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ABSTRACT 

ASTRA HAHM: Early developmental exposure to Δ9-tetrahydrocannabinol causes latent 

behavioral, growth, and bioenergetic effects in Danio rerio  

(Under the direction of Dr. Kristine Willett) 

Δ9-tetrahydrocannabinol (Δ9-THC) is used during pregnancy to mitigate symptoms such 

as nausea, pain, and insomnia. It is established that Δ9-THC exposure early in life causes 

adverse effects in children’s development including behavioral disorders. Our goal was to 

determine the latent and generational impacts on growth, behavior, and mitochondrial 

bioenergetics following exposure to Δ9-THC. Wildtype (5D) zebrafish were exposed to 0 

(0.05% DMSO), 0.08, 0.4, or 1 µM Δ9-THC from 6-96 hours post-fertilization (hpf), then 

subsequently raised in clean water. At 6 months pf (mpf), fish from all treatments were bred 

to obtain the F1 generation. Both F0 and F1 zebrafish were raised and mortality, growth, and 

behavior were assessed at 120 hpf, and 3, 11, and 24 weeks pf (wpf). At 13-15 mpf, brains 

were harvested, mitochondria isolated, and oxygen consumption rate (OCR) was measured 

with the Seahorse Mito Stress Test. In the F0 generation, Δ9-THC (0.4 µM) caused 

significant hyperactivity throughout life. At 13-15 mpf, Δ9-THC (0.4 and 1 µM) significantly 

increased brain mitochondrial OCR in both male and female F0. The parental exposure to 

Δ9-THC also caused significant hyperactivity in the F1 generation at 120 hpf and 24 wpf, but 

not at 3 and 11 wpf. OCR was not significantly different in the F1 generation in either sex. 

Growth, behavior, and bioenergetics were persistently impacted in the F0 generation 15 mpf 

after early developmental exposure, highlighting the need for further research to determine 

implications of human fetal Δ9-THC exposure. This research was supported by COBRE-

NPN P30 GM 122733.  
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1. INTRODUCTION 

1.1 Δ9-Tetrahydrocannabinol  

Δ9-Tetrahydrocannabinol (Δ9-THC, Figure 1) 

is a cannabinoid product extracted from the 

Cannabis sativa plant (Ng et al, 2023). Δ9-THC 

binds to cannabinoid receptor 1 (CB1) to induce 

psychoactive effects (Cooper & Haney, 2009), 

which can trigger the release of dopamine in the mesolimbic dopamine system (Tanda et al, 

1997). Though not as physiologically addictive as other drugs of abuse, such as opioids, Δ9-

THC has psychologically addictive properties and is the third most commonly used drug 

after alcohol and tobacco (Zehra et al, 2018). 

In the United States, drugs are classified into five different categories, or schedules, 

depending on the drug’s potential for abuse and acceptable medical use. Schedule I drugs 

have a high potential for abuse and no current medical usage, which cannabis products fall 

under (DEA, 2018). Thus, while states can choose to legalize cannabis products, cannabis 

products are federally illegal, though there is increasing public pressure to make the usage of 

cannabis products federally legal (Fasinu et al, 2016). In Mississippi, the recreational use of 

cannabis products is illegal. However, despite not having any federally approved medical 

usage, state-licensed medical cannabis dispensaries can dispense cannabis products to 

registered patients with prescriptions (Mississippi, 2023). 

Despite being federally illegal, the usage of cannabis products has been increasing 

throughout the years. The daily usage of cannabis products increased from 8% in 2017 to 
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11% in 2022, and the total reported usage of cannabis products from adults between 35 and 

50 increased from 25% in 2021 to 28% in 2022 (NIDA, 2023). Currently, cannabis products 

are the most frequently used federally illegal drugs. 

