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Acute exposure to commercially-relevant zinc oxide nanoparticles (nZnO) can alter heart function and induce a
cellular stress response in gill tissue of the white sucker (Catostomus commersonii), a freshwater teleost fish. The
current study aimed to identify potential mechanisms underlying the cardiorespiratory effects of nZnO exposure
and to characterize the ecophysiological importance of nZnO toxicity. Gill morphology in white suckers exposed
to nZnOwas examined by scanning electronmicroscopy and indications ofmild irritationwere observed. Cardio-
respiratory function was assessed using electrocardiography and opercular pressure fluctuations and the caudal
artery was cannulated for injection of the acetylcholine receptor antagonist atropine to eliminate vagal influence
on the heart. Exposure to nZnO had no significant effect on heart rate under the conditions tested, but ventilation
rate rose ~30% in treated fish. Administration of atropine increased ventilation rate by 55% in control fish but had
no effect in treated animals, indicating that nZnO alters parasympathetic control of respiration. Heart acetylcho-
linesterase activity decreased in nZnO-exposed fish, implying impaired acetylcholinemetabolismmay contribute to
cardiorespiratory toxicity. Exposure to nZnO did not activate anaerobic metabolism, as we observed no changes in
muscle lactate dehydrogenase kinetics or pH sensitivity. Decreases in both the maximum rate of oxygen consump-
tion and aerobic scope indicate that exposure to nZnO reduces the aerobic capacity of the animal and suggests the
observed toxicity has potential ecological importance. Overall, our findings suggest that nZnO-mediated damage to
the gill epithelium alters cardiorespiratory regulation and subsequently impairs oxygen uptake and delivery.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Nanoscale zinc oxide (nZnO) is a semiconductor and absorbs ultravi-
olet light, lending itself well to incorporation into electronics, solar
panels, pigments in paints and cosmetics, sunscreens, and as a photocat-
alytic agent for detoxification and environmental remediation (Hao and
Chen, 2012). Global nZnO production is estimated at 550 tons per year
(Piccino et al., 2012), and its release into the environment (mainly in
wastewater) exceeds 250 tons per year (Danovaro et al., 2008; Wong
et al., 2010). Once in the environment, most nZnO is likely to precipitate
due to its poor colloidal stability (Liu et al., 2014). In the sediment, nZnO
is slow to degrade, lasting at least 14 dayswith no detectable changes to
particle size (Gimbert et al., 2007). Bottom feeders such as the white
sucker (Catostomus commersonii) used in this study can disturb the sed-
iment potentially creating a localized zone of high nZnO concentration,
making them of particular interest in toxicology studies. nZnO toxicity
has been linked to two main mechanisms, oxidative stress and direct
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engineered nanomaterial (ENM)-protein interactions. The semiconduc-
tor nature of nZnO allows it to create reactive oxygen species (ROS) by
passing electrons through structural defects to the local environment
(Sharma et al., 2012; Xia et al., 2008). These ROS can then nonspecifically
oxidize proteins and lipids, leading to loss of function and subsequent
toxicity (Song et al., 2010). nZnO-induced lipid oxidation has been
shown to reduce mitochondrial membrane potential, leading to mito-
chondrial dysfunction and the induction of apoptosis (Guo et al., 2013;
Song et al., 2010; Xiong et al., 2011). Other studies have presented evi-
dence that nZnO may directly interact with proteins to exert toxicity.
Exposure to nZnO delayed hatch in zebrafish embryos by inhibiting the
protease enzyme which weakens the chorion to facilitate hatching (Ong
et al., 2014). Proteins can bind to ENMs, leading to protein denaturation
and/or loss of function (Dieni et al., 2013; MacCormack et al., 2012).

We have previously shown induction of oxidative stress in white
suckers from a relatively short exposure to nZnO (1.0 mg L−1 for 25 h;
Dieni et al., 2014) and it triggers significant oxidative stress, develop-
mental problems, and delayed hatch in zebrafish (Bai et al., 2010; Yu
et al., 2011; Zhu et al., 2009, 2008). It is clear that aquatic nZnOexposure
can induce biochemical indicators of toxicity in fish but evidence of the
physiological importance of these responses is equivocal. Exposure to
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silver ENMs sensitizes fish to hypoxia (Bilberg et al., 2010) and disrupts
ion homeostasis (Schultz et al., 2012) but ionic silver is awell character-
ized toxin in freshwater fish and may contribute to such responses.
White suckers acutely exposed to nZnO exhibited bradycardia andmul-
tiple indicators of gill damage but resting oxygen consumption rates
(MO2) did not change significantly (Bessemer et al., 2015), and there
was little evidence of osmotic stress, suggesting only minor physiologi-
cal consequences. To clarify the biological relevance of these responses,
we quantified maximal O2 consumption, aerobic scope, and sensitivity
to hypoxia in fish acutely exposed to nZnO.

