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Abstract Thyroid hormones (THs) exert a broad spectrum of
effects on the central nervous system (CNS). Hypothyroidism,
especially during CNS development, can lead to structural and
functional changes (mostly resulting in mental retardation).
The hippocampus is considered as one of the most important
CNS structures, while the investigation and understanding of
its direct and indirect interactions with the THs could provide
crucial information on the neurobiological basis of the
(frequently-faced in clinical practice) hypothyroidism-
induced mental retardation and neurobehavioral dysfunction.
THs-deficiency during the fetal and/or the neonatal period
produces deleterious effects for neural growth and development
(such as reduced synaptic connectivity, delayed myelination,
disturbed neuronal migration, deranged axonal projections,
decreased synaptogenesis and alterations in neurotransmitters’
levels). On the other hand, the adult-onset thyroid dysfunction
is usually associated with neurological and behavioural
abnormalities. In both cases, genomic and proteomic changes
seem to occur. The aim of this review is to provide an up-to-
date synopsis of the available knowledge regarding the
aforementioned alterations that take place in the hippocampus
due to fetal-, neonatal- or adult-onset hypothyroidism.
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Abbreviations
THs thyroid hormones
CNS central nervous system
T4 thyroxine
T3 3,5,3'-triiodothyronine
TH thyroid hormone
TRs TH receptors
TUNEL terminal deoxynucleotidyl transferase

dUTP nick end labeling
NMDA N-methyl-D-aspartic acid
SVZ subventricular zone
SGZ subgranular zone
Dab1 Disabled-1 (gene)
NCAM neural cell adhesion molecule
NGF nerve growth factor
NT-3 neurotrophin-3
BrdU bromodeoxyuridine
RC3 neurogranin
Ca2+ calcium ion
LTP long-term potentiation
NGFI-A nerve growth factor-induced gene A
IEGs immediate early genes
IOD integrated optical density
GAP-43 growth associated protein of 43 kDa
Sema3F semaphorin-3F
CRMP collapsin response mediated protein
CAM cell adhesion molecule
M1 muscarinic receptor 1
MAPK mitogen-activated protein kinase
PTU propylthiouracil
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ChAT choline acetyltransferase
PCB polychlorinated biphenyl
AChE acetylcholinesterase
Na+,K+-ATPase sodium/potassium adenosine-triphosphatase
ACh acetylcholine
ATP adenosine triphosphate
A1 adenosine receptor 1
NTPDase3 ecto-nucleoside triphosphate

diphosphohydrolase 3
AMP adenosine monophosphate
ADP adenosine diphosphate
PGD2 prostaglandin D2

PGH2 prostaglandin H2

EPSP excitatory postsynaptic potential
GABA gamma-aminobutyric acid
ERKs extracellular signal-regulated kinases
JNKs c-Jun N-terminal kinases
p38MAPKs p38 mitogen-activated protein kinases
PV parvalbumin
PV-IR PV-immunoreactivity
Cl- chlorine ion

Introduction

Thyroid hormones (THs), thyroxine (T4) and 3,5,3'-triiodo-
thyronine (T3), act on most tissues, including the kidneys,
the heart and the adipose tissue, and exert important actions
during development and maturation (Moreno et al. 2008;
Peeters 2008). The central nervous system (CNS) is also an
important target for the THs, not only during development
but also in adulthood (Bernal 2007; Calzà et al. 1997). Fetal
and postnatal TH-deficiency may cause irreversible mental
retardation and neurological deficits (Delange 2000; Gli-
noer 2007), while adult-onset hypothyroidism is linked to
impaired learning and memory, as well as to depression
(Lass et al. 2008).

Both THs (T4 and T3) may enter the CNS through specific
transporters; T4 is converted to the active TH (T3) in glial
cells, astrocytes, and tanycytes, although the main target cells
are found in neurons and maturing oligodendrocytes (Bernal
2005). Within the CNS, THs seem to influence a large
number of effects related to neural-cell migration, growth,
differentiation and signalling (Williams 2008). The nuclear
TH receptors (TRs), that belong to the steroid/TH receptor
superfamily of ligand-dependent transcription factors, are the
mediators through which THs positively regulate a large
number of genes (Huang et al. 2008b).

Hippocampus is considered as one of the most important
CNS regions, involved in crucial neuronal networks respon-
sible for cognitive, emotional and motivational functions
(White et al. 2000). Since studies on the THs-induced effects

on CNS are of crucial importance for both perinatal periods
and adulthood, the aim of this review is to provide an up-to-
date synopsis of our knowledge on the structural and
functional changes that take place in the hippocampus due
to neonatal- as well as adult-onset hypothyroidism.

Structural alterations in the hippocampus due
to hypothyroidism

Alterations in the hippocampal cells’ morphology
and migration during development

Hippocampus is a structure containing only a few major
cell types and well-defined inputs and outputs. These
characteristics offer the opportunity to study cell formation,
migration and differentiation in this brain region. The
granule cells nearest to the molecular layer are formed
earlier than those towards the hilus, while their differenti-
ation starts earlier in the suprapyramidal blade of the
dentate gyrus than in the infrapyramidal blade (Schlessinger
et al. 1978). On the other hand, the pyramidal cells are
generated in an “inside-out” pattern: the deeper cells are
formed before the more superficial cells in the pyramidal
layer and during maturation the apical dendrites of the
pyramidal cells are formed earlier than the basal dendrites
(Stanfield and Cowan 1979).

Several studies on the development of the hippocampus
during hypothyroidism have shown marked and irreversible
changes in the growth of neurons (Rabié et al. 1979),
although some brain regions are less vulnerable to early
developmental insults and can recover (Farahvar et al.
2007). Moreover, most of the morphological alterations
observed in the CNS of hypothyroid animals (Table 1) in
parallel to those found in human studies performed in
patients with TH-deficiency (Gilroy and Meyer 1975).

THs are important in the establishment of the CA1 to
CA4 gradient of pyramidal cell differentiation and in the
development of the spatiotemporal relationship between
pyramidal and granule cells of the hippocampus. TH-
deficiency leads to distortions rather than synchronized shifts
in the relative development of different hippocampal regions
(Bernal 2005). The reduction in number and maturation of
granule cells, together with the asynchronous alteration in the
maturation of pyramidal cells may result in a major distortion
of the aforementioned relationships between pyramidal and
granule cells in TH-deficient animals. Such distortions may
be instrumental in causing the functional impairments that
are often seen in congenital hypothyroidism.

In TH-deficient rats, the maturation of both granule cells
and pyramidal cells is impaired. Hypothyroidism, starting
either in the neonatal period or in adulthood, leads to a
reduction in the total number of granule cells in the dentate
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gyrus, which is not restored by the normalization of TH-
levels (Madeira et al. 1991a).

