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The Stability and Efficacy of Tricaine
Methanesulfonate (MS222) Solution After
Long-Term Storage

Erin M Katz,"" David K Chu,! Kerriann M Casey,! Katechan Jampachaisri,? Stephen A Felt,' and Cholawat Pacharinsak!

Tricaine methanesulfonate (MS222) is widely used for the anesthesia and euthanasia of laboratory zebrafish. Fresh solutions
have been recommended for each use; however, researchers often mix and store concentrated stock solutions for conveni-
ence and to reduce occupational exposure and environmental waste. While this is common practice, published guidelines
are often inconsistent. Thus, the objective of this study was to evaluate the stability and anesthetic efficacy of MS222 after
long-term storage and to develop specific storage parameters. Stock solutions (100 mg/mL MS222) were mixed and stored in
amber jars at 4 °C and -20 °C for 2- and 6-mo. Stability of the solutions was analyzed using liquid chromatography-ion trap
mass spectrometry and compared with fresh MS222. Fifty adult (30 male, 20 female) wildtype AB zebrafish (Danio rerio) were
randomly anesthetized with 150 mg/L of one of the following MS222 solutions to evaluate anesthetic efficacy: 1) freshly pre-
pared (0m); 2) 2 mo at 4 °C (2m4); 3) 2 mo at -20 °C (2m-20); 4) 6 mo at 4 °C (6m4); 5) 6 mo at -20 °C (6m-20). Time to cessation
of swimming, loss of equilibrium, lack of response to von Frey (VF) stimulation, return of equilibrium, and resumption of
swimming were compared between groups. Two fish from each group were euthanized at 24-h and 2-wk after anesthesia,
and histopathology was performed. All solutions were determined to be stable under all storage conditions. No clinically
significant differences were observed between the fresh and stored stock groups during anesthetic testing. No evidence of
anesthetic-related histologic changes were noted in the gills, skin, kidneys, muscle, and central nervous system. Hepatic
megalocytosis and a reduction in hepatic vacuolation were seen to varying degrees across all groups, but did not follow a
treatment-related trend. Therefore, 100 mg/mL solutions of MS222 can be stored in amber jars at 4 °C or -20 °C for 6 mo and

still used to effectively anesthetize zebrafish.
Abbreviation: MS222, Tricaine Methanesulfonate

DOI: 10.30802/ AALAS-JAALAS-19-000067

Tricaine methanesulfonate (MS222) is the most commonly
used anesthetic agent in fish and other aquatic species.!3142829
Itis used in research for sample collection, surgical procedures,
implanting of radio transmitters or sampling devices, and eu-
thanasia. In aquaculture, it is used for sorting, weighing and
measuring, labeling, transporting, gamete collection, and health
moni’coring.29 MS222 is an ester-type local anesthetic agent that
acts systemically when absorbed through the gills or skin.” Once
absorbed, it is distributed throughout the body via the blood
to act on the muscle,'® as well as the peripheral and central
nervous sys’cems.29 It is highly lipid soluble and readily crosses
the cell membrane, where it blocks sodium channels, limiting
membrane excitability and action potential transmission.”?%’ It
is primarily excreted unchanged through the gills,29 but is also
rapidly metabolized through acetylation” by the liver, kidneys,”
blood, muscle,'® and/or gills depending on the species.?’

A common practice isto prepare and store concentrated stock
solutions of MS222 that can be diluted and buffered immediately
prior to use.” This practice reduces time and labor, occupational
exposure,”4?° and waste. Tricaine-S (Western Chemical, which
was used in this study, is now Syndel USA, Ferndale, WA) is
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currently the only FDA-approved formulation of MS222 for
aquaculture.31 Western Chemical recommends storing 10%
solutions for up to 3 d in a cool place protected from light.33
They fail to give more specific storage parameters and histori-
cally little guidance has been available on the proper storage of
MS222.29 Most manufacturers recommend making concentrated
stock solutions’ (10 mg/mL to 100 mg/mL)3727-2%3that can be
further diluted to a specific concentration with water from the
fish’s environment. Like Western Chemical, many recommend
storing solutions in a cool, dark place or opaque container and
discarding stock solutions after several days. All manufactures
report that solutions are photosensitive and quickly change from
clear to yellow or brown when exposed to light.37/21,24:27.2933
Despite this, most claim the solution is stable.3”?% Others
describe the formation of an oily substance on the surface of the
solution that forms when water is buffered prior to the addition
of the MS222 powder or when the stock solution is exposed to
ligh’c.28 Cloudiness, darkening, or the presence of an oily sub-
stance on the stock solution surface indicate that the solution
should be replaced.28 The expiration date of concentrated stock
solutions is also confusing. Many report that a 10% solution can
be stored at room temperature for up to 3 d with no significant
loss of potency, but after 10 d, a brown color and 5% decrease in
activity are observed.>”?®0thers suggest that solutions may
be stable for at least one month! and potentially effective for
up to 3 mo.?! Finally, some suggest that the shelf life of stock
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solutions can be extended by refrigeration or freezing.? Despite
all of the claims, all manufacturers recommend preparing fresh
solutions before use.7242%:33

