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Simple Summary

Fish anesthesia is widely used in aquaculture and scientific research to reduce handling
stress, improve animal welfare, and facilitate routine procedures. However, different
anesthetics can produce distinct physiological effects, making it important to identify
protocols that are both effective and safe for each species. In this study, we compared the
anesthetics propofol, eugenol, and MS-222 in the yellowtail tetra (Astyanax lacustris), an
emerging Neotropical model fish. Although all three agents successfully induced deep
anesthesia, they differed in induction and recovery characteristics, respiratory effects, and
stress-related responses. These findings provide practical information for selecting the
most appropriate anesthetic according to the intended procedure, contributing to improved
fish welfare and more reliable experimental and aquaculture practices.

Abstract

In both aquaculture and scientific experimentation, fish handling often requires anesthesia
to facilitate immobilization and minimize handling-associated disturbances. This study
aimed to compare the anesthetic performance of different anesthetic agents in Astyanax
lacustris, assessing induction, recovery, and safety to support protocol selection for tropical
freshwater fish. A total of 114 yellowtail tetra Astyanax lacustris were used, including
54 fish in a preliminary experiment and 60 fish in the main experiment, with 10 fish per
concentration in each anesthetic treatment during the main experiment. Fish were exposed
to different concentrations of propofol (5.0 and 6.5 mg L), eugenol (40 and 50 mg L 1),
and MS-222 (120 and 130 mg L~ !). Anesthetic efficacy and complementary physiological
responses were assessed through induction and recovery times, responsiveness during
recovery, opercular beat rate (OBR), hematological parameters, and plasma concentra-
tions of glucose, lactate, and cortisol. Data were analyzed using analysis of covariance
(ANCOVA) followed by appropriate post hoc tests (p < 0.05). All anesthetics successfully
induced stage IV anesthesia at the evaluated concentrations, although distinct induction
and recovery profiles were observed. MS-222 promoted significantly faster progression to
deep anesthesia and shorter recovery times, whereas propofol induced prolonged recovery
and marked reduction in OBR, with residual ventilatory depression after recovery. Eugenol
showed an intermediate anesthetic profile associated with pronounced excitation during
induction and an altered recovery pattern. Hematological parameters and plasma lactate
concentrations did not differ significantly among anesthetic types or concentrations. Plasma
glucose concentrations increased at higher anesthetic concentrations, whereas plasma corti-
sol concentrations differed significantly between propofol and eugenol groups (p < 0.05).
Overall, the findings demonstrate that propofol, eugenol, and MS-222 produce distinct
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anesthetic and ventilatory responses in A. lacustris, highlighting the importance of selecting
anesthetic protocols according to the intended experimental or handling procedure.

Keywords: anesthetic protocols; aquaculture; fish anesthesia; tropical fish; welfare

1. Introduction

Anesthetic agents are widely employed during fish handling to facilitate manipulation
procedures and minimize handling-associated disturbances. Procedures such as transport,
biometrics, blood sampling, vaccination and tagging may induce neuroendocrine metabolic
pathways, leading to alterations in cortisol release, glucose metabolism and ventilatory
alterations, potentially affecting animal welfare, recovery quality and experimental consis-
tency [1,2]. Consequently, the selection of appropriate anesthetic protocols is important not
only for safe handling and immobilization, but also for promoting adequate recovery and
reducing procedure-associated physiological disturbances in fish.

Given its practicality and applicability under aquaculture conditions, anesthesia in
fish is commonly performed by immersion. In this approach, the anesthetic agent is diluted
in water within a separate tank, allowing drug absorption primarily through the gills and,
to a lesser extent, through the skin. This method enables the simultaneous induction of
multiple individuals while reducing handling-associated disturbances [3]. Under these
conditions, different anesthetic agents may be used, and their selection depends on factors
such as availability, cost, species-specific responses and the intended purpose of anesthesia.

In general, tricaine methanesulfonate (MS-222) remains one of the most widely used
anesthetics in fish and is currently the only compound approved by the U.S. Food and
Drug Administration (FDA) for use in food fish, with established withdrawal periods [4].
For tropical freshwater fish species, however, eugenol (the main component of clove oil)
has become a commonly used alternative due to its high efficacy and lower cost when
compared to MS-222 [5]. In research and aquaculture contexts, other anesthetic agents, such
as benzocaine, 2-phenoxyethanol, quinaldine and propofol, have also been employed [6].
Among these agents, propofol has attracted increasing interest for experimental application
in fish species because of its anesthetic efficacy and widespread clinical use in veterinary
and human medicine [7].

Many studies have investigated the advantages and disadvantages of different anes-
thetic agents used in fish [8-10]. However, a substantial proportion of this knowledge has
been generated from studies in temperate or cold-water species, particularly salmonids,
whereas information on small tropical freshwater and Neotropical fish species remains
comparatively limited [10,11]. In addition to species-specific physiological characteristics,
water temperature represents an important factor influencing anesthetic performance in
fish, as it directly affects metabolic rate, ventilatory activity, and the pharmacokinetics
of anesthetic agents. Consequently, temperature-dependent variations may significantly
impact both the efficacy and safety of these compounds [12,13].

