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RESUMO

Pericitos e células neurais sdo conhecidos por colaborar na regeneracao do tecido
pulpar. Terapias celulares capazes de estimular esses componentes podem ter
relevancia terapéutica em condicdes de polpa dental vital. O objetivo desse estudo foi
mapear progenitores neurais e pericitos durante a odontogénese e envelhecimento
dentario e comparar a acdo dessas células no dente adulto apds o capeamento pulpar
com Agregado Triéxido Mineral (MTA) e MTA associado a fotobiomodulagcéo (PBMT),
apos 07 e 21 dias. Foram utilizados animais C57BL/6 transgénicos duplos positivos
NestinGFP/NG2DsRed para o rastreamento dessas células, sendo a Nestina um
marcador de progenitores neurais indiferenciados e a proteina NG2 um marcador de
pericitos. Duas subpopulacdes de pericitos foram também investigadas, aquelas
Nestina+NG2+ e aquelas Nestina-NG2+. Dentes de animais neonatos de 1 e 14 dias
gue nao sobreviveram a vida adulta e de animais adultos de 2 e 12 meses, foram
analisados para a compreensdo da participacdo das células marcadas durante a
odontogénese eenvelhecimento dentario. Em seguida, animais adultos (2 meses)
passaram por uma injuria experimental na polpa dentaria do seu primeiro molar
superior. As cavidades foram tratadas com MTA ou MTA associado a PBMT (5 J/cm?,
7s, 20 mW, 0,71W/cm?) diariamente nos tempos de 0, 24, 48 e 72 horas. As cavidades
foram entdo seladas com resina fluida fotoativada e os animais eutanasiados nos
tempos 7 e 21 dias. O rastreamento celular foifeito por microscopia confocal, onde os
canais verde (GFP), vermelho (DsRed), azul (Dapi) e suas composicfes foram
utilizados para quantificar a fluorescéncia celular no tecido. Aarquitetura tecidual foi
avaliada por histologia de rotina para avaliar os sinais de vitalidade pulpar, presenca
de vasos sanguineos e sinais inflamatérios, enquanto a presenca de dentina ou
osteodentina, nédulos e calcificacdes difusas foi observada por meio do Tricrémico de
Masson.Genes relacionados as células de interesse (Nestin, NG2, GFAP), ao reparo
tecidual (CXCL12,CD105) e odontogénese (RUNX-2 e DSPP) foram quantificados por
RT-qPCR. Demonstramos que 0s pericitos parecem ser células progenitoras para
odontoblastos durante a odontogénese e que a proteina NG2 é reexpressa em dentes
gue sofreram algum tipo de estimulo nocivo ao longo da vida. Os dentes constituem
fontes de células progenitoras neurais, mesmo em animaiscom 12 meses de idade.
ApGs o capeamento pulpar com MTA, a PBMT como tratamento adjuvante promoveu
reparo mais semelhante ao tecido pulpar original, com menos sinais inflamatorios e
gualitativamente menos calcificacbes pulpares. Apds Apds 21 dias, a populacdo de
células positivas para os marcadores de indiferenciacdo Nestin e GFAP foi maior que
0 grupo controle. A associacdo entre MTA e PBMT levou a formacéo de dentina com
expressdo significativa de DSPP e RUNX-2 comparado ao grupo tratado
exclusivamente com MTA. A associacdo MTA/PBMT parece ser promissora para o
tratamento conservador da polpa dentéria.

Palavras-chave: fotobiomodulag&o; pericitos; células-tronco mesenquimais; polpa
dentaria; agregado trioxido mineral; biomateriais; odontogénese.



ABSTRACT

Participation of pericytes and neural progenitors in odontogenesis and dental
aging, and pulp repair after capping with MTA associated with
photobiomodulation: in vivo analysis in transgenic NESTIN-GFP/NG2-DSRED
model

Pericytes and neural cells are known to collaborate in the regeneration of pulp tissue.
Cell-based therapies that can stimulate these components may hold therapeutic
relevance in vital dental pulp conditions. The objective of this study was to map neural
progenitors and pericytes during odontogenesis and dental aging, and to compare the
actions of these cells in adult teeth following pulp capping with Mineral Trioxide
Aggregate (MTA) and MTA in conjunction with photobiomodulation (PBMT) after 7 and
21 days. Transgenic double-positive NestinGFP/NG2DsRed C57BL/6 mice were
utilized for tracking these cells, with Nestin serving as a marker for undifferentiated
neural progenitors and the NG2 protein as a marker for pericytes. Two subpopulations
of pericytes were also investigated: those that were Nestin+NG2+ and those that were
Nestin-NG2+. Teeth from neonatal animals at 1 and 14 days, which did not survive to
adulthood, as well as from adult animals aged 2 and 12 months, were analyzed to
understand the role of the marked cells during odontogenesis and aging.
Subsequently, adult animals (2 months) underwent experimental injury to the dental
pulp of their first upper molars. The cavities were treated with either MTA or MTA
combined with PBMT (5 J/cmz, 7s, 20 mW, 0.71 W/cm?) daily at time points of 0, 24,
48, and 72 hours. The cavities were then sealed with photoactivated flow resin, and
the animals were euthanized at 7 and 21 days. Cellular tracking was performed using
confocal microscopy, where the green (GFP), red (DSRed), and blue (DAPI) channels
and their compositions were utilized to quantify cellular fluorescence in the tissue.
Tissue architecture was assessed through routine histology to evaluate signs of pulp
vitality, presence of blood vessels, and inflammatory markers, while the presence of
dentin or osteodentin, nodules, and diffuse calcifications was observed using Masson's
trichrome staining. Genes related to the cells of interest (Nestin, NG2, GFAP), tissue
repair (CXCL12, CD105), and odontogenesis (RUNX-2 and DSPP) were quantified via
RT-gPCR. We demonstrated that pericytes appear to serve as progenitor cells for
odontoblasts during odontogenesis, and that the NG2 protein is re-expressed in teeth
that have undergone some form of harmful stimulus throughout their lifespan. Teeth
constitute sources of neural progenitor cells, even in animals aged 12 months.
Following pulp capping with MTA, PBMT as an adjunct treatment promoted repair that
resembled original pulp tissue more closely, with fewer inflammatory signs and
qualitatively reduced pulp calcifications. After 21 days, the population of cells positive
for the undifferentiated markers Nestin and GFAP was greater than that in the control
group. The combination of MTA and PBMT resulted in significant dentin formation with
notable expression of DSPP and RUNX-2 compared to the group treated exclusively
with MTA. The MTA/PBMT combination appears promising for the conservative
treatment of dental pulp.

Keywords: photobiomodulation; pericytes; mesenchymal stem cells; dental pulp; mineral
trioxide aggregate; biomaterials; odontogenesis.
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1 CONSIDERACOES INICIAIS

Terapias baseadas em células-tronco da polpa dentaria (DPSCs, do inglés
Dental Pulp Stem Cells) estdo emergindo rapidamente como tratamentos
conservadores capazes de induzir a regeneragao do tecido pulpar. O objetivo destes
tratamentos é restabelecer aspectos funcionais e fisioldgicos semelhantes ao tecido
pulpar original, garantindo, dentre outras caracteristicas, a manutencado da
propriedade sensorial do elemento dentario. No entanto, as dificuldades de expansao
de células-tronco in vitro e incompatibilidades imunolégicas entre diferentes doadores
limitam o uso de abordagens que utilizam DPSCs transplantadas como forma de
tratamento. Nesse sentido, é ideal que sejam aprimoradas as ferramentas capazes
de estimular as células-tronco mesenquimais (MSCs, do inglés Mesenchymal Stem
Cells) enddgenas a regenerar tecidos parcialmente perdidos, como a polpa dentaria.

O tecido pulpar é altamente vascularizado e rico em células de origem neural,

células indiferenciadas e pericitos. Os pericitos, as quais dividem sua localiza¢cdo com

células endoteliais nos vasos sanguineos, sdo semelhantes aos progenitores de
MSCs e possuem alto potencial de diferenciacdo dependendo do grau de
comprometimento de suas subpopulacbes, sendo capazes de gerar células
adipogénicas, fibrogénicas, musculares, angiogénicas e neurogénicas (BIRBRAIR et
al., 2013, 2015; GOMES et al., 2022; YANNI e SHARPE, 2019). Dessa forma, pericitos
que expressam simultaneamente as proteinas Nestina e NG2 séo considerados mais
plasticos e chamados pericitos tipo |Il, enquanto aqueles que expressam
exclusivamente a proteina NG2 sdo chamados de pericitos tipo | (BIRBRAIR et al.,
2013; GOMES et al., 2022).

Diversas evidéncias cientificas reforcam o papel dos pericitos como células-
tronco multipotentes, pois demonstraram sua contribuicdo para a formacdo de
diferentes tecidos (ALLIOT-LICHT et al., 2001; CAPLAN, 2008; CRISAN et al., 2008;
DELLAVALLE et al., 2007; DORE-DUFFY et al., 2011; FENG et al., 2011; SHiI,
GRONTHOS, 2003).

Além disso, estudos sugerem que pericitos possuem func¢des reguladoras,
imunologicas e fagociticas, bem como um papel importante na homeostase tecidual
(BIRBRAIR et al., 2017). Essas células podem ser mais bem identificadas por sua
localizagéo perivascular (ZIMMERMANN, 1923) e marcadores moleculares — como
neural/glial antigen 2 (NG2), Platelet Derived Growth Factor Receptor-8 (PDGFR-B),
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e a-Smooth Muscle Actin (a-SMA) (FENG et al., 2011; SA-PEREIRA et al., 2012). Seu
fendtipo pode ser impreciso, uma vez que possuem grande heterogeneidade
dependendo das estruturas e érgaos em que sdo investigados (SHI, GRONTHOS,
2003; YANNI, SHARPE, 2019).

Em 2003, um estudo sugeriu que a origem das DPSCs seria perivascular (SHI,
GRONTHOS, 2003). Posteriormente, Lagvschall et al. (2007) conseguiram verificar a
presenca depericitos na polpa dentéaria através de um estudo sobre a formacéo de
dentes em roedores e analise de dentes injuriados humanos. No entanto, somente em
2011, Feng et al. (2011) demonstraram, por meio de um modelo de rastreamento
genético — LacZ, a presenca de pericitos no plexo vascular de incisivos de
camundongos e sua participacao direta em situacdesde injuria da polpa dentéaria. Foi
visto que um pequeno numero de pericitos (em torno de 10% das células) povoa o
mesénquima dentario durante o desenvolvimento, onde eles permanecem
essencialmente quiescentes até ocorrerem danos a camada odontoblastica. Na
presenca de dano, ha estimulos a proliferacdo desses pericitos, 0s quais aumentam
em numero e efetivamente contribuem para a formacdo de novos odontoblastos
(FENG et al., 2011). Por outro lado, os autores também identificaram que os pericitos
contribuem apenas com um pequeno percentual desses novos odontoblastos,
sugerindo que a reposicao dessas células também pode ser mobilizada de outras
fontes (FENG et al., 2011).

