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Abstract

Urethane and MS-222 are agents widely employed for general anesthesia, yet, besides inducing a state of unconsciousness,
little is known about their neurophysiological effects. To investigate these effects, we developed an in vivo assay using the
electric organ discharge (EOD) of the weakly electric fish Apteronotus leptorhynchus as a proxy for the neural output of the
pacemaker nucleus. The oscillatory neural activity of this brainstem nucleus drives the fish’s EOD in a one-to-one fashion.
Anesthesia induced by urethane or MS-222 resulted in pronounced decreases of the EOD frequency, which lasted for up to
3 h. In addition, each of the two agents caused a manifold increase in the generation of transient modulations of the EOD
known as chirps. The reduction in EOD frequency can be explained by the modulatory effect of urethane on neurotrans-
mission, and by the blocking of voltage-gated sodium channels by MS-222, both within the circuitry controlling the neural
oscillations of the pacemaker nucleus. The present study demonstrates a marked effect of urethane and MS-222 on neural
activity within the central nervous system and on the associated animal’s behavior. This calls for caution when conducting
neurophysiological experiments under general anesthesia and interpreting their results.

Keywords Apteronotus leptorhynchus - Electric organ discharge - Immersion anesthesia - MS-222 - Pacemaker nucleus -
Urethane

Introduction

Urethane and MS-222 are agents widely used for general
anesthesia in aquatic poikilotherms (Stunkard and Miller
1974; Flecknell 2009; Topic Popovic et al. 2012). Part of
their popularity is due to their solubility in water; they can,
thus, be readily applied through immersion of the animal in
an aqueous solution.

Urethane is the ethyl ester of carbamic acid. MS-222, also
known as tricaine methanesulfonate or 3-aminobenzoic acid
ethyl ester methanesulfonate, is synthesized by sulfonation
of benzocaine, a topical local anesthetic employed for pain
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control in humans. This renders MS-222 hydrophilic, com-
pared to benzocaine.

Despite the wide use of urethane and MS-222 in fish,
little is known about their neurophysiological effects. In
particular, urethane has frequently been recommended as
an anesthetic for studying neural function because of its
assumed ability to induce general anesthesia without affect-
ing neurofunction in subcortical areas and in the peripheral
nervous system (Maggi and Meli 1986a).

To address this issue, the present investigation takes
advantage of the well-characterized electric behavior and
its underlying neural mechanism in Apteronotus leptorhyn-
chus (for review see Zupanc and Bullock 2005). This weakly
electric gymnotiform continuously generates electric organ
discharges (EODs) distinguished by their constancy in dis-
charge rate in individual fish. The discharges of the electric
organ, formed by modified spinal motoneurons, are controlled
in a one-to-one fashion by the neural oscillations of a cen-
tral pattern generator in the medulla oblongata, known as the
pacemaker nucleus. Thus, the EOD frequency is identical to
the oscillation frequency of this nucleus. We have made use
of this unique feature to develop a novel in vivo assay for
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physiological evaluation of the effect of anesthetic compounds
on neural activity, using the EOD frequency as a proxy of the
output frequency of the pacemaker nucleus. In addition to
examining the effect of urethane and MS-222 on EOD fre-
quency, we have studied how these two anesthetics affect the
generation of chirps, transient frequency and amplitude modu-
lations. Employing this neuro-behavioral assay, we discovered
that both anesthetics have robust and highly significant effects
on the EOD frequency and the production of chirps.

These findings underscore the need for exercising cau-
tion when conducting neurophysiological experiments under
anesthesia induced by urethane or MS-222. Both anesthetics
may interfere with the physiological function under study,
thereby potentially leading to erroneous interpretation of the
results.

Materials and methods
Animals

A total of 12 A. leptorhynchus, obtained from their natural
habitat in Colombia through a tropical fish importer (Segrest
Farms, Gibsonton, Florida, USA), were used in this study.
Their total lengths (median: 118 mm; range: 107-143 mm)
and body weights (median: 3.0 g; range: 2.3-4.8 g) sug-
gested that they were approximately 1 year old (Ilies et al.
2014). The fish were selected such that they occupied a
major portion of the species-specific frequency range,
including the frequency bands characteristic of males and
females (Zupanc et al. 2014).

At least 1 week before the start of the experiments, fish
were transferred from community tanks to isolation tanks
(50 cmx 30 cm %X 30 cm) equipped with aquarium thermo-
stat heaters and air-driven corner filters. The fish were kept
in aquarium water prepared by adding a mixture of inorganic
salts (81 mmol/L MgSO,-7H,0O; 107 mmol/L KCl; 12 mmol/L
NaH,PO,-2H,0; 732 mmol/L CaSO,-2H,0) to deionized
water until a water conductivity of approximately 200-270 puS/
cm (measured with a Cond 3151; WTW, Weilheim, Germany)
was reached. This conductivity was maintained throughout the
experiments. The pH (measured with an MP 220 pH meter;
Mettler Toledo, Columbus, Ohio) varied between 7.7 and
7.9. Water temperature, determined during the experiments
every 10 min with a calibrated digital thermometer (Fisher
Brand, Model 15-077-8, 11,705,843; Thermo Fisher Scientific,
Waltham, Massachusetts, USA; accuracy +0.05 °C), ranged
between 25.9 and 27.7 °C across all experiments but varied by
no more than 0.8 °C in individual experiments. During experi-
ments, a 12:12-h light:dark photoperiod was maintained with a
timer. All experiments were conducted during the light phase.
The fish were fed red mosquito larvae daily, after all experi-
ments for that day had been completed.
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Fig. 1 Experimental setup for recording of the EOD (modified after
Sirbulescu et al. 2009)

In each tank, an opaque cylindrical plastic tube (length:
190 mm; inner diameter: 38 mm; outer diameter: 42 mm)
provided shelter and was readily accepted by the fish, par-
ticularly during the light phase, when individuals of this
nocturnal species spend most of the time in shelter places. A
pair of stainless steel electrodes was mounted on the inside
of each tube (see ‘EOD recording,” below).

Experiments were approved by the Institutional Animal
Care and Use Committee of Northeastern University.

