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suggest that the early period of exogenous feeding is among the more sensitive periods to
chromium toxicity.

Chinook salmon parr were exposed for 105 days to 24 and 54 pg Cr/L. Neither
growth nor survival of parr was affected as a result of exposure to these concentrations for
105 days. On Day 105 concentrations were increased from 24 to 120 pg Cr/L and from 54 »
266 pg Cr/L until the end of the experiment on Day 134. Exposure concentrations were
increased after the initial 105 days in an attempt to produce an observable response (e.g.,
behavioral abnormality, reduced growth, mortality) that could be related to fish health
assessment parameters. Weights were affected when parr were exposed to 24/120 ng Cr/L
and survival of parr was decreased in the 54/266 pg Cr/L treatment. The health of fish was
significantly impaired in both the 24/120 and 54/266 pg Cr/L treatments. Changes were
noted in DNA, histology, lipid peroxidation, and necropsies of fish. It appears that
chromium accumulates and enters the lipid peroxidation pathway where fatty acid damage
and DNA lesions occur to cause cell death and tissue damage. These changes translate into
the histopathology and gross changes observed during necropsies. It is apparent that the
kidney is the target organ during chromium exposures through the water column. Gross
abnormalities were noted in the kidneys, histological lesions in the kidneys were more
frequent, products of lipid peroxidation were elevated, and these changes were associated
with elevated doses of chromium in the kidney and reduced growth and survival.
Additionally, variations in DNA were noted in the blood and are associated with pathological
changes in the kidney and spleen. While most of the physiological malfunctions were noted
following parr exposures to concentrations > 120 pg Cr/L, variations in DNA were observed
following exposures to 24 ng Cr/L. The significance of these malfunctions is particularly
important because they are associated with impaired growth and reduced survival, which are
effects that can be measured at the population level. Therefore, these changes can be used to
investigate the health of resident fish in the Hanford Reach of the Columbia River.
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Figure 1 Map of the Hanford Reach of the Columbia River, Washington, USA.

Figure 2 Map of the Hanford Reach of the Columbia River, Washii ‘on, USA that
flows through the 100 Areas.
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Table 12

Table 13

Table 14

Lesions observed in the gill and spleen of chinook salmon part  at were
exposed to 24 or 54 pg Cr/L to Day 105. he concentrations of chromium
were increased from 24 to 120 pg Cr/L and from 54 to 266 pg Cr/L for the
r.inder of the experiment  at ended on Day 134.

Lesions observed in the liver as  pancreas of chinook salmon parr that were
exposed to 24 or 54 ug Cr/L to Day 105. The concentrations « chromium
were increased from 24 to 120 pg Cr/L and from 54 to 266 pg Cr/L for the
remainder of the experiment that ended on Day 134.

Measurements of DNA alterations in blood of chinook salmon parr that were
exposed to 24 or 54 pg Cr/L to Day 105. The concentrations of chromium
were increased from 24 to 120 pg Cr/L and from 54 to 266 pg Cr/L for the
remainder of the experiment that ended on Day 134.
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all sacrificed fish and lengths and weights were recorded. One whole fish was collected from
each replicate chamber for measurements of tissue i al accumulation. Samples for
histology were collected from 2 fish from each re; c¢--d chamber and fixed in 10% neutral
buffered formalin. It should 1 noted that spleen and in samples were also collected for
histological examinations. Gill lamellae, liver (free of the gall bladder), kidney, and intestine
were removed immediately from the 10 individual fish. The samples collected for
measurements of lipid peroxidation and tissue metals were frozen with liquid nitrogen and
stored at -90°C. The sets of 10 samples were ground with liquid nitrogen and composited by
tissue to result in one sample from each replicate chamber. Aliquots of these composites
were measured for lipid peroxidation and tissue metals.

Blood samples were collected from 10 fish from each replicate for measurements of
variations in DNA. Four of these 10 samples were randc...ly selected and analyzed for
variations in DNA. All cells were stained using a modified whole cell method (Clevenger et
al. 1985). The frozen red blood cells were thawed rapidly at 37°C and washed twice in
phosphate buffer saline. The cells were counted then fixed in 1.0 ml 0.5% paraformaldihyde
for 10 minutes at 4°C. The presence of RNA in a sample can interfere with DNA readings.
To remove RNA, 0.1 ml of 1.0 mg/ml Rnase was added and the samples were incubated for
20 minutes at 27 °C. The cells were then suspended in propidium iodide, a fluorescent dye
that binds to DNA. An Epic Elite Flow Cytomet. (Coulter Corp.) with an argon laser (488
nm) was used to quantify DNA. The samples were run at a rate of 150 cells/sec. DNA
Check Beads (Coulter Corp.), human lymphocytes and chicken erythrocyte nuclei were used
as external biological controls for QA/QC. The data were analyzed with Elite Software
(Coulter Corp.) to produce the mean channel of full peak coefficient of variation (CV)
values. The CV values represent the variation in af oximat¢ 5,000 data points (cells)
analyzed for each sample. The difference between the sample CV and the CV of the external
or internal control is defined as the CV difference (CV DIF) ai * was the discriminating
statistic (Misra and Easton 1999). Additional samples of fish- e frc  the composites
described above are currently being analyzed for DNA alterations with gel electrophorhesis.
Fish were not fed for 24 h prior to sampling.

