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Optogenetic activation of
hypothalamic AgRP neurons
In transgenic zebrafish larvae
increased food intake

Hossein Mehrabil’, Pushkar Bansal*’, John Jutoy?, Yat Ho Chan?, Mitchell F. Roitman®,
Ruixuan Gao®° & Erica E. Jung%®™*

Agouti Related Peptide (AgRP) neurons are located in the hypothalamus, and upon stimulation, these
neurons regulate hunger and hunger-mediated behaviors, especially food-seeking and compulsive
eating. AgRP neurons are naturally activated by ghrelin binding onto the ghrelin receptors on the
neuron surface during starvation or fasting state to evoke the aforementioned behaviors. In this study,
we used channelrhodopsin (ChR2), an optogenetic actuator, to control AgRP neuronal activity. For the
first time, we observed food-intake behavior in zebrafish larvae by optogenetically triggering AgRP1
neurons. We created a transgenic line, Tg(AgRP1:ChR2-Kaede), where ChR2-Kaede is expressed in
AgRP1 neurons. Transgenic zebrafish Tg(AgRP1:ChR2-Kaede) larvae at 6 days post fertilization and
wild-type (ABWT) larvae were used to compare the suction behavior. We found that AgRP1 neuron
activation in transgenic larvae led to a significantly higher food-consumption behavior than wildtype
larvae when analyzed using Particle Image Velocimetry (PIV) to calculate the food particle velocity
initiated by larval suction behavior. These findings in this novel transgenic zebrafish model would be
useful in studying various hunger-related behaviors, their underlying neural circuits, and substrates
subjected to different chemical stimuli, including drugs of abuse.

Keywords Optogenetic stimulation, AgRP neurons, Zebrafish, Food intake, Suction behavior, Microfluidics
devices

Food consumption is essential to sustenance and supports metabolism in animals. Central signaling of hunger
is mediated, in part, by neuronal populations in the hypothalamus. In particular, neurons expressing Agouti-
related peptide (AgRP) in the arcuate nucleus of the hypothalamus play a major role in controlling appetite,
and their activation is sufficient to drive voracious eating'. Previous studies reported that AgRP neurons are
activated during food restriction leading to an increase in food-seeking and food-intake behavior in rodent
using chemogenetic approaches?. Other approaches such as optogenetic activation has also been used to activate
AgRP neurons and studied its consequent food-consumption behavior in mammals®. Optogenetic activation of
neurons is a minimal (in rodents and primates)*® to non-invasive (zebrafish, flies and nematodes)® approach
to stimulate a specific population of neurons in animals that involves the incorporation of channelrhodopsin in
the neurons. This approach could be useful in gaining insights on functional conservation of AgRP neurons in
other species has largely been unexplored.

In this study, we for the first time explored the function of AgRP neurons in zebrafish larvae by optogenetically
activating these neurons and examined the resulting changes in food intake behavior. AgRP neuron populations
are partially conserved across animals where AgRP neurons in rodents co-express Neuropeptide-Y and are
altogether called AgRP/NPY neurons’, whereas in Zebrafish, AgRP and NPY neurons exist as two distinct
entities in separate locations!®. Previous studies only indirectly suggest the role of AgRP neurons in food
intake in zebrafish. For example, a study showed that increased food-intake was higher in control zebrafish
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subjects compared to AgRP1 ablated counterparts! 2. Moreover, the role of AgRP neurons in feeding behavior
in zebrafish by showing the upregulation of AgRP neuron gene expression in fasted larval zebrafish was also
recorded!®. Additionally, oatplcl ablation which led to AgRP neuron proliferation resulted in increased food
consumption'®. Taking together the aforementioned research, we hypothesized that optogenetic activation of
AgRP1 neurons in zebrafish would lead to an increased food-intake behavior than the wildtype larvae.

Zebrafish larvae are excellent animal models for neuroscience research due to their small size (~3 mm)
and optical transparency for observing activities inside the larval body, such as in the brain. Optogenetics
has been used in zebrafish larvae to observe brain activity and alter behavior by controlling neuron activity in
transgenic lines. In this study, we have created a transgenic Tg(AgRP1:ChR2-Kaede) zebrafish line expressing an
excitatory channelrhodopsin ion channel peptide complexed with a fluorescence-emitting protein called Kaede.
Both proteins are photoactivatable, and Kaede exhibits a change in color upon photoactivation, confirming
the activation of the ChR2-Kaede complex and the neurons. We photoactivated AgRP1 neurons in zebrafish
larvae which was partially immobilized in a microfluidic device while feeding the larvae with fish food particles
suspended in fish water. Particle Image Velocimetry (PIV) analysis was used to track the motion of the food
particles that were being consumed by the larva. Using PIV, we quantified the flow of food particles in terms
of food particle motion and velocity calculation in the fish water which was initiated by suction behavior. Our
results show that activation of AgRP1 neurons caused a significantly higher food consumption than ABWT
larvae. These results indicate that the function of AgRP neurons in different animal species remains conserved
despite the absence of an important co-expressing peptide in the same neurons.

