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Abstract 

 

The Effects of Chronic, Oral Deltamethrin Exposure on Nigrostriatal Dopamine Receptors: A 

Model for Pyrethroid Toxicity in Adults 

By Tiffany Chen 

 

Pyrethroid pesticides have become one of the most commonly used pesticides across the globe 

due to their relatively low toxicity to mammals, and have been demonstrated to disrupt 

dopaminergic signaling in various animal models. The effects of long-term pyrethroid exposure 

in humans are poorly understood, but have been connected to the development of attention 

deficit/hyperactivity disorder, amyotrophic lateral sclerosis, and Parkinson’s disease. Parkinson’s 

disease is the second most common neurodegenerative disorder in the world and is characterized 

by degeneration of the nigrostriatal dopamine pathway. Dopamine receptors play an important 

role in the pathology and treatment of Parkinson’s, as well as many other disorders such as 

attention deficit/hyperactivity disorder, schizophrenia, and Huntington’s disease. However, there 

are few studies on the effects of pyrethroids on dopamine receptors, and none in an adult or 

neurodegenerative exposure model. Thus, this study is the first to our knowledge to demonstrate 

the effects of pyrethroid exposure in adult wild-type mice on nigrostriatal dopamine receptors. 

Chronic, oral deltamethrin exposure increased D1-like dopamine receptor levels in the striatum, 

which may be indicative of compensatory mechanisms and has the potential to become 

neurotoxic. Further scrutinization of the effects of adult pyrethroid exposure on dopamine 

receptors is imperative for understanding their roles in the development of neurodegenerative 

disorders.  
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Abstract 

Pyrethroid pesticides have become one of the most commonly used pesticides across the globe 

due to their relatively low toxicity to mammals, and have been demonstrated to disrupt 

dopaminergic signaling in various animal models. The effects of long-term pyrethroid exposure 

in humans are poorly understood, but have been connected to the development of attention 

deficit/hyperactivity disorder, amyotrophic lateral sclerosis, and Parkinson’s disease. Parkinson’s 

disease is the second most common neurodegenerative disorder in the world and is characterized 

by degeneration of the nigrostriatal dopamine pathway. Dopamine receptors play an important 

role in the pathology and treatment of Parkinson’s, as well as many other disorders such as 

attention deficit/hyperactivity disorder, schizophrenia, and Huntington’s disease. However, there 

are few studies on the effects of pyrethroids on dopamine receptors, and none in an adult or 

neurodegenerative exposure model. Thus, this study is the first to our knowledge to demonstrate 

the effects of pyrethroid exposure in adult wild-type mice on nigrostriatal dopamine receptors. 

Chronic, oral deltamethrin exposure increased D1-like dopamine receptor levels in the striatum, 

which may be indicative of compensatory mechanisms and has the potential to become 

neurotoxic. Further scrutinization of the effects of adult pyrethroid exposure on dopamine 

receptors is imperative for understanding their roles in the development of neurodegenerative 

disorders.  
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Introduction 

 Pesticides are defined by the United States Environmental Protection Agency (EPA) as 

“any substance or mixture of substances intended for preventing, destroying, repelling, or 

mitigating any pest,” and include herbicides, insecticides, and fungicides (EPA, 2014; National 

Institute of Environmental Health Sciences, 2023). Worldwide pesticide use has grown 

exponentially since the 1940s in conjunction with the discovery of synthetic pesticides, with 

production increasing at a rate of ~11% per year (Carvalho, 2017). Pesticides are primarily used 

in agriculture to improve crop yield and to protect humans from vector-borne diseases such as 

malaria and dengue fever (Carvalho, 2023; Nicolopoulou-Stamati et al., 2016). However, they 

have many other common, lesser-known applications, such as flea and tick medications for pets, 

insect and rodent prevention in grocery stores, and mold prevention in plastics, paints, and caulks 

(Nicolopoulou-Stamati et al., 2016; Damalas, 2009).  

There are several classes of regularly-used pesticides that each employ different 

mechanisms of physiological disturbance in their target organisms. However, it has been well 

documented that these pesticide classes all produce substantial toxic effects in non-target 

organisms ranging from crustaceans, fish, bees, birds, murine, and humans (WHO, 2022b; 

Canadian Centre for Occupational Health and Safety, 2017; Tudi et al., 2022). In humans, 

pesticide exposure has been linked to disrupted endocrine function, risk for cancers such as non-

Hodgkin’s lymphoma and breast cancer, neurodevelopmental disorders, neurodegenerative 

diseases, and death (Tudi et al., 2022; Alavanja et al., 2004; Nicolopoulou-Stamati et al., 2016). 

In 1990, the World Health Organization (WHO) estimated that around one million unintentional 

acute poisonings and 20,000 fatalities from pesticides occurred annually across the globe 

(Jeyaratnam, 1990). A more recent systematic review estimates that the number of global 
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unintentional acute pesticide poisonings have risen to 385 million per year, although fatalities 

have fallen to 11,000 (Boedeker et al., 2020). 

 
Pyrethroids 

One class of synthetic pesticide that has seen widespread use is pyrethroids, which are 

derived from Chrysanthemum cinerariaefolium (also known as Tanacetum cinerariaefolium) 

(Wakeling et al., 2012). The first synthetic pyrethroid was developed for commercial use in 1953 

and prompted the creation of numerous other more stable, potent, and economically viable 

derivatives, although only about a dozen formulations are marketed in the United States (Matsuo, 

2019). 

Pyrethroid use has increased in the past decade in lieu of more toxic organophosphate 

pesticides and are now the second most-used pesticide in the world, making up more than 30% 

of global insecticide application (EPA, 2022; Lehmler et al., 2020). Pyrethroids sit at the 

forefront of disease vector control, with WHO recommending their use in mosquito nets, 

particularly for stable formulations that last over 3 years (Wilson et al., 2020; WHO 2015; WHO, 

2017). Over 2000 registered pesticide products contain pyrethroids, some of which can be used 

in organic agriculture (Bond et al., 2014). Agriculturally, they are used on grains, nuts, 

vegetables, and cotton, among other crops (EPA, 2020b). They are also commonly found in 

many residential products such as household insecticides, shampoos, and clothing (Illinois 

Department of Public Health, 2007; Elwan et al., 2006).  

