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Tricaine Methanesulfonate (MS222)
Has Short-Term Effects on Young
Adult Zebrafish (Danio rerio) Working
Memory and Cognitive Flexibility, but
Not on Aging Fish

Barbara D. Fontana*, Nancy Alnassar and Matthew O. Parker*

Brain and Behaviour Laboratory, School of Pharmacy and Biomedical Sciences, University of Portsmouth, Portsmouth,
United Kingdom

Exposure to anesthetic drugs is common in biomedical sciences being part of routine
procedures in different translational species, however its impacts on memory and
cognition are still debated, having different impacts depending on drug and age. The
zebrafish (Danio rerio) is a translational species widely used in behavioral neuroscience,
where tricaine methanesulfonate (MS222) is the most acceptable and used drug when
conducting routine procedures. Based on this, we investigated the effects of MS222
(100 mg/l) in young adults and aging zebrafish 1, 2, 3, and 7 days after exposure.
Animals’ were submitted to the anesthetic procedure until loss of body posture, slowing
of opercular movements and lack of response to tail touch with a plastic pipette
were achieved, then further left in the drug for 3 min. After that, animals (6 mpf vs.
24 mpf) were transferred to a recovery tank until fully recovered and transferred back to
their housing system until further testing in the free movement pattern (FMP) Y-maze,
which assesses zebrafish working memory and cognitive lexibility. Young animals had
significant impairment in their working memory and cognitive flexibility 1 and 2 days after
the exposure to MS222, being fully recovered by day 3 and with no effects 7 days
post drug exposure. Increased repetitions were also observed for animals exposed
to MS222 which could indicate increased stress-related response in animals up to
2 days after drug exposure. No drug effect was observed in aging animals besides their
natural decreased alternations and working memory. Overall, behavioral experiments
after routine procedures using MS222 should be performed with caution and need to
be delayed, at least 3 days after exposure where working memory, cognitive flexibility,
and repetitive behavior are back to normal.
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INTRODUCTION

Anesthesia is a common procedure used to decrease/avoid pain
and distress in both clinics and in a research context (Mao et al.,
1992; Gerges et al., 2006; Sobanko et al., 2012; Stewart et al,,
2015). Anesthetics are often linked to the development of delayed
cognitive recovery in patients that were under general anesthesia
(Frazier and Narahashi, 1975; Caza et al., 2008). These drugs are
often associated with neurotoxicity and have different impacts
on the brain, depending on the anesthetic (Soriano and Anand,
2005; Nikizad et al., 2007; Leung et al., 2014). The intensity and
patterns of cognitive disruption have been previously linked to
an individual’s age (Moller et al., 1998; Culley et al., 2003). For
example, a study comparing young and aging rats observed an
increase in cognition after anesthesia in young rats (6 months
old); meanwhile aging rats had a significant decrease in memory
and cognition having long-lasting effects for up to 3 weeks
after anesthesia (Culley et al., 2003). In elderly people, cognitive
impairment post-operation also has long-lasting effects affecting
patients’ lives up to 3 months after their surgery (Moller et al.,
1998). However, there are still conflicting data regarding the
long-lasting cognitive effects of anesthetics where data variability
seems to be highly influenced by age of animals, choice of
anesthetic drug, dose, duration of exposure, and choice of
cognitive task (Belrose and Noppens, 2019).

Zebrafish (Danio rerio) are widely used as a translational
model to study memory and cognition (Best and Alderton,
2008; Meshalkina et al., 2017; Fontana et al., 2018), owing to
homologous neurotransmitter-related systems and brain regions
necessary to assess these behavioral domains (Stewart et al,
2015). Tricaine methanesulfonate (MS222) is an anesthetic
drug used widely across the zebrafish research community
(Stewart et al., 2015). This anesthetic is often used during
routine husbandry procedures such as “fin-clipping” (removal
of the tip of the caudal fin, to collect samples for genotypic
identification; Huang et al., 2010; Xing et al, 2014; De
Lombaert et al., 2017). MS222 induces anesthesia by blocking
sodium channels in the neuronal membranes, thus reducing
action potentials and inducing muscle relaxation (Frazier and
Narahashi, 1975; Matthews and Varga, 2012; Lin et al., 2016).
In fish species, MS222 is known for crossing the blood-brain
barrier (Hunn, 1970) blocking the action potential generation
in sensory and motor systems as well as in central nervous
circuits (Ramlochansingh et al., 2014). Because sodium channel
blockers can decrease working memory in young mice by causing
deleterious effects on the prelimbic cortex (Vandesquille et al.,
2013), the exposure to MS222 in different vertebrate species may
alter cognitive-related parameters such as working memory and
cognitive flexibility. Although cognitive flexibility and working
memory are both important characteristics that help different
species to perform complex problem-solving tasks, these two
functions are differently defined (Ionescu, 2012; Cowan, 2017).
Cognitive flexibility is often defined as the adaptability to
changing task conditions (Ionescu, 2012), meanwhile working
memory is defined as short-term memory applied to cognitive
tasks (Cowan, 2008). Currently, the short-term cognitive effects
of MS222 exposure in zebrafish are unknown. It is critical to

understand this in order to ensure that researchers mitigate the
potential short and longer—term impacts of using this drug.

Recently, zebrafish have also shown great promise as a model
to study the cognitive effects of aging (Yu et al., 2006). For
example, aged zebrafish have impaired working memory and
lower cognitive flexibility compared to adult animals (Cleal et al.,
2021a). Typically, zebrafish changes in cognition associated with
aging are evident from around 2 years old, with a gradual
cognitive decline observed until 3 years old (estimated life span;
Tsai et al., 2007). As well as showing cognitive decline, aging
animals have been shown to respond differentially to drug
treatments, including anesthetics and sedative drugs (Culley
et al., 2003; Butterfield et al., 2004). The impact of MS222 on the
cognitive abilities of aging zebrafish, however, is also currently
not known. Owing to the increasing interest in zebrafish as a
model of healthy aging, and the use of anesthetics and sedatives
for routine procedures (e.g., genetic identification), it is critical to
understand how these drugs affect aging zebrafish.

