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Abstract

Background Adult-onset hypothyroidism has a deleterious effect on hippocampal cognitive and memory functions.
This study was performed to evaluate the possible therapeutic effect of thyroxine on hippocampus degeneration

in an adult male rat model of carbimazole-induced hypothyroidism and the potentiality of spontaneous recovery.
Thirty-two adult male albino rats were divided equally into four groups, as follows: | (control group), Il (hypothyroid-
ism group) received carbimazole (20 mg/kg) orally once daily for 4 weeks; Ill (recovery group) rats were managed as
in group I, then left untreated for an additional 4 weeks to assess spontaneous recovery; and IV (thyroxine-treated
group): hypothyroidism was induced as in group I, then rats received levothyroxine (20 pug/kg/day) orally for 4 weeks.
Rats and their corresponding controls were sacrificed after 4 weeks in group Il and after 8 weeks in groups Ill and IV.
The levels of T3, T4, and TSH were measured. Hematoxylin and Eosin staining of thyroid and hippocampal sections
was performed. Additionally, toluidine blue staining and immunohistochemical staining for PCNA, GFAP, and syn-
aptophysin were applied to hippocampus sections. Both morphometric measurements and statistical analysis were
performed.

Results Comparison of thyroxine-treated group with hypothyroidism and recovery groups revealed a significant
reduction in TSH level and an increase in T3 and T4 levels, as well as improved histological architecture in both the
thyroid and hippocampal sections. Hippocampal sections revealed a significant decrease in the mean area percent of
GFAP a significant increase in the mean number of PCNA-positive cells in the subgranular zone (SGZ); a niche for the
adult neural stem cells (NSCs) in the hippocampus; and a significant increase in the mean area percent as well as the
mean optical density of synaptophysin.

Conclusion Hippocampal degeneration is induced by hypothyroidism and can be restored by thyroxine replace-
ment therapy, probably through neuronal cell preservation, synaptogenesis, and stimulation of neurogenesis in SGZ.
On the other hand, spontaneous recovery from this degeneration was inadequate.
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1 Background

Thyroxine (T4) and triiodothyronine (T3), two thyroid
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hypothyroidism, an endocrine condition. Of them, about
99% have primary hypothyroidism [2]. In the brain, THs
play an essential role in neurogenesis, neuronal cell dif-
ferentiation, neuroplasticity, and myelination [3]. A
wide range of clinical neurological symptoms, including
depression and memory and cognitive deficits, have been
documented by patients with untreated hypothyroidism
[4]. A high frequency of cognitive impairment was found
in studies of adult hypothyroid individuals [5, 6].

Adult hippocampal neurogenesis in the dentate gyrus
(DG) plays important roles in hippocampus functions,
such as memory function and mood regulation. It is reg-
ulated by many environmental and cell-intrinsic factors
[7]. Hippocampus is extremely sensitive to THs; there-
fore, the previously mentioned disorders were correlated
with the damaging effect induced by hypothyroidism
on hippocampal neurons and disruption of adult hip-
pocampal neurogenesis [7, 8]. In hypothyroid disease,
cell migration, proliferation, and synaptic transmission in
the hippocampus could be affected with subsequent cog-
nitive disturbance [9].

Therefore, thyroxine replacement treatment could be
utilized to reverse and lessen the effect of hypothyroid-
ism on hippocampus cells and the cognitive symptoms
of hypothyroidism in addition to restoring serum levels
of T3 and T4 to achieve clinical euthyroidism [10-12].
Carbimazole is an antithyroid drug used to treat hyper-
thyroidism. It is a methimazole derivative that the liver
converts to methimazole. Treatment with carbimazole
leads to decreasing levels of T3 and T4; therefore, car-
bimazole could be used to induce hypothyroidism [13].
Levothyroxine is a synthetic form of thyroxine hormone.
It is also known as LT, and is regarded as the standard
medication used to treat hypothyroid people [14].

Therefore, the aim of the current work was to develop
an experimental model of hypothyroidism using carbi-
mazole in an adult male albino rat. In such a model, the
possible therapeutic effect of thyroxine on hippocampal
degeneration as well as the possibility of spontaneous
recovery were assessed. This was achieved by histologi-
cal, immunohistochemical, and morphometrical studies.

2 Methods
2.1 Drugs
Carbimazole was purchased from CID Drug Company,
Egypt, in the form of tablets; each tablet contains 5 mg
carbimazole. Tablets were crushed, dissolved in distilled
water, and administered orally via gastric tube once day
for 4 weeks at a dose of 20 mg/kg [15].

Thyroxine (T4) (trade name Eltroxin): Was purchased
as tablets from Glaxo Smith Kline Drug Company. Each
tablet contains 50 pg of levothyroxine [dissolved in
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distilled water and given orally once daily for 4 weeks in a
dose of 20 pg/kg/day] [16].

2.2 Animals

Thirty-two adult [nearly 90-day-old] male albino rats
with an average body weight of 200 g were housed in
the animal house & treated according to the guidelines
of Cairo University Institutional Animal Care and Use
Committee (CU-IACUC). The study Approval Number:
CU-III-F-21-20. For acclimatisation, rats were put to a
typical light/dark cycle and given free access to ordinary
food and water for a week.