Gills have a large surface area with a high density of membrane pro-
teins functioning in gas and ion exchange, excretion of nitrogenous
wastes, and pHmaintenance (Evans et al., 2005). A number of ENM for-
mulations damage gill tissue (Federici et al., 2007; Smith et al., 2007)
and previous work in our lab has suggested that nZnO exposure may
impact gill chemoreceptor function (Bessemer et al., 2015). Teleost
gills have independent, differentially innervated clusters of
neuroepithelial cells (NECs) which act as chemoreceptors to detect ei-
ther environmental or arterial O2 partial pressures (PO2). These recep-
tors regulate heart (fh) and ventilation (fv) rates as part of the hypoxic
response, and in most species fh drops and fv increases to maximize O2

uptake and delivery when O2 availability is limited (Milsom and
Burleson, 2007; Perry and Desforges, 2006; Taylor et al., 2009). Hypoxia
induces a depolarization of NECs, which is transmitted through the af-
ferent and efferent vagus nerves to eventually release acetylcholine
(ACh) at the sinoatrial node of the heart, lowering fh (Milsom and
Burleson, 2007; Regan et al., 2011). It is possible that ENM-induced
gill damage could impact NEC function, causing a depression of fh simi-
lar to a hypoxic bradycardia, as seen in white suckers (Bessemer et al.,
2015). To investigate if this bradycardia is associated with changes in
gill NEC induction of vagal signaling, we exposed fish to nZnO in the
presence of atropine to block ACh receptors on the cardiac pacemaker.
We also assessed the effects of nZnO exposure on acetylcholinesterase
(AChE) activity in heart and gill to determine if reduced removal may
lead to the accumulation of ACh and subsequent effects on fh.

The hypoxic response in some freshwater teleosts is linked to gill re-
modeling and it is possible that some changes in the gills of fish exposed
to nZnO are due to remodeling, rather than damage.When O2 availabil-
ity is not limiting, species like the crucian carp (Carassius carassius) ex-
hibit an interlamellar cell mass (ILCM) that reduces gill surface area and
minimizes the energetic costs of ion regulation (Sollid and Nilsson,
2006). Hypoxia leads to loss of the ILCM through apoptosis in order to
increase surface area and improve O2 uptake. If nZnO exposure stimu-
lates gill NECs and triggers a pseudo hypoxic response in white suckers,
the observed increase in heat shock protein expression, caspase activity,
and NKA activity may be linked to gill remodeling (Bessemer et al.,
2015). We investigated this possibility through electron microscopy
analysis of gills collected from control and nZnO exposed fish.

The objectives of this studywere two-fold; thefirstwas to character-
ize the physiological impact of acute nZnO exposure on a model fresh-
water fish to determine if this common ENM significantly impacts
whole-animal performance. Our secondobjectivewas to identify poten-
tial mechanisms underlying the changes in fh and gill biochemistry pre-
viously observed in fish exposed to nZnO. We focused on a well-
characterized, commercially-available nZnO formulation commonly in-
cluded in consumer products and industrial applications.

2. Methods

2.1. Nanoparticles and characterization

Spherical, unfunctionalized nZnO were purchased from Nanostruc-
tured & Amorphous Materials Inc. (New Mexico, United States) and
were a different batch of the same product used in our previous study
(Bessemer et al., 2015). The particles had an advertised diameter of
25 nmand a zeta-potential (ζ) of+23.7mV. Additional characterization
was performed on this batch of nZnO to confirm the advertised specifi-
cations and the analyses previously carried out on this formulation in
our laboratory (Bessemer et al., 2015; Dieni et al., 2014). Hydrodynamic
diameter (144 nm) was assessed by dynamic light scattering with a
Zetasizer Nano ZS (Malvern Instruments Ltd.; Worcestershire, United
Kingdom) as done previously (Dieni et al., 2014). The ζ-potential was
confirmed to be +21.1 mV, as in a previous study (Dieni et al., 2014),
and was comparable to the curator's specifications. Scanning electron
microscopy was used to confirm primary particle size as described pre-
viously (Dieni et al., 2014). Dissolution of this nZnO formulation was
previously assessed via inductively coupled plasma mass spectrometry
and release of free Zn2+ over 24 h was found to be below detection
limits (0.05 mg L−1; Bessemer et al., 2015). Given that studies were
run in the same source water and that all other physicochemical charac-
teristics of this nZnO batch were comparable, dissolution was not
reassessed and is assumed to be negligible. In the absence of nZnOdisso-
lution, a ‘positive control’ group exposed to free Zn2+ was deemed
inappropriate.

Concentrated exposure stock solutions of 10 or 1.0 mg mL−1 (de-
pending on the experiment) were prepared immediately before use
by suspending dry nZnO powder in ddH2O. The nZnO was dispersed
by sonication (F60 Sonic dismembrator, Fisher Scientific, Waltham,
MA) for 30–180 s, at full power.

