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Abstract

Methylmercury (MeHg) is globalpollutant thatanelicit a range of adverse health effects in
both humans and wildlife populations. Humansaitenexposed to MeHg through the
consumption of contaminated seafood. Developing fetuses are especially susceptible to the
effects of MeHqg as it can cross the blda@in barrier andheplacenta. At high doses utero
MeHg causes developmental disorders and congenital disapbiiet®ngterm low-dose effects
are still not fully knownUsinga culture model of cerebral cortex developmeant lab has
shownthatlow-doseMeHg promots prematureneuronal differentiationAutism spectrum
disorder (ASD) has been associated with prenatal MeHg exposurecamcelatedvith

neuronal overproductigibuta causeeffect relationship has not been shownthis thesisl aim
to test the hypothesis thptenatal exposure toledose MeHgcan caus@&SD-like symptoms in
the offspringfollowing premature neuronal differentiatiody resultsshowedthat adult mice
prenatally exposed to MeHg exhibited key ASD characteristics including impaired
communication, reduced sociability, aimdreagdrestrictive repetitivdehavioursFurthermore
| exploral the underlyingcellular and moleculamechanism that promagremature neuronal
differentiationcaused by prenatal MeHg exposure reverse th&leHg-inducedpremature
neuronal differentiabn, | utilized metformin, an FDAapprovedliabetesdrug Overall, these
findings provide insights intthe toxicolay of MeHg and its relationship withSD etiology,

including theunderlying mechanism, and a potential therapeutic strategy.
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Chapter 1: Introduction




1.1.Mercury (Hg) in the environment

According to the World Health Organization (WHO), mercury (Hg) is considered one of
the top ten chemicals of major public health concéelitnere are three forms of Hglemental
(Hg%), inorganic(Hg'*, mercurous mercuryand Hg* mercuric mercury)and organidig.
Organic Hg occurs when Hg is combined with carbon. Types of organic Hg include
methylmercuryMeHg/CHsHg"), ethylmercury EHg/C2HsHg'*), and dimethylmeury
(C2HeHg). Hg? is present in the environment naturallyd is released from volcanoes,
weathering rocks, and forest firé4g is alsocommonly released by anthropogenic sources such
as coaburning and mining. Eating Hd results in acolourlessodourlesgyas thats then
transported into the atmosphérén the atmosphere, Mg photeoxidized to form Hg'. Photo
oxidation of HJ is a slow process that results in atmospheric circulation aner o
transportatiorof Hg® 3. H?*islessvolatlemand i s deposited back onto t
and dry depositiofFigure 11A) 4. In aquatic environmentsig?* is methylated by
microorganisms to form the more toxic, MeHg (FiguriB) °.

The most common source of expostor®rganic Hg is vilMeHg. Human exposure to
MeHg most commonly occurs through the ingestion of contaminated food such atéifirsh,

and marine mammafs’.



A Photooxidation
ey HQO ey Hg2*

Methylation
MeHg  t—— ng"

Figure 1.1. Production of MeHg in the environment.

(A) Hgis released into the environment from nataradlanthropogenic sources. Hig then

photooxidized in the atmosphereto form¥lg whi ch i s deposited onto
Hg?*is methylated by microorganisms to form MeHg. MeHg thiemccumulates and

biomagnifies in aquatic organisms. Abbreviation®Hgemental mercury; Hg mercuric

mercury; MeHg, methylmercury. Created with BioRender.com



1.2.MeHg absorption, distribution, metabolism, and excretion

1.2.1.Absorption

Routes of exposure for MeHg include dermal, inhalation, and ingestion. However, data
on dermal and inhalation exposure is lacking. Ingestion of MeHg is the most common and most
studied route of exposur@pproximately 9695% of MeHgq is absorbed by the gastrointestinal
tractthrough passive diffusion or-type neutral amino acid transporters (LAT) into intestinal
epithelial cells’8. Multiple factors affect the bioaccessibility of Hg. Cooking methods like
boiling and frying fish prior to consumption were shown to reduce Hg bioaccessibility by 40%
and 60%, compared to raw fi8hOther factors that affect bioaccessibility are fat corteH
co-ingestion of foods such as black coffee, tea, or gatficand the presence of seleni(&e)
13 16.

1.2.2.Distribution

The positive Hg group within MeHg is essential for its distribution within the body. This
positive Hg group makes MeHgadily combine with aniondé4eHg commonly forms bods
with sulfhydryl (thiol) grou and interactseadilywith cysteine thiol groups on erythrocytes
glutathione (GSH)and albuminHg also formsondswith selenohydryl (selenol) groups ared
a resultinteracts readily with selenol groups selenomethionine (SeMet), selenocysteine (Sec),
and selenoproteindleHg chloride is lipophilic, having a water solubility of only 0.100g/L in
water at room temperatuigleHg has a molecular weight 215.63 g/mol and a logP of 0.49,
making it slightly lipophilic’. Due to its lipophilicity, MeHg takes approximately-30 h to
distribute into the bloodstream, at which point it is transported by erythraéywsthin
erythrocytes, MeHg bi ndan dchain af gemaglhbiniteMetige si due s

can also be somewhat distributed in the plasma bound to proteins such as albumirl@Agure



19721 A portion of MeHg from the bloodstream is taken up by thedrairnailsmaking it a
useful norinvasive biomarker that reflects exposure over tifé

The MeHgcysteine complex mimics the amino acidriethionine, an endogenous
substrate of LAT. This allows MeHgysteine to target endothelial cells of the bliwdin
barrier(BBB) and enter the central nervous system (CNS) via LATransporterd®24 Within
the CNS the amount of MeHg that accumulates is brain regiependent. A study using adult
female guinea pigs found that after 71 days of exposure to radiolabeled MeHbgain regions
with theleast to most MeHgvere the cerebellum, the hypothalamus, the calcarine cortex, the
frontal lobe, the occipital lobe, and the caudate nudeus

MeHg is also transported through the placenta to target the fetal CN&flardce
neurodevelopment.dldetermine the mechanism that facilitates placental trangwegnant rats
were administered MeHg on embryonic day 18 (E18), and fetal blood was collected for analysis.
Researchers determined that MeHg transport was suppressed byrtjeeion of L-
methionine. This suggests that MeHg is transported into fetatihlia the MeHetysteine
complex and can be suppressedhmadministration of competite L-methionine (Figurd..2B)
26'

After birth, MeHg continues to pass from the mother to the infant through breast’milk
The mechanism that facilitates MeHg transfer in breast milk is poorly understood. In bdth CD
mice and human®/eHg was transferred from the plasma to the breast milk as a Misidgin
complex!®. Therefore, beast milk represents another source of exposuneefoborrs and

another method of excretion for mothers.



1.2.3.Metabolism

Metabolism of MeHg occurs by dethglating MeHg to Hg'. The specific enzymes that
facilitate this are unknowrCytochrome P450 enzymes play an important role in metabolism and
demethylationhowever, in thenouse liveycytochrome P450 is not involvé®l Early studies
have shown that MeHg is demethylated in the gastrointestinal tract by intestinal floré to Hg
(Figurel.2P 2°30 A rodent study where mice wegéven a single dose of MeHg chloride
showed that mice etreated with antibiotics to reduce gut flora had retained more MeHg.
Furthermore, mice not emeated with antibiotics had more Hgn the liver and the kidney®.

Early work in the human fetal liveonducted bysuzuki et al., (1984) found that-BD%
of total Hg was inorganic Hg. To confirm that demethylation takes place in the fetal liver they
incubatedl03M MeHg with chopped fetal liver tissuie vitro. After 24 h approximately 1% of
the MeHg was demethylatedhich confirms that demethylation takes place in the fiiéFhese
results have been confirmed in the motfsend dolphin live?, suggesting that the liver is a
major source of demethylation (Figure2E).

MeHg demethylation in the humdhand monkey braif*is a very slow process (Figure
1.20). Moreover, in the fetal brajithere is evidence that very little demethylation océtirs
Demethylation of MeHg to Hg may also result in independent toxicity. At high dos&g* can
result in kidney failure and gastrointestinal damageé idgplsoless mobilewhich prevents it
from crossing th&BB 3. Therefore, once MeHg is demethylatedhia brain itmay illicit
independent damage.

1.2.4.Excretion

Approximately 90% of MeHg is excreted through the bile and feces, consistent with its

slightly lipophilic nature’. MeHg is transported to the liver and the kidneys via the bloodstream



for excretion. Within hepatocytes of the liver, MeHg forms a complex with GSH which is
hydrolyzed to MeHegysteine and demethylated to ¥igMeHg-GSH from the liver is also

partially circulated into the intestines via the bile through the process of enterohepatic circulation
36, MeHg-GSH is hydrolyzedreleasing the MeHgysteine complex into the gastrointestinal

tract A portion of MeHg is demethylated by intestinal microflora to fornt'idghich is then

excreted in the feces (Figute2EF).

Approximately 10% of MeHg isxcreted in urine as Hty'. MeHg-albumin complexes in
the plasma are transferred to the kidneys where MeHg binds to GSH, at which point GSH is
hydrolyzed to form MeHgysteine which is then excreted through the urine &% (fFigure
1.2D) 2%, The halflife of MeHgis difficult to assess due ta@riatiors in themethod of
assegnent and inteindividual variability®’. Overall, in the bloogwhere ~85% of Hg is MeHg,
the @proximatehalf-life is 4450 days In compaison,the wholebody halflife of total Hg,

including demethylation, iapproximately70-96 days’-383°
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Figure 1.2. Absorption, distribution, metabolism, and excretion of MeHg.
(A) Once MeHg enters the gastrointestinal trags transported by erythrocytes and plasma
bound to hemoglobin and albumin, respectively. (B) Ma}isteine enters the placenta (C) and

the brain. (D) MeHg is primarily transported into the kidneys by albumin, at which point it binds
to GSH and is thehydrolyzed and demethylated to #dRoughly 10% of the total body burden

is eliminated by the urine. (E) In the liver, Met&HH is hydrolyzed and partially demethylated

to H?*. MeHg-GSH is also partially recirculated into the intestines via the bile @tn the
intestines, MeHg can be demethylated by the gut flora. Roughly 90% of MeHg is eliminated via
feces. Abbreviation: Hg, mercuric mercury; GSH, glutathione; MeHg, methylmercury.
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1.3.At-risk populations

Human exposure to MeHg magsimmonly occurs through the ingestion of contaminated
food such as fish and shellfish. Guidelines for tolerable daily intake (TD})bedween agencies
and populations. Based on research fromih#O conducted in 1972he Canadian Bureau of
Chemical Safety recommended a TDOo47micrograms per kilogram body weight per day
(eg/ kg BW day) for adults. As further researc
and infantile exposure to MeHg emergtids TDI recommendation was lowered. Currently,
Heal th Canada has a TDI of O0.2eg/ kg ®Berday f o
populations that are particularly susceptible to MeHg toxicity are those who consume large
amounts of seafood, those who live in high latitudes, and thoséwehend work near gold
mining facilities.

1.3.1.MeHg in seafood

Human ingestion of MeHg is particularly harmful due to bioaccumulation and
biomagnification. Bioaccumulation is the gradual accumulation of a toxic agent that is consumed
at a greater rate than can be degraded. MeHg accumulates to elicit neurotoxatityetec
toxicity, andcarcinogenicity and disrupteproduction and cardiovascular hadlt
Biomagnification occurs when a toxin is accumulated in larger predatory organisms due to the
consumption of other lowesrder plants and animals. This makes MeHg particularly dangerous
for humans due to their size, life expectancy, and position in tuediaain?©.

In Canadathe maximum content of MeHg permitted within commercially available fish is
currently 0.5ppm. Fish that contain over 0.2ppm include barracuda, marlin, sea bass, shark,

swordfish, and types of tusa
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1.3.2.Long-range transport of Hg®

Gaseous HYn the atmosphere has a long lifetime ranging from 6 months to 24}e@tss
results in longrange atmospheric transport of Hg higher latitudes through tropospheric
circulation patterns. Other major transport pathways are rivers and ocean currents.

In Arctic and Antarctic regionsluring early springa sudden decrease in gaseou$ tdg
form Hg?* occurs. This is called an atmospheric Hg depletion evdiitis large deposition of
Hg?* in polar aquatic environments results in enhanced production of Mekéga result,
Northern populations that consume fish or festiting mammals are at a higher risk of MeHg
exposure. This is a very pertinent topic for Canadian health as Indigenous communities in
Northern Canada are disproportionally more affected by Metpgsure due to their location
and traditional fish diet>43

1.3.3.Gold mining

Hg® is commonly used during gold mining to collect small gold particles from sediméht. Hg
and gold are combined to createamalgam alloy which is then heated to separate tRdrbim
the gold. Gaseous Mgontaminates nearby waterways and is ultimately methylated into MeHg.
Overall, this results in occupational exposure and the contamination of local fish populations.
This most commonly occurs in artisanal and sysadlle gold mining operations that haeavér
health and safety regulations.

A recent study investigated MeHg exposure in Colombian communities with known local
artisanal and sma#icale gold mining operations. The average MeHg in the hair eamaigam
burners was 0.71ppm, compared to amalgam bura@gpm?*4. This data demonstrates a clear

occupational risk for amalgam burners.
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1.4.The dosedependent effect oMeHg on human health

1.4.1.High-dose adult exposure

The public health risks associated with hirse MeHg exposure were highlighted by
two major disasters. The first occurred in Minamata Japan in“49&6d the second occurred in
rural Irag in 197¥6. Minamata was the first and most famous example of MeHg poisoning, and
as a result, severe MeHg poisoning is now known as Minamata Disease. Local fish populations
around the city of Minamata were contaminated by industrial wastewater from the Chisso
Corpaation. Consumption of the contaminated fish led to severe neurological disorders. Seafood
in the bay was recorded to contain between 5.61 and 35.7ppm MeEtymparatively, the
maximum content of MeHg permitted within fish in Canada is currently 0.59pm

Symptoms of higidose exposure included dysarthria, ataxia, muscle weakness, tremors,
visual impairment, hearing loss, and in severe cases teAtli971 populatiorbased survey in
Minamata found that residents had impaired intelligepoevalence odds rati®OR = 5.2,

95% confidence interval@l): 3.7, 7.3) and increased mood drahaviouratlysfunction (POR =

4.4, 95% CI: 2.9, 6.7) compared to the surrounding commufitiBased on data from the

Ministry of Environment Japan, 2,955 individuals have been declared Minamata Disease patients
49'

The Iraq poison grain disaster occurred in 1971 when grain treated with a MeHg
fungicide was mistakenly consumed as food by residents. People suffered similar symptoms to
those observed in Minamata. Over 6,000 Iraqgi citizens developed symptoms from the
cortaminated whed®f. Hair MeHg of residents ranged frds0 to 100ppmFor reference the

government of Canada has determined that 10ppm is TDI for MeHg in materral hair
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1.4.2.High-dose prenatal exposure

Developing fetuses are particularly susceptible to the effects of MeHg due to their rapid
organ development. MeHg can cross the placenta and theliMamdbarrier to cause
neurodevelopmental deficits in the developing féuFheconsequencesf high-doseMeHg
exposure to developing fetuses have been extensively studied following the disasters in Japan
and Irag.

In Minamata, children prenatally exposedtgh dose®f MeHg experienced cerebral
palsy, developmental delays, and microcephaly, while exposed mothers had only mild symptoms
or were completelasymptomati®®5% Similar symptoms were observed in-géar study on
children exposeth uteroduring the Irag disaster. Researchers reported that the children had
hyperreflexia, motor delays, delayed mental development, and cerebral’palsy

1.4.3.Low-dose prenatal exposure

Following research on the disastrous effects ofuigbe prenatal MeHg exposure, there
was a push to understand the effects of moderate MeHg exposure from fish consumption during
pregnancyEpidemiological evidenchasshown that low levels of prenatal MeHg exposure may
cause neurgognitive effects during early childhood-{3yearsy3 55, youth®6:57 and/or
adulthoodP®>° Longitudinal prospective epidemiological studies of interest fordose
prenatal exposure are from the Republic of the Seychelle and Faroe Islands. These populations
are highly dependent on fish consumption,asda result, have been highly studied in relation to
moderate MeHg exposure.

In the Seychelles Islands, a-6@nth study of 711 children assessed the effects of
prenatal MeHg on intelligence and development. The average maternal hair MeHg concentration

was 6.8ppm. The researchers found no correl&@taaweerprenatal MeHg and developmaht
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abnormalitie$®. Similarly, a followup study on the children tiie Seychelletslands found no
adverse effects on cognition at 19 years®&lth theFaroe Islands, 1022 children were assessed
at 7years oldo determine the relationship between MeHg and development. Neurobehavioral
examinations revealed dysfunctions in language, attention, and memory following prenatal
MeHg exposure. The average maternal hair MeHg concentration was 4.27ppm, comparable to
the Seychelle Island®’. Theprenatally exposedhildren were then rassessed at age 14 and age
22. Researchers found that the cognitive effects first discovered at age 7 pertisted in
adolescence and adulthot@® This study has been instrumental in determining TDI guidelines
for pregnant women and young children.

In Canada, Inuipopulationgn Arctic Québec are highly dependent on fiska geartof
their traditional diet3. Muckle et al., sought to investigdtes relationship between prenatal
MeHg exposure andehaviarral problemsn schootagechildren Researchers found that
prenatal MeHg exposure was associated with low intelligence quotierft:@@J attention
deficit/hyperactivity disorder (ADHD$ymptomology2 Overall, the studies conducted in the
Seychelles and those conducted in Canada and the Faroe Islands are contradictory, ard the long

term effects of londose MeHg exposure during pregnancy remains elusive.

1.5. The erebral cortex

Neuroepithelial cellsNEs) form the neural plate, which closes the neural tube. The neural
tube then subdivides into three primary vesicles: the forebrain, the midbrain, and the hindbrain.
The hindbrain then further divides into the myelencephalon and metencephalon, while the
foretrain further divides into the telencephalon and dienceph(&igunre 1.3f3. The ventral
telencephalon includes the ganglionic eminences (BEgregammaaminobutyric acid

(GABA)ergic interneurons originafé. Thedorsal telencephalon then gives rise to the cerebral
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cortex®3. During development, the prepga(PP) is the first stage in corticogenesis. The PP then
separates into two components, 1) the marginal zone,(Mxgh contains CajaRetzius cells
and 2) the subplate (SP). Four additional cortical layers exist during both human and mouse
embryogenesisThese are the ventricular zone (VZ), the subventricular zone (SVZ2), the

intermediate zone (1Z), and the cortical plate (€P)



Neural tube

Figure 1.3. Schematic of neural tub@nd brain formation in embryo.
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NEs are the earliest type néural stem/progenitor cells (NSCs) (including NEs, radial glial
precursors (RGPs), and intermediate progenitors (IR cerebral corteNEsinitially divide
symmetrically to proliferaand expand the NSC pool. At 8 mice® or gestational week-8
(~GW4-8) in humang’-¢8 NEs start to divide asymmetrically to genenagatricularRGPs
(VRGPs) (also called apicRIGP3. These reside in the VZ of the cortex and begin to express
glial markerswhile maintainng their bipolar morphology, witthe apical endfootacingthe
lateral ventricleand basal procesalit, touchingthe pia surface RGPs give rise to other
progenitors in both humans and mice. First, short neural precursor cells (SNPCs) (also called
apical IPs) reside in the VZ and lack basal attachment. SNPCs have limited neuronal production
as they are only programmed to generagrans via symmetric differentiati in mice and
humans®6% Second, oterRGPs(0RGPs) (also called basaiGPs)lack apical attachmesand
reside in the outer part of the SY@SVZ) ®8. Third, basal IPs divide symmetrically and then
detach from the apical surface to migrate radially to the SVZ to give rise to neurons. Finally,
truncatedRGPs(tRGPs) remain on the VZ surface and have discontinuous radial fibdrs
combination, these progenitors give rise to the cerebral cortex.

Mice and humans have a few major cortical neurodevelopmental differences which
contribute to structural differences in the fully developed brain. First, humans havehayglky
folded gyrencephalic cortices, whereas mice have sniigetincephalicerebral cortices.

Second, there are differences in cell type in the cerebral cortex. Unlike mice, oRGPs are
especially abundant in humans and other mammals with complex gyrencephalic cortices. Finally,
neuronal organization in rodents is less vdelfined andthere is less evidence for the presence

of columnar structure®.
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1.5.1.Cerebral cortex development in mice

In mice, at ~B0-11, VRGPs divide asymmetrically at the VZ surface toszibw and
generate projection neurons. Migrating immature neurons (neuroblasts) then detach from the
apical surface to migrate radially out of the VZ through the 1Z to form th& PP

As neurogenesis continues from ~El&@ RGPs give rise to IPs which detach from the apical
surface to migrate radially to the SVZ. IPs then divide symmetrically to give birth to two
identical neurons. Newborn cortical neurons produced from RGPs or IPs migrate along the basal
processes of RGPsaHier-born neurons form the deep layers of @fe(layers 5 and 6), and
laterborn neurons migrate outward past the deep layers to establish the superficial or upper
layers (layers ) glutamatergic pyramidal neurs in an insideut mannerAfter migration,
neurons undergo maturation, involving axon growth and synapse fornfation

Gliogenesis starts at ~E17 and continues into early postnatal. Here, RGPs form astrocyte
and oligodendrocyte progenitor cells (OPOd)eseare then incorporated into the six layers of
the cerebral corte¢Figure 1.4).

1.5.2.Cerebral cortex development in humans

In humans, neurogenesis begins at ~“%sK\Vat which point vVRGPs divide asymmetrically at
the VZ surface to selienew and generate a projectheuron to form the PP-7C Between
~GW8 GW15 vRGPs divide asymmetrically at the VZ surface torsglew and give rise to
SNPCs which are capable of generating IPs that can give rise téageegortical neurons. This
stage is named infragranular neurogen®sis

A major difference between mice and humans is the existence of arsMA&ISVZ) and an
oSVZ. At GW15GW16, VRGPs begin to give rise oRGPs which radially migrate to the oSVZ.

