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Abstract

Background

Imidacloprid (IMI) is a systemic neonicotinoid insecticide intended to replace the organophosphate pesticides
in agriculture. Extensive use of these pesticides increases the risk to the environment and non-target
organisms such as humans due to their potential bioaccumulation and toxicity. Researchers studying the effect
of IMI on human nicotinic receptors (a4p2) have reported that IMI may have more substantial side effects on

humans than originally anticipated. This research project aimed to assess the possibility of long-term

neurological risks following prolonged, low dose IMI exposure within an in vivo zebrafish model.

Methods

A protein precipitation extraction from zebrafish brain, liver and gill homogenate was applied followed by LC-
MS/MS detection of neurotransmitters and IMI and its primary metabolites. Protein precipitation was
conducted using methanol:acetonitrile (1:1 v/v) as the precipitating solvent. Phenethylamine-d4 and IMI-d4
were used as internal standards for the neurotransmitter and IMI LC-MS/MS methods, respectively. For the
neurotransmitters, chromatographic separation was achieved using a Poroshell column (3.0 x 100 mm, 2.7
pum) using a gradient elution mode at a flow rate of 0.45 mL/min and an analysis time of 7 min. Mobile phase
A and B consisted of water with 0.1% formic acid and acetonitrile, respectively. For IMI and its metabolites,
chromatographic separation was achieved using a biphenyl column (2.1 x 100 mm, 2.7 um) with gradient
elution at a flow rate of 0.4 mL/min. The total analysis time was 8.5 min. Mobile phase A and B consisted of
water and methanol respectively, both with 5 mM ammonium formate and 0.1% formic acid. The two
developed methods underwent a partial validation to certify that both methods were precise, accurate and
reliable. Zebrafish larvae were exposed to IMI at four and five days post fertilisation to determine the no
observed adverse effect level (NOAEL) of IMI. After this, adult zebrafish were exposed to the NOAEL
concentration for 21 days. Key endpoints included behaviour indicative of neurocognitive decline and possible
bioaccumulation in the adult zebrafish brain, liver and gills. Neurotransmitter concentrations were measured
in the adult zebrafish brain tissue at the end of the treatment period to evaluate changes in neurotransmitter
signalling and potential neurological risks using the developed LC-MS/MS method. Bioaccumulation of IMI and

its metabolites in zebrafish brain, liver and gills was evaluated using LC-MS/MS.
Results

The calibration curve fits a quadratic (weighted 1/C) regression over the concentration range of 31.3 - 1000
ng/mL for acetylcholine, gamma-aminobutyric acid, serotonin and dopamine. The calibration curve for IMI

and its metabolites fits a quadratic (weighted 1/C) regression over the concentration range of 1.95 - 125 ng/mL
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for imidacloprid-urea and IMI, 0.244 - 125 ng/mL for desnitro-imidacloprid and 3.91 - 125 ng/mL for 5-hydro
imidacloprid. The NOAEL of IMI in zebrafish larvae was determined to be 2.5 pg/L. No significant morphological
changes were observed in the adult zebrafish during the treatment period. Behavioural changes observed
during the pesticide exposure period included decrease in appetite of the treatment group. The treatment
group was also observed swimming at the bottom of the tank in comparison to the control group. Although
IMI, IMI-urea and desnitro-IMI could not be detected in any of the tissue specimens, 5-hydro IMI was detected
at relatively high concentrations in the liver (0.793 ng/mg tissue) and gill epithelial tissue (117 ng/mg tissue).
Only concentrations of gamma-aminobutyric acid and acetylcholine were detected and quantified in both the
treated and control group. The treated group showed a 1.4-fold decrease and 1.9-fold increase in acetylcholine
and gamma-aminobutyric acid, respectively in comparison to the control. Serotonin and dopamine could not

be detected due to their levels being below the limit of quantitation of this method.
Conclusion

Robust LC-MS/MS methods were developed for the detection and quantitation of IMI, desnitro-imidacloprid,
imidacloprid-urea and 5-hydro-imidacloprid, as well as serotonin, dopamine, acetylcholine and gamma-
aminobutyric acid neurotransmitters in 200 L zebrafish brain, liver and gill epithelial tissue homogenate. The
behavioural changes observed in the adult zebrafish could be an indication of one of two things, anxiety or
sedative effect. This is verified by the increase in gamma-aminobutyric acid neurotransmitter levels. Together
with the evaluation of bioaccumulation of imidacloprid and its metabolites within the brain, liver and gill
epithelial tissue of zebrafish, this study provides an indication of the potential risk to human health following
chronic neonicotinoid exposure. Overall, our findings further contribute to existing literature and suggest that

IMI does pose a threat to more than just insects and therefore requires further investigation.
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Opsomming
Agtergrond

Imidacloprid (IMI) is ‘n sistemiese neonikotinoied insekdoder wat geoormerk is om die organofosfaat
plaagdoders in die landbou te vervang. Die wydverspreide gebruik van hierdie plaagdoders verhoog die risiko
vir die omgewing en nie-teiken organismes soos mense, as gevolg van hul potensiéle bioakkumluasie en
toksisiteit. Narvorsers wat die effek van IMI op menslike nikotienreseptore (a4B2) bestudeer, het gerapprteer

dat IMI meer aansienlike newe-effekte op mense kan hé as wat oorspronklik verwag is.
Metodes

‘n Proteien presipitasie van gechomogeniseerde sebravisbrein, lewer en kieu monsters is toegepas, gevolg deur
LC-MS/MS-meting van neuro-oordragstowwe, IMI en sy primére metaboliete. Proteien presipitasie is
uitgevoer met die gebruik van metanol:asetonitriel (1:1, v/v) as die presipiterende oplosmiddel.
Phenethylamine-d4 en IMI-d4 is gebruik as interne standaarde vir die neuro-oordragstowwe en IMI LC-MS/MS
metodes, onderskeidelik. Vir die neuro-oordragstowwe is chromatografiese skeiding bereik met behulp van n
Poroshell-kolom deur gebruik te maak van ‘n gradiént-eleuringsmodus teen ‘n vloeispoed van 0.45 mL/min en
‘n ontledingstyd van 7 min. Mobiele fase A en B het bestaan uit water met 0.1% mieresuur en asetonitriel
onderskeidelik. Vir IMI en sy metaboliete is chromatografiese skeiding bereik met behulp van n biphenyl kolom
met gradiént-eleuring teen ‘n vloeispoed van 0.4 mL/min. Die totale ontledingstyd was 8.5 min. Mobiele fase
A en B het onderskeidelik uit water en metanol bestaan beide met 5 mM ammoniumformaat en 0.1%
mieresuur. Die twee ontwikkelde metodes het 'n gedeeltelike validering ondergaan om te sertifiseer dat beide
metodes presies, akkuraat en betroubaar was. Sebravislarwes is vier en vyf dae na bevrugting aan IMI
blootgestel om die “geen waargenome nadelige effek”-vlak van IMI te bepaal. Hierna is volwasse sebravisse
vir 21 dae aan die bepaalde konsentrasie blootgestel. Neuro-oordragstof konsentrasies is gemeet in die
volwasse sebravis breinweefsel aan die einde van die behandelingsperiode om veranderinge in neuro-
oordragstof seinoordrag en potensiéle neurologiese risiko's te evalueer deur die ontwikkelde LC-MS/MS
metode te gebruik. Bioakkumulasie van IMI en sy metaboliete in sebravisbrein, lewer en kieue is geévalueer

met behulp van LC-MS/MS.
Resultate

Die kalibrasiekurwe pas by 'n kwadratiese (geweegde 1/C) regressie oor die konsentrasiereeks van 31.3 - 1000
ng/mL vir asetielcholien, gamma-aminobottersuur, serotonien en dopamien. Die kalibrasiekurwe vir IMI en sy

metaboliete pas by 'n kwadratiese (geweegde 1/C) regressie oor die konsentrasiereeks van 1.95 - 125 ng/mL

Vi
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vir imidacloprid-ureum en IMI, 0.244 - 125 ng/mL vir desnitro-Imidacloprid en 3.91 - 125 ng/mL vir 5-hidro-
imidakloprid. Die geen waargenome nadelige effekvlak van IMI in sebravislarwes is bepaal as 2.5 pg/L.
Belangrike eindpunte het gedrag ingesluit, wat dui op neurokognitiewe agteruitgang. Voorlopige data dui ook
op moontlike bioakkumulasie in die volwasse sebravisbrein, lewer en kieue. Geen betekenisvolle morfologiese
veranderinge is in die volwasse sebravis tydens die behandelingsperiode waargeneem nie.
Gedragsveranderinge wat tydens die blootstelling aan plaagdoders waargeneem is, sluit afname in eetlus van
die behandelingsgroep in. Die behandelingsgroep is ook waargeneem wat aan die onderkant van die tenk
geswem het in vergelyking met die kontrolegroep. Alhoewel IMI, IMI-ureum en desnitro-IMI nie in enige van
die weefselmonsters opgespoor kon word nie, is 5-hidro IMI by relatief hoé konsentrasies in die lewer (0.793
ng/mg weefsel) en kieuepiteelweefsel (117 ng/mg weefsel) opgespoor. Slegs konsentrasies gamma-
aminobottersuur en asetielcholien is in beide die behandelde en kontrolegroep opgespoor en gekwantifiseer.
Die behandelde groep het 'n 1.6-voudige afname en 1.9-voudige toename in asetielcholien en gamma-
aminobottersuur onderskeidelik in vergelyking met die kontrole getoon. Serotonien en dopamien kon nie

opgespoor word nie omdat hul vlakke onder die drumpel van kwantifisering van hierdie metode was.

Gevolgtrekking

Robuuste LC-MS/MS-metodes is ontwikkel vir die opsporing en kwantifisering van IMI, desnitro-IMl,
imidacloprid-ureum en 5-hidro imidakloprid, sowel as serotonien, dopamien, asetielcholien en gamma-
aminobottersuur neuro-oordragstowwe in 200 uL sebravisse brein, lewer en kieuepiteelweefsel
homogeniseer. Die gedragsveranderinge wat by die volwasse sebravis waargeneem word, dui ‘n
toksisiteit/verdovend effek aan en word geverifieer deur die verhoging in gamma-aminobottersuur vliakke.
Saam met die evaluering van bioakkumulasie van imidacloprid en sy metaboliete binne die brein, lewer en
kieuepiteelweefsel van sebravis, verskaf hierdie studie 'n aanduiding van die impak op menslike gesondheid
na chroniese neonikotinoiedblootstelling. Oor die algemeen dra ons bevindinge verder by tot bestaande

literatuur en stel voor dat IMI wel 'n bedreiging vir meer as net insekte inhou en daarom verdere ondersoek

verg.

vii
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Chapter 1: Introduction and literature review

1.1 Background

According to the Food and Agriculture Organization of the United Nations (FAQ), a pesticide is any compound
or combination of compounds produced to distinctly hinder, harm or control any pest, including transmitters
of human or animal disease. A pesticide is a general name that can be further subdivided into herbicides,
insecticides, fungicides, antimicrobial agents, pool chemicals, and many more insect-and rodent-managing
devices M4 The classification of pesticides can be based on their target, their mechanism of action (MOA)
or their chemical make-up ©®. While pesticide usage has economic benefits in large-scale agriculture,

exposure can lead to detrimental effects on humans and other vertebrates “®),

There are many health problems that may be related to pesticide exposure. In particular, the nervous system
is extremely susceptible to many pesticides belonging to various chemical families /7). The development of
the human brain takes place over an extended period, its maturation continuing through adolescence and
young adulthood. Examining the course of brain development in distinct samples of the general population
is crucial for understanding exposures as well as stressors in the child’s and adults’ physical and social
environment that sculpts human brain development ®. Ideally, a longitudinal follow-up in each individual
would be required but this lacks feasibility therefore it would be good to develop experimental models for

this.

This particular study focused on one specific pesticide, more particularly, a neonicotinoid insecticide. Despite
neonicotinoids decreased affinity for the nicotinic receptors of vertebrates, negative effects have been
documented in vertebrates ©. More importantly, proof of human pesticide risk is predominantly from
developed countries despite their use in developing countries, including South Africa, being excessive and
largely uncontrolled 19,

Additionally, there is a hypothesis stating that numerous untested neurotoxic substances may be behind the
so called “silent pandemic”, in which early life exposures are causing many neurodevelopmental disorders
19 For the most part, genetic factors only account for approximately 30 - 40% of all the occurrences of
neurodevelopmental dysfunction therefore non-genetic and environmental factors do play a role in the
causation 9. Currently, there is proof that the concentrations of possible neurotoxic substances has risen in
our surroundings and that these substances may interrupt the maturation of the central nervous system
(CNS) in humans *Y. To date, it has been widely accepted that the developing nervous system has increased

vulnerability to neurotoxicants in comparison to adults. That means, in order to ensure the protection of
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individuals, it is crucial to have definitive models to recognize and evaluate environmental pesticides that

may cause harm ©102),

1.2 Pesticide use and need in agriculture

As the human population continues to increase, additional crops are required to meet this growing need.
The outcome of this is the increased use of pesticides to increase the crop yield W34 The yearly
application of pesticides to crops in the European Union (EU) surpasses 140 000 tonnes “*. A minimal
percentage of the applied pesticide reaches the intended biological target, while the majority of the pesticide
is dispersed into the surroundings where it can have negative consequences *). The primary routes of entry
of pesticides into water bodies include agricultural runoff, leaching and spray drift 718 These chemicals
significantly affect wildlife, water quality as well as air quality **) The extensive use of these pesticides also
increases the risk to biodiversity of freshwater aquatic surroundings due to their potential bioaccumulation
and toxicity @7, Insecticide residues in the environment have a detrimental effect on human health as well
as the environment "9, |t is therefore necessary to record and evaluate any possible impacts of these

pesticides on biodiversity.

Additionally, bees, which are known to support the growth of trees, flowers and other plants have been
largely affected by the increased utilization of pesticides. Bees also play an essential role in the pollination
of the foods that we consume, therefore a decrease in the bee population may have a substantial effect on
crop yield #4292 The EU provisionally forbade the use of imidacloprid and two other neonicotinoid

3)(22)

pesticides in 2013 due to observable bee-poisoning incidents /223 This puts a question mark over the

safety of and potential undesired outcomes following the use of this particular pesticide.

In South Africa, impoverished communities are faced with poor housing, poor service delivery,
unemployment and overpopulation which exacerbates persistent pest infestations associated with risks of
disease. Informal businesses supply highly toxic, efficient, low cost and illicit street pesticides, either those
which are legally registered for agricultural use but transferred into unlabeled containers or prohibited street
pesticides. The former are not registered for household utilization due to their high acute toxicity, presenting
a substantial health risk to informal vendors and consumers @425,

Turning attention to the specific group of insecticides relevant to this study, nicotine, an alkaloid present in
the leaves of the genus Nicotiana, for some time was acknowledged for its insect-killing and pharmacological
characteristics. However, due to its non-systemic, volatile and highly toxic characteristics to both insects and

26)

mammals, it was substituted for neonicotinoid insecticides ?®?”), These particular insecticides have been

used for more than 20 years and globally, they are registered in more than 120 countries 289 A]|

13
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neonicotinoids have a similar structure to nicotine and their main target in insects is the cholinergic system
23)26) One of the crucial differences between nicotine and the neonicotinoids is that nicotine is positively
charged at physiological pH in contrast to neonicotinoids that are not but have an electronegative nitro- or
cyano-functional group 3. Nicotine can affect the development of the mammalian nervous system as
ordinary developmental neurotoxicants and there has been increased scrutiny over the fact that human

exposure to neonicotinoids may result in a rise in the likelihood of developmental neurotoxicity ©°.

The neonicotinoid pesticides include a variety of different insecticides. The most widely used neonicotinoids
include imidacloprid, thiacloprid, clothianidin and thiamethoxam ©). The neonicotinoid insecticides especially
have drawn significant attention globally as there has been an overwhelming rise in evidence over the past
10 years regarding possible detrimental risks to humans, non—target insects, aquatic invertebrates as well as
an impact on the surrounding environment after use ®%233) There have been various in vivo and in vitro
studies which have debated the fact that neonicotinoids are less toxic to mammals. They revealed important
toxicological potencies of imidacloprid on various mammalian organs such as the brain, liver, and their
normal physiological functioning 334, A systematic review on various neonicotinoid studies published
between 2005 and 2015 discovered only eight studies that focused on the effects that this pesticide has on
human health ®. Despite the extensive research relating to neonicotinoid insecticides, many gaps remain.
Firstly, researchers should focus on neonicotinoids as a class as well as individually instead of as a mixture
with other pesticides. Secondly, include the sampling of food or drinking water utilizing validated biomarkers.
Another crucial gap identified in the literature is the lack of an environmentally relevant idea of neonicotinoid

exposure %),

Prior to a pesticide being registered, there is a major focus on studying the effects of the parent entities
although farmers and the public are frequently exposed to both the parent compounds as well as their
breakdown products ?°). Therefore, in this current study, imidacloprid and three of its primary metabolites
will be comprehensively assessed to determine the possibility of neurocognitive decline following prolonged

exposure to low levels of IMI in adult zebrafish (Danio rerio).

1.3 Zebrafish as an animal model for toxicological studies

Up to the present time, many toxicological studies have been performed using mice, rats or rabbits as test
organisms, but this is associated with high costs as well as well as lengthy experimental research periods
B8)37) Zebrafish reproduce within 30 min of morning light onset, hatch within 2 - 3 days post fertilization
(dpf), start developing complex behavior within the first 7 days and are sexually mature within 3 - 4 months.

At this time, they are considered as adults. For these reasons, after being exposed to a specific substance

14
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they can easily be monitored over the complete lifespan of the zebrafish in comparison to the rodent models

which take up to 6 months to reach maturity #3940,

Additionally, between 48 and 72 hrs post fertilization (hpf), which is essentially during early development,
the majority of organs are almost completely developed with the exception of the organs situated in the
gastrointestinal tract, which become fully functional by 7 dpf. Adult zebrafish exhibit a varied collection of
intricate behaviors such as memory and learning, social interactions as well as looking for prey #Y“2) Their
capability to take up compounds through the water, also known as immersion administration, enables
pharmacological and toxicological research, especially for compounds which have a high water solubility ©¢°.
The adult zebrafish take up drugs via the gut in contrast to the larvae, where drugs are predominantly taken
up via their gills and skin. As a result, zebrafish have become a helpful model to study chemical as well as

developmental and neurobehavioural toxicology #843)44),

Zebrafish have been primarily utilised in developmental biology as well as molecular genetics but the
advantage of their use in toxicology and drug discovery has been acknowledged. More morphological,
biochemical and physiological details at all phases of development in juveniles and adults of both male and
female are known about the zebrafish in comparison to any other species of fish. Therefore, zebrafish have

become an optimal model for toxicology research ©#.

Biological outcomes of chemicals have been thoroughly assessed in zebrafish and this is generally
accomplished by merely dissolving a chemical in the water. This is followed by the monitoring of any
phenotypic alterations and/or toxic endpoints 72, The movement of zebrafish is an intricate behaviour
that needs a coherent response of the brain functions, nervous system as well as visual pathway.
Consequently, this behavioural pattern, together with automated tracking techniques, is gaining more and
more attention for its utilisation in high-throughput screening of neurotoxic compounds. It is important to
acknowledge that most toxicological studies using zebrafish as a model have concentrated on environmental
pollutants, however a growing number are developing in the area of pharmaceutical toxicology “?. This

emphasises the utility of zebrafish as a model for toxicological studies.

There are many benefits of using zebrafish as a model for toxicological research such as their small embryos
that allow for acceptable sample sizes to be assessed using one cell-culture plate to supply various
experimental replicates at a single time. This allows for high-throughput analysis for toxicity testing as well
as decreases the amount of test substances that would be required “?“%), Additionally, what makes this

species indispensable is their high fertility and transparency. A pair of adult zebrafish are able to lay
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approximately 200 - 300 eggs per spawning and this yield can be supplied every 5 - 7 days on condition that
the fish are maintained properly. Moreover, the larvae are transparent up until 9 - 14 dpf which allows for

the non-invasive assessment of the development of organs as well as end points indicative of toxicity 84142,

As a non-mammalian species, they do have specific disadvantages for simulating human disease such as
lacking certain mammalian organs such as lungs and mammary glands. However, due to their versatility and
distinctive characteristics, it is believed that zebrafish will play a progressively important role in identifying

and studying disease as well as therapeutic discovery “%).

