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ABSTRACT 
Clinical lore in psychiatry has long suggested interactions between thyroid function and mood, 
with clinicians often reporting hypothyroidism accompanied by depressed mood in affected 
subpopulations.  Researchers from an array of disciplines have sought to elucidate the shared 
pathophysiology, symptomalogy, and etiology underlying these thyroid-mood comorbidities.  
This review assembles recent findings in an effort to better understand the biological basis of 
thyroid-depression interactions.  The convergence of genetic, biochemical, animal behavior, 
neuroimaging, and drug-related approaches holds notable promise in this developing field.  
Further work has implications for pharmacological augmentation in the treatment of mood and 
thyroid disorders. 
 
INTRODUCTION 
 

Thyroid hormones are known to play 
a diverse range of roles in the body, notably 
through their regulation of cell 
differentiation, growth and metabolism.  
Thyroid interactions are implicated in the 
core pathophysiology of an array of 
conditions, including obesity, cardiovascular 
disease, and osteoporosis.  In the brain, 
thyroid hormones are known to stimulate 
the production of myelin, signaling proteins, 
and enzymes involved in the synthesis of 
key neurotransmitters.   Deficiencies in 
thyroid signaling during perinatal 
development lead to irreversible brain 
damage and mental retardation (reviewed in 
Bauer et al., 2002).  Studies of thyroid 
interactions in mood disorders are rooted in 
clinical lore suggesting that hypothyroidism 
and depressed mood may be related 
physiologically.  This review summarizes 
recent genetic, biochemical, animal model, 
neuroimaging, and drug studies in the field.   
 

Annually, approximately seven 
percent of Americans suffer from a mood 
disorder, including the two major forms, 
major depression and bipolar disorder.  
Characterized by low mood, feelings of 
hopelessness, and changes in sleep and 
appetite, major depression is the leading 
cause of disability worldwide (Department of 
Health and Human Services, 1999).  Until 

recently, research has centered on the 
monoamine neurotransmitters 
norepinephrine, serotonin, and dopamine.  
Limitations of current treatment options, 
including response latency, inconsistent 
outcome, and severe side effects (Alt et al., 
2006), have led to the pursuit of novel 
therapeutic options mediated through other 
physiological systems, including the 
hypothalamic-pituitary-thyroid (HPT) axis.  
Thyroid and mood disorders share 
commonalities in symptomalogy, with 
hypothyroidism often manifesting as fatigue 
or decreased energy, suggesting that 
hypothyroidism may worsen mood in 
depressed individuals.   

 
OVERVIEW OF THE HYPOTHALAMIC-
PITUITARY-THYROID (HPT) AXIS 
 
 Much like the hypothalamic-pituitary-
adrenal (HPA) axis, the HPT axis includes a 
series of negative feedback circuits that 
regulate the secretion of a hormone with 
global effects.  The release of thyrotropin-
releasing hormone (TRH) by the 
hypothalamus mediates the production of 
thyrotropin-stimulating hormone (TSH) in 
the pituitary gland.  Analogous to the effects 
of adrenocorticotropic hormone (ACTH) on 
the adrenal glands, TSH stimulates the 
production of thyroxine (T4) and 
triiodthyronine (T3) by the thyroid (reviewed 
in Bauer et al., 2008).  These thyroid 
hormones suppress further TSH secretion 
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through a well-characterized negative 
feedback loop projecting back to the 
pituitary.  T4 and T3 may also engage in 
direct regulation of the hypothalamus in a 
manner similar to that of cortisol (Shupnik, 
Ridway, and Chin, 1989).    
 In contrast to the HPA axis, 
however, the HPT axis includes a complex 
array of post-secretion mechanisms to 
regulate the concentration and activity of the 
modulated hormone, notably in the brain.  
These processes include the transport of 
thyroid hormones to target areas and the 
interconversion between the prohormone 
precursor T4 and biologically-active T3.  
Generally, only 20% of T3 found in the 
cerebral cortex is produced directly by the 
thyroid, with the majority being converted 
locally from T4 by the deiodinase enzymes 
D1 and D2 (Bauer et al., 2008).  Thyroid 
hormones enter the brain via a number of 
transporters, including transthyretin (TTR), 
which carries most of the T4 across the 
blood-brain barrier (Robbins and 
Lakshmanan, 1992).   
 

