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Prenatal low-dose methylmercury exposure causes
premature neuronal differentiation and autism-like

behaviors in a rodent model

Allison Loan,"?¢ Joseph Wai-Hin Leung,’?¢ David P. Cook,** Chelsea Ko, Barbara C. Vanderhyden,3*

Jing Wang,#>7* and Hing Man Chan?*

SUMMARY

Aberrant neurodevelopment is a core deficit of autism spectrum disorder (ASD).
Here we ask whether a non-genetic factor, prenatal exposure to the environ-
mental pollutant methylmercury (MeHg), is a contributing factor in ASD onset.
We showed that adult mice prenatally exposed to non-apoptotic MeHg exhibited
key ASD characteristics, including impaired communication, reduced sociability,
and increased restrictive repetitive behaviors, whereas in the embryonic cortex,
prenatal MeHg exposure caused premature neuronal differentiation. Further
single-cell RNA sequencing (scRNA-seq) analysis disclosed that prenatal exposure
to MeHg resulted in cortical radial glial precursors (RGPs) favoring asymmetric
differentiation to directly generate cortical neurons, omitting the intermediate
progenitor stage. In addition, MeHg exposure in cultured RGPs increased CREB
phosphorylation and enhanced the interaction between CREB and CREB binding
protein (CBP). Intriguingly, metformin, an FDA-approved drug, can reverse
MeHg-induced premature neuronal differentiation via CREB/CBP repulsion.
These findings provide insights into ASD etiology, its underlying mechanism,
and a potential therapeutic strategy.

INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental disorder that is characterized by impairments in
language, communication, and sociability, combined with restricted, repetitive behaviors.' Aberrant em-
bryonic cerebral cortex development has been shown to contribute to ASD pathophysiology” which is
caused by both genetic and non-genetic components. Although a majority of past research focuses on
the genetic contribution to ASD pathogenesis,”® the role of environmental insults in ASD development
remains unclear.

According to the World Health Organization (WHO), mercury (Hg) is considered one of the top ten chem-
icals of major public health concern (https://www.who.int/news-room/fact-sheets/detail/mercury-and-
health). Among the different forms of Hg, methylmercury (MeHg) is the most common form to which hu-
mans and animals are exposed.” MeHg is a bioaccumulated environmental toxicant that can pass through
the blood-brain barrier and the placenta by mimicking methionine to affect both the developing and
mature CNS.® Prenatal exposure to MeHg is associated with cognitive deficits and motor dysfunction in
children, which has been observed in both human populations”'® and rodent studies.'’ However, it re-
mains controversial whether prenatal MeHg exposure can lead to ASD onset,'”'? possibly because of
the limitations of epidemiological studies as most of the reports are either cross-sectional or case-control
studies,'? uncertainty associated with estimating exposure using different biomarkers,'® and multifactorial

outcomes of MeHg exposure with varying dosages.'®

Embryonic cerebral cortex development is vulnerable to environmental insults (such as drugs, alcohol,
and environmental toxicants), potentially leading to neurodevelopmental disorders, including
ASD.""'® Although most work investigating the relationship between MeHg exposure and perturbed
neurological function has been focused on cell apoptosis, oxidative stress, and mitochondrial dysfunc-
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mechanism remain elusive. Several studies have shown that passaging neural progenitor cells (NPCs) are
highly sensitive to MeHg.?>** Our recent work, using a culture model that mimics in vivo cortical devel-
opment in the dish,?>? reveals that MeHg treatments at sub-micromolar (nanomolar) levels induced pre-
mature neuronal differentiation of cultured embryonic cortical precursors without causing cell death.’®
These findings suggest that MeHg, when given at non-apoptotic doses in vivo, might perturb cortical
neurogenesis in the fetal period which could have life-long impacts on neuro-performance. Of interest,
overproduction of neurons has been found in mouse models of ASD,?”?8 ASD organoid models,”®??
human ASD patients.”””'

and

cAMP-response element-binding protein (CREB) is a key transcription factor that plays an important
role in neurogenesis, synaptogenesis, and cell survival.*>~>> Of interest, human neuroblastoma cells
treated with MeHg at nanomolar concentrations showed a significant increase in CREB phosphorylation
at Ser133 (pS133-CREB), an activated form of CREB, which protected the cells against apoptosis.®®
We dosed cultured embryonic cortical precursors with similar nanomolar concentrations of MeHg
and found that it promoted neuronal differentiation of the cortical precursors without causing
cell death.'® These findings suggest that MeHg might activate CREB in cortical precursors to promote
neuronal differentiation. Our earlier work showed that metformin, an FDA-approved drug, was able to
promote the differentiation of cortical precursors through the phosphorylation of CREB-binding
protein (CBP), a co-activator of CREB, at serine 436 (p-S436 CBP).®” Other work has also shown that
p-S133 CREB and p-S436 CBP are repulsive of each other and cannot co-exist in the brain and
the liver.*®*” Therefore, we propose that metformin treatment could reverse the premature neuronal
differentiation caused by low-dose MeHg by initiating protein-protein repulsion between CREB
and CBP.

Here, we tested this hypothesis using embryonic cortical precursor cell culture and single-cell RNA
sequencing (scRNA-seq) analysis of embryonic cortex tissue. We showed that non-apoptotic low-dose
MeHg exposure enhanced CREB activity to promote differentiation of cultured embryonic cortical pre-
cursors. scRNA-seq analysis revealed that prenatal exposure to low-dose MeHg resulted in cortical radial
glial precursors (RGPs) favoring asymmetric differentiation to directly overproduce cortical neurons,
thereby omitting the intermediate progenitor stage. In addition, we found that metformin treatment
both in culture and in vivo could restore the premature neurogenesis caused by low-dose MeHg expo-
sure through repulsion between CREB and CBP. Importantly, prenatal exposure to low-dose MeHg can
induce ASD-like behaviors including impaired communication, social interaction deficits, repetitive
behavior, and cognitive inflexibility. Our study raises awareness of the life-long outcomes caused by
low-dose MeHg on fetal neurodevelopment and provides insight into its underlying cellular and molec-
ular mechanisms. More importantly, we have identified a possible therapeutic target for low-dose prena-
tal MeHg exposure.

RESULTS

Prenatal treatment with 0.2ppm MeHg causes ASD-like behavior in young adult mice

To determine the long-term behavioral consequences of prenatal exposure to low-dose MeHg, we admin-
istered 0 and 0.2ppm MeHg (an amount at least 10 times lower than previous in vivo studies*” via drinking
water from EQ to birth). At postnatal day 7 (P7) and P9 we probed for impaired ultrasonic vocalizations (USV)
and at 2 months old, a battery of behavioral tests was performed on the offspring to probe for additional
ASD-related behaviors (Figure 1A).

The triad of impairment makes up ASD diagnosis, and it consists of restrictive repetitive behaviors and def-
icits in social interaction and communication.' To probe for impaired communication that is typically
observed in individuals with ASD, we assessed USVs at P7 and P9. We found that P9 pups following prenatal
MeHg exposure exhibited a reduced number of USVs (Figures 1B and 1C) and decreased length per call
(Figures 1B and 1D). This indicates that prenatal treatment with low-dose MeHg impairs communication
at early postnatal. To probe for repetitive behaviors, we performed the Marble Burying test. Here, 20 mar-
bles were arranged-on top of loosely packed woodchips, and the mice were given 30 min to interact with
the environment. A marble was scored as buried if two-thirds of its surface area was covered by bedding”’
(Figure 1E). We observed significantly more marbles buried by the 0.2ppm MeHg-treated mice (Figure 1F),
with no changes in locomotion (Figures STA and S1B) or anxiety (Figures STC-S1E) measured using the
open-field test. In addition, we performed the Nestlet shredding test, another task used to indicate
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Figure 1. Prenatal treatment with 0.2ppm MeHg causes ASD-like behaviour in young adult mice

(A) 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. (B-D) USV analysis was conducted on P7 and P9 pups.

(B) Representative spectrograms of P9 control and MeHg-treated pups.

(C and D) The total number of calls, n = 11 animals/group, Mann-Whitney U test, *p < 0.05, and (D) average call length per call was analyzed,

n = 10 animals/group, Student’s t test, *p < 0.05.

(E and F) The Marble Burying test assessed the number of marbles buried after 30 min interaction time. (E) Representative images for both control and
0.2ppm MeHg. (F) Quantitative analysis of number of marbles buried in the cage. n = 9-15 animals/group, Student'’s t test, **p < 0.01.

(G) The adult social interaction test assessed the amount of time that testing mice spent in the interaction zone with either an empty wire-mesh cage or the
cage with a novel mouse of the same strain, sex, age.

(H) The time spent in interaction zone for female mice, n = 12 animals/group, Student's t test, **p < 0.01, ns (non-significant).

(I and J) 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 learning. n = 15-16 animals/group.

(K and L) After acquisition, the platform was removed at day 11, and mice were given a 60 s probe trial. (K) Representative heat maps from each group
shown in L. (L) The percentage of time spent in the target quadrant between control and 0.2ppm MeHg was analyzed as a measurement of memory.

n = 15-16 animals/group, Student'’s t test, ns (non-significant).

(M and N) Following the probe, the platform was moved to the opposite quadrant. Acquisition 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.

