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ABSTRACT: Hydropic vacuolation (HydVac) of biliary epithelial cells and hepatocytes is described for 
3 species of U.S. West Coast bottom fishes. Risk assessment analyses are also conducted to determine 
if the prevalence of this lesion increases in assoclation with contaminant exposure and site of capture. 
The morphology of HydVac in starry flounder Platichthys stellatus, white croaker Genyonemus lineatus 
and rock sole Lepidopsetta b~lineata was similar to that described in winter flounder Pleuronectes 
amencanus from the U.S. Atlantic Coast, especially in that HydVac most commonly affected biliary 
epithelial cells. Hydropic vacuolation was the most prevalent liver lesion in starry flounder and white 
croaker captured from contaminated environments. Risk assessment analyses confirmed that the rela- 
tive risk for HydVac Increased with the presence of aromatic and chlorinated hydrocarbons in sedi- 
ment, fish bile, and flsh liver for these species. Hydropic vacuolation also frequently occurred in rock 
sole, but the lesion showed no clear association with contaminant exposure in this species. The types of 
liver lesions that were useful biomarkers of contaminant effects in fish depended on the species and 
this factor must be taken into account when evaluating histopathological biomarkers of response to 
contaminant exposure. 
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INTRODUCTION 

Several liver lesions in certain species of marine fish 
have been shown to be associated with exposure to 
xenobiotic chemicals (Myers et al. 1990, 1994, Moore 
1991, Johnson et al. 1992, Moore & Myers 1994, Moore 
& Stegeman 1994, Moore et al. 1996). These liver 
lesions, including neoplasms, foci of cellular alteration, 
other non-neoplastic proliferative lesions and specific 
degenerativehecrotic lesions, are well established as 
histological biomarkers of response to contaminant 
exposure (Moore 1991, Johnson et al. 1992, Moore & 
Myers 1994, Myers et al. 1994). Another hepatic lesion, 
hydropic vacuolation (HydVac) of biliary epithelial cells 
and hepatocytes, has been described in detail for 

winter flounder Pleuronectes americanus from the U.S.  
Atlantic Coast (Murchelano & Wolke 1985, Moore et 
al. 1989, Bodammer & Murchelano 1990, Moore 1991) 
and has been shown to be strongly associated with 
contaminant exposure in this species. Hydropic vacuo- 
lation in winter flounder is particularly prevalent in 
urban and industrialized areas near Boston and New 
York where chemical contaminant levels are high in 
the marine environment (Gardner et al. 1989, Moore 
1991, Johnson et al. 1992, 1993, Augspurger et al. 
1994, Moore & Stegeman 1994, Moore et al. 1996). 

HydVac-like lesions are now being observed in other 
species, including white perch Morone americana 
(Camus & Wolke 1991) from the U.S. Atlantic Coast 
and flounder Platichthys flesus from Dutch coastal 
and estuarine waters (Vethaak & Wester 1996). In 
addition, we have identified HydVac in 3 other species 
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of marine fish from the U.S. West Coast including 
starry flounder Platichthys stellatvs, white croaker 
Genyonemus lineatus, and rock sole Lepidopsetta 
bilineata (Stehr 1990, Stehr et al. 1991, Myers et al. 
1994, Myers et al. 1998). 

Starry flounder and rock sole are pleuronectids that 
live in close association with bottom sediments and eat 
benthic organisms such as worms and clams, and are 
abundant from Alaska to Northern California (Orcutt 
1950, Horton 1989). White croaker is a sciaenid that is 
abundant in nearshore waters along California's coast. 
White croaker resides in the water column close to the 
bottom and is generally a benthic feeder (Love et  al. 
1984). There is little information about migratory 
patterns for these species, although flatfish are thought 
to migrate to local spawning grounds for a few weeks 
each year. All 3 species inhabit urban or industrialized 
bays and estuaries where contaminants are likely to 
occur, and are considered useful sentinel organisms for 
monitoring the health of the marine environment 
(Myers et al. 1994) 

Previously, winter flounder from the U.S. Atlantic 
Coast was the only species with a complete histological 
and ultrastructural description of HydVac (Murchelano 
& Wolke 1985, Moore et al. 1989, Bodammer & 

Murchelano 1990, Moore 1991). This paper describes 
the histology and ultrastructure of HydVac for 3 addi- 
tional fish species. Data subsets from several published 
and unpublished studies are combined and the preva- 
lence of HydVac is assessed for each of these species. 
These large data sets are also analyzed by risk assess- 
ment techniques, providing new information about 
relationships between the occurrence of HydVac and 
contaminant exposure. This paper provides sufficient 
information for species comparisons, and reports for 
the first time that species differences occur with regard 
to association of this lesion with contaminant exposure, 
and how frequently HydVac is associated with neo- 
plasms. Species-specific considerations for using this 
lesion as a biomarker of response to contaminant expo- 
sure are discussed. 

MATERIALS AND METHODS 

Data from unpublished and previously published 
studies conducted by our laboratory over the last 15 yr 
within Puget Sound (Washington, USA) and along the 
U.S. West Coast are combined in the present paper to 
examine the occurrence of HydVac in 3 West Coast 
fish species. Starry flounder and white croaker data 
are from a long-term monitoring study conducted 
along the coastlines of the USA [National Benthic 
Surveillance Project (NBSP) of the National Status and 
Trends Program], including West Coast NBSP data 

collected from 1984 to 1988 (Myers et al. 1994); San 
Francisco Bay NBSP data from 1984 to 1991 (Stehr et 
al. 199f), and previously unpublished West Coast 
NBSP data collected from 1989 to 1991. About two- 
thirds of the rock sole liver lesion data are from the 
Marine Ecosystems Analysis (MESA) Puget Sound 
Project conducted in the 1980s. Sediment chemistry 
data for this project have been published (Malins et 
al. 1982, 1984); however the present paper reports the 
rock sole liver lesion data for the first time. The 
remaining rock sole data (Myers et al. 1995, Collier et 
al. 1997, Johnson et al. 1998, Myers et  al. 1998, Johnson 
unpubl.) and sub-adult starry flounder data (Myers et 
al. 1992, Myers et al. 1995, Myers et al. 1998, Myers 
unpubl.) are from various field studies in Puget Sound. 

