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he progression of neurodegenerative diseases is associated with cellular 

and biochemical dysfunctions that cause neuronal loss. Among these 

diseases, Alzheimer's disease (AD) and Parkinson's disease (PD) are associated 

with the decline of noradrenaline's (NA's) brain levels. This reduction is due to the 

loss of locus coeruleus (LC) noradrenergic neurons, which is the main source of NA 

in the brain (Bondareff et al., 1987). AD is the most frequent human 

neurodegenerative disease, as it affects around 50 million people worldwide. With 

the increase in life expectancy, the incidence of neurodegenerative diseases has 

also risen. AD is a multifactorial disease, meaning that there is a complex 

interaction between genetic, environmental, and aging factors. Therefore, there are 

different mechanisms proposed to explain AD cognitive disorder: Amyloid-β (Aβ) 

peptide toxicity, Tau disorders, oxidative damage, synaptic dysfunction, 

cholinergic dysfunction, and neuroinflammation. However, it is not yet known 

whether neuroinflammation is a cause or consequence of the neurodegenerative 

process, but it is known that it favors neuronal damage. During 

neuroinflammation, astrocytes and microglia undergo molecular, morphological, 

and functional changes called astrogliosis and microgliosis, respectively. 

Throughout this multi-stage reaction, pro-inflammatory cytokines, and 

chemokines (chemotactic cytokines) are released, aimed at the restoration of 

homeostasis. Chemokines are molecules secreted by various immune cells (such 

as leukocytes, monocytes, and neutrophils) that control cell migration and are 

involved in a wide variety of physiological and pathological processes. These 

molecules bind to the G protein-associated receptors of the target cells. However, 

under pathological conditions, this reaction can persist in time, producing 
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excessive levels of inflammatory mediators. This neuroinflammatory condition 

results in neuronal tissue damage and contributes to the progression and severity 

of the neurological disease (reviewed  in Skaper et al., 2018). In AD, 

neuroinflammation is related, at least in part, to the reduction of  NA from the LC 

(Feinstein et al., 2016). 

NA, also named Norepinephrine (NE), is a catecholamine that can act as a 

neurotransmitter in the Nervous System or as a hormone in the body. This 

molecule is synthesized in both the adrenal glands and nerve terminals. The 

Central Noradrenergic System is known to play an essential role in many cognitive, 

affective, and behavioral functions (Herrmann et al., 2004; Benarroch, 2018). 

Moreover, NA contributes to learning and memory consolidation and seems 

essential for neuronal plasticity during brain development and CNS recovery after 

an injury. NA has a great potential as a neuroprotective agent since it can prevent 

neuroinflammation by inhibiting the production of pro-inflammatory agents, 

reducing neuronal damage, and decreasing glial activation, among other effects. NA 

neuroprotective actions have been demonstrated both in vivo and in vitro studies. 

Under inflammatory stimuli, NA is able to protect neurons. NA has also been found 

to reduce spontaneous neuronal death usually occurring in cell culture (Troadec 

et al., 2001; Traver et al., 2005). Moreover, the research group in which this study 

was performed, demonstrated that NA protects neurons against Aβ peptide, 

reducing axonal degeneration and neuronal lactate dehydrogenase (LDH) release 

(Madrigal et al., 2007). Also, in AD mouse models, NA depletion increased Aβ 

toxicity (Heneka et al., 2003; Kalinin et al., 2007). In experimental models, the 

reestablishment of NA concentrations contributes to delay or improve the 

neuropathology (rev. in Chalermpalanupap et al., 2013).  

We previously demonstrated that NA induces both expression and synthesis 

of CCL2 (or MCP-1) in astrocytes through the activation of β2 adrenergic receptors 

(β2-ARs) (Madrigal et al., 2009; Madrigal et al., 2010). Both CCL2 and its receptor 

CCR2 are constitutively expressed in different brain areas (Banisadr et al., 2005b), 
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indicating that they participate in numerous necessary processes for the correct 

functioning of the CNS. This chemokine, through the regulation of the blood-brain 

barrier (BBB) (Guo et al., 2020), stimulates the migration of cells to the site of 

injury, facilitating the amplification of neuroinflammation. Alternatively, in 

processes not related to chemotaxis, we observed that CCL2 protects neurons 

against excitotoxicity (Madrigal et al., 2009; Madrigal et al., 2010). Although during 

neuroinflammation decreasing CCL2 levels reduces the damage caused by various 

inflammatory agents, the complete inhibition of its actions results in harmful 

consequences for neurons (Zisman et al., 1997; Braun et al., 2000). It is known that 

this chemokine can be both neuroprotective and harmful, depending on the 

inflammatory stimulus (rev. in Deshmane et al., 2009). Hence, since NA induces 

CCL2 in astrocytes, which are the main source of CCL2 in the CNS (Mann et al., 

1983), our next goal was to elucidate if the production of CCL2 was helping NA’s 

most relevant neuroprotective processes for neuronal sustainability. Considering 

that CCL2 amplifies the neuroinflammatory signal and protects against 

excitotoxicity, we wanted to understand if this chemokine could contribute to NA’s 

neuroprotective actions or hamper them. 

In addition, since this group and other researchers demonstrated the 

neuroprotection exerted by NA through the inhibition of pro-inflammatory factors 

released by microglia, (Madrigal et al., 2005; Madrigal et al., 2006; Heneka et al., 

2010a; Gyoneva & Traynelis, 2013), we wanted to understand if it was due to the 

regulation of microglial activity.  These cells are the resident immune cells of the 

CNS. They react to neuronal damage and phagocyte debris. However, chronic 

microgliosis may cause neuronal damage through the release of cytotoxic 

molecules. Therefore, the regulation of microglial activation is considered a 

necessary approach when dealing with neurodegenerative diseases. One of the 

best-known communication signals between neurons and microglia is CX3CL1 

(also named fractalkine, FKN) and its sole receptor, CX3CR1. FKN is mainly 

released by neurons, while CX3CR1 is expressed in microglia. Their primary 

function is the neuronal regulation of microglial toxicity and phagocytosis (rev. in 
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Limatola & Ransohoff, 2014). However, in AD animal models, opposing effects have 

been found regarding FKN/CX3CR1 actions (Bhaskar et al., 2010; Cho et al., 2011; 

Hickman et al., 2019). Hence, we wanted to determine if NA’s neuroprotective 

effects modified the regulation of CX3CR1 in microglia to clarify if it is related to 

the progression of AD. 

Therefore, the purpose of this study is to investigate NA’s neuroprotective 

effects through the production of CX3CR1 in microglia and CCL2 effects on 

astrocytes. 

We have analyzed NA’s actions in primary cultured astrocytes by studying the 

most relevant processes of these cells in maintaining the neuronal homeostasis. 

Moreover, we have evaluated NA’s effects in the production of microglial CX3CR1 

in vitro (rat, human) and in vivo (mouse). Additionally, we have studied the 

production of this receptor in human brain samples at different stages of AD. 

Primary astrocytes demonstrated increased production of β2-ARs when 

stimulated by CCL2. These receptors have been related to numerous homeostatic 

and neuroprotective astrocytic functions, such as the release of neurotrophic 

factors, glycogen metabolism, immune responses, and astrogliosis. Moreover, 

astrocytic β2-ARs dysregulation has been associated with neurodegenerative 

diseases like AD (Laureys et al., 2010). Our study demonstrates that CCL2 also 

modifies some of the processes mediated by the activity of β2-ARs. 

Regarding CX3CR1, when we analyzed NA’s effects on the regulation of 

CX3CR1 in primary rat microglia cultures and HMC3, a human cell line of 

immortalized microglia, we observed a decreased production of CX3CR1. However, 

the in vivo results did not follow the same tendency. We used 5xFAD mice as an AD 

mouse model. To analyze NA’s regulation over CX3CR1 production, we treated the 

animals with Reboxetine, a NA re-uptake inhibitor. Our results show that CX3CR1 

production in the frontal cortex of wild type (WT) and 5xFAD mice is stimulated 

by Reboxetine treatment. Furthermore, in 5xFAD mice, Aβ modified the 
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distribution of CX3CR1 in the frontal cortex, increasing its production in areas 

away from Aβ plaques. Finally, we studied CX3CR1 regulation in human prefrontal 

brain samples with different degrees of AD. In agreement with the results found 

for 5xFAD mice, human samples showed an increase in CX3CR1 levels following 

the progression of the disease. The similar outcomes of both cell cultures, together 

with the increased CX3CR1 production by Aβ in murine brains, demonstrate that 

NA neuroprotective actions are associated with CX3CR1 levels. This research 

provides consistent data to imply that the administration of Reboxetine, and 

possibly other NA-elevating drugs to humans, might increase CX3CR1 production, 

especially in AD patients. 

In conclusion, these results suggest that the reduction of NA in the brain 

facilitates neuroinflammatory processes and could accelerate, or even initiate, the 

neuronal loss characteristic of AD. 
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a progresión de diferentes enfermedades neurodegenerativas, como la 

enfermedad de Alzheimer (EA) y la enfermedad de Parkinson (EP), se 

asocia con la disminución de los niveles cerebrales de noradrenalina (NA) debido 

a la pérdida de neuronas noradrenérgicas del locus coeruleus (LC), la principal 

fuente de NA en el cerebro (Bondareff et al., 1987) . La EA es la enfermedad 

neurodegenerativa humana más frecuente, ya que afecta a alrededor de 50 

millones de personas en todo el mundo. Con el aumento de la esperanza de vida, la 

incidencia de enfermedades neurodegenerativas también ha aumentado. La EA es 

una enfermedad multifactorial, lo que significa que existe una interacción compleja 

entre factores genéticos, ambientales y de envejecimiento. Se han propuesto 

diferentes mecanismos para explicar la fisiopatología de esta enfermedad y su 

manifestación clínica más evidente, el trastorno cognitivo o la demencia: la 

toxicidad del péptido β amiloide (Aβ), la hiperfosforilación de la proteína Tau, el 

daño oxidativo, la disfunción sináptica, la disfunción colinérgica y la 

neuroinflamación. Sin embargo, aún no se sabe si la neuroinflamación es una causa 

o consecuencia del proceso neurodegenerativo, pero se sabe que favorece el daño 

neuronal. Durante la neuroinflamación, tanto los astrocitos como la microglía 

sufren cambios moleculares, morfológicos y funcionales denominados astrogliosis 

y microgliosis, respectivamente. Durante esta reacción de múltiples etapas, se 

liberan citocinas y quimiocinas proinflamatorias (citocinas quimiotácticas), 

destinadas a la restauración de la homeostasis y la reparación del daño del tejido 

neural. Las quimiocinas son moléculas secretadas por varias células inmunes 

(como leucocitos, monocitos y neutrófilos) que dirigen la migración celular y están 

involucradas en una amplia variedad de procesos fisiológicos y patológicos. Estas 

moléculas se unen a los receptores asociados a proteínas G de las células diana. Sin 

embargo, en condiciones patológicas, esta reacción puede persistir en el tiempo, 
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aumentando la producción mediadores inflamatorios a niveles excesivos. Estas 

condiciones neuroinflamatorias provocan daño neuronal y contribuyen a la 

progresión y gravedad de la enfermedad (revisado en Skaper et al., 2018). En la 

EA, la neuroinflamación está relacionada, al menos en parte, con la reducción de la 

NA en el LC (Feinstein et al., 2016). 

La NA, también llamada norepinefrina (NE), es una catecolamina que puede 

actuar como neurotransmisor en el sistema nervioso como hormona en el 

organismo. Esta molécula se sintetiza tanto en la médula de las glándulas 

suprarrenales como en las terminales nerviosas. En el sistema nervioso central, se 

sabe que el Sistema Noradrenérgico juega un papel importante en muchas 

funciones cognitivas, afectivas y conductuales (Herrmann et al., 2004; Benarroch, 

2018). Además, la NA contribuye al aprendizaje y a la consolidación de la memoria. 

También parece esencial para la plasticidad neuronal durante el desarrollo 

cerebral y la recuperación del SNC después de una lesión. La NA tiene un gran 

potencial como agente neuroprotector ya que puede prevenir la neuroinflamación 

al inhibir la producción de agentes proinflamatorios, reducir el daño neuronal y 

disminuir la activación glial, entre otros efectos. Se han demostrado acciones 

neuroprotectoras de la NA tanto en estudios in vivo como in vitro. Durante 

estímulos inflamatorios, la NA puede proteger las neuronas. También se ha 

encontrado que la NA reduce la muerte neuronal espontánea que normalmente 

ocurre en el cultivo celular (Troadec et al., 2001; Traver et al., 2005). También, el 

grupo de investigación en el que se realizó este estudio demostró que la NA protege 

a las neuronas contra el péptido Aβ reduciendo la degeneración axonal y la 

liberación de la lactato deshidrogenasa (LDH) neuronal (Madrigal et al., 2007). 

Además, en los modelos de ratones con EA, el agotamiento de NA se relacionó con 

un aumento de la toxicidad de Aβ (Heneka et al., 2003; Kalinin et al., 2007). 

Además, en modelos experimentales, el restablecimiento de las concentraciones de 

NA contribuye a retrasar o mejorar la neuropatología (rev. in Chalermpalanupap 

et al., 2013). 
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Previamente demostramos que la NA induce tanto la expresión como la 

síntesis de CCL2 (o MCP-1) en astrocitos a través de la activación de los receptores 

adrenérgicos β2 (Madrigal et al., 2009; Madrigal et al., 2010). Tanto CCL2 como su 

receptor CCR2 se expresan constitutivamente en diferentes áreas del cerebro 

(Banisadr et al., 2005b), lo que apoyaría su participación en numerosos procesos 

necesarios para el correcto funcionamiento del SNC. Esta quimiocina, a través de 

la regulación de la barrera hematoencefálica (Guo et al., 2020), estimula la 

migración de células al lugar de la lesión/daño. Esto facilita la amplificación de la 

neuroinflamación. Sin embargo, en procesos no relacionados con la quimiotaxis, se 

observó que CCL2 protege a las neuronas frente a excitotoxicidad (Madrigal et al., 

2009; Madrigal et al., 2010). Aunque durante procesos neuroinflamatorios la 

disminución de los niveles de CCL2 reduce el daño causado por diversos agentes 

inflamatorios, la inhibición completa de sus acciones tiene consecuencias 

perjudiciales para las neuronas (Zisman et al., 1997; Braun et al., 2000). Se sabe 

que esta quimiocina puede ser neuroprotectora y dañina dependiendo del estímulo 

inflamatorio (rev. in Deshmane et al., 2009). Por lo tanto, dado que la NA induce 

CCL2 en astrocitos, que son la fuente principal de CCL2 en el SNC (Mann et al., 

1983), nuestro objetivo es esclarecer si la producción de CCL2 ayuda a los procesos 

neuroprotectores más relevantes de la NA para la sostenibilidad neuronal o los 

obstaculiza.  

Además, como investigadores del grupo en el que se ha realizado esta Tesis y 

de otros grupos han demostrado que la neuroprotección ejercida por la NA es, en 

parte, a través de la inhibición de los factores proinflamatorios liberados por la 

microglía (Madrigal et al., 2005; Madrigal et al., 2006; Heneka et al., 2010a; 

Gyoneva & Traynelis, 2013), queríamos entender si se debía a la regulación de la 

actividad microglial. La microglía son las principales células inmunes residentes 

del SNC. Reaccionan al daño neuronal y fagocitan residuos y tejido dañado. Sin 

embargo, una microgliosis crónica puede causar daño neuronal a través de la 

liberación de moléculas citotóxicas. Por lo tanto, la regulación de la activación de 

la microglía se considera un enfoque importante cuando se trata de enfermedades 
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neurodegenerativas. Una de las señales de comunicación más conocidas entre las 

neuronas y microglía es CX3CL1 (también llamada fractalquina, FKN) y su único 

receptor CX3CR1. La FKN es liberada principalmente por neuronas, mientras que 

CX3CR1 es sintetizado por microglía. Su función principal es la regulación neuronal 

de la toxicidad microglial y fagocitosis (rev. in Limatola & Ransohoff, 2014). Sin 

embargo, en los modelos EA se han encontrado efectos opuestos con respecto a las 

acciones de FKN/CX3CR1 (Bhaskar et al., 2010; Cho et al., 2011; Hickman et al., 

2019). Por lo tanto, queríamos determinar si los efectos neuroprotectores de la NA 

modifican la regulación de CX3CR1 en microglía para esclarecer si está relacionado 

con la progresión de la EA. 

Por lo tanto, el propósito de esta tesis es investigar los efectos 

neuroprotectores de la NA a través de los efectos CCL2 en los astrocitos y de la 

producción de CX3CR1 en microglía. 

Hemos analizado las acciones de la NA en cultivos de astrocitos primarios 

mediante el estudio de los procesos más relevantes de estas células para mantener 

la homeostasis neuronal. Igualmente, también hemos evaluado los efectos de la NA 

en la producción de CX3CR1 microglial in vitro y en ratones. Asimismo, hemos 

estudiado la producción de este receptor en muestras de tejido cerebral humano 

durante diferentes etapas de la EA. 

Cuando estimulamos cultivos de astrocitos primarios con CCL2, observamos 

una mayor producción de β2-AR. Estos receptores se han relacionado con 

numerosas funciones homeostáticas y neuroprotectoras de los astrocitos, como el 

metabolismo de glucógeno, la liberación de factores neurotróficos, las respuestas 

inmunes y la astrogliosis. Además, la desregulación astrocítica de β2-AR se ha 

asociado con enfermedades neurodegenerativas como la EA (Laureys et al., 2010). 

Nuestro estudio demuestra que CCL2 también modifica algunos de los procesos 

mediados por la actividad de los β2-AR. 
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Con respecto a CX3CR1, cuando analizamos los efectos de la NA en la 

regulación de CX3CR1 en cultivos primarios de microglía de rata, así como en 

HMC3, una línea celular humana de microglía inmortalizada, observamos una 

disminución en la producción de CX3CR1. Sin embargo, los resultados in vivo no 

siguieron la misma tendencia. Utilizamos ratones 5xFAD como modelo animal de 

la EA. Para analizar la regulación de la NA sobre la producción de CX3CR1, tratamos 

a los animales con Reboxetina, un inhibidor de la recaptación de NA utilizado como 

antidepresivo. Nuestros resultados revelan que la producción de CX3CR1 en la 

corteza frontal de ratones control y 5xFAD es estimulada por el tratamiento con 

Reboxetina. Además, en ratones 5xFAD, Aβ modificó la distribución de CX3CR1 en 

la corteza frontal, aumentando su producción en áreas alejadas de las placas. 

Finalmente, estudiamos la regulación CX3CR1 en muestras de cerebro prefrontal 

humano con diferentes grados en EA. Tal como ocurrió con los ratones 5xFAD, las 

muestras humanas mostraron un aumento en los niveles de CX3CR1 de acuerdo 

con la progresión de la enfermedad. Los resultados similares de ambos cultivos 

celulares, junto con el aumento de la producción de CX3CR1 por Aβ en cerebros 

murinos, demuestran que las acciones neuroprotectoras de la NA están asociadas 

con los niveles de CX3CR1. Esta investigación proporciona datos consistentes que 

implican que la administración de Reboxetina, u otros medicamentos que elevan la 

NA en los humanos, podría aumentar la producción de CX3CR1, especialmente en 

pacientes con EA. 

En conclusión, estos resultados sugieren que la reducción de la NA en el 

cerebro facilita los procesos neuroinflamatorios y podría acelerar, o incluso iniciar, 

la pérdida neuronal característica de la EA.
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oradrenaline (NA) is an endogenous molecule that is categorized inside 

the catecholamine family. NA’s structure, as shown in Figure 2.1, 

consists of benzene with two hydroxyls (which form a catechol) and an amine in 

the side chain (Andersen, 1975).  

A B  

 

 

 In 1915 Walter Bradford Cannon 

(Figure 2.2), a North American physiologist, 

was the first person to use the idea of “fight or 

flight” response to perceived danger as a term 

to describe the role of  the sympathoadrenal 

system (Cannon, 1915). He worked with 

Arturo Rosenblueth Stearns, a Mexican 

physician, and physiologist, and together they 

developed a theory of two “sympathins”. 

These compounds were the ones responsible 

for the activation of the sympathetic nerve 

terminals: “sympathin” E (excitatory) and 

N 
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“sympathin” I (inhibitory) (Haider, 2007). Other researchers, like Zénon Bacq, 

Hermann Blaschko, and Peter Holtz, continued with studies related to the 

“sympathins”.  

However, the first evidence of NA was not until 

1945 when Ulf Svante von Euler (Figure 2.3), a 

Swedish physiologist and pharmacologist, identified 

that the neurotransmitter called “sympathin” was a 

nonmethylated derivative of adrenaline, 

noradrenaline (Von Euler, 1945). He demonstrated 

NA’s role as a neurotransmitter (Von Euler, 1946) 

and studied its storage in synaptic vesicles in nerve 

terminals, distribution, excretion, concentration in 

physiological and pathological conditions, and was 

able to isolate it (Von Euler, 1948). In 1951, Ulf von 

Euler described the noradrenergic system. He published that NA is the principal 

adrenergic nerve mediator in mammals, which is released by sympathetic nerves 

and innervates tissues and brain (Von Euler, 1951). Finally, in 1954, NA was found 

in the Central Nervous System (CNS) (Vogt, 1954) and investigations of this 

neurotransmitter continue today. 

NA is also called norepinephrine (NE) because of a historical argument 

between the definitions of adrenaline and epinephrine:  

In 1897, John J. Abel (Figure 2.4) prepared in the United States crude adrenal 

extracts and named them epinephrine [Greek roots: epi (“over”) + nephr(ós) 

(“kidney”) + ine (“produced”)].  

Meanwhile, in 1901, Jokichi Takamine (Figure 2.5) prepared a pure extract of 

the active principle from the adrenal gland. It was commercialized under the name 

of adrenalin [Latin roots: ad-renal (“by the adrenal glands/near kidneys”) + ine 

(“produced”)]. However, Abel’s epinephrine was not the same physiological 
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extract as Takamine’s adrenaline. Instead, it was an inactive benzoylated 

derivative and did not behave physiologically like adrenaline. However, in the 

United States, the generic name epinephrine became more frequent. Meanwhile, in 

the United Kingdom, the term adrenaline was used thanks to Henry Dale, from 

Wellcome Physiological Research Laboratories. He declared that the extracts 

named epinephrine were not the same as extracts called adrenaline (Aronson, 

2000). 

 

 

高峰譲吉

 

https://es.wikipedia.org/wiki/1857
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Nowadays, we know that noradrenaline can act as both a neurotransmitter 

(neurocrine secretion) or a hormone (paracrine secretion). This molecule is 

released in the Nervous System by neurons and in the Endocrine System by the 

adrenal glands. 

In the Endocrine System, NA is released 

by the adrenal glands to the bloodstream as a 

hormone. The adrenal glands are located on 

top of each kidney asymmetrically (Figure 

2.6A), historically named “suprarenal glands”.  

These glands have two specialized areas 

(Figure 2.6B):  

1. The adrenal cortex, responsible for the 

synthesis of mineralocorticoids, 

glucocorticoids, and androgens 

(Rainey & Nakamura, 2008; Human 

Anatomy & Physiology, Marieb et al., 

2016). 

2. The adrenal medulla, inner part of 

these glands, belongs to the Autonomic Nervous System, and it is 

responsible for the liberation of adrenaline (80%), NA (20%), and 

dopamine (<1%) (Verhofstad et al., 1985).  

The Nervous System includes the Central Nervous System (CNS) and the 

Peripheral Nervous System (PNS). The CNS comprises the brain and spinal cord, 

while the PNS consists of the nerves and ganglia outside the CNS. NA is used in the 

Nervous System by noradrenergic neurons as a neurotransmitter. However, in the 

CNS, it can also behave as a hormone because not all nerve terminals from 

noradrenergic neurons contact neighboring neurons. Numerous of these cells 
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release NA into brain extracellular space (where the transport is mediated by 

diffusion) and not into a synapsis. This communication is commonly called as 

“volume transmission” (Fuxe et al., 2010). Also, NA receptors have been found at 

sites beyond dendritic spines, which suggest that these receptors could be 

activated by diffuse transmission (Descarries & Mechawar, 2000). In the Nervous 

System, the Noradrenergic System constitutes the neuronal organization 

responsible for the synthesis, storage, and release of NA (rev. in Merino, 2019b). 

NA is synthesized in noradrenergic neurons and stored inside vesicles until an 

action potential reaches the cell. Once released, NA binds to adrenoreceptors, also 

named adrenergic receptors (AR), generating a response while it stays in the 

synaptic cleft.  

 

NA, a catecholamine along with adrenaline and dopamine, is synthesized in 

the CNS and PNS, as mentioned previously. Regarding the brain, the three 

catecholamines are derived from the amino acid L-tyrosine, as shown in Figure 2.7. 

L-tyrosine is transported across the blood-brain barrier (BBB) by the large neutral 

amino acid transporter (LAT) into brain extracellular space. Then, this amino acid 

is taken up by cells that need to synthesize NA by a specialized tyrosine transporter 

into the cytosol. 

Firstly, L-tyrosine is transformed into L-dihydroxyphenylacetic acid (L-

DOPA) by tyrosine hydroxylase. This cytosolic enzyme is the rate-limiting step of 

catecholamine biosynthesis, and it is inhibited by an excessive concentration of 

catecholamines (rev. in Daubner et al., 2011). Secondly, L-DOPA is decarboxylated 

to dopamine (DA) through dopamine decarboxylase. These first steps take place in 

the cytoplasm of the neuron. Usually, neurotransmitters are synthesized and then 

transported into a vesicle, but NA is an exception. After DA is synthesized, it is 

transported into synaptic vesicles in the nerve terminals via vesicular monoamine 

transporter 2 (VMAT2), an amine-specific transporter (rev. in Eiden et al., 2004).  
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Finally, in specialized cells that can synthesize dopamine β-hydroxylase, DA 

is hydroxylated to NA inside the secretory vesicles (usually membrane-bound). NA 

can be transformed into its methylated form, adrenaline, inside cells that produce 

phenylethanolamine N-methyltransferase (PNMT). This enzyme is mainly found in 

adrenergic neurons from the adrenal medulla (Goldstein et al., 1972). In the CNS, 

very little amount of adrenaline exists as PNMT can be only found in very small 

groups of cells (Kitahama et al., 1985). 

 

For NA to fulfill its role, it needs to be released from the synaptic vesicles. NA 

can be released by the adrenal medulla into the bloodstream as a hormone, or in 

the sympathetic CNS as a neurotransmitter by noradrenergic neurons.  

In the CNS, NA release starts after the action potential reaches the neuron 

(Figure 2.12). When this impulse arrives at the nerve terminal, it causes the 

opening of voltage-dependent Ca2+ channels. The entry of calcium into the terminal 

facilitates the anchoring of synaptic vesicles to the membrane. As a result, NA will 

be released by exocytosis directly into the synaptic cleft.  
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NA signaling pathway starts when it binds to adrenergic or ion channel 

receptors to induce both cellular excitability and synaptic strength. ARs are 

proteins with seven α-helical transmembrane domains, an extracellular N-

terminus, and an intracellular C-terminus. The activation of these receptors’ 

triggers guanine nucleotide regulatory binding proteins (G-proteins), so ARs are 

also known as G-protein-coupled receptors (GPCR). The activation of different 

types of receptors by NA determines the final cellular effect. As a result, NA has 

different actions on different cell types. 

There are three main AR types: α1, α2, and β. Each type is divided into three 

subtypes, and all have been located in the CNS and PNS. This classification depends 

on the affinities for selective ligands. The α1-adrenoceptors include α1A, α1B and 

α1D subtypes. The α2-adrenoceptors comprise α2A, α2B and α2C subtypes. The β-

adrenoceptors consist of β1, β2 and β3 subtypes (retrieved from IUPHAR/BPS 

Guide to Pharmacology Database, 2019). Depending on the primary subtype of AR 

stimulated, a similar input could promote essential differences in how targets 

respond. 

When an α1-AR is activated (Figure 2.8), Gq protein is stimulated, leading to 

the activation of phospholipase C (PLC), which catalyzes the hydrolysis of 

phosphatidylinositol 4,5-bisphosphate (PIP2); hence, increasing the formation of 

inositol 1,4,5-trisphosphate (IP3) and diacyl glycerol (DAG). As a result, 

intracellular Ca2+ stores are mobilized, leading to the activation of protein kinase 

C (PKC), which phosphorylates other proteins. PKC is involved in a wide variety of 

intracellular signal transduction cascades through the phosphorylation of proteins. 

Some functions are related to receptor desensitization, cell proliferation, immune 

responses, cytoskeletal architecture, learning, and memory. The stimulation of α1-

ARs leads to an excitatory response in the post-synaptic target. These ARs are 

mainly found on CNS neurons. They can also be found on the PNS, mediating 

sympathetic responses, such as contraction, vascular smooth muscle, visceral 
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smooth muscle, and iris radial smooth muscle (Handbook of Cell Signaling, 

Bradshaw & Dennis, 2010). 