Additionally, despite being phylogenetically more distantly related to humans than rats, several similarities
have been identified between zebrafish and humans. 71% of human proteins and 82% of disease-causing

41)(46)(47

proteins in humans have a well characterized ortholog in zebrafish ¢ ). Their organ systems, some of

which have adapted for life in an aquatic environment, accomplish much the same role as their human

42)48)49) Moreover, the use of zebrafish as

equivalent, suggesting a surprisingly well conserved physiology
an analog to mammalian models has both economic and logistic benefits due to their small size and fairly

simple maintenance 80,

Progress in the field of mass spectrometry will increase the use of zebrafish to study absorption, distribution,
metabolism, excretion and toxicity (ADMET) “® The diversity of the zebrafish makes them extremely useful
in various research fields. There is also increasing evidence that the majority of the overall signal transduction
pathways are also conserved. In addition, because of our evolutionary past, several of the anatomical and
physiological characteristics of fish are comparable to humans. An example of this is the multiple
characteristics that zebrafish and mammalian brains have in common including the highly conserved
neurotransmitter structures as well as systems ©%. The important shared neurotransmitter systems include
glutamate, gamma-aminobutyric acid (GABA), dopamine (DA), adrenaline, noradrenaline, serotonin (5-HT)
and acetylcholine (ACh) “2@47652) - Additionally, zebrafish larvae exhibit behavioural patterns comparable to
mammalian models after exposure to neuroactive compounds thereby further rendering zebrafish ideal for
studies assessing neurotoxic effects 3,

More importantly, progress has been made by recent studies substantiating the existence of zebrafish basal
ganglia, cortex, amygdala and hippocampus-like circuits ®4>6)57) The generation of the zebrafish CNS
starts as early as 16 hpf, with neuronal development. By 17 hpf, the zebrafish brain forms its sub-regions,
the midbrain-hindbrain boundary, cerebellum and thalamus together with the formation of the brain
ventricles ®®. The blood-brain barrier (BBB) starts to emerge at 20 hpf, displaying the well-developed

microglia and complete barrier structure at 3 dpf ®?©%. The primary vascular plan in the developing zebrafish
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is similar to that of other vertebrates. Drug efflux transporters present at the BBB have been identified as
the main determinant affecting the pharmacokinetics as well as the pharmacological behavior of various CNS
drugs ©°. The ATP-binding cassette (ABC) efflux transporters, located in the BBB, can adequately remove the
drug from the CNS and ultimately restrict the brain uptake when the drug is a substrate of these transporters.
The ABC gene family has been annotated and analyzed phylogenetically in zebrafish. 77% of all human ABC
genes have a zebrafish orthologue ©°. These specific efflux transporters are vital in the regulation of various
xenobiotics including pesticides ©Y. The fundamental neural signaling systems, which are ontogenetically
similar to mammalian systems, form between 18 and 32 hpf and include the catecholaminergic, (GABA)ergic,
serotonergic, and glutamatergic system and therefore can also be utilized as a pharmacological and
toxicological target ©®2©3), Figure 1.1 ¥ below illustrates the dispersal of modulatory neurotransmitters in
the zebrafish and human brain “#”). Important to note is that many behavioral studies have recognized the

strong similarity between the functions of zebrafish and human brain regions ©2)
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Figure 1.1: The dispersal of modulatory neurotransmitters in the zebrafish and human brain. (A) Location of
dopamine (red) in the zebrafish (left) and human (right) brains; (B) Location of norepinephrine (blue) in the
zebrafish (left) and human (right) brains; (C) Location of serotonin (green) in the zebrafish (left) and human
(right) brains; (D) Location of acetylcholine (yellow) in the zebrafish (left) and human (right) brains; (E)
Location of histamine (purple) in the zebrafish (left) and human (right) brains; (B) Location of
norepinephrine in in the zebrafish (left) and human (right) brains. The brains are not to scale for

representation purposes 7

Cholinergic neurons are characterized by the appearance of choline acetyltransferase transporter (ChAT),
which plays a role in ACh production as well as the vesicular ACh transporter (VAChT), which is responsible
for loading ACh into vesicles. Presynaptic vesicular discharging of ACh into the synaptic cleft results in the
stimulation of the ACh receptors by binding to them, before being broken down by acetylcholinesterase
enzyme (AChE) into choline and acetate. These products are then transported into the presynaptic neurons
by the high-affinity choline transporter (HACT) ©®4. In the embryonic zebrafish, motorneurons begin

expressing ChAT transcript from 16 hpf and the ChAT protein is detected in 2-day old embryos. Additionally,
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AChE and several nicotinic acetylcholine receptor (nAChR) subunit transcripts appear in the spinal cord
during early development. A spatiotemporal map published by Rima et al (2020) indicated that 1-day old
embryos expressed the complete system for ACh release ©¢4)(€5)(66),

On the other hand, the use of zebrafish as a model of human liver endogenous and exogenous substance
metabolism needs the entire range of CYP genes. The identification and annotation of these genes in
zebrafish have been performed in terms of their phylogenetic relationships to human CYP enzymes. This
crucial study was documented by Goldstone et al (2010) ©”). They specified a total of 94 CYP genes in the
zebrafish genome. They also documented, on the basis of homologous amino-acid sequences, that these
genes conformed into 18 CYP gene families that are also found in humans as well as other mammalian
species. The CYP enzyme families 1 - 4 that are primarily responsible for the metabolism of exogenous
compounds have a greater diversity in zebrafish in comparison to humans. Nonetheless, investigation of
shared synteny displays an evolutionary association between human and zebrafish CYP genes. There is also

a great level of conservation between human and zebrafish sequences with regards to the CYP families 5 -

51 (43)(67).

Overall, the use of zebrafish is a compact but extremely robust model as it provides an economical balance
between in vitro experiments and more intricate, mammalian systems. The numerous benefits of this model
allow for simple adoption of novel methods, technologies and fields of study ©®. In fact, many behavioural
assays have been performed for both neurological and/or neuropharmacological research in zebrafish due

to their behaviour, also known as locomotor activity, being astonishingly indicative of their neurophysiology

(69)

1.4 Imidacloprid, a neonicotinoid insecticide

Imidacloprid (IMI) [1-(6-chloro-3-pyridylmethyl)-N-nitroimidazolidin-2-ylideneamine] is a systemic
neonicotinoid insecticide belonging to the chloronicotinyl nitroguanidine chemical family intended to
replace the organophosphate pesticides in agriculture #9079, |MVI’s insect-killing activity is 12 times higher
than that of nicotine and more systemic ?®. IMI is referred to as a “systemic” neonicotinoid as it can be
dispersed throughout all plant tissues, where it can ultimately persist for long periods of time, due to its
small size and high water solubility. This property of IMI makes it effective against sucking as well as some
chewing insects. They are also dispersed into the plant’s pollen and nectar, which exposes non-target

organisms such as pollinating honeybees and bumblebees ?229)71)72)(73),

In addition, IMI is also considered as one of the most popular and extensively used neonicotinoids in the

34)(74)(75

world and is commercially known as Confidor and Provado ! ). The various uses of IMI include the
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protection of plants/crops against insects and mites, urban pest control as well as veterinary use, against
ticks and fleas on dogs, cats and cattle 77>, To date, 90% of all corn and 50% of soybeans are grown from
seeds that were treated with neonicotinoids. They are also extensively utilized on other cereal and oil crops
(78)77) The extensive use of neonicotinoids is also due to their flexibility of use. They can be utilized as foliar
sprays, bait, granular formulations, soil drench or in irrigation water 7”). The frequent and abundant use of

these insecticides increases the risks and hazards that could be associated with them ??)

IMI is a colourless crystal with a melting point of 144 °C and has a molecular mass of 255.6 g/mol "% The
half-life of IMI in soil has been previously reported to be in the range from 28 - 1 250 days. In addition to
this, it has been found to be more persistent in soils high in organic matter than in soils that contain a high
percentage of water 77879 | ong-term precipitates of IMI in the soil pose a significant risk to a variety of
organisms residing in the soil as well as human health . Repeated use of IMI can also result in a build—up
in the soil ®. IMI has a half-life of longer than 30 days in water at a pH between 5 and 9 "®. IMI is broken
down in sunlight thereby reducing its risk in surface bodies of water but it has the ability to run off into
groundwater where it lasts for longer durations and this further contributes to the risk of IMI to the health
of non-target organisms such as humans ®°. According to a review assessing surface water in a variety of
different countries, neonicotinoids were often observed in surface water with concentrations ranging
between 0.001 - 320 pg/L 2. Given the scale of utilization of neonicotinoids, their persistent nature in soils,
their leaching ability as well as their systemic nature within plant tissue, it is obvious that the majority of
organisms living in arable surroundings will be exposed to them 7€), The main question is whether normal

levels of exposure have a likelihood of giving rise to serious individual- or population-level effects.

People who do not come into direct contact with these insecticides can be exposed when consuming fruits
and vegetables collected from agricultural land where neonicotinoids were used. A study reported that from
29 fruit and vegetable samples, neonicotinoids were observed in 72% of the fruits and 45% of the vegetables

and due to their high water solubility, humans can also be exposed by drinking contaminated water (2/€2)(#3),

Despite being moderately toxic (oral acute dose LDsois 50 to 500 mg/kg; class Il by World Health Organization
(WHO) and toxicity category Il; US. EPA, 1994), the understanding of human poisoning is not clear. Ingestions
and inhalations have been associated with gastrointestinal irritation, respiratory failure, neuropsychiatric
symptoms, rhabdomyolysis, ventricular fibrillation and death 7%®%, Acute exposure to IMI has been reported
to be associated with symptoms similar to nicotinic signs such as fatigue, cramps, muscle weakness and

twitching and it has been found that IMI does not irritate the eyes or skin > To date, there is no antidote
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available for IMI poisoning therefore patients are treated symptomatically "?®>, The chemical structure of

IMI is illustrated in Figure 1.2.
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Figure 1.2: Chemical structure of imidacloprid. Image created using Biorender

1.5 Mechanism of action of imidacloprid in insects

Neonicotinoids are substances that act as agonists, similar to nicotine and nicotinoids in humans, on the
insect’s nicotinic acetylcholine receptors (nAChRs) @71(72)E7)88)  These receptors are members of a
superfamily of ligand-gated ion channels and are primarily responsible for quick excitatory cholinergic
neurotransmission. To be more specific, neonicotinoids act on the a4p2 nAChR subtype opening cation
channels. The nitromethylene, nitroimine or cyanoimine group which is rich in electrons allows the
neonicotinoid to selectively target insects by binding more forcefully to insect nAChRs in comparison to
mammalian nAChRs 2318 The jdentification of the high affinity IMI binding sites in insect nAChRs were
observed in a wide range of insects such as green peach aphid, glassy-winged sharpshooter, cockroach as

well as the fruit fly ¢/,

Ininsects, the nicotinic receptors can only be found in the CNS, and therefore it is essential for neonicotinoids
to cross the CNS ion barrier for them to exert their effects 290, Ultimately, the pesticide binds irreversibly
to insect receptors during which, at low levels, nerve impulses are spontaneously conducted, followed by
the inability of the neuron to generate any signal at all at higher levels. In contrast to ACh, AChE does not act
on nicotine nor IMI, perhaps causing their continued action on the nAChRs ultimately leading to
desensitization and blocking of the nicotinic receptor causing the death of the insect ®/20)720)81) Thjs

mechanism of action is depicted in Figure 1.3 ?7),

Neonicotinoids have also been reported to imitate the action of neurotransmitters and competitively inhibit
the nAChR, by competing with the natural neurotransmitter ACh 2% Neonicotinoids are typically toxic to
insects in tiny quantities. For instance, the LDsg, which is the quantity that kills half of the individuals, for

ingestion of IMI in honeybees is only 5 nanogram (ng) per insect 7).
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Figure 1.3: The action of nicotinic acetylcholine receptors in the presence of acetylcholine (a) and a

neonicotinoid insecticide (b). These receptors are generally activated by binding ACh. Subsequently, they are

deactivated when ACh is broken down by AChE resulting in the production of octane and choline (a).Similar

to ACh, neonicotinoids can bind to and activate the nicotinic ACh receptors. In comparison to ACh, they

cannot cause deactivation by AChE and thereby resulting in the overstimulation of the nervous system and

ultimately cell death (b) *”

1.6 Mechanism of action of imidacloprid in vertebrates

From a previously conducted study, IMI was documented to act as either an agonist or antagonist of nAChRs
at 10 uM in rat pheochromocytoma cells ®*©2), Exposure to IMI in utero resulted in reduced sensorimotor
performance and a rise in glial fibrillary acidic protein (GFAP) expression in the motor cortex and
hippocampal region of the brain of neonatal rats. The nAChRs are crucial for the normal development of the
brain. Another study reported that administration of IMI across the concentration range, 1 - 100 uM induced
intracellular excitatory Ca®* influxes in cerebellar neurons. It is likely that the interaction of ACh with nAChRs
changes the morphology of the receptors, which may cause neonicotinoids to interact with the mammalian
nAChRs ©Y. Similarly, another study documented that IMI is a low-efficacy, high-affinity agonist of the human
a4B2 receptor. This specific receptor subtype forms majority of the high-affinity nicotinic binding sites in the

brain 3.

In addition, IMI has been shown to be a partial agonist by upregulating the a42 subtype in mouse M10 cell
line and has been shown to desensitize the nAChR ©. Cellularly, the direct outcome of the receptor activation
is a rise in the amount of intracellular calcium and therefore membrane depolarization. This ultimately

3194 A crucial constituent playing a

results in the activation of an intricate downstream signaling pathway ¢
role in the nAChR downstream signaling pathway is mitogen-activated protein kinase (MAPK), also known as

the extracellular signal-regulated kinase (ERK). This ERK pathway is an imperative intermediate in the
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signaling from the receptor to expression of particular genes ©'®>, Various human pathologies associated
with the nervous system have been correlated to genetic changes of these receptor genes ®/®®, |n addition,
these receptors also play a role at various stages in many neurodegenerative disorders such as Parkinson’s
and Alzheimer’s disease . There is an increasing amount of information which associates long-term low
dose pesticide exposure to several diseases such as cancers, reproductive health problems, as well as various
neurological diseases ®®7). IMI has shown partial agonistic activity with the recombinant chicken a4p2 as
well as a7 receptors. IMI has also displayed agonistic activity on the nAChRs in BC3H1 muscles cells as well

as mouse N1E-115 neuroblastoma cells ¢!

In comparison to insects, these nAChRs are found in both the CNS as well as at the neuromuscular junction,
spinal cord and various brain regions in vertebrates "3°%), According to literature, the binding affinity of IMI
at the mammalian nicotinic receptors is less than in insects and this is mainly due to fundamental
pharmacophore differences between organisms. The key role-player in the neonicotinoids selectivity
towards the insect’s nAChR is the 2-nitroimine-imidazolidine group ©)26)

However, there are many inconsistencies in studies pertaining to the effect of neonicotinoids on the
vertebrate nervous system. In spite of studies reporting the toxicity of neonicotinoids to mammals,
essentially due to their action at the a4p2 receptor subtype in the brain, they are thought to be
environmentally friendly insecticides ®?®), However, the breakdown products of neonicotinoids may display
marked toxic effects 3,

According to literature, the breakdown products of IMI that possess the nitroguanidine pharmacophore,
such as IMI olefin, still show toxicity to honeybees. IMI olefin has also shown greater activity on nAChRs of
honeybees in comparison to IMI itself 79°%). Consequently, the main reason fewer studies focus on the
possible impact of neonicotinoids on mammalian physiology is because of the common perception that the
decreased affinity of these insecticides for the vertebrate nAChR’s makes it unlikely to have any substantial
health risks to mammals despite the fact that these receptors are largely dispersed throughout human and
rodent brains during all stages of development (©9/100)101),

In mammals, the nAChR possesses a conserved core of electron-rich aromatic amino acid residues within the
extracellular loops inhibiting the electronegative tip of neonicotinoids from connecting with the receptor.
However, neonicotinoid breakdown products that lack this electronegative tip, such as desnitro-IMI (IMlI-
NH), can obtain selectivity for the mammals nAChR, specifically the a42 subtype at the neuromuscular
junction, as depicted in Figure 1.4 23 below (26/102/103)104) Rasearchers studying the effect of IMI on human
nicotinic receptors (a4B2) have reported that IMI may have more substantial side effects on humans than

originally anticipated %),
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Figure 1.4: The electronegative pharmacophore of the neonicotinoid displays selective binding to the insect
nAChR (A). Insecticidal target specificity is lost when the metabolite, desnitro-imidacloprid, without the nitro

group, binds to the vertebrate nAChR (B)

According to Rodrigues et al (2010), it has also been discovered that thiamethoxam, a neonicotinoid
insecticide similar to IMI, or its metabolites, may affect the cholinergic system of rats. This effect on the
cholinergic system illicits biochemical and behavioral outcomes that could be related to the development of
neurodegenerative diseases such as Alzheimer’s disease and involves neuronal cell loss, decline of ChAT,
sodium-dependent choline transporter and AChE activities, as well as a decline in ACh in the hippocampus
and cortical parts of the brain . The ACh receptor has also been characterized to regulate dopaminergic
neurotransmission, primarily by intensifying DA release in nigrostriatal and mesolimbic dopaminergic
systems. Dopaminergic axons possess clear subtypes of heteromeric nAChRs, which permits striatal ACh as
well as its agonists to function, by regulating DA release. Due to the high affinity of these various
neonicotinoids to the a4p2 nAChR subtype, which is most abundantly found in the striatum, it could

potentially mean they also play a role in striatal DA release and modulation %),

It is important to acknowledge that the liver was found to be the main target organ following IMI exposure
in rats and dogs. This was confirmed by the appearance of liver necrosis or hypertrophy, increased serum
enzymes as well as changes in other clinical chemistry variables such as triglycerides, cholesterol as well as
the blood clotting time ®%7), Liver toxicity following low dose IMI exposure should be further evaluated.
Neonicotinoid toxicity to insects has been thoroughly assessed, however, their exact effects on mammalian

nAChRs remain to be clarified.
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1.7 Metabolism of imidacloprid

Itis crucial to understand the various metabolic pathways as well as the environmentally relevant breakdown
products of neonicotinoids in order to evaluate the likelihood of any health risks. The metabolic processes
of these insecticides can either result in an increase or a decrease in its potency, all dependent on the
substrate and specificity of the nAChR. Many of these breakdown products are biologically active and often
have increased toxicity to either insects or vertebrates. Most of the time, the change in bioactivity is usually
due to the transformation of the pharmacophore, which is the electron-rich nitro- or cyano-functional group,
particularly on the parent neonicotinoid. As has been noted, an example of this is IMI-NH, which is a
breakdown product of IMI relative to insect nAChRs as well as insecticidal activity. However, it is also an
activated derivative for mammalian nAChRs. Since it displays toxicity to mammals, it can be reviewed as a
bioactivation. This can be explained by the dispersion of the positive charges at the guanidine thereby giving
it its potential to bind to mammalian a4B2 nAChRs, which is illustrated in Figure 1.4 above (23/34)(72)(s8)(108)

Therefore, it is also vital to understand and recognize the metabolism as well as the different breakdown

product forms of these insecticides in vivo to further evaluate their toxicological risks.

The CYP enzymes play a crucial role in various physiological processes but particularly in the transformation
of various drugs and xenobiotics. A few of the CYPs such as CYP1, CYP2 and CYP3 have important roles
specifically in speeding up oxidative biotransformation of chemical substances such as drugs and toxicants
and therefore play a role in their persistence and actions. The majority of all drugs used clinically are
metabolized by the CYP enzymes (1%, The CYP450 enzymes, which are mainly found in the liver, as well as
cytosolic aldehyde oxidase (AOX) are predominantly responsible for the metabolism of neonicotinoids. A
study conducted by Swenson et al (2013) documented that AOX plays a crucial role in mouse IMI hepatic
nitroreductase in vivo. This was the first study to provide definitive proof that not only CYPs are involved in
the metabolism of neonicotinoids but also AOX. It was also the first study to confirm the toxicological
significance of AOX in in vivo metabolism of chemical compounds. The biotransformation of IMI to IMI-NH

and nitrosoguanidine-IMI (IMI-NNO) is mainly due to AOX, not CYPs (23)(43)(26)(98)(110)

In zebrafish, the liver is the biggest organ in the abdominal region and plays a critical role in homeostasis as
well as the protection against chemical substances. Despite the structural arrangement of the zebrafish liver
being different from that of the livers of rats and humans, its drug-metabolizing characteristics are
comparable in zebrafish, rats and humans. In addition, the zebrafish liver is very similar to the liver of
mammals in terms of biological purpose which is the processing of fats, vitamins, proteins and starch as well

as the production of serum proteins. At 5 dpf, the zebrafish larvae already have a fully functioning liver 3109,
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Figure 1.5 'Y pelow is a comparison of the liver structure in humans and zebrafish. The most obvious
difference is that the zebrafish liver does not have normal portal triads. The liver cells are organized in
tubules, and the intrahepatic bile ducts are positioned in the middle. Comparable to mammals, zebrafish
liver cells also secrete bile salts into bile ducts though bile canaliculus on the apical side. Blood vessels are

positioned on the basal side of the liver cells, mimicking the sinusoid capillaries in the mammalian liver 1%,

Human liver Zebrafish liver

(@) Hepatocyte g, Ig};}:&:}?ggﬂc === Endothelial cell # Bile canaliculus = Tight junction

Figure 1.5: Liver architecture in humans and zebrafish (**9

Equally important, neonicotinoids go through both phase | and phase Il metabolism in insects, mammals and
plants. In summary, IMl is oxidized to the 5-hydroxy IMI (5-OH IMI) as well as IMI olefin breakdown products.
It also undergoes reduction to IMI-NH, IMI urea as well as the nitrosoguanidine and aminoguanidine
breakdown products. The most copious CYP enzyme in humans, CYP3A4, is also the most active CYP enzyme

(112) helow, IMI is broken

for oxidation of the imidazolidine moiety of IMI 261110112 Ag depicted in Figure 1.6
down by CYP enzymes via two vital pathways: the first one being imidazolidine hydroxylation and
desaturation to produce 5-OH IMI and IMI olefin respectively, and second nitroimine reduction and cleavage
to produce the nitrosoimine, guanidine and urea counterparts. Each of IMI’s breakdown products seem to
differ with regard to their effects, affinities or potencies towards the target receptor (4(113)114)
Neonicotinoids and their breakdown products have been observed in a variety of human biological fluids

including urine, hair and serum 2,

Similarly, in a study conducted by Nimako et al (2021), various IMI breakdown products such as 5-OH IMI
were found in the blood, kidney, lungs and testis of mice. In this same study, it was reported that IMI-NH
displayed notable accumulation in the liver, brain, testis, lungs and kidney of mice. Toxicologically, this

particular accumulation of IMI-NH in the brain is of concern as this metabolite is known to be more toxic to
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mammals. It was also recommended that more studies should focus on the evaluation of the fate of IMI in

various organs following prolonged, low-dose exposure ¢4,

Additionally, a human pharmacokinetic model for neonicotinoids was set up, in vivo, and it was observed
that IMI was predominantly metabolized and excreted in urine as its various metabolites 1100115 The
predominant breakdown products of IMI in mammals has been reported to be 6-Chloronicotinic acid (6-
CNA), its glycine conjugate and 5-OH IM] (119,

According to literature, higher levels of IMI’s metabolites in relation to IMI itself was found in honey and
together with the abovementioned, this is a clear indication that more focus should be allocated to the

breakdown products when evaluating the risks of utilization of these insecticides %,

)_\ ! - N b
e Oy | LI

MO cl” N NND,
S-hydroxy imidacloprid (IMI) nitrosoimine

|3 .

*

* — —
e D

cl” N MH

olefin urea guanidine

Figure 1.6: Imidacloprid metabolism by human CYP450 isozymes includes different pathways. Hydroxylation
and desaturation of the imidazolidine moiety to produce the 5-hydroxy and olefin derivatives (A). Reduction
and cleavage of the nitroimine substituent to produce the nitrosoimine, guanidine, and urea derivatives (B).