Sample collection and chemical analyses. Tissue 
collection from NBSP studies of starry flounder and 
white croaker, collection of sediment at areas where 
these species were captured, and processing and 
analyses of histological and chemical samples are 
described in detail by Myers et al. (1994). Collection 
methods for rock sole tissues and sediment from Puget 
Sound studies were generally similar to the NBSP 
methods. Starry flounder and white croaker were col- 
lected by bottom trawl from several areas along the 
U.S. Pacific Coast (Fig. 1).  Rock sole were collected in 
a similar manner from a number of sites within Puget 
Sound (Fig. 2). Reproductively mature fish were the 
target size examined for most of the projects reported 
in this paper. However, juvenile fish were sometimes 
more abundant than adults at certain sites, so these 
may have been sampled as well. All sizes of fish were 
included in the risk assessment studies reported in 
this paper, with the exception of the sub-adult starry 
flounder risk assessment for Puget Sound sites, where 
reproductively immature, juvenile fish up to 4 yr of age 
were analyzed. Fish were kept alive in fresh flowing 
seawater for no more than a few hours until necropsies 
could be performed on the research vessel. Fish were 
weighed (g), measured (total length in mm), killed by 
severing the spinal column, and immediately necrop- 
sied. Otoliths were collected for age determination. 

Bile was collected in amber-colored vials, frozen at 
-20°C and later analyzed for fluorescent aromatic 
hydrocarbons (FACs) using high-performance liquid 
chromatography (HPLC) with UV-fluorescence detec- 
tion according to Krahn et al. (1986, 1987) as an esti- 
mate of recent polycyclic aromatlc hydrocarbon (PAH) 
exposure. The excitation/emission wavelengths used 
were 290/335 nm for low molecular weight FACs such 
as naphthalene and structurally similar compounds, 
and 380/430 nm for high molecular weight FACs such 
as benzo[a]pyrene and structurally similar compounds. 

Liver was divided for histology and organic chemical 
analyses. Histology samples were collected first to 
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avoid autolysis of tissues. Midsagittal portions of liver et al. 1998, Johnson unpubl.), rock sole livers were 
were excised and immediately preserved in Dietrich's examined histologically and bile was analyzed for 
fixative for light microscopy (Gray 1954). Remaining FACs as described above. Livers from some of these 
liver tissue, and stomach contents were placed in sepa- fish were also analyzed for chlorinated hydrocarbons 
rate methylene chloride rinsed vials, frozen at -20°C (Collier et  al. 1997, Johnson et al. 1998). 
and later analyzed for chlorinated hydrocarbons using Tissue processing for light and electron microscopy. 
procedures described by Sloan et al. (1993). Analytes Tissue sections fixed in Dietrich's solution were em- 
measured are llsted in the footnotes of Table 2. Smith- bedded in paraffin, sectioned, stained with hema- 
McIntyre or Van Veen sediment grabs were used to col- toxylin and eosin (H&E) (Luna 1968) and examined for 
lect sediment at the sites where fish were caught. A sur- the presence of liver lesions. With light microscopy it 
face layer of sediment about 1 cm thick was collected, can be difficult to distinguish small sinusoids from a 
placed in methylene chloride rinsed glass jars, stored single biliary epithelia1 cell affected by hydropic vac- 
frozen at  -20°C and analyzed for aromatic and chlori- uolation; therefore this lesion was diagnosed when at 
nated hydrocarbons as described by Sloan et al. (1993). least 3 vacuolated cells with eccentrically located nuclei 

Fewer types of samples were collected for the rock were grouped in ductular-like patterns, and at least 3 
sole studies. Liver histology and sediment analyses or more groups of vacuolated cells were observed in a 
for chlorinated and aromatic hydrocarbons conducted tissue section. 
during the MESA Puget Sound Project (Malins et al. In a subset of samples (approximately 15 to 30 of 
1982, 1984) used methods similar to those described each species), small pieces of tissue adjacent to the 
above for starry flounder and white croaker. However light microscopy sample were collected for electron 
the presence of chemical contaminants in rock sole microscopy and fixed for 12 to 24 h in 0.75% glu- 
liver was not determined. In the more recent rock sole taraldehyde, 2 % formalin in a 0.1 M sodium cacodylic 
studies (Collier et al. 1997, Johnson et al. 1998, Myers buffer (pH 7.4). Tissues were rinsed in buffer, post- 

fixed in 2 % osmium tetroxide for 1.5 h, dehydrated in 
ethanol, and embedded in Spurr's plastic. Semi-thin 
plastic sections (1 pm) were stained with Azure II/ 
Methylene Blue and examined with light microscopy 
for the presence of hydropic vacuolation. Thin sections 
(80 nm) were cut and stained with uranyl acetate and 
lead citrate and examined with transmission electron 
microscopy. 

San Francisco and Bodega Bays San Diego Bay 

San Pedro Bay 
S E  Santa Monica Bay 

9 e r r i t o s  Channel 
Out- Long Beach 

= sampling sites for white croaker 
Dana Point I = sampling sltes for starry flounder 

I 
26 miles 

l = sampling sltes for both 
white croaker and starry flounder 

Fig. 1. Map of U.S. West Coast sites for collection of starry flounder 

U 
and white croaker 
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Puget Sound, Washington Elliolt Bay and Duwamish Waterway by Myers et al. (1994). Br~efly, stepwise 
logistic regression was used to deter- 
mine if there was d statisticdl dssocid- 
tion between the frequency of HydVac 
and the site of capture, or with con- 
centrations of specific types of con- 
taminants (chemical risk factors) in 
sediment and fish tissues, while ac- 
counting for fish age and sex, using a 
critical significance level of p 5 0.05. A 
number of chemical contaminants were 
measured in this study, so it would 
have been desirable to evaluate their 

Commencement Bay relative importance as risk factors 
for HydVac using multifactor logistic 
regression to test all of the risk factors 
within the same statistical model. 

Commmconrr8f Bay rile However, several of the chemical risk 
Olympia ,,,., factors were highly correlated. There- 

fore associations between chemical risk 
= rock sole site locations 
= rock sole and iuvemle starry flounder sirc I O C ~ ~ W N  factors and lesion prevalences were 
= locations where WO or three sites were s m p ~ e d  examined separately while adjusting 0 W,." a ,v, a, a., data ,.re a",,,. for potential effects of mean fish age 

Fig. 2. Map of Puget Sound sites for collection of rock sole for each sampling site. 