Mais tarde, em 2014, um estudo publicado na Nature demonstrou que as células
deSchwann e/ou seus precursores, oriundas do sistema nervoso periférico, dariam de
fato origem a maior parte das MSCs da polpa dentaria e dos odontoblastos em dentes
adultos (KAUKUA et al., 2014). Na verdade, as células de Schwann e seus precursores
seriam células da crista neural dormentes, as quais poderiam ser recrutadas dos
nervos contribuindo para a manutencéo dos tecidos periféricos (KAUKUA et al., 2014).
Nesse mesmo estudo, os pericitosforam excluidos como intermediarios para as MSCs
da polpa e odontoblastos derivados de células de Schwann e/ou seus precursores,
sugerindo que eles seriam uma fonte adicional e independente de células
indiferenciadas capazes de repor odontoblastos perdidos.

Nosso grupo de pesquisa demonstrou, ainda que preliminarmente, que a polpa
dentaria pode ser regenerada por meio do procedimento endoddntico regenerativo,
seguido da terapia por fotobiomodulagcdo (PBMT, do inglés Photobiomodulation

therapy) com laser vermelho (660 nm). Nesse estudo, ratos tiveram a remo¢ao completa
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do tecido pulpar e em seguida foi realizado um tratamento com solucao acida para
liberacdo de fatores de crescimento das paredes dentinarias do canal radicular, e
inducdo de sangramento intracanal para formagdo de um coagulo sanguineo,
previamente a aplicagdo da fotobiomodulagdo. Apds 4 semanas, um tecido
neoformado similar ao tecido original da polpa dentéria foi observado (MOREIRA et
al., 2017).

A PBMT €& uma terapia que utiliza de fontes de luz néo ionizantes,
especificamente a luz vermelha com comprimento de onda de 660nm, tem sido
amplamente investigada por seu potencial em aliviar a dor, modular processos
inflamatoérios e imunolégicos, além de estimular a reparagcéo e regeneracao tecidual
(GARCEZ et al., 2012). No complexo dentino-pulpar, a fotobiomodulagdo demonstrou
eficacia na inducao de diferenciacéo de células-tronco em odontoblastos, promovendo
a dentinogénese (ARANI et al., 2014). Adicionalmente, foi associada a formacéo de
tecido funcionalmente semelhante a polpa dentaria, com vascularizacdo e inervacao,
apos procedimento endoddntico regenerativo (MOREIRA et al., 2017).

A fim de identificar alguns protagonistas celulares envolvidos nesta
regeneracao, realizamos um estudo de curto prazo de observacgéao utilizando o modelo
de exposicao pulpar artificial em camundongo transgénico Nestina GFP/NG2 DsRed, o
gual é representativo das populacdes celulares multipotentes na polpa dentéaria
(GOMES et al., 2022). Neste modelo, rastreamos e analisamos 0 comportamento de
células indiferenciadas ou progenitores de origem neural que expressam nestina (0s
guais podem compreender a populacéo de células de Schwann e seus precursores) e
pericitos — via expressao de NG2. Neste estudo, apds 3 dias de fotobiomodulacéo, foi
observado que a PBMT promoveu um aumento no numero total de células, mas
particularmente de pericitos em torno do tecido pulpar danificado(GOMES et al., 2022).
Neste estudo, a fotobiomodulagéo foi capaz de estimular a microvasculatura local de
modo a manter a vitalidade da polpa coronaria, ainda que qualquer tipo de restauracao
ou material bioativo ndo tenha sido realizada.

No caso de exposicdes pulpares acidentais ou por lesbes cariosas,
dependendo do diagnostico pulpar, tratamentos conservadores sao preferiveis em
relacdo aos tratamentos endodoénticos radicais (ZANINI; MEYER; SIMON, 2017). No
caso de exposicOes de pequenaextensdo, 0s capeamentos diretos S&o0 uma opgao
terapéutica com taxa de sucesso de 74% a 96% (CUSHLEY et al., 2021). Nos casos

de comprometimento pulpar de maior magnitude, as pulpotomias sédo consideradas.
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Nesse sentido, tecido pulpar ainda vital ou parcialmente vitalparecem ser capazes de
reestabelecer a homeostase do complexo dentino-pulpar (ALQADERI et al., 2016;
CUSHLEY et al., 2019; ELMSMARI et al., 2019). Os tratamentos utilizados nos
tratamentos regenerativos da polpa (TRP) envolvem, de forma genérica, o uso de
biomateriais como o hidréxido de célcio (Ca(OH)2) e o agregado trioxido mineral
(MTA, do inglés Mineral Trioxide Aggregate). Esses materiais tém demonstrado a
inducédo da formacédo de ponte reparadora de dentina e preservacéo da vitalidade
pulpar. O Ca(OH)2 apresenta caracteristicas antibacterianas e promove a formacéo
de dentina terciaria, porém sua capacidade de vedamento e a qualidade dessa dentina
neoformada tém sido questionadas (DIDILESCU et al., 2018). Cimentos a base de
silicato de célcio, como o MTA, tém sido indicadoscomo potenciais materiais para
capeamento pulpar por apresentarem biocompatibilidade, excelente bioatividade, boa
capacidade de vedamento e inducdo de barreira dentinaria consistente(DAVAIE et al.,
2021; UTNEJA et al., 2015). Cimentos a base de silicato de calcio sdo padrédo ouro
para tratamentos conservadores da polpa dentaria atualmente, entretanto,
apresentam alto custo e dificuldade de manipulacdo. Novas tecnologias podem ser
incorporadas ou otimizadas para reduzir o custo e tempo dos tratamentos, além de
melhorar o progndstico de dentes tratados com terapias conservadoras pulpares.

Outra alternativa terapéutica que tem sido utilizada com sucesso na modulagéo
deprocessos inflamatoérios, analgesia e cicatrizagdo/reparo tecidual em varios 6rgaos
€ a PBMT, e de acordo com o descrito anteriormente, pode ser no futuro uma ferramenta
poderosa na engenharia tecidual (OLIVEIRA et al., 2022; VALLE et al., 2020). E
possivel que pericitos constituam parte das MSCs enddgenas que repovoam o canal
radicular quando estimulados pela PBMT, embora nossos estudos preliminares
tenham sido insuficientes para comprovar isso. Previamente, Arany et al. (2014)
demonstraram que a PBMT pode estimular a formagé&o de dentina terciaria através da
via de ativacdo de TGF (Transforming Growth Factor-B1). Resta saber qual a
contribuicdo dos pericitos e suas subpopulagbes para a formacdo deste tecido
mineralizado. Mais que isso, ainda se conhece pouco os efeitos da PBMT quando
associados a materiais capeadores diretos.

Assim, o objetivo deste estudo foi avaliar a capacidade estimuladora da PBMT
na modulacéo de pericitos e outras populagdes indiferenciadas no reparo da polpa

dentaria apds injuria tecidual e capeamento pulpar com MTA. Além disso, propusemos
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um estudo preliminar para caracterizar essas células durante a odontogénese e
envelhecimento dentario. Para estes fins, foi utilizado um modelo de camundongo
(C57BL/6) transgénico Nestina GFP/NG2 DsRed com marcadores fluorescentes
especificos, ou reporteres, para as proteinas nestina e NG2, o qual permitiu mapear a
localizacéo e a acdo de células progenitorasneurais (Nestina+) e pericitos (NG2+) sob

a estimulacdo dos tratamentos ao longo do tempo.
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2. OBJETIVOS

Objetivo Geral

O objetivo desse estudo foi analisar células NG2+, Nestin+ e Nestin+tNG2+
durante a odontogénese e envelhecimento dentéario, além de comparar a distribuicao e
acao destas células apds o capeamento pulpar de primeiros molares com o MTA

associado ou nao a fotobiomodulagcédo (PBMT).

Obijetivos Especificos

- Localizar as células NG2+, Nestin+ e Nestin+NG2+ durante a odontogénese nos
tempos de 1 dia, 14 dias, 2 meses e 12 meses, através da microscopia confocal;

- Avaliar e comparar a mobilizacao de células NG2+, Nestin+ e Nestin+NG2+ apés
7 e 21 dias das exposicdes pulpares nos grupos MTA e MTA/PBMT, por microscopia
confocal;

- Graduar o processo inflamatério induzido na polpa dentaria desses grupos apo6s
7 e 21 dias das exposi¢cdes pulpares, através da andlise histologica;

- Comparar qualitativamente a producédo de dentina terciaria, formacéo de nédulos
mineralizados e calcificagcbes difusas, nos dentes tratados com o0s materiais
supracitados apés 7 e 21 dias, por meio da andlise histologica através da coloracéo
de Tricomio de Masson;

- Avaliar a expressao dos genes NG2 (Proteoglicano 4 de Sulfato de Controitina),
Nestin, GFAP (Proteina Glial Acida Fibrilar), SDF1-a (Stromal Cell-Derived Factor 1-
alpha), Twist-2 (Twist-related Protein 1), P38 (p38 Mitogen-Activated Protein Kinase
(MAPK) nos dentes tratados com MTA fotoativado ou nado, apés 07 dias;

- Avaliar a expressao dos genes NG2 (Proteoglicano 4 de Sulfato de Controitina),
Nestin, GFAP (Proteina Glial Acida Fibrilar), DSPP (Sialofosfoproteina da Dentina),
RUNX-2 (Fator de Transcricdo 2 da Familia RUNT), CD105 (Endoglina) nos dentes

tratados com MTA fotoativado ou ndo, apés 21 dias.
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3 METODOLOGIA EXPANDIDA

3.1 Aspectos éticos

Este estudo foi submetido e aprovado pelo Comité de Etica de Pesquisa em
Animais da Universidade Federal de Minas Gerais (CEUA: 181/2020). Para o calculo
da quantidade de animais, foi utilizada uma das varidveis mais instaveis
correspondente aos pericitos, o PDGFR-3, com coeficiente de variacdo de 23%
(KYYRIAINEN et al., 2017). Para a garantia de uma viabilidade experimental segura,
consideramos um intervalo de confianca de 20% - dentro do limite de 30% e adequado
ao coeficiente de variacdo da variavel (SAMPAIO, 2007). De acordo com Sampaio,
2007, CV = IC.2/\n.

Em que,

CV = coeficiente de variacao;

IC = intervalo de confianca,

N = nimero de camundongos por grupo.Substituindo os valores das incognitas:

n = (2XCV)?/IC?

n =(2X23)2/20?

n =2116/400

n=5,29

Arredondando o n encontrado para um valor inteiro, temos n = 6 para o

experimento in vivo.

3.2 Expanséo das colbnias de Nestina GFP/NG2 DsRed

Os animais transgénicos com o fendtipo esperado Nestin GFP/NG2 DsRed
foram obtidos pelo cruzamento de machos Nestin GFP+ com fémeas Nestin
GFP+/NG2 DsRed+. Os animais homozigotos positivos para um dos genes foram
usados em outros cruzamentos. Os animais duplo-positivos foram os de interesse
nesse estudo.

Os animais que compuseram 0s experimentos de caracterizagdo durante a
odontogénese e envelhecimento dentario foram aqueles que seriam descartados por
causas naturais. Os animais neonatos que foram rejeitados pelas fémeas apoés o

nascimento com idades de 1 e 14 dias foram coletados, e animais que nao se
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encontravam em idade reprodutiva, possuindo mais de 10 meses de idade.