Asterisks delegate positions of tritium labelling 12

1.8 Nicotinic acetylcholine receptors

Neuronal nAChRs are a family of ligand gated ion channels. These receptors are pentameric and are
composed of different sets of subunits and the varying subunits have different pharmacological and kinetic
characteristics as well as in their cellular and subcellular positioning in the brain. The opening of these
receptors results in the flow of cations such as sodium, potassium and calcium ions across the membrane
(105117118 " A net influx of these cations through the channel pore results in depolarization and increased
neuronal excitation %1% The a7 oligomer is one of the main nicotinic receptors found in the brain and is
distinguished by its rapid activation, low affinity and high calcium permeability *°3). This subtype has been
reported to be involved in the pathophysiology of neurodegenerative diseases. This is partly due to their

high density in the areas of the brain that play a role in cognitive processes. The a4B2 nicotinic receptors are
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predominantly found in the thalamus. These receptors have been implicated in Alzheimer’s disease,
Parkinson’s disease as well as schizophrenia. They are also involved in many functional processes such as

cognition, learning and memory, arousal, cerebral blood flow as well as metabolism (:03(17),

As has been noted, these receptors are also evident on dopaminergic neurons and therefore are involved in
the release of dopamine %119 The stimulation of these nicotinic receptors causes depolarization of the
membrane potential as well as an increased firing rate in dopaminergic neurons. Overstimulation of these
receptors may depolarize the neurons to a point beyond the firing limit and thereby cause the deactivation

of sodium channels, consequently failing to give rise to an action potential *2%

Recent studies have reported that these receptors aren’t only found in nerve cells but also in adipocytes,
macrophages, lymphocytes, keratinocytes, hepatic, dendritic, lung and intestinal epithelial cells. The result
of this is that the negative effects of IMI could occur in various organs and tissues including the nervous

system (121122,

Many studies have reported that chronic exposure of the receptor to an antagonist generally results in
upregulation, or a rise in the amount of receptors. In contrast, chronic exposure of a receptor to an agonist
results in downregulation, or a reduction in the amount of receptors. However, this is not seen with some of
the other nAChRs, most distinctly the a42 nAChR subtype. When this subtype is exposed to an agonist for
longer periods, a4p2 nAChR numbers are upregulated (1°3(23) Desensitization of the a4p2 receptors in the
brain are usually a result of chronic exposure of these receptors to partial agonists. This ultimately results in
a long-term decrease in the reactivity to agonists. Another previously conducted study confirmed that under
chronic nicotine exposure, a4p2 nAChRs sustain a nicotine—induced upregulation of the amount of

receptors, subsequently resulting in an increased sensitivity to nicotine (20(23),

Additionally, compounds that change neurotransmitter signaling in the nervous system may have long—term
effects in the developing nervous system. It is therefore important to consider any substance that interferes
with adult neurotransmission as a possible developmental neurotoxicant. More conclusive information is

needed regarding the ability of specific neonicotinoids to cause developmental neurotoxicity ©°.

1.9 Degradation of imidacloprid

As has been noted, many studies have reported that IMI metabolites are more toxic in comparison to their
parent entity, therefore degradation does not confer a decrease in toxicity 224, Ml is a polar substance
and has been reported to be relatively chemically stable at neutral and acidic pH but degrades slowly in

g (125)(126)

alkaline condition IMI is likely to sustain several physicochemical processes in soil-water
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surroundings such as sorption, photodegradation as well as hydrolysis. This could affect how it behaves in
its surroundings. Sorption is one of the most crucial processes as it subsequently has an effect on the
translocation and transformation processes of pesticides as well as their bioavailability. Additionally,

photodegradation and hydrolysis are also important transformation processes .

The quickest degradation pathway for neonicotinoids was shown to be photodegradation, but this process
is often affected by various other considerations such as the depth of the water, light penetration and
microbial activities. The resulting products of IMI photocatalytic degradation include: 6-CNA, IMI-NH, IMI
olefin, IMI-urea and IMI hydroxyl. The nitroguanide group is generally the active part of the neonicotinoid
undergoing photodegradation. It has also been reported that pH is another crucial parameter that is involved

in the degradation of neonicotinoids in aquatic environments ¢2127),

1.10 Evaluation of previously conducted studies

To assess the toxicity of a compound, it is crucial to recognize the outcomes of toxicity as well as their dose-
response associations, interpret the way in which this toxicity occurs as well as determine the toxicodynamics
of a compound %), Sublethal effects of IMI have been observed in vertebrate wildlife - mammals, birds, fish,
amphibians and reptiles. These effects involve genotoxicity, cytotoxicity, compromised immune system,
decreased growth and reproductivity at levels much lower than expected to cause death. Most of the

neonicotinoids have a moderate to high acute oral LDso %3,

According to literature, the likelihood for neurotoxicity in humans due to developmental IMI exposure is
unknown. A study conducted by Abou-Donia et al (2008) concluded that an in utero, large sublethal dose of
IMI to pregnant rats resulted in substantial developmental, neurobehavioural as well as neuropsychiatric
irregularities in the offspring of the rats. There was also a noteworthy rise in AChE activity in various parts of
the brain. The abundant and frequent use of IMI as well as its increased affinity toward insect neuronal ACh
receptors has led to the proposal that IMI may be safe for the mammalian nervous system, although this
study demonstrated that maternal exposure to an increased sublethal dose of IMI during gestation resulted
in serious sensorimotor impairments. The dose for this particular study was decided on in order to mimic an
acute, high-level, sublethal exposure setting. This study also emphasized the need for further research in

order to determine the prolonged effects following low dose IMI exposure 122),

Additionally, a study conducted by Kimura-Kuroda et al (2012), concluded that at concentrations larger than
1 uM, IMI and nicotine exert comparable excitatory effects on mammalian nAChRs. This ultimately suggests
that neonicotinoids may detrimentally affect the health of humans, particularly the developing nervous

system as seen with nicotine. The significance of neonicotinoid exposure in humans is specifically crucial in
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children as the nAChRs are vital for normal brain development. During brain development the a4p2 and a7
nAChR subtypes have been involved in neuronal proliferation, cell-death, migration, differentiation, synapse

formation as well as neural-circuit formation (#1(128),

In support of measuring neurotransmitter levels following IMI exposure, a study performed by Kara et al
(2015) showed that IMI at doses of 0.5, 2, and 8 mg/kg hindered cognition and learning behaviors in newborn
and adult rats “?Y), Another study reported a substantial decline of 38, 53, and 52% serotonin, dopamine,
and GABA levels, respectively, in the IMI-treated rat’s homogenized brain in comparison to the control group.

The IMI-treated groups (adult and adolescent) were orally dosed with IMI (1 mg/kg) for 60 days successively

(129)

Turning attention to the use of zebrafish as a model, a study was conducted by Krishnan et al (2018) to test
the hypothesis that IMI exposure does in fact relate to a rise in mortality and decreased body length of
zebrafish. In this study, the zebrafish were exposed to IMI for 5 dpf. Body length and the mortality of embryos
were monitored daily in four different IMI concentrations ranging from 100 pg/L to 10 000 pg/L. The
concentrations chosen were according to levels that could be attained in the environment, which seems to
be vastly higher than documented in literature, therefore the limitation of this study is that it is not a true
representation of environmental exposure of IMI 2, The results from this study confirmed the hypothesis
that IMI impedes body length development in the zebrafish embryos in a dose-dependent manner despite
the high concentrations used. As an evaluation of growth, body length can portray both cellular and

molecular alterations. This study also showed that IMI substantially causes a rise in deaths in zebrafish (:39),

A study performed by Crosby et al (2015) was ultimately used to assess the neurobehavioral damage caused
by developmental IMI exposure in zebrafish across their lifespan. All zebrafish, in different age groups (larval,
adolescent and adult), were exposed to IMI for 0 - 5 dpf. The larval activity was evaluated at 6 dpf and
included swimming behavior as well as response to light and dark surroundings. A different group was dosed
and raised in the same manner and assessed at 1.5 months of age to observe sensorimotor reactivity and
habituation, social behavior and novel tank swimming during adolescence. Another group was assessed at 3
months of age after being dosed and treated identically. A low and high dose of IMI was used, 45 and 60 uM
respectively. The results indicated that exposure to IMI during early development does change the behavior
of zebrafish both directly after being exposed (24 hrs later) and after 1.5 or 3 months residing in a condition-
controlled environment. Similarly to nicotine, IMI substantially decreased swimming activity of the zebrafish
larvae during the dark period of the larval swimming assay. The effects of these chemicals were evident as
early as 6 dpf and continued through adolescence and into adulthood. IMI also had an impact on novel tank

exploration resulting in adult and adolescent zebrafish to persistently stay near the tank floor for longer
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periods of time in comparison to the control. This type of behavior could be an indication of exposure to
chemicals that cause anxiety. Therefore it seems as though developmental exposure to IMI has long—term
anxiogenic outcomes in zebrafish, but this has not been confirmed 9,

In addition, a study was conducted using zebrafish during early development to monitor alterations in
neurotransmitter levels after IMI exposure. The proliferation and differentiation of the individual neuronal
cell types have been thoroughly examined, however understanding about alterations in neurotransmitter
levels during early development and in response to environmental pollutants is very limited. The zebrafish
embryos were exposed to IMI the first 5 days of development. An interesting effect was noticed following
the exposure to IMI. There was a reduction in ACh levels which is typically seen after exposure to familiar
AChE—=inhibiting pesticides. The consequences of IMI on neurotransmitter levels in this study validate the
behavioral-induced effect of IMI in zebrafish reported before, displaying detrimental effects linked to IMI
exposure in non-target organisms. The AChE inhibitors inhibit the enzyme activity to hydrolyze ACh to
choline. Therefore, for this type of pesticide, a rise in ACh levels would be anticipated in the synaptic cleft.
IMI replaces ACh binding site in the nAChRs, thereby resulting in a build-up of ACh in the neuronal cleft. This
study’s findings suggest a contrasting mechanism in which ACh is reduced due to a probable rise in AChE
enzyme 3V, This contradicting information increases the urgency for further research regarding changes in

ACh levels following prolonged, low dose IMI exposure.

1.11 Quantification of imidacloprid and its metabolites

Quantitation of pesticides and their breakdown products in biological fluids and tissues of laboratory animals
is crucial for toxicological studies as it will correlate target tissue dose to the biological outcomes caused by
such substances. Also, if we want to better our understanding of the effects of pesticides and their
metabolites on human health, we need to clearly understand the distribution of these pesticides in the brain
and various other tissues such as the liver. More importantly, details regarding the bioaccumulation of IMI

and its related metabolites within the mammalian system is seriously lacking.

As has been noted, IMI does not penetrate the CNS, however many studies have reported on adverse effects
relating to the nervous system following IMI exposure such as negatively affecting the memory and learning
in rats (26121(132) Therefore, this further contributes to the urgency for more in depth studies of IMI
distribution in the brain and the effects thereof. This brings us to another objective of this study of developing
a sensitive, specific and robust analytical method for quantifying IMI and its metabolites within the liver,

brain and gill epithelial tissue of adult zebrafish.
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Chromatographic methods are needed for the definitive detection and quantification of pesticides and their
metabolites in trace amounts 33, To date, there are numerous toxicological screening methods used by
toxicology laboratories such as gas chromatography coupled to mass spectrometry (GC-MS), which was
previously considered as the gold standard for the detection of compounds. However, GC-MS involves
laborious preparation of samples as well as the difficulty of detecting heat-sensitive and polar compounds,
therefore these methods are rapidly being substituted for liquid chromatography tandem-mass

spectrometry (LC-MS/MS) methods (34135),

Unlike GC-MS, LC-MS/MS is not restricted to volatile or small compounds. Using LC-MS/MS makes it possible
to detect compounds with a broad range of polarities without the need for derivatization before analysis
(136) | C-MS/MS is one of the most definitive modern analytical methods and by using LC-MS/MS, more polar

compounds can be analyzed concomitantly in a single run (*36)137),

More specifically, liquid chromatography is a separation technique used to isolate the individual constituents
of a mixture. This technique involves mass transfer of a sample through a polar mobile phase and non-polar
stationary phase, specific to reverse-phase chromatography *3¥. Mass spectrometry utilizes methods of
ionization that ultimately leads to the separation and detection of charged molecules. A method involving
varying stages of mass analysis is known as tandem mass spectrometry (MS/MS). As illustrated by Figure 1.7
(139 helow, the first analyzer (Q1) is involved in the isolation of the precursor ion. The second analyzer (Q2),
also known as the collision cell, is where the precursor ion is fragmented. The collision cell usually contains
neutral, static gas such as nitrogen or argon. The final analyzer (Q3) analyzes the product ions produced from

the fragmentation that occurred in Q2 (134139),
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Figure 1.7: Multiple Reaction Monitoring Mass Spectrometry (MRM-MS). MRM-MS utilises the signal of
selected MS2 fragment ions for quantification. It is commonly conducted on a triple-quadrupole instrument:
Q1 selects a precursor ion, Q2 fragments the precursor ion and Q3 selects a specific fragment ion for the

detector (139

Table 1.1 below portrays IMI and its metabolites’ precursor and product ions mass-to-charge ratios as reported

in literature.

Table 1.1: Literature review summary of imidacloprid and its metabolites’ precursor and product ions mass-

to-charge (m/z)

Analvte Monoisoptopic | lonization Precursor Production Product ion Reference
Analyte Mass mode ion (m/z) mass (m/z) mass (m/z) R
. . .. Pubchem,
Imidacloprid 255 Positive 256 209, 128 175, 239 (134), (140)
. 205, 126, Pubchem,
IMl urea 211 Positive 212 99.0, 195 171,128 (140),(141)
Desnitro IMI 210 Positive 211 126 175,900 | Pubchem,
. Pubchem,
5-OH IMI 271 Positive 272 225,144,191 | 226, 126, 228 (142)

An additional stage that is often neglected in the analysis of compounds is the preparation of samples. Sample
preparation is often very labour-intensive and tedious. The efficiency of the sample preparation becomes
crucial when it is necessary to quantify pesticides in biological fluids. The development of a multi-analyte
technique is difficult as it is important to evaluate the several classes of varying compounds with varying

polarities, solubilities as well as volatilities that need to be extracted and assessed concomitantly 134,

The main objectives of sample pre-treatment include the elimination of any interference, extraction of the

compounds as well as increasing the final signal of the compound by increasing its concentration. By extracting
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the target compound from somewhat large sample volumes into only a few microliters of eluent results in the
preconcentration of the compound. This procedure also results in an improvement of accuracy and precision
of the results by bringing the compound concentration into the dynamic range of the particular analytical
instrumentation. It has been documented that the detection of neonicotinoid insecticides in several matrices
generally undergo two critical stages. These stages include the extraction from sample matrices as well as the

partitioning of analytes from ions or compounds that coexist in the matrix 1943,

According to literature, many studies have focused on quantifying only IMI and one if its major metabolites,

g (116)(140)(144)(145

6-CNA, using rat, human and rabbit biological fluids and tissue ) however very few studies have

(26)(146) Thyjs is once again another clear and critical limitation.

focused on the other crucial metabolites of IMI
As has been noted, imidacloprid’s metabolites may be more toxic than IMI itself, in particular, IMI-NH. To
accentuate the importance of analyzing all imidacloprid’s major metabolites and also due to the impact of IMI
on bees, a study was performed by Codling et al (2016) to assess whether neonicotinoids were detectable in
bees as well as their hive products. The findings of this study reported higher concentrations of IMI

metabolites, relative to IMI in honey, which suggests that the main focus should be on the metabolites when

evaluating the risks of the utilization of IMI as an insecticide 2V,

1.12 Quantification of neurotransmitters

Neurotransmitters are compounds produced in the presynaptic neuron, which exist in the presynaptic
terminals, where they are discharged to exert a distinct effect on the postsynaptic neuron or effector organ.
Once these neurotransmitters have been discharged into the synaptic cleft, they interact with receptors from
the postsynaptic neurons by playing a crucial role in their regulation of membrane polarization as well as their
ionic transport. The neurotransmitters play a very important role in neuronal communication which is

ultimately involved in learning, memory and behavior 47,

Exposure to environmental pollutants can cause behavioral alterations via the changes of the
neurotransmitter systems. The proliferation and differentiation of the individual neuronal cell types have been
thoroughly examined, however understanding of alterations in neurotransmitter levels in response to
environmental pollutants is limited 3, A few of the crucial neurotransmitters present in the nervous system
include DA, 5-HT, GABA and most importantly for this study due to the main target of IMI being the nAChRs,
ACh (148),

DA and 5-HT are involved in many activities such as motor control, emotion, stress and cognition. The chemical
structure of DA (A) and 5-HT (B) is illustrated in Figure 1.8 below. Since it has been noted that the target site

of these insecticides are present on the dopaminergic neurons, it suggests, as previously documented, that
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they are involved in the release of DA (4849 |n addition, behavioral evidence previously documented
suggests that nAChRs present in the hippocampus of the brain are present on serotonergic neurons and
therefore have the ability to control 5-HT release *°%). This emphasizes the need for the analysis of changes in
DA and 5-HT levels following IMI exposure. According to literature, any changes in dopamine’s extracellular
levels has been found to be associated with schizophrenia and Parkinson’s disease (*9(*>)_ Schizophrenia and

Parkinson’s disease has been associated with an increase and decrease in dopamine activity, respectively

(151)(152)
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Figure 1.8: Chemical structures of dopamine (A) and serotonin (B). Images created using Biorender

The primary inhibitory neurotransmitter in the CNS has been reported to be GABA, which plays a vital role in
the physiological activities of the brain. Therefore, the monitoring of GABA in bio-fluids following IMI exposure
is crucial as alterations in its levels are related to several neurological disorders including epilepsy, seizures,
anxiety as well as bipolar disorder **?. The chemical structure of GABA is illustrated in Figure 1.9 below.

Epilepsy and seizures have been associated with a decrease in GABA levels (153154,

O

HzN
OH

Figure 1.9: Chemical structure of GABA. Image created using Biorender

Even more important for this particular study is ACh, which is recognized as the main neurotransmitter of the
autonomic nervous system. ACh forms part of the parasympathetic nervous system and is responsible for the
contraction of smooth muscles, dilation of blood vessels as well as slowing the heart rate **>). ACh also plays
a crucial role in memory and learning. The significance of ACh is in its relationship with specific pathologies

such as Parkinson’s disease and Alzheimer’s. Parkinson’s and Alzheimer’s disease has been reported to be

35



Stellenbosch University https://scholar.sun.ac.za

156)(157) |t is therefore also vital to monitor

associated with an increase and decrease in ACh levels, respectively ¢
any alterations in ACh levels following IMI exposure. The chemical structure of ACh is illustrated in Figure 1.10

below.

CH;-, CHE
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)\ Pl\lf 3

Figure 1.10: Chemical structure of ACh. Image created using Biorender

As has been noted, LC-MS/MS has become a vital practice to study compounds, specifically neurotransmitters
in this case, in trace amounts in zebrafish. These neurotransmitters are highly polar therefore reversed phase
liquid chromatography (RPLC) can often only be used if derivatization is involved as it is essential to allow for
better retention as well as to improve the selectivity and sensitivity. However, certain derivatization agents
can result in interference in the chromatography. On the other hand, separation could be improved via the
addition of an ion-pair reagent. At the same time, when using mass spectrometry, an ion-pair reagent could
result in ion suppression (147/149),

A study conducted by Santos—Fandila et al (2015) resulted in the development and validation of an ultra-high
performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) method for the
guantitation of a variety of different neurotransmitters within the ultra-trace range including GABA, 5-HT, DA
and ACh. The overarching aim of this study was to apply this method to the analysis of neurotransmitters in
zebrafish brain. The best separation was obtained utilizing mobile phase A that consisted of water, acetonitrile,
heptafluorobutyric acid, an ion-pair reagent, as well as concentrated formic acid in a ratio of 900:100:1:1
(v/v/v/v) and mobile phase B as 0.1% (v/v) formic acid in acetonitrile (ACN). The samples were extracted using
1% formic acid in methanol and 5 uL was injected onto LC-MS/MS for analysis. This was the first study to utilize
UHPLC-MS/MS to analyze a range of neurotransmitters, their metabolites and precursors in zebrafish. This
method allows for the facilitation of this study and future research related with the development of the
zebrafish brain (1°8),

Additionally, a study conducted by Aragon et al (2017) reported on the development of a sensitive analytical
method for the detection of various neurotransmitters in zebrafish larvae, however this was done using GC-
MS, which as has been noted, does require laborious sample preparation as well as decreased efficiency in
detecting polar compounds and this ultimately is problematic as the monoamine neurotransmitters are highly

polar. It was necessary for derivatization of the neurotransmitters to decrease the polarity thereby improving
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the sensitivity. This is another pitfall of this developed method due to the possibility of the derivatising agent

interfering with the chromatography **),

In contrast, Tufi et al (2016) used an analytical method based on hydrophilic interaction liquid chromatography
(HILIC) coupled to MS/MS to measure neurotransmitters in whole zebrafish embryos and larvae. The only
downfall of this method is that it was performed in larvae (4 hpf - 5 dpf), which is not a true measure of chronic

exposure effects of IMI on the changes in neurotransmitter levels 3V,

In short, the measurement of these neurotransmitters in the CNS has great importance, particularly in the
neuroscience discipline. This is mainly because of the integral part that these compounds play in normal
physiological functioning. Any changes in their homeostasis could potentially lead to the occurrence of a

neurological disorder/s (147149

1.13 Hypothesis statement

Despite the limited research regarding chronic exposure to lower concentrations of IMI, the perception exists
that the lower levels do not pose a health or environmental risk. However due to the high solubility of IMI in
anaqueous environment, we hypothesized that chronic exposure to the NOAEL of IMI would pose neurological

risk.

1.14 Aim and objectives of this research

This research project aimed to assess the possibility of long-term neurological risks following prolonged, low
dose IMI exposure within an in vivo zebrafish model. In vivo animal models and analytical studies were
required to identify the magnitude of the effect of lower dose, prolonged IMI exposure. Moreover, for this
study, more sensitive, selective, accurate and efficient analytical methods were essential to generate
guantitative data in terms of bioaccumulation of IMI and its primary metabolites as well as the measurement

of neurotransmitter levels following IMI exposure.

