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4-Methylcyclohexanemethanol (4-MCHM) Influences 
Danio rerio (zebrafish) Larval Behavior and Plankton 

Community Composition
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Anna Wagner1, Abid Shaikh2, Risa A. Cohen1*, and Vinoth Sittaramane1*

Abstract - 4-Methylcyclohexanemethanol (4-MCHM) spilled into the Elk River in Charleston, WV, 
USA, in early 2014. While the local human population experienced adverse dermatological and 
gastrointestinal effects and toxicity assays were performed on a variety of organisms, the full public 
health and ecological consequences of 4-MCHM exposure remains unknown. The goals of this study 
were to examine 1) the effects of 4-MCHM on development and behavioral of zebrafish larvae and 2) 
the toxicity of 4-MCHM to the plankton community which provides food resources to fish. Five-day 
zebrafish developmental toxicology assays tracked morphological, physiological, and behavioral 
changes induced by 4-MCHM and identified the concentration that induced lethality to 50% of the 
exposed population (LC50). We observed significant increase in hsp70 and decrease in cyp1a and p53 
expression in 4-MCHM treated larvae indicating potential oxidative stress. Severe behavioral changes 
such as reduced swimming occurred at environmentally relevant concentrations of 1 and 5 ppm, while 
10 ppm 4-MCHM induced sedation in zebrafish larvae due to potential Na+ channel interference. 
Plankton communities were exposed to environmentally relevant concentrations of 4-MCHM for 
one week to examine changes in abundance and community composition. Concentrations of 0.5 and 
1 ppm decreased phytoplankton abundance and shifted zooplankton species composition from larger 
to smaller-bodied taxonomic groups. This potential for behavioral changes in fish that affect forag-
ing coupled with altered trophic structure in aquatic systems indicates ecological consequences of 
4-MCHM that can inform the development of risk assessments and improve safety measures. 

