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ABSTRACT

Dopamine (DA) signaling is evoked by both food and drugs that humans come to abuse. Moreover, physiological state (e.g.,
hunger versus satiety) can modulate the response. However, there is great heterogeneity among DA neurons. Limited studies
have been performed that could resolve the interaction between physiological state and drug responsivity across groups of DA
neurons. Here, we measured the activity of neurons in transgenic Tg (th2:GCaMP7s) zebrafish larva that expresses a calcium in-
dicator (GCaMP7s) in A11 (posterior tuberculum) and a part of A14 (caudal hypothalamus and intermediate hypothalamus) DA
populations located in the hypothalamus of the larval zebrafish. Fish were recorded in one of two physiological states: ad-libitum
fed (AL) and food deprived (FD) and before and after acute exposure to different doses of the stimulant drug amphetamine (0, 0.7,
and 1.5uM). We quantified fluorescence change, activity duration, peak rise/fall time, and latency in the calcium spikes of the
DA neurons. Our results show that baseline DA neuron activity amplitude, spike duration, and correlation between inter- and in-
tra-DA neurons were higher in the FD than in the AL state. Dose-dependent AMPH treatment further increased the intensity of
these parameters in the neuron spikes but only in the FD state. The DA activity correlation relatively increased in AL state post-
AMPH treatment. Given that hunger increases drug reactivity and the probability of relapse to drug seeking, the results support
populations of DA neurons as potential critical mediators of the interaction between physiological state and drug reinforcement.

1 | Introduction food restriction enhances the dopamine response to food

(Cone, Mccutcheon, and Roitman 2014; Wilson et al. 1995),

Drugs that humans come to abuse increase dopamine con-
centration in dopamine terminal regions (Di Chiara and
Imperato 1988). However, the mechanisms by which increased
extracellular dopamine levels are achieved vary across drugs
(Wei et al. 2018). Amphetamine (AMPH) is one of the most
widely used and abused substances (Kramer, Fischman, and
Littlefield 1967). Yet, its mechanism(s) of action remains
controversial (Siciliano et al. 2014). Along similar lines,

but food restriction modulates dopamine signaling in var-
ious ways (Branch et al. 2013; Geisler and Hayes 2023; Liu
and Borgland 2015). Finally, it is critical to note that there
is an interaction between physiological states (e.g., food re-
striction, satiety) and drug behavioral reactivity with food
deprivation/restriction particularly affecting responses to
amphetamine (Bansal, Roitman, and Jung 2023; Campbell
and Fibiger 1971; Deroche et al. 1993). It remains unknown

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original

work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2024 The Author(s). Journal of Neuroscience Research published by Wiley Periodicals LLC.

Journal of Neuroscience Research, 2024; 102:25396
https://doi.org/10.1002/jnr.25396

1of 14


https://doi.org/10.1002/jnr.25396
https://doi.org/10.1002/jnr.25396
https://orcid.org/0000-0002-2765-2071
mailto:
mailto:ejung72@uic.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjnr.25396&domain=pdf&date_stamp=2024-11-08

Summary

« External stimuli including caloric states (e.g., food-
deprivation and feeding) and drugs of abuse (e.g.,
amphetamine) are known to alter the dynamics of
mesolimbic reward circuitry in the mammalian brain.

In this novel study, we demonstrated the individ-
ual and interactive effects of these stimuli in larval
zebrafish where amphetamine treatment in food-
deprived zebrafish induced a region-specific increase
in activity of dopaminergic neurons than the satiated
counterparts.

Our results could aid in developing interventions in
different drug intake scenarios by modifying diet and
thereby controlling dopaminergic activity.

how food deprivation/restriction may interact with the differ-
ent proposed mechanisms of amphetamine action. Here, we
investigate the interaction between caloric state and amphet-
amine on the firing rate of dopamine neurons.

In mammals, several different populations of dopaminergic
(DA) neurons (A8-A16) have been identified (Bjorklund and
Dunnett 2007). Within these populations, there is a grow-
ing body of literature supporting transcriptional (Phillips
et al. 2022) and functional (Engelhard et al. 2019; Morales and
Margolis 2017) heterogeneity. Some of these populations (e.g.,
AB) are involved in controlling motivation and emotional behav-
ior (Fiorenzano et al. 2021), and others (e.g., A9 and A10 regions)
play key roles in reward and reinforcement (Ikemoto 2010;
Schultz 2002), drug reactivity and the development of addiction.
While the Periventricular A11 region contributes to pain modu-
lation (Charbit et al. 2009) and restless leg syndrome (Clemens
2006). Energy homeostasis is controlled by two distinct DA pop-
ulations (A12 and A13) (Ye, Nunez, and Zhang 2023; Zhang and
Van Den Pol 2016), whereas motor activity is largely controlled
by the A11 (Koblinger et al. 2014) and A14 regions (Korchynska
et al. 2022), and odor discrimination and processing are modu-
lated by the A16 region (Capsoni et al. 2021). These behaviors
result from dopamine neuron activation, and the dopamine
activity is generally increased by amphetamine (Calipari and
Ferris 2013). However, dopamine activity in only a few of
these regions (e.g., A9, A10, All, and A14) (Fougere et al. 2019;
Giros et al. 1996; Koblinger et al. 2014; Koirala, Shah, and
Khanal 2014; Ryczko and Dubuc 2017; Vezina 1988) has been
directly studied in response to amphetamine, whereas in A14
region, amphetamine showed an indirect change in DA activ-
ity (Korchynska et al. 2022). Moreover, contradictory response
in the A9 (Bernardini et al. 1991; Fougere et al. 2019; Koirala,
Shah, and Khanal 2014) region has been observed in response to
amphetamine, and nearly half of the remaining DA regions (AS,
A15, A13, and A16) were unexplored.

