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ABSTRACT 
Background: Thyroid dysfunctions are the second most common endocrinological disorders in pregnancy after diabetes 
mellitus. Uncontrolled and inadequately treated maternal hyperthyroidism may result in fetal and neonatal 
hyperthyroidism that may affect the cerebellar development. Astrocytes are target cells for thyroid hormones.  Aim: To 
verify the effect of maternal thyrotoxicosis on the biochemical and histological architecture of the offspring’s developing 
cerebellum. Material and Methods: Thirty pregnant rats were divided into two equal groups control and 
hyperthyroidism. The cerebella of all offspring of both the groups were examined in 1st, 3rd, 5th and 7th postnatal days. 
One hemisphere was used for histological and immunohistochemical study and the other for biochemical investigation. 
Also, estimation of Thyroid Hormone levels and Glutathione Peroxidase in the serum was done. Results: The offspring of 
the treated rats showed a significant increase in the levels of T3, and T4 in all studied ages (p˂0.001). In addition, the 
homogenized fluid of the cerebella from all offspring of treated rats showed decreased levels of Glutathione Peroxidase 
levels and increased Malondialdehyde levels (p˂0.001 for both) indicating high oxidative stress and low in antioxidant 
defense. Light microscopic investigation of the cerebellar cortex of the offspring of the treated rats showed marked 
growth retardation in the cerebella in the form of shallow fissures and delayed newly formed ones. Some degenerative 
changes were observed in the four layers of the cerebellar cortex; some cells have vacuolated cytoplasm with the 
presence of interstitial hemorrhage during all studied ages. The dendritic arborization of Purkinje cells of experimental 
animals showed degeneration in the form of less branching dendrites or fuse with adjacent ones. Application of S100 
immunostaining revealed that the most affected and expressed cells were the astrocytes which appear markedly 
immunoexpressed and altered morphologically showing enlarged irregular cells with multiple thick disrupted processes. 
Conclusion: Hyperthyroidism in rats during gestation and lactation periods badly affected the development of 
cerebellum of the offspring at all examined period. Significantly, astrocytes altered morphologically. The disturbed 
cerebellar cytoarchitecture might be due to increase oxidative stress and impaired antioxidant defense system. 
    
Keywords: Induced Maternal Hyperthyroidism, Oxidative Stress, Offspring Developing Cerebellum, Astrocytes, S100. 
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INTRODUCTION
 

Thyroid disorders are the second most common 
endocrinological disorders in pregnancy after diabetes mellitus 
(Abalovich et al., 2007). Thyroid hormones are critical for the 
development of the fetal and neonatal brain. These hormones 
were contributed on neural and glial lineages and control cell 
proliferation, apoptosis, migration, and differentiation (Baas et 
al., 2002).These actions are most apparent in central nervous 
system development (Shwartz, 1983). Thyroid hormones 
appear to have their most intense effects on the terminal 
stages of brain differentiation, including synaptogenesis,  
growth of dendrites and axons, myelination and neuronal 
migration (Oppenheimer and Schwartz, 1997). The results of 
Sevilla et al. (2002) also showed that thyroid hormone 
regulates rat neuro-retinogenesis.   
    Human fetuses acquired the ability to synthesize thyroid 
hormones at the 12th weeks of gestation. Relevant evidence 
from several species indicates that there is a trans-placental 
transfer of the thyroid hormones from the mothers to their 
offspring. Moreover, the placenta contains deiodinases that 
can convert T4 to T3 (Xue et al., 1994). Uncontrolled and 
inadequately treated maternal hyperthyroidism may result in 
fetal and neonatal hyperthyroidism (Zimmerman, 1999) due to 
the transplacental transfer of stimulatory Thyroid Stimulating 
Hormone (TSH) receptor antibodies (Polak et al., 2004). 
    The cerebellum has an outstanding structure consisted of 
folia divided by fissures of varied in depth. The development of 
cerebellar foliation originated before birth and its adult 
configuration of fissures and folia is achieved postnatal (Bouet 
et al., 2005).  It is composed of few cell types, all ordered in a 
precise manner in various morphological layers; external 
granular layer, molecular layer, Purkinje cell layer and internal 
granular layer (Llinas, 1975).  
     In rats, during postnatal development of the cerebellum, the 
external granular cell layer represented the matrix area in 
which two distinct zones can be visibly recognized, the 
proliferative and the premigratory zones (Altman, 1972a-c and 
Rakic, 1971).The authors suggested that the post-mitotic cells 
of external granular layer migrated to their final destination in 
the internal granule cell layer.  Purkinje cells are the single 
output of the cerebellar cortex (Altman, 1969; 1972a, b and c). 
There are many stages in the development of Purkinje cells as 
the cell differentiates from round neuroblast to an adult neuron. 
Altman (1982) recommended that in rats, the Purkinje cells 
variation occur during late embryonic and early postnatal 
periods. Sonic hedgehog factor secreted by the Purkinje cells 
regulated the number of folia through its influence on granule 
cell precursor proliferation (Corrales et al., 2004 and 2006).   
The majority of granule cells had practiced some substantial 
developmental milestones postnatal.  Sotelo (2004) explained 
that the proliferating granule cells precursors are prenatally 
positioned in the external granular layer followed by inward 
radial migration to their final destination in the internal granular 
layer. 
     Astrocytes make up 20 to 50% of the volume of most brain 
areas and they represent a various class of cells that have 
numerous different roles. They had a vital role in normal brain 
function and disease (Trentin, 2006).  Rowitch and Kriegstein 
(2010) reported that the astrocytes are macroglial cells in the 
central nervous system obtained from heterogeneous 
populations of progenitor cells in the neuroepithelium of the 
developing central nervous system. The authors added that 
there is a remarkable similarity between the well-known 
genetic mechanisms that specify the lineage of diverse neuron 
subtypes and that of macroglial cells. Astrocytes have 

numerous supporting functions such as guiding neuronal 
migration, maintaining the microenvironment of neurons and 
preservation of the blood–brain barrier (Janzer and Raff, 
1987).  They are implicated in synapse formation and function 
(Rossi, 2015). Astrocytes supported immune defense by 
producing various immunoreactive cytokines (Benveniste, 
1992).  Recent investigations have emphasized the vital role of 
astrocytes in various homeostatic functions within the central 
nervous system and their role in bi-directional communication 
with neurons by releasing neuroactive substances. They play 
an active role in the secretion of substances regulating 
metabolism and substances regulating synaptic transmission, 
including neurotransmitters and neuromodulators (Petrelli and 
Bezzi, 2016).  The character of astrocytes can alter in parallel 
with, or as a consequence of the morphological, biochemical 
and functional changes undergo upon injury or disease. As a 
result, they have the possible to convert from helpful supports 
and cooperating partners for neurons into harmful enemies 
(Rossi, 2015). 
   The S100 protein belongs to the EF (helix E-loop-helix F) 
hand family of calcium binding proteins (Donato, 1991).  The 
name "S100" was given because of their solubility in a 100% 
saturated solution with ammonium sulfate.  At least 25 proteins 
have been identified as belonging to the S100 protein family 
(Marenholz et al., 2004). S100B was principally produced by 
astrocytes in the central nervous system convoluted in several 
pathologies and represented astrocytic activation (Steinacker 
et al., 2013). 
     S100B was situated in the cytoplasm and nucleus of the 
astrocytes along with other members of the S100 family. 
Moreover, S100B has regulated the cytoskeletal structure and 
cell proliferation (Gonçalves, 2008 and Yarden et al., 2011). 
Steiner et al. (2007) reported that the astrocytes are the 
predominant S100B-positive cells in the gray matter while the 
oligodendrocytes are the predominant S100B-positive cells in 
the white matter.  
    Several pieces of investigations supported that the neurons 
are protected against the reactive oxygen species (ROS) 
induced toxicity of various compounds and drugs in the 
presence of astroglial cells. These observations confirmed by 
Desagher et al. (1996) and Dringen et al. (2000). As they 
induce the transcriptional up-regulation of the glutathione 
synthesis (Iwata-Ichika et al., 1999; Dasgupta et al., 2007). It is 
well-known that during brain development, astrocytes are 
target cells for thyroid hormones (Clos and Legrand, 1973; 
Legrand et al., 1976 and Gould et al., 1990). 
Based on the previous data, the current study was prompted to 
verify the effect of maternal thyrotoxicosis in rats on the 
biochemical and histological architecture of its offspring 
developing cerebellum. 
 
MATERIAL AND METHODS 

 
Animals 

 
The current research was carried out on 48 adult fertile albino 
rats, 32 females, and 16 males, weighing about 165–190 gm. 
The rats were housed in Animal Care Center of Faculty of 
Medicine for Girls, AL-Azhar University. The rats were 
reserved under observation for two weeks to exclude any 
contamination and to acclimatize the new surroundings. The 
selected rats were housed in stainless steel cages at a normal 
atmospheric temperature (24 ± two ◦C) and fed on standard 
rodent pellet. Diet manufactured by the Egyptian Company for 
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Oil and Soap (Cairo, Egypt). Tap water was used for drinking 
ad libitum, and these animals were maintained at constant 
daily light/dark periods of 12 hours each. 
 