Introduction

	 On January 9, 2014, more than 10,000 gallons of 4-Methylcyclohexanemethanol (4-
MCHM), an industrial coal processing and cleaning chemical, spilled into the Elk River 
upstream of the Kanawha County municipal water intake in Charleston, WV, resulting in 
reports of rashes, nausea, diarrhea, vomiting, and other symptoms from human residents 
in the area (CSB 2017, Phetxumphou et al. 2016, Schade et al. 2015, Thomasson et al. 
2017). Though the spilled mixture contained propylene glycol phenyl ether (PPH), dipro-
pylene glycol phenyl ether (DiPPH), and 4-MCHM, 4-MCHM comprised 69–89% of the 
mixture (Eastman 2016a, b; Horzmann et al. 2017; Whelton et al. 2017). Furthermore, 
some 4-MCHM remained in pipes and carbon filters allowing continued release into the 
water supply. Thus, there is considerable interest in studies focused on potential health and 
ecological impacts of 4-MCHM and its metabolites (CDC 2014a, b; NTP 2015a, b, c; NTP 
2016a, b, c; Pastenbauch et al. 2015).
	 Existing data suggests crude MCHM (mixture of cis and trans 4-MCHM) is a dermal and 
eye irritant and depresses central nervous system (CNS) activity in mice, rats, and is mod-
erately harmful to fathead minnows (Eastman 2016a, b; Johnson et al. 2017; Terhaar 1977). 
Because of the potential deleterious effects of 4-MCHM, toxicity, behavioral assays, and 
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mechanistic studies are needed to understand the transient and chronic effects of 4-MCHM 
on the CNS. Recent studies conducted by the National Toxicology Program (NTP) using up 
to 128 ppm 4-MCHM did not identify significant changes in developmental, morphological, 
or touch response endpoints in zebrafish (NTP 2015a, b, c; NTP 2016a, b, c). Photomotor 
response (PMR) assays conducted at 24 hours post fertilization revealed 11 ppm 4-MCHM 
induced defects in embryo movements inside the chorion in response to light pulses (NTP 
2015a, b, c). While the PMR assay is a robust indicator of embryo movement, it may not 
truly reflect larval or adult swimming behavior. Horzmann et al. (2017) observed that 
4-MCHM, crude MCHM, and the tank mixture from the spill site were all lethal to zebrafish 
larvae at 100 ppm, and doses of 1 ppm and above were able to induce morphological altera-
tions and decreased activity in zebrafish larvae at 120 hpf. These findings are interesting, 
however, further investigations are required to identify potential mechanisms underlying 
the behavioral alterations and their implications in the toxicological and ecological context.
	 The 4-MCHM release contaminated the Elk River, therefore assessing effects of 
4-MCHM on aquatic ecosystems is important. Surface water concentrations 3 days after 
the spill ranged from 6–36 ppm and concentrations of 3.4 ppm persisted for ~20 days. 
MCHM was detected in the sediments 10 months past the date of the spill (Cozzarelli et 
al. 2017). Thus, it is imperative that both acute and chronic effects of 4-MCHM on aquatic 
microorganisms be investigated (Lan 2015, Paustenbach et al. 2015). Previous MCHM 
concentrations reported to impair Daphnia magna were high (48-hr EC50 of 98 ppm and 
NOEC of 50 ppm) (Dunstan et al. 1975, Terhaar 1977). However, more recent studies after 
the 2014 spill revealed 48-hr EC50 of 57 ppm and NOEC of 6.25 ppm, within the range of 
observed environmental concentrations (Foreman et al. 2015, Whelton et al. 2015). Despite 
this renewed interest in MCHM, all testing on freshwater plankton to date appears to have 
been conducted using a single species (D. magna) over acute time frames. 
	 MCHM exposure has the potential to influence a planktonic species at environmentally rel-
evant concentrations (CDC 2014b, Ott et al. 1978). This indicates a need to examine community-
level effects. Removal of even one zooplankton taxonomic group, like copepods, can increase the 
abundance of their prey (e.g., rotifer and cladoceran grazers), ultimately decreasing phytoplankton 
availability (Byron et al. 1984, Lay et al. 1985, Lynch 1977). Furthermore, not all species within 
a group likely have the same sensitivity to MCHM; for example, some copepod species suffered 
increased mortality rates following 30 d of exposure to hydrocarbons while others increased in 
abundance (Millward et al. 2004). Replacement of larger zooplankton groups (e.g., copepods) 
with smaller groups (e.g., rotifers) can reduce abundance and quality of food for visual predators 
such as planktivorous fish that rely on larger bodied plankton (Brooks and Dodson 1965).
	 The focus of this study was to investigate 4-MCHM behavioral toxicity using zebrafish 
(Danio rerio) as the model organism and potential effects to aquatic food webs by examin-
ing changes in plankton abundance and species composition. This multifaceted approach 
provides valuable information about the effects of 4-MCHM on cellular, organismal, and 
population levels and the potential for decreases in overall plankton abundance and loss of 
particular planktonic groups to alter resource availability to higher trophic levels. 

Methods

Zebrafish husbandry and chemical treatments
	 Embryos were obtained from a breeding colony of wild-type AB strain laboratory zebraf-
ish (Danio rerio). Adult zebrafish were bred according to previously established protocols 
(Westerfield 2007). Embryos were collected immediately after spawning and reared in E3 
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(Embryo medium) at 28°C for 120 hours post fertilization (hpf). Treatments were created 
using purified 4-MCHM (100 parts per million (ppm) stock solutions of >98% purity, 
CAS 34885-03-5, TCI-America). Different concentrations of 4-MCHM were prepared as 
required with filtered E3. Embryos were treated in uncoated 6-well or 24-well plates (Fal-
con #353046 or #353226) with appropriate E3 (untreated control) or Dimethylsulfoxide 
(DMSO) treated controls. This work was approved by the institutional animal care and use 
committee of Georgia Southern University.

