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Abstract

Thimerosal, an organomercurial added as a preservative to some vaccines, is a suspected iatrogenic factor, possibly
contributing to paediatric neurodevelopmental disorders including autism. We examined the effects of early postna-
tal administration of thimerosal (four im. injections, 12 or 240 ug THIM-Hg/kg, on postnatal days 7, 9, 11 and 15) on
brain pathology in Wistar rats. Numerous neuropathological changes were observed in young adult rats which were
treated postnatally with thimerosal. They included: ischaemic degeneration of neurons and “dark” neurons in the
prefrontal and temporal cortex, the hippocampus and the cerebellum, pathological changes of the blood vessels in
the temporal cortex, diminished synaptophysin reaction in the hippocampus, atrophy of astroglia in the hippocam-
pus and cerebellum, and positive caspase-3 reaction in Bergmann astroglia. These findings document neurotoxic
effects of thimerosal, at doses equivalent to those used in infant vaccines or higher, in developing rat brain, sug-
gesting likely involvement of this mercurial in neurodevelopmental disorders.
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Introduction

Thimerosal (THIM; sodium ethylmercurithiosalicy-
late), containing approximately 49% mercury (Hg) by
weight, has been used as a vaccine preservative since
the 1930s. However, during the past decade serious
concerns have emerged regarding its safety in
infants, young children, and pregnant women. In the
body THIM is metabolized to ethylmercury and sub-
sequently to inorganic Hg forms [38], which accumu-

late in different organs/tissues including the brain,
where they can remain for months or years [5,33].
Hundreds of years of human experience and thou-
sands of scientific publications provide evidence of
toxicity of mercurials, particularly severe for develop-
ing organisms [11,39,45]. With growing numbers of
paediatric vaccines, many of which contained or still
contain THIM in some countries, administered at ever
younger age (e.g. Hep B vaccine is given during
the first 24 h after birth in Poland, the U.S. and many
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other countries), infants have been exposed to in-
creasing amounts of Hg, with potentially negative
effects on their health. In fact, the years of the late
1980s and 1990s, when infants were exposed to the
largest ever doses of Hg in vaccines, coincide with the
emergence of epidemics of paediatric neurodevelop-
mental disorders, including autism [27,32].

Autism Spectrum Disorders (ASD) are characterized
by a constellation of behavioural, psychiatric and neu-
rological abnormalities, which include deficits in social
interactions and communication, and motor dysfunc-
tion such as repetitive behaviours, accompanied by
numerous neuroanatomical and biochemical abnor-
malities. Because many symptoms of autism resemble
Hg poisoning, a hypothesis emerged linking this disor-
der with postnatal exposure to mercurials [4]. It was
confirmed by several independent investigations
[12,13,29,51], although it still remains controversial and
requires further clinical and preclinical research.

Three independent preclinical studies examined
neurodevelopmental toxicity of THIM, giving conflict-
ing results. The study of Hornig et al. [17] and Laurente
et al. [23] demonstrated neurotoxic actions of postna-
tal THIM administration in mice and hamsters, but the
study of Berman et al. [3] failed to find such effects. We
conducted a series of behavioural, neuropathological
and neurochemical studies examining the neurotoxic
actions of THIM, administered during the early postna-
tal period in rats. Our research revealed many neurobe-
havioral alterations in THIM-treated animals, such as
impaired pain sensitivity and social interactions, loco-
motor deficits, and increased anxiety, which resemble
symptoms of ASD [33] (additional manuscript in prepa-
ration), accompanied by dramatic changes in densities
of mu opioid receptors in the brain [35]. Here we have
focused on neuropathology and report enduring mor-
phological alterations in brain tissues from neonatally
THIM-exposed rats. A preliminary report of this work
appeared in an abstract form [34].