EOD recording

Differential recording of the fish’s EOD was done through
the pair of stainless steel electrodes built into the shelter tube
(Fig. 1). During the experiment, the two open ends of the
shelter tube were closed with a coarse plastic mesh netting
to ensure that the fish did not leave the tube. This allowed
the fish’s EOD to be recorded continuously without inter-
ruptions. At the same time, mesh size was chosen such that
sustained water flow through the tube was ensured. A strip
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of stainless steel was placed in the tank to serve as a ground
electrode.

The signal was AC amplified (gain: 30X ; low-pass fil-
ter: none; high-pass filter: 200 Hz) by a CED 1902 amplifier
(Cambridge Electronic Design, Cambridge, England) and
then digitized at a sampling rate of 50 kHz using a CED Micro
1401 mkII analog-to-digital converter (Cambridge Electronic
Design), a Lenovo ThinkCentre V50s SFF desktop computer
(equipped with an Intel Octa Core i7-10,700, 32 GB RAM,
512 GB NVMe+1 TB HDD), and the software program
Spike 2 Version 5.21 (Cambridge Electronic Design).

Calculation of EOD frequency

For calculation of EOD frequency, the sampled voltage data
(t;,v;),i=1,...,N, were exported from Spike 2 and processed
using MATLAB version R2021b. These time series data were
filtered in 1-s windows using a bandpass filter with frequency
band [0.8, 1.2] X f,, where the fundamental frequency f, was
determined based on the power spectrum of the signal using fast
Fourier transform and the ‘findpeaks’ function of MATLAB.

The filtered time series data (t;, V;),i = 1, ..., N, were fur-
ther processed to determine the EOD frequency at a higher
time resolution. First, tuple j containing the indices of all
instants where the filtered signal changed sign to a positive
value was determined:

j=(ilsgn(Vy,,) —sgn(V;) >0,i=1,...,N) (1)

Then, tuple t* of time instances when the signal crosses
the time axis upward was calculated using interpolation:

k= 1,...,M>

@)

Here M = |j| denotes the number of elements in j (the

number of all upward crossings). Finally, time—frequency
pairs (7}, f,) were computed as

V.

v itk

t = <tj<k) R (w1 = tiw)
J J

tT(k+m) +tt(k) m
T, = ——, -
k 2 Ji t+(k + m) — t+(k) @)
fork=1,...,M — m. Here m is the number of averaged time

periods. For chirp calculations, m = 1 was used; for other
EOD frequency calculations, m = 10 was chosen. The time
course of chirps was altered for m > 1. Consequently, aver-
aging over multiple time periods for the suppression of noise
was implemented only for EOD frequency calculations.

The above method for EOD frequency estimation was
validated by manual frequency measurements based on the
time—voltage signal recording in Spike 2 (for details see Sup-
plementary Information 1).

Temperature adjustment of EOD frequency

Since the EOD frequency of A. leptorhynchus is temperature
dependent (Enger and Szabo 1968; Zupanc et al. 2003), we
adjusted all frequencies reported in this paper to a reference
temperature (arbitrarily chosen to be 26 °C) so that discharge
frequencies at different water temperatures could be com-
pared. This adjustment of a frequency f; (in Hz) measured
at a temperature 7, (in °C) to the reference temperature
T, = 26 °C was calculated as

fHL=h QIO% 4

where f, is the expected frequency at 7, and Q,, = 1.56,
as determined empirically previously (Zupanc et al. 2003).

Model fitting of EOD frequency recovery
from anesthesia

During recovery from anesthesia, the time course of the
ratio of temperature-adjusted EOD frequency vs. baseline
frequency across all fish used in the experiments can be
described by the following model:

(c —a)t+dr?

F)=a+
B =a b+t

0<t<1, ®

Here t = 0 corresponds to the time instance when the fish
was returned to its tank from the anesthetic solution. At this
time instance, the EOD frequency is given by parameter a.
As t increases, F(r) approaches the line I(f) = ¢ + dt, while
parameter b controls the shape of the curve between a and
I(r). It is important to note that this model is valid only until
the frequency recovers to the baseline at time ¢,.

Model parameters a, b, ¢, and d were identified by per-
forming robust nonlinear regression on the results from
Experiment 1 (see section ‘Study design’). For regression, the
“fitnlm” function of MATLAB version R2021b (MathWorks,
Natick, Massachusetts, USA) was used with Huber weight
function. The initial values of regressed parameters a, c, and
d were setto ay = 0.65, ¢, = 1, and d, = 0, while the value of
b was initialized by fitting a generalized linear model (GLM).
Using the “fitglm” function of MATLAB, we fitted a GLM
to the shifted frequency data fl =f,—ag(wherei=1,....n
and n is the number of data points) using a reciprocal link
function, normal distribution, and mean response function

t
at+ f (6)

u@® =

Note that with ]N‘, =f; —ay and d, = 0, the models in
Egs. 5 and 6 are identical under reparameterization. There-
fore, we expressed the initial value of b as b, = f/a from
the fitted GLM model parameters.
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Coefficient of variation

To characterize the variability of the EOD frequency, fre-
quency measurements of the recorded EOD were sampled
every 1 min over 30 min, and the coefficient of variation
(¢v), defined as

cv = (standard deviation mean) X 100(%) @)

was computed.

Collection of EOD waveform data

To quantitatively characterize EOD oscillation waveforms,
we collected data sets W,k =1,...,M — 1, from the sam-
pled time—voltage data (¢;,v;),i =1,...,N. The data set
associated with each k oscillation period was determined
as:

W ={ (-t wv)|,

®)
> thk).f, <tT(k+1),i=1,...,N}

To minimize the effect of measurement noise, we col-
lected these data sets from only those windows (each con-
taining 100 oscillation periods) where the coefficient of
unexplained variation of the calculated EOD frequencies
was below 0.2%:

100

W= {{W100j+p}p=1 CVu({f100j+p},l,i(i>
<02,j=0,..., (M- 1)/100] — 1}

©))

The coefficient of unexplained variation was computed
as

ZZ:] (fk _ﬁc>2

n (10
cvu f _ = 100 n 7
({ k}k—l) \/— Zk=1fk

where
f=x(X"X)"'X"¢ an
and

1T Al A

17, £y 5

Here T, and f, were computed according to Eq. 3, with
m=1
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Chirp detection and identification

