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a  b  s  t  r  a  c  t

It is  unclear  whether  copper  nanoparticles  are  more  toxic  than  traditional  forms  of  dissolved  copper.  This
study  aimed  to describe  the pathologies  in  gill,  gut,  liver,  kidney,  brain  and  muscle  of  juvenile rainbow
trout,  Oncorhynchus  mykiss,  exposed  in  triplicate  to  either  a control  (no  added  Cu),  20  or  100  �g l−1 of
either  dissolved  Cu  (as  CuSO4) or Cu-NPs  (mean  primary  particle  size  of  87  ±  27  nm)  in a  semi-static
waterborne  exposure  regime.  Fish  were  sampled  at days  0,  4, and  10 for histology.  All  treatments  caused
organ injuries,  and  the  kinds  of  pathologies  observed  with  Cu-NPs  were  broadly  of  the  same  type  as
CuSO4 including:  hyperplasia,  aneurisms,  and  necrosis  in  the  secondary  lamellae  of  the  gills;  swelling
of  goblet  cells,  necrosis  in  the  mucosa  layer  and  vacuole  formation  in the  gut;  hepatitis-like  injury  and
cells  with  pyknotic  nuclei  in  the  liver;  damage  to the  epithelium  of  some  renal  tubules  and  increased
Bowman’s  space  in the kidney.  In the  brain,  some  mild  changes  were  observed  in  the  nerve  cell  bodies
opper toxicity
ish

in  the  telencephalon,  alteration  in  the  thickness  of  the mesencephalon  layers,  and  enlargement  of  blood
vessel on  the  ventral  surface  of  the  cerebellum.  Changes  in  the  proportional  area  of  muscle  fibres  were
observed  in  skeletal  muscle.  Overall  the  data  showed  that  pathology  from  CuSO4 and  Cu-NPs  were  of
similar  types,  but there  were  some  material-type  effects  in the  severity  or incidence  of injuries  with
Cu-NPs  causing  more  injury  in  the  intestine,  liver  and  brain  than  the equivalent  concentration  of  CuSO4

by  the  end  of  the  experiment,  but  in  the  gill  and  muscle  CuSO4 caused  more  pathology.
. Introduction

The pathological effects of waterborne copper, and target organs
or Cu toxicity are reasonably well known in fish (Wilson and Taylor,
993; Handy, 2003; Grosell et al., 2007; Mustafa et al., 2012). The
ill is considered the main route for waterborne Cu uptake, and
njuries include oedema, epithelial lifting and fusion of the lamel-
ae during acute toxicity (Sola et al., 1995), and changes in the
roportions of epithelial cells and mucocytes are noted in chronic
xposure (Dang et al., 1999). For dietary Cu exposure, the gill does
ot show acute pathology, but instead, changes can occur in the

ntestinal mucosa including intestinal cell proliferation and apopto-
is (Berntssen et al., 1999). The liver is the central compartment for
andling Cu in teleost fish (Grosell et al., 1996), and Cu is excreted in
he bile. However, waterborne (Baker, 1969; Figueiredo-Fernandes
t al., 2007) or dietary (Handy et al., 1999) exposure to Cu can pro-

uce liver pathology in fishes. There are concerns that Cu may  be

mmunotoxic, although studies on the haematopoietic system of

∗ Corresponding author. Tel.: +44 0 1752 584630; fax: +44 0 1752 584600.
E-mail address: rhandy@plymouth.ac.uk (R.D. Handy).
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© 2012 Elsevier B.V. All rights reserved.

trout with Cu are limited, melanomacrophage aggregates are noted
in trout kidney during Cu exposure (Handy, 2003).

Copper is also known to effect excitable tissue such as nerve and
muscle. Additions of Cu alter the electrical properties of epithelia
(e.g., Na channels in frog skin, Flonta et al., 1998), and while excess
Cu in the CNS results in brain pathology in mammals (e.g., Wilsons
disease, Menkes, 1999), and vacuole formation in the brain of trout
has been observed from dietary Cu exposure (Handy, 2003). Fish do
show altered behaviour and locomotor activity during Cu exposure
(Handy et al., 1999; Campbell et al., 2002), but the relative contrib-
utions of CNS and skeletal muscle pathology to such events is less
clear.

Relatively recently, a new form of Cu metal has been engineered
comprising of Cu nanoparticles (Cu-NPs), which are one type of
metal-containing nanomaterials (review on “nano metals”, Shaw
and Handy, 2011). However, despite an emerging body of litera-
ture on the ecotoxicity of nanomaterials (Moore, 2006; Handy et al.,
2008; Klaine et al., 2008; Kahru and Savolainen, 2010; Handy et al.,
2011), less attention has been given to organ pathologies in aquatic

species. Some evidence is emerging on Cu-NPs in fish and water-
borne exposure to high concentrations (1.5 mg l−1 Cu-NPs for 48 h)
caused oedema in the gills of zebrafish (Griffitt et al., 2007). Other
nanomaterials also cause gill pathology (TiO2 NPs, Federici et al.,

dx.doi.org/10.1016/j.aquatox.2012.10.005
http://www.sciencedirect.com/science/journal/0166445X
http://www.elsevier.com/locate/aquatox
mailto:rhandy@plymouth.ac.uk
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007; Single-walled carbon nanotube, Smith et al., 2007; Nano-Fe,
i et al., 2009). Data on internal organ pathologies from Cu-NPs in
sh are generally lacking, but other metal NPs had been reported
o cause pathologies. For example, liver tissue shows fatty change
ith lipidosis, and abnormal nuclei in the hepatocytes from trout

ollowing waterborne exposure to TiO2 (Federici et al., 2007), and
poptosis in liver tissue is reported in zebra fish with Ag-NPs (Choi
t al., 2010). The brains of rainbow trout exposed to 0.1 mg  l−1 TiO2
Ps for 14 days also exhibited some necrotic cells in the cerebrum

Federici et al., 2007).
Overall, the relative hazard of pathology from nano forms of

u compared to traditional metal salts is unknown. Therefore, the
ain goal of the current study was to determine the effects of dis-

olved Cu and Cu-NPs on the organ integrity and histology of the
ill, gut, liver, kidney, brain and muscle of rainbow trout following
aterborne exposure to these materials. The second objective was

o compare and contrast the effects of Cu metal with Cu-NPs, to
dentify any nano-specific pathologies.