Material and methods

Pregnant Wistar rats were purchased from the Me-
dical Research Centre, Polish Academy of Sciences, War-
saw, Poland. The animals were kept in a room under
standard environmental conditions until breeding
(22 £1°C, relative humidity 60%, 12 h-12 h light-dark cycle
with lights on at 07:00 h). Standard laboratory chow
(Labofeed H, WPIK, Poland) and tap water were available
ad libitum. Newborn rats on postnatal days 7, 9, 11 and
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15 received four equal-dose injections of THIM (Sigma-
Aldrich) dissolved in saline in a volume of 50 ul, i.m. into
glutei maximi—this schedule was originally used in mice
to mimic the infant immunization scheme [17]. The THIM
doses per injection were 12 and 240 png Hg/kg. The low-
er dose is in the order of those used in multi-dose
vaccine formulations in many countries [17,33]. Control
rats received saline injections following the same
scheme. Rats from one litter received the same treat-
ment; there were four litters per experimental group.
For neuropathological analyses, 10 animals per group
(5 of each sex) were used, with at most 2 of each sex
coming from the same litter. The remaining animals
were used for other experiments. Control and THIM-
treated rats at 8 weeks of age were sacrificed with over-
dose of i.p. pentobarbital injections, then decapitated.
Brains were removed within 30 s, weighed, fixed in
buffered formalin and embedded in paraffin for light
microscope examination. All experiments were conduct-
ed according to the ethical standards laid down in res-
pective Polish and European (directive No. 86/609/EEC)
regulations. All procedures were reviewed and approved
by the local ethics committee on animal studies.

The following brain structures were analysed: pre-
frontal cortex (bregma 4.68), temporal cortex (bregma
1.20), hippocampus (bregma —3.84), and cerebellum
(bregma —11.00). The position of the regions was deter-
mined according to the rat brain atlas [37]. Slices show-
ing above brain regions were stained histologically
(haematoxylin-eosin) and immunohistochemically
with: Rabbit Polyclonal Antibody to Active Caspase-3
(Abcam, 1:50), Lyophilized Mouse Monoclonal Antibody
to Glial Fibrillary Acidic Protein (Novocastra, 1 : 100), and
Synaptophysin Lyophilized Mouse Monoclonal Anti-
body (Novocastra, 1: 100).

Microphotographs of the brain sections were taken
with an Olympus BX41 microscope and Olympus DP25
digital camera. Images were saved in TIFF format. For
each experiment, microphotographs were taken with
the same light level for all sections. To evaluate the
synaptophysin reaction, as a putative marker of synap-
tic density, sections showing the hippocampus (CA3
field) were analysed. Microphotographs of each region
were taken from both cerebral hemispheres with mag-
nification of 200 (area 141 808.92 um?2). The synaptic
density/synaptophysin vesicular content was counted
as a stained area fraction in the analysed region, with
Image) 1.410 software and used for statistical analysis.
Area fraction was automatically counted with the
“Threshold” function of the Image) program, which
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marks all the pixels of a selected grey value and
counts all the groups of marked pixels (e.g. positive
synaptophysin reaction) within the selected area [1].
Two corresponding areas from opposite hemispheres
per animal per structure were analysed. Values from
each side and structure were averaged for each animal
and used for statistical analysis.

Results

The brain weights of 8-week old control and post-
natally THIM-treated rats were compared (N =5 per
group/sex). For the control group, the mean brain
weight for males was 1.745 + 0.016 g and for females
1.671+0.035 g. For THIM dose 12 ug Hg/kg, the mean
brain weight for males was 1.731 + 0.021 g and for
females 1.633 + 0.008 g; for THIM dose 240 pug Hg/kg
for males it was 1.793 + 0.014 g and for females 1.661
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Fig. 1. Pathological changes in ‘thue refrorFtal cortex after postnatal TIM treatent; 8-week old male rats;

+0.020 g. Two-way ANOVA (Hg dose x sex) revealed
a non-significant effect of Hg dose (F[2.23] = 2.84;
p = 0.08), a non-significant interaction sex x Hg dose
(F[2.23] = 1.09; p = 0.35), but a significant effect of sex
(F[1.23] = 41.0; p < 0.001). The data show no signifi-
cant effect of THIM treatment on brain weight, with
a possible trend of a small (3%) increase in male rats
treated with a THIM dose of 240 ug Hg/kg.

