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Abstract
Limited studies in humans and in animal models have investigated the neurotoxic risks related to a gestational exposure to 
diesel exhaust particles (DEP) on the embryonic brain, especially those regarding monoaminergic systems linked to neuro-
cognitive disorders. We previously showed that exposure to DEP alters monoaminergic neurotransmission in fetal olfactory 
bulbs and modifies tissue morphology along with behavioral consequences at birth in a rabbit model. Given the anatomical 
and functional connections between olfactory and central brain structures, we further characterized their impacts in brain 
regions associated with monoaminergic neurotransmission. At gestational day 28 (GD28), fetal rabbit brains were collected 
from dams exposed by nose-only to either a clean air or filtered DEP for 2 h/day, 5 days/week, from GD3 to GD27. HPLC 
dosage and histochemical analyses of the main monoaminergic systems, i.e., dopamine (DA), noradrenaline (NA), and sero-
tonin (5-HT) and their metabolites were conducted in microdissected fetal brain regions. DEP exposure increased the level 
of DA and decreased the dopaminergic metabolites ratios in the prefrontal cortex (PFC), together with sex-specific altera-
tions in the hippocampus (Hp). In addition, HVA level was increased in the temporal cortex (TCx). Serotonin and 5-HIAA 
levels were decreased in the fetal Hp. However, DEP exposure did not significantly modify NA levels, tyrosine hydroxylase, 
tryptophan hydroxylase or AChE enzymatic activity in fetal brain. Exposure to DEP during fetal life results in dopaminergic 
and serotonergic changes in critical brain regions that might lead to detrimental potential short-term neural disturbances as 
precursors of long-term neurocognitive consequences.
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AD	� Alzheimer’s disease
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GD	� Gestational day
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Ho	� Hypothalamus
Hp	� Hippocampus
HVA	� Homovanillic acid
Ld	� Lambdoid septal area
LSD	� Dorsolateral septal area
LSI	� Intermediolateral septal area
Mes	� Mesencephalon
MHPG	� 3-Methoxy-4-hydroxyphenylglycol
MCPO/LOT1	� Magnocellular preoptic nucleus/Lateral 

nucleus of the olfactory tract: layer 1
Mitg/PBG	� Microcellular tegmental nucleus/parab-

igeminal nucleus
MS	� Medial septal area
NA	� Noradrenaline
NP	� Nanoparticles
N.Rh	� Raphe nuclei
OB	� Olfactory bulb
OBin	� The “bulbar serotonergic pathway”
OSN	� Olfactory sensory neurons
PD	� Parkinson’s disease
PFC	� Prefrontal cortex
PM	� Particulate matter
Ptg	� Pedonculopontin nucleus
Put	� Putamen
Rbd	� Rhabdoid nucleus 
SN	� Substantia nigra
SNc	� Substantia nigra pars compacta
SNr	� Substantia nigra pars reticulata
Str	� Striatum
TCx	� Temporal and entorhinal cortex
Th	� Thalamus
TH	� Tyrosine hydroxylase
TRP	� Tryptophan
TrpH	� Tryptophan hydroxylase
ThV	� Ventral thalamus
Tu	� Olfactory tubercle
VP	� Ventral pallidum
VTA	� Ventral tegmental area
UFPM	� Ultrafine particle matter

Introduction

Over the past decade, epidemiological studies have high-
lighted a possible role of gestational exposure to traffic-
related air pollution in the emergence of neurodevelopmental 
disorders, along with neuropathological and neurobehavio-
ral alterations including early attention deficits, impulsivity, 
anxiety and learning disturbances (Guxens et al. 2018; Har-
ris et al. 2016; Suades-González et al. 2015). In addition, 
experimental studies have shown that gestational exposure 
to traffic-related air pollutants, mostly ascribed to diesel 
exhaust (DE) induces molecular, structural and functional 

alterations in brain tissues (Bolton et al. 2017; Costa et al. 
2020; Ehsanifar et al. 2019; Klocke et al. 2017; Nway et al. 
2017; Sugamata et al. 2006a, b). Interestingly, mice exposed 
in utero to DE display abnormal levels in dopamine (DA) or 
serotonin (5-HT) and their metabolites in various regions of 
the brain, namely the prefrontal cortex (PFC), the hippocam-
pus (Hp), the striatum (Str) and the cerebellum (Cb), and 
underline monoaminergic-related neurocognitive disorders 
(Haghani et al. 2020; Suzuki et al. 2010; Yokota et al. 2009, 
2013, 2015, 2016a, b).

Nevertheless, there are still many uncertainties regard-
ing the nature of the link between particle inhalation and 
associated neuropathologies, as exposure conditions, animal 
models, exposure windows and perspectives of the study are 
all factors of variation to be taken into consideration. Most 
data on neurochemical disturbances result from mice models 
following maternal subcutaneous or whole-body exposures 
to high levels of DEP and have explored long-lasting effects 
in juveniles or adults. Only a few have investigated fetuses or 
neonates, despite interesting morphological and molecular 
alterations suggesting early damages (Bolton et al. 2017; 
Chang et al. 2019; Tachibana et al. 2015), none of which 
having discussed possible monoaminergic damages at this 
age. Yet, fetal life is a sensitive and critical period during 
which neural structures are being formed, but are already 
functional and highly plastic regarding the environment, 
therefore, representing a vulnerable stage of brain devel-
opment (Costa et al. 2020; Heusinkveld et al. 2016; Hou-
gaard et al. 2015). Understanding how in utero exposure 
to air pollution affects fetal brain development could, thus, 
help to identify the neural pathways that participate in the 
emergence of neurodevelopmental and neurodegenerative 
diseases later in life (Calderón-Garcidueñas et al. 2020a; 
Costa et al. 2020; Heusinkveld et al. 2016).