Pregnant people are among those that use cannabis products. Though the number may be 

higher, 4.2% of women have self-reported that they use cannabis products during pregnancy 

because of pain, nausea, stress, and anxiety (Ko et al, 2017). Anxiety is a common mental 

disorder in humans, with around 31.1% of adults facing anxiety at some point in their lives 

(Harvard, 2007). The prevalence of anxiety in adolescents is a similar 31.9% (Kessler et al, 

2005). While many associate cannabis use with decreased anxiety, cannabis use may also 

increase anxiety, among other adverse psychiatric effects like mania or paranoia in humans 

(Keung et al, 2023).  

Currently, no amount of cannabis product usage has been deemed safe during pregnancy; 

in fact, the US Food and Drug Administration has issued guidance against using THC or 

cannabidiol (CBD) products while pregnant (FDA, 2019). Δ9-THC can pass through the 

placental barriers and may cause risks such as low birth weight, stillbirth, babies born before 

37 weeks of gestation, and long-term developmental issues that could affect memory, 

behavior, and learning (Ryan et al, 2018). Additionally, little research has been done to 

determine whether exposure specifically to Δ9-THC causes multigenerational effects.  

 

1.2 Brain Mitochondria 

One way to assess the adverse effects of early developmental exposure to Δ9-THC is 

through behavior and growth which has been implicated following prenatal exposure to Δ9-

THC (Ryan et al, 2018). Mitochondria are one of the key players in behavior and growth as 
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they contribute to physiological processes through their role in energetics (Daniels et al, 

2020).  

Mitochondria are membrane-bound organelles that play an important role in a cell by 

producing the majority of necessary chemical energy for biological processes (National 

Human, 2023). Thus, organs that need a lot of energy, like the brain, are highly influenced by 

mitochondria as energy is created and stored through oxidative phosphorylation (Rango et al, 

2018). Mitochondrial metabolism may also impact growth of an organism, and this 

metabolism may vary from organism to organism (Quéméneur et al, 2022). Moreover, 

impaired mitochondrial function has a relationship with neurodegenerative diseases (Reddy, 

2009).  

The mitochondria’s production of chemical energy for biological processes, as well as its 

connection to growth and neurodegenerative diseases, are not the only reasons to study 

mitochondria. The mitochondria, particularly in the brain, are known to have their own CB1 

receptors that regulate the production of energy and cellular respiration (Bénard et al, 2012). 

The CB1 receptors on mitochondria can be directly impacted by cannabis usage, which lead 

to impaired mitochondrial function by decreasing mitochondrial potential (Malheiro et al, 

2023). 

 

1.3 Zebrafish Model 

No animal model can perfectly replicate humans, but zebrafish are still excellent model 

organisms due to having 70% similar genes with humans as well as having a functional organ 

system that is observable, unlike bacteria or yeast (Howe et al, 2013). Zebrafish also have a 

fully sequenced genome and can be susceptible to genetic manipulation, which can be useful 
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in biomedical research (Tsegay et al, 2019). Moreover, zebrafish are good for 

multigenerational studies due to their rapid life cycle, high fecundity, and small size as 

adults, which allows for easier maintenance and more affordable culture costs (Gutiérrez-

Lovera et al, 2017).  

Zebrafish are also useful in early developmental and toxicology studies due to their large 

clutch size, rapid development of embryos, and transparency of embryos which allows 

visualization (Sant & Timme-Laragy, 2018). In addition, both CB1 and cannabinoid receptor 

2 (CB2) receptors are found in zebrafish, making their endocannabinoid pathways similar to 

those found in humans (Krug & Clark, 2015).  

Chemical exposures can induce neurological changes in fish and a viable endpoint to 

detect neurological impairments is by zebrafish activity, such as locomotor activity (Tierney, 

2011). Defects in locomotion can be detected through spontaneous swimming, an established 

behavioral characteristic in zebrafish. Spontaneous swimming can be observed through open 

field tests (Fitzgerald et al, 2021). Another established behavioral characteristic of zebrafish 

is thigmotaxis, where the zebrafish swimming in the periphery, rather than the center, can be 

used to assess anxiety-like behavior in zebrafish (Schnörr, 2012). 