Absorption can occur via inhalation, skin, or ingestion, with the most common route of 

exposure occurring through the ingestion of foods sprayed with pyrethroids (Todd, 2003; 

Saillenfait et al., 2015). Due to the lipophilic nature of pyrethroids, they are not easily washed 

away by water and are readily absorbed by waxy plant surfaces – an appealing trait for 
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commercial applications, but one that makes them difficult to remove before consumption 

(Rehman et al., 2014). Diet serves as a continuous source and predictor of exposure to 

pyrethroids across the world: adults in Italy who ate raw and cooked vegetables five or more 

times a week had significantly higher levels of pyrethroid metabolite in their urine; several bread 

and flour types in Iran had detectable levels of pyrethroid residue; and more frequent 

consumption of rice, pasta, fruit, and breakfast cereals was associated with higher levels of 

urinary metabolites for multiple formulations of pyrethroids in children in western France (Lu et 

al., 2008; Riederer et al., 2008; Morgan & Jones, 2013; Fortes et al., 2013; Pirsaheb et al., 2019; 

Glorennec et al., 2017). Furthermore, active pyrethroids – not their non-toxic metabolites – have 

been found in breast milk, even in women from countries that do not use pyrethroids for disease 

control, albeit in concentrations below the acceptable daily intake level specified by WHO 

(Sereda et al., 2005; Corcellas et al., 2012). Despite their usually quick metabolization in adults, 

pyrethroids can accumulate in body fat after long-term exposure, prolonging the time they 

remain in the body (Marei, 1982; Todd, 2003).  

The primary mechanism of action for pyrethroids involves slowing the rate at which 

voltage-gated sodium channels close, although they also affect voltage-gated chlorine channels 

and calcium regulation (Wakeling et al., 2012; Rodríguez et al., 2016). These disruptions 

influence cell signaling and neurotransmission.  

Pyrethroids are split into two categories: Type I, which lack an 𝛼-cyano group, and Type 

II, which contain an 𝛼-cyano group. Although their mechanisms of action are the same, effects of 

acute toxicity in mammals vary between Type I (e.g. permethrin, bifenthrin) and Type II 

pyrethroids (e.g. cypermethrin, deltamethrin). Type I pyrethroid toxicity symptoms, known as 

“T-syndrome,” include fine tremor, aggressive behavior, and sensitive startle response. Type II 
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pyrethroid toxicity symptoms, known as “CS-syndrome,” include coarse tremor, sinuous 

writhing (choreoathetosis), salivation, and seizures (Todd, 2003; Wakeling et al., 2012). In 

humans, typical symptoms of exposure are limited to paresthesia, slight respiratory irritation, 

dizziness, headache, and nausea, and any abnormalities in mobility are often mild and short-

term, ceasing after 24-48 hours (Wakeling et al., 2012; Illinois Department of Public Health, 

2007).  

Longer-lasting effects of pyrethroid exposure are less understood and have been a point 

of contention for some time, in part due to a lack of studies in humans. Using epidemiological 

data and animal studies available at the time, a toxicological profile for pyrethroids was 

compiled by the Agency for Toxic Substances and Disease Registry (ATSDR), in which they 

declared that there was little indication of any kind of risk to human health following chronic 

exposure (Todd, 2003). This position is still upheld by the EPA to this day (EPA, 2022).  

However, low-level exposure to pyrethroids, particularly deltamethrin, has been linked to 

lower verbal comprehension and working memory, behavioral difficulties, and attention 

deficit/hyperactivity disorder (ADHD) symptoms in children (Viel et al., 2015; Oulhote & 

Bouchard, 2013; Lee et al., 2022). Among Bolivian public health vector program spray men, 

those who were exposed to higher levels of pyrethroids exhibited decreased neurocognitive 

performance (Hansen et al., 2017). Neuronal death has also been observed after pyrethroid 

exposures, which may implicate them to certain neurodegenerative diseases (Ray & Fry, 2006). 

In fact, exposure has been associated with amyotrophic lateral sclerosis (ALS), albeit not 

significantly, as well as the development of Parkinson’s disease in separate populations (Kamel 

et al., 2012; Elbaz et al., 2009; Furlong et al., 2015; Stephenson, 2000).   
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Parkinson’s Disease 

Parkinson’s disease (PD) is the second-most common neurodegenerative disorder in the 

world, and is most commonly recognized by motor impairments such as tremors, muscle 

stiffness, slow movement, and difficulty with balance and coordination. Non-motor symptoms 

such as anosmia, constipation, and rapid-eye movement sleep disorder also frequently occur in 

PD, and can manifest several years before motor symptoms appear (Schapira et al., 2017).  

The disease is characterized by the loss of dopaminergic neurons in the substantia nigra 

pars compacta (SNc) that extend into the striatum. Motor symptoms typically appear after ~70-

80% of nigral dopaminergic neurons and ~50% of striatal dopamine have been lost (Bu et al., 

2021; Seeman and Niznik, 1990; Kirby et al., 1999). Loss of dopamine transporter (DAT), which 

controls the reuptake of dopamine, and tyrosine hydroxylase (TH), an enzyme that catalyzes the 

formation of dopamine precursor levodopa (L-DOPA), is also seen in Parkinson’s (Chotibut et 

al., 2012; Nutt et al., 2004; Miller et al., 1997; Tabrez et al., 2012). Abnormal aggregation of the 

protein α-synuclein (α-syn) into Lewy bodies is also a biological hallmark of the disease, and 

may play a role in substantia nigra neuron death (Poewe et al., 2017; Michel et al., 2016).  