ANALYSIS OF WATER A™™ TISSU™ “* L TASKS):
Treatment water was monitored once per week for dissol d oxygen, pH, alkalinity,

hardness, and conductivity. Samples of treatment water were taken weekly to monitor total
chromium exposure concentrations. One hundred mL samples of treatment water from each
treatment was filtered using a Nalgene® 300 filter holder. Each filtered sample was
transferred to a pre-cleaned, 125 ml I-Chem® polyethylene bottle, acidified to 1% HNO;,
and analyzed with ICP-MS. At each time of total chromium sampling, e additional sample
was extracted from the low, middle, and high chromium treatments and analyzed for



speciation of chromium. For analysis of chromium in tissue, samples were lyophilized, aci
digested with microwave heating, and analyzed by ICP-MS (PE.SCIEX Elan 6000).

Fish tissues were preserved in 10% neutral buffered f nalin for histopathological
examinations. Each fish was assigned a random number so that tissue processing and the
subsequent examinations were performed “blind.” Tissues were processed into paraffin,
sectioned at 4 um, stained with hemotoxylin and eosin, and the sections were viewed with
light microscopy. For early life-stage fish, major organs retina, brain, gill, gastrointestinal
tract, liver, pancreas, skeletal muscle, skin, kidney, heart, and spleen were observed. Lesions
were scored as none (0), mild (1), moderate (2), or severe (3) (Appendix 1-2). The scores of
9 — 12 fish were tallied and a mean was computed. Additionally, the epidermal thickness
was measured at 400x (to +2 pm) at six locations on each larva: lc.. and right dorsal, left and
right lateral, and left and right ventral. Left and right measurements were combined for
overall dorsal, lateral, and ventral means. For parr, kidney, skin, skeletal muscle, gill, liver,
intestinal caeca, exocrine pancreas, and spleen were observed. Lesions were scored with the
same 4-point scale defined for early life-stage fish.

A fluorometric assay (Dillard and Tappel 1984; Fletcher et al. 1973) was used t
measure products of lipid peroxidation. This assay was used previously on fish tissues
collected from sites contaminated with metals (Farag et al. 1995) and measures the relative
intensity of fluorophores formed during lipid peroxidation. A chloroform-methanol
extraction of tissue preceded the fluorometric measurement. Two hundred milligrams of
ground tissue were combined with a 2:1 mixture of HPLC-grade chloroform:methanol (7 ml
for a 200-mg sample) in a glass homogenizer. The tissue was processed five times 1 the
homogenizer with a glass pestle, diluted with an equal volume of water, and homogenized
two additional times. The mixture was then vortexed for 1.5 minutes and transferred to a
Corex tube (Note: use of trade names does not imply endorsement by the U.S. Government).
The mixture was centrifuged at 1200 X g for 1.5 min and the chloroform layer was removed.
Flourescence was measured (Hitachi f-2000) at a wavelength of 435 nm emission during
excitation at 340 and 360 nm.
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Exposure to aqueous chromium did not result - -ross lesions or necrosis at the life-
stages or concentrations tested in this study. Histolog  examination of salmon sampled at
median swim-up and at the termination of the study r«  led only subtle changes primarily
related to alterations in development. Epidermal thic] s failed to increase in fish exposed
to the highest concentration of chromium (120 pg/L) during the recovery period. These same
fish exhibited evidence that remodeling necessary during yolk absorption was impaired as
shown by lowered mean scores for apoptosis (gene directed cell death) of the mid-ventral
skin. As supporting evidence, fish from the highest exposure groups had dermal dysplasia in
the mid-ventral skin (i.e., mid-ventral folding of dermal collagen). This change was
temporary, because none of the fish sampled at the termination of the study had folded mid-
ventral collagen. In addition, gill lamellar epithelium thi- 1ess was slightly enhanced in the
120 pg/L treatment at the termination of the study.

There were no significant differences in the relative intensity of products of lipid
peroxidation among the treatment groups at median hatch (Day 32), during the alevin stage
(Day 70), at median swim-up (Day 83), or at termination o 1e study (Day 113).