 
Figure 1.  Hypothalamic-pituitary-thyroid (HPT) axis 
The hypothalamus releases thyrotropin releasing 
hormone (TRH), which stimulates the secretion of 
thyroid stimulating hormone (TSH) by the pituitary.  
TSH increases the release of T4 and T3, which in turn 
engage in negative feedback with the hypothalamus 
and pituitary.   
 

Because the conversion of T4 to T3 
takes place in the intracellular environment, 
notably in glial cells, T4 must enter these 
cells through specialized carriers, several of 
which have been characterized.  
Specifically, organic anion transporter 
polypeptide 1 (OATP1C1) and 
monocarboxylase transporter 8 (MCT8) 
show a high specificity for the transport of 
T4 into neurons and glia, where it is 
converted to T3 (Bauer et al., 2008).  MCT8 
also conveys T3 (Dayan and Panicker, 
2009), while OATP1C1 transports reverse 
T3 (Tr3), an inactive isomer of T3 that 
engages in competitive inhibition with T3.  
Both OATP1C1 and MCT8 are also 
expressed in the choroid plexus at the 
blood-CSF barrier and thus play an 
important role alongside TTR in the 
transport of thyroid hormones into the brain 
(Visser et al., 2007).     
 Once inside the cell, T4 may be 
converted into a number of active and 
inactive forms.  In the central nervous 
system, the deiodinase enzyme D2 converts 
T4 into T3.  T4 can also be converted into the 
inactive form Tr3 by D3, which is believed to 
serve as a regulator of thyroid hormone 
signaling.  D3 also terminates signaling 
through the deiodination of T3 into T2, an 
inactive product that is rapidly metabolized 
(Bianco and Kim, 2006).  A third deiodinase, 
D1 is expressed mainly in the kidney and 
liver and serves to convert circulating T4 to 
T3 (Yen, 2001).  Together, these deiodinase 
enzymes create an equilibrium environment 
through which intracellular thyroid hormone 
activity can be tightly regulated within 
physiological ranges.    
 Like steroid hormones such as 
cortisol, active T3 binds to intracellular 
receptors that in turn act as transcription 
factors at promoter elements of targeted 
genes.  The thyroid receptor complex 
interacts with the thyroid hormone response 
element (TRE) and alters transcription of 
genes through the release of co-repressors 
(reviewed in Yen, 2001).  Thyroid receptors 
are widely expressed in the adult brain, with 
the greatest observed expression in higher-
level subcortical areas, including the 
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amygdala and hippocampus.  Genes 
modulated by thyroid receptors are known 
to code for a diverse group of proteins 
including myelin, neurotrophins and their 
receptors, regulators of translation and 
splicing, and components of intracellular 
signaling pathways (reviewed in Bauer et 
al., 2008).  Given the varied functions of 
these downstream products of thyroid 
hormone signaling, it is conceivable that 
disruptions in HPT axis would have major 
ramifications in the pathophysiology of 
psychiatric illnesses.     
 
GENETIC STUDIES OF THYROID 
HORMONE REGULATION 
 
 Several recent genetic studies relate 
thyroid hormone activity to depression-
related phenotypes, implicating post-
secretion regulation of thyroid hormones.  
The study of genetic variants, notably single 
nucleotide polymorphisms (SNPs), has 
greatly contributed to our understanding of 
depression psychopathology.  Panicker et 
al. (2009) found that the common SNP 
rs225014 in DIO2, the coding gene for D2, 
was associated with decreased baseline 
psychological well-being as measured by 
the General Health Questionnaire 12 (GHQ-
12) and Hospital Anxiety and Depression 
scale (HAD-D).  There was no correlation, 
however, between psychological well-being 
and genetic variants in response to T4 
replacement therapy.  The SNP identified in 
the study is nonsynonymous (resulting in 
Thr92Ala) and has previously been shown 
to reduce D2 velocity in vivo in skeletal 
tissue.  Thr92Ala did not alter thyroid 
function or circulating thyroid hormone 
levels, suggesting that its effects are 
mediated by local deiodination of T4.  These 
data emphasize the limitations of measuring 
circulating serum thyroid hormone levels in 
brain-related studies, as the local 
conversion of T4 to T3 appears to be the 
primary mechanism by which T3 levels are 
modulated.     
 The selective thyroid transporter 
OATP1C1 has also been examined in 
studies of mood-related phenotypes.  In a 