. Materials and methods

.1. Experimental design

The experimental design and water quality are based on the
ethod used by Federici et al. (2007) for TiO2 NPs. Briefly, juvenile

ainbow trout (mean ± S.E.M., n = 210; 29.4 ± 1.0 g) were exposed,
n triplicate tanks, to 20 �g l−1 and 100 �g l−1 of Cu metal either
s CuSO4·5H2O or nano copper (Cu-NPs) for 0, 4, 10 days using

 semi-static waterborne exposure regime (80% water change
very 12 h with re-dosing after each change). Water samples
ere taken before and after each water change for pH, tem-
erature, saturated oxygen (HACH HQ40d multi reader), total
mmonia (HACH LANGE GMBH LCK kit 304 read on a HACH LANGE
mbH DR 2800 spectrophotometer) and water hardness (Ca and
g measured by inductively coupled plasma optical emission

pectroscopy (ICP-OES)). As there were no significant differences
etween any tanks in water quality, data were pooled and were
mean ± S.E.M., n = 240–528 samples); pH, 6.98 ± 0.004; tempera-
ure, 16.0 ± 0.01 ◦C; oxygen saturation, 90.9 ± 0.2%; total ammonia,
.85 ± 0.05 mg  l−1 (equivalent to 0.049 ± 0.002 mmol  l−1 of total
mmonia, <0.1 �mol  l−1 as NH3), total hardness (mg  l−1 CaCO3),
2.02 ± 1.2. Photoperiod was 12 h light:12 h dark. The electrolyte
omposition of the dechlorinated Plymouth tap water used was
.89, 1.56, and 18.05 mg  l−1 Na+, K+ and Ca2+ respectively (0.43,
.04, and 0.45 mmol  l−1 respectively). Background Cu levels in the
ater were 6.04 ± 0.27 �g l−1 (0.095 ± 0.004 �mol  l−1). Fish were
ot fed 24 h prior to, or during the experiment, to avoid confound-

ng the exposure with potential food particles in the water as well
s to minimise the risk of the Cu-NPs absorbing to faecal material
nd to help maintain water quality. The entire experiment had eth-
cal approval under the Animals (Scientific Procedures) Act 1986 in
he UK and fish were also subject to independent health checks.
ish were randomly sampled on day zero (initial stock fish), then
ays 4 and 10 for haematology, plasma analysis, tissue electrolytes,
issue biochemistry (presented in Shaw et al., 2012) and histology
presented here).

.2. Stock solutions and particle characterisation

Stock solutions of CuSO4 and dispersions of nano Cu were pre-
ared as well as characterised exactly as described in detail by Shaw

t al. (2012) using the same stocks. Briefly, powder form of nano
u was obtained from Sigma–Aldrich (manufacturer’s information:
9.9% purity, mean particle size of 50 nm). A fresh 50 ml  stock solu-
ion of 1.0 g l−1 Cu-NPs was made at 6 pm daily by dispersing the
ology 126 (2013) 104– 115 105

NPs in ultrapure water (Millipore, 18.2 M� cm resistance, ion free
and unbuffered) without solvents and stirring (magnetic stirrer IKA
Werke RET basic C, at 300 rpm) for 4 h in a low-density polyeth-
ylene (LDPE) plastic container. This stock was then used to dose
the fish at 10 pm following the evening water change and again at
10 a.m. the following morning (the stock was  stirred for a further
hour prior to the morning dosing event). A 10 ml  subsample was
then taken from the stock for analysis of total Cu by ICP-OES, and
NTA, the remaining stock discarded. The measured primary par-
ticle size in the stock solution was 87 ± 27 nm (mean ± S.D., n = 50,
JEOL 1200EX II transmission electron microscope), and mean aggre-
gate size by nanoparticle tracking analysis (NTA, Nanosight LM10)
was 216 ± 122 nm (mean ± S.D., n = 6) with a mode of 48 nm.  Par-
ticle size distribution measurements by NTA in the tank water
during the experiments were not possible due to the low concen-
trations and interference from other natural colloids in the water
(see Handy et al., 2012 for discussion). Inductively coupled plasma
optical emission spectroscopy (Varian 725 ES) analysis revealed no
metal impurities (data not shown).

A 1 g l−1 CuSO4 stock solution was prepared by dissolving 3.929 g
CuSO4·5H2O (Sigma–Aldrich) in 1 l of ultrapure (Milli-Q) water
with stirring for 30 min  (magnetic stirrer IKA Werke RET basic
C, at 300 rpm). Nominal dosing concentrations in the experimen-
tal tanks were achieved by adding either 0.4 or 2.0 ml of the
CuSO4 stock for the 20 and 100 �g l−1 Cu (as CuSO4) treatments
respectively (with subsequent redosing following each 12 h water
change).

2.3. Histopathology

Histological examinations were performed as described in
Smith et al. (2007) with minor modifications. Fish were exam-
ined at the start (initial fish at day 0, n = 5) and at the end of
the exposure (day 10, n = 6 fish/treatment, 2 fish taken randomly
from each of the triplicate tanks from each treatment). However,
for ethical and veterinary reasons during the experiment, some
interim observations were also made at day 4 (n = 3 fish/treatment,
one from each triplicate tank). Fish were terminally anaesthetised
with an overdose of buffered MS222 and tissue were collected
and fixed into buffered formal saline (250 ml  40% formaldehyde,
10 g NaH2PO4·1H2O, 16.5 g NaH2PO4 (anhydrous), diluted to 2.5 l
with distilled water and buffered to pH 7.2) in the following order:
the second and third gill arch, the hind part of intestine, liver, a
transverse section of the body just anterior to anal fin (includ-
ing kidney, bone, and muscle section) and the whole brain. Tissue
were processed and stained for routine wax  histology, with the
gills decalcified prior to wax processing (Rapid Decalcifier, CellPath
Plc, UK). Routine examinations were made on sections (7 �m)  with
gills stained with Mallory’s trichrome and gut, liver, kidney, mus-
cle and sagittal sections of brain stained with haematoxylin and
eosin (H&E). Photographs were taken using an Olympus Vanox -
T microscope with Olympus digital camera (C-2020 Z). Sub-sets of
slides were scored independently to check for observer bias (neg-
ligible). Slides were also processed in batches containing controls
and treatments to eliminate staining artefacts.

Quantitative histological measurements were made in several
tissues of organs. For the gills, the percentage of injured filaments
was counted from two  randomly selected primary filaments from
the middle of the second gill arch, and at least 80–100 secondary
lamellae were counted in each specimen. The total number of sec-
ondary lamellae with lesions, and the percentage incidence of each
type of lesion were counted. For the gut epithelium, morphometrics

included manual measurements of the diameter of villi, columnar
cell width and columnar cell nuclei width. Similarly, dimensions of
hepatocytes in the liver, nerve cells in the brain, and epithelial cells
in the kidney tubules were also measured. At least ten cells on each
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Table 1
Copper concentrations in the tissue of rainbow trout exposed to control (no added Cu), 20 �g l−1 Cu as CuSO4, or 20 or 100 �g l−1 Cu as Cu-NPs at day 10 of the exposure.

