pear to diffuse

across the gill me9n±)rane. Total organic carbon measurements of

exposure water collected frcm chambers A (before ccxitact with gills)

and B (after flowing across the gills) were not statistically

different at experimented humic acid concentraticaTs, vhich ranged from

0.01 to 11.8 mg C/L (p < 0.05, Student's t- test).

Althou^ DCM, including the ccmmercicdly pr^)ared humic acid used

in these ejperiments, is considered to be a aggregate of molecules of

varying molecular wei^ts (ranging from less than 1000 to greater than

100,000 daltons (Thurman et al., 1982; C3ole et al., 1984), binding

studies using dialyzed KM from natural and ccramercial sources have

demonstrated that only the hi^ier molecular wei^t fractions of DCM

(molecular wei^t > 1000 daltons) will bind to HOCs, including BaP and

several tetrachlorinated and hexadilorinated PCB ccxigeners (McCarthy

and Jimenez, 1985; personal ccmmunication, L. E. Roberson and J. F.

McCarthy). Diffusion of DCM and contaminants bound to DCM across the

gill maibrane may be hindered by the large size of the DCM molecule.

Furthermore, the presence of polar functional grcxps cn DCM (Perdue,

1985; Thurman, 1985) may hinder the ability of DCM tx) penetrate and

partit:ion within the hydrophobic lipid bilayer of the gill membrane.
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Ihe observation that humic acid concentrations were the same before

and after passing over the gills in the present stucty si;?¥»rts the

hypothesis that humic acid and BaP and TCB bound to humic acid are not

able to diffuse throu^ gill meaibranes. The correlation between

reductions in trout gill v^take efficiencies of BaP and TCB and

reductions in the fraction of freely dissolved contaminant due to

binding to humic acid lends further st^jport to the hypothesis that

HOCs bound to humic acid will not diffuse across gill membranes.

Environmental Inplications

Based on this stucfy and on inplications from previous studies

discussed in more detail in the introductory section (pp. 7-9)

contaminants bound to DCM do not ̂ pear to be able to diffuse across

respiratory nentoranes of aquatic organisms. Therefore, consideration

of the hydrophobic organic contaminant's potential for binding to DCM

is essential viien predicting contaminant dose and toxic effects for

organisms in the natural environment.

The partition coefficient (I^) for sorption of a contaminant to

DCM is calculated from measurements of ccaicentrations of the bound and

freely dissolved conpound and the organic carbon concentration of the

sorbent:

Kp = X [^]) (2)

^ ~ ̂free * 9r
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CtJcm ~ (1 ~ ffree) * ̂  (4)

vdiere = moles of HOC bcxmd to DaVroL solution, = moles of

freely dissolved HDC/mL solution, Oj = total HOC cxancentration (= +

C^Qjn), [DCM] = concentration of DCM in solution (g C/mL), and ffree =

fraction of the total HOC concentration that is freely dissolved. By

substitution and rearrangement the relatico^p between the

concentration of freely dissolved HOC, the conpound's affinity for

binding to DCM (measured as the partition coefficient, I^) and the

concentration of DCM present in the environment can be demonstrated:

fraction freely dissolved HOC = 1/(1 + x [DCM]) (5)

Becaiase the biological i^stake of HOCs is directly related to the

concentration of freely dissolved HOC (Eq. 1), measurement of

physicochemical parameters, such as and DCM concentrations, should

permit the prediction of reductions in contaminant i^itake in the

presence of DCM.

Because of its greater affinity for binding to DCM (a twentyfold

hi^er I^) ̂ a given cancentraticxi of humic acid caused greater

reductions in the biological v^xtake of BaP than of TCB. At 3 mg C/L,

vfntake of BeiP by trout gills decreeised 85% relative to control i:5)take

(no humic acid present), while TCB v^jtake was reduced only 12% at a

similar humic acid ccncentraticn (3.4 mg C/L) (Table II-l, p. 19). A

similar effect was seen in ccnparing bioaccuraulation of a series of

three PAHs having log values that ranged from 3 to greater than 6
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by Daphnia macma in the presence of DCM (McCarthy et al., 1985). DO!

concentrations of less than 1.5 mg C/L significantly reciuced

bioaocunulation of BaP and benzanthracene by the d^hnids, vhile 60

mg C/L of DCM had little effect on bioaocumulation of naphthalene, the

ccnpound with the lowest affinity for binding to IXM.

In the present study, a caranercicilly prepared source of humic acid

was used to determine the effect of DCM on oontaminant i^jtalce by

fi^. A recent r^rt criticized the use of ccnmercially prepared DCM

as a surrogate for naturally occurring DCM based on chemical

differences between DCM from conmercial and natural sources (ffeilcolm

and MacCarthy, 1986). Ifcwever, these chemical differences probably

have little effect on the mechanism by vhich HCXS associate with DCM,

vhich appears to involve a partitioning of the IKC within a norpolar

region of the DCM molecule (Chiou et al., 1986). Althou^ DCM from

different sources have widely different I^'s for binding HCXS (Means

and Wijayaratne, 1982; Landrum et al., 1984; McCarthy and Jimenez,

1985; Chiou et ell., 1986), the nature of the interachicn between the

HCC and DCM is hypothesized to be the same, regardless of the DCM

source. Ihis hypothesis has been verified with bioaocumulation

ej^ieriments with P. hovi (Landrum et al., 1985). A linear

relationship was found between the reverse phase partiticsi

cxefficients (K^^) determined for a series of PAHS using DCM from

different sources (including commercially pr^iared humic acid and DCM

from sediment interstitial waters) and the biological partition

coefficient (I^) determined from bioaocumulation studies using the

same DCM sources. No difference in the relationdiip between Krp and
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was observed to result from the use of DCM fran different sources.

Iherefore, the use of a ccnimercially pr^ared humic acid to

demonstrate the effect of DCM on oontaminant v^xtate appears to be

warranted, with the caveat that the magnitude of the dose reduction

due to binding to DCM in the aquatic environment will depend on the

affinity of the oontaminant for binding to the DCM molecule,

affected by the specific chemical ccnpositicai and spatial

configuration of the DCM molecule, in addition to chemical prcperties

of the contaminant that affect binding.

Summary and CcxiclusiOTis

Ihe association of two hydrc^jhcbic contaminants (BaP and TCB) with

humic acid rendered these ccBopounds unavailable for x^jtafce by trout

gills. By using a direct measurement of gill vptake ocx?)led with

quantitation of the freely dissolved BaP or TCB in the exposure water,

this stuc^ has demonstrated that only the fracticxi of the total BaP or

TCB in the water that was freely dissolved was able to diffuse throu^

gill menbranes and be accumulated by the trout. Humic acid or solutes

bound to humic acid, do not e^pear to be capable of diffusing throu^

the gill. Since reductions in contaminant vptake were directly

related to reductions in the freely dissolved ccnpound, oontaminant

dose in the presence of DCM could be predicted frcm physicochemical

measurements of the freely dissolved HCX:, including and

determinations of the concentrations of bound and freely dissolved

HOC.

25



For cxaipGunds that will bind to DCM, the fractions of the total

HOC oonoentraticai that were bound and freely dissolved are determined

by the affinity of these substances for binding to DCM and the

concentration of DCM that is present, aeater reductions in intake

^ould be seen for coipounds with hi^ affinities for binding to DCM

or in environments with hi^ CQncentrations of DCM, eilthcu^

differences in the binding affinities of different scurces of natural

DCM must be considered. Neglecting to correct toxicant ejqxasure

concentrations to account for the tnily bioavailable fraction of the

HOC may result in overestimates of toxicant accumulation and of

potential toxic effects in contaminated aquatic environments.
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CHAPTER III

EFFECTS OF SUBIEIHAL EXPOSURE TO CHLORINE ON THE UPTAKE

OF POL^CHIORINAITED BIFHENYIS BY RAINBCW TROUT,

.qalmr) qairdneri (Ridiardson)

Introduction

Chlorine is a ocnnnon industricd disinfectant and antifcxilant.

Dicharges of chlorine to the aquatic envirainient typically occur as

pulsed releases of relatively hi^ concentrations (0.5 mg/L) of

chlorine, resulting from the use of chlorinated inunicipal water

si^jplies for industrial cooling and process waters (Zeitcun, 1978) or

as continuous releases of lew conoentraticaTS (< 0.04 mg/L) as a

ccmponent of industrial effluents or treated dcmestic sewage (Larson

et al., 1978). Chlorine is acutely toxic to freshwater fii^ with the

degree of toxicity influenced ty the chemical ̂ )eciation of chlorine,

the fi^ species, and the lifestage of e:qx3sed fish. C3old-water

species, including salmonids, are particularly sensitive to chlorine

(Brungs, 1973). The 96-h IC50 values for adult rainbcw trout (Salmo

qairdneri), the test organism for this stui^, range frcm 0.014 to 0.07

mg/L total residucil chlorine (TRC) (Mattioe and Zittel, 1976; Ward et

al., 1976). Because effluents often contain chlorine concentrations

within this toxic range, rainbcw trout and other sensitive fidi

species may be intermittantly or continuously esqxised to damaging, but

nonlethal concentrations of chlorine.

Avoidance behavior by fish often protects them from prolonged

exposure to toxic chemicals in the aquatic environment. Schumacher
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and Ney (1980) studied the avoidance behavior of rainbow trout to

single pulses of chlorine released to a power plant discharge canal.

Trout avoided conoentrations greater than 0.05 mg/L TRC by swimming

downstream to less contaminated water, but did not respond to 0.04

mg/L TRC, a potentially toxic concentration in prolonged or r^jeated

e}^)osures.

Brooks et al. (1982) found that rainbow trout were more sensitive

to one 120-min exposure to chlorine (2-h LC50 = 0.66 mg/L) than to

four 30-min expoecores (2-h IJC50 = 0.94 mg/L). These results indicate

the iicportance of recovery between pulsed e}^)osures to chlorine as an

inportant variable in chlorine toxicilY to fish.

Fish exposed to chlorine esdiibit a typical suite of physiological

and pathological responses involving the gills and re^iration.

Irritation of the gills and buccal cavity of chlorine-ejposed fish

results in the secretion of mucous ty fish gills and a coupling reflex

(Bass and Heath, 1977). Typical histological damage to fish gills

includes hyperplasia, hypertrcphy, and necrosis of ̂ ithelial cells,

epithelial cell lifting with s^araticai from the basement membrane,

lamellcu: fusion, and hemangiectasis of lamelleu: vasculature (Bass et

al., 1977; Middau^ et al., 1980; Wiley, 1982). Respiratory

iirpairment is evident in fish exposed to acute and pulsed exposures of

lethal doses of chlorine. Increased hematocrit, bradycardia, and

increased ventilaticxi rates of chlorine-ejposed fish are all adaptive

responses to insufficient oxygen cansunptican; all attenpt to deliver

more m^ygen to the tissues of chlorine-stressed fish (Bass and Heath,

1977; Block et al., 1978; Middau^ et al., 1980; Wiley, 1982).
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Ccnpensatory respiratory changes often aoocnpany chemically

induced gill irritation. For exairple, fi^ e^^xssed to zinc, a gill

tissue irritant, stiCM reduced o^en v^Jtake efficiencies, vhich

results in internal tissue hypoxia (Skidmore, 1970; Hu^ies and Meney,

1977; Tuurala and Soivio, 1982). Ihis hypoxia is often acccmpanied by

ccrapensatory increases in respiratioi, primarily ventilaticai volume

increases (Davis and Cameron, 1971; Kerstens et al., 1979; lumholt and

Johansen, 1979; McKim and Goeden, 1982). Althou^ these ccnpensatory

increases in respiiration are ctdc^ive with respect to oxygen vptake,

increeises in the fish's ventilation volume could increase the

effective ejposure of fish to other contaminants in the water, eis well

as to oj^en.

Industrial and sewage effluents often ccxitain toxic chemicals in

addition to chlorine. These toxic chemicals can potentially have

additive or synergistic effects with chlorine on exposed organisms.