(O and P) After acquisition, the platform was removed at day 14, and mice were given a 60-s probe trial. (O) Representative heat maps from each group shown
in P. (P) 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, Student'’s t test, *p < 0.05, ns (non-significant). Error bars indicate the standard error of the mean (SEM). See also Figure S1.

repetitive behavior. 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. The MeHg-treated group showed a trend to
increase the percentage of nestlet shredded at the end of 1.5h (Figure S1F). In combination, these tests
reveal that prenatal MeHg exposure increases repetitive behaviors, a key indicator of ASD. To assess so-
ciability, we performed the adult social interaction test (Figures 1G and TH). The control females spent
significantly more time in the interaction zone with the novel mouse relative to an empty cage. In contrast,
the MeHg-treated females did not show a significant change in interest in the novel mouse (Figure TH).
MeHg-treated females also spent significantly less time interacting with the novel mouse when compared
to control females (Figure S1G). This reveals that prenatal MeHg exposure reduces the sociability of mice, a
key behavioral feature of ASD. Of interest, this test is highly sex-dependent, both control and MeHg-
treated male mice did not show an increased interaction time with a novel mouse (Figure STH). Morris water
maze (MWM) is a behavioral 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 (Figures 11 and 1J), 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 (Figures 1K-1L), and a similar overall specificity of memory (Figures 1K
andS11-S1J). We 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 2 days of training with latency to reach the platform as
a measurement of learning (Figures TM and 1N). The reversal probe was performed to measure cognitive
flexibility on day 14. Here, the control mice showed a significant preference toward the new target location
over the old target location, whereas the MeHg-treated mice failed to show significant quadrant prefer-
ence in the new target zone (Figures 10, 1P, and S1K-S1L). Although there was no significant difference
in % of time spent in a new target quadrant if we directly compared the control group with the MeHg group,
the precision of the new memory, particularly in the new target quadrant, was impaired in the MeHg-
treated group, which reflects spatial cognitive inflexibility (Figures STK and S1L). Overall, these results indi-
cate that prenatal 0.2ppm MeHg exposure impairs communication, increases restrictive and repetitive be-
haviors, and decreases sociability for the grown-up off-springs. This is the first time low-dose MeHg has
been correlated with ASD-like behaviors in mice.

To examine Hg accumulation in mice, we analyzed the feces, urine, and blood of all the mice undergoing
behavioral testing at P22, P42, and at sacrifice (Figures STM—S1P). We found that the highest concentration
of Hg was detected in the feces at P22 (Figure STN), which is consistent with the known route of MeHg
excretion.”? Following behavioral testing, the mice were sacrificed, and major Hg target organs were as-
sessed. Hg was detected in the liver and kidneys of MeHg-treated mice. 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 (Figure S1Q). To determine the distribution of Hg in the brain following

4 iScience 26, 106093, March 17, 2023


http://BioRender.com

iScience

Oppm (control)/ 0.2ppm MeHg

¢? CellPress

OPEN ACCESS

A
EO
B Paxé
/Ki67/Hoechst
Control
SvZ/1Z
vz K by
E
Tor2 0.2ppm
/Hoechst Control MeHg
Svz/iZ Svz/iZ
VZ \74
G 0.2ppm
Dex Control MeHg Control
/Hoechst 7 St \
CP
SVZ/1Z |
VvZ
J
Tbr1
/Hoechst

Number of Pax6+/Ki67+ cells

I

E15 sacrifice

IHC
D
O Control O control
D 0.2ppm MeHg O 0.2ppm MeHg
40004 _* 2 50—
H * .
+
3000+ . 2 407 .
E % %0
5 30-
£ 2000+ :
3 B 204
1000 £
$ © 104
e
©
a
0- = 0-
vz svziz vz svznz
O control
‘E 8000~ ] 0.2ppm MeHg
E
@
&8 s0004
@
H
$ 4000
o~
8
=
% 2000
3
-
E ol L :
=z
vz svznz
|
*
3000 200 Lo
N
c H £ .
2 3 150
g 2000 a
X E % 400
82 s
58 g
S < 1000 E i
2 S
£ =
3
z
o- 0!
Y o
06“‘0 \x@g& 0(\‘@ “g‘a\q
¢ & e &
oY o¥
80
.
S 60 2
£
2
S 40
2
5
" 204
=
0
& &
QQQ &
&
oV

iScience 26, 106093, March 17, 2023 5




¢? CellPress iScience
OPEN ACCESS

Figure 2. Prenatal exposure to MeHg increases neuronal differentiation of cortical precursors at the expense of their proliferation in vivo

(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 E15. At E15 brains were collected for immunohistochemistry.

(B, E) Images of E15 cerebral cortex sections from embryos receiving 0 and 0.2ppm MeHg treatment, immunostained for Paxé (B, green), Kié7 (B, red) or Tbr2
(E, red) and counterstained for Hoechst (blue). Scale bar: 25 pm.

(C, D, and F) Quantitative analysis of the number and proportion of Ki67*/Pax6" proliferating cortical precursors (C and D) and Tbr2+ intermediate
progenitors (F) within VZ and SVZ/IZ, determined from sections similar to those shown in (B, E). n = 3 embryos/group, Student's t test *p < 0.05.

(G) Images of E15 cerebral cortex sections from embryos receiving 0 and 0.2ppm MeHg treatment, immunostained for DCX (G, green) and counterstained
for Hoechst (blue). Scale bar: 25 pm.

(H) Quantitative analysis of the number of DCX" immature neurons within VZ, determined from sections similar to those shown in (G). n = 4 embryos/group,
Student'’s t test, *p < 0.05.

(1) Quantitative analysis of thickness for the CP was determined from coronal sections similar to those shown in (G). n = 3 embryos/group, Student's t test,
5 < 0.01,

(J) Images of E15 cerebral cortex sections from embryos receiving 0 and 0.2ppm MeHg treatment, immunostained for Tbr1 (red) and counterstained for
Hoechst (blue). Scale bar: 25 um.

(K) Quantitative analysis of the number of Tbr1* deep layer mature neurons within CP, determined from sections similar to those shown in (J). n = 4 embryos/
group. Error bars indicate the standard error of the mean (SEM). See also Figure S2.

prenatal exposure, various brain regions were isolated for Hg analysis. We found that very little Hg was pre-
sent in the adult brain of the prenatally exposed mice (Figure STR), suggesting that the behavioral deficits
observed in early adulthood are residual effects of aberrant embryonic neurodevelopment that is elicited
by prenatal MeHg exposure.

Prenatal exposure to MeHg increases neuronal differentiation of cortical precursors at the
expense of their proliferation in vivo

Our early culture work showed that a low-dose of MeHg promoted premature neuronal differentiation of
E12 cortical precursors.'® Here, we further asked whether exposure to low-dose MeHg in pregnant mice
can cause similar impacts on embryonic cortex development in vivo. To test this, we administered 0 and
0.2ppm MeHg via drinking water to pregnant mice from EO until E15 and sacrificed the dams to collect
E15 brain samples from embryos for immunohistochemical analysis (Figure 2A). We found that 0.2ppm
MeHg significantly reduced the number and proportion of proliferating Ki67*/Paxé" cortical precursors,
also known as radial glial precursors (RGPs), in the ventricular zone (VZ) without alteration of the total num-
ber of Pax6" cortical precursors (Figures 2B-2D and S2A). Although the number of Thr2" intermediate pro-
genitors was not significantly changed by 0.2ppm MeHg exposure (Figures 2E and 2F), the number of DCX*
neuroblasts was robustly increased specifically in the VZ (Figures 2G, 2H, S2B, and S2C). Although we did
not observe an increase in newborn neuron density within the cortical plate (CP), there was a significant
increase in the thickness of the CP (Figures 2G, 2I, S2D, and S2E). We further assessed deep layer Tbr1™"
mature cortical neurons in the CP and did not observe apparent changes in the proportion of Tbr1* neu-
rons over total live cells after 0.2ppm MeHg exposure (Figures 2J and 2K). We also reported that 0.2ppm
MeHg did not increase apoptotic cell death in the E15 cortex in vivo (Figures S2F-S2G). Thus, prenatal
exposure of 0.2ppm MeHg promotes premature differentiation of cortical precursors in the VZ to generate
newborn neurons at the expense of their proliferation in vivo, without altering cell death.

Perinatal exposure to MeHg increases the genesis of deep layer cortical neurons in vivo

To ask whether prolonged exposure of 0.2ppm MeHg in pregnant mice through the perinatal stage from EO
to P7 has impacts on subventricular zone (SVZ) neural stem cell development and postnatal cortex devel-
opment, we administered 0 and 0.2ppm MeHg via drinking water to pregnant mice starting from EO to P7,
at which point we sacrificed pups forimmunohistochemical analysis and Hg measurements (Figures 3A and
S3A). We measured Hg concentrations in the brains and found that P7 brains from the perinatal treatment
of MeHg had a 2-fold higher Hg accumulation than E15 brains from the prenatal treatment of MeHg (Fig-
ure S3B). Immunohistochemical analysis showed that both proliferating Ki67 */Paxé" cortical precursor and
Tbr2" intermediate progenitor populations within the SVZ in the P7 brain were not altered by 0.2ppm
MeHg treatment (Figures 3B, 3C, and 3E-3G). However, the number of DCX" neuroblasts within the SVZ
was significantly increased after the 0.2ppm MeHg treatment (Figures 3D and 3H). We further examined
deep and superficial layer cortical neurons and found that 0.2ppm MeHg treatment increased the total
number of Tbr1™ deep layer cortical neurons throughout the cortex, with a robust increase, particularly
in layer V (Figures 31-3K). In contrast, the number of Satb2" superficial layer cortical neurons was not altered
throughout the cortex (Figures 3L-3N) by 0.2ppm MeHg treatment. In addition, 0.2ppm MeHg treatment
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Figure 3. Perinatal exposure to MeHg increases the genesis of deep layer cortical neurons in vivo

(A) Schematic of perinatal 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 P7. At P7 brains were collected for immunohistochemistry.