Additionally, the effect of hypothyroidism on the
pyramidal cells depends on the position of the cells in the
Ammon’s horn of the hippocampus. In general, pyramidal
cells of hippocampal regions display a neurogenic pattern
that is markedly different from that of granule cells, as it
occurs predominantly during the prenatal period (Altman
and Bayer 1990a,b). Hippocampal neurons are generated
following a dentate-to-subicular sequence in opposition to
the remaining neurons of the hippocampal formation (Bayer
1980). Although the pyramidal cells of the CA3 region are
produced earlier than those addressed to the CA1 region,
the later generated pyramidal cells of the CA1 region attain
their final position at least one day prior to the CA3
pyramidal cells (Altman and Bayer 1990b). As a conse-
quence of their prolonged neurogenesis, only at birth do
they reach their final location within the pyramidal cell
layer. Therefore, the differentiation of pyramidal cells,
including the growth of their dendrites and the establish-
ment of synaptic contacts, occurs mainly during the
postnatal period, and only 3 to 4 weeks after birth does
the structural organization of the CA1 and CA3 regions
resemble their adult form.

In neuronal populations that undergo a significant
postnatal formation, apart from those alterations, a reduc-
tion in the number of neurons is likely to occur, since both
neuronal proliferation and migration are also affected by the
TH-deficiency and, thereby, interfere with the process of
cell acquisition (Madeira et al. 1988). Madeira et al. (1992)
have thoroughly described the morphological alterations
that take place in the rat hippocampus during postnatal
hypothyroidism. In 30-day-old animals, the weight of the
hippocampal formations was significantly reduced in
hypothyroid groups when compared to the respective
controls. The morphology of the pyramidal cell layer of
the hippocampal CA3 region was identical in all groups
studied, in contrast to the CA1 pyramidal cell layer, where
its characteristic palisade arrangement was not present.
Furthermore, the volume of the CA1 and CA3 pyramidal
cell layers was significantly smaller in hypothyroid than in
control groups. The areal and numerical densities of the
CA3 pyramidal cells were found to be significantly
increased in both male and female hypothyroid groups
when compared to the respective control ones. No
significant hypothyroidism-induced effect was found in
the areal density of CA1 pyramidal neurons of 30-day-old
animals. The total number of CA1 pyramidal cells was

Table 1 Outline of the main hippocampal neuronal features (structural alterations) attributed to hypothyroidism during development

Hippocampal region Main neuronal features

CA1 - cell death (reduction in cell number)

CA3 - impaired growth of axons and dendrites

- no alteration in cell number

Dentate Gyrus - impaired dendritic arborisation

- impaired cell-migration

The schematic representation of the hippocampus is a minor modification of the one provided by the Spruston Lab/Department of Neurobiology
& Physiology/Institute for Neuroscience/Northwestern University website (http://groups.nbp.northwestern.edu/spruston)
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significantly reduced (20.2% in males and 18.7% in females)
in hypothyroid groups when compared with the respective
control groups, while there was no significant effect of
hypothyroidism in the total number of CA3 pyramidal cells
(Madeira et al. 1992).

Regarding the CA3 region, hypothyroidism, whatever its
duration and settling time, does not clearly interfere with
the total number of pyramidal cells, despite the reduction in
the volume of the CA3 pyramidal cell layer and the parallel
increase in the areal and numerical densities of its neurons.
As no differences were found in the mean nuclear volume
of pyramidal cells between hypothyroid and control groups,
we could infer that the referred changes depend on the
presence of a poorly developed neuropil in hypothyroid
animals. This is in line with the observations that the lack
of THs impairs the normal growth of axons and dendrites
(Moskovkin and Marshak 1982; Legrand 1982–1983;
Pérez-Delgado et al. 1987; Alva-Sánchez et al. 2002).
Additionally, the neuritic regrowing capabilities are pre-
served following neonatal hypothyroidism, as in recovery
groups, in which normal levels of THs are re-established,
the volume of CA3 neuropil attains the values found in
controls.

Furthermore, Rami et al. (1986a, b) also described a
marked reduction in the development of the dendritic
arborization of granule cells of the dentate gyrus due to
the induction of experimental hypothyroidism. However,
this feature of dendritic maturation was restored to normal
after 2 days of T4 replacement. In normal rats, pyramidal
cells of Ammon’s horn have numerous fine and branched
basal dendrites. TH-deficiency resulted in less developed
dendrites, with about a 30% reduction in the number of
branching points on apical dendritic trees in all areas of the
Ammon’s horn. The effect was much greater in the
hippocampal CA3 region than in the CA1. The pyramidal
cells from CA1-2 regions of normal hippocampus show a
delay in maturation compared to the cells from CA3-4
regions. Experimental hypothyroidism did not markedly
alter the qualitative shape of the dendritic field in the CAl-2
and CA3-4 areas from that already described in developing
normal rats. However, a quantitatively significant reduction
in branching points was observed at all levels, and in
particular in the branching points on basal dendrites and the
arborization of distal parts of the apical dendrites were
found to be markedly affected. The administration of
physiological doses of T4 confirmed that the areas where
the pyramidal cell maturation was most impaired by TH-
deficiency were also the most sensitive to the TH-treatment.

The stem cells of the hippocampal granule cells
proliferate in the neuroepithelium limiting the lateral
ventricle (Altman and Das 1966; Schlessinger et al.
1975). From day 18 of rat gestation, the cells formed by
the neuroepithelium begin to immigrate through the fimbria

and the stratum orients towards the exterior of the dentate
gyrus. Some of the migrating cells establish a secondary
germinal site, the “proliferative zone”. The cells then
migrate through the “transit area” (polymorph layer) to
reach their final position, forming the granular layer from
day 20 of gestation. In the rat, the general features of the
adult hippocampus are already present at birth. Accumula-
tion of cells in the granular layer continues up to about
three postnatal weeks, and it has been shown that
approximately 80% of the granule cells and approximately
60% of the total cells of the adult hippocampus are formed
after the rat birth (Alva-Sánchez et al. 2002).

Rami et al. (1986a, b) described extensively the growth
and cell formation in the dentate gyrus of hypothyroid rats.
The overall qualitative patterns of developmental increase
of the area and of the cell number in the granular layer of
TH-deficient rats were similar to those in the controls, but
they differed quantitatively in a significant way. In the TH-
deficient animals, the mitotic activity in the granule cell
layer and the “transit area” (polymorph layer) was not
altered, suggesting that the significant reduction in cell
acquisition observed in the dentate gyrus is not due to
changes in the replication of the proliferating granule cells.

Recent studies indicate that perinatal hypothyroidism
induces the apoptosis of hippocampal neurons via the Bcl-
2/Bax pathway (Huang et al. 2005a). In addition, as shown
by terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) staining, positive apoptotic neurons were
increased in the CA3 region of the hippocampus in
hypothyroid pups (Huang et al. 2008a), while ultrastructur-
al morphological data of hypothyroid hippocampal pyra-
midal cells support the idea of apoptosis-induced neuronal
death (Alva-Sánchez et al. 2007). The latency of memory
was negatively correlated with the density of apoptotic
neurons. Thus, alterations of hippocampal structure and
ability may be one of the important reasons which cause
brain impairment and mental disabilities.