 

In contrast, when NA or adrenaline bind to α2-ARs, they activate Gi/o 

proteins, which inhibit adenylyl cyclase and stimulate phospholipase A2, 

decreasing cAMP (cyclic adenosine monophosphate) and activating K+ ion 

channels, as shown in Figure 2.9. α2-ARs inhibit the release of neurotransmitters 

when located on pre-synaptic adrenergic neurons (autoreceptors) or other 

neurons (heteroreceptors) as it inhibits the entry of Ca2+ into the neuron. As a 

result, it is responsible for modulating NA’s re-uptake from the synaptic cleft. Also, 

post-synaptic α2-ARs inhibit neuronal firing. The α2-ARs are located on pancreatic 

islet cells, platelets, smooth muscles of the gastrointestinal tract, and CNS. Their 

activation causes platelet aggregation and vasoconstriction. Pre-synaptic α2-

heteroreceptors have been found on serotonergic, glutamatergic, and 

dopaminergic neurons (Encyclopedia of Biological Chemistry, Bylund, 2013).  
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When β-ARs are activated (Figure 2.10), they stimulate Gs proteins to activate 

adenylyl cyclase, generating cAMP as a second messenger, hence activating protein 

kinase A (PKA). When PKA is activated, it phosphorylates proteins, such as cAMP 

response element-binding protein (CREB). Phosphorylated CREB (p-CREB) 

translocates to the nucleus where it upregulates genes related to growth, survival, 

synaptic plasticity, and neuroprotection. PKA also phosphorylates Acetyl-CoA 

carboxylase, glycogen phosphorylase (inhibiting glycogenolysis) and glycogen 

synthase (inhibiting glycogenesis), among other proteins (Handbook of Cell 

Signaling, Bradshaw & Dennis, 2010). 
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The β1-ARs are dominant in the heart, salivary glands, and gastrointestinal 

tract, as well as found on some pre-synaptic terminals. When adrenaline or NA 

binds to these receptors, the heart’s contraction speed increases, and the 

gastrointestinal tract relaxes. There is also platelet aggregation and secretion of 

amylase in the salivary glands.  

The β2-ARs are found in all CNS cell types and are mostly post-synaptic. These 

receptors facilitate the release of NA when located at pre-synaptic nerve terminals. 

Alongside with α2- ARs, which inhibits NA further release, they help modulate NA’s 

release into the synaptic cleft. In the PNS, they can be found on vascular smooth 

muscle, bronchial smooth muscle, visceral smooth muscle, skeletal muscle, 

myocardium, liver, and mast cells. As a result, their activation causes vasodilation, 

bronchodilation, gastrointestinal relaxation, muscle tremor, hepatic 

gluconeogenesis, and the inhibition of histamine release in mast cells 

(Encyclopedia of Biological Chemistry, Bylund, 2013).  

Post-synaptic β3-ARs are located in adipose tissue (Cypess et al., 2015), gall 

bladder (Baskin et al., 2018), some areas of the colon (Wu et al., 2015), and 

myocardium (rev. in Kayki-Mutlu et al., 2019). Their activation results in effects 

such as lipolysis, thermogenesis, nitric oxide synthase (NOS) activation in 

cardiomyocytes, and bladder relaxation (rev. in Schena & Caplan, 2019).  

The ARs can be stimulated by different agonists, such as NA, adrenaline, 

phenylephrine, and methoxamine. These molecules have a higher affinity for α1-

ARs than α2-ARs and β-ARs. However, the affinity for the α1-ARs subtypes is 

analogous. Relatively selective agonists of α2-ARs are clonidine and brimonidine, 

which have little effect at α1-ARs and β-ARs. Isoproterenol is used as a β-AR 

agonist, which has a low affinity for α1-ARs and α2-ARs. Moreover, while 

adrenaline is ten to a hundred times more selective for β2 than for β1 subtype, NA 

has about ten times more affinity for the β2 than the β1 subtype. However, NA has 

a greater affinity for β3 subtype than adrenaline. 
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ARs antagonists, such as prazosin and tamsulosin, block α1-ARs, and only 

target α2-ARs at high concentrations. In addition, phentolamine and 

phenoxybenzamine can impede both α1-ARs and α1-ARs similarly. However, 

yohimbine can block α2-ARs and only affect α1-ARs and β-ARs at high 

concentrations. While propranolol and timolol are β-ARs antagonists with the 

same affinity for β1 and β2 subtypes, carvedilol blocks both β-ARs and α1-ARs. 

Moreover, metoprolol and esmolol are β1-ARs selective antagonists. 

Numerous diseases are related to noradrenergic system dysfunction, as we 

will see later. Due to NA’s rapid metabolism and numerous sites of action, 

sympathomimetic drugs are used to induce NA’s responses. Consequently, there 

are several pharmacological agents used to control the noradrenergic system by 

modulating the ARs. This modification can be achieved by stimulating ARs (AR’s 

agonists), by blocking NA’s re-uptake or by promoting NA’s release. The most 

notable examples for human therapeutic treatment are shown in Table 2.1. 

Adrenergic 

Receptor 
Action Drugs 

α1-AR 
agonist Phenylephrine 

antagonist Prazosin 

α2-AR 

agonists 

Dexmedetomidine 

Guanfacine 

Lofexidine 

antagonists 

Atipamezole 

Clonidine 

Idazoxan (and 5-HT1A receptor agonist) 

Yohimbine 

β-AR antagonist Propranolol 

NA re-uptake 

inhibitor 
- 

Atomoxetine 

Desipramine (and re-uptake inhibitor of serotonin) 

Reboxetine 
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NA degradation and re-uptake facilitate signal termination. Catecholamines 

are metabolized to biologically inactive products. The degradation is regulated by 

monoamine oxidase enzymes (MAO), located in the interior membrane of 

mitochondria in sympathetic nerve terminals, and catechol-O-methyltransferase 

(COMT), widely present in tissues, glia and post-synaptic neurons within the brain 

(Chemical Biology of Neurodegeneration: A Molecular Approach, Merino, 2019a). 

Initially, NA is transformed into 3,4-dihydroxyphenyl-glycolaldehyde 

(DOPEGAL) by MAO. Another enzyme, an aldehyde dehydrogenase, converts 

DOPEGAL to acid metabolite 3, 4-dihydroxy-mandelic acid (DHMA). DHMA is often 

confused with the end-product of the metabolization of catecholamines. Instead, it 

stimulates an aldose reductase in sympathetic neurons, turning DOPEGAL into 3,4-

dihydroxyphenyl-glycol (DHPG), which is the primary metabolite of NA. Then, 

COMT O-methylate’s DHPG into 3-methoxy,4-hydroxyphenyl-glycol (MHPG) in 

extraneuronal tissue followed by an oxidation favoring the formation of 3-

methoxy-4-hydroxyphenyl-glycolaldehyde (MOPEGAL), a short-lived 

intermediate, by an alcohol dehydrogenase. Lastly, this intermediate is modified 

by an aldehyde dehydrogenase into vanillylmandelic acid (VMA) in the liver, which 

is the end-product of NA degradation. There is also another metabolic pathway in 

which NA is converted to normetanadrenaline by COMT, and then MAO 

metabolizes it to MOPEGAL, as seen in Figure 2.11 (rev. in Wehrwein et al., 2016). 
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After its release, free extracellular NA can be taken back into the pre-synaptic 

neuron mainly by the NA transporter (NET). As soon as it is in the cytosol, NA can 

either be degraded or re-stored through VMAT2 into the vesicles to be available 

again for release (rev. in Wehrwein et al., 2016). 
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In the CNS, the Noradrenergic System is composed of several small cell bodies 

found in the brainstem and neuronal projections throughout the CNS. The Central 

Noradrenergic System is associated with NA’s cognitive functions due to the wide 

range of cerebral areas it innervates (rev. in Szabadi, 2013), as shown in Figure 

2.13. 

 

The Noradrenergic System efferent projections are divided into two groups: 

• The dorsal noradrenergic pathway. Neurons from the LC innervate the 

hypothalamus, septum, several nuclei of the midbrain (like the raphe nuclei, where 

neuronal bodies of serotoninergic neurons are located), thalamus, hypothalamus, 

amygdala, hippocampus, and neocortex, primarily. The LC also projects to the 

cerebellum and some nuclei of the brainstem and the spinal cord. The highest 

density of noradrenergic nerve terminals occurs in the cerebral cortex, specifically 
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in the neocortex, where the noradrenergic axons are distributed throughout all 

regions and layers.  

• The ventral noradrenergic pathway. Noradrenergic axonal projections from 

this pathway originate in the medullary (A1 and A2), and pontine (A5 and A7) 

groups. These neurons innervate the midbrain, particularly the hypothalamus and 

amygdala, hippocampus, and neocortex. Descending fibers reach medullar centers 

and several nuclei of the spinal cord. 

The LC afferent connectivity comes from different sources depending on the 

information received (rev. in Uematsu et al., 2015): 

• Visceral, SNS, pain and threat information are transmitted from the reticular 

formation (nucleus tractus solitarius, vestibular nucleus, nuclei gigantocellularis, 

and paragigantocellularis), and the periaqueductal gray.  

• Emotional, homeostatic, and cognitive information is conveyed from 

forebrain structures, such as the hypothalamus, amygdala, stria terminalis, insular 

cortex, and prefrontal cortex.  

• Neuromodulation information is sent from the ventral tegmental area 

(dopamine) and dorsal raphe (serotonin). 
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The noradrenergic neurons are organized in the CNS in seven cell groups 

labeled from A1 to A7.  A6 represents the Locus Coeruleus (LC), located in the 

rostral pons under the fourth ventricle. This nucleus is the main noradrenergic 

nucleus, as it contains nearly 50% of noradrenergic neurons. A1, A2, A3, A5, and 

A7 conform the medullary and pontine groups (Dahlstroem & Fuxe, 1964).  

In 1982, the LC was described anatomically for the first time. The name LC 

means “blue spot” in Latin due to its cerulean (unspecified range of blue that 

includes deep blue, light blue, bright blue, and blue with greenish hues) 

appearance (Wenzel & Wenzel, 1812), which can be seen without staining (Figure 

2.15). This color is due to the accumulation of neuromelanin in noradrenergic 

nerve cell bodies.  

 

The LC is the primary source of NA in the brain and is formed only by a few 

thousand neurons that synchronously fire together NA (the human LC contains 

about 20,000 neurons in each hemisphere). The activation of the LC increases 

sympathetic activity while decreasing the parasympathetic pathway. However, if 

the LC’s activity is altered, the neuronal activity will be modified throughout the 

brain.  

The LC is not a homogeneous structure as it was first thought. There are two 

known cell types (Figure 2.16A): Large multipolar cells in the ventral LC, and 
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smaller fusiform cells in the dorsal LC. In addition, the location of the neurons 

within the LC varies depending on where their projections extend to (Figure 

2.16B). Neurons that project to the hippocampus, cerebellum, and spinal cord are 

located in the LC’s dorsal-ventral part. Projections to thalamus and hypothalamus 

derive from neurons situated in the anterior-posterior zone. Lastly, cortex 

innervations from these neurons are found throughout the LC (Loughlin et al., 

1986).  
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The axons of peripheral sympathetic neurons are not myelinated, and neither 

are the axons of central noradrenergic neurons. The nerve terminals of the 

noradrenergic neurons are made of varicosities (Figure 2.17). These varicosities 

are enlargements at the end of the fibers that function as pre-synaptic terminals 

(Geffen & Livett, 1971). NA release sites can contain about 0.1–0.3% of NA per 

varicosity (Persson, 2016).  

Noradrenergic neurons can release other neurotransmitters other than 

noradrenaline. This process is called “cotransmission” and enables NA actions to 

be modulated at pre-synaptic and post-synaptic sites. There are different 

cotransmitters, such as: 

• In the PNS: adenosine triphosphate (ATP) and neuropeptide Y 

• In the CNS: ATP, glutamate, enkephalin, and galanin  

Almost 80% of noradrenergic neurons co-express the neuropeptide galanin. 

On the other hand, neuropeptide Y is a cotransmitter used by nearly 20% of 

noradrenergic neurons (Holets et al., 1988). 
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LC noradrenergic neurons express α2-AR mainly and at a lower level α1-AR. 

These neurons also present nicotinic acetylcholine receptors (nAChRs), which are 

activated by acetylcholine and nicotine. When activated, they increase 

noradrenergic neurons’ fire rate by depolarizing them (Egan & North, 1986).  

Other receptors these cells express are GABA (Luque et al., 1994) and opioid 

receptors (Mansour et al., 1994). 

Noradrenergic neurons in the CNS innervate neurons, glial cells (microglia, 

astrocytes, and oligodendrocytes) and blood vessels. Both α-ARs and β-ARs have 

been identified on glial cells. Astrocytes have also been described to synthesize α1, 

β1, β2, and β3-ARs (rev. in Salm & McCarthy, 1992). In the CNS, noradrenergic 

innervation of astrocytes is related to morphological plasticity, consolidation of 

memory, glycogenolysis, neurotrophic factors synthesis, membrane transport and 

immunological responses in these cells (Cohen et al., 1997; Hertz et al., 2004). 
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In general, the release of NA strongly depends on how the animal interprets 

the events of its surroundings. NA functions are related to activities that cope with 

stressful situations both visceral and environmental. New or emotive stimuli will 

result in a high release of NA, whereas low vigilance situations are attributed to 

NA’s low firing (Foote et al., 1980; Aston-Jones et al., 1994; Aston-Jones et al., 

1999). The intensity and duration are determined by the behavioral state of the 

subject according to the experience lived. Tense circumstances activate adrenaline 

and NA release in the CNS and the PNS (related to sympathetic activation). 

 

The Autonomic Nervous System is responsible for most involuntary 

functions, and it is divided into the Sympathetic Nervous System (SNS) and 

Parasympathetic Nervous System (PSNS). As described previously, the SNS is 

commonly referred to as the “fight or flight” system as it prepares the body to 

mobilize energy under threatening situations. On the other hand, the PSNS is often 

called the “rest and digest” system because it brings the body to a state of 

relaxation by activating digestion and reducing heartbeat (rev. in McCorry, 2007).  

When the SNS is stimulated, it triggers the secretion of adrenaline and NA by 

the adrenal medulla and activates the Hypothalamic-Pituitary-Adrenal axis. The 

effects include dilated pupils, inhibited salivation, relaxed bronchi, accelerated 

heartbeat to increase the blood flow to the skeletal muscle, oxygen supply increase 

to the brain, inhibited peristalsis and stomach secretions, stimulated 

glycogenolysis by skeletal muscle and liver, inhibited bladder contractions and 

stimulated orgasms. NA causes vasoconstriction, therefore, increases blood 

pressure without modifying the heartbeat. Adrenaline secretion raises heartbeat 

by raising pulse rate and systolic pressure.  
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However, when the PSNS is activated, acetylcholine is the main 

neurotransmitter released. The stimulation of the PSNS will increase salivation, 

activate digestion, reduce heart rate, relax muscles and stimulate the release of 

acetylcholine (ACh) and nitric oxide (NO)  (rev. in Gibbins, 2013). 

In the CNS, the noradrenergic transmission reaches a broad range of areas 

through ARs. The extensive network coordinates not only physiological functions 

but also sensory and cognitive processes. Traditionally, NA has been viewed as an 

arousal and sensory system. However, nowadays, there is evidence that this 

neurotransmitter also regulates cognitive circuits. Thus, several neuropsychiatric 

and neurodegenerative diseases dealing with cognitive deficits have dysfunctional 

NA signaling (rev. in Borodovitsyna et al., 2017). NA’s cognitive effects may be 

carried out by increasing alertness and sensitiveness to stimuli that would be 

ignored in other circumstances — bringing attention to the sensory information 

important for survival. These reactions can be spontaneous (unforeseen relevant 

stimuli), or prepared responses (expected relevant stimuli). 

The prefrontal cortex (PFC) and the hippocampus are the most important 

areas of noradrenergic innervation regarding NA’s cognitive functions. As a result, 

NA modulates functions such as sleep and wake states (Aston-Jones & Bloom, 

1981; rev. in Jones, 2019), learning and memory (Yebra et al., 2019), decision-

making (rev. in Terbeck et al., 2016), attention (rev. in Ehlers & Todd, 2017), stress 

(Korf et al., 1973; Valentino & Van Bockstaele, 2008) and pain (Martins et al., 

2013). These studies introduce a close relationship between NA and the PFC, and 

hippocampus. 

Attention and working memory are cognitive processes modulated by 

noradrenergic innervation of the PFC. Working memory is improved by the 

activation of the α2-AR (Wang et al., 2007). Although NA has a high affinity for this 
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AR, at high concentrations of NA (like “fight or flight” situations), α1-AR will be 

activated, inhibiting both prefrontal cortical functions and working memory, while 

triggering flexible attention (rev. in Berridge & Spencer, 2016). This behavioral 

flexibility could allow animals to redirect their attention to specific stimuli under 

threatening situations. 

Long-term memory consolidation and retrieval are cognitive functions 

regulated by the hippocampus mediated mainly through the activation of β-AR. 

Binding to these receptors potentiates long-term depression (LTD) (rev. in O'Dell 

et al., 2015) and long-term potentiation (LTP) (Lethbridge et al., 2014) in the 

dental gyrus, CA3 and CA1 regions. LTD and LTP are responsible for the strength 

of the synapsis. Synaptic plasticity is also highly regulated by these ARs due to 

encoding information. Thus, the synaptic information stored in the  hippocampus 

(memories) depends in part on NA-binding to hippocampal β-AR during 

unanticipated situations  (rev. in Hagena et al., 2016).  
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We have seen how the noradrenergic system innervates large areas of the 

brain. The degeneration of LC neurons causes the progressive loss of neuronal 

axons, which release NA not only in the synapsis but also into the brain 

extracellular space acting on neurons, glial cells, and blood vessels. Loss or 

alteration of NA synthesis and distribution leads to a decrease of NA that results in 

many cognitive dysfunctions.  

There is strong evidence that relates several diseases to the loss of 

noradrenergic neurons from the LC, such as Alzheimer’s Disease (AD), Parkinson’s 

Disease (PD), schizophrenia, attention-deficit hyperactivity disorder (ADHD), 

depression and psychosis (rev. in Borodovitsyna et al., 2017). NA’s deficiency 

could play a decisive role in the generation and progression of neuropsychiatric 

and neurodegenerative disorders. 

• Alzheimer’s Disease. Discoveries dating back to the last century 

involve the degeneration of LC in AD with a loss up to 70% of LC neurons 

(Bondareff et al., 1981). Changes in NA’s levels are closely related to the 

progression of cognitive damage and memory loss characteristic of AD (Heneka et 

al., 2002; Grudzien et al., 2007; Gannon et al., 2015). It has been shown that the 

activation of the noradrenergic system can facilitate memory consolidation in 

cognitively normal elderly individuals as well as in those showing mild cognitive 

impairment (MCI) (Segal et al., 2012). Therefore, LC’s degeneration is involved in 

AD hallmarks (Heneka et al., 2010b). 

 

• Parkinson’s Disease. This neurological disease is characterized by a 

progressive loss of dopaminergic neurons mainly and with motor, sensory and 

psychological symptoms. Along with AD, PD is one of the most representative 

members of neurodegenerative diseases. Interestingly, both disorders suffer from 

similar cognitive and motor symptoms during the progression of the disease. Some 

authors have proposed that AD and PD to be considered the final stages of a 
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neurodegenerative disease continuum where they overlap. During the 

intermediate stages, the mixed syndromes of AD and PD can lead to ‘‘AD with 

parkinsonism’’ or ‘‘PD with dementia’’ diagnosis (rev. in Marien et al., 2004). In 

both cases, there is a loss of LC neurons (Beheim-Schwarzbach, 1952; Eisen & 

Calne, 1992). However, PD is also characterized by the deficiency of dopaminergic 

neurons of the substantia nigra and striatum mainly. At a cellular level, PD is 

characterized by the formation of Lewy bodies in cells, leading to dopaminergic 

neuronal loss, which decreases DA levels. The dysfunction of the dopaminergic 

system has gained greater importance in PD than the noradrenergic system. 

However, PD patients have a significant loss of LC cells (Zarow et al., 2003), 

therefore, a great decrease of NA brain levels (Sitte et al., 2017) due to the 

interaction between the noradrenergic and dopaminergic systems (Tong et al., 

2006). In addition, several symptoms are not improved by dopaminergic agonists 

(Kehagia et al., 2010); thus, the noradrenergic system probably has greater 

importance as a viable target than as first thought (rev. in Delaville et al., 2011).  

 

• Schizophrenia, a mental disorder with psychological symptoms such 

as hallucinations, delusions, disorganized thinking, and deficits of attention. 

Depending on the environmental situation, focusing the attention on the right 

stimuli can be a cognitive process necessary for survival. This behavioral flexibility 

is conducted by regulating the opposing effects of α2-AR and α1-AR activation, 

where the PFC will be inhibited by α1-AR under “fight or flight” situations (rev. in 

Berridge & Spencer, 2016). Functions of NA. In patients with schizophrenia, under 

stressful situations, the disinhibition of prefrontal cortical functions is disturbed 

(Everett et al., 2001). It is well known that NA’s affinity is higher for α2-AR than 

α1-AR (rev. in Ramos & Arnsten, 2007). As NA’s concentration is reduced in 

Schizophrenia, maybe the threshold to activate α1-AR, and inhibit the PFC, cannot 

be reached. 
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• Attention-Deficit Hyperactivity Disorder. Like Schizophrenia, ADHD is 

a disease with prefrontal cortical dysfunction (Arnsten, 2007), and it is 

characterized by the deficiency of NA and DA concentrations in the PFC (rev. in 

Levy, 2009). Treatments with α2-AR agonists or NA re-uptake inhibitors (NRI), 

like Atomoxetine, have shown to be effective in ADHD as they produce memory 

improvements, among other cognitive benefits, in children, adolescents, and 

adults. (rev. in Chan et al., 2016; rev. in Leung & Hon, 2016). Attention and memory 

seem to be disrupted in ADHD by the impaired activation of α2-AR by NA; thus, PFC 

inhibition is prevented (rev. in Arnsten, 2010). 

 

• Depression, a mood disorder that deals with constant feelings of 

sadness, low energy, excessive guilt, suicidal thoughts, and loss of interest or 

pleasure in daily activities. The noradrenergic pathway is used as a 

pharmacological target in some depression treatments; hence, several 

antidepressant drugs are β-AR agonists or α2-AR antagonists. The implication of 

α2-AR in the mechanism of action of antidepressant drugs is related to the 

increased density, sensitivity, and responsiveness of these receptors in depressive 

patients (rev. in Cottingham & Wang, 2012). 

 

Therefore, for these and probably other cognitive diseases, NA seems to be a 

principal agent responsible for the progression of cognitive deterioration. As a 

result, the regulation of NA’s concentration could be an alternative target for 

diverse neurodegenerative, neuropsychiatric, and neurodevelopmental diseases. 
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lzheimer’s Disease is the most common type of dementia, an illness with 

progressive cognitive impairment that affects everyday life activities. 

AD is a neurodegenerative disease that primarily affects individuals over 65 years 

old. The duration of illness can be between 8 to 10 years. However, before the 

clinical symptoms appear, the prodromal stage might last more than 20 years 

because of the progressive neuronal loss.  

 

 

AD is named after its discoverer Dr. Alois Alzheimer (Figure 2.18). He was a 

German psychiatrist and neuropathologist. In 1906, he published a case of 

"presenile dementia" (Alzheimer, 1907). Although Alzheimer did not declare a new 

mental condition (Berrios, 1990), in 1910, Emil Kraepelin would present it as a 

new disease named after his colleague: Alzheimer’s disease (Alzheimer: The Life 

of a Physician and Career of a Disease, Maurer & Maurer, 2003). 

 

In 1901, Auguste Deter (Figure 2.19) was examined by Alzheimer at a mental 

institution in Frankfurt. She was a 51-year-old patient who had severe memory 

A 
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and cognitive impairment, loss of short-term memory, aphasia, apraxia, delusions, 

and psychosocial incompetence. These symptoms had been seen in patients who 

were in their seventies, but not in someone as young as Auguste. Dr. Alois 

Alzheimer and his team identified brain atrophy, neuronal loss, amyloid-β (Aβ) 

plaques, neurofibrillary tangles (NFTs), and arteriosclerotic changes in 

postmortem analysis. Alois also described activated astrocytes and microglia 

within Aβ plaques, as seen in Figure 2.20  (Alzheimer, 1907; Strassnig & Ganguli, 

2005; Toodayan, 2016). 

Dr. Volk, Dr. Gerbaldo, and Dr. Konrad Maurer found in 1996 Auguste Deter’s 

medical record. Dr. Alzheimer had recorded the questions he did to examine his 

patient. For example, when Alzheimer asked Auguste her name, she replied 

"Auguste", but the Doctor received the same answer when he asked for her 

husband’s name. Written samples show that she could no longer write correctly 

and immediately forgot what she has written (Alzheimer - unabwendbares 

Schicksal? : moderne Wege zu mentaler Gesundheit, Flöel, 2012).  
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The gradual improvement of quality in our lifestyles is resulting in an aged 

population. As life expectancy increases, the incidence of neurodegenerative 

diseases has also risen, predominantly in developed countries. Among senior 

citizens, AD has become one of the biggest medical problems, along with tumors 

and cardiovascular and cerebrovascular diseases. 

Nowadays, it is estimated that AD affects more than 1 million people in Spain, 

around 10.5 million people in Europe and 50 million people worldwide. Because 

of world population aging, it is expected that in 2050 there will be more than 152 

million people with AD around the world (Prince et al., 2015; Alzheimer's Disease 

International, 2019). Additionally, AD prevalence seems to be higher in women 

than men, especially in those with a lower educational level (Niu et al., 2017). 

 

Although dementia awareness is growing, people still lack the interest to look 

for aid and support due to the stigma associated with dementia, which can lead to 



44 

social isolation. Campaigns are being held to improve awareness of the basic 

understanding, treatment, and assistance of AD to eradicate the stigma 

(Alzheimer's Disease International, 2019).  

The economic repercussion AD has on societies is a major concern. Nowadays, 

the estimated worldwide cost of AD is 1 trillion Euros, and it will continue 

increasing each year. Because of the costs of professional care, it is estimated that 

in low and middle-income countries, 94% of people with dementia are looked after 

at home (Prince et al., 2015). Consequently, AD also deals with a substantial 

personal impact on the patient’s immediate people. AD causes enormous suffering 

for patients and their families. Most AD caretakers see their health and social life 

deteriorate due to their caring responsibilities (Alzheimer's Disease International, 

2019). 
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Depending on when AD is triggered, it can be divided into two subgroups: 

Early-onset AD and Late-onset AD, as they have consistent differences in the 

clinical course  (rev. in Tellechea et al., 2018). Additionally, AD can also be split into 

genetic or sporadic depending on the heritability. As a result, we have the following 

AD subgroups shown in Table 2.2. 

 Early-onset AD Late-onset AD 

Genetic Early-onset familial Late-onset familial 

Sporadic Early-onset sporadic Late-onset sporadic 

  

Early-Onset AD affects people younger than 65 years. This abnormal early 

development is infrequent, around 5% of all AD cases (Mendez, 2019). The first 

symptoms appear when the patients reach their late 40s or early 50s, although 

some cases start in their late 20s (Braak & Del Tredici, 2011). Most patients with 

Early-onset AD usually present familiar AD (FAD), which will be described later.  

Patients suffering from Early-onset AD present a faster decline. They show 

atrophy in areas related to executive and visuospatial function and motor skills. 

They also display a higher density of Aβ plaques than Late-onset AD patients 

(Tellechea et al., 2018; Mendez, 2019). 
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Most AD cases are diagnosed as Late-onset as they affect people older than 

65; therefore, the greatest risk factor for this subtype is advanced age. However, 

AD is not a normal part of aging, so age alone is not enough to cause AD 

(Alzheimer's Association, 2016).  

Compared to Early-onset AD, patients with Late-onset AD display a more 

significant memory loss, have a higher frequency of the APOE ε4 allele (See 

“Sporadic AD” in the next page) and more hippocampal volume loss, among other 

differences (Tellechea et al., 2018; Mendez, 2019). 

 

Inherited AD (also known as FAD), appears to be responsible for about 10% 

of AD cases and usually appears before the age of 65 (Harman, 2006). FAD has been 

associated with one of the three known autosomal dominant mutations in Aβ 

precursor protein (APP) on chromosome 21 (Kowalska, 2004), presenilin 1 (PS1) 

on chromosome 14 and presenilin-2 (PS2) on chromosome 1 (Bird, 2005).  

Depending on the types of mutations, ABCA7, SORL1, and TREM2 (triggering 

receptor expressed on myeloid cells 2) have also been linked to FAD as high-risk 

factors. Genome studies have associated more than 20 genes with AD, but they do 

not guarantee that they will develop AD if they have inherited them (Kim, 2018). 

Because a family history of AD does not entirely result in an inherited risk gene, it 

should be considered that the family members also share both environmental and 

lifestyle factors (rev. in Goldman et al., 2011). 
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The sporadic AD is much more common than FAD as it not related to familiar 

heritage. The development of isolated cases of AD is unknown but linked with the 

combination of genes, environment, and lifestyle. Moreover, aging is one of the 

main risks of this form of AD, appearing from age 65 onwards (Hebert et al., 1995). 

One of the risks that increase the chances of suffering from sporadic AD is 

carrying the apolipoprotein E (ApoE) ɛ4 gene (Corder et al., 1993; Poirier et al., 

1993). ApoE ɛ4 is one of the three isoforms of ApoE: ɛ2, ɛ3, or ɛ4. ApoE is the major 

component of low-density lipoproteins (LDLs) and very-low-density lipoproteins 

(VLDLs), which are complex particles that enable lipids to circulate in the 

bloodstream. ApoE is highly produced in the liver and in the CNS. In the CNS, ApoE 

is primarily expressed in astrocytes and to a minor amount by microglia, but its 

function is still unknown (rev. in Holtzman et al., 2012).  

ApoE ɛ3 is the most common inherited isoform, followed by ɛ4 and then ɛ2. 