study of T4 replacement treatment in 
patients with autoimmune hypothyroidism, 
van der Deure et al. (2008) correlated 
depression and fatigue with two SNPs in the 
coding gene for OATP1C1, SLCO1C1.  The 
authors used the Profile of Moods States 
(POMS), Multidimensional Fatigue Inventory 
(MFI-20), and Rand 36-item health survey, 
and Symptom Checklist (SLC-90) to 
evaluate mood.  The two SNPs, Intron 3 
C>T and C3035T, led to decreased 
symptoms of depression and fatigue in an 
allelic dose-dependent manner.  While the 
functional effects of these SNPs on 
OATP1C1 remain to be clarified, the study 
suggests that genetic variants in the HPT 
axis may underlie impairments in mood.  
The use of multiple questionnaires lends 
credibility to their findings despite the large 
number of comparisons.  In the treatment 
portion of the study, however, van der 
Deure et al. (2008) did not find preference 
for T4/T3 treatment over T4 treatment in 
subjects with these variants. 
 

 
 

Figure 2.  Thyroid hormone metabolism 
Thyroxine, or T4, is the inactive precursor to T3 and 
reverse T3 by deiodination.  T3 is the active thyroid 
hormone, while rT3 is an inactive competitive 
inhibitor. Thyroid signaling is terminated by 
deiodination to T2, which is rapidly excreted.   

 
Genetic variant analysis shows 

promise in the elucidation of HPT-axis 
components underlying thyroid-depression 
interactions.  Recent studies demonstrate 
that genetic variants may offer predictive 
value for baseline differences in mood-
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related phenotypes but not treatment 
response.  These findings suggest that 
compensatory mechanisms are not 
sufficient to reverse changes in mood 
associated with altered thyroid hormone 
signaling, consistent with the pivotal role 
thyroid hormones play in cell differentiation 
and maturation (reviewed in Bauer et al. 
2008).  These studies further illustrate 
potential difficulties with direct 
pharmacological manipulation of thyroid 
hormone signaling due to complex 
developmental processes mediated by the 
HPT-axis.     

 

 
 

Figure 3.  Thyroid hormone transport 
Upon crossing the blood-brain barrier, T4 is taken up 
by astrocytes by OATP1C1 and converted to T3 by 
deiodinase 2 (D2).  The active T3 is transported into 
neurons by MCT8, where it binds to nuclear receptors 
and activates transcription factors.   

 
 

MOUSE MODELS OF ALTERED 
THYROID HORMONE SIGNALING 
 
 Mouse models are of special 
importance in the study of physiology and 
behavior in vivo without the risks of invasive 
procedures in human subjects.  Mouse 
models engineered to harbor genetic 
manipulations of specific genes offer 
opportunities to probe the physiological role 
of their respective gene products using 
behavioral and biochemical techniques.  A 
study of dio2-knockout mice, conducted by 
Galton et al. (2006) found reduced levels of 
brain T3 in knockout mice during 
development.  T3 levels in these mice were 
similar to those in surgically-induced 
hypothyroid mice, suggesting that the loss 
of D2 was physiologically disruptive.  
Expression of the T3-responsive genes rc3 

(neurogranin) and ntrk2 (neurotrophic 
tyrosine kinase), however, was not 
consistently altered.  In addition, dio2-
knockout mice did not show a robust 
neurological phenotype in a battery of 
behavioral paradigms, with the exception of 
a trend toward significance for increased 
anxiety-like behavior in the elevated plus 
maze.  These findings emphasize the 
importance of compensatory mechanisms, 
as T3 levels registered only a drop of 25-
50% decline in the knockout mice.  
Whereas the biochemical experiments were 
conducted in mice at a relatively young age 
(P15), the behavioral assays were not 
performed until the mice were at 10 weeks, 
suggesting that compensatory mechanisms 
had intervened by adulthood.   
 Other animal models suggest 
possible interactions of thyroid hormones 
with neurotransmitter systems implicated in 
the pathophysiology of depression.  Animal 
studies have consistently replicated the 
finding that hypothyroidism results in 
increased serotonin turnover in the 
brainstem and decreased cortical and 
whole-brain serotonin levels.  An 
established hypothesis focuses on the 
overactivation of the 5HT1A autoreceptor, 
which is localized to the raphé nucleus, 
leading to decreased serotonin signaling in 
cortical areas.  Subsequent studies, 
however, have not found differential 
expression of the 5HT1A receptor in induced 
hypothyroidism (Bauer et al., 2002).   A 
recent study conducted by Lifschytz et al., 
(In Press) assessed the expression of the 
5HT1A and 5HT1b autoreceptors in rats 
following treatment with the selective 
serotonin reuptake inhibitor (SSRI) 
fluoxetine, thyroid hormone (T3), and 
combined treatment.  Using real-time PCR, 
the authors found reduced transcription of 
5-HT1A receptors in the amygdala and 
hippocampal dentate gyrus following 
administration of T3, consistent with 
increased serotonin signaling from the 
raphé nucleus.   