Materials and methods
Transgenic line generation
We generated a transgenic zebrafish line Tg(AgRP1:ChR2-Kaede) using Tol2 mediated transgenesis system. A
3 kb long AgRP promotor was used to control the ChR2-Kaede ORF that was fused on its 3’ end. Here, kaede
acted as a confirmatory fluorophore to assure the activation of AgRP1 neurons by imaging the color transition
from green to maple red upon activation via blue light (470 nm) and the complex has been used earlier'®. The
ChR2-Kaede was tagged into the 3’ end of simian virus 40 (SV40) polyA region. We optically activated the
AgRP1 neurons in F2 progeny with blue light to induce the change in food-intake behavior. Additionally, we
confirmed the genomic integration of AgRP1 promotor into ChR1-kaede tag and observed the amplification of
transgene in the transgenic F2 generation compared to wildtype and NTC control samples.

To validate the genomic integration of the Tg(AgRP1:ChR2-Kaede) transgene, fin clips were collected from
F1 zebrafish for genomic DNA (gDNA) extraction. PCR analysis was conducted using two specific primer sets
designed to amplify key regions of the construct. Primer pair ZMX3011/ZMX3017 targeted a 1646-bp fragment
spanning the 3’ end of the AgRP1 promoter, the ChR2 open reading frame (ORF), and part of the Kaede tag,
while primer pair ZMX3016/ZMX3019 amplified an 860-bp region that included the Kaede ORF and the
polyA tail. Gel electrophoresis revealed the expected amplicons in transgenic samples, while no amplification
was observed in wild-type and no-template controls, confirming the specificity of the transgene insertion (see
Supplementary Figs. S1 and S2 online). Sanger sequencing of the PCR products further verified the integrity
of the construct. Variation in band intensity among F1 animals was attributed to differences in gDNA quality,
insertion site, or transgene copy number.

Zebrafish breeding

We used 6dpf transgenic Tg(AgRP1:ChR2-Kaede) (n=10, 13) and ABWT (n=9, 14) zebrafish larvae bred
in our fish facility at the University of Illinois at Chicago. Fish were housed in the tanks and placed in a fish
rack (Aquaneering, Inc., San Diego, CA). All fish were kept in a 14/10 h light/dark cycle, and the facility was
maintained at 27 °C temperature. Experimental larvae were initially raised and placed in the fish facility and
transported to the experiment facility once the larvae turned 6 dpf. Larvae were kept deprived of food till 6 dpf
since zebrafish larvae can thrive without feeding till 8 dpf with no growth or developmental anomalies'®. All
experimental procedures were conducted in accordance with relevant guidelines and regulations and were
approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Illinois Chicago
(UIC) under protocol number 24-115. This institution holds Animal Welfare Assurance Number D16-00290
(A3460.01), registered with the Office of Laboratory Animal Welfare, NIH. This study is reported in accordance
with the ARRIVE guidelines 2.0.

Microfluidic device design and manufacturing

Individual zebrafish larvae were trapped in an in-lab constructed microfluidic device to monitor and measure
the velocity of food particles suspended in fish water. A resin 3D printed positive mold was created with features:
liquid input/output, particle flow channel, larva trapping, and water reservoirs. Creation of the device consisted
of heating agarose gel into its liquid form and placing it into a petri dish with the positive mold. Mold is removed
post-solidification of agarose gel. Liquid input and output were necessary to introduce food particles into the
channel via pipette. The channel passes directly through the center of the larva trap to provide larval access to
food particles suspended in water. Flow and mouth movements are not obstructed due to the channel geometry,
although the larva is immobilized from body movement due to the tapering geometry. Water reservoirs
prevented significant water evaporation in the main channel due to the porous nature of agarose. Additionally,
the water reservoir feature acted as a spacer for the positive mold to prevent misalignment in the mold creation.

Sample preparation and materials
Individual zebrafish larvae were carefully placed using a transfer-pipette near the microchannel in the
microfluidic device. A hair loop was used to move and align the larva into the channel for the desired orientation.
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In the microchannel, 0.2 ml of fish water containing fish food particles was dropped near the fish’s mouth using
a micropipette. The partially immobilized larva in the device is then placed under an upright epifluorescent
microscope setup (Olympus Corporation, Japan). Once the sample was placed, the neurons were illuminated,
and Kaede expression was checked to confirm activation. The setup consisted of a 10 x air objective (Olympus
Corporation, Japan), fluorescence excitation, and illumination setup equipped with a wavelength filter of 488 nm
excitation/507 nm emission. Recordings were made using a high-speed sCMOS camera at 33 frames per second
connected to HC Image live software (version 4.5.0.0, Hamamatsu Corp., Japan, https://www.hamamatsu.com/).