2.2. Animal collection and holding

White suckers (Catostomus commersonii) weighing 245± 30 gwere
caught in Silver Lake (a freshwater lake naïve to industrial nZnO sources
in Sackville, NB, Canada) by Fyke trap and immediately transported to
the Harold Crabtree Aqualab at Mount Allison University. Fish were
held in darkened 100 L tanks at 11 ± 1 °C. Water quality parameters,
as previously presented (Bessemer et al., 2015) were: pH 7.46,
1240 μohm cm−1 conductivity, 660 mg L−1 total dissolved solids, and
323 mg L−1 hardness (as CaCO3). Animals were fed to satiation daily
with commercially-available sinkingpellets (Corey FeedMills Ltd., Fred-
ericton, NB, Canada). Animals were acclimated at least 2 weeks prior to
experimentation, and were not fed in the preceding 24 h. All experi-
mentationwas in accordancewith guidelines established by theCanadi-
an Council on Animal Care and protocols were approved by the Mount
Allison University Animal Care Committee.

2.3. Experiment 1: effects on nZnO exposure on cardiorespiratory function

2.3.1. Surgical procedures
Fish were fitted with a PE-50 (Clay Adams Intramedic, Becton, Dick-

inson and Company, Franklin Lakes, NJ, USA) cannula in the caudal ar-
tery for pharmaceutical or sham injections. An incision c.a. 2.5 cm long
was made just below the lateral line of the fish above the anal fin. The
muscle tissue was gently teased apart using cotton swabs to expose
the caudal artery. A vertical incision was thenmade in the caudal artery
and the cannula inserted approximately 3 cm. The cannula contained
heparinised, modified Cortland saline (in mmol L−1: 120 NaCl, 0.88
CaCl2, 0.90 MgSO4, 3.35 KCl, 2.25 NaH2PO4, 5.00 NaHCO3, 0.010 HEPES,
2.78 glucose, 4.00 sodium pyruvate, and 100 U mL−1 sodium heparin,
pH 7.5). Hemorrhaging stopped immediately upon insertion of the can-
nula and proper placement was confirmed by withdrawing blood. The
incision was closed with 4 sutures and the cannula anchored to the
tail via a fourth suture placed approximately 0.5 cm posterior to the
incision.

Heart rate was assessed using electrocardiography (ECG) as previ-
ously described (Bessemer et al., 2015). Briefly, fish were anaesthetized
in buffered tricaine methanesulfonate (TMS) (150 mg L−1 TMS,
300mg L−1 sodiumbicarbonate) until unresponsive and then ram-ven-
tilated with a maintenance TMS dose (75 mg L−1, 150 mg L−1 sodium
bicarbonate) for the course of the surgery. Two 10 mm subdermal F-
E2 10 electrodes (Natus Neurology Incorporated - Grass Products,
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Middleton, WI) were implanted under the surface of the skin along the
pectoral girdle on either side of the heart and secured by a single suture.
Ventilation frequency was measured using an MLT844 Physiological
Pressure Transducer (ADInstruments, Colorado Springs, CO) attached
to a section of PE-160 tubing. Approximately 3 cm of tubingwas passed
behind the operculum into the buccal cavity and secured by sutures.
Both the ECG leads and the ventilation cannula were then secured to
the body of the fish by an additional suture above the left-hand lateral
line at the approximate midpoint, allowing the fish to swim
unrestrained.

Fish were allowed to recover post-surgery in a modified 40 L cooler
filledwith 30 L continuously-aerated freshwater at 10 °C,with an aquar-
ium pump to ensure sufficient mixing within the system. A length of
ABS pipe, perforated to allow for water flow, was used to contain the
fish and prevent tangling or displacement of cannulae or lead wires as
previously described (Bessemer et al., 2015). Animalswere left to recov-
er overnight (15.5 h) before experiments were initiated. All animals
were run individually in the same experimental system. Treatments
were performed in a random order and the system was thoroughly
cleaned between each run.

Regardless of treatment, animals were immediately sacrificed at the
end of experimentation by an anaesthetic overdose in an 8 L freshwater
bath containing 300mg L−1 TMS, bufferedwith 600mg L−1 sodium bi-
carbonate, until ventilation ceased. Fishwere then killed by severing the
spinal cord and tissue sampleswere collected, immediately flash-frozen
in liquid nitrogen, and stored at−80 °C until use.