The prefrontal and temporal cortex of neonatally
THIM-treated rats manifested ischaemic degeneration
of neurons and “dark” neurons (markedly shrunken
and hyperchromatic) [20,28]. These changes were
seen predominantly in the 2nd and 3rd layers of the
prefrontal cortex and were more pronounced in ani-
mals treated with the higher THIM dose. Some groups
of neurons were unaffected. Neurons in the control
group appeared normal (Fig. 1.). In analysed regions of

vs

HE staining. Hg dose: A, D, G control group; B, E, H — 12 ug Hg/kg; C, F, | — 240 ng Hg/kg. In THIM-treated
animals ischaemic degeneration of neurons and “dark” neurons are visible (more prominent with higher
THIM dose); magnification: A-C x 100; D-F x 200; G-I x 400.
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the prefrontal and temporal cortex, there were no dis-
tinctions in pathological features between males and
females (only males are shown) and no obvious dif-
ferences in the appearance of astroglia, or caspase-3
and synaptophysin reactions, between the control
and THIM-treated groups. Ischaemic degeneration of
neurons in the temporal cortex of THIM-exposed rats

' Fig. 2. Plcures A-l) Pathologiclchages in the temoral cortex after pos’ﬁnétal ATHII\/‘\Madmmistration;
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was accompanied by pathological changes of the
blood vessels, manifested by proliferation of the en-
dothelium and thickened vascular walls. Control ani-
mals showed normal vascular morphology (Fig. 2).
Similar ischaemic degeneration of neurons and
“dark” neurons were observed in the dorsal hippo-
campus (bregma —3.60) of THIM-treated rats. The neu-

A

8-week old male rats; HE staining. Hg dose: A, D, G, J control group; B, E, H, K—12 ng Hg/kg; C, F, I, L— 240 ug
Hg/kg. In THIM-treated animals ischaemic degeneration of neurons and “dark” neurons are visible (more pro-
minent at higher THIM dose). (Pictures J-L) Changes in the blood vessels in the temporal cortex after THIM
treatment; 8-week old rats; HE staining; magnification: A-C x 100; D-F x 200; G-L x 400.
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ropathological changes were present in the granular
layer of the dentate gyrus, CAl and CAS3 fields; they
were more prominent in the animals treated with
a higher THIM dose. The neurons in the control group
looked normal (Fig. 3). The pathological changes in
analysed regions of the hippocampus were similar
in both sexes. There were no apparent differences in
hippocampal blood vessels and caspase-3 reaction
between the control and THIM-exposed animals.

In the hippocampus, degenerative changes in
neurons of THIM-treated rats were not accompanied
by reactive astrogliosis; instead pathological alter-
ations in the astroglia were noted. In the regions of
ischaemic degenerated neurons and in adjacent
areas, contracted astrocytes with clasmatodendrosis
were observed. Pathological changes in hippocampal
astroglia were seen in tissues from rats treated with
both doses of THIM. The astroglia in the control group
appeared normal (Fig. 4). The THIM-induced altera-
tions in hippocampal neurons and astroglia were
accompanied by a significant loss of synaptophysin
marker, suggesting reduction of synaptic density or
synaptophysin concentration in synaptic vesicles. For
the synaptophysin reaction in the CA3 field the two
way ANOVA (sex x Hg dose) revealed: a significant
effect of dose (F[2.24] = 12.323; p < 0.001), a non-sig-
nificant effect of sex (F[1.24] = 0.5503; p = 0.6), and
a non-significant interaction sex x dose (F[2.24] =
0.674; p = 0.519). The post-hoc (LSD) analysis con-
firmed significance of the dose effect for a THIM dose
of 12 ng Hg/kg, for males (p = 0.05) and for females
(p = 0.001); and for a dose of 240 ug Hg/kg for males
(p = 0.012) and for females (p = 0.001) (Fig. 4; Table ).