Tissue Treatment

Control 20 �g l−1 Cu (as CuSO4) 20 �g l−1 Cu-NPs 100 �g l−1 Cu-NPs

Gills 0.03 ± 0.01a 0.17 ± 0.02b 0.091 ± 0.03c 0.08 ± 0.01c

Liver 1.79 ± 0.42a 3.15 ± 0.63b 1.52 ± 0.32a 1.95 ± 0.31a

Intestine 0.13 ± 0.04a 0.05 ± 0.01a 0.10 ± 0.03a 0.69 ± 0.21b

Spleen 0.07 ± 0.01a 0.05 ± 0.01a 0.13 ± 0.07a 0.06 ± 0.01a

Brain 0.13 ± 0.02a 0.09 ± 0.01a 0.10 ± 0.01a 0.10 ± 0.01a

Muscle 0.03 ± 0.01a 0.14 ± 0.12a 0.02 ± 0.01a 0.03 ± 0.01a

D −1 nt lett
i .05). 
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ata are mean ± S.E.M., �mol Cu g dry weight tissue, n = 6 fish/treatment. Differe
dentical letters indicating no significant difference (ANOVA or Kruskal–Wallis, P < 0

mage per specimen were measured. In some organs the dimension
f the tissues were also measured manually, in triplicate from three
andom images from each fish, including the total length and thick-
ess of each layer in mesencephalon and cerebellum regions of the
rain and the diameter of renal corpuscles (glomerulus and Bow-
an’s capsule). Fractional areas of tissues in organs were counted
anually from randomly selected area on a section from each fish

image) using the point counting method of Weibel et al. (1966).
here the fractional volume (area) Vi = Pi/PT; and Pi is the number

f points counted, PT is the total number of points on the counting
rid. This method was used to calculate the proportions of hepato-
ytes area and sinusoid space in the liver; the proportion of renal
orpuscles, renal tubule and haematopoeitic tissue in the kidney;
he proportion of nerve cell in the telencephalon brain area and the
roportion of muscle fibres and space among the muscle fibres.

.4. Statistical analysis

Data were analysed by using StatGraphic Plus version 5.1, one
ay analysis of variance (ANOVA) was used to identify treatment-

ffects at the end of the experiment (day 10), and where possible
t day 4. The least squares difference (LSD) post hoc test was used
o identify differences between treatment, or time-effects where
ppropriate. Bartlett’s test was used to check the validity of each
NOVA. In addition, 2-way ANOVA was used to check for treat-
ent × time effects in the data. The Student’s t-test was  sometimes

sed to investigate the differences between pairs of data, where
ppropriate. For non-parametric data, the Kruskal–Wallis test was
sed for data that could not be transformed. Results are presented
s mean ± S.E.M. All statistical analysis used the default 5% rejection
evel.

. Results

Waterborne copper exposure was confirmed by ICP-OES analy-
is of water samples following the dosing of the experimental tanks.
opper concentrations were (mean ± S.E.M., n = 12 water sam-
les per treatment) 3.01 ± 0.02, 22.3 ± 1.7, 102.3 ± 5.7, 19.7 ± 2.8,
nd 100.8 ± 6.9 �g l−1 (for the control, 20 and 100 �g l−1 Cu as
uSO4 and Cu-NP treatments respectively), representing recover-

es of 111.5, 102.3, 98.5, and 100.8% of the nominal concentrations
espectively. Waterborne exposure to both dissolved Cu and Cu-
Ps caused some mortality in the experiment with the former being

ar more toxic. Full details are reported elsewhere (Shaw et al.,
012). Briefly, exposure to 100 �g l−1 dissolved Cu caused 80% mor-
ality in 96 h and for ethical reasons this treatment was  stopped at
ay 4. The other treatments continued for 10 days with cumulative

otal mortalities of 4.8, 16.7, 7.1, and 19.0% for control, 20 �g l−1 Cu
s CuSO4 and 20 and 100 �g l−1 Cu as Cu-NPs respectively. Signifi-
ant accumulation of Cu was observed on/in the gills of all the Cu
reatments, with both Cu-NP groups accumulating less Cu than the
ers denote a statistically significant difference between treatments at day 10, with
Note there were no 100 �g l−1 Cu (as CuSO4) exposed fish present at day 10.

CuSO4-exposed fish by the end of the experiment (Table 1). There
was no statistical difference in branchial Cu accumulation between
the high and low Cu-NP concentrations (Table 1). Elevated levels
of Cu were observed in the intestine of fish exposed to the high
concentration of Cu-NPs only. At the end of exposure to 20 �g l−1

CuSO4, the concentration of Cu increased in the liver, but not in any
of the other internal organs compared to controls. Similarly, there
were no statistically significant increases of Cu in any of the inter-
nal organs from either Cu-NP treatment compared to controls at
the end of the experiment (Table 1).

3.1. Histological observation on the gill

Gill morphology of trout was normal in all the unexposed control
animals (Fig. 1). Exposure to waterborne copper sulphate caused
gill injury. At day 4, trout from the 100 �g l−1 CuSO4-treatment
showed signs of acute Cu toxicity (laboured respiration, disequili-
brium), and, upon histological examination, the gills showed areas
of hyperplasia at the base of the secondary lamellae, oedema of
the gill epithelium, lamellar fusion, clubbed tips, the occasional
aneurism in the secondary lamellae, and swollen mucocytes (Fig. 1).
Exposure to the 100 �g l−1 Cu-NP treatment produced similar gill
pathologies to those observed with CuSO4, although the extent of
the injuries appeared less severe at day 4 in the fish exposed to
Cu-NPs (Fig. 1). No gills were examined from the 100 �g l−1 Cu as
CuSO4 treatment at day 10 because no fish survived. After 10 days
of exposure to 20 �g l−1 of Cu as CuSO4 or Cu-NPs and 100 �g l−1

of Cu-NPs, the lesions were of similar types, but generally worse
than the same treatment at day 4 (Fig. 1). Typically, each lesion
was observed in at least 4/6 of the fish examined per treatment,
with all Cu-exposed fish having more than one type of lesion.

A quantitative analysis of the gill injuries confirmed some
material-type effects in the incidence of some lesions. For example,
at day 10, the proportion of gill lamellae showing fusion increased
with 20 �g l−1 of either Cu as CuSO4 or Cu as Cu-NPs compared
to controls and were all statistically significant from each other
(ANOVA, P < 0.05). Values were (mean percentage ± S.E.M., n = 6
fish); not observed (control), 7.1 ± 0.5 (Cu as CuSO4), and 2.7 ± 0.4%
(Cu as Cu-NPs). There was also a material-type effect for the inci-
dence of swollen mucocytes after 10 days for the 20 �g l−1 of
CuSO4 and Cu-NP treatments (Student’s t-test, P < 0.05). Values
were (mean percentage ± S.E.M., n = 6 fish) 10.2 ± 1.3 (CuSO4) and
14.2 ± 1.9% (Cu-NPs) for swollen mucocytes.