These oRGPs differentiate into IPs which can divide multiple times to give rise to cortical
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neurons, ultimately increasing total neuronal production. In mice, continuous radial glial fiber
connections exist between ventricular and pial surfaces of the cortex, even at the end of
neurogenesis. However, in humans starting at ~GG\\BL6, oORGFs separate from the
ventricle/lVRGPs creating a tRGP which remains on the VZ surface and an oRGPs which inherits
a discontinuous radial fiber from the VRGPs to produce and guide the migrating cfaygver
cortical neuron production, this process is cafledraganular neurogenesié

At ~GW23 gliogenesis begins and continues into early postnatal. Here, tRGPs generate IPs

which then differentiate into OPCs aastrocytegFigure 1.4,
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Figure 1.4. Cerebral cortical development irembryo for mice and humans

NEs initially divide symmetrically to proliferatand expand the NSC pool. NEs start to divide
asymmetrically to generat&R GPsvRGPs produce migrating immature neuramsich migrate
through the 1Z to form the PP. mice, SNPCs and VRGPs give rise to IPs which divide
symmetrically to produce neurons. RGPs form astrocytes and oligodendrocyte progenitor cells
(OPCs) In humans, during infragranular neurogenesis VRGPs divide asymmetrically to generate
SNPCswhich give riseo deeplayer cortical neurons. During supragranular neurogenesis
VRGPs give riséo oRGPsto produce and guide migratingperlayer cortical neuras tRGPs
produced from VRGPs generate IPs which then differentiate into OPCs and astrocytes. In both
mice and humangarlier-born neurons form the deep layers of @(layers 5 and 6), and later
born neurons migrate outward past the deep layers to establish the superficial or upper layers
(layers 24). Abbreviatiors. CP, cortical plate; E, embryonic day; GW, gestational week; IP,
intermediate progenitor; iISVZ, inner subventricular zone; 1Z, intermediate zone; MZ, marginal
zone; NE, neuroepithelial cell; OPC, oligodendrocyte progenitor; oRGP, outer radial glial
precusor; oSVZ, outer subventricular zond® Freplate; SNPC, short neural precursor cell; SP,
subplate; SVZ, subventricular zone; tRGP, truncated radial glial precursor; VRGP, ventricular
radial glial precursors; VZ, ventricular zone; WM, white matter.
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1.5.3.The cerebral cortex in adulthood

The mammalian cerebral cortex is divided into five lobes the frontal lobe, parietal lobe,
temporal lobe, occipital lobe, and limbic lobe. These lobes are then further divided into 48
Brodmann areas based on cytoarchitecture and funétf@nn the cerebral cortex, pyramidal
cells are the major excitatory neuron type and represeiiB5%0 of all neurons in the
mammalian corteX®. Cortical interneurons are mostly generated from neural progenitors located
in the medial GE (MGE) and caudal GE (cGE). Inhibitory interneurons make up ~25% of
neurons in the cerebral cortéx

The adult cerebral cortex is comprised of six layers. Layer 1 is closest to the pia matter
and contains mostly axons and dendrites of pyramidal neurons;Redjalis cells, and glial
cells and is referred to as the molecular layer. Layer 2, the exteamailgyr layer, contains
densely packed stellate cells and granular cells. Layer 3, the external pyramidal layer, contains
loosely packed stellate cells and pyramidal cells. Lay«p@marily communicate viafferent
and efferent connections within thertex.Layer 4, the internal granular layer, contains densely
packed stellate cells which receive inputs from the thalamus. Layer 5, the internal pyramidal
layer, contains large pyramidal cells. Efferent connections from layer 5 exit the cortex and reach
other sibcortical areas. Layer 6, the multiform layer, is closest to the white matter and contains
multiple types of cells including stellate cells and pyramidal é&lls

Layers of the cerebral cortex can be identified using {agecific protein mkers such
as Satb2, Ctip2, Cux1, and Tbrl. Tbrl and Satb2 are exclusively expressed in excitatory neurons
79.80 while Ctip2 and Cux1 are primarigxpressedh excitatory neurons antb a lesser degree

in inhibitory interneurons within the cerebral corté®?
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1.6.MeHg neurotoxicity in the adult brain

1.6.1.Behavioural and pathological hallmarks in humans

The brain is the primary target of MeHg toxicity. As introduced previously, exposure to
high doses of MeHg during adulthood results in dysarthria, ataxia, muscle weakness, tremors,
visual impairment, and hearing loss. Following the Minamata Japan disa$8&6, the brains
of adults who had been exposed to fatal doses of MeHg were assessed. Takeuchi et al., 1962
found lesions in three distinct brain regioRsst, lesions and a loss of granular cells were found
within the cerebellum, a brain region egsarfor coordination, posture, and balance. Second,
lesions and neuronal loss were found in the calcarine sulcus located within the occipital lobe.
This area is concentrated within the primary visual cortex. Finally, lesions were also seen in the
centralsulcus of the cerebral cortex, an area that divides the sensory cortex from the motor
cortex*. MeHg targets these brain regicarsdresultsin motor, vision, hearingand cognitive
impairmentdypically observed following higldose MeHg exposure in adulthood

1.6.2.Behavioural and pathological hallmarksin vivo

At high doses, MeHg causes severe motor impairments in animals similar to the effects
seen in humans. The earlissidyof MeHg in animals was an epidemiological investigation
conducted in Minamata Japan. Local cats who were fed fish from the contaminated bay exhibited
movement disorders colloquially referred to a
8 In nonhuman primatesvleHg 1.5mg/kg BW/day for 2 weeks caused akinesia, motor
dysfunction, and Hg accumulation in the cerebelfdnSimilarly, astudy using Swiss mice
found that exposure to 40ppm over 7, 14, or 21 days caused a time apesdent decrease

in motor ability®®.
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At lower dosesMeHg in adult animal models also impairs motor coordination and
memory.In dogs, 0.5ppm MeHg resulted in the accumulation of Hg within the occipital lobe and
elicited visual and motor deficits after 5 to 8 weeks of expd$ure adult Wister ratsMeHg
caused deficits in social memory marked by the social recognitioartéseduced memory
marked by the Morris Water Maze (MWM) téét These m vivostudies oranimalbehaviour are
critical parameterfor understanding the mechanisof MeHg-induced neurotoxicity.

1.6.3.The underlying mechanism of neurotoxicity

The underlying mechanism of MeHigduced neurotoxicity invohaea complex interplay

of cellular, subcellular, and molecular evewtsich will be discussed in tandem below.

1.6.3.1.Mitochondrial dysfunction

Extensive research has been conducted on Meé#lgcedoxidative stress and
mitochondrial dysfunction. MeHg disrupts the mitochondrial electron transport chain, leading to
theincreased formation of reactive oxygen species (ROS), such as hydrogen pere@ije (H
and superoxide anion ¢Q (Figurel.30.

Isolated mitochondria from adult mouse brains following MeHg treatment had increased
H202 generation and a simultaneous decrease in mitochondria vi&bilityvivo, MeHg was
administered to Wistar rats for 5 dayghich caused increased® and Q production in the
cerebellum and increased @roduction in the liver. The formation o282 and Q" primarily
occurred at complexes Il and 11l of the electron transport &aBimilarly, Swiss mice treated
with MeHg for 21 days showed increased ROS formation in brain mitochdfAdistudy in
adult Wister rats investigated the effects of khegn low-dose MeHg exposure on the

hippocampus, a critical area for memory. They found that MeHg caused neuronal and astrocytic
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cell death in multiple areas of the hippocampus. Cell death was accompanied by increased ROS
formation and deficits in memo#y.

Further contributigto ROS generatigiMeHg is known to interact witthe cysteine
containing enzymenanganessuperoxide dismutase (MBOD). Mn-SODis a part of the ROS
scavenging systenwgithin the mitochondriaapable of reducing Oto H202. H202is
subsequently reduced te® and Q. MeHg causes a decreaseMn-SOD activity whichfurther
preventsROSreduction®°2 Qverall, MeHg results in increased formatiorRS,which

results in apoptotic cell death of neurons and astrocytes in critical brain regions.

1.6.3.2.Glutamate and calcium (Ca?)

Glutamate is a major excitatory neurotransmitter in the CNS. Glutamate plays an
essential role in development, learning, and memory. When glutamate is released in high levels
within the synaptic cleft it aentsl®wnamsmuliplet oxi c a
models that MeHg results in increased glutamate release.

MeHg administere¢h rats carsignificantly increase glutamate reled3and reduce
glutamate reuptake by astrocy(€gurel.3A) °% In combination, these two factors result in
increased extracellular glutamate leading to excitotoxicity and excessive stimuldilen of
methytd-aspartate (NMDA) receptofa metabotropic glutamate receptét) NMDA receptor
activation regulates intracellular ions, includitejcium (C&*). Overstimulation of NMDA
receptors leads to increased intracell@at* resulting in cell death and ROS genera{Bigure
1.3B). Based on these findingse can conclude that MeHgan alsayenerate RO$irough

heightened intracellula€a* caused by excitotoxicitSf.
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1.6.3.3.Glutathione (GSH) and thioredoxin (Trx)

GSH is amantioxidant and the most abundant thiol in animals. GSH is an essential
component in ROS reduction. Two GSH molecules in combinationthgtbnzymeglutathione
peroxidase (GPxform oxidized glutathione (GSSGThis results in the reduction of ROS from
H202 to H20 *°.

As previously discussed MeHg has an affinity for GSH to form the M&8gl complex,
catalyzed by the enzyme glutathieBdransferase®. As a result, this complex reduces the total
amount of GSH in circulation. This was confirmadsitro by Kaur et al., 2006, who found that
cerebellar neurons and astrocytes had a significant increase in ROS and a significant reduction in
GSH after treatment withn MeHg °’. Similarly, isolated mitochondria from adult mouse
brains following 10, 30, and 100uM MeHg treatment showed a significant decrease in GSH
content®® This evidence highlights that MeHg decreases the amount of circulating&fidle
of reducing ROSThese disruptions are further exasperatebiig'sability to reduceGPx
activity, an enzyme required for the reduction of ROS fraa@Ho H20. This was observed in
male Swiss mice who showed reduced GPx activity in the brain following treatment with
40mg/L MeHg for 21 days (Figure3C) °.

As previously introducedMeHg readily binds to Se formirthe MeHg-Se complex. Se is an
essential nutrient for humans found in seafood, poultry, and &eMetis a common source of
Se from diet and can kteansformednto Sec. Inorgani&e(also calledselenite) or Sec can be
transformed into selenigevhich is used to synthesize selenoproteins like GPxlaacedoxin
(Trx). Furthermoreselenide can interact with either Hgr MeHg to form insoluble mercury
selenide (HgSe). HgSe then reduceshitgvailabilityand toxicity®®. When Sds depleted due

to HgSecomplexesresources arehannelednto producing selenoenzymes like thioredoxin
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reductase (TrxR). TR is responsible for the reduction of thiol groups in many proteins. Under
HgSeconditions oxidized Trx isreduced by TrxR®. OxidizedTrx is an inhibitor forapoptosis
signatregulating kinasd (ASK1). When Trx s reduced ASK1 activates downstreamJun N
terminal kinase (JNK) and p38itogenactivated protein kinaséMAPK), causng apoptosis®,
Overall,we can conclude that MeHg leads to increased ROS produgtidwo pathways. 1)
Through the disruption afomplexes Il and Il of the electron transport chfliand 2) through
heightened intracellulaZ&* caused by excitotoxicit§f. MeHg then reduces circulatimdgn-
SOD?92 GSH?®8 and GPx»*%to prevent ROS reduction. In combination, these factors lead to

increased cell damage and death.
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Figure 15. The underlying mechanism of MeHginduced neurotoxicity in the brain.

(A) MeHg promotes glutamate release from glutamate vesicles in the presynaptic cleft. MeHg
simultaneously inhibits glutamate reuptake by astrocytes, leading to increased extracellular
glutamate. (B) Overstimulation of NMDA receptors triggers increased intracelltigm@®éch
generates ROS$/4eHg independently triggers increaseglproduction by disrupting the
electron transport chain while simultaneously inhibiting GSH and, @fexenting the reduction
of H202to H20. Abbreviation: ADP, adenosine diphosphate; ATP, adenosine triphosphate;
C&*, calcium;G G C ;glutamylcysteine; GLCglutamatécysteine ligase; GPglutathione
reductase(GPx, glutathione peroxidase; G§lutathione synthetas&SH, glutathione; GSSH,
oxidized glutathioneH20, water; HO2, hydrogen peroxide; MeHg, methylmercury; NADPH,
reduced nicotinamide adenine dinucleotide phosphate; NADP+, nicotinamide adenine

dinucleotide phosphate;2Qsuperoxide aniorROS, reactive oxygen speci€eated with
BioRender.com.
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1.6.4.Cytoprotective effects of MeHg

1.6.4.1.CREB-Akt pathway

There is evidence to suggest that MeHg has-dependent cytoprotective effects.
cAMP-response element binding protein (CREBKknown to play an important role in
neurogenesis, synaptogenesis, and cell surtA¥at*. Interestingly, human neuroblastoma cells
treated with MeHg@.5-1 ¢ Mpdincreased At phosphorylation at serine 473 asttbwed a
significant increase idownstreanCREB phosphorylation &erinel33 (pS133CREB), an
activated form of CREB, which protected the cells against apopfosis. hi gher ,doses
this pathway was disrupted, and apoptosis occdffedhese findings suggest the CREB plays a
critical rolein cytoprotection

Other studies have shown increased CREB phosphorylation in the cexeticaisof
rodents'°and in a neuroblastoma culture mofidlowing MeHg exposuré®’. These studies
suggest that the CREB pathway is an underlying mechanism for heldged cerelal cortical
neuronal degeneration. In the neuroblastoma cutha@el,thecells were exposed to 750nM for
24h to trigger apoptosi§’. 1-6h postMeHg exposureFujimara et al., observed an increase in
CREB phosphorylatiorhowever, by 24therewasno significant differenceomparedo the
control. In combinatiojthese results suggest that CREB phosphorylation may exert an initial
protective effect that is depleted by high doses of MERY”

1.6.4.2 Nrf2-Keapl pathway

The Nrf2Keapl pathway is another key cytoprotective mechathistihas been well
studied in astrocyte’$® and microglialt®. Kelchlike ECH-associated protein 1 (Keapl)
contains a cysteine residue that MeHg is able to bind to. Under stress condigotisphiles

and ROS bind to Keaptvhich causes nuclear factor erythroile?ated factor 2 (Nrf2) to

(
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migrate from the cytoplasm into the nucleus leading to transcription of gluiaysteine ligase
(GCL) and antioxidant heme oxygends€HO-1) 198110 GCL is theratelimiting step in
antioxidant GSH synthesis, making GCL production critical to further antioxidant prodéttion
1.7.MeHg neurotoxicity in the fetal brain

As introduced previously, higtlose prenatal exposure to MeHg canse cerebral palsy,
developmental delays, and microcephaly in the afflicted offspring and adtseieffect of
MeHg on neurodevelopment has been a key area of study in toxicology. However, the effects of
prenatal exposure to MeHg on the development of other organs and systems remain less
characterized. Recent literature has found that even nanomolar Meldiflecathe viability of
undifferentiated human embryonic stem cells, which provides insight into the pervasive effects
of MeHg onembryonicdevelognent*!, Furthermore, mimal modelshave found that prenatal

MeHg exposure can affect the cardiovasctihand renal syster=.

1.7.1.Behavioural and pathological hallmarks in humans

During high-dose congenial MeHg exposutlee effects are much more generalized
compared to adtuiexposure. Following the Minamata Japan disa3wkeuchi et al., 1962 found
lesions throughout the cerebral cortex and cerebellum of infants exposed prenatally accompanied
by degeneration of neurons and astrocytes in the cerebrum and cerebelisrupted
laminationof superficial layer®f the cerebral cortewas also observed in human case reports
following the Iraqg grain disastét*.

1.7.2.Behavioural and pathological hallmarksin vivo

Following the Minamata Japan disaster, animal models have been used to elucidate the
behavioural and pathological hallmarks of ldase prenatal MeHg exposukigh-dose MeHg

exposure during mouse gestation caused altered wheel running 8ppn decreased
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working memory (88ppm)*t6. The offspring of mice exposed lmv doseg0.5ppm) of MeHg
during gestation experienced memory impairreamd depressive behaviaut’. At even lower
doses (0.01ppmihe offspring of mice exhibited impaired motor abilities and coordingfibn
These behavioural changes are accompanied by pathological cHaffgpesng of
pregnanimicegivena single dose of 20ppm MeHig uteroexperienced reducduarain weight,
enlarged lateral ventricles, and simplified cerebral félalAt lower dose$1ppn), pregnant
hamsters had neurodegeneration in the cerebéfconsistent with human patholody
Furthermoredisturbedcortical layeringhas also been observed in rodéfts?4, consistent with
human exposure dat#. These studies suggest that gestational exposure to MeHg causes

memory and movement disordénsrodent model®y altering the cerebrum and cerebellum

1.7.3.Underlying mechanism of neurotoxicity and embryonic neurogenesis

The mechanisms that elicit neurotoxicity in adulthood still apply in the fetal Bfain
however, there are unique processes during fetal development thatieaétontards
understanding MeHgnduced fetal toxicity. These processes are 1) proliferation and 2)
differentiation ofNSCs and 3) migration of neurons within the cerebrum and cerebellum.

1.7.3.1 Proliferation

Proliferation is the process by which NSCs can increase thentotdler of NSCs present
in the fetal brainThis process occurs via symmetric division whereby a NSC divides to give rise
to two identical daughter cell¥he pool of NSCssustained byroliferaion determines the total
number of newal cellsgenerated from the NSC8herefore, alterations to proliferation during
development can have a severe impact on the total number of neurons and glial cells present in

the adult brairi2.
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In vitro studies in rat?"3°and mouse NSC%%13'have shown that lowlose MeHg
exposure reduceabeproliferation of NSCsA paper previously published in our lab ¥yan et
al., (202} is the first study tehowthe effect of lowdose MeHg on mouse NSCs. Here, our lab

showed that NSCs exposed to loase MeHg (250nMjeduced proliferatiof?®.

1.7.3.2.Differentiation
During brain developmeniNSCs give rise to multipleeuralcell types such aseurons
and glial cells. Once NSCs are committed to a differentiated cellttygeare integrated into the
brain. MeHg has been recognized to impact the production of new néefrétd34and glial
cells'?,
MeHg has been shown to inhibit neuronal differentiation in rat hippocampal NSCs
and rat cortical NSC¥2133after nanomolaMeHg exposurg2.5nM). However, mouse cortical
NSCs treated with 250nM MeHg showed increased neuronal differenfi#ftidinese
contradictory results might be explained by their use of model organism. A study conducted in
several mammalian species showed that the binding coefficients for rats in the kidneys, liver, and
brain are about Xfld lower than other mammalian sjgex This highlights that rats may be a
poor model organism for studying the human bt&ininterestingly,a culture model using
mouse cortical ISCs found that londose MeHg (3800nM)alsopromoted glial differentiation
125 Qverall, MeHgcanalter differentiation iradose andissuedependentnanner.
1.7.3.3.Migration
There are two major migratory routes in the cerebral cortex. First, radial migration
functions using proliferativ& GPswithin the ventricular zone. These generate excitatory
neuronswhich radially migrate toward the surface of the cerebral cortex &@f 136. The

second migratory route is tangential migration. Here, inhibitory interneurons migrate from the
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GEto the cerebral corteX his process occurs in multiple wasstarting at ~E11.5 in mice

where inhibitory interneurons from the mGE migrate dorsolaterally onto the PP. Later stages of
corticalinterneuros arise from the mGEndcGE andenter via theMZ, SP,and1Z/SVZ

migratory stream&*137

MeHg has been shown to inhibit neuronal migration in multiple ma#fei& 13813 First,
sample of two newborn fullterm human brains whose mother had ingested contaminated bread
during the Irag bread disaster showed abnormal or incommeteral migration, disordexd
cortical organization, and toxic levels of MeHg in their blé&dIn vivo, researchers
investigated changes in the primary motor and the primary somatosensory areas following
prenatal MeHg exposure at multiple time points. They found that prenatal treatment with MeHg
disrupted insideut neuronal migratiok?2 In vitro, decreased migration hhgen shown in a
primary culture of neonatal cerebellar c€1€0nM) 3 and humamembryonic stem cell (8SC9
derived neural crest cells (50nNA.

1.8. Autism spectrum disorder (ASD)

Autism spectrum disordeASD) was firstcharacterizethy Kanner(1943)*4°asa
neurodevelopmental disorder thatlfinedby impairments in social communication aswakial
interactioncombinedwith repetitivebehavioursrestricted interests, amehavioural
inflexibility. Following theDiagnostic and Statistical Manual of Mental Disorders, Fifth
Edition, ASD is now characterized asspectrum of mental disordeiacluding autistic disorder,

As per ger 0 shildhopadikintegnagve disordeand pervasive developmental disorder
141 Currently, there are no biomarkers for diagnosing ASD and no specific medications to treat

ASD symptoms
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ASD prevalence is increasing due to a variety of factoctuding enhanced awareness and
improved screening. However, the etiology of ASD remains largely unknown since there is
extremevariationin its symptomologyandseverity development o€omorbidities sex
differencesandenvironmental and genetic contributio®ymptomseverityrange from slight
to profound and the severity dhesesymptomsarebased ortherequired level of suppart
Required supportanges from requiringomesupport to requiring very substantial supgétt

1.8.1.Comorbidities

The £condsource of heterogeneity ASD onsets the presence afomorbidties Common
comorbidities dbserved in individuals with ASIihclude ADHD, anxiety, depressive disorders,
epilepsy, intellectual disabilities, sleep disordsrghtimpairment hearing impairment, and
gastrointestinal syndromé¥. Theoccurrencef any of theseomorbiditiesvaries between

individualsand contributes to ASD heterogeneity

1.8.2.Sexual dimorphisms

Thethird source of heterogeneity lisologicalsex.ASD is more prevalent in males than
femaleswith a male:female sex ratio ranging from 2:1 to 4#!4¢. There are multiple theories
which attempt to explain the male bias of ASD. Fitisére may be a gender bias in the
diagnostic criterizausing females to be undéentified. Various autistic traits that have been
well characterized in boys present differently in girls. agi&lisolation has beecommonly
describedn males with ASD However females with ASCare more likely to be described as
obsessivé*’148 2) Femaleswvith ASD also present withifferent restrictive interestincluding
celebrities, makeumr clothing These interests may be considdiiedrmab by the diagnosing
clinician leading toanunderdiagnosisf female ASD patient¥*”149 3) Restrictiveand repetitive

behaviours®® andlanguageémpairments“8-5lare more profound in boys rathtbangirls. All
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of these factorsnayimpair accuratdemalediagnosideading to a skewed male bid$e second
potential theory thatdsbeen proposed to explain the male biabéExtreme Male Brain
theory; with posits that people with ASD view their surrounding througimbherently'male’ lens
and as aresult will take an interest in stereotypically male topics whilaultaneously
struggling to understand stereotypically female topics/t&s8kEhe final potential theory is the
Female Protective Modelhich proposes that females display resilience to geastic
environmentalnsultsand, as a result, have a higher required insult threshaldgplay ASD
symptoms Thereforethey require a greater number of genetic mutatiéi$* Overall,
biologicalsex differences in ASBtiologyare still poorly understood and require more research.