Yellowtail tetra Astyanax lacustris (Liitken 1875) was selected for the present study be-
cause it represents a well-established tropical fish research model, with favorable biological
characteristics for experimental research, including small size, high reproductive capacity,
and robustness [14-16].

Three anesthetic agents were selected for evaluation: eugenol, propofol and MS-
222, based on their widespread use and distinct pharmacological properties in tropical,
temperate and cold-water fish species [3,9,17,18]. These anesthetic agents possess distinct
mechanisms of action, allowing comparative assessment of distinct anesthetic response
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profiles. Eugenol modulates ion channels and enhances inhibitory neurotransmission in the
central nervous system. Propofol acts primarily through potentiation of GABAA receptor—
mediated inhibitory neurotransmission and is widely employed in veterinary and human
medicine [19]. In contrast, MS-222 exerts its anesthetic effects through blockade of voltage-
gated sodium channels, inhibiting neuronal depolarization and impulse conduction [20].

To evaluate the anesthetic performance of these agents, this study assessed induc-
tion and recovery responses, ventilatory activity through opercular beat rate (OBR) and
complementary hematological and biochemical parameters following anesthetic expo-
sure. The evaluated parameters were selected to provide complementary information
regarding physiological responses associated with anesthesia and handling procedures
in A. lacustris. In addition, induction and recovery characteristics together with ventila-
tory activity represent important indicators of anesthetic efficacy and recovery quality in
fish [21-23]. Although previous studies have investigated the anesthetic efficacy and physi-
ological responses to these agents in A. lacustris [8,24], none have directly compared the
three anesthetics under the same experimental conditions while simultaneously evaluating
physiological parameters and induction and recovery dynamics to determine the most
appropriate concentrations.

Given the limited information available for tropical freshwater species and the distinct
pharmacological mechanisms of these anesthetic agents, we hypothesized that eugenol,
propofol, and MS-222 would produce different induction and recovery profiles as well as
distinct ventilatory and anesthetic response patterns in A. lacustris. Accordingly, this study
aimed to compare their anesthetic performance by assessing variables relevant to protocol
selection, providing evidence for the development of appropriate anesthetic protocols for
tropical freshwater fish.

2. Materials and Methods

2.1. Fish and Experimental Facilities

A total of 114 A. lacustris (n = 114) were used in this study, with 54 fish allocated to
the preliminary experiment (n = 18 per anesthetic; n = 6 per concentration) and 60 fish
to the main experiment (n = 20 per anesthetic; n = 10 per concentration). Fish were
equally distributed by sex, weighed 15 + 5 g, measured 7-12 cm in length, and were fed
a commercial diet (Guabitech Aqua® 1.7 mm, Guabi Nutri¢do e Satide Animal, Sales de
Oliveira, SP, Brazil) twice daily at 2% of body weight per day. Before anesthetic exposure, all
animals were fasted for 12 h. The fish were housed in three recirculating systems composed
of 0.2 m3 tanks at the Research Center for Veterinary Toxicology (CEPTOX), University of
Sao Paulo (USP), Pirassununga, Brazil (21°58' S, 47°27' W). The system had mechanical,
biological and ultraviolet filters and experimental conditions were kept under continuous
aeration (dissolved oxygen 6.0 £ 0.3 mg L~!), 12:12 h light/dark photoperiod and constant
temperature control (28 = 0.3 °C). Water quality parameters were monitored periodically,
showing a conductivity of 600 &= 50 S/cm, salinity of 0.3 £ 0.05 ppt, and total dissolved
solids (TDS) of 300 + 25 ppm.

For the anesthetic assays, fish were individually transferred from the holding systems
to 2 L aquaria containing the anesthetic solution for induction evaluation and subsequently
transferred to separate 2 L aquaria containing system water for recovery assessment. Fish
were equally sampled from all aquaria and recirculating systems to minimize potential
sampling bias. Afterwards, fish were transferred back to the recirculating systems.

2.2. Chemicals

Reference standards of eugenol (>99% purity) and tricaine methanesulfonate
(MS-222 > 98% purity), both of analytical grade, were purchased from Sigma-Aldrich

https:/ /doi.org/10.3390/ani16213474


https://doi.org/10.3390/ani16213474

Animals 2026, 16, 3474

40f17

(Sao Paulo, Brazil). Propofol was used as a commercial formulation (10 mg mL~! lipid
emulsion; Propovan, Cristalia, Sdo Paulo, Brazil), which enables its direct dilution in water
for preparation of the anesthetic baths [25,26]. Anesthetic solutions were freshly prepared
with stock solutions of each chemical in system water, with the exception of propofol,
administered in its original commercial formulation.