Age determination. Age for about one-third of the 
starry flounder, white croaker and rock sole was deter- 
mined by direct examination of otoliths, and the re- 
maining ages were estimated from age-length curves 
generated by simple or polynomial regression. Equa- 
tions to estimate age were generated for each specific 
geographical area, and for each sex where sufficient 
otolith-derived age data were available. Equations 
used to estimate ages of starry flounder and white 
croaker for several geographic regions along the U.S. 
Pacific Coast are listed in Myers et al. (1993). Equa- 
tions used to estimate ages for rock sole from Puget 
Sound were age = -3.593 + 0.0371ength for males, and 
age = -3.432 + 0.0361ength for females. 

Statistical methods. Statistical methods used to 
examine associations between contaminants and the 
occurrence of HydVac were similar to those described 

RESULTS AND DISCUSSION 

Description of hydropic vacuolation 

Microscop y 

HydVac in all 3 West Coast species (Figs. 3 to 14) 
appeared to be morphologically similar to the same 
lesion described for winter flounder (Murchelano & 

Wolke 1985, Bodammer & Murchelano 1990, Moore 
1991). Hydropic vacuolation was generally apparent 
with light microscopy as a single large, hydropic- 
appearing vacuole that almost completely filled each 
affected cell, with little cytoplasm remaining (Figs. 3 
to 9). The edges of the vacuoles were smooth, as if they 
were membrane bound, and the vacuoles appeared to 
be empty. They did not stain with either H&E stain 

Figs. 3 to 8. Light microscopy (LM) of hydropic vacuolation (HydVac) in liver of Platichthys stellatus, Lepidopsetta bilineata and 
Genyonemus lineatus. W. Mild case of HydVac in starry flounder showing eccentrically located nuclei (small arrows). Cells 
affected by HydVac sometimes appear to be in the center of hepatic tubules (large arrows). x400. Fig. Mild case of HydVac in 
starry flounder liver. Affected cells (arrows) can be distinguished from the other hepatocytes in this micrograph that have a floc- 
culent-like, 'vacuolated' appearance (arrowheads) indicative of abundant llpid and glycogen. x400. Fig. 5. Moderate to severe 
case of HydVac in the liver of rock sole. Groups of vacuolated cells are organized to suggest that large portions of bile ductules, 
ducts, or hepatic tubules may be affected (arrows). x400. FIJ& HydVac (arrows) intermingled with cells of a cholangiocellular 
carcinoma (CC) in the liver of rock sole. x200. Fig. Moderate case of HydVac (arrows) in the liver of white croaker. x400. 
Rare case of focal HydVac (fHV) in white croaker. The focus is nearly completely composed of hydropically vacuolated cells, 

while outside the focus. HydVac is more diffusely distributed throughout the rest of the liver. x200 
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Fig. 9. Platichthys stellatus. LM of moderate case of HydVac 
(arrows) in the liver (L) and pancreas (P) of starry flounder. 

x400 

(Figs. 3 to g), or Periodic Acid-Schiffs reagent (not 
shown) for glycogen. With careful observation, cells 
affected by HydVac could be distinguished by light 
microscopy from the 'vacuolated' appearance some- 
times attributed to the presence of abundant glycogen 
and lipid in hepatocytes (Fig. 4). Although lipid drop- 
lets and glycogen are not contained within vacuoles, 
their presence (or remnants, if they have washed out of 
the section) often resemble an accumulation of small 
'vacuoles', resulting in a more flocculent appearance of 
the cytoplasm, compared to the single large empty- 
appearing vacuole of cells affected by HydVac (Fig. 4) .  

Electron microscopy showed that the vacuoles ap- 
peared to be an extreme dilation of the perinuclear 
space (Figs. 10 to 14), and the vacuoles were bordered 
by rough endoplasmic reticulum (RER) (Fig. 12). 
Sparsely distributed flocculent or vesicular-like materi- 
als were occasionally observed in these nearly empty- 
appearing vacuoles. These features clearly distinguish 
HydVac vacuoles from typical lipid (Fig. 10) and glyco- 
gen inclusions. 

Dilation of the perinuclear space has occasionally been 
observed in other cell types of higher vertebrates in re- 
sponse to certain chemical exposures. Examples include 

gall bladder epithelium in rabbit exposed to 6-aminoni- 
cotinamide, which is a drug used to treat psoriasis 
(Render & Carlton 19851, pancreatic acinar cells in rat 
exposed to lead acetate (Andrzejewska et al. 1995) and 
human lymphocytes in vitro, human keratinocytes in 
culture and the skin of the hairless guinea pig exposed to 
sulfur mustard (Petrali et al. 1990a, b). Perinuclear space 
dilation has also been described in human hepatocytes 
infected with viral hepatitis (Phillips et al. 1987). How- 
ever, the perinuclear space dilations or blebbings ob- 
served in these studies were generally much smaller 
compared to that in the fish of the present study, and fre- 
quently accompanied by other necrotic subcellular 
changes. It is not clear what rnechanism(s) might con- 
tribute to the formation of a dilated perinuclear space, al- 
though impaired ion/water control is believed to play a 
role (Render & Carlton 1985, Phillips et al. 1987) and 
DNA damage leading to enhancement of protease syn- 
thesis and release is believed to play a role in subcellular 
changes seen in sulfur mustard exposed cell types (Pa- 
pirmeister et al. 1985, Petrali et al. 1990a, b). 

Both light and electron microscopy indicated that the 
nucleus was eccentrically located within the vacuole. 
In the majority of cells affected by HydVac, the nucleus 
appeared elongated or elliptical and morphologically 
similar to the nucleus of BECs. However, round nuclei 
that appeared more like that of hepatocytes were also 
occasionally observed in affected cells, especially in 
starry flounder (Fig. 14). 