Furthermore, several of these studies have neglected sex-
specific vulnerability to air pollution, despite the fact that 
important periods of sexually dimorphic neurodevelopment 
take place during fetal life. Indeed, neural differentiation 
(Chung and Auger 2013; Turano et al. 2018) and placen-
tal function (Chavatte-Palmer and Tarrade 2016; Valentino 
et al. 2016) display gender differences which could partici-
pate to the differential vulnerability of males and females 
observed in both epidemiological (Baio et al. 2018; Chiu 
et al. 2016) and experimental studies (Bernal-Meléndez 
et al. 2019; Bolton et al. 2013, 2017; Haghani et al. 2020; 
Nway et al. 2017; Patten et al. 2020; Sobolewski et al. 2018).

Finally, given that both the experimental conditions and 
the physiology of the placenta strongly influence the way 
fetuses are exposed, the development of experimental mod-
els mimicking a controlled nose-only maternal inhalation 
with an hemochorial placenta similar to that of humans is 
of utmost importance (Fischer et al. 2012). Using a rab-
bit model developed to analyze feto-placental development 
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(Valentino et al. 2016), we have reported that gestational 
exposure to diesel exhaust enriched in particles (DEP) alters 
olfactory tissue morphology, affects dopaminergic and sero-
tonergic neurotransmission in fetal olfactory bulbs (OBs), 
and is associated to variations in olfactory-based behaviors 
at birth (Bernal-Meléndez et al. 2019). Considering the 
anatomical and functional continuum between the olfac-
tory system and other brain structures, these data raised the 
question of the origin of the monoaminergic damages, either 
locally, centrally, or both. Indeed, the observed neurochemi-
cal alterations in the OB may not only relate to DEP-medi-
ated local injury on olfactory processes, but may also be 
indicative of disturbance in more integrative brain structures 
(Calderón-Garcidueñas et al. 2008a, b; Doty 2012), as olfac-
tory sensory neurons (OSN) sensitivity and odor process-
ing in the OB are modulated by centrifugal and centripetal 
neuromodulatory processes (Harvey and Heinbockel 2018; 
Lizbinski and Dacks 2018).

To fully characterize the DEP-exposed fetal brain, we 
further quantify the monoaminergic modulation in differ-
ent fetal brain regions of exposed and control fetuses, via 
both an HPLC dosage of DA, 5-HT, NA, and their metabo-
lites and an histochemical study of Tyrosine Hydroxylase 
(TH) and Tryptophan Hydroxylase (TrpH) expression, two 
rate-limiting enzyme of DA and 5-HT biosynthesis, respec-
tively. The latter analyses were completed with a histochemi-
cal study of the enzymatic activity of acetylcholinesterase 
(AChE), used here as a marker to estimate the cytoarchitec-
tural brain integrity (Gordon and Finch, 1984).

Materials and methods

Animal procedure

The experimental procedure for animal exposure has been 
described elsewhere (Bernal-Meléndez et al. 2019; Valen-
tino et al. 2016). Briefly, 28 pregnant New-Zealand white 
female rabbits (INRA1077 line, 1-year old) were exposed 
by nose-only inhalation to either clean air (control group; 
n = 14) or diluted DE (1 mg/m3, average size of 69 nm) 
(exposed group; n = 14) for 2 h/day, 5 days/week, from ges-
tational day 3 (GD3) to GD27 (i.e., 20 days over a 31-day 
gestation).

At GD28, 12 dams (n = 5 controls; n = 7 exposed) were 
euthanized and their fetuses counted, weighed individually 
and euthanized by decapitation. Fetuses were sexed by visual 
observation of their internal genital organs (confirmed by 
a second sexing by qPCR approach). Whole brains were 
dissected and weighed. Random samples of the latter struc-
ture were dedicated to subsequent anatomical or chemical 
measures.

Brain HPLC dosage

The levels of DA, 5-HT, NA, and their respective metabo-
lites were quantified using high-performance liquid chro-
matography (HPLC) on crushed brain structures samples.

Brain tissues of the fetuses GD28 were randomly selected 
and frozen as half hemispheres. Brain sub-regions were then 
dissected using a reproducible protocol for micro-dissection 
on frozen tissue. The latter consisted in attaching the half 
hemisphere of the brain to the cryostat, making 20-μm-thick 
sagittal sections and staining them with cresyl violet to com-
pare the samples with the similarly colored images of the 
Paxinos and Watson stereotaxic atlas of the rat brain (6th 
edition, 2007). Once the structure of interest was identified, 
we performed micro-dissections directly on the tissue using 
a disposable scalpel to select five brain structures (the pre-
frontal cortex (PFC), the hippocampus (Hp), the temporal 
and entorhinal cortex (TCx), the mesencephalon (Mes) and 
the rest of the brainstem corresponding to the Pons and the 
Medulla Oblongata (Bs). They were stored at − 80 °C until 
use.