(B-D) Images of P7 SVZ sections from pups receiving 0 and 0.2ppm MeHg treatment since EO, immunostained for Paxé (B, green), Kié7 (B, red), Tbr2 (C, red)
and DCX (D, green) and counterstained for Hoechst (blue). Scale bar: 50 pm.

(E-H) Quantitative analysis of the number and proportion of of Ki67*/Pax6*proliferating cortical precursors (E-F), the number of Tbr2* intermediate
progenitors (G) and DCX* immature neurons (H) within SVZ of P7 brains, determined from sections similar to those shown in (B, C, D). n = 4 embryos/group,
Student'’s t test, **p < 0.01.

(land L) Images of P7 cerebral cortex sections from pups receiving 0 and 0.2ppm MeHg treatment since EO, immunostained for Tbr1 (I, red) and Satb2 (L, red)
and counterstained for Hoechst (blue). Scale bar: 50 um.

(J, K, M, and N) Quantitative analysis of the number of Tbr1* deep layer neurons (J-K) and Satb2* superficial layer mature neurons (M—N) at all cortical neuron
layers (layer I-layer VI), determined from sections similar to those shown in (I, L). n = 4 embryos/group, Student’s t test, **p < 0.01. Error bars indicate the
standard error of the mean (SEM). See also Figure S3.

did not alter the thickness of the cortex in the P7 brains (Figures S3C and S3D). In summary, perinatal expo-
sure to 0.2ppm MeHg significantly increases postnatal neurogenesis without depleting the postnatal neu-
ral stem/progenitor cell pool and specifically enhances the genesis of deep layer cortical neurons.

Prenatal exposure to MeHg results in cell trajectory alterations in E13.5 cortices

To understand the underlying cellular mechanisms that contribute to MeHg-induced neuronal differentia-
tion during embryonic cortex development, we performed multiplexed scRNA-seq™® using cortex
collected from E13.5 embryos that have been exposed to Oppm or 0.2ppm MeHg as described above to
profile dissected and dissociated E13.5 murine cortical cells (Figure 4A). In total, we collected 6 embryonic
cortices from each group receiving Oppm or 0.2ppm MeHg treatment. The dissociated cortical cells were
randomized to be barcoded in four groups before being combined for the MULTI-seq (Figures 4A and
S4A-S4F). Following demultiplexing, we 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 4A). After initial
processing (see experimental procedures), 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 E13.5-E14 age®**® (Figures 4B-4D and S4G, Tables 1 and 2). A total of
10 clusters were identified: RGP1, RGP2, intermediate progenitors, immature neurons, mature neurons,
interneurons, endothelial cells, layer | cortical neurons, pericytes, and a cluster of transitional cells
(Figures 4B-4D). The transitional cell population did not highly express any known marker genes used to
annotate specific cell types, but universally expressed feature genes shown in RGP1, RGP2, and immature
neurons at minimal levels (Figure S4G) and was named to reflect this. Of interest, we observed that MeHg
treatment increased the proportion of transitional cells (Figure 4E). Sub-clustering showed that the transi-
tional cells were comprised of 4 subpopulations of cells: RGP1, immature/mature neurons, layer | cortical
neurons, and pericytes (Figures 4F-4H). 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 not alter the cell distribution
within the 4 subpopulations of cell clusters (Figure 41). To further examine asymmetric division within the
transitional cell population we classified cells into three populations using canonical markers, IP*, RG*,
or N* (Tables 1 and 2). We focused on the percentage of cells in the transitional population that co-express
two major cell-type markers. We showed that within the transitional population, roughly 30% of cells co-ex-
press marker genes for both RG" and N* (RG*/N™). This is the largest population of co-expressing cells,
which confirms that the majority of differentiation that takes place in the transitional population is asym-
metric (Figures SSA-S5D). We then removed the transitional cell population from the total cell population
and found that only 1.5% of cells are RG"/N*, which confirms that asymmetric division is specific to the tran-
sitional population (Figures S5E-S5H).

We then conducted trajectory inference using RNA velocity from scVelo® to 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 to
describe the direction and speed with which cells transition between clusters. Of interest, RNA velocity re-
vealed an altered cell lineage trajectory caused by MeHg exposure (Figures 5A-5C). In control (Oppm
MeHg) cortical cells, the RGP1 population shows a 90% positive velocity directed toward RGP2, following
symmetrical division, and then differentiating into intermediate progenitors, immature, and mature neu-
rons (Figures 5A and 5B). In contrast, RGP1 cells in MeHg-exposed cortices showed approximately 50%

8 iScience 26, 106093, March 17, 2023


http://BioRender.com

iScience

¢? CellPress

OPEN ACCESS

A Oppm/0.2ppm Multiplexing
MeHg Treatment ) Pooled Downstream
—p C§1rt|cal gzells Tagged oole Demultiplexing Analysis Trajectory
= Group | Total | Transcripts | Genes Clusteri ng Inference
Cells !
— —_— — IConIm 4947 | 5262 2253 | ey CIUSteT - RNA Ve|oc]ty
B3 B4 \ / MeHg 5460 | 5070 2174 ?nno.tatlon'
EO — \ / visualize data
Sacrifice Y Average per cell
E13.5
B c ® Control
A ® RGP1 A ® 0.2 MeH
RGP2 ~<ppm Merg
Intermediate Progenitors
® Transitional Cells
©® |Immature Neurons
©® Mature Neurons
® Layer 1 Neurons
N
§ Interneurons %
: ® Endothelial Cells 3
UMAPT > @ Pericytes
D Mki67 Neurod1 Gad2 E D Control
30+
I 3 3 0.2ppm MeHg
o~ N N 2 =
g ok > g
= s g ; © 20
=) > > » > > 0 2
UMAP1 UMAP1 g
Paxé Cldn5 g 104
o
T . £
3
1 NP R R I IR R)
= - = _ = 5 Q_(_.;i é}é&o‘o\ G\\Q,o@:&": ‘§°°o o‘°°&°°>\4¢ &
UMAPT > ¥ Umapt C S S N FE S
FFTE L TS
Eomes Rgs5 & &
A "
3 \0‘9‘
N [\ o~ '2
=) Bl =] _ % L0
UMAP1 T TUMAPT v UMAP1 > ® Control
F G ® 0.2ppm MeHg
A A &
RGP1
Immature/Mature Neurons
Layer 1 Neurons
& Pericytes o
<
s s
) )
UMAP1 UMAP1
H 1 D Control
60
Expression v . 0.2ppm MeHg
v S 40
o (=]
0.0 S
05 ]
10 2 20
=]
a
® RGP1
® Immature/Mature Neurons 9= X s 2
® Layer 1 Neurons QS’Q o“’c \,«°° &
) & & o
Pericytes & O
6‘0\ \;s\%
&

iScience 26, 106093, March 17, 2023 9




¢? CellPress iScience
OPEN ACCESS

Figure 4. scRNA-seq characterization of the E13.5 cortex prenatally exposed to MeHg

(A) Schematic of prenatal exposure of MeHg to pregnant mice, created with BioRender.com. Oppm (control) and 0.2ppm MeHg were administered through
drinking water to pregnant mice starting at EO until E13.5 at which point the dorsal cortical cells were collected for multiplexing. Two technical replicates
from both 0 and 0.2ppm MeHg treated groups were tagged and pooled for multiplexing RNA-seq. Following demultiplexing, downstream analysis and
trajectory inference were performed.

(B) Visualization cells from 0 to 0.2ppm MeHg groups after PCA and UMAP, colored by Seurat clustering and annotated by cell type.

(C) UMAP visualization of 0.2ppm MeHg (red) and Oppm (blue) treatment groups.

(D) Visualization of the total cell population after PCA and UMAP, colored by expression of key marker genes (Mkié7, Paxé, Neurod1, Bcl11b, Reln, GAD2,
ClInd5, Rgs5).

(E) Proportion of cells in each cluster for 0 and 0.2ppm MeHg.

(F) Visualization of subclusters of the transitional cell population after PCA and UMAP, colored by Seurat clustering and annotated by cell type.

(G) UMAP visualization of 0.2ppm MeHg (red) and Oppm (blue) treatment groups in transitional cell population subclusters.

(H) Heatmap of top ten differentially up-regulated genes over four clusters within the transitional cell population.

(I) Proportion of cells in each subcluster within the transitional cell population for both 0 and 0.2ppm MeHg. See also Figure S4 and Tables 1 and 2.

positive velocity directed toward RGP2 that further differentiate into intermediate progenitors, and 50%
negative velocity directed toward the transitional cells, which directly give rise to the population of imma-
ture neurons (Figures 5A-5C). These results provide evidence to support that prenatal MeHg exposure en-
hances the asymmetric division of RGP1 to generate neurons directly through the transitional cell stage.