Experimental Animals  
 
Mating was induced by housing two females with one male in a 
separate cage overnight for one or two successive days. Thirty 
female rats have the mucous plug; the vaginal smear was 
found to contain cornified non-nucleated epithelial cells, 
leukocytes, and a large quantity of mucous (Paull and 
Fairbrother, 1985).  The pregnant females were moved into 
separate cages from males to start the experiment. The 
experiments were conducted according to the guidelines of the 
Animal Care and Use Committee of National Research Center, 
Egypt. 
 
Experimental Schedule and Protocols of Induction of 
Maternal Thyrotoxicosis 

 
The pregnant rats from the first day of pregnancy, gestation 
day 1 to lactation day7 (GD1-LD7) were distributed into two 
equal groups as follow: 
Group I, Control group:  The pregnant rats received distilled 
water via gavage tube daily from the first day of gestation up to 
the seventh day post-partum. 
Group II, Hyperthyroidism group: The pregnant rats received 
50 μg/kg body weights /day of Eltroxin produced by 
GlaxoSmithKline, Cairo, A.R.E. dissolved in distilled water at 
9:00 am according to Ahmed (2006) from gestation day one to 
lactation day seven. The cerebella of all offspring of both the 
control and treated groups in 1st, 3rd, 5th and 7th days 
postnatal were examined. One cerebellar hemisphere was 
selected for histological study and the other for biochemical 
investigation.  
 
BIOCHEMICAL ANALYSIS 

 
Estimation of Thyroid Hormone Levels 
 
Serum thyroid hormones (T3 and T4) levels were investigated 
in pregnant rats and all their offspring at the day 1 to confirm 
their exposure to hyperthyroidism. Blood samples were 
collected through the retro-ocular puncture. After that, blood 
was centrifuged (3000 rpm for 20 min) and sera were 
separated and stored at -20 Co. 
 
 RIA for Total TSH, T4 and T3 

 
Serum total T4 and total T3 levels were determined with 
Amerlex RIA kits (Amersham International, Buckinghamshire, 
UK), according to the manufacturer’s instructions (Sewall et al., 
1995). Serum TSH levels were determined with a rat's TSH 
enzyme immunoassay kit (Amersham International). 
 
Estimation of Oxidative Stress Markers 

 
Measurement of Anti-Oxidant Activity; Glutathione 
Peroxidase (GPx):     

To estimate Glutathione peroxidase (GPx), the samples were 
homogenized in 1.15% KCL solution. Glutathione peroxidase 
(GPx) level in cerebellar tissue was estimated by the method 
described by Paglia and Valentine (1967). The GPx enzyme 
activity is represented as Unit/mg protein. 
 

Measurement of Oxidative Stress marker: Tissues 
Malondialdehyde (MDA):  

Tissues Malondialdehyde was determined by the method of 
Mitsuru and Midori (1978).The amounts of lipid peroxides 
calculated as nMol/ml. 
 
STATISTICAL ANALYSIS  

 
The Statistical Package for the Social Sciences (SPSS; version 
18.0) was used for analysis of the biochemical data. The 
unpaired t-test is used to compare the data of each variable 
with that of the control. All data were represented as mean ± 
standard deviation (SD). P < 0.05 was considered to be 
statistically significant. 
 
Histological Preparation for Light Microscope 
Investigation 
   
 Midsagittal sections of brains of all offspring of the control and 
the treated rats were dissected and processed for histological 
study.  They were fixed in 10% neutral formalin for 48 h. 
Tissues were dehydrated in ascending concentrations of 
alcohol, cleared in xylene, and embedded in paraffin. Five-
micrometer-thick sections were prepared and stained with 
Haematoxylin and Eosin for histological examination according 
to the method of (Bancroft and Gamble, 2013). 
 
Immunohistochemical staining for Detection of S100 
Expression  
 
Formalin-fixed cerebellum sections were deparaffinized and 
antigen demasking was performed by using 20 minutes heat-
induced epitope retrieval in Dako Target Retrieval Solution. 
Pre-incubation with 1.5% H2O2 for 10 min to block 
endogenous peroxidase activity was followed by blocking of 
nonspecific binding sites with 10% normal goat serum for 60 
min and repeated washings with PBS. The primary antibody 
was diluted in PBS and used at a dilution of 1:400 and applied 
for 48 h at 4°C. Antibodies were from (DAKO, Glostrup, 
Denmark: Polyclonal Rabbit Anti-S100). The immunostaining 
was amplified and completed by Horseradish Peroxidase 
complex (Dako EnVision™+/HRP kits).   

An undiluted HRP-conjugated polyclonal was used as the 
secondary antibody. Sections were developed and visualized 
using 3,3diaminobenzidine (Dako REAL TM DAB+ 
Chromogen) at room temperature. The substrate system 
produces a crisp brown end product at the site of the target 
antigen. Cells labeled by the antibody displayed staining 
confined to the cytoplasm.  Sections were counterstained with 
Mayer׳s haematoxylin. The sections were then dehydrated in 
alcohol, cleared in xylene and coverslipped with Permount. 
Applying immunohistochemical methods to the tissues showed 
that the bulk of S100 has been localized in cell bodies, 
processes and lamellae of astrocytes as a brown colour 
(Michael and Joachim, 1995). 
 
RESULTS 

 
The Results of Biochemical Analysis 
 
The pregnant rats treated with Eltroxin showed a significant 
increase in the levels of T3 (10.46±0.78) and T4 (16.02±0.85) and 
a significant decrease in the level of TSH (0.96±.09) when 
compared with their corresponding levels in the pregnant control 

(6.14±0.19; 11.95±0.46;1.67±0.14) P<0.001 (Table 1). 
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Table 1: Comparison of biochemical analysis in pregnant rats treated with Eltroxin with controls 

 
SD-Standard deviation  TSH-Thyroid Stimulating Hormone 
** p-value less than 0.001 
 

 

Table 2: Comparison of biochemical analysis on offspring of Eltroxin treated rats with offspring of controls 

offspring 
From Control 

Rats 

Mean (±SD) 

Biochemical 
Analysis 

offspring From 
Eltroxin Treated 

Rats 

Mean (±SD) 

Biochemical 
Analysis 

 T3  T3 

6.08 (±0.22) CPD1 9.60 (±0.82)
**

 TPD1 

6.14 (±0.22) CPD3 10.06 (±0.06)
**

  TPD3 

6.06 (±0.05) CPD5 10.14 (±0.58)
**

 TPD5 

6.22 (±0.10) CPD7 10.18 (±0.19)
**

 TPD7 

 T4  T4 

10.60 

(±0.72)  

CPD1 16.44 (±0.51)
** 

 TPD1 

11.38 

(±0.73)  

CPD3 16.53 (±0.29)
**

  TPD3 

11.60 

(±0.45)   

CPD5 16.76 (±0.21)
**

 TPD5 

11.61 

(±0.39) 

CPD7 16.56 (±0.69)
**

 TPD7 

 TSH  TSH 

1.67 (±0.07)  CPD1 1.026 (±0.016)
**

 TPD1 

1.73 (±0.07)  CPD3 1.028 (±0.013)
**

  TPD3 

1.71 (±0.06)  CPD5 1.028 (±0.01)
**

 TPD5 

1.73 (±0.04) CPD7 1.028 (±0.02)
**

 TPD7 
TPD1- Treated postnatal day one; TPD3-Treated postnatal day 3; TPD5-Treated postnatal day;  

TPD7- Treated postnatal day 7; CPD1-Control postnatal day 1; CPD3-Control postnatal day 3;  

CPD5-Control postnatal day 5; CPD7-Control postnatal day 7. 

SD- Standard deviation ** p-value less than 0.001 
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Table 3: Comparison of antioxidant activity (Glutathione Peroxidase-GPx) and oxidative stress activity (Tissues Malondialdehyde-MDA) 

of offsprings from Eltroxin treated rats with offsprings from controls. 

Antioxidant 
Activity In 

offspring From 
Control Rats 

Mean (±SD) 

Antioxidant 
Activity In 

offspring From 
Eltroxin Treated 

Rats 

Mean (±SD) 

 

Biochemical 
Analysis 

2.78 (±0.15) 

1.876  (±0.04)** TPD1 

1.835 (± 0.14)**  TPD3 

1.79  (±.04)** TPD5 

1.74 (±0.51)** TPD7 

Oxidative 
Stress Activity 

In offspring 
From Controls  

Mean (±SD) 

Oxidative Stress 
Activity In 

Offspring From 
Eltroxin Treated 

Rats 

Mean (±SD) 

 

0.57 (±0.04) 

1.050 (±0.03)** TPD1 

1.73 (± 0.04) **  TPD3 

1.70 (±.06) ** TPD5 

1.73 ±0.09) ** TPD7 

TPD1- Treated postnatal day one; TPD3-Treated postnatal day 3;  
TPD5-Treated postnatal day; TPD7- Treated postnatal day 7 
SD- Standard deviation  ** p-value less than 0.001 