3.2. Histological observation on the gut

The gut of fish from the fresh water control showed nor-

mal  histology (Fig. 2). Exposure to CuSO4 caused mostly minor
injuries to the gut mucosa. At day 4, trout from the 100 �g l−1

Cu as CuSO4 or Cu-NPs showed the occasional areas of oedema,
some swelling of goblet cells, the occasional villus tip with some
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Fig. 1. Gill morphology in rainbow trout following waterborne exposure to CuSO4 or Cu-NPs for 4 days (left column) and 10 days (right column). For day 4 the panels include
(a)  control, (b) 100 �g l−1 Cu as CuSO4, (c and d) 100 �g l−1 Cu as Cu-NPs. For day 10 the panels include (e) control, (f) 20 �g l−1 Cu as CuSO4 (g) 20 �g l−1 Cu as Cu-NPs and
(h)  100 �g l−1 Cu as Cu-NPs. The gills of control fish showed normal histology, whilst all treatments showed injuries that include oedema (Oe), necrosis (N), clubbed tips (Ct),
aneurism (An), mucocytes swollen (Ms), hyperplasia (Hp) and fusion (F). These injuries were greater with CuSO4 than Cu-NPs at day 4 but the situation was reversed by day
10  with some types of lesion (see text for details). Scale bar indicates magnification; sections were 7 �m thick and stained with Mallory’s trichrome. Note the termination of
the  100 �g l−1 CuSO4 treatment after 4 days for ethical reasons.
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Fig. 2. Gut morphology in rainbow trout following waterborne exposure to (a) control, (b) 20 �g l−1 Cu as CuSO4, (c) 20 �g l−1 Cu as Cu-NPs, and (d) 100 �g l−1 Cu as Cu-NPs
for  10 days. The gut of control fish showed normal histology with columnar cells (C) and goblet cells (G). At day 10, all Cu treatments showed similar type of injuries, but
t of vac
s on; se
t

e
u
fi
t
o
i
w
a
t
v
i
e

a
t
t
f
2
u
C
1
n
C
o
t
P

3

d
s

hose  from Cu-NPs were worse than CuSO4. These injuries include the appearance 

welling of goblet cells (SG), and erosion of villi (E). Scale bar indicates magnificati
ermination of the 100 �g l−1 CuSO4 treatment after 4 days for ethical reasons.

rosion of the surface, and the tips of a few villi showing vac-
ole formation and/or evidence of a few necrotic cells (in all three
sh examined/treatment, data not shown). At day 10, fish exposed
o 20 �g l−1 of Cu as CuSO4 or Cu-NPs exhibited similar types
f intestinal changes to those observed above in 4/6 fish exam-
ned from each treatment, with the injuries appearing slightly

orse in the equivalent Cu-NP treatment (Fig. 2). There was  also
 concentration-effect within the Cu-NP treatment at 10 days with
he 100 �g l−1 of Cu as Cu-NPs causing more frequent erosion of the
illus tips, numerous swollen goblet cells, more vacuole formation
n the epithelium, and more necrotic cells (observed in all 6 fish
xamined) compared to the lower NP concentration.

A quantitative analysis of gut mucosa dimensions confirmed
 small material-type effect for only the highest Cu concentra-
ions at the end of the experiment. After 10 days of exposure,
he width of intestinal villi was statistically significant increased
or all Cu-treatments compared to controls but not between the
0 �g l−1 Cu as CuSO4 or Cu-NP treatments (ANOVAs, P < 0.05). Val-
es were (�m,  mean ± S.E.M., n = 6); control, 118.7 ± 0.9; 20 �g l−1

u as CuSO4, 149.4 ± 1.9; 20 �g l−1 Cu as Cu-NPs, 150.0 ± 0.9;
00 �g l−1 Cu as Cu-NPs, 153.9 ± 2.0. The thickness of the intesti-
al mucosa was  also measured. Only exposure to 100 �g l−1

u as Cu-NPs for 10 days showed an increase in the thickness
f mucosa layer (�m,  mean ± S.E.M., n = 6; control, 66.7 ± 1.5;
reated, 74.7 ± 0.9) compared to the unexposed control (ANOVA,

 < 0.05).

.3. Histological observation on the liver
The livers of control fish showed normal histology (Fig. 3). At
ay 4, fish exposed to 100 �g l−1 Cu as CuSO4 or Cu-NPs showed
imilar types of lesion in all three fish examined per treatment,
uoles in the lamina propria (V), hyperplasia (H), necrosis in the mucosal layer (N),
ctions were 7 �m thick and stained with haematoxylin and eosin (H&E). Note the

including the occasional cell with pyknotic nuclei or cytoplas-
mic  vacuoles indicative of the early stages of necrosis in a few
cells, small foci of hepatitis-like cell injury were observed as
well as increase the number of melanomacrophage deposits in
all three fish examined/treatment compared to controls (data not
shown). After 10 days, the types of lesions in the Cu-exposed
fish were similar to those observed in their respective treatments
at day 4; although in addition the occasional separation of the
endothelium from the walls of blood vessels was  observed and
changes in the sinusoid space was  now also evident (see mea-
surements below). One or more of these lesions were observed
in 5/6 fish examined in each of the CuSO4 or Cu-NPs treatment
(Fig. 3).

A quantitative analysis confirmed changes in liver sinusoid
space (data not shown for day 4). At the end of the experiment
(day 10), exposure to 20 �g l−1 Cu as CuSO4 caused a small but sta-
tistically significant increase in the proportion of sinusoid space
(% mean ± S.E.M., n = 6; control, 13.6 ± 0.8; Cu treated, 15.8 ± 0.5,
ANOVA, P < 0.05), compared to the unexposed control. Exposure to
20 or 100 �g l−1 Cu as Cu-NPs had the opposite effect to CuSO4 at
day 10 with a small but statistically significant decrease in the pro-
portion of sinusoid space (% mean ± S.E.M., n = 6; 20 �g l−1 of Cu as
Cu-NPs, 9.3 ± 0.3; 100 �g l−1 of Cu as Cu-NPs, 9.5 ± 0.6), compared
to the unexposed controls (ANOVA, P < 0.05). The material-type
effect was  statistically significant for the changes in sinusoid space.
In the nano treatments the increase in hepatic area (decrease
in sinusoid space) was  accompanied by a fall in the ratio of
the nucleus:hepatocyte diameter (mean ± S.E.M., n = 6; control,