These conflicting recommendations make it difficult to es-
tablish optimal procedures for the storage of MS222. At our
institution, approximately 75% of all approved protocols involv-
ing aquatic species use MS222 as an anesthetic or euthanasia
agent. Out of 16 protocols approved to use zebrafish, all but
one use MS222 in some capacity. The veterinary staff also use
it to euthanize sick aquatic species. Thus, the objective of this
study was to determine whether MS222 was stable after long-
term storage and to identify specific storage parameters for the
stock solutions. Chemical analysis using liquid chromatography
and mass spectrometry with subsequent anesthetic testing and
histologic examination of zebrafish was performed to assess
stability. Stored MS222 solutions were compared against freshly
prepared solution. We hypothesized that MS222 is chemically
stable and remains an effective anesthetic agent when stored
for up to 6 mo at less than or equal to 4 °C.

Materials and Methods

Animals and housing. Adult wildtype AB zebrafish (Danio
rerio) (n = 50, 30 males and 20 females; 5-mo-old; Zebrafish
International Resource Center, University of Oregon, Eugene,
OR) were used for this study. Fish were raised from embryos in
Stanford’s aquatic facility. Postlarval fish were housed in mixed
sex groups of no more than 5 fish per liter in 9.5-L tanks on a
recirculating system (Aquaneering, San Diego, CA). System
filtration included a 10 um dacron prefilter, a fluidized bed bio-
filter with fine sand media, 2 granular activated carbon filters,
and a40 W UV sterilizer (Aquaneering, San Diego, CA). System
water was municipal water treated with acid washed granular
activated carbon filters (Evoqua Vantage PTC carbon filters),
cation resin bed ion exchange water softener (Evoqua Van-
tage PTC Twin Softeners), and reverse osmosis (Vantage M41
General Purpose Series Reverse Osmosis Units, Evoqua Water
Technologies, Pittsburgh, PA). Sodium bicarbonate and sea
salt (Instant Ocean, Blacksburg, VA) were added automatically
to the system as needed. A 10% water change was performed
daily. Water chemistry was maintained at 26 to 28 °C, pH 7.2
to 7.6, conductivity 500 to 900 uS/cm, ammonia less than 0.02
ppm, nitrite less than 0.05 ppm, nitrate less than or equal to 50
ppm, alkalinity 50 to 135 ppm, hardness 75 to 120 ppm, and
relative dissolved oxygen (RDO) > 95% in a room with a 14:10
h light:dark cycle. Twice a day fish were fed a diet of brine
shrimp (Artemia spp.) and irradiated pellets (Adult Zebrafish
Irradiated Diet, Zeigler Bros., Gardners, PA). Although we do
not have a formal direct animal disease screening program,
both environmental samples from the recirculating system and
sentinel fish tested positive for Mycobacterium chelonae and M.
fortuitum at the time of the study. Animals were housed in an
AAALAC-accredited facility in compliance with the Guide for
the Care and Use of Laboratory Animals."! All animal research was
approved by Stanford’s Administrative Panel on Laboratory
Animal Care (IACUC).

MS222 solution preparation and storage. Tricaine methane-
sulfonate (Tricaine-S, Western Chemical; Syndel USA, Ferndale,
WA.) 10 mL (100 mg/mL) stock solutions (dissolved in Sterile
Water for Irrigation, USP; Baxter Healthcare Corp., Deerfield, IL)
were prepared under a chemical fume hood 6- and 2-mo prior
to experimental testing. Solutions were prepared in duplicate
for each time-point and stored in amber glass jars (Thermo
Scientific, Waltham, MA) at 4 °C and -20 °C. Twenty-four hours
prior to anesthetic testing, samples stored at-20 °C were thawed

at 4 °C. All samples were warmed at room temperatures (24 to
28 °C) 2 h prior to testing. A fresh stock solution was also pre-
pared prior to testing. Thus, the 5 experimental stock solutions
included fresh MS222 (0m); MS222 stored for 2 mo at4 °C (2m4)
and -20 °C (2m-20); and MS222 stored for 6 mo at 4 °C (6m4)
and -20 °C (6m-20).

Stock solutions were diluted with recirculating system water
to a final concentration of 150 mg/L and buffered with sodium
bicarbonate USP (Greenbrier International, INC. Chesapeake,
VA) toapH of 7.2 to 7.6 immediately prior to anesthetic testing.
Water temperature (°C), pH, conductivity (uS/cm), and RDO
(%) were measured with a multiple-parameter portable meter
(Orion Star A329, Thermo Fisher Scientific, Waltham, MA). The
portable meter was calibrated daily prior to the experiment.
All parameters were assessed immediately prior to testing and
after every fifth fish.

