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RESEARCH ARTICLE                                            

Perinatal exposure to the immune-suppressant di-n-octyltin dichloride affects 
brain development in rats

Didima M. G. de Groota�, Louisa Lindersa��, Reinier Kaysera�, Rianne Nederlofa†, Celine de Escha‡,  
Roderick C. Sliekera¶, C. Frieke Kuperak, Andre Wolterbeeka§, V. Jeroen de Groota#, Andor Veltienb,  
Arend Heerschapb, Aren van Waardec, Rudi A. J. O Dierckxc and Erik F. J. de Vriesc 

aDepartment of Toxicology and Applied Pharmacology, TNO Nutrition and Food Research (as part of TNO Quality of Life), Zeist, the 
Netherlands; bDepartment of Radiology and Nuclear Medicine, Radboud University Medical Center, Nijmegen, the Netherlands; cDepartment 
of Nuclear Medicine and Molecular Imaging, University of Groningen, University Medical Center Groningen, Groningen, the Netherlands 

ABSTRACT 
Disruption of the immune system during embryonic brain development by environmental chemicals 
was proposed as a possible cause of neurodevelopmental disorders. We previously found adverse 
effects of di-n-octyltin dichloride (DOTC) on maternal and developing immune systems of rats in an 
extended one-generation reproductive toxicity study according to the OECD 443 test guideline. We 
hypothesize that the DOTC-induced changes in the immune system can affect neurodevelopment. 
Therefore, we used in-vivo MRI and PET imaging and genomics, in addition to behavioral testing and 
neuropathology as proposed in OECD test guideline 443, to investigate the effect of DOTC on struc
tural and functional brain development. Male rats were exposed to DOTC (0, 3, 10, or 30 mg/kg of 
diet) from 2 weeks prior to mating of the F0-generation until sacrifice of F1-animals. The brains of rats, 
exposed to DOTC showed a transiently enlarged volume of specific brain regions (MRI), altered specific 
gravity, and transient hyper-metabolism ([18F]FDG PET). The alterations in brain development con
curred with hyper-responsiveness in auditory startle response and slight hyperactivity in young adult 
animals. Genomics identified altered transcription of key regulators involved in neurodevelopment and 
neural function (e.g. Nrgrn, Shank3, Igf1r, Cck, Apba2, Foxp2); and regulators involved in cell size, cell 
proliferation, and organ development, especially immune system development and functioning (e.g. 
LOC679869, Itga11, Arhgap5, Cd47, Dlg1, Gas6, Cml5, Mef2c). The results suggest the involvement of 
immunotoxicity in the impairment of the nervous system by DOTC and support the hypothesis of a 
close connection between the immune and nervous systems in brain development.
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Introduction

Prenatal exposure to chemicals and drugs can lead to disrup
tion of human health. Subtle or delayed effects are difficult 
to link to prenatal exposure, but the impact can still be con
siderable and may lead to a number of neurodevelopmental 
disorders. A possible cause for neurodevelopmental disorders 
induced by prenatal exposure is immune system disruption 
during brain development.

Di-n-octyltin dichloride (DOTC) is a tin compound found 
in polyvinylchloride (PVC) products where it prevents the 

disintegration of PVC products when they are exposed to 
heat or ultraviolet light. Dioctyltin compounds are known to 
cause developmental toxicity, mainly teratogenicity, with 
effects on fetuses at dose levels near those causing maternal 
toxicity (NOAEL developmental toxicity: 45 mg/kg body
weight; NOAEL maternal toxicity: 30 mg/kg bodyweight). 
Immunotoxicity was reported as well, including reduced thy
mus weight and altered measures of functional immunotox
icity (NOAEL immunotoxicty: 0.23 mg/kg) (Sherman 1995; 
ATSDR 2005; Dobson et al. 2006 (WHO report 73); Kishi et al. 
2006). Previously, we found that DOTC caused aberrations in 
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maternal immune system functioning during the lactation 
period (Menke et al. 2012). In addition, we reported changes 
in immune system development in rats exposed to DOTC in 
a regulatory setting of an extended one-generation repro
ductive toxicity study, according to the Organization for 
Economic Co-operation and Development test guideline 
(OECD TG) 443 (OECD 2011a; Tonk et al. 2011). With regard 
to the study of potential developmental neurotoxicity, the 
exposure scenario of an extended one-generation reproduct
ive toxicity study is unique because parental animals are 
already exposed at least 2 weeks before conception; the off
spring is further exposed via the mother during pregnancy 
and lactation, and exposed directly from weaning until 
young adulthood.

Unlike effects on the immune system, little is known 
about the effects of DOTC on the developing nervous sys
tem. Interactions between the immune system and the ner
vous system start early in life: in the embryonic stage. 
Efficacious neurodevelopment depends on immune cells like 
microglia, which are involved in maintaining normal brain 
development and physiology (Kettenmann et al. 2011; Harry 
and Kraft 2012; Bilbo and Schwarz 2012; Ginhoux et al. 2013; 
Svahn et al. 2013; Zhan et al. 2014), via synaptic engulfment 
and pruning (Raiders et al. 2021; Buchanan et al. 2022). 
Synaptic pruning by microglia is orchestrated by several 
genes among which CD47. CD47 protects synapses from 
excess pruning during development (Raiders et al. 2021). 
Microglia originate from the embryonic yolk sac as primitive 
macrophages (see Ginhoux et al. 2013, for review). At the 
onset of circulation, these primitive macrophages exit the 
yolk sac and migrate into the developing brain where they 
will form microglia. Microglia proliferate during late gestation 
and post-natal development and at a later stage in the 
injured adult brain in response to neuronal damage or invad
ing pathogens. In this way, microglia inextricably link the 
(developing) brain to the immune system.

Given the notion of an affected maternal immune system 
(Menke et al. 2012) and the developing immune system of 
the offspring in rats (Tonk et al. 2011), we hypothesize that 
DOTC will also affect normal brain development. Therefore, 
we studied the effects of DOTC on structural and functional 
brain development in rats according to the OECD TG 443 for 
an extended one-generation reproductive toxicity study. The 
developmental processes in the brain differ in speed per 
brain region and cell-type (Rice and Barone 2000; Andersen 
2003; Tau and Peterson 2010; Blakemore 2012). 
Consequently, information ‘over time’ is needed to study the 
dynamic processes of development and toxicology. In this 
study, we focused on postnatal day (PND) 21 and 61–70, as 
these timepoints provide information on the trajectory 
before weaning and the trajectory between weaning and 
young adulthood, respectively. To obtain information on 
functional and structural development of the brain, we used 
positron emission tomography (PET), magnetic resonance 
imaging (MRI), and behavioral tests, enabling repeated meas
urements in the same living animal. These serial measure
ments were combined with postmortem measures (brain 
weight and specific gravity) to derive information on the 

structural composition of the brain. Genome-wide gene 
expression profiling was used to elucidate the mechanisms 
underlying the observed effects of DOTC.

Methods

Test substance

Di-n-octyltin dichloride (CAS-number: 3542-36-7) was 
obtained from ABCR GmbH &Co KG (Karlsruhe, Germany).

Animals and animal husbandry

The in life part of the study was carried out at the animal 
facilities of TNO, Zeist, the Netherlands. The study was 
accomplished in the spirit of Good Laboratory Practice (GLP) 
(OECD 1998). For in vivo imaging selected animals were 
housed in the animal facilities of the University Medical 
Center Groningen (PET) or Radboud University Medical 
Center Nijmegen (MRI). Animal care and use were in accord
ance with Directive 86/609/RCC (European Commission 
1986), which established the general principles governing 
the use of animals in experiments of the European commun
ities and with Dutch-specific legislation (The Dutch 
‘Experiments on Animals Act 1997’) (Utrecht Animal Welfare 
Body [Online]). Positive advice for the use of the animals in 
this study was obtained from the Animal Experimentation 
Committee of TNO under DEC nr 2597.