The latter structures (n = 4 male and n = 4 female per 
group, i.e.: n = 8 control fetuses and n = 8 exposed fetuses) 
were crushed in 400 µL of 0.2 M perchloric acid and cen-
trifugated at 22,000g for 20 min at 4 °C. The supernatants 
were collected and filtered through a 10 kDa membrane 
(Nanosep, Pall) by centrifugation at 7000g (30 min). Then, 
a 20 µL aliquot of each sample was analyzed for 5-HT and 
5-HIAA by fluorometric detection (Kema). The amounts of 
catecholamines (DA and NA) and of their main metabolites 
(DOPAC and HVA for DA; MHPG for NA) were measured 
by electrochemical detection on a serial array of coulomet-
ric flow-through graphite electrodes (CoulArray, ESA). 
Analysis, data reduction, and peak identification were fully 
automated. Results were expressed as femtomoles/mil-
ligram of fresh tissues (Gamache et al. 1993; Kema et al. 
1993). Results are expressed as mean ± SD. Ratios between 
the monoamine of interest and its main metabolite(s) were 
calculated, and used as an estimator of the monoaminergic 
activity, providing information on the catabolic rate or on 
the particular enzymatic activity.

Brain histological and histochemical measurements

Tissue preparation

Randomly chosen fetal brains from different litters (n = 5 
male and n = 4 female control fetuses; n = 4 male and n = 4 
female exposed fetuses) were rapidly frozen in cooled 
isopentane at − 34 °C and subsequently stored at − 80 °C. 
20-μm-thick coronal sections were serially cut on a cryostat, 
collected on gelatin-chrome alum-coated slides and stored 
at − 80 °C until histological and histochemical processing.
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Brain tyrosine hydroxylase and tryptophan hydroxylase 
immunohistochemistry and image analysis

The slices were dried at room temperature for 20 min. The 
endogenous peroxidase activity was inhibited by H2O2 
(0.3%) for 30 min. Sections were then blocked with 1% BSA 
and normal horse serum for 30 min and incubated over-
night at 4 °C in the presence of mouse monoclonal primary 
anti-tyrosine hydroxylase antibody (TH, catalogue #T1299; 
Sigma, St. Louis, MO, 1:5000 in 0.3% Triton X-100) or 
in the presence of a mouse monoclonal primary anti-tryp-
tophan hydroxylase antibody (TrpH, catalogue #T0678; 
Sigma, St. Louis, MO, 1:2000 in 0.3% Triton X-100). After 
extensive washing (3 × 15 min), samples were incubated for 
30 min at room temperature with biotinylated anti-mouse 
IgG (Vectastain Elite ABC Kit, PK-6102, Vector laborato-
ries, Burlingame, USA), followed by avidin–biotin–peroxi-
dase complex (Vectastain Elite ABC Kit, PK-6102, Vector 
laboratories, Burlingame, USA) according to the suppli-
er’s instructions. The slices were revealed for 3 min using 
3′,3-diaminobenzidine (DAB) substrate kit for visualization 
(SK-4100, Vector laboratories, Burlingame, USA), resulting 
in a gray–black reaction product, then stopped with deion-
ized water. The sections were then dried, coverslipped with 
Eukitt mounting medium (catalogue #03989; Sigma, St. 
Louis, MO) and kept in the dark until image analysis.

Analysis of TH and TrpH stained sections was carried out 
with a BIOCOM computer-assisted image analysis system 
(Les Ulis, France), in which optical densities were automati-
cally read. The total labeling was measured by taking the 
mean of two optical densities on the same slice and on three 
successive slices (i.e., 6 optical density readings per animal). 
The mean non-specific labeling (measured on a region with-
out TH or TrpH labeling) was subtracted to the total labeling 
to have the specific labeling of each structure of interest.

TH+ measures were carried out on the mesencephalon 
(substantia nigra, SN, and ventral tegmental area, VTA), the 
striatum (Str) and the prefrontal cortex (PFC). TrpH+ meas-
ures concerned the Raphe nuclei. All anatomical structures 
were defined according to the Paxinos and Watson stere-
otaxic atlas of the rat brain (6th edition, 2007).

Histochemical measurement of acetylcholinesterase 
activity

Slides were incubated for 12 h in 180 mL of stock solu-
tion (50 mM sodium acetate buffer, 4 mM copper sulfate, 
16 mM glycine, pH 5.0 with HCl) to which 208 mg of 
S-acetylthiocholine iodide and 5.4 mg ethopropazine were 
freshly added. The slides were rinsed with deionized water 
and developed for 10 min in 1% sodium sulfide in phos-
phate buffer 0.1 M at pH 7.5. They were then rinsed three 
times for 5 min each with deionized water and immersed 

in 4% paraformaldehyde in phosphate buffer 0.1 M for 
30 min, and then rinsed with distilled water (3 times; 5 min 
each). Subsequently, slides were dehydrated in series of 
ethanol baths (50, 70, 96, and 100%) for 3 min each, and 
cleared with toluene twice for 5 min. Slides were then 
coverslipped with Eukitt mounting medium (catalogue 
#03989; Sigma, St. Louis, MO).

