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Resumo 

O acidente vascular cerebral (AVC) continua a representar uma das maiores causas de morte e 

comorbidade a nível mundial, sendo o AVC isquémico o tipo mais comum, que representa 87% 

dos casos. Em Portugal o AVC é a primeira causa de morte e incapacidade em pessoas idosas. 

Os sintomas são variáveis de acordo com a região cerebral afetada e com e extensão do AVC, 

no entanto, a hemiparesia é experienciada por cerca de 75% dos doentes. 

A causa mais frequente de um AVC isquémico deve-se à obstrução do fluxo sanguíneo numa 

artéria cerebral devido à oclusão por um trombo, geralmente um ateroma ou um coágulo, ou 

por um êmbolo proveniente do coração ou das artérias carótidas. A extensão dos danos depende 

do tempo em que as células cerebrais ficam privadas de oxigénio e glicose, ou seja, em 

ambiente de hipóxia. No centro do enfarte, onde o fluxo sanguíneo é inexistente, há uma rápida 

degeneração do tecido cerebral e morte celular. A morte celular deve-se, principalmente, ao 

aumento do influxo de cálcio, resultante da excitotoxicidade devido a excesso de glutamato 

extracelular e ativação excessiva dos canais de glutamato N-metilo-D-aspartato (NMDA) e ácido 

alfa-amino-3-hidroxi-5-metil-4-isoxazol-propiónico (AMPA). Todavia, na região adjacente ao 

centro do enfarte ou na penumbra, os danos são menores e potencialmente reversíveis, devido 

ao fluxo sanguíneo colateral. 

As primeiras 4 horas e 30 minutos após o início de um AVC são cruciais para reduzir os efeitos 

da excitotoxicidade, edema e inflamação aguda. O tratamento com agentes fibrinolíticos ou 

trombectomia durante esse período após um AVC é eficaz, na medida em que restabelece o 

fluxo sanguíneo e previne que as células cerebrais sofram danos irreversíveis. Porém, uma 

minoria de doentes é elegível a este tipo de tratamento na fase aguda, o que limita a sua 

aplicabilidade. Atualmente, o tratamento de um AVC consiste na recanalização dos vasos 

obstruídos se possível, e a longo prazo na reabilitação do doente. 

Após um AVC, o processo de recuperação funcional ocorre com maiores progressos durante as 

primeiras quatro semanas e prolonga-se durante meses a anos. Durante este período, o cérebro 

adota diversos mecanismos de reorganização anatómica e fisiológica espontânea nas áreas 

subjacentes ao centro do enfarte e na região contralateral, ou seja, neuroplasticidade 

espontânea. No entanto, a recuperação neurológica espontânea é muito limitada, na medida 

em que o doente recupera apenas parcialmente algumas funções motoras. Todavia, a 

recuperação pode ser otimizada através de estímulos terapêuticos. Muitos esforços têm sido 

feitos no desenvolvimento de terapias adjuvantes que promovam a neuroplasticidade, contudo, 

nenhuma foi ainda aprovada em ensaios clínicos. De momento, a abordagem clínica a longo 

prazo em sobreviventes de um AVC continua a ser a reabilitação. 
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As hormonas da tiroide (TH) e a sua proteína de transporte, transtirretina (TTR), são potenciais 

alvos terapêuticos para estimular os mecanismos endógenos de reparação neuronal. As TH 

desempenham funções essenciais durante o desenvolvimento cerebral e na vida adulta. Em 

particular a forma ativa 3,5,3’-triiodo-L-tironina (T3) é crucial na regulação de mecanismos de 

plasticidade neuronal, estimulação da angiogénese e neurogénese, na modulação da função de 

componentes do citoesqueleto e em processos de transporte intracelular. Estes mecanismos 

estão também presentes durante o processo de recuperação e estimulam a recuperação da 

função motora durante as primeiras semanas a meses após um AVC. Independentemente da sua 

função como proteína de transporte, a TTR tem sido estudada como uma molécula 

neuroprotetora no cérebro e posta em evidência como alvo promissor durante a fase de 

recuperação após um AVC, de forma a melhorar as funções neurológicas perdidas. 

Os ensaios experimentais apresentados nesta tese tiveram como objetivo investigar o papel das 

TH e da TTR na reorganização da função neuronal após fototrombose (PT). A administração de 

T3 a 50 μg/kg durante as primeiras duas semanas após a indução experimental de AVC, realizada 

por PT em murganhos, melhorou significativamente a recuperação da função neurológica 

perdida sem afetar o volume do enfarte. Observámos uma recuperação da função motora, 

acompanhada por mecanismos de regulação homeostática na periferia do enfarte, em favor da 

excitabilidade. A nível celular e estrutural demonstramos que a T3 tem efeitos modulatórios 

que atuam a diferentes escalas temporais e locais, de forma a assegurar uma eficiente 

neurotransmissão sináptica. 

Mostrámos também que a administração a longo prazo da T3, após PT, induz alterações 

estruturais ao aumentar a densidade das espículas dendríticas na periferia do enfarte e na 

região contralateral. A eficácia da neurotransmissão sináptica parece ter sido aumentada, após 

administração da T3, devido ao aumento dos níveis de sinaptotagmina 1 e 2, que são proteínas 

vesiculares pré-sinápticas envolvidas na libertação de neurotransmissores e ao aumento dos 

níveis da subunidade 2 dos recetores de glutamato AMPA, na periferia do enfarte. A 

administração da T3 também diminui a ação inibitória do neurotransmissor ácido gama-

aminobutírico (GABA) na periferia do enfarte devido à redução da atividade dos neurónios que 

expressam a parvalbumina e à redução dos níveis da descarboxilase do glutamato (GAD) 65/67. 

Além disso, mostrámos que a T3 modula, in vitro, propriedades intrínsecas da membrana 

neuronal, com o equilíbrio das correntes dos recetores ionotrópicos ativados pelo glutamato e 

diminuição dos níveis de sinaptotagmina em neurónios submetidos a privação de oxigénio e 

glicose. Curiosamente, encontrámos níveis aumentados do recetor TRβ1, que medeia as ações 

da T3, no centro do enfarte de amostras post-mortem de doentes que sofreram um AVC.  

Apesar do seu já demonstrado efeito neuroprotetor, não encontramos expressão do gene nem 

da proteína TTR no córtex cerebral de murganhos nas duas semanas após PT e, temos dúvidas 

que a TTR participe em mecanismos de recuperação motora após um AVC. 
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Em conclusão, os nossos resultados indicam que a T3 modula a neurotransmissão, excitatória e 

inibitória, relevante para os processos de plasticidade neuronal após um AVC. A administração 

da T3 durante o período crítico para a recuperação regula mecanismos que equilibram o rácio 

excitação – inibição, em favor da excitação. Nesse contexto, os resultados apresentados 

parecem muito promissores, no sentido de serem explorados em futuros ensaios clínicos, de 

forma a desenvolver novas terapias para melhorar a recuperação motora em doentes que 

sofreram um AVC. 
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Abstract 

Stroke remains one of the leading causes of death and disability worldwide. Focal ischemic 

cortical stroke results in tissue demise in the infarct core and neuronal dysfunction in areas 

surrounding the core. The loss of neuronal function triggers specific neuroanatomical and 

neurophysiological changes in both adjacent and remote areas during the first weeks after 

stroke onset. During this critical time window, there is a profound reorganization of cortical 

maps that is accompanied with spontaneous neuroplasticity, however, with limited and 

partially aberrant recovery of motor function. Induced plasticity with external interventions 

such as rehabilitation, facilitates recovery and promotes improvement of lost neurological 

function, albeit to a limited extent. Despite much effort has been spent in developing adjuvant 

therapies to foster spontaneous underlying endogenous mechanisms, none of the treatment 

attempts reached clinical use. Thus, rehabilitation remains the only evidence-based long-term 

treatment in stroke survivors. 

We hypothesized that by targeting thyroid hormones (TH) and their carrier protein transthyretin 

(TTR) might be a promising therapeutic strategy to foster endogenous mechanisms of 

neurorepair. TH are of fundamental importance for brain development and essential factors to 

warrant brain functions throughout life. In particular, the active form 3,5,3’-triiodo-L-thyronine 

(T3) is involved in the regulation of neuronal plasticity, stimulation of angiogenesis and 

neurogenesis as well as modulation of the dynamics of cytoskeletal elements and intracellular 

transport processes. These mechanisms overlap with those that have been identified to enhance 

recovery of lost neurological functions during the first weeks and months after ischemic stroke. 

Independent of its role as a TH carrier protein, TTR has been studied as a neuroprotective 

molecule in the brain, which has been emphasized as promising target to enhance lost 

neurological functions during the recovery phase after stroke. 

In the experimental setting, we investigated if TH and TTR are involved in the reorganization 

of cortical neuronal function after stroke. We found that administration of T3 50 μg/kg during 

the first two weeks after photothrombotic stroke in mice significantly enhanced functional 

recovery of lost neurological function without affecting infarct size. Motor improvement was 

accompanied by mechanisms of homeostatic regulation in the peri-infarct area in favor for an 

increased excitability. The mechanisms involved an increased level of the AMPA receptor 

subunit glutamate receptor 2 and synaptotagmin 1 and 2, which are pre-synaptic vesicles 

involved in neurotransmitter release. In addition, T3 increased dendritic spine density of 

principal neurons in the peri-infarct motor cortex. Moreover, we have shown that T3 regulates 

glutamatergic neurotransmission in cortical glutamatergic neurons. In parallel, T3 suppressed 

tonic GABAergic signaling in the peri-infarct tissue shown by a reduced number of parvalbumin 

positive neurons activity and decreased glutamic acid decarboxylase 65/67 levels. 
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Despite TTR has been demonstrated as neuroprotective after ischemic stroke, we could not 

find ttr or TTR protein expression in the infarct core and peri-infarct area, and it seems unlikely 

that TTR is involved in mechanisms of tissue reorganization following PT during the recovery 

phase after stroke. 

Our results indicate that T3 modulates excitatory and inhibitory neurotransmission relevant for 

plasticity processes in the postischemic brain. T3 administration during the critical period for 

brain recovery regulates mechanisms that balance excitation – inhibition in favor of excitation. 

Further understanding and target those mechanisms might be exploited in future therapies to 

enhance functional recovery in stroke patients. 

 

Keywords 

dendritic spine; ischemic stroke; photothrombosis; neuronal plasticity; stroke recovery; thyroid 

hormones; transthyretin  
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INTRODUCTION 

1. Ischemic stroke 

Stroke is the second leading cause of death above the age of 60 years and is the third leading 

cause of disability worldwide [1,2]. In Europe, stroke was responsible for 430.000 deaths in 

2015, accounting for 8% of all deaths [3]. In Portugal, stroke is the leading cause of death, 

accounting for 11% of all deaths in 2014, and healthcare costs are estimated to €159.7 million 

[4]. This represents an enormous burden for national healthcare system, societies and 

individuals and their relatives, with physical and emotional suffering. 

An ischemic stroke occurs when there is an interruption of blood supply to the brain. This leads 

to death or brain damage due to lack of oxygen and nutrients resulting in sudden neurological 

deficits that vary depending upon stroke size and location. Stroke victims may experience 

paralysis or loss of motor function, loss of sensory function and proprioception, impaired speech 

and/or cognition and loss of vision, that is often accompanied by fatigue and depression [5]. 

Hemiparesis of the upper extremity is experienced by up to 75% of stroke victims, interfering 

with quality of life and productivity [5,6]. 

An ischemic stroke progresses in three time windows, each of them defined by multiple 

processes and with distinct key therapeutic strategies to overcome the consequences of the 

injury: the acute phase, the recovery phase and the chronic phase [7]. The acute injury phase 

is defined by mechanisms of cell death during the initial 48 hours after stroke onset. 

Thrombolysis and thrombectomy can be very effective to restore blood flow to the brain during 

the first 4.5 hours after stroke onset, reducing brain damage [8]. However, due to the short 

treatment window, rapid progression of injury and high risk of hemorrhage, less than 10% of 

stroke patients are eligible for these treatments [8,9]. Even from stroke patients that receive 

acute therapies, approximately half of them still have significant long-term disabilities [10,11]. 

After cell death and accompanied acute inflammation have been subsided, specific 

inflammatory cascades and mechanisms of spontaneous neuronal recovery arise [12,13]. 

Adjuvant therapeutic interventions during this phase might be promising and may have the 

potential to complement acute therapies, due to the possibility to administer them in an 

extended treatment time window. During this stage, the brain is highly plastic and neuronal 

connections in the damaged and intact brain areas are susceptible for modulations potentially 

taking over lost brain functions [7,14]. Adjuvant treatments might also be beneficial for 

patients once the brain is stable and spontaneous recovery reaches a plateau during the chronic 

state, which typically occurs during the first months after stroke and continues for the lifetime 

[7]. 
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Currently, therapeutic strategies to mitigate stroke damage remain suboptimal. The best 

practice for stroke management is to reduce the initial impact if possible, maximize functional 

recovery through physiotherapy, the only evidence-based stroke therapy, and prevent 

secondary stroke complications and further comorbidities [15]. There is still a need to better 

understand the mechanisms underlying motor recovery and neuronal plasticity, in order to 

optimize brain’s ability to reorganize in an adaptive way.
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2. Pathophysiology of ischemic stroke 

The most common type of stroke is an ischemic insult, that accounts for approximately 87% of 

all strokes (Figure 1). Ischemia is caused by an interruption of blood supply to a region of the 

brain, due to artery occlusion by an atherosclerotic thrombus formed in a major cerebral artery 

(about 50%) or an embolus formed in the heart due to atrial fibrillation (about 20%) or carotid 

arteries [1,16]. As consequence, neurons are exposed to an ischemic environment and due to 

their dependence on aerobic metabolism, in less than three minutes they become dysfunctional 

or die [16,17]. In the infarct core, where blood flow drops below a critical level, neurons 

undergo immediate and irreversible death. Surrounding the infarct core, the penumbra, 

neuronal damage is slower due to collateral blood supply from adjacent territories and if blood 

supply is re-established damage might still be reversible. However, if blood flow is not re-

established during the first hours after stroke onset, neurons will die in the penumbra [17]. 

Dependent on blood flow in the tissue in the penumbra, this region will contribute to the final 

infarct volume or be converted into the peri-infarct area. In the periphery of the infarct or 

peri-infarct region, partially lesioned surviving neurons remain salvageable. 

The events after ischemic stroke evolve in time and are not limited to the lesion itself. The 

pathophysiological mechanisms following ischemic stroke include changes in blood flow and 

formation of edema, changes in metabolism, neurotoxicity and inflammation. A delayed phase 

of injury is characterized by spontaneous neuronal repair and tissue reorganization, that can 

evolve over several weeks. 

 

 

Figure 1. Ischemic stroke. Brain ischemia is caused by abrupt interruption of blood supply to a region 

of the brain. Adapted from strokecenter.org. 
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2.1. Acute phase after ischemic stroke 

In the acute phase of ischemic stroke, hypoxia triggers a cascade of cellular and molecular 

events, that results in cell death [16–18]. With the reduction of oxygen and glucose, neurons 

switch to anaerobic metabolism which is much less effective generating adenosine triphosphate 

(ATP) than aerobic metabolism. Energy failure leads to malfunction of ionic pumps crucial for 

ionic gradient maintenance through the neuronal membrane. Dysfunction of the sodium-

potassium ATPase contributes to cytoplasmic accumulation of sodium resulting in cytotoxic 

edema. Dysfunction of the calcium-potassium ATPase leads to intracellular calcium 

accumulation and as consequence, glutamate neurotransmitter is excessively released and 

accumulates in the extracellular space [19]. Glutamate is the major excitatory 

neurotransmitter in the brain and its extracellular accumulation induces overexcitation of 

neurons post-synaptically that is potentially toxic. Neuronal death following a stroke is mostly 

due to excitotoxicity elicited by excess of extracellular glutamate [18]. 

Excitotoxicity overactivates N-methyl-D-aspartate (NMDA) and alpha-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) ionotropic glutamate receptors as well as 

metabotropic glutamate receptors. As consequence there is excess of calcium entry into the 

cell, which leads to diverse molecular cascades that elicit cell death. Calcium-dependent 

degradative enzymes are activated resulting in loss of membrane integrity and excessive 

production of free radicals, nitric oxide and arachidonic acid metabolites. Also, mitochondria 

are affected by degradative enzymes and release apoptotic factors to the cytoplasm [18,20]. 

 

2.2. Recovery phase after ischemic stroke 

While in the acute phase of stroke the brain is hyperexcitable due to aberrant glutamate 

release, the recovery phase is characterized by decrease in glutamate signaling due to cell 

death and inhibitory inputs. This triggers spontaneous repair-related molecular and cellular 

changes, although to a limited extent [13]. Spontaneous neuronal repair starts within the first 

days after acute injury and continues for months in mice [21,22] and up to years in humans 

[11,23]. Three interrelated mechanisms are suggested to contribute to neuronal repair at this 

stage. First, with reperfusion following stroke, there is resolution in blood flow, metabolism, 

edema and subacute inflammation in regions surrounding the infarct tissue. Second, disruption 

in neuronal activity is restored among surviving neurons by changing neuronal pathways and 

third, the tissue reorganizes to establish and consolidate new neuronal connections [24–26]. As 

in the healthy brain this ability to restore and reorganize its connections and structure is 

defined as neuroplasticity. 
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3. Therapeutic interventions to enhance motor 

recovery  

Functional improvement is dependent on the individual health status, age, early medical care, 

the stroke location, the severity of ischemia and the extent of tissue loss. Unfortunately, 

patients who suffer from stroke unlikely recover function from the damaged tissue that is 

irreversible lost. However, loss of function after stroke is not only caused by cell death in the 

infarct core but also by dysfunction in neurons in the penumbra, non-ischemic peri-infarct area 

and by diaschisis, referent to cell dysfunction in remote uninjured areas but functionally 

connected to the site of injury [27], occurring due to hypoperfusion and hypometabolism, 

neurovascular uncoupling and aberrant neurotransmission [28]. The term “improvement after 

stroke” normally describes a broad of events that include the recovery of the remaining 

reversible damaged brain areas and the compensatory behavior from new intact brain areas, 

through motor rehabilitation and neuronal circuitry reorganization, i.e. neuroplasticity [29]. 

However, the degree of compensatory mechanisms and true recovery contributing for improved 

neurological function is usually indistinguishable and the term “recovery” has been commonly 

used to describe both recovery and compensatory mechanisms. 

 

3.1. Acute phase after ischemic stroke 

In the early hours after stroke onset, treatment strategies are focused on preserve the 

penumbra, by resolution of early pathophysiological changes that contribute for motor 

dysfunction, namely excitotoxicity, edema and inflammation [7]. However, saving the 

penumbra is very time-limited and cells quickly die without intervention. These processes are 

activated and occur within minutes after stroke making it very difficult to target them in 

neuroprotective treatment attempts [21]. 

The goal is to restore blood flow of the compromised area and optimize collateral blood flow 

before irreversible damage occurs. According to the current guidelines from the American Heart 

Association / American Stroke Association, management of stroke in this phase includes 

recanalization of the occluded vessels [30]. This can be achieved by administration of 

intravenous fibrinolytics (i.e., recombinant tissue plasminogen activator – IV tPA) within 3 to 

4.5 hours after stroke onset. In addition to or in ineligible patients for IV tPA, mechanical 

thrombectomy is recommended for eligible patients within 6 to 16 hours after stroke onset [30–

32]. Recently, the European Stroke Organization also provided new guidelines for mechanical 

thrombectomy during the first 24 hours after stroke onset [33]. 
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The ischemic penumbra is salvageable during the first hours after stroke onset and the concept 

that neuroprotection during this interval window preserves the penumbra and extends the time 

window for recanalization techniques is also subject of several studies [34]. In fact, 

neuroprotective agents that reduce excessive activation of excitatory receptors and glutamate 

release enhance neuronal survival in several animal studies, however none has still been 

successfully translated into clinical trials [35,36]. The most common neuroprotective agents 

studied so far are NMDA receptor antagonists and, more recently, cell-based therapies are at a 

very early stage of development [37]. 

 

3.2. Recovery phase after ischemic stroke 

Beyond of the acute phase of stroke and once the lesion is established, the brain adopts innate 

mechanisms that enhance brain plasticity [13]. However, brain plasticity is often impaired due 

to limited self-repair mechanisms and because the activation of brain plasticity inhibitors [13]. 

Although stroke patients regain some of lost function without any intervention, spontaneous 

plastic reorganization is suboptimal, and most stroke survivors are left with chronic disability. 

The only evidence-based plasticity inducing therapy that enhances functional recovery is 

rehabilitative training [38]. However, rehabilitative training alone in most case of the patients 

is insufficient to restore lost neurological function. 

Current research, therefore, aims at understanding the mechanisms that foster endogenous 

repair mechanisms that occur spontaneously after stroke [7]. This approach creates an 

opportunity to identify new targets for adjuvant treatments combined with specific 

rehabilitative interventions during a wide therapeutic window [39]. 

 

3.2.1 Cortical map reorganization 

Motor and sensory cortices are organized in somatotopic functional maps, reflecting the brain 

areas that are responsible to control muscles and to process sensory inputs [40]. These maps 

are the basis for the learning and expression of movements, representing a type of motor 

engram, or a memory trace for an action or movement. Brain plasticity is defined as the ability 

of the adult brain to adapt and learn from experience and to reorganize a structure of motor 

maps and neuronal connections in response to different stimuli [40]. For instance, behavioral 

experiences, sensory inputs and learning influence map plasticity by a reorganization of 

neuronal cortical activity patterns that may drive the growth and maturation of synapses as 

well as selective survival of synapses [40,41]. 
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Evidence of cortical remapping has been observed in stroke patients by functional Magnetic 

Resonance Imaging and Transcranial Magnetic Stimulation [42–44] and in animal models of 

controlled cortical lesions by intracortical microstimulation [45–47], autoradiograms [48] or 

optogenetics [49]. Cortical remapping is the reflection of neuronal reorganization of 

connectivity among surviving neurons. Although post-stroke remapping and experience-

dependent plasticity may follow different mechanisms, brain plasticity has been considered the 

basis for spontaneous recovery in stroke rehabilitation [50,51]. Such plastic changes start during 

the first weeks after focal cortical lesion, involving the peri-infarct tissue, contralateral 

hemisphere and subcortical and spinal regions [52]. 

Brain plasticity mechanisms involved in learning, memory, sensory adaptation, development 

and recovery from brain injury have been a theme of debate among neuroscientists [53]. The 

actual position is that two opposite mechanisms are implicated in brain plasticity and the brain 

can adopt both forms of plasticity into a whole. Those are homeostatic plasticity mechanisms 

that maintain adequate synaptic input through negative feedback processes [54,55] and 

Hebbian plasticity where individual synaptic connections are strengthened and refined through 

positive feedback processes [52,56,57]. In analogy to learning and development rules, these 

mechanisms are also present after ischemic stroke. Homeostatic mechanisms are engaged to 

restore synaptic input towards a target level and Hebbian mechanisms reinforce appropriate 

synaptic levels. 

 

3.2.2. Homeostatic plasticity 

In the adult brain, homeostatic regulatory mechanisms contribute to stabilize neuronal activity 

throughout life and maintain appropriate levels of excitation to keep neuronal activity at their 

firing rate set points [55,58–60]. Synaptic scaling is a form of homeostatic plasticity where 

neuron’s excitatory synapses regulate synaptic strength in order to maintain a target activity 

[61–63]. However, tuning of excitatory synaptic strength is not enough to maintain network 

stability. For this, it is required to balance between excitation and inhibition among neuronal 

networks aiming at modifying microcircuit function. Upon reduced synaptic activity, excitation 

between pyramidal neurons is boosted and inhibition is reduced [54,59]. A wide variety of 

homeostatic mechanisms contribute to the maintenance of overall excitability involving the 

regulation of neuronal intrinsic excitability and synaptic transmission. These mechanisms 

include changes in the receptor expression at the post-synaptic level, neurotransmitter release 

at the pre-synaptic level, ion channel function and synapse number or strength [54,55,60]. 

After a brain injury such as ischemic stroke, there is a disruption of this homeostatic regulation 

and as consequence, alteration in the function of neuronal circuits. Tissue adjacent to the 

infarct undergo structural and functional changes, compromising normal synaptic activity [64]. 
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In response to loss of synaptic inputs, the brain also adopts homeostatic negative feedback 

mechanisms in order to adjust excitability (Figure 2). The exact molecular mechanisms of 

homeostatic processes are not completely understood. Several mechanisms have been 

identified in experimental models and similarly as it happens during development and learning 

processes, neurons attempt to stabilize the balance between excitatory and inhibitory circuits 

after stroke [65]. 

 

 

Figure 2. Homeostatic regulation of the excitation – inhibition ratio after ischemic stroke. Pyramidal 

neurons provide excitatory outputs to other pyramidal neurons (circles in blue a and b) and to inhibitory 

neurons (circle in red a). Inhibitory neurons in turn feed inhibition back to pyramidal neurons (circle in 

red b). This activity in surviving cortical networks are affected by loss of synaptic input from neurons 

in the infarct core. After ischemic stroke, lower activity increases excitatory feedback (circles in blue 

a’ and b’) and decreases inhibitory feedback (circle in red b’). Adapted from [54]. 

 

Spontaneous increase of neuronal activity after stroke may be determined by an upregulation 

of pre-synaptic glutamate release and post-synaptic response. Pre-synaptic release of 

glutamate is dependent on pre-synaptic vesicular proteins, that regulate synaptic vesicle 

docking, fusion with the membrane and exocytosis. Post-synaptic response to glutamate may 

be modulated by changing the number or function of ionotropic glutamate receptors, AMPA and 

NMDA [55,59,66,67], which drive calcium influx and cell excitability. Indeed, stroke-induced 

glutamate release activates AMPA receptors [68] and NMDA receptors [69], changes that were 

related with motor recovery. Functional mechanisms involve the modulation of neuron intrinsic 

membrane properties, with the balance of inward and outward currents of voltage-dependent 

and ligand-gated channels [59,70]. 

