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Highlights  
 Presence of an acoustic transmitter did not influence surgical site healing rate  

 
 Tags were encapsulated inside the peritoneum as early as 15 days post-surgery 

 
 Spleen and surgical site cytokine expression was not influenced by tag presence 

 
 Tag presence increased inflammatory cytokine expression in peritoneal immune cells 

 
 At day 70 mature females had lower cytokine gene expression when compared to males  
 
Abstract  
Telemetry transmitters are frequently used in studies of wild fish migration and behavior. Although the 
effects of surgically implanted transmitters on survival, tag retention, healing and growth have been 
studied, there has been little research regarding the potential immune response induced by these 
transmitters. In the current study, mature rainbow trout received either surgical implantation of an 
acoustic transmitter or a sham surgical procedure. These fish were then sampled over a 10-week period 
so that pro-inflammatory cytokine expression in the spleen, peritoneal cavity lymphocytes and muscle at 
the surgical site could be analyzed. There were no significant differences in transcript expression for the 
spleen and muscle tissue between fish that had a transmitter and those that received the surgical 
procedure alone. However, transmitter presence significantly increased the expression of IL-6, IL-1β and 
TNFα in the peritoneal cells at 10 weeks indicating that tagged fish may be coping with chronic 
inflammation. Furthermore, tagged male fish had a higher inflammatory response in 10-week peritoneal 
lavage samples when compared to their tagged mature female counterparts, providing some evidence 
that mature female rainbow trout may have suppressed immune function when sexually mature. 
Externally, fish appeared to heal at similar rates regardless of the presence or absence of the 
transmitter, but the tag itself was prone to encapsulation and adhesion to the body wall and/or surgical 
site. This suggests that fish tagged with large intraperitoneal implants may not behave similarly to their 
wild counterparts. This research could aid in the development of improved telemetry tags that are more 
biocompatible, economical and better able to track fish behavior/movement. 
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1. Introduction 

The development and successful use of telemetry tagging technologies in the 1950s (reviewed by 

Hockersmith and Beeman, 2012) has enabled researchers to track and examine large numbers of wild 

animals in their natural environments. Since then, biotelemetry has revolutionized our knowledge 

regarding the movements and migrations of numerous species (Bevan et al, 2002, Madisen et al, 2002, 

Fuller et al, 2003, Logan and Sanson, 2003, Jacobsen et al, 2017) with a heavy emphasis on wild fish 

populations. The migration and behavior of wild fishes is of particular interest as this information is 

essential in conservation efforts, improving species fitness, and predicting population responses to 

environmental changes, whether it be from natural or anthropogenic sources (Lucas and Baras, 2000, 

Cooke, 2008, Farrell et al, 2008). As this is the case, several different electronic tagging methods have 

been established for fish research including gastric insertion, external mounting, and intracoelomic 

implantation using either radio, satellite, archival or acoustic tags (Cooke et al, 2013, Thorstad et al, 

2013). For extensive long-term studies, intracoelomic implantation of acoustic tags is the main tagging 

method used (Cooke et al, 2011) due to the affordability, ability to operate in both freshwater and 

saltwater systems (radio waves do not propagate in saltwater), and versatility (reviewed by Crossin et al, 

2017). Furthermore, acoustic tags also have the capacity to record environmental, physiological, spatial, 

and behavioral data (reviewed by Crossin et al, 2017). Yet despite the valuable information that can be 

obtained from acoustic telemetry research, one of the earliest and most reasonable concerns has been 

the impact of tag implantation on fish welfare.  

Studies using telemetry transmitters rely on the premise that the implanted tags do not influence fish 

behavior, survival, and/or physiology. Otherwise, any conclusions regarding the tagged individuals may 

not be an accurate representation of wild fish populations. This has led to numerous experiments aimed 

at determining the impact of telemetry tags on surgical healing, survival, physiology, behavior and 

growth on several fish species (Connors et al, 2002, Brown et al, 2006, Caputo et al, 2009, Collins et al, 

2013, Rozynski et al, 2017). But because biotelemetry studies involve numerous variables that are 

difficult to regulate across experiments, many of the final conclusions of these studies have been 

inconsistent. Nevertheless, when it comes to transmitter effects in the long-term study of salmonid 

species, some reliable trends do emerge. Survival does not appear to be influenced by tag presence in 

salmonids, but sometimes the surgical procedure itself can result in an increase in the prevalence of 

infectious disease (Adams et al, 1998, Robertson et al, 2003, Brown et al, 2006, Collins et al, 2013). 
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Furthermore, when it comes to growth, telemetry tags are more likely to influence the development of 

juvenile salmonids with less of an impact observed in adults (Moore et al, 1990, Adams et al, 1998, 

Robertson et al, 2003, Brown et al, 2006, Collins et al, 2013). Finally, it appears that transmitter 

presence has little impact on the behavior and swimming performance of young salmonids unless the 

tag requires external antennae (Robertson et al, 2003, Anglea et al, 2004, Brown et al, 2006). The 

combined conclusions of these studies support the prevailing notion that electronic tags do not 

significantly alter the performance of tagged salmonids when returned to the wild. 

While transmitters appear to be essentially benign in salmonids, their presence has been shown 

histologically to induce inflammation in fish (Marty and Summerfelt, 1986, Lucas, 1989). This immune 

reaction can be a confounding factor in biotelemetry studies, but it is important to recognize the critical 

role of this response for both the survival and homeostatic maintenance of vertebrates. Inflammation is 

necessary to combat tissue damage of any type whether it be from infection, trauma, foreign objects, or 

toxins. Though there are many important components involved in a successful inflammatory response 

(reviewed by Martin and Leibovich, 2005, Newton and Dixit, 2012), the initiation and perpetuation of 

inflammation is governed primarily by the pro-inflammatory cytokines produced by damaged cells 

and/or responding immune cells. The three classical pro-inflammatory cytokines are interleukin (IL)-1β, 

IL-6 and tumour necrosis factor (TNF)α. Upon tissue damage, keratinocytes and fibroblasts release IL-1β 

inducing fever, T cell proliferation and increasing vascular permeability (Feghali and Wright, 1997). 