MS222 chemical analysis and stability. Liquid chromatogra-
phy-ion trap mass spectrometry (LC/MS) was performed on all
stock solutions after storage by the Vincent Coates Foundation
Mass Spectrometry Laboratory at Stanford University (Stan-
ford, CA) prior to any anesthetic testing. A calibration curve
was constructed from a freshly prepared MS222 standard stock
solution of 3.175 mg/mL salt equivalent (2 mg/mL free base)
in water (Sterile Water for Irrigation, USP; Baxter Healthcare
Corp., Deerfield, IL). For LC/MS, all MS222 concentrations are
expressed as the salt equivalent. The standard stock solution was
serially diluted with water to obtain a series of standard calibra-
tion solutions that were used to generate the 5-point calibration
curve. The curve range was from 3.97 pg/mL to 79.37 pg/mL.

The MS222 stored stock samples (2m4, 2m-20, 6m4, and 6m-
20) were serially diluted 5000-fold with water to yield 20 pg/mL
solutions. Samples were analyzed by a unified LC-ion trap mass
spectrometry method, using an 1100 series high-performance
liquid chromatography (HPLC) (Agilent Technologies, Santa
Clara, CA) integrated with a LTQ XL ion trap mass spectrom-
eter (Thermo Fisher Scientific, Waltham, MA). MS used heated
electrospray ionization (HESI) in positive mode. MS acquisition
used full (m/z 100 to 400) and data dependent sacs in dynamic
exclusion mode. LC was performed on a 2.1 x 100 mm Hypersil
Gold column, 3 um particle size, with gradient elution. Flow rate
was 0.25 mL/min and column temperature was 40 °C. Mobile
phases consisted of A: 0.1% formic acid in water and B: 0.1%
formic acid in acetonitrile. The elution profile consisted of an
initial hold at 10% B for one minute, followed by a gradient of
10% to 95% in 8 min, and a hold at 95% for one minute. Total
run time was 12 min. Injection volume was 10 pL. Blank samples
were run intermittently during sample analysis.

Quantitative analysis was performed using Thermo Xcalibur
Quan Browser (Thermo Fisher Scientific, Waltham, MA) by
means of the external standard method. Extracted ion chromato-
gram (EIC) peak areas (m/z = 166) were used for quantification.
The calibration curve was linear (R > 0.99) over the concentration
range using a weighted factor of 1/X2 where X is the concentra-
tion. The back-calculated standard concentrations were within
+10% of nominal values for all calibration points.

All stock samples were tested in duplicate after storage.
Change in concentration of solution after storage was calculated,
[(final concentration-initial concentration)/initial concentration]
x 100. The initial concentration was prepared to be 100 mg/
mL, but concentration was not confirmed with LC/MS prior to
storage. A final concentration of + 10% was considered stable.

Experimental design. Fish (n = 50, 30 males, 20 females) were
randomly assigned to 5 experimental groups for anesthetic
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Score Hepatic megalocytosis Egg-associated inflammation Reduced hepatic vacuolation

0 absent absent normal hepatocyte vacuolation

1 minimal (<10 hepatocytes) mild (<25% of ovary affected) >75% reduction in
hepatocyte vacuolation

2 mild (10-19 hepatocytes) moderate (25-50% of ovary affected) -

3 moderate (20-50 hepatocytes) severe (>50% of ovary affected) =

4 severe (>50 hepatocytes) - -

Figure 1. Histologic scoring criteria for zebrafish exposed to MS222.

evaluation—O0m, 2m4, 2m-20, 6m4, and 6m-20. Sex was not
controlled among anesthetic groups and was not evaluated.

Researchers were blind to the experimental groups. The fish
were fasted 12 h prior to anesthesia to reduce the risk of regur-
gitation. All fish were assessed between 0900 and 1300. Each fish
underwent only a single anesthetic event. Approximately 1 L of
anesthetic solution (150 mg/L MS222) was placed in a static 1.4
Linduction tank (Aquaneering, San Diego, CA). A similar static
recovery tank was filled with 1 L of system water and replaced
between experimental groups. The water temperature, pH, con-
ductivity (uS/cm), and RDO (%) were measured as previously
described, in both induction and recovery tanks before testing
and after every fifth fish. All fish were video recorded (2016
iPad Pro, Apple, Cupertino, CA) during anesthetic induction
and recovery for later evaluation. Zebrafish were moved from
their home tank to the induction tank, and then to the recovery
tank once a light plane® of anesthesia was achieved. Fish were
monitored throughout induction for signs of distress, such as
erratic swimming, increased opercular rate, regurgitation, and
piping (gulping air at the top of the tank). Fish in distress were
removed from the anesthetic tank and allowed to recover or
euthanized. On completion of testing, fish were housed with
their experimental groups in 2.8 L tanks on the recirculating
system for the remainder of the study.