DA populations in the brain are highly conserved across dif-
ferent animal species, including zebrafish (Barrios et al. 2020;
Wasel and Freeman 2020). Here, we used larval zebrafish, a
vertebral teleost, to investigate the dopaminergic responses to
food deprivation and a stimulant drug (AMPH). Zebrafish is a
vertebral animal model gaining momentum in neuroscience

research, especially due to their highly conserved brain struc-
ture and genome compared to mammals. Its small size (~3 mm)
makes it easy to house for raising and handling during experi-
mentation. Zebrafish larvae are optically transparent, which is
advantageous in imaging and recording the activities inside the
larval body, such as in the heart and brain (Bansal, Roitman,
and Jung 2023; Keller and Ahrens 2015). We leveraged all these
useful features, including optical transparency in the larvae,
and recorded the change in DA neuron activity at a single neu-
ron level using calcium imaging in vivo in real time. To accom-
plish this, we used 6dpf larvae of a transgenic zebrafish line
Tg(th2:GCaMP7s) expressing fluorescent activity in A1l (PT)
and Al4 (cH, iH) DA neurons in its hypothalamus. We treated
the larvae with two different doses of AMPH (0.7 and 1.5pM)
while they were in ad libitum fed (AL) and food-deprived (FD)
state. We hypothesized that amphetamine would increase activ-
ity in all three DA populations in FD states than in fed states.
Our results show that food deprivation alone and its interaction
with amphetamine increased dopamine neuron firing relative
to the fed state. Impairment in correlation among dopamine re-
gions in food-restricted state was also observed in post-AMPH
treatment. Collectively these data show the effect of hunger-
AMPH interaction in modulating the activity in different dopa-
minergic regions.

2 | Materials and Methods
2.1 | Zebrafish Maintenance

Parent transgenic zebrafish line Tg(th2:GCaMP7s) was out-
sourced and raised in our fish facility at the University of Illinois
at Chicago. All adult fish tanks were stacked in the fish racking
system (Aquaneering Inc., San Diego, CA). The experiments con-
ducted here were approved by the Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAC). All
zebrafish larvae used here were 6dpf and were kept in the fish
facility till they turned 6dpf. The fish facility was maintained at
28°C with a 14/10h light/dark cycle. The fish rack that consti-
tuted the fish water was maintained with a conductivity range
of 600-800 us and a pH range of 7.2-7.8.

2.2 | Experimental Groups

The larvae were divided into two feeding groups: ad libitum
(AL, n=20) and FD (n=18). Experimental subjects from each
group were picked at random to minimize any subject bias.
Sample size analysis was not performed however, we used the
size based on the best studies published previously related to
neural imaging in this animal model (Kappel et al. 2022; Kim
et al. 2017). Larvae that failed to elicit any detectable response
or were physiologically abnormal were excluded from the study
and analysis. Ad libitum larvae had unrestricted access to food
since they turned 5dpf until the experimentation. FD larvae
were never fed at any stage of raising and experimentation. Sex
determination of the subjects cannot be performed at this stage
since it can be done between 20 and 25 of larval age (Kossack
and Draper 2019). Both feeding groups were treated with two
different doses of amphetamine (AL 0.7uM, AL 1.5uM, and
FD 0.7uM, FD 1.5uM). Initial dopamine neuron recording was
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performed for five continuous minutes in fish water (without
amphetamine). After 5min, the recording was stopped, and fish
water was pipetted out and replaced with amphetamine solution.
The neuron recording was again performed for another 5min.

2.3 | Sample Preparation and Recording Material

For recording DA neuron activity, the individual larva was first
paralyzed using 30uL of 300uM stock pancuronium bromide
(YC10036-1, 10MG, Millipore Sigma, WI, USA) to prevent any un-
wanted muscle twitching in the larvae to avoid error in recordings.
After paralysis, larvae were completely immobilized in a 1.5% aga-
rose gel solution drop and were covered with 0.5mL fish water for
5min baseline recording. After Baseline recording, the fish water
was pipetted out and replaced with 0.5mL d-amphetamine hemi-
sulfate solution (Sigma Aldrich, MO). The drug was allowed to
seep through the agarose drop for ~5min, and treatment recording
was commenced for 5min again. We used a 40X water immersion
objective to visualize and record the neuron (40x/0.80W, Olympus
Corporation, Japan) mounted on an upright epifluorescence mi-
croscope setup consisting of a fluorescence excitation and illu-
mination setup (X-cite 120 series, Excelitas Technologies Corp.,
Canada). The microscope was equipped with a GFP filter with
488nm excitation/507nm emission (Chroma Technology Corp,
VT). The setup was connected to an image visualization software
(HC Image Live, Hamamatsu Photonics, Japan). The recording
was made at 10ms exposure time with 35 frames per second.
Recordings were opened in ImageJ, and a complete neuron cluster
(approx. n=3-7 visible neurons/larva/DA population) (Figure 1a)
was selected from all three populations separately in the same
frame using a polygon ROI tool along the edges of the cluster to
avoid surrounding noisy regions.

2.4 | Post Processing

The data from ImagelJ were extracted as intensity versus frames,
and frames were converted into time in Microsoft Excel. Newly
generated time versus intensity data were exported to OriginPro
(Version 2022, OriginLab Corporation, Northampton, MA,
USA). The Data were divided population-wise and were first
smoothened (F) using an FFT filter (window points=30). A
baseline (Fo) was created from the smoothened intensity data
using an inbuilt function called “peak analysis” from the analy-
sis tab using an asymmetric least squares smoothing algorithm
by varying parameters suitable for the data. The baseline data
were subtracted from smoothened intensity data and divided by
baseline data (df/f F—Fo/Fo). The df/f values were opened again
with the peak analysis function, and the peak integration func-
tion was used to obtain peak count and left and right half peak
width values. The latency was calculated by subtracting two
subsequent time points from the peaks (peak height threshold:
>10% of df/f; local points = 2) (Figure 1b).