Meanwhile resident mast cells (MCs) degranulate in response to the mechanical trauma (reviewed by 

Watkins et al, 1995) releasing a variety of inflammatory mediators including, but not limited to, TNFα 

and IL-6 (reviewed by Theoharides et al, 2012, Wulff and Wilgus, 2013). The released cache of 

inflammatory mediators also aids in vascular permeability as well as the activation/recruitment of 

circulating immune cells which produce more IL-1β, IL-6 and TNFα. Leukocytes (primarily neutrophils) 

that are normally restricted to blood vessels then gain access to the site of tissue injury and attempt to 

eliminate any invading targets (reviewed by Medzhitov, 2008). If this acute inflammatory phase is 

successful, it is followed by a resolution and repair phase mediated mainly by tissue-resident and 

recruited macrophages that shift the response from pro-inflammatory to anti-inflammatory (reviewed 

by Serhan and Savill, 2005). However, if the acute phase cannot eliminate/resolve the impending threat, 

such as with an undegradable foreign device, chronic inflammation ensues. While fish immune systems 

are not as well characterized as mammalian equivalents, they possess all of the same pro-inflammatory 

cell types and cytokines. Because it would be both impossible and irresponsible to eradicate the 
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inflammatory response in wild fish populations, the development of telemetry tags that limit this 

reaction would be ideal. 

Surprisingly, although surgical implantation of telemetry tags should induce an inflammatory 

response in fish, there has been little to no research regarding their influence on the teleostean immune 

system. With biotelemetry studies consistently reporting tag recovery rates as low as 13-41% (Crossin et 

al, 2008, Donaldson et al, 2009, Mathes et al, 2010) it is possible that inflammation results in increased 

tag expulsion and/or mortality in fish released to the wild. The goal of the present study was to explore 

the pro-inflammatory immune response in rainbow trout that received surgical implantation of an 

acoustic tag. To this end, the inflammatory cytokines IL-1β, IL-6 and TNFα were selected for this study as 

they play roles in both acute and chronic inflammation in mammalian models (reviewed by Feghali and 

Wright, 1997, Gabay, 2006) and appear to have comparable functions in fish (Buchmann et al, 2004, Iliev 

et al, 2007, reviewed by Zou and Secombes, 2016). External healing rate and encapsulation of the 

implanted tags were also observed throughout the 10-week trial. Obtaining a deeper understanding of 

teleostean inflammation in response to implanted telemetry tags could aid in the development of 

improved transmitters that are more biocompatible, economical and better able to track wild fish 

populations. Additionally, this study represents the first attempt to understand the immune response 

arising from telemetry transmitters despite their widespread use in biotelemetry studies. 

 
2. Methods 
2.1 Fish 

Sixty mature rainbow trout (mean ± SD fork-length of 37.4 cm ± 3.4 cm) were maintained in 1700 L 

flow-through tanks at 13oC at the University of Waterloo, Canada. All fish were kept and handled under 

a permit from the University of Waterloo Animal Care Committee according to CCAC guidelines. 

2.2 Tagging and surgical procedure 

All tagging and surgical procedures were meant to mimic field conditions as described previously by 

Wagner et al, 2011 and Mulder et al, 2018. Specifically; fish were anaesthetized with benzocaine and 

measured to the nearest millimeter following loss of equilibrium. An incision just wider than the 

diameter of the tag was made on the mid-ventral surface, anterior to the pelvic girdle. A pre-sterilized 

dummy tag (Vemco V9T, 36 × 9 mm, 2.2 g in water, Vemco Ltd., Shad Bay, Canada) was then inserted 

and pushed posteriorly. The incision was closed with two nonabsorbable silk sutures (Sofsilk™ Tyco 

Healthcare , Norwalk, Connecticut, USA). The surgery took less than 2 minutes and fish were allowed to 

recover from anaesthesia prior to returning to the tank. Immediately following the surgical procedure, 
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tagged fish were transferred to an individual 1700 L flow-through tank, while sham surgery fish were 

moved to a separate 1700 L flow-through tank.  

2.3 Sample collection 

Prior to surgery, 6 fish were randomly selected and euthanized with an overdose of benzocaine so 

that spleen, peritoneal lavage and muscle tissue at the intended location of surgery could be collected 

as day 0 controls. Following the surgical procedure, identical samples were collected from 9 tagged fish, 

and 7 sham surgery fish on days 2, 15 and 70. 

The peritoneal lavage samples were collected as described by Zekikoff et al (1991). Briefly, following 

the removal of blood from each fish through the caudal vein, an abdominal incision was made on the 

ventral surface so that the peritoneal cavity could be rinsed with 10 mL of cold Dulbecco’s Phosphate 

Buffered Saline (DPBS, Gibco). The lavage fluid was collected and centrifuged at 400 x g for 15 min at 

4oC. After washing the cell pellet with 5 mL of cold DPBS, the supernatant was removed, and cell pellets 

were frozen at -80oC.  Upon dissection of spleen and muscle samples, tissues were diced into small 

pieces, placed into 5 mL Eppendorf tubes and immediately flash frozen in liquid nitrogen. These tissue 

samples were then transferred and stored at -80oC until further use. 

2.4 Primer Design and Sequence Validation 

Primers were designed to determine transcript expression of rainbow trout pro-inflammatory 

cytokines IL-1β, IL-6 and TNFα as well as the housekeeping gene control, EF1α (see Table 1). Several 

housekeeping gene primers were developed but EF1α was selected for all samples studied as it was 

observed to have consistent Cp values across a subset of all samples for each tissue type (data not 

shown). All primer sets were designed so that at least one of the primers spanned an intron/exon 

junction.  

For sequence validation of primer sets, the following PCR parameters were used: denaturation at 

95oC for 2 min, followed by 40 cycles of denaturation at 94oC for 30 sec, 30 sec at 60oC and extension at 

72oC for 30 sec. A final extension at 72oC was carried out for 8 min. The amplified PCR products were 

separated on 2% agarose gels containing 2% GelGreen (Biotium Inc.). The resulting products were 

cloned into the pGEM®-T Easy vector, transformed into Escherichia coli XL1-blue cells and the resulting 

plasmids from 8 clones were extracted as previously described by Semple et al (2017). Plasmids were 

sequenced using SP6 primers at the TCAG sequencing facility (Sick Kids Hospital, Toronto, Ont.). The 

resulting sequences were then analyzed using the Basic Local Alignment Search Tool (BLAST) software 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) to confirm sequence identity.  

2.5 RNA extraction and cDNA synthesis 
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Depending on the sample, RNA was extracted from either 80-100 mg of tissue or from peritoneal 

lavage cell pellets using 1 mL of Trizol (Life Technologies) as described by the manufacturer. To remove 

any contaminating genomic DNA, RNA samples were treated with DNase I (Thermo Scientific). RNA 

samples were then quantified using the Take3 plate of a Synergy H1 plate reader (BioTek Instruments) 

and were stored at -80oC until further use. Complementary DNA (cDNA) was synthesized from 500 ng of 

total RNA using the qScript cDNA Supermix (Quanta Biosciences) in accordance to the manufacturer’s 

instructions. For a no template control, 500 ng of RNA suspended in 20 uL of DEPC water was included in 

the cDNA synthesis reaction without reverse transcriptase.  