Since scant cytoplasm remained in affected cells, 
identification of cell type was based on location in rela- 
tion to other cell types. Cells affected by HydVac 
appeared to be located in positions typical of both 
BECs and hepatocytes. For example, in normal liver, 
desmosomes occur between hepatocytes only near the 
bile canaliculi. Desmosomes also occur between pre- 
ductular BECs and hepatocytes, or between adjacent 
preductular BECs. Desmosomes located close to bile 
canaliculi were frequent between cells affected by 
HydVac and neighboring cells (Fig. 11). The majority 
of the cells affected appeared to be BECs, as most were 
organized in ductular formations, or contained within 
clearly defined bile ducts (Figs. 5 & 13). Occasionally, 
affected cells resembled hepatocytes, as they were 
located adjacent to sinusoids, and had a more spherical 
nucleus (Fig. 14) .  In addition, smaller vacuoles often 
lined by RER were also observed in some cells affected 
with HydVac (Fig. 141, particularly in cells that ap- 
peared to be hepatocytes. Since the RER that forms the 
border of the perinuclear space is continuous with the 
RER throughout the rest of the cell, it's likely that the 
cisternae of RER may also be dilated. Smaller vacuoles 
or dilated portions of the RER would likely occur more 
frequently in hepatocytes since the RER is consider- 
ably more abundant in hepatocytes compared to BECs. 
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Figs 10 to 12 Transmission electron microscopy 
(TEM) of HydVac in Genyonemus lineatus and 
Lepidopsetta bjljneata. Fig. 10. HydVac in white 
croaker. The nucleus (N) is eccentrically located 
within the hydropic vacuole (HV) which is 
essentially a dilation of the perinuclear space. 
Lipid (L) is also present for comparison with Hyd- 
Vac. x3000. Fiq. 11. HydVac in rock sole. Note the 
numerous bile canaliculi (large arrows) and des- 
mosomes (small arrow) between affected cells, 
suggesting that these cells are most likely of bil- 
iary epithelia1 cell origin. x5000. Fig. 12. HydVac 
in rock sole. Higher magnification of the dilated 
pennuclear space between the nucleus (N) and 
rough endoplasmic reticulum of the outer nuclear 

membrane (arrow). X 18 000 

In mild cases, single cells and small groups of 2 to 
3 cells affected by HydVac were diffusely distributed 
throughout the liver (Figs. 3 & 4). Affected cells were 
often located in the center of hepatic tubules, suggest- 
ing that they could be either hepatocytes or preductu- 

lar BECs. Most likely these were preductular BECs, as  
the progression of the lesion in West Coast species 
appeared similar to that described for winter flounder, 
where centro-tubular, preductular BECs are first af- 
fected (Moore et al. 1989, Moore 1991). In more severe 
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Figs. 13 & 14. TEM of HydVac in starry flounder 
Platichthys stellatus. Fig. 13. The b ~ l ~ a r y  epithelia1 
cells (BECs) within this bile duct are affected by Hyd- 
Vac. x3000. Fig. 14. One of the affected cells may be a 
BEC (bc) because its similarity in cytoplasmic appear- 
ance and its location adjacent to a normal-appearing 
BEC (BC). Other cells affected by HydVac may be he- 
patocytcs (H) based on the more spherical appearance 
of the nucleus and location close to a sinusoid (S). 

x4000 

cases of HydVac, BECs located within entire portions 
of ductules or ducts were affected (Figs. 5, 9 & 13), as 
well as cells that sometimes appeared to be hepato- 
cytes (Fig. 14). In addition, HydVac in the liver was 
infrequently accompanied by HydVac of exocrine pan- 
creatic cells (Fig. 9) .  

A focal form of HydVac was also occasionally 
observed in white croaker and rock sole, where 
nearly all of the cells within a specific area or 'focus' 
were affected (Fig. 8). The focal form of HydVac in 
particular has been observed in close association 
with neoplasms in the liver of winter flounder 
(Moore & Stegeman 1994). However, only the diffuse 
form of HydVac was observed within neoplasms in 
the 1 or 2 cases where HydVac was closely associ- 
ated with neoplasms in rock sole (Fig. 6) and white 
croaker 

Proliferative characteristics and 
association with neoplasms 

The morphology of HydVac in West Coast fish does 
not clearly indicate whether there is a degenerative or 
prolifera.tive mechanism of lesion pathogenesis, or 
both. Although pyknotic nuclei were occasionally 
observed, affected cells did not generally appear 
necrotic. In fact, most nuclei appeared quite functional, 
as did the cytoplasm even though little cytoplasm 
remained. Contrary to observations in winter flounder 
by Bodammer & Murchelano (1990), we saw no evi- 
dence that this lesion represented apoptosis of any cell 
type. Mitotic figures were also not observed in hydro- 
pically vacuolated cells; however, HydVac in white 
croaker was observed in 1 or 2 cases to be spatially 
associated with proliferative liver lesions such as oval 
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Fig. 15. Platichthys stellatus. Prevalence of HydVac in starry flounder from U.S. West Coast sites. Underlined numbers are the 
odds ratios for sites where fish had a significantly higher risk of having HydVac compared to the Bodega Bay reference site (in 
bold) after age was accounted for as determined by logistic regression (p < 0.05). For instance, the odds ratio for Hunters Point, 
San Francisco Bay, indicates that starry flounder from this site had an 8.8 times greater chance of having HydVac compared to 
flounder of the same age at the Bodega Bay reference site. Sites are shown from left to right in order of decreasing concentrations 
of CPCBs in sediment. SF: San Francisco Bay; CA: California: OR: Oregon; WA: Ulashington. N. number of flsh examined at 

each site 

cell proliferation, hepatocellular regenerat ion or bil- 
iary proliferation. 

T h e  proliferative capacity of hydropically vacuo- 
la ted cells in  winter  flounder h a s  b e e n  s tudied by  
analyzing ornithine decarboxylase activity (Koza e t  
al. 1993) a n d  bromodeoxyuridine labeling indices 
(Moore & S t e g e m a n  1994). Results led t h e  authors  to 
conclude that  hydropically vacuolated cells in  winter  
flounder were  capable of replicative synthesis of 
DNA, a n d  they postulated that  affected cells have  the  
potential to proliferate a n d  m a y  b e  involved in t h e  
histogenesis of cholangiocellular neoplasms i n  winter  
flounder. However ,  preliminary work  by  our  labora- 
tory with proliferating cell nuclear  ant igen (PCNA) 
h a s  not shown label ing of HydVac cells in  s tarry 
flounder, white  croaker  o r  rock sole, a l though biliary 
epithelia1 cells a n d  hepatocytes  adjacent  to HydVac 
cells often showed PCNA labeling (M. J. Willis 
unpubl. da ta ) .  

