
RESPOSTA NEUROPEPTÍDICA NO TRAUMATISMO CRÂNIO-ENCEFÁLICO
NEUROPEPTIDE RESPONSE IN TRAUMATIC BRAIN INJURY

1

José Luís Monteiro Alves

NEUROPEPTIDE RESPONSE 
IN TRAUMATIC BRAIN INJURY

Doctoral Thesis in Health Sciences, Branch of Medicine, supervised by Full 
Professor Anabela Mota Pinto and Doctor Ana Paula Pereira da Silva Martins, 

presented to the Faculty of Medicine of the University of Coimbra.

July 2021





Faculdade de Medicina da Universidade de Coimbra

NEUROPEPTIDE RESPONSE IN 
TRAUMATIC BRAIN INJURY

José Luís Monteiro Alves

Doctoral Thesis in Health Sciences, Branch of Medicine, supervised by 
Full Professor Anabela Mota Pinto and Doctor Ana Paula Pereira da Silva 
Martins, presented to the Faculty of Medicine of the University of Coimbra

July 2021





Dissertação de Doutoramento apresentada à Faculdade de Medicina da Univer-
sidade de Coimbra, no âmbito do Programa Doutoral em Ciências da Saúde, 
para candidatura ao grau de Doutor em Ciências da Saúde, ramo Medicina, sob 
a orientação da Professora Doutora Anabela Mota Pinto e da Doutora Ana Paula 
Pereira da Silva Martins.





RESPOSTA NEUROPEPTÍDICA NO TRAUMATISMO CRÂNIO-ENCEFÁLICO
NEUROPEPTIDE RESPONSE IN TRAUMATIC BRAIN INJURY

7

Support
The present work, in its clinical and experimental parts, took place in the fol-
lowing Institutions: 

•  Neurosurgery and Emergency Departments, Centro Hospitalar e 
 Universitário de Coimbra
•  General Pathology Institute, Faculty of Medicine of the University 
 of Coimbra 
•  Coimbra Institute for Clinical and Biomedical Research, Faculty 
 of Medicine of the University of Coimbra 

This work was supported by Foundation for Science and Technology (FCT), 
Portugal (Strategic Projects UID/NEU/04539/2013-2019 (CNC.IBILI) and 
UIDP/04539/2020 (CIBB)), FEDER-COMPETE (FCOMP-01-0124-FEDER-028417 
and POCI-01-0145-FEDER-007440), and Centro 2020 Regional Operational Pro-
gramme (CENTRO-01-0145-FEDER-000008: BrainHealth 2020). 

This project was supported by the Portuguese Neurosurgical Society, through its 
Research Grant (2013).





RESPOSTA NEUROPEPTÍDICA NO TRAUMATISMO CRÂNIO-ENCEFÁLICO
NEUROPEPTIDE RESPONSE IN TRAUMATIC BRAIN INJURY

9

Agradecimentos
É certamente enriquecedor o exercício de olhar para o presente e passado e re-
conhecer as pessoas que indelevelmente marcam o nosso percurso.

Conheci a Professora Doutora Anabela Mota Pinto ainda como aluno de Licen-
ciatura. Passados anos, por razões que o tempo só confirma, não hesitei em pro-
curá-la para dar início a este desafio. Só me resta agradecer-lhe toda a dedicação 
e ensinamentos constantes.

Cruzei-me com a Doutora Ana Paula Silva Martins já no planeamento deste pro-
jecto. O que começou por ser uma convergência de interesses científicos reve-
lou-se uma muito valiosa experiência pessoal e académica. Agradeço toda a sim-
patia e empenho em guiar-me por caminhos tão pouco familiares.

O meu sincero agradecimento ao Doutor Ricardo Leitão e ao Dr. João Mendes. 
O profissionalismo e rigor científico demonstrados no trabalho laboratorial só 
eram ultrapassados pela disponibilidade e paciência inesgotáveis. Sem eles, este 
projecto dificilmente chegaria a bom-porto e isso basta para demonstrar o quan-
to lhes estou grato. O meu reconhecimento estende-se à Dra. Eulália Costa e à 
Dra. Ana Bernardo, pelo valioso contributo científico e cuidado.

Quero igualmente agradecer o apoio, na fase inicial de planeamento, da parte 
da equipa de investigação em Neurotrauma do Heidelberg University Hospi-
tal, Alemanha.

No que respeita à Medicina, cumpre reafirmar todo o respeito e gratidão aos 
meus Mestres e colegas. Dos mais experientes aos mais novos, todos os dias 
aprendo com eles, partilho momentos bons e reflito nos esperados revezes. 
O meu sincero obrigado a todos pelo apoio demonstrado neste longo percurso.

Ao corpo de Enfermagem dos diferentes Serviços do Hospital, directamente 
envolvidos nas colheitas de sangue e sempre atentos, o meu sincero obrigado.

A passagem do tempo encarrega-se de iluminar as amizades que perduram. 
Os meus amigos sabem o que representam para mim e mais não preciso dizer.

Desde o início, a Família. Aos meus pais, irmão, avós e restantes familiares, o meu 
profundo agradecimento por tanto contribuírem para muito do que sou e faço.

No final e sempre, aos meus filhos e à Ana, a quem devo tudo.





RESPOSTA NEUROPEPTÍDICA NO TRAUMATISMO CRÂNIO-ENCEFÁLICO
NEUROPEPTIDE RESPONSE IN TRAUMATIC BRAIN INJURY

11

Table of contents

List of abbreviations  15
Published work  17
Resumo  19
Summary  21

Chapter I - Traumatic Brain injury
1.1  Introduction  27

1.2  Epidemiology  28

1.3  Clinical Context  31
 1.3.1 Initial clinical assessment  32
 1.3.2 Concussion and post-concussion syndrome   33
 1.3.3 Epilepsy   34
 1.3.4 Cognitive disturbance   34
 1.3.5 Neuropsychological symptoms   36
 1.3.6 Chronic Traumatic Encephalopathy   37
 1.3.7 Intracranial pressure   38
 1.3.8 Other consequences   39

1.4  Pathophysiology of Traumatic Brain Injury  40
 1.4.1 Primary injury   40
 1.4.2 Secondary injury   42
 1.4.3 Structural injury   60
 1.4.4 Substance P   64
 1.4.5 Neuropeptide Y  66
 1.4.6 Magnesium   69

1.5  Biomarkers for brain trauma  70
 1.5.1 S100B   71
 1.5.2 Glial Fibrillary Acidic Protein   72
 1.5.3 Cytokines  72
 1.5.4 Other possible biomarkers   73

1.6  Neuromonitoring  74

1.7  Imaging  75



RESPOSTA NEUROPEPTÍDICA NO TRAUMATISMO CRÂNIO-ENCEFÁLICO
NEUROPEPTIDE RESPONSE IN TRAUMATIC BRAIN INJURY

12

1.8  Therapeutic modalities 75
 1.8.1 Medical therapies 76
 1.8.2 Management of intracranial pressure  77
 1.8.3 Surgical procedures in Neurotrauma  78

Hypothesis and study design 79

Chapter II - Animal Studies
2.1  Introduction 83

2.2  Materials and methods 83
 2.2.1 Animal model of trauma  83
 2.2.2 Intranasal administration of Neuropeptide Y  87
 2.2.3 Animal sacrifice  88
 2.2.4 Western blot analysis  88
 2.2.5 Immunohistochemistry   89
 2.2.6 Immunostaining analysis for albumin  89
 2.2.7 Morphological analysis of astrocytes and microglia   89
 2.2.8 Statistical analysis   90

2.3 Results and specific discussions 90
 2.3.1 Post-traumatic cellular degeneration 92
 2.3.2 Post-traumatic microglia alterations 94
 2.3.3 Post-traumatic astrocytic modifications 103
 2.3.4 Inflammatory pathways  112
 2.3.5 Post-traumatic blood-brain barrier dysfunction 116

2.4  General discussion 122
 2.4.1 Animal model of trauma  122
 2.4.2 Intranasal delivery of NPY  126
 2.4.3 Pathological findings and NPY’s influence  127
 2.4.4 Translating findings in animal studies into clinical practice  127
 2.4.5 Final remarks  130

Chapter III - Clinical studies
3.1  Introduction 135

3.2  Materials and methods 135
 3.2.1 Study design  135 



RESPOSTA NEUROPEPTÍDICA NO TRAUMATISMO CRÂNIO-ENCEFÁLICO
NEUROPEPTIDE RESPONSE IN TRAUMATIC BRAIN INJURY

13

3.2.2 Laboratory methods  137
 3.2.3 Statistical analysis  138

3.3  Results 138
 3.3.1 General findings  138
 3.3.2 Neuropeptide Y  139
 3.3.3 Substance P  144
 3.3.4 S100B  146
 3.3.5 Magnesium  148
 3.3.6 Calcium  151
 3.3.7 C-reactive protein  152
 3.3.8 Clinical laboratory tests  154

3.4  Discussion 155
 3.4.1 Overview  155
 3.4.2 Study design and timings  157
 3.4.3 Neuropeptide Y  158
 3.4.4 Substance P  160
 3.4.5 S100B  161
 3.4.6 Magnesium  162
 3.4.7 Other findings  163
 3.4.8 Limitations and future directions  164

Chapter IV - Global perspective on 
Neurotrauma research 
4.1  Introduction 171

4.2  Clinical research 172
 4.2.1 Designing better clinical trials  173
 4.2.2 Connecting basic research to day-to-day clinical issues  174 
4.2.3 Reaching for translational research’s potential  174
 4.2.4 Implementing new therapeutic protocols  175
 4.2.5 Imaging  175

4.3  Civil society  176

Chapter V - Conclusion 179

References 183





RESPOSTA NEUROPEPTÍDICA NO TRAUMATISMO CRÂNIO-ENCEFÁLICO
NEUROPEPTIDE RESPONSE IN TRAUMATIC BRAIN INJURY

15

List of Abbreviations

Aβ  Amyloid-beta
APCs  Antigen Presenting Cells
AQP4  Aquaporin-4
BBB  Blood-Brain Barrier
BDNF  Brain-Derived Neurotrophic Factor
BM   Basement Membrane
Ca2+  Calcium
CGRP  alcitonin Gene-Related Peptide
CNS  Central Nervous System
CSF  Cerebrospinal Fluid
CT  Computed Tomography
CTE  Chronic Traumatic Encephalopathy
DAI  Diffuse Axonal Injury
DAMPs  Damage-Associated Molecular Patterns
DG  Dentate Gyrus
GCS Glasgow Coma Scale
GFAP  Glial Fibrillary Acidic Protein
GJs  Gap Junctions
Glu  Glutamate
GOS  Glasgow Outcome Scale
HMGB1  High Mobility Group Box-1
HSPs  Heat Shock Proteins
ICAM-1  Intercellular Adhesion Molecule 1
ICP  Intracranial Pressure
IL-1  Interleukin-1
iNOS  Inducible Nitric Oxide Synthase
LOC  Loss of consciousness
Mg2+  Magnesium
MMPs  Matrix Metalloproteinases
MRI  Magnetic Resonance Imaging
NAA  N-acetylaspartate
NADPH  Nicotinamide Adenine Dinucleotide Phosphate
NFTs  Neurofibrillary Tangles
NKs  Natural Killer cells
NO  Nitric Oxide
NPY  Neuropeptide Y
NSPCs  Neural Stem/Progenitor cells
NVU  Neurovascular Unit

https://en.wikipedia.org/wiki/Intercellular_adhesion_molecule


RESPOSTA NEUROPEPTÍDICA NO TRAUMATISMO CRÂNIO-ENCEFÁLICO
NEUROPEPTIDE RESPONSE IN TRAUMATIC BRAIN INJURY

16

PET  Positron Emission Tomography
p-tau  Phosphorylated tau protein
PTE  Post-Traumatic Epilepsy
PTSD  Post-Traumatic Stress Disorder
RNS  Reactive Nitrogen Species
ROS  Reactive Oxygen Species
SD  Standard Deviation
SEM  Standard Error of the Mean
SP  Substance P
TAI  Traumatic Axonal Injury
TBI  Traumatic Brain Injury
TCE  Traumatismo Crânio-Encefálico
TJs  Tight Junctions
TLRs  Toll-Like Receptors
TNF  Tumor Necrosis Factor
TRP  Transient Receptor Potential 
UCH-L1  Ubiquitin C-Terminal Hydrolase-L1
ZO  Zonula Occludens 



RESPOSTA NEUROPEPTÍDICA NO TRAUMATISMO CRÂNIO-ENCEFÁLICO
NEUROPEPTIDE RESPONSE IN TRAUMATIC BRAIN INJURY

17

Published work

The results presented in this thesis have been published in international peer-re-
viewed journals (indexed in PubMed) as follows:

International peer-reviewed journals (indexed in PubMed)

Alves JL, Mendes J, Leitão R, Silva AP, Mota Pinto A. A multi-staged neuropep-
tide response to traumatic brain injury. Eur J Trauma Emerg Surg. 2020; DOI: 
10.1007/s00068-020-01431-z (online ahead of print). (Chapter III)

Alves JL, Rato J, Silva V. Why does brain trauma research fail? World Neurosurg. 
2019; 130:115-121. (Chapter IV)

Alves JL. Blood-Brain Barrier and Traumatic Brain Injury. J Neurosci Res. 2014; 
92(2):141-147. (Chapter I)  



RESPOSTA NEUROPEPTÍDICA NO TRAUMATISMO CRÂNIO-ENCEFÁLICO
NEUROPEPTIDE RESPONSE IN TRAUMATIC BRAIN INJURY

18



RESPOSTA NEUROPEPTÍDICA NO TRAUMATISMO CRÂNIO-ENCEFÁLICO
NEUROPEPTIDE RESPONSE IN TRAUMATIC BRAIN INJURY

19

Resumo
O traumatismo crâneo-encefálico (TCE) é um importante problema de Saúde 
Pública, com impacto significativo na vida das suas vítimas e considerável re-
percussão em termos sociais e económicos. Para além de sequelas neurológicas 
major, acumula-se a evidência científica sobre a relação entre o TCE, mesmo o 
de menor intensidade, e posteriores transtornos da função cognitiva, equilíbrio 
e coordenação motora. Após o traumatismo inicial, o TCE induz diferentes fenó-
menos patológicos, como excitoxicidade glutamatérgica, perturbação da barrei-
ra hemato-encefálica, edema cerebral e neuroinflamação, que por sua vez deter-
minam consequências a longo-prazo no contexto de dano secundário, tais como 
neurodegeneração e perturbação das funções cerebrais superiores.

De momento, não existem protocolos terapêuticos eficazes no tratamento do 
TCE e suas consequências, apesar do conhecimento científico estar, no que res-
peita aos mecanismos celulares subjacentes, em evolução contínua mas ainda 
com muitas questões por responder. Estudos recentes ligam a resposta multifa-
torial pós-TCE e inflamação a níveis elevados de Substância P, entre outras mo-
léculas. A Substância P atua via recetores NK-1, promovendo a permeabilidade 
da barreira hemato-encefálica e modulando a conhecida hipomagnesémia pós-
-traumática, com influência direta nos recetores N-metil-D-aspartato (NMDA) e 
respetivas vias de sinalização e indução de excitotoxicidade. 

O Neuropeptídeo Y (NPY), um dos neuropeptídeos mais abundantes no cérebro 
e pouco estudado em relação ao TCE, demonstra aparentes efeitos neuroproteto-
res em diferentes contextos patológicos, modulando a excitabilidade hipocâm-
pica glutamatérgica (via recetores NPY Y2), assim como promovendo a atividade 
pró-neurogénica (via recetores NPY Y1) e pró-migratória, como evidenciado em 
modelos animais de isquémia. O NPY desempenha um papel importante na res-
posta inicial a diferentes eventos (acidente vascular cerebral, epilepsia), prova-
velmente atuando como modulador do ambiente citotóxico e regeneração neu-
ronal pós-agressão. Porém, o papel do NPY na resposta primária e secundária ao 
TCE ainda não está esclarecido, considerando todos os mecanismos celulares e 
neurobiológicos que agravam o dano cerebral inicial (Capítulo I).
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No presente trabalho, colocou-se a hipótese de que o TCE origina uma respos-
ta neuropeptídica faseada, com um aumento imediato da Substância P e poste-
rior incremento compensatório do NPY, com potencial efeito neuroprotector. 
Do ponto de vista translacional, a “ciência básica” permite responder a ques-
tões ao nível celular e molecular como um meio de melhorar a prática clínica e 
respectivo outcome (“from bench to bedside and back again”). Assim, este trabalho 
inclui procedimentos experimentais que poderão interferir com a resposta pós-
-traumática secundária. De modo a elucidar o papel do NPY e o seu potencial 
terapêutico numa administração exógena, foi utilizado um modelo animal de 
TCE (protocolo de traumatismo por “queda de peso”) (Capítulo II). Com este tra-
balho foi possível demonstrar o efeito neuroprotetor do NPY numa condição de 
TCE, prevenindo ou atenuando diferentes consequências deletérias, incluindo 
disrupção da barreira hemato-encefálica, morte neuronal, ativação das células 
da glia (astrócitos e microglia) e neuroinflamação.

Relativamente à componente clínica, um abrangente protocolo de colheitas de 
amostras de sangue em vítimas humanas de TCE permitiu estudar a resposta 
neuropeptídica faseada (Capítulo III), com significativas flutuações temporais 
nos seus níveis (incluindo um aumento precoce nos níveis de SP e um incremento 
bimodal nos níveis de NPY), assim como óbvias alterações iónicas e variações 
nos níveis de S100B, um conhecido biomarcador no TCE.

Finalmente, o Capítulo IV inclui uma discussão geral e considerações sobre o 
estado atual, dificuldades e direções futuras na investigação em TCE, nomeada-
mente na sua vertente translacional.

Palavras-chave: Glia; Modelos animais; Neuroinflamação; Neuropeptídeo Y; 
Substância P; Traumatismo Crânio-Encefálico.
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Summary
Traumatic Brain Injury (TBI) is a major public health problem, with considera-
ble clinical impact on its victims and a tremendous economic and social burden. 
Besides significant neurological sequelae, scientific evidence shows that, even in 
mild cases, TBI can be responsible for long-term deficits and impairments con-
cerning cognitive function, balance and motor coordination. Following initial 
injury, TCE promotes different pathological events, such as glutamatergic exci-
totoxicity, Blood-Brain Barrier (BBB) breakdown, brain edema and neuroinflam-
mation, and long-term consequences in the context of secondary injury, with 
neurodegeneration and impairment of higher functions.

Presently, there is no successful therapeutic protocol for TBI in all its forms, 
although the knowledge regarding mechanisms underlying cellular damage is 
continuously evolving but still with many open questions. Recent reports link 
post-TBI multifactorial response and inflammation to increased Substance P (SP) 
levels, among several other molecules. SP acts via NK-1 receptors, increasing BBB 
permeability and modulating the well-known post-traumatic hypomagnesemia, 
with direct influence on NMDA receptors signalling pathway and excitotoxicity. 

Neuropeptide Y (NPY), one of the most abundant neuropeptides in the brain and 
scarcely studied regarding TBI, has been shown to display neuroprotective effects 
in different pathological contexts by modulating glutamatergic hippocampal ex-
citability (via receptors NPY Y2), as well as by having a pro-neurogenic (via NPY 
Y1 receptors) and pro-migratory activity, as shown in ischemia animal models. 
NPY plays a role in the primary response to different events (stroke, epilepsy), 
arguably acting as a modulator for both post-aggression cytotoxic environment 
and neuronal regeneration. However, NPY’s role in the primary and secondary 
response to TBI is yet to be elucidated, considering all cellular and neurobiologi-
cal mechanisms that further aggravate initial brain damage (Chapter I). 
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In the present study, TBI was hypothesized to lead to a multistage neuropeptide 
response, with an immediate increase in SP, followed by a compensatory NPY 
upregulation with a potential neuroprotective effect. From a translational per-
spective, basic science is essential to clarify the cellular and molecular mecha-
nisms in order to improve clinical practice and outcome (”from bench to bedside 
and back again”). Therefore, this work includes experimental procedures that ul-
timately interfere with the secondary post-traumatic response. In order to better 
elucidate NPY’s role and its therapeutic potential, an animal model of TBI (weight 
drop injury protocol) was used (Chapter II). A neuroprotective effect of NPY was 
uncovered, since it prevented or attenuated several TBI deleterious effects, in-
cluding BBB disruption, neuronal death, microglia and astrocyte activation and 
overall neuroinflammation. 

A comprehensive blood-sampling protocol on human TBI victims allowed us to 
conclude about a multistage neuropeptide response (Chapter III), with signifi-
cant fluctuations in its levels (including an early increase in SP and a bimodal 
rise in NPY) and revealing timings concerning ionic disturbance and variations 
in S100B levels, a well-known TBI biomarker.

Finally, Chapter IV includes a general discussion and considerations over the 
current status, obstacles and future directions in TBI research with a translational 
perspective.

Keywords: Animal models; Glia; Neuroinflammation; Neuropeptide Y; Sub-
stance P; Traumatic Brain Injury.



“A physician is obligated to consider more than a diseased organ, 
more even than the whole man - he must view the man in his world.”

Harvey Cushing





CHAPTER I
Traumatic Brain Injury 
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1.1 Introduction
TBI is a common clinical situation, one of the most frequent trauma events in pae-
diatric and adult patients. It is an unforeseen and rapidly evolving occurrence, 
with multiple causes (traffic accidents, falls, firearms and others) and potentially 
devastating consequences for the victims, their families and society,1 along with 
significant healthcare costs. Affecting both young and older people, with distinct 
epidemiological contexts,2 its clinical presentation ranges from mildly injured 
victims with no apparent lesions to severely injured, comatose patients, in need 
of Neuro-Intensive Care intervention and long term rehabilitation.3 

TBI is classically defined as damage to the brain due to an external mechanical 
force, such as impact, crush, penetration by a projectile, blast waves or others.4 
The mechanisms of injury can be divided into two types, corresponding to two 
different and quasi-sequential stages as follows:

1) primary injury, due to mechanical forces inducing tissue deformation at the 
moment of injury, with immediate/early structural disruption of brain tissue (in-
cluding contusions, haemorrhages and axonal stretching);5 

2) secondary injury, starting a few moments after the initial trauma, with a com-
plex cascade of events, such as excitotoxicity, BBB breakdown, hypoxic damage, 
ischemic phenomena, and others,4, 6 affecting all Central Nervous System (CNS) 
components (neuronal and glial cells, neurovasculature) and leading to structur-
al and functional impairment. In theory, and from a therapeutic perspective, it is 
possible to act on secondary injury events given their prolonged duration (from 
seconds to several days following initial injury). Primary injury can only be pre-
vented, not attenuated or reversed.

Concerning the clinical dimension of TBI, major deficits and neurological find-
ings (impaired consciousness, motor deficits, seizures) are frequently accom-
panied by unspecific symptoms (namely headaches and dizziness) and minor 
cognitive deficits. These findings usually become obvious in the first hours post-TBI7 
and might persist up to 2 weeks, as part of a transitory post-concussion syndrome 
or as more permanent sequelae of the initial trauma.8

Despite contemporary sophistication and accessibility to imaging exams and up-
dated clinical protocols, there is an urgent need for reliable and straightforward 
therapeutical tools, able to interrupt self-sustained pathophysiology mechanisms 
and improve long-term neurological-cognitive sequelae.
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1.2 Epidemiology
TBI is a major public health issue, with a significant impact on its victims 
and society, a prevailing cause of long-term disabilities9 with a non-negligi-
ble economic burden.10 Being a leading cause of death below 45 years of age, 
TBI accounts for over 10 million deaths or prolonged hospitalization yearly 
worldwide, significantly affecting more than 50 million people per year (data 
drastically subject to underestimation).11, 12 

Public Health authorities are increasingly more active in this field, as TBI is 
recognized as a “silent epidemic”,13 globally spread but with a predilection for 
developing countries (nearly three times higher, due to the contribution of 
road traffic accidents).14  

Figure 1.1 - Epidemiology of Traumatic Brain Injury in Europe by age group (hospital discharges 
and deaths). Recognizable trends are present, including male predominance until age 60-69 and 
overall increased mortality in older patients (adapted from Majdan et al.,15 with permission).
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Majdan and colleagues,15 in a report concerning European reality (Figure 1.1), 
have shown TBI causing 37% of all injury-related deaths, extrapolating it to about 
82.000 deaths and about 2.1 million hospital discharges in Europe.15 Substantial 
inter-countries disparities were also obvious - for an estimated global age-ad-
justed mortality of 11.7/100.000, data ranged from 3.6 to 21.8.15 Dissimilarities 
in reported cases, hospital discharges and related deaths are most likely due to 
a combination of factors, such as disparities in data coding and collection pro-
cedures, imbalance in the accuracy of data collection and case reporting and 
different interpretations in administrative coding systems.2, 15

Peeters and colleagues16 undertook a similar epidemiological analysis concerning 
Europe, although with a distinct methodology that included a meta-analysis based 
on PubMed Electronic database search. Again, significant variability was evident 
in reported incidence among different countries (from 47.3 up to 546/100.000/
year), severe TBI incidence (from 4.1 to 17.3/100.000/year in some areas of France) 
and admission for TBI (overall incidence of 262/100.000/year). This type of injury 
is consistently more prevalent in two age groups: ≤25 years and ≥75 years. A clear 
shift from road traffic accidents to falls as the main cause for TBI is noticeable, 
with only 2 recent studies mentioning road traffic accidents as the leading cause 
for TBI.16

Most studies display a similar trend towards TBI-related deaths, mostly in older 
patients and with an obvious male predominance. Male-female ratio ranged 
from 1.6 to 4.7 (Latvia), with an overall global average of 2.2.15 Roozenbeek and 
colleagues2 describe a trend towards increasing age and percentage of patients 
older than 50 years. Absolute incidence of TBI among the elderly rises, as life 
expectancy increases and higher mortality within old age groups is expected, 
due to significant morbidities and chronic medication (anticoagulants, platelet 
aggregation inhibitors).16, 17 Even so, TBI is a major cause of death or severe 
disability in the paediatric population17, 18 and remains the most common cause 
for disability in childhood.18 Other authors mention the relative predominance 
of TBI in lower social-economic groups and its frequent under-reporting.19

Regarding Portugal, Santos and colleagues20 reported an incidence rate of 
65/100.000 and a mortality rate of 10/100.000 individuals, both regarding 2014. Im-
portantly, people aged 80 or older presented with a much higher mortality rate 
(57/100.000 individuals). As in most reports, TBI’s incidence and severity were 
greater in men, displaying higher mortality (2,3:1 compared to females) and num-
ber of hospitalizations (1,4:1).20 Other reports show an overall male-female ratio 
of 3:1 and a decreased overall incidence in the last decades, accompanied by an 
increase in TBI’s severity and mortality (up to 10,6% in patients admitted to portu-
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guese hospitals).21, 22 Most importantly, all epidemiological studies agree that these 
numbers most likely underestimate the incidence of TBI and its implications.2, 15 

Concerning the United States of America, TBI is implicated in 18.4 deaths/100.000/
year,23 as the cause for 30% of all deaths related to traumatic events.24 Overall 
mortality due to TBI decreased 8.2% in the last decade, due to an obvious im-
provement in healthcare and road safety, although slightly counterbalanced by a 
minor increase in falls.23 

Two global trends are noticeable: TBI incidence is increasing in low-middle in-
come countries (due to broader use of motor vehicles); TBI episodes due to falls 
are increasing in high-income countries.2, 25 

Stein and colleagues26 undertook a meta-analysis of 207 case-series (140.000 pa-
tients, time span of 150 years until 2006) concerning severe closed TBI (Figure 
1.2). The mortality rate in severe TBI victims has significantly decreased over 
this time period (approximately 50%). However, this decrease in mortality is far 
from uniform, with a major fall in mortality in the 1970-1990 period and a rela-
tively stagnant curve since 1990 (Figure 1.2).

This comprehensive set of data provides an accurate picture of 3 distinct realities: 
the introduction of CT scans and advances in Intensive Care as game-changers in 

 Figure 1.2 - Mortality rates concerning TBI between 1885 - 2006. A decline in overall mortality 

includes two obvious plateaus (adapted from Stein et al.,26 with permission).
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mortality-curve progression (1970-80s); a relatively recent epidemiological shift, 
as previously depicted, towards an elderly population,2 withholding any addi-
tional advancement in the mortality curve; a lack of impactful advancements in 
therapeutic or diagnostic modalities in recent decades. A meta-analysis of obser-
vational studies concerning severe TBI [300 patients, outcome assessment with 
Glasgow Outcome Scale (GOS)] also showed no obvious reduction in mortality or 
unfavorable outcome in recent years.27 

1.3 Clinical context
The clinical picture in TBI is defined by the mechanism of injury (Table 1.1) and 
consequent macro- and microstructural disruption, as well as neurobiochemical 
changes (early and late-onset), causing both nonspecific functional impairments 
and focal, objective findings and deficits (motor and sensory) due to intracranial/
parenchymal lesions.

Table 1.1 - Main types of Traumatic Brain Injury, according to mechanism of injury. Legend: 

TBI, traumatic brain injury (adapted from Logsdon et al.28).

TBI Type Mechanism of injury

Closed Head Impact Impact from a blunt object

Penetrating injury Object that fractures the skull, 
penetration into the parenchyma

Blast injury
Blast energy from exploding device
Acceleration/deceleration injury

Fall Rapid skull impact on the ground (or other)

Concussion Temporary altered state of consciousness, violent blow

Shaken baby syndrome Rapid acceleration/deceleration injury, abusive shaking
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1.3.1 Initial clinical assessment

Initial clinical assessment and management procedures are based on updated 
Evidence-Based Medicine guidelines, with evolving but well-defined protocols: 
initial evaluation, patient stabilization and standard clinical-neurological as-
sessment.29, 30 According to specific criteria, imaging evaluation ensues (usually, 
non-contrast CT scan), followed by secondary assessment and possible surgical 
intervention.30, 31 Glasgow Coma Scale (GCS) is a consensual tool in providing 
an overall view of the individual’s neurologic condition following trauma (Ta-
ble 1.2). Upon adding obtained scores in 3 components (best response in each), 
the GCS score varies from 3 to 15. Besides establishing an objective reference 
for further neurological assessments, it will provide an overall picture of TBI 
severity as follows (classification subject to variations and more comprehensive 
versions)32: GCS score 14-15 (mild TBI), representing more than 80% of all TBI 
cases33; GCS score 9-13 (moderate TBI); GCS score 3-8 (severe TBI).34, 35

Table  1.2 - Glasgow Coma Scale.

Eye response Verbal response Motor response

6 - - Obeys commands

5 - Orientated Localising pain

4 Opens spontaneously Confused Withdrawal from pain

3 Open to verbal command Inappropriate words Flexion to pain

2 Open to pain Incomprehensible sounds Extension to pain

1 No response No response No response

While many authors only accept GCS scores of 14 and 15 to be considered mild 
TBI,35 others still include a score of 13 in this group.36, 37 As expected, the GCS 



RESPOSTA NEUROPEPTÍDICA NO TRAUMATISMO CRÂNIO-ENCEFÁLICO
NEUROPEPTIDE RESPONSE IN TRAUMATIC BRAIN INJURY

33

3-8 (severe TBI) group has the highest mortality and morbidity.36 Other injury 
severity-based scales are available,38 with expected strengths and shortcomings. 
One can also use classifications based on pathoanatomic features (contusions, 
haematomas, subarachnoid haemorrhage or others), mechanism of injury or 
pathophysiologic mechanisms (primary vs. secondary injury).38 

Initial findings (focal deficits, coma), largely associated with what is classi-
cally denominated “primary injury”, arise from TBI inflicting a structural 
disruption due to direct trauma and associated lesions, such as brain con-
tusions and lacerations, intracranial haematomas, skull fractures and in-
tracranial bony fragments.39 These mechanisms of injury are not mutually 
exclusive and will be associated with brain edema, increased Intracranial 
Pressure (ICP), compression of brain structures and brain herniation (see 
Primary Injury section).40, 41    

Loss of consciousness (LOC) is also helpful in assessing TBI’s severity, with mild 
TBI presenting with less than 30 minutes of LOC or mental changes.42 It has been 
reported that up to 37.5% of patients sustaining blunt head trauma experience 
LOC.43 Many mechanistic hypotheses have been described: disturbance in the 
Reticular Activating System; nerve fibers shearing strains and functional decou-
pling; dorsal pontine inhibitory cholinergic system activation.42, 44

1.3.2 Concussion and post-concussion syndrome

Historically, concussion has been defined as a disturbance in consciousness as a 
result of non-penetrating TBI and with no underlying macroscopic brain struc-
tural lesion, tipically following rapid acceleration/deceleration of the head.45 The 
American Academy of Neurology defined concussion as “clinical syndrome of 
biomechanically induced alteration of brain function typically affecting memory 
and orientation, which may involve loss of consciousness”.46 This disturbance of 
consciousness must be brief, although there is no defined consensual time frame, 
with a disputed definition of concussion in itself, as well in its usefulness.47, 48 There 
are no pathognomonic findings in imaging, despite frequent minor brain edema 
and sulcal effacement for reactive hyperemia.49 Post-traumatic Magnetic Reso-
nance Imaging (MRI) will display relevant findings in up to 25% of patients with 
normal CT.50

Following TBI, a myriad of often vague symptoms, including depression, irrita-
bility, chronic fatigue, headaches, insomnia and post-traumatic stress, can be 
present51, 52 This multitude of symptoms are frequently included in a single desig-
nation of post-concussion syndrome (Table 1.3).
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Table 1.3 - Post-concussion syndrome symptoms (adapted from Maruta et al.53).

