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Abstract: The zebrafish is a promising model species in biomedical research, including neurotoxi-
cology and neuroactive drug screening. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
evokes degeneration of dopaminergic neurons and is commonly used to model Parkinson’s disease
(PD) in laboratory animals, including zebrafish. However, cognitive phenotypes in MPTP-evoked
experimental PD models remain poorly understood. Here, we established an LDso (292 mg/kg) for
intraperitoneal MPTP administration in adult zebrafish, and report impaired spatial working
memory (poorer spontaneous alternation in the Y-maze) in a PD model utilizing fish treated with
200 pg of this agent. In addition to conventional behavioral analyses, we also employed artificial
intelligence (Al)-based approaches to independently and without bias characterize MPTP effects on
zebrafish behavior during the Y-maze test. These analyses yielded a distinct cluster for 200-ug
MPTP (vs. other) groups, suggesting that high-dose MPTP produced distinct, computationally de-
tectable patterns of zebrafish swimming. Collectively, these findings support MPTP treatment in
adult zebrafish as a late-stage experimental PD model with overt cognitive phenotypes.

Keywords: 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP); zebrafish; Parkinson’s disease;
inhibitory avoidance task; spontaneous alternation; artificial intelligence

1. Introduction

Parkinson’s disease (PD) is a highly prevalent and severely debilitating age-related
neurodegenerative disorder [1] that typically manifests as progressive worsening of vol-
untary movements with cognitive and emotional deficits [2]. PD is characterized by the
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loss of nigral dopaminergic neurons that induce motor deficits (e.g., tremor, bradykinesia,
rigidity and postural instability) [3], later also causing overt cognitive decline, including
executive dysfunction, cognitive inflexibility and poorer working memory [4,5].
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is an agent that chemically ab-
lates nigral dopaminergic neurons (SNpc) and, therefore, mimics clinical PD [6-8]. MPTP
exposure is a well-established animal PD model [9], whose advantage (over other drugs
and toxins) is in selective targeting SNpc [10,11]. Although MPTP itself is not neurotoxic,
neuroglial cells metabolize it into the neurotoxic 1-methyl-4-phenylpyridinium (MPP+)
cation [12,13]. Taken up by the dopamine transporter into dopaminergic neurons, MPP+
damages the mitochondrial oxidative phosphorylation system [14], affecting the ability of
dopaminergic neurons to sustain activity and, hence, causing their death [15].

In addition to rodent MPTP-based models of PD [16], the drug is widely used to re-
capitulate PD in zebrafish, Danio rerio [17]. These aquatic PD models are particularly
promising, given high genetic and physiological homology of zebrafish with humans,
body transparency [18], and structural similarity between the zebrafish dopaminergic sys-
tem and human striatum [19]. PD-like locomotor deficits are also well-reported in
zebrafish models, observed as shorter distance swum, slower swimming, and frequent
freezing bouts [20,21]. Although PD-like motor deficits caused by MPTP have been previ-
ously reported in zebrafish [22,23], their potential cognitive phenotypes in this model
have not yet been tested.

To address this knowledge gap, here we applied an MPTP model to characterize PD-
like cognitive deficits in adult zebrafish by assessing their spatial working memory and
spontaneous alternation behavior (SAB) [24,25]. The innate drive to alternate locomotion
is an important exploratory strategy in various species (from humans to fish), requiring
good working memory capability [24]. The two commonly used types of SAB assays in-
clude the two-trial and the continuous SAB tests [25]. The latter assays have several clear
practical advantages, as they are simpler to perform and require less handling of the ex-
perimental animals. To further reinforce our analyses, we also applied the artificial intel-
ligence (Al)-based convolution neural networks to analyze SAB data obtained in the
aquatic Y-maze test in MPTP-treated zebrafish.