We further utilized RNA velocity to order cells along a trajectory that corresponds to their underlying bio-
logical process. Pseudotime analysis of the total cell population revealed that clusters including RGP1,
RGP2, and the transitional cells in MeHg-exposed cortical cells were in a much later developmental stage
than those in control cortical cells (Figure 5D), suggesting that prenatal MeHg exposure may accelerate the
differentiation process. Next, we used phase portraits generated through scVelo to visualize RNA velocity
for specific key cortical development marker genes, Pax6, a marker for cortical precursors; glli-tubulin
(Tubb3), a marker for newborn neurons; and Tbr1, a marker for deep layer cortical neurons. A gene with
positive RNA velocity is predicted to be up-regulated. In opposition, a negative velocity indicates that
the gene is predicted to be down-regulated.*® In the total cell population, we observed that Paxé is down-
regulated in MeHg-exposed RGP 1, RGP2, and intermediate progenitors compared to the control. Tubb3
showed a strong trend toward upregulation in the MeHg-exposed RGP2 population. A more obvious
downregulated state for Tubb3 was observed in the MeHg-exposed transitional cells, immature neurons,
and mature neurons relative to the control. Of interest, corresponding to downregulated Tubb3 gene, we
found that the Tbr1 gene showed a more up-regulated state in MeHg-exposed transitional cells, immature
neurons, and mature neurons relative to the control (Figures 5E and 5F). These specific alterations in the key
marker genes support our pseudotime analysis results, indicating that MeHg accelerates the neuronal dif-
ferentiation process.

We then performed RNA velocity and pseudotime analysis on the sub-populated transitional cells as
described above. We showed that MeHg also advanced the differentiation process of transitional cells
from RGPs toward immature neurons (Figures 5G and 5H). Similar to the total cell population, we confirmed
this by visualizing RNA velocity for specific key cortical development marker genes, Paxé, Tubb3, and Thr1
in the transitional cells. Paxé trended toward downregulation in both RGP1 and immature neuron subpop-
ulations in MeHg-exposed transitional cells relative to that in the control group. In contrast, the Tubb3
gene trended toward upregulation in MeHg-exposed transitional cells. Of interest, the Tbr1 gene was
not expressed in the control, whereas the Thr1 gene was present in the MeHg-exposed transitional cells
(Figures 51 and 5J). This result provides further evidence that prenatal MeHg exposure results in premature
neuronal differentiation of RGP1 through an increased transitional cell population.

MeHg exposure stimulates CREB activity specifically in RGPs

To test whether CREB activity plays a role in MeHg-induced neuronal differentiation, we investigated the
regulation of downstream CREB-targeted genes, including Jund, Fos, Dusp1, and Egr1.*”*® Both Jund and
Fos were significantly up-regulated in the RGP1 from the MeHg-exposed cortical cells (Figures 6A and 6B),
but not in the other cell clusters (Figures S6A and SéB). To further test whether MeHg can increase CREB
activity in cortical precursors, we performed a culture experiment using cortical precursors isolated from
E11-12 embryos and cultured these cortical precursors in the absence and presence of 250 nM MeHg
for 4 hours (Figure 6C). Western blotting analysis showed that p-5133 CREB was significantly up-regulated
in the cortical precursors exposed to 250 nM MeHg, a concentration used in our previous work'®
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Table 1. Annotations of each cell cluster used for UMAP visualization of the total cell population, along with the
abundance of each cluster, and specific marker genes for each cluster

% Abundance % Abundance

Cluster # Cell Type Control MeHg Marker Genes
1 RGP1 16.33 15.64 Top2a, Ube2c, Cenpf, Fabp7, Mkié7
RGP2 18.71 19.15 Sox2, Pax6, Hes1, Hes5, Pcna, Mcm3/6, Fabp7
3 Intermediate 11.84 11.19 Eomes, Sstr2, Gadd45g, Mfap4
Progenitors
5 Immature Neurons 26.78 23.86 Neurod1, Sox11, Neurodé, Dcx
6 Mature Neurons 12.93 12.34 Bcl11b, Sox5, Stmn2
7 Layer 1 Neurons 0.38 0.58 Reln, Trp73, Lhx1, and Lhx5
8 Interneurons 2.62 3.55 GAD1, GAD2, Sst, DIx1, DIx2
9 Endothelial Cells 0.8 0.69 Igfop7, Cldn5, Col4a1, Col4a2 Pecam1, Vwal
10 Pericytes 0.1 0.32 Igfop7, Rgs5, PdgfrB

(Figures 6D-6F). Of interest, we also observed that MeHg significantly reduced the phosphorylation of
atypical protein kinase C (aPKC) at threonine 410/403 (pT410/403-aPKC), an activated form of aPKC
(Figures 6G-6l). Also, MeHg affected CREB and aPKC phosphorylation/activation without altering total
protein expression. These results together with those reported in earlier works® —? support the model (Fig-
ure S6C) that MeHg and metformin exposure alone increases p-5133 CREB and p-5436 CBP, respectively,
to enhance neuronal differentiation of cortical precursors. On the other hand, co-treatment of metformin
and MeHg can reverse the premature differentiation caused by MeHg, by initiating repulsion between
p-S133 CREB and p-5436 CBP. To test this model, we used a PLA to assess intranuclear interactions be-
tween CBP and p-S133 CREB at the single-cell level. Our results showed that the interactions between
CBP and p-S133 CREB were significantly enhanced by 250 nM MeHg treatment alone, whereas co-treat-
ment with metformin eliminated the increased interactions (Figures 6J and 6K). Thus, metformin, an
FDA-approved drug, has the potential to reverse MeHg-induced neuronal differentiation through repul-
sive interaction between CREB and CBP in cultured cortical precursors.

Metformin eliminates premature neuronal differentiation caused by MeHg exposure

To test whether metformin can eliminate MeHg-induced neuronal differentiation, we first conducted E11-
E12 cortical precursor culture for 3 days in the absence and presence of 250 nM MeHg,'® and with or
without 500 M metformin®’ (Figure 7A). Treatment with 250 nM MeHg alone increased cortical precursor
differentiation, manifested by an increased percentage of newborn neurons (Blll-tubulin®) and a reduced
proportion of cortical precursors (Paxé™ and Sox2*) in culture (Figures 7B-7F). In addition, MeHg treatment
reduced the proliferation of cortical precursors (Ki67") (Figure 7G). Similarly, treatment with 500 M met-
formin alone increased the percentage of newborn neurons (Blll-tubulin®) and reduced the percentage
of cortical precursors (Figures 7B-7F), marked by Pax6 and Sox2, as previously reported.?’ Of interest,
the co-treatment with both 250 nM MeHg and 500 uM metformin reversed the increased percentage of
newborn neurons, as well as the reduced cortical precursor population and proliferation caused by
MeHg alone (Figures 7B-7G).

Second, we performed in vivo experiments to test whether metformin (4 mg/ml) co-treatment with 0.2ppm
MeHg via drinking water from EQ to E15 can eliminate MeHg-induced premature neuronal differentiation
(Figure 7H). We measured Hg levels in fetal brains to confirm that E15 brains from the MeHg treatment
alone group and a group co-treated with MeHg, and metformin have a similar level of Hg accumulation
within the brains (Figures S7A and S7B). These results support that metformin treatment via drinking water
does not affect Hg accumulation in the fetal brains but directly counteracts MeHg-perturbed cortical devel-
opment. We examined the number of Pax6"/Kié7" and Sox2*/Mcm2* proliferating cortical precursors. We
found that co-treatment of MeHg with metformin restored MeHg-reduced proliferating cortical precursors,
marked by Pax6*/Ki67" and Sox2*/Mcm2" populations (Figures 71-7M, S7C, and S7D). Furthermore, co-
treatment with metformin and MeHg erased MeHg-increased DCX" immature neurons within the VZ
(Figures 7N=70). Thus, metformin treatment was able to eliminate the premature neuronal differentiation
caused by MeHg exposure. We then measured the cortical thickness at the VZ, SVZ/IZ, and CP in all four
groups. Of interest, we observed that MeHg alone group showed a significant increase in the thickness

iScience 26, 106093, March 17, 2023 1"



¢? CellPress iScience
OPEN ACCESS

Table 2. Annotations of each cell cluster used for UMAP visualization of the transitional cell population, along with
the abundance of each cluster, and specific marker genes for each cluster

% Abundance % Abundance

Cluster #  Cell Type Control MeHg Marker Genes

1 RGP1 52.99 53.18 Dbi, Fabp7, Vim, Cenpf, Ube2c
2 Immature/Mature Neurons 44.01 43.76 Tubb3, Sox11, Neurodb, Stmn2
3 Layer 1 Neurons 1.70 0.86 Reln

4 Pericytes/Endothelial Cells 1.28 217 Igfbp7, Rgs5, Coldal, Col4a2

of the CP relative to the control group. At the same time, co-treatment with metformin and MeHg exhibited
a similar thickness of CP as the control group (Figures S7E and S7F).

DISCUSSION

Currently, ASD prevalence is increasing because of a variety of factors including enhanced awareness
and improved screening. However, the etiology of ASD remains largely unknown because there is
extreme variability in the appearance, severity of symptoms, and the underlying cause of onset.””
The core features of ASD symptoms are defined as defects in communication, sociability, and restric-
tive, repetitive behaviors and interests.' Increasing evidence shows that ASD is frequently associated
with cerebral overgrowth,”® and enhanced neuronal production.”’~*°" Recent work from ASD pa-
tient-derived organoid models reveals aberrant overproduction of deep-layer neurons and a thicker
immature cortex.”” Thus, our findings that prenatal MeHg-promoted deep-layer cortical neurogenesis
could potentially contribute to the onset of ASD-like behaviors. Our findings also highlight the impact
of low-dose prenatal MeHg exposure on aberrant cerebral cortex development and susceptibility to
ASD onset.