1.8.3.Genetics

The final sourceof ASD heterogeneitgregenetics and environment. Tharliest
studies attempting to study the relationship between ASD and genetics studied the occurrence of
ASD in monozygotic (MZ) and dizygotic (DZ) twins. Many studies have found that MZ twins
were more likely to share a diagnosis than DZ twinghlightinga clear genetic influendé®
158 Huguet and Bourgergi2016) studied the known body of literature on MZ and DZ twins in
relation to ASD and found that the concordance for ASD is roughly 45% for MZ twins and 16%
for DZ twins'%%, This suggests that there is a large portion of ASDY%, that is norgenetic.
Following twin studies, largscale genetic studies were conducted on ASD patients to identify
potential risk genes.

ASD can be broadly classifiedtonnon-syndromic and syndromic. In syndromic ASD
known monogenic syndrome exhibits a phenotypic overlap with ASD. These disorders include
Fragile X SyndromeRmr1), Tuberous Sclerosig¢cl, Tscp Angelman and Pradawilli

SyndromeslJbesA, Gabrb3, Rett SyndromeMecpd, andPhelanMcDermid syndrome
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(Shank3 0. Overall, yndromic ASD makes up a small percentage of ASD patibiuts-
syndromic ASD, al s o ,lasdnbfemhknbwnetiolagyp at hi ¢ aut i sm

The first genetic component of ASD ongeinherited common single nucleotide
polymorphisns (SNPs). SNPs are the most common genetic mutation in the population. These
are avariation that occurs when a single nucleotide (adenine, thymine, cytosine, or guanine) is
substituted. These common SNPslarewn to bethe largest contributing factar ASD onset.
More than 1000 SNPs have been identiflatt each is associated with a very low glASD
onsef thismakes it difficult to identify the causative SN2 The second genetic component
of ASD onsets inherited rare single nucleotide variants (SNVs). SNVs are similar to SNPs and
are alsovariations that occur when a single nucleotide is substituted. The key difference between
SNVs and SNPs is that SNVs are rarer. For SNPs to be considered camgganust occur
within at least 1% of the populatiohhe third genetic componefdr ASD onsets inherited
copy number variations (CNVs). CNVs are genetic variants, inclutlipgications, deletions,
inversions, ad translocationsf segments of DNA present in the genome of an indivithiaf°

From genetic studiesesearchera/ere able to developegetically modified mice to
further understand the underlying mechanism of ASD. Common genetizadlified mice target
genesncludeNIgn, Shank3Ube3a Fmrl, Pten Tsc1l/Tsc2MecpZ2 andNrxn. These genetically
modified mice exhibit keppehaviouratharacteristics of ASOncluding impaired ultragtc
vocalizatiors (USVs), repetitivebehavioursanxietylike behaviours, deficitg social
behavioursolfactory sensation, and motor coordinatiéh

1.8.4.Environment

As highlighted abovéASD has &ey genetic componerttowever, there are roughly

~50% of ASD cases that are not related to any genetic mutations. This suggests that other
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factors, such as environmental insults, could play a role in disorder’®hJéte potential
environmental causes of ASD are vastl include maternaiseasesr infections during
pregnancy, maternal or paternal medication use, and pesticide or heavigadgthurden
Mouse models of environmerti@mducedASD also exist. The two most common arg¢hB
maternal immune activation (MIA) model andtBg valproic acid (VPA) model. Firsthe MIA
model is a process where inflammation in the blood and amniotic fluid of mothers can trigger
perturbed fetal CNS developméfit Second, VPA is a medication that is primarily used to treat
epilepsy and bipolar disorder. VPA exposure during embryo can causevkBib has been
validated in clinical trial3%°166 Both of thesesnvironmental mouse models of ASD show key
behavioural phenotypes of ASBuch as impaired sociability and repetitive behavidtfrs?
Environment x gene interactiom¢socontribute to ASD etiologyThesearel) de novo
CNVs and2) de novo SNVs. These are mutatidhat are present for the first time in one family
member as a result ofvariationin a germ cell. In combinatigthesede novovariants
contribute to 9.5% of ASBccurrences®.

1.8.5.Neuroanatomical abnormalities

1.8.5.1.Humans
Various brain regionand systems underlying cognitive functions are compronustid
ASD. First, restrictive repetitivbeehaviourdhave beetinked tothe cortico-striatatthalame
corticalpathway*®’. This pathway involves connections between the cerebral cettitum
and the thalamugdhis circuit isimportant for movement and habit formatiamd has already
been implicated in the formation idstrictivecompulsivebehavioursn obsessive&ompulsive

disorder (OCD}Y*®2 Increased striatal connectivity was found in the limbic cortices and brainstem
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of children with ASD'%® Furthermore, changés striatalvolumehavebeen correlated to
restrictive repetitivdbehavioursn multiple studies oASD children and adolescent& 172,
Second, deficits in sociability have been linked to midtipr e a s sacialbrdinb e

includingthe fusiform gyrus (FG)nedial prefrontal cortexiiPFC), the inferior and the middle

frontal gyrusthe amygdala, the orbital frontal cortex (OFC), and the superior temporal sulcus

(STS) These areas work in tandenrézognizeand procestaces,emotions, and voices, and
subsequently monitor and adjust dedthaviorst’s. ASD children exposdto feaful faces
showed lower activation of the amygdala and right SAlt8le exposure to a happy face cadise
less activation in the right inferior frontal gyrt/i$. Furthermore, dolescents and adults with
ASD show reduced activation of the FG compared to neurotypical cotifrdis

Finally, deficits in language have been linkedheinferior and middlefrontal gyrus
Br o c a pand Vdernieka's aréd"1’°. MRI studies have shown key differenceghe
activation of these areas for both children and adults with ASidi€n with ASDhave
significantly greater activity in the inferior frontal gyrus than costtél Conversely,
adolescents with ASD had reduced activation of the inferior and middle frontal'g§/idults
with ASD show more activation in Wernicke's area and less activation in Broca'é’area
Inconsistencies among studies may be a result df¢terogeneousature of ASD.

Macrocephaly is often associated with
head to be larger than norntél. Macrocephaly cabecaused by megalencepigan
enlargement ofhebrain); however, it is important to note there are other causes that do not

affectbrain size'®%. Accelerated arly brain development isell documentedh children with

ASD

ASD. Studies have shown that total brain volume is increased in younger individuals with ASD

181,182 put older individuals with ASD show decread®dinvolume or no differenceompared
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to matched control$3, A recent longitudinal study assessed volumetric brain changes in
individuals with ASD Researcherf®und that from age @5, brain volume ofndividualswith
ASD decreaserelative to contral 184 Researchersoughtto determine if there aspecific
neuroanatomical abnormalities children with ASD which potentially facilitates increased total
brain volumeOverall researchers hawmmonlyobservedanincreasen ventricles!84 186,
gray mattef®”188 white mattert®® 19 cortical thicknes3%Y %3 neuronpopulationt®*1%5 and
density of cortial minicolumns!.194

1.8.5.2.Rodents

Various brain regions have been propoaskley mediators of ASBike behavioursn
rodents First, restrictive repetitiveehaviourdiave been correlated to many brain regions across
many mouse models &SD, including the striatum, cortex, thalamus, hippocampus, cerebellum,
hypothalamusandamygdalal®®-1°” Secondjn rodentmodels sociabilityhasbeen associated
with theolfactory bulh the mPFC, thaucleus accumbenthe paraventricular nucleus of the
hypothalamustheamygdalathebed nucleus of the stria terminalénd thesentral tegmental
area'®® Finally, brain areas associated withficits in communicatioin rodentsare the least
studied and understoadHowever, recenfindingshave shown that the cerebral cortex is not
required for USV productianThis suggests thabdent communicatiomayarise from
subcortical region$™.

Similar tohuman ASD patientgnincreag intotal brain volumé&®, grayandwhite
mattervolume?%, cortical thicknes$%%2%% and muroral overproductionvere observeéh
variousrodentmodels of ASD*?42%5 However, it is important to note that some mouse models
of ASD show reduced total brain volurtf§, reduced gray and white matter voluffig¢ and

reduced cortical thicknegg,
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There are a fewntrinsic problems witlusingASD rodentmodels First, ASD is difficult
to diagnosen humans and even more difficultdeagno® in rodens. This is because ASI3 not
defined by biomarkers but instead by core sympt&fhg-urthermore, the symptoms of ASD
highly overlapwith the symptoms ohttentiondeficit/hyperactivity disorders (ADHDYurther
complicating diagnosi&*. Second, deficitin social interaction can only be approximated in
rodents This is because we cannot intermeddent'sfeelings orintentions.Finally, deficits in
social communication caasoonly be approximated irodents Rodens can vocalizerzia USVs,
but they do not possessrbal languag

1.8.6.Underlying mechanism

Researchers next aimed to determineuthgderlying mechanisms of ASD onseinlike
other neurodevelopmental and neurodegenerdis@ders ASD does not have a unifying
cellular or molecular mechanisidere, | will discusdl) impaired neurogenesigroliferation
and migration2) overgeneration or underuning of synaptic connectior®) and
excitatory/inhibitory E/l) imbalance These hypothesized mechanisms do not function in
isolation and will be discussed in parallel below.

Impairedneurogenesis, proliferation, and migratimawve been considered in relation to
ASD/macrocephalyA few factors support this hypothesidrst, as previously discusseguron
overproductio has been observed in human ASD patiétft$®>and rodent models of ASD
204,205 Second, rany ASD-related geneare involved in the canonical Wnt pathwaghich is
essential for the regulatiaf cell proliferation, differentiation, and apopto§@hd§g, Thr1) 2%,
Finally, similar to prenatal MeHg, ASD can cause disrupted neuronal migration/cortical
lamination in superficial layers of the cerebral cortex in ASD human postmortem Hfeitis

Similar to humans, ASD can also disrupt superficial layer neuronal migration in rodent ASD
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models. In mice, overproduction of superficial pyramidal neurons in the cortex has been shown
to trigger ASDIike behaviourg%. Some researchers have also observed changes ifegieep
neuron production in a 16p11.2d&8D mouse model. Here, researchers observed an
overproduction in deefayer neurons marked by Tbrl, and a decrease in the number of
superficiatlayer neurons magd by Satb2'2 In contrast, other researchers have observed no
change in the number of Tbrl, Ctip2, or Satb2 in the BEEI® mouse modets. Overall, his
researclsuggestshat neurogenesis, proliferation, and migratiay play a critical role in ASD
etiology.

Synaptic formation and function is ayjkenderlyingmechanisnassociated with ASD.
Excitatory neurotransmitter glutamaseinvolved in synaptogenesideurexins (Nrxn) and
neuroligins (NIgn) are a family of proteins encoded by gé@nglicated in ASDetiology. At a
glutamatergic synaptic clefore-synapticNrxn binds to possynapticNIgn 214 This forms a
Nrxn-Nlgn complexwhich recruits neurotransmitter receptors and scaffolding proteins to
promote synaptogenesis. Overexpression of either Nrxn or NIgn can lead to enhanced
synaptogenesiand E/l imbalance

E/l balanceregulated by glutamatergic and GABAergic neurotransmission is implicated
in ASD pathogenesi#\ few factors support this hypotheskarst, increased glutamatergic
signalling?*27 and reduced GABAergisignallinghas been observed in ASD patietits!’
Secondyarious ASDrelated genes encode for proteins related to glutareegéptorsand
signalling(Grin) 218219 glutamate presynaptic proteinsNrxn) !4, and dgutamate possynaptic
proteins Nign, ShanR) 229224 Finally, treating glutamate excitotoxicity wiibnotropic

glutamatereceptorantagonistselievesASD symptoms in rodent mode¥®. It hasshown
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promising results in human clinical trig®22’Overall, this highlights the critical role glutamate
plays in ASD etiology.

1.8.7.Prenatal Hg and ASD

As mentioned abovéeavy metal exposure is a potential environmental cause of WSD
the pastHg has been suspected of causing ASD, primarily through vaccines containing
thimerosal. Thimerosal is an ethylmercugntaining compound that was widely used as a
preservative in various drugs, including vaccines. However, vaccines containing thirhexesal
been deemed safé, and the link to ASD development has been disprétiiere we will
examine le current literature on the relationship between preNaHig/Hg exposure and ASD
onsetin humans and rodent models dhdpotential underlying cellular and molecular

mechanisms whichhay mediate this

1.8.7.1.Epidemiology

Longitudinal prospective studi@stempting to study the loAgrm effects of moderate
fish intakein the Farodslandsand theSeychellesound contradictory results. Integrative
analyses attemptedtoe s ol ve t he findings of these studie:
maternal hair Hg was associated with a decrease in child IQ betweed. D?383!

Interestingly, ASD isalsostrongly associated with intellectual disabif#.

Other @idemiological research investigating the relationship between ASD and MeHg
exposure is inconsistentarious studies have shown a relationship between Hg exposure and
ASD in childrenmeasured by Hg in blod®, urine234, hair?39239 andbaby teetl#4%. However,
it is important to note that other studies have observed no relationship between Hg exposure and
ASD measured by Hg ihlood?4%243 urine?43244 hair234.243.245251 paby teeth?®2, and brairt®3

Further contributing to the uncertainty between Hg and As8ihe studies have found a



42

negative relationship between Hg in hair and A3t%5 Interestingly, Majewska et al., 2010
compared hair Hg between two age groups of ASD children to neurotypical children. Majewska
found that younger ASD patients had lower hair Hg than old ASD patfénitéolmes et al.,
hypothesized that this was a resultropaired Hg excretininto the blood during pregnancy
which may slow Hg concentration in postnatal hair santfes

However afew key flaws existin apprisingepidemiological researahvestigating
MeHg exposureand ASD. These are bjomarkers usito assesslg exposureand?2) the
mediumof exposureFirst,as highlighted abovég is assesseda biomarkersof internal
exposure. Common biomarkers used are blood, hair, urine, and babBteetarkerdike
urine, hair, and bloodre commonly used to evaludke body burde of Hg. However, due to
human variabilitythey may not accurately reflect Hg exposure and toxicity. Differences in renal
function and hydratiomay affect Hg concentration in urine. In hairsamgles 6 s di f f i cul t
evaluateendogenousersusexogenouslg exposureBlood anticoagulants and whole versus
separated blood analysis will afféét) exposure estimation accurgey. Secongthe medium of
exposure to MeHg/Hg is an important factor in ASD onset. The most common way humans are
exposed to MeHg is via fish consumptidiish contain beneficial longhain polyunsaturated
omega3 fatty acidsand Seboth of whichcanhave advantageous characteristics
Polyunsaturated omegafatty acids areknown toaid prenatal developmefi and provide
protective effects against Hg toxicity FurthermoreSe is &so knownas aprotective agent
against Hg toxicity'¥ 16, Based on thighe effect ofprenataMeHg exposure via maternal fish
consumption may have a diminished effect. Overall, using rodent models to study the isolated

effect of MeHg may be critical to further our understanding.
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1.8.7.2.Rodents

No prenatal@edentmodelshave beemmployedo study the relationship between MeHg
and ASD.However, the relationship between MeHg and ASD has been investigated in rodents
following adul exposureTwo studiesavefound that adulthood exposure to MeHg exacerbates
abnormalities seen in ti&TBR T+ Itpr3tf/J (BTBR}ASD mouse modeP®26? Al-Mazroua et
al., 2022 found that MeHg enhanced marble burying;gelbming, and impaired sociability in
the BTBR mousdine 2°°, while Attia et al., 2022 found that MeHg worsened DNA repair and the
oxidant/antioxidant imbalanc®. Overall, there is aotentialrelationshipbetween ASD and
MeHg exposure in rodentslowever there remains gap in the literature regarding tbhausl

effect of prenatal MeHg exposune ASD in rodens.

1.8.7.3.Underlying mechanism

Here | will aim to draw parallels between known cellular, subcellular, and molecular effects
of Hg exposure and ASD pathologyieHg has an affinity for GSHindforms aMeHg-GSH
complex3®. This reaction igritical for MeHg demethylation arslibsequendetoxification.
Numerous studielsave found that individuals with ASD have lower levels of both GSH and
cysteine?®263 Similarly, James et al., 2009s$shown that cells derived from ASD children had
lowered GSH anelevated levels of GSS@mpared to controf®4 This could impaiMeHg
eliminationand enhance MeHmduced toxicity However, because GSH levelgrenot
assesseih uterg akey question remaings MeHg exposureedudéng GSH levelsm ASD
patient® Or are GSH levels already reduced in A&flients which enhances their susceptibility
to MeHg toxicity?

Polymorphismsn glutathioneS-transferasgenes associated with increased/normal

glutathioneS-transferase function have been shown to reduce Hg body burden. In a study



44

conducted by Barcelos et al., 20h2lividuals withthe GSTT lwildtype genotype had lower hair

Hg. In contrasglutathioneS-transferases genes associated with reduced glutatBione

transferase function haatsobeen shown to heighten Hg body burden. Barcelos et al., 2012 also
showed thaGSTTlandGSTMlhomozygous deletion carriers had higher levels of dvailr

bloodHg compared to controls. Suggesting tlatathioneS-transferases genes amgical to

Hg detoxificatior?®®. Pregnant mothermsarrying a norfunctionalGSTT1had higher blood Hg

levels and gave birth to children with significantly lower bistbights?%5, A study in Jamaican
children with ASD found that GSTP1 lle105Val (missense substitution causisglancineto

valine substitution had a higheincidenceof ASD than control$®’. Furthermore, Hodgson et

al., 2014 found that male ASD patients had a significantly larger reduction in GSH than female
ASD patients, further contributing to the possible mechanism mediating ASD sexual differences
268_

Similar resulthavebeen observed in GCliheratelimiting step in GSH synthesigenes
wherethe GCLM588 TT €ytosine to thymin@&ucleotidesubstatiorat position 588 lowering
functionality) genotypéadsignificantly higher Hg in erythrocyteé8®. Togetherthese results
suggest that the reduction in GSH occurs prior to MeHg expoaused by an increasgdnetic
susceptibility however, more research is required to confirm phisnomenon

As highlighted previouslyMeHg leads to increased ROS througiitamate ecotoxicity®.
Increased glutamatergsignalling?!¥21” and reduced GABAergisignallinghasalsobeen
observed in ASD patientd®?17 Again, akey question remainss MeHg exposurécreasing
glutamatdevels in ASD patients? Or agtutamatdevels alreadyncreasedn ASD patients

which enhances their susceptibility to MeHg toxicity?
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1.9.Metformin

Type 2 diabetes (T2D) is a chromiondition whereby the body becomes resistant to the
effects of insulinresulting in high levels of glucose in the bloodstream (hyperglycemia). Over
time, hyperglycemia caeadto damage to various organs and tissues in the body. Metformin is
an FDA-approved drug for the treatment of patients WiD. Due to its safety andffordable
price,metforminis now the most commonly prescribed oral ahdibetic agent worldwide, taken
by over 150 million people annuafy’. Metformin works to treat T2D by severahthways
First, metformin can decreaglucose productioby inhibiting gluconeogenesis the liver.
Second, metformimcreases glucose uptake by the muscles, which results in decreased blood
glucose Finally, metformin ahanesinsulin sensitivity in the liver, muscle, and adipose tissue,
which results in lower blood glucose levéls

Metformin is an oral medication that is absorbed in the small intestine by a combination of
passive diffusion and active transpoytplasma membrane monoamine transporter (PMAT) and
organic cation transporter OCT1) transporters in enterocyté€. Onceabsorbedmetforminis
transported to the hepatocyt the liver and renaéndotheliakells of the kidneydMetformin is
primarily eliminated unchanged in the urine. However, a small amount of metformin is
metabolized in the liveto formaninactive metabolite, guanidiié®2’4 The elimination haHife
is approximatelyd-6h 27>,

1.9.1.Metformin in the brain

Metformin is also known to cross the BBB metformin has been measured in the brains of
rodents*’>2’6and has been extensively studied as a potential treatment for human neurological
conditions?’" 279, Furthermore, under both physiological and pathological conditions, metformin

can promote adult neurogeneisis/ivo 289282, Themechanism by which metformin crosses the
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BBB is still controversial Early studies showetiat OCTsare present in the BBB of roderits
and as a keytransporteof metformin may berequired forBBB transportHowever, more
recent work has put forward that OGBlarenot present in the BBB antherefore arenot
required tdfacilitatethe transport of metformiff4. Due to thisthe exact mechanisby which
metformin crosses th@BB is still unknown.Furthermore, ratformin can cross the placental
barrierof humans?®528and rodents via OCTZ".

Our earlier work showed that metformin was able to promote the differentiation of cortical
precursors through t®MPK-aPKGCBP pathway. Metformin acts on this pathway to
phosphorylate AMPKwhi ch subsequently phosphoryl ates at
(aPKCg/ 9) to phosphor y-CBP)?8 pSaIBECBPaustainsthhe i ne 436
interaction betwee@REB and CBPThus aPKGmediated pS43€BP acts as a compensatory
mechanism when CREBS133 is lacking®®28° Alternatively, pS133CREB recruits CBP
binding to transcribe downstream CREB target géffes

Furthermoreboth pS133CREB and pS43€BP cannot cexist?8829% possibly due to the
negative charge on the phosphorylation grotjpe S133 phosphorylation site on CREB lies
within thekinaseinducible domain (KID) and binds to the kinaseucible domain interacting
domain KIX) located on CBP®2 Within 150bp exists the S436 phosphorylation site just
adjacent to the CH1/TAZ1 binding domain of CBP. The proximity of these two phosphorylation
sites and their charge is a potential mechanism mediating CREB/CBP repulsion (Figure 1.6).