Anesthesia evaluation. Zebrafish video recordings were
analyzed independently by 4 researchers who were blind to
the anesthetic groups. Their scores were then averaged for
statistical analysis. The time of all variables was determined
from the video timestamp. Once zebrafish were placed in the
induction chamber, they were evaluated for the initial opercular
rate (operculum movement per minute); time (seconds) to stop
swimming, loss of equilibrium, and lack of response to von Frey
(VF) monofilament; and the final opercular rate. The initial and
final opercular rates were the rates immediately after entry and
prior to removal from the induction tank, respectively. They
were estimated by counting opercular movement over a period
of 1 to 6 s. Time to stop swimming was defined as cessation of
all forward purposeful movement. Loss of equilibrium or right-
ing reflex was when the fish was unable to maintain a normal
orientation with the dorsal fin upright. A 10 g VF monofilament
(Neuropen, Owen Mumford, Marietta, GA) was applied to the
caudal fin every 10 s after fish stopped swimming and were
resting on the bottom of the tank. Pressure was briefly applied
to the fin until the monofilament bent. VF testing was selected
to assess anesthetic depth because it provides consistent and
reproducible mechanical stimulation. The time at which 2 con-
secutive VF tests resulted in no response was recorded. Deep
pain was not assessed. Therefore, the lack of response to VF, loss
of equilibrium, cessation of swimming, and reduced opercular
rate was considered a light plane of anesthesia.” At this time, fish
were transferred to the recovery tank. From these recordings, the
initial opercular rate was determined in a similar manner as well
as the time (seconds) to neutral buoyancy and commencement
of swimming. Neutral buoyancy, or the return of the righting

reflex, was defined as the ability to maintain normal posture
with the dorsal fin up. Time (seconds) to start swimming was
when the fish began purposeful, continued forward motion.

Euthanasia and Histopathology. To evaluate the potential
adverse effects associated with the use of stored MS222, all
fish were euthanized via rapid cooling, in accordance with the
AVMA Guidelines for the Euthanasia of Animals,? and necropsied.
Five fish per group were euthanized at timepoints of either
24-h or 2-wk after anesthesia to evaluate acute and chronic ef-
fects, respectively. Five naive fish from the same cohort were
euthanized in a similar manner at the acute timepoint for com-
parison. After euthanasia, 3 fish per group were stored at -20
°C for ancillary toxicity testing, if warranted. The remaining 2
fish from each group were immersion-fixed in formalin (10%
Buffered Formalin Acetate, Fisher Chemical, Fair Lawn, NJ) for
72 h and decalcified for 2 h using Cal-ExII (Fisher Chemical, Fair
Lawn, NJ). Zebrafish were sectioned sagitally; sections were
processed routinely, embedded in paraffin, sectioned at 5 pm,
and stained with hematoxylin and eosin. Select sections were
stained with acid-fast (Ziehl-Neelsen) and Gomori’s methan-
amine silver (GMS) stains. Histologic samples were examined
by a board-certified veterinary pathologist who was blind to
the MS222 experimental groups. See Figure 1 for descriptions
of histologic grading criteria.

Statistical Analysis. Anesthetic and water quality variables
were averaged and analyzed using one-way ANOVA (RStu-
dio 1.0.136, Boston, MA). For the induction tank, time to stop
swimming and time to loss of equilibrium were transformed
using natural logarithm. Time until no response to 2 VF was
transformed using square root. For the recovery tank, natural
logarithm was used to transform the time to neural buoyance.
Summary statistics are expressed as the mean = SEM. A P-value
of less than 0.05 was considered statistically significant.

Results

MS222 chemical analysis and stability. All stock solutions were
within 6% of their initial concentrations (Table 1) and therefore
were considered stable and safe for subsequent anesthetic test-
ing. No chemical metabolites or contamination was detected
with LC/MS and therefore, no additional chemical analysis
was pursued.

Anesthesia evaluation. All 50 fish were safely anesthetized
to a light plane of anesthesia and recovered without complica-
tion. None of the fish were removed from the anesthetic tank
prematurely or exhibited any signs of distress. Evaluation of the
videos for both initial and final opercular rates indicated that
the recordings were not captured at a frame rate necessary for
such high opercular rates. Post-acquisition software processing
further reduced the frame rates, which varied among all videos
captured. Therefore, initial and final opercular rates could not
reliably be determined and were not analyzed.