Alterations in the hippocampal cells’ morphology
during adulthood

The adult brain is less vulnerable to the deleterious effects
of hypothyroidism. For a long period of time, no
hypothyroid-induced changes in neuronal numbers had
ever been reported in adults, apart from those observed in
the granular layer of the dentate gyrus (Madeira et al.
1991b) in which neurons continue to be produced during
adulthood (Altman and Bayer 1990a). More specifically, it
was demonstrated that the volume of the granular layer was
significantly smaller in male and female hypothyroid
groups than in the respective controls and the number of
granule cells per unit of surface area of the granular layer
was significantly reduced in male and female hypothyroid
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groups when compared with the respective control group.
No striking qualitative differences were found between
controls and adult hypothyroid rats. It was also demon-
strated that hypothyroidism, whatever its duration and time
of onset, leads to a reduction of the total number of dentate
granule cells, which is followed by a decrease in the volume of
the granular layer and in the areal and numerical densities of
its neurons. The damage inflicted by TH-deficiency, which
seems to require the activation of N-methyl-D-aspartic acid
(NMDA) channels (Alva-Sánchez et al. 2009), was found to
vary according to the experimental model of hypothyroidism
tested; i.e., in the total hypothyroid group (TH-deficient from
day 0 until day 180) the values of all the parameters
estimated were markedly decreased when compared with the
corresponding controls, while in the adult-onset hypothyroid
subgroup (TH-deficient from day 30 until day 180) such
reductions were of less importance.

Regarding the effects of hypothyroidism settled in
mature animals, Madeira et al. (1992) suggested that
pyramidal cells were also affected. In spite of the number
of pyramidal cells of the CA3 region in adult hypothyroid
groups that remain unchanged, the neuropil seems to be
rather vulnerable as the volume of CA3 pyramidal cell layer
was reduced, thereby indicating that neuronal packing
occurs; i.e., neurons are closer to each other due to an
impoverishment of neuropil components, namely neuronal
and glial processes. In the hippocampal CA1 region, the
lack of THs leaded to an irreversible reduction in the total
number of pyramidal cells in adult animals, since no
recovery was noted once the euthyroid condition was re-
established. It must be emphasized that adult-onset hypo-
thyroidism also interfered with the normal morphology of
the CA1 region, as may be inferred by the finding that in
adult hypothyroid groups, the total number of pyramidal
cells is smaller than in controls. This observation gives
credence to the hypothesis that a lack of THs may induce
cell death in the fully mature. Disturbances of neurogenesis,
which have been described as underpinning the normal
process of cell acquisition in several regions of the brain,
cannot explain the reduction in neuronal numbers in adult-
onset hypothyroidism. It is therefore likely that additional
mechanisms, specific for the hippocampal CA1 region,
might occur and explain the selective vulnerability of its
neurons to TH manipulations. Such a hypothesis is further
supported by the non-existence of neuronal death in the
CA3 region of hypothyroid rats in spite of the peculiar and
protracted postnatal synaptogenesis displayed by its neurons
(Amaral and Dent 1981).

Additionally, the dentate gyrus of the hippocampal forma-
tion undergoes neurogenesis in adult mammals, including
humans. Adult neurogenesis takes place in two main neuro-
genic areas: the subventricular zone (SVZ) adjacent to the
lateral ventricles (which generates olfactory bulb interneurons),

and the subgranular zone (SGZ; which gives rise to granular
neurons in the hippocampal dentate gyrus) (Gage 2002). Short-
term adult-onset hypothyroidism significantly reduces SGZ
proliferative capacity and impairs dendritic arborization of
immature neurons (Montero-Pedrazuela et al. 2006). In
particular, adut-onset hypothyroidism impaired normal neuro-
genesis in the SGZ of the rat dentate gyrus with a 30%
reduction in the number of proliferating cells. The same
reduction was observed in newborn neuroblasts. Treatment
with TH increased the number of proliferating cells and
proliferative clusters, even above euthyroid values, in hypo-
thyroid rats. It is possible that cell proliferation in the SGZ of
hypothyroid rats becomes more sensitive to TH treatment, so
that even slightly increased TH levels following a TH-
treatment of these animals could result in a significant
upregulation of proliferation.

Functional alterations in the hippocampus due
to hypothyroidism

The hypothyroid state appears to promote a series of
functional neuronal defects during the developmental
process of the hippocampal formation, which vary from
cell survival and differentiation to neuronal signalling
properties and subcellular responses (Table 2).

Hypothyroidism and hippocampal gene expression

In addition, according to the nuclear pathway of the THs’
action, their effects on developmental processes are carried
out through the control of gene expression. The main
period of brain sensitivity to THs extends through the
postnatal state, in which most of the effects of hypothy-
roidism on neural tissue structure and gene expression have
been described. During this period, several genes are down-
or up-regulated by THs (Royland et al. 2008), and in some

Table 2 Outline of the main hippocampal neuronal functional
alterations attributed to hypothyroidism. Most (if not all) of the
functional changes described, present reversibility when substitution
therapy is administrated

- gene expression alterations

- myelination changes

- alterations in brain mitochondria structure and function

- disrupted cell-migration

- impaired neuronal differentiation

- alterations in cell-signaling

- alterations of certain transcription factors’ levels

- impaired local blood flow

- alterations in axon elongation, guidance and cell connectivity factors

- multi-level changes in neurotransmission and neuromodulation
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of these genes, TH-responsive elements have been detected
in their regulatory regions (Table 3). The genes regulated
during the postnatal period become refractory to the action
of TH in juvenile and adult rats beyond postnatal days 25–30,
with a few exceptions.

Myelination-related alterations in the hippocampus due
to hypothyroidism

An important feature of the hypothyroid brain is the
delayed myelination and poor deposition of myelin (Bernal
2005). The amount of myelin deposited in white matter
areas is reduced, and the final number of myelinated axons
is lower than in normal animals. The lower myelination is
mainly a result of impaired oligodendrocyte differentiation,
but other factors may also contribute. For example, the
impaired axon maturation may lower the number of axons
reaching the critical size to be myelinated. Thus, although
lower in number, most of the myelinated axons present in
hypothyroid animals appear to have a normal thickness of
the myelin sheath (Guadaño Ferraz et al. 1994).

Most of the genes identified so far are expressed and
regulated by THs during the postnatal period, towards the
direction of accelerating the normal up- or down-
regulation taking place after birth (Bernal 2005). A good
example is provided by the myelin genes, which are
induced a few days after birth accompanying oligoden-
drocyte differentiation and the myelination wave. In the
absence of THs, accumulation of myelin gene products—
mRNA and protein—proceeds at a slower rate, and normal
concentrations are attained later in development compared
to normal animals.