In winter  flounder, HydVac w a s  nearly always asso- 
ciated with neoplasms,  particularly cholangiocellular 
carcinomas (Murchelano & Wolke 1985, G a r d n e r  e t  al.  
1989, Moore 1991, Moore & Stegeman 1994). Neo- 
plasms i n  winter  flounder w e r e  ei ther  contained within 
focal forms of HydVac, o r  t h e  neoplasms themselves 
contained or  w e r e  fringed by  t h e  diffuse form of 

2 45 
40 -a concentrations 

,X 35 
30 

5 25 
C 20 
5 15 
; l 0  

5 
0 

N 
Eagle Harbor Duwamish Everett Harbor Polnell Point 

Waterway 

Fig. 16. Platichthys stellatus. Prevalence of HydVac in sub- 
adult (0 to 4 yr) starry flounder from Puget Sound. Underlined 
numbers are the odds ratios at sites where fish had a signifi- 
cantly higher risk of developing HydVac compared to the 
Polnell Point reference site (in bold) after age was accounted 
for with logistic regression (p < 0.05). For instance, juvenile 
starry flounder at Duwarnish Waterway had a 32.1 times 
greater chance of having HydVac compared to flounder of the 
same age at  the Polnell Point reference site. Lesion data is 
from Myers et al. (1997) and Myers unpubl. Sites are listed 
from left to right in order of decreasing sediment concentra- 
tions of total aromatic hydrocarbons (AHs). Sediment data for 
Eagle Harbor is from Malins et al. (1985); sediment data for 
the remaining sites is from Stein et al. (1992). N: number of 

fish examined at each site 



128 Dis Aquat Org 32: 119-135, 1998 

PCB sediment concentrations 

> 90 ppb (ng/g dry wt.) 

10-90 ppb (ng/g dry wt.) 

4 0  ppb (ng/g dry wt.) 

Fig. l?. Genyonemus lineatus. Prevalence of HydVac for white croaker from U.S. West Coast sites. Underlined numbers are the 
odds ratios at sites where fish had a significantly greater chance of having HydVac compared to the Bodega Bay reference site, 
after age and sex were accounted for, as determined by logistic regression (p < 0 05). For instance, white croaker at Long Beach 
had a 7.7 times greater chance of having HydVac compared to croaker of the same age at the Bodega Bay and Dana Point refer- 
ence sites. Sites are shown from left to right in order of decreas~ng concentrations of ZPCBs in sediment. All s ~ t e s  are located m 

California. SP: San Pablo Bay; SD: San Diego Bay; SF: San Francisco Bay. N: number of fish examined at each site 

HydVac (Moore & Stegeman 1994). The association of 
HydVac with neoplasms for white croaker and rock 
sole was observed in only 1 or 2 cases, and no neo- 
plasms were observed in starry flounder. However, 
neoplasms in general were observed much less fre- 
quently in white croaker and rock sole, and never 
observed in starry flounder, as summarized in Table 1. 
If HydVac is associated with the progression of 
hepatic neoplasia in any of these West Coast fish, this 
association occurs far less frequently than in winter 
flounder. 

Hydropic vacuolation and associations with 
contaminant exposure and site of capture 

An epidemiological approach was used to determine 
if certain classes of chemical contaminants were risk 
factors for the occurrence of HydVac, and to estimate 
the relative risk of disease at each site. These analyses 
were conducted to determine if the presence of Hyd- 
Vac in starry flounder, white croaker and rock sole was 
associated with contaminant exposure, and to see if 
this lesion was a practical histol.ogica1 biomarker of 
response to contaminant exposure. 

Sex and age associations with hydropic vacuolation 

Several types of contaminant-related liver lesions, 
such as neoplasms and preneoplastic focal lesions, 
occur more frequently In fish as they become older, 
independent of any environmental influences (Myers 
et al. 1987, 1994). In addition, a few types of liver 
lesions may occur more frequently in one sex com- 
pared to the other, independent of other factors (Myers 
et al. 1987, 1994). Therefore, age and sex of starry 
flounder, white croaker and rock sole were included in 
the stepwise logistic regression analyses for risk 
assessment of HydVac. Results showed that the sex of 
the animal did not increase the risk of HydVac for any 
of the species. In contrast, for each year of age, the risk 
of HydVac increased 1.3 times in starry flounder or 
white croaker. and 1.4 times in rock sole. 

Chemical concentrations and HydVac 

Starry flounder and white croaker. Chlorinated (CH) 
and aromatic hydrocarbon (AH) concentrations in 
liver, bile and sediment were tested by stepwise 
logistic regression to determine if the presence of these 



l
a

~
 

ase3
 e 

uos!pew
 

lie
d
 e 

la~
lrl PP

na e 

JoqJeH
 U

O
V

A
 q 

JoqJeH
 alS

e3 p'q 

lu!od 
lol!d 

P'J'q 

JP
18 e!lo

d
elr\~

 e 

lo
q

x
e

~
 

jJalah3 S
e

 

L
e

m
~

a
je

~
 

.
I

~
Q

 
e 

lu!od 
llJulod 3

 :
 

llnod l
s

a
~

 
e 

A
e

m
a

le
~

 
rnnJvS

 e 

peaH
 qs!w

em
na e 

lalq
 i!elsu!s e 

M
O

D
J

~
A

O
 Ja

m
s

 L
uuaa e 

p
u

els~
 1oqJeH

 e 

OL 'J!d 

L
eg ~

u
aw

a3
u

arn
rn

o
~

 
.S e 

L
eg luaw

aJuarnw
o3 ~

'
q

 

I(eM
1allzM

 413 e 

lieM
.raq

e~
 qs!ureM

na 3'e 

A
e

m
a

le
~

 
so

q
a

lk
~

 a'e 

K
 lJ!d 

0
0

0
0

0
0

 
j

m
-

r
m

m
-

 

jaluj ase3
 e 

uos!pely 
I

J
O

~
 

e 

L
eg ~

u
arn

w
o

3
 

ialno e 

)m
od S

U
M

O
J

~
 e 

JO
qJeH

 U
O

yn,J, q 

lJlY
 P

P
nQ

 e 

P
I

8
 e!lo

d
eI4

 e 

OL Ja!d e 

JoqJeH
 Ilalah3 ~

'
e

 

L
e

m
a

le
~

 
w

nJl!S e 

keg ~
u

a
rn

a
~

u
a

u
.u

o
~

 
~

'q
 

peaH
 q

sy
rem

n
a e 

M
O

U
JJA

O
 .laM

%
 h

~
n

raa e 

3- 
3
 L

eg luam
asuaurm

o3 .S e 
e
 

F? P
m

lsI JoqJeH
 e 

-3 
- 

L
e

M
la

le
~

 qS!U
IFM

na 
3
%

 

3
 L

e
m

a
le

~
 

1
4

9
 e 

JoqJeH
 a18ea p,q 

2
 A

5
 

tn 
S
 
'"
 

0
 5 

2 
?