The area of blue light stimulation was determined by placing a reference object under the microscope at the
same focal plane as the experiments. The illuminated area was captured and analyzed using Image] (version
1.53e, National Institutes of Health, USA, https:// https://imagej.net/ij/), with the same calibration references
used for experimental videos. The stimulation diameter was measured as 2.471 mm, corresponding to a circular
area of approximately 4.8 mm? The power of blue light was measured with a ThorLabs PM100D optical power
meter and S175C sensor, with power ranging from 75 to 105 mW during experiments. The blue light (470 nm)
was applied continuously for 1 min to activate AgRP1 neurons. Pulsed stimulation was not used because changes
in light intensity interfered with the camera’s ability to detect food particles during video recording.

For imaging Tg(AgRP1:ChR2-Kaede) transgenic zebrafish larvae, samples were embedded in 1.5% low-
melting-point agarose using transfer pipettes. Larvae were first imaged under an upright epifluorescent
microscope equipped with a 20 x water-immersion objective. Subsequently, the same larvae were imaged using a
Yokogawa spinning-disk confocal system (CSU-W1) mounted on a Nikon Eclipse Ti2-E microscope. Confocal
imaging was performed using a 488 nm solid-state laser and a 40 x 1.15 NA water-immersion objective.

Post-processing

Recorded videos were converted into individual frames using Image] and were exported into a third-party
MATLAB (version R2020a Update 8 (9.8.0.1873465), MathWorks, USA, https://www.mathworks.com/)
application called PIV lab'(version 2.63, http://PIVlab.de/). Following appropriate suggested steps and
parameters in the application, including masking, contrast correction, calibration, image, and velocity validations,
we analyzed the velocity of the food particles that were being sucked in by the larvae. A 200 x 200 pm? area was
selected right next to the larva mouth in which the velocity of the tracked particles was measured and saved
as a note file that consisted of frame versus velocity data. Suction events were quantified using the processed
velocity versus frame data obtained from PIV lab. Peak regions with the highest velocities were identified as
suction events using the Peak Analyzer tool in Origin (Version 2022, OriginLab Corporation, Northampton,
MA, USA, https://www.originlab.com/) with the following parameters: Asymmetric Least Square Smoothing
method, asymmetric factor of 0.01, threshold of 0.25, smoothing factor of 2, 40 iterations, and local points of 10.
The results were validated using Image] by placing a vertical line in front of the larva’s mouth and counting half
the number of times the mouth crossed the line as the number of suctions.

Statistical analysis

All data were preprocessed using Origin with baseline subtraction performed via the Asymmetric Least Square
Smoothing method. The following parameters were applied: asymmetric factor of 0.01, threshold of 0.25,
smoothing factor of 2, and 40 iterations. Subsequent analyses were conducted in Python 3. Outliers in each
dataset were identified and removed from the statistical analysis using the interquartile range (IQR) method,
where values outside the lower whisker (Q1-1.5 * IQR) and upper whisker (Q3+1.5 * IQR) were excluded.
This approach was chosen to prevent extreme values, arising from experimental noise or rare variability, from
artificially influencing the statistical analysis. While behavioral parameters are typically normally distributed,
occasional outliers were excluded to enhance the robustness of the analysis and ensure reliable conclusions.

For the analysis of mean velocity, mean suction frequency, and their product, the Shapiro-Wilk test was
used to assess the normality of differences between baseline and stimulation values. Paired t-tests were used for
normally distributed data with homogeneous variance; otherwise, the Wilcoxon signed-rank test was applied.
To evaluate absolute differences in mean velocity, mean suction frequency, their product, and baseline activity
comparison between the ABWT and Tg(AgRP1:ChR2-Kaede) groups, normality was again assessed using
the Shapiro-Wilk test. Independent t-tests were performed when both groups were normally distributed with
homogeneous variance, while the Mann-Whitney U test was applied if the criteria for the independent t-test
were not met by one or both groups. For baseline activity comparisons across groups, p-values were adjusted
using the Bonferroni correction to account for multiple comparisons. Statistical significance was defined as
follows: n.s. (not significant) for p>0.05, * for p <0.05, ** for p<0.01, *** for p<0.001, and *** for p <0.0001.

Results

Creation of transgenic line Tg(AgRP1:ChR2-Kaede)

To investigate the functional role of AgRP1 neurons in zebrafish, we have utilized the Tol2 transgenesis system to
generate a transgenic line that expresses ChR2-kaede under the transcriptional control of the AgRP1 promoter,
permitting specific photoactivation of AgRP1 neurons by blue light illumination (Fig. 1a). In Fig. 1b, we depicted
a crossing scheme yielding heterozygous F2 progeny, which were used for all subsequent analyses. To validate the
targeting of AgRP1 neurons, a Tg(AgRP1:ChR2-Kaede) transgenic larva was embedded in 1.5% low-melting-
point agarose and imaged under an upright epifluorescent microscope using a 20 x water-immersion objective.
Kaede fluorescence was detected in the approximate anatomical location of AgRP1 neurons (Fig. 1¢). The same
larva was subsequently imaged using a confocal microscope with a 40 x water-immersion objective (Fig. 1d),
revealing five labeled AgRP1 neurons. Typically, 6 dpf zebrafish larvae possess approximately 10-20 AgRP1
neurons'. In our transgenic line, the number of labeled neurons varies across individual larvae, ranging from
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Fig. 1. (a) Schematic of the Tol2 transgenic construct used to generate zebrafish expressing ChR2-Kaede under
the control of the AgRP1 promoter. (b) Breeding strategy to generate heterozygous F2 transgenic larvae, which
were subsequently stimulated with blue light to activate AgRP1 neurons. (c) Screening of a Tg(AgRP1:ChR2-
Kaede) larva under an upright epifluorescent microscope using a 20 x water-immersion objective. The
approximate anatomical location of AgRP1 neurons is indicated relative to the eyes. (d) High-magnification
confocal imaging of the same larva using a 40 x water-immersion objective, showing five AgRP1 neurons
labeled by endogenous Kaede fluorescence.
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as few as one neuron to labeling of nearly the entire AgRP1 neuronal population (see Supplementary Figs. S1
and S2 online).