Standards for specific acetylcholinesterase (AChE) 
activity were prepared from whole brain homogenates 
of adult rabbits. Briefly, brain homogenate was diluted 
with 5–5’-dithiobis-2-nitrobenzoate acid (DTNB, 0.01 M) 
and acetylthiocholine iodide (75 mM). The thio-choline, 
formed during hydrolysis of acetylthiocholine, rapidly 
reacts with DTNB to release a colored 5-thio-2-nitroben-
zoate anion with maximum absorption at 412 nm. The 
specific enzymatic activity of AChE was calculated from 
the linear slope of the curve obtained and was 8.41 µmol/
min/g of tissue. Brain homogenate sections of variable 
thickness were used to cover the entire range of activity 
measured in the different brain structures. Enzyme activ-
ity of brain homogenates was biochemically measured by 
spectrophotometry according to the protocol described by 
Ellman et al. and modified by Dumont et al. (Dumont et al. 
2006; Ellman et al. 1961). Under our experimental condi-
tions, the staining intensity was highly correlated to the 
thickness of the standard sections (linear function with 
r = 0.997). Analysis of AChE-stained sections was car-
ried out with a BIOCOM computer-assisted image analy-
sis system (Les Ulis, France), in which optical density 
readings were converted by means of standards into enzy-
matic activity values expressed in μmol/min/g of tissue. 
Based on the Paxinos and Watson stereotaxic atlas of rat 
brain (6th edition, 2007), two optical densities on the same 
slice and on three successive slices (i.e., 6 optical density 
readings per animal) were taken to obtain a homogeneous 
evaluation.

Statistical analysis

For each variable, a Levene test for homogeneity of vari-
ances was performed. Given that homogeneity of variance 
was assumed for most of them, a general linear model 
(GLM) was used for statistical analysis, adjusting the 
litter as a confounding variable. Significance was set at 
p < 0.05 and a near-significant tendency was considered at 
0.05 < p < 0.1, as we avoided using statistical significance 
threshold of p < 0.05 as the sole criterion for interpreting 
our findings. However, tendencies were only considered in 
the discussion regarding other significant values. All sta-
tistical analyses were carried out using SPSS 16.0 software 
(SPSS Inc., Chicago, IL, USA).
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Results

Repeated gestational DEP exposure effects on fetal 
catecholamine

Neurochemical approach

GD28 brain tissue levels of dopamine (DA), its main 
metabolites (DOPAC and HVA) and their turnover ratios 
are presented in Fig. 1. We observed an 89% increase 

of DA levels in the prefrontal cortex (PFC) of DEP-
exposed fetuses compared to control ones (F(1,15) = 7.045, 
p = 0.022), in both sexes (F(1,15) = 0.002, p = 0.962) 
(Fig. 1a). An interaction between exposure and sex was 
observed (F(1,15) = 7.166, p = 0.022), with a higher increase 
of DA levels in males (222%) than in females (15%) com-
pared to controls of the same sex. In the hippocampus 
(Hp), DA levels were globally unaffected by DEP exposure 
(F(1,15) = 0.240, p = 0.634), but a tendency for a sex differ-
ence (F(1,15) = 4.400, p = 0.060) and an interaction between 
exposure and sex (F(1,15) = 5.220, p = 0.043) were noticed 

Fig. 1   Effects of gestational exposure to DEP on the central dopamin-
ergic system of GD28 fetuses. Graphical representation of tissue lev-
els of dopamine (DA), its main metabolites (DOPAC and HVA) and 
the turnover ratios in the PFC (a), the Hp (b) and the TCx (c) from 
control fetuses (n = 4 males; n = 4 females; in white) and exposed 
fetuses (n = 4 males; n = 4 females; in gray). Results were expressed 
as femtomoles/milligram of fresh tissues (fmol/mg) and shown as 

mean ± SD. *p < 0.05 represented a significant difference between 
control and exposed fetuses. §p < 0.05 represented a significant inter-
action between exposure and sex. DA dopamine, DAto dopamine turn-
over (i.e., (DOPAC + HVA)/DA), DOPAC 3,4-Dihydroxyphenylacetic 
acid, Hp hippocampus, HVA homovanillic acid, PFC prefrontal cor-
tex, TCx temporal/entorhinal cortex
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(Fig. 1b). DA level were increased by 75% in exposed 
females and decreased by 50% in exposed males compared 
to controls. No significant differences were found in the 
remaining analyzed brain regions, except for a tendency 
for an increase of DA levels in the temporal/entorhinal 
cortex (TCx) of exposed fetuses (F(1,15) = 3.636, p = 0.083) 
and of an interaction between exposure and sex in the 
brainstem (Bs) (F(1,15) = 3.419, p = 0.091) (Figs. 1c and 
S1).

Regarding DOPAC levels in the PFC (Fig.  1a), nei-
ther exposure (F(1,15) = 1.893, p = 0.196), nor sex effects 
(F(1,15) = 1.076, p = 0.322) were noticed. An interac-
tion between exposure and sex was, however, observed 
(F(1,15) = 6.784, p = 0.024), with a 67% decrease in the 
level of DOPAC in exposed females and a 52% increase in 
exposed males compared to controls of the same sex. No sig-
nificant differences were observed between the two groups 
for the remaining analyzed structures, except a tendency for 
an increase of DOPAC levels in the TCx (F(1,15) = 3.569, 
p = 0.085) whatever the sex (F(1,15) = 0.887, p = 0.367) with 
no interaction between exposure and sex (F(1,15) = 0.753, 
p = 0.403) (Figs. 1 and S1).