In addition, homeostatic plasticity triggers structural synaptic plasticity with morphological 

changes in dendritic spines and the formation of new synapses or the elimination of pre-existing 

spines [71] and with mechanisms that induce axonal sprouting and increment of dendritic spine 

density [52,72], which may drive lesion-induced network reorganization [73]. Moreover, there 
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is an increased expression of genes and proteins important for neuronal growth, synaptogenesis, 

and proliferation of dendritic spines [25,74,75]. 

Emerging evidence from experimental studies have pointed out a role of the decrease of tonic 

gamma-aminobutyric acid (GABA) signaling on the function of neurons and neuronal networks 

in the recovery phase of stroke [46,76–78]. Tonic GABAergic signaling decrease might be 

mediated by homeostatic regulation of inhibitory synaptic neurotransmission. Mechanisms may 

involve a reduction of post-synaptic GABA receptors, such as GABA(A) receptor [46,79–81], 

reduction of pre-synaptic GABAergic markers such as glutamate decarboxylase (GAD) 65/67 [82] 

or reduced level or function of GABA transporters [76]. In addition, also growth inhibitory 

molecules that limit axonal plasticity are reduced [25,83]. 

Neocortical inhibitory parvalbumin (PV) positive interneurons are important to provide local 

inhibition on neighboring pyramidal neurons [84]. Modulation of PV activity is also contributing 

to increase the excitation / inhibition ratio post-stroke. For instance, to block the activity of 

PV positive neurons induces a decrease in monosynaptic PV inhibition [85]. A decrease in PV 

immunoreactivity is also related with improved functional recovery after experimental stroke 

[86]. 

Insights from animal studies show that several endogenous repair mechanisms occur in the peri-

infarct area, that spatially represents a dynamic and important brain region for neurological 

recovery [87,88]. Moreover, post-stroke hyperexcitability and downregulation of GABA signaling 

have been demonstrated not only in surviving neurons in the peri-infarct region but also in 

distant regions functionally connected to the infarct, especially in larger strokes [89–92]. The 

increased cortical excitability in the peri-infarct area reduces somatotopic modifications and 

in the contralateral regions reduces lateralized activation, both implicated in stroke recovery 

[93]. This connectivity between cortical regions enables for the formation of new structural 

and functional circuits through remapping, to take over the function of the damaged area. This 

reduces lateralized activation and indicate the ability of compensatory mechanisms to restore 

function [52]. 
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3.2.3. Hebbian plasticity 

Once homeostatic mechanisms are engaged to restore synaptic levels, Hebbian forms of 

plasticity may be important for strengthening and retain properly wired connections [52,94]. 

Repeated and persistent hyperexcitability may facilitate action potential dependent activity 

and strengthen synaptic efficiency. 

Experimental and clinical evidence supports a fundamental role for Hebbian mechanisms for 

brain reorganization, such as rehabilitative training and multisensory stimulation of the brain 

through non-invasive brain stimulation [7,38,42,95–97]. This reinforces the connection between 

paretic muscles and brain motor areas. The presence of Hebbian mechanisms such as long-term 

potentiation (LTP) is observed for seven days in the peri-infarct after focal cortical stroke in 

rats [98], suggesting a favorable environment for rewiring of synaptic connections. However, 

there is little direct evidence on Hebbian mechanisms after stroke and whether factors that 

influence Hebbian processes, such as LTP, may have an impact on stroke recovery. 

 

3.3. Critical period for intervention 

Beyond the acute phase after stroke, recovery processes involve molecular, cellular and 

functional mechanisms of homeostatic and Hebbian plasticity, that can operate at the same 

time to balance the ratio excitation / inhibition [99]. One challenging strategy to improve 

stroke recovery is how to optimally modify surviving and new neuronal networks to compensate 

tissue loss in the infarct core, based in the premise that functional recovery is related with 

neuronal plasticity. The first four weeks after stroke, when spontaneous lesion-induced 

reorganization occurs, are particularly sensitive to therapeutic interventions. This is an 

opportunity window to train the brain to regain functions lost due to tissue damage [51]. 

The time-dependent sequence of neuronal plasticity mechanisms defines a time window for 

therapeutic intervention, important to optimize functional recovery. The engagement of 

additional excitability induced by motor activity (e.g. rehabilitation) or other therapeutic 

interventions should be carefully investigated. Inappropriate timing between interventions may 

induce maladaptive (i.e. worsening of function) instead of adaptive (i.e. restoration of 

function) changes. For instance, early rehabilitation significantly increases improvement of 

function in rats, but its efficacy declines over time after stroke onset [21]. Clinical studies also 

indicate that early interventions after stroke are related with better outcomes [100–102]. 

However if too early, physical activity can be detrimental for stroke recovery, especially if it 

is provided too intensive [103,104].  
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4. Photothrombotic model to study mechanisms of 

recovery after stroke 

Different animal models have been used to study cellular and molecular mechanisms underlying 

ischemic stroke and to develop new neuroprotectors or promising agents for stroke recovery 

[105]. Experimental stroke is crucial to access stroke pathophysiology and to study drug effects, 

that are not modeled in vitro and cannot be investigated in human stroke, due to high 

heterogeneity in its causes, symptoms and localization, whereas in vivo models are highly 

reproducible, controllable and standardized [105,106]. Because of heterogeneous etiology of 

human stroke, different experimental models might be required to address specific 

pathophysiologic aspects of stroke. The selection of the appropriate animal model is therefore 

important for the quality of preclinical stroke studies and effective clinical translation. 

Photothrombotic stroke (PT) was first used in the rat [107] and later adapted for the mouse 

brain [108]. This model aims at inducing ischemic damage based on intravascular photo-

oxidation of an injected light-sensitive dye (eg, Rose Bengal, erythrosine B) that remains in the 

vasculature and does not cross the blood brain barrier (BBB). Following illumination of the 

intact skull in the desired brain region at a specific wavelength, the dye is activated and 

produces oxygen radicals that damages endothelial cell membranes. Subsequently, there is 

platelet activation and aggregation, formation of thrombi and local interruption of blood flow 

(Figure 3). PT induces a well-defined ischemic lesion of the cortex in a reproducible and 

minimally invasive way, which mimics the most common ischemic damage occurring in humans 

[108–110]. 

 

 

 

 

Figure 3. Induction of photothrombotic stroke. The brain is illuminated through the intact skull of 

the animal. The photosensitizing dye can be injected intraperitoneally or intravenously. Adapted from 

[110]. 
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As for all experimental models of ischemic stroke, PT has some limitations that need to be 

considered from the translational point of view. This model is associated with early cytotoxic 

and vasogenic edema formation (1 to 4 hours after light exposure), due to endothelial damage, 

and as consequence there is breakdown of the BBB [111] while in acute human stroke vasogenic 

edema occurs several hours after stroke onset [105,112]. Acute vasogenic edema is therefore 

also contributing for acute lesion in PT. Due to rapid edema and cell death, there is little 

collateral blood flow and absence of an ischemic penumbra [113], which limits translational 

impact of this model of neuroprotective therapies that target the penumbra [112]. 

Despite limitations associated with the model, ischemic cascades after PT are the same as in 

human ischemic stroke after thrombus formation and cerebral blood flow occlusion [109]. 

Therefore, this technique is highly advantageous to study cellular and molecular responses 

ongoing in the perilesional area and contralateral motor cortices at multiple time points after 

stroke. Particularly, PT is very suitable for the study of spontaneous functional reorganization 

in the brain after stroke [49]. It also produces prolonged sensorimotor impairments, allowing 

long term behavior assessment and recovery associated with the injured area, in particular 

restoration of brain function due to plasticity [114]. This experimental model allows the 

identification of molecular and cellular events associated with reorganization of sensory and 

cortical maps in the peri-infarct and contralateral hemisphere [109], events that also are 

implicated in functional recovery in human stroke [115]. 
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5. Thyroid hormones and stroke 

Thyroid hormones (TH), 3,5,3’,5’-tetraiodo-L-thyronine (T4) and 3,5,3’-triiodo-L-thyronine (T3), 

are important for brain development in mammals, during embryonic and fetal stages, regulating 

processes of neuronal proliferation, migration and differentiation, neurite outgrowth, synaptic 

plasticity, dendritic branching and myelination [116–120]. Also, after birth, TH are crucial for 

normal brain function throughout the entire life. Specifically for the central nervous system 

(CNS) the active form T3 is a key regulator for normal metabolism in humans and rodents 

[118,121,122]. 

Availability of T3 to the developing and adult brain is tightly controlled by mechanisms 

regulating TH secretion, free fraction unbound to thyroxine binding globulins (TBG), 

transmembrane transporters and the activity of iodothyronine deiodinases (DIO). The pattern 

of these regulatory processes may vary according to the developmental stage and in the adult 

brain. T3 plays an essential role for neurological functions, and minimal disturbances of these 

mechanisms may have consequences for normal brain development and function [118,123]. 

In the adult, TH originate in the thyroid gland that secretes approximately 93% as T4 and 7% as 

T3. Once secreted to plasma, TH binding proteins play an important role to maintain TH 

homeostasis and distribution into tissues, and less than 0.1% of TH circulate free in the blood 

[124,125]. In humans, 65% of TH bind to TBG, 20% to albumin and about 15% to transthyretin 

(TTR) [126,127] while in rodents TTR is the main protein carrier in the blood circulation 

[128,129]. TH also bind to lipoproteins to a less extent [130,131]. 

In contrary to processes during brain development, a different fraction of T3 in the adult brain 

is provided from free T3 available in the blood circulation and in the cerebrospinal fluid (CSF) 

[132,133]. Most of TH provided to the brain crosses the blood brain barrier (BBB) and around 

20% the blood cerebrospinal fluid barrier (BCSFB) [134,135]. This passage is mediated by 

transmembrane transporter proteins with overlapping specificity that were identified in 

endothelial cells of brain microvessels that constitute the BBB and epithelial cells of the choroid 

plexus (CP) of humans and rodents. These transporters are also important for brain 

development, and include monocarboxylate transporter (MCT), organic anion transporting 

polypeptide (OATP), L-type amino acid transporters (LAT) and sodium/taurocholate co-

transporting polypeptide (SLC10A1) families [133,136,145,146,137–144]. Among those, MCT8 is 

of particular importance for T3 [136,145,146], and in mice deficient for this transporter, T3 

uptake is compromised [147]. In humans, MCT10 also facilitates uptake and efflux of TH, in 

particular for T3 [148]. The gene that encodes MCT8 (Slc16a2) is also present in membranes of 

neurons, astrocytes, tanycytes and oligodendrocyte precursor cells and OATP1C1 mRNA has 

been found in astrocytes [149], mediating intracellular TH transport. In addition, it has been 
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proposed that either T4 or T3 or both are captured via gaps at the endfeet of astrocytes covering 

brain microvessels [150,151]. 

In contrast to the rodent, MCT8 deficiency in humans results in low T3 levels in the brain and 

high levels in the serum due to TH transport deficiency. Thus, the development of the cerebral 

cortex is impaired accompanied with severe neurological impairment [152–155]. The lack of 

alternative TH transporters such as OATP1C1 [144] and MCT10 [156] in the adult human brain 

to compensate the transport of T3, may contribute to the neurological deficits observed in 

humans with MCT8 mutations. The activity of DIO2 and DIO3 in the brain is important to balance 

neuronal intracellular T3 levels in the adult brain, according to the developmental stage and 

brain region [157–159]. DIO enzymes catalyze and remove specific iodine atoms from 

iodothyronine molecules. In rodents, approximately 50% of T3 levels localized in the brain relies 

on local deiodination of T4 in astrocytes and tanycytes by DIO2 [160]. T3 produced in glial cells 

is able to promote T3 driven transcriptional activity in neurons, demonstrated by in vitro 

experiments in co-cultures of H4 human glioma cells expressing DIO2 and neuroblastoma cells 

[161]. Homeostasis of T3 in the CNS is also controlled by DIO3 activity in neurons, that converts 

T4 into 3,3’,5’ reverse triiodo-L-thyronine (rT3) and inactivates T3 into 3,3’-diiodo-L-thyronine 

(T2) [157,162,163]. 

Other compensatory mechanisms to maintain sufficient T3 levels in the rodent brain include the 

reduction of DIO3 activity and consequently T3 degradation, the increase of DIO2 activity in 

astrocytes [133,147,164] and the increase of Dio2 expression in interneurons in the cerebral 

cortex [165]. 

Cellular actions of TH in the adult brain can be mediated by nuclear receptors and 

transcriptional activity, and also by non-genomic actions [166–168]. Actions of T3 in the brain 

are mainly dependent on transcription mediated by T3 binding to the nuclear receptors and 

formation of regulatory complexes [166–170]. In the presence of TH, TR are regulated by 

corepressors and coactivators, proteins, that repress or activate transcription, respectively 

[151,166–168,171]. TH non-genomic actions that do not require TH binding to nuclear receptors 

are well described in the literature [172–175]. Actions are immediate and include several 

interactions of TH with extranuclear receptors located in the cytoplasm, cellular membrane, 

cytoskeleton and mitochondria, modulating several intracellular pathways. 

 

The complex process of aging is associated with changes in TH metabolism and action in all 

tissues. During aging, the disruption of circadian rhythm leads to a reduction in thyroid 

stimulating hormone (TSH) secretion [176–178] and circulating TH levels, in particular T3, in 

humans [179,180] and rodents [181]. Nevertheless, TH signaling is well preserved in the aging 

brain, as demonstrated in mouse models of aging [182]. However, hypothyroidism and 

decreased TH availability to the brain has been considered a risk factor for the development of 

neurodegenerative diseases [183,184] and acute ischemic stroke [185,186]. In addition, recent 
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epidemiological studies have associated low levels of T3 with poor functional outcome after 

acute ischemic stroke [187–192]. Interestingly, lower total T3 levels is not related with poor 

functional recovery after ischemic stroke in patients below 65 years of age, suggesting that the 

association between levels of T3 and stroke recovery may be clinically important in older 

patients [193]. Nonthyroidal illness syndrome also impairs functional recovery after stroke 

[194]. Besides, stroke patients with thyroid dysfunction (lower levels of TSH and higher levels 

of free T4) are associated with poorer clinical outcome [195]. Together, studies point towards 

the need for a systemic assessment of thyroid dysfunction and stroke outcome. 

Beyond the acute phase after stroke, the brain shows the capacity of spontaneous recovery of 

lost neurological functions albeit to a limited extent. This process remains slow however, the 

intrinsic mechanisms are present, and patients may benefit from enhancing those. TH regulate 

several pathways that are involved in neurorepair, namely regulation of processes of neuronal 

plasticity, neurogenesis, angiogenesis and glutamate toxicity. Adjuvant therapies that 

modulate those processes may improve recovery of function after stroke, in particular when 

applied in combination with physiotherapy in stroke patients.  
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6. Transthyretin in the brain 

Transthyretin (TTR) is a 55 kDa homotetrameric protein, composed of four identical subunits, 

each containing 127 amino acids [196]. It is well conserved in mammals, and mouse TTR has 

80% homology with human TTR [197]. TTR is mainly synthetized by the liver and by the epithelial 

cells of the CP, which are the sources of TTR in plasma and CSF, respectively [198,199]. In the 

brain, TTR is the main protein synthesized by the CP, and represents about 25% of total protein 

in the CSF [198,199]. In the CSF, TTR is the only protein available for TH binding, although TTR 

has much higher affinity for T4 than T3 [200–202]. Percentage of TTR bound to total T4 in plasma 

differs between human (10-15%) and rodents (50%) [125,203]. TTR also forms a complex with 

retinol-binding protein, playing a role in the transport of retinol [204]. TTR has a relatively 

rapid turnover (half-life time 2 days in blood and 1.5 hours in the CSF) and degradation rate is 

approximately 650 mg/day [205]. 

TTR plays an important role as a TH carrier, mainly for T4, in human and rodent’s species 

[203,206]. In humans, 65% of TH bind to TBG, 20% to albumin and about 15% to TTR, once 

secreted to plasma [201,205] while in rodents TBG is almost absent, being TTR the main protein 

carrier [207,208]. TH also bind to lipoproteins to a less extent [131,209]. Hence, free circulating 

TH in plasma is less than 0.1%, and binding proteins play an important role for TH reservoir, 

increasing their free fraction in circulation when it is demanded and maintaining an euthyroid 

status, without changes in free hormone levels [124,125]. 

Several studies have shown that TH binding proteins are not required for hormone distribution 

into tissues. Regarding TTR, studies conducted in TTR-null mice showed that TTR only regulates 

TH levels in the CP and CSF and it is not required for their distribution within the brain 

parenchyma [8,9]. The administration of EMD 21388, a synthetic flavonoid which displaces TTR 

from T4, did not affect T4 uptake by liver and kidney [210]. In the brain, studies on TTR-null 

mice demonstrated that in the absence of circulating TTR, the main protein carrier of TH in 

mice, animals remained in an euthyroid status despite circulating T4 levels were decreased by 

50% [211]. When TTR-null mice receive intravenous injection of T4, its levels remain normal in 

brain parenchyma, liver and kidney, with no changes in TH metabolism [212,213]. Also, a 

morphological study using thaw-mount autoradiography clearly demonstrated that TTR is not 

required for TH distribution in the brain, since there are no differences in radioactive tracer 

distribution between wildtype and TTR-null mice brains, after intravenous injection of [125I]T3 

and [125I]T4 [206]. Similarly, this occurs with other hormone binding proteins, as humans with 

increased or decreased TBG levels remain euthyroid [214–216] and kinetic studies in Nagase 

analbuminemic rats showed that albumin is also not involved in TH distribution into tissues 

[217]. 
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On the other hand, transmembrane proteins of MCT, LAT and OATP families were identified as 

intercellular TH transporters [218–220]. The mechanisms of TH transport to the CSF have not 

been identified but either they are bound to TTR, that is secreted into the CSF; or cross the 

membrane via MCT8/OATP1C1 proteins, also present in the CP [202]. In either way, even if TTR 

transports T4 through the CSF barrier, it is not crucial for TH distribution in the brain. Hence, 

to date TTR is the only binding protein in the CSF and may provide an exchange compartment 

of TH to the brain, in particular for T4.  

Together, these studies provide reliable evidences that TH distribution likely relies on free 

circulating hormones through transmembrane transporters, and there is no substantial role of 

TTR or other binding proteins to be involved in their distribution into the brain and other 

tissues. In fact, the presence of TTR in the brain is restricted to the CP and meninges, being 

totally absent from the hippocampus, cerebellum or cerebral cortex, in wildtype mice [221] 

shown by in situ hybridization and Northern blot analyses [222–224]. Nevertheless, TTR plays 

an important role as a TH reservoir in blood circulation and CSF and increases hormone 

bioavailability when demanded and balanced distribution within the tissues [8,10]. 

Independent of its function as a transporter, attention has been given to TTR as a 

neuroprotective protein, in particular in Alzheimer´s disease [225,226] and stroke [227–230] 

through its putative upregulation in the brain. In the context of Alzheimer´s disease, TTR has 

been suggested as a biological sequester of Aβ, since it is able to bind to soluble Aβ peptide, 

preventing the formation of amyloid fibers [231,232]. Some studies in rat and mouse models of 

Alzheimer´s disease suggest an overexpression and production of TTR in the hippocampus [233–

235]. In vitro studies also support TTR synthesis in neurons as neuroprotective in Alzheimer´s 

disease, since primary cultures of mixed cortical and hippocampal neurons from APP23 mice 

express TTR [236,237], and there is an upregulation of TTR in the SH-SY5Y neuroblastoma cell 

line over-expressing APP695 isoform [238]. Activation of neuroprotective pathways is partially 

mediated by TTR binding to low density lipoprotein-related protein 2 (LRP2). This interaction 

is also involved in TTR mediated neurite outgrowth since neurons from LRP2 heterozygous/TTR-

null mice show reduced neurite outgrowth compared to cells from TTR deficient mice, both 

treated with TTR [230]. However, the mechanism beyond the assumption of a neuronal 

regulation of TTR synthesis is unknown and not explored. On the other hand, it has been 

suggested that the results observed are due to contamination by CP. Indeed, TTR was not found 

either in the cerebral cortex, hippocampus or cerebellum, verified by TTR immunoreactivity, 

immunoblotting and TTR mRNA expression in wildtype mice and APP-V717I and Tg2576 mice 

models of Alzheimer´s disease after a careful laser microdissection [221].  

After stroke, TTR deficiency alone has no effect on ischemic damage in mice subjected to 

permanent middle cerebral artery occlusion (MCAO) [239]. Some immediate effects on lesion 

size 24 hours after stroke onset were observed in TTR deficient mice heterozygous for heat 

shock transcription factor 1 (HSF1) [240]. The difference in lesion size and outcome between 
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TTR deficient mouse strains might be explained by reduced or suppressed levels of HSF1 

resulting in a compromised heat shock response during the first hours after stroke onset [241]. 

In this context, in situ TTR may participates in neurorepair mechanisms during the recovery 

phase after stroke, however, it remains a topic to be investigated. 
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GLOBAL AIMS 

The aim of this thesis was to study the contribution of TH and TTR in post-stroke mechanisms 

underlying stroke recovery.  

In Chapter 3 we provide a review summarizing important actions of TH in the brain that may 

have an impact for stroke recovery. 

In the experimental studies included in this thesis, mice were subjected to unilateral PT after 

intraperitoneal administration of Rose Bengal. The same surgical procedure was performed in 

Sham operated animals, with injection of a saline solution. 

The aim of the first study in Chapter 4 was to investigate the involvement of TH (T4 and T3) in 

the modulation of excitatory and inhibitory neurotransmission relevant for neuronal 

reorganization and plasticity during a critical period of recovery phase after experimental 

stroke. To fulfill this aim we assessed (i) recovery of motor function by the rotating pole test; 

(ii) infarct volumes; (iii) TH receptor (TR) alpha 1 (TRα1) and beta 1 (TRβ1) levels and 

expression in neuronal and glial cell populations in the peri-infarct and contralateral region; 

(iv) dendritic spine classification and density in the peri-infarct and homotypic contralateral 

areas; (v) levels of synaptic proteins relevant for neurotransmitter release and (vi) tonic 

GABAergic signaling and the activity cortical PV positive interneurons in the peri-infarct area. 

In addition, we performed in vitro studies in cultured glutamatergic neurons in the presence 

and absence of T3 to assess (vii) glutamate evoked currents by electrophysiology; (viii) TRα1 

and TRβ1 expression and (ix) levels of synaptic proteins after oxygen and glucose (OGD) 

deprivation. Post-mortem human brains from controls and stroke patients were also analyzed 

in this study to assess (x) levels of TRα1 and TRβ1 in the infarct core, peri-infarct and non-

stroke brain regions. 

The aim of the second study in Chapter 5 was to investigate the expression of TTR at different 

time-points after PT, i.e. 24 hours, 48 hours 7 days and 14 days. To fulfill this aim we assessed 

(i) TTR immunoreactivity in neuronal and microglial population in the peri-infarct and 

contralateral region; (ii) TTR levels in the postischemic brain and (iii) relative ttr expression at 

different time-points after experimental stroke. 
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Thyroid hormones in the brain and their impact in 

recovery mechanisms after stroke 

 

Short description: This review summarizes essential knowledge on TH regulated mechanisms 

in the developing and adult brain i.e. maturation of neurons, cell genesis and neuronal 

plasticity. These mechanisms are also highly relevant to mechanisms of functional recovery 

after stroke. Unfortunately, and despite the relevance and the importance of TH in the healthy 

brain and in pathological conditions, the current state of knowledge on this topic (published 

preclinical studies and clinical trials) so far is scarce. Therefore, in our opinion this overview 

on functions of TH in the healthy brain and after stroke is of relevance and provides new aspects 

for future research on recovery mechanisms after stroke.
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Thyroid hormones are of fundamental importance for brain development and essential

factors to warrant brain functions throughout life. Their actions are mediated by

binding to specific intracellular and membranous receptors regulating genomic and

non-genomic mechanisms in neurons and populations of glial cells, respectively. Among

others, mechanisms include the regulation of neuronal plasticity processes, stimulation

of angiogenesis and neurogenesis as well modulating the dynamics of cytoskeletal

elements and intracellular transport processes. These mechanisms overlap with those

that have been identified to enhance recovery of lost neurological functions during the

first weeks and months after ischemic stroke. Stimulation of thyroid hormone signaling in

the postischemic brain might be a promising therapeutic strategy to foster endogenous

mechanisms of repair. Several studies have pointed to a significant association between

thyroid hormones and outcome after stroke. With this review, we will provide an overview

on functions of thyroid hormones in the healthy brain and summarize their mechanisms

of action in the developing and adult brain. Also, we compile the major thyroid-modulated

molecular pathways in the pathophysiology of ischemic stroke that can enhance

recovery, highlighting thyroid hormones as a potential target for therapeutic intervention.

Keywords: brain, recovery, stroke, thyroid hormones, 3,5,3′,5′-tetraiodo-L-thyronine (T4), 3,5,3′-triiodo-L-

thyronine (T3)

INTRODUCTION

Thyroid hormones (TH), 3,5,3′,5′-tetraiodo-L-thyronine (T4) and 3,5,3′-triiodo-L-thyronine (T3),
are important for brain development in mammals, during embryonic and fetal stages, regulating
processes of neuronal proliferation, migration and differentiation, neurite outgrowth, synaptic
plasticity, dendritic branching, and myelination (1–5). Also, after birth, TH are crucial for normal
brain function throughout the entire life. Specifically for the central nervous system (CNS) the
active form T3 is a key regulator for normal metabolism in humans and rodents (1, 6, 7).

Availability of T3 to the developing and adult brain is tightly controlled by mechanisms
regulating TH secretion, free fraction unbound to thyroxine binding globulins (TBG),
transmembrane transporters and the activity of iodothyronine deiodinases (DIO). The pattern of
these regulatory processes may vary according to the developmental stage and in the adult brain. T3

plays an essential role for neurological functions, and minimal disturbances of these mechanisms
may have consequences for normal brain development and function (1, 8).