Suction behavior analysis

To facilitate experiments in feeding behavior, we designed custom microfluidic chambers capable of precision
control over food particle flow as well as optogenetic activation of AgRP1 neurons. The mold shown in Fig. 2a
was first fabricated using 3D printed resin. Then, the agarose negative mold represented in Fig. 2b was created
from the resin mold and used to observe suction behavior through the microchannel, as shown in Fig. 2c.
Zebrafish larvae were orientated towards the center of the device with their mouths facing the flow of food
particles (Fig. 2d). We used an epifluorescent microscope to optogenetically activate AgRP1 neurons (blue
light stimulation at 470 nm; Fig. 2e,f). To analyze food suction behavior, we partially immobilized larvae in a
microfluidic channel and used Particle Image Velocimetry (PIV) to track food particle movement towards the
larvae’s mouth (Fig. 3). A zoomed-out view of the trapped larvae is shown in Fig. 3a, with a close-up in Fig. 3b.
PIV analysis revealed the flow of food particles during suction and represented with vector fields (Fig. 3c). We
recorded food suction behavior in baseline conditions (without blue light stimulation) for 1 min, and followed
by the blue light stimulation to activate AgRP1 neurons. Figure 3d and Fig. 3e shows particle sucked through the
microchannel under baseline conditions and during the AgRP1 neuron optogenetic stimulation with blue light,
respectively (see Supplementary Video S1, S2, S3, and S4 online).

O D Agarose Gel |:| Zebrafish Larva

@,
@ @ @ . Food Particles I:l Larva Mouth
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S Tg(agrp1:ChR2-Kaede) larva

Fig. 2. Microfluidic Chamber and Optogenetic activation. A resin 3D printed positive mold (a) was designed
to create a negative mold in liquid agarose (b) inside a petri dish. The negative mold of solidified agarose (c)
acts as reusable device for food particle flow experiments. Zebrafish larva can be placed and trapped in the
center of the device (d) while having mouth access to food particles suspended in water. (e) In an Olympus
BX51 fluorescence microscope (f) a 10 x magnification air objective was used to photoactivate the AgRP1
neurons in the hypothalamus of the larva by delivering blue light stimulation at a wavelength of 470 nm.
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Stimulation

Fig. 3. Larval entrapment and PIV analysis. Larvae was partially immobilized in a microfluidic channel

and food suction behavior was analyzed using Particle Image Velocimetry (PIV). (a) Zoomed-out view of
the trapped larva with the mouth facing toward the channel. (b) Zoomed in view of the immobilized larva.
(c) Food particles flowing toward the fish mouth via larval food consumption behavior are represented with
vectors. (d) Food suction behavior was recorded first without the stimulation (baseline) and with the selected
ROL. (e) Post-stimulation of AgRP1 neurons and representation of food-intake.

Baseline comparison across groups

We used four groups of zebrafish larvae: ABWT (Fed ad libitum and Food-Deprived), serving as the wild-type
control group, and Tg(AgRP1:ChR2-Kaede) (Fed ad libitum and Food-Deprived), a transgenic line in which
AgRP1 neurons can be optogenetically stimulated. Also, all samples in Fed groups were fed ad libitum starting
4 days post fertilization. For each sample in the ABWT and Tg(AgRP1:ChR2-Kaede) groups, we recorded data
for 1 min at 33 fps during both baseline and stimulation phases, capturing the mean velocity magnitude of the
region of interest (ROI) for each frame. From these data, we calculated an average velocity for the baseline and
stimulation phases of each sample. Additionally, the suction distribution was derived from the velocity profile
of each sample.

To examine baseline velocity and suction frequency in Fed ad libitum and Food-Deprived ABWT and
Tg(AgRP1:ChR2-Kaede) groups, a direct comparison was conducted (Fig. 4). As expected, overall activity
(velocity and suction frequency) was higher in Fed groups compared to Food-Deprived groups, likely due to
their higher energy levels from recent feeding. There were no significant differences in velocity between the
four groups. However, suction frequency showed significant differences between Fed ABWT and FD ABWT (p-
value =0.02942), Fed AgRP and FD ABWT (p-value=0.00583), and Fed AgRP and FD AgRP (p-value=0.04784).
All significant differences occurred between a Fed ad libitum group and a Food-Deprived group, likely due to
differences in energy levels. In subsequent analyses, comparisons were restricted to either two Fed ad libitum
groups or two Food-Deprived groups, as there were no significant differences in baseline activity between these
conditions.