As explained previously, having ɛ4 isoform implies a higher risk to suffer AD, as 

this allele is associated with Aβ increase by reducing its clearance, as well as Aβ 

metabolism, aggregation, and deposition (Liu et al., 2017). Alternatively, inheriting 

ɛ2 seems to decrease the risk, even more than having the ɛ3 isoform. Unlike the 

three mutations associated with FAD, inheriting the ApoE ɛ4 gene does not assure 

a sporadic AD outcome; it only increases the chances of developing sporadic AD 

(rev. in Huang et al., 2017). 
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Regarding the progression of the disease, AD can be classified according to 

Braak Stages (Figure 2.22). This scoring system is used for both PD and AD 

pathology. According to Braak’s classification of AD, there are six stages, and each 

one is an aggravation of the previous phase, being stage VI the most severe (Braak 

& Braak, 1991; Braak et al., 2011): 

• Braak stages I-II: NFTs appear in the transentorhinal region of the brain. Aβ 

deposits start to appear in the isocortex (frontal, temporal, and occipital lobe) with 

very low densities. 

• Braak stage III-IV: NFTs fully invade limbic regions such as the 

hippocampus. Aβ deposits of medium densities are found all around the isocortex 

except for the sensory and motor cortex. 

• Braak stage V-VI: NFTs can be found extensively in the isocortex. All 

isocortical areas are invaded with a constant distribution pattern of high-density 

Aβ plaques. Even some subcortical structures show scattered plaques, like the 

hippocampus, thalamus, and hypothalamus. 
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AD is a disorder characterized by memory, cognitive, and behavioral abilities 

impairment. However, AD symptoms vary among people, as well as the pace at 

which they progress. The most common symptoms are the following: memory loss, 

difficulty planning or solving problems, struggle to complete everyday tasks, 

disorientation (time or place), trouble understanding visual images, problems with 

familiar words, forgetting placing things and being unable to redo steps, reduced 

or poor judgment, and loss of initiative, apathy, and depression. 

Before any clinical signs appear, neurodegeneration has already started in 

most cases. When cell death reaches a certain threshold, neuropsychological tests 

can be used to diagnose MCI (Linn, 1995). Patients with MCI have a higher risk of 

developing AD. MCI is a syndrome in which an individual has a cognitive decline 

higher than expected for the person’s age. In some cases, MCI can be confused with 

AD’s early stages as this clinical manifestation can precede AD. However, MCI does 

not always result in dementia (Payne, 2014).   

Regarding AD symptoms, they differ according to which area of the brain is 

impaired. Hippocampal lesions will result in amnestic syndrome; neocortex 

injuries are related to focal signs, such as visual agnosia or progressive aphasia . 

The first neurons to be impaired are located in brain regions involved in creating 

new memories; thus, there is a gradual worsening in memory formation as these 

neurons are damaged. As the rest of the brain is compromised, the individual will 

start experiencing other difficulties, as mentioned above. There is a discrepancy 

between AD pathology and clinical symptoms, since high concentrations of Aβ 

plaques and NFTs have been found in patients without dementia. Instead, glial 

response and synapse loss correlate much better with AD patients’ symptoms  

(Perez-Nievas et al., 2013). Moreover, the leading cause of death among AD 

patients is pneumonia (infection of the lungs) due to their inability to move easily, 

becoming more vulnerable to infections (Alzheimer's Association, 2016). 
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AD is a multifactorial disorder associated with the contribution of different 

risk factors such as genetic, environmental (both endogenous and exogenous 

toxins), and aging factors. The level of sophistication of the human brain and the 

complexity of the disease make the detailed physiopathology of AD remain 

unknown. Different hypotheses have been established to explain AD 

pathophysiology, as we will see. 

 

The course of AD deals with severe cerebral atrophy in the neocortex, 

hippocampus, and limbic system. The damage of some cortical areas, such as the 

entorhinal cortex, can reach up to 90% of neuronal loss (Poulakis et al., 2018). The 

reduced brain weight and volume are the results of the widening of sulci, the 

shrinking of gyri, and the enlargement of ventricles (Figure 2.23).  
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The neurodegeneration is due to a progressive decrease of synapses, 

extracellular accumulation of Aβ peptide, and the formation of intracellular tangles 

of hyperphosphorylated Tau-protein, known as NFT (rev. in Hyman et al., 2012). 

However, the mechanisms contributing to neurodegeneration are still being 

debated. Also, a significant feature of AD is the progressive degeneration of the 

noradrenergic nucleus of the brain stem, mainly the LC (Marcyniuk et al., 1986; 

Heneka et al., 2010b). The atrophy starts in the temporal lobe and extends to the 

parietal and frontal regions during AD progression. Hippocampal atrophy has been 

described as one of the main regions affected by this disease (Vascular Disease, 

Alzheimer's Disease, and Mild Cognitive Impairment: Advancing an Integrated 

Approach, Libon et al., 2020). However, it remains unclear the relationship 

between atrophy and changes in cognition. 

 

The major hallmark of AD is the altered metabolism of amyloid precursor 

protein (APP), followed by the aggregation and deposition of the Aβ peptide, which 

is associated with neurodegeneration. APP is a large glycosylated membrane 

protein expressed in many tissues, particularly in neuronal synapses. Three APP 

isoforms exist differing in their length (from 695 to 770 amino acids). In the brain, 

APP isoform 695 is the most abundant. APP’s functions are related to neuronal 

homeostasis, development, plasticity, signaling, and intracellular transport. APP 

also seems to protect neurons against excitotoxicity. In addition, the APP gene 

resides on chromosome 21, which explains why individuals with Down syndrome, 

who have three 21 chromosomes, develop early dementia.  

The cleavage of the APP through secretases occurs through two different 

pathways: amyloidogenic and non-amyloidogenic (Figure 2.24). 

1. Non-amyloidogenic Pathway: APP is processed by α-secretase releasing 

soluble αAPP (αAPPs) to the extracellular matrix and leaving the α-
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Carboxyterminal Terminal Fragment (CTF), 83-amino-acid C-terminal fragment of 

APP (C83), anchored to the membrane. Next, γ-secretase processes C83 into p3 

fragment (3 kDa), which is released into the extracellular space, and APP 

intracellular domain (AICD). AICD can then translocate to the nucleus to regulate 

gene expression and induce apoptotic genes (rev. in Chen et al., 2017).  

 

2. Amyloidogenic Pathway: APP is divided by β-secretase, which is abundant 

in neurons, into two segments: CTF and soluble APPβ (sAPPβ), released from the 

cell surface. The CTF, 99-amino-acid C-terminal APP fragment (C99), is 

intramembrane cleaved by γ-secretase to produce Aβ peptides (4 kDa) of different 

length, from 37 to 49 amino acids. The most common forms are (1-40) Aβ and (1-

42) Aβ. Both peptides are toxic, although (1-42) Aβ is insoluble and more likely to 

aggregate (rev. in Chen et al., 2017).  
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 In humans, γ-secretase (BACE1) is an intra-

membrane protease complex assembled by 

presenilin (PS), nicastrin, presenilin enhancer 2 

(PSEN2), and anterior pharynx defective 1 (Aph-

1) (Bai et al., 2015) as shown in Figure 2.25. 

PSEN2 should not be confused with PS2, as PSEN2 

is essential for the proteolytic activity of γ-

secretase and PS2 is one of the two homologous 

genes that encode for PS (PS1 and PS2). Besides, 

PSEN2 mutations have been related to FAD 

(Andreoli et al., 2011), while around 40 mutations have been described in PS2 

related to FAD (rev. in Cai et al., 2015). As a result, there are four possible 

complexes of γ-secretase. PS could be presented in one of the two forms, as well as 

Aph-1 (Aph-1a and Aph-1b). The most common γ-secretase is formed by Aph-

1a~PS1~PSEN-2~Nicastrin (Zhang et al., 2014a; Bai et al., 2015). 

Aβ is synthesized in the CNS and peripheral tissues. In physiological 

concentrations, it modulates synaptic activity, increases long-term enhancement 

of the hippocampus and improves memory (rev. in Lanni et al., 2019). However, 

Aβ monomers can aggregate into oligomers and continue assembling into mature 

fibrils that will subsequently lead to senile plaques, which are found in AD patient’s 

brains. Aβ deposits can be found in the extracellular spaces, forming parenchymal 

deposits, or in vascular deposits of the brain, resulting in cerebral amyloid 

angiopathy (CAA) (rev. in Calderon-Garciduenas & Duyckaerts, 2017). In contrast, 

approximately ¼ of AD brains present CAA, but only half of the CAA patients are 

diagnosed with AD (Viswanathan & Greenberg, 2011). 

Soluble Aβ can be transported across the BBB from blood vessels to the brain 

via RAGE (receptor for advanced glycation endproduct), and from the brain to the 

vascular system via low-density-lipoprotein receptor-related protein (LRP). Aβ 

can also bind to transport proteins, like apoE, apoJ, or α2-macroglobulin (α2M). 
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There are many neuronal receptors involved in the amyloid cascade, such as 

Aβ-binding p75 neurotrophin receptor (P75NRT) (Hashimoto et al., 2004), cellular 

prion protein (PrPc) (Kessels et al., 2010), α subunit containing nicotinic 

acetylcholine receptor (α7nAChR) (Wang et al., 2000), N-methyl-D-aspartic acid 

receptor (NMDAR) (Alberdi et al., 2010), and paired immunoglobulin-like receptor 

B (PirB) (Kim et al., 2013). When Aβ activates these receptors, the cascade ends 

with neurotoxic signals. Additionally, soluble oligomers of Aβ are also related to 

the loss of dendritic spines (rev. in Marsh & Alifragis, 2018).  

Aβ can also bind to microglia receptors to trigger microglial activation 

(production of pro-inflammatory cytokines and chemokines), Aβ binding, 

phagocytosis, and clearance. There are different types (rev. in Yu & Ye, 2015): 

• Scavenger receptors: scavenger receptor A-1 (SCARA-1), MARCO, scavenger 

receptor B-1 (SCARB-1), RAGE and CD36 

• GPCR: formyl peptide receptor 2 (FPR2) and chemokine-like receptor 1 

(CMKLR1) 

• Toll-like receptors (TLRs): TLR2, TLR4, TLR6, TLR9, and CD14 

• Triggering receptors expressed on myeloid cells (TREM): TREM2 

Microglia observed clustered around Aβ plaques have a different phenotype 

from non-plaque-associated microglia. The first ones express the same receptors 

as if they had been exposed to DAMPs (damage-associated molecular patterns) or 

PAMPs (pathogen-associated molecular patterns). 

In physiological conditions, Aβ peptide is removed from the cerebral 

parenchyma by receptor-mediated elimination, enzymatic degradation or active 

transport out through the BBB by LRP (rev. in Ries & Sastre, 2016). In the first case, 

the Aβ peptide can be internalized and degraded by activated microglia. In the 

alternative route of elimination by proteolytic degradation of Aβ, proteases like 

neprilysin, endothelin-converting enzymes (ECE), insulin-degrading enzyme 

(IDE), Presenilins (PS), plasmin or Cathepsin D are the ones responsible for Aβ 
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degradation. Lastly, if Aβ is transported out of the brain, it can be carried to 

peripheral sites for degradation, mainly liver or kidney (rev. in Chen et al., 2017; 

Owen et al., 2019). 

“The Amyloid-β Cascade Hypothesis” 

In 1992, the deposition of Aβ was described as the only causative agent 

responsible for the cascade that leads to neuronal loss, NFT, vascular damage, 

dementia, and cognitive impairment characteristic of AD (Hardy & Higgins, 1992). 

However, nowadays, there is not enough evidence to support that Aβ is the primary 

trigger of AD.  

One key argument against the “Amyloid-β Cascade” hypothesis is based on the 

time correlation between Aβ deposition and neuronal loss. Fibrillar Aβ deposition 

starts in frontal lobes, whereas neuronal damage occurs in areas with little Aβ 

plaques: the entorhinal cortex and hippocampus (Price et al., 2001; West et al., 

2004). This peptide aggregations seem necessary but not sufficient to cause AD (rev. 

in Musiek & Holtzman, 2015).  

Moreover, the relationship between Aβ aggregations and clinical symptoms in 

AD is in disagreement with this hypothesis, as evidenced both by autopsies and 

imaging studies (Snowdon, 1997; Price et al., 2009; Chételat et al., 2013). Studies 

have proven that cognitively normal elderly individuals can tolerate concentrations 

of Aβ plaques as high as AD patients without suffering the symptoms (Perez-Nievas 

et al., 2013). In addition, recent studies on Aβ assembly and metabolism reveal that 

AD could be a systemic disease with widespread abnormalities beyond the CNS (rev. 

in Wang et al., 2017).  

Finally, another argument against “The Amyloid-β Cascade Hypothesis” is that 

anti-Aβ therapeutic trials have failed. Some trials targeted Aβ (Siemersa et al., 2016; 

Vandenberghe et al., 2016) and others γ-secretase (Doody et al., 2013), but neither 

of them showed AD patients improvement.  

In conclusion, “The Amyloid-β Cascade Hypothesis” alone cannot explain the 

neuronal impairment in AD thoroughly. Although there is little doubt of the 

overproduction and accumulation of Aβ in the AD brain, clinical trials targeting Aβ 

protein have yet to deliver medical benefits.  
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The earliest brain pathology of AD is cytoplasmic accumulations of 

hyperphosphorylated Tau protein in the LC neurons shaped in paired helical 

filaments (PHFs) (Braak et al., 2011; Ghosh et al., 2019). However, although some 

studies suggest that Tau aggregates appear first in the transentorhinal/entorhinal 

areas of the brain (Kaufman et al., 2018). Later, Tau accumulations extent to other 

areas, such as limbic regions and the isocortex. PHFs can accumulate in different 

places, like in the cell body of the neurons (referred to as NFTs) (Brion et al., 1985), 

in dendrites (known as neuropil threads) (Braak & Braak, 1988) and axons 

(Schmidt et al., 1991). Neuropil threads are the first to appear in AD brains and are 

always present when NFTs develop.  

In physiological conditions, Tau is a microtubule-associated-protein (MAP); 

thus, it is involved in maintaining the structure of the cell’s cytoskeleton, along with 

the rest of MAPs.  Within the brain, Tau is mainly located in axons and dendrites. 

As a result, it plays a crucial role in the structural maintenance of axons from 

mature neurons. Tau stabilizes microtubules by promoting their assembly and 

polymerization (Samsonov, 2004; Weissmann et al., 2009).  

However, in pathological conditions, Tau proteins lose their functionality  as 

they undergo various chemical modifications, such as phosphorylations, 

glycosylations, methylations, acetylations, ubiquitinations and oxidations (Gong et 

al., 2005), resulting in tauopathies (neurodegenerative diseases concerning NFTs). 

In AD, when Tau is hyperphosphorylated, it detaches from neuronal microtubules 

that destabilize them and impair neuronal axons. Then, the dissociated Tau 

becomes misfolded and accumulates in the somatodendritic compartment of the 

neurons as insoluble aggregates and gradually form NFT (Figure 2.26). The 

combination of damaged microtubules and Tau proteins tangles, impairs synaptic 

plasticity and neurotransmission; thus, leading to neurodegeneration 

(Frandemiche et al., 2014; Pîrşcoveanu et al., 2017). The term “ghost” tangle refers 
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to the toxicity leaved behind by a previously existing neuron (rev. in Uchihara, 

2014). 

 

Tau phosphorylation is mediated by different kinases and phosphatases, like: 

• glycogen-synthase-kinase-3-β (GSK3β), which can also increase Aβ by 

affecting APP cleavage. 

• microtubule-affinity-regulating-kinase (MARK), 

• mitogen-activated-protein-kinase (MAPK),  

• c-Jun-N-terminal-kinase (JNK), 

• extracellular signal-regulated kinase (ERK), 

• PKA, 

• dual-specificity-tyrosine-phosphorylation-regulated-kinase-1-A 

(DYRK1a),  

• casein-kinase-I and  

• cyclin-dependent-kinase-5 (CDK5). 

The alterations of the activity of these enzymes can result in an increased Tau 

pathology. Nevertheless, there are other mechanisms through which Tau 

modifications can change its chemistry. O-glycosylation can negatively regulate 
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Tau phosphorylation (Liu et al., 2004). Thereby, if Tau O-glycosylation is reduced, 

Tau hyperphosphorylation is increased.  

Investigations have suggested that Tau accumulations first appear in LC and 

entorhinal cortex and then propagate to other brain regions, hippocampus and 

neocortex mainly. This propagation of Tau pathology is known as “prion-like” 

mechanism (rev. in Clavaguera et al., 2013). The word “prion” stands for 

“proteinaceous infectious particle”, which is an infectious protein. This misfolded 

Tau protein can induce the same aberrant conformation to other Tau proteins 

when engulfed from the extracellular space into healthy cells, amplifying cascade 

(rev. in Goedert & Spillantini, 2017). 

“The Tau Hypothesis” 

 “The Tau Hypothesis” postulates that NFTs are the main neuropathological 

lesion in AD. In 2009, “The Tau Propagation Hypothesis” was used to explain how 

misfolded Tau could spread through cells in the same way as prions (Clavaguera et 

al., 2009; Frost et al., 2009). Nevertheless, there is not enough proof to support Tau 

hyperphosphorylation as the primary cause of AD. 

The first argument against this hypothesis is the unknown reason for NFTs 

formation. Some postulate that the phosphorylation reduces Tau binding to 

microtubules (Lovestone & Reynolds, 1997). However, others agree that Tau’s 

structural changes lead to this protein aggregation and then to its phosphorylation 

(Mena et al., 1996). There is also a controversy with this hypothesis as APP, CTFs, 

and Aβ can prompt axonal and synaptic defects, thereby initiating Tau detachment 

from microtubules (Takahashi et al., 2015; He et al., 2018). Furthermore, most of 

the clinical trials aimed at blocking Tau aggregation have failed (rev. in Du et al., 

2018). It should be taken into consideration the cross-talk between “The Tau 

Hypothesis” and “The Amyloid-β Cascade Hypothesis” to achieve a better 

understanding of this disease (rev. in Lansdall, 2014). 

In conclusion, “The Tau Hypothesis” does not clarify AD neurodegeneration 

completely. Although the “prion-like” mechanism of tau aggregates is still unclear, it 

is considered to correlate better than Aβ pathology with clinical features of 

dementia. However, there is not enough evidence to support that a tauopathy 

triggers AD.  
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One of the most important factors associated with neurodegenerative 

diseases is neuroinflammation, but it is still under discussion, whether it is 

protective or harmful. Although inflammation in the body seems to protect against 

injury, infection, or malfunctioning tissue, an excessive inflammatory response can 

have a detrimental outcome. In the CNS, inflammation produces numerous changes 

in glial cells, microglia, and astrocytes primarily. This process, known as reactive 

gliosis, constitutes the main component of the inflammatory response within the 

CNS and is commonly referred to as neuroinflammation. An exaggerated 

neuroinflammatory response can cause synaptic impairment through the 

excessive release of pro-inflammatory molecules, and damage to other cells (rev. 

in Skaper et al., 2018). This way, neuroinflammation is one of the most important 

pathogenic mechanisms in the progression of AD, although the etiology of this 

process is not fully understood.  

In AD, the prolonged exposure to inflammatory stimuli (like Aβ and NFTs), 

activates glial cells, which start releasing pro-inflammatory cytokines and 

chemokines. This microenvironment results in toxic microglia, astrogliosis and 

more production of Aβ and pro-inflammatory molecules, resulting in the 

perpetuation of the inflammatory cascade. The constant loop between Aβ 

synthesis and inflammation appears to be responsible for microglia impairment to 

remove Aβ (rev. in Heneka et al., 2015). Therefore, pro-inflammatory conditions 

promote neuronal damage, resulting in a decrease in phagocytosis and degradation 

of the peptide by microglial cells, which contribute to AD progression. 

Aging is also related to the activation of microglia and astrocytes, as it 

increases inflammation in the CNS (rev. in von Bernhardi et al., 2015). There is 

evidence that cellular and molecular changes during aging make cells more 

susceptible to inflammation, even facilitating their degeneration. Hence, in an 

aging brain, a pro-inflammatory environment is established resulting in increased 

cytokines, oxidative stress, and glial activation  (rev. in Mecca et al., 2018).  
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Microglia are the CNS’s resident immune cells and are continually sensing 

their immediate surroundings, as they are the first line of defense. To maintain 

brain homeostasis, they undergo a broad range of morphologic changes. Microglia 

receive their name because they are the smallest of all glial cells. These 

macrophages represent around 10% of the CNS cells and are ubiquitously but not 

evenly distributed (Lawson et al., 1990). Their main activities are associated with 

neurogenesis, neuronal plasticity, tissue damage regeneration, and pruning. These 

cells can display different phenotypes depending on their pro/anti-inflammatory 

activity (Sousa et al., 2018).  

Pro-inflammatory microglia releases a wide range of inflammatory agents, 

such as complement factors, chemokines, cytokines, and interleukins (ILs), which 

can kill neurons. In AD, a significant accumulation of pro-inflammatory microglia 

associated with Aβ-aggregates has been found in postmortem brains from AD 

patients (Griffin et al., 1995; Gomez-Nicola & Boche, 2015). These pro-

inflammatory mediators help recruit additional microglia to plaques (Smith et al., 

2012). Aβ stimulates microglia by prompting the formation of TLR dimer TLR2–

TLR6, promoting the nuclear factor κ-light-chain-enhancer of activated B cells (NF-

κB) pathway and the NLRP3 inflammasome. NF-κB initiates the inflammatory 

cascade triggering cytokine gene transcription, such as IL-1β and IL-18. This 

transcription factor is related to cell survival, synaptic plasticity, and memory. In 

addition, the activation of the inflammasome results in the production of the pro-

inflammatory cytokine IL-1β (Heneka et al., 2013; Heneka et al., 2014). Moreover, 

microglia also modulates neurodegeneration by promoting phagocytosis of 

synapses (rev. in Rajendran & Paolicelli, 2018). 

Aβ also activates microglial nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase, producing reactive oxygen species (ROS) that can contribute to 

neuronal cell death (Wilkinson & Landreth, 2006; Schilling & Eder, 2011). The 

oxidative stress enhanced by ROS is manifested as oxidation of brain lipids, 

carbohydrates, proteins, and DNA. ROS production is linked to impaired synaptic 
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activity, neurotransmission, and cellular metabolism (production of Aβ and 

hyperphosphorylation of Tau), which stimulate ROS production in a deterioration 

loop (rev. in Tonnies & Trushina, 2017; Cheignon et al., 2018).  

Alterations in microglial receptors have also been found in AD patients. These 

changes can alter microglia activation and might result in a different regulation of 

some cytokines. The principal receptors explored in AD amplified immune 

response are TREM2, CX3CR1, and GABAB (rev. in Kinney et al., 2018). 

Astrocytes, or astroglia, are structural, metabolic, and guidance support cells 

of the CNS. They are the most abundant glial cell type in the CNS (20% to 40% of 

all glial cells) (Glial Physiology and Pathophysiology, Verkhratsky & Butt, 2013). 

They owe their name to their star shape, astro (from Greek “star”) cyte (from Greek 

“cell”). Astrocytes primary functions are to serve as support for the BBB and 

control its permeability (Abbott et al., 2006), maintain ion homeostasis in the CNS, 

provide neurons with nutrients, remodel synapses, regulate oxidative stress, 

secrete growth factors and repair neuronal tissue. They also play a crucial role in 

neuroinflammation (Colombo & Farina, 2016).  

In AD, the presence of Aβ deposits and NFT activate these cells (astrogliosis). 

The reactive astrocytes surround Aβ plaques from early AD stages (Nagele et al., 

2003; Habib et al., 2020) because they are able to bind to Aβ  through a wide variety 

of receptors (Ries & Sastre, 2016). It is still unclear if astrogliosis is beneficial or 

detrimental in AD. Reactive astrocytes release pro-inflammatory cytokines, such 

as IL-1, IL-6, and tumor necrosis factor α (TNFα) (Sajja et al., 2016) and ROS (Sheng 

et al., 2013); thus, contributing to the neurodegenerative processes in AD. 

However, astrocytes also secrete chemokines like monocyte chemoattractant 

protein-1 (MCP-1 or CCL2), to recruit cells to the damaged site to remove debris 

and support regeneration (Smits et al., 2002; Cedile et al., 2017). In addition, 

reactive astrocytes can both engulf Aβ (which may lead to astrocytic defects and 

neuronal apoptosis) (Sollvander et al., 2016) and produce Aβ promoting the Aβ 

burden (Zhao et al., 2011). 
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Astrocytes also recruit microglia and vice versa, increasing the inflammatory 

response. It is known that astrocytes modulate microglial activation, phagocytic 

capacity, and the ability to secrete inflammatory mediators. This control depends 

on the pro-inflammatory agents present in the environment of the cells (rev. in 

Fakhoury, 2018). The induction of pro-inflammatory genes in glia results in the 

production of IL, cytokines, prostaglandins, and caspases among other molecules.  

Cytokines are peptides (~5–20 kDa) important for autocrine, paracrine, and 

endocrine cell signaling, which mediate inflammation. They are secreted by a wide 

range of cells, such as immune cells. Cytokines include chemokines, interferons 

(IFN), IL, lymphokines, and TNFs. There are a wide variety of cytokines that can 

act as pro-inflammatory (triggering inflammatory responses) or anti-

inflammatory (controlling pro-inflammatory responses) agents, as well as have a 

dual effect. Some pro-inflammatory cytokines are IL-1, TNF-α, IL-6, IL-8, and IFN-

γ. Anti-inflammatory cytokines include IL-4, IL-6, IL-10, IL-11, and IL-13 (Lackie, 

2010). 

In AD brains, the levels of pro-inflammatory cytokines, such TNFα, IL-1α, IL-

1β, IL-6 are increased  as well as transforming growth factor-β (TGF-β) (Fillit et al., 

1991; Strauss et al., 1992; Tarkowski et al., 1999). Pro-inflammatory mediators can 

increase the deposition of the Aβ peptide or decrease its degradation.  

For example, sAPPα triggers the NF-κB pathway releasing IL-1, which 

worsens Aβ pathology and increases IL-6 and inducible nitric oxide synthase (iNOS 

or NOS2) in neurons and astrocytes (Heneka & Feinstein, 2001); thus, IL-1 

perpetuates inflammation while stimulating neuronal injury (Mraka & Griffin, 

2001). Consequently, it has been demonstrated that the inhibition of NOS2 reduces 

AD pathology (Jiang et al., 2014). NOS2 is responsible for the synthesis of nitric 

oxide (NO), which is involved in recognition memory (Pitsikas, 2015) by 

modulating synaptic transmission and plasticity in the hippocampus and cerebral 

cortex (Zhihui, 2013). During AD, NO is increased from mild to severe AD (Balez & 

Ooi, 2016). However, NO deficiency in endothelial cells worsens AD pathology 
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(Austin et al., 2013). On the other hand, the rise of IL-1 has shown to be protective 

as it increases the microglia associated with Aβ plaques (Matousek et al., 2011; 

François et al., 2013; Rivera-Escalera et al., 2014; Wang et al., 2015). 

Another example is TNF-α, which is mainly released by microglia. The role of 

this chemokine in AD is not fully understood. TNF-α enhances Aβ deposition and 

can exert neuronal apoptosis (via ROS and iNOS) and production of cytotoxic 

agents (Yamamoto et al., 2007; Lourenco et al., 2013; Bhaskar et al., 2014). On the 

other hand, it can be neuroprotective as it activates tumor necrosis factor receptor 

2 (TNFR2) ― expressed mostly in microglia (McCoy & Tansey, 2008) ― which 

controls microglia activity during AD progression (Shen et al., 1997). The 

reduction of IL-1, TNF-α, and TGF-β are associated with the improvement of 

learning and memory, as well as reduced neuronal degeneration in both mouse 

models of AD and AD patients (Li et al., 2013; Xuan et al., 2014; Sachdeva & Chopra, 

2015; Shi et al., 2016) 

Chemokines are potent chemoattractants that regulate cell migration to the 

sites of inflammation, as we will see in Section 2.3. In AD patients, the upregulation 

in brain, cerebrospinal fluid (CSF) and plasma of numerous chemokines and their 

receptors indicate pathophysiological inflammatory conditions (Heneka, 2006). 

However, it is still unclear if the migration of peripheral blood monocytes and glial 

activation stimulated by chemokines is protective or harmful in this disease. 

Among the chemokines highly expressed in AD, we can find CCL2 (studied in 

Subsection 2.3.3) and CX3CL1 (Subsection 2.3.4). Additionally, other chemokines 

that have been found in AD reacting to inflammatory stimuli are: 

• CXCL8, increased in serum, CSF, and brains of AD patients (Galimberti et al., 

2006b; Ashutosh et al., 2011; Alsadany et al., 2012), as well as its receptor CXCR2 

(Flynn et al., 2003). 

• CXCL10, enhanced in CSF and related to AD cognitive impairment (Xia et al., 

2000; Galimberti et al., 2006b) CXCL10 binding to CXCR3 is linked to AD 

progression (Krauthausen et al., 2015). 
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• CCL5, expressed in neurons, glia, and endothelial cells, as well as its receptor 

CCR5. However, in AD, the role of CCL5 is still unknown (Zuena et al., 2019).  

• CXCL12 binds to CXCR4 and is increased in AD (Weeraratna et al., 2007) but 

decreased in the early stages of AD (Laske et al., 2008). It regulates 

neuroinflammation, neuronal excitability, synaptic transmission (Limatola et al., 

2000), neuronal firing, and neuron/glia communication (Bezzi et al., 2001). 

 

Cyclooxygenase (COX) is an enzyme that catalyzes the synthesis of 

thromboxane and prostaglandins from arachidonic acid (rev. in Fitzpatrick, 2004). 

Prostaglandins (PGs), such as PGE2, PGD2, and 15d-PGJ2, are involved in the 

modulation of neuroinflammation. Although COX has two isoforms, COX1 and 

COX2, only COX2 is highly expressed in the CNS. In AD, COX2 is increased in the 

frontal cortex and hippocampus. The overexpression of this enzyme is related to 

Aβ synthesis, aggregation and depositions, NFT formation, neuroinflammation, 

oxidative stress, synaptic plasticity, neuronal death, autophagy, and apoptosis; 

resulting in cognitive decline (Guan & Wang, 2019).  