2.3.2. Experimental protocol
Following 15.5 h recovery, fish were treated with either nZnO or a

sham addition of an equivalent volume of ddH2O. For nZnO exposures,
30 mL of a 10 mg mL−1 stock solution was added directly to the water
surrounding the animal to achieve a final nominal nZnO concentration
of 10 mg L−1. Experiment 1 focused on identifying mechanisms under-
lying nZnO bioactivity, therefore we did not attempt to replicate envi-
ronmentally relevant exposure conditions. The chosen nZnO
concentration is higher than the 1.0 mg L−1 dose used previously
(Bessemer et al., 2015) to provide additional insight into potential
dose-response effects. Five hours post-nZnO or sham treatment, fish
were injected with either 1.2 mg kg−1 body mass atropine sulfate pre-
pared in heparinized Cortland saline (as described above), or a saline
only sham. The fish were then monitored for an additional 20 h before
being sacrificed and tissues sampled, as described above. Each trial
(N=6 all treatments except N=5post-atropine nZnO)was comprised
of a single fish in the tank. Samples of heart, brain, and liver tissue from
selected animals in Experiment 1 were digested in nitric acid and ana-
lyzed for total zinc content using inductively coupled plasmamass spec-
trometry (ICP-MS, method reference EPA 200.8/EPA 200.7) by an
accredited, independent laboratory (RPC Science & Engineering, Freder-
icton, NB, Canada).

2.4. Experiment 2: activation of anaerobic metabolism by nZnO exposure

Previous work suggested that nZnO exposure (1.0 mg L−1 for 25 h)
initiated a pseudo hypoxic response in white suckers (Bessemer et al.,
2015). Although exposure to nZnO did not impact glycogen stores or
plasma lactate and glucose, it did significantly reduce aconitase activity,
suggesting aerobic metabolism may be impaired (Dieni et al., 2014). To
investigate this possibility, we characterizedwhitemuscle lactate dehy-
drogenase (LDH) kinetics in fish exposed to nZnO or control conditions.
Randomly selected fish (N = 10 both treatments) were individually
placed inside themodified cooler system containing 30 L of continuous-
ly circulated and aerated well water at 10 °C. Within the cooler, fish
were placed inside a perforated 10 cm diameter ABS pipe to mimic
the holding conditions utilized in the cardiorespiratory and respirome-
try studies (see below). Animals were allowed to acclimate overnight
before being exposed to either 1.0 mg L−1 nZnO or a sham addition of
ddH2O. Exposures lasted 30 h before fish were euthanized by an anes-
thetic overdose and white muscle tissue sampled, flash frozen in liquid
N2 and stored at−80 °C.

2.5. Experiment 3: effects of nZnO exposure on physiological performance

2.5.1. Intermittent closed-loop respirometry
Intermittent closed-loop respirometry was employed to measure

maximumO2 consumption rate (MO2max), resting oxygen consumption
rate (MO2rest), and critical O2 tension (Pcrit). A Q-BOX AQUA respirome-
try system (Qubit Systems, Kingston, ON)was housed inside amodified
cooler containing 30 L air-saturated freshwater at 11 ± 1 °C as in our
previous study (Bessemer et al., 2015). Oxygen consumption measure-
ments were taken over 5 min with 10 min flushes with aerated water
between measurements.

An exhaustive chase protocol was used to stimulate MO2max. Multi-
ple studies have shown this method to be as or more effective at stimu-
lating MO2max than critical swimming speed tests (Reidy et al., 1995;
Soofiani and Priede, 1985). Single white suckers (N = 7 both treat-
ments) were moved from their holding tank to a darkened, cylindrical
chase tank containing 30 L air-saturated freshwater maintained at
11 ± 1 °C. Fish were then exposed to either 1.0 mg L−1 nZnO or a
sham addition of an equivalent volume of ddH2O for 15 h. After expo-
sure, fish were chased by hand until they were no longer responsive
(approx. 3–5 min) (Reidy et al., 1995). Animals were then immediately
transferred into the respirometry system and MO2max recorded, with
nZnO present at 1.0 mg L−1 for treatment fish. Oxygen consumption
was continually monitored for an additional 25 h to allow recovery
from the chase protocol and determination of MO2rest.

2.6. Analytical procedures

2.6.1. Acetylcholinesterase activity
AChE activity was assessed in samples of brain, heart ventricular

muscle, and gill tissue (from the first arch) taken from white suckers
in Experiment 1 (Section 2.3). AChE cleaves ACh into acetic acid and
choline. AChE activity was quantified using a commercially available
kit (ab128871, Abcam Inc., Toronto, ON) according to the
manufacturer's instructions. Briefly, samples were thawed and immedi-
ately homogenized in assay buffer using a hand-heldmini-homogenizer
(Argos Technologies Pestle Mixer, Thomas Scientific, Swedesboro, NJ).
Samples were then diluted appropriately and mixed into a reaction
buffer containing ACh and 5.5′-dithiobis-(2-nitrobenzoic acid)
(DTNB). Enzyme activity was measured at 410 nm by a Spectramax
190 microplate spectrophotometer (Molecular Devices, Sunnyvale, CA,
USA) and SoftMax Pro software.

