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Nongenomic roles of
thyroid hormones and
their derivatives in adult
brain: are these compounds
putative neurotransmitters?

Joseph V. Martin1* and Pradip K. Sarkar2

1Biology Department, Center for Computational and Integrative Biology, Rutgers University, Camden,
NJ, United States, 2Department of Basic Sciences, Parker University, Dallas, TX, United States
We review the evidence regarding the nongenomic (or non-canonical) actions

of thyroid hormones (thyronines) and their derivatives (including thyronamines and

thyroacetic acids) in the adult brain. The paper seeks to evaluate these compounds

for consideration as candidate neurotransmitters. Neurotransmitters are defined by

their (a) presence in the neural tissue, (b) release from neural tissue or cell, (c)

binding to high-affinity and saturable recognition sites, (d) triggering of a specific

effector mechanism and (e) inactivation mechanism. Thyronines and thyronamines

are concentrated in brain tissue and show distinctive patterns of distribution within

the brain. Nerve terminals accumulate a large amount of thyroid hormones in

mature brain, suggesting a synaptic function. However, surprisingly little is known

about the potential release of thyroid hormones at synapses. There are specific

binding sites for thyroid hormones in nerve-terminal fractions (synaptosomes). A

notable cell-membrane binding site for thyroid hormones is integrin avb3.
Furthermore, thyronines bind specifically to other defined neurotransmitter

receptors, including GABAergic, catecholaminergic, glutamatergic, serotonergic

and cholinergic systems. Here, the thyronines tend to bind to sites other than the

primary sites and have allosteric effects. Thyronamines also bind to specific

membrane receptors, including the trace amine associated receptors (TAARs),

especially TAAR1. The thyronines and thyronamines activate specific effector

mechanisms that are short in latency and often occur in subcellular fractions

lacking nuclei, suggesting nongenomic actions. Some of the effector mechanisms

for thyronines include effects on protein phosphorylation, Na+/K+ ATPase, and

behavioral measures such as sleep regulation and measures of memory retention.

Thyronamines promptly regulate body temperature. Lastly, there are numerous

inactivation mechanisms for the hormones, including decarboxylation,

deiodination, oxidative deamination, glucuronidation, sulfation and acetylation.

Therefore, at the current state of the research field, thyroid hormones and their

derivatives satisfy most, but not all, of the criteria for definition as neurotransmitters.

KEYWORDS
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1 Introduction

The brain is a key target for the thyroid hormones (THs), since

the major symptoms of patients with dysthyroidism are all related

to brain-specific functions, such as sleepiness, depression and

nervousness (1–4). However, the functions of THs and their

derivatives in the adult central nervous system (CNS) are as of

yet poorly understood.

As early as the 1970s, Dr. Mary B. Dratman emphasized that

thyroid hormones are aromatic amino acid analogs of tyrosine (5,

6). All other known aromatic amino acids are decarboxylated to

form biogenic amine neurotransmitters, such as dopamine,

norepinephrine and serotonin. She proposed that thyroid

hormones could also be decarboxylated and might be therefore be

the precursors of catecholamine-like amines (5). Of particular

interest in this regard was the observation that the effects of

hyperthyroidism resemble a hyperactivation of the adrenergic

system and that the b-adrenergic blocker propranolol ameliorates

many of the signs and symptoms of thyrotoxicosis (7).

Although predicted in 1974, it was not until 2004 that the first

decarboxylated thyroid hormone derivative, 3-T1AM, was

discovered in brain (8), initiating a sea-change in brain thyroid

hormone research (Figure 1). Scanlan (8) showed that systemic

injections of 3-T1AM lowered body temperature and decreased

heart rate. We showed that microinjections of 3-T1AM into the

preoptic region of brain also decreased body temperature and had
Frontiers in Endocrinology 02
effects on sleep (9). Since injections to the lateral ventricle of brain

were ineffective, the effects were localized to brain neuropil itself.

Also, 3-T1AM was shown to bind to trace amine-associated

receptors (TAARs), particularly TAAR1 (10). However, 3-T1AM’s

thermoregulatory effects persist in TAAR1 knockout mice (11).

Moreover, abrogation of the binding of the thyroid hormone

receptor to DNA still allows thermoregulatory and cardiac effects

of the hormone (12). Dratman and coworkers found that

microinjections of 3-T1AM into the locus coeruleus changed cell

firing rates there (13). Dratman (13, 14) and others (15, 16)

suggested the idea that THs or their derivatives can act as

neurotransmitters in adult brain.

Neurotransmitters are commonly small, hydrophilic molecules

which act extracellularly on membrane-spanning receptor proteins

that do not interact directly with the genetic apparatus (17). Such

“nongenomic” actions are typical of neurotransmitters. On the

other hand, THs have a variety of types of actions (18). Type 1

effects are genomic actions of THs mediated subsequent to binding

to canonical thyroid hormone receptors (THRs) which interact with

DNA in the nucleus to regulate gene expression. Type 2 effects are

also genomic, yet the actions of the THRs are mediated by a

secondary protein that, in turn, regulates gene expression. Type 3

effects are mediated by THRs, but there is not an interaction of THR

with the chromatin. Type 4 effects of THs are those which do not

require the canonical THR or any direct interactions with the

genome. Types 3 and 4 TH effects are the nongenomic effects
FIGURE 1

Structures of Thyronines and Derivatives. Deiodinases (D1, D2 and D3) remove iodine moieties from the thyronine structures (top three structures).
Decarboxylation of a thyronine results in a thyronamine (see 3-T1AM at bottom of figure). Deamination of 3-T1AM results in 3-T1A. Solid arrows
indicate single reactions; the dotted arrows indicate reactions that are not explicitly defined.
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most like neurotransmitter actions. In distinguishing between

nongenomic (3 and 4) and genomic (1 and 2) actions, time-

course is critical; genomic effects generally require1-2 days to

manifest, while nongenomic effects are apparent much more

rapidly, on the order of seconds to hours [see (19)]. While some

genomic effects of THs do indeed occur in mature brain (20), the

current paper will focus on nongenomic effects typical

of neurotransmitters.

Neurotransmitters are defined by their (a) presence in the

neural tissue, (b) release from neural tissue or cell, (c) binding to

high-affinity and saturable recognition sites, (d) triggering of a

specific effector mechanism when added to the sensitive brain site

and (e) inactivation mechanism (17). The remainder of the current

paper will evaluate each of the characteristics of a neurotransmitter

with regard to thyroid hormones and their derivatives.
2 Presence of TH and metabolites
in brain

The thyroid gland, a unique example of a halogenating system in

mammals, is the ultimate source of all iodothyronine hormones and

their metabolites. THs, secreted from the gland mainly as L-thyroxine

(T4), are deiodinated by specific enzymes (deiodinases D1, D2, and

D3). Of these, D2 and D3 are localized in brain (21–23).

Decarboxylated metabolites of THs, known as thyronamines (TAMs;

Figure 1), are also concentrated in brain tissue over serum (8, 24). An in

vitro model of the blood-brain barrier indicated that 3-T1AM is

efficiently transported across the barrier, while 3-TA is not (25).
2.1 Levels of THs and TAMs in adult
rat brain

THs and their derivatives selectively accumulate in brain

regions over blood (13, 21, 26–29). Tissue levels of TH vary

significantly by brain area (30). Levels of TH and derivatives in

adult rat brain are in the range of ng/mg protein (Figure 2). In

mature rat brain cell nuclei, the levels of radiolabeled TH showed a
Frontiers in Endocrinology 03
steady decline (14, 21, 27, 29, 31). Hypothyroidism is accompanied

by a decrease in 3-T1AM as measured by LCMS in blood and liver

extracts (32).

Tissue levels of TH vary significantly by brain area, with L-T3

ranging from 792 fmol/g in amygdala to 2821 fmol/g in midbrain

(30), while L-T4 ranges from 1051 fmol/g in cortex to 6255 fmol/g

in olfactory bulb (30).

Accumulation of 125I-T3 and 125I-T4 in adult rat brain was seen

following intravenous injection of the compounds (21, 29, 31).

Injection of 125I-T4 intravenously prior to thaw-mount

autoradiography resulted in a saturable localization of radioactivity

in distinct brain areas (27). Interestingly this labeled T4 was

converted to T3 within the nerve endings by deiodinase activity

(Figure 1). The hypothalamus and brainstem were elevated in TH in

these studies (30). The TH is carried by anterograde axonal transport

from the locus coeruleus to terminal projection sites throughout the

forebrain (33). Cultured neurons in a microfluidic chamber showed

both anterograde and orthograde axonal transport of labeled T3 (34).

2.1.1 Transport of THs and TAMs in adult rat brain
The transport of TH into brain cells is thought to occur in two

phases [see (35)]. T4 is transported down its concentration gradient

into astrocytes, where it is rapidly deiodinated by D2 to T3.

Subsequently, T3 is transported up its concentration gradient into

neurons, where D2 is absent (36).

Recently, it has been recognized that there are around 15

transporter molecules that carry THs across cell membranes and

into brain cells in a saturable fashion, often depending upon Na+

gradients (37). Monocarboxylate transporter (MCT)8 and MCT10,

encoded by the SLC16A2 gene, are some of the most effective

transporters across the cell membrane. Organic anion transporting

polypeptide (OATP)1C1 is also a highly effective transporter and is

encoded the SLCO1C1 gene. Long-chain fatty acid transport protein

4 (FATP4) is encoded by the SLC27A4 gene. L-type/large neutral

amino acid transporters (LAT) 1-4 are coded by SLC7A5, SLC7A8,

SLC43A1, and SLC43A2, respectively. Once transported, T4 is

enzymatically converted to its known active form T3 within the

CNS by the neuronal D2 activity (38–40).

m-Crystallin has been recognized as another hydrophobic cytosolic

NADPH-dependent TH-binding protein-cum-enzyme in adult brain.
FIGURE 2

Schematic of the Process of Neurotransmission. Numbers in parentheses refer to citation numbers of papers for THs or their derivatives.
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Specific T3-binding to m-crystallin inhibited its activity, whereas the other
TH-analogs were without effect. The binding of T3-m-crystallin has been
compared to T3 binding to its nuclear receptor in glial cells (41).

2.1.2 Uptake of TAMs in adult rat brain
TAMs are also selectively increased in brain over blood (26). A

brain regional specificity of TAM uptake is suggested by mass

spectrometry coupled to liquid chromatography (LCMS)

measurements of cortical 3-T1AM nearly three-fold of those in

cerebellum (24). After intravenous injection of 125I-3-T1AM in rats,

the distribution of radioactivity in autoradiographs showed hotspots

in various brain areas, including the cingulate, motor and

retrosplenial cortices (13). In addition, high levels of radioactivity

were seen in the paraventricular and supraoptic nuclei of the

hypothalamus and the lateral and medial mammillary nuclei. The

cerebellar granule cell layer and the pontine nuclei are also intensely

labeled. The numerous hotspots for binding suggest that various

brain systems are involved in actions of TAMs. The intensity of the

counts against a light background indicates a high neuroanatomical

specificity of the binding of TAMs.
2.2 Levels of T4 and T3 in subcellular
fractions from adult rat brain

Sarkar and Ray (42) investigated synaptosomal levels of T3

under different thyroidal conditions (42). In N-propylthiouracil

(PTU)-induced hypothyroid adult rat cerebrocortical synaptosomal

fractions, surprisingly, we noticed higher levels of T3 (~9.5-fold;

~126 nM) in contrast to the euthyroid control values (Figure 3). The

levels of synaptosomal T4 levels remained undetected.

Intraperitoneal (IP) injection of T3 in euthyroid and PTU-

injected adult rats showed about ~2.5-fold and ~6-fold higher

levels of synaptosomal T3 respectively, compared to euthyroid

controls. However, as expected, due to IP injection of additional

T3, we detected ~2.5-fold higher concentrations of synaptosomal

T3 in the euthyroid + T3 group. Notably, the assay used may not

have distinguished between T3 and 3-T1AM.

Detection of low levels of T3 in whole rat brain homogenate

could be attributed to this mixed and heterogeneous brain fraction

population consisting of several brain areas and other subcellular

fractions. Nonspecific binding properties of other intracellular

proteins in whole brain homogenate also could be ruled out for

the detection of low levels of brain TH (8). Three other supporting

investigations also estimated T3 content within the adult rat brain

synaptosomal fraction, with similar results as above (15, 42, 43).

Investigators elsewhere also determined similar levels of T3 in

different brain areas and at various thyroid status (44, 45). The higher

concentrations of neuronal T3 in hypothyroid status can be attributed

to the immediate boosted activity of neuronal D2 to counteract the

adverse situation produced due to emergency hypothyroid signals in

brain. High brain T3 levels might address the potential physiological

need for THs during acute brain hypothyroidism (15, 42).
125I-T3 is selectively taken up and concentrated in the

synaptosomal fraction (21). In addition, hypothyroid animals used

by Sarkar and Ray (42) after 14 days of PTU treatment, do not reach
Frontiers in Endocrinology 04
the longer term equilibrium observed in the chronic hypothyroid

condition used by other workers (15, 44). An inhibitory control

mechanism by neuronal D2 activity can be suggested for decreased

levels of synaptosomal T3 in the cerebral cortex followed by

exogenous IP T3-treatment to the hypothyroid animals. In fact, a

decrease in D2 activity was observed within 4 hours of IP T3-

injection to thyroidectomized adult rats. This observation, along

with a similar report (42) that also found decreased levels of

synaptosomal T3 after 24 hours of T3 treatment, suggests an

existence of a regulatory mechanisms during various thyroid status.