2.3 Experimental design
Rats were divided equally and randomly into four groups
(I, IL, III, and IV), 8 rats each.

Group I (Control group): rats received 0.5 ml of
distilled water orally. They were subdivided into two
subgroups:

Subgroup la (4 rats): sacrificed after 4 weeks
[together with group II].

Subgroup Ib (4 rats): sacrificed after 8 weeks
[together with groups IIl and IV].

Group II (Hypothyroid group) (Carbimazole
treated): rats received carbimazole for 4 weeks, then
were sacrificed.

Group III (Recovery group): rats were treated as in
group II but sacrificed after a further 4 weeks (total of
8 weeks) to assess spontaneous recovery.

Group IV (Thyroxine-treated): hypothyroidism was
induced by the same regimen as in group II, then rats
received Eltroxin orally for a further 4 weeks before being
sacrificed (total of 8 weeks).

2.4 Animal studies

2.4.1 Biochemical analysis

At the Biochemistry Department, tail vein blood sam-
ples were collected from all groups just before scarifica-
tion for measuring T3, T4, and TSH by Enzyme Linked
Immuno-Sorbent Assay (ELISA) (Biosource, TM, ELISA
Kits, USA) [17].

2.4.2 Animal sacrifice and histological study

At The Laboratory Animal House Unit and Histology
Department, rats were anaesthetized using an intra-
peritoneal injection of a combination of ketamine
(80 mg/kg) & xylazine (10 mg/kg) [18]. The chest wall
was opened, the descending aorta was tied off, and
animals were transcardially perfused with 10% for-
mol saline via the left ventricle in order to stabilize
the brain in vivo to endure further processing. When
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the venous return from the right atrium became clear
perfusion was terminated [19]. The dissected brains of
every rat were dehydrated in ascending alcohol con-
centrations for 24 h, embedded in paraffin, and fixed
with 10% formol saline. Coronal sections were taken
in series until the hippocampus was visible. From the
left hippocampal region, 6 um thick sections were cut.
Additionally, a midline neck incision was made, the
anterior neck muscles were separated, and the trachea
was followed to the level of the thyroid gland in order
to get a sample from the thyroid gland. After the thy-
roid gland was dissected, samples from the left lobe
were preserved and processed into paraffin blocks.
6 um thick thyroid sections were cut and stained by
H&E [20].

The following stains were applied on hippocampal
sections:

1. Hematoxylin and Eosin stain (H&E) [20].

2. Toluidine blue stain for demonstration of Nissl’s
granules [20].

3. Immunohistochemical staining for:

a. Proliferating Cell Nuclear Antigen (PCNA): A
mouse monoclonal antibody (Lab Vision Corpo-
ration Laboratories, CA 94539, USA, catalogue
number MS-106-P). It appears as nuclear reac-
tions in the proliferating cells [21].

b. Glial Fibrillary Acid Protein (GFAP): A mouse
monoclonal antibody (Lab Vision Corporation
Laboratories, CA 94539, USA, catalogue number
MS-1376-P). It appears as cytoplasmic reactions
in astrocytes [22].

¢. Synaptophysin: It is a mouse monoclonal anti-
body appears as cytoplasmic reaction (Pro-
gen Biotechnic, Heidelberg, catalogue number
65012). Synaptophysin is a glycoprotein marker
for synaptic activity at the pre-synaptic mem-
branes [23].

Immunostaining using avidin-biotin technique
requires pretreatment [20]. For antigen retrieval, sec-
tions were boiled for 10 min in 10 mM citrate buffer
(Cat No. 005000) pH 6. Sections were left to cool for
20 min in room temperature. After that, sections were
incubated with the primary antibodies for one hour.
Immunostaining was finalized using Ultravision One
Detection System (Cat No. TL-060-HLJ). Counter-
staining was performed by Mayer’s hematoxylin (Cat
No. TA-060-MH). Citrate buffer, Ultravision One
Detection System, and Mayer’s hematoxylin were pur-
chased from Labvision, ThermoFisher Scientific, USA.
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2.4.3 Morphometric study

Leica Qwin 500 LTD image analyzer computer system
(Cambridge, UK), at Histology Department, was used
to measure:

+ The thickness of pyramidal and granular layers in
H&E- stained sections.

o The number of damaged neurons in the pyramidal
and granular layers in H&E- stained sections.

o The number of PCNA positive immunoreactive
cells in SGZ of DG

+ The area percent of positive immunoreactivity for
GFAP.

o The area percent and optical density of positive
immunoreactivity for synaptophysin.

All measurements were done in ten non-overlapping,
randomly selected high power fields (X400) for each
animal in the control and experimental groups.

2.5 Statistical analysis

Biochemical results, as well as morphometric measure-
ments, were tabulated and statistically analyzed. The
statistical analysis included the arithmetic mean, stand-
ard deviation, and analysis of variance (ANOVA). The
probability (P) value was directly provided by the com-
puter using IBM SPSS (Statistical Package for Social
Sciences) for Windows, Version 23.0. Armonk, NY:
IBM Corp. P value < 0.05 was considered statistically
significant.

3 Results

The biochemical, histological, and morphometric results
of the control subgroups were comparable to each other
and were collectively presented as group I (control

group).

