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Abstract

The herbicide atrazine is widely used for controlling broad leaf weeds and increasing crop 

yields in agricultural areas. Atrazine enters aquatic environments through runoff, ground water 

discharge and seepage where concentrations have been recorded above 300 ppb. Exposure to 

the herbicide atrazine at environmentally relevant concentrations has been shown to negatively 

impact aquatic organisms, including crayfish. Because xenobiotics are concentrated in the crayfish 

hepatopancreas (digestive gland), we examined changes in morphology and DNA damage in 

hepatopancreatic tissue structure and cells following a 10-day exposure to atrazine (0, 10, 40, 

80, 100 and 300 ppb). We found that there were marked morphological changes, post-exposure, 

for all atrazine concentrations tested. Hepatopancreatic tissue exhibited degenerated tubule 

epithelium with necrosis of microvilli, tubule lumen dilation, changes in tubular epithelium height 
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and vacuolization of the epithelium. Likewise, we also performed a terminal deoxynucleotidyl 

transferase (TdT) mediated dUTP nick-end labeling (TUNEL) assay which showed the percentage 

of cells with DNA damage increased following atrazine exposure. Crayfish hepatopancreatic 

tissue displayed significant increases in TUNEL-positive cells following exposure to atrazine 

at 100 ppb and above. Overall, exposure to atrazine at environmentally relevant concentrations 

damages hepatopancreatic tissue. This impairment could lead to changes in biotransformation, 

detoxification, digestion and molting, subsequently reducing crayfish populations and negatively 

impacting the aquatic ecosystem.
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Introduction

Herbicides are heavily used in agricultural areas to control unwanted plant growth and 

subsequently increase crop yields. Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-

triazine) is a chlorotriazine herbicide and is one of the most heavily applied herbicides in the 

United States (U.S.) with over 32 million kg being applied annually (EPA, 2020). Atrazine 

is typically applied to corn, sorghum and sugarcane crops to control the growth of broad 

leaf weeds (EPA, 2013). After being applied to agricultural areas, atrazine can enter local 

streams and rivers through run-off, ground water seepage, regional transport (evaporation) 

and may be deposited by rain water (LeBlanc et al., 1997; Tong and Chen, 2002). Although 

the U.S. Environmental Protection Agency (EPA) sets a limit of 15 μg/L (ppb) atrazine 

(60-day average) and an in-field downwind buffer of 4.6 m from aquatic environments, 

atrazine has been detected at levels above 300 ppb in some U.S. rivers (EPA, 2014; Belanger 

et al., 2016; EPA, 2020). These elevated concentrations have also been shown to last for 

several weeks during the spring season (EPA, 2014). Exposure to high concentrations of 

atrazine is also compounded by the fact that the half-life of atrazine ranges from six days to 

several months or years (Comber, 1999). Atrazine has also been detected for up to 22 years 

following its application due to its potential for soil sorption and high soil mobility (Walther, 

2003; Jablonowski et al., 2011). This is of concern because atrazine exposure can then have 

long-term impacts on non-target species, like aquatic organisms, for years.

Understanding the impacts of atrazine exposure on non-target aquatic organisms has been 

the focus of many reviews (Giddings, 2005; Solomon et al., 2008; Van Der Kraak et al., 

2014; de Albuquerque et al., 2020). Because atrazine comes into contact with a broad 

range of aquatic organisms, it can cause sublethal effects to nontarget species and interfere 

with the behavior, morphology and physiology of many species at environmentally relevant 

concentrations. Atrazine has been shown to affect reproductive physiology and behavior. 

For example, acute exposure to atrazine led to demasculinization and feminization of male 

frogs (Xenopus laevis), feminization of mussels (Elliptio complanata), altered sperm quality 

in zebrafish (Danio rerio) and an inability to detect and localize mate odors in crayfish 

(Faxonius rusticus) (Tavera-Mendoza et al., 2002; Hayes et al., 2003; Flynn et al., 2013; 

Belanger et al., 2017a; Bautista et al., 2018). Further, atrazine has been shown to cause 
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embryo abnormalities in Daphnia magna, decreased vitellogenin, glycogen and oocyte area 

in the estuarine crab (Neohelice granulata) and altered sex ratios in some Hymenoptera 

species (Palma et al., 2009; Leite et al., 2015; Silveyra et al., 2017). Gunkel and Streit 