The prevalence of PD across the globe has doubled in the past 25 years, and rates of 

disability and death from the disease continue to increase faster than any other neurological 

disorder (WHO, 2022a). Thus, it is imperative to identify the factors that contribute to the 

disease’s development and understand their role in its pathology. Although there are several risk 

genes associated with Parkinson’s disease, only about 5-10% of PD cases are purely hereditary, 

suggesting that its etiology may be connected to environmental factors or gene-environment 

interactions (Jankovic & Tan, 2020; Poewe et al., 2017). Consequently, extensive research has 
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been conducted on exposure to various substances, such as heavy metals and psychostimulants, 

in relation to Parkinson’s (Emamzadeh & Surguchov, 2018; Ball et al., 2019).  

 The discovery of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and its ability to 

produce rapid-onset parkinsonian symptoms, combined with the pesticide paraquat’s structural 

similarity to MPTP, prompted studies investigating the relation between pesticides and 

Parkinson’s disease (Elbaz & Tranchant, 2007). Indeed, exposure to paraquat, organophosphates, 

carbamates, organochlorines, and pyrethroids has been linked to oxidative stress, mitochondrial 

dysfunction, conformational changes in α-syn, and structural damage to dopaminergic neurons 

(Islam et al., 2021; Elbaz & Tranchant, 2007). 

Due to the loss of dopamine experienced in PD, a common treatment option is the 

administration of L-DOPA. Although it is initially highly effective, clinical efficacy often 

declines with long-term use alongside the appearance of drug-induced dyskinesias and dystonia 

that can be greatly disabling and difficult to treat (Thanvi & Lo, 2004). As such, alternate 

treatments that target dopamine receptors have emerged as frontline options for PD in young 

patients (Hisahara & Shimohama, 2011).   

 
Dopamine Receptors 

 Dopamine controls a vast repertoire of functions, such as motor control, emotion, reward, 

and cognition. The diverse roles of dopamine are mediated by G-protein coupled dopamine 

receptors. There are five dopamine receptors, which are categorized into two families based on 

their structural, pharmacological, and biochemical characteristics: D1-like (D1 and D5 receptors) 

and D2-like (D2, D3, and D4 receptors) (Missale et al., 1998).  

D1-like receptors (DRD1) are most abundant in the striatum, nucleus accumbens, 

olfactory tubercle, and substantia nigra, but are also found to a lesser degree in other areas such 
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as the amygdala, hippocampus, and frontal cortex. They are located postsynaptically on non-

dopaminergic neurons (Mishra et al., 2018; Ford, 2014). In the striatum, DRD1 protein and 

mRNA are expressed on DRD1-selective GABAergic medium spiny neurons (MSNs) and 

cholinergic interneurons (Martel & McArthur, 2020). In the midbrain, D1 protein, but not 

mRNA, is densely expressed in the substantia nigra pars reticulata (SNr), but is not present in the 

substantia nigra pars compacta (SNc) (Missale et al., 1998). It is primarily present on 

nigrostriatal GABAergic axon terminals, but may also be expressed in GFAP-positive astrocytes 

(Nagatomo et al., 2017). 

D1-like receptors couple to the stimulatory Gαs/olf family of G proteins, activating 

adenylyl cyclase and increasing cyclic AMP (cAMP) levels (Mishra et al., 2018). D1 receptors in 

the prefrontal cortex also have an important role in working memory and DRD1 in the nucleus 

accumbens is important for maternal behavior (Sawaguchi & Goldman-Rakic, 1991; Numan et 

al., 2005). Activation of DRD1 produces an excitatory effect on locomotion (Beaulieu & 

Gainetdinov, 2011). Curiously, several studies note that DRD1 knockout mice exhibit behavioral 

hyperactivity (Xu et al., 1994; Centonze et al., 2003).  

D2-like receptors (DRD2) are mainly found in the striatum, external globus pallidus, core 

of nucleus accumbens, and olfactory tubercle (Mishra et al., 2018). DRD2 is located 

presynaptically and postsynaptically, with D2 and D3 also acting as autoreceptors on dopamine 

neurons (Ford, 2014). In the striatum, D2-like receptors are primarily located on DRD2-selective 

medium spiny neurons, although a small subgroup of MSNs also co-express DRD1 (Missale et 

al., 1998; Beaulieu & Gainetdinov, 2011). Although it is less abundant, DRD2 protein and 

mRNA is also expressed on dopaminergic cell bodies in the substantia nigra pars compacta and 

ventral tegmental area (VTA), but is not seen in the substantia nigra pars reticulata. These D2-
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like receptors are presumably autoreceptors and are colocalized with TH (Bertran-Gonzalez et 

al., 2008; Missale et al., 1998). Due to alternative gene splicing, D2 receptors produce two 

isoforms: D2-short (D2S) and D2-long (D2L), which has 29 more amino acids than the short 

isoform (Lindgren et al., 2003). These isoforms appear to bind differentially to inhibitory G-

proteins (Guirammand et al., 1995). The striatum primarily expresses D2L, whereas the SNc 

primarily expresses D2S (Khan et al., 1998). 

D2-like receptors couple to the inhibitory Gαi/o family of G proteins, inhibiting adenylyl 

cyclase activity, cAMP production, and calcium channels, while activating G-protein regulated 

inwardly rectifying potassium channels (GIRK) (Mishra et al., 2018). Activation of DRD2 

autoreceptors, particularly D2, reduces dopamine neuron activity and dopamine release, which in 

turn decreases locomotion (Ford, 2014). However, postsynaptic DRD2 has a mild stimulatory 

effect on movement (Beaulieu & Gainetdinov, 2011). DRD2 autoreceptors in the striatum can 

regulate dopamine transmission by inhibiting calcium channels, increasing DAT activity, and 

reducing TH activity (Ford, 2014). Blocking DRD2 has been demonstrated to inhibit the 

reuptake of dopamine, while excessive stimulation of these receptors accelerates it (Cass & 

Gerhardt, 1994; Benoit-Marand et al., 2010). Interestingly, DRD2 knockout mice exhibit 

significant PD-like locomotive impairment (Hisahara & Shimohama, 2011).  