3.1 Biochemical results

3.1.1 Serum levels of T3 (ng/dl), T4 (ug/dl) and TSH (ug/dl)
Mean values of serum T3 and T4 showed a significant
decrease in groups II and III compared with group I,
a non-significant increase in group III compared with
group II, a significant increase in group IV compared
with groups II and III, and a non-significant difference
between groups I and IV. Mean values of TSH recorded
a significant increase in groups II and III compared with
group I, a non-significant decrease in group III compared
with group II, a significant decrease in group IV com-
pared with groups II and III, and a non-significant differ-
ence between groups I and IV (Fig. 1).
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Fig. 1 Histogram showing the mean values of serum T3, T4 and TSH in all groups: significant compared to group | (*), group Il (#), and group 11l (5)

[significant difference at P<0.05]

3.2 Histological results

3.2.1 Hematoxylin and eosin stained sections

3.2.1.1 Thyroid sections Histological examination of
thyroid sections of the control group (group I) revealed
the normal histological architecture of the thyroid gland.
It was formed of variable-sized thyroid follicles. Each folli-
cle was lined with a single layer of simple cubical epithelial
cells, the follicular cells, exhibiting central rounded vesic-
ular nuclei and basophilic cytoplasm. Follicles were filled
with an acidophilic homogenous colloid with peripheral
endocytic vacuoles. Follicles were surrounded by thin
connective tissue and fenestrated blood capillaries. Para-
follicular cells were noticed as paler and larger cells than
the lining follicular cells and did not reach the lumina of
the follicles or were seen in interfollicular tissue (Fig. 2a).
Sections of both hypothyroidism group (group II) and
recovery group (group III) showed enlarged follicles, par-
tially or entirely devoid of colloid or exhibiting large endo-
cytic vacuoles, most of them were lined with flat follicular
cells with flattened nuclei, some cells were cubical and
ballooned with vacuolated cytoplasm and rounded dark
nuclei. Distorted follicles with some sequestered follicu-
lar cells from the basement membrane were also noted
(Fig. 2b, c). Sections of thyroxine-treated group (group
IV) revealed a nearly normal appearance of thyroid fol-
licles comparable with control, apart from a few follicular
cells with dark nuclei and vacuolated cytoplasm (Fig. 2d).

3.2.1.2 Hippocampal sections The control group
revealed that hippocampus proper was formed of two

main parts: Cornu Ammonis (CA) and dentate gyrus
(DG). CA was subdivided into a superior part, which
comprised CA1l and CA2, and an inferior part which
comprised CA3 and its continuation, CA4, inside the con-
cavity of the DG between its superior and inferior limbs
forming the hilus. The dentate gyrus appeared as a dark
C-shaped cap enclosing the free border of CA4. Areas
inside the concavity of CA and outside the convexity of
DG comprised the molecular layer (ML) (Fig. 3).

The present work illustrated the results of CA1l, CA3,
and DG examination, as the majority of histological alter-
ations were clearly detected in these areas.

Examination of CAl and CA3 regions of control
group showed three main layers: (1) pleomorphic
layer (OL), also known as stratum oriens, (2) pyrami-
dal layer (PL), also referred to as stratum pyramidale,
and (3) molecular layer (ML), which combines the
strata known as stratum radiatum and lanculosum-
moleculare. The main cellular layer was the PL, which
was located between OL and ML. The dentate gyrus
appears to be formed of superior and inferior limbs that
merge at the end to form its characteristic C-shape.
Each limb consisted of three layers: the outer dentate
molecular layer (DML), the middle granular layer (GL)
and the inner dentate pleomorphic layer (DOL). The
same histological findings were observed on examina-
tion of the 3 layers of both limbs of the DG. Examina-
tion showed that PL neurons in both regions exhibited
scanty basophilic cytoplasm and large, rounded vesicu-
lar nuclei with prominent nucleoli. PL neurons in CA1l
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Fig. 2 Photomicrograph of sections in the thyroid gland of an albino rat from: a Control group demonstrating several thyroid follicles (F) of variable
diameters, lined with simple cubical epithelial cells, follicular cells (arrows), exhibiting central rounded vesicular nuclei and basophilic cytoplasm.
Follicles are filled with homogenous eosinophilic colloid (C) revealing peripheral endocytic vacuoles (E). Interfollicular tissue is formed of thin
connective tissue with blood capillaries (B). Parafollicular cells (dashed arrow) are larger and paler than the lining follicular cells and do not reach

the lumina of the follicles. b, € Both hypothyroidism (b) and recovery (c) groups are showing enlarged follicles (F) either partially or entirely devoid
of colloid (asterisk) or exhibiting large endocytic vacuoles (E). Follicles are lined mainly with flat follicular cells with flattened nuclei (curved arrows).
Some cells were cubical and ballooned with vacuolated cytoplasm and rounded dark nuclei (wavy arrow). Distorted follicles (D) with sequestration
of some follicular cells from the basement membrane are also noted. d Thyroxin-treated group. Most of the thyroid follicles (F) are apparently
normal, lined with simple cubical epithelial cells having central rounded vesicular nuclei (arrows) and parafollicular cells (dashed arrows). Follicles
have an eosinophilic colloid (C) exhibiting several endocytic vacuoles (E). Few follicular cells with dark nuclei and vacuolated cytoplasm are noted

(wavy arrows). [H&E, x400]

were relatively smaller in size, and appeared closely
packed, whereas in CA3 region, they were relatively
larger and loosely packed. The GL constituted the prin-
cipal layer of DG; it was formed of 4—6 rows of closely
packed rounded granule cells exhibiting rounded vesic-
ular nuclei and scanty basophilic cytoplasm. OL and
ML of CA and DML and DOL of DG contained few
neuroglial cells exhibiting small, rounded condensed
nuclei, in addition to blood vessels in a pink neuropil
background composed of neuronal and glial cell pro-
cesses. It was noticed that small dark cells, variable in
shape and size, were present in a narrow zone located
between the hilus and the GL, known as the sub-granu-
lar zone (SGZ) (Fig. 4a—c).