Cognitive disturbance

Disturbance in judgement
Short and long term mnesic disturbances
Difficulty in focusing

Psychosocial and personal variables

Diminished sexual drive
Chronic fatigue
Personality changes
Irritability
Depression
Emotional lability
Disruption in sleep architecture

Somatic symptoms

Headaches
Vasovagal symptoms
Anosmia
Blurred vision, unspecific visual complaints
Tinnitus
Photophobia
Phonophobia
Dystonia
Hypoacusis
Dizziness

Overall disturbance in consciousness includes confusion, amnesia or obvious 
LOC. Confusion is a common sign, either immediately post-TBI or of late-onset.54 
LOC is present in a minority of patients, likely due to RAS temporary disruption,55 
associated with memory and spatial-temporal notion impairment. Prolonged 
LOC or significant memory impairment are an indication of potential brain in-
jury and not just a simple concussion.46 Electrophysiologic studies have shown 
cortical spreading depression patterns, another likely contribution for transient 
mental status changes.49, 56 Another common symptom is post-traumatic amne-
sia (retrograde or anterograde), with its length correlating with TBI’s severity.57, 
58 All post-concussion symptoms can also be part of more severe forms of TBI.
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There is significant controversy surrounding post-concussion syndrome, cer-
tainly reinforced by considerable heterogeneity in research protocols and diagnos-
tic criteria and relevant methodological flaws.59, 60 Even so, a meta-analysis based 
on 6 studies in post-TBI neurological status and performance (after 6 months) 
has shown persistence of symptoms in 14-26% of victims.59, 61 

1.3.3 Epilepsy

Post-traumatic epilepsy (PTE) is a known consequence of TBI, notably difficult to 
manage in many cases,62 accounting for up to 20% of all epilepsy cases.63 Several 
studies mention a range of estimated incidence of 2.9-50%,64 from early-onset 
epilepsy (until 7 days post-TBI) to several years after the initial injury.65 The risk 
for PTE is highest in focal/penetrating TBI.66, 67 Concerning mild TBI,67 studies 
have shown a statistically significant risk for PTE.68, 69 Diffuse injuries have also 
been mentioned to increase PTE’s incidence.67, 68 

Glutamate homeostasis impairment is arguably involved as an epileptogenic fac-
tor.70, 71 Concerning diffuse TBI, changes in potassium and glutamate transport 
in astrocytes are likely involved, along with loss of homeostatic functions, by 
disturbing loco-regional neuronal units and synaptic connections.67 

Concerning typical clinical picture, PTE is classified as of immediate onset (within 
24h of trauma, lasting for brief seconds, spontaneous termination), early-onset 
(within the first 7 days, frequently with underlying traumatic findings, recurrence 
in 25% of cases) or late-onset (after 7 days, usually with underlying traumatic 
findings, recurrence in up to 70% of cases, requiring anticonvulsants).72, 73

Apparently,  PTE’s relative risk is higher in women, patients with a family history 
of epilepsy and in the first 6 months following injury, although stratified risk 
models show higher susceptibility up to 10 years later.73, 74

1.3.4 Cognitive disturbance

Cognitive and behavioural disturbances are present in 5 to 15% of all TBI vic-
tims75 as a frequent feature of brain trauma.58, 76 Post-TBI minor cognitive deficits 
(memory impairment, learning disabilities, attention deficits) are directly re-
lated to cortical and hippocampal neuronal loss.76, 77 Three independent factors 
were identified as increased risk signifiers - age, educational level and pre-existing 
psychiatric disturbance.75 
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Post-TBI cognitive disturbance is, in part, explained by structural disruption 
upon hippocampal neuronal damage and loss,78 including synaptic signalling 
impairment and deafferentation of CA1 hippocampal subregion.79 Long-term 
changes in potentiation capacity of CA1 subregion, directly involved in learning 
and memory skills, are therefore implicated in long-term clinical repercussion 
of trauma.80 When in the presence of abnormal initial CT, patients consistently 
underperform in most neuropsychological measures, including learning and 
episodic memory, and corresponding GOS scores, even at 1 year following trauma.81 
Children and adolescents victims of isolated sports-related TBI also present 
lower-than-expected neurocognitive performance up to 3.5 years post-TBI.82 Per-
sistent cognitive and performance impairments, indirectly assessed by academic 
achievements, are a direct consequence of childhood TBI.83, 84 

Extensive research in animal models of trauma shows TBI’s impact on cog-
nitive and motor performance.85, 86 Included in overall post-traumatic cogni-
tive disturbance and related to hippocampal function,76, 87 learning and spa-
tial memory impairment are also shown to be underperforming in post-TBI 
context, persisting for over a year.86 In TBI victims, similar findings are well 
reported in distinct assessment protocols and neuropsychiatric evaluation 
following head trauma.7, 88

Other possible sequelae, including emotion processing impairment, might also 
be attributed to hippocampal damage, in light of new theories of a complex in-
tegration of mnesic-cognitive mechanisms and emotional states of anxiety and 
avoidance learning.89, 90

1.3.5 Neuropsychological symptoms

Neuropsychological symptoms (confusion, irritability, impulsiveness, depres-
sive humour) are frequent and coexist with more serious psychiatric conditions, 
such as depression, Post-Traumatic Stress Disorder (PTSD) and suicidal idea-
tion.91, 92 As much as 22% of all patients experiencing mild to moderate TBI devel-
op a psychiatric disorder within a year post-TBI, of varying severity.93 In severe 
TBI victims, 62.5% present, at 1 and 6 months post-TBI, with a higher risk for 
depression (incidence up to 11%),94, 95 PTSD (incidence as high as 30%),96 chronic 
fatigue, insomnia and lesser quality of life.52, 59

It is noteworthy that the true incidence of these symptoms is yet disputed.52, 97 As 
some studies rely on self-reported symptoms and recovery, this fact might partial-
ly explain disparities found in the literature.98 Cultural and circumstantial differ-
ences in medico-legal litigation might also explain disparate reported outcomes.99 
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The subjectivity in appreciating mental/psychiatric issues is unavoidable and will 
remain an obstacle for those seeking proper validation of therapeutic strategies.100 

1.3.6 Chronic Traumatic Encephalopathy 

Initially described in professional boxers (dementia pugilistica),101 with their typical 
slurred speech and cognitive-behavioural issues, Chronic Traumatic Encephalopa-
thy (CTE) is a well-defined clinical entity, described in several other contexts and 
sports and associated with repetitive head impacts.102, 103 A whole range of symp-
toms, with varying intensity and significance, is generally divided into motor, 
cognitive and psychiatric symptoms (Table 1.4).

Table 1.4 - Main symptoms in Chronic Traumatic Encephalopathy (adapted from Feshara-
ki-Zadeh et al.103).  

Motor symptoms Cognitive symptoms Psychiatric symptoms

Early
stages

Dysarthria
Poor coordination
Tremors

Difficulty
concentrating

Emotional lability
Aggressiveness

Development Parkinsonism
Memory impairment
Declining cognitive 
performance

Personality changes
Paranoid delusion

Late stages
Pyramidal signs
Parkinsonism
Ataxia

Significant amnesia
Psychosis
Disinhibition
Kluver-Bucy Syndrome

Nonspecific findings include abnormal cerebral and cerebellar atrophy, cavum 
septum pellucidum and significant neuropathology findings, as follows: neuronal/
axonal loss; cortical and subcortical neurofibrillary tangles (NFTs); Β-amyloid 
deposits (diffuse plaques or deposits in vessels walls, as amyloid angiopathy); 
hippocampal sclerosis; corticobasal degeneration; neuronal and astrocytic ag-
gregates or cell processes around a vessel, generally at the base of cortical sul-
ci.104, 105 CTE displays chronically activated microglia and abnormal deposit of 
phosphorylated tau protein (p-tau) and TDP-43 (TAR deoxyribonucleic acid), sug-
gesting a chronic neuroinflammatory response.105, 106 Features considered to be 
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supportive of this diagnosis are p-tau pretangles and cortical NFTs, subpial astro-
cytic p-tau, “dot-like” p-tau neurites, hippocampal CA2/CA4 tangles and NFTs.107 

1.3.7 Intracranial Pressure

Normally, ICP values are situated in the range of 5-15 mmHg, with values per-
sistently above 20mmHg (considered a threshold for intracranial hypertension) 
being associated with increased risk for severe disability and death in the setting 
of impaired brain perfusion.108 Three primary intracranial constituents - blood, 
Cerebrospinal Fluid (CSF) and parenchyma - must reach a dynamic equilibri-
um among their volumes (classical Monro-Kellie hypothesis), compensating for 
one’s increase with a decrease in the other two components and preventing an 
undesirable increase in ICP.109 These compensatory mechanisms are able to ac-
commodate small increases in ICP but, beyond a certain threshold, will no longer 
compensate for all abnormal processes taking place. Compression of blood ves-
sels within brain parenchyma will further compromise tissue perfusion and en-
suing loco-regional ischemia exacerbates cell injury and death, with neurogenic 
inflammation reinforcing classical inflammation and progressing brain tissue 
dysfunction in a vicious circle (Figure 1.3) (see Pathophysiology of Traumatic 
Brain Injury section).110, 111 

Figure 1.3 - Events leading to increased intracranial pressure. Secondary injury induces overall
inflammation and ensuing BBB impairment. Consequently, reinforced brain edema and in-
creased ICP will aggravate loco-regional ischemia and further promote secondary phenomena 
and inflammation. Thus, a vicious circle of pathological pathways and damage leads to progress-
ing secondary injury and non-controllable ICP increase. Legend: BBB, blood-brain barrier; ICP, 
intracranial pressure.
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In TBI, primary and secondary injury mechanisms contribute to a potentially 
sustained and detrimental increase in ICP. As the swollen brain structures are 
hypoperfused, arterial blood pressure is increased as part of an inefficient com-
pensating mechanism (Cushing reflex), further increasing ICP.108, 112 Brain her-
niation will ensue, with brain tissue moving down pressure gradients and com-
pressing adjacent structures, including blood vessels (further reinforcing brain 
ischemia) and cardiorespiratory centres within the brain stem.113 Intracranial 
hypertension will progressively compromise cerebral perfusion pressure and 
cerebral blood flow,111, 114 leading to further brain injury, namely in patients with 
an already compromised cerebral autoregulation capacity.114

Nonspecific treatment protocols [diuretics, hyperosmolar therapies, Cerebrospi-
nal Fluid (CSF) diversion procedures, decompressive craniectomy] are effective 
in improving outcome to a certain degree,115, 116 although not influencing basic 
pathophysiological mechanisms.117 

1.3.8 Other consequences

Many other direct and indirect consequences of TBI are relevant. Dementia 
and Alzheimer’s Disease are closely associated with TBI, as reported in epide-
miological reports and anatomopathological studies displaying deposition of 
amyloid-beta (Aβ),105, 118 p-tau119 and TAR DNA binding protein 43 (TDP-43).120

A long-lasting state of neuroinflammation is another likely contributing factor 
for neurodegenerative diseases.121, 122  

The reported incidence of hydrocephalus is highly variable, with some reports 
mentioning up to 29% in severe TBI victims, whether in its acute obstructive 
form or in communicating hydrocephalus, in which CSF reabsorption via arach-
noid villi is impaired due to blood products.123, 124 A specific type, similar to idio-
pathic Normal Pressure Hydrocephalus, is also a possible consequence of TBI, 
displaying the classic triad of gait disturbance, urinary incontinence and cogni-
tive impairment.124 

Other possible long-term consequences of TBI include bladder/bowel control 
impairment, multiple endocrinopathies and hypopituitarism, hypogonadotropic 
hypogonadism and overall personal and social impairment.
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1.4 Pathophysiology 
of Traumatic Brain Injury 

“The most complex disease in the most complex organ.”

                         Wheble et al.125

                         

Besides the macroscopic consequences of brain trauma (including intracranial 
bleeds, brain contusions, hydrocephalus, post-traumatic atrophy), several events 
are discernible at a cellular and molecular level, with obvious repercussions in 
disease progression and prognosis. Significant events include vasogenic and cy-
totoxic edema, coagulopathy, neurodegeneration and neuronal death,126 classi-
cal and neurogenic inflammation,12, 127 excitotoxicity,128, 129 membrane transport 
disruption and BBB breakdown.130, 131 

Primary injury includes mechanical deformation of neural tissues, implying 
neuronal depolarization and glutamate/aspartate spilling and inducing a significant 
influx of calcium (Ca2+).39 TBI also increases several transcription factors and in-
flammatory mediators (cytokines and chemokines) that will reinforce brain ede-
ma, BBB impairment and cell death, including apoptosis.126, 132 Primary damage 
from direct brain lesion is followed by secondary cellular/biochemical deregu-
lation, in which innumerous injury pathways overlap, reinforcing brain edema 
following microvascular permeability and early/late cell death.12, 133 Theoretically 
susceptible to pharmacological intervention, TBI’s secondary injury results in 
worsening major neurological deficits and other clinical findings (as previously 
discussed) in the context of structural disruption, early and late-onset neuronal/
astrocyte damage and death, neurometabolic impairment and overall synaptic 
disturbance, among others.85 

1.4.1 Primary injury

Primary injury represents the direct consequence of injury to the cranial vault 
and brain, derived from mechanical harm.39 Primary insult is necessarily of 
short duration but will damage several structures, from bone to cerebrovascular 
structures and brain parenchyma itself. Common primary injuries, with diverse 
clinical and therapeutic implications, include39, 134:
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- Skull fractures;
- Epidural haematomas, commonly from laceration of the middle menin-
geal artery;

- Subdural haematomas, usually derived from venous injury (cortical veins, 
subdural bridging veins);  

- Intracerebral haemorrhages, a consequence of brain parenchyma contu-
sion or laceration, typically located in frontal and temporal lobes, occipital 
poles and opercular region;

- Subarachnoid haemorrhages (the most common form of vascular injury 
after TBI);

- Cranial nerve injuries;
- CSF leak (nose, ear), a consequence of dural tear;
- Diffuse Axonal Injury (DAI).

In the presence of severe TBI, typically more than one injury type will be pres-
ent, as in the usual association between brain contusions and subarachnoid 
haemorrhages.39, 135 Two widely mentioned Computed Tomography (CT) scan-
based classification schemes, Marshall score and Rotterdam score, frame these 
post-traumatic findings in objective grading systems.136, 137 

A common sub-type of lesions is coup-contrecoup injuries (Figure 1.4), a con-
sequence of a sudden and violent impact, followed by movement of the brain 
back and forth within and against the boundaries of the cranial vault.39, 138 

Figure 1.4 - Traumatic brain injury with coup and contrecoup injuries, causing brain contu-

sions (adapted from Klima et al.,140 with permission).
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Typical brain contusions, a combination of edema, injured tissue and local blood 
derived from damage in small blood vessels, are recognizable in this setting as 
haemorrhages underlying sites of impact accompanied by obvious contrecoup 
contusions, in opposite location to initial injury location. Peri-contusional areas 
display many features of secondary injury, with a varying predominance of 
specific phenomena, such as vacuolation, microglial activation, dystrophy and 
cytoskeleton abnormalities.139 

As expected, early clinical findings and neurological deficits (motor, speech) are 
dependent on primary injury location and extension and the presence of rele-
vant mass effect (Table 1.5).

Table 1.5 - Main pathological events in TBI concerning primary injury

Primary mechanisms Primary events

Mechanical forces
Axonal shearing
Cellular damage

Laceration
Microvessels disruption

Haemorrhages 
Pia-arachnoid membranes disruption

Early edema
Vascular dysregulation and injury

Increased intracranial pressure

Early edema
Vasospasm

Ischemia

1.4.2 Secondary injury

Several studies highlight crucial roles by other CNS components, including glial 
cells (astrocytes, microglia), endothelial cells, perivascular mural cells, among 
others, forming the so-called Neurovascular Unit (NVU).141, 142 Several compo-
nents of this complex entity, including BBB, are interconnected in their func-
tions, regulating the exchange of metabolites and ensuring local energetic sup-
ply. Equally important, this multimodal CNS injury evolves upon an acute setting 
but persists for years after the initial trauma. In fact, microglial activation, hip-
pocampal neuronal degeneration and myelin loss are present up to 1 year after 
moderate to severe TBI in animal models, showing that TBI should not be viewed 
as a static, acute disorder.143
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Secondary damage is derived from complementary mechanisms, as inflam-
mation, loss of adequate homeostasis, calcium metabolism imbalance, energy 
depletion and mitochondrial dysfunction (Figure 1.5),144, 145 affecting different 
components of an integrated response (Table 1.6).

Figure 1.5 - Primary and secondary injury following TBI. A complex and multifactorial 

response is triggered by TBI’s primary injury, involving distinct mechanisms and pathways, lead-

ing to ensuing secondary injury and global damage. Legend: BBB, Blood-Brain Barrier; ICP, In-

tracranial Pressure (based on Kaur et al.39).
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Table 1.6 – Main pathological events in TBI. Legend: AQP4, aquaporin-4; Ca2+, calcium ion; NA-

DPH, nicotinamide adenine dinucleotide phosphate; ROS, reactive oxygen species.

Cellular alterations Secondary events

Decreased glutamate uptake 
Cell death

Excitotoxicity

Proinflammatory status Neuroinflammation

Proinflammatory status
Neuropeptides upregulation

Cellular debris, neurotoxic factors
BBB disruption

Caspases activation
Excitotoxicity

Apoptosis

Calpain kinase activity
P35 cleavage

Protease activation

ROS production
(Mitochondrial) Ca2+ imbalance

NADPH oxidation
Oxidative Stress

Unfolded proteins
Cytokines upregulation

(Intracellular) Ca2+ triggering
Endoplasmic Reticulum stress

It is important to mention that, upon CNS injury, neuroinflammation and associat-
ed phenomena (as microglial activation) are not limited to the cerebral cortex and 
deeper structures like the hippocampus. Instead, these post-aggression response 
mechanisms have also been described in the cerebellum146 and meninges.147  

Cellular alterations

Injuries arising from TBI are highly heterogeneous in their nature and mecha-
nisms, depending on injury characteristics, the severity of inflicted lesions and 
anatomical locations of damage.148 A relevant distinction to be made, both on 
clinical and mechanistic grounds, is between focal and diffuse injury.148 
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Distinct cell populations react differently to mechanical forces and strains in-
volved in TBI (Figure 1.6). Axons are considered rigid structures within an elas-
tic surrounding environment, making them susceptible, as astrocytes and other 
glial cells are, to mechanical stress.148, 149 

While susceptible to membrane distortion, astrocytes display mechanosensitive 
ion channels contributing to a rapid influx of extracellular Ca2+ and sodium upon 
injury.148, 150 Other astroglial responses were shown, in in vitro studies concerning 
mechanical stress, including protein kinase signalling, ATP release, secretion of 
vasoactive molecules (endothelin-1, isoprostanes) and matrix metalloproteinases 
(MMPs), including MMP-9.151, 152 Additionally, Gap junctions (GJs), consisting of 
transmembrane connexin hemichannels (connecting adjacent cells and allowing 
passage of ions and metabolites), are needed for astrocytic networks involving 
synapses and blood vessels.145, 153 GJs, namely Cx43, are suspected of allowing 
the spread of noxious and cellular death components and events (inflammatory 
cytokines, extracellular ATP release, NMDAR activation).154, 155 GJs were reported 
to influence post-traumatic outcomes in spinal injury and TBI,156, 157 by upsetting 
intercellular Ca2+ signalling within astrocytic networks, promoting further neu-
roinflammation and cell death.158  

Figure 1.6 - Glial cells and secondary injury. Following primary injury, distinct cell populations 

will initiate different pathological pathways, contributing to cumulative damage. Legend: ATP, 

adenosine triphosphate; Ca2+, calcium ion; IL-1, interleukin-1; IL-6, interleukin-6; ROS, reactive 

oxygen species; TNF, tumor necrosis factor (adapted from Sajja et al.,145 with permission). 
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Post-traumatic apoptosis is a major mechanism of secondary damage and cell 
death following primary necrosis, directly influencing neurological changes and 
cognitive impairment.159 Increased apoptotic phenomena, following even mild 
TBI, peak at 48h but persist for several days.132, 160 Cell death might also occur 
via secondary excitotoxicity-induced necrosis, depending on initial injury and 
target cell populations.161 

Neurons 

Neurodegeneration is an early consequence of trauma, arguably extending for 
months.162, 163 Traumatic events produce direct neuronal injury, with axonal 
stretching and shearing and dendritic injury.164, 165 Inertial forces with rapid head 
acceleration-deceleration (and additional rotation) induce DAI, with significant 
clinical and prognostic implications. Typical findings include axonal tearing 
injuries, swelling, microbleeds and disconnection, along with cytoskeletal de-
fects.166, 167 Axons will retract and develop axonal retraction bulbs.167, 168 Another 
typical finding is secondary axotomy, with delayed axonal swelling and discon-
nection.165 Increased membrane permeability, activated cysteine proteases and 
mitochondrial swelling may also be involved in neuronal damage.163 Downstream 
axonal segments undergo Wallerian degeneration, still present several months 
post-TBI.169, 170 As mentioned, white matter injury involves not only DAI but also 
myelin disruption.167, 171 In animal models of TBI, significant axonal injury is usu-
ally present, starting in specific areas (cingulum, external capsule) and immedi-
ately following TBI.172 This degenerative response is accompanied by apoptotic 
neuronal death, particularly in the hippocampus, thalamus and cingulum, peak-
ing at 24h post-injury.171 

A pronounced reduction in the number of intact functional neurons from 24 
h to 1 week after injury, namely calbindin-reactive CA2/CA3 hippocampal neu-
rons,162, 173 is followed by an expected return to baseline levels between 7 days 
and 1 month post-TBI.163, 173 Animal models with focal injury display earlier neu-
ronal loss, namely at a cortical and hippocampal level, with more pronounced 
focal findings.174, 175 At 8-10 weeks post-TBI, there is still a selective reduction in 
specific populations of inhibitory neurons in the somatosensory cortex and hip-
pocampus.163 Similar findings were reported by other authors, with an observa-
ble neuronal loss at 2 weeks and up to 6 months post-TBI.175, 176 

Some degree of functional recovery follows structural/cellular endogenous re-
pair mechanisms, namely in the hippocampus, displaying nestin-expressing 
Neural Stem/Progenitor Cells (NSPCs), mainly in Dentate Gyrus (DG), able to un-
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dertake post-TBI NSPCs activation and injury-related neurogenesis.177, 178 Regular 
post-natal neurogenesis takes place in two well-identified neurogenic niches: 
the subventricular zone (on the outside wall of lateral ventricles) and the sub-
granular zone of hippocampal DG.178    

Glial Cells

Glial cells are described as the structural framework for the brain. Astrocytes, 
microglia and oligodendrocytes provide a supporting role for neuronal activity but 
also interact with neurons, influencing synaptic function and interfering with 
neuroregeneration and plasticity.145 Despite an initial beneficial effect, chronic 
activation of glial cells will have a detrimental impact on neuronal function. 
Post-TBI neural-glial and glial-glial interactions are influenced by a complex 
post-traumatic glial dysfunction leading to harmful consequences such as loss 
of homeostasis and unbalanced neurotransmitter action, axonal degeneration 
and cell death.145, 179

Despite fully inter-connected, glial elements studied in the present thesis are 
now discussed separately. Although vulnerable to most phenomena observed in 
TBI,180 oligodendrocytes are beyond the scope of this work.  

Microglia 

Microglial cells, composing about 10% of glial cells, are specialized immune 
CNS, continuously scanning and regulating the brain’s environment while adapt-
ing its morphology and activity.181 These cells also regulate neuronal activity and 
circuits, as well as neurotransmitter signalling/synaptic transmission.182, 183 They 
are the first line of response to brain injury, although a more permanent state 
of activation might represent, in TBI models, a promoter of long-term neuroin-
flammation and impaired function.184, 185 

Under normal physiological conditions, microglia cells adopt a “surveying” phe-
notype, with a ramified morphology characterized by compact cell bodies and 
elongated processes.181 Upon CNS aggression and changes in surrounding mi-
croenvironment, microglia rapidly transitions into its activated state, with pur-
posed migration to the lesion site, shortening and thickening of processes and 
enlargement of their cell bodies, ultimately adopting a so-called amoeboid mor-
phology.181 Activated microglia cells are able to present antigens, produce inflam-
matory cytokines and chemokines186, 187 and remove cellular debris by phagocy-
tosis.188 Classically, three phenotypes were described concerning microglial cells 
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as follows: 1) resting state; 2) activated but non-phagocytic status, similar to Antigen 
Presenting Cells (APCs); 3) reactive, with phagocytic behaviour (Figure 1.7).189, 190 
A similar activated chronic state has been shown in several neurological con-
ditions usually associated with some degree of chronic neuroinflammation, in-
cluding Parkinson’s, Alzheimer’s and Huntington’s diseases.118, 188 “Resting state” 
microglia plays a major role in synaptic and structural plasticity regulation, par-
ticularly during learning and memory.191, 192 Importantly, upon CNS injury, mi-
croglia cells are responsible for ensuring immune cell-based regulation of astro-
cytes and oligodendrocytes activity.187

Microglial cells possess the ability to display, as classically described, a proin-
flammatory (M1) phenotype in opposition to an anti-inflammatory (M2) phe-
notype, promoting debris removal.193 Activated M1 subtype, upon response to 
proinflammatory molecules (LPS, IFNg), is known to secrete proinflammatory 
cytokines and oxidative molecules (IFN-γ, TNF, IL-1β, IL-12) (Figure 1.7) and re-
inforce cell-mediated immunity.194, 195 

Figure 1.7 - Schematic representation of microglia morphologies. Distinct stimulus can trigger 

microglia response, which acquires an alternative activated state, eventually culminating in a 

fully activated state with significant repercussion in overall inflammation and vascular perme-

ability. Legend: CD169, sialoadhesin; IL-1, interleukin-1; IL-6, interleukin-6; MHC, major histo-

compatibility complex; NO, nitric oxide; ROS, reactive oxygen species; TGF, transforming growth 

factor, TNF, tumor necrosis factor (adapted from Dr. Steven Abcouwer’s work, with permission).
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Activated M2 microglia sub-type displays different functional features, namely 
by clearing cellular debris and producing higher amounts of anti-inflammatory 
cytokines and IL-4, IL-10, arginase-1 and TGF-β,189 also secreted by other types of 
cells (astrocytes, T-cells).189, 196 Other states are also mentioned as follows: M2a-
like activation state with anti-inflammatory, tissue remodelling and matrix depo-
sition properties; an intermediate M2b phenotype upon stimulation of Toll-Like 
Receptors (TLRs); a functionally deactivated M2c (in response to TGFβ and IL-10), 
regulating inflammation resolution.190, 195 

M1 and M2-like polarized microglia are thought to function in a complementary 
fashion, especially in the acute phase.190 M1 phenotype appears to be a more 
chronic, persistent phenotype (months to years) following TBI,197, 198 in response 
to the perilesional microenvironment and loco-regional redox signalling.190, 199 
A specifically activated microglia M1-like profile (e.g., following LPS-induced 
inflammation) impairs hippocampal neurogenesis and reduces NSPCs survival, 
impeding differentiation.200 Proinflammatory cytokines (IL-1β, IL-6, IFNγ, TNF) 
also suppress neurogenesis.201, 202 

Neurotoxic NOX2 expression was associated with M1-like phenotype, with ensuing 
cortical and hippocampal degeneration.190, 203 This component of CNS injury may 
prove to be another therapeutic target, as inhibition of NOX2 activity alters M1-/M2-
like balance towards M2-like phenotype, reducing oxidative damage and attenuating 
neurodegeneration.190, 203  Microglia will also play an essential role in regulating a 
delicate balance in cytokine expression dictating injured neurons fate (survival or 
death) in the so-called traumatic “penumbra region”, a concept initially described in 
stroke.204, 205 Persistent microglial activation might still, in the chronic stage, promote 
brain repair via Brain-Derived Neurotrophic Factor (BDNF) and others.189, 206 

Concerning TBI, post-traumatic microglial activation is well documented in several 
reports.207, 208 Trauma activates resident microglia, induces cytokines production, 
and causes an influx of peripheral immune cells,185 followed by chronic activa-
tion of resident microglia and astrocytes, in a true state of neuroinflammation 
as an integral part of secondary injury mechanisms.209, 210 Upon TBI, there is a 10 
to 20-fold increase in microglia compared to peripheral macrophages, suggest-
ing a predominantly central response instead of peripheral.211 In fact, a tran-
siently increased expression of M2-like microglia (in the acute phase, up to 24h) 
is apparently soon overcome by a chronic M1-like phenotype predominance at 
7 days post-TBI.201 Again, relatively unknown underlying dynamic aspects ap-
pear to regulate microglia/macrophage phenotypes and corresponding effects 
following TBI, reinforcing persistent neuroinflammation and structural/func-
tional impairment. Remote microglial activation potentially promotes tissue re-
pair by producing neurotrophic factors, namely BDNF.189, 212 Cytoskeleton actin
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 dynamics drives specific activated microglia motility behaviours, with a specific 
motility/locomotion intent at engaging dead/dying cells.213 This state of reactive 
microglia progresses from injury locum to close-by white matter tracts, even-
tually reaching contralateral hemispheres.214 Remarkably, microglial activation 
was described weeks to years following TBI in animal models and post-mortem 
studies.197, 215 TBI patients display higher levels of CR3/43, CD68 and Major His-
tocompatibility Complex (MHC) Class II molecules in activated microglia.198, 216 

Microglial activation will reinforce existing signalling networks with other cells, 
including astrocytes and neurons, in the injured area and in distant locations.217, 218

 

Astrocytes

Astrocytes are the predominant CNS cell type, displaying regulatory functions on 
metabolism, synaptic plasticity neural networks and remyelination.219 They are 
responsible for maintaining homeostasis/osmotic balance, neuronal transmission 
and neurotransmitter recycling, keeping a close spatial relationship to synapses.220 
Astrocytes project cellular processes exhibiting terminal footplate protuberances, 
simultaneously supporting and being part of BBB,221 regulate cerebral blood flow, 
are part of the glymphatic system and mediate neuro-glial signalling interactions.222 
These cells interfere with leukocyte infiltration and neurodegenerative processes
and act as regulatory elements for neurotransmitter excess and neurovascular 
coupling.223, 224 Astrocytes also play a role in synaptic plasticity and neural circuit 
reorganization and remyelination.223, 225 Astrocytes are crucial in the development 
and maintenance of functional synapses,148, 226 secreting different molecules such 
as thrombospondins and hevin that stimulate excitatory synapses.227

Astrocytes respond swiftly to pathological stimuli, transitioning into a hyper-
trophic state and increasing expression of intermediate filaments markers, 
namely Glial Fibrillary Acidic Protein (GFAP).228, 229 Astrocytes also influence and 
adapt the perineuronal network, a synapse-stabilizing structure composed of ex-
tracellular matrix and cell adhesion proteins,230 altering its protein expression 
and spatial organization in order to accommodate post-injury stimuli and abnor-
mal connections/axonal remodelling.231

Morphologically complex and highly heterogeneous, astrocytes present with 
significant molecular variability and specific sub-types, including fibrous 
and protoplasmic.222

Upon cell death and liberation of cellular debris and neurotoxic factors, astro-
cytes are activated.216, 232 This activation comprises increased gene expression, 

https://www.urmc.rochester.edu/labs/nedergaard-lab/projects/neuro-glia-interactions.aspx
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increase in astrocyte number, changes in morphology and scar formation, with 
both deleterious and positive effects (e.g., promotion of synapse formation).222, 233 
Astrogliosis consists on cell hypertrophy, increased expression of intermediate 
filaments (GFAP, nestin, vimentin) and proliferation.145 Its activation is dependent 
on complex signalling interactions, including ion channel and GJ’s, purinergic 
receptors, excitotoxicity and specific neurotransmitters and Ca2+  homeostasis 
upset.222 It further interacts with microglia via several mediators including TNF, 
IL-1β and complement 1q component.234

Astrocytes display pro- and anti-inflammatory properties, also designated as A1/
A2 profiles, respectively, in interesting parallelism to microglia.234 The A1 sub-
type, following cytokine exposure (TNF, IL-1α), is characterized by impairment of 
astrocytic homeostatic functions (including phagocytosis) and becomes neuro-
toxic to surrounding cell populations.235 A2 sub-type might display a “protective/
repairing” profile, expressing synaptogenic and axonal progression factors.236, 237

Astrocytes are involved in a global response to TBI.148, 238  It has been studied as a 
therapeutic target, with reported neuronal survival and improved cognitive out-
come upon its modulation.239, 240 Following TBI, astrocyte cells enlarge and pro-
liferate, upregulating intermediate filament proteins in direct relation to injury 
severity.148, 241 Trauma induces direct secretion of GFAP and S100B from astro-
cytes, making them ideal serum and plasma biomarkers for TBI (see Biomarkers 
section).242 Even mild impacts can result in significant astrogliosis (both in ipsi- 
and contralateral hemispheres) and dysregulation of AQP4 expression, namely 
in its typically polarized pattern in the endfeet of reactive astrocytes.243, 244 

ATP release (via connexion hemichannels) from either viable, injured or dying 
cells, induces an increase in cytoplasmic Ca2+, involved in the polarization of 
astrocyte processes towards injury and recruitment of microglia.148, 245 Simulta-
neously, late post-traumatic astrogliosis is intended to protect unaffected brain 
areas from secondary damage.207 The site of injury is surrounded and covered 
by layers of astrocytes, with long intertwined processes, forming a protective 
scar-tissue formation.148, 246 

Human and animal studies show a role for astrocytes in post-traumatic epilep-
togenesis, namely upon homeostatic functions upset, functional impairment 
and inclusion in epileptogenic lesional scars.67, 246 Fluctuating GFAP expression 
and downregulation of astrocyte coupling (necessary for a proper syncytium 
development) are probable causal factors in PTE. Confronted with an energy cri-
sis, the brain is forced to use alternative metabolic pathways, namely lactic acid 
and pyruvate, with reactive astrocytosis regulating the synthesis of lactic acid, 
free fatty acids and ketone bodies.247, 248 
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Excitotoxicity

Glutamate is the main endogenous CNS’s excitatory neurotransmitter and a cru-
cial element in neuroplasticity and maintenance of cognitive functions,249 along 
with lactate and aspartate.250, 251 Clinical and animal model studies, resorting to 
microdialysis252, 253 and spectroscopy,254, 255 document a significant post-traumatic 
increase in extracellular brain levels of glutamate. Studies concerning glutamate 
and CSF analysis in TBI patients displayed a similar increase.256 Post-TBI chang-
es concerning glutamate and lactate are the consequence of a much broader 
neurometabolic shift in the injured brain, including emergent lactate oxidative 
metabolism.257 This increase in glutamate is evident at 6h post-TBI and reaches 
its peak after 2 days.128, 258 Excitotoxicity leads to neuronal damage and death fol-
lowing over-activation of NMDA and AMPA ionotropic receptors, mitochondrial 
disruption, Reactive Oxygen Species (ROS) upregulation, cytoskeleton distur-
bance and ionic homeostatic imbalance.259, 260 

Previous studies in primary cultures of human brain endothelial cells have also 
shown a role for glutamate in post-TBI BBB’s increased permeability,261, 262 mainly 
through metabotropic glutamatergic receptors.263 Imaging studies on human TBI 
victims display a chronically disrupted dynamic between glutamate and inhibi-
tory transmitter GABA.256, 264 

Metabolic dysfunction and oxidative stress

Overall brain metabolism is impaired in TBI victims, with the metabolic rate be-
ing considered a prognostic factor.265, 266 Mitochondria dysfunction is followed by 
attenuation of the nicotinic co-enzyme pool, decreased ATP and reduced respira-
tory rates,267, 268 with an obvious cerebral blood flow/metabolism uncoupling.269 
As expected, studies have confirmed a relationship between excitatory amino 
acids levels (in serum and microdialysis) and the degree of secondary injury.270  

Disruption of regular energetic mechanisms leads to decreased glucose utiliza-
tion and lactic acid accumulation.39, 271 Experimental studies show an initial in-
crease (30m post-TBI) in glucose uptake and metabolism, followed by a more 
sustained decrease in glucose uptake and significant glycolysis, lasting for several 
days.272 This decrease in glucose is present even in mild TBI, as documented in 
studies with [18F] fluorodeoxyglucose Positron Emission Tomography (PET).265, 
273 Post-TBI increased levels of lactate (brain tissue, CSF, serum) are also discern-
ible,266, 274 with direct impact on acidosis equilibrium, membrane damage and 
neuronal vulnerability to secondary ischemic insults. Glutamate-dependent 
activation of glycolysis should stimulate glucose-fuelled astrocyte production 
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of lactate, which should be efficiently transported from astrocytes (where it is 
mainly produced) to neurons (preferred site for breakdown) (“astrocyte-neuron 
lactate shuttle” hypothesis).275, 276 Upon excessive neuronal damage, lactate accu-
mulates in the extracellular compartment, which explains its increased levels 
in TBI microdialysis studies.266 Following severe TBI, lactate brain uptake and 
metabolism indexes are correlated with outcome.275, 277

Oxidative stress is classically described as resulting from an imbalance between 
free radical production and the physiologic ability to counter their damaging 
effect.39 Post-traumatic excitotoxicity and simultaneous depletion of endogenous 
antioxidant components (superoxide dismutase, glutathione peroxidase) is one 
example of this deleterious imbalance.39, 278 Oxidative damage and its two main 
free radicals [Reactive Nitrogen Species (RNS) and ROS], included in broader 
post-TBI metabolic stress, are responsible for a myriad of deleterious events, 
(protein oxidation, vascular systemic peroxidation, DNA cleavage), promoting 
early and delayed apoptotic programs.39, 278 

Blood-brain barrier and edema 

Blood-brain barrier

BBB is an anatomical and functional structure composed of distinct elements 
(Figure 1.8) and playing a fundamental role in CNS homeostasis. BBB is formed 

Figure 1.8 - Schematic illustration of cell associations and different components in BBB. Tight 
junctions between adjacent cells regulate the paracellular diffusion pathway. Perivascular per-
icytes partially surround endothelial cells and both are enclosed by and contribute to the local 
basement membrane. Astrocytic endfoot processes reinforce this complex network. Blood flow 
is regulated via vasoactive peptides and neurotransmitters. Legend: BL1, basal lamina 1, perivas-
cular extracellular matrix;  BL2, basal lamina 2, extracellular matrix of glial endfeet (in relation 
to parenchyma) (adapted from Abbott et al.,281 with permission).
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Figure 1.9 - Schematic illustration of Blood-Brain Barrier and Basement Membrane. Basement 

membrane structurally and functionally reinforces other components of BBB/NVU. Legend: BM, 

Basement membrane (adapted from Xu et al.,280 with permission).

by microvascular endothelial cells and specific subpopulations of brain cells (as-
trocytes, pericytes), together with an extracellular matrix component, the Base-
ment Membrane (BM), underneath endothelial cells.279, 280 

While endothelial cells build up BBB as a functional unit by forming Tight Junc-
tions (TJs) in the intercellular space by limiting the paracellular pathway and 
transcytosis (transcellular transport),280 pericytes act as mural cells covering 
capillaries.282, 283 Astrocytes interact with pericytes and endothelial cells via their 
endfeet (Figure 1.9).280, 284 Concerning TJs, specific structuring proteins regulate 
paracellular permeability between adjacent endothelial cells, being formed by 
transmembrane proteins (claudins, occludin, adhesion molecules) and accesso-
ry cytoplasmic membrane proteins [Zonula Occludens (ZO)].4, 285 
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Figure 1.10 - Schematic interpretation of the neurovascular unit. As a functional unit, NVU 

comprises distinct elements at a cellular and molecular level. Legend: AJ, adherens junctions; 

GJ, gap junctions; HC, hemichannel; TJ, tight junctions; ZO, Zonula occludens.