Zebrafish behavior and motor response assays
	 To test the effects of 4-MCHM on zebrafish larval behavior, we performed assays using 
a high throughput behavior analyses system (DanioVision with Ethovision 11 software, 
Noldus Information Technologies, Inc. Netherlands). Five biological replicates (n = 5) 
were performed with three treatments (1, 5, and 10 ppm of 4-MCHM) and three controls (1, 
5 and, 10 ppm DMSO). Briefly, 5 days post fertilization (dpf) free-swimming larvae with 
swim bladders were selected and exposed to 1, 5, or 10 ppm concentrations of 4-MCHM or 
a solvent control Dimethylsulfoxide (1, 5, and 10 ppm DMSO) for 3 hours. All treatments 
were performed in 24-well plates at 28°C and placed inside the DanioVision Observation 
Chamber for recording of infrared activity. Behavior recording occurred over 30-minute 
acclimatization, 60-minute dark, 30 minutes light, 60 minutes dark, and 90 minutes light pe-
riods. Alternating periods of light and dark were chosen to simulate day and night, thereby 
influencing locomotion. Video recordings were used to quantify behavioral differences 
between DMSO and 4-MCHM treated larvae. The software was used to measure distance 
moved, velocity, and to create heat maps of larval locomotion within each well. 
	 To determine the effects of 4-MCHM on larval motor response, we tested the escape or 
touch response of 5 dpf larvae after exposure to DMSO or 4-MCHM at 10 ppm for 3 hours 
(Budik and O’Malley 2000). Larvae in glass depression slides containing test solution were 
placed under a microscope and touched using a pin while recording responses for one min-
ute, using a Zeiss monochrome camera attached to the microscope. Finally, larvae washed 
with embryo medium three times for 5 minutes each were observed to determine whether 
4-MCHM effects could be reversed. 

Quantitative PCR analysis
	 For quantitative PCR assays, total RNA from pooled zebrafish larvae samples were ex-
tracted using TRIzol reagent (#1559626, Thermo Fisher Scientific Inc, USA), according to 
standard procedures. The concentration of RNA was determined using a NanoDropTM (Ther-
mo Fisher Scientific, USA). Total 1 µg RNA was reverse-transcribed to cDNA using Super-
script III First-Strand Synthesis SuperMix (# 18080400, Thermo Fisher Scientific, USA) 
according to kit instructions. Real-time PCR with SYBR green detection was performed 
using an Applied BiosystemsTM QuantStudioTM 6 and 7 Real-time PCR system (Thermo 
Fisher Scientific, USA) using standard protocols. Reactions were run in triplicates in three 
independent experiments. Expression of selected biomarkers (hsp70, cox17, catalase, cyp1a, 
and p53) in 4-MCHM treated zebrafish larvae samples were determined as log2 ratio (fold 
change) compared to untreated E3 controls. Gene-specific primers from published zebrafish 
primer sequences (Table 1) were obtained from Integrated DNA Technologies, Coraville, 
IA. PCR efficiencies for each primer were determined from a standard curve using dilutions 
of embryo cDNA (R2 > 0.98 for all primers). To calculate expression levels, normalization 
was performed by subtracting the mean threshold cycle (Ct) value for the housekeeping 
gene β-actin gene, from the Ct value of the target biomarker (ΔCt value). The ΔCt values of 
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treated samples were calibrated against the untreated ΔCt values for all biomarker genes. The 
relative expression of biomarker molecules relative to the untreated control was calculated 
by 2−ΔΔCt. The mRNA expression level of the different biomarker genes are expressed as 
fold change (log2) according to the formula: 2 −(ΔCt(treated sample)− ΔCt(untreated sample) and presented 
in Figure 1. Experiments were performed at least three times and standard errors and means 
were calculated (*P < 0.01).

CoroNa Green assay
	 To visualize in vivo Na+ ion distributions in zebrafish larvae, CoroNa Green, AM, cell 
permeant dye (C36676, ThermoFisher Scientific, USA) resuspended in DMSO was used to 
stain zebrafish ionocytes at 3 dpf. Ionocytes are specialized cells distributed over the yolk 
during early larval stages that accumulate ions for homeostasis. Dye solution was prepared 
by adding 100 ml of resuspended CoroNa Green dye to 3 mL of E3 embryo medium with or 
without 4-MCHM. Zebrafish larvae were incubated in the dye solution at room temperature 
for 30 minutes and then observed for green fluorescence indicating Na+ binding at 488nm 
using the Zeiss Axio fluorescent microscope. Embryos were then mounted onto depression 
slides in 3% methylcellulose. Mounted embryos were analyzed and imaged using confocal 
microscopy Zeiss LSM 710 with ZEN Black software. 

Plankton community
	 To test whether 4-MCHM affects aquatic plankton communities at concentrations mea-
sured in the environment, assemblages of freshwater plankton were exposed to concentrations 
of 0, 0.5 or 1 ppm 4-MCHM. Water containing plankton was pumped from a pond located 
on the Georgia Southern University campus, Statesboro, GA, USA (32.41° N, 81.78° W) and 
transported to the Biological Sciences greenhouse where 10 L aliquots were dispensed into 
each of 24, 20 L cylindrical opaque plastic microcosms. Treatments were created using puri-
fied 4-MCHM added to individual microcosms. Each microcosm was assigned to one of the 
three 4-MCHM treatments, one of two sampling time points (initial or one week) with four-
fold replication and randomized by location in the greenhouse.