DEP exposure increased HVA levels in the TCx by 
109% (F(1,15) = 5.782, p = 0.035), irrespective of sex 
(F(1,15) = 1.840, p = 0.202) and with no interaction between 
exposure and sex (F(1,15) = 0.101, p = 0.757) (Fig. 1c). No 
difference was observed in the other analyzed structures 
(Figs. 1 and S1).

Regarding the DOPAC/DA ratio in the PFC (Fig. 1a), 
DEP exposure was associated with a 62% decrease in 
exposed fetuses compared to controls (F(1,15) = 18.150, 
p = 0.001). Neither sex difference (F(1,15) = 0.002, p = 0.968) 
nor interaction between exposure and sex (F(1,15) = 0.247, 
p = 0.629) were observed. No significant difference was 
observed in other brain regions (Figs. 1 and S1).

In the PFC (Fig.  1a), the HVA/DA ratio was 
decreased by 71% in exposed fetuses compared to con-
trols (F(1,15) = 15,693, p = 0.002) with no sex difference 
(F(1,15) = 0.375, p = 0.553), nor interaction between sex and 
exposure (F(1,15) = 0.020, p = 0.890). Regarding the HVA/DA 
ratio in the Hp (Fig. 1b), no DEP exposure effect was noticed 
(F(1,15) = 0.171, p = 0.687). A tendency for a sex difference 
(F(1,15) = 4.027, p = 0.070) was observed, as well as an inter-
action between exposure and sex (F(1,15) = 4.092, p = 0.068). 
No significant differences were observed in other structures 
(Figs. 1 and S1).

Finally, DA turnover (i.e., (HVA + DOPAC)/DA ratio, 
DAto) in the PFC was decreased by 64% in exposed fetuses 
compared to controls (F(1,15) = 23.134, p = 0.001) (Fig. 1a), 
with no sex difference (F(1,15) = 0.035, p = 0.855) and no 
interaction between exposure and sex (F(1,15) = 0.119, 
p = 0.736). In the Hp (Fig. 1b), no effect of DEP exposure on 
the DA turnover was observed (F(1,15) = 0.040, p = 0.845). A 

tendency for a sex difference (F(1,15) = 4.115, p = 0.067) and 
for an interaction between exposure and sex were observed 
(F(1,15) = 4.568, p = 0.056). No significant differences were 
observed in other structures (Figs. 1c and S1).

Regarding the noradrenalin system, only a neurochemical 
approach was realized. No significant differences were found 
in the analyzed brain regions, except for a tendency for inter-
action between exposure and sex (F(1,15) = 3.328, p = 0.095) 
on the level of NA in the brainstem (Fig. S2).

TH+ immunolabeling and AChE activity

Regarding the substantia nigra (SN) and the ventral teg-
mental area (VTA), the TH+ immunolabeling in GD28 
fetuses’ brain did not reveal any difference between the 
two groups (Table 1). Only a tendency for a decrease in 
the relative intensity of TH+ labeling was observed in Cd 
(F(1,16) = 4.137, p = 0.065), AcbC (F(1,16) = 3.550, p = 0.084) 
and AcbS (F(1,16) = 4.438, p = 0.057) in exposed fetuses. DEP 
exposure did not impact TH+ intensity in any other studied 
structure (Table 1). The signals from the dorsolateral (LSD), 
the intermediolateral (LSI) and the medial (MS) nuclei of 
the septal area were too faint to be exploited.

The TH+ staining was complemented by a histochemical 
study of acetylcholinesterase (AChE) activity as an indi-
cator of brain cytoarchitectural integrity (Table 2 and Fig. 
S3). There was no impact of DEP exposure on the AChE 
regardless of the fetal brain region examined. Only sex dif-
ferences were observed, in which females displayed lower 
AChE activity levels than males in the Cd (F(1,16) = 7.382, 
p = 0.019) and in the Put (F(1,16) = 6,540, p = 0.025) together 
with a tendency in the AcbC (F(1,16) = 4.431, p = 0.057).

No significant variations were observed between the 
two groups for the remaining analyzed structures (Fig. 
S3), except for a sex difference in the LSI (F(1,15) = 7.476, 
p = 0.019), with female displaying a lower level of activity 
than males. Moreover, a tendency for an interaction between 
exposure and sex was observed in the Broca Diagonal Hori-
zontal Band (HdB) (F(1,14) = 4.018, p = 0.070) (Fig. S3).

Repeated gestational DEP exposure effects 
on serotonergic neuromodulation

Neurochemical approach

Fetal GD28 brain regions were analyzed for serotonin 
(5-HT) and 5-hydroxyindoleacetic acid (5-HIAA), the main 
metabolite of 5-HT (Fig. 2).

In the PFC, a tendency was observed for a decrease of 
5-HT levels in exposed fetuses compared to control fetuses 
(F(1,15) = 3.499, p = 0.088) (Fig. 2a) with neither sex differ-
ence (F(1,15) = 0.158, p = 0.699) nor evidence of an interac-
tion between exposure and sex (F(1,15) = 1.104, p = 0.316). 
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No effects of DE exposure in 5-HIAA levels were observed 
in the PFC.