This study is the first to show that prenatal low-dose MeHg exposure triggers ASD-like behaviors in a ro-
dent model. Individuals with ASD experience deficits in verbal language. To test this in a rodent model
we performed USV analysis at early postnatal. Mouse pups emit calls during their first two weeks of life
when separated from their mother and littermates.”” We found that mice prenatally exposed to low-
dose MeHg vocalized significantly less at P9 than control mice. This is consistent with other genetic mouse
models of ASD**° and other studies which show a relationship between prenatal MeHg and changes in
USVs.”® Children with ASD typically perform repetitive behaviors such as tapping, hand flapping, and rock-
ing." To test this in mice, we performed the Marble Burying test and found that mice prenatally treated with
low-dose MeHg buried significantly more marbles than control mice. Another key component of ASD is
poor sociability, which we also observed in MeHg-treated mice using the adult social interaction test.
The third common characteristic in individuals with ASD is rigidity in routine and interests. To test this,
we used the MWM test. This behavioral task is typically used to assess learning and spatial memory; how-
ever, we utilized the reversal learning/memory component of MWM to specifically examine cognitive rigid-
ity. Here, cognitive rigidity was measured by the inability to alter target zone preference which has been
shown in other ASD mouse models.”” We found that mice prenatally treated with low-dose MeHg showed
poor reversal memory similar to genetic ASD mouse models. Overall, we have demonstrated the three key
components of ASD within MeHg-treated mice. Of interest, recent studies have shown that MeHg
exposure to high-dose MeHg in adulthood exasperates the effects of a genetic ASD model (BTBR T +
ltpr3tf/J (BTBR) mouse model).”®>? Our study provides further evidence for the potential link between
ASD and MeHg.

Embryonic RGPs are known to perform asymmetric division to produce intermediate progenitor/cortical
neurons or symmetric division to expand the cortical precursor cell pool.*” We used our scRNA-seq dataset
from E13.5 cortices to identify a cluster of transitional cell populations in which RGPs undergo asymmetrical
division to directly produce cortical neurons. This provides evidence at the single-cell 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 intermediate progenitors,
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 devel-
opment in mid-gestation disclosed by a scRNA-seq data.’’ Importantly, we found that fetal MeHg
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Figure 5. Prenatal exposure to MeHg results in cell trajectory alterations in E13.5 cortices

(A) Velocity vectors for total cell populations in both Oppm (control) and 0.2ppm MeHg, visualized and calculated from RNA velocity using the stochastic
model, projected onto UMAP visualizations.

(B) Enhanced image of velocity vectors in the RGP1 and RGP2 population for both 0 and 0.2ppm MeHg.

(C) Quantitative analysis of velocity vectors in RGP1 directed toward the RGP2 population between 45 and 180°. Quantitative analysis of velocity vectors in
RGP1 directed toward the transitional cell population between 270 and 360°. Parameters used to differentiate vector direction.

(D) Pseudotime analysis for 0 and 0.2ppm MeHg.

(E and F) Phase portraits of marker genes (Paxé, Tubb3, and Tbr1) in Oppm (E) and 0.2ppm MeHg (F), calculated from RNA velocity.

(G) Velocity vectors for transitional cell populations in both 0 and 0.2ppm MeHg treatment groups were visualized and calculated from RNA velocity using
the stochastic model, projected onto UMAP visualizations.

(H) Pseudotime analysis for the 0 and 0.2ppm MeHg treatments within the transitional cell population.

(I and J) Phase portraits of marker genes (Paxé, Tubb3, and Tbr1) in the transitional cell population for Oppm (I) and 0.2ppm MeHg (J) treatments, calculated
from RNA velocity. See also Figure S5.

exposure can alter RGP trajectory, prone to a transitional cell state. This accelerates the differentiation pro-
cess by increasing asymmetrical division of cortical precursors to directly generate cortical neurons. This
process was further confirmed by ourimmunohistochemical analysis showing that prenatal MeHg exposure
significantly increased the number of DCX" neuroblasts, specifically in the VZ, at the expense of prolifer-
ating Paxé" cortical precursors.

This study demonstrated an underlying cellular mechanism that mediates MeHg-induced premature
neuronal differentiation and showed that CREB activation was an essential molecular mechanism to
modulate MeHg-induced neuronal differentiation of embryonic RGPs. CREB is a key transcription factor
that plays a multifaceted role in survival, proliferation, and differentiation in the different neurogenic
zones depending on the stage of brain development.®*** Phosphorylation at Ser133 constitutes the
rate-limiting step in the activation of CREB.®® Intriguingly, it has been shown that p-$133 CREB is
increased in the embryonic cortex during neurogenesis and is constitutively expressed in immature
neurons in the adult neurogenic zones. 233464 Here  our scRNA-seq results showed that direct
CREB-targeted genes, Jund and Fos, were specifically up-regulated in the RGP1 cell population but
not in other neural cell populations following prenatal MeHg exposure. These results suggest that
MeHg-induced CREB activation in RGP1 may initiate the process that alters their trajectory toward the
transitional cell population to generate cortical neurons. This process was further confirmed using our
E12 cortical precursor cell culture model, showing that MeHg significantly increased p-S133 CREB level
and promoted premature neuronal differentiation at the expense of cortical precursor proliferation. We
conducted a series of experiments to understand the role of p-S133-driven CREB activity in modulating
MeHg-induced premature differentiation, and to identify a potential therapeutic strategy to reverse the
developmental defects. We used the knowledge obtained from early work on metformin® 3’
the model that metformin treatment can eliminate the premature differentiation caused by MeHg, by
initiating repulsion between p-5133 CREB and p-5436 CBP. We have successfully validated this model
using results from both cell culture and in vivo studies. Therefore, the potential use of metformin as a
therapeutic treatment for MeHg-induced neurotoxicity may be explored.

to propose

MeHg is a potent neurotoxicant that poses health risks to the global population.®” There is consistent
epidemiological evidence showing that low levels of prenatal MeHg exposure may cause neuro-cognitive
effects during early childhood (3-7 years),°® youth,*” and/or adulthood.”” It has been estimated that the
accumulated health effects associated with Hg exposure from 2010 to 2050 are projected to be $19 trillion
(95% confidence interval: 4.7-54) (2020 USD).”" Our findings on MeHg-perturbed cortical development
open a new avenue to rethink how low-dose fetal exposure to MeHg through moderate consumption
of MeHg-contaminated fish can impair fetal brain development, potentially leading to neural develop-
mental disorders. The results emphasize the importance of managing the risk of MeHg exposure by con-
trolling Hg emissions through international treaties like the Minamata Convention (http://www.
mercuryconvention.org/), or by issuing regional fish consumption advice to sensitive populations, e.g.
Government of Canada, 2019 (https://www.canada.ca/en/health-canada/services/food-nutrition/food-
safety/chemical-contaminants/environmental-contaminants/mercury/mercury-fish.html) and U.S. FDA
(https://www.fda.gov/food/consumers/advice-about-eating-fish).

Overall, we put forward four major conclusions. First, prenatal low-dose MeHg exposure triggers ASD-like

behaviors including impaired communication, reduced sociability, and increasingly restrictive and repeti-
tive behaviors in young adult mice. Second, we show that prenatal MeHg exposure in vivo enhances
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Figure 6. Prenatal MeHg exposure stimulates CREB activity specifically in RGPs

(A) Dot plot of downstream CREB target genes (Jund, Fos, Dusp1, Egr1) and their expression from scRNA-seq data in RGP1 and RGP2 cell populations for
control (Oppm) and 0.2ppm MeHg groups.

(B) Violin plot from scRNA-seq showing Fos (upper panels) and Jund (lower panels) expressions in RGP1 and RGP2 cell populations in control (Oppm) and
0.2ppm MeHg treatment groups, n > 800 cells for each group, Mann-Whitney U test, ****p < 0.0001, ns (non-significant).

(C) Schematic of cortical percussors isolated from E11-12 CD1 mice, created with BioRender.com. Cells were exposed to 0 nM (control) or 250 nM MeHg with
no metformin or metformin (500 uM) for 4 h, at which point they were lysed for western blot or PLA analysis.

(D) Western blot analysis of E12 cortical precursors cultured for 4 hours in the absence or presence of 250 nM MeHg. (D, G) Blots images were probed for
pS133-CREB (D), pT410/403-aPKC (G), total CREB (D), total aPKC (G) and GAPDH (D, G) as a loading control. (E-F) Quantitative analysis of pS133-CREB
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Figure 6. Continued

(E) and total CREB (F) over GAPDH. n = 5 independent experiments, Student's t test, *p < 0.05, ns (non-significant) (H-1) Quantitative analysis of pT410/
403-aPKC(H) and aPKC (I) over GAPDH, n = 4 independent experiments, Student’s t test, *p < 0.05, ns (non-significant).

(J) Images of PLA™ interactions (lower panels, red) between pS133-CREB and CBP, counterstained with Hoechst (blue) in cultured cortical precursors of four
treatment groups i) control (Oppm MeHg and 0 pM metformin), i) 250 nM MeHg, iii) 500 pM metformin, and iv) co-treatment of 500 pM metformin +250 nM
MeHg, scale bar: 5 um. Images of negative control PLA (upper panels) in the absence of anti-pS133-CREB and anti-CBP (upper left) or absence of PLA probes
(upper right).