BBB’s function is dependent on its paracrine interactions among endothelial cells 
and their relation to glial components (Figure 1.10). The concept of NVU is more 
physiologically accurate and is currently considered the best way to describe and 
contextualize all underlying cellular and molecular phenomena.286 Movement of 
solutes across BBB is due to gradient-driven passive phenomena, eventually fa-
cilitated by passive/active transports in the endothelial membrane.281, 286 

Astrocytes are a fundamental cellular component of BBB, with astrocytic end-
feet enveloping endothelial cells and strengthening structural support.287, 288 
Pericytes also play diverse roles in BBB, including regulation of capillary haemo-
dynamics, clearance of toxic metabolites, angiogenesis, neuroinflammation and 
BBB’s permeability.289, 290

Basement membrane (BM) is another relevant structural component in BBB/
NVU, as part of the extracellular matrix (Figure 1.9), providing structural sup-
port and allowing signalling transduction.280, 291 It is formed by four major pro-
teins: collagen IV (the most abundant), laminin, nidogen and perlecan.280, 292 
As expected, diverse neuropathological contexts (acute and chronic) are found 
to display significant changes and disrupt ultrastructural BM composition.293, 294 
The hippocampus is a particularly fragile region concerning BBB breakdown, 
even in healthy ageing individuals.295, 296
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BBB’s upset in TBI has been well documented,130, 131 with a varying behaviour de-
pending on the type of injury: diffuse TBI induces earlier BBB upset comparing 
to a biphasic response in focal TBI.297, 298 Studies show that MMP’s expression is 
involved in delayed BBB opening post-TBI, involving TJs and basal lamina break-
down and recruitment of inflammatory cells.286, 299

Ultrastructural studies show an immediate increase in endothelial caveolae in rela-
tion to loss of BBB integrity.300 Caveolae mediate distinct molecules transportation 
across endothelial cells (insulin, albumin, transferrin, cytokines, chemokines)
via respective receptors within caveolae coats.301 Previous reports mention 
a decrease of ZO-1 and claudin-5 in cerebral endothelial cells following SP 
administration.302 SP is also thought to promote caveolae-dependent transcyto-
sis. NK1 receptor (NK1R) (preferred SP’s binding receptor) is also localized with-
in endothelial caveolae and its stimulation promotes caveolae internalization, 
the first step in transcytosis.303

Concerning brain trauma, several questions subsist concerning many aspects of 
post-traumatic BBB deregulation, supposedly based on transport mechanisms 
deregulation, increased microvascular permeability (with excessive leakage of 
proteins and plasma fluid), neuroinflammation and post-traumatic vasogenic 
edema.28, 304 Non-selective entry of different blood factors (albumin, fibrinogen), 
following BBB’s mechanical disruption and increased permeability, will guide 
microglia cells migration to injured brain tissue.305 BBB’s disruption is, therefore, 
a potential therapeutic target,306, 307 either by blocking undesired increased per-
meability or using BBB’s impairment to improve drug administration.  

Importantly, post-traumatic BBB’s disruption leads to the accumulation of toxic 
blood-borne substances (fibrinogen, inflammatory cytokines) in the brain pa-
renchyma, namely in the presence of co-morbidities that further impair BBB.308 
This will lead to subsequent neuronal and white matter damage and activation of 
the monocyte/macrophage system.309 Microglial activation, loco-regional migra-
tion of circulatory immune cells and increased levels of NO and ROS are events 
that potentially interfere with BBB function.261, 310 

Albumin, a plasmatic protein usually excluded from contact with brain tissue, 
increases Ca2+ concentration in microglial cells and directly promotes microgli-
al proliferation, activating MAPK pathways, promoting NO production via ERK 
signalling and inducing IL-1 synthesis.311, 312 Post-traumatic increase in BBB’s 
permeability to albumin and other macromolecules, a likely consequence of in-
creased paracellular permeability and deregulated TJs expression/distribution/
function, is, therefore, a significant event in complex BBB-microglial interaction 
and post-traumatic response.313, 314
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Figure 1.11 - Main features in cerebral edema. Cytotoxic edema: failure of Na+/K+ ATPase leads 

to Na+ and consequent fluid cellular influx, culminating in cell swelling; Vasogenic edema: BBB 

breakdown leads to plasma proteins and abnormal fluid accumulation in extracellular space. 

Legend: BBB, blood-brain barrier.

Edema

Despite its complexity in nature and mechanisms, brain edema is classically divided 
into two main categories, cytotoxic and vasogenic edema, with distinct processes
and preferred sites of fluid accumulation (Figure 1.11).12, 315 Another sub-type, 
transependymal (interstitial) edema, is not relevant in the post-TBI context. 
Evolving research on the subject highlights contributions from various ionic 
pumps, oncotic gradients, BBB disruption and overall inflammatory response.315, 316 

Cytotoxic edema develops with intracellular accumulation of fluid (especially 
in grey matter),317 following ionic pump failure and selective activation of ion-
ic channels [e.g., ASIC (Acid Ensing Ion Channel), GLUT (Glucose Transporter) 
1/2],315, 318 further complicated by the loss of homeostatic ionic gradients and 
impairment of ATP production, a “bioenergetics crisis” and consequent cell 
death.317, 319 This phenomenon will affect all CNS cell types due to an inability 
to maintain necessary transmembrane ionic gradients, leading to intracellular 
accumulation of sodium and an osmotic gradient driving water into the intra-
cellular compartment.320, 321 Cellular swelling and rupture will occur, reinforcing 
loco-regional inflammation in a self-sustained cycle.         
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On the other hand, vasogenic edema is derived from BBB disruption, with wa-
ter and proteinaceous fluid overall influx into the interstitium as a consequence 
of complementary phenomena previously addressed.114, 208, 315 Accumulation of 
specific molecules in extracellular space forces a change in its osmotic pressure, 
driving water from the intravascular compartment into brain parenchyma.315

 Considering that cytotoxic edema is based on a water shift from extracellular into 
intracellular locations, with no transit between compartments as in vasogenic 
edema, the latter is in theory responsible for most of the increase in brain volume 
and ICP.322 Vasogenic edema is, therefore, a main mortality driver in the first 
week following TBI or stroke.317, 323

Concerning TBI and post-traumatic edema, the contribution and timings of 
its sub-types have been the subject of controversy and conflicting data.114, 130 
Vasogenic edema is consistently portrayed as an earlier phenomenon, later 
reinforced by long-lasting cytotoxic edema (significantly from 2-3 days fol-
lowing TBI and up to 2 weeks).130, 315 Vasogenic edema, however, was shown to 
be persistent for 3-4 days.324 Interestingly, a second peak in vasogenic edema 
may occur after 5 days, possibly mediated by microglial activation.114, 325 BBB 
is maximally permeable 4-6h following TBI while, at 7 days, it is much more 
differentially permeable and only for smaller molecules.130, 326 The notion of a 
rigid distinction between “cytotoxic” and “vasogenic” edema, despite its con-
venience, is rightfully disputed.114, 315 Post-TBI edema, in all its forms, will then 
significantly impact ICP.

Astrocytic water channel AQP4 has been implicated in cerebral edema patho-
genesis.327 Its expression is significantly increased in TBI,327, 328 making it a po-
tential therapeutic target.329 Mainly expressed in perivascular endfeet processes 
and glia limitans,330, 331 AQP4 is thought to promote water movement into affected 
astrocytes.332, 333 Additionally, AQP4 is theorized to participate in vasogenic ede-
ma’s resolution, following different types of injury.243, 333 Following TBI, AQP4’s 
polarized location is shifted and its expression is therefore mainly localized in 
astrocytic soma and processes, with significant upregulation in astrocyte-based 
glial scar and milder global AQP4 upregulation, peaking at 7 days.243, 334 

Inflammation 

Neuroinflammatory response and activation of immune response

Within minutes of injury and following cellular damage, release of Heat Shock 
Proteins (HSPs) and HMGB1 (High Mobility Group Box-1) [a typical Damage-Asso-
ciated Molecular Patterns (DAMPs)], is followed by its binding to transmembrane 
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TLRs and activation of nuclear factor-κB (NFκB) and MAPK pathways, leading 
to release of proinflammatory factors (IL-1β, IL-6, chemokines, immune recep-
tors).335, 336 These signalling molecules (ATP, HSPs, HGMB1 - so-called “alarmins”) 
are released from damaged meninges, glia limitans and brain parenchyma.337, 338

Alarmins will then induce microglial activation and generation of IL-1β. NFκB 
will translocate to cell nuclei and promote cellular proliferation and proinflam-
matory amplifiers release. IL-6, TNF and other similar components peak at 2 days 
following TBI, with a more extended period of normalization of its values.338, 339 
This cytokine-based response is involved in reactive astrocytosis, microglial acti-
vation and migration (as well as axonal dysfunction).133, 194 Activation of resident 
CNS cells and recruitment of peripheral leukocytes are therefore dependent on 
inflammatory mediators.340, 341 Distinct proinflammatory factors are later coun-
terbalanced by upregulation of anti-inflammatory molecules and neurotrophic 
factors (IL-4, IL-10, TGF-β).336 

Hippocampal mRNA levels of CD11b/Iba1 and GFAP/S100B (microglial and astro-
cytic markers, respectively) are increased in the aged hippocampus.342 This in-
dicates a hippocampal “pseudo-activation” in the elderly, potentially associated 
with age-related progressive neurodegeneration.342 Aged hippocampus display 
increased cytokines/chemokines expression and a distinct astrocyte phenotype 
(thickened processes, hypertrophied soma), most likely in relation to reduced 
neuronal protection and regeneration.342, 343 The notion of “inflammaging” as a 
global, low-grade chronic inflammatory state in the elderly is another issue to be 
accounted for concerning the injured brain and respective prognosis.344, 345 

The role of this “classical” inflammatory pathway is ambiguous in its purpose and 
undoubtedly dependent on the timing of assessment.133 Microglia and astrocytes’ 
role in clearing cell debris and releasing anti-inflammatory cytokines are neces-
sarily beneficial. Contrastingly, microglia phenotypic interchanging (M1 and M2 
gene expression) accentuates and lengthens the deleterious inflammatory effect 
(see Microglia section).193 Proinflammatory molecules will also play a supplemen-
tary role in BBB disruption, as demonstrated by increased BBB permeability de-
pendent on IL-1β, related to loss of occludin/ZO-1 and TJs redistribution.346 

Neutrophils are the first peripheral cells to become noticed in the brain follow-
ing TBI, upon chemokines recruitment347 and peaking at 48-72h post-TBI,211 fol-
lowed by macrophages/microglia migration and astrocytes activation.138 Neutro-
phils are the major phagocytes of cell debris and are able to release neurotoxic 
products while increasing endothelial permeability211, 348 and production of ROS, 
proteolytic enzymes and cytokines.337, 338 T lymphocytes, Natural Killer cells 
(NKs) and dendritic cells are also recruited.201, 349 Autoreactive CD4+ T cells dis-
play a neuroprotective role concerning injured axons, eventually derived from 
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its ability for IL-4 release (promoting neurotrophin signalling and neuronal re-
covery).350, 351 Immune system signalling in injured CNS takes place partially via 
DAMPs and Pathogen Associated Molecules Patterns (PAMPs), triggering an in-
flammatory cascade.352

Neurogenic inflammation

Neurogenic inflammation was initially described in peripheral tissues (skin, 
lungs) as an inflammatory process triggered by a noxious stimulus activating pe-
ripheral sensory unmyelinated neurons.353, 354 It leads to increased microvascu-
lar permeability, vasodilation and peripheral fibrosis.354, 355 It also plays a role in 
secondary injury pathways in the CNS (TBI, stroke).356, 357 Both SP and Calcitonin 
Gene-Related Peptide (CGRP) are involved in BBB’s disruption, vasogenic edema 
and neuronal injury. Transient Receptor Potential V1 (TRPV1), co-localized with 
SP and CGRP, is also involved in neuronal injury by facilitating neurogenic in-
flammation and BBB’s dysfunction.358, 359 

Despite similar and synergistic actions, distinct neuropeptides display different 
roles: CGRP mainly promotes vasodilation; SP acts primarily upon capillary 
permeability and plasma extravasation,360 a paramount characteristic concerning 
TBI. SP, acting on NK1 receptors (NK1R), promotes vascular permeability and 
interstitial leakage of osmotically active molecules and water.297 Other pep-
tides, including CGRP, play similar roles, namely in complex brain blood-flow 
self-regulation.361, 362

Following moderate to severe TBI, early disruption in NVU is present, likely sus-
ceptible to SP’s interference.363 Endovascular endothelial glycocalyx, an endolu-
minal complex of glycoproteins and proteoglycans acting as an NVU extension, 
probably plays a role.364 SP/NK1R’s action upon BBB includes significant changes 
in ZO-1 and claudin-5 expression.365 SP’s activity may lead to transcellular trans-
port by increasing caveolae-mediated transcytosis,12 dependent on NK1R locali-
zation in endothelial caveolae.366 SP’s activation of NK1R also increases leukocyte 
migration via chemotaxis while upregulating adhesion molecules expression.367 
Neurogenic inflammation is capable of directly interfering with BBB’s integrity 
while enhancing/perpetuating classical inflammation.368

1.4.3 Structural injury 

Besides obvious macroscopic brain injuries, TBI can result in distinct micro-
structural findings.
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Structural disruption 

Moderate and severe TBI induces overall chronic impairments and structural 
disruption, a consequence of both primary and secondary injury, leading to dis-
turbances in intrinsic brain structuring connectivity. Quantitative MRI studies 
display noticeable brain volume loss years following initial injury,369 namely with 
white matter volume loss up to 4 years post-injury.370 Most studies show that even 
mild TBI might result in diffuse axonal degeneration and neurodegenerative 
changes in the injured brain.167

Most post-traumatic impairments and deficits arise, in part, from disturbances 
in sensory input processing, based on persistent inhibition-related neuronal hy-
perexcitation in upper cortical layers.163, 371 Other authors have described intra-
cortical connectivity compensatory mechanisms, specifically inter-regional and 
through direct corticospinal projection pathways.372 These mechanisms might 
explain motor improvement following TBI along with compensatory behaviours, 
despite more deeply integrated cognitive deficits.373   

Several studies demonstrate, in Diffusion Tensor Imaging (DTI) MRI scans, post-TBI
microstructural changes in white matter tracts,374 with significant repercus-
sion in cognitive performance (attention, memory, executive function). Animal 
models also confirm white matter disruption and loss of integrity, including a 
substantial decrease in corpus callosum thickness and other changes in its func-
tional anatomy (anisotropy, lower diffusivity), still present up to 12 months fol-
lowing TBI.375 Corpus callosum-specific myelinated axon conduction deficits and 
degenerative mechanisms (with demyelination) lead to white matter atrophy.376 
Damage from impact-acceleration forces is obvious, with corresponding neu-
ral circuit deficits following myelinated pathways impairment.41, 171 Frequently, 
concomitant loss of neuronal cell bodies (grey matter regions) precludes white 
matter structural recovery.377, 378 

Traumatic Axonal Injury (TAI) [or Diffuse Axonal Injury (DAI), in its clinical con-
text)] is the main microstructural event concerning axonal projections running 
in white matter tracts, after sustaining distinct forces involved in TBI (torsion, 
tension, compression) (see Neurons section).171 These shear forces and conse-
quent deformation stress are mainly due to a speed differential concerning cor-
tex and subcortical/deep white matter dislocation. 

Experimental models consistently confirm specific notions as follows379:

- TAI frequently occurs in axons surrounded by non-affected axons;
- Axons are particularly vulnerable to rotational-acceleration injury due to 
their significant anisotropic arrangement and specific structural design380;
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- Breaking of axonal microtubules is an important feature381;
- Primary axotomy is a relatively rare event380;
- Death of corresponding neuron cell body is not a necessary condition for TAI382; 
- TAI may co-occur in several neuroanatomical regions.

Myelin disruption is another major factor in white matter damage, although 
unmyelinated fibers are also very susceptible to TAI.171, 383 Damaged axons over-
coming the disconnection phase undergo Wallerian degeneration and myelin 
sheaths collapse while the axon fragments and degenerates.171 Myelin debris 
slow clearance arguably invokes additional detrimental effects, inhibiting axon 
regeneration384 and activating microglia.385  

Hippocampal injury 

The hippocampus is a major component in human and other vertebrates´ brain, 
located in the medial temporal lobe in primates (Figure 1.12). The hippocampus 
is included in the limbic system, playing crucial roles in acquiring and processing 
information and consolidating long-term, semantic, social and spatial memory.386, 387 

Figure 1.12 - Hippocampus, representation of a coronal section of the human brain.

https://en.wikipedia.org/wiki/Limbic_system
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A B

Figure 1.13 - A - Schematic illustration of human hippocampus structure (adapted from Takano 

et al.,391 with permission). B - Schematic illustration of human hippocampus major excitatory 

pathways (adapted from Takano et al.,391 with permission). Legend: CA, cornu ammonis; DG, den-

tate gyrus; EC, entorhinal cortex; MF, mossy fibers; PP, perforant path; RC, recurrent network; 

SC, Schaffer collaterals; TA, temporoammonic pathway. 

Hippocampus is classically divided into two parts: Cornu Ammonis (CA) and Den-
tate Gyrus (DG), separated by hippocampal sulcus and curved into each other.388, 389 
Other specific areas, subiculum (inferior to hippocampal fissure) and entorhinal 
area (providing primary input to the hippocampus), are also mentioned in varying 
anatomical classifications. Cornu ammonis, consisting of pyramidal cells, is fur-
ther divided into CA1, CA2, CA3 and CA4.389, 390 These highly interconnected areas 
(Figure 1.13) communicate with different cortical regions. 

In animal models of repetitive minor TBI, although not showing significative 
hippocampal neuronal damage, disperse gliosis and minimal changes in deeper 
layers are still present.392 Post-traumatic hippocampal damage is characterized 
by neuronal disruption in the CA1 and CA3 layers and deafferentation in the CA1 
layer.393, 394 Neuronal loss is present bilaterally, even at later stages (following 30 
days post-TBI), despite being more pronounced in the ipsilateral hippocampus.395

Pyramidal hippocampal neurons in the CA3 layer and granule cells in the DG ap-
pear to be most vulnerable to this bilateral phenomenon.396 Pathological changes
specifically in contralateral hippocampus include neuronal loss in the CA3 layer
(up to 60% in the first 48h) and CA1 layer deafferentation.394, 397 Immunohisto-
chemical studies with GFAP and Fluor-Jade staining documented significant neu-
ronal and astrocytic damage, namely in the previously mentioned CA1 and CA3 
hippocampal layers, as soon as 24h following TBI.398, 399 Hippocampal damage is 
also reflected in cells that, although not sustaining apoptosis/necrosis, display 
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significant structural damage, including dendritic and synaptic degeneration, 
with diminishing local synaptic density.400 A main location for hippocampal cell 
death is the DG,401 where many dying cells are not NeuN-expressing mature neu-
rons but immature NCAM (neural cell adhesion molecule)-expressing granular 
neurons, significantly compromising future neurogenesis.402, 403 

Once Schaffer’s collateral pathways are affected, significant post-traumatic dis-
ruption of the pyramidal CA3 layer will result in deafferentation of superior 
CA1 dendritic component.404 A substantial decrease in the number of dendritic 
spines has been reported in the ipsilateral CA1 and DG,33, 405 following repeated 
TBI, with an expected impact in synaptic plasticity, acquisition and retention 
of spatial memories.  

Imaging data analysis shows increased mean hippocampal diffusivity in the CA1 
and stratum radiatum/lacunosum-moleculare (SLRM) regions, in relation to ne-
crosis and edema.406 White-matter tractography detected smaller tract volumes 
seeded from the right-hemispheric hippocampus (CA1, SRLM, CA4) (again with 
hemispheric asymmetry).406 Other studies demonstrate obvious volume loss in 
the hippocampus of victims of repetitive concussions.407

1.4.4 Substance P

SP is an 11-aminoacid peptide derived from the preprotachykinin-A gene by al-
ternative splicing, widely distributed in CNS (cortex, hippocampus, basal gan-
glia, hypothalamus, amygdala), peripheral nerves (dorsal root ganglion neurons) 
and enteric nervous structures.408, 409 It is more abundant in grey than in white 
matter.410 Preferred NK1R are expressed on astrocytes and microglia, diverse en-
dothelial cells and circulating inflammation-activated immune system cells.411 
Signal transduction through NK1R (and its truncated isoform, with less affini-
ty for SP and decreased induced inflammatory response)412, 413 takes place via G 
protein signalling and cAMP (secondary messenger), leading to changes in gene 
expression and enzymatic activity patterns, and regulation of ion channels ac-
tivation.411, 414 SP, via NK1R coupling to phospholipase C, facilitates AMPA and 
NMDA receptors function,415, 416 namely in the dorsal horn and granular layer of 
hippocampal DG.411, 417 Most intrinsic fibres containing SP develop symmetrical 
synapses in GABAergic interneurons in mouse hippocampus .418

SP promotes inflammatory mediators´ production (cytokines, histamine), endothe-
lial cell adhesion molecule expression, leukocyte activation and migration.353, 358

It is responsible for increased BBB permeability, with studies demonstrating di-
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rect interference with TJs proteins, decreasing ZO-1 and claudin 5 levels upon 
direct application to cerebral capillary endothelial cells.419 SP also upregulates 
adhesion molecules and MHC class II antigens, implying recruitment/migration 
of inflammatory cells across BBB.419   

A regulatory role for SP in inhibitory GABAergic circuits is mediated prefera-
bly by NK1R.420 Concerning SP’s role in self-sustained seizures in animal models 
(self-sustaining status epilepticus), early reports have shown increased extracel-
lular glutamate concentration and SP’s promotion of status epilepticus and conse-
quent hippocampal damage.421 SP also acts as an element of mediation in memory 
and behavioural components (anxiety, stress, fear).422

Extensive literature reports an immediate post-traumatic increase in SP’s serum 
levels and perivascular immunoreactivity.423, 424 Increased SP’s immunoreactivity 
following TBI has been described in animal models (from 5h up to 3 days post-
TBI, perivascular location)425 and human post-mortem studies.426 Significantly, 
SP’s perivascular location and increased immunoreactivity are co-localised with 
regions of significant BBB disruption, with an apparent linear relation between 
SP’s immunoreactivity, the severity of injury and mortality.297, 424 This leads to ex-
perimental research and clinical trials focusing on SP as a possible biomarker 
and, above all, as a therapeutic target.130, 362 Targeting SP’s expression with NK1 
antagonists has shown beneficial effects in TBI rat models, decreasing BBB im-
pairment and improving outcome.423, 427 Some studies have shown a possible 
mechanism for post-traumatic brain release of SP (from sensory neurons) via 
mechanical activation of TRPV1 and similar receptors (e.g., TRPA1),133, 353 with 
the influx of cations (sodium, Ca2+) triggering neuropeptides release.428 External 
mechanical insults to the brain, and eventual brief spikes in blood pressure, will 
activate TRPV1 and others and lead to SP’s release. 

SP is therefore a potent initiator of neurogenic inflammation (Figure 1.14) while 
also playing a role in classical inflammation pathways.

CGRP, included in the calcitonin family of peptides, has also been implicated in 
post-traumatic neurogenic inflammation (Figure 1.14), displaying overlapping 
pathological pathways with SP.429 Increased serum levels of this peptide were ob-
vious 2 days post-TBI,429 with similar findings in experimental studies.430 Even so, 
CGRP’s behaviour is less well studied and somewaht unpredictable when com-
pared to SP.12
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Figure 1.14 - SP and CGRP in neurogenic inflammation. Both neuropeptides are clearly and 

precociously increased in the context of TBI’s secondary injury, playing a role in post-traumat-

ic neurogenic inflammation. Legend: BBB, blood-brain barrier; CGRP, calcitonin gene-related 

peptide; CRLR, calcitonin receptor-like receptor; NK1R, neurokinin 1 receptor; RAMP, receptor 

activity-modifying protein; SP, substance P; TJs, tight junctions.  

1.4.5 Neuropeptide Y

NPY, one of the most abundant brain neuropeptides, is a 36-aminoacid peptide 
highly expressed in the Central and Peripheral Nervous Systems, including pros-
encephalon, diencephalon and brain stem.431, 432 NPY is abundantly expressed in 
the hippocampus and cortical interneurons, Sub-Ventricular Zone (SVZ) and tha-
lamic reticular nucleus.433 Astrocytes, namely cortical populations, display an 
abundance of NPY receptors,434 and NPY is co-localized with SP in GABAergic in-
terneurons, where it is mainly produced and released.434 NPY is involved in the 
primary response to different events (stroke, epilepsy), modulation of post-aggres-
sion cytotoxic environment and neuronal regeneration.432, 435 NPY is also included 
in nociceptive pathways, namely via activation of NPY Y1 receptor subtype.432, 436 

NPY is included in the same family of peptide YY (PYY) and pancreatic polypep-
tide (PP).437 The members of this family act via protein G coupled receptors, with 
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six G Protein-Coupled Receptors sub-types identified (NPY1R to y6R).438 NPY1R, 
Y2R, and Y5R receptors are the most prominent in the brain, while Y4R is mainly 
expressed in the gastrointestinal tract and y6R is present in mice and rabbits, but 
not in primates or rats.439, 440 

NPY regulates several biological functions, such as blood pressure, neuroen-
docrine system, feeding behaviour, circadian rhythms, neuroplasticity and 
memory.441, 442 Increased levels of NPY expression in distinct brain regions corre-
spond to different effects (both stimulating or inhibiting), according to different 
types of receptors.442, 443 In fact, NPY is involved in the regulation of neuronal 
activity and hyperexcitability states.444, 445 This peptide has a well-described an-
ticonvulsant effect via its different receptor subtypes with a hippocampal and 
cortical location.435, 446 Seizures increase NPY expression in specific hippocampus 
regions and cell populations, including gamma-aminobutyric acid (GABA)-ergic 
interneurons and mossy fibers and granule cells.447, 448 NPY receptors coupling 
to Gi/o proteins leads to decreased cAMP accumulation (upon inhibition of ade-
nylate cyclase), Ca2+ and K+ channels modulation and intracellular Ca2+ mobili-
zation.442 NPY’s role as an endogenous anticonvulsant is partially based on hip-
pocampal glutamatergic excitotoxicity modulation.445, 449 Studies in post-ischemic 
retina models have also shown an inhibitory action of NPY over cytotoxic edema 
upon glutamatergic regulation.450 

Other regulatory roles are attributed to NPY, including cellular proliferation 
(including neuronal) in hippocampal DG and SVZ,451 vascular tonus regu-
lation452, 453 and angiogenesis.454 Its role as a pro-neurogenic agent has been 
shown, on animal models of brain ischemia and epilepsy, acting on the SVZ 
stem cell population as a stimulus for new neurons and glial cell proliferation 
(via Y1 receptors) and promoting its migration in order to repopulate dam-
aged areas.451, 455 

In sum, NPY is clearly involved in neuroprotective pathways modulating gluta-
matergic hippocampal excitability (via receptors NPY2R), pro-neurogenic and 
pro-migratory activity,437, 455 as demonstrated in animal models of ischemic 
stroke or induced degeneration.456, 457 Its pro-neurogenic action is also exerted 
via Y1 receptors.431, 432

Given its role as a potent neuromodulator and its ubiquity in CNS, the therapeutic 
potential of NPY’s pathways modulation has been addressed. One example is the 
intranasal administration of NPY or NPY 13-36 (a selective agonistic ligand for 
NPY2R) in animal models of Huntington’s disease.458 Other studies with recombi-
nant adeno-associated viral vectors carrying human NPY gene have shown sup-
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pression of acute and chronic seizures and reduced excitability upon increased 
endogenous NPY expression.459, 460 NPY’s potential as a neuroprotective agent in 
kainate models of hippocampal neurotoxicity has been shown.461

NPY is also mentioned as a response regulator in stress and depressive states, 
with different studies displaying suboptimal values of NPY in animal models and 
pre-clinical studies of post-traumatic stress and depression.433, 462 NPY is upregulated 
(namely in the pre-frontal cortex) as a response to therapeutic protocols with anti-
depressants.463 Anxiolytic effects, with amygdala interference, are also well charac-
terized.437, 464 In fact, chronic stress increments NPY RNAm levels in the amygdala, 
leading to increased NPY levels in CSF and plasma in major depression patients.433 
Amygdala’s NPY1 receptors play a fundamental role not only as an adaptative re-
sponse to stress but also in epileptogenic phenomena of temporal origin.465, 466 Mor-
gan and colleagues467 report pre-clinical studies in which injection of NPY in the 
amygdala induces an anxiolytic effect at a central level, an effect later reproduced 
with artificial CSF solutions.468 A likely NPY’s anxiolytic endogenous effect, namely 
by down-regulating other neuropeptides (e.g., Corticotropin-Releasing Hormone), 
is therefore well documented both in human and animal studies.469, 470

An obstacle to more sustained pre-clinical studies involving NPY, which might 
explain in part the discrepancies among different teams, is the uncertain corre-
lation between CSF and plasma levels of NPY.433, 471 However, in various research 
protocols and independently of its questionable direct relationship, plasmatic 
and CSF levels of NPY indeed reflect an objective neurobiological response, able 
to modulate stress and coping strategies.433 Concerning the possibility of NPY 
directly inhibiting SP’s peripheral action via Y1 receptors, NPY decreases capsa-
icin-induced SP’s immunoreactivity in dorsal horn’s microdialysate and stimu-
lus-evoked NK1R internalization.431

Regarding NPY’s role in TBI, there are no significant studies on its role. Early re-
ports show increased NPY levels in CSF and plasma of TBI victims and in animal 
models of TBI,452, 472, 473 with special focus on cortical contusions and with an ob-
vious peak at 48-72h. Its potential role as a promoter for focal neurogenesis fol-
lowing TBI was also shown.474, 475 Some authors have previously theorized about 
its potential vaso-regulatory role in a post-TBI context.452 Animal models of mild 
TBI and PTE display an apparent upregulation of hippocampal NPY associated 
with neuroprotective mechanisms in response to TBI.476 

Several reports also mention NPY’s involvement in post-TBI intestinal dysfunc-
tion in a synchronic way and complemented with AQP4 action.477, 478 Intestinal 
ischemia, consequent hypoxia and edema are speculated to result from ongoing 
AQP4 activation.479 The severity of structural changes in villi is proportional to 
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initial trauma severity, and the same happens with plasma levels of NPY and 
AQP4.479 The authors correlate increased levels of NPY with intestinal ischemia 
and hypoxia, while AQP4 is supposedly related to intestinal edema. 

Several reports show an embracing immunomodulatory role for NPY (both in a 
autocrine and paracrine fashion).480, 481 Microglia migration and mobility, as a re-
sponse to inflammatory events and dependent on lipopolysaccharide (LPS) stim-
ulation, is inhibited by higher levels of NPY, downregulating p38 mitogen-ac-
tivated kinase protein phosphorylation.480 Moreover, NPY inhibits microglia 
phagocytosis stimulated by LPS via modulation of IL-1β levels.482 

1.4.6 Magnesium

Mg2+ is mentioned in the literature as an important element in neuropathologic 
pathways, as a likely neuroprotective agent (memory, cognition, learning) with 
direct intervention on excitotoxicity phenomena.483 Mg2+ functions as a physi-
ological modulator for Ca2+ signalling and a direct Ca2+ antagonist, regulating 
NMDA receptors and attenuating smooth muscle contraction while diminishing 
neurotoxicity.484, 485 It plays a role in inhibiting Endothelin-1 production, inflam-
matory mediators and free radicals,486 while operating as a cofactor for innumer-
ous enzymatic mechanisms.485 

Several studies report its sustained decrease (intracellular and serum) following 
TBI487, 488 and in trauma/shock patients in general.489 Post-TBI hypomagnesemia 
is associated with exacerbation of secondary deleterious phenomena (apoptosis, 
oxidative stress, excitotoxicity).490 

Mg2+ depletion, and concomitant SP’s increase, have been tested as possible 
biological markers491 or therapeutic targets,492, 493 through specific antagonists 
(N-acetyltryptophan, cannabinoid agonistic receptors), with promising albeit in-
sufficient results concerning functional outcome. Administration of magnesium 

sulphate appears to positively influence the degree of neuronal damage following 
TBI and ensuing functional recovery (cognitive and motor).493, 494 

A direct relationship was outlined between the initial and final volume of intra-
parenchymal haematoma, its expected expansion and hypomagnesemia levels 
upon admission.495 Mg2+ also displays significant repercussion in functional out-
come after 3 months, suggesting an important role for Mg2+ in hemostasis and 
platelet aggregation (through activated Factor VII and Factor IX).495, 496 Its true im-
pact in TBI management, stroke or non-traumatic subarachnoid haemorrhage is 
still to be confirmed.497
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1.5 Biomarkers for brain trauma
The field of biomarkers in Neurotrauma is rapidly evolving, and new molecules 
and approaches are constantly being added to the current body of knowledge. The 
choosing of a preferred biomarker should be based on rigorous assessment and 
comparison of specific characteristics, being minimally invasive and cost-effective 
while allowing proper identification of patients benefitting the most from a close 
and desirably tailored management.498 The perceived clinical applicability of a bio-
marker is dependent on its biological and pathological grounding, including a pos-
sible relation to a threshold of disfunction of BBB and eventual mechanisms for 
post-TBI adaptation.498 In respect to biomarkers characteristics, several questions 
must be addressed (based on Kawata et al.)498: What is the origin of the protein? 
Is the protein expression limited to CNS, or does it have a systemic repercussion? 
Are post-TBI abnormal values due to cellular damage and systemic spilling, or are 
they a consequence of up/down-regulation phenomena? What is the specificity of 
the phenomena in question? What is the role for molecular transporters in BBB?

As several reports have shown, panels of biomarkers outperform a single bio-
marker, namely in distinguishing CT-negative and CT-positive patients.499, 500 
Imaging is not entirely reliable as a single tool for a proper diagnosis/prognosis 
assessment. 