In a study ccnparing the LC50S of rairibcw trout ejposed to phenol with

and without pre-ejposure to chlorine, Alexander and Clarke (1978)

found that trout exposed to phenol cil(mie had nearly twice the mean

survival time of trout pre-ejposed to chlorine, follcwed ky eiposure

to phenol. These results indicate a potentiaticxi of the toxicity of

phenol due to the presence of chlorine. Therefore, the net toxic

effects of fish exposure to a gill damaging agent, such as chlorine or

zinc, concurrently with other toxic chemicals should d^)end cai the

relative magnitudes of changes in fish respiraticxi and changes in

contaminant vptake efficiency. Both are variables that affect the

effective exposure to the gill irritant and the other toxicant.
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Ihe physiological responses of fish esiposed to chlorine provide

indirect evidence that chlorine edso has a deleterious effect on

oj^en i^jtake efficiency. Ihe physiological and pathological effects

of chlorine on fi^ gills that are proposed to alter the v^xtake

efficiency of oxygen may have a similar effect cai the i^xtake of other

chemiccils present in chlorine-treated effluents, in particuleir, those

that are accunoilated by fish via passive diffusion across fi^ gill

membranes (Hunn and Allen, 1974; Norstron et al., 1976; Opperhuizen et

al., 1985). Potential co-contaminants include many hydrophobic

chemicals persistent in the natural aquatic envirconent, such as

polychlorinated biphenyls, polycyclic arcroatic hydrocarbons, and

polychlorinated dibenzodioxins .

In these ej^xeriments the effect of chlorine exposure on the vptake

of three PCB congeners by trout was examined. The time ccurse of the

histpathological effects of a subacute, sublethcil exposure to chlorine

was characterized losing raioibcw trout eoqxosed to chlorine in laixge

flow-thrco^ tanks. In s^xaorate exqxeriments using a fish

ore^ircroeterMnetabolism chamber, trcut were eoqxosed first to a PCB

congener, and then to chlorine with the PBC ccxigener in order to

measure the effects of chlorine exposure cxi ox^en and PCB vptake and

en trxxit re^iratory functions.

Using this e^roach two hypotheses weore tested. First, exposuore

to chlorine is hypothesized to have a similar effect cai the flux of

cill passively diffusing molecules across the gill memborane, including

oxygen and PCBs. Also, the degree that the i^xtake of ox^en and PCB
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molecules is iiipaired shculd be related to the time of e^^xssure to

chlorine and the resulting time-d^jendent damage to the gills.

Materials and Methods

Fi<di

Yearling rairibcw trout, sairnn qairdneri (Richardson) were obtained

frcm the Buffalo Springs trout hatchery and acclimated at 15 °C in

Icurge flcv^-throu^ tctnks for at leeist 2 weeks. Ihe mean trout wei^t

(+STD) for the time course ei^xasure to chlorine was 224 g (±49; n =

24). The mean trout wei^t (±SID) for the metabolic chaniber exposures

was 359 g (±104; n = 16). Trout were fed daily with trout chew

(Purina) until 24 h before ejqjerimentation.

Chemicals

For the time course chlorine exposure, sodium hypochlorite

(analytical grade, 4-6% chlorine. Fisher Scientific) was diluted to

3.5 times the desired final chlorine ccaicentration with 9 L of

deionized water. This dilute chlorine soluticxi was punped via a

peristaltic punp into a 4-L mixing chamber and diluted with

dechlorinated tap water to the desired exposure concentration (0.04

mg/L total residucil chlorine) and flowed into the exposure tank at 1

I/min. The average chlorine cancentraticxi (±STD) in the exposure tank

was 0.035 mg/L (±0.010; n = 12) total residued chlorine (TRC),

measured at 8, 12, and 24 h.

Stock chlorine soluticais (1.14 mg Cl/L) for the metabolic chamber

ejposures were pr^ared by dilxiting sodium hypochlorite in deionized

water. The stock chlorine soluticxi was punped by a peristaltic puitp
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into a 4-liter inixing chamber viiere it was mured with dedilorinated

tc^ water and the PCB stock solution, yielding a final chlorine

ccnoentration of ̂ iproximately 0.04 mg/L. This diluted solution

containing PCBs and chlorine was then puirped into the fish metabolic

chamber at a flew rate of 400 mi/inin. The average chlorine

concentration (±STD) in the metabolic chamber ejqxjsures was 0.035 mg/L

TRC (±0.008; n = 16).

Radiolabeled PCBs ([ring-UIr-^^C]2,2',4,4'-tetrachlorobiphenyl

(22'44'-TCB), 9.89 mCi/mmol; [ring-UL-14c]2,2',5,5'-

tetrachlorobipheryl (22'55*-TCB), 12.6 mCi/mmol; and [ring-UL-^^C]-

2,2',3,3',5,5'-hexachlorobiphenyl (22«33'55'-HCB), 19.2 mCi/mmol) in

toluene were obtained fron Pathfinder laboratories (Sigma Oorp, St.

louis, MD). Ihe radiochemical purity of the PCB congeners exceeded

99%, determined using hi^ performance liquid chronatography. Dilute

PCB solutions were pr^sared in glass distilled methanol (Burdick and

Jackson, American Scientific Corporation) and diliited to the final

eiqxjsure concentration (<1.5 jug/L) with dechlorinated tap water.

Concentrations of PCB congeners in the e:q)osure water were belcw

published aqueous solubility values (Mackay et al., 1980). Methanol

in the eiqxssure water never exceeded 0.01%.

Analysig nf TViit-al Chlorine

Toted, residual chlorine was measured ampercmetric titration

(Method 408 C, Greeriberg et al., 1985) using a Wallace and Tieman

AnperoDoetric Titrator (Belleville, NJ). One mL of 5% potassium iodide

and 1 mL of pH 4 acetate buffer were added to 250 mL of the e^qx^sure

water containing chlorine. Ihis solution was mixed and titurated with
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0.0564 N phenylarsine oxide vurtil no further amperage deflections were

measured. The ccMToentration of total residual chlorine (TRC) (mg/L)

was calculated frcm the volume of phenylarsene oxide titrated.

Histcpatholoaicai Analygis

Gill tissue samples were processed ovemi^t in 10% neutral

formalin, 95% ethyl eilcchol, 100% ethyl eiloohol, xylene, and paraffin

using an Autotechnioon Mono Model 2A processor (Technioon Inc.,

Dublin, Ireland). Ihe dehydrated tissue samples were then embedded in

paraffin and 4 im sections were cut with a microtcme. The tissue

sections were mounted on slides and dried at 80 °C for 20 minutes.

Dtplicate slides of each tissue were stained with HematoxyliiVEosin, a

general nuclear stain (Evans, 1974), and Alcian Blxoe/Periodic Acid-

Schiff's base, a stain detecting mucopolysaccharides (Thaipson, 1966).

Time Course Exposure to Chlorine

IWenty-four trout were placed in a flcv^-thrcu^ tank and allowed

to acclimate for 24 h. Trout were then ejposed to 0.04 mg/L chlorine

for vp to 24-h total exposure time (Fig.III-1). Trout were removed

after 0-, 8-, 12-, and 24-h exposure to chlorine for histological

analysis of gill tissue. The tanks were flushed with dechlorinated

water and two grotps of trout remained in dechlorinated tap water for

24 and 48 h. At each sampling time four trcut were removed frcm the

experimental tank, killed, weighed, and the secmd gill arches removed

and preserved in 10% neutral formalin for histological analysis.

Water samples were taken from the eiposure tank at each sampling

period for analysis of chlorine oonoentrations (TRC).
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Figure III-l. Chlorine exposures in flow^throu^ tanks.

Rainbow trout were exposed to 0.04 ing/L chlorine in 400 L flew—through
tanks for 24-h, followed by 24 and 48-h recovery periods in
dechlorinated water. The sampling times for removal of gill tissue
frcin exposed trout for histcpathological analysis are indicated by
vertical arrows.
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Exposure to Chlorine and PCBs Metabolic Chamber)

Suraicctl prooedures. Trout were emesthetized with MS-222

(tricaine methanesulfonate, Crescent Research Chanicals, Paradise

Valley, AZ) and placed on a fish surgical table (McKim and Syrett,

1982). Each trout was inirnobilized by ̂ ineil transection and a latex

membrane was sewn to the trout's mouth. Trout were transferred to the

fi^ metabolic chamber (McKim and Goeden, 1982) and the latex membrane

was attached to the chamber to form the barrier between inspired and

e}?)ired water. Each trout recovered from the surgical procedures

ovemi^t (>18 h) in flowing dechlorinated tap water.

Mpt-ahniic chamber. The fish metabolic chamber is described in

detail elsevhere (McKim and Goeden, 1982). It is a modified

respircmeter-metabolism chaniber (Fig. III-2), divided into three

chambers (A, B, and C) by latex membranes. A latex membrane sutured

to the trout's mouth s^arates in^ired and e)?)ired water in chambers

A and B, respectively. Chambers B and C are s^arated ky a latex

collar that is secured to the metabolic chamber and fitted snugly

around the fi^'s midsection posterior to the gills. Stanc^jipes in

each chamber drain the excess water.

Verrtilaticn volume (ml/roin) was determined by measuring the volume

of water overflowing the stanc^ipe in chamber B as a function of time.

Ventilation rate (ventilatory strdkes/min) was measured using a

physiograph (Narootrace 40, Neuxo Biosystoons, ifauston, TX) vhich

recorded opercular movements as a function of time. Oxygen

concentrations (mg/L) were measured in water frcm chambers A and B
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Figure III-2. R^jeat of the fi^ metabolic chamber.

(1) Exposure water with O2 and ̂ ^C-labeled PCB enters chainber A.
(2) Water with PCB and O2 is punped over the gills by the ventilatory
action of the fidi.

(3) Water minus PCB and O2 extracted by the gills is espelled into
chamber B.
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(before and after passing over the gill) using an oxygen elec±rode

(Model 58, YSI Corporation, Yellcw Springs, CH). PCB concentrations

were measured in chambers A and B by liquid scintillation counting of

5 mL water saitples. Q>Q'gen and PCB iptake efficiencies (percentages)

were calculated by dividing the difference in ojQ^en or PCB

concentrations in chambers A and B (amount taken ip hy the gills) by

the ejposure concentraticai (concentration in chantoer A) and

multiplying by 100%.

Exposure to chlorine and PCBs. The metabolic chairtoer ejposure

protocol is diagrammed in Fig. III-3. Trout were pre-e>posed to a PCB

congener (22'44'-TCB, 22'55'-TCB or 22'33'55'-HCB) for 3 h. Baseline

measurements of respiratory parameters (ventilaticxi volume and

ventilation rate) and oxygen and PCB vptate efficiencies were made

during the pre-e)posure period (no chlorine) at 2 and 3 h. After

baseline measurements were made, chlorine (0.04 mg/L) was puirped into

the metabolic chamber along with the selected PCB congener.

Simultaneous esposure to chlorine and PCBs continued for 24 h, with

fish respiration and csQ^en and PCB iptake measured at 4, 8, 12, and

24 h. Total residueil chlorine concentrations in the e)posure water

were measured after 10 and 20-h exposure to chlorine. After the 24-h

chlorine/PCB exposure, one groip of fish were allcwed to recover in

dechlorinated water for 24 hours. The selected PCB congener was

withheld frcm the chamber exc^^t for the first 4 h eind fined 3 h of

the 24 h recovery period to conserve costs and maximize hxman safety

during the ovemi^t exposure. Oxygen and PCB vptake and respiratory
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Figure III-3. Sinultaneous ejqxasure to chlorine and PCBs in the fish
metabolic chamber.

Rainbcw trcut were exposed to a PCS congener in dechlorinated water
for 3-h to obtain baseline re^iration and intake measurements. Trout
were then exposed to the PCB congener and chlorine for 24 h, and
allcwed to recover in dechlorinated water for 24 h, with continued
e:5x>sure to the PCB congener for the first 4 h and final 3 h of the
i^^scovery period. Re^iratory functions and PCB and O2 i^Jtake were
measured at the times indicated by the verticcil arrows.
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functions were measured at 4 and 24 h to determine the progress of

recovery from the chlorine eiqxssure.