(K) Quantitative analysis of pS133- CREB and CBP interaction signals (red) within nuclei (blue). n = 100 cells/group, n = 4 independent experiments, two-way
ANOVA (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 post hoc test, *p < 0.05, **p < 0.01. Error bars indicate the standard error of the mean (SEM). See also Figure S6.

neuronal differentiation of cortical precursors and increases cortical thickness. Third, we discover the un-
derlying cellular and molecular mechanisms that contribute to MeHg-induced premature neuronal differ-
entiation. Finally, we demonstrate that metformin treatment can eliminate the MeHg-induced premature
neuronal differentiation of cortical precursors both in culture and in vivo and that metformin restores the
MeHg-increased thickness of the cortex. These findings reveal the long-term consequences of low-dose
prenatal MeHg exposure, the underlying cellular and molecular mechanisms contributing to MeHg-
induced premature neuronal differentiation, and a potential therapeutic strategy to reverse the develop-
mental defects.

Limitations of the study

Results from rodent studies are inherently limited in extrapolating to the human condition. It remains un-
clear how low-dose MeHg affects human embryonic brain development. Future human brain organoid
models will be implemented to study the impact of low-dose MeHg on human cerebral cortex develop-
ment. Electrophysiological recordings will be employed as well in human brain organoid models to under-
stand aberrant neural development caused by low-dose MeHg exposure.
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Figure 7. Metformin eliminates premature neuronal differentiation caused by MeHg exposure

(A) Schematic of cortical percussor isolated from E11-12 CD1 mice, created with BioRender.com. Cells were exposed to four conditions: i) control (Oppm
MeHg+0 pM metformin), i) 250 nM MeHg, iii) 500 uM metformin, iv) co-treatment of 250 nM MeHg +500 pM metformin for 3 days, followed by
immunocytochemical analysis.

(B and E) Images of cortical percussors after 3 days in culture treated with four conditions mentioned in (A), immunostained for Paxé (B, red), Blll-tubulin
(B, green), Ki67 (E, green), Sox2 (E, red) and counterstained for Hoechst (blue). Scale bar: 30 pm.

(C) Quantitative analysis of Blll-tubulin® cells, n = 6 independent experiments, two-way 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 Pax6" cells, 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, p = 0.8287, n = 24).

(F) Quantitative analysis of Sox2" cells, n = 3 independent experiments, two-way 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 Ki67" cells. n = 3 independent experiments, two-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 0.6023, n = 12) with post hoc test, **p < 0.01, *p < 0.05, ns (non-significant).

(H) Schematic of prenatal exposure of MeHg to pregnant mice, created with BioRender.com. Pregnant mice were exposed to four conditions: i) control
(Oppm MeHg + 0 mg metformin, ii) 0.2ppm MeHg, iii) 4 mg/ml metformin, iv) 0.2ppm MeHg + 4 mg/mL metformin. Treatment was administered through
drinking water to pregnant mice starting at EO until E15. At E15 brains were collected for immunohistochemistry.

(I, L, N) Images of E15 cerebral cortex sections from embryos receiving four condition treatments mentioned in (H), immunostained for Paxé (I, green), Ki67
(I, red) or Sox2 (L, green), Mcm?2 (L, red), or DCX (N, green) and counterstained for Hoechst (blue). Scale bar: 20 um.

(J and K) Quantitative analysis of the number and proportion of Pax6*/Kié7" proliferating cortical precursors in the VZ. J: two-way 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). K: two-way
ANOVA(group x metformin interaction F(1, 12) = 6.461, p = 0.0259, 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, ns (non-significant).

(M) Quantitative analysis of the number of Sox2"/Mcm2*proliferating radial glial cells within VZ and SVZ/IZ, 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) with post hoc test, *p < 0.05, ns (non-significant).
(O) Quantitative analysis of the number of DCX* cells in the VZ, two-way 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 (non-significant). These quantifications (J-K, M, O) were
determined from cortical sections similar to those shown in (I, L, N). n = 4-5 embryos per group. Error bars indicate the standard error of the mean (SEM). See
also Figure S7.
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Materials availability
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Data and code availability

® scRNA-seq data have been deposited at GEO and are publicly available as of the date of publication.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animals

All animal use was approved by the Animal Care Committee of the University of Ottawa in accordance with
the Canadian Council of Animal Care policies. CD-1 mice were purchased from Charles River and C57BL/6J
mouse were bred in house. CD-1 mice were specifically used to study embryonic cortical development
because they produce large litters. However, CD-1 mice go blind with age, therefore, C57BL/6J mice
were used for all subsequent behavioural testing. All mice were maintained on a 12h light/12 hour dark cy-
cle with ad libitum access to food and water. Experimental animals were kept in both group and single
housed cages dependent on litter size. The weight of early postanal mice ranged from 3-6g. The weights
of adult C57BL/6J mice ranged from 15-30g. Weights of embryonic mice were not reported. 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. The sex of the experimental animals used during
embryo and early postnatal were not reported.

Primary cell culture

Primary cortical precursors were obtained from E11-12 cortices dissected from CD-1 mice (Charles River
Laboratories) as previously described.”® Briefly, embryos were transferred to ice-cold Hanks' balanced
salt solution (HBSS) (cat#14175103, Fisher Scientific), and the cerebral cortices were isolated from the brain
after the meninges were removed. The cortical tissue was mechanically triturated with a plastic pipette and
seeded on coverslips in a 24-well plate or directly into a 6-well plate (Thermo Fisher Scientific), both pre-
coated with 15% poly-L-ornithine (PLO) (cat#72302, Sigma-Aldrich) and 5% laminin (cat#CB40232, Thermo
Fisher Scientific). For immunocytochemical experiments, cells were plated in a 24-well plate at a density of
200,000 cells/ml. For western blotting experiments, 1,000,000 cells were seeded in each well of a é-well
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plate. The cortical precursors were cultured in a neurobasal medium (cat#21103049, Thermo Fisher Scien-
tific) containing 500uM GlutaMAX supplement (cat#35050061, Thermo Fisher Scientific), 2% B27 supple-
ment (cat#17504044, Thermo Fisher Scientific), 1% penicillin-streptomycin (cat#15140122, Thermo Fisher
Scientific), and 40 ng/mL FGF2 (cat#10018B, PeproTech). The sex of cells is not reported as cell isolation
occurred in embryo.

METHOD DETAILS

Experimental treatments

To study the long-term consequences of prenatal MeHg exposure we dosed pregnant C57BL/é mice with
Oppm, or 0.2ppm MeHg via drinking water starting from the first day of their pregnancy (confirmed with
vaginal copulation plug as embryonic day 0 (EQ)) until birth. At postnatal day 7 (P7) and P9 we performed
Ultrasonic Vocalization testing (USV). Starting at P60, we performed all subsequent behavioural testing on
the offspring. The behavioural tests were performed in order from the least stressful assessment to the
most to reduce stress-related interference.

To study the effects of prenatal low-dose MeHg exposure on embryonic cortical development, we dosed
pregnant CD-1 mice with Oppm, or 0.2ppm MeHg via drinking water starting from the first day of their preg-
nancy EO until E15. On E15, pregnant mice were sacrificed, and embryos were collected. The brains of the
embryos were harvested for further analysis. To study the effects of perinatal exposure of MeHg on postnatal
cortical development, we dosed pregnant CD-1 mice with Oppm or 0.2ppm MeHg via drinking water from EO
until P7. The P7 pups were sacrificed on the last day of treatment, and their brains were collected. To study
whether metformin could reverse the effects of MeHg on embryonic cortical development, we dosed preg-
nant CD-1 mice with Oppm MeHg (control), 0.2ppm MeHg, 4 mg/mL metformin, 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 treat-
ment, brains were collected from the E15 embryos for immunohistochemistry. For all immunohistochemical
analysis, the 3-4 embryos in each condition came from two biological different pregnant mice. 0.2ppm
MeHg drinking water was prepared by diluting a stock solution of 1000ppm MeHg(II)Cl (cat#33553, Alfa Aesar)
in distilled water. For the preparation of metformin solution, metformin powder (cat#D 150959, Sigma-Aldrich)
was dissolved in distilled water to make a final concentration of 4 mg/mL.

Primary cultured cells were exposed to 0 nM, 250 nM MeHg, 500uM metformin, or 250 nM MeHg +500uM
metformin for 4 or 72 hours. 250 nM MeHg was achieved by a 1:250 dilution of 62.5 uM MeHg that was
freshly prepared from a stock solution of 4 mM MeHg(ll)Cl (cat#33553, Alfa Aesar) through serial dilution
with the culture medium. 500 pM metformin was made by 1:400 dilution of a stock solution of 0.2M metfor-
min (cat#PHR1084, Sigma-Aldrich) in the culture medium.

Behavioral testing
Ultrasonic vocalization (USV) test

The test was done at the University of Ottawa Behavior Core. Prior to the expected date of birth, female
mice were checked once a day, day of birth was recorded as PO. At P7 and P9 pups were isolated from their
mother and littermates and placed inside a soundproof container for 4 min. The microphone was set to
5 cm distance from pups, illumination set at 100 lux, gain set at 45. After 4 min the pups were sexed,
weighed, and returned to their home cage. USVs were analyzed using UltraVox XT. Calls 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
We used the following criteria to characterize and quantify each call:

1. Short: Call shorter than 5 ms.

2. Chevron: Call resembled an ‘inverted-U’, which was identified by a continuous increase in pitch
>12.5 kHz followed by a decrease that was >6.25 kHz

3. Complex: Included one component containing two or more directional changes in frequency, each
>6.25 kHz

4. Flat: Call <3 kHz in change from start to end
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5. Upward: single harmonic that increases in frequency >3 kHz from beginning to end
6. Downward: single harmonic that decreases in frequency >3 kHz from beginning to end

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

8. Frequency-Step: Three or more instantaneous frequency harmonics appearing as a vertically discon-
tinuous “step” on a spectrogram, but with no interruption in time

9. Composite: Two independent components, emitted simultaneously at different frequencies

Open-field test

The test was done at the University of Ottawa Behavior Core. Experimental mice were placed at the center
of an open-field box (35 cm x 35 cm x 27 cm) with illumination set at 100 lux for 5 min. Ethovision tracking
software was used to record the behaviour of mice during testing and calculate velocity and distance
travelled.

