communications biology

Article

https://doi.org/10.1038/s42003-024-06685-6

A single-cell transcriptomic landscape of
cadmium-hindered brain development

in mice

M| Check for updates

Qinlong Ma'®, Zhiqi Yang®®, Chuanyan Yang?®, Min Lin', Mingyue Gong?, Ping Deng’, Mindi He',

Yonghui Lu', Kuan Zhang?, Huifeng Pi', Mingyue Qu®, Zhengping Yu', Zhou Zhou*

& ChunhaiChen®'

The effects of neurotoxicant cadmium (Cd) exposure on brain development have not been well
elucidated. To investigate this, we have herein subjected pregnant mice to low-dose Cd throughout
gestation. Using single-cell RNA sequencing (scRNA-seq), we explored the cellular responses in the
embryonic brain to Cd exposure, and identified 18 distinct cell subpopulations that exhibited varied
responses to Cd. Typically, Cd exposure impeded the development and maturation of cells in the
brain, especially progenitor cells such as neural progenitor cells (NPCs) and oligodendrocyte
progenitor cells (OPCs). It also caused significant cell subpopulation shifts in almost all the types of
cells in the brain. Additionally, Cd exposure reduced the dendritic sophistication of cortical neurons in
the offspring. Importantly, these changes led to aberrant Ca®" activity in the cortex and neural behavior
changes in mature offspring. These data contribute to our understanding of the effects and
mechanisms of Cd exposure on brain development and highlight the importance of controlling
environmental neurotoxicant exposure at the population level.

Environmental pollutants such as heavy metals have raised great public
concern because they are related to the increasing prevalence of multiple
diseases, especially neurodevelopmental disorders'~. Research has revealed
that exposure to neurotoxicants during brain development is a risk factor for
autism in children and neurodegenerative disease in adulthood' . Cadmium
(Cd) is one of the most common environmental pollutants that greatly
threatens human health. Cd originating from industrial waste can con-
taminate water, soil, and air, and then accumulate in meat offal, cereals, root
crops, vegetables, seafood, and tobacco’™. Adverse health effects of Cd
exposure on kidneys, bones, pancreas, and the brain have been discovered'*™"”.
Importantly, Cd has been revealed to be a serious threat to brain development.
Extensive observational studies have revealed that prenatal exposure to Cd
may lead to chronic brain dysfunctions” ™", but the detailed effects and
underlying mechanisms are still not fully understood.

It has been proven that Cd can cross the placental barrier'®. Therefore,
in utero exposure to Cd may occur and should be given special attention
because gestation is a critical window of susceptibility to hazardous factors"”.
Prenatal exposure to Cd has been reported to induce anxiety, hinder gross
motor development, impair cognitive function, and cause attention deficit
and hyperactivity disorder in children'*™. In animal studies, Cd has been

revealed to destroy the blood-brain barrier and accumulate in the brain.
The neurogenesis process, axonal development, and the maturation of
neurons can be influenced by prenatal Cd exposure as found in zebrafish,
mice, and rat models™ . Behavioral changes have also been detected in
adults exposed prenatally to Cd***. Studies using an embryonic neural
stem/progenitor cell (eNPC) model have indicated that Cd exposure inhi-
bits cell proliferation and the maturation of differentiated neurons” .
Although many previous studies have investigated the effects of Cd on brain
development, the underlying mechanisms are still poorly understood.

There are different cell types that originate from the neural epithelium
during brain development, such as neural progenitor cells (NPCs), oligo-
dendrocyte progenitor cells (OPCs), neurons, and astrocytes. Even the same
type of cells could be divided into different subtypes™. This phenomenon is
much more complicated in the developing brain®~*’. These cell sub-
populations might respond differently to Cd exposure due to their unique
characteristics™. The different responses could be covered in bulk analyses.
However, much is still unknown about the specific responses of each cell
subpopulation in the developing brain to Cd exposure. A critical goal in the
field is to understand how Cd exerts neurodevelopmental toxicity and its
underlying mechanisms.
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Here, we established a prenatal Cd exposure model using pregnant
mice and used a single-cell RNA-seq (scRNA-seq) -based approach to reveal
the diverse responses of each cell subpopulation in the embryonic brain to
Cd exposure. A series of cell subpopulations of each cell type in the brain
were identified. The marker genes were screened to draw the profiles of these
cell subpopulations. The DEGs in each cell subpopulation were analyzed to
explore the detailed influences and mechanisms of Cd exposure on brain
development. The subsequent changes in the electric activity of neural
circuits and neural behaviors were also explored. We systematically detected
the detailed effects of Cd exposure on each cell subpopulation in the
embryonic brain, and the neurotoxic effects of Cd on brain development
and brain functions in adulthood.

Results

Cd exposure caused a significant shift of cell populations in the

developing brain

To determine the mechanisms by which Cd exposure influences brain
development, we established an animal model by exposing pregnant mice to
3 mg/L cadmium chloride in drinking water throughout gestation. Animal
treatment and analyses were carried out as shown in the timeline in Fig. 1a.
There was no difference in the body weight of offspring on postnatal day 0
(P0) or P60 (Supplementary Fig. la). Additionally, no change in brain
weight was detected (Supplementary Fig.1b). The average internal dose of
Cd in the fetal brain cortex on embryonic day 15.5 (E15.5), the predominate
time point for neuron generation”, was 3.62 ng/g (Fig. 1b). Whole cortex
tissue was extracted from 4 fetus from 4 pregnant mice in each group at
E15.5 and dissociated into single cells for scRNA-seq. There were 34,540
cells identified in total. These cells were divided into 18 cell clusters
according to 3846 genes specifically expressed in these cells (Supplementary
Fig. 2), and a significant shift in cell clusters was observed between the
control group and Cd-exposed group (Fig. 1c, Supplementary Fig. 3a-c,
Supplementary Table S1).

Then, we distinguished these 18 cell clusters using previously identified
cell makers in the brain®*. The cell makers of NPCs, OPCs, excitatory
neurons, interneurons, astrocytes, and microglia were used to identify the
cells (Fig. 1d, Supplementary Table S2). The expression levels of these
specific markers and unique genes identified expressed in each cluster were
presented in heatmaps (Fig. le, Supplementary Fig. 4). The number of each
cell population in both the control and Cd-exposed groups were counted.
The results revealed that the total number of NPCs and astrocytes increased,
while the number of OPCs, excitatory neurons, and interneurons decreased
in Cd-exposed mice (Fig. 1f).