2.6.2. Lactate dehydrogenase kinetics
White muscle samples from animals in Experiment 2were homoge-

nized using a Polytron ®PT 10/35 GT (Kinematica Inc., Bohemia, NY) for
3 × 10 s at 1:5 (w:v) buffer containing (inmmol L−1): Na3PO4 50, EDTA
5, EGTA 5, β-mercaptoethanol 10, β-glycerophosphate 30,
phenylmethanesulfonyl fluoride 1, pH 7.2. Samples were then centri-
fuged at 10,000 ×g for 10 min at 4 °C. The resultant pellets were
discarded, and the supernatants kept on ice. LDH activity assays were
carried out in a 300 μL reaction at a final concentration of
50 mmol L−1 Na3PO4 (pH 7.2) containing 30 μL diluted supernatant.
Maximum enzyme activity (Vmax) was determined across a pH range
of 6.20 to 8.20 using saturating substrate concentrations of 0.500 mM
pyruvate and 1.60mMNADH in the forward (pyruvate to lactate) direc-
tion, and 10.0mM lactate and 1.00mMNAD+ in the reverse (lactate to
pyruvate) direction. LDH activity was measured at 340 nm using a
Spectramax 190microplate spectrophotometer. The Michaelis constant
(Km) for each substrate was also assessed by holding one substrate at
saturating concentration while varying the other from approximately
0.01–2× its saturating concentration. The resulting affinity curves



Fig. 1. Scanning electron micrograph of a dried nZnO suspension. The sample was coated
with ca. 5 nm gold and images were collected using a JSM-5600 (JEOL USA, Inc., Peabody,
MA) scanning electron microscrope at 10 kV and 8 mm working distance. Scale bar =
200 nm. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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were fit with a Michaelis-Menten model to determine Km. These assays
were validated to ensure that the potential presence of nZnO did not
cause bias in the assay methodology, as interactions between ENMs
and enzymes or assay components may lead to data artefacts
(MacCormack et al., 2012; Ong et al., 2014). nZnO was added to control
supernatants at a final concentration of 1.0mg L−1. The Vmax of LDHwas
then assessed between nZnO- and sham-treated supernatants to ensure
nZnO had no direct effect on the assay's validity.

2.6.3. Gill scanning electron microscopy analysis
The upper portion of the second gill arches from fish in Experiment 3

were analyzed by SEM to determine if nZnO exposure led to epithelial
remodeling or damage. Similar gill samples were also analyzed from 5
fish taken directly from the holding tanks to ensure the chase protocol
did not influence gill morphology. Once excised from the animal, gill fil-
amentswere cut into portions of approximately 1mm2, washed 3 times
with 100 mmol L−1 Na3PO4 buffer (pH 7.4), and fixed in 2.5% glutaral-
dehyde in the same buffer. Samples were then kept at 4 °C for up to
2 weeks before further processing. Samples were rinsed 4 times in
Na3PO4 buffer, beginning at 4 °C and warming stepwise to room tem-
perature. Samples were then dehydrated in stepwise ethanol solutions
in water (20, 50, 70, 85, 95%) for 10 min at each step, followed by
4 × 10 min rinses in anhydrous ethanol. They were then critical point
dried in liquid CO2 using a DCP-1 critical point drying apparatus (Den-
ton North America, Moorestown, NJ) and mounted on 32 mm alumi-
num specimen supports using colloidal graphite. Samples were
sputter-coated with 20 nm Au using a Hummer 6.2 sputtering unit
(Anatech USA, Union City, CA) with argon as the source gas. Samples
were imaged with a JSM-5600 SEM (JOEL USA, Peabody, MA) operating
at 10 kV and a 48mmworking distance. Occurrence frequency of apical
pits of c.a. 0.5–2 μmdiameter, mucous cells, and ionocytes of c.a. 4–8 μm
width on the filament epithelium were noted in three representative
zones of an image at a magnification of 500×, in randomized images
to prevent viewer bias. To distinguish between cells, pavement or epi-
thelial cells were identified by size and the presence of microridges
andmicrobridges (Tano de la Hoz et al., 2014). Mucous cells were iden-
tified by size, concavity, and the presence of mucous globules (Tano de
la Hoz et al., 2014). Mitochondria-rich cells or ionocytes were identified
by concavity, size, surface texture, and confirmed by relative abundance
(Dymowska et al., 2012; Tano de la Hoz et al., 2014). All histology was
conducted blindly on randomized samples.

2.7. Data analysis and statistics

During experimentation, ECG signals were passed through a P55 AC
pre-amplifier (Grass Products) whichwas grounded to a reference elec-
trode placed in the tank water. Amplified ECG signals were collected on
a PowerLab 8/26 data acquisition system (ADInstruments) and ana-
lyzed using default settings on LabChart 8 software equipped with an
ECG analysis module. Signals from the pressure transducer attached to
the ventilation cannula were passed through a bridge amplifier and
data collected using the same PowerLab. The pressure transducer was
calibrated to 0 and 20 cm H2O using a static water columnmanometer.
Heart and ventilation rateswere determinedmanually on LabChart 8 by
averaging the number of events over a 5 min interval each hour. Early-
exposure data (pre-atropine injection) were analyzed by combining
both no-atropine and atropine-injected groups by their respective con-
trol or nZnO treatments.