Marble Bury test

The test was done at the University of Ottawa Behavior Core. The mice were placed in a disposable cage
(31T cm x 19.5cm x 11 cm) with woodchip bedding (Sani Chips) to a depth of 6.5 cm with illumination set at
100 lux for a 5 min habituation period. After 5 min the mice are removed and returned to their home cage.
20 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 num-
ber of marbles buried in 30 min was recorded by hand. A marble was scored as buried if two-thirds of its
surface area is covered by bedding.

Nestlet Shredding test

Nestlet shredding test was done at the University of Ottawa Behavior Core. Here, mice were given 1.5 hours
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 weighed after the 1.5h interaction
time. The percentage of nestlet shredded was recorded for each animal.

Adult Social Interaction test

The test was done at the University of Ottawa Behavior Core. To assess social interaction, the mice were
placed in an open-field box with illumination limited to red lights only to initially explore an empty wire-
mesh enclosure for a period of 5 min. Interaction with the enclosure was measured using Ethovision soft-
ware as the duration of time spent in close proximity to the enclosure. Testing mice were removed, and an
age, sex, and strain-matched novel mouse was placed inside the wire-mesh enclosure 5 min later. Testing
mice were then placed back in the open-field box for 5 min and interaction time with the novel mouse was
measured. Ethovision tracking software was used to record the behaviour of mice during testing.

Morris Water Maze (MWM)

The test was done at the University of Ottawa Behavior Core. The 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 diameter) was submerged
0.5 cm below the water surface. All testing was conducted under 120 lux lighting and an extra maze visual
cue with "X" printed in black ink (2.9 cm thickness) on a white paper (13.5 X 15 cm) was located on one wall.
Acquisition was measured as latency to reach the platform and four possible start locations were pseudo-
randomly assigned to each trial. Each animal was given four 60 s trials to find the platform with a 20 min
inter-trial interval across 4 days. A probe trial was then completed on day 11 after the 4-day training, leaving
the to mice 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 trained in the same manner for 2 additional days. A
probe trial was then completed on day 14 after the 2-day 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 behaviour of mice
during testing.
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scRNA-seq
Multiplexing samples for scRNA-seq

Pregnant CD-1 mice were treated with Oppm, or 0.2ppm MeHg via drinking water starting from EO to E13.5.
Since RNA proceeds protein, E13.5 embryos were used in order to validate E15 immunohistochemistry re-
sults. 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 meninges from the brains of embryos. The cortical tis-
sues were incubated in papain solution at 37°C for 20 min. Afterward, papain solution was removed, and
the tissues were dissociated by a BSA-coated Pasteur pipette in the neurobasal medium (cat#21103049,
Thermo Fisher Scientific) containing 500uM GlutaMAX Supplement (cat#35050061, Thermo Fisher Scienti-
fic), 2% B27 supplement (cat#17504044, Thermo Fisher Scientific), 1% penicillin-streptomycin
(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 was centrifuged at 300g for 2 min.
After centrifugation, the supernatant was removed, and the cell pellet was resuspended in the medium by
gently pipetting 20 times. The cell suspension was finally passed through a 40 uM sterile cell strainer
(Fisherbrand).

Multiplexing was performed according to the MULTI-seq protocol.*® Dissociated cortical cells from Oppm
(control) and 0.2ppm MeHg treatment were labeled with different DNA barcodes using lipid-modified ol-
igonucleotides (LMOs) to stabilize the barcodes within the plasma membrane. Briefly, cells from each
group (Oppm/0.2ppm MeHg) were duplicated and divided into two samples (250,000 cells/sample). The
cells were then resuspended and pelleted in a 1.5 mL Eppendorf tube at 500 x g for 5 min. Then the
four samples were labeled with four different barcodes. For the barcode labelling, the resulting pellet
was resuspended in 80 pL of 250 nM anchor mix and 2ulL 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, 10 pL of 2 uM the co-anchor LMO was added to each sample and incubated for
5 min. Then 200 pL of PBS with 1% BSA was added to each sample, and the samples were pelleted at
500 x g for 5 min. Each sample was resuspended and pelleted in 200uL PBS with 1% BSA at 500 x g for
another 5 min. Viability and cell counts were assessed using a Countess Il Cell Counter and Viability
Analyzer (Life Technologies). Only samples with a viability >80% were further processed. 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% BSA. The final concen-
tration of cell suspension was 500-1000 cells/pL.

ScRNA-seq library preparation and sequencing

The scRNA-seq library preparation and sequencing were performed at StemCore laboratories from the
OHRI. The multiplexed suspension was processed for 3’ scRNA-seq (v3) with the 10x Genomics Chromium
System, targeting to capture 20,000 cells. As described in McGinnis et al.,** barcode cDNA libraries were
isolated from the gene expression library during initial size exclusion and processed independently. Gene
expression libraries were prepared according to the manufacturer’s protocol. Libraries were sequenced us-
ing the high-output 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.

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 setting-expect-cells = 20,000, default parameters were used for all samples. MULTI-
seq barcode libraries were simply trimmed to 28bp using Timmomatic v0.36 prior to demultiplexing.”?

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 defined to deem a cell 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 are retained for down-
stream analysis.
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ScRNA-seq 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) object. 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 outliers.* Finally, cells with more than 10%
mitochondrial reads were removed. The top 2000 variable genes were detected in Seurat using the
"vst” selection method. Expression values 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 variable genes, and UMAP embeddings were calculated
from the first 30 principal components with 0.2 resolution.

Any additional cell populations that highly expressed red blood cell markers Hbb-y and Hba-x were subset
out. Clusters were identified by the expression of known cell-type markers. The markers Fabp7 and Cenpf,
Fabp7 and Hes5, Eomes, Dcx, Sox5, Reln, Gad1, Igfbp7, and Rgs5 were used to identify the basic cell-types,
radial glial precursors 1 (RGP1), radial glial precursors 2 (RGP2), intermediate progenitors, immature neu-
rons, mature neurons, layer 1 cortical neurons, interneurons, endothelial cells, and pericytes, respectively.
We also assessed additional genes discriminating these clusters by performing a simple Wilcoxon rank-
sum test with the FindAlIMarkers() function in Seurat. We next isolated the transitional cell subset and re-
processed 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 subset out,
and Oppm and 0.2ppm were separated for further downstream analysis.

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. Radial glial-positive (RG+) markers used were Sox2, Fabp7, Paxé, Hes1, and
Hes5. Intermediate progenitors-positive (IP+) markers used were Eomes, Sstr2, Gadd45g, and Mfap4.
Neuronal-positive cells (N+) markers used were Tubb3, Neurod1, Sox11, Neurodé, Dcx, Bcl11b, and Sox5.

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 parame-
ters. Velocity vectors and velocity graphs were computed and then projected on UMAP embeddings.
Velocity vector analysis was conducted using Image J.

Tissue preparation and immunohistochemistry

The collected brain samples were fixed in 4% paraformaldehyde (PFA) in 0.1M phosphate-buffered saline
(PBS) at room temperature for 24 hours. 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 temperature compound (OCT)
(cat#95057-838, VWR) and frozen for cryosectioning. Serial 16um brain sections were obtained using a cryo-
stat and sequentially mounted on glass slides. Glass slides were allowed to air dry before storage at —80°C
for later use.

For the detection of Mcm2, Sox2, Tbr2, doublecortin (DCX), and Tbr1, brain sections stored in the —80°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 for antigen retrieval. Afterwards, brain sections were blocked/permea-
bilized for at least 1 hour at room temperature in 10% normal goat serum (NGS) (cat#16050122, Thermo
Fisher Scientific) or 3% BSA (cat#9998S, Cell Signalling Technology) in 1x PBS with 0.3% Triton X-100
(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) before incubation of secondary antibodies.

For the detection of Ki6é7 and Paxé, brain sections were blocked for 1 hour at room temperature using the
mouse IgG blocking reagent from the mouse on mouse (M.O.M.) immunodetection kit basic (cat#BMK-
2202, Vector Laboratories). Brain sections were then washed with 1x PBS 2 times (2 min each) and further
incubated with M.O.M. diluent prepared according to the manufacturer’s protocol. After 5-min incubation
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with the M.O.M. diluent, slides were incubated with primary antibodies in the M.O.M. diluent overnight at
room temperature. Subsequently, slides were washed with 1x PBS 2 times (2 min each) and incubated with
the M.O.M. biotinylated anti-mouse IgG reagent for 10 min. After 2 washes with 1x PBS (2 min each), brain
sections were incubated with secondary antibodies, Streptavidin Alexa Fluor 555 conjugate- (cat#532355,
Invitrogen) and donkey anti-rabbit Alexa Fluor 647 (cat#A31573, Invitrogen). Brain sections were mounted
using PermaFluor™ solution (cat#TA-030-FM, Thermo Fisher Scientific).