Cd exposure delayed the development of the NPC population
The NPC population included 4 clusters distinguished by their specific gene
profiles (Fig. 2a, Supplementary Table S3). The numbers of cells in all these 4
clusters were much higher in Cd-exposed mice than in control mice
(Fig. 2a). However, the ratio of KI67" cells did not increase in the tele-
ncephalon of E15.5 Cd-exposed mice (Fig. 2b, d, e), which indicated that the
cell proliferation rate was not altered. We also found that SOX2* cells piled
up in the telencephalon of Cd-exposed mice, especially in the outer layer
(layer 2) (Fig. 2¢, f, g). These data indicated that NPC development was
impeded after Cd exposure.

Analysis of gene profiles revealed that 56, 352, 471, and 358 marker
genes were expressed separately in the 4 NPC clusters. However, only 13
marker genes were shared by these 4 clusters (Fig. 2h). There were nearly 100
or more DEGs in each cluster between control and Cd-exposed mice, and
only 19 DEGs were shared by these 4 subpopulations (Fig. 2i). These data
demonstrated the great heterogeneity of NPCs and their differential
responses to Cd exposure.

Representative marker genes and DEGs are listed in Supplementary
Table S3. The expression patterns of the typical marker genes of each cluster
were presented in violin plots (Fig. 2j-m). These enriched genes were closely
related to NPC proliferation, maintenance, neuronal or glial differentiation,
and maturation. For example, DlxI and Rnd3 in cluster 4 (C4, Fig. 2j); Hmgb2

and Mki67 in C6 (Fig. 2k); Fabp7 and Mt3 in C9 (Fig. 21); Tpx2 and Pcalf in
C16 (Fig. 2m). Some of the DEGs also play a critical role in the fate decision of
NPCs and other processes of brain development. For example, Chchd2,
Map1b, Dcx, Ncaml1, and Hes5 in C4; Mapt, Map2, and Pou2fI in C6; Ptprzl,
H2afz, Slcla3, and Aldhlll in C9; Fau, Gria2, Gng5 and Pou3f2 in C16
(Supplementary Table S3). We then did GO analysis of the DEGs in each
cluster. The results revealed that the expression of genes related to neuronal
development, neurogenesis, axonal development, and neuronal projection
development were significantly influenced (Supplementary Fig. 5a-d).

Cd exposure led to a notable shift in the OPC population

UMAP revealed that Cd exposure caused a significant shift in different OPC
clusters (Fig. 3a). The total number and the number of the largest OPC
cluster (C0) were remarkably decreased in Cd-exposed mice (Fig. 3b,
Supplementary Table S1). Over 640 typical genes were found expressed in
the 3 OPC clusters. However, few overlapping genes were found among
these 3 clusters (Supplementary Fig. 6a). The results indicated remarkable
heterogeneity of the OPC population. The enriched marker genes in each
cluster included critical genes regulating OPC functions, such as Ptprzl,
Pdgfra, and Vecan. In addition, other genes such as Gap43, Apoe, and
Cdknla, which play key roles in the cell cycle, proliferation, and apoptosis
were also included (Supplementary Table S4).

A remarkable number of DEGs, over 900, were found in OPC clusters
between control and Cd-exposed mice (Fig. 3¢, Supplementary Table S4).
However, when we detected the mRNA expression of Pdgfra, Vcan, and
Ptprz1 in the whole cortex tissue at E15.5, E17.5, and PO via bulk real-time
PCR analysis, no significant changes were found (Fig. 3d-f), which indicated
that the subcluster differences were covered in bulk analysis. Representative
DEGs, such as Mapt, Ncaml, Maplb, Gap43, Dcx, and Map2, were key
factors involved in cell proliferation, neuronal and oligodendrocyte differ-
entiation, and myelination (Supplementary Table S4). GO analysis of the
DEGs in the largest cluster, CO0, revealed that cell development, cell pro-
jection organization, and nervous system development were significantly
influenced by Cd exposure (Fig. 3g). GO analysis of the DEGs in C13 and
C15 yielded similar results (Supplementary Fig. 6b, c).

To further explore the heterogeneity of OPCs, we reclustered the OPC
population into 10 subclusters (Supplementary Fig. 6d). In particular, the
largest OPC cluster, CO, was divided into 7 subclusters (Supplementary
Fig. 6d). The marker genes expressed in these subclusters were listed in
Supplementary Table S5. The number of cells in subclusters 0, 1, 2, and 6
decreased in Cd-exposed mice, while the number of cells in subclusters 3, 4,
and 5 markedly increased (Fig. 3h, i). UMAP showed the distributions of
typical genes in each subcluster (Supplementary Fig. 6e). Taken together,
these findings demonstrated the significant heterogeneity of the OPC
population and the diverse responses of OPCs to Cd exposure.

Cd exposure disturbed the development of neuronal
subpopulations

The effects of Cd exposure on progenitor cells would finally influence the
generation of neurons. Thus, we analyzed the detailed changes in excitatory
neuron and interneuron populations. UMAP revealed that Cd exposure
caused extensive changes in the excitatory neuron population (Fig. 4a). The
total number of excitatory neurons was slightly decreased in Cd-exposed
mice. However, the number of excitatory neurons in C1 and C7 increased,
while the number of excitatory neurons in C3 and C8 decreased in response
to Cd exposure (Fig. 4b). Two clusters of interneurons were identified, and
the number of cells in both of these clusters was decreased in Cd-treated
mice (Fig. 4c).

Analysis of the identified genes and DEGs in the excitatory neuron
clusters revealed remarkable heterogeneity of these cells and their responses
to Cd exposure. A total of 719 genes and 768 DEGs were found in the 4
excitatory neuron clusters (Fig. 4d, Supplementary Table S6). The numbers
ofidentified genes and DEGs in interneurons were much lower than those in
excitatory neurons. However, interneurons also exhibited heterogeneity
(Fig. 4e, Supplementary Table S6). The typical genes which played a critical
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Fig. 1 | Cd exposure led to a significant shift of cell populations in the cortex of
E15.5 mice by scRNA-seq analysis. a Schematic of the experimental design and
timeline. b The Cd concentration was measured in the embryonic cortex. Data of 4
fetus from 4 pregnant mice in each group are expressed as the mean + SEM.