In the Hippocampus (Hp), a 33% decrease of 5-HT 
levels was observed in exposed fetuses (F(1,15) = 6.022, 
p = 0.032) (Fig. 2b) with neither sex effect (F(1,15) = 0.090, 
p = 0.769) nor an interaction between exposure and sex 
(F(1,15) = 0.315, p = 0.586). Regarding 5-HIAA, a 51% 
decrease was observed in exposed fetuses (F(1,15) = 6.333, 

p = 0.029) with neither sex effects (F(1,15) = 0.070, 
p = 0.796) nor an interaction between exposure and sex 
(F(1,15) = 1.154, p = 0.306) (Fig. 2b). For the other struc-
tures analyzed, there was no effect of DEP exposure on 
5-HT and 5-HIAA levels (Figs. 2c and S4).

Regarding the 5-HIAA/5-HT ratio, used here as a sero-
tonergic activity estimation, no difference was observed 

Fig. 2   Effects of gestational 
exposure to DEP on the central 
serotonergic system of GD28 
fetuses. Graphical representa-
tion of tissue levels of serotonin 
(5-HT), its main metabolite 
(5-HIAA) and the turnover ratio 
(5-HIAA/5-HT) in the PFC (a), 
the Hp (b) and the TCx (c) from 
control fetuses (n = 4 males; 
n = 4 females; in white) and 
exposed fetuses (n = 4 males; 
n = 4 females; in gray). Results 
were expressed as femtomoles/
milligram of fresh tissues (fmol/
mg) and shown as mean ± SD. 
*p < 0.05 represented a signifi-
cant difference between control 
and exposed fetuses. §p < 0.05 
represented a significant interac-
tion between exposure and 
sex. 5-HT serotonin, 5-HIAA 
5-hydroxyindoleacetic acid, Hp 
hippocampus, PFC prefrontal 
cortex, TCx temporal/entorhinal 
cortex
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between the two groups of animals for the five structures 
(Figs. 2 and S4).

TrpH+ immunolabeling and AChE activity

TrpH+ labeling intensity of all Raphe nuclei (N.Rh) revealed 
no significant effect of DEP exposure (F(1,14) = 2.716, 
p = 0.130) or related to sex (F(1,14) = 0.002, p = 0.969) 
(Table  3). Nevertheless, a tendency for an interaction 
between fetal sex and exposure (F(1,14) = 3.975, p = 0.074) 
was observed, with a 29% decrease in intensity in exposed 
males versus control males, while only a faint increase (4%) 
was observed in females.

As the bulbar serotonergic innervation is derived from the 
fibers from the Raphe median and dorsal nuclei (MnR and 
DRD, respectively) (Doty 2012; Steinfeld et al. 2015), and 
given our previous results suggesting bulbar serotonergic 
denervation (Bernal-Meléndez et al. 2019), we summed the 
intensity values from these two structures to highlight pos-
sible alterations of the “bulbar serotonergic pathway”. The 
statistical analysis of the TrpH+ labeling intensity of the 
MnR + DRD (OBin) did not reveal a significant difference 
between the two groups of fetuses (Table 3).

Finally, TrpH+ labeling was supplemented by a his-
tochemical study of AChE activity. No difference was 
observed between the two groups of animals in any of the 
analyzed structures (Fig. S5).

Discussion

Results from the present study demonstrate that a con-
trolled daily maternal DEP exposure induces sex-specific 
neurochemical deregulations in the rabbit fetal brain. To our 
knowledge, this is the first study focused on monoaminergic 
alterations at the embryonic stage, as the current knowledge 
regarding the DEP neurotoxicity has been mostly dedicated 
to its long-term neural consequences (Bolton et al. 2013; 
Calderón-Garcidueñas, et al. 2008a; Ehsanifar et al. 2019; 
Haghani et al, 2020; Klocke et al. 2017; Patten et al. 2020; 

Suzuki et al. 2010; Takahashi et al. 2010; Yokota et al. 
2009, 2013, 2015, 2016a, b), despite characterized neuro-
anatomical disorganization or molecular dysfunctions in 
brain around birth (Bolton et al. 2017; Chang et al. 2019; 
Sugamata et al. 2006a, b; Tachibana et al. 2015).

Dopaminergic pathways are mainly affected, DEP expo-
sure increasing DA levels in the fetal PFC and tending to in 
the temporal/entorhinal cortex (TCx), together with altera-
tions of the levels of its two main metabolites (HVA and 
DOPAC) in the same regions. Sex effects were noticed in the 
PFC and the Hp for dopaminergic levels, with a tendency 
in the Bs. Along with these neurochemical variations, a ten-
dency for a decrease in TH+ immunolabeling levels in the 
caudate and the nucleus accumbens was observed (Fig. 3a). 
Such dopaminergic modulations have been observed in PFC 
and in striatum (Str) of juvenile male mice exposed in utero 
to TiO2 nanoparticles (Takahashi et al. 2010) and in the PFC 
of juvenile male mice prenatally exposed to DE (Suzuki 
et al. 2010), but contrast with those of Yokota et al. (2013) 
showing a decrease in DA and its metabolite in the PFC of 
prenatally DE-exposed mice at 3 weeks. The tendency for 
a decrease in TH+ labeling intensity in the Cd and the Acb 
in exposed fetuses is consistent with the decrease in DA 
levels in the Acb and Str in male mice exposed in utero to 
DEP (Yokota et al. 2009). The modulation of DA level is 
suggestive of modifications in the mesocorticolimbic and/
or the nigrostriatal pathways, both of which innervate the 
OB (Doty 2012; Höglinger et al. 2015) (Fig. 3a). Whether 
these changes are the consequence of dopaminergic local 
disturbances due to the presence of particle-like deposi-
tions in the OB (Bernal-Meléndez et al. 2019), and/or result 
from their physical presence in central regions remain to 
be established. This question is particularly relevant as we 
observed that the central dopaminergic neurochemical vari-
ations are comparable in level and direction of fluctuation to 
those observed at the OB level in the same animal model for 
which a particle-like transplacental transfer has been shown 
(Bernal-Meléndez et al. 2019; Valentino et al. 2016). Even 
though the physical presence of DE particles has not been 
explored here, other works have shown (i) a direct toxicity 