Dopamine receptors play a role in multiple neurological disorders and are subsequently 

targets for numerous treatment methods. Polymorphisms in D4 and D5 receptor genes have been 

linked to ADHD (Coghill & Banaschewski, 2009). Low DRD2 levels and DRD1 

hypersensitivity have been demonstrated in addiction and substance use disorder (Klein et al., 

2018). Psychotic symptoms in schizophrenia are associated with elevated DRD2 levels, and 

DRD2 antagonism is the primary mechanism for antipsychotics (Martel & McArthur, 2020; 
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Seeman, 2013). Significant decreases in striatal DRD1 and DRD2 binding and density is 

consistently observed in Huntington’s disease, although overactivation of DRD1 has been 

documented in early Huntington’s disease before the onset of motor symptoms (Cepeda et al., 

2014; Beaulieu & Gainetdinov, 2011; Moreno-Delgado et al., 2020).  

Increased DRD1 and DRD2 densities are observed in the striatum in Parkinson’s patients, 

particularly in early stages of the disease (Seeman & Niznik, 1990; Hisahara & Shimohama, 

2011). Neuroimaging studies from later-stage PD patients show downregulation in striatal DRD2 

– however, it is unclear if this is a result of the disease’s progression or an effect of treatment 

(Kaasinen et al., 2021). PD treatments that target dopamine receptors are primarily DRD2 

agonists, although some drugs, such as DHEC and apomorphine, also act on D1-like receptors 

(Hisahara & Shimohama, 2011). Receptor supersensitivity has also been proposed in the 

pathology of Parkinson’s, which may explain the clinical success of L-DOPA (Lee et al., 1978). 

 
Pyrethroids, Parkinson’s, and Dopamine Receptors 

Studies have demonstrated extensive effects of pyrethroid exposure on the dopaminergic 

system. Short-term type-II pyrethroid exposure elicits prolonged dopamine and acetylcholine 

release in the striatum, which is mediated by pre- and postsynaptic DRD2 receptors, respectively 

(Eells & Dubocovich, 1988). Pyrethroids can also trigger dopaminergic neuron death in the 

substantia nigra and decreases in striatal dopamine levels (Jiao et al., 2020; Mohammadi et al., 

2019). Decreases in TH have also been documented following exposure to pyrethroids (Jiao et 

al., 2020; Liu et al., 2006). There have been mixed results on the effects of pyrethroids on DAT. 

Some studies observed higher levels of DAT, which may increase vulnerability to neurotoxins 

and is consistent with ADHD pathology (Elwan et al., 2006; Gillette and Bloomquist, 2003; 

Kirby et al., 1999; Richardson et al., 2015), whereas others demonstrated a decrease in DAT, 
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which is consistent with PD pathology (Pitzer et al., 2021; Pittman et al., 2003). Behaviorally, 

pyrethroid exposure in adult rodents induces tremor and mobility issues similar to those seen in 

Parkinson’s (Pitzer et al., 2021; Rodríguez et al., 2016). 

Given their importance in modulating dopaminergic function and roles in various 

disorders, there is a necessity to understand the effects of pyrethroids on dopamine receptors. 

However, observed results from current literature are rather mixed. Kung et al. (2015) reported a 

decrease in DRD1 and DRD2 mRNA in zebrafish exposed as embryos, Crago and Schlenck 

(2015) found a decrease in DRD2 mRNA expression in juvenile rainbow trout, and Pitzer et al. 

(2019) saw a decrease in DRD1 mRNA expression in treated rat pups. Another study conducted 

in zebrafish embryos demonstrated no difference in DRD1 nor DRD2 mRNA levels (Wang et 

al., 2020), and unpublished data cited by Pitzer et al. (2021) also saw no change in striatal DRD1 

or DRD2 protein levels in rat pups. Conversely, Patel & Pitzer (2019), an undergraduate student 

in Pitzer’s lab, observed an increase in DRD1 protein in rat pups. In the offspring of exposed 

rodents, Richardson et al. (2015) similarly saw an increase in DRD1 protein but no change in 

DRD2 for mice, whereas Singh et al. (2014) reported a decrease in striatal DRD2 protein in rats 

(Table 1). 

Table 1. Summary of pyrethroid effects on DA receptors in previous studies  

Study Model DA Receptor 
Effect 

Dosing paradigm 

Crago & Schlenk 
(2015) 

Juvenile rainbow 
trout ↓DRD2 mRNA 0.15, 1.5 µg/L, 96 hrs or 2 

weeks, bifenthrin (Type I) 

Kung et al. (2015) Zebrafish embryo ↓DRD1 mRNA; 
↓DRD2 mRNA 

0.25–0.50 μg/l, 3 hpf-72 
hpf, deltamethrin (Type II) 

Wang et al. (2020)  Zebrafish embryo 
No change in 

DRD1 or DRD2 
mRNA 

.02, .2, 2, 20 µg/L, 96 hrs, 
esfenvalerate (Type II) 
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Singh et al. (2014)  Prenatally exposed 
rats 

↓DRD2 protein, 
striatum 

1.25, 2.5, 5 mg/kg, 
gestation days 5-21, 
cypermethrin (Type II) 

Richardson et al. 
(2015) 

Undosed offspring 
of dosed female 

mice 

↑DRD1 protein, 
striatum; no change 

in DRD2 

0.3, 1, 3 mg/kg, all of 
gestation until postnatal day 
22, deltamethrin (Type II) 

Pitzer et al. (2019) Adult rats (exposed 
as pups) ↓DRD1 mRNA 

.25, 0.5, 1 mg/kg/day, 
postnatal days 3-20, 
deltamethrin (Type II) 

Pitzer et al. (2021) 
(citing unpublished 

data) 

Developmentally 
exposed rats 

No change in 
DRD1 or DRD2 
protein, striatum 

Unspecified dose, postnatal 
exposure, deltamethrin 
(Type II) 

Patel & Pitzer 
(2019) 

Developmentally 
exposed rats 

↑DRD1 protein, 
striatum 

1 mg/kg, postnatal days 3-
20, deltamethrin (Type II) 

 

 It should be noted that some of the previous literature for the effects of pyrethroid 

exposure on dopamine receptors uses fish models, but it has been established that pyrethroids 

have greater toxicity in aquatic life than in mammals (Biscoe et al., 2016). Therefore, a 

mammalian species ought to be used to provide a more relevant model for human exposures. 