In vivo, THs influence to a similar extent, and with
similar patterns, the expression of all myelin genes
analyzed. Among them, the genes encoding the structural
proteins; proteolipid protein (50% of total), myelin basic
protein (30% of total), and myelin associated glycoprotein
(1% of total) belong to the best characterized because of
their relative abundance (Sutcliffe 1988). The period of TH-
sensitivity for these genes in the rat brain initiates from
approximately the end of the first postnatal week, but the
timing of regulation has a strong regional component. THs,

Gene Effect Description of gene’s functional significance

AChE + - regulation of cholinergic neurotransmission

ATP – - excitatory neurotransmitter

β-actin + - regulation of cell adhesion

c-fos – - transcription factor

c-jun – - transcription factor

ChAT – - regulation of ACh biosynthesis

CRMP 1-4 + - regulation of axonal guidance

Dab1 – - involvement in migrating process

ERK 1/2 – - intracellular signaling leading to LTP induction

Gao1 + - regulation of axonal integrity

GAP-43 + - regulation of axonal integrity

GFAP – - expressed only in mature radial glia

M1—receptor – - regulation of cholinergic neurotransmission

Myelin genes – - regulation of myelin formation and structural integrity

Na+,K+-ATPase – - regulation of intracellular electrolytic balance

NCAM + - regulation of cell-to-cell interactions

NGF – - regulation of neuronal survival and differentiation

NGFI-A – - transcription factor

NT-3 + - neurotrophic factor

p38MAPK + - intracellular signaling promoting cell death

PGD2 synthase + - regulation of neuromodulating phenomena

PV – - regulation of neuronal electrical properties

RC3 – - subcellular synaptic-related signaling

Reelin – - regulation of migrating process

TAG-1 + - regulation of axonal guidance

Tenascin-C + - regulation of cell adhesion and migration

TUC-4 + - regulation of neurite outgrowth

Table 3 Hypothyroidism-
induced genomic alterations in
hippocampal neurons and glial
cells

This table exhibits a series of
genes, whose expression is
reported to be up- (+) or
down- (–) regulated during the
hypothyroid state. In addition, a
brief description of the genes’
functional significance is been
documented
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in particular, accelerate the myelinating process and in
hypothyroid animals, myelination is delayed. The primary
action of THs is exerted at the level of oligodendrocyte
differentiation, and THs, in vivo, promote accumulation of
differentiated oligodendrocytes (Schoonover et al. 2004).
The myelination wave proceeds from caudal to anterior
regions, and the influence of THs follows a similar pattern.
Therefore, it is frequently determined that the differences in
myelin gene expression between normal and hypothyroid
rats become evident at different ages in different regions. In
hippocampus, myelin mRNA and proteins (myelin basic
protein, proteolipid protein, myelin-associated glycoprotein
and 2’:3’-cyclic nucleotide 3’-phosphodiesterase) are re-
duced in hypothyroid rats compared to normal rats only
around postnatal days 20–25 (Ibarrola and Rodríguez-Peña
1997). In all cases, expression of myelin genes becomes
normalized with age, even in the absence of TH-treatment.
Finally, myelin genes become refractory to THs in adult
individuals.

Mitochondrial function in the hippocampus
under hypothyroidism

THs have been reported to play an important role in the
regulation of mitochondrial function in several tissues (such
as liver, kidney, and skeletal muscle). Moreover, some
biochemical analyses have suggested that neonatal hypo-
thyroidism causes alterations in brain mitochondria (Battie
and Verity 1979; Katyare et al. 1994). Furthermore,
mitochondria seem to participate in hypothyroid-induced
apoptotic phenomena that take place in hippocampal
neurons of developing rats (Huang et al. 2005b).

Hippocampal cell migration deregulation due
to hypothyroidism

Cell migration is an important process of the developing
brain which is extremely sensitive to the lack of THs.
Induction of transient maternal hypothyroidism in pregnant
rats at embryonic days 12–15 led to significant misplace-
ment of cells in the neocortex and hippocampus of the
offspring when analyzed at 40 days of age (Ausó et al.
2004). The mechanisms by which THs influence migration
have not been defined with certainty, although some
molecules involved in migration have been found to be
under TH-regulation. Alvarez-Dolado et al. (1999) de-
scribed the influence of hypothyroidism on two proteins,
Reelin and Disabled-1 (Dab1), which are related to cell
migration in the hippocampus. These proteins are under
TH-control and are critical for neuronal migration, leading
to lamination and precise cellular localization during CNS
development. Reelin’s main function is to signal the
migrating neurons when to stop. Since Reelin regulates

Dab1 phosphorylation, Dab1 may act within migrating
neurons in response to a Reelin signal. As shown by
Northern analysis, in situ hybridization and immunohisto-
chemistry studies, hypothyroid rats express decreased levels
of Reelin RNA and protein during the perinatal period
(embryonic day 18 and postnatal day 0). At later ages,
however, Reelin was more abundant in the hippocampus of
hypothyroid rats (postnatal day 5), and no differences were
detected at postnatal day 15. Conversely, Dab1 levels were
higher at postnatal day 0, and lower at postnatal day 5 in
hypothyroid animals. Interestingly, in contrast to Reelin,
Dab1 RNA levels are not affected by hypothyroidism.
However, Dab1 protein levels are modulated in TH-
deficient rats. This effect may be caused by a direct effect
of T3 on Dab1 mRNA translation or on Dab1 protein
stability. Alternatively, changes in Dab1 protein content
may be an indirect consequence of the reduction in Reelin
expression due to the lack of THs.

Neural cell adhesion molecule (NCAM) has an impor-
tant role in the control of cell-to-cell interactions taking
place during the migration and differentiation of neuronal
cell populations during development (Iglesias et al. 1996).
In euthyroid rats, NCAM was detected in neurons of all
hippocampal regions. Levels of hybridization were higher
on the CA1 and CA3 areas, as well as in the dentate gyrus.
A similar distribution was found in the hypothyroid rats.
However, whereas NCAM expression was reduced at
postnatal day 15 and further reduced at postnatal day 20
in control animals, it remained at higher levels in
hypothyroid animals. TH-deficiency did not seem to alter
the pattern of NCAM expression, but to inhibit or delay the
developmental reduction in NCAM expression.

Tenascin-C, a secreted protein mainly expressed by
astrocytic cells in the developing brain, is also involved in
the regulation of cell adhesion and migration, neuron-
neuron and neuron-glia interaction, neurite outgrowth and
perhaps neuronal function (Chiquet-Ehrismann et al. 1995).
Alvarez-Dolado et al. (1998) investigated the effect of
congenital hypothyroidism on tenascin-C expression. At
birth, in situ hybridization studies in hypothyroid rats
showed an abnormal up-regulation of tenascin-C in the
hippocampus. Significantly, T4-treatment of hypothyroid
rats led to normalization of tenascin-C levels in most
areas. It was also shown that T3 is regulating tenascin-C
expression directly at the transcriptional level. Further-
more, hypothyroidism caused an increase in the number of
cells expressing tenascin-C in the stratum lacunosum
moleculare and the molecular layer of the dentate gyrus
on postnatal day 5 and postnatal day 15. Finally, T3

responsiveness of tenascin-C gene expression in the brain
is restricted to the developmental period. These defects in
cell locations may lead to alterations in the pattern of
connectivity.

Metab Brain Dis (2010) 25:339–354 345



Hippocampal cell differentiation under hypothyroidism

It is important to consider, in relation to the effect of THs,
that maturation of radial glia is altered by maternal
hypothyroidism. In particular, Martínez-Galán et al.
(1997) described the prenatal effect of goitrogen treatment
with methimazole and the prenatal effect of a very low
iodine content diet on the maturation of radial glial cells of
the CA1 hippocampal region of 21-day-old fetuses.