Test system and study design

A regulatory study according to OECD TG 443 for an 
extended one-generation reproductive toxicity study was car
ried out (OECD 2011), with some modifications: (1) exposure 
started 2 weeks prior to mating of the F0-generation; (2) hor
monal investigation was not performed; (3) breeding of an 
F2 generation was not performed; (4) testing of the develop
ing immune system was extended with immune-functioning 
tests (the results of this part of the study have been pub
lished in Tonk et al. 2011); and (5) the investigation of the 
developing nervous system was expanded with in vivo imag
ing of the male F1 animals (control and 30 mg/kg DOTC 
dose groups). The cerebrum and cerebellum were analyzed 
with functional PET imaging and structural MRI. The findings 
were further substantiated by genome-wide transcriptome 
analysis (male F1 animals; all dose groups) of the cerebrum 
and cerebellum separately (Figure 1).

Ninety-two nulliparous female and 46 male rats (Wistar 
outbred (Crl:[WI]Wu BR), aged respectively 9–10 and 10– 
11 weeks at arrival, were obtained from Charles River 
(Sulzfeld, Germany). Animals were housed in macrolon cages 
with sterilized wood shavings as bedding material. Housing 
conditions were maintained at 22 ± 2 �C with a relative 
humidity of 30–65%. During quarantine, acclimatization, and 
after allocation to the various treatment groups, parental ani
mals were housed in groups of 3–4 animals of the same sex. 
Mating in the study was started when females were 14 weeks 
of age. For mating two females were placed together with 
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one male. During the mating period, every consecutive 
morning vaginal smears were prepared and examined for 
the presence of sperm cells to ascertain copulation. Upon 
evidence of copulation, females were housed individually 
(gestational day (GD) 0). Various parameters were recorded 
to assess the effect of DOTC on fertility and reproduction, 
such as the percentage of mating F0 females (mating index), 
the percentage of F0 females that got pregnant (fertility/ 
fecundity index, gestation index), precoital time, gestation 
time, number of F0 females with implantation loss, implant
ation loss per animal, number of F0 females with liveborn/ 
stillborn pups, number of pups delivered (live birth index, 
sex ratio of day 1) and live pups per litter on day 1, 4 and 
21 (viability index day 1–4 and day 4–21).

Exposure to DOTC at a dose of 0, 3, 10, or 30 mg/kg of 
diet started 2 weeks prior to mating of the F0-generation 
and lasted up to the sacrifice of F1-animals. Consequently, 
the F1 animals were indirectly exposed via the mother dur
ing gestation and lactation. After weaning, the F1-animals 
were directly exposed via the diet. DOTC doses were based 
on previous developmental immunotoxicity studies 
(Smialowicz et al. 1988; Tonk et al. 2011; Menke et al. 2012). 
Fresh diets were prepared at least every 4–6 weeks and 
stored at −20 �C until use. All groups had access to food and 
water ad libitum. Litters were not culled. The pups stayed 

with their mothers until weaning at PND 21. After weaning 
F1-animals were housed per sex in groups of 3–4 per cage.

Each animal was observed daily for clinical signs and, if 
necessary, handled to detect signs of toxicity starting from 
GD 0 until sacrifice. All abnormalities, signs of ill health or 
reactions to treatment were recorded. F1-animals were 
weighed individually twice a week during lactation and once 
a week after weaning.

Treatment groups, cohorts and subsets

Allocation of the F0 females to the various treatment groups 
occurred 17 days prior to mating. Exposure groups com
prised: group I, Control group (0 mg/kg DOTC): standard 
commercial rodent diet (Rat & Mouse No. 3 Breeding diet, 
RM3, SDS Special Diet Services, UK) and experimental groups 
II, III and IV fed the same diet supplemented with DOTC at 
concentrations of 3, 10 or 30 mg/kg of diet, respectively. 
Females mated with the same male were placed in different 
groups. Groups were subdivided into three cohorts: (A) 
Neurodevelopment (male and female F1 animals; all four 
treatment groups); (B) MRI (male F1-animals; control and 
30 mg/kg DOTC group); C) PET imaging (male F1-animals; 
control and 30 mg/kg DOTC group). The number of F1- 

Figure 1. Experimental design used to study effects of di-n-octyltin dichloride (DOTC) on neurodevelopment of Wistar rats. Rats were exposed to DOTC at a dose 
of respectively 0, 3, 10 or 30 mg/kg of diet from two weeks before mating of F0-generation to postnatal day (PND) 61–70 of F1-generation, and a limited group of 
F1-animals up to PND 90�� (conform OECD test guideline 443 for an extended one-generation reproductive toxicity study). Acclimatization to the housing condi
tions started at least a week prior to exposure�. During development, adolescence and adulthood physical, sensory and sexual landmarks were studied, a functional 
operational battery (FOB) and auditory startle response (ASR) were carried out, nociception and motor activity (MA) were tested, and effects on cognition were 
investigated performing passive and active avoidance tests (PA and AA, respectively). In addition, cerebrum and cerebellum were sampled for analysis by [18F]FDG 
PET functional imaging, magnetic resonance structural imaging (MRI), quantitative macroscopy (brain weight and specific gravity (SG)) and microarray gene expres
sion profiling. Microarray gene expression profiling was applied to male offspring only (all dose groups); PET and MRI were limited to male F1-rats of the control 
and 30 mg/kg DOTC dose groups.
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animals allocated to the different treatment groups, cohorts 
and subsets are shown in Table 1. Reasons for choosing only 
a limited selection of F1 animals for PET and MRI were logis
tics and costs.

F1 animals from cohort A (neurodevelopment) were sub
jected to conventional guideline testing, i.e. development, 
behavior, and brain survey (brain weight), and in addition 
toxicogenomics of cerebrum and cerebellum. The F1 animals 
of cohort A (neurodevelopment) were subdivided into 2 sub
sets to perform a limited neuropathology survey and gen
ome wide gene expression profiling/pathway analysis at PND 
21 (weaning) and PND 69 ± 1 day (young adulthood), respect
ively. Cohort B was subjected to MRI on PND 21 and 61 to 
obtain information on brain structure. Cohort C was repeat
edly (PND 17, 21, 35 and 61) subjected to PET imaging of 
the brain with the tracer 20-[18F]fluoro-20-deoxyglucose 
([18F]FDG). In the brain, [18F]FDG is converted by the intracel
lular enzyme hexokinase into [18F]FDG-6-phosphate, which 
will remain trapped inside the cell. When the brain is acti
vated, its glucose consumption increases, resulting in 
enhanced [18F]FDG trapping. Thus, [18F]FDG uptake in spe
cific brain regions can be used as a surrogate marker for 
brain activity. Up to postnatal day 11, litters –dam and 
pups– of all cohorts were equally handled. The treatment 
groups in each cohort comprised F1-animals from different 
litters as near as possible.