As previously introducechuman neuroblastoma cells treated with MeHg at nanomolar
concentrations showed a significant increase in pSIBBB 1%, This suggests that metformin
may represent a potential therapeutic strategy for prenatalde® MeHg exposumgue to the

potential for CREB/CBP repulsion
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Figure 1.6. Proposed mechanism of pS133REB and pS436CBP interaction.
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1.10.Rationale, hypothesis, and aims
1.10.1. Rationake

Our lab found that sutnicromolar (250nMMeHg induced premature neuronal
differentiation of cultured embryonic cortigatecursorsvithout causing cell deafit®. Post
doctoral fellow Dr. Joseph Leurngnfirmed this phenomenon vivoand found thaprenatal
exposureao 0.2ppm MeHg promotes premature differentiation of cortical precursors in the VZ to
generate newborn neurons at the expense of their proliferation.

Here,l will investigate the underlying cellular and molecular mechanism that neetthiste
and determind prenatal MeHg exposuresults in behavioural abnormalities consistent with
ASD.

1.10.2. Hypothesis and aims

| hypothesizéhatfetal low-doseMeHg treatmeninduces premature neuronal differentiation of

embryoniccortical precursorsia the CREB/CBP pathway and result8D-like behavioural

abnormalitiesn young adulthoodTo test this hypothesis, | will perform the followitigee

aims:

Aim 1: Investigate the underlying cellular mechanism that cdosesloseMeHg-induced
premature differentiation through singiell RNA-sequencingscRNA-seq)of prenatal cerebral
cortices.

Aim 2: Probe CREB activity/ CREBP interaction as an essential molecular mechanism to
drive MeHginduced premature neuronal differentiation.

Aim 3: Determine the longermbehaviouraktonsequences of prenatal MeHg exposure.
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| present my experiments and results in the following 5 chaj@lepter Zoresents the
materials and the general methods usetbmpleteaall experiments. Chapters 3,ahd 5 present
the results of experiments targeteagach of the three ainggesente@dbove. Chapter 6 is the
concluding chapter summarizing key findings and discussing their significamaeajority of
the results of this thesis have been publishedepeerreviewed journalScienceentitled
A Pr e n adoselmethymercury exposurauses premature neuronal differentiation and
autisml i ke behaviors in a rodent mod#hleung,Aut hor e
David P. Cook, Chelsea Ko, Barbara Vanderhyden, Jing Wang, and Hing Man Chan published in

2023. https://doi.org/10.10164ci.2023.106093.



Chapter 2: Materials and methods
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2.1.Animals

All animal use was approved by the Animal Care Committee of the University of Ottawa
in accordance with the Canadian Council of Animal Qaokcies. CD1 mice were purchased
from Charles River and C57BL/6Jice were bred in house. GD mice were specifically used to
study embryonic cortical development because they produce large litters. Howexemic®go
blind with age, therefore, C57BL/6J mice were used for all subsequent behavioural testing. All
mice weremaintained on a 12h light/12h dark cycle with ad libitum access to food and water.
Experimental animals were kept in both group and sihglesed cages dependent on litter size.
Both male and female mice were used for all tests. Sex differences of C57BL/6J mice used during

behavioural testing were assessed and notable sex differences were reported.
2.2.Single-cell RNA-sequencing (ScCRNAseq)

2.2.1. Experimental treatments
For scRNAseq pregnant CI2 mice were treated with Oppm, or 0.2ppm MeHg via
drinking water starting from EO to E13.5. 0.2ppm MeHg drinking water was prepared by diluting

a stock solution of 1000ppm MeHg(I)ClI (cat#33553, Alfa Aesar) in distilled water.

2.2.2.Multiplexing samples

Six embryos from 2 pregnant mice for each treatment (Oppm or 0.2ppm MeHg) were
dissected, and cerebral cortices were collected after the removal of the meninges from the brains
of embryos. The cortical tissues were incubated in papain solution at 37Z2Crfon.
Afterward, papain solution was removed, and the tissues were dissociated by a bovine serum
albumin (BSA) coated Pasteur pipette in the neurobasal medium (cat#21103049, Thermo Fisher
Scientific) containing 500uM GlutaMAX Supplement (cat#3505006 &rio Fisher Scientific),

2% B27 supplement (cat#17504044, Thermo Fisher Scientific), 1% perstriliptomycin
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(cat#15140122, Thermo Fisher Scientific), and 40 ng/ml FGF2 (cat#10018B, PeproTech). The

tissue debris was then allowed to settle for 1 min. The supernatant was collected and centrifuged

at 300g for 2 min. After centrifugation, the supernatant was remawedhe cell pellet was

resuspended in the medium by gently pipetting 20 times. The cell suspension was finally passed

through a 40&eM sterile cell strainer (Fisherhb
Multiplexing was performed according to the protot®dl Dissociated cortical cells from

Oppm (control) and 0.2ppm MeHg treatment were labelled with different DNA barcodes using

lipid-modified oligonucleotides (LMOSs) to stabilize the barcodes within the plasma membrane.

Briefly, cells from each group (Oppm /2ppm MeHg) were duplicated and divided into two

samples (250,000 cells/sample). The cells were then resuspended and pelleted in a 1.5mL

Eppendorf tube at 500 x g for 5 min. Then the four samples were labelled with four different

barcodes. Forthe barcodea b el | i ng, the resulting pellet was

anchor mix and 2uL of a 10uM unique barcode (kindly provided by Prof. Zev Gartner from the

University of California, San Francisco). Samples were then incubated on ice for 10 min.

Afterward,1 0 ¢ | of -Amchdr LM@senvascadded to each sample and incubated for 5 min.

Then 200¢eL of phosphate buffered saline (PBS)

the samples were pelleted at 500 x g for 5 min. Each sample was resuspended addmpellete

200uL PBS with 1% BSA at 500 x g for another 5 min. Subsequently, the four samples were

pooled together into a new Eppendorf tube and were pelleted at 500 x g for 5 min. After

centrifugation, the cell pellet was resuspended by PBS containing 1%in&heoincentration of

cell suspensionwas 50000 cel Il s/ ¢l . Viability and cell c

1 Cel | Counter and Viability Analyzer (Life

were further processed.
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2.2.3.Library preparation and sequencing

The scRNAseq library preparation and sequencing were performed at StemCore
laboratories from the Ottawa Hospital Research Institute. The multiplexed suspension was
processed -beqfv3d) with thes1OXRI¢omics Chromium System, targeting to capture
20,000 cells. As described in McGinnis et?&, barcode cDNA libraries were isolated from the
gene expression library during initial size exclusion and processed independently. Gene
expression |ibraries were prepared according
sequenced using the higlufput 75 cycle kit on the NextSeq500 (lllumina), achieving an
average coverage of 20,558 reads per cell. The resulting 20,535 cells had an average of 2248
unique genes detected and 5120 UMI counts per cell.

2.2.4.Processing of raw sequencing reads

Raw sequencing reads were processed using cellranger v4.0.0 and the mm10 build of the
mouse genome. Except for explicitly setiiegpectcells=20000, default parameters were used
for all samples. MULT4seq barcode libraries were simply trimmed to 28bpgu$immomatic
v0.36 prior to demultiplexing®.

2.2.5.Demultiplexing expression data

Barcode reads were matched to the reference sequences, and the incorporated cell
barcode was used to assign the barcode count to an individual cell. The distribution of counts for
each barcode across all cells was assessed, and a threshold was de&raddaadll positive
for the barcode by identifying the minima between the bimodal (signal in negative/positive
populations) distribution. Cells positive for more than one barcode are classified as multiplets.

Only cells positive for a single barcode aramed for downstream analysis.
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2.2.6.Analysis

Quality control was first performed on all four samples concurrently, including multiplets
and negatives. The expression matrix was loaded into R as a Seurat (v4.0.1) obje@ (I able
First, cells with less than 200 genes detected were removed. Second, contaminated cells (red
blood cells) were removed by correlating library size and gene detection in each cell and
removing outliersFinally, cells with more than 10% mitochondrial reads were removed. The top
2000 variable genes were detected in Seuratgsi t he Avsto selection met
were scaled, and the following technical factors were regressed out: percentage of mitochondrial
reads and number of RNA molecules detected. Principal component analysis (PCA) was
performed on the highly viable genes, and Uniform Manifold Approximation and Projection
(UMAP) embeddings were calculated from the first 30 principal components with 0.2 resolution.

Any additional cell populations that highly expressed red blood cell matkdry and
Hba-x were subset out. Clusters were identified by the expression of knowgpeeinarkers.
The markerg-abp7andCenpf Fabp7andHes5 EomesDcx, Sox5 Reln Gadl, Igfbp7, and
Rgs5were used to identify the basic cell types, radial glial precursor 1 (RGP1), radial glial
precursor 2 (RGP2), intermediate progenitors, immature neurons, mature neurons, layer 1
cortical neurons, interneurons, endothelial cells, and gescyespectivelyl.also assessed
additional genes discriminating these clusters by performing a simple Wilcoxesuantest
with the FindAllMarkers() function in Seurdtnext isolated the transitional cell subset and
reprocessed the subset using the same normalization and integration approach. After data
visualization for both the total cell population and the transition cell population, multiplets and
negatives were subsout, and Oppm and 0.2ppm were separated for further downstream

analysis.



55

2.2.7.Transitional state analysis

For UMAP visualizations cells were considered positive for markers of a cell type if the
mean expression of a group of cell type marker genes was > 0.5 log normalized expression.
Canonical markers were used to differentiate cell types. Radialpgitive (RG) markers used
wereSox2 Fabp7, Paxg Hesl andHes5h Intermediate progenitofgositive (IP) markers used
wereEomesSstr2 Gadd45g andMfap4. Neuronalpositive cells (N+) markers used were

Tubb3 Neurodl Sox11 Neurod6 Dcx, Belllh andSox5

2.2.8.RNA velocity

PCA and UMAP embeddings that were produced during the initial analysis step were
embedded using Seurat. Velocity estimates were calculated using the scVelo (v0.2.2.) python
package with default parameters (TablB. Velocity vectors and velocity graphs were
computed and then projected on UMAP embeddings. Velocity vector analysis was conducted
using Image J (Tabl2.1).

2.2.9.Pseudotime analysis (Monocle 2)

A pseudotime trajectory of all cells was constructed using the DDRTree method
implemented in Monocle 2°. This is a computational method that performs lineage trajectory
reconstruction based on singlell transcriptomics data. The root state argument was called and

defined as the branch containing canonical genes knownth® barliest in neurodevelopment

296,297



Table 2.1. Softwares used.

56

Softwares Source Identifier

Image J

Zeiss Axiovision

UltraVox XT
Ethovision XT
R studio
Pycharm
Graphpad

AriaMx

NIH

Carl Zeiss Microscopy

Noldus
Noldus
Posit
Jetbrains
Prism

Agilent

https:/fimagej.nih.gov/ij/download.html
https://carl-zeiss-vision-axiovision-
viewer.software.informer.com/4.8/
https://www.noldus.com/ultravox-xt
https:/fwww.noldus.com/ethovision-xt
https://posit.co/
https:/fwww.jetbrains.com/pycharm/
https:/fwww.graphpad.com/scientific-
software/prism/

https://www.aqilent.com/en/product/real-
time-per-%28apcr%29/real-time-per-

%28apcr¥%29-instruments/ariamx-

software-download
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2.3. Primary cell culture

Primary cortical precursors were obtained from-B2pooledcortices dissected from
CD-1 mice (Charles River Laboratories) as previously desctitieBriefly, embryos were
transferredtoice ol d Hanks® balanced salt solution (HB
and the cerebral cortices were isolated from the brain after the meninges were removed. The
cortical tissue was mechanically trituratedh a plastic pipette and seeded on coverslips in-a 24
well plate or directly into a-@vell plate (Thermo Fisher Scientific), both preated with 15%
poly-L-ornithine (PLO) (cat#72302, Sigasddrich) and 5% laminin (cat#CB40232, Thermo
Fisher Scientific) For immunocytochemical experiments, cells were plated imaedplate at a
density of 200,000 cells/ml. For western blotting experiments, 1,000,000 cells were seeded in
each well of a @vell plate. The cortical precursors were cultured in a neurobaedilim
(cat#21103049, Thermo Fisher Scientific) containing 500uM GlutaMAX supplement
(cat#35050061, Thermo Fisher Scientific), 2% B27 supplement (cat#17504044, Thermo Fisher
Scientific), 1% penicillinstreptomycin (cat#15140122, Thermo Fisher Scientiicy 40 ng/ml
fibroblast growth factor 2 (FGF2) (cat#10018B, PeproTech). The sex of cells is not reported as

cell isolation occurred in embryo.

2.3.1. Experimental treatments

Primary cultured cells were exposed to OnM, 250nM Mé&Hgb00uM metformirré’, or
250nM MeHg + 500uM metformin for 4 or 72 h. 250nM MeHg was achieved by a 1:250
dilution of 62.5uM MeHg that was freshly prepared from a stock solution of 4mM MeHg(I1)ClI
(cat#33553, Alfa Aesar) through serial dilution with the culture medium. 500uf¥bmen was
made by 1:400 dilution of a stock solution of 0.2M metformin (cat#PHR1084, Sipniah) in

the culture medium.
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2.3.2. Western blotting and densitometry

Mouse corticaprecursorsvere cultured as previously described. After culturing for 4 h
in the neurobasal medium, the cortical precursors were lysed in cold lysis buffer containing 1mM
sodium orthovanadate (Sigp#ddrich S650810G), 20 mM sodium fluoride (cat#AC201295000,
FisherScientific), LmM phenylmethylsulfonyl fluoride (PMSF) (cat#P 768, SigmaAldrich),
10 e€g/ mL aprotinin (Fisher Scientific, cat #PI
Fisher Scientific). Protein concentration was determirsdg the bicinchoninic acid assay
(cat#23225, Fisher Scientific) and BSA as a standard. Equal amounts of proi2i®(80g ) wer e
boiled in sample buffer, separated by 12% sodium dodecyl sugfayeacrylamide gel
electrophoresis (SDBAGE) gels, andtramsfr r ed t o 0. 2em polyvinylide
membrane 1 h at 100V. Membranes were blocked in 3% BSA {hufiered saline + 0.1%
Tween20 (TBST) for 1 h at room temperature and then incubated overnight at 4°C with
primary antibodies. After washing thiTBS T, membranes were incubated with secondary
antibodies in a blocking solution for 1 h at room temperature. Detection was performed using the
Electrochemiluminescence reagent (cat#P132209, Fisher Scientific) and autoradiography films
(cat#E3018, Denite Scientific). Membranes were subsequently stripped washed witAiTTBS
and reprobed as described above. Densitometry was performed using Image 2(Tgable

For western blots, the primary antibodies were rabbit@iP K Cg / 9 ( T410/ 40 3)
(cat#9378, Cell Signaling, 1:500), mouseanP KCg/ 9 (cat #610175, BD Phea
rabbit antip-CREB (S133) (cat#9198S, Cell Signaling, 1:500), mouseGREB (cat#9108,
Cell Signaling, 1:500). Secondary antibodies for western blots wereddRBgated goat anti

mouse, antrabbit (cat#7074, cat#7076, Cell Signalling, 1:3000) (Ta3g
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2.3.3. Reverse transcription quantitative reatime polymerase chain reaction (RT
gPCR)

Mouse corticaprecursorsvere cultured as previously described. RNA was extracted
from the cortical precursor cells using the PureLink RNA Mini Kit (cat#12183020, Thermo
Fisher).Complementary DNA (cDNA) was synthesized using QuantiTect Reverse Transcription
Kit (cat#205311, Qiagen). The RJPCR was performed with a SensiFAST SYBRROX Kit
(cat# BIG94005, Bioline) on an Mx3000P gPCR System (Agilent, Santa Clara, CA, USA). All
gPCRs were performed using the same protocol (95°C, 30 s; 95°C, 5 s for 1 cycle; 60°C, 15 s;
72°C, 10 s for 40 cycles). All gPCR samples were perfoiméethnical duplicates and then
averagedGlyceraldehyde3-phosphate dehydrogenase (GAPDH) was used as an endogenous
normalization control and the fold expression relative to GAPDH was determined by the
standard curve method. PCR primer sequences were seiertepublished sequencés 30
(Table2.2). Primers were validated by running gel electrophoresis and experimental conditions
wereoptimized. Datavere analyzed using AriaMX (Agilent, Santa Clara, CA, USA) (Table

2.1).
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Table 2.2. Primer sequences for RTgPCR.

T N

cfos ATCCTTGGAGCCAGTCAAGA ATGATGCCGGAAACAAGAAG
FosB GATCGCCGAGCTGCAAAAAG CCTTAGCGGATGTTGACCCTGG
Jund GGAGCTGGAGAGGCTGATCAT GGGTAGAGGAACTGCGTACTGG

GAPDH  AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
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2.3.4. Proximity ligation assay (PLA)

Mouse corticaprecursorsvere cultured as previously described. Cells were fixed in 4%
paraformaldehyde for 10 min after 4h in culture and were incubated in 1x PBS with 0.3% Triton
X-100 (PBST) for 1h at room temperature for permeabilization. Cells were blocked in Duolink
blocking solution for 1 h at 37°C. Primary antibodies were diluted in Duolink antibody diluent
and incubated in a humid chamber at 4 °C overnight. Slides were then washed with Duolink 1x
wash buffer A two times for 5 min. PLUS and MINUS PLA probes were dilutethlthe
Duolink antibody diluent and added to the coverslips which were incubated for 1 h at 37°C. The
coverslips were then washed with Duolink 1x wash buffer A two times for 5 min. The coverslips
were incubated in 5x Duolink Ligation buffer diluted 1InBwater with ligase added at a 1:40
dilution for 30 min at 37°C. Coverslips were then washed with Duolink 1x wash buffer A two
times for 5 min. Coverslips were incubated in 5x Duolink amplification buffer diluted 1:5 in
water with polymerase added at aQ.dlution for 100 min at 37°C. Coverslips were then
washed with Duolink 1x wash buffer B two times for 10 min and Duolink 0.01x wash buffer B
for 1 min at room temperature. Coverslips were mounted with Duolink In Situ Mounting
Me di um c o n-tiaeandinoi24phenykhddle EOAPI) staining and stored-20°C
(cat#DUO921041KT, SigmaAldrich). Digital image acquisition was performed using a Zeiss
Axioplan 2 fluorescent microscope with Zeiss Axiovision software containexjszcapability
(Carl Zeiss Micrscopy, Thornwood, NY, USA) (TabR1). Ten to fifteen image sections at a
maximum of 1um apart were captured in thexds for each section and then processed as an
optical stack for quantification. 25 cells per sample over at least four independent experiments
were analyzed. PLAdots (each dot represents one interaction) were quantified. Quantification

was conducted in Image J.
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ForthePLA, the primary antibodies were rabbit aptCREB (S133) (cat#9198S, Cell
Signaling 1:500) and mouse a@BP (cat#s¢/300, Santa Cruz Biotechnology, 1:200) (Table
2.3.

2.3.5. Immunocytochemistry

Mouse corticaprecursorsvere cultured as previously described. Cells were fixed in 4%
paraformaldehyde for 10 min after 72h in culture, they were then blocked with 10% normal goat
serum (NGS) (cat#16050122, Thermo Fisher Scientific), diluted in 1x PBS with 0.3% Triton X
100. Thecells were incubated within primary antibodies diluted in 10% NGS in PBS with 0.3%
Triton X-100 and then incubated in a humid chamber at 4 °C overnight. Following this,
secondary antibodies were diluted in PBST and incubatedH@t Toom temperature. After
rinsing with PBS, the coverslips were mounted in a Lab Vision PermaFluor Aqueous Mounting
Medium (cat#TAO030-FM, Thermo Fisher Scientific). The culture was washed three times for 5

min/time with 1x PBS between each step.

2.3.5.1. Antibodies
The primary antibodies used for immunocytochemistry were mousé dntuldulin
(cat#801201, BioLegend, 1:1000), rabbit dPaix6 (cat#901301, BioLegend, 1:1000), rabbit
antrSox2 (cat#AB5603MI, Millipore, 1:500), and mouse &7 (1:500, Abcam,
cat#ali5580). The secondary antibodies used were donkeyadnttit Alexa Fluor 555
(cat#A31572, Thermo Fisher Scientific, 1:500) and goatrantise Alexa Fluor 488
(cat#A32723, Thermo Fisher Scientific, 1:500). Nuclear counterstaining was performed with

Hoechs 33342 (cat#4082, Cell Signalling Technology, 1:1000) (Tat3e
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2.3.5.2. Image acquisition and quantification

For cultured cells, digital image acquisition was performed using a Zeiss Axioplan M.2
fluorescent microscope with Zeiss Axiovision software (Carl Zeiss Microscopy, Thornwood,
NY, USA). Six random images per experiment were taken for all conditions, eastv00
cells per condition were counted for each experiment. At least four independent experiments
from four pregnant mice were conducted for all conditions. Quantification was performed using
Image J.

2.3.6. Hg analysis

Mouse corticaprecursorsvere cultured as previously described. After 72h in culture the
medium and first PBS wash was collected and immediately stor2@°at for future Hg
analysis. For medium analysis I@vas added to each boat, and 20@as added for each
wash. A minimum of two replicates were analyzed for each medium sample and then averaged.
The theoretical amount of Hg was calculated and compared to the measured amount.

For the measurement of Hg levels, a direct thermal decomposition Hg analyzer (MA
3000, Nippon Instrument, Bryan, TX, USA) was used. Calibration was conducted using additive
B which was added alone to three ceramic boats and then added to each boahgdreabted
samples. The MA3000 used for Hg analysis has a detection limit of 0.01 to 0.02ng.