Some of the effects of THs on differentiation might also
be mediated through control of the expression of neuro-
trophins, the presence of which is necessary for the survival
of defined neuronal populations during CNS development
and for the formation of the complex cellular networks that
define brain structure and function (Wagner and Kostyk
1990). A few neurotrophins have been characterized and
cloned including nerve growth factor (NGF), which seems
to regulate the ontogeny of a number of neuronal structures
in CNS in cooperation to T4 (Clos and Legrand 1990), and
neurotrophin-3 (NT-3). Alvarez-Dolado et al. (1994) inves-
tigated the effect of neonatal and adult-onset hypothyroid-
ism on the expression of many neurotrophin genes in
different rat brain regions. In the hippocampus of neonatal
hypothyroid animals, the NGF mRNA levels were dimin-
ished on postnatal day 15 as compared to control animals
(20–50%). This reduction was also found in adult-onset
hypothyroidism in the same area. Furthermore, neonatal
hypothyroidism caused an increase in NT-3 mRNA
concentration, but this difference was not observed in
adult-onset hypothyroidism. These changes in the expres-
sion of some neurotrophin genes may be the basis for some
of the alterations observed in the hypothyroid brain.

Using bromodeoxyuridine (BrdU), Desouza et al. (2005)
demonstrated that adult-onset hypothyroidism significantly
decreases hippocampal neurogenesis. This decline is pre-
dominantly the consequence of a significant decrease in the
survival and neuronal differentiation of BrdU-positive cells.
Both the decreased survival and neuronal differentiation of
hippocampal progenitors could be rescued by restored
euthyroid status.

Moreover, the effects of adult-onset pharmacologically-
induced TH-deficiency on neural precursor proliferation
and on newborn cell survival in the granule cell layer of
adult rat dentate gyrus have been investigated (Ambrogini
et al. 2005). In this study, no change in cell proliferation
was found in the adult granule cell layer under TH-
deficiency conditions, suggesting that mitotic activity of
the neural precursors was not affected. On the contrary,
newborn cell survival dramatically decreased under these
conditions when compared with controls, leading to a lower
number of immature neurons being added to the granule
cell layer. It was also mentioned that in conditions of
hypothyroidism, new neurons exhibit a delay in neuronal

differentiation and a very immature morphology. Moreover,
the expression of TUC-4 protein, a protein that is associated
with neurite outgrowth and whose expression decreases
with cell maturation, was prolonged under hypothyroidism
conditions. Additionally, the expression of NeuN protein, a
protein whose expression increases with cell maturation,
did not change. This effect might be related to the persistent
morphological immaturity of newborn neurons, when
compared to controls, which makes the prolonged expres-
sion of the growth-associated protein TUC-4 necessary,
and/or to the direct action of THs on TUC-4 gene
transcription.

Hippocampal cell signaling modification due
to hypothyroidism

Several proteins directly involved in intracellular signalling
are under direct control of THs. A TH-dependent gene that
is involved in cell signalling in the hippocampus is RC3 (or
neurogranin). RC3 is a 78-amino acid protein kinase C
substrate, located in the dendritic spines and the soma of
neurons (Baudier et al. 1991). The non-phosphorylated
form of RC3, in the presence of low calcium (Ca2+)
concentrations, binds calmodulin. In that way, RC3
regulates its availability and, therefore, depending on its
state of phosphorylation, the activation of calmodulin
targets (calmodulin kinase II, nitric oxide synthase, and
other important targets). These properties suggest that RC3
participates in postsynaptic events involving Ca2+ as a
second messenger, including long-term potentiation (LTP),
a prevalent model of memory in vertebrates, and other
forms of synaptic plasticity. RC3 is also thought to play a
role in the cascade of events triggered by the binding of
glutamate to NMDA receptors in the postsynaptic neurons.

RC3 shows a region-specific dependence of T3. Al-
though THs are essential for its normal expression in the
dentate gyrus, the pyramidal cells of hippocampus do not
exhibit the same T3-dependent RC3 expression, despite the
presence of T3 receptors. Iniguez et al. (1996) analyzed the
expression of RC3 mRNA by in situ hybridization in the
brains of rats of different thyroidal status. RC3 expression
in normally developing rats occurs in two phases: one,
relatively independent of THs before postnatal day 10, and
another beyond day 10, which is sensitive to THs.

Transcription factors’ deregulation in the hypothyroid
hippocampus

THs regulate the expression of proteins involved in
transcription, stability of mRNA and splicing. Among the
transcription factors, the mRNA for nerve growth factor-
induced gene A (NGFI-A) is decreased in the hippocampus
of hypothyroid rats, associated with a subsequent reduction
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in its protein content. Mellström et al. (1994) described the
effect of hypothyroidism on NGFI-A gene expression in the
hippocampus thoroughly. In the dentate gyrus, there wasn’t
any significant reduction of the NGFI-A mRNA levels at
any developmental stage. This may indicate that the effects
of THs on the development of the dentate gyrus are not
mediated through NGFI-A. On postnatal day 0, hypothy-
roid rats showed reduced NGFI-A mRNA levels in
hippocampal regions CA1 and CA2, with no decrease in
CA3. Later, on postnatal day 5, the reduction was also
noticeable in area CA3. Finally, on postnatal day 15 there
were no differences in the NGFI-A mRNA levels in any
region of the hippocampus between the control and
hypothyroid rats, which implies a normalization with age
of the NGFI-A mRNA levels.

Furthermore, two other transcription factors, c-fos and
c-jun, are immediate early genes (IEGs) whose expression
is regulated by synaptic activity, and play an important role
in the neuroplastic mechanisms, which are critical to
memory consolidation. Both c-fos and c-jun are expressed
in neuronal nuclei and play an essential role in neuronal
differentiation (Herdegen et al. 1997). Furthermore, they
enable neurons to translate extracellular stimulation into
long-term adaptive cellular responses by activating genetic
programmes (Karin et al. 1997). Therefore, it is likely that
c-fos and c-jun are also important components for the
induction of LTP in hippocampus. Moreover, since c-fos
and c-jun proteins are sensitive indicators of early neuronal
damage (Broude et al. 1997), the expression of c-jun and
c-fos may be altered in hippocampus of hypothyroid rats.
Indeed, Dong et al. (2005) demonstrated that in iodine-
deficient and hypothyroid rats, congenital hypothyroidism
decreases the protein level of c-fos and c-jun in hippocam-
pus. The staining intensity of c-fos and c-jun proteins was
lower in CA1 and CA3 regions and in the dentate gyrus
(postnatal day 60), while the integrated optical density
(IOD) in area CA1 was also significantly reduced compared
to the control group (postnatal days 20, 30 and 60).