In summary, although the concentration required to induce
anesthesia is known (Huang et al., 2010; Zellar et al., 2018),
the long-lasting effects of MS222 on cognition are poorly
understood, and the understanding about the effects on aged
zebrafish is very limited. Here, we investigated the long-lasting
effects of the anesthetic MS222 in adult (6 months old) and
aging (24 months old) zebrafish using the free movement pattern
(FMP) Y-maze task, a protocol that allowed us to explore
working memory and cognitive flexibility.

MATERIALS AND METHODS

Animals and Husbandry

Adult zebrafish (AB wild-type; ~50:50 male:female ratio at
6-month or 24-month post-fertilization) were bred in-house
and reared in standard laboratory conditions on a re-circulating
system (Aquaneering, USA). Animals were kept in groups of
10 per 2.8 L (~28.5°C (£1 °C); pH 8.4; 14/10-h light/dark cycle)
and fed three times a day with a mixture of live brine shrimp and
flake flood. All animals used for this experiment were euthanized
using 2-phenoxyethanol from Aqua-Sed (Aqua-Sed™, Vetark,
Winchester, UK). All experiments were carried out following
approval from the University of Portsmouth Animal Welfare
and Ethical Review Board, and under license from the UK
Home Office [Animals (Scientific Procedures) Act, 1986; PPL:
P9D87106F].

Experimental Design and MS222 Treatment
There were two factors: Factor 1 (2 levels)—age [6 vs. 24 months
post-fertilization (mpf)]; and factor 2 (5 levels)—period of
time after exposure to MS222 (Controls, 1, 2, 3, and 7 days).
Control animals were exposed to home tank water having similar
handling as MS222 groups; however, controls were randomly
tested during 1, 2, 3, or 7 days after handling. Animals were
exposed to MS222 at a concentration of 100 mg/l buffered
with sodium bicarbonate (pH = 7.5; Grush et al., 2004; Martins
et al., 2016) and fish were kept in the solution for 3 min after
loss of body posture, slowing opercular movements and lack of
response to tail touch with a plastic pipette (Huang et al., 2010;
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Zellar et al, 2018). The method was chosen considering
variations in weight and size that can affect how fast animals
can have a loss of their body posture and no-touch reflex.
Animals were then moved to a recovery tank until equilibrium
was regained and normal body movements (preanesthetic
appearance) were obtained before being transferred to their
home tanks. After recovery, their cognitive and memory-related
effects were assessed using the FMP Y-maze protocol (Cleal
and Parker, 2018; Fontana et al., 2019; Cleal et al., 2021a,b)
by evaluating their behavioral profile 1, 2, 3, or 7 days after
handling/MS222 exposure.

FMP Y-Maze: Working Memory and
Cognitive Flexibility Analysis

The FMP Y-maze is a well-characterized task to assess
working memory and cognitive flexibility in zebrafish and other
translational species (Cleal and Parker, 2018; Fontana et al.,
2019; Cleal et al., 2021a,b). This task has been validated as a
measure of working memory, with several memory-related drugs
(scopolamine, MK-801, and SCH-23390), significantly affecting
fishes predominant searching strategy, sequential alternations
(Cleal et al., 2021b). Briefly, the apparatus used was a white
Y-shaped insert with three identical arms (5 cm X 2 cm
1 x W; 120° angle between arms) with no explicit intra-maze
cues, containing 3l of aquarium water. The Zantiks AD system
(Zantiks Ltd., Cambridge, UK) was used to measure the fish
choice for each arm across 1-h and their behavioral phenotype
was analyzed considering the overlapping series of four choices
(tetragrams; Cleal et al, 2021b). One hundred and seventy
zebrafish were used to assess how MS222 affects cognition in
adults vs. aging animals. The required sample size was calculated
a priori [effect size (d) = 0.25, power = 0.99, alpha = 0.05] based
on several published articles using zebrafish in the FMP Y-maze
task and extensive experience with this protocol in our laboratory
(Cleal and Parker, 2018; Fontana et al., 2019; Cleal et al., 2021a,b;
Fontana et al., 2021).

Data were split into two formats for analysis: (1) total
percentage use (calculated as a proportion of total turns) of
each tetragram sequence for the 60 min of exploration, referred
to as “global” search strategy; (2) “immediate” search strategy,
analyzed search pattern configurations over 10 min time bins
throughout the trial, equating to six equal, consecutive time bins.
“Global” search strategy was used to measure working memory
as repetition of previous turn choices must be remembered for
patterns of movement to be repeated over 1 h of exploration,
requiring memory of arm entries and order of entry. The second
type of strategy was used to assess cognitive flexibility. Animals
that are not able to update information gained during exploration
of the FMP Y-maze will likely perform similar strategies over
each time bin. However, animals that adapt their behavioral
response to new information would be expected to change
movement patterns over time. For example, control animals
show a peak in alternation patterns at 40 min time bin based on
previous characterization studies; meanwhile, animals exposed
to drugs that affect cognitive flexibility do not show changes
in alternations across time. Thus, to assess “global” strategies,
the number of alternations (rlrl + Irlr) and repetitions (rrrr

+ 1lII) were used as proportion of the total number of turns
which are highly expressed through 1-h (% of total turns;
Cleal et al,, 2021b). Average turns were used to assess animals’
locomotor/exploratory behavior. Alternations and repetitions
across time were used to assess cognitive flexibility.

All behavioral tests were performed between 10:00 and 16:00 h
(lights on at 9:00 h) using two independent batches (n = 8-9 per
batch/per group, total n = 15-16/per group). The behavioral
testing was carried out in a fully randomized order, choosing
fish at random from one of five housing tanks for testing. After
data collection and screening for extreme outliers (e.g., returning
values of “0” for arm exploration indicating non-engagement),
data was analyzed in full. A total of 10 animals out of 170 were
excluded due to poor engagement with the task (freezing or/and
displaying no measurable behavioral patterns).

