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Abstract
The olfactory system of salmonids is sensitive to the adverse effects of metals such as copper and
cadmium. In the current study, we analyzed olfactory-mediated alarm responses, epithelial injury
and recovery, and a suite of olfactory molecular biomarkers encoding genes critical in maintaining
olfactory function in juvenile coho salmon receiving acute exposures to cadmium (Cd). The
molecular biomarkers analyzed included four G-protein coupled receptors (GPCRs) representing
the two major classes of odorant receptors (salmon olfactory receptor sorb and vomeronasal
receptors svra, svrb, and gpr27), as well as markers of neurite outgrowth (nrn1) and antioxidant
responses to metals, including heme oxygenase 1 (hmox1), and peroxiredoxin 1 (prdx1). Coho
received acute (8–168 hr) exposures to 3.7 ppb and 347 ppb Cd, and a subset of fish was analyzed
following a 16-day depuration. Coho exposed to 347 ppb Cd over 48 hrs exhibited a reduction in
freeze responses, and an extensive loss of olfaction accompanied by histological injury to the
olfactory epithelium. The olfactory injury in coho exposed to 347 ppb Cd was accompanied at the
gene level by significant decreases in expression of the olfactory GPCRs and increased expression
of hmox1. Persistent behavioral deficits, histological injury and altered expression of a subset of
olfactory biomarkers were still evident in Cd-exposed coho following a 16-day depuration in clean
water. Exposure to 3.7 ppb Cd also resulted in reduced freeze responses and histological changes
to the olfactory epithelium within 48 hrs of Cd exposure, although the extent of olfactory injury
was less severe than observed for fish in the high dose Cd group. Furthermore adverse behavioral
effects were present in some coho receiving the low dose of Cd following a 16-day depuration. In
summary, acute exposures to environmental levels of Cd can cause olfactory injury in coho
salmon that may persist following depuration. Mechanism-based biomarkers of oxidative stress
and olfactory structures can augment the evaluation of olfactory injury manifested at the
physiological level.

Keywords
biomarkers; Coho salmon; olfaction; cadmium; G-protein coupled receptors; oxidative stress;
alarm response

© 2013 Elsevier B.V. All rights reserved.
*Address correspondence to: Evan P. Gallagher, Ph.D., Tel: 1-206-616-4739, FAX 1-206-685-4696, evang3@u.washington.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Aquat Toxicol. Author manuscript; available in PMC 2014 September 15.

Published in final edited form as:
Aquat Toxicol. 2013 September 15; 0: 295–302. doi:10.1016/j.aquatox.2013.06.010.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1.0 Introduction
Salmon populations have declined in the western United States, with several species being
listed as extinct or endangered (Williams et al., 1991; Brown et al., 1994; NOAA, 2011).
One of the factors implicated in these population declines is inhibition of olfactory processes
associated with exposures to waterborne pollutants, including metals (Brown et al., 1994;
Domagalski, 1996; Sandahl et al., 2007; Baldwin et al., 2009; Feist et al., 2011; Scholz et
al., 2011). The olfactory sensory epithelium is in direct contact with the water column,
making it highly sensitive to metal uptake and metal-induced olfactory injury (Julliard et al.,
1996; Beyers et al., 2001; Moore et al., 2001; Baldwin et al., 2003; Scott et al., 2003;
Carreau et al., 2005; Kalmakov et al., 2009). Exposures to environmentally relevant
concentrations of Cd, in particular, have been shown to alter important behavioral and
physiological functions associated with the detection of olfactory odorants (Scott et al.,
2003; Sloman et al., 2003; Matz et al., 2007; Kusch et al., 2008). Even a transient
impairment of olfaction can lead to increased mortality through a loss of competence and
increased susceptibility to predation (Beyers et al., 2001; Hamdani et al., 2007; Sandahl et
al., 2007). Collectively, these observations indicate that fish olfactory injury can serve as a
relevant adverse outcome pathway (Carvan et al., 2008; Ankley et al., 2010) in assessing the
effects of aquatic pollution.