Table 1. Primers for Biomarkers

Target Primer Sequences Gene bank number

β-actin F:5’-CGA GCA GGA GAT GGG AAC C-3’
R:5’-CAA CGG AAA CGC TCA TTG C-3’

BC063950
(Hill et al. 2005)

catalase F:5’-AGG GCA ACT GGG ATC TTA CA-3’
R:5’-TTT ATG GGA CCA GAC CTT GG-3’

AF170069 (Cruz et al. 
2013)

cox17 F:5’-GCA GCG CAG AAA AAG CCA CT-3’
R:5’-ACG CAA GCA GTC ACA CAC AT-3’

NM001004652
(Alsop and Wood 
2011)

cyp1a F:5’-CGT AAT CTG CGG GAT CTG TT-3’
R:5’-TTC TCA TCG GAC ACT TGC AG-3’

BC094977.1
(Handley-Goldstone et 
al. 2005)

hsp70 R:5’-CAA GAA TCC CAA AGA AGC T-3’
F:5’-AGG GTT AAT GCT CTT GTT CAG TTC T-3’

AF210640.1
(Hill et al. 2005)

p53 F:5’-CTG AAG TCC GCA GAT G-3’
R:5’-CGT TTG GTC CCA GTG GTG G-3’

XM_005165101.2
(Shi et al. 2008)
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	 Initially and after one week of exposure, on October 31 and November 7, 2014, the 
microcosms were stirred gently to homogenize plankton that might have settled, and a 
100 mL water sample was collected to determine phytoplankton abundance using pigment 
concentration (chlorophyll a) as a proxy. Water samples were vacuum filtered to concen-
trate algal cells on Whatman GF/F glass fiber filters (nominal pore size 0.7 µm). Pigments 
were extracted from the collected cells in 90% acetone, followed by analysis using a TD 
Trilogy fluorometer (Turner Designs, Sunnyvale, CA) according to EPA method 445.0 
(Arar and Collins 1997). The remaining volume in each microcosm was filtered through a 
plankton net (80 µm mesh) to concentrate all of the zooplankton into a 40 mL sample and 
preserved in 70% ethanol for subsequent identification using microscopy. The zooplank-
ton samples were then stained with Rose Bengal, followed by counting and identification 
in a Bogorov chamber under a dissecting microscope at 60x (Goswami 2004, Parsons et 
al. 1984). Copepods were identified to order, cladocerans to genus, and rotifers to family 
(Postel et al. 2000).

Analytical verification of 4-MCHM
	 We determined the concentration of 4-MCHM stock solutions used for treatment using 
NMR spectrometry and GC/MS (Foreman et al. 2015).
	 NMR Spectrometer method. A 1L stock aqueous solution of 25 ppm 4-MCHM was ex-
tracted in dichloromethane. A known amount of toluene (10 µL, 8.65 mg) was then added as 
internal standard to the above extracted sample. The mixture was then dissolved in deuter-
ated chloroform and 1 H NMR spectra was recorded on a 400 MHz NMR spectrometer. For 
quantification analysis, methyl signal (δ 2.34) from toluene was compared against methyl 
signal (δ 0.90) of 4-MCHM and the ratio was found to be (1:2.26). The actual concentration 
of 4-MCHM was determined as 19.54 milligrams per liter.

Figure 1. 4-MCHM Affects Toxicity Biomarker Expression in Zebrafish Larvae. Relative fold changes 
of toxicity biomarker genes in 10 ppm 4-MCHM treated zebrafish larvae compared to untreated controls. 
Results are presented as fold changes (log2 ratio) of selected biomarker genes, hsp70, cox17, catalase, cyp1a 
and p53 normalized to housekeeping gene β-actin levels.  Values represent means ±SD (n = 3, biological 
replicates). Asterisks indicate significantly increased or decreased expression levels (p < 0.01).
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	 GC/MS method. A 10 ppm 4-MCHM solution was made using 10.9 microliters of 
4-MCHM for every liter of distilled water. This stock was then diluted to create the remain-
ing concentrations; 200 milliliters of 10 ppm stock was mixed with 1800 mL of distilled 
water to create 2 liters of 1 ppm solution. This mixture was then bottled in 1-liter glass am-
ber bottles (Fisher Scientific, USA) and sent overnight on ice to TestAmerica, Inc in Canton, 
OH. TestAmerica Inc analyzed the sample by GC/MS and the concentration of 4-MCHM in 
the solution was determined as 0.88 ppm. 