2. Materials and Methods
2.1. Animals and Housing

A total of 1000 adult (~1 year old, ~1 g body weight) zebrafish of the wild type out-
bred long-fin strain (~1:1 male-to-female ratio) were acquired commercially from a local
supplier (Pets, Novosibirsk, Russia). All fish were experimentally naive and housed for at
least 2 months in a 100-L holding tank, filled with system water maintained at 25 =1 °C
and pH of 7.0 £ 0.1. The holding tank was equipped with a standard air pump (Champion
CX-0098, 950 L/h, Chuangxing Electric Appliances Co Ltd., Zhongshan, China), water
pump (Chosen CX-300, Chuangxing Electric Appliances Co Ltd.), and biological filters
under constant aeration and filtration. Illumination was provided via fluorescent light
tubes (140-160 Ix) simulating a 14:10 h day/night cycle (lights on at 9:00 a.m.). All fish were
fed once a day using commercial flake food. All procedures were performed according to
the standards of zebrafish care [26]. All experiments were approved by the local ethics
committee of the Scientific Research Institute of Neuroscience and Medicine (SRINM, Pro-
tocol 1/2021) and fully complied with National and International guidelines on humane
animal experimentation. The outbred population selection for the present study was
based on population validity considerations and their relevance for the present study.
Briefly, although genetically controlled models (e.g., inbred zebrafish strains) can be a
better reproducible and more reliable system for neurogenetics research, modeling CNS
disorders, such as in the present study, involves ‘real’ human disorders affecting genet-
ically heterogenous populations [27]. Thus, using outbred populations of zebrafish (such
as selected here) is a more populationally valid and translationally relevant approach for
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the purpose of this study [28]. Using both sexes of zebrafish was chosen in the present
study in order to more fully mimic heterogenous human populations.

2.2. Drug Treatment

MPTP was synthesized at the Division of Medicinal Chemistry of Vorozhtsov Novo-
sibirsk Institute of Organic Chemistry (Siberian Branch, RAS, Novosibirsk, Russia), dis-
solved in dimethyl sulfoxide (DMSO) to obtain the 200-mg/mL (1.16-M) stock solution,
aliquoted and stored frozen at —20 °C. The working MPTP solutions for different fish/dose
groups were prepared on the day of the experiment by diluting the stock MPTP solution
by phosphate buffered saline (PBS) to the appropriate concentration for each zebrafish
study group, with the injection volume of 100 pL administered intraperitoneally per 1-g
fish. All working MPTP solutions were adjusted to contain 1% of DMSO (% v/v), known
to be devoid of behavioral or toxic effects in zebrafish.

2.3. Experimental Design and Acute MPTP Toxicity (LDso) Assay

At the beginning of the experiments, the mean fish weight (g) and its standard devi-
ation (SD) were determined in a group of 25 fish randomly collected from the holding
tanks, yielding the average body weight of 0.995 + 0.09 g for individual fish in the present
study, approximated to ~1 g and used for further calculations.

Zebrafish were next divided into five experimental groups (12-41 fish per group),
each receiving a 100-uL intraperitoneal injection of 0, 50, 100, 200, and 400 pg MPTP in 1%
DMSO/PBS (Supplementary Material S1). Fish locomotion was assessed 24 h after the
drug exposure, in order to evaluate motor effects of MPTP (Supplementary Material S1).
Assessing SAB, the Y-maze test was performed twice in this study, 6 and 24 h after MPTP
administration. The inhibitory avoidance testing was performed for the next two days,
twice daily. Acute toxicity/mortality was assayed by counting the number of fish dead 24
h post-injection, divided by the total number of fish per group, and expressed as the per-
centage of total. The lethality in the control group was further deduced from the obtained
lethality in each experimental group, and the resulting values were plotted as the lethality
curve. LDso values were calculated using the linear regression of the constructed curves,
based on the graphical method of Miller and Tainter [29]. The reference doses of MPTP
were expressed as mg/kg body weight, based on an average fish body weight assessed (1
g) in the experimental colony.

2.4. Spontaneous Alternation and Inhibitory Avoidance Assays

The Y-maze test was performed 6 h and 24 h after MPTP administration, and used a
Y-maze apparatus, according to [30], representing a Y-shaped enclosure with three arms
(25 long x 8 wide x 15 high, cm, oriented at 120°), constructed from transparent glass (Fig-
ure 1). The inner surface of each arm was labeled with distinct visual cues (white geomet-
ric shapes) visible to the fish. Externally, the arms were covered by a black, opaque plastic
cover. The maze floor was illuminated by an LED panel (130-150 1x), and the apparatus
was filled with 3 L of fresh system water prior to each trial. Starting from a uniform initial
position, fish were allowed to freely swim for 10 min while their behavior was recorded
by a €922 Pro Stream digital camera (Logitech International S.A., Lausanne, Switzerland)
positioned above the apparatus. Spontaneous alternation behavior (SAB) was calculated
as a percentage of observed spontaneous alternations: SAB % = (the number of spontane-
ous alternations)/(total number of arms crossed — 2) x 100 %. Positional data were then
extracted from the video files using the EthoVision XT-10 software (Noldus IT, Wa-
geningen, The Netherlands) and further analyzed to calculate the number of inter-arm
transitions.
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25cm

Figure 1. Schematic representation of Y maze apparatus, as in [30], with minor modifications. Re-
movable arms were constantly swapped around.