At the cellular level, the salmon olfactory epithelium contains specialized olfactory receptor
neurons (ORNs) of two sub-systems. ORNs in the olfactory system are responsive to amino
acids, prostaglandins, steroids and bile acid odorants, whereas ORNs in the vomeronasal
system are responsive to amino acids and nucleotide odorants (Sato and Suzuki, 2001).
These odorants bind to G-protein coupled receptors (GPCRs), located on the apical cilia and
microvilli of the olfactory and vomeronasal ORNs (Hamdani et al., 2007). GPCRs play a
central role in olfactory signal transduction and thus have the potential to serve as sensitive
biomarkers of metal induced olfactory injury. However, olfactory GPCRs remain
significantly under studied in the context of biomarker development and application.

The goals of the present study were to characterize the effects of acute Cd exposures on
olfactory-mediated behaviors, histological injury, and molecular biomarkers in coho salmon,
we employed a mechanism-based biomarker approach using gene markers associated with
olfactory injury and regeneration to link histological and behavioral impacts from exposures.
Our biomarker genes included those encoding two major classes of odorant receptors
(Dukes et al., 2004; Dukes et al., 2006), and biomarkers of antioxidant responses. These
aforementioned pathways have been quantitatively altered in the olfactory tissues of fish
following metal exposures (Tilton et al., 2008; Berg et al., 2010; Espinoza et al., 2012;
Wang and Gallagher, 2013). As regeneration of lost ORNs is critical for olfactory function,
we also utilized a biomarker of ORN neurite regeneration (Naeve et al., 1997; Marron et al.,
2005). Our laboratory exposure paradigm modeled the scenario in which juvenile salmon
out-migrating through contaminated waterways could be transiently exposed to metals
followed by transition to unpolluted water (Ruggerone and Volk, 2003).

2.0 Materials and Methods
2.1. Chemicals

MS-222 (Tricaine methanesulfonate) was purchased from Argent Chemical Laboratories
(Redmond, WA). Analytical grade cadmium chloride was purchased from Mallinckrodt
Baker (Phillipsburg, NJ). RNeasy® mini kit was obtained from Qiagen (Valencia, CA).
TRIzol® reagent and SuperScript® First-Strand Synthesis System were purchased from
Invitrogen (Carlsbad, CA). Finnzymes® DyNAmo® SYBR Green 2-Step qPCR Kit was
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purchased from New England Biolabs, Inc. (Ipswich, MA). Quantitative real time PCR
(qPCR) primers were obtained from Eurofins MWG Operon (Huntsville, AL).

2.2. Fish husbandry and exposures
Juvenile coho salmon (1 yr of age, 15.0 g ± 5.7 mg) were raised in large cylindrical tanks
with 8–10 °C recirculating freshwater from Lake Washington, Seattle under a natural
photoperiod. The fish were fed BioVita Fry Feed (Bio-Oregon) and water quality conditions
were typically 80–120 mg/L total hardness as calcium carbonate, pH 7.4 ± 0.2, 3mg/L DOC,
and 9.1 mg/L dissolved oxygen content. Water chemistry was similar to those of other
salmon-bearing rivers and streams in the Pacific Northwest (McIntyre et al., 2008). Twenty-
four hours prior to exposure the fish were transferred to 120 L glass aquaria, containing
aerated lake water inside a large chilled water bath for acclimation. For the exposures, 8–12
juvenile coho per treatment were exposed for 8–168 hrs, with an equal number of control
animals receiving carrier (DI water). The concentrations of waterborne Cd used were 3.7
ppb, a concentration below the 5 ppb EPA drinking water standard (EPA, water.epa.gov/
drink/contaminants) and representative of urban storm water runoff concentrations (WDOE,
2008), and 347 ppb, representative of heavily polluted waterways (Srinivasa Gowd and
Govil, 2008; Maceda-Veiga et al., 2011). Total waterborne Cd concentrations were analyzed
prior and post exposures by ICP-MS (Espinoza et al., 2012). Background levels of total Cd
in lake water were below the limit of detection (0.1 ppb). Although the nominal Cd
concentrations were 3.1 and 310 ppb, the measured total Cd concentrations (3.7 and 347
ppb) are used in all tables and figures. A 90% static renewal approach was implemented
with water containing Cd replaced after a 24 hr period. Exposures were staggered for each
of the four experimental periods (8, 24, 48, and 168 hrs) so that equal numbers of fish were
continually exposed for the treatments, and to avoid ammonia buildup. Nitrate and nitrite
levels were below detection for all treatment groups, and ammonia levels were ≤ 0.25 ppm
during the exposures.