Statistical analysis

	 The dependent measures corresponding to each assessment are described above. All sta-
tistical analyses were performed with JMP Pro 10 (SAS Institute Inc., Cary, NC, USA). Data 
were tested for normality and homogeneity of variances, and log transformed if assumptions 
of parametric tests were not met. Lethality, heart rate per minute, hatching rate, and morpho-
metric assessments were analyzed using one-way analysis of variance (ANOVA). The mean 
value of distance travelled (mm) velocity (mm/sec) were calculated from the individual 
values of each fish for each treatment group and compared with the DMSO control group 
and embryo water group using ANOVA followed by Dunnett’s test for post hoc compari-
sons of controls to exposed groups. All data are expressed as mean ± standard error of the 
mean (SEM) for a group of size “n”. P < 0.001 was considered as a criterion for statistical 
significance. Plankton data were tested for normality and homogeneity of variances, and log 
transformed if assumptions of parametric tests were not met. 4-MCHM effects on total zoo-
plankton abundance and log-transformed chlorophyll a data were analyzed using ANOVA. 
To assess whether 4-MCHM altered zooplankton community composition by changing 
either the abundance or the presence/absence of multiple zooplankton species, zooplankton 
data were analyzed using permutational multivariate analysis of variance (PERMANOVA), 
followed by pairwise comparisons using PRIMER v7 with PERMANOVA+ (PRIMER-E 
LTD., Plymouth, UK) (Clarke and Gorley 2006).

Results and Discussion

Zebrafish embryo toxicity assay
	 To determine the toxicity of 4-MCHM, we exposed 6 hpf embryos to various 
concentrations of 4-MCHM up to 120 hpf. While concentrations of less than 100 
ppm produced minimal lethality (data not shown), concentrations above 100 ppm 
produced consistent lethality (see Supplemental Figure S1 A, available online at 
https://eaglehill.us/ebioonline/suppl-files/ebio-028-Sittaramane-s1.pdf). Our results are 
consistent with Horzmann et al. (2017), indicating that concentrations above 100 ppm are 
lethal. However, Horzmann et al. (2017) did not identify an LC50 (Lethal concentration for 
50% of the exposed population) for 4-MCHM. We therefore treated zebrafish embryos with 
4-MCHM concentrations of 100, 200, 400, and 1000 ppm. These experiments identified 200 
ppm as the LC50 for 4-MCHM, inducing consistent mortality in ~50% of the zebrafish larvae. 
Using 200 ppm as LC50, we investigated the physiological parameters such as heart rate per 
minute and hatching success rate in zebrafish embryos. We determined that at 200 ppm, both 
heart rate per minute and hatching rate were significantly reduced compared to untreated E3 
controls (Fig. S1 B and C). We further investigated the morphological changes in the de-
veloping zebrafish embryos as a result of 4-MCHM treatment (see Supplemental Figure S2, 
available online at https://eaglehill.us/ebioonline/suppl-files/ebio-028-Sittaramane-s2.pdf). 
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4-MCHM treated larvae develop pericardial edema (arrow head in Fig. S2 B). Consistent 
with the edema, 4-MCHM treated larvae showed significantly increased pericardial area 
(37.2 ± 3.2 mm2) compared to untreated E3 controls (19.3 ± 2.2 mm2) (Fig. S2 C). Not sur-
prisingly, trunk length and eye diameter of the 4-MCHM treated zebrafish larvae at 120 hpf 
were significantly reduced compared to untreated E3 controls (Fig. S2 C). Taken together, 
our results were consistent with Horzmann et al. (2017), that prolonged developmental ex-
posure of embryos to 4-MCHM at LC50 concentration leads to profound toxicity. However, 
thus far, the molecular mechanisms underlying 4-MCHM toxicity in zebrafish have not been 
studied. We analyzed the expression of several toxicity biomarker genes in 120 hpf zebraf-
ish larvae treated with 4-MCHM at LC50 (Fig. 1). Relative fold change of hsp70, cox17, 
catalase, cyp1a, and p53 expression levels compared to untreated E3 controls were identi-
fied by qRT-PCR assay. The expression of heat shock protein 70 (hsp70) was significantly 
elevated (1.75-fold, Fig. 1) in 4-MCHM treated larvae compared to E3 controls. Hsp70 is 
an important marker of oxidative stress response during development (Hahn et al. 2014, 
Hallare et al. 2004, Hill et al. 2005, Ton et al. 2003, Yan Hu et al. 2010) and increased levels 
of hsp70 in 4-MCHM treated larvae indicate a potential oxidative stress response. Expres-
sion levels of cytochrome c oxidase subunit 17 (cox17) and catalase (cat) were decreased 
(Fig. 1) in 4-MCHM treated larvae compared to the E3 controls, again indicating a potential 
oxidative stress in 4-MCHM treated larvae (Alsop and Wood 2011, Craig et al. 2007, Cruz 
et al. 2013, Xiong et al. 2011). Toxic agents such as dioxins and aromatic hydrocarbons 
are known to induce the expression of cytochrome p450, family 1 subfamily A (cyp1a) in 
zebrafish embryos (Bugel et al. 2013, Handley-Goldstone et al. 2005, Liu et al. 2016, Slo-
man and McNeil 2012, Voelker et al. 2008) to mediate the activation of Aryl hydrocarbon 
receptor (AhR). However, 4-MCHM treated larvae showed a downregulation (1.5-fold, Fig. 
1) of cyp1a expression compared to E3 controls, indicating that 4-MCHM induced toxicity 
is not mediated through AhR activation. Another important mechanism of toxicity in zebraf-
ish embryos is by induction of p53 dependent apoptosis (Felix et al. 2018, Ho et al. 2013) 
of cells. However, 4-MCHM treated larvae showed a downregulation (1.6-fold, Fig. 1) of 
p53 expression compared to E3 controls, indicating that 4-MCHM induced toxicity is not 
mediated through p53 induced apoptosis. Taken together, our investigations confirmed the 
toxicity of 4-MCHM, identified the LC50 for 4-MCHM in zebrafish larvae, and provided the 
first set of mechanistic evidence underlying 4-MCHM toxicity in zebrafish larvae.