Evaluation of the other anesthetic parameters showed that the
time to stop responding to 2 VF tests in zebrafish anesthetized
with MS222 that was stored for 2m4 was significantly longer
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Table 1. LC/MS concentrations of MS5222 stock solutions after storage for 2- and 6-mo at 4 °C and -20 °C. Prepared concentrations of all stock solu-
tions were initially 100 mg/mL. The change in concentration is the [(mean final concentration-initial concentration) / initial concentration] x 100.

Final measured concentration

Mean final concentration Change in concentration

Sample Storage conditions (mg/mL) (mg/mL) (%)
1 2m4 105 104 +4%
2 103
3 2m-20 107 106 +6%
4 106
5 6m4 108 106 +6%
6 105
7 6m-20 106 106 +6%
8 106

Table 2. Anesthetic evaluation. Fish were anesthetized in solutions of MS222 that were diluted to a concentration of 150 mg/L and buffered with
sodium bicarbonate. Anesthetic solutions were prepared from stock solutions that were stored for 2- and 6-mo at 4 °C and -20 °C. A fresh solu-
tion was also prepared (Om). Fish were evaluated for time (s) to stop swimming (cessation of forward purposeful movement), loss of equilibrium
(dorsal fin no longer upright), and no response to 2 consecutive von Frey (VF) applications to the tail fin. Fish were considered under a light plane
of anesthesia and transferred to a recovery tank with fresh water. Time (seconds) to neutral buoyance (dorsal fin upright) and to start swimming
were measured. All times expressed in mean + SEM. * 2 Statistically significant (P-value <0.05).

MS222 Treatment
Om 2m4 2m-20 6m4 6m-20
Time (s) (n =10) (n =10) (n=10) (n =10) (n =10) P

Induction Tank Stop swimming 21.0+189 19.9+13.1 144+9.5 21.68 +8.84 13.7+£7.6 0.30
Loss of equilibrium 28.6£10.4 29.5+8.7 274+85 279+52 263+75 0.916

No response to 2 VF 441+145 549 +£9.7* 40.0 £8.2* 45.6+6.7 39.6+7.70*  0.006

Recovery Tank Neutral buoyance 49.2+10.7 90.8 +48.4° 43.9+408 56.3+32.4 34.7 £ 34.6° 0.007
Start swimming 125.5+37.6 133.8 £28.7 118.7 £58.9 110.7 +£22.0 96.9 £24.7 0.228

than that stored for 2m-20 or for 6m-20. In addition, the time to
neutral buoyancy was significantly longer with MS222 stored
for 2m4 than for 6m-20 (Table 2). No statistically significant dif-
ferences were detected for water temperature, pH, conductivity,
or RDO in the induction tank or recovery tank for all MS222
treatment groups (data not shown). All fish remained clinically
normal after anesthesia.

Histopathology. Twenty-two zebrafish (8 males, 14 females)
were examined histologically for acute and chronic effects of
MS222 anesthesia after various storage conditions. None of the
zebrafish exhibited histologic lesions in the gills or skin, which
are the sites of MS222 absorption. Furthermore, no histologic
lesions were found in the kidneys (site of metabolism), muscle
(site of metabolism and target organ), or central nervous system
(target organ) (Figure 2).

Varying degrees of hepatic megalocytosis were seen across
all groups and euthanasia timepoints (Table 3); however, se-
verity did not follow a treatment-related trend. In total, 20/22
zebrafish exhibited some degree of hepatic megalocytosis,
including control fish. The two unaffected fish were in the 2m4
and 6m4 treatment groups. Hepatic megalocytosis was defined
as increased nuclear (karyomegaly) and cell (cytomegaly) size.
In addition, a reduction in hepatocellular vacuolation was seen
in 12 of the 20 anesthetized zebrafish. Of those 12, only one
lacked a concurrent histologic abnormality, as described below.

Concurrent histologic abnormalities were seen within all
treatment groups, but did not follow a treatment-related trend.
Of the female fish examined across all anesthetic groups,
13/14 had egg-associated inflammation of the ovary (EAI).
Egg-associated inflammation was defined as a combination of
atretic or degenerative oocytes, granulomatous infiltrate, and /
or fibroplasia. Four fish had granulomatous inflammation (mild
n = 3; severe n = 2) of at least one of the following organs: pan-

creas, coelom, or intestine. Slides from all zebrafish with EAI
or granulomatous inflammation were subsequently stained
with acid fast (Ziehl-Neelsen) and GMS stains. One zebrafish
(6m-20) was acid-fast positive, which is consistent with Myco-
bacterium spp infection. None of the fish were GMS-positive.
Detritus samples from the recirculating system that previously
housed the fish were submitted for pathogen testing by PCR
and found to be positive for M. chelonae and M. fortuitum and
negative for M. abscessus, M. haemophilum, M. marinum, and M.
peregrinum (Mycobacterium Panel, Charles River Laboratories,
Portland, ME).