2.3. Anesthetic Solutions

Eugenol stock solution was prepared in 96% ethanol (Dinamica Quimica Contem-
poranea, Indaiatuba, SP, Brazil) at a 1:9 ratio (v/v; eugenol:ethanol), resulting in a final
stock concentration of 106.6 mg mL ™!, according to previously established protocols [27,28].
The final ethanol concentrations in the immersion baths ranged from 0.034% to 0.042%
(v/v), depending on the anesthetic concentration used. MS-222 stock solution was pre-
paredat10g L~! in deionized water [29]. MS-222 final anesthetic solution was buffered
with sodium bicarbonate (Dindmica Quimica Contemporanea, Indaiatuba, SP, Brazil) until
reaching pH 7.0, which was monitored using a portable pH meter (AKSO, model AK90,
AKSO, Sao Leopoldo, RS, Brazil). The immersion baths were prepared in 2 L fiberglass
tanks with a final working volume of 1 L and each fish was anesthetized individually.

2.4. Anesthetic Profile and Determination of Experimental Concentrations

To determine two optimal concentrations for A. lacustris, a preliminary study was
done using 18 fish per anesthetic treatment, totaling 54 individuals out of the 114 initially
allocated. Three concentrations of each anesthetic were tested in six animals per concen-
tration (three males and three females): eugenol (30, 40, 50 mg L~1), MS-222 (90, 120,
150 mg L) and propofol (5.0, 6.5, 7.5 mg L~1). The selected concentrations were based on
previous studies in A. lacustris and other tropical species, such as Nile tilapia Oreochromis
niloticus [9,28,30,31].

The two selected concentrations in the preliminary phase were applied in the main
experiment, which was conducted using the remaining 60 individuals from the initial
sample. In this phase, fish were allocated in groups of 10 individuals (five males and five
females) per treatment. These concentrations had to meet the criteria of inducing within
3 min and allowing recovery of equilibrium within 5 min [32,33]. For this experiment,
the fish were kept in immersion bath until stage IV of anesthesia, determined by loss of
equilibrium and loss of painful stimuli [33,34] and then were relocated to another 2 L glass
tank with system water.

Both the preliminary and main experiments included behavioral assessments, for
which opercular beat rate (OBR; beats min_l) was measured before anesthesia, at loss of
equilibrium (stage III anesthesia), at loss of response to tail-pinch (stage IV anesthesia), and
after recovery. The times to loss of equilibrium (T1) and loss of the tail-pinch reflex (T2), as
well as the times to regain movement (T3), equilibrium (T4) and complete recovery (T5)
were also recorded [35,36]. To ensure consistency in the assessment of these parameters,
their determination was based on the consensus of three trained observers.

2.5. Hematological Analysis

Blood sampling was conducted exclusively in the main experiment, involving the
60 individuals from the initial sample, since stage III anesthesia is considered the most
appropriate level for blood collection, as opposed to stage IV, used in the anesthetic perfor-
mance assessments [37].

Seven hematological parameters were evaluated after anesthesia: hemoglobin concen-
tration (Hb), hematocrit level (HCT), mean corpuscular volume (MCV), mean corpuscular
hemoglobin content (MCH), mean corpuscular hemoglobin concentration (MCHC), red
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blood cell counts (RBC), white blood cell counts (WBC) and differential leukocyte counts
(lymphocytes, neutrophils, monocytes and eosinophils).

Upon reaching stage III of anesthesia, the fish were removed from the anesthetic bath
and placed on a wet cloth for blood collection. Blood samples were obtained from the
caudal vein using a heparinized 1 mL syringe and placed in a 0.5 mL microcentrifuge tube.
Afterwards, a 10 pL hematocrit tube of each sample was filled with blood and centrifuged
for 5 min at 12,000 x g. HCT was measured using the microhematocrit method [38].

Erythrocyte (RBC) and leukocyte (WBC) counts were determined by manual counting
using a Neubauer hemocytometer with Natt-Herrick’s solution as a diluent dye at a dilution
of 1:200 [38], and hemoglobin (Hb) concentration was measured spectrophotometrically at
540 nm [39]. Blood smears were prepared and stained with May-Griinwald-Giemsa (MGG)
to obtain differential leukocyte profiles [40]. RBC, MCV, MCH, and MCHC were calculated
from RBC, HCT, and Hb using standard formulas.

10
MCV = HCT x RBC

10

100
MCHC = Hb x et

After blood samples were collected for hematological analysis, the remaining blood
was centrifuged at 3000 x g for 15 min, and plasma was aspirated from the supernatant
for glucose, lactate, and cortisol measurements. Plasma glucose and lactate concentrations
were determined in all animals using commercial biochemical assay kits (Labtest, Lagoa
Santa, Minas Gerais, Brazil).

Cortisol levels were quantified by radioimmunoassay (RIA) [41] in 40 animals, equally
distributed between groups, since adequate plasma volume could not be obtained from all
60 individuals. For each anesthetic and concentration, three males and three females were
analyzed. In addition, three extra males from the lower concentration of each anesthetic
and one extra male from the higher concentration of propofol were included due to sample
availability. For this analysis, a commercial Cortisol CT kit (MP Biomedicals, LLC, Solon,
OH, USA) was used. Antibody cross-reactivity with cortisol was 100% and the lower
detection limit of the assay was 0.17 ug/dL. The intra- and inter-assay coefficients of
variation (CV) were <9.3% and <10.2%, respectively.