(1980) suggest that atrazine enters the body of most aquatic organisms via the gills and 

can be concentrated in various organs and tissues. Atrazine has been shown to accumulate 

in the liver/hepatopancreas, gallbladder and ovaries in fish (Danio rerio, Tilapia sparrmanii, 
Coregonus fera, Cyprinus carpio) and in the visceral mass, foot and mantle of bivalves 

(Ancylus fluviatilis, Anodontites trapesialis and Corbicula fluminea) following an acute 

exposure (Gunkel and Streit, 1980; du Preez and Van Vuren, 1992; Jacomini et al., 2006; 

Xing et al., 2012; Al-Sawafi and Yan, 2013). Atrazine was also shown to cause DNA 

damage in cells of tissues where it is known to accumulate. Exposure to atrazine causes 

biochemical changes and DNA damage in the cells of the hepatopancreas of D. rerio 
and liver of Prochilodus lineatus (Zhu et al., 2011b; Santos and Martinez, 2012). DNA 

damage was also detected in peripherally located antennule cells of crayfish (Faxonius 
virilis) following acute atrazine exposures (Abdulelah et al., 2020). Because of where they 

are located, these appendages and cells presumably come in contact with atrazine readily in 

their environment, leading to damage and long-term chemosensory deficits (Belanger et al., 

2016). Changes in morphology, in addition to the expression and activity of detoxification 

enzymes and antioxidant biomarkers of the hepatopancreas (digestive gland) of crayfish 

(F. virilis, Procambarus fallax f. virginalis, Cherax destructor), were also noted following 

exposure to atrazine and its metabolites (Velisek et al., 2017; Stara et al., 2018; Steele et 

al., 2018; Awali et al., 2019). Many invertebrates, including crayfish, rely heavily on the 

hepatopancreas for biotransformation and detoxification of xenobiotics following exposure.

The hepatopancreas of the crayfish serves as the main energy reserve for growth and 

molting. Additionally, it is the main site of digestion, absorption and storage of nutrients. It 

is also the main organ of biotransformation of xenobiotic compounds (Holdich, 2002). Given 

that the central function of the hepatopancreas is the transformation of chemical substrates 

to inactive forms, the physical, physiological and morphological state of this organ can 

provide insights into the effects of xenobiotics (for review see Belanger et al. (2017b)). 

Crayfish hepatopancreatic tissue can be used to monitor the health of the crayfish and can 

indicate when the animal has been exposed to harmful substances (Xiao et al., 2014; Velisek 

et al., 2017). Following exposure to xenobiotics, the hepatopancreas bioaccumulates and 

stores them in intracellular vacuoles (Icely and Nott, 1992). Changes in the histological 

organization of the crayfish hepatopancreas may be used as a bio-indicator of contamination 

(Popescu-Marinescu et al., 1997; Desouky et al., 2013; Koutnik et al., 2014; Stara et al., 

2016; Belanger et al., 2017b; Stara et al., 2018; Laurenz et al., 2020). The hepatopancreas 

is formed by numerous tubules separated by connective tissues with four types of epithelial 

cells, including blister-like secretory cells (B cell) which form large vacuoles that channel 

off harmful substances (Abd El-Atti et al., 2019). Further, these large vacuolar structures 

have been recognized as secondary lysosomes that are involved in enzymatic breakdown 

of xenobiotics and in cellular autophagy (Brown, 1982). Given the importance of the 

hepatopancreas in biotransformation and detoxification, its morphology and physiology can 

be used to identify areas of the aquatic environment that are under the stress of pollution.
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In this study, we investigated whether exposure to environmentally relevant concentrations 

of atrazine (0, 10, 40, 80, 100 and 300 ppb) for 10 days caused morphological and cellular 

changes in hepatopancreas of crayfish. These concentrations and exposure time selected 

in this study were chosen based on the range of environmentally relevant concentrations 

identified in Belanger et al. (2016). We hypothesized that as the exposure concentration 

increased, there would be changes in the morphology of the lobules of the hepatopancreas. 