Furthermore, all prior studies center around the neurodevelopmental impacts of pyrethroids. 

However, given that dopamine receptors are an integral part of the pathology and treatment of 

Parkinson’s disease, there is a necessity to understand how pyrethroids may impact dopamine 

receptors in adults. Herein, we demonstrate that chronic oral pyrethroid exposure in adult wild-

type mice increases D1-like dopamine receptor protein levels in the striatum, which not only 

carries potential implications for early Parkinson’s disease pathology, but may also indicate the 

utilization of compensatory mechanisms in response to pyrethroids. Furthermore, our wild-type 

mouse model opens the door for considerations of other neurological disorders in which 

dopamine receptors and environmental exposures play a role.  
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Methods and Materials 

Animal Models 

Male C57BL/6 (wild-type) mice purchased from Jackson Labs were co-housed based on 

treatment group (n=6-12 per group) in the Whitehead Biomedical Research Building animal 

facility. Sample sizes were based on a statistical power analysis at >80% power, allowing 20% 

tolerance for type 2 error. Starting at 8-10 weeks of age, mice were orally gavaged with 

deltamethrin (3 mg/kg) dissolved in sterilized corn oil or sterile corn oil as a vehicle control once 

per week for 12 weeks. Mice were monitored for signs of acute toxicity, none of which were 

observed during preliminary studies. Mice were humanely euthanized and perfused within 72 

hours to 1 week after the final dose of deltamethrin. Brain tissue was collected, dissected, and 

halved. One half was allocated for immunofluorescence and the other allocated for protein to 

facilitate optimal extraction conditions. Animal handling and sample preparation was completed 

by the Sampson lab. All animal use protocols were reviewed and accepted by the Institutional 

Animal Care and Use Committee at Emory University under Protocol #201900030. 

 
Immunofluorescence 

Fixed and perfused brains were mounted in Tissue-Tek® OCT compound (performed by 

the lab) and sectioned at 40 µm via cryostat. Sections were blocked in PBS with 0.01% sodium 

azide, 3% normal goat serum (NGS), 0.3% Triton-X 100, and 1 drop/mL of M.O.M.® blocking 

reagent (Vector Laboratories) for 2 hours at room temperature. Slices were then incubated in 

anti-DRD1 (1:500 rabbit; Abcam ab279713), anti-DRD2 (1:500 guinea pig; Synaptic Systems 

376 205), and anti-TH (1:300 mouse; Millipore MAB318) primary antibodies diluted in blocking 

buffer overnight at 4 °C. Following three 5-minute washing steps in PBS, sections were 

incubated for one hour at room temperature with corresponding anti-rabbit IgG-AF488, anti-
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rabbit IgG-AF594, anti-guinea pig IgG-AF594, and anti-mouse IgG-AF657 (1:1000; Invitrogen) 

secondaries. After three 5-minute washing steps, sections were mounted onto glass slides in 

ProLong™ Diamond Antifade mountant with DAPI (Thermo Fisher). All antibodies used are in 

Table 2.  

Samples were stained in batches of four (two controls, two treated) to ensure consistent 

staining conditions within-batch when imaging. DRD1 and DRD2 were stained separately, and 

all samples were stained with TH. The first batch of DRD1 samples was stained with anti-rabbit 

IgG-AF488, and all subsequent staining for DRD1 used anti-rabbit IgG-AF594.  

DAPI, TH, striatal dopamine receptors, and midbrain DRD1 were imaged with a 

KEYENCE B2-X710 fluorescence microscope. Exposure times were consistent within-

batch. Images were analyzed by tracing the fluorescent region of interest was and measuring for 

integrated density, then measuring background signal from areas without staining. Corrected 

total fluorescence intensity was determined using the following formula: Integrated Density of 

ROI – (Area of ROI * mean fluorescence of background) (Fitzpatrick, 2014). 

  DRD2, DAPI, and TH in the substantia nigra pars compacta were imaged with an 

inverted Olympus FV-1000 confocal microscope at 60x objective. DRD2 levels were measured 

using particle analysis.  

 
Western Blot 

Protein was homogenized with 1x MSD buffer (5x homogenization buffer, deionized 

water, 1% Triton X-100, and protein/phosphatase inhibitor tablet) and centrifuged at 30,130 x g 

at 4 °C. Protein was quantified with a Pierce™ BCA protein assay kit and spectroscope. Protein 

stock was then combined with a proportionate amount of 1x MSD buffer and 4x NuPAGE™ 

Buffer with 50 mM DTT. 13.3µL of protein for each sample was loaded onto Novex™ 4-20% 
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tris-glycine gels, WedgeWell format, electrophoresed at 150 V for 60 minutes, then transferred 

to PVDF membranes. Membranes were blocked in 5% bovine serum albumin (BSA) for one 

hour at room temperature, then incubated with anti-DRD1 antibody (1:750 rat; Sigma Aldrich 

D2944), anti-DRD2 antibody (1:750 rabbit; Merck Millipore AB5084P) or anti-GAPDH (1:1000 

rabbit; Cell Signaling Technology 5174S) primary antibody diluted in 5% BSA overnight at 

4 °C. Following three 5-minute washing steps in 1x Tris-buffered saline with 0.1% Tween-20, 

membranes were probed with anti-rat (1:1000; Jackson Labs) or anti-rabbit IgG HRP (1:1000-

5000; Cell Signaling Technology) diluted in 5% BSA at room temperature for one hour. All 

antibodies used are listed in Table 2. DRD1 and DRD2 blots were detected using SuperSignal™ 

West Femto Maximum Sensitivity Substrate and GAPDH blots were detected using SignalFire™ 

ECL reagent (Cell Signaling Technology). All blots were imaged using Azure Biosystems c400 

western blot imaging system. 

Anti-DRD1 and anti-DRD2 primary antibodies for western blot were selected in 

accordance with validation results by Stojanovic et al. (2017). 