3.3 Ensaios in vivo

3.3.1 Parte | - Caracterizacdo de Células NG2+, Nestin+ e Nestin+NG2+ durante a

odontogénese e envelhecimento dentério

Para obtencéo dos filhotes neonatos de 1 ou 14 dias de vida, as matrizes
utilizadas na expansdo da colonia Nestin GFP+/NG2 DsRed+ foram observadas
durante o seu periodo reprodutivo. Foi observada a inviabilidade de filhotes no ninho,
seja por traumas por pisoteamento dos animais adultos ou morte iminente por
gualquer outro motivo. Animais nessas condi¢cdes foram coletados para que fases
diferentes da odontogénese pds-natal pudessem ser analisadas. Matrizes fémeas
com 12 meses de idade, ou seja, fora de sua atividade reprodutiva, também foram
coletados para que os dentes fossem observados apds o envelhecimento natural, sem
a inducao deestimulos externos. Nesses animais nenhuma intervencdao foi realizada.
Os animais foram eutanasiados com sobredose anestésica (300 mg/Kg de Cetamina
e 30 mg/Kg de Xilazina, via intraperitoneal), seguida de deslocamento cervical para
certificagéo.

As maxilas e mandibulas foram removidas e fixadas em solucdo de
paraformaldeido (PFA) a 4%, durante 24 horas. Em seguida, foram lavadas em
solucéo salina de tampéao fosfato (PBS) e desmineralizados em EDTA 10% durante
um periodo de 28 dias, com excecdo dos espécimes de neonatos de 1 dia, que
dispensaram a desmineralizacao. Por fim, foram preparados para analise histologica

como descrito abaixo.

3.3.1.2 Microscopia confocal

Os espécimes depois de fixados e desmineralizados como descrito
anteriormente na secéo de ensaios in vivo, foram crioprotegidos com Sacarose 30%
overnight e embidos em meio de inclusdo Optimum Cutting Temperature OCT. Secdes
de 25 um de espessura foram cortadas em criostato e montadas em laminas de vidro.
Os cortes foram contra-corados com DAPI em meio de montagem (Abcam,

Cambridge, EUA). Foram utilizadas as objetivas Plan Apo 20x e 40x. As células
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indiferenciadas marcadas pela fluorescéncia enddgena visualizada em verde (GFP), a

populacdo total de pericitos por marcacdo enddgena vermelha (DsRed) e as
subpopulacdes de pericitos Tipo 1 (colocalizagdo de marcadores DsRed e DAPI em
rosa) e Tipo 2 (colocalizagédo de GFP, DsRed e DAPI em amarelo) foram analisadas em
software Fiji (NIH, Bethesda, EUA).

Imagens foram obtidas das estruturas que correspondiam ao periodo de
formacédo dentaria. No periodo de 1D, imagens padronizadas com a visualizacao
completa do germe dentario e aumento de 20x em estruturas especificas como o
foliculo dental, reticulo estrelado, estrato intermedirio e papila dental para que
pudessem ser observadas. No periodo de 14 dias, o foliculo dental, dentina e polpa
dental foram analisadas no mesmo aumento. No periodo de 2 meses, 0s trés cornos
pulpares precisavam ser observados em sua totalidade e as raizes mesial e distal em
sua completude, o mesmo foi observado para a obtencao das imagens dos dentes de

animais com 12 meses de idade no aumento de 20x e 40x.

3.3.2.1 Parte Il - Injuria experimental na polpa dentaria de camundongos adultos

tratados MTA associado a fotobiomodulagéo ou ndo

Os camundongos foram anestesiados (100 mg/Kg de Cetamina e 10 mg/Kg de
Xilazina, via intraperitoneal) e posicionados em mesa cirlrgica confeccionada por
impressora tridimensional (3D) em filamento de nylon 12 (3D Fortus 380 MC,
Stratasys, EUA), com design de suporte de cabeca (adaptado de MARCHESAN et al.,
2018) para permitir o acesso intrabucal (Figura 1 e 2). Resumidamente, foi realizada
exposicdo pulpar na fossa mesial do primeiro molar superior esquerdo de
camundongos Nestin GFP+/NG2 DsRed+ ou WT com dois meses de idade. Para
tanto, com o auxilio de broca esférica LN (Maillefer, Cotia, SP, Brasil) foi realizado
desgaste superficial da fossa mesial dos primeiros molares superiores e, em seguida,
com o auxilio de uma lima K#20, foram realizados pressao apical e movimentos
rotacionais até remocao da dentina em uma profundidade de 0,5 mm (identificada pelo
travamento do instrumento na cavidade criada) (Figura 3 e Figura 4). Em seguida, foi
realizado o capeamento pulpar com o MTA e os dentes foram restaurados com resina
flow (lvoclar, Vaduz, Suica) fotopolimerizada por 10 segundos (Radii-Call; SDI,

Victoria, Australia) (Figura 5). Os molares do lado oposto ndo receberam qualquer
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intervencéo e foram utilizados como controles.

A PBMT foi realizada nos dentes destinados ao grupo MTA/PBMT, antes da
aplicacdo do MTA, e ap0s 24, 48 e 72 horas. Para tanto, foi utilizado laserde diodo de
InGaAl (Photon Lase Il personalizado; DMC Equipamentos, Sao Carlos, SP, Brasil),
em modo de operacdo continuo e aplicagdo pontual e em contato com o molar. Os
parametros de dosimetria foram os mesmos utilizados em estudo anterior do grupo de
pesquisa (DINIZ et al., 2018; GOMES et al., 2022): 660 nm,20 mW, 0,71 W/cm?, area
do feixe de 0,028 cm?, 7 s, 0,14 J de energia total por ponto. Sendo assim, foi utilizada
a densidade de energia de 5 J/cm? (DINIZ et al., 2018; GOMES et al., 2022; MOREIRA
et al., 2017).

ApoOs 7 e 21 dias da primeira aplicacdo de fotobiomodulacdo, os animais foram
eutanasiados (300 mg/Kg de Cetamina e 30 mg/Kg de Xilazina, via intraperitoneal).
N&o houve restricdo alimentar em qualquer periodo. Os espécimes foram entdo
coletados e fixados em PFA a 4%, por 24 horas. Apés a fixacdo foram lavados
com PBS edesmineralizados por 28 dias em solucdo de EDTA a 10%, pH 7,4 e em

temperatura ambiente.

Figura 1 — Mesa cirargica personalizada confeccionada através da impresséo 3D.

Fonte: Arquivo pessoal, 2022.
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Figura 2 — Primeiro passo na realizacao da injUria pulpar; aspecto extraoral.

Fonte: Arquivo pessoal, 2022.

Figura 3 — Desgaste superficial com broca LN, seguido pela remogéo da dentina com
lima endodéntica até o teto da cavidade pulpar.

Fonte: Arquivo pessoal, 2023.
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Figura 4 — Aspecto final da exposicao pulpar, seguida de magnificacdo com camera

intraoral.

Fonte: Arquivo pessoal, 2023.

Figura 5 — Aspecto final do capeamento pulpar com MTA, seguida de restauragcdo com

resina fluida.

Fonte: Arquivo pessoal, 2023.
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Trés amostras de cada grupo foram utilizadas para analise da expresséo

génica. Os genes NG2, Nestina, GFAP, CD105 e aqueles relacionados a

diferenciacdo odontogénica (DSPP e RUNX-2) foram analisados por RT-qPCR.

Resumidamente, o RNA total foi extraido em tampédo de extracdo pelo método de

colunas(RNAeasy, Qiagen, Valencia, CA). Contamina¢des com DNA genémico foram

removidas por tratamento com DNAse I. Em seguida, cDNA de cada grupo

experimental foi sintetizado utilizando VILO IV (Invitrogen, Carlsbad, CA), seguindo-se

as recomendacdes do fabricante. Emseguida, a analise dos niveis de expressao génica

nos grupos experimentais foi avaliada por reacfesde gPCR, utilizando-se SYBR Green

Dye | e primers relacionados aos genes de interesse. A avaliacdo da expressao génica

relativa foi feita pelo método 2722C utilizando-se GAPDH (gliceraldeido-3-fosfato

desidrogenase) como controle end6geno e os controles higidos como referéncia.

Tabela 1. Sequéncia de primers utilizados para analise gPCR

Gene Primers
NG2 Forward: 5' - CTGTTCTCACACAGAGGAGCC - 3'
Reverse: 5' - TGGACAGACGGTCAACTTCC - 3
Nestin Forward: 5' - TGGCTACATACAGGACTCTGC - 3
Reverse: 5' - AAGGATGTTGGGCTGAGGAC - 3'
GFAP Forward 5’-CTTCCCGCAACGCAGAG-3’
Reverse 5-GAGCCGTGGGCACTAAA-3
CD105 Forward 5’- TGCACTTGGCCTACAATTCCA-3’
Reverse 5’- AGCTGCCCACTCAAGGATCT-3’
Dspp Forward: 5' - CTGGGCCATTCCGGTTCC - 3
Reverse: 5' - ATCTCACTGCCATCTGGGGA - 3'
RUNX-2 Forward: 5' - CAGGCAGGTGCTTCAGAACT - 3
Reverse: 5' - GGGGTGTAGGTAAAGGTGGC - 3
SDF1- a Forward: 5 CAGTGACGGTAAACCAGTCAGC - 3
Reverse: 5' - TGGCGATGTGGCTCTCG - 3
TWIST Forward: 5' - AGG CCG GAG ACCTAGATGTCATT -3
Reverse: 5'- TTG GTC TCT GCT CTT CTAATT TCC A
P38 Forward: 5'- TGG ATATTT GGT CCG TGG GC- 3
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Reverse: 5'- TGC TGA AGC TGG TTAATATGG TCT -3
GAPDH Forward: 5' - ACGGCCGCATCTTCTTGTGCA - 3
Reverse: 5' - CGCCAAATCCGTTCACACCGA - 3

Fonte: Arquivo pessoal, 2024.

3.3.2.3 Analises Histoldgicas

3.3.2.4 Microscopia confocal

Os espécimes depois de fixados e desmineralizados como descrito
anteriormente na secéo de ensaios in vivo, foram crioprotegidos com Sacarose 30%
overnight e embidos em meio de inclusdo Optimum Cutting Temperature OCT. Secdes
de 25 pm de espessura foram cortadas em criostato e montadas em laminas de vidro.
Os cortes foram contra-corados com DAPI em meio de montagem (Abcam,
Cambridge, EUA). Foram utilizadas as objetivas Plan Apo 20x e 40x. As células
indiferenciadas marcadas pela fluorescéncia endégena visualizada em verde (GFP),
a populacao total de pericitos também por marcacao endégena vermelha (DsRed) e as
subpopulacdes de pericitos Tipo 1 (colocalizacdo de marcadores DsRed e DAPI em
rosa) e Tipo 2 (colocalizacdo de GFP, DsRed e DAPI em amarelo) foram calculadas
pela intensidade de fluorescéncia (valores médios de cinza), apds ajuste manual de
threshold para todas as amostras, usando o Photoshop (Adobe, San Jose, EUA) e o
software Fiji (NIH, Bethesda, EUA).

3.3.2.5 Histologia (H&E e Tricbmio de Masson)

Para as analises histoquimicas utilizando a coloracdo de H&E e Tricbmio de
Masson,as amostras previamente fixadas e desmineralizadas foram desidratadas em
série crescente de alcool, diafinizadas em xilol e incluidas em parafina. Foram entéo
utilizadas secc¢des de 5 um de espessura dos blocos cortados sagitalmente nosentido
vestibulo-lingual em microtomo (Leica, Wetzlar, Alemanha), os quais foram
posteriormente corados com H&E e Tricrémico de Masson (TM).