Analysis of radioactivity. The radioactivity in the water saiiples

was measured using a Padcard CDS 460 liquid scintillation counter,

equipped with autanatic quench corxecticHi. Five mL of water containing

a ̂ '^C-labeled PCB congener were added to 10 mL of scintillant (ACS,

Amerdiam Corporation). The PCB concentrations were calculated using

the specific activity of each congener.

Statist.if.a1 Analyses

Most statistical ancilyses were performed using PC-SAS Version 6

(Statistical Analysis Systems, Cary, NC) and Lotus 1-2-3 Version 2.01

(Lotus Development Corp., Cambridge, MA). Sokal and Rohlf's Biometrv

(1981) was the reference text for manual Ccilculaticais. Specific tests

are identified in the text.

Results and Discussion

Effects of Chlorine on Trout Gill HistoDatholoov

Chlorine-induced damage to trout gills was evident as early as

after 8-h esqxmsure, ccnpared to normal gill lamellae (Fig. III-4).

After 8-h esqxmsure to chlorine, tixut gill lamellae had a threefold

increase in the nuinber of mucous cells, increasing to e^roximately a

fivefold elevation in nunobers at 12 and 24 h (Fig. III-4b, Fig. III-

5). MUCOUS cell numbers remained elevated throu^iout the 48-h

recovery period in dechlorinated water, althou^ their numbers

speared to be decreasing (Fig. III-5).
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Figure III-4. Histopathological evidence of chlorine-induced damage
to trcut gill lamellae.

(A) Normal gill lamellae from control trout (no chlorine).

HematoxyliiVEosin, lOOX.
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Figure III-4 (cxantinued)

(B) Proliferation of inucous cells and cluUoed lamellae observed aft^
12 h ejqxjsure to 0.04 mg/L chlorine.

Alcian blue/PAS, lOOX.
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Figure III-4 (cxantinued)

(C) Hyperplasia of lamellar ̂ ithelial csells cAiserved after 12-h
esqxDsure to 0.04 mg/L chlorine.

HematoxyliiVEosin, lOOX.
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Figure III-4 (ocantinued)

(D) Fused lamellae observed after 24-h e:qx3sure to 0.04 mg/L chlorine
Hemataj^liiVEosiii, lOOX.
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Figure III-5. Mucous cell counts from trout gill lamellae from
control and chlorine-exposed trout.

Histograms repres^t the average number of mucous cells per 100 gill
lamellae counted in control trout (Oh) and in trout during the 24—h
exposure to 0.04 mg/L chlorine and the 48-h recovery period in
dechlorinated water. The shaded area represents the average number of
mucous cells found on the base of the lamellae. The stippled area
represents the average number counted on the mid-lamellar region. The
unshaded area represents the number counted on the lamellar tips.
Mucous cell proliferation reached a maximum (fivefold) increase after
12-h exposure to chlorine, with the numbers still elevated, although
showing a declinirxg' trend, after 48—h recovery in dechlorinated water.



Mucous cell proliferation occurred primarily at the tips of the

gill lamellae, presumably the area with the greatest contact with

chlorine (Fig. III-4b, p. 41). A similar pattern of mucous cell

proliferation was observed on the lamellae of rainbow trout e^^xssed to

five or more pulses of a hi^ dose (0.4 mg/L) of chlorine (Bass et

al., 1977). Althou^ migration of some cell types from the base to

the tips of lamellae has been observed (perscml coraraunication, W. H.

Gingerich, Nationed Fishery Research Laboratory, LaCrosse, WI), the

pattern of mucous cell proliferation did not suggest that cell

migration occurred in dhlorine-exposed trout. Since no sequential

increase in the nuirber of mucous cells was observed at the base or

mid-sections of the lamellae, vhich would indicate mucous cell

migration, it is more liloely that lamellar ̂ ithelicd cells were

transformed to become raucous-secreting cells. This mechanism has been

proposed by Roy (1988) to ejq)lain the appearance of new goblet mucous

cells on the skin and gills of Rita rita e^qx^sed to dodecylbenzene

sodium sulfonate.

IftKXfus secretiai is a protective mechanism to shield gill and

other ̂ ithelial tissues from e^qxosure to irritating agents

(Carpenter, 1927, 1930; Mallatt, 1985). By increasing the nuirber of

1 aiwai 1 a-r nuoous cells, chlorlne-expcsed trout can generate more

muoous to protect the lamellar ̂ ithelicd cells from the oxidizing

effects of chlorine. However, the functioned re^iratory surface area

of the lamellae will decrease as increasing nunbers of re^iratory

^ithelial cells are r^laced mucous-secreting cells. In addition,

increases in the thickness of the raucous layer adhering to the surface
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of the lamellae would increase the re^iratory diffusion distance.

Both of these effects of muaxis cell proliferation could potentially

interfere with the diffusion of oxygen and other molecules across the

gill mesoiibrane.

Abnormal pathological lesicais, including clubbed lamellae (Fig.

III-4b, p. 41) and hyperplasia of lamellar ̂ ithelial cells (Fig. III-

4c, p. 42), were visible chi trout gills after 12-h e^^xssure to

chlorine. Lamellar fusicai was seen after 24-h e}^)osure to chlorine

(Fig. III-4d, p. 43). In general, the severity of damage and the

number of lesions observed were related to the time of es^xasure to

chlorine, with the most severe damage observed after 24^l exposure.

Ihese lesicais may be adaptive in that th^ may protect the gill

from uptake of irritating chemicals by providing a physical barrier,

preventing uptake of the irritant (Mallatt, 1985). Ifowever, the

increased diffusion distances and decreased gill surface areas can

also hinder the uptake of oxygen and other molecules present in the

fish's environment that are accumulated by passive diffusion across

gill menbranes.

Recovery of gill tissue from exposure to chlorine began to be

evident after 48 h in dechlorinated water. At this time few abnormal

lesions were observed cxi the gill lamellae, eilthcu^ the lamellae

still had increased numbers of mucous cells.

Effects of Chlorine Exuxosure op ration and PCB Uptake

Ihe changes in gill lamellar morphology seen in trout exposed to

0.04 mg/L chlorine would be expected to alter the diffusional capacity

of the gills as a result of increases in the diffusion distance and
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decreases in the functional surface area of the gill menibranes.

l^jtake efficiencies of both o^Q^en and PCBs by trout gills were

reduced in chlorine-exposed trout (Fig. III-6). The reductions

in tptate efficiency corresponded with the observed progress of

chlorine-induced damage to gill mettbranes and were related to the

exposure time, with greater reducticais in vptake measured as the time

of exposure to chlorine increased. Significant reductions in PCB

x;pta]ce efficiencies were measured after 4-, 8-, 12-, and 24-h ejgxssure

to chlorine. Oxygen vptake efficiencies were significantly reduced

oonpared to controls after 12- and 24-h exposure to chlorine (p <

0.05, Tukey-Kramer method).

In all exposures to chlorine and PCB congeners, decreases in

oxygen v?±ake efficiency were paralleled by similar decreases in the

PCB i;ptake efficiency throu^iout the chlorine eo^xxsure period. This

relationship is illustrated in Fig. III-7 in vAiich ojygen vptake

efficiencies are shewn to be directly related to PCB uptaloe

efficiencies. The resulting regressiOTi equaticxis are listed in Table

III-l. The slcpes and intero^jts of the regressiOTi equations were not

significantly different between PCB congeners or frcm the 1:1 line (p

< 0.05, Students t-test). These results indicate that the chlorine-

induced chcuiges in fish gill pathology had an equivalent effect on the

diffusion of both oxygen and PCBs across the gill meirbrane. Trout

respiratory functicais were elevated in chlorine-exposed trcut (Fig.

III-8). After 24-h exposure to chlorine significant elevations in

trout ventilation volume were measured (p < 0.05, Tukey Kramer

method). Ventilation volume measurements (±SEM) reached a maximum of
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Figi^ III-7. Linear correlaticns between oxygen and PCB uptake
efficiencies for each PCB congener during exposures to chlorine and
PCB congeners.

The dashed line r^resents the 1:1 relationship predicted by the
hypothesis that the i^jtake of both oxygen and PCBs are affected
equally by exposure to chlorine. There weire no significant
differences (p < 0.05, Student's t-test) in the slopes or interc^jts
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Table III-l. Regression equations demonstrating the relationship
between oxygen v^jtake efficiency (x) and PCB i:?)take
efficiency (y) for each congener.

PCB Congener Regression Equaticai n r^

22'44'^rCB y = 1.18X + 7.1 16 0.92^

22'55'-TCB y = 1.16X + 4.4 25 0.88^

22'33'55'-HCB y = l.OOx + 9.0 30 0.83^

< 0.001
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131% (±43) of the cxantrol value (no chlorine) at 24 h. Ventilation

rate increases were mudi less. Significant increases in ventilation

rate were measured at 12 and 24 h (p < 0.05, Tukey Kramer method),

with a maximum increase of 16% (±8) measured at 24 h.

Oj^en tqptake efficiency and ventilation volume measurements are

both ocnponents determining oj^en consumption rates (mg 02/kg/hr).

Ihe increases in respiratory functions measured in chlorine-exposed

trout resulted in the maintenance of adequate oo^gen consuirption by

trout throu^out the 24-h exposure to chlorine (Fig. III-9). Ihe

average ojq^en consuitption values measured at 0 h (control values, no

chlorine) were ccnpared to oxygen ocxTsuinption measured during the 24-h

exposure to chlorine. At cill saiipling times oxygen consumption values

were not statistically different frcm the control value (no chlorine)

(p < 0.05, Tukey-Kramer method). Hius, trout eppeared to coipensate

for the reduced ojq'gen iptake efficiencies caused chorine-induced

changes in gill pathology throu^ increased exposure to the oxygen-

saturated water throu^ adjustments in ventilatory functions.

Ihe calculated PCB uptake (/jg PCB/kg/hr) remained constant over

the 24-h eiposure to chlorine (Fig. III-9). Ihere were no significant

differences between the control values (no chlorine, 0 h) for PCB

vptake and those measured during the 24-h eiposure to chlorine (p <

0.05, Tukey-Kramer method).

Ihese results imply that ccrpensatory adjustmaits in respiratory

functions vAuch allow for the maintenance of adequate ojQg^en supplies

to the chlorine-exposed trout also maintain a ccxistant dose of PCBs to

the trout. Ihese results also support the hypothesis that both
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molecules enter the gill 1:^ passive diffusion across the gill membrane

(Hunn and Allen, 1974; Norstrcm et al., 1976).

Recovery of Trout in Dechlorinated Water After Chlorine Extxasure

After a 4-h recovery period in dechlorinated water trout

ventilation volumes and rates remained elevated vhile oj^en and PCB

viptakB efficiencies were still reduced, ccnpared to control values

measured before exposure to chlorine. By the end of 24 h in clean

water, recovery of both respiratory functions and i^jtake were evident.

Ventilation volumes were within 4% of the pre-exposure values, oxygen

vptake efficiencies were within 19% of pre-exposure Vcilues, and

22'55*-TCB i^Jtake efficiencies were 5% greater than the average pre-

es^xDsure value.

Histopathological damage to gill tissue shewed a similar, althcu^

slower, time course of recovery in clean water. Most lesicais were

absent by 48 h and mucous cell counts, althou^ still elevated,

appeared to be decreasing (Fig. III-5, p. 44). Hcwever, the

c±)servation that histopathological recovery was slcwer may be

artifactual. The flcw^throu^ tank used in those experiments had a

luch greater volume (400 L) than chamber A of the metabolic chamber

(2.5 L) and consequently, should have a greater lag-time in being

ccnpletely flushed with clean water than the much smaller chamber A.