Table 2. Antibodies  

Antibody Application Concentration Product Number 

Primary Antibodies  

Anti-dopamine receptor D1, 
rabbit monoclonal Immunofluorescence 1:500 Abcam AB279713 

Anti-dopamine receptor D2, 
guinea pig polyclonal Immunofluorescence 1:500  Synaptic Systems 376 

205 

Anti-tyrosine hydroxylase, 
mouse monoclonal Immunofluorescence 1:300 Millipore MAB318 

Anti-dopamine receptor D1, 
rat monoclonal Western blot 1:750 Sigma Aldrich D2944 
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Anti-dopamine receptor D2, 
rabbit polyclonal Western blot 1:750 Merck Millipore 

AB5084P 

Anti-GAPDH, rabbit 
monoclonal Western blot 1:1000 Cell Signaling 

Technology 5174S 

Secondary Antibodies 

Anti-rabbit IgG-Alexafluor 
488 Immunofluorescence 1:1000 Invitrogen A-11008 

Anti-rabbit IgG Alexafluor 
594 Immunofluorescence 1:1000 Invitrogen A-11012 

Anti-guinea pig IgG 
Alexafluor 594 Immunofluorescence 1:1000 Invitrogen A-10076 

Anti-mouse IgG 647 Immunofluorescence 1:1000 Invitrogen A-21240 

Anti-rat IgG-HRP Western Blot 1:1000 Jackson Labs 
112035003 

Anti-rabbit IgG-HRP Western blot 1:1000-1:5000 Cell Signaling 7074 

 

Statistical Analyses 

Immunofluorescence images and western blots were quantified with Fiji (Fiji Is Just 

ImageJ) software (Schindelin et al., 2012). Tests for normality followed by unpaired two-tailed t-

tests were performed with Graphpad Prism version 9.5.1 for macOS. Results were considered 

statistically significant when p ≤ 0.05. 

Results 

Deltamethrin exposure increased striatal DRD1 protein levels, but not DRD2 

Striatal DRD1 and DRD2 protein levels are increased in early-stage Parkinson’s disease 

patients, and some studies have observed changes in striatal dopamine receptor protein levels 

following pyrethroid exposure (Seeman & Niznik, 1990; Hisahara & Shimohama, 2011; Singh et 

al., 2014; Richardson et al., 2015). Immunofluorescence and western blot were used to measure 
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potential changes in striatal DRD1 and DRD2 protein levels after exposure to deltamethrin. 

Western blots were used to corroborate findings from immunofluorescence and vice versa. 

Imaging confirmed the location of both receptor families in the mouse striatum (caudoputamen, 

nucleus accumbens) and olfactory tubercle (Figures 1B and 2B). Fluorescence intensity was 

analyzed in the striatum. Corrected total fluorescence analysis yielded a significant increase in 

striatal DRD1 (Figure 1A), which was confirmed by western blot analysis (Figure 1C). However, 

neither corrected total fluorescence intensity nor western blot analysis yielded differences 

between treatments for striatal DRD2 protein, although there was a very slight trending increase 

in the deltamethrin treated group in both analyses (Figures 2A & 2C). These findings indicate 

that deltamethrin exposure differentially increases DRD1 but not DRD2 in the striatum.  

 
Figure 1. Deltamethrin exposure significantly increased DRD1 protein levels in striatum. A) Corrected total 
fluorescence intensity analysis for striatal DRD1. B) Representative images of immunofluorescent staining for 
DRD1 in striatum between corn oil vehicle (a) and deltamethrin (a’) treatments. Scale bars are 500 µm. C) Western 
blot analysis of striatal DRD1 protein. D) Western blot of striatal DRD1 protein showed bands between ~70 kDa 
and ~100 kDa. One vehicle sample was excluded due to protein levels being too low to quantify. GAPDH was used 
as a housekeeping protein. *p ≤ 0.05. 
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Figure 2. Deltamethrin exposure did not significantly alter DRD2 protein levels in striatum. (A) Corrected 
total fluorescence intensity analysis for striatal DRD2. (B) Representative images of immunofluorescent staining for 
DRD1 in striatum between corn oil vehicle (a) and deltamethrin (a’) treatments. Scale bars are 500 µm. (C) Western 
blot analysis of striatal DRD2 protein. (D) Western blot of striatal DRD2 protein showed prominent bands at ~32 
kDa, ~38 kDa, and ~55 kDa, and faint bands between ~70 kDa and ~100 kDa. Densitometry was performed on 
bands at ~55 kDa . One vehicle sample was excluded due to protein levels being too low to quantify. GAPDH was 
used as a housekeeping protein. *p ≤ 0.05. 
 

Deltamethrin exposure did not alter midbrain DRD1 or DRD2 levels 

 Given the crucial role of the substantia nigra pars compacta and nigrostriatal pathway in 

the pathophysiology of Parkinson’s disease, protein levels for midbrain DRD1 and DRD2 were 

measured using immunofluorescence and western blot (Poewe et al., 2017). Corrected total 

fluorescence intensity analysis of SNr saw a trending, but nonsignificant, increase in DRD1 

levels (Figure 3A). Midbrain slices were costained with TH as an anatomical marker to confirm 

that DRD1 was expressed in the substantia nigra pars reticulata (Figure 3B). Indeed, TH was 
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expressed on dopaminergic cells in the SNc and VTA, but did not overlap with DRD1 in the SNr 

(Figure 3Bc & 3Bc’).  

 

 
Figure 3. Deltamethrin exposure did not significantly alter midbrain DRD1 protein levels. (A) Corrected total 
fluorescence intensity analysis for DRD1 in substantia nigra pars reticulata. (B) Representative images of DRD1 
(green) and tyrosine hydroxylase (magenta) in the midbrain between corn oil vehicle (a, b, & c) and deltamethrin 
(a’, b’, c’) treatments. DRD1 was exclusively seen in the SNr, whereas TH was exclusively seen in the SNC (c & 
c’). Scale bar are 500 µm. (C) Western blot analysis of midbrain DRD1 protein. (D) Western blot of midbrain DRD1 
protein showed bands at ~55 kDa and ~38 kDa. Densitometry was performed in ~55 kDa bands. One deltamethrin 
sample was excluded from analysis due to protein levels being too low to quantify. GAPDH was used as a 
housekeeping protein. *p ≤ 0.05. 
 