Optogenetic stimulation of AGRP1 in zebrafish larvae
Figure 5 illustrates the velocity dynamics, mean velocity, mean suction frequency, and their product in the fed ad
libitum ABWT and Tg(AgRP1:ChR2-Kaede) groups. In the ABWT group, velocity traces were relatively evenly
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Comparison of Baseline Velocity and Suction Frequency Across Groups
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Fig. 4. Comparison of Baseline Velocity and Suction Frequency Across Fed and Food-Deprived Conditions in
ABWT and Tg(AgRP1:ChR2-Kaede) Groups. Boxplots show the distribution of baseline velocity (left panel,
blue) and suction frequency (right panel, red) in each condition, with individual data points displayed for

each group. These analyses underscore the differences in baseline suction frequency between fed and food-
deprived states, providing important context for the hunger-dependent behavioral changes observed during
stimulation. Statistical comparisons were conducted using independent t-tests, with the following p-values: Fed
ABWT versus FD ABWT, p=0.02942; Fed AgRP versus FD ABWT, p=0.00583; Fed AgRP versus FD AgRP,
p=0.04784.

distributed across the baseline and stimulation phases, with no marked increase in activity during stimulation
(Fig. 5a). In contrast, some of the samples in the Tg(AgRP1:ChR2-Kaede) group displayed a pronounced increase
in velocity immediately following stimulation (Fig. 5b), while few samples did not exhibit a significant increase,
likely due to variability in AgRP1 neuron labeling and ChR2 expression levels, as the number of targeted AgRP1
neurons can vary across larvae in our transgenic line (see Supplementary Figs. S1 and S2 online). The average
velocity over time appeared similar between the two groups; however, the Tg(AgRP1:ChR2-Kaede) group
displayed a relatively higher increase after stimulation, although this may not be a reliable criterion for group
comparison, as the velocity magnitude remained near zero during most time frames for the majority of samples.
The dashed red line at 60 s indicates the transition from baseline to stimulation. The maximum velocity of each
sample is shown next to its normalized velocity profile.

To evaluate the effects of optogenetic stimulation in our two groups, we analyzed the average velocity during
baseline and stimulation phases for each sample. In both the ABWT and Tg(AgRP1:ChR2-Kaede) groups, no
significant changes in mean velocity were observed between baseline and stimulation phases (Fig. 5¢c, p-value:
0.63711; Fig. 5d, p-value: 0.10514). To further investigate potential differences between the two groups, we
calculated the absolute differences in mean velocity between the two phases. This analysis revealed no statistically
significant difference between the groups (Fig. 5e, p-value: 0.33886).

Next, we assessed suction frequency, an additional parameter indicative of feeding behavior, across baseline
and stimulation phases. In the ABWT group, suction frequency remained stable, showing no significant
changes between phases (Fig. 5f, p-value: 0.41470). In contrast, the Tg(AgRP1:ChR2-Kaede) group exhibited
a significant increase in suction frequency during stimulation (Fig. 5g, p-value: 0.00227). When comparing the
absolute differences in suction frequency between baseline and stimulation, the Tg(AgRP1:ChR2-Kaede) group
displayed significantly greater changes than the ABWT group (Fig. 5h, p-value: 0.02424).

To capture an integrated view of feeding dynamics, we calculated the product of mean velocity and suction
frequency as an estimate of total food intake. The product of mean velocity times cross-sectional area is a
volumetric flow rate Q'8 and since the cross-sectional area of the microchannel is constant, the product of mean
velocity and suction frequency is proportional to the total food intake. In the ABWT group, this parameter
did not significantly vary between baseline and stimulation phases (Fig. 5i, p-value: 0.68047). However, the
Tg(AgRP1:ChR2-Kaede) group showed a significant increase in this combined parameter during stimulation
(Fig. 5j, p value: 0.02265). Despite this, the comparison of absolute differences in the combined parameter
between the two groups did not exhibit statistical significance (Fig. 5k, p value: 0.08214), suggesting that the
overall feeding response was not markedly different between the groups.

Scientific Reports|  (2025) 15:17976 | https://doi.org/10.1038/s41598-025-03040-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

a. Individual and Population Velocity Dynamics in ABWT(Fed) b. Individual and Population Velocity Dynamics in AQRP(Fed)
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Impact of hunger on feeding behavior in zebrafish larvae

To assess the influence of hunger on feeding behavior and its potential modulation by AgRP neurons, we
conducted an additional series of experiments. In this experiment, both the Tg(AgRP1:ChR2-Kaede) and ABWT
groups kept food deprived since birth until the experiment on 6 days post fertilization. Unlike the previous
series where larvae were fed ad libitum starting 4 dpf, these experiments aimed to determine how feeding status
impacts the neuronal and behavioral responses to stimulation.