Il NPCs

I Interneurons
40 -

w
o
L

Ratio of different type of cells
(% of total)
- N
o o

WoPCs

S o
& &

**p < 0.01, two-tailed Student’s ¢ test. c Combined UMAP plots of cells from control

N
‘50

&

Control

*%

P=0.0030 ©
0©

T

0%,
o
o

Cd

*0_OPCs
*1_Exitatory neurons
©2_Interneurons

_Exitatory neurons
4 _NPCs

© 5 Interneurons
*6_NP!

S

© 7_Exitatory neurons

o1

8_Exitatory neurons
9 S

o11
©12_Astrocytes
©13_OPCs

+14"Microglia
*15_OPCs
+16_NPC

o1

s
7_Astrocytes

I Excitatory neurons

I

®

\$°
&

Astrocytes

> d > c®
O © O

00

and Cd exposed mice. d UMAP plots of cells by cell population assignment.

e Heatmap showing the scaled mean expression of specific marker genes used for cell
population determination. f Cell distributions among six determined cell types by
percentage in both the control and Cd-exposed groups.

Communications Biology | (2024)7:997



https://doi.org/10.1038/s42003-024-06685-6

Article

a b Ki67/DAPI c Sox2/DAPI d e
gm- HEcontrol 4-
..‘c'_" . mCd - - n.s.
J o 7
2 g £ e
2. o s E S E
g 64 £35 SE
2 = ©2- IS
= T« e
© 44 ox e =
§ o si 14 & =
Z 2] o > X
)
o
£ o 0.
o C4 C6 C9 C16 Control Cd Control Cd
f g h
C6 (114 C9 (120
140 4 o Control :E15- o Control C6 (352) C9 (471) (04 120
£ |ocd ok £ |oca 51 265 76
3 S
= P=0.0009 ©
8 120 4 ° 8 n.s. 33 8
e n.s. 1 ‘; 104 o .
k> o g 135
O o ° 2> []) 123
£100 - cg S £ 10 72
£ 5 **
[ - 5 14
2 godl l° =5 P=0.0097 il
& 7 ]
> o O Of :}
: AN s
o
60 Q0
Layer1 Layer2 Layer1 Layer2 Marker genes DEGs (Control Vs. Cd)
Rnd3 k

j Dix1

C4
Expression level

Mki67

C6
Expression level

01234567 89002000 01234567 890002000

mt3

I Fabp7

o

C16

c9
Expression level
o N »
7> s

01234567 8900000

01234567 8920009,

Fig. 2 | Cd exposure delayed the development of the NPC population. a Cell
distribution (percentages) of the four NPC clusters in control and Cd-exposed mice.
b, ¢ SOX2 and K167 immunostaining in the E15.5 mouse telencephalon. Scale bar, 50
um. d-g Statistical results of the number of SOX2* and KI67* cells in the tele-
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mean + SEM. ¥¥p < 0.01, two-tailed Student’s ¢ test. h Venn analysis of the four NPC
cluster marker genes. i Venn analysis of the DEGs in the four NPC clusters in control
and Cd-exposed mice. j-m Violin plots showing the expression and distribution of
the representative top marker genes in NPC cell clusters. C4, cluster 4; C6, cluster 6;
C9, cluster 9; C16, cluster 16.

role in neuronal development were presented in violin plots to show their
expression patterns. Such as Neurodl, Eomes, Rnd2, and Neurog2 in C1
(Fig. 4f); Sox5 and Fezf2 in C3 (Fig. 4g); Syt4 and Satb2 in C8 (Fig. 4h). GO
analysis of the DEGs in each excitatory neuron cluster demonstrated that
neuronal differentiation, projection, and synapse development were sig-
nificantly influenced by Cd exposure (Supplementary Fig. 7a-d). However,
bulk real-time PCR analysis of previous established typical neuronal mar-
kers in the whole cortex tissue revealed that the expression of Tubb3 was
slightly inhibited only at E17.5 (Fig. 4i), no difference in the expression of
Dcx, Neurod2, and Neurod6 was detected at E15.5, E17.5 or PO (Fig. 4i).
These results suggested again that the Cd-induced changes were submerged
in bulk analysis.

Excitatory neurons were further divided into 12 subclusters according to
their unique gene profiles (Supplementary Fig. 8a, Supplementary Table S7).
Among these subclusters, 2, 3, 5, and 6 were the most significantly changed

groups, the number of which also achieved a dominant position (Supple-
mentary Fig. 8b). The violin plots revealed the expression patterns of some the
key identified genes in these subclusters, such as Vcan, Satb2, Ptprzl, Neu-
rodl, Neurog2, and Gadd45g¢ (Supplementary Fig. 8c—f). Other identified
genes of each subcluster were listed in Supplementary Table S7. All these data
demonstrated that the development of different neuronal subpopulations in
the embryonic brain was affected heterogeneously by Cd exposure.

Pseudotime analysis verified that Cd exposure retarded brain
development

To further explore the effects of Cd exposure on the chronological devel-
opment and maturation of cells in the brain, we did a pseudotime map
analysis. A pseudotime map was used to determine the developmental
trajectories of cells by identifying cells with similar marker genes. The cells
were defined into 7 stages according to the developmental stage (Fig. 5a).
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Fig. 3 | Cd exposure caused remarkable shifts in the OPC subpopulations.

a Feature plots showing the differential distribution of OPC clusters in control and
Cd-exposed mice. b Cell distribution percentages of OPC cell clusters in control and
Cd-exposed mice. CO, cluster 0; C13, cluster 13; C15, cluster 15. ¢ Venn analysis of
the DEGs in the three OPC clusters in control and Cd-exposed mice. d-f QPCR
analysis of the expression of Pdgfa, Vcan, and Ptprzl in mouse cortical tissue at

different developmental stages. Data of 6 fetus from 6 pregnant mice in each group
are expressed as the mean + SEM. Two-tailed Student’s ¢ test. g GO analysis of the
DEGs in the largest OPC cluster, CO, revealed that Cd exposure influenced the
expression of genes related to multiple functions of brain development. h OPCs were
reclustered into 10 subclusters. i Cell distribution percentages of subcluster 0 (S0) to
6 (S6) in control and Cd-exposed mice.