When dealing with biomarkers of complex multifactorial phenomena, as in TBI, 
the danger of appreciation errors, with false positive/negative errors, is signifi-
cant. An example of this is a likely interference of skull fractures when assessing 
brain trauma biomarkers, considering the increase in S100 serum levels when 
in the presence of injured osseous tissue.501 GFAP and Ubiquitin C-terminal Hy-
drolase-L1 (UCH-L1) were both deemed unreliable as mild TBI biomarkers when 
in the presence of concomitant orthopedic injuries, as the rate of false positives 
would lead to unnecessary brain imaging.500 Even so, several studies have shown 
the feasibility of employing recognized biomarkers for TBI, given its relevance in 
the short and long-term.502, 503 

Promising biomarkers 

It would be strenuous and ineffective to mention all biomarkers currently un-
der scrutiny, namely in recent studies with Protein Network Analysis, employing 
multiple protein microarray detection and bioinformatics analysis (still in devel-
opment and of uncertain utility at the moment).504, 505 Thus, herein are described 
in detail some of the most promising biomarkers in neurotrauma to date.
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1.5.1 S100B

S100B, an intracellular S100-group Ca2+-binding protein, with a relatively small 
size (9-14 kDa), located primarily in astrocytes, is a widely accepted biomarker 
for TBI,107, 506 despite its still rather limited use in clinical practice. S100B is ex-
pressed mainly in mature perivascular astrocytes in its two forms (homodimer 
S100BB and heterodimer S100AB).3 It is present, to some extent, in other CNS cell 
types (oligodendrocytes, neural progenitor cells, specific neuronal populations) 
and peri-glial extracellular space.507 S100B assists the regulation of cell Ca2+ in-
flux/efflux, being linked to apoptotic environments.508, 509 S100B is also involved 
in cell differentiation and cycle progression.3

Several studies display S100B’s sensitivity in detecting brain lesions (namely fo-
cal contusions) and their progression (Figure 1.15), as it is directly correlated 
to the amount of cerebral tissue affected.3, 510 Upon trauma or metabolic stress, 
astrocytes will release previously stored S100B.511 At the same time, S100B mRNA 
levels will also increase, confirming that increased S100B levels in TBI victims 
are simultaneously due to secretion and upregulated intracellular synthesis.3, 
512 Based on connections between glial cells and AQP4-dependent paravascular 
pathways, recent studies raise the possibility of the glymphatic system playing a 
role in S100B outflow from the brain and into the bloodstream.513, 514 The degree 
of BBB disruption should also be influential in S100B clearance from CNS.514 

Figure 1.15 - Schematic overview of S100B levels in traumatic brain injury, displaying a typi-

cal temporal progression for a biomarker (adapted from Thelin et al.,3 with permission).
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S100B value as a biomarker for TBI has been clearly demonstrated, both in mild 
and moderate/severe TBI, with some authors emphasizing its negative predic-
tive value.3, 515 Specifically in the case of brain contusions, its volume is directly 
correlated to S100B serum levels.516 S100B is also a reliable indicator of secondary 
injury,517 although its significant concomitant elevation in extracranial injuries 
might represent a confounding factor.518 S100B is already used in the clinical 
setting in some Institutions, strengthening diagnostic accuracy.519, 520 For all its 
characteristics, S100B was included in the Scandinavian CT guidelines as the pre-
ferred biomarker for TBI.521, 522 High levels of S100B are also associated with neu-
ropsychological impairments and poorer work resumption.515, 523  

1.5.2 Glial Fibrillary Acidic Protein

GFAP, an astrocyte intermediate monomeric filament cytoskeleton protein, is 
vastly studied in neurotrauma literature.524, 525 Increased seric levels of GFAP have 
been detected following TBI (pre-clinical and clinical studies), with persistently 
increased levels up to 7 days post-TBI.501, 526 Reports show an apparent increase 
in GFAP levels 1h following initial trauma, with a peak at 20h and progressive 
decline in the next 72h.527, 528 Several studies display its sensitivity in detecting 
concussion and traumatic intracranial lesions.528, 529 Its validity as a TBI marker 
was equally shown in pediatric patients.530 Even so, the positive predictive value 
of GFAP is limited and its suitability for individual patient outcome assessment is 
questionable.525 Importantly, biomarker expression and accuracy may decrease 
with age: GFAP’s accuracy in detecting post-traumatic intracranial lesions de-
creases in older patients.524 

Some studies mention the possibility of combining GFAP and S100B, or GFAP 
and p-tau, in more effective prediction models,515, 524 although GFAP apparently 
displays superior detection capabilities for intracranial lesions, especially in the 
presence of skull fractures.501

1.5.3 Cytokines

Interleukin-1 (IL-1) is produced by activated microglia, astrocytes, endothelial 
cells and recruited leukocytes.180 An early increase in IL-1β levels in CSF and 
brain (namely hippocampus) following TBI (3-8h) is noticeable.180 IL-1β is known 
to upregulate other proinflammatory molecules such as IL-6, TNF, COX-2 and 
iNOS (inducible Nitric Oxide Synthase), following activation of protein kinases 
and nuclear factor kappa B (NF-κB).531 IL-1β was tested as a therapeutic target in 
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TBI: following IL-1β attenuation or neutralization, distinct post-traumatic histo-
logical features (neuronal death, edema, inflammation) are improved.532 Cogni-
tive and behavioural improvements were also obvious following IL-1β neutrali-
zation, through relatively unknown mechanisms.180, 533 

Tumor Necrosis Factor (TNF), expressed on the cell surface, plays several roles 
in physiological (immunity, body development) and pathological conditions, 
such as inflammation, cell death, septic shock, ischemia, tumour growth and 
others.534, 535 It is known to modulate multiple signalling pathways, mediated 
by its two receptors, TNFR1 and TNFR2 (specifically expressed in endothelial 
cells, neurons and immune cells),536-538 TNF is another potential biomarker for 
TBI, with consistently increased levels (both in CSF and plasma) up to 1 year 
following even mild TBI.539, 540 This is in clear opposition to other studies, exhib-
iting transient or negligible post-TBI increases in TNF.539, 541 Most often regard-
ed as a potent proinflammatory cytokine, produced primarily by monocytes/
macrophages,534 TNF’s action is thought to be mostly detrimental in a post-trau-
matic context, as part of the initial response to neuronal injury.542 

Following an immediate increase in TNF and IL-1, a later increase in IL-6 and IL-10 
ensues,543, 544 as a result of increased production by resident microglia and infil-
trating monocytes/macrophages. IL-10 increased levels are detectable both in 
CSF and serum of TBI patients,499 and clinical studies have shown its usefulness 
as an early predictor of intracranial lesions, injury severity and mortality.499, 544 

1.5.4 Other possible biomarkers

Tau proteins, mainly expressed in neuronal axons, are considered to reflect 
neuronal injury.545, 546 Increased CSF tau levels are a consequence of stroke or 
recent TBI (along with long-lasting findings in CTE),547, 548 raising the possibility 
of using it as a biomarker for repetitive head trauma.545 UCH-L1, a neuronal deu-
biquitinating enzyme acting on ubiquitin monomers,549 is a potential early-stage 
biomarker.550, 551 A simultaneous use of GFAP and UCH-L1 has been suggested.551 
Neuron-Specific Enolase was shown to be an independent biomarker for post-
TBI mortality and functional outcome,552, 553 with the advantage of displaying a 
longer half-life.554, 555 HMGB1 protein, a proinflammatory intracellular factor, is 
another potential TBI biomarker148, 556 and an eventual therapeutic target.336, 556 
HMGB1 acts as a typical DAMPs molecule, stimulating proinflammatory path-
ways and specific cell secretion (monocytes, neutrophils, NKs). HMGB1 also 
promotes microglial activation, following its release from innate immune cells 
(macrophages, dendritic cells) and injured/necrotic cells.336, 557 BDNF (Brain-De-
rived Neurotrophic Factor) levels are increased as part of the brain’s response in 
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an initial neuroprotective effort.558 Post-traumatic significant increase in BDNF 
levels are evident in cortex, hippocampus and CSF.559 

Assessment of ceramide and sphingomyelin levels, as a reflection of overall 
myelin lipid status, and Neurofilaments Light, an integral part of axonal cy-
toskeleton, displays promising initial results.3, 560 Another line of research stresses 
the feasibility of using specific microRNAs as diagnostic and prognostic tools.561

1.6 Neuromonitoring
Comprehensive intensive care-based neuromonitoring of patients with severe 
TBI should provide helpful information to guide treatment protocols and pre-
vent secondary injury.

ICP monitoring is, by far, the most common modality, with widespread use 
among Neurosurgical units,562 despite some contradicting outcome results con-
cerning its use and cost-benefit in Randomized Controlled Trials.563 

Multimodal monitoring is becoming standard-of-care in many NeuroIntensive 
Care units,27, 564 based on continuous, simultaneous assessment of distinct pa-
rameters: brain tissue oximetry, brain temperature, electroencephalography, 
microdialysis (sampling brain metabolites and small molecules).564 Availability 
of tested technologies (e.g., cerebral microdialysis catheters with a larger mem-
brane cut-off)565 and advanced microdialysis protocols [Multiplex Proximity Ex-
tension assay (PEA) technology]565, 566 allows for comprehensive pre-clinical and 
clinical trials, simultaneously testing distinct potential biomarkers.253, 567 Cere-
bral microdialysis is unique in its ability to provide a direct, continuous perspec-
tive on parenchymal concentrations of different molecules.565, 568 

Czosynka’s pressure reactivity index is routinely used to assess and establish 
specific parameters concerning cerebral perfusion pressure, allowing a dynam-
ic adjustment aiming at optimal brain perfusion.569, 570 Future clinical protocols 
should routinely include the assessment of different parameters: pressure reac-
tivity indices, pulse amplitude index, optimal-cerebral perfusion pressure.31, 315

Continuous electrocorticography enables detection of ictal discharges with poten-
tial for cortical spreading, another contributing factor for secondary damage.27, 571 

Other specific techniques, as sensory evoked potentials and bispectral index mon-
itoring, are also available.572 Non-invasive monitoring of cerebral blood flow re-
sides mostly in transcranial Doppler (first choice on assessing vasospasm), despite 
other available techniques (near-infrared spectroscopy, rhoencephalography).573
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1.7 Imaging
Imaging is a crucial component in trauma care,574 assessing injury in an acute 
setting, allowing critical decisions concerning intensive care and surgical pro-
cedures, and, in the long-term, characterizing and quantifying structural and 
functional damage.

In the context of TBI, a non-contrast CT scan is the gold-standard initial imaging 
study.575, 576 CT scans can detect most traumatic pathologies, namely those requir-
ing prompt surgical intervention (fractures, subdural or epidural haematomas, 
large contusions). Unfortunately, non-contrast CT has several shortcomings on 
a broader perspective of neurotrauma care: failure in detecting DAI, underesti-
mation of parenchymal contusions, limitations in detecting signs of intracranial 
hypertension.575 Because of intrinsic limitations, specific MRI sequences with 
short acquisition time are being tested.577 

Following an initial evaluation, a thorough and specific assessment of intracra-
nial injuries may take place. Susceptibility-weighted imaging (SWI) allows detec-
tion of subacute microhaemorrhages in DAI.575, 578 Other advanced MRI modali-
ties, yet with no proved clinical usefulness and dubious cost-benefit analysis,575, 576 
are undoubtedly useful for research purposes: Perfusion imaging identifies are-
as of hypo and hyperperfusion;579 Diffusion Tensor Imaging evaluates diffusivity 
concerning axonal tracts integrity;198, 575 functional MRI assesses local brain acti-
vation,576, 580 detecting patterns of recovery in network connections and uncover-
ing higher cortical functions.581, 582 

Magnetic resonance spectroscopy quantifies molecular compounds in brain tis-
sue microenvironment.583, 584 Typical features of TBI include early reduction in 
N-acetylaspartate (NAA) levels and decreased NAA/choline and NAA/creatine ra-
tios, well correlated with long-term functional outcome.585, 586 

1.8 Therapeutic modalities 
The therapeutic approach to TBI is based on complementary aspects of treat-
ment, based on the surgical management of traumatic lesions and medical/
neurointensive care protocols, attempting to attenuate the expected increase in 
ICP and, therefore, indirectly optimize brain perfusion pressure and function. 
Unfortunately, these therapeutic protocols and procedures are so far unable to 
significantly interfere with crucial secondary mechanisms of brain damage.587 
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1.8.1 Medical therapies

Innumerous molecular compounds have been tested in animal models and clin-
ical trials as potential therapeutic agents,588, 589 with diverse properties, mecha-
nisms of action, delivery methods and preferential targets. However, they have 
in common the fact of not being used in daily clinical practice, as their therapeu-
tic effect and relevance for vital prognosis is dubious, unremarkable or still to be 
shown. Some of the most relevant are:: 

Corticosteroids, diuretics590

Superoxid dismutase591 

Cyclosporin592 

Selfotel (competitive NMDA antagonist)593 

N-Acetylcysteine (antioxidant)594 

Insulin595 

Deltibant (bradykinin antagonist)596 

Denaxabinol (non-competitive NMDA antagonist)597

Nerve growth factor598

Progesterone599, 600

Cerium oxide nanoparticles (targeting free radicals)601 

4-amino-TEMPO antioxidant particles602 

Amantadine603

Statins604

Magnesium sulphate605

Erythropoietin606

Candesartan (Angiotensin II Receptor 1 blocker)607

Retigabine (reducing neuronal excitability)608

Quetiapine609 

Dietary supplementation with phospholid precursors223

Lithium Chloride610 

IL-1 1R Knock-out611

TNF/Fas receptor Knockout612 

Topiramate (glutamate release inhibitor)613 

Doxycicline614 

Several of these agents and protocols specifically target neuroinflammation.138 
Medical therapies directly targeting cytotoxic edema (bumetanide, aquaporumab, 
amiloride)615, 616 or vasogenic edema (rosiglitazone, pioglitazone, bevacizumab, 
N-acetyltryptophan)114, 425 were or are being tested in pre-clinical trials. 
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Magnesium sulphate is an obvious candidate for therapeutic protocols in TBI. 
Despite its use in several pathological contexts (arrhythmias, asthma, obstetric 
complications),486, 494 recent clinical trials in neurological and neurosurgical dis-
orders failed to display unequivocal therapeutic benefits.488, 494 In theory, con-
sidering Mg2+’s ubiquitous role, the therapeutic effects of magnesium sulphate 
should be objective and easy to demonstrate, as they are in animal models.605, 617  

SP antagonists display promising results concerning functional outcomes in ani-
mal models of disease.130, 618 N-acetyltryptophan seems to promote Mg2+ renova-
tion and attenuate vasogenic edema.130, 425 However, no successful phase III clinical 
trials have taken place, and its implementation in routine clinical practice seems 
unlikely at the moment.

Tissular Oxygen Partial Pressure is another monitoring parameter for therapeutic 
adjustments,619 assessing ischemic damage and mitochondrial use of oxygen.620 
Therapeutic use of oxygen has also been tested, with conflicting results.621, 622 

Hypothermia appears to reduce metabolic rate and overall mortality.623, 624 Theo-
retical beneficial effects include decreased apoptosis and formation of free radi-
cals, attenuation of post-TBI excitotoxicity625, 626 and improved BBB function.627, 628 
However, standard hypothermia protocols fail to display efficacy beyond Grade 
III evidence and are yet to be fully integrated into standard clinical practice.629 

1.8.2 Management of Intracranial Pressure

Several distinct modalities of treatment for raised ICP are currently used in clinical 
practice: head of bed elevation, transient hyperventilation, osmolar therapies 
(mannitol, hypertonic saline), barbiturates, decompressive surgery. 

Osmolar therapies are believed to create an osmolar gradient, drawing water 
into intravascular space,320, 630 while reducing cytokine-mediated oxidative stress 
and inflammation.631 Unlike mannitol, hypertonic saline has the advantages of 
not being a diuretic agent and not accumulating within the brain parenchyma 
(which can lead to paradoxical intraparenchymal accumulation of fluid and re-
fractory edema).632

In respect to transient hyperventilation, as induced hypocapnia will reduce ar-
terial carbon dioxide´s partial pressure (promoting vasoconstriction), cerebral 
blood flow and ultimately ICP will be decreased.633 Despite obvious risks (tissue 
hypoxia, cerebral ischemia), hyperventilation is one valid therapeutic option, 
only to be used for brief periods of time.633, 634 
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Barbiturates display beneficial features concerning TBI and brain edema: in-
crease in vascular tone, anti-seizure activity, reduction of brain metabolic rate 
and excitotoxicity, inhibition of free radical-mediated lipid peroxidation.113, 635 Its 
general profile and potentially severe side effects (pulmonary failure, arterial 
hypotension) preclude its wider use, being used only as a last resort.635 

1.8.3 Surgical procedures in Neurotrauma

The role of surgical procedures in brain trauma is of extreme relevance, despite 
being somewhat limited in its possibilities. Its main aspects are drainage of in-
tracranial bleeds (haematomas or contusions), monitoring and management of 
ICP and correction of structural abnormalities (fractures, lacerations, CSF fis-
tulas).636 Concerning management of ICP, besides treatment of hydrocephalus, 
placement of intracranial ICP sensors is crucial by allowing medical treatment 
optimization. Decompressive craniectomy is considered a last resort procedure, 
only when in the presence of intracranial hypertension refractory to medical 
treatments. It is, however, a controversial procedure, raising significant doubts 
concerning its actual usefulness and cost-benefit relationship.637, 638 
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Hypothesis and study design
Our research project was based on the intent of exploring the possibility of modu-
lating the neuropeptide response to TBI. Considering the multitude of neuropep-
tides, we focused on the most abundant - NPY - and its potential as a therapeutic 
agent, a subject scarcely studied so far. As discussed in previous sections, exten-
sive literature demonstrates NPY’s neuroprotective role in other pathologies. 

We hypothesized that: 

•  NPY plays a multifaceted neuroprotective role in TBI, and this 
 physiological response can be potentiated;  
•  NPY is encompassed in a broader, multistage neuropeptide brain 
 response to TBI. 

This translational research project is divided into two main components:

• Animal studies, in which the possibilities of a rigorous animal model   
 of head trauma were explored, and several post-traumatic pathological  
 phenomena were assessed, as well as a possible action by NPY against  
 TBI-induced changes;
• Human clinical studies, in which post-traumatic neuropeptide 
 response (focusing on SP and NPY) was evaluated in its different timings  
 and correlated to biomarkers of TBI. 





CHAPTER II
 Animal studies
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2.1 Introduction
In order to determine the role of NPY in TBI and confirm our hypothesis of a 
potential role for NPY as a neuroprotective agent (with multiple aspects in its 
mechanisms of action), an animal model of trauma was developed and imple-
mented in our laboratory. Following controlled trauma, several known aspects in 
deleterious response to TBI, from cellular activation and degeneration to BBB’s 
disruption, were assessed and the influence of exogenous NPY in these same phe-
nomena was evaluated.

2.2 Materials and Methods
All experimental procedures with animals were performed by certified research-
ers, in consonance with European Community Council Directives (2010/63/EU) 
and portuguese law for care and use of experimental animals (DL no. 113/2013). 
The present study was approved by the Institutional Animal Care and Use Com-
mittee (ORBEA) from FMUC, University of Coimbra (Coimbra, Portugal) and by 
the Portuguese National Authority for Animal Health (DGAV; Ref. 004015). More-
over, studies were conducted in accordance with the principles and procedures 
outlined as “3Rs” in EU guidelines (86/609/EEC), FELASA, and the National Cen-
tre for the 3Rs (the ARRIVE). All efforts were made to minimize the animal suf-
fering and to reduce the number of animals used.

2.2.1 Animal model of trauma

Sprague-Dawley rats were subjected to sham injury or head trauma upon a TBI 
weight-drop model, as described below. 

Sprague-Dawley male rats, aged between 10 and 14 weeks, weight 250-400g 
(Charles River Laboratories), were housed in standard plastic cages (with wood 
shavings) and kept in an accredited Animal Facility room at the Faculty of Med-
icine, University of Coimbra. The room temperature was 24 ± 1°C and humidity 
preserved at 50 ± 5%. Animals were fed ad libitum with standard chow and fresh 
water. Animals were kept under controlled light conditions with a 12 h/ 12 h light/
dark cycle. As a standard protocol, all animals were acclimated to the facilities 
1 week before the experimental procedures. All procedures took place between 
11:00 and 17:00 to minimize circadian rhythm influence. 
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Figure 2.1 - Induction (A) and maintenance (B) of anesthesia.

General monoanesthesia (4% isoflurane in air) was induced in a designated plastic 
chamber (Figure 2.1). Anesthesia was thereupon maintained through a tubular 
delivering device, using 2% isoflurane (Figure 2.1), assuring correct positioning 
and immobility through the planned procedure. 

Animals included in this study were divided into specific groups as follows:

- Controls (sham injury), sacrificed at 48h post-injury. 
- Controls (sham injury), euthanised at 7 days post-injury.
- TBI group, euthanised at 48h post-TBI. 
- TBI group, euthanised at 7 days post-TBI. 
- TBI group + NPY administration, euthanised at 48h post-TBI.
- TBI group + NPY administration, euthanised at 7 days post-TBI. 

Following loss of righting and toe-pinch reflexes, the scalp was shaved with an 
electric razor and wiped with a gauze soaked in 70% ethanol followed by iodopovi-
done solution. A skin mini-incision was undertaken (left frontal location, 1.5 mm
lateral to the midline) and the skull exposed following skin retraction (Figure 
2.2-A), defining the impact area for a weight-drop injury – para-median left lo-
cation, 2 mm lateral to the midline and 2mm posterior to the coronal suture 
(Figure 2.2-B). The periosteum was gently separated and moved away from the 
impact area.

A B
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A B

Figure 2.2 - Exposure and impact point. A - Skull exposure in rat’s experimental groups for 

planned impact. B - Planned impact area (blue) in rat skull.

Sedated animals were then transferred to an adapted stereotaxic instrument for 
rat (Figure 2.3), with the head fixed with two pins, preventing lateral movements 
as the impact was delivered, and the whole animal’s body placed over a semi-rigid 
structure in a neutral position (Figure 2.4-A). The whole device was placed on a 
rigid surface to avoid overall energy dissipation.

Figure 2.3 - Adapted stereotaxic instrument for rat head injury.
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A B

Figure 2.4 - A - Animal sedated and placed in position for impact. B - Skin closure after impact.

The animals were randomly assigned to be submitted to head trauma or sham in-
jury (no cranial impact). After confirming the head’s neutral position and correct 
exposure of desired impact area, the impact device - plastic tubular structure 
containing the impact object (weight - 55g), supported by a metal frame - was 
adjusted in its location accordingly. The impact weight (with the tip enclosed by 
a rubber covering for a more uniform impact) was then dropped over the skull 
(height of free-fall - 24cm). After inducing the lesion, the skin incision was closed 
(2-0 silk sutures, Medline®) (Figure 2.4-B), and the animal was then withdrawn 
from anesthesia. Physiological saline solution was applied on animal’s eyes and 
no further protection measures for the eyes were deemed necessary, given the 
context of a short-duration procedure. This trauma model was established based 
on the work of Shohami and team639-641 and following an observership with the Neu-
rotrauma research team in Heidelberg University Hospital, Germany (Managing 
Director: Prof. Dr. med Andreas Unterberg). 

Following the procedure, the animal was placed in a designated separate cage un-
til fully recovered from anesthesia, and its general and neurological status were 
assessed. Animal’s body temperature was maintained throughout the procedure. 



RESPOSTA NEUROPEPTÍDICA NO TRAUMATISMO CRÂNIO-ENCEFÁLICO
NEUROPEPTIDE RESPONSE IN TRAUMATIC BRAIN INJURY

87

Sham-injured animals were subjected to identical procedures as described above, 
with the exception of not being submitted to cranial impact. The corresponding 
duration of anesthesia was intentionally prolonged to match the timings in the 
head-impact group.

Animal weight was daily recorded after the injury. If weight loss of more than 
10% was noted, the animal would be excluded from the study. After 48h or 7d 
following TBI, rats were sacrificed for western blot and immunohistochemistry 
studies, as described below in the respective sections.

2.2.2 Intranasal administration of Neuropeptide Y

The group of rats submitted to head trauma was randomly divided into 2 sub-
groups, with the rats in one group being administered with NPY, by gently in-
jecting NPY solution (500 µg - 100 µL PBS 1x; Bachem®, 4012616.0500), 100 µg /20 
µL per animal, 10 µL per nostril (Figure 2.5), 10 minutes after induced trauma. 
The head of the animal was held in a tilted back position for NPY administration, 
followed by approximately 10 seconds in the same positioning to prevent unin-
tended drainage of the solution from the nares.642-644 Extreme care was taken to 
avoid contact with intranasal mucosa.

Figure 2.5 - Intranasal administration of NPY.
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For immunohistochemistry studies, a minimum of 2 animals per group was 
defined, comprising a minimum of 12 animals in total.

For Western blot studies, a minimum of 3 animals per group was defined, com-
prising a minimum of 18 animals in total.

2.2.3 Animal sacrifice

All 3 groups - controls (sham injury), head trauma and head trauma with NPY 
administration - were further randomly subdivided into two groups, 48 hours 
and 7 days, corresponding to two specific time points in which the animals were 
euthanized.

The animal was placed on his back and the limbs pinned. An initial intraperito-
neal injection with 100 mg/kg ketamine and 10 mg/kg xylazine was performed. 
Upon lifting the skin, a subdiaphragmatic incision was extended laterally and 
then up through the rib cage. The diaphragm was cut and the sternum lifted - the 
loose flap was pinned. Next, a needle was inserted through the left ventricle and 
0.01M PBS (for western blot analysis) or 4% paraformaldehyde (PFA; for immu-
nohistochemistry studies) were transcardially infused, followed by an incision 
in the right atrium, until all blood was perfused out from the right atrium. The 
animal was then decapitated, the skull open and the brain was rapidly removed.

2.2.4 Western blot analysis   

Following hippocampi isolation in ice and lysis in RIPA buffer (0.15 M sodium 
chloride, 0.05 M Tris-base, 0.005 M ethylene glycol tetraacetic acid, 0.5% sodi-
um deoxycholate, 0.1% SDS and 1% X-Triton, pH 7.5) supplemented with pro-
tease inhibitor cocktail tablets (Roche Applied Science, Basel, Switzerland) and 
anti-phosphatases (PhosSTOPTM, Roche Applied Science, Mannheim, Germany), 
protein content was quantified using bicinchoninic acid method (BCA), and 
stored at -20 °C until further use. Samples of total protein were separated by elec-
trophoresis, transferred onto polyvinylidene difluoride (PVDF) membrane (Mil-
lipore) and blocked with 5% non-fat milk or 4% BSA, as previously described 
by Leitão and colleagues.645 Primary antibodies were as follows: goat anti-al-
bumin (1:20000; Bethyl Laboratories Inc.®, USA); rabbit anti-GFAP (1:1000; Sig-
ma-Aldrich®, USA); rabbit anti-occludin (1:100, Invitrogen, Inchinnan Business 
Park®, UK); rabbit anti-iNOS (1:500, Novus, BioTechne®, UK); rabbit anti-caspase 
3 cleaved protein (1:500, Cell Signalling®, USA). Secondary antibodies were as fol-
lows: alkaline phosphatase-conjugated secondary antibody anti-rabbit (1:20000; 
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GE Healthcare Biosciences®, USA), and anti-goat (1:10000; Invitrogen®, USA). Im-
munoblots were reprobed with an antibody against glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH; 1:1000; Thermo Scientific®, USA) to ensure equal sam-
ple loading. Quantification of band density was performed using Image Studio 
(LI-COR Biosciences®, USA). 

2.2.5 Immunohistochemistry 

After brain removal, it was placed in a 4% PFA solution for 24 h, and afterwards in a 
30% sucrose solution for 72 h. Then, the brains were wrapped in parafilm (Bemis ®)
and aluminium foil and then stored at -80°C until sectioned as desired. Coronal 
sections of 12 µm (for immunostaining quantification) or 50 µm (for cell reconstruc-
tion) were cut on a cryostat (Leica CM3050S, Leica®, Germany) and stored until fur-
ther use. Immunostaining studies were performed as previously published.645, 646 
Briefly, brain slices were incubated with anti-GFAP-Cy3 conjugated (1:1000; Sig-
ma-Aldrich®, USA) or goat anti-albumin (1:2000, Bethyl Laboratories Inc.®, USA) 
primary antibodies followed by donkey anti-rabbit Alexa Fluor 488 or donkey an-
ti-goat Alexa Fluor 594 secondary antibodies (both 1:200; Invitrogen®, USA), and 
5 µg/mL Hoechst 33342 (Sigma-Aldrich®, USA). Finally, slices were mounted with 
Dako fluorescence medium (Dako®, Denmark), and images were recorded using 
the LSM 710 Meta Confocal microscope (Carl Zeiss®, Germany). 

2.2.6 Immunostaining analysis for albumin 

Quantification of albumin (a marker of BBB disruption) immunoreactivity was ac-
complished using NIH ImageJ 1.47 analysis software.645, 647 All photograph area was 
considered as well as three different areas without staining (black) to be used for 
background subtraction. We used the following formula to determine the correct-
ed total fluorescence: correct total fluorescence = (integrated intensity) − (area of 
picture × mean background). The results were obtained from at least five brain 
slices obtained from two different animals for each experimental group.

2.2.7 Morphological analysis of astrocytes and microglia

GFAP-labeled astrocytes and Iba-1-labeled microglia cells were analyzed, as pre-
viously described,648 using ImageJ-based Fiji software (Simple Neurite Tracer 
plugin), in order to assess the total length [expressed in micrometers (µm)] and 
number of astrocytic and microglial processes in each experimental group.645, 647
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In order to evaluate the arbor complexity of astrocytes and microglia cells, Sholl 
analysis was performed, which counts the number of intersections at concentric 
spheres originated from the cell soma. 

A minimum of 40 cells (20 cells/animal from two different animals) for each 
experimental group were analyzed.

2.2.8 Statistical Analysis

In western blot studies, results are expressed as mean + Standard Error of the 
Mean (SEM). Morphological data were analysed using the Kruskal-Wallis test 
followed by post hoc Dunn’s multiple comparison test. For the Sholl analysis, a 
two-way ANOVA followed by Bonferroni’s post hoc test was used. Regarding im-
munohistochemistry studies, results are expressed as the mean of fluorescence 
intensity (arbitrary units) of at least five brain slices obtained from two different 
animals for each experimental group. The level of significance was set at p < 0.05, 
and “n” represents the total number of animals. Statistical analysis was per-
formed using Prism 6.0 (GraphPad® Software, USA).

2.3 Results and specific discussions

Upon being submitted to either sham injury or TBI (with and without ensuing 
NPY administration), all rats recovered from anesthesia to their previous general 
and neurological status. No rats were excluded from the study due to significant 
changes in general status, weight loss or nutritional abnormalities. No abnor-
mal findings were present in routine neurological assessment in the following 
days and until euthanasia was performed. No noticeable skull fractures (linear, 
compound or depressed) were visible at the time of induced trauma or upon 
euthanasia, despite minor skull indentations at the site of impact in 3 rats. In 
addition, no obvious intracranial bleed (epidural or subdural haematoma, brain 
contusion or haematoma) was found at the time of sacrifice. 

All brains from rats sustaining TBI presented some degree of traumatic suba-
rachnoid haemorrhage upon direct inspection (Figure 2.6). One rat presented 
with significant and immediate sub-periosteal bleed close to the impact site, 
with spontaneous cessation. 
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BA 

Figure 2.6 - Brains following removal from the skull, from animals included in Control (A) and 

TBI group (B).

Figure 2.7 - Example of a Nissl-stained coronal section obtained from a rat brain displaying 

hippocampal subregions (adapted from SynapseWeb ®).
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Figure 2.9 - Cleaved caspase-3 protein levels in ipsi- and contralateral hippocampus, 48h (A) 

and 7 days (B) post-TBI. Above the bars, representative western blot images of cleaved caspase-3 

protein (17 kDa) and GAPDH (37 kDa) are shown. A) TBI increases cleaved caspase-3 protein 

levels in ipsi- and contralateral sides at 48h. B) Cleaved caspase-3 protein levels are increased 

in ipsi- and contralateral hippocampus. NPY is able to prevent TBI-induced cellular degenera-

tion. Results are expressed as mean + SEM. *p<0.05; **p<0.01; ****p<0.0001 significantly different 

from CTR. ####p<0.0001 significantly different from TBI group. Legend: CTR, control; GAPDH, 

glyceraldehyde 3-phosphate dehydrogenase; NPY, Neuropeptide Y; TBI, traumatic brain injury. 

Figure 2.8 - Injury caused in the cortex and subcortical region (A) and hippocampus (B) fol-

lowing induced parasagittal trauma. Immunofluorescence microscopy, 15 µm coronal sections 

of rat brains. Scale bar = 35.12 µm .

2.3.1 Post-traumatic cellular degeneration
In order to characterize post-traumatic hippocampal cellular degeneration and 
potential interference by exogenous NPY administration, cleaved caspase-3 pro-
tein levels were assessed (Figure 2.9).

BA 
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At both 48h and 7 days post-TBI and concerning cleaved caspase-3 (Figure 2.9), 
there was a significant increase in its levels in the ipsi- and contralateral hip-
pocampus of TBI animals when compared to controls. NPY’s beneficial effect 
was only obvious at 7 days post-TBI (Figure 2.9-B), with no beneficial effect at 
48h (Figure 2.9-A). Curiously, at 7 days post-TBI, NPY was able to revert the activa-
tion of caspase 3 to levels even lower than the ones observed in controls. This is not 
surprising considering that basal cell death is always present in control conditions 
and our results suggest that NPY can also further prevent such basal events.

 
Discussion

The intention of these experiments was to identify post-traumatic cellular de-
generation, namely in the hippocampus, and to evaluate a possible influence of 
NPY in attenuating it. Despite cortical lesion and cellular death being immediate, 
our working model and extrapolations are based on early sequelae hippocampal 
damage, 48h and 1 week following TBI. 

Our findings document a significant attenuation of post-traumatic cell death by 
NPY, only at 7 days and not perceptible at 48h, as shown by cleaved caspase-3 
protein levels (Figure 2.9), a known marker for apoptosis.649 These results sug-
gest that attenuated cell death by NPY, as found in our model, is due to delayed 
secondary injury phenomena and not from direct primary injury. 

Post-traumatic cell death is significantly dependent on excitotoxicity, via ne-
crosis or apoptosis, depending on the initial stimulus, local conditions and cell 
populations,401 previously shown to be related to NMDA receptors activation or 
NO/superoxide upregulation.650 All cell types (neurons and different glia cells) 
display post-TBI apoptotic phenomena, following pro/anti-apoptotic protein 
factors imbalance and secondary injury mechanisms. Importantly, animal TBI 
studies show that the majority of dying hippocampal cells following TBI are new-
born immature granular neurons,401, 651 even upon a moderate level of impact 
and lasting for weeks, as shown by studies with caspase-3 activation.652 Caspases 
(cysteine-dependent aspartate specific proteases) are a crucial element for the 
initiation and execution of apoptosis.653 External factors and cellular signals will 
trigger proteolytic caspases activation and subsequent cell death cascade.654 Spe-
cifically, caspase 3, a consistently cleaved and activated protein upon an insult, is 
a widely used biomarker for apoptosis649 and is frequently used in animal studies 
of TBI as a marker for apoptosis and cell death.655  

Equally relevant to our findings, Ou and colleagues656 showed that NPY confers a 
neuroprotective effect against NMDA-induced apoptosis (both in in vitro and in 



RESPOSTA NEUROPEPTÍDICA NO TRAUMATISMO CRÂNIO-ENCEFÁLICO
NEUROPEPTIDE RESPONSE IN TRAUMATIC BRAIN INJURY

94

vivo models), in line with other studies reporting a neuroprotective role for NPY 
by inhibiting glutamate release.657 This NPY-mediated attenuation of excitotoxicity
and neuroinflammation is indeed based, at least partially, on counteracting 
proinflammatory mediators released by glial cells.456 

The prospect of attenuating neuronal loss in the hippocampus and other areas, as 
observed in our experimental studies, opens the possibility of realistically mini-
mizing hippocampal impairment and eventually potentiating overall recovery. Re-
cent studies demonstrate persisting neurogenesis and astrocytogenesis throughout
aging, namely in DG, despite decreased quiescent stem cell pools, neuroplastici-
ty and angiogenesis.658 As mentioned in the literature, a pro-neurogenic role for 
NPY (via Y1R) acting on specific neurogenic niches (including subventricular and 
hippocampal subgranular zone) is evident, directly interfering with neural pro-
genitors.456 Importantly, exogenous administration of NPY has also resulted in in-
cremented integration of functional newly generated neurons in local circuits.659 

Considering all this, one can speculate on a dual role for exogenous NPY, con-
cerning neuronal populations, upon TBI: while preserving existing neurons and 
attenuating neuronal death, as strongly suggested by our research data, NPY can 
also actively stimulate neurogenesis and promote circuits renewal. This possibility 
is even more relevant if we consider, as mentioned, the more vulnerable but 
over-represented population of older patients. Importantly, granular neurons, 
glia and DG volume are relatively unchanged with aging,658 unlike anterior and 
total hippocampal volume,660 reinforcing the prospect of medically enhancing 
post-traumatic cognitive-emotional resilience.

2.3.2 Post-traumatic microglia alterations 

Post-traumatic changes in hippocampal microglia cells and a possible inter-
ference by NPY were assessed.