41

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2019.01103
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2019.01103&domain=pdf&date_stamp=2019-10-18
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:karsten.ruscher@med.lu.se
https://doi.org/10.3389/fneur.2019.01103
https://www.frontiersin.org/articles/10.3389/fneur.2019.01103/full
http://loop.frontiersin.org/people/746983/overview
http://loop.frontiersin.org/people/476431/overview
http://loop.frontiersin.org/people/367085/overview
http://loop.frontiersin.org/people/653252/overview


Talhada et al. Thyroid Hormones in the Postischemic Brain

Dependence of the CNS on T3 at all stages of development
prompted us to review the actions of TH and the relevance
of these mechanisms for processes of recovery after ischemic
stroke. We will begin to provide an overview on TH signaling
in the brain during development and throughout adult life.
Thereafter, we will focus on molecules involved in TH signaling
after stroke. TH actions at specific time points after the
insult, that are dependent of carrier proteins, transmembrane
transporters, DIO activity, thyroid hormone receptors (TR) and
co-factors, may provide information on underlying molecular
and cellular mechanisms that enhance functional recovery of
lost neurological functions. Moreover, we will discuss which
mechanisms of action of TH in the brain may contribute to
enhance functional outcome in stroke patients.

THYROID HORMONE TRANSPORT AND
AVAILABILITY TO THE HUMAN AND
RODENT BRAIN

In the adult, TH originate in the thyroid gland that secretes
∼93% as T4 and 7% as T3. Once secreted to plasma, TH binding
proteins play an important role to maintain TH homeostasis
and distribution into tissues, and <0.1% of TH circulate free in
the blood (9, 10). In humans, 65% of TH bind to TBG, 20% to
albumin and about 15% to transthyretin (TTR) (11, 12) while in
rodents TTR is the main protein carrier in the blood circulation
(13, 14). TH also bind to lipoproteins to a less extent (15, 16).

In contrary to processes during brain development, a different
fraction of T3 in the adult brain is provided from free T3 available
in the blood circulation and in the cerebrospinal fluid (CSF)
(17, 18). Most of TH provided to the brain crosses the blood
brain barrier (BBB) and around 20% the blood cerebrospinal
fluid barrier (BCSFB) (19, 20). This passage is mediated by
transmembrane transporter proteins with overlapping specificity
that were identified in endothelial cells of brain microvessels that
constitute the BBB and epithelial cells of the choroid plexus (CP)
of humans and rodents. These transporters are also important
for brain development, and includemonocarboxylate transporter
(MCT), organic anion transporting polypeptide (OATP), large
neutral aminoacid transporter (LAT) and sodium/taurocholate
co-transporting polypeptide (SLC10A1) families (17, 21–31).
Among those, MCT8 is of particular importance for T3 (21,
26, 29), and in mice deficient for this transporter, T3 uptake is
compromised (32). In humans,MCT10 also facilitates uptake and
efflux of TH, in particular for T3 (33). The gene that encodes
MCT8 (Slc16a2) is also present in membranes of neurons,
astrocytes, tanycytes and oligodendrocyte precursor cells and
OATP1C1 mRNA has been found in astrocytes (34), mediating
intracellular TH transport. In addition, it has been proposed that
either T4 or T3 or both are captured via gaps at the endfeet of
astrocytes covering brain microvessels (35, 36).

In contrast to the rodent, MCT8 deficiency in humans results
in low T3 levels in the brain and high levels in the serum
due to TH transport deficiency. Thus, the development of the
cerebral cortex is impaired accompanied with severe neurological
impairment (37–40). The lack of alternative TH transporters

such as OATP1C1 (28) and MCT10 (41) in the adult human
brain to compensate the transport of T3, may contribute to the
neurological deficits observed in humans with MCT8 mutations.
The activity of DIO2 and DIO3 in the brain is important
to balance neuronal intracellular T3 levels in the adult brain,
according to the developmental stage and brain region (42–
44). DIO enzymes catalyze and remove specific iodine atoms
from iodothyronine molecules. In rodents, ∼50% of T3 levels
localized in the brain relies on local deiodination of T4 in
astrocytes and tanycytes by DIO2 (45). T3 produced in glial
cells is able to promote T3 driven transcriptional activity in
neurons, demonstrated by in vitro experiments in co-cultures of
H4 human glioma cells expressing DIO2 and neuroblastoma cells
(46). Homeostasis of T3 in the CNS is also controlled by DIO3
activity in neurons, that converts T4 into 3,3

′,5′ reverse triiodo-L-
thyronine (rT3) and inactivates T3 into 3,3′-diiodo-L-thyronine
(T2) (43, 47, 48).

Other compensatory mechanisms to maintain sufficient T3

levels in the rodent brain include the reduction of DIO3 activity
and consequently T3 degradation, the increase of DIO2 activity
in astrocytes (17, 32, 49) and the increase of Dio2 expression in
interneurons in the cerebral cortex (50).

THYROID HORMONES IN BRAIN
DEVELOPMENT

It has been shown that mechanisms of brain development might
be re-activated in processes of brain reorganization following
stroke (51) involving cascades regulated by TH. Therefore,
knowledge of TH actions critical and specific for each step of
brain development is instrumental to understand their functions
following stroke. Epidemiological and clinical studies in humans
clearly show that several conditions that compromise maternal
TH availability to the fetus impair brain development and are
associated with neurological disorders and structural defects,
most of them irreversible. A detailed review about TH transport,
metabolism and function in the developing brain was recently
published (52).

Despite epidemiological and clinical studies have
demonstrated the demand of TH during brain development,
animal experimental models are of high relevance to identify
molecular mechanisms and detailed morphological changes
of their biological function during brain development (53).
Processes of neurogenesis, proliferation, migration, and
maturation show different temporal profiles between humans
and rodents, however, basic mechanisms and pathways that
regulate brain development are similar (54, 55) allowing the
extrapolation of TH deficiency mediated effects in rodents
to abnormal TH signaling in humans. Maternal TH are
crucial for early cortical neurogenesis, neuronal migration
and maturation, during the first trimester of gestation, when
fetal brain development occurs (1, 56–58). Both T4 and T3 are
detected in the human brain embryo even before fetal thyroid
gland maturation (59) that occurs at 11–12th week of gestation
and starts to secrete TH at week 16 (60).
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Also in the rat, the embryo is exposed to maternal TH
after embryonic day 11 (E11), before the start of thyroid gland
development at E17 (61–64). Experimental hypothyroxinemia
induced in rats during this period (before E18) causes abnormal
neurogenesis in the cortex and hippocampus, leading to
impairment of synaptic plasticity and cognitive deficits (65–
67), processes of high relevance in mechanisms of recovery
after stroke.

Most of TH dependent processes during brain development
are due to the interaction of T3 with nuclear receptors
and regulation of gene expression (68). Increasing levels
of protein and mRNA encoding TR alpha and beta (TRα

and TRβ) isoforms in the cerebrum and cerebellum start
from the 8th to 10th week and increase over gestational
time (69, 70) and in rodents there is expression of nuclear
TR protein before thyroid gland functioning (71) suggesting
transcriptional activity of TH. Several TH dependent genes
expressed in the fetal rat brain and neuronal cultures, such
as cytoskeletal proteins, are involved in mechanisms of
neuronal migration and maturation, branching in neurons and
astrocytes (1, 72–74). In both human and rodent species,
mutations at the TRα and TRβ result in several neurological
disorders (75–79).

The expression pattern of TR in the brain changes during CNS
development. TRα1 is the predominant isoform with mRNA and
protein expression in the entire brain, in rodents from E14 (80,
81) and in humans from 8th week of gestation (82, 83) onwards,
importantly the expression decreases during brain development
(84). TRβ1 is expressed at later stages of brain development
and in contrary to TRα, TRβ1 mRNA levels do not decrease
over gestational time (80, 84, 85). These studies indicate that
gene transcription mediated by nuclear TR has spatiotemporal
expression patterns and, therefore, TH actions are distinct in all
stages of brain development.

In an in vitro model of differentiating mouse embryonic
stem cell line (ES-E14TG2a) T3 treatment (1 nM) enhanced
the number of nestin-positive neuronal progenitors, accelerated
differentiation and increased survival of pyramidal neurons
(86). T3 mediated differentiation was associated with the
regulation of genes involved in corticogenesis namely nestin,
empty spiracles homeobox 1 (Emx1), T-box brain gene 1 (Tbr1),
Calmodulin kinase 4 (Camk4), and RC3/Neurogranin (Nrgn)
(86). Regulation of gene expression during differentiation seems
to be inversely correlated with levels of chicken ovalbumin
upstream-transcription factor 1 (COUP-TF1) (86), that is crucial
for adequate neuronal development (87).

MECHANISMS OF THYROID HORMONES
ACTIONS IN THE ADULT BRAIN

Cellular actions of TH in the adult brain can be mediated
by nuclear receptors and transcriptional activity, and also by
non-genomic actions (85, 88, 89). Here we will elaborate in
relevant TH actions described in the literature, and below
we will delineate TH actions that might be involved in
neurorepair processes.

Genomic Actions of TH
Actions of T3 in the brain are mainly dependent on transcription
mediated by T3 binding to the nuclear receptors and formation
of regulatory complexes (85, 88–91). In the presence of TH,
TR are regulated by corepressors (CoR) and coactivators (CoA),
proteins, that repress or activate transcription, respectively (36,
85, 88, 89, 92) (Figure 1).

In mammals, there are four isoforms of TR (TRα1, TRα2,
TRβ1, and TRβ2) encoded by genes alpha (Thra) and beta
(Thrb), which expression and distribution is different to
the developmental brain (93). These isoforms are differently
distributed in the tissues, regulate the transcription of different
genes and exert different biological actions (94).

TRα1 and TRβ1 are the predominant isoforms in the
CNS. TRα1 mRNA and protein accounts to 70–80% of TR
expression in the brain (36, 95, 96). Thus, genomic actions of
T3 in the brain are mainly, but not exclusively, dependent of
TRα1 signaling (97). The analysis of brains from TRα1—green
fluorescent protein (GFP) mice revealed that this receptor is
expressed in all NeuN positive neurons, especially in the nucleus
(83). TRα1 is expressed in both excitatory glutamatergic and
inhibitory GABAergic neurons in several brain regions including
the striatum, cerebral cortex, hippocampus and dentate gyrus,
hypothalamus and cerebellum (83, 98). This isoform of TR is also
found in tanycytes lining the third ventricle and oligodendrocytes
in the hypothalamus, but not in the striatum, somatosensory
cortex or hippocampus (83, 99). Its presence in astrocytes is
not completely clear (100), however may be dependent on the
activation status. Although lower concentration of the receptor
is found in cultured rat astrocytes (101), it is not expressed in
glial fibrillary acidic protein (GFAP) positive astrocytes in the
naïve rat and mouse brain (83, 99). TRα1 is absent in Purkinje
cells in the cerebellum (83). Levels of TRα2, a non T3 binding
isoform, is also detected in the adult brain in a similar pattern as
TRα1 (98).

TRβ1 is expressed in the neocortex, and mainly expressed
in the pyramidal cell layers of the hippocampus, granule cells
of dentate gyrus and paraventricular hypothalamic nucleus
(102). It is also expressed in myelin basic protein positive
oligodendrocytes (99). In contrary to TRα1, this isoform is
highly expressed in Purkinje neurons (94). The TRβ2 isoform
is restricted to the anterior pituitary gland and hypothalamus
(102–105). As for TRα isoforms, TRβ1 and TRβ2 were not
observed in positive GFAP positive astrocytes in the rat
brain (99).

Although TR are mainly localized in the cell nucleus and
nuclear membrane, TRα1 and TRβ1 isoforms have also been
found in the cytoplasm of neurons and astroglia, and this
shuttle may increase the rate of T3 nuclear import (106). It has
been suggested that T4 may also exert genomic actions in the
brain through binding to TRα1, that is more susceptible to T4

than TRβ1 (36), however we did not find experimental studies
supporting this hypothesis. So far, a total of 4,108 genes, of which
734 have been identified as being repeatedly regulated by T3 in
the rodents’ brain by microarray analysis (72). In this review,
we provide an overview on T3-modulated genes that might be
involved in brain repair mechanisms (Table 1). Hence, different
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FIGURE 1 | Genomic mechanisms of thyroid hormones action in the brain. Genomic actions of T3 are dependent on gene transcription mediated by its binding to

nuclear TRα and TRβ, and the formation of heterodimer complex with RXR (RXR-TR) that binds to a TRE, located at the regulatory region of T3 target genes. This

activity is regulated by an exchange of CoR for CoA. CoA, Co-activator; CoR, Co-repressor; RXR, Retinoid X receptor; TR, Thyroid hormone receptor; TRE, Thyroid

response element; T3, 3,5,3
′-triiodo-L-thyronine.

T3–dependent transcriptional activities have been observed in
different cell types and brain regions.

Non-genomic Actions of TH
TH non-genomic actions that do not require TH binding to
nuclear receptors are well-described in the literature (127–
130). Actions are immediate and include several interactions
of TH with extranuclear receptors, including TRα and TRβ,
located in the cytoplasm, cellular membrane, cytoskeleton and
mitochondria, modulating several intracellular pathways.

The following points summarize relevant non-genomic
actions of TH binding to membranous and cytoplasmic receptors
(i–iii), cytoplasmic TH binding proteins affecting ion pumps
activity (iv) and the action of TH on the cytoskeleton (v)
(Figure 2). (i) T3 complexed to TRβ1 in the cytoplasm interacts
with p85α subunit of phosphatidylinositol 3-kinase (PI3K),
resulting in phosphorylation and activation of protein kinase
(PK) B/Akt signal transduction pathway, rapamycin (mTOR)
and phosphorylation of p70S6K (131–136). (ii) T3 is able to
bind to integrin αvβ3 S1 domain in plasma membranes and
activates PI3K via Src kinase. T4 and T3 interact with integrin
αvβ3 S2 domain and activate mitogen-activated protein kinase
1/2 (MAPK 1/2) signaling cascade, through phospholipase C
(PLC) and PKC (127, 133, 137–140). Subsequently, it results
in an nuclear translocation of TRβ1 (141), estrogen receptor α

(142), signal transducing and activator of transcription (STAT)

1α, interferon gamma (IFN-γ) (143) and CoA protein Trip230
(144). In addition, hormone activated MAPK 1/2 phosphorylates
TRβ1 at Ser-142, leading to recruitment of CoA proteins (145).
(iii) T4 non-gnomically activates MAPK 1/2 in HeLa and CV-1
cultured cells (146, 147) and phosphorylation of p53 (148) and
STAT3 (147). (iv) T3 modulates Na+/H+ exchanger in myoblasts
(149); Na-K-ATPase activity in alveolar epithelial cells (150–
152), embryonal hepatocytes (153), and synaptosomes (154, 155)
through either the PI3K or MAPK pathways (152, 156); the Ca-
ATPase activity in erythrocytes (88), the sarcoplasmic reticulum
in the heart (157) and in cerebrocortical synaptosomes (158). (v)
T4 and rT3 stimulate polymerization of actin components of the
cytoskeleton neuronal and astrocyte cell cultures, through TH
binding to an extranuclear truncated form of TRα1 (TR1α1)
(159–162).

THYROID HORMONES IN THE AGING
BRAIN AND ISCHEMIC STROKE

The complex process of aging is associated with changes in
TH metabolism and action in all tissues. During aging, the
disruption of circadian rhythm leads to a reduction in thyroid
stimulating hormone (TSH) secretion (163–165) and circulating
TH levels, in particular T3, in humans (166, 167) and rodents
(168). Nevertheless, TH signaling is well-preserved in the
aging brain, as demonstrated in mouse models of aging (169).
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TABLE 1 | List of genes regulated by thyroid hormones involved in their transport into the brain, mechanisms of tissue repair, and neuronal plasticity following ischemic

stroke.

Genes

human/rodent

Gene name Function Tissue/cultured cells References

SLC16A2/Slc16a2 MCT8 TH transport Brain (107)

DIO2/Dio2 DIO2 TH deiodination

DIO3/Dio3 DIO3

Bcl2 Bcl2 Neuronal survival,

neurogenesis and

neurotrophic factors

Brain cortex (107–109)

Vegfa VEGFA

Sox2 SRY-box2

Ntf Neurotrophin

Nos2 NOS2

HIF2α HIF2α Neuroblastoma cell line (107)

VEGF VEGF

c-JUN c-Jun

ENO2 Enolase-2

Emx1 empty spiracles homeobox 1 mES cell line (86)

Tbr1 T-box brain gene 1

Bdnf Brain derived neurotrophic factor Hippocampal slices (110)

Slc12a5 KCC2

NRGN/Nrgn Neurogranin Synaptic plasticity Hippocampus and forebrain/mES cell line (86, 111–113)

CAMK4/Camk4 Calmodulin kinase 4 Brain/Neurons/mES cell line (86, 114–117)

Reln Reelin Brain (118–120)

Srg1 Synaptotagmin-related gene 1 Brain (121)

Nefh Neurofilament heavy polypeptide Neurons (122)

Nefm Neurofilament medium polypeptide (122)

GFAP GFAP Astrocytes (123)

Vim Vimentin Mesenchimal cells (122)

Nes Nestin Neurons (86, 122)

Vegf VEGF Angiogenesis Brain (124–126)

Angpt2 Angiopoietin-2

However, hypothyroidism and decreased TH availability to the
brain has been considered a risk factor for the development
of neurodegenerative diseases (170, 171) and acute ischemic
stroke (172, 173). In addition, recent epidemiological studies
have associated low levels of T3 with poor functional outcome
after acute ischemic stroke (174–179). Interestingly, lower total
T3 levels is not related with poor functional recovery after
ischemic stroke in patients below 65 years of age, suggesting that
the association between levels of T3 and stroke recovery may
be clinically important in older patients (180). Non-thyroidal
illness syndrome also impairs functional recovery after stroke
(181). Besides, stroke patients with thyroid dysfunction (lower
levels of TSH and higher levels of free T4) are associated with
poorer clinical outcome (182). Together, studies point toward
the need for a systemic assessment of thyroid dysfunction and
stroke outcome.

Some reports suggest neuroprotective effects of
hypothyroidism prior to brain ischemia in humans (183, 184),
as well as experimental studies in rodents (185, 186). In a
recent systematic review, stroke patients with subclinical

hypothyroidism (higher levels of TSH and normal levels of
free T4 within the reference range) were more prone to suffer
a non-fatal stroke and minor adverse events (182). However,
we lack mechanistic studies how systemic levels of TH exactly
influence processes in the postischemic brain. It is likely that
hypothyroid episodes prior to stroke only delayed neuronal
death, due to decreased metabolic demand of neurons, decreased
glutamate production and delayed oxidative stress (185, 187).
There is no evidence from experimental studies that show
beneficial effects in hypothyroid animals after stroke. A recent
animal study suggested that daily intravenous administrations of
rT3, an inactive form of T3, prevents ischemic-reperfusion injury
in rats subjected to transient MCAO, however authors did not
evaluate if rT3 induced an hypothyroid state (188). Similarly,
in rats subjected to permanent middle cerebral artery occlusion
(MCAO), TH serum levels are reduced 14 days after injury
correlated with increased neurological impairment (189).

On the other hand, hyperthyroidism has been associated with
an increased risk for ischemic stroke in humans (190–192).
However, the population-based study was performed in patients
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FIGURE 2 | Non-genomic mechanisms of thyroid hormones action in the brain. T3 can also modulate other genes not containing TRE, by non-genomic actions. (i) T3
complexed to TRβ1 in the cytoplasm interacts with p85α subunit of PI3K, resulting in phosphorylation and activation of PKB/Akt signal transduction pathway, mTOR

and phosphorylation of p70S6K (131–136). (ii) T3 is able to bind to integrin αvβ3 S1 domain in plasma membranes and activates PI3K via Src kinase. T4 and T3
interact with integrin αvβ3 S2 domain and activate MAPK 1/2 signaling cascade, PLC and PKC (127, 133, 137–140). Subsequently, it results in an nuclear

translocation of TRβ1 (141), estrogen receptor α (142), STAT1α, IFN-γ (143) and CoA protein Trip230 (144). In addition, hormone activated MAPK 1/2 phosphorylates

TRβ1 at Ser-142, leading to recruitment of CoA proteins (145). (iii) T4 non-gnomically activates MAPK 1/2 in HeLa and CV-1 cultured cells (146, 147) and

phosphorylation of p53 (148) and STAT3 (147). (iv) T3 modulates Na+/H+ exchanger in myoblasts (149); Na-K-ATPase activity in alveolar epithelial cells (150–152),

embryonal hepatocytes (153) and synaptosomes (154, 155) through either the PI3K or MAPK pathways (152, 156) the Ca-ATPase activity in erythrocytes (88), the

sarcoplasmic reticulum in the heart (157) and in cerebrocortical synaptosomes (158). (v) T4 and rT3 stimulate polymerization of actin components of the cytoskeleton

neuronal and astrocyte cell cultures, through TH binding to an extranuclear truncated form of TRα1 (TR1α1) (159–162). IFN-γ, interferon gamma; MAPK 1/2,

mitogen-activated protein kinase 1/2; PLC, phospholipase C; PI3K, phosphatidylinositol 3-kinase; PK - protein kinase; mTOR – rapamycin; STAT - signal transducing

and activator of transcription; TH, Thyroid hormones; TR, Thyroid hormone receptor; TRE, Thyroid response element; T4, 3,5,3
′,5′-tetraiodo-L-thyronine; T3,

3,5,3′-triiodo-L-thyronine.

aged 18–44 years. Hence, this study has not been adjusted for
other risk factors such as hypertension and atrial fibrillation that
may independently contribute for stroke. Larger infarct volumes
also have been found in hyperthyroid rats after transient MCAO
(193). Hence, hyperthyroid rats (oral administration of TH for
4 weeks) showed profound effects on the cardiovascular system
including hypertension and tachyarrhythmia and treatment
resulted in a catabolic metabolism (193).

Interestingly, increased mRNA expression of Dio2 has been
found in astrocytes during the first 72 h after transient MCAO
(194). Together with modulation of Thrb expression, that is
reduced in the infarct core and increased in the peri-infarct
area, it suggests a local action of T3 (189). Repeated daily
administrations of T4, before and on days one, two and three
after stroke, decrease neuronal damage in the cornu ammonis
CA1 pyramidal cells in the hippocampus (195). In an animal
model of MCAO, intraperitoneal injection of T4 (11 µg/kg, 1 h
after ischemia and 6 h after reperfusion) reduced cortical and
striatal infarct volume 24 h after stroke, with a reduction of GFAP,
Iba-1, PKC, and MAPK 1/2 expression (196). Treatment with
levothyroxine (25µg/kg intraperitoneal) 1 h after traumatic brain
injury stimulated mRNA expression of genes encoding MCT8,
DIO2, and DIO3; genes related with neuronal survival and

neurogenesis, namely Bcl2, vascular endothelial growth factor
A (Vegfa), Sox2, and neurotrophin (Ntf ) in the cortex, and of
inducible nitrite oxide synthase 2 (Nos2) (107).

Moreover, intraperitoneal administration of T3 at 12µg/kg 1 h
after traumatic brain injury reduced lesion size and inflammation
(197). T3 treatment 25 µg/kg 30min after transient MCAO also
reduced volume of stroke damage in mice through stimulation
of fatty acid oxidation by astrocytes (198). A combination
therapy of bone marrow stromal cells, daily injections of
T3 200 µg/kg and mild exercise was related to reduce
ischemic damage 7 days after transient MCAO in rats (199).
Likewise, intraperitoneal administration of thyroxine derivates,
3-iodothyronamine and thyronamine, 50 mg/kg 1 h after MCAO
in mice, also reduced infarct volume (200). Neuroprotective
action of 3-iodothyronamine administered 2 days before MCAO
was associated with hypothermia (200). Although molecular
mechanisms have not been evaluated, these studies suggest that
non-genomic actions of TH contribute to neuroprotection in the
acute phase following stroke. In addition, T3 treatment prior
to brain ischemia (25 µg/kg intravenous) has prevented edema
through suppression of aquaporin-4 (AQP4) water channel
expression and thereby reducing infarct volume and improving
neurological outcome after transient MCAO (109), effects that

Frontiers in Neurology | www.frontiersin.org 6 October 2019 | Volume 10 | Article 1103

46

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Talhada et al. Thyroid Hormones in the Postischemic Brain

were enhanced when T3 was administrated in nanoparticles at
equivalent doses (108). Recently, it has been demonstrated that
T3 modulates AQP4 expression dependent on developmental
stage of the CNS. Treatment of mice with T3 at 1µg/g increased
AQP4 expression in astrocytes in the cerebral cortex until the
60th postnatal day. In contrast, whereas in glioblastoma cell lines
stimulation with T3 (50 nM) treatment was downregulating the
expression of AQP4 (201).

Few experimental studies have been performed to identify
the mechanisms of TH actions in neuroprotection. Treatment
of mouse hippocampal slices lesioned between CA3 and CA1
with T4 increases levels K-Cl cotransporter (KCC2) mRNA in a
brain derived neurotrophic factor (BDNF) dependent manner,
that promoted survival and regeneration of damaged neurons
in the CA1 region (110). Moreover, it has been demonstrated
that treatment with T3 has a protective effect against glutamate
toxicity in cultured astrocytes and neurons (202, 203). This action
has been linked to non-genomic actions of TH on Na+/H+

exchange activity and glutamate transport (204). Also, T3

treatment stimulated the expression ofHIF2α,VEGF, c-JUN, and
Enolase-2 (ENO2) in the neuroblastoma in an in vitro hypoxia
model (107). Although only a few scattered studies have been
performed, they indicate an involvement of T3 in pathways that
promote neuronal protection and recovery, through genomic or
non-genomic actions.

The expression of TR in the human brain after ischemic
stroke have not been studied. Also in experimental models, TR
expression has not been investigated, and we found only one
experimental study reporting TR expression after permanent
MCAO (189). Interestingly, TRα1 expression is increased in
microglial cells in the infarct core and in neurons in the
peri-infarct area. Astrocytes mildly express nuclear TRα1 and
expression of TRβ1 is strongly expressed in the astrocytic scar.
If TRα1 and TRβ1 play a crucial role for recovery after brain
stroke, in humans and rodents, it remains to be investigated.
In fact, TRα1 have been demonstrated to play a crucial role
for cardiomyocyte survival after myocardial infarction (205)
Therefore, the idea that TRα1 could be a target to promote stroke
recovery definitively needs to be further investigated.