To identify chirp instances, we investigated the time—fre-
quency data{(Tk,fk) Z:Zm“d,q= 1,....M—n 1,in a
moving time window containing n,,q + 1 samples. The first
and last n,,.4 samples in each window were used to establish

the instantaneous base frequency before chirping:

wind —

T nme nme
Joaseq = median < {fq+P—1 }p: ld ’ {fq+nwmd—p+1 }p=f ) (13)

Then we shifted and normalized the frequency data inside
eachg = 1,2, ... time window as

fq+p - fbase,q
¢p’q = 9

Oﬁglﬁzfll)i;nd (fq+p ) - fbase,q

-+ s Myind (14)

Inside each g = 1,2, ... time window, we also shifted the
time axis to the midpoint of the window:

qNying

Lt Tt
2 2

p=0,..., 1y (15)
We, then, fitted the single-parameter function (with
parameter a)

2e%
O¢a) = ———— 16
(&) 1 o2t (16)
to the data set { (€, .. ¢,,.,) }Ziod foreachg = 1,2, ...time win-

dow. We carried out this curve fitting over a fixed search range
a € [ozmin, (xmax] discretized evenly using n, + 1number points.
For each ¢ =1,2,... time window, we computed the
coefficient of determination Rii for each point
& = Qi + i (Upax — Cin ) /M0 = 0, ..., ny of the discretized
search range. Then, we reported the fitted curve for each
g = 1,2, ...time window as<1>(§;0c?q>,wiﬂ1?q = argmax(Rz),
and collected the instances of time windows wheré the coeffi-
cient of determination I/Qg = max (R;.) of the fitted curve and

the maximum frequency rise Af,, = o2 (ftp = Soase.q) Were
=F ="wind

both above thresholds €. and £, respectively into a tuple q.:

q6=<q| R2>£R2,qu>£f,q=1,2,...> (17)

Subsequently, contiguous segments of successive win-
dows were identified within g, and for each segment, the
time window ¢ associated with the maximum Ré value was
reported together with the corresponding parameter o and
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maximum frequency rise Af, (for details see Supplemen-
tary Information 2).

We, then, performed nonlinear regression on data points
within these time windows using the three-parameter
model ¥(&;a, Af, 1) = Af®(€ — ;) and the “fitnlm” func-
tion of MATLAB version R2021b, with initial parameters
a= (x;q, Af = qu, and 7 =0. Finally, we reported

/Y\w Tt Tatnging

chirp.g = > + 7, as time instance, Af, as maximum

frequency rise, and gchirp,q = 1n<7 + 4\/5 ) /@, as duration

of a chirp for each g time window with successful regres-
sion resulting in parameter estimates aq, Af . ?q. Here the

formula for chirp duration corresponds to the half promi-
nence of‘I‘(é;&q, Af,, ?q).
The implemented values of parameters for the above-

described method are summarized in Table 1. Validation of
this method is presented in Supplementary Information 3.

Chirp rate estimation

Given the series of detected time instances of chirps f"chirp,q
for each fish, the time distribution of chirp rates was esti-
mated. This estimation was performed based on a hypothe-
sized model which assumes that chirp rates of different fish
are governed by the same underlying Poisson process with
compositional noise (for details see Supplementary Infor-
mation 4). For this estimation, we employed the method

described by Schluck et al. (2021).
Study design
Experiment 1

In Experiment 1, we examined whether urethane or
MS-222 anesthesia had an effect on EOD frequency and
chirping behavior. The experimental design is outlined
in Fig. 2. To determine the baseline EOD frequency, the
fish’s EOD was recorded for 30 min. Then, the fish was
transferred into a glass beaker containing either 2.5%

Table 1 Parameters chosen for
the chirp identification method
presented in section ‘Materials

Parameters for chirp identifica-
tion

and methods—Chirp detection Parameter (unit) Value
and identification’
Mying (1) 80
Med (1) 15
ep (1) 0.45
&r (Hz) 8
ny (1) 200
i (178) 100
Opax (1/5) 800

urethane (Acros Organics, New Jersey, USA) or 0.02%
MS-222 (Western Chemical, Washington, USA), each dis-
solved in water from the fish’s isolation tank. Similar con-
centrations of urethane (2.0%) and MS-222 (0.016%) had
been shown in previous studies to be safe and effective in
A. leptorhynchus (Zupanc et al. 2014) and zebrafish (Attili
and Hughes 2014), respectively. As a control, the fish was
moved into an identical glass beaker containing aquarium
water only. The temperatures of the anesthetic solutions
or the aquarium water in the beaker were similar (+ 1 °C)
to the temperature of the water in the fish’s isolation tank.

The fish was left in the anesthetic solution until both
anal fin undulation and opercular movement ceased. It
was then returned to its isolation tank where recording of
the EOD continued for 180 min. For urethane anesthesia,
treatment including transfer to and from the beaker took
between 4 and 5 min. MS-222 anesthesia required longer
exposure to the anesthetic so that the entire treatment
lasted between 9 and 15 min. Control experiments were
designed such that the handling of the fish and the time
the fish spent outside its isolation tank were similar to the
corresponding anesthesia experiments (urethane control:
5-8 min; MS-222 control: 7-10 min).

The effect of urethane and MS-222 was tested in 8 fish
each. Every anesthesia experiment was paired with a con-
trol experiment, and they were run on 2 different days. The
order of the anesthesia experiment and the control experi-
ment was determined using a semi-random design, ensur-
ing that in 4 fish the urethane anesthesia experiment was
followed by the control experiment, whereas in the other 4
individuals the control was carried out before the urethane
experiment. Apart from this constraint, the assignment of
the 8 experimental pairs to the fish was random.

Out of the 12 fish in Experiment 1, 4 fish were used in
both the urethane and MS-222 experiments (and correspond-
ing control experiments), whereas the remaining 8 fish were
involved in the testing of only one of the two anesthetics. Any
fish that was reused was given> 1 week between urethane
anesthesia and MS-222 anesthesia to ensure that the fish was
well-adjusted before further testing. In no case was there any
indication that prior exposure to one of the two anesthetics
had an impact on the effect of the other anesthetic, as deter-
mined based on EOD frequency and chirping behavior.

Experiment 2
After we had established in Experiment 1 that both ure-

thane and MS-222 affect the EOD (see ‘Results,” below),
we utilized Experiment 2 to examine the time course of the

@ Springer
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Fig.2 Flow diagram outlining
the design of Experiment 1
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changes in EOD frequency and chirp production rate during
the fish’s exposure to the respective anesthetic.