The distribution of all 18 cell clusters was located in the pseudotime map to
identify their developmental stages (Fig. 5b). We found a distinctive shift of
cell clusters on the pseudotime map caused by Cd exposure (Fig. 5¢). As for
the NPC populations, we found that the cells were hindered in the early

developmental stage by Cd exposure in all the clusters (Fig. 5d). For OPC
populations, the decreased cell number in Cd-exposed mice all happened in
the later stages of development. However, in the early stages, especially in
stage 1, the cell plots were much denser in the Cd-exposed group (Fig. 5e).
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e Venn analysis of interneuron cluster marker genes and DEGs in control and Cd-
exposed mice. f-h Violin plots showing the expression and distribution of the
representative top marker genes in C1, C3, and C8 excitatory neuron clusters. i The
mRNA expression of Dcx, Neurod2, Neurod6, and Tubb3 in mouse cortical tissue at
different developmental stages. Data of 6 fetus from 6 pregnant mice in each group
are expressed as the mean + SEM. *p < 0.05, two-tailed Student’s ¢ test.
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For excitatory neuron and interneuron populations, although the influences
of Cd exposure seemed muddledness due to the changes in cell number in
the pseudotime map, an overall retardance of neuronal development was
observed (Fig. 5f, g). Similar results have been found in astrocytes (Fig. 5h).

Embryonic Cd exposure impaired the morphology and popula-
tion Ca** transients of cortical neurons in adulthood
To evaluate the influence of embryonic Cd exposure on offspring mice in
adulthood, we first examined the morphological changes in neurons when
the offspring mice grew up to 2-month-old age. The total length of neuronal
processes and the branches were not influenced by Cd exposure (Fig. 6a—c,
e-g). However, the density of spines in the neuronal processes was sig-
nificantly decreased in Cd-exposed mice (Fig. 6a, d, e, h). The expression of
the spine development-related genes Syn1, Syn2 and Psd95 was detected at
E15.5,E17.5, and P0. The data revealed that Syn2 and Psd95 expression was
inhibited by Cd exposure at PO (Fig. 6i-k).

To assess the influence of Cd-induced morphological impairment on
neural circuit functions, we monitored the Ca*" activity of cortical neurons

in free-behaving adult mice exposed to Cd in utero (Fig. 7a). A genetically
encoded Ca*" indicator GCaMP6s was expressed in the auditory cortex
(AuC) of the cerebral cortex (Fig. 7b). NeuN staining of serial sections
confirmed the expression of GCaMPé6s in AuC neurons (Fig. 7c). Fiber
photometry was used to record population Ca’* activity. From the changes
in Ca’" transients, we found that the latency of neurons to respond to sound
stimuli did not change (Fig. 7d—j). However, embryonic Cd exposure pro-
longed the half-width of the Ca®" signal in adult cortical neurons (Fig. 7d-i,
k) at 8944 Hz stimuli. Importantly, the amplitude and values of AF/F, were
remarkably reduced in Cd-exposed mice at 4913 Hz and 16,284 Hz stimuli
(Fig. 7d-i, 1). Taken together, these data revealed that embryonic Cd
exposure disturbed neural circuit functions in adults.

Embryonic Cd exposure impaired the neurobehaviors of

adult mice

To further evaluate the influence of embryonic Cd exposure on offspring
mice in adulthood, we carried out a series of behavioral tests. The open field
test revealed that Cd-exposed mice exhibited a lack of exploratory activities.
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Fig. 6 | Cd exposure decreased the spine density of neurons. a-d Morphological
changes in neuronal processes and spine density in excitatory neurons. a Scale bar,
50 pm for the up panel and 10 um for the down panel. b Data of 4 offspring from 4
pregnant mice in each group are expressed as the mean + SEM. The circles in the
graph represent individual cells quantified. n = 43 for the control group, n =51 for
the Cd-exposed group; (c) n =44 for the control group, n = 53 for the Cd-exposed
group; (d) n =38 for the control group, n = 32 for the Cd-exposed group.

b, d **p < 0.01, two-tailed Student’s ¢ test. ¢ Two-way analysis of variance (ANOVA)
followed by Bonferroni’s post hoc test. e-h Morphological changes in interneurons.

e Scale bar, 50 pm for the up panel and 10 um for the down panel; (f) n = 81 for the
control group, n = 62 for the Cd-exposed group; (g) n = 85 for the control group,
n = 69 for the Cd-exposed group; (h) n = 51 for the control group, n = 53 for the Cd-
exposed group. f, h **p < 0.01, two-tailed Student’s t test. (g) Two-way analysis of
variance (ANOVA) followed by Bonferroni’s post hoc test. i-k The expression of
genes related to spine development. Data of 6 fetus from 6 pregnant mice in each
group are expressed as the mean + SEM. *p < 0.05, **p < 0.01, two-tailed Student’s
t test.

Both the time spent and total distance traveled in the center area in the open
field test were decreased in the Cd-exposed mice (Fig. 8a, b). Cd-exposed
mice had much sparser movement traces. Especially, they lacked center area
traces compared with control mice (Fig. 8¢c). Next, we did a tail suspension
test and an elevated plus maze, which were used to examine depression-like
behavior of mice. We found that Cd-exposed mice had a much longer
immobility time than control mice in the tail suspension test (Fig. 8d), and
spent a much shorter time in the open arms in the elevated plus maze
(Fig. 8e). These results suggested that Cd-exposed mice exhibited much
higher depression-like behavior.

Cognitive functions were first evaluated using a passive avoidance
test. Cd-exposed mice had a much shorter latency in the retention test

(Fig. 8f), and much higher numbers to enter the dark area (Fig. 8g). In the
Morris water maze, Cd-exposed mice took much longer time to find the
platform beginning on day 4 of the training process compared with
control mice (Fig. 8h). In the probe trial, Cd-exposed mice spent much less
time in the target quadrant (Fig. 8i, j). There was no difference in the
average swimming speed between the control group and the Cd-exposed
group (Supplementary Fig. 9), suggesting that 3 mg/L Cd exposure did not
directly affect the exercise ability of mice. The results demonstrated that
embryonic Cd exposure impaired the learning and memory abilities of the
mice. Together, these data proved that the influences of Cd on cell
development during gestation ultimately caused behavioral changes in
adult mice.
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Fig. 7 | Cd exposure caused abnormal neural Ca" activity in the cortex.