 
The offspring of the pregnant treated rats showed significant 
increase in the levels of T3 and T4 at the TPD1, TPD3, TPD5, 
and TPD7 (T3; 9.60±0.82, 10.06±0.06, 10.14±0.58 and 
10.18±0.19- T4; 16.44±0.51, 16.53±0.29, 16.76±0.21, and 
16.56±0.69) when compared with the corresponding levels of 
offspring for pregnant control rats at CPD1, CPD3, CPD5 and 
CPD7 (T3; 6.08±0.22, 6.14±0.22, 6.06±0.05 and 6.22±0.10- 
T4; 10.60±0.72, 11.38±0.73, 11.60±0.45 and 11.61±0.39) 
P<0.0001 for all. The offspring of the pregnant treated rats 
showed significant decrease in the levels of TSH at the TPD1, 
TPD3, TPD5, and TPD7 (1.026± 0.016, 1.028±. 013, 1.028± 
0.01and1.028±.02) when compared with the corresponding 
levels for offspring of pregnant control rats CPD1, CPD3, 
CPD5 and CPD7 (1.67±.07, 1.73±0.07, 1.71±0.06, and 
1.73±0.04) p<0.001for all (Table 2). 
The Anti-Oxidant Activity; Glutathione Peroxidase (GPx) 

levels showed significant decreases in the homogenized fluid 
of the cerebellum from the offspring of treated rats at the 
TPD1, TPD3, TPD5, and TPD7 (1.876 ±0.04, 1.835 ± 0.14, 
1.79 ±.04 and 1.74 ±0.51 respectively) when compared with 
the control (2.78 ±0.15) p<0.001. No significant differences in 
the levels of GPx between rats at different days of lactation p> 
0.05 (Table 3). 
Oxidative Stress Activity; Tissues Malondialdehyde (MDA) 

levels showed significant increases in the homogenized fluid of 
the cerebellum from the offspring of treated rats at the TPD1, 
TPD3, TPD5, and TPD7 (1.050 ±0.03, 1.73 ± 0.04, 1.70 ±.06 
and 1.73 ±0.09 respectively) when compared with the control 

(0.57 ±0.04) p<0.001. No significant differences in the levels of 
MDA between rats at different days of lactation p> 0.05 (Table 
3). 
 
HAEMATOXYLIN AND EOSIN RESULTS 

 
Control Postnatal Day One (CPD1) Rats 

 
Light microscopic examination of the serial mid-sagittal 
sections of the cerebellar cortex of (CPD1) showed the normal 
architecture of lobules and fissures (Fig.1: A&B).  The 
cerebellar cortex consisted of the external granular layer, 
molecular layer, Purkinje cell layer and internal granular layer 
from outside inward.  The external granular layer consisted of a 
relatively thick sheet of small darkly stained cells which 
differentiated into superficial or outer closely crowded zone and 
an inner or deep less packed zones. The molecular layer was 
poorly developed pale zone with a loose aggregation of cells. 
Purkinje cells could barely be noticed, it had relatively large 
cells mixed together among cells of the internal granular layer 
or as an unclear layer intermingled with the cells of the 
superficial zone of the internal granular layer. The internal 
granular layer was relatively thick layer of darkly stained cells 
of different size and shape and lying just superficial to the 
white matter (Fig.1: C). 
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Treated Postnatal Day One (TPD1) Rats 
 
Examination of the cerebellar cortex of (TPD1) rats displayed a 
slight reduction of the cerebellar size and its fissures which 
appeared shallow and poorly developed in comparison with the 
control one (Fig.1: D&E). There was an apparent diminished in 
the depth of the fissures. Moreover, there was delayed the 
appearance of other fissures. The cerebellar cortex showed 
that there was a slightly diffusion of cortical layers with the 
presence of cavitation and presence of wide spaces between 
the cells. The external granular layer was thin and poor 
differentiated in comparison to the control and its cells were 
small rounded or oval in shape with intensely stained nuclei. 
The molecular layer appeared thinner than that of the control 
one also, it could hardly be identified and showed poor 
differentiation with multiple cavities. Purkinje cell layer could 
not be identified comparable to the control group. The internal 
granular layer contained small rounded deeply stained nuclei 
with the appearance of several cavities. Moreover, its cells 
were detached from each other and some of them had 
vacuolated cytoplasm (Fig.1: F).  
 
Control Postnatal Day Three (CPD3) Rats 

 
Examination of  the cerebellar cortex  of (CPD3) rats showed 
the progress of development of lobules and fissures, however ,  
the cerebellum was enlarged in size to increase the depth of 
the fissures in comparison to the previous control age (Fig.2: 
A& B). The external granular layer was relatively increased in 
thickness while the molecular layer was slightly increased 
when compared with the preceding control age (CPD1). 
Purkinje cell layer was a clearly observed as multilayers than 
that of the previous control age. The cells were placed in more 
than one row intermixed with the cells of the outer zone of the 
internal granular layer. Moreover, Purkinje cells looked bigger, 
more oval and paler than those of the internal granular cell 
layer.  Apparently the cells were more developed as compared 
with the previous control age (Fig.2: C& D). 
 
Treated Postnatal Day Three (TPD3) Rats 

 
Examination of the cerebellar cortex  of (TPD3)  rats showed 
that the depth of the fissures was markedly decreased as 
compared with the control rats of the same age (Fig.2: E& F). 
The external granular layer showed multiple cavities and the 
molecular layer seemed to be less developed than that of 
control rats of the equivalent age. Also, Purkinje cell layer 
looked to be less differentiated cells, it could not be noticed as 
an ultimate layer, but they could be observed as intermingled 
and clumped with the cells of the internal granular layer. In 
addition, the cells of the internal granular layer were 
disconnected from each other and some of them had 
vacuolated cytoplasm. In general, less cellularity and cavitation 
in the four layers of the cerebellar cortex were clearly observed 
(Fig.2: G& H). 
 
Control Postnatal Day Five (CPD5) Rats 
 
Examination of the cerebellar cortex  of (CPD5) rats showed 
increased in size and the depth of the fissure as compared with 
the previous control age (Fig.3: A). The external granular layer 
was increased in thickness than that of the prior control age. 
Also, the cells were increased in size and were clearly 
distinguished into an outer zone with closely packed cells and 
an inner zone with loosely radially arranged cells. Apparently, 
the molecular layer was increased in thickness. In addition, 

Purkinje cell layer was well developed than that of the prior 
control age. They were arranged in many rows with rounded or 
oval nuclei and less pale cytoplasm. Also, the internal granular 
layer also seemed more developed  than the previous control 
age (Fig.3: B&C). 
 
Treated Postnatal Day Five (TPD5) Rats 

 
Examination of the cerebellar cortex of (TPD5) rats displayed 
distorted cytoarchitecture and relatively shallow depth of the 
fissure as compared with the identical control age (Fig.3: D).  
The  external granular layer seemed to be more dispersed. 
Moreover, the molecular layer contained a less cellular 
population in comparison with those of the control of the same 
age. Also, there was an obvious focal loss of the molecular 
layer in some lobules (Fig.3: E&F). Similarly, Purkinje cell layer 
had less distinguished in comparison with the previous control 
of the same age. In addition, there was an observable focal 
loss in some area of Purkinje cell layer. The cells of the internal 
granular layer were disconnected from each other and some of 
them had vacuolated cytoplasm. Multiple cavities were clearly 
noticed within the internal granular layer.  Also, there was a 
consistent focal loss of cells in this layer in some lobules 
(Fig.3: F). 
 
Control Postnatal Day Seven (CPD7) Rats 
 
Examination of cerebellar cortex of (CPD7) rats clarified that 
the cerebellar cortex was well developed in the form of an 
increase in size and markedly increased with the depth of its 
fissures. In addition to development and differentiation of new 
fissures was observed (Fig.4: A). The cerebellar cortex showed 
the presence of clear, well demarcated four cellular layers 
(Fig.4: B). The external granular layer and the molecular layer 
were prominently increased in thickness (Fig.4: B&C).  Purkinje 
cell layer was arranged in one single row and Purkinje cells 
were typically oval or fusiform in shape with their long axes 
vertical to the surface. The elongated dendrites of Purkinje 
cells in the molecular layer and dendritic arbors were clearly 
observed.  Most  of  Purkinje  cells  were  aligned  in  a  regular 
pattern ( Fig.4:C). The internal granular layer was also well 
developed and lying superficial to white matter and its cells 
were rounded with rounded vesicular nuclei and pale 
acidophilic cytoplasm (Fig.4: B&C). 
 