Neurodevelopment

Developmental landmarks and behavior (cohort A)
A number of parameters and tests proposed in current 
guidelines for regulatory developmental neurotoxicity testing 
were measured/performed (OECD TG 443 (OECD 2011a, 
2011b, 2013; ECHA 2015); OECD TG 426 (OECD 2007); US 
EPA OPPTS 870.6300/8600 (US EPA 1998, 1996):

� PND 1–47: Physical, sensory and sexual landmarks (OECD 
2007)

� PND 23: Sensory functioning was examined in the acous
tic startle response (ASR) (Adams et al. 1985; Ison 1984)

� PND 13, 17, 21 and 61 ± 1: Motor activity assessment (MA) 
(Moser et al. 1991, 1997; Moser 2010, 2011)

� PND 13, 17, 21 and 61 ± 1: Functional observational bat
tery (FOB) (Moser et al. 1991, 1997; Moser 2010, 2011)

� PND 21 and 61 ± 1: Nociception (pain receptors): the tail 
immersion test (Mogil et al. 2001; Zhou et al. 2014).

� PND 30 and 37: Cognitive functioning: passive avoid
ance (PA)

� PND 60 and 67 ± 1: Active avoidance (AA) (Brush and 
Knaff 1959; Brush 1962, 1971; McAllister and McAllister 
1971; Quillfeldt 2006).

All animals from cohort A were subjected to the tests 
above. After behavioral testing, the animals were subjected 
to a neuropathology survey on PND 21 (cohort A, subset 1) 
or PND 69 ± 1 (cohort A, subset 2). Brain tissues were 
sampled in such a way that quantitative macroscopic infor
mation could be acquired for each brain, and parts of both 
the cerebrum and cerebellum were available for toxico-gen
omics analysis.

Neuropathology: quantitative macroscopy (cohort A)
On PND 21 or PND 69 ± 1, animals of cohort A were anesthe
tized with a CO2/O2 mixture and sacrificed by decapitation. 
At necropsy, the brains were taken from the skull and dis
sected along neuro-anatomical landmarks as described by De 
Groot et al. (2005a, 2005b) and weighed. The whole brain, 
one intact brain half with cerebrum and the cerebellum 
attached and the other brain half with cerebrum and cere
bellum detached were weighed. The split brain half was 
sampled and processed for toxicogenomics of the cerebrum 
and cerebellum. Brain specific gravity (SG) was calculated as 
the ratio of the group means for brain weight (nominator) 
and brain volume (denominator) since different animals were 
used for the determination of brain weight (cohort A) and 
brain volume (cohort B). The standard error of the mean 
(SEM) of specific gravity was calculated from the individual 
errors of brain weight and brain volume (Simanek 1996). 
Likewise the SG of cerebrum and cerebellum was calculated.

Table 1. Number of F1-animals in an extended one-generation reproductive toxicity study (OECD TG 443).

Cohort Location DOTC Dose Test age

F1 animals (N)

Male Female

A. Neurodevelopment TNO Zeist 0 mg/kg PND 21 10 10
PND 61-70 10 10

3 mg/kg PND 21 10 10
PND 61-70 10 10

10 mg/kg PND 21 10 10
PND 61-70 10 10

30 mg/kg PND 21 10 10
PND 61-70 10 10

B. MRI UMC St Radboud Nijmegen 0 mg/kg PND 21, 61 7 –
30 mg/kg PND 21, 61 7 –

C. PET UMC Groningen 0 mg/kg PND 17, 21, 35, 61 5 –
30 mg/kg PND 17, 21, 35, 61 5 –

DOTC: di-n-octyltin dichloride; MRI: magnetic resonance imaging; PET: positron emission tomography; PND: postnatal day; TNO: Netherlands 
Organization for Applied Scientific Research; UMC: University Medical Center.
Rats were exposed daily from 2 weeks premating of F0-animals to PND 61–70 of F1-generation to di-n-octyltin dichloride via the diet (0, 3, 
10 or 30 mg/kg of diet). Different cohorts were subjected to neurodevelopment analysis (subsets PND 21 and 61–70), MRI or PET.
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In vivo imaging

A limited selection of F1 animals were used for PET and MRI 
due to logistics and costs. For these reasons, F1 animals 
were redistributed in litters with either only male or only 
female pups from the same dose group. Litters with only 
male pubs were used for MRI (cohort B) and for PET imaging 
(cohort C). On PND 11–13, animals of the control and 30 mg/ 
kg DOTC groups selected for in vivo imaging were placed 
per litter (dam and pups together) in filter boxes and trans
ported – with the consent of the Animal Experimentation 
Committees of TNO, the Radboud University Medical Center 
Nijmegen and the University Medical Center Groningen – 
from TNO to the imaging facilities, where they were housed 
and treated until the end of the study. Animals were allowed 
to acclimatize to the new environment for at least 5 d before 
a first scan was made. Structural MRI was performed on PND 
21 and 61, in line with time-points for the brain structure 
survey proposed in guidelines for developmental neurotox
icity testing (US EPA OPPTS 870.6300 (US EPA 1998); OECD 
426 (OECD 2007). Functional [18F]FDG PET scans were made 
on PND 18, 21, 35, and 61, as near as possible in line with 
Functional Operational Battery (FOB) and Motor Activity (MA) 
testing proposed in the developmental neurotoxicity testing 
guidelines. For ethical reasons, the performance of PET scans 
below the age of PND 17 was not allowed. PND 35 was arbi
trarily included as an extra timepoint for PET. With in-vivo 
imaging, the volume and metabolic activity were measured 
in multiple brain regions to assess whether brain regions 
were equally sensitive to the test compound.

Magnetic resonance imaging (cohort B)
Rats were anesthetized by inhalation of 1.5–2.5% Isoflurane 
(Abott, Cham, Switzerland) in a 2:1 mixture of oxygen and 
N2O. Anesthesia was initiated before and continued during 
the MRI exam of the animals. Breathing was monitored with 
a pneumatic cushion and kept constant at 60-90 breaths/min 
and the temperature was monitored with a rectal optical 
temperature probe and kept constant at 37.5 �C with heated 
air flow (Small Animal Instruments Inc, NY, USA). For the MRI 
examination, the animals were placed prone in the horizontal 
bore of a 7 Tesla magnet interfaced to a clinical console 
(ClinScan, Bruker BioSpin, Ettlingen, Germany) facilitated with 
field gradients of maximal 290 mT/m. The head of the rat 
was fixated by the use of a tooth-bar and earplugs, to pre
vent unwanted movement. A circular polarized 1H transmit 
volume coil (200 mm/154 mm outer/inner diameter) was 
used for excitation, combined with a circular polarized 1H 
receive surface coil with a shape adapted to the rat head for 
signal reception. MRI was performed with a Turbo Spin Echo 
sequence under the following conditions: field of view (FOV): 
25 mm (PND 21) or 30 mm (PND 61); matrix: 256� 256; 22 
consecutive, interleaved acquired slices; slice thickness: 
0.5 mm; in-plane resolution: 98 lm (PND 21) or 117 lm (PND 
61); echo time: 45 ms; repetition time: 4000 ms. All slices 
were recorded in the transversal orientation of the brain, 
covering the complete brain, except the olfactory bulb.