a Schematic of the experimental protocol. b Location of the AAV-transfected region
in the cortex. ¢ Immunostaining images of GCaMP6s and NeuN. Top, average
(purple) trace of neural Ca** transients in the auditory cortices of control mice at the
onset of 4913 Hz (d), 8944 Hz (e), and 16284 Hz (f) pure tones (black bar). The
average trace was from 28 trials from four mice. The shaded area represented SEM.
Bottom, color-coded intensities of neural Ca" transients in the cortex from different
trials. Data of 4 offspring from 4 pregnant mice in each group are expressed as the

mean = SEM. The circles in the graph represent individual trials quantified.

g-i Average trace of neural Ca’" transients and color-coded intensities in the cortex
in Cd-exposed mice. Data from 27 trials from four mice. j The latencies of Ca**
transients in response to 4913 Hz, 8944 Hz, and 16284 Hz pure tones. Two-sided
Wilcoxon rank-sum test. k The half-widths of Ca®" transients. Two-sided Wilcoxon
rank-sum test. 8944 Hz, *p < 0.05. I Amplitudes of the half-widths of Ca** tran-
sients. Two-sided Wilcoxon rank-sum test. 4913 Hz, **p <0.01;

16284 Hz, *p < 0.05.
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Fig. 8 | Cd exposure influenced neural behaviors of mice. a—c Performance of mice
in the open field test. a, b Cd-exposed mice traveled shorter distances in the center
area and spent less time in the center area. Data of 9 offspring from 6 pregnant mice
in each group are expressed as the mean + SEM. *p < 0.05, **p < 0.01, two-tailed
Student’s ¢ test. ¢ Movement traces of the mice showing that Cd exposure decreased
the movement in the center area. d Mice in the Cd exposure group exhibited a much
longer immobility time than control mice in the tail suspension test. Data of 10
offspring from 6 pregnant mice in each group are expressed as the mean + SEM.
**p < 0.01, two-tailed Student’s ¢ test. e Cd-exposed mice spent less time in the open
arms in the elevated plus maze. Data of 9 offspring from 6 pregnant mice in each
group are expressed as the mean + SEM. *p < 0.05, two-tailed Student’s ¢ test.

f, g Results of the passive avoidance fest revealed the impairment of learning and
memory functions in mice after Cd exposure. Data of 10 offspring from 6 pregnant
mice in each group are expressed as the mean + SEM. *p < 0.05, **p < 0.01, two-
tailed Student’s t test. h—j Results of the Morris water maze test revealed the
impairment of learning and memory in Cd-exposed mice. h Escape latencies on all 5
training days. *p < 0.05, **p < 0.01, two-way repeated measures analysis of variance
(ANOVA) followed by Bonferroni’s post hoc test. i Time spent in the target quadrant
during the probe trial. *p < 0.05, two-tailed Student’s ¢ test. j Representative
searching trail of mice in the probe trial. Data of 10 offspring from 6 pregnant mice in
each group are expressed as the mean + SEM.

Discussion

The effects and mechanisms of Cd exposure on brain development have not
been fully elucidated. In this study, we revealed the diverse responses of
brain cells in response to Cd exposure during embryonic development. We
found that Cd exposure delayed the differentiation of embryonic NPCs and
OPCs, and caused significant subpopulation shifts in these progenitor cells.
Additionally, Cd exposure disturbed the generation and subpopulation
distribution of excitatory neurons and interneurons, and hindered the
maturation of these neurons. Furthermore, we sorted out the gene markers
of each subpopulation and explored DEGs in specific cell subpopulations

after Cd exposure. Finally, we uncovered that the influences of embryonic
Cd exposure on brain development led to abnormal electrical activities in
cortical neurons and impaired neural behaviors in adult offspring mice.
These data contribute to the understanding of the effects and mechanisms of
the neurodevelopmental toxicity of Cd.

Confirming the internal exposure doses of Cd is crucial for comparing
its effects to human exposure outcomes. The Environmental Protection
Agency in the United States”, the European Union", and China'' have all
set the maximum contaminant level for Cd in drinking water as 5 pg/L. A
previous study has demonstrated that exposure of pregnant mice to 150 mg/
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L Cd in drinking water is equivalent to a blood Cd concentration of 4.45 ug/
L on E18%, which is lower than the threshold of Cd (5 ug/L) for medical
surveillance in Occupational Safety & Health Administration, USA*. The
peak blood Cd level in mice resulting from 3 mg/L Cd exposure in drinking
water has been confirmed closing to the blood Cd concentration in specific
populations, which ranges from 0.24 to 1.94 pg/L* . The average internal
exposure dose of Cd in the fetal brain in our experiments was 3.62 ng/g,
which is also lower than the Cd content previously detected in human
placental tissues”*. Thus, the dose used in our experiments has strong
environmental implications. These findings also indicate that the neuro-
developmental toxicity of Cd, even at low doses, should be considered.

Developmental brain disorders and neural behavior changes have been
explored in children who exposed to Cd during gestation'**. Similar evi-
dence has been found in animal-based studies’*. According to studies in
humans and experimental animals, the underlying mechanisms are that Cd
exposure impairs the functions of the blood-brain barrier”, induces
neuroinflammation’, disturbs the development of monoaminergic,
GABAergic, and glutamatergic systems™, hinders myelin and axonal
development™, and influences spontaneous electrical activity’’. However,
these findings cannot fully explain the effects and mechanisms of Cd-
induced developmental neurotoxicity. The problem could be much more
serious at the cellular and molecular levels than previously reported. One
major reason is that there are diverse cell subpopulations in the brain, and
Cd-induced changes can be covered in bulk analysis because these cell
subpopulations exhibit different reactions to Cd exposure.

Here, our data demonstrated the diverse responses of cells in the
embryonic brain to Cd exposure. Even within the same types of cells, we
discovered varying responses at the subpopulation level. We also revealed
that each cell subpopulation had its unique DEGs after Cd exposure. This
finding is important because these DEGs could be submerged in bulk
analysis. In this study, when we assessed the impact of Cd on brain devel-
opment using bulk real-time PCR and immunostaining analysis with
commonly used markers, most of the changes at subpopulation level were
covered up. Exploring the DEGs in each cell subpopulation via scRNA-seq
analysis allowed us better understand the effects of Cd exposure on brain
development and the underlying mechanisms involved. We also explored
new sensitive genes that could be used for evaluating the developmental
neurotoxicity of Cd in the brain.