MECHANISMS OF THYROID HORMONES
THAT MAY ENHANCE MECHANISMS OF
RECOVERY AFTER STROKE

Beyond the acute phase after stroke, the brain shows the capacity
of spontaneous recovery of lost neurological functions albeit
to a limited extent. This process remains slow, however, the
intrinsic mechanisms are present and patients may benefit from
enhancing those. TH regulate several pathways that are involved
in neurorepair, namely regulation of processes of neuronal
plasticity, neurogenesis, angiogenesis, and glutamate toxicity.
Adjuvant therapies that modulate those processes may improve
recovery of function after stroke, in particular when applied in
combination with physiotherapy in stroke patients or an enriched
environment in rodent models of stroke (206, 207).

Neuronal Plasticity
Neuronal reorganization occurs during the recovery phase of
stroke and is initiated by cellular responses to degeneration.
Cell death in the infarct core results in synaptic degeneration,
instigating regenerative responses among surviving neurons,
as the formation of new synaptic connections (208).
Neuronal plasticity includes all mechanisms involved in
modulation of dendritic and axonal arborization, dendritic
spine density and neuronal density that will determine
the formation of new synaptic connections and neuronal
networks (209, 210).

Neuroplasticity occurs spontaneously during stroke recovery
and TH have been identified as a modulator of several genes
that may stimulate endogenous neuroplasticity and therefore
contributing to facilitate recovery (Table 1).

In rodents, T3 regulates neuron specific RC3/Neurogranin
gene (Nrgn), that encodes a calmodulin binding protein (112)
which binds to calmodulin in the absence of calcium distribution
in spines and enhances synaptic plasticity (211). Nrgn is
highly expressed in dendritic spines in the hippocampus and
forebrain and deficiency of Nrgn in mice has been reported to
induce deficits in spatial learning and anxiety-like tendencies
(113). In the human, the homolog gene NRGN is also
a direct TH target, during development and in the adult
brain (111). TH also regulates Reelin (Reln) expression during
brain development (118). Administration of T3 increases Reln
expression in the hippocampus of adult rats (212). Reelin
is involved in the migration of multipolar neurons in the
developing neocortex (120) and in the adult brain interacts with
apoliprotein E receptors and regulates synaptic plasticity and
neurogenesis (119).

During brain development, T3 regulates genes related with
the calcium/Calmodulin-activated kinase 4—cAMP responsive
element-binding protein 1 (CaMK4/Creb1) signaling pathway,
as demonstrated in cultured fetal neurons (213), a mouse
embryonic stem cell line (86) and in vivo studies (114–117). The
CaMK4/Creb1 pathway regulates calcium influx and dendritic
growth during development (214), inhibits apoptosis through
phosphorylation of Creb and increases anti-apoptotic gene
expression. Synaptotagmin-related gene 1 (Srg1) is also a TH
responsive gene during brain development, that has a putative
role as a mediator of synaptic structure and activity (121).

Reorganization of spine cytoskeleton, principally
microtubules and actin filaments, can be dynamically modulated
and consequently change the pattern of synaptic activity
(215). Several studies have shown that TH modulate tubulins
(216, 217), microtubule associated proteins (218) and Tau
protein (219) in the cytoskeleton during brain development
and in the adult brain. TH has also been demonstrated to
modulate transcription of genes of intermediate filaments,
namely neurofilaments (Nefh and Nefm), GFAP in mature
astrocytes, vimentin in mesenchymal cells and nestin
(116, 122). Experiments in cerebral cortex slices suggest
that TH activates phosphorylation of cytoskeletal proteins
mediated by GABAergic signaling dependent on PKA and
PKCaMII activity (220). Studies conducted in cultured
glial cells also suggests that TH reorganize the cytoskeleton
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through GFAP phosphorylation mediated by RhoA signaling
pathway (221).

Actions of TH in the cytoskeleton are particularly important
during brain development, to guarantee proper cell migration
and to foster neurite outgrowth (160). T3 also regulates
transcription of genes involved in cytoskeleton formation
in neurons and astrocytes, during fetal and postnatal brain
development (74). Hypothyroidism leads to impaired actin
cytoskeleton formation in neurons and astrocytes, affecting
neuronal migration and neurite outgrowth. Both rT3 or
T4 administration can restore polymerization of intracellular
filaments F-actin (222, 223) and laminin (223, 224), but
this effect was not observed by T3 administration. Also
in neuronal and astrocyte cultures, T4 and rT3 stimulate
polymerization of the actin cytoskeleton, as already mentioned
above (Figure 2) (159, 160, 162). As during brain development,
basic transcription element-binding protein is upregulated
by TH and this protein may play a role in neuronal
outgrowth, modulating changes in the cytoskeleton, and cell
differentiation (225, 226).

Studies also demonstrate that TH signaling is critical to proper
functioning of short term (227) and long term synaptic plasticity
(228). Induced hypothyroidism has been related with disruption
in synaptic plasticity (229, 230) and long term potentiation in
the CA1 neonatal (231, 232) and adult (233) rat hippocampus.
Hyperthyroidism has been also related to detrimental effects in
dendritic spines. Intraperitoneal injection of T3 750µg/kg during
5 consecutive days in adult rats significantly decreased dendritic
spine density in CA1 pyramidal cells in the hippocampus (234)
and thyroxine induced hyperthyroidism impairs special learning
and synaptic plasticity in rats (235).

On the cellular level, TH genomic or non-genomic actions
may modulate the activity of ion pumps that are important
for normal excitable cell function. Particularly in brain tissues
affected by ischemia, directly or indirectly, adapted function of
ion pumps is required to avoid intracellular overload of H+

and Ca2+, preventing cell acidosis and excitotoxicity. T3 has
been shown to decrease the activity of Na, K-ATPase (154, 155)
and to stimulate the Na+/H+ exchanger (149) and Ca2+/Mg2+

ATPase pump activity (158) in cerebrocortical synaptosomes. T3

increases the transcription of SR Ca2+-ATPase gene (ATP2A2)
in the sarcoplasmic reticulum (157). In addition, T3 has been
demonstrated to be benefical in in vitro and in vivo experimental
myocardial ischemia preventing excessive intracellular Ca2+

accumulation (236, 237).
Also, T3 contributes to glutamate uptake by astrocytes,

protecting neurons from intracellular calcium toxicity and death
(203). Neuroprotective effect was attributed to an increased
expression of mRNA and protein levels of GLT-1 and GLAST in
the astrocytes. It also has been demonstrated that T3 decreases
N-methyl-d-aspartate (NMDA)-evoked currents and prevent
glutamate-induced neuronal death in hippocampal neurons
(202). Together, these actions might be beneficial to prevent cell
dysfunction or death of principal neurons during the acute phase
after ischemic stroke. Conversely, these mechanisms might be
involved to reduce the activity of inhibitory neurons in critical
periods of plasticity during the first weeks after stroke. Hence,

these actions most likely will dependent on receptor expression
profiles in different neuron populations.

The balance between excitation and inhibition is of particular
importance for neuronal plasticity processes potentially relevant
for recovery. During development, TH increases the level of
γ-aminobutyric acid (GABA) in the brain, while the opposite
effect is observed in the adult brain. In the developing
brain, hypothyroidism impairs the generation of interneurons
including reduced proliferation and delayed differentiation of
precursor cells in the cerebellum and their migration to the
cerebellar cortex (238). These effects could be antagonized by
administration of T3 binding to the TRα1. Likewise, deletion of
TRα1 reduced cerebellar GAT-1 expression and Pax-2 precursor
cell proliferation (238). TH also affect the release and uptake
of GABA from the neuron into the synapse. T3 stimulates
depolarization and release of GABA in synaptosomes from rat
cerebral cortex (239). In the adult brain, hypothyroidism is
reported to increase glutamic acid decarboxylase (GAD) activity
and GABA reuptake, from cerebral cortex homogenates (240,
241) while hyperthyroidism has no effect on GABA uptake
(241). In addition, T3 administration inhibits GABA-induced
Cl− currents, which may affect GABAA receptors in the cerebral
cortex, by non-genomic mechanisms (242).

Adult Neurogenesis
TH signaling is crucial for proper neurogenesis during brain
development (1). Several studies have demonstrated that
neurogenic events in the adult brain are dependent on TH
actions (243–250) and have been reviewed in detail (251, 252).
Particularly T3 is involved in mechanisms of proliferation,
survival, differentiation and maturation of neuronal precursors
in the adult brain (246, 251). With potential contribution of TH
NSPCs from the SVZ may proliferate, migrate and differentiate
into neurons, astrocytes or oligodendrocytes in the damaged
region and thereby contribute to brain plasticity after ischemic
stroke or other brain injury (253, 254). Stem cell therapy and
neurogenesis have been explored as a potential therapeutic
strategy for neuronal repair after ischemic stroke (255).

Angiogenesis
Therapeutic angiogenesis has been used to enhance brain repair
promoting the formation of new blood vessels and restoration
of blood flow in the damaged area (256–258). Angiogenic
effects of TH have been demonstrated in infarcted tissue of the
myocardium (259). Moreover, an increased number of new blood
vessels has been found in the brain of hypothyroid rats after
administration of 3,5-diiothyroprionic acid (a thyroid hormone
analog) or T4 (260). The proangiogenic effects of TH are
apparently mediated by non-genomic actions, through binding
to integrin αvβ3 resulting in activation of MAPK 1/2 and STAT3.
TH binding to αvβ3 directs transcription of genes that promote
angiogenesis, namely fibroblast factors, VEGF and angiopoietin-
2 (124–126, 137, 147, 261, 262). To our knowledge, so far no
experimental studies have been performed to investigate pro-
angiogenic effects of TH after stroke.
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TRANSLATION TO CLINICAL STUDIES

Current epidemiological studies in humans and experimental
evidence from rodents strongly suggest that TH signaling plays a
crucial for stroke recovery. In particular T3, the active form in the
brain, exerts genomic and non-genomic actions that may foster
functional outcome after stroke.

Although several epidemiological studies have associated
low levels of TH with poor outcome, no clinical trials have
been performed to evaluate the recovery promoting effects of
TH in stroke patients. At the current stage the first step of
translational studies will be to understand exact mechanisms
underlying beneficial action of TH after stroke in animal models,
in particular T3. Based on knowledge about mechanisms of
action, exact treatment regimens with specific targets can be
developed and tested during critical windows of stroke recovery.
In this context, the development of cell-specific approaches to
target TH signaling in the postischemic brain may result in
specific treatments in experimental stroke models, that later,
might be translated into clinical studies.

CONCLUSIONS

Several mechanisms in the brain are tightly regulated by TH and
T3 availability to the brain is dependent on factors including
(i) maternal TH release before fetus thyroid gland development;
(ii) TSH levels and TH release by thyroid gland; (iii) passage
of TH through placenta in the fetus; (iv) control of free
fraction of TH determined by TH binding proteins; (v) TH
transmembrane transport into the cytoplasm; (vi) local activity
of iodothyronine deiodinases; (vii) expression and distribution

of TR; (viii) and translational activity and non-genomic actions
of TH in the brain. Disruption in these mechanisms compromise
TH availability and actions in the brain and may result in
impairments of neurological functions. There is clinical and
preclinical evidence that TH are involved in mechanisms of
neuronal plasticity and function of glial cells after ischemic
stroke. Further understanding and targeting those might be
exploited in future therapies to enhance functional recovery in
stroke patients.
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photothrombosis and in cultured glutamatergic neurons subjected to an in vitro model of acute 
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and spatial scales as compensatory mechanisms to assure appropriate synaptic 
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Triiodothyronine modulates neuronal
plasticity mechanisms to enhance
functional outcome after stroke
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Abstract

The development of new therapeutic approaches for stroke patients requires a detailed understanding of the mechanisms
that enhance recovery of lost neurological functions. The efficacy to enhance homeostatic mechanisms during the first
weeks after stroke will influence functional outcome. Thyroid hormones (TH) are essential regulators of neuronal plasticity,
however, their role in recovery related mechanisms of neuronal plasticity after stroke remains unknown. This study addresses
important findings of 3,5,3′-triiodo-L-thyronine (T3) in the regulation of homeostatic mechanisms that adjust excitability –
inhibition ratio in the post-ischemic brain. This is valid during the first 2 weeks after experimental stroke induced by
photothrombosis (PT) and in cultured neurons subjected to an in vitro model of acute cerebral ischemia. In the human
post-stroke brain, we assessed the expression pattern of TH receptors (TR) protein levels, important for mediating T3 actions.
Our results show that T3 modulates several plasticity mechanisms that may operate on different temporal and spatial scales
as compensatory mechanisms to assure appropriate synaptic neurotransmission. We have shown in vivo that long-term
administration of T3 after PT significantly (1) enhances lost sensorimotor function; (2) increases levels of synaptotagmin 1&2
and levels of the post-synaptic GluR2 subunit in AMPA receptors in the peri-infarct area; (3) increases dendritic spine density
in the peri-infarct and contralateral region and (4) decreases tonic GABAergic signaling in the peri-infarct area by a reduced
number of parvalbumin+ / c-fos+ neurons and glutamic acid decarboxylase 65/67 levels. In addition, we have shown that T3
modulates in vitro neuron membrane properties with the balance of inward glutamate ligand-gated channels currents and
decreases synaptotagmin levels in conditions of deprived oxygen and glucose. Interestingly, we found increased levels of
TRβ1 in the infarct core of post-mortem human stroke patients, which mediate T3 actions. Summarizing, our data identify T3
as a potential key therapeutic agent to enhance recovery of lost neurological functions after ischemic stroke.

Keywords: Ischemia, Photothrombosis, Recovery, Stroke, Thyroid hormones, Thyroid hormone receptors, 3,5,3′-triiodo-L-
thyronine (T3), 3,5,3′,5′-tetraiodo-L-thyronine (T4)

Introduction
Loss of motor function following ischemic stroke is
the most enduring and disabling consequence [4, 26].
Despite the attempt to find neuroprotective treat-
ments that mitigate tissue damage and loss of motor
function, their translation into clinical practice has

been disappointing. So far, thrombectomy and
thrombolysis in the acute phase after stroke are the
only effective treatments to restore blood flow and
minimize brain damage. However, acute therapies are
limited to the first 4.5 h for thrombolysis or up to 24
h for thrombectomy after stroke onset and are access-
ible to less than 10% of stroke patients [36, 49]. Be-
yond the acute phase constant and consistent specific
rehabilitation programs are instrumental to partially
regain brain function, dependent on size and brain re-
gions affected by stroke [37]. Therefore, the options
to minimize the damage after ischemic stroke remains
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sub-optimal and there is need for new therapeutic ap-
proaches that target restorative processes.
In response to loss of input from the infarct core,

surviving neurons adopt self-repair and self-organizing
homeostatic mechanisms in order to stabilize the ra-
tio between excitatory and inhibitory circuits and
maintain adequate synaptic input [21]. First, blood
flow is restored and there is a temporary resolution
in neuronal activity and metabolism in regions
surrounding and connected to the infarct [33, 82].
Concomitantly, in response to cell death in the infarct
core, there is a change in neuronal pathways and
reorganization of neuronal connectivity, namely
axonal growth, spine remodeling and dendritic
arborization [29, 82]. A wide variety of homeostatic
mechanisms contribute to the maintenance of overall
excitability, involving the regulation of neuronal in-
trinsic excitability and synaptic transmission. These
mechanisms include changes in receptor expression at
the post-synaptic level, neurotransmitter release at the
pre-synaptic level, ion channel function and synapse
number or synaptic strength [52, 76, 77].
Processes of neuronal reorganization and cellular re-

sponses to the infarct occur during the first weeks
after stroke in mice [7] and up to months and years
in humans [23, 24]. During this period the brain is
highly plastic, and distinct overlapping events promot-
ing recovery of neurological function can be modu-
lated by external interventions [82]. Therefore,
current research is focused to understand mechanisms
of post-injury plasticity that occur spontaneously after
stroke [50, 82].
Current epidemiological human studies suggest that

thyroid hormones (TH) signaling is related to a better
outcome after stroke although the mechanisms involved
are poorly investigated [71]. Several studies have pointed
out that TH contribute to neuroprotection when admin-
istered before [46, 61] or during the first hours after
stroke or traumatic brain injury [20, 22, 27, 40, 55]. TH
also protect cortical neurons against glutamate-induced
neuronal damage [42].
However, long-term effects of TH during the recov-

ery phase after stroke remain largely unknown [71].
Here we hypothesized that 3,5,3′,5′-tetraiodo-L-thyro-
nine (T4) and 3,5,3′-triiodo-L-thyronine (T3) might be
actively involved to enhance post-stroke recovery,
since they are essential in several mechanisms for
brain development [3, 5] and normal function of the
adult brain [47]. Summarizing, TH are involved in
mechanisms of neuronal proliferation, migration and
differentiation, neurite outgrowth, synaptic plasticity,
dendritic branching and myelination during brain de-
velopment [5, 28]. In the adult brain, several pro-
cesses of neurorepair are particularly dependent on

T3 action, namely neuronal plasticity and neurogen-
esis [35, 56].
To study the role of TH in mechanisms of neuronal

repair, we analyzed post-ischemic brains of mice sub-
jected to intraperitoneal (i.p.) administration of T4 and
T3 at 5 or 50 μg/kg starting at day two after photo-
thrombosis (PT) and every second day, in a total of six
administrations; we assessed T3 effects in ionotropic
glutamate receptors (iGluRs) in cultured glutamatergic
neurons; and we analyzed expression pattern of TH re-
ceptors (TR) alpha 1 (TRα1) and beta 1 (TRβ1) in post-
ischemic brains of mice and human patients. In the
present investigation we demonstrate that T3 modulates
pathways during critical periods of recovery after stroke
involved in reorganization of neuronal circuits and syn-
aptic plasticity, functional connectivity and motor re-
covery. Summarizing, we demonstrate that (1) T3

enhanced recovery of lost motor function in an experi-
mental model of stroke, (2) T3 increased levels of syn-
aptotagmin 1&2 and levels of post-synaptic glutamate
receptor 2 (GluR2) subunit in alpha-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptors
in the peri-infarct area, (3) T3 increased dendritic spine
density in the ipsilateral and contralateral regions and
(4) T3 decreased tonic GABAergic signaling in the
peri-infarct area by a reduced number of
parvalbumin-positive (PV+) / c-fos+ neurons and glu-
tamic acid decarboxylase 65/67 (GAD 65/67) protein
levels. In cultured neurons (5) T3 modulates mem-
brane properties with the balance of inward glutamate
ligand-gated channels currents and (6) T3 modulates
synaptotagmin levels in an in vitro model of ischemia.
In the human post-ischemic brain (7) TRβ1 has a
spatial expression pattern, which may drive T3 tran-
scriptional activity.

Materials and methods
Ethical considerations
Mice were bred and genotyped at the conventional facil-
ity of the Biomedical Centre, (BMC, Lund, Sweden). All
animal experiments (Studies I and II) were carried out
in accordance with the international guidelines on ex-
perimental animal research, with the approval of the
Malmö-Lund Ethical Committee (ethical permit no.
M50/2015) and followed the ARRIVE guidelines. All
in vitro experiments (Study III) were carried out in com-
pliance with directives on animal experimentation
(Decreto-Lei 113/2013 and 2010/63/EU) in Portugal and
European Union and with approval of the committee of
Animal Research at Universidade da Beira Interior
(CICS-UBI, Covilhã, Portugal). Human brain tissue used
in this study was used with the approval of the Lund
Ethical Review Board for research involving humans
(Dnr 2011/80).
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Thyroid hormones effects after experimental stroke
(study I)
For this study, 117 C57BL/6 male mice (20 to 26 g, aged
9 to 10 weeks, purchased from Charles River) were used.
Out of 117 animals, 12 were excluded due to problems
during surgery and mortality before entering the treat-
ment phase and 105 animals were randomly assigned
into the treatment groups (Fig. 1). Treatment was initi-
ated on day two after PT and every other day until the
endpoint of the study. Vehicle (Vh, NaCl 0.9%), T3 (5 or
50 μg/kg) or T4 (5 or 50 μg/kg) were administered by i.p.
injection in a total of six administrations. On days two,
seven and 14 after stroke onset or sham surgery, animals
were evaluated for motor function.

Photothrombosis
Focal ischemic stroke was induced by PT, as described
previously [65, 81]. Ischemic stroke was induced in the
right hemisphere through illumination of a squared
aperture measuring 4.0 to 2.0 mm (equal to an area of
8.0 mm2). The light position related to bregma (+ 1.5
mm lateral and + 0.5 mm anterior) affected the mouse
primary motor cortex of forelimb-responsive sites, in the
left body side [72]. The same procedure was performed
in sham operated animals, with saline injection instead
of photosensitizing dye.

Behavior analysis
Motor function and exploratory behavior after TH treat-
ment was assessed using a neuroscore consisting of the
rotating pole test (RPT) and the open field test, respect-
ively [60, 79]. These assessments were performed in a
blinded fashion to the investigator that performed the
surgeries and treatments.
The RPT was used to assess postural and locomotor

asymmetry that results from an unilateral brain lesion

[57]. After stroke or sham surgery, animals were evalu-
ated on day two for randomization into treatment
groups. Each trial was video recorded, and videos were
used to assess motor dysfunction by using a zero to six
scoring system (Table 1). Animals that did not fulfill in-
clusion criteria were excluded from behavior analysis
(see Additional file 1: Supplementary methods).
The open field test was performed 14 days after stroke

to assess both spontaneous post-ischemic locomotor ac-
tivity and post-ischemic exploration behavior [78].

Immunohistochemistry and immunofluorescence
Tissue collection for immunostainings was performed as
described before [53, 63]. Primary antibodies used for
immunofluorescence were rabbit TRβ1 (Millipore, 1:
1000), rabbit TRα1 (Abcam, 1:1000), goat parvalbumin
(PV235, Swant, 1:5000), mouse neuronal nuclei (NeuN,
Millipore, 1:1000), glial fibrillary acidic protein (GFAP)-
Cy3 (Sigma, 1:5000), rat cluster of differentiation (CD)
68 (Abd Serotec, 1:300), and mouse glutathione S-
transferase (GST)-pi isoform (BD Transduction Labora-
tories, 1:1000).

Infarct size measurement
Coronal brain sections from the start until the end of
the infarct and spaced one millimeter were collected and
stained for NeuN (rabbit NeuN, Millipore, 1:5000). The
non-injured portion of the ipsilateral and contralateral
hemisphere were encircled and the indirect infarct vol-
ume was calculated by integration of areas from serial
sections of each brain as described previously [70] using
Fiji software [64].

Counting of parvalbumin positive cells
For each animal one coronal section (− 2.0mm relative to
bregma) was stained for PV+ neurons using a monoclonal

Fig. 1 Experimental design. In Study I C57BL/6 mice were pre-tested before photothrombosis (PT) or sham operations to assess limb placement.
Selective sorting was assessed 2 days after surgeries. Animals were randomized into the treatment groups: Vehicle (Vh, NaCl 0.9%); T3 5 or 50 μg/
kg; T4 5 or 50 μg/kg. Treatment was administrated via intraperitoneal injection every second day after PT or sham operations. Neurological
outcome was assessed by the rotating pole test, seven and 14 days after surgeries and brains were perfusion fixed or frozen, for
immunohistochemistry (IHC) or Western blot (WB), respectively. Study II was performed for dendritic spine analysis and Thy1-YFP transgenic mice
were used. Treatment with Vh or T3 50 μg/kg was administered as described for Study I
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goat primary antibody (PV235, Swant, 1:5000), and
visualization accessed using a VECTOR NovaRED Perox-
idase (HRP) Substrate Kit (Vector Laboratories, CA,
USA). Rabbit c-fos (Santa Cruz, 1:500) positive immuno-
reactivity (c-fos+) was accessed using the avidin–biotin–
HRP system.

Immunoblotting
Brains from mice were collected as previously described
[63] and the tissue correspondent to the infarct core and
peri-infarct was collected. Tissue from human brains
were dissected out by a pathologist following autopsy.
Primary antibodies used for Western blots were rabbit
TRα1 (Abcam, 1:1000), rabbit TRβ1 (Millipore, 1:20000),
mouse postsynaptic protein 95 (PSD95; BD Transduc-
tion Laboratories, 1:1000), rabbit synaptophysin (Ther-
moscientific, 1:15000), rabbit GluR1 (Millipore, 1:2000),
mouse GluR2 (Millipore, 1:1000), mouse N-methyl-D-as-
partate receptor 1 (NMDAR1) (BD Transduction La-
boratories, 1:1000), rabbit synaptotagmin 1&2 (Abcam,
1:1000) and rabbit GAD 65/67 (Millipore, 1:2000). Mem-
branes were reprobed with anti β-actin HRP conjugated
(1:150000, Sigma-Aldrich). Levels were calculated as a
percentage of β-actin expression, after densitometric
analysis using Fiji software.

Dynamics of dendritic spines after administration with T3
(study II)
To study the effects of T3 on dendritic spine dynamics
in mouse neocortical neurons after experimental stroke,
eight Thy1-yellow fluorescent protein (YFP) transgenic
mice (25 to 40 g, aged 1 year, own breeding), that ex-
press YFP in neuronal population were used. Mice were
randomly assigned in the following treatment groups:
PT/Vh, n = 4; PT/T3 50 μg/kg, n = 4 (Fig. 1). Treatment
was administered as described above for Study I. Four-
teen days after the surgery, mice were sacrificed, perfu-
sion fixed with paraformaldehyde 4% and brains were

collected for further infarct volume assessment and den-
dritic spine analysis.

Photothrombosis
To induce PT in animals for dendritic spine analysis
(Study II) the surgical procedure was performed as in
Study I, and the left hemisphere was illuminated with a
cold light source through a round aperture measuring
1.5 mm in diameter (equal to an area of 1.767 mm2) for
20 min. This approach induced smaller infarct sizes so
that dendritic spines could be analyzed in different re-
gions in the peri-infarct area. The same procedure was
performed in Sham operated animals, with saline injec-
tion instead of photosensitizing dye.