Caspases also have a role during inflammation as they regulate different 

forms of cellular apoptosis (rev. in Troy & Jean, 2015; Espinosa-Oliva et al., 2019). 

In AD brains, there is an increase in caspases 2, 3, 6, 9. Caspase 2 is present in 

neurodegenerative brains, and not in control brains, and regulates synapse loss 

and neuron death. Caspase 3 is involved in microglial activation and cleaves APP 

(Cribbs et al., 2004). Caspase 6 cleaves APP and tau in AD (Graham et al., 2011). 

Caspase 9 is involved in NFT formation (Rohn et al., 2002).  
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“The Inflammation Hypothesis” 

Since 1988 different studies have suggested the relationship between the 

immune system and AD (Rogers et al., 1988). The rising interest in “The 

Inflammation Hypothesis” during the last decade helps understand how AD 

progresses (rev. in Hammond et al., 2019). This hypothesis suggests that the 

enhanced production of pro-inflammatory cytokines exacerbates both Aβ and Tau 

pathologies . However, no factor has been discovered responsible for initiating local 

inflammation. Hence, there is a controversy between whether inflammation leads to 

AD’s development or if the inflammation is caused by the pathological features of 

AD (rev. in Chiroma et al., 2018). 

The main argument against “The Inflammation Hypothesis” as the trigger of 

AD is that non-steroid anti-inflammatory drugs (NSAIDs) have not yielded 

beneficial effects (Deardorff & Grossberg, 2017; Sanz-Blasco et al., 2018; Ozben & 

Ozben, 2019). The complexity of the immune response in AD depends on the diverse 

functions of glial cells. Among them, microglia vary in a wide range of phenotypes 

(rev. in Hirbec et al., 2017), making them very difficult to target for neuronal 

homeostasis recovery.  

In summary, nowadays, “The Inflammation Hypothesis” by itself does not 

explain the cause of AD. Understanding and controlling the neuroimmunology in AD 

patients could be key in preventing or decelerating the disease. Therefore, to 

completely comprehend neuroinflammation’s physiology, more investigations 

should be carried out to elucidate how glia responds to these pathological 

conditions. 

 

 

The main regions which suffer from neuronal loss are the hippocampus, 

entorhinal cortex, nucleus basalis of Meynert, and LC, which will be described in 

detail later. Moreover, in AD patients, neuronal damage has also been described in 

the amygdala, substantia nigra, anterior olfactory bulb, and raphe nuclei.  



66 

The nucleus basalis of Meynert is the main source of cholinergic neurons, and 

it innervates the cerebral cortex. The neuronal loss of this cluster affects the 

concentration of the neurotransmitter acetylcholine (ACh). Cholinergic neurons 

employ ACh in the CNS and PNS. The cholinergic system’s functions affect 

attention, learning, memory, stress response, wake/sleep cycle, and sensory 

information. These are tasks impaired in AD, in part because of cholinergic 

disruption (Zarow et al., 2003; Renard & Jean, 2017). In AD, choline transport, ACh 

release and nicotinic and muscarinic receptor expression are altered. The 

cholinergic innervation deficit could be caused by NFTs in the nucleus basalis of 

Meynert (Mesulam, 2013), or by Aβ aggregations (Beach et al., 2000; Potter et al., 

2011).  Moreover, ACh deficiency correlates with AD signs, such as dopaminergic 

transmission, release of Aβ, hyperphosphorylation of Tau, cognitive dysfunction 

and disease progression (Ferreira-Vieira et al., 2016). In conclusion, the 

cholinergic system impairment is key in the pathology of AD. 

“The Cholinergic Hypothesis” 

“The Cholinergic Hypothesis” was the first one to change the way to confront 

AD: instead of describing AD neuropathology, it uses the contemporary idea of 

synaptic neurotransmission (Bowen et al., 1976; Davies & Maloney, 1976; 

Whitehouse et al., 1981). This hypothesis postulates that the progressive decrease 

of ACh and loss of cholinergic neurons contributes significantly to the cognitive 

decline observed in AD patients. “The Cholinergic Hypothesis” centers on the loss of 

limbic and neocortical cholinergic innervation. However, the exact mechanism by 

which the cholinergic impairment affects cognition, and behavior, is unknown. 

The main argument against this hypothesis is based on the failure of 

treatments targeting cholinesterase. They have too many side effects and not 

enough beneficial results (Sameem et al., 2017; Du et al., 2018). In addition, the 

cholinergic loss produced in AD depends directly on the noradrenergic deficit 

(Zarow et al., 2003). Altogether, this hypothesis is not enough to explain AD 

pathogenesis. 
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Since the 1980s, the anatomical evidence of the reduction of LC neurons from 

AD patients has been associated with decreased NA levels which result in increased 

Aβ plaques, NFT, and dementia (Tomlinson et al., 1981; Bondareff et al., 1982; 

Mann et al., 1984; Bondareff et al., 1987). However, this deterioration has been an 

underappreciated hallmark of AD. The LC degeneration has been described in 

other dementias such as PD (Zarow et al., 2003). Nowadays, the understanding of 

LC degeneration is becoming crucial as more and more evidence relates to AD. 

Firstly, postmortem studies indicate that AD pathology originates in the LC  

since the LC is one of the earliest brain regions affected (Braak et al., 2011). This 

early neuronal degeneration starts even before the first symptoms occur (Kelly et 

al., 2017). Incredibly, the extent of LC damage reaches up to 50% of neuronal loss 

within  the rostral  nucleus (Matthews et al., 2002; Zarow et al., 2003).  

Secondly, the damage and axonal loss could be due to hyperphosphorylated 

Tau pathologies, which appear very early in LC neurons. It has been suggested that 

NFT in the LC start the propagation of Tau pathology through “prion-like” 

transmission (Frost et al., 2009; Clavaguera et al., 2013). Tau accumulation 

provokes LC impairment, which might promote AD pathogenesis. However, it 

remains unclear when the neuronal damage commences. 

Finally, the progression of AD is associated with the neuronal loss of the LC as 

the alterations of the noradrenergic system agree with the cognitive decline in AD 

and PD (Matthews et al., 2002; Zarow et al., 2003; Theofilas et al., 2015; Kelly et al., 

2017; Benarroch, 2018; Olivieri et al., 2019). This neuronal impairment promotes 

neuroinflammation, synaptic loss, and is enrolled in neuronal metabolism and BBB 

permeability (Mravec et al., 2014).  

In addition, data from animal models support the idea that by reducing NA’s 

brain concentration, it exacerbates ― or even reproduces ― AD.  
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One of the main mechanisms for NA depletion in the CNS is the treatment with 

DSP-4 (N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine hydrochloride). This 

molecule impairs the LC but does not affect NA concentration in the PNS when 

injected intraperitoneally (Dyer-Reaves et al., 2019). DSP-4 crosses the BBB and 

accumulates in the noradrenergic nerve terminals destroying them. DSP-4 also 

inhibits NA transporters' irreversibly, without affecting serotoninergic or 

dopaminergic nerves (Ross & Stenfors, 2014). Evidence that LC degeneration 

contributes to the exacerbation of AD pathogenesis comes from AD mouse models 

treated with DSP-4. Tau transgenic mice with damaged LC demonstrated impaired 

cognition, increased hippocampal neuroinflammation, and neurodegeneration, 

and mild aggravation of tau pathology (Chalermpalanupap et al., 2017). Both the 

APP/PS1 AD mouse model (Jardanhazi-Kurutz et al., 2010) and transgenic mice 

expressing mutant V717F human APP (Kalinin et al., 2007) treated with DSP-4 

showed increased Aβ levels and neuroinflammation as well as cognitive deficits. 

Moreover, NA depletion aggravates AD pathology in mice and (Choudhary et al., 

2018) rhesus macaques (Duffy et al., 2019). 

Additional evidence that LC damage contributes to the exacerbation of AD 

pathogenesis comes from transgenic mice. Knockout of BDNF, which causes 

damage to LC neurons, leads to an increase in cortical Aβ plaques in 5XFAD mice 

(Braun et al., 2017). The involvement of the noradrenergic system in AD is also 

demonstrated when the pathology is reduced by the administration of NA 

precursors, like using L-DOPS in 5xFAD transgenic mice (Kalinin et al., 2012). 

Furthermore, in APP/PS1 mice, NA deficiency (gene deletion of β-

hydroxylase), caused spatial memory and hippocampal long-term potentiation 

impairments. This damage was reversed when mice were treated with the NA 

precursor L-threo-DOPS (Hammerschmidt et al., 2013). 

In conclusion, LC degeneration plays a key role in AD pathogenesis. This 

neuronal loss is associated with cerebral NA reduction, which leads to 

neurodegeneration. 
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 “The Noradrenergic Hypothesis” 

In 1987, “The Noradrenergic Hypothesis” was first related to AD (Bondareff et 

al., 1987). The degeneration of the LC exacerbates inflammatory responses that 

provoke the release of cytotoxins and induce Aβ accumulation (rev. in Ross et al., 

2015). “The Noradrenergic Hypothesis” postulates that recovering NA levels in CNS 

will prevent the neurodegeneration and cognitive decline of AD. This theory is 

complementary to the AD hypotheses shown before. 

This hypothesis linking the noradrenergic system and AD needs more data 

from AD patients to be confirmed. The role of the LC-NA system needs to be 

understood at different stages of the progression of AD. 

 

AD presents other hallmarks besides the ones mentioned. AD deals with the 

decrease of neurotransmitters, such as serotonin, glutamate, substance P or 

somatostatin, and dopamine.  

The neurotransmitter glutamate and its receptors are impaired in AD. 

Excitatory glutamatergic neurotransmission through NMDARs is necessary for 

synaptic plasticity and survival of neurons. Glutamate is involved in the processing, 

storage, and retrieval of information. In AD, there is an excessive NMDAR activity 

that produces excitotoxicity, leading to cell death (rev. in Wang & Reddy, 2017). 

TREM2 and ApoE are also linked to AD pathology. It is suggested that 

microglia cannot degrade Aβ efficiently in a prolonged inflammatory environment. 

Instead, these cells induce neurodegeneration by downregulation of Aβ-scavenger 

receptors expression, reduced Aβ-degrading enzymes and producing pro-

inflammatory molecules (Hickman et al., 2008). Additionally, TREM2 is highly 

expressed in microglia, and it is involved in synaptic pruning (Jay et al., 2019), 

phagocytic clearance of Aβ, cytokine release, and Aβ-induced microglial response 

(Zhao et al., 2018).  This receptor can bind to ligands such as ApoE, 
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phosphatidylserine, sphingomyelin, Aβ, dead neurons, and damaged myelin (rev. 

in Hickman et al., 2018). Consequently, if the TREM2-ApoE pathway is triggered, 

microglia’s functional phenotype is restored (rev. in Krasemann et al., 2017). 

Microglia impairment to remove Aβ could be due to the mutations found in TREM2 

and ApoE in AD patients (rev. in Yeh et al., 2017; Shi & Holtzman, 2018). 

Another pathological hallmark of AD is the decrease of brain-derived 

neurotrophic factor (BDNF ― an important growth factor for neuronal survival, 

growth, differentiation, synaptic plasticity, repair and regeneration after an injury) 

brain levels, which is associated with a faster cognitive decline and AD pathology 

(Buchman et al., 2016). Elevating these levels in the hippocampus and cortex has 

been demonstrated to improve memory recognition and associative learning in a 

mouse model of AD (Fukumoto et al., 2014). 

New hypotheses are trying to understand the physiopathology of AD. Studies 

have considered AD to be a disease not only restricted to the CNS but also related 

to the gut microbiome. The arguments are based on the communication between 

gut microbiota and the brain through the immune system, the endocrine pathway, 

and the vagus nerve and bacteria-derived metabolites (Bhattacharjee & Lukiw, 

2013; Du et al., 2018). In addition, systemic abnormalities in AD are also being 

studied, such as disorders of systemic immunity, cardiovascular diseases, hepatic 

dysfunctions, metabolic disorders, blood defects, respiratory and sleep disorders, 

renal dysfunctions, microbiota disturbance and infection, systemic inflammation 

(rev. in Wang et al., 2017), and oral microbiota (Sureda et al., 2019). 
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In vitro and in vivo studies have shown the neuroprotective role of NA. In 

inflammatory conditions, NA decreases the production of pro-inflammatory 

agents, while in physiological conditions, NA helps to maintain their levels 

(Hinojosa et al., 2013). Although the exact process is still unknown, numerous 

studies show various mechanisms through which NA exerts neuroprotection. 

On the one hand, in vitro studies have shown that NA can reduce the 

production of inflammatory agents to protect neurons against toxic molecules. To 

start with, NA can regulate glial toxicity as both astrocytes and microglia express 

noradrenergic receptors. NA negatively modulates glial transcription of pro-

inflammatory genes, such as iNOS, IL-1β, and TNFα, related to synaptic plasticity 

impairment (Feinstein et al., 2002; Mori et al., 2002; O'Donnell et al., 2012). 

Furthermore, NA protects neurons against excitotoxicity by decreasing the release 

of glutamate. This mechanism involves the activation of β2-AR and the production 

of CCL2 by astrocytes (Madrigal et al., 2009). This process is highly relevant, as 

high levels of glutamate have been found in AD patients (Lipton, 2005). Moreover, 

NA also protects neurons against Aβ (Madrigal et al., 2007) and oxidative stress 

(Troadec et al., 2001; Traver et al., 2005; Jhang et al., 2014) by inducing either 

neuronal growth factor (NGF) or BDNF both in vitro and in vivo (Counts & Mufson, 

2010). NGF maturation is impaired, and its degradation is enhanced in AD (Iulita 

& Cuello, 2014). Studies have shown that NA’s neuroprotective effects are also 

exerted through NADPH (nicotinamide adenine diphosphate) oxidase (Jiang et al., 

2015) and through tropomyosin-related kinase B (TrkB) (Liu et al., 2015). Also, 

pro-inflammatory stimuli, such as LPS or Aβ, in the presence of NA, do not trigger 

the vast production of CX3CL1, CCL2, CCL7, CCL12, and CXCL16 that they usually 

cause (Hinojosa et al., 2013). Additionally, NA’s neuroprotective actions also 

involve the inhibition of the NF-κB pathway (Ishii et al., 2015). 

On the other hand, NA can promote cell survival pathways. NA can induce 

trophic systems, like NGF, BDNF, p-CREB, p-Akt, and p-MAPK, and modulate other 



72 

neurotransmitters such as ACh (Patel et al., 2010). Therefore, NA is considered a 

neuroprotective agent that decreases the inflammatory response in the CNS to 

various pathologies or injuries.  

In AD animal models, treatments increasing NA levels have been found to 

reverse AD-like neuropathology while NA-reducing strategies confirm NA 

neuroprotective actions (Heneka et al., 2002; Hammerschmidt et al., 2013). 

Several studies have demonstrated NA anti-inflammatory effects with different 

treatments that modulate Aβ clearance and cognition, such as the following: 

• α1-ARs antagonists. The blockade of this receptor in the APP23 

transgenic model of AD by prazosin improves cognitive deficits (Katsouri et al., 

2013). In AD patients, prazosin contributes to alleviating agitation symptoms 

(Wang et al., 2009). Moreover, tamsulosin, an α1-ARs antagonist, has 

demonstrated to recover memory deterioration in aged rats (Kim et al., 2017). 

 

• α2-ARs antagonists. α2A-ARs are known to stimulate Aβ generation 

by APP processing. Consequently, α2A-AR agonist clonidine increases Aβ 

generation (Chen et al., 2014). Therefore, treatments with α2-ARs antagonists 

(which enhance NA release) reduce memory deficits, like piperoxan (Zornetzer, 

1985), fluparoxan (Scullion et al., 2011; Borthwick, 2017), or idazoxan (Chen et al., 

2014). 

 

• Inhibition of NA re-uptake. For example, desipramine, a tricyclic 

antidepressant, increases CCL2 release (Madrigal et al., 2010) and enhances 

working memory in AD mouse models (Wang et al., 2016). However, various NA 

re-uptake inhibitors also block serotonin re-uptake; hence, the accomplished 

neuroprotection cannot be awarded only to NA. Atomoxetine (Hou et al., 2016; 

Park et al., 2017; O'Neill & Harkin, 2018) and Reboxetine (Gutiérrez et al., 2019; 

Kreiner et al., 2019) are antidepressants with greater selectivity for NA 

transporters and have demonstrated neuroprotective actions.  



    73 

• β-AR agonists/antagonists. It has not been clearly established 

whether the activation of β-AR provides neuroprotective effects or not, maybe due 

to the different mouse models used. Therapies that activate β-AR, particularly β2-

AR, increase pro-inflammatory cytokine levels, such as IL-1β and 1L-6, in 

macrophages, microglia and brain parenchyma (Tomozawa et al., 1995; Maruta et 

al., 1997; Tan et al., 2007), and this is linked to Aβ generation (Ni et al., 2006). 

However, the blockade of β-AR has shown to reduce Aβ release (Ni et al., 2006). In 

addition, the β1-AR antagonist Nevibolol reduces Aβ plaque load in Tg2576 mice 

(Wang et al., 2013b). Although the β-AR antagonist propranolol improves 

cognitive functions in both Tg2576 AD mouse model and SAMP8 (an age-related 

cognitive decline animal model) (Dobarro et al., 2013a; Dobarro et al., 2013b), in 

3xTg mouse model a β2-AR antagonist enhances Aβ release and worsens cognitive 

function (Branca et al., 2014). 

 

• L-DOPS (l-threo-3,4-dihydroxyphenylserine). Therapies using NA’s 

precursor L-DOPS in DSP-4 lesioned APP transgenic mice have been found to be 

neuroprotective. L-DOPS inhibits pro-inflammatory molecules, enhances 

microglial Aβ phagocytosis, and recovers memory deficits (Heneka et al., 2010b). 

 

• Combination of NA re-uptake inhibitor and L-DOPS. In 5xFAD mice, 

the treatment with L-DOPS and atomoxetine improved spatial learning, reduced 

glial toxicity, and Aβ deposition and increased BDNF levels (Kalinin et al., 2012).  

 

Regarding AD patients, NA has been found to regulate neuroinflammation in 

both postmortem brain tissue (Zarow et al., 2003) and clinical studies (rev. in 

Chalermpalanupap et al., 2013). Since the LC-NA system is key in mediating 

neuroinflammation, the LC degeneration exacerbates neuroinflammatory and 

cytotoxic insults (rev. in Giorgi et al., 2019). The restoration of NA's physiological 

concentrations could contribute to the improvement of neurological diseases. 

Moreover, nowadays, NA-based therapies are being used to treat certain 
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neurological and psychiatric disorders, such as depression (rev. in Seki et al., 2018) 

and ADHD (rev. in De Crescenzo et al., 2018), so it should be taken into 

consideration repurposing NA-regulating medications for AD treatment.  
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Currently, the U.S. Food and Drug Administration (FDA) has approved five 

drugs for AD. The three are cholinesterase inhibitors, and the other two are non-

competitive NMDA receptor antagonists (European Medicines Agency, 2020). 

The cholinesterase inhibitors bind and reversibly inactivate cholinesterases; 

thus, inhibiting hydrolysis of ACh and increasing ACh concentration: 

• Donepezil, Patients at all stages of AD can be prescribed with this drug.  

• Galantamine, is approved for mild-to-moderate stages of AD. 

• Rivastigmine, is also approved for early AD stages. This drug is used for PD 

dementia too. 

The other two drugs are based on Memantine, a non-competitive NMDA 

receptor antagonist; thus, they modulate the pathological increase of glutamate in 

AD and enhance cognitive function. They are approved for moderate-to-severe AD 

patients: 

• Memantine, 

• Memantine+Donepezil, 

Pharmacological treatments for AD have been ineffective as they do not cure 

AD nor slow or stop its progression. They have only managed to treat the 

symptoms of the disease by temporarily helping memory and confusion problems.  

To this day, thousands of clinical trials for AD are being carried out. All 

pharmacologic AD trials from 2019 can be identified in Figure 2.26 (Cummings et 

al., 2019). Nowadays, 740 studies are in Phase 2 or 3, although only 123 have 

results (The National Library of Medicine, 2020). Completed Phase 3 studies not 

involving already pharmacological treatments for AD are reported in Table 2.3., 

based on trials registered on ClinicalTrials.gov as of May 10th, 2020. 
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Study Title Drugs Identifier 

Effects of LY450139, on the Progression 

of Alzheimer’s Disease as Compared With 

Placebo 

LY450139 

Placebo 
NCT00762411 

Study Evaluating Intepirdine (RVT-101) in 

Subjects With Mild to ModerateAlzheimer’s 

Disease on Donepezil: MINDSET Study 

RVT-101 

Placebo 
NCT02585934 

A Phase 3 Study To Evaluate The Safety And 

Tolerability Of Dimebon Patients With Mild To 

Moderate Alzheimer’s Disease 

Dimebon 

Placebo 
NCT00838110 

Idalopirdine in Patients With Mild-

moderate Alzheimer’s Disease Treated With 

Donepezil 

Placebo 

Idalopirdine 
NCT02006641 

Study of Idalopirdine in Patients With Mild - 

Moderate Alzheimer’s Disease Treated With 

Donepezil 

Placebo 

Idalopirdine 
NCT01955161 

Study of Idalopirdine in Patients With Mild - 

Moderate Alzheimer’s Disease Treated With an 

Acetylcholinesterase Inhibitor 

Placebo 

Idalopirdine 
NCT02006654 

Long-term Safety and Tolerability of 

Idalopirdine (Lu AE58054) as Adjunctive 

Treatment to Donepezil in Patients With Mild-

moderateAlzheimer’s Disease 

Idalopirdine NCT02079246 

A Randomized, Clinical Trial of Vitamin E and 

Memantine in Alzheimer’s Disease 

dl-α-tocopherol 

Memantine Placebo 
NCT00235716 

Effect of LY450139 on the Long Term 

Progression of Alzheimer’s Disease 

LY450139 

Placebo 
NCT00594568 

Rosiglitazone (Extended Release Tablets) As 

Adjunctive Therapy In Subjects With Mild To 

Moderate Alzheimer’s Disease 

Rosiglitazone 2mg 

Rosiglitazone 8mg 

Placebo 

NCT00348140 

Rosiglitazone (Extended Release Tablets) As 

Monotherapy In Subjects With Mild To 

Moderate Alzheimer’s Disease 

Rosiglitazone NCT00428090 

DHA (Docosahexaenoic Acid), an Omega 3 Fatty 

Acid, in Slowing the Progression of Alzheimer’s 

Disease 

Docosahexaenoic Acid 

Placebo 
NCT00440050 

Treatment of Apathy in Alzheimer’s 

Disease With Modafinil 

Modafinil 

Placebo 
NCT01172145 

Randomized, Double-blind Study to Evaluate the 

Tolerability of 2 Different Titration Methods of 

Rivastigmine Patch in AD Patients (MMSE 10-

20) 

Active Comparator 

ENA713 
NCT01614886 



    77 

Assess the Prognostic Usefulness of 

Flutemetamol (18F) Injection for Identifying 

Subjects With Amnestic Mild Cognitive 

Impairment Who Will Convert to Clinically 

Probable Alzheimer’s Disease 

Flutemetamol (18F) NCT01028053 

Safety and Efficacy of Suvorexant (MK-4305) for 

the Treatment of Insomnia in Participants 

With Alzheimer’s Disease (MK-4305-061) 

Suvorexant 

Placebo 
NCT02750306 

Citalopram for Agitation in Alzheimer’s Disease 
Citalopram 

Placebo 
NCT00898807 

Valproate in Dementia (VALID) 
Valproate 

Placebo 
NCT00071721 

A Study of Semagacestat for Alzheimer’s Patients Semagacestat NCT01035138 

Phase III Study of Florbetaben (BAY94-9172) 

PET Imaging for Detection/Exclusion of Cerebral 

β-amyloid Compared to Histopathology 

Florbetaben NCT01020838 

A Study to Evaluate Albumin and 

Immunoglobulin in Alzheimer’s Disease 

Biological: Albumin 5% 

Biological: Albumin 20% 

Biological: 

Immunoglobulin 

NCT01561053 

Autopsy Follow-up of Subjects Previously 

Imaged With Florbetapir F 18 (18F-AV-45) PET 

in Trial 18F-AV-45-A07 

Florbetapir 18F NCT01447719 

Phase III Study of the Correlation Between 

Florbetapir F18 PET Imaging and Amyloid 

Pathology in the Brain 

Florbetapir 18F NCT00857415 

Depression in Alzheimer’s Disease-2 
Sertraline (Zoloft) 

Placebo 
NCT00086138 

A Phase II Trial of Florbetapir (18F) Positron 

Emission Tomography (PET) Imaging in Japan of 

Healthy Volunteers, Patients With Mild Cognitive 

Impairment (MCI) and Patients 

With Alzheimer’s Disease (AD) 

Florbetapir 18F NCT01662882 

Effectiveness of an Electronic Training Program 

for Orienting and Interpreting 

[18F]Flutemetamol Positron Emission 

Tomography (PET) Images 

Flutemetamol 18F NCT01672827 

Ginkgo Biloba Prevention Trial in Older 

Individuals 

Ginkgo biloba 

Placebo 
NCT00010803 

Hormone and Information Processing Study 
Testosterone gel 

Placebo gel 
NCT00539305 

Aripiprazole in the Treatment of Patients With 

Psychosis Associated With Dementia of 

Alzheimer’s Type 

Aripiprazole 

Placebo 
NCT01438060 
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hemokines are a type of cytokines (Greek root: kinos, means 

movement), specifically chemotactic cytokines. They are a family of 

small proteins (60-100 amino acids) with low molecular weight (8-15 KDa) 

(Chemokines, Chemokine Receptors and Disease, Benos et al., 2014). Their main 

function is to attract cells to the site of infection or inflammation (Figure 2.28). 

These are cells related to the immune system: eosinophils, basophils, monocytes, 

T cells, dendritic cells, neutrophils, and natural killer cells (NK). GPCRs mediate cell 

migration (chemotaxis) on target cells. The vast majority of chemokines bind to 

more than one receptor, usually shared by different chemokines (rev. in Rossi & 

Zlotnik, 2000). 

 

Chemokines not only participate in the immune system but are also widely 

expressed in the CNS, as well as their receptors. They are upregulated through 

neuroinflammatory processes to stimulate chemotaxis of astrocytes and microglia, 

as well as non-resident CNS cells through the BBB. These peripheral immune cells 

have chemokine receptors; thus, they can promote the progression of 

inflammation into the CNS. In the CNS, astrocytes, and microglia are the primary 

C 
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source of chemokines, although some neurons can produce them too (rev. in Bruno 

et al., 2000; Bajetto et al., 2001; Limatola et al., 2005).  

 

 

In 1987, five laboratories were simultaneously studying the “secreted 

neutrophil-specific chemoattractant activity” by activated monocytes. They 

decided to call it IL-8, although it turned out to be CXCL8 (Moser, 2015). When the 

structure of CXCL8 was analyzed, they realized chemokines had been discovered 

earlier, but with unknown chemoattractant activity: 

• platelet factor 4 (CXCL4), in 1977 (Walz et al., 1977), with neutrophil 

recruitment role 

• IP-10 (CXCL10), discovered in 1985 (Luster et al., 1985 ), important for 

lymphocyte trafficking 

• LD78 (CCL3), in 1986 (Obaru et al., 1986) 

As soon as the name “chemokine” was conferred (Taub & Oppenheim, 1993), 

the next step was to identify their receptors, and in the early 1990s, chemokines 

became an important field of study. Although chemokines were originally defined 

as cytokines that recruited leukocytes to the site of inflammation, nowadays, it is 

known that they are also involved in controlling the circulation of immune cells 

between blood, lymphoid tissues, and organs. Along with this, chemokines also 

regulate numerous cellular processes such as adhesion, apoptosis, proliferation, T-

cell differentiation, phagocytosis, or cytokine secretion. They are involved in 

processes to maintain homeostasis (by traffic control of immune cells), as well as 

cell development, angiogenesis, tumor growth, or metastasis. Hence, since the first 

chemokine was discovered until today, 47 chemokines and 19 chemokine 

receptors have been identified (Table 2.4). 
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In general, all chemokines share a common three-dimensional structure with 

three domains: a domain formed by a loop of three antiparallel β-pleated sheets, a 

second domain formed by an α-helix in the C-terminus and, lastly, a flexible N-

terminal with two cysteines bonded by disulfide bonds. Structural studies have 

demonstrated the importance of the N-terminal domain as it is where chemokines 

bind to receptors. However, chemokines differ in the location of the first two N-

terminal cysteines and are structurally classified as follows (Chemokines, 

Chemokine Receptors and Disease, Benos et al., 2014):  

• XC family, has only one cysteine next to the N-terminal 

• CC family, there are two cysteines adjacent 

• CXC family, has an amino acid between the cysteines 

• CX3C family, there are three amino acids between the cysteines.  
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“C” stands for the N-terminal cysteine and “X” for amino acids. The number 

after X means the number of amino acids between two cysteines. Each family 

shares high homology in its sequence, as seen in Figure 2.29. The CX3C family is 

the only subgroup with only one known chemokine, CX3CL1 (fractalkine or FKN). 

This classification was used to rename chemokines to clarify their 

nomenclature. As a result, nowadays chemokines have two names: one depending 

on their function (homoeostatic, pro-inflammatory, platelet-associated and/or 

plasma-associated), the first cell discovered to produce them or arbitrarily 

assigned (as some were not identified as chemokines), and the second one based 

on the location of the conserved cysteine residues plus an “L” which stands for 

“ligand”. Consequently, chemokine’s receptors are identified with an “R” and a 

number based on the order of discovery, as some chemokines can bind to more 

than one receptor (Table 2.4) (Bacon et al., 2002; Chemokines, Chemokine 

Receptors and Disease, Benos et al., 2014). 