However, the exact mechanism of action remains unclear (21, 45).

T3 levels were also detected by a radioimmunoassay technique

within the brain cerebrocortical non-synaptic mitochondria of adult

rat brain. While levels of T4 remained undetected within brain non-

synaptic mitochondria, T3 levels were demonstrable. In contrast to

the synaptosomal fraction, the T3 levels within the nonsynaptic

mitochondria, prepared from adult rat brain cerebral cortex was

found to be ~3.2-fold more (46).

After T4 enters the brain (predominantly in glial cells), its outer

ring can be deiodinated by D2, forming T3 or the inner ring can be

deiodinated by D3, forming 3,3’,5’-triiodothyronine (rT3) (47, 48)

(Figure 1). T3 is highly active in genomic actions in most tissues,

while rT3 is largely inactive (49). According to Scanlan’s group (36),

starting with rT3, two successive outer ring deiodinations by D2,

with a decarboxylation step, would result in the thyronamine 3-

T1AM (Figure 1). TAMs can be oxidatively deaminated to various

thyroacetic acids (TAs) (50–52).
FIGURE 3

Levels of L-T3 in Synaptosomes from Rat Cerebral Cortex in Various
Thyroid States. Hypothyroid: PTU-treated hypothyroid rats brain;
Hypothyroid + T3: PTU-treated rat with IP T3 (2 mg/g body weight),
T3 (2 mg/g BW). Error bars indicate standard errors of the mean
(SEMs). Reproduced, with permission, from (1).
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Although the transportation and accumulation of radiolabeled

T4 and T3 were noticed along with its enzyme-catalyzed conversion

to neuronal T3 within the neuronal endings, several experiments

conducted by various investigators were unable to detect a

significant amount of brain T4. A rapid conversion of T4 to T3

by neuronal D2 would explain the lack of TH, although this was not

confirmed yet. However, both the nonsaturable and saturable

uptakes of T4 and T3 were observed respectively in synaptosomes

in in vitro models. This clearly indicated existence of two different

uptake systems for THs (21, 45, 53, 54).
3 Release of TH and derivatives from
neural tissue

Although Ca2+-dependent depolarization-induced TH release

from synaptosomes has been reported (15), this result has not yet

been reproduced. A problem may be a lack of sensitivity in assays

for the compounds (Figure 3).

Studies of TAM release from neural tissue are also rare. The

adenosine triphosphate binding cassette (ABC) transport protein,

P-glycoprotein (P-gp, or ABCB1) is a potential release mechanism

for TAMs (55).

3-T1A is postulated to have exporters involved in release from

cells, yet little is known about the nature of the proteins (56).
4 TH and metabolite binding in brain

T3 specifically binds in vitro to at least two distinct sites in

synaptosomes (22, 57–59), which might be responsible for

modulatory effects on known neurotransmitter receptors or

transporters, or correspond to a novel specific membrane receptor

for TH in brain (Figure 3).
4.1 TH recognition sites in neuronal
membrane

The presence of functional nuclear receptors in brain is well-

known in developing animals. High affinity and low-capacity nuclear

receptor isoforms for TH also have been described in adult brain (60,

61). However, no functional properties could be assigned properly for

these brain nuclear isoforms in adult mammalian brain. Scatchard

plot analysis also revealed two classes of specific T3-binding sites in

the synaptosomes prepared from adult rat brain (19, 59) and chick

embryo (62). One of the T3 binding sites exhibited high−affinity, low

−capacity and the other with low affinity, high−capacity. Recently,

membrane receptors for THs have been described in the majority of

cells (62). These receptors have been identified as integrin avb3.
(Please see articles by Davis elsewhere in this issue.)

T3AM was used to examine its potency to inhibit specific 125I-

T3 binding in synaptosomes with the idea that it may be a

decarboxylated product of T3 and may have actions like T3. The

ED50 value for T3AM was determined as 10 nM (59). Although

T3AM levels in synaptosomes are not known as of yet, this ED50 is
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in the range of concentrations of active THs in brain. It would be of

value to measure T3AM in synaptosomes to consider whether this

compound might have a physiological role in modulating TH effects

in the CNS.
4.2 Binding of TH and neurosteroids at
GABAA receptors

THs have influences on defined membrane receptors which

resemble actions of some neuroactive steroids occurring in brain,

called neurosteroids (63). “GABA-positive” compounds increase the

activity of the GABAA receptor at nM concentrations. These steroids

include 3a-hydroxy-5a-pregnan-20-one or allopregnanalone

(ALLOP) and 3a,21-dihydroxy-5a-pregnan-20-one (THDOC) (60,

61). “GABA-negative” neurosteroids, such as pregnenolone sulfate

(PREGS), decrease the activity of GABAA receptors at µM

concentrations of hormone in much the same way as THs do (64–66).

Although some effects of THs are seen at nM concentrations

and nM concentrations of TH were measured in synaptosomes, the

concentrations of TH within the synapse following various means

of administration of the TH have not been conclusively determined

as of yet. Fresh determinations using newer techniques may yield

more accurate measurements. Furthermore, the effects of higher

concentrations of TH may have relevance for the actions of TH in

dysthyroidism, when much higher concentrations of the THs could

occur. Finally, so-called pharmacological effects of THs might be

important for clinical applications, such as the antidepressant

activity of high doses of TH (67–71).

THs inhibit brain binding of 3H-GABA (72).

Micromolar concentrations of T3 inhibit GABA-stimulated

responses in a2b1g2 GABAA receptors expressed in Xenopus

oocytes (73). The GABAA receptor is a pentameric ligand-gated

ion channel (pLGIC) or Cys-loop receptor and regulates Cl-

currents. Ivermectin (IVM) is an enhancer of GABAA responses

(74), and is used as a ligand of the GABAA receptor for

crystallization studies, defining the precise localization within the

receptor (75). The IVM binding occurs in the transmembrane

intersubunit interface of homopentameric C. elegans glutamate-

gated chloride channel alpha (GluCl) which is used as a prototypical

example of pLGICs such as GABAA receptors. The IVM caused

increases in chloride currents which were also inhibited by TH in

Xenopus oocytes in a competitive way (73). Similarly, ALLOP

inhibited the currents in a competitive fashion.

These receptors are also modulated by a variety of agents,

including hypnotic drugs (such as benzodiazepines and

barbiturates), operating at a variety of distinctive recognition sites

within the receptor [see (61, 76)]. We found that low micromolar

doses of THs inhibited several activities related to the binding of the

GABAA receptor (16, 77).
4.3 Effects of TAMs on TAARs

TAARs bind “trace amines” like tyramine, and also

amphetamines (78, 79). TAMs bind to the primary binding site of
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TAAR1 receptors and act as inverse agonists (80, 81). The

localization of TAAR1 is in the amygdala, hypothalamus, ventral

tegmental area, hippocampus, dorsal raphe nucleus, the nucleus of

the stria terminalis, and layer V of the prefrontal cortex (78, 82).

TAMs generally have opposite effects on effector mechanisms as

compared to THs. TAMs decrease, while THs increase, the body

temperature (see section 5.6). However, in TAAR1 knockout mice,

the effects of 3-T1AM on thermoregulation persist (11),

demonstrating that the TAAR1 receptors are not essential for

3-T1AM control of body temperature. In brain tissue from

patients with multiple sclerosis, as compared to controls, TAAR1

protein was seen in microglia and macrophages near the edges of

disease-related lesions (83).

TAAR5 receptors are also a target for 3-T1AM and are localized

in brain sites, including especially amygdala and olfactory bulb (84).

Other sites include some areas of the diencephalon, including the

paraventricular nucleus, anterolateral hypothalamus, arcuate

nucleus, dorsal lateral geniculate of the thalamus, and zona

incerta. TAARs 2, 5, 6, 8, and 9 are all considered to play

olfactory functions and act as odorant receptors (78, 85). The

receptors are expressed throughout the olfactory system.

Although the physiological significance of a role of 3-T1AM in

odor sensation is of considerable interest, the data do not support

TAAR involvement in the thermoregulatory effects of 3-T1AM.

3-T1AM was associated with G-protein coupled receptors and

transient receptor potential (TRP) channels in various cell

populations. 3-T1AM has been shown to activate cFOS in the cell

cultures prepared from mouse hypothalamic paraventricular

nucleus within 60 minutes of in vivo administration. However,

only a small significant effect was observed on stimulatory

G-protein (Gs)-adenylate cyclase system, whereas no effect was

noticed on inhibitory Gai/o-adenylate cyclase system. The effect of

pharmacological levels of 3-T1AM (10 mM) on cFOS activation was

attributed to intracellular Ca2+ levels and whole-cell current (86).
4.4 Effects of THs on binding to other
neurotransmitter receptors

We found that nicotinic acetylcholine (ACh) receptors

(nAChRs) isolated from Torpedo electric organ and stimulated

with ACh were promptly inhibited by micromolar concentrations

of T3 (87). In an analogous way, ACh-stimulated currents in

SH-SY5Y neuroblastoma cells are immediately inhibited by T3 or

T4 (88). In the nAChRs from Torpedo, the T3 and PS showed a

similarity in actions that correlated with a structural similarity

between the two compounds (87). The effects of pH were also

comparable with respect to the PS or T3 inhibitions of ACh-

stimulated currents in the nAChRs. In all, there are striking

similarities between the effects of T3 and PS at the nAChR,

potentially indicating a commonality in mechanism and site of

action. In each of 5 types of muscarinic receptor stably transfected

in Chinese Hamster Ovary (CHO) cells, N-methylscopolamine

(NMS) binding at muscarinic sites was inhibited in a dose-

dependent manner by T1AM (89).
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Fifty µM THs inhibit binding of 3H-glutamate to brain

membranes, especially binding blocked by N-methyl-D-aspartate

(NMDA) (72). T3 or T4 quickly inhibit NMDA-evoked currents in

rat hippocampal cultures with potency in the micromolar range

(90). Inhibition of protein kinase C (PKC) did not alter the

inhibitory effect on NMDA-stimulated currents, indicating that

the TH effect was not secondary to phosphorylation of the receptor.

Although not in CNS, but with potential relevance, THs in

isolated fat cells were found to increase binding of 3H-

norepinephrine or 3H-isoproterenol, the b-adrenergic agonist

(91). T3 was more effective than T4. Since this observation was

due to an influence on Kd, and not Bmax, the effect was likely an

allosteric modulatory one. In rats made hypothyroid by treatment

with PTU in drinking water, a1 receptor binding increased and b2
binding decreased in hippocampus (92). However, since these

treatments were over a long period of time, the results might

have been due to genomic mechanisms to regulate synthesis of

receptor proteins.

Also not in brain, 3-T1A uptake to H9c2 cells (from

cardiomyocytes) was saturable and of high-affinity and blocked by

iproniazid, the monoamine oxidase (MAO) inhibitor (24). MAO is

a likely enzyme for conversion of TAMs to thyroacetic acids (TAs),

thereby further supporting the idea that the presence of 3-T1A is

required for some effects.
5 Initiation of a specific effector
mechanism

THs promptly decrease Na+-K+-ATPase (NKA) activity (93),

inhibit GABA-stimulated Cl- flux (16, 66), inhibit nicotinic

receptor-related currents (87, 88), increase depolarization-

dependent Ca2+ uptake (94), and enhance phosphorylation of

protein in a nucleus-free brain preparation (95). Mitogen-

activated protein kinase (MAPK) is activated by THs (96). Both

3-T1AM and T3 have complex acute effects on sleep and

thermoregulation (9, 97, 98). The immediacy of the effects

suggests nongenomic mechanisms. In addition, many of the in

vitro studies were performed in the absence of nuclei, thereby

confirming a nongenomic, non-canonical effect.
5.1 Nongenomic effects of THs on protein
phosphorylation

In non-neural tissues, TH has been shown to nongenomically

regulate MAPK (96, 99, 100). We have found that in vitro

incubation of lysates of rat brain synaptosomes with nanomolar

concentrations of T3 alters phosphorylation of several proteins

within minutes (95, 101). Both T3 and T4 produced these effects,

but not rT3. One of the four most heavily phosphorylated proteins

in the synaptosomal lysate had a molecular weight of 113 kDa,

approximating the molecular weight of the a subunit of the NKA.

(See Section 5.2.) The dose-response curve for the effect of THs was

an inverted U-shape, with the highest and lowest concentrations
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having minimal effects (95). THs activate extracellular signal-

regulated kinase (ERK) (102). T1AM induced protein

phosphorylation in neuroblastoma cell lines (103), and this effect

was not due to metabolic conversion to TAs, which had distinct

effects. These data support the contention that THs and derivatives

activate a variety of rapid metabotropic pathways for regulation of

protein phosphorylation in adult brain of mammals.
5.2 Functional correlation of neuronal Na+-
K+-ATPase specific activity and specific T3-
binding in the synaptosomal membrane of
adult rat brain

NKA is an important membrane spanning enzyme required

primarily for maintenance of ion gradients (including those for

Na+ and K+ ions) across the membrane. THs have profound

regulatory influences on this major enzyme. The Na+ and K+

gradients set up by NKA activity are important for establishment

of resting membrane potentials, action potentials and transport of

certain molecules. Studies have shown that release of acetylcholine

(104) and norepinephrine (105) from rat brain cerebrocortical

neurons can be regulated by modifying NKA activity. A

depolarizing effect that decreases the K+ gradient causes neuronal

release and subsequent presynaptic re-uptake for these two

neurotransmitters (104).