Hippocampal local blood flow under hypothyroid conditions

Some experimental studies have shown that along with
hypothyroidism of any etiological background, the CNS
demonstrates global impairments in blood supply (Constant
et al. 2001). Gabrichidze et al. (2007) reported studies of
postnatal changes in the blood supply of hippocampus in
the offspring of rats kept in conditions of different levels of
iodine deficiency, before conception and throughout gesta-
tion. In particular, local blood flow in the dorsal hippo-
campus in the offspring of rats kept on the iodine-deficient
basal diet before and during gestation was 19% less than in
controls. The authors, based on the well-known metabolism
- blood flow relationship, which appears to be the major

principle for the regulation of local blood flow in CNS tissue
during changes in functional brain activity (Demchenko
1983), suggested that metabolic activity is decreased in the
hippocampus of iodine-deficient groups. In other words,
hypothyroidism evoked by iodine deficiency was the
primary cause of the decrease in metabolic activity, which
was followed by a reduction in local blood flow. In addition,
the decreased blood flow might lead to a further decrease in
TH-delivery, thus exacerbating the hypothyroid status.
Nevertheless, hypothyroidism can have neuroprotective
effects against ischemia-induced hippocampal damage by
favoring inhibitory input and limiting excitotoxic input by
catecholamines (Hemmings and Shuaib 1998).

Hypothyroidism-induced effects on hippocampal cellular
axon elongation, guidance and cell-connectivity

In order to maintain the normal neuronal development and
differentiation of neurons, THs probably alter the expres-
sion of various growth factors and work as a signal to
synchronize axonal and dendritic outgrowth, which are
important for the construction of neuronal networks. There
has been an attempt to study the effect of neonatal
hypothyroidism on the expressions of genes important in
the regulation of axon elongation and guidance in the
hippocampus (Wong and Leung 2001). Such genes are the
growth cone protein genes: growth associated protein of
43 kDa (GAP-43) and Gαo1 and 2, as well as the axon
guidance molecules related genes: semaphoring-3F
(Sema3F) and collapsin response mediator protein (CRMP)
genes. Growth cone proteins such as GAP-43 and Gαo
isoforms are neuronal proteins necessary for the mainte-
nance of the growth cones, which are responsible for the
sensation of attractive and repellent guidance cues in their
immediate environment (Kobayashi et al. 1997). Under the
regulation of semaphorins (i.e. semaphorin-3A/collapsin-1,
a secreted repellent axon guidance molecule) growth cones
collapse leading to a programmed cell death of the
respective axon. Sema3F is a transmembrane protein of
the semaphorin family of the vertebrate, considered to be
involved in developing neuronal networks.

Wong and Leung (2001) reported a significant up-
regulation of β-actin, Gαo1, CRMP1 to 4 and GAP-43
genes in the hippocampus of neonatal hypothyroid rats at
the age of day 16. Conversely, expressions of the Gαo2 and
Sema3F genes were not affected. When studying CRMP-2
and CRMP-4 proteins by peptide specific polyclonal anti-
bodies, a significant enhancing effect of neonatal hypothy-
roidism on CRMP-2 but not on CRMP-4 protein was
indicated. In the same study, an up-regulation of β-actin
transcription was reported, but no significant effects of the
neonatal hypothyroidism on the protein amount was
observed. Moreover, no statistical significance on the
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effects of treatment on Gαo and Gαo1 proteins were
evidenced. The up-regulation of CRMP1 to 4 gene’s
mRNA as well as of the CRMP-2 protein in the neonatal
hypothyroid rats may represent part of the regulatory
mechanism involved in the control of growth cone collapse
in this animal model. Other results on the mechanism of
CRMP-2-induced growth cone collapse suggest that phos-
phorylation of CRMP-2 may destabilize microtubule
bundle in the growth cone and induce growth cone collapse
(Gu and Ihara 2000).

The neural cell adhesion molecule (CAM) TAG-1, a
member of the immunoglobulin superfamily is thought to
play an important role in axonal growth and guidance,
neurite outgrowth and the formation of highly ordered
neural connections (Furley et al. 1990). TAG-1 RNA and
protein levels are upregulated in the hypothyroid CNS
(Alvarez-Dolado et al. 2001) in several areas including the
hippocampus. In agreement with this, TAG-1 protein was
overexpressed in the major fibre tracts arising from
hippocampal commissures. In all cases, elevation of TAG-
1 RNA and protein expression could be reversed by TH-
treatment. Changes in TAG-1 protein levels may contribute
to explain at least partially the alterations in neuronal
maturation and connectivity found in the hypothyroid brain.

Effects of hypothyroidism on the hippocampal cholinergic
system

The cholinergic system is well established to be involved in
higher brain functions such as learning and memory (Bartus
et al. 1982). Among five subtypes of muscarinic acetyl-
choline receptors, the muscarinic receptor 1 (M1) is one of
those predominant in the hippocampus and the cerebral
cortex (Mash and Potter 1986). Muscarinic activation
facilitates the induction of LTP (Burgard and Sarvey
1990), so that changes of M1 expression may influence
neural activity by modulating excitatory synaptic transmis-
sion. M1 has also been reported to activate a mitogen-
activated protein kinase (MAPK) like M3 and M5 (Wotta et
al. 1998). Furthermore, extracellular stimuli such as neuro-
transmitters and neurotrophins causing signal transduction
via MAPK have been implicated in several cellular events
during development (including morphological growth and
differentiation and cell survival of neurons, along with
synaptic plasticity) (Fukunaga and Miyamoto 1998).

Recently, Kobayashi et al. (2005) have demonstrated that
the expression level of M1 mRNA in the hippocampus of
propylthiouracil (PTU)-treated (hypothyroid) rats is re-
duced during the early stage of development, although this
does not seem to persist into adulthood. Thus, based on the
actions of M1 mentioned above, the PTU-induced reduc-
tion of M1 mRNA expression during the early stages of
development may result in a disturbance of the neuronal

growth, synapse formation and neuronal wiring during
development, and cause the subsequent impairment of
learning and memory after maturation.

Additionally, the activity of choline acetyltransferase
(ChAT), an enzyme marker for cholinergic nerve terminals,
is exquisitely sensitive to thyroid status. Indeed, perinatal
exposure to various doses of PTU, beginning on gestational
day 18 and terminating on postnatal day 21, evinced a
graded reduction of ChAT activity in rat hippocampus
(Sawin et al. 1998). Concomitant with the enzyme deficits,
hemicholinium-3 binding was elevated, suggesting an
increase in neuronal impulse activity. Since ChAT is a
marker for the cholinergic nerve terminals, these subnormal
enzyme activities suggested a proportional decrease of
neuronal density. Nonetheless, these neurochemical alter-
ations appeared to be recoverable by euthyroidism, and no
further changes were observed as the rats reached adult-
hood. Similar results were obtained, when the experimental
protocol used polychlorinated biphenyl (PCB) for the
chemical induction of hypothyroidism in neonatal rats
(Juárez de Ku et al. 1994).

As far as the adult-onset hypothyroidism is concerned, a
significant increase of the acetylcholinesterase (AChE)
activity (by approximately 22%) and a significant decrease
of the sodium/potassium-adenosine-triphosphatase (Na+,
K+-ATPase) activity (by approximately 45%) were ob-
served when measured in the rat hippocampus on the 21st

day of the PTU-induced hypothyroidism (Carageorgiou et al.
2007). Acetylcholine (ACh) is a very important neurotrans-
mitter for CNS function. Its action is dependent on its
metabolizing enzyme, AChE, which was found to be
involved in the release of ACh (Kouniniotou-Krontiri and
Tsakiris 1989; Rami et al. 1989). AChE also induces LTP in
hippocampal pyramidal neurons (Appleyard 1995). The
synaptic plasma membrane Na+,K+-ATPase is an enzyme
that regulates the action potential that in turn is responsible
for the regulation of synaptic transmission by other neuro-
transmitters (Sastry and Phillis 1977). As mentioned above,
hypothyroidism significantly affected Na+,K+-ATPase and
AChE activity on rat hippocampus.