Detection and classification of dendritic spines from
fluorescence laser scanning microscopy
Three coronal sections per animal were collected at dif-
ferent levels: + 2.0 mm, + 1.0 mm and 0mm relatively to
bregma, corresponding to the rostral pole, center and
caudal pole of the infarct, respectively. For each animal,
we analyzed layers II/III correspondent to the apical pyr-
amidal neurons in the ipsilateral motor cortex (Region 1,
R1), ipsilateral somatosensory cortex (Region 2, R2),
contralateral motor cortex (Region 3, R3) and contralat-
eral somatosensory cortex (Region 4, R4).
Dendritic spine density and shape classification was

accurately quantified and characterized using a three-
dimensional computational approach as previously de-
scribed, after image deconvolution [58].
For each region, three to five dendritic branches were

randomly selected. Dendrites were manually selected,
and spines were automatically detected using Neuron-
Studio software. Dendritic spines were classified accord-
ing to the head to neck ratio and head diameter as
stubby, mushroom or thin [30, 58], using default param-
eters from NeuronStudio. Dendritic spine density was
calculated with the ratio number of spines / dendrite
length.

In vitro modulation of T3 in glutamatergic neurons (study
III)
An in vitro model of cerebral ischemia and electrophysi-
ology studies were performed to study immediate effects
of T3 in homeostatic plastic mechanisms, namely modu-
lation of synaptic proteins crucial for neurotransmission
and NMDA and AMPA evoked currents.

Cell cultures
Cultured cortical neurons were used after 7–8 days
in vitro (DIV). Primary cortical neuronal cultures were
prepared as described before [59]. Cells were obtained
from the cerebral cortex from Wistar rats on embryonic
day 16–18. Briefly, meninges were removed, and the

Table 1 Motor function assessed by the rotating pole test
before and after photothrombosis at days 2, 7 and 14

Score Criteria

0 animal falls off immediately upon entry onto the pole

1 animal remains embraced to the pole unable to cross and
eventually falls off the pole

2 animal falls off during crossing or if the hindlimbs do not
contribute to forward movement

3 animal crosses the pole while continuously slipping with the
forelimbs or hindlimbs

4 animal crosses pole with > 3 ft slips

5 animal traverses the pole with 1–3 ft slips

6 animal crosses the pole without any foot slips
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cortex dissected and subjected to enzymatic dissociation,
using 0.05 / 0.02% w/v in phosphate buffered saline (PBS)
trypsin / EDTA (#15400054, Thermofisher) for 15min at
37 °C. The homogenized was rinsed with Dulbecco’s
Modified Eagle’s medium (#11880036, DMEM, GIBCO)
with 10% fetal bovine serum (#10500–064, GIBCO), 100
U penicillin and streptomycin/ml (#15140122, Thermo-
fisher), 2 mML-glutamine (#G5792, Sigma-Aldrich), dis-
sociated with a Pasteur pipette, centrifuged and
redissociated in starter medium (#21103049, Neurobasal
medium, GIBCO) supplemented with B27 (#17504044,
GIBCO), 100 U penicillin and streptomycin/ml, 2 mML-
glutamine (#G5792, Sigma-Aldrich) and 25 μM glutamate
(#49621, Sigma-Aldrich). The cells were plated onto poly-
L-lysine (#P4707, Sigma-Aldrich) pre-coated multiwells at
1.5 × 105 cells/cm2 and grown in starter medium at 37 °C
and 5% CO2. One-half of the medium was replaced with
cultivating medium (starter medium without glutamate)
from 4 DIV. Cells were used after 7–8 DIV for in vitro
assays.

In vitro ischemic model and experimental treatments
After 7 DIV neurobasal medium was collected and
stored to be replaced after the experiments. Neuron cul-
tures were washed with PBS, and oxygen and glucose
deprivation (OGD) was induced with a deoxygenated
aglycemic solution. OGD was generated in a hypoxia in-
cubator chamber (StemCell Technologies), flushed with
gas: 5% CO2, 95% N2. In control cultures, medium was
replaced by basic salt solution (BSS) after washing with
PBS and cells were incubated in a normoxic atmosphere
containing 5% CO2. Cultures were in OGD or BSS solu-
tions for 120 min and after replaced by the previous col-
lected medium. After OGD / BSS conditions, cells were
incubated with Vh (DMSO in PBS, 0.01%) or T3 1 μM
for 48 h. Subsequently, cells were washed with cold PBS
to remove excess of culture medium and cells collected
and frozen at − 80 °C until protein extraction.

Immunocytochemistry
For immunocytochemistry, neurons were plated on glass
coverslips and fixed after 7 DIV. Antibodies used for im-
munofluorescence were rabbit TRα1 (Thermoscientific,
1:500) or rabbit TRβ1 (Millipore, 1.500). The next day,
neurons were stained with Hoechst-33,342 (4 μg/ml, Life
Technologies).

Immunobloting
Protein extraction was performed as previously de-
scribed [38, 63]. Western blot was performed to
evaluate levels of mouse synaptotagmin (BD Transduction
Laboratories, 1:2000).

Electrophysiological recording of membrane currents
To study ligand-gated channels AMPA and NMDA, we
adopted the voltage-ramp method [85].
Individual currents were recorded after incubation

with T3 1 μM (n = 4) or Vh (n = 3) during the 48 h pre-
ceding the experiments. A sequence of voltage ramps at
a rate of 0.23 mV/millisecond were applied at a holding
potential of − 80mV. To obtain the agonist induced
current-voltage (I-V) relation, ramps I-V curves were
constructed applying a 500 milliseconds voltage ramp
ranging from − 110 mV to + 20mV elicited every 8 s.
Voltage ramps were applied in the absence and in the
presence of AMPA and NMDA agonist glutamate at
50 μM and co-agonist of NMDA channels glycine at
3 μM, to enable subtraction of leak currents. The antag-
onists of AMPA and NMDA channels, 6-cyano-7-nitro-
quinoxaline-2,3-dione (CNQX; Sigma-Aldrich) and
dizocilpinehydrogen maleate (MK-801; Sigma-Aldrich),
respectively, were used both at 10 μM.
Cell currents were recorded sequentially in the

presence of specific K+- channel blockers tetraethy-
lammonium sodium salt (5 mM) and 4-Aminopyridine
(1 mM), that were applied in the perfusion system to-
gether with the other drugs. Voltage-gated K+ chan-
nels needed to be blocked, since those channels were
contributing to the conductance as well to the rever-
sal potential obtained.

Statistical analysis
Data are expressed as means ± standard error of the
mean (SEM) for parametric data or as medians for non-
parametric data. P values < 0.05 were considered as sta-
tistically significant. Statistical analysis was performed
using IBM SPSS statistics 24 software for dendritic spine
analysis or GraphPad Prism 6.0 software (GraphPad, San
Diego, CA, USA), using one-way analysis of variance
(ANOVA) followed by Bonferroni’s multiple comparison
test when three or more groups were present or two-
tailed unpaired Student’s t-test when comparing two
groups. For non-parametric data, Kruskal Wallis test
was employed for more than two groups followed by the
Dunn’s multiple comparisons test and the Mann-
Whitney U-test for comparison of two groups. Graphs
were designed using GraphPad Prism 6.0 software.
For additional details about techniques and analysis per-

formed, please refer to the Additional file 1: Supplementary
Methods.

Results
Treatment with T3 improves functional recovery after PT
without affecting infarct size
We first assessed if treatment with T3 or T4 at 5 or 50 μg/kg
enhances motor function in mice subjected to unilateral PT.
Motor function was assessed by RPT on day 7 and 14 after
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stroke onset. We observed some degree of spontaneous re-
covery in mice of all groups subjected to PT. T3-treated mice
at 50 μg/kg could traverse the pole with a score higher than
three at 10 rpm, to the right and left sides, showing that all
animals crossed the pole without falling (Additional file 2:
Video S1, Additional file 3: Video S2, Additional file 4: Video
S3 and Additional file 5: Video S4). However, a significantly
enhanced functional recovery was only observed when the
pole rotated at 10 rpm to the left, in animals treated with T3

at 50 μg/kg, when compared to Vh-treated animals (Fig. 2a).
Fourteen days after stroke, 73% (eight out of 11) and 64%
(seven out of 11) of mice treated with T3 50 μg/kg had a
score higher or equal to four points, at 3 rpm and 10 rpm to
the left, respectively. In contrast, only 9% (one out of 11) of
mice subjected to PT and treated with saline had a score of
four points and not higher, at 3 and 10 rpm to the left (Add-
itional file 1: Figure S1).
Infarct size influences the severity of neurological defi-

cits and differences of infarct size among treatment
groups may influence behavior assessment to evaluate
motor recovery over time. Overall the infarct volume did
not differ between animals assigned to treatment groups
(2.5 ± 0.78 mm3 Vh, 3.2 ± 0.97 mm3 T3 5 μg/kg, 1.6 ±
0.47 mm3 T3 50 μg/kg, 3.1 ± 1.5 mm3 T4 5 μg/kg, 4.0 ±
1.3 mm3 T4 50 μg/kg; mean ± SEM) as shown in Fig. 2b.
All treatments had no influence on the behavior of
sham-operated mice (data not shown).
The doses used in the present studies have been de-

termined in preliminary studies (data not shown). No
adverse effects related to hyperthyroidism were seen
following any of the given doses. In addition, no dif-
ferences were observed in body weight or temperature
in animals from all groups throughout the studies
(Additional file 1: Table S1). In all experimental
groups, plasma levels of T3 and T4 were in physio-
logical range at the endpoint of the study (Additional
file 1: Figure S2).
We performed the open field test to ascertain that

TH administration was not associated with anxiety or
depression-like behavior. Treatment with TH did not
affect open field scores, indicative that the treatment
did not induce anxiety (Additional file 1: Figure S3).

Treatment with T3 did not affect the expression of TH
receptors after PT
To characterize if functional improvement after T3 ad-
ministration was mediated by its binding to respective
TR, we assessed their expression in the post-ischemic
brain. We found that both isoforms, TRα1 and TRβ1,
were ubiquitously expressed in the brain. TR were
expressed in the cytoplasm of NeuN and PV+ neurons in
the peri-infarct region and in GFAP positive reactive as-
trocytes in the glial scar surrounding the infarct (Fig.
2c). In contrast, CD68 positive monocytic phagocytes

and GST-pi positive oligodendrocytes were not immu-
noreactive for TR (Additional file 1: Figure S4).
Importantly, treatment with T3 or T4 at 5 or 50 μg/kg

did not change the levels of TRα1 (Fig. 2d), despite there
was a nonsignificant elevation of TRα1 protein levels
found in protein extracts obtained from the peri-infarct
area (0.67 ± 0.22 Vh, 0.15 ± 0.05 T3, 1.15 ± 0.12 T4; arbi-
trary units, mean ± SEM). Likewise, no changes have
been found in TRβ1 levels (1.59 ± 0.51 Vh, 1.61 ± 0.20
T3, 1.74 ± 0.42 T4; arbitrary units, mean ± SEM) (Fig. 2e).

Thyroid hormone receptor pattern expression in human
stroke patients
Both receptor isoforms were also found in post-mortem
brain tissues. The levels for both isoforms did not differ
between the peri-infarct area from stroke patients and
cortex samples from non-stroke patients. However, dif-
ferences were observed in the infarct core. Here, TRβ1
protein levels increased (0.37 ± 0.02 Ctrl, 0.32 ± 0.03 PI,
0.63 ± 0.07 IC; arbitrary units, mean ± SEM) while levels
of TRα1 decreased (0.85 ± 0.13 Ctrl, 0.91 ± 0.16 PI,
0.38 ± 0.15 IC; arbitrary units, mean ± SEM) (Fig. 2f, g).

Treatment with T3 increases dendritic spine density in
principal neurons and modulates synaptic
neurotransmission
Using Thy1-YFP transgenic mice, we performed a sec-
ond study to evaluate if T3 at 50 μg/kg was involved in
modulation of dendritic spine density and morphology
as an estimate of structural plasticity in the postischemic
brain. The study design including surgeries and treat-
ment with T3 at 50 μg/kg or Vh were adopted from
Study I. To determine the possibility of formation of
new synaptic connections 14 days after T3 administra-
tion, we evaluated dendritic spine density and morpho-
logic classification in four regions corresponding to the
peri-infarct area and remote areas to stroke (Fig. 3a).
Infarct volumes did not differ between the treatments

(1.0 ± 0.45 mm3 Vh, 1.32 ± 0.41 mm3 T3; mean ± SEM)
and did not affect dendritic spines in regions of interest.
Representative dendritic branches from mice treated ei-
ther with T3 at 50 μg/kg or Vh are shown in Fig. 3b.
Each dendritic spine was classified as mushroom, thin or
stubby using the NeuronStudio software (Fig. 3c).
Throughout all three levels covering the anterior, mid-

dle and posterior peri-infarct area and homotypic re-
gions of the contralateral hemisphere, the overall
number of dendritic spines was increased in T3-treated
animals compared to Vh-treated animals. In particular, a
significant increase in mushroom type spines was ob-
served in R1, level 1, thin spines in R3 and R4 from level
1 and R1 and R2 from level 2 and stubby spines in R2
and R4 of levels 2 and 3 (p < 0.001, all regions). To-
gether, we found an increment of dendritic spine density
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Fig. 2 (See legend on next page.)
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in T3-treated animals, in all regions and sections ana-
lyzed, particularly in the region correspondent of ipsilat-
eral somatosensory cortex (Fig. 3d).
These findings prompted us to investigate if treatment

with T3 at 50 μg/kg modulates pre- and/or postsynaptic
proteins, which reflects structural changes in dendritic
spines and the number of functional synapses relevant
for synaptic neurotransmission in the peri-infarct area.
We observed no differences in the level of the presynap-
tic synaptophysin and the PSD95 (Fig. 4). Likewise, no
differences were detected in NMDAR1. Interestingly, we
found that glutamate receptor 2 (GluR2), one of the
AMPA receptor subunits, was significantly increased in
mice subjected to PT and treated with T3 while levels of
GluR1 remained stable (Fig. 4). Accompanied we found
increased levels of synaptotagmin 1&2. In sham operated
control experiments, treatment with T3 had no effect on
all studied proteins.

Synaptotagmins are downregulated by T3 in an in vitro
model of ischemia and are downregulated in the infarct
core of human stroke
The finding that T3 at 50 μg/kg modulates levels of syn-
aptotagmin 1&2 in vivo prompted us to evaluate its ex-
pression in OGD-treated neuronal cultures pre-treated
with T3 1 μM for 48 h. Levels of synaptotagmin were sig-
nificantly decreased in neuronal cultures in the presence
of T3 (Fig. 5a). This pre-synaptic protein was also
expressed in the ischemic territory of stroke patients, be-
ing significantly reduced in the infarct core (Fig. 5b).

T3 inhibits glutamate evoked currents in glutamatergic
cortical neurons
To study the relevance of T3 for neuron function we
used the method of voltage ramp to establish informa-
tion about the I-V relations of calcium permeable
NMDA and AMPA post-synaptic receptors in the pres-
ence and absence of T3. For each cell tested, membrane

current amplitudes were normalized in order to obtain
current density (pA/pF).
Glutamatergic neurons responsiveness to T3 stimula-

tion was consistent with the positive immunoreactivity
for TRα1 and TRβ1 (Fig. 5c). Application of agonist glu-
tamate at 50 μM and NMDA co-agonist glycine at 3 μM
elicited an inward component at negative potentials.
Glycine together with glutamate potentiated the glutam-
ate induced current, even in the presence of Mg2+ in the
extracellular bath. We also examined the possibility of
glycine to induce currents by itself. Application of gly-
cine at 3 μM did not induce a current in any of the neu-
rons tested (Additional file 1: Figure S8). We also tested
if response was mediated by postsynaptic iGluRs NMDA
and AMPA, by application of non-competitive antago-
nists MK-801 and CNQX at 10 μM, respectively. After
application, currents were almost reversed (Fig. 5d).
Similarly, to the application of the antagonists, currents
are also almost reversed after washout with extracellular
bath (data not shown).
Compared with cells in control conditions, the presence

of T3 (1 μM) in cell cultures for 48 h before the experi-
ments significantly decreased glutamate / glycine response
in the neurons analyzed (Fig. 5e).

T3 downregulates GABA synthesis and activity of cortical
Parvalbumin immunoreactive cells
To determine whether functional recovery mediated by
i.p. injection of T3 at 50 μg/kg modulates GABAergic
signaling, we evaluated GAD 65/67 expression in stroke
mice treated with T3 compared with Vh. Longterm ad-
ministration of T3 50 μg/kg for 14 days after ischemic
stroke significantly reduced GAD 65/67 expression in
the ischemic territory. In sham operated animals, admin-
istration of T3 did not alter the expression of GAD 65/
67 (Fig. 6a).
To understand the significance of lower GAD 65/67

expression in animals treated with T3, we assessed the

(See figure on previous page.)
Fig. 2 Treatment with T3 50 μg/kg improves functional recovery 14 days after photothrombosis (PT) without affecting infarct size. a Difference
between the rotating pole test (rpt) scores from day 2 (selective sorting) and 14 (Δd2-d14) at 10 rotations per minute to the right and to the left
sides, from mice subjected to PT (right hemisphere). Scores are shown as individual data and group median. Statistical analysis was performed by
Kruskal-Wallis test followed by Mann-Whitney test (p = 0.0021 in T3 50 μg/kg versus Vehicle treatment). Vehicle (n = 11), T3 5 μg/kg (n = 10), T3 50
μg/kg (n = 11), T4 5 μg/kg (n = 10), T4 50 μg/kg (n = 9). b Representative coronal brain sections from stroke mice treated with Vehicle, T3 50 μg/
kg or T4 50 μg/kg. Staining with NeuN was performed to measure cortical infarcts. Infarct volumes are displayed as means ± SEM. On day 14 after
PT in mice treated with Vehicle (n = 10), T3 5 μg/kg (n = 8), T3 50 μg/kg (n = 8), T4 5 μg/kg (n = 7) or T4 50 μg/kg (n = 7). Statistical analysis was
performed by one-way ANOVA and Bonferroni’s multiple comparisons test. c Thyroid hormone receptors (TR) α1 and TRβ1 (AF488, green)
expression in mouse brain cell populations. Both TR isoforms are expressed in NeuN (Cy5, blue) positive neurons and Parvalbumin (Cy3, red)
positive neurons. GFAP (Cy3, red) immunoreactive astrocytes express TRβ1 in the ischemic territory, 14 days after PT. Scale bars 50 μm and 10 μm
for insets at higher magnification. d Levels of TRα1 and e TRβ1 in the infarct core and peri-infarct area were analyzed 14 days after PT and after
treatment with Vehicle (n = 3), T3 50 μg/kg (n = 3) or T4 50 μg/kg (n = 3). No difference was observed in levels of TRα1 and TRβ1. f Levels of TRα1
and g TRβ1 in the grey matter of human brain in non-stroke (Ctrl), and stroke cases, including the peri-infarct (PI) and infarct core (IC). For
uncropped images of western blots see Additional file 1: Figure S5. Levels of TRβ1 are increased in the IC. Statistical analysis was performed by
One-way ANOVA and Bonferroni’s multiple comparisons test. Two-tailed unpaired Student’s t test was employed to determine p values. Data are
expressed as mean ± SEM
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Fig. 3 (See legend on next page.)
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activity of cortical PV neurons, a class of interneurons that
regulate GABA neurotransmission. PV immunoreactivity
was co-localized with the activity-dependent marker c-fos,
through NovaRED Peroxidase (PV) and DAB (c-fos) im-
munohistochemistry (Fig. 6b, c). As shown in Fig. 6d,
there is a significant reduction in PV+ / c-fos+ ratio be-
tween Vh and T3 50 μg/kg-treated animals in the peri-
infarct region (40.46 ± 4.26 Vh; 14.62 ± 3.4 T3 50 μg/kg;

mean ± SEM) and the homotypic region in the contralat-
eral hemisphere (43.61 ± 9.43 Vh, 11.54 ± 4.12 T3 50 μg/
kg; mean ± SEM). In contrast, treatment with T4 50 μg/kg
did not change the activity of PV+ cells in the same re-
gions (Ipsilateral 33.97 ± 7.59; Contralateral 35.91 ± 2.65;
mean ± SEM). Importantly, treatment with TH did not in-
fluence the total number of PV immunoreactive cells in
the ipsilateral and contralateral hemispheres (Fig. 6d).

(See figure on previous page.)
Fig. 3 Treatment with T3 50 μg/kg increases dendritic spine density 14 days after photothrombosis (PT). a Dendritic spine analysis 14 days after PT
at different distances from bregma correspondent to the rostral pole (level 1), center (level 2) and caudal pole (level 3) of the cortical infarct. The
regions analyzed correspond to the ipsilateral (R1) and contralateral (R3) motor cortex; and ipsilateral (R2) and contralateral (R4) somatosensory
cortex. b Representative dendritic segments from animals treated with T3 50 μg/kg (n = 4) and Vehicle (Vh; n = 4). c Apical dendritic spines from
cortex layers II/III were automatically detected by NeuronStudio software and classified as mushroom, thin or stubby. Three to five dendritic
segments were analyzed per animal. d Dendritic spine density (number of total spines / dendritic length) per region and classification of
dendritic spines as mushroom, thin or stubby and their density per region, at each level analyzed. Results are displayed as means ± SEM.
Statistical analysis was performed with two-tailed unpaired Student t-test, *p < 0.05, **p < 0.01, ***p < 0.001

Fig. 4 Levels of synaptic proteins in the infarct core and peri-infarct area 14 days after photothrombosis (PT) or in the homotypic area in sham
operated mice have been analyzed after treatment with Vehicle (Vh; n = 6 for PT and n = 3 for sham) or T3 50 μg/kg (n = 6 for PT and n = 3 for
sham). There are no significant differences between levels of postsynaptic density protein 95 (PSD95), synaptophysin, glutamate receptor 1
(GluR1) and NMDA receptor 1 in the infarct core and peri-infarct in T3-treated mice compared with Vh. Levels of AMPA receptor subunit GluR2
and synaptotagmin 1&2 are increased in the infarct core and peri-infarct in T3-treated mice compared with Vh. Synaptotagmins are vesicle-
associated synaptic proteins involved in neurotransmitter release. For uncropped images of western blots see Additional file 1: Figure S6. No
differences were observed in sham operated mice. Results are displayed as means ± SEM. Statistical analysis was performed with two-tailed
unpaired Student’s t test
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Discussion
After an ischemic stroke, there is a disruption of normal
neuron function i.e. synaptic activity due to cell death occur-
ring in the infarct core and therefore, disruption in the nor-
mal neuronal circuity [87]. As consequence, surviving
neurons adjacent to the infarct spontaneously adopt homeo-
static mechanisms that contribute to maintain overall excit-
ability, although to a limited extent [18, 21, 48]. The
molecular mechanisms of homeostatic processes characterize
the recovery phase of ischemic stroke and enhancing those
with adjuvant interventions might be a key therapeutic

strategy [19]. This may create a wider therapeutic window to
optimize and restore lost neurological function.
TH have been recently proposed as a key modulator in

stroke [71] and brain injury recovery [41]. The lacking evi-
dence of the underlying mechanisms of TH promoting
functional recovery after stroke prompted us to evaluate
the role of TH in the post-ischemic brain. Summarizing,
our work demonstrates for the first time that T3 modu-
lates key homeostatic regulatory mechanisms that are cru-
cial to maintain appropriate levels of excitation and
mechanisms that stabilize neuronal activity in the post-

Fig. 5 Treatment with T3 1 μM for 48 h inhibits iGluRs evoked currents in cultured cortical glutamatergic neurons and downregulates
synaptotagmin levels after oxygen and glucose deprivation (OGD). a In an in vitro model of acute cerebral ischemia, levels of synaptotagmin are
decreased in cells pre-treated with T3 1 μM for 48 h but no difference was observed in the control conditions (Vh, n = 5; T3 1 μM, n = 5). b
Human brains of stroke and non-stroke control cases have been analyzed for levels of synaptotagmin 1&2. Levels of synaptotagmin are decreased
in the infarct core (IC) in comparison with control (Ctrl) and peri-infarct (PI) regions (n = 3 for each brain region). For uncropped images of
western blots see Additional file 1: Figure S7 c Representative images of expression of Thyroid hormone receptors TRα1 and TRβ1 (AF488, green)
in cultured cortical glutamatergic neurons. TRα1 was mainly localized in the cytoplasm and TRβ1 was expressed in the cytoplasm and nucleus.
Scale bar 20 μm. d Representative traces obtained during voltage ramps from − 110 to + 20mV after application of glutamate 50 μM and glycine
3 μM, held at − 80 mV. After application of AMPA and NMDA antagonists, CNQX and MK-801 respectively, currents were almost fully reverted. e I-
V relationship of glutamate 50 μM and glycine 3 μM induced current in cortical neurons under voltage clamp condition under the membrane
potential of − 80 mV. Each trace is the result of the average of three ramps for each 10mV (Vh, n = 3; T3 1 μM, n = 4). Results are displayed as
means ± SEM. Statistical analysis was performed with two-tailed unpaired Student’s t test to compare glutamate induced currents in cells pre-
treated with T3 1 μM for 48 h, *p < 0.05, ** p < 0.01, *** p < 0.001
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ischemic brain, contributing to cortical reorganization and
to functional recovery.
Given that TH signaling could be related to better out-

come, we first assessed behavioral recovery after experi-
mental stroke in mice treated with T4 or T3 at 5 or
50 μg/kg. The photothrombotic model adopted for our
study induced a well-defined ischemic damage in the
primary motor cortex that produced consistent hemipar-
esis 2 days after stroke [53], allowing behavioral assess-
ment of motor function following ischemia. As expected,
all mice spontaneously recovered some of lost motor
function over time in analogy to spontaneous recovery
in humans [23, 24]. Interestingly, the group treated with
T3 50 μg/kg had significant higher neurological scores
14 days after PT, with no difference in the infarct size
compared to control group. However no significant stat-
istical differences were observed in the T4-treated mice

groups. T4 is the prohormone and it needs to be con-
verted to T3 before it can exert any biological effect [47].
In the rodent, half of T3 levels in the brain is provided
from its free fraction in blood circulation and cerebro-
spinal fluid and the other half relies in local deiodination
of T4 in astrocytes and tanycytes, which concentration is
regulated by deiodinases activity [44, 74]. Although we
did not verify deiodinase expression in the post ischemic
brain, the possible scenario is that administration of T4

is less effective to exert action in the brain, since it still
needs to be converted to the active form T3.
Next, we investigated the key T3-mechanisms that

might contribute for stroke recovery. Taking into ac-
count that genomic actions of T3 in the brain are mainly
mediated by binding to TRα1 and TRβ1 [71], we
assessed their levels and expression pattern in the post-
ischemic mouse brain. TR levels were not altered after