Figure 6a illustrates normalized velocity traces for individual samples and the average of all samples in
the ABWT group, while Fig. 6b shows the same for the Tg(AgRP1:ChR2-Kaede) group. In the ABWT group,
velocity dynamics remained relatively uniform across the baseline and stimulation phases, with no marked
shift in timing or frequency of events. This pattern suggests a consistent feeding behavior that remains largely
unchanged by stimulation in majority of samples. This suggests that food deprivation prior to testing did not
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«Fig. 5. Analysis of velocity dynamics, mean velocity, mean suction frequency, and their product in ABWT
and Tg(AgRP1:ChR2-Kaede) Groups During Fed (ad libitum) Experiment. (a, b): Normalized velocity
traces for individual samples and the average of all samples in the ABWT (a) and Tg(AgRP1:ChR2-Kaede)
(b) groups during baseline and stimulation phases. The dashed red line at 60 s indicates the transition from
baseline to stimulation. The maximum velocity for each individual sample over the 120-s period is displayed
alongside each sample’s plot. (¢, d) Mean velocity in the ABWT (c) and Tg(AgRP1:ChR2-Kaede) (d) groups
across baseline and stimulation phases, showing no significant change during the stimulation in both groups
(paired t-test, p-values: 0.63711 for ABWT, 0.10514 for Tg(AgRP1:ChR2-Kaede)). (e) Boxplot of absolute
differences in mean velocity between the ABWT and Tg(AgRP1:ChR2-Kaede) groups, showing no significant
difference (independent t-test, p-value: 0.33886). (f, g) Suction frequency in ABWT (f) and Tg(AgRP1:ChR2-
Kaede) (g) groups, showing no significant change in ABWT (paired t-test, p-value: 0.41470) but a significant
increase in Tg(AgRP1:ChR2-Kaede) during stimulation (paired t-test, p-value: 0.00227). (h) Boxplot of
absolute differences in suction frequency, with the Tg(AgRP1:ChR2-Kaede) group exhibiting significantly
greater changes compared to ABWT (independent t-test, p-value: 0.02424). (i, j) Combined analysis of
suction frequency and velocity in ABWT (i) and Tg(AgRP1:ChR2-Kaede) (j) groups, indicating no significant
difference in ABWT (paired t-test, p-value: 0.68047) but a significant increase in Tg(AgRP1:ChR2-Kaede)
following stimulation (paired t-test, p-value: 0.02265). (k) Boxplot of absolute differences in the product of
suction frequency and velocity between ABWT and Tg(AgRP1:ChR2-Kaede) groups, showing no significant
difference (independent t-test, p-value: 0.08214).

substantially alter the velocity dynamics, reflecting consistent feeding behavior in the lack of a feeding stimulus
in most individual samples.

In contrast, the Tg(AgRP1:ChR2-Kaede) group exhibits a distinct temporal pattern, with a notable increase
in velocity immediately following the stimulation onset (Fig. 6b) in most samples. However, in sample 10, the
velocity decreased upon stimulation, which may be attributed to insufficient ChR2 expression in this sample
(see Supplementary Figs. S1 and S2 online). This increased activity during the stimulation phase indicates an
adaptive feeding response specific to the Tg(AgRP1:ChR2-Kaede) group. This heightened activity during the
stimulation phase mirrors the pattern observed in fed ad libitum Tg(AgRP1:ChR2-Kaede) larvae, although the
response appears more intense. The dashed red line at 60 s marks the transition from baseline to stimulation,
highlighting a temporal shift and increased velocity during stimulation. These differences between the ABWT
and Tg(AgRP1:ChR2-Kaede) groups underscore the unique feeding dynamics elicited by stimulation in the
Tg(AgRP1:ChR2-Kaede) group, consistent with previously observed changes in mean velocity and suction
frequency.

We compared the baseline and stimulation phases in terms of average velocity to assess the effects of
optogenetic stimulation. In the ABWT group, there was no significant change in average velocity between
baseline and stimulation. In contrast, the Tg(AgRP1:ChR2-Kaede) group demonstrated a significant increase in
average velocity following stimulation (Fig. 6¢ and d; p-values: 0.89002 and 0.00851, respectively). To quantify
these changes more precisely, we calculated the absolute differences in mean velocity between the two phases
for each sample. In the ABWT group, values clustered around zero, indicating minimal change post-stimulation
(Fig. 6e). However, in the Tg(AgRP1:ChR2-Kaede) group, differences were mostly positive and broadly
distributed, reflecting a significant increase in velocity. This suggests an enhanced response to stimulation in the
Tg(AgRP1:ChR2-Kaede) group compared to ABWT (p-value: 0.00972).