TASK 3: FISH HEALTH:
The general water chemistry was consistent throughout the experiment. Temperature

ranged between 9.9 and 11.8°C except for one day where temperature reached 12.8 °C. The
range of alkalinity was 76 to 89 mg/L CaCOs, conductivity was 166 to 180 uS/cm, hardness
was 76 to 86 mg/L as CaCOs;, and pH was 7.6 to 8.0. The concentrations of Cr measured in
the chambers throughout the experiment agreed well (+ 10%) with the nominal
concentrations. Therefore, nominal concentrations will be used from this point. The results
of duplicate samples, dilution checks, reference solutions, anal is spikes, and calibration
checks that were measured for QA/QC were acceptable. The general agreement of Cr'® with
the nominal concentrations confirmed that virtually all of the chromium remained in the Cr™®
throughout the experiment. The results also indicate proper stoc'- ¢t ical make-up and
diluter delivery, good mixing characteristics in diluter chambers sor+ 1 concentrations,
absence of a reduction and/or absorbing environment in diluter receiving tanks, and proper
performance of the ion exchange columns for elution of Cr*®and :questration of Cr*.
Survival and growth were not different from the reference at 105 days (Tables 8 and
9). However, survival decreased to 69.8 % in fish exposed to 54/266 for 134 days. There
was also a trend of decreased survival in the 24/120 treatment at 1  days (84.3%) compared
to the reference (96.8%). By Day 134, the mean weight of fish in w.e 24/120 treatment was,
6.8 g, significantly less than the reference (9.6 g). However, fishi1 he 54/266 treatment
weighed 8.5 g, and were not significantly different in size 1an the refi nce fish. All
measurements performed for the 24 and 24/120 pg/L treatments contain 3 rather than 4
replicates. One replicate failed before the Day 105, the first sampling day of the parr
experiment. The fish died rapidly between days 101 and 105 and th¢ ause of these
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mortalities is unknown. Histological examinations were performed on the few remaining
fish but did not provide information about the cause of death. Additionally, the water
chemistry did not indicate any dysfunction of the diluter. Therefore, these mortalities were
not included in the survival calculations and there were no fish tissues available from the
fourth replicate for the physiological measurements.

The concentrations of chromium in the organs of h increased when fish were
exposed to chromium in the water (Table 10). At _ay 105, gill, kidney, and whole body
tissues from the 54 | Cr/L treatment had elevated concentrations of chromium (Note: 1
tissue data in pg Cr/g dry wt.) (25.7, 25.6, and 8.8 respectively) compared to fish in water
without chromium (7.4, 5.5, 1.5 respectively). At Day 134 gill, kidney, liver, and pyloric
caeca from fish in the chromium treatments were elevated above the reference fish (T: le
10). And fish from the 54/266 treatment had greater concentrations of chromium in gill,
liver, and pyloric caeca than those from the 24/120 treatment. However, there was no longer
a significant increase in whole body concentrations of chromium at Day 134.

We observed gross changes in the kidneys during the necropsies. The most
significant finding was discoloration where white markings bordered the kidney along all
edges. This abnormality was noted in 2%, 9%, and 19% of fish from the 54, 24/120, and
54/266 pg Cr/L treatments. None of these markings were noted in fish from the reference or
the 24 pg Cr/L treatment.

Lesions observed in gill, kidney, and spleen of fish exposed to chromium during this
experiment indicate that cell death occurred in these organs (Tables 11 and 12). Interstitial
blood-forming cells, also called hematopoietic cells, are normally present in the k 1ey.
Therefore, a score of 1 (mild) represents a normal condition while a score of less than 1
indicates possible anemia or a decreased ability of fish to fight disease. The scores of fish
from the reference chambers were at or near 1, but fish from the 24/120 and 54/266 had mean
scores of 0.44 and 0.67 respectively. Necrosis (death), fibrosis (scarring), and dilation of the
lumen of the tubules were all noted in kidneys from 24/120 and 54/266 but not in the
reference. All of these lesions indicate malfunction of kidney cells in fish exposed to 24/120
and 54/266.

The thickness of the gill lining was greater in the 24/120 (0.44) and 54/266 (0.25)
exposures compared to the reference (0.08). Also, apoptosis is a genetically programmed
cell death and was more prominent in chloride cells of gills from 24 (0.67), 24/120 (0.67) and
54/266 (0.83) compared to the reference (0.17). The greater amounts of congestion noted in
spleens from 54/266 (0.42) compared to the reference (0.17) indicate anemia as did the lower
scores for interstitial blood-forming cells in the kidneys of fish from this treatment group.
Based on the staining pattern of eosinophilic spherules in the spleens of fish from 54/266, the
spherules indicate erythrocyte membrane damage and/or decreased erythrocyte life span.
These erythrocytes may be apoptotic.
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DISCUSSION

GENERAL:

We investigated the effects of chromium at three stages of development in salmon:
fertilization, early life-stages, and parr. And we studied the target organs and actions of
toxicity by chromium. The instantaneous nature of fertilization likely limited the effects of
chromium on fertilization success. Also, chinook salmon appear to grow and survive at
normal rates when exposed from the alevin to the swim-up stage to 120 pg Cr/L in the water
column. Results of the Parr Health Study clearly indicate that the kidney is an important
target organ during aqueous chromium exposures. Changes in the kidney during parr
exposure to chromium suggest that variations in DNA, lipid peroxidation, and tissue
pathology work to cause effects on growth and eventua s death of fish. These chai :s can
be used to investigate the health of resident fish in the Hanford Reach of the Columbia River.
Further discussions of each task follow.