Discussion

Our data shows that MS222 is a stable and effective agent
for zebrafish anesthesia when stored at a concentration of 100
mg/mL in opaque, glass jars at 4 °C and -20 °C for up to 6 mo.
This is evident in the chemical analysis, which showed that
all stock solutions were within 6% of the initial concentration
after storage. Fish were safely and effectively anesthetized (150
mg/L) with all stored MS222 solutions without evidence of
histologic toxicity.

LC/MS analysis showed that all stock samples increased
in concentration on average by 6%. However, one sample
increased up to 8%. Because they were considered stable,
the minimal increase in concentration was not accounted
for when preparing the anesthetic solutions for testing. The
stock solutions ranged from 103 to 108 mg/mL. Thus, the
concentration of the diluted anesthetic solution was actu-
ally 154 to 162 mg/L. This is below the lethal concentration
50% (LD,,) of zebrafish, which varies from 171 £ 7 mg/L to
216 + 4 mg/L.%

The apparent increase in concentration is likely the result of
the different analytical scales used to weigh MS222 powder.

396



Long-Term Storage of Tricaine Methanesulfonate (MS222)

"
{ N

7,

R
% %X :: :b!;'- S e

v e ol

o Yast
it

N/

P '3, .‘ooi\’.""‘e .
s y SR DA AT IO TN e
[ ,% B8 M, o
~ e loy @ SN TS e X
¢ T

PN NS e S g ‘-'i‘f"ém"t‘“ Cors
Sl
R At
%..ﬁg‘h\tg 35 - B TN

\ %ﬁ\; "’ 3
B RS
N ) LI HNPAD S
T @@}3@..5&,‘ \q%% e

% ‘,’
'g%‘. 575

537

LN

S NS e e e
AR G

IS
SN

vm,
oo
Sz

Figure 2. Histopathology of select MS222 target-organs from zebrafish. Hematoxylin and eosin, scale bar = 20 pm. Gills (A through C), kidneys
(D through F), liver (G through I), and ventral coelomic skin (J through L) of naive zebrafish (A, D, G, ]) were histologically indistinguishable
from zebrafish exposed to fresh MS222 (B, E, H, K) and MS222 stored at -20 °C for 6 mo (C, F, I, L). Hepatic megalocytosis (arrows) was seen
across all treatment groups and did not follow a treatment-related trend.

The same scale was used for preparation of the stock solu- light plane of anesthesia than did fish anesthetized with MS222
tions. MS222 was measured in triplicate to within 0.5 mg. stored for 2 mo at -20 °C (40 + 8 s) or for 6 mo at -20 °C (40 + 8
Fresh samples used to generate the standard curve were pre-  s). On average, fish in the latter 2 groups required 15 s longer
pared by the Mass Spectrometry Laboratory using different to stop responding to VE. Fifteen seconds longer is clinically
and more precise equipment. This difference illustrates the insignificant when anesthetizing fish. As expected, the 2m4
importance of precise measurement in anesthetic preparation.  cohort was slower to recover due to the prolonged exposure
Samples were stored in sealed glass jars and immediately to MS222. Time to neutral buoyancy was significantly longer
frozen after preparation and thawed in a uniform manner in the 2m4 cohort than in the cohort anesthetized with MS222
prior to use; however minor evaporation or sublimation stored for 6 mo at -20 °C. The difference between the 2 cohorts
cannot be ruled out. To definitively determine whether the on average is 56.1 s slower for the 2m4 group.
concentration increased with storage would require new The statistically significant findings for the 2m4 cohort of fish
samples prepared using the same equipment, with LC/MS  is likely related to testing order. As previously described, all
chemical analysis performed on the same sample both before  researchers were blind to treatment groups prior to anesthetic
and after storage. testing and video evaluation. The anesthetic solution tested was-
Zebrafish that were anesthetized in MS222 stored for 2 mo randomly selected; however, all fish within the same anesthetic
at 4 °C (55 £ 10 s) took a significantly longer time to reach a  cohort were tested in succession, so treatment was not rand-
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Table 3. Histologic changes for each MS222 storage condition for acute (24 h) and chronic (2 wk) timepoints. Hepatic megalocytosis, 0 = absent; 1
=minimal (<10 hepatocytes); 2 = mild (10 to 19 hepatocytes); 3 = moderate (20 to 50 hepatocytes); 4 = severe (>50 hepatocytes). Liver vacuolation,
0 = within normal limits; 1 = >75% reduction in vacuolation. Egg-associated inflammation, 0 = absent; 1 = mild (<25% of ovary); 2 = moderate

(25 to 50% of ovary); 3 = severe (>50% of ovary).