2.6 qRT-PCR Reactions 

All qRT-PCR reactions were 10 µl and contained: 2.5 μl of cDNA (25 ng/μl diluted 1:10 in RNase free 

water), 2x LightCycler® 480 SYBR® Green I Master (Roche), and forward and reverse primers (Sigma 

Aldrich) to a final working concentration of 0.25 μM. The sequences for all primer sets are outlined in 

Table 1. All qPCR reactions were completed on the LightCycler® 480 II (Roche). Each experimental 

sample was run in triplicate. For each plate, triplicate wells of a calibrator, no template control and RNA 

only control were also present. The program used for all qRT-PCR reactions was as follows: pre-

incubation at 95oC for 10 min followed by 40 cycles of denaturation at 95oC for 10 sec, annealing at 60oC 

for 5 sec and extension at 72oC for 8 sec. A melting curve was completed for every run from 65oC to 97oC 

with a read every 5 sec. Product specificity was determined through single PCR melting peaks.  Data 

were analyzed using the ΔΔCt method while incorporating individual primer efficiencies into the 

equation as described by Pfaffl (2001) and is presented as the average of 6-9 fish with the standard 

error. Specifically, gene expression was normalized to the housekeeping gene (EF1α) and expressed as 

fold change over the day 0 control group. After confirming normal distribution and equal variance, a 

two-way ANOVA was individually completed for each cytokine analyzed using the statistical software 

Statistica (StatSoft, Tulsa, OK).  

3. Results 
3.1 Impact of acoustic transmitters on surgical healing 

Whether fish received an acoustic tag or the sham surgical procedure alone, the healing rate at the 

surgical site did not appear to vary between conditions (Figure 1). At Day 2, there were no differences in 

external appearance between fish that received a tag and those that only underwent the sham surgery 

(Figure 1A). At Day 15, fish appeared to display some minor inflammation around the sutures for both 

surgical groups (Figure 1B). By Day 70, almost all fish had lost one or both of the sutures that were 

inserted during the surgical procedure and the wound was completely healed (Figure 1C). There were no 
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observable differences in feeding or movement behaviour between the two surgical groups. There was 

one mortality in the tagged group two days following the surgical procedure. No other mortalities 

occurred throughout the duration of the trial.  

3.2 Encapsulation of acoustic tags 

Following surgical implantation of the acoustic tags, after 15 days it was observed that most 

transmitters were completely encapsulated by a thin membrane and the surrounding adipose tissue of 

the gut (Figure 2A). This observation was also noted at Day 70 (Figure 2B) in the vast majority of 

individuals sampled. Furthermore, the encapsulation occurred regardless of whether the individual was 

sexually mature or not.  

3.3 Inflammatory Cytokine Expression 

At the site of surgery, there was very little inflammatory immune stimulation of IL-1β, TNFα and IL-6 

at the transcript level (Figure 3A). There were no notable differences between timepoints or between 

individuals that received the tag when compared to those that only received the sham surgery. In the 

spleen samples, individuals that received a tag displayed higher variability at Day 2 in IL-6 and IL-1β gene 

expression when compared to their untagged counterparts (Figure 3B) but this variable induction was 

not observed to be significant. No other differences were observed at any other timepoints analyzed for 

the spleen samples. 

When observing the inflammatory cytokine expression of the peritoneal lavage cell pellets, there 

were significant expression differences between tagged and untagged individuals at all time points 

analyzed (Figure 3C). IL-6 was observed to be significantly upregulated in tagged individuals only on days 

2 and 70 while TNFα presented significant upregulation on Day 70 alone. IL-1β transcript levels were 

found to have significantly increased expression in tagged individuals for all time points studied.  

An interesting observation was that on day 2, only the individuals that received the acoustic tag had 

a peritoneal cavity filled with fluid exudate. The fluid was removed from the peritoneal cavity prior to 

rinsing with 10 mL of PBS and was generally observed to be 4 mL or greater depending on the size of the 

fish.  

3.4 Sex differences in chronic inflammatory response 

Due to the variability observed in the peritoneal lavage cytokine expression at Day 70 (Figure 3C), 

transcript expression for each tissue was separated based on whether the individual was a male or a 

sexually mature female (Figure 4). Sexual maturity was assessed based on egg size and the 

developmental stage of the gonad following Wallace and Selman (1981) and Tyler et al (1990). When 

analyzing the muscle tissue at the surgical site, males were observed to have significantly higher 
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transcript expression in only TNFα and IL-1β when compared to mature females (Figure 4A) while in the 

spleen samples there were no significant differences between male and mature females (Figure 4B). In 

the peritoneal lavage cell pellet samples, significantly higher transcript expression in males was 

observed for all three of the cytokines analyzed (Figure 4C).   

 
4. Discussion 

4.1 Healing rate and tag encapsulation 

Fish integument is a multifunctional barrier (reviewed by Glover et al, 2013 and Esteban, 2012) and 

as such, imperfect healing of this system following a surgical procedure could have repercussions 

regarding individual fitness in the wild. Presence of a foreign object within the body cavity, such as the 

tag itself, could influence the healing process, thus it is important to determine the impact that 

telemetry tags can have on surgical recovery. External healing rate at the surgical site following tag 

implantation has been extensively studied in a variety of fish species. These studies have revealed that 

there are several factors which influence healing rate such as fish species, age, environment, water 

temperature, tag size, and suture type (Collins et al, 2013, Lopes et al, 2016, Rozynski et al, 2017, 

Schoonyan et al, 2017). In the current study, the presence of the acoustic tag did not appear to influence 

external healing when compared to individuals who received the sham surgery alone. Although there 

have been many variations in experimental design and numerous variables tested (Cooke et al, 2011), it 

appears that tag presence does not influence surgical site healing rate in the majority of cases. With 

regards to adult rainbow trout, the results presented here provide further evidence that acoustic tags do 

not influence surgical healing rate and survival.  