2.5 | Statistical Analysis
All data were statistically analyzed using OriginPro. Data were

checked for normality and were found to be rejecting normality.
For Baseline analysis, a non-parametric test, the Mann-Whitney

U test for independent samples, was used between two data sets.
Kruskal-Wallis ANOVA was performed for dose-dependent and
latency analysis, followed by Dunn's post hoc analysis. Correlation
analysis was performed using Spearman Correlation. All signifi-
cantly different data are shown with p<0.05 with exact p val-
ues and no significance was shown for non-significant p-value
(p>0.05, also shown with exact p values). All the outliers were ex-
cluded from the statistical analysis. Box plot limits are represented
as Q1-Q3: 25%-75%, and whiskers are represented by outliers
(1.5QR). The black horizontal line within the box represents the
median with values mentioned on the right side of the line, and the
black dot represents the mean of the data.

3 | Results

3.1 | Food Deprivation Increases Baseline
Dopamine Activity in the Hypothalamus

Feeding states alter dopaminergic activity in animals. Here,
we examined how food deprivation alters the dopaminer-
gic activity in different brain regions in zebrafish larvae.
In Figure 2a-c, we compared the peak amplitude between
ad libitum (AL) and FD groups in three distinct dopaminer-
gic neuron populations in the hypothalamus (cH, caudal hy-
pothalamus; iH, intermediate hypothalamus; PT, posterior
tuberculum). With the statistical comparison of the peak
amplitude data, we found that food deprivation increased the
fluorescence activity in all three DA neuron populations with
prominence in cH neurons (median AF/Fo: AL: 0.94%; FD:
2.17%; Mann-Whitney U test: p <0.001) followed by iH neu-
rons (median AF/Fo: AL: 0.98%; FD: 1.46%; Mann-Whitney
U test: p<0.001) and PT neurons (median AF/Fo: AL: 0.76%;
FD: 1.21%; Mann-Whitney U test: p <0.001). Furthermore, we
also investigated the peak width, which represents the time
the DA neurons took to show one whole spike in the form of
a calcium trace (Figure 2d-f). We did not find a significant
width difference in peaks between AL and FD larvae in cH
neuron (median peak width: AL: 4.41s; FD: 4.63s; Mann-
Whitney U test: p=0.074); however, in both iH (median peak
width: AL: 5.57s; FD: 6.24s; Mann-Whitney U test: p <0.001)
and PT neurons (median peak width: AL: 4.31s; FD: 4.55s5;
Mann-Whitney U test: p=0.014), the peaks were significantly
wider in FD state. In Figure 2g-i, we analyzed the left-half
peak width of the calcium trace peaks that signify the time
taken by the neuron activity peaks to reach the maximum
amplitude beginning from the resting state. Here, statistical
significance in left half peak width between AL and FD state
can be found in all three DA neuron populations significantly
in cH (median peak width: AL: 0.76s; FD: 0.82s; Mann-
Whitney U test: p=0.032), iH neurons (median peak width:
AL: 0.714s; FD: 0.792s; Mann-Whitney U test: p<0.001),
and PT neurons (median peak width: AL: 0.76s; FD: 0.84s;
Mann-Whitney U test: p <0.001). Similarly, we also compared
the difference in right-half peak width, showing the time the
calcium peaks took to reach the resting state from the maxi-
mum amplitude. The right half peak width was higher in the
FD state in all three DA neurons. The difference was greatest
in iH population (median peak width: AL: 0.82s; FD: 0.93s;
Mann-Whitney U test: p <0.001) and then in PT neurons (me-
dian peak width: AL: 0.97s; FD: 1.06 s; Mann-Whitney U test:
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FIGURE1 | Larval imaging, dopamine neuron populations, and spike parameters. Calcium activity in three dopaminergic neuron populations
(cH, iH, PT) in the hypothalamus of the transgenic larvae Tg(th2:GCaMP5) was analyzed with its characteristic parameters. (a) In the transgenic
larvae, calcium activity in DA neurons in the caudal hypothalamic region, intermediate hypothalamic region, and the posterior tuberculum were
recorded pre- and post-AMPH. The recording setup included a 40X water immersion objective connected to an epifluorescence microscope, and the
individual larvae were paralyzed and immobilized in a drop of agarose. (b) In the calcium activity, five different parameters (df/f, peak width, left
half peak width, right half peak width, and latency) were analyzed. The peak amplitude/normalized fluorescence change in the calcium activity
was denoted by df/f; peak width denotes the activity duration of individual peaks, left half peak width denotes the peak rise time, and right half peak
width represents the falling peak of the calcium peak. The latency between peaks denotes the time interval between two subsequent peaks.

p<0.001) and lowest in cH neurons (median peak width: AL:
0.97s; FD: 1.05s; Mann-Whitney U test: p=0.026).

3.2 | Varying AMPH Doses Selectively Exhibited
Increased Calcium Trace Amplitude in DA Neuron
Populations in Caloric States

Amphetamine targets dopaminergic neurons and increases
their activity in the brain to induce a rewarding effect. Here,

we investigated the effects of two doses of amphetamine (0.7
and 1.5uM) to gain insight into the reward-related func-
tioning of the recently identified DA populations in the hy-
pothalamus in zebrafish larvae. We compared the response
in these neurons between AL and FD groups in the above-
mentioned AMPH doses. We first compared the calcium trace
peak amplitude (fluorescence change) between feeding states
in two doses using Kruskal-Wallis ANOVA (Figure 3a-c).
Comparison made in cH neurons (Figure 3a) showed an
overall significance (x,>=113.44; n=405 [AL_0.7], n=387
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FIGURE 2 | Baseline activity analysis between states. Baselines between Ad libitum (AL, n=20 fish) and food-deprived (FD, n=18 fish) states
were compared in four different calcium imaging data parameters that are peak amplitude (df/f)%, peak width, left half peak width, and right
half peak width in three hypothalamic dopaminergic populations (caudal Hypothalamus [cH], intermediate Hypothalamus [iH], and posterior
tuberculum [PT]) The data in all distribution are non-normal and thus tested using Mann-Whitney U test for independent data. (a—c) Fluorescence
amplitude in neurons in untreated (baseline) state was significantly higher in the FD state than in the AL state in cH, iH, and PT (p <0.001) (d-f)
The fluorescence signal peak in baseline groups was significantly wider in FD larvae in iH (p <0.001) and PT neurons only (p=0.014) and mildly
wider in cH and PT neurons. (g-i) Baseline left half peak widths were significantly wider in the FD state in all DA populations (cH: p <0.05); iH, PT:
p<0.001). (j-1) Right half peak width was significantly higher in FD than in AL in all DA populations (cH: p=0.026; iH: p <0.001; PT: p <0.001). Box
plot limits are represented as Q1-Q3: 25%-75%, and whiskers are represented by outliers (1.5QR). The black horizontal line within the box represents
the median with values mentioned on the right side of the line, and the blank square represents the mean of the data.