In vitro T3 binding correlates with an inhibition of NKA activity

in synaptosomes of adult rat cerebral cortex. Addition of T3 (10-12

to 10-7 M) within 10 minutes of incubation caused a dose-

dependent inhibitory response to NKA activity. Such immediate

action of T3 in vitro was suggestive of a rapid nongenomic action of

T3 on the synaptosomal membrane NKA. Further inhibition of

NKA activity correlated with increasing binding of 125I-T3 to

specific T3-binding sites in synaptosomes.

To examine the specific binding of T3 to the synaptosomal

membrane, we also used T3-amine (T3AM) in addition to other

TH-analogues. The relative order of potencies of binding affinities

for the synaptosomal T3 binding sites in the presence of different

T3-analogues were as follows: T3>T3AM>T4=TRIAC>r-T3>3,5-

T2. For comparison, the rank order of the potencies of the

compounds to inhibit NKA activity was T3>T3AM>T4>

TRIAC>r-T3>3,5-T2. The concentrations of TH analogues

required to displace 50% specific binding (ED50 value) of 125I-T3

to its synaptosomal binding sites were 10-, 63-, 63-, 1000- and 6250

nM, respectively. The present investigation demonstrated a dose-

response correlation between the inhibition of synaptosomal NKA

activity and corresponding T3-binding to the synaptic membrane

fraction in adult rat brain cerebral cortex (59).

In vitro application of brain physiologic concentrations of T3

revealed a correlation between dose-dependent inhibition of NKA

activity and increased T3-binding at the high affinity site. In the

study, use of 0.1 nM T3 showed ~35% inhibition of the NKA

activity that corresponded to ~74% T3-binding. This trend of NKA

inhibition and T3-binding was noticed with the following

concentration range of T3: 0.5 nanomolar - 10 micromolar. This

finally corresponded to ~80% (maximally) T3-binding. This ~80%
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saturation binding moved towards the low-affinity binding site from

the high-affinity binding sites. In vitro addition of higher

concentrations of T3 (15 micromolar used to determine

nonspecific binding) was not able to saturate this low-affinity

binding. This inhibition of the NKA activity was nicely correlated

up to 0.5 nM T3 and refers to high-affinity binding only. The role of

numerous other nonspecific neuronal proteins can be implicated for

this nonspecific T3-binding (63).

T3AM was employed to broaden the spectrum of compounds

tested for activity to alter 125I-T3 binding in synaptosomes. T3AM

inhibited label bound to synaptosomes with an ED50 of 10 nM.

T3AM decreased synaptosomal NKA activity to 51% of that seen

after T3 treatment. Similarly, this dose of T3AM was 71% as

effective as T3 to increase Ca2+-ATPase activity in human RBCs

(62). An increase in mRNA levels for NKA of a, a+ and b-subunits
was seen in the developing brain (105), and kidney cortex (106) of

rat. However, in adulthood, the NKA activity was seen to not have

this responsiveness to T3 in subunit, indicating that T3 acts through

nongenomic mechanisms in mature brain.

Patch-clamp techniques also demonstrated the presence of

rapid nongenomic T3-dependent mechanisms for neuronal

excitability in cell cultures from postnatal rats at various thyroid

situations. A significant increase in inward Na+ current, and

outward K+-current was seen in cultured hippocampal and

cortical neurons when given a single dose of T3 (30 nM).

Hyperthyroid conditions showed higher greater effects in contrast

to the hypothyroid animals (107).
5.3 Polymerization of actin

Dependency for TH during a critical period of brain

development mediated through gene expression is well confirmed.

However, nongenomic control of actin polymerization and its

active interaction with a basement membrane protein, laminin, in

the presence of TH within astrocytes are interesting (108).
5.4 Effects of THs and neurosteroids on
GABAA receptor-modulated currents

In studies using two-electrode voltage clamp of Xenopus oocytes

expressing a2b1g2 GABAA receptors, we showed that PREGS and

T3 compete for a binding site (73). Molecular dynamics studies

indicated an IVM binding site at the intersubunit interface, which

simulations identified as the likely shared site of PREGS and T3

binding (73). As with TH, PREGS levels range in tens of nmol/kg

wet weight of brain. Concentrations of PREGS vary with the stage of

the mouse estrous cycle (109). Since the onset of an inhibitory effect

of PREGS on GABAergic single-unit activity is very sluggish, the

steady-state block of receptor function was calculated to occur in

the endogenous range of PREGS concentrations (110). Since TH

affects the GABAA receptor like PREGS does, as suggested by the

three-dimensional structural similarities between the hormones (73,

75, 111), physiological endogenous levels of THs (or elevated levels

due to hormone imbalance) in the synapse might contribute to a
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modulation of receptor function through an action at the

intersubunit interface
5.5 Effects of THs and TAMs on
thermoregulation

The initial report of endogenous TAMs also showed rapid effects

of intraperitoneal injection to decrease body temperature in

euthyroid mice (8). Subsequently, we microinjected µg amounts of

3-T1AM into the rat preoptic region (9). The intermediate doses of 3-

T1AM inhibited core body temperature. These results on

thermoregulation were consistent with the general notion that

TAMs have opposite effects to THs. The effect was unlikely to be

due to metabolism of the 3-T1AM to 3-T1A, since IP injections of up

to 50 mg/kg 3-T1A failed to alter body temperature (112).

Furthermore, Hones et al. (12) produced knockin mice with a

mutation in the nuclear-type TH receptor DNA-binding domain

that prevents DNA binding, thus leading to complete loss of genomic

TH action. However, the knockin mice still demonstrated a decrease

in body temperature subsequent to administration of 3-T1AM. These

studies strongly support the contention that influences of 3-T1AMon

thermoregulation are direct nongenomic effects.
5.6 Effects of THs and neurosteroids on
cholinergic effector mechanisms

We found that T3 or PREGS can rapidly inhibit cholinergic

currents in Xenopus oocytes expressing nicotinic receptors isolated

from Torpedo electric organ (87). Both T3 and PREGS have similar

consequences with regard to desensitization of nAChRs and these

effects are influenced by pH in similar ways, suggesting a common

mechanism of action. In patch clamp studies of SH-SY5Y HeLa

cells, both T3 (IC50 = 4.6 µM) and T4 (IC50 = 4.8 µM) immediately

inhibited nicotinic receptor currents (88). (In this system, the

effective doses seem high and non-physiological. Several other

systems show sensitivities in the µM range. While we can

measure synaptosomal TH, we do not know the concentration in

the synapse. In addition, pharmacological effects can be useful

clinically.) Interestingly, T3 inhibited kainic acid currents in

cultured hippocampal cells, while up to 20 µM concentrations of

T3 or rT3 were without effect. This effect was not blocked by

TETRAC, an inhibitor of the integrin avß3 receptor, suggesting a

direct action elsewhere, presumably on the nicotinic receptors.

T3 also inhibits the brain binding of the muscarinic cholinergic

ligand 3H-muscimol (113).

A decrease in cholinergic excitability was noticed in adult-onset

hypothyroid mouse, with deficits in learning and memory (112)

(See Section 5.7).

We showed that an acute administration of T3 enhances

acetylcholinesterase in synaptosomes prepared from the cerebral

cortices of the PTU-induced hypothyroid rats (114). The increase in

metabolism of acetylcholine was accompanied by enhanced

Mg2+-ATPase activity, representing an increase in the uptake of

acetylcholine to the intrasynaptosomal synaptic vesicles. Thus,
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inhibition of nAChR by TH is associated an increase in

metabolism of acetylcholine.
5.7 Effects of TH and derivatives on
learning and memory

Hyperthyroidism causes deficits in learning and memory (Y-maze,

novel object, and Morris water maze behavioral assays) which are

associated with decreases in mature spines in the hippocampus (115).

These effects of hyperthyroidism can be reversed by increasing NMDA

and AMPA receptor activity. A decrease in cholinergic excitability was

also noticed in adult-onset hypothyroid mice with deficits in memory

(116). Conversely, hypothyroidism inhibits an associative memory task

using the eye blink response (117). Three daily injections of 500 µg/Kg/

day of T4 improve the performance of thyroidectomized rats in spatial

memory tasks. Different memory tasks will give different outcomes,

with an inhibitory avoidance task being less sensitive to THs than a

spatial memory test (118). Effects of TH on spatial memory tasks were

correlated with effects on NKA activity. The effects of TH on learning

and memory have an inverted U-shaped dose-response curve, with

both high and low doses causing decrements.

The documented correlations of TH effects on learning and

memory to ionotropic receptor activity or NKA activity point to

potential nongenomic mechanisms of action. The typical

administration of THs is chronic (i.e., 20 days) in these studies,

consistent with a predicted genomic effect. To determine

nongenomic effects, it will be important to determine the

influence of more acute injections on influences of THs on

measures of spatial memory.

Intracerebroventricular (ICV) injections of µg quantities of

3-T1AM also have facilitatory effects on learning and memory

tasks, including object recognition tests (102). The pain threshold

was also increased. Some of these effects may have been due to 3-

T1A, the primary oxidative product of 3-T1AM (119).
5.8 Effects of thyroid hormone and
metabolites on sleep

One of the major symptoms of hyperthyroidism is insomnia (3,

4). The complaint of hypersomnolence is frequent in hypothyroidism

(1) and is the presenting symptom in some patients (2). In studies of

the effect of severe chronic sleep deprivation, one of the most

consistent findings has been a drop in levels of THs (120–123).

EEG studies have generally confirmed that during dysthyroidism in

humans, there are significant changes in sleep measures. Similar

results were noted in animals after experimental manipulations of

thyroid activity, yet there has been little agreement as to the details

(124–127). Gull et al. (128) found that in rats made hypothyroid by

treatment with chronic PTU, there were significant increases in the

amplitude of EEG waves, not only in nonREM sleep (NREMS) but

also in total sleep and waking (as compared with sham-operated

controls). Salin-Pascual et al. (129) demonstrated a significant

increase in delta sleep within NREMS in thyroidectomized rats as

compared to euthyroid controls.
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We demonstrated that either hypothyroid (97) or euthyroid

(98) rats showed similar patterns of sleep following bilateral

microinjection of T3 in the µg range to the medial preoptic

region. (The term “medial preoptic region” took into account the

likely spread of the microinjection and includes the medial preoptic

area, ventrolateral preoptic nucleus, and median preoptic nucleus.)

NREMS showed a U-shaped dose response curve. Significant

inhibitory effects on NREMS were noted in the intermediate

doses (1 or 3 µg T3) in contrast to the lowest (0.3 µg) and highest

(10 µg) doses. Waking time was significantly enhanced at the

intermediate doses (1 or 3 µg T3) in both hypothyroid and

euthyroid rats. However, REM sleep (REMS) was enhanced in

euthyroid rats, but inhibited in hypothyroid rats. Injections of TH

into the ventricular system were ineffective, suggesting that the

hormonal influences were likely due to a direct action on the

neuropil, and not to diffusion from the adjacent ventricles. Except

for the effects on REMS, the results for hypothyroid or euthyroid

rats were quite similar, suggesting some common mechanisms of

action. It would be tempting to think that the effects of T3 are due to

the decarboxylation of the compound to form 3-T1AM for some

aspects of T3 action (Figure 4). However, also see section 5.7.
FIGURE 4

Potential T3 and T4 Inactivation Pathways. The pathways are initiated by dec
deiodinase steps.
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In 1987, we showed that IP injections of THDOC, the GABA-

positive neurosteroid, enhanced NREMS (130). Later studies

confirmed effects of THDOC on NREMS and demonstrated

effects of another GABA-positive neurosteroid, ALLOP, to

enhance slow-waves within NREMS (131). Peripheral injections

of progesterone also had positive effects on NREMS (132)

The dose effects of TH may exert important effects on the sleep-

regulatory system as a neuromodulatory agent resembling a GABA-

negative neurosteroid like PREGS (16, 111).
5.9 Effects of THs and TAMs on depression

Depression is commonly associated with hypothyroidism

(133–136). About 10% of the depressed population has

subclinical hypothyroidism and an additional 35% have a

reduced TSH response to TRH. Experimentally induced

hypothyroidism in rats is associated with increases in turnover

of serotonin in the brainstem, suggesting a mechanistic

connection between thyroid hormone action and the brain

serotonin system (137).
arboxylation or oxidative deamination and are combined with
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In early studies, high doses of THs were found to relieve

depression (67–71). In patients treated with high doses of T4,

depression relief persisted despite abatement of anxiety-related

symptoms over time (70). T3 enhances the antidepressant

effectiveness of T4 treatment (67) and speeds the therapeutic

effect of tricyclic antidepressants (138). Most of these experiments

involved chronic treatments, leaving open the question of whether

the effects could be due to nongenomic actions.