2.6. Statistical Analysis

Statistical analyses were performed exclusively on the main experiment (n = 60, with
a subset of 1 = 40 for cortisol). Data were expressed as means =+ standard error of the mean
(SEM). A full-factorial three-way Analysis of Covariance (ANCOVA) was used to evaluate
the effects of anesthetic type, concentration, and sex (fixed factors), as well as their two-way
and three-way interactions, on induction and recovery times, as well as on biochemical
and hematological parameters, using fish body weight as a covariate to adjust for potential
weight-dependent effects. For OBR, repeated measures ANOVA was performed to evaluate
changes across the experimental stages, since this variable was repeatedly measured in
the same individuals over time. A separate one-way ANOVA was performed to compare
baseline OBR values among experimental groups, confirming the absence of significant
differences prior to anesthetic exposure. Assumptions of normality, homoscedasticity and
homogeneity were verified across all analyses using Shapiro-Wilk, Levene’s tests and
factor x covariate interaction terms. When necessary, data were log-transformed to meet
these assumptions. Regarding cortisol, ANCOVA models were computed using Type III
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Sum of Squares to account for minor sex imbalances due to plasma availability (1 = 40).
Additionally, a secondary ANCOVA was performed on a strictly balanced subset of 36 fish
(18 males and 18 females; 3 males and 3 females per group) to ensure the primary analysis
was free of bias. When significant main effects were found (p < 0.05), Tukey’s post hoc test
was used for multiple comparisons. All statistical analyses and graphical representations
were performed using Jamovi (version 2.6) and Microsoft Excel.

3. Results
3.1. Preliminary Study

The selected concentrations of each anesthetic were determined based on pre-
established criteria, including the absence of adverse events, such as abnormal behavior,
respiratory arrest or mortality, during induction up to stage IV anesthesia and subsequent
recovery. Additionally, fish were required to reach stage III of anesthesia within 3 min and
to recover equilibrium within 5 min. These criteria were established considering that the
main experiment will involve blood sampling, an invasive procedure that may increase
the risk of hypovolemia in such small animals. Therefore, the occurrence of adverse effects
even in the absence of additional experimental stressors would indicate an increased risk
of mortality during procedures involving blood collection.

Based on these criteria, 30 mg L~! eugenol, 150 mg L~! MS-222, and 7.5 mg L' propo-
fol were excluded from the experiment, as respiratory arrest requiring manual ventilation
for recovery was observed in one to two animals within each treatment concentration. In
the 90 mg L~! MS-222 treatment, 50% of the tested animals exhibited muscular spasms
between stages Il and IV of anesthesia, with persistent involuntary movements even after
loss of the tail-pinch reflex. The concentrations selected for the main experiment were
chosen to represent an effective range while avoiding the adverse responses observed dur-
ing the preliminary assessment. As such, the lowest and highest effective concentrations
selected for the main experiment were 5.0 and 6.5 mg L~! for propofol, 120 and 130 mg L~!
for MS-222, and 40 and 50 mg L~ for eugenol. Although 130 mg L~! MS-222 was not
directly evaluated in the preliminary trial, it was selected as an intermediate concentration
between 120 and 150 mg L~! to further investigate the anesthetic response within the
effective range.

3.2. Anesthetic Profile

At all tested concentrations of each drug, fish reached all four stages of induction and
recovery from anesthesia. No mortality was observed with any of the agents. Behavioral
responses were evaluated through both qualitative assessment and statistical analysis.
Qualitatively, the effects were similar within each anesthetic, with concentration only
modulating the magnitude of the response.

During recovery from propofol, 35% of the fish (7/20) exhibited stereotyped swimming
associated with unresponsiveness to external stimuli, including tactile stimulation and
obstacle avoidance. This altered recovery pattern was predominantly observed at the lowest
propofol concentration (5.0 mg L), corresponding to 6 of the 7 affected fish (85.7%).

Following exposure to eugenol, 55% of the animals (11/20) presented a period of
unresponsiveness during recovery. Among these affected fish, 3 individuals exhibited
stereotyped swimming behavior, whereas 8 remained immobile. This altered recovery
profile was more frequently observed at the highest eugenol concentration, accounting
for 7 of the 11 affected fish (63.6%). Despite a 12 h fasting period, regurgitation of clear
gastrointestinal fluid was observed in 20% of the animals (4/20), and one fish presented
hyperemia at the base of the fins during recovery. During induction, mild agitation was
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commonly observed; however, intense agitation occurred exclusively in the eugenol-treated
groups, affecting all animals exposed to this anesthetic.

With MS-222, 65% (13/20) of the fish exhibited periods of unresponsiveness during
recovery. Additionally, 20% (4/20) exhibited an intermittent recovery pattern, characterized
by alternating periods of normal, responsive swimming and immobility associated with a
lack of responsiveness to external stimuli. One individual also displayed hyperemia in the
fin base region during recovery.