For the depuration study, Cd-exposed coho (and controls) were treated as described above
with the following modification. Following 48 hrs of exposure, fish underwent behavioral
testing before being returned to the large cylindrical tanks and allowed to recover for 16
days in clean water. At the termination of the 16-day depuration, the coho were transferred
to 120 L glass aquaria and held in lake water for 48 hrs prior to behavioral testing and tissue
collection.

2.3. Neurobehavioral analysis of olfactory function
Olfactory-mediated behavioral analysis was conducted using a Y-maze with a black curtain
enclosure to avoid frightening the fish during testing. The Y-maze was 100 × 40 × 25 cm
and consisted of two arms, each of which measured 50 cm long and 20 cm wide. The arms
terminated at a holding chamber, which was 40 × 40 cm. A transparent perforated gate
separated the maze arms from the holding chamber. The maze received lake water at a
constant flow rate of 8.3 L/min. A dye test was performed to confirm no mixing occurred
between the arms. Coho from each Cd exposure group (n=12) were tested in groups of 4 and
were acclimated for 15 minutes in the holding chamber prior to stimulus addition (skin
extract or DI water). Stimuli were delivered via a peristaltic pump at 10 ml/min, and the gate
was lifted 2 minutes post addition of the stimuli. Video recordings for behavioral responses
were initiated 10 minutes prior to the gate lifting to establish baseline behavior, and for 5
minutes after gate opening to establish the behavioral response. The maze was flushed with
clean water between trials and the arm receiving the skin extract was alternated.

For alarm testing, a coho skin extract was prepared by collecting 10 grams of skin tissue
from 4 juvenile coho. The skin was rinsed in ice-cold PBS and homogenized in 40 ml
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distilled water on ice and filtered. The skin extract was diluted in 1 L of DI water to provide
a final stock concentration of 10 mg/ml. Behavioral endpoints analyzed were associated with
alarm responses and included freeze responses and odor avoidance. The freeze response is a
classic stress/alarm response which is characterized by the lack of movement for >2 sec
(Egan et al., 2009). Odor avoidance was characterized as time spent in the maze arm
receiving DI water vs. time in the arm receiving the skin extract.

2.4. Histological analysis of olfactory injury
Coho head tissues collected for histological analyses were fixed in 4% paraformaldehyde
(PFA) at 4 °C. Olfactory rosettes were excised and embedded in a 2:1 mixture of 20%
sucrose to Tissue-Tek® OCT™. Tissue sections (6 μm) were mounted on VWR® glass
Superfrost Plus micro-slides. Sections were stained with Mayer’s hematoxylin and eosin
(H&E) and the slides were examined using a Nikon LABOPHOT-2 microscope. Images
were captured using Nuance 3.0 imaging software. Histological sections were scored based
on a 4-grade scale as follows; grade 0 (no visible difference relative to controls), grade 1
(clearly visible increase in the number of goblet cells), grade 2 (clearly visible increase in
the number of goblet cells and decreased nuclei near the apical epithelial surface), grade 3
(clearly visible increase in the number of goblet cells, decreased nuclei near the apical
epithelial surface and the presence of condensed nuclei). Three tissue sections were analyzed
for each individual coho, and 3 coho were analyzed within each exposure group.