First, the fish’s baseline EOD was recorded for 10 min.
Then, the entire electrode tube with the fish inside was
transferred from the isolation tank into a plastic tank
(30%x20x20 cm) containing either 2.5% urethane or 0.02%
MS-222 in aquarium water. Based on the average time the
fish had spent in the anesthetic solution in Experiment 1, the
fish’s EOD was recorded in the plastic tank for about 6 min
if urethane was used as an anesthetic, and about 10 min if
MS-222 was employed.

@ Springer
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Frequency measurement
Data analysis

Statistical analysis

Statistical analysis of the data was performed using the soft-
ware package IBM SPSS Statistics Version 28.0.0.0 (IBM
Corporation, Armonk, New York, USA). The Related-Sam-
ples Sign Test was used to assess differences in temperature-
adjusted EOD frequencies between groups. Significance
levels were set at p <0.01 (2-tailed). Based on the robust
negative effect of anesthetic solutions on EOD frequencies
observed during our preliminary experiments, we expected
that the value of our test statistic would consistently be zero.
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To minimize the number of fish n required for our experi-
ments, we chose the smallest » that yields significance under
the expected test statistic: n = [1 —log,(0.01)] = 8.

Results
Baseline EOD frequency

The median frequencies of the EODs generated by the 12
fish in this study ranged from 626 to 869 Hz (29 measure-
ments taken at equal intervals during the 32 pre-treatment
recordings) (Figs. 3 and 4). While these frequencies differed
between fish, they were highly stable in each individual
during the 30-min pre-treatment recordings, regardless of
whether these baseline recordings were followed by han-
dling (cv: 0.01-0.20; mean: 0.11; median: 0.10; n=12 fish,

with 2 experiments and 29 frequency measurements each)
or urethane or MS-222 anesthesia (c¢v: 0.04-0.44; mean:
0.19; median: 0.18; n=12 fish, with 2 experiments and 29
frequency measurements each).

Effect of anesthesia on EOD frequency
Urethane

As shown through Experiment 1, in each of the 8 fish urethane
anesthesia resulted in a fast and pronounced drop in EOD fre-
quency. Immediately after returning the anesthetized fish from
the beaker with the urethane solution to their isolation tanks,
the EOD frequency was 104-142 Hz (median: 133 Hz) lower
than the corresponding median baseline frequency (Fig. 3,
red circles). The EOD frequency started to return to baseline
levels as soon as the fish was transferred from the beaker with

Fig. 3 Effect of urethane 900 900

anesthesia on EOD frequency.

The frequency was determined 800} 800

at 1-min intervals. To establish

the baseline frequency, the EOD 70| e 700 wr—
was recorded in the fish’s home 600 | : 600 | S
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urethane anesthesia experiments 400 ! . . 400 ! . . .
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as time point ‘0”). The time the T 500f 500 t
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D
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700 | ; 1 700 |

thetic. In each of the 8 fish, the 600 | 600
h . .
urethane anethesm experiments 500 | 500
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were conducted on 2 different 400 ! . . . 400 ! . . .
days. Note that the baseline -50 0 50 100 150 200  -50 0 50 100 150 200
EODs of the 8 individual fish 900 900

cover a wide range of frequen-
cies, including those typical of 800 t
females (low frequencies) and

D
1 800 -

o

males (high frequencies) 7001 700 |
600 - 600 |
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Fig. 4 Effect of MS-222 900 900
anesthesia on EOD frequency.
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the anesthetic solution to its isolation tank. The time course
of recovery followed the model described by Eq. 5 (Fig. 5a,
see Table 2 for fitted model parameters). The decrease in fre-
quency sustained for up to ¢z, = 3 hours.

Comparison of the medians of the EOD frequencies
during the 30 min before and after the urethane anesthesia
revealed a significant difference, ranging from — 42 Hz
to — 75 Hz (p =0.008, Related-Samples Sign Test, n =28
fish). In the corresponding control experiments, no sig-
nificant effect was observed when comparing the medians
of the EOD frequencies during the 30 min preceding the
handling and during the 30 min immediately following the
handling (p = 1.000, Related-Samples Sign Test; n =38 fish)
(Fig. 3, blue diamonds).

To obtain more information about the temporal dynam-
ics of the EOD frequency during urethane anesthesia, we
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carried out Experiment 2, in which we increased the tem-
poral resolution 60-fold, compared to Experiment 1. This
analysis revealed two phases (Fig. 6a): A first phase lasting
for roughly 30 s, during which the frequency dropped rap-
idly by approximately 100 Hz; and a second phase spanning
the remaining time of the fish’s exposure to the anesthetic
(about 5 min), which was characterized by a continued,
though slower, linear decrease of frequency with time. Dur-
ing the first phase, the difference between the instantaneous
frequency and the line regressed on the second phase (not
shown) was inversely proportional to time.

MS-222

In each of the 8 fish, MS-222 anesthesia resulted in a fast
drop in EOD frequency, which was more pronounced than
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Fig. 5 Effect of urethane (a) and MS-222 (b) anesthesia on the ratio
of EOD frequency vs. baseline frequency. This analysis is based on
the EOD recordings shown in Figs. 3 and 4, respectively. To estab-
lish the baseline frequency, the median frequency of the 30-min EOD
recording prior to exposure to the respective anesthetic was used. The

return of the fish to its isolation tank is arbitrarily defined as time
point ‘0’. Data points for all 8 fish (red circles) are shown together
with the 4-parameter model fitted using nonlinear regression (black
curve). The fitted model parameters are summarized in Table 2

Table 2 Parameters identified

. Model parameter estimates
for the model described by

Eq.5 Urethane MS-222
Parameter Estimate Confidence interval (95%) Estimate Confidence interval (95%)
(unit)
a(l) 0.84285 [0.84003, 0.84568] 0.35844 [0.31041, 0.40648]
b (min) 21.333 [19.582, 23.084] 0.51999 [0.46665, 0.57332]
c (1) 1.0228 [1.0181, 1.0275] 1.0024 [1.0017, 1.0031]
d (min™)  —2.8717x107 [—5.2089, — 0.53453] x 10 —9.0311x10° [ 14.581, — 3.4816] x

10°°

Parameter identification was performed by nonlinear regression on the ratio of temperature-adjusted EOD
frequency vs. baseline frequency data points associated with the recovery part of urethane or MS-222 anes-
thesia. For detailed information see legends of Figs. 3 and 4

the decrease observed after urethane anesthesia. Immedi-
ately after returning the anesthetized fish from the beaker
with the MS-222 solution to their isolation tanks, the EOD
frequency was 129-279 Hz (median: 168 Hz) lower than the
corresponding median baseline frequency (Fig. 4, red cir-
cles). The EOD frequency started to return to baseline levels
as soon as the fish was transferred from the beaker with the
anesthetic solution to its isolation tank. The time course of
recovery followed the model described by Eq. 5 (Fig. 5b,
see Table 2 for fitted model parameters). The decrease in
frequency sustained for up to z, = 1 hour.