TUNEL assay

In Situ Cell Death Detection Kit, POD (Sigma-Aldrich, cat#11684817910) was used for detecting TUNEL+
cells. Brain sections were first washed with PBS three times (5 min each) and then incubated with blocking
solution (3% H202 in methanol) for 10 min. After rinsing the slides with PBS, brain sections were further
incubated with permeabilization solution (0.1% Triton X-100 and 0.1% sodium citrate) for 2 min. The slides
were then washed with PBS. Afterwards, TUNEL reaction mixture was prepared by mixing the label solution
and enzyme solution according to the manufacturer’s instructions. Brain sections were incubated in the
TUNEL reaction mixture for 60 min at room temperature, and nuclear counterstaining was performed
with Hoechst 33342 (cat#4082, Cell Signalling Technology, 1:1000). The slides were finally mounted with
coverslips using PermaFluor™ solution (cat#TA-030-FM, Thermo Fisher Scientific).

Immunocytochemistry (primary cell culture)

Cultured cells were fixed in 4% paraformaldehyde for 10 min after 72 hours 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. The cells 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, sec-
ondary antibodies were diluted in PBST and incubated for 1 hour at room temperature. After rinsing
with PBS, the coverslips were mounted in a Lab Vision PermaFluor Aqueous Mounting Medium
(cat#TA-030-FM, Thermo Fisher Scientific). The culture was washed three times for 5 min/time with
1x PBS between each step.

Proximity ligation assay (PLA)

Cells were fixed in 4% paraformaldehyde for 10 min after 4h in culture and were incubated in PBST for 1h at
room temperature for permeabilization. Cells were blocked in Duolink blocking solution for That 37°C. Pri-
mary antibodies were diluted in Duolink antibody diluent and incubated in a humid chamber at 4 °C over-
night. Slides were then washed with Duolink 1x wash buffer A two times for 5 min. PLUS and MINUS PLA
probes were diluted 1:5 in the Duolink antibody diluent and added to the coverslips which were incubated
for That 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 1:5 in water with ligase added at a 1:40 dilu-
tion for 30minat 37°C. Coverslips were then washed with Duolink 1 X wash buffer A two times for 5 min. Cov-
erslips were incubated in 5% Duolink amplification buffer diluted 1:5 in water with polymerase added at a
1:80 dilution for 100min at 37°C. Coverslips were then washed with Duolink 1x wash buffer B two times for
10 min and Duolink 0.01 % wash buffer B for Tminat room temperature. Coverslips were mounted with Du-
olink In Situ Mounting Medium containing DAPI staining and stored in —20°C (cat#DUO92101-1KT, Sigma-
Aldrich). Digital image acquisition was performed using a Zeiss Axioplan 2 fluorescent microscope with
Zeiss Axiovision software containing z axis capability (Carl Zeiss Microscopy, Thornwood, NY, USA). Ten
to fifteen image sections at a maximum of 1um apart were captured in the z axis for each section and
then processed as an optical stack for quantification. 25 cells per sample over at least four independent
experiments were analyzed. PLA" dots (each dot represents one interaction) were quantified. Quantifica-
tion was conducted in Image J.

Image acquisition and quantification

For cultured cells, digital image acquisition was performed using a Zeiss Axioplan M.2 fluorescent micro-
scope with Zeiss Axiovision software (Carl Zeiss Microscopy, Thornwood, NY, USA). Six random images per
experiment were taken for all conditions, and at least 700 cells per condition were counted for each exper-
iment. At least four independent experiments from four pregnant mice were conducted for all conditions.
Quantification was performed using Image J.
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For brain sections, digital images of brain sections were taken by a Zeiss Imager M.1 fluorescent micro-
scopy with Zeiss Axiovision software containing z-axis capability. Ten to fifteen image sections at a
maximum of Tum apart were captured in the Z-axis for each brain section and were processed as an
optical stack for quantification. Quantification was performed throughout the cortex, including the ventric-
ular zone (VZ), subventricular zone (SVZ)/intermediate zone (1Z), and cortical plate (CP). At least three
anatomically matched brain sections were quantified for each embryo or pup among different treatment
groups.

Western blot analysis and densitometry

After culturing for 4 hours in the neurobasal medium, the cortical precursors were lysed in cold lysis
buffer containing 1mM sodium orthovanadate (Sigma-Aldrich S$6508-10G), 20 mM sodium fluoride
(cat#AC201295000, Fisher Scientific), 1TmM PMSF (cat#P7626-5G, Sigma-Aldrich), 10 ng/mL aprotinin
(Fisher Scientific, cat#P178432) and 20 ng/mL leupeptin (cat#P178436, Fisher Scientific). Protein concentra-
tion was determined using the bicinchoninic acid assay (cat#23225, Fisher Scientific) and BSA as a
standard. Equal amounts of protein (10-20ng) were boiled in sample buffer, separated by 12% SDS-
PAGE gels, and transferred to 0.2um PVDF membrane 1 hour at 100V. Membranes were blocked in 3%
BSA in TBS-T for 1 hour at room temperature and then incubated overnight at 4°C with primary antibodies.
After washing with TBS-T, membranes were incubated with secondary antibodies in blocking solution for
1That room temperature. Detection was performed using the ECL chemiluminescence reagent
(cat#P132209, Fisher Scientific) and autoradiography films (cat#E3018, Denville Scientific). Membranes
were subsequently stripped washed with TBS-T and re-probed as described above. Densitometry was
performed using Image J.

Hg analysis

Hg in the feces, urine, and blood of mice undergoing behavioural testing was analyzed at P22 and P42.
Feces, urine, and blood were collected and immediately stored at —20°C for Hg analysis. Following behav-
ioural testing at 3 months old, the mice were sacrificed, and 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/medulla, and
olfactory bulb were isolated and immediately frozen with liquid nitrogen and stored at —80°C for Hg anal-
ysis. The right hemispheres of E15 and P7 brains (after removal of the cerebellum) were collected and
immediately stored at —80°C for future Hg analysis.

For the measurement of Hg levels a direct thermal decomposition mercury analyzer (MA-3000, Nippon In-
strument, Bryan, TX, USA) was used. Quality assurance/quality control methods included blanks samples
and standard reference material DOLT5. The MA-3000 used for Hg analysis has a detection limit of 0.01
to 0.02ng.

Antibodies

The primary antibodies used for immunocytochemistry were mouse anti-Blll-tubulin (cat#801201,
BioLegend, 1:1000), rabbit anti-Paxé (cat#901301, BioLegend, 1:1000), rabbit anti-Sox2 (cat#AB5603MI,
Millipore, 1:500), and mouse anti-Ki67 (1:500, Abcam, cat#ab15580). The secondary antibodies used
were donkey anti-rabbit Alexa Fluor 555 (cat#A31572, Thermo Fisher Scientific, 1:500) and goat anti-mouse
Alexa Fluor 488 (cat#A32723, Thermo Fisher Scientific, 1:500). Nuclear counterstaining was performed with
Hoechst 33342 (cat#4082, Cell Signalling Technology, 1:1000).

The primary antibodies used for immunohistochemistry were rabbit anti-Paxé (cat#901301, Biolegend,
1:2000), rabbit anti-Tbr2 (cat#ab233456, Abcam, 1:500), mouse anti-Ki67 (cat#550609, BD Pharmingen,
1:200), rabbit anti-Mcm2 (cat#ab4461, Abcam, 1:500) mouse anti-Sox2 (cat#ab79351, Abcam, 1:400),
goat anti-DCX (cat#sc-8066, Santa Cruz biotechnology, 1:500) and rabbit anti-Tbr1 (cat#ab31940, Abcam,
1:500), and mouse anti-Satb2 (cat#ab51502, Abcam, 1:500). The secondary antibodies used were donkey
anti-rabbit Alexa Fluor 555 (cat#A31572, Thermo Fisher Scientific, 1:1000), goat anti-mouse Alexa Fluor
555 (cat#A21422, Thermo Fisher Scientific, 1:1000), donkey anti-rabbit Alexa Fluor 647 (cat#A31573,
Thermo Fisher Scientific, 1:1000), goat anti-mouse Alexa Fluor 647 (cat#A32728, Thermo Fisher Scientific,
1:1000) and donkey anti-goat Alexa Fluor 647 (cat#A21447, Thermo Fisher Scientific, 1:1000). Hoechst
33342 (cat#4082, Cell Signalling Technology, 1:1000) was used for the nuclear staining.
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For PLA, the primary antibodies were rabbit anti-p-CREB (5133) (cat#9198S, Cell Signaling 1:500) and
mouse anti-CBP (cat#sc-7300, Santa Cruz Biotechnology, 1:200).

For western blots, the primary antibodies were rabbit anti-paPKC{¢/1 (T410/403) (cat#9378, Cell Signaling,
1:500), mouse anti-aPKCZ/1 (cat#610175, BD Pharmingen, 1:500), rabbit anti-p-CREB (5133) (cat#9198S, Cell
Signaling, 1:500), mouse anti-CREB (cat#9104S, Cell Signaling, 1:500). Secondary antibodies for western
blots were HRP-conjugated goat anti-mouse, anti-rabbit (cat#7074, cat#7076, Cell Signalling, 1:3000).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with a two-tailed Student’s t test, one-way, or two-way ANOVA with
Tukey's multiple comparisons as post hoc analysis. Normalization was assessed by the Shapiro-Wilk (p<
0.05) test and conducted on all control data. On non-normally distributed data, a non-parametric statistical
test was performed. Error bars indicate the standard error of the mean (SEM). p-values presented as
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

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 pi-
lot data, a pragmatic decision was taken with the following 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 or greater per con-
dition was targeted. For all behavioural testing, we utilized the Mead's resource equation to determine
sample size.
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