Chemokines can also be classified according to their function and expression 

in two main groups: 

• Inflammatory or inducible chemokines, produced in response to 

microbiological, immune, or inflammatory signals by activated cells 

and leukocytes to recruit cells to the site of injury. 

• Homeostatic or constitutive chemokines, released by healthy cells to 

achieve basal leukocyte trafficking during embryogenesis, 

hematopoiesis, or immune surveillance.  

Although this classification is widely used, it is currently known that there are 

constitutive chemokines that are also induced under certain inflammatory 

conditions. Similarly, some inducible chemokines are expressed and constitutively 

regulated in different tissues.  
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Except for CXCL16 and FKN, the rest of the known chemokines are soluble 

chemoattractants. However, CXCL16 and FKN are first synthesized as cell 

membrane-anchored proteins but can be cleaved into soluble molecules. When 

acting as membrane proteins, they work as adhesion receptors (Bazan et al., 1997; 

Matloubian et al., 2000).  

Not all chemokines perform functions the same way, some can either form 

dimers in solution or interact with glycosaminoglycans (GAG), as is the case of the 

CC or CXC type (rev. in Proudfoot et al., 2017). Their three-dimensional structure 

facilitates this dimerization.  
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The chemokine CCL2 (CC motif ligand 2) or 

monocyte chemoattractant protein 1 (MCP-1) 

(Figure 2.30) is the first chemokine to be 

discovered that belongs to the CC chemokine 

family (Bacon et al., 2002). Monocytes, 

macrophages, and dendritic cells mainly release 

this monomeric peptide. The main function of 

CCL2 is to recruit cells that express its sole known 

receptor, CCR2, to the sites where CCL2 is being 

produced; therefore, participating in 

inflammation. This chemokine is released under 

the induction of oxidative stress, cytokines, or 

growth factors (rev. in Deshmane et al., 2009). The 

cells which express CCR2 are monocytes, memory 

T lymphocytes, natural killer memory T cells, and 

dendritic cells, mainly. CCL2 presents a chemotactic activity for monocytes and 

basophils, but not for neutrophils or eosinophils.  Although other chemokines can 

bind to CCR2 (CCL7 and CCL8), CCL2 induces the most potent effect through CCR2 

(rev. in Bose & Cho, 2013). 

CCR2 has two isoforms, CCR2A (10% expression) and CCR2B (90% 

expression), which vary at the C-terminus (Markx et al., 2019). CCL2 also has 

different isoforms, due to variations in molecular mass according to the degree of 

O-glycosylation, which can interfere with its chemoattractant action(Ruggiero et 

al., 2003). In addition, the different isoforms are restricted depending on the cell 

type; thus, CCR2A is expressed mainly in mononuclear and vascular smooth muscle 

cells, while CCR2B in monocytes and activated NK cells (Bartoli et al., 2001). Each 

isoform may activate different signaling pathways, thus exerting different actions. 
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Intracellular signaling pathways activated by CCL2/CCR2 include 

phosphatidylinositol-3-kinase (PI3K), MAPK, and PKC. As all chemokines, CCR2 

mechanism triggers GPCRs, specifically Gq. As all chemokines, CCR2 mechanism 

triggers GPCRs, specifically Gq, resulting in the inhibition of adenylate cyclase and 

the activation of PLC, which produces DAG and IP3. Then, calcium from the 

endoplasmic reticulum activates PKC and calmodulin-dependent protein kinase II 

(CaMKII).  PI3K is also activated, and Akt follows in the signaling pathway, leading 

to NF-κB translocation to the nucleus. Additionally, CCL2 induces the 

phosphorylation of MAPKs (ERK, JNK, p38), leading to the translocation of the 

phosphorylated transcription factor CREB and activator protein 1 (AP-1), as seen 

in Figure 2.31 (rev. in Bose & Cho, 2013). These pathways are involved in cell 

migration and survival by transcriptional regulation.  
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CCL2/CCR2 signaling has essential functions in the CNS. This chemokine is 

expressed constitutively by neurons (Banisadr et al., 2005b), astrocytes and 

microglia (Berman et al., 1996; Glabinski & Ransohoff, 1999), but only induced in 

microglia and astrocytes, with astrocytes being their most significant source of 

production (Mann et al., 1983). Interestingly, CCR2 is expressed in neurons and 

astrocytes in different brain areas (Banisadr et al., 2002; Banisadr et al., 2005b), 

and in oligodendrocyte progenitor cells (OPCs) preferentially in spinal 

cord(Marques et al., 2018). However, it is still a matter of debate if CCR2 is 

expressed in microglia (rev. in Biber & Boddeke, 2014) even though microglia are 

phylogenetically related to monocytes.  CCL2 has been located through the brain 

with very high levels in the cortex, hippocampus, LC, and cerebellum. However, the 

constitutive expression of CCR2 is restricted to some brain areas, such as the 

cerebellum or the LC (Banisadr et al., 2002; Banisadr et al., 2005a; Banisadr et al., 

2005b).  

CCR2, as well as other chemokine receptors, has been found in neuronal 

progenitors. Consequently, CCL2, like other chemokines, can act locally as a 

chemoattractant during the ontogeny of various brain structures (Tran et al., 2004; 

Katsumoto et al., 2014). Accordingly, it has also been found that CCL2 can attract 

neuronal progenitors to injured areas (Widera et al., 2004; Belmadani et al., 2006) 

and differentiate them into neurons (Liu et al., 2007). Consequently, CCL2 

deficiency reduces neurogenesis and differentiation of neuronal progenitors 

(Kiyota et al., 2013).  

In normal conditions, CCL2 can act as a neuromodulator in the CNS. It is 

involved in the regulation of neuronal synapses since it has been shown that CCL2 

intensifies neuronal excitability and synaptic transmission in hippocampal 

neurons (Melik-Parsadaniantz & Rostene, 2008; Zhou et al., 2011). In addition, in 

nociception studies in spinal cord neurons, constitutive CCL2 via CCR2 can block 

the GABA receptor's inhibitory signal, influencing the electrical neuronal activity 
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and generating hyperalgesia (rev. in Biber & Boddeke, 2014). CCL2, as well as other 

chemokines, is kept in vesicles until a calcium-dependent depolarization current 

from dorsal ganglion neurons releases it (Jung et al., 2008) into the spinal cord 

where it can recruit CCR2-expressing cells (Van Steenwinckel et al., 2011). 

Furthermore, in dopaminergic and cholinergic neurons, the expression of CCR2 co-

localizes with neurotransmitters, indicating that CCL2 could be involved in 

neuronal communication and related to diseases with dopaminergic or cholinergic 

impairment (Guyon et al., 2009; Conductier et al., 2010).  

CCL2 is elevated during inflammation; thus, it plays an essential role in 

chronic neuroinflammation (rev. in Gerard & Rollins, 2001). This chemokine 

disrupts the BBB permeability (Guo et al., 2020), as brain microvascular 

endothelial cells respond to CCL2 (Song & Pachter, 2004; Roblek et al., 2019), to 

allow leukocyte transmigration (Dzenko et al., 2005; Ge et al., 2008; Cedile et al., 

2017). Consequently, CCL2 levels are increased in diseases that deal with 

neuroinflammation, such as AD (Sokolova et al., 2009), PD (Reale et al., 2009), 

human immunodeficiency virus-associated (HIV) dementia (Kelder et al., 1998), 

ischemia (Semple et al., 2009), amyotrophic lateral sclerosis (ALS) (Baron et al., 

2005; Gupta et al., 2011) and multiple sclerosis (MS) (Comini-Frota et al., 2011). 

In other diseases of the peripheral system, such as arthritis, insulin resistance 

diabetes, tumors, and cardiovascular diseases, CCL2 levels are also increased (rev. 

in Deshmane et al., 2009). 

Regarding neuroinflammation, CCL2 is responsible for TNF-α stimulation and 

the infiltration of monocytes from the periphery to the brain. Therefore, its 

blockade has been suggested as a target in the treatment of several of these 

diseases (rev. in Deshmane et al., 2009). However, this inhibition has not been 

found beneficial, and the neurodegenerative and neuroprotective effects of CCL2 

are being studied in several neurological diseases. 
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In AD patients, CCL2 is increased in brain tissue (Sokolova et al., 2009), 

cerebrospinal fluid (Nordengen et al., 2019), and plasma (Zhang et al., 2013; Lee 

et al., 2018b). However, CCL2 levels are not increased in severe AD (Galimberti et 

al., 2006a; Nordengen et al., 2019), suggesting that increased levels of CCL2 might 

play a role during early AD stages. In AD, the CCL2/CCR2 pathway is related to the 

development of neuroinflammation during the progression of the disease (Gerard 

& Rollins, 2001). 

In AD mouse models, the activity of the CCL2/CCR2 signaling pathway also 

results in detrimental effects. CCL2 overexpression in AD mouse models with 

enhanced Aβ-deposition (APP/CCL2 transgenic mice) increases Aβ concentration 

and aggregation, as well as accelerates cognitive deterioration, but does not modify 

APP nor CTFs levels (Yamamoto et al., 2005; Kiyota et al., 2009). Considering that 

CCL2 increases ApoE levels (linked with Aβ deposition), this chemokine might take 

part in Aβ oligomerization, microgliosis, and accelerated cognitive impairment of 

AD (Kiyota et al., 2009). Consequently, the genetic deletion of this chemokine 

resulted in reduced memory deficits, decreased expression of pro-inflammatory 

cytokines, lesser Aβ plaques accumulation, and reduced neuronal damage 

(Gutiérrez et al., 2019).  

On the other hand, CCL2/CCR2 is crucial for the migration of astrocytes, 

microglia, and other cell types towards Aβ plaques. These cells can reduce 

neuronal damage by participating in the degradation of Aβ plaques (rev. in Ries & 

Sastre, 2016) . In fact, in AD mouse models based on the overproduction of Aβ, such 

as the APPSwe/PS1 (Naert & Rivest, 2011) or APP transgenic mice (Kiyota et al., 

2013), CCL2 or CCR2 targeted gene deletion results in the aggravation of AD 

symptoms.  CCL2/CCR2 deficiency results in Aβ plaques increase, neurocognitive 

dysfunction, and reduced neurogenesis because they prevent microglial 

accumulation and Aβ clearance (El Khoury et al., 2007; Naert & Rivest, 2011).  
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In cell cultures, CCL2 has shown to promote neuroprotection (Bruno et al., 

2000) and reduce apoptotic cell death (Eugenin et al., 2003) against NMDA toxicity 

by decreasing the release of glutamate (which is increased in AD and other 

neurodegenerative diseases) from neurons. Interestingly, for this effect to be 

successful, CCL2 had to be added before the toxic agent, suggesting CCL2 is used as 

an early signal from neurons and/or astrocytes. However, the CCL2 inhibitor 

Bindarit reduces Aβ neuronal damage in primary mixed neuronal cultures 

(Severini et al., 2014). 

In experimental allergic encephalitis (EAE) ― an animal model for MS ― CCL2 

and CCR2 expression are upregulated (Glabinski et al., 1997; Kennedy et al., 1998). 

Genetically CCL2 and/or CCR2 deficient mice fail to suffer the disease's 

histopathology because of a lowered infiltration of T-cells and monocytes (Fife et 

al., 2000; Izikson et al., 2000; Gaupp et al., 2003). In addition, the treatment with 

CCL2-antibodies to block the signaling pathway prevents EAE degeneration in 

wild-type (WT) mice (Kennedy et al., 1998). Also, DNA vaccination against CCL2 

prevented EAE pathology (Youssef et al., 1999) and CCL2 inhibition (Ge et al., 

2012). All these studies reveal the harmful effect of CCL2/CCR2 signaling pathway 

during EAE. Still, in transgenic mice with sustained expression of CCL2 in 

astrocytes, EAE progression was prevented (Elhofy et al., 2004). 

In PD patients, the production and expression of CCL2 are increased (Reale et 

al., 2009), and the levels of this chemokine in CSF correlate with PD symptoms 

(Lindqvist et al., 2013). Similarly, in animal models that use 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP) to reproduce PD, CCL2 expression is also 

increased (Pattarini et al., 2007). However, in MPTP models, genetic deletion of 

CCL2 and CCR2 did not protect against striatal neurodegeneration (Kalkonde et al., 

2007).  
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In addition, CCL2 injections on dopaminergic neurons in rats increased these 

neurons excitability, dopamine release, and locomotor activity (Guyon et al., 2009). 

Also, in dopaminergic neuron cultures, CCL2 induces neuritogenesis and cell 

differentiation (Edman et al., 2008). These studies suggest that increased levels of 

CCL2 in PD could be a compensatory mechanism to reestablish dopamine 

concentrations. 

In HIV dementia, the neuronal complications due to HIV infection are 

encephalitis and cognitive impairment. In humans, CCL2 levels are correlated with 

brain injury degree (Ragin et al., 2006). In cultures, HIV transactivating (Tat) 

protein stimulates the production of CCL2 in astrocytes (Conant et al., 1998) and 

microglia (Aversa et al., 2004).  

However, CCL2 protects neurons against HIV-1 Tat protein toxicity (Eugenin 

et al., 2003) through transient receptor potential canonical (TRPC) channels and 

activates CREB and NF-κB transcription factors (Yao et al., 2009).  These factors 

are synthesized as a result of CCL2 signaling pathway activation through anti-

apoptotic proteins, such as Akt and ERK in neurons and astrocytes, favoring cell 

survival (Gosselin et al., 2005; Quinones et al., 2008; Yao et al., 2009) and 

promoting the release of neurotrophic factors (Kalehua et al., 2004). 

In brain ischemia, the high levels of CCL2 in astrocytes induce the migration 

of monocytes into the brain parenchyma, followed by neuronal death (Sakurai-

Yamashita et al., 2006; Schuette-Nuetgen et al., 2012). CCL2/CCR2 signaling 

damage seems to be due to the peripheral monocytes recruited. Studies using 

transient middle cerebral artery occlusion (MCAO) model ― a rodent model for 

cerebral ischemia ― demonstrated that impairing CCL2 signaling altered post-

ischemic neuroblast migration (Yan et al., 2007), reduced MCAO lesion size 

(Hughes et al., 2002) and infarct volumes (Kumai et al., 2004), and improved mice 
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motor function (Dimitrijevic et al., 2007; Hammond et al., 2014). Also, 

overexpression of CCL2 exacerbates ischemic brain damage (Chen et al., 2003).  

One the other hand, CCL2/CCR2 signaling attracts neural progenitor cells 

(NPCs) to the sites of injury of cerebral ischemia (Belmadani et al., 2006; Liu et al., 

2007; Yan et al., 2007) as well as in epilepsy (Hung et al., 2013). Furthermore, CCL2 

supports neovascularization by stimulating angiogenesis to increase vascular 

permeability (Xing & Lo, 2017). 

In neuropathic pain mice models, there is an increase in CCR2 expression 

(White et al., 2005; Jung et al., 2009). Accordingly, genetically deficient CCR2 mice 

showed resistance to neuropathic pain (Abbadie et al., 2003).  

In traumatic brain injury, CCL2 levels are increased in animal models with 

stab wound injury (Glabinski et al., 1996), cortical aspiration damage (Hausmann 

et al., 1998; Muessel et al., 2000), diffuse axonal injury (Rancan et al., 2001; 

Babcock et al., 2003), spinal cord contusion (McTigue et al., 1998; Ma et al., 2002), 

facial nerve injury (Flügel et al., 2001), cryogenic cerebral trauma (Grzybicki et al., 

1998), and lateral fluid percussion model (Rhodes et al., 2009). CCR2/CCR2 

signaling has harmful effects as it worsens neuronal survival and impairs learning 

processes (Su et al., 2018). 

However, CCL2 levels reach their maximum 3-5 days before monocytes 

accumulate in the brain, so, again, CCL2 behaves as an early signal for the 

recruitment of immune cells (Semple et al., 2010). 

ALS is a neurodegenerative disease with progressive degeneration of motor 

neurons. CCL2 concentrations are increased in serum, CSF (Baron et al., 2005),  and 

peripheral blood mononuclear cells (Gupta et al., 2011). In a mouse model of ALS 
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(SOD-1 transgenic mice), CCL2 is used in early disease onset by microglia from the 

spinal cord to recruit monocytes. Targeting these cells with with anti-Ly6C 

monoclonal antibodies, resulted in reduced neuronal loss and cell survival 

(Butovsky et al., 2012). These data suggest that CCL2/CCR2 could contribute to the 

progression of ALS. 

 

Although CCL2 most important effects have already been mentioned, this 

chemokine has shown to be neuroprotective under other stimuli. Interestingly, 

astrocytic CCL2 protects neurons against toxins like methylmercury (Godefroy et 

al., 2011) and endotoxemia by promoting anti-inflammatory cytokine release 

(Zisman et al., 1997). CCL2 also mediates NA’s neuroprotective effects against 

oxygen-glucose deprivation and NMDA toxicity (Madrigal et al., 2009). CXCL16 

(which has been attributed protective properties), is able to modulate CCL2 

activity to protect neurons against cellular excitotoxicity through the adenosine 

receptor pathway 3 (Rosito et al., 2012).  

NEURODEGENERATIVE VS. NEUROPROTECTIVE EFFECTS OF CCL2 

These results show that in pathological conditions, CCL2 and CCR2 have 

both pro-inflammatory and anti-inflammatory effects. However, the complete 

inhibition of CCL2 actions in healthy conditions can lead to adverse outcomes as 

this chemokine is involved in many processes (rev. in Deshmane et al., 2009). 

Therefore, CCL2 concentrations are key in the maintenance of 

neuroinflammation, and CCL2 could be necessary as an early signal from 

neurons and astrocytes. An excessive or deficient amount of CCL2 would not 

result in a protective inflammatory response (rev. in Trettel et al., 2019).  
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The chemokine CX3CL1 (C-X3-C motif ligand 1) was first described as 

fractalkine (FKN) in humans (Bazan et al., 1997) and then as neurotactin in mice 

(Pan et al., 1997). To date, it is the only identified member of the CX3C family. This 

monomeric peptide is synthesized as a transmembrane protein (Figure 2.31) and 

has two isoforms that bind to the same and unique receptor CX3CR1. 

• Membrane-anchored isoform (mFKN), which is bound to the cell membrane 

and acts as an adhesion and signaling molecule (Bazan et al., 1997). It consists of 

four domains: a cytoplasmatic C-terminus, a transmembrane α-helical domain, a 

mucin-like domain, and the N-terminal with the CX3C motif. 

• Soluble isoform (sFKN), which shares chemoattractant activity with the rest 

of chemokines. sFKN results from the cleavage of mFKN by metalloproteases such 

as ADAM10, 17, cathepsin-S, and γ-secretases. As a result, it contains only two 

domains: the mucin-like and the N-terminal (Kim et al., 2011). 
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FKN is highly expressed in epithelial cells in lung, kidney, and intestine (Lucas 

et al., 2001; Kim et al., 2011) and smooth muscle cells under inflammatory 

conditions (Ludwig et al., 2002). FKN is vastly expressed in very vascularized and 

innervated organs as its main function is to recruit T cells, NK cells, mast cells, and 

monocytes (Kim et al., 2011). However, sFKN does not attract neutrophils, while 

the membrane-anchored isoform can adhere to them (Imai et al., 1997; Lucas et al., 

2003; White et al., 2010). The cells which express CX3CR1 are leukocytes and 

predominantly monocytes, macrophages, and dendritic cells (White & Greaves, 

2012; Thomas et al., 2015). 

FKN is involved in adhesion of leukocytes, endothelial cells chemotaxis, 

angiogenesis (Volin et al., 2010) and antiapoptotic (White & Greaves, 2012) 

functions during both homeostatic and inflammatory conditions. This chemokine 

is upregulated by pro-inflammatory cytokines, such as IL-1β, IFN-γ and TNF-α and 

lipopolysaccharide (LPS). Hypoxia, 15d-PGJ2 (15-deoxy-D12,14-prostaglandin J2), 

soluble form of the 6α subunit from the IL-6 receptor (sIL-6Rα), and paracrine 

autoregulation cause the downregulation of this chemokine  (Wojdasiewicz et al., 

2014).  
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The microglial receptor CX3CR1 is a GPCR that belongs to the Gαi family. The 

activation of this receptor modulates intracellular signaling pathways (Figure 

2.32). FKN activates PI3K leading to cell survival (Lyons et al., 2009; White & 

Greaves, 2012). This chemokine also stimulates the production of PLC and ERK, 

promoting neuroprotection against toxic insults (Deiva et al., 2004), and FKN 

autoregulation. This pathway activates transcription factors, such as NF-kB and 

CREB (rev. in Sheridan & Murphy, 2013).  

FKN/CX3CR1 signaling plays important roles in diseases of the peripheral 

system, such as: 

• In asthma, CX3CR1 is necessary for T-cell survival in pathological 

conditions, but not under homeostatic conditions  (Mionnet et al., 2010). 

• In atherosclerosis, FKN/CX3CR1 signaling is implicated in monocyte 

survival by activating antiapoptotic mechanisms which stimulate atherogenesis 

(Landsman et al., 2008). 

• During liver inflammation it is unclear if the recruitment to the site of 

inflammation and monocytes’ survival by this chemokine has positive or negative 

effects (Karlmark et al., 2010). 

• In type 2 diabetes, FKN/CX3CR1 signaling could be related to the 

regulation of pancreatic islet beta-cell function and insulin secretion (Lee et al., 

2013). 

• Hypoxic pulmonary hypertension development is associated with an 

increase in FKN and CX3CR1 (rev. in Amsellem et al., 2017). 

• In cardiovascular diseases, FKN/CX3CR1 is increased to mediate 

pathophysiological processes (Ikejima et al., 2010). 

In HIV patients, there is also increased expression of FKN/CX3CR1 in lymph 

nodes and brain tissue (Tong et al., 2000; Foussat, 2001). 
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In the CNS, FKN/CX3CR1 interaction seems to be an essential mechanism for 

microglial and neuronal communication, enabling microglia regulation (rev. in 

Hickman et al., 2018). FKN is highly expressed by neurons and, to a lesser extent 

by astrocytes (Mizuno et al., 2003). CX3CR1 is constitutively expressed mainly in 

microglia (Harrison et al., 1998; Wolf et al., 2013), but has also been found in 

astrocytes (Maciejewski-Lenoir et al., 1999) and hippocampal neurons (Meucci et 

al., 2000; Cardona et al., 2006).  

As mentioned before, FKN has different functions, but the most studied one is 

the inhibition of microglial activation during neuroinflammation (rev. in Limatola 

& Ransohoff, 2014). This interaction between neurons and microglia is necessary 

to maintain brain homeostasis. During inflammatory conditions, microglia 

undergoes structural and phenotypic changes to migrate the site on inflammation, 

release pro-inflammatory molecules and/or phagocytize debris (Hanisch & 

Kettenmann, 2007). FKN/CX3CR1 binding has been shown to inhibit microglial 

activation; thus, it is used as a neuronal “off signal” for microglia (rev. in Biber et 

al., 2007). Thanks to this chemokine’s mechanism, neurons can regulate the 

balance of pro- and anti-inflammatory cytokines released by microglia, such as 

TNF-α, IL-6, IL-1β, and IL-10 (Zujovic et al., 2000; Laing et al., 2010; Mattison et al., 

2013), as well as the phagocytic activity of microglial cells (Lee et al., 2010). The 

pro-inflammatory molecules can, in turn, increase FKN and CX3CR1 levels 

(Maciejewski-Lenoir et al., 1999; Chen et al., 2002; Chandrasekar et al., 2003) and 

reduced neuronal cell death (Mizuno et al., 2003).  

With age, FKN expression is reduced in the brain, and microglial toxicity 

increases (Lyons et al., 2009). Since CX3CR1 is downregulated by LPS (Wynne et 

al., 2010) and FKN/CX3CR1 crosstalk controls microglial activation, this 

communication is linked to various neurological diseases dealing with 

neuroinflammation as we will see later, such as AD, PD, major depression, and 

stroke. However, this chemokine seems to have a dual effect depending on the 
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disease. In ALS, PD (Cardona et al., 2006) and MS (Huang et al., 2006), 

FKN/CX3CR1 seems to exert neuroprotective effects in mouse models. However, 

in stroke, this chemokine has deleterious consequences (Dénes et al., 2008). 

Therefore, FKN/CX3CR1’s role may depend on the CNS environment.  

In physiological conditions, FKN/CX3CR1 signaling is also related to synaptic 

plasticity. Microglia are continuously sensing their environment (Nimmerjahn, 

2005) to supervise the brain parenchyma and to modify synaptic formations 

(Tremblay et al., 2010). Moreover, synaptic plasticity is related to memory and 

learning (Humeau & Choquet, 2019). Interestingly, FKN is upregulated in rat 

hippocampus and regulates memory-associated synaptic plasticity (Sheridan et al., 

2014). The mechanisms through which FKN/CX3CR1 modulates synaptic 

plasticity are associated to the regulation of LTP, the inhibition of NO from 

microglia and BDNF production (Mizuno et al., 2003; Rogers et al., 2011; Parkhurst 

et al., 2013; Wang et al., 2013a).  

In addition, neuronal CX3CR1 mediates the neurotrophic effects of FKN 

through Akt kinase and NF-κB signaling pathways and reduces neuronal apoptosis 

and synaptic loss (Meucci et al., 2000). Furthermore, FKN/CX3CR1 binding 

protects neurons against glutamate and overactivation of NMDAR through ERK1/2 

and PI3K/Akt pathways (Deiva et al., 2004; Limatola et al., 2005), as well as via 

adenosine receptor type 2A (A2AR) (Scianni et al., 2013). This chemokine also 

reduces the intracellular Ca2+-dependent mechanisms in neurons, which induce 

CREB phosphorylation, (Lauro et al., 2015), necessary for hippocampal long-term 

synaptic plasticity (see Figure 2.33) (Qiao et al., 2014).  
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In AD patients, FKN mRNA levels are increased in plasma and injured neurons 

of the hippocampus (Strobel et al., 2015). However, the plasma levels of sFKN are 

higher in mild AD than in severe AD (Kim et al., 2008), and CFS levels lower in AD 

than control subjects (Perea et al., 2018), being FKN levels inversely correlated to 

AD severity. Moreover, in a clinical study of AD patients, it was demonstrated that 

FKN prompts neurotrophic factors into serum and tissues. As a result, this 

chemokine may be used as an early prediction and treatment of AD (Luo et al., 

2019). 

FKN/ CX3CR1 signaling deficiency has opposing effects on Aβ and Tau 

pathologies. In AD animal models based on Tau pathology, FKN/CX3CR1 has been 

shown to have neuroprotective properties. CX3CR1 deficiency (CX3CR1−/− mice), 

impairs microglia phagocytosis, increases hyperphosphorylated Tau 

accumulation, and worsens synaptic plasticity via increasing action of IL-1β; thus, 

exacerbating cognitive function deficits (Bhaskar et al., 2010; Rogers et al., 2011; 

Bolos et al., 2017). Consequently, the overexpression of sFKN, employing adeno-

associated viral (AVV) vectors, attenuated Tau pathology, dampened microglial 

toxicity, and seemed to prevent neuronal loss  (Nash et al., 2013). In Tau-injured 

neurons, FKN/CX3CR1 is upregulated; thus, lessens microglia toxicity through 

NRF2-ARE signaling (Lastres-Becker et al., 2014) which is related to spatial 

learning improvement in AD (Kanninen et al., 2009). FKN/CX3CR1 actions allow 

Tau clearance in these AD mouse models by controlling microglial toxicity. 

In AD animal models based on Aβ production, CX3CL1/CX3CR1 effects are 

both neuroprotective and detrimental. In an AD mouse model overexpressing 

human APP, FKN levels in the cerebral cortex and hippocampus are decreased 

(Duan et al., 2007). When CX3CR1 signaling is completely inhibited, it worsens Tau 

pathology, increases the release of pro-inflammatory molecules, such as IL-1β, 

TNF-α, and IL-6, and aggravates memory loss (Lee et al., 2010; Cho et al., 2011). 
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However, CX3CR1 deficiency in this mouse model decreases Aβ aggregation (Liu 

et al., 2010), but damages synaptic plasticity (Hanzel et al., 2014; Noda et al., 2016; 

Hickman et al., 2019). Consequently, in APP/PS1 mice lacking mFKN, Aβ 

deposition is reduced (Lee et al., 2014). Therefore, the impairment of this signaling 

pathway induces a decline of Aβ levels due to the enhanced phagocytic activity of 

microglia (Finneran & Nash, 2019). 

In in vitro studies, FKN has a neuroprotective role as a “help me” signal. FKN 

has demonstrated to hamper neuronal cell death and to inhibit microglial toxicity 

as it reduces the production of IL-6 and TNF-α, nitric oxide and superoxide from 

microglia treated with LPS and interferon-γ (Mizuno et al., 2003; Mattison et al., 

2013). These effects suggest that neuronal FKN can limit microglial toxicity. 

Hippocampal neurons transfected with Tau-lentivirus-construct released FKN; 

thus, activating Nuclear factor erythroid 2-related factor 2 (NRF2, a known 

regulator of redox homeostasis) in microglia to promote Aβ and neuronal debris 

clearance (Lastres-Becker et al., 2014). If the CX3CR1 gene is deleted in neurons, 

Aβ release is decreased, as well as the toxicity associated to it (Dworzak et al., 

2015). Altogether, these investigations suggest that FKN/CX3CR1 signaling 

enhances microglial phagocytosis of Aβ and attenuates Tau pathologies. 
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In MPTP models, CX3CR1 gene deletion worsens microglia toxicity, by 

increasing IL-1β and neuronal cell loss (Cardona et al., 2006).  In the same mouse 

model of PD injected with AAV-FKN, sFKN rescued motor coordination, reduced 

neurodegeneration, and microglia toxicity (Morganti et al., 2012). FKN has also 

been found to be neuroprotective in another animal model of PD (intrastriatal 6-

hydroxydopamine (6-OHDA)-induced dopaminergic lesion), as it decreases 

neuronal and microglial toxicity (Pabon et al., 2011) and prevents dopaminergic 

neurons degeneration (Shan et al., 2011). As PD is also a tauopathy, like AD, the 

same beneficial effects of FKN/CX3CR1 pathway have been found in vivo and in 

vitro  (Meucci et al., 2000; Limatola et al., 2005; Nash et al., 2013; Lastres-Becker 

et al., 2014; Finneran & Nash, 2019). 