Ihysiological Implicaticmis

The histopathological results of this stucfy indicate that acute

exposure to a sublethal concentration of chlorine will result in

structural and functioneil damage to trout gills. The extent of damage
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was time-dependent and cumulative. Evidence of tissue irritation was

observed within the first 8 h of esqxxsure, follcwed more extensive

structural damage to the gills after 12- and 24-h exposure. The gill

damage observed in these e}^)eriments appeared to interfere with the

vital function of the gill as a rei^iratory surface for diffusion of

oxygen into the fish's blood. Due to the dilorine-induced damage to

the respiratory surface and the measured reductions in coQ^en uptake

efficiency, it can be inferred that chlorine-damaged gill membranes

had a reduced diffusional capacity.

Chlorine-exposed trout had increased ventilation volumes and

ventilation rates. Similar increases in vaitilatory functions were

seen in trout exposed to lethal doses of zinc (Skidmore, 1970) and

fenvalerate (Bradbury et al., 1987), two chemicals demonstrated to

cause gill damage similar to that caused by chlorine. In both

ejperiments there was an inverse relationship between trcut

re^iration and ojygen uptake efficiencies ky eiposed trout. By

increasing ventilation volumes, trout were able to maintain constant

ojygen consumpticai, even at lew ooygen uptake efficiencies.

Respiratory ccnpensation continued umtil the trcut were unable to

tolerate the lethal dose, at vhich time ventilation volumes diminished

and death oocurred. Histological examination of trout esposed to each

chemical revealed gill tissue a}:xiormalities associated with gill

irritation and damage. In both esperiments, trcut deaths were

attributed to tissue hypoxia, resulting from the trout's inability to

consume sufficient ooygen by the gills due to gill tissue damage by

the toxic agent (Skidmore, 1970; Bradbury et ed., 1987).
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Ihe relaticanship between fish ventilation volume and ojiygen v^Jtake

efficiency has been investigated by others using non-invasive methods

to increase respiration. Oxygen vptake efficiency was reduced in

conjunction with es^jerimental manipulations that increased ventilation

volumes throu^ increased activity (Saunders, 1962), hypoxia (Kerstens

et ell., 1979; McKim and Goeden, 1982), and artificieil manipulaticn of

gill ventilation flow rates (Davis and Camercai, 1971). In ei^ilaining

these results, the authors hypothesized that the increases in

ventilation volume decreased ojygen vptake efficiency due to the

decreased contact time between the oygen molecules dissolved in the

ventilatx)ry water and the gill mentorane surface (Davis and Cameron,

1971; Kerstens et al., 1979; McKim and Goeden, 1982).

In the present ejqjeriments with rainbow tuxut exposed to chlorine,

a similar inverse relationship was found between increases in

ventilation volume and decreases in ooygen i:ptake efficiency.

Hcwever, due to the nature of the damaging effect of chlorine on the

gills of exposed trout, it seems counterproductive for the trout to

respmd to esqiosure by increasing their ventilation volumes and,

consequently, ei^iosing the gill metDbranes to more chlorine-laden

water. Ihe initied. effect of chlorine on the fish respiration was a

decrease in ooygen vptake efficiency presumably due to the ciltered

diffusicnal capacity of the chlorine-damaged gills. The oxygen

consunption data for the chlorine-exposed fi^ (Fig. III-9, p. 53)

demonstrate that the fi^ maintained adequate ooygen consumption

levels, acoonplished by an increase in the fish's ventilation volume.

In these experiments the concentration of chlorine was sufficiently
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lew encu^ to make the cost:benefit trade-off of increased ventilation

volisnes woxttrnMle. Perhaps ventilation volumes vrould decrease at

hitler esqxDsure ccnoentrations or during longer es^xssure durations, as

was observed during the final time periods prior to death in the

e^qposures with the gill-damaging agents, zinc (Skidmore, 1970) and

fenvalerate (Bradbury et al., 1987).

The i^Jtake efficiencies of the PCB congeners were eilso reduced,

with reductions presumed to be due to the eiltered diffusional

properties of the chlorine-damaged gills. The reductions measured in

PCB v^itake efficiencies were of the same magnitude as reductions in

oxygen i:¥>take for all three PCB congeners (Fig. III-7, p. 49). The

1:1 relationship between PCB and OQ^gen i^itake efficiax:ies provides

si;5)port for the hypothesis that chlorine-induced gill damage will have

the same effect on the flux of both oxygen and PCB molecules across

fish gill membranes.

Toxicological njoplications

Many authors have related contaminant i;^7take (^namics to ccmpound

hydrophobicity and gill membrane permeability, characterizing the

diffusion process as being limited by the molecule's diffusion tdirough

the hydrophobic and hydrophilic diffusion layers of the gill menbrane

(Flyrm and Yalkcwsky, 1972; Gcbas et al., 1986). McKim and coworkers

(1985) measured trout gill iptake efficiencies for chemicals having a

wide range of octanol-water partition coefficients (K^). Altdiou^

i^jtake efficiencies measured for ccnpounds with low (vEilues <

10^) were correlated with K^, the v^Jtake efficiencies of ccnpounds
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with vcdues ranging frcm 10^ to 10® were nearly equivalent

(approxiinately 55%). Ihe aiithors postulated that for moderately

hydrophobia cxxtpcunds with valvies between 10^ and 10®, i^3take of

oontaininants across trout gills is controlled by diffusion rates of

the chemical throu^ the aqueous diffusicai layers at the inside and

outside surfaces of the gill membrane, rather than ccmpound

hydrophobicity. For these compounds similar values were measured for

oxygen uptake efficiency (62.5%), further suggesting that i;ptake

efficiencies were regulated hy diffusicMial properties of the membrane,

rather than the hydrophobicity of the diffusing molecule.

Oj^en and PCB uptake efficiencies were directly correlated over a

wide range (uptake efficiencies ranged frcm 20 to 80%) (Fig. III-7, p.

49), presumably due to damage to gills resulting from eiposure to

chlorine. These data, coupled with the results of McKim and coworkers

(1985), lend further support to the hypothesis that the uptake

efficiencies of the three PCB congeners and oxygen are controlled by

physical changes in the gill menbrane, due to chlorine-induced gill

damage. The calculated changes in csxygen cxxisumpticxi and cx^ntaminant

uptake during esposure to chlorine result frcm changes in fii^

respiratory functions, in addition to changes in uptake efficiency of

the diffusicxi molecule. These results suggest that factors that

alter gill membrane diffusion properties or fish re^iration may

control the diffusion of cs^gen, PCB congeners, and potentially other

toxicants within this range of hycJrcphobicities to a greater extent

than physicxxhemical interactions with membrane diffusion layers

ccmitrolled by the molecule's hydrophchicity. This finding also
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further si^ports the hypothesis that the i^Ttake of ojQ^en, PCBs and

perhaps other hydrc^obic contaminants occurs by passive diffusion

across the gill membrane.

The scientific literature is replete with data cai oxygen

consuirption under a variety of physiological and environmental

conditiois, including envirconental toiperature changes; changing

oxygen regimes; fish metabolism changes associated with species

differences, age, activity, or r^roductive status; and stress,

including both physical and chemical stressors. This stucfy has

demonstrated that ojygen consunption is paralleled by PCB vptalce, and

that environmental and physiological change affects the vptake of both

molecules to a similar extent. Based cn these observations, values

for csygen consumption have potential utility in estimates of ccnpound

iptake for hydrxphobic ccnpounds with log values ranging from 3 to

6, vhose vptake is proposed to be primarily controlled by fi^

respiration. This approach would be extremely useful, because the

number of ccnpounds having the potential for iptake by fidi gills is

extremely large, vhile the actual data base on their vptaJce and

accumulation is relatively small. By using the much larger data base

on caygen consunption as the basis for extrcpolation, models of

contaminant vptake could be extended to include physiological and

environmental changes that affect oxygen vptake, including grcwth,

r^roductive activity, changes in the environmental temperature, and

fish activity changes. Using this approach, models of contaminant

iptake can be adjusted tuo account for environmental or physiological
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conditicjns that will alter fish respiration, thus iirproving

predictions of contandnant i?3take by fish in the natural environment.

Sumnary and Ccnclusi(^

1. Trout e^^xxsed to 0.04 mg/1 ohlorine for 24 h exhibited

histopathologiceil gill daitage, including proliferation of mucous

cells, cli;ibbed lamellae, fused lamellae, ctnd hyperplasia.

2. The progress of chlorine-induced damage to fish gills was

correlated with increasing time of eiqxasure to ohlorine. OsQ'gen

i^xtake efficiencies decreased as the severity of gill damage

increased.

3. Chlorine-induced gill damage eilso hindered the i^itake efficiency

of PCBs. A 1:1 correlation was found between the i^jtake

efficiencies of oxygen and eill three PCB congeners over the entire

range of measured uptalce efficiencies (ranging from 20 to 80%).

4. The reductions in v^itate efficiencies were acoonpanied by

increases in fish ventilatory functicxis, resulting in a relatively

constant co^gen ccnsunpticxi. Re^iratory conpensation eilso

resulted in a constant dosage of the three PCB congeners.

5. The linear relationship between oxygen and PCB iptake efficiencies

has potential utility for use in making predictions of toxicant
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v?3take ty fish using the extensive literature base on ojQ^en

i;^}take as the basis for extrc^lation.
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CHAPTER IV

effects of TEMPERAIURE-INDUCED changes in RESPIRAnOJ AND GILL

MEMBRANE PERMEABILITY OI THE UPTAKE OF BENZO[A]PYRENE,

NAHUHAIENE, AND 2,2' ,5,5'-TETRACHIORDBIFHENYL

BY RAINBCW TRCOT, Raimn oairdneri (Richardson)

Introduction

Fi^ often enoounter acute changes in enviromnental tetrperature as

a result of short-term migrations during foraging or spawning

activities. In addition, the ainbient water temperature of seme

aquatic micro-environments including intertidal zones, riffle pools,

shallow reaches, and areas receiving water frcm reservoirs or thermal

pollution inputs can be quite variable during a relatively short time

period. Fi^ may experience diurnal or intermittant temperature

changes over a time span that is Sorter than the 2-3 weeks necessary

for them to acclimate to a new temperature (Peterson and Anderson,

1969; Campbell and Davies, 1975). Since the bocfy temperature of

aquatic poikilotherms ccaiforms to their external thermal environment,

these acute changes in water temperature can affect vital biochemical

and physiological functions of fish living in these environments.

Ihe effects of thermal increases on fish re^iratory functions and

oxygen consumption have been fairly well characterized in experiments

utilizing a variety of fish species. Holies and Roberts (1970)

measured increased ventilatory frequencies and stroke volimnes in

rainbow trout, RalTi¥-> oairdneri. exposed to an acute 8 'C increase in

temperature. Carp, Cvorinus caroio. experiencing a 4-6 °C increase in

62



tenperature (Moffitt and Crawshaw, 1983) and Gobius cobitis.

experiencing a 12.5 °C tenperature increase (Bersciiick et al., 1987)

both had increased ventilation rates. OsQ'gen consumption by raihbcw

trout (Heath and Hu^ies, 1973), Blennius pholis. (Caitpbell and [)avies,

1975), carp (Moffitt and Crawshaw, 1983), and G. cobitis (Berschick et

al., 1987) rose as esperimental tenperatures were increased.

Ihe effects of progressive tenperature decreases on fi^

respiration have received less attention in the scientific literature.

Generally, tenperature decreases have been assumed to Icwer fish

respiratory demand, and result in correspCTTding decreases in fi^

ventilatory functions and oiq^gen consunpticxi. Moffitt and Crawshaw

(1983) canfirmed these effects in carp esperiencing a tenperature

decrease of 2-6 °C, vhere significant tenperature-d^jendent decreases

were measured for carp ventilation frequency, heart rate, and oxygen

consunption. Others have measured lowered fish re^iratory and

cardiac functions and oxygen consunpticai at lew acclimation

tenperatures, but these studies did not include measurements made

during acute decreases in tenperature (Ott et al., 1980; Soivio and

Tuurala, 1981; Barron et eil., 1987).