A arquitetura tecidual e a graduacdo do processo inflamatorio, observada nas

laminascoradas com H&E, foram analisados de acordo com Lgvschall et al., 2007. Para
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tanto, dez campos histoldgicos dos cornos distais, médios e mesiais (regido injuriada)
de cada grupo experimental foram selecionados aleatoriamente e analisados (400x)
da seguinte maneira: (1) Vitalidade pulpar: vitalidade total da polpa dentaria coronaria
(++), vitalidade parcial dapolpa dentéria coronaria (+) e néo vital (-). Polpa com tecido
necrotico ou auséncia de tecido dentro da camara pulpar foram consideradas nao
vitais, enquanto amostras com tecido pulpar representadas por tecido conjuntivo
vascularizado foram vitais; (2) Sinais inflamatoérios: apenas as amostras classificadas
como vitais (++ e +) foram avaliadas para a condicdo do tecido pulpar distante da
injaria, designadas como: presenca de apenas um dos sinais inflamatérios (+), dois
sinais de inflamacgéo (++), mais de dois sinais inflamatorios (+++), ou auséncia de
inflamacdo (-). Os sinais inflamatorios considerados foram: vasos sanguineos
dilatados e congestionados; glébulos vermelhos fora dos vasos; infiltracdo de células
inflamatorias (como leucaocitos polimorfonucleares e neutroéfilos); e microabcessos.

Para observar a formacdo de barreira dentinaria e mineralizacdo na polpa
dentaria utilizamos a coloracdo de Tricobmio de Masson, seguindo as recomendacoes
do fabricante. Para cada sec¢éo histologica, trés campos consecutivos da coroa com
aumento de 20 e 40x foram selecionados para a analise. Analisamos a presenca de
dentina terciaria, ponte dentinaria e calcificagdes na polpa dentaria (ABRAHAO et
al., 2006). Todas as amostras foram observadas em um microscépio 6ptico (DM 4000
B, Leica®,Germany) e todas as analises histologicas foram realizadas por um
examinador calibrado e cego

3.3.2.6 Andlise Estatistica

Os dados foram tabulados e submetidos aos testes de normalidade. Testes
estatisticosposteriores foram aplicados considerando um nivel de confianca de 95%
para avaliar as diferencasentre os grupos. Foram aplicados o teste t ndo-pareado ou
ANOVA seguido de Tukey, em caso de dados paramétricos, e o teste de Mann-

Whitney ou Kruskal-Wallis seguido de Dunn, em casos de dados ndo paramétricos.
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4 RESULTADOS

4.1 Artigo 1
Mapping pericytes and neural progenitors’ temporo-spatial distribution during

postnatal odontogenesis and dental aging in Nestin*NG2*transgenic mice

Abstract

The ectomesenchymal components of dental pulp exhibit different levels of plasticity
and self-renewal potential. Understanding how dental pulp stem cells (DPSCs)
influence dental formation and aging could guide future endodontic therapeutic
strategies and prognosis. DPSCs play a role in tooth morphogenesis and part of them
remain in the dental pulp as a reserve of cells involved in its repair following injury. In
this context, we examined markers for neural progenitors (Nestin/GFP) and pericytes
(NG2/DsRed) at different stages of mice model (C57BL/6) life: one day, 14 days, 2
months, and 12 months old. NG2+ pericytes appear to function as progenitor cells for
odontoblasts during odontogenesis, serving as key components in the formation of
primary, secondary, and possibly, tertiary dentin in response to low-intensity stimuli in
adult teeth. We hypothesize that NG2+ cells dispersed in the central region of the
dental pulp, or those that remain closely associated with the microvasculature of the
dental pulp, may have additional functional roles, including phagocytic and
immunological functions, and may also be recruited in response to specific conditions.
Furthermore, it is suggested that Nestin-expressing neural progenitor cells are a less
compromised source of dental pulp stem cells capable of differentiating into
odontoblasts through NG2 expression, particularly when dentinogenesis is required.
Here we demonstrate that NG2 can be expressed in the odontoblast layer during early
stages of dentinogenesis and also in regions compatible with contracted stimuli where
odontoblast activity is required. Nestin was present not only in the formation of the
dental papilla but also in the stellate reticulum that would give rise to two distinct tissue

types, dentin and enamel respectively.
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Introduction

During odontogenesis, a series of orchestrated cellular and molecular events
culminate in tooth formation (Cobourne, 1999). The anatomy, positioning, and size of
teeth depend on the proliferation, differentiation, and apoptosis of different cell
populations. This process is governed by a complex temporo-spatial interaction
between the oral epithelium, derived from the ectoderm, and the ectomesenchyme,
which is invaded by neural crest cells, and is regulated by the expression of various
genes (Bei, 2009, Berkovitz et al., 2004, Bluteau et al., 2008, Katchburian, Arana
2004).

Nestin is a ubiquitous component of the cytoskeleton and an embryonic marker
for neural stem cells involved in dental development and dentin repair processes.
However, it has been demonstrated that nestin expression can be upregulated by
adjunctive therapies in response to dental pulp injury (Gomes et al., 2022).
Additionally, it has been positively regulated by odontogenic epithelium stimulation in
odontogenic mixed tumors (Fujita et al., 2006). Pericytes, on the other hand, are
perivascular cells with stem cell characteristics that may co-express nestin (Birbrair,
2013, Birbrair, 2014, Gomes et al., 2020). Pericytes are known for their ability to
differentiate into odontoblasts in vivo (Shi, Gronthos 2003) and participate in the
process of repair of injured dental pulp (Feng et al., 2011, Gomes et al., 2022).
Recently, we demonstrated the existence of two subpopulations of pericytes within the
dental pulp: the Nestin-NG2+ and NestintNG2+ subsets (Gomes et al.,, 2022).
However, the functional role of each subset has yet to be established.

Considering that neural progenitors and pericytes have demonstrated the ability
to differentiate into odontoblasts and have been observed in dental pulp repair
processes, understanding the role of these cells in odontogenesis and tooth aging can
make them promising targets for regenerative procedures, such as cell-homing
therapies. In this study, we employed a transgenic mice model (C57BL/6) expressing
specific fluorescent reporters for Nestin and NG2 proteins, allowing us to map the
distribution of neural progenitors and pericytes during postnatal odontogenesis at 1

and 14 days, 2-month-old adults, and 12-month-old aged teeth.

Methods
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Animal Model

The study was approved by the Animal Care and Use Committee of the Federal
University of Minas Gerais (protocol No. 181/2020). The expected Nestin GFP/NG2
DsRed phenotypes were obtained as previously described (Birbrair et al., 2013). All
animals were housed under temperature-controlled environment (22°C-24°C) and
under a 12:12 hour light-dark cycle and ad libitum access to feed and water.

Male or female Nestin GFP/NG2 DsRed mice, aged 1 day, 14 days, 2 months
and 12 months (n = 3/group) were used in this study. The animals were phenotyped to
determin if they expressed a positive phenotype for Nestin and NG2. The positive
animals were euthanized with anesthetic overdose (100mg/Kg Ketamine + 10mg/Kg
Xylazine, administered intraperitoneally), and their maxillae and mandibles were
collected. The specimens were fixed in 4% paraformaldehyde overnight at room
temperature, then demineralized in 10% EDTA. The 2- and 12-month groups were
demineralized for 21 days, while the 1-day and 14-day groups were demineralized for
3 days. Afterward, they underwent cryoprotection in 30% sucrose for 24 hours. The
samples were reduced, retaining only the hemimaxilla area for sectioning, then
embedded in Tissue-Tek® O.C.T. Compound (Sakura Finetek USA, Torrance,
California) and sectioned at a thickness of 25 um using a cryostat (Leica Biosystems,
Nussloch, Germany). Finally, the sections were post-fixed in methanol, mounted with
mounting medium, counterstained with DAPI (Thermo Fisher Scientific, Waltham,

Massachusetts), and prepared for imagin via confocal microscopy.

Confocal analysis

Cells were examined using an Eclipse Ti microscope equipped with a confocal
head, model LSM 880 (Zeiss, Oberkochen, Germany). The objectives used were Plan
Apo 20x and 40x%. For each sample, a large sweep image was captured using the 10x
objective. Analysis was performed in the sagittal plane, from buccal to lingual, with the
point of interest defined by the visualization of the three pulp horns and the complete
roots of adult teeth (at 2- and 12-month experimental time points) or the developing
dental germs and complete dental follicles. Channels were analyzed both separately
and together to observe co-localizations. NG2+ cells were visualized via red

fluorescence, Nestin-expressing cells were observed through green fluorescence, and
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co-localization of the markers appeared in yellow. The fluorescence threshold was
manually adjusted, and the fluorescent area was analyzed using Fiji software (NIH) by

a trained researcher.

Results

At one postnatal day, teeth in the bell phase exhibited intense Nestin-positive
cells in the oral epithelium and the stratum intermedium. Nestin+ cells were also
detected within the stellate reticulum, with a concentration near the stratum
intermedium. In the dental papillae, a few scattered Nestin+ cells were observed,
primarily distributed around the periphery and at the horns of this tissue. Some
structures suggestive of blood vessels in the dental follicle region, at the base of the
dental papillae, also exhibited Nestin+ cells co-localized with NG2+ cells.
Subpopulations of Nestin+tNG2+ were detected as part of a supposed blood vessel
endothelium, as well as dispersed in the dental papillae. NG2+ cells were mostly
present in the dental follicle region, particularly in the alveolar bone primitive structure
(Figure 1).

At the first sign of reciprocal induction between preameloblasts and
preodontoblasts, the deposition of the dentin mantle and the polarity inversion of
ameloblasts were observed. Accordingly, in the late bell stage, upregulation of Nestin
and NG2 was compartmentalized within the dental papilla, particularly in the horns with
more advanced stage of development. Preodontoblast cells appear strongly stained
with NG2, while an adjacent layer of Nestin+ cells was organized in the region
corresponding to the cell-rich zone (Figure 2).

The fusion of the reduced enamel epithelium with the oral mucosa indicated that
the tooth was about to emerge into the oral cavity in the 14-day-old normal mice (Figure
3 and 4). The reduced enamel epithelium of a tooth in its eruptive phase is also showed
upregulation of Nestin protein (Figure 3 and 4). Furthermore, well-defined dentin and
enamel tissues are observed in the crown phase (14-day-old mice). At that time point,
the expression of NG2 decreased abruptly and was almost absent in the region
corresponding to the odontoblasts. Instead, NG2+ cells are observed in the central
region of the dental papilla, frequently associated with structures suggestive of blood
vessels, and sometimes co-localized with Nestin+ cells. NG2+ cells continued to be

the predominant marked components within the alveolar bone surrounding the dental
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follicle.

The teeth of the animal group at two months of age presented an odontoblast
layer with cells showing dimmer Nestin+ fluorescence compared to the cell-rich zone,
which holds the great majority of Nestin-expressing neural progenitors. Nestin+NG2+
were rare, dispersed within the cell-rich zone at the periphery of the pulp chamber and
along roots. NG2+ cells are located mostly in perivascular niches in the central part of
the pulp tissue but also eventually appear within the odontoblast layer. Qualitatively,
more NG2+ cells were observed in adult teeth compared to the 1 and 14-day-old teeth.
Cementoblasts in the roots and osteoblasts in the alveolar bone also markedly express
the NG2 protein. A few Nestin+ or Nestin+tNG2+ cells dispersed in the periodontal
ligament and gingival papillae completed the Nestin-GFP and NG2-DsRed fully
developed tooth reporter scenario (Figure 5).