However, in mice overexpressing α-synuclein but CX3CR1 knock-down,  

microglia were less toxic around α-synuclein aggregates, resulting in a decreased 

loss of dopaminergic neurons (Thome et al., 2015). 

In ALS mouse models, targeted gen deletion of CX3CR1 results in impaired 

microglia toxicity, leading to increased levels of IL-1β and neuronal loss (Cardona 

et al., 2006). The best option  

Gene deletion of CX3CR1 in mice exposed to mild controlled cortical impact 

injury prevents the motor deficits, cell death, and neuronal cell loss produced by 

the brain injury. However, the effect is detrimental during chronic brain injury, 

suggesting that CX3CR1 effects depend on microglia phenotypes (Febinger et al., 

2015). 
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In atherosclerosis, there are numerous macrophages and T cells that use 

chemokines to guide their migration. FKN/CX3CR1 is increased in this disease, may 

be due to the stimulation exerted by cytokines such as TNF-α, IFN-γ, and IL-1 in 

inflammatory conditions. As a result, the production of FKN/CX3CR1 in endothelial 

cells worsens atherosclerotic plaque development and rupture  (rev. in Glass & 

Witztum, 2001; Hansson, 2001; Umehara, 2004).

 

NEURODEGENERATIVE VS. NEUROPROTECTIVE EFFECTS OF FKN 

These studies suggest that through FKN/CX3CR1 signaling, neurons can 

regulate microglia toxicity and phagocytosis during neuroinflammatory and 

neurotoxic conditions, as well as maintain homeostasis. Depending on the stage 

and type of the pathological event, the FKN/CX3CR1 pathway can play either a 

protective or damaging role during the progression of the disease. If this 

pathway is impaired, it will give rise to dysregulated microglia (rev. in Chen et 

al., 2016). 
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umerous studies have confirmed the neuroprotective potential of NA, 

especially in AD. This way, previous research performed by the group 

in which this thesis was performed, and others, have demonstrated the ability of 

NA to reduce the neurological degeneration characteristic of AD. 

The first studies performed by this research group demonstrated that NA 

could protect neuronal cultures by reducing the production of microglial pro-

inflammatory agents (Madrigal et al., 2005; Madrigal et al., 2006). Therefore, the 

following studies were focused on the identification of such agents. For this 

purpose, cytokine arrays were used and CCL2 was one of the microglial cytokines 

whose production was mostly dependent on NA presence. However, since 

astrocytes constitute the main source of CCL2 in the CNS (Mann et al., 1983), 

noradrenergic regulation of CCL2 synthesis in these cells was also analyzed. It was 

observed that NA treatment induced astrocytic production of CCL2 which 

demonstrated to be neuroprotective against excitotoxicity (Madrigal et al., 2009). 

In addition, the production of astrocytic CCL2 by NA was mediated by the 

activation of β2-ARs (Madrigal et al., 2009; Madrigal et al., 2010). Thus, the next 

goal was to elucidate if the production of CCL2 contributes to the neuroprotective 

effects of NA or not and if the potential regulation of β2-ARs by CCL2 is one of the 

mechanisms through which CCL2 may modulate NA effects. 

On the other hand, FKN is another crucial chemokine in neuroinflammation 

(rev. in Limatola & Ransohoff, 2014). Having found that NA regulates CCL2 

production, we decided to study if NA also modulates the production of FKN and 

its receptor CX3CR1. Our investigations showed that NA stimulates the production 

of FKN in cultured astrocytes (Hinojosa et al., 2013) and neurons (Madrigal et al., 

2017), contributing to the inhibition of pro-inflammatory molecules.  

N 
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The next step was to understand if NA modifies microglial response through 

FKN, so we focused on CX3CR1, which is the sole receptor of FKN located mainly in 

microglia, and that is induced under different stimuli (Harrison et al., 1998). 

Therefore, in this project, we analyzed if NA controls the expression and synthesis 

of CX3CR1 in microglia and the potential involvement of this regulation in NA 

neuroprotective actions. 

 

 

Based on the background described previously, the following hypothesis was 

proposed: 

 

“

”. 
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The following research objectives were achieved for the aim of this thesis: 

1. To analyze the effect of CCL2 on the production of β2-ARs in astrocytes. 

2. To determine the effect of CCL2 on NA induction β2-ARs signaling pathway in 

cultured astrocytes. 

3. To examine the effect of CCL2 on NA stimulation of neurotrophic factors and 

inhibition of neurotoxic ones in cultured astrocytes. 

4. To investigate the effect of CCL2 on NA alteration of glycogenolysis and 

release of lactate in astrocytes. 

5. To analyze the NA's regulation on the expression, synthesis, and functioning 

of CX3CR1 in cultured microglia. 

6. To analyze the regulation of CX3CR1 production in mice cortex by a NA re-

uptake inhibitor (Reboxetine). 

7. To investigate the alterations in the expression and synthesis of CX3CR1 in 

human brains affected by AD. 
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ll experimental protocols were carried out according to the guidelines 

stipulated by the Animal Welfare Committee of “Universidad 

Complutense de Madrid”, Spain (PROEX 174/18 and 052/17), in accordance with 

European Union laws (2010/63/UE). All efforts were made to minimize animal 

suffering and to reduce the number of animals used. 

 In the Appendix, the Certificates of the Training Courses taken by the author 

of this Thesis are attached: Taking care of animals, Killing animals, and Carrying 

out procedures on animals. 

 

 

Adult Wistar (Harlan Iberian) rats have been used between 3 and 4 months 

of age and with weights between 225 and 250 g. To obtain neuronal cultures, 

embryos between 16 and 18 days of gestation were used. In addition, 1-day-old 

pups were used to obtain glia cultures.  

 

 

Wild type (WT) C57BL/6 and 5xFAD [strain B6.Cg-Tg (APPSwFlLon, 

PSEN1*M146L*L286V) 6799Vas/Mmjax]) mice were acquired from The Jackson 

Laboratory. The 5xFAD mice model was maintained for over 10 generations in a 

hemizygous state on a C57BL/6 background (Oakley et al., 2006).  

 

A 
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5xFAD mice have been developed based on the Aβ hypothesis and due to FAD 

mutations discovery. This model is a double transgenic APP/PS1 mouse model as 

it co-expresses 5 mutations that cause the overexpression of both human APP 

(695) and human PS1. The expression of human APP (695) is due to three FAD 

mutations: Swedish (K670N, M671L), Florida (I716V), and London (V717I).  The 

human PS1 overexpression is caused by two FAD mutations: M146L and L286V. 

The expression of both transgenes is under the control of neural-specific elements 

of the murine Thy-1 promoter. The strain B6.Cg-Tg (APPSwFlLon, 

PSEN1*M146L*L286V)6799Vas/Mmjax is characterized by the co-insertion of 

both human APP (695) and human PS1 genes into exon 2 of the mouse Thy-1 gene 

in equal proportions. We must consider that this model lacks NFTs formation, so it 

represents an Aβ model of AD. 

Due to the mutations, 5xFAD mice express accelerated AD features such as Aβ 

plaques (specifically Aβ42 due to Florida, London, M146L and L286V mutations, 

as the Swedish mutation increases the levels of Aβ) and neurodegeneration. 

Around 2 months of age 5xFAD mice start to exhibit Aβ plaques. This early onset is 

accompanied by astrocytosis and microgliosis, as well as age-dependent synaptic 

degeneration (Oakley et al., 2006). 5xFAD mice convey behavioral impairments 

such as working memory in the Y-maze (Oakley et al., 2006), contextual fear 

conditioning (Kimura & Ohno, 2009), and conditioned taste aversion (Devi & Ohno, 

2010). 

For these investigations, 6-month-old male WT and heterozygous 5xFAD 

[strain B6.Cg-Tg (APPSwFlLon, PSEN1*M146L*L286V) 6799Vas/Mmjax]) mice 

were used. Mice were housed up to 4 per cage in a controlled 12:12 hour light/dark 

cycle, with food and water provided ad libitum. All efforts were made to minimize 

animal suffering and to reduce the number of animals used.   
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5xFAD mice were generated by crossing male heterozygous 5xFAD mice to 

WT C57BL/6 female mice, as they display both APP and PS1 transgenes over 

generations (Oakley et al., 2006). Genotyping studies were carried out to identify 

the offspring carrying the AD mutations. 

For this, mice tail tips were cut (<1 cm) and cleaned with bleach (diluted in 

water at 1:2). The samples were homogenized by incubating them with 73 µL of 

Tail Buffer (Invitrogen®) ― which contains 70 µL of Tris 1 M, EDTA 5 mM and 

Tween 10% in Ultra-Pure™ DEPC-Treated water free of DNAases and RNAases 

(DEPC water) (Invitrogen®), plus 3 µL of Protein Kinase, per sample ― at 55 °C 

overnight. Then, the samples were incubated at 100 °C for 10 minutes and 

centrifuged at 1,300 revolutions per minute (rpm) at room temperature for 

another 10 minutes to separate the cell debris from the nucleic acids. Next, the DNA 

was amplified by PCR by mixing 2 μL of the supernatant with 6 μL of Master Mix 

(DNA polymerase, all four dNTPs, MgCl2, reaction buffer and Taq polymerase) 

(Biotools®, Spain) and 0.5 μL of the primers (Table 4.1), diluted in 11.5  μL DEPC 

water (Invitrogen®). The amplification was carried out in the thermal cycler My 

CyclerTM (BIO-RAD) for 3 minutes at 94 °C and then 35 cycles of 30 seconds at 94 

°C, 1 minute at 61 °C, 1 minute at 72 °C were performed and then 2 minutes at 72 

°C.  

Next, 10 µL of the PCR product together with 1.2 µL of loading buffer were 

loaded into a 10% agarose gel and run at 100 V. Ethidium Bromide solution 

(E1510, Sigma®) was used to stain the DNA in the gels as it inserts between the 

base pairs in the double helix. Under UV light of a transilluminator, the existence 

or absence of the amplified genes’ bands of each animal was identified.  
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For the increase of NA levels in vivo, the NA re-uptake inhibitor Reboxetine 

was used. This drug has well-known pharmacological profile as it has been widely 

used in clinical medicine. Furthermore, we have previously demonstrated that 28-

day-long treatments with this drug in 6-month-old 5xFAD mice, decreased Aβ 

aggregations and neuronal degeneration (Gutiérrez et al., 2019). 

For this, Alzet® osmotic minipumps (model 2004, delivering 0.25 μL/h for at 

least 28 days) were loaded with saline serum (vehicle) or with filter-sterilized 

Reboxetine mesylate (ab120157, Abcam®) (50 mg/mL in saline serum) and kept 

submerged in isoosmolar saline solution at 37 °C for approximately 2 hours to 

initiate a steady flow delivering at an approximate dose of 10 mg/kg of body weight 

each day.  

At 6 months of age, the mice were anesthetized by inhalation of isofluorane 

(induced in a chamber at 4% and maintained at 2% using a nose cone). Then, a 

small incision was made behind the neck, the minipumps were implanted 

subcutaneously between the scapulae, and the incision was closed with sutures. 29 

days after the implantation of the pumps, the animals were euthanized before 

sample collection (Figure 4.1). 
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Animals were euthanized by terminal anesthesia using sodium pentobarbital 

(250 mg/kg intraperitoneal injection of Vetoquinol®, Madrid, Spain) and subjected 

to transcardial perfusion with saline. Then, the brains were removed. 

 

The left hemisphere was dissected, dividing the cerebral cortex into four 

equal parts. Three of them were snap-frozen and kept at -80 °C for subsequent 

protein analysis. 

 

The other cerebral cortex portion was preserved in 200 μL of Trizol® 

(Invitrogen®) and snap-frozen at -80 °C until use.  

 

The other hemisphere was post-fixed in 4% paraformaldehyde overnight and 

cryoprotected in 15% sucrose during the subsequent 24 hours. After this, regularly 

spaced series of 25 μm-thick coronal sections were collected in cryoprotectant 

solution and stored at -20 °C in 24-well plates until processing. 

 

When the right hemisphere was not used for immunohistochemical analysis, 

it was placed in serum free media for immediate cell disaggregation process and 

Flow Cytometry protocol. 
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hree different cell types were used for the purpose of this study. Primary 

rat glial cultures were used to study both astrocytes and microglia 

actions, while human microglia were obtained from the immortalized cell line 

HMC3. 

 

 

Bovine fetal serum (FCS) (<10 EU endotoxin per mL), Eagle basal medium, 

neurobasal medium (NBM), DMEM, DMEM-F12 and B27 without antioxidant 

supplements, all were obtained from Life Technologies® (Carlsbad, CA, USA). As 

antibiotic, a mixture of 100 IU/mL penicillin and 100 μg/mL streptomycin of 

Sigma® (St. Louis, MO, USA) (100X stock solution) was used. 

 

 

To obtain rat glia cultures, cerebral cortices of 1-day-old Wistar (Harlan 

Iberian) rat pups were used. These were mechanically homogenized, by passing 

them through 21G needles, in 10% DMEM in FCS and with penicillin (100 IU/mL, 

Sigma®) and streptomycin (100 mg/mL, Sigma®) as antibiotics. The mixed 

primary cultures of glial cells were seeded in T-75 cm2 flasks in DMEM/F12 

containing 10% FCS and antibiotics. They were incubated at 37 °C in a humidified 

atmosphere containing 5% CO2. All experiments were carried out in DMEM/F12 at 

10% in FCS. All cultures were free of mycoplasma contamination, which was tested 

using mycoplasma detection kits (Biotools).  

 

T 
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Enriched microglia cultures were prepared from primary mixed cultures of 

rat cortical glial cells as described before. After the glial cultures had been 

incubated for 11-13 days, microglial cells were detached from astrocyte monolayer 

by shaking (Hinojosa et al., 2011). Living cells were counted using Trypan Blue 

staining and seeded at a concentration of 1,5·105 cells/mL in 96-well plates, (100 

µL/well) or in 24-well plates (500 μL/well) for immunocytochemical analysis and 

3·105 cells/mL for the other analytical determinations. Under these conditions, 

microglial cultures were between 95 and 98% positive for Mac-1 labeling.  

 

The preparation of astrocyte cultures was done as described previously 

(Madrigal et al., 2006). Once microglia were removed by gentle shaking from the 

rest of the cells, mild trypsinization was carried out with Tryple® of the remaining 

cells and removed from the bottom of the flask by scraping. Astrocytes were 

subsequently resuspended in DMEM with 10% of fetal calf serum (FCS) and 

penicillin (100 IU/mL, Sigma®) and streptomycin (100 mg/mL, Sigma®) as 

antibiotics. Astrocytes were seeded at a concentration of 0,05·106 cells/mL, in 

different plates, 96 wells (100 μL/well) or 12 wells (1 mL/well). The purity of the 

astrocyte culture, determined by staining with GFAP (Zhang et al., 2014b), was 

95%, with less than 5% microglial cells as determined by staining with the specific 

marker OX-42.  
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The cell line used was Human embryonic microglia clone 3 (HMC3) obtained 

from American Type Culture Collection (ATCC® CRL-3304™, Manassas, VA). HMC3 

are embryo microglia from human brain which are cultivated as adherent cells. 

Upon arrival, the cells were immediately stored in liquid nitrogen, until ready 

for use. When the culture was initiated, HMC3 vial was thawed with gentle 

agitation in a 37 °C water bath for approximately 2 minutes. From this point on, all 

procedures were carried out under strict aseptic conditions. Cells were centrifuged 

in a 9.0 mL tube with complete medium (DMEM/F12 containing 10% of FCS and 

1% of antibiotics ― 100 IU/mL penicillin and 100 mg/ml streptomycin; Sigma) at 

125 x g for 5 minutes at room temperature. Then, the pellet was resuspended in 3 

mL of complete medium. These cells were added to T75-cm2 flasks with complete 

medium and incubated at 37 °C in a humidified atmosphere containing 5% CO2. 

The medium was renewed 3-4 times per week and cells were passed when they 

reached 70-85% of confluency. Cells were dissociated using TrypLE (Thermo 

Fisher Scientific®) and plated at 0,75·105 cells/mL in 24 (500 µL/well) or 96 (100 

µL/well)-well plates for immunocytochemical analysis and 1,5·105 cells/mL for 

the other analytical determinations. 

 

 

All treatments were compared with control experiments, where no drug was 

added. The treatments performed on cell cultures were made by dissolving the 

following products in the culture medium: 

1. Noradrenaline. Sigma® 

2. Recombinant MCP-1. Peprotech® (Rocky Hill, NJ, USA) 

3. LPS of Escherichia coli 0111: B4. Sigma® 



 

120 

 

uman post-mortem brain tissues were obtained from Hospital 

Universitario Fundación Alcorcón Brain-Biobank. As seen in Table 4.2, 

the control group (n = 10) consisted of neurologically normal subjects which had 

not suffered cognitive impairment; the Medium AD group (n = 8) had been 

diagnosed with stages between Braak III and IV (B III-IV), and the Advanced AD 

group (n = 10) consisted of pathologically confirmed subjects with Braak V and VI 

stages (B V-VI). 

The samples consisted of both frozen prefrontal cortical samples and 5 μm 

cryosectioned-tissue fixed in Tissue-Tek® O.C.T.™ (Optimal Cutting Temperature) 

compound (Sakura®) sections mounted on glass slides from human subjects. OCT 

compound is made of glycols and water-soluble resins, such as polyvinyl alcohol 

(<11%), and carbowax (<5%), which creates a suitable sample matrix for cryostat 

sectioning at temperatures below -10 °C without leaving residues.  
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We used the Reverse Transcription Polymerase Chain Reaction (RT-PCR) 

procedure to measure the expression of various genes. It combines the reverse 

transcription of RNA into complementary DNA (cDNA) and the subsequent 

amplification of target genes by polymerase chain reaction (PCR). This technique 

is carried out in three phases: 

1. mRNA purification, either from tissue or cell cultures. 

2. cDNA synthesis, by reverse transcription (RT), where the mRNA is 

converted into cDNA. 

3. Real-time PCR or quantitative PCR (qPCR) is performed.  

 

Mice were infused with NaCl 0,9% H2O, and the prefrontal cortex of the left 

hemisphere was placed in 300 μL of TRIzol® reagent (Thermo Fisher Scientific®). 

The samples were frozen at -80 °C. For the total cytoplasmic RNA extraction from 

cultured cells, the medium was first removed. Then, 300 µL of TRIzol® reagent 

(Thermo Fisher Scientific®) were added to each well of the 24-well plates. Next, 

the cells were scraped off, and the mixture was collected in 1,5 mL tubes and frozen 

at 80 °C.  

When the samples were ready to use, they were thawed at room temperature, 

and tissue samples were sonicated (Digital Sonifier, Branson). Then, 2 μL of 

chloroform (Sigma®) for every 10 μL of TRIzol® reagent were added to each tube, 

stirred for 15 seconds and 3 minutes later centrifuged at 12,000 rpm for 15 

minutes at 4 °C for both cell or tissue samples. The organic phase was discarded 

and 5 μL of 2-propanol (Sigma®) for every 10 μL of TRIzol® reagent and 1 μL of 
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glycogen were added to the aqueous phase. Then, the mixture was stirred in vortex 

and left overnight at 4 °C.  

The next day, the samples were centrifuged at 12,000 rpm for 10 minutes at 

4 °C. The supernatant was removed, and the pellet was washed twice with 500 μL 

of 80% ethanol in DEPC water (Invitrogen®). The excess ethanol was allowed to 

evaporate, and the pellet was left to dry. Finally, the pellet was resuspended in 

DEPC water (Invitrogen®) and stored at -80 °C.  

RNA extraction from human samples was done with RNeasy® Plus Mini Kit 

(Qiagen®) following the manufacturer’s instructions. First, 30-100 mg were 

dissected from cortical brain tissue and sonicated (Digital Sonifier, Branson) in 900 

µL of QIAzol Lysis Reagent (QIAGEN®). Then, 100 µL of gDNA Elimination Solution 

were added and vortexed 15 seconds. 180 µL of chloroform (Sigma®) were added, 

vortexed 15 seconds and incubated 3 minutes at room temperature. We 

centrifuged the lysate for 15 minutes at 12,000 x g and 4 °C. The supernatant 

(around 600 µL of aqueous phase) was then carefully removed from each sample 

and placed in a new 1,5 mL tube. Next, 600 µL of ethanol 70% was added to every 

tube and vortexed 15 seconds. 700 µL of the homogenized lysate was added into 

an RNAeasy Mini Spin column placed inside a 2 mL collection tube. The columns 

were centrifuged at 10,000 rpm for 15 minutes at room temperature. The liquid 

was discarded but not the columns. Then, the same process was repeated with the 

rest of the volume (∼600 µL). Then, 700 µL of buffer RWT were added to the 

column and centrifuged at 10,000 rpm for 15 minutes at room temperature. After 

discarding the liquid, 500 µL of RPE buffer were added, and the columns 

centrifuged at 10,000 rpm for 2 minutes at room temperature. Next, each column 

was placed inside a new 2 mL tube and centrifuged at 10,000 rpm for 1 minute at 

room temperature. Then again, each column was placed inside a new 1,5 mL tube. 

After, 30 µL of RNAeasy-free water was added to each sample and centrifuged at 

10,000 rpm for 1 minute at room temperature. Then, 30 µL of DEPC water were 

added to each column, and the supernatant was stored at -80 °C until further use. 
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First, mRNA concentration and quality were determined by NanoDrop® 1000 

spectrophotometer (Thermo Fisher Scientific Inc). The RNA purity was 

determined using ratio absorbances at 260 nm, 230 nm, and 280 nm. Samples with 

a 260/280 value between 1.7 and 2.2 and a 260/230 value in the range of 1.8 and 

2.2 were considered pure. Then, the samples were diluted with DEPC water 

(Invitrogen®) according to the concentration of RNA measured to a concentration 

of 1 μg of RNA in a final volume of 10 μL. To these aliquots, 10 µL of the following 

mixture of reagents were added:  

• 5x RT buffer (Thermo Fisher Scientific®),  

• deoxynucleotide triphosphates (dNTP) (25 mM) (Invitrogen®),  

• Random primers (Invitrogen®),  

• RNAase inhibitor (Invitrogen®), 

• DEPC water (Invitrogen®), 

• SuperScript® Reverse transcriptase (Thermo Fisher Scientific®). 

The mixture was subjected 10 minutes at 25 °C, 30 minutes at 50 °C, and 5 

minutes at 85 °C using the thermal cycler My CyclerTM (BIO-RAD). Finally, DEPC 

water (Invitrogen®) was added, and the cDNA stored at -80 °C. 

 

mRNA levels were estimated by semi-quantitative qPCR in a Corbett Rotor-

Gene 6000 (QIAGEN®). This technique is used to measure the expression of 

different genes by amplifying and simultaneously quantifying the product of 

amplification from a specific nucleic acid sequence, called real-time PCR.  

The quantification was done by monitoring the amplification reaction using 

the fluorescence emission from the fluorophore SYBR® Green. This molecule 

preferentially binds to double-stranded DNA by intercalating between the bases of 
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the cDNA. The complex is excited by blue light (maximum wavelength (λmax) = 

497 nm) and emits green light (λmax = 520 nm) (Figure 4.3). As our Corbett Rotor-

Gene 6000 disposes of a LED light source (λ = 470 ± 10 nm) and a detector (λ = 

510 ± 5 nm), it was suitable for the detection of the fluorophore SYBR® Green. 

 

 

Each time the cDNA sequence is amplified, the fluorescence emission is 

increased as the fluorophore binds to the new cDNA segment. The emission is 

quantified at the end of each amplification cycle.  

In our case, the technique is semi-quantitative as relative mRNA levels were 

calculated by comparison of take-off cycles and normalized to values of GAPDH 

measured in the same samples. 

2 µL of the cDNA obtained from the RT were mixed with 18 µL of Master Mix 

which contained DEPC water (Invitrogen®), the specific partitions of a target gene 

(primers), and commercial Taq Polymerase with SYBR Green (Biotools®, Spain). 

The primer design was made from the specific messenger RNA sequences for each 

protein and species. The PCR conditions were at least 35 amplification cycles as 

follows (Figure 4.4): 
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• Denaturation of cDNA at 95 °C for 10 seconds, by breaking the 

hydrogen bonds and separating the strands of the cDNA, 

• Primer annealing at 60 °C for 15 seconds, for the alignment to occur 

and the hybridization of primers, 

• Primer extension at 72 °C for 30 seconds, to elongate the 

oligonucleotides, followed by  

• 5 min at 72 °C to merge the cDNA chains 

 

The melting temperatures of the products obtained were between 50 °C and 90 °C. 

Tables 4.3, 4.4, and 4.5 show the primers used in this study. 
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To determine the expression of different mRNAs from mouse cortex, the 

following primers were used. 

′ ′

′ ′

′ ′

Rat primers were used for the quantification of different genes from primary 

cultures of astrocytes and microglia. 

′ ′

′ ′

′ ′

′ ′

′ ′

′ ′

′ ′

′ ′

′ ′

 

Human mRNAs levels were determined from tissue and the cell line culture 

HMC3. The primers used can be found in the next table. 

′ ′

′ ′
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For the quantification of protein levels, samples were first homogenized. 

Then, the protein content was measured by Bradford® Assay, and the levels of the 

target proteins were analyzed by Western Blot or ELISA Assay. 

 

Frozen mice cortical segments and human brain frontal cortex samples were 

sonicated for 10 seconds (Digital Sonifier, Branson®) in 350 μL of homogenization 

cocktail containing Phosphate-buffered saline 1x (prepared with NaCl (8.0 g/L), 

KCl (0.2 g/L), Na2HPO4 (1.44 g/L), KH2PO4 (0.24 g/L) and abbreviated as PBS) 

buffer (pH 7.4) with Complete Protease Inhibitor Mixture (Roche Diagnostics®, 

Germany) at 4 °C. The homogenates were centrifuged at 12,000 x g for 10 minutes 

at 4 °C. The supernatants were stored at -80 °C for protein content quantification 

and future experiments. 

In the case of cell cultures, the medium was aspirated from the wells, and cells 

washed with 500 µL of cold and autoclaved PBS 1x. Then, 200 µL of 

homogenization cocktail solution in PBS 1x buffer (pH 7.4) with protease inhibitor 

mixture (Complete, Roche Diagnostics®, Germany) were added and let 5 minutes 

on ice. The cells were scraped to detach them from the bottom of the plate and 

mechanically homogenized through pipette tips and placed into 1.5 mL tubes. The 

samples were centrifuged at 13,000 rpm for 10 minutes at 4 °C and the supernatant 

stored at -80 °C until further use. 

 

Protein content was determined by Bradford Protein Assay®, which is a 

spectroscopic assay based on an absorbance shift of the dye Coomassie Brilliant 
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Blue G-250. The Coomassie dye has three colorful forms: anionic (blue), neutral 

(green), and cationic (red). This binding dye reacts with proteins stabilizing its 

blue form. However, if there are no proteins in the solution, the dye stays brown. 

The absorption wavelengths of the Coomassie dye go from 465 nm (red) to 595 

nm (blue). Reading the absorbance value at 595 nm is proportional to the protein 

concentration in the sample (Bradford, 1976). 

For this purpose, Bovine Serum Albumin (BSA) (Sigma®) protein solutions 

containing 1 to 100 ng/mL were used as standard. Protein solutions (both sample 

and standard) were added Bradford Solution 1x (1:1). Then, the absorbance was 

determined with a spectrophotometer (Synergy 2, Bio Tek, Germany). The protein 

concentration of the samples was calculated using the standard curve made from 

optical densities from the standard protein. All the samples we brought to the same 

concentration in 70 µL. Samples used for Western Blot analysis were mixed with 

70 µL of loading buffer (Laemmli with 5% of β-mercaptoethanol) and stored at -

80 °C until used. 

 

The levels of those proteins that needed high sensibility detection were 

quantified by ELISA (enzyme-linked immunosorbent assay). This technique is 

based on the specific antigen-antibody binding principle (Figure 4.5).  

Each well of the plate has target-specific capture antibodies adhered to the 

bottom. When the standards or samples are added to the wells, the target protein 

binds to the antibody. Then, a biotin-conjugated secondary antibody is added and 

binds to the antigen of the target. Next, a Streptavidin-Horseradish Peroxidase 

(HRP) conjugate is incorporated, which binds to the biotin. In the presence of a 

TMB (3,3′,5,5′-Tetramethylbenzidine) substrate, this complex will catalyze a 

colorimetric reaction that is blocked with a sulfuric acid solution.  The absorbance 

of the solution was quantified by a spectrophotometer at λ= 450 nm (Synergy 2, 
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BioTek Instruments, Inc., Germany). The optical density (OD) of the standard curve 

and the OD of each well is used to measure the protein concentration present in 

the samples. 

Commercial kits specific for each protein and species were used according to 

the manufacturer’s instructions. All tests were normalized with the total protein 

concentration (determined by Bradford assay).  

To analyze the amount of CCL2 present in cultured rat astrocytes, we used an 

ELISA Kit (R&D Systems®). The detection range was 31.3-2,000 pg/mL. The 

standard curve was performed in each test, with a concentration range of 0 to 4000 

pg/mL, using a CCL2 standard provided by the Kit. 
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CX3CR1 concentration in human prefrontal cortex was measured by a human 

ELISA Kit (R&D Systems®). The detection range was 31,25 to 2,000 pg/mL. The 

standard curve was performed in each test using a CX3CR1 standard provided by 

the Kit with a concentration range of 0 to 2000 pg/mL. 