2.5. Cellular apoptosis (TUNEL assay)
Detection of apoptosis in the olfactory epithelium was performed by terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) (In Situ Cell Death
Detection Kit; Roche Diagnostics, Indianapolis, IN) using olfactory tissue sections. Images
were collected using a Nikon LABOPHOT-2 microscope with a red filter set (Nikon G-1B,
EX540/10, DM580, BA590) and captured at 610 nm with Nuance 3.0.1 software (Caliper
Life Science, Hopkinton, MA). Image analysis was performed with Metamorph® software
(Molecular Devices, Sunnyvale, CA). TUNEL positive nuclei detected above the threshold
value (determined by negative controls) were counted and expressed as number of positive
nuclei per 100 μm2 of olfactory epithelium. Three tissue sections were analyzed for each
fish and 3 individual coho were analyzed in each exposure group.

2.6. Quantitative PCR analysis of olfactory genes
Eight individual coho were collected for analysis of molecular biomarkers. The fish were
anesthetized with MS-222 prior to cervical dislocation, and the olfactory rosettes were
quickly excised, transferred to TRIzol® reagent, frozen in liquid nitrogen and stored at −80°
C. Total RNA isolation and cDNA synthesis procedures have been described previously
(Espinoza et al., 2012). Candidate olfactory biomarker gene primers were generated by
multiple sequence alignment of rainbow trout (Oncorhynchus mykiss), Atlantic salmon
(Salmo salar), and zebrafish (Danio rerio) target sequences. Primers for hmox1, prdx1, nrn1
and gpr27 were then designed using Oligo® Software, Version 6.71 (Cascade, CO). Dukes
et al., (2006) previously published the svra, svrb and sorb primer sequences used in the
present study (Primer sequences are presented in table 1). All PCR products were confirmed
by sequencing. In addition to the above molecular markers, fish receiving the sub-chronic
168 hr exposure to 3.7 ppb Cd, as well as depurated fish, were also analyzed for olfactory
metallothionein-1a (mt1a) mRNA expression. We have previously shown mt1a to be
responsive to acute Cd exposures (8–48 hr), but had not analyzed mRNA expression
following longer-term low dose Cd exposures (Espinoza et al., 2012). Quantitative PCR
analysis for all genes was conducted in a 96-well format with SYBR Green using the
relative standard curve method (Espinoza et al., 2012). β-actin expression did not differ
between treatments and was used for normalization purposes.

Williams and Gallagher Page 4

Aquat Toxicol. Author manuscript; available in PMC 2014 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.7. Statistical Analysis
Behavioral, histological and gene expression data were inspected for homogeneity of
variances using D’Agostino and Pearson omnibus normality testing. Gene expression,
histological and behavioural data data conforming to normal distributions were assessed for
significance relative to control animals using a one-way ANOVA followed by a Dunnett’s
test. In some cases, data conformed to a non-parametric distribution, and these datasets were
assessed using Kruskal-Wallis one-way ANOVA test followed by Dunn’s non-parametric
post-hoc test. All treatment-related differences relative to controls were considered
statistically significant at p ≤ 0.05. All statistical analyses were conducted using GraphPad
Prism Ver. 5.0 (Graph Pad Software Inc., San Diego, CA, USA).

3.0 Results
3.1. Effects of Cd on olfactory mediated alarm behaviors

As observed in Fig. 1, coho receiving 8 hr exposure to 347 ppb Cd exhibited significantly
reduced freeze responses to skin extract (p<0.05). This trend continued, reaching a
maximum 92% reduction in freezing behavior at 48 hrs of exposure (p<0.05, Fig. 1).
Additionally, coho exposed to 347 ppb Cd for 48 hrs exhibited significantly impaired skin
extract avoidance behaviors, which were not evident following a 16-day depuration (p<0.05,
Fig. 1). Although coho exposed to 3.7 ppb Cd exhibited significantly reduced freeze
responses after 24 hrs of exposure, there were no observable effects on avoidance behavior
(p<0.05, Fig. 1). Following the 16-day depuration, coho exposed to both the high and low
doses of Cd continued exhibiting significantly reduced freeze responses to skin extract
relative to control animals (p<0.05, Fig. 1). Behavioral responses were not recorded for the
168 hr Cd exposures due to mortality following 96 hrs of exposure.