0.36 ± 0.01; 20 �g l−1 of Cu as Cu-NPs, 0.34 ± 0.01; 100 �g l−1 of Cu
as Cu-NPs, 0.32 ± 0.01), indicating cellular hypertrophy as the cause
of the increased hepatic area in the livers with the concomitant
decrease of sinusoid space.
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Fig. 3. Liver morphology in rainbow trout following waterborne exposure to (a) control, (b) 20 �g l−1 Cu as CuSO4, (c) 20 �g l−1 Cu as Cu-NPs, and (d) 100 �g l−1 Cu as Cu-NPs
for  10 days. The livers of control fish showed normal histology with sinusoid space (S). Both materials caused similar types of injuries, although these were worse in the
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quivalent Cu-NP treatment by day 10. These injuries include cells with pyknotic n
acuole formation (V), necrosis (N), oedema in the tissue (Oe), and aggregation of 

ith  haematoxylin and eosin. Note the termination of the 100 �g l−1 CuSO4 treatm

.4. Histological observation on the kidney

The kidneys of control fish showed normal histology (Fig. 4). The
ncidental histology for veterinary purposes in the 100 �g l−1 Cu as
uSO4 or Cu-NPs treatment at day 4 showed occasional degener-
tion of renal tubules, a few necrotic cells in the haematopoietic
issue, minor elevation in the number of melanomacrophage
eposits throughout the kidney, as well as some enlargement in
owman’s space (data not shown). After 10 days of exposure to
0 �g l−1 of Cu as CuSO4 or Cu-NPs and 100 �g l−1 of Cu-NPs, fish
howed the same pathologies as above in five out of six fish exam-
ned from each treatment (Fig. 4).

A quantitative analysis of the alteration observed in the kid-
ey confirmed these observations (data not shown for day 4).
or example, after 10 days there was a statistically significant
ncrease (ANOVA, P < 0.05) in the diameter of Bowman’s corpus-
le in all treatments compared to the unexposed control (�m,
ean ± S.E.M., n = 6; control, 73.8 ± 1.4; 20 �g l−1 Cu as CuSO4,

1.3 ± 1.6; 20 �g l−1 Cu as Cu-NPs, 79.9 ± 1.7; 100 �g l−1 Cu as
u-NPs, 86.1 ± 0.9), with a concentration-effect within the nano
reatments, but no material type effect compared to CuSO4. Cop-
er exposure, regardless of material type or concentration doubled
he size of the Bowman’s space (�m, mean ± S.E.M., n = 6): control,
.3 ± 0.7; 20 �g l−1 Cu as CuSO4, 13.7 ± 1.3; 20 �g l−1 Cu as Cu-NPs,
3.3 ± 2.2; 100 �g l−1 Cu as Cu-NPs, 14.6 ± 0.9, ANOVA, P < 0.05).
he number of melanomacrophage deposits in the kidney after 10
ays showed a statistically significant increase in all treatments
ompared to controls, and also with a material type effect (ANOVA,
 < 0.05; mean ± S.E.M., n = 6; counts/image at ×200 magnification,
otal area of Image 212,400 �m2): control, 277 ± 4; 20 �g l−1 of Cu
s CuSO4, 341 ± 3; 20 �g l−1 of Cu as Cu-NPs, 366 ± 4; 100 �g l−1 of
u as Cu-NPs, 352 ± 2.
(Pn), foci of hepatitis-like injury (IH), foci of melanomacrophages (M), lipidosis (L),
 cell (AB). Scale bar indicates magnification; sections were 7 �m thick and stained
er 4 days for ethical reasons.

3.5. Histological observation on the brain

The brains of fish were removed whole, and the histology is
reported here for the forebrain (telencelon), mid-brain (mesen-
cephalon) and hind brain (metencelon or cerebellum) regions. The
telencephalon of control fishes showed normal structure, but expo-
sure to CuSO4 or Cu-NPs caused similar types of pathology, and this
was evident in the 100 �g l−1 Cu as CuSO4 or Cu-NPs treatment as
early as day 4 with occasional necrotic nerve cell bodies, occasional
cells with pyknotic nuclei and/or vacuole formation in the cell body,
as well as apparently enlarged nerve cells (hydropic change) in all
three fish examined (data not shown). However, by day 10, the
20 �g l−1 Cu as CuSO4 or Cu-NPs and 100 �g l−1 Cu-NPs treatment
also showed the same pathologies as above in four to six fish out of
six fish examined/treatment (data not shown).

A quantitative analysis of the telencephalon at day 10 confirmed
a statistically significant increase in the proportion of enlarged
(hydropic change) nerve cells (% mean ± S.E.M., n = 6): control,
3.0 ± 0.5; 20 �g l−1 of Cu as CuSO4, 9.7 ± 1.3; 20 �g l−1 of Cu as
Cu-NPs, 10.2 ± 1.4; 100 �g l−1 of Cu as Cu-NPs, 10.6 ± 0.7), and
increased incidence of necrosis (% mean ± S.E.M., n = 6; control,
0.4 ± 0.3; 20 �g l−1 of Cu as CuSO4, 7.0 ± 1.4; 20 �g l−1 of Cu as Cu-
NPs, 10.5 ± 1.1; 100 �g l−1 of Cu as Cu-NPs, 9.9 ± 1.3) compared to
the control (ANOVA or Kruskal–Wallis, P < 0.05), and with a small
but statistically significant material type effect for the incidence of
necrosis (more in the nano treatments than CuSO4).

The mesencephalon region of the trout brain was normal in
the control animals (Fig. 5), but after 4 days of exposure to the

highest CuSO4 or Cu-NPs concentration showed similar injuries
including apparent enlargement of blood vessels, minor alterations
in the thickness of mesencephalon layers and occasional rupture
of the periventriculare layer in all three fish examined (data not
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Fig. 4. Kidney morphology in rainbow trout following waterborne exposure to (a) control (b) 20 �g l−1 of Cu as CuSO4, (c) 20 �g l−1 of Cu as Cu-NPs, and (d) 100 �g l−1 of Cu
as  Cu-NPs for 10 days. Kidney of control fish showed normal histology with parietal epithelium of Bowman’s capsule (BC), glomerulus (G), Bowman’s space (BS), proximal
tubules (P), distal tubules (D), and melanomacrophages (M). The types of pathologies were similar for CuSO4 and Cu-NPs, but with more melanomacrophage centres in
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t crosis
h ter 4 d

s
fi
o
l
C
t
fi
t

F
C
(
d

he  latter. These injuries include degeneration of renal tubule (Dg), increased Bowm
ubular  separation (RTS), necrosis of haematopoietic tissue (N), and glomerular ne
aematoxylin and eosin. Note the termination of the 100 �g l−1 CuSO4 treatment af

hown). After 10 days, these alterations were also evident in 5/6
sh from the 20 �g l−1 of Cu as CuSO4 or Cu-NPs and 100 �g l−1

f Cu-NPs treatment. A quantitative analysis of the mesencephalon
ayers confirmed these observations (Fig. 5). Exposure to 100 �g l−1
u-NPs for 10 days caused a statistically significant increase in the
hickness of stratum periventriculare and a decrease in the stratum
brosum et griseum and stratum griseum centrale compared to
he unexposed control (ANOVA or Kruskal–Wallis, P < 0.05) (Fig. 5).