Changes in ervircximentcil tenperature nay clLso affect the exposure

of fi^ to waterbome contaminants. The vptake of chemicals that are

accumulated by passive diffusion across fish gills can potentially be

altered throu^ tenperature-related changes in fish ventilatory

functions or changes in the diffusioned cepacity of the gill menbrane.

Bioaccumulation of HJT ky the mosquito fish (Gamfcusia affinis)

increased threefold at 20 "C ocnpared to exposures at 5 "C. Increases
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in DDT aocuirulation were related to increases in mq^en cxansunption at

the hitler acjcliraation teitperature (Murphy and Murphy, 1971).

Bluegill sunfish riepcmis Ttwr»imr»iirus^ had a twofold increase in the

bocfy burden of benzo[a]pyrene (BaP) with a 10 "C increase in exposure

terrperature. (Sweater bo(^ burdens measured at the hi^ier temperature

were hypothesized to result fron increeises in re^iration rates vAiich

cxmpensated for the increctsed metabolic demcind, but edso resulted in

increased exposure of the gills to BaP (Jimenez et ed., 1987).

Increased accumulation of water-borne dieldrin by the filter feeding

bivalve, Snhaerium oomeum. was also related to increases in water

teirperature and corresponding increases in gill ventilation rates

(cilia beat frequency) (Boryslawskyj et al., 1987). These studies

indicate that respiration may be a controlling factor in contaminant

accumulation by fish and other aquatic biota.

Others have manipulated fish respiration using other esperimental

approaches to determine the role of fi^ re^iration in contaminant

vptake by fi^. Opperhuizen and Schr^ (1987) found that uptake rates

of gvppies exposed to polychlorinated biphenyls (PCBs) under normoxic

and hypoxic conditions were not eiffected by changes in oxygen

concentrations and the corresponding changes in respiraticxi rates.

However, they did hypothesize that increases in ventilation rates

induced by hypoxia would cause decreases in both oj^en eind PCB vptake

efficiencies. In an analysis of factors controlling the vptalce of

hydrophobic contaminants, Gcbas et al. (1986) also hypothesized that

the efficiency of vptake of hydrophobic conpounds by fi^ gills may be

regulated by the fish's ventilation rate. Black and McCarthy (1989)

64



demonstxated an inverse relaticxiship between PCB x;ptake efficiencies

and trcut ventilation volumes in trout exposed to chlorine. Ifcwever,

they attributed the reductions in PCB i^jtake efficiency to the

ircpaired diffusion properties of the gill membrane resulting from the

damaging effect of ejqxasure to chlorine, rather than to ventilatory

increases. Increased ventilation was hypothesized to be a

ccmpensatory mechanism to deliver more o>Qgen to the gill surface in

chlorine-ej^xssed trout.

Changes in membrane permeability, resulting from teirperature

changes, may also influence the diffusion of contaminants across fish

gill metibranes. The diffusion of oxygen across fi^ gills may be

facilitated at hi^er temperatures as a result of the corresponding

lower viscosity of water, until ojq'gen concentraticaTS reach levels too

lew to meet the fish's respiratory demand due to the decreased

solubility of oxygen in water at hi^ier tenperatures. Viscosity

reductions ̂ ould lower the resistence of gill ventilatory movements

and may eilso lower the resistance of the I'ydrophilic layers of the

gill membrane (ffij^ies and Roberts, 1970). Mean±)rane fliiidity can also

be altered by the effects of temperature cn membrane lipids. Cooling

a biological membrane results in a loss of membrane fluidity, until

aoclimatory chemges in the membrane lipids Ccui occur. Acclimatory

changes, including increases in fatty acid chain length and

desaturaticai of membrane fatty acids, will increase the membrane

fluidity and may restore the membrane permeability and other

properties, d^)ending on the organism's capacity for acclimation

(Hazel, 1979, 1984; Isaia, 1979).
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Because acute temperature changes can cause silterations in

mentorane fluidity and permeability and changes in fish ventilatory

fuiKtions, teaooperature is hypothesized to affect the diffusion of both

osQ'gen and contaminant molecules across fish gill membranes, thrcu^

either effect or a ocnbination of both effects. In additicai, changes

in the vptake of os^en resulting frcm the acticai of acute temperature

change on trout gill meanbranes should be paralleled ty similar changes

in cxantaminant vptake, since both molecailes are proposed to diffuse

acnxjss the gill membrane by passive diffusion (Hunn and Allen, 1974;

Norstrom et al, 1976; Neely, 1979; Bruggeman et eil., 1981).

In these experiments the effects of a progressive decrease in

temperature on fish respiration and on CKygen and contaminant vptaJce

v/ere quantified. Using a fii^ metabolic chamber, simultaneous

measurements of respiration and vptake were made at timed intervals

throu^iout the temperature change. The use of the metabolic chamber

enabled the direct measurement of oxygen and contaminant iptake

efficiencies and facilitated making cxmparisons between respiration

and iptake measurements.

Materials and Methods

Fifih

Yearling redrbow trout, sairnn oairdneri (Richardson) were obtained

from the BuffeLLo Springs trout hatchery and acclimated at 17 °C in

large flcw-throu^ tanks for at least 2 wedcs. The mean trcut wei^t

(+STD) was 447 (±210) grams (n = 20). Trout were fed daily with trout

chow (Purina Mills, St. Louis, MD) until 24 h before experimentation.
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Cheanicals

Radiolabeled benzo[a]pyrene (BaP), [7-^^C]benzo[a]pyrene, 11.7

mCi/mmol; 2,2* ,5/5'-tetrachlorcibipheryl (TCB), Cring-UL-^^C]2,2* ,5,5'-

tetrachlorobiphenyl, 12.6 mCi/itimol; and naphthalene (NAP), [1-

^^C]nc^thalene, 4.7 mCi/inmol' were obtcdned from Pathfinder

Laboratories (Sigma Chemical Corp., St. Louis, MO). Chemical purities

determined by hi^ performance liquid chrcmatogr^hy e»oeeded 99%.

Ihe stock solutions in toluene were diluted with glass distilled

methanol (Burdick and Jackscai, American Scientific Corp.) and mixed

with dechlorinated tap water to obtain the final ej^xasure

concentration (<1.5 /ug/L). The dechlorinated te^ water used in eill

ejqjeriments had the following average water chemistry values: pH,

7.89; hardness, 131 mg CaCO^L; alkalinity, 104 mg CaCOyL, and

conductivity, 263 jLimhos/cm. The concentration of each catpound in the

exposure water was belcw the published aqueous solvhility value

(Mackay and Shiu, 1977; Mackay et al., 1980). Methanol in the

ejposure water never e»oeeded 0.01%.

Metabolic Chamber Exposures

Surgical procedures. Trout were anesthetized with M5-222

(tricaine methanesulfonate. Crescent Research Chemicals, Paradise

Valley, AZ) and placed on a fish surgical table (McKim and Syrett,

1982). Each trout was immobilized ly ̂ inal transecticai and a latex

merttorane was sewn to the trout's mouth. Trout were then transferred

to the fish metabolic chamber (Fig. IV-1) and the latex menbrane was

attached to the chamber to form the barrier between in^ired and
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Figure IV-1. The fish metabolic chamber: Measurement of oj^en and
contaminant v^itake.

(1) E>5X3sure water with 02 and ̂ ^C-labeled contaminant enters chamber
A. (2) Water with the contaminant and O2 is puirped over the gills by
the ventilatory action of the fish. (3) Water minus the contaminant
and O2 extracted by the gills is e}q)elled into chamber B.
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ej^ired water (McKim and Goeden, 1982). Each trout was allcwed to

recover frcm the surgical procedures ovemi^t (> 18-h) in flowing

dechlorinated tc^ water.

Metabolic chaitiber. The fish metabolic chairiber is described in

detail elsewhere (McKim and Goeden, 1982). It is a modified

respircroeter-metabolism chaittoer (Fig. IV-1, p. 68), divided into three

chambers (A, B, and C) by latex membranes. Water containing a

radiolabeled contaminant and oxygen is puirped into chamber A by a

peristaltic punp. As the trout respires, the water is pumped across

the gills and is ejpelled into chamber B, minus the oxygen and

contaminant that the fish has extracted via the gills. In^ired and

expired water in chaicibers A and B are separated by a latex meitbrane

sutured to the trout's mouth. Chantoers B and C are separated by a

latex collar that fits snugly around the fish's body posterior to the

opercula and is attached to the metabolic chamber. Stanc^ipes in each

chamber drain the excess water.

At each sanpling time the follcwing respiration and vptake

measurements were made. Ventilaticxi volume (ml/min) was determined by

measuring the volume of water overflcwing the stanc^ipe in chamber B

over two 1-2 minute time interveils. Ventilation rate (ventilatory

strbkes/min) was measured using a physiogreph (Narootrace 40, Narco

Biosystems, ̂ fcusto^l, TX), vhich recorded cpercular movements as a

function of time. Oxygen concentrations (mg/L) in chambers A and B

(before and after passing over the gill) were measured using a YSI

Model 58 ojq^en electrode (Yellcw Springs, OH). Contaminant

concentrations (|ig/L) in chaitibers A and B were Ccdculated from the
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radioactivity in five mL water sairples and the kncwn specific activity

of the stock solutions. Oxygen and contaminant uptake efficiencies

(percentages) were calculated by dividing the difference in mq^gen or

contaminant concentrations in chambers A and B (amount taken 15) the

gills) by the ejposure concentration (concentration in chamber A).

OjQg^en consunption and contaminant vptake were calculated as the

product of eiposure concentration, vptake efficiency, and ventilation

volume measured in each trout at each sampling interval.

Contaminant exposure; acute temperature change. Trout were

exposed to the radiolabeled ccMitaminant (BaP, TCB, or NAP) in the

metabolic chamber at the acclimation tenperature (mean temperature

+STD = 16.7 ±0.9 °C) for 3 h. Baseline measurements of respiration

(ventilation volume and ventilatiai rate) and oxygen and contaminant

iptake efficiencies were made after 2 and 3 h. After the baseline

measurements were made, the tenperature of the ejposure water was

gradually decreased ̂ proximately 8 °C (range = 6 to 10 °C) over the

next three hours (< 0.04 "C/min) to a minimum tenperature of 8 °C

(mean final tenperature +STD = 9.2 ±1.3 'C). During the 3-h period of

acute tenperature change, trout respiratory functions and ccnpound and

oxygen iptake efficiencies were measured at 15-min interveils (BaP

exposures) or 30-min intervals (TCB and NAP exposures). Uie exposure

tenperature was measured at each sanpling time, so that the iptake and

respiration data could be correlated with exposure tenperature at each

sanpling time.

One group of trout exposed to BaP during the tenperature change

ejposures (n = 5) were maintained ovemi^t in the metabolic chamber
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in cxartaminant-free flcwing water at the final water tenperature (8

»C). Es^xjsure to BaP was resumed after 15 h at 8 "C. Trcut

respiration and oxygen and BaP vptate were measured at 18 h, after a

3-h equilibration period.

Analysis of radioactivitv. The radioactivity was iteasured

using a Packard ODS 460 liquid scintillation counter, equipped with

autcnatic quench correction. Five milliliters of esqxssure water

containing ̂ ^C-labeled BaP, TCB, or NAP were mixed with 10 mL of

scintillant (ACS, Amersham Corporation) prior to analysis.

Contaminant ccxxentrations were calculated using each conpcund's

^jecific activity.

Statist]r-al Analyses

Most statistical analyses were performed using PC-SAS Version 6

(Statistical Analysis Systems, Cary, NC) and Lotus 1-2-3 Versicai 2.01

(Lotus Development Corp., Cambridge, MA). All manual calculations

were made using Sokal and Rohlf's Bicmetrv (1981) as the reference

text. Specific tests are identified in the text.

