W) Check for updates

Brain and Behavior W I L E Y

Brain and Behavior

| ORIGINAL ARTICLE @EEEDD

D-Amphetamine and Feeding States Cohesively Affect
Locomotion and Motor Neuron Response in Zebrafish
Larvae

Pushkar Bansal' | Mitchell F. Roitman? | Erica E. Jung"?

!Department of Mechanical and Industrial Engineering, The University of Illinois at Chicago, Chicago, Illinois, USA | 2Department of Psychology, The
University of Illinois at Chicago, Chicago, Illinois, USA | 3Department of Bioengineering, The University of Illinois at Chicago, Chicago, Illinois, USA

Correspondence: Erica E. Jung (ejung72@uic.edu)
Received: 31 July 2024 | Revised: 5 October 2024 | Accepted: 8 November 2024

Funding: The work was supported by NARSAD Young Investigator Grant from the Brain & Behavior Research Foundation (BP and EEJ), National Science
Foundation (CBET #2309589: BP and EEJ) and the National Institute on Drug Abuse (Grant number: DA050962: BP and EEJ and DA025634: MFR).

Keywords: amphetamine | food deprivation | food-satiation | locomotion | motor neuron activity | zebrafish larvae

ABSTRACT

Purpose: Amphetamine (AMPH) increases locomotor activities in animals, and the locomotor response to AMPH is further
modulated by caloric deficits such as food deprivation and restriction. The increment in locomotor activity regulated by AMPH-
caloric deficit concomitance can be further modulated by varying feeding schedules (e.g., acute and chronic food deprivation and
acute feeding after chronic food deprivation). However, the effects of different feeding schedules on AMPH-induced locomotor
activity are yet to be explicated. Here, we have explored the stimulatory responses of acutely administered D-amphetamine in
locomotion under systematically varying feeding states (fed/sated and food deprivation) and schedules (chronic and acute) in
zebrafish larvae.

Method: We exposed wild-type and transgenic [Tg(mnx1:GCaMP5)] zebrafish larvae to 0.7 uM concentration of AMPH and
measured swimming activity and spinal motor neuron activity in vivo in real time. The analysis involved time-elapsed and
cumulative manner pre- and post-AMPH treatment in four different caloric states including acute and chronic schedules of feeding
and hunger. Both locomotor and motor neuron activities were compared in all four states in both fish lines.

Findings: Our results show that locomotion and motor neuron activity increased in both chronic and acute food deprivation post-
AMPH treatment cumulatively. A steady increase in locomotion was observed in acute food deprivation compared to an immediate
abrupt increase in chronic food-deprivation state. The ad libitum-fed larvae exhibited a moderate increase both in locomotion and
motor neuron activity. Conversely to all other caloric states, food-sated (acute feeding after chronic food deprivation) larvae moved
moderately less and exhibited a mild decrease in motor neuron activity after AMPH treatment.

Conclusion: These results reveal the importance of cohesive effects of feeding schedule and AMPH treatment by revealing the
changes in stimulatory characteristics of AMPH on locomotion and motor neuron activity in acute and chronic feeding states.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.
© 2024 The Author(s). Brain and Behavior published by Wiley Periodicals LLC.
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1 | Introduction

Amphetamine (AMPH), a psychostimulant with a high abuse
potential, has been long known to induce abusive compulsivity
in humans with its chronic consumption and further leads to
addiction and tolerance (Hyman 1996; Berman et al. 2009). A
major reason for AMPH abuse is the induction of its reinforcing
effects upon its acute and controlled consumption at first,
which also promotes physiological activities in humans and
animals. Preclinical and clinical studies provide evidence of
the modulatory effects of AMPH on the physiological outputs
by evoking an increase in motor activities that were observed
in animals (Segal and Mandell 1974; Idemudia and McMillan
1984; Yates et al. 2007) and humans (Minassian et al. 2016)
whereas intoxication from AMPH abuse has led to severe
physiological responses in both animals and humans (Shiorring
1980; Fitzgerald and Bronstein 2013).