ig. 5. The proportion of alteration in the thickness of mesencephalon tissue layers of the
uSO4, 20 or 100 �g l−1 of Cu as Cu-NPs for 10 days. Data are proportion means as a % ± S
ANOVA, P < 0.05). (#) Significant difference between low and high concentration of Cu-N
ays  for ethical reasons.
pace (BSI), melanomacrophage aggregate (MA), sinusoids were enlarged (S), renal
 (GN). Scale bar indicates magnification, section were 7 �m thick and stained with

ays for ethical reasons.

There was  a concentration-effect within the nano treatments with
the 100 �g l−1 Cu-NPs being worse than 20 �g l−1 Cu-NPs (Fig. 5).

The metencephalon (cerebellum) regions of trout brain showed
normal structure in the controls (Fig. 6). Exposure to 100 �g l−1
of Cu as CuSO4 or Cu-NPs for 4 days showed similar alteration
that included: increases in blood vessel diameter on the ventral
surface of the cerebellum and occasional necrotic cells between
the molecular and granular layer of cerebellum cortex in all three

 brain in rainbow trout following waterborne exposure to control, 20 �g l−1 of Cu as
.E.M., n = 6 fish/treatment. (*) Significant difference from control within treatment
Ps (t-test, P < 0.05). Note the termination of the 100 �g l−1 CuSO4 treatment after 4
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Fig. 6. Cerebellum morphology in the brain of rainbow trout following waterborne exposure to (a) control, (b) 20 �g l−1 of Cu as CuSO4, (c) 20 �g l−1 of Cu as Cu-NPs,
or  (d) 100 �g l−1 of Cu as Cu-NPs for 10 days. The cerebellum of control fish showed normal histology with normal surface architecture and layers of the cerebellum. All
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sh treatments (data not shown). The same alterations were also
vident after 10 days of exposure to 20 �g l−1 of Cu as CuSO4 (5/6
nimals), 20 �g l−1 of Cu as Cu-NPs (4/6 fish), 100 �g l−1 of Cu as
u-NPs (4/6 fish) (Fig. 6).

.6. Histological observation on the muscle

Histology of the trout skeletal muscle shows normal anatomy
n the controls (Fig. 7). Exposure to 100 �g l−1 of Cu as CuSO4 or
u-NPs for 4 days showed an increase in the extracellular space
nd a proportional decrease in the area of the sections muscle fibre
n all three fish examined (data not shown). These changes were
lso evident by day 10 in the 20 �g l−1 of Cu as CuSO4 or Cu-NPs
nd 100 �g l−1 of Cu-NPs treatment (between four to five out of
ix animals/treatment (Fig. 7). A quantitative analysis of the skele-
al muscle confirmed these observations with the proportion of

uscle bundle area decreasing in all the Cu-treatments compared
o the unexposed control (ANOVA, P < 0.05), and with a small but
tatistically significant material-type effect at the 20 �g l−1 con-
entrations. Values for the proportion of muscle bundle area in
keletal muscle were (%, mean ± S.E.M., n = 6): control, 68.6 ± 0.3;
0 �g l−1 Cu as CuSO4, 64.8 ± 0.3; 20 �g l−1 Cu as Cu-NPs, 66.4 ± 0.3;
00 �g l−1 Cu as Cu-NPs, 65.4 ± 0.3, with the remainders being
xtracellular space and connective tissue.

. Discussion

This study details the effects of dissolved Cu compared to Cu-NPs

n the organ integrity of rainbow trout. Overall, the results showed
hat dissolved Cu and Cu-NPs cause similar types of injuries in gill,
ut, liver, kidney, brain and muscle. At day 4, these injuries were
reater with CuSO4 than Cu-NPs, but by day 10 the pathology with
lent Cu-NP exposure by day 10. These injuries include blood vessel abnormality on
r indicates magnification, section were 7 �m thick and stained with haematoxylin

l reasons.

Cu-NPs was  comparable or worse than equivalent CuSO4 treatment,
suggesting a delay in the appearance of Cu-NP pathology compared
to CuSO4.

4.1. Pathological observation in the gill

Copper is a well-known respiratory and ionoregulatory toxi-
cant in fish (reviews, Handy, 2003; Grosell et al., 2007) and there is
some evidence that waterborne exposure to metal NPs may  result
in particle accumulation in or on the epithelial cells (e.g., TiO2,
Moger et al., 2008). The current study showed that CuSO4 and Cu-
NPs caused similar types of gill injuries (e.g., hyperplasia, oedema,
lamellar fusion, clubbed tips, etc., Fig. 1), but these pathologies
appeared earlier (by day 4) in the highest CuSO4 concentration
and with greater injuries than the equivalent concentration of Cu-
NPs. The gills of CuSO4-treated fish also had more Cu accumulation
than the equivalent nano treatment by the end of the experiment
(Table 1). Together, these data suggest that the Cu salt is more
bioavailable and/or bioreactive than the nano form.

Mucus secretion is often the first line of defence to metal
exposure in the gills and can temporarily protect the underlying
epithelium from injury (Handy and Maunder, 2009). Mucus secre-
tion and swollen mucocytes were observed in this study (Fig. 1), and
has been noted in rainbow trout with other nanomaterials (SWCNT,
Smith et al., 2007; TiO2 NPs, Federici et al., 2007). However, in the
present study mucus secretion was not sufficient to protect the gills
from the pathology arising from either CuSO4 or Cu-NP exposure
(Fig. 1). The types of gill pathology reported here for Cu-NPs have

also been reported for waterborne exposures with other nanoma-
terials in trout (SWCNT, Smith et al., 2007; TiO2 NPs, Federici et al.,
2007), and for TiO2 NPs in carp (Hao et al., 2009). Oedema appears
to be a common feature of the gill pathology for nano metals, and
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Fig. 7. Muscle morphology in rainbow trout following exposure to (a) control (b) 20 �g l−1 of Cu as CuSO4, (c) 20 �g l−1 of Cu as Cu-NPs, and (d) 100 �g l−1 of Cu as Cu-NPs
for  10 days. The muscle of control fish showed normal architecture with the muscle cell nucleus (MCN), and muscle fibres (MF). All Cu treatments showed similar types of
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njuries, but with slightly more pathology in the equivalent CuSO4 treatment by day
nd  the occasional area of degeneration within individual muscle bundles (D). Scale
osin.  Note the termination of the 100 �g l−1 CuSO4 treatment after 4 days for ethic

or dissolved metals this is usually explained by inhibition of the
ranchial Na+, K+-ATPase which leads to solute accumulation in
he epithelial cell and the osmotic influx of water. This explanation

ight also apply to Cu-NPs since they also inhibit branchial Na+,
+-ATPase (Shaw et al., 2012), although measurements of intracel-

ular free Cu ion activity from Cu-NPs in gill cells would be needed
o confirm this hypothesis.