In the statistical analysis, the time for induction and recovery as well as OBR were
evaluated. No significant three-way interactions among anesthetic, concentration and sex
were observed for any of the analyzed parameters (p > 0.05). The only statistically significant
effect was the interaction between time and anesthetic type (p = 0.004) and between OBR
and anesthetic type (p > 0.05 across stages). No other main effects or interactions involving
concentration, sex, or body weight reached significance (p > 0.05 for all).

When evaluating anesthesia stages separately, however, concentration had a significant
influence over time to reach stage IIl and IV of anesthesia (p < 0.001) as well as time to regain
equilibrium (p < 0.007). Analysis of the mean values indicated a concentration-dependent
effect, characterized by reduced induction times and prolonged times to equilibrium
recovery at higher concentrations. In contrast, the time to full recovery showed different
patterns among anesthetics, decreasing with higher concentrations of propofol and MS-222
but increasing at higher eugenol concentrations (Table 1).

Table 1. Behavioral parameters and opercular beat rate (OBR) in Astyanax lacustris under different
anesthetic treatments. Values are presented as mean £ SEM (n = 10 per group).

Time (s) OBR (bpm)
Anesthetic | Concentration  T1+ T2+ T3 + T4+ T5 + BASAL + SITI‘I*;;E SIT“}E’E REC +
-1
(mg-L1) SEM SEM SEM SEM SEM SEM SEM SEM SEM
Eugenol 40 805463 213+172 734112  140+119 5554115 1454538 1374494 103+135 1;152?[
50 584351 1624183 1554452 2444469 7094127 1574798 1304438 80+ 145 13%;[
715+ 712+ 118+
o Propofol 5 o 329 + 60.5 b 2774395 9114151 146458 1004901  38+47 By
417+ 53.6 + 127+
65 L7 1854237 974321 3514506 6544539 1534348 115+ 4.65 B o
MS222 120 Bé'gli 201+183 388412 7}'17; 5844116 1454933 126+ 6.64 4’13668* 12’21 f
665 + 75+ 904+ 626+ 159+
130 o 142+ 196 o o 414+648 1604729 1244153 2o o3
p-value anesthetic 0.003 * 0.046* 0.004* <0.001* 0.014* 0.017*
p-value concentration <0.001* <0.001* 0.076 0.007 * 0.712 0.356

Induction times: T1, loss of equilibrium; T2, loss of tail-pinch reflex. Recovery times: T3, return of
movement; T4, recovery of equilibrium; T5, complete recovery. OBR (beats minfl) was measured at
baseline, anesthesia stages Il and IV, and post-recovery. p-values for “anesthetic” and “concentration”
represent main effects obtained by ANCOVA (induction and recovery times) and repeated measures
ANOVA (OBR). Significant differences (p < 0.05) are denoted by (*).

The influence of the anesthetic drug was observed on all measured times. Propofol
was the first to produce loss of equilibrium; however, it required the longest time to reach
stage IV of anesthesia. The opposite pattern was observed with MS-222, which took the
longest to produce loss of equilibrium but was the fastest to induce stage IV of anesthesia.
Eugenol showed an intermediate profile between these two agents. During recovery,
animals anesthetized with MS-222 were the first to resume movement, regain equilibrium,
and complete recovery. In contrast, propofol resulted in the longest recovery time, while
eugenol maintained an intermediate profile (Figure 1).
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Figure 1. Anesthesia induction and recovery times (s) of Astyanax lacustris anesthetized with low
and high concentrations of eugenol, MS-222, and propofol. (A) Induction phases: stage III (recovery
of equilibrium, T1) and stage IV (loss of reflex, T2). (B) Recovery phases: beginning of movement
(T3), recovery of equilibrium (T4), and full recovery (T5). Data are expressed as means + SEM
(n =10). Weight as covariate (ANCOVA on log10 data). Different letters indicate significance between
anesthetics and concentrations within each stage (p < 0.05).

Regarding the anesthetic effect on OBR, propofol produced a rapid and pronounced
reduction, with significant decreases observed up to anesthesia stage III (p = 0.008) and
from stage III to stage IV (p < 0.011), resulting in the greatest overall reduction (p < 0.001). In
contrast, MS-222 exhibited a more delayed effect, with no significant differences observed
between baseline and stage III anesthesia (p = 0.157) and significant differences detected
only between stage III and stage IV (p = 0.003) and between baseline and stage IV anesthesia
(p < 0.001). Eugenol only significantly reduced OBR from basal levels to stage IV; however,
its effect was less pronounced (p = 0.008). After recovery, OBR returned to baseline values
in the MS-222 and eugenol groups, while propofol showed a residual effect, with values
remaining significantly different from baseline (p < 0.001) (Figure 2).
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Figure 2. Opercular beat rate OBR (beats/min) of Astyanax lacustris during anesthesia. Data are
expressed as means + SEM. Weight as covariate (ANCOVA). Different lowercase letters (between
anesthetics) and uppercase letters (between stages) indicate significance (p < 0.05).