Treated Postnatal Day Seven (TPD7) Rats  
 
Examination of the cerebellar cortex of (TPD7) rats showed 
that the cerebellar cortex was less developed. It was obviously 
decreased in size and its fissures were noticeably shallow 
(Fig.4: D) as compared with the same control age.  In addition, 
the newly fissures which appeared less differentiated than 
those of the controlled one.  The cells of the external granular 
layer were clumped together and they appeared small in size 
with deeply stained nuclei.  A reduction in the size of the 
molecular layer was noticed.  Purkinje cells were disordered in 
one row with the pale stained cytoplasm.  It displayed a 
variable degree of focal cell loss (Fig.4: E&F).  Apparently, 
dendritic arbors of Purkinje cells were less developed and 
immature (Fig.4: E, F&G).  Significantly, the internal granular 
cell layer was distended and it was fragmented with the 
presence of vacuolations, cavitation, dilated capillaries with the 
presence of wide spaces between the cell (Fig.4: E, F&G). 
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Immunohistochemistry Results 
 
Polyclonal Rabbit Anti-S100 was confined to the cytoplasm of 
the astrocytes.  The expression was moderately positive in the 
control group, but it is markedly express in the treated rats 
through the examined period from the 1st postnatal day until 
the 7th postnatal day (Figs.5, 6, 7&8). Moderate S100 
expression in the astrocytes in the control 1st postnatal day 
rats was observed. The Normal shape of astrocytes can be 
clearly detected (Fig.5: A, B&C).  The marked expression in 
the astrocytes of treated rats at 1st postnatal day, the 
astrocytes seemed small with few thin, long irregular 
processes (Fig.5: D, E&F).  Also, the expression was 
predominant in the astrocytes of treated rats at 3rd postnatal 
day (Fig.6: C, D, E& F) as compared to the control (Fig.6: A& 
B) of the same age. Hypertrophy of astrocytes of treated rats 
with S100 enriched processes at the5th postnatal day (Fig.7: 
C&D) in comparison to the control of the equivalent age (Fig.7: 
A& B).  Persistent apparent expression in the astrocytes of 
treated rat at 7th postnatal days (Fig.8: C&D). Significantly 
astrocytes in the treated rats were changed morphologically, 
showing enlarged irregular cells with increased number of thick 
interrupted processes as compared to the control of the 
equivalent age (Fig.8 A& B). 
 

 
 
Fig. (1): Photomicrographs of median sagittal sections of the 

cerebellar cortex of one day old rat (A, B & C are controlled) 
while (D, E& F are treated) demonstrating: 
  
(A& B):  Normal architecture of the cerebellum with normal 

fissures and lobules (arrows). 
(C): The cerebellar cortex consists of four layers; external 

granular (E) with packed superficial zone and a loose deep 
zone, molecular layer (M), undifferentiated Purkinje cell layer 
(P) and the internal granular layer (I).  
(D& E): The cerebellum is less developed with marked 

reduction of the depth of the fissures (arrows).  

(F): Poorly developed external granular layer (E). The 

molecular layer (M) appeared as a very thin narrow zone 
with less cellularity (arrow). Purkinje cells are not clearly 
seen. Note,  dispersion of the internal granular layer (I) 
with small size deeply stained cells.                                                                                  
(A& D: Hx. & E.  x 40); (B& E: Hx. & E. x100) and (C& F: 
Hx and E. x400). 

 
 
Fig. (2): Photomicrographs of median sagittal sections of 

cerebellar cortex of three days old rat (A, B, C &D are 
controlled) while (E, F, G & H are treated) demonstrating: 
 
 (A& B): Normal construction and appearance of the 

cerebellum with normal fissures and lobules. 
(C & D): An increase in the thickness of the external granular 

layer (E) which differentiated into outer closely packed and 
inner radially arranged zone.  Also, an increase in the 
thickness of the molecular layer (M),   Purkinje cells (P) are 
arranged in more than one row.  An increase in the thickness 
of the internal granular layer (I) is obvious.  
(E& F): Apparent decrease in the development of the 

cerebellum and marked reduction of the depth of the fissures. 
In (E) Extensive hemorrhage surrounds the cerebellum (arrow) 
and numerous dilated blood capillaries inside the cerebellum 
as shown by arrows in (F). 
(G&H):  Note the layers of cerebellar cortex with less cellularity 

and some of the cells have pyknotic nuclei (arrowheads). Most 
of the cells have vacuolated cytoplasm (arrows) in the four 
layers of the cerebellar cortex.  
 ( A& E :Hx.& E.x40); (B& F :Hx.& E. x100) and( C,D,G& H : 
Hx&E. x 400). 
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Fig. (3): Photomicrographs of median sagittal sections of the 

cerebellar cortex of five days old rat (A, B &C are controlled) 
while (D, E& F are treated) demonstrating: 
 
 (A): The cerebellum is more developed with normal 

appearance of depth of the fissures and lobes (arrows).  
(B & C):  Notably an increase in the thickness of both external 

granular layer (E) and molecular layer (M). Differentiated 
Purkinje cells are arranged in more than one row (P). The 
dendritic arbor is in a regular pattern (arrowheads) in B with 
well-developed of the internal granule (I) cells.  
(D): Slightly distorted cytoarchitecture of the cerebellum 

(arrows) with the presence of extensive hemorrhage surround 
the cerebellum (arrowheads). 
(E and F): Note the dispersed inner zone of the external 

granular layer (E) and decrease in the thickness of the 
molecular layer (M). Less differentiated Purkinje cells which 
have poor immature arbors with the irregular arrangement 
(arrowheads) in E.  Multiple cavities in E are clearly noticed 
(arrow).  Focal loss of cells in the molecular, Purkinje and 
internal granule cells are clearly observed in F (arrow). 
       (A&D: Hx. &E. x10 240) and (B, C, E&F: Hx. &E.x400). 
 

 
 
 
Fig. (4): Photomicrographs of median sagittal sections of the 

cerebellar cortex of seven days old rat (A, B& C are controlled) 
while (D, E, F& G are treated) demonstrating: 
 
(A):  An increase in the size of the cerebellum. The 

development and the differentiation of the new fissures are 
detected. 
(B & C):  Note the well-developed thick external granular layer 

(E) and a wide molecular layer (M).  Purkinje cells (P) are 
arranged in a single row parallel to the surface, most of them 
are aligned in a regular pattern.  The parallel dendritic arbors 
are also clearly seen in C (arrowheads). The well-defined 
internal granular layer (I) with small rounded cell nuclei can be 
observed. 
 (D): Less developed and slightly distorted cerebellum 

(arrows).  
(E& F& G): Note the thin external granular layer (E), moderate 

focal loss of Purkinje cells (P).   Notably, some dendritic arbor 
degenerate or fuse with adjacent ones in F&G (arrowheads). 
Notice, persistent distended and fragmented internal granular 
layer (I) with the presence of vacuolations and cavitation in E, 
F&G (arrows).    
   (A& D: Hx&E.x40); (B& E: Hx&E x400) and( C,F&G 
Hx&Ex1000) 
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Fig. (5): Photomicrographs of median sagittal sections of the 

cerebellar cortex of one day old rats (A, B & C are controlled) 
while (D, E & F are treated) showing: 
 
 (A, B, C): Moderate expression of S100 positive 

immunostaining in the cytoplasm of astrocytes. The normal 
shape of cells can be clearly seen in C (arrows).   
(D, E, and F): Marked expression of S100 immunoreactive 

astrocytes.  Note, the expression is confined to the cytoplasm 
of astrocytes with enriched few thin irregular processes can be 
obviously noticed in F (arrows). 
C is a higher magnification of B while F is a higher 
magnification of E.  
(A, B, D & E: S100 immunostaining x 400; (C& F: S100 
immunostaining x1000). 
 

 
 
Fig. (6): Photomicrographs of the median sagittal sections of 

the cerebellar cortex of three days old rats (A& B are 
controlled) while(C, D, E& F are treated) illustrating: 
 
 (A, B): Moderate expression of S100 immunoreactivity in the 

cytoplasm and their processes. Most of the Astrocytes appear 
flat rounded with few thin processes in B (arrows). 
(C, D, E & F): Marked expression of S100 in astrocytes.  

Obviously, Astrocytes appear large and irregular with multiple 
interrupted thick processes and abundant distribution can be 
clearly detected in D&F (arrows).  
 D is a higher magnification of C and F is a higher 
magnification of E. 
(A, C and E: S100 immunostaining x 400); (B, D&F: S100 

immunostaining x1000). 
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Fig. (7): Photomicrographs of the median sagittal sections of 

the cerebellar cortex of the five days old rats (A& B are 
controlled) while (C& D are treated) demonstrating: 
 
(A& B): Moderate positive immunoreaction S100-protein in the 

cytoplasm of astrocytes. In B the astrocytes appear large 
(arrows) with thin processes (arrowheads).  
(C& D):  Marked expression of S100 immunostaining in the 

cytoplasm of astrocytes and their thick processes. An increase 
in the size of astrocytes can be clearly seen in D (arrows).   
The expressions appear abundant in astrocytes and their 
multiple thick processes in D (arrowheads).   
B is a higher magnification of A and D is a higher magnification 
of C. (A& C: S100 immunostaining x 400) ;( B& D: S100 
immunostaining x1000). 
 

 
 
Fig. (8): Photomicrographs of the median sagittal sections of 

the cerebellar cortex of the seven days old rats (A& B are 
controlled) while (C& D are treated) demonstrating: 
 
(A& B): Moderate positive cytoplasmic S100 immunoreactivity 

expression in astrocytes and their few thin processes. In B, 
Most of the cells appear more or less rounded shape (arrows) 
with few thin processes (arrowheads). 

(C& D):  A strong expression of S100 immunostaining in the 

astrocytes. In D, an increase in their size with disturbed 
morphology (arrows) and the appearance of thick interrupted 
processes (arrow heads).    
B is a higher magnification of A and D is a higher magnification 
of C. 
(A& C: S100 immunostaining x 400); (B and D: S100 
immunostaining x1000). 
 