The cerebellum (Bregma —11.04) of THIM-treated
rats showed ischaemic degeneration of single neu-
rons in the granular and molecular layers. Also
changes in the Purkinje cell layer were noted, with
Purkinje neurons manifesting ischaemic and homo-
genizing degeneration (Fig. 5). There was no prolifera-
tion of Bergmann astroglia next to degenerating
Purkinje cells; rather atrophy of these cells was seen
in tissues from THIM-treated rats (Fig. 6). Neuro-
pathological changes were mare distinct in the lateral
cerebellar lobules than in the central area and were
more pronounced at the higher THIM dose. In the
cerebellum from THIM-treated rats, degenerating
Purkinje cells and atrophied Bergmann astroglia were
accompanied by a positive caspase-3 reaction among
Bergmann astroglial cells (Fig. 6), suggesting cell
damage [26,30,46]. In the control group, neurons in
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granular and molecular layers, the Purkinje cells and
the astroglia were normal.

Discussion

In previous publications we described behavioural
and neurochemical anomalies in rats which in the
early postnatal period received four vaccination-like
THIM injections [33-35]. Some changes (impaired
pain reaction, dysfunctional opioid system, locomotor
deficits, enhanced anxiety) appeared already at the
THIM dose of 12 ug Hg/kg, which is in the order of
doses still present in some paediatric vaccines. Here
we report widespread neuropathological changes in
brains of rats which received postnatal THIM injec-
tions at doses of 12 ug Hg/kg or higher.

Administration of THIM at a dose of 12 ug Hg/kg
did not seem to disturb pups’ overall physical deve-
lopment, although in the 8-week old male rats treated
with a THIM dose of 240 nug Hg/kg, a trend for a non-
significant increase (3%) of brain weight was noted.
Nonetheless, the brains of male and female rats treat-
ed with both THIM doses manifested numerous
pathological changes such as: ischaemic degenera-
tion of neurons and “dark” neurons in the prefrontal
and temporal cortex and in the hippocampus, and
homogenizing and ischaemic degeneration of Purkin-
je cells in the cerebellum [7,28]. These alterations
were not accompanied by visible signs of astrogliosis,
but rather by astroglia atrophy in some brain regions
(the hippocampus and cerebellum). Blood vessel
pathology with endothelial proliferation and thick-
ened vessel walls was seen in the temporal cortex,
while a positive caspase-3 reaction, suggestive of apop-
tosis, was noted in the Bergman astroglia.

To the best of our knowledge, this is the first
report of pervasive neuropathological changes in
brains of rats exposed neonatally to THIM doses
equivalent to those used in vaccines, although vari-
ous neuropathological changes have previously been
described in mice [17] and hamsters [23] treated with
THIM at the neonatal stage. THIM’s neurotoxicity was
also reported in isolated neurons in vitro: nanomolar
THIM concentrations caused death by apoptosis or
necrosis [18,49], with nerve growth factor (NGF) and
low molecular thiols providing some protection
[36,52]. Neuronal death mostly by apoptosis was also
found in brains of rats exposed to methylmercury [31].
Although in our experiments a marker of apoptotic
cells (positive caspase-3 reaction) was detected only
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4 : AN A . e o
Fig. 3. Pathological changes in the dorsal hippocampus after postnatal THIM administration; 8-week old
male rats; HE staining. Hg doses: A, D, G, J, M — control group; B, E, H, K, N — 12 ug Hg/kg; C, F, I, L, O — 240 ug
Hg/kg. Structures: A-O dorsal hippocampus; A-C general view; D-F dentate gyrus and CA4 field; G-I CA3 field;
J-L dentate gyrus; M-O CAl field. In THIM-treated groups, ischaemic degeneration of neurons and “dark”
neurons are visible in the dentate gyrus, CAl and CA3 fields (changes more prominent with higher THIM
dose). No obvious changes in the granular layer thickness in THIM-treated animals compared to control
group were observed; magnification: A-C x 40; D-F x 100; G-O x 400.
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Fig. 4. Glial and synaptic pathology in the hippocampus of neonatally THIM-treated animals. (Pictures A-F)
Changes in the astroglia of the dentate gyrus after THIM administration; 8-week old rats; GFAP reaction.
Hg doses: A, D — control group; B, E — 12 ng Hg/kg; C, F — 240 ug Hg/kg. Contracted astrocytes with frag-
mentation of their processes without visible astroglia proliferation are observed in tissues from THIM-treat-
ed animals (changes more prominent with higher THIM dose). (Pictures G-H) Diminished synaptophysin reac-
tion in the dorsal hippocampus after postnatal THIM administration; synaptophysin reaction. Hg dose:
G — control group, H — 240 pg Hg/kg; magnification: A-C x 100; D-F x 400; G-H x 100.