Confocal imaging of the midbrain revealed that dopaminergic neurons, which expressed 

TH (red), were present in the substantia nigra pars compacta (4b & 4b’). DRD2 (yellow) was 

also present in the midbrain (4a & 4a’). DRD2 was present on the soma of all SNc dopaminergic 

neurons, presumably as autoreceptors (4c & 4c’), but also appeared in areas that did not contain 

TH-staining, indicating that non-dopaminergic neurons in the midbrain also expressed DRD2 (4d 
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& 4d’). Because DRD2 was seen on dopaminergic and non-dopaminergic neurons, particle 

analysis was performed to measure levels of DRD2 in areas with TH staining and areas without 

TH staining. There was no change between treatments in the number of DRD2 receptors per 

dopaminergic neuron (5A), nor in non TH-positive areas (5B).  

 
Figure 4. D2-like receptors were present on dopaminergic and non-dopaminergic neurons in midbrain. 
Fluorescent confocal images were taken in the substantia nigra at 60x objective. D2-like receptors (yellow) were 
widely expressed (a & a’). Tyrosine hydroxylase (red) was seen in the substantia nigra pars compacta and 
represented dopaminergic neurons (4b & 4b’). DRD2 was present on soma of TH-positive cells but also seen in non 
TH-positive areas (4c & 4c’). Scale bars are 20 µm.  

 
Figure 5. Deltamethrin exposure did not significantly alter midbrain DRD2 levels on dopaminergic or non-
dopaminergic neurons. A) Particle analysis of average number of D2-like receptors per dopaminergic neuron. 
Measured by creating ROI around TH-positive neurons and dividing number of DRD2 particles within ROI by 
number of TH-positive cells. B) Particle analysis for average number of D2-like receptors not on dopaminergic 
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neurons. Measured using (total DRD2 particle count - DRD2 particle count in ROI)/(total image area - TH-positive 
ROI area).*p ≤ 0.05.  

Discussion 

 Pesticide exposure has been connected to the development of Parkinson’s disease, a 

movement disorder characterized by the loss of dopamine and dopaminergic neurons in the 

nigrostriatal pathway (Islam et al., 2021; Ball et al., 2019). Synthetic pyrethroids, one of the most 

commonly used classes of pesticides, have been demonstrated to disrupt dopaminergic signaling 

in ways that are consistent with disorders such as ADHD and Parkinson’s depending on age 

during exposure (Richardson et al., 2015; Pitzer et al., 2019; Stephenson, 2000; Jiao et al., 2020). 

Dopamine receptors are important aspects in the pathology and treatment in many 

neurodevelopmental and neurodegenerative disorders (Coghill & Banaschewski, 2009; Seeman, 

2013; Moreno-Delgado et al., 2020; Hisahara & Shimohama, 2011). However, current studies on 

the effects of pyrethroids on dopamine receptors only model developmental exposures (Crago & 

Schlenk, 2015; Kung et al., 2015; Wang et al., 2020; Singh et al., 2014; Richardson et al., 2015; 

Pitzer et al., 2019; Patel & Pitzer, 2019; Pitzer et al., 2021). Thus, our study is the first to our 

knowledge to investigate how pyrethroid exposure in an adult mouse model affects dopamine 

receptors.  

 Oral deltamethrin exposure significantly increased DRD1 protein levels in the striatum, 

but did not affect striatal DRD2, which was consistent with findings from Richardson et al. 

(2015) and Patel & Pitzer (2019), despite differences in age when exposed. These findings 

disagree with other literature, with the disparity primarily existing between studies on dopamine 

receptor mRNA transcription levels (Crago & Schlenk, 2015; Kung et al., 2015; Wang et al., 

2020; Pitzer, 2019). However, correlation levels between mRNA levels and expression of 

corresponding proteins has been demonstrably poor and cannot reliably be used to predict one 
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another – thus, it may be inaccurate to make a direct comparison to these studies (Koussounadis 

et al., 2015). Furthermore, some of these studies used developmental fish models, but it has been 

established that pyrethroids are differentially more toxic to aquatic life than to mammals (Crago 

& Schlenk, 2015; Kung et al., 2015; Wang et al., 2020; Biscoe et al., 2016).  

DRD2 in the midbrain was observed in non TH areas, indicating that non-dopaminergic 

neurons in the substantia nigra also expressed D2 receptors. It is possible these neurons were 

D1/D2-coexpressing medium spiny neurons, which project from the striatum into the substantia 

nigra (Deng et al., 2006).  

   The effects of exposure on dopamine receptor levels were not entirely consistent with 

pathology for Parkinson’s disease. Although the rise in DRD1 striatal protein levels was in 

agreement with studies in PD, patients also exhibit increased DRD2 in the striatum, which 

contrasts our findings (Seeman & Niznik, 1990; Hisahara & Shimohama, 2011). Furthermore, no 

changes were found in dopamine receptor levels in the midbrain. There is evidence that 

Parkinson’s progresses through retrograde axonal degeneration beginning in the striatum, which, 

given that no change in DRD2 was observed in the striatum, may explain why the substantia 

nigra was not affected (Tagliaferro & Burke, 2016).  

 It should be noted that mice were exposed starting at 8-10 weeks of age and were 

sacrificed 12 weeks later. At these ages, mice are not considered particularly old, and are 

equivalent to a roughly 20-30 year old human (Hagan, 2017). Considering that age is ultimately 

the greatest risk factor for Parkinson’s, with the average age of onset around 60 years old, it is 

possible that the age of our models poses a limitation in our model, as younger organisms are 

less susceptible to neurodegeneration than older ones (Hindle, 2010). Alternatively, we could be 
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seeing compensatory mechanisms that are representative of the preclinical stages of disease 

(Bezard et al., 2003; Borgonovo et al., 2017).  