DISCUSSION 

 
The biochemical results of the current study demonstrated that 
the pregnant rats treated with Eltroxin and their offspring 
showed a significant increase in the levels of T3 and T4 and a 
significant decrease in the level of TSH when compared with 
their corresponding levels in the pregnant control and their 
offspring.  It is proved that the administration of T4 to adult 
female rats during pregnancy and lactation periods induced a 
marked hyperthyroidism in mothers and their offspring. Several 
studies have shown that maternal hyperthyroidism during 
pregnancy and lactation leads to a hyperthyroid state in fetus 
and neonates (Ahmed et al., 2008, 2010; and 2012). The state 
of hyperthyroidism in fetuses or early neonates is attributed to 
the passive transfer of maternal T4 from a mother with 
hyperthyroidism or thyrotoxicosis through the placenta and in 
mother’s milk. Crucially, the decrease in serum TSH level in 
our results strongly advocated negative feedback effect of the 
excess circulating THs levels on the anterior lobe of the 
pituitary gland (Higuch et al., 2005).  

In addition, the current work revealed an increase in the 
oxidative stress activity measured by Malondialdehyde (MDA) 
levels in the homogenizing fluid of cerebellar tissues from all 
offspring of treated rats and this also accompanied by a 
decrease in the antioxidant Glutathione Peroxidase (GPx).  In 
agreement, Messarah et al. (2010) reported that the liver MDA 
contents rats with experimental hyperthyroidism significantly 
increased compared with those in the controls.  GPx activity 
was decreased in the muscle, heart, liver and some lymphoid 
organs in the hyperthyroid rats (Asayama et al., 1987). 
Moreover, hyperthyroidism increases the metabolic rate that 
followed by increased oxygen utilization and causes an 
increase in the production of reactive oxygen species and 
certainly measurable changes in antioxidative factors (Mayer et 
al., 2004).   

Verity (1994) proposed that reactive oxygen species 
(R.O.S) represented an important role in the regulation of cell 
proliferation within the central and peripheral nervous system 
because reactive oxygen species initiated and stimulated the 
establishment of neuronal patterns and consequent 
neurogenesis.  Crucially, it was also described that reactive 
oxygen species played a vital role in physiological processes, 
but when being in excess reactive oxygen species might cause 
oxidative damage to molecules (Karbownik and Lewinski, 
2003).  

The oxidative stress performs a notable role in the 
pathogenesis of diseases associated with neurodegeneration 
and accelerated cell death either by apoptosis or necrosis 
(Bednarek et al., 2004a;  Fernández et al., 2006 and Ahmed et 
al., 2006  and 2012). It may also connect the hyperthyroidism 
to its sign and symptoms (Guerra et al., 2005). Previous 
studies had indicated an imbalance between oxidant-
antioxidant status and enhanced oxidative stress in 
hyperthyroidism (Sundaram et al., 1997; Abalovich et al., 2003; 
Bednarek et al., 2004a, b). Furthermore, in hyperthyroid 
patients with Graves’ disease, an increase in oxidative stress 
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markers and a decrease in markers of the antioxidant system 
were detected (Abalovich et al., 2003).       

Our results reported alteration, distortion and 
developmental retardation in the cerebella of the hyperthyroid 
rat offspring in all examined ages. In addition to the alternation 
of their oxidative /antioxidative system which proved that the 
brain exposed to oxidative stress. The  results  of the present 
study go hand in hand with  Ahmed et al. (2010)  who 
observed an irreversible damage with morphological and 
cytoarchitecture abnormalities, disorganization, 
maldevelopment and physical retardation for the central 
nervous system due to hyperthyroidism during the 
development. Wong and Leung, (2001) reported that 
hyperthyroidism in rodents and human disturbed the 
maturation of the central nervous system and it caused an 
irreversible dysfunction of the brain if not corrected shortly after 
birth. 

In the current study, the cerebellar cortex consisted of four 
layers in both the normal and the treated rats offspring from the 
pial surface inwards, the external granular, the molecular layer, 
Purkinje layer and the internal granular layer. The current 
results were in accordance with our previous report by Youssef 
et al. (2011) in both the normal and treated white rats offspring. 
As a result of the present study, the cerebellar fissures were 
shallow and poorly developed in the treated group at 1st 
postnatal day; furthermore, it appeared more retarded in the 
treated group at 3rd, 5th and 7th postnatal days. These results 
were in agreement with Lauder et al. (1974) who reported that 
hyperthyroidism induced a decrease in the cerebellar foliation 
in the rats or early maximization of the cortical/subcortical area 
ratio, which leads to early termination of the foliation 
procedure.  

Furthermore, hyperthyroidism reduced the number of 
fissures as recorded by Lauder (1978).  Mares et al. (1970) 
and Mares and Lodin (1970) observed that cerebellar foliation 
is produced from the differential proliferation of the external 
granular layer. Studies in both rat and mouse cerebella had 
established that the granule cell precursor proliferation is a 
necessity for foliation to develop. The experimental reduction 
of the postnatal rat cerebella  by using irradiation or a 
genetically engineered reduction in granular cell precursor 
proliferation  by mutations in components of the Sonic 
hedgehog signaling pathway leads to premature diminution of 
the external granular layer and  undeveloped (less complex) 
foliation form (Doughty et al., 1998  and Corrales et al., 2006 ).  

The present study revealed rapid development in the 
control offspring during the early postnatal period. These 
events continued until the end of the first postnatal week. The 
external granular layer of the control offspring was increased in 
thickness from the 1st, 3rd, 5th postnatal day and reached the 
maximum thickness on the 7th postnatal day. These findings 
received an explicit support from the earlier publication 
obtained from Noor-El-Din et al. (1977)  who stated that the 
thickness of the external granular layer was increased 
gradually to reach its maximum at the age of 7 days. In 
contrast, the current results revealed that the external granular 
layer in the hyperthyroid rat offspring decreased in thickness in 
addition to aggregation, clumping and degeneration of some 
cells throughout the experimental period of offspring treated 
rats.   This finding explains the previously mentioned reduced 
foliation.  

These results were in agreement with Nicholson and 
Altman (1972a) who suggested that hyperthyroidism caused 
early termination of cell proliferation in the external granular 
layer accompanied by early disappearance of this layer. Also,  

The existing results were in agreement with the previous 
publication by Lauder et al. (1974) who reported that 
hyperthyroidism caused the premature decline and 
disappearance of the external granular layer. Definitely, 
hyperthyroidism altered thyroid states and reduced the rate of 
cell acquisition in the external granular layer (Lauder, 1977a, 
b). 

The molecular layer of the control rat offspring of the 
present study is grew in breadth from the 1st postnatal day 
until the age of 7th postnatal day. Similar observation was 
achieved by (Noor- El-Din et al., 1985). However, the 
molecular layer of the treated rat offspring was apparently 
reduced in thickness. Moreover, some of these cells are 
degenerated and distorted during all the examined periods. 
Nicholson and Altman (1972a) stated that hyperthyroidism 
result eventually in a marked deficit in the total number of 
synapses due to the reduced area of the molecular layer, even 
though synaptic density was normal. Also hyperthyroidism 
caused some malformations as terminal decrease in basket 
cells in rat (Nicholson & Altman, 1972, b, c).   Correspondingly, 
in chick cerebellum, the anticonvulsant drug, phenytoin 
reduced the thickness of the molecular layer (Allam et al., 
1987). 

In the current study, Purkinje cells in the control of the 1st 
postnatal day could be hardly seen they arranged in more than 
one row intermingled with the cells of the superficial zone of 
the internal granular layer. They appeared to be larger cells 
than those of the internal granular layer. The thickness of 
Purkinje cells increased in the control group of 3rd and 5th 
postnatal to reach the maximum thickness at the 7th postnatal 
days, the current results are consistent with Altman and Bayer 
(1985). In contrast, Purkinje cells of the treated rats were 
diminished in number with short and thin dendrites in all 
examined ages. Moreover, some degenerated dendrites and 
focal loss were also detected. These results were consistent 
with the Ahmed et al. (2012) who observed that Purkinje cells 
of offspring of hyperthyroid mothers decreased in number and 
in their dendrites length and density, and some degeneration 
was also noticed.  

A prominent finding in this study is a reduction in the 
thickness of the internal granular layer in all ages of the treated 
animals with deterioration and alteration in its cells. These 
findings were confirmed by Altman and Winfree (1977). Also, 
Ahmed et al. (2010) suggested that hyperthyroidism may affect 
the growth and maturation of neurons through its effect on the 
vital processes of these neurons. The delayed growth and 
degeneration of cerebellar neurons and their fibers were 
associated with an increase in Monoamines levels and ATPase 
and Ch E activity. 

In the present study, the immunohistochemical results 
might offer a valuable suggestion that astrocytes in the treated 
rats were moderately altered morphologically. The astrocytes 
showed an increase in size and number of thick processes.  
Furthermore, one of the most striking findings was the 
expression pattern of S100 which was abundant in the 
astrocytes. Central nervous system trauma or disease are 
populated by reactive astrocytes with three general properties; 
the expression of GFAP (astrocyte marker), the cellular 
hypertrophy, and the cellular proliferation. 