 

1.4 Study Goals 

Due to the rising usage of cannabis products, as well as the known effects of prenatal 

cannabinoid exposure, we wanted to assess if early cannabinoid exposure would lead to 

negative latent and multigenerational impacts on behavior, growth, and mitochondrial 

bioenergetics.  

The two main goals of this study were to: 
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1. Assess how early developmental F0 Δ9-THC exposure would latently impact 

their behavior, growth, and mitochondrial bioenergetics. 

2. Evaluate the multigenerational impacts of Δ9-THC by assessing the effects of Δ9-

THC on behavior, growth, and mitochondrial bioenergetics in the F1 generation, 

which were not directly exposed. 

Our hypotheses were: 

1. Lower birth weight due to THC exposure will lead to lower weight throughout 

life. 

2. THC exposure will cause anxiety-like behavior (i.e. hyperactivity) leading to 

higher oxygen consumption rate (OCR). 

 

2. MATERIALS AND METHODS 

2.1 Zebrafish Husbandry  

Prior to my arrival in the lab, wild-type (5D) zebrafish were obtained and raised 

according to approved IACUC procedures. The zebrafish were maintained in an Aquatic 

Habitat ZF0601 Zebrafish Stand-Alone system at 25-28°C in water suitable for zebrafish (pH 

7.0-7.5, 60 parts per million (ppm) Instant Ocean, Cincinnati, OH).  Every day, the zebrafish 

were fed Gemma 300 micro food (Skretting USA, UT) in the morning and in the afternoon. 

At ~6 months post fertilization (mpf), fish that did not have deformities or indications of 

disease were chosen for breeding. 

Male and female fish, in a ratio of 1:1, were placed in breeding tanks with dividers an 

afternoon before egg collection. Zebrafish breed when the lights are on, so the next morning, 

the lights were turned on and the dividers were removed to allow breeding. An hour later, 
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zebrafish eggs located at the bottom of the breeding tanks were collected using a sieve. These 

eggs were moved to a petri dish to be cleaned and counted, where they were then raised in 

embryo water (pH 7.5, 60 ppm Instant Ocean, 14:10 light dark cycle) and stored in a 28°C 

incubator until ready for exposure.  

 

2.2 Exposure 

Prior to my involvement in the lab, the parental (F0) generation were placed in 

scintillation vials with 10 eggs per vial, 3 vials per treatment (Figure 2). The eggs were 

exposed to either control (0.05% dimethylsulfoxide [DMSO]), 0.08, 0.4, or 1 µM of  Δ9-

tetrahydrocannabinol (Δ9-THC) from 6-96 hours post fertilization (hpf), then subsequently 

raised in non-exposed water. The F0 generation was bred at 6 mpf to obtain the F1 

generation and raised to 15 mpf. The F1 generation was not exposed to Δ9-THC. The F1 

generation at 13-15 mpf was the focus of my research. 
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Figure 2: Zebrafish Exposure Timeline. From 6-96 hpf, zebrafish were exposed to control 

(0.05% dimethylsulfoxide [DMSO]), 0.08, 0.4, or 1 µM of Δ9-THC and then transferred to 

non-exposed embryo water. At 120 hpf, the larval photomotor assay (LPR) assay was used to 

measure behavior. Behavior was measured with the open field test from 1 to 15 mpf. At 6 

mpf, F0 were bred to obtain the F1 generation. The F1 generation was not exposed to Δ9-

THC. The LPR and open field test were used to measure behavior in F1 generation. Length, 

weight, and mortality were periodically measured throughout. 