While external healing was not seen to be influenced by the presence/absence of transmitters, tag 

presence within the peritoneal cavity has been shown to induce an inflammatory response similar to the 

foreign body response (FBR) (Marty and Summerfelt, 1986, Lucas, 1989) and the encapsulation that is 

associated with medical device implantation in mammals (reviewed by Morais et al, 2010). In these 

mammalian models, the FBR involves an initial acute phase, lasting hours to days, followed by a 

subsequent chronic phase. The acute phase is characterized by the influx of neutrophils and fluid 

exudate to aid in matrix formation, wound cleaning and eradication of the threat (dos Santos et al, 

2017). At two days post-surgery in the present study, this acute phase of inflammation was observed 

when excess fluid was seen in the peritoneal cavity of only tagged individuals. If the foreign object 

cannot be destroyed or phagocytosed, the chronic phase of inflammation follows marked by the 

persistent presence of lymphocytes and macrophages. These macrophages attract fibroblasts to the site 
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of the foreign entity and thus, enhance collagen building. The final result is the formation of a thin 

fibrous capsule around the foreign object in an attempt to isolate it from the local tissue environment 

(reviewed by Morais et al, 2010, Anderson and McNalley, 2011). Here, when the acoustic tag could not 

be cleared/destroyed during the acute phase of inflammation, subsequent encapsulation of the tag in a 

thin fibrous layer by the surrounding intestinal tissue was seen as early as 15 days post-surgery. This 

encapsulation has been consistently reported in multiple telemetry tag studies (Marty and Summerfelt, 

1986, Lacroix et al, 2004, Welch et al, 2007, Lopes et al, 2016) and in a variety of fish species (Marty and 

Summerfelt, 1986, Lacroix et al, 2004, Welch et al, 2007, Lopes et al, 2016). Quite often, encapsulation 

precedes the ejection of the telemetry tag either directly through the body wall or via passage into the 

intestine and out the anus (Lucas, 1989, Moore et al, 1990, Baras and Westerloppe, 1999, Welch et al, 

2007). Although only encapsulation was noted in this study, the walling off and/or ejection of foreign 

objects that the immune system cannot eradicate is a typical response across phyla (Anderson, 1971, 

Battistella et al, 1996, Lucke et al, 2014, Olsen et al, 2015). Likely with a longer trial duration, tag 

expulsion would have been evident in this study and is something that will be explored in future 

experiments.  

4.2 Inflammatory cytokine expression in response to acoustic tags 

Surgical implantation of acoustic tags involves the initial breach of a vital immune barrier, the 

integument, as well as maintenance of a foreign object within the body cavity of a fish for an extended 

period of time. As this procedure and the long-term presence of a foreign object would induce an 

inflammatory response, pro-inflammatory cytokine expression was analyzed at three relevant locations 

in tagged and untagged fish. At the surgical site and spleen, there were no significant differences in 

inflammatory transcript expression between tagged and untagged individuals at all time points analyzed 

in the current study. Although this has not been previously explored in salmonids, Zubaidi et al (2015) 

showed that inflammatory cytokine levels in mice generally remain constant in skin and muscle tissue at 

surgical sites. Initially, mice recruit inflammatory macrophages to the site of muscle injury, but these 

macrophages switch to an anti-inflammatory phenotype once they are within the injured tissue. It is 

believed that this phenotype-switch may be required to promote muscle healing at the site of injury 

(Arnold et al, 2007). A similar trend is observed in the spleen tissue of mice following surgery where the 

pro-inflammatory cytokine IL-6 is released into the serum initially but by 48 hours post-surgery anti-

inflammatory responses are induced so as to avoid tissue destruction (Andres-Hernando et al, 2017). 

Perhaps there are similar processes in rainbow trout which may explain the limited inflammatory 
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response at these tissues observed during the study period. Further research and the development of 

rainbow trout cytokine specific antibodies would be required to confidently demonstrate this.   

In any foreign body response, it is the foreign object that is responsible for the chronic inflammation 

observed in the surrounding tissue. As acoustic tags are surgically implanted within the peritoneal 

cavity, lavages were conducted at this site to collect the surrounding cells in both tagged and untagged 

individuals. At all timepoints analyzed, tagged individuals showed a significant increase in inflammatory 

cytokine expression with a reduction observed at day 15. This likely represented the acute (day 2) and 

chronic phases of inflammation (days 15 and 70). In mammals, quite often the FBR is studied using 

subcutaneous biomaterials but there have been some studies utilizing the peritoneum (Mooney et al, 

2010, Peters et al, 2011, Mooney et al, 2014, Christo et al, 2016). After surgically implanting sterile 

cubes into the peritoneal cavity of mice, Mooney et al (2010) observed a typical FBR reaction with 

encapsulation occurring at 2 days post-surgery, a phenomenon that is generally observed later when 

tagging fish. As teleosts have been reported to have delayed immune responses when compared to 

mammalian counterparts, later encapsulation was to be expected. Additionally, when foreign objects 

are implanted into the peritoneum of mice and rats, an enhanced inflammatory response is seen in the 

peritoneal cells of only those individuals that received the foreign object (Mooney et al, 2010, Peters et 

al, 2011). In mice, acute inflammation is observed within hours of foreign device implantation while 

chronic inflammation is observed after 7 days (Christo et al, 2016). Though the time points may differ 

between species, it appears that tag implantation and the observed inflammation that it induces within 

the peritoneal cavity is a teleostean version of the FBR. 

In medical studies using mammalian models, the FBR occurs in response to implants created from 

several different materials including those that are hydrophilic, hydrophobic, hard, soft, polymeric, 

metallic and ceramic materials (reviewed by Ward, 2008 and O’Brien, 2011). Though this list is 

extensive, it is possible that telemetry transmitters could be made from a material that reduces the FBR 

and the associated inflammation. In particular, finding a material that diminishes the adsorption of 

proteins would avoid recognition by macrophages and thus, would prevent/inhibit encapsulation 

(reviewed by Ward, 2008). Previous studies have shown that biomaterials created from the zwitterionic 

material, carboxybetaine, adsorb less than 0.3 ng/cm2 of protein from 100% blood plasma or serum 

(Ladd et al, 2008). When hydrogels were created from this material and then surgically implanted into 

mice, both the foreign body and inflammatory responses were significantly reduced for the entirety of a 

three month trial (Zhang et al, 2013). The external casings of the Vemco acoustic tags used in this study 

consisted of epoxy, from which notoriously hydrophilic polymers are synthesized. As described above, 
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hydrophilic compounds have been shown to adsorb protein heavily (Kastantin et al, 2011, Swartzlander 

et al, 2014) which may provide an explanation regarding the significant inflammation observed as a 

result of tag presence. With this consideration, perhaps improvements to the external material of 

acoustic tags would limit the inflammatory response that was observed in the current study. Because 

not all acoustic tag compositions are the same, a promising future study would be to compare the 

inflammatory response raised against tags developed by different companies. Though further research is 

required, ensuring that telemetry tags are smaller and created from low protein adsorbing material may 

prevent chronic inflammation and eventual tag ejection, thus improving tag recovery rates and data 

collection.  