A twelve-month-old tooth submitted to physiological stimuli typical of rodent
animals is depicted in Figure 6. Signs of dental pulp atresia due to dentin deposition
were regularly present. Nestin expression appeared dimmer and more discontinuous
in the cell-rich zone layers of aged teeth compared to the younger ones. At the very
top of dental pulp horns, Nestin expression was almost totally absent. Interestingly, a
reexpression of NG2 in the odontoblast layer was observed in the horn areas
corresponding to the external stimulus of enamel wear. NG2+ cells remained dispersed
in the central region of the dental pulp, particularly close to the microvasculature.
Similarly to adult teeth, cementoblasts and the alveolar bone remarkably expressed
the NG2 protein (Figure 6)
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Merge Nestin GFF/DARI NGZOsRedDARPI| NesinGFP/NG2DsRed

Figure 1 - Labelled Cells Characterization in Postnatal Odontogenesis. Representative image of Nestin+ and NG2+ cells observed under confocal microscopy
during 1-day-old neonatal odontogenesis. In (a, b, ¢, d), we can see the merge of fluorescence channels for Dapi, Nestin, and NG2 demonstrating the developing
tooth germ at 10x magnification (a), the dental papilla and dental follicle structures at 20x magnification (b), the dental papilla with details at 40x magnification
(c), the stellate reticulum and intermediate stratum at 40x magnification (d). In images (e, f, g, h), we have the Nestin and Dapi channels selected, showing that
Nestin+ cells are concentrated in the stellate reticulum region (h), central regions of the dental papilla (g), and at the periphery of the dental follicle (f). In (i, j, k,
), we observe the NG2 and Dapi channels together, noting the pericytes distributed in the dental papilla (k) and dental follicle (j), absent in the other regions
analyzed here. In (m, n, o, p), we merge the NG2 and Nestin channels and observe their co-localization in cells of the dental papilla and follicle in regions
suggestive of blood vessels. Images a', b, c', d' represent individual fluorescence channels.
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NG2DsRed/+Nestin/GFP+DAFI NG2ZDsRed/+Nestin/GFFP+DAPI NG2DsRed/+Nestin/GFP+DAFI

DAPI Nestin/GFP NG2DsRed

Figure 2 - Characterization of cells after mantle dentin production in odontogenesis. In (A), we have the fluorescent image of all selected channels demonstrating
the formation of the first and second molars, and it is possible to observe a different cell pattern between the two elements (10x). In (B), we have an enlarged
image with all selected channels focusing on the formation of what would be the cusp of this element, showing a cell compartmentalization pattern (20X). We
have an image focusing on the layer of pre-ameloblasts (Am) and young odontoblasts (Od) in (b-c). Note the conformation of NG2-positive cells in the odontoblast
layer with characteristics of nuclear polarization, the cell-rich zone populated by Nestin-positive cells (CRZ), and the palisading pre-ameloblasts. In (B-C), we
highlight a dotted line image suggestive of the deposition of acellular tissue consistent with mantle dentin. In (c', ¢, c”'), we have the separate channels confirming
the compartmentalized organization of these cells.
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NG2DsRed/+NestiniGFP+DAFI NG2DsRed/+NestiniGFP+DAFI NG2DsRed/+Nestin'lGFP+DAFI

DAPI NG20sRed

Figure 3 - Characterization of cells after mantle dentin production in odontogenesis. Sagittal sections of 14-day-old transgenic neonatal mouse teeth are depicted
in the images above. In sections A, B, and C, merged fluorescence channels show the arrangement of Nestin and NG2 cells in this formation phase (B-C). We
observe the co-localization of these cells highlighted by * (B) white arrows (B" - B™). Nestin is observed in the cell-rich zone (CRZ) layer just below the newly
formed odontoblast layer, indicated by the yellow arrow (C and B"). E = Enamel, D = Dentin, Od = Odontoblasts, DP = Dental Papilla, BV = Blood Vessels, CRZ
= Cell-Rich Zone.
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NG2DsRed/+Nestin/'GFP+DAFI| NG2DsRed/+Nestin/GFP+DAFI| NG2DsRed/+Nestin/GEP+DAPI

LU

Figure 4 - Demonstration of the same tooth at different cutting depths. We observe a tooth in an eruptive phase. Note the presence of Nestin cells represented
by green fluorescence surrounding the dental follicle (DF), and concentrated in the pulp horn where the coronal pulp already presents a well-defined morphology
and formed dentin (D). Large blood vessels can also be observed (BV). NG2 cells are dispersed in the region of the dental pulp (DP) and alveolar bone.
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g

\ oP %

NG2DsRed/+Nestin/GFP+DAPI
b

DAPI NG2/DsRed Nestin/GFPI

? S £E70 I WIS -/f A
Figure 5 - Characterization of Nestin and NG2 cells in young adult teeth. We demonstrate the compartmentalized organization of neural origin stem cells and

pericytes in dental pulp and surrounding tissues. (A, a, B, b) We have Nestin + fluorescence cells in the discrete odontoblastic layer that becomes evident in the

cell-rich zone. (a") We observe Nestin+ cells in the region of the root apex, more specifically in the periodontal ligament (b"'), sometimes presenting co-
localization with NG2+ cells (b-b"). NG2+ cells are located in perivascular niches in the central region of the pulp tissue (a-a"). Cementoblasts in the roots and

osteoblasts in the alveolar bone also markedly express the NG2 protein (b-b").
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Wy

Figure 6 — Characterization of cells after natural occlusal wear in mature teeth. Labeled cell localization in aged teeth and after exposure to natural wear stimuli.
(A - B) Representative sagittal bright-field sections of two molars from different animals (a - b) Merge of Dapi, Nestin, and NG2 channels at 20x. Note that
pericytes appear increased in the area corresponding to the external wear highlighted by the arrows. (c - d) Merged Nestin-GFP and NG2 channels. Note that
some pericytes are located in the central region of the pulp tissue, while others are concentrated in the odontoblast region, but neural cells remain localized in
the region of the cell-rich zone of the dental pulp (CRZ). In (a’, b’, ¢/, d', €', ), we have the separate channels.
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Discussion

Interactions between oral epithelial cells and the underneath mesenchyme
occur to initiate odontogenesis. Sequential and reciprocal cellular events of
morphology and cytodifferentiation are part of this process (Thesleff and Hurmerinta,
1981, Lumsden, 1988). In this study, we investigated the Nestin and NG2 markers, as
they may represent relevant stem cell populations. Nestin is a marker of neural stem
cells previously studied in neural and muscular tissues, and is expressed in early
stages of development (Sjoberg et al., 1990). During odontogenesis, Nestin exhibits
different expression patterns within dental tissues. Initially, regions that will give rise to
dental enamel, such as the stellate reticulum and intermediate stratum, show
considerable quantities of Nestin+ cells, which decrease as tooth formation
progresses. In regions that will give rise to dental pulp, such as the dental papilla, this
expression gradually increases from the beginning to the end of tooth formation
(Terling et al., 1995, Liu et al., 2019). In our model, we confirmed this hypothesis,
where Nestin+ cells appeared in the stellate reticulum and the central region of the
dental papilla at the onset of odontogenesis, distributed in this manner, and then
decreased after ameloblast differentiation but increased in dental pulp until dental
aging.

Nestin can also be considered a marker for young odontoblasts (Mitsiadis
2001). Itis speculated to have an inductive role and maintain the cytoskeleton of dental
tissue, being expressed in ameloblasts and odontoblasts during the cytodifferentiation
phase (Terling et al., 1995). We have demonstrated that in stages where mantle dentin
is secreted, cells in the odontoblastic layer begin to express NG2 and appear to be
supported by an adjacent layer of Nestin+ cells, suggesting that this cytodifferentiation
may involve pericytes induced or not by Nestin+ cells. Further studies could confirm
this relationship.

Furthermore, authors have suggested that Nestin is absent in permanent teeth
and may be selectively expressed in teeth in response to pathological stimuli (Mitsiadis
2001). However, our model has demonstrated that Nestin is indeed present in adult
teeth, and it appears that the differentiation of odontoblasts in response to harmful
stimuli is primarily influenced by pericytes, aligning with more studies (Lovschall et al.,
2007, Feng et al., 2011, Gomes et al., 2022). Nonetheless, this does not rule out the

possibility of neural cells playing a role in the induction or recruitment of pericytes to
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the injured area; we cannot make a definitive statement on this matter at this time.

Perivascular stem cells possess the capability for odontogenic differentiation,
and pericytes represent a subset of these cells that can differentiate into odontoblasts,
participating in the forefront of pulp repair. NG2 serves as a marker for pericytes and
perivascular mesenchymal stem cells (Bakopoulou et al., 2013, Lovschall et al., 2007,
Feng et al., 2011, Kaukua et al., 2014, Gomes et al., 2022). In our model, we have
observed pericytes exhibiting morphology identical to that of newly undifferentiated
odontoblasts, secreting mantle dentin during odontogenesis and reparative dentin in
aged teeth within the odontoblastic layer.

A portion of the stem cells within dental pulp may have both neural and
perivascular origins (Shi and Gronthos, 2003). In our study, we have noted the co-
localization of Nestin and NG2 markers, primarily during the early stages of dental
formation.

When tracing a chronological sequence, we initially observe that during the
proliferation and morphodifferentiation phase, there is a limited presence of Nestin and
NG2 cells co-localized in regions of the dental papilla near structures resembling blood
vessels. Subsequently, in the cytodifferentiation phase, we observe a segregation of
these cells, with the expression of NG2 occurring in the layer of newly differentiated
odontoblasts, which are already secreting mantle dentin. This layer of odontoblasts is
supported by a layer of Nestin-positive cells. These findings contradict studies
suggesting that pericytes can differentiate into odontoblasts, while Nestin-positive cells
demonstrate inductive capabilities in cytoskeletal maintenance (Bakopoulou et al.,
2013, Lovschall et al., 2007, Feng et al., 2011, Kaukua et al., 2014, Gomes et al., 2022,
Terling et al., 1995).

During the dentin and enamel apposition phases, pericytes appear to decrease
their presence within the odontoblastic layer and re-emerge in the central region of the
pulp in close proximity to the developing microvasculature, likely fulfilling their role in
vascular formation and stabilization, as well as blood flow regulation (Birbrair et al.,
2013, Pallone et al., 2003). Conversely, Nestin-positive cells maintain their positioning,
reinforcing the notion that they are responsible for cytoskeletal maintenance under
healthy conditions (Couve et al., 2018).

In fully formed teeth, we have observed the preserved layer of Nestin-positive
cells, while pericytes were observed in regions affected by physiological dentin wear.

This observation aligns with current studies suggesting that pericytes serve as an
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additional source of activated cells in response to injury (Feng et al., 2011, Kaukua et
al., 2014, Lavschall et al., 2007, Vidovic et al., 2017, Vidovic-Zdrilic et al., 2018, Gomes
et al.,, 2022). To determine whether these cells were indeed recruited from the
bloodstream, an experimental reporter model could provide valuable insights.