3.3. Hematological Analyses

Five fish died during the hematological analysis experiment: one male exposed to
the higher concentration of MS-222 and four males exposed to the higher concentration
of eugenol. In all cases, fish recovered body movements and opercular beat rate (OBR)
after sampling; however, they failed to regain equilibrium and subsequently died before
reaching complete recovery. All animals anesthetized with eugenol and propofol remained
unconscious after the procedures, while those anesthetized with MS-222 exhibited signs of
recovery by the end of blood sampling.

There were no significant differences in erythrogram or leukogram parameters among
fish exposed to the different anesthetics (eugenol, propofol, and MS-222) and their respective
tested concentrations (p > 0.05). Overall, RBC counts averaged 2.12 & 0.58 x 10° cells-uL 1,
with HCT and Hb values of 37.42 = 5.90% and 10.75 =+ 3.15 g-dL !, respectively. The ery-
throcyte indices included an MCV of 186.42 = 48.89 fL, an MCH of 52.90 =+ 17.94 pg-cell !,
and an MCHC of 29.06 + 8.84 g-dL~!. Total leukocytes recorded a mean value of
10,108.3 =+ 4500.0 cells-uL~!. Lymphocytes were the predominant leukocyte population
(61.08 £ 13.95%), followed by neutrophils (24.55 £ 10.77%), monocytes (11.02 & 9.36%), ba-
sophils (2.07 £ 1.60%), and eosinophils (0.47 £ 0.79%). No significant difference in plasma
glucose or lactate levels was observed among anesthetic agents (p > 0.05). However, plasma
glucose differed significantly between concentrations of the same anesthetic (p = 0.036),
with higher concentrations associated with increased glucose levels. In contrast, lactate
levels were not influenced by anesthetic concentration (Figure 3) but only differed signifi-
cantly between weights (p = 0.019) and sexes (p = 0.006); smaller animals and males showed
lower mean values. No other significant interactions among anesthetic type, concentration,
body weight, and sex were detected (p > 0.05).
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Figure 3. Plasma glucose (A) and lactate (B) levels in Astyanax lacustris subjected to low and high
concentrations of propofol, eugenol, and MS-222. Data are expressed as mean £ SEM. Different

lowercase letters indicate significant differences between concentrations (p < 0.05) according to
Tukey’s post hoc test.

Plasma cortisol did not differ significantly (p > 0.05) between low and high concen-
trations of the same anesthetic, although values were consistently lower at high concen-
trations. Significant differences were observed only in pairwise comparison between the
low-concentration propofol group and low-concentration eugenol group (p = 0.029). Body
weight and sex, as well as the interactions among anesthetic agent, concentration, and sex,
did not significantly affect cortisol levels (p > 0.05). (Figure 4).
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Figure 4. Plasma cortisol levels in Astyanax lacustris anesthetized with propofol, eugenol, and MS-222
at low and high concentrations. Boxplots represent the median (line), interquartile range (box), and
minimum/maximum values (whiskers). Data are expressed as mean £ SEM. Significant differences
between anesthetics according to Tukey’s post hoc test (p < 0.05) are denoted by (*).

4. Discussion

The anesthetic agents evaluated in this study were selected based on their widespread
use and well-documented physiological effects in fish under both experimental and aquacul-
ture conditions [42,43]. Eugenol, propofol and MS-222 represent distinct pharmacological
classes, allowing a comparative evaluation of anesthetic response profiles. Recent studies
involving tropical freshwater and Neotropical fish species have expanded current knowl-
edge regarding anesthetic performance under warm-water conditions; however, direct
comparisons between different anesthetic classes in small experimental fish models re-
main comparatively limited [9]. Moreover, although pairwise comparisons among these
anesthetics have been reported, studies directly comparing all three agents under the
same experimental framework are still limited, especially in tropical species. A poten-
tial limitation of our physiological assessment, however, is the absence of an unhandled
baseline control for blood parameters. In small teleosts like A. lacustris, conscious blood
sampling induces acute handling stress that can confound basal cortisol and glucose levels.
Although blood collection under mild sedation is possible, the objective of this study was
to evaluate differences among anesthetic treatments rather than to compare physiological
responses with a baseline condition. Therefore, blood parameters were evaluated to ensure
a standardized comparative baseline across treatments, while OBR provided a non-invasive
intra-individual reference measurement for assessing changes associated with anesthesia.

The responses observed in A. lacustris indicate that, although all three anesthetics
achieved effective induction, they differed in both induction dynamics and recovery pat-
terns, resulting in distinct anesthetic response profiles. Since the preliminary study, differ-
ent patterns of response have been observed depending on the anesthetic compound and
concentration used. Respiratory arrest was the most frequently observed adverse effect,
occurring with all anesthetics evaluated. Interestingly, while respiratory arrest was associ-
ated with the highest concentrations of MS-222 (150 mg L~!) and propofol (7.5 mg L™1), it
was observed only at the lowest eugenol concentration (30 mg L™1).