NPCs give rise to OPCs, neurons, and astrocytes at different time
points during brain development. Additionally, OPCs differentiate into
oligodendrocytes and can also transdifferentiate into other glial cells™. Based
on the changes in the number of each subpopulation, we concluded that Cd
exposure hindered the differentiation of progenitor cells, including NPCs
and OPCs, and impeded the maturation of neurons during brain devel-
opment. This conclusion was further supported by pseudotime analysis
results, which revealed that most of the cells in the brain were arrested in an
immature state in Cd-exposed mice. Analysis of the functions of the feature
genes of the predominately altered NPC and OPC subpopulations and the
DEGs also supported this conclusion. These detailed results revealed that
one of the key mechanisms by which Cd influences brain development to
retard the normal development and maturation of cells in the brain. This
finding is different from previous in vitro observations that Cd exposure
inhibits the proliferation of NPCs***. This could be due to the differences
between the in vivo and in vitro models used and the actual internal
exposure doses of Cd. However, previous research using an in vitro model
also suggested that neuronal differentiation and maturation was inhibited
by Cd exposure’**. The inhibitory effects of Cd exposure on neurogenesis
have also been demonstrated in the embryonic and adult brain in vivo™*.
These findings reinforce our conclusion that Cd hindered the maturation of
brain cells.

Another critical mechanism of Cd-induced neurodevelopmental
toxicity was changes in cell subpopulation shifts. In particular, a significant
shift was found in the NPC and OPC subpopulations after Cd exposure.
Additionally, a large number of DEGs had been identified in these sub-
populations. A series of meaningful changes in brain development were

revealed by GO analysis of these DEGs. Most of these changes could hardly
be revealed in the bulk analysis***. The subpopulation shifts in progenitor
cells will ultimately influence their fate decision and cause significant
alterations in terminal differentiation. Thus, changes in NPCs and OPCs
might be one of the key mechanisms by which Cd exposure retarded and
disturbed neuronal and glial differentiation in the brain. GO analysis of the
DEGs in these subpopulations confirmed this conclusion, which was also
further verified by the subsequent analysis of neurons.

Previous studies have revealed that Cd exposure causes oxidative stress
and disturbs autophagy in cultured neurons and cortical tissues”*. Other
mechanisms, such as calcium ion (Ca**) transfer and glycolysis promotion,
have also been explored™*. The variations were much more complicated
among the subpopulations we identified. The analysis of neurons revealed a
remarkable disturbance in the subpopulation distribution of excitatory
neurons and interneurons. The molecular mechanisms were largely
explored by DEG analysis using subpopulation data. The results suggested
that Cd might also directly influence neuronal development. However,
because the number of cells increased in some neuronal subpopulations
while decreased in others, the typical DEGs changed in these subpopulations
could be covered by this contradictory variation in bulk analysis. Thus,
although no alteration was found in the bulk analysis, significant changes
were detected at the subpopulation level. The changes in excitatory neuron
and interneuron subpopulations provide a reasonable explanation for how
Cd exposure impairs neuronal circuit formation. Subpopulation shifts in
excitatory neurons and interneurons finally disturbed neuronal circuit
formation. The impairment of neuronal spine development also con-
tributed to the disturbance of neuronal circuits. Here, the prolonged half-
width of Ca™ transients following exposure to 8944 Hz stimuli indicated
abnormal neuronal excitability in Cd-exposed mice. The reduced ampli-
tudes at 4913 Hz and 16284 Hz stimuli revealed that Cd exposure decreased
the sensitivity of AuC neurons. These data explored an abnormal electrical
activity of cortical neurons in free-moving mice when they grew up, which
indicated impaired neuronal circuit formation. The results demonstrated
that Cd-induced impairments of embryonic brain development could not
be fully reversed after Cd was removed. This conclusion was further con-
firmed by the abnormal neural behaviors found in Cd-exposed mice. Both
cognitive and emotional functions were impaired in Cd-exposed mice.
These results suggested that the hazardous effects of Cd exposure on neu-
ronal circuit formation might be universal and affect multiple brain regions.
Importantly, the data from free-moving mice provided direct evidence that
Cd impaired neural behaviors by disturbing neuronal circuit functions. Cd-
induced changes in neural behavior in humans and experimental animals
have been wildly reported in previous studies” . However, the underlying
mechanisms have not been fully explored. Here, we uncovered the detailed
changes at the subpopulation level using single-cell technologies. These
findings contributed new insight into the mechanisms by which Cd expo-
sure affects brain development. Additionally, these findings contributed to
the understanding of how embryonic neurotoxicant exposure causes neu-
rodevelopmental disorders and neurodegenerative disease in adulthood.
This study also indicated that more single-cell-based technologies should be
applied to fully explore the detailed neurotoxic effects of Cd and the
underlying mechanisms, especially, to explore the sensitive cell sub-
populations and sensitive genes responsible for the neurodevelopmental
toxicity of neurotoxicants such as Cd.

In summary, we revealed the diverse responses of brain cells to Cd
exposure based on single-cell technologies. Two major effects and
mechanisms by which Cd exposure affects brain development were
uncovered here (Fig. 9). One is that Cd influenced embryonic brain
development by retarding the normal development and maturation of cells
in the brain. Another was that Cd exposure caused cell subpopulation shifts
during embryonic brain development. These changes ultimately disturbed
the neural circuit functions and neural behaviors of the mice when they grew
up. Our data also provided direct evidence in free-moving mice that Cd
exposure impaired neural behaviors by disturbing neuronal circuit func-
tions. Our research provided new insights into the neurotoxic effect of Cd in
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Fig. 9 | Schematic of the mechanism by which cad-
mium exposure during pregnancy hinders brain
development.
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brain development. Additionally, our findings also indicated that the
influences of Cd exposure on brain development could be much greater and
sophisticated than previously reported.

Methods

Animals and treatment

Eight-week-old C57BL/6] mice were used in the experiments. The mice
were maintained in 23 + 1 °C, 55 * 5% humidity, and 12-h light/dark cycle
conditions. All mice were acclimatized for 1 week before mating. Then,
female mice were mated with males overnight, and the next morning the
appearance of a vaginal plug was identified as E0.5. The pregnant mice were
randomly assigned to either the control group (drinking water) or the Cd
exposure group (drinking water containing 3 mg/L Cd, Sigma-Aldrich, Inc.,
MO, USA). The duration of Cd exposure was from E0.5 to E21. The dose of
Cd applied in our study was based on previous reports******. The detailed
timeline of animal treatment and detection was presented in Fig. la. Both
male and female fetus or offspring were used in the experiments. All animal
experimental protocols were approved by the Animal Care and Use
Committee of Army Military Medical University (ethical approval number:
AMUWEC20218102).