For Experiment 3, rates of O2 consumption were determined each
hour by linear regression of a representative 5minO2 trace and convert-
ed to MO2 using functions in the LoggerPro software (Vernier Software
and Technology, Beaverton, OR, USA). Rates were corrected for bacterial
O2 consumption in the system by running the system without a fish in
the chamber. Aerobic scope was calculated as the difference between
MO2max, immediately following the chase protocol, and MO2rest after
the animal had recovered for 24 h.
All statistical analyses were completed using SPSS 21 (IBM Corpora-
tion, Armonk, NY). Data were tested for homogeneity of variance or
sphericity, as appropriate. Heart rate and fv changes pre- and post-atro-
pine, AChE activity, individual aerobicmetabolismparameters (MO2max,
MO2rest, and aerobic scope), and LDH kinetic parameters (Vmax and Km)
were compared by unpaired two-tailed t-test. Time course data on fh
and fv, as well as MO2 during the aerobic scope trial were analyzed by
split-plot ANOVA. Gill SEM image cell occurrence frequencies were
compared by unpaired two-tailed t-test. LDH Vmax data over a pH
range was normalized to the pH 7.2 value for each treatment and direc-
tion, and analyzed by split-plot ANOVA. In all statistical tests, signifi-
cance was assigned at p b 0.05.

3. Results

3.1. Nanoparticle characterization

Fig. 1 shows an SEM image of the nZnO utilized in the study,
confirming the advertised primary particle diameter of 25 nm. Dynamic
light scattering analysis of an nZnO suspension indicated a hydrody-
namic diameter of 144 nm and ζ-potential of +21.1 mV, comparable
to the manufacturer's specifications of +23.7 mV.

3.2. Experiment 1: tissue zinc accumulation and cardiorespiratory impact of
nZnO exposure

Brain, heart, and liver tissue from a subset of control and 10 mg L−1

nZnO-exposed fish (N = 3 for each treatment) were analyzed for total
zinc content to investigate potential uptake of nZnO or accumulation
of Zn2+ associated with nZnO degradation. There were no significant
differences between total zinc content across treatment groups in any
of the tissues examined. Total zinc content in brain (7.2 ± 0.6 vs
8.0 ± 0.1 μg g−1), heart (19.6 ± 0.9 vs 19.0 ± 1.4 μg g−1), and liver
(36.8 ± 3.1 vs 35.0 ± 3.4 μg g−1) were similar between control and
nZnO-exposed fish, respectively, suggesting little to no uptake of nZnO
or Zn2+ in these tissues under the acute exposure regime tested.

Fig. 2 illustrates findings from cardiorespiratory analysis of white
suckers exposed to 10 mg L−1 nZnO in Experiment 1. In a previous
study, exposure to 1.0 mg L−1 of the same nZnO formulation triggered
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a significant decrease in fh after 15 h (Bessemer et al., 2015). In the cur-
rent study, fh did not change with nZnO treatment at any point within
the exposure period. Resting fh prior to sham or nZnO treatment was
higher than in our past study (~35 vs. 27 beats min−1, respectively),
likely due to the additional stress associated with the arterial cannula-
tion procedure. In control fish, fv tended to slow in thefirst 5 h following
sham addition of ddH2O. In contrast, fv rose by ~30% over the same time
Fig. 2.A, heart (fh) and B, ventilation (fv) rates fromwhite suckers from0–5 h post-treatmentwi
fromwhite suckers post-treatment with either a sham or 10mg L−1 nZnO exposure (N= 6, bo
with a sham or 10 mg L−1 nZnO exposure (control N = 6, nZnO N= 5). Data is presented as
frame in nZnO-treated fish, which was significantly different from the
pattern in control animals (p = 0.004).

It is possible the additional stress of arterial cannulationmasked sub-
tle changes in parasympathetic control over fh resulting from nZnO ex-
posure. To address this possibility, a separate group of fish was injected
with themuscarinic ACh receptor blocker atropine 5 h after the addition
of nZnO or sham control. Injection of atropine increased fh by ~50% in
th either a shamor 10mg L−1 nZnOexposure (control N=12, nZnON=11). C, fh andD, fv
th treatments). Change in E, fh and F, fv 1 h post-atropine injection inwhite suckers treated
mean ± SEM. Asterisks denote a significant difference between treatments (p b 0.05).



Table 1
Kinetic parameters of white muscle lactate dehydrogenase from white suckers (N = 10
both treatments) exposed to a sham or 1 mg L−1 nZnO suspension, assayed at pH 7.2.
Maximum reaction velocity (Vmax) is expressed in nmol min−1 mg protein−1 for forward
(pyruvate-consuming) and reverse (pyruvate-producing) directions. Michaelis constants
are expressed in μM, except for lactate which is expressed in mM. Data is presented as
mean ± SEM. No significant difference was found between treatments within any
parameter.