These findings suggest that the relationship between anesthetic concentration and
adverse effects is not always linear [43,44]. During immersion anesthesia, physiological
responses may be influenced by several factors, including exposure duration, anesthetic
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uptake through the gills, individual variability, and the time required to reach the desired
anesthetic stage. This pattern suggests that some of these factors may have a greater
influence depending on the anesthetic used, resulting in different response patterns among
treatments. Additionally, these data highlight an optimal anesthetic concentration range
that minimizes undesirable responses, as both excessively high and low concentrations
may increase the likelihood of adverse effects.

Propofol induced an early loss of equilibrium, but progression to deep anesthesia was
slower when compared to the other two anesthetics. This distinction between early loss
of equilibrium (stage III) and progression to deep anesthesia (stage IV) is supported by
the stage-specific analysis, indicating that these endpoints are not temporally equivalent
across these anesthetics and should be interpreted as distinct components of the induction
process. Recovery following propofol exposure was dissociated, characterized by stereo-
typed swimming and reduced responsiveness. This observation indicates that locomotor
activity may return before complete restoration of sensory function and full recovery. The
dissociation was more pronounced at the lower anesthetic concentrations, suggesting that
concentration may influence the synchronization of motor and sensory recovery, with
lower concentrations resulting in a greater temporal discrepancy between the resumption
of locomotor activity and complete behavioral recovery. A similar dissociation has been
reported in O. niloticus, in which propofol increased swimming activity while reducing
responsiveness to external stimuli, reflecting fluctuations in sedation depth and incom-
plete recovery [44]. Comparable alterations in post-anesthetic behavior have also been
described in small freshwater fish models exposed to GABAergic anesthetics, indicating
that restoration of locomotor activity may not necessarily coincide with complete recovery
of responsiveness [45,46].

Eugenol showed a distinct anesthetic profile compared to propofol and MS-222, with
marked excitation during induction and a higher frequency of altered recovery patterns.
Intense agitation was observed in all animals during induction, in contrast to the milder
responses seen with the other anesthetics. Similar excitatory responses during induction
have been reported in tropical freshwater species exposed to eugenol, particularly at higher
concentrations, indicating that species-specific sensitivity and anesthetic concentration may
influence induction dynamics [47]. During recovery, more than half of the fish exhibited
unresponsiveness, predominantly associated with immobility, in contrast to the dissociated,
active pattern observed with propofol and the more transient alterations seen with MS-222.
Higher eugenol concentrations were associated with more pronounced alterations in recov-
ery dynamics and, in contrast to propofol and MS-222, with prolonged times to complete
motor and sensory recovery. Similar concentration-dependent alterations have also been
described in other fish species, including largemouth bass and Siberian sturgeon [27,48].
In parallel, OBR values progressively decreased with increasing eugenol concentrations,
indicating reduced ventilatory activity during anesthetic exposure. Similar ventilatory
depression has been reported in fish species exposed to eugenol [47,49], reinforcing the
importance of respiratory monitoring during anesthetic induction and recovery.

MS-222 showed a distinct response profile from propofol and eugenol, characterized
by faster progression to deep anesthesia and earlier recovery. Notably, the return of respon-
siveness occurred sooner than with the other anesthetics. However, the post-anesthetic
phase was not uniform, as several fish exhibited transient unresponsiveness or intermittent
episodes of activity, differing from the dissociated, active pattern observed with propofol
and the immobility associated with eugenol. This pattern was more pronounced at the
lower anesthetic concentrations and indicates that rapid recovery does not necessarily
reflect complete restoration of responsiveness and coordinated activity. Comparable vari-
ability has been described in tropical species such as O. niloticus, in which MS-222 may alter
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responsiveness and recovery activity depending on exposure conditions [44]. In contrast,
studies in Siberian sturgeon report rapid induction and short recovery times following
MS-222 exposure, without specific assessment of behavioral recovery characteristics [48].
Together, these findings suggest that, despite its consistent anesthetic efficiency, MS-222
may produce short-lived but detectable alterations in behavioral recovery, although the
extent of these effects appears to vary across species and experimental conditions.

Collectively, these results demonstrate that anesthetic recovery in fish is not solely
defined by the return of movement, but also by the restoration of responsiveness and
coordinated activity. The dissociation between locomotion and sensory responsiveness
observed here, particularly with propofol and MS-222, underscores the importance of
incorporating multiple recovery-related endpoints when selecting anesthetic protocols for
tropical species. The inclusion of ventilatory parameters such as OBR further reinforces this
interpretation, as reduced ventilatory activity persisted in some anesthetic groups despite
apparent locomotor recovery.