This study mapped stem cells at different stages throughout the formation and
functional lifespan of a tooth, using a transgenic murine model (NG2 DsRed/Nestin
GFP) to trace pericytes (NG2) and undifferentiated cells (Nestin). Our key findings
indicate that pericytes are involved in odontoblast differentiation and dentinogenesis,
both in response to noxious stimuli and during early odontogenesis, with NG2 being a
potential marker for newly differentiated odontoblasts. Additionally, this study
demonstrated that neural progenitors (Nestin+ cells) appear to orchestrate odontoblast
differentiation, playing a crucial role in cytoskeletal maintenance. These cells can be
expressed in mesenchymal and epithelial lineages, such as the stellate reticulum.
Further studies with genetic tracking are needed to confirm the temporality of these

cellular markers and strengthen our hypotheses.
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4.2 Artigo 2
Mastering dentinogenesis using adjuvant photobiomodulation therapy in

murine conservative dental pulp procedures

Abstract

Pericytes and glial cells participate in the tooth regenerative process as the
primary sources of stemcells. We previously demonstrated that pericytes and their
subpopulations (Nestin+tNG2+ and Nestin-NG2+) act as frontline defense cells in
short-term dental pulp injury and that photobiomodulation therapy (PBMT) may
positively stimulate them. The aim of this study was toexamine the effect of PBMT on
pericytes subpopulations and neural progenitor stem cells (Nestin+) following dental
pulp capping after experimental dental pulp exposure in mice. We compared cell
localization and distribution in a Nestin-GFP/NG2-DsRed reporter mice model after
dental pulp capping with Mineral Trioxide Aggregate (MTA) associated or not with
PBMT, for 7 and 21 days. Pericytes were found to contribute to dental pulp repairin
both groups and were predominantly located close to the injury site. The sources of
pericytes and neural progenitors were preserved in the specimens treated with
MTA/PBMT, with an architecture resembling that of the intact group. However, the MTA
group alone showed a medium horn —i.e., nearby the injury site — lacking Nestin+ cells
at both 7 and 21 days, along with repopulation of Nestin-NG2+ cells at 21 days.
Notably, the PBMT-treated group demonstrated a colorful medium horn, presenting
Nestin+, Nestin+NG2+, and Nestin-NG2+ cell populations. Qualitatively, more
inflammatory signs and calcifications were observed in the non-photoactivated MTA
group compared to the MTA/PBMT group. Gene expression analysis at 21 days
showed upregulation of nestin and glial fibrillary acidic protein, downregulation of NG2
and upregulation of odontodifferentiation genes runt-related transcritptionfactor-2 and
dentin sialophosphoprotein in the MTA/PBMT group compared to the MTA group,
corroborating the histological data. Altogether, while MTA alone promoted dental pulp
healing, combining MTA with PBMT preserved dental pulp stem cell sources and
enhanced dentinogenesis. The reparative process mastered by PBMT appeared more
closely associated with the original tissues, making this therapy a conservative

approach for dental pulp capping procedures.

Keywords: Pericytes, photobiomodulation, dentinogenesis, mineral trioxideaggregate.
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Introduction

Pulp exposure can occur due to various causes, including iatrogenic factors,
deep carious lesions, or trauma. To promote dental pulp recovery, it is crucial to
establish a reparativedentin barrier that protects the remaining vital pulp tissue beneath
the mineralized structures. It is well-established that the dental pulp contains cells
capable of secreting dentin, known as odontoblasts. Odontoblasts lost due to pulp
exposure are replaced by newly differentiated odontoblasts-like cells originating from
ectomesenchymal cells located in perivascular and neural niches. Their primary
function is to produce tertiary dentin (Bleicher,2014; Feng et al., 2011; Kaukua et al.,
2014; Shi, Gronthos, 2003).

Pericytes, which are perivascular cells involved in neoangiogenesis and blood
flow regulation, exhibit plasticity and the ability to differentiate into various cell types,
including odontoblasts (Birbrair et al., 2013; Feng et al., 2011; Lgvschall et al., 2007).
Additionally, neural progenitors, such as glial precursors and Schwann cells, constitute
a most of the dental pulp stem cells (DPSCs) population involved in odontogenesis,
and they may also patrticipate in thedental pulp repair (Bleicher, 2014; Kaukua et al.,
2014). Collectively, pericytes and neural progenitor cells constitute distinct populations
of ectomesenchymal cells within the dental pulp, capable of differentiating into
odontoblasts-like cells, thus contributing to tissue repair in injured teeth (Feng et al.,
2011; Kaukua et al., 2014; Vidovic et al., 2017; Vidovic-Zdrilic et al., 2018).

Photobiomodulation therapy (PBMT) elicits photochemical and photobiological
effects, such as the generation of free radicals, nitric oxide, adenosine triphosphate
(ATP), and cyclic adenosine monophosphate (CAMP), ultimately enhancing energy
production andactivating signaling pathways that promote stem cell proliferation and
differentiation. This initiates a cascade of signaling events to promote tissue
regeneration (Arany et al., 2014; Khorsandi et al., 2020). In studies involving mice,
PBMT has demonstrated the ability to stimulate the repopulation of root canals by
mesenchymal stem cells and their differentiation into odontoblasts, significantly
contributing to dental pulp repair (Moreira et al., 2017). In previous study, we
demonstrated that PBMT enhances the activation of pericytes andneural progenitors
in injured pulps, reducing inflammatory signals, and suggesting their direct involvement
in early stages of dental pulp repair (Gomes et al.,, 2022). In clinical studies, the

application of this therapy has shown improvements in the prognosis of permanent
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teeth undergoing pulp capping, a conservative procedure that preserves the remaining
vital dental pulp (Deng et al., 2016; Alsofi et al., 2022). Despite promising results
observed in previous studies, translating these findings into clinical practice has proven
challenging, hindering our understanding of the true role of this therapy in pulp
regeneration(Bidar et al., 2016; Shigetani et al., 2011; Ferriello et al., 2010).

MTA has emerged as the most promising biomaterial used in dental pulp
conservative or regenerative procedures (Pedano et al., 2020; Nie et al., 2021). This
biomaterial is widely recognized for its ability to improve the quality of the dentin barrier
formed, reduce the inflammatory response, preserve pulp vitality, and induce the
regeneration of exposed pulp (Li et al., 2015; Paula, 2018). MTA has demonstrated
the capacity to induce the adhesion, migration, and attachment of undifferentiated cells
to form a dentin bridge and causing a milder inflammatory effect in dental pulpwhen
compared to calcium hydroxide (Zhu et al.,, 2014; Zhu et al., 2015). Histological
analyses have revealed that the hard tissue formed after dental pulp capping with MTA
doesnot result from the differentiation of true odontoblasts and lacks the properties of
regular dentin, suggesting that it is a reparative process rather than true regeneration
(Dammaschke et al., 2019). In this context, the cellular mechanisms underlying this
process require further understanding. Our study investigated the hypothesis that
pericytes and neural cells are guided or activated by light to promote dental pulp tissue

repair.

Material and Methods

Animal Model

The experiments were performed following the ARRIVE guidelines. Approved
by the Animal Care and Use Committee of the Federal University of Minas Gerais
(protocol #181/2020). The expected Nestin GFP/NG2 DsRed phenotypes were
obtained as previously described (Birbrair et al. 2013). All animals were housed under
controlled conditions andunder a 12:12 hour light-dark cycle and fed ad libitum.

In vivo procedures

A total of 48 ten-week-old male or female Nestin GFP/NG2 DsRed mice or wild-

type (WT) were used for the histologic (n = 24; n = 6 mice/group) and confocal (n =24
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n = 6 mice/group) analysis of this study. Other 12 WT animals were used for molecular
analysis (n = 3 mice/group). A mice dental bed was created by three-dimensional (3D)
printing in nylon filament 12 (3D Fortus 380 MC, Stratasys, USA (Gomes et al., 2022).
The experimental pulp exposure on the mice maxillary first molars was performed by
removing the superficial enamel with a spherical LN drill (Maillefer, Cotia, SP, Brazil),
creating an initial niche in the mesial fossa, followed by the penetration of a K#20
endodontic file until the roof of the pulp chamber was breached. Then, the pulp capping
was performed with white Mineral Trioxide Aggregate (MTA) (Angelus, PR, Londrina,
BRA) and filled with a photoactivated flow resin (Ivoclar, LI, Switzerland, CHE),
according to the manufacturer’s instructions. The animals were medicated with

analgesic (Meloxicam, 5mg/Kg once a day for 72-h).

Photobiomodulation Therapy (PBMT)

In the MTA/PBMT group, before pulp capping with MTA, the PBMT was
performed transoperativelly with an indium-gallium-aluminum-phosphide (InGaAlP)
customized diode laser, in continuous operation. The dosimetry parameters were as
follows: 660 nm, 20 mW, 0.028 cm? spot area, 0.71 W/cm?, 7 s, 5 J/cm?, 0.14 J total
energy per point, in punctual and contact modes (Diniz et al., 2018). Then, the teeth
were filled with the photoactivated flow resin. In the next 3 days, PBMT was also
performed (24, 48 and 72-h).

Confocal analysis

For confocal analysis, samples were immersed overnight in sucrose 30% (w/v)
and then embedded in optimum cutting temperature (OCT) compound. Sections of 20
pm thickness were counterstained with DAPI in mounting medium (Abcam,
Cambridge, UK) and analyzed. In vivo tracking of labelled cells in the dental pulp were
observed in microscope by using an Eclipse Ti with an LSM 880 confocal head (Zeiss,
Oberkochen, Germany). Plan Apo 20x and 40x objectives were used. A scan large
image was performed for each sample under the 10x objective. Each channel was
counted separately, except for Type 1 and Type 2 pericytes subpopulations that were
counted in the merged images. A threshold was manually adjusted, and the

fluorescence area (mean gray values) was calculated by using the Fiji software (NIH).
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The green (GFP), red (DSRed), and blue (DAPI) channels and their compositions were
used to quantify cellular fluorescence in the tissues, serving as markers for neural cells,
pericytes, and the classic cellular nucleus, respectively. Furthermore, type Il pericytes

exhibit yellow fluorescence due to the colocalization of the GFP and DSRed markers.

RT-gPCR

For gPCR analysis, upper first molars and surrounding tissues were obtained in
triplicate and subsequently homogenized. Total RNA was extracted usingthe RNeasy
Mini Kit (Qiagen), following the manufacturer's instructions. A total of 1250 ng of RNA
was then subjected to reverse transcription using the SuperScript VILO IV Master Mix
(Thermo Fisher Scientific). The resulting cDNA was used as the template for
subsequent reactions, which employed the SYBR Green PCR Master Mix (Thermo
Fisher Scientific). The genes analyzed, along with their respective primer sequences,
are listed in Table 1. Relative expression levels were determined by comparing the
means of the Ct values obtained from duplicate measurements, normalized to the
endogenous control, Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), against

areference sample using the 2722t formula.

Table 1. Primer sequences used for gPCR analysis.