Recently, it has been shown that ALLOP can decrease measures

of depression in a rapid acute fashion (139), consistent with a

nongenomic action. Given the parallels between binding and

actions of TAMs and neurosteroids, it is possible that TAMs

might also have nongenomic effects on depression.
5.10 Effects of TAs on scratching responses
and pain responses

Subcutaneous injection of low µg/kg doses of 3-T1A induced

scratching behavior in mice within 10 min, and reduced the

sensitivity of pain responses to a heated hotplate within 15 min

(140). Western blot analysis of proteins from the dorsal root

ganglion indicated an increase of phosphorylated ERK1/2

following 3-T1A. The dose-response curve was an inverted

U-shape, with increased activity at 0.4 or 1.32 µg/kg doses and

little to no activity seen at 0.1 or 4 µg/kg doses. The effects of 3-T1A

were not evident in histidine decarboxylase knockout mice,

supporting the hypothesis that these effects are due to an

influence on histaminergic neurotransmission. The effect of 3-

T1A to induce scratching was abolished by pretreatment with

pyrilamine, the inverse agonist at the H1 receptor site.
5.11 Effects of THR outside of the
chromatin (type 3 effects)

A crosstalk between nongenomic action of TH and genomic

actions also occurs.

Our major focus in this review paper is on the nongenomic

action of TH, in particular in adult mammalian brain. However, a

rapid nongenomic connection between the cytosolic TRb isoform

and PI3K signaling was noted following 100 nM levels of THs

within 1-5 minutes in pituitary derived GH4C1 cell culture.

Subsequent nuclear translocation of TRb was found. Similarly,

dissociation of TRb from the p85-TRb complex was also noticed

in CHO cell cultures in the presence of T3 (0.1-100 nM), in vitro.

T3-induced PI3K activity caused tyrosine phosphorylation of the

SH2-domain of the TRb isoform (141).

Furthermore, the same research group illustrated a rapid DNA-

independent significant activation of voltage-gated potassium-

channel protein component, KCNH2, in the presence of the nM

T3, by the nuclear TRb2, through PI3K pathway in rat cultured

pituitary GH4C1 cells, a subclone from GH3 pituitary tumor cells.

An association of the TRb2 isoform with the regulatory p85 subunit

of PI3K was thus recognized once again for this rapid non-

transcriptional action These studies further demonstrated an
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association of nongenomic cytosolic/membrane events to nuclear-

mediated genomic mechanisms of action. Other studies also

reported activation of PI3K signaling by TRa. Thus, TH-signaling

via PI3K was implicated in synaptic maturation and plasticity in

mouse post neonatal hippocampus (142).

Other studies using cultured human and bovine endothelial

cells also indicated T3-induced association of the TRa1 isoform

with p85 of the PI3K. This T3-dependent association caused

significant phosphorylation of Akt at its serine reside and eNOS

phosphorylation using nanomolar concentrations of T3 (1 -100

nM) (143).

Dependency for TH during a critical period of brain

development mediated through gene expression is well confirmed.

However, nongenomic control of actin polymerization and its

active interaction with a basement membrane protein, laminin, in

the presence of TH within astrocytes are interesting (108).
6 Inactivation mechanisms

TAMs are sensitive to monoamine oxidase (MAO). For

example, with T1AM as the substrate, the product is 3-T1A (52)

(Figure 4). However, as mentioned in section 5.9, 3-T1A has effects

on itch behavior and pain responses through influences on

histaminergic neurotransmission. Brain-specific deiodinases also

inactivate THs (144) and TAMs (36, 145).

The metabolites of THs can be produced mainly by (a)

deiodination, (b) deamination, (c) decarboxylation, (d)

acetylation, (e) glucuronidation and (f) sulfation in specific tissues

by specific enzymes. Products are excreted in the urine and feces.
6.1 Deiodination as an inactivation
mechanism

Deiodination of iodothyronines is a primary mechanism to

control TH action. Deiodinase isozymes catalyze TH synthesis and

further metabolism to eventually form inactive metabolites (38, 39).

Three key selenocysteine isoenzymes, commonly called

monodeiodinases D1, D2 and D3, are implicated in TH

metabolism. D1 is the main deiodination enzyme in the

peripheral tissues. The catalytic action of D1 causes inner ring

deiodination of T4 to form r-T3, as well the outer ring deiodination

to form T3. D2 enzymes have been localized in many brain areas.

This not only includes glial cells and astrocytes, but also tanycytes.

D2 gene expression was also found to be dependent on neuronal

uptake of the blood levels of T4 and its conversion to T3. Thus D2

gene expression in neural tissues implicate possible important

protective mechanism to challenge hypothyroid signals in brain,

and thereby restore homeostasis.

Conversion of T4 to T3 by both D1 and D2 is suggested for

maintenance of tissue homeostasis (39).

Both D1 and D2 can catalyze the conversion of another TH

metabolite, rT3 into 3,3’-T2.

The gene expressions for these deiodinases are not only tissue-

specific during the developmental stages and adulthood, but also
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operate in a synchronized pattern, and are cued by central energy

expenditure as well as by clinical or disease states, such as in hypoxic

situations leading to control of metabolic mechanisms (40).

D3 solely catalyzes the conversion of L-T4 to rT3, and T3 to

3,3’-T2. D3 catalyzed reactions predominantly occur during

embryonic period. Still, in adulthood D3 is present in the CNS,

and skin (39).

Possible deiodination of TAMs is also described in vitro, such as

T3AM to 3-T2AM and subsequently to 3-T1AM and finally to T0AM

(146). Although several reports of TAM biosynthesis have been

published, still limited information is available to specify the exact

mechanism(s). The role of monoamine oxidase B and semicarbazide-

sensitive amine oxidase was also described for the synthesis of TAM-

metabolites. In addition, D1 also causes deiodination of thyroxine

sulfates, into physiologically inactive T3S (38).
6.2 Deamination as an inactivation
mechanism

Deamination of T4 and T3 can produce their respective

metabolites, TETRAC and TRIAC. These reactions are catalyzed

by amine oxidase (Figure 4).

TRIAC has been used clinically as a blocker of TH effects in

thyrotoxicosis (147, 148). TETRAC is an inhibitor of the integrin

avß3 receptor (149, 150). Deamination inactivates THs, and,

additionally, the new compounds have inhibitory effects on the

TH receptor binding and activities.

One of the recently discovered oxidatively deaminated

endogenous products of 3-T1AM, is 3-iodothyroacetic acid

(3-T1A) (50) which has effects mediated by histaminergic

neurotransmission (see Section 5.9). Therefore, the effects of

deamination of THs and TAMs are not simple inactivations of

the compounds but also inhibitory influences of the metabolites and

even additional activities, as in the case of TAs.
6.3 Decarboxylation as an inactivation
mechanism

The possibility exists that THs are also biologically

decarboxylated by aromatic amino acid decarboxylase to create

biogenic amine-like neuroactive compounds, such as TAMs (5, 6).

To support this notion, a purified form of aromatic amino acid

decarboxylase was used. However, it was not able to synthesize

TAMs. This experiment further led to search for a TH-specific

decarboxylase. A role of ornithine decarboxylase for this in vitro

decarboxylation has been hypothesized (151). For example, T4, T3,

T2, T1 can produce biogenic amine-like decarboxylated biologically

available compounds, such as TAMs (T4AM, T3AM, three isomers

of T2AM and 3-T1AM or 3’-T1AM) using specific enzymes. T3AM

can further be deiodinated by specific deiodinases to produce the

three isomers of T2-amine followed by the next step deiodination to

3-T1AM or 3’T1AM. Eventually, 3-T1AM can be finally completely
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deiodinated to form thyronamine (T0AM) which is much less

potent than 3-T1AM.
6.4 Alternate metabolic pathways as
inactivation mechanisms

As early as the 1950s, it was known that sulfated THs can be

found in blood plasma (152). THs are rapidly sulfated and the

resulting thyroxine sulfate (T4S) and triiodothyronine sulfate (T3S)

are dramatically more sensitive to deiodination of the tyrosyl ring

and less sensitive to phenolic ring deiodination, as compared to

non-sulfated THs (153–155). The tyrosyl deiodination is generally

associated with less potent THs. Sulfation may be a pathway to

make the THs less potent and more water-soluble, thereby targeting

the less-active sulfated compounds for excretion in bile or urine.

Glucuronidated THs are also found in bile, indicating further

that conjugation of THs is important for degradation and excretion

of the compounds (155).

After administration of 3-T1AM, the TAM is rapidly converted

to N- and O-acetylated compounds (156) which are not active to

regulate metabolism or body temperature (157).

Additionally, the ether linkage of the THs and TAMs is

susceptible to cleavage by peroxidases, completely abolishing the

activities of the compounds. However, cleavage of ether linkages is

not a major pathway of TH and TAM metabolism under normal

conditions (155).
7 Conclusions

It seems likely that some of the effects ascribed to THs might be

actually due to TAMs (or TAs), subsequent to metabolism (52)

(Figure 4). Other derivatives of TH could, in fact, act as

neurotransmitters. THs, TAMs and TAs have pleiotropic actions.

THs and TAMs generally have opposite effects, such that THs

increase body temperature and TAMs decrease it (8). One thought

is that the metabolism to TAMs could limit the timescale of the

actions of THs. For example, after incubating H9c2 cells with 50 nM

T3, 1.8 nM 3-T1AM accumulates intracellularly by 20 min (24). TA

effects can easily be discriminated from those of the other metabolites,

since they are likely related to histaminergic neurotransmission (140).

U-shaped (or inverted U-shaped, depending on the measure)

activity is noted in many of the effects of TH, TAM or TA. This type

of relationship is quite common in biological systems with differing

mechanisms of action at low and high doses of active agent (158).

One explanation for the observation is that the high doses of agent

activate compensatory mechanisms (158).

With regard to the neurotransmitter-like actions of THs and

metabolites, the compounds are clearly present in neural tissue, and

concentrated above blood levels in synaptosomes. However, the release of

the compounds has not yet been unequivocally demonstrated, possibly

due to technical issues inmeasuring low concentrations of the hormones.

This area needs further investigation. The THs and TAMs bind to high-
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affinity and saturable recognition sites of many different types and

affinities. Here, the direct binding of THs to membrane sites is higher

in affinity (nM) as compared to modulatory effects (at µM

concentrations) on established neurotransmitter receptors. The latter

effects resemble those of neurosteroids, and, even if not physiological in

action, may be useful clinically. The THs and metabolites trigger

numerous effector mechanisms, in keeping with a highly pleiotropic

action of the compounds.Many of these effectors have short time courses

or are present in preparations without nuclei, thereby indicating a non-

canonical action. The inactivation mechanisms involve numerous

metabolic pathways, some of which leave the compounds with new

activities. However, the end-point of the combined pathways is excretion

of the products in urine or feces, thereby completely inactivating the

original compounds. In all, the definition of THs and metabolites as

neurotransmitters, while attractive, is still incomplete and further

research is required.

There are several areas of future research that would greatly

benefit the further analysis of the hypothesis that THs or their

derivatives are putative neurotransmitters. Of particular importance

is the determination of the release of TH or derivatives from neural

tissue or cells. In this respect, it will be of key importance to

replicate the finding of Mason et al. (15) showing that Ca2+

-dependent depolarization-induced release of TH or derivatives

occurs. Mouse knock-out studies could help indicate the relevance

of the various enzymes in the processes involved. Advanced

microscopy techniques can give details of the localization and

patterns of movement of THs and derivatives.
Author contributions

Both JM and PS contributed to the conception of the manuscript

and the drafting and revising of the text. JM and PS each approve of

the publication of the manuscript and accept responsibility for the

accuracy of the statements therein. All authors contributed to the

article and approved the submitted version.
Frontiers in Endocrinology 12
Funding

The preparation of the manuscript was supported in part by

Rutgers Busch Biomedical Grant entitled “Novel Thyronamines

from Rat Brain and Adrenal Medulla: Pharmacology and

Physiology” awarded to JM, starting in 2018. The Department of

Biology at Rutgers University – Camden provided support for

subvention of publication fees.
Acknowledgments

The authors are indebted to Dr. Mary B. Dratman for numerous

discussions. The authors acknowledge the support of the Basic

Science Department and the Research Center of Parker University,

Dallas, TX.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Laurberg P. Hypothyroidism. In: Greer MA, editor. The Thyroid Gland. New
York: Raven Press (1990). 497–535.

2. Emerson CH, Liberman C, Braverman LE. Hypothyroidism. In: Green WL,
editor. The Thyroid. New York: Elsevier (1987). 219–70.

3. Orgiazzi JJ, Mornex R. Hyperthyroidism. In: Greer MA, editor. The Thyroid
Gland. New York: Raven Press (1990). 405–95.