Table 3   Quantification of TrpH+ immunolabeling in GD28 fetuses’ brain

The number of animals used for the statistical analysis by group and by sex are indicated in parentheses after mention of the mean values and 
standard deviation Results were expressed as TrpH-labeling density (DO/ surface unit, a.u)
df Degrees of freedom, OBin the “bulbar serotonergic pathway”, N.Rh Raphe nuclei
# Represented a tendency (0.05 < p < 0.1) for an interaction between fetal sex and exposure in the relative intensity of TrpH+ labeling in the N.Rh

Control Exposed df Effects of DE 
exposure

Effects of sex Exposure x sex

Male Female Male Female F p value F p value F p value

N.Rh 25.7 ± 4.80 (3) 20.9 ± 8.15 (4) 16.4 ± 0.72 (4) 21.8 ± 4.02 (4) (1, 14) 2.716 0.130 0.002 0.969 3.975 0.074#

OBin 25.9 ± 4.90 (3) 23.5 ± 7.78 (4) 18.8 ± 4.76 (4) 23.6 ± 5.88 (4) (1, 14) 1.389 0.266 0.112 0.744 1.513 0.247
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of particles on dopaminergic neurons in vitro (Block et al. 
2004), (ii) a decrease in levels of DA and its metabolites in 
the PFC along with an increase in the Amy of adult mice 
exposed in utero to DEP (Yokota et al. 2009, 2013) and (iii) 
a correlation between neurochemical damages and the pres-
ence of particles in PFC and Str (Sugamata et al. 2006b). 
Alternatively, these dopaminergic alterations may result 
from indirect functional changes in other regions of the brain 
(Yokota et al. 2013). Only the localization of nanoparticles 
in the brain would help to have insight on the mechanisms 
by which fetal DA levels are affected by particles, all mecha-
nisms not being exclusive.

These alterations of DA circuitry may have contributed to 
the behavioral consequences of DEP exposure on the rabbit 
mammary pheromone perception observed at birth (Bernal-
Meléndez et al. 2019). Indeed, as DEP exposure has been 
consistently associated with reduced long-term locomotor 
activity and motor coordination (Suzuki et al. 2010; Yokota 
et al. 2009, 2013), pheromone-induced sucking movements 

may have been impaired, without any alteration of the 
peripheral sensitivity to odors. Alternatively, as both intrin-
sic and extrinsic DA release are involved in the processing 
of olfactory information in the OB and upper olfactory tracts 
(Cansler et al. 2020; Cave and Baker 2009); DA signal per-
turbations could also have modified the olfactory threshold 
for the pheromone (Bernal-Meléndez et al. 2019).

Regarding the serotonergic modulation, 5-HT and 
5-HIAA levels were decreased in the Hp in DEP-exposed 
fetuses along with a tendency towards a decrease in the PFC 
for 5-HT levels; only a tendency to a decrease in TrpH+ 
immunolabeling levels in Raphe nuclei (N.Rh) was noted 
(Fig. 3b). Interestingly, as observed in the OB of exposed 
fetuses (Bernal-Meléndez et al. 2019), the Hp and the PFC 
are both regions where opposite regulations of DA and 5-HT 
levels were observed (Fig. 3). Concomitant sensitivity of 
these two systems to polluted environments has been previ-
ously noticed in the same regions in rodents exposed in utero 
to DEP, even if the direction of variation makes findings 

Fig. 3   Schematic representation 
of dopaminergic (a) and sero-
tonergic (b) alterations observed 
in GD28 fetuses. Each key brain 
regions investigated in our study 
or referring to Bernal-Melendez 
et al. (2019) is figured by a 
circle, main projections for DA 
and 5-HT are indicated with 
arrows. The color scale repre-
sents the direction and intensity 
of variation of the alterations 
measured in the different brain 
regions in exposed rabbits 
compared to controls, nuclei left 
in gray display no modulation. 
Acb nucleus accumbens, Bs 
brainstem, Cb cerebellum, Cd 
caudate, Ho hypothalamus, Hp 
hippocampus, Mes mesencepha-
lon, N.Rh Raphe nuclei, OB 
olfactory bulb, PFC prefrontal 
cortex, SN substantia nigra, Str 
striatum, TCx temporal/Entorhi-
nal cortex, Th thalamus, Tu 
olfactory tubercle, VTA ventral 
tegmental area. Image inspired 
by that of Dos Santos Coura and 
Granon (2012)
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usually hard to interpret. Yokota et al. (2013) showed a 
decrease in levels of DA and its metabolites and an increase 
in 5-HT and 5-HIAA levels in the PFC of 3-week-old male 
mice. Along with it, increased levels of 5-HT and 5-HIAA 
in the Amy and the Ho were pinpointed at 3 and 6 weeks of 
age, respectively (Yokota et al. 2013). Moreover, increased 
DA levels in the PFC and the Acb, together with decreased 
5-HT levels in the Acb, the Amy, and the Ho were observed 
in socially isolated DE-exposed adult male mice (Yokota 
et al. (2016a). Furthermore, Suzuki et al. (2010) found that 
DA and NA (along with their metabolites) were increased in 
PFC in DE-exposed 5-week-old male mice. Discrepancies 
between studies in the direction of variation of these mono-
amines may be due to the experimental conditions (timing 
and route of exposure) and to the age where observations 
have been done, as fast age-dependent variations could be 
observed and reflect the high plasticity of the brain during 
early life.