4.3 The impact of sexual maturity on inflammatory gene expression 

In teleosts, immune suppression during sexual maturation is a well-studied phenomenon that has 

been supported by several different experiments (Nakanishi, 1986, Hou et al, 1999, MacKenzie et al, 

2006). Furthermore, the hormones associated with sexual maturation have been shown to drastically 

impact immune function in the majority of fish species (reviewed by Yada and Nakanishi, 2002). The 

female sex hormone, 17β-estradiol (E2), plays an essential role in the egg production of all oviparous 

vertebrates, including fish (Anderson et al, 1996). When fish are exposed to varying concentrations of 

this hormone, E2 has been consistently shown to suppress the inflammatory response and increase 

susceptibility to pathogen infection (Wang and Belosevic, 1994, Seemann et al, 2013, Wenger et al, 

2014). In the present study, tagged sexually mature females were observed to have suppressed 

inflammatory cytokine expression when compared to their tagged male counterparts. At appropriate 

biological levels, this induced suppression can actually be protective, as a damaging inflammatory 

response could result in the destruction of valuable eggs and a potentially significant reduction in 

reproductive fitness. Additionally, because mature eggs are in close proximity to the organs of the 

peritoneal cavity, they could be jeopardized in the crossfire when mounting an immune reaction against 

infectious agents and/or a foreign object such as a telemetry tag. Thus, the suppressed immune 

response observed here in mature females was likely a result of “immune privilege” (MacKenzie et al, 

2006) to protect the germ line.  

5. Conclusions 
Biotelemetry studies reveal important information about the lifestyle, distribution and breeding 

patterns of wild fish populations. Though their contributions to our understanding of fish ecology and 

behaviour have been significant, biotelemetry does not come without risks to the animal being tagged. 

The results of the current study show that the implantation of acoustic transmitters, though not 
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influencing external healing rate, do induce chronic inflammatory cytokine expression in peritoneal 

lavage cell pellets. At 15 and 70 days post-surgery, tags were consistently observed to be encapsulated 

providing more evidence for the chronic phase of inflammation that is associated with the FBR. 

Furthermore, sexual maturity appeared to play a role in inflammatory status indicating that special care 

should be taken to avoid tagging mature females. This study represents the first time immune function 

was compared between tagged and untagged individuals and has revealed that acoustic tag 

implantation stimulates an immune response in tagged fish. As a result, future studies should focus on 

developing smaller telemetry transmitters from a material that limits the FBR.  These technological 

improvements would ensure more accurate assessments of fish populations, greater tag return rates 

and thus, larger sample sizes per experiment.  

Acknowledgements: 

This work was supported through a Canada Research Council Research Chair and NSERC Discovery Grant 

[no 217529] to BD. The authors would like to thank Martin Ryan for his assistance with fish housing and 

maintenance.  

  

ACCEPTED M
ANUSCRIP

T



 
References 
1. Adams, N.S., Rondorf, D.W., Evans, S.D., Kelly, J.E., 1998. Effects of surgically and gastrically 

implanted radio transmitters on the growth and feeding behavior of juvenile Chinook salmon. 
Transactions of the American Fisheries Society, 127:128-136 

2. Anderson, R.S., 1971. Cellular responses to foreign bodies in the tunicate Molgula manhattensis 
(DeKay). The Biological Bulletin, 141:91-98.  

3. Anderson, J.M., McNally, A.K., 2011. Biocompatibility of implants: lymphocyte/macrophage 
interactions. Seminars in Immunopathology, 33:221-233 

4. Anderson, M.J., Olsen, H., Matsumura, F., Hinton, D.E., 1996. In vivo modulation of 17β-estradiol-
induced vitellogenin synthesis and estrogen receptor in rainbow trout (Oncorhynchus mykiss) liver 
cells by β-naphthoflavone. Toxicology and Applied Pharmacology, 137:210-218.  

5. Andres-Hernando, A., Okamura, K., Bhargava, R., Kiekhaefer, C.M., Soranno, D., Kirkbride-Romeo, 
L.A., Gil, H., Altmann, C., Faubel, S., 2017. Circulating IL-6 upregulates IL-10 production in splenic 
CD4+ T cells and limits acute kidney injury-induced lung inflammation. Kidney International, 91:1057-
1069.  

6. Anglea, S.M., Geist, D.R., Brown, R.S., Deters, K.A., McDonald, R.D., 2004. Effects of acoustic 
transmitters on swimming performance and predator avoidance of juvenile Chinook salmon. North 
American Journal of Fisheries Management, 24:162-170 

7. Arnold, L., Henry, A., Poron, F., Baba-Amer, Y., van Rooijen, N., Plonquet, A., Gherardi, R.K., Chazaud, 
B., 2007. Inflammatory monocytes recruited after skeletal muscle injury switch into anti-
inflammatory macrophages to support myogenesis. The Journal of Experimental Medicine, 
204:1057-1069.  

8. Baras, E., Westerloppe, L., 1999. Transintestinal expulsion of surgically implanted tags by African 
catfish Heterobranchu longifilis of variable size and age. Transactions of the American Fisheries 
Society, 128:737-746 

9. Battistella, S., Bonivento, P., Amirante, G.A., 1996. Hemocytes and immunological reactions in 
crustaceans. Italian Journal of Zoology, 63:337-343.  

10. Bevan, R.M., Butler, P.J., Woakes, A.J., Boyd, I.L., 2002. The energetics of Gentoo Penguins, 
Pygoscelis papua, during the breeding season. Functional Ecology, 16:175-190.  

11. Brown, R.S., Cooke, S.J., Anderson, W.G., McKinley, R.S., 1999. Evidence to challenge the “2% rule” 
for biotelemetry. North American Journal of Fisheries Management, 19, 867-871.  

12. Brown, R.S., Geist, D.R., Deters, K.A., Grassell, A., 2006. Effects of surgically implanted acoustic 
transmitters >2% of body mass on the swimming performance, survival and growth of juvenile 
sockeye and Chinook salmon. Journal of Fish Biology, 69:1626-1638.  

13. Buchmann, K., Lindenstrom, T., Sigh, J., 2004. Expression of pro-inflammatory cytokines in rainbow 
trout (Oncorhynchus mykiss) during an infection with Ichthyopthirius multifiliis. Fish and Shellfish 
Immunology, 17:75-86.  

14. Caputo, M., O’Connor, C.M., Hasler, C.T., Hanson, K.C., Cooke, S.J., 2009. Long-term effects of 
surgically implanted telemetry tags on the nutritional physiology and condition of wild freshwater 
fish. Diseases of Aquatic Organisms, 84:35-41.  