Comparison of the medians of the EOD frequencies
during the 30 min before and after the MS-222 anesthesia
revealed a significant difference, ranging from — 8 Hz to
— 18 Hz (p=0.008, Related-Samples Sign Test; n =8 fish).
In the corresponding control experiments, no significant
effect was observed when comparing the medians of the
EOD frequencies during the 30 min preceding the handling

and during the 30 min immediately following the handling
(p=0.727, Related-Samples Sign Test; n =38 fish) (Fig. 4,
blue diamonds).

The time course of frequency change during MS-222
anesthesia, as revealed through Experiment 2, differed mark-
edly from that during urethane anesthesia (Fig. 6b). The first
7-8 min of the fish’s exposure to the anesthetic demonstrated
a rapid decrease roughly proportional to the inverse square
of time. During the remaining 3—4 min of anesthesia, the
EOD frequency fluctuated around a plateau near the lowest
frequency (observed in 2 fish) or even showed signs of a
return toward baseline levels (found in 1 fish).

Effect of anesthesia on EOD waveform

During anesthesia, the effect of the anesthetic on the EOD
waveform was similar for both urethane and MS-222
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(Fig. 7). The duration of exposure to the anesthetic increased
the period of oscillation by lengthening the inter-pulse inter-
val but left the shape of the pulse unchanged. In accordance
with the induction of a larger decrease in EOD frequency
(see section ‘Effect of anesthesia on EOD frequency’), this
effect was more pronounced in response to MS-222 than
urethane. It is important to note that change in the location
of the fish relative to the recording electrodes significantly
alters the recorded waveform (Rasnow et al. 1993). How-
ever, since the fish was anesthetized, its position did not
change between the time instants at which the individual
waveforms are displayed in Fig. 7. Thus, the change in wave-
form can be reduced to the effect of the increased length of
exposure of the fish to the anesthetic.

Baseline rate of chirping

Previous studies have demonstrated that A. leptorhynchus
produces chirps spontaneously, yet at very low rates (Engler
et al. 2000; Zupanc et al. 2001). Consistent with these find-
ings, the 12 fish examined in the present investigation gen-
erated between 0 and 9 chirps (mean: 2 chirps; median: 1
chirp; 32 pre-treatment recordings) during the 30-min pre-
treatment recordings.
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Effect of anesthesia on chirp production rate
Urethane

In each of the 8 fish, urethane anesthesia resulted in a mani-
fold increase in the number of chirps produced, compared
to baseline levels (Fig. 8). During the 30 min immediately
following the anesthesia, the number of chirps varied among
individual fish between 568 and 4434 chirps (mean: 1852
chirps; median: 1541 chirps; n=28 fish with 1 experiment
each) and was significantly higher than the number of
chirps generated during the 30-min pre-treatment recording
(p=0.008; Related-Samples Sign Test; n =38 fish). In the
corresponding control experiments, no significant difference
was found between the number of chirps produced during
the 30 min before and the 30 min after handling (p =0.219;
Related-Samples Sign Test; n =38 fish).

The Poisson process fitted on chirp production rates
(Fig. 9), which models chirping behavior at an average rate
across fish, showed a sudden increase immediately following
the anesthesia. This rate plateaued and was kept at a fairly
constant level of approximately 50 chirps/min until about
50-min post-treatment. Subsequently, the chirp rate gradu-
ally declined and reached the baseline level around 130-min
post-treatment.
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Fig. 7 Effect of urethane (a, a’) and MS-222 (b, b’) on EOD wave-
form. a, b Time—voltage graphs of EODs recorded at different time
instants ¢ measured from the beginning of anesthesia, as indicated
by the color codes in a’, b’. a’, b’ Averaged normalized waveforms
(solid line) at different ¢. At each ¢, normalized waveforms were com-
puted by rescaling the collected time—voltage data sets (for details see
‘Collection of EOD waveform data’) from interval [¢,7+ 1/6] min
with respect to the associated voltage amplitudes. For each 7, the 5
and 95% quantiles of collected time-voltage data sets are displayed as
dashed lines. For both urethane and MS-222 anesthesia, the length-
ening of the oscillation period with increased time of exposure to
the anesthetic is caused by the lengthening of the inter-pulse period,
while the shape of the pulse remains nearly unaltered

During urethane anesthesia, the temporal dynamics of
chirping were highly variable among the 3 individual fish
examined (Fig. 10a). In the first individual, a surge of chirps
occurred about 3 min after the fish’s transfer into the anesthetic
solution, lasting for approximately 1 min. In the second fish, a
surge of chirps emerged at about the same time into the anes-
thesia but continued throughout, and beyond, the anesthesia. In
the third individual, a surge of chirping developed as soon as
the fish’s exposure to the anesthetic started and continued after
the fish was returned to its isolation tank with aquarium water.

MS-222

MS-222 anesthesia resulted in a rise in the rate of chirp-
ing (Fig. 11), but this increase was far less pronounced than
the increase after urethane anesthesia (cf. Figure 8). During
the 30 min immediately following MS-222 anesthesia, the
number of chirps varied among individual fish between 1
and 156 chirps (mean: 48 chirps; median: 30 chirps; n=38
fish with 1 experiment each) and was significantly higher
than the number of chirps produced spontaneously during
the 30-min pre-treatment period (p =0.008; Related-Samples
Sign Test; n=_8 fish). Chirp rates remained elevated, although
at rather low levels, up to approximately 3 h after anesthe-
sia. No significant difference was observed in the number of

chirps between the 30 min preceding handling and the 30 min
following handling in the corresponding control experiments
(p=0.031; Related-Samples Sign Test; n=38 fish).