The gill also functions in respiratory gas exchange. Waterborne
xposure to CuSO4 is known to cause swelling of the secondary
amellae of the trout gill, resulting in an increase in the diffusion
istance across the epithelium for gas exchange and a systemic
ypoxia (e.g., arterial oxygen partial pressures of <5 kPa within
4 h, Wilson and Taylor, 1993). The hyperplasia, fusion and lifting
f the gill epithelium suggests that Cu-NPs, like CuSO4, could also
ompromise oxygen uptake and contribute to a systemic hypoxia.
ecently Bilberg et al. (2010) also showed that exposure to sil-
er NPs can reduce blood pO2 in fish. The increased incidence
f aneurism in the branchial vasculature with Cu-NPs reported
ere would also suggest some interruptions of gill perfusion that
ight contribute to a systemic hypoxia. Further research on the

xercise performance and swimming behaviour of fish exposed to
u-NPs is required to determine the functional significance of the
ill pathology. Nonetheless, animals with acute branchial oedema
nd epithelial lifting would be unlikely to survive in the wild.

.2. Pathological observation in the gut epithelium
The gut is an important route of Cu uptake in teleost fishes
e.g., Handy et al., 1999) and the anatomy of fish gut lends itself
o particle uptake as a relatively leaky epithelium (compared
o the gills) which also forms absorptive vacuoles for taking up
hese alterations include increased extracellular space between muscle bundles (IS),
dicates magnification, section were 7 �m thick and stained with haematoxylin and
sons.

nutrients (see Clearwater et al., 2005 for an anatomical review
relating to metals). In the present study, the fish were unfed and
the normal gut morphology in time-matched controls at the end of
the experiment suggests this short period without food was  not a
cause of pathology. Likely stress-induced drinking with gut pathol-
ogy has been noted in trout with other nanomaterials (SWCNT,
Smith et al., 2007; TiO2 NPs, Federici et al., 2007). Notably while
the types of gut pathologies for CuSO4 and Cu-NPs were similar
(Fig. 2), the injuries were more severe in the Cu-NP treatment
by the end of the experiment; and the quantitative analysis con-
firmed this difference in severity. The mechanism and biological
importance of the difference in magnitude of the material-type
effect is less clear. The copper concentrations in the gut tissue at
the end of the exposure for the 20 �g l−1 of Cu treatments were
similar for both CuSO4 and Cu-NPs (Table 1), and there was no
material-type effect on intestinal Na+, K+-ATPase or thiobarbituric
acid reactive substances (TBARS) at the end of the experiment
(Shaw et al., 2012); although the reduction in sodium pump activity
and elevated TBARS implicated osmoregulatory disturbances and
oxidative stress as mechanisms for both CuSO4 and Cu-NPs (Shaw
et al., 2012).

4.3. Pathological observation in the liver

The liver is a central compartment for Cu metabolism in fish
and a target organ for Cu accumulation (Grosell et al., 1996; Handy
et al., 1999). The types of injuries reported here for CuSO4 (some

patches of cellular necrosis, changes in sinusoid space, etc., see
Fig. 3) are well-known (Baker, 1969; Figueiredo-Fernandes et al.,
2007; Handy et al., 1999) and often explained by Cu-induced oxida-
tive stress in the liver tissue (Hoyle et al., 2007). Exposure to Cu-NPs
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roduced the same types of pathologies, but the severity was differ-
nt. For example in the 20 �g l−1 treatments, Cu-NPs cause greater
lteration in the proportion of hepatic area and sinusoid space than
uSO4 after 10 days, but this occurred even though the livers from
he Cu-NP treatment showed no statistical increase of new Cu accu-

ulation in the tissue (Table 1). This suggests, more likely, that
 secondary systemic hypoxia is contributing to changes in the
iver with the Cu-NP treatments. This notion is supported by the
ecrease in sinusoid space in the Cu-NP treatments implying some
edirection of blood flow to other internal organs. Functionally,
he aspects of energy metabolism affected in the liver are likely
o be similar for both materials given that the types of pathology
re similar. For example, the decrease in hepatocyte diameter rel-
tive to nuclei diameter suggests (with both substances) that liver
ells are more metabolically active, and the increased presence
f melanomacrophage deposits supports this notion as they are
nown to be involved with recycling of endogenous materials from
amaged cells (Haaparanta et al., 1996). In the absence of meth-
ds to identify Cu-NPs in the liver cells (trout livers can synthesis
ndogenous Cu-containing particles, Lanno et al., 1987), it remains
ncertain if these melanomacophage deposits are also involved in
he removal of Cu-NPs from the tissue.

.4. Pathological observation in the kidney

There are relatively few reports of renal pathology from water-
orne Cu exposure in rainbow trout (Handy, 2003), but the
athologies reported here including some damage to the epithe-

ial cells of the renal tubules, changes in the Bowman’s space, and
n increase in the foci of melanomacrophage deposits (see Fig. 4).
hese pathologies are broadly similar to previous reports on fishes.
or example in the Nile tilapia (Oreochromis niloticus) following

 days of exposure to 46 mg  l−1 Cu, pathologies included tubu-
ar swelling, atrophy of the glomerulus, and necrosis of the renal
pithelium (Kosai et al., 2009). Nano copper showed similar types
f renal pathology as CuSO4 (Fig. 4). At least one study in mice has
lso shown damage to renal proximal tubules, swollen glomeruli
ccompanied by loss of extracellular space in the Bowman’s capsule
fter 72 h of oral gavage of 108–1080 mg  kg−1 Cu-NPs (Chen et al.,
006); and while some details may  be different, these pathologies
re broadly consistent with the findings here in trout. Unfortu-
ately, partly due to the small size of the fish in the present study,

t was not possible to determine total Cu in the urine or kidney tis-
ue. It is therefore uncertain if the pathologies from the CuSO4 or
u-NPs are caused by direct target organ toxicity from internalised
etal in the renal tissue, or an indirect effect.
In freshwater-adapted teleost fishes, the osmoregulatory strat-