48h post-TBI

At 48h post-TBI, it was possible to observe trauma-induced microglia activation, as 
reflected by a decrease in the number of processes and total length of cell ramifi-
cations (Figure 2.10-C and D), particularly in the contralateral hippocampus when 
compared to controls (both hippocampus were analysed). Additionally, intranasal 
administration of NPY opposes such effects induced by TBI and also promoted an 
increase in the number of processes and total length both in the ipsi- and con-
tralateral hippocampus compared to control condition. Interestingly, NPY’s effect 
was more significant in the contralateral hippocampus in both parameters.
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Figure 2.10 - Representative images of Iba-1 (green, microglia cells) and Hoechst (blue, nuclei) 

in different experimental groups, obtained in the A) ipsilateral and B) contralateral hippocam-

pus, 48h post-TBI. Representative morphological reconstructions of microglia cells from each 

experimental group are shown. Scale bar = 50 µm. Quantification of (C) total number and (D) 

total length of microglial cell processes and number of interceptions in the (E) ipsilateral and 

(F) contralateral hippocampus - morphological characterization by Sholl analysis. TBI signifi-

cantly decreases the total number and length of processes and the number of intersections in the 

contralateral hippocampus, with the same tendency in the ipsilateral side. NPY significantly blocks 

this effect. C, D) Results are expressed as mean + SEM. *p<0.05; **p<0.01 significantly different 

from CTR. ##p<0.01; ###p<0.001; ####p<0.0001 significantly different from TBI group. Legend: CTR, 

control; NPY, Neuropeptide Y; TBI, traumatic brain injury; -C, contralateral; -I, ipsilateral.     
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Moreover, microglial activation by TBI is supported by quantitative data showing 
a decrease in maximum branch length and distance from the soma where micro-
glia process interaction occurred. Noteworthy, this activation is counterbalanced 
by NPY and microglial cells are highly ramified with long processes. 

As demonstrated in Figure 2.10, TBI induces a clear state of microglia activation, 
with a decrease in the total number and length of processes (in comparison to 
controls). Importantly, NPY is able to reinstate microglia’s basal status and coun-
teract its activation. 

7 days post-TBI

After 7 days following initial trauma, there was a significant decrease in the 
number and total length of processes of microglial cells in the contralateral 
hippocampus (Figure 2.11-C and D). In the ipsilateral hippocampus, the ob-
served number of microglia processes are not statistically distinct from controls.
Interestingly, an increase in the total length in the ipsilateral hippocampus was 
observed. Overall, intranasal administration of NPY significantly attenuated 
post-traumatic morphological alterations induced by TBI and was even able to 
decrease the basal total number of processes in the ipsilateral hippocampus.  

Concerning increased total length, NPY still displays a significant effect in the 
contralateral hippocampus after 7 days. These last findings represent a late con-
sequence of early administration of NPY, as a reflection of NPY’s interference 
with post-TBI microglia, still perceptible after 7 days. 

Another overall trend is clear: contralateral hippocampus still displays, at 7 days 
post-TBI, more obvious traits of microglial activation when in comparison, in 
both parameters, to the ipsilateral hippocampus, as the decrease in number and 
total length of processes is still present only in the contralateral hippocampus 
when comparing to controls (Figure 2.11).

Graphical representation of Sholl analysis displays a curious  curve conforma-
tion in respect to ipsilateral hippocampus following TBI, with an obvious and 
significant bimodal curve suggesting that post-TBI microglia presented with a 
hyper-ramified conformation (Figure 2.11-E), and NPY was able to prevent this 
effect, influencing global morphological rearrangements.  

In summary, following TBI, microglia of contralateral hippocampus presented 
with fewer and shorter processes, features of activated microglia. This is more 
evident at 48h, but is still present after 7 days, and is significantly counterbalanced 
by exogenous NPY administration.
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Figure 2.11 - Representative images of Iba-1 (green, microglia cells) and Hoechst (blue, nu-

clei) in different experimental groups, obtained in the A) ipsilateral and B) contralateral hip-

pocampus, 7 days post-TBI. Representative morphological reconstructions of microglia cells 

from each experimental group are shown. Scale bar = 50 µm. Quantification of the (C) total 

number and (D) total length of microglial cells processes and the number of interceptions 

in the (E) ipsilateral and (F) contralateral hippocampus - morphological characterization by 

Sholl analysis. TBI induces a significant increase in total length of processes in the ipsilateral 

hippocampus and a decrease in the number and total length of processes in the contralateral hip-

pocampus. NPY opposes these phenomena. C, D) Results are expressed as mean + SEM. *p<0.05; 

**p<0.01; ***p<0.001 significantly different from CTR. #p<0.05; ##p<0.01; ###p<0.001; ####p<0.0001 

significantly different from TBI group. Legend: CTR, control; NPY, Neuropeptide Y; TBI, traumat-

ic brain injury; -C, contralateral; -I, ipsilateral.    
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Figure 2.12 - Morphological analysis of hippocampal microglia, 48h post-TBI, CA1 (A, B) and 

CA3 (C, D) subregions. TBI induces a decrease in the number and total length of processes in 

the CA1 and CA3 subregions, namely in the ipsilateral subregions. NPY clearly opposes this de-

crease. Results are expressed as mean + SEM. *p<0.05 significantly different from CTR. #p<0.05; 
##p<0.01; ####p<0.0001 significantly different from TBI group. Legend: CTR, control; NPY, Neuro-

peptide Y; TBI, traumatic brain injury.

Microglia alterations in CA1/CA3 hippocampal subregions  

Hippocampal regional disparities were assessed (Figure 2.12), as this is a topic 
never reported before in the literature.

48h post-TBI, CA1/CA3 hippocampal subregions  

At 48h post-trauma, TBI induced a significant decrease in the number and total 
length of processes in the ipsi- and contralateral hippocampus, both in the CA1 
and CA3 subregions (Figure 2.12), which indicates that microglia is globally acti-
vated. Findings concerning contralateral CA1 subregion did not reach statistical 
significance.
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Moreover, intranasal administration of NPY attenuates previously mentioned 
post-traumatic changes, inducing a higher number and total length of processes 
(compared to the TBI group, with statistical significance) both in ipsi- and con-
tralateral CA1 and CA3 subregions. These findings document a relevant effect of 
NPY, by attenuating microglial activation, in both hippocampal subregions. 

The effects of intranasal administration of NPY in CA1 and CA3 subregions, at 48h 
post-TBI, are similar to the ones described concerning the whole hippocampus. 
Again, these findings are in line with an obvious interference of NPY with micro-
glial activation. 

7 days post-TBI, CA1/CA3 hippocampal subregions  

As shown in Figure 2.13 and regarding intranasal administration of NPY, the only 
statistically significant finding in line with our previous results is in contralateral 
CA3 subregion, with a recovery to control values (Figure 2.13-C and D).

Figure 2.13 - Morphological analysis of hippocampal microglia, 7 days post-TBI, CA1 (A, B) 

and CA3 (C, D) subregions. NPY decreases the number and length of processes (compared to 

TBI group) in the ipsilateral CA1 subregion and, concerning total length, in the ipsilateral CA3 

subregion. NPY displays an opposite effect concerning the contralateral CA3 subregion. Results 

are expressed as mean + SEM. *p<0.05; **p<0.001; ***p<0.001 significantly different from CTR. 
#p<0.05; ##p<0.01; ###p<0.001 significantly different from TBI group. Legend: CTR, control; NPY, 

Neuropeptide Y; TBI, traumatic brain injury.
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Figure 2.14 - Overall picture of post-TBI microglia morphology varying with time and NPY’s in-

fluence, 48h and 7 days post-TBI. A) Number of processes. B) Total length of processes (mean 

value per group, both hemispheres considered). TBI induces microglial activation, as reflected 

in the number and length of processes at 48h post-TBI. NPY administration blocks post-traumat-

ic activation. Results are expressed as mean + SEM. *p<0.05 significantly different from CTR. 
#p<0.05; ##p<0.01 significantly different from TBI group. Legend: CTR, control; NPY, Neuropep-

tide Y; TBI, traumatic brain injury; 7d, 7 days. 

Concerning the total length of microglia processes at 7 days post-TBI and regional 
discrepancies, there was a significant increase in the ipsilateral CA3 subregion 
(unlike CA1 and contralateral CA3 subregions) (Figure 2.13-D). Intranasal ad-
ministration of NPY significantly impacted both ipsi- and contralateral CA3 sub-
regions concerning the total length of processes, although with opposite effects 
(compared to TBI groups) and returning to control levels.  

In summary, in our animal model of TBI, trauma injury consistently induces 
microglial activation with known morphological changes. Early administration 
of NPY clearly prevents this deleterious activation (Figure 2.14), namely in the 
acute phase (48h post-TBI).
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Discussion

Concerning post-TBI microglial activation over time, this is a long-lasting en-
compassing phenomenon, with post-mortem studies showing signs of mild ac-
tivation at 3 months post-TBI but lasting for years.661 Thus, given its central role 
in most events concerning secondary injury and its surprisingly extended time 
frame, microglia is a potential therapeutic target to be considered in the short 
term, reason why it received so much attention in our study.

The role of microglia in TBI is based on both neuroprotective and neurodege-
nerative effects. Regardless of direct or indirect TBI-triggered microglia response, 
these cells play an important role in post-aggression acute stages, namely by 
clearing cellular debris, but prolonged activation is detrimental, by producing 
ROS and proinflammatory cytokines.595, 662 As such, our demonstrated ability to 
attenuate microglial activation at 48h and 7 days following injury is significant 
and promising in its downstream possibilities.

In regard to our results at 48h, a prominent role of NPY as a deterrent to micro-
glial activation is demonstrated. In all assessed variables (number of processes, 
total length), both in ipsi- and contralateral hippocampus, NPY clearly impedes 
expected transitioning into a more activated state. Even when considering CA1 
and CA3 subregions separately, the same trends are present. In our work, in some 
instances, NPY’s role in attenuating microglial activation is even more obvious in 
the contralateral hippocampus, considering overall secondary injury. This fact 
might reflect a more significant and direct injury to ipsilateral structures, pre-
venting them from fully participating in specific global secondary injury mecha-
nisms, unlike more spatially distant contralateral structures.   

As thoroughly described in the literature, microglial activation is characterized by 
a progressive transformation from a ramified to an amoeboid-like morphology, by 
enlarging cell bodies, retracting and thickening microglia processes and posteri-
orly extending dynamic protusions.218, 655 Nevertheless, this phenotypic plasticity
includes a range of intermediate states: “bipolar”, “rod-like”, “hypertrophied”. 
Concerning our findings in microglia after 7 days, an unexpected “double peak” is 
shown on Sholl analysis, which might represent a change in morphology, eventu-
ally related to formation of a glial scar, a comprehensive response of glial cells to 
external damage, involving proliferation and hypertrophy of glial cells. Moreover, 
migration of macrophages and microglia takes place within hours of initial injury. 
Gliosis, with the contribution of peripheral cells,663 is part of standard post-injury 
microglial activation, with phagocytic activity, antigen presentation and cytokines 
production. It should be difficult to effectively and comprehensively approach and 
modulate such a complex system from a therapeutic perspective, with inputs both 

https://en.wikipedia.org/wiki/Glial_scar
https://en.wikipedia.org/wiki/Cell_growth
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from the extracellular environment and intracellular mechanisms. Microglia’s role 
in TBI requires further elucidation, considering the danger of having far-reaching 
anti-inflammatory therapies for TBI not translating into effective clinical thera-
pies as their effects influence both noxious and beneficial steps in the pathological 
continuum.664 As mentioned, it should be noted that post-TBI microglial activation 
arguably displays a deleterious effect, namely in relation to neuroinflammation 
and white matter disruption,665 along with a possible influence in β-amyloid accu-
mulation, leading to axonal damage.666

The M1-M2 paradigm is, beyond doubt, an oversimplified model that only repre-
sents two extreme states within an activation continuum.201 A rigid classification 
into M0, M1 and M2 microglial phenotype states is arguably not applicable in com-
plex biological systems, and it is probably wiser to consider it to be a spectrum 
of phenotypes with some degree of functional overlap.184, 667 It is also more accu-
rate to use expressions as “M1-like” and “M2-like” to describe observed states, ac-
counting for biases arising from targeted experimental studies and techniques.216, 
668 Jassam and colleagues209 propose to go beyond the rather simplistic M1 vs. M2 
classification and set a new TBI-specific profile classification, defining specific 
transcriptional microglial networks,209 allowing for tailored immunomodulatory 
therapies. Shifting post-traumatic microglia phenotype into a more permanent 
and supposedly neuroprotective M2-like phenotype is, in theory, a valid and prom-
ising approach (e.g., via a positive allosteric modulator).143 But, as M1-like pheno-
type actions play an important role in early repair processes and possibly in the 
clearance of cellular debris, it can be a mistake to upset a pre-determined, however 
insufficient, sequence of inflammatory, proliferative and repair mechanisms.669

On a closer look, our findings in the population of microglia 7 days post-TBI in ip-
silateral hippocampus, displaying a “double-peak” conformation in Sholl analysis 
(Figure 2.11-E), are in line with a “hyperactive” conformation (as one possible 
intermediate state of activation). It is usually perceptible around 5 days following 
initial aggression181 and peaks at 7 days post-injury,670 aligning along the injury 
site during the initial recovery phase and potentially displaying a higher pro-
liferative capacity when compared to amoeboid conformation.217 Considering 
obtained results in our morphological studies, one can presuppose that we are 
in the presence of a well-described hypertrophied morphology,182, 671 associated
with microglia pathological activation, characterized by cell bodies hypertro-
phy, more intense Iba1 immunoreactivity and asymmetrical processes distri-
bution.191, 672 Besides neurodegenerative diseases and overall brain insults,673 
TBI is also mentioned to induce hypertrophied microglia.674 Decreased levels of 
cell-polarity protein Par1b/MARK2 are apparently associated with some of these 
morphological changes, activation and increased phagocytosis.673
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Other intermediate morphological states, namely the rod-like type, can also 
assume a bipolar conformation and have also been described in TBI.675 Animal 
models of both focal676 and diffuse TBI677 specifically display microglial activation 
with bipolar/rod-shaped microglia as well (in corpus callosum, hippocampus and 
cortex).675 

Another important discussion concerns the true meaning of attenuating micro-
glial activation, given considerable doubts regarding whether this chronic activa-
tion has a fundamental role in chronic neuronal degeneration or, contrarily, con-
stitutes a response to this same neuronal damage.201 Distinct groups have shown 
that, by reducing classical microglial activation (via reduced NADPH oxidase ac-
tivation), even 1 month after initial TBI, progressive neuronal degeneration is 
decreased and functional recovery is improved.201, 678 These data are important 
as they show that microglial activation is indeed a suitable therapeutic target, as 
shown in our study, and, equally important, the therapeutic window might be 
significantly longer than usually assumed. Concerning our intent of manipulat-
ing and improving cell survival following TBI, it should be stressed that neuronal 
survival is not the only factor directly influencing cognitive outcome. Microglia 
is now known to play a crucial role in brain development and synaptic plasticity 
by regulating synapse elimination, cell turn-over and neuronal surveillance.679 

Our study clearly shows an objective action of NPY in attenuating microglial activa-
tion in different timings, reinforcing the notion of this being a beneficial effect by 
inhibiting a mostly deleterious phenomenon. As indicated previously, NPY may ex-
ert its role via different mediators and pathways that warrant future investigations.

2.3.3 Post-traumatic astrocytic modifications

Post-traumatic changes in hippocampal astrocytes and a possible interference 
by NPY were also assessed (Figure 2.15).

48h post-TBI

As shown in Figure 2.15, TBI induces an obvious astrocyte activation in the ipsi-
lateral hippocampus, with an increased overall number of elongated processes 
(compared to controls). Importantly, this reactive status is significantly opposed 
by NPY. In fact, NPY-administered groups display an average number and length 
of processes even lower than controls. Moreover, NPY administration also im-
plies a lesser astrocytic arbor complexity displayed in the graphical representa-
tion of Sholl analysis (compared to the TBI group) (Figure 2.15-E and F). A similar 
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Figure 2.15 - Representative images of GFAP (red, astrocytes) and Hoechst (blue, nuclei) in 

different experimental groups, obtained in the A) ipsilateral and B) contralateral hippocam-

pus, 48h post-TBI. Representative morphological reconstructions of astrocytes from each ex-

perimental group are shown. Scale bar = 50 µm. Quantification of (C) total number and (D) 

total length of astrocytic processes and number of interceptions in the (E) ipsilateral and (F) 

contralateral hippocampus - morphological characterization by Sholl analysis. TBI induces 

an obvious increase in the number and total length of astrocytic processes in the ipsilateral hip-

pocampus. NPY significantly hinders this increase. C, D) Results are expressed as mean + SEM. 

*p<0.05; **p<0.01; ***p<0.001 significantly different from CTR. #p<0.05; ##p<0.01; ####p<0.0001 sig-

nificantly different from TBI group. Legend: CTR, control; NPY, Neuropeptide Y; TBI, traumatic 

brain injury.

tendency, although not statistically significant, is present when considering the 
number and total length of processes in contralateral hippocampal astrocytes.
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Astrocytes alterations in CA1/CA3 contralateral hippocampal sub-
regions, 48h post-TBI  

Data is displayed according to hippocampal subregion, due to disparate topo-
graphical findings, never reported before in the literature (Figure 2.16).

Figure 2.16 - Morphological analysis of contralateral hippocampal astrocytes, 48h post-TBI, 

CA1 (A, B) and CA3 (C, D) subregions by Sholl analysis. TBI induces an obvious increase in the 

number and total length of astrocytes processes in the CA1 subregion. NPY significantly hinders 

this increase. Results are expressed as mean + SEM. +p<0.05; ++p<0.01 significantly different from 

CTR. #p<0.05; ##p<0.01 significantly different from TBI group. Legend: CTR, control; NPY, Neuro-

peptide Y; TBI, traumatic brain injury. 
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Figure 2.17 - Astrocytes hippocampal response, 48h post-TBI, in the contralateral CA1 sub-

region, Sholl analysis. Legend: CTR, control; NPY, Neuropeptide Y; TBI, traumatic brain injury.

Traumatic brain injury displays an increase both in the number and total length 
of astrocytic processes in the contralateral CA1 subregion (Figure 2.16-A and B). 
Importantly, NPY attenuates these abnormal findings induced by brain injury 
and also displays a lower astrocytic arbor complexity, as depicted in the graphi-
cal representation of Sholl analysis (compared to the TBI group)  (Figure 2.17). 

Regarding the contralateral CA3 hippocampal subregion, TBI did not cause a sig-
nificant effect on the number or total length of astrocytic processes (Figure 2.16-
C and D). Moreover, NPY had no overall significant effect in the contralateral 
CA3 subregion. 

Therefore, an obvious discrepancy is described, with most of the post-trau-
matic astrocytic changes and corresponding response to NPY occurring in 
the CA1 subregion.

7 days post-TBI

As shown in Figure 2.18, at 7 days, animals submitted to TBI present a statistical-
ly significant decrease in the number of processes, in the ipsi- and contralateral 
hippocampus, and in the total length of processes in contralateral hippocam-
pus. Importantly, NPY clearly attenuates these findings in injured brains in both 
hemispheres, with an obvious trend both in number and total length of astrocyt-
ic processes.
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Figure 2.18 - Representative images of GFAP (red, astrocytes) and Hoechst (blue, nuclei) in 

different experimental groups, obtained in the A) ipsilateral and B) contralateral hippocam-

pus, 7 days post-TBI. Representative morphological reconstructions of astrocytes from each 

experimental group are shown. Scale bar = 50 µm. Quantification of (C) total number and (D) 

total length of astrocytic processes and number of interceptions in the (E) ipsilateral and (F) 

contralateral hippocampus - morphological characterization by Sholl analysis. TBI induces 

a reduction in the number and total length of astrocytic processes (with the exception of total 

length in ipsilateral hippocampus). NPY stops this reduction in all groups, namely regarding the 

number of processes in the ipsilateral hippocampus. C, D) Results are expressed as mean + SEM. 

*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 significantly different from CTR. #p<0.05; ##p<0.01; 
###p<0.001 significantly different from TBI group. Legend: CTR, control; NPY, Neuropeptide Y; 

TBI, traumatic brain injury. 
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Figure 2.19 - Overall picture of post-TBI astrocytic morphology varying with time and NPY’s 

influence, 48h and 7 days post-TBI. A) Number of processes. B) Total length of processes 

(mean value per group, both hemispheres considered). NPY administration blocks post-trau-

matic astrocytic activation at 48h post-TBI and promotes an increase in the number and length 

of processes at 7 days post-TBI (compared to TBI group). Results are expressed as mean + SEM. 

*p<0.05 significantly different from CTR. #p<0.05 significantly different from TBI group. Legend: 

CTR, control; NPY, Neuropeptide Y; TBI, traumatic brain injury; 7d, 7 days.

Sholl analysis graphical representation displays a curious curve conformation 
in respect to ipsilateral hippocampus following TBI (Figure 2.18-E), with an ap-
parent bimodal display (not present at 48h post-TBI) and statistically significant 
differences in TBI groups upon NPY administration.

In summary, in our animal model, trauma injury consistently induces astrocytic 
activation with known morphological changes. Early administration of NPY pre-
vents this deleterious activation (Fig. 2.19), with obvious effects in the acute phase 
(48h post-TBI), reducing the hyper-ramification induced by trauma. At 7 days post-
TBI, NPY attenuates an otherwise clear reduction in number and total length of 
processes following trauma, apparently preventing later astrocyte atrophy.

Glial fibrillary acidic protein 

Besides astrocytic morphological evaluation, we also investigated possible 
changes in GFAP protein levels (Figure 2.20), a protein expressed by astrocytes 
and which respective increased levels indicate astrogliosis.

At 48h (Figure 2.20-A) and 7 days post-TBI (Figure 2.20-B), there was a nota-
ble increase of GFAP protein levels in the contralateral hippocampus in the TBI 
group, as an indirect sign of expected post-traumatic reactive astrogliosis. No 
other significant changes were discernible. Most importantly, this effect was 
thwarted by NPY administration.
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Figure 2.20 - GFAP protein levels in ipsi- and contralateral hippocampus, 48h (A) and 7 days 

(B) post-TBI. Above the bars, representative western blot images of GFAP protein (50 kDa) and 

GAPDH (37 kDa) are shown. At both timings, post-TBI GFAP expression is significantly higher in 

the contralateral hippocampus. NPY attenuates this increase. Results are expressed as mean + 

SEM. *p<0.05 significantly different from CTR. #p<0.05; ###p<0.001 significantly different from TBI 

group. Legend: CTR, control; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NPY, Neuro-

peptide Y; TBI, traumatic brain injury.

Discussion

Our study clearly shows a role for NPY in attenuating astrocyte activation upon 
TBI, both in ipsi- and contralateral hippocampus. These findings are present at 
48h and are still notorious at 7 days following injury.

Humans’ astrocytes are larger than rodent’s astrocytes and display faster Ca2+ 

wave transmission,680 showing a more complex structure and functioning. Even 
so, it is still valid to presume significant parallelism between human and rats’ 
astrocytic response to TBI, as shown in our study and in the literature.238, 681

Our study shows that, 7 days after the initial injury, reactive astrocytes display 
decreased number and total length of processes when compared to controls 
(both in ipsi- and contralateral hippocampus), most likely contributing to long-
term post-traumatic hippocampal atrophy and cell loss.87, 682 These abnormal 
changes in hippocampal volume, following TBI and other brain insults (e.g., 
aneurysmatic subarachnoid haemorrhage), are in part explained by well-described 
retraction of GFAP-positive astrocyte processes.398, 682 Recent studies correlate 
bilateral changes in post-traumatic hippocampal volume with astrocyte mor-
phological abnormalities.683 Importantly, our experimental protocol objectively 
shows an effect of NPY in this overall retraction, predominantly in the ipsilateral 
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hippocampus, as a consequence of an expected (although mild) lateralization of 
inflicted injury following a unilateral physical injury.

Being able to reverse or attenuate overall organ retraction and spatial reorgani-
zation, by acting upon specific cell populations as shown in our experimental 
data, is undoubtedly a promising finding concerning long-term hippocampal 
atrophy and hypofunction. There was no obvious post-traumatic decrease in 
GFAP protein levels, reinforcing the previously discussed notion that post-TBI 
cellular degeneration and death primarily concern the neuronal population 
(see Cellular Degeneration).

As previously mentioned, post-traumatic AQP4 polarization and expression are 
dependent on reactive astrogliosis, which peaks at 7 days post-injury but may 
be present even 28 days post-injury (as well as AQP4 abnormal expression).243 
Studies on micro-injuries in the brain (e.g., diffuse multiple microinfarctions) 
confirm that the mentioned loss of perivascular AQP4 polarization is, in the 
end, a feature of reactive astrocytosis.684 Considering the possibility that physio-
logic AQP4 paravascular polarization enables clearance of soluble β amyloid, as 
suggested by Iliff and colleagues,685 the prospect of targeting reactive gliosis in 
therapeutic protocols is theoretically beneficial by indirectly normalizing AQP4 
expression and recovering the expected interstitial clearance of wastes, avoiding 
some of the chronic consequences of brain trauma. 

Considering the previously discussed dual role for astrocytes regarding the global
response to TBI, one may argue about the true benefit of this inhibition of astro-
cyte activation, as shown in our Results. First, it is important to mention that this 
work did not specifically address histopathological and functional outcomes, 
possibly influenced by astrocyte modulation. Future studies should fully charac-
terize the relevance of this potential therapeutic intervention. 

Second, astrocytes can play a key role in responding to and producing proinflam-
matory mediators (cytokines, chemokines, DAMPs).148, 150 Pattern recognition 
receptors, as TLRs, are present in astrocytes and microglia, and its activation 
results in NFκB signalling pathways and cytokines (namely TNF), chemokines 
and inflammatory mediators (COX2, MMPs).148, 151 It is evident that astrocytes 
play a crucial role in secondary injury, following prior astrocytic involvement 
in primary injury, susceptibility to membrane distortions686 and the presence of 
activated astrocytic mechanotransduction ion channels leading to a rapid influx 
of extracellular Ca2+  and sodium.687 Therefore, DAMPs signalling and astrocyte 
involvement can be considered a major promoter of inflammation and edema 
formation, with increased DAMPs’ CSF levels being associated with worst post-
TBI functional outcome.688 
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Upon primary injury, astrocyte connexin-mediated ATP signalling and release 
induce increased cytoplasmic Ca2+,245, 689 microglial activation and further astro-
cytic activation, namely in spinal cord injury models.148 Taking this into conside-
ration, inhibition of post-traumatic astrocyte activation should be beneficial. 
In line with this notion, NFκB signalling inhibition (in astrocytes) was reported 
to down-regulate post-traumatic inflammation.690 However, NFκB signalling 
is also known to stimulate production and secretion of neuronal and gliopro-
tective growth factor,148 namely BDNF and Nerve Growth Factor (NGF), while 
DAMPs were shown to promote, on a more extended period of time, phagocytic
debris clearance, vascular remodelling and BBB repair.148 Even previously 
mentioned connexin-dependent ATP release can be indirectly beneficial in the 
long-term, as innate immune cell recruitment depends on it.148, 245 Considering 
the hypothesis of a dual-role for astrocytes,148 one should be careful when in-
terpreting our results. Demonstrating an interference with astrocyte activation 
at 48h, our findings are aligned with peak inflammatory response and would be 
suited for early intervention in the acute stage. Even so, the role for post-trau-
matic astrocyte activation mandates further research and specific multi-facto-
rial assesments.237

There is significant uncertainty and less-than-optimal knowledge concerning 
astrocyte phenotypic polarization (A1/A2) in TBI.235 Although relatively straight-
forward in experimental models involving LPS challenge or middle cerebral 
artery occlusion,228 A1/A2 dichotomy of reactive astrogliosis molecular profile 
is relatively absent from recent TBI studies.238 Ideally, by shifting/directing cell 
populations to an intended phenotype, therapeutic protocols would potenti-
ate protective/regenerative mechanisms and dampen deleterious effects.216 
Of relevance is the fact that microglial activation is needed in order to A1 astro-
cytes phenotype fully develop,228, 235 as supported by previous in vitro work.691 
This delicate balance and close cell interconnection, delineating downstream 
inflammatory response, again shows the difficulty in correctly embracing all 
aspects of TBI.

To add further complexity, studies clearly show distinct astrocytic molecular 
profiles upon activation depending on anatomical region,692 suggesting specific 
regional functional roles. Hippocampus seems to be more vulnerable than the 
neocortex,238 highlighting another contributing factor to cognitive disturbance 
in all types of TBI. This fact also confirms, concerning TBI research, the rele-
vance of specifically focusing on the hippocampus, as in our study.

Specific astrocyte populations express NPY and NPY receptors456, 693 and are 
described as being capable of NPY secretion via dense-core granules.694 Most im-
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portantly, and in a similar fashion to what was mentioned concerning microglia, 
administration of exogenous NPY significantly increased astrocyte proliferation 
in the subventricular zone, via Y1R activation.455 These reports, when combined 
with our findings, raise the possibility of a dual role for NPY from a therapeutic 
point of view, by attenuating deleterious effects of secondary injury concerning 
astrocytes (as shown in our work) while simultaneously promoting the renewal 
of affected cell populations. 

As previously mentioned, older patients are at the highest risk for worse out-
comes following TBI. Animal studies have shown a pronounced tendency for 
proinflammatory phenotype and loss of function in astrocyte populations fol-
lowing TBI in aged brains,238 in another parallelism to microglia post-traumatic 
reactivity.695, 696 Curiously, recent works show that the process of normal aging by 
itself tilts astrocytes towards a so-called A1 proinflammatory bias, being more 
responsive to inflammatory challenge.692, 697 Previously mentioned studies out-
line a difference between young and aged brains and peak timing in astrocyte 
reactivity and inflammatory phenomena (at 3rd and 7th day, respectively).238, 692 
Again, this fact reinforces the notion that our NPY protocol, with an early in-
tervention, should have a transitory but significant protective role in the acute 
phase, namely in an aged brain.   

Although these experimental protocols and consequent Discussion are focused 
on hippocampal astrocytes, one should not forget, when assessing the overall 
impact of our findings, that BBB’s integrity and NVU’s homeostasis function also 
rely on astrocytic function. 

2.3.4 Inflammatory pathways 

In order to characterize NPY’s interference with post-traumatic inflammatory 
status, IL-1β and iNOS protein levels were assessed (Figures 2.21 and 2.22).

IL-1β, 48h post-TBI

As depicted above in Figure 2.21, TBI induces a significant increase in IL-1β pro-
tein levels in the contralateral hippocampus at 48h pos-TBI, an effect largely at-
tenuated by NPY administration. Regarding IL-1β expression in the ipsilateral 
hippocampus, there were no significant effects and the overall trend is opposite 
to what was described in the contralateral hippocampus. No relevant findings 
were present at 7 days post-TBI. 
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iNOS

At 48h, no relevant findings were present concerning iNOS expression in distinct 
groups, with no significant disparities among them (Figure 2.22-A). Concern-

Figure 2.21 - IL-1β protein levels, ipsi- and contralateral hippocampus, 48h post-TBI. Above the 

bars, representative western blot images of IL-1β protein (17 kDa) and GAPDH (37 kDa) are shown. 

TBI induces an obvious increase in IL-1β protein levels in the contralateral hippocampus. NPY op-

poses this phenomenon. Results are expressed as mean + SEM. **p<0.01 significantly different from 

CTR. #p<0.05 significantly different from TBI group. Legend: CTR, control; GAPDH, glyceraldehyde 

3-phosphate dehydrogenase; IL-1, interleukin-1; NPY, Neuropeptide Y; TBI, traumatic brain injury. 

Figure 2.22 - iNOS protein levels in ipsi- and contralateral hippocampus, 48h (A) and 7 days (B) 

post-TBI. Above the bars, representative western blot images of iNOS protein (131 kDa) and GAP-

DH (37 kDa) are shown. TBI induces an increase in iNOS protein levels in the ipsi- and contralat-

eral hippocampus at 7 days post-TBI. NPY counterbalances this increase. Results are expressed 

as mean + SEM. *p<0.05, **p<0.01 significantly different from CTR. ####p<0.0001 significantly dif-

ferent from TBI group. Legend: CTR, control; GAPDH, glyceraldehyde 3-phosphate dehydroge-

nase; iNOS, inducible nitric oxide synthase; NPY, Neuropeptide Y; TBI, traumatic brain injury.
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ing iNOS expression at 7 days post-TBI (Figure 2.22-B), the occurrence of trau-
ma implies significantly higher protein levels of iNOS in both hemispheres (TBI 
vs. controls). Importantly, NPY-administered groups display significantly lower 
iNOS levels compared to TBI groups, both in ipsi- and contralateral hippocam-
pus, with iNOS levels even lower than those shown in controls. This proves a 
relevant late effect of early NPY administration in attenuating post-traumatic in-
flammatory and stress response. 

Discussion 

In our study, TBI interfered with the expression of proinflammatory cytokine 
IL-1β. Animals submitted to TBI showed a significant increase in IL1-β pro-
tein levels in the contralateral hippocampus, although no effect was obvious 
in the ipsilateral hippocampus. Moreover, the administration of NPY inter-
fered with its contralateral increase. In order to assess and describe an overall 
picture regarding inflammatory status at a later stage, iNOS was also assessed at 
48h and 7 days. iNOS expression is significantly increased with TBI at 7 days post-
TBI and is significantly decreased in the group receiving NPY. In brief, it seems 
clear that TBI triggered, in our model, an inflammatory response with an 
initial increase in proinflammatory cytokines followed by a nitrosative stress 
response.698 This overall response appears to be significantly reduced by NPY.

Studies regarding human astrocyte cultures response to specific cytokines stim-
uli, with pro- and anti-inflammatory profiles, display a stronger effect in down-
stream cytokines production, such as IL-1β, TNF and IL-6.235 This suggests that 
IL-1β is indeed an essential component of astrocytic inflammatory response. 
These findings highlight the relevance of our data concerning both astrocytes 
and IL-1β and shows that our intervention acted upon main inflammatory drivers, 
at least for the astrocyte population.     

These findings must be contextualized in a probable broader action of NPY on 
different cell populations, hampering upstream microglial and astrocyte activa-
tion and indirectly decreasing proinflammatory cytokine-based profile. In line 
with this context of post-traumatic diffuse brain inflammatory profile is the fact 
that, again and as in previous experimental tasks in our work, distinct responses 
in ipsi- and contralateral hippocampus take place. As it is not structurally dis-
rupted by trauma, the contralateral hippocampus appears to preserve more of 
its ability to functionally respond both in terms of inflammation and susceptibil-
ity to NPY’s influence. 
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Recent studies have shown, by determining plasma cytokines levels in TBI pa-
tients, that systemic inflammation persists up to 1 year following even mild TBI.540, 
699 Importantly, by targeting post-TBI cytokines increased expression, namely 
IL-1β, a significant improvement was shown not only concerning cognitive out-
come but also in respect to underlying phenomena as microglia/macrophage 
activation.700 In fact, Flygt and colleagues180 have shown a specific IL-1β-related 
attenuation of microglia/macrophage immunoreactivity following antibody neu-
tralization, as well as a promising reduction in caspase-3 expression (indicator of 
post-traumatic apoptosis).180 

Brain inflammation is in some degree proportional to injury severity and, above 
all, involves several phenomenons subject to considerable inter-individual 
variability.138 This variability is another factor to be considered in experimental 
studies, namely in its correlation to clinical outcome assessment, undoubtedly 
more challenging and prone to under or overestimations.701 

Neuronal death is not reversible and excitotoxicity can be attenuated only to some 
extent. On the other hand, inflammation is clearly a more transitory state and, 
eventually, more prone to be temporarily influenced by outer elements. Specific 
protocols targeting cytokines pathways and (somehow neglected) chemokines are 
therefore a promising line of research.138, 676 Even so, considering data provided 
by basic science and clinical trials, it becomes evident that blindly and massively 
suppressing neuroinflammation, namely by using high doses of corticosteroids, 
will not only be unuseful but also potentially deleterious.702 The aim should be 
at pinpointing which agents/steps on which pathways should be suppressed and 
for how long.335

Several intersections and common elements to both classical pathways and neu-
rogenic inflammation have been discussed throughout this work. To assess mul-
tiple elements in innumerous inflammatory pathways, blood and CSF cytokine 
profiling, in distinct timelines, may prove useful in the clinical setting. The goal 
would be not only to select new biomarkers but also to delineate a threshold for 
proinflammatory status that is potentially therapeutic while not invoking a dele-
terious neuroinflammatory response.703

Attenuating post-traumatic CNS classical pathways and neuroinflammation, es-
pecially in the context of BBB breakdown, might also prove helpful by preventing a 
systemic proinflammatory status and subsequent promotion of multi-organ dys-
function (from respiratory failure to systolic dysfunction).704, 705

In sum, studies focusing on post-traumatic inflammation should ideally contem-
plate all the complexity involving its upstream elements and downstream cas-
cade of events. 
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2.3.5 Post-traumatic blood-brain barrier dysfunction

In order to study TBI’s impact on BBB and a possible influence of NPY in BBB’s 
post-traumatic disruption, post-TBI albumin immunostaining (Figure 2.23), as 
well as albumin and occludin protein levels (Figures 2.25 and 2.26), were assessed.