Importantly, injury-induced proliferation, hypertrophy, and 
tiling disorganization are likely to disturb astrocytes  functions, 
and the introduction of new signaling molecules in an injury 
location raises the question of whether reactive astrocytes after 
an injury are indicating a loss of normal functions or the gaining 
of new ones (Burda and Sofroniew, 2014). Thyroid hormone 
affects the differentiation and maturation of different glial 
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subtypes including astrocytes, oligodendrocytes, and microglia. 
Absolutely, astrocytes were the most common cell type in the 
mammalian brain. The astrocytes play very important functions 
in the central nervous system (Fields and Stevens-Graham, 
2002). Some of that effect of thyroid hormone on neuronal 
proliferation and differentiation could be mediated by a primary 
action on astrocytes. In cultured astrocytes, thyroid hormone 
influenced actin polymerization and integrin–lamina 
interactions (Siegrist- Kaiser et al., 1990; Farwell et al., 1990, 
1995).  
      The immunohistochemical results stated in the current 
study might offer a significant suggestion that S100 was highly 
expressed in the astrocytes of the cerebellum in all 
developmental ages of 1st, 3rd, 5th and 7th postnatal days of 
the treated rats offspring.  The present results were in 
accordance with the previous results obtained from Ghandour 
et al. (1981a, b) and Legrand et al. (1981) they confirmed that 
in the adults and developing cerebellum S100 protein was 
detectable exclusively in astrocytes by immunocytochemistry 
with the light and electron microscopy.  Furthermore, these 
results correspond with those of Farwell and Dubord-Tomasetti 
(1999) and Alvarez-Dolado et al. (2000) who suggested that 
thyroid hormones encouraged the expression of astroglial 
genes.  Earlier studies suggested that the developmental 
pattern of S100 protein, a specific marker of astroglia, was 
investigated by radioimmunoassay in the cerebellum.  
Significantly, in the thyroxin treated rats, the total amount and 
the concentration of S100 protein were higher than in controls 
during the initial 3 weeks of postnatal life and returned to 
normal values thereafter (Clos et al., 1982).  In contrast, in the 
rats given an excess of thyroxine from birth, the number of 
Bergmann astrocytes was not affected at 5 and 35 days 
whereas that of the internal astrocytes is reduced( Legrand, 
1984).    
  

The present study is in parallel with the early in vitro 
investigation which demonstrated that T3 treatment induced 
cortical astrocytes presented a flat morphology to become 
process-bearing cells. T3-treated astrocytes presented a 
stellate morphology with glial fibrillary acidic protein, GFAP 
(astrocyte marker) enriched processes (Lima et al., 1997, 1998 
and Trentin et al., 1998).  Indeed, within a few hours of almost 
any type of brain injury, surviving astrocytes in the affected 
region initiated to display hypertrophy and proliferation, termed 
reactive astrogliosis (Ridet et al., 1997). This response was 
stimulated by migration of microglia and macrophages to the 
damaged area. Crucially, reactive astrocytes increased the 
expression of their structural proteins, GFAP, and vimentin 
(Eng et al., 2000).  

Reactive astrocytes promptly gathered in the damaged 
area and change their morphology, characteristically inducing 
swelling. This is associated with osmolarity alterations as a 
consequence from edema or ischemia following traumatic 
brain injury (Sofroniew and Vinters, 2010). Astrocytes, like 
other cells, were susceptible to the reactive oxygen species 
produced by ischemia–reperfusion (Hollensworth et al., 2000 
and Ying et al., 2000).  
 
CONCLUSION 

     
Hyperthyroidism in rats during gestation and lactation periods 
badly affected the development of cerebellum of the offspring 
at all examined period, 1st, 3rd, 5th and 7th postnatal days. 
Hyperthyroidism during pregnancy and lactation periods might 
cause a number of harmful abnormalities in the development of 
the cerebellum including disintegration, impairment, and 

distortion of neurons and dendrites. Significantly, astrocytes in 
the offspring of treated rats were reasonably altered 
morphologically whereas the astrocytes showed an increased 
number of processes. Thus, further studies need to be done to 
emphasize this theory. The disturbed cerebellar 
cytoarchitecture might be due to increase oxidative stress and 
impaired antioxidant defense system.  
   
FUTURE DIRECTIONS 

 
In view of the initial roles of astrocytes, such as their stem cell 
properties and contribution in synapse transmission, we might, 
therefore expect that unique and crucial functions of this cell 
type regarding thyroid hormone actions on brain development 
will be discovered in the near future.  In addition, because of 
the various nature and complex biology of astrocytes, and the 
inadequate number of studies, their role in hyperthyroidism, 
deserves further study. 
 
REFERENCES 

 
Abalovich, M.; Llesuy, S.; Gutierrez, S. and Repetto, M. (2003): 

Peripheral parameters of oxidative stress in Graves' disease: the 
effects of methimazole and 131 iodine treatments. Clin. 
Endocrinol. (Oxford) 59 (3): 321–327. 

Abalovich, M.; Amino, N.; Barbour, L.; Cobin, R.; De Groot, L. and 
Glinoer, D. (2007): Management of thyroid dysfunction during 
pregnancy and postpartum: An Endocrine Society Clinical Practice 
Guideline. J. Clin. Endocrinol. Metab. 92(8):S1-47. 

Ahmed,   O.M. (2006):  Evaluation of   the   antihyperglycemic, 
antihyperlipidemic and myocardial enhancing   properties   of   
pioglitazone   in   diabetic   and   hyperthyroid rats.  Journal   of   
the   Egyptian German   Society of   Zoology, Comparative 
Physiology. 51 (A): 253-278. 

Ahmed, O.M.; El-Gareib, A.W.; El-bakry, A.M.; Abd El-Tawab, S.M.; 
Ahmed, R.G. ( 2008): Thyroid hormones states and brain 
development interactions. International Journal of Developmental 
Neuroscience 26 (2): 147–209. 

Ahmed,   O.M.;  Abd   El-Tawab,   S.M. and   Ahmed, R.G., (2010): 
Effects  of   experimentally induced  maternal  hypothyroidism   
and   hyperthyroidism  on  the   development  of rat  offspring:   I.   
The   development  of   the   thyroid hormones–neurotransmitters 
and   adenosinergic   system  interactions.   International Journal   
of   Developmental Neuroscience. 28: 437–454. 

Ahmed,   O.M.; Ahmed,   R.G.; El-Gareib, A.W.; El-bakry, A.M. and 
Abd   El-Tawab, S.M.  (2012): Effects of experimentally induced 
maternal hypothyroidism and hyperthyroidism on the development 
of rat offspring: II— the developmental pattern of neurons in 
relation to oxidative stress and antioxidant defense system. 
International journal of Developmental Neuroscience. 30: 517–
537. 

Allam, H.N.; Sadek, S. A. and El- Falaky, M. M. (1987): Effect of 
phenytoin (Epanutin) on the development of the cerebellum of the 
chick embryo. Sc. J. Az. Med. Fac. (Girls). 5(1): 195-208. 

Altman, J. (1969): Autoradiographic and histological studies of 
postnatal neurogenesis III. Dating the time of production and onset 
of differentiation of cerebellar microneurons in rats. J. Comp. 
Neurol. 136:269-294. 

Altman, J. (1972a): Postnatal development of the cerebellar cortex in 
the rat: I. The external germinal layer and the transitional 
molecular layer. J. Comp. Neurol. 145: 353-397. 

Altman, J. (1972b): Postnatal development of the cerebellar cortex in 
the rat. II. Phases in the maturation of Purkinje cells and of the 
molecular layer. J. Comp. Neurol. 145:399-464. 

Altman, J. (1972c): Postnatal development of the cerebellar cortex in 
the rat. III. Maturation of the components of the granular layer. J. 
Comp. Neurol. 145:465-513. 

Altman, J. (1982): Morphological development of the rat cerebellum 
and some of its mechanisms. Exp. Brain Res. (Suppl.) 6: 8-46. 



S a h a r  Y o u s s e f  e t  a l                     S w i f t .  J . M e d . M e d i c a l . S c .  | 037 

www.swiftjournals.org 

Altman, J. and Winfree, A.T. (1977): Postnatal development of the 
cerebellar cortex in the rat. V-spatial organization of the Purkinje 
cells perikaryon. Journal of Comparative Neurology. 171: 1–16. 

Altman, J. and Bayer, S.A. (1985): Embryonic development of the rat 
cerebellum. II. Translocation and regional distribution of the deep 
neurons. J. Comp. Neurol. 231:27–41. 

Alvarez-Dolado, M.; Cuadrado, A.; Navarro-Yubero, C. et al. (2000): 
Regulation of the L1 cell adhesion molecule by thyroid hormone in 
the developing brain. Mol. Cell Neurosci. 16: 499–514. 

Asayama, K.; Dobashi, K.; Hayashibe, H.; Megata, Y.; Kato, K. (1987): 
Lipid peroxidation and free radical scavengers in thyroid function 
in the rat: A possible mechanism of injury to heart and skeletal 
muscle in hyperthyroidism. Endocrinol.121: 2112-2218. 

Baas, D.; Legrand, C.; Samarut, J. and Flamant, F. (2002): 
Persistence of oligodendrocyte precursor cells and altered 
myelination in optic nerve associated to retina degeneration in 
mice devoid of all thyroid hormone receptors. Proc. Natl. Acad. 
Sci. U. S. A. 99:2907–2911. 

Bancroft, J.D. and Gamble, M (2013): Theory and practice of 
Histological Techniques. The 7th ed. Philadelphia: Churchill 
Livingstone of Elsevier. PP. 172–186. 