Specific objectives were formulated as follows:

e To employ a toxicity assay to determine the NOAEL within an in vivo zebrafish larval model of IMI
exposure.

e To investigate the likelihood of general toxicity within an in vivo zebrafish larval model by using
stereomicroscopy.

e To investigate the likelihood of neurotoxicity within an in vivo zebrafish larval model by monitoring

behavior up to 5 dpf using Daniovision software.
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e To measure acetylcholine, dopamine, serotonin and gamma-aminobutyric acid levels in the brain of
zebrafish adults using LC-MS/MS as a measure of neuronal signaling after prolonged, low dose IMI
exposure.

e To evaluate the potential accumulation of IMI and its primary metabolites in the brain, liver and gill

epithelial tissue of the adult zebrafish using LC-MS/MS after prolonged, low dose IMI exposure.

We present the research performed to address these aims in the following two chapters. Chapter 2 will
describe the analytical method development required. Chapter 3 describes experimental research conducted
in zebrafish larvae and adults with which we determined neurological risk of IMI. Each of these chapters will

contain a discussion of the relevant data. Final conclusions will be presented in chapter 4.
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Chapter 2: Development of analytical assays for the
determination of IMI, its metabolites and

neurotransmitters in zebrafish tissue homogenate

2.1 Introduction

LC-MS/MS, as a multi-target screening technique, has become a key analytical tool in the clinical and forensic
toxicological laboratory environment %9, The ultimate aim of analytical toxicology is the detection,
identification and quantification of chemical compounds as well as breakdown products in biological samples.
Clinical toxicology encompasses both the detection and treatment of poisoned or drug-affected individuals,

involving a broad range of chemical compounds such as pesticides or solvents 6%,

In contrast to conventional methods, mass spectrometry has many benefits since structural information can
be provided, and additionally, improved sensitivity and selectivity can be attained. Moreover, when a triple
quadrupole analyser is utilised and MRM is selected, the signal-to-noise (S/N) ratio is considerably higher and
selectivity can be enhanced. Nowadays, the development of rapid and reliable analytical methods is crucial,

allowing for the quick, concomitant detection of multiple compounds in an unlimited number of samples 162,

Taking into consideration the mechanism of action of IMI and the importance of neurotransmitters in the
nervous system, it is essential to assess for any changes in neurotransmitter levels following neonicotinoid
exposure. In this study, the overarching aim was to develop a LC-MS/MS method with the capability of
concomitantly detecting IMI, three of its metabolites as well as various neurotransmitters in adult zebrafish
tissue homogenate. The identification of the target compounds using the developed LC-MS/MS method was

based on mass accuracy, fragment ions as well as retention time.

2.2 Materials and methods

2.2.1 Reference standards

All the chemicals used in this study were of analytical grade.
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Pesticide

IMI (98%), IMI-urea (98%), desnitro-IMI hydrochloride (98%), 5-hydro IMI (98%) and IMI-d4 internal standard

(ISTD) reference standards were purchased from Toronto Research Chemicals (TRC) (Toronto, Canada).

Neurotransmitters

Acetylcholine chloride (99%), dopamine hydrochloride (97.7%), Y-aminobutyric acid (99.8%) and serotonin
hydrochloride (99%) reference standards were purchased from Sigma Aldrich (Saint Louis, United States of
America (USA)). The ISTD reference standard, phenethylamine-d4 (96%) was purchased from TRC (Toronto,

Canada).

Buffers and solvents

The acetonitrile (ACN) and methanol (MeOH) were purchased from Romil Limited (Cambridge, United
Kingdom). The ethyl acetate, dichloromethane and hexane were supplied by Kimix Chemical and Lab Supplies
(Cape Town, South Africa). A Synergy® UV water purification system was used for all high purity water required
in this study (Merck, Darmstadt, Germany). Formic acid, ammonium acetate and ammonium formate were
supplied by Fisher Scientific Chemicals (New Hampshire, USA). Heptafluorobutyric acid (HFBA), an ion-pairing
reagent, was supplied by Sigma Aldrich (Saint Louis, USA).

2.2.2 Matrix source

Individual zebrafish carcasses were supplied by the Zebrafish Research Unit located at Stellenbosch University,
Faculty of Medicine and Health Sciences in the Division of Clinical Pharmacology. These carcasses were utilized
as the test matrix for extraction method development purposes. The zebrafish were euthanised by an
overdose of tricaine-methanesulfonate as part of normal husbandry procedures, usually due to an observed
failure to thrive. This procedure was performed by a South African Veterinary Council (SAVC)-authorised staff

member, under supervision of a SAVC-registered veterinarian.

Briefly, these zebrafish carcasses were cut into smaller portions, weighed and placed into 2 mL homogenizing
tubes. This was followed by the addition of five times more volume of the homogenization solvent (0.2%
formic acid) to the mass of the tissue. These samples were then homogenized using a Bead Ruptor Elite bead
mill homogenizer (Georgia, USA) with the addition of four 2 - 4 mm metal beads to assist in this process. The

homogenizer was set to operate at a speed of 6 milliseconds (ms) for 30 seconds.
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2.2.3 Apparatus and Instrumentation

The Rediscan function on the Beckman DU 640 spectrophotometer (California, USA) was used to quantitatively
measure the ultraviolet wavelength of the target analytes. A vortex and an ultrasonic cleaner was used to mix
liquid samples rapidly and vigorously forcing all analytes into solution allowing for optimal solubility. The use
of the Eins Sci centrifuge (Steeledale, South Africa) was to separate particles from a solution according to their
size, shape, density, thickness of the medium as well as rotor speed. The Stuart sample concentrator
(Staffordshire, United Kingdom) was used to accelerate the evaporation process of samples for analysis. The
Bead Ruptor Elite bead mill homogenizer was used to homogenize biological samples by mechanical shearing
prior to the extraction of the target analytes. Oasis PRIME HLB sorbent (60 mg) 3cc Vac extraction cartridges
were supplied by Waters corporation (Massachusetts, USA) and were used to remove lipids and phospholipids.
Quantitation was performed on the Shimadzu Prominence LC-20ADXR liquid chromatographer coupled to
Shimadzu 8040 Mass Spectrometer with a SIL-20ACXR autosampler, CTO-20A column oven and an
electrospray ionisation source (Kyoto, Japan). Data analysis was conducted using LabSolutions Insight. Method
development was also performed on a Shimadzu HPLC instrument (Integrated Shimadzu LC-2050C 3D coupled
with a binary pump, autosampler, column compartment and photodiode-array detector and ex-bioanalytics

software).

2.2.4 Preparation of stock solutions and ISTD’s

According to the certificate of analysis and the solubility of each analyte, an appropriate solvent was chosen
in which to prepare stock solutions. As illustrated in Table 2.1 below, a stock solution (SS) of IMI, IMI-urea,
desnitro-IMI hydrochloride and 5-hydro IMI were prepared such that the final concentration was 1 mg/mL,
adjusted for purity. Additionally, Imidacloprid-d4 (IMI-d4) SS was prepared in the vial in which it was received
to avoid loss such that the final concentration was 2.5 mg/mL. The stock solutions were stored at

approximately - 80 °C prior to use.

Table 2.1: Preparation of pesticide stock solutions

. Weighted mass Adjusted mass Solvent volume
Analyte % purity Solvent

(mg) (mg) (ut)
Imidacloprid 98.0 MeOH 1.18 1.16 1156
Imidacloprid-urea 98.0 MeOH 0.910 0.892 892
_ Desnitro- 98.0 MeOH 1.18 0.986 986

imidacloprid
5-Hydro imidacloprid 98.0 MeOH 0.570 0.559 559
Imidacloprid-d4 100 ACN 2.50 2.50 2500
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Similarly, as depicted in Table 2.2 below, a SS of acetylcholine chloride, dopamine hydrochloride, gamma-
aminobutyric acid and serotonin hydrochloride were prepared such that the final concentration was 1 mg/mL,
adjusted for purity. The ISTD, phenethylamine-d4 was previously prepared at 1 mg/mL in MeOH. SS were

stored at approximately — 80 °C prior to use.

Table 2.2: Preparation of neurotransmitter stock solutions

. Weighted mass | Adjusted mass Solvent
Anal 9 I
nalyte % purity Solvent (M) (M) volume (L)
Acetylcholine 100 Water 1.06 1.06 1060
chloride
Dopamine
hydrochloride 97.7 Water 1.04 1.02 1020
Gamma-
aminobutyric 99.8 Water 1.50 1.50 1500
acid
Serotonin
. 1. 1.02 102
hydrochloride 99.0 Water 03 0 020

2.2.5 Preparation of working solutions and calibration standards

2.2.5.1 Imidacloprid and metabolites

Calibration standards were prepared in zebrafish tissue homogenate (mass of tissue:volume, 1:5, m/v) at room
temperature. This was performed by first preparing working solutions (WS) which were serially diluted in
MeOH. A pooled IMI stock solution was prepared at a final concentration of 5 pg/mL (SS1). Each WS was used
to spike the tissue homogenate. It is important to note that the spiking volume into the matrix must be less
than or equal to 5% of the total volume. This mixture was vortexed and sonicated to ensure optimal
solubilisation. The preparation of the working solutions and calibration standards are presented in detail in

Table 2.3 below.
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Table 2.3: Preparation of working solutions and calibration standards for IMI and its metabolites

Blank -

Working solvent Spiking ssor::Jktlir;gn WS in\tlg IO‘{\Z:;O Final

Solutions (MeOH) . Solution . STD Concentration
(WS) volume solution volume (ng/mL) mL tissue (ng/mL)

(uL) (nL) (nt)

WS1 100 SS1 100 2.50 10.0 STD1 125
WS2 100 WS1 100 1.25 10.0 STD2 62.5
WS3 100 WS2 100 0.625 10.0 STD3 31.3
WS4 100 WS3 100 0.313 10.0 STD4 15.6
WS5 100 WS4 100 0.156 10.0 STDS 7.81
WS6 100 WS5 100 0.0780 10.0 STD6 3.91
WS7 100 WS6 100 0.0390 10.0 STD7 1.95
WS8 100 WS7 100 0.0200 10.0 STD8 0.977
WS9 100 WS8 100 0.0100 10.0 STD9 0.488
WS10 100 WS9 100 0.00500 10.0 STD10 0.244
WS11 100 WS10 100 0.00200 10.0 STD11 0.122
WS12 100 WS11 100 0.00100 10.0 STD12 0.0610

2.2.5.2 Neurotransmitters

As depicted in Table 2.4 below, the neurotransmitter calibration standards were prepared in the

homogenization solvent (0.2% formic acid) at room temperature instead of in the zebrafish tissue

homogenate. This was done by first preparing working solutions which were serially diluted in water. The

preparation of these calibration standards in the homogenization solvent was primarily due to the presence

of endogenous neurotransmitter levels. This posed a challenge when needing to compensate for these

endogenous levels after spiking the tissue with the WS. Therefore, a pooled neurotransmitter stock solution

was prepared at a final concentration of 40 pug/mL (S51) and each working solution was used to spike the blank

0.2% formic acid. This mixture was vortexed and sonicated to ensure optimal solubilisation.
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Vol WS
working | (LTI | ciking | sonation | . WS | 0100 Fina
Solutions . . Solution STD Concentration
(WS) acid) volume solution volume (ng/mL) .mL (ng/mL)
(L) (L) tissue
(nL)
WS1 100 SS1 100 20.0 10.0 STD1 1000
WS2 100 WS1 100 10.0 10.0 STD 2 500
wWs3 100 WsS2 100 5.00 10.0 STD 3 250
ws4 100 ws3 100 2.50 10.0 STD 4 125
WS5 100 ws4 100 1.25 10.0 STD 5 62.5
WS6 100 WSs5 100 0.625 10.0 STD6 31.3
Ws7 100 WS6 100 0.313 10.0 STD 7 15.6
Ws8 100 Ws7 100 0.156 10.0 STD 8 7.81
WS9 100 WSS 100 0.0781 10.0 STD9 3.91
WS10 100 Ws9 100 0.0391 10.0 STD 10 1.95

2.2.6 Preparation of working solutions and quality controls

2.2.6.1

Quality controls (QC) were prepared at room temperature using the same methodology that was used for
the preparation of the calibration standards in Section 2.2.5 above. Firstly, WS were prepared, which were

serially diluted in MeOH before being spiked into blank tissue homogenate. The preparation of the WS and

Imidacloprid and metabolites

QC'’s are presented in detail in Table 2.5 below. The inclusion of two QC lows was to ensure validation for all

the various analytes lowest limit of quantitation.

Table 2.5: Preparation of working solutions and quality controls for IMI and its metabolites

. Volume
Working Blank . Sp|k|.ng WS (uL) Ws Final
. solvent Spiking | solution . . . .
Solutions (water) solution | volume concentration | spiked into QC | concentration
(WS) volume (L) (uL) (ng/mL) 0.1.90 mL (ng/mL)
tissue
wsQ2 150 SS 100 2.00 10.0 QCH 100
wsQ3 250 wWsQ2 250 1.00 10.0 Qacm 50.0
wsQ4 250 wsQ3 250 0.500 10.0 SYS1 25.0
WsQ5 250 wsQ4 250 0.250 10.0 SYS 2 12.5
WSQ6 120 WSQ5 100 0.110 10.0 QcClL 5.70
wsQ7 750 WSQ6 100 0.00500 10.0 QcClL 0.700
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2.2.6.2 Neurotransmitters

Similarly, as depicted in Table 2.6 below, QC’s were prepared in 0.2% formic acid at room temperature by first

preparing WS which were serially diluted in water.

Table 2.6: Preparation of working solutions and quality controls for neurotransmitters

Blank Spiking Volume (pL)

Worlfing solvent Spiking solution ws . ‘.NS spiked Plasma .
Solutions (water) R concentration into 0.190 QcC concentration
(WS) volume solution volume (ng/mL) mL0.2% (ng/mL)

(T18) (ut) formic acid
wsQ2 300 SS1 200 16.0 10.0 QCH 800
wsQ3 250 wsQ2 250 8.00 10.0 QCMm 400
wsQ4 250 wsQ3 250 4.00 10.0 SYS1 200
WsQ5 200 wsQ4 200 2.00 10.0 SYS 2 100
WsQ6 150 WsQ5 100 0.800 10.0 QClL 40.0

2.2.7 Determination of the wavelength range

Working solutions of IMI, IMI-urea, IMI-NH and 5-OH IMI at 10 pg/mL were scanned between 200 nm and 800
nm. This was conducted using an UV spectrophotometer against MeOH as a blank after baseline correction.
From the scan, the wavelength of IMI, IMI-NH and 5-OH IMI was found to be 270 nm, 268 nm and 275 nm

respectively. Additionally, from the scan, it was observed that IMI-urea did not have an ultraviolet absorbance.

2.2.8 LC-MS/MS conditions

LC-MS/MS was chosen as it is more specific and sensitive than conventional HPLC. Often conventional HPLC
methods utilise mobile phases that consist of high concentrations of non-volatile buffer salts that are

incompatible with LC-MS/MS methods. In this study, two distinct methods were developed:

2.2.8.1 Method 1: IMI and its metabolites

This first method was developed and optimised for the detection and quantitation of IMI, IMI-urea, desnitro-

IMI, 5-hydro IMI and IMI-d4.

Chromatography

For LC-MS/MS, IMI and three of its metabolites were infused at a concentration of 1 ug/mL whereas the ISTD
was infused at a concentration of 10 pg/mL onto the mass spectrometer to obtain precursor and product ion

transitions, evaluating both the positive and negative (ESI +/-) ionisation modes. IMI, its metabolites and the
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ISTD predominantly yielded singly charged protonated precursor [M+H] * ions with varying mass-to-charge
ratio’s (m/z) in Q1 full scan spectra. Furthermore, fragmentation of the precursor ions took place using argon
as the collision gas and by applying 15, 20, 24, 15 and 17 eV collision energy for IMI, IMI-urea, IMI-NH, 5-OH
IMI and IMI-d4 respectively. These m/z ratios as well as the most abundant product ions of IMI and its

metabolites are depicted in Table 2.7 below.

Table 2.7: Mass-to-charge ratio’s (m/z) obtained in Q1 full scan spectra for IMI and its metabolites

Analyte Monoisoptopic lonization mode Precursor ions Product ion mass (m/z)
mass (m/z)
Imidacloprid 255.1 Positive 256.0 209.1,175.1, 210.0
IMIl urea 211.1 Positive 211.9 128.0,171.2,126.1
Desnitro IMI 210.1 Positive 210.9 126.1,175.2,133.1
5-hydro IMI 271.1 Positive 272.1 225.2,226.1
IMI-d4 259.1 Positive 260.1 213.2,179.2,214.1, 216.1

Following LC-MS/MS method development, the best chromatography and good retention was achieved with
a Shimadzu, Shim-pack Velox biphenyl (2.1 x 100 mm, 2.7 um) analytical column and mobile phase using a
gradient elution. Mobile phase A and B consisted of 0.1% formic acid and 5 mM ammonium formate in water
and MeOH, respectively. A gradient was run from 25 to 90% B over 8.5 min. The LC time program started at
25% B for 30 sec, followed by a gradual increase to 90% B over 3.5 min. It was held at 90% B for 2 min before
reducing the %B to 25% over 30 sec. To equilibrate and attain a final analysis time of 8.5 min, %B was held at
25% for an additional 2 min. The flow rate was maintained at 0.4 mL/min. Finally, a volume of 20 uL of each

sample containing the target analytes was injected onto the analytical column.

2.2.8.2 Method 2: neurotransmitters

Another LC-MS/MS method was developed and optimised for the detection and quantitation of acetylcholine,

dopamine, gamma-aminobutyric acid and serotonin as well as the ISTD, phenethylamine-d4.

Chromatography

All four neurotransmitters were infused at a concentration of 1 pg/mL onto the mass spectrometer to obtain
precursor and product ion transitions, evaluating both the positive and negative (ESI +/-) ionisation modes.
Due to previous work done with phenethylamine-d4 in the department’s analytical laboratory, it had already
been infused onto the mass spectrometer. This made it possible to simply add its transitions to the final MRM

method obtained for the neurotransmitters.

All the target compounds predominantly yielded singly charged protonated precursor [M+H] * ions with

varying mass-to-charge ratio’s (m/z) in Q1 full scan spectra. Moreover, fragmentation of the precursor ions
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took place using argon as the collision gas and by applying 14, 25, 13, 13 and 15 eV collision energy for ACh,

DA, GABA, 5-HT and phenethylamine-d4, respectively. Table 2.8 indicates the MRM transitions of all four

neurotransmitters and phenethylamine-d4.

Table 2.8: Mass-to-charge ratio’s (m/z) obtained in Q1 full scan spectra for the neurotransmitters

M . . lonizati p .
Analyte onoisoptopic onization recursor ions Product ion mass (m/2)
mass mode (m/z)
Acetylcholine 146.1 Positive 147.2 87.1,43.1
Dopamine 153.1 Positive 154.1 91.2,65.2,119.0
Gamma'aa::'d"”“ty”c 103.1 Positive 104.2 87.1,69.1, 43.1
Serotonin 176.1 Positive 177.2 160.2,115.1,117.1
Phenethylamine-d4 125.1 Positive 126.2 109.1, 79.1, 51.9

Following LC-MS/MS method development, the best chromatography was achieved with an Agilent InfinityLab

Poroshell 120 EC-C18 (3.0 x 100 mm, 2.7 um) analytical column and mobile phase using a gradient elution.

Mobile phase A and B consisted of 0.1% formic acid in water and ACN, respectively. A gradient was run from

10 to 60% B over 7 min. The LC time program started at 10% B for 1 min, followed by a gradual increase to

60% B over 2 min after which it was held at 60% B for 30 sec before reducing the %B back to 10% over 30 sec.

To equilibrate and attain a final analysis time of 7 min, %B was held at 10% for an additional 3 min. The flow

rate was maintained at 0.45 mL/min. A heating block temperature of 300 °C yielded optimal results for all four

neurotransmitters. Finally, a volume of 20 uL of each sample containing the target analytes was injected onto

the analytical column.

Final MS/MS settings for both the developed methods is illustrated in Table 2.9 below.

Table 2.9: Electrospray ionisation and MS/MS settings for method 1 and 2

Method 1 Method 2
Mass Spectrometer Shimadzu 8040 Shimadzu 8040
Parameter Value Value
Nebulising gas flow rate (L/min) 3 3

Drying gas flow rate (L/min) 15 15
Desolvation line temperature (°C) 250 250
Heating block temperature (°C) 400 300

Scan type MRM MRM
Dwell time (ms) 99 76
Column oven temperature (°C) 30 30

47



Stellenbosch University https://scholar.sun.ac.za

2.2.9 Extraction protocol

Prior to LC-MS/MS analysis, it was crucial to obtain as high as possible extraction recovery with negligible or
low matrix effects to improve the sensitivity and reliability of LC-MS/MS analysis. Various approaches were

undertaken to obtain the optimal extraction procedure for both methods, as stated above.

From the start, it was crucial to ensure that all the target analytes in this study could be extracted using a
single extraction method. This was due to the final zebrafish tissue samples undergoing analysis for the
detection and quantitation of the target analytes being limited in number and consecutively run on the two
developed LC-MS/MS methods. Therefore, the final extraction method, protein precipitation (PPT) was chosen

predominantly due to its capability to extract all the target analytes concomitantly.

In summary, the finalised PPT extraction method is depicted in Figure 2.1 below.

200 pL tissue
homogenate

P TN l Add 700 pL ice-cold

MeOH: ACN (1:1 V/V)

— §— — = =
>
Vortex (1 min) Equilibrate at- 20 °C Centrfuge @ 16 000 xg |

for 1 hour for10minat4°C

— ¥
. > Supernatant
SUpSITATant hcted Centrfuge @ 16 000 xg transferred to new
onto the LC-MS for . 6 ; g
: forSminat4°C microcentrifuge
analysis iibe

Figure 2.1: The final protein precipitation extraction method. Image created using Biorender

2.3 Pre-validation recovery assessment

Recovery pre-validation experiments were performed on the Shimadzu 8040 LC-MS. Recovery experiments
are used in the evaluation of the actual recovery and loss of analyte during the extraction procedure. It is
calculated by comparing the peak areas of the extracted QC samples in six-fold with the peak areas of blank
matrix in six-fold, first extracted and then spiked with the target analytes at the theoretical concentrations

(theoretical, represents 100% recovery).
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2.3.1 IMI and its metabolites

Six QC’s at each concentration (high, medium and low) were extracted as per the analytical method.
Additionally, theoretical high, medium and low concentrations of IMI and its metabolites were used to

reconstitute extracted, blank matrix.