Albumin

Concerning the impact of TBI in BBB properties, TBI causes a statistically sig-
nificant increase in hippocampal albumin immunoreactivity, as a reflection of 
albumin extravasation, at 48h post-TBI (Figure 2.23-E), when compared to con-

Figure 2.23 - Representative images of albumin (marker for BBB disruption) (albumin, red) 

and Hoechst (blue, nuclei) in different experimental groups, at 48h [obtained in the A) ipsi-

lateral and C) contralateral hippocampus] and 7 days post-TBI [obtained in the B) ipsilateral 

and D) contralateral hippocampus]. Scale bar = 50 µm. Quantification of ipsi- and contralateral 

hippocampal albumin immunostaining (arbitrary units), at (E) 48h and (F) 7 days post-TBI. TBI 

induces a significant increase in albumin immunostaining, namely at 48h post-TBI. NPY clearly 

diminishes this phenomenon but apparently reinforces the increase in albumin immunostaining 

in the contralateral hippocampus at 7 days post-TBI. E, F) Results are expressed as mean + SEM. 

*p<0.05; **p<0.01;  ****p<0.0001 significantly different from CTR. #p<0.05; ##p<0.01 significantly 

different from TBI group. Legend: CTR, control; NPY, Neuropeptide Y; TBI, traumatic brain injury.
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trols. Post-TBI administration of NPY implies a significantly decreased albumin 
immunoreactivity when comparing to the TBI group. This fact shows a probable 
role for NPY in significantly attenuating post-traumatic BBB´s disruption. 

In regard to albumin immunoreactivity at 7 days post-TBI (Figure 2.23-F), our 
preliminary data suggest an increase of albumin immunoreactivity in both 
ipsi- and contralateral hippocampus. In the ipsilateral hemisphere, the trend is 
similar to our findings at 48h: a post-TBI increase attenuated with concomitant 
NPY administration. Unexpectedly and unlike ipsilateral findings, NPY signifi-
cantly increases albumin immunostaining in the contralateral hemisphere. 

In summary, in our animal model of TBI, trauma injury induces an increase in 
albumin immunoreactivity, due to post-traumatic albumin extravasation in the 
context of BBB’s impairment. Early administration of NPY clearly prevents this 
deleterious phenomenon (Figure 2.24).

Figure 2.24 - Overall picture of post-TBI albumin immunoreactivity varying with time and 

NPY’s influence, 48h and 7 days post-TBI (mean value per group, both hemispheres consid-

ered). NPY administration blocks post-traumatic albumin extravasation, as displayed at 48h. 

Results are expressed as mean + SEM. *p<0.05; ****p<0.0001 significantly different from CTR. 
###p<0.001 significantly different from TBI group. Legend: CTR, control; NPY, Neuropeptide Y; 

TBI, traumatic brain injury; 7d, 7 days.
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As shown in Figure 2.25, western blot studies confirm the impact of TBI in brain’s 
vasculature and the role of NPY administration, by countering BBB impairment, 
as assessed by albumin protein levels. 

Therefore, these findings are similar, both at 48h and 7 days, to our results in 
immunostaining studies. A significant increase in albumin protein levels upon 
TBI, namely in the ipsilateral hippocampus, is counteracted by NPY’s action (not 
statistically significant in the contralateral hippocampus at 7 days post-TBI).

Figure 2.25 - Albumin protein levels in ipsi- and contralateral hippocampus, 48h (A) and 7 days 

(B) post-TBI. Above the bars, representative western blot images of albumin protein (66,5 kDa) and 

GAPDH (37 kDa) are shown. A) TBI induces a significant increase in albumin protein levels at 48h. 

NPY significantly counters this phenomenon. B) TBI induces a significant increase in albumin pro-

tein levels in the ipsilateral hippocampus at 7 days post-TBI. NPY counters this phenomenon. Re-

sults are expressed as mean + SEM. *p<0.05; **p<0.01 significantly different from CTR. ###p<0.001; 
####p<0.0001 significantly different from TBI group. Legend: CTR, control; GAPDH, glyceraldehyde 

3-phosphate dehydrogenase; NPY, Neuropeptide Y; TBI, traumatic brain injury.
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Occludin

In order to elucidate the mechanisms involved in BBB disturbance, possible fluc-
tuations in a tight junction protein levels (occludin) were analysed (Figure 2.26). 

Concerning occludin protein levels at 48h post-TBI (Figure 2.26-A), no statistically 
significant findings were present upon the TBI group both in ipsi or contralateral 
hippocampus. A trend to its post-traumatic increase in both hemispheres is dis-
cernible, and it appears to be reinforced by NPY. At 7 days post-TBI (Figure 2.26-
B), its levels again tend to be increased in the TBI group, yet with no statistical sig-
nificance, and NPY clearly prevented this tendency in the ipsilateral hippocampus. 

Figure 2.26 - Occludin protein levels in ipsi- and contralateral hippocampus, 48h (A) and 7 

days (B) post-TBI. Above the bars, representative western blot images of occludin protein (59 

kDa) and GAPDH (37 kDa) are shown. A) TBI apparently induces an increase in occludin protein 

levels at 48h (trend with no statistical significance). NPY reinforces this increase. B) TBI appar-

ently induces an increase in occludin protein levels at 7 days post-TBI (trend with no statistical 

significance). NPY counters this tendency, namely in the ipsilateral hippocampus. Results are ex-

pressed as mean + SEM. **p<0.01 significantly different from CTR. ##p<0.01 significantly different 

from the TBI group. Legend: CTR, control; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; 

NPY, Neuropeptide Y; TBI, traumatic brain injury. 
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Discussion

Our experimental protocol displays a significant attenuation of acute post-trau-
matic BBB disruption by NPY, as shown by albumin immunoreactivity studies at 
48h, with a significant decrease in albumin extravasation. No meaningful effect 
at 7 days was shown. These findings were mostly confirmed, in regard to albu-
min, in western blotting studies.

This task focused on BBB disruption, an early and acute consequence of TBI, 
peaking at 2-3 days after initial injury. For this reason, as this is a phenomenon 
of early progression and is significantly settled or attenuated after 1 week, the 
fact that our most relevant findings take place at 48h (and not 7 days) is some-
what expected and in accordance with previous knowledge (see Introduction, 
Blood-Brain Barrier section). Another contributing factor to this time-dependent 
response is that exogenous NPY reinforcement took place a few minutes after 
trauma, and an absent long-term effect is plausible.   

When considering ipsi- and contralateral hippocampus separately in regard to 
albumin immunoreactivity, the same trend is present at 48h: a significant in-
crease upon TBI and decrease with post-TBI NPY administration. However, a 
more pronounced effect was identified in the ipsilateral hippocampus.

At 7 days, there was a tendency to increased ipsilateral albumin immunoreactiv-
ity but with no effect of NPY, probably as NPY’s effect vanishes, as previously dis-
cussed. Once again, the present variability lead to no statistical significance and 
more experiments are needed to complete this study. Interestingly, specifically in 
contralateral hippocampus at 7 days post-TBI, but clearly influencing the overall 
picture, a paradoxical effect is present since post-TBI NPY administration seems 
to increase the amount of late albumin extravasation (no statistical significance). 
The possible reasons for this unexpected effect are diverse. First, a low “n” in our 
subgroups might explain this unexpected result in a specific subset of animals. 
Second, a “rebound effect” on the contralateral hippocampus, theoretically and 
functionally closer to its baseline status, in which one single NPY administra-
tion would preclude an initial response while leading to a more robust, delayed 
compensating response. Third, a possible late manifestation of microglia’s dual 
role in neuroinflammation.346 As mentioned before, upon induced inflammation 
in experimental conditions, microglia initially reinforces BBB integrity before 
its protective effect is reversed and BBB permeability is further impaired, and 
neuroinflammation ensues. One can speculate on a late manifestation of this 
dual role in the contralateral hippocampus, somewhat spared to overall damage 
in TBI, namely physical disruption. Another interesting hypothesis is based on 
the fact that post-traumatic angiogenesis is well documented, with evident up-
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regulation of angiogenic factors and corresponding neovascularization as ear-
ly as 48h post-TBI.131 These immature and unstructured neovessels, with leaky 
BBB, might somehow contribute to overall increased albumin extravasation.
Additionally, increased albumin synthesis and secretion by activated microglia 
is another potential confounding factor.706, 707     

Nonetheless, the variability between the two hemispheres at 7 days post-TBI was 
significant, with conflicting results concerning NPY influence in albumin im-
munoreactivity (as a reflection of BBB impairment) and it is mandatory to in-
crease the number of experiments in the future. At this point, it is only possible to 
speculate that, in general, NPY’s protective action by attenuating BBB impair-
ment is more pronounced after 48h, somehow losing its effect after 7 days.

Therefore, inhibiting post-TBI exacerbation of BBB’s impairment is a promising 
therapeutic strategy to be implemented in several pathologic contexts.346, 708

Decreased albumin extravasation, following NPY’s reinforcement, is in itself a 
significant finding as, in abnormal conditions, albumin will also activate micro-
glia and astrocytes, with all the harmful consequences previously addressed, in-
cluding proinflammatory cytokines release.311 

Concerning occludin and its levels upon TBI and NPY administration, disparate 
findings can be mentioned in relation to different timings (48h and 7 days post-
TBI). Protein complexes that regulate BBB paracellular transport are composed 
of several proteins, able to compensate for each other, which can at least in part 
explain, in our findings, the increase in albumin levels without significant changes 
in occludin at 48h post-TBI. Nevertheless, in the presence of NPY, there was an 
increase in occludin levels at 48h post-TBI, suggesting its possible involvement 
in a NPY-mediated protective effect. When assessed at 7 days following initial 
trauma, there was a tendency to lower occludin levels in the animals initially ad-
ministered with NPY. Such results were unexpected, since NPY was supposed to 
interfere with post-traumatic BBB disruption, usually associated with decreased 
levels or abnormal organization of TJs and adherens junctions. Further studies 
are necessary to confirm these results and, if so, these post-traumatic findings 
could probably be associated with abnormal rearrangements in brain endothelial 
cells leading to leaky junctions, as mentioned previously.

Some reports show NPY’s action in apparently diminishing endothelial monolayer
permeability.709 These findings were contested by other studies, again with cor-
onary endothelial monolayers,710 and reports demonstrating BBB´s increased 
permeability in brain gliomas upon the use of highly selective Y1R ligands.711 
In relation to our results in reestablishing BBB’s function with NPY, Ou et al.656 
have shown a significant action by NPY in stabilizing TJs in the retinal vascular 
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barrier (in vitro models), significantly increasing ZO-1 expression. Importantly, 
NPY-promoted preservation of cellular TJs integrity was associated with a 30% 
reduction in permeability (fluorescein-streptavidin studies).656 Most importantly,
the same action was observed in in vivo models, with considerable NPY-induced 
attenuation of vascular permeability in retinal vessels, again demonstrating 
NPY’s ability to stabilize TJs complexes.656 The previously discussed body of 
knowledge concerning NPY and BBB closure/reinforcing therefore provides solid 
ground for our findings, reinforcing our working hypothesis.

2.4 General discussion 
2.4.1 Animal model of trauma

In this research project, an animal head trauma model was developed in con-
ditions mimicking closed head injury, as there is no cranial penetration. In our 
opinion, and according to the literature, these conditions are ideal to best repro-
duce TBI’s context and consequences in real life. 

Representative open skull injury models, such as Fluid Percussion and Con-
trolled Cortical Impact models, are partially artificial, as they induce lesions 
that, by mechanism and context, generally are not found in real life (an open 
skull before the induced trauma, a fluid column layed upon the dura mater, the 
opening of the dura mater before induced trauma). Nevertheless, these models 
indeed cause brain injury and predictable effects in cell populations and general
pathophysiologic mechanisms of response. But, from a larger perspective, 
these models reproduce apparently similar results by employing much different 
means, with unknown consequences concerning true reproducibility and simi-
larity to real TBI. 

Animal models of TBI indeed replicate specific realities, namely biomechanical 
contexts (fluid percussion injury models, cortical impact injury, weight drop inju-
ry models, blast injury models) but will necessarily fail to apprehend all aspects of 
complex mechanisms of injury,273, 712 with inevitable shortcomings. For example, 
Fluid Percussion injury models, a well-known and widely used model for diffuse 
TBI, predictably replicate brain edema, diffuse haemorrhages and grey matter dam-
age.273, 713 However, it is unable to replicate/induce neither skull fracture nor mul-
tiple gyri contusions, a common feature of moderate to severe human TBI.273, 714

Our trauma model was based on Shohami’s group model640: weight-drop inju-
ry delivered to one side of the unprotected rat’s skull, with the head placed on 
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a hard surface. A focal blunt injury is followed by BBB breakdown, microglia 
and astrocytes activation and neurodegeneration (all correlated to neurological 
impairment and neurobehavioural deficits). Considering this, this model is said 
by many to closely resemble the intrinsic conditions of human Closed Head In-
jury,715 a condition almost universal to TBI in real life. It is an easy-to-assemble 
and predictable model,716 quickly performed under gas-based anesthesia and al-
lows, if indicated, immediate neurological assessment. Some authors mention a 
possible disadvantage of a higher variability in injury severity dependent on the 
intensity of impact, with mild impact inducing a diffuse injury pattern, whereas 
a severe impact will generate focal contusion.717 This criticism does not seem 
relevant, as the severity of the impact can be directly adjusted and the intended 
effect calibrated. As mentioned by Johnson et al.,718 this a valid and widespread 
model, replicating clinically-based brain injury with cranial vault deformation 
and indirect cortical compression/injury.

Research teams are supposed to balance the need to address a specific phenome-
non with the essential requirement of some connection to reality, as translational 
research is understood in its intent (“from bench to bedside”).719 A simple ges-
ture, e.g., performing a craniotomy in the desired impact zone before inducing 
direct trauma, might enhance post-traumatic findings but moves experimen-
tal models away from the clinical and pathological picture of an actual patient. 
A veiled artificiality is inevitable when each model depicts a specific injury, limit-
ed in its anatomical boundaries and pathological effects (e.g., unilateral or bilat-
eral, penetrant or non-penetrant injury, DAI or focal injury), somehow failing to 
apprehend the intrinsic complex and all-encompassing nature of TBI.720 Diffuse 
and focal TBI display some overlapping effects in post-TBI behavioural deficits,721 
but obviously differ in the type of induced lesions and consequences. 

This research protocol did not consider gender differences for data analysis pur-
poses. However, it is increasingly recognized that, despite mixed results (both in 
animal and human studies), gender accounts for non-irrelevant distinct responses 
to trauma.722 Among other works, Doran and colleagues723 have shown sexual-
ly specific neuroinflammatory responses in mice: male subjects displayed in-
creased higher basal ROS in non-injured brains, increased post-TBI phagocytic 
activity and influx of peripheral myeloid cells; female subjects presented with 
increased production of TNF and IL-1β and significantly reduced microglial acti-
vation.723 Even so and most importantly, a coherent and sustained response was 
shown in a uniform population in our study. Future studies might confirm fur-
ther gender disparities, specifically regarding neuropeptides in trauma.

   Bhatt and collaborators724 have confirmed brain laterality in rats. Several func-
tions and behaviours rely on an apparent left hemisphere dominance (learning, 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Bhatt%20R%5BAuthor%5D&cauthor=true&cauthor_uid=15276825
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depression, behaviour, appetite). This contradicts a report by Hum et al.,725 denying 
any laterality facing similar stimuli, unlike what is predominant in humans: left 
hemisphere as dominant in most individuals, with preferential use of the right 
hand.726 Goldstein et al.,727 regarding cellular proliferation and immune response 
to external aggressions, also reported additional data that corroborates laterality in 
rats’ brain function. However, as no behavioural or performance outcome tests 
were undertaken in the present work, the issue of functional lateralization does 
not seem relevant in this circumstance.

One frequently overlooked phenomenon in TBI is the differential effect of trauma 
in the two brain hemispheres. On this specific issue of differential injury expo-
sure and course of recovery concerning ipsi- and contralateral hippocampus, 
as shown in our data, several reports mention an expected less severe morpho-
logical and functional disruption (including hyperexcitability) in the contralat-
eral hippocampus.395, 728 Regarding differential damage to distinct hippocampal 
subregions, no specific findings can allow straightforward extrapolations. Spo-
radic reports mention an apparent higher vulnerability of the CA3 subregion 
in an acute setting following TBI, with a long-lasting effect more evident in the 
CA1 subregion (at 6 months).729 These findings in themselves are rather unspe-
cific and with no apparent critical impact in the neurotrauma field, despite 
acknowledged differences in anatomical and functional connectivity among dis-
tinct hippocampal subregions.730

Herein, upon induced trauma and following animal sacrifice, no cranial fractures 
or epidural or subdural haemorrhages were obvious under visual inspection.
If any of these lesions were present, our findings could be affected in their sig-
nificance and our model’s uniformity would be compromised. As mentioned in 
the Results section, one rat presented with immediate sub-periosteal bleed near 
the site of impact. However, it was an extracranial bleed of limited amount and 
spontaneous cessation, so this event was deemed non-relevant. Concerning neu-
rological status, all controls and injured rats were assessed after waking up from 
anesthesia and in the following days. All rats were neurologically intact upon 
being euthanized. 

A major difficulty in animal models of trauma is to calibrate the induced injury 
in order to uniformly obtain the desired consequences (at a structural and func-
tional level) but with no overextended injury concerning space, time or sequelae. 
One scenario to avoid, specifically in head trauma models, would be to have 
such a significant initial injury that it would preclude a valid distinction between 
neuronal death due to primary or secondary injury. In our work, there were no 
animal deaths, cranial fractures or significant intracranial bleeds, and the rats 
presented with similar induced injuries and intact neurological status, leading 
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us to believe that our model is uniform and valid concerning our findings. These 
results were coherent among themselves and with similar studies in the field, as 
depicted previously. This illustrates the fulfilled objective (and initial premise of 
this project) of inducing an objective, predictable and reproducible traumatic 
lesion to the brain. 

Our choice of animal strain (Sprague-Dawley rats) was based on the team’s expe-
rience from past research projects and its intrinsic characteristics - a well-studied 
and extensively used strain in the trauma research field, with predictable be-
haviour and reproducible responses. Despite known strain-dependent dispari-
ties concerning response to CNS injuries,731, 732 namely in the volume of induced 
ischemic lesion, the most striking variability in obtained responses is in rela-
tion to fundamental behavioural changes.733 Even so, some structural differences 
pertaining to CNS are necessarily present. For example, Long-Evans strain rats 
display greater average cortical areas compared to Sprague-Dawley rats.733 Fisher 
344 strain also displays distinct features: increased basal caspase-3 protein levels, 
higher ICP, increased seizure activity, frequent motor deficits, better long-term 
cognitive performance.732 Strain differences account for some variability among 
studies. Undoubtedly, the most important is to acknowledge confirmed differences
between control and trauma groups and for them to be coherent, non-spurious 
and reproducible.

Another possible confounding factor might be the use, before experimental in-
duced trauma, of isoflurane, the most used anaesthetic agent in experimental 
TBI, as it is easy to administrate and provides a rapid recovery. Further, isoflu-
rane, and most anaesthetic agents, are known to be neuroprotective and sup-
posedly might influence an animal’s response to brain trauma.734 As our study 
includes a well-defined control group, with animals being submitted to similar 
conditions and procedures except for trauma itself, one can reasonably argue 
that this possible bias is not a significant issue when assessing inter-group varia-
bility and distinct findings. 

A relevant discussion concerns intrinsic validity, reproducibility and utility of 
animal models in general and this TBI animal model in particular. One should 
assume that the model used in this study is not a precise, faithful and complete 
reproduction of a TBI on a human victim, since human trauma takes many forms 
and contexts. This variability and brain’s complexity most likely hinder developing 
a well-suited, comprehensive and valid trauma model that reproduces all human 
relevant phenomena.  Besides intrinsic differences in cytoarchitecture (e.g., 
rat’s lissencephalic brain displays lesser white matter percentage)712 and patho-
physiology in animals vs. humans, this is not a real TBI, an unexpected event in 
non-controlled circumstances and environment. Animal models of trauma pres-
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ent two significant issues to be accounted for: they differ from humans concerning 
neurobiochemical pathways, cell population and pharmacodynamics, and the 
anatomical structures and corresponding biomechanics of trauma are different.  
A significant example of this is that human CSF post-traumatic cytokines incre-
ment lasts longer (several days) than in their rodents counterparts.339 

2.4.2 Intranasal delivery of NPY

The intranasal route is a widely tested and practical drug-delivery way of gaining 
access to the brain’s parenchyma and CSF.735 It has the obvious advantage of act-
ing promptly and being non-invasive. Several studies show that different pep-
tides can reach high CSF concentration and brain parenchyma activity, including 
in the hippocampus, following intranasal administration, retaining their bene-
ficial effects.736, 737 A review by Lee and colleagues738 mentions several reports on 
objective benefits following intranasal delivery of distinct drugs, aiming at either 
immune modulation,595 neuronal protection739 or regeneration.737  

Intranasal delivery of therapeutic agents has for long been tested in different 
CNS pathologies,740 from migraines741 to PTSD742 and AD,743 as a way of enhancing
therapeutic efficacy.744 Saver and colleagues497 have reviewed and confirmed in-
tranasal delivery’s utility in the context of stroke, concerning its adequacy in 
pre-hospital management and therapeutics with neuroprotective agents, even 
before performing any tests (imaging, blood tests).497 Intranasal delivery of NPY 
and NPY13-36  attenuates microglial activation and IL-1β mRNA expression in Hun-
tington’s disease,458 while depression and anxiety have also been addressed.745

Interestingly, the anxiolytic effect of NPY is present both from a treatment perspec-
tive, upon a previous settled situation with persistent symptoms, and from a 
prophylactic perspective, preventing the upheaval of neurobiochemical findings 
and PTSD typical behaviour.642

The unique, straightforward relationship between the nasal cavity and cranial 
contents allows this route to effectively deliver medication by circumventing 
blood-brain and blood-cerebrospinal fluid barriers. Some compounds can reach 
the caudal brain via trigeminal nerve pathways, respiratory mucosa or lymphat-
ic/perivascular spaces located on lamina propria.744 Another major path is based 
on the olfactory structures,746 with peripheral olfactory neuron pathways run-
ning along into olfactory bulbs and allowing drug distribution into the rostral 
brain (a somewhat slower process, dependent on pinocytosis and axonal flow).747 
In humans, neuropeptides administered through this pathway reach significant 
concentrations in the olfactory bulb within 10 minutes.748 Intranasal brain de-
livery occurs mainly by the trigeminal and olfactory nerve pathways, following 
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paracellular and transcellular passage.744 By overcoming BBB through the ol-
factory and trigeminal path, intranasal delivery is effective and does not imply 
systemic drug absorption, avoiding secondary effects, first-pass metabolism and 
gastrointestinal breakdown.749, 750 

Intranasal drug delivery is, in theory, applicable to almost every TBI patient 
(including children) and subject to pre-hospital use.751, 752 This simple approach, 
relatively cheaper and non-toxic, might become a valuable tool in future thera-
peutic protocols, attenuating secondary damage in the immediate post-trauma 
moment.753 As an example, intranasal administration of NAD⁺ decreased post-trau-
matic hippocampal neuronal death and anomalous microglia activation (CA1, 
CA3 and DG).754 Lv et al.755 studied the possibility of an anti-edematous effect by 
intranasal Nerve Growth Factor (NGF), interfering with AQP4 activity and in-
hibiting transcription and expression of proinflammatory cytokines, including 
IL-1β. Further, a study involving healthy human volunteers and intranasal delivery 
of exogenous NPY, through the nasal mucosa on the superior 1/3 of the nasal cav-
ity, documented very low systemic absorption and no relevant side effects besides 
long-lasting nasal vasoconstriction.756 Concerning central NPY injection in animal 
models, minor side effects are mentioned: hyperphagia and hypometabolism/hy-
pothermia in the acute phase followed by a catabolic phase, if NPY infusion was to 
be continued for 7 days, with fever and interruption of weight gain.757 

Distinct variables and factors can influence the success of intranasal delivery: 
drug’s relative molecular weight (molecules exceeding 1000 Da display signifi-
cantly poorer distribution)758, 759; lipophilicity760 and degree of dissociation761; 
drug concentration and volume; nasal mucociliary clearance and mucoadhesive 
properties (with the possibility of enhancing it with designated polymers)762; the 
subject’s position763 and the depth of cannula’s insertion. Several strategies for 
enhancing this route’s efficacy are possible,764 including formula modification765 
and transport mediation (nanoparticles, agglutinants).766 In fact, studies in hu-
mans have shown a swift CNS delivery kinetics, with intranasally-delivered pep-
tides reaching peak concentration within 30 minutes.767 

Even so, the efficiency of this maneuver is diminished by the limited volume of the 
nasal cavity, small olfactory mucosa/nasal mucosa area ratio and the necessarily 
low drug dosage.747 Besides that, not all drugs can be administered using this 
route, and its efficacy can be affected by the nasal anatomy (beyond the scope 
of this work) and condition, physical and chemical properties of the compound 
and its formulation.747 

Another issue of concern is the timing of therapeutics administration, per-
haps another significant factor hampering clinical success. Antagonists of 
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IL-1, for example, appear to be truly effective only if administered in the first 
few hours following TBI.768 As expected, a later and more pronounced distur-
bance of neuronal and glial compartments may affect drugs pharmacokinet-
ics and effectiveness.738 

2.4.3 Pathological findings and NPY’s influence

Our data shows a global brain response to TBI, involving different cellular ele-
ments and with obvious repercussion concerning overall inflammatory mecha-
nisms and BBB’s functional status. Importantly, our model convincingly demon-
strates an effective and consistent neuroprotective action of NPY at different 
levels by attenuating cell death, reducing distinctive glial activation, downregu-
lating inflammatory profile and reinstating BBB’s function.

This neuroprotective role for NPY was somewhat foreseeable, considering exist-
ing literature and the current body of knowledge concerning NPY. Importantly, 
our results are in line with several findings in retinal studies (in vitro and in vivo), 
demonstrating NPY’s protective action in diabetic retinopathy656 by maintaining 
vascular integrity and tight junction protein expression, thus reducing induced 
leakage, and diminishing (excitotoxic-induced) neural apoptosis. 

Even so, much remains to be elucidated about NPY’s mechanisms of action, in-
cluding possible modulation of multifactorial glutamate release, and overall true 
impact in Neurotrauma. For example, future studies might focus on comprehen-
sively describing NPY’s simultaneous influence in a multitude of inflammatory 
biomarkers, in order to obtain a more accurate and reliable picture. Notably, one 
cannot ignore the fact that inflammatory pathways and promoters act simulta-
neously upon different cells. For instance, SP is known to augment inflammatory 
mechanisms in human microglial and astrocytic populations directly.769 Because 
of this, as we show an overall influence of NPY in different cell types and events, 
the notion of a global and staged response, prone to therapeutical intervention, 
is even more relevant. 

2.4.4 Translating findings in animal studies into clinical practice

This type of study raises a crucial question: how can one counteract the com-
plexity of multiple pathological mechanisms associated with TBI with a single 
therapeutic agent, focusing on a single target and with a relatively unknown ide-
al timing? A paradigm change combining therapeutic protocols and multiple tar-
gets is needed.307, 770
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With respect to animal models, they are increasingly relevant in trauma re-
search.771 Rodents’ brains, not to mention bigger and more complex mammalians, 
are known to share significant similarities, both functional and structural, with 
the human brain and cranial vault. Moreover, at a cellular level, neurons and other 
specialized cell types also display considerable morphological correspondence.252 
Considering this, animal models should provide valuable insights on a microscop-
ic and macroscopic scale, despite the necessary limits to a direct extrapolation. 

Human neocortex astrocytes are 2.6-fold larger, extending 10-fold more 
GFAP-positive primary processes than their rodent counterparts, while specific 
subclasses of human astrocytes are not even represented in rodents.772 Thus, hu-
man cortical astrocytes, when compared to rodents, are larger, structurally more 
complex and more diverse.773 Nevertheless, there are similarities among human 
astrocytes and murine models, not just morphological but also functional.774 

Considerable differences between humans and other mammals are present con-
cerning the CNS system, supportive cranial and spinal apparatus, craniospinal an-
gle, brain’s complexity and specifically gyrus architecture and white/grey ratio.273, 775

The overall complexity of the human brain, compared to other animals, down-
plays the notion derived from a reductionist framework that, in order to under-
stand a system, one should study its elements separately. Excessive research 
focus on neurons in artificial models of trauma (a neurocentric approach, as 
mentioned by Logsdon), although understandable, is perhaps one of the reasons 
for sub-optimal results in TBI therapeutics.28 

The complexity of TBI and its symptoms makes it difficult to be replicated by 
a single animal model of trauma.776 An important indirect consequence is that 
different models may display distinct (even opposite) responses to supposedly 
therapeutic interventions (e.g., IL1R1 knockout displaying beneficial or detrimen-
tal effects according to the model and sub-types of lesion).611 Moreover, various 
timings for neuroimmunology mechanisms in TBI are also an issue.209   

Importantly, most studies focus on biological and structural sequelae, despite 
widespread knowledge on the significant impact of TBI concerning neuropsychi-
atric symptoms,777 arising from an impaired organ and the patient’s own under-
standing of its limitations and challenges.778 These symptoms are undoubtedly 
conditioned upon a biological basis of disease779 but are, by definition, impos-
sible to fully replicate in animals. Thus, emulating TBI-relevant neuropsychiat-
ric symptoms in animal models is a challenging but necessary step to under-
stand mechanistic relationships and develop realistic therapeutic approaches.780 
Given this, rigorous scientific judgement and further validation of the suitability 
of these models in assessing neuropsychological contexts are mandatory. 
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Other possible limitations, such as physiological and structural differences, 
variations in physiological parameters (blood pressure, ionic balance, brain 
temperature, partial pressures of carbon dioxide and oxygen) and others are ig-
nored or undervalued contexts that can lead to distinct findings.4, 273 Efforts should 
be taken to bring these models the closest possible to reality (by using pri-
mate models to the detriment of rodents, for example), considering distinct drug 
metabolism and reabsorption rates, and only then assess or manipulate individual
variables of interest.781 Within animal models, differences might be significant be-
tween rodents and bigger gyrencephalic animals (monkeys, pigs), as distinct bio-
energetics response and anatomical differences might be relevant.592 For example, 
rodents have a higher grey-to-white-matter ratio, posing another difficulty in ex-
trapolating findings and outcome metrics concerning Diffuse Axonal Injury (DAI).782 

Differences in patterns of gene expression when comparing rodents and hu-
mans783 are another factor to consider. The links between genomic differences, 
gene expression and their functional and behavioural outcomes are obvious. 
Differences among individuals are perpetuated and amplified at all levels, from 
genes to functionality into behaviour, making a case for diversity. 

2.4.5 Final remarks

In summary, this experimental research protocol, besides implementing a valid 
animal model for brain trauma, has shown that NPY is a promising therapeutic 
agent in TBI. Different experimental tasks demonstrate an overall beneficial ef-
fect of NPY by attenuating short-term microglial activation and afterwards shifting 
microglia phenotype profile, attenuating astrocyte activation and neuronal death, 
hampering post-traumatic BBB impairment and neuroinflammatory response. 

Secondary injury and post-traumatic penumbra area can, in theory, be attenuated if 
early intervention is in place, namely in a pre-hospital context and upon admission, 
hopefully impacting mortality and long-term impairment. Despite this being a study 
based on acute short-term findings (48h and 7 days), TBI should not be considered 
an acute disease (nor a static one), neither for clinical or scientific purposes. 

An initial NPY single dose was given in the present experimental protocol, but one 
can speculate on optimized prolonged therapeutic protocols. This NPY adminis-
tration might be helpful in different types of TBI and their typical injuries at 
different timings. It is clear that equally or even more important than treating pri-
mary injury (a somewhat inglorious effort) is addressing the secondary damage.
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Another shortcoming of this type of pre-clinical studies is the frequent focus on 
one agent or a single step in a complex environment. Effective translation into 
clinical trials should involve multi-modality therapies or, at least, multipurpose 
agents, following a rigorous assessment of pharmacodynamics, pharmacokinetics 
and possible interactions.273, 784 Unfortunately, the necessary and desirable con-
tribution of adjacent fields of knowledge (pharmacotherapy, bioinformatics, bio-
engineering) is frequently undervalued. 

Despite significant concordance between our findings and our working hypothe-
sis, in line with previous reports and pre-existing knowledge in the field, much 
remains to be elucidated in promising and exciting future research directions.





CHAPTER III
Clinical studies
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3.1 Introduction
We hypothesized that significant TBI leads to a multistage neuropeptide response, 
with significant roles for SP and NPY. Following previously described findings 
in animal models of trauma, displaying a neuroprotective role for NPY, the next 
logical step would be to assess the possibility of modulating this same response 
in TBI human patients. In order to further explore this potential therapeutic 
approach, this study aimed at assessing neuropeptide response among human 
TBI victims, including those with and without obvious macroscopic brain inju-
ry, its temporal profile and relation to S100B and Mg2+ levels, knowingly affected 
by TBI.12, 785

3.2 Materials and Methods
3.2.1 Study design

A prospective, single-center analysis of patients with a clinical diagnosis of TBI 
and indication for head CT imaging was performed from January 2017 to July 
2019 at the Centro Hospitalar e Universitário de Coimbra (Coimbra Hospital and 
University Centre).

A thorough Informed Consent Form and the protocol for selection of patients, 
preservation of anonymity and handling of clinical data was approved by the 
Ethics Committee both in the Coimbra Hospital and University Centre and Fac-
ulty of Medicine, University of Coimbra.

Diagnosis of TBI was confirmed upon anamnesis, with corroboration of sig-
nificant head trauma, and clinical examination. Timing of TBI and time interval 
until clinical observation was confirmed by the patient (when appropriate), ac-
companying persons and medical teams involved in pre-hospital management. 
Indication for performing initial CT scan was in accordance to the Portuguese 
National Protocol in Traumatic Brain Injury: moderate to severe TBI, according 
to the GCS score; abnormal neurological examination; significant LOC; suspect-
ed fracture; known risk factors (>65 yr, alcoholism, epilepsy, coagulopathy or 
hypocoagulable state, previous cranial surgery) (Protocolo Nacional para a abor-
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dagem dos Traumatismos Crânio-Encefálicos; Ministério da Saúde, Direcção Geral de 
Saúde; Circular Normativa, 1999).21, 786 CT scans (Siemens SOMATOM go-All ) were 
evaluated by an independent radiologist (from a group of 6 dedicated neurora-
diologists) and classified according to the presence or not of 1 or more lesions 
described as cerebral haemorrhagic contusions.

Exclusion criteria included: 

- pediatric patients (17 years or less); 
- patients > 80 years; 
- active or recent infection; 
- any recent surgical procedure (neurosurgical or other) prior to TBI;
- any surgical procedure while still included in the study (minimally invasive 
procedures not considered for this purpose);

- acute/chronic renal, liver or gastrointestinal disease; 
- alcohol dependence or chronic alcohol abuse;
- acute alcoholic intoxication at the time of assessment;
- uncontrolled or recently diagnosed diabetes;
- history of malignant tumour;
- chronic inflammatory systemic disease;
- ongoing acute inflammatory event; 
- recent vomiting/diarrhea; 
- previous/present cranial or intracranial pathologies; 
- concomitant cranial/intracranial traumatic findings (skull fractures; obvi-
ous epidural or subdural haematomas; significant subarachnoid haemor-
rhage; intraparenchymal haematomas);

- concomitant and relevant cranial/intracranial non-traumatic findings;
- simultaneous significant traumatic findings in other systems or organs 
(thoracic, abdomen, limbs, spine, significant scalp lacerations); 

- recent traumatic injuries of any kind;
- patients prescribed with diuretics, angiotensin-converting enzyme inhibi-
tors, gentamicin, amphotericin (or other medications capable of interfer-
ing with Mg2+ metabolism). 