>
E

 
-;"xu 
S 
z
a
x
:
 

0
 c 

t
n
a
 

E z
.9

 
3
 
0
 a

x
 

0
5

%
:

 
m

$
>

-
 

- 
m

0
 

2
3
a
s
 

>
'

C
-

*
 

0
 

0
 

$23 2 
2

>
.@

 
E

'=
 

E 
U
Z
Z
2
 

2
5

%
~

 
a ,a

 
C

 
3

rn
 

E 
G

 
0, 

.
d

 

U
 

$
.
S
 

r
n

d
c

 % 
5; ; g 
3
:
Z
a
.
S
 



130 Dis Aquat Org 32: 119-135, 1998 

Table 1. Association of HydVac with liver neoplasms 

Species No. of No. of fish Predominant type % neoplasms dshoc. 
fish examined with neoplasms of neoplasm with HydVac 

Winter flounder Pleuronectes americanus" 293 29 Cholangiocellular 91 % 
White croaker Genyonemuslineatus 2780 13 Cholangiocellular 15 % 
Rock sole Lepidopsetta bilineata 2988 26 Hepatocellular 4% 
Starry flounder Platichthys stallatus 1273 0 - - 

I 'Data from Moore & Stegeman (1994) 

However, the roles that individual chemicals may play 
in the development of HydVac is not clear. Correlation 
matrix analyses were done to determine if certain 
chemical classes tended to CO-occur. Correlation matrix 
analyses for starry flounder showed that liver summed 
PCBs (CPCBs) were highly correlated with liver summed 
DDTs (EDDTs), chlordanes and dieldrin, and associated 
sediment CPCBs were highly correlated with sediment 
concentrations of low and h g h  molecular weight AHs. In 
white croaker, although none of the CHs were correlated 
with the AHs, liver XPCBs and chlordanes were highly 
correlated. Because of the CO-occurrence of chemicals 
in sediment, liver or bile, the information in Table 2 
suggests an association between HydVac and exposure 
but provides only hints about which of the contaminants 
may play a role in the development of HydVac. 

It was surprising that the L-FAC chemical class was 
the only bile FACs risk factor for HydVac, especially 
since L-FACs and H-FACs CO-occur in the environ- 
ment, and the benzo[a]pyrene-like compounds in H- 
FACs are known carcinogens and are associated with 
development of degenerative, preneoplastic and neo- 
plastic lesions in several fish species (Myers et al. 
1994). In contrast, the lower molecular weight hydro- 
carbons present in L-FACs are not primary carcino- 
gens, but may have cytotoxic or other effects which 
may promote the development of neoplasms (Williams 
& Weisburger 1986). These results suggest that the 
cytotoxic properties of biliary L-FACs may be more 
strongly linked to HydVac than the carcinogenic prop- 
erties of H-FACs. It is interesting to note that both L- 
FACs and H-FACs have been shown to be risk factors 

Table 2. Platichthys stellatus and Genyonemus lineatus. Chemical risk factors for HydVac in starry flounder and white croaker. 
A chemical class for sediment or fish liver or blle was considered a significant risk factor for HydVac when p < 0.05, as calculated 

by logistic regression, after age and sex were taken Into account. Units of measure are in ng g.' dry weight 

Starry flounder White croaker 
Chemical class p-value N Chemical class p-value N 

FAC-H bile ns 42 FAC-H blle ns 68 
FAC-L blle p = 0.002 42 FAC-L bile p .c 0,001 68 
PCBs-liver p < 0.001 36 PCBs-liver p < 0.001 52 
DDTs-liver p = 0.001 36 DDTs-liver p < 0.001 52 
Chlordanes-liver p < 0.001 36 Chlordanes-liver p < 0.001 52 
Dieldrin-liver p < 0.001 36 Dieldrin-liver p < 0.001 52 
LMWAH-sediment p < 0.001 3 6 LMWAH-sediment ns 55 
HMWAH-sediment p < 0.001 3 6 HMWAH-sediment ns 55 
PCBs-sed~ment p < 0,001 36 PCBs-sediment p = 0.002 55 
DDTs-sediment ns 36 DDTs-sediment p = 0.003 55 
Chlordanes-sediment ns 36 Chlordanes-sediment p c 0.001 55 
Dieldrin-sediment p = 0.001 36 Dieldrin-sediment ns 55 

List ofanalytes and  abbreviat~ons 
FAC-H: High molecular weight fluorescent aromatic hydrocarbons (benzo[a]pyrene equivalents) in bile 
FAC-L: Low molecular weight fluorescent aromatic hydrocarbons (naphthalene equivalents) in bile 
PCBs: sum of PCBs, including PCB congener numbers 18,28,44,52,66, 101,105,118,128,138,153,170,180, 187,195,206,209 
DDTs: sum of DDTs including p,pl-DDE, p,p'-DDT, p,pl-DDD 
Chlordanes: alpha chlordanes 
LMWAH: low molecular weight aromatic hydrocarbons including naphthalene, acenaphthylene, fluorene, anthracene, 

acenaphthene, phenanthrene, 2-methylnaphthalene 
HMWAH: high molecular weight aromatic hydrocarbons including fluoranthene, pyrene, chrysene, benzo[ajpyrene, 

dibenz[ah]anthracene, benz[a]anthracene, benzo[b+k]fluoranthenes, idenoll, 2,3-cdlpyrene, benzo[ghi]perylene 
ns: not significantly different, p z 0.05 
N: number of analyses conducted; each analysis represents a composite of 5-10 fish 
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for HydVac in winter flounder (Johnson et  al. 1992. 
1993), and as discussed earlier in this paper. HydVac in 
winter flounder is frequently associated with hepatlc 
neoplasms, whereas HydVac is rarely associated with 
hepatic neoplasn~s in croaker and flounder Addit~onal 
studies are  needed to understand the different roles H- 
FACs and L-FACs may have as risk factors for HydVac, 
and to see if these roles differ depending on the spe- 
cles affected. 