Statistics

Data from the Y-maze protocol was obtained as the number
of entries into each arm (1, 2, 3, and middle section
4) across a 1-h trial. To analyze the data according to
left and right turns in 10-min time bins, raw data was
processed using the Zantiks Y-maze Analysis Script created
specifically for this purpose (available from: https://github.
com/thejamesclay/ZANTIKS_YMazeAnalysisScript). Normality
of data and homogeneity of variance were analyzed by
Kolmogorov-Smirnov and Bartlett’s tests, respectively.
Considering that data were normally distributed, one-way
analysis of covariance (ANOVA) with treatment (five
levels—control vs. 1 d MS222 vs. 2 d MS222 vs. 3 d MS222 vs.
7 d MS222 for each age group) as the factor, was used to analyze
average turns, repetitions, and alternations of each age. Two-way
repeated measures ANOVA was used for cognitive flexibility
analysis using time (six levels: 6 x 10 min time bins) and
treatment (five levels: control vs. 1 d MS222 vs. 2 d MS222 vs.
3 d MS222 vs. 7 d MS222) as factors. For comparison of average
turns, alternations, and repetitions between ages two-way
ANOVA was performed using treatment (five levels—control vs.
1.d MS222 vs. 2.d MS222 vs. 3 d MS222 vs. 7 d MS222) and age
(two levels—6 mpf vs. 24 mpf) as factors. Tukey’s test was used
as post hoc analysis, data was represented as mean and error of
the mean (SEM), and results were considered significant when
p < 0.05.

RESULTS

Short and Long-Term Effects of

MS222 in Adult Zebrafish

Figure 1 depicts the effects of MS222 in 6 mpf zebrafish. There
was a significant ANOVA effect of MS222 in 6 mpf animals
for alternations (F(4,79) = 5.556; p*** = 0.0005), repetitions
(F(4,79) = 4.067; p** = 0.0047) and average turns (F(4, 79) = 2.940;
p* = 0.0255). Tukey’s post hoc test revealed that animals had
a significant decrease in alternations 1 d (p*™* = 0.0066) and
2 d (p** = 0.0095) after the exposure to MS222 compared to
controls but had fully recovered after 3 d (p = 0.3710) and 7 d
(p > 0.9999). For repetitions, a significant increase was observed
for 1d (p* =0.0117) and 2 d (p* = 0.0240) after MS222 exposure
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compared to controls. No post hoc effects were observed for
average turns after Tukey’s test analysis (Figure 1A). Regarding
cognitive flexibility, there was a significant effect for time
(F(3.27g’ 259) = 11.05; P**** < 00001), treatment (F(4’ 79) = 5.566;
P = 0.0005) and subject (F(79, 305y = 3.028; p™** < 0.0001).
No interaction effect (time vs. treatment; F(s9,395) = 0.3700;
p = 1.261) was observed for alternations across time. Briefly,
both groups control, 3 d and 7 d after MS222 had a peak in
their alternations at 40 min compared to their 10 min time bin
(p** =0.0037, p* = 0.0103 and p* = 0.0175, respectively). When
comparing differences between groups, a significant decrease
in alternations was specifically observed when comparing 1 d
and 2 d vs. controls at 40 min (p** = 0.0086 and p* = 0.0164;
Figure 1B). A treatment (F(4 79 = 4.067; p™ = 0.0047),
time (F(3.141,2482) = 4.067; p** = 0.0031) and subject effect
(F(79,305) = 4.249; p*** < 0.0001) was also observed for
repetitions across time with no interaction (time vs. treatment)
effect (Fo,395 = 1.122; p = 0.3235). A significant increase in
repetitions was observed 1 day after MS222 compared to controls
at 10 min (p* = 0.0481), 20 min (p* = 0.0350) and 50 min
(p** = 0.0022). Repetitions were also increased for the group
6 mpf + 2 d MS222 at 40 min when compared to controls
(p* = 0.0357; Figure 1B).

MS222 Does Not Affect Working Memory
and Cognitive Flexibility of Aging Fish

Aging fish (24 mpf) when treated with MS222 and tested
1 day or 7 days after exposure did not show significant
changes for alternations (F(4, 71) = 1.155; p = 0.3381), repetitions
(F4,71y = 1.370; p = 0.4417) and average turns (F4, 71) = 0.8366;
p = 0.5065; Figure 2A). For cognitive flexibility, no significant
effects for treatment (F(4,71) = 1.155 p = 0.3381), time
(Fa554,3234) = 1.815; p = 0.1164) or interaction between
factors (F(20,355) = 1.013; p = 0.4456) on alternations across
time were observed. A significant effect for subject was found
(F71,355) = 2.112; p™** < 0.0001; Figure 2B). Only a significant
effect for time (F4554,323.4) = 3.529; p** = 0.0060) and subject
(F1, 355 = 2.779; p**** < 0.0001) with no effect for treatment
(F4,71) = 0.9476; p = 0. 4417) or interaction (time vs. treatment;
F20,355 = 0.7931; p = 0. 7223) was observed for repetitions across
time in animals exposed to MS222 (Figure 2B).

MS222 vs. Age —Interactions Between
Drug and Animals’ Age

Finally, in order to understand the interactions between animals’
age and the exposure to MS222 affecting memory and cognition,
two-way ANOVA was performed and a significant effect for
interaction (age vs. treatment; F(4 150) = 5.654; p™** = 0.0003) and
age (F,150) = 7.199; p** = 0.0081) was observed for alternations.
No significant effect of treatment per se was observed on
the average of alternations (F(4 150) = 2.031; p = 0.0929). For
repetitions, no significant effect age (F(; 150) = 4.913e-005;
p = 0.9944) was observed. However, a significant treatment
(F(4,150) = 2.723; p* = 0.0317) and interaction between factors
effect (F(4,150) = 2.511; p* = 0.0442) was observed similarly to
the findings described in Figure 1A. The average of turns was
not affected having no effect on interaction (age vs. treatment;

Fu 1500 = 2.110; p = 0.0824), treatment (F4 150 = 1.670;
p =0.1599) and age (F(1, 150) = 1.813; p = 0.1802; Figure 3).