Inductively coupled plasma-mass spectrometry

The cortical tissues of 8 fetus from 8 pregnant mice in each group were
collected at E15.5 and digested in 2 mL of concentrated nitric acid with a
graphite digestion instrument at 120°C for 30 min. When the solution
became clear and transparent, the sample was cooled, and ultrapure water
was added to 10 mL. The concentration of Cd in the cortex was measured
using an inductively coupled plasma mass spectrometer (ICP-MS, Nex-
ION2000 ICP-MS, PerkinElmer, USA). The operating parameters of the
ICP-MS were as follows: radiofrequency power, 1.6 kW; cooling gas flow rate,
18 L/min; auxiliary gas flow rate, 1.0 L/min; nebulizer gas flow rate, 1.02 L/
min; oxygenating device flow, 0.1 L/min; peristaltic pump speed, 35 rpm; and
cooling temperature, —5 °C. The samples were analyzed in triplicate. The
concentration of Cd in cortical tissues was expressed as ng per g wet weight.

Single-cell RNA-seq

Cortical tissues of 4 E15.5 fetus from 4 pregnant mice in each group were
isolated and digested with accutase and pancreatin (Gibco, USA). The
4 samples from the control group and the 4 samples from the Cd-exposed
group were separately mixed for subsequent analysis. Cells were collected
and resuspended in PBS containing 0.04% bovine serum albumin (BSA) and
then filtered through a 40 pm cell strainer. Next, the cells (cell viability >
90%) were loaded into the 10X Genomics Chromium Single Cell Platform
(10X Genomics, USA) at a concentration of 1000 cells/uL. Library quanti-
fication and quality control were performed with a Qubit4.0 fluorometer
(Thermo Fisher Scientific, USA) and Agilent 2100 bioanalyzer (Agilent
Technologies, USA). The final library pool was sequenced on an Illumina
Nova6000 instrument by Shanghai Personalbio (Shanghai, China) using
150-base-pair paired-end reads.

Cell Ranger (version 6.0) was used to map reads to the GRCm38 mouse
genome and acquire gene counts to generate expression matrix files.
Dimension-reduction and clustering were performed by the R package
Seurat (V4.1.1). Then, the objects were normalized and scaled using the
NormalizeData and ScaleData functions. The cells were separated into
different clusters with FindClusters based on the top 20 principal compo-
nents with a resolution of 0.8. The cell clusters were visualized using uniform
manifold approximation and projection (UMAP).

The Wilcoxon algorithm was used to analyze the differential expres-
sion of genes in cells within a cluster and among other clusters to identify
marker genes. Differentially expressed genes (DEGs) were analyzed using
the Seurat FindMarkers function based on the Wilcoxon likelihood-ratio
test. Gens with an average logFC>1 or <—1 and adjusted p <0.05 were
considered DEGs. Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis were performed with the “clusterProfiler”
package. The cell type annotation of each cluster was done based on the
expression from DEG and canonical markers in the literature with Fea-
tureplot and violin plots. Pseudotime trajectory analysis was performed with
Monocle2. For the construction of the trajectory, Seurat v3.1.2 FindVaira-
bleFeatures was used.
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RNA isolation and real-time PCR analysis

Cortical tissues of 6 fetus from 6 pregnant mice in each group were used in
the experiments. Briefly, total RNA was isolated from the cortical tissues of
fetus and offspring using TRIzol reagent (TaKaRa, Otsu, Japan). cDNA was
reverse-transcribed using a reverse-transcription PCR kit (TaKaRa, Tokyo,
Japan). The expression of the selected target genes was measured using a
Bio-Rad IQ5 Detection System (Bio-Rad, Hercules, CA, USA) with specific
primers (Supplementary Table S8). Fold changes were calculated using the
27T method™.

Immunohistological staining and quantification
Immunohistological staining was performed as we described previously®.
Briefly, the whole brain was fixed in 4% paraformaldehyde for 24 h and then
dehydrated with 30% sucrose. The brain tissues were cut into eight-um-
thick sagittal sections. The sections were then blocked in 3% BSA containing
0.25% Triton X-100 for 1h, and then incubated with primary antibodies
overnight at 4°C (anti-KI67, ab15580, rabbit, 1:100, Abcam, UK; anti-
SOX2, AB5603, rabbit, 1:200, Millipore, USA). Alexa Fluor-conjugated
secondary antibodies were used for cell visualization (donkey anti-rab-
bit,1:400, Invitrogen, USA). All images were captured using a confocal
scanning laser microscope (Leica, SP8, Germany). Six fetus from 6 pregnant
mice in each group were used for statistical analysis. Cell quantification was
manually performed in a double-blinded manner. One-fifth of the serial
cortex sections were collected for quantification. Cell counting and thickness
measurements were performed with Image] software.

Golgi staining

Dendritic development in the cortex of the offspring was assessed by Golgi
staining using a Rapid Golgi Stain Kit (FD NeuroTechnologies, MD). Briefly,
whole brain tissue was immediately fixed in fixative for 48 h. Three-mm-thick
brain tissue sections were cut and soaked in Golgi-Cox staining solution for
14 days in a cool and ventilated place away from light. The brain tissue was
then immersed in 80% glacial acetic acid overnight, and placed in 30% sucrose.
After dehydration, the brain tissue was cut into 100-pm-thick sections, pasted
on a gelatine slide, and dried in the dark. The dried sections were treated with
concentrated ammonia water for 15 min and acid hardening fixative solution
for another 15 min. Multilayer images were obtained by a digital slice scanner
(3DHISTECH, Hungary). Dendritic morphology and dendritic spines were
analyzed using Image] software with the Neuron] and Sholl plugins. Four
offspring from 4 pregnant mice in each group were used for quantification.