Our hypothesis is based on studies indicating deterioration of the tubular epithelium 

and vacuolization of the hepatopancreatic lobules following exposure to the herbicides 

metolachlor and prometryne, and to pyrethroid insecticides (Wei and Yang, 2015; Stara et 

al., 2018, 2019). Moreover, because atrazine exposure was shown to cause significant DNA 

damage, we also expected to see dose-dependent increases in hepatopancreatic cells with 

DNA damage following exposure to atrazine (Liu et al., 2006; de Campos-Ventura et al., 

2008; Cavas, 2011; Zhu et al., 2011b; Santos and Martinez, 2012; Abdulelah et al., 2020). 

To investigate DNA damage, we used a TdT mediated dUTP nick-end labeling (TUNEL) 

assay. In support of our hypothesis, we expected the percentage of TUNEL-positive cells in 

the hepatopancreas to increase in a dose-dependent manner. Additionally, we also expected 

to see an increase in vacuolization, tubular destruction and a decrease of microvilli in the 

hepatopancreas with increasing biotransformation and detoxification of atrazine. Overall, 

it is important to understand how atrazine-induced changes affect the morphology of the 

hepatopancreas, as overall physiological function is correlated with physiological condition 

(Popescu-Marinescu et al., 1997). Acute atrazine exposure could lead to long-term changes 

in the crayfish’s ability to detoxify xenobiotics and subsequently affect survival.

Materials and methods

Animals

Male Faxonius virilis crayfish (weight: 27.0 ± 10.3 g, carapace length: 4.4 ± 0.6 cm, chelae 

length: 3.8 ± 0.8 cm; mean ± standard deviation, N = 18), used in this experiment, were 

collected from Belle Isle Park and William G. Milliken State Park (Detroit, MI) using bated 

traps. There was no difference in the size of crayfish used for each of the concentrations 

tested (one-way ANOVA; F5,17 = 3.10; p = 0.81). All crayfish survived this study. They were 

housed at the University of Detroit Mercy in large tanks [mean water chemistry parameters: 

pH 7.5, dissolved oxygen = 8.29 mg L−1, dissolved oxygen percent saturation = 96.45%, 

temperature = 22.3 °C, hardness = 250 ± 25 mg L−1, and TOC = 2.54 mg L−1; 14:10 h light 

dark cycle] for at least two weeks prior to treatments. During this time and throughout the 

treatments, crayfish were fed one rabbit pellet per crayfish three times per week.

Atrazine treatments

Atrazine treatments were performed using methods from Abdulelah et al. (2020). Crayfish 

were treated for 10 days in 3000 mL translucent polyethylene terephthalate containers (31 

cm length ± 18.5 cm width ± 11 cm height; N = 1 crayfish per container) with secured lids. 

Polyethylene was used because it does not significantly absorb atrazine (Topp and Smith, 

1992). Each container was filled with control or atrazine treatment and aerated using an 

air stone (N = 3 crayfish per treatment with one crayfish per treatment container). Stock 

atrazine was prepared using the methods from Abdulelah et al. (2020) where 17 mg of 
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atrazine (Sigma-Aldrich, 99.1% purity) was dissolved in 2.5 mL of 100% ethanol using a 

vortexer. This mixture was then diluted with 997.5 mL of distilled water (final concentration 

of stock 17 mgL−1). Control crayfish were treated 0 ppb atrazine (final ethanol concentration 

of 0.004%). To obtain the nominal atrazine exposure concentrations, 0.29, 1.18, 2.35. 2.95 

and 8.82 mL of stock atrazine was added to 499.71, 498.82, 497.65, 497.05, 491.18 mL 

of dechlorinated water to obtain the final concentrations 10, 40, 80, 100 and 300 ppb, 

respectively. During the 10-day treatment period, static exposures were refreshed every 

24 h with fresh atrazine or control solutions. These concentrations were selected because 

Belanger et al. (2016) showed that environmental atrazine concentrations were detected 

between 0 to 336 ppb in the United States. Further, elevated atrazine concentrations have 

been seen in some sampling locations for up to 21 days (EPA, 2014). Therefore, in this 

study crayfish were treated with a range of environmentally relevant atrazine concentrations 

(10, 40, 80, 100 and 300 ppb) for 10 days, which is approximately half of the longest 

environmental exposure period reported previously by the EPA (EPA, 2014). Reversed-

phase liquid chromatography-tandem mass spectrometry (LC/MS) analysis was previously 

performed to verify and standardize all atrazine solutions (see Belanger et al. 2017a for 

detailed methods).