Bednarek, J.; Wysocki, H. and Sowinski, J. (2004a): Oxidation 
products and antioxidant markers in plasma of patients with 
Graves’ disease and toxic multinodular goiter: effect of 
methimazole treatment. Free. Radic. Res. 38(6): 564–659. 

Bednarek, J.; Wysocki, H. and Sowinski, J. (2004b): Peripheral 
parameters of oxidative stress in patients with infiltrative Graves's 
ophthalmopathy treated with corticosteroids. Immunol. Lett. 15: 
227–232. 

Benveniste, E. N. (1992): Inflammatory cytokines within the central 
nervous system, sources, function, and mechanism of action. Am. 
J. Physiol. 26: C1–C16. 

Bouet, V.; Dijk, F.; Ijkema-Paassen, J.; Wubbles, R.J. and Want, J.J. 
(2005): Early hypergravity exposure effects calbindin-D28K and 
inosito-3- phosphate expression in Purkinje cells. Neurosci.  
Letters. 382:10-15. 

Burda, J.E. and Sofroniew, M.V. (2014): Reactive gliosis and the 
multicellular response to CNS damage and disease. Neuron.  
81:229–248. 

Clos, J. and Legrand, J. (1973): Effects of thyroid deficiency on 
different cell populations of cerebellum in young rat. Brain 
Research. 63: 450–455. 

Clos, J.; Legrand, C.; Legrand, J.; Ghandour, M.S. et al. (1982): 
Effects of thyroid state and undernutrition on S100 protein and 
astroglia development in rat cerebellum. Dev. Neurosci. Mar-Jun; 
5(2-3):285-92. 

Corrales, J.D.; Blaess, S.; Mahoney, E.M.and Joyner, A.L. (2006): The 
level of sonic hedgehog signaling regulates the complexity of 
cerebellar foliation. Development. 133:1811-1821. 

Corrales, J.D.; Rocco, G.L.; Blaess, S.; Guo, Q.and Joyner, A.L. 
(2004): Spatial pattern of sonic hedgehog signaling through Gli 
genes during cerebellum development. Development 131:5581-
5590. 

Dasgupta, A.; Das, S. and Sarkar, P.K. (2007): Thyroid hormone 
promotes glutathione synthesis in astrocytes by up regulation of 
glutamate cysteine ligase through differential stimulation of its 
catalytic and modulator subunit mRNAs. Free Radical Biology & 
Medicine. 42(5):617-626. 

Desagher, S.; Glowinski, J. and Premont, J. (1996): Astrocytes protect 
neurons from hydrogen peroxide toxicity. J. Neurosci. 16:2553–
2562. 

 Donato, R. (1991): Perspectives in S-100 protein biology. Cell 
Calcium. 12:713–726. 

Doughty, M.L.; Delhaye-Bouchaud, N. and Mariani, J. (1998): 
Quantitive analysis of cerebellar lobulation in normal and 
agranular rats. J. Comp. Neurol. 399:306-320. 

Dringen, R.; Gutterer, J.M.; Hirrlinger, J. (2000): Glutathione 
metabolism in brain metabolic interaction between astrocytes and 
neurons in the defense against reactive oxygen species. Eur. J. 
Biochem.  267: 4912– 4916. 

Eng, L.F; Ghirnikar, R.S and Lee, Y.L. (2000): Glial fibrillary acidic 
protein: GFAP—thirty-one years (1969–2000). Neurochem. Res. 
25:1439–1451. 

Farwell, A.P.; Lynch, R.M.; Okuliez, W.C.; Comi, A.M. and Leonard, 
J.L. (1990): The actin cytoskeleton mediates the hormonally 
regulated translocation of type II iodothyronine 50-deiodinase in 
astrocytes. J. Biol. Chem. 265: 18546–18553. 

Farwell, A.P.; Tranter, M.P.; and Leonard, J.L. (1995): Thyroxine-
dependent regulation of integrin-laminin interactions in astrocytes. 
Endocrinology. 136:3909–3915. 

Farwell, A.P. and Dubord-Tomasetti, S.A. (1999): Thyroid hormone 
regulates the extracellular organization of laminin on astrocytes. 
Endocrinology. 140: 5014–5021. 

Fields, R.D. and Stevens-Graham, B. (2002): New insights into 
neuron-glia communication. Science. 298:556–562. 

Fernandez, V.; Tapia, G.; Varela, P.; Romanque, P. et al. (2006): 
Thyroid hormone-induced oxidative stress in rodents and humans: 
a comparative view and relation to redox regulation of gene 
expression. Comparative Biochemistry and Physiology Part C: 
Toxicology & Pharmacology. 142. (3–4):231–239. 

Ghandour, M.S.; Langley, O.K.; Labourdette, G.;Vincendon,G., and 
Gombos,G.(1981a): specific and artefactual cellular localization of 
S100 protein: An astrocyte marker in rat 
cerebellum.Dev.Neurosci.4: 66-78. 

Ghandour, M.S.; Langley, O.K.; Labourdette, G.;Vincendon,G., and 
Gombos,G.(1981b): A biochemical and immunohistological study 
of S100 protein in developing rat cerebellum. Dev.Neurosci.4: 98-
109. 

Gould, E.; Frankfurt, M.; Westlind-Danielsson, A. and McEwen, B.S. 
(1990): Developing forebrain astrocytes are sensitive to thyroid 
hormone.Glia. 3 :283–292. 

Gonçalves, C.A.; Leite, M.C. and  Nardin, P. (2008): Biological and 
methodological features of the measurement of S100B, a putative 
marker of brain injury. Clin. Biochem. 41: 755-63. 

Guerra, L.N.; Rios de Molina Mdel, C.; Miler, E.A. et al. (2005): 
Antioxidants and methimazole in the treatment of Graves’disease: 
effect on urinary malondialdehyde levels. Clinica. Chimica. Acta. 
352 (1–2): 115–120. 

Higuchi, R.; Miyawaki, M.; Kumagai, T.; Okutani, T.; Shima, Y.; 
Yoshiyama, M.; Ban, H.; Yoshikawa, N. (2005): Central 
hypothyroidism in infants who were born to mothers with 
thyrotoxicosis before 32 weeks gestation: 3 cases. Pediatrics. 
115(5): e623–e625. 

Hollensworth, S.B.; Shen, C.; Sim, J.E.; Spitz, D.R.; Wilson, G.L. and 
LeDoux, S.P. (2000): Glial cell type-specific responses to 
menadione-induced oxidative stress. Free Radic. Biol. Med. 
28:1161–1174. 

Iwata-Ichikawa, E.; Kondo, Y.; Miyazaki, I.; Masato, A.; Ogawa, N. 
(1999): Glial cells protect neurons against oxidative stress via 
transcriptional up regulation of the glutathione synthesis. J. 
Neurochem. 72:2334–2344. 

Janzer, R. C. and Raff, M. C. (1987): Astrocytes induce blood– brain 
barrier properties in endothelial cells. Nature. 325:253–257. 

Karbownik, M.; Lewinski, A. (2003): The role of oxidative stress in 
physiological and pathological processes in the thyroid gland; 
possible involvement. Neuro. Endocrinol. Lett. 24(5):293-303. 

Lauder, J.M. (1977a): Effects of thyroid state on development of rat 
cerebellar cortex. In: Grave, G.D. (Ed.), Thyroid Hormone and 
Brain Development. Raven Press, New York, pp. 235–254. 

Lauder, J.M. (1977b): The effects of early hypo- and hyperthyroidism 
on the development of rat cerebellar cortex. III. Kinetics of cell 
proliferation in the external granular layer. Brain Res. 126: 31–51. 

Lauder, J.M. (1978): Effects of early hypo- and hyperthyroidism on 
development of rat cerebellar cortex. IV. The parallel fibers. Brain 
Res. 142: 25-39. 

Lauder, J.M.; Altman, J. and Krebs, H. (1974): Some mechanisms of 
cerebellar foliation: effects of early hypo- and hyperthyroidism. 
Brain Res. 76 (1): 33–40. 

Legrand, J. (1984). Effects of thyroid hormones on central nervous 
system. In: Yanai, J. (Ed.), Neurobehavioural Teratology. 
Elsevier/North Holland, Amsterdam, pp. 331–363. 

Legrand, C.; Clos, J. and Legrand, J. (1981): Localization of S100 
Protein in the rat cerebellum: An immunoelectron microscope 
study. Neuropathology and Applied Neurobiology. 7. (4):  299–
306. 



S a h a r  Y o u s s e f  e t  a l                     S w i f t .  J . M e d . M e d i c a l . S c .  | 038 

www.swiftjournals.org 

 Legrand, J.; Selme-Matrat, M.; Rabie, A.; Clos, J. and Legrand, C.  
(1976): Thyroid hormone and cell formation in the developing rat 
cerebellum. Biology of the Neonate 29. (5-6): 368–380. 

  Llinas, R. R. (1975): The cortex of the cerebellum. Sci. Am. 232: 56-71. 
        Lima, F.R.; Trentin, A.G.; Rosenthal, D.; Chagas, C.  and Moura   Neto, 

V. (1997): Thyroid hormone induces protein secretion and 
morphological changes in astroglial cells with an increase in 
expression of glial fibrillary acidic protein. Journal of Endocrinology. 
154: 167-175.  