Unlike the modeling by a Poisson process of chirp pro-
duction rates performed after urethane anesthesia, such mod-
eling following MS-222 anesthesia was not feasible, due to
the much lower number of chirps produced.

Like the temporal dynamics of chirping during urethane
anesthesia, the time course of chirping during MS-222 anes-
thesia was highly variable among individuals (Fig. 10b). In
the first fish, no increase in chirping, compared to baseline
levels, was observed. Contrarily, chirps were entirely absent
in the second fish. In the third fish, the rate of chirping grad-
ually increased until the end of anesthesia.

Identification of chirp types

Previous investigations have identified 6 different types of
chirps in A. leptorhynchus (Engler et al. 2000; Engler and
Zupanc 2001; Zupanc et al. 2006). To identify the chirp
type(s) produced in the present study, we analyzed them
using duration and maximum frequency increase during the
transient modulation as key parameters.

Spontaneous chirps (defined as chirps produced during
the 30-min pre-treatment periods and the 180 min following
handling, as well as chirps generated during the time periods
after the EOD frequency had returned to baseline levels fol-
lowing anesthesia) displayed durations over a wide range,
from a few milliseconds to approximately 50 ms (Fig. 12).
At lowered frequencies induced by anesthesia (i.e., at rela-
tive EOD frequency values <1 in Fig. 12), chirp duration
shortened, with most chirps assuming values between 5 and
15 ms. This effect was observed during urethane (Figs. 12a,
a’) and MS-222 (Figs. 12b, b’) anesthesia.

Further analysis revealed a marked difference between
short (<15 ms) and long (> 15 ms) chirps (Fig. 13). While
all of the long chirps exhibited smaller maximum frequency
increases, short chirps were associated with increases rang-
ing from that typical of long chirps to much larger. These
differences in the parameters ‘duration’ and ‘maximum fre-
quency increase’ are consistent with the identification of
spontaneous chirps as type-1 chirps and of chirps produced
in response to anesthesia as predominantly type 2.

Discussion

Urethane and MS-222 as anesthetics
in neurophysiological research: a note of caution

Urethane and MS-222 have been widely applied as anes-

thetics to teleosts and amphibians, including species used
in neuroethological studies (for recent examples see Fang
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Fig.9 Chirp rate estimation. The colored curves reflect chirp rate
function estimates fitted on the chirps produced by individual fish in
response to urethane anesthesia (cf. Figure 8). The black curve shows
the chirp rate function estimate of the underlying Poisson process that
models chirping behavior at an average rate across these 8 fish

@ Springer

activity of the pacemaker nucleus of the weakly electric
fish A. leptorhynchus. Based on these findings, we strongly
recommend implementation of proper control experiments
into future neurophysiological studies whenever these
drugs are employed for general anesthesia.
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Central versus peripheral effects

By taking advantage of the neuro-behavioral assay devel-
oped as part of the present study, we discovered robust
and highly significant effects of urethane and MS-222 on
the neural activity of the pacemaker nucleus, an intrinsic
oscillator in the central nervous system (CNS) that drives
the EOD in the weakly electric fish A. leptorhynchus.
Conversely, we have not obtained any evidence that
suggests an effect of these two drugs on the peripheral
electromotor system, the electric organ. In apteronotids,
this organ is formed by the modified axonal terminals of
the spinal electromotoneurons. Like in other electric fish,
the morphological and physiological properties of these
so-called electrocytes determine the waveform of the
EOD (for reviews see Bass 1986; Caputi 1999; Stoddard
et al. 2006). Since in the present study neither urethane
nor MS-222 induced any significant changes in the wave-
form of the EOD pulse, the effect of these two anesthetic
agents on the EOD appears to be restricted to structures
in the CNS involved in the neural control of this behavior.

Time (min)

The EOD assay as a tool for physiological validation
of anesthetic drug candidates

Despite a nearly 200-year-long history of anesthesiol-
ogy, there is a persistent need for general anesthetics
with improved safety and specificity—not only in human
and veterinary medicine but also in a wide range of basic
science disciplines that conduct experimental studies on
anesthetized animals. Traditionally, efforts for devel-
oping such optimized drugs have focused on modify-
ing the chemical structure, and thereby the activity, of
existing drugs. Only in recent years have unbiased high-
throughput approaches been established to screen large
libraries of compounds for novel anesthetic ligands (Lea
et al. 2009; McKinstry-Wu et al. 2015). Such chemotypic
screens have been complemented by high-throughput
behavioral screening, such as the Xenopus tadpole assay
(Woll and Eckenhoff 2018), to validate the anesthetic
properties of the identified ligand. What is still miss-
ing are similar high-throughput approaches to evaluate
the anesthetic ligand candidates at a physiological level.
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Existing electrophysiological approaches are of rather
limited use because they are slow and expensive, and they
require highly skilled scientific personnel.

The neuro-behavioral assay developed as part of the
present study has significant potential to fill this gap. Since
the EOD closely matches the neural activity of the pace-
maker nucleus, and the EOD, including transient modu-
lations, can be readily quantified, this behavioral assay
provides a robust proxy for examining the effect of anes-
thetic drug candidates on neural function in the CNS. The
costs for establishing this assay are roughly one order of
magnitude lower than the costs for an electrophysiological
setup. In contrast to electrophysiological work, the EOD
assay can be run by laboratory staff after a few weeks
of training. Moreover, its throughput rate is much higher
than that of ordinary electrophysiological testing. These
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advantages make the EOD assay an attractive alternative
to direct physiological-testing methods.

Neurophysiological effects and molecular
mechanisms of urethane and MS-222

Urethane

Urethane is widely used as a general anesthetic for research
in laboratory animals (Stunkard and Miller 1974; Maggi and
Meli 1986a, 1986b, 1986¢; Flecknell 2009). The narcotic
effect of urethane is thought to be mediated by modulation of
multiple neurotransmitter systems (Bowery and Dray 1978;
Firestone et al. 1986; Hara and Harris 2002). These actions
include potentiation of the functions of nicotinic acetyl-
choline, y-aminobutyric acid (GABA),, and glycine recep-
tors, as well as inhibition of N-methyl-D-aspartate (NMDA)
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and a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
(AMPA) receptors, both in a concentration-dependent man-
ner (Hara and Harris 2002).