15. Christo, S.N., Diener, K.R., Manavis, J., Grimbaldeston, M.A., Bachhuka, A., Vasilev, K., Hayball, J.D., 
2016. Inflammasome components ASC and AIM2 modulate the acute phase of biomaterial implant-
induced foreign body responses. Scientific Reports, doi: 10.1038/srep20635 

16. Collins, A.L., Hinch, S.G., Welch, D.W., Cooke, S.J., Clark, T.D., 2013. Intracoelomic acoustic tagging of 
juvenile sockeye salmon: swimming performance, survival, and postsurgical wound healing in 
freshwater and during a transition to seawater. Transactions of the American Fisheries Society, 
16:515-523.  

ACCEPTED M
ANUSCRIP

T



17. Connors, K.B., Scruton, D., Brown, J.A., McKinley, R.S., 2002. The effects of surgically-implanted 
dummy radio transmitters on the behavior of wild Atlantic salmon smolts. Hydrobiologia, 483:231-
237.  

18. Cooke, S.J., 2008. Biotelemetry and biologging in endangered species research and animal 
conservation: relevance to regional, national, and IUCN Red List threat assessments. Endangered 
Species Research, 4:165-185.  

19. Cooke, S.J., Woodley, C.M., Eppard, M.B., Brown, R.S., Nielsen, J.L., 2011. Advancing the surgical 
implantation of electronic tags in fish: a gap analysis and research agenda based on a review of 
trends in intracoelomic tagging effects studies. Reviews in Fish Biology and Fisheries, 21:127-151.  

20. Cooke, S.J., Midwood, J.D., Thiem, J.D., Klimley, P., Lucas, M.C., Thorstad, E.B., Eiler, J., Holbrook, C., 
Ebner, B.C., 2013. Tracking animals in freshwater with electronic tags: past, present and future. 
Animal Biotelemetry, doi: http://dx.doi.org/10.1186/2050-3385-1-5 

21. Crossin, G.T., Heupel, M.R., Holbrook, C.M., Hussey, N.E., Lowerre-Barbieri, S.K., Nguyen, V.M., Raby, 
G.D., Cooke, S.J., 2017. Acoustic telemetry and fisheries management. Ecological Applications, 
27:1031-1049.  

22. Crossin, G.T., Hinch, S.G., Cooke, S.J., Welch, D.W., Patterson, D.A., Jones, S.R.M., Lotto, A.G., 
Leggatt, R.A., Mathes, M.T., Shrimpton, J.M., Van Der Kraak, G., Farrell, A.P., 2008. Exposure to high 
temperature influences the behaviour, physiology, and survival of sockeye salmon during spawning 
migration. Canadian Journal of Zoology, 86:127-140.  

23. Donaldson, M.R., Cooke, S.J., Patterson, D.A., Hinch, S.G., Robichaud, Hanson, K.C., Olsson, I., 
Crossin, G.T., English, K.K., Farrell, A.P., 2009. Limited behavioural thermoregulation by adult 
upriver-migrating sockeye salmon (Oncorhynchus nerka) in the Lower Fraser River, British Columbia. 
Canadian Journal of Zoology, 87:480-490.  

24. dos Santos, V., Brandalise, R.N., Savaris, M., 2017. Engineering of Biomaterials. Springer 
International Publishing, Cham, Switzerland. 

25. Esteban, M.A., 2012. An overview of the immunological defenses in fish skin. International Scholarly 
Research Network Immunology, doi: 10.5402/2012/853470 

26. Farrell, A.P., Hinch, S.G., Cooke, S.J., Patterson, D.A., Crossin, G.T., Lapointe, M., Mathes, M.T., 2008. 
Pacific salmon in hot water: applying aerobic scope models and biotelemetry to predict the success 
of spawning migrations. Physiological and Biochemical Zoology, 81:697-709.  

27. Feghali, C.A., Wright, T.M., 1997. Cytokines in acute and chronic inflammation. Frontiers in 
Bioscience, 2:12-26 

28. Fuller, A., Kamerman, P.R., Maloney, S.K., Mitchell, G., Mitchell, D., 2003. Variability in brain and 
arterial blood temperatures in free-ranging ostriches in their natural habitat. Journal of Experimental 
Biology, 206:1171-1181.  

29. Gabay, C., 2006. Interleukin-6 and chronic inflammation. Arthritis Research and Therapy, doi: 
10.1186/ar1917 

30. Glover, C.N., Bucking, C., Wood, C.M., 2013. The skin of fish as a transport epithelium: a review. 
Journal of Comparative Physiology B, doi: 10.1007/s00360-013-0761-4 

31. Hockersmith, E.E., Beeman, J.W., 2012. A history of telemetry in fisheries research in Telemetry 
techniques: a user guide for fisheries research. American Fisheries Society, Bethesda, Maryland, 
USA. 

32. Hou, Y., Suzuki, Y., Aida, K., 1999. Changes in immunoglobulin producing cells in response to gonadal 
maturation in rainbow trout. Fisheries Science, 65:844-849.  

33. Iliev, D.B., Castellana, B., MacKenzie, S., Planas, J.V., Goetz, F.W., 2007. Cloning and expression 
analysis of an IL-6 homolog in rainbow trout (Oncorhynchus mykiss). Molecular Immunology, 
44:1803-1807.  

ACCEPTED M
ANUSCRIP

T



34. Jacobsen, L.B., Jensen, N.O.,Willemoes, M., Hansen, L., Desholm, M., Fox, A.D., Tottrup, A.P., 
Thorup, K., 2017. Annual spatiotemporal migration schedules in three larger insectivorous birds: 
European nightjar, common swift and common cuckoo. Animal Biotelemetry, doi: 10.1186/s40317-
017-0119-x 

35. Kastantin, M., Landon, B.B., Chang, E.L., Schwartz, D.K., 2011. Single-molecule resolution of 
interfacial fibrinogen behavior: effects of oligomer populations and surface chemistry. Journal of the 
American Chemical Society, 133:4975-4983.  

36. Lacroix, G.L., Knox, D., McCurdy, P., 2004. Effects of implanted dummy acoustic transmitters on 
juvenile Atlantic salmon. Transactions of the American Fisheries Society, 133:211-220.  

37. Ladd, J., Zhang, Z., Chen, S., Hower, J.C., Jiang, S., 2008. Zwitterionic polymers exhibiting high 
resistance to nonspecific protein adsorption from human serum and plasma. Biomacromolecules, 
9:1357-1361 

38. Lopes, J.M., Alves, C.B.M., Silva, F.O., Bedore, A.G., Pompeu, P.S., 2016. Effect of anesthetic, tag size, 
and surgeon experience on postsurgical recovering after implantation of electronic tags in 
neotropical fish: Prochilodus lineatus (Valenciennes, 1837) (Characiformes: Prochilodontidae). 
Neotropical Ichthyology, doi: 10.1590/1982-0224-20150189 

39. Logan, M., Sanson, G.D., 2003. The effects of lactation on the feeding bahaviour and activity 
patterns of free-ranging female koalas (Phascolarctos cinereus Goldfuss). Australian Journal of 
Zoology, 51:415-428.  