3.2. Histological effects of Cd on the olfactory epithelium
Histological examination of the olfactory epithelium revealed that exposure to 347 ppb Cd
caused a decrease in ORN and sustentacular (SUS) cells. All tissue sections in the high dose
group were scored grade 3, indicating a reduced olfactory epithelial cell population and an
increased number of condensed nuclei compared to controls (p<0.05, Fig. 2A, B). TUNEL
analysis confirmed a significant number of apoptotic cells in fish receiving exposure to 347
ppb Cd (p<0.05, Fig. 2E, F). Similar to the behavioral observations, continued histological
recovery in the high dose group was still evident after the depuration, with several fish
exhibiting grade 2 characteristics (Fig. 2C, D). By contrast, the olfactory epithelium of coho
continually exposed to 3.7 ppb Cd for up to 168 hrs showed relatively minor histological
injury as evidenced by an increase in the number of goblet cells in the olfactory epithelia
(Fig. 2A, D and Fig. 3A, B).

3.3. Effects of Cd on the olfactory molecular biomarkers
Similar to the observed behavioral deficits and histological injury, coho exposed to 347 ppb
Cd exhibited a time-dependent decrease of mRNAs encoding olfactory and vomeronasal
receptors (Fig. 4). Of the 4 olfactory GPCRs analyzed, sorb and svra were the most sensitive
to Cd, with maximal 90% and 80% decreases in expression observed at 48 hrs of exposure
(Fig. 4). Following the 16-day depuration, the expression of sorb and svra remained
decreased, although some partial recovery of expression was observed (p<0.05, Fig. 4). Svrb
expression was not as sensitive to Cd as the other olfactory receptor markers, although a loss
of expression was observed following 48 hrs of exposure to 347 ppb Cd (p<0.05, Fig. 4).
Expression of gpr27 significantly decreased maximally to 25% of control levels in coho
exposed to 347 ppb Cd for 48 hrs (p<0.05, Fig. 4). The mRNA expression levels of svrb and
gpr27 following the depuration were not different from controls (Fig. 4). By contrast,

Williams and Gallagher Page 5

Aquat Toxicol. Author manuscript; available in PMC 2014 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



exposure to the low dose of Cd caused only minor changes in mRNA expression of the 4
olfactory GPCRs (Fig. 4 and Table 2).

Expression of nrn1 decreased in a time and dose dependent manner, with a maximum 68%
reduction relative to control coho following 48 hrs of exposure to 347 ppb Cd (p<0.05, Fig.
4). After depuration, nrn1 expression was still elevated by 1.9-fold over control levels
(p<0.05, Fig. 4). Expression of nrn1 in coho exposed to 3.7 ppb Cd rapidly decreased by
48% at 8 hr of exposure, but was similar to that of controls at the 24, 48, 168 hr exposures,
and after depuration (Fig. 4 and Table 2). hmox1 mRNA expression was induced on
exposure to 347 ppb Cd at all time points analyzed, with a maximal 7-fold induction
observed at 24 hrs (p<0.05, Fig. 5). By contrast, exposure to 347 ppb Cd markedly
decreased mRNA expression of prdx1 to 19% of control levels after 48 hrs (p<0.05, Fig. 5).
Following depuration, the expression of both hmox1 and prdx1 mRNA in the 347 ppb Cd
exposure groups did not differ from controls (Fig. 5). Conversely, expression of mt1a
mRNA in the depurated 347 ppb Cd group remained highly induced (21-fold over controls,
Fig. 5). Similarly, the expression of mt1a was induced 7-fold and 2-fold above controls
following 168 hrs of exposure to 3.7 ppb Cd and the depuration, respectively (Table 2 and
Fig. 5). Although some minor modulation of hmox1 and prdx1 expression were observed in
coho receiving exposure to 3.7 ppb Cd, these effects were not statistically significant (Fig.
5).