2.3.2 Neurotransmitters

The neurotransmitters recovery assessment was done slightly differently. This was due to the standards and
QC'’s being prepared in the homogenisation solvent instead of matrix as described in Section 2.2.5.2. Six QC’s
at each concentration (high, medium and low) were extracted as per the analytical method. In addition,

theoretical phenetylamine-d4 ISTD was used to reconstitute extracted blank matrix.

2.4 Stock solution stability assessment — IMI and its metabolites

Stock solution stability for each individual analyte was evaluated in the suitable solvent and for the period that
covers the intended time of use. This stock solution was used to assess the performance of the analytes under
certain conditions. This experiment was performed on HPLC. The results from this experiment will give an

indication of how these stock solutions should be handled.

2.4.1 Benchtop stability

Aliguots of SS prepared at 1 mg/mL on 19 May 2021 were left on bench on 12 January 2022 for approximately
5 hrs. Subsequently, 5 hrs later (08:00 am - 13:21 pm), these stock solutions were diluted to 10 pg/mL in
MeOH. This was done in triplicate for each analyte. As an indication of benchtop stability, these thawed stock
solutions were analysed against long-term storage stock solutions also prepared on 19 May 2021. These stock
solutions were also diluted to 10 pg/mL in MeOH. These specific long-term storage samples stored at -80 °C

were used for the comparison to ensure stock solution accuracy.

2.5 Solubility assessment — IMI and metabolites

In order to assess the solubility of IMI and its metabolites in the appropriate solvent, freshly prepared stock
solutions at 1 mg/mL were diluted to 10 ug/mL in MeOH in six-fold. The first set of triplicate samples for each
analyte was simply vortexed for a min. The second set of triplicate samples for each analyte was vortexed for
1 min and sonicated for an additional min. Furthermore, as an indication of solubility, these freshly prepared
stock solutions were analysed against each other in terms of vortex vs vortex and sonication. This assay was
also performed on HPLC. These results would provide an indication on how to ensure optimal solubilisation of

IMI and its metabolites stock solutions.
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2.6 Results

2.6.1 Optimisation of LC-MS/MS conditions

The analytical challenge of this study was accurately detecting and quantitating the target analytes in a single
analysis. This was primarily due to the high sensitivity that was required for the detection of trace amounts of
the target analytes. As has been noted previously, MS parameters were optimised for each compound as well

as the internal standards.

2.6.1.1 IMI and its metabolites

Based on the literature search for IMI and its metabolites, the majority of the mobile phases used for LC-
MS/MS analysis consisted of low concentrations of formic acid and methanol as the organic solvent 21(341(140)
(141) ' As previously discussed, IMI and its metabolites were infused separately at 1 pg/mL. The best ionisation
response for all the precursor ions of the target analytes was achieved with a mixture of MeOH:water (1:1,
v/v) with 0.1% formic acid. These m/z ratios as well as the most abundant product ions of IMI and its

metabolites, are depicted in Table 2.7.

Method development started with the main aim of attaining efficient retention and resolution of the peak of
interest by assessing various chromatographic parameters. These parameters involved the selection of mobile
phase, flow rate, analytical column and injection volume. Various volume ratios (5:95, 20:70, 25:75, v/v) of
water:MeOH and water:ACN combinations with formic acid (0.05, 0.1, and 0.2%) and ammonium formate (2
mM) and acetate (2 mM, 5 mM) buffer were investigated as a mobile phase. Two different analytical columns
were evaluated. This included a Poroshell (3.0 x 100 mm, 2.7 um) and biphenyl (2.1 x 100 mm, 2.7 um)
analytical column. Another crucial condition that was assessed to achieve optimal chromatographic peak
shapes was the outcome of flow rate from 0.3 mL/min to 0.45 mL/min as well as injection volumes of 5, 10

and 20 pL.

As depictedin Table 2.10 below, the retention times for IMI, IMI-urea, IMI-NH, 5-OH IMI and IMI-d4 were 3.90,
3.70, 2.50, 3.50 and 4.00 min respectively. The final LC-MS/MS conditions are described in Section 2.2.8.1

above. Chromatograms for each target analyte are also illustrated in Table 2.10 below.
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Table 2.10: Retention times and chromatograms of IMI, its metabolites and internal standard at the highest

calibration standard concentration

Analyte Retention
time (min) Chromatograms at 125 ng/mL
{17255 .95005209.0500(+)
14:255.9500>175.1000(+)
20000-4:255.9500>210.0000(+)
15000+
Imidacloprid 3.90 10000
5000+
o \ L
-
e e =
1:211.8500>126.0500(+
1750071:211.8500>171 2000%
1:211.8500>126.0500(+)
15000+
12500+
Imidaclorprid- 3.70 100007
urea * 7500+
5000+
25004
o
0 ~ 7t
o P
2:210.8500>126.1000(+)
2:210.8500>175.1500(+)
3000095:310.8500>133.1000(+)
25000
. 20000+
Desnitro-
. . . 2-50 15000
imidacloprid
10000+
5000+
0 - =
e e M
3:272.0500>225.1500(+)
5000-3:272.0500>226.0500(+)
4000+
5-hydro 30001
- . 3.50
imidacloprid 2000]
1000+
L R L S = -
S e P e e
16:260.1000>213.1500(+)
6:260.1000>179.2000(+)
40000-5:560.1000>214.1000(+)
16:260.1000>216.1000(+)
. . 30000+
Imidacloprid-
d4 400 20000+
at 2.50 ng/mL
10000+
0 T~
T e MM
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2.6.1.2 Neurotransmitters

Based on literature for the neurotransmitters, the majority of the mobile phases used for LC-MS/MS analysis
consisted of varying concentrations of formic acid and ACN as the organic solvent *39(163)(164)(165). The
mixture of ACN:water (50:50, v/v) with 0.1% formic acid achieved the best ionisation during infusion which
allowed the creation of MRMs. These m/z ratios, as well as the most abundant product ions of all the

neurotransmitters, are depicted in Table 2.8.

Similarly to method 1, the main aim of the chromatographic parameters was to attain efficient retention and
resolution of the peaks of interest. These parameters involved the selection of mobile phase, flow rate,
analytical column and injection volume. Various volume ratios (20:80, 10:90, 5:95, v/v) of water:ACN
combinations were investigated as a mobile phase with formic acid (0.1%) as well as ammonium formate (25
mM, 2 mM) and ammonium acetate (5 mM) buffer on a Poroshell (3.0 x 100 mm, 2.7 um) analytical column.
Additionally, other crucial conditions that were assessed to achieve optimal chromatographic peak shapes was
the flow rate (from 0.3 mL/min to 0.45 mL/min) and injection volumes of 5, 10 and 20 uL. The outcome of the
utilisation of an ion-pair reagent, HFBA, as an additive in mobile phase A as previously documented by Santos-

Fandila et al (2015) was also assessed (*8),

Additionally, following an injection of a standard curve, it was observed that further optimisation was required
to compensate for serotonin on-instrument. The heating block temperature was assessed from 250 - 450 °C,

as shown below in Figure 2.2.
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Figure 2.2: The relationship between peak area and heating block temperature (°C) for acetylcholine (A),

dopamine (B), gamma-aminobutyric acid (C) and serotonin (D). (Orange - 250 °C; grey - 300 °C; yellow - 350

°C; blue - 400 °C and green - 450 °C)

Subsequently, from the results it was concluded that all the analytes yielded optimal results with a heating

block temperature of 300 °C. This conclusion was based on the variability (% CV) between each sample as well

as the peak area.

As depicted in Table 2.11 below, the retention times for ACh, DA, GABA, 5-HT and phenetylamine-d4 were

1.15,1.15, 1.10, 1.40 and 3.07 min respectively. The final LC-MS/MS conditions are described in Section 2.2.8.2

above. Chromatograms for each target analyte are also illustrated in Table 2.11 below.
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Table 2.11: Retention times and chromatograms of the neurotransmitters and internal standard at the highest

calibration standard concentration

Analyte Retention
time (min) Chromatograms at 1 000 ng/mL

[27147.1500587.0500(+)
2:147.1500>43.1000(+)

50000+

40000+

Acetylcholine 30000]
1.15

(ACh) 20000+

10000+

1.0 2.0 3.0 4.0 5.0 6.0

500004:154.1000591.2000(+)
14:154.1000>65.1500(+)

14:154.1000>119.pO00(+)
40000

30000+
Dopamine (DA) 1.15
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A |
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1.0 2.0 3.0 4.0 5.0 6.0

B3:104.1500587.1000(+)
4000043:104.1500>69.1000(+)
13:104.1500>43.4000(+)

30000
Gamma-

aminobutyric 1.10 20000]
acid (GABA)

10000+

1.0 2.0 3.0 4.0 5.0 6.0

1:177.2000>160.1500(+)
50000+1:177.2000>115.1000(+)
1:177.2000>117.10¢0(+)
40000+
30000+
Serotonin (5-HT) 1.40 20000

10000+

0

0.0 3.0 4.0 5.0 6.0

5:126.2000>109.0500(+)
50000-5:126.2000>79.1000(+)
15:126.2000>51.9000(+)

40000+

Phenethylamine- 30000
d4 at 100 ng/mL 3.07 2o

10000+

o AL ) sl

4.0 5.0 6.0
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2.6.2 Optimisation of the extraction procedure

Two extraction approaches were undertaken, LLE and PPT. At the same time, it was equally important to
ensure optimal extraction results for IMI-d4 and phenetylamine-d4 internal standards using the same
developed and optimised extraction method. IMI-d4 and phenetylamine-d4 were added to the precipitating
solvent [(MeOH:ACN (1:1, v/v)] at 2.50 ng/mL and 100 ng/mL, respectively, with the ultimate aim of yielding
a peak area of between 300 000 — 500 000 arbitrary units.

2.6.2.1 IMI and metabolites

The LLE process was conducted using dichloromethane (DCM), ethyl acetate (EA) and ethyl acetate:hexane
(1:1 v/v) (EA:Hex). IMI and its metabolites were prepared at a final concentration of 12.5 ng/mL in zebrafish
tissue homogenate. A small volume (100 pL) of 1% trichloroacetic acid (TCA) prepared in water was added to
the sample. The purpose of the addition of TCA to the samples was to remove any proteins in the matrix that
could cause interference, ultimately contributing to the sample clean-up. A volume of 300 pL of each of the
investigated LLE solvents was added to 100 uL of tissue homogenate, after which the samples were vortexed

for 1 min and centrifuged at 16 000 xg for 5 min at 4 °C.

Subsequently, for the samples containing EA and EA:Hex (1:1, v/v), the top layer was removed and transferred
to a new microcentrifuge tube and dried under a gentle stream of nitrogen at room temperature. For the
samples containing DCM, the top layer was discarded and the bottom later was dried under a gentle stream
of nitrogen at room temperature. The dried samples were reconstituted in 200 pL water:MeOH (1:1, v/v),
vortex-mixed and centrifuged. All the samples were injected onto the LC-MS/MS to observe whether the
target analytes remained in the aqueous layer or migrated into the organic solvent. This LLE procedure is

depicted in Figure 2.3 below.
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Figure 2.3: The liquid-liquid extraction method development. Image created using Biorender

In conjunction with the above LLE experiment, a PPT extraction method was performed using ice-cold 10%
TCA, ACN, MeOH and ACN:MeOH (1:1, v/v). Similarly, IMI and its metabolites were prepared at 12.5 ng/mLin
zebrafish tissue homogenate. A volume of 300 uL of each of the investigated PPT solvents was added to 100

uL of tissue homogenate.

Subsequently, the samples were vortex-mixed and sonicated in an ice-bath for 10 min and allowed to
equilibrate at -20 °C for 1 hr. This was followed by centrifugation at 16 000 xg for 10 min at 4 °C. The
supernatant was transferred to a new microcentrifuge tube and evaporated to dryness under a gentle stream
of nitrogen at room temperature. The dried samples were reconstituted in 200 pL water:MeOH (1:1, v/v) and

centrifuged again. A volume of 20 uL was injected onto the LC-MS for analysis. This PPT procedure is depicted

in Figure 2.4 below.
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Figure 2.4: The protein precipitation extraction method development. Image created using Biorender

From the results obtained, it was concluded that all the target analytes yielded optimal extraction results with
the MeOH:ACN (1:1, v/v) as the precipitating solvent. However, extraction of calibration standards yielded an
unsatisfactory calibration curve. Additionally, there was some carry-over present in the blank samples. The
method therefore required optimisation. This optimisation involved the assessment of various conditions to
eliminate any confounding factors. A few of these conditions involved using HLB extraction cartridges to
remove any unwanted phospholipids from the samples before LC-MS/MS analysis and assessing the outcome
of the concentration step by comparing samples that were dried down and samples that did not undergo the

drying down step. Another optimisation assessment involved assessing various reconstitution solutions.

The results obtained following these experiments for each individual analyte is depicted in Figure 2.5 below.
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Figure 2.5: The relationship between the average peak area of IMI-urea (A), 5-hydro IMI (B), IMI-NH (C) and
IMI (D) and various extraction optimisation conditions. (Light blue - supernatant injected directly onto LC-MS;
orange - supernatant eluted through HLB cartridges; grey - supernatant concentrated under nitrogen and
reconstituted in MeOH:water (1:1, v/v); yellow - supernatant eluted through HLB cartridges, concentrated
under nitrogen and reconstituted in MeOH:water (1:1, v/v); dark blue - supernatant eluted through HLB
cartridges, concentrated under nitrogen and reconstituted in MeOH:water (9:1, v/v); green - supernatant

dried down and reconstituted in MeOH:water (9:1, v/v))

It was important to note that during the extraction method development and optimisation, challenges would
be encountered in the attempt to concomitantly extract all the target analytes. Subsequently, from the results,
it was concluded that all the analytes yielded optimal results with three optimisation conditions listed below.
This conclusion was based on the precision (%CV) as an indicator of variability between each sample, as well

as the peak areas.

1. Supernatant directly injected onto LC-MS for analysis.
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2. Supernatant eluted through HLB prime extraction cartridges, concentrated under nitrogen and

reconstituted in MeOH:water (1:1, v/v).

3. Supernatant eluted through HLB prime extraction cartridges, concentrated under nitrogen and

reconstituted in MeOH:water (9:1, v/v).

2.6.2.2 Neurotransmitters

The neurotransmitters underwent the same extraction method development procedures as IMI and its
metabolites described above. In addition, to finalise the PPT extraction method, the neurotransmitters were

exposed to the three conditions stated above, which yielded optimal results for IMI and its metabolites.

The results obtained for this experiment were analysed by considering the variability (%CV) between each

sample as well as the peak area. The results for each individual analyte are illustrated in Figure 2.6 below.
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Figure 2.6: The relationship between the average peak area of serotonin (A), acetylcholine (B), dopamine (C)
and gamma-aminobutyric acid (D) and various extraction optimisation conditions. (Blue - supernatant injected
directly onto LC-MS; orange - supernatant eluted through HLB cartridges, concentrated under nitrogen and
reconstituted in MeOH:water (1:1, v/v) and grey - supernatant concentrated under nitrogen and reconstituted

in MeOH:water (9:1, v/v))

Overall, following all the method development and optimisation of the extraction procedure, the greatest
yield and sensitivity was obtained using a standard PPT extraction method for all the target analytes in this

study, without the concentration step. This final extraction method is illustrated in Figure 2.1.

2.6.3 Calibration curve

A calibration curve refers to the relationship between a known concentration of an analyte and the response
from an instrument. This enables the estimation of the concentration of the analyte in an unknown sample
(166) The calibration range for IMI and its metabolites was determined by using a reference range previously
published in literature by Yang et al (2021) %9, The calibration range for the neurotransmitters was

determined by using published neurotransmitter levels during early zebrafish development 3V, The
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overarching aim for both methods was to quantitate levels as low as possible as the concentrations in the final

tissue samples could not be predicted.

The data best fits a quadratic regression with 1/C (c is concentration) weighting for all the target analytes.

Table 2.12 below indicates the calibration ranges for each specific analyte.

Table 2.12: Calibration ranges for imidacloprid and its metabolites, as well as for the neurotransmitters

Target analyte Calibration range (ng/mL)
!mldaclo.prld 1.95 - 125
Imidacloprid-urea
Desnitro-Imidacloprid 0.244 - 125
5-hydro Imidacloprid 3.91-125

Acetylcholine
Gamma-aminobutyric acid
Dopamine
Serotonin

31.3-1000

The precision of the calibration standards and quality controls for each of the target analytes is summarised
below. The in-house acceptance criteria for standards and QC’s pertaining to pre-clinical work specify that
they must have been between 80 and 120% accuracy and precision between replicates of less than or equal

to 20%.

The calibration curves of the various target analytes in this study are presented in appendix 2.

2.6.3.1 IMI and metabolites standards accuracy and precision

IMI, IMI-urea, desnitro-IMI and 5-OH IMI calibrations standards and quality controls yielded accuracies
between 86.8 - 101%, 82.1 - 97.4%, 86.5 - 120% and 88.3 - 105%, respectively. The tables depicting this

information are shown in Tables 2.13 - 2.16 below.
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Table 2.13: The accuracy and precision of IMI calibration standards and quality controls

sample Nominal Mean Observed Standard
concentration Concentration . L. % CV % Accuracy n
ID deviation
(ng/mL) (ng/mL)
S1 125 125 19.2 15.4 100.0 20f2
S2 62.5 63.0 7.10 11.3 100.8 20f2
S3 31.3 30.1 0.200 0.6 96.2 20f2
S4 15.6 16.9 1.10 6.2 92.7 20f2
S5 7.81 7.05 0.300 3.8 90.7 20f2
S6 3.91 4.38 0.000 0.4 89.2 20f2
S7 1.95 1.82 0.000 0.2 93.3 20f2
-+ 7 ]

QCH 111 119 12.1 10.2 93.6 6 of 6
Qcm 61.0 70.3 3.50 5.0 86.8 40f 6
QClL 5.57 5.79 1.00 16.6 96.2 40f 6

IMI had an observed overall accuracy and precision for calibration standards and QC’s that were within the

acceptable limits stated in Section 2.7.3 above.

Table 2.14: The accuracy and precision of IMI-urea calibration standards and quality controls

sample Nominal Mean Observed Standard
concentration Concentration . .. % CV % Accuracy n
ID deviation
(ng/mL) (ng/mL)
S1 125 132 15.9 12.1 95.0 20f2
S2 62.5 57.7 2.70 4.8 92.3 20f2
S3 31.3 28.3 n/a n/a 90.4 1lof2
S4 15.6 15.2 0.400 2.6 97.4 20f2
S5 7.81 7.19 0.800 11.7 92.1 20f2
S6 3.91 4.51 0.200 4.5 86.7 20f2
S7 1.95 1.85 0.000 0.1 94.9 20f2
N A A N

QCH 111 122 16.1 13.1 90.9 40f 6
Qcm 61.0 74.3 3.60 4.8 82.1 30f6
QClL 5.57 5.06 0.500 9.4 90.8 6of 6

IMI-urea had an observed overall accuracy and precision for calibration standards and QC’s that were within

the acceptable limits. One replicate of calibration standard 3, was excluded from the curve as it was not within

acceptable limits. However, 50% of calibration standard 3 passed, therefore making it acceptable.
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Table 2.15: The accuracy and precision of desnitro-IMI calibration standards and quality controls

sample Nominal Mean Observed Standard
concentration Concentration . L. % CV % Accuracy n
ID deviation
(ng/mL) (ng/mL)
S1 125 125 9.81 7.8 99.7 20f2
S2 62.5 61.9 2.27 3.7 101.0 20f2
S3 31.25 31.7 0.864 2.7 98.7 20f2
sS4 15.63 15.8 0.335 2.1 98.6 20f2
S5 7.81 7.20 0.247 34 108.6 20f2
S6 3.91 3.99 0.526 13.2 97.9 20f2
S7 1.95 1.87 0.0425 2.3 104.4 20f2
S8 0.977 0.95 n/a n/a 97.2 1of2
S9 0.488 0.540 n/a n/a 110.7 lof2
S10 0.244 0.211 n/a n/a 86.5 1of2
-+ 7 7 ]

QCH 111 99.59 2.94 3.0 111.5 40f6
Qacm 61.0 50.91 12.2 24.0 119.8 30f6
QClL 5.57 5.43 0.800 14.7 102.6 30f6

IMI-NH had an observed overall accuracy and precision for calibration standards and QC’s that were within
the acceptable limits. One replicate of calibration standard 8, 9 and 10, was excluded from the curve as it was
not within acceptable limits. However, 50% of these calibration standards passed, therefore making it

acceptable

Table 2.16: The accuracy and precision of 5-OH IMI calibration standards and quality controls

Nominal Mean Observed
Sample . . Standard
concentration Concentration . .. % CV % Accuracy n
ID deviation
(ng/mL) (ng/mL)
S1 125 125 0.923 0.7 100.0 20f2
S2 62.5 63.1 6.97 11.0 99.0 20f2
S3 31.3 30.2 2.73 9.0 96.5 20f2
S4 15.6 17.3 0.343 2.0 90.4 20f2
S5 7.81 8.07 n/a n/a 103.3 1of2
S6 3.91 4.21 0.129 3.1 92.9 20f2
QCH 111 120 9.30 7.8 92.9 40of 6
Qcm 61.0 69.1 5.90 8.6 88.3 50f6
QClL 5.57 5.32 5.90 12.3 105 40of 6

5-OH IMI had an observed overall accuracy and precision for calibration standards and QC’s that were within
the acceptable limits. One replicate of calibration standard 5, was excluded from the curve as it was not within

acceptable limits. However, 50% of calibration standard 5 passed therefore making it acceptable.
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ACh, GABA, DA and 5-HT calibrations standards and quality controls yielded accuracies between 85.6 - 119%,

87.8-99%, 90.4 - 107% and 94.8 - 99.7 %, respectively, as depicted in Tables 2.17 - 2.20 below.