 

 

2.3 Behavior Analysis 

After the exposure, behavior was assessed periodically (120 hpf, 3, 11, and 24 wpf) for 

both the F0 and F1 generation prior to my arrival in the lab. The final assessment for 

behavior of the F1 generation was observed at 13-14 mpf. Twenty-four fish from each 

exposure group (12 for each sex) were acclimated to a darkened behavioral testing room (27-

28°C) for 20 minutes in preparation for the open field behavioral assessment. Following 

acclimation, one fish was transferred to a water-filled bucket (diameter of 23 cm and depth of 

25 cm; Figure 3) at a time. For 5 minutes, the fish were allowed to swim and explore while 

being tracked by the Noldus Ethovision 14 software through an overhead camera. For the 



8 

 

open field behavioral assessment, the testing area was lit to 9 Lux. After the testing, the fish 

were removed from the open field area and placed in a holding container to be euthanized. 

The open field arena was split into two areas for analysis. One was the periphery, which 

constituted of the outer 50% of the area, and the center, which constituted of the inner 50% 

of the arena. Velocity, time in periphery, and freezing duration were calculated by 

Ethovision. Ethovision calculated velocity as the speed the fish would travel in 5 minutes by 

tracking the center of the fish. Time in periphery was calculated as how much time the fish 

spent in the outer 50% of the area and freezing duration was calculated as how often the fish 

remained still instead of swimming. Ethovision tracks were cleaned manually to negate 

potential inconsistencies that occurred due to water movements or shadows. The F0 behavior 

was measured similarly prior to my involvement in the lab. 

 

Figure 3: Open Field Test Arenas. The bucket was split into two zones, zone 1 (outer zone; 

periphery) and zone 2 (inner zone; center), to observe time spent in periphery (zone 1) during 

behavioral analysis. 
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2.4 Growth 

Prior to my involvement, the length and weight of the F0 and F1 generation were 

measured throughout their life from 120 hpf to 13-15 mpf by being anesthetized in order to 

track growth. A ruler was used to measure length and a balance was used to measure weight. 

At 13-15 mpf, fish were euthanized with Tricaine Methanesulfonate (MS-222) and measured 

for length and weight. The condition factor was calculated by using the equation 

𝑊𝑒𝑖𝑔ℎ𝑡

𝐿𝑒𝑛𝑔𝑡ℎ3 𝑥105 in order to account for the variability in weight and length due to different 

conditions such as food intake and amount of daily movement. 

 

 

2.5 Seahorse Instrument 

At 13-15 mpf, fish were euthanized with MS-222 and brains were obtained. Brain 

mitochondria were extracted by homogenizing 3-5 brains per pool in 1.6 mL of Extraction 

Buffer with bovine serum albumin (BSA) and protease inhibitors, before being transferred to 

microcentrifuge tubes. The samples were centrifuged at 4°C at 700 x g for 10 minutes, then 

supernatant was extracted and moved to another microcentrifuge tube while the pellet was 

discarded (Figure 4). This step occurred twice. Then, the samples were centrifuged once at 

4°C at 10,000 x g for 15 minutes. The supernatant was discarded while the pellet was kept. 

Using 1 mL of extraction buffer without protease inhibitors, the pellet was resuspended. The 

pellet was centrifuged at 4°C at 10,000 x g for 15 minutes. The supernatant was discarded 

and the pellet was resuspended with 150 µl of extraction buffer. By using the NanoDrop 

2000 Spectrophotometer, protein was quantified. Following quantification, 50-150 µg of 
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protein was added to a 96-well plate and centrifuged at 2000 rpm at 4°C to attach the 

mitochondria to the plates. 

 

Figure 4: Preparation of Mitochondria for Seahorse Instrument. Visualization of the 

mitochondria isolation procedure. 

 

 

Meanwhile, in order to test the various complexes of the electron transport chain, 

oligomycin, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), and 

rotenone/antimycin A were prepared and loaded into the sensor cartridge for final 

concentrations of 1.5, 1, and 0.5 µM, respectively. 