4.0 Discussion
To understand the cellular events underlying metal-induced olfactory injury, it is critically
important to provide a substantial linkage among events at the molecular level to effects
manifested at the behavioral and physiological levels. These linkages are especially
important in the development of fish olfactory injury as an adverse outcome pathway for
applications to the field of ecotoxicology (Ankley et al., 2010). Our approach in the current
study was directed towards filling these data gaps using a representative salmonid and a
model olfactory toxicant relevant to field exposures. It also included an exposure scenario
that modeled the environmental scenario, which salmon may receive transient metal
exposures followed by a period in which exposures do not occur (Ruggerone and Volk,
2003). Cadmium serves as a well-established olfactory toxicant and environmental pollutant
in which exposures as low as 2 ppb in rainbow trout may impair behavior (Sloman et al.,
2003). The fact that we observed a rapid inhibition of olfactory behavior as manifested by
freezing in the presence of an alarm signal in coho represents a novel finding that supports
the sensitivity of salmonids to Cd. While the ecotoxicological consequence of this
behavioral impairment was not established in the present study, freezing behavior is an
important anti-predator behavior that can affect predator avoidance and survival (Smith,
1992; Sandahl et al., 2007). In this regard, McIntyre et al., recently reported similar
neurobehavioral effects in juvenile coho exposed to environmental levels of copper that led
to an increased susceptibility to predation (McIntyre et al., 2012).

The impaired alarm responses observed in coho exposed to high, but environmental levels of
Cd, was associated with histological injury to the olfactory epithelium, induction of
apoptosis, and the extensive loss of GPCR gene expression. Among the biomarkers tested,
the olfactory GPCR biomarkers sorb and svra proved to be the most strongly associated to
neurobehavioral injury. These observations are consistent with those of our previous
microarray analysis of olfactory gene expression in olfactory tissues of zebrafish (Tilton et
al., 2008) that indicated GPCRs as potential targets of copper, supporting the utility of these
endpoints as effects-based biomarkers. The fact that exposure to the low 3.7 ppb Cd dose did
not cause extensive damage to the olfactory epithelium, but partially blocked alarm behavior
suggests a relevant adverse outcome for salmon migrating through metal contaminated
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waterways (Mirza et al., 2009). It is possible that the effects of Cd were partially mitigated
by the strong inductive response by mt1a and also by the increase in goblet cells associated
with increased mucus production, which are classic olfactory responses to metals (Julliard et
al., 1996; Tallkvist et al., 2002; Bettini et al., 2006; Espinoza et al., 2012). In particular,
increased mucus production can slow the diffusion of odorants, decreasing olfactory
sensitivity, and protects against Cd inhibition of sodium and calcium ion channels essential
for olfactory signal transduction (Pärt and Lock, 1983; Elinder and Arhem, 2003; DeMaria
and Ngai, 2010; Tierney et al., 2010).

Although the molecular mechanisms underlying metal-induced olfactory epithelial injury
have not been fully established, it is apparent that oxidative stress is a major factor in this
process (Ercal et al., 2001; He et al., 2008; Cuypers et al., 2010; Espinoza et al., 2012; Wang
and Gallagher, 2013). In this regard, hmox1 is a potent antioxidant enzyme that is highly
inducible during oxidative stress (Ryter et al., 2002; Alam et al., 2003). The rapid increase
in hmox1 expression in coho exposed to Cd in our study indicates an olfactory antioxidant
response that implicates a role for oxidative stress in olfactory cell injury. Similarly, the
decline of prdx1 expression may represent an overwhelming of antioxidant defenses,
associated with the loss of SUS cells on Cd exposure, as these cells preferentially express
prdx1 (Novoselov et al., 1999; Yu et al., 2005). Loss of prdx1 could be especially
deleterious to managing the harmful effects of increased ROS production on olfactory signal
transduction processes (Rhee et al., 2005; Maher, 2006).