The inhibitory avoidance test (IAT) used here represented a plexiglass box (30 long x
17 wide x 13 tall, cm) divided by a remote-controlled sliding divider into shallow and
deep zones (3- and 11-cm deep, respectively). Two metal plates (16 x 10 cm) were fixed on
the opposing walls of the deep zone and connected to a DC current generator (40 V, 100-
ms pulse duration, 1-ms pulse delay, and 10-Hz pulse frequency). Videos were recorded
on a Logitech c922 Pro Stream digital webcam positioned above the chamber prior to anal-
ysis in the EthoVision XT-10 software. The IAT experiment involved training and testing
phases performed 24 h apart. During the training phase, fish were individually trans-
ferred to the shallow zone (with the closed divider) and allowed to swim for 1 min to
acclimate. After the acclimation period, the divider was then opened remotely. In general,
zebrafish prefer deep over shallow areas, and promptly retreat into a deeper zone when
given the choice. The divider was remotely closed following the deep zone entry, after
which the electric shock was delivered.

The testing phase commenced 24 h later, during which the fish were placed individ-
ually into the shallow zone (with the closed divider) for a 1-min acclimation, as in the
training phase described above, but without the electric shock delivered upon the deep
zone entry. For both training and testing IAT phases, the time difference between opening
the divider and the initial deep zone entry was measured. Three non-avoiding fish were
excluded from our analyses as they failed to enter the deep zone within 180 s.

2.5. AI-Based Analysis

Using neural networks is essential for collecting and interpreting unstructured re-
search data [31]. A convolution neural network (CNN) sequentially applies convolution
operators to an input and, thus, extracts the higher-level features, from basic lines and
gradients to shapes [32]. Here, we used the ResNet34 CNN architecture, which offers the
best balance between training time, complexity and the prediction quality [33], and has
already been successfully applied to analyzing zebrafish behavioral data [34]. In the pre-
sent study, we trained the computational model to predict MPTP concentrations using
video recordings of SAB in fish in the Y-maze test. We extracted a fish position from the
videos during the test using the EthoVision XT-10 software, cut each locomotor track into
short 30-s frames, converted each track to an image, and used those images to train a neu-
ral network, similar to [34].

To assess the prediction validity of this model, we calculated its prediction accuracy
as the percentage of correctly predicted classes across the hold-out validation dataset. We
also aggregated predictions to compute a confusion matrix (N x M size, where N is the
number of classes in the training dataset, M is the validation dataset, and the i,j cell value
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shows the fraction of samples that were predicted as class i, but belonged to class j) [35].
The computed prediction accuracies were aggregated across classes and used as a metric
to construct a similarity network. This network was analysed using the Louvain algo-
rithm, which assigns a community to each node based on the optimal data modularity.
The method was chosen for its high-quality detection of distinct data clusters and fast data
processing speed (see [34] for details).

We assumed that the effect of MPTP concentrations may vary between the two days
of recording and therefore assigned a unique label for each combination of day and
MPTP concentration of interest. To investigate any possible side effects, we performed
multiple sets of computational experiments, first combining all classes into a single da-
taset to train a network to distinguish them, and next training the network on data from
Day 1 to predict a drug effect based on Day 2 recordings (Table 1).

Table 1. A summary of the design of in silico neural network Experiments 1-3 used in the present
study. Experiment 1 included all data from both SAB testing days, Experiment 2A included data
from Day 1 only, and Experiment 2B—data from Day 2 only. Experiment 3A used Day 1 data to
train the neural network and Day 2 data to test it. Experiment 3B used data from Day 2 as a training
dataset and Day 1 data for testing the network.

Datasets Experiment1 Experiment2A Experiment2B Experiment 3A Experiment 3B
Day 1—Control Training and
Day 1—100 pg testing Training Testing
Day 1—200 ug Training and
Day 2—Control testing Training and
Day 2—100 pg testing Testing Training
Day 2—200 ug

Prediction results are usually described as a confusion matrix—a square matrix
where each row represents actual classes, and columns reflect the predicted classes. To
assess significance of the model predictions, a permutation test shuffled all class labels
and computed a baseline accuracy —a minimum level to consider prediction statistically
‘significant’, as in [34]. We then constructed a similarity graph using the confusion matrix
as a matrix of edge weights and detected communities (small subsets of the graph nodes
that share similar properties). Finally, we used the Louvain community detection method,
as it yields optimal partitions [36], and has already been successfully used for zebrafish
behavioral analyses [34].