DISCUSSION

Although there is still a lot of conflicting data regarding the
role of anesthetic drugs in inducing memory and cognitive
deficits after routine procedures, the majority of the studies
support that the effect will mainly depend on the drug, exposure
time/concentration, and the individual’s age. Here, we found
that MS222 caused an impairment in working memory and
cognitive flexibility 1 and 2 days after the exposure, but this
was dependent on the age of the animal. Adult (6 months)
zebrafish had a significant decrease in their working memory, as
demonstrated by them showing a lower number of alternations
during the 60 min in the FMP Y-maze test. Data across time
also suggested that fish exposed to MS222 and tested 1 and
2 days after did not show a linear increase in alternations
over the course of the trial, which represents a lack of
cognitive flexibility during the test. The exposure to MS222 also
resulted in increased repetitions in young adults, which can
an indicate increased stress-related response of animals 1 and
2 days after the drug exposure. However, animals tested 3 and
7 days after the exposure had a significant recovery, showing
expected baseline parameters for working memory, cognitive
flexibility, and abnormal repetitive behavior. In addition, we
found that although aging fish showed a decline in the average
alternations and alternations across time compared to adult
animals (replicating what we have previously reported; Cleal
et al, 2021a), we saw no decline in performance following
MS222 exposure, independently of the day after exposure,
indicating differential effects of the drug on memory and
cognition depending on age. The data here shows, for the first
time, the short- and long-term effects on memory and cognition
of the use of the anesthetic MS222 in zebrafish and will be
useful when planning experimental designs using this species in
the future.

Although MS222 is one of the major anesthetic agents
used in fish species, this drug is often reported as aversive
to zebrafish promoting distress in animals when exposed to
unbuffered and buffered concentrations of 250 mg/l (Wilson
et al., 2009). MS222 is also responsible for the increase of erratic
movements during anesthesia (Collymore et al., 2014) however,
its effects after routine procedures are virtually unexplored. A
recent study investigated a variety of anesthetic drugs in adult
zebrafish, including MS222 (175 mg/l), and showed no effects
on anxiety an hour after the drug exposure, suggesting full
recovery at 13-16 mpf (Jorge et al., 2021). MS222 (168 mg/l)
was also shown to have no effects in anxiety and stress-related
parameters of adults at ~8 mpf after 30 min of recovery
from anesthesia (Nordgreen et al., 2014). Conversely, here, we
found that 6 mpf animals had decreased average alternations
and increased repetitions in the FMP Y-maze, together with
disrupted patterns of alternations across time, as animals did
not show an alternation peak at 40 min compared to control
animals. A previous study that focused on the characterization
of the FMP Y-maze showed that alternations are the preferred
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FIGURE 1 | FMP Y-maze response of 6 months post-fertilization (mpf) animals 1, 2, 3, or 7 days after exposure to MS222. (A) Overall behavioral patterns/10 min.
(B) Alternations and repetitions across time for 6 mpf controls vs. 1 day vs. 2 days vs. 3 days vs. 7 days after MS222 exposure. Asterisk represents differences
across time within groups (p* < 0.05; p** < 0.005) and octothorp represents differences between groups at a specific time bin (o* < 0.05; p** < 0.005). Data were
represented as mean + S.E.M and analyzed by one-way ANOVA or two-way repeated measures ANOVA, followed by Tukey’s test multiple comparison test
(n = 16-18 per group).

searching strategy used for zebrafish, mice, and humans when
navigating the maze (Cleal et al., 2021b). This pattern strongly
increases across time, having its peak in zebrafish at the
40 min mark in the test and then gradually decreases. Drugs
that affect memory and cognition (e.g., MK-801) significantly
affect alternations in the FMP Y-maze supporting (Cleal et al.,
2021b) the importance of alternations for working memory
in healthy animals. Meanwhile, the overall alternations are
associated with the animals’ working memory, the analysis of
alternations across time provides valuable information about the
animals’ cognitive flexibility in this task. Therefore, although
some drugs do not affect the animals’ working memory, they can
significantly affect cognition across time (Cleal et al., 2021a,b).
Altogether, the disrupted patterns of alternations across time
found here suggest that zebrafish exposed to MS222 have
working memory and cognitive flexibility deficits up to 48 h
after exposure.

Exposure to MS222 was also previously shown to block the
activity of both sensory and motor nerves in vertebrate species
(Ramlochansingh et al., 2014). Although MS222 dynamics in
the zebrafish blood-brain barrier are not well-known, this drug
was shown to cross the blood-brain barrier through immersion
exposure in other freshwater species such as goldfish (Carassius

auratus) and carp (Cyprinus carpio, Hunn, 1970). MS222 is
known for blocking voltage-sensitive sodium channels (Frazier
and Narahashi, 1975), and in different fish species, this drug
has been shown to decrease the activity in the lateral line nerve
of oyster toadfish (Opsanus tau, Palmer and Mensinger, 2004)
and the sensitivity to depolarizing current in dorsal neurons in
the cunner (Tautogolabrus adspersus, Arnolds et al., 2002). The
putative mechanisms in which MS222 may decrease memory and
cognition is still unknown since most studies have focused on
the drug exposure and later stress-related responses. However,
it is known that sodium channel blockers can decrease working
memory in young mice due to their deleterious effects on
the prelimbic cortex (Vandesquille et al., 2013). Although the
effect of sodium blockers decreasing working memory was
observed across studies using different behavioral tasks, no
effects in the consolidation and retention of memories were
linked to blockage of sodium channels (Khakpour-Taleghani
et al.,, 2009). Because here we only investigated the activity of
MS222 in zebrafish young adult and aging animals working
memory and cognitive flexibility, future works looking at the
effects of MS222 should also evaluate other memory functional
stages such as consolidation and retention using other behavioral
tasks.
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FIGURE 2 | FMP Y-maze response of 24 mpf animals 1, 2, 3, or 7 days after exposure to MS222. (A) Overall behavioral patterns/10 min. (B) Alternations and
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FIGURE 3 | Comparison between age and MS222 effects. Data were represented as mean + S.E.M and analyzed using two-way ANOVA followed by Tukey’s post
hoc test. Asterisk represents significant differences compared to control 6 mpf (p* < 0.05; p** < 0.005 and p*** < 0.0005; n = 15-18 per group).