The 96 well plate was placed into the Seahorse instrument along with oligomycin, FCCP, 

and rotenone/antimycin A. The Seahorse instrument measured oxygen consumption rate 

(OCR) three times over the course of 18 minutes at the baseline, and following the addition 

of oligomycin, FCCP, and rotenone/antimycin A. When oligomycin is added, it inhibits 

adenosine triphosphate (ATP) synthase, which reduces electron flow and oxygen 

consumption, which prevents ATP production in the mitochondria. Adding FCCP causes an 
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increase of oxygen consumption due to the electron flow being uninhibited. When rotenone 

and antimycin A are added together, the electron transport chain is completely shut down 

(Figure 5). 

  

 

Figure 5: Electron Transport Chain inside the Mitochondria. Oligomycin was added 

first, which inhibits complex V (ATP synthase), reducing electron flow and oxygen 

consumption to prevent ATP production. FCCP was added next, increasing oxygen 

consumption by collapsing the proton gradient and allowing uninhibited flow of electrons. 

Afterwards, rotenone and antimycin A were added together. Rotenone inhibits complex I and 

antimycin A inhibits complex III, which shuts down the electron transport chain, leading to 

no OCR.  

 

 

2.6 Statistics 

Sigma Plot 14.0 software was used to analyze data. The behavior and growth data were 

presented with box and whisker plots. Raw OCR data was presented as a line graph, while 
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the averaged data was analyzed and presented as a box and whisker plot. For all the data 

analysis, male and female fish were analyzed separately. To test statistical significance, two-

way ANOVA was utilized to compare both sex and treatment groups. The data was 

statistically significant if p<0.05. 

 

3. RESULTS 

At 13-14 mpf, the behavior, growth, and OCR for the F1 zebrafish exposed to either 

control (0.05% dimethylsulfoxide [DMSO]), 0.08, 0.4, or 1 µM of Δ9-THC were measured. 

Velocity (cm/s), time in periphery (%), and freezing duration (s) were collected for behavior 

(Figure 6). Velocity was measured as an increase in activity and could be correlated to an 

increase in OCR. Time in periphery and freezing duration were measured as an indicator of 

anxiety-like behavior in zebrafish through thigmotaxis, also known as staying in the 

periphery for too long rather than exploring the inner area. Thigmotaxis can be visualized 

with a heat map. As seen in Figure 6 for F1 adults, neither treatment nor sex had a significant 

difference in velocity and freezing duration. For time in periphery, there was no sex related 

difference, but the fish exposed to 1 µM Δ9-THC stayed in the periphery longer for both 

male and female fish compared to controls. 
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Figure 6: 5D F1 Open Field Behavior at 13-14 mpf. Noldus Ethovision 14.0 software was 

used to record and analyze zebrafish behavior (velocity (A), freezing duration (B), and time 

spent in periphery (C) during the 5-minute period). Data was analyzed with 2-way ANOVA 

to determine statistical significance among treatment groups (Δ9-THC) as well as sex 

differences. The (*) symbol above the bars indicates statistical significance from the control 
(Dunnett’s post-hoc; p≤0.05; n = 12 per treatment per sex).  

 

 

 

Growth was assessed by collecting the length (cm) and weight (g) of the zebrafish. Then, 

the length and weight were put into the formula  
𝑊𝑒𝑖𝑔ℎ𝑡

𝐿𝑒𝑛𝑔𝑡ℎ3  𝑥 105 to calculate condition factor. 

As seen on Figure 7, there was no statistical significance among treatment groups, but there 

was statistical significance between sex. Male zebrafish were smaller than female zebrafish 

regardless of treatment. 
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Figure 7: 5D F1 condition factor. Length and weight were measured using a ruler and a 

balance, respectively. For each fish, the condition factor was calculated (n = 23/25/sex). Data 

was analyzed with 2-way ANOVA and Student-Newman-Keuls post hoc test (p ≤ 0.05) per 

treatment group (Δ9-THC) and sex to determine statistical significance. The & indicates 

statistical significance between sexes. 