[FD_0.7], n=361 [AL_1.5], n=349 [FD_1.5]; p<0.001). Post state in cH population (median AF/Fo: 0.7 uM [AL: 1.22%; FD:
hoc comparison indicated that both doses in the FD state 1.56%], p<0.001; 1.5uM [AL: 0.819%; FD: 2.1%], p <0.001).
showed an increased neuron fluorescence relative to the AL In Figure 3b, overall significant effect in iH neurons was
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FIGURE 3 | Dose-dependent analysis between states. All four parameters were statistically analyzed at two different doses of amphetamine
(0.7uM [AL: N=11; FD: N=10 fish] and 1.5uM (AL: N=9; FD: N=38 fish]) and compared between AL and FD states using Kruskal-Wallis ANOVA
for independent data followed by Dunn's post hoc comparison. Comparisons were made between AL and FD states in 0.7 and 1.5 M doses of AMPH
in all three DA neuron populations. (a-c) Both doses (0.7 and 1.5uM) increased cH fluorescence activity (0.7 uM: p <0.001; 1.5uM: p<0.001) in cH
neurons in FD state, and only 1.5uM AMPH dose increased neuron fluorescence in iH and PT populations (p <0.001). (d-f) Overall peak width did
not change significantly across doses and states in all three DA populations. (g-i) Left half peak width was significantly larger in FD states only at
1.5uM AMPH dose in cH (p<0.001) and iH (p <0.001) and in AL state in PT neurons at 0.7uM dose (p =0.027). (j-1) The right half peak was wider
in the FD state at 1.5uM in cH (p=0.028) and iH (p =0.016) population only. Box plot limits are represented as Q1-Q3: 25%-75%, and whiskers are
represented by outliers (1.5QR). The black horizontal line within the box represents the median with values mentioned on the right side of the line,
and the blank square represents the mean of the data.
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observed (y,2=129.60; n=498 [AL_0.7], n=485 [FD_0.7],
n=449 [AL_1.5], n=424 [FD_1.5]; p<0.001). Planned com-
parison showed a higher peak amplitude in FD state compared
to AL state was observed only at 1.5uM dose (median AF/Fo:
0.7uM [AL: 1.12%; FD: 1.09%], p=1.000; 1.5uM [AL: 0.40%;
FD: 1.3%], p<0.001). Similar to the other two populations,
Kruskal-Wallis ANOVA conveyed an overall significant dif-
ference in PT neurons (y,>=104.68; n=522 [AL_0.7], n=513
[FD_0.7], n=491 [AL_1.5], n=379 [FD_1.5]; p < 0.001). Here,
the peak amplitude of the calcium traces was found to be
higher in FD larvae than in AL larvae at 1.5uM dose only (me-
dian AF/Fo: 0.7uM [AL: 0.76%; FD: 0.91%], p=0.475; 1.5uM
[AL: 0.43%; FD: 0.8%], p < 0.001) (Figure 3c).

3.3 | Food Deprivation Potentiated Hypothalamic
DA Activity by Increasing the Rising and Falling
Duration of Calcium Peaks Post-AMPH Treatment

We investigated whether varying the AMPH dose affects the du-
ration of neuron activity by measuring the whole peak width,
left half peak width (peak rising fluorescence amplitude), and
right half peak width (peak declining fluorescence amplitude)
in individual calcium traces. In Figure 3d,e, we statistically
analyzed the difference in whole peak width (resting-peak-
resting amplitude). We did not find statistical significance in
the peak width in any of the three DA neuron populations cH
(X;>=7.70; n=404 [AL_0.7], n=386 [FD_0.7], n=361 [AL_L.5],
n=350 [FD_1.5]; p=0.052) (Figure 3d), iH (y,>=6.15; n=498
[AL_0.7], n=485 [FD_0.7], n=449 [AL_1.5], n=424 [FD_1.5];
p=0.104) (Figure 3e) and in PT (y,=5.50; n=521 [AL_0.7],
n=498 [FD_0.7], n=491 [AL_1.5], n=379 [FD_1.5]; p=0.138)
(Figure 3f). Post hoc comparison did not show a significant
change between AL and FD states in cH (median peak width:
0.7uM [AL: 6.35s; FD: 6.92s], p=1.000; 1.5uM [AL: 6.13s; FD:
6.51s], p=0.114), iH (median peak width: 0.7 uM [AL: 5.96s; FD:
5.98s], p=1.000; 1.5uM [AL: 5.69s; FD: 6.08s], p=0.083), and
PT (median peak width: 0.7uM [AL: 4.09s; FD: 4.53s], p=0.177;
1.5uM [AL: 4.24s; FD: 4.29s], p=1.000). All three DA neuron
populations exhibited a mild but non-significant increase in
peak amplitude in FD state post AMPH treatment in all doses.