Recovery of olfactory function and olfactory epithelial injury occurs in fish following
exposure to environmental pollutants and is a mechanism to ensure survival (Beyers et al.,
2001; Hamdani et al., 2007; Sandahl et al., 2007). The relatively slow, or only partial,
recovery of olfactory function observed following Cd exposures has ramifications for
predator avoidance in the wild. Sloman et al., reported that brief exposures to Cd as low as 2
ppb can impair social behaviors for a period of up to 5 days (Sloman et al., 2003). Others
have reported olfactory epithelial recovery within two weeks of chemical exposures (Sloman
et al., 2003; Bettini et al., 2006), however longer recovery periods may occur following sub-
chronic exposure to metals (Saucier et al., 1991). Our findings of acute Cd exposure causing
a poor recovery of the coho olfactory epithelium was somewhat surprising, albeit consistent
with effects at the molecular level associated with decreased expression of the GPCRs,
elevated nrn1 and mt1a mRNA in several of our exposure groups. Rapid bioaccumulation of
waterborne Cd into the olfactory system has been previously reported (Scott et al., 2003)
and may explain the lack of a full olfactory recovery following acute Cd exposures.
Collectively, these aforementioned observations support using molecular biomarkers in
conjunction with analysis of effects at the physiological level to evaluate olfactory function
in wild fish exposed to metals.

5.0 Conclusion
In summary, our findings indicate that acute Cd exposures can have both rapid and
persistent effects on olfactory neurobehavioral function. Similar neurobehavioral effects
have been linked to impaired survival and increased susceptibility to predation in salmonids.
Our approach involving molecular biomarkers, histological analysis, and behavior indicate
that impairment of key olfactory sensory neurons and G-protein coupled receptors and the
losses of ORN and non-neural supporting (SUS) cells may underlie impaired alarm
responses. In the context of biomonitoring for olfactory injury in the field, the molecular
biomarkers mt1a and hmox1 may be of particular relevance for detecting metal exposures
and the ability of fish olfactory tissues to mount a protective antioxidant response within the
olfactory epithelium.
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Highlights

• Low Cd exposures elicited significant olfactory mediated behavioral changes
independent of histological injury.

• The olfactory behavioral deficits persisted following a 16-day depuration.

• Olfactory molecular biomarkers expression was strongly linked to injury to the
olfactory epithelium.

• Cd induced a strong antioxidant response in the Coho salmon olfactory system.

• Results suggest a sensitivity of salmonids to waterborne Cd.
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Fig. 1.
Behavioral responses to a skin extract following acute exposures to 3.7 and 347 ppb Cd and
after a depuration (grey box). (A) Freeze responses. (B) Analysis of avoidance to the skin
extract. The 0, 3.7 and 347 ppb datasets are represented as squares, triangles and upside-
down triangles, respectively, in the figures. All data represent the mean ± SEM of n=12
individuals. * indicates statistically significant differences relative to controls (p <0.05).