Zebrafish larval locomotor behavior and touch response assay
	 Doses of 4-MCHM at 1 ppm dramatically reduced the activity of zebrafish larvae during 
light periods (Fig. 2A). Heat map analysis of larval locomotion revealed 4-MCHM treated 
larvae exhibited multiple extended non-locomotion periods as indicated by areas of dark blue 
(Fig. 2B), in comparison to control larvae. Further, DMSO treated control larvae moved on 
average nearly twice the distance (19500 vs. 10000 mm) and velocity (1.8 vs. 0.8 mm sec-1) 
of the 4-MCHM treated larvae (Fig. 2 C and D). Effects of 4-MCHM on larval locomotion 
also appeared to be dose dependent; increasing concentrations to 5 ppm, 10 ppm and 25 ppm 
resulted in more defects in movement pattern (See Supplemental Figure S3 A, B, and C, 
available online at https://eaglehill.us/ebioonline/suppl-files/ebio-028-Sittaramane-s3.pdf). 
Increasing concentrations of 4-MCHM resulted in decreased mean distance moved and 
mean velocity of larvae. Taken together, these data strongly suggest a dose-dependent and 
dynamic decrease in zebrafish larval locomotion due to 4-MCHM exposure.
	 The 4-MCHM-induced lack of movement in larvae at concentrations of 5 and 10 ppm 
suggests 4-MCHM could be triggering sedative/anesthetic effects. Typically, free-swimming 
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zebrafish larvae swim away from the point of external contact such as pin touch. When larvae 
are sedated or anesthetized, they lose this ability. DMSO treated or untreated control larvae 
responded to touch by moving away from the pin (Fig. 3A), while 10 ppm 4-MCHM treated 
larvae either failed to move away or showed complete lack of touch response (Fig. 3B). 
Surprisingly, even in an airtight plastic box, zebrafish larvae in clean medium next to a dish 
with 10 ppm 4-MCHM solution exhibited complete lack of touch response after overnight 
incubation compared to control larvae next to 10 ppm DMSO, likely due to volatility of 
4-MCHM (Fig. 3E and F). Regardless of 4-MCHM exposure method, washing larvae with 
clean embryo medium resulted in recovery of touch response (Fig. 3C and D). These data 
indicate that both airborne and aqueous 4-MCHM exposure can induce a reversible state of 
sedation or anesthesia in zebrafish larvae. While the 4-MCHM induced decreased movement is 
consistent with the previous findings (Horzmann et al. 2017), our experiments have identified 
a dose dependent effect of 4-MCHM on the movement of zebrafish larvae. Horzmann et al. 
(2017) identified the 4-MCHM induced decrease in locomotion behavior using a shorter assay 
involving alternating light and dark periods of 10 minutes each. However, our experiments 
were performed over a period of 4 hours with at least 30–60 minutes of light and dark cycles. 
Our experiments reveal the decreased movement and velocity specifically in the light period 
could be the major cause of overall decreased locomotion. Our experiments also provide the 
first evidence that 4-MCHM induces a strong sedative/anesthetic effect on zebrafish larvae 
rather than a mere decrease in locomotion. Further, vapor induced lack of touch response and 
movement defects have not been reported. 