The motor response to AMPH can also be affected by the animal’s
physiological state, such as hunger and satiety. Specifically, food
deprivation/restriction is known to enhance the motor response
to AMPH. In preclinical studies, Monkeys exhibited an increased
AMPH intake in the food-restricted state, which potentiated
AMPH’s stimulating effects by increasing their motor activity
(Carroll, France, and Meisch 1979). Similarly, the food-restricted
rodents showed enhanced rewarding effects of AMPH by increas-
ing their locomotion (De Vaca and Carr 1998). Other studies
involving food-restricted rodents showed an increased AMPH
intake along with higher conditioned place preference (Stuber
et al. 2002; Geuzaine et al. 2014). Moreover, acute food restriction
for 24 h in rats altered locomotor activity when treated with
AMPH (Honma, Kanematsu and Honma 1992; Mabry and Camp-
bell 1975). In these studies, AMPH food restriction-mediated
interactive response was observed when animals were subjected
mostly to a chronic food-restriction state and few to the acute
food-restricted state in separate independent studies. To date, no
study has systematically varied the caloric state of the animal by
changing the feeding schedule while subjecting them to a caloric-
deficit state, such as acute/chronic food deprivation and satiation
acute/ad libitum feeding, to investigate the behavioral and neural
motoric effects of AMPH. Research on how food—drug interaction
modulates behavior, especially brain activity, remains scarce,
and the correlation between behavior and the respective neural
substrates in these stimuli is still subject to debate. This research
could aid clinicians in developing novel strategies to control the
abnormality in behavior and its neural substrates arising from
AMPH intake by varying diet of the drug consumers, and time-
elapsed findings would assist strategizing timely interventions
for drug abuse circumstances while considering instantaneous
feeding state.

Zebrafish larvae are a good animal model for studying motor
behavioral and neural responses to addictive drugs. Zebrafish
exhibit robust locomotor behavior, and importantly, their optical
transparency allows researchers to record and quantify individ-
ual motor neuron activity in the spinal cord using genetically
encoded neural activity indicators (Muto et al. 2011). Larval
zebrafish have shown behavioral sensitivity similar to mammals
to a variety of addictive drugs, including AMPH (Irons et al.
2010; Basnet et al. 2019; Cousin et al. 2014; Bansal, Roitman,

and Jung 2023). Here, we address whether acute feeding and
acute deprivation can differently modulate the motor response to
AMPH, especially relative to the ad libitum-fed and chronically
deprived state. In zebrafish larvae, we measured the change in
response in behavior and motor neurons in the spinal cord,
an underlying neural substrate responsible for motor action,
affected by AMPH-caloric stress interaction. To quantify this, we
analyzed locomotor and motor neuron activity in a time-elapsed
manner and cumulatively for four different feeding conditions—
“ad libitum” (unrestricted food availability), “food sated” (fed
18 h before experimentation), “chronic food deprivation” (never
fed) and “acute food deprivation” (18-h starvation). Our findings
showed that chronic and acute food deprivation potentiated the
motor-stimulating effects of AMPHs in zebrafish. Both acute and
chronic food deprivation induced a more long-lasting AMPH-
mediated motor effect where acute food deprivation exhibited
progressive increment in activity over intervals, unlike chronic
food deprivation. Meanwhile, motor response to AMPH in ad
libitum and food-sated (FS) states was not significant. Overall,
our study uncovers how systemic variation in caloric states can
alter motor responses by distinctly modulating AMPH’s inherent
stimulatory response.

2 | Materials and Methods

Adult wild-type (abwt) and transgenic Tg(mnx1l:GCaMP5)
zebrafish were housed at the zebrafish facility. They were
maintained in an automated water racking system (Aquaneering
Inc., San Diego, CA). All conducted experiments were approved
by AALAC, and all guidelines were diligently followed. The
Zebrafish facility maintained a 14/10-h light cycle schedule set
at 28°C. All experiments used 7 days post fertilization (dpf)
zebrafish larvae. This study involves different feeding schedules
to measure larval responses, and zebrafish larvae develop
neurons responsible for mediating feeding responses (Wee et al.
2019). Also, in the larval stage, this teleost has been shown to stay
healthy without any phenotypical anomaly till 8 dpf (Hernandez
et al. 2018). Moreover, the feeding schedule organized for FS
and acute food deprivation only allowed us to use 7 dpf larvae
for uniformity among all feeding states; thus, 7 dpf seemed
appropriate for conducting experiments. Further, the zebrafish
rack system was maintained at 28°C with water conductivity
within 600-750 ps, and pH was maintained within a range of
7.2-8.0. Larvae in the embryonic stage were initially kept in
water with the abovementioned conditions in the fish room in
all states (harvesting, hatching, experiments) and were brought
to the research facility when they turned 7 dpf.