2.4.1n vivo work

2.4.1. Experimental treatments

To study whether metformin could reverse the effects of MeHg on embryonic cortical
development, we dosed pregnant-Cnice with Oppm MeHg (control), 0.2ppm MeHg, 4
mg/ml metformir?®, or 0.2ppm MeHg+4 mg/ml metformin via drinking water from EO to E15.

Control received drinking water only. At the end of the treatment, brains were collected from the
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E15 embryos for immunohistochemistry. For all immunohistochemical analysis4teen®ryos
in each condition came from two biological different pregnant mice. 0.2ppm MeHg drinking
water was prepared by diluting a stock solution of 21000ppm MeHg(11)CI38888, Alfa
Aesar) in distilled water. For the preparation of the metformin solution, metformin powder
(cat#D150959, SigmaAldrich) was dissolved in distilled water to make a final concentration of
4 mg/ml.

To study the longerm consequences of prenatal MeHg expobkdmsed pregnant
C57BL/6 mice with Oppm, or 0.2ppm MeHg via drinking water starting from the first day of
their pregnancy until birth. At P7 and R§erformed USV testing. Starting at Pé@erformed
all subsequent behavioural testing on the offspring.

2.4.1.Tissue preparation

The collected brain samples were fixed in 4% paraformaldehyde (PFA) in 0.1M PBS at
room temperature for 24 h. They were then immersed in 30% sucrose solution in 0.1M PBS and
stored at 4°C until use. Brain samples were embedded in optimal cutting tengecatypound
(OCT) (cat#95058 38, VWR) and frozen for cryosectionirt
20em (adult) brain sections were obtained usi
slides. Glass slides were allowed to air dry before stora@®'& for later use.

2.42. Immunohistochemistry

For the detection of Mcm2, Sox2, DCX, Tbrl, Cuxl, Ctip, and Satb2 brain sections
stored in the80 °C freezer were first washed with 1x PBS 3 times (5 min each). Section slides
were then incubated in 0.01 M citric acid (pH 6.0) at 90 C for 10 min foreantiggrieval.
Afterwards, brain sections were blocked/permeabilized for at least 1 h at room temperature in

10% NGS (cat#16050122, Thermo Fisher Scientific) or 3% BSA (cat#9998S, Cell Signalling
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Technology) in PBST. Subsequently, the brain sections were incubated with each primary
antibody overnight, followed by secondary antibody treatment at room temperature for 1 h. The
brain sections were washed with 1x PBS three times (5 min each) befdsationwf secondary
antibodies.

For the detection of Ki67 and Pax6, brain sections were blocked for 1 h at room
temperature using the mouse IgG blocking reagent from the mouse on mouse (M.O.M.)
immunodetection kit basic (cat#BMR202, Vector Laboratories). Brain sections were then
washedwith 1x PBS 2 times (2 min each) and further incubated with M.O.M. diluent prepared
according to the man-mih@maldaton with thesM.QM. diluemtcsbdes. Af t
were incubated with primary antibodies in the M.O.M. diluent overnigidaah temperature.
Subsequently, slides were washed with 1x PBS 2 times (2 min each) and incubated with the
M.O.M. biotinylated antimouse IgG reagent for 10 min. After 2 washes with 1x PBS (2 min
each), brain sections were incubated with secondary arggdgireptavidin Alexa Fluor 555
conjugate (cat#S32355, Invitrogen,) and donkey-m@atibit Alexa Fluor 647 (cat#A31573,
Invitrogen). Brain sections were mounted using PermaEluswlution (cat#TA030-FM,

Thermo Fisher Scientific).

2.42.1. Antibodies
The primary antibodies used for immunohistochemistihe embryonic cortewere
rabbit antiPax 6 (cat#901301, Biolegend, 1:2000), mousekibii (cat#550609, BD
Pharmingen, 1:200), rabbit aiicm?2 (cat#ab4461, Abcam, 1:500) mouse-&ux2
(cat#ab79351, Abcam, 1:400), and goat-&@iX (cat#se8066, Santa Cruz Biotechnology,
1:500).The primary antibodies used for immunohistochemistry in the adult cerebral cortex were

rabbit antiTbrl (cat#ab31940, Abcam, 1:500), mouse-8atib2 (cat#ab51502, Abcam5Q0),
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mouse antiCutll (Cux1) (cat#00001528101, Abnova, 1:500), rat ar@tip (cat#abl8465

Abcam, 1:500). The primary antibodies used for immunohistochemistry in the adult SVZ were
rabbit anttMcm2 (cat#ab4461, Abcam, 1:500), and mouse@BK (cat#se271390,Santa

Cruz biotechnology, 1:500). The primary antibodies used for immunohistochemistry in the adult
SGZ were rabbit anfiicm2 (cat#ab4461, Abcam, 1:500), and goat-Bx@X (cat#se3066,

Santa Cruz biotechnology, 1:500).

The secondary antibodies used wgoat antirat Alexa Fluor 647 (cat#A2124Thermo
Fisher Scientific, 1:500onkey antirabbit Alexa Fluor 555 (cat#A31572, Thermo Fisher
Scientific, 1:1000), goat anthouse Alexa Fluor 555 (cat#A21422, Thermo Fisher Scientific,
1:1000), donkey antiabbit Alexa Fluor 647 (cat#A31573, Thermo Fisher Scientific, 1:1000),
goat antimouse Alexa Fluor 647 (cat#A32728, Thermo Fisher Scientific, 1:1000) and donkey
antrgoat Alexa Fluor 647 (cat#A21447, Thermo Fisher Scientifit000). Hoechst 33342
(cat#4082, Cell Signalling Technology, 1:1000) was used for the nuclear stainingZBble

2.42.2. Image acquisition and quantification

Forembryonicbrain sections, digital images of brain sections were taken by a Zeiss
Imager M.1 fluorescent microscopy with Zeiss Axiovision software containssgszcapability.
Ten to fifteen image sections at a maximum of 1um apart were captured iraktie far eah
brain section and were processed as an optical stack for quantification. Quantification was
performed throughout the cortex, including VZ, subventricular zone/intermediate zone (SVZ/12),
and CP. At least three anatomically matched brain sections wanéifegd for each embryo
among different treatment groups. Quantification was conducted in Image JZT3ble

For adult brain sections, digital images of brain sections were taken by a Zeiss Imager

M.1 or M2. fluorescent microscopy with Zeiss Axiovision software contairiagiz capability.
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Ten to fifteen image sections at a maximum of 1um apart were captured irakie far each

brain section and were processed as an optical stack for quantification. Quantification was
performed throughout all six cerebral cortical layers, the SGZ, and BMZhe cerebral cortex

and SVZ, at least three anatomically matched brain sections were quantified for each mouse

among different treatment groups. For quantification, the SVZ was divided into three areas the
dorsal, ventral, and lateral SVZ. For theSIGampled 1 in every 40 sections throughout the
septotemporal axis of the hippocampal structu
referring to the rostrataudal coordinates). Since the section sampling fraction was 1/40, the

resulting raw count forazh region was multiplied by 40 to obtain an estimate of cell numbers

per SGZ. Quantification was conducted in Image J (T2kle
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Table 2.3. Primary antibodies used forimmunocytochemistry, immunohistochemistry,

western blotting, and PLA.

mouse anti-glll-tubulin

rabbit anti-Sox2

mouse anti-Ki67

rabbit anti-Pax6

mouse anti-Ki67

rabbit anti-Mcm2

mouse anti-Sox2

goat anti-DCX

rabbit anti-Tbr1

mouse anti-Satb2

rat anti-Ctip

mouse anit-Cutl1 (Cux1)

goat anti-rat Alexa Fluor 647
donkey anti-rabbit Alexa Fluor 555
goat anti-mouse Alexa Fluor 488
goat anti-mouse Alexa Fluor 555
donkey anti-rabbit Alexa Fluor 647
goat anti-mouse Alexa Fluor 647
donkey anti-goat Alexa Fluor 647
Hoechst 33342

rabbit anti-p-CREB (S133)
mouse anti-CBP

rabbit anti-paPKCZ/I (T410/403)
mouse anti-CREB

mouse anti-aPKCZ/
HRP-conjugated goat anti-mouse

HRP-conjugated goat anti-rabbit

Biolegend

Millipore

Abcam

Biolegend

BD Pharmingen

Abcam

Abcam

Santa Cruz biotechnology
Abcam

Abcam

Abcam

Abnova

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Cell Signaling

Cell Signaling

Santa Cruz Biotechnology
Cell Signaling

Cell Signaling

BD Pharmingen

Cell Signaling

Cell Signaling

cat#801201
cat#AB5603MI
cat#ab15580
cat#901301
cat#550609
cat#ab4461
cat#ab79351
cat#sc-8066
cat#ab31940
cat#ab51502
cat#ab18465
cat#00001523-M01
cat#A21247
cat#A31572
cat#A32723
cat#A21422
cat#A31573
cat#A32728
cat#A21447
cat#4082
cat#9198S
cat#sc-7300
cat#9378
cat#9104S
cat#610175
cat#7074
cat#7076
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2.4.2.Hg analysis

The right hemispheres of E15 brains (after removal of the cerebellum) were collected and
immediately stored aB0°C for future Hg analysis.

Hg in the feces, urine, and blood of mice undergoing behavioural testing were analyzed at
P22 and P42. Feces, urine, and blood were collected and immediately st@e€dor Hg
analysis. Following behavioural testing at 3 months old, the mice wergcgatrand the
kidneys, liver, and brain were collected and immediately frozen with liquid nitrogen and stored
at-80°C for Hg analysis. The brains were dissected, and the cerebellum, occipital lobe, cerebral
cortex, hypothalamus, hippocampus, pons/megdalhd olfactory bulb were isolated and
immediately frozen with liquid nitrogen and stored&°C for Hg analysis.

For the measurement of Hg levels, a direct thermal decomposition Hg analyzer (MA
3000, Nippon Instrument, Bryan, TX, USA) was used. Quality assurance/quality control methods
included blank samples and standard reference material DOLT5. TheORIRAused foHg

analysis has a detection limit of 0.01 to 0.02ng.

2.5. Behavioual testing

All tests were done at the University of Ottawa Behavior Core. For all tests (except fear
conditioning (FC)) mice were habituated for 30 min prior to testing. The behavioural tests were
performed in order from the least stressful assessment to the medtite streseelated
interference.

2.5.1.Ultrasonic vocalization (USV) test

Prior to the expected date of birth, female mice were checked once a day, the day of birth
was recorded as P0O. At P7 and P9 pups were isolated from their mother and littermates and

placed inside a soundproof container for 4 min. The microphone was setto distance from
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pups, illumination set at 100 lux, and gain set at 45. After 4 min the pups were sexed, weighed,

and returned to their home cage. USVs were analyzed using UltraVox XT ¢lApl€alls

were recorded and quantified based on call characterization shown below (adapted from Vogel et

al., 2019)°%. Max peak frequency and call duration were then measured for each recorded call.
Call characterization:
| used the following criteria to characterize and quantify each call:
1. Short: Call shorter than 5 ms.
2. Chevron: Cal |l -Udbes ewhh Icehd waans dGidrewmeritfeaded Db
i ncrease in pitch 012.5 kHz followed by a
3. Complex: Included one component containing two or more directional changes in

frequency, each O06.25 kHz

4 . FI at : Cal | O3 kHz in change from start

5. Upward: single harmonic that increases

6. Downward: single harmonic that decrease
end

7. Two-Component: Call has two parts: a main call (flat or downward) with an additional
shorter component at a different frequency towards the end

8. FrequencyBtep: Three or more instantaneous frequency harmonics appearing as a
vertically discontinuous fAstepd on a spect
9. Composite: Two independent components, emitted simultaneously at different

frequencies
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2.5.2.Marble burying test

Experimental mice were placed in a disposable cage (31cm x 19.5cm x 11cm) with
woodchip bedding (Sani Chips) to a depth of 6.5cm with illumination set at 100 lux for a 5 min
habituation period. After 5 min the mice are removed and returned to their hgem&06a
marbles were then evenly spaced on top of the woodchip bedding. After 5 min the mice are
returned to the disposable cage where they were left undisturbed for 30 min to interact with the
20 marbles. The number of marbles buried in 30 min was recbydieand. A marble was

scored as buried if twthirds of its surface area is covered by bedding.

2.5.3.Adult social interaction (ASI) test

Experimental mice were placed in an ofietd box with illumination limited to red
lights only to initially explore an empty wieesh enclosure for a period of 5 min. Interaction
with the enclosure was measured using Ethovision software as the dufdioe spent in close
proximity to the enclosure. Testing mice were removed, and an age, sex, anthatciad
novel mouse was placed inside the witesh enclosure 5 min later. Testing mice were then
placed back in the opdreld box for 5 min and intection time with the novel mouse was
measured. Ethovision tracking software was used to record the behaviours of mice during
testing.

2.5.4.Morris water maze (MWM) test

Experimental mice were trained on the hidden platform version of the water maze using a
circular pool (122 cm diameter, 83.5 cm depth, 22 °C) filled with 74.2 cm of water and made
opaque with nontoxic white paint. The escape platform (10 cm diameteruiasiged 0.5 cm

below the water surface. All testing was conducted under 120 lux lighting and an extra maze

vi sual cue with AXo0 printed in black ink (2.

9
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located on one wall. Acquisition was measured as latency to reach the platform and four possible
start locations were pseudandomly assigned to each trial. Each animal was given four 60 s
trials to find the platform with a 20 min inténial interval acoss 4 days. A probe trial was then
completed on day 11 after theddy training, leaving the mice to swim in the pool for 60 s when
the platform was removed. Immediately after this, the platform was moved to the opposite
location and animals were trainedthe same manner for 2 additional days. A probe trial was
then completed on day 14 after the&@y training, leaving the mice to swim in the pool for 60 s
when the platform was removed. Ethovision tracking software was used to record the behaviours
of mice during testing.

2.5.5.Nestlet shredding test

Experimental mice were added to an empty plastic cage and given 1.5h to interact with
one cotton nestlet in an empty cage with illumination set to 100 lux. Each nestlet was weighed
before the experiment, and the nestlet that was shredded was weigh#tedltéh interaction
time. The percentage of nestlet shredded was recorded for each animal.

2.5.6.Grooming test

Experimental mice were added to an empty plastic cage. After a 10 min habituation
period, themice were then recorded for the subsequent 10 min. The video was then analyzed for
the total time spent grooming and the total number of grooming events.

2.5.7.Fear conditioning (FC) test

Experimental mice on day 1 (training) were exposed to a tone 3 times which was
i mmedi ately followed by a shock (0.4 mA, 2
prior to the initial tone/shock was measured to determine baseline freezing. On day 2

(contextual) experimental mice were exposed to the same environment without shock and tone.

S
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The percentage of time spent freezing within the first three minutes in the conditioning context
was measured. On day 3 (cued), the environment was altered to a triangle shape. White noise,
red lighting, and vanilla scent was added. The percentage o$piems freezing after the first
tone was measured. Ethovision tracking software was used to record the behaviours of mice
during testing.

2.5.8.Novel object recognition (NOR) test

Experimental mice were placed at the center of an-Gipkhbox (35¢cm x35 cm x 27cm)
with illumination set at 100 lux for 5 min habituation on day 1. Mice were then removed for 5
min, and 2 identical objects were placed inside the -dieéhbox. Mice wee reintroduced to the
box to explore the two identical objects. Interaction with the objects was measured using
Ethovision software as time in close proximity to either object. On day 2, mice were re
habituated with the empty opéield box for a period 05 min. A familiar object and a novel
object were placed inside the box and mice were then reintroduced to the box to explore the
objects. The preference index is calculated by dividing the time spent with the novel object
divided by the total time spentitiv both the novel and familiar object multiplied by 100. Values
above 50% indicate increased exploration of the novel object. Data from the day 1 habituation
period was used to calculate velocity and distance travelled using Ethovision software (Table
2.1).
2.6. Quantification and statistical analysis

Statistical analyses were performed with a-taited student's-test, onewvay, or twe
way ANOVA with Tukey's multiple comparisons as post hoc analysis. Error bars indicate the
standard error of the mean (SEMjv8lues presented as *p<0.05, **p<0.01, p0.001, and

****p<0.0001.
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A priori, the study sample size for all immunohistochemical analyses was calculated by a
statistical power analysis primarily to compare the difference between the two study groups. In
the absence of available pilot data, a pragmatic decision was taketn&vfollowing
assumptions: a difference of 30% between the control and MeHg treatment group, a 10%
standard deviation from the mean, and a significance level of 5%, and a minimum statistical
power of 80%. The calculated effective sample size of 3 @tgreer condition was targeted.

For all behavioural testingut i | i zed the Meadbés resource equat
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Chapter 3: Asymmetric division isa potential essential cellular mechanism

underlying MeHg-induced premature neuronal differentiation
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Using a culture model that mimias vivo cortical development in the disP>3°3 Our lab
found that MeHg treatments at saficromolar (250nM) levels induced premature neuronal
differentiation of cultured embryonic cortigatecursorswithout causing cell deat3®. Post
doctoral fellow Dr. Joseph Leung aimed to determine ifttnse MeHg could cause a similar
impact on embryonic cortex developmént/ivo. To test this, he administered Oppm and 0.2ppm
MeHg via drinking water to pregnant mice from EO until E15. E15 brain samples were collected
from the embryos for immunohistochemical analysis (Appendix Figure 1A). Dr. Leung found
that 0.2ppm MeHg significadly reduced the number and proportion of proliferating KiBax6
cortical precursorsalso known as RGPs, ing VZ (Appendix Figure 1) and increased the
number of doublecorthpositive (DCX) neuroblasts in the VZ (Appendix Figure-HE He also
found that 0.2ppm MeHg did not increase apoptotic cell death in the E15 cortex (Appendix
Figure 1GH). Consistent with ouin vitro work 125, prenatal exposure of 0.2ppm MeHg
promotes premature differentiation of cortical precursors in the VZ to generate newborn neurons
at the expense of their proliferationvivo, without altering cell death.

SCRNArseq is a tool that allows researchers to stratify cell populations, examine changes
in gene expression, and determine cell trajectories within a heterogeneous cell poffilation
Based on our consisteintvitro andin vivoresults | collaborated with Dr. Joseph Leung to
perform scRNAseq with the goal being to determine the underlying mechanism that triggers
premature neuronal differentiation.

3.1. Annotating cell populations in E13.5 cortices

To understand the underlying cellular mechanisms that contribute to viekged

neuronal differentiation during embryonic doal development, we performed multiplexed

scRNArseq??3 using cortexissuecollected from E13.5 embryos thatchzeen exposed to Oppm
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or 0.2ppm MeHg fronthedateof conception(Figure3.1). In total, we collected 3 embryonic
cortices from each group receiving Oppm or 0.2ppm MeHg treatment. The dissociated cortical
cells were randomized to be barcoded into four groups before being combined for the-MULTI
seq (Figures.1, Figure3.2A-F). Following demultiplexingl transcriptionally profiled a total of
4,947 mouse cortical cells from the control group (Oppm MeHg) and 5460 cells from the MeHg

group (0.2ppm) (Figure 3.1).
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Oppm/0.2ppm Multiplexing
Mel—|g‘|’_reatms nt Cortical Cells Tagged Pooled D N Dmr:‘;t:ﬁm )
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E13.5

Figure 3.1 ScRNAseq methods.

Schematic of prenatal exposure of MeHg to pregnant mice. Oppm (control) and 0.2ppm MeHg
were administered through drinking water to pregnant mice starting at EO unti| &185ch

point the dorsal cortical cells were collected for multiplexing. Two technical replicates from both
Oppm and 0.2ppm MeHg treated groups were tagged and pooled for multiplexingdRiNA
Following demultiplexing, downstream analysis and trajedtaigrence were performed.

Created with BioRender.com.
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Figure 3.2. Demultiplexing scRNAseq dataset from E13.5 cortex.

(A-D) T-distributed stochastic neighbor embeddinr§E) visualizations, coloured by
treatment condition, contrd! (Oppm barcodd) (A), 0.2ppm MeHg barcode (B), controf2
(Oppm barcod®) (C), 0.2ppm MeHg barcoe® (D). (E)t-SNEvisualizations, coloured by
singlet, doublet, or negative barcode. (F) Visualization of cells after PCA and UMAP
visualization, coloured by cell cycle phase.
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After initial processing, cells were clustered based on their expression profile, and
annotation of cell types was based on established cell markers available from the published
scRNA-seq dataset for embryonic cortex at E3B142%62%7(Figure3.3A-C, Table3.1:3.2). A
total of 10 clusters were identified: RGP1, RGP2, intermediate progenitors, immature neurons,
mature neurons, interneurons, endothelial cells, layer 1 cortical neurons, pericytes, and a cluster

of transitional cells (Figur8.3A-D).
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Figure 3.3. Annotating cell populations in E13.5 cortices.

(A) Visualizationof cells from Oppm and 0.2ppm MeHg groups after PCA and UMAP, coloured
by Seurat clustering and annotated by cell type. (B) UMAP visualization of 0.2ppm MeHg (red)
and Oppm (blue) treatment groups. (C) Visualization of the total cell population after PCA and
UMAP, coloured by expression of key marker gemdki§7, Pax6, Neurodl, Bclllb, Reln,

Gad2, CInd5, Rg95(D) The proportion of cells in each cluster for Oppm and 0.2ppm MEHg.
Heatmaps of top five differentially upregulated geredative to all other clusters at E13.5 cortex
over ten cell clusters.
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Table 3.1. Annotations, abundance, and marker genes of each cell cluster used for UMAP

visualizations of the total cell population.

© 0 N O O W N =

-
o

RGP1

RGP2

Intermediate Progenitors
Immature Neurons
Mature Neurons

Layer 1 Neurons
Interneurons

Endothelial Cells
Pericytes

16.33
18.71
11.84
26.78
12.93
0.38
262
0.8
0.1

15.64
19.15
11.19
23.86
12.34
0.58
3.55
0.69
0.32

Top2a, Ube2c, Cenpf, Fabp7, Mki67

Sox2, Pax6, Hes1, Hes5, Pcna, Mcm3/6, Fabp7
Eomes, Sstr2, Gadd45g, Mfap4

Neurod1, Sox11, Neurod8, Dcx

Bcl11b, Sox5, Stmn2

Reln, Trp73, Lhx1, and Lhx5

Gad1, Gad2, Sst, DIx1, DIx2

Igfbp7, Cldn5, Col4a1, Col4a2 Pecam1, Vwa1l
Igfbp7, Rgs5, PdgfrB
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Table 3.2. Annotations, abundance, and marker genes of each cell cluster used for UMAP

visualizations of the transitional cell population.