Figure 2. 4-MCHM Reduces Zebrafish Larval Locomotor Behavior. 4-MCHM (1 ppm) exposure reduced 
zebrafish larval locomotor behavior compared to controls (1 ppm DMSO). (A) Larval activity pattern un-
der light and dark phases (n = 27), (B) Heat map visualization of larval activity (n = 24), and (C, D) Total 
distance (mm) and mean velocity of larval movement (mm/sec), respectively (n = 24). Asterisks indicate 
significantly reduced movement and velocity (p < 0.001).
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4-MCHM impairs Na+ influx
	 Interference with voltage gated sodium and other ion channels have been shown to in-
duce rapid anesthetic effects (Scholz 2002). The rapid onset of sedative/anesthetic effects 
of 4-MCHM led us to test if 4-MCHM interferes with Na+

 movement across cell membranes 
using mitochondria rich cells (MRC) or ionocytes on the epidermis of zebrafish larvae. 
Ionocytes allow ion homeostasis in freshwater fishes by retaining salts within these cells 
and excreting excess water that enters the body (Hwang and Chou 2013). There are four 
different types of ionocytes in zebrafish larvae, but the H+-ATPase rich (HR) ionocytes are 
primarily responsible for Na+ accumulation using a Na+/H+ exchanger and H+-ATPase (HA) 
channels (Hwang PP 2009). As expected, larvae reared in distilled water did not accumulate 

Figure 3. 4-MCHM Induces Anesthetic effects on Zebrafish Larvae. Zebrafish larval escape response to 
touch following exposure to 10 ppm DMSO (A, C, E) or 10 ppm 4-MCHM (B, D, F) (n = 10). Washed larvae 
recovered from anesthetic effect caused by 4-MCHM (D). DMSO vapors did not affect larval behavior (E), 
but 4-MCHM vapors induced an anesthetic effect (F).
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Na+ and therefore the HR cells were not stained with CoroNa Green (Fig. 4A) while the HR 
cells in DMSO treated control larvae were stained (Fig. 4B). In contrast, 4-MCHM treated 
larvae could not accumulate Na+ (Fig. 4C), but recovered and accumulated Na+ after be-
ing washed in embryo medium. Furthermore, when ionocytes were exposed to Tricaine, a 
commonly used anesthetic for zebrafish larvae that may function differently from 4-MCHM 
(Attili 2014), they were able to accumulate Na+ (Fig. 4D). These results strongly suggest 
that 4-MCHM is a potent broad-spectrum Na+ channel blocker capable of interfering with 
Na+ transport across cell membranes and acts differently than Tricaine.