To identify and demarcate different brain regions in the 
MR images (see Supplemental Figure S1(A,B)), an established 
neuroanatomical atlas of the rat brain (Paxinos and Watson 
1986) was used. Images were analyzed using Syngo FastView 
software (www.healthcare.siemens.nl/medical-imaging-it/syn
go … /syngo-fastview/; Siemens AG Medical Solutions 2009). 
Regions and sub-regions demarcated in the MR images are 
summarized in a brain tree (Figure 2). Once the distinguish
able brain regions were defined for the PND 21 and PND 61 
old rats, the volumes of the different brain regions were esti
mated using stereology (Cavalieri’s principle) (http://www. 
stereology.info/cavalieri-estimator/; Gundersen et al. 1999; 
Roberts et al. 1994, 2000; McNulty et al. 2000; Garcia-Finana 
et al. 2003). Cross-sectional areas of brain structures on the 
MR images were manually counted with a point counting 
grid placed over calibrated hard copies of each of the 
images. The volume of a brain region was calculated as the 
total number of points of the grid, falling on the brain region 
of interest (ROI) over all analyzed MR images in which the 
ROI appears, multiplied by the point-area (122.3 mm2) and 
the slice thickness (0.5 mm). Since brains on PND 61 were 
much larger than on PND 21, only one out of every two 
images of the PND 61 scans was analyzed and therefore the 
slice thickness was 1.0 mm for this timepoint. This method 
was based on a pilot study to optimize counting conditions 
in order to reach maximum reliability with minimum count
ing effort (Kroustrup and Gundersen 1983; Gundersen et al. 
1999). Volumes of cerebrum were calculated (from anterior 
to posterior) from the first image in which the neocortex was 
visible to the first image that showed the cerebellum. The 
volume of the cerebellum was calculated from all images 
showing the cerebellum. The volume of the ‘total brain’ was 
the summation of the volumes of cerebrum and cerebellum. 
The results of the DOTC group were compared with those of 
the control group scanned at the same age. Relative ‘growth’ 
was assessed as the difference in brain region volume 
between PND 21 (¼100%) and PND 61. Relative growth was 
compared between DOTC and control groups as well.

Positron emission tomography (Cohort C)
Conscious animals were intraperitoneally injected with 
approximately 20 MBq of [18F]FDG in saline, after which ani
mals were placed in a dark square arena such as used for 
motor activity testing. After 45 min, the animals were anes
thetized via inhalation of 1.5–2.5% Isoflurane in medicinal air. 
Fifty minutes after [18F]FDG injection, the anesthetized rat 
was placed in the supine position in a dedicated small ani
mal PET camera (MicroPET Focus 220, Siemens/Concorde). 
The brain of the animal was positioned in the center of the 
field-of-view of the camera. First, a 20 min emission scan was 
acquired. Subsequently, a transmission scan was acquired for 
correction of attenuation of radiation by tissue and the cam
era bed (De Vries et al. 2008; Van Waarde 2008).

The PET acquisition data were reconstructed using an 
iterative reconstruction algorithm (two-dimensional ordered- 
subsets expectation maximization). The final datasets con
sisted of 95 ‘slices’ with a slice thickness of 0.8 mm, and an 
in-plane image matrix of 128� 128 pixels with a size of 
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1� 1 mm. Datasets were corrected for radioactive decay, ran
dom coincidences, scatter, and attenuation. For data analysis, 
3-dimensional volumes of interest (VOIs) were drawn on a 
template scan, using AsiPro software (version 6.6.2.0; 
Siemens CTI Concorde Microsystems). Only major brain 
regions were selected that were large enough to be reliably 
measured with a small animal PET camera (resolution ca. 
1.4 mm) and thus where less prone to partial volume effects. 
The selected VOIs for analysis were: (1) frontopolar cortex, (2) 
frontal cortex, (3) temporal/occipital/parietal cortex, (4) ento
rhinal/visual cortex, (5) striatum, (6) thalamus, (7) midbrain, 
(8) hippocampus, (9) cerebellum (see Supplemental Figure 
S2). Regions were identified with the aid of information on 
the microscopic anatomy of the rat brain (Paxinos and 
Watson 1986). Individual PET scans were co-registered with 
the template scan and the VOIs were copied from the tem
plate to the co-registered scans. For each VOI, the [18F]FDG 
uptake was generated and corrected for injected tracer dose 
and body weight to obtain a standardized uptake value 
(SUV), according to the following formula:

SUV ¼
Tissue activity concentration MBq

mL

� �

� Bodyweight gð Þ

Injected dose ðMBqÞ

It is assumed that 1 mL of brain tissue corresponds to 1 
gram.

Genome wide gene expression profiling (cohort A)

To support possible neurodevelopmental defects of DOTC and 
uncover underlying mechanisms, both the cerebellum and 
cerebrum of male F1-rats exposed to 0, 3, 10, or 30 mg/kg 
DOTC were sampled at weaning (PND 21) and adulthood 
(PND 69 ± 1). Brain tissues from at least five male F1 animals 
from different litters were sampled per group. The RNA was 
isolated and hybridized to Affymetrix Rat230-2.0 Genome 
Gene-chips as previously described (Radonjic et al. 2013). 
Quality control microarray data were performed using simple 
affy and affyplm packages from the R/Bioconductor project 
through the Management and Analysis Database for 

Figure 2. Braintree of Wistar rat, with relative change in volume data upon di-n-octyltin dichloride (DOTC) exposure, estimated from MR images taken on postnatal 
day (PND) 21 and 61. Insert gives an overview of the original ‘brain vesicles’ in the developing rat brain. The percentages presented per brain region (left: PND 21; 
right: PND 61) represent the effect of 30 mg/kg of diet DOTC on brain region volume, relative to the control group. Exposure occurred via the diet from 2 weeks 
pre-mating of F0 animals to PND 61–70 of the F1 generation. A practically overall enlargement of brain volume is seen at developmental/adolescence age (PND 
21), which is no more observed at young adulthood (PND 61). Despite the fact that none of the enlargements observed at PND 61 differs significantly from the 
control group, the trajectories of brain development from early development to PND 21 and from PND 21 to PND 61 differ between control and DOTC groups. 
Statistical key: ANOVA with Dunnett’s post hoc comparison test: different from control, �p< .05 (thick red border lines); trend, # .05 < p< .1 (thin red border lines). 
OB: olfactory bulb; ATS: nucleus accumbens, olfactory tubercle, septum; PND: postnatal day.
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MicroArray eXperiments (MADMAX) analysis pipeline (Radonjic 
et al. 2009). After quality control, 124 arrays were used for fur
ther analysis. Normalization of microarray data per tissue was 
performed through the same analysis pipeline, using the 
library GC-RMA and employing the empirical Bayes approach 
for background correction followed by quantile normalization. 
The approach followed for Genome-wide gene expression 
profiling is schematically presented in Supplemental Figure S3.

The custom MBNI CDF-file (CustomCDF_rn230rnentrezg_v 
December2009), available at (http://brainarray.mbni.med. 
umich.edu/Brainarray/Database/CustomCDF/CDF_download_ 
v9) was used to re-annotate the probes to new probe sets, 
remove poor quality probes and derive unique signal values 
for different probe sets representing the same gene. This 
resulted in gene expression values for 11,427 genes with 
unique identifiers. Data was additionally filtered based on 
expression signals. To pass the filtering criteria, gene expres
sion was required to have a value above 5 in at least 1 of 
the experiments, resulting in 11,207 genes in the cerebellum 
and 11,189 genes in the cerebrum.

Statistics

Statistical analyses were performed using the statistical soft
ware packages SPSS (version 16) and SAS (version 9.1.3). For 
brain (region) volume (MRI), brain weight (macroscopy) and 
[18F]FDG PET, arithmetic means and standard errors of the 
mean are given where applicable. Tests are performed as 
two-sided tests with results taken as significant where the 
probability (p) of the results is <0.05. Since numerous varia
bles are subjected to statistical analysis, the overall false 
positive rate (Type I errors) is greater than suggested by a 
probability level of 0.05. Therefore, the final interpretation of 
results is based not only on statistical analysis, but also on 
other considerations, such as whether the results are signifi
cant in light of other biological and pathological findings.