 

 

 

OCR (pmol/min) was measured to analyze brain mitochondria activity. Figure 8 

showcases an example of the raw data of OCR. Three measurements were taken for basal 

respiration and after each of the biological modifiers were added.  
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Figure 8: 5D F1 Oxygen Consumption Rate. 

OCR was measured by utilizing the Seahorse Mito Stress Test using the Agilent Seahorse 

XFe96 Analyzer. Three measurements were taken for each condition over the course of 18 

minutes. Basal respiration is the normal respiration of the zebrafish. After the addition of 

oligomycin, the OCR decreased due to inhibition in electron flow. The addition of FCCP led 

to an increase in OCR due to free flow of electrons. Rotenone/antimycin A shut down the 

electron transport chain completely, leading to no OCR. There were no statistical differences 

between sex or treatment group. 

 

 

 

To better analyze the OCR data and run statistics on it, the three measurements per 

treatment were averaged. As seen in Figure 9, there was no significant difference present 

between the variables. 
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Figure 9: 5D F1 Average Oxygen Consumption Rate 

The 3 measurements per condition (n = 4-8/sex) were averaged per treatment and analyzed 

with a one-way ANOVA (p ≤ 0.05) to compare treatment groups per sex. There were no 

statistical differences for either sex. 

 

 

4. DISCUSSION 

4.1 Prenatal THC Exposure Toxicity 

The increasing usage of cannabis products, especially by people of reproductive age, is a 

public health concern as cannabis products have increased in potency, which can be 

dangerous to reproductive health and fetal outcomes (Lo et al, 2022). Moreover, the abuse of 

cannabis products during pregnancy is associated with defects in neural development in 

children that were prenatally exposed (Wu et al, 2011). The adverse effects of cannabis 

during pregnancy exposure, even for a brief period, are important to consider before usage. 

For example, the Generation R Study led by El Marroun studied around 7,452 pregnant 

women who reported their substance use. Ultrasounds were used to determine fetal growth 

during early, mid-, and late pregnancy. After birth, birth weight was observed. The 
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Generation R Study observed that growth was more restricted with maternal cannabis use, 

even in comparison to tobacco use (El Marroun et al, 2009).  

Moreover, the Maternal Health Practices and Child Development Study (MHPCD), a 

longitudinal cohort study of prenatal marijuana exposure, interviewed 1360 women in their 

fourth gestational month. From the 1360 women, two study cohorts were chosen and they 

were interviewed again at the seventh prenatal month. These women and their children were 

evaluated based on multiple factors such as psychological, social, and environmental factors 

at birth, 8 and 18 months, and 3, 6, 10, 14, 16, and 22 years postpartum. Prenatal cannabis 

exposure led to an increase in depressive symptoms and attention deficits, leading to an 

increase in delinquent behavior in ninth graders (Day et al, 2011).  

The adverse effects of prenatal cannabis exposure, as portrayed by the Generation R 

Study and MHPCD Study, showcases the importance of studying the endocannabinoid 

system, which impacts many biological functions such as anxiety, reproduction, and growth 

(Skaper & Di Marzo, 2012). In particular, we were interested in the latent and 

multigenerational effects prenatal cannabis exposure could potentially lead to, especially in 

relation to behavior, growth, and brain mitochondria. 

4.2 Analysis of Behavioral Assay 

For this experiment, zebrafish were chosen as a model organism to study the latent and 

multigenerational impacts of prenatal exposure to cannabinoids as zebrafish are 

acknowledged as viable model organism for toxicity studies involving compounds such as 

cannabinoids and nano plastics (Sarmah et al, 2020; Bhagat et al, 2020). One way to assess 

toxicity in zebrafish is through open field tests, which measure parameters such as velocity, 

freezing duration, and time in periphery. Zebrafish were placed in a bucket split into two 



18 

 

different zones (center and periphery) to determine the time spent in periphery. The 

preference for swimming along the periphery rather than the center is called thigmotaxis, and 

can showcase anxiety-like behavior in zebrafish (Richendrfer et al, 2012).  