Virus injection and optical-fiber-based Ca?* recording in freely
behaving mice

Four offspring from 4 pregnant mice in each group were used in the
experiments. Ca** recording in freely behaving mice was carried out as
previously reported®. Briefly, mice were anaesthetized with 1-2% isoflurane
by inhalation. A 0.5mm x 0.5mm craniotomy was made at —3.1 mm
anteroposterior (AP) and 3.8 mm mediolateral (ML) from bregma. A total
of 80 nL AAV-hSyn-GCaMP6s (AAV2/9, titer: 4.0 x 10" viral particles/mL)
was injected into each site, starting at a depth of —0.25 mm, at a 20-degree
dorsoventral (DV, from the dura) slope. The mice were allowed to recover
for 4 weeks before Ca®* recordings.

Optical-fiber-based Ca*" signal recordings were performed using a
custom-built setup (FOM-01M FiberOptoMeter, Suzhou Institute of Bio-
medical Engineering and Technology, China). An optical fiber (200 um in
diameter, NA 0.39, FT200UMT, Thorlabs, USA) was slowly inserted into
the auditory cortex (AuC). The fiber tip was typically advanced to a depth of
1.25 mm at a 20-degree DV slope from the dura and then fixed to the skull
with dental cement (Tetric EvoFlow; Ivoclar Vivadent Corporate). Ca®"
signals were recorded at 2000 Hz with customized acquisition software
written in LabView (National Instrument, USA). To record Ca*" signal in
the AuC with the optical fiber, an electrostatic speaker placed ~5 cm away
from the ears of the mice was used to deliver a pure tone (4913 kHz,
8944 kHz, and 16284 kHz, 70 dB sound pressure level, 1-second duration).
The Ca*" signals were calculated as relative fluorescence changes as

follows: AF/F = (F — Fuaseline)/Fpaselines Where Fpaseline is the average of the
fluorescence intensity during current recording. The brain sections were
prepared for histology after the end of the fiber recording.

Behavior tests

For each test, 9 to 10 offspring from 6 pregnant mice in each group were
used. To minimize the number of animals and avoid interference from
different tests, each group of mice was subjected to only 2 or 3 tests and
allowed to rest for 1 week between tests.

Tail suspension test

The tail suspension test was carried out to assess depression-like behavior in
the mice”*". Briefly, the mice were suspended for 6 min by tape positioned
2 cm from the end of the tail so that the heads of the mice were ~20 cm above
the floor. The total immobility time in the last 4 min was recorded. When
the mouse stopped moving its limbs and body, it was considered to be in an
immobile state.

Open field test

The open field test was performed using a Multi Conditioning System (TSE
Systems, Germany) as described in a previous study®. Briefly, the mice were
individually placed in the center of a 30 x 30 x 30-cm black box in a com-
pletely airtight case and the distance traveled and time spent in the center
area were recorded during a 5-min trial to evaluate anxiety-like behavior.

Elevated plus maze test

The elevated plus maze test was used to assess anxiety behavior’’. The
elevated plus maze consisted of two open arms (30 x 5 1 cm) and two
closed arms (30 x 5 x 15 cm) (RWD Life Science Co., Ltd, Shenzhen, China)
raising 50 cm above floor level. The mice were placed in the center of the
maze facing a closed arm and away from the experimenter. The total time
spent in the open arms was recorded over 5-min trial with a SMART3.0
behavioral video tracking system (Panlab, Spain).

Passive avoidance test

The passive avoidance test was used to evaluate aversive memory processing
with a Multi Conditioning System 2.0 (TSE Systems, Germany)®. The main
apparatus consisted of a lighted compartment (15 x 30x 26 cm) and a dark
compartment (15 x 30 x 26 cm), divided by an electronically controlled
door. The floor was made up of 3-mm diameter stainless steel rods spaced
1 cm apart. The avoidance task comprised a training phase and a testing
phase. During the training phase, the mice were put into the lighted com-
partment, and the door was opened. Once the mouse entered the dark
compartment, the door was closed, and a weak electrical stimulus (0.5 mA,
2 s) was delivered through the stainless-steel floor. The latency to the first
entry into the dark compartment was recorded as the acquisition time. The
mice were given a maximum of 300 s to enter the dark compartment. The
testing phase was performed after 24 h. The mice were placed in the lighted
compartment, and the latency to the first entry into the dark compartment
was measured as the retention time. The number of entries into the dark
compartment was also recorded, and the cut-off time was 300-s.

Morris water maze test

The Morris water maze test was performed to assess learning and memory
ability as we previously described”". Briefly, the apparatus consisted of a pool
with a diameter of 120 cm and a depth of 50 cm, and a platform with a
diameter of 9cm and a height of 30 cm (RWD Life Science Co., Ltd,
Shenzhen, China). The mice received 4 training sessions, in which they were
allowed to search the pool for the hidden platform, every day for 5 con-
secutive days. The mice were guided to the platform and allowed to stay
there for 15 s if they failed to find the platform within 60 s. On the 6th day,
the mice were allowed to swim freely for 60s in the pool without the
platform. The average swimming speed, latency to reach the platform, and
time spent in the target quadrant were recorded using a SMART?3.0 beha-
vioral video tracking system (Panlab, Spain).
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Statistics and reproducibility

The data are expressed as the mean =+ standard error of the mean (SEM).
The data were analyzed using GraphPad Prism 8 and IBM SPSS version
22.0. Two-tailed unpaired student’s ¢ test and two-way analysis of variance
(ANOVA) followed by Bonferroni’s post hoc test were performed to analyze
the differences between the control group and the Cd exposure group when
the data were normally distributed and had homogeneous variances;
otherwise, a two-sided Wilcoxon rank-sum test was performed. Statistical
significance was set at p < 0.05.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Single-cell RNA-sequence raw data are available in the Sequence Read
Archive (SRA) under the accession number PRINA1131648. The source
data behind the graphs in the paper can be found in Supplementary Data 1.

Code availability

Cell Ranger (version 6.0), R package Seurat (V4.1.1), and Seurat v3.1.2 are
used for data analysis of the single-cell RNA-seq. Image]J software with the
Neuron] and Sholl plugins are used for evaluation of the dendritic mor-
phology and spines. LabView (National Instrument, USA) are used to
record Ca’* signals. The Multi Conditioning System 2.0 (TSE Systems,
Germany) and SMART3.0 behavioral video tracking system (Panlab, Spain)
are used for data collection and analysis in behavior tests. GraphPad Prism 8
and IBM SPSS version 22.0 are used for statistical analysis. The detailed
information is descripted in the Methods section of the paper.
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