Tissue collection, processing and staining

Following treatment, crayfish were placed in a −20 °C freezer for 10–15 min before being 

decapitated. The hepatopancreas was removed by making a ventral incision in the abdomen 

with scissors and the hepatopancreas was subsequently weighed. Once the hepatopancreas 

was isolated, it was cut into 0.5 cm cubes and placed in labeled falcon tubes containing 

4% paraformaldehyde (PFA) at 4 °C for at least 48 h. Following fixation, hepatopancreas 

tissues were prepared for paraffin embedding by treating tissues with 50%, 75%, 95% 

and 100% ethanol, 100% xylene and paraffin (15 min; three replicates). Hepatopancreatic 

tissue was embedded in a paraffin mold and allowed to cool. The molds were placed in 

the freezer overnight to fully solidify the paraffin blocks (Bancroft and Stevens, 1990). 

Paraffin-embedded blocks were sectioned (5 μm) using a microtome (Microm HM 325A, 

Waldorf, Germany) and floated on a water bath. Sections were subsequently collected on 

microscope slides and dried on a slide warmer.

Serial sections were stained with hematoxylin and eosin (H&E) to determine if atrazine 

exposure caused changes in morphology and a terminal deoxynucleotidyl transferase (TdT) 

mediated dUTP nick-end labeling (TUNEL) assay was also used to examine if DNA damage 

also occurred. For H&E staining, a standard procedure was followed where sections were 

deparaffinized with xylene, rehydrated using a descending ethanol series, stained with 

hematoxylin (5 min), decolorized, counterstained with eosin (10 min), dehydrated with 95% 

(1 min; 1 replicate) and 100% ethanol (1 min; 3 replicates), cleared with xylene (1 min; 3 

replicates) and mounted with Permount (Bancroft and Stevens, 1990). H&E sections were 

imaged using a Nikon Eclipse light microscope with a DAGE-MTI colored camera (Tokyo, 

Japan).

Hepatopancreas sections were also examined for DNA damage using a TUNEL assay 

(ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit, S7101; EMD Millipore Corp., 
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Temeculla, CA). This technique uses TdT to catalyze template-independent addition of 

digoxigenin-dUTP and dATP to 3′ OH ends of fragmented DNA. The incorporated 

nucleotides form a heteropolymer of digoxigenin-dUTP and dATP, and an antidigoxigenin 

antibody conjugated to peroxidase is then added and subsequently visualized. This assay 

was performed following manufacturer’s instructions. Briefly, sections were deparaffinized, 

rehydrated and incubated with proteinase K (60 μg/mL) for 15 min at 37°C. Sections were 

then washed in distilled water and treated with 3% hydrogen peroxide in 0.1 M phosphate 

buffered saline (PBS) for 5 min at room temperature to quench endogenous peroxidase 

activity. A mixture containing digoxigenin-conjugated nucleotides and TdT was applied 

to the sections in a humidified chamber (37°C for 1 h). Sections were then treated with 

antidigoxigenin-peroxidase for 30 min at room temperature in a humidified chamber and 

substrate-chromogen mixture for 5 min. Sections were then stained with 0.25% methyl 

green that was heated and filtered before the stain was applied for 5 min and rinsed in 

distilled water. Mounting medium (VECTASHIELD with 4’,6-diamidino-2- phenylindole 

(DAPI), Vector Labs) was added to the slides, coverslips were applied and sealed with 

clear nail polish. Negative and positive controls were performed using hepatopancreas tissue 

from control crayfish. For the negative control, hepatopancreas sections were processed in 

an identical manner, however distilled water was used as opposed to the TdT enzyme. For 

positive controls, DNase was applied to the hepatopancreas tissue for 10 min following 

proteinase K treatment. Color images were visualized using the same microscope as H&E 

sections. To evaluate the percent TUNEL-positive cells, slides were also imaged using both 

light and fluorescence microscopy (Zeiss Axio Scope.A1). Nuclei of the cells fluoresce blue 

after being exposed to UV light due to DAPI which labels nuclei. Subsequently, a black 

and white image of the same section was also obtained and TUNEL-positive cells were 

identified from a black and white binary image where the black spots represented candidate 

cells that were positive in both the DAPI and TUNEL channels (Heisler-Taylor et al., 2018).