Examination of hippocampal sections of groups
II (hypothyroidism group) and III (recovery group)
revealed marked histological changes in the pyramidal
cells located in CA1 and CA3. These changes included an
apparently reduced thickness of layers of pyramidal cells
and GL of DG as compared to the control. It was slightly
observed in group II sections and rather more obvious in
group III sections. Most of the pyramidal cells and cells
of GL exhibited an irregular, shrunken outline, deeply
eosinophilic cytoplasm, darkly stained pyknotic nuclei,
and were surrounded by pericellular halos. More appar-
ent cellular damage and disorganization were observed
in group III sections. Some areas of complete cell loss
were observed. Clumping of neuronal processes was
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Fig. 3 A photomicrograph of H&E stained section in the left
hippocampus from control group: CA1 and CA2 are in the superior
region of Cornu Ammonis (CA), while CA3 and CA4 are in its inferior
region. The dentate gyrus (DG) appears as a dark C-shaped cap
surrounding CA4 by its superior and inferior limbs (SL and IL). CA4 is
located inside the concavity of the DG, forming the hilus (H). Notice
the presence of the molecular layer (ML) inside the concavity of CA
and outside the convexity of DG. [H&E, X 40]

seen projecting into the ML and DML. Both ML and
OL, as well as DML and DOL, showed an increase in
glial cell content with small, rounded, deeply basophilic
nuclei. Cells of SGZ in DG appeared as small dark cells,
variable in shape and size, and were apparently reduced
(Fig. 4d-1i).

Histological examination of hippocampal sections of
group IV (thyroxine-treated group) showed a return of
histological features of hippocampal tissue toward nor-
mal morphology, which was comparable to the control
sections. Restoration of most pyramidal and glial cells
and markedly decreased degeneration were observed
in CAl, CA3, and GL of DG regions, with obvious

(See figure on next page.)
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increase in the thickness of layers, as compared to sec-
tions of group II. Most pyramidal cells of CA1 and CA3
as well as cells GL of DG were characterized by having
rounded vesicular nuclei with prominent nucleoli and
scanty basophilic cytoplasm. Few cells were shrunken
with an irregular outline, pyknotic, darkly stained nuclei,
and deeply eosinophilic cytoplasm. Both ML and OL, as
well as DML and DOL, contained few glial cells, blood
capillaries, and neuronal and glial cell processes. SGZ
appeared as a narrow layer of dark cells between the hilus
and GL (Fig. 4j-1).

3.2.1.2.1 Toluidine blue stained sections

Histological examination of hippocampal sections of
group I stained with toluidine blue showed normal struc-
tures of CA and DG. The pyramidal layer of both CA1l
and CA3 showed pyramidal cells with large nuclei, and
the granular layer of DG showed closely packed, rounded
granular cells. All neurons had rounded vesicular nuclei,
prominent nucleoli, and basophilic cytoplasm filled with
Nissl's granules. Neuronal cell processes could be noticed
(Fig. 5a—c).

Pyramidal cells in CAl and CA3 and granular cells in
DG showed great affection, as many of them in group
II, and most of them in group III were irregular, dark
with non-observable Nissl’s granules, and clumping of
neuronal processes. Some cells with rounded vesicu-
lar nuclei, prominent nucleoli and basophilic cytoplasm
filled with Nissl’s granules were seen. Neuronal cell pro-
cesses and glial cells were noticed. In addition, some
areas devoid of neuronal tissue were detected in group III
sections (Fig. 5d—i).

Group IV sections showed that pyramidal cells of PL
in CAl and CA3 and granular cells of GL had rounded
vesicular nuclei, prominent nucleoli, and basophilic
cytoplasm filled with observable Nissl’s granules.
Some cells in CA and a few ones in DG were dark with

Fig. 4 A photomicrograph of H&E stained sections in the left hippocampus of different studied groups. a—c Control: a CA1 b CA3: PL (straight line);
small, closely packed cells in (a) and loose, larger cells in (b). ¢ SL of DG showing GL, closely packed rounded cells of 4-6 rows (straight line). Neurons
with rounded vesicular nuclei & scanty basophilic cytoplasm (arrows). Note glial cells in ML, OL, DML, and DOL with small, rounded condensed
nuclei (arrow heads), neuropil (black stars), and blood vessels (B). SGZ; narrow layer between hilus and GL; formed of small dark cells variable in

size and shape (right angle arrows). d—f Group Il & g—i group lll: PL in CA1 (d, g), CA3 (e, h) and GL of DG (f, i): showing slight reduction in thickness
(straight line) in group Il and more apparent reduction in group lll. Shrunken irregular pyramidal and granular cells with deeply eosinophilic
cytoplasm and dark pyknotic nuclei (curved arrows), and pericellular haloes (dashed arrow). Notice areas devoid of neurons (square area), numerous
glial cells (arrow heads) in ML, OL, DML, and DOL, blood vessels (B), clumping of neuronal processes (double arrows), and apparently reduced cells
of SGZ (right angle arrow). j-I Group IV: PL in CA1 (j), CA3 (k) and GL of DG (i): exhibiting apparent increase in thickness (straight line) versus group