Rock sole. Few tissue chemistry data were available 
for most of the rock sole studies; therefore evaluation 
of chemical risk factors for HydVac in rock sole was 
limited to a few small data sets. Previously unpub- 
lished lesion data from the Puget Sound Study con- 
ducted between 1979 and 1982 were examined, and 
risk assessment analyses showed that sediment con- 
centrations of total AHs and CPCBs were not risk fac- 
tors for HydVac in Puget Sound rock sole. In addition, 
no significant associations were observed between the 
occurrence of HydVac and chemical exposure indica- 
tors such as liver concentrations of ZPCBs, fluorescent 
aromatic compounds (FACs) in bile, or DNA adducts in 
liver when rock sole data from 2 recent studies (Myers 
et  al. 1995, Johnson unpubl.) were examined by logis- 
tic regression. 

Risk of  HydVac at each site 

The estimated risk (odds ratio) for the occurrence of 
HydVac was determined by stepwise logistic regres- 
sion for each site relative to the reference site(s). 
Because older fish are  more likely to develop HydVac 
independent of other factors, age  was also taken into 
account in calculation of the odds ratios. Lesion preva- 
lence did not take into account fish age,  and fish col- 
lected from certain sites tended to be older than fish at  
other sites. Therefore, odds ratios that are adjusted for 
age are a better estimate of the association between 
the occurrence of HydVac and site of capture. The 
odds ratios shown in Figs. 15 to 18 indicate the proba- 
bility that HydVac will be  present in a fish at  a given 
site relative to the reference site(s) for fish of equiva- 
lent age.  For instance, the odds ratio for Hunters Point, 
San Francisco Bay (Fig. 15), indicates that starry floun- 
der from this site had a n  8.8 times greater chance of 
having HydVac compared to flounder of the same age  
at  the Bodega Bay reference site. 

Sites are listed from left to right in descending order 
of sediment CPCB concentrations in Figs. 15, 17 & 18A. 
Sediment XPCB concentration was used as a n  example 
to illustrate the relationship between contaminant ex- 
posure and HydVac prevalence, because it was one of 
the most strongly correlated chemical risk factors for 
both white croaker and  starry flounder. Sites are  listed 

in order of decreasing sediment total AH concentra- 
tions for Fig. 16, because AH concentrations in sedi- 
ment were particularly high for this group of sites. 
Sites are also l~s t ed  in order of decreasing AH concen- 
trations (Fig. 18B) for rock sole, as an  example of asso- 
ciations between concentrations of a different contam- 
inant class and the presence of HydVac in this species. 
Variations in the ranking of sites betwcen Figs. 18A 
and 18B illustrate that contaminant mixtures differ 
among sites. For instance, Eagle Harbor had high sed- 
iment concentrations of AHs and  low concentrations of 
CPCBs, while the Duwamish Waterway had high con- 
centrations of both chemical classes (Fig. 18). 

Starry flounder. Starry flounder captured at  3 of 8 
sites sampled along the U.S. West Coast had signifi- 
cantly higher risks of developing HydVac compared to 
fish at the Bodega Bay reference site, after fish age was 
taken into account (Fig. 15).  These 3 sites were located 
within San Francisco Bay, and had the highest concen- 
trations of aromatic and chlorinated hydrocarbons in 
sediment and liver tissue anlong the U.S. West Coast 
sites sampled for starry flounder (Myers et  al. 1994, 
Stchr et  al. 1997). 

Hydropic vacuolation was the most prevalent type 
of idiopathic liver lesion observed in starry flounder 
(Mycrs et al. 1994, Stehr et al. 1997). Thls lesion was 
diagnosed in up  to 40 %, of starry flounder from certain 
urban sites sampled in San Francisco Bay between 
1984 and 1991, while the second most prevalent type 
of lesion in starry flounder, specific degenerative/ 
necrotic lesions (SDN), which include megalocytic 
hepatosis and  nuclear pleomorphism, occurred in 10 % 
or fewer of the fish (Stehr et  al. 1997). 

The high prevalences of HydVac, the association of 
HydVac with several chemical risk factors and, with 
sites that had significantly high concentrations of AHs 
and CHs, indicates that HydVac is a practical bio- 
marker of contaminant effects for starry flounder 

Data from sub-adult (0 to 4 yr of age) starry flounder 
(Myers et al. 1992, 1995, Myers unpubl. data) from 
selected sites in Puget Sound (Fig 16) showed that 
young fish captured at  the  highly contaminated sites of 
Eagle Harbor and  the Duwamish Waterway were 23 
and 32 times more likely (respectively) to have FlydVac 
compared to sub-adult starry flounder from the refer- 
ence site at  Polnell Point, after age  was taken into 
account. A similar association of young fish (2 and  3 yr 
old) with HydVac and contaminated sites was ob- 
served in winter flounder from Jamaica Bay, New York 
(Augspurger e t  al. 1994). Therefore, even in young 
starry flounder and  winter flounder the prevalence of 
HydVac is significantly higher at  contaminated sites 
compared to reference sites. 

White croaker. The relative risk of HydVac was sig- 
nificantly higher at  11 of 13 sites sampled along the 



132 Dis Aquat Org 32: 119-135, 1998 

West Coast, compared to the Bodega Bay and Dana 
Point reference sites after age was taken into account 
(Fig. 17). Outer Mission Bay had sediment contaminant 
concentrations similar to those at the reference sites, so 
no increased risk of HydVac would be expected at that 
site. It is not clear why North San Diego Bay did not 
have an  increased risk for HydVac given that it had 
some of the highest levels of sediment PCBs among the 
white croaker sites. It may be that the fish captured at 
that site had been in San Diego Bay for only a brief 
time. 

HydVac was the most prevalent lesion observed in 
white croaker for most sites examined during the 
NBSP monitoring study (Myers et al. 1994, Stehr et  al. 
1997). For instance, HydVac occurred in up to 38% of 
fish from certain urban sites in San Francisco Bay. 
compared to a maximum prevalence of 18% for SDN, 
which was the second most prevalent contaminant- 
related liver lesion for white croaker (Stehr et  al. 1997). 

The high prevalences of HydVac, the association of 
HydVac with several chemical risk factors and with 
sites that had significantly high concentrations of AHs 
and CHs, indicate that HydVac is also a biomarker of 
contaminant effects in white croaker. 

Rock sole. The prevalence of HydVac in rock sole 
was determined from the combined data for a number 
of studies conducted in Puget Sound over the last 15 yr 
(Fig. 18). About two-thirds of the data used for Fig. 18 
were collected between 1979 and 1983, before HydVac 
was recognized as a potential toxicopathic liver condi- 
tion in certain speci.es of fish. Liver sections of rock sole 
from this Puget Sound study were therefore recently 
re-evaluated for the presence of HydVac. 