Data collection and statistical analysis

H&E images were examined and changes in hepatopancreas pathological features including 

examination of the tubular epithelium, vacuolization and cellular morphology were analyzed 

and compared for both control and atrazine-treated crayfish (Desouky et al., 2013; Stara 

et al., 2018). The examination of the hepatopancreas included measuring the number 

of vacuoles per lobule from ten representative lobules per crayfish or 30 lobules per 

concentration. Vacuoles that coalesced into one larger vacuole were counted as one vacuole 

(Xiao et al. 2014; Laurenz et al. 2020). Vacuoles were counted using Cell-Counter, a Fiji 

plugin (https://imagej.nih.gov/ij/). To determine the height of the tubular epithelium, Fiji 

was also used to measure the height of the epithelium from the basement membrane to 

the apical surface of the epithelium at four equidistant points per lobule and averaging 

them. Ten random lobules per concentration were selected and the proportion of the lobule 

occupied by the lumen was quantified (Woodburn et al. 2011). Using Fiji, we measured 

the perimeter of the lumen and divided that by the total perimeter for each lobule for all 

exposure concentrations (Yu et al. 2018). An one-way ANOVA with a Tukey post-hoc test 

was used to compare the number of vacuoles per lobule, tubular epithelium height and 

lumen proportion.
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For the TUNEL analysis, five slides were prepared per crayfish with at least five sections 

per slide. Ten representative fields of view were imaged and analyzed (two fields of view 

from each slide was examined and counted) from each crayfish hepatopancreas. To examine 

the effects of atrazine on DNA damage in hepatopancreas, ten images of TUNEL-positive 

cells (cells that were both black and DAPI-positive) and DAPI-positive cells were obtained 

from each animal. Each image (22.6 mm2) was evaluated to determine the percentage of 

cells that were TUNEL positive. TUNEL-positive and DAPI-positive cells from a 22.6 mm2 

area of each section were counted. Cells were counted using Cell-Counter in Fiji (Muñoz de 

Toro et al., 1998; Abdulelah et al., 2020). The average number of cells counted (± standard 

error (SE)) in each image was 178.7 ± 5.8 cells. The percent TUNEL-positive cell data 

was obtained by dividing the total number of TUNEL-positive cells by the total number of 

DAPI-positive cells and multiplying by 100 for each image. Percentages were subsequently 

arcsine transformed. A linear mixed models method followed by analysis of deviance tables 

using Type III Wald v2 tests with Satterthwaite’s method (Zuur et al., 2009) were used to 

determine the effect of concentration on the presence of TUNEL-positive cells in the lme4 

package in R statistical software (Bates et al., 2015; R Development Core Team, 2019). 

Differences of least squares means (‘difflsmeans’) from the lmerTest package in R was used 

as a post hoc test to discern which concentrations were significantly different from each 

other (Kuznetsova et al., 2017). Fixed factors include concentration and length of exposure 

and random factors include TUNEL-positive cell counts from individual crayfish.

Results

Histopathology

Histological examination of hepatopancreas lobules was performed following 10-day 

atrazine exposures. In control crayfish, the lobules were well organized, unbroken and 

uniform with asterisk-like lumens. An intact microvillar brush border was apparent in all 

sections examined. Many small lipid vacuoles were observed in the lobules with very few 

B cells containing large vacuoles (Fig. 1A). The hepatopancreas of crayfish exposed to 

atrazine exhibited degenerated tubule epithelium with necrosis of microvilli, tubule lumen 

dilation and vacuolization of the epithelium (Fig. 1B–F). Pronounced disintegration of 

the microvilli brush border as well as the presence of B cells containing large vacuoles 

increased in hepatopancreas lobules following all atrazine exposures (F5,174,0.05 = 31.97; 

p < 0.0001). Control lobules contained 1.07 ± 0.29 vacuoles/lobule (average ± SE) while 

all atrazine treated crayfish had significantly more vacuoles/lobule (p < 0.0001 compared 

to control). The lobules of atrazine treated crayfish contained 7.2 ± 1.2, 11.3 ± 0.8, 11.2 