To further investigate feeding behavior, we quantified the average suction frequency by counting the
number of suctions during baseline and stimulation phases. Suction frequency showed no significant change
in the ABWT group (Fig. 6f, p value: 0.64880), while the Tg(AgRP1:ChR2-Kaede) group exhibited a significant
increase during stimulation (Fig. 6g, p value: 0.00134). Absolute differences in suction frequency confirmed this
trend, with ABWT values centered around zero, indicating minimal change (Fig. 6h), and Tg(AgRP1:ChR2-
Kaede) values consistently positive, reflecting a significant increase in feeding behavior (p-value: 0.00169).

In the ABWT group the combined analysis of suction frequency and velocity remained stable across
baseline and stimulation phases (Fig. 61, p value: 0.94646), whereas in the Tg(AgRP1:ChR2-Kaede) group,
it significantly increased following stimulation (Fig. 6j, p value: 0.00447), suggesting that in a food-deprived
state, the Tg(AgRP1:ChR2-Kaede) group exhibited a measurable response to stimulation, which was amplified
compared to their fed ad libitum state. Absolute differences in this combined parameter further highlighted the
distinct response of the Tg(AgRP1:ChR2-Kaede) group, with ABWT samples near zero and Tg(AgRP1:ChR2-
Kaede) samples showing marked increases (Fig. 6k), underscoring the amplified feeding dynamics elicited by
stimulation in the Tg(AgRP1:ChR2-Kaede) group (p-value: 0.00287).

Discussion
Optogenetic actuators have been widely adopted in neuroscience to study how different neuronal populations
communicate to induce behavior!®. In particular, zebrafish larvae, with their transparent bodies and brains,
provide an excellent model for adapting optogenetic tools to investigate neural function and behavior. This study
investigated the function of AgRP1 neurons by developing a transgenic Tg(AgRP1:ChR2-Kaede) zebrafish line
where AgRP1 neurons activity is controlled by the optogenetic actuator, ChR2. For the first time, we showed that
activating hypothalamic AgRP1 neurons in zebrafish larvae has evoked a significantly high food-intake behavior.
In zebrafish, food consumption requires jaw and mouth movements to generate suction flows near their
mouths, which arise from trigeminal nerves in developing zebrafish which are a part of solitary tract?>2!. Solitary
tract and its functionality as taste sensors is conserved between mammals and zebrafish and palatability of
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food has been shown to drive feeding independent of AgRP neuron activation in mice?>?. In our findings, we
observed a significant increase in suction frequency in eating behavior in both fasted and fed states whereas
the changes in velocity and suction volume were significant in fasted state only. The suction frequency is a
function of solitary tract-dependent jaw and facial movement of the animal. Thus, in fed state the increase in
food suction frequency could have been induced due to solitary tract-mediated taste sensing and a probable
palatability of the food. Whereas a significantly high jaw motion-mediated suction that was observed fasted
state could be a result both AgRP1 activation and solitary tract taste sensing altogether. This does require further
research to explore how palatability of food and AgRP1 neurons drive feeding while the neurons are subjected
to optogenetic activation.

The findings of this study confirming the involvement of AgRP1 neuron population in food-consumption
behaviors in zebrafish is in line with the outcomes observed previously“. Unlike mammals, zebrafish have two
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«Fig. 6. Analysis of velocity dynamics, mean velocity, mean suction frequency, and their product in food-
deprived (FD) ABWT and Tg(AgRP1:ChR2-Kaede) Groups During Baseline and Stimulation Phases. (a,
b) Normalized velocity traces for individual samples and the average of all samples in the ABWT (a) and
Tg(AgRP1:ChR2-Kaede) (b) groups during baseline and stimulation phases. The dashed red line at 60 s
indicates the transition from baseline to stimulation. The maximum velocity for each individual sample over
the 120-s period is displayed alongside each sample’s plot. (c, d) Mean velocity of baseline and stimulation
phases in ABWT (c) and Tg(AgRP1:ChR2-Kaede) (d) groups, with no significant difference between phases
in ABWT (paired t-test, p-value: 0.89002) and a significant increase in Tg(AgRP1:ChR2-Kaede) (paired t-test,
p-value: 0.00851). (e) Boxplot of differences in mean velocity of stimulation and baseline between ABWT and
Tg(AgRP1:ChR2-Kaede) groups, showing a significantly higher difference in the Tg(AgRP1:ChR2-Kaede)
group (independent t-test, p-value: 0.00972). (f, g) Suction frequency in ABWT (f) and Tg(AgRP1:ChR2-
Kaede) (g) groups, with no significant change in ABWT (paired t-test, p-value: 0.64880) and a significant
increase in Tg(AgRP1:ChR2-Kaede) (paired t-test, p-value: 0.00134) during stimulation. (h) Boxplot of
absolute differences in suction frequency of baseline and stimulation, indicating significantly higher values
for Tg(AgRP1:ChR2-Kaede)than ABWT (independent t-test, p-value: 0.00169). (i, j) Product of suction
frequency and velocity in ABWT (i) and Tg(AgRP1:ChR2-Kaede) (j) groups, with no significant change in
ABWT (paired t-test, p-value: 0.94646) and a significant increase in Tg(AgRP1:ChR2-Kaede) (paired t-test,
p-value: 0.00447) during stimulation. (k) Boxplot of absolute differences in the product of suction frequency
and velocity between ABWT and Tg(AgRP1:ChR2-Kaede)groups, showing significantly higher values in the
Tg(AgRP1:ChR2-Kaede) group (independent t-test, p-value: 0.00287).