TASK 1: FE™™" "7 A TN

Fertilization of chinook salmon and Snake River cutthroat trout was not affected by
concentrations of chromium that ranged from 11 to 266 pg/L. These results were similar for
both species and the experiments were conducted at different times. We found similar results
during preliminary experiments (data not presented). Billard and Roubaud (1985) defined
that ova from rainbow trout (Oncorhynchus mykiss) are less sensitive to chromium exposures
than sperm. Additionally, fish sperm begin to die soon after activation and are washed away
quickly by river currents. Because of the instantaneous nature of fertilization, the limited
contact of spc  with the exposure water likely limited the effects of chromium in the water
column on fertilization success.

Our results do not agree with fertilization results obtained by Billard 1d Roubaud
(1985) where they documented that 5 ng Cr/L reduced fertilization percent: s in rainbow
trout. There were some differences in exposure times and species used during these two
studies. The time allowed for exposure to chromium during fertilization was shorter during
the current study (1 minute versus 15 minutes during Billard and Roubard 1985). This
shorter time more closely mimicked fertilization events that occur in river onditions. The
ova were held in exposure water for 1 %2 h following fertilization during 1 : current study.
This step was included because eggs continue to absorb water for approximately 1’z h
following fertilization. The ova were not exposed to chromium during the water hardening
in the study performed by Billard and Roubard (1985). Furthermore, cutthroat trout and
chinook salmon were studied during the present experiments while rainbow trout were used
by Billard and Roubard (1985).
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Data from our study indicates that chromium may have accumulated in the tissues of
early life-stage salmon at the highest concentrations. However the overall concentrations
were low. This may be due in part to tissue-specific accumulation of chromium, and to-
small size of the fish tested. Parr health studies conduc 1 at Jackson suggest that chromium
does accumulate in specific organs and that whole-body residues may not be an appropriate
indicator of chromium toxicity in very early life-stage salmon. Histological examination
suggests that some specific developmental changes may have occurred in fish exposed to
aqueous chromium. However these effects were subtle and not significant enough to cause
observable effects in behavior, growth or mortality.

Lipid peroxidation assays did not provide empirical support for the existence of a
physiological malfunction that could be related to tissue chromium, growth or survival. This
again may be due to the timing of the exposure, the tissue or organ-specific toxicity of
chromium and the small size of the fish tested.

TASK 3 FIS} ""EALTH:
When chinook salmon are exposed to dissolved hexavalent chromium the metal

accumulates in various tissues and ultimately causes variations in DNA, lipid peroxidation,
histological lesions, gross abnormalities, reductions in weight and reductions in survival.

The physiological changes observed during this experiment are most notable because they
are associated with reductions in weights and survival that were also observed during this
laboratory study. Therefore, we have provided laboratory support for the link etween
physiological malfunction manifested at the level of the individual and changes in weight and
survival that may be manifested at the population level. This information ¢;  be used to link
changes in resident fish with possible alterations in populations of fish.

Several types of physiological malfunction were noted during this study. We
documented two patterns of DNA damage. First, more variation in the DNA compared to the
reference resulted when chinook salmon were exposed to 24 or 54 pg Cr/L. Second, less
variation in the DNA compared to the reference resulted when chinook salmon were exposed
to 24/120 and 54/266 pg Cr/L. Al-Sabti et al. (1994) observed a marked decrease in
micronuclei frequency in Prussian carp exposed to 500 pg Cr/L. One might mistakenly
suggest that the reduction in the number of micronuclei (a measurement similar to a lower
CV DIF value in the current study) indicates less DNA damage when cells are exposed to
high concentrations of chromium. However, chromium appears to increase cytotoxicity by
enhancing cell death. Chromium can form intermediates that react with DNA (Outridge and
Scheuhammer 1993, Bridgewater et al. 1994, Xu et al. 1996, Singh et al 1998). These
intermediates can inhibit DNA replication (Patierno et al. 1993) and the DNA repair
mechanism (Bridgewater et al. 1994). It is the inhibition of the DNA repair mechanism that
may trigger apoptosis (genetically programmed cell death). Apoptosis generally acts to

18

. B




;

remove genetically compromised cells from the po n. The enhancement of apoptosis
can result in greater cell death when tissues are ex o chromium.