± 0.9, 11.9 ± 0.7 and 13.7 ± 0.7 vacuoles/lobule for atrazine exposures of 10, 40, 80, 100 

and 300 ppb respectively (Fig. 2). Moreover, the lumen of the lobules of crayfish treated 

with atrazine became less organized, contained irregular and damaged epithelia, lost their 

asterisk-like shape and became more dilated. The proportion of the lobule occupied by the 

lumen increased following atrazine exposures of 40, 80, 100 and 300 ppb (F5,54,0.05 = 8.29; 

P < 0.0001; Fig. 3). Lumen proportion was 0.57 ± 0.03 for control crayfish while it was 

0.54 ± 0.07, 0.79 ± 0.02, 0.77 ± 0.01, 0.75 ± 0.02, 0.75 ± 0.04 for crayfish exposed to 10, 

40, 80, 100 and 300 ppb atrazine respectively (p < 0.05 for crayfish exposed to 40 ppb and 

higher when compared to control crayfish). Further, tubular epithelium height was altered 
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following atrazine exposure (F5,54,0.05 = 54.65; P < 0.0001). Tubular epithelium was 94.6 ± 

5.7 μm for control crayfish. Following atrazine exposures of 10, 40, 80, 100 and 300 ppb, 

the epithelium was 125.5 ± 6.1 μm, 75.4 ± 5.2 μm, 66.4 ± 4.6 μm, 37.8 ± 2.1 μm, 35.1 ± 

3.0 μm respectively. The epithelium was significantly reduced following exposures to 80 ppb 

and above (p < 0.001).

DNA damage

Examination of DNA damage was done using a TUNEL assay which labeled the nuclei 

of cells with DNA damage a black-brown color. The hepatopancreas of control crayfish, 

treated with 0 ppb atrazine, contained very few TUNEL-positive nuclei (Fig. 4A). Following 

atrazine exposure, increases in TUNEL-positive cells can be visualized in all tissue sections 

(Fig. 4B–F). The number of TUNEL-positive cells increased with increasing atrazine 

exposure concentrations following 10-day exposures (F5,72,0.05 = 3.46, P < 0.0001; linear 

mixed-model with Satterthwaite’s method; Fig. 5). Control crayfish (0 ppb atrazine), had 5.7 

± 0.6 % (average ± SE) TUNEL-positive cells present in representative sections of 22.6 mm2 

of hepatopancreas tissue. Following exposure to 10, 40 and 80 ppb atrazine, 9.3 ± 0.9 %, 

15.1 ± 1.8 % and 14.9 ± 2.3 % TUNEL-positive cells were visualized respectfully. There 

was a significant increase in TUNEL-positive cells seen following 10-day exposures to 100 

ppb (p = 0.008) and 300 ppb (p = 0.007) atrazine were compared to the 0 ppb atrazine 

treatments. Following an exposure to 100 and 300 ppb atrazine, 33.5 ± 5.8 % and 32.6 ± 1.7 

% TUNEL-positive cells were present (Fig. 5).

Discussion

A properly functioning hepatopancreas is essential for digestion, growth, molting and 

detoxication of xenobiotics. When crayfish are exposed to atrazine, enzymes such as 

cytochrome P450 and glutathione-S-transferase detoxify it by producing more water-soluble 

metabolites that can easily be excreted from the body (Brzezicki et al., 2003). If the 

hepatopancreas is damaged, crucial functions may be severely inhibited (Awali et al., 2019). 

Our data show that when crayfish are exposed to atrazine for 10 days at environmentally 

relevant concentrations, hepatopancreatic tissue degenerates in a dose-dependent manner. 

More specifically, the lobule morphology is altered and necrosis of the microvillar brush 

border is evident (see Fig. 1). The number of blister-like cells with large vacuoles increased 

following all atrazine exposures tested, lumen became dilated and the tubular epithelium 

degenerated (Figs. 2 & 3). Moreover, an increase in DNA damage in over 30% of cells of 

the hepatopancreas following exposures to 100 and 300 ppb atrazine is evident (See Figs. 

4 & 5). This is significant because environmental exposures to atrazine have been found 

at concentration exceeding these exposures and thus exposure concentrations above 100 

ppb can have profound effects on the ability of the hepatopancreas to function effectively 

(Graymore et al., 2001; EPA, 2014; Belanger et al., 2016).