Upon analyzing left half peak width in Figure 3g-i, which
represents the time duration between resting and highest am-
plitude of the calcium peak, overall significant change was
observed using Kruskal-Wallis ANOVA (x,>=16.61; n=404
[AL_0.7], n=386 [FD_0.7], n=361 [AL_1.5], n =350 [FD_1.5];
p<0.001) (Figure 3g) and post hoc comparison also showed
significance between AL and FD groups at 1.5uM dose only
in cH (median peak width: 0.7uM [AL: 0.82s; FD: 0.79s],
p=1.000; 1.5uM [AL: 0.72s; FD: 0.85s], p<0.001). Similarly,
significance was also found in iH neurons between two caloric
states (y,*>=24.91; n=498 [AL_0.7], n=485 [FD_0.7], n=449
[AL_1.5], n=424 [FD_1.5]; p<0.001) with planned compar-
ison indicating difference between physiological states at
1.5 uM dose (median peak width: 0.7 uM [AL: 0.81s; FD: 0.73s],
p=0.997; 1.5uM [AL: 0.71s; FD: 0.835], p<0.001) (Figure 3h).
In PT neurons, although overall significant difference was ob-
served ()y;>=8.28; n=>522 [AL_0.7], =498 [FD_0.7], n=491
[AL_1.5], n=379 [FD_1.5]; p<0.001), contrarily, post hoc test
showed the difference between caloric states only at 0.7uM

dose (median peak width: 0.7uM [AL: 0.80s; FD: 0.865s],
p=0.027; 1.5uM [AL: 0.83s; FD: 0.80s], p=1.000; Figure 3i).
In cH and iH neuron populations, significantly higher left half
peak width was observed in FD groups post 1.5uM AMPH
dose, whereas same trend was shown by PT neurons but at
0.7 uM dose depicting the neuron activity to take significantly
longer to reach the maximum amplitude.

The right-half peak width was analyzed to measure the time the
calcium trace peak took to decline from the highest to its resting
state. In Figure 3j, Kruskal-Wallis ANOVA test expressed the
dosage effect in cH neurons (x,*>=9.14;n =404 [AL_0.7], n=386
[FD_0.7], n=361 [AL_1.5], n=350 [FD_1.5]; p=0.028) and
post hoc comparison revealed a significant difference between
states at 1.5uM dosage (median peak width: 0.7uM [AL: 0.98s;
FD: 0.97s], p=1.000; 1.5uM [AL: 0.92s; FD: 1.07s], p=0.016).
Dose effect in iH neurons was also observed to be significant
in Figure 3k ()(32 =18.41; n=498 [AL_0.7], n=485 [FD_0.7],
n=449 [AL_1.5], n=424 [FD_1.5]; p<0.001). FD larvae ex-
hibited a significant increase at 1.5uM dosage when pairwise
comparisons were done (median peak width: 0.7uM [AL: 0.91s;
FD: 0.89s], p=1.000; 1.5uM [AL: 0.81s; FD: 0.97s], p<0.001).
Contrarily, significance was neither induced by dosage in PT
neurons for right-hand peak width neurons (y,>=4.74; n=522
[AL_0.7], n=498 [FD_0.7], n=491 [AL_1.5], n=378 [FD_1.5];
p=0.191) nor by post hoc comparison (median peak width:
0.7uM [AL: 0.96s; FD: 1.01s], p=0.479; 1.5uM [AL: 0.97s; FD:
1.05s], p=1.000) (Figure 31). Right-hand peak width data show
that the FD state increased the time taken by the neuron activity
to drift down from highest to resting amplitude causing the neu-
ron activity to stay longer.

3.4 | Feeding States Impaired the Neuron
Correlation Between DA Neuron Pairs
Independently and Associatively With AMPH Doses

In Figure 4, we measured the dopamine neuron activity
correlation between neuron pairs at baseline level (without
AMPH) and two different doses. The correlation conveys how
strongly the neuron activity is correlated between different
DA neuron pairs and how feeding states and AMPH affect this
correlation. Although the correlation coefficients calculated
here are weak when their individual values were considered,
we only made a relative comparison in this analysis. First, we
compared the correlation between neuron pairs in both states
at baseline level (Figure 4a,b). In the AL state (Figure 4a), we
observed a significantly high correlation between all pairs.
A relatively strong positive correlation was observed be-
tween cH-PT neuron activity (Spearman'’s R correlation: 0.1,
p=0.006), which was followed by the cH-iH pair (Spearman’s
R correlation: 0.086, p =0.015); however, a negative correlation
was shown by iH-PT neuron pair (Spearman'’s R correlation:
—0.089, p=0.021). Interestingly, when correlation was mea-
sured between neuron pairs in FD state (Figure 4b), although
correlation coefficients were significant in between all pairs,
we found a relatively stronger positive correlation between the
iH-PT pair (Spearman's R correlation: 0.25, p<0.001) which
was contrary to the observation made in AL state. A relatively
weak positive correlation was observed between the iH-cH
pair (Spearman's R correlation: 0.21, p <0.001), followed by a
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FIGURE 4 | Calcium peak amplitude (df/f) correlation heatmap. Correlation analysis of DA neuron activity among all three DA populations in
AL and FD states was performed in baseline and two AMPH doses. (a, b) Baseline: Neuron activity correlation between cH and PT was highest in
AL larvae, followed by cH and iH neurons, whereas PT-iH neurons showed a negative correlation. FD larvae showed the highest neuron activity
correlation between iH-PT neurons, followed by cH-iH neurons, and the least correlated pair was cH-PT. (c, d) 0.7uM: In the AL state, highly
correlated pairs at lower AMPH doses were PT-iH and PT-cH, showing a noticeable increase at this dosage. cH-iH pairs were the least correlated here.
Correlation in neuron activity in FD larvae showed an identical trend. (d, e) 1.5uM: At a higher AMPH dose of 1.5uM, cH-iH activity correlation in
AL larvae was the highest among all DA populations. At this dosage, cH-PT and iH-PT neuron pairs showed a negative correlation in the activity. In
the FD state, neuron activity was correlated between the iH-PT neuron pair followed by the cH-iH pair. Similar to the AL state, the FD state induced

a negative correlation between the cH-PT pair.

weaker but significant positive correlation between the cH-PT
pair (Spearman’s R correlation: 0.15, p <0.001).