Results and Discussion

Effects of Tetroerature <on Trcut T?<»gpira-hinn

As the ejq^erimental temperature was lowered frcm 17 to 8 °C, trout

respiratory functicxis (ventilation volume and ventilation rate) were

decreased. The percentage change in ventilation volume and

ventilation rate at the acclimation temperature of 17 'C and at 14,

10, and 8 °C are shewn in Fig. IV-2. The lowest respiration values
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Figure IV-2. The percentage change in trout ventilation voiumas and
ventilation rates during an acute decrease in tenperature.
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control value measiped at the acclimation tenperature (17 °C). The
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v;ere measured at 8 "C, with a 38% total decrease in ventilation volume

and a 29% decrease in ventilation rate, compared to measureanents at 17

°C. Similar reducticais in ventilation rate were observed in carp

e}q)eriencing a 6 "C drop in temperature, althou^ the magnitude of the

decrease in carp ventilation rate was greater (-45%) (Moffitt and

Crawshaw, 1983).

Changes in tenperature cause predictable changes in the rates of

physiological processes. Within limits, increased tenperature results

in a rate increase for most chemical reacticxis. Rate decreases are

predicted vhen the tenperature is lowered. The Q^q ^ chemical or

biological reaction is a ccilculaticxi of the change in the rate of a

physiological process with a 10 °C change in teaiperature. Typically,

the rate of a chemical reaction doubles with a 10 °C increase in

tenperature, vhile most physiologiccQ. reacticais have a Q^q ^

three. The reaction rates of acclimated animals with perfect

tenperature compensation will have a Q^q equation used to

calculate Q^q QlO ~ (R2/R1) (T2"T1) ̂ vAiere T1 is the initial

tenperature, T2 is the final tenperature, R1 is the rate at Tl, and R2

is the rate at T2 (Schmidt-Nielsen, 1983).

QlO values were calculated for ventilaticxi volumes and ventilation

rates at eill tenperature intervals, including the entire tenperature

range between acclimation and final tenperatures (Table IV-1). For

ventilation rate measurements, no significant changes in Q^q were

determined throu^iout the tenperature change (Tufc^-Kramer test, p <

0.05), with an average Q^q value of 1.53, calculated using the entire

tenperature range. This value is similar to the Q^q of 1.4 measured
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Table IV-1. Mean values (+SEM) for respiration and i^jtake
measurements. Values were calculated from experiments
with BaP, TCB, and NAP (n = 20 trout, except as noted
for the 10 to 8 °C interval).

Measurement 17-14 'C 14-10 °C 10-8 °C Total

Ventilation Volume 1.96 1.83 4.47^'^ 2.02

(± 0.39) (± 0.20) (± 1.12) (± 0.19)

Ventilation Rate 1.32 1.62 1.66^ 1.53

(± 0.14) (± 0.14) (± 0.41) (± 0.17)

Oxygen Uptake Efficiency 1.56 1.69 1.76'= 1.47

(± 0.27) (± 0.21) {+ 0.60) (± 0.13)

Compound Uptake Efficiency 1.49 1.27 1.74^= 1.28

(± 0.27) (± 0.11) (± 0.35) (± 0.09)

Oxygen Consuirption 1.77 2.25 7.13^'C 2.04

(± 0.31) (± 0.20) (± 2.95) \T 0.13)

Compound UptaJce 2.07 2.29 10.27®'= 2.28

(± 0.46) (± 0.27) (± 3.62) (± 0.17)

^significant difference between adjacent temperature intervcils (p < 0.01)

t>n = 9

^ = 10
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for rciiribcw trout ej^jeriencing an acaite incarease in terrperature frcm

15 to 26 °C (Heath and Hu^es, 1973), indicating that nonlethal

terrperature changes in either direction result in ventilation rate

alterations occurring at similar rates of change.

Ventilation voluoone decreases had a biphasic response to

terrperature change, with significantly hi^ier rates of change at the

lowest terrperature interval, frcm 10 to 8 °C (Q^q ~ 4.47), ccnopared to

the lower and more constant rates of change between 17 °C (Q^q = 1.96)

and 10 °C (Q^q = 1.83) (Tukey-Kramer test, p < 0.01). The

ventilation volume determined over the entire terrperature range was

2.02.

Effects of Temperature on 0?;vqen and Oontaminant Uptake Efficiencies

Oxygen and contaminant uptake by trout, in terms of both

efficiency of vptake as well as consutrption were also reduced as the

experimental terrperature was lowered. Figure IV-3 ̂ cws the time

course of changes in oxygen and contaminant iptake efficierK::ies

corresponding with changes in ejperimental terrperature. Mean i^jtake

values (±SEM) were pooled from exposures with all three ccmpounds,

BaP, TCB, and NAP. The average decreases in oxygen iptake

efficiencies were proportional to the average decreases in contaminant

iptake efficiencies. Figure IV-4 demonstrates the linear relationship

between these two variables vtien individual values for ojQ'gen iptaJce

efficiency for each contaminant exposure were plotted against

contaminant iptake efficiencies measured at the same time. The

regression equations for each conpound are listed in Table IV-2. For

exposures with TCB, the 95% confidence intervals of the slope and
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Table IV-2. Regression equations for oxygen vptate efficiency (x)
plotted versus ccnipound v^xtake efficiency (y).

Ccaipound Regression Equation n r^

BaP y = 0.82X + 11.78 96 0.77^

22'55'-TCB y = 1.04X + 10.33^'^ 48 0.62°

NAP y = 0.74X + 12.57^ 52 0.56°

^lope not significantly different frcm 1 (p < 0.05)

'^'intero^jt not significantly different from 0 (p < 0.05)

°p < 0.001
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intero^jt were not significantly different frcm those frcm a 1:1

regression (slope = 1; y-interc^t = 0), indicating that tenperature

changes had an equivalent effect on the iptake efficiency of both

oxygen and TCB. For exposures with BaP and NAP, changes in 05Q^en

vptake efficiencies were correlated with proportionally Icwer changes

in contaminant iptake efficiencies, with both regressions having

slcpes significantly less than one.

The rates of change in oxygen and ccxitaminant iptake efficiencies

were constant throughout the tenperature change from 17 to 8 "C.

There were no significant differences in the Q^q determinations (Table

IV-1. p. 74) calculated for smaller tenperature intervcils within the

entire range of tenperatures for both measurements (p < 0.05, Tukey-

Kramer test). values were 1.47 for c»q^en iptake efficiency and

1.28 for contaminant iptake efficiency calculated using the entire

tenperature range (17 to 8 °C). These values compare favorably with a

QlO value of 1.35 measured for tenperature-induced viscosity changes

in cytosolic extracts pr^ared frcm muscle tissue isolated from vhite

perch fMorone americanus). Changes in the diffusion rates of selected

small molecules (molecular wei^ts ranging from 40 to 166) throu^

these cytosol extracts were attributed primarily to increased

viscosity of the extracts as tenperature was lowered from 25 to 5 °C

(Sidell and Hazel, 1987). The Q^q observed for iptake efficiency in

cooled trout may also be indicative of similar changes in the

viscosity of the membrane's diffusicai layer, the membrane layer

predicted to have the rate-limiting effect cxi diffusion of many

hydrcphcbic molecules (Kq^, ranging from 10^ to 10®) such as those used
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in this stucfy, BaP, NAP and TCB (Flynn and Yeilkcwsky, 1972; Gobas et

al., 1986).

Effects of Teanoperature on Oxvaen Oonsunrotion and Contaminant Uptake

Lowered oj^en ijptake efficiencies ccx5>led with decreased

ventilation by trout resulted in significant decreases in oiQ^en

consuitption and contaminant i;5Jtake at decreased eoqjerimental

teantperatures (Fig. IV-3, p. 76). Changes in ojQ'gen oonsurtption were

linearly correlated with changes in contaminant vptake for all three

ccmnpounds (Fig. IV-5). The data frcm all three ccnpounds were pooled,

since there were no significant differences between the slopes and

intercepts of the individual regression equaticMTS. The regression

equation for the pooled data from the three contaminant exposures was:

y = 0.79X - 8.90, vhere y is the percentage change in contaminant

iptake and x is the percentage change in oxygen consunption; r^ =

0.71, n = 50. Table IV-3 lists the individucil regression equations.

Althou^ there was not a 1:1 relationship between changes in o^Q^en

consunption and contaminant uptake, the significant linear

relationship between the two variables for all three ccrapcunds and the

regression of the pooled data indicates that acute temperature change

had a similar effect on the iptake of oxygen and the three ccBpounds

fish gills.

Further evidence that decreased terrperature affected the iptake of

ojQ^en and contaminants in a similar manner is reflected in the

magnitude and pattern of the measurements for each variable (Table

IV-1, p. 74). Both oxygen consunpticai and coitaminant vptake rates

had a bi-phasic respcxise to the decrease in tenperature. EXiring the
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Table IV-3. Regression equations for the percentage changes in
coQ^en €X)nsunption (x) plotted versus the percentage
change in contaminant vptake (y). CJonsumptiai and
v^xtake values were measured at 14, 10, and 8 °C.

Coirpound Regression Equation n rr

BaP y = 0.94X - 8.62^'^ 24 0.87<^

22'55'-TCB y = 0.67X - 0.83^ 12 0.34*^

NAP y = 0.70X - 13.36^ 14 0.78^

^lope not significantly different frcm 1 (p < 0.05)

'^'interc^jt not significantly different frcm 0 (p < 0.05)

°p < 0.001

(^ < 0.05
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initial 7 °C drop in tenperature, the Q^q both variables was

approximately two, signifying a halving of the rates of rptake for

each molecule. However, for both variables Q^q changed dramatically

during the final 2 °C drop in tenperature. Between 10 and 8 °C, there

was a sevenfold decrease in oxygen consunption rates and a tenfold

decrease in contaminant vptafce rates. Hu^ies and Roberts (1970)

calculated a similar (4«2) for the o>Q^en consunption of brook

trout as tenperature was increased fron 5 to 10 °C, vhereas the Q^q

value for the overall tenperature change (5 to 20 °C) was 2.24,

similar to the value calculated for the range of 17 to 8 °C in the

present study (Table IV-1, p. 74). In the present stix^ oxygen

consunption and contaminant vptake are both calculated as the products

of exposure concentration, iptake efficiency, and ventilation volume.

Among these three variables, the only variable that also e^^ierienced

significant changes in during that tenperature interval was

ventilation volume. Thus, the large decreases in oxygen consunption

and contaminant vptake were probably due to the large decreases in

ventilation volume.

Effects of Proloncfed Exposure on Resoiraticai and Uptake

No further changes in trout respiration or oxygen and contaminant

i;ptake were measured after 18 h at 8 "C, the final ejgjerimental

tenperature (Fig. IV-6). There were no significant differences

between measurements taken at 1 h and 18 h at 8 °C (p < 0.05, Paired

comparisons t-test). This observation agrees with literature

cijservations that for rainbow trout more than 18 h is required before

acclimatory changes in respiration are observed following changes in
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tenperature (Peterson and Anderson, 1969; Cainpbell and Davies, 1975).

Furthennore, stabilization of respiration and v^xtake measurements

indicated that no overshooting occurred, and provides evidence that

the decreases measured were in direct response to changes in

experimental tenperature, and were not influenced by time or the rate

of tenperature change.

Fhysiological Dnplications

Decreased oj^en ccaisunption by trcut as the ej^xerimental

tenperature was lowered reflected the trout's decreased metabolic

demand at the Icwer tenperature. Mean ojongen ccaisunption values

measured in these experiments at the Icwest tenperatures were

consistent with with other measurements made using spinal-transected

trout at 11 °C (McKim and Heath, 1983; MciKim et al., 1986, Bradbury et

al., 1987).

Rainbow trout and other salmonid ̂ xecies are "oxq^en regulators,"

a term describing organisms that are able to maintain adequate blood

ojQ^en levels in hypoxic or hyperoxic environments by changing their

ventilation rates, ventilation volumes, and/or gill oxQ'gen extraction

efficiencies (Randall and DaxdaoecJc, 1984; Hochachka, 1987). Changing

ventilatory functions seems to be the predominant mechanism by vhich

fish adjust ox^en vptake during hypoxda or hyperrada. VOiite sucker

fCatostomus cxxmnersoni) maintained stable levels of ox^en consuirption

under hyperoxdc conditions 1:^ decreasing ventilation volume by 50%,

with no changes in ox^ygen iptake efficiency by the gills (Wilkes et

al., 1981). Similarly, Wood and Jackscxi (1980) measured large
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decreases in the ventilation volumes of rainbcw trout esqxDsed to

hyperoxia. Gobius cdaitis regulated ax^^gen oonsumption during

hyperoxia by decreasing ventilation rates as the environinental PO2

increased (Berschick et al., 1987). Smith and Jones (1982) found that

trout esqxised to both hypoxic and hyperoxic conditions maintained

basal o}Q^en ccxisuirption rates and a constant blood PO2 level

primarily throu^ corpensatory changes in ventilatory functions.