Table I. Effect of postnatal THIM administration on synaptic density (synaptophysin reaction) in the hip-
pocampus’ CA3 field in 8-week old rats. THIM dose is given in ug Hg/kg. AV-AF — average stained area frac-
tion (in %) of positive synaptophysin reaction in the hippocampus’ CA3 field (Fig. 4; pictures G and H).
% CTRL — percent of control value; p — significance

Hg dose Males Females

ugrkg AV-AF + SEM p % CTRL AV-AF + SEM p % CTRL

0 3.888 0.195 X 100 4936 1276 X 100

12 2.055 0427 0.050 53 1654 0473 0.001 34

240 1500 0382 0.012 39 1666 0392 0.001 34
264
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Hg dose: A, D, G — control group; B, E, H— 12 ng Hg/kg; C, F, | = 240 ng Hg/kg. Changes in the Purkinje cell
layer, such as ischaemic and homogenizing degeneration of Purkinje neurons, were observed (changes
more prominent with higher THIM dose); magnification: A-C x 100; D-F x 200; G-H x 400.

in the Bergmann glia, apoptotic processes in neural
cells in other brain regions cannot be excluded. In fact,
apoptosis in absence of caspase-3 activation was
described in the neonatal cerebellar granule cells [24],
methylmercury was found to induce apoptosis with-
out caspase-3 activation in cultured cerebellar neu-
rons [48], and oxidative stress was shown to trigger
programmed cell death independently of caspase-3
activation in cortical neurons [16].

THIM-induced neuronal death by apoptosis or
necrosis may depend on many intra- and extracellular
factors, including concentrations of Hg in distinct cellu-
lar compartments at different periods after THIM injec-
tions, animal developmental stage, availability of neu-
roprotective molecules such as NGF, glutathione, =SH
containing amino acids, peptides and proteins, anti-
oxidants, hormones, and other factors which might
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modulate its toxicity. Ischaemic appearance of many
degenerating neurons in THIM-exposed rats is consistent
with brain lesions observed in patients with Minamata
disease (methylmercury poisoning). Takeuchi [47]
described two major mechanisms of injury to brain cor-
tex by methylmercury: a direct toxic effect — stronger
on neuronal than on glial and epithelial cells — and
a hypoxaemic/anoxaemic effect, resulting from the dis-
turbance of blood circulation and perivascular oedema.
Disseminated brain ischaemic areas and oedema were
also observed in humans and marmosets exposed to
methylmercury [9,10]. Neural cell death may additional-
ly ensue from mercurial-induced DNA damage [2] and
mitochondrial injury, leading to bioenergetic crisis and
oxidative stress [44,50].