A previous study done by our laboratory showcases that F0 generation had an increase in 

hyperactivity in larval zebrafish exposed to 0.4 µM THC. At 3 and 11 wpf, hyperactivity and 

thigmotaxis were increased in zebrafish exposed to 0.08 and 1 µM THC. Adult zebrafish at 6 

mpf had increased velocity in fish exposed to 0.4 and 1 µM THC, as well as behavioral 

differences between male and female zebrafish (Jackson, 2020). Furthermore, in the F1 

generation, at 120 hpf, zebrafish that were offspring of F0 zebrafish exposed 0.4 and 1 μM 

THC had an increase in hyperactivity. At 11 wpf, freezing duration was increased for F1 

zebrafish following parental 0.4 μM THC exposure. At 24 wpf, there were not any significant 

differences (Cripe, 2023). 

Our results showcase that at 13 to 15 mpf, there were no significant differences in the F1 

generation, unlike the F0 generation. The F0 generation were only exposed once and the F1 

generation were not directly exposed to THC, yet both had increased hyperactivity at early 

ages. These results showcase that early parental exposure to THC may influence behavior 

and neural development throughout multiple generations.  

The impact of prenatal exposure to THC in humans is particularly important because 

while the F0 generation zebrafish were only exposed once, humans are typically repeat users 

of cannabis. In fact, 3 in 10 users of cannabis products have cannabis use disorder, or 

cannabis addiction (Hasin et al, 2015). People who use cannabis before they are eighteen are 

more likely to develop cannabis use disorder as well (Lopez-Quintero et al, 2011). Moreover, 

even if a child does not smoke cannabis, their family may, which could lead to second-hand 
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marijuana smoking. Second-hand marijuana smoking can lead to cannabis also getting into a 

non-smoker’s system (Holitzki et al, 2017), so exposing children to cannabis can be 

dangerous, even if it is not prenatal exposure. While the F1 generation did not have 

significant behavioral differences in adulthood, they were hyperactive early on despite never 

being exposed to THC directly. Likewise, some children may face adverse effects due to 

second-hand marijuana smoke despite not using cannabis themselves. 

4.3 Analysis of Growth and Brain Mitochondria 

Another aspect of determining the impact of cannabinoids is to observe the brain 

mitochondria. Brain mitochondria are vital and influence brain function and brain cognition, 

which in turn influences behavior and growth (Picard & McEwen, 2013). Furthermore, 

increasing mitochondrial metabolism leads to faster maturation of neurons, whereas 

inhibition leads to a decrease in neuron development in humans and mice (Iwata et al, 2023).  

A previous study done by our laboratory measured OCR in the F0 generation, where 

exposure to 1 µM Δ9-THC led to an increase in OCR for both male and female zebrafish at 

13-15 mpf (Figure 10). For female zebrafish, 0.4 µM Δ9-THC exposure led to an increase in 

OCR for basal respiration, after FCCP addition, and after rotenone/antimycin A addition. 

There was no statistical significance in the F1 generation at 13-15 mpf (Figure 9). 
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Figure 10: 5D F0 Average Oxygen Consumption Rate. The 3 measurements per condition 

were averaged per treatment (n = 4-8/sex) and analyzed with a one-way ANOVA and Dunn’s 

post hoc (p ≤ 0.05) to compare treatment groups per sex. 