Hypoxia-induced increases in fish ventilation volume have been

observed in a variety of fish species, and in all cases fi^

maintained stable oxygen consumption values throu^ ventilatory

ccaipensation (Davis and Cameron, 1971; Kerstens et al., 1979; lumholt

and Jchansen, 1979; McKim and Goeden, 1982). These results indicate

that ocnpensatory changes in ventilatory functions provide a mechanism

for the physiological regulation of oxygen ccxisumption and allcw fi^

to maintain adequate interned, blood FO2 levels.

In these ei^ieriments decreases in co^en vptake efficiency and

ventilation volume both contributed to the observed reductions in

ojygen consumption. However, the changes in ventilation volume were

much greater than changes in vptake efficiency at all sampling times,

and seemed to be the primary force driving consumption levels downward

during the decrease in environmented. temperature. This observation

agrees with the previously descxibed changes in ventilatory functions

by fish e}posed to hypcjxia and hypercada, and supports the hypothesis

that fish regulate oxygen oonsumption primarily by changes in

ventilation volume, resulting in eilteraticaTS in the amounts of oxygen-

laden water flowing across the gill membrane.
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Measurements of oxygen consuinption are direct reflections of the

contoination of the effects of the volume of water flowing across the

gills (ventilation volume), the concentration of oxygen in the

ejqxDsure water and the efficiency by vMch these molecules are

extracted hy the gills (v^Jtalce efficiency). Tenperature-induced

changes in v?jtake efficiency may also affect the net oonsuirption of

oxygen and any other passively diffusing molecules present in the

expoBOTB water. Exclxxiing the physiological interactions between

oxygen and hemoglobin, oxygen v^itake efficiencies should be d^iendent

v:pDn two variables: factors affecting the contact time and proximity

of coygen molecules in the ventilatory water to the gill meitbrane

surface, and factors affecting the diffusional capacity of the gill

menbrane.

Some authors have hypothesized that fi^ ventilatory flows may

limit v^Jtake efficiencies in fish based on models of contaminant

accumulation under changing environmental conditicxis, but without

directly measuring fi^ ventilation (Gobas et al., 1986; Opperhiiizen

and Schrap, 1987). Others have measured an inverse relationship

between trout ventilation volumes and osygen v?3take efficiencies imder

hypoxic oonditicais (Kerstens et al., 1979; McKim and Goeden, 1982).

The inverse relaticxiship between fish ventilation and v^jtake

efficiency was proposed to result frcm a decreased contact between

oxygen molecules and the gill menbrane surface due to hi^ier

ventilatory flews (increased ventilation volumes and rates). Ihis

would explain the observed reductions in coygen i^jtake efficiency

ooi5)led with a two to fourfold increase in ventilation volume observed
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in fish during pericxSs of hypoxia (Kerstens et al., 1979; IfcKiin and

Goeden, 1982). Com^ersely, decreases in ventilaticxi should augment

ijptake efficiency by increasing the contact of the gill mettbrane with

oxygen, but only until a steady-state transfer is attained. After a

steacfy-state diffusion has been reached, râ gen r^xtake efficiencies

would be affected only by internal physiological cues, such as

regulaticai of hemoglobin's affinity and opacity for binding oxygen or

by factors affecting the diffusicaial edacity of the gill membrane.

In these experiments oxygen i:5Jtake efficiencies were lowered with

temperature decreases, but at the same time, ventilaticxi volumes and

rates were also decreased. A graph of ventilation volumes plotted

against contaminant and oxygen vptake efficiencies revealed a perfect

scattergram (Fig. IV-7). These results imply that at Icwer

ventilatory flews steac^-state diffusion has been reached and oxygen

i^xtaJce efficiencies are not controlled by fi^ ventilation.

An alternate hypothesis is that reductions in uptake efficiencies

may have been caused by temperature-induced changes in the gill

membrane permeability. At reduced temperatures, biological membranes

tend to be less fluid and less permeable to diffusing molecules

(Hazel, 1979, 1984; Isiah, 1979). Without acclimation of the membrane

lipids to colder temperatures, fluidity decreases may eventually

result in a phase change in the membrane frcm a liquid to a gel state,

resulting in a significant loss of merabirane permeability (Hochachka

and Sonero, 1971). The temperature-d^xendent decreases in vptake

efficiencies (Fig. IV-3, p. 82) are consistent with reduced gill

membrane permeability as the exqxerimental temperature was Icwered.
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Constant values for oxygen v^jtake efficiency throu^iout the entire

range of tenperatures (Table IV-1, p. 74) iirply that the decreases in

vptake efficiency changes monotonically, without any abnpt decreases

in the iptake efficiency of either ojygen or contaminant molecules,

\f^ch mi^t be indicative of phase changes.

Using the Fick's equation, the relationships between environmental

tenperature, physicochemical properties of natibranes, and properties

of diffusing molecules can be probed. Fick's first law has been used

to quantify the rate of diffusion of oxygen and other molecules across

the gill and other membranes (Butler and Metcalf, 1983; Gobas et al.,

1986; Barber et al., 1988). A general form of the Fick's equation is:

M = (DR^)/X (1)

viiere M (nmol/min) is the flux of the diffusing molecule, D (cm^/s) is

the diffusion constant, A (cm^) is the surface area of the gills, AC

(nmol/L) is the concentration difference between blood and water for

the diffusing molecule, and X (^m) is the membrane thickness.

Diffusion COTJstants (D) were calculated fran the data on oxygen and

contaminant iptake at the acclimation tenperature (17 "C) and after

the tenperature change (8 °C), using a reeurrangement of Eg. 1,

substituting an average value frcm the literature (4.4 im) for X, and

using gill surface areas calculated for each trout from the following

equaticm relating surface area to fish wei^t (W): A = (3.14)W®*®^2

(Busies, 1972; Busies and Perry, 1976). Ihe diffusion constants for

ojygen and contaminants are presented in Table IV-4. Diffusion
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Table lV-4. Diffusion constants (±SEM) calculated for oxygen and
contaminants. Values were calculated using i:^take
measurements taken before and after the acute
tenperature change (at 17 and 8 "C, respectively) (Eq.
1). There were significant differences between the 17
and 8 °C values for each fish (Paired ccmparisons t-
test, p < 0.05).

Exposure Oxygen Toxicant

17° C 8° C 17° C 8° C

BaP

(n=8)
3.47 X 10"'^

(1.92 X 10"®)
2.77 X 10"'^

(1.67 X 10"®)
8.53 X 10""^
(4.89 X 10"®)

3.70 X 10"''
(2.77 X 10"®)

NAP

(rT=6)
2.87 X 10"'^

(3.85 X 10-8)
2.58 X lO"'^

(3.71 X 10-8)
8.35 X 10""^
(1.27 X 10-7)

2.83 X 10""^
(4.38 X 10-8)

TCB

(n=6)
5.34 X 10"'^

(3.21 X 10"®)
3.86 X 10""^

(1.83 X 10"®)
6.80 X 10"'^
(4.39 X 10"®)

5.39 X 10""^
(4.71 X 10"®)
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constants determined for oxygen and ccaTtaminants were both

significantly lower after the experimental teroperature was decreased

from 17 to 8 °C for all ejqxssures (p < 0.05, Paired corparisons t-

test). Ihese data inply that gill membrane diffusion processes are

reduced at Icwer tenperatures.

Variables frcm the FicJc's equation (Eq. 1) can also be used to

calculate a transfer factor (T), viiich describes the diffusional

ability of the gills (modified from Randall et al., 1967):

T = IVAC (2)

Using measurements from our metabolic chamber ejqxjsures, T can be

calculated frcm measured valiies for the oxygen or contaminant

concentration ([C] , tptake efficiency (Eff), and ventilation volume

(Vq) at each sairpling time:

T = {([C]A)(Eff)(VG)}/[C]A (3)

By rearrangement and substitution of Eq. 1, the following relationship

is also found for T:

T = m/x (4)

Ccntoining Eq. 3 and 4 and solving for Eff yields:

Eff = (DA)/(XVg) (5)
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Based on this equation increases in ventilatiai volume or gill

membrane thickness would be predicted to result in decreased v^italce

efficiencies. This model also predicts that v^Jtake efficiencies would

be augmented with increased gill surface area, a variable that is

species specific, and is related to fi^ wei^t (I&i^ies, 1972) and an

increased diffusion constant, vMch is related to physicochemical

properties of the diffusing molecule and the membrane. Stryer (1981)

presents an equation to calculate D for molecules diffusing throu^ a

model membrane or solvent system:

D = (kr)/(67mr) (6)

vdiere k is the Boltzman constant, T is temperature, n is the diffusion

layer viscosity, and r is the fricticsvLL resistance factor for the

diffusion media. From Eg. 5 and 6 it follows that uptake efficiency

would be influenced by changes in temperature and changes in the

diffusional resistances within the membrane, including viscosity (also

temperature ccaitrolled) and the fricticaial resistance. Frictional

resistance is also likely to be influenced by physicochemical

properties of the diffusing molecule, such as molar volume and

chemiccd. interactions between the molecule and the menibrane. These

predicticHis ccntoined with the determination of decreased diffusion

constants at lower temperatures lend further sipport to the hypothesis

that reductions in uptake efficiencies at lower temperatures result

from temperature-induced decreases in gill membrane permeability.
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Based on esq^erimental results and model predictions, it ̂ ^pears

that ind^jendent factors may control changes in i^itake efficiency and

ventilaticai volume. In these ejqjeriments, gill membrane permeability

was prcbably reduced at the IcMered tenperatures due to the effect of

tenperature on membrane fluidity, causing the measured reductions in

ojygen and contaminant vptake efficiencies. Changes in ventilation

volvmte may reflect an ad^itation to the fish's reduced caygen demand

at lowered terrperatures and are probably controlled by an internal

ojygen rec^jtor, similar to the receptor thou^t to control heart rate

during hypoxia described ty Smith and Jones (1978) and others.

Toxicological Implications

These data confirm that a significant linear relationship exists

between changes in trout oxygen consunption rates and hydrophcbic

contaminant iptake rates. Althou^ there was not a 1:1 relationship

between the two variables, within a reascxiable physiological range of

ojygen consunption (decreases between 0 and 60% of the original

consunption rates) contaminant xptake values were within 10% of the

oxygen consunption values. Based on these ccxisiderations it seems

reasonable to predict the relative magnitude of changes in ccnpound

iptake due to enviranmentcLL and physiological changes based on

established relationidiips on their effect on coygen demand.

For exanple, Rao (1968) measured o}ygen consunption in raihbcw

trout at 5 and 15 °C, finding a 49% decrease in consunption at the

lower tenperature relative to consunption at 15 °C. Accumulation of

COT by rairibcw trout with similar wei^ts (30-110 g) was decreased by
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45% over the same tercperature interval (5 and 15 'C) (Reinert et al.,

1974). Ihis experimentally determined value (45%) is eilmost identical

to the percentage change in accumulation (49%) that would have been

predicted based on Pao's data on oxygen consurrption.

A large database exists relating oxygen consunptiOTi to a nuniber of

physiological and environmental variables. In many cases this

relationship has been modelled, so that coQ'gen consunption under

varying conditions can be calculated. Due to the linear relationship

found between ojQ'gen consunption and contaminant vptake in this stuty,

these calculated or neasured changes in ojq«gen consunption may be

predic±ive of the magnitude and direction of changes in contaminant

uptake by fish gills. Based on the changes in oxygen consunption,

literature values for contaminant vptake, either measured

experimentally or calculated using QSARs, can then be adjusted for the

physiological or environmental change.