2.1 | Experimental Groups

For locomotor activity analysis, we divided zebrafish into two
groups, namely, control and AMPH treatment groups. These two
groups were further subdivided into eight groups, depending on
their feeding states (control: AL-AMPH [ad libitum fed without
AMPH, n = 17], FS-AMPH [food-sated without AMPH, n = 14|,
CFD-AMPH [chronic food deprivation without AMPH, n = 18],
AFD-AMPH [acute food deprivation without AMPH, n = 15], and
treatment: AL + AMPH [ad libitum fed with AMPH, n = 12],
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Experimental Groups and Feeding Timeline
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FIGURE 1 | Experimental groups and feeding timeline. We used four different caloric states, namely, ad libitum (AL), chronic food deprivation
(CFD), acute food deprivation (AFD), and food-sated (FS). All larvae used here were 7 dpf at the time of the experiment. (a) In the ad libitum fed (AL)
state, food was available to AL larvae when they turned 5 dpf and remained available until the experiments commenced (7 dpf). (b) In the FS state,
larvae were deprived of food initially, and food was only made available to them when larvae turned 6 dpf, which remained available till the start of

the experiment. Food was available to them only 18 h (till 7 dpf) before the experiment is termed as food-sated state. (c) In the CFD state, larvae were

deprived of food since birth and were never fed before or during the experiment. (d) In the AFD state, feeding started at 5 dpf, where food was removed

when larvae turned 6 dpf and were transferred to a dish without food 18 h before the experiments. Here, 18-h food deprivation is termed “acute food

deprivation.”

FS + AMPH [food-sated with AMPH, n = 13], CFD + AMPH
[chronic food-deprivation with AMPH, n = 12], AFD + AMPH
[acute food-deprivation with AMPH, n = 15]). For motor neuron
activity analysis, only treatment groups were used (before and
after treatment analysis), with groups AL + AMPH (n = 9),
FS + AMPH (n = 7), CFD + AMPH (n = 7), and AFD (n = 6).
All experiments were performed on different occasions with
time of the day for the experiments was uniform across. For all
four feeding states and treatments (—AMPH, +AMPH), different
larval clutches were used and were never reused for other
conditions.

In the AL state, dry powdered Gemma-75 fish food (Skretting,
USA) was available ad libitum when they turned 5 dpf and
remained available until the experiments were started at 7 dpf.
FS larvae were deprived of food until they turned 6 dpf, and food
was made available until they turned 7 dpf till the start of the
experiment. The food was not replaced at 7 dpf of age and was
available to them for 18 h in FS state and water was replaced right
before the experiments were started. The larvae in the CFD state
were deprived of food since they were born and were never fed
at any point during the study. AFD larvae were fed till 6 dpf,
and larvae were transferred to a dish without food 24 h before
the experiments. An 18-h food deprivation in this study is termed
acute food deprivation (Figure 1). Locomotor activity and motor
neuron activity were recorded in both groups. These groups were
further treated with a dose of 0.7 uM of AMPH (detailed procedure

mentioned below). Previous studies performed in zebrafish larvae
involving treatment with AMPH demonstrated a dose-dependent
behavioral response that showed a “U” pattern where locomotor
activity decreased in low and high doses and increased in the
moderate dose (0.7 uM) (Irons et al. 2010). Hence, the findings of
this and our previous study were the reason for selecting 0.7 uM
as a dose of choice. It would be interesting to see how different
caloric states alter this significant motor response.

2.2 | Locomotor Activity Setup and
Post-Processing

Wild-type (abwt) larvae were used for locomotion measurement
and analysis. Larvae which did not move past a 50 mm threshold
in 10 min or with any visual anomalies were excluded from the
study. In Figure 2, we used a dismantled part of the dissection
microscope with an in-built light source to construct a customized
setup. An infrared (IR) filter screen (43954; Edmund Optics,
NJ, USA) was placed on the light source, allowing only IR
frequency light to pass through. Zebrafish larvae exhibited hyper-
locomotion in the dark environment, measured using IR light,
and larvae did not adversely affect fish behavior (Basnet et al.
2019). Thus, using IR light to mimic the dark environment would
be interesting to examine its increased response in all four states
and with AMPH treatment. We placed a 48-well plate on the
IR filter, where larvae were placed individually in each well.
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Customized Recording Setup
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FIGURE 2 | Experimental setup. This customized setup consisted of an invertedly placed high-speed camera that records the locomotor activity of
zebrafish larvae placed in the well plate. An IR filter screen was placed between the plate and the light source to allow IR light to pass and block all other

wavelengths. The well plate was placed on top of the in-built light source of a dissection microscope with an eyepiece, and the upper light source was

removed for easy recording. The plate was covered with a Fresnel lens to minimize field distortion.

A 6.7 x 6.7" Fresnel lens (46614; Edmund Optics, NJ, USA)
was placed over the 48-well plate to minimize distortion during
recording activities from the wells from the corners. The setup
was recorded by an invertedly placed high-speed camera (Basler
Gencaml GigE camera, 4.5-12 mm, IR %2”). Activity recording
was analyzed and generated using Ethovision XT16 (Noldus
Information Technology, VA, USA). Generated data were binned
within the software, followed by statistical analysis.