Differently from alternations, abnormal repetitions in the
FMP Y-maze have been found as the main response of
zebrafish in front of an acute stressor, the conspecific alarm
substance (CAS). The neurobiology of repetitive behaviors
is directly related to stress and regularly discussed as a
coping mechanism to reduce the arousal level of the animal
when it is exposed to stressful events (Langen et al., 2011).
Here, we found that animals exposed to MS222 show
increased repetitive behavior after 1 and 2 days of the

exposure. Although this is indicative of increased stress-
related response, as previously discussed, the data regarding
anxiety and stress-related phenotypes in zebrafish exposed
to MS222 are still conflicting. Thus, the analysis of the
mechanisms underlying changes in cognition and stress-
related responses are still necessary to understand whether
the behavioral patterns observed here are a result of the
increased stress response or if there are any other mechanisms
involved. Importantly, after 3 and 7 days, zebrafish showed fully
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recovered behavior with normal patterns of both alternations
and repetitions.

In rodents, repeated anesthesia impairs memory and
psychomotor performance to a greater extent in aged mice,
affecting the animals’ acquisition of a novel motor skill but
anesthesia by itself did not lead to any prolonged cognitive
impairment in aged animals (Butterfield et al., 2004). Here,
in both ages, anesthesia by itself did not induce long-term
cognitive deficits; however, aging animals did not show any
differences in alternations in the short-term (1, 2 or 3 days after
MS222 exposure) or long-term (7 days after MS222 exposure).
The lack of effects of MS222 in aging animals may occur based
on two hypotheses: (1) MS222 differently modulates memory and
cognition in aging animals without causing changes in working
memory and cognitive flexibility or (2) the lack of effects of
MS222 observed in aged animals was owing to a ceiling effect.
Aging is associated with a general deficit in working memory and
cognitive flexibility in older fish (Cleal et al., 2021a) and humans
(Pliatsikas et al., 2018), and this may have masked the impact
of the drug. However, it appears from our data that there is no
additive effect of MS222 on existing measures of cognitive decline
in older animals.

Although the dose-response effects of MS222 at zebrafish
early developmental stages were previously studied (Rombough,
2007), there is no information regarding how adult and aging
animals respond to MS222 across the life span. Therefore, further
investigation is necessary to understand if the lack of response to
MS222 observed in aging animals is due to a difference in drug
metabolism or if there is a ceiling effect occurring.

CONCLUSIONS

In conclusion, our data showed that the use of the anesthetic
MS222 in routine procedures can significantly affect memory
and cognition of adult fish up to 2 days after the exposure.
Specifically, the use of MS222 decreases working memory and
cognitive flexibility in animals, with 6 months old showing full
recovery 3 days after the drug exposure. Abnormal repetitive
behavior is also observed in 6 mpf animals exposed to
MS222 and tested 1 and 2 days after the drug exposure,
which could be a result of increased stress-related response
in those animals. Regarding the effects of MS222 in aging
fish, no differences for these parameters were observed in

REFERENCES

Arnolds, D. E. W, Zottoli, S. J., Adams, C. E., Dineen, S. M., Fevrier, S., Guo, Y.,
et al. (2002). Physiological effects of tricaine on the supramedullary/dorsal
neurons of the cunner, tautogolabrus adspersus. Biol. Bull. 203, 188-189.
doi: 10.2307/1543388

Belrose, J. C., and Noppens, R. R. (2019). Anesthesiology and cognitive
impairment: a narrative review of current clinical literature. BMC Anesthesiol.
19:241. doi: 10.1186/s12871-019-0903-7

Best, J. D., and Alderton, W. K. (2008). Zebrafish: an in vivo model for
the study of neurological diseases. Neuropsychiatr. Dis. Treat. 4, 567-576.
doi: 10.2147/ndt.s2056

Butterfield, N. N., Graf, P., Ries, C. R., and Macleod, B. A. (2004). The effect
of repeated isoflurane anesthesia on spatial and psychomotor performance

24 mpf zebrafish. Aging plays an important role in cognition
and aging animals had lower working memory and did
not show cognitive flexibility which could justify the lack
of effects of MS222 in aging fish. The data showed here
does not only provide valuable relevance in a translational
aspect considering that the use of MS222 as an anesthetic
drug can affect memory and cognition in other species, but
also for those who work with zebrafish and often need to
submit fish through routine procedures involving the use
of MS222 having further behavioral testing planed in their
experimental design.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://osf.io/x6tkz/.

ETHICS STATEMENT

The animal study was reviewed and approved by University of
Portsmouth Animal Welfare Ethical Review Board.

AUTHOR CONTRIBUTIONS

BF and MP designed the experimental procedures and analyzed
the data. MP contributed for reagents/analysis tools. BF and NA
performed the experiment. BF, NA, and MP contributed for the
manuscript writing. All authors contributed to the article and
approved the submitted version.