Fig. 6 Treatment with T3 50 μg/kg is associated with downregulation of GABA synthesis in the infarct core and peri-infarct area 14 days after
photothrombosis (PT) and the activity of cortical parvalbumin immunoreactive cells (PV+) in the ipsilateral and contralateral areas. a and b
Immunohistochemistry NiDAB (c-fos) counterstained with NovaRed (PV) was performed to count PV+ c-fos+ (white arrows) and PV+ (black arrows)
immunoreactive cells, in the ipsilateral and contralateral motor and somatosensory areas of mice treated with Vehicle (Vh) or T3 50 μg/kg. Scale
bars 100 μm (a and b) and 20 μm (a’ and b’). c Levels of glutamate decarboxylase (GAD) 65/67 was downregulated in mice treated with T3 50
μg/kg, in the peri-infarct area 14 days after PT. Vh (n = 6 for PT and n = 3 for sham), T3 50 μg/kg (n = 6 for PT and n = 3 for sham). For uncropped
images of western blots see Additional file 1: Figure S9. Results are displayed as means ± SEM. Statistical analysis was performed with two-tailed
unpaired Student’s t test. d Functional recovery after T3 50 μg/kg treatment may be related to a decrease in the ratio between PV+ c-fos+ / PV+

immunoreactive cells observed in the ipsilateral area and the correspondent region in the contralateral hemisphere. Vh (n = 7), T3 50 μg/kg (n =
6), T4 50 μg/kg (n = 3). Results are displayed as means ± SEM. Statistical analysis was performed by One-way ANOVA and Bonferroni’s multiple
comparisons test. Two-tailed unpaired Student’s t test was employed to determine p values
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administration of T4 or T3 at 50 μg/kg, suggesting that
recovery induced by T3 was mediated by other mecha-
nisms. However, our results do not exclude the possibil-
ity that genomic actions in the brain have an impact on
stroke recovery also at different temporal and spatial
scales, in other animal models or in humans. Indeed,
one study reported a reduction of TRβ1 expression in
the infarct core compared with unaffected peri-infarct
cortex and contralateral hemisphere 14 days after per-
manent middle cerebral occlusion (MCAO) [43]. We
also found that TRβ1 was significantly increased in the
infarct core in the human brain, when compared to non-
stroke patients. Taken together, we show that cerebral
ischemia induces heterogenic changes in human brain
TR expression, which may imply an important role for
T3 signaling.
Although TR are mainly nuclear, TRα1 and TRβ1

have been also found in the cytoplasm, which may in-
crease T3 nuclear import [2]. Interestingly, we ob-
served that TRα1 and TRβ1 was heterogeneously
expressed in the cytoplasm of neurons and in reactive
astrocytes from the glial scar, in accordance with a
previous study performed 14 days after MCAO [43].
However, none of TR isoforms were found in positive
GFAP astrocytes in the naïve rodent brain [14]. If TR
expression has implications in the formation and
function of the glial scar should be the subject for
subsequent studies.
Besides genomic actions, other TH-mediated non-

genomic mechanisms may contribute for stroke [71] and
brain injury [41] recovery. After ischemic stroke, there is
an extensive and rapid loss of neurons and degeneration
of their axons and dendritic spines in remote areas [87],
in both ipsilateral and contralateral cortex [31], leading
to a disruption in normal function of neuronal circuits
and loss of brain function. In analogy to brain develop-
ment and learning/plasticity mechanisms, surviving neu-
rons after stroke attempt to stabilize the ratio between
excitatory – inhibitory circuits, in order to adjust brain
excitability [21]. A wide variety of homeostatic mecha-
nisms might contribute to the maintenance of overall
excitability, involving the regulation of neuronal intrinsic
excitability and synaptic transmission [52, 76, 77]. Here,
we have identified for the first time T3-modulated mech-
anisms of homeostatic plasticity that were related to
motor recovery after experimental stroke. In particular,
we have shown that T3 modulates plasticity mechanisms
that may operate on different temporal and spatial scales
as compensatory mechanisms to assure appropriate syn-
aptic neurotransmission.
Dendritic spines are highly dynamic [6, 84] and espe-

cially after stroke it occurs an extensive reorganization
in dendritic arbors, which includes an increase in spine
density and spine turnover [12, 13, 25], particularly in

apical cortical pyramidal neurons within the first 2
weeks [11]. In Study II we observed overall enhanced
cortical reorganization in T3-treated Thy1-YFP mice
reflected in increased spine density in cortical layers II/
III, especially in the peri-infarct area, which may con-
tribute for spontaneous recovery. The process of spine
formation or spinogenesis includes the formation of
thin and long dendritic filopodia that are highly dy-
namic and establish contact with presynaptic axons.
The presence of appropriate signals would result in
stabilization of the contact and maturation of filopodia
into functional dendritic spines [6]. Interestingly, we
found increased density of thin protrusions in T3-
treated animals, especially in the peri-infarct area, al-
though in a temporal scale we could not distinguish
newly formed protrusions from the pre-existing ones.
We also observed an increased number of mushroom-
like spines in the peri-infarct region in all sections ana-
lyzed from T3-treated mice. Although we could not as-
sure that all protrusions are or will be transformed in
more stable thin or mushroom-like spines over time,
this was a direct finding that T3 modulated the
reorganization of spines in numbers and structure 2
weeks after stroke onset.
Based on these findings, we further evaluated synaptic

efficacy. To address this question, we studied levels of
pre-synaptic proteins synaptophysin and synaptotagmin,
important to regulate endocytosis and exocytosis of syn-
aptic vesicles, respectively [39, 68, 69] and therefore
neurotransmitter release. In particular, synaptotagmins
are crucial for the docking of synaptic vesicles and fu-
sion with neuron membrane [69]. We demonstrate that
in the human ischemic infarct core, levels of synaptotag-
min 1&2 were very low due to cell death and loss of syn-
aptic neurotransmission. Nevertheless, their levels in the
peri-infarct remained as the same as non-stroke brain
tissue, which makes synaptotagmin a molecular target.
The increase in synaptotagmin 1&2 levels in the post-
ischemic brain of T3-treated mice supports an increase
of neurotransmitter release probability, which in turn
may increase synaptic efficacy [9]. In contrast, we ob-
served that synaptotagmin is reduced in OGD T3-treated
cultured glutamatergic neurons, which demonstrated
homeostatic regulation by T3 in order to reduce neuro-
transmitter release and hyperexcitability in an in vitro
model of acute brain ischemia. Synaptotagmin related
gene 1 is a TH responsive gene during brain develop-
ment, regulating synaptic activity and structure [73] and
T4 has been reported to restore synaptotagmin 1 levels
to normal in hypothyroid rats [83]. However, how T3 ac-
tivates / inhibits synaptic vesicles for synaptotagmin ac-
tion remains to be elucidated.
Besides neurotransmitter release, efficacy of neuro-

transmission is dependent on post-synaptic response to
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glutamate in neuron terminals, that can be modulated
by changing the number or function of iGluRs AMPA
and NMDA [10, 51, 75, 76]. Indeed, stroke-induced glu-
tamate release activates AMPA receptors [17] and
NMDA receptors [54], changes that are related with ex-
citatory synaptic transmission and motor recovery. Here
we show an increase in levels of AMPA receptor subunit
GluR2 in the peri-infarct area of mice treated with T3.
The AMPA receptor subunit GluR2 regulates critical as-
pects of AMPA receptor function, neurotransmission
and synaptic plasticity [32, 66] which ultimately

contributes to increased excitability in the post-ischemic
brain and recovery [67].
We characterized AMPA and NMDA excitatory post-

synaptic currents with a voltage-clamp method in cultured
glutamatergic neurons pre-treated for 48 h with T3 1 μM.
Interestingly, we found that glutamate evoked currents were
significantly lower in neurons previously incubated with T3.
Similarly, in a previous study, T3 at 10 μM has been impli-
cated in the reduction of miniature excitatory post-synaptic
currents frequency and glutamate induced toxicity in hippo-
campal neurons [42]. Interestingly, we found that T3 recruits

Fig. 7 Proposed mechanisms of homeostatic regulation of neurotransmission by T3. (A) After photothrombosis (PT), administration of T3 50 μg/kg
for 14 days modulates pathways during the recovery period after stroke involved in reorganization of neuronal circuits and synaptic plasticity, to
balance excitation and inhibition ratio. a T3 increases levels of post-synaptic glutamate receptor 2 (GluR2) subunit in AMPA receptors in the peri-
infarct area and b increases levels of synaptotagmin 1&2, increasing the probability of neurotransmitter release. c T3 increases dendritic spines
density in the ipsilateral and contralateral regions. d T3 decreases tonic GABAergic signaling in the peri-infarct area by a decrease in the levels of
GAD 65/67 and e reduced parvalbumin (PV) activity. (B) In an acute model of cerebral ischemia and hyperexcitability, f in glutamatergic neurons
pre-treated with T3 at 1 μM for 48 h there is a decrease in levels of synaptotagmin and g T3 modulates neuron membrane properties with the
balance of inward glutamate ligand-gated channels currents

Talhada et al. Acta Neuropathologica Communications           (2019) 7:216 Page 14 of 17

74



divergent mechanisms to achieve homeostasis in two differ-
ent systems regarding synaptic network organization, i.e.,
in vitro and in vivo and dependent on the activation status of
neurons and brain tissues, respectively. Important for stroke
recovery, T3 could modulate synaptic neurotransmission to
an optimal firing rate.
After an ischemic insult, synaptic glutamate signaling is

depressed also due to tonic inhibition of neuronal circuits,
which ultimately restricts the process of recovery [8, 15,
80]. Modulation to shift the excitation - inhibition ratio by
stimulation of glutamate signaling [15, 17] and reducing
GABA inhibition [1, 15, 16] in the motor and somatosen-
sory cortex accelerates motor recovery in mice. GABAergic
neurotransmission is mediated by cortical interneurons, a
group of cells expressing calcium-binding proteins, includ-
ing PV. In fact, a correlation between reduction of PV/
GABA cells and functional recovery in rodents subjected to
stroke has been shown [86]. Also, different therapeutic ap-
proaches such as environment enrichment [29], benzodi-
azepine inverse agonist [1], but also intravenous infusion of
human bone marrow mesenchymal stromal cells after tran-
sient MCAO [62] decreased cortical PV immunoreactivity
or activity and were associated with enhanced recovery of
lost neurological function. Treatment with T3 reduced the
activity of PV immunoreactive cells in the peri-infarct area
and in the contralateral hemisphere, without affecting the
total number of PV+ cells.
Concomitantly, in the peri-infarct area of animals

treated with T3 50 μg/kg, expression levels of GAD 65/67
was significantly reduced, and directly GABA production.
Our results are in accordance with studies describing an
increased GAD activity and GABA uptake in neurons in
hypothyroid state [34] and the finding that T3 administra-
tion inhibits GABA-induced Cl− currents [45]. Thus, the
decrease in PV cortical activity may facilitate experience
dependent plasticity and decrease GABA availability and
tonic inhibition, and therefore contribute to restoration of
neuronal networks.
Together, our findings reveal important implications of

T3-mediated mechanisms in stroke recovery (Fig. 7). At
the cellular and structural level, we demonstrated that T3

is involved in mechanisms of neuronal plasticity that col-
lectively contributed to functional recovery following ex-
perimental stroke. Based on our findings it will be possible
to develop specific approaches targeting T3-mediated
mechanisms in the post-ischemic brain. Those may result
in specific treatments to be tested in clinical trials.
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Supplementary Figures 

 

 

Supplementary Fig. 1 

Rotating pole test after photothrombosis (PT). Difference between the rotating pole test (rpt) scores 

from day two (selective sorting) and seven (Δd2-d7) and from day two and 14 (Δd2-d14) at 0, 3 and 

10 rotations per minute (rpm) to the right and to the left sides, from mice subjected to PT (right 

hemisphere). Scores are shown as individual data and group median. Statistical analysis was 

performed by Kruskal-Wallis test followed by Mann-Whitney test. Vehicle (n = 11), T3 5 µg/kg (n = 

10), T3 50 µg/kg (n = 11), T4 5 µg/kg (n = 10), T4 50 µg/kg (n = 9) 
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Supplementary Fig. 2 

Levels of thyroid hormones in plasma collected from mice 14 days after photothrombosis (PT) or 

sham surgeries were analyzed after treatment with vehicle, T3 50 µg/kg or T4 50 µg/kg (n = 6 for PT 

and n = 3 for sham, for each condition). Results are displayed as means ± SEM. No statistical 

differences were seen among experimental groups. Statistical analysis was performed by One-way 

ANOVA and Bonferroni’s multiple comparisons test 
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Supplementary Fig. 3 

Locomotor activity in the open field test. The total distance traveled by mice did not differ among 

treatment groups. Statistical analysis was performed by One-way ANOVA and Bonferroni’s 

multiple comparisons test. Data are expressed as mean ± SEM. Vehicle (n = 15), T3 5 µg/kg (n = 

13), T3 50 µg/kg (n = 13), T4 5 µg/kg (n = 10), T4 50 µg/kg (n = 11) 

 

 

 

 

 

 

 

 

Supplementary Fig. 4 

Thyroid hormone receptors (TR) α1 and 

TRβ1 (AF488, green) expression in mouse 

brain 14 days after photothrombosis and 

treated with vehicle (NaCl, 0.9 %). We did 

not find co-expression in both TR isoforms 

in CD68 positive microglia (Cy3, red) or 

GSTpi positive olygodendrocytes (Cy3, 

red). Scale bar 50 µm 
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Supplementary Fig. 5 

Corresponding uncropped images of western blots shown in Fig. 2 panels d, e, f and g. The protein 

analyzed is depicted with an arrow 
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Supplementary Fig. 6 (continue next page) 

Corresponding uncropped images of western blots shown in Fig. 4. The protein analyzed is 

depicted with an arrow 
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Supplementary Fig. 6 

Corresponding uncropped images of western blots shown in Fig. 4. The protein analyzed is 

depicted with an arrow 
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Supplementary Fig. 7 

Corresponding uncropped images of western blots for synaptotagmin shown in Fig. 5. The protein 

analyzed is depicted with an arrow 
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Supplementary Fig. 8 

Glycine did not induce inward currents in cultured glutamatergic neurons (n = 3). Representative 

traces obtained during voltage ramps from -110 to + 20 mV after application of glycine 3 µM, held 

at -80 mV. Results are displayed as means ± SEM 

 

 

 

 

Supplementary Fig. 9 

Corresponding uncropped images of western blots shown in Fig. 6. The protein analyzed GAD 

65/67 is depicted with an arrow 
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Supplementary Video legends 

 

Supplementary Video 1. Selective sorting two days after photothrombosis. The mouse 

could not transverse the pole at 10 rotations per minute to the left, with a final score of 2. 

Supplementary Video 2. The same mouse from Video 1 was treated with vehicle (NaCl 

0.9) during 14 days after photothrombosis. The mouse could not transverse the pole at 10 

rotations per minute to the left, with a final score of 2. 

Supplementary Video 3. Selective sorting two days after photothrombosis. The mouse 

could not transverse the pole at 10 rotations per minute to the left, with a final score of 2. 

Supplementary Video 4. The same mouse from Video 3 was treated with T3 50 µg/kg 

during 14 days after photothrombosis. The mouse was able to transverse the pole at 10 

rotations per minute to the left, with a final score of 5. 
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Supplementary Table 1. List of body weights (BW) and temperatures (Temp) from animals included in our experimental studies, before and after days 2, 7 

and 14 of photothrombosis (PT) or sham surgeries. Results are displayed as means ± SEM 

 

 

 

TREATMENT GROUPS 
Before Day 2 Day 7 Day 14 

BW g 
(mean ± SEM) 

Temp ºC 
(mean ± SEM) 

BW g 
(mean ± SEM) 

Temp ºC 
(mean ± SEM) 

BW g 
(mean ± SEM) 

Temp ºC 
(mean ± SEM) 

BW g 
(mean ± SEM) 

Temp ºC 
(mean ± SEM) 

S
tu

d
y
 I
  

P
T

 

Vehicle (n = 17) 23.9 ± 0.4 37.6 ± 0.1 22.5 ± 0.4 37.6 ± 0.2 23.3 ± 0.4 38.1 ± 0.1 23.7 ± 0.4 37.9 ± 0.2 

T3 5 µg/kg (n = 14) 23.3 ± 0.5 37.5 ± 0.1 21.7 ± 0.4 37.7 ± 0.2 22.1 ± 0.4 38.3 ± 0.2 22.8 ± 0.4 38.0 ± 0.2 

T3 50 µg/kg (n = 15) 24.0 ± 0.4 37.4 ± 0.2 22.3 ± 0.4 37.4 ± 0.1 23.4 ± 0.3 38.3 ± 0.1 24.7 ± 0.3 37.8 ± 0.1 

T4 5 µg/kg (n = 13) 23.9 ± 0.5 37.6 ± 0.1 22.4 ± 0.4 37.5 ± 0.1 23.1 ± 0.4 38.0 ± 0.2 23.5 ± 0.4 38.0 ± 0.1 

T4 50 µg/kg (n = 16) 23.8 ± 0.3 37.7 ± 0.1 22.5 ± 0.3 37.7 ± 0.1 23.2 ± 0.3 38.2 ± 0.1 23.7 ± 0.3 37.8 ± 0.1 

S
tu

d
y
 I

 

S
h

a
m

 

Vehicle (n = 6) 24.1 ± 0.5 37.1 ± 0.3 23.3 ± 0.6 37.5 ± 0.2 23.8 ± 0.6 38.0 ± 0.3 24.3 ± 0.7 38.0 ± 0.4 

T3 5 µg/kg (n = 6) 24.2 ± 0.9 37.3 ± 0.2 23.1 ± 1.1 37.7 ± 0.1 23.7 ± 1.0 37.7 ± 0.3 24.3 ± 1.1 38.2 ± 0.4 

T3 50 µg/kg (n = 6) 23.6 ± 0.4 38.0 ± 0.3 23.0 ± 0.6 37.5 ± 0.2 24.0 ± 0.6 38.0 ± 0.1 25.5 ± 0.9 37.9 ± 0.1 

T4 5 µg/kg (n = 6) 23.4 ± 0.5 37.2 ± 0.3 22.2 ± 0.7 37.3 ± 0.2 22.9 ± 0.6 37.9 ± 0.3 23.3 ± 0.7 37.7 ± 0.3 

T4 50 µg/kg (n = 6) 23.5 ± 0.3 37.1 ± 0.1 22.5 ± 0.3 37.3 ± 0.2 23.1 ± 0.4 37.9 ± 0.3 23.5 ± 0.5 37.8 ± 0.3 

S
tu

d
y
 I
I 

Vehicle (n = 4) 25.3 ± 0.2 36.9 ± 0.1 23.6 ± 0.3 37.5 ± 0.2 24.6 ± 0.4 38.0 ± 0.2 24.6 ± 0.4 38.0 ± 0.04 

T3 50 µg/kg (n = 4) 25.7 ± 0.3 37.3 ± 0.2 24.9 ± 0.5 37.7 ± 0.1 25.7 ± 0.6 38.7 ± 0.2 26.2 ± 0.4 38.1 ± 0.3 
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Supplementary Methods 

 

Mice 

Mice were bred and genotyped at conventional facility of Biomedical Centre, (BMC, Lund, 

Sweden). All animal experiments (Studies I and II) were carried in accordance with the 

international guidelines on experimental animal research and with the approval of the 

Malmö-Lund Ethical Committee (ethical permit no. M50/2015) and followed the ARRIVE 

guidelines.  Animals were housed in a controlled environment with a 12:12 hour light cycle, 

room temperature of 22°C and food and water ad libitum. In all animal studies, body weight 

was monitored every day and body temperature was monitored before and on days two, 

seven and 14 after the surgeries. The studies were performed pre-specified, subjected to 

randomization and performed in a blinded fashion to the investigator who performed 

behavior assessments and dendritic spine analysis. All in vitro experiments (Study III) were 

carried out in compliance with directives on animal experimentation (Decreto-Lei 113/2013 

and 2010/63/EU) in Portugal and European Union and with approval of the comitte of 

Animal Research at Universidade da Beira Interior (CICS-UBI, Covilhã, Portugal). Human 

brain tissue used in this study were carried out with the approval of the Lund Ethical Review 

Board for research involving humans (Dnr 2011/80). 

 

Drugs and drug delivery 

Drugs used in this study were T3 and T4 (Sigma-Aldrich, Deisenhofen, Germany), glutamic 

acid (Sigma-Aldrich), glycine (Fisher Scientific), 6-cyano-7-nitroquinoxaline-2,3-dione 

(CNQX; Sigma-Aldrich) and Dizocilpinehydrogen maleate (MK-801; Sigma-Aldrich). For 

intraperitoneal administration in mice (Study I and Study II), T3 and T4 stocks were dissolved 

in NaOH and diluted in NaCl 0.9% at the desired concentrations. For in vitro experiments, 

a T3 stock solution was prepared in dimethyl sulfoxide (DMSO) and further diluted in 

phosphate buffered saline (PBS). For whole cell electrophysiology studies (Study III) stock 

solutions of drugs were first dissolved in distilled water, except for CNQX and MK-801 that 

were first diluted in DMSO, and then diluted in artificial cerebral-spinal fluid (aCSF) at the 

desired final concentrations. In all in vitro experiments, final concentration of DMSO did not 

exceed 0.01%. 
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Thyroid hormones effects after experimental stroke (Study I)  

For this study, 117 C57BL/6 male mice (20 to 26 g, aged nine to ten weeks, purchased from 

Charles River) were used. Out of 117 animals, 12 were excluded due to problems during 

surgery and mortality before entering the treatment phase and 105 animals were randomly 

assigned into the treatment groups (Fig. 1). Treatment was initiated on day two after 

photothrombosis (PT) and every other day until the endpoint of the study. Vehicle (Vh, NaCl 

0.9%), T3 (5 or 50 µg/kg) or T4 (5 or 50 µg/kg) were administered by intraperitoneal injection 

in a total of six administrations. On days two, seven and 14 after stroke onset or sham 

surgery, animals were evaluated for motor function. 

 

Photothrombosis. Focal ischemic stroke was induced by PT, as described previously [11, 

16]. Briefly, animals were anesthetized with isoflurane in N2O / O2 (0.7: 0.3, 5% induction 

and 1.5 - 2 % maintenance) and placed into a stereotactic frame. After local anesthesia 

(bupivacaine 0.25 mg/ml), a sagittal skin incision was made on the scalp, subcutaneous 

connective tissue was removed, and the skull bone was dried. Five minutes after 

intraperitoneal injection (i.p.) of 1% (w/v) solution of the photosensitizing dye Rose Bengal 

(0.15 ml/mouse; Sigma-Aldrich, Taufkirchen, Germany) in NaCl 0.9%, the right hemisphere 

was illuminated with a cold light source (Schott KL 1500 LCD, intensity: 3200 K/5D) through 

an squared aperture measuring 4.0 to 2.0 mm (equal to an illumination area of 8.0 mm2) for 

20 minutes. The light position related to bregma (+1.5 mm lateral and +0.5 mm anterior) 

affected the mouse primary motor cortex of forelimb-responsive sites, in the left body side 

[13]. The same procedure was performed in Sham operated animals, with saline injection 

instead of photosensitizing dye. During anesthesia, the body temperature was monitored 

by a rectal probe (Linton Instrumentation, Norfolk, UK) connected to a heating pad 

maintaining body temperature at 36 - 37°C. 

 

Behavior analysis. Motor function and exploratory behavior after thyroid hormones 

treatment was assessed using a neuroscore consisting of the rotating pole test (RPT) and 

the open field test, respectively [8, 15]. These assessments were performed in a blinded 

fashion to the investigator that performed the surgeries and treatments. 

Rotating pole test. The RPT was used to assess postural and locomotor asymmetry that 

results from an unilateral brain lesion [4]. In brief, mice traversed a rotating wooden pole 

(length 1500 mm, diameter 40 mm, and elevation 700 mm) at zero, three, and ten rotations 
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per minute (rpm), to the right and left sides. Every animal was trained during three days 

before surgery and tested the day before PT. After stroke or sham surgery, animals were 

evaluated on day two for randomization into treatment groups. Each trial was video 

recorded, and videos were used to assess sensorimotor dysfunction by using a zero to six 

scoring system (Table 1). Animals that did not perform the behaviour test before the surgery 

(total score RPT < 20 points) or did not have motor deficits two days after PT (total score 

RPT > 15 points), were excluded from behaviour analysis. Behavioural analysis was 

performed in a blinded fashion to the investigator. In total, 42 animals were excluded from 

behaviour analysis and the following included: PT/Vh, n = 11; PT/T3 5 μg/kg, n = 10; PT/T3 

50 μg/kg, n = 11; PT/T4 5 μg/kg, n = 10; PT/T4 50 μg/kg, n = 9. 

Open field. The open field test was performed 14 days after stroke to assess both 

spontaneous post-ischemic locomotor activity and post-ischemic exploration behaviour 

[14]. Briefly, mice where placed into a square arena (44.5 cm × 44.5 cm) surrounded by 

44.5 cm high sidewalls. The mouse was always placed in the center of the box and 

locomotion was recorded and the total distance traveled measured for five minutes. 

 

Thyroid hormone levels determination. Animals were anesthetized with pentobarbital 

and plasma was collected 14 days after experimental stroke. Blood was collected from the 

heart into heparinized syringes and maintained at 2-8 ºC while handling. Plasma was 

collected after centrifugation 2000 x g for 10 minutes at 4 ºC and further stored at -80 ºC for 

further analysis. ELISA kit assay was used to determine TH levels in the plasma of mice. 