When neuron activity correlation was measured in larvae
after AMPH treatment, a significant change and reduction in
correlation was observed in some pairs. In Figure 4c, when
AL larvae were treated with 0.7uM AMPH, iH neurons were
strongly correlated with PT neurons (Spearman'’s R correlation:
0.29, p<0.001). The positive correlation between cH and PT
neurons was relatively weaker (Spearman'’s R correlation: 0.24,
p<0.001), and the least non-significant positive correlation
was expressed by cH-iH pair (Spearman’s R correlation: 0.091,
p=0.067). Larvae in the FD state treated with 0.7uM AMPH
(Figure 4d) expressed a strong positive correlation between the
iH-PT neuron pair (Spearman's R correlation: 0.26, p <0.001).
A significantly strong positive correlation was also observed in
(Spearman’s R correlation: 0.20, p <0.001), and the least positive
and non-significant correlation was exhibited by the cH-iH pair
(Spearman’s R correlation: 0.077, p=1.000). At a higher AMPH
dose (1.5uM), neuron activity correlation between all neuron
pairs in the AL state significantly reduced (Figure 4e). Strongest
and significant positive correlation was seen between cH and
iH (Spearman'’s R correlation: 0.11, p=0.001). Activity correla-
tion was found to be reduced and statistically non-significant
between the cH-PT pair (Spearman's R correlation: —0.028,
p=0.560) and iH-PT neuron pair (Spearman's R correlation:
—0.042, p=0.217). Contrary to the AL state, FD state post

AMPH administration indicated the strongest positive correla-
tion in this dosage in the iH-PT neuron pair (Spearman's R cor-
relation: 0.27, p<0.001), and the least positively correlated pair
was iH-cH (Spearman's R correlation: 0.043, p=0.893) and was
non-significant. Between cH and PT neurons, similar to the AL
state at 1.5 uM dose, activity correlation was negative and signif-
icant (Spearman’s R correlation: —0.092, p=0.004).

3.5 | Feeding Affected the Calcium Spike Latency
Dose-Dependently in Selective DA Populations

Latency in neuronal calcium spikes depicts the time elapsed
between two subsequent adjacent peaks and possesses an in-
verse relationship with neuron activity frequency. We investi-
gated neuron calcium trace latency and compared it pre- and
post-AMPH at both doses and all three DA neuron populations.
Interestingly, we found the outcomes contrary to what we saw
in peak amplitude and width investigation dose-dependently. At
0.7uM dose, we did see an overall significant change in latency
after AMPH administration in cH neurons after Kruskal-Wallis
ANOVA (x,>=16.11; n=391 [AL Baseline], n=394 [AL_0.7],
n=367 [FD Baseline], n=376 [FD_0.7]; p=0.001) (Figure 5a).
No significant latency change post-AMPH was observed ex-
cept a mild increase in AL state and decrease in FD state
(median difference: AL Baseline-AL_0.7: 0.33s, p=0.618; FD
Baseline-FD_0.7: —0.11s, p=1.000). However, at 1.5uM dose
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FIGURE 5 | Inter-spike interval (Latency) comparison. Latency was statistically analyzed at two different doses of amphetamine (Baseline and

0.7uM [AL: N=11; FD: N=10 fish] and Baseline and 1.5uM [AL: N=9; FD: N=8 fish]) between paired subjects. Paired comparison between
baselines and doses in AL and FD states using Kruskal-Wallis ANOVA for dependent data followed by Dunn's post hoc comparison. Pairwise
comparisons were made between baselines and their respective doses in AL and FD states (pre- and post-AMPH) in all three DA neuron populations.
(a, b) cH: Latency significantly decreased in cH neurons at 1.5uM AMPH dose in AL state only (median difference: 0.15; p=0.021). (c, d) iH: No
significant difference pre- and post-AMPH was observed in latency in iH neurons in both doses. (e, f) PT: Decreased latency was only observed in the
AL state at 1.5uM dose (median difference: 0.92; p<0.001) and remained non-significant everywhere else. Box plot limits are represented as Q1-Q3:
25%-75%, and whiskers are represented by outliers (1.5QR). The black horizontal line within the box represents the median with values mentioned
on the right side of the line, and the blank square represents the mean of the data.

(Figure 5b), along with an overall significance with ANOVA
(x,2=10.75; n=302 [AL Baseline], n=352 [AL_L.5], n=348
[FD Baseline], n=342 [FD_1.5]; p=0.013) planned comparison
also showed a significant decrease in latency in cH neurons
in AL state but a mild non-significant increase was observed
in FD state (median difference: AL Baseline-AL_1.5: —0.68s,
p=0.021; FD Baseline-FD_1.5: 0.15s, p=1.000). In Figure 5c,

iH neurons at 0.7uM neither showed an overall significant ef-
fect of state (y,>=5.40; n=445 [AL Baseline|, n=488 [AL_0.7],
n=448 [FD Baseline], n=475 [FD_0.7]; p=0.147) nor latency
change after AMPH treatment in both AL (median difference:
AL Baseline-AL_0.7: —0.13s, p=1.000; FD Baseline-FD_0.7:
—0.41s, p=0.407). Latency in iH neurons at 1.5uM dose
(Figure 5d) followed the same trend as it did at 0.7uM dose.
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Statistical significance was not observed either with ANOVA
(x,2=5.86; n=412 [AL Baseline|, =440 [AL_1.5], =405 [FD
Baseline], n=416 [FD_1.5]; p=0.118), and post hoc test in both
caloric states (median difference: AL Baseline-AL_1.5: —0.22s,
p=1.000; FD Baseline-FD_1.5: 0.19s, p=1.000). PT neuron at
0.7 uM dose did not express an overall significant change in la-
tency 0(32 =3.75;n=490 [AL Baseline], =512 [AL_0.7],n=498
[FD Baseline|, n=488 [FD_0.7]; p=0.288) (Figure 5e). Pairwise
comparison also failed to show significance after AMPH ad-
ministration (median difference: AL Baseline-AL_0.7: —0.2s,
p=1.000; FD Baseline-FD_0.7: 0.29s, p=1.000). PT neurons ex-
pressed a significant overall effect at 1.5uM (x,>=26.73; n=407
[AL Baseline], n=482 [AL_1.5], n=343 [FD Baseline], n=371
[FD_0.7]; p<0.001). Pairwise comparison indicated a signifi-
cant decrease in latency in the AL state but not in the FD state
(median difference: AL Baseline-AL_1.5: —0.92s, p<0.001;
FD Baseline-FD_1.5: —0.45s, p=0.188). The results showed
a decrease in latency (increased neuron activity) when larvae
were fully fed (AL state), indicating that food reward inter-
feres with the rewarding properties of AMPH to induce a dose-
dependent change in DA neuron activity in these hypothalamic
populations.