Patients who, while still included in the study, developed an infectious or other 
type of significant medical condition were also excluded. All previously men-
tioned conditions or medications can potentially interfere with inflammation 
pathways, neuropeptides levels or ionic balance. 

Patients and controls were enrolled into the study upon meeting inclusion cri-
teria and assigned to their corresponding group following assessment of head 
CT scan findings and the presence or not of cerebral haemorrhagic contusion. 
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Participants were then divided into 5 groups, n=35 per group (as n>30 is usually 
considered a minimum for large samples regarding Central Limit Theorem in 
statistical analysis). In bold, designation used for each group as follows: 

- Control group: healthy volunteers (same exclusion criteria);
- TBI group: TBI victims without traumatic lesions (as shown on CT scans 
and despite significant head trauma), 6h or less after trauma; 

- C-6h group: TBI victims with visible haemorrhagic contusions (as shown 
on CT scans), 6h or less after TBI;

- C-48h group: TBI victims with visible haemorrhagic contusions, 48h af-
ter TBI;

- C-7d group: TBI victims with visible haemorrhagic contusions, 7 days af-
ter TBI.

Blood samples were collected via direct venipuncture and immediately pro-
cessed in Hospital’s laboratories.

Initially included in group C-6h, a subset of patients underwent repeated sam-
plings in all different timings (6h, 48h and 7 days post-TBI) and is therefore in-
cluded in all groups C.

3.2.2 Laboratory methods

Peripheral blood was collected to 8 mL heparin tubes (S-Monovette), homoge-
nized and transferred within a 5 min interval to a 15 mL Falcon tube contain-
ing aprotinin, preventing protein degradation (concentration - 0.014 TIU/mL). 
After gently inverted, Falcon tubes were left to rest for 20 min. Falcon tubes 
were then centrifuged for 15 min at 1000 g and 40 C. Samples were stored in 200 
µL aliquots at -800 C to prevent repetitive freeze/thaw cycles. Fifty µL of plasma 
were used in duplicates and absorbance was determined (BioRad  model 600 
plate reader). Average of duplicates readings was performed and a standard curve 
was generated using a four-parameter logistic curve-fit to determine plasma 
concentrations in pg/mL.

Determination of NPY, S100B and SP’s plasma levels was performed by En-
zyme-Linked Immunosorbent Assay (ELISA) [(NPY and S100B kits Merck KGaA 
® (New Jersey, USA); SP kits R&D Systems ® kit (Minnesota, USA)]. Dilutions for 
the ELISAs took place for SP (1:2, taken into consideration for final calculations). 
The following detection limits were used for the different assays: 16.8-43.8 pg/
mL dynamic range for SP (according to supplier); 2.7 pg/mL for S100B; 2 pg/mL 
for NPY.
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Determination of Calcium (Ca2+), Magnesium (Mg2+), Sodium (Na+), Potassium 
(K+), Chloride (Cl-), C-Reactive Protein (CRP) and Osmolality was undertaken. 
Blood samples were processed on Architect analyzers (Abbot Diagnostics®): ion-
ogram indirect potentiomety (Na+, K+, Cl-); enzymatic assays (Mg2); immunotur-
bidimetry and arsenazo III Ca2+  complexes assays.

Normal range of values was considered as follows (according to current labora-
tory protocols in Coimbra Hospital and University Centre):

- Mg2+: 0.66-1.07 mmol/L. 
- Na+: 136-146 mmol/L.
- K+: 3.5-5.1 mmol/L.
- Cl-: 101-109 mmol/L.
- Ca2+:  8.8-10.6 mg/dL. 
- CRP: 0-0.5 mg/dL.
- Osmolality: 260-302 mOsm/kg.

3.2.3 Statistical analysis

All data were analyzed using IBM SPSS Statistics version 24.0 and are presented 
as mean ± SEM. For comparison of parametric results between multiple groups, 
one-way analysis of variance (ANOVA), followed by post hoc Tukey’s test (for 
equal sample sizes) or Tukey-Kramer test (for unequal sample sizes), were per-
formed. When in the presence of non-parametric distribution, comparison with 
Kruskal-Wallis test by ranks was the chosen alternative. Concerning the sub-group 
of patients who underwent repeated sampling, a non-parametric Friedman Test 
was performed, according to specific data requirements and non-gaussian distri-
bution. A p-value less than 0.05 (p ≤ .05) was considered statistically significant. 

3.3 Results
3.3.1 General findings

For each group, 35 patients (or controls, regarding that specific group) were en-
rolled as an endpoint. As some of the patients initially enrolled in group C-6h 
(Figure 3.1) were also included in subsequent groups C-48h and C-7d (undergoing 
repeated sampling) (23 patients), a total of 129 patients (instead of 175 patients) 
were included in the study, distributed in 5 distinct groups as outlined in the 
Methods section. 
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In total, sex distribution (male/female) was 85/44 (66%/34%), with an obvious 
prevalence of male patients. The average age was [years +/- standard deviation 
(SD)]: controls group - 48,80 yr ± 10.96; TBI group - 61,40 yr ± 15.56; C-6h group  
- 65.03 yr ± 12.14; C-48h group - 65.06 yr ± 13.18; C-7d  group - 65.40 yr ± 13.90 
(range, considering all groups, from 27 to 80 years). No other specific findings 
with statistical significance were obvious concerning age or gender. Two pa-
tients (in a total of 35, 5.7%) initially enrolled in group C-6h died in the first 48h 
following TBI. 

Missed samples and exclusion of obvious outliers explain differences in group 
sizes concerning obtained results.

At the moment of blood sampling, the number of patients who were admitted 
to Neurointensive Care Unit was as follows: group C-6h - 7 patients (20%); group 
C-48h - 10 patients (28.6%); group C-7d - 8 patients (22.9%). As expected, a correct 
and realistic GCS score assessment was not possible in patients requiring sedation.

Figure 3.1 - Cerebral haemorrhagic contusions in TBI victims (CT-scans), group C-6h. Left: 

male patient, 62y, GCS - 8 (E1V2M5), bitemporal contusions; Right: male patient, 71y, GCS - 14 

(E4V4M6), bifrontal contusions.
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A general overview of results obtained in different groups is displayed in Table 3.1.

Table 3.1 - General view on results concerning different groups. Legend: CRP, C-reactive pro-

tein; C-6h, assessment at 6h post-TBI; C-48h, assessment at 48h post-TBI; C-7d, assessment at 7 

days post-TBI; GCS, Glasgow Coma Scale score; n, number of patients; NPY, Neuropeptide Y; SD, 

standard deviation; SEM, standard error of the mean; SP, Substance P; TBI, traumatic brain injury.

Controls TBI group Group C-6h Group C-48h Group C-7d

Age (years)
(mean ± SD) 48,80 ± 10.96 61,40 ±15.56 65.03 ± 12.14 65.06 ± 13.18 65.40 ± 13.90

Male/female (%) 60/40 69/31 66/34 66/34 63/37

GCS (n)
14-15
9-13
3-8

35 25
10

16
14
5

16
9
10

19
8
8

Deaths (in 7 first days 
post-TBI) - - 2 - -

NPY (pg/mL) 
(mean ± SEM) (n)

19.702 ± 1.462 
(n=31)

29.567 ± 5.427 
(n=29)

45.997 ± 
4.968 (n=32)

32.395 ± 
4.056 (n=32)

43.268 ± 6.260 
(n=30)

SP (pg/mL) 
(mean ± SEM) (n)

441.441 ± 
22.572 (n=31)

825.606 ± 
23.690 (n=30)

613.463 ± 
49.055 (n=26)

587.576 ± 
48.363 (n=26)

620.083 ± 
46.743 (n=27)

S100B (pg/mL) 
(mean ± SEM) (n)

30.187 ± 3.347 
(n=31)

42.303 ± 6.302 
(n=29)

95.668 ± 
14.102 (n=22)

71.778 ± 
9.556 (n=23)

58.860 ± 
13.708 (n=22)

Magnesium (mmol/L) 
(mean ± SEM) (n)

0.897 ± 0.021 
(n=35)

0.861 ± 0.039 
(n=29)

0.754 ± 0.015 
(n=33)

0.811 ± 0.019 
(n=34)

0.925 ± 0.039 
(n=34)

Calcium (mg/dL) 
(mean ± SEM) (n)

9.460 ± 0.063 
(n=35)

9.100 ± 0.102 
(n=35)

8.730 ± 0.149 
(n=35)

8.630 ± 0.098 
(n=35)

8.710 ± 0.135 
(n=35)

CRP (mg/dL) 
(mean ± SEM) (n)

0.461 ± 0.244 
(n=35)

1.435 ± 0.518 
(n=35)

1.674 ± 0.469 
(n=35)

7.706 ± 1.106 
(n=35)

6.348 ± 1.244 
(n=35)

Sodium (mmol/L) 
(mean ± SEM) (n)

140.066 ± 0.415 
(n=35)

138.566 ± 
0.570 (n=35)

137.766 ± 
0.682 (n=35)

139.200 ± 
0.718 (n=35)

137.533 ± 
0.816 (n=35)

Potassium (mmol/L) 
(mean ± SEM) (n)

4.550 ± 0.354 
(n =33)

4.080 ± 0.454  
(n =34)

4.060 ± 0.364 
(n =28)

3.890 ± 0.454 
(n =31)

3.940 ± 0.576 
(n =31)

Chloride (mmol/L) 
(mean ± SEM) (n)

105.193 ± 0.338 
(n=35)

105.500 ± 
0.630 (n=35)

102.966 ± 
0.552 (n=35)

103.933 ± 
0.828 (n=35)

102.933 ± 
0.854 (n=35)

Osmolality (mOsm/kg) 
(mean ± SEM) (n)

280.677 ± 0.983 
(n=35)

280.066 ± 
1.168 (n=35)

281.833 ± 
1.465 (n=35)

283.500 ± 
2.204 (n=35)

282.000 ± 
1.629 (n=34)
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As mentioned, from initial group C-6h, 23 patients were carried over and includ-
ed in subsequent groups C-48h and C-7d, forming a specific set of patients with 
consecutive sampling at 6h, 48h and 7 days following TBI (Table 3.2). 

Table 3.2 - Subset of patients, initially in group C-6h, undergoing repeated sampling; patients 

demographics and initial GCS score. Legend: 6h post-TBI, sampling at 6h post-TBI; 48h post-

TBI, sampling at 48h post-TBI; 7d post-TBI, sampling at 7 days post-TBI; GCS, Glasgow Coma 

Scale score; n, number of patients; SEM, standard error of the mean; TBI, traumatic brain injury.

Repeated  sampling

n 23

Age (mean ± SEM) 63,80 ± 2.596 

Male/female (n) 14/9

GCS (n)

6h post-TBI

48h post-TBI

7d post-TBI

GCS  14-15 / 9-13 / 3-8

13 / 6 / 4

13 / 5 / 5

15 / 4 / 4 

3.3.2 Neuropeptide Y

Our results show a significant increase in NPY levels (pg/mL) upon TBI among 
different groups [F(4, 151) = 4,76, p =.0012], post hoc Tukey-Kramer method test 
(Figure 3.2), namely in the presence of parenchymal lesions. At 48h, there is a 
significant decrease in NPY levels, no longer noticeable at 7 days post-TBI. TBI 
victims, with and without parenchymal lesion at 6h, display higher NPY levels 
than controls (TBI and C-6h vs. controls) (although with statistical significance 
only concerning C-6h). When comparing TBI victims with and without paren-
chymal lesion (at 6h post-TBI) (C-6h vs. TBI), significant differences are also pres-
ent, with higher NPY levels in the former. NPY is also significantly increased 
when comparing TBI with a parenchymal lesion at 6h and 48h post-TBI (C-6h vs. 
C-48h), with a significant decrease at 48h post-TBI, followed by another evident 
increase, noticeable at 7 days post-TBI.

The values obtained in these experiments were the following (pg/mL, mean +/- 
SEM): Controls, n=31, 19.702 +/- 1.462; TBI, n=29, 29.567 +/- 5.427; C-6h, n=32, 45.997 
+/- 4.968; C-48h, n=32, 32.395 +/- 4.056; C-7d, n=30, 43.268 +/- 6.260 (Figure 3.2).
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Figure 3.2 - Response to TBI concerning NPY levels (pg/mL). TBI induces an increase in NPY 

levels. *p<0.05 significantly different from controls. +p<0.05; ++p<0.01 significantly different from 

each other. Legend: C-6h, assessment 6h post-TBI; C-48h, assessment at 48h post-TBI; C-7d, as-

sessment at 7 days post-TBI; NPY, Neuropeptide Y; TBI, traumatic brain injury. 

Considering the subset of patients with paired samples (repeated blood sam-
pling in the same patient at 6h, 48h and 7 days post-TBI), a similar pattern in 
NPY levels is displayed (Figure 3.3): significantly increased levels within the first 
6h, with NPY levels declining out to 48h and rising again until 7 days following 
TBI. These differences in mean values did not reach statistical significance upon 
non-parametric Friedman Test for repeated measures: χ2 - 5.826087 (α - 0.05; dF 
- 2; χ2 critical value - 5.99147). 

Results were as follows (n=21, pg/mL, mean ± SEM): C-6h, 39.924 ± 6.487; C-48h, 
28.929 ± 4.867; C-7d, 43.467 ± 8.072 (Figure 3.3).

In sum, TBI (with a parenchymal lesion) induced an early increase in NPY levels 
(at 6h post-TBI), followed by a steep decline (at 48h post-TBI) and a later resur-
gence in NPY plasma concentrations (as displayed at 7 days post-TBI). 
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Figure 3.3 - Response to TBI concerning NPY levels (pg/mL), repeated sampling in patients 

with haemorrhagic contusion. NPY levels decrease at 48h (trend with no statistical significance). 

Legend: C-6h, assessment 6h post-TBI; C-48h, assessment at 48h post-TBI; C-7d, assessment at 7 

days post-TBI; NPY, Neuropeptide Y; TBI, traumatic brain injury.

Concerning NPY levels and their relation to initial GCS scores in group C-6h, the 
group of patients classified as suffering from a severe TBI (GCS 3-8) was the least 
represented (n=4, 12,5%) and presented with higher NPY levels (Figure 3.4). Those 
differences did not reach statistical significance upon non-parametric 3-groups 
comparison with Kruskal-Wallis test by ranks: χ2 - 1.180461 (α - 0.05; dF - 2; χ2 
critical value - 5.99147). 

The following results were obtained (pg/mL, mean ± SEM): GCS 3-8, n=4, 53.210 ± 
11.910; GCS 9-13, n=14, 29.460 ± 3.950, GCS 14-15, n=14, 40.114 ± 11.435 (Figure 3.4).
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Figure 3.4 - Response to TBI concerning NPY levels (pg/mL), group C-6h, according to initial GCS 

scores. Legend: GCS, Glasgow Coma Scale score; NPY, Neuropeptide Y; TBI, traumatic brain injury. 

3.3.3 Substance P 

Herein, we also demonstrated a significant effect of TBI on SP levels (pg/mL) 
among different groups - [F(4, 100) = 8.190, p <.001], post hoc Tukey-Kramer 
method test (Figure 3.5). Significant increases in SP levels are observed in the 
presence of TBI, with TBI victims (with and without parenchymal lesion at 6h) 
displaying significantly higher SP levels compared to controls (TBI and C-6h vs. 
controls). When comparing TBI victims with and without parenchymal lesion (at 
6h post-TBI) (C-6h vs. TBI), a discrepancy in SP levels is also present, with higher 
levels in the latter. Concerning the other time points, SP levels remained relatively 
stable in all patient groups.

The values obtained were the following (pg/mL, mean ± SEM): Controls, n=31, 
441.441 ± 22.572; TBI, n=30, 825.606 ± 23.690; C-6h, n=26, 613.463 ± 49.055; C-48h, 
n=26, 587.576 ± 48.363; C-7d, n=27, 620.083 ± 46.743 (Figure 3.5).
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Figure 3.5 - Response to TBI concerning SP levels (pg/mL). TBI induces an increase in SP levels. 

*p<0.05; **p<0.01 significantly different from controls. +p<0.05 significantly different from each 

other. Groups under the bar display similar statistical findings when compared to the TBI group 

and controls. Legend: C-6h, assessment at 6h post-TBI; C-48h, assessment at 48h post-TBI; C-7d, 

assessment at 7 days post-TBI; SP, substance P; TBI, traumatic brain injury. 

Considering the subset of patients undergoing repeated sampling in group C-6h 
(blood sampling in the same patient at 6h, 48h and 7 days post-TBI), a similar 
trend in SP levels is present (Figure 3.6): significantly increased levels within the 
first 6h, with SP levels declining in 48h and increasing again until 7 days following 
TBI. These differences in mean values did not reach statistical significance upon 
non-parametric Friedman Test for repeated measures: χ2 - 0.5 (α - 0.05; dF - 2; χ2 
critical value - 5.99147).  

The results obtained were as follows (n=16, pg/mL, mean ± SEM): C-6h, 618.548 ± 
58.283; C-48h, 558.175 ± 59.988; C-7d, 616.595 ± 60.596 (Figure 3.6).
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Figure 3.6 - Response to TBI concerning SP levels (pg/mL), repeated sampling in patients with 

haemorrhagic contusion. Legend: C-6h, assessment at 6h post-TBI; C-48h, assessment at 48h 

post-TBI; C-7d, assessment at 7 days post-TBI; SP, substance P; TBI, traumatic brain injury. 

In summary, TBI induced an early and obvious increase in SP concentrations 
(even without parenchymal lesions) (at 6h post-TBI), with a decline in SP plasma 
levels in the following hours and an unexpected later increase (evident at 7 days).

No relevant findings were present when assessing SP levels in relation to the 
GCS score.

3.3.4 S100B

There was a noteworthy effect of TBI on S100B levels (pg/mL) among different 
groups - [F(4, 95) = 4,959, p =.0011], post hoc Tukey-Kramer method test (Figure 
3.7). In the presence of parenchymal lesion, a significant increase in S100B takes 
place in the first 6h post-TBI when compared to controls (C-6h vs. controls), fol-
lowed by sustained progression to baseline values in the next 7 days. S100B is 
also significantly increased in the presence of post-traumatic brain parenchymal 
lesion when comparing to TBI with no visible lesion in CT scan (both at 6h) (C-6h 
vs. TBI).
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Figure 3.7 - Response to TBI concerning S100B levels (pg/mL). TBI induces an increase in 

S100B levels, declining with time. *p<0.05; **p<0.01 significantly different from controls. +p<0.05; 
++p<0.01 significantly different from each other. Legend: C-6h, assessment at 6h post-TBI; C-48h, 

assessment at 48h post-TBI; C-7d, assessment at 7 days post-TBI; TBI, traumatic brain injury.

Obtained results were (pg/mL, mean ± SEM): Controls, n=31, 30.187 ± 3.347; TBI, 
n=29, 42.303 ± 6.302; C-6h, n=22, 95.668 ± 14.102; C-48h, n=23, 71.778 ± 9.556; 
C-7d, n=22, 58.860 ± 13.708 (Figure 3.7).

Considering the subset of patients undergoing repeated sampling in group C-6h 
(blood sampling in the same patient at 6h, 48h and 7 days post-TBI), a similar 
trend in S100B levels is present (Figure 3.8): significantly increased levels within 
the first 6h, with progressive decline afterwards, as measured at 48h and 7 days 
post-TBI. These differences in mean values display statistical significance upon 
non-parametric Friedman Test for repeated measures: χ2 - 10 (α - 0.05; dF - 2; χ2 
critical value - 5.99147).  

The results were the following (n=15, pg/mL, mean ± SEM): C-6h, 155.106 ± 
38.416; C-48h, 92.360 ± 14.864; C-7d, 36.961 ± 6.124 (Figure 3.8).
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Figure 3.8 - Response to TBI concerning S100B levels (pg/mL), repeated sampling in patients 

with haemorrhagic contusion. Post-TBI S100B levels significantly decline with time. +p<0.05 sig-

nificantly different from each other. Legend: C-6h, sampling at 6h post-TBI; C-48h, sampling at 

48h post-TBI; C-7d, sampling at 7 days post-TBI; TBI, traumatic brain injury.

In conclusion, TBI (with a parenchymal lesion) induced an obvious increase in 
S100B levels (at 6h post-TBI), followed by a progressive decline in its plasma con-
centrations in the following days. 

No relevant findings were present when assessing S100B levels in relation to the 
GCS score.

3.3.5 Magnesium

There was a significant effect of TBI on circulating total Mg2+ levels (mmol/L) 
among different groups - [F(4, 145) = 5,682, p <.001], post hoc Tukey-Kramer 
method test (Figure 3.9). A statistically significant decrease in Mg2+ levels is 
present when comparing TBI victims with a parenchymal lesion at 6h and con-
trols (C-6h vs. controls) and when comparing different timings in all groups of 
TBI with a parenchymal lesion (C-6h vs. C-48h vs. group C-7d), with progressive 
recovery of Mg2+ levels following TBI. Average levels of Mg2+ are also visibly dif-
ferent when comparing TBI victims with and without parenchymal lesion (at 6h) 
(C-6h vs. TBI), with lower levels in the former. On average, all groups presented 
with Mg2+ levels were still above the clinically accepted threshold for hypomag-
nesemia (0.66 mmol/L).787
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Figure 3.9 - Response to TBI concerning Mg2+ levels (mmol/L). TBI induces a decrease in Mg2+ 

levels, recovering with time. **p<0.01 significantly different from controls. +p<0.05; ++p<0.01 

significantly different from each other. Legend: C-6h, assessment at 6h post-TBI; C-48h, assess-

ment at 48h post-TBI; C-7d, assessment at 7 days post-TBI; Mg2+, magnesium ion; TBI, traumat-

ic brain injury. 

The results obtained were (mmol/L, mean ± SEM): Controls, n=35, 0.897 ± 0.021; 
TBI, n=29, 0.861 ± 0.039; C-6h, n=33, 0.754 ± 0.015; C-48h, n=34, 0.811 ± 0.019; 
C-7d, n=34, 0.925 ± 0.039 (Figure 3.9).

Considering the subset of patients undergoing repeated sampling in group C-6h 
(blood sampling in the same patient at 6h, 48h and 7 days post-TBI), a similar 
trend regarding Mg2+ is obvious (Figure 3.10): significantly lower levels within 
the first 6h, with Mg2+ levels progressively increasing afterwards, as measured at 
48h and 7 days following TBI. On one-way ANOVA test, there was a noteworthy 
effect of TBI on Mg2+ levels among different groups - [F(2, 87) = 10.415, p <.001], 
post hoc Tukey’s method test.

Obtained results were as follows (n=22, mmol/L, mean ± SEM): C-6h, 0.754 ± 
0.015; C-48h, 0.811 ± 0.019; C-7d, 0.924 ± 0.039 (Figure 3.10).
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Figure 3.10 - Response to TBI concerning Mg2+ levels (mmol/L), repeated sampling in patients 

with haemorrhagic contusion. Post-TBI Mg2+ levels increase with time. +p<0.05 significantly dif-

ferent from each other. Legend: C-6h, assessment at 6h post-TBI; C-48h, assessment at 48h post-

TBI; C-7d, assessment at 7 days post-TBI; Mg2+, magnesium ion; TBI, traumatic brain injury.

Briefly, TBI (with a parenchymal lesion) induced an early noticeable decrease in 
Mg2 plasma levels (at 6h post-TBI), followed by an increase in its concentrations 
in the following days. 

No relevant findings were present when assessing Mg2 levels in relation to the 
GCS score.

Figure 3.11 summarizes our overall findings concerning NPY, SP, S100B and Mg2+.
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Figure 3.11 - Schematic representation of multistage response to TBI with haemorrhagic con-

tusion, with different timings for each element involved. Legend: Mg, magnesium; NPY, Neu-

ropeptide Y; SP, substance P; TBI, traumatic brain injury.

3.3.6 Calcium

There was an important effect of TBI on total serum Calcium ion (Ca2+) levels 
(mg/dL) among different groups - [F(4, 146) = 9,593, p <.001], post hoc Tukey’s 
method test (Figure 3.12). A significant decrease in Ca2+ levels is obvious when 
comparing controls and TBI victims in all groups, with even lower Ca2+ levels 
in patients with a parenchymal lesion [hypocalcemia (Ca2+ < 8.8mg/dL) in all 
subgroups)].

The results, concerning calcium, were (n=35, mg/dL, mean ± SEM): Controls, 
9.460 ± 0.063; TBI, 9.100 ± 0.102; C-6h, 8.730 ± 0.149; C-48h, 8.630 ± 0.098; C-7d, 
8.710 ± 0.135 (Figure 3.12).
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Figure 3.12 - Response to TBI concerning Ca2+ levels (mg/dL). Post-TBI Ca2+ levels are lower com-

pared to controls. **p<0.01 significantly different from controls. +p<0.05 significantly different 

from each other. Groups under the bar display similar statistical findings when compared to the 

TBI and controls group. Legend: Ca2+, total serum calcium ion; C-6h, assessment at 6h post-TBI; 

C-48h, assessment at 48h post-TBI; C-7d, assessment at 7 days post-TBI; TBI, traumatic brain injury.

Considering the subset of patients undergoing repeated sampling in group C-6h 
(blood sampling in the same patient at 6h, 48h and 7 days post-TBI), no relevant 
findings were perceptible (n=23).

3.3.7 C-reactive protein

There was a significant effect of TBI on C-reactive protein (CRP) levels (mg/dL) - 
[F(4, 143) = 16,056, p <.001], post hoc Tukey’s method test (Figure 3.13). A signifi-
cant increase occurs when comparing TBI victims with a parenchymal lesion at 
48h post-TBI to the following groups: controls, TBI (with no parenchymal lesion), 
TBI with a parenchymal lesion at 6h post-TBI (C-48h vs. controls/TBI/C-6h). An 
overall post-traumatic increase in CRP levels was still noticeable at 7 days post-TBI.

Concerning CRP, obtained results were the following (n=35, mg/dL, mean ± 
SEM): Controls, 0.461 ± 0.244; TBI, 1.435 ± 0.518; C-6h, 1.674 ± 0.469; C-48h, 7.706 
± 1.106; C-7d, 6.348 ± 1.244 (Figure 3.13). 
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Figure 3.13 - Response to TBI concerning CRP levels (mg/dL). Post-TBI CRP levels are higher 

compared to controls, namely with haemorrhagic contusion at 48h post-TBI. **p<0.01 signifi-

cantly different from controls. +p<0.05, +++p<0.001 significantly different from each other. Legend: 

CRP, C-reactive protein; C-6h, assessment at 6h post-TBI; C-48h, assessment at 48h post-TBI; 

C-7d, assessment at 7 days post-TBI; TBI, traumatic brain injury. 

Considering the subset of patients undergoing repeated sampling in group C-6h 
(blood sampling in the same patient at 6h, 48h and 7 days post-TBI), a similar 
trend regarding CRP is present (Figure 3.14), with obviously higher CRP levels 
at 48h post-TBI. An overall post-traumatic increase in CRP levels was still no-
ticeable at 7 days post-TBI. These findings display statistical significance upon 
non-parametric Friedman Test for repeated measures: χ2 - 10 (α - 0.05; dF - 2; χ2 
critical value - 5.99147).  

Obtained results were as follows (n=23, mg/dL, mean ± SEM): C-6h, 1.628 ± 0.473; 
C-48h, 7.638 ± 1.098; C-7d, 5.983 ± 1.098 (Figure 3.14).
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Figure 3.14 - Response to TBI concerning CRP levels (mg/dL), repeated sampling in patients 

with a parenchymal lesion. Post-TBI CRP levels are higher at 48h. +p<0.05 significantly different 

from each other. Legend: CRP, C-reactive protein; C-6h, sampling at 6h post-TBI; C-48h, sampling 

at 48h post-TBI; C-7d, sampling at 7 days post-TBI; TBI, traumatic brain injury. 

3.3.8 Clinical laboratory tests

No meaningful differences were detected among groups regarding mean values 
of Sodium, Potassium, Chloride and Osmolality (Table 3.3).
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Table 3.3 - Response to TBI regarding standard clinical laboratory tests. No relevant findings 

were present. Legend: C-6h, assessment at 6h post-TBI; C-48h, assessment at 48h post-TBI; C-7d, 

assessment at 7 days post-TBI; n, number of patients; SEM, standard error of the mean; TBI, 

traumatic brain injury. 

Sodium 
(mmol/L) (mean 

± SEM) (n)

Potassium 
(mmol/L) (mean 

± SEM) (n)

Chloride 
(mmol/L)(mean ± 

SEM) (n)

Osmolality 
(mOsm/kg) (mean 

± SEM) (n)

Controls
140.066 ± 0.415 

(n =35)
4.550 ± 0.354 

(n =33)
105.193 ± 0.338 

(n =35)
280.677 ± 0.983 

(n =35)

TBI
138.566 ± 0.570

(n =35)
4.080 ± 0.454  

(n =34)
105.500 ± 0.630 

(n =35)
280.066 ± 1.168 

(n =35)

Group C-6h
137.766 ± 0.682 

(n =35)
4.060 ± 0.364 

(n =28)
102.966 ± 0.552 

(n =35)
281.833 ± 1.465 

(n =35)

Group C-48h
139.200 ± 0.718 

(n =35)
3.890 ± 0.454 

(n =31)
103.933 ± 0.828 

(n =35)
283.500 ± 2.204 

(n =35)

Group C-7d
137.533 ± 0.816 

(n =35)
3.940 ± 0.576 

(n =31)
102.933 ± 0.854 

(n =35)
282.000 ± 1.629 

(n =34)

3.4 Discussion 
3.4.1 Overview

Despite growing interest in long-term consequences of TBI,788 several therapeu-
tic protocols failed the test of facing modern evidence-based medicine. As dis-
cussed before, a main reason for this relative non-success is the persistent lack 
of knowledge regarding many aspects of TBI’s complex mechanisms of response.

We hypothesized that TBI leads to a multistage neuropeptide response, with an 
immediate response concerning SP, followed by compensatory NPY upregula-
tion. This response is divided, based on previous literature and according to our 
working model, into 3 different moments:

- An hyper acute response exacerbated by SP, as part of initial inflammatory 
response in the first hours following TBI, promoting cerebral vasogenic edema 
and inflammatory processes (as shown in the extensive literature on the subject);
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- An acute response determined by excitotoxic phenomena, partially mediated 
by SP, and a peak in S100B levels as a sign of neuronal/glial disturbance and pro-
gressing inflammation; 

- Finally, a delayed response with a predominant increase in NPY levels (and possi-
bly others peptides) as a reinforcement to neuroprotective and regenerative path-
ways (as shown in our animal model of trauma), attenuating excitotoxicity and 
inflammatory phenomena, with ancillary progressive recovery in Mg2+ levels.

Therefore, it was important to confirm this supposed multistage neuropeptide 
response in actual human TBI victims. 

As depicted in the Results section, evidence of an early and delayed neuropep-
tide response to TBI is relatively evident in human patients. These findings 
are in line with the perceived role for neuropeptides and neurogenic inflam-
mation as key components of post-TBI inflammation, along with SP’s role in 
many aspects of the classical inflammatory response (activation of microglia 
and astrocytes, leukocyte migration, degranulation of mast cells).133 An ini-
tial increase in NPY was followed by an expected and significant decrease at 
48h post-TBI (coinciding with usual timing for peak clinical deterioration and 
known deleterious secondary injury on a cellular level)138, 160, 172 Unexpectedly, 
in contrary to what was delineated in our working model and mentioned in 
previous literature, SP levels at 7 days were again increased. The schematic 
representation displayed in Figure 3.11 is solely based on the said 3 time 
points and is primarily a theoretical interpretation of our findings, consid-
ering that a straight line between two time points might not be the accurate 
representation of involved kinetics.    

In order to better assess the relevance and adequacy of our working model, 
namely regarding NPY, this research protocol contemplated the possibility of 
comparing distinct patients among different groups (control, TBI with no paren-
chymal lesions, TBI with parenchymal lesions in different timings) and, on a 
specific sub-group of patients with post-TBI haemorrhagic contusions, compare 
the results obtained in the same patient upon different timings. Similar trends 
in NPY fluctuating levels were confirmed in both contexts, although an insuffi-
cient number of patients in the paired-samples (repeated measurements) analysis 
might have prevented it from reaching statistical significance. This, in our opin-
ion, reinforces our conclusions, as the statistical relevance of comparing specific, 
separate groups of unrelated patients is reinforced by the notion of biological 
continuity in the individual, considering the similar objective response in the 
subset of patients assessed upon different timings. 
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3.4.2 Study design and timings

This staged neuropeptide response is also in agreement to well-known timings 
in brain injury and its biomarkers, with well-described post-traumatic hypo-
magnesemia and S100B levels peaking in the first 48h post-TBI and subsequently 
normalizing (assuming stabilization of the clinical picture and no sustained pro-
gression in traumatic lesions).789

The decision on different timings for blood sampling was based on clini-
cal grounds and previous research. An initial assessment at 6h or less follow-
ing TBI is realistic, concerning previously described primary injury and earlier 
secondary injury phenomena (see Chapter I) and usual time course in this type of 
patients, considering pre-hospital and hospital management. Dividing obtained 
data into subgroups (e.g., 30min vs. 2h vs. 6h) should provide additional useful 
information concerning rapid fluctuations in SP levels. Given this, it was decided 
to maintain the 6h threshold, again based on clinical reasons: as in most tertiary 
hospitals, many patients arrive at the Emergency Department several hours af-
ter initial trauma; as all doctors know, patient and family reports are frequently 
unreliable concerning timeline; it would be relatively impractical to repeatedly 
collect blood samples in a trauma patient in such a narrow time frame. Signifi-
cantly, our data indeed display significant changes at 6h post-TBI, assuming an 
eventual underrepresentation of specific timing-dependent phenomena. 

Post-traumatic edema peaks around the 3rd day post-TBI, with conflicting re-
ports on the actual contribution of vasogenic and cytotoxic edema (see Chapter 
I).304 Several pathological phenomena have been mentioned to peak at 48h, in-
cluding a decline in cellular groups of up to 60% following increased cell death 
by apoptosis,132, 160 and immune system activation and recruitment.138, 201, 347 Con-
sidering all this, a 48h time point seems suitable for an adequate, comprehensive 
assessment of most pathological phenomena, on their peak or close to it upon 
this specific timing. This is in line with many research and clinical protocols and 
biomarkers profiling assays, using time points of 6h and 48h for an early assess-
ment,3, 522, 555 as it seems an appropriate threshold, inevitably arbitrary to some 
extent, concerning biological phenomena and real-life clinical scenarios.

A 7-days time point provides, in our opinion, a good long-term notion, when 
secondary injury phenomena are still present but are already receding in in-
tensity and reach. The 7-days threshold seems to be a clinically adequate time 
period for assessment, considering the clinical perception that most patients, at 
this time, while not fully recovered, will be stable and the acute lesions should 
be progressing to their chronic state or resolution (stable peri-lesional edema, 
blood resorption).790 In animal models of trauma, most relevant phenomena 
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(BBB’s impairment, cerebral edema, ICP) are shown to be largely normalized or 
stabilized within 7 days following moderate TBI.328

Equally interesting would be to assess the same variables on a longer period of 
time following TBI (e.g., 4 weeks post-TBI). This would eventually complement 
our findings and shed new light on specific issues, arguably differentiating NPY 
and SP’s dynamics in the long term, as the latter demonstrated an unexpected 
rise in its levels in the 7-days assessment (as previously discussed). 

The decision on not taking additional blood samples in the TBI group (no haemor-
rhagic contusion) (namely at 48h or 7 days following TBI) was based mainly on clini-
cal reasons, considering the nature of this study, the early discharges (as no trau-
matic findings were present) and the unnecessary blood sampling. Future studies 
might confirm and further explore our relevant findings in this specific subgroup.