Initially, both —AMPH and +AMPH groups were recorded for
two 10-min epochs (baseline, treatment). Before recording, larvae
could acclimate to the well environment for 5 min. The baseline
epoch in —AMPH groups were recorded for 10 min in fresh fish
water. After this recording period, the fish water was pipetted
out and replaced by fish water, and activity was recorded for
another 10 min (treatment epoch for —AMPH group). Like the
—AMPH group, the baseline epoch was similar in time and
manner for 10 min. It was followed by pipetting out the fish water
and pipetting in 0.5 m: of 0.7 uM solution of D-amphetamine
hemisulfate (Sigma-Aldrich, MO, USA). A period of 2-3 min was
permitted for larvae to consume the drug in the well, followed by
another 10-min recording period (treatment epoch for + AMPH
group). This 2-3-min period was kept uniform in —AMPH group
for the sake of uniformity in the recording conditions. Further,

each epoch is binned into five 2-min intervals, and comparisons
between binned epochs are made.

2.3 | Calcium Imaging of Motor Neurons

2.3.1 | Sample Preparation

Motor neuron activity was measured in a transgenic zebrafish
line Tg(mnx1:GCaMP5) that expressed fluorescence in spinal
motor neurons. Larvae were immobilized using 30 uL of 300 uM
pancuronium bromide solution (P1918, 10MG; Millipore Sigma,
WI, USA), a paralyzing agent to inhibit any voluntary or invol-
untary activity and contraction for stable neuron recording.
This procedure was followed by completely immobilizing the
larvae in a 1.5% agarose gel drop. Gel drop is covered with
fish water/AMPH according to epochs (baseline, treatment) in
—AMPH and +AMPH groups, and recording manner and periods
remained the same as in locomotor activity.

2.3.2 | Calcium Activity Recording Setup

An inverted epifluorescence microscope was used to record
motor neuron activity, consisting of a high-speed sCMOS camera,
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a bandpass filter, and a 40x water immersion objective. The
microscope setup was connected to an X-cite 120 fluorescence
excitation lamp setup (Excelitas Technologies Corp., Canada).
GCaMP6 is a genetically encoded calcium indicator, and it has
an excitation/emission wavelength of 488 nm/510 nm; thus, a
GFP bandpass filter (Chroma Technology Corp., VT, USA) was
installed to obtain the required excitation wavelength. A 40x
water immersion objective (Olympus Corporation, Japan) was
used through which the excitation light passes and was used
to image the fluorescence-emitting motor neurons (Figure 7a).
To record the neuron spiking activity, a Hamamatsu Orca Flash
4.0 high-speed sCMOS camera (Hamamatsu Photonics, Japan) at
35 fps was used. The recording setup was connected to HCImage
Live, arecording and visualization software (Hamamatsu Photon-
ics, Japan), which was used to record and export the recordings in
a TIF file format.

2.3.3 | Calcium Signal Normalization and
Post-Processing

TIF file frames were opened using ImageJ visualization and
analysis software (National Institute of Health). Regions of
Interest (ROIs) (single ROI encapsulating all the neurons in
the field of view) were selected using a polygon selection tool
around the neurons’ soma region, and their respective frame
versus intensity data was generated within ImagelJ. The data were
exported to Microsoft Excel, where frames were converted to time,
and this time versus intensity data was further exported into
Origin Pro (Version 2023; OriginLab Corporation, Northampton,
MA, USA). Data were smoothened using an FFT filter algorithm
with window points = 30. From the smoothed data, the baseline
was calculated using an in-built function called “peak analyzer”
followed by the “subtract baseline” option with customizable
parameters specific to recording quality. The obtained baseline
was subtracted from smoothed intensity data and divided by base-
line to obtain normalized data. Using the peak analyze option,
the find peaks option was used along with a height threshold of
5% to get peak information. The “peak info” option was used to
get the peak data (x-axis: time points, y: normalized intensity).
Inter-spike intervals (ISIs) were calculated by subtracting the
subsequent x (time) value from the previous time value correlated
to the y (peak) data.

2.4 | Statistical Analysis

Locomotor data were analyzed using GraphPad Prism (version
9.5.1, San Diego, CA, USA). Binned data were analyzed using
one- and two-way ANOVA with repeated measures followed by
Dunnet’s multiple comparisons post-hoc tests. Total distance and
ISI data were analyzed using two- and three-way ANOVA with
repeated measures, and Bonferroni and Tukey’s post-hoc tests
were used for multiple comparisons. ISI and ROC curves were
analyzed using R programming and Python for motor neuron
analysis. Raster plots were created using Origin Pro (Version 2023;
OriginLab Corporation, Northampton, MA, USA). Statistics were
performed with *p < 0.05, **p < 0.01, ***p < 0.001, p < 0.0001, and
nonsignificant relationships were not shown with any indication.
Bars were represented with mean + SEM.