Table 2.17: The accuracy and precision of ACh calibration standards and quality controls

sample Nominal Mean Observed Standard
concentration Concentration . L. % CV % Accuracy n
ID deviation
(ng/mL) (ng/mL)
S1 1000 1193 n/a n/a 119.3 1of2
S2 500 470 3.80 0.8 94.0 20f2
S3 250 250 10.2 4.1 99.6 20f2
S4 125 134 8.70 6.5 93.4 20f2
S5 62.5 68.2 0.200 0.2 91.6 20f2
S6 31.3 26.8 0.900 3.4 85.6 20f2
- r ¢ ° [ ]

QCH 800 755 46.7 6.2 94.4 6 of 6
Qcm 400 410 20.8 5.1 97.6 6 of 6
QClL 40.0 44.0 2.60 5.9 91.7 50f6

ACh had an observed overall accuracy and precision for calibration standards and QC’s that were within the

acceptable limits. One replicate of calibration standard 1, was excluded from the curve as it was not within

acceptable limits. However, 50% of calibration standard 1 passed therefore making it acceptable.

Table 2.18: The accuracy and precision of GABA calibration standards and quality controls

sample Nominal- Mean Obser.ved Standard
concentration Concentration ... % CV % Accuracy n
ID deviation
(ng/mL) (ng/mL)

S1 1000 1010 53.6 5.3 99.0 20f2
S2 500 473 15.0 3.2 94.6 20f2
S3 250 257 6.40 2.5 97.3 20f2
sS4 125 139 5.40 3.9 90.3 20f2
S5 62.5 54.9 n/a n/a 87.8 1of2
S6 31.3 28.7 490 17.2 91.7 20f2
QCH 800 854 46.7 5.5 93.6 6 of 6
acm 400 427 13.8 3.2 93.7 6 of 6
QClL 40.0 39.2 3.10 7.9 98.0 50f6
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GABA had an observed overall accuracy and precision for calibration standards and QC’s that were within the

acceptable limits. One replicate of calibration standard 5, was excluded from the curve as it was not within

acceptable limits. However, 50% of calibration standard 5 passed therefore making it acceptable.

Table 2.19: The accuracy and precision of DA calibration standards and quality controls

Sample Nominal Mean Observed Standard
concentration Concentration . L. % CV % Accuracy n
ID deviation
(ng/mL) (ng/mL)
S1 1000 1004 100 10.0 99.6 20f2
S2 500 4972 n/a n/a 98.4 1of2
S3 250 267 n/a n/a 106.8 1of2
S4 125 113 12.5 11.1 90.4 20f2
S5 62.5 64.3 n/a n/a 102.9 1of2
S6 31.3 31.8 1.21 3.8 98.3 20f2
- © [ ]

QCH 800 819 91.7 11.2 97.7 50f6
Qcm 400 385 27.0 7.0 96.3 6 of 6
QClL 40.0 41.6 5.43 13.1 96.2 50f6

DA had an observed overall accuracy and precision for calibration standards and QC’s that was within the

acceptable limits stated. One replicate of calibration standard 2, 3 and 5 was excluded from the curve as it was

not within acceptable limits. However, 50% of calibration standard 5 passed therefore making it acceptable

Table 2.20: The accuracy and precision of 5-HT calibration standards and quality controls

Nominal Mean Observed
Sample . . Standard
concentration Concentration ... % CV % Accuracy n
ID deviation
(ng/mL) (ng/mL)
S1 1000 995 184 18.5 99.5 20f2
S2 500 498 39.3 7.9 99.6 20f2
S3 250 251 12.3 4.9 99.7 20f2
S4 125 126 13.1 10.3 98.9 20f2
S5 62.5 61.3 5.07 8.3 98.1 20f2
S6 31.3 31.5 0.665 2.1 99.3 20f2
QCH 800 758 73.8 9.7 94.8 6of 6
Qcm 400 407 30.7 7.5 98.2 6 of 6
QClL 40.0 40.3 4.20 10.3 99.2 30f6

5-HT had an observed overall accuracy and precision for calibration standards and QC’s that were within the

acceptable limits.
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Overall, the results from the assays above indicate an acceptable calibration range for each target analyte in
this study. The lowest limit of quantitation (LLOQ) was set at the concentration of the lowest validated
standard for each target analyte. Additionally, the results indicate that the method provides sufficient accuracy
and precision over the entire range based on analyte peak area with a quadratic calibration curve (weighted

by 1/C concentration).

2.6.4 Pre-validation recovery assessment

2.6.4.1 Recovery

Recovery refers to the efficiency of the extraction process documented as a percentage of the known quantity
of an analyte taken through the sample extraction as well as the processing steps of the method **”), According
to Sonawane et al (2014), recoveries do not need to be 100%. However, the recoveries should be consistent,
precise and reproducible *%®), The final % recovery and overall %CV for all the target analytes in this study is
demonstrated in Tables 2.21 - 2.25 below. The average recovery of a quantitative analytical method must be
consistent and precise. The measured recovery should not be greater than 20% for any specific concentration
of the analyte at which it is determined. Recovery reproducibility between the different concentrations must

not be greater than 20%.

2.6.4.1.1 IMI and metabolites

The blank space left in the tables below at the high concentration at sample 6 was due to the loss of sample

during the experimental procedure.
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Table 2.21: Recovery of IMI from zebrafish tissue homogenate

High Concentration (111

Medium Concentration (61

Low Concentration (5.57

*Qutliers omitted from data analysis

ng/mL) ng/mL) ng/mL)
Extraction: Spik.e d Extraction: Spik.e d Extraction: Spik-e d
Analyte Peak Solution: Analyte Peak Solution: Analyte Peak Solution:
Area Analyte Area Analyte Area Analyte Peak
Peak Area Peak Area Area
Sample 1 123210 133042 69 304 96 620 6932 9263
Sample 2 110023 171738 93335 99 307 6 193 9391
Sample 3 164 779 151 888 83 350 105174 10198 9287
Sample 4 150 332 143 169 86 979 99930 8 045 6 735
Sample 5 137 246 191 106 96 785 92729 10915 11158
| sample6 || 138361 102 206 93 455 9417 [1 246 306]*
Average 137 118 154 884 88 660 97 869 8617 9167
STDEV 21 606 22 327 11637 4629 1869 1577
% CV 15.8 14.4 13.1 4.7 21.7 17.2
Recovery
Average % Recovery 91.0
Average % CV 3.0
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Table 2.22: Recovery of IMI-urea from zebrafish tissue homogenate

High Concentration (111 Medium Concentration (61 | Low Concentration (5.57
ng/mL) ng/mL) ng/mL)
Extraction: Splk.e d Extraction: Splk.e d Extraction: Splk-e d
Solution: Solution: Solution:
Analyte Peak Analyte Peak Analyte Peak
Area Analyte Area Analyte Area Analyte
Peak Area Peak Area Peak Area
Sample 1 98 328 161283 68 820 88 250 7937 6 033
Sample 2 99 585 190784 92374 96 088 7 480 11 267
Sample 3 146 503 169 125 91 196 96 683 7 204 9342
Sample 4 124 428 173 589 90 056 70787 8729 6762
Sample 5 124 837 188 218 90511 98 152 8 685 10544
| sample 6 [ 151467 104 750 83592 7 955 11 445
Average 118 736 172 411 89618 88925 7998 9232
STDEV 20 149 15 245 11598 10531 618 2328
% CV 17.0 8.8 12.9 11.8 7.7 25.2
68.9 101.0 86.6
Recovery
Average % Recovery 85.4
Average % CV 18.7

Table 2.23: Recovery of desnitro-IMI from zebrafish tissue homogenate

*Qutliers omitted from data analysis

High Concentration (111 Medium Concentration (61 | Low Concentration (5.57
ng/mL) ng/mL) ng/mL)
Extraction: Splk.e d Extraction: Sp'k.e d Extraction: Splk.e d
Analyte Peak Solution: Analyte Peak Solution: Analyte Peak Solution:
Area Analyte Area Analyte Area Analyte
Peak Area Peak Area Peak Area
Sample 1 610 426 1180 025 725072 568 117 6729 12 349
Sample 2 733 054 1528 906 914 204 961 694 6521 12 460
Sample 3 867 656 1734 415 923128 816951 7791 11441
Sample 4 736970 1398 169 839925 688 879 9553 9975
Sample 5 | [1031653]* 1692 175 974293 776 280 [21587]* [4747]1*
| sample 6 [ 1111907 | [1110985]* | 777475 6 631 16 099
Average 737 027 1440933 875324 764 899 7 445 12 465
STDEV 105 052 258903 96 722 131322 1284 2262
% CV 14.3 18.0 11.0 17.2 17.2 18.1
51.1 114.0 59.7
Recovery
Average % Recovery 75.1
Average % CV 45.7
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Table 2.24: Recovery of 5-OH IMI from zebrafish tissue homogenate

*Qutliers omitted from data analysis

High Concentration (111 Medium Concentration (61 | Low Concentration (5.57
ng/mL) ng/mL) ng/mL)
Extraction: Splk-e d Extraction: Splk.e d Extraction: Splk'e d
Analyte Peak Solution: Analyte Peak Solution: Analyte Peak Solution:
Area Analyte Area Analyte Area Analyte
Peak Area Peak Area Peak Area
Sample 1 37476 42943 33880 31768 3812 [5302]*
Sample 2 46 558 58 764 39910 35196 2975 3976
Sample 3 51394 65 804 44083 34 495 3743 3444
Sample 4 48 448 46 922 26522 36792 2904 [1890]*
Sample 5 56 814 61 019 34924 32216 [1957]* 2431
| sample6 [ 46784 34 805 36 865 2582 2333
Average 48 138 53 706 35687 34 555 3203 3046
STDEV 7 109 9330 5949 2191 545 798
% CV 14.8 17.4 16.7 6.3 17.0 26.2
89.6 103.0 105.0
Recovery
Average % Recovery 99.4
Average % CV 8.5

All the analytes displayed an average recovery ranging from 75.1 - 99.4% across the high, medium and low

concentrations. None of the analytes exceeded a %CV of 20% except for IMI-NH with a %CV of 45.7. As it

stands, for a pre-clinical method, this was deemed acceptable by a senior scientist. This analyte, IMI-NH, was

challenging and this was a compromise that had to be made for the other analytes.

2.6.4.1.2 Neurotransmitters

As previously discussed, the recovery of the neurotransmitters was predominantly based on the extraction

recovery of the ISTD due to the presence of endogenous neurotransmitter concentrations in matrix. A similar

approach was used by Aragon et al (2017) 59,

Table 2.25: Recovery of phenetylamine-d4 in zebrafish tissue homogenate

Concentration (100 ng/mL)

Extraction: Analyte Peak Area

Spiked Solution: Analyte Peak Area

Sample 1 288 422 353 154
Sample 2 299 123 330990
Sample 3 334 836 373573
Average 307 460 352572
STDEV 24 304 15672

% CV 7.9 4.4

% Recovery 87.2
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2.6.4.2 Benchtop stability of IMI and its metabolites stock solutions

Benchtop stability is conducted to assess the stability of the analytes at room temperature, as would occur
during sample processing prior to analysis. These results provide an indication as to whether the stock
solutions should be kept on ice during processing or not. Additionally, the results indicate that assays could be
completed within the time-frame for which the analyte is identified as stable. This assay was conducted using
HPLC for all the analytes except for IMI-urea which did not have an UV absorbance. Therefore, IMI-urea’s stock
solution stability assessment was done on LC-MS. Both the %CV and the % difference have to be below 15%.
A % difference that is greater than 15% in comparison to the long-term samples peak area is an indication of

on-bench stock solution instability.

Tables 2.26 below represents the results obtained from the on-bench stock solution stability assay as
described in Section 2.4.1. The table also portrays the average peak area of the benchtop stability stock
solutions, the precision (%CV) as well as the calculated difference after being left on bench for approximately
5 hrs. It is indicated from the results that the %CV and % difference for the various target analytes is within

15%. Therefore, on-bench stock solution stability for IMI and its metabolites is indicated for at least 5 hrs.

Table 2.26: Benchtop stock solution stability results for IMI and its metabolites

Analyte Solvent Average peak area % CV % difference
IMI-urea MeOH 1417 373 2.4 2.9
IMI MeOH 1105 964 6.0 12.0
IMI-NH MeOH 45303 0.4 0.0
5-OH IMI MeOH 1133725 6.5 0.2

2.6.4.3 Solubility assessment— IMI and metabolites

A solubility assessment was performed to determine the effects of only vortexing and vortexing and sonicating
of stock solutions during procedures. Table 2.27 below represents the results obtained from the solubility
assay as described in Section 2.5. The table also portrays the average peak areas of the freshly prepared stock
solutions that were vortexed and sonicated, the precision (%CV) as well as the calculated difference between
the two conditions. Similarly, this assay was also conducted using HPLC for all the analytes except for IMI-urea.
Both the %CV and the % difference have to be below 15%. A % difference that is greater than 15% in

comparison to the freshly prepared (vortexed only) stock solutions is an indication of a solubility issue.

From the results depicted in Table 2.27, it is depicted that all the analytes had a %CV and % difference within

15% which does suggest that solubility is not an issue.
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Table 2.27: Solubility assessment results for IMI and its metabolites

Analyte Solvent Average peak area % CV % difference
IMI-urea MeOH 1883461 12.5 3.5
IMI MeOH 1376 872 4.2 10.7
IMI-NH MeOH 45 452 1.0 13
5-OH IMI MeOH 809 896 3.3 9.4

2.7 Discussion

In this chapter, we were able to develop LC-MS/MS methods for the quantitation and detection of IMI, three
of its primary metabolites and four neurotransmitters in adult zebrafish brain, liver and gill epithelial tissue.
Due to the pre-clinical nature of this study, it was not necessary to do a full validation according to FDA
guidelines 7). However, despite this, all the measures and precautions were taken to ensure that the method

has reliability, accuracy, precision as well as repeatability.

2.7.1 Optimisation of LC-MS/MS conditions

Initially, the plan was to develop a method for IMI and five of its metabolites. However, due to challenges
faced with the infusion, two metabolites, namely IMI-olefin and 6-CNA, were excluded from the method. The
difficulty of including these two analytes in this multiplex method was due to it predominantly yielding singly
charged deprotonated precursor [M-H] ~ions with varying m/z in Q1 full scan spectra as has been reported in
literature ®414¢) This would result in more challenging ionisation. An additional LC-MS/MS method with
different mobile phases would be required to facilitate the negative ionisation mode as it would still be crucial

to ensure that all the target analytes could be extracted using a single method.

To initiate the chromatography method development for IMI and its metabolites, a biphenyl analytical column
was chosen despite the extensive use of a C18 analytical column in previous studies 221491410169 Thjs choice
of analytical column was based on the difference between a C18 and biphenyl column. According to literature,
the separation given by a C18 column is less effective in comparison to a phenyl column. In addition, the

resolution given by a phenyl column has been reported to be better than a C18 column 79,

A method compatible for IMI, IMI-urea and 5-OH IMI was successfully developed and optimised. However, a
few crucial observations were made with regards to IMI-NH. Firstly, as illustrated in Table 2.10, the peaks are
wider in the front half than they are in the back resulting in an asymmetrical effect. This is also known as
fronting. It has been reported that the main cause of this is poor solubility of the sample 7. Despite the
solubility assay results indicating no solubility issues with IMI-NH, there was a limitation to this assay. It was
performed assessing the solubility of the analyte in a solvent prepared as a stock solution, however IMI-NH

may not have optimal solubility in the actual tissue matrix. As previously discussed, due to the complexity of
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the development of a multiplex method, it was necessary to compromise to ensure that all the target analytes
could be detected utilising a single LC-MS/MS method. However, this observation does deem it necessary for
further chromatography development for IMI-NH. Secondly, after analysing the summary of the calibration
standards and quality controls precision and accuracy, it was observed that the %CV between the QC medium
samples was above 20%. This observation suggests increased variability between the individual samples. The
inclusion of an isotopically labelled internal standard for IMI-NH could improve these results by compensating

for instrumental drift during an analytical run.

When considering chromatography development of method two, the majority of previously conducted studies
focusing on the quantitation of neurotransmitters utilised analytical columns which are excellent for the
retention of polar analytes (147(163)172(173) Therefore, a Poroshell analytical column was chosen for this method

(174 The choice of column for

as it has been reported to be the most versatile providing increased selectivity
both methods yielded good peak shapes, separation, and short analytical runs. A deuterated internal standard

of a neurotransmitter precursor was also included to compensate for early elution of these polar compounds.

2.7.2 Optimisation of extraction procedure

With regards to the extraction of IMI and its metabolites from various tissues and biological fluids, the majority

d (34)(115)(145)

of previously conducted studies utilised a SPE metho (175 When considering extraction method

development for the neurotransmitters, the majority of previously conducted studies also utilised a protein

precipitation extraction (131159,

Various studies have been developed for the determination of IMI and a few of its primary metabolites in
mice, human and rabbit biological fluids and tissues as well as in water and agricultural food sources (1634
(140)176)175)(177)(178) ' A previously conducted study performed the detection of IMI in various human biological
fluids following a case of fatal insecticide ingestion. This published method also used a protein precipitation
method but used HPLC for detection *'®). Another study utilized a QUEChERS-HPLC-MS/MS method on crayfish

tissue and generated various calibration ranges for IMI and a few of its metabolites. However, these ranges

were above the ranges used in this present study (149,

Subsequent to the extensive extraction method development described in Section 2.6.2, this study made use
of a protein precipitation extraction method. This choice of extraction method was made not only because of
its simplicity and low cost but also due its ability to concomitantly extract all the target analytes in this study.
Based on the high recovery range detected across all the compounds, it can be deduced that the extraction

method is effective and reliable at extracting all the target compounds from zebrafish tissue homogenate.
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2.7.3 Calibration curve and pre-validation assessments

These methods underwent a partial validation and presented accuracy and robustness using a single intra-day
validation batch. Since these methods were used for pre-clinical assessments, a single batch was deemed
sufficient. A duplicate of the standards at each level and six replicates of each quality control (QC high, medium
and low) underwent analysis in this intra-day validation batch. Additional pre-validation experiments that
were performed included recovery for both methods and benchtop stability for IMI and its metabolites. As

illustrated in Section 2.7.4, all the analytes displayed an average recovery ranging from 75.1 - 99.4%.

Despite the extensive research on the analysis and quantification of various neurotransmitters in the brain of
zebrafish following exposure to various exogenous agents, there are very few studies that have focused on
the analysis and quantification of these neurotransmitters in adult zebrafish brains following IMI exposure
(158)(179)(180) ' The majority of the studies that have analyzed changes in neurotransmitter levels following acute
IMI exposure have utilized zebrafish larvae until 5 dpf as a test organism, which is a critical limitation as this

does not confer a true representation of the prolonged neurotoxicity effects of IMI exposure on zebrafish

(131)(159)

To the best of our knowledge, this is one of the first developed LC-MS/MS methods to report the quantitation
of IMI, IMI urea, 5-OH IMI, IMI-NH, 5-HT, DA, GABA and ACh in various adult zebrafish tissues.
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Chapter 3: In vivo (zebrafish) investigations following
imidacloprid exposure

3.1 Introduction

IMI has been reported to contaminate multiple surface waters around the globe at levels that pose serious
risk to various biodiversity’s. According to a review published by Morrissey et al (2015), approximately half of
the accessible water monitoring studies documented observable IMI levels given its extensive use as well as
its various applications. The reported observable levels of IMI ranged from 0.001 to 320 pug/L. Estimated values

of some accidental leakages might reach up to mg/L (181)(182)183),

Several studies’ main aim is to determine the effect of IMI at high concentrations or during the development
of species 144184185 These are clear and very crucial limitations. Firstly, this means that the longer term
effects of low level IMI exposure is still unclear. Secondly, it means that the effect on adult forms have been
neglected in research. It would be of much greater use if concentrations that can be attained in the
surroundings are used to characterize pesticide exposures as well as to determine the effect of IMI in post-
development stages. This is especially important when evaluating long-term toxicity effects of IMI, which is

limited in research.

Therefore, the overarching aim of this study was firstly to use zebrafish larvae as an in vivo model to determine
NOAEL of IMI exposure and secondly to determine longer-term neurotoxicity risk in adult zebrafish chronically

exposed to NOAEL IMI.

3.2 Materials and methods

3.2.1 Chemicals and reagents

Imidacloprid (IMI, CAS: 138261-41-3, LOT: 6-MIC-12-1, purity: 98%) was supplied by Toronto Research
Chemicals (Canada). Once received, it was stored as directed at -20°C. A SS of IMI was prepared at 1 mg/mLin
MeOH purchased from Romil Ltd (Cambridge, United Kingdom). Additionally, aliquots of smaller volumes of
this SS was prepared and stored in a sealed cryobox at -80 °C to avoid photodegradation. The positive control,
3, 4-dicholoroaniline, purchased from Sigma Aldrich (Saint Louis, USA) was prepared in ethanol, at a stock
solution concentration of 1 mg/mL. The same procedure as above was followed for this SS. The compound,
tricaine-methanesulfonate was supplied by Sigma Aldrich. Tricaine-methanesulfonate was utilised as an

anaesthetic/euthanisation agent in this study.
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3.2.2 Animal model: ethical considerations

Longfin Danio rerio (zebrafish) eggs were obtained from the Zebrafish Research Unit located at Stellenbosch
University, Faculty of Medicine and Health Sciences, Division of Clinical Pharmacology. All experimental assays
were performed in accordance with ethical guidelines. Research protocols used in this study were reviewed
and approved by the Research Ethics Committee: Animal Care and Use (protocol # ACU-2021-21865). Early-
life stages of zebrafish are not protected by South African (and global) research ethics bodies as they are not
recognised as sentient animals before 5 dpf *%¢). In the Zebrafish Research Unit, all fish were maintained at
standard laboratory conditions in accordance with standard zebrafish husbandry protocols. The water was
maintained at 28 °C, pH 6.8 - 7.3 and the fish were exposed to a 14/10 light/dark cycle. This well-maintained
water was used as dilution water in the preparation of all test solutions in all assays conducted during this
study. The adult zebrafish were fed twice daily at approximately 2.5% body mass with commercially available

semi-floating Hikari micropellets.