Figure 4. 4-MCHM Blocks Sodium Influx. All panels show lateral views of 3 dpf zebrafish larvae with 
CoroNa Green stained ionocytes (A-D). Insets show a higher magnification of stained ionocytes or lack 
thereof (A’-D’). (A) Zebrafish larvae reared in distilled water (n = 8) shows no stained ionocytes (A’) due 
to lack of sodium ions, (B) larvae reared in embryo medium and exposed to DMSO (n = 8) shows stained 
ionocytes (white arrowhead, B’) containing sodium ions, and (C) larvae raised in embryo medium treated 
with 4-MCHM (n = 10) shows no stained ionocytes (C’) due to interference with sodium influx. Washed 
4-MCHM treated embryos recovered and were able to allow sodium ion influx and stain ionocytes (white 
arrowhead, D’, n = 10).
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Plankton community
	 4-MCHM altered zooplankton community composition (PERMANOVA, Pseudo-
F2,11 = 4.70, p = 0.016) rather than total zooplankton abundance (one-way ANOVA, 
F2,11 = 1.13, p = 0.37). Although the same taxonomic groups were present before and after 
4-MCHM exposure, communities exposed to 0.5 and 1 ppm 4-MCHM differed from the 
control (p < 0.05) in terms of relative abundance of the species present. Copepods (adults 
and nauplii) comprised ~75% of the community in the control and decreased to <50% 
in 0.5 and 1 ppm treatments (Fig. 5). The 50–70% decrease in nauplii in 0.5 and 1 ppm 
treatments suggests early life stages are more sensitive to 4-MCHM, however altered 
adult copepod abundance also contributed to the decrease relative to the control. 
	 One explanation for the loss of copepods could be higher sensitivity to 4-MCHM than 
other zooplankton groups in the community. Although copepods were generally equally 
sensitive to aromatic hydrocarbons and alcohols compared to cladocerans in single species 
toxicity tests, artificial pond communities exposed to hydrocarbons exhibited higher cope-
pod mortality rates than cladocerans and rotifers (Kreutzweiser et al. 2002, Lay et al. 1985, 
Relyea 2005, Riera and Cohen 2016). In the present study, rotifers (Brachionidae) became 
the most abundant taxonomic group in both treatments that received 4-MCHM, increasing 
in proportion to 54% and 60% in the 0.5 and 1 ppm treatments respectively (compared 
to 18% in the control). This change may be only partially attributed to lower 4-MCHM 
sensitivity but enhanced by indirect effects associated with loss of copepod predators. For 
example, copepod removal via fish predation increases rotifer abundance, consequently al-
tering community composition (Lynch 1977, McQueen et al. 1986). Finally, decreased food 

Figure 5. 4-MCHM alters Zooplankton Community Composition. Mean abundance of individuals belonging 
to each zooplankton group after one week of exposure to 4-MCHM treatments (n = 4 microcosms per 
treatment), and mean water column chlorophyll a concentration (µg L-1) initially upon addition of 4-MCHM 
and after one week under greenhouse conditions ± one standard deviation (n = 4). Asterisks indicate significant 
differences from the control (p < 0.05).
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availability may have contributed to copepod population decline. Phytoplankton abundance 
decreased across all treatments (one-way ANOVA, F2,11 = 11.19, p = 0.004), but chlorophyll 
a concentrations were 43 and 35% lower than the control in the 0.5 and 1 ppm treatments, 
respectively (Fig. 5). This decrease could have been due to direct toxicity of 4-MCHM; phy-
toplankton species display a range of sensitivities to aromatic hydrocarbons (Dunstan et al. 
1975). However, the decrease in chlorophyll a concentration in the 0.5 and 1 ppm treatments 
coincided with increased rotifer (Brachionidae) abundance, which likely increased grazing 
pressure and competition for limited resources (Gilbert 1988, Lynch 1977, Sancher-Bayo 
2006). 4-MCHM-induced reduction in copepod abundance and increase in rotifers could 
decrease food availability to higher trophic levels such as planktivorous fish that rely on 
vision to detect prey (Brooks and Dodson 1965).
	 Our findings provide important insights into the potential aquatic toxicity of 4-MCHM at 
the cellular (ionocytes), organism (zebrafish) and community levels in aquatic ecosystems. 
We have identified the LC50 for 4-MCHM in larval zebrafish. Expression analysis of toxicity 
biomarker genes strongly indicate oxidative stress in 4-MCHM treated zebrafish larvae. We 
identified swimming behavioral defects in zebrafish larvae due to 4-MCHM within a range 
of environmentally relevant concentrations that can affect their ability to evade predation 
and forage for food, and the likely Na+ channel blocking neurotoxic mechanism of action 
for 4-MCHM. Finally, exposure to 4-MCHM concentrations at and below 1 ppm affected 
zooplankton community composition primarily by altering relative abundance of copepods, 
rotifers and phytoplankton, which has implications for resource availability to planktivo-
rous fish like zebrafish. 
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