gy is to produce a large volume of dilute urine to compensate for
he osmotic influx of water across the body surfaces. Renal filtra-
ion rate is therefore critical to survival. The almost doubling in the
ize of the Bowman’s space with either CuSO4 or Cu-NPs implies
hat water is being drawn osmotically into the space, presumably
rom glomerular filtration, but is not likely to be moving along the
bstructed tubule lumens (damaged epithelial cells) and it seems
ikely that urine flow would be compromised. This is consistent

ith a dilution of plasma electrolytes in the same fish (Shaw et al.,
012). However, at least one study has shown the maintenance
f creatinine clearance in trout exposed to mg  levels of TiO2 NPs
Scown et al., 2009), implying that glomerular filtration rate (GFR)
an be maintained in some exposures with less toxic NPs. The only
otable material-type effect of Cu-NPs on renal pathology was  an

ncrease in the number of melanomacrophage deposits compared

o the CuSO4 treatment and unexposed controls. This is largely a
aematopoietic response and is well known for metals in fish kid-
ey and for CuSO4 (Handy, 2003), but the observed material-type
ffect implies there may  be some additional inflammation stress on
ology 126 (2013) 104– 115 113

the haematopoeitic system with the nano form. However with so
little known about the effects of metal NPs on the renal physiology
of fishes (review on fish physiology, Handy et al., 2011), much more
research is needed.

4.5. Pathological observation in the brain

There are relatively few detailed reports of regional brain
pathologies in fishes from toxic metals, and most of these have
been for dietary exposures (Hg, Berntssen et al., 2003; Cu, Handy,
2003). In this study, histological examination of the main regions of
the brain following exposure to CuSO4 showed injuries that include
occasional necrosis of some nerve cells and the occasional vacuole
formation in the telencephalon; minor alteration in the thickness
of mesencephalon with parts of the preventriculare layer being
damaged; as well as enlargement of blood vessels on the ventral
surface of the cerebellum (Figs. 5 and 6). Vascular injury on the
surface of the brain, necrotic cell bodies and small foci of vacuoles
in the optic lobe and cerebrum of trout have also been observed
with SWCNT (Smith et al., 2007). The functional consequences of
changes in the brain for animal behaviour and locomotion remain
unclear in this experiment. However, previous studies on dietary
Cu where the appearance of vacuoles and necrotic cells in the
brain also occurred (without measurable increases in brain Cu con-
tent) resulted in changes in circulating serotonin/melatonin levels
(Handy, 2003) and loss of circadian locomotor activity patterns
(Campbell et al., 2002). The latter has potentially severe ecological
consequences for a predator that feeds at dawn and dusk, as well
as a big impact on their social status and competitiveness within
a school of fishes (Campbell et al., 2005). It is therefore a substan-
tial ecological concern that the same brain pathologies are evident
for Cu-NPs (Figs. 5 and 6). Moreover, the quantitative analysis con-
firmed that the effects of Cu-NPs were greater at day 10 than the
equivalent concentration of CuSO4.

The accumulation of new Cu in the brain of fishes was not
observed in the present study, and like previous report of Cu in
fishes, the effects on the brain are best explained by indirect toxic-
ity on neuro-endocrine functions and/or by hypoxia (Handy, 2003).
Some recent work on rodents has shown that the administration of
Ag-, Cu-, or Al/Al2O3-NPs can cause disruption of the blood brain
barrier (BBB) and brain oedema (Sharma et al., 2010). While the
possibility of direct Cu or Cu-NP entry into the brain cannot be com-
pletely excluded here, systemic hypoxia resulting from damaged
gills seems a more likely explanation. The enlarged blood vessels on
the surface of the brain are consistent with an attempt to increase
blood flow to offset the effects of hypoxia. Cu-NPs and CuSO4 caused
some changes in the relative thickness of the layers in the mid-
brain. This cannot be due to differential tissue growth over 10 days
and is almost certainly related to oedema. The rupture of preven-
tricular layer points to an enlargement of the adjacent ventricle
(with fluid) or inflammation within the cerebral–spinal fluid com-
partment. The aetiology of Cu and Cu-NP pathology in the brain
needs further investigation, but it is clear from these observations
that several physiological dysfunctions (osmotic, metal homeosta-
sis, oxidative stress, vascular) may  be contributing to the pathology.

4.6. Pathological observation in the muscle

Copper is known to cause a decrease in the size of skeletal mus-
cle fibres with a concomitant increase in extracellular space in the
muscles of gold fish (Vogel, 1959), and these observations are also
consistent with the findings here for CuSO4 in trout (Fig. 7). The

functional consequences for trout exposed to CuSO4 are well known
and can include spending more time at lower swimming speeds
(Campbell et al., 2002; Handy et al., 1999), as well as depletion
of muscle glycogen stores (Campbell et al., 2005). These effects
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sually occur without appreciable increases of new Cu accumu-
ation in the muscle (Handy et al., 1999), implying indirect toxic
ffects of CuSO4 on muscle function. This was also the case in the
resent study with no measurable increase in the total Cu con-
entrations in the muscle from either CuSO4 or Cu-NP exposures
Table 1). However, the effects of Cu-NPs on muscle have not been
reviously reported. Exposure to Cu-NPs caused similar types of

njuries to CuSO4 including with a decrease in the relative pro-
ortion of muscle fibre area compared to controls (Fig. 7). The
uantitative histological analysis of trout muscle fibre dimensions
onfirmed a small but statistically significant material-type effect,
ith the CuSO4 causing slightly more changes in the muscle struc-

ure than the Cu-NPs. This implies the functional consequences for
uscle function during Cu-NP exposure may  be similar to those

nown for CuSO4, but probably less severe. However, swimming
peed and its relationship with muscle biochemistry needs further
nvestigation with Cu-NPs.

In conclusion, this study has demonstrated from the viewpoint
f pathology that the target organs for Cu-NPs are similar to those
or CuSO4. It has also demonstrated that the types of pathologies
aused by Cu-NPs are similar to those known for Cu metal salts,
ut there may  be a short time delay in the appearance of the Cu-
P pathologies. There are also some organ-specific material-type
ffects with Cu-NPs causing more injury in the intestine, liver and
rain than the equivalent concentration of CuSO4 by the end of the
xperiment. However the reverse was true in the gill and muscle
here Cu-NPs are less effective at producing pathology, and lit-

le difference between the materials in the kidney. For CuSO4, it is
ell known that organ pathology is not necessarily associated with
irect Cu accumulation in all of the internal organs, because of sec-
ndary oxidative stress and hypoxia during the metal exposure.
his aspect needs further investigation for Cu-NPs, but like CuSO4,
t would be prudent to consider the possibility that some injuries
ould occur without the presence of exogenous Cu particles or Cu
etal in the internal organs.
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