4. Utiger RD. Hyperthyroidism. In: Green WL, editor. The Thyroid. New York:
Elsevier (1987). 157–218.

5. Dratman MB. On the mechanism of action of thyroxin, an amino acid analog of
tyrosine. J Theor Biol (1974) 46(1):255–70. doi: 10.1016/0022-5193(74)90151-9

6. Dratman MB. Mechanism of action of thyroxine, an amino-acid analog of
tyrosine. J Theor Biol (1974) 46(1):255–70. doi: 10.1016/0022-5193(74)90151-9

7. Shanks RG, Hadden DR, Lowe DC, McDevitt DG, Montgomery DA. Controlled
trial of propranolol in thyrotoxicosis. Lancet (1969) 1(7603):993–4. doi: 10.1016/S0140-
6736(69)91797-8

8. Scanlan TS, Suchland KL, Hart ME, Chiellini G, Huang Y, Kruzich PJ, et al. 3-
iodothyronamine is an endogenous and rapid-acting derivative of thyroid hormone.
Nat Med (2004) 10(6):638–42. doi: 10.1038/nm1051
9. James TD, Moffett SX, Scanlan TS, Martin JV. Effects of acute microinjections of
the thyroid hormone derivative 3-iodothyronamine to the preoptic region of adult male
rats on sleep, thermoregulation and motor activity.Hormones Behav (2013) 64(1):81–8.
doi: 10.1016/j.yhbeh.2013.05.004

10. Tan ES, Naylor JC, Groban ES, Bunzow JR, Jacobson MP, Grandy DK, et al. The
molecular basis of species-specific ligand activation of trace amine-associated receptor
1 [Taar(1)). ACS Chem Biol (2009) 4(3):209–20. doi: 10.1021/cb800304d

11. Lindemann L, Meyer CA, Jeanneau K, Bradaia A, Ozmen L, Bluethmann H,
et al. Trace amine-associated receptor 1 modulates dopaminergic activity. J Pharmacol
Exp Ther (2008) 324(3):948–56. doi: 10.1124/jpet.107.132647

12. Hones GS, Rakov H, Logan J, Liao XH, Werbenko E, Pollard AS, et al.
Noncanonical thyroid hormone signaling mediates cardiometabolic effects in vivo. P
Natl Acad Sci USA (2017) 114(52):E11323–E32. doi: 10.1073/pnas.1706801115

13. Gompf HS, Greenberg JH, Aston-Jones G, Ianculescu AG, Scanlan TS, Dratman
MB. 3-monoiodothyronamine: the rationale for its action as an endogenous
adrenergic-blocking neuromodulator. Brain Res (2010) 1351:130–40. doi: 10.1016/
j.brainres.2010.06.067

14. Dratman MB, Gordon JT. Thyroid hormones as neurotransmitters. Thyroid
(1996) 6:639–47. doi: 10.1089/thy.1996.6.639
frontiersin.org

https://doi.org/10.1016/0022-5193(74)90151-9
https://doi.org/10.1016/0022-5193(74)90151-9
https://doi.org/10.1016/S0140-6736(69)91797-8
https://doi.org/10.1016/S0140-6736(69)91797-8
https://doi.org/10.1038/nm1051
https://doi.org/10.1016/j.yhbeh.2013.05.004
https://doi.org/10.1021/cb800304d
https://doi.org/10.1124/jpet.107.132647
https://doi.org/10.1073/pnas.1706801115
https://doi.org/10.1016/j.brainres.2010.06.067
https://doi.org/10.1016/j.brainres.2010.06.067
https://doi.org/10.1089/thy.1996.6.639
https://doi.org/10.3389/fendo.2023.1210540
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Martin and Sarkar 10.3389/fendo.2023.1210540
15. Mason GA, Walker CH, Prange AJ. L-triiodothyronine: is this peripheral
hormone a central neurotransmitter? Neuropsychopharmacology (1993) 8:253–8. doi:
10.1038/npp.1993.28

16. Martin JV, Williams DB, Fitzgerald RM, Im HK, Vonvoigtlander PF. Thyroid
hormonal modulation of the binding and activity of the GABA(a) receptor complex of
brain. Neuroscience (1996) 73(3):705–13. doi: 10.1016/0306-4522(96)00052-8

17. Holz RW, Fisher SK. Synaptic Transmission and Cellular Signaling: An
Overview. In: Brady ST, Siegel GJ, Albers RW, Price DL, editors. Basic
Neurochemistry: Principles of Molecular, Cellular, and Medical Neurobiology., 8 ed.
New York: Elsevier (2011). p. 236.

18. Flamant F, Cheng SY, Hollenberg AN, Moeller LC, Samarut J, Wondisford FE,
et al. Thyroid hormone signaling pathways: time for a more precise nomenclature.
Endocrinology (2017) 158(7):2052–7. doi: 10.1210/en.2017-00250

19. Graves NS, Hayes H, Fan L, Curtis KS. Time course of behavioral, physiological,
and morphological changes after estradiol treatment of ovariectomized rats. Physiol
Behav (2011) 103(3-4):261–7. doi: 10.1016/j.physbeh.2011.02.017

20. Diez D, Grijota-Martinez C, Agretti P, De Marco G, Tonacchera M, Pinchera A,
et al. Thyroid hormone action in the adult brain: gene expression profiling of the effects
of single and multiple doses of triiodo-L-thyronine in the rat striatum. Endocrinology
(2008) 149(8):3989–4000. doi: 10.1210/en.2008-0350

21. Dratman MB, Crutchfield FL. Synaptosomal [ 125 I]Triiodothyronine after
intravenous [125 I]Thyroxine. Am J Physiol (1978) 235:E638–E47. doi: 10.1152/
ajpendo.1978.235.6.E638

22. Mashio Y, Inada M, Tanaka K, Ishii H, Naito K, NishikawaM, et al. High affinity
3,5,3'-L-triiodothyronine binding to synaptosomes in rat cerebral cortex. Endocrinology
(1982) 110:1257–61. doi: 10.1210/endo-110-4-1257

23. Guerrero JM, Puig-Domingo M, Reiter RJ. Thyroxine 5'-deiodinase activity in
pineal gland and frontal cortex: nighttime increase and effect of either continuous light
exposure or superior cervical ganglionectomy. Endocrinology (1988) 122:236–41. doi:
10.1210/endo-122-1-236

24. Saba A, Chiellini G, Frascarelli S, Marchini M, Ghelardoni S, Raffaelli A, et al.
Tissue distribution and cardiac metabolism of 3-iodothyronamine. Endocrinology
(2010) 151(10):5063–73. doi: 10.1210/en.2010-0491

25. di Leo N, Moscato S, Borso M, Sestito S, Polini B, Bandini L, et al. Delivery of
thyronamines (TAMs) to the brain: A preliminary study. Molecules (2021) 26(6):1616.
doi: 10.3390/molecules26061616

26. Chiellini G, Erba P, Carnicelli V, Manfredi C, Frascarelli S, Ghelardoni S, et al.
Distribution of exogenous I-125 -3-iodothyronamine in mouse in vivo: relationship
with trace amine-associated receptors. J Endocrinol (2012) 213(3):223–30. doi: 10.1530/
joe-12-0055

27. Dratman MB, Crutchfield FL, Futaesaku Y, Goldberger ME, Murray M. [125i]
triiodothyronine in the rat brain: evidence for neural localization and axonal transport
derived from thaw-mount film autoradiography. J Comp Neurol (1987) 260(3):392–
408. doi: 10.1002/cne.902600306

28. De Angelis M, Maity-Kumar G, Schriever SC, Kozlova EV, Muller TD, Pfluger
PT, et al. Development and validation of an lc-ms/ms methodology for the
quantification of thyroid hormones in dko mct8/oatp1c1 mouse brain. J Pharmaceut
BioMed (2022) 221:115038. doi: 10.1016/j.jpba.2022.115038

29. Dratman MB, Futaesaku Y, Crutchfield FL, Berman N, Payne B, Sar M, et al.
Iodine-125-labeled triiodothyronine in rat brain: evidence for localization in discrete
neural systems. Science (1982) 215(4530):309–12. doi: 10.1126/science.7053582

30. Pinna G, Brodel O, Visser T, Jeitner A, Grau H, Eravci M, et al. Concentrations
of seven iodothyronine metabolites in brain regions and the liver of the adult rat.
Endocrinology (2002) 143(5):1789–800. doi: 10.1210/endo.143.5.8770

31. Dratman MB, Crutchfield FL, Axelrod J, Colburn RW, Thoa N. Localization of
triiodothyronine in nerve ending fractions of rat brain. Proc Natl Acad Sci U.S.A. (1976)
73(3):941–4. doi: 10.1073/pnas.73.3.941

32. Hackenmueller SA, Marchini M, Saba A, Zucchi R, Scanlan TS. Biosynthesis of
3-iodothyronamine (T1AM) is dependent on the sodium-iodide symporter and
thyroperoxidase but does not involve extrathyroidal metabolism of T4.
Endocrinology (2012) 153(11):5659–67. doi: 10.1210/en.2012-1254

33. Gordon JT, Kaminski DM, Rozanov CB, Dratman MB. Evidence that 3,3 ',5-
triiodothyronine is concentrated in and delivered from the locus coeruleus to its
noradrenergic targets via anterograde axonal transport. Neuroscience (1999) 93(3):943–
54. doi: 10.1016/S0306-4522(99)00146-3

34. Salas-Lucia F, Fekete C, Sinko R, Egri P, Rada K, Ruska Y, et al. Axonal T3
uptake and transport can trigger thyroid hormone signaling in the brain. Elife (2023)
12:e82683. doi: 10.7554/eLife.82683

35. Visser WE, Friesema ECH, Visser TJ. Minireview: thyroid hormone
transporters: the knowns and the unknowns. Mol Endocrinol (2011) 25(1):1–14.
doi: 10.1210/me.2010-0095

36. Piehl S, Heberer T, Balizs G, Scanlan TS, Smits R, Koksch B, et al. Thyronamines
are isozyme-specific substrates of deiodinases. Endocrinology (2008) 149(6):3037–45.
doi: 10.1210/en.2007-1678

37. Groeneweg S, van Geest FS, Peeters RP, Heuer H, Visser WE. Thyroid hormone
transporters. Endocr Rev (2020) 41(2):146–201. doi: 10.1210/endrev/bnz008
Frontiers in Endocrinology 13
38. Kohrle J, Fradrich C. Deiodinases control local cellular and systemic thyroid
hormone availability. Free Radical Bio Med (2022) 193:59–79. doi: 10.1016/
j.freeradbiomed.2022.09.024

39. Sabatino L, Vassalle C, Del Seppia C, Iervasi G. Deiodinases and the three types
of thyroid hormone deiodination reactions. Endocrinol Metab (2021) 36(5):952–64.
doi: 10.3803/EnM.2021.1198

40. Russo SC, Salas-Lucia F, Bianco AC. Deiodinases and the metabolic code for thyroid
hormone action. Endocrinology (2021) 162(8):bqab059. doi: 10.1210/endocr/bqab059

41. Hallen A, Cooper AJ, Jamie JF, Karuso P. Insights into Enzyme Catalysis and
Thyroid Hormone Regulation of Cerebral Ketimine Reductase/Mu-Crystallin under
Physiological Conditions. Neurochem Res (2015) 40(6):1252–66. doi: 10.1007/s11064-
015-1590-5

42. Sarkar PK, Ray AK. Synaptosomal T3 content in cerebral cortex of adult rat in
different thyroidal states. Neuropsychopharmacology (1994) 11:151–5. doi: 10.1038/
sj.npp.1380101

43. Kundu S, Pramanik M, Roy S, De J, Biswas A, Ray AK. Maintenance of brain
thyroid hormone level during peripheral hypothyroid condition in adult rat. Life Sci
(2006) 79(15):1450–5. doi: 10.1016/j.lfs.2006.04.006

44. Morreale de Escobar G, Calvo R, Escobar del Rey F, Obregon MJ. Thyroid
hormones in tissues from fetal and adult rats. Endocrinology (1994) 134:2410–5. doi:
10.1210/endo.134.6.8194467

45. Kastellakis A, Valcana T. Characterization of thyroid hormone transport in
synaptosomes of rat cerebral cortex. Mol Cell Endocrinol (1989) 67:231–41. doi:
10.1016/0303-7207(89)90213-X

46. Sarkar PK. Subcellular levels of L-T3 and L-T4 in adult rat brain cerebral cortex.
Thyroid Sci (2010) 5(4):CLS1–4.

47. Gereben B, Zavacki AM, Ribich S, Kim BW, Huang SA, Simonides WS, et al.
Cellular and molecular basis of deiodinase-regulated thyroid hormone signaling.
Endocr Rev (2008) 29(7):898–938. doi: 10.1210/er.2008-0019

48. Drigo RAE, Bianco AC. Type 2 deiodinase at the crossroads of thyroid hormone
action. Int J Biochem Cell B (2011) 43(10):1432–41. doi: 10.1016/j.biocel.2011.05.016

49. Visser TJ. Pathways of thyroid hormone metabolism. Acta Med Austriaca (1996)
23(1-2):10–6.

50. Wood WJL, Geraci T, Nilsen A, DeBarber AE, Scanlan TS. Iodothyronamines
are oxidatively deaminated to iodothyroacetic acids in vivo. Chembiochem (2009) 10
(2):361–5. doi: 10.1002/cbic.200800607

51. Zucchi R, Rutigliano G, Saponaro F. Novel thyroid hormones. Endocrine (2019)
66(1):95–104. doi: 10.1007/s12020-019-02018-4

52. Laurino A, De Siena G, Saba A, Chiellini G, Landucci E, Zucchi R, et al. In the
Brain of Mice, 3-Iodothyronamine (T1AM) Is Converted into 3-Iodothyroacetic Acid
(TA1) and It Is Included within the Signaling Network Connecting Thyroid Hormone
Metabolites with Histamine. Eur J Pharmacol (2015) 761:130–4. doi: 10.1016/
j.ejphar.2015.04.038