2.6. Data Analysis

Data were analyzed using STATISTICA 10 software (TIBCO Software Inc., Palo Alto,
CA, USA). Data were expressed as mean + SEM. Normal distribution of data was assessed
with Shapiro-Wilk’s W test. Parametrical variables were analyzed with one-way analyses
of variance (ANOVA) followed by the LSD post-hoc test for significant ANOVA data.
Non-parametrical variables were analyzed using the Kruskal-Wallis H test, where appli-
cable. Correlations were calculated using the Pearson correlation coefficient. Dependent
pair variables were analyzed by Student’s ¢-test. Pearson correlation was also performed
on motor and cognitive data reported in Y-maze experiments here. The value of p was set
at <0.05 in all analyses in the present study.

3. Results
3.1. Acute MPTP Toxicity in Adult Zebrafish (LDso Assay)

The lethality of escalating MPTP doses (0, 50, 100, 200, and 400 pg/1-g fish, expressed
as mg/kg of body weight) were used to build the mortality curves and to determine LDso
values for adult zebrafish exposed to MPTP intraperitoneally (Figure 2). We estimated
LDso as 292 mg/kg, based on equations derived from the mortality curves.
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Lethality of zebrafish after MPTP exposure
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Figure 2. LDso values calculated using the linear regression of the constructed curves, based on the
graphical method of Miller and Tainter in the Excel software.

3.2. Cognitive Behaviors

Zebrafish cognitive phenotypes in the present study were evaluated in control and
200-ug groups, based on Al analyses of locomotion, deeming this dose as most effective
(see further results). SAB decreased in the 200-ug group compared to control fish (t(26) =
2.17, p < 0.04, Figure 3A). Moreover, correlational analyses of motor and cognitive data
confirmed that the SAB rates were not accompanied by locomotor deficits (Pearson’s cor-
relation r (26) = 0.12; p > 0.05, Figure 3B). Finally, the IAT assay revealed a significant dif-
ference in the latency to enter the trained deep zone between the two groups (t(18) =-2.92,
p < 0.01, Figure 3C), successfully reproducing unaltered fear learning in the wild-type
zebrafish.
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Figure 3. Analysis of cognitive functions in adult zebrafish in the aquatic Y-maze test (panel (A),
assessed as % of spontaneous alternation behavior, SAB, n = 9-19 per group, analyzed using the
unpaired two-sample t-test and Pearson correlation (Panel (B)) and the inhibitory avoidance test
(IAT, n =9-19 per group, panel (C), analyzed using paired sample -test). Data are presented as the
violin and dot plots. Red dots with lines represent mean + SD; * p < 0.05 vs. control fish, unpaired
two-sample t-test, # p <0.05 vs. control day 1, paired t-test.
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3.3. Al-Based Analyses

The present study used Al-driven approaches in three separate in-silico experiments
based on SAB data collected in the Y-maze task described above. Experiment 1 merged
both days into a single dataset, whereas Experiments 2 and 3 analyzed these days sepa-
rately. In each experiment, we split data on the training and validation datasets and com-
puted a confusion matrix for them, as in [34]. We identified data clusters within these
matrices using the Louvain method and found that control fish and the 100-ug group be-
longed to the same cluster, whereas the 200-ug MPTP group formed a separate, distinct
cluster regardless of the experimental day (Figure 4), linking the higher doses of MPTP to
more significant changes in zebrafish locomotion.

Day 2 - Control 0.42

T

Day 1 - Control |> 0.5 —=|
05

Day 2-100 mkgl»l}.ﬁ A»IDay 1-100 mkg

Day 1 - Control j=—.

‘ i
017 05

Day 2- 100 mikgle—1" __
el

Day 2 - 200 mkg|

Figure 4. Artificial intelligence (Al)-based convolution neural network (CNN) used for analyses in
two computational experiments involving a combined dataset (Panel (A)) and cross-day compari-
son (Panel (B)). Each node represents class (drug-trial) used for the Al training and testing proce-
dure. Embedded line values represent Al prediction accuracy obtained from experimental testing
runs following CNN training.