Gene Primers

NG2 Forward: 5'- CTGTTCTCACACAGAGGAGCC - 3
Reverse: 5' - TGGACAGACGGTCAACTTCC - 3

Nestin Forward: 5' - TGGCTACATACAGGACTCTGC - 3
Reverse: 5' - AAGGATGTTGGGCTGAGGAC - 3'

GFAP Forward 5’-CTTCCCGCAACGCAGAG-3
Reverse 5-GAGCCGTGGGCACTAAA-3

CD105 Forward 5’- TGCACTTGGCCTACAATTCCA-3’
Reverse 5’- AGCTGCCCACTCAAGGATCT-3’

Dspp Forward: 5' - CTGGGCCATTCCGGTTCC - 3

Reverse: 5' - ATCTCACTGCCATCTGGGGA - 3
RUNX-2 Forward: 5' - CAGGCAGGTGCTTCAGAACT - 3
Reverse: 5' - GGGGTGTAGGTAAAGGTGGC - 3
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SDF1-a Forward: 5 CAGTGACGGTAAACCAGTCAGC - 3'
Reverse: 5' - TGGCGATGTGGCTCTCG - 3

TWIST Forward: 5' - AGG CCG GAG ACCTAGATG TCATT -3
Reverse: 5'- TTG GTC TCT GCT CTT CTAATT TCC A
P38 Forward: 5' - TGG ATATTT GGT CCG TGG GC- 3

Reverse: 5'- TGC TGA AGC TGG TTAATATGG TCT -3
GAPDH Forward: 5' - ACGGCCGCATCTTCTTGTGCA - 3'
Reverse: 5' - CGCCAAATCCGTTCACACCGA - 3

Histologic analysis

In the 7t or 213 post-operative day, the animals were euthanized, and the
specimens were fixed in 4% formaldehyde for 48 hours. Then, samples were
demineralized in 10% EDTA for 21-28 days, and paraffin embedding. The blocks were
serially sectioned using a microtome at 6 um sections (Leica, Wetzlar, Germany) and
were either stained for hematoxylin and eosin (H&E) or Masson’s Tricome (MT).

For descriptive analysis, ten histological fields of the distal, middle and mesial
horns (injured region) of each experimental group were randomly selected and
analyzed (400x) as follows: (1) Pulp vitality: total vitality of the coronal dental pulp (++),
partial vitality of the coronal dental pulp (+) and non-vital (-). Pulp with necrotic tissue
or absence of tissue within the pulp chamber were considered non-vital, while samples
with pulp tissue represented by vascularized connective tissue were vital; (2)
Inflammatory signs: only samples classified as vital (++ and +) were evaluated for the
condition of the pulp tissue distant from the injury, designated as: presence of only one
of the inflammatory signs (+), two signs of inflammation (++), more than two
inflammatory signs (+++), or absence of inflammation (-). The inflammatory signs
considered were: dilated and congested blood vessels; red blood cells outside the
vessels; infiltration of inflammatory cells (such as polymorphonuclear leukocytes and
neutrophils); and microabscesses.

To evaluate the formation of dentin barrier and mineralization in the dental pulp
(ABRAHAO et al., 2006), MT staining was used following the manufacturer's
recommendations. For each histological section, three consecutive fields of the crown
with 20 and 40x magnification were selected for analysis. All samples were observed

under an optical microscope (DM 4000 B, Leica®, Germany) and all histological
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analyses were performed by a calibrated and blinded examiner.

Statistical Analysis

After normality test, statistical significance between groups was calculated using
one-way ANOVA followed by Tukey's post-hoc using the GraphPad Prism 9.0 Software
(GraphPad Software, La Jolla, USA). Data were expressed as means * standard error.
The differences among the groups were considered significant when p<0.05 in all

experiments.

Results

The arrangement of labelled cells in healthy conditions was compared,
revealing that NG2-positive cells were more abundantly distributed in the central
region, with a small portion occupying the odontoblastic layer in the intact group (Figure
1, A).

In both injured groups maintained for 7 and 21 days, undifferentiated cells
(Nestin+) and pericytes (NG2+) increased and migrated towards the injured region. At
the 7-day, the MTA group showed necrotic tissue in the middle pulp horn, near the
lining material, while in the MTA/PBMT group, these cells were markedly recruited to
the injured region (Figure 1, B-C).

Structures suggestive of larger blood vessels are observed in the 7-day MTA
group when compared to the MTA/PBMT (Figure 1, B). At 21 days, the MTA grouphad
gualitatively slight and smaller blood vessels compared to the MTA/PBMT group, which
appeared to stimulate the enlargement of smaller vessels (Figure 2, H, M, P, S).

Within 21 days, in the non-photoactivated MTA group, pericytes (NG2+) were
observed approaching the injured region. In the MTA/PBMT group, not only pericytes
but also an increase in the presence of undifferentiated cells co-expressing Nestin/Ng2
were observed in this region (Figure 2).

At 7 days, there was a significant increase in the expression of NG2, CD105,
SDF-1 a, and Twist genes in the MTA group compared to the MTA/PBMT group, while
P38 was significantly increased in MTA/PBMT group (data not showed). Gene
expression analysis at 21 days showed increased expression of nestin and glial
fibrillary acidic protein (GFAP), reduced expression of NG2, and enhanced expression

of odontodifferentiation genes, runt-related transcription factor (RUNX)-2 and
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DentinSialophosphoprotein (DSPP) in the MTA/PBMT group compared to the MTA
group, thereby corroborating the histological observations (Figure 2).

Masson's Trichrome staining at 7 days did not reveal formation of dentin barrier
in either the photoactivated or non-photoactivated groups, although diffuse
calcifications were associated with micro vessels in 75% of samples of MTA group in
the middle and distal horns (Figure 3).

At 21 days, the presence of a dentin barrier close to the lesion was observed
in both groups (Figure 4). In the PBMT/MTA group, calcifications were notobserved,
and only 33% of the samples showed discrete calcifications without well-defined limits
in the middle horn (Figure 5, C, E). Assitionally, 75% of the teeth of MTA group
presented dentin bridge formation and produced tertiary dentin in an exacerbated
manner, reducing the volume of the medial pulp chamber. On the other hand, the
MTA/PBMT group showed dentin bridge formation in 33% of thesamples, and 66%
presented tertiary dentin with a decrease in pulp volume (Figure 4, C, D). Notably,
samples from MTA group showed signs of compromised pulp vasculature, with
larger caliber vessels and red blood cells protruding from them (Figure 4, C).

The inflammatory process was graded using hematoxylin and eosin staining.
Regarding pulp vitality, at 7 days, the MTA group showed total vitality in 50% of the
samples, and 50% showed partial vitality. In the MTA/PBMT group, 66% maintained
total vitality and 33% partial vitality. As for inflammatory signs, the MTA group showed
two inflammatory signs in 83.33% of the samples and 16.66% showed at least one
sign. Photoactivated samples showed three inflammatory signs in 33.33%, 33.33%
showed two inflammatory signs, and 33.33% were not inflamed (Figure 5).

At 21 days, in MTA group, 60% of the samples retained total vitality, and 40%
with partial vitality. In the photoactivated samples, 80% maintained total vitality, while
20% showed partial vitality (Figure 6).

At least one inflammatory sign was observed in 100% of the MTA group
samples, whereas 60% of the photoactivated samples showed no inflammatory signs.
Tertiary dentin was observed in 100% of the samples in both non-photoactivated and
photoactivated groups, concentrated in the middle third of the dental pulp. A total dentin
bridgewas present in 40% of the MTA group samples and in 60% of the photoactivated
group, with 20% presenting partial dentin bridge in the photoactivated group.

Among the inflammatory signs, the presence of large caliber vessels, congested

and with erythrocytes protruding from them, was prominent in 60% of MTA group



samples and was observed in 20% of the photoactivated group samples (Figure 6).
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Figure 1 Analysis of pericytes and neural cells in healthy tissues and after injury treated with MTA and MTA+PBMT for 7 days. We have representative
sagittal images of first molars from mice at a 20x magnification. Images in bright-field, merge betweenfluorescence (DAPI, Nestin/GFP, and NG2/DsRed), and
individual fluorescence channels are presented in this order. The first section(A, Aa, Ab, Ac, Ad, Ae) depicts an intact tooth, where we observe the presence
of NG2-positive cells represented by red fluorescencescattered in the central region of the dental pulp (PT) (Ae) and discreetly in the odontoblastic layer (Aa).
Meanwhile, neural cells arerepresented by green fluorescence and are organized in the outermost layer of the PT. In the second section (B, Ba, Bb, Bc, Bd,
and Be),we have a tooth injured in its mesial horn (Ba). We observe NG2 cells prominently expressed in the region distant from the injured area and in the
odontoblastic layer (Bd, Be). Neural-origin cells maintain their characteristic peripheral location in the pulp tissue but moveaway from the injured region (Bd).
In the third section, we observe an injured tooth treated with MTA+PBMT. Note that theoverexpressed NG2-positive cells are very close to the injured
region as well as in the odontoblastic layer (Cb, Ce), and neural cells arealso in proximity to the injured tissue (Cd).
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Figure 2 - Analysis of pericytes and neural cells in healthy tissues and after injury treated with MTA and MTA+PBMT for 21 days. Two teeth with sagittal
sections, one treated with MTA and the other with PBMT after 21 days, are represented here. (a) Representativesections in bright-field (A and B) and
epifluorescence. Note some NG2-positive cells in the odontoblastic layer and near the injuredregion treated with MTA alone (yellow arrows) (e and k) and
the reduced distribution of Nestin-positive cells near the injury site (g). Inthe MTA+PBMT-treated group, cells with co-markers for Nestin and NG2 are present
in the region near the injury (yellow arrows) (f,I), and Nestin+ cells are also recruited to the injured region (h). Molecular analyses of genes (m) NG2, (n) Nestin,
(0) GFAP, (p) Dspp, (Q)RUNX2, (r) CD105 in intact and MTA and MTA+PBMT-treated groups. Data are shown as mean + SEM, n = 3 for each group. Student
t- test or Mann-Whitney. *p < 0.05. NS, not significant; D, dentin; PT, pulp tissue; AB, alveolar bone.
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Figure 3- Analysis of mineralization in dental pulp after capping with MTA or photoactivated MTA after 7 days. Representative images of mineralization
analysis. (A-B) (10x). Panoramic microscopic appearance of dental pulp in the middle and distalthirds after pulp capping with MTA and MTA+PBMT.
Extensive diffuse calcifications without well-defined boundaries observed in thepulp treated with MTA in the mesial and distal horns (Yellow arrows). In
contrast, we observed discreet mineralization around blood vessels in the MTA+PBMT group (White arrows). Masson's trichrome, 40x.
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Figure 4 - Analysis of mineralization in dental pulp after treatment with MTA and photoactivated MTA after 21 days. Representative images of mineralization
analysis. (A-B) (10x). Panoramic microscopic appearance of dental pulp in the middle and distalthirds after pulp capping with MTA and MTA+PBMT (20x). Note
the presence of tertiary dentin in both treatments, highlighted by white arrows (C, D, F, H). Inflammatory signs such as congested blood vessels are observed
more frequently in the MTA group (*)(c). Presence of collagen fibers stained in red in the tertiary dentin of the photoactivated group is observed, indicating a
more recent stage ofdentin mineralization in the PBMT group (H) (40x) Masson's trichrome.
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Figure 5 Analysis of inflammatory signs after treatment with mta and photoactivated mta in 7 days. Histological evaluation of pulp vitality signs and inflammatory
signs. (a) Representative photomicrographs showing sagittal sections ofan upper first molar from the intact group. The horns exhibit highly cellularized
connective tissue with vessels of varying diameters andcongestion. (b) Representative photomicrographs showing sagittal sections of an upper first molar
injured and treated with MTA. (h) The mesial horn shows th e restorative material, (e) the middle horn demonstrates the presence of inflamed pulp tissue with
inflammatory infiltrate and small-caliber blood vessels observed in this region, while in the distal horn, we observe congested larger-caliber vessels. (C) Dental
pulps exposed and treated with MTA+PBMT show that the (i) mesial horn presents the restorative material; (f) in the middlethird, we observe inflamed connective
tissue with infiltration of inflammatory cells and congested larger-volume blood vessels, but theodontoblastic layer is maintained, and (c) in the distal horn, we
observe congested larger-caliber blood vessels. D, Dentin; PT, pulp tissue; R, Restorative Material. Hematoxylin and Eosin 40x.
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Figure 6 - Analysis of inflammatory signs after treatment with mta and photoactivated mta in 21 days. Histological evaluation of inflammatory signs and
mineralized tissue formation. (a) Representative photomicrographs showing sagittal sections of an upper first molar from the intact group. The horns exhibit
highly cellularized connective tissue with vessels of varying diameters and congestion. (B) Representative photomicrographs showing sagittal sections of an
upper first molar treated with MTA. Thedistal horn presents swollen connective tissue with infiltration of mononuclear inflammatory cells and many congested
vessels. The middle horn shows an intense mononuclear inflammatory infiltrate, a reduction in the pulp chamber volume due to the presence of dentin,and small
areas of necrosis. The mesial horn displays the restorative material maintained in the cavity. (c) Dental pulps exposed and treated with MTA+PBM show that the
distal horn exhibits characteristics similar to those described for the intact group, with an importantdetail being the presence of an additional layer of dentin with a
lighter color not observed in the previous groups, smaller blood vesselsare observed and congested. The middle horn contains preserved dental pulp with its
volume reduced by the dentin, also demonstratinga thin layer of dentin that is lighter than that shown in the previous groups. The mesial horn presents the
restorative material.D, Dentin;PT, pulp tissue; TD, Tertiary Dentin.
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Discussion