While discussing the issue of developmental THIM
neurotoxicity, it is important to take into considera-
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Fig. 6. Changes in the cerebellar astroglia in neonatally THIM-treated rats, 8-week old rats; GFAP reaction.
Hg dose: A, D — control group; B, E — 12 pug Hg/kg; C, F — 240 pug Hg/kg; Bergmann astroglia atrophy with-
out astroglia proliferation was observed in THIM-treated rats (changes more prominent with higher THIM
dose). (Pictures G-H) Cerebellum, anti-caspase-3 reaction. Hg doses: G — control group; H — 240 ug Hg/kg.
Positive caspase-3 reaction was observed in the Bergmann’s astroglia of THIM-treated animals; magnifica-
tion: A-C x 100, D-H x 400.

tion the probable brain concentrations of Hg. In our
experiments, neuropathological examinations were
conducted six weeks after administration of the last
dose of THIM. A pharmacokinetic experiment showed
that Hg from THIM injections persists in the rat brain
for many weeks/months, suggesting that at the time
of pathological evaluations and earlier its brain con-
centrations could have been in the nanomolar range
[33], which elicits neurotoxic effects [18,36,49,52].
The neurotoxic actions of THIM may evolve in two
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phases. The early phase of acute neuronal toxicity
may take place a few hours/days after THIM injection,
when brain Hg concentrations are highest and when
ischaemic degeneration of neurons and homogeniz-
ing degeneration of Purkinje cells may occur. The lat-
er, more extended, phase may ensue from chronic
poisoning of neurons by accumulated Hg (seen as
“dark neurons”). In rats, the second postnatal week
(when THIM was administered) is an active neurode-
velopmental period, characterized by continuing neu-

Folia Neuropathologica 2010; 48/4



ral cell proliferation, migration, synaptogenesis, apop-
tosis, gliogenesis and myelinization, particularly
dynamic in the hippocampus and the cerebellum
[19,21,40,43]. Mercurials’ interference with neuroge-
nesis, gliogenesis, apoptosis and probably with other
of these processes is likely to have significant neu-
rodevelopmental consequences [6,11].

It is intriguing that THIM-induced neuronal dege-
neration was not accompanied by reactive astroglio-
sis, but rather by astrocytic atrophy seen in the hip-
pocampus and cerebellum. Such a neuropathological
pattern seems distinct from that reported after chro-
nic postnatal rat exposure to methylmercury, where
loss of neurons in the cerebral cortex and cerebellum
was associated with astrocytosis [42]. Also in adult
humans chronically poisoned with methylmercury
neuronal loss in the cerebral cortex and cerebellum
was accompanied by proliferation of astroglia [8]. It
remains to be elucidated why postnatal THIM admi-
nistration does not lead to similar changes. It might
potentially be due to the different mode of mercurial
administration, to an inhibitory effect of ethylmercury
on cell proliferation, or its frank toxicity to developing
astrocytes [44]. THIM-induced injury to astroglia may
have critical neuropathological consequence for
developing organisms, as protoplasmic processes of
glial cells are the matrix for the central nervous sys-
tem, participate in neuron migration, create the
blood-brain barrier, keep the neurotransmitters in
synapses and participate in metabolism of neuro-
transmitters such as glutamate, GABA or serotonin
[14,22]. Neuropathological alterations such as loss of
neurons without astroglia proliferation suggest an
impact on terminal stages of postnatal gliogenesis.
This issue requires further studies.

In conclusion, the present study documents that
administration of THIM to suckling rats in a vaccina-
tion-like manner and at doses analogous to those
used in paediatric vaccines or higher injures neurons
and astroglia in several brain regions. These findings
may be extrapolated (with caution) to certain clinical
conditions, since THIM and other mercurials are sus-
pected pathogenic factors in the aetiology of several
neurodevelopmental disorders, including autism
[12,13,15,25,29,41,51]. Some neuropathologies, such
as morphological and neuroanatomical changes in
the prefrontal and temporal cortex, or loss of Purkin-
je cells, seem common for THIM’s neurotoxic actions
and these disorders. While this study has obvious lim-
itations, it provides clear evidence of neurotoxicity of
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pharmacologically relevant doses of THIM in develop-
ing organisms, lending further support to the hypo-
thesis implicating mercurials in paediatric neurodeve-
lopmental disorders. On the whole, the results of this
study argue for urgent removal of THIM from all vac-
cines for children and pregnant women, as well as
from other medicinal products and cosmetics.
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