3 | Results

3.1 | Food Deprivation and Satiation Conversely
Alter Locomotor Activity Post-AMPH Treatment

For locomotor analysis, we first compared the treatment epochs
of —~AMPH (no drug added) and +AMPH (with drug) using
two-way RM ANOVA, repeated over intervals in each epoch
(Figure 3). In AL state (Figure 3a), we did not find any significant
effect imposed by intervals (F(4,8) = 1.352, p > 0.05), epochs
(F(1,11) = 1.143, p > 0.05) and their interaction (F (4,8) = 1.792,
p > 0.05) locomotion. Post hoc comparison did not show any
significant change either. In FS state (Figure 3b), no significant
effect of epochs (F(1,12) = 0.850, p > 0.05), intervals (F(4,9) =1.922,
p > 0.05), and epoch x interval interaction (F(4,9) = 2.509,
p > 0.05) were observed and post hoc comparison also exhibited
a non-significant change in activity. On the other hand, CFD
larvae (Figure 3c) showed a significant effect of treatment epochs
(F(1,11) =13.992, p < 0.01) and effects of intervals (F(4,8) = 0.720,
p > 0.05); their interaction (F(4,8) = 1.459, p > 0.05) remained
nonsignificant. Here, post hoc comparisons showed epoch signif-
icance within all intervals (p < 0.05) except for 6-8-min interval
indicating an increase in activity in drug-treated epoch. Larvae
in AFD state (Figure 3d) showed a significant effect of intervals
(F(4,11) = 3.86, p < 0.05) only and no significant effect was
shown by epochs (F(1,14) = 3.37, p > 0.05) and their interaction
(F(4,11) =1.352, p > 0.05). The multiple comparison test indicated
a significant increase within all intervals except in the 4-6-min
interval. The findings suggest that drug’s effect was significantly
potentiated in food-deprived states (chronic hunger overall and
in acute hunger in a time-elapsed manner).

To obtain a deeper insight into how intervals would affect the
locomotion post drug treatment, we analyzed the time-elapsed
swimming (locomotion) activity in all four caloric states and
compared a 2-min control interval (taken from last 2-min interval
of locomotor activity in the baseline epoch) with AMPH-treated
intervals (five intervals each of 2 min) (Figure 4a). Locomotion
analysis was performed using RM one-way ANOVA with intervals
as a repeated measure. In the AL state, one-way ANOVA did
not reveal a significant interval effect (F(5,55) = 1.589, p > 0.05)
between intervals (Figure 4aA). The post hoc comparison also
did not indicate any significance between intervals post-AMPH
administration. Similarly, in the FS state, the statistical test did
not show a significant effect of interval on swimming activity
after AMPH treatment (F(5,60) = 1.589, p > 0.05). Planned com-
parison results also remained nonsignificant between intervals
(Figure 4a,B). Contrarily, chronic food deprivation significantly
increased swimming activity in subjects after AMPH treat-
ment (F(5,55) = 3.279, p < 0.05), and planned comparisons
between intervals also revealed a statistical significance across
all intervals where AMPH showed an immediate effect after
treatment (Figure 4a,C). Larvae in AFD state post-AMPH treat-
ment showed the most significant impact of intervals among
all states (F(5,70) = 3.734), p < 0.01). Post hoc comparisons
indicated a significant increase in locomotor activity between
intervals compared to the control interval, and the drug induced
a significant locomotor activity after a 4-min delay (Figure 4a,D).
Figure 4b represents the visual representation as swimming
tracks of the larvae in the four feeding states over time intervals.
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State-wise Treatment Comparison
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FIGURE 3 | State-wise treatment comparison. Intervals of treatment epochs were compared in all four feeding states. Two-way RM ANOVA was

used to study treatment, intervals and their interaction. (a) AL larvae did not show a significant change in within intervals and between treatment

epochs. (b) Locomotion in FS state also remained unchanged both between epochs and within intervals. (¢) CFD larvae exhibited a significant change
(p < 0.01) between —AMPH and +AMPH epochs of treatment groups only. (d) AFD larvae showed a significant increase within intervals in treatment

epochs (p < 0.05).