Effects of hypothyroidism on the hippocampal adenine
nucleotide hydrolysis

Adenine nucleotides represent an important class of
extracellular molecules involved in the modulation of
signalling pathways that are crucial for normal CNS
functioning. In particular, adenosine triphosphate (ATP) is
an excitatory neurotransmitter, and adenosine has inhibitory
effects on neurotransmission. Adenosine is an endogenous
purine associated with an important modulatory role in
neuronal activity (Latini and Pedata 2001). Adenosine
molecules activate the presynaptic adenosine A1 receptors,
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which reduce neurotransmitter release, depressing the
neuronal activity in the CNS. Previous studies have
demonstrated that the ATP, released as a neurotransmitter,
is hydrolyzed to adenosine by the conjugated action of an
ATP diphosphohydrolase (ecto-nucleoside triphosphate
diphosphohydrolase 3; NTPDase3) and a 5'-nucleotidase
in brain synaptosomes (Battastini et al. 1991).

Bruno et al. (2005) aimed at evaluating the effects of
hypothyroidism on the hydrolysis of ATP to adenosine in
hippocampal synaptosomes of rats during different phases
of development. Hypothyroidism was induced in these rats
by thyroidectomy and methimazole (0.05%) added to their
drinking water for 14 days. Hypothyroidism increased the
adenosine monophosphate (AMP) (but not the ATP or the
adenosine diphosphate; ADP) hydrolysis in 14-day-old rats,
increased the AMP (but not the ATP or the ADP)
hydrolysis in 60-day-old rats and increased both the ATP
and the AMP (but not ADP) hydrolysis in 420-day-old rats.
The increased hydrolysis of AMP in the hippocampus of
rats submitted to neonatal or adult hypothyroidism shows
an activation of the 5'-nucleotidase activity. This fact may
result in a substantial increase in the brain adenosine levels,
disturbance of the hippocampal neurotransmission and
finally, in hypothyroidism-related memory impairment,
which is frequently associated with decreased excitatory
transmission. Furthermore, the additional increase in the
ATP hydrolysis in synaptosomes from 420-day-old hypo-
thyroid rats shows a lower availability of ATP as an
excitatory neurotransmitter. The low ATP levels as well as
the potential increase in the adenosine levels could
contribute to the severity of hypothyroidism during ageing.

Astrocytes are the major cellular population in the CNS
and are indispensable partners of neurons, both in physio-
logical and pathological conditions. Changes in the func-
tional characteristics of these cells induced by TH-
deficiency, during brain development, result in severe
neurological alterations. Recently, Braganhol et al. (2006)
demonstrated the effects of neonatal hypothyroidism on the
metabolism of ATP to adenosine in cultured astrocytes from
different brain regions. A significant increase in AMP
hydrolysis by 47% was observed in hippocampal astrocytes
from rats submitted to neonatal hypothyroidism in relation
to astrocytes of control animals. Treatment with T3 signifi-
cantly reverted the increase in AMP hydrolysis, indicating
the presence of a rapid effect of T3 on astrocytes in this brain
structure.

Effects of hypothyroidism on the hippocampal
neurotransmission, neuromodulation and synaptic plasticity

TH-deficiency has been reported to affect the expression
and/or activity of the enzymes that regulate the action of
several neurotransmitter and neuromodulators. One of these

enzymes, prostaglandin D2 (PGD2) synthase is the enzyme
responsible for the synthesis of PGD2 from its precursor
PGH2 (prostaglandin H2) in the CNS (Ujihara et al. 1988).
PGD2 is a major prostaglandin in the brain of humans and
rats and functions as a neuromodulator of several central
actions such as the sleep-wake cycle, body temperature,
neurotransmitter release and odour responses. Remarkably,
PGD2 and some of its derivatives act as ligands for the
peroxisome proliferator-activated receptors, which regulate
genes involved in lipid metabolism. Also, PGD2 synthase
has been identified as the p-trace protein, and sequence
analysis data conclude that it belongs to the lipocalin family
of small lipid carriers. Thus, PGD2 synthase has a dual
action both as an enzyme and as a transporter of its own
product throughout the brain. García-Fernández et al.
(1997) described a complex pattern of PGD2 synthase
immunoreactivity during the early postnatal development of
the rat brain and a number of clear differences between
control and hypothyroid animals. In particular in the
hippocampus, PGD2 synthase protein levels were higher
in neurons of the CA1 and CA3 regions and the dentate
gyrus of hypothyroid animals on postnatal days 5, 15 and
25. Furthermore, by affecting the expression and/or location
of the PGD2 synthase, and hence putatively the synthesis of
PGD2 and its derivatives, hypothyroidism may alter key
brain processes, such as myelination and others involving
active lipid synthesis and metabolism.

Reductions in the TH-levels during critical periods of CNS
development can have permanent, devastating effects on
neurological function and particularly in terms of cognitive
ability (Correia et al. 2009). Gilbert and Paczkowski (2003)
examined field potentials evoked in the dentate gyrus of
the hippocampal formation in vivo in adult offspring of
dams administered PTU and rendered hypothyroid just
prior to parturition. Developing rats were exposed to the
thyrotoxicant PTU, through the drinking water of pregnant
dams beginning on gestational day 18 and extending
throughout the lactational period. Hippocampal field
potentials reflect the summated excitatory and inhibitory
output of a population of neurons. Intracellular recordings
reveal that an initial excitatory postsynaptic potential
(EPSP) is presumably the positive component of the field
potential.

Accumulating evidence indicate that the effects of THs
on synaptic plasticity may be related with the control of
gene expression. Among the neuron-specific gene products
dependent upon TH, RC3, as mentioned above, represents a
potential target whose dysfunction may underlie impair-
ment in hippocampal synaptic plasticity. RC3 is phosphor-
ylated in response to LTP stimulation in the hippocampus.
TH-deficiency during development reduces the final levels
of neurogranin mRNA and protein expressed in the dentate
gyrus. A permanent reduction in expression of neurogranin
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in dentate granule cells following developmental hypothy-
roidism may underlie the observed impairments in synaptic
plasticity (Gerges et al. 2001). Under the same conditions
as in the dentate gyrus described above, Gilbert (2004)
studied the influence of hypothyroidism in synaptic
transmission and plasticity in area CA1 of adult hippocam-
pus. Synaptic transmission, short-term, and long-term
synaptic plasticity were assessed. Consistent with observa-
tions in the dentate gyrus, somatic population spike
amplitudes were reduced in assessments of baseline
synaptic transmission of slices from PTU-exposed animals.
No differences were identified in EPSP. Short-term plastic-
ity of the EPSP as indexed by paired pulse facilitation was
markedly impaired by PTU exposure. The LTP of the
population spike was enhanced, consistent with findings in
dentate gyrus, but no change in EPSP LTP was detected.
Enhancements in population spike LTP in area CA1 and
dentate gyrus may culminate from hypothyroid-induced
changes in synaptic structure, cellular excitability, presyn-
aptic Ca2+ function, or gamma-aminobutyric acid (GABA)-
mediated inhibition. A number of TH-responsive genes that
are critical for cell migration, dendritic arborization,
synapse formation, myelination and structural changes
within CA1 pyramidal cells have already been referred.
Alterations in the expression of these genes due to
hypothyroidism may lead to reversible changes in synaptic
transmission and plasticity of CA1 area (Gerges et al. 2001;
Sui and Gilbert 2003; Gerges and Alkadhi 2004; Alzoubi et
al. 2005). Permanent disruption of synaptic function and/or
plasticity may contribute to the neurological deficits
associated with hormone deprivation during critical periods
of CNS development, and to learning and memory deficits
in adult-onset hypothyroidism (Sui et al. 2006).