40. Lucas, M.C., 1989. Effects of implanted dummy transmitters on mortality, growth and tissue 
reaction in rainbow trout, Salmo gairdneri Richardson. Journal of Fish Biology, 35:577-587.  

41. Lucas, M.C., Baras, E., 2000. Methods for studying spatial behavior of freshwater fishes in the 
natural environment. Fish and Fisheries, 1:283-316 

42. Lucke, S., Hoene, A., Walschus, U., Kob, A., Pissarek, J., Schlosser, M., 2014. Acute and chronic local 
inflammatory reaction after implantation of different extracellular porcine dermis collagen matrices 
in rats. BioMed Research International, doi: 10.1155/2015/938059 

43. MacKenzie, S., Montserrat, N., Mas, M., Acerete, L., Tort, L., Krasnov, A., Goetz, F.W., Planas, J.V., 
2006. Bacterial lipopolysaccharide induces apoptosis in the trout ovary. Reproductive Biology and 
Endocrinology, doi: doi:10.1186/1477-7827-4-46 

44. Madisen, P.T., Payne, R., Kristiansen, N.U., Wahlberg, M., Kerr, I., Mohl, B., 2002. Sperm whale 
sound production studied with ultrasound time/depth-recording tags. Journal of Experimental 
Biology, 205:1899-1906.  

45. Martin, P., Leibovich, S.J., 2005. Inflammatory cells during wound repair: the good, the bad and the 
ugly. TRENDS in Cell Biology, 15:599-607 

46. Marty, G.D., Summerfelt, R.C., 1986. Pathways and mechanisms for expulsion of surgically implanted 
dummy transmitters from channel catfish. Transactions of the American Fisheries Society, 115:577-
589 

47. Mathes, M.T., Hinch, S.G., Cooke, S.J., Crossin, G.T., Patterson, D.A., Lotto, A.G., Farrell, A.P., 2010. 
Effect of water temperature, timing, physiological condition, and lake thermal refugia on migrating 
adult Weaver Crook sockeye salmon (Oncorhynchus nerka). Canadian Journal of Fisheries and 
Aquatic Sciences, 67:70-84.  

48. Medzhitov, R., 2008. Origin and physiological roles of inflammation. Nature, doi: 
10.1038/nature07201 

49. Mooney, J.E., Rolfe, B.E., Osborne, G.W., Sester, D.P., van Rooijen, N., Campbell, G.R., Hume, D.A., 
Campbell, J.H., 2010. Cellular plasticity of inflammatory myeloid cells in the peritoneal foreign body 
response. The American Journal of Pathology, 176:369-380 

ACCEPTED M
ANUSCRIP

T



50. Mooney, J.E., Summers, K.M., Gongora, M., Grimmond, S.M., Campbell, J.H., Hume, D.A., Rolfe, B.E., 
2014. Transcriptional switching in macrophages associated with the peritoneal foreign body 
response.  Nature, 92:518-526.  

51. Moore, A., Russell, I.C., Potter, E.C.E., 1990. The effects of intraperitoneally implanted dummy 
acoustic transmitters on the behavior and physiology of Atlantic salmon, Salmo salar L. Journal of 
Fish Biology, 37:713-721.  

52. Morais, J.M., Papadimitrakopoulos, F., Burgess, D.J., 2010. Biomaterials/tissue interactions: possible 
solutions to overcome foreign body response. AAPS J, 12:188-196.  

53. Mulder, I.M., Morris, C.J., Dempson, J.B., Fleming, I.A., Power, M., 2018. Winter movement activity 
patterns of anadromous Arctic charr in two Labrador lakes. Ecology of Freshwater Fish, 27: 785-797.  

54. Nakanishi, T., 1986. Seasonal changes in the humoral immune response and the lymphoid tissues of 
the marine teleost, Sebastiscus marmoratus. Veterinary Immunology and Immunopathology, 
12:213-221.  

55. Newton, K., Dixit, V.M., 2012. Signaling in innate immunity and inflammation. Cold Spring Harbor 
Perspectives in Biology, doi: 10.1101/cshperspect.a006049 

56. O’Brien, F.J., 2011. Biomaterials and scaffolds for tissue engineering. Materials today, 14:88-95.  
57. Olsen, T.B., Ekholm, F., Christensen, G., Lundgreen, K., Dunn, P.H., Levitis, D.A., 2015. Coelomic 

transport and clearance of durable foreign bodies by starfish (Asterias rubens). The Biological 
Bulletin, 228:156-162.  

58. Peters, T., Potter, R., li, X., He, Z., Hoskins, G., Flessner, M.F., 2011. Mouse model of foreign body 
reaction that alters the submesothelium and transperitoneal transport. American Journal of 
Physiology-Renal Physiology, 300:283-289.  

59. Pfaffl, M.W., 2001. A new mathematical model for relative quantification in real-time RT-PCR. 
Nucleic Acids Research, 29:2002-2007.  

60. Robertson, M.J., Scruton, D.A., Brown, J.A., 2003. Effectsof surgically implanted transmitters on 
swimming performance, food consumption and growth of wild Atlantic salmon parr. Journal of Fish 
Biology, 62:673-678. 

61. Rozynski, M., Kapusta, A., Demska-Zakes, K., Hopko, M., Sikora, A., Zakes, Z., 2017. The effects of 
surgically implanted dummy tags on the survival, growth performance, and physiology of pikeperch 
(Sander lucioperca). Fish Physiology and Biochemistry, 43:999-1010.  

62. Schoonyan, A., Kraus, R.T., Faust, M.D., Vandergoot, C.S., Cooke, S.J., Cook, H.A., Hayden, T.A., 
Krueger, C.C., 2017. Estimating incision healing rate for surgically implanted acoustic transmitters 
from recaptured fish. Animal Biotelemetry, doi: 10.1186/s40317-017-0130-2 

63. Seemann, F., Knigge, T., Rocher, B., Minier, C., Monsinjon, T., 2013. 17β-estradiol induces changes in 
cytokine levels in head kidney and blood of juvenile sea bass (Dicentrarchus labrax, L., 1758). Marine 
Environmental Research, 87:44-51.  

64. Semple, S.L., Kellendonk, C.J., Al-Hussinee, L., MacInnes, J.I., Lumsden, J.S., Dixon, B.,  2018. Serum 
IgM, MH class IIβ genotype and respiratory burst activity do not differ between rainbow trout 
families displaying resistance or susceptibility to the coldwater pathogen, Flavobacterium 
psychrophilum. Aquaculture, 483:131-140.  