In a second experiment, Lifschytz et 
al., (In Press) studied exploratory behavior 
in the novel suppressed feeding task 
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following chronic treatment with fluoxetine 
and/or T3.  They found that rats treated with 
both T3 and fluoxetine showed reduced 
latency to feeding, suggesting that the 
treatment had an anxiolytic effect.  The 
authors suggest that reduced latency to 
feed may also be a surrogate of increased 
pleasure-seeking behavior.  The lack of 
other paradigms designed to examine 
mood-related behaviors, however, limits 
interpretation of these findings.  
Nevertheless, when combined with previous 
findings by Lifschytz et al. (2006) showing 
that T3 results in a similar forced swim test 
phenotype to that of an SSRI, these studies 
suggest a possible direct relationship 
between thyroid signaling and serotonin-
related pathophysiology.  As a measure of 
despair behavior, the forced swim test is an 
established model for mood-related 
behavior in mouse and rat models.   

Recent work with animal models 
also suggests a direct role of thyroid 
hormones in hippocampal neurogenesis, 
which is implicated in several theories of 
depression etiology.  In particular, the HPA 
axis model of depression posits that 
hippocampal neurogenesis facilitates 
negative feedback on the hypothalamus via 
the amygdala, thus reducing the effects of 
physiological stress.  One study, conducted 
by Montero-Pedrazuela et al. (2006), found 
impaired neurogenesis in the subgranular 
zone of the dentate gyrus in rats following 
adult-onset hypothyroidism.  These rats also 
showed increased despair behavior in the 
forced swim test, suggesting a depression-
like phenotype.  Chronic treatment with 
thyroid hormone reversed the behavioral 
phenotype and restored neurogenesis, 
demonstrated by renewed proliferation of 
neurons expressing doublecortin, a 
microtubule-associated protein found only in 
immature neurons, and increased dendrite 
formation.  Because surgical 
thyroidectomies were not completed until 
P75, the observed decrease in 
neurogenesis of only about 30% was likely 
heavily influenced by significant 
compensatory mechanisms.  Nevertheless, 
the treatment group received thyroid 

hormone over a span of only three weeks 
(P95-120) and showed a rapid reversal in 
neurogenesis and behavior.  These findings 
suggest that acute hypothyroidism can be 
more easily treated than chronic cases, 
consistent with the long-term effects of 
thyroid hormone signaling.   

These studies in animal models 
highlight the complexities of changes in 
thyroid signaling and their role in mood 
regulation.  One of the most important 
challenges remains the ability of studies to 
screen out compensatory mechanisms in 
paradigms requiring genetic or surgical 
manipulation of thyroid hormone signaling.  
Consequently, conditional knockout models 
could greatly improve the validity of studies 
in this field.  The latest genetic manipulation 
techniques, including the Cre-LoxP system 
and RNAi (Gao & Zhang, 2007), allow both 
spatial and temporal specificity of gene 
suppression, thus reducing the effects of 
compensatory mechanisms and allowing for 
targeting of specific brain areas.   