MS222 storage  Euthanasia Hepatic Reduced hepatic Egg-associated Granulomatous Acid fast
Fish Sex conditions timepoint megalocytosis vacuolation inflammation inflammation stain
1 F Om acute 1 1 2 — negative
2 F Om acute 2 1 2 — negative
3 F Om chronic 2 0 1 — negative
4 M Om chronic 1 1 — — —
5 F 2m4 acute 3 1 3 — negative
6 M 2m4 acute 0 0 — — —
7 F 2m4 chronic 1 1 2 coelom, pancreas, negative

intestine [severe]

8 M 2m4 chronic 2 0 — — —
9 F 2m-20 acute 1 1 3 — negative
10 M 2m-20 acute 1 1 — pancreas [mild] negative
11 M 2m-20 chronic 1 0 — — —
12 F 2m-20 chronic 2 0 0 — —
13 F 6m4 acute 0 1 3 — negative
14 F 6m4 acute 1 0 1 — negative
15 M 6m4 chronic 1 0 — pancreas [mild] negative
16 F 6m4 chronic 1 0 3 — negative
17 F 6m-20 acute 1 1 3 — negative
18 M 6m-20 acute 3 1 — coelom [mild] positive
19 F 6m-20 chronic 2 1 1 — negative
20 F 6m-20 chronic 3 1 1 — negative
21 M naive acute 1 0 — — —
22 F naive acute 3 0 2 — negative

omized between each animal. Disclosing the anesthetic groups
revealed that the 2m4 was the first group tested and scored.
Data acquisition improved over time as researchers became
more skilled at identifying stages of anesthesia, performing
VF testing, and transferring fish between tanks. Therefore, the
statistically significant effects in the 2m4 cohort are likely due
to systematic error in our experimental design. All anesthetic
solutions (fresh and stored) should have been prepared and
both the fish and anesthetic solution selected at random. This
method would have been much more cumbersome, but would
have removed bias of testing order.

The latency to stop swimming and loss of equilibrium were
more objective measures that could be reliably determined
via video analysis. Those variables were statistically similar
between fresh MS222 and all stored MS222 groups, supporting
the hypothesis that the MS222 remained stable after storage and
still consistently induced anesthesia.

The anesthetic induction and recovery variables for the
stored MS222 solutions are consistent with those reported in
the literature. A study using 150 mg/L of MS222 reported that
the latency to loss of equilibrium was 111 + 92 s and recovery
time was 140+ 51 s.? This reported latency to loss of equilibrium
appears prolonged compared to ours (Table 2); however, the loss
of equilibrium was recorded after the fish remained inverted,
with their ventrum oriented toward the surface, for more than
3 5. We marked the loss of equilibrium as the start at which
the fish was unable to maintain an upright orientation, which
by definition is shorter. In addition, those zebrafish were 3-mo-
old and were anesthetized with Finquel MS222,° which is no
longer available. The time to recovery was defined as the time

from which the fish was placed in the recovery tank of fresh
tank water until it swam upright for at least 5 s.? This is similar
to our marker of time to start swimming.

Another study of 8-mo-old male AB zebrafish reports a simi-
lar latency to loss of equilibrium of 23 + 4 s in fish anesthetized
with Finquel at a concentration of 168 mg/L.'8 Because chemi-
cal analysis showed that our fish were anesthetized with up to
162 mg/L of Tricaine-S, the findings from these 2 studies may
be comparable. Anesthetic depth was determined by response
to a tail pinch using 2 fingers, and they reported a latency of
loss of response to tail pinch of 102 + 27 s. The previous study
reported a lack of response to tail-fin pinch at 252 + 89 s A
deeper plane of anesthesia and longer latency would be neces-
sary to abolish a response to tail pinch. Prolonged exposure
required to achieve such a plane would lead to longer recovery
times, which were 92 + 54 s.18

Overall, no histologic lesions were detected in MS222-related
organs including the gills, skin, kidney, muscle, and central
nervous system. The main histologic findings included EAI of
the ovary, hepatic megalocytosis, and a reduction in hepatic
vacuolation. When present, these pathologic findings were
distributed across all storage conditions and euthanasia time
points and were also seen in naive fish. Thus, they cannot be
attributed to MS222, either fresh or stored.

All but one of the female fish examined by histology had EAL
EALl s the result of egg retention and degeneration that leads to
chronic inflammation of the ovary with occasional extension into
the visceral cavity.'>!5 In a report of zebrafish ovarian pathology,
EAI was found in 42% of 59 3-mo-old fish.2? Although EAl was
higher in our fish (93%), this may be partly attributable to their
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greater age (5 mo). Moreover, the previous study used fish that
were regularly bred.??

Hepatic megalocytosis, which varied in severity from mini-
mal to moderate, was found in all but 2 fish, including naive
controls. Megalocytosis is the result of the failure of hepatocytes
to mitotically divide, due to sublethal hepatocellular injury.3* It
is a subclinical histologic diagnosis with a variety of potential
underlying etiologies, including toxicity.!?