 

Mitochondria can produce energy through aerobic cellular respiration, which is 

composed of glycolysis, the citric acid (Krebs) cycle, and oxidative phosphorylation 

involving the electron transport chain (Ahmed et al, 2022). Glycolysis outside the 

mitochondria may increase as a compensatory response due to some dysfunction, which in 

turn impacts the oxidative phosphorylation inside the mitochondria and OCR (Plitzko & 

Loesgen, 2018). As seen in Figure 10, there is an increase in OCR at higher THC dosage, 

suggesting a compensatory response due to dysfunction.  

Dysfunction in mitochondria may lead to dysfunctional production of ATP, as well as 

affecting production and secretion of the human growth hormone (Boal et al, 2019). 

However, when looking at the growth data for F0 zebrafish at 24 wpf, there is no statistical 

significance in those that were exposed to 0.4 or 1 µM Δ9-THC, which would have been 

expected due to the increase in OCR. Instead, statistically significant differences in growth 

can be observed due to 0.08 µM Δ9-THC exposure in both sexes (Figure 11). 
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In the F1 generation, there were no statistical differences in condition factor at 13-15 mpf 

(Figure 7), which could be expected due to there being no statistically significant differences 

in OCR (Figure 9). However, prior to my arrival in the lab, the condition factor for the F1 

generation was calculated and zebrafish whose parents were exposed to THC had statistical 

differences in their condition factor, regardless of concentration (Figure 11). 

Both F0 and F1 generations had statistically significant differences in condition factor 

between sexes, which is common for zebrafish due to the female’s bigger abdomen 

(Kossack, 2019). 

 

Figure 11: 5D F0 and F1 Condition Factor. Condition factor at 24 wpf (n=23-25/sex) was 

significantly decreased following 0.08 µM Δ9-THC exposure in F0 fish of both sexes. In the 

F1 generation, sex and parental dosage influenced condition factors. A statistical analysis 

was conducted with the 2-way ANOVA and the Newman-Keuls post hoc test (p ≤ 0.05). 

Letters that are not in common indicate significant differences between doses and the “&” 

indicates sex differences.  

 

The F0 generation, who were directly exposed to THC, showed significant differences in 

behavior, condition factor, and OCR. The F1 generation, which were not exposed to THC, 
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showed significant differences early on, but outgrew those differences as they aged. In 

humans, children who are born with a low birth weight usually have normal outcomes, 

though they have higher rates of illnesses and neurodevelopmental problems (Hack, 1995). 

Regular usage of cannabis during pregnancy can lead to low birth weight in humans (Hatch 

& Bracken, 1986; National Academics, 2017). While children with lower birth weight 

typically have normal expected outcomes, prenatal exposure to cannabis impacts more than 

just birth weight as it may be associated with higher risk of physiological and psychological 

consequences such as an increased risk of cognitive impairment (Nashed et al, 2021).  

 

4.4 Conclusion 

This study found that a single exposure to THC during early development has multi-

generational impacts in zebrafish, even if the exposure was not direct. Initially, we 

hypothesized that lower birth weight due to THC exposure would lead to lower birth weight 

throughout life. We also hypothesized that THC exposure will cause anxiety-like behavior, 

such as hyperactivity, leading to higher OCR.  

At 24 wpf, there were statistically significant differences in behavior and growth in the 

F1, but the F1 generation outgrew these differences by 13-15 mpf, contrary to the 

hypotheses. OCR could not be measured at larval stages due to the lack of information on 

how to extract larval brain mitochondria to measure OCR. Streamlining the process for larval 

brain mitochondrial extraction may assist in the understanding of the latent and 

multigenerational effects of early developmental cannabinoid exposure as OCR can be a 

measure of mitochondrial dysfunction. 
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Furthermore, exposing the parental generation to THC throughout their life rather than at 

one point during early development may better replicate the repeated usage of cannabis 

products in humans. Exposing the F1 generation to THC during early development and 

comparing those results to the F0 generation may also give insight into multigenerational 

effects of cannabis, especially in regards to whether or not the F1 generation will be more 

susceptible to cannabis products due to exposure of the F0 generation. 
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