In the previous exanple of HTT accumulation by rainbow trout

(Reinert et al., 1974), predictions of H3r acxumulation at 5 °C cx3uld

be made by multiplying the value obtained at 15 "C by the percentage

decrease in c»^en cxaisunption (45%) measured by Rao (1968) over the

same tenperature interval (Table VI-5). The predicted accumulation of

3.35 jug/g is similar to 3.76 /xg/g, the bcx^ burden measured at 5 °C.

Conversely, accumulaticxi of MIT at 15 °C predicted fron values

cbtained at 5 "C were also similar to the measured values.

Changes in oxygen consunpticxi have been related to other

environmental euid physiolcjgiccil changes. The relationships develcped

between tenperature-induced changes in c»^en consunpticxi etnd
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Table IV-5. Measured and predicted values for EOT accumulation by
rainbcw trout at 5 and 15 °C. Calculations of predicted
accumulation are based on the percentage changes in
oxygen consunption (data from Rao, 1968 and Reinert et
al., 1974).

EOT Accumulation (fjg/g) 5 °C 15 °C

Measured values^ 3.76 6.82

Predicted values^ 3.35 6.26

^Data from Reinert et al., 1974

^^^Predicted values for MJT accumulation at 5 and 15 °C were
calculated xasing the percentage differences in o^q'gen consunption at
these tenperatures calculated from data from Rao, 1968. The
difference in oxygen consunption from 15 to 5 °C was 49.1%. The
difference from 5 to 15 °C was 204%.
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contaminant i;?jta]ce may also be ̂ plicable in other situations

involving similar changes in oxygen consumption.

Oxygen consuitptian (standard metabolic rate) has been

mathematically related to fi^ wei^t in many fi^ species (eg. Fry,

1957; Beami^, 1964a; Glass, 1969; Brill, 1987; and others). The

t^ical relationship between OQ'gen consunption and fi^ wei^t is a

power function with the general equation: y = a 3^, vAiere y is oxygen

consuitption (mg 02/hr), x is fii^ wei^t (log), and a and b are

species-specific fitted parameters. For most fi^ species, the fish

wei^t ejponent (b) is less than one, signifying that wei^t-specific

oj^gen consuirption decreases as fish wei^t increases. Therefore over

the lifespan of a fish, wei^t-specific oj^en consunption would be

expected to decrease. Based on the results of this stu(^, these

decrecises in oxygen consumption would be e3q)ected to result in

decreased wei^t-specific vptaloe of waterbome hydrophobic

contaminants as fish size increased eis a result of growth and

maturity.

Beamish (1964b) measured two and threefold increases in the

metabolic rates of male brook and brown trout during their spawning

seasons. Metabolic rate increcises in female brook trout were similar

to those in males, vhile female brcwn trout had no increase in

metabolic rates during spawning. Since pawning periods can last 15)

to several months for some fish species, these seascaal changes in

ojygen consumption could result in significant changes in contaminant

iptake by males and females during owning periods. For gravid

females found to have increased ojygen consunption during i^wning,
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increased contaminant v^^take during i^wning predicted by our

hypothesis could have deleterious effects on fecundity by affecting

the success of oogenesis or egg maturaticai. The hi^ier doses of the

contaminant could be transferred to the developing embryos via the

yolk, and impair growth and develcptient of the young. In addition, a

reduced ability to detoxi^ certain contaminants resulting from

estradiol-induoed reductions in the activity of the MPO detoxification

systems could also greatly increeise the contaminant boc^ burden of

spawning females (reviewed in Jimenez, 1989).

Changes in oxygen consumption have also been related to exercise

and activity levels in fi^. At a maximum swimming speed, ei^rcised

rainbow trout had nearly an ei^tfold increase in ojygen consunption,

compared to trout resting metabolic rates (Kiceniuk and Jones, 1977).

Ventilation volumes were elevat:ed proporticaially, to achieve the

increase in oxygen consunption ty increasing the exposure of the gill

meinbrane to cKygen in the ventilatory water. Swimming vhite suckers

fCatostomus commersonil had a similar increase in oxygen consunption

compared to nonswimming fii^, althou^ two more quiescent species,

carp fCVorinus carpio) and brown bullhead flctalurus nebulosus) had no

change in o)ygen consunpticxi with increased activity (Saunders, 1962).

Althou^ the relaticxiship between oygen oonsunpticai and activity may

not be consistent in all fish species, for species that do increase

ojygen consunption with activity, contaminant uptake via the gills may

be proportionally increased.

This stuc^ has demonstrated that changes in oxygen consunption

occur in trout exposed to acute changes in temperature. These changes
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in oxygen consunption have been quantitatively related to changes in

the vptake of BaP, NAP, and TCB via water exposure. This relation^?

can be viseful in making predictions of contaminant vptake using well-

documented physiological changes in oxygen demand, and will enable a

more accurate prediction of contaminant dose and accumulation by fish

over chronic exposure regimes, including seasonal ejposures and

ejposures over an entire lifecycle.

Summary and C3onclusions

1. Acute teirperature decreases resulted in significant decreases in

oj^en consumption rates and ojQ^en iptate efficiencies in trout

at reduced tenperatures.

2. There was no relationship between trout ventilatory functions and

v^jtake efficiencies for either oxygen or contaminants. This

finding suggests that vptake efficiency eind gill ventilation etre

not linked at lew ventilation volumes and rates. In these

experiments trout ventilatory functions seem to be regulated by

changes in metabolic demand eind decreeised oxygen and contaminant

uptate efficiencies must be caused by tenperature-induced

decreases in gill membrane permeability.

3. There was a significant linear relationship between trcut oxygen

and contaminant vptaJce efficiencies over the tenperature range

from 17 bo 8 °C. This relation^p iitplies that both oxygen and

contaminant molecules enter the fi^ by passive diffusion.
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Furthentore, evidence was presented indicating that diffusion of

contaminant and oxygen molecules was controlled by teirperature-

induced changes in menibrane permeability.

4. Ihere was a linear relationship between changes in oxygen

ocxisumption and contaminant vptake rates. This relationship forms

the basis for predicting contaminant v^itake losing the magnitude of

changes in metabolic demand or oxygen ccsosunption under a variety

of physiological and envioronmaital conditions as the basis for

extrapolation.
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CHAPTER V

GENERAL (XNCUJSICNS

Contaminant i^Ttake ty the gills of fish is hypothesized to be

influenced by both environmental and physiological factors that

interfere with the uptake process either by altering the

physicochemical form of the contaminant, altering the diffusional

capacity of the re^iratory membrane, or by altering the fish's

respiratory demand. This stuc^ has examined an environmentcilly

relevant exaitple of each of these factors. Quantitative data has been

presented relating changes in contaminant \;f>take to changes in

re^iration, changes in gill diffusion prcperties, and changes in the

physicochemical form of the contaminant.

The binding of dissolved or particulate sorbents to toxicants in

the aquatic environment appears to reduce the bioavailabililY of the

toxicant by decreasing the net i;ptake of the toxicant by the gills by

an amount proportional to the percentage of the toxicant that is bound

to the sorbent. Reductions in BaP and TCB i:^7take were correlated with

measured reductions in the concentration of the contaminant in true

soluticsi, i.e., the concentration not bound to humic acid. The degree

of binding of the toxicant to humic acid was related to the ccnpound's

affinity for binding to humic acid (I^), vhich is quantitatively

related to the ccnpound's hydrophobicity and the physiccd

characteristics of the DCM. These quantitative relationships form a

basis for extrspolation of the effects of binding to natural DCM

sources, based on measured values or on models relating binding
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properties to physicochemiccd properties of the soriaent and sorbate.

Ihrcu^ these modelled relationdiips, the potential exists for

extr^xDlation of the effects of binding to DCM to include estimations

of reductions in i^jtake for other hydrophctoic toxicants in the

presence of DCM in the natural environment.

t^jitake of contaminants is also hypothesized to be influenced by

physiological changes within the es^xosed organism. Potential

physiological changes could be induced by internal biochemical cues or

by external events, controlled ty the fish's environment. Ihis study

addressed an exairple of each type of physiological changes elicited by

internal and external cues, by quantitating the changes in ccoitaminant

vj^jtake associated with environmental temperature change and in the

presence of chlorine, a gill damaging agent. Each of these

eJ5)erimenteil e^roaches eiltered fish re^iration and resulted in

predictable changes in contaminant v^^take.

The efficiency of oxygen and toxicant i^Jtake by trout ̂ ^peared to

be controlled primarily by changes in gill membrane permeability and

diffusion c^cit^. In es^xisures with concomitant exposure to

chlorine (Chc^jter III) and with acute benperature change (Chapter IV)

\:^](ta]ce efficiencies of both molecules were decreased. The mechanism

of acticn of each of these VEuriables on membrane permeability eind gill

diffusionad. capacity were different. Chlorine-induced damage to gill

lamellae Weis proposed to reduce the functioncil gill surface euea and

diffusion distance across the gill membrane. This hypothesis is

si^^ported by the time-dependent damage to gill lamellae gill seen in

chlorine-e>5X3sed trout. Reduced temperature was proposed to reduce
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the fluidity and permeability of the gill membrane. Althouc^i no

direct measurements of membrane fluidity were made, the observed

reductions in contaminant and oxygen v^xtake efficiencies were

hypothesized to result frcm temperature-induced changes in membrane

fluidity.

In all eiqxasures involving changes in fish respiration, regardless

of the effect on i^xtake or the ex^xerimental design, reductions in

toxicant and oxygen i^xtake efficiencies were directly related to the

extent of exposure to the proposed inducer of physiological changes in

membrane diffusivity, due either to the magnitude (ie. tenperature

change experiments) or the duraticxi of exposure (oonccniitant exposure

to chlorine). The linear correlaticxis between oxQ^en and contaminant

iptake efficiencies observed in both experimental ̂ xproaches lend

further sipport to this hypothesis, since both molecules are assumed

to enter the gill by passive diffusion across the gill membrane.

Thus, changes in membrane permeability and diffusioned. capacity would

be expected to affect the diffusicxi of each molecule to a similar

exctent. Althou^ this relationship was not always a perfect

correlation resulting in a 1:1 relationship between ox^en and

contaminant vptake efficiencies, the magnitudes of the variables were

in very dose eigreement for all conpounds in both experimental

treatments. In both cases vhere a significant 1:1 relationship was

not observed (BaP and NAP exqxxsures), oxygen iptake efficiencies were

consistently hi^xer than contaminant iptake efficiencies. This is not

surprising, considering the differences in the relative sizes and

molecular wei^ts of oxygen and these contaminant molecules and the
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presence of other physiological mechanisms viiich will augment oxygen

diffusion, but will not affect contaminant intake, including

mechanisms that eilter the affinity and ce^city for fish hemoglobin to

bind to oxygen.

In both ejqjerimentcil treatments, oxygen oonsunption was directly

related to contaminant v?Jtake, regardless of the magnitude and

direction of ventilatory changes. Reductions in trout ventilation at

lower tenoperatures resulted in lowered oxygen oonsunpticxi vMch was

mirrored by similar reductions in contaminant iptake. IXiring

sublethal ejposures to chlorine, oxygen consuitption and contaminant

i5)take both were stabilized, resulting from increases in fi^

ventilatory functions, vAiich were hypothesized to compensate for the

lowered xptate efficiencies. In both ̂ proaohes, alterations in trout

ventilation had the same effect on the iptake of both oxygen and

contaminant molecules by fi^ gills. By adjusting ventilatory

functions, trout maintained adequate oxygen consunption levels to meet

their re^iratory demand.

These results confirm that the envircximent can have a direct and

significant modulating effect on contaminant vptake by fi^, throu^

both natural and anthropogenic processes. Furthermore, the

quantitative relationships presented in these studies can be

incorporated in models of contaminant iptake to acxxunt for

enviranmentally-relevant changes in contaminant bioavailability and

fish re^iration.
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