The prevalence of HydVac and the odds ratio for 
each site are shown in Fig. 18. No obvious associations 
between odds ratios and ranking of sediment contami- 
nant concentrations were apparent for either sediment 
EPCBs or IAHs .  Comparisons of odds ratios and the 
other chemical classes of IDDTs, chlordane and dield- 
rin also did not show any systematic relationships. 

It is not clear what factors are responsible for the 
widespread occurrence of HydVac in Puget Sound rock 
sole. Rock sole may be sensitive to a chemical or mix- 
ture of chemicals that has not yet been measured. 
Heavy metals may partially explain the occurrence of 
HydVac in rock sole, as some Puget Sound sites ex- 
amined in the 1980s that had high relative risks for 
HydVac also had high concentrations of certain metals. 
These included Sinclair Inlet, which had some of the 
highest concentrations of cadmium and mercury, and 
Budd Inlet, which had some of the highest sediment 
concentratlons of arsenic (Malins et al. 1984). A ship- 
yard for military vessels is located in Sinclair Inlet, and 
Budd Inlet housed a reserve military fleet until the 
1970s, suggesting that chemical combinations associ- 

ated with vessel maintenance may be involved with the 
occurrence of HydVac. However, neither high metal 
concentrations in seclime111 rwr vessel nidintenance 
facilities were characteristic of other sites that also had 
high relative risks for HydVac, such as at Alki Point. 

Little is known about the migratory patterns or daily 
movement of rock sole. It is possible that rock sole 
move sufficient distances to become exposed to conta- 
minants from sources other than those present at the 
sites where they were captured. However, data on 
actual exposure levels, as determined by chemical 
analyses of liver tissue, is limited for rock sole. Addi- 
tional liver and sediment contaminant data are needed 
to be more conclusive about the relationship between 
chemical contaminants and the occurrence of HydVac 
in rock sole. Nonetheless, information to date suggests 
that HydVac in rock sole may not be a reliable histo- 
logical biomarker of response to the presence of AHs 
or CHs at the site of capture. 

Species specificity 

HydVac has been observed only in certain species of 
marine bottom fish. For instance, it has never been 
observed in English sole Parophrys vetulus, a species 
that has been examined in numerous laboratory and 
field studies conducted by our laboratory (Malins et 
al. 1984, Myers et al. 1987, 1990, 1992, 1994, 1997, 
Schiewe et al. 1991). The most readily observed histo- 
logical biomarkers of contaminant effects in English 
sole include hepatocellular nuclear pleomorphism, 
megalocytic hepatosis and preneoplastic foci of cellu- 
lar alteration in the liver. They are the most prevalent 
lesion types consistently associated with chemical con- 
taminants in English sole tissues and sediment, and 
have been induced in laboratory exposure studies 
(Myers et al. 1987, 1990, 1992, 1994, 1997, Schiewe et 
al. 1991). Although not as prevalent, hepatic neo- 
plasms in English sole are also considered histological 
indicators of contaminant effects, because this lesion 
occurs more frequently in association with contami- 
nant exposure (Malins et al. 1984, Myers et al. 1987, 
1992, 1994). In contrast, HydVac as well as neoplasms 
occur in the liver of winter flounder. Both of these 
lesion types are more prevalent in association with 
contaminant exposure, and are therefore considered to 
be histological biomarkers of contaminant effects for 
this species (Moore & Stegeman 1994, Moore et al. 
1996). Starry flounder and white croaker are different 
yet; liver neoplasms rarely occur i.n white croaker, and 
almost never occur in starry flounder even at highly 
contaminated sites. However, adverse health effects 
are evident in these species, as shown by the occur- 
rence of contaminant-related HydVac. 
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Although reasons for species differences in patho- 
logical response to contaminant exposure are not clear, 
the variability of lesion types that occur between spe- 
cies could be due,  in part, to differences in life history, 
such as diet or length of residence at  a contaminated 
site, or the manner in which a species metabolizes 
chemical contaminants. For example, the ratio of 
the activities of CYPlA and glutathione S-transferase 
(GST), which are hepatic enzymes involved in activa- 
tion/detoxification of certain chemical contaminants, 
particularly PAHs, is markedly different in English sole 
and starry flounder. English sole from contaminated 
sites, or exposed in the laboratory to a sediment extract 
from a contaminated site, had significantly higher 
CYPlA activity, and significantly lower GST activity 
than starry flounder exposed in the same manner. This 
suggests higher activation of PAHs by CYPlA and 
lower detoxification of PAHs in English sole, a pattern 
that is consistent with the higher prevalence of lesions 
involved in the developn~ent of hepatic neoplasia in 
this species (Collier et al. 1992). In addition, irnrnuno- 
cytochemical studies have shown that CYPlA is most 
intensely expressed in endothelial cells of the liver in 
starry flounder, while for English sole, CYPlA is most 
intensely expressed in hepatocytes (Anulacion et  al. 
1998). Such interspecies differences in cellular expres- 
sion and activities of xenobiotic metabolizing enzymes 
may influence the types of liver cell damage observed. 
Further research on the cellular expression of CYPlA 
and relative activities of activation/detoxification en- 
zymes in liver of other species may aid in clarifying 
why some species develop HydVac, while others do 
not. In the mean time, this information indicates that 
the types of lesions considered to be histological bio- 
markers of response to contaminant exposure should 
be carefully evaluated for each species, because cer- 
tain histological biomarkers that are valid for one 
species may not be appropriate for another. 

In summary, HydVac in starry flounder, white 
croaker and rock sole from the U.S. West Coast 
appears morphologically to be the same lesion as that 
described for winter flounder on the U.S. Atlantic 
Coast. HydVac is one of the most prominent histologi- 
cal biomarkers of response to contaminant exposure 
for starry flounder and white croaker. It is one of the 
most prevalent lesions in these species, and it is highly 
associated with CH and AH exposure. It also appears 
to be an  indicator of contaminant effects for subadult 
starry flounder. Although HydVac also frequently 
occurs in rock sole, preliminary studies suggest that 
there is no clear relationship between the occurrence 
of HydVac and exposure to CHs or AHs for rock sole. 
Therefore, the utility of HydVac as a histological bio- 
marker of response to contaminant exposure must be 
evaluated for each species in which it is observed. 
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