Plasma levels of T3 and T4 were determined by a commercial ELISA kits (ThermoFisher 

Scientific cat #EIAT3C and cat #EIAT4C, respectively) according to manufacturers 

instructions. In brief, plasma samples were incubated with specific primary antibodies in 

donkey anti sheep or goat anti mouse coated 96-well plates. After washing in respective 

buffer, plates were incubated with 3,3′,5,5′-tetramethylbenzidine substrate and absorbance 

was measured at 450 nm. 

 

Immunohistochemistry and Immunofluorescence. Tissue collection for 

immunostainings was performed as described before [3, 9]. Fourteen days after PT animals 

were deeply anesthetized with pentobarbital and perfused fixed with paraformaldehyde 

(PFA) 4% and brains collected for immunohistochemistry analysis. Brain sagittal sections 

(thickness 30 μm) were washed three times in PBS and quenched with 3% H2O2 for 
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20 minutes. Brain sections were blocked for one hour at room temperature (RT), with 5% 

normal donkey serum (Jackson Immunoresearch, UK) in PBS supplemented with 0.25% 

Triton X-100. Sections were incubated with primary antibodies at 4 °C overnight, diluted in 

blocking solution. 

Subsequently, slices were incubated with appropriate secondary biotinylated antibodies 

(donkey anti-rabbit / goat, Vector Laboratories, USA; 1:400) during 90 minutes at RT. 

Visualization was achieved through the Vectorstain ABC Elite kit (Vector Laboratories, CA, 

USA), 3,3'-diaminobenzidine tetrahydrochloride (DAB, DabSafe, Saveen Werner, Sweden), 

8% NiCl2 and 3% H2O2. Bright-field pictures were acquired using an Olympus BX60 

microscope (Solna, Sweden), under standard conditions. 

For immunofluorescence, brain sections were blocked as described above and incubated 

with primary antibodies at 4 ºC overnight. Primary antibodies used for immunofluorescence 

were rabbit TRβ1 (Millipore, 1:1000), rabbit TRα1 (Abcam, 1:1000), goat parvalbumin 

(PV235, Swant, 1:5000), mouse neuronal nuclei (NeuN, Millipore, 1:1000), glial fibrillary 

acidic protein (GFAP-Cy3; Sigma, 1:5000), rat CD68 (Abd Serotec, 1:300), and mouse 

GST-pi (BD Transduction Laboratories, 1:1000). The next day sections were incubated with 

appropriate secondary antibodies (donkey anti-rabbit/mouse/rat, 1:400) conjugated with 

fluorescent dyes Cy3, Cy5 (Jackson Immunoresearch, UK) or Alexa 488 (molecular Probes, 

Invitrogen, USA) for 90 minutes at RT. Images were acquired using an LSM510 confocal 

laser scanning fluorescence microscope (Carl Zeiss). 

 

Infarct size measurement. Coronal brain sections from the start until the end of the infarct 

and spaced one millimeter were collected and stained for NeuN (rabbit NeuN, Millipore, 

1:5000). Brain slices were mounted in Pertex and digitalized (CanoScan 8800F, Canon, 

Tokyo, Japan). The non-injured portion of the ipsilateral and contralateral hemisphere were 

encircled and the indirect infarct volume was calculated by integration of areas from serial 

sections of each brain as described previously [12], using Fiji software [10]. 

 

Counting of parvalbumin positive cells. For each animal one coronal section (-2.0 mm 

relative to bregma) was stained for Parvalbumin-positive (PV+) neurons using a monoclonal 

goat primary antibody (PV235, Swant, 1:5000), and visualization accessed using a 

VECTOR NovaRED Peroxidase (HRP) Substrate Kit (Vector Laboratories, CA, USA). 

Rabbit c-fos (Santa Cruz, 1:500) positive immunoreactivity (c-fos+) was accessed using the 

avidin–biotin–HRP system, as described before. 
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The following animals were included in this analysis: PT/Vh, n = 7; PT/T3 50 μg/kg, n = 6; 

and PT/T4 50 μg/kg, n = 4. Bright field images were acquired with 4x magnification objective 

and Fiji software was used to draw regions of interest, using an optical grid to define the 

distances and draw the regions. PV+ cells and PV+/c-fos+ in the peri-infarct somatosensory 

cortex (area of 0.8 mm2) and homotypic area in the contralateral hemisphere were counted. 

The infarct core was identified by the lack of NeuN immunoreactivity in subsequent sections. 

 

Immunoblotting. Brains from mice were collected as previously described [9]. Fourteen 

days after PT animals were deeply anesthetized with pentobarbital and brains were 

immediately frozen (−40°C) in isopentane (Sigma-Aldrich, Taufkirchen, Germany) and 

further cooled down to −70°C on dry ice for immunoblotting. Fresh frozen brains were 

placed into a brain matrix and cut (+2.2 mm to -2.2 mm relatively to bregma). For each four 

millimeters thick section, the tissue correspondent to the infarct core and peri-infarct was 

collected. The procedure was performed in a refrigerated chamber at -20°C. 

Tissue from human brains were dissected out by a pathologist following autopsy. Brain 

tissues were immediately frozen and stored at -80 ºC, temporarily moved to a refrigerated 

chamber at -20 ºC to excise small specimens and stored at -80 ºC until protein extraction. 

Western blot. Proteins were dissected from brain tissue as described before [2, 9]. Briefly, 

brain tissue was mechanically homogenized by a Dounce homogenizer in lysis buffer 

containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium 

pyrophosphate, 1 mM β-glycerolphosphate, 1 mM sodium orthovanadate (Na3VO4), 1 mM 

phenylmethanesulfonyl fluoride (PMSF), 1% triton-X 100 and supplemented with protease 

inhibitor cocktail (Sigma-Aldrich, Deisenhofen, Germany). The homogenates were 

centrifuged 14.000g at 4°C for 20 minutes, after 20 minutes of incubation on ice. The 

supernatant was collected and stored at -20°C for further analysis. Whole protein 

concentrations were determined by the Bradford method using bovine serum albumin (BSA, 

Sigma-Aldrich) in lysis buffer as standard.  

Brain lysates were diluted in sodium dodecyl sulfate (SDS) sample buffer and proteins 

denatured at 94 °C for five minutes. Five or ten micrograms of protein were separated on a 

10% or 15% SDS polyacrylamide gel. After transferring proteins onto polyvinylidene 

difluoride membranes, these were blocked with 5% non-fat dry milk solution in tris buffered 

saline with Tween 20 1% (TBS-T). Following blocking, membranes were incubated with 

primary antibody in 5% BSA solution in TBS-T, at 4 °C overnight. Primary antibodies used 

for western blot were rabbit TRα1 (Abcam, 1:1000), rabbit TRβ1 (Millipore, 1:20000), mouse 
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postsynaptic protein 95 (PSD95; BD Transduction Laboratories, 1:1000), rabbit 

synaptophysin (Thermoscientific, 1:15000), rabbit glutamate receptor 1 (GluR1; Millipore, 

1:2000), mouse GluR2 (Millipore, 1:1000), mouse N-methyl-D-aspartate receptor 1 

(NMDAR1; BD Transduction Laboratories, 1:1000), rabbit synaptotagmin 1&2 (Abcam, 

1:1000) and rabbit glutamic acid decarboxylase 65/67 (GAD 65/67; Millipore, 1:2000). After 

blocking, the membranes were incubated with a rabbit / mouse secondary HRP-conjugated 

antibody (Sigma-Aldrich, Stockholm, Sweden, 1:15000 / 1:10000, respectively) for one hour 

at RT. The signals were visualized by using a chemiluminescence kit (Merck Millipore, 

Germany) and CCD camera (Fujifilm LAS 1000, Fujifilm, Tokyo, Japan). Membranes were 

reprobed with anti β-actin HRP conjugated (1:150000, Sigma-Aldrich). Levels were 

calculated as a percentage of β-actin expression, after densitometric analysis using Fiji 

software. 

 

Dynamics of dendritic spines after administration with T3 (Study II) 

To study the effects of T3 on dendritic spine dynamics in mouse neocortical neurons after 

experimental stroke, eight Thy1- yellow fluorescent protein (YFP) transgenic mice (25 to 40 

g, aged one year, own breeding), that express YFP in neuronal population were used. Mice 

were randomly assigned in the following treatment groups: PT/Vh, n = 4; PT/T3 50 μg/kg, n 

= 4 (Fig. 1). Treatment was administered as described above for Study I. Fourteen days 

after the surgery, mice were sacrificed, perfusion fixed with PFA 4% and brains were 

collected for further infarct volume assessment and dendritic spine analysis. 

 

Photothrombosis. To induce PT in animals for dendritic spine analysis (Study II) the 

surgical procedure as described for Study I, and the left hemisphere was illuminated with a 

cold light source (Schott KL 1500 LCD, intensity: 3050 K/4D) through a round aperture 

measuring 1.5 mm in diameter (equal to an illumination area of 1.767 mm2) for 20 minutes. 

This approach induced smaller infarct sizes so that dendritic spines could be analyzed in 

different regions in the peri-infarct area. The same procedure was performed in Sham 

operated animals, with saline injection instead of photosensitizing dye. 
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Detection and classification of dendritic spines from fluorescence Laser Scanning 

Microscopy. Brain coronal sections (thickness 30 μm) were rinsed in PBS, mounted on 

super charged slides, and cover-slipped with PVA-DABCO (Sigma-Aldrich). Images were 

acquired using an AxioObserver LSM 710 confocal (Carl Zeiss) using a Plan-Apochromat 

63x/1.4 DIC M27 oil immersion objective (Carl Zeiss, Jena, Germany) and ZEN 2010 

imaging software. 

Three coronal sections per animal were collected at different levels: +2.0 mm, +1.0 mm and 

0 mm relatively to bregma, corresponding to the rostral pole, center and caudal pole of the 

infarct, respectively. For each animal, we analyzed layers II/III correspondent to the apical 

pyramidal neurons in the ipsilateral motor cortex (Region 1, R1), ipsilateral somatosensory 

cortex (Region 2, R2), contralateral motor cortex (Region 3, R3) and contralateral 

somatosensory cortex (Region 4, R4). 

Images were obtained in z-stack planes of 224.8 × 224.8 μm in xy and 15 to 16 μm in z 

(x/y/z, 0.11 pixel/μm), resolution 2048 x 2048 pixels in xy and spaced 0.2 μm in z. 

Dendritic spine density and shape classification was accurately quantified and 

characterized using a three dimensional (3D) computational approach as previously 

described [5]. After median filter application to reduce noise, radius of 1.0 pixel, we 

performed proper image 3D deconvolution using interactive deconvolve 3D plugin from Fiji 

software, after theoretical point spread function (PSF) generation using diffraction PSF 3D 

plugin. Deconvolution restores image contrast that is lost during image recording due to the 

optical smearing introduced by the PSF of the microscope, and it is an important systematic 

error correction for dendritic spine analysis by improvement of signal to noise ratio [5]. 

For each region, three to five dendritic branches were randomly selected. Dendrites were 

manually selected, and spines were automatically detected using NeuronStudio software. 

Minimum and maximum height for spines were set to 0.2 µm and 2.0 µm, respectively, and 

voxel dimensions were adjusted for our images (0.098 µm, 0.098 µm and 0.2 µm for xyz, 

respectively). For spine shape classification, we used the Rayburst algorithm provided by 

NeuronStudio software [5, 6], which allowed to use all the information from a LSM image 

stack, and also provided procedures as declumping of merged spines and spine stem 

reattachment, making spine detection more accurate than manual or 2D method, where 

spines are masked along z axis. Dendritic spines were classified according to head to neck 

ratio and head diameter as stubby, mushroom or thin [1, 5], using default parameters from 

NeuronStudio. Some detected dendritic spines from neighbor dendritic branches were 

manually deleted and not included in statistical analysis. Dendritic spine density was 

calculated with the ratio number of spines / dendrite length. 
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In vitro modulation of T3 in glutamatergic neurons (Study III) 

An in vitro model of cerebral ischemia and electrophysiology studies were performed to 

study immediate effects of T3 in homeostatic plastic mechanisms, namely modulation of 

synaptic proteins crucial for neurotransmission and ionotropic glutamate receptors alpha-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate 

(NMDA) evoked currents. 

 

Cell cultures. Cultured glutamatergic cortical neurons were used after 7 - 8 days in vitro 

(DIV). Primary cortical neuronal cultures were prepared as described before [7]. Cells were 

obtained from the cerebral cortex from Wistar rats on embryonic day 16 - 18. Briefly, 

meninges were removed, and the cortex dissected and subjected to enzymatic dissociation, 

using 0.05 / 0.02% w/v in PBS trypsin / EDTA (#15400054, Thermofisher) for 15 minutes at 

37 ºC. The homogenized was rinsed with Dulbecco's Modified Eagle's medium (#11880036, 

DMEM, GIBCO) with 10% fetal bovine serum (#10500-064, GIBCO), 100 U penicillin and 

streptomycin/ml (#15140122, Thermofisher), 2 mM L-glutamine (#G5792, Sigma-Aldrich), 

dissociated with a Pasteur pipette, centrifuged and redissociated in starter medium 

(#21103049, Neurobasal medium, GIBCO) supplemented with B27 (#17504044, GIBCO), 

100 U penicillin and streptomycin/ml, 2 mM L-glutamine (#G5792, Sigma-Aldrich) and 25 

µM glutamate (#49621, Sigma-Aldrich). The cells were plated onto poly-L-lysine (#P4707, 

Sigma-Aldrich) pre-coated multiwells at 1.5×105 cells/cm2 and grown in starter medium at 

37 ºC and 5% CO2. One-half of the medium was replaced with cultivating medium (starter 

medium without glutamate) from 4 DIV. Cells were used after 7-8 DIV for in vitro assays. 

 

In vitro ischemic model and experimental treatments. After 7 DIV, neurobasal medium 

was collected and stored to be replaced after experiments. Neuron cultures were washed 

with PBS, and oxygen and glucose deprivation (OGD) was induced with deoxygenated 

aglycemic solution (in mM): 143.8 Na+, 5.5 K+, 1.8 Ca2+, 1.8 Mg2+, 125.3 Cl−, 26.2 HCO3−, 

1.0 PO4
3−, 0.8 SO4

2-, pH 7.4) in an anoxic atmosphere. OGD was generated in a hypoxia 

incubator chamber (StemCell Technologies), flushed with gas: 5% CO2, 95% N2. In control 

cultures, medium was replaced by basic salt solution (BSS) after washing with PBS (in mM): 

143.8 Na+, 5.5 K+, 1.8 Ca2+, 1.8 Mg2+, 125.3 Cl−, 26.2 HCO3−, 1.0 PO4
3−, 0.8 SO4

2−, 20 

glucose, pH 7.4), and cells were incubated in a normoxic atmosphere containing 5% CO2. 

Cultures were in OGD or BSS solutions for 120 minutes and after replaced by previous 

collected medium. After OGD / BSS conditions, cells were incubated with Vh (DMSO in 
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PBS, 0.01%) or T3 1 µM for 48 hours. Subsequently, cells were washed with cold PBS to 

remove excess of culture medium and cells collected and frozen at -80 ºC until protein 

extraction.  

 

Immunocytochemistry. For immunocytochemistry, neurons were plated on glass 

coverslips and fixed in PFA 4% for 10 min after 7 DIV. Immunofluorescence was performed 

as described for brain sections, and coverslips were incubated overnight with rabbit TRα1 

(Thermoscientific, 1:500) or rabbit TRβ1 (Millipore, 1.500). The next day, neurons were 

incubated with secondary biotinylated antibody donkey anti-rabbit, 1:400 (Jackson 

Immunoresearch, UK) for 90 minutes at RT and Streptavidin Alexa 488 (molecular Probes, 

Invitrogen, USA) for 60 minutes at RT. Next, glass coverslips were stained with Hoechst-

33342 (4 µg/ml, Life Technologies) for 5 min at RT and mounted in Dako fluorescent 

mounting medium. Photomicrographs were obtained using an AxioObserver LSM710 

confocal microscope (Carl Zeiss). 

 

Immunobloting. Protein extraction was performed as previously described [2, 9]. Western 

blots were performed as described above for brain extracts, and mouse synaptotagmin (BD 

Transduction Laboratories, 1:2000) was incubated overnight at 4 ºC. After blocking, the 

membranes were incubated with a mouse secondary HRP-conjugated antibody (Sigma-

Aldrich, Stockholm, Sweden, 1:10000) for one hour at RT. 

 

Electrophysiological recording of membrane currents. To study ligand-gated channels 

AMPA and NMDA, we adopted the voltage-ramp method [17]. Currents were amplified with 

an Axopatch 200B (Axon Instruments, USA) and digitized at a frequency of 10 kHz and 

filtered at 0.1 kHz using the analog-to-digital converter Digidata 1322A (Axon Instruments, 

USA) and pClamp software (version 8, Axon Instruments, USA). During recording, cells 

were maintained at RT (21 – 25 ºC) in aCSF filtered through a 0.45 µm mesh, of the 

following composition (in mM): 126 NaCl, 3 KCl, 2 MgSO4, 2 CaCl2, 1.25 NaH2PO4, 10 

glucose and 10 HEPES, 290 mOsmol. The internal solution of the recording electrode was 

composed of (in mM) 115 K-gluconate, 4 NaCl, 0.3 GTP and 2 ATP-Mg, pH 7.2 with KOH, 

270 mOsmol. 

Electrodes were pulled on a vertical puller (PC-10, Narishige), from borosilicate glass 

capillaries (Harvard Apparatus). The initial patch microelectrode had a resistance of 5.6 – 
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7.4 MΩ, when filled with internal solution. The electrode was sealed against cells at least 

1.0 GΩ, and membrane was ruptured by suction pulses, which allows the recording of the 

intracellular membrane potential. Only cells with Ra (Access resistance) values < 10 MΩ 

were included. 

Solutions were delivered diluted in the bath solution through a custom-made perfusion 

system, where capillary tubes with 250 µm inner diameter merged into a common outlet. 

Drugs were applied close to cell at approximately 50 to 100 µm, at a rate of 20 µl/min. 

Individual currents were recorded in the presence of T3 1 µM (n = 4) or Vh (n = 3), that were 

incubated 48 hours before the experiments. A sequence of voltage ramps at a rate of 0.23 

mV/millisecond were applied at a holding potential of -80 mV. To obtain the agonist induced 

current-voltage (I-V) relation, ramps I-V curves were constructed applying a 500 

milliseconds voltage ramp ranging from -110 mV to +20 mV elicited every 8 seconds. 

Voltage ramps were applied in the absence and in the presence of AMPA and NMDA 

agonist glutamate at 50 µM and co-agonist of NMDA channels glycine at 3 µM, to enable 

subtraction of leak currents. CNQX and MK-801 were used both at 10 µM as antagonists of 

AMPA and NMDA channels, respectively. For stabilization of background currents, a 

minimum of 80 seconds was recorded before agonists and CNQX / MK-801 application. 

Cell currents were recorded sequentially in the presence of specific K+- channel blockers 

tetraethylammonium sodium salt (5 mM) and 4-Aminopyridine (1 mM), that were applied in 

the perfusion system together with the other drugs. Voltage-gated K+ channels needed to 

be blocked, since those channels were contributing to the conductance as well to the 

reversal potential obtained.  
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Transthyretin expression in the postischemic brain 

 

Short description: This original paper evaluates the expression of TTR in the ischemic territory 

following experimental stroke. Brain tissues were analyzed for ttr expression and TTR levels at 

24 hours, 48 hours, 7 days and 14 days following PT. Together, our results indicate that TTR is 

not synthesized in brain resident cells in the ischemic infarct core and adjacent peri-infarct 

area. Thus, it seems unlikely that in situ synthesized TTR is involved in mechanisms of tissue 

reorganization during the first 14 days following PT. 
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Abstract

The unknown role of the carrier protein transthyretin (TTR) in mechanisms of functional

recovery in the postischemic brain prompted us to study its expression following experimen-

tal stroke. Male C57/B6 mice (age 9 to 10 weeks) were subjected to permanent focal ische-

mia induced by photothrombosis (PT) and brain tissues were analyzed for ttr expression

and TTR levels at 24 hours, 48 hours, 7 days and 14 days following the insult by RT-PCR,

Western blot and immunohistochemistry. Fourteen days after PT, non-specific TTR-like

immunoreactive globules were found in the ischemic core and surrounding peri-infarct

region by immunohistochemistry that could not be allocated to DAPI positive cells. No TTR

immunoreactivity was found when stainings were performed with markers for neurons (Neu-

ronal Nuclei, NeuN), reactive astrocytes (glial fibrillary acidic protein, GFAP) or microglia

(cluster of differentiation 68, CD68). In addition, we could not find TTR by immunoblotting in

protein extracts obtained from the ischemic territory nor ttr expression by RT-PCR at all time

points following PT. In all experiments, ttr expression in the choroid plexus and TTR in the

mouse serum served as positive controls and recombinant legumain peptide as negative

control. Together, our results indicate that TTR is not synthesized in brain resident cells in

the ischemic infarct core and adjacent peri-infarct area. Thus, it seems unlikely that in situ

synthesized TTR is involved in mechanisms of tissue reorganization during the first 14 days

following PT.

1. Introduction

Transthyretin (TTR) is a 55 kDa homotetrameric protein, composed of four identical subunits,

each containing 127 amino acids [1]. TTR is mainly synthesized by the liver and by the epithe-

lial cells of the choroid plexus (CP), which are the sources of TTR in plasma and cerebrospinal

fluid (CSF), respectively [2,3]. TTR is one of the most abundant proteins in the CSF (up to

25% of total CSF protein) and, of both humans and rodents, it is the carrier protein of 3,5,3’,5’-

tetraiodo-L-thyronine (T4) and 3,5,3’-triodo-L-thyronine (T3), although TTR has much higher

affinity for T4 than T3.
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TTR mRNA expression is usually described as being restricted to the CP and meninges,

being totally absent from the hippocampus, cerebellum or cerebral cortex, in wildtype mice,

shown by in situ hybridization and Northern blot analyses as well as RT-PCR of microdis-

sected tissue from different brain regions and RNase protection assay [4–7]. Other studies

have demonstrated that neurons express TTR mRNA and have the capacity to synthesize the

protein in cortical [8] and in cerebellar neurons [9]. However, how TTR appears in brain areas

other than its site of synthesis and secretion, remains to be investigated.

Based on the possibility that specific pathologies may induce the expression of TTR in dif-

ferent brain regions, some in vitro and in vivo studies have been conducted to assess a potential

neuroprotective role of TTR in brain ischemia [10–12] and Alzheimer´s disease. In particular

in Alzheimer´s disease, TTR may have the capacity to sequester amyloid beta (Aβ) [13–15].

Moreover, TTR synthesis by neurons from cortex and hippocampus has been interpreted as a

natural neuroprotective response in Alzheimer´s disease [16–18]. Hence, further studies need

to clarify if TTR is upregulated in the hippocampus and cerebellum [19] or if it cannot been

found in the cerebral cortex, hippocampus and cerebellum in models of Alzheimer´s disease

[4]. After stroke, TTR immunopositive cells were found in the ischemic territory 24 hours

after permanent middle cerebral artery occlusion (MCAO) and migration of TTR from CSF

has been suggested [11,12]. On the other hand, it was also shown that in the acute phase of

ischemic stroke, TTR production by CP cells is upregulated, but absent in brain tissue [10].

The unknown role of TTR in recovery processes after stroke prompted us to study its

expression in the post-ischemic brain. In this study, we assessed the expression of TTR in the

ischemic territory at different time points, i.e. 24 hours, 48 hours, 7 days and 14 days after

photothrombosis (PT).

2. Material and methods

2.1 Experimental design and animals

All animal experiments were carried out with the approval of the Malmö-Lund Ethical Com-

mittee and followed the ARRIVE guidelines (permit no. M50/2015) (S1 Table). Animals were

housed in a controlled environment with a 12:12 hour light cycle, room temperature of 22˚C

and food and water ad libitum. For this experiment, 59 male C57BL/6 mice (20 to 26 g, aged 9

to 10 weeks, purchased from Charles River) were used.

Experimental design is described in Fig 1. For immunohistochemistry analysis, 13 animals

were randomly assigned into the following groups: PT (n = 10) and Sham (n = 3). Fourteen

days after the surgery, animals were perfusion fixed with 4% paraformaldehyde (PFA) and

brains were collected for immunohistochemistry analysis.

Fig 1. Experimental design. Brains were collected at 24 hours, 48 hours, 7 days and 14 days after brain ischemia or

sham surgery to obtain protein extracts for immunoblotting. For immunohistochemistry/immunofluorescence, brains

were perfusion-fixed with paraformaldehyde 4%, 14 days after PT. Abbreviation: PT—Photothrombosis.

https://doi.org/10.1371/journal.pone.0221555.g001

TTR and stroke
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To analyze TTR and ttr expression in the brain at different time points, 41 animals were

used: PT (n = 31) and Sham (n = 10). Animals were sacrificed at 24 hours, 48 hours, 7 days

and 14 days after PT or Sham surgery, as detailed in Fig 1. Animals were deeply anesthetized

with pentobarbital and blood and CSF were collected. Brains were collected and immediately

frozen in isopentane at −40˚C (Sigma-Aldrich, Taufkirchen, Germany) and further cooled

down to −70˚C on dry ice. Mouse serum and CP were used as TTR positive controls and

recombinant legumain (Abcam) as negative control.

Human serum samples were obtained from healthy volunteers enrolled in another study ap-

proved by the regional ethical review board of Lund University, Sweden (permit no. 2013/181).