FUNDING

This study was supported in part by the Coordenagido
de Aperfeicoamento de Pessoal de Nivel Superior—Brazil
(CAPES—DBrazil)—Finance Code 001 at the University of
Portsmouth, UK (BDF). NA was funded by a University of
Portsmouth Faculty Strategic Studentship Award (to MP). MP
also currently receives funding from the Foundation for Liver
Research (UK), Alzheimer’s Research UK, INTERREG (EU), Dstl
(UK), and NC3Rs (UK). The funders had no role in study design,
data collection, and analysis, decision to publish, or preparation
of the manuscript.

in young and aged mice. Anesth. Analg. 98, 1305-1311. doi: 10.1213/01.ane.
0000108484.91089.13

Caza, N., Taha, R., Qi, Y., and Blaise, G. (2008). “Chapter 26 The effects of surgery
and anesthesia on memory and cognition,” in Progress in Brain Research,
eds W. S. Sossin, J.-C. Lacaille, V. F. Castellucci and S. Belleville (Elsevier),
409-422.

Cleal, M., Fontana, B. D., Double, M., Mezabrovschi, R., Parcell, L.,
Redhead, E., et al. (2021a). Dopaminergic modulation of working memory
and cognitive flexibility in a zebrafish model of aging-related cognitive
decline. Neurobiol. Aging 102, 1-16. doi: 10.1016/j.neurobiolaging.2021.
02.005

Cleal, M., Fontana, B. D., Ranson, D. C., Mcbride, S. D., Swinny, J. D,
Redhead, E. S., et al. (2021b). The pattern Y-

a cross-species measure of working memory and executive

free-movement
maze:

Frontiers in Behavioral Neuroscience | www.frontiersin.org

August 2021 | Volume 15 | Article 686102


https://osf.io/x6tkz/
https://doi.org/10.2307/1543388
https://doi.org/10.1186/s12871-019-0903-7
https://doi.org/10.2147/ndt.s2056
https://doi.org/10.1213/01.ane.0000108484.91089.13
https://doi.org/10.1213/01.ane.0000108484.91089.13
https://doi.org/10.1016/j.neurobiolaging.2021.02.005
https://doi.org/10.1016/j.neurobiolaging.2021.02.005
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Fontana et al.

MS222 and Cognition in Zebrafish

function. Behav. Res. Methods 53, 536-557. doi: 10.3758/s13428-020
-01452-x

Cleal, M., and Parker, M. O. (2018). Moderate developmental alcohol
exposure reduces repetitive alternation in a zebrafish model of fetal alcohol
spectrum disorders. Neurotoxicol. Teratol. 70, 1-9. doi: 10.1016/j.ntt.2018.
09.001

Collymore, C., Tolwani, A., Lieggi, C., and Rasmussen, S. (2014). Efficacy and
safety of 5 anesthetics in adult zebrafish (Danio rerio). . Am. Assoc. Lab. Anim.
Sci. 53, 198-203.

Cowan, N. (2008). “Chapter 20 What are the differences between long-term,
short-term and working memory?,” in Progress in Brain Research, eds
W. S. Sossin, J. C. Lacaille, V. F. Castellucci and S. Belleville (Elsevier), 169,
323-338. doi: 10.1016/50079-6123(07)00020-9

Cowan, N. (2017). The many faces of working memory and short-term storage.
Psychon. Bull. Rev. 24, 1158-1170. doi: 10.3758/s13423-016-1191-6

Culley, D. J., Baxter, M., Yukhananov, R, and Crosby, G. (2003). The
memory effects of general anesthesia persist for weeks in young and
aged rats. Anesth. Analg. 96, 1004-1009. doi: 10.1213/01.ane.0000052712.
67573.12

De Lombaert, M. C. M., Rick, E. L., Krugner-Higby, L. A., and Wolman, M. A.
(2017). Behavioral Characteristics of Adult Zebrafish (Danio rerio) after
MS222 anesthesia for fin excision. J. Am. Assoc. Lab. Anim. Sci. 56,
377-381.

Fontana, B. D., Cleal, M., Clay, J. M., and Parker, M. O. (2019). Zebrafish
(Danio rerio) behavioral laterality predicts increased short-term avoidance
memory but not stress-reactivity responses. Anim. Cogn. 22, 1051-1061.
doi: 10.1007/s10071-019-01296-9

Fontana, B. D., Cleal, M., Gibbon, A. J., Mcbride, S. D., and Parker, M. O.
(2021). The effects of two stressors on working memory and cognitive flexibility
in zebrafish (Danio rerio): the protective role of D1/D5 agonist on stress
responses. Neuropharmacology 196:108681. doi: 10.1016/j.neuropharm.2021.
108681

Fontana, B. D., Mezzomo, N. J., Kalueff, A. V., and Rosemberg, D. B. (2018).
The developing utility of zebrafish models of neurological and neuropsychiatric
disorders: a critical review. Exp. Neurol. 299, 157-171. doi: 10.1016/j.expneurol.
2017.10.004

Frazier, D. T., and Narahashi, T. (1975). Tricaine (MS-222): effects on ionic
conductances of squid axon membranes. Eur. J. Pharmacol. 33, 313-317.
doi: 10.1016/0014-2999(75)90175-2

Gerges, F. J., Kanazi, G. E., and Jabbour-Khoury, S. I. (2006). Anesthesia for
laparoscopy: a review. J. Clin. Anesth. 18, 67-78. doi: 10.1016/j.jclinane.2005.
01.013

Grush, J., Noakes, D. L. G., and Moccia, R. D. (2004). The efficacy of clove oil
as an anesthetic for the zebrafish, Danio rerio (Hamilton). Zebrafish 1, 46-53.
doi: 10.1089/154585404774101671

Huang, W. C,, Hsieh, Y. S,, Chen, L. H., Wang, C. H., Chang, H. W., Yang, C. C,,
et al. (2010). Combined use of MS-222 (tricaine) and isoflurane extends
anesthesia time and minimizes cardiac rhythm side effects in adult zebrafish.
Zebrafish 7,297-304. doi: 10.1089/2¢b.2010.0653

Hunn, J. B. (1970). “Dynamics of MS-222 in the blood and brain of freshwater
fishes during anesthesia,” in Investigations in Fish Control. La Crosse, WI: U.S.
Fish and Wildlife Service. Preprint Manuscript.