Il. Apparently normal neurons (arrows). Few shrunken neurons with eosinophilic cytoplasm and dark pyknotic nuclei (curved arrows). Note glial

cells (arrow heads) in [ML, OL, DOL, and DML, blood capillaries (B), neuronal and glial cell processes (black star), and evident SGZ cells (right angle
arrows). [H&E, X400]. m Histogram showing mean values of pyramidal layer thickness in CAT&CA3 and granular layer thickness in DG in all groups.

n Mean number of damaged neurons in CA1&CA3 and granular layer in DG in all groups: significant versus group | (¥), group Il (#) & group Il ($)
[significant difference at P<0.05]
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showing cells of PL, and ¢ SL of DG showing cells of GL. All neurons have large rounded vesicular nuclei (N) with prominent nucleoli (n). The
cytoplasm is filled with Nissl's granules (bifid arrow). Neuronal cell processes are detected (black star). d—f Group Il and g-i group lll: d, g CA1 and
e, h CA3 regions showing PL, and (f, i): DG showing GL. Many pyramidal cells in (d, e) and most of them in (g, h) as well as many granular cells
appear irregular and dark with non-observable Nissl's granules (curved arrow). Clumping of neuronal cell processes (double arrows) is noticed.
Some cells are normal, with rounded vesicular nuclei (N), and prominent nucleoli (n) and their cytoplasm is filled with Nissl's granules (bifid arrow).
Neuronal cell processes (black star) and some glial cells are also detected (arrowhead). Some areas are devoid of neuronal tissue (square area) in
(g-i). j-1 Group IV: j CA1 and k CA3 regions showing PL, and | DG showing cells of GL. Many pyramidal cells and GL cells have rounded vesicular
nuclei (N) with prominent nucleoli (n) and basophilic cytoplasm with observable Nissl's granules (bifid arrow). Neuronal cell processes (black star)
are observed. Some cells in (j, K) and few ones in (I) are dark with non-observable Nissl's granules (curved arrow) and clumping of neuronal cell

processes (double arrows). Glial cells are detected (arrowhead). Areas devoid of neuronal tissue are noticed (square area) in (I). [Toluidine blue,
X 1000]
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non-observable Nissl's granules and clumping of neu-
ronal processes. Neuronal cell processes and glial cells
were noticed. Areas devoid of neuronal tissues were
noticed (Fig. 5j-1).

3.2.2 Immunohistochemical results

3.2.2.1 Immunostained hippocampal sections
for PCNA: Examination of hippocampal sections of the
control group (Fig. 6a, b), hypothyroid group (Fig. 6d, e),
recovery group (Fig. 6g, h), and thyroxine treated group
(Fig. 6j, k) revealed negative immunoreactivity in neurons
of PL in CA1 and CA3. On the other hand, PCNA posi-
tive immunoreaction was detected in SGZ in DG in the
nuclei of some cells in control group (Fig. 6¢), a few cells
in both hypothyroid (Fig. 6f) and recovery group (Fig. 6i)
and numerous cells in thyroxine-treated group (Fig. 6l).
Positive immunoreactions were also noticed in the nuclei
of some glial cells in all groups.

3.2.2.2 Immunostained hippocampal sections
for GFAP: Examination of hippocampal sections of
group I showed positive immunoreactivity in cytoplasm
and processes of astrocytes in ML, OL, and PL in CAl,
CA3, and in DML, DOL, and GL of DG (Fig. 7a—c).
Regarding groups II and III, they revealed widespread
positive immunoreactivity (Fig. 7d—i). Meanwhile, an
apparent decreased GFAP immunoreaction was demon-
strated in group IV (Fig. 7j-1).

3.2.2.3 Immunostained hippocampal sections for synap-
tophysin: Examination of hippocampal sections of the
control group showed widespread dense positive synap-
tophysin immunoreactivity in the cytoplasm of neurons
in all three layers (PL, ML, and OL) in CA1l and CA3, as
well as in DML, DOL and GL of DG (Fig. 8a—c). While in
group II and III sections, scattered light positive immuno-
reactivity was noticed (Fig. 8d—i). Concerning sections of
group IV, they revealed widespread, dense positive immu-
noreactivity (Fig. 8j-1).

3.3 Morphometric results

The mean values of pyramidal layer thickness in CAl,
CA3 and the granular layer in DG (Fig. 4m) as well as the
mean values of area percent (Fig. 8m) and optical density
(Fig. 8n) of synaptophysin immunopositive reactions in

(See figure on next page.)
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the same analyzed areas showed significant decreases in
groups II and III when compared with group I. The mean
value of group III showed a significant decrease versus
group II. A significant increase in group IV values was
detected when compared with groups II and III while
non-significant difference was detected when compared
with group 1.

The mean number of damaged neurons in the pyrami-
dal layer in CA1l and CA3, and in granular layer in DG
showed a significant increase in groups II and III when
compared with group I. The mean value of group III was
significantly higher compared to group II. A significant
decrease in group IV values was detected when com-
pared with groups II and III, and a non-significant differ-
ence was found when compared with group I (Fig. 4n).