Reduced hepatic vacuolation was noted in just over half of
the anesthetized zebrafish (12/20). Fish hepatocytes are more
vacuolated than those of mammalian species as the result of
a relatively higher glycogen and/or lipid content. A common
morphologic response of fish hepatocytes to toxicity is loss of
glycogen and/or lipid, which manifests histologically as a loss
of vacuolization. Such loss can be the direct result of intoxica-
tion or may occur secondary to poor body condition caused by
inanition, stress, or concurrent disease. Further complicating
interpretation, toxicity can also result in accumulations of lipid
or glycogen in the liver.3*

Reduction in hepatocellular vacuolation as a result of
sublethal MS222 exposure cannot be definitively excluded,
as it only occurred in anesthetized zebrafish. However, of the
12 anesthetized fish with reduced hepatic vacuolation, only
one lacked other concurrent histologic disease (EAI, granu-
lomatous disease, and /or mycobacteriosis). Furthermore, 3
of 4 fish exposed to fresh MS222 also had reduced vacuola-
tion. The reduced hepatic vacuolation is likely the result of
concurrent histologic disease (EAI, granulomatous disease,
and/or mycobacteriosis). Environmental PCR screening was
positive for both M. chelonae and M. fortuitum, and histol-
ogy of an experimental fish was acid-fast positive, which is
consistent for mycobacteria. M. chelonae can be transmitted
between zebrafish and biofilm,® which could have occurred
in our fish. However, additional molecular and histologic
analysis is required to better determine the overall health
status of our fish.

Limitations of this study include evaluation of a low
number of stored stock solutions. Samples were prepared
in duplicate for storage and subsequent analysis, and insuf-
ficient samples were available to perform statistical analysis
of the change in MS222 concentration after storage for each
timepoint and parameter. However, the fact that all samples
stored up to 6 mo remained stable supports the stability of
the samples at 2 mo.

Another limitation is a short storage duration. Samples were
only stored and tested up to 6 mo. Samples may remain stable
for longer periods, but such conclusions cannot be determined
without analyzing additional samples. Our findings are also
limited in their application. Refrigeration to store stock solutions
is readily available in the laboratory setting but is not practi-
cal for field work. Determining if solutions remained stable at
higher temperatures, such as room temperature (20 to 25 °C),
would provide greater flexibility to the user.

Despite the limitations in application, this study is important
because it suggests that MS222 remains stable and effective
after long-term storage. This is important to researchers in our
facility because it reduces waste, preparation time, and occu-
pational exposure. Solutions of MS222 are reported to be safe
at commonly used concentrations.??”” However, the claim that
the powder is retinotoxic”?’ is pervasive in the literature. A case
report describes reversible retinal toxicity in an ichthyologist
with over 30 y of occupational exposure from immersion of
ungloved hands.® He presented with decreased vision, pho-
tophobia, and photopsia. His ocular exam was unremarkable,

Long-Term Storage of Tricaine Methanesulfonate (MS222)

but his electroretinogram (ERG) was similar to those of frogs’
eye cups exposed to MS222 in vitro.#>20 With discontinued
use, both his symptoms and ERG markedly improved.*520
A few reports claim that MS222 is a carcinogen,!*? but the
consensus in the literature is that it is not.'"® These claims
may have originated from carbisocaine, a similar ester-type
local anesthetic agent that has genotoxic activity.® According
to the Globally Harmonized System (GHS) Classification and
Labeling of Chemicals®® from 28 companies, MS222 may cause
skin, eye, or respiratory irritation or serious damage.!%!"It is
not labeled as a carcinogen.!” Users should avoid breathing the
aerosolized powder or vapors. Solutions should be prepared
within chemical fume hoods or in well-ventilated areas such as
outside. Proper use of PPE is important, especially when han-
dling the powder and working with solutions. Recommended
PPE includes nitrile rubber gloves or other impervious skin
protection,® eye? and/or face protection, and N95°> masks
or respirators.?32

In conclusion, concentrated stock solutions (100 mg/mL) of
MS222 (Tricaine-S) were found to be chemically stable and ef-
fective for the anesthesia of zebrafish when stored at 4 °C or -20
°C for up to 6 mo. The authors found no clinically significant
differences between naive zebrafish and those anesthetized
with fresh or stored MS222. Likewise, no histologic signs of
toxicity attributable to storage were detected. Although the
best practice is to prepare fresh solutions, our findings indicate
that 100 mg/mL stock solutions of Tricaine-S may be stored in
amber or opaque glass containers for up to 6 mo at 4 °C or -20
°C. Dilute buffered anesthetic solutions should be prepared
immediately prior to use.
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