Homogeneity of the variances was tested according to 
Levene. When equal variances were present, a one-way ana
lysis of variance (ANOVA) was performed followed by 
Dunnett’s post hoc test. Unequal variances were further eval
uated using a Kruskal and Wallis test, followed by a Williams 
unpaired T-test. Clinical findings were evaluated by Fisher’s 
exact probability test. The proportions of animals recorded 
each day with developmental landmarks were analyzed by 
Fisher’s Exact test and the observed days for the develop
mental landmarks were analyzed by one-way ANOVA fol
lowed by Dunnett’s multiple comparison tests. Bodyweight, 
ASR (average voltage), and MA (total distance moved) were 
also analyzed with one-way ANOVA with Dunnett’s post hoc 
comparison; habituation of MA and ASR with repeated meas
ures ANOVA on time blocks (motor activity: 5 time blocks 
per session; ASR: 10 blocks per session). Functional observa
tional battery and nociception were analyzed with one-way 
ANOVA with Dunnett’s post hoc comparison (continuous 
data), Kruskal–Wallis non-parametric analysis of variance fol
lowed by multiple comparison tests (rank order data) or 
Pearson chi-square analysis (categorical data).

Statistical analysis of microarray data was performed as 
previously described (Radonjic et al. 2009, 2013). Briefly, dif
ferentially expressed genes were identified by applying a lin
ear model and moderated t-statistics that implement 
empirical Bayes regularization of standard errors as imple
mented in the limma package. Gene expression under each 
DOTC dose treatment was compared to the control treat
ment (dose zero) per tissue (cerebrum and cerebellum) and 
developmental stage (PND 21 and PND 69 ± 1). To be consid
ered statistically significant, fold change of gene expression 
was required to be either >1.5 or <−1.5 and to have a p- 
value <.01. Identification of overrepresented functional cate
gories among differentially expressed genes in brain tissue 
was performed using the limma package of the R/ 
Bioconductor (Radonjic et al. 2013).

Results

Effects of DOTC on fertility and reproduction were 
marginal at most

Effects of DOTC on fertility and reproduction –at the dosages 
used- were marginal and most of the times statistically not 
significant. The effects of DOTC observed are summarized in 
the Supplemental Table S1.

Mild effects on bodyweight, motor activity and auditory 
startle response appear restricted to the male offspring

The effects of DOTC on clinical signs, bodyweight, and 
physical/sensory/sexual landmarks, as well as on the func
tional observational battery, nociception, and cognitive 
behavior, are summarized in Supplemental Tables S2 and 
S3. Only small dose-related effects of DOTC on bodyweight 
in male offspring were observed. These effects were signifi
cant (p< .05) for the 30 mg/kg of diet dose on PND 8, 10, 
and 13 (Supplemental Table S4). Motor activity was tested 
on PND 13, 17, 21, and 61 ± 1, but only a tendency 

Figure 3. Motor activity of male rat offspring (N¼ 10/group) after exposure to 
di-n-octyltin dichloride (DOTC), 0 (control diet) or 30 mg/kg of diet DOTC from 
2 weeks premating (F0-generation) up to postnatal day (PND) 61–70 (F1-gener
ation). Motor activity was measured as the total distance moved (cm) during 
30 min of motor activity testing on PND 13, 17, 21 and 61 ± 1. A tendency 
toward hyperactivity upon DOTC exposure is observed on PND 61 ± 1. 
Statistical key: ANOVA with Dunnett’s posthoc comparison: # .05 < p< .1.
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toward increased activity was measured on PND 61 (.05 <
p< .1) in the male F1-rats exposed to the 30 mg/kg of 
diet dose (Figure 3). Interestingly, the auditory startle 
response test on PND 23 showed hyper-responsiveness, 
but only in male F1-rats exposed to 30 mg DOTC/kg of 
diet, which was statistically significant in the first interval 
(p< .05; Figure 4). Since DOTC had some effect on body
weight, the startle results were corrected for bodyweight.

Brain weight was not affected upon DOTC exposure

The weights of total brain, cerebrum, and cerebellum of con
trol and 30 mg/kg DOTC exposed male F1-animals on PND 
21 and 69 ± 1 are presented in Figure 5 and Table 2. In con
trol animals, an increase in total brain weight of about 30% 
was observed between weaning (PND 21: 1.256 ± 0.012 g) 
and adulthood (PND 69 ± 1: 1.639 ± 0.016 g). Growth of the 
cerebrum was about 22% (PND 21: 1.020 ± 0.012 g; PND 
69 ± 1: 1.240 ± 0.014 g), whereas growth of cerebellum was 
42% (PND 21: 0.280 ± 0.012 g; PND 69 ± 1: 0.398 ± 0.012 g). 
Brain weight was not affected by DOTC in the dosing regi
men used, neither on PND 21 nor on PND 61.

DOTC exposure time-dependently changes the volume 
of cerebellum, hypothalamus/mammillary bodies, 
hippocampal formation and entorhinal cortex

The total brain volume in the control group, as calculated 
from a stereological analysis of MRI scans, clearly increased 
by about 68% between PND 21 (1002 ± 16 mm3) and PND 61 
(1683 ± 6 mm3), as shown in Figure 5 and Table 2. Volume 
growth of the cerebrum is about 76% (PND 21: 
759 ± 17 mm3; PND 61: 1334 ± 8 mm3), whereas volume 
growth of the cerebellum is 43% (PND 21: 245 ± 10 mm3; 
PND 61: 349 ± 7 mm3). Exposure to 30 mg/kg DOTC caused a 
significant enlargement of the volumes of the whole brain 
(17%), cerebrum (15%), and cerebellum (23%) on PND 21 
with respect to controls (p< .05). This enlargement was no 
longer significant on PND 61.

Figure 4. Auditory startle response (ASR) of male offspring (N¼ 10/group) after 
exposure to 0 (control) or 30 mg/kg of diet di-n-octyltin dichloride (DOTC) from 
2 weeks premating (F0-generation) up to postnatal day (PND) 61–70 (F1-gener
ation). The ASR was tested on PND 23 and expressed as the average voltage (V) 
per time-block. Hyper-responsiveness is observed at the start of testing. 
Statistical key: ANOVA with Dunnett’s posthoc comparison: � p< .05.

Table 2. Effect of exposure of male F1-rats to di-n-octyltin dichloride (30 mg/kg of diet) on brain volume, brain weight and specific gravity.