The mean number of PCNA immunopositive nerve
cells in SGZ of DG in group IV showed a significant
increase when compared with groups I, II and III. Group
III recorded a significant decrease in comparison with
group II. Groups II and III showed significant decreases
compared to group I (Fig. 6m).

The mean area percent values of GFAP immunopo-
sitive reactions in CA1l, CA3, and DG showed a signifi-
cant increase in groups II and III [with no significant
difference in between] in comparison to group I. In con-
trast, the mean values of group IV recorded a signifi-
cant decrease when compared to groups II and III and
non-significant difference when compared with group I
(Fig. 7m).

4 Discussion

Hypothyroidism, caused by an insufficient amount of
circulating THs, is a common condition affecting nearly
10% of the overall population and becoming more preva-
lent with age [1, 11, 24]. Imbalance in THs is frequently
associated with functional and structural brain altera-
tions [25]. Due to the high expression of THs receptors in
the hippocampus, it is particularly sensitive to the effects
of THs [8]. Adult hippocampal neurogenesis has been
implicated in cognitive processes such as learning and
memory under normal physiological conditions. Conse-
quently, dysregulation of adult hippocampal neurogen-
esis was associated with cognitive impairment [7]. To
enhance the patient’s quality of life, this impairment must
be reversed. Therefore, the present study was designed to

Fig. 6 A photomicrograph of PCNA immunohistochemically stained left hippocampus sections. Positive PCNA nuclear immunoreactions

in glial cells (arrow heads) and cells of the SGZ (dashed arrow): [a—c control group, d—f hypothyroidism group, g-i recovery group and j-I
thyroxine-treated group]: Nerve cells of PLin CA1 (a,d, g, j) and CA3 (b, e, h, k) regions show negative immunoreactivity. ¢, f, i, | SL of DG shows
positive immunoreactivity in the nuclei of some cells of SGZ in control (c), in few cells in groups Il (f) and Il (i), and in numerous cells in group IV
(I). Immunopositive reactions are also seen in the nuclei of some glial cells. [Immunohistochemical stain for PCNA, x 400]. m Histogram showing
the mean number of PCNA immunopositive nerve cells in SGZ of DG: significant compared to group | (¥), group Il (#), and group Il (), [significant

difference at P<0.05]
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assess the potential effect of thyroxine on hippocampus
degeneration induced by hypothyroidism.

In the present work, male rats were chosen to avoid
hormonal fluctuations caused by the female estrous
cycle [26]. The antithyroid medication carbimazole was
employed to induce hypothyroidism since it had been
used often in earlier research [27, 28] and because it is
thought to be the best treatment for hyperthyroid indi-
viduals due to its low risk of side effects, particularly
those affecting the gastrointestinal tract [29]. In the same
consequence, levothyroxine (LT4) was chosen as replace-
ment therapy as it has been established as the standard
monotherapy for treatment of hypothyroidism [14]. The
concern of the present work was the CA1, CA3, and DG
regions, as they are the main components of the neural
circuit in the hippocampus [trisynaptic pathway; DG to
CA3 to CA1l], which coordinates various hippocampal
functions [30]. Also, these areas revealed most of the his-
tological changes.

In the current study, the induction of hypothyroidism
in group II was verified biochemically by serum level
analysis of the thyroid hormone profile, which revealed
a significant decrease in T3 and T4 with significant
increase in TSH compared to the control group. This
was in accordance with previous studies [28, 31]. Fur-
ther confirmation came from the histological alteration
noted in the examined H&E-stained sections of the same
group, which revealed distension of most of the folli-
cles with colloid; many follicular cells were flat with flat
dark pyknotic nuclei. Some follicles were distorted with
sequestered cells from the basement membrane. These
changes were similarly reported, and they were attributed
to increased oxidative free radicals and a decrease in the
antioxidants [28, 32].

Additionally, this could provide an explanation for
the neurodegenerative changes detected in H&E as well
as the toluidine blue hippocampal sections of group
II. Many nerve cells in PL and GL were shrunken with
pyknotic nuclei and deeply eosinophilic cytoplasm, in
addition to complete loss of cells in some areas, with
subsequent reductions in the thickness of PL [in CAl
and CA3] and GL [in DG] as confirmed by morphomet-
ric measurements, which revealed a significant decrease
versus the control group. In the hippocampus, THs defi-
ciency caused oxidative stress and endoplasmic reticu-
lum stress, which led to neuronal cell death and apoptosis

(See figure on next page.)
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[33]. In the same concern, neurodegeneration, indicated
by the chromatolysis of Nissl’s granules in PL and GL,
is a reactive change that occurs in the cell body of dam-
aged neurons. These results were similarly described and
explained by damage of the endoplasmic reticulum as a
result of a deficiency of THs, which increased expression
of apoptotic genes and enhanced DNA fragmentation
[33-35].

More reinforcement came from the significant increase
in the mean number of damaged neurons in the PL of
CA1l and CA3 and the GL of DG in group II compared
with the control group. These results are consistent with
earlier research that found fewer pyramidal neurons in all
areas of the hypothyroid hippocampus that were exam-
ined [36-38].