Cluster # | Cell type % Abundance control | % Abundance MeHg

1
2
3
4

RGP1

Immature/Mature Neurons
Layer 1 Neurons

Pericytes/Endothelial Cells

52.99
44.01

1.70
1.28

53.18
43.76

0.86
217

Dbi, Fabp7, Vim, Cenpf, Ube2c
Tubb3, Sox11, Neurod6, Stmn2
Reln

Igfbp7, Rgs5, Cold4a1, Col4a2
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A population of cells that was particularly interesting was the transitional cells. This
population does not highly express any known marker genes used to annotate specific cell types
but universally expresses feature genes shown in RGP1, RGP2, and ienneaitons at
minimal levels (Figur8.3E) and was named to reflect this. Interestingbhserved that MeHg
treatment increased the proportion of transitional cells (Fig3®). Subclustering showed that
the transitional cells were comprised of 4 syhbgations of cells: RGP1, immature/mature
neurons, layer 1 cortical neurons, and pericytes (Figdw-C). The composition of these cells
suggests that the transitional cell population represents the asymmetrical division of RGP1 cells
to directly generate cortical neurons. MeHg treatment increased the total population of
transitional cells but did natliter the cell distribution within the 4 subpopulations of cell clusters

(Figure3.4D).
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Figure 3.4. Annotating cell populations within thetransitional cell cluster.

(A) Visualization of subclusters of the transitional cell population after PCA and UMAP,
coloured by Seurat clustering and annotated by cell type. (B) UMAP visualization of 0.2ppm
MeHg (red) and Oppm (blue) treatment groups in transitional cell populatiolustdrs. (C)

Heatmap of top ten differentially upregulated genes over four clusters within the transitional cell

population. (D)Proportion of cells in each subcluster within the transitional cell population for
both Oppm and 0.2ppm MeHg.
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Ordering of cells by pseudotime in an unbiased manner using Mon&€Jeénfirmed
the predicted developmental trajectory in the total cell population (FiusasB) and
transitional cell cluster (Figurés5C-D). In the total cell population, there is a clear
developmental trajectory whereby RGPs transition into intermediate progenitors/transitional cells
and then mature into immature and mature neurons (Fi§AsB). Similarly, in the

transitional cell population, RGP1s mature into immature/mature neurons (FR3guCed).
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Figure 3.5. Pseudotime analysisM onocle).
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(A) The total cell populatiofexcluding interneurons, endothelial cells, and pericyd€&13.5
cortices ordered along pseudotime trajectory and colored by pseudotime. (B) Total cell
population ordered along pseudotime trajectory and color&eimat cluster(C) Transitional

cell population(excluding pericytesyrdered along pseudotime trajectory and coloured by
pseudotime. (D) Transitional cell population ordered along pesudotime trajectory and coloured
by Seurat cluster. Each point represents a cell. Pséodorepresents an ordering of cells based
on the inferred trajectory, predictirige lineage trajectory.
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3.2.Prenatal exposure to MeHg accelerates neuronal differentiation via direct asymmetric
division

To further examine whether asymmetric division playdominant role to directly
produce neurons within the transitional cell populatiarassified three cell types, IP, RG, and
N, using canonical markers (Taldel-3.2). | showed that within the transitional population,
roughly 30% of cells c@xpress marker genes for both R€Bd N (RG'/N*). This is the largest
population of ceexpressing cells, whickuggestshat the majority of differentiation that takes
place in the transitional population is asymmaedindgsion from RGPs to cortical neuro(isigure
3.6A-D). | then removed the transitional cell population from the total cell population and found
that only 1.5% of cells are R(*, whichsuggestshat asymmetric divisio is specific to the

transitional population (Figur&6E-H).
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Figure 3.6. Asymmetric division of RGP to neurons is dominant in the transitional

population.

(A-C, EG) Visualization of cells after PCA and UMAP visualisation colored bgxjaression

of groups of canonical cetype markers. Yellow indicates -@xpression. (AC) Transitional cell
population. (D) Percentage of cells in the transitional cell @displaying ceexpression of

major celtitype markers. (E5) Total cell population with transitional population removed. (H)
Percentage of cells in the total cell population with transitional population removed displaying
co-expression of major cetype markers.
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3.3.Prenatal exposure to MeHg results in cell trajectory alterations

| then conducted trajectory inference using RNA velocity from sc%€lo study the full
transcriptional dynamics of splicing kinetics. To do this, scVelo utilizes the relative abundance
of nascent (unspliced) and mature (spliced) mRNA in each cell as an indicator of the future state
of the cell. This method allowed us tosdebe the direction and speed with which cells
transition between clusters. Interestingly, RNA velocity revealed an altered cell lineage
trajectory caused by MeHg exposure (FigBr@A-F). In control (Oppm MeHg) cortical cells, the
RGP1 population shows¥% positive velocity directed toward RGP2, following symmetrical
division, and then differentiating into intermediate progenitors, immature, and mature neurons
(Figure3.7A-B, D-F). In contrast, RGP1 cells in Mek&xposed cortices showed approximately
50% positive velocity directed toward RGP2 that further differentiate into intermediate
progenitors, and 50% negative velocity directed towards the transitional cells,direictty
give rise to the population of immature neurons (Fiduird, C-F). These esults provide
evidence to support that prenatal MeHg exposuaigenhance the asymmetric division of RGP1
to generate neurons directly through the transitional cell Stimgyeever,to validate these
findings more thoroughly more work is required, including the exploration of alternative

techniques.
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Figure 3.7. Prenatal exposure to MeHg results in cell trajectory alterations.

(A) Velocity vectors for total cell populations in Oppm (control) and 0.2ppm MeHg, visualized
and calculated from RN#&elocity using the stochastic model, projected onto UMAP
visualizations. (BC) Enhanced image of velocity vectors in the RGP1 and RGP2 population for
both (B) Oppm and (C) 0.2ppm MeHg. (D) Quantitative analysis of velocity vectors in RGP1
directed towardthe RGP2 population between 45° and 180°. (E) Quantitative analysis of
velocity vectors in RGP1 directed towards the transitional cell population between 270° and
360°. (F) Parameters used to differentiate vector direction.
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| further utilized RNA velocity to order cells along a trajectory that corresponds to their
underlying biological process. Pseudotime analysis of the total cell population revealed that
clusters including RGP1, RGP2, and the transitional cells in Metpg®d cortical cells were in
a much later developmental stage than those in control cortical cells (Bi§Ajesuggesting
that prenatal MeHg exposure may accelerate the differentiation procesd. iéed,phase
portraits generated through scVelo to aze RNA velocity for specific key cortical
development marker gend®axg a marker for cortical precursofs;| -tuldulin (Tubb3, a
marker for newborn neurons; ambrl, a marker for deep layer cortical neurons. A gene with
positive RNA velocity is predicted to be upregulated. In opposition, a negative velocity indicates
that the gene is predicted to be dexegulated®. In the total cell population,observed that
Pax6is downregulated in MeHgxposed RGP1, RGP2, and intermediate progenitors compared
to the controlTubb3showed a strong trend towards upregulation in the Mektmpsed RGP2
population. A more obvious downregulated stateTiabb3was observed in the MeHexposed
transitional cells, immature neurons, and mature neurons relative to the control. Interestingly,
corresponding to downregulat&édbb3gene,| found that th&brl gene showed a more
upregulated sta in MeHgexposed transitional cells, immature neurons, and mature neurons
relative to the control (Figur&8B-C). These specific alterations in the key marker genes support
our pseudotime analysis results, indicating that MeHg accelerates the neuronal differentiation
process.

| then performed RNA velocity and pseudotime analysis on the@spblated transitional
cells as described aboveshowed that MeHg also advanced the differentiation process of
transitional cells from RGPs towards immature neurons (F@8@-E). Similar to the total cell

population,] confirmed this by visualizing RNA velocity for specific key cortical development



94

marker geneRaxg Tubb3 and Tbrlin the transitional cell?ax6trended towards
downregulation in both RGP1 and immature neuron subpopulations inJebgbtged

transitional cells relative to that in the control group. In contrasi ti®3gene trended towards
upregulation in MeHgxposed transitional cells. Interestingly, Ti@1 gene was not expressed
in the control, whereas tHeérl gene was present in the Meldgposed transitional cells (Figure
3.8FG). This result provides further evidence tharatal MeHg exposure results in premature

neuronal differentiation of RGP1 through an increased transitional cell population.
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Figure 3.8. Pseudotime analysis (scvelo).

(A) Pseudotime analysis for Oppm and 0.2ppm MeHgCjB’hase portraits of marker genes
(Paxg Tubb3,andTbrl) in (B) Oppm and (C) 0.2ppm MeHg, calculated from RNA velocity. (D)
Velocity vectors for transitional cell populations in both Oppm and 0.2ppm MeHg treatment
groups were visualized and calculated from RNA velocity using the stochastic model and
projectedonto UMAP visualizations. (E) Pseudotime analysis for the Oppm and 0.2ppm MeHg
treatments within the transitional cell population.GfPhase paraits of marker gene$éxg
Tubb3 andTbrl) in the transitional cell population for (F) Oppm and (G) 0.2ppm MeHg
treatments, calculated from RNA velocity.
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3.4.Prenatal exposure to MeHg increases the expression of downstream CREB target
genes

| next aimed to determine a potential molecular mechanism underlying fieldged
neuronal differentiation. Inpbed fordifferentially expressed genasalysis usingeuratand
found that botRilundandFoswere significantly upregulated in the Metégposed cortical cells
(Figure3.9A) only in the RGP1 cluster, but not in other cell clusters (FigLaB). Interestingly,
bothJundandFosare direct downstream gene targets of the transcription factor CREB which is
known to play an important role in neurogsis, synaptogenesis, and cell survif&l®* Since
MeHg caused robust cell trajectory alterations in the RGP1 population towards the transitional
cell cluster, within which asymmetric neuronal differentiation was undertaken to produce
neurons, this argues that CREB may be a key regulator to mbtibtg-induced asymmetric

division to directly generateorticalneurons.
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Figure 3.9. Prenatal exposure to MeHg increases the expression of downstream CREB

target genes in RGPs.

(A) Violin plot from scRNAseq showind~os (upper panels) andlind(lower panels)

expressions in RGP1 and RGP2 cell populations in control (Oppm) and 0.2ppm MeHg treatment
groups, n>800 cells for each group, Mawhitney U test, **** P<0.0001, ns (nesignificant).

(B-C) Dot plot of CREB target gendundandFos) expression from scRNAeq data in

pericytes, endothelial cells, interneurons, layer 1 neurons, mature neurons, immature neurons,
transitional cells, intermediate progenitors, RGP2, and RGP1 cell populations for (B) control
(Oppm) and (C) 0.2ppm MeHg.
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Chapter 4: CREB activity/CREB-CBP interaction is an essential molecular

mechanism to drive lowdose MeHginduced premature neuronal

differentiation
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As mentioned previously, CREB is a key transcription factor that plays an important role in
neurogenesis, synaptogenesis, and cell surtA¥at* Interestingly, human neuroblastoma cells
treated with MeHg at nanomolar concentrations showed a significant increase inQISEB3
an activated form of CREB, which protected the cells against apofftosi®nsistent with these
findings, we dosed cultured embryonic cortigadecursorsvith similar nanomolar concentrations
of MeHg and found that it promoted neuronal differentiation of the cortical precursors without
causing cell deatks. Furthermore, as highlighted in Chapter 3, downstream CREB tadigeds
andFoswere upregulated in the RGP1 population following MeHg treatment. In combination,
these findings suggest that MeHg might activate CREB in cortical precursors to promote
neuronal differentiation.

Metformin is a timeproven FDAapproved drug for the treatment of patients WigtD 27°.

Our earlier work showed that metformin was able to promote the differentiation of cortical
precursors through the phosphorylation CBP -activator of CREB, at serine 43%. Other work
has also shown that pSEEREB and pS43€BP are repulsive of each other and cannegxast
in the brain and the livé#®2°1 Therefore| hypothesize that metformin treatment could reverse
the premature neuronal differentiation caused by-dose MeHg by initiating proteiprotein
repulsion between CREB and CBP.

To study this] will utilize a culture model that mimida vivo cortical development in
the dish®°2:303 Dorsal cortical precursors that are isolated from-EALD-1 mice can mimic the
three waves of genesis that occur in the cerebral cortex when left in culture. After 3 days in
culture, these precursors mature in neurons, after 6 days in culture astraogtafter 9 days in
culture, they form oligodendrocytes. This effectively mimics neurogenesis, astrogenesis, and

oligodendrogenesjsvhich occurdn vivo (Figure 4.1)
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4.1.Low-dose MeHg increases pS133REB and downstream gene targets in cultured
cortical precursors

To ask whether CREB is a key regulator to mediate Migidgced premature neuronal
differentiation, | first examined whether MeHg can increase CREB activity in embryonic cortical
precursors. To do that, | performed a culture experiment using cortical gwecigolated from
E11-12 embryos and cultured these cortical precursors in the absence and presence of 250nM
MeHg for 4 h (Figuret.2A). Western blotting analysis showed that pSCREB, an activated
form of CREB, was significantly upregulated in the maitprecursors exposed to 250nM
MeHg, a lowdose concentration used in our previous work to promote neuronal differentiation
of E12 cortical precursofg® (Figure4.2B-D). Interestingly) also observed that MeHg
significantly reduced pT410/468PKC, an activated form of aPKC (Figur2E-G). Finally,
MeHg altered CREB and aPKC phosphorylation/activation without altering their total protein

expressions (Figur¢2D, G).
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Figure 4.2. MeHg increases pS138REB in cultured cortical precursors.

(A) Schematic of corticgbrecursorssolated from E1412 CD1 mice, created with
BioRender.com. Cells were exposed to OnM (control) or 250nM MeHg for 4 h, at which point
they were lysed for western blot.-®) Western blot analysis of E12 cortical precursors cultured
for 4 h in the absence presence of 250nM MeHg. (B, E) Blots were probed for pSIREB,
pT410/403aPKC, total CREB, total aPKC and GAPDH as a loading contreD) Quantitative
analysis of (C) pS138REB and (D) total CREB over GAPDH. n=idependent experiments,
student t#test, *p<0.05, ns (nesignificant) (FG) Quantitative analysis of (F) pT410/4aBKC

and (G) aPKC over GAPDH, n=4 independent experiments, stutlestt tp<0.05, ns (nen
significant). Error bars indicate the SEM.
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To confirm the activation of downstream CREB targétsy andFos) previously
identified via thesdRNA-seq analysis conducted in Chapter 3, | performeajRTR on the
cortical precursorsn the absence and presence of 250nM MeHg feB@finutes (Figure
4.3A). 250nM MeHg significantly increased the expressibRosB(Figure 4.38) relative to the
control. Despite not being significant, there was a positive trengpf@gulating Jud andcFos

expression following MeHg treatment (Figure @-B).
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Figure 4.3. MeHg increases downstream pS133REB gene targets in cultured cortical
precursors.

(A) Schematic of corticgbrecursorssolated from E1412 CD1 mice, created with
BioRender.com. Cells were exposed to OnM (control) or 250nM MeHg #302€in, at which
point they were lysed. Quantitative analysis of B (C) Jund and (D)cFosexpression,
over GAPDH, relative to control. n=5 independent experiments, stutiestt tp<0.05, ns (nen
significant). Error bars indicate the SEM.
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4.2.Metformin alleviates increased CBRPCREB pS133 interaction caused by lovdose
MeHg

As previously highlighted, 45133 CREB is known to increase the profeiatein
interaction between CBP and CREB, while pSE3P is also known to increase protgirotein
interaction between two proteins as a compensatory mechanism when@SEB3s redued
289 Furthermore, both pS133REB and pS43&€BP cannot ca@xist?8829 possibly due to the
negative charge on phosphorylation grodpstest if cetreatment of metformin and MeHg can
reverse the premature differentiation caused by MeHg, by initiating repulsion between pS133
CREB and pS43€BP, | used a PLA assay to assess intranuclear interactions between CBP and
pS133CREB at the singleell level (Figure4.4A). Theresults showed that the interactions
between CBP and pS1E3REB were significantly enhanced by 250nM MeHg treatment alone,
while cotreatment with metformin hinated the increased interactions (Figd#B-C). Thus,
metformin, an FDAapproved drug, has the potential to reverse Metdgced neuronal
differentiation through repulsive interaction between CREB and CBP in cultured cortical

precursors.
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Figure 4.4. Metformin alleviates increased CBPCREB pS133 interaction caused by low

dose MeHg.

(A) Schematic of corticgbrecursorssolated from E1412 CD1 mice, created with
BioRender.com. Cells were exposed to OnM (control) or 250nM MeHg with no metformin or
metformin (500uM) for 4 h, at which point they were lysed for PLA analysis. (B) Images of
PLA* interactions (lower panels, red) between pSCEEB and CBP, counterstained with
Hoechst (blue) in cultured cortical precursors of four treatment groups i) control (Oppm MeHg
and OuM metformin), ii) 250nM MeHg, iii) 500uM metformin, and iv)-tteatment 6500uM
metformin + 250nM MeHg, scale bar: 5um. Images of negative control PLA (upper panels) in
the absence of anpS133CREB and antCBP (upper left) or absence of PLA probes (upper
right). (C) Quantitative analysis of pSt33REB and CBP interactiogsignals (red) within nuclei
(blue). n=100 cells/group, n=4 independent experiments;WayoANOVA (group x metformin
interaction F(1, 396) = 11.34, P = 0.0008, group F(1, 396) = 1.463, P = 0.2272, metformin F(1,
396) = 25.01, p<0.0001 , n = 400) with phet test, *p<0.05, **p<0.01. Error bars indicate the
SEM.
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4.3.Metformin eliminates premature neuronal differentiation caused by lowdose MeHgin
vitro

To test whether metformin can eliminate Meldduced neuronal differentiatioh,
utilized aE11-E12 cortical precursor culture for 3 days in the absence and presence of 250nM
MeHg %5, and with or without 500uM metformit¥© (Figure4.5A). Treatment with 250nM
MeHg alone increased cortical precursor differentiation, manifested by an increased percentage
of newbor n -tubdint)rarmdm seduted propbrtion of cortical precursors (Paré
Sox2) in culture (Figuret.5B-F). Additionally, MeHg treatment reduced the proliferation of
cortical precursors (Ki67 (Figure4.5G). Similarly, treatment with 500uM metformin alone
increased the per cen ttabglie)popllationewdbeducedthea e ur ons (
percentage ofartical precursors population (Figu#éB-F), marked by Pax6 and Sox2, as
previously reported®’. Interestingly, the ctreatment with both 250nM MeHg and 500uM
metformin reversed the increased percentage of newborn neurons, as well as the reduced cortical

precursor population and proliferation caused by MeHg alone (HighBeG).
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Figure 4.5. Metformin eliminates premature neuronal differentiation caused by lowdose
MeHg in vitro.

(A) Schematic of corticgbrecursorssolated from E1412 CD1 mice, created with
BioRender.com. Cells were exposed to four conditions: i) control (Oppm MeHg+0uM
metformin), ii) 250nM MeHg, iii) 500uM metformin, iv) ereatment of 250nM MeHg +
500uM metformin for 3 days, followed by immundoghemical analysis. (B, E) Images of
cortical precursorsfter 3 days in culture treated with four conditions mentioned in (A),

i mmunostained f otubuliP@®xy&en), K67 (Er geedn), SoxD(E, Irebdl an
counterstained for Hoechst (blue) . -tusanal e bar:
cells, n=6 independent experiments, Tway ANOVA (group x metformin interaction F(1, 20)

= 15.28, P =0.0009, group F(1, 20) = 0.3370, P = 0.5680, metformin F(1, 20) = 0.09295, P =
0.7636, n = 24). (D) Quantitative analysis of Paxélls, n=6 independent experiments, Two

way ANOVA (group x metformin interaction F(1, 20) = 13.99, P = 0.0013, group F(1, 20) =
6.652, P = 0.0179, metformin F(1, 20) = 0.04803,08287, n = 24). (F) Quantitative analysis

of SoxZ cells, n=3 independent experiments, FTway ANOVA (group x metformin interaction

F(1, 8) =10.05, P = 0.0132, group F(1, 8) = 7.171, P = 0.0280, metformin F(1, 8) = 0.0002320, P
=0.9882, n = 12). (G) Quantitative analysis of Ki6élls. n=3 independent experiments, Fwo

way ANOVA (group x metformin interaction F(1, 8) = 12.89, P = 0.0071, group F(1, 8) = 3.335,

P = 0.1053, metformin F(1, 8) = 0.2942, P =0 .6023, n = 12) with post hoc test, **p<0.01,
*p<0.05, ns (norsignificant). Error bars indicate the SEM.
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4.4. Metformin eliminates premature neuronal differentiation caused by MeHg exposuria
vivo

Postdoctoral fellow Dr. Joseph Leung previously showed that prenatal exposure to low
dose MeHg significantly increased the number of D@&uroblasts, specifically in the VZ, at
the expense of proliferating Pax@ortical precursors (Appendix Figure IA. This wadurther
confirmedby thescRNA-seq datasetvhich showed that MeHgauseda trajectory changé
favorasymmetric divisiorof the RGP 1population, as opposed sgmmetric division othe
RGP1populationto produceRGP2 (Figure3.7A-F).

Here,l performedn vivo experiments to test whether metformin (4mg/mbtieatment
with 0.2ppm MeHg via drinking water from EO to E15 can eliminate Matdgced premature
neuronal differentiatiom vivo (Figure 4.6A). Herel examined the number of PaX&i67* and
Sox2/Mcm2* proliferating cortical precursorsfound that cetreatment of MeHg with
metformin restored MeHgeduced proliferating cortical precursors, marked by F&®7* and
Sox2/Mcm2* populations (Figure 4.681). Prenatal MeHg did not change the total number of
Pax@ (Figure 4.6BE) or total Sox2 (Figure 4.6FH) RGPs This is consistent witthe SCRNA-
seq datsetwhich shovedthat MeHg causettajectory changéo favor asymmetric divisionf
theRGP1population Furthermore, cdreatmem with metformin and MeHg erased MeHg
increased DCXimmature neurons within the VZ (Figure 4.8l Thus, metformin treatment

was able to eliminate the premature neuronal differentiation caused by MeHg exposure.
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Figure 4.6. Metformin eliminates premature neuronal differentiation caused by MeHg
exposurein vivo.