distinct AgRP populations AgRP1 and 2, however, only AgRP1 has been found to induce an increase in food
consumption whereas AgRP2 contributes to mediating stress response!!. Interestingly, only one study attempted
to explore the synaptic connection between these AgRP populations in zebrafish?® but only up to the possible
observation of AgRP2 innervating AgRP1 populations. This observation calls for the detailed exploration of the
functional connection between the populations which is essential to understand the complete synaptic pathway
underlying the food intake and seeking dynamics in general as well as in stressful conditions. Additionally,
ghrelin a gut hormone which is released during fasting binds to the receptors in AgRP neurons and stimulates
them?°. Ghrelin release and its function is conserved in general”, however, it is still unclear whether both AgRP
populations in zebrafish have ghrelin receptors on their surfaces. Exploring the presence of these receptors on
AgRP populations in zebrafish could be another potential topic of future research.

In mammals, besides releasing Agouti related peptide, AgRP neurons also co-express Neuropeptide Y (NPY)
and both are an integral part of the mammalian feeding circuitry”’. AgRP/NPY co-expressing neurons are
activated in fasted state and both AgRP and NPY induce rapid feeding?®** In Zebrafish, NPY expressing neurons
are present as a separate entity and are not co-expressed with AgRP1/AgRP2 however, similar to mammals,
NPY does act as an orexigenic factor in the fish and increase food intake along with AgRP1 only**3!. Thus,
the functionality of NPY in feeding regulation remains intact between mammals and this teleost. In this study,
although not studied, from above-stated research we could speculate the active role of NPY in increased food-
intake behavior observed actively in fasted larvae relative to fed larvae. Furthermore, the presence of AgRP and
NPY neuron populations as two distinct entities could also have affected the evoked response in fed fish compared
to fasted fish when AgRP1 neurons could be pre-active due fasting. The feeding behavior in the zebrafish larva
can be observed in future as a response to optogenetic activation of AgRP1 and/or NPY. Channelrhodopsin takes
less than 1 ms to get activated upon light stimulation®> whereas AgRP1 neuron activation in zebrafish has not
been explored yet. Here, recording the activation of AgRP1 neurons in conjunction with optogenetic activation
of ChR2 is not feasible. Thus, with this limitation, we concluded the activation of the neurons from the feeding
behavior of the larva.

We also developed a novel agarose-based microfluidic device designed to restrict the movement of zebrafish
larvae during experiments and measure the food particles flowing through the microchannel into their mouths.
Our device allows us to observe the feeding related behavior in larvae with minimal to no body motion and only
allows the jaw to generate suction flows through the microchannel, similar to sucking through a straw, for food
intake. Previously, different types of microfluidic channels, primarily based on PDMS, were designed to restrict
the movement of zebrafish larvae®’. Our in-house developed agarose-based device features a minimalistic
design, simple fabrication steps, and a favorable environment created from agarose gel, offering advantages over
other PDMS-based microfluidic devices with significantly low manufacturing cost. The suction flow generated
through the microfluidic channel was analyzed by tracking individual food particles using the Particle Image
Velocimetry (PIV) method™.

PIV is a conventional technique in fluid mechanics for analyzing flow velocity fields. For example, researchers
have used Micro-PIV analysis to analyze waterflow using zebrafish larvae and embryos in microfluidic
devices*>%. It has also been adapted to study the suction behavior of zebrafish in a reservoir®®. However,
previous studies were limited to the analysis of autonomous feeding without brain stimulation®. Using PIV
in our study is a novel attempt made to integrate engineering with optics and neurobiological research which
resulted in a successful outcome in observing behavior indirectly by analyzing fluid flow arising from optically
stimulating neurons located deep inside the animal brain.

Conclusions
In this study, we have investigated the functional role of AgRP1 neurons located in the hypothalamus of
zebrafish larvae by developing a transgenic zebrafish line. We incorporated an optogenetic actuator ChR2, a
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photoactivatable ion channel complexed with a photo-sensitive fluorescence emitting protein Kaede to confirm
neuron activation. Our results showed an increased food-consumption activity in the transgenic zebrafish larva
when AgRPI1 neurons were photo-activated. These results indicate that the AgRP1 is an important neuron
population in mediating feeding behavior in the teleost. Studying the activation and activity dynamics of these
neurons in conjunction with the other hypothalamic neurons would be helpful in innovating strategies to control
caloric consumption and energy homeostasis related anomalies.

Data availability

The data will be made available from the corresponding author upon request. The sequence data generated dur-
ing the current study are available in the GenBank repository under the accession number PV132262. The full
sequence of the AgRP1:ChR2-Kaede transgene used in this study can be accessed at https://www.ncbi.nlm.nih.
gov/nuccore/PV132262.
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