Although the salmon were 30 days older at the end of the 24/120 and 54/266 pg Cr/L
exposures compared to the ages of the salmon at the end of the 24 and 54 pg/Cr exposures, it
does not appear that age of fish is responsible for the changed pattern noted for DNA strand
breakage. First, this pattern of significantly less v 1iation in DNA strand breakage as a result
of chromium exposure is supported by the literature (Al-Se t al. 1994) and has also been
observed by Countryman and Heddle (1976) asar 1t of tion exposure and by Easton
et al. (1997) as a result of pulp mill effluent. Second, it is: kely that an enhanced DNA
repair mechanism as a result of acclimation explains our fi 2s. If the DNA repair
mechanism was enhanced, we might have observed similar vanations in DNA among the
controls, 24/120 and 54/266. However, we observed a significant decrease in the variation of
DNA in fish exposed to 24/120 and 54/266 pg Cr/L when compared to fish from the controls.
The fish in the control and exposures were identical in ages. Th~- “-r an enhanced DNA
repair mechanism to explain these results it would be necessary ie DNA repair
mechanism to not only be enhanced, but to overshoot the el { in the control fish. This
is a theory not supported by the literature or our additional histo al data that suggest that
cell deathis  ponsible for the decrease in DNA variation obse: it the termination of the
parr health experiment.

Cell death was a pathology noted during the histological examinations. The greatest
extent of histopathology was observed in the kidneys of chinook salmon exposed to 24/120
and 54/266 pg Cr/L. Extensive damage was manifested in the kidney ind expressed as
decreases in numbers of blood forming cells, cell death (necrosis), and  arring (fibrosis)
around kidney tubules. Histological analyses also revealed eosinophil pherules in the
spleen of chinook salmon exposed to 24/120 and 54/266 pg Cr/L. These spherules indicate
membrane damage in the erythrocytes that can result from apoj sis of tI' ~se cells. The
histological analyses defined the kidney as the primary site of pathology 1u fish held in the
24/120 and 54/266 pg Cr/L treatments. This finding is supported by the necropsy results
where gross abnormalities were noted in the kidneys (9% and 19% 124/120 and 54/266 pg
Cr/L respectively). The histological analyses also support our finding that ¢ " death is
responsible for the noted pattern of DNA damage in this study.

Lipid peroxidation can lead to cell death and tissue damage ( lliwell and Gutteridge
1985, Wills 1985). We noted elevated lipid peroxidation in the kidneys of fis ollowing
exposures to 24/120 and 54/266. We did not collect enough kidney tissue to define these
differences statistically or to measure this response in the 24 and 54 pg Cr/L tre  nents.
However, the elevated lipid peroxidation response in the kidney that we observeu provides
supporting evidence that Cr accumulated in the kidney causes pathology through the
peroxidation pathway. Lloyd et al. (1997, 1998) have strongly implicated the Fen*~-
reaction in the mechanism for DNA damage during chromium exposures. The Feuwn
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Table 2. Concentrations of total Cr and Cr*® in the water used to expose eggs and sperm to

hexavalent chromium during fertilization.

Chinook Salmon

Snake River Cutthroat
hromi
Nominal Chr ium Chromium Nominal Chrom n ¢ o.r:xum
i
Chromium 1% NaCl in exposure Chromium 1% NaCl
(ng/L) Solution water (ng/L) Solution cxpostre
H H water
0 1.1 <0.5 0 1.6 3.0
11 11.5 10.2 11 12.9 13.9
24 214 23.4 24 25.7 26.8
54 55.2 51.2 54 53.0 55.4
120 126.0 117.0 120 © 3.0 117.0
266 259.0 279.0 266 261.0 251.0
120 Cr*® 135 130
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Table 3. Concentrations of total Cr and Cr'® in the water used to expose early life-stages to
chromium. NS indicates that Cr*® concentrations were not sampled for that treatment.

. Measured
Nominal
Chromium Total Measured
(ug/L) Chromium  Cr*% (ug/L)
(ng/L)

0 <1.5 NS

5 5.1 7.2

11 11.6 NS

25.2 29.8

54 56.5 NS
120 123.2 1334
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Tal :5. Mean time to swim-up, cumulative percent of salmon : :vins surviving to swim-
up, and percent surviving through 30 days post swim-up. Chinook salmon were exposed to
0,5, 11,24, 54 and 120 pg Cr/L. Different letter designations indicate a significant
difference at P < 0.05. SEM in parentheses.

Nominal Days to N Percent Percent
Chromium M« “an Survival to Survival to
(ng/L) Swim-up Swim-up 30 Days Post
Swim-up

0 83.0 4 92.9° 92.9°
(1.5) (1.5)

5 82.5 4 91.2° 90.6
(1.8) (2.3)

11 82.5 4 90.1° 90.1°
(1.5) (1.5)

24 83.0 4 88.8° 88.2°
(2.0) 2.4)

54 82.8 4 90.4° 90.4°
(1.7) 1.7)

120 83.5 4 91.0° 91.0°
(3.0) (3.0)
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Table 6. Mean weights and lengths of chinook salm 130 days fi owing the median swim-
up date and the termination of chromium exposure. _uinook salmon were exposed to 0, 5,
11, 24, 54 and 120 pg Cr/L. Different letter designations indicate a significant difference at
P <0.05. SEM in parentheses.