3.2.3 Maintenance of the eggs and larvae

Adult fish were spawned following standard husbandry procedures and eggs obtained at 4 hpf. Eggs and larvae
were maintained in E3 embryo media. A 50 x concentrated stock solution of E3 medium was prepared as
follows, 14.6 g sodium chloride (NaCl), 0.650 g potassium chloride (KCl), 2.20 g calcium chloride (CaCl;) and
4.05 g magnesium sulphate (MgS0.). A WS was prepared fresh by diluting 50x stocks in autoclaved, distilled
water. The pH of the media was adjusted to 7.4 using 0.5 M sodium bicarbonate. The media of the eggs were
refreshed every morning. The refreshing of the media involves the removal of approximately % of the media
in the petri dish and replacing it with fresh media. The hatching of the larvae takes place between 2 - 3 dpf
and the empty chorions should be removed during the refreshing of the media. Additionally, during the
refreshing of the eggs media, it is crucial to observe the eggs under a stereomicroscope (World Precision
Instruments, USA) to remove any dead or abnormally shaped eggs/embryos. Once the eggs have hatched, only
half the media needs to be replaced daily. Eggs and larvae were maintained in a climate chamber (Axiology,

model: BJP-M150) at a constant temperature of 28.5 °C and 14/10 light/dark cycle (lights on at 8am).

3.3 Experimental design and pesticide exposure concentrations

3.3.1 Larvae assay

The reported observable levels of IMI mentioned in Section 3.1 was used as a reference in this study to
determine the NOAEL in zebrafish larvae to which the adult zebrafish would be exposed to for 21 days. As has

been noted, the zebrafish BBB is fully developed at 3 dpf. Therefore the larvae used for this study were
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exposed to varying IMI concentrations for a period of 24 hrs, starting at 4 dpf. This was crucial to ensure that
any abnormalities detected during or following the IMI exposure could be associated with the pesticide

crossing the BBB.

The larvae were plated into a 96-well microtiter plate and treated accordingly. The larvae were pipetted up
with 200 pL E3 medium. The well of a 96-well plate can take a maximum volume of 250 uL therefore 50 pL of
the various IMI concentrations were introduced to the plate. Due to the five times dilution of the
concentration of IMI and the positive control once introduced to the well, the original concentrations needed

to be prepared at a concentration five times that of the intended concentration in the well.

The zebrafish larvae were exposed to three different IMI concentrations (0.001, 5 and 25 pg/L), a positive (tox)
control (3, 4-dichloroaninline) as well as a negative control (E3 media). The tox control, 3, 4-dichloroaniline
(DCA), is an aniline pesticide and is the recommended compound in the Fish Embryo Acute Toxicity (FET) test
as outlined in the OECD guidelines for the testing of chemicals. The toxicity of the positive control, DCA, to fish

species at early-life stages is well reported (187188),

The IMI treatment concentrations were prepared in E3 media as serial dilutions from the SS which was
prepared in MeOH as stated on IMI’s certificate of analysis. DCA was prepared in ethanol and serially diluted
using E3 media such that the final concentration to which the larvae would be exposed in the well was 4
mg/mL. It was crucial to ensure that the final MeOH and ethanol content to which the larvae were exposed
was less than 2.5% and 0.5% respectively, to eliminate any confounding factors 89, This experiment involved
a 96-well microtiter plate where n=12 for each IMI concentration. Once dosing was complete, the plate was

incubated at 28.5 °C for 1 hr.

One hrs post-exposure, the plate was viewed under a stereomicroscope to monitor survival as well as any
clearly visible abnormalities such as oedema, deformed body shape and swim bladder. Following this
observation, the plate was incubated for another 24 hrs. 24 hrs post-acute exposure, tracking was performed
to observe any behavioural alterations using the Noldus Ethovision instrument (Noldus Information
Technology, Wageningen, Netherlands). The plate was transferred to the Ethovision device for tracking
visualisation for 30 min. The behavioural activity that was monitored using the Ethovision software included

distance moved (mm) over time (min).

Once the tracking visualisation was complete, the plate was visualised under the stereomicroscope again to
monitor the same factors mentioned above, this time after being exposed to IMI for 24 hrs. For this specific
24-hrs visualisation, to allow for more accurate and optimal microscopy, the zebrafish larvae were sedated

using tricaine. The objective of this was to ensure that the larvae fell onto their side for images to be taken,
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thereby allowing clear visualisation of any abnormalities. Tricaine-methanesulfonate (TMS), commonly known
as MS-222, is a white odourless powder with a high water-solubility. It is predominantly used as an anaesthetic
to sedate fish during handling by depressing their central and peripheral nervous systems thereby also
reducing their sensory perception during any procedure. Despite the controversial topic of fish being able to
feel pain, there is substantial evidence that indicates that the utilisation of anaesthetics promotes the

wellbeing of the fish (1°0),

See Figure 3.1 below for a more detailed representation of how this dose-response experiment was
conducted. This was to ensure accurate finalisation of the concentration to which the adult zebrafish would
be exposed to for 21 days. Upon completion of the larval experiment, the larvae were transferred to a 50 mL
falcon tube using a micropipette and euthanised accordingly using tricaine by a staff member authorised for
this procedure by the SAVC.

Tox

001 pg/L 5 pg/ 2% e
Contro ontro Hg P/l 250/l

-;- R — - o
L
=

24 hours post

exposurs

Euthanisation

Figure 3.1: A diagram illustrating the procedure of exposing the zebrafish larvae to various IMI concentrations

in a 96-well microtiter plate. Image created using Biorender

3.3.1.1 Statistical analysis

One-way ANOVA was utilised in the determination of the main effects of treatment followed by a Bonferroni
post hoc test. Biological repeats of at least n=12 per treatment condition was used. A p-value of <0.05 was

considered statistically significant.
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3.3.2 Adult fish assay

3.3.2.1 Experimental fish husbandry

Healthy adult zebrafish were used in this 21-day pesticide exposure experiment. Adult zebrafish of similar
length and age (average length: 3.2 cm, 7 months old) were chosen for the study. There were 10 and 11 fish
allocated to the treatment and control group respectively. Following the toxicity assay experiment conducted
in the zebrafish larvae, it was concluded that the NOAEL of IMI was 2.5 pg/L. The adult zebrafish were treated

with this NOAEL concentration for 21 days. The set-up of the 21-day study is demonstrated in Figure 3.2 below.

Figure 3.2: An image representing the set-up of the day pesticide exposure experiment in adult zebrafish.

A-Treatment group (n=10) and B-Control group (n=11)

As illustrated in Figure 3.2 above, there were two glass beakers each filled with 3 L of water. These beakers
were placed in a tank filled halfway with water that was maintained at a temperature of 28 °C using a
submersible glass aquarium heater. Additionally, an air stone was placed into each beaker to allow for the
circulation of air by producing tiny bubbles filled with oxygen. As has been noted, IMI undergoes
photodegradation, therefore to prevent this from occurring, the zebrafish were exposed to low light during

this 21-day study.
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Furthermore, the beakers of water were refreshed daily to prevent accumulation of IMI in the treatment
group’s water. This was done by allowing two beakers to acclimatise overnight at 28 °C in a pre-heated
laboratory oven (Ecotherm, Labotech). Prior to the addition of the zebrafish, treatment group (A) and control
group (B) to the beakers, the pH was checked daily to ensure it was stable at a pH of + 7. In order to cause
minimal distress to fish, they were housed within purpose-made nets in the beakers so that they did not have
to be netted for transfer each day. The fish were fed as per normal, twice daily during this 21-day exposure
period. The test solution of 2.5 pug/L was prepared by diluting an IMI stock solution in conditioned water.
Moreover, the experimental group was treated at the same time daily. See appendix 1 for the detailed

description of how this test solution of IMI was prepared.

During the 21-day exposure period, two water samples of 1 mL each were obtained from the treatment group
for 5 consecutive days. One sample was taken immediately after dosing the treatment group with the test
solution and another sample was taken 24 hrs after dosing. These samples were stored at -80 °C until LC-

MS/MS analysis so that the extent of degradation of IMI during a 24-hrs period could be determined.

3.3.2.2 Body length

After 21 days of IMI exposure, all the zebrafish were sacrificed using 300 mg/L tricaine by prolonged
immersion. The fish were kept in the solution for approximately 3 min following the termination of opercular
movement. A ruler was used to measure the standard body length (SL) in centimetres (cm), from the tip of the
mouth to the tip of the tail. See appendix 1 for reference photos taken during this procedure. Following this
measurement, the zebrafish were sacrificed as soon as possible to prevent the degradation of the
neurotransmitters. The zebrafish were removed from the tricaine solution, lightly patted dry with paper towel
and pinned to a dissecting mat through the fleshy part of the tail. The brain, liver and gills were dissected out
and snap-frozen using liquid nitrogen in 0.5 mL microcentrifuge tubes. These samples were stored at -80 °C
until LC-MS/MS analysis. Statistical analysis was performed to determine if the difference observed between

the treated and control group was statistically significant.

3.4 Application of the developed and optimised LC-MS/MS method

Subsequent to the 21-day IMI exposure period, the amount of IMI and its metabolites in the various tissue
was determined using the developed and optimised LC-MS/MS method in this study. A calibration curve was
generated using a general matrix (zebrafish whole body homogenate) in order to quantify the target analytes
in the various tissue specimens. Additionally, this method was also used to detect and quantify various
neurotransmitters in the adult zebrafish brain tissue. Finally, this method was also used to detect and quantify

IMI and its metabolites in water samples taken immediately after dosing (+ 2 min post-dose) and water
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samples taken 24 hrs post-dose during the IMI exposure period. Due to the small size of the brain, liver and

gill epithelial tissue, it was deemed necessary to pool the samples resulting in a small sample size.

Statistical analysis was performed on the data obtained for this study using GraphPad Prism 8.0.2. The data
from all the experimental groups underwent a normality test using Shapiro-Wilk test. GraphPad Prism was

also utilised to plot the appropriate graphs.

3.5 Results

3.5.1 Larvae morphology and behaviour

The following results were obtained from the toxicity assay experiment conducted in larvae (4 - 5 dpf).

3.5.1.1 One-hrs post IMI exposure

There was no significant difference in morphology between the negative control and the IMI-treated larvae.

The survival rate was 100% in all groups.

3.5.2 Larvae 24-hrs post exposure — tracking and microscopy results

After 24 hrs exposure to IMI, there were no mortalities nor any obvious malformations. However, the more
sensitive activity tracking revealed effects of prolonged exposure to IMI. These effects are illustrated in Figure

3.3 and 3.4 below.

From this graph (Figure 3.3), it is clear that the tox control had a decrease in total distance moved in
comparison to the control. Therefore this observation regarding the tox control validates the results of this

assay.
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Figure 3.3: Aline graph obtained directly from the EthoVision software representing the total distance moved

and time (min) following 24-hrs IMI exposure

Figure 3.4 below illustrates a dose-dependent decrease in total distance moved following 24 hrs IMI exposure.

The Bonferroni (p<0.05) post-hoc test revealed that the tox control and the 25 pg/L treatment condition
yielded a statistically significant decrease in total distance moved in comparison to the control. In contrast,
despite not quite reaching statistical significance, there was a clear decrease in total distance moved in the 5
pg/L treatment condition in comparison to the control. This does suggest toxicity, and therefore the 5 pg/L
treatment condition seemed to be the LOAEL dose. However, the primary objective of this toxicity assay was

to determine the NOAEL of IMI.

Finally, with the postulation of the 5 ug/L dose as the LOAEL of IMI following 24-hrs exposure, it was decided
to take 50% (2.5 ug/L) of the LOAEL dose as the NOAEL of IMI.
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Figure 3.4: The relationship between the distance moved following 24 hrs imidacloprid exposure at various
treatment conditions. ANOVA main effect of treatment, p<0.05. Asterisks (*) refers to the treatment

conditions significantly different from the negative control group

Upon completion of the larval activity tracking using the EthoVision software, the larvae were sedated using
164 mg/L TMS by immersion. The fish were kept in the solution for approximately 2 - 3 min after which they
would fall onto their side. This would allow for accurate microscopy following the 24 hrs IMI exposure. After
allowing some time for the larvae to fall onto their side, the larvae were observed under the stereomicroscope
to determine the survival rate as well as to identify any obvious morphological changes. The images that were
taken following the 24 hrs exposure was compared to a healthy zebrafish larvae at the same stage of life that

was not exposed to the pesticide at all.

As depicted in Figure 3.5 below, there were no morphological changes consistently present in all larvae
following the 24 hrs IMI exposure. However, there were some minor morphological changes observed in some

of the treated larvae such as a deflated swim bladder as well as oedema.

It was also noted that oedema was present at IMI concentrations as low as 5 pg/L, which suggests toxicity.
However, during this study, it was particularly crucial to find the NOAEL of IMI, to which the adult zebrafish
would be exposed to for 21 days. Therefore these results further support the assignment of 5 pg/L as the

LOAEL of IMI in this study.
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Figure 3.5: Morphological changes observed in larvae following 24-hrs IMI exposure at various concentrations.
(A-0.001 pg/L; B -2.5 ug/L; C-5 pg/L; D- 25 pg/L)

Following the analysis of both phenotypic and ethovision data, it was concluded that the NOAEL for IMI was
2.5 pg/L, 50% of the LOAEL of IMI. The determination of this NOAEL allowed for the start of the 21-day IMI

exposure period in adult zebrafish.

3.5.3 21-day pesticide exposure period in adult zebrafish

During the 21-day IMI exposure period, a few crucial observations were made. On day four of the study, a
decrease in appetite of the treatment group was observed. In addition, on numerous occasions, it was clear
that the treatment group was swimming at a lower level in comparison to the control group. This was
confirmed by a senior scientist in the department. This behaviour could be an indication of the fish

experiencing anxiety on perceiving the presence of IMI in their water.

3.5.3.1 Body length

From the SL measurements, the average standard body length for the treated and control group was found to
be 3.25 and 3.21 cm, respectively. Following statistical analysis, a t test revealed that this difference in the

average SL was not significant (p=0.716).
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3.5.3.2 Tissue bioaccumulation of IMI and its metabolites

We applied the developed method one in the current study to evaluate the accumulation of IMI and its
metabolites in the liver, brain and gill epithelial tissue of adult zebrafish subsequent to a 21-day exposure

period to low dose (NOAEL dose) IMI.

Following the LC-MS/MS analysis, it was observed that IMI was not detected in any of the tissues. The
metabolites, IMI-urea and IMI-NH were also not detected in any of the tissues. However, 5-OH IMI was
detected in the liver and the gill epithelial tissue. The concentration of 5-OH IMI detected in the liver and gill
epithelial tissue was obtained from the LC-MS in ng/mL. This concentration was used to calculate the final
concentration of 5-OH IMI in ng/mg liver and gill epithelial tissue. Refer to appendix 3 to see the detailed

calculations of how this was executed. This was done for both the treated and control group.

Figure 3.6 below portrays the concentration of 5-OH IMI detected in the IMI treated group in comparison to
the control group for the liver tissue. Due to the small sample size (n=1) for each group, statistical analysis
could not be conducted to determine the significance. However, the fact that the treated group showed an 8-
fold increase in 5-OH IMI in comparison to the control, should not be ignored and warrants more research in

a larger sample size.
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Figure 3.6: A bar graph illustrating the relationship between the IMI treated (n=1) and control (n=1) group and

the concentration of 5-hydro imidacloprid detected in the liver tissue
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Figure 3.7 below portrays the concentration of 5-OH IMI detected in the treated group in comparison to the
control group for the gill epithelial tissue. The observed concentration in ng/mL obtained from the LC-MS is
an estimate which was calculated using the peak area to ISTD peak area ratio. This estimation was necessary
due to the concentration that was detected on the LC-MS being above the upper limit of quantification. In

other words, it falls out of the calibration range utilised in this study.

Similarly, due to the small sample size (n=1) for each group, statistical analysis could not be conducted to
determine the significance. However, the treated group showed a 14-fold increase in 5-OH IMI in comparison
to the control. This observation suggests that 5-OH IMI also accumulated in the gill epithelial tissue of the adult

zebrafish following IMI exposure period.
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Figure 3.7: A bar graph illustrating the relationship between the IMI treated (n=1) and control (n=1) group and

the concentration of 5-hydro imidacloprid in the gill epithelial tissue

3.5.3.3 Changes in neurotransmitter levels

The same brain samples that were used to assess the bioaccumulation of IMI and its metabolites were
analysed on the developed method 2 to assess the likelihood of neurological risk following prolonged, low
dose IMI exposure. There were three and four biological replicates for the control (n=3) and treated group

(n=4) respectively.

Following the LC-MS/MS analysis, only concentrations of GABA and ACh were detected and quantified in both

the treated and control group. In contrast, 5-HT and DA could not be detected due to their levels being below
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the limit of quantitation of this method. Similarly, the concentrations of GABA and ACh detected in the brain
tissue was obtained from the LC-MS/MS in ng/mL. This concentration was used to calculate the final
concentration of GABA and ACh in ng/mg brain tissue. A concentration in ng/mg tissue for each pooled sample
for the treated (n=4) and control (n=3) group was calculated. Subsequently, an average was taken to get a final
concentration in ng/mg tissue for each group. Refer to appendix 4 to see the detailed calculations of how this
was performed as well as the specific masses for each brain, liver and gills. Theses masses illustrate the

complexity of working in such small samples.

During data analysis, an experimental error was detected. For some of the samples, a much smaller volume of
zebrafish tissue homogenate was obtained, however it was not accounted for when performing the extraction
as per the analytical method. This resulted in a greater dilution of the sample in comparison to the 4.5-fold
dilution in the actual extraction method. This error has been accounted for in all the calculations as

demonstrated in appendix 4.

Statistical analysis was performed using GraphPad Prism 8.0.2. A Shapiro-Wilk test was conducted to
determine the distribution of the data. The data was found to be normally distributed. Subsequently, a

parametric t-test was performed to determine statistical significance.

Figure 3.8 below portrays the concentration of ACh detected in the treated group in comparison to the control
group in the brain tissue. The treated group showed a 1.4-fold decrease in ACh in comparison to the control.

Despite this clear decrease in ACh in the treated group, it was found to be insignificant (p=0.47).
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Figure 3.8: A bar graph illustrating the relationship between the IMI treated (n=4) and control group (n=3) and

the concentration of acetylcholine in the brain tissue

Figure 3.9 below portrays the concentration of GABA detected in the treated group in comparison to the
control group in the brain tissue. The treated group showed a 1.9-fold increase in comparison to the control.

This observed increase in the treated group was found to be statistically significant following an unpaired T

test (p=0.05).
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Figure 3.9: A bar graph illustrating the relationship between the IMl treated (n=4) and control (n=3) group and
the concentration of GABA in the brain tissue. Asterisks (*) refers to the treatment group being significantly

different from the negative control group

3.5.3.4 Detection and quantitation of IMI and its metabolites in water samples taken during the
IMI exposure period

Finally, we applied the developed method 1 to detect and quantify IMI and its metabolites in water samples
taken £ 2 min post-dose and 24 hrs after dosing during the IMI exposure period. A calibration curve was
generated using water as a matrix in order to quantify the target analytes in the water samples. There were 5

replicates for each test group (n=5).

Statistical analysis was performed using GraphPad Prism 8.0.2. A Shapiro-Wilk test confirmed that the data is
normally distributed. Subsequently, a parametric t-test was performed to determine statistical significance. In
addition, descriptive statistics were performed to determine the coefficient of variation (%CV) between the

individual samples in each group.

Following the LC-MS/MS analysis, only concentrations of IMI was detected and quantified in both groups.
None of the metabolites of IMI were detected in the water samples. Figure 3.10 below portrays the
concentration of IMI detected in the water samples obtained at two different time points during the pesticide

exposure period. Based on the averages of the two groups, the water samples obtained 24 hrs post-dose
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underwent a 1.1-fold decrease in comparison to the £ 2 min post-dose group. Despite this clear decrease in
IMI in the 24 hrs post-dose group, it was found to be insignificant (p=0.248). It is also clear from the graph
below that there is great variability between the samples in each test group. The %CV between the samples

in the £ 2 min post-dose and 24 hrs post-dose group was calculated to be 25.7% and 59.6% respectively.
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Figure 3.10: A bar graph illustrating the relationship between the concentrations of IMI in water samples

obtained at two different time points during the pesticide exposure period (n=5)

3.6 Discussion and conclusion

In this chapter, we were able to determine the NOAEL of IMI by utilising an in vivo zebrafish larval model to
investigate the possibility of general and neuro-toxicity utilising stereomicroscopy and Daniovision software,
respectively. Following this determination, adult zebrafish were exposed to the NOAEL for 21 days to assess

the chronic effects of low dose IMI.

Several studies have used zebrafish embryos, larvae, adolescents and adults to investigate various effects of
IMI, ranging from morphological to neurological effects. These studies have reported that IMI has an effect on
embryo length and mortality as well as neurobehavioral defects following developmental IMI exposure that
persists into adolescence and adulthood 3013119 Degpite these studies’ useful findings, it is critical to note
that the levels of IMI to which the zebrafish were being exposed exceeded the levels that are environmentally

relevant.

89



Stellenbosch University https://scholar.sun.ac.za

3.6.1 Larvae assay

In this study, successful toxicity assays were performed by exposing the zebrafish larvae at 4 - 5 dpf to IMI
concentrations that could be attained in the environment 89 The behavioural outcomes of early life
exposures to IMI are not well interpreted in vertebrates, regardless of its extensive use in agriculture and
structural similarity to nicotine, which is generally considered as neurotoxic ?*?®. Swimming activity of the

zebrafish larvae was quantified as an indication of the behavioural outcomes following 24 hrs IMI exposure.

An increase in total distance moved was observed at 0.001 pg/L IMI during the toxicity assay. This observed
hyperlocomotion has been reported to be as a result of excessive stimulation of the nervous system (12, This
increased activity is also interpreted as avoidance behaviour, i.e. they detect the presence of a noxious
substance in their water and try to get away from it. In contrast, similarly to nicotine, the higher concentration
(25 pg/L) and the tox control resulted in a statistically significant decrease in the total distance moved ©2.
According to literature, this decreased movement could serve as a stress response allowing a better chance of
survival *°. These results, together with the phenotypic observations, justified the selection of the 2.5 ug/L

as the NOAEL of IMI in the zebrafish larvae

3.6.2 21-day pesticide exposure period in adult zebrafish

During this period, two crucial observations were made. Firstly, it was noted that the treatment group had a
reduced appetite. Although prior studies have not focused on decreased appetite following IMI exposure,
studies have reported the negative effects of IMI on the growth of various species. This cannot be directly

correlated to decreased appetite, however it could be associated with a decline in feeding rate (:84(193),

On the other hand, nicotine has been reported to decrease appetite and change feeding patterns %4195, As
previously discussed, the binding of nicotine to the nAChRs opens cation channels, allowing for the entry of
sodium and calcium, which sequentially results in the release of various neurotransmitters. This release by the
CNS ultimately influences chemicals that suppress appetite and increase the rate of metabolism (*°®. The exact
mechanism through which this occurs is not completely understood. Therefore, the observation in this study

regarding decreased appetite does suggest that IMI exerts similar effects at the nAChRs in adult zebrafish.