Treatment
Vmax Michaelis constant (Km) (μmol L−1)

Forward Reverse Pyruvate Lactate NADH NAD+

Control 806 ± 83 193 ± 47 94.4 ± 9.0 4430 ± 980 96 ± 15 280 ± 77
nZnO 931 ± 20 165 ± 38 150 ± 34 4220 ± 750 97 ± 13 216 ± 22
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both control and nZnO treated white suckers but there were no signifi-
cant differences in the magnitude of change between treatments. In
control fish, fv increased by ~55% following atropine injection (p =
0.042) while no such increase was noted in nZnO-exposed fish. We
also examined AChE activity in brain, heart, and gill tissue to determine
if nZnO exposure may trigger ACh accumulation by inhibiting break-
down of the neurotransmitter. There were no differences between
treatment groups in either brain or gill tissue, but AChE activity de-
creased significantly in heart tissue of nZnO treated fish (p = 0.034).

3.3. Experiment 2: anaerobic metabolism in white muscle

Previous studies on white sucker indicated that exposure to nZnO
may impair aerobic energy metabolism (Bessemer et al., 2015; Dieni
et al., 2014). White muscle LDH kinetics were assessed to investigate a
potential shift to anaerobic metabolism in fish exposed to 1.0 mg L−1

nZnO for 30 h (Table 1). At pH 7.2, the Vmax in either reaction direction
(pyruvate producing or consuming) was unchanged in nZnO treated
fish, and no significant differences in the Michaelis constants (Km)
were noted for any substrate. The pH sensitivity of Vmax was similarly
unchanged in fish exposed to nZnO (see Fig. 5).

3.4. Experiment 3: whole animal performance

Fig. 3 details data on O2 consumption parameters of fish exposed to
1.0 mg L−1 nZnO or control conditions. Fish exposed to nZnO exhibited
a modest, but significant decrease in MO2max (p=0.002) following the
exhaustive chase protocol. A consistent, but non-significant decrease in
MO2rest was also noted in nZnO treated fish, which agrees with our pre-
vious findings (Bessemer et al., 2015). Aerobic scope was significantly
lower (p=0.016) in fish exposed to nZnO, suggesting that nZnO toxic-
ity at the biochemical and cellular level is substantial enough to impair
whole animal performance.
Fig. 3. A, maximum rate of oxygen consumption (MO2max), B, resting rate of oxygen consumpt
sham or 1 mg L−1 nZnO exposure. Data is presented as mean ± SEM. Asterisks denote a signifi
Scanning electron microscopy was employed to examine gill fila-
ments for evidence of remodeling and/or damage after exposure to
1.0mg L−1 nZnO. Fig. 4 provides examples of ionocytes, apical pits, mu-
cous globules, andmucous cells aswell as quantifications of their occur-
rence in the filament epithelium. The nZnO-exposed filaments
exhibited approximately two times the frequency of apical pits (p =
0.024), and c.a. 340%moremucous cells (p=0.0048), with only rough-
ly one half of the surface (p = 0.042) ionocytes shown in the control.
nZnO-exposed gills also seemed to havemuch highermucous coverage,
although it was not possible to quantify and may have been an artefact
of preparation. There was no clear evidence of an ILCM in either sham-
treated fish or nZnO-naïve individuals sampled directly from the hold-
ing tank. There was no clear visual evidence of nZnO accumulation on
the filaments.

4. Discussion

In two previous studies, our group has examined the mechanisms
underlying nZnO toxicity in the white sucker. We showed evidence of
oxidative stress in liver (Dieni et al., 2014) and gill (Bessemer et al.,
2015) of fish exposed to nZnO. In the current study, there was no evi-
dence of zinc accumulation in any tissue tested after a similar duration
of exposure to an even higher dose of nZnO (10 mg L−1 vs
1.0 mg L−1). Our previous findings strongly suggested nZnO-mediated
gill damage, a temporary bradycardia, and a potentially lowered resting
metabolic rate (Bessemer et al., 2015). The purpose of this study was to
elucidate the mechanism(s) underlying nZnO toxicity and determine
the ecophysiological relevance of the toxic response.

In our previous study, we observed a bradycardia of approximately
35% with nZnO treatment, which resolved by 25 h post-exposure
(Bessemer et al., 2015). We were unable to replicate that finding in
this study, likely because of the more intensive surgical protocol
which extended the duration of anesthesia and potentiated the stress
response, as evidenced by the increase in resting fh. It is also possible
that it relates to a hormetic effect of nZnO, as animals here were ex-
posed to a higher concentration of nZnO than in the past (10 mg L−1

vs 1.0mg L−1 nZnO). Ventilation ratewas significantly higher in fish ex-
posed to 10 mg L−1 nZnO for 5 h compared to controls, and treatment
with the muscarinic ACh receptor blocker atropine failed to induce a
further increase in fv (Fig. 1). These observations suggest changes in
parasympathetic signaling, and support previous findings that nZnO ex-
posure triggers a physiological stress response in white suckers
(Bessemer et al., 2015). The depression of AChE activity in heart may
also contribute to the observed changes in cardiorespiratory function
in nZnO-exposed white suckers. Reducing the rate of enzymatic degra-
dation would lead to accumulation of ACh which would stimulate
ion (MO2rest), and C, aerobic scope of white suckers (N= 7 both treatments) exposed to a
cant difference between treatments (p b 0.05).