The MAPKs family comprehend the extracellular signal-
regulated kinases (ERKs), the Jun N-terminal kinases
(JNKs) and p38 mitogen-activated protein kinases
(p38MAPKs) (Chang and Karin 2001). Extracellular
signals like growth factors and hormones activate the
ERK pathway, while JNKs and p38MAPKs are primarily
activated by stressful stimulus and are largely associated
with programmed cell death in the brain. In the hippocam-
pus, ERKs have been involved in neural plasticity such as
LTP and memory formation, and recently it has been
evidenced that p38MAPKs and JNKs are also involved in
modulation of hippocampal plasticity (Thomas and Huganir
2004). Hippocampus of hypothyroid rats presented a
significant increase (+50%) in ERK1/2 phosphorylation
and a reduction (-50%) in p38MAPK phosphorylation
compared to the control animals (Calloni et al. 2005; Sui
et al. 2005). No differences were observed in JNK
phosphorylation.

The GABAergic interneurons comprise the bulk of local
inhibitory circuitry in brain, many of which contain the

calcium binding protein, parvalbumin (PV) (Kosaka et al.
1987). PV confers on the interneuron specific electrical and
metabolic properties that can impact their function. PV-
expressing interneurons are basket and chandelier cells that
synapse directly on the soma or initial axonal segment of
principal cells of hippocampus. Activation of these local
circuit neurons effectively limits the firing of action
potentials by pyramidal cells of the hippocampus and
granule cells of the dentate gyrus.

It should be noted that a reduction in PV immunoreac-
tivity (PV-IR) in cortex and hippocampus of animals with
moderate degrees of (PTU-induced) TH-insufficiency has
been described (Gilbert et al. 2007). The cross-fostering
study revealed that hormone insufficiency in the early
postnatal period is both necessary and sufficient for altered
expression of PV-IR in inhibitory neurons. Hormone
reductions restricted to the prenatal period or initiated in
adulthood were without effect on PV-IR. However, hor-
mone insufficiency that spanned the prenatal and postnatal
period produced more profound deficits in PV-IR than
postnatal exposure alone. Of the three hippocampal
subregions, the dentate gyrus appeared to be the most
severely impacted. Although some recovery ensued on
termination of exposure and return to euthyroid status in
adulthood, significant suppression of PV-IR remained.
These persistent alterations in PV-IR in hippocampal
interneurons were associated with functional deficits in
inhibitory synaptic transmission in the dentate gyrus.
Synaptic inhibition of the perforant path-dentate gyrus
synapse evaluated in adult offspring, in vivo, revealed
dose-dependent reductions in paired pulse depression
indicative of a suppression of GABA-mediated inhibition.
In summary, all phases of synaptic inhibition were
disrupted to varying degrees in animals exposed to PTU
and a general pattern of disinhibition was apparent.
Additionally, results of immunostaining for a marker of
GABA neurons indicate that the total complement of
GABA-containing neurons remains intact in hypothyroid
animals (Berbel et al. 1996). Additional experimental data
concluded that TH deficiency leads to disturbed chlorine
ion (Cl-) homeostasis, delaying the onset of synaptic
inhibition (Friauf et al. 2008).

Epilogue

THs have a broad spectrum of effects on the CNS. A
decrease of them, especially during development leads to
structural and functional dysfunction of the brain in humans
and experimental animals. Additionally, severe hormone
deprivation leads to reductions in physical growth and
mental retardation, particularly if insufficiency occurs in the
early postnatal period.
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TH-deficiency during fetal and neonatal periods in rats
produces deleterious effects in the hippocampus, such as
reduced synaptic connectivity, delayed myelination, dis-
turbed neuronal migration, deranged axonal projections,
decreased synaptogenesis and alterations in the levels of
neurotransmitters. Furthermore, adult thyroid dysfunction is
also associated with neurological alterations and behaviou-
ral abnormalities. However, the mechanisms of actions of
THs in the adult hippocampus are poorly understood.

In the past, hippocampus was considered as a non-target
region of THs, despite the evidence that TH-deficiency in
developing mammals is associated with severe morpholog-
ical and functional alterations. Today, it is clear that THs
have direct actions on the hippocampus, and that these
actions are exerted through the nuclear receptors and
regulation of gene expression. In particular, TH-deficiency
in early life leads to lasting changes in the hippocampus,
including a reduction in the number of granule cells in the
dentate gyrus, as well as alterations in the chemical
composition of cells and the retardation in the development
of pyramidal and granule cells. These changes can affect
the organization of neuronal connections in the hippocam-
pus and thus contribute to some of the behavioural
abnormalities seen in congenital cretinism.

Structural changes within pyramidal cells and dentate
gyrus following perinatal hypothyroidism are associated with
functional deficits in hippocampal synaptic circuitry and both
pyramidal cells and dentate gyrus are implicated in this
dysfunction. Also, deficits in short-term and long-term
synaptic plasticity that take place in these regions have been
associated with impairments on a variety of cognitive tasks.
As the hippocampus represents a critical neural substrate for
some forms of learning, compromises in hippocampal
synaptic function and plasticity may contribute to cognitive
impairments that accompany early TH-insufficiency

The reported different effects of THs on brain gene
expression depending on the area studied and the age of the
animal (Mellström et al. 1994) point to a very complex
effect of hypothyroidism on brain development, where
different kinds of neurons respond to this hormone in very
different fashions. The surprisingly low number of genes
found to be altered by hypothyroidism contrasts with the
abundance of TH-receptors in the brain and the wide
phenotypic alterations caused by TH-deficiency. Most of
the TH-regulated genes in the rat brain are sensitive to the
hormone only during a narrow window of the postnatal
period. The critical period of TH sensitivity in the brain is
limited to the first 2-3 postnatal weeks in the rat. In the
human, the sensitive period would correspondingly start
after midpregnancy.

Additionally, maternal hormones have recently been
demonstrated to play an important role in cell migration
in the fetal neocortex (Ausó et al. 2004), much before the

onset of fetal thyroid gland function. Genes regulated in the
fetal brain by maternal T4 have yet to be identified, and
application of global analysis of gene expression using
suitable models of fetal hypothyroidism may help to identify
TH-regulated genes during fetal brain development.
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