Besides inducing a state of unconsciousness (Mondino
et al. 2022), several distinct effects of urethane have been
observed at the levels of single neurons and of neural net-
works within the central nervous system. In isolated frog
spinal cords, urethane depresses depolarization of moto-
neurons induced by excitatory amino acids, whereas depo-
larizing GABA and K" responses are not affected by the
anesthetic (Dalé and Hackman 2013). In the CA1 region
of the hippocampus of mice, urethane anesthesia leads to
a marked reduction in spike rates of neurons, particularly
among spatially selective units; this effect, in turn, results
in a prominent decrease in spike synchronization across

Relative EOD frequency

neuronal ensembles (Yagishita et al. 2020). Similarly, opti-
cal intrinsic signal imaging has shown that sensory-evoked
responses in the rat somatosensory cortex are suppressed by
urethane (Shumkova et al. 2021). In addition, pronounced
modulatory effects of this anesthetic agent on neurotrans-
mission have been demonstrated (Bowery and Dray 1978;
Firestone et al. 1986; Hara and Harris 2002).

MS-222

Like urethane, MS-222 reversibly suppresses movement of
the animal. Although it has been suggested that this effect
is due to both sedative and paralytic capacities of MS-222
(Ramlochansingh et al. 2014), experiments in which
swimming movement was evoked by external electrical
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stimulation in wildtype zebrafish larvae and mutants that
lacked functional acetylcholine receptors have drawn a
more complex picture (Attili and Hughes 2014). Anesthe-
sia induced by a 0.016% solution of MS-222 (i.e., similar to
the 0.02% solution used in the present study) blocked neural
action potentials but did not directly inhibit the generation
of muscle potentials. Muscle potentials were blocked only at
five times higher concentrations. These findings suggest that
MS-222, at concentrations commonly used for fish anesthe-
sia, does not paralyze muscles.

The blocking of action potentials in excitable neurons by
MS-222 is due to a suppression of sodium and potassium
currents, with the dominant effect being a reduction of the
peak sodium current (Frazier and Narahashi 1975). At the
same time, MS-222 shifts the sodium conductance curve
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in the direction of depolarization along the potential axis,
thereby increasing the threshold of excitation.

Although the molecular mechanism of suppression of
sodium currents by MS-222 anesthesia remains to be elu-
cidated, there is a body of research on local anesthetics,
including the MS-222 analog, benzocaine. These studies
suggest, by analogy, that a block of voltage-gated sodium
channels is mediated by three interactive processes, each
depending on the state of the voltage-gated sodium channel
(Hille 1977; Gamal El-Din et al. 2018). First, slow resting-
state blocking is characterized by the drug accessing the
lumen of the pore from the lipid phase of the membrane
through fenestrations of the channel protein; this is followed
by binding of the drug to a receptor site in the pore’s cen-
tral cavity. Second, open-state blocking is achieved by the
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drug’s binding to the receptor site after it has entered the
pore from the intracellular side of the cytoplasm. Third,
when the channel assumes an inactivated state, blocking is
achieved through a process distinguished by high affinity of
the receptor site for drug binding.

Neural mechanism mediating the effect of urethane
and MS-222 on EOD frequency: a working
hypothesis

The following discussion is restricted to the presentation
of a model designed to explain the effect of urethane and
MS-222 on the oscillation frequency of the pacemaker
nucleus. We abstain from presenting a similar model for
explaining the increase in chirp rate induced by these two
anesthetics. Application of the above-described information
of the neurophysiological effects and molecular mechanisms
of urethane and MS-222 to the current model of the circuit
involved in the neural control of chirping behavior in A.
leptorhynchus (for review see Metzner 1999) did not enable
us to formulate a satisfactory explanation of the observed
dramatic increases in chirp production induced by urethane
and (to a lesser extent) by MS-222. This is rather surpris-
ing, as in this circuit model the core structures that play a
critical role in the neural control of chirping behavior are
well defined. A sub-nucleus of the central posterior/prepace-
maker nucleus (CP/PPn) in the diencephalon, the so-called
CP/PPn-C, controls chirping through its glutamatergic input
to the relay cells in the pacemaker nucleus, mediated by
non-NMDA-type receptors (Dye 1988; Kawasaki et al. 1988;
Dye et al. 1989; Zupanc and Heiligenberg 1992). However, a
significant complication arises from the multitude of inputs
from diverse brain regions that control the activity of neu-
rons of the CP/PPn-C (for review see Zupanc 2002). The
immunological and physiological properties of most of these
inputs are by far not as well characterized as the connections
between the CP/PPn-C and the pacemaker nucleus. It is,
therefore, conceivable that one or more of these inputs are
targets of urethane and/or MS-222, and that the modulation
by these agents of the neural activity of the CP/PPn-C is the
prime cause of their pronounced effect on chirping behavior.

Structure and function of the pacemaker nucleus

The pacemaker nucleus, which controls the frequency of the
EOD, has been well characterized through neuroanatomi-
cal, neurophysiological, and computational modeling stud-
ies (Elekes and Szabo 1985; Dye and Heiligenberg 1987,
Dye 1991; Heiligenberg et al. 1996; Moortgat et al. 2000;
Sirbulescu et al. 2014; Zupanc et al. 2014, 2019; Hartman
et al. 2021; Ilies and Zupanc 2022). The chief types of neu-
rons that form its oscillatory network are the pacemaker
and relay cells (Fig. 14). Pacemaker cells are connected, via

chemical and electrotonic synapses, with each other and the
relay cells, which project to the electromotoneurons. The
sum potential of the synchronous depolarization of the elec-
tromotoneurons constitutes the EOD.

Like the pacemaker and relay cells in the pacemaker
nucleus, the electromotoneurons generate spontaneous
oscillations at frequencies close to the EOD frequency (Dye
and Meyer 1986; Schaefer and Zakon 1996). It has been
hypothesized that the oscillations of the pacemaker nucleus
and the oscillations of the electromotoneurons are coupled
(Schaefer and Zakon 1996). However, direct physiological
evidence for such coupling is lacking. We, therefore, refrain
from including a possible effect of urethane or MS-222 on
the oscillations of the electromotoneurons in our model pre-
sented below.