Thyroid hormones affect the behavior of neural stem
cells (NSCs) in the adult brain [39]. Therefore, an impor-
tant aim of the present study was to detect the effect of
hypothyroidism on proliferating cells in the SGZ of DG.
Adult neurogenesis in the SGZ is an extremely structured
process that starts with NSCs, which produce prolifera-
tive progenitor cells and differentiate into post-mitotic
immature granule cells and finally into mature granule
cells. Normally, these cells preserve the capability to pro-
duce new neurons all through adult life [40, 41], which
clarified the PCNA-positive immune reactivity seen in
the control group of the present work. Cells of SGZ in
group II were apparently reduced and demonstrated a
significant decrease in the mean number of PCNA-pos-
itive neurons compared to the control group, confirming
the capability of adult-onset hypothyroidism to decrease
neurogenesis in the dentate gyrus. Hypothyroidism
increased proinflammatory levels of cytokines [TNF-a,
IL-6, IL-1pB] and inflammatory markers in the hippocam-
pus [C-reactive protein and COX-2], which suppress
neurogenesis [31, 42].

The inflammation induced by hypothyroidism was par-
alleled in the same group by widespread positive GFAP
immunoreactivity of astrocytes in all layers of CA1, CA3,
and DG, which recorded a significant increase in the
mean area percent compared with the control group.
Such an increase was also noticed as numerous glial cells
in H&E and positive PCNA immunoreactivity in PCNA
immunostained sections. Although astrocytic gliosis is a
sign of pathological changes in the nervous system, evi-
dence suggests that gliosis is a protective reaction of the

Fig. 7 A photomicrograph of GFAP immunohistochemically stained sections in the left hippocampus. Positive GFAP immunoreactivity in cytoplasm
and processes of astrocytes (dotted arrows) of PL, ML, and OL in CA1&CA3 and in DOL, DML and GL of DG: [a-c control group, d—f hypothyroidism
group, g—i recovery group and j-I thyroxine-treated group)l: a, j CA1, b, k CA3 and ¢, I SL of DG showing positive immunoreactivity. d, g CA1, e,

h CA3 and f;, i SL of DG showing widespread positive immunoreactivity. [[mmunohistochemical stain for GFAP, x 400]. m Histogram showing the
mean area percent values of GFAP immunopositive reaction in CA1, CA3 and DG: significant compared to group | (*), group Il (#), and group 11l ($),

(significant difference at P<0.05)
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CNS against different types of damage, so the astrocytes
increase in cases of brain inflammation, struggling to
localize it [43, 44]. Another explanation for this increase
could be the attempt of astrocytes to increase THs levels
in the brain. Astrocytes play a central role in THs metab-
olism since they are the principal transporters of thy-
roxine from the blood, responsible for its conversion to
3,5,3-triiodothyronine, and hence supplying the neural
tissues with the biologically active form of the hormone
[45-47].

Synaptophysin is an integral protein of small pre-syn-
aptic vesicles that is involved in the release of neurotrans-
mitter vesicles [48], so it was selected to assess synaptic
formation. Synaptophysin immunostained sections of
group II demonstrated mild positive immunoreactivity in
the cytoplasm of neurons in all layers of CA1, CA3, and
DG. A significant decrease in both mean area percent
and optical density was demonstrated compared with
the control group. This downregulation reflected deficits
in synaptic formation due to hypothyroidism [49] and
explained the commonly reported changes in the plastic-
ity of the cell signaling pathway in the hippocampus and
the subsequent deficits in memory [50].

Also, the reactive gliosis noticed in this group could
be involved to a certain extent in such impairment. Nor-
mally, astrocytes aid synaptogenesis by forming and
releasing crucial factors such as cholesterol and glypi-
cans [51]. On the other hand, reactive astrocytes were
reported to have aberrant calcium dynamics, which
promote the release of detrimental factors that change
neuron-glia communication and impair synaptic trans-
mission and plasticity [52].

The current study recorded a trial of functional
improvement in the thyroid gland following withdrawal
of carbimazole in the recovery group (group III). This
was supported by the recorded increase, although still
non-significant, in the mean values of T3 and T4, and
the decrease in TSH in group III versus group II and the
significance differences when compared to the control,
all of which pointed to persistent hypothyroidism. These
findings were consistent with previous results [11]. Addi-
tionally, examination of thyroid sections demonstrated a
nearly similar picture to group II. The stress exerted on
cells by carbimazole just started to decline following its

(See figure on next page.)
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withdrawal. A longer period might be needed for a better
recovery assessment.

Concerning H&E and toluidine blue-examined hip-
pocampus sections in group III, they demonstrated
almost similar findings to the hypothyroid group, with
more progressive histopathological changes in the PL
of CA1l and CA3 and in the GL of DG. Compared with
group II, they verified a significant increase in the mean
number of damaged neurons. It also recorded a signifi-
cant decrease in the thickness of PL and GL, the mean
number of PCNA-positive cells in SGZ, as well as the
mean area percentage and optical density of synaptophy-
sin. In the brain, just a trivial deviation from the normal
range of brain T3 triggered widespread effects on nervous
tissue [53]. Based on what’s been mentioned previously,
the present work suggests that the slight improvement
recorded in serum T3 level in group III failed to achieve
the required improvement in T3 brain level. This sugges-
tion might provide an explanation for the persistent hip-
pocampal alteration detected in the recovery group.

By contrast, the thyroid hormone profile in the thy-
roxine-treated group (group IV) established a significant
increase in the levels of T3 and T4 and a decrease in TSH
compared with groups II and III, and a non-significant
difference when compared to the control group indi-
cated the restoration of the euthyroid state. This agreed
with previous results [28, 54]. The improvement in the
hormonal profile in the current study was paralleled by
the nearly normal appearance of the H&E stained thy-
roid gland. The majority of the follicles were lined with
cubical cells with rounded vesicular nuclei and basophilic
cytoplasm and filled with acidophilic colloid.