Absolute Brain Volume (mm3) Relative difference (%)

PND 21 PND 61 DOTC vs. control PND 21 vs. 61

Control (N¼ 5) DOTC (N¼ 6) Control (N¼ 3) DOTC (N¼ 5)

Mean CE Mean CE Mean CE Mean CE PND 21 PND 61 Control DOTC

Brain 1002 1.65 1176 1.98 1683 0.33 1735 1.56 þ17.3� þ3.11 þ67.9 þ47.6
Cerebrum 759 2.07 874 2.08 1334 0.58 1377 2.00 þ15.1� þ3.24 þ75.7 þ57.6
Cerebellum 245 4.00 302 4.70 349 1.92 358 3.13 þ23.5� þ2.62 þ42.6 þ18.5

Absolute Brain Weight (mg) Relative differences (%)

PND 21 PND 69 ± 1 DOTC vs. control PND 21 vs. 69 ± 1

Control (N¼ 17) DOTC (N¼ 20) Control (N¼ 16) DOTC (N¼ 14) PND 21 PND 69 ± 1 Control DOTC

Mean CE Mean CE Mean CE Mean CE

Brain 1256 0.96 1278 0.78 1639 0.92 1656 1.15 þ1.72 þ1.06 þ30.5 þ29.6
Cerebrum 973 1.23 982 1.02 1252 1.12 1235 1.13 þ0.92 −1.43 þ28.7 þ25.8
Cerebellum 280 4.29 294 3.40 398 3.02 414 2.90 þ4.72 þ3.98 þ42.8 þ40.8

Absolute Brain Specific Gravity (mg/mm3) Relative differences (%)

PND 21 PND 61-70 DOTC vs. control PND 21 vs. 61-70

Control DOTC Control DOTC

Mean CE Mean CE Mean CE Mean CE PND 21 PND 61-70 Control DOTC

Brain 1.25 0.70 1.09 1.20 0.97 0.59 0.96 0.41 −13.2 −2.0 −22.3 −12.1
Cerebrum 1.28 0.84 1.12 1.06 0.94 0.54 0.90 0.87 −12.4� −1.6 −26.7 −20.1
Cerebellum 1.15 0.29 0.97 1.30 1.14 1.10 1.16 0.23 −14.9 þ1.4 −1.2 þ19.3

Rats were exposed daily from 2 weeks premating of F0-animals to PND 61–70 of F1-generation via the diet. Control animals received control diet (0 mg/kg). 
brain volume was estimated from magnetic resonance imaging scans, brain weight was determined at necropsy and specific gravity was calculated as the ratio 
of brain weight and brain volume.
CE: coefficient of error (%); DOTC: di-n-octyltin dichloride; PND: postnatal day.
Statistical key: One way ANOVA with Dunnett’s posthoc comparison: � p< 0.05.
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Effects of DOTC on the volumes of the different brain 
regions –relative to the control group (%)– are presented in 
Tables 3 and 4. The volume of a number of brain regions 
was significantly increased in the DOTC-exposed offspring at 
weaning (PND 21; early adolescence), in particular the hind
brain and forebrain. The enlargement of the midbrain was 
not statistically significant. Within the hindbrain, the cerebel
lum (metencephalon) was most markedly affected by DOTC 
(23%, p< .05). In the forebrain, the volume enlargement in 
the diencephalon (17%, p< .05) is most pronounced, in par
ticular in the region of the hypothalamus/mammillary bodies 
(36%, p< 0.05). In the telencephalon, especially the cerebral 
cortex (18%, p< .05) is affected (hippocampal formation: 
17%, p< .05; isocortex: 18%, p< .05). Within the isocortex, 
the entorhinal cortex (37%, p< .05) in neocortex 3 (18%) as 
part of the limbic cortex (15%) shows a remarkable enlarge
ment. The differences observed on PND 21 did not persist 
into adulthood (PND 61). Consequently, the changes in the 
volume of the total brain and cerebrum (but also the cere
bral cortex and the sub-regions hippocampal formation and 
isocortex) over time (PND 21–61) are significantly smaller in 
the DOTC exposed group (p< .05) than in the control group 
(Tables 2–4). Taken together, the results of brain volume sug
gest a time-dependent effect of DOTC on brain structure 
development.

Changes in brain specific gravity upon DOTC exposure 
suggest time-dependent changes in brain structure 
development

In control animals, brain SG is on average 1.254 g/ml on PND 
21 and 0.974 g/ml on PND 61-70, implying a reduction in SG 
over time of about 22% (Figure 5; Table 2). On PND 21, SG 
of total brain was 13% smaller after 30 mg/kg DOTC expos
ure (not significant) than in controls. SG of the cerebrum was 
significantly smaller (12%, p< .05) in DOTC exposed rats than 
in the control group, whereas SG of the cerebellum was 15% 

smaller (p¼ .109). On PND 61–70, SG of the different brain 
regions is no significantly different between groups (Tables 3
and 4; Figure 2). Consequently, changes in SG over time 
from PND 21 to 61–70 are smaller for DOTC-exposed animals 
than for controls (p¼ .083, Table 2).

Brain activity measured with [18F]FDG PET seems to 
concur with the changes in brain volume and specific 
gravity upon DOTC exposure

Figure 6 show the results of [18F]FDG brain uptake as a 
marker for brain activity for control and 30 mg/kg DOTC 
male F1-animals. The control group shows an uptake pattern 
over time (PND 18, 21, 35, 61), which is similar for the total 
brain and for the different brain regions studied. In absolute 
terms, however, the uptake differs between the 9 different 
brain regions, with the highest uptake in the striatum and 
thalamus and the lowest uptake in the frontal and frontopo
lar cortex at all timepoints. Tracer uptake in the 30 mg/kg 
DOTC group shows a tendency toward increased activity on 
PND 18 and 21 and decreased activity on PND 35, as com
pared to controls. On PND 61, activity approaches control 
values. These activity changes – although not statistically sig
nificant as a result the small number of individuals tested – 
seem to concur with the results of brain volume and brain 
specific gravity measured on PND 21 and 61–70 (note that 
tracer uptake is corrected for brain volume), and support the 
suggestion of a time-dependent effect of DOTC on neural 
development.

DOTC affects genes involved in the development of the 
brain and immune system

Cerebellar and cerebral RNA extracts of the control and 
DOTC-exposed F1-animals were subjected (PND 21 and 
69 ± 1) to microarray gene expression profiling. To identify 
molecular mechanisms underlying the effects of DOTC on rat 

Table 3. Effect of exposure of male F1-rats to di-n-octyltin dichloride (30 mg/kg of diet) on volume of forebrain, midbrain and hindbrain regions estimated from 
magnetic resonance images using stereology (Cavalieri principle).

Brain region

PND 21 PND 61

Controls (N¼ 5) DOTC (N¼ 6) Controls (N¼ 3) DOTC (N¼ 5)

Mean SEM Mean SEM Mean SEM Mean SEM

I Total brain 1043.9 17.3 1228.2� 23.3 1767.0 9.3 1822.7 30.0
II Brainstem 286.7 4.9 345.2� 5.6 470.9 10.3 499.2 15.0
III Rhombencephalon (hindbrain) 217.4 4.1 265.2� 9.2 348.8 6.7 366.6 11.4
IV Medulla oblongata 64 2.1 76.5� 2.7 109.7 5.9 118.6 6.5
IV Cerebellum and paraflocculi 153.4 11.1 188.7� 6.6 239.1 9.4 248.1 7.2
IV Central grey area 69.3 5.6 80 4.4 122.1 12.4 132.5 8.2
II Prosencephalon (forebrain) 688.9 8.3 801.7� 18.5 1181.4 22.4 1196.7 24.8
III Diencephalon 91.2 5.2 106.7� 5.7 221.6 10.4 207.9 4.9
IV Hypothalamus and MM 15.5 1.0 21.1� 0.5 36.3 3.3 34 2.6
IV Thalamus. Internal capsule 75.7 4.8 85.6 5.5 185.3 8.7 173.9 7.0
III Telencephalon 597.7 11.1 695� 15.2 959.8 8.8 988.7 21.9
IV (Forceps of the) corpus callosum 25.8 1.8 28.3# 0.8 74.8 2.2 14.8 10.4
IV Basal ganglia 104.4 6.9 115.6� 3.2 224.5 9.3 238.9 14.1
V ATS 62.1 5.5 66.7 2.2 153.3 4.6 163.9 12.5
V Caudate putamen & GP 42.3 2.3 48.8� 1.8 71.9 5.0 75 3.6
IV Cerebral cortex 467.5 7.3 551.2� 13.7 665.6 3.2 663.9 10.2