 

After adjusting their protein content, the homogenates of each sample were 

mixed in a 1:1 proportion with loading buffer, which consists of Laemmli® (BIO-

RAD) and with 5% β-mercaptoethanol. Between 10 and 20 μg of each sample were 

loaded, depending on the minimum protein determined in each batch, in a 10% 

SDS-polyacrylamide electrophoresis gel 1.5 mm thick. Electrophoresis was 

performed at 100 volts until complete protein migration in a Mini-Protean® Tetra 

Cell system (BioRad, Spain). Gels were transferred to commercial packs of 

nitrocellulose membranes with a 0.2 μm pore. The semi-dry transfer of 10 minutes 

was performed using the Trans-Blot® Turbo™ system (BioRad, Spain).  

In some cases, before blocking the membranes, the total protein content of 

the membrane was analyzed using Revert™ 700 Total Protein Stain Kit (LI-COR 

Biosciences). For this, after the transfer was completed and following the 

manufacturer’s instructions, the first time we added methanol to the stain reagents 

as indicated on each bottle. Then we rinsed the membrane in water and incubated 

it in 5 mL of Revert 700 Total Protein Stain solution for 5 minutes, with gentle 

shaking. After pouring the reactive, the membrane was washed twice for 5 minutes 

with Wash solution ― Revert Wash solution (P/N 926-11012): 6.7% (v/v) Glacial 

Acetic Acid, 30% (v/v) Methanol, in water ― and rinsed in distilled water. Then, 

the membrane was photographed in the 700 nm channel with an Odyssey® 

imaging system with an Fc detector, exposed for 2 minutes. Once the image was 

saved, the membrane was incubated for 5 minutes with Revert Reversal Solution 
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to eliminate the stain and washed with distilled water to continue with the protocol 

as all the other samples. 

Then, the membranes were blocked with 5% skimmed milk in TBS-tween for 

one hour at room temperature and subsequently incubated with the specific 

primary antibody overnight at 4 °C. The next day, after three washes of 10 minutes 

with TBS-tween, the membranes were incubated with the appropriate secondary 

antibodies for 1 hour. Then, the membranes were again washed four times for 5 

minutes with TBS-tween.  

Protein bands recognized by the antibodies were revealed by an ECL Plus® 

chemiluminescence kit (Amersham, Sweden) and visualized by the Odyssey® FC 

detector (Licor, Germany). The exposures were made at different times to 

guarantee the correct intensity of the bands.  

The images obtained were quantified by densitometry using ImageJ software 

(National Institutes of Health, Bethesda, MA, USA).  

As load controls, two different methods were used: 

• The quantification of the β-actin protein 

• The Revert™ 700 Total Protein Stain Kit (LI-COR Biosciences).  

The total protein quantification was measured by following Revert™ 700 

Total Protein Stain Kit (LI-COR Biosciences) instructions. For this, we first 

calculated the Lane Normalization factor for each lane with the following formula: 

𝐿𝑎𝑛𝑒 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 =
Total Protein Stain (TPS) for each lane

TPS from the Lane with the highest TPS signal
 

Then, the signal was normalized for quantitative comparisons with the next 

formula: 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑆𝑖𝑔𝑛𝑎𝑙 =
Target Band Signal

Lane Normalization factor
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The following table shows the conditions and antibodies used for the analysis 

of the proteins studied: 

Human antibodies 

Protein Primary antibody Dilution 
Secondary 
antibody 

Dilution Exposure 

CX3CR1 AF5825 1:200 A5420 1:10,000 5 min 

β-actin A5441 1:10,000 NXA93IV 1:10,000 2 min 

      

Mouse antibodies 

Protein Primary antibody Dilution 
Secondary 
antibody 

Dilution Exposure 

β2-AR ab13989 1:500 ab6873 1:500 2 min 

p-PKA C Cs-4781 1:1,000 (5% BSA) Sc-2004 1:2,000 2 min 

PKA C-α Cs-4782 1:1,000 (5% BSA) Sc-2004 1:2,000 2 min 

p-CREB Cs-9198 1:1,000 Sc-2004 1:2,000 2 min 

CREB Cs-9197 1:1,000 Sc-2004 1:2,000 2 min 

NOS2 Sc-650 1:750 (1% BSA) Sc-2004 1:2,000 2 min 

Iκ-Bα Sc-371 1:1000 Sc-2004 1:2,000 3:30 min 

BDNF ab46176 1:100 Sc-2004 1:2,000 2:30 min 

CX3CR1 AF5825 1:200 A5420 1:10,000 5 min 

β-actin A5441 1:10,000 NXA931V 1:10,000 2 min 

      

Rat antibodies 

Protein Primary antibody Dilution 
Secondary 
antibody 

Dilution Exposure 

CX3CR1 AF5825 1:200 A5420 1:10,000 5 min 

β-actin A5441 1:10,000 NXA93IV 1:10,000 2 min 
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To perform the immunocytochemical analysis of primary astrocyte cultures, 

we first seeded the cells at 0,05·106 cells/mL on glass coverslips placed at the 

bottom of the wells. After treatment, cells were rinsed with cold PBS+/+ and fixed 

with 4% paraformaldehyde for 10 minutes at room temperature. Then, cells were 

washed with PBS+/+ [PBS containing CaCl2 (0.10 g/L) and MgCl2·6H20 (0.10 g/L)] 

and incubated with PBS+/+ containing 0.1% Triton X-100 for 15 minutes to 

permeabilize the cells. After three washes of 5 minutes with PBS+/+, the cells were 

blocked with 5% normal goat serum in PBS+/+ at room temperature for 30 

minutes. Later, astrocytes were incubated with the primary antibody goat anti-β2-

AR (ab13989, Abcam®) diluted in 1% normal goat serum in PBS+/+ at 4 °C for 18 

hours. Next, the cells were washed three times with PBS+/+ and incubated for 1 

hour at room temperature with FITC-labeled secondary antibody (A21432, Life 

Technologies) diluted 1:1000 in PBS+/+ with 1% normal goat serum. After this, 

they were washed three times for 5 minutes with PBS+/+ and postfixed in 3.7% 

formaldehyde in PBS+/+ for 20 minutes. Autofluorescence was quenched with 50 

mM NH4Cl in PBS for 15 minutes. Afterward, they were washed with PBS+/+, and 

the coverslips were allowed to dry. ProLong Gold anti-fade reagent with DAPI 

(Diamidino-2-phenylindole) from ThermoFisher Scientific® was used as the 

mounting medium.  

Images were obtained on a Nikon Eclipse Ti-S microscope equipped with a 

digital sight digital camera and Nikon’s NIS-Elements imaging software.  

A single in-focus plane was acquired to quantify β2-ARs levels in astrocytes. 

Fluorescence was quantified with ImageJ software (National Institutes of Health, 

Bethesda, MA, USA). Around each cell, an outline was drawn to measure the area, 

integrated density, and mean fluorescence from each cell. In addition, several 
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adjacent background readings were also acquired. The Total Corrected Cellular 

Fluorescence (TCCF) was calculated with the next formula L: 

TCCF = Int Dent − (area ×  Mean BG) 

• Int Dent ≡ Integrated Density 

• Area ≡ Area of selected cell 

• Mean BG ≡ Mean fluorescence of background readings 

 

The immunocytochemical analysis of primary microglia cultures and HMC-3 

was performed on cells seeded at 1.5·105 (primary microglia) or 0.75·105 cells/mL 

(HMC3) on glass coverslips. After treatment, cells were rinsed with cold PBS+/+ 

and fixed with 4% paraformaldehyde for 10 minutes at room temperature. Then, 

cells were washed with PBS+/+ and incubated with PBS+/+ 0.1% Triton X-100 and 

5% horse serum (S-2000, Vector Laboratories) for 20 minutes to permeabilize the 

cells. Then, they were incubated with primary antibody against CX3CR1 (AF5825) 

diluted 1:200 (microglia) or 1:100 (HMC3) in 1% normal horse serum in PBS+/+ at 

4 °C for 18 hours. After this, the cells were washed three times with PBS+/+ and 

incubated for 1 hour at room temperature with secondary antibody Donkey anti-

Goat Alexa Fluor 555 (A21432, Thermo Fisher Scientific®) diluted 1:500 in PBS+/+ 

with 1% normal horse serum. Then, they were washed three times for 5 minutes 

each with PBS+/+, and postfixed in 4% paraformaldehyde in PBS+/+ for 15 minutes. 

Autofluorescence was quenched with 50 mM NH4Cl in PBS+/+ for 10 minutes. Then, 

the samples were washed in PBS+/+ and ProLong Gold Antifade Reagent with DAPI 

(Thermo Fisher Scientific®) was used as the mounting medium.  

HMC3 images were obtained with a Leica SP8 confocal microscope equipped 

with a Leica DFC350FX digital camera. Fluorescence intensity was quantified using 

ImageJ software (National Institutes of Health, Bethesda, MA, USA). Each cell was 
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automatically detected by setting ROI regions with the same threshold value in the 

DAPI channel and then using those ROIs to measure CX3CR1 intensity.  

A single in-focus plane was obtained from primary microglia cells on a Nikon 

Eclipse Ti-S microscope equipped with a digital sight digital camera and Nikon’s 

NIS-Elements imaging software. The detection threshold was set manually, and the 

same value was applied for the quantification of all groups. Fluorescence was 

quantified with ImageJ software (National Institutes of Health, Bethesda, MA, USA).  

 

The immunocytochemical analysis of human and mice brain was conducted 

by washing the samples with PBS+/+ for 5 minutes and blocked in PBS+/+ 

containing 10% normal horse serum and 0.2 % Triton X-100 at room temperature 

for 1 hour. After this, they were incubated with the appropriate primary antibodies 

(Table 4.7) at 4 °C for 18 hours. Then, the sections were washed three times for 5 

minutes with PBS+/+ and incubated for 1 hour at room temperature with the 

proper secondary antibodies (Table 4.7). Next, samples were washed three times, 

for 5 minutes each, with PBS+/+ and postfixed in 4% paraformaldehyde in PBS+/+ 

for 15 minutes. Autofluorescence was quenched with NH4Cl in PBS+/+ (50 mM) for 

10 minutes. Finally, after washing the sections with PBS+/+ for 3 minutes, they 

were mounted onto the slides from PBS+/+ and then coverslipped with 

FluoroshiedTM with DAPI histology mounting medium (Sigma®).  

Human samples images were obtained with a Leica SP8 confocal microscope 

equipped with a Leica DFC350FX digital camera. Fluorescence intensity and co-

localization were quantified with ImageJ software. The degrees of co-localization 

between NeuN or Iba-1 and CX3CR1 were measured with Pearson’s correlation 

coefficient (PCC) using Coloc 2 ImageJ plugin. The results go from +1 (complete 

correlation) to 0 (no correlation). This method of co-localization analysis does not 

evaluate differences in mean signal intensities. 
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Human antibodies 

Protein Primary antibody Dilution 
Secondary 
antibody 

Dilution 

CX3CR1 AF5825 
1:100 (PBS+/+ with 

1% normal horse serum 
and 0.2% Triton X-100) 

A21432 
1:500 (PBS+/+ with 

1% normal horse serum) 

Iba-1 Ab108539 
1:300 (PBS+/+ with 

1% normal horse serum 
and 0.2% Triton X-100) 

A21206 
1:500 (PBS+/+ with 

1% normal horse serum) 

NeuN Ab104224 
1:400 (PBS+/+ with 

1% normal horse serum 
and 0.2% Triton X-100) 

A21202 
1:500 (PBS+/+ with 

1% normal horse serum) 

     

Mouse antibodies 

Protein Primary antibody Dilution 
Secondary 
antibody 

Dilution 

CX3CR1 AF5825 
1:100 (PBS+/+ with 

1% normal horse serum 
and 0.2% Triton X-100) 

A11055 
1:100 (PBS+/+ with 

1% normal horse serum) 

Aβ ab2539 
1:200 (PBS+/+ with 

1% normal horse serum 
and 0.2% Triton X-100) 

A31573C 
1:200 (PBS+/+ with 

1% normal horse serum) 

Iba-1 019-19741 Wako 
1:1000 (PBS+/+ with 

1% normal horse serum 
and 0.2% Triton X-100) 

A31573C 
1:500 (PBS+/+ with 

 

 

The mice immunohistochemistry analyses were performed from the frontal 

cortex (from +2 to -1 mm to the Bregma) images of the primary somatosensory 

area. The detection threshold was set manually on a Nikon Eclipse Ti-S microscope 

equipped with a Digital Sight digital camera, and the same value was applied for 

the quantification of all groups. NIS elements imaging software was used to 

quantify CX3CR1 fluorescence values. Regarding CX3CR1 and Aβ-plaque intensity, 

they were obtained on a Leica SP8 confocal microscope equipped with a Leica 

DFC350FX digital camera. Confocal Z-stacks 1 μm apart were acquired.  

For the quantification of Aβ and CX3CR1 surrounding Aβ plaques, a square 

ROI centered on the plaque containing the total area of plaque-associated CX3CR1 

positive cells was used to define regions for quantification. ROI regions were 

drawn individually for each plaque to include the total area of plaque-associated 

CX3CR1 positive cells. Images were quantified using the Multi-measure ROI 

function from Image J software. 
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Flow Cytometry is a technique of single-cell analysis. As the cells are 

suspended in a solution, lasers trace one cell at a time. The light scattered by the 

cells reaches different detectors, which convert the light into electronic signals that 

can be furthered analyzed. For Flow Cytometry analysis (Figure 4.6), samples were 

prepared based on a protocol previously described by Lee and Tansey (Lee & 

Tansey, 2013).  

Mice were trans-cardially perfused with NaCl 0,9%, and the right hemisphere 

was placed in 1 mL of Serum Free Media (SFM ― DMEM/F12 with 1% antibiotics). 

The samples were minced with a blade and transferred to a tube with 1,5 mL of 

dissociation medium [SFM with Papain (1 mg/mL), Dispase II (10 mg/mL), HEPES 

(50 mM) and NaCl (150 mM) and DNAse I (10 U/mL)]. Then, each sample was 

mechanically homogenized by passing them through successive smaller pipette 

tips until reaching P10 size. The samples were incubated for 20 minutes at 37 °C in 

a water bath, inverting each tube every 5 minutes. 2,5 mL of neutralization medium 

were added to each sample to stop the dissociation reaction and centrifuged for 5 

minutes at 250 x g at room temperature. The pellet was resuspended in 2,5 mL of 

Serum Free Media and passed through a strainer (40-70 μm) into a 50 mL tube. 

The suspension was centrifuged at 250 x g for 5 minutes at room temperature. 
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Percoll® (17-0591-01, GE Healthcare) gradient was used to separate cells from 

myelin and debris by density centrifugation (Pertoft, 2000). The samples were 

resuspended in 1,5 mL of 35% SIP (Stock Isotonic Percoll, composed of nine parts 

of Percoll and one part of PBS 10x). Then, on top of this layer, 1,5 mL of PBS 1x 

were slowly pipetted. Next, samples were centrifuged at 900 x g for 20 minutes at 

18 °C without brake nor acceleration for the different components to separate 

according to their density. Myelin and debris stay between PBS 1x solution and the 

37% SIP layers, while the cells remain under the 37% SIP layer (Figure 4.7). This 

way, myelin and debris could be removed by aspiration.  

 

Then, each tube was filled up to 10 mL with PBS 1x and centrifuged at 900 x 

g for 6 minutes at 10 °C. Tissue suspensions were incubated with specific 

antibodies (Table 4.8) at 1:100 dilution for one hour at 4 °C light-protected. 

Samples were washed with 3 mL of PBS 1x and centrifuged at 900 × g for 6 min at 

10 °C. After removing the supernatant, 400 μL of PBS 1x were added and the cells 

were acquired on a GalliosTM Flow Cytometer (Beckman Coulter) with a previously 

prepared panel. The panel had been set up to assign a specific voltage to the 
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negative and positive populations of each antibody, as well as to avoid most signal 

overlapping of the emission spectrums (Figure 4.8). For this, we previously 

analyzed the negative and positive controls of each antibody separately as well as 

combined. The signal overlap between the channels of the emission spectra, mainly 

PerCP-Cy5.5 and APC with the red laser (633 nm), was mathematically corrected 

through compensation in the Flow Cytometry software Kaluza v2.0. 

Cultured cells, both primary cultured microglia and HMC3, were detached 

from the flasks using TrypLE Express Enzyme 1x (Gibco 12604). The suspension 
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was collected into 1.5 mL tubes and centrifuged at 500 x g for 5 min at 4 °C. Cells 

were then resuspended in PBS 1x with FBS at a 1:1 dilution. After 10 minutes of 

incubation on ice, the samples were centrifuged at 500 x g for 5 min at 4 °C, 

resuspended in 90 µL of PBS with 2% FBS, and incubated with specific antibodies 

(Table 4.8) at 1:100 dilution for one hour at 4 °C light-protected. Cultured cells 

were only incubated with anti-CX3CR1-R-phycoerythrin (CX3CR1-PE) to avoid 

fluorescence interferences as no cell population was to be detected. After the 

staining, cells were washed adding 3 mL of PBS 1x and centrifuged at 500 x g for 5 

minutes at 4 °C, resuspended in 400 µL of PBS with 2% FBS and acquired on a 

GalliosTM Flow Cytometer (Beckman Coulter) with the appropriate panel for this 

samples which was previously set up.  

 

The data obtained from brain samples was analyzed using the gating strategy as 

follows: Forward-Scattered (FSC)vs Side-Scattered (SSC) dot plot allowed us to 

confirm the correct cell size and granularity. A first gate was defined in the dot plot 

CD11b vs SSC to identify CD11b positive cells (CD11b+). Microglia also express low 

levels of CD45 (CD45low) (Martin et al., 2017), so they were identified by gating 
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CD11b+/CD45low cells in CD11b-APC vs CD45-PerCP-Cy5.5 dot plot. Finally, the 

expression CX3CR1 marker was analyzed per cell for these cells though the 

CX3CR1 vs SSC dot plot, and CX3CR1 intensity through the histogram, using Kaluza 

software v2.0.  

For in vitro experiments, the previous gating strategy was unnecessary as 

only one cell type was analyzed. The percentage of CX3CR1+ and CX3CR1- 

expressing cells, as well as their intensity, were quantified using Kaluza software 

v2.0. 

 

 

The amount of lactate released from cultured astrocytes was determined by 

an enzymatic assay. The principle of this assay is the colorimetric reaction. The 

amount of product is proportional to the lactate’s concentration in the samples. 

The Lactate Assay Kit (Sigma®) was used following the manufacturer’s 

instructions. The levels of sensitivity were between 0.001-10 mM. 

For this, 50 μL of supernatant from each sample were transferred to a 96-well 

plate. Then, 50 μL of Master Reaction Mix were added to each well and incubated 

at room temperature, light-protected on shaker for 30 minutes. Next, 50 μL of Stop 

Solution were added to each well and the absorbance was read at 570 nm in a 

Synergy™ 2 Multi-Mode Microplate Reader (BioTek Instruments, Inc.). 

The data was corrected by subtracting the background value (0 mg/well 

lactate standard). The standard curve was used to determine the concentration of 

lactate in each well. 

 



143 

 

The astrocytic concentration of glycogen was quantified by a colorimetric 

assay. In this test, the amount of product formed by coupled enzymes is 

proportional to the glycogen present. We used the Glycogen Assay Kit (Sigma®) 

following the manufacturer’s instructions.  

For this, cells were homogenized in water and boiled for 5 minutes to 

inactivate enzymes. The homogenates were centrifuged at 13,000 g for 5 minutes 

to remove insoluble material. Next, 50 μL of the supernatants were transferred to 

a 96-well plate and incubated with 50 μL of the supplied Master Reaction Mix for 

30 minutes at room temperature on shaker and light protected.  Then, the plate 

absorbance was read at 570 nm in a Synergy™ 2 Multi-Mode Microplate Reader 

(BioTek Instruments, Inc.). 

 

 

The cellular concentration of cAMP was measured with a bioluminescent 

cAMP detection kit. cAMP is synthesized by GPCRs coupled with adenylate cyclase. 

The assay determines the amount of cAMP by a coupled luciferase reaction. cAMP 

binds to PKA (kit enzyme) to stimulate PKA holoenzyme activity by the release of 

the catalytic subunits. These subunits phosphorylate PKA substrate consuming 

ATP in the process (Figure 4.9). The remaining ATP reacts with a luciferase 

reagent. Therefore, the luminescence detected is inversely proportional to cAMP 

concentration.  

For this, we used the cAMP-Glo™ Assay (Promega) according to the 

manufacturer’s instructions. Astrocytes were cultured in a 96-well plate. After 

treatment, cells were lysed to release the cAMP inside them by adding 20 µL of 

cAMP-Glo™ Lysis Buffer to each well and incubating the plate at room temperature 

for 15 minutes on shaker. Then, 40 µL of cAMP-Glo™ Detection Solution was added 
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to each well and incubated at room temperature for 20 minutes on shaker. This 

solution contained PKA and PKA substrate (Leu-Arg-Arg-Ala-Ser-Leu-Gly). Next, 

80 µL of Kinase-Glo® Reagent were incubated at room temperature for 10 minutes. 

Finally, the luminescence was measured in a Synergy™ 2 Multi-Mode Microplate 

Reader (BioTek Instruments, Inc.). The data obtained was correlated to cAMP 

concentrations using a cAMP standard curve.  

 

 

The LDH Cytotoxic Assay is a colorimetric technique used to assess cell 

viability in cultures. The LDH enzyme is found inside most living cells, but it is 

released into the extracellular space (media) upon disruption of the cell membrane 

during cell lysis. The assay measures the amount of LDH in the samples. This 

enzyme catalyzes the following reaction: 

Lactate + NAD+ ⇌ Pyruvate + NADH  
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When the yellow tetrazolium salt reacts with NADH, the product is a red-

colored molecule called formazan (Figure 4.10). As a result, the dye's absorbance 

can be measured, which is proportional to the LDH release. 

For this, CytoTox 96® Non-Radioactive Cytotoxicity Assay kit from Promega 

was used according to manufacturer’s instructions as follows: First, 10 μL of the 

cells’ supernatants were transferred into 96-well plates, and 30 μL of distilled H2O 

and 40 μL of CytoTox 96® Reagent were added to each well. The samples were 

incubated for 15 minutes at room temperature, light protected on shaker for the 

tetrazolium salt to convert into red formazan (Figure 4.10). Next, 50 μL of stop 

solution were added. Finally, the absorbance of each well was read at 492 nm in a 

Synergy™ 2 Multi-Mode Microplate Reader (BioTek Instruments, Inc.).  

 

To calculate the total LDH, the media from the cultured astrocytes was 

aspirated, and 100 μL of Lysis Solution 1x was added per well and incubated for 45 

minutes. Then, 40 μL aliquots were transferred to a 96-well plate, and 40 μL of 

CytoTox 96® Reagent were added. The plate was incubated for 15 minutes at room 

temperature, light protected on shaker. Next, 50 μL of stop solution were added 

before reading the plate. After subtracting the average background values of the 

culture medium, the next formula was used to quantify the percent of cytotoxicity: 

Percent cytotoxicity = 100 ×  
Optical density of LDH Release

Optical density of Maximum LDH Release
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The ubiquitin-proteasome system degrades proteins by proteolysis. The 20S 

subdomain of this multi-catalytic complex has three different proteolytic activities 

defined as chymotrypsin-like, trypsin-like, and caspase-like, depending on their 

protein substrate. The Proteasome-Glo™ System (Promega) was used to measure 

the chymotrypsin-like activity, being the luminogenic substrate provided Suc-

LLVY-amino-luciferin. The cleavage of Suc-LLVY-amino-luciferin by the 

proteasome complex generates a thermostable luciferase (Ultra-Glo™ 

Recombinant Luciferase), which generates a luminescent signal (Figure 4.11). 

Therefore, the luminescence is proportional to the amount of chymotrypsin-like 

proteasome activity. 

 

For this, astrocytes were seeded on 96-well plates, and after treatment, they 

were incubated with 50 μL Proteasome-Glo™ Reagent for 10 min at room 

temperature after gently mixed. Then, the luminescence was measured in a 

Synergy™ 2 Multi-Mode Microplate Reader (BioTek Instruments, Inc.). 
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Two different transfection and transient expression assays were used to 

measure β2-AR and CX3CR1 promoter activities. 

The β2-AR promoter luciferase reporter plasmid (pGL3―β2-AR) was used to 

assess the transcriptional activity of β2-AR promoter. This plasmid, along with the 

control phRTK Renilla luciferase vector (phRTK-control), were transfected into 

cultured astrocytes, and after treatment with CCL2, the activity of the promoter β2-

AR was measured. 

The pGL3―β2-AR was developed and donated by Dr. Leprince (Boulay et al., 

2011).  This plasmid is a vector, the pGL3-Basic Vector (Promega), in which the 

sequence of the β2-AR gene promoter has been inserted before the luciferase gene 

(Figure 4.12). When transfected into the cells, each time the β2-AR promoter is 

activated, the reporter luciferase gene will also be transcribed. This way, we can 

measure β2-AR promoter activity.  

The pGL3-Basic Vector (Promega) contains different sequences: 

• Multiple cloning region (1–58 bp), which contains restriction enzyme 

genes 

• The luciferase gene Firefly (Photinus pyralis) (88–1740 bp). This 

sequence is the cDNA encoding the modified firefly Luciferase. The 

enzyme works as the “experimental” reporter 

• GLprimer2 binding site (89–111 bp) 

• SV40 late poly(A) signal (1772–1993 bp) 

• RVprimer4 binding site (2080–2061 bp) 
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• ColE1-derived plasmid replication origin (2318 bp) 

• β-lactamase gene (Ampr) (3080–3940 bp). This gene confers 

ampicillin resistance in escherichia coli. 

• f1 ori (4072–4527 bp). This sequence corresponds to the origin of the 

replication derived from filamentous phage 

• upstream poly(A) signal (4658–4811 bp) 

• RVprimer3 binding site (4760–4779 bp) 

 

An empty phRTK Renilla luciferase Vector (Promega), was used as an internal 

control to reduce experimental variability, cell viability, and transfection efficiency. 

In this plasmid, the luciferase gene corresponded to Renilla (Renilla reniformis) 

luciferase. Both luciferase activities, Firefire and Renilla, can be measured using 

Dual-Luciferase® Reporter Assay System, as described later. 

To transfect primary cultured astrocytes, we used transfection reagent 

Lipofectamine™ 3000 (L3000015, Thermo Fisher Scientific®). This technique, 



149 

named lipofection, allows the introduction of DNA vectors into cells by the 

formation of liposomes between lipids and plasmids. These complexes then fuse 

with the cell membrane introducing the external DNA.  

The luciferase activity of both Firefly and Renilla luciferases was measured 

using Dual-Luciferase® Reporter Assay System. These enzymes have different 

structures and substrates for their bioluminescent reactions. In addition, they 

operate as genetic reporters immediately upon translation as no post-translational 

processing is required. The Firefly luciferase (61 kDa) oxidases beetle luciferin 

under ATP, Mg2+ and O2 conditions producing light. The Renilla luciferase (36 kDa) 

catalyzes coelenterate-luciferin (coelenterazine) in the presence of O2, into 

Coelenteramide, CO2, and photon emission (Figure 4.13). 

For this, astrocytes were seeded (3·104 cells/well) in a 96-well plate for 24 

hours. Meanwhile, pGL3―β2-AR and phRTK luciferase plasmids were diluted in 

OptiMEM™ Medium (2 µg of DNA/µL) and mixed with 2 µL P3000™ Reagent 

(Thermo Fisher Scientific®) per µg of DNA. Next, it was incubated with 
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Lipofectamine™ 3000 Reagent (Thermo Fisher Scientific®) at a ratio of 1 µL of DNA 

to 1 µL of Lipofectamine for 10 minutes. Then, 10 µL of plasmid-lipid complex was 

added to each well (100 ng of DNA/well) for the transfection to occur into the cells. 

Twenty-four hours after transfection, the medium was removed and replaced with 

fresh one containing different concentrations of CCL2 (10, 50, 100 ng/mL) for 4 

hours.  

Next, the luciferase activity was measured using Dual-Luciferase® Reporter 

Assay System (Promega). As the manufacturer’s instructions indicated, 20 μL of 

Luciferase Assay Reagent II were added to the samples, and Firefly luciferase 

activity measured. Then, 20 μL of Stop & Glo® Reagent was added, and Renilla 

luciferase activity quantified. The luminescence was measured in a Synergy™ 2 

Multi-Mode Microplate Reader (BioTek Instruments, Inc.). The luciferase activity 

of pGL3―β2-AR was normalized to phRTK Renilla luciferase activity to correct 

transfection efficiency. 

 

CX3CR1 promoter activity in HMC3 cells was measured by transfecting cells 

with GLuc-ON™ promoter plasmids. Gaussia luciferase (GLuc) plasmid was used as 

the promoter reporter while the secreted alkaline phosphatase (SEAP) as the 

internal control for signal normalization. Both were purchased from GeneCopoeia 

(Rockville, MD, USA). 

The Human CX3CR1 promoter expression plasmid contains a 1.536 kb insert 

(Chromosome 3’: 39,281,325-39,279,789) and the translational start site 

promoter sequence is located 1.289 kb upstream of the transcription start site of 

Human CX3CR1 gene. This insert is placed upstream of the GLuc reporter gene. 

Since the putative cis-acting enhancer elements are expected to exist in the cloned 

promoter region, the promoter luciferase activity observed during the reporter 

assay closely resembles the actual promoter regulation of CX3CR1 gene within 
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human cells. The dual-reporter system uses GLuc as the promoter reporter and 

SEAP as the internal control for signal normalization. The plasmids were 

purchased from GeneCopoeia (Rockville, MD, USA).  