53. Crantz FR, Larsen PR. Rapid thyroxine to 3,5,3'-triiodothyronine conversion
and nuclear 3,5,3'-triiodothyronine binding in rat cerebral cortex and cerebellum. J Clin
Invest (1980) 65(4):935–8. doi: 10.1172/JCI109749

54. Kaplan MM, Yaskoski KA. Phenolic and tyrosyl ring deiodination of
iodothyronines in rat brain homogenates. J Clin Invest (1980) 66(3):551–62.
doi: 10.1172/JCI109887

55. Georgantzopoulou A, Skoczynska E, van den Berg JHJ, Brand W, Legay S, Klein
SG, et al. P-gp efflux pump inhibition potential of common environmental
contaminants determined in vitro. Environ Toxicol Chem (2014) 33(4):804–13.
doi: 10.1002/etc.2493

56. Homuth G, Lietzow J, Schanze N, Golchert J, Kohrle J. Endocrine, metabolic and
pharmacological effects of thyronamines (TAM), thyroacetic acids (TA) and thyroid
hormone metabolites (Thm) - evidence from in vitro, cellular, experimental animal and
human studies. Exp Clin Endocrinol Diabetes (2020) 128(6-07):401–13. doi: 10.1055/a-
1139-9200

57. Mashio Y, Inada M, Tanaka K, Ishii H, Naito K, Nishikawa M, et al.
Synaptosomal T 3 binding sites in rat brain: their localization on synaptic membrane
and regional distribution. Acta Endocrinol-Cop (1983) 104:134–8. doi: 10.1530/
acta.0.1040134

58. Giguere A, Lehoux JG, Gallopayet N, Bellabarba D. 3,5,3'-triiodothyronine
binding-sites in synaptosomes from brain of chick-embryo - properties and
ontogeny. Dev Brain Res (1992) 66(2):221–7. doi: 10.1016/0165-3806(92)90083-9

59. Sarkar PK, Ray AK. Specific binding of L-triiodothyronine modulates Na+-K
+-ATPase activity in adult rat cerebrocortical synaptosomes. NeuroReport (1998) 9
(6):1149–52. doi: 10.1097/00001756-199804200-00035

60. Majewska MD. Neurosteroids: endogenous bimodal modulators of the GABA a
receptor. Mechanism of action and physiological significance. Prog Neurobiol (1992)
38:379–95. doi: 10.1016/0301-0082(92)90025-A

61. Belelli D, Lambert JJ. Neurosteroids: endogenous regulators of the GABA(a)
receptor. NatRevNeurosci (2005) 6(7):565–75. doi: 10.1038/nrn1703

62. Davis PJ, Davis FB, Cody V. Membrane receptors mediating thyroid hormone
action. Trends Endocrinol Metab (2005) 16(9):429–35. doi: 10.1016/j.tem.2005.09.007
frontiersin.org

https://doi.org/10.1038/npp.1993.28
https://doi.org/10.1016/0306-4522(96)00052-8
https://doi.org/10.1210/en.2017-00250
https://doi.org/10.1016/j.physbeh.2011.02.017
https://doi.org/10.1210/en.2008-0350
https://doi.org/10.1152/ajpendo.1978.235.6.E638
https://doi.org/10.1152/ajpendo.1978.235.6.E638
https://doi.org/10.1210/endo-110-4-1257
https://doi.org/10.1210/endo-122-1-236
https://doi.org/10.1210/en.2010-0491
https://doi.org/10.3390/molecules26061616
https://doi.org/10.1530/joe-12-0055
https://doi.org/10.1530/joe-12-0055
https://doi.org/10.1002/cne.902600306
https://doi.org/10.1016/j.jpba.2022.115038
https://doi.org/10.1126/science.7053582
https://doi.org/10.1210/endo.143.5.8770
https://doi.org/10.1073/pnas.73.3.941
https://doi.org/10.1210/en.2012-1254
https://doi.org/10.1016/S0306-4522(99)00146-3
https://doi.org/10.7554/eLife.82683
https://doi.org/10.1210/me.2010-0095
https://doi.org/10.1210/en.2007-1678
https://doi.org/10.1210/endrev/bnz008
https://doi.org/10.1016/j.freeradbiomed.2022.09.024
https://doi.org/10.1016/j.freeradbiomed.2022.09.024
https://doi.org/10.3803/EnM.2021.1198
https://doi.org/10.1210/endocr/bqab059
https://doi.org/10.1007/s11064-015-1590-5
https://doi.org/10.1007/s11064-015-1590-5
https://doi.org/10.1038/sj.npp.1380101
https://doi.org/10.1038/sj.npp.1380101
https://doi.org/10.1016/j.lfs.2006.04.006
https://doi.org/10.1210/endo.134.6.8194467
https://doi.org/10.1016/0303-7207(89)90213-X
https://doi.org/10.1210/er.2008-0019
https://doi.org/10.1016/j.biocel.2011.05.016
https://doi.org/10.1002/cbic.200800607
https://doi.org/10.1007/s12020-019-02018-4
https://doi.org/10.1016/j.ejphar.2015.04.038
https://doi.org/10.1016/j.ejphar.2015.04.038
https://doi.org/10.1172/JCI109749
https://doi.org/10.1172/JCI109887
https://doi.org/10.1002/etc.2493
https://doi.org/10.1055/a-1139-9200
https://doi.org/10.1055/a-1139-9200
https://doi.org/10.1530/acta.0.1040134
https://doi.org/10.1530/acta.0.1040134
https://doi.org/10.1016/0165-3806(92)90083-9
https://doi.org/10.1097/00001756-199804200-00035
https://doi.org/10.1016/0301-0082(92)90025-A
https://doi.org/10.1038/nrn1703
https://doi.org/10.1016/j.tem.2005.09.007
https://doi.org/10.3389/fendo.2023.1210540
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Martin and Sarkar 10.3389/fendo.2023.1210540
63. Baulieu. Steroid hormones in the brain: several mechanisms? In: Fuxe K,
Gustafsson JA, Wetterberg L, editors. Steroid Hormone Regulation of the Brain.
Oxford: Pergammon Press (1981). p. 3–14.

64. Majewska MD, Schwartz RD. Pregnenolone sulfate: an endogenous antagonist
of the G-aminobutyric acid receptor complex in brain? Brain Res (1987) 404:355–404.
doi: 10.1016/0006-8993(87)91394-1

65. Majewska MD, Mienville JM, Vicini S. Neurosteroid pregnenolone sulfate
antagonizes electrophysiological responses to GABA in neurons. Neurosci Lett (1988)
90:279–84. doi: 10.1016/0304-3940(88)90202-9

66. Puia G, Losi G. Thyroid hormones modulate GABA(a) receptor-mediated
currents in hippocampal neurons. Neuropharmacology (2011) 60(7-8):1254–61.
doi: 10.1016/j.neuropharm.2010.12.013

67. Whybrow PC. The therapeutic use of triiodothyronine and high dose thyroxine
in psychiatric disorder. Acta MedAustriaca (1994) 21(2):47–52.

68. Whybrow PC, Mendels J. Toward a biology of depression - some suggestions from
neurophysiology. Am J Psychiatry (1969) 125(11):1491–+. doi: 10.1176/ajp.125.11.1491

69. Bauer M, Whybrow PC. Role of thyroid hormone therapy in depressive
disorders. J Endocrinol Invest (2021) 44(11):2341–7. doi: 10.1007/s40618-021-01600-w

70. Pilhatsch M, Stamm TJ, Stahl P, Lewitzka U, Berghofer A, Sauer C, et al.
Treatment of bipolar depression with supraphysiologic doses of levothyroxine: A
randomized, placebo-controlled study of comorbid anxiety symptoms. Int J Bipolar
Disord (2019) 7(1):21. doi: 10.1186/s40345-019-0155-y

71. Flach FF, Celian CI, Rawson RW. Treatment of psychiatric-disorders with
triiodothyronine. Am J Psychiatry (1958) 114(9):841–2. doi: 10.1176/ajp.114.9.841

72. Oguro K, Ito M, Tsuda H, Mutoh K, Shiraishi H, Shirasaka Y, et al. Interactions
of thyroid-hormones with L-(H-3)Glutamate binding-sites, with special reference to N-
methyl-D-aspartate receptors. Res Commun Chem Path (1989) 65(2):181–96.

73. Westergard T, Salari R, Martin JV, Brannigan G. Interactions of L-3,5,3'-
triiodothyronine, allopregnanolone, and ivermectin with the GABAa receptor:
evidence for overlapping intersubunit binding modes. PloS One (2015) 10(9):
e0139072. doi: 10.1371/journal.pone.0139072

74. Krusek J, Zemkova H. Effect of ivermectin on gamma-aminobutyric acid-
induced chloride currents in mouse hippocampal embryonic neurons. Eur J
Pharmacol (1994) 259(2):121–8. doi: 10.1016/0014-2999(94)90500-2

75. Westergard T, Henin J, Martin J, Brannigan G. Analysis of the interactions
between GABA(a) receptors and T3 using electrophysiology and molecular dynamics
simulations. Biophys J (2013) 104(2):638a–a. doi: 10.1016/j.bpj.2012.11.3522

76. Mehta AK, Ticku MK. Prevalence of the GABAa receptor assemblies containing
alpha 1-subunit in the rat cerebellum and cerebral cortex cortex as determined by
immunoprecipitation: lack of modulation by chronic ethanol administration. Mol
Brain Res (1999) 67:194. doi: 10.1016/S0169-328X(99)00020-0

77. Chapell R, Martin J, Machu TK, Leidenheimer NJ. Direct channel-gating and
modulatory effects of triiodothyronine on recombinant GABA(a) receptors. Eur J
Pharmacol (1998) 349(1):115–21. doi: 10.1016/S0014-2999(98)00182-4

78. Borowsky B, AdhamN, Jones KA, Raddatz R, Artymyshyn R, Ogozalek KL, et al.
Trace amines: identification of a family of mammalian G protein-coupled receptors. P
Natl Acad Sci USA (2001) 98(16):8966–71. doi: 10.1073/pnas.151105198

79. Bunzow JR, Sonders MS, Arttamangkul S, Harrison LM, Zhang G, Quigley DI,
et al. Amphetamine, 3,4-methylenedioxymethamphetamine, lysergic acid diethylamide,
and metabolites of the catecholamine neurotransmitters are agonists of a rat trace amine
receptor. Mol Pharmacol (2001) 60(6):1181–8. doi: 10.1124/mol.60.6.1181

80. Zucchi R, Chiellini G, Scanlan TS, Grandy DK. Trace amine-associated receptors
and their ligands. Br J Pharmacol (2006) 149(8):967–78. doi: 10.1038/sj.bjp.0706948

81. Dinter J, Muhlhaus J, Wienchol CL, Yi CX, Nurnberg D, Morin S, et al. Inverse
agonistic action of 3-iodothyronamine at the human trace amine-associated receptor 5.
PloS One (2015) 10(2):e0117774. doi: 10.1371/journal.pone.0117774

82. Rutigliano G, Accorroni A, Zucchi R. The case for taar1 as a modulator of central
nervous system function. Front Pharmacol (2018) 8:987. doi: 10.3389/fphar.2017.00987

83. Barnes DA, Galloway DA, Hoener MC, Berry MD, Moore CS. Taar1 expression
in human macrophages and brain tissue: A potential novel facet of MS
neuroinflammation. Int J Mol Sci (2021) 22(21):11576. doi: 10.3390/ijms222111576

84. Vaganova AN, Murtazina RZ, Shemyakova TS, Prjibelski AD, Katolikova NV,
Gainetdinov RR. Pattern of taar5 expression in the human brain based on
transcriptome datasets analysis. Int J Mol Sci (2021) 22(16). doi: 10.3390/ijms22168802

85. Dewan A. Olfactory signaling via trace amine-associated receptors. Cell Tissue
Res (2021) 383(1):395–407. doi: 10.1007/s00441-020-03331-5

86. Braunig J, Mergler S, Jyrch S, Hoefig CS, Rosowski M, Mittag J, et al. 3-
iodothyronamine activates a set of membrane proteins in murine hypothalamic cell
lines. Front Endocrinol (Lausanne) (2018) 9:523. doi: 10.3389/fendo.2018.00523

87. Moffett SX, Klein EA, Brannigan G, Martin JV. L-3,3',5-triiodothyronine and
pregnenolone sulfate inhibit torpedo nicotinic acetylcholine receptors. PloS One (2019)
14(10):e0223272. doi: 10.1371/journal.pone.0223272
Frontiers in Endocrinology 14
88. Puia G, Ravazzini F. Thyroid hormones reduce nicotinic receptor mediated
currents in sh-sy5y neuroblastoma cells. Pharmacol Rep (2020) 72(6):1766–71.
doi: 10.1007/s43440-020-00170-7

89. Laurino A, Matucci R, Vistoli G, Raimondi L. 3-iodothyronamine (T1AM), a
novel antagonist of muscarinic receptors. Eur J Pharmacol (2016) 793:35–42.
doi: 10.1016/j.ejphar.2016.10.027

90. Losi G, Garzon G, Puja G. Nongenomic regulation of glutamatergic
neurotransmission in hippocampus by thyroid hormones. Neuroscience (2008) 151
(1):155–63. doi: 10.1016/j.neuroscience.2007.09.064

91. Pfeifle B, Pfeifle R, Faulhaber JD, Ditschuneit H. Thyroid hormone effects on
beta-adrenergic receptors in isolated fat cells in rats. Horm Metab Res (1981) 13
(4):218–21. doi: 10.1055/s-2007-1019225

92. Hemmings SJ, Shuaib A. Hypothyroidism-evoked shifts in hippocampal
adrenergic receptors: implications to ischemia-induced hippocampal damage. Mol
Cell Biochem (1998) 185(1-2):161–9. doi: 10.1023/A:1006868619606

93. Sarkar PK, Ray AK. Synaptosomal action of thyroid hormones: changes in
Na+-K+-ATPase activity in adult rat cerebral cortex. Horm Metab Res (1993) 25:1–
3. doi: 10.1055/s-2007-1002033

94. Mason GA,Walker CH, Prange AJJr. Depolarization-dependent 45 ca uptake by
synaptosomes of rat cerebral cortex is enhanced by L-triiodothyronine.
Neuropsychopharmacology (1990) 3:291–5.