Given that our exposure paradigm was in wild-type mice, it is relevant to consider these 

findings outside the lens of Parkinson’s. Surmeier et al. (1992) demonstrated that activation of 

D1 receptors on nigrostriatal neurons reduces Na+ current in voltage gated sodium channels, 

which are the primary target for pyrethroids. Since pyrethroids prolong the activation of voltage 

gated sodium channels, it is therefore possible that the higher expression of DRD1 observed after 

exposure is a compensation to correct the overactivation of sodium channels in the presence of 

deltamethrin (Wakeling et al., 2012). Pyrethroids are also known to decrease striatal dopamine 

levels (Rodríguez et al., 2016; Mohammadi et al., 2019). D1-like receptors have a much lower 

affinity for dopamine than D2-like receptors, which may explain why DRD1, but not DRD2, 

levels were altered to compensate for a loss of dopamine (Martel & McArthur, 2020). A rise in 

striatal DRD1 has also been implicated in levodopa-induced dyskinesia (LID), and application of 

DRD1 antagonists protects against or reverses LID symptoms (Aubert et al., 2004; Mela et al., 

2012; Jones-Tabah et al., 2020). DRD1 stimulation mediates the activation of extracellular 

signal-regulated kinases 1 and 2 (ERK1/2), which is overactive in levodopa-induced dyskinesia 

(Fieblinger et al., 2014). This D1-mediated ERK signaling cascade is cytotoxic and may also be 

responsible for the striatal neurodegeneration observed in Huntington’s disease (Chen et al., 

2004; Paoletti et al., 2008; Tang et al., 2007). Thus, the increased expression of DRD1 protein 

may be a mechanism of neurotoxicity that is catalyzed by pyrethroid exposure. 

 The alterations observed in response to deltamethrin are therefore quite concerning 

considering the chronic daily exposures experienced by the general population. A human health 

risk assessment for deltamethrin released by the EPA estimated that children ages 3-5 have the 
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highest dietary chronic exposure to deltamethrin at approximately 1 µg/kg/day. Estimated 

chronic dietary exposure levels in the general US population is around 0.3 µg/kg/day (Collantes 

et al., 2017). The no-adverse-effect-level (NOEL) for oral deltamethrin exposure is 1 mg/kg/day 

(Barlow et al., 2001). Both the NOEL and human exposure estimates are lower than the dose we 

used in our study. However, fat, skin, and skeletal muscle have been demonstrated to accumulate 

large amounts of deltamethrin and act as slow-release depots, so it is unknown what levels of 

deltamethrin may truly be in the body after long-term daily exposure (Kim et al., 2007).  

Most toxicological studies for pyrethroids use pure forms of the pesticide dissolved into a 

vehicle of choice. The vehicle used to administer pyrethroids is important, as toxicity can vary 

greatly depending on the vehicle used. For example, for deltamethrin, the oral LD50 in vegetable 

oil or polyethylene glycol ranges from 19 to 34 mg/kg in mice, whereas doses up to 5000 mg/kg 

did not produce lethality in aqueous vehicles (Barlow et al., 2001). However, pesticide products 

marketed for commercial and residential applications use formulations that combine a variety of 

inert ingredients in combination with the active pyrethroid. The EPA places all inert ingredients 

under four categories: inert ingredients of toxicological concern, potentially toxic inert 

ingredients, inert ingredients of unknown toxicity, and inert ingredients of minimal concern. 

Under federal United States law, only inert ingredients of toxicological concern are required to 

be disclosed on pesticide labels -- all other inert ingredients do not need to be specified, meaning 

the identities and quantities in specific formulations remain confidential (Todd, 2003). Thus, the 

effects of vehicle on pyrethroid toxicity becomes an important concern when applying 

understandings from research studies to everyday life. Williamson et al. (1989) demonstrated 

that the commercial fenvalerate formulation Pydrin significantly enhanced the toxicity of 

fenvalerate via oral and intraperitoneal routes, lowering its LD50 from 190 mg/kg in corn oil to 72 



 25 
 
 

mg/kg in Pydrin. Their findings indicate that inert ingredients in trade formulations that are not 

inherently toxic may have toxic interactions with pyrethroids, which should be considered when 

determining the safety of their real-world applications. 

Pyrethroid pesticides have become one of the most commonly used pesticides across the 

world. However, the longer-term effects of pyrethroid exposure in humans are poorly 

understood, but have been connected to disorders such as ADHD, ALS, and Parkinson’s disease. 

We observed that chronic oral deltamethrin exposure in adult wild-type mice increased DRD1 

levels in the striatum, which may be indicative of compensatory mechanisms associated with 

preclinical Parkinson’s and other diseases. Such changes are concerning given that increases in 

striatal DRD1 are involved in nigrostriatal dopamine neuron degeneration seen in disorders such 

as Huntington’s disease, and may signify how pyrethroids can influence the progression and 

treatment of other neurological disorders (Paoletti et al., 2008; Tang et al., 2007; Pearson et al., 

2006). Further scrutinization of the effects of adult pyrethroid exposure on dopamine receptors is 

imperative for understanding their roles in the development of neurodegenerative disorders.  

Future Directions  

There are several genes associated with PD that increase an individual’s susceptibility to 

developing the disease in combination with environmental insults (Cannon & Greenamyre, 2013; 

Angelopoulou et al., 2022). In fact, one genetic variant, the single-nucleotide polymorphism 

rs3129882 in HLA-DRA, has been demonstrated to increase susceptibility to Parkinson’s 

specifically in response to pyrethroid exposure (Kannarkat et al., 2015). Therefore, it may be 

worthwhile to investigate how dopamine receptors in PD mouse models could be affected by 

pyrethroids to better understand if and how these genes interact with such exposures. 
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Additionally, it is necessary to consider potential synergistic interactions of pyrethroid 

exposure and other toxic exposures. For example, organophosphates are still commonly used 

alongside pyrethroids, and their combined effects are notably more toxic than exposure to either 

pesticide alone (Simaremare et al., 2020; Iyyadurai et al., 2014). As such, comparing the 

influence of several pesticides together on dopamine receptors would provide a more realistic 

model for exposure in humans.  
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