Williams and Gallagher Page 12

Aquat Toxicol. Author manuscript; available in PMC 2014 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Histological effects of acute Cd exposure on the coho olfactory epithelium. (A and C) Light
microphotograph (40× magnification) of cross-sectioned olfactory epithelium of coho
exposed to 0, 3.7 and 347 ppb Cd for 48 hrs and following a 16 day depuration. SUS cells
(white arrow heads), ORNs (white arrows), goblet cells (black arrowheads) and condensed
nuclei (black arrows). (B and D) Histology injury grades of olfactory tissue sections
following acute Cd exposures as represented in A and C. (E) Apoptosis in cross-sectioned
olfactory epithelium of coho exposed to 0, 3.7 and 347 ppb Cd for 48 hrs (20×
magnification). (F) Quantification of TUNEL positive nuclei per 100μm2 of olfactory
epithelium. All data represent the mean ± SEM of n = 3 individuals. * indicates statistically
significant differences in histological injury relative to controls (p <0.05).
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Fig. 3.
Histological effects of sub-chronic Cd exposure on the olfactory epithelium. (A) Light
micrograph (40× magnification) of cross-sectioned olfactory epithelium of coho exposed to
0 and 3.7 ppb Cd for 168 hrs. SUS cells (white arrows), ORNs (white arrows), and goblet
cells (black arrowheads). (B) Histology injury grades of olfactory tissue sections following
sub-chronic Cd exposures represented in (A). All data represent the mean ± SEM of n = 3
individuals. * indicates statistically significant differences in histological injury relative to
controls (p <0.05). (A).
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Fig. 4.
Fold-change in mRNA expression of the olfactory GPCRs and nrn1 following acute Cd
exposures and a depuration (light grey box). The 3.7 ppb and 347 ppb datasets are
represented as squares and triangles, respectively. Data represent the mean ± SEM of n=8
individuals normalized to the expression of β-actin mRNA, and expressed as fold-change to
control levels. * indicates statistically significant differences in gene expression relative to
controls (p <0.05).
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Fig. 5.
Fold-change in mRNA expression of biomarkers of oxidative stress following acute Cd
exposure and depuration. The hmox1 and prdx1 data for the: 3.7 ppb and 347 ppb exposure
groups are represented as squares and triangles, respectively with depuration data in the grey
box. mt1a mRNA expression in fish following a 16 day depuration after to 3.7 and 347 ppb
Cd, presented as grey and black bars, respectively. All data represent the mean ± SEM of
n=8 individuals normalized to the expression of β-actin mRNA, and expressed as fold-
change to control levels. * indicates statistically significant differences in gene expression
relative to controls (p <0.05).
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Table 1

Sequences of PCR primers used in this study

Gene Primers (5′ to 3′) (Source Species) accession # / reference

β-actin Forward: GACCCACACAGTGCCCATCT (O. mykiss) AF157514/ Matsuo et al. (2008)

Reverse: GTG CCCATCTCCTGCTCAAA

svra Forward: ATGGCCTTCAGGGCTACGCT (S. salar) DQ375532/ Dukes et al. (2006)

Reverse: AGGCAGCTTCCGAGCCAGAA

svrb Forward: ATAGCTTTCCAGGCCACAAT (S. salar) DQ375537.1/ Dukes et al. (2006)

Reverse: AGGCAGCTTCCGAGCCAGAA

sorb Forward: TGGCCATAGTCTTAGTGGGG (S. salar) DQ375529/ Dukes et al. (2006)

Reverse: GTCAAATGTGTGCTGCAGGT

gpr27 Forward: GGGATGCATTTGTATCACCA (D. rerio) NM_001114434

Reverse: GCCTAGGCCTATGTCAATTCT

nrn1 Forward: GCTCTCACCGCCTGTAGCAG (S. salar) BT058878

Reverse: TGCCCAGACCTCAACATCGTT

prdx1 Forward: TTCTTCTTCTACCCGCTGGA (S. salar) NM_001140823.2

Reverse: CTGGTCCTCCTTCAGCACTC

hmox1 Forward: GATGCTGGCCTACCAGAGAG (S. salar) BT046987

Reverse: GACTCCAGCCGTGCTAGTTC

mt1a Forward: CAAGTGCTCCAACTGTGCAT (S. salar) BT059876/ Espinoza et al. (2012)

Reverse: TACACCAGGCCTCACTGACA
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Table 2

Fold-change in mRNA expression of the olfactory biomarkers following 168 hr exposures to 3.7 ppb Cd

mRNA biomarker Fold-change ± SEM1

svra 1.0 ± 0.07

svrb 1.3 ± 0.16

sorb 1.1 ± 0.12

gpr27 1.2 ± 0.15

nrn1 1.2 ± 0.17

hmox1 1.0 ± 0.09

prdx1 1.0 ± 0.15

mt1a 7.1 ± 0.60*

1
values indicate changes in expression relative to controls. mRNA expression data normalized to that of β-actin

*
indicates statistically significant differences relative to controls (p<0.05).
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