We also measured total locomotor activity over 10-min epochs
(baseline and treatment) for all four states using three-way RM
ANOVA with state, epoch, and drug being independent factors
and locomotor activity as a dependent factor (Figure 5). In
locomotor activity quantification, we observed significant effects
of state (F(3,108) = 4.791, p < 0.01), epoch x drug interaction
(F(1,108) = 10.27, p < 0.01), and state x drug x epoch interaction
(F(3,108) = 9.546, p < 0.0001). Post hoc comparisons between
epochs showed a significant decrease in the —AMPH group of
CFD state (p < 0.01) and a significant increase in + AMPH groups
of CFD and AFD states (p < 0.05). After AMPH treatment, the
post hoc test showed an increase in locomotor activity in the
AFD + AMPH state (p = 0.0121) and in the CFD + AMPH state
(p = 0.0541) between epochs. State-wise planned comparison
revealed an overall significant difference between AL/CFD states

and CFD/AFD states (p < 0.05) where state-wise effect between
CFD/AFD state was relatively greater (p = 0.115) than AL/CFD
(p = 0.118).

3.2 | AMPH Treatment Increases Motor Neuron
Activity Response and Spiking Frequency in
Food-Deprivation States

Previously, we analyzed the effects of caloric states and AMPH in
locomotion (swimming activity). Spinal motor neurons directly
affect phenotypic locomotor behavior, influenced by numer-
ous neuron interconnections to and from both identified and
yet-to-be-identified. Moreover, physiological states such as food-
deprivation and stimulant drugs such as AMPHs are known to
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a. Distance Traveled
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b. Locomotion Trajectories
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FIGURE 4 | (a)Time-elapsed locomotion response toamphetamine. The time-elapsed effect of amphetamine was assessed in binned 2-min intervals
(10 min in total), and all intervals were compared to a 2-min interval recorded before the addition of amphetamine. The initial 0-min interval is a 2-min
control interval without amphetamine (dark bar), and the rest (light bars) are amphetamine treated 2-min intervals compared to the control interval.
(A) Distance change observed in the AL state after AMPH was not significant in all five intervals compared to the control (0 min) interval (p > 0.05).
(B) FS state showed a nonsignificant change in distance traveled by larvae after AMPH treatment compared to a 2-min control interval (p > 0.05). (C)
Larvae in the CFD state showed the most significant increase instantaneously after AMPH treatment in 0-2 intervals (p < 0.01), and the locomotion
remained significantly high in all intervals compared to the control interval (p < 0.05). (D) AFD larvae showed a significant increase in locomotion after
a 4-min delay (first 2-min interval) and kept increasing till the end (p < 0.01). (b) Visual representation of time-elapsed locomotion trajectories from fish
swimming shows the path covered by larvae in the wells before and after drug treatment in their respective well/zones in the well plate.
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FIGURE 5 | Total distance traveled. Cumulative locomotion was

analyzed for two separate 10-min epochs in both control and AMPH-
treated groups in all four states using three-way RM ANOVA, and
comparisons were made between epochs (state X epoch x drug). Locomo-
tor activity significantly changed between epochs in CFD in the control
(p < 0.01) as well as the AMPH-treated group (p < 0.05). Cumulatively,
control larvae moved significantly shorter distances, whereas AMPH-
treated larvae evoked significant hyperactivity between baseline and
treatment epochs. AFD larvae only displayed a significant increase after
AMPH treatment only between epochs. AL and FS failed to show sig-
nificance in control and AMPH treatment conditions. However, control
FS larvae moved mildly longer distances, and AMPH treatment caused a
moderate non-significant decrease, indicating that the FS state evokes a
hypoactive response to AMPH treatment opposite to CFD and AFD states.

affect specific neuron populations in the brain (Daberkow et al.
2013; Alhadeff et al. 2019; Johansson et al. 2008). Thus, to assess
the cohesive effects of AMPH and feeding states, we investigated
the spinal motor neuron activity by recording the neuron spiking
(Figure 6a) in four different feeding states, followed by acute
AMPH treatment. We explored the frequency of motor neuron
spiking in terms of ISI activity (Figure 6b). Using Kruskal-
Wallis ANOVA with post hoc comparison, we found a significant
decrease in ISI of motor neurons in AL state [ )(§ = 92.577;
Z = 3.654; median diff: 152.305; p < 0.01], CFD state [)(§ = 92.577;
Z = 4.163; median diff: 233.47; p < 0.001] and in AFD state
[x? = 92.577; Z = 6.131; median diff: 296.108; p < 0.0001]. These
observations indicate that spiking activity in the AFD state was
affected the most by AMPH treatment followed by CFD and
AL states whereas the FS state was not affected post-AMPH
administration