Pericytes and neural-origin cells serve as a source of stem cells in pulp tissue
regeneration (Shi, Gronthos, 2003; Feng, et al., 2011; Kaukua, et al., 2014; Gomes et
al., 2022). We have previously demonstrated that pericytes and their subpopulations
present in the pulp are positively influenced by PBMT during the early stages of pulp
inflammation in injured pulps without any treatment, maintaining the viability of these
cells and creating a favorable microenvironment for dentin-pulp complex regeneration
in a short period of time (Gomes et al., 2022). In this study, we examined the
localization and distribution of these cells in a mice model after 7 and 21 days following
pulp capping with MTA associated or no with PBMT. After 7 and 21 days, we observed
that the sources of pericytes and neural progenitor cells were preserved in the samples
treated with PBMT/MTA and exhibited a disposition similar to the uninjured control
group. However, in the group thatreceived only MTA, we identified a central area - near
the injury - with a scarcity of Nestin+cells at 7 and 21 days, along with a recurrence of
Nestin-NG2+ cells at 21 days. On the other hand, the PBMT-treated group revealed a
central area containing components of Nestin+, Nestin+NG2+, and Nestin-NG2+ cell
populations. Noteworthy, Nestin, in additionto being a marker of undifferentiated cells,
is also an odontoblast marker (Terling et al., 1995), and this result is suggestive.

Previous studies support the appropriateness of a 660 nm wavelength laser for
stimulating dental pulp stem cells (Eduardo et al., 2008; Pereira et al., 2012; Zaccara
et al., 2015; Soares et al., 2015; Neto et al., 2016). However, variations in application
modalities and total energy doses hinder the standardization of effective PBMTPBMT
protocols (Borzabadi-Farah et al., 2016). To assess the modulatory effect ofirradiation
on dental pulp, we adopted an approach previously developed in earlier studies with
dental pulp cells, where this treatment resulted in proliferation and increased
mineralization of dental pulp cells under different experimental conditions (Moreira et
al., 2017; Diniz et al., 2018; Ferreira et al., 2018; Gomes et al., 2022). It has been
demonstrated the possibility of performing pulp capping using low-intensity laser in
mice teeth, resulting in stimulated transforming growth factor (TGF)-1, which in turn

induced stem cell differentiation and dental pulp regeneration (Arany et al., 2014).
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PBMT establishes itself as a reliable treatment for dentalpulp (Meza et al., 2018;
Marques et al.,, 2016), demonstrating the ability to induce the differentiation of
mesenchymal stem cells (MSCs) into odontoblasts (Abdelgawad et al., 2021; Yang et
al., 2023). Remarkably, a subpopulation of PBMT-susceptible MSCs has neural origins
and corresponds to pericytes (Gomes, et al., 2022). The expression of Nestin+
characterizes neuralprogenitor cells, which exhibit notable plasticity and the ability to
differentiate into functional neurons and glial cells (Widera, 2009). Several studies
attest to the beneficial effect of PBMT on glial cells (Huang, 2015; Wang, 2021) and its
ability to stimulate neurogenesis (Wu, 2021). In thiscontext, we observed a positive
regulation of the Nestin gene in the groups treated with PBM at advanced stages of
the pulp regeneration process.

Previous studies have delineated the existence of two subpopulations of
pericytes in atransgenic model doubly positive for NG2 and Nestin in muscle, neural,
angiogenic, and adipogenic tissues (Birbrair et al., 2013, 2014). In dental pulp, these
NG2+ cells were termed typel pericytes, which predominate during the early stages of
inflamed pulp, while NG2+Nestin+ typell cells are observed more discreetly (Gomes
et al., 2022). In the present study, conducted over a longer experimental period to
evaluate pulp regeneration, we observed the presence of type | pericytes near the
injured area compared to the control group, accompanied by a positive regulation of the
NG2 gene at the onset of pulp inflammation, consistent with the literature's evidence.
Furthermore, we identified cells with dual labeling for neural progenitors and pericytes,
NestintNG2+, near the dentin barrier at advanced stages of pulp regeneration,
suggesting that typell pericytes may be in a more advanced stage of differentiation,
which is consistent with the results obtained in this study.

Tertiary dentin can also be observed in teeth that have undergone wear and
damage. This dentin is a response mechanism, leading to the formation of sclerotic
tissue that reduces dentin permeability. This response serves as a defense that
protects the dental pulp against harmful irritations (Nudel et al., 2021; Trostand et al.,
1971). The formation of tertiary dentin is expected when a bioactive material is applied
directlyto the exposed or partially removed dental pulp (in procedures such as direct
pulp capping and pulpotomy) (Tran et al., 2019; Nowicka et al., 2013). In this study,
we examined the formation oftertiary dentin after experimental injuries treated with
MTA with and without photoactivation. The formation of dentin or mineralization of

dental pulp raises questions about the quality of the resulting tissue. Often, this
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mineralization is of a scar-like nature and does not represent true tissue regeneration,
exhibiting characteristics of osteodentin that differ from the original dentin
(Dammasche et al., 2019; Nudel et al., 2021; Yoon et al., 2021). This type of atypical
repair can contain various regenerative components but may also increase the risk of
uncontrolled pulp inflammation and necrosis (Gurtner et al., 2008; Kunert et al., 2015).
In our study, we observed the formation of a mineral barrier in both groups. However,
the group treated with MTA without photoactivation exhibited a higher occurrence of
diffuse calcifications and mineral nodules distributed in the dental pulp, along with a
greater presence of long-term inflammatory signs, as evidenced by histological
analyses.

Previous studies have shown that pericytes can give rise to DSPP+
odontoblasts and BSP+ osteoblasts in reparative dentin (Vidovic et al., 2017). The
DSPP gene, crucial for dentin mineralization and dental development, exhibited
positive regulation at advanced stages of pulp regeneration in the photoactivated group
compared to the non-photoactivated group, indicating similarities with neoformed
dentin and the original tissue (Lee et al., 2012; Chen et al., 2015; Lim,2021). Similarly,
the RUNX-2 gene, essential for tooth formation and odontoblast differentiation, also
showed positive regulation in the photoactivated group. The upregulation of RUNX-2,
DSPP, Nestin, and GFAP in the PBMT-treated group confirms the influence of PBMT
on neural cells, stimulating their odontoblastic phenotype during dental pulp repair
(Camilleri, 2006; Cohen, 2009; Chen, 2016).

Single-cell RNA sequencing studies from public datasets have unveiled a
broader correlation within specific perivascular cell expression patterns and attempted
to differentiate Nestin+NG2+ and Nestin-NG2+ subpopulations (Gomes et al., 2022).
Indeed, the investigated genes associated with stem cell differentiation or terminal
odontoblast differentiation exhibited highly similar expression profiles between Nestin
(NES) and NG2 (Cpsg4) genes. Nevertheless, nestin expression significantly
overlapped with the expression of certain transcription factors relevant to
mesenchymal stem cell maintenance and cell cycle control, such as Twistl and BZW
(Li etal., 2009; Meng et al., 2015). Conversely, the expression of RUNX-2, Mapk1, and
Acta2 (a- SMA) showed a deeper correlation with Cspg4 than the nestin gene.
RUNX-2 plays a role in determining the cellular fate (osteogenic vs. dentinogenic
lineage) of mesenchymal progenitors indental pulp (Vijaykumar et al., 2020). Twist1,

on the other hand, stimulates DSPP promoter activityby antagonizing
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RUNX-2 function in pulp cells (Li et al., 2011). Consequently, Twistl is likely required
for the final events that drive odontoblast differentiation, leading to the subsequent
deposition of the primary dentin matrix (Li et al., 2011). Our results herein
demonstrated a correlation between the upregulation of Nestin, DSPP, and RUNX-2
genes in the PBMT-treated groups, suggesting that this therapy stimulated these cells'
commitment to odontoblastic potential after an extended experimental period, along
with evidence of dentin barrier formation.

Correlating the formation of mineral nodules in other undesired areas of dental
pulp, along with the absence of Nestin+ cells in the region near the injury during the
early stages and a reduced presence in the advanced stages of pulp repair, associated
with the upregulation of inflammatory genes, such as SDF1- q, in the early stages and
the sownregulation of odontogenic phenotype genes in the advanced stages of repair,
MTA appear to induce this atypical pulp repair. In contrast, PBMT seems to provid a
pulp regeneration and dentin barrier formation more similar to helathy tooth tissue. This
is attribuited to the presence of the dentin barrier in the region of the injury with a lower
guantity of inflammatory signals and positively rebulated odontoblastic genes, along
with an increase in Nestin+, Nestin+NG2+ cells in the region near the injury in both the

early and advanced stages of pulp repair.
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5. CONSIDERACOES FINAIS

Neste estudo, avaliamos a distribuicdo de subpopulac¢des de células tronco da
polpa dentaria, mais especificamente pericitos e células neurais, em diferentes fases
de vida, utilizando um modelo animal transgénico com fluorescéncia enddgena.
Demonstramos que o0s pericitos podem estar envolvidos na diferenciacdo de
odontoblastos nos estagios iniciais de formagéo do dente e em resposta a estimulos
nocivos. Por outro lado, as células neurais, uma vez organizadas dentro da polpa
dentaria se estabelecem como uma fonte adicional de células que parecem contribuir
para a manutencdo do citoesqueleto da polpa. Observamos também a presenca de
células nestin no reticulo estrelado, uma linhagem epitelial que ainda ndo havia sido
associada a esse marcador.

Além disso utilizamos o0 mesmo modelo animal, para investigar como a PBMT
poderia estimular essas células comparando se essa terapia favoreceria o reparo da
polpa dental apdés um capeamento pulpar com MTA. Demonstramos que a PBMT
melhora os resultados do capeamento pulpar com MTA recrutando pericitos tipo I,
induzindo a diferenciacédo de células tronco demonstrada pela expressao de genes de
destino odontogénico, produzindo barreira dentinéria consistente e reduzindo os

sinais inflamatorios quando comparado ao grupo tratado apenas com o MTA.
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