Exposure to xenobiotics such as atrazine can have many negative impacts on the 

morphology, physiological processes and biochemical pathways in aquatic organisms, like 

crayfish (Belanger et al., 2017b). In crustaceans, there is a link between the physiological 

condition of the animal and the structure and morphology of the hepatopancreas 
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(Popescu-Marinescu et al., 1997). Acute atrazine exposures altered the morphology of 

the hepatopancreas at all concentrations tested. Structural changes were noted following 

exposures to atrazine concentrations as low as 10 ppb. Following a 10-day exposure to 10 

ppb atrazine, we saw changes to the hepatopancreas tubules including degeneration of the 

microvillar brush border and increases in vacuolization of secretory B (blister-like) cells. 

These pathologies increased as atrazine exposure concentrations increased. For example, 

the epithelium lining the lumen of the lobules was almost completely degenerated at 

exposure to atrazine concentrations over 100 ppb. Further, there was also an increase in 

tubule lumen dilation following atrazine exposures of 40 ppb and higher, which is also 

an indication of tissue atrophy. Vacuolization of the secretory B cells also increased in a 

dose-dependent manner as they are known to store xenobiotics like atrazine (Icely and Nott, 

1992). This morphology deviates from normal morphology, which has been described by 

Desouky et al. (2013) as having a microvillar brush border lining the lumen of the lobules, 

small lipid granules and very few vacuoles. The description for “normal hepatopancreas” 

is similar to what we visualized in crayfish treated with 0 ppb atrazine for 10 days 

(Fig. 1A). Stara et al. (2018) also examined crayfish (Cherax destructor) hepatopancreas 

tissues following a 14-day exposure to 6.86 and 1210 ppb atrazine. They did not see any 

atrazine-induced damage following an exposure to 6.86 ppb; however, they found that 

following the exposure to 1210 ppb, hepatopancreatic tissue displayed disintegration of the 

epithelium and vacuolization. It should be noted that concentrations above 350 ppb are 

rarely encountered in the environment. Our study showed similar morphological changes 

occurred following atrazine exposure; however, we found that these changes can occur at 

exposure concentrations as low as 10 ppb. These effects on morphology also increase in a 

dose-dependent manner.

In addition to causing changes in the morphology of the hepatopancreas lobules, atrazine 

-induced DNA damage also occurred in cells of the hepatopancreas in a dose-dependent 

manner post exposure. We found a significant increase in the percentage of cells that 

were TUNEL positive and presumably apoptotic following a 10-day atrazine exposure to 

100 and 300 ppb. atrazine exposure has been shown to cause DNA damage in the liver 

and hepatopancreas of other aquatic organisms. For example, when streaked prochilod (P. 
lineatus) received an acute (48 h) atrazine exposure of 10 ppb atrazine, they displayed a 

significant increase in DNA damage following a comet assay (Santos and Martinez, 2012). 

Zhu et al. (2011b) also showed that when zebrafish were exposed to atrazine ranging from 

10 to 1000 ppb for 5 to 25 days, there was a significant increase DNA damage. DNA 

damage was also seen in olfac-tory sensory neurons of crayfish (F. virilis), erythrocytes 

of goldfish (Carassius auratus) and Nile tilapia (Oreochromis niloticus) and blood and gill 

cells of streaked prochilod fish following environmentally relevant atrazine exposures (de 

Campos-Ventura et al., 2008; Cavas, 2011; Santos and Martinez, 2012; Abdulelah et al., 

2020). Overall, atrazine-induced alterations of tissue morphology and DNA damage may 

lead to functional changes in the tissues affected.

Physiological and biochemical changes have also been noted in hepatopancreas and liver 

tissues post-atrazine exposure. For example, change in biochemical profiles in crayfish were 

observed following atrazine exposures. These include increases in antioxidant biomarkers 

(catalase activity and glutathione reductase) as well as changes in the expression and activity 
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of cytochrome P450 and glutathione-S-transferase, post-exposure (Stara et al., 2018; Awali 

et al., 2019). Santos and Martinez (2012) also showed that acute atrazine exposures in 

streaked prochilod led to decreases in antioxidant and biotransformation enzymes. Similar 

changes were noted in zebrafish (Zhu et al., 2011a, 2011b). Alterations in physiology 

reported in these studies may be caused by the changes in the histopathology of the 

hepatopancreas or liver tissue and its subsequent inability to function properly. Further, 

reallocating energy resources for cell and tissue repair as well as biotransformation and 

detoxification of atrazine and/or other xenobiotics may be detrimental to the animal’s 

long-term health. Overall, because the hepatopancreas serves as the main energy reserve 

for growth and molting and is the main organ for detoxification, any impairments in this 

organ could lead to decreased chance of survival and ultimately affect population size.