In Figure 7, a detailed ISI analysis was performed using the
ROC curve method that compared the intervals by comparing
baseline and treatment epochs to each other and calculated their
specific areas under the curve (AUC), representing the latency
difference between baseline and treatment epochs in each state.
Each AUC peak is calculated by comparing a control and a
treatment regime while keeping the control constant. For the
AUC to be significant, the AUC peak should rise toward the
true positive rate axis relative to the reference line. Overall, the
ROC curves provide a statistical overview of the drug treatments
indicating the effect of AMPH on ISIs in all four feeding states
before and after treatment based on the area under the curve for
each state. In the AL state, AMPH treatment showed an area of
0.59 with p < 0.001, indicating a significant effect of the drug in

decreasing latency of motor neuron spiking. A significant area
under the curve of 0.57 was shown by the FS state (p < 0.05) in
response to the drug; however, the drug in the FS state increased
the latency. Chronic food-deprivation larvae exhibited an area of
0.63 with a significance of p < 0.0001) after baseline and treatment
comparison. The highest and most significant area under the
curve was shown by AFD larvae with an area of 0.68 (p < 0.0001).
ROC analysis distinguished the ISI between epochs significantly
well in both food-deprivation regimes, highly in the AFD state
followed by the CFD state. Area measurement in both feeding
states, AL and FS states, was significant; however, the area under
the curve was significantly lesser in the AL state, followed by the
FS state, compared to food-deprivation states.

4 | Discussion

In this study, we quantified the effect of the feeding schedule on
AMPH’s stimulatory effects by showing the changes in locomotor
behavior and spinal motor neuron activity by modeling this
scenario in the zebrafish larva. Although previous animal studies
provide evidence of hunger-AMPH interactive responses on
behavior and the brain, the impact of feeding schedules is yet to
be studied. Thus, to explore and understand the meal schedule-
AMPH interaction, we varied the meal schedule of the fish larvae
and subjected them to acute AMPH treatment. We hypothesized
that locomotion and motor neuron activity would increase in
food-deprivation states and feeding states after AMPH treatment.
Our findings suggest that hunger contrastingly modulates AMPH
response on motor activity than in feeding states. The outcome
of this study could improve our understanding of the interaction
between caloric states and AMPH. It would allow zebrafish to be
used as a novel animal model to pursue addiction consequence
studies further.

Our results show an increase in locomotion by acute and chronic
food-deprived larvae after AMPH treatment relative to fed larvae,
which agreed with the other studies (Deroche et al. 1993; De
Vaca and Carr 1998; Stuber et al. 2002; Cabeza, Lisa, and Carr
2004; Sharpe, Klaus, and Beckstead 2012). These observations
could result from a series of physiological and metabolic changes
inside the animal resulting from food stress and drug reward. For
example, in vivo animal studies suggest that starvation causes
muscles to utilize fatty acids (FAs) as a primary energy source,
replacing ketones (Casper 2020; Mehanna, Moledina, and Travis
2008). When FA in the form of supplements in combination with
AMPH was fed to rodents, their locomotor activity significantly
increased (Trevizol et al. 2013), suggesting FA increased the
energy usage and AMPH further potentiated it. In our study,
the food we fed the larvae contained oil that served as a source
of FA. In addition, fats tend to have a slower metabolism than
other macronutrients, resulting in the retention of fats for longer
periods (Hargreaves and Spriet 2020; Elia, Stubbs, and Henry
1999). Taking the above studies into account, subjects showing a
gradual and lasting increase in locomotion could have a result of
slow FA metabolism, increased energy usage, and the well-known
stimulatory effect of AMPH.

The larvae in chronic food deprivation were starved right from
their natural dechiornation (a process in which larvae naturally
come out of their embryonic eggshell) at 4 dpf. In their chorion,
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FIGURE 6 | Motor neuron imaging and Raster plot representation for motor neuron spike distribution. (a). A 40x water immersion objective was

used to record motor neuron activity in the larval spinal cord while the fish was immobilized and embedded in a drop of 1.5% agarose solution that was
covered with fish water. A representation of larval spinal cord and motor neuron ROIs and calcium activity traces are shown. (b) Kruskal-Wallis ANOVA
for dependent data showed a significant decrease in inter-spike interval (an increase in spike occurrence rate) in AL (p < 0.01), CFD (p < 0.001) and

AFD (p < 0.0001) state.

the yolk sac of embryos has a significant supply of lipids and
triglycerides converted into FAs (Sant and Timme-Laragy 2018).
After breaking out of their chorions, the FA metabolism could
have occurred for a long time due to extended starvation when
they were subjected to experimental recordings. Thus, it could be
possible that the long-lasting FA metabolic rate, when interacting
with AMPH, abruptly increased the activity for a short time.