(A) Schematic of prenatal exposure of MeHg to pregnant mice, created with BioRender.com.
Pregnant mice were exposed to four conditions: i) control (Oppm MeHg +0mg metformin, ii)
0.2ppm MeHg, iii) 4mg/ml metformin, iv) 0.2ppm MeHg + 4mg/ml metformin. Treginwvas
administered through drinking water to pregnant mice starting at EO until E15. At E15 brains
were collected for immunohistochemistry. (B, F, I) Images of E15 cerebral cortex sections from
embryos receiving four condition treatments mentioned ini(Rthunostained for Pax6 (B,

green), Ki67 (B, red) or Sox2 (F, green), Mcm2 (F, red), or DCX (I, green) and counterstained
for Hoechst (blue). Scale bar: 20pum-QJ Quantitative analysis of the number and proportion

of Pax68/Ki67* proliferating cortical precursors in the VZ. C: Tway ANOVA (group x
metformin interaction F(1, 12) = 4.060, P = 0.0669, group F(1, 12) = 5.253, P = 0.0408,
metformin F(1, 12) = 6.156, P = 0.0289, n = 16). D: Twmay ANOVA (group x metformin
interactionF(1, 12) = 6.461, P = 0259, group F(1, 12) = 2.961, P = 0.1109, metformin F(1, 12)
= 20.79, P =0.0007, n = 16) with post hoc test, *p<0.05, nsgigficant).(E) Quantitative
analysis of the number of Sox&ortical precursors within VZ/SVZ/1Z, n=8 embryos/group.

(G) Quantitative analysis of the number of Sukicm2" proliferatingRGPswithin VZ and

SVZ/1Z, Two-way ANOVA (group x metformin interaction F(1, 14) = 3.167, P = 0.0969, group
F(1, 14) = 4.683, P = 0.0482, metformin F(1, 14) =1.379, P = 0.2599, n = 18) withopdsst,
*p<0.05, ns (norsignificant).(H) Quantitative analysis of the number of Past@rtical

precursors within VZ, n=4 embryos/groyp) Quantitative analysis of the number of DQGXlIs

in the VZ, Tweway ANOVA (group x metformin interaction F(1, 14) = 4.817, P = 0.0455,
group F(1, 14) = 4.858, P = 0.0448, metformin F(1, 14) = 0.1290, P = 0.7248, n = 18) with post
hoc test, * p<0.05, ns (nesignificant). These quantifications {&€ G-H, J) were determined

from cortical sections similar to thoskeasvn in (B, F, 1). n=45 embryos per group. Error bars
indicate the SEM.
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4.5. Metformin eliminates the increased cortical thickness caused by MeHxposure

Previously, DrJoseph Leung demonstrated that prenatal treatment with 0.2ppm MeHg
caused increased CP thickness (Appendix Figurd alined to determine if etreatment with
both metformin and 0.2ppm MeHg could also reverse this phenonermo. | measured the
cortical thicknes®f the VZ, SVZ/I1Z, and CP in all four groups (Figure 4.7A). Interestinigly,
observed that MeHg alone group showed a significant increase in the thickness of the CP relative
to the control group. At the same time;toeatment with metformin and MeHg exhibited a

similar thickness of CP as the control group (Figure 4CjB
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Figure 4.7. Metformin eliminates the increased cortical thickness caused by MeHg
exposure.

(A) Schematic of prenatal exposure of MeHg to pregnant mice, created with BioRender.com.
Pregnant mice were exposed to four conditions: i) control (Oppm MeHg +0mg metformin, ii)
0.2ppm MeHg, iii) 4mg/ml metformin, iv) 0.2ppm MeHg + 4mg/ml metformin. Tregihwas
administered through drinking water to pregnant mice starting at EO unti{B)1/nages of

E15 cerebral cortex sections from embryos receiving Oppm and 0.2ppm MeHg treatment,
counterstained for Hoechst (blue). Scale bar: 40um. (C}Wweyp ANOVA (MeHg x metformin
interaction F(1, 14) = 2.401, P = 0.1436, MeHg F(1, 14) = 7.810, P = 0.0143, metformin F(1, 14)
=0.04262, P = 0.8394, n =18) with post hoc test, *p<0.05, nsqigmificant), determined from
coronal sections similar to those shown irEEor bars indicate the SEM.
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4.6.In vitro Hg analysis

To confirm MeHg exposuri our cortical precursor culturélg analysis was conducted
using a direct thermal decomposition Hg analyzer. The theoretical amount of Hg was calculated
and compared to the measured amount. Hg analysis of treated groups are consistent with

calculated theoretical Hg amounts (Tablg).
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Table 4.1 Theoretical Hg dosage and empirical Hg measurements

0 0.000000

0.0596 0.0344 0.3324
250 25.0738 4.3468 0.2814 22.0154



4.7.In vivo Hg analysis

Following prenatal exposure to treated drinking wataeasuredhe amount of water
consumed by the pregnant mice (Figure 4B)fandHg levels inthefetal brains to confirm that
E15 brainseexposed to 0.2ppmeHg treatment alonkadsimilar levek of Hg accumulation
compared to the ereatment grougFigure 4.8A C). | found no significant difference in brain
Hg levels between MeHtyeated groups (Figure 428. These results support that metformin
treatment via drinking water does not affect Hg accurimuan the fetal brain but directly

counteracts MeHgerturbed cortical development
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Figure 4.8. Hg analysis.

(A) Schematic of prenatal exposure of MeHg to pregnant mice, created with BioRender.com.
Pregnant mice were exposed to four conditions: i) control (Oppm MeHg +0Omg metformin, ii)
0.2ppm MeHg, iii) 4mg/ml metformin, iv) 0.2ppm MeHg + 4mg/ml metformin. Treginwvas
administered through drinking water to pregnant mice starting at EO unti(l1Average

drinking water consumed per mouse per day over gestation was assessed by the calculation
(initial water (g)1 final water (g)/gestation days/# of mice in eadC) Quantitative analysis of
mercury mass from hemisphere measurements collected at EX50 rem8bryos/group, Two

way ANOVA (group x metformin interaction F(1, 32) = 0.7741, P=0.3855, group F (1, 32) =
69.74, P<0.0001, metformin F (1, 32) = 0.5694, P=0.186( post hoc test, ****P<0.0001, ns
(nonsignificant).Error bars indicate the SEM.
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Chapter 5: Low-dose prenatal MeHq exposure in rodents promotes ASlike

behaviours in early adulthood
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Embryonic cerebral cortex development is vulnerable to environmental insults (such as
drugs, alcohol, and environmental toxicants), potentially leading to neurodevelopmental
disorders, including ASBEP%397 While most work investigating the relationship between MeHg
exposure and perturbed neurological function has been focused on cell apoptosis, oxidative
stress, and mitochondrial dysfunctitfi308319 the effects of prenatal ledose MeHg exposure
on cortical development and its underlying mechanism remain elusive. Our recent work revealed
that MeHg treatments at subicromolar (nanomolar) levels induced premature neuronal
differentiation of culture@mbryonic cortical precursors without causing cell dé#tHPost-
doctoral fellow Dr. Joseph Leung later confirmed this efifeetvofollowing prenatal treatment
with 0.2ppm MeHg from EO to E15 (Appendix Figure-EA Interestingly, overproduction of
neurons has been found in mouse models of A%ES ASD organoid model>3! and
human ASD patient®+1%3

ASD is a neurodevelopmental disorder that is characterized by impairments in language,
communication, and sociability combined with restricted and repetitive beha¥esiguet
and Bourgeron (2016) suggested that there is a large portion of ASD, ~50%, thagjeneto
154 This suggests that other factors, such as environmental insults, could play a role in disorder
onset.As previously introducedhe current literature on the relationship between prenatal Hg
exposure and ASD onsetiigonsistent332%, This may be due to the fact thatmans arenost
commonlyexposed to MeHg via fish consumption. Fish contain beneficiatdtagn
polyunsaturated omeghfatty acids and S&oth of which can have positive effects.
Polyunsaturated omegafatty acids are known to aid prenatal developri@nand both provide

beneficial effectagainst Hg toxicity>1316, Based on thighe effect of prenatal MeHg exposure
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via maternal fish consumption may have a diminished effect. Overall, using rodent models to
study the isolated effect of MeHg may be critical to further our understanding.

To determine the lorterm behavioural consequences of prenatal exposure tddee/
MeHg, | administered Oppm and 0.2ppm MeHg via drinking water from EO to Nioth.
difference in average amount of drinking water consumed was observed between conditions
(Figure 5.1) At P7 and P9l probed for impaired ultrasonic US¥nd at 2 months old, a battery
of behavioural tests &eperformed on the offspring to probe for additional A&ilated

behaviours (Figure 3).
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Water consumed/mouse/day (g)
l_l

Figure 5.1. Average drinking water consumed by pregnant mice.
Average drinking water consumeér mouseper dayover gestation was assessed by the
calculation (initial water (gj final water (g)/gestation days/# of mice in cage).



12¢

NOR/open-field, marble bury, nestlet

Oppm (control)/0.2ppm MeHg usv shredding, grooming, ASI, FC, MWM
> Jr_"' - Sacrifice
’ EO PO P7 P9 P60 P90-120

Figure 5.2. Long-term low-dose prenatal MeHg methodology.

Schematic of prenatal exposure to MeHg in pregnant mice, created with BioRender.com. Oppm
(control) and 0.2ppm MeHg was administered through drinking water to pregnant mice starting
at EO until birth n=2-5 litters/group
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5.1. Prenatal exposure to 0.2ppm MeHg impairs communication

The triad of impairment for ASD diagnosis consists of restrictive repetitive behaviour,
deficits in social interaction and communicatiéh To probe for impaired communication that is
typically observed in individuals with ASD assessed USVs at P7 and P@und that P9 pups
following prenatal MeHg exposure exhibited a reduced number of USVs (FigéeB).and a
decreased length per call (Figur8®). This indicates that prenatal treatment with-dese
MeHg impairs communication at early postnatal. No change in call number or call length was
observed at P7 (Figure3g-C). No change in max peak frequency was observed at P7 or P9

(Figure5.3D).
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Figure 5.3. Prenatal treatment with 0.2ppm MeHg impairs communication.

USV analysis was conducted on P7 and P9 pups (A) representative spectrograms of control and
MeHg-treated mice at P9. (B) The average number of calls/min, n=11 animals/group, Mann
Whitney U test, *p<0.05, (C) average call length per call, (D) and max pealkfregwas

analyzed, n=10 animals/group, studetdst, *p<0.05. Error bars indicate the SEM.
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5.2. Prenatal exposure to 0.2ppm MeHg increases repetitive behaviour

To probe for repetitive behaviours, | performed the Marble Burying test. Here, 20
marbles were arrangemh top of loosely packed woodchips, and the mice were given 30 min to
interact with the environment. A marble was scored as buried ithwds of itssurface area was
covered by bedding (FigureZd\). | observed significantly more marbles buried by the 0.2ppm
MeHg-treated mice (Figure &), with no changes in locomotion (Figur&A:B) or anxiety
(Figure 55C-E) measured using the Opé€ield test. Addionally, | performed the Nestlet
Shredding test, another task used to indicate repetitive behaviour. Here, mice prenatally treated
with either 0.2ppm MeHg or Oppm MeHg (control) were given 1.5h to interact with one cotton
nestlet in an empty cage (FigusdC). The MeHg group showed a trend to increase the
percentage of nestlet shredded at the end of 1.5h (Figlidg n combination, these tests reveal

that prenatal MeHg exposure increases repetitive behaviours, a key indicator of ASD.
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Figure 54. Prenatal treatment with 0.2ppm MeHg increases repetitive behaviour.

(A-B) The Marble Burying test assessed the number of marbles buried after 30 min interaction
time. (A) Representative images for both control and 0.2ppm MeHg. (B) Quantitative analysis of
the number of marbles buried in the cage.-t&%nimals/group, studentdst, ** p<0.01. (ED)

The Nestlet Shredding test assessed the percentage of nestlet shredded after 1.5 h interaction
time. (C) Representative images for both control and 0.2ppm ME&Hdercentage of nestlet

shred after 1.5h for control and 0.2ppm MeHgups. n=1611 animals/groupError bars

indicate the SEM.
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Figure 55. Prenatal treatment with 0.2ppm MeHg does not alter anxiety or locomotion.

(A) Openfield data for total distance travelled (cm). n=I6% animals/group. (B) Opefireld data
for mean velocity (cm/s). n=156 animals/group. (C) Schematic of odeid boundaries used
to assess anxiety. (B) quantitative analysis of time spentlet(D) center and (E) four corners
of the opeHield. n=1516 animals/grougError bars indicate the SEM.



5.3. Prenatal exposure to 0.2ppm MeHg impairs sociability

To assesdifferences irsociability, | performed the ASI test (FiguréB). The control
females spent significantly more time in the interaction zone with the nouede in the mesh
cage relative to an empty cage. In contrast, the Mieéged females did not show a significant
change in interest in the novel mouse (FigutBh.MeHgtreated females also spent
significantly less time interacting with the novel mouse when compared to control females
(Figure 56C). This reveals that prenatal MeHg exposure reduces the sociability of mice, a key
behavioural feature of ASD. Interestingly, this test is highlydependentBoth control and
MeHg-treated male mice did nohew an increased interaction time with a novel mouse (Figure

5.6D).
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Figure 5.6. Prenatal treatment with 0.2ppm MeHg impairs sociability.

(A) The ASI test assessed the amount of time that testing mice spent in the interaction zone with
either an empty wirenesh cage or the cage with a novel mouse of the same strain, sex, and age.
(B) The time spent in the interaction zone for female mice, n=12 animals/group, stteggnt’t
p<0.01, ns (nosignificant).(C) Time spent in interaction zone with novel mouse for female

mice, n=12 animals/group, studestest, * p<0.05. (D) Time spent in interaction zone male

mice, n=7 animals/group, studertest, ns (norsignificant).Error bars indicate the SEM.
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5.4. Prenatal exposure to 0.2ppm MeHg alters cognitive rigidity

MWM is a behavioural task typically used to assess learning and spatial memory. It is
based on the principle that mice are highly motivated to escape from the water. Following 4 days
of acquisition training to a submerged platform in a pool of water (Ei§idA-B), the memory
probe was performed on day 11 after removing the platform from the pool. Both the control and
MeHg-treated mice showed no difference in time spent in the target quadrant (FR{LH2)5.
and a similar overall specificity of memory ¢re 57C, EF). | then used reversal learning in
MWM to examine cognitive flexibility. In reversal learning, the platform was moved from the
initial target location (old target) to the opposite quadrant (new target). Acquisition to the novel
location was performed over 2yk of training with latency to reach the platform as a
measurement of learning (Figur&6-H). The reversal probe was performed to measure
cognitive flexibility on day 14. Here, the control mice showed a significant preference towards
the new target location over the old target location, while the Meg¢tded mice failed to show
significant quadrant preference in the new target zone (Figuird 5-L). Although there was
no significant difference in % of time spent in a new target quadradiréctly compared the
control group with the MeHg group, the precision of the new memory, particularly in the new
target quadrant, was impaired in the Metdgated group, which reflects spatial cognitive
inflexibility (Figure 57K-L). Overall, hese results indicate that prenatal 0.2ppm MeHg exposure
impairs communication, increases restrictive and repetitive behaviours, and decreases sociability
for the grownup off-springs. This is the first time lodose MeHg has been correlated to ASD

like benaviours in mice.
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Figure 5.7. Prenatal treatment with 0.2ppm MeHg alters cognitive rigidity.

(A-B) Acquisition of the initial platform location in the MWM task was performed across 4 days
of training with latency to reach the platform as a measurement of learning16=15
animals/group. (€F) After the acquisition, the platform was removed on Hhyand mice were

given a 60 s probe trial. (C) Representative heat maps from each group are shown in L. (D) The
percentage of time spent in the target quadrant between control and 0.2ppm MeHg was analyzed
as a measurement of memory. n¥banimals/groupstudent #test, ns (nossignificant). €)

The percentage of time spent in the 4 quadrant zones for control mice was analyzed on day 11 as
a measurement of memory. n=16 animals/group;veeye ANOVA with post hoc test, *p<0.05.

(F) The percentage of time spent in the 4 quadrant zones for teddgd mice was analyzed on

day 11 as a measurement of memory. n=15 animals/groupyan@NOVA with post hoc test,
**p<0.01, **p<0.001. (G-H) Following the probe, the platform was moved to the opposite
guadrant. Acqgisition of the new platform location in the MWM task was performed across 2
days of training with latency to reach the platform as a measurement of learning. n=15
animals/group. (L) After the acquisition, the platform was removed on day 14, and miae wer
given a 60 s probe trial. (I) Representative heat maps from each group are shown in P. (J) The
percentage of time spent in the new target quadrant and old target quadrant was analyzed as a
measurement of reversal memory. n=15 animals/group, stutes)t*t p<0.05, ns (non
significant).(K) The percentage of time spent in the 4 quadrant zones for control mice was
analyzed on day 14 as a measurement of reversal learning. n=15 animals/graugy one

ANOVA with post hoc test, **p<0.01. (L) The percentage of time spent in the 4 quadrant zones
for MeHgtreated mice was analyzed on day 14 as a measurement of reversal learning. n=15
animals/group, oneray ANOVA with post hoc test, **p<0.0Error bars indicate the SEM.
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5.5. Prenatal treatment with 0.2ppm MeHg does not alter the learning and memory of
adult mice

As mentioned previously, mice showed normal learningraechory during the initial
MWM probe day (Figure BE-F). In addition to this test, | performed two additional learning
and memory tests. The first is the Novel Object Recognition (NOR) test. Here, mice were
habituated to a group of objects on day 1. On day 2 one of the objects is replaced with a novel
object (Figure 58A). This test is based on the principle that mice have an innate preference for
novelty, and as a result, the mice should interact more with the novel object than the familiar
object. Controbnd MeHgtreated mice showed no difference in preference to the novel object
which demonstrates that they have normal learning and memory (Fi§Bje Bhe second test
used was Fear Conditioning (FC) test. This test measures learning and associative memory by
guantifying freezing time in response to a sudden fearful foot shock. FC utilizes classical
conditioning where a neutral conditioned stimulus gaditory tone) is paired with an aversive
unconditioned stimulus (an electric foot shock). This wilutem contextual and cued
dependent fear. Here | showed that the Métdgted mice experienced decreased freezing time
prior to the initial shock/tone pairing during training (Figur@®D) and during the contextual
fear (Figure 8BC, E). However, they showed no changes in associative memory during the cued
dependent fear (Figure8&, F). A study using an ASD mouse model also showed decreased
freezing during the contextual fear triggers. This is most likely explained by a hyperactivity
phenotype, whichauses an inability to maintain freezifi¢ To determine what caused
decreased freezing at baseline in the Matggted mice | analyzed 1) movement and 2)
grooming behaviour. First, | saw no changes in distance travelled (Figéeds.velocity

(Figure 55B) between control and MeHgeated mice during the op4dield test. Second, |
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assessed grooming behaviour under the assumption that increased grooming events would lead to
a decrease in freezing activity with no changes in locomotion. Throughout a 10 min observation
period, | observed no changes in time spent grooming (Fig8@ &nd no changes in the

number of grooming events (Figureé38).
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Figure 5.8. Prenatal treatment with 0.2ppm MeHg does not alter the learning and memory

of adult mice.

(A) The NOR test evaluated the differences in the exploration of novel object and familiar object
(B) The preference index is calculated by dividing the time spent with the novel object divided
by the total time spent with both the novel and familiar dbjadtiplied by 100. (C) On day 1
(training) of the FC test both control and Meligated mice were exposed to a tone 3 times
which was i mmediately followed by a shock (0.
spent freezing prior to the initial tofsock was measured (baseline). n=15 animals/group,

student ttest, *p<0.05. (C) On day 2 (contextual) of the FC test the mice were exposed to the
same environment, (E) the percentage of time spent freezing within the first three minutes in the
conditionirg context without shock or tone was measured. n=15 animals/group, stteknt t
*p<0.05. (C) On day 3 (cued) of the FC test the environment was altered to a triangle shape and
white noise, red lighting, and vanilla scent was added. (F) The percentage spent freezing

after the first tone was measured. n=15 animals/group. (G) Time spent grooming, and (H)
number of grooming events recorded over 10 min. Error bars indicate the SEM.
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5.6. Prenatal exposure to 0.2ppm MeHdoes not alter the cerebral cortical neurons
distributions in adult mice

Following behavioural testing, the experimental mice were sacrificed and
immunohistochemical analysis was performed in all six layers of the cerebral cortex (Figure
5.9A). | examined the number of Thrand Ctip2 deeplayer cortical neurons and the number of
Cux1 and Satb2upperlayer cortical neurons. | found that prenatal{dase MeHg did not
alter the number and distribution of SatifRigure 59B-C), Tbr1" (Figure 59B, D), CuxX

(Figure 59E-F), or CtipZ cells (Figure BE, G) in any layer of thadult cerebral cortex.
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Figure 5.9. Prenatal treatment with 0.2ppm MeHg does not alter the cerebral cortices of

adult mice.