95. Sarkar PK, Durga ND, Morris JJ, Martin JV. In vitro thyroid hormone rapidly
modulates protein phosphorylation in cerebrocortical synaptosomes from adult rat
brain. Neuroscience (2006) 137(1):125–32. doi: 10.1016/j.neuroscience.2005.10.002

96. Lin HY, Davis FB, Gordinier JK, Martino LJ, Davis PJ. Thyroid hormone induces
activation of mitogen-activated protein kinase in cultured cells. Am J Physiology-Cell
Physiol (1999) 276(5):C1014–C24. doi: 10.1152/ajpcell.1999.276.5.C1014

97. Moffett SX, Giannopoulos PF, James TD, Martin JV. Effects of acute
microinjections of thyroid hormone to the preoptic region of hypothyroid adult
male rats on sleep, motor activity and body temperature. Brain Res (2013) 1516:55–
65. doi: 10.1016/j.brainres.2013.04.017

98. Martin JV, Giannopoulos PF, Moffett SX, James TD. Effects of acute
microinjections of thyroid hormone to the preoptic region of euthyroid adult male
rats on sleep and motor activity. Brain Res (2013) 1516:45–54. doi: 10.1016/
j.brainres.2013.01.032

99. Lin HY, Shih A, Davis FB, Davis PJ. Thyroid hormone promotes the
phosphorylation of stat3 and potentiates the action of epidermal growth factor in
cultured cells. Biochem J (1999) 338(Pt 2):427–32. doi: 10.1042/bj3380427

100. Tang HY, Lin HY, Zhang SL, Davis FB, Davis PJ. Thyroid hormone causes
mitogen-activated protein kinase-dependent phosphorylation of the nuclear estrogen
receptor. Endocrinology (2004) 145(7):3265–72. doi: 10.1210/en.2004-0308

101. Sarkar PK, Morris JJ, Martin JV. Non-genomic effect of L-triiodothyronine on
calmodulin-dependent synaptosomal protein phosphorylation in adult rat cerebral
cortex. Indian J Exp Biol (2011) 49(3):169–76.

102. Manni ME, De Siena G, Saba A, Marchini M, Landucci E, Gerace E, et al.
Pharmacological effects of 3-iodothyronamine (T1AM) in mice include facilitation of
memory acquisition and retention and reduction of pain threshold. Br J Pharmacol
(2013) 168(2):354–62. doi: 10.1111/j.1476-5381.2012.02137.x

103. Bandini L, Sacripanti G, Borso M, Tartaria M, Fogliaro MP, Giannini G, et al.
Exogenous 3-Iodothyronamine (T(1)AM) Can Affect Phosphorylation of Proteins
Involved on Signal Transduction Pathways in in Vitro Models of Brain Cell Lines,
but These Effects Are Not Strengthened by Its Catabolite, 3-Iodothyroacetic Acid (TA
(1)). Life-Basel (2022) 12(9):1352. doi: 10.3390/life12091352

104. Stahl WL, Harris WE. Na+,K+-ATPase: structure, function, and interactions
with drugs. Adv Neurol (1986) 44:681–93.

105. Schmitt CA, Mcdonough AA. Thyroid-hormone regulates alpha-isoforms and
alpha-+ Isoforms of Na,K-ATP during development in neonatal rat-brain. J Biol Chem
(1988) 263(33):17643–9. doi: 10.1016/S0021-9258(19)77885-5

106. Mcdonough AA, Brown TA, Horowitz B, Chiu R, Schlotterbeck J, Bowen J,
et al. Thyroid-hormone coordinately regulates Na+ K+-ATPase alpha-subunit and
beta-subunit messenger-rna levels in kidney. Am J Physiol (1988) 254(2):C323–C9.
doi: 10.1152/ajpcell.1988.254.2.C323

107. Hoffmann G, Dietzel ID. Thyroid hormone regulates excitability in central
neurons from postnatal rats. Neuroscience (2004) 125(2):369–79. doi: 10.1016/
j.neuroscience.2004.01.047

108. Leonard JL, Farwell AP. Thyroid hormone-regulated actin polymerization in
brain. Thyroid (1997) 7(1):147–51. doi: 10.1089/thy.1997.7.147

109. Corpechot C, Collins BE, Carey MP, Tsouros A, Robel P, Fry JP. Brain
neurosteroids during the mouse oestrous cycle. Brain Res (1997) 766(1-2):276–80.
doi: 10.1016/S0006-8993(97)00749-X

110. Akk G, Bracamontes J, Steinbach JH. Pregnenolone sulfate block of GABA(a)
receptors: mechanism and involvement of a residue in the M2 region of the alpha
subunit. J Physiol-London (2001) 532(3):673–84. doi: 10.1111/j.1469-7793.2001.0673e.x
frontiersin.org

https://doi.org/10.1016/0006-8993(87)91394-1
https://doi.org/10.1016/0304-3940(88)90202-9
https://doi.org/10.1016/j.neuropharm.2010.12.013
https://doi.org/10.1176/ajp.125.11.1491
https://doi.org/10.1007/s40618-021-01600-w
https://doi.org/10.1186/s40345-019-0155-y
https://doi.org/10.1176/ajp.114.9.841
https://doi.org/10.1371/journal.pone.0139072
https://doi.org/10.1016/0014-2999(94)90500-2
https://doi.org/10.1016/j.bpj.2012.11.3522
https://doi.org/10.1016/S0169-328X(99)00020-0
https://doi.org/10.1016/S0014-2999(98)00182-4
https://doi.org/10.1073/pnas.151105198
https://doi.org/10.1124/mol.60.6.1181
https://doi.org/10.1038/sj.bjp.0706948
https://doi.org/10.1371/journal.pone.0117774
https://doi.org/10.3389/fphar.2017.00987
https://doi.org/10.3390/ijms222111576
https://doi.org/10.3390/ijms22168802
https://doi.org/10.1007/s00441-020-03331-5
https://doi.org/10.3389/fendo.2018.00523
https://doi.org/10.1371/journal.pone.0223272
https://doi.org/10.1007/s43440-020-00170-7
https://doi.org/10.1016/j.ejphar.2016.10.027
https://doi.org/10.1016/j.neuroscience.2007.09.064
https://doi.org/10.1055/s-2007-1019225
https://doi.org/10.1023/A:1006868619606
https://doi.org/10.1055/s-2007-1002033
https://doi.org/10.1016/j.neuroscience.2005.10.002
https://doi.org/10.1152/ajpcell.1999.276.5.C1014
https://doi.org/10.1016/j.brainres.2013.04.017
https://doi.org/10.1016/j.brainres.2013.01.032
https://doi.org/10.1016/j.brainres.2013.01.032
https://doi.org/10.1042/bj3380427
https://doi.org/10.1210/en.2004-0308
https://doi.org/10.1111/j.1476-5381.2012.02137.x
https://doi.org/10.3390/life12091352
https://doi.org/10.1016/S0021-9258(19)77885-5
https://doi.org/10.1152/ajpcell.1988.254.2.C323
https://doi.org/10.1016/j.neuroscience.2004.01.047
https://doi.org/10.1016/j.neuroscience.2004.01.047
https://doi.org/10.1089/thy.1997.7.147
https://doi.org/10.1016/S0006-8993(97)00749-X
https://doi.org/10.1111/j.1469-7793.2001.0673e.x
https://doi.org/10.3389/fendo.2023.1210540
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Martin and Sarkar 10.3389/fendo.2023.1210540
111. Martin JV, Padron JM, Newman MA, Chapell R, Leidenheimer NJ, Burke LA.
Inhibition of the activity of the native gamma-aminobutyric acid(a) receptor by
metabolites of thyroid hormones: correlations with molecular modeling studies.
Brain Res (2004) 1004(1-2):98–107. doi: 10.1016/j.brainres.2003.12.043

112. Hoefig CS, Jacobi SF, Warner A, Harder L, Schanze N, Vennstrom B, et al. 3-
iodothyroacetic acid lacks thermoregulatory and cardiovascular effects in vivo. Br J
Pharmacol (2015) 172(13):3426–33. doi: 10.1111/bph.13131

113. Sarkar PK, Yuen J, Mitchell CL, Martin JV. Alteration of 3H-muscimol binding
at GABA a receptor by L-triiodothyronine and its analogs in membranes from adult rat
brain. Bull New Jersey Acad Sci (2002) 47(1):16.

114. Sarkar PK, Ray AK. Involvement of L-triiodothyronine in acetylcholine
metabolism in adult rat cerebrocortical synaptosomes. Horm Metab Res (2001) 33
(5):270–5. doi: 10.1055/s-2001-15120

115. Zhu W, Wu FM, Li J, Meng LH, Zhang WJ, Zhang HJ, et al. Impaired learning
and memory generated by hyperthyroidism is rescued by restoration of AMPA and
NMDA receptors function. Neurobiol Dis (2022) 171:105807. doi: 10.1016/
j.nbd.2022.105807

116. Xu YX, Sun Y, Cheng J, Xia Q, Liu TT, Zhu DF, et al. Genetic difference of
hypothyroidism-induced cognitive dysfunction in C57bl/6j and 129/sv mice.
Neurochem Res (2019) 44(8):1999–2006. doi: 10.1007/s11064-019-02836-y

117. Fernandez-Lamo I, Montero-Pedrazuela A, Delgado-Garcia JM, Guadano-
Ferraz A, Gruart A. Effects of thyroid hormone replacement on associative learning and
hippocampal synaptic plasticity in adult hypothyroid rats. Eur J Neurosci (2009) 30
(4):679–92. doi: 10.1111/j.1460-9568.2009.06862.x

118. Dos Reis-Lunardelli EA, Ramirez MR, Castro CC, Coitinho AS, Bavaresco C,
Da Trindade LSS, et al. Effects of an acute treatment with L-thyroxine on memory,
habituation, danger avoidance, and on Na+, K+ ATPase activity in rat brain. Curr
Neurovasc Res (2007) 4(4):259–67. doi: 10.2174/156720207782446360

119. Musilli C, De Siena G, Manni ME, Logli A, Landucci E, Zucchi R, et al.
Histamine mediates behavioural and metabolic effects of 3-iodothyroacetic acid, an
endogenous end product of thyroid hormone metabolism. Br J Pharmacol (2014) 171
(14):3476–84. doi: 10.1111/bph.12697

120. Bergmann BM, Gilliland MA, Balzano S, Refetoff S, Rechtschaffen A. Sleep
deprivation in the rat: xix. Effects of thyroxine administration. Sleep (1995) 18(5):317–
24. doi: 10.1093/sleep/18.5.317

121. Bergmann BM, Everson CA, Kushida CA, Fang VS, Leitch CA, Schoeller DA,
et al. Sleep deprivation in the rat. V. Energy use and mediation. Sleep (1989) 12:31–41.
doi: 10.1093/sleep/12.1.31

122. Everson CA, Reed HL. Pituitary and peripheral thyroid hormone responses to
thyrotropin- releasing hormone during sustained sleep deprivation in freely moving
rats. Endocrinology (1995) 136:1426–34. doi: 10.1210/endo.136.4.7895653

123. Everson CA, Crowley WR. Reductions in circulating anabolic hormones
induced by sustained sleep deprivation in rats. Am J Physiol-Endoc M (2004) 286(6):
E1060–E70. doi: 10.1152/ajpendo.00553.2003

124. Kales A, Heuser G, Jacobson A, Kales JD, Hanley J, Zweizig JR, et al. All Night
Sleep Studies in Hypothyroid Patients, before and after Treatment. J Clin Endocrinol
Metab (1967) 27:1593–9. doi: 10.1210/jcem-27-11-1593

125. Dunleavy DL, Oswald I, Brown P, Strong JA. Hyperthyroidism, sleep and
growth hormone. Electroencephalography Clin Neurophysiol (1974) 36:259–63. doi:
10.1016/0013-4694(74)90167-9

126. Eastman CI, Rechtschaffen A. Effect of thyroxine on sleep in the rat. Sleep
(1979) 2(2):215–32. doi: 10.1093/sleep/2.2.215

127. Timiras PS, Woodbury DM. Effect of thyroid activity on brain function and brain
electrolyte distrubution in rats. Endocrinology (1956) 58:181–92. doi: 10.1210/endo-58-2-181

128. Gull T, Pilcher JJ, Bergmann BM, Rechtschaffen A. Effect of thyroid depletion
on sleep and eeg in rat. Sleep Res (1989) 18:91.