Ionescu, T. (2012). Exploring the nature of cognitive flexibility. New Ideas in
Psychol. 30, 190-200. doi: 10.1016/j.newideapsych.2011.11.001

Jorge, S., Ferreira, J. M., Olsson, I. A. S., and Valentim, A. M. (2021).
Adult zebrafish anaesthesia: a study of efficacy and behavioural recovery
of different anaesthetics. bioRxiv [Preprint]. doi: 10.1101/2021.02.23.
432432

Khakpour-Taleghani, B., Lashgari, R., Motamedi, F., and Naghdi, N. (2009).
Effect of reversible inactivation of locus ceruleus on spatial reference and
working memory. Neuroscience 158, 1284-1291. doi: 10.1016/j.neuroscience.
2008.11.001

Langen, M., Kas, M. J,, Staal, W. G., Van Engeland, H., and Durston, S. (2011).
The neurobiology of repetitive behavior: of mice. Neurosci. Biobehav. Rev. 35,
345-355. doi: 10.1016/j.neubiorev.2010.02.004

Leung, L. S., Luo, T., Ma, J., and Herrick, I. (2014). Brain areas that influence
general anesthesia. Prog. Neurobiol. 122, 24-44. doi: 10.1016/j.pneurobio.2014.
08.001

Lin, C. Y., Chiang, C. Y., and Tsai, H. J. (2016). Zebrafish and Medaka: new
model organisms for modern biomedical research. J. Biomed. Sci. 23:19.
doi: 10.1186/512929-016-0236-5

Mao, J., Price, D. D, Mayer, D. J, Lu, J, and Hayes, R. L. (1992).
Intrathecal MK-801 and local nerve anesthesia synergistically
reduce nociceptive behaviors in rats with experimental peripheral
mononeuropathy. Brain Res. 576, 254-262. doi: 10.1016/0006-8993(92)
90688-6

Martins, T., Valentim, A. M., Pereira, N., and Antunes, L. M. (2016).
Anaesthesia and analgesia in laboratory adult zebrafish: a question
of refinement. Lab. Anim. 50, 476-488. doi: 10.1177/00236772166
70686

Matthews, M., and Varga, Z. M. (2012). Anesthesia and euthanasia in zebrafish.
ILARJ. 53,192-204. doi: 10.1093/ilar.53.2.192

Meshalkina, D. A., Kizlyk, M. N., Kysil, E. V., Collier, A. D., Echevarria, D. J.,
Abreu, M. S,, et al (2017). Understanding zebrafish cognition. Behav. Processes
141, 229-241. doi: 10.1016/j.beproc.2016.11.020

Moller, J. T., Cluitmans, P., Rasmussen, L. S., Houx, P., Rasmussen, H.,
Canet, J., et al. (1998). Long-term postoperative cognitive dysfunction in the
elderly: ISPOCD1 study. Lancet 351, 857-861. doi: 10.1016/s0140-6736(97)
07382-0

Nikizad, H., Yon, J. H., Carter, L. B., and Jevtovic-Todorovic, V. (2007). Early
exposure to general anesthesia causes significant neuronal deletion in the
developing rat brain. Ann. N. Y. Acad. Sci. 1122, 69-82. doi: 10.1196/annals.
1403.005

Nordgreen, J., Tahamtani, F. M., Janczak, A. M., and Horsberg, T. E.
(2014). Behavioural effects of the commonly used fish anaesthetic tricaine
methanesulfonate (MS-222) on zebrafish (Danio rerio) and its relevance
for the acetic acid pain test. PLoS One 9:¢92116. doi: 10.1371/journal.pone.
0092116

Palmer, L. M., and Mensinger, A. F. (2004). Effect of the anesthetic tricaine
(MS-222) on nerve activity in the anterior lateral line of the oyster
toadfish, opsanus tau. J. Neurophysiol. 92, 1034-1041. doi: 10.1152/jn.011
51.2003

Pliatsikas, C., Verissimo, J., Babcock, L., Pullman, M. Y., Glei, D. A., Weinstein, M.,
et al. (2018). Working memory in older adults declines with age, but is
modulated by sex and education. Q. J. Exp. Psychol. (Hove) 72, 1308-1327.
doi: 10.1177/1747021818791994

Ramlochansingh, C., Branoner, F., Chagnaud, B. P., and Straka, H. (2014). Efficacy
of tricaine methanesulfonate (MS-222) as an anesthetic agent for blocking
sensory-motor responses in Xenopus laevis tadpoles. PLoS One 9:¢101606.
doi: 10.1371/journal.pone.0101606

Rombough, P. J. (2007). Ontogenetic changes in the toxicity and efficacy
of the anaesthetic MS222 (tricaine methanesulfonate) in zebrafish (Danio
rerio) larvae. Comp. Biochem. Physiol. A. Mol. Integr. Physiol. 148, 463-469.
doi: 10.1016/j.cbpa.2007.06.415

Sobanko, J. F., Miller, C. J., and Alster, T. S. (2012). Topical anesthetics for
dermatologic procedures: a review. Dermatol. Surg. 38,709-721. doi: 10.1111/j.
1524-4725.2011.02271.x

Soriano, S. G., and Anand, K. J. S. (2005). Anesthetics and brain toxicity.
Curr. Opin. Anesthesiol. 18, 293-297. doi: 10.1097/01.ac0.0000169238.
36927.c2

Stewart, A. M., Ullmann, J. F. P., Norton, W. H. J., Parker, M. O., Brennan, C. H.,
Gerlai, R., et al. (2015). Molecular psychiatry of zebrafish. Mol. Psychiatry 20,
2-17. doi: 10.1038/mp.2014.128

Tsai, S. B., Tucci, V., Uchiyama, J., Fabian, N. J., Lin, M. C., Bayliss, P. E.,
et al. (2007). Differential effects of genotoxic stress on both concurrent body
growth and gradual senescence in the adult zebrafish. Aging Cell 6, 209-224.
doi: 10.1111/j.1474-9726.2007.00278.x

Vandesquille, M., Baudonnat, M., Decorte, L., Louis, C., Lestage, P., and
Béracochéa, D. (2013). Working memory deficits and related disinhibition of
the cCAMP/PKA/CREB are alleviated by prefrontal a4p2*-nAChRs stimulation
in aged mice. Neurobiol. Aging 34, 1599-1609. doi: 10.1016/j.neurobiolaging.
2012.10.006

Wilson, J. M., Bunte, R. M., and Carty, A. J. (2009). Evaluation of
rapid cooling and tricaine methanesulfonate (MS222) as methods of
euthanasia in zebrafish (Danio rerio). J. Am. Assoc. Lab. Anim. Sci. 48,
785-789.