Conclusions

Following acute atrazine exposures, we visualized marked changes in the morphology of the 

hepatopancreas. There were increases in degeneration of the tubular epithelium, necrosis of 

the microvillar brush border and dilation of the lumen. The number of secretory B (blister-

like) cells containing vacuoles increased following atrazine exposure for all concentrations 

tested. Furthermore, there was a significant increase in the percentage of cells that contained 

DNA damage and were presumptively apoptotic in crayfish treated with 100 and 300 

ppb atrazine, both ecologically relevant atrazine concentrations. This is concerning as an 

overall degeneration of the lobules of the hepatopancreas may lead to long-term changes 

in physiology as the hepatopancreas is important for growth and molting as well as, 

digestion, absorption, storage of nutrients and detoxification (Holdich, 2002). These negative 

physiological changes may in turn negatively impact crayfish growth, development and 

population size, which may subsequently have cascading detrimental effects on the aquatic 

ecosystem. In future studies, it is important to determine if atrazine-induced cellular damage 

in the hepatopancreas can be repaired and proper function restored. Moreover, knowledge 

of the exposure concentrations that cause physiological and biochemical impairments is 

important for regulating exposure concentrations and length of exposure. Although the 

EPA limits atrazine concentrations at 15 ppb, we observed morphological changes in the 

hepatopancreas occurring following 10 ppb exposures and above (EPA, 2020). Further 

research will be able to compare treatment concentrations with hepatopancreas atrazine 

accumulation.
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Fig. 1. 
H&E histology of transverse sections through the hepatopancreas of crayfish following a 

10-day exposure to atrazine. A: 0 ppb, B: 10 ppb, C: 40 ppb, D: 80 ppb, E: 100 ppb, F: 300 

ppb. Secretory B (blister-like) cells (b) containing single large secretory vesicles (vacuoles) 

increased in number as atrazine exposure concentration increased. Tubule lumen (L) dilation 

was also observed following atrazine exposures above 40 ppb. Necrosis of microvilli brush 

border and membrane degeneration was visualized in hepatopancreas lobules post- atrazine 

exposure (arrows). Scale bar is 50 μm.
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Fig. 2. 
Blister-like cells containing vacuoles were assessed following atrazine exposure. The 

number of vacuoles per lobule was increased for all atrazine exposures. Control and atrazine 

treated groups are assigned different letters a, b, c when they are significantly.
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Fig. 3. 
Proportion of the lobule occupied by the lumen was calculated for hepatopancreas lobules 

control and atrazine-treated crayfish. The lobules of crayfish exposed to 40, 80, 100 and 300 

ppb for 10 days were significantly larger proportionally than control crayfish and crayfish 

exposed to 10 ppb atrazine. Control and atrazine treated groups are assigned different letters 

a, b when they are significantly different.
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Fig. 4. 
Light micrographs of transverse sections of TUNEL-labeled hepatopancreas tissue following 

a 10-day exposure to atrazine. A: 0 ppb, B: 10 ppb, C: 40 ppb, D: 80 ppb, E: 100 ppb, F: 300 

ppb. Increases in TUNEL-positive cells can be seen following atrazine exposures of 10 ppb 

and above (arrows). Scale bar is 50 μm.
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Fig. 5. 
Percentage of TUNEL-positive cells in the hepatopancreas of crayfish following a 10-day 

exposure to 0, 10, 40, 80, 100 and 300 ppb atrazine. Percent TUNEL-positive cells are 

present in all concentrations tested, but increased significantly at exposure concentrations 

of 100 ppb atrazine and above. Control and atrazine-treated groups labeled with an asterisk 

(*) are significantly different (p = 0.008 and p = 0.007 for percent TUNEL positive cells 

following 100 ppb and 300 ppb treatments compared to the control (0 ppb) treatment, 

respectfully).
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