Nor ~ al Days N Weight  Ler 'h

Chromium (g) (mm)
(ng/L)
0 113 4 0.342° 37.3°

0.007)  (0.2)

5 113 4 0341° 374
0.0..,  (0.2)
11 113 4 0333  37.2°

(0.007)  (0.2)

24 113 4 0332° 374
0.007)  (0.2)

54 113 4 0.335*  37.2°
(0.007)  (0.2)

120 113 0331° . 9
0.007)  (0.2)
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Table 8. Percent survival of chinook si non durir~ an experiment where parr were exposed
to 24 or 54 ug Cr/L to Day 105. The concentratior H>f chromium were increased from 24 to
120 pg Cr/L and from 54 to 266 pg Cr/L for the remainder of the experiment that ended on
Day 134. Different letter designations indicate a signi ant difference at P < 0.05 within a
sample day. SEM in parentheses.

Nominal Day N Percent
Chromium Survival
-")
0 105 4 87.8%
4.0)
24 105 3 92.3°%
(3.7)
54 105 4 91.32
(0.5)
0 134 4 96.8?
(1.9)
24/120 134 3 84.3°
(5.8)
54/266 134 4 69.8°
(3.7)
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Table 10. Mean concentrations of chromium in various tissues collected during an
experiment where chinook salmon parr were exposed to 24 or 54 pg Cr/L to Day 105. e
concentrations of chromi ___ were increased from 24 to 120 pg Cr/L and from 54 to 266 pg
Cr/L for the remainder of * experiment that ended on Day 134.  fferent letter
designations indicate a significant difference at P < 0.05 within ‘issue and within a sample
day. SEM in parentheses.

Nominal Day N Gill Kidney Liver Pyloric Whole
Chromium Caeca Body
(ng/L)
0 105 4 7.4? 5.5% 0.9° 0.6 1.5
(3.8) (2.6) (0.4) 0.2) (0.4)
Mo N=3
24 105 3 14.82 9.6° 4.0° 0.7 6.6°
(6.7) (4.8) 2.1 (0.2) (2.4)
54 105 4 25.7° 25.6 3.0° 1.22 8.8°
(1.5) (5.6) (0.4) 0.2) 2.1)
0 134 4 1.3° 2.8 0.4° 0.3 0.2°
(0.3) (1.0) 0.1 (0.1) (0.1)
24/120 134 3 29.4° 30.2° 4.6° 2.1° 6.4°
(2.0) (7.9) (0.6) (0.4) 2.7)
54/266 134 4 35.4° =9.6° 7.2 3 6.5
(1.1) (2.3) (0.5) (0.4) (3.6)
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Table 12. Lesions observed in the gill and spleen of chinook salmon parr that were exposed

to 24 or 54 pg Cr/L to Day 105. The concentrations of chromium were increased from 24 to

120 pg Cr/L and from 54 to 266 pg Cr/L for the remainder of the experiment that ended on

Day 134. SEM are in parentheses. The means of lesions scored as none (0), mild (1),

moderate (2), or severe (3) are presented. Refer to Appendix 1 and 2 for a glossary of terms

and guidelines for scoring sections.

Gi
Nominal N Day
Chromium —
(ng/L) Lamellar Apoptosis
hypertrophy (death) of
chloride cells
0 12 105 0.17 0.33
(0.11) (0.14)
24 9 105 0.56 0.67
0.17) (0.17)
54 12 105 0.00 0.27
(0.00) (0.14)
0 12 134 0.08 0...
(0.08) (0.11)
24/120 9 134 0.44 0.67
(0.18) (0.17)
54/266 12 134 0.25 0.83
(0.13) (0.11)

Spleen

Congestion Eosinophilic

spherules;
apoptotic
erythrocytes
1.00 0.08
(0.17) (0.83)
1.11 0.00
(0.11) (0.00)
1.00 0.18
(0.19) (0.12)
1.08 0.17
(0.08) (0.11)
1.44 0.33
(0.18) (0.17)
0.83 0.42
(0.21) (0.15)
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Table 14. Measurements of DNA alterations in blood of chinook salmon parr that were

exposed to 24 or 54 pug Cr/L to Day 05. The concentrations of chromium were increased
from 24 to 120 pg Cr/L and from 54 to 266 pg Cr/L for the remainder of the experiment that
ended on Day 134. Different letter designations indicate a significant difference at P < 0.05,

within a sampling day. The difference between the samp CV and the external or internal

control is defined as the CV difference and was the discriminating statistic (Misra and Easton

1999).
Nominal Day N CV DIF
Chromium
(ng/L)
0 105 12 1.730°
24 105 9 1.218°
54 105 11 1.130¢
0 134 11 0.411°
24/120 134 9 0.450"
54/266 134 12 0.506¢

Note: All probabilities are <0.0078
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Appendix 1. Glossary of terms for histology.