Secondly, on observation, it was clear that the treatment group would typically swim near to the bottom of
the tank in comparison to the control group. This observation has also been reported by Crosby et al (2015)
following IMI exposure. This response has been reported to be similar to the response following nicotine
exposure 39, According to literature, this type of swimming behaviour is related to anxiety, which is often

assessed as a novel tank diving test (197)/(198)(199)(200) This suggests that IMI can induce anxiety-like behaviours.
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Generally, anxiety-like behaviours caused by chemical compounds are primarily due to disturbances of
neurotransmitter systems (**71%9 As [MI is regularly detected in surface water, IMI-induced anxiety-like

behaviours could affect the survival of fish in the wild resulting in increased ecological effects.

Previous studies have demonstrated that acute exposure to nicotine has anxiolytic effects, whereas chronic
exposure causes anxiety-like behaviour in adult zebrafish in the novel tank diving test. The anxiolytic effects
caused by nicotine have been linked to the initial stimulation of the a7 and a4B2 nicotinic receptor subtypes,
although the mechanism behind the anxiogenic effects following chronic nicotine exposure remains to be

clarified (200/(201)(202)

3.6.3 Tissue distribution/accumulation of IMI and its metabolites

To date, data regarding tissue-specific build-up of IMI and its metabolites within the mammalian system is
minimal ®%. Despite the lack of research regarding bioaccumulation of IMI in organisms, it has been
predominantly reported to accumulate in detectable levels in the muscle tissue in birds ?2°3?2%) The highest
level of IMI was observed in the kidney, thyroid gland and adrenals suggesting that the main route of excretion
is via the renal system 9. According to a pharmacokinetic study, IMI has a rapid excretion rate in mammals.
It raises the question of whether the IMI-related toxicological outputs noticed in mammalian species are
definitely caused by IMI itself or by its various breakdown products 4.

We applied the developed method 1 in the current study to evaluate the accumulation of IMI and its
metabolites in the liver, brain and gill epithelial tissue of adult zebrafish subsequent to a 21-day exposure

period to low dose IMI.

Prior to LC-MS/MS analysis, the various tissue specimens were weighed, homogenized and extracted as per
the analytical method. During this process, a few challenges were encountered. Firstly, due to the small size
of the brain, liver and gill epithelial tissue, it was deemed necessary to pool the samples resulting in a small
sample size. This does result in reduced statistical power. Secondly, despite the samples being placed on ice
during this process, the samples seemed to thaw rapidly thereby making it very difficult to weigh out

accurately.

The parent compound, IMI, was not detected in any of the assessed tissue specimens. This finding is in line
with a previously conducted study by Nimako et al (2021), who reported that IMI was not detected in the liver
of exposed mice as a result of IMI’s rapid metabolic breakdown within the liver. This was following a 0.6 mg/kg
body weight/day of IMI exposure for 24 weeks 4. Additionally, another study also detected very low levels of

IMI in the liver of lizards following a single oral-exposure to IMI 2%, However, Nimako et al (2021), did report
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the detection of IMI in the brain of the exposed mice, indicating its ability to cross the BBB #4205 Another
study reported the detection of IMI in amphibian brain tissue following exposure to varied IMI concentrations
(0,0.1, 1, 5, and 10 ug/L) for 21 days thereby also supporting its ability to cross the BBB %), Despite these
findings, this present study suggests that either IMI cannot cross the BBB of adult zebrafish or was detected
at levels below our LLOQ and therefore could not be quantitated. Therefore, our study is in accordance with
other studies which have reported on the inability of IMI to cross the BBB 9104207 However, further
evaluation is required to confirm this statement due to the limitations and challenges experienced in this

study.

Although IMI could not be detected in any of the tissue specimens, 5-OH IMI was detected in the liver (0.793
ng/mg tissue) and gill epithelial tissue (117 ng/mgtissue). It is important to note that it has been reported that

metabolites often display increased toxicity and persistence than the parent compound itself (104(208),

The liver is the organ primarily affected by contaminants as it is involved with detoxification as well as
metabolism. As has been noted, the main target organ following IMI exposure in rats and dogs were reported
to be the liver ®197) This present study’s results are therefore in line with this finding as the liver in adult
zebrafish also seemed to be one of the main target organs following the IMI exposure period. This detection
of 5-OH IMI in the liver in this study supports the CYP450-mediated imidazolidine hydroxylation pathway as a
major route of IMI breakdown, as is seen in mammalian species (). In addition, this observation also supports
what has been reported in a study conducted by Nimako et al (2021), where low levels of 5-OH IMI were
detected in the liver. This finding could be explained by the spontaneous non-metabolic transformation of 5-

OH IMl into the IMI olefin breakdown product 4.

The gills are vital organs for fish and is also the main target organ to be exposed to pollutants. It has been
reported that pesticides do accumulate in the gills and their concentrations indicate the pesticide level in
water where fish species live (*”). Therefore this high detection of 5-OH IMI in the gill epithelial tissue does give
rise to serious concerns in that 5-OH IMI has been reported to be one of the predominant breakdown products
detected in humans ¢, The detection of 5-OH IMI in the control group was unexpected. At this point, we can
speculate, based on the average level of IMI detected in the water samples being greater than the amount
administered, that the aged tap water used as per standard husbandry procedures, may have contained IMI
as contaminant (which was then metabolised to 5-OH IMI by control animals as well). This does not only
validate the necessity to research the effects of pesticides but also to test the various water sources used prior
to a study being conducted. Future studies should rather house the zebrafish in prepared purified water.
Nevertheless, due to the concentration of 5-OH IMI in the treated group being so much higher than in the

control group, the presence of this metabolite in the control group is deemed not to be significant.
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Toxicologically, the inability to detect IMI-NH in any of the tissue specimens in this present study does shed
some light on the concerns regarding IMI-NH. This is due to its known ability to evoke nicotinic-type effects
with an increased toxicity to mammals in comparison to IMI itself. However, according to literature, IMl is
transformed to IMI-NH by AOX enzymes in mice 34(72(76)(58)104)(108) Tharefore, the inability of detecting IMI-NH
in this study could be explained by a lack of AOX enzymes in zebrafish. However, there is no literature to

support this. This indicates that further research is required.

Regardless of the extensive utilisation of IMI, its detection in many human studies is fairly low in comparison
to the levels of other neonicotinoids outlined in biomonitoring studies ?%210(211) |n addition, only a small
amount of IMI was detected in human urine samples following a pharmacokinetic study. These findings do
propose that an increased amount of IMI undergoes transformation into various metabolite forms in the
human body. The results from this study are therefore in line with the hypothesis despite only being able to
detect a single metabolite. Following the analysis of the concentrations detected in the tissues in the present
study, it can deduced that the liver and gills have increased likelihood of cumulative effects of IMI and its

metabolites following a prolonged, low-dose IMI exposure in mammalian species.

3.6.4 Changes in neurotransmitter levels

Alterations in neurotransmitter levels during development may cause improper development of the CNS and
harm typical neurological functions. Neurotransmitters are well-known to be changed in various neurological
disorders such as Alzheimer’s disease and attention deficit hyperactivity disorder (ADHD). Behavioral
alterations, via changes in the neurotransmitter system, can be caused following exposure to environmental

pollutants 431,

Despite the inability to detect 5-HT and dopamine, it has been reported that IMI does play a role in the release
of both these neurotransmitters (148149150 However, ACh and GABA were detected and quantified in the
zebrafish brain tissue homogenate. GABA was detected and quantitated in both the treated and control group
at 3.32 ng/mg tissue and 1.76 ng/mg tissue, respectively. In addition, ACh was detected and quantitated in

both the treated and control group at 1.47 ng/mg tissue and 2.04 ng/mg tissue, respectively.

The increase in GABA levels in the treated group in this present study contradicts what was previously reported
by Abd-Elhakim et al (2018) that showed a 52% decrease in GABA in rat brain tissue following IMI exposure
(129 However, the GABA-relevant literature on this topic is controversial, as a previously conducted study
reported that the activation of hippocampal nAChR subtypes by endogenous ACh may result in the up- or

down-regulation of GABA release **9212 More research is required to clarify this issue.
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The significant increase in GABA in comparison to the control obtained in this present study does raise
concerns. This is due to the known fact that GABA is associated with anxiety disorders, anxiety-like behaviours,
schizophrenia as well as bipolar disorders (149213, The decreased activity and relative unresponsiveness during
the larvae toxicity assay, as well as the observation made in the treatment group during the adult pesticide

exposure period, demonstrates a sedative effect. This has been reported to result from a GABA agonist %14,

Therefore this increase in GABA preliminarily suggests that the behavioral changes observed in the larvae as
well as the adult zebrafish during the IMI exposure period could be due to IMI resulting in a toxicity/numbing

effect.

In contrast, a decrease in ACh was detected in the treated group. This result was surprising when considering
IMI’s mechanism of action. An increase in ACh following IMI exposure was expected as it replaces the ACh
binding sites in the nAChRs. This would ultimately result in an accumulation of IMI in the neuronal cleft.
However, this decrease in ACh following IMI exposure in zebrafish has also been reported by Tufi et al (2016).
Similarly, this study suggests an opposite mechanism during which ACh levels decline due to a potential rise
in AChE 3%, In addition, Abou-Donia et al (2008) reported a significant increase in AChE activity in response to

IMI exposure in parts of rat brains which supports the abovementioned statement (*22),

Therefore the findings in this present study, despite not being significant, contributes to literature regarding
the probable rise in AChE thereby resulting in a decline in ACh levels following IMI exposure. As has been
noted, a decrease in ACh levels has been associated with Alzheimer’s disease (88149155 Moreover, compounds
that change neurotransmitter signaling in the nervous system may have long—term effects in the CNS 47,

Hence, the finding in this present study does raise concerns regarding the effect of IMI on non-target nAChRs.

3.6.5 Detection and quantitation of IMI and its metabolites in water samples taken during the IMI

exposure period

The results from this assay did not yield conclusive results in terms of the true concentration to which the
zebrafish were being exposed during the 21-day study. To improve these results, it may be preferable to obtain

water samples more regularly during the pesticide exposure period, thereby increasing the sample size.

In contrast, with regards to the degradation of IMI, these results are in line with previously conducted studies.
No degradation products, such as IMI-NH and IMI-urea, could be quantified during LC-MS/MS analysis, which
substantiates that IMI is relatively chemically stable at neutral conditions *2°126) |n addition, it has been

reported that IMI has a half-life of longer than 30 days in water at a pH between 5 and 9 7°). Therefore, the
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result of only detecting IMI in the water samples corresponds with the statement mentioned above as the pH

was kept constant between 6 and 7 during the pesticide exposure period.
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Chapter 4: Concluding remarks

Robust LC-MS/MS methods were developed for the detection and quantitation of IMI, desnitro-Imidacloprid,
Imidacloprid-urea and 5-hydro Imidacloprid, as well as serotonin, dopamine, acetylcholine and gamma-

aminobutyric acid neurotransmitters in 200 pL zebrafish brain, liver and gill epithelial tissue homogenate.

This study was a proof of concept using adult zebrafish as an animal model to test the effects of prolonged
exposure to low levels of IMI. Despite a few limitations, this study has shown that zebrafish larvae and adults

are a suitable model for toxicological research.

There remains an urgent need to identify the underlying mechanisms that link the effects of prolonged IMI
exposure to the effects of nicotine. However, this present study has demonstrated that zebrafish, as seen with
nicotine, also display anxiogenic behaviour following prolonged IMI exposure. Overall, the behavioral effects
observed during prolonged IMI exposure suggests toxicity. The strong similarity in terms of behaviour,
physiology and genetics between humans and zebrafish and the global rise in neonicotinoid use increases the
ecological, environmental and human health concerns following prolonged exposure to low-dose IMI-

containing surface water. These health concerns are further exacerbated by the high water solubility of IMI.

It has been proposed that the extensive utilisation of IMI and its specificity towards the insect’s nAChRs might
make it safe for the mammalian nervous system. Nevertheless, our results display that prolonged exposure to

a low dose (NOAEL dose) of IMI does have increased neurological risk in adult zebrafish.

The biggest limitation of this current study was the small sample size utilised for the final sample analysis. This
resulted in decreased statistical power and reproducibility. Future work should investigate ways of increasing
the sample size, while keeping the three R’s as a distinct mechanism for improving the welfare of animals

utilised in research and thereby helping to improve the scientific outcomes.

The reference standards of IMI and its metabolites were of high purity. However, due to the high cost of these
high purity reference standards, only IMI had a deuterated ISTD (IMI-d4). The incorporation of a stable
isotopically labelled analogue for IMI’s metabolites in this study, especially IMI-NH, could have resulted in an

improvement with regards to the robustness and sensitivity of the analytical method.

In addition to the optimisation of IMI-NH chromatography, further pre-validation experiments should be
conducted for all the target analytes such as matrix effects, process efficiency as well as the stability of the
compounds in the matrix. Future work should also involve further investigation of IMI’s other metabolites

such as 6-CNA and IMI-olefin.
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The potential increase in AChE should be investigated to further contribute to the observed decrease in ACh
detected in this study. Overall, our findings further contribute to existing literature and suggest that IMI does

pose a threat to more than just insects and therefore requires further investigation.
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Appendix 1

Preparation of the spiking IMI test solution concentration for the 21-day IMI exposure study in

adult zebrafish

A stock solution of 1 mg/mL IMI was prepared in MeOH. The stock solution was diluted down to 7.5 pg/mLin
environmentally-controlled water. Subsequently, a total volume of 1 mL of the test solution at 7.5 pug/mL
was used to spike the treatment group containing a final volume of 3 L of water which resulted in a final
exposure concentration of 2.5 ug/mL. This test solution of IMI was prepared daily to avoid any confounding

factors.

Body length detection in treatment group
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Appendix 2

The calibration curves of the various target analytes in this study is presented in the Figures below.

Imidacloprid

Yo=ad"2+ b+
a=8.75129e-003

b = 0.00410300

c = 0000815233

"2 =0.9985513 1 =0.9992754

Area Hatio
.50

0.00-faik;
0.0

L — T T L — — T L
2350 20.0 2.0 100.0 Conc. Ratio

Calibration curve of imidacloprid from 0.488 - 125 ng/mL with a quadratic regression and 1/C weighting

Imidacloprid Urea
Y=g 2+ hx+ o
a = -39.84533=-006
b = 000467316
¢ =-0.000343343
"2 = 09881441 1= 09940544

Area Ratio

u.uu—-ﬁ.‘./’."/
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Calibration curve of imidacloprid-urea from 1.95 - 125 ng/mL with a quadratic regression and 1/C weighting

118



Stellenbosch University https://scholar.sun.ac.za

- Desnitro-imidacloprid

Y= a3 2 + b+

a = -4.923 5007

b =00242123

o= 00166128

"2 =0.9397520 r = 09993730
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Calibration curve of desnitro-imidacloprid from 0.244 - 125 ng/mL with a quadratic regression and 1/C

weighting

- 5-hydro imidacloprid

Y= a2+ b+

a = -3.00404=-006
b=000171165
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Calibration curve of 5-hydro imidacloprid from 3.91 - 125 ng/mLwith a quadratic regression and 1/C weighting
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- Acetylcholine

Y=ad"2+hb+c
a=-00232337

b = 245192

c=5979.450

"2 =0.9339026 r = 0.9339513

Area
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Calibration curve of acetylcholine from 31.3 - 1000 ng/mL with a quadratic regression and 1/C weighting

- Gamma-aminobutyric acid

Y=ax"2+hx+c

a = 0.00830651

b = 24E.565

c = 763554

"2 =0.9991832 1 =0.9995915
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Calibration curve of GABA from 15.63 - 1000 ng/mL with a quadratic regression and 1/C weighting
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- Dopamine

=ad 2+ b+

= -2 BdEE7e-007
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Calibration curve of dopamine from 31.3 - 1000 ng/mL with a quadratic regression and 1/C weighting

- Serotonin
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Calibration curve of serotonin from 31.3 - 1000 ng/mL with a quadratic regression and 1/C weighting
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Appendix 3

Calculating the final concentration of 5-OH IMI in the liver and gill epithelial tissue. The following formula was

used to perform the calculations:

Concentration obtained from LC-MS/MS analysis (ng/mL)
ng/mL X volume of homogenisation solution added (mL)

ng/mg of tissue = ng/mg tissue

Treated

A table illustrating the calculations to determine the final concentration of 5-OH IMI in the treated liver and

gill epithelial tissue in ng/mg

Liver Gills
Tube 1
177.76 ng/mL x 0.441 mL 20023.37 ng/mL x 0.274 mL
78.392 ng/ 98.9 mg tissue 5486.403 ng/ 46.84 mg
=0.793 ng/mg tissue =117 ng/mg tissue
Control

A table illustrating the calculations to determine the final concentration of 5-OH IMI in the control liver and

gill epithelial tissue in ng/mg

Liver Gills
Tube 1
17.31 ng/mL x 0.355 mL 1474 ng/mL x 0.238 mL
6.145 ng/ 60.37 mg 350.812 ng/ 40.65 mg
=0.102 ng/mg tissue = 8.63 ng/mg tissue
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Appendix 4

Calculating the final concentration of ACh and GABA in the brain tissue. The following formula was used to

perform the calculations:

Concentration obtained from LC-MS/MS analysis (ng/mL)

ng/mL X volume of homogenisation solution added (mL)

ng/mg tissue

TREATED

ng/mg of tissue =

A table illustrating the calculations to determine the final concentration of ACh and GABA in the treated

brain tissue in ng/mg

GABA ACh

Tube 1

821.49 ng/mL x 0.263 mL 139.54 ng/mL x 0.263 mL

216.052 ng/ 52.60 mg 36.699 ng/ 52.6 mg

= 4,107 ng/mg tissue =0.698 ng/mg tissue
Tube 2

419.06 ng/mLx0.312 mL 117.962 ng/mLx 0.312 mL

130.915 ng/ 62.29 mg 36.804 ng/ 62.29 mg

= 2.099 ng/mg tissue =0.591 ng/mg tissue
Tube 3

398.08 ng/mL x 2 (due to experimental error)
x0.230 mL
183.117 ng/ 45.32 mg

=4.05 ng/mg tissue

216.12 ng/mL x 2 (due to experimental error) x
0.230 mL
99.415 ng/ 45.32 mg

= 2.19 ng/mg tissue

Tube 4

292.40 ng/mL x 2 (due to experimental error) x
0.240 mL
140.52 ng/ 46.50 mg

=3.02 ng/mg tissue

208.76 ng/mL x 2 (due to experimental error) x
0.240 mL
100.205 ng/ 46.50 mg

=2.15 ng/mg tissue
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Control

A table illustrating the calculations to determine the final concentration of ACh and GABA in the treated brain

tissue in ng/mg

GABA ACh

Tube 1

297.06 ng/mL x 0.284 mL 369.45 ng/mL x 0.284 mL

84.365 ng/ 56.81 mg 104.924 ng/ 46.81 mg

= 1.49 ng/mg tissue = 1.85 ng/mg tissue
Tube 2

468.41 ng/mLx 0.242 mL 190.75 ng/mL x 0.242 mL

113.355 ng/ 48.42 mg 46.162 ng/ 48.42 mg

=2.341 ng/mg tissue = 0.953 ng/mg tissue
Tube 3

141.91 ng/mL x 2 (due to experimental error) x 321.58 ng/mL x 2 (due to experimental error) x

0.210 mL 0.210 mL

59.602 ng/ 41.03 mg 135.064 ng/ 41.03 mg

= 1.45 ng/mg tissue =3.29 ng/mg tissue

Therefore to determine the final concentration in ng/mg tissue for each group, an average was taken between

the tubes/pooled samples. This result is depicted below.

-  GABA

Control group = 1.76 ng/mg tissue

Treated group = 3.32 ng/mg tissue

-ACh

Control group = 2.04 ng/mg tissue

Treated group = 1.47 ng/m6g tissue
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A table illustrating the masses in mg for the specific tissue for both the treated and control group

Control tissue

Mass of tissue in each tube (pooled) in mg

Brain (n=11) Tube 1: 12.39 + 20.03 + 8.09 + 16.2 = 56.7 mg brain tissue
Tube 2: 11.47 + 13.66 + 16.49 + 6.80 = 48.4 mg brain tissue
Tube 3: 10.00 + 17.45 + 14.23 = 41.7 mg brain tissue
Liver (n=11) Tube 1: 5.10+8.31+7.66 +4.73 + 6.40 + 7.40
+2.50+10.6 + 4.60 +4.70 + 8.70 = 70.7 mg liver tissue
Gills (n=11) Tube 1: 2.35+6.70+5.40 + 3.00 + 2.5+ 7.00 + 5.60 + 5.00 + 2.20 +

5.00 + 2.70 = 47.6 mg gill epithelial tissue

Treated tissue

Mass of tissue in each tube (pooled) in mg

Brain (n=10)

Tube 1: 22.84 + 29.76 = 52.6 mg brain tissue

Tube 2 =12.62 + 23.87 + 25.80 = 62.3 mg brain tissue
Tube 3 =28.12 + 17.20 = 45.3 mg brain tissue

Tube 4 =7.50+ 7.33 + 31.67 = 46.5 mg brain tissue

Liver (n=10)

Tube 1: 5.00 + 5.30 + 20.3 +14.7 + 5.20 + 4.40
+5.10+12.0 +6.20 + 10.0 = 88.2 mg tissue

Gills (n=10)

Tube 1: 5.54 + 4.00 + 8.10 + 4.00 + 2.80 + 4.50 + 3.00 + 5.60 + 4.40 +
9.50 = 51.44 mg gill epithelial tissue
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