   Lima, F.R.; Gonçalves, N.; Gomes, F.C.; de Freitas, M.S. and Moura, 
Neto V. (1998): Thyroid hormone action on astroglial cells from 
distinct brain regions during development. International Journal of 
Developmental Neuroscience, 16: 19-27.        

   Marenholz, I.; Heizmann, C.W. and Fritz, G. (2004): S100 proteins in 
mouse and man: from evolution to function and pathology (including 
an update of the nomenclature). Biochem. Biophys. Res. Commun. 
322: 1111-1122. 

   Mayer, L.; Romic, Z.; Skreb, F.; and Bacic-Vrca, V. et al. (2004):  
Antioxidants in patients with hyperthyroidism. Clin. Chem. Lab. Med. 
42(2): 154-158.  

  Mares, V.; Lodin, Z. and Srajer, J. (1970): The cellular kinetics of the    
developing mouse cerebellum. I. The generation cycle, growth 
fraction and rate of proliferation of the external granular layer. 
Brain Res. 23: 323-342. 

Mares, V. and Lodin, Z. (1970): The cellular kinetics of the developing 
mouse cerebellum. II. The function of the external granular layer in 
the process of foliation. Brain Res. 23: 343-352. 

Messarah, M.; Boumendjel, A.; Chouabia, A.; et al (2010): Influence of 
thyroid dysfunction on liver lipid peroxidation and antioxidant 
status in experimental rats. Exp. Toxicol. Pathol. 62: 301-10. 

Michael, R. and Joachim, R. (1995):  Modifications of S 100-protein 
immunoreactivity in rat brain induced by tissue preparation. 
Histochemistry. 103:135-145. 

Mitsuru, U. and Midori, M. (1978): Determination of Malonaldehyde 
precursor in tissues by Thiobarbituric Acid Test. Analytical 
Biochemistry. 86: 27 I-278. 

Nicholson, J.L. and   Altman,   J.   (1972a):  The effects of early hypo- 
and hyperthyroidism on the development of rat cerebellar cortex. I. 
Cell proliferation and differentiation. Brain Research. 44: 13-23. 

Nicholson, J.L. and Altman, J. (1972b): The effects of early hypo- and 
hyperthyroidism on the development of rat cerebellar cortex. II. 
Synaptogenesis in molecular layer, Brain research.44: 25-36. 

Nicholson, J.L. and Altman, J. (1972c): Synaptogenesis in   the   rat 
cerebellum:   effects of early hypo-   and   hyperthyroidism.  
Science.   176: 530–532. 

Noor - El-Din, M.A.; Abd-El-Rehim, M.M. and Ibrahim, M.W. (1977): 
Fate of the external granular layer of the cerebellar cortex in the 
white rat. Al-Azhar Med. J. 6 (2): 181- 186. 

Noor - El-Din, M.A.; Abd-El-Rehim, M.M.; Ebada, M.M.; El- Sayed, 
A.O. and Zaher, F. I. (1985): Development of the fissures and 
lobules in the cerebellum of rabbit. Al- Azhar Med. J. 14(1): 45-56. 

Oppenheimer, J.H. and Schwartz, H.L. (1997): Molecular basis of 
thyroid hormone-dependent brain development. Endocr. Rev. 18 
(4):462-475. 

Paglia, D.E. and, Valentine, W.N. (1967): Studies on the quantitative 
and qualitative characterization of erythrocyte glutathione 
peroxidase. J. Lab. Clin. Med. 70:158–169. 

Paull, J.A. and Fairbrother, A. (1985): vaginal lavage for pregnancy 
diagnosis in deer mice, Peromyscus maniculatus. J. Exp. Zool. 
233:143–149. 

Petrelli, F. and Bezzi, P. (2016): Novel insights into gliotransmitters. 
Curr. Opin. Pharmacol. 26: 138–145. 

Polak, M.; Le Gac, I.; and Vuillard, E. et al. (2004): Fetal and neonatal 
thyroid function in relation to maternal Graves' disease. Best. 
Pract. Res. Clin. Endocrinol. Metab. 18: 289-302. 

Rakic, P. (1971): Neuron- glia relationship during granule cell migration 
in developing cerebellar cortex. Golgi and electron microscopic 
study in Macacus  Rhesus.  J. Comp. Neurol. 141(3): 283-312. 

Ridet, J.L.; Malhotra, S.K.; Privat, A. and Gage, F.H. (1997): Reactive 
astrocytes: cellular and molecular cues to biological function. 
Trends Neurosci. 20:570–577. 

Rossi, D. (2015): Astrocyte physiopathology: at the crossroads of 
intercellular networking, inflammation and cell death. Prog. 
Neurobiol. 130: 86–120. 

Rowitch, D. H. and Kriegstein, A. R. (2010): Developmental genetics of 
vertebrate glial–cell specification. Nature.  468 (7321): 214–222.  

Sevilla Romero, E.; Munoz, A. and Pinazo Duran, M.D. (2002): Low 
thyroid hormone levels impair the perinatal development of the rat 
retina. Ophthalmic Res.34:181–191. 

Sewall, C.H.; Flagler, N.; Vanden Heuvel, J.P.; and Luicier, G.W. 
(1995): Alterations in thyroid function in female Sprague-Dawley 
rats following chronic treatment with 2, 3, 7, 8-tetrachlorodibenzo-
p-dioxin. Toxicol. Appl. Pharmacol. 132(2): 237–244. 

Shwartz, H.L. (1983): Effect of thyroid hormone on growth and 
development. In: Oppenheimer JH, Samuel HH, editors. Molecular 
basis of thyroid hormone on growth and development. New York: 
Academic Press; pp. 413–444. 

Siegrist-Kaiser C.A.; Jugeaubry, C.; Tranter, M.P.; Ekenbarger, D.M. & 
Leonard, J.L.(1990): Thyroxine-dependent modulation of actin 
polymerization in cultured astrocytes – a novel, extranuclear action 
of thyroid hormone. Journal of Biological Chemistry. 265: 5296–
5302. 

Sofroniew, M. V.; Vinters, H. V. (2010): Astrocytes: biology and 
pathology. Acta Neuropathol. 119: 7–35. 

Sotelo, C. (2004): Cellular and genetic regulation of the development 
of the cerebellar system. Prog. Neurobiol. 72(5): 295–339. 

Steinacker, P.; Weidehaas, K.; Cepek, L.; Feneberg, E.; Kretzschmar, 
H.A.; et al. (2013): Influence of the blood-CSF-barrier function on 
S100B in neurodegenerative diseases. Acta. Neurol. Scand. 128: 
249-256. 

Steiner, J.; Bernstein, H.G.; Bielau, H.; Berndt, A. et al. (2007): 
Evidence for a wide extra-astrocytic distribution of S100B in 
human brain. BMC Neurosci. 8 (2):2. 

Sundaram, V.; Hanna, A.N.; Koneru, L.; Newman, H.A. and  Falko, 
J.M., (1997): Both hypothyroidism and hyperthyroidism enhance 
low density lipoprotein oxidation. J. Clin. Endocrinol. Metab. 82: 
3421–3424. 

Trentin A.G.; Gomes, F.C.; Lima, F.R. and Moura Neto, V. (1998): 
Thyroid hormone induces secretion of factors and progressive 
morphological changes on primary and subcultured astrocytes. In 
Vitro Cellular and Developmental Biology. 34: 280-282. 

Trentin, A. G. (2006): Thyroid hormone and astrocyte morphogenesis. 
Journal of Endocrinology. 189: 189-197. 

Verity, M.A. (1994): oxidative damage and repair in the developing 
nervous system. Neurotoxicology. 15(1): 81-91.  

Wong, C.C., Leung, M.S. (2001): Effects of neonatal hypothyroidism 
on the expressions of growth cone proteins and axon guidance 
molecules related genes in the hippocampus. Mol. Cell. 
Endocrinol. 184: 143–150. 

Xue-Yi, C.; Xin-Min, J.; Zhi-Hong, D.; et al (1994): Timing of 
vulnerability of the brain to iodine deficiency in endemic cretinism. 
New Eng. J. Med. 221:1739-1744.  

Yardan, T.; Erenler, A.K.; Baydin, A.; Aydin, K.; and Cokluk, C. (2011): 
Usefulness of S100B protein in neurological disorders. J. Pak. 
Med. Assoc. 61(3):276-281. 

Ying, W.; Anderson, C.M.; Chen, Y.; Stein, B.A.; and et al.(2000): 
Differing effects of copper, zinc superoxide dismutase 
overexpression on neurotoxicity elicited by nitric oxide, reactive 
oxygen species, and excitotoxins. J. Cereb. Blood Flow Metab. 
20:359–368. 

Youssef, S.; Abd-El- Aty, O. A.; Mossalam, H. H.; and Tolba A. M. 
(2011): Effects of Prenatal Phenytoin Toxicity on the Expression of 
Glial Fibrillary Acidic Protein (GFAP) in the Developing Rat 
Cerebellum. Journal of American Science. 7(8): 139-152. 

Zimmerman, D. (1999): Fetal and neonatal hyperthyroidism. Thyroid.9: 
727-33. 

 