Apoptosis — Apoptosis can be a normal process (programmed cell death) associated
with development, but increased apoptosis can result from toxicant exposure.

Eosinophilic — Something that stains pink-red-orange with HE stain (e.g. cytoplasm
of most cells).

Erythrocytes — Red blood cells

Hematopoiesis - The process of forming red and white blood cells. Hematopoiesis
is common in the spleen and in the interstitial tissues that separate kidney tubules.

Hematozylin and Eosin (HE) — Hematoxylin, a blue stain, highlights nucleic acids
(e.g. DNA and RNA) that are prominent in the nuclei of cells. Eosin, a pink-red-
orange stain, highlights proteins that re common in the cell cytoplasm and in the
blood.

Hepatic — Pertaining to the liver.

Hepatocyte — Liver cell.

Hyperplasia — Increase in cell number.

Hypertrophy — Increase in cell size.

Lesion — Any abnormality in tissue, or loss of function of a body part.

Necrosis The sum of the structural (morphological) changes indicative of cell death
and caused by the progressive degradative action of enzymes; it may affect groups of
cells or part of a structure or an organ.

Renal — Pertaining to the kidney.

Zymogen granules — Brightly staining (red-orange) spherical structures in the
pancreas that store digestive enzymes before they are released into the intestine.
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Appendix 2. Guidelines used to score histology.

Kidney
Hematopoietic cells (relative area/volume) — Hematopoiesis is a normal function of

the renal interstitium, but in some cases the number of hematopoietic cells was
decreased or increased.

Score =0 area of hematopoietic cells <2/3x area of tubules

Score = 1 mild area of hematopoietic cells >2/3x area of tubules but
<1 1/3x area of tubules

Score =2 moderate area of hematopoietic cells > 1 1/3x area of tubules but
<2x area of tubules

Score =3 severe increased amounts of hematopoiesis, with bands of

hematopoietic cells sometimes greater than 100 um
thick

Necrosis of cells lining tubules (Renal Tubular Necrosis)

Score =0 vessels had no renal tubular necrosis
Score = 1 mild renal tubular necrosis present, but <4 tubules per cross
section

Score =2  moderate >4 or <10 foci of renal tubular necrosis per cross section

Score = 3 severe >10 foci of renal tubular necrosis per cross section

44




Appendix 2. Guidelines used to score histology (continued).
Kid-~

Fibrosis around tubules (Peritubular Fibrosis); Affected tubules were surrounded
by irregular bands of fibrosis composed of plump fibroblasts and immature collagen.

Score =0 sections had no peritubular fibrosis
Score =1 mild <4 foci of peritubular fibrosis

Score =2  moderate >4 or <10 foci of peritubular fibrosis per cross section

Score =3 severe  >10 foci of peritubular fibrosis per cross section
Tubular Dilation

Score =0 tubules were not dilated

Score 1 mild <50% of tubules were dilated

Score =2 moderate >50% of tubules were dilated

Score =3 severe at least one tubule dilated more than 500 pm in diameter
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Appendix 2. Guidelines used to score histology (continued).

Gill
Hypertrophy
Score =0
Score = 1 mild
Score =2  moderate
Score =3 severe

lamellar epithelium uniformly simple and squamous

epithelial hypertrophy present but did not involve entire
lamellar surface, or thickening is less than the thickness
of pillar cells in the section

epithelial thickening is greater than the thickness of
pillar cells in section

foci of thickened lamellae extended at least 500
along >10 filaments

Apoptosis (death) of chloride cells

Score =0
Score =1
Score =2
Score =3

mild

moderate

SEVEre

no apoptotic chloride cells
apoptotic cells present but < 1 per 400x field
>1 per 400x field

none were severe
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Appendix 2. Guidelines used to score histology (continued).

Spleen

Congestion of blood vessels — Some congestion is normal in the spleen, and lack of
congestion may be an indicator of acute stress.

Score =0 vessels were not congested, and total vascular sectional
area was 5% of the spleen volume

Score =1 mild total vascular sectional area was >5% but <10% of
spleen volume

Score =2 moderate total vascular sectional area was >10% but <25% of
spleen volume

Score =3 severe  total vascular sectional area was >25% of spleen volume

Eosinophilic spherules — Indication of probable erythrocyte damage and/or
decreased erythrocyte life span.

Score =0 no brightly eosinophilic spherules present in section
Score =1 mild >1 brightly eosinophilic spherules present in the section,
but <5 per 400x field

Score =2 moderate >S5 but <50 brightly eosinophilic spherules per 400x
field

Score =3 severe  >50 brightly eosinophilic spherules per 400x field
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Appendix 2. Guidelines used to score histology (continued).
Liver
Glycogen Depletion — A lesion in hepatocytes. Hepatocytes normally have abu lant

cytoplasmic glycogen stores characterized by a large volume of clear, irregular,
poorly demarcated vacuoles (= glycogen vacuoles).