4 | Discussion

Using zebrafish larvae, this study investigated A1l (PT) and
Al4 (cH, iH) type dopamine (DA) neurons in the hypothalamus
(Barrios et al. 2020; Haehnel-Taguchi et al. 2018). Generally, DA
activity is influenced by the rewarding nature of food and drugs
in the mesolimbic pathway, which initiates from the ventral teg-
mental area (VTA) and is projected into the nucleus accumbens
(NAo©), a part of the striatum in the mammalian brain (Holly and
Miczek 2016). In zebrafish, research shows the innervations of
DA neurons from the posterior tuberculum (PT) into the sub-
pallium brain region in zebrafish, which is a teleost equivalent
of mammalian striatum (Rink and Wullimann 2002). However,
no evidence exists to identify the mammalian equivalent of
the complete limbic reward pathway in the zebrafish brain.
Moreover, how the interference of food and drug rewards affects
the dopaminergic pathway has yet to be well understood. Thus,
there is a considerable knowledge gap regarding the identifica-
tion of reward circuitry in this animal model and the effects of
complexing the drug reward with different feeding regimes on
the known DA neuron populations. Therefore, to fill this gap,
in this novel study, we evaluated the individual and interac-
tive effects of food deprivation and different doses of amphet-
amine (AMPH) on three distinct dopaminergic regions in the
hypothalamus of zebrafish larvae and compared the responses
with Ad libitum fed larvae. Evidence shows that food-restriction
and amphetamine increased excitability of dopamine neurons
(Branch et al. 2013; Drevets et al. 2001). Thus, we hypothesized
that dopamine neuron activity will increase in food-deprivation
and its interaction with amphetamine. We found that hunger in-
creased dopamine activity in all three dopamine regions both
alone and interactively with amphetamine.

Zebrafish larvae are born with a yolk sac, which includes a sup-
ply of essential nutrition that serves as food only till 4 pdf and
requires external feeding upon reaching 5 pdf (Sant and Timme-
Laragy 2018). We used 6dpf larvae with an 18-h acute overnight

food-deprivation period to obtain dopaminergic activity record-
ings. According to our findings, food deprivation alone increased
neuron activity in all three DA populations. Our results agree
with the outcomes in the previous studies that were performed
in acutely fasted rodents and acute central ghrelin injection
(Anderberg et al. 2016; Roseberry 2015). Dopaminergic neu-
rons receive synapses from various neuron populations in the
brain (Watabe-uchida et al. 2012). One such neuron population
is Agouti-related protein/Neuropeptide-Y (AgRP/NPY) neurons
in the hypothalamus, which get stimulated when ghrelin (a gut
hormone that is secreted during starvation) binds to its recep-
tors on AgRP/NPY neuron surface (Essner et al. 2017; Khelifa,
Skov, and Holst 2021). Food deprivation increases AgRP/NPY
mRNA expression (Bi, Robinson, and Moran 2003). In addition,
the direct incremental effect of ghrelin on dopaminergic neu-
rons has been observed via its binding onto ghrelin receptors
(Abizaid 2009; Jerlhag and Egecioglu 2010; Quarta et al. 2009).
These results altogether indicate that A11 and A14 DA popula-
tions are affected by hunger and probably receive synaptic in-
puts directly or indirectly from AgRP/NPY neurons and are also
affected by ghrelin release. Thus, the presence of AGRP/NPY
innervations in and ghrelin receptors on zebrafish A11 and A14
neurons can be investigated in the future.