 
NEUROIMAGING STUDIES OF 
AFFECTED CIRCUITRY 

 
Neuroimaging research on thyroid-

depression interactions has largely centered 
on identifying areas of altered activity and 
oxygen perfusion in the brain as a result of 
hypothyroidism.  Using single positron 
emission computed tomography (SPECT), 
Krausz et al. (2004) found a significant 
decrease in regional cerebral blood flow 
(rCBF) in patients with mild adult-onset 
hypothyroidism.  rCBF was reduced in 
several cortical areas, including the regions 
of the occipital, cingulate, insular, and motor 
cortices, and did not reverse with treatment 
to restore a euthyroid state.  Interestingly, 
the areas affected in the brain did not 
include the hippocampus and amygdala, 
which are known to show a high expression 
of thyroid hormone receptors.  This initial 
study used SPECT, however, which does 
not provide precise spatial resolution.   

A later study conducted by Bauer et 
al. (2009) found reduced neural activation in 
regions traditionally implicated in depression 
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etiology.   Using positron emission 
tomography (PET) with the radioligand 
[18F]fluorodeoxyglucose, the authors found 
reduced glucose metabolism in the 
amygdala, hippocampus, subgenual 
prefrontal cortex, and areas of the anterior 
and posterior cingulate cortex.  Perhaps the 
most striking finding was the association of 
somatic and depressive symptoms with 
decreased anterior cingulate cortical (ACC) 
activity in hypothyroid patients based on the 
Hamilton Rating Scale for Depression 
(HRSD).  Both the clinical and glucose 
metabolism effects were reversed with 
thyroid hormone replacement therapy, 
particularly in the ACC.   

While only a few neuroimaging 
studies have been performed to analyze 
thyroid-depression interactions, it should be 
noted that several brain regions implicated 
in depression show abnormal activity in 
hypothyroid patients.  These findings 
suggest that reduced activation in these 
areas stemming from decreased perfusion 
may be a significant contributing factor to 
abnormalities in affected circuits.  It remains 
unclear whether these effects are mediated 
by local changes in metabolism, 
deficiencies in the expression of specific 
proteins through the downregulation of key 
circuits of neurotransmission, or a 
combination of these physiological changes.   
Future studies may investigate specific 
changes in neural circuits, such as white 
matter abnormalities, using diffusion tensor 
imaging (DTI) or receptor binding potential 
using PET.   

 
AUGMENTATION THERAPEUTIC 
STUDIES OF HPT ELEMENTS 
 

Thyroid hormones have been a 
source of augmentation therapy in the 
treatment of depression for several 
decades.  Several studies regarding their 
efficacy are briefly reviewed here.  A meta-
review conducted by Altshuler et al. (2001) 
found that that in five of six eligible studies, 
T3 was significantly more effective than 
placebo at accelerating treatment response 
in combination with a tricyclic 

antidepressant.  They found a pooled, 
weighted effect size index of 0.58, which 
was highly significant (P = 0.002).  Another 
study, conducted by Cooper-Kazaz et al. 
(2007) investigated the effects of combined 
sertraline (an SSRI) and T3 administration in 
a clinical population.  In a randomized, 
double-blind, placebo-controlled trial 
conducted over eight weeks, the authors 
found remission rates of 58% in the 
sertraline-T3 group compared to the 38% 
with sertraline-placebo group.  The authors 
defined remission as an HRSD score of < 6.   

A study conducted by Jorde et al. 
(2006), however, suggests that findings of 
successful augmentation with thyroid 
hormones should be considered with 
caution.  Their study found that patients with 
subclinical hypothyroidism (TSH of 3.5-10 
mIU/L and normal serum free T4 and T3 
levels) showed no significant differences in 
cognitive function and symptoms as 
measured through the Beck Depression 
Inventory (BDI) scale.  These findings 
suggest that sizeable disturbances in the 
HPT axis are necessary to alter baseline 
neuropsychiatric symptoms in patients with 
thyroid deficiency.  Taken together, these 
studies suggest that augmentation therapy 
should be considered on an individual basis, 
although continuing elucidation of patient 
subpopulations may improve treatment 
specificity and prognosis.   
 