2.2 Photothrombosis

Photothrombosis (PT) was carried out as described previously [20]. Briefly, animals were anes-

thetized with isoflurane (induction 4%, and surgery maintenance 1.5–2%) and placed into a

stereotactic frame. A sagittal skin incision was made on the scalp, subcutaneous connective tis-

sue was removed, and the skull bone was dried. Five minutes after intraperitoneal injection of

the photosensitizer dye Rose Bengal (0.15 mL at 10 mg/mL; Sigma-Aldrich, Taufkirchen, Ger-

many), the right hemisphere was illuminated with a cold light source (Schott KL 1500 LCD,

intensity: 3200 K/5D) through an aperture measuring 4.0 vs 2.0 mm (equal to an illumination

area of 8.0 mm2) for 20 minutes. During the surgery, body temperature was measured contin-

uously through a rectal probe and maintained at 36.5 to 37.0˚C by placing the mouse on a

heating pad. In total 5 animals died during surgery outside of planned euthanasia or humane

endpoints. Before and after PT, temperatures and body weights were monitored throughout

the experiments (S2 Table). During surgery, the animals spontaneously breathe through a face

mask delivering 1.5% isoflurane in a gas mixture of 30% O2 and 70% N2O. Local analgesic

bupivacaine (marcain) was subcutaneously injected 3 minutes before scalp incision. During

the experiment, animals were monitored every day and did not show any signs of suffering, an

there was no need for additional analgesia. Body weights were assessed every day and body

temperatures were assessed before and during photothrombosis, 2 days, 7 days and 14 days

after surgery.

2.3 Immunohistochemistry

Brain coronal sections (thickness 30 μm) from PFA perfused animals were gently washed three

times in phosphate buffered saline (PBS) at room temperature (rt) and quenched with 3%

H2O2 for 20 minutes. After washing (PBS 3x10 min rt), brain sections were blocked with 5%

normal donkey serum (NDS) in PBS supplemented with 0.25% Triton X-100 (PBS-T) for one

hour. Sections were incubated with anti-mouse polyclonal TTR primary antibody (rabbit cat#

PA5-27220 Thermo Scientific Rockford, USA diluted at 1:1000), in 3% NDS PBS-T at 4˚C

overnight. After incubation with primary antibody, slices were washed in PBS-T (3x10 min rt)

and incubated with a secondary biotinylated donkey anti-rabbit antibody (1:400 Jackson

Immunoresearch, Baltimore, USA), in 3% NDS PBS-T, at room temperature for 90 minutes.

Thereafter, sections were washed in PBS-T (3x10 min rt). Visualization was achieved through

the Vectorstain ABC Elite kit (Vector Laboratories, CA, USA), washed in PBS in between

(3x10 min rt), and using 3,3-diaminobenzidine-tetrahydrochloride (Dabsafe, Saveen Werner

AB, Limhamn, Sweden), 8% NiCl2 and 3% H2O2. Sections were dehydrated in consecutive

higher concentrations of ethanol, followed by xylene and mounted using Pertex (Histolab AB,

Gothenburg, Sweden). To access specificity, primary TTR antibody was pre-incubated with

TTR blocking peptide (cat# SBP3500378, Sigma-Aldrich, Saint Louis, USA), during 30 min-

utes at room temperature.
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2.4 Immunofluorescence

Brain coronal sections (thickness 30 μm) from perfused animals were gently washed three

times in PBS and blocked with 5% NDS in PBS-T for one hour at room temperature. Sections

were incubated with rabbit anti-TTR (ThermoScientific, Rockford, USA, diluted at 1:500)

together with either a mouse anti neuronal nuclei (NeuN, Merck Millipore; diluted 1:1000), or

rat anti CD68 (AbD Serotec; diluted 1:200–1:500), diluted in 2–3% NDS PBS-T at 4˚C over-

night. Monoclonal directly Cy3 conjugated anti-glial fibrillary acidic protein (GFAP) was used

to stain astrocytes (diluted at 1:5000, Sigma-Aldrich, St Louis, USA) in 3% NDS PBS-T for one

hour at room temperature. After incubation with primary TTR antibody, sections were rinsed

and incubated with a secondary biotinylated donkey anti rabbit antibody (Jackson Immunore-

search, Baltimore, USA) and secondary donkey anti-mouse and anti-rat antibodies conjugated

with fluorescent dye Cy3 (Jackson Immunoresearch, UK), all diluted at 1:400 in 3% NDS

PBS-T at room temperature for 90 minutes. Thereafter, sections were incubated with an Alexa

488 Streptavidin conjugate (Jackson Immunoresearch, UK, diluted at 1:400), for one hour at

room temperature. Thereafter, sections were incubated with DAPI (final concentration 0.5 μg/

ml) for 5 minutes at room temperature. Co-stainings were visualized using a confocal micros-

copy system (LSM510 Zeiss, Jena, Germany) and the AIM LSM 4.2 software (Zeiss).

2.5 Western blotting

2.5.1 Brain Sample Preparation. Fresh frozen brains were placed into a brain matrix and

cut, 2.2 mm to -2.2 mm relatively to bregma. For each four mm thick section, the infarct core

(IC) and peri-infarct (PI) area in the ipsilateral (IPS) region were collected. The same brain

regions were collected from sham operated animals. All the procedures were performed in a

glove chamber at -20˚C.

2.5.2 Preparation of protein extracts from brain. Brain tissue was mechanically homog-

enized by a Dounce homogenizer in lysis buffer containing 20 mM Tris (pH 7.5), 150 mM

NaCl, 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM β-glycerolpho-

sphate, 1 mM sodium orthovanadate (Na3VO4), 1 mM phenylmethanesulfonyl fluoride

(PMSF), 1% Triton-X100 and supplemented with protease inhibitor cocktail (Sigma-Aldrich,

Deisenhofen, Germany). The homogenates were centrifuged 14000xg at 4˚C for 20 minutes,

after 20 minutes of incubation on ice. The supernatant was collected and stored at -20˚C for

further analysis. Total protein concentrations were determined with the Bradford assay using

bovine serum albumin (BSA) as standard.

2.5.3 Immunoblotting. Samples were diluted in dodecyl sulfate sodium (SDS) sample

buffer and proteins denatured at 100˚C for 15 minutes. Proteins were separated on a 15% SDS

polyacrylamide gel. After transferring proteins onto polyvinylidene difluoride (PVDF) mem-

branes, blocking was accomplished by incubation of the membranes in a 5% non-fat dry milk

solution in Tris-Buffered Saline supplemented with 0.1% Tween (TBS-T). Following blocking,

membranes were incubated with polyclonal TTR primary antibodies (rabbit cat# PA5-27220

diluted at 1:3000, ThermoScientific Rockford, USA; chicken cat# SAB3500378 diluted at

1:3000, Sigma-Aldrich) in 5% BSA (cat# A4503, Sigma-Aldrich) in TBS-T at 4˚C overnight.

The membranes were incubated with a secondary antibody anti-rabbit horse radish peroxidase

(HRP) conjugated (diluted 1:15000, Sigma-Aldrich, Germany) in 5% non-fat dry milk solution

for one hour at room temperature, or secondary biotinylated donkey anti-chicken (diluted at

1:80000), followed by anti-biotin HRP conjugated (diluted at 1:3000, Cell Signaling, USA), in

5% non-fat dry milk solution, for one hour at room temperature. To assess specificity, primary

TTR antibody was pre-incubated with TTR blocking peptide (cat# SBP3500378, Merck Sigma-

Aldrich, Saint Louis, USA), for 60 minutes at room temperature. The signals were visualized

TTR and stroke

PLOS ONE | https://doi.org/10.1371/journal.pone.0221555 September 3, 2019 4 / 13

110

https://doi.org/10.1371/journal.pone.0221555


using a chemiluminiscence kit (Merck Millipore, Darmstadt, Germany) and charge-coupled

device camera (Fujifilm LAS 1000, Fujifilm, Tokyo, Japan). Membranes were stripped and

reprobed with anti β-actin HRP conjugated (diluted at 1:50000, Sigma-Aldrich, Deisenhofen,

Germany).

2.6. mRNA quantification by Real-time PCR

Brain tissue samples and CP were homogenized in RNeasy mRNA kit (Qiagen) and total RNA

extraction was performed according to the manufacturers protocol. Synthesis of cDNA was

carried out using the Scrip cDNA Synthesis Kit (Bio-Rad). cDNA was analyzed using real-time

PCR SsoAdvance SYBR Green Supermix from Bio-Rad using appropriate primers (sequences:

fw 95 –GGTGCTGGAGAATCCAA; rev 345 –CATCCGCGAATTCATGGA) and run on a Bio-Rad

CFX96 real-time quantitative PCR (qPCR) system. Reactions were performed using 0.2 μM of

each primer and 1 μL of diluted cDNA (1:20) in a final volume of 10 μL. Quantification cycle

threshold (Cq = 39) values per target were manually estimated. Gene expression was normal-

ized to the housekeeping gene GAPDH and calculated using the 2−ΔCt method. Melt curve

analyses were performed to ensure the specificity of qPCR products. All assays included at

least two biological replicates with two technical replicates each, positive control and a non-

template control.

3. Results

3.1 Transthyretin expression in the ischemic territory 14 days after

permanent stroke

We performed immunohistochemistry analysis to evaluate if cells express TTR in the postis-

chemic brain, i.e the infarct core (IC) and peri-infarct (PI) area 7 and 14 days after PT. As

shown in Fig 2A and 2B we found some scattered TTR-like immunoreactive globules in the IC

and in the PI area, however, their appearance was inconsistent and immunoreactivity (ir) was

not found in all animals subjected to PT. Globules showed irregular morphology, mostly in a

triangular shape and TTR appeared in granules indicative of dying cells. In addition, ir could

not be allocated to DAPI (Fig 2G to 2J). Dilution of primary antibody revealed a slight reduc-

tion of this unspecific ir. Importantly, these signals could not be blocked by a specific TTR

blocking peptide (Fig 2D and 2E) while signals in cells positive for TTR in the CP were par-

tially blocked (Fig 2F). In Sham operated animals, TTR was only found in the CP.

3.2 Phenotyping of Transthyretin expressing cells in the ischemic territory

To further characterize these cells, we performed immunofluorescence co-stainings with neu-

ronal, astrocytic and microglia markers, in brain sections from animals subjected to PT. While

specific TTR ir was found consistently in the CP of all animals, no specific TTR ir was detected

in the ischemic territory. In particular, we did not observe TTR ir in NeuN positive neurons

and GFAP positive reactive astrocytes in the proximal peri-infarct area. Also, CD68 positive

microglia/macrophages mainly accumulating in the IC did not show TTR staining (Fig 3).

3.3 Transthyretin levels in the ischemic territory

To further evaluate the presence of TTR in the ischemic territory at different time points after

stroke, protein extracts from the ischemic territory (peri-infarct and infarct core border) were

used for Western blotting (Fig 4A). Samples from mice subjected to PT and sham operated did

not show a specific 15 kDa TTR band at 24 hours, 48 hours, 7 days and 14 days after PT corre-

sponding to monomeric or tetrameric TTR, respectively. Likewise, no signals were detected in
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the negative control. In contrast, mouse serum and mouse CSF showed a specific 15 kDa band

(Fig 4B to 4D).

Since we essentially did not find TTR in the postischemic brain, we performed additional

Western blots using a chicken anti TTR antibody. Again, we observed specific TTR bands in

lanes loaded with mouse serum as well as in lanes loaded with human serum supporting the

specificity of this TTR antibody. However, in contrast to Western blots using the rabbit pri-

mary antibody we obtained an additional band of approximately 60 to 65 kDa. This band

could not be blocked as the 15 kDa monomer of TTR, further corroborating that this band

does not correspond to the TTR tetramer (Fig 5C). Interestingly, this band is also present in

absence of primary antibody suggesting a direct binding of the secondary antibody (Fig 5D).

Together, only the 15 and the 55 kDa band was found to be specific for TTR. Both antibodies

were recognizing the monomeric form of TTR at 15 kDa in positive controls (human and

mouse serum).

To confirm negative results from immunohistochemistry and Western blot experiments,

we performed quantitative RT-PCRs. As shown in Fig 6, expression of ttr was found in all CP

samples (relative expression 1.24 ± 0.48, n = 5). In contrast, we found extremely low expression

Fig 2. Immunohistochemistry in the postischemic brain. Scattered cells were immunoreactive for TTR in the IC and PI 14 days after ischemic stroke. Low

magnification overview of the ischemic territory using 1:1000 anti-TTR rabbit antibody (ThermoScientific cat# PA5-27220, Rockford, USA) (A) without and (D) with

BP. (B, E and E´) Higher magnification micrographs of images (A) showing cells immunoreactivity for TTR (white arrows). (C) Epithelial cells from CP were positive

for TTR and (F) partially blocked with BP. (G) Staining for TTR (green, AF488) and with higher magnification in (J) together with DAPI (H). (J) Epithelial cells from

CP from the same section. Scale bars: A, C, D and F—100 μm, B and E—20 μm and E´ - 10 μm. BP–Blocking peptide; CP—Choroid plexus; IC—Infarct core; PI–Peri-

infarct area; TTR–Transthyretin; LV–Lateral ventricle.

https://doi.org/10.1371/journal.pone.0221555.g002
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levels in samples obtained from the ischemic territory at all time points (48 h: 0.0008 ± 0.0008,

n = 5; 7 d: 7.22E-06 ± 5.94E-06, n = 4; 14 d: 5.29E-05 ± 2.56E-05, n = 3) and respective sham

operated mice (48 h: 7.57E-06 ± 4.17E-06, n = 3; 7 d: 7.42E-07 ± 1.64E-07, n = 2; 14 d: 6.68E-

06 ± 3.30E-06, n = 2). From these experiments, we conclude that compared to CP samples ttr
expression is not detectable in brain parenchyma. Moreover, low levels of ttr expression did

not result in relevant protein levels of TTR in brain parenchyma.

4. Discussion

The present study was conducted to evaluate if transthyretin (TTR), a major transport protein

for thyroid hormones and retinol-binding protein in the plasma and CSF, is expressed in the

postischemic brain during the first 14 days following permanent focal ischemia induced by

photothrombosis (PT). Analysis of the infarcted and peri-infarct brain tissue by immunoblot-

ting, immunohistochemistry and RT-PCR revealed that there is no evidence for the expression

of TTR in the brain parenchyma. Nevertheless, some scattered cell bodies positive for TTR

were found in the ischemic infarct core and proximal peri-infarcted tissue 14 days after PT.

We did not observe TTR positive neurons, any expression of the protein in astroglial cell popu-

lations or microglia/macrophages in the peri-infarct area. During the discussion, we will elabo-

rate on possible functions of TTR in the brain and discuss results regarding the expression of

TTR after stroke. Moreover, we will discuss our results showing scattered TTR positive cells in

the ischemic infarct core.

Fig 3. Phenotyping of TTR positive cells. TTR immunoreactivity (AF488, green) was not found in NeuN positive

neurons, GFAP positive astrocytes or CD68 positive microglia/macrophages, 14 days after PT. NeuN, GFAP or CD68

are shown in red (Cy3). TTR is expressed in the epithelial cells of CP, used as a positive control. Scale bars 50 μm.

Rabbit anti-TTR cat# PA5-27220 ThermoScientific Rockford, USA diluted at 1:500. CP–Choroid plexus; GFAP–Glial

fibrillary acidic protein; IC–Infarct core; NeuN–Neuronal nuclei; PI–peri-infarct area; PT–Photothrombosis; TTR–

Transthyretin.

https://doi.org/10.1371/journal.pone.0221555.g003
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Attention has been given to TTR as a neuroprotective protein, in particular in Alzheimer´s

disease [13–15] and stroke [10–12] through its putative upregulation in the brain. In the con-

text of Alzheimer´s disease, TTR has been suggested as a biological sequester of Aβ, since it is

able to bind to soluble Aβ peptide, preventing the formation of amyloid fibers [22,23]. Some

studies in rat and mouse models of Alzheimer´s disease show an overexpression and produc-

tion of mRNA transcription of TTR in the hippocampus [19,24,25]. In vitro studies also sup-

port TTR synthesis in neurons as neuroprotective in Alzheimer´s disease, since primary

cultures of mixed cortical and hippocampal neurons from APP23 mice express TTR [17,18],

and there is an upregulation of ttr in the SH-SY5Y neuroblastoma cell line over-expressing

APP695 isoform [16]. TTR expression has also been found in the frontal cortex of postmortem

brain tissues from patients with Alzheimer´s disease [26].

After stroke, TTR immunopositive cells have been detected in the infarct core 24 h after

permanent occlusion of the middle cerebral artery with no expression of ttr in the postis-

chemic brain [12]. Recently, it has been reported that intranasal and intracerebroventricular

Fig 4. TTR levels at different time points after PT. (A) The ischemic territory region was sampled for protein extraction (coronal section of an adult mouse

brain adapted from [21]. (B) TTR protein is absent in the ischemic territory 48 hours after PT and absent in the brain parenchyma of wild type mice not

subjected to ischemic stroke. (C) TTR is not expressed in the ischemic territory at different time points after PT: 24 hours, 48 hours, 7 days and 14 days,

respectively. (D) TTR protein is absent in the ischemic territory 14 days after PT and absent in the brain parenchyma of sham operated mice. Loading of

10 μg of total protein. Anti-TTR rabbit antibody diluted at 1:3000 (ThermoScientific cat# PA5-27220, Rockford, USA). CSF–cerebrospinal fluid; IC—Infarct

Core; M–Marker; Neg–negative control (recombinant legumain 2 μg); PI–Peri-infarct area; MS–Positive control (mouse serum); PT–Photothrombosis;

TTR–Transthyretin.

https://doi.org/10.1371/journal.pone.0221555.g004
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delivery of an anti-TTR nanobody 169F7 reached several brain regions and spinal cord in

naïve mice. From differences in the concentration of nanobodies in different regions of the

CNS the authors concluded that TTR is synthesized in these tissues [27]. On the other hand, it

has been suggested that the results observed in brain tissues are due to contamination by CP.

TTR was not found either in the cerebral cortex, hippocampus or cerebellum, verified by TTR

immunoreactivity, immunoblotting and TTR mRNA expression in wildtype mice and

APP-V717I and Tg2576 mice models of Alzheimer´s disease after laser microdissection [4].

Likewise, upregulation of TTR has been shown exclusively in the CP in a proteomic study in

rats subjected to transient MCAO supporting the idea that TTR expression is restricted to the

CP [10]. In the present study, we found TTR synthesized in the CP but not in brain paren-

chyma. Our study clearly shows that TTR is not expressed in brain resident cells of the ische-

mic territory of C57/B6 mice, 24 hours, 48 hours, 7 days and 14 days after permanent focal

Fig 5. Evaluation of a chicken TTR antibody and TTR levels in brain parenchyma. (A) In contrast to protein extracts

obtained from ischemic territory (infarct core–peri-infarct area) at 24 hours, 48 hours, 7 days and 14 days after PT, the

monomeric form of TTR is found in samples of mouse serum, used as positive control. (B) TTR in human and mouse serum

and absence of the protein in the cortical ischemic territory 14 days after PT. Instead, a band of approximately 60 to 65 kDa is

found, not corresponding to the TTR protein (C) Blocking of specific TTR bands by preincubation with a specific TTR peptide.

(D) Western blot performed without primary antibody incubation. HS–Human serum; M–Marker; MS–mouse serum; PT–

Photothrombosis; TTR–Transthyretin; cx–cortex.

https://doi.org/10.1371/journal.pone.0221555.g005
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ischemia. Scattered and inconsistently appearing TTR positive cells found in the ischemic ter-

ritory are considered as cellular debris supported by their random morphology. Positive cells

were found randomly throughout the study. Immunoreactivity was not responsive to titration

of antibodies neither to a specific TTR blocking peptide. We excluded that immunoreactivity

reflects a de novo TTR synthesis in neurons since RT-PCR experiments showed non-detectable

levels of ttr, neither found we evidences for TTR transport from the blood or CSF. Results

from our RT-PCR confirm previous results showing that ttr is not expressed in brain paren-

chyma 24 hours after permanent MCAO [12]. If TTR like proteins such as TTR-52, a bridging

molecule in the phagocytic process by phagocytes and in the regeneration of axons, are

expressed, remains open and might be focus of future studies. In Caenorhabditis elegans, a

TTR-like protein mediates the recognition of apoptotic cells by crosslinking with Phosphatidyl

Serine (Eat me Signal) with a receptor in the phagocyte (macrophages/microglia), being

involved in the engulfment of apoptotic cells [28,29].

Nevertheless, and despite of its absence in brain parenchyma, TTR has been shown to pro-

mote neuroprotection. Activation of neuroprotective pathways is partially mediated by bind-

ing of high concentrated exogenous TTR to low density lipoprotein-related protein 2 (LRP2)

in neuronal cultures. This interaction is also involved in TTR mediated neurite outgrowth.

Neuronal cultures from LRP2 +/- /TTR deficient mice showed reduced neurite outgrowth

compared to cell cultures from LRP2 +/+ /TTR deficient mice, both treated with TTR [11]. In

contrast, TTR deficiency alone has no effect on ischemic damage in mice subjected to perma-

nent MCAO [15]. Some immediate effects on lesion size 24 hours after stroke onset were

observed in TTR deficient mice heterozygous for heat shock transcription factor 1 (HSF1)

[12]. The difference in lesion size and outcome between TTR deficient mouse strains might be

explained by reduced or suppressed levels of HSF1 resulting in a compromised heat shock

response during the first hours after stroke onset [30]. In addition, TTR is reported as a neuro-

genic factor in the peripheral nervous system, enhancing neurite outgrowth in vitro and nerve

regeneration in vivo studies [31,32].

Fig 6. Expression of ttr in the postischemic brain. Relative expression ttr to GAPDH mRNA was semi-quantified by

real time PCR in the choroid plexus (positive control) and brain parenchyma. Compared to the control, ttr is not

expressed in brain parenchyma after photothrombosis or sham surgeries after 48 hours, 7 days and 14 days,

respectively. Data represents means ± SEM of n = 2 to 5 mice. CP–Choroid Plexus; PT–Photothrombosis; TTR–

Transthyretin.

https://doi.org/10.1371/journal.pone.0221555.g006
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5. Conclusions

Independent of its role as a transport protein, TTR has been studied as neuroprotective mole-

cule in brain pathologies such as stroke. Here we found that TTR is not expressed in the infarct

core and peri-infarct area during the first 14 days after photothrombosis, being restricted to

the choroid plexus. Nevertheless, scattered cells showing TTR-like immunoreactivity were

found in the infarct core in some animals, which may correspond to unspecific binding of the

antibody to cellular debris, due to their morphology and inconsistent appearance. Although

TTR is absent from brain parenchyma after stroke, it is neuroprotective in vitro models of

ischemia, and we cannot exclude that CP derived TTR may provide similar effects in vivo.
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Funding acquisition: Isabel Gonçalves, Cecı́lia Reis Santos, Karsten Ruscher.

Investigation: Daniela Talhada, Karsten Ruscher.

Methodology: Daniela Talhada, Karsten Ruscher.

Project administration: Karsten Ruscher.

Resources: Karsten Ruscher.
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CONCLUDING REMARKS AND FUTURE PERSPECTIVES 

In analogy to brain development and experience learning processes, reorganization of cortical 

networks after experimental stroke is dependent on molecular, cellular and structural self-

repair changes that peak in rodents during the first weeks following the injury. The efficacy to 

enhance those mechanisms will influence functional outcome. This thesis addresses first, the 

importance of TH in the brain as a key component that contributes to motor recovery, based 

in epidemiological and preclinical studies. Second, the influence of TH on homeostatic 

mechanisms that adjust excitability – inhibition ratio in the postischemic brain and cultured 

glutamatergic neurons that are important for motor recovery. Third the expression pattern of 

TR in human post-stroke brain and fourth, the role of TH carrier protein TTR in the postischemic 

brain. 

In Chapter 4, our work demonstrates that T3 modulates homeostatic regulatory mechanisms 

that maintain appropriate levels of excitation in the postischemic brain, stabilizes neuronal 

activity and contributes for neuronal reorganization and functional recovery. At the cellular 

and structural level, we show that T3 adjusts several plasticity mechanisms that can operate 

on different temporal and spatial scales to assure appropriate synaptic neurotransmission. We 

have shown in vivo that long-term administration of T3 after PT significantly (i) enhances lost 

motor function; (ii) increases levels of synaptotagmin and levels of the post-synaptic GluR2 

subunit in AMPA receptors in the peri-infarct area; (iii) increases dendritic spine density in the 

peri-infarct and contralateral region and (iv) decreases tonic GABAergic signaling in the peri-

infarct area by a reduced number of PV+ / c-fos+ neurons and GAD 65/67 levels. In addition, we 

have shown that T3 modulates in vitro neuron membrane properties with the balance of inward 

glutamate ligand-gated channels currents and decreases synaptotagmin levels in OGD 

conditions. Interestingly, we found increased levels of TRβ1 in the infarct core of post-mortem 

human stroke patients, which mediate T3 actions. On the other hand, the TH carrier protein 

TTR was not expressed in the cortex of the postischemic brain as we show in Chapter 5, and 

TTR is unlikely involved in recovery mechanisms during the first two weeks following 

experimental stroke induced by PT. 

Summarizing, our data identify T3 as potential therapeutic agent to enhance recovery of lost 

neurological functions after ischemic stroke. We have shown that T3 can engage divergent 

signaling pathways to adjust brain excitability. However, much work will be needed to address 

many other remaining questions. What is the origin of the mechanisms involved in homeostatic 

plasticity engaged by T3? How does T3 engage homeostatic synaptic responses in neurons? What 

are the molecular players implicated in homeostatic plasticity? What is the exact timescale and 

spatial extent optimal for actions of T3 implemented in changes of neuronal activity? 
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Moreover, motor recovery after stroke is a complex, multifactorial and dynamic process, 

dependent on many other pathophysiological events that were not addressed in this thesis. It 

remains to be elucidated if TH are implicated in the attenuation of post-stroke inflammation, 

in glial scar formation, in the modulation of inhibitory proteins of plasticity, in neurogenesis 

and in angiogenesis. 

In conclusion, mechanisms of homeostatic regulation are diverse due to heterogenous nature 

of stroke. Biological targets for restorative therapies change over time and proper maintenance 

of neural activity can differ among individual cases. It is of note, that induced plasticity might 

not have the desired effect when preclinical studies are translated to the human. In this context, 

unraveling the underlying mechanisms of T3 actions in the postischemic brain is crucial to define 

a time window for intervention and the development of cell-specific treatments to target T3 

signaling, that later might be translated into clinical trials. 
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