We also reported that neuron activity amplitude was relatively
higher in the FD state than in the AL state with both doses and
was comparatively greater with the higher dose in all three DA
populations. Food deprivation and AMPH-mediated increase in
DA neuron activity could have arisen from decreased insulin
levels in FD states. The studies show that dexamethasone (an
insulin blocker) injection and food deprivation independently
increase NPY mRNA expression, and FD-mediated NPY re-
lease increases DA activity (Rezitis, Herzog, and Kin 2022; Sato
et al. 2005). In mice, amphetamine treatment significantly de-
creases fasting blood glucose, and reduced blood glucose further
lowers insulin levels (Fruehwald-schultes et al. 2000; Zhang
et al. 2018). Although studies in the context of insulin-hunger-
AMPH are scarce, especially in zebrafish, more than 70% of
glucose and insulin regulatory genes studied in zebrafish and
humans are conserved and show a similar regulation pathway
(Zhang et al. 2018). Thus, the reduction in insulin caused by food
deprivation and its further decrease by AMPH treatment might
have led to an increase in NPY levels, which probably caused a
surge in DA activity in FD larvae. Investigating the connection
among glucose, insulin, food deprivation, and amphetamine
can shed more light on their collective impact on DA activity
in mammals and zebrafish. The aforementioned study showing
the innervation of DA neurons from PT into the subpallium and
the increase in dopaminergic neuron activity in PT along with
cH and iH in FD states points to PT being the primary reward-
related region. From our findings and these previous observa-
tions, it would be reasonable to assume that the differences in
brain structure may have functionally compensated for the re-
warding properties by providing a part of the central rewarding
function to the PT-striatum circuitry in this teleost. However,
this assumption holds unless the reward-related DA populations
are identified. Despite the limited study of cH and iH DA neuro-
nal projections, an increase in their activity also points to their
yet unknown innervations into the zebrafish striatum besides
PT DA neurons and could be explored in the future to under-
stand their function in eliciting hedonic reward.
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In the AL and FD states, we performed df/f correlation analy-
sis between DA neuron pairs pre- and post-AMPH treatment.
The baseline calcium activity (df/f) correlation between all
DA pairs, both within the A14 neurons and between A14 and
A1l neurons, was relatively higher in the FD state than in the
Ad libitum state. A11 neurons receive inputs from several nu-
clei, including the parabrachial nucleus (PBN), which is im-
portant in modulating feeding-related homeostasis (Koblinger
et al. 2014; Zhao et al. 2023). In zebrafish, the secondary
gustatory-general viscerosensory nucleus (SGN/V) is present
as the mammalian equivalent of PBN containing food/taste
sensory neurons and projects into the regions of the posterior
tuberculum (Henriques et al. 2019; Yanez et al. 2022). Here,
calretinin (CR) is expressed predominantly in SGN, which is
a part of the periventricular hypothalamus in PT and caudal/
intermediate hypothalamic regions in zebrafish brains, and
food deprivation increases its expression (Hua et al. 2018;
Mueller 2012). The studies show that the presence of CR in
striatal DA neurons in different animal species exhibits var-
ious effects of CR in DA neurons and its precursor L-DOPA
(Isaacs, Wolpoe, and Jacobowitz 1997; Mura, Feldon, and
Mintz 2000; Petryszyn et al. 2016). Yet, the effects of CR on
DA excitability remained largely unexplored. Dopaminergic
activity is also affected by AgRP neurons, and in the zebrafish
brain, AgRP neurons are located in the periventricular hypo-
thalamus while projecting throughout the hypothalamic re-
gions (Shainer et al. 2017). Additionally, hypothalamic AgRP
neurons are relatively closer to A14 neurons. Therefore, an in-
crease in DA activity simultaneously via SGN-CR in A1l and
AgRP in both A1l and A14 DA neurons could be a possible
reason for the relatively higher correlation in activity between
both DA types in food deprivation. Calcitonin gene-related
peptide (CGRP) is a gut protein that is present in both mam-
mals and zebrafish, and its expressive neurons are present in
PBN and A1l neurons in mammals (Kuil et al. 2021; Milet
et al. 2018; Zhao et al. 2023). CGRP has been shown to sup-
press food intake in animals in fed states (Sanford et al. 2019).
This suggests that the fed state might have induced the re-
lease of CGRP, and it also increases DA neuron activity either
directly from All neurons or via a neuron pathway other
than CR (Rahimi, Sajedianfard, and Owji 2017). Contrarily,
a recent study showed that ablation of AgRP neurons led to
the impairment of dopaminergic neuron activity in rodents,
and AgRP neuron activity generally decreases in the fed state
(Reichenbach et al. 2022). This contradictory activity in dopa-
minergic neurons in the A11 and A14 regions may have led to
a decrease in correlation relative to what we have observed in
the FD state.

More interestingly, with AMPH treatment, the activity cor-
relation increased in the AL state relative to the FD state at
both doses, and the increment was relatively more noticeable
at the higher dose. This altered correlation from amphetamine
treatment could stem from its effect on a peptide called pro-
tein kinase C (PKC) in PBN that mediates taste transduc-
tion (Varkevisser and Kinnamon 2023). Research shows that
both food and amphetamine increase PKC activity, and an
independent study shows a PKC-mediated increase in dopa-
mine activity (Inoguchi et al. 1939; Krivanek 1997; Mutanen
et al. 2000). However, food and AMPH both have been shown
to inhibit AgRP neuron activity, and AgRP ablation decreased

dopamine neuron excitation in rodents (Alhadeff et al. 2019;
Reichenbach et al. 2022). These two findings are contradic-
tory, but identical modulation in PKC and AgRP-mediated
conditions express an increased correlation in the AL state.
The function of PKC has been identified in zebrafish only re-
cently for its involvement in fat and glucose metabolism (Sun
et al. 2021). Hence, there is a need to perform further studies
about its participation in modulating DA neuron activity along
with the use of stimulants. Moreover, the difference in activ-
ity correlation within and between neuron populations also
showcases the ability of feeding states to leverage different
pathways in modulating the neuron activity correlation. This
can be observed especially when activity between iH and PT
in the FD state exhibited the highest correlation; it went to its
lowest negative value in the AL baseline state and in both AL
and FD states at higher AMPH doses.

The results presented in this novel study feature the ability of
hunger and its interaction with amphetamine to significantly af-
fect the reward-related neuron populations in the teleost brain.
Moreover, it broadly confirms the functional conservation of
dopamine activity across different animal species. Our results
show that the dopaminergic neurons exhibited increased ac-
tivity in all three hypothalamic populations when subjected to
acute fasting alone and with AMPH treatment relative to the fed
state. Exploring this cohesive effect of caloric state-AMPH on
DA neurons further could help devise interventional strategies
for controlling the DA activity by varying diet and stimulant
doses. The caloric state-AMPH treatment also altered the cor-
relation between populations. This outcome could be useful to
understand how different DA populations communicate when
subjected to rewarding stimuli.

5 | Conclusion

In this novel research, we showed the change in dopamine ac-
tivity firing in three regions of hypothalamus in 6dpf zebrafish
larva when subjected to food-deprivation and amphetamine.
We investigated the peak amplitude (fluorescence change), sin-
gle calcium trace duration (peak width), peak rising and peak
falling time in the regions. Our findings show that dopamine
activity was enhanced by hunger. After AMPH treatment, in-
crease in DA activity was dose dependent in different regions.
Furthermore, we measured the effects of hunger and AMPH
on the peak amplitude correlation between inter and intra DA
populations. The activity was highly correlated in food de-
prived state relative to fed state and correlation was disrupted
by amphetamine treatment. Finally, we analyzed peak latency
representing the frequency of the calcium trace occurrence in
drugged larvae subjected to starvation where traces were fre-
quently observed in fed state. Overall, our findings show that the
teleost DA neuron activity subject to an AMPH dose-dependent
change and the drug evoked an increase in their activity when it
interacted with starvation state.
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