Fig. 4. Scanning electron micrographs of representative gill filaments from fish exposed to a sham (A) or 1 mg L−1 nZnO suspension (B-D), all at 500× magnification. Images show
examples of ionocytes between pavement cells (A), apical pits (B), mucous globules (C), and mucous cells (D). Scale bars represent 50 μm. Frequency of occurrence of apical pits,
mucous cells and ionocytes in the epithelium of the primary gill arch filament (E) (N = 8 both treatments). Data is presented as mean ± SEM. Asterisks denote a significant difference
between treatments (*p b 0.05, **p b 0.01).

Fig. 5.Maximal rates of white muscle lactate dehydrogenase activity in the lactate-producing (A) and pyruvate-producing (B) reaction directions across a pH range. Fish (N = 10 both
treatments) were exposed to either a sham treatment or 1.0 mg L−1 suspension of nZnO. Data is presented as activity relative to pH 7.2 for forward (pyruvate-consuming) and reverse
(pyruvate-producing) directions. No significant effect of pH was observed between treatments.
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inhibitory muscarinic ACh receptors and slow fh. Blood AChE activity
was not assessed but some ENM formulations can inhibit erythrocyte
AChE activity in fish (Katuli et al., 2014). The available data support
the possibility that damage to the gill epithelium could trigger a pseudo
hypoxic response in nZnO-exposed fish, although further studies on gill
NEC function are necessary to confirm this interpretation. Given that
glycogen stores, plasma lactate levels (Bessemer et al., 2015), and mus-
cle LDH kinetic parameters (current study) do not change with nZnO
exposure, it is unlikely that these animals are actually encountering
hypoxia or hypoxemia.

Exposure to nZnO tends to decrease MO2rest in nZnO-treated white
suckers (Bessemer et al., 2015) and we observed a similar (though not
statistically significant) trend in the current study. We also found that
exposure to 1.0 mg L−1 nZnO significantly depressed MO2max, and to a
greater degree than MO2rest. This in turn lead to a significant reduction
in aerobic scope, suggesting that nZnO exposure impairs physiological
performance in white suckers. A reduction in aerobic scope means
that the fish have less energy available to devote to normal processes
such as foraging, reproduction, or predator avoidance. Although the ab-
solute reduction in aerobic scopewas small (9%), the exposure duration
was quite short, so it is possible that such effects would bemagnified in
amore environmentally relevant chronic exposure situation. Changes in
gill morphology (see below) and the regulation of fh associated with
nZnO exposure may restrict O2 uptake and delivery, explaining the ob-
served depression of MO2max.

The halving of ionocyte incidence on the gill filament epithelium co-
occurred with a doubling of apical pit density. We previously observed
activation of apoptotic markers in nZnO-exposed gill tissue, including
increases in caspase activity and heat shock protein expression
(Bessemer et al., 2015). Apical pits provide increased surface area and
show high NKA expression (Christensen et al., 2012), supporting our
previous finding of increased NKA activity in the gill tissue of nZnO-ex-
posed fish. These findings suggest that the loss of ionoregulatory surface
area due to ionocyte apoptosis may be mitigated by the formation of
NKA-rich apical pits. The increase inmucous cell incidence is likely in re-
sponse to irritation of the epithelium as has been seen in other fish spe-
cies exposed to ENMs (Federici et al., 2007; Smith et al., 2007). Damage
to the gill epithelium in nZnO exposed white suckers also induces in-
creased Na+/K+-ATPase activity, ostensibly to maintain plasma osmo-
lality (Bessemer et al., 2015).

5. Conclusions

This study aimed to elucidate the biological importance of nZnO tox-
icity in freshwater fish and to characterize mechanisms of bioactivity.
We specifically focused on whether gill damage associated with ENM
exposure could influence the regulation of cardiorespiratory function
and subsequently impact aerobic capacity in the whole animal. Our
findings suggest that even in the absence of detectable nZnO or free
Zn2+ accumulation, gill damage and changes in ACh metabolism re-
duced maximal O2 uptake capacity in white suckers and trigger cardio-
respiratory changes. Acute, short term exposure to nZnO also
significantly reduced whole animal aerobic scope. The observed reduc-
tions in MO2max and aerobic scope were modest, but raise concerns re-
garding the potential physiological impacts of chronic nZnO exposure in
wild fish. Long term, environmentally relevant nZnO exposure studies
incorporating behavioral and reproductive metrics would be valuable
in determining the potential ecological implications of the findings pre-
sented here.
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