Concerning the exclusion criteria, the intention was to rule out any possible 
source of interference with neuropeptides and biomarkers under scrutiny, their 
levels and mechanisms of action: medication capable of interfering with known 
TBI pathophysiology, past medical conditions, other potential confounding fac-
tors or sources of bias (including polytrauma patients with non-CNS trauma in-
juries or non-traumatic CNS conditions). Special care was taken to eliminate, 
as much as possible, a likely interference from alcohol dependence and acute 
alcoholic intoxication. These two contexts, unfortunately so common in the 
Portuguese society, would most likely interfere with our multimodal study in dif-
ferent ways: alcoholic intoxication will certainly interfere with neurological sta-
tus assessment; alcohol chronic abuse interferes, in more advanced stages, with 
hepatic and renal metabolism (with all sort of implications concerning protein 
synthesis, metabolism and renal excretion); NPY and its receptors are known to 
play a significant role in drug and alcohol abuse disorders.791  

3.4.3 Neuropeptide Y

Although other neurotransmitters are likely to be involved in post-traumatic neuro-
genic inflammation, namely CGRP (which might potentiate SP’s action),133 this re-
search project focused on SP and NPY, both ubiquitous and potent neuropeptides.792 

Given all evidence pointing to a neuroprotective action of NPY in different con-
texts, including the described findings in our animal model, it is plausible to con-
sider a vital role for NPY in the brain’s response to TBI. Not surprisingly, brain 
NPY levels and function are reduced in the elderly,793 a significantly vulnerable 
group to TBI, both in its incidence and biological consequences. This age-related 
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NPY decay, although normal and expected, will eventually preclude an optimal 
neuroprotective response, underlining the importance and feasibility of artifi-
cially potentiating this response. Therefore, reinforcing NPY’s role in TBI is a 
potential therapeutic strategy, possibly along with SP’s modulation, considering 
previously mentioned NPY’s pro-neurogenic, pro-migratory and neuroprotective 
properties.198, 424 As previously discussed, NPY is known to act as an antagonist to 
SP’s activity (and other neuropeptides), inhibiting SP’s release with anti-hyperal-
gesic effect via Y1 receptor signalling in the dorsal horn.794 NPY supplementation 
protocols (namely by intranasal delivery) are included in phase II and phase III 
clinical trials concerning other clinical contexts.458, 795

Significantly, our protocol clearly demonstrates an initial post-traumatic in-
crease in NPY, followed by an expected and significant decrease at 48h post-TBI 
(coinciding with peak acute deleterious response). As secondary injury subsides 
and widespread phenomena start to settle down (as shown, for example, in de-
clining S100B levels at 7 days), NPY levels climb into substantially higher values. 
According to our view and working model, this can be interpreted as part of a 
broader, encompassing neuroprotective response.

Even so, unexpected findings concerning early increase in NPY should be clearly 
assessed. Followed by an apparent decrease in the acute phase (48h), an early 
rise in NPY levels (in the first few hours) might represent a possible initial neu-
roprotective mechanism, unsuccessful in its intent and clearly overwhelmed by 
ensuing excitotoxic events. Later, as neurogenic inflammation and other delete-
rious events settle down and regenerative/recovery processes start, NPY would 
reassume its role as a neuroprotective and restorative agent, which would explain 
its increment at 7 days post-TBI. For this reason, considering all positive effects 
of early NPY supplementation as described in our research protocol involving 
animals, a clearly beneficial effect should come from artificially upregulating 
and prolonging NPY’s action through the more acute noxious stages.  

Assessment of NPY levels according to initial GCS scores did not provide any addi-
tional information, a fact most likely related to significant clinical variability upon 
initial presentation and small-sized groups. Future research can and should focus 
on clinical variability and outcomes in relation to neuropeptide response.  

NPY’s role in the gut-brain axis, acting both as a neural and an endocrine mes-
senger (along with other neuropeptides), is another poorly understood context, 
although undoubtedly relevant in the context of known post-traumatic gastroin-
testinal dysfunction.796 The gut-brain axis, a network connecting the central and 
enteric nervous systems, functions upon bidirectional pathways and feedback 
mechanisms and much remains to be elucidated.797
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3.4.4 Substance P

SP levels in the TBI group with no intracranial lesions visible on CT scans are 
increased when compared to controls, an interesting finding that reinforces 
the relevance of TBI-related deleterious phenomena even in often overlooked 
CT-negative patients.529 This fact is in line with reports of clinical symptoms and 
biochemical deregulation in minor TBI CT-negative patients, with all its implica-
tions if one considers the typical dismissal of these patients´ complaints, namely 
when assessing long-term impairment.529, 798 

Somewhat counterintuitively, SP levels are also further increased in the TBI group 
compared to group C-6h, in which brain parenchymal lesions are present. This fact, 
never reported before, can be explained if considering a scenario in which inflam-
matory pathways upon TBI are surpassed by more relevant and disrupting events, 
including cell death and haemorrhages, in the context of direct brain injury with 
significant parenchymal damage. This would preclude the expected inflammatory 
response, somewhat dependent on more intact underlying brain structures. 

Considering all groups C, an expected decrease at 48h was followed by an unex-
pected increase in SP levels at 7 days, unlike the typical pattern described in the 
literature.362 It is important to mention that studies reporting post-traumatic SP in-
creased levels are mostly focused on the first hours (namely 24h) following TBI,425 
despite sporadic reports mentioning increased SP mRNA levels, as determined by 
PCR analysis, lasting for at least 3 days.799 In regard to this late resurgence in SP 
levels in our study, as verified at 7 days post-TBI sampling, this unexpected finding 
is not aligned with what most authors describe concerning SP’s behaviour in TBI. 
This late but sustained increase in SP, never reported before, is difficult to frame 
in the expected profile of acute inflammation, with early deployment and progres-
sive attenuation. A possible explanation for this may lie in the fact that, as men-
tioned when trying to explain the also unexpected higher SP levels in the TBI group 
(without parenchymal lesions) in relation to group C-6h, inflammatory pathways 
might be transiently surpassed by more relevant and disrupting events, including 
cell death, excitotoxicity and haemorrhages. A more chronic neuroinflammation 
status might eventually ensue upon attenuation of hyperacute phenomena, as 
mentioned in works describing chronic microglial activation in a more prolonged 
mild neuroinflammation status (see Discussion in Chapter II, Microglia section). 
A more straightforward interpretation of these findings would be to consider this 
late increase in SP as part of a late-onset second peak in post-traumatic inflamma-
tion and overall secondary injury - a scenario contradicted by S100B profile. This 
late increase in SP is of uncertain significance and, if confirmed in future studies, 
its nature and purpose must be better elucidated.  
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3.4.5 S100B

As the most common and well-studied biomarker for TBI,3 S100B was a suitable 
adjunct reference element in assessing the intrinsic adequacy of our protocol and, 
simultaneously, the distinct dynamics and timings in neuropeptide response. 
S100B is a comprehensive biomarker, allowing mild TBI patients screening and 
the need for CT scan, detecting lesion progression and secondary injury devel-
opment and evaluating treatment efficacy while being able to predict outcome 
in moderate and severe TBI.3 It is sensitive enough to detect different intracra-
nial lesions, from cerebral contusions to subdural and epidural haematomas.800

Importantly, S100B appears to be more responsive to focal than diffuse injuries, 
especially in the presence of brain contusions, which present a direct correla-
tion in their volume to S100B levels.516, 801 Thelin and team3 summarize all ex-
trapolations to be made from these findings in two crucial notions concerning 
S100B (and biomarkers in general) and TBI: the amount of injured tissue is more 
important than specific spatial location when assessing brain injury; combining 
biomarkers assessment with imaging is mandatory to have a proper perception 
of inflicted damage.3 In designing this study, these two notions were considered 
and deemed extremely relevant. Correlating imaging with biological markers 
was considered crucial and the presence of parenchymal lesions in TBI was de-
fined as a group-defining independent variable. As the presence of parenchymal 
lesions was a defining variable, its specific anatomical location was considered 
non-relevant - as mentioned and discussed previously, TBI and secondary injury 
is a diffuse, whole-brain phenomenon. Measuring the volume of post-traumatic 
parenchymal lesions (or even extra-axial lesions) and correlating it with biological
elements as NPY and others, not contemplated in this study, is arguably of 
interest and thus represents another line of research to further explore.

Our findings concerning S100B are well correlated with the profile usually 
described in the literature, with a noticeable increase in the first few hours fol-
lowing TBI and a sustained decrease to basal values in the following days. In our 
findings, and unlike SP, S100B levels are clearly related not only to TBI but spe-
cifically to the presence of parenchymal lesions (S100B levels are increased in 
group C-6h compared to controls and TBI patients with no parenchymal lesion). 
This finding is in line with the notion of S100B being a specific and reliable bi-
omarker, derived from astrocyte injury and correlated to the amount of injured 
brain tissue.

As displayed in Figure 1.15, initial S100B release in polytrauma patients is 
most likely originated from extracranial tissue, with a rapid wash-out in the 
first few hours following injury. Known extracerebral sources of S100B include 
adipocytes, Langerhans cells, chondrocytes, epithelial cells, cardiac and skel-
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etal muscle cells.3, 802 Concerning polytrauma patients, with potential multiple 
injuries to the limbs, thorax and internal organs, elevated S100B concentra-
tions have been shown in the absence of CNS injury,803 displaying an apparent 
faster wash-out compared to TBI-derived S100B increased levels.518, 804 Cere-
bral release, more prolonged in time, is usually masked in the beginning by 
extracerebral contributions. In controlled experimental conditions, an ex-
tracranial contribution is negligible. In carefully monitored patients with 
no other lesions and rigorous kinetic mapping, S100B peak was documented 
around 27h post-TBI.789 Given this, our results indeed confirm a peak before 
48h, but we have no means, with the available data, to determine if the actual 
peak was prior, at or after 6h. 

3.4.6 Magnesium

Our findings concerning hypomagnesemia in TBI were in line with previous 
reports.488, 805 When compared to controls, TBI victims (even without parenchy-
mal lesions) display significantly lower levels of seric Mg2+. Of interest, several 
reports mention the impact of hypomagnesemia in long-term outcome (up to 
6-months).617, 805

One can mention several theories explaining post-traumatic hypomagnesemia: 
a possible syndrome of inappropriate secretion of antidiuretic hormone (contra-
dicted by the absence of other ion abnormalities)488; enhanced renal excretion 
of Mg2+ (highly unlikely given its rapid onset); adrenergic control of plasma Mg2+ 
levels, with adrenaline-induced mediation of hypomagnesemia. 488, 806

Immediate post-traumatic hypomagnesemia, although of interest from a 
therapeutic perspective,805 will hardly contribute as a clinically valid bio-
marker guiding therapeutic protocols in TBI. However, when considering all 
described properties of Mg2+ concerning brain trauma and secondary injury, 
one can easily assess the relevance of post-traumatic ionic imbalance.491, 805 
Physiological extracellular Mg2+ concentrations modulate glutamate release 
inhibition,807 restore BBB integrity, theoretically decrease brain edema to a 
certain degree808 and non-competitively antagonize NMDA receptor activation 
via blockage of voltage-dependent calcium channels. In brain injury models, 
intracellular Mg2+ has been linked to changes in cerebral energy metabo-
lism and inhibition of mitochondrial function.809 Finally, early reports show 
Mg2+’s competition with calcium at voltage-gated calcium channels, impeding 
calcium influx into ischemic neurons and preventing a recognized final com-
mon pathway for cell death.810 
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Our results display significantly lower levels of Mg2+ specifically in the group of 
patients with relevant lesions. Lower Mg2+ levels in the TBI group with no pa-
renchymal lesions were also evident, although significantly lesser compared to 
group C-6h. As discussed concerning SP and NPY, this fact again stresses  the 
relevance of secondary injury (although with no obvious macroscopic primary 
damage) in CT-negative patients. These patients are discharged home, many 
times with no specialist referral and presenting with a myriad of symptoms 
(many times underdiagnosed or underappreciated), with no specific treatment 
or therapeutic protocols and usually in need of returning to their professional 
activities. These patients, with minor or even no obvious macroscopic paren-
chymal lesion, develop increased urinary excretion of Mg2+, possibly following 
increased lipolysis (in the context of stress-induced catecholamine surge) and 
free fatty acids binding.811

Mendez et al.488 have shown a decrease in total Mg2+ in mild to severe TBI, irrespec-
tive of the presence of parenchymatous lesions, which is in agreement with what 
we describe in our data. Interestingly, the same team has described a short-lived 
increase (24h) in ionized Mg2+, limited to severe head injury patients.488

Several other confounding factors can eventually explain baseline hypomagne-
semia in specific TBI patients. Inadequate dietary intake is a possible and com-
mon cause for hypomagnesemia,812 albeit almost impossible to accurately ex-
clude in this clinical setting. But, if we consider the trend for Mg2+ levels recovery 
in TBI groups in our protocol, inadequate Mg2+ intake should not significantly 
affect our observations. Other pathological contexts for hypomagnesemia (gas-
trointestinal disorders, renal impairment, electrolytes abnormalities, chronic 
alcohol abuse, sepsis),787, 813 would constitute an excluding criteria and, there-
fore, are not a confounding factor in our data. 

3.4.7 Other findings

Although of undeniable clinical relevance, other findings are somewhat expected 
and deemed not relevant in this context. An obvious post-traumatic hypocalce-
mia is present, most likely in relation to well-described iatrogenic hemodilution 
mechanisms,814 as expected in patients subjected to Neurointensive Care proto-
cols, frequently associated with aggressive fluid management. Other causes for 
hypocalcemia in trauma patients, including severe shock or ischemia-reper-
fusion mechanisms,815 are not in place in this context, considering our initial 
exclusion criteria. 
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Significantly higher CRP levels were also present in TBI patients. Despite several 
research teams exploring the possibility of using CRP as a biomarker for TBI,816 
this possibility, beyond the scope of this work, does not seem valid or useful, 
given CRP’s heterogeneity, clinical ubiquity and lack of specificity in complex 
patients as in polytrauma.817

3.4.8 Limitations and future directions

Some issues can be raised concerning this research protocol. First, CT scans were 
initially classified by 6 experienced radiologists. Although a possible source of bias, 
it is unlikely that significant errors may arise from a simple assessment on having or 
not brain contusions, an objective and rather obvious finding in scans. The presence 
of intraparenchymal lesions was the only variable and the number or volume of 
those lesions were not considered for this study. Even if the distinction between in-
traparenchymal contusion and haematoma is sometimes rather unclear (depending 
on the amount of intervening brain tissue and necrosis),818 when in the presence of a 
single obvious haematoma, the patient was excluded from the study, for diagnostic 
clarity and data coherence. Variations in size and severity of those lesions might in-
fluence neuropeptide response. Still, we intended to demonstrate an encompassing 
phenomenon, regardless of severity and distribution, considering the diffuse nature 
of post-TBI changes. If deemed useful, future studies can easily correlate the degree 
of post-traumatic neuropeptide response to findings in imaging studies, as the latter 
can be objectively described using standardized scales.819, 820 

Likewise, it was not our intention to assess a possible relation between neuro-
peptide response, clinical status and outcome. Assessment of NPY levels ac-
cording to initial GCS scores did not provide any additional information, a fact 
most likely related to significant clinical variability upon initial presentation 
and small-sized groups. This research project was not designed for pure clinical 
evaluation of neurological status (as measured by GCS score, for example), clin-
ical outcome (e.g., assessed by GOS score) or even qualification/quantification 
of a new disease biomarker. Instead, it focused on documenting a so-far not de-
scribed specific time-dependent phenomenon involving different neuropeptide 
elements in a broader response. As such, specific data that could be relevant for 
more clinically-oriented reasoning is missing or non-existent. It is undeniable 
that, when considering our overall results, a more patient-oriented clinical study 
or trial is not only reasonable but also potentially enriching, as long as a more 
broad clinical research protocol is developed to cope with intrinsic variability 
and uncertainty in patients’ profile and response. Possibly, the contribution of 
imaging studies and their different modalities might also be reinforced.
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Many studies actually do not report GCS as a parameter upon TBI clinical evolve-
ment. Although of irrefutable clinical value, it is flawed, prone to errors, under-
estimates several phenomena and it does not correlate well with intrinsic neu-
rological damage pathophysiology.821 An explicit limitation is that those in the 
severe TBI group will require, as defined by current clinical protocols, intubation 
and sedation, preventing any direct rigorous assessment of neurological status. 
Unknown or underappreciated alcohol intoxication might as well be a confound-
ing factor. For all these reasons, the GCS score is a helpful but not unquestionable 
tool in brain trauma research.822 Perhaps more suitable than using similar al-
ternatives to the GCS score, namely when assessing therapeutic efficacy, would 
be to shift our focus to more objectively employ GOS score or other long-term 
assessment tools on performance.823 

As previously mentioned, none of the measured proteins is brain-specific. Given 
this, as the traumatic event is well identified and time-specific, any significant 
changes in a specific protein should be a direct consequence of TBI. Possible 
confounding factors and events have been thoroughly assessed and we believe 
that previously mentioned exclusion criteria have prevented the most relevant 
ones from interfering with our findings. Older and pediatric patients were also 
excluded from this study, halting extreme responses from specific biological 
contexts, from a diminished response in elderly patients to extreme variability 
in biomarkers’ normal range and pathological response in pediatric populations 
(e.g., extreme variation of S100B reference levels in children and teenagers).519, 824

Another undeniable source of interference with the validity of these results 
would be non-related concomitant traumatic lesions, not only those affecting 
distant organs and systems but also facial trauma, cranial fractures or significant 
scalp lacerations. All these lesions have been considered objective exclusion cri-
teria and were ruled out in primary and secondary trauma surveys.   

Reported variability of SP and NPY serum and plasma levels is another possible 
bias.825 Distinct sample preparation, qualitative differences in reagents, diverse 
analytical methods and SP’s plasma/serum free and bound states could lead to 
wrong estimates.825  Besides intrinsic difficulties in dealing with complex patients 
and environments (e.g., lost or damaged samples), there was considerable diffi-
culty obtaining valid results concerning NPY, SP and S100B, with missed samples 
and outliers explaining most discrepancies in groups size. As some issues with 
outliers were present, a tendency to spurious results should also be kept in mind. 

Another significant issue is, without any doubt, the degree of parallelism between 
the levels of a particular biomarker in traumatized brain tissue and its levels 
in peripheral blood. If that correspondence does exist, how do cytosolic pro-
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teins released from injured brain tissue, such as the well-studied S100B, reach 
peripheral blood? First of all and most significantly, studies show that CSF: serum 
ratio concerning S100B is a coherent reflection of post-traumatic changes, even 
in early stages of TBI.3, 826 Previous studies have also confirmed that, for example, 
serum levels of glutamate are positively correlated with CSF’s glutamate levels.249 
This notion, reinforcing the intrinsic validity of measuring biomarkers for neu-
rotrauma in peripheral blood, raises again the possibility of S100B being directly 
released from CSF to serum (eventually through arachnoid villi).3 As post-trau-
matic BBB disruption ensues, easily quantified by albumin CSF:serum ratio,827 
some authors speculate on S100B release into the serum being another conse-
quence of BBB impairment.828 However, besides intrinsic flaws in these research 
protocols, all attempts have failed in showing a significant and reliable correla-
tion between disrupted BBB and peak serum levels of S100B.829, 830

Interesting studies with murine TBI models mention a possible role for glym-
phatic pathways, transporting molecules into the bloodstream, namely via the 
cervical lymphatic system, and driving the removal of different elements (albu-
min, amyloid, paramagnetic contrast agents) from the brain’s interstitial space.148, 
242 The glymphatic system, involving para-arterial influx, interstitial fluid, venous 
outflow and CSF, is reliant on the connection between glial cells and AQP4.3, 685 The 
proposed mechanism is based on CSF’s access to brain parenchyma via peri-arte-
rial space, partially driven by arterial pulsatility and interacting with interstitial 
fluid, with the latter then recirculating into CSF or draining either into arachnoid 
granulations or along myelin sheaths of cranial nerves into perineural lymphatic 
structures.685, 831 Glymphatic system has been suggested to play a significant role 
in biomarkers extravasation, possibly explaining the previously mentioned mis-
match between BBB integrity/disruption and biomarkers levels.3, 242 Specifical-
ly in TBI, several factors might affect glymphatic system clearance rates, from 
post-traumatic AQP4-containing podocytes depolarization in perivascular astro-
cytes685, 832 to therapeutic sedation and CSF drainage.242, 833 Glymphatic system’s 
role in TBI is still to be elucidated and much research is still needed, considering 
the difficulty of developing reliable in vivo monitoring tools. One problem with 
this model is that, while seric S100B is increased within minutes of the initial trau-
ma,834 glymphatic system’s activity appears to be of much later onset.242, 831

All these considerations concerning biomarkers and their transport across CNS 
structures, despite being more focused on classical biomarkers such as S100B, are 
also applicable to other molecules. Considering all evidence, classical biomarkers, 
such as S100B, and other elements, namely NPY, most likely reach the serum via 
more than one mechanism, with different rates and speeds (slower glymphatic 
system vs. faster trans-BBB route) and depending on many other factors.834
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Although more specific in its purpose and possible gains, an arguably interesting 
line of research would be to assess the impact of surgery (craniotomy, decom-
pressive craniectomy, haemorrhage drainage) in serum and CSF levels of these 
elements (namely SP, NPY and S100B). Possible findings from this hypothetical 
study would undoubtedly be valuable and contribute to the body of knowledge 
in the field. Even so, our intention was to demonstrate this phenomenon in its 
“pure state”, with the least confounding factors possible and despite an una-
voidable interindividual variability. Careful selection of sample preparation and 
choice of analytical methods may attenuate variability reported in the literature, 
namely in what concerns SP quantification.825

Another significant issue of the present study is the option of designating, ab 
initio, brain haemorrhagic contusions as the only finding defining “CT-positive” 
patients to be enrolled in the study. Other relevant findings, namely frequent 
subdural and epidural haematomas, were not included in the study and were 
considered criteria for exclusion. These lesions, although frequently synchro-
nous with brain contusions and haematomas, are very different in their nature: 
extra-axial lesions causing sudden rises in ICP, pressure gradients and brain 
damage due to extrinsic compression (although causing significant primary 
brain damage).5, 120 These lesions are indeed related to changes in known bio-
markers, namely subdural haematomas and S100B.835 Even so, their mechanisms 
of action and intrinsic nature would make it a mistake, in our opinion, to group 
different pathologies in this kind of study. This reasoning is even more evident 
concerning skull fractures, quite different (in every aspect) from intrinsic brain 
injury, although capable of interfering with brain biomarkers expression, namely 
S100B (see Biomarkers section). Again, although not the intention of the present 
study, future research might as well focus on this specific topic. 

A frequently raised question in clinical studies, of them taking place in only one 
clinical center and whether this is beneficial or not, does not strictly apply in this 
case, as the study is merely descriptive and not an interventional one. Impor-
tantly, being a prospective study is undoubtedly advantageous, allowing better 
control of all variables and exclusion criteria. 

As mentioned in Chapter II (General Discussion section), the human brain shares 
many similarities with rodents, bearing significant structural and functional 
parallelism. Studying these systems in mice and rats, under controlled con-
ditions, will unquestionably provide insights into the nature of cellular and 
physiopathologic processes, delineating admissible representations of similar 
phenomena in humans.836 However, as discussed before, one should be parsimo-
nious when making direct extrapolations. 
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Regarding the statistical analysis, as the sizes of different groups are well specified 
and quite similar, it is acceptable to use SE, as an inferential statistic and instead 
of SD, in order to allow an intuitive comparison between estimated popula-
tions.837 Being a theoretical estimate of variability of samples´ means, SE is a 
better measure of the precision with which the sample mean reflects the true 
mean in the population.838 

In this experimental protocol, as depicted in the Results section, evidence of an 
acute and ensuing delayed neuropeptide response to TBI is therefore shown. These 
findings are in line with what is believed to be the role for neuropeptides and neu-
rogenic inflammation as crucial components of initial post-TBI inflammation.133, 353 



CHAPTER IV
Global Perspective on 
Neurotrauma research 
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4.1 Introduction 
Acknowledging the indisputable progress in medical science and cumulative 
knowledge on brain trauma,39, 839 one should not hesitate in classifying as a relative 
failure all conjoined efforts in translating this knowledge into successful clinical 
protocols, improving TBI patients care and prognosis.839 Frequent appeals for 
broader and standardized research and treatment protocols and multicentric 
studies are simultaneously indisputable and inconsequential.39, 839 The fact that 
only in recent years have long-term effects of otherwise seemingly minor trau-
mas increasingly become the subject of relevant studies should in part explain 
the relatively late-onset of significant Neurotrauma research funding.840 The spe-
cific nature of traumatic lesions, with a sudden and unexpected impact and no 
primary risk factors, makes it rather difficult to invest resources in biological 
prevention of this disease (public health prevention policies are fundamental 
but beyond the scope of this work), limiting the comprehensiveness and impact 
of focused mechanistic research.

Traumatic brain injuries pose a challenge as they are unannounced and sud-
den, deranging the most specialized tissue/organ in the human body, with a still 
debated but undoubtedly limited regeneration capability (both functionally and 
structurally).841 Following initial damage and secondary injury cascades, trau-
matic lesions will undergo a predictable and inexorable progression (contusion, 
blood resorption, encephalomalacia) with few exceptions. Single components 
of much larger and complex response mechanisms to an external aggression 
should not be addressed separately and will hardly impact the overall prognosis 
by themselves. Mechanistic studies, while extremely valuable for a better under-
standing of TBI, will primarily focus on isolated pathways or factors on a cellu-
lar/molecular scale, necessarily missing the big picture. Attempting to bind basic 
research to such a complex clinical picture, efforts have been put in in vitro mod-
els of trauma.842 However, one should be careful in interpreting possible findings 
in this type of research.

Several aspects must be considered when addressing the current status of brain 
trauma research:

- Relatively unknown biological mechanisms of disease;
- Significant knowledge gaps regarding post-traumatic neurogenesis and 
whether this represents a viable therapeutic target for functional recovery 
of the brain;
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- Related to the previous point and unlike other organs, the fact that, although 
functional recovery might occur, significant structural recovery of the brain 
(a highly specialized and topographically organized organ) will hardly happen;

- A rather diverse type of injury in location, extent and nature, with hetero-
geneous behaviour and consequences. Brain trauma is not a unidimen-
sional injury;

- Significant knowledge gaps regarding the true spatial and temporal extent 
of secondary damage;

- Unrealistic and insufficient animal models of TBI;
- Highly variable outcomes, ranging from death or profound disability to full 
recovery843;

- Unsuccessful monotherapies targeting one single step or element in a much 
more complex process, opposed to combination therapies focusing on mul-
tiple targets844;

- Over-extended time lapse between initial injury and neuroprotective drugs 
administration (with most clinical trials assuming a window of opportunity 
of 8h)590;

- Role of BBB as a deterrent for therapeutic agents (at least partially, as its 
function is impaired in TBI).

4.2 Clinical research
Clinical research focuses mostly on developing therapeutic agents and de-
monstrating the validity of biomarkers, along with innovative neuromonitoring 
techniques and modalities. 

Given the specific nature of brain trauma, a word of caution is advisable concern-
ing an evergrowing research trend on disease biomarkers. One should be careful 
when assessing the real impact of biomarkers in brain trauma, as they represent, 
in our opinion, a significant misconception in research and a source of mis-
guided investment (in logistics, financial and human resources). First of all, un-
like any other pathological event, the initial insult to the brain is purely extrinsic 
to the individual (despite inter-individual variations in response to it), there is no 
prodrome as well as no direct biological risk factors involved and, by definition, 
initial diagnosis (head/brain trauma) is rather indisputable (with basic imaging 
tools displaying easily recognizable traumatic lesions, with few exceptions). Its 
timeline is more or less well defined and predictable, along with its invariable 
progression: initial lesion, initial damage, secondary injury, peak disturbance, 
progressive and long functional recovery (total, partial or even absent) along with 
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histological reorganization (on a macroscopic and microscopic level). Therefore, 
the specific context of neurotrauma empties a significant part of biomarkers´ 
classical role as a diagnostic and disease-progression assessment tool. The pos-
sibility of eliminating the need for diagnostic Computed Tomographies scans by 
quantifying specific biomarkers is also, in our opinion and according to several 
scientific committees, highly disputable.501, 845 

Biomarkers in general are helpful in monitoring the progression of disease, 
namely for prognosis assessment (partially futile in brain trauma, as addressed 
before, as its time progression is relatively predictable). But given the fundamen-
tal fact that there are no proper therapeutic protocols to be initiated or adjusted 
following a hypothetical biomarker fluctuation, the latter intrinsic relevance 
should be questioned. One can always argue that, despite the absence of effec-
tive therapeutic agents, adjuvant medical support and Intensive Care protocols 
could benefit from biomarkers guidance.789, 846

In respect to clinical trials, ever-present difficulties in this type of research proto-
cols (namely gold-standard randomized controlled clinical trials) are invariably 
an issue in Neurotrauma research.587, 847 When promising therapeutic protocols 
are put to the test in Phase III trials, they consistently fail to make a significant 
impact in day-to-day clinical practice.603, 848 Discernible reasons for this include, 
among others, troublesome selection of patients, ethical issues concerning ran-
domization and a non-uniform population of patients. The urgency in treating 
these patients will, in some cases, make it even harder to delineate an adequate 
randomized prospective study properly.60 Even when suitably structured, Phase 
III clinical trials may suffer (and usually do) from a typical combination of 
overenthusiastic estimation and insufficient peer-review of positive findings in 
pre-clinical and laboratory studies data.849

4.2.1 Designing better clinical trials

Regarding clinical trials, their intrinsic structure and endpoints are part of the 
solution and also part of the problem. The absence of mensurable disease pro-
gression indicators implies that objective therapeutic efficacy can only be asserted 
via clinical appreciation of functional outcome, depending on standardized scores 
and other tools, always subjective and sometimes non-reliable. First, currently 
used classifications (namely the GCS score and related categories of mild, 
moderate and severe TBI), although practical and valuable as a uniformizing 
tool, are too broad and unspecific and obviously fail to take into account too 
many details in patients condition and its clinical and radiological findings.850 
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Outcome measurements, as quality-of-life assessment tools, are described by 
Stein and colleagues as useful but blunt instruments.26 Endpoints for treatment 
efficacy estimation, besides overall survival, are necessarily subjective (as in 
GOS) or useless (e.g., one should not determine contusion resorption as a goal, 
as it is expected nevertheless).851 Cognitive performance, memory and return-
to-work metrics are unquestionably non-objective variables and prone to un-
der/over appreciation (namely by the patients themselves) and personal/popu-
lational/cultural variability.852 More rigorous quantitative outcome assessment 
tools are in development or already being implemented in specialized centres.853 
Other factors, including genetic variance and pre-event nutritional status, should 
also be considered. Heterogeneity in patients´ response to injury and treatment 
interventions is a significant issue to take into consideration.854 

4.2.2 Connecting basic research to day-to-day clinical issues

Basic research is, by definition, a field in which the objectives and procedures 
are well defined and standardized, performed by highly specialized researchers 
(frequently with no clinical background). Its standard mechanistic approach ti-
pically focuses on one element or event of a much larger chain of events.855 Its 
contribution is undeniable and its potential is nearly unlimited.257 Even so, close 
cooperation between basic researchers and clinicians, who can bring extreme-
ly valuable feedback from their clinical practice, should help set more realistic 
goals and, at the same time, provide a more objective purpose, guiding research 
protocols in fruitful directions.587, 847 

4.2.3 Reaching for translational research’s potential

Nowadays, the potential for translational research, namely upon animal models 
of disease, is broadly recognized.719, 856 The purpose of “from bench to bedside” 
research projects, providing a fruitful interaction between basic researchers and 
clinical context, is only achievable if the inevitable artificiality of all experimental 
models is addressed and attenuated.363, 857   This will only be possible with the inva-
luable contribution of academic clinicians (who must overcome their own suspi-
cions on this type of research), adjusting experimental models to the closest re-
semblance possible to reality and providing a solid framework for diverse results 
interpretation. Even in the presence of a single straightforward event as a TBI, 
different animal models provide distinct types of lesions and consequences.843

 Clinicians have the responsibility to integrate this seemingly disadvantageous 
variability and realistically extrapolate it into useful clinical knowledge.
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4.2.4 Implementing new therapeutic protocols

When testing for new drugs, it is mandatory to refine patient’s selection and bet-
ter stratify them concerning age and type of injury, in order to quantify recovery 
based on reliable quantitative outcome measures.858 Implementing innovative 
research protocols, as in adaptive trial designs (using Bayesian computer model-
ling), with useful multi-criteria prediction models and proportional odds/sliding 
dichotomy models, is another growing trend in larger studies.859 Applying Com-
parative Effectiveness Research protocols, able to compare treatments and Clini-
cal Centres without strict inclusion/exclusion criteria, is another valid option, 
taking advantage of “big data” assessment tools, capable of assuring continuity in 
research between acute and post-acute studies.860 Clinical trials should focus on 
perfecting enrollment criteria for clinical trials, selecting fewer patients with ho-
mogeneous injuries and clinical pictures. This approach will require more time 
and money but could prove more effective. Concerning therapeutic protocols, 
it should be helpful to consider post-treatment concentration levels intervals as 
primary endpoints instead of a single and constant therapeutic administration.

New routes for CNS drug administration are being developed and might prove 
more effective, of which the transnasal route is a good example.861 Single drugs 
targeting multiple pathways or combination therapies might be the path to suc-
cess. Another possible approach would be to combine two or more therapeutic 
protocols, distinct in their nature but complementary in their actions and targets 
(e.g., associating specific drugs with hypothermia protocols). New monitoring and 
clinical assessment techniques in the pre-hospital context should provide teams 
with significant amounts of data from crucial, earlier stages of brain trauma. 
In pre-hospital environment, earlier administration of neuroprotective drugs 
(ideally within minutes, not hours from initial trauma) should help prevent type 
II errors when evaluating drug efficacy. Considering the long-term effects of TBI, 
recent approaches in the field of endogenous and exogenous stem cell thera-
pies seem promising as a stand-alone or adjunctive therapy, aiming at enhanced 
brain plasticity and repair of the injured brain.13 

4.2.5 Imaging

Imaging is experiencing tremendous technological advances, focusing not only on 
primary diagnosis as it did before but also shedding light on structural and meta-
bolic changes and functional impairments.862 Its contribution towards a better 
understanding of pathophysiological intricacies of brain trauma and improving 
patient’s management is undeniable. One can speculate on a possible future role 
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for more complex neuroimaging techniques, including DTI and resting-state func-
tional MRI, able to assess functional impairments and network-level damage.863 

4.3 Civil society 
Concerning civil society, a greater awareness for TBI and its long-term cognitive 
sequelae, is becoming evident and still evolving, as demonstrated in all the con-
troversies and discussions concerning sports activities.104, 864, 865 Systematic and 
standardized prevention of TBI and its long-term consequences is mandatory. 
One shouldn´t forget that 10% of all TBI’s and spinal injuries take place in the 
context of sports activity.866  

Several state and private-funded programs, influencing and promoting public 
policies, are increasingly prominent in today’s society, namely by focusing on 
specific niches and epidemiological contexts, ranging from the elderly popula-
tion to road traffic accident prevention.   



CHAPTER V
 Conclusion
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A multistage neuropeptide response to TBI is shown in human patients and its 
implications are discussed in the present work. Administration of exogenous NPY 
in an animal model of TBI has shown an apparently beneficial response at many 
levels, with diverse synergistic effects (involving distinct structural and functional 
elements) and attenuation of deleterious post-traumatic secondary injury.

Future research projects involving animal models of trauma (including ongoing 
projects in our Research group) should confirm the possibility of potentiating 
this neuropeptide response involving NPY and NPY agonists. Ensuing experi-
mental studies will identify new therapeutic targets and agents and their ideal 
timing of action, aiming at maximum functional recovery. Promising scenarios 
for future research should include making a distinction between different neu-
roinflammatory processes in the context of pathologically diverse types of TBI, 
allowing tailored research protocols, pre-clinical and clinical trials, with specific 
timings and selected targets.   

Brain trauma research should focus on solid and purposeful multicentric trans-
lational research, with major contributions from basic scientists and clinicians, 
in order to provide substantial evidence on the benefits of new therapies and 
diagnostic tools. A more precise definition of TBI and its sub-types is paramount, 
along with refined quantitative outcomes measures and effective clinical trials 
design. Innovative therapeutic protocols, using multi-targeted combination 
therapies upon new routes of drug administration, are needed. On another level, 
prevention of brain trauma and its sequelae, including large population-based 
awareness programs combined with targeted programs for specific vulnerable 
groups, is undoubtedly part of the answer.
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