A small number of deaths occurred during blood sampling procedures, particularly at
higher anesthetic concentrations. In small teleost species such as A. lacustris, venipuncture
and blood withdrawal may represent a substantial physiological challenge, as even rela-
tively small blood losses can represent a considerable proportion of total blood volume.
This challenge may be exacerbated under deeper planes of anesthesia, which can impair car-
diovascular compensatory mechanisms and reduce the ability of fish to maintain adequate
perfusion. Thus, the combination of blood loss associated with sampling and the cardiovas-
cular effects of deeper anesthesia may increase the risk of hemodynamic instability [50,51].
Because no mortality was observed during anesthetic induction or recovery in the absence
of blood sampling, blood withdrawal under anesthesia, rather than anesthesia alone, may
have contributed to the observed mortality. These findings highlight the importance of
carefully balancing anesthetic depth, blood volume collected, procedural invasiveness, and
animal welfare when designing experimental protocols involving small fish species.

No significant differences were observed in hematological parameters among the
anesthetic agents, which suggests that they equally act upon hematological profiles. This
indicates that hematological responses alone may have limited applicability for distinguish-
ing the most suitable anesthetic protocol for fish handling procedures. Although manual
cell counting is inherently subject to observer variability and counting errors, which may
limit its precision and sensitivity, it remains a widely used and established approach in fish
hematology, particularly because the nucleated erythrocytes and thrombocytes of fish can
pose challenges for conventional automated hematology analyzers. However, other studies
in tropical freshwater fish species exposed to short-term anesthetic protocols also showed
hematological parameters remained relatively stable following anesthetic exposure [24].

Similarly, plasma lactate levels did not differ significantly among anesthetic types or
concentrations, suggesting that the evaluated anesthetic protocols produced comparable
metabolic effects under the conditions of the present study. This likely reflects the fast induc-
tion times achieved across all protocols, which prevented prolonged respiratory depression
and tissue hypoxia. However, lactate concentration differed significantly according to
body weight and sex, suggesting that intrinsic biological factors may influence baseline
metabolic responses in A. lacustris. This variation may be related to the greater body size
and muscle mass of females in this species, as lactate production is closely associated with
anaerobic muscular activity. Indeed, larger fish can exhibit greater lactate accumulation in
white muscle, reflecting a direct relationship among body size, muscle mass, and lactate
production [52]. Consistently, prior research in this species has reported increased plasma
lactate concentrations following anesthetic exposure [24]. In the present study, however,
lactate concentrations remained comparatively stable across anesthetic treatments. Simi-
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lar findings have been reported in tropical fish species exposed to short-term anesthetic
protocols under controlled handling conditions and brief exposure periods [53].

Plasma glucose levels also did not differ significantly among the anesthetic types
tested. However, significant differences were observed across different concentrations
of the same anesthetic, with higher concentrations consistently associated with elevated
plasma glucose. This pattern suggests that greater anesthetic exposure may trigger greater
energy mobilization in A. lacustris. Elevated plasma glucose levels under higher eugenol
concentration have similarly been reported in juvenile spotted seatrout (Cynoscion nebulo-
sus) [54]. Nevertheless, this response is not uniform across the literature, since glycemic
dynamics under anesthesia vary substantially depending on the specific compound and
species evaluated [53,54].

Previous studies in temperate and cold-water fish species have demonstrated that
plasma cortisol responses following anesthetic exposure may vary according to exposure
duration, anesthetic concentration, and the pharmacological properties of the compound. In
red drum (Sciaenops ocellatus), prolonged exposure to MS-222 was associated with increased
plasma cortisol concentrations, whereas shorter exposure periods produced different re-
sponse patterns [1]. Similarly, in Atlantic salmon, exposure to anesthetic agents including
MS-222 and isoeugenol was associated with alterations in plasma cortisol concentrations
during immersion procedures [8]. In rainbow trout, MS-222 has also been associated
with different cortisol profiles compared to alternative anesthetics, further highlighting
species-specific and anesthetic-dependent variability in circulating cortisol responses [22].

Taken together, the present findings indicate that no single anesthetic protocol was
consistently superior across all evaluated endpoints. Therefore, protocol selection in A.
lacustris should be guided by the specific objectives of the procedure and the relative
importance assigned to different anesthetic characteristics. MS-222 and eugenol may be
more suitable for routine procedures, such as vaccination and biometric measurements, due
to their faster induction and recovery times. In contrast, the slower progression to deeper
anesthetic stages and its apparent safety profile suggest that propofol may be advantageous
for procedures requiring prolonged and stable anesthesia, such as blood sampling and
minor surgical interventions.

5. Conclusions

In conclusion, propofol, eugenol and MS-222 were all effective in inducing anesthesia
in A. lacustris, each yielding distinct operational and physiological responses. Propofol was
characterized by prolonged and dissociated recovery, eugenol induced marked excitation
during induction and altered recovery patterns, whereas MS-222 promoted faster induction
and earlier recovery of responsiveness, although not consistently accompanied by complete
restoration of coordinated activity.

Overall, this study expands current knowledge regarding anesthetic options for
Neotropical freshwater species. Our findings reinforce the importance of considering
both species-specific responses and procedures when selecting anesthetic protocols for
research and routine handling procedures in tropical fish species.
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