Score =0 hepatocytes had abundant glycogen vacuoles
Score = 1 mild glycogen vacuoles were smaller, but still larger than
nuclei

Score =2 moderate glycogen vacuoles were smaller than or about equal to
nuclear diameter

Score =3 severe glycogen vacuoles were absent from most hepatocytes

Lipidosis — A lesion in hepatocytes; lipid appears as clear, round, well-demarcated,
cytoplasmic vacuoles (= lipid vacuoles).

Score =0 hepatocytes had no lipid vacuoles
Score =1 mild < 33% of the hepatocytes in the section had d
vacuoles

Score =2  moderate 34 — 66% of hepatocytes in the section had lipid
vacuoles

Score =3 severe > 66% of hepatocytes in the section had lipid vacuoles,

or volume of normal lipid vacuoles was greater than
nuclear volume
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Appendix 2. Guidelines used to score histology (continued).
Pancre~«

Zymogen Granule Depletion — During active feeding, exocrine pancreatic cells in
healthy fish have abundant brightly eosinophilic cytoplasmic zymogen granules.

Score =0 abundant zymogen granules

Score = 1 mild volume of zymogen granules in exocrine cells was >2x
nuclear size

Score =2  moderate exocrine cells contained zymogen granules, but they
were <2x nuclear size

Score =3 severe  no distinct zymogen granules in most exocrine cells
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Appendix 3. Mean weights and lengths of chinook salmon that were sub-sampled for
histology at median hatch. Chinook salmon were exposed to 0, 5, 11, 24, 54 and 120 pg
Cr/L. Different letter designations indicate a significant difference at P <0.05. SEM in
parentheses.

| Nominal Days N Weight  Length

Chromium () (mm)
(ng/L)
0 32 4 0.171? 21.3°

0.007)  (0.2)

5 32 4 0.159° 21.0°
(0.007) 0.2)

11 32 4 0.150° 20.7°
(0.007) (0.2)

24 32 4 0.165° 21.2°
(0.007) (0.2)

54 32 4 0.156° 20.8°
(0.007) 0.2)

120 32 4 0.163*  20.8°
! (0.007)  (0.2)
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Appendix 4. Mean weights and lengths of chinook salmon that were sub-sampled for
physiology during the alevin stage (midway between hatch and swim-up). Chinook salmon
were exposed to 0, 5, 11, 24, 54 and 120 pg Cr/L. Different letter designations indicate a
significant difference at P < 0.05. SEM in parentheses.

Nominal Days N Weight  Length

Chromium (2) (mm)
(ng/l)
0 70 4 0.221° 31.2°

(0.005)  (0.2)

5 70 4 0220°  31.2°
0.005)  (0.2)

11 70 4 0.219° 31.2°
(0.005) (0.2)

24 70 4 0.218* 31.1°
(0.005) 0.2)

54 70 4 0.223° 31.6°
(0.005) (0.2)

120 70 4 0.228° 31.6°
(0.005) 0.2)
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Appendix 5. Mean weights and lengths of chinook salmon that were sub-sampled for
physiology and histology at the median swim-up date and the termination of chromium
exposure. Chinook salmon were exposed to 0, 5, 11, 24, 54 and 120 pg Cr/L. Different
letter designations indicate a significant difference at P < 0.05. SEM in parentheses.

Nominal Days N Weight  Length

i Chromium (2) (mm)
f (ng/L)

|

| 0 83 4 0.232% 33.5°

(0.004)  (0.2)

5 83 4 0.240° 33.4°
(0.005) 0.2)

11 83 4 0.2282 32.0°
(0.005) 0.2)

24 83 4 0.245° 32.1°
| (0.005) 0.2)

54 83 4 0.227° 31.8°
(0.006) 0.2)

120 83 4 0.234 33.2°
(0.005)  (0.2)
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Appendix 6. DNA strand breakage in chinook salmon parr as measured by gel
electrophoresis. Mean concentrations presented as the log of kilobase pairs in gill and liver
tissues collected during an experiment where chinook salmon were exposed to 24 or 54 ng
C1/L to Day 105. The concentrations of chromium were increased from 24 to 120 pg Cr/L
and from 54 to 266 pg Cr/L for the remainder of the experiment that ended on Day 134.
Different letter designations indicate a significant difference at P < 0.05 within a tissue and
within a sample day. SEM in parentheses.

Nominal Day N Gill Liver
Chromium
(ng/L)
0 105 4 4.2° 3.4°
(1.1) 0.4)
24 105 3 3.1° 3.17
(0.29) 0.7)
54 105 4 12.6° 4.9
(6.88) (0.9) |
|
0 134 4 4.1° 3.3%
(1.5) 0.4)
24/120 134 3 3.3° 2.8°
(0.5) (0.3) |
N=
54/266 134 4 3.8? 3.0°

(1..0) (0.4)

53