4. Discussion

The present study established LDso for intraperitoneal MPTP injection in adult
zebrafish (~292 mg/kg) and applied Al-based data analysis of locomotion in the Y-maze
test that further confirmed the 200-ug dose as that for which zebrafish behavioral patterns
would cluster differently from control fish. Cognitive phenotypes were most prominently
affected following the 200-ug MPTP treatment in zebrafish here, showing reduced SAB in
the Y-maze test. Notably, the observed decline in SAB did not accompany locomotor def-
icits in zebrafish (Supplementary Material S1).

Overall, the present study is the first report showing overt cognitive decline after
MPTP exposure in adult zebrafish, detected without observing overt locomotor deficits.
This finding raises two pertinent considerations: the validity of a behavioral endpoint as
an indicator of fish cognition, and the potential influence of off-target drug effects. Indeed,
the negative impact of MPTP on motor activity is well-documented in various animal
studies [20,21], including those on zebrafish [37-39]. Specifically, MPTP-treated fish swim
shorter distances, move more slowly, and freeze more often. The present PD model is
therefore novel, as it revealed cognitive deficits in MPTP-treated fish without major de-
cline in locomotor function.

To analyze the impact of MPTP on cognitive function more fully, we tested the effects
of 200 pg MPTP on zebrafish associative learning and spatial working memory. The IAT
was used to evaluate long-term associative memory formed via fear learning. As fear
learning is evolutionarily conserved between fish and mammals [40], expectedly, control
zebrafish displayed associative learning, as assessed by longer Day 2 deep-chamber (aver-
sive stimulus) entry latency. Interestingly, no significant differences were observed for
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this endpoint in the drug-treated fish groups, suggestive of cognitive impairment due to
MPTP action.

In contrast, SAB in the Y-maze differed in the 200-pg group from control fish, as sup-
ported by strong data clustering for this dose by Al-driven analysis. Interestingly, patients
with advanced (late-stage) PD often demonstrate a loss in spatial and non-spatial working
memory [41,42], whereas patients at the early stages display inattention, cognitive inflex-
ibility, and executive dysfunction [41,43]. MPTP toxicity studies in primates report that
chronic, low-dose MPTP impairs attention but not spatial working memory [44—46]. Like-
wise, MPTP-treated mice do not display loss of spatial working memory in the Y-maze,
but do show worse associative learning in the passive avoidance tasks [47]. Moreover, the
discrepancy between zebrafish and rodent responses to MPTP exposure may simply be
the result of context, as, for example, MPTP-treated mice display poorer spatial working
memory in Morris water maze [48]. Overall, our findings support PD-like cognitive de-
cline observed in zebrafish following 200-ug MPTP treatment, paralleling cognitive defi-
cits in PD models in mammals [49-51].

Al-driven analyses, especially based on artificial neural networks (ANNSs), are be-
coming popular methods in animal behavioral analyses, including pioneering Al studies
of zebrafish drug-induced behavior [34]. ANNs have also analyzed tracks of zebrafish in
two [52] and three dimensions [53], as well as in larval fish [54]. More recently, unsuper-
vised deep learning systems successfully linked zebrafish social behavior to dopamine D3
receptor agonism [55]. Aiming to further capitalize on this new powerful technology, here
we incorporated machine learning to identifying locomotor patterns and MPTP dose in
adult zebrafish.

Al analyses offer the advantage of reliably detecting complex changes in locomotion
that may otherwise remain obscured during conventional statistical analysis. Increas-
ingly, Al is employed in animal research to analyse multiple (from several to hundreds)
individuals simultaneously while identifying novel effects of chemical agents as well as
the latter’s interaction with each other. The adoption of Al technology in our study pro-
motes the applications of this methodology and provides a point of reference for future
researchers wishing to conduct high-throughput zebrafish drug experimentation.

In summary, intraperitoneal 200-ug MPTP induces PD-like cognitive, but not loco-
motor, deficits in adult zebrafish, hence strikingly paralleling specific late-stage cognitive
PD symptoms in clinical patients. Co-application of Al-driven locomotor analyses and
testing fish in well-established zebrafish cognitive assays further corroborates the validity
of the proposed zebrafish model of late-stage PD. However, follow-up studies may be
needed to further validate this zebrafish model by testing a wider range of MPTP doses
(e.g., near the proposed LDso dose), screening various pro- and anti-PD drugs, as well as
characterizing genetic mutations in fish, relevant to clinical PD pathogenesis.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/toxics10020069/s1, Figure S1: Zebrafish behaviors in the novel tank
test; Table S1: The number of fish used in each of the two experiments.
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