Rats were exposed daily from 2 weeks premating of F0-animals to PND 61 of F1-generation via the diet. Control animals received control diet (0 mg/kg).
ATS: accumbens nucleusþ olfactory tubercleþ septum; GP: globus pallidus; MM: mammillary bodies; PND: postnatal day.
Statistical key: One-way ANOVA with Dunnett’s posthoc comparison: � p< .05 different from control group; # .05< p< .1 (trend).
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Figure 5. Brain volume (top panels; N¼ 4–6/group), brain weight (mid panels; N¼ 10/group) and specific gravity (bottom panels; N¼ 4–6/group) of male off
spring after exposure to 0 (control) or 30 mg/kg of diet di-octyltin-di-chloride (DOTC) from 2 weeks premating (F0-generation) up to PND 61–70 (F1-generation). 
Brains are weighed at necropsy (postnatal day (PND) 21 or 69 ± 1) immediately after removal from the skull; brain (region) volumes are calculated from MRI scans 
taken in the living animal on PND 21 or 61, using stereology (Cavalieri principle). The weight of the brain represents the group mean of the sum weight of both 
hemispheres, whereas the weight of cerebrum and cerebellum represent the group mean of the weight in one hemisphere only (left/right chosen randomly). 
Statistical key: ANOVA with Dunnett’s post hoc comparison: � p< .05 different from control.
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(brain) development and neural function, differentially 
expressed genes in the cerebrum and cerebellum were sub
jected to pathway analyses. The largest difference in gene 
expression (all dose groups) is determined by tissue type 
(cerebellum> cerebrum), followed by developmental phase 
(PND 21> PND 69 ± 1) (Supplemental Figure S4). DOTC had 
an effect on developmental pathways and immune system 
development (Figure 7). Figure 8 shows the networks that 
are significantly (p< .05) altered by DOTC exposure. Relevant 
genes affected by at least one of the DOTC doses were Nrgn, 
Shank3, Igf1r, Cck, Apba2, Foxp2 (involved in neurodevelop
ment and neural function), and LOC679869, Itga11, Arhgap5, 
Cd47, Dlg1, Gas6, Cml5, Mef2c (involved in cell size, cell prolif
eration and organ development, including immune system 
development). Especially Mef2c and Gas6 are key regulators 
of microglia functioning. For neither of the above-described 
genes, a dose dependent effect was observed in both brain 
regions (Supplemental Figure S5). However, especially in the 
cerebellum a difference in expression was observed between 
day 21 and day 70. For the cerebellum the strongest effect 
was seen for LOC679869 (b ¼ −0.02, p¼ 4.0�10−5), Cml5 
(b¼ 0.01, p¼ 7.3�10−5) and Nrgn (b ¼ −0.03, p¼ 1.8�10−3). 
For the cerebrum, this was the case for Cml5 (b¼ 0.02, 
p¼ 4.3�10−10), Cd47 (b¼ 0.01, p¼ 3.2�10−8), Shank3 (b¼ 0.01, 
p¼ 1.6�10−5). Heatmaps of differentially expressed genes are 
provided in Supplemental Figure S6.

Discussion

The aim of this study was to explore the effect of DOTC 
exposure on structural and functional brain development in 
rats in an extended one-generation reproductive toxicity 
study, according to OECD TG 443 (OECD 2011a, 2011b, 2013; 
ECHA 2015). In the OECD TG 443 scenario, exposure starts 
before conception (F0-generation) and lasts up to PND 69 ± 1 
(F1-generation) with regard to the rats selected for develop
mental neurotoxicity testing. Given the notion of an affected 
maternal (Menke et al. 2012) and developing immune system 
(Smialowicz et al. 1988; Tonk et al. 2011), we hypothesized 

that normal brain development is also disturbed by the 
immunotoxicant DOTC, because there is increasing evidence 
that the immune system plays a crucial role in brain develop
ment – especially at embryonic age (Ginhoux et al. 2010, 
2013; Paolicelli et al. 2011; Schlegelmilch et al. 2011; Bilbo 
and Schwarz 2012; Harry and Kraft 2012; Harry 2013; Nayak 
et al. 2014; Ueno and Yamashita 2014). The results of the 
present study confirmed our hypothesis of altered neurode
velopment under the given DOTC exposure scenario of 
OECD TG 443. Key findings were a transiently enlarged brain 
region volume (PND 21) derived from MRI and altered SG 
calculated from brain volume and weight. [18F]FDG PET 
imaging and auditory startle response suggest a compro
mised brain function. Microarray gene expression profiling 
corroborates a time-dependent effect of DOTC on structural 
brain development and identifies key regulators of these 
processes.

Changes in brain structure development may originate 
from alterations in (1) apoptosis (peak on PND 1, strong 
decrease during the first week after birth, followed by mild 
decrease thereafter (White and Barone 2001), (2) myelin for
mation (start PND 10-12, peak on PND 20 and slow continu
ous and prolonged increase thereafter) and (3) neuropil 
development (start embryonic day 13 and prolonged 
increase thereafter) (Rice and Barone 2000; Quarles et al. 
2006). The neuropil –the total mass of axonal, dendritic, and 
glial processes– accounts for about 50% of the brain’s grey 
matter, cell bodies, and interstitial space for about 20% each, 
and vasculature for only 5% (Thomas et al. 2012). DOTC –in 
the dose and exposure scenario used– might have altered 
the amount of neuropil through effects on one of the mech
anisms involved in dendrite morphogenesis (Jan and Jan 
2010). Myelin formation is not likely to directly contribute to 
the volume changes, since this involves processes occurring 
during later time windows. A contribution of disturbed apop
tosis to the volume changes, however, cannot be ruled out. 
During embryonic neurogenesis, an excess of neuronal cells 
are produced. The excess of neurons that do not form func
tional synaptic connections are eliminated by neuronal apop
tosis during normal brain development. Interference of DOTC 

Table 4. Effect of exposure of male F1-rats to di-n-octyltin dichloride (30 mg/kg of diet) on volume of cerebral cortex (hippocampal formation and isocortex) 
subregions estimated from magnetic resonance images using stereology (Cavalieri principle).

Brain region

PND 21 PND 61

Controls (N¼ 5) DOTC (N¼ 6) Controls (N¼ 3) DOTC (N¼ 5)

Mean SEM Mean SEM Mean SEM Mean SEM

IV Cerebral cortex 467.5 7.3 551.2� 13.7 665.6 3.2 663.9 10.2
V Hippocampal formation 58.9 2.1 68.6� 2.1 106.8 2.2 85 7.3
V Isocortex 408.6 5.5 482.6� 13.5 558.8 4.0 578.9 4.8
VI Amygdala 24.3 1.3 26.8 1.8 29.8 1.9 27.9 1.4
VI Neocortex 2 218.9 3.3 265.8� 7.5 329.2 12.4 343.1 6.7
VI Limbic cortex 165.4 4.2 190# 8.1 199.8 14.5 207.9 9.0
VII Neocortex 3 82.6 3.7 97.5# 4.5 93.7 7.6 92.9 6.7
VIII Entorhinal cortex 33.5 2.5 45.9� 3.2 40.7 6.5 43.2 4.6
VIII Piriform cortex 62.5 3.7 67.8 4.1 53 1.9 49.7 4.3
VII Neocortex 1 82.8 3.7 92.6 3.8 106.1 6.9 115.1 7.3
VIII Rs cortex 18.4 1.1 20.2 1.5 24 1.3 24.4 3.3
VIII Pfþ Cg cortex 64.6 4.8 72.4 3.1 82.1 6.5 90.7 9.1
– Olfactory bulb 68.3 6.6 81.3 2.7 114.8 7.6 126.9 6.1