To measure CX3CR1 gene activity, HMC3 cells were seeded on a 96-well plate. 

To begin with, HMC3 were transfected with a constant amount of GLuc-ON™ 

CX3CR1 Reporter Clones (100 ng DNA/well) using transfection reagent 

Lipofectamine™ 3000 (L3000015, Thermo Fisher Scientific®) according to the 

manufacturer’s instructions. Twenty-four hours later, the medium was removed 

and replaced with fresh medium containing NA (0, 10, 25, 50 μM) for 24 hours. 

Next, the medium was collected and stored at -20 °C. After this, the Secrete-Pair 

Dual Luminescence kit (GeneCopoeia) was used to measure the activities of GLuc 

and SEAP. The luminescence intensities of these proteins in the culture medium 

were measured in a Synergy™ 2 Multi-Mode Microplate Reader (BioTek 

Instruments, Inc.). Since GLuc and SEAP proteins are secreted to the culture 

medium, cell lysis is not necessary. GLuc data was divided by SEAP measurements 

in each sample as a standard control. 

 



 

152 

 

ach sample was analyzed in duplicate or triplicate, and the results 

obtained have been expressed as the mean ± SEM (standard error of the 

mean). The statistical program used in the studies was the GraphPad Prism7 ©.  

In studies where the experimental groups were more than two, an analysis of 

variance or one-way ANOVA was performed, followed by Newman-Keuls multiple 

comparison post-test. A value of p <0.05 was considered significant. In studies 

with two experimental groups, the data were analyzed using the two-tailed 

Student’s t-test, considering a value of p <0.05. 
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aving previously described that NA induces the expression of the 

chemokine CCL2 in primary cultured astrocytes (Madrigal et al., 2009) 

and in vivo (Madrigal et al., 2010). Our next goal was to analyze if the 

overexpression of CCL2 modifies the astrocytic response to NA in neuronal 

sustainability processes.  

 

 

We first decided to analyze if CCL2 induces the production of β2-ARs in 

astrocytes because we had already seen that the activation of these receptors is 

linked to the induction of CCL2 by NA (Madrigal et al., 2009). We treated primary 

rat cultures of astrocytes with different concentrations of recombinant CCL2 (0, 

10, 50, or 100 ng/mL) or control medium (C) for 5 hours. Then, the cells’ mRNA 

was isolated, and β2-ARs mRNA levels determined by RT-PCR (Figure 5.1A) 

observing the largest differences with the 100 ng/mL concentration of CCL2. 

Therefore, astrocyte cultures were treated next for different times with 100 ng/mL 

of CCL2 and β2-ARs mRNA levels analyzed by RT-PCR (Figure 5.1B). The results 

obtained demonstrate that CCL2 induces β2-ARs mRNA levels in a concentration- 

and time-dependent manner.  

Next, we analyzed if CCL2 modifies the synthesis of β2-ARs. We treated 

astrocytes with CCL2 (50 and 100 ng/mL) for 24 hours. Then, the cytosolic lysates 

were tested for the presence of β2-AR (around 46 kDa) and β-actin by Western 

Blot (Figure 5.1D). The densitometric analysis of the β2-AR bands was normalized 

to β-actin protein values (Figure 5.1C).  
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To further determine if β2-AR gene transcription was increased, we decided 

to analyze the activation of β2-AR promoter. For this purpose, we used a β2-AR 

promoter construct cloned in a luciferase reporter vector. This way, we could 

determine if CCL2 can stimulate or inhibit the expression of β2-AR gene. First, 

astrocytes were transfected with the vector. Then, the medium was replaced with 

fresh one containing different concentrations of CCL2 for 4 hours. The results 

reveal that promoter activation was increased by CCL2 in a concentration-

dependent manner (Figure 5.2). These results confirm the activation of β2-AR gene 

expression by CCL2. Since 100 ng/mL of CCL2 caused the largest increase in the 

expression of β2-ARs, we used this concentration in the subsequent experiments.  

n 

 
 

Having confirmed that CCL2 induces the synthesis of β2-AR in astrocytes, we 

decided to perform an immunocytochemical assay in order to determine if CCL2 

causes any structural differences in these cells as well as the expression pattern of 

β2-AR. For this purpose, primary astrocytes were treated with or without CCL2 for 

24 hours and stained for β2-AR (green) and DAPI (blue) (Figure 5.3A). As shown 
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in Figure 5.3, CCL2 treated cells displayed a more intense β2-AR staining, mainly 

in the perinuclear area.  

n p 

 

 

 

Next, we analyzed if CCL2 induces the expression of any of the α type of 

adrenergic receptors. For this, primary astrocytes were incubated with different 

concentrations of CCL2 (0, 10, 50, and 100 ng/mL) for 5 or 24 hours. Then, the RNA 

was isolated to measure α1A-AR, α1B-AR, α1D-AR, α2A-AR, α2B-AR, and α2C-AR 

mRNA concentrations by RT-PCR. We only found statistically significant 

differences in the expression of α1B-AR by CCL2 (Figure 5.4).  
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Once the ability of CCL2 to induce β2-ARs expression and synthesis in 

astrocytes was determined, we decided to analyze if this chemokine alters β2-ARs 

signaling pathway (Figure 5.5). 

 

First, we examined if CCL2 modulates the synthesis of cAMP, which is elicited 

by the activation of these receptors. For this purpose, we pretreated primary 

astrocytes with different concentrations of CCL2 and the β-AR antagonist 

propranolol. Twenty-four hours later, the medium was replaced to treat the cells 

with or without NA for 10 minutes. Then, cAMP levels were measured. This way, 

we observed how CCL2 causes a dose-dependent increase in cAMP. The lack of 

effect in the presence of propranolol allowed us to conclude that this effect of CCL2 

depends on the activation of β-ARs (Figure 5.6).  
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Since cAMP phosphorylates PKA, allowing it to activate subsequent proteins, 

we tested if CCL2 also modulates this enzyme. For this purpose, we pretreated 

astrocytes with CCL2 for 24 hours; then the medium was replaced by new one with 

or without NA for 20 minutes. After this, the proteins were extracted, and PKA and 

p-PKA concentrations were determined by Western Blot (Figure 5.7A). The results 

demonstrated that neither PKA nor p-PKA were altered by the presence of CCL2, 

indicating that CCL2 interferes with cAMP activation of PKA (figure 5.7B).  

CREB is a transcription factor known to participate in synaptic plasticity and 

neuroprotection processes (Bradshaw & Dennis, 2010), which can be 

phosphorylated by PKA. For this reason, we decided to investigate if CCL2 modifies 

the stimulation of this transcription factor elicited by NA. Interestingly, when we 

analyzed in the samples described previously for the presence of CREB and p-CREB 

by Western Blot (Figure 5.7C), we realized that the phosphorylation mediated by 

NA at Ser133 of CREB was nearly completely blocked by CCL2 (Figure 5. 7D). 
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CREB is known to control the expression of neurotrophic factors, such as 

BDNF, which is involved in the neuroprotective actions of several NA re-uptake 

inhibitors (rev. in Björkholm & Monteggia, 2016). Moreover, NA has also proven to 

induce the expression of BDNF in cultured glial cells (Day et al., 2014).  

n 
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Since CCL2 alters NA’s actions though the PKA/CREB signaling pathway, we 

decided to analyze the effect of CCL2 on the regulation of BDNF expression by NA 

in astrocytes. For this purpose, we pretreated rat astrocytes with CCL2. Twenty-

four hours later, the medium was replaced with new medium with or without NA 

and the β2-AR agonist Clenbuterol for 5 or 24 hours. Our results demonstrate that 
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BDNF mRNA levels are induced by both NA and Clenbuterol in astrocyte cultures. 

However, the expression of BDNF is reduced by CCL2 pretreatment. NA effects are 

completely inhibited by CCL2 after 24 hours, while those from Clenbuterol were 

similarly inhibited after 5 hours (Figure 5.8). 

 

 

Astrocytes are responsible for supporting neighboring neurons (Abbott, 

2002). Astrocytes obtain glucose from the bloodstream by GLUT-1 transporters 

(Vannucci et al., 1997) and are known to be the main glycogen storage in the brain 

(Cataldo & Broadwell, 1986). They break down glycogen (glycogenolysis) and 

release lactate into the extracellular space, which neurons can use as an energy 

source. 
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The activation of β2-ARs is known to regulate glucose metabolism in 

astrocytes, and its dysregulation is linked to neuronal diseases, such as AD or MS 

(Dong et al., 2012). Consequently, we studied if CCL2 effects on the β2-ARs 

signaling pathway modified the formation and storage of glycogen and lactate 

release enhanced by NA. For this, we pretreated astrocytes with CCL2 for 24 hours, 

and then the media was replaced for new one with or without NA or Clenbuterol 

for 20 minutes. Next, we analyzed the intracellular concentration of glycogen. The 

results show that NA stimulates astrocytic glycogenolysis, as expected (Cummins 

et al., 1983), and the pretreatment with CCL2 tends to potentiate NA’s effect. This 

effect is more evident when astrocytes were treated with the β2-AR agonist 

Clenbuterol (Figure 5.9).  

In astrocytes, protein targeting to glycogen (PTG) is one of the most 

important proteins in charge of glycogen regulation synthesis (Ruchti et al., 2016). 

We incubated primary astrocytes 24 hours with or without CCL2 and then replaced 

the medium to treat the cells with NA, Clenbuterol or just medium for 5 or 24 hours. 

After this, PTG mRNA levels were quantified by RT-PCR. As expected, both NA and 

Clenbuterol induced the expression of PTG in cultured astrocytes (Allaman et al., 

2000). Interestingly, the pretreatment with CCL2 reduced the expression of PTG 

with complete inhibition of the induction due to NA at 24 hours (Figure 5.10).  
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Next, we tested if the modifications caused by CCL2 on β2AR expression 

altered the mobilization of lactate stimulated by NA since astrocytic glycogenolysis 

can lead to an increase of extracellular lactate. We treated astrocytes as previously 

described: pretreated the cells with or without CCL2 for 24 hours and then 

replaced medium with new one to treat cells with NA or Clenbuterol. After 20 

minutes, the levels of lactate were measured from the culture medium. The data 

revealed that although CCL2 promotes glycogenolysis, pre-exposure with this 

chemokine blocks the release of lactate stimulated by NA or Clenbuterol (Figure 

5.11). 
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The induction of the transcription factors CCAAT/enhancer binding-proteins 

β and δ (C/EBP-β and C/EBP-δ) is sufficient to activate glycogen synthesis, and NA 

treatment of astrocytes has been shown to activate both transcription factors via 

βARs and cAMP signaling (Cardinaux & Magistretti, 1996). Since NA effects are 

potentiated by CCL2, we decided to study if this chemokine was causing its effects 

through C/EBP-β and C/EBP-δ.  

Based on this, astrocytes were pretreated with or without CCL2 for 24 hours, 

and then the media was replaced to incubate cells with or without NA for 30 

minutes, 5 or 24 hours. The mRNA levels of C/EBP-β and C/EBP-δ were quantified 

by RT-PCR. The data obtained indicate that NA stimulates the expression of both 

C/EBP-δ and C/EBP-β. Interestingly, the effect on C/EBP-β is faster and more 

evident. Nevertheless, CCL2 did not enhance the induction of either’s factors by NA 

(Figure 5.12). 
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One of the main mechanisms through with NA exerts its neuroprotective 

effects is by the inhibition of NOS2. NOS2 synthesizes NO, which is responsible for 

neuronal damage in neuroinflammatory diseases such as AD (Balez & Ooi, 2016). 

The noradrenergic inhibition of NOS2 is mediated by the activation of β-ARs and 

through cAMP signaling (Feinstein et al., 1993). To understand if CCL2 could 

modify NA’s neuroprotective effects via the inhibition of NOS2, we pretreated 

primary astrocytes with or without CCL2. Twenty-four hours later, the media was 

replaced with new one to treat cells with LPS and/or NA or Clenbuterol for 5 hours. 

Then, NOS2 mRNA levels were quantified by RT-PCR.  

As expected, the data shown in Figure 5.13A demonstrate how the expression 

of NOS2 is highly increased in the presence of the pro-inflammatory stimulus LPS 

and that both NA and Clenbuterol blocked this. However, pretreating these cells 

with CCL2 did not produce any significant variation of NA and Clenbuterol effects, 

although a slightly greater reduction of NOS2 mRNA was observed in Clenbuterol-

treated cells. However, when we analyzed NOS2 protein concentration after 24 

hours of treatment (Figure 5.13B-C), CCL2 had a marked effect on NOS2, 

potentiating the NA and Clenbuterol induced reduction of NOS2 protein 

accumulation.  

Since NF-kB is one of the most relevant transcription factors regulating NOS2 

expression (Saha & Pahan, 2006), we analyzed CCL2 effects on the inhibitory 

subunit Iκ-Bα that has shown to meditate NA inhibition of NOS2 (Gavrilyuk et al., 

2002). For this, we pretreated astrocytes for 24 hours with or without CCL2. Then, 

the media was replaced with new one containing NA or Clenbuterol for 5 hours to 

determine Iκ-Bα mRNA levels by RT-PCR; and for 24 hours to analyze Iκ-Bα protein 

concentration (Figure 5.14).  
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The results obtained show that CCL2 potentiates both NA and Clenbuterol 

induced increase of Iκ-Bα mRNA levels. Regarding the protein level, CCL2 

potentiated the increased synthesis of Ik-Bα elicited by NA but did not alter 

Clenbuterol’s effect (Figure 5.14). 
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Pro-inflammatory astrocytes in inflammatory environments, such as 

neurodegenerative diseases or in response to LPS (Sharma et al., 2015), are 

autoregulated by two mechanisms: deactivation or programmed cell death (Suk et 

al., 2001). The activation-induced cell death has been proposed to be an extreme 

control system that prevents the excessive release of toxic substances, such as NO, 

which aggravates cell damage. We decided to analyze if CCL2 altered cell viability 

in the presence of LPS. For this, we pretreated astrocytes with different 

concentrations of CCL2. Twenty-four hours later, the medium was replaced with 

new one with or without LPS. After treatment, LDH levels released into the medium 

were quantified to analyze cell viability. The results obtained demonstrate that, in 

the presence of LPS, there is an increase of cell death, but this is reduced when they 

are previously exposed to CCL2 in a concentration-dependent manner (Figure 

5.15). 

Φ

 

Once we observed that CCL2 reduces the activation-induced cell death in 

astrocytes, we decided to analyze if CCL2 could also exert some modifications that 

could affect the degradation rate of proteins through the ubiquitin-proteasome 
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system, as this could also contribute to regulating the concentration of specific 

proteins.  

In order to analyze this, astrocytes were incubated with different 

concentrations of CCL2 for 24 hours. Then, we measured the chymotrypsin-like 

activity of the proteasome complex. The data indicate that 50 and 100 ng/mL 

concentrations of CCL2 increase the chymotrypsin-like activity of the proteasome 

complex (Figure 5.16). 
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ince we had seen in our previous studies that NA regulates the 

production of FKN in both astrocytes and neurons (Hinojosa et al., 2013; 

Madrigal et al., 2017), we decided to analyze if NA also affects the production of 

CX3CR1, FKN sole receptor, which is mainly found in microglia (Harrison et al., 

1998). 

 

 

To investigate if CX3CR1 was altered by NA, we incubated primary rat 

microglia for 4 or 24 hours with or without NA. Then, CX3CR1 mRNA levels were 

quantified by RT-PCR. The data demonstrated that 4 hours of treatment with NA 

reduce CX3CR1 mRNA levels almost by half, and this effect can still be detected 24 

hours later (Figure 5.17A and B). 

Consecutively we analyzed CX3CR1 synthesis. After 24 hours of treatment 

with NA, the cells tend to express lower concentrations of CX3CR1 by Western Blot 

(Figure 5.17C and D). As β-actin levels were also modified in the presence of NA, 

we used all the protein in the well as a loading control.  

For immunocytochemical analysis, we incubated the cells for 24 hours with 

or without NA and stained them for CX3CR1. Figure 5.17E includes representative 

images of microglia at two different magnifications. The immunocytochemistry 

shows a higher intensity staining of CX3CR1 in the control group, which is verified 

by the quantification study (Figure 5.17F).  
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To confirm the protein results, we performed flow cytometry analyses. For 

this, we treated primary microglia cultures for 24 hours with NA and then 

incubated them with CX3CR1-PE antibodies. PE fluorescence was measured in a 

Flow Cytometer. The distribution of CX3CR1-labeled events allowed us to separate 

the cells into two different populations based on their different CX3CR1-PE 

fluorescence intensity. 

This way, we observed that NA treatment caused an almost two-fold increase 

in the number of CX3CR1- cells (Figure 5.18A and D) while reducing the number of 

CX3CR1+ ones although to a lesser degree (Figure 5.18B). However, the intensity 

of CX3CR1+ events, which corresponds to the amount of CX3CR1 synthesized per 

cell, does not vary significantly from treated to untreated cells, although a tendency 

for treated cells to produce more CX3CR1 is observed (Figure 5.18C and E). This 

tendency could be due to a compensatory effect. 
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Once we had seen that NA changes the production of CX3CR1 in cultured 

microglia, we decided to test if this neurotransmitter could exert a similar effect in 

vivo. Immunohistochemical analysis of coronal sections demonstrated a denser 

distribution of CX3CR1 in cortical areas of the mouse brain of (Figure 5.19). As a 

result, we focused our studies in this brain area. 

 

To study the effect of NA on the production of CX3CR1, WT mice were treated 

with Reboxetine to increase NA concentration in the synaptic cleft as this drug 

works as NA re-uptake inhibitor. When Reboxetine was administered 

intraperitoneally in one dose of 20 mg/kg and samples were extracted 24 hours 

later, we observed an increase in CX3CR1 mRNA levels in brain cortex (Figure 

5.20A), while FKN levels were not modified (Figure 5.20B). 
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Next, we were interested in studying the effect of NA on this receptor after a 

longer Reboxetine treatment. We have previously seen that a 28 days-long 

Reboxetine treatment using osmotic-pumps reduced neuroinflammation and 

neurodegeneration in 5xFAD AD mouse model (Gutierrez et al., 2019). Thus, we 

treated 6-months-old WT and 5xFAD mice with vehicle or Reboxetine for 28 days 

to determine FKN and CX3CR1 mRNA levels by RT-PCR.  
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The data obtained indicate that WT mice express less CX3CR1 than 5xFAD 

mice. In addition, Reboxetine increased CX3CR1 mRNA levels in both mouse types, 

although the effect was more noticeable in the AD mouse model (Figure 5.21A). 

The expression of FKN was reduced in 5xFAD samples, but this difference was not 

observed when these mice were treated with Reboxetine (Figure 5.21B).  
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Brain slides obtained from these mice were immunohistochemically 

examined in search of differences in CX3CR1 synthesis (Figure 5.22A). The results 

obtained demonstrated higher intensity staining of CX3CR1 in 5xFAD mice and 

even higher when these animals were treated with Reboxetine (Figure 5.22B), 

which agrees with the results found for CX3CR1 mRNA levels.  

However, the differences in the CX3CR1 levels detected could be due to 

alterations in the number of microglial cells. In fact, the microglial counts 

performed using Flow Cytometry demonstrate that the presence of these cells is 

higher in the brains of 5xFAD mice, and Reboxetine treatment increases it (Figure 

5.23B). Nevertheless, the analysis of the distribution between high and low 

CX3CR1-expressing cells demonstrates that microglia from 5xFAD mice have a 

higher density of CX3CR1 per cell and this is significantly increased by Reboxetine 

(Figure 5.23C). Thus, the differences found by PCR and immunohistochemistry 

could be related to the number of microglial cells. Still, in the brains of 5xFAD mice, 

Reboxetine treatment increases the number of microglial cells and the amount of 

CX3CR1 produced by these cells. 
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Based on the previous set of studies, we concluded that Aβ accumulated in the 

brains of 5xFAD mice might play an essential role in their production of CX3CR1. 

For this reason, we performed double immunohistochemical analyses for CX3CR1 

and Aβ in order to examine the distribution of both proteins (Figure 5.24A).  
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This way, we observed that, while CX3CR1 staining is very intense in 

microglial ramifications distant from Aβ plaques, it shows a diffuse distribution 

near Aβ plaques (Figure 5.25). The arrows indicate how microglial ramifications 

near Aβ aggregations (1) do not display as much intensity as microglial cells 

located further away (2). This indicates that the morphological change caused by 

Aβ in CX3CR1-expressing microglia is accompanied by a redistribution of the 

receptor within their cell bodies. Furthermore, CX3CR1-expressing microglia could 

be detected around high-density Aβ plaques, while it seemed to mingle with the 

fibers of low-density ones (Figure 5.26), suggesting that CX3CR1-mediated 

reactivity may be related to the degree of Aβ aggregation. 

 

 

The differences observed between vehicle and Reboxetine-treated 5xFAD 

mice indicate that Reboxetine treatment enhances microglial interaction with Aβ 

plaques, as can be inferred from the increased co-localization of Aβ plaques and 

CX3CR1-expressing cells (Figure 5.25B) as well as the more intense labeling of 

CX3CR1 around Aβ plaques detected in Reboxetine-treated mice (Figure 5.25C). 

Reboxetine’s potentiation of microglial activity might lead to the confinement and 

consequent increase in the density of Aβ plaques which is more pronounced in the 

samples obtained from Reboxetine-treated mice (Figure 5.24). 
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When mice were treated with osmotic pumps filled with Reboxetine for 28 

days, apart from microglial cells, we detected other cells whose levels were altered 

as well as their synthesis of CX3CR1. Following the previous gating strategy used 

to identify microglial cells, our Flow Cytometry experiment allowed us to recognize 

two populations: myeloid cells and lymphocytes.  

The common leukocyte antigen CD45 allowed us to differentiate between 

myeloid cells and microglia since the last ones have a reduced expression. As 

shown in Figure 5.27A, myeloid cells were labeled as CD11b+ and CD45high (Greter 

et al., 2015). In the CNS, macrophages, monocytes, and perivascular macrophages 

are the main myeloid cells found. Our results showed that there is a tendency for 

the infiltration of myeloid cells in 5xFAD mice. Moreover, after Reboxetine 

treatment, the concentration of these cells can be tripled in these mice (Figure 

5.27B). 
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ΦΦΦ , ΦΦ , Φ

 

The second population that could be easily detected was labeled as CD11b- 

and CD45high. Considering the small complexity of these cells, we were able to 

identify them as brain-infiltrating lymphocytes (Figure 5.27A) (Bischoff et al., 

2011). However, we could not distinguish the subsets (T lymphocytes, B 

lymphocytes, and/or Natural Killers). Under our conditions, these cells follow the 

same tendency, as seen with myeloid cells (Figure 5.27C). 

Regarding CX3CR1 synthesis by these cells, we found a great increase in both 

the percentage of the cells expressing this receptor and the amount of CX3CR1 per 

cell (Figure 5.28). The Flow Cytometry analysis allowed us to detect that during 

physiological conditions, CX3CR1+ myeloid cells levels are very low. However, 

during neuroinflammation, such as the one found in 5xFAD mice, these cells are 

recruited into the CNS. Our Reboxetine treatment potentiated the infiltration of 

CX3CR1+ myeloid cells, which also expressed very high levels of the receptor. 

Interestingly, very low levels of CX3CR1+ lymphocytes were found in WT, both 

treated with saline or Reboxetine. Nevertheless, the levels of these cells were 

increased in 5xFAD mice and potentiated after Reboxetine treatment. The data 

reveals that most of the infiltrating-lymphocytes do not express CX3CR1; however, 

those CX3CR1+ express very high levels of this receptor. 
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In order to confirm the relevance and translational potential of the animal 

studies, we analyzed CX3CR1 production in human samples. For this purpose, we 

used frozen prefrontal cortical samples obtained from human subjects with 

different degrees of AD pathology: controls (neurologically normal patients for 

their age), Medium AD patients (Braak III-IV), and Advanced AD patients (Braak 

V-VI). 
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To start with, the mRNA was isolated and CX3CR1 levels determined by RT-

PCR. This analysis revealed significant increases of CX3CR1 mRNA in samples from 

intermediate and advanced AD (Figure 5.29A). Successively, protein levels were 

measured by ELISA and Western Blot analyses. Although both techniques 

confirmed the increased production of CX3CR1 in AD, Medium AD samples did not 

reveal any significant increase (Figure 5.29 B-D).  

Then, we tested the cryosectioned tissue by immunohistochemistry. The data 

obtained confirmed the increase of CX3CR1 concentration in brain samples from 

subjects with advanced AD (Figure 5.30). In addition, high magnification images of 

CX3CR1-expressing cells allows us to observe how in addition to the higher 

number of labeled cells, among those cells that express CX3CR1, the density of 

antibody binding spots per cell is also increased in parallel to the pathological 

stage. 

Among all cell types expressing CX3CR1, microglia are the main producers; 

however, its production has also been described in neurons (Hatori et al., 2002; 

Meucci et al., 2000). Thus, in order to compare the relative contribution of both cell 

types to the accumulation of CX3CR1 here detected, we stained the human samples 

with both CX3CR1 and Iba-1 (microglial marker) or NeuN (neuronal marker). This 

allowed us to detect that while CX3CR1 is present in some cortical neurons from 

advanced AD patients, most of it is elicited by microglia (Figure 5.31). 
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Once we observed CX3CR1 production increased as AD progressed, we were 

interested in studying NA effects on human microglial cells. For this purpose, we 

used the human-derived microglial cell line HMC3 (ATCC® CRL3304™) (Dello 

Russo et al., 2018). HMC3 cells were incubated with or without different 

concentrations of NA for 24 hours. Then, CX3CR1 mRNA levels were quantified by 

RT-PCR (Figure 5.32A). The data obtained illustrate how NA reduces the 

expression of CX3CR1 in a dose-dependent manner. To confirm these results, we 

analyzed the activity of the CX3CR1 promoter in the presence of NA. This way, we 

confirmed the inhibition of CX3CR1 gene expression by NA (Figure 5.32B). The 

results are analogous to what we found in primary rat microglia cultures, but 

higher concentrations of NA were required to achieve comparable effects in HMC3 

cells. 
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Next, we performed an immunocytochemical assay by treating HMC3 with or 

without NA. Then, the samples were stained for CX3CR1. The results obtained 

demonstrate that NA treatment results in less intense labeling for CX3CR1 as well 

as a larger number of cells without detectable CX3CR1 staining (Figure 5.33). 

 

Finally, we tested NA effects on CX3CR1 production by Flow Cytometry. They 

were not stained for CD11b as these cells do not express it (Dello Russo et al., 

2018). Differently from the results obtained in rat cultured microglia, Side Scatter 

and CX3CR1-PE fluorescence did not allow us to separate HMC3 cells into different 

populations because the expression of the receptor was progressive. The results 

show a tendency of HMC3 to produce less CX3CR1 when treated with NA than the 

control group (Figure 5.34). 
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Advances in the study of neurodegenerative diseases, such as AD or PD, have 

associated the loss of LC noradrenergic neurons, and the subsequent reduction of 

NA brain levels, to the progression of these pathologies (rev. in Borodovitsyna et 

al., 2017). Therefore, NA seems to be a potential neuroprotective agent. For this 

reason, we studied the mechanisms through which NA prevents the progression of 

AD. We focused on two chemokines: FKN and CCL2.  

 

revious studies from our research group demonstrated that NA induces 

the production of CCL2 in astrocytes (Madrigal et al., 2009) by the 

activation of β2-ARs (Madrigal et al., 2009; Madrigal et al., 2010). Different 

neuroprotective and harmful functions have been attributed to this chemokine 

(rev. in Deshmane et al., 2009); thus, in this project, we decided to study if CCL2 

modifies NA’s effects most relevant for neuronal sustainability. 

 

 

NA can activate astrocytic β2-ARs, and this has been demonstrated to have 

neuroprotective effects by reducing the production of pro-inflammatory molecules 

and preventing gliosis (rev. in Feinstein et al., 2016). Our results indicate that 

primary astrocytes expression and synthesis of β2-ARs are stimulated by CCL2. 

Based on this, we decided to investigate the downstream effects of this signaling 

pathway. The activation of β-ARs leads to the production of cAMP in astrocytes 

(Horvat et al., 2016). Our analyses confirm that the augmented production of the 

P 
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second messenger cAMP (Figure 6.1) elicited by NA, is potentiated by CCL2. The 

blockade exerted by the β-AR antagonist propranolol indicates that this effect 

depends on the activation of β-AR. The activation of PKA, next step in the pathway, 

tends to increase when astrocytes are treated with both NA and CCL2; however, 

CREB phosphorylation was reduced when astrocytes were pretreated with CCL2. 

Since this transcription factor can be activated by other enzymes other than PKA 

(rev. in Shaywitz & Greenberg, 1999), our findings suggest that CCL2 inhibits the 

activity of cAMP independent kinases, which phosphorylate CREB (Figure 6.1). As 

a result, the expression of proteins mediated by CREB might also be altered by 

CCL2. 

 

Although neurotrophins are mainly produced in neurons (Korsching, 1993; 

Riley et al., 2004), astrocytes have also been found to synthesize growth factors 

such as BDNF. BDNF is known to promote cell viability and growth, antioxidant 
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protection, BBB modulation, and regulation of metabolic functions, among others. 

NA neuroprotective effects involve the synthesis of neurotrophic factors regulated 

by β2-AR/cAMP signals  (Chen et al., 2007; Counts & Mufson, 2010; Day et al., 

2014). Under our conditions, NA stimulated the expression of BDNF in astrocytes. 

However, this potent effect was blocked by CCL2 pretreatment. These results 

suggest that CCL2 acts upon regulatory molecules of these neurotrophins. CREB is 

one of the key regulators of BDNF (Tao et al., 1998). Therefore, the inhibition of