The FS state studied here mimics a refeeding regime (where
subjects were refed after a short fasting interval). The reason
for this assumption sprouts from the fact that larvae in their
embryonic stage obtain nutrition from their yolk and depend on
human intervention for feeding post-dechorionation. We assume
that FS larvae in this study were initially being fed from their yolk
sac. After dechorionation, although the yolk sac was still intact
and was providing nutrition to the larva, post-dechorionation
feeding before the recording could have increased the nutritional
profile than the yok sac itself mimicking the refeeding. These

larvae showed a gradual decrease in locomotion after AMPH
treatment. This observation contrasted our hypothesis since food
and AMPH are sources of energy and expenditure (Jones et al.
1992). This can be explained from the context of the FA metabolic
cascade. A clinical study showed that refeeding rapidly declined
FA levels (Kolaczynski et al. 1996). In addition, when rodents with
deficient FA were treated with AMPH, they exhibited a decrease
in locomotion over time (McNamara et al. 2008). Thus, FA levels
may have declined in FS fish in this “refeeding” state, and
locomotor activity may have decreased after AMPH treatment.
Future studies involving the FA-AMPH interaction in different
caloric states could shed light on the cause of this outcome by
studying the behavioral responses and metabolism in zebrafish
larvae and other animal models.

This study also analyzes the change in motor neuron activ-
ity occurring in the spinal cord of zebrafish larvae arising
from AMPH treatment in different feeding states. Spinal motor
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FIGURE 7 | Inter-spike interval ROC curve. The receiver operator
characteristic (ROC) curve demonstrates the difference between neuron
activity response in terms of inter-spike interval in all four states, showing
that food-deprivation states potentiate the effect of amphetamine by
increasing neuron spike occurrence rate (lowering inter-spike frequency)
as compared to feeding states.

neurons receive projections from multiple regions in the brain.
AgRP/NPY neurons, a food intake regulating neuron population
essential for energy homeostasis, is an example that gets activated
during starvation. NPY neurons also relay inhibitory responses
to the spinal cord (Duan et al. 2014; Koch, Acton, and Goulding
2018). Activity in these NPY neurons decreased upon treatment
with AMPH (Kobeissy et al. 2008). Furthermore, in mammals,
NPY neurons are present with AGRP neurons as a combined
AgRP/NPY population, and hunger-mediated activation in this
population induces food-seeking and locomotion (Mesaros et al.
2008; Essner et al. 2017). In food-deprived fish, even after the
NPY activity increased, AMPH may have shown an overpowering
effect over hunger by decreasing the NPY activity post-AMPH
treatment and diminishing the inhibitory effect of NPY toward
the spinal cord. Besides this, hypothalamic dopamine neurons
also project into the spinal cord, and their excitability is increased
during hunger and with AMPH treatment (Puopolo 2019; Barrios
et al. 2020; Branch et al. 2013). This could be another explanation
for the increased motor neuron activity in the zebrafish spinal
cord and needs to be explored further to obtain a concrete
explanation.

The spinal cord receives excitatory inputs from the periventric-
ular hypothalamus (PVH) neurons (Ferguson, Latchford, and
Samson 2008; Geerling et al. 2010; Sutton et al. 2014). These PVH
neurons get excitatory projections from glutamatergic neurons
located in the dorsomedial hypothalamus (DMH) when studied
in rodents subjected to the fasting-refeeding state (Imoto et al.
2021). Furthermore, upon treatment with AMPH, glutamatergic
neuron transmission was suppressed in rodents (Jones et al.
1992). Therefore, this suppression of glutamatergic neurons in
DMH post-AMPH treatment may have led to the inhibition of
neurons present in PVH, further decreasing the transmission into
the spinal cord in the fish. Although research does show the
connection between glutamatergic neurons and locomotion in

aquatic animals (Benvenutti et al. 2021) and suggests that PVH
may contribute to locomotor functions in zebrafish (Barrios et al.
2020), future studies in this context would be able to provide
insights along with the effects of drugs on these populations in
the teleost.

5 | Conclusion

In conclusion, we investigated the change in stimulatory effects
of acutely administered AMPH in zebrafish larvae subjected
to four different feeding states. We first measured the change
in swimming behavior (distance traveled while swimming) in
aforestated conditions. Our results show increased swimming
distances traveled by chronic and acute food-deprived larval
groups, which were abrupt but short-lived in chronic food-
deprived states. At the same time, a gradual prolonged increase
in locomotor activity was observed in acute food-deprivation
state after AMPH was administered to them. Ad libitum and
FS states had a modest effect on locomotion, with a moderate
activity increase and a minor decrease in the latter state post-
AMPH treatment. Similarly, the spiking activity of spinal motor
neurons was also analyzed in the abovementioned conditions,
and we observed a significant decrement in ISIs in acute and
chronic food-deprivation states and a moderate increase in ad
libitum state post-AMPH administration. AMPH treatment in FS
larvae showed an unnoticeable increase in inter-spike latency.
Overall, our findings show the significant potentiation effects
of food-deficit states and a moderate attenuation effect of acute
feeding (FS state) on AMPH’s characteristic stimulatory effects
on locomotor behavior and spinal motor neurons.
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