These findings highlight the complexity of the interac-
tions between these monoaminergic systems and indicate 
that dopaminergic and serotonergic systems are already 
interconnected at the fetal stage. As 5-HT plays a key role in 
regulating social and non-social behaviors by modulating the 
activity of other neurotransmitters (Alex and Pehek 2007; Di 
Matteo et al. 2008; Doty 2012; Lucas et al. 2000), it could 
be suggested that the DEP-induced increase of DA levels 
in the brain results from a compensatory plastic response 
following serotonergic denervation as already evoked in the 
OB (Mundiñano et al. 2011). As the pollution-induced CNS 
changes data remain fragmented at the fetal stage and the 
investigation of the serotonergic system via immunolabe-
ling of TrpH were not conclusive, further investigations are 
required before confirming a functional link between the ser-
otonergic and the dopaminergic fetal systems, as well as the 
resulting neurodevelopmental repercussions. Nevertheless, 
such a combined imbalances of two key neurotransmitter’s 
homeostasis in the Hp and in the PFC, which are key ele-
ments in olfactory information processing (Kadohisa 2013; 
Li et al. 2010), could have influenced the olfactory-based 
behaviors at birth (Bernal-Meléndez et al. 2019).

DEP exposure had no effect on the cytoarchitectural 
integrity of neural circuits, estimated here with an AChE 
activity histoenzymological assay, except for evidence for 
sex differences in several basal forebrain structures. Varia-
tions in the fetal monoaminergic levels and AChE activity 
seem subtle when compared to what is observed in the OB 
(Bernal-Meléndez et al. 2019) or in other tissues (Bolton 
et al. 2013; Calderón-Garcidueñas et al. 2008a; Klocke et al. 
2017; Yokota et al. 2009, 2016a, b), which highlights the rel-
evance of studying various developmental stages and to dis-
sociate short- and long-term effects. These faint variations 
in enzymatic and monoaminergic activities might originate 
from (i) a low brain activity at the end of gestation, which 

could mask faint variations, (ii) a fetal adaptive response 
due to repetitive exposure to DEP, which may have either 
reversed or attenuated the initial effect of the stressor, (iii) a 
rapid regulation of the neural circuitry from a brain region to 
another, and/or (iv) a missed acute neurochemical response, 
given that fetuses were collected 1 day after the last DEP 
exposure (at GD28) and as monoamines brain contents 
might rapidly vary between the exposure and the observation 
(Gonzalez-Pina et al. 2008; Tabatabaie et al. 2017).

The present work is among the few experimental studies 
to show a differential impact of DEP according to sex at the 
fetal stage (Bernal-Meléndez et al. 2019; Bolton et al. 2013, 
2017). It reinforces other studies which concur in sex differ-
ences of air pollution on neurochemical, molecular and mor-
phological outcomes in various brain regions at early post-
natal stages (Bolton et al. 2013; Chang et al. 2019; Haghani 
et al. 2020; Klocke et al. 2017; Nway et al. 2017; Patten et al. 
2020; Tachibana et al. 2015). In many, but not all, there is a 
male excess response, whose bases are still unknown (Bol-
ton et al. 2017; Chang et al. 2019; Tachibana et al. 2015). 
Here, DEP exposure induces sex-dependent variations for 
dopaminergic pathways in the Hp and the PFC, with both 
direction and amplitude of variation being large. Whether 
the effects are more pronounced in males or females remain 
difficult to say. It would be interesting to follow the postnatal 
future of both male and female to see whether these early sex 
differences in DEP impact lasts over time.

In summary, imbalances in fetal dopaminergic and sero-
tonergic pathways after gestational DEP exposure confirms 
that the prenatal stage should be considered as an important 
period, during which there is a non-negligible susceptibil-
ity of various brain regions to environmental insults. If and 
how these anatomical and functional alterations persist in 
adulthood (Costa et al. 2020; Heusinkveld et al. 2016), or 
predispose the progeny to neuropathologies later in life 
(Calderón-Garcidueñas et al. 2018, 2020a, b) is still unre-
solved. Furthermore, it highlights the importance of con-
sidering sex as a variable in the statistical models for future 
neurotoxicological studies. Finally, such experimental study 
only imperfectly fills in some of the gaps left by population 
studies, but should be considered by public authorities to 
prevent vulnerable populations, such as pregnant women, 
from regular contact with polluted environments.
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