(A) Schematic of prenatal exposure to MeHgiagnant mice, created with BioRender.com.
Oppm (control) and 0.2ppm MeHg were administered through drinking water to pregnant mice
starting at EO until PO. Following behaviour testing brains were collected for
immunohistochemistry. (B, IF) Images of cetwal cortex sections from mice receiving Oppm
and 0.2ppm MeHg treatment, immunostained for Tbrl (B, red), Satb2 (B, green), Cuxl (E, red)
and Mcm2 (E, green) and counterstained for Hoechst (blue). Scale bar: 25-m~H@)
Quantitative analysis of thaumber and proportion of (C) SathZD) Tbrl*, (F) CuxZ, and (G)
Ctip2, determined from sections similar to those shown in (B, E)an#8al¢group. Error bars
indicate the SEM.
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5.7. Prenatal exposure to 0.2ppm MeHg does not altadult neurogenesis in the SVZ

To assess for changes in neurogenésisamined the two neurogenic niches within the
rodent brainwhich are 1) the SVZ and 2) the subgranular zone (SGZ) of the hippocampus. In
the SVZ newborn neuroblasts migrate via the rostral migratory stream to the olfactory bulb.
Here, they are integrated into existing neural circuitry that is critical for smétfing humans,
olfaction is rudimentary, and the existence of an adult rostral migratory stream has been
controversiaf'#35 However, neuroblasts are present in the SVZ of adult hurfbisshas led
researchers to speculate on other possible migratory destinations. In the striatum, researchers
have found high levels of DCX comparable to that of the hippocampus (another key area of adult
neurogenesis)®. This suggests that the newborn neurons in the striatum may be a result of SVZ
neurogenesjhiowever, more research is requir€hanges in neuron production or proliferation
have been observed in multiple models of ABEhe SVZ A PTEN deletiorASD mouse model
showed aeduced number of DCXheuroblastsn the SVZ3'7. Furthermore, NSCs derived from
the SVZ ofShank3KO mice had a decreased number of Kipibliferating cells**é.

To examine changes in the S\&perimental micafter undergoing behavioural testing
were sacrificed and immunohistochemical analysis was performed in the SVZ near the lateral
ventricles. The SVZ was divided into three areas for quantificatiendorsal, lateral, and
ventral SVZ(Figure 510A). | examined the number of DCXeuroblasts and Mcm?2
proliferating cells. | found that prenatal lesdose MeHg did not alter the number or distribution
of DCX* (Figure 510B-C) or Mcm2 cells (Figure 510D-G) in anyof the three regions of the

SVZ.
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Figure 5.10. Prenatal treatment with 0.2ppm MeHg does not alter adult neurogenesis in the
SVZ.

(A) Schematic of prenatal exposure to MeHg in pregnant roieated with BioRender.com.

Oppm (control) and 0.2ppm MeHg were administered through drinking water to pregnant mice
starting at EO until PO. Following behaviour testing brains were collected for
immunohistochemistry. (B, 1) Images of SVZ sections fromiee receiving Oppm and 0.2ppm
MeHg treatment, immunostained for DCX (B, red), and McmZ([Ped) and counterstained for
Hoechst (blue). Scale bar: 100 um. (C, G) Quantitative analysis of the number and proportion of
(C) DCX* neuroblasts and (G) Mcmg@roliferative cells within SGZ, determined from sections
similar to those shown in (B,#B). n=3animalg¢group. Error bars indicate the SEM.
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5.8. Prenatal exposure to 0.2ppm MeHg does not alter adult neurogenesis in the SGZ
The SGZ of the dentate gyrus (DG) is another primary contributor to adult neurogenesis.

Here, RGPs in the SGZ mature into IPs and neuroblasts. Progenitors then migrate into the
granule cell layer and extend their dendrites into the molecular layer tee@geuts from the
entorhinal cortex and terminate in the CA3 of the hippocarfiSushis process has been
characterized in both roder#$-32%and humang?¥ 323 Changes in neuron production or
proliferation have been observed in multiple models of ASD in the 8G¥BTBR-ASD mouse
model, researchers observed a decreased number of Braliferatingcellsand decreased
number of DCX neuroblast$?4 In contrast to this, another study using a PTEN delei®D
mouse model observed increased Kipibliferating cells in the SG#°,

To examine changes in the S@&Zperimental micafter undergoing behavioural testing
were sacrificed and immunohistochemical analysis was performed in the SGZ (Figute b.1
examined the number of DCXeuroblasts and Mcmroliferating cells. | found that prenatal
low-dose MeHg did not alter the number or distribution of DQXgure 5.1B-C) or Mcm2

cells (Figure 5.1D-E) in the SGZ.
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Figure 5.11. Prenatal treatment with 0.2ppm MeHg does noglter adult neurogenesis in the
SGZ.

(A) Schematic of prenatal exposure to MeHg in pregnant mice, created with BioRender.com.
Oppm (control) and 0.2ppm MeHg were administered through drinking water to pregnant mice
starting at EO until PO. Following behaviour testing brains were collected for
immunohistochemistry. (B, D) Images of hippocampal sections from mice receiving Oppm and
0.2ppm MeHg treatment, immunostained for DCX (B, red), and Mcm2 (D, red) and
counterstained for Hoechst (blue). Scale bar: 30 pmE)Quantitative analysis of threumber

and proportion of (C) DCXneuroblasts ands) Mcm2* proliferative cells within SGZ,

determined from sections similar to those shown in (B, D).am®alggroup. Error bars

indicate the SEM.
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5.9. Hg analysis

To examine Hg accumulation in midegnalyzed the feces, urine, and blood of all the mice
undergoing behavioural testing at P22, P42, and at sacrifice (Fig@Ae-B)1 1 found that the
highest concentration of Hg was detected in the feces at P22 (FigiBg, 3vhich is consistent
with the known route of MeHg excretidnFollowing behavioural testing, the mice were
sacrificed, and major Hg target organs were assessed. Hg was detected in the liver and kidneys of
MeHg-treated mice (Figure 524, E-F). In the liver, MeHg was roughly 6 times more
concentrated than in control mice, and in the kidneys, MeHg was roughly 3 times more
concentrated than in control mice (FigureZE)l To determine the distribution of Hg in the
brain following prenatal exposure, various brain regions were isolated for Hg analysis. | found
that very little Hg was present in the adult brain of the prenatally exposed mice (Figilkg 5.1
suggesting that the behavioural deficits observed in early adulthood are residual effects of

aberrah embryonic neurodevelopment that is elicited by prenatal MeHg exposure.
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Figure 5.12. Hg analysis.

(A) Schematic of prenatal exposure of MeHg to pregnant mice, created with BioRender.com.
Pregnant mice were exposed to either control (Oppm MeHg) or 0.2ppm MeHg. Treatment was
administered through drinking water to pregnant mice starting at EO until & &ed blood

were collected at P22, P42, and sacrificed for Hg analysis. Urine was collected at P22 and P42
for Hg analysis. Once behavioural testing was complete the brain, liver, and kidneys were
dissected at sacrifice (PA20) for Hg analysis. (B) Quétative analysis of Hg concentration in
the feces collected at P22, P42, and sacrifice-5nedges/group, studentdst, *p<0.05,
****p<0.0001. (C) Quantitative analysis of Hg concentration in the blood collected at P22, P42,
and sacrifice. n=45 aninmals/group, studenttest, ****p<0.0001. (D) Quantitative analysis of

Hg concentration in the urine collected at P22 and P4218=&nhimals/group, studentdst,
**p<0.01. (E) Quantitative analysis of Hg concentration in the kidneys and liver colldcted a
sacrifice. n=47 animals/group, studentést, *p<0.05, **p<0.01. (F) Quantitative analysis of Hg
concentration in various brain regions collected at sacrifice.7nadimals/groupError bars

indicate the SEM.
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Overall,| put forward three major conclusions. Filstliscoverecanunderlying cellular
and molecular mechanisthat contribute to MeHgnduced premature neuronal differentiation.
Second] demonstrated that metformian FDAapproved drugireatment can eliminate the
MeHg-induced premature neuronal differentiation of cortical precursors both in cultumre and
vivo. Finally, prenatal londose MeHg exposure triggers ASiRe behavioursincluding
impaired communication, reduced sociability, and increased restrictive and repetitive behaviours

in young adult mice.

6.1. Asymmetric division is a potential cellular mechanism underlying MeHginduced

premature neuronal differentiation

Embryonic RGPs are known to perform asymmetric division to produce intermediate
progenitor/cortical neurons or symmetric division to expéwedortical precursor cell podt®. |
usedascRNA-seq dataset from E13.5 cortices to identify a cluster of transitionsl Eelture
gene analysis showed that the population of transitional cells do not highly express any cluster
specific marker genes. However, further subcluster analysis showed that this cluster of
transitional cells contains 4 subpopulations of cells represeptoliferating radial glial cells,
immature neurons, layer | neurons, and pericytes (FigureB}¥Aere, | demonstrated that
these transitional cells are comprisedR@Psundergoing asymmetrical division to directly
generate cortical neurofBigure3.6A-H). This provides evidence at the singlell level that
embryonic RGPs can take two trajectories during cortical development, either symmetric
division to expand the cortical precursor pool that ultimately produces the sequential generation
of IPs, immature neurons, and mature neurons or asymmetric division to directly generate
cortical neurons through the transitional cell population. This phenomenon was also exhibited in

human neocortical development in rgdstationdisclosed by scRNAeq dat&?’. Importantly,
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| found that fetal MeHg exposure can alter RGP trajedtohyeprone to a transitional cell state
(Figure 3.7AF). This accelerates the differentiation process by incrediseasymmetrical
division of cortical precursors to directly generate cortical neurons. This process was further
confirmed by immunohistochemical analysis conducted by Dr. Joseph Leung, who showed that
prenatal MeHg exposure significantly increased the numbBCX* neuroblasts, specifically in
the VZ, at the expense of proliferatiRgx@ cortical precursors (Appendix Figure IA.
Furthermore, Dr. Joseph Leung showed th&7the number of Tbrilcortical neurons was
significantly increased following prenatal MeHg treatment (Appendix Figur®RA ogether,
these results suppdttat prenatal MeHg enhances asymmetric divisibRGPsin embryo to
promote the genesis neéwborn neurons in the Vd/hich subsequentlycrease the number of
deeplayerTbrl* cortical neurons at early postnatgigure 6.1) However, enhanced asymmetric

division facilitated by MeHg must be further validated using other metrics to confirm this.

In addition | showed that direct CREBrgeted genesundandFos,were specifically
upregulated in the RGP1 celusterbut not in other neural catlustersfollowing prenatal
MeHg exposureising the scRNAseq data analys{gigure 3.9AC). | further confirmedhatthe
downstream CREB target ger@gression @supregulated, although not significantly, in
cultured embryonic cortical precursors exposed todmseMeHg (Figure 4.3AD). | also
demonstratethat prenataMeHg exposuraignificantly increase@S133CREB levels an
activated form of CREBn culturedembryoniccortical precursoréFigure 4.2AD). These
results suggest that MeHgduced CREB activation in RGP1 may initiate the process that alters

their trajectory towards the transitional cell populatioditectly generate cortical neurons
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Overall,l identified a potential cellular mechanism which mediates premature neural
differentiation caused by loose MeHg exposur&hese findingsrethe first to show
asymmetric division in the embryonic mouse cerebral cortex via sesdgAn addition,low-
doseprenataMeHg exposurealters RGP1 trajectory towards asymmetric division to directly
generate immature/mature neurons. Finally, downstream GRigBt geneslundandFos,are
differentially expressed in the RGP1 population gsliggesting tht CREB mayplay an

important role ilMeHg-induced differentiation.
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Figure 6.1. Proposed model of premature neuronal differentiation in the cerebral cortex.
Created witlBioRender.com.
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6.2. CREB activity/ CREB-CBP interaction is an essential molecular mechanism to drive
low-dose MeHginduced premature neuronal differentiation

Consistent with previous work conducted on +agoptotic MeHgconcentrationgn a
neuroblastomaell line 1%, | found that pS13®REB was elevated following 250nM MeHg
exposure. To further explore this pathwhgrobedfor changes in pT410/468PKC, a known
upstream kinase of pS4&BP.Western blotting revealetthat nonapoptotic MeHg caused a
significantreduwction inpT410/403aPKC(Figure4.2A-G). As previously reported, early work
from our lab has demonstrated that metformin can atte@AMPK-aPKGCBP pathway to
phosphorylate CBP at S436 site in order to promote neuronal differentiation of neural precursor
cells28%, Additionally, both pS133 CREB and4$436 CBP are repulsive to each otf#é¢!

Since 250nM MeHg promotiep-S133 CRERBRactivation while reducing the aPKCBP pathway

in cultured cortical precursorshypothesized that eeatment with both metformin and MeHg
could rescue premature neuronal differentiation and the reduced proliferative RGP population
caused by MeHg alonby initiating repulsion between pSI-EREB and pS43&€BP. This was
demonstratethothin culture(Figure 4.4AC, Figure 4.5AG) andin vivo (Figure 4.6AJ). These
findings confirm that 1) pS13@REB promotes premature neuronal differentiation in culture
(Figure 6.2A), and 2) this can be rescued by metformin through initiating repulsion between
pS133CREB and pS43&€BP (Figure 6.2BC).

Following Dr. Joseph Leurigs d i s ¢ @.2pgnr MeHd rds@téd in increased thickness
of the CP(Appendix Figure I), | demonstrated that the increased thickness of the CBecan
rescued byo-treatment with metformifFigure 4.7AC). These resultsuggest that the
increased cortical thickness was caused by Mitdgced premature neuronal differentiation.

Finally, there wasio change in the amount of Hg measured in the eomcybrainat E15
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(Figure 4.8AC). These results support that metformin treatment via drinking water does not
affect Hgconsumption andccumulation in fetal brainsut directly impactshe
pathophysiology of MeHg.

Overall,| conducted a series of experiments to understand the role of 08%88 CREB
activity in modulating MeHgnduced premature differentiaticandl have identified a potential
therapeutic strategy fareventthe developmental defeaising an FDAapproved antdiabetic

drug, metformin
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Figure 6.2. Proposed model for MeHg and MeHg+metformin exposure.
(A-C) Proposed model for MeHg and MeHg+metformin exposure. (A) MeHg alone increases
pS133CREB and represses pS4388P, which results in increased neuronal differentiation. (B)
Metformin alone promotes pS4&EBP, which causes increased neuronal differeatiashown

in a previous publicatioff’. (C) Cotreatment with MeHg and metformin causes repulsion
between pS138REB and pS43€&BP, alleviating MeHgnduced neuronal differentiation.
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6.3.Low-dose prenatal MeHg exposure in rodents promotes ASlike behaviours in early
adulthood

This study is the first to show that prenatal {dese MeHg exposure triggers ASike
behaviours in a rodent model. Individuals with ASD experience deficits in verbal language. To
test this in a rodent modélperformed USV analysis at early postnatal. Mouse pups emit calls
during their first two weeks of life when separated from their mother and litterf&tefound
that mice prenatally exposed to laese MeHg vocalized significantly less at P9 than control
mice (Figure 53A-D). This is consistent with other genetic mouse models of XS5,
Moreover children with ASD typically perform repetitive behaviours such as tapping, hand
flapping, and rocking*®. To test this in micd, performed the Marble Burying test and found
that mice prenatally treated with lesose MeHg buried significantly more marbles than control
mice (Figure 54A-B). Another key component of ASD is poor sociability, whiciso observed
in MeHg-treated mice using the ASI tggsigure 56A-D). The third common characteristic in
individuals with ASD is rigidity in routine and interests. To test thissed the MWM test. This
behavioural task is typically used to assess learning and spatial memory; howéireed the
reversal learning/memory component of MWM to specifically examine cognitive rigidity. Here,
cognitive rigidity was measured by the inability to ateeget zone preference which has been
shown in other ASD mouse modé®s | found that mice prenatally treated with lalese MeHg
showed poor reversal memdifyigure 57A-L). Overall,l have demonstrated the three key
components of ASD with MeHgeated mice. Interestingly, recent studies have shown that high
dose MeHg in adulthood exasperates the effects of a genetic ASD mousé®#t§8@ur study

provides further evidence for the potential link between ASD and MeHg.
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In addition,l aimed to examine changes in the adult brain following prenatal MeHg
exposureDespite changes mdentbehaviour, immunohistochemical analysis revealed no
changes in the number or distributions of deep or supetgiatspecificcorticalneurors
(Figure 59A-G). Rodent models of ASD have shown impaired cortical neuron production and
migration, which were assessed in the somatosensory cortex, a key region for sensory processing
204,210,211.213|n addition,neuron overproduction has been observed in human ASD pafieHts
and rodent models of AS#4292 However,| do not see changésthe numbenpf cortical
neurons duringdulthood except for transierdlterationsobservedy Dr. Joseph Leunduring
theearlypostnatabge(AppendixFigure A-D). Interestingly E/l imbalance and overgeneration
or underpruning of synaptic connectiohsivealsobeenlinked toASD pathogenesi&®
217,333,334 £/| balance is regulated by glutamatergic and GABAergic neurons and is implicated in
ASD pathogenesifAs previously highlighed increased glutamatergic signalliti§ 2" and
reduced GABAergic signalling have been observed in ASD pafi&ys In addition,synaptic
formation and function are key underlying mechanisms associated witraeA&tan further
contribute to E/I imbalanc®3334 This suggests that there may be changes in E/I balance or
changes irsynaptic formation and functiahatl have not characterized in gurenatallytreated
adult mice which could underly the observed ASike behaviours.

One possible outconfer increased neurondifferentiationduring embryonidrain
development issreduced pool ofeural stem cells in adabbod and decreased adult
neurogenesisio examine whethdvleHg-induced premature neuronal differentiation can lead to
these phenotypekgexamined adult neurogenesis in the two neurogenic niches: 1) the IMZ of
lateral ventricle and 2) the SGZ of the hippocampus following prenatal MeHg explogdigr@ot

observe any chang@sthe number of proliferating cells and immature neurobladtseise two



adult neurogenic nicls€Figure 510A-G, Figure 5.1A-E). Associated with thisl did not
observe any changeslgarnng and memory bekeours(Figure5.7A-L, Figure5.8A-F), which
are knowrto be regulated by adult hippocampal neurogeriésik is possible thathe reduced
adult neurogenesis and its associated beha¥alawing prenatal MeHg exposukeould occur
in agingmicewhere compensatomecharnsmsmay die out.

These findings highlight three major conclusions. First, prenatal exposure-tiogwMeHg
promotes behavioural hallmarks of ASBcluding restrictive and repetitive behaviours and
deficits the communication and social interaction. Second, since very little Hg remained in the
brains of mice by adulthoothe behaviaral deficits observed in early adulthood are residual
effects of aberrant embryonic neurodevelopment. Third, prenatal exposuredodevivieHg
does not cause changes in deep or superficial layers of the cerebrahodittex number of
neuroblasts or proliferation cells in thggppocampalSGZ orlateral ventricleSVZ.

6.4. Future directions

This project has three major future directions. Firegveelucidated the underlying
mechanism that causes Meligluced premature neuronal differentiation in embryo. Here,
showed that prenatal MeHg exposure causes asymmetric neuronal differentiation of cortical
precursors to directly generate cortical neurons through CREB activation. Howbaer,
triggersCREB phosphorylatiofollowing MeHg exposurés still unknown.My scRNA-seq
dataset obtained from the cortices of embryonic mice reveale@ty@alase 1(Glol) is
reducedn MeHg-treated embryogelaive to control Interestingly, a recent study has shown that
Glol inhibitioncan lead to increase@REB phosphorylation and subsequent neurogenesis
related pathway¥*®. Moreovet Glol knockoutembryos showed similar phenotypes as MeHg

treated embryqgsncludinginduced neuronal differentiaticat the expense dfie proliferation of
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embryonic cortical precursor cefi¥. Overall, more work is needed to study the relationship
between CREB and Glol. Secohthave shown that lowlose exposure to 0.2ppm MeHg in
embryo causes premature neuronal differentiatidrich can be rescued by-t@atment with
metformin.l alsodemonstrated that administration of 0.2ppm MeHg from conception until birth
can result in the onset of ASlike behaviours. However, the direct link between premature
neuronal differentiation and ASlike behaviours is still unknown. To study thiisnust confirm
that ASDlike behaviours caused by ledose MeHg alone can also be rescued bireatment
with metformin. Finally, the results of this study highlight a potential epidemiological research
project to investigate the potential therapeuticatftd metformintreated pregnant women
exposed tdHg in relation to childhood neurodevelopmental outcomes.
6.5. Limitations

Overall, this study has two major limitations. First, results from rodent studies are inherently
limited in extrapolating to the human condition. It remains unclear howdtmse MeHg affects
human embryonic brain development. Future human brain organaidlsmmould be
implemented to study the impact of laose MeHg on human cerebral cortex development.
Furthermore, ASD is difficult to interpret in a rodent model as deficits in social interaction and
social communication can only be approximated in rodents

Second, the most common way humans are exposed to MeHg is via fish consumption. Fish
contain beneficial longhain polyunsaturated ome@datty acids and Séoth of which can
have positive effects. Polyunsaturated om8datty acids are known to aid prenatal
development®® and polyunsaturated omegdatty acidsand Se are both known protective
agents against Hg toxicify-1316. Therefore, this project demonstrates the effect of isolated

MeHg but does not accurately mimic reabrld exposure conditions.



6.6. Significance

The devastating effects of higtose MeHg exposure were highlighted in the Minamata Bay
Disasterr38 However, the longerm consequences of ledose MeHg exposure during
pregnancy remains uncleand the potential relationship between MeHg and ASfbkan a
contentious area of studyo my knowledgethis is the first study to demonstrate that prenatal
low-dose MeHg exposure results in Adike behaviours in a rodent model. Overdie results
of this study have provided novel insight into the ldegn effecs of low-dose prenatal MeHg
exposue, a potential cellulaand molecular mechanism.

Globally, all populations are exposed to some amount of Hg, and seafood sampling has found
widespread MeHg contamination in fish, shellfish, and marine manfflaGommunities that
are highly dependent on fish consumption, such as arctic populations, are at an elevated risk for
MeHg exposure. This is a very pertinent topic for Canadian health as women of childbearing age
living in northern regions and Quebec teadhaive high Hg levels that often exceed Health
Canadao6s 4 Hurthbrenbre, thedangers of MeHg are a growing concern despite the
plateau in Hg emissions. A combination of climate change and overfishing has resulted in more
MeHg entering aquatic organisi#fs. Moreover, melting permafrost in Artic environments
where H§ is known to accumulate will result in more MeHg in aquatic circulati@werall,
MeHg is a topical concern, and further research is needed on thtetomgffects of moderate

fish consumption during pregnancy.
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