129. Salin-Pascual RJ, Franco M, Garcia-Ferrero R, Vazquez J, Suarez J, Sanchez L,
et al. Differences in Sleep Variables, Blood Adenosine, and Body Temperature between
Hypothyroid and Euthyroid Rats before and after REM Sleep Deprivation. Sleep (1997)
20(11):957–62. doi: 10.1093/sleep/20.11.957

130. MendelsonWB, Martin JV, Perlis M, Wagner R, Majewska MD, Paul SM. Sleep
induction by an adrenal-steroid in the rat. Psychopharmacology (1987) 93(2):226–9.
doi: 10.1007/BF00179939

131. Lancel M, Cronlein TAM, Mullerpreuss P, Holsboer F. Pregnenolone enhances
EEG delta-activity during non-rapid eye-movement sleep in the rat, in contrast to
midazolam. Brain Res (1994) 646(1):85–94. doi: 10.1016/0006-8993(94)90060-4

132. Lancel M, Faulhaber J, Holsboer F, Rupprecht R. Progesterone induces changes
in sleep comparable to those of agonistic GABAa receptor modulators. AmJPhysiol
(1996) 271(4 Pt 1):E763–E72. doi: 10.1152/ajpendo.1996.271.4.E763

133. Constant EL, Adam S, Seron X, Bruyer R, Seghers A, Daumerie C. Anxiety and
depression, attention, and executive functions in hypothyroidism. J Int Neuropsychol
Soc (2005) 11(5):535–44. doi: 10.1017/S1355617705050642

134. Gunnarsson T, Sjoberg S, Eriksson M, Nordin C. Depressive symptoms in
hypothyroid disorder with some observations on biochemical correlates.
Neuropsychobiology (2001) 43(2):70–4. doi: 10.1159/000054869
Frontiers in Endocrinology 15
135. Lekurwale V, Acharya S, Shukla S, Kumar S. Neuropsychiatric manifestations
of thyroid diseases. Cureus J Med Sci (2023) 15(1):e33987. doi: 10.7759/cureus.33987

136. Whybrow PC, Bauer M. Behavioral and psychiatric aspects of thyrotoxicosis.
In: Braverman LE, Utiger RD, editors. The Thyroid: A Fundamental and Clinical Text.,
9 ed. Philadephia: Lippincott Williams and Wilkins (2005). p. 644–50.

137. Bauer M, Heinz A, Whybrow PC. Thyroid hormones, serotonin and mood: of
synergy and significance in the adult brain. Mol Psychiatr (2002) 7(2):140–56.
doi: 10.1038/sj.mp.4000963

138. Altshuler LL, Bauer M, Frye MA, Gitlin MJ, Mintz J, Szuba MP, et al. Does thyroid
supplementation accelerate tricyclic antidepressant response? A review and meta-analysis of
the literature. Am J Psychiatry (2001) 158(10):1617–22. doi: 10.1176/appi.ajp.158.10.1617

139. Lambert PM, Lu XG, Zorumski CF, Mennerick S. Physiological markers of
rapid antidepressant effects of allopregnanolone. J Neuroendocrinol (2022) 34(2):
e13023. doi: 10.1111/jne.13023

140. Laurino A, De Siena G, Resta F, Masi A, Musilli C, Zucchi R, et al. 3-
iodothyroacetic acid, a metabolite of thyroid hormone, induces itch and reduces
threshold to noxious and to painful heat stimuli in mice. Br J Pharmacol (2015) 172
(7):1859–68. doi: 10.1111/bph.13032

141. Benhamamouch S, Kuznierz JP, Agnani G, Marzin D, Lecerf JM, Fruchart JC,
et al. Determination of the ldl receptor binding capacity of human lymphocytes by
immunocytofluorimetric assay. Biochim Biophys Acta (1989) 1002(1):45–53.
doi: 10.1016/0005-2760(89)90062-3

142. Storey NM, Gentile S, Ullah H, Russo A, Muessel M, Erxleben C, et al. Rapid
signaling at the plasma membrane by a nuclear receptor for thyroid hormone. Proc Natl
Acad Sci U.S.A. (2006) 103(13):5197–201. doi: 10.1073/pnas.0600089103

143. Hiroi Y, Kim HH, Ying H, Furuya F, Huang Z, Simoncini T, et al. Rapid
nongenomic actions of thyroid hormone. Proc Natl Acad Sci U.S.A. (2006) 103
(38):14104–9. doi: 10.1073/pnas.0601600103

144. Gereben B, Zeold A, Dentice M, Salvatore D, Bianco AC. Activation and
inactivation of thyroid hormone by deiodinases: local action with general
consequences. Cell Mol Life Sci (2008) 65(4):570–90. doi: 10.1007/s00018-007-7396-0

145. Mondal S, Mugesh G. Regioselective deiodination of iodothyronamines,
endogenous thyroid hormone derivatives, by deiodinase mimics. Chem-Eur J (2014)
20(35):11120–8. doi: 10.1002/chem.201403248

146. Kohrle J, Biebermann H. 3-iodothyronaminea thyroid hormone metabolite
with distinct target profiles and mode of action. Endocr Rev (2019) 40(2):602–30.
doi: 10.1210/er.2018-00182

147. van Geest FS, Groeneweg S, van den Akker ELT, Bacos I, Barca D, van den Berg
SAA, et al. Long-term efficacy of T3 analogue TRIAC in children and adults with MCT8
deficiency: A real-life retrospective cohort study. J Clin Endocrinol Metab (2022) 107
(3):e1136–e47. doi: 10.1210/clinem/dgab750

148. Groeneweg S, Peeters RP, Moran C, Stoupa A, Auriol F, Tonduti D, et al.
Effectiveness and safety of the tri-iodothyronine analogue TRIAC in children and
adults with MCT8 deficiency: an international, single-arm, open-label, phase 2 trial.
Lancet Diabetes Endocrinol (2019) 7(9):695–706. doi: 10.1016/S2213-8587(19)30155-X

149. Tobi D, Krashin E, Davis PJ, Cody V, Ellis M, Ashur-Fabian O. Three-
dimensional modeling of thyroid hormone metabolites binding to the cancer-
relevant alpha V beta 3 integrin: in-silico based study. Front Endocrinol (2022)
13:895240. doi: 10.3389/fendo.2022.895240

150. Mousa SA, Yalcin M, Bharali DJ, Meng R, Tang HY, Lin HY, et al.
Tetraiodothyroacetic acid and its nanoformulation inhibit thyroid hormone
stimulation of non-small cell lung cancer cells in vitro and its growth in xenografts.
Lung Cancer (2012) 76(1):39–45. doi: 10.1016/j.lungcan.2011.10.003

151. Hoefig CS, Wuensch T, Rijntjes E, Lehmphul I, Daniel H, Schweizer U, et al.
Biosynthesis of 3-iodothyronamine from T-4 in murine intestinal tissue. Endocrinology
(2015) 156(11):4356–64. doi: 10.1210/en.2014-1499

152. Fauvert R, Roche J, Michel R, Thieblemont P, Gruson M. Mise En Evidence,
Dans Le Plasma Et La Bile De Lhomme, De Lester Sulfurique de la 3-5-3'-Triiodo-L-
Thyronine. Rev Fr Etud Clin Bio (1958) 3(4):372–4.

153. Visser TJ. Role of sulfate in thyroid hormone sulfation. Eur J Endocrinol (1996)
134(1):12–4. doi: 10.1530/eje.0.1340012

154. Visser TJ, Vanbuuren JCJ, Rutgers M, Rooda SJE, Deherder WW. The role of
sulfation in thyroid-hormone metabolism. Trends Endocrinol Metab (1990) 1(4):211–8.
doi: 10.1016/1043-2760(90)90055-8

155. Wu SY, Green WL, Huang WS, Hays MT, Chopra IJ. Alternate pathways of
thyroid hormone metabolism. Thyroid (2005) 15(8):943–58. doi: 10.1089/
thy.2005.15.943

156. Hackenmueller SA, Scanlan TS. Identification and quantification of 3-
iodothyronamine metabolites in mouse serum using liquid chromatography-tandem mass
spectrometry. J Chromatogr A (2012) 1256:89–97. doi: 10.1016/j.chroma.2012.07.052

157. Gachkar S, Oelkrug R, Herrmann B, Scanlan TS, Sun Q, Biebermann H, et al.
N- and O-acetylated 3-iodothyronamines have no metabolic or thermogenic effects in
male mice. Eur Thyroid J (2020) 9(2):57–66. doi: 10.1159/000504887

158. Calabrese EJ, Baldwin LA. Hormesis: the dose-response revolution. Annu Rev
Pharmacol Toxicol (2003) 43:175–97. doi: 10.1146/annurev.pharmtox.43.100901.140223
frontiersin.org

https://doi.org/10.1016/j.brainres.2003.12.043
https://doi.org/10.1111/bph.13131
https://doi.org/10.1055/s-2001-15120
https://doi.org/10.1016/j.nbd.2022.105807
https://doi.org/10.1016/j.nbd.2022.105807
https://doi.org/10.1007/s11064-019-02836-y
https://doi.org/10.1111/j.1460-9568.2009.06862.x
https://doi.org/10.2174/156720207782446360
https://doi.org/10.1111/bph.12697
https://doi.org/10.1093/sleep/18.5.317
https://doi.org/10.1093/sleep/12.1.31
https://doi.org/10.1210/endo.136.4.7895653
https://doi.org/10.1152/ajpendo.00553.2003
https://doi.org/10.1210/jcem-27-11-1593
https://doi.org/10.1016/0013-4694(74)90167-9
https://doi.org/10.1093/sleep/2.2.215
https://doi.org/10.1210/endo-58-2-181
https://doi.org/10.1093/sleep/20.11.957
https://doi.org/10.1007/BF00179939
https://doi.org/10.1016/0006-8993(94)90060-4
https://doi.org/10.1152/ajpendo.1996.271.4.E763
https://doi.org/10.1017/S1355617705050642
https://doi.org/10.1159/000054869
https://doi.org/10.7759/cureus.33987
https://doi.org/10.1038/sj.mp.4000963
https://doi.org/10.1176/appi.ajp.158.10.1617
https://doi.org/10.1111/jne.13023
https://doi.org/10.1111/bph.13032
https://doi.org/10.1016/0005-2760(89)90062-3
https://doi.org/10.1073/pnas.0600089103
https://doi.org/10.1073/pnas.0601600103
https://doi.org/10.1007/s00018-007-7396-0
https://doi.org/10.1002/chem.201403248
https://doi.org/10.1210/er.2018-00182
https://doi.org/10.1210/clinem/dgab750
https://doi.org/10.1016/S2213-8587(19)30155-X
https://doi.org/10.3389/fendo.2022.895240
https://doi.org/10.1016/j.lungcan.2011.10.003
https://doi.org/10.1210/en.2014-1499
https://doi.org/10.1530/eje.0.1340012
https://doi.org/10.1016/1043-2760(90)90055-8
https://doi.org/10.1089/thy.2005.15.943
https://doi.org/10.1089/thy.2005.15.943
https://doi.org/10.1016/j.chroma.2012.07.052
https://doi.org/10.1159/000504887
https://doi.org/10.1146/annurev.pharmtox.43.100901.140223
https://doi.org/10.3389/fendo.2023.1210540
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Nongenomic roles of thyroid hormones and their derivatives in adult brain: are these compounds putative neurotransmitters?
	1 Introduction
	2 Presence of TH and metabolites in brain
	2.1 Levels of THs and TAMs in adult rat brain
	2.1.1 Transport of THs and TAMs in adult rat brain
	2.1.2 Uptake of TAMs in adult rat brain

	2.2 Levels of T4 and T3 in subcellular fractions from adult rat brain

	3 Release of TH and derivatives from neural tissue
	4 TH and metabolite binding in brain
	4.1 TH recognition sites in neuronal membrane
	4.2 Binding of TH and neurosteroids at GABAA receptors
	4.3 Effects of TAMs on TAARs
	4.4 Effects of THs on binding to other neurotransmitter receptors

	5 Initiation of a specific effector mechanism
	5.1 Nongenomic effects of THs on protein phosphorylation
	5.2 Functional correlation of neuronal Na+-K+-ATPase specific activity and specific T3-binding in the synaptosomal membrane of adult rat brain
	5.3 Polymerization of actin
	5.4 Effects of THs and neurosteroids on GABAA receptor-modulated currents
	5.5 Effects of THs and TAMs on thermoregulation
	5.6 Effects of THs and neurosteroids on cholinergic effector mechanisms
	5.7 Effects of TH and derivatives on learning and memory
	5.8 Effects of thyroid hormone and metabolites on sleep
	5.9 Effects of THs and TAMs on depression
	5.10 Effects of TAs on scratching responses and pain responses
	5.11 Effects of THR outside of the chromatin (type 3 effects)

	6 Inactivation mechanisms
	6.1 Deiodination as an inactivation mechanism
	6.2 Deamination as an inactivation mechanism
	6.3 Decarboxylation as an inactivation mechanism
	6.4 Alternate metabolic pathways as inactivation mechanisms

	7 Conclusions
	Author contributions
	Funding
	Acknowledgments
	References