The neural activity of the pacemaker nucleus is modulated
by input received from other brain regions (for review see
Metzner 1999). Relay cells receive excitatory glutamatergic
input from the mesencephalic sublemniscal prepacemaker
nucleus (SPPn), mediated by NMDA receptors. The SPPn,
in turn, is under tonic inhibition from a subnucleus of the
nucleus electrosensorius, the nE|. This inhibitory input uti-
lizes GABA as a transmitter and activates GABA , receptors.

Hypothetical mechanism underlying the EOD frequency
decrease induced by urethane

We hypothesize that the decrease in EOD frequency induced
by urethane is causally linked to its ability to modulate the
physiological functions of GABA , receptors and NMDA
receptors (Hara and Harris 2002). According to the proposed
model (Fig. 14), urethane potentiates the inhibitory function
of the GABA , receptors by facilitating inward chloride cur-
rents, thereby hyperpolarizing SPPn neurons. At the same
time, this agent diminishes the excitatory function of the
NMDA receptors by reducing inward cation currents and,
thus, the depolarizing response of relay cells. The combina-
tion of these two effects leads to a reduction in the excitatory
drive to the relay cells and hence to a decrease in the output
oscillation frequency of the pacemaker nucleus.

Hypothetical mechanism underlying the EOD frequency
decrease induced by MS-222

We hypothesize that the decrease in EOD frequency induced
by MS-222 anesthesia is mediated by a reduction of sodium
conductances through blocking of voltage-gated sodium
channels associated with two neuronal targets. The first
involves the projection from the SPPn to the relay cells.
Reduction of sodium conductances lowers the excitatory
drive of the relay cells, which, in turn, results in a decrease
in the oscillation frequency of the pacemaker nucleus. The

@ Springer



454

Journal of Comparative Physiology A (2023) 209:437-457

nE|
T
Potentiation g
by urethane 3
]
<— GABA o
o GABA,-R s
S
Blocking by SPPn
MS-222 \ é
£ Blocking by
s / MS-222
Blocking by
MS-222 Pacemaker cells -
T s
Inhibition by 1]
urethane 2
o
\\/ Glu o
NMDA-R ®
Relay cells ‘
I \4 !
e —
8 g
] Electromotoneurons o
£ o
& g
]
1 1
A
. |
> m
8 S
% W)
1 |
1l

Fig. 14 Hypothetical neural mechanism underlying the EOD fre-
quency decrease induced by urethane and MS-222 anesthesia. The
electric organ discharge (EOD) is generated by the electric organ
comprised of modified motoneurons (‘electromotoneurons’) in the
spinal cord. The frequency of the EOD is controlled, in a one-to-
one fashion, by the oscillation frequency of the pacemaker nucleus.
Two neuron types are involved in the generation of these oscillations:
pacemaker and relay cells. The latter project to the electromotoneu-
rons. Relay cells receive excitatory glutamatergic input from the mes-
encephalic sublemniscal prepacemaker nucleus (SPPn), mediated
by NMDA receptors (NMDA-R). The SPPn, in turn, is under tonic
inhibition from a subnucleus of the nucleus electrosensorius, the nE].
This inhibitory input utilizes GABA as a transmitter and activates
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GABA, receptors (GABA ,-R). The working hypothesis put forward
in the present study explains the EOD frequency decrease under ure-
thane anesthesia by two effects of the agent. First, urethane potenti-
ates the physiological function of the GABA ,-R associated with the
SPPn neurons. This leads to an even stronger inhibition of the SPPn
and, thus, to a decrease in the excitatory drive of the relay cells. Sec-
ond, urethane inhibits the function of the NMDA-R associated with
the relay cells. This results in an additional reduction of the excita-
tion of these neurons. The reduction in EOD frequency induced by
MS-222 anesthesia is hypothesized to be the result of blocking by this
agent of voltage-gated Na' channels associated with the projection
from the SPPn to the relay cells and with pacemaker cells intercon-
nected to each other and to relay cells
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second target of MS-222 is the pacemaker cells within the
pacemaker nucleus itself. The reduction of sodium conduct-
ances lowers the excitability of pacemaker cells and, thus,
their firing frequency. However, as attractive as this notion
appears, it may be an oversimplification. A study in which
the effect of increased Na* conductances was examined on
the firing rate of a population of model neurons indicated
that such increases enhanced excitability consistently only
at low levels of current injection into these neurons, whereas
the opposite often occurred with higher current injection that
resulted in higher firing rates (Kispersky et al. 2012). To
address this potential complexity, a combination of physi-
ological experimentation and mathematical/computational
modeling would be particularly well suited.

The effects of urethane and MS-222 on CNS
function: a broader view

The proposed model does not only provide a plausible expla-
nation of how the modulation of GABA , and NMDA recep-
tors, as well as Na* channels, results in the observed alterations
in the EOD. Rather, it is also consistent with more recently
emerged views of the effect of general anesthetics on the physi-
ological function of neurons and neural circuits in the CNS
(Lewis et al. 2012; Kelz and Mashour 2019; Awal et al. 2020).
According to this notion, the primary effect of these agents is
to increase the modularity of communication networks within
the CNS. The loss of consciousness is secondary—*‘a happy
accident,” as it has been called (p. 11; Hudson 2020).

As evident from Fig. 14, the proposed actions of urethane
and MS-222 (partially) interrupt the connection between two
major networks that control the frequency of the EOD and the
generation of chirps: a premotor network that integrates, in
the SPPn, electrosensory information arising from the nE|;
and a motor network that communicates with the premotor
network (through the projection of the SPPn to the relay cells)
to induce modulations of the neural oscillations generated
by the pacemaker nucleus, thereby causing alterations of the
electric behavior. Through such disruption of the transfer of
afferent information to neural networks that generate motor
output information, general anesthetics are thought to isolate
an organism from its environment. The interruption of the
electrosensory network from the premotor network that con-
trols the EOD may be a specific example of such isolation of
an organism from its environment—without implying that fish
‘lose consciousness’ or that they have an awareness of self.
However, in humans, decoupling of cortical communication
networks might be the long-sought physiological correlate of
the loss of consciousness.
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