The improvement of thyroid gland structure and func-
tion in group IV was mirrored in the hippocampus, which
showed reasonable restoration of normal histological fea-
tures. Many pyramidal cells in CA1 and CA3 and gran-
ule cells in GL appeared normal with vesicular nuclei and
basophilic cytoplasm filled with Nissl’s granules, whereas
few cells were shrunken with pyknotic nuclei and eosin-
ophilic cytoplasm. Such amelioration was confirmed by
morphometric studies that revealed a significant increase
in the mean thickness of PL and GL compared with
groups II and III, and a non-significant difference when
compared with the control group. Also, the mean num-
ber of damaged neurons in PL and GL demonstrated a

Fig. 8 A photomicrograph of synaptophysin immunohistochemically stained sections in the left hippocampus. Positive synaptophysin
immunoreactivity in the cytoplasm of neurons (wavy arrows) of PL, ML, and OL in CAT & CA3 and in DOL, DML, and GL of DG: [a-c control group,
d—f hypothyroidism group, g-i recovery group and j-I thyroxine-treated group]: a, j CA1, b, k CA3 and ¢, | SL of DG showing widespread dense
positive immunoreactivity. d, g CA1, e, h CA3 and f, i SL of DG showing scattered light positive immunoreaction. [Immunohistochemical stain for
synaptophysin, X 400]. m Histogram showing values of mean area percent of synaptophysin immunopositive reaction in CA1, CA3 & DG. And n
Mean values of optical density of synaptophysin immunopositive reaction in the same areas: significant compared to group | (*), group Il (#), and

group Il ($), (significant difference at P<0.05)
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significant decrease when compared with groups II and
III, and a non-significant difference when compared with
the control group. Such improvement agrees with previ-
ous results [55, 56] and was attributed to the thyroxine
treatment, which inhibits cell apoptosis and promotes
neuronal cell survival and plasticity by improving oxida-
tive stress in the hippocampus of hypothyroid rats [57]
and by restoring the levels of brain-derived neurotrophic
factor (BDNF), which regulates apoptosis in nervous tis-
sue [58, 59].

In the current work, PCNA-immunostained sections
of group IV revealed positive immunoreactivity in many
cells in SGZ. This was further confirmed by morphomet-
ric results, which demonstrated a significant increase in
the mean number of PCNA-positive cells in SGZ com-
pared to groups II and III. Restoration of hippocampal
neurogenesis in this group could be linked to the restored
levels of T3 and T4, which, in turn, influence the prolif-
eration of neural progenitor cells, the migration of neural
cells, and their growth and survival [60]. Knowing that
these newly formed neurons eventually become granular
cells of DG [61], this may well explain the apparently nor-
mal GL of DG and the significant increase in its thick-
ness. Likewise, replacement treatment with THs resulted
in a statistically significant increase in the total number
of both BrdU and Ki67 immunopositive proliferating
cells in the SGZ of hypothyroid rats treated with thyrox-
ine [62].

The increase in the mean number of PCNA-pos-
itive cells in SGZ in group IV compared to control was
explained by the ability of these progenitor cells in the
hippocampal neurogenic niche to increase their prolifer-
ation and the survival of newly generated neurons [more
than in a resting or non-stressful state] as a response
to variable stresses [63] to compensate for cells lost by
inflammation and apoptosis induced by hypothyroidism.

GFAP immunostained sections from group IV revealed
a significant decrease in the mean area percent of GFAP
compared to groups II and III and a non-significant dif-
ference compared to the control group. This reduction
could be explained by the regression of the neuroinflam-
mation induced by hypothyroidism, with a subsequent
decrease in astrocytes and GFAP. This assumption was
confirmed in previous studies [11, 64], but other experi-
ments have argued against it [56].

The present work assumed that treatment with lev-
othyroxine could restore and protect synapses and
dendritic processes in the hippocampus. Such an
assumption was confirmed by densely positive synapto-
physin immunoreactivity in the cytoplasm of neurons
in CA1, CA3, and DG and by a significant increase in its
mean area percent and optical density compared with
groups II and III, and a non-significant difference when
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compared with the control. These results enforced the
restoration of synaptic plasticity as the levels of synap-
tophysin expression paralleled the numbers of synapses
and the density and quantity of nerve terminals [23, 65].
This could also be aided by the newly formed granular
cells from NSCs in the SGZ of DG, which create new
connections to support CNS plasticity [61]. Such resto-
ration explained the reported improvement of cognitive
impairment with hypothyroidism [24].

5 Conclusions

The present work concluded that hypothyroidism had
a neurodegenerative effect on the hippocampus and
decreased NSCs proliferation in SGZ. In addition, treat-
ment with levothyroxine restored the normal range of
thyroid hormones and restored hippocampal recovery,
neurogenesis, and synaptogenesis, a finding with impor-
tant implications for a broad spectrum of neurological
disorders that entail compromised neurogenesis.

The present study’s limitation was the need for
additional functional and neurophysiological testing,
despite the fact that the hippocampus’s restored his-
tological neurogenesis was shown at the histological
level. Further investigation is advised as a result.
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