65. Serhan, C.N., Savill, J., 2005. Resolution of inflammation: the beginning programs the end. Nature 
Immunology, 6:1191-1197 

66. Swartzlander, M.D., Barnes, C.A., Blakney, A.K., Kaar, J.L., Kyriakides, T.R., Bryant, S.J., 2014. Linking 
the foreign body response and protein adsorption to PEG-based hydrogels using proteomics. 
Biomaterials, 41:26-36 

67. Theoharides, T.C., Alysandratos, K., Angelidou, A., Delivanis, D., Sismanopoulos, N., Zhang, B., Asadi, 
S., Vasiadi, M., Weng, Z., Miniati, A., Kalogeromitros, D., 2012. Mast cells and inflammation. 
Biochimica et Biophysica Acta, 1822:21-33.  

ACCEPTED M
ANUSCRIP

T



68. Thorstad, E.B., Rikardsen, A.H., Alp, A., Økland, F., 2013. The use of electronic tags in fish research - 
an overview of fish telemetry methods. Turkish Journal of Fisheries and Aquatic Sciences, 13:881–96 

69. Tyler, C.R., Sumpter, J.P, Witthames, P.R., 1990. The dynamics of oocyte growth during 
vitellogenesis in the rainbow trout (Oncorhynchus mykiss). Biology of Reproduction, 43:202-209.  

70. Wagner, G.N., Cooke, S.J., Brown, R.S., Deters, K.A., 2011. Surgical implantation techniques for 
electronic tags in fish. Reviews in Fish Biology and Fisheries, 21:71-81 

71. Wallace, R.A., Selman, K., 1981. Cellular and dynamic aspects of oocyte growth in teleosts. American 
Zoology, 21:325-343 

72. Wang, R., Belosevic, M., 1994. Estradiol increases susceptibility of goldfish to Trypanosoma 
danilewskyi. Developmental and Comparative Immunology, 18:377-387.  

73. Ward, M.D., 2008. A review of the foreign-body response to subcutaneously-implanted devices: the 
role of macrophages and cytokines in biofouling and fibrosis. Journal of Diabetes Science and 
Technology, 2:768-777.  

74. Watkins, L.R., Maier, S.F., Goehler, L.E., 1995. Immune activation: the role of pro-inflammatory 
cytokines in inflammation, illness responses and pathological pain states. Pain, 63:289-302.  

75. Welch, D.W., Batten, S.D., Ward, B.R., 2007. Growth, survival, and tag retention of steelhead trout 
(O. mykiss) surgically implanted with dummy acoustic tags. Hydrobiologia, 582:289-299.  

76. Wenger, M., Shved, N., Akgul, G., Caelers, A., Casanova, A., Segner, H., Eppler, E., 2014. 
Developmental oestrogen exposure differentially modulates IGF-1 and TNF-α expression levels in 
immune organs of Yersinia ruckeri-challenged young adult rainbow trout (Oncorhynchus mykiss). 
General and Comparative Endocrinology, 205:168-175.  

77. Wulff, B.C., Wilgus, T.A., 2013. Mast cell activity in the healing wound: more than meets the eye? 
Experimental Dermatology, doi: 10.1111/exd.12169 

78. Yada, T., Nakanishi, T., 2002. Interaction between endocrine and immune systems in fish. 
Internation Review of Cytology, 220:35-92.  

79. Zelikoff, J.T., Enane, N.A., Bowser, D., Squibb, K.S., Frenkel, K., 1991. Development of fish peritoneal 
macrophages as a model for higher vertebrates in immunotoxicological studies. Fundamental and 
Applied Toxicology, 16:576-589.  

80. Zou, J., Secombes, C.J., 2016. The function of fish cytokines. Biology, doi: 10.3390/biology5020023 
81. Zhang, L., Cao, Z., Bai, T., Carr, L., Ella-Menye, J., Irvin, C., Ratner, B.D., Jiang, S., 2013. Zwitterionic 

hydrogels implanted in mice resist the foreign-body reaction. Nature Biotechnology, 31:553-556. 
82. Zubaidi, A.M., Hussain, T., Alzoghaibi, M.A., 2015. The time course of cytokine expressions plays a 

determining role in faster healing of intestinal and colonic anastomatic wounds. The Saudi Journal of 
Gastroenterology, 21:412-417.  

 
 
 
 
  

ACCEPTED M
ANUSCRIP

T



 
Table 1: Primer sequences used for qRT-PCR analysis of pro-inflammatory cytokines in rainbow trout. 
 

Gene Primers (5’ to 3’) Amplicon 
Length (bp) 

Accession 
Number 

IL-1β  F: CCACAAAGTGCATTTGAAC 
R: GCAACCTCCTCTAGGTGC 

155 AJ298294.1 

IL-6 F: CTTCTACACGCTATCTCTCACTC 
R: CGTCTGTCCCGAGCT 

128 NM_001124657.1 

TNFα F: GTGCAAAAGATACCCACC 
R: CACTGCACGGTGTCAG 

108 AJ278085.1 

EF1α F: CGCACAGTAACACCGAAACTAATTAAGC 
R: GCCTCCGCACTTGTAGATCAGATG 

134 NM_001124339 
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Figure Legends: 
Figure 1: Representative pictures depicting the rate of healing at the surgical site. Pictures were taken of 
each fish at the surgical site on Day 2 (A), Day 15 (B) and Day 70 (C) so that the rate of healing could be 
compared between fish in both the presence and absence of a telemetry tag. 
 
Figure 2: Representative pictures presenting tag location and encapsulation. Tag encapsulation was first 
observed 15 days post-surgery (A) in all fish sampled. At 70 days post-surgery (B) encapsulation was also 
consistently observed regardless of whether the fish was sexually mature or not.  
 
Figure 3: Pro-inflammatory cytokine gene expression in muscle tissue at the site of surgery (A), spleen 
tissue (B) and peritoneal lavage cell pellets (C) of tagged and sham surgery fish. All timepoints represent 
the fold change of at least 6 individuals. Significant differences between tagged and untagged individuals 
of the respective cytokine are indicated (p<0.05). Vertical error bars represent the standard error.  
 
Figure 4: Sex-based differences in pro-inflammatory cytokine transcript levels at 70 days post-surgery. 
Cytokine expression was separated based on the sex of the fish in the muscle tissue at the surgical site 
(A), spleen (B) and in the peritoneal lavage cell pellets (C). Significant differences between males (n=3) 
and sexually mature females (n=4) are indicated by * (p<0.05) and ** (p<0.01). Vertical error bars 
represent the standard error.  
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