Frontiers in Behavioral Neuroscience | www.frontiersin.org

August 2021 | Volume 15 | Article 686102


https://doi.org/10.3758/s13428-020-01452-x
https://doi.org/10.3758/s13428-020-01452-x
https://doi.org/10.1016/j.ntt.2018.09.001
https://doi.org/10.1016/j.ntt.2018.09.001
https://doi.org/10.1016/S0079-6123(07)00020-9
https://doi.org/10.3758/s13423-016-1191-6
https://doi.org/10.1213/01.ane.0000052712.67573.12
https://doi.org/10.1213/01.ane.0000052712.67573.12
https://doi.org/10.1007/s10071-019-01296-9
https://doi.org/10.1016/j.neuropharm.2021.108681
https://doi.org/10.1016/j.neuropharm.2021.108681
https://doi.org/10.1016/j.expneurol.2017.10.004
https://doi.org/10.1016/j.expneurol.2017.10.004
https://doi.org/10.1016/0014-2999(75)90175-2
https://doi.org/10.1016/j.jclinane.2005.01.013
https://doi.org/10.1016/j.jclinane.2005.01.013
https://doi.org/10.1089/154585404774101671
https://doi.org/10.1089/zeb.2010.0653
https://doi.org/10.1016/j.newideapsych.2011.11.001
https://doi.org/10.1101/2021.02.23.432432
https://doi.org/10.1101/2021.02.23.432432
https://doi.org/10.1016/j.neuroscience.2008.11.001
https://doi.org/10.1016/j.neuroscience.2008.11.001
https://doi.org/10.1016/j.neubiorev.2010.02.004
https://doi.org/10.1016/j.pneurobio.2014.08.001
https://doi.org/10.1016/j.pneurobio.2014.08.001
https://doi.org/10.1186/s12929-016-0236-5
https://doi.org/10.1016/0006-8993(92)90688-6
https://doi.org/10.1016/0006-8993(92)90688-6
https://doi.org/10.1177/0023677216670686
https://doi.org/10.1177/0023677216670686
https://doi.org/10.1093/ilar.53.2.192
https://doi.org/10.1016/j.beproc.2016.11.020
https://doi.org/10.1016/s0140-6736(97)07382-0
https://doi.org/10.1016/s0140-6736(97)07382-0
https://doi.org/10.1196/annals.1403.005
https://doi.org/10.1196/annals.1403.005
https://doi.org/10.1371/journal.pone.0092116
https://doi.org/10.1371/journal.pone.0092116
https://doi.org/10.1152/jn.01151.2003
https://doi.org/10.1152/jn.01151.2003
https://doi.org/10.1177/1747021818791994
https://doi.org/10.1371/journal.pone.0101606
https://doi.org/10.1016/j.cbpa.2007.06.415
https://doi.org/10.1111/j.1524-4725.2011.02271.x
https://doi.org/10.1111/j.1524-4725.2011.02271.x
https://doi.org/10.1097/01.aco.0000169238.36927.c2
https://doi.org/10.1097/01.aco.0000169238.36927.c2
https://doi.org/10.1038/mp.2014.128
https://doi.org/10.1111/j.1474-9726.2007.00278.x
https://doi.org/10.1016/j.neurobiolaging.2012.10.006
https://doi.org/10.1016/j.neurobiolaging.2012.10.006
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Fontana et al.

MS222 and Cognition in Zebrafish

Xing, L., Quist, T. S., Stevenson, T. J., Dahlem, T. J., and Bonkowsky, J. L. (2014).
Rapid and efficient zebrafish genotyping using PCR with high-resolution melt
analysis. J. Vis. Exp. e51138. doi: 10.3791/51138

Yu, L., Tucci, V., Kishi, S., and Zhdanova, I. V. (2006). Cognitive aging in zebrafish.
PLo0S One 1:el14. doi: 10.1371/journal.pone.0000014

Zellar, A. K., Olea-Popelka, F., and Campbell, T. J. J. O. E. P. M. (2018).
A comparison of alfaxalone and tricaine methanesulphonate (ms 222) in
two fish species. J. Exotic Pet Med. 27, 82-88. doi: 10.1053/j.jepm.2018.
06.002

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Fontana, Alnassar and Parker. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org

August 2021 | Volume 15 | Article 686102


https://doi.org/10.3791/51138
https://doi.org/10.1371/journal.pone.0000014
https://doi.org/10.1053/j.jepm.2018.06.002
https://doi.org/10.1053/j.jepm.2018.06.002
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

	Tricaine Methanesulfonate (MS222) Has Short-Term Effects on Young Adult Zebrafish (Danio rerio) Working Memory and Cognitive Flexibility, but Not on Aging Fish
	INTRODUCTION
	MATERIALS AND METHODS
	Animals and Husbandry
	Experimental Design and MS222 Treatment
	FMP Y-Maze: Working Memory and Cognitive Flexibility Analysis
	Statistics

	RESULTS
	Short and Long-Term Effects of MS222 in Adult Zebrafish
	MS222 Does Not Affect Working Memory and Cognitive Flexibility of Aging Fish
	MS222 vs. Age—Interactions Between Drug and Animals' Age

	DISCUSSION
	CONCLUSIONS
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