IMPLICATIONS AND FURTHER 
RESEARCH 

 
These studies demonstrate the 

promises and challenges of targeting thyroid 
signaling as an augmentation strategy for 
the treatment of depression.  Across an 
array of disciplines, the body of literature 
provides strong support for a 
neurophysiological link between thyroid 
hormone signaling and mood regulation.  
With estimates that 8% of the general 
population exhibit hypothyroidism, thyroid 
signaling likely plays a significant role in a 
sizeable portion of depression cases (Bauer 
et al., 2008).  The exact mechanisms by 
which T3 interacts with neurons and glia 
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remain to be ascertained, but the 
convergence of these interdisciplinary 
studies offers the opportunity to unify the 
field and move toward a deeper 
understanding of thyroid-depression 
interactions.  It is likely that the link between 
hypothyroidism and depression rests on a 
combination of developmental, 
neurochemical, and metabolic changes 
stemming from the multifaceted role of 
thyroid hormones in the brain.  Upon the 
foundations of genetic and biochemical 
studies, recent advances in neuroimaging, 
including DTI and fMRI, and conditional 
mouse models will facilitate the search for 
new approaches to augmentation therapy.  
Research on potential endophenotype 
markers of the depression-hypothyroidism 
syndrome holds promise in improving 
treatment specificity for those with 
increased susceptibility as determined by 
genetic and psychometric tests.  If findings 
in the field of depression are any indication, 
however, researchers will need to untangle 
a complex network of interactions.    
 
ACKNOWLEDGEMENTS 
The author thanks Dr. Andrew Tomarken, 
Associate Professor of Psychology at 
Vanderbilt University, for guidance and 
helpful comments on this manuscript.  
 
WORKS CITED 
 
Alt, A., Nisenbaum, E., Bleakman, D., and 
Witkin, J. (2006).  A role for AMPA 
receptors in  mood disorders.  
Biochemical Pharmacology, 71, 1273-1288.   
 
Altshuler, L., Bauer, M., Frye, M., Gitlin, M., 
Mintz, J., Szuba, M.P., Leight, K.L., and 
Whybrow, P.C. (2001). Does thyroid 
supplementation accelerate tricyclic 
antidepressant response? A review and 
meta-analysis of the literature. Am J 
Psychiatr,158, 1617–1622. 
 
Bauer, M., Heinz, A., and Whybrow, P.C. 
(2002).  Thyroid hormones, serotonin and 
mood: of synergy and significance in the 
adult brain. Mol Psychiatr, 7, 140–156. 

 
Bauer, M., Schlagenhauf, F., London, E., 
Miller, K., Whybrow, P.C., Rasgon, N., van 
Herle, K., van Herle, A.J., Phelps, M.E., and 
Silverman, D.H.S. (2006).  Effects of 
hypothyroidism on brain metabolism and its 
associations with neuropsychiatric 
impairments. Endocrine Abstracts, 11, S16. 
 
Bauer, M., Goetz, T., Glenn, T., and 
Whybrow, P.C. (2008).  The thyroid-brain 
interaction in  thyroid disorders and mood 
disorders.  J Neuroendocrinology, 20, 1101-
1114.   
 
Bauer, M., Silverman, D.H., Schlagenhauf, 
F., London, E.D., Geist, C.L., van Herle, K., 
Rasgon, N., Martinez, D., Miller, K., van 
Herle, A., Berman, S.M., Phelps, and M.E., 
Whybrow, P.C. (2009).   Brain glucose 
metabolism in hypothyroidism: a positron 
emission tomography study before and after 
thyroid hormone replacement therapy.  J 
Clin Endocrinol Metab, 94, 2922-9. 
 
Bianco, A.C. and Kim, B.W. (2006).  
Deiodinases: Implications of the local 
control of thyroid hormone action.  J Clin 
Invest, 116, 2571-2579.   
 
Cooper-Kazaz, R., Apter, J.T., Cohen, R., 
Karagichev, L., Muhammed-Moussa, S., 
Grupper, D., Drori, T., Newman, M.E., 
Sackeim, H.A., Glaser, B., and Lerer, B. 
(2007).   Combined treatment with sertraline 
and liothyronine in major depression: a 
randomized, double- blind, placebo-
controlled trial.  Arch Gen Psychiatry, 64, 
679-88. 
 
Dayan, C.M. and Panicker, V. (2009).   
Novel insights into thyroid hormones from 
the study of common genetic variation.  Nat 
Rev Endocrinol, 5, 211-8. Department of 
Health and Human Services (1999).  Mental 
Health:  A Report of the Surgeon General.  
Rockville, MD:  National Institute of Mental 
Health.   
 