Rats were exposed daily from 2 weeks premating of F0-animals to PND 61 of F1-generation via the diet. Control animals received control diet (0 mg/kg).
Rs cortex: retrosplenial cortex; Pfþ Cg cortex: frontopolar and cingulate cortex; PND: postnatal day.
Statistical key: One-way ANOVA with Dunnett’s posthoc comparison: �p< .05 different from control group; # .05<p< .1 (trend).
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with apoptotic pruning of dysfunctional neurons might be a 
plausible explanation for the larger brain volume observed in 
this study. In rat brain, SG increases up to PND 21 
(Johansson and Linder 1982). In the neonatal human brain, 
the water content reduces from about 90% at birth to about 
82% after one year, and remains more or less stable or 
reduces extremely slowly thereafter, implying normal brain 
SG increases at an early age (Dobbing and Sands 1973). The 
lower brain SG seen in DOTC exposed animals at PND 21 
suggests an increased water content, which in turn may 

reflect delayed brain development. The transiently enlarged 
brain volume and reduced SG were supported by transient 
brain hyper-metabolism as suggested by [18F]FDG PET. The 
abnormalities in brain development concurred with hyper- 
responsiveness in auditory startle response and a tendency 
toward hyperactivity in the DOTC-exposed young adult ani
mals. Gene expression profiling showed more differentially 
affected genes on PND 21 than on PND 69 ± 1, and more in 
cerebellum than in cerebrum, supporting the observed tran
sient alterations in brain development. Gene expression 

Figure 6. [18F]FDG brain uptake (SUV) in nine regions of interest in male F1-rats (N¼ 3–5/group) upon exposure to 0 (control) or 30 mg/kg of diet di-n-octyltin 
dichloride (DOTC) from 2 weeks premating (F0-generation) up to PND 61–70 (F1-generation). [18F]FDG PET was performed on postnatal day (PND) 17, 21, 35, 61. 
The trajectories of brain development from birth to adolescence and from adolescence to adulthood differ between the two groups, but no between-group differ
ences were observed at any timepoint (Kruskal–Wallis with Newman Keuls post-hoc comparison).
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profiling also supported the hypothesis of a disrupted inter
action between the immune system and normal brain devel
opment as possible cause of the observed alterations.

How to explain these findings given the fact that the ner
vous system was not reported as prime target organ for 
DOTC-induced toxicity before (ATSDR 2005; Dobson et al. 
2006)? The extra parameters used here will have contributed 
to the sensitivity of the study. Moreover, the unique OECD 
TG 443 exposure scenario may have revealed the adverse 
effects of DOTC on normal brain development as a result of 
impairment of the (maternal) immune system. In parallel 
studies, Menke et al. (2012) studied pregnancy and lactation 
as critical windows of vulnerability of the immune system for 
chemical exposure, and reported maternal toxicity at the 
same dose level of 30 mg/kg of diet DOTC. In the lactating 
females a number of parameters characterizing immune sys
tem activation were affected, demonstrating that differences 
in physiological condition can contribute to the susceptibility 
of the immune system for the toxic potential of a chemical. 
Smialowicz et al. (1988) found that DOTC exposure (5– 
15 mg/kg of diet; 3 times per week) of rats between the age 
of 3 and 24 d transiently reduced the T-cell mitogen-induced 
proliferation of splenocytes 7 weeks after the last exposure. 
Tonk et al. (2011), focusing on the effects of DOTC on the 
developing immune system with the same dose levels and 
exposure scenario, found a disturbed immune balance in the 
offspring on PND 21, 42 and 70. As the largest effects 
occurred on PND 42, the authors pointed at the relevance of 
studying several distinct test ages. The immune system, like 

the nervous system, continues to develop after birth and the 
different compartments of immune development have dis
tinct critical windows of development (Landreth 2002). In our 
study, [18F]FDG PET imaging, auditory startle response and 
microarray gene expression profiling corroborated such a 
time-dependent effect of DOTC on structural brain develop
ment and compromised brain function. In fact, gene profiling 
identified key regulators of these processes, such as Nrgn, 
Shank3, Igf1r, Cck, Apba2, Foxp2, Cd47, Dlg1, Mef2c involved 
in neurodevelopment and neural function (Morozov and 
Freund 2003; Lai et al. 2003; Numakawa et al. 2004; Scorza 
et al. 2008; Zhang et al. 2009; Hiraoka et al. 2010; Grabrucker 
et al. 2011; Hami et al. 2014; Ryoo et al. 2015). Other affected 
genes, like LOC679869, Itga11, Arhgap5, Cd47, Dlg1, Gas6, 
Cml5, Mef2c, Foxp2, are known to be involved in cell size, cell 
proliferation and organ development (Chakravarty et al. 
2000; Popsueva et al. 2001; Carroll 2005; Sabio et al. 2005; 
Mu~noz et al. 2009; Figeac et al. 2010; Ji et al. 2011; Haase 
et al. 2013).

It is tempting to speculate on the underlying mechanisms 
responsible for the DOTC-related neurotoxicity and to raise 
possible concerns for man. By now, it is generally accepted 
that normal development of the immune system is key to 
healthy brain development, and disruption of the develop
ment of the immune system has been suggested as possible 
cause of certain neurodevelopmental disorders (Easson and 
Woodbury-Smith 2014). Amongst them is autism spectrum 
disorder (Gottfried et al. 2015), for which early transient brain 
overgrowth (Hardan et al. 2001; Aylward et al. 2002; 

Figure 7. Biological process categories significantly overrepresented among 52 differentially expressed genes upon di-n-octyltin dichloride (DOTC) treatment (male 
F1-animals; all doses and time points; p< .05 is at value of 1.3). exposure to DOTC at a dose of 0, 3, 10 or 30 mg/kg of diet occurred from 2 weeks premating (F0- 
generation) up to postnatal day 61–70 (F1-generation).
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Courchesne and Pierce 2005; Hazlett et al. 2011; Lewis et al. 
2013), effects on startle response (Takahashi et al. 2014), 
altered motor skills (Memari et al. 2014; Sacrey et al. 2014) 
and involvement of genes like Shank 3, Igf1r, Cck, Apba2 and 
Foxp2 have been described (Muhle et al. 2004; Babatz et al. 
2009; Persico and Napolioni 2013; Zhu et al. 2014; Hevner 
2015; Iourov et al. 2015; Yoo 2015).

We conclude that the immunotoxicant DOTC induced both 
neurodevelopmental and immunodevelopmental abnormal
ities under the OECD TG 443 scenario. However, most effects 
of DOTC appear transient, as they were observed on PND21, 
but not anymore on PND61. Yet, long-term effects cannot be 
excluded, since it is known that delayed neuronal develop
ment can have effects later in life. Neurodevelopmental 
impairment by DOTC was likely detected in this study, 
because the exposure started before fertilization, and add
itional parameters were used to study neurodevelopment, 
including imaging and genetics. Indeed, imaging showed 
enlarged regions (MRI) and altered metabolism ([18F]FDG PET) 
in DOTC-exposed brains. This matched with hyper-responsive
ness in the startle response and in hyperactivity in young 
adult rats. Several genes, which act as key regulators in the 
development and function of the neural as well as the 
immune system, were activated. Neurodevelopmental impair
ment seems to be associated with alterations in the immune 

system, which would support the existence of a relationship 
between the immune and nervous systems in normal devel
opment and maintenance of health.
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