Friesema, E.C., Grueters, A., Biebermann, 
H., Krude, H., von Moers, A., Reeser, M., 



Journal of Young Investigators      October 2010 
 
9 

Barrett, T.G., Mancilla, E.E., Svensson, J., 
Kester, M.H., Kuiper, G.G., Balkassmi, S., 
Uitterlinden, A.G., Koehrle, J., Rodien, P., 
Halestra, A.P., and Visser, T.J. (2004).  
Association between mutations in a  thyroid 
hormone transporter and severe X-linked 
psychomotor retardation. Lancet, 364, 
1435–1437. 
 
Galton, V.A., Wood, E.T., St Germain, D.L., 
Withrow, C.A., Aldrich, G., St Germain, 
G.M.,  Lark, A.S., and St Germain, D.L. 
(2007).   Thyroid hormone homeostasis and 
action in the type 2 deiodinase-deficient 
rodent brain during development.  
Endocrinology, 148, 3080-3088. 
 
Gao, X. & Zhang, P. (2007).  Transgenic 
RNA interference in mice.  Physiology, 22, 
161-166.  
 
Heuer, H., Maier, M.K., Iden, S., Mittag, J., 
Friesema, E.C., Visser, T.J., and Bauer K. 
(2005). The monocarboxylate transporter 8 
linked to human psychomotor retardation is 
highly  expressed in thyroid hormone-
sensitive neuron populations. 
Endocrinology, 146, 1701–1706. 
 
Jorde, R., Waterloo, K., Storhaug, H., 
Nyrnes, A., Sundsfjord, J., and Jenssen, 
T.G. (2006). Neuropsychological function 
and symptoms in subjects with subclinical 
hypothyroidism and the effect of thyroxine 
treatment. J Clin Endocrinol Metab, 91, 
145–153. 
 
Krausz, Y., Freedman, N., Lester, H., 
Newman, J.P., Barkai, G., Bocher, M., 
Chisin, R., and Bonne, O. (2004). Regional 
cerebral blood flow in patients with mild 
hypothyroidism. J Nucl Med,  45, 1712–
1715. 
 
Lifschytz, T., Goltser-Dubner, T., Landshut, 
G., and Lerer, B. (In Press).  Effect of 
triiodothyronine on 5-HT1A and 5-HT1B 
receptor expression in rat forebrain and on 
latency to feed in the novelty suppressed 
feeding test.  Prog Neuropsychopharmacol 
Biol Psychiatry, In Press.   

 
Montero-Pedrazuela, A., Venero, C., 
Lavado-Autric, R., Fernández-Lamo, I., 
García-Verdugo, J.M., Bernal, J., and 
Guadaño-Ferraz, A. (2006).  Modulation of 
adult hippocampal neurogenesis by thyroid 
hormones: implications in depressive-like 
behavior. Mol  Psychiatry, 11, 361–371. 
 
Panicker, V., Saravanan, P., Vaidya, B., 
Evans, J.,  Hattersley, A.T., Frayling, T.M.,  
and Dayan, C.M. (2009).  Common variation 
in the DIO2 gene predicts baseline 
psychological well-being and response to 
combination thyroxine plus triiodothyronine 
therapy in hypothyroid patients. J. Clin 
Endocrinol Metab, 94, 1623-1629.    
 
Shupnik, M.A., Ridgway, E.C., and Chin, 
W.W. (1989).  Molecular biology of 
thyrotropin. Endocr Rev, 10, 459-475. 
van der Deure, W.M., Appelhof, B.C., 
Peeters, R.P., Wiersinga, W.M., Wekking, 
E.M., Huyser,  J., Schene, A.H., Tijssen, 
J.G., Hoogendijk, W.J., Visser, T.J., and 
Fliers, E. (2008).  Polymorphisms in the 
brain-specific thyroid hormone transporter 
OATP1C1 are associated with fatigue and 
depression in hypothyroid patients. Clin 
Endocrinol (Oxf.), 69, 804–11.   
 
Visser, W.E., Friesema, E.C.H., Jansen, J., 
and Visser, T.J. (2008). Thyroid hormone 
transport in and out of cells. Trends 
Endocrinol Metabol, 19, 50–56. 
 
Yen, PM. Physiological and molecular basis 
of thyroid hormone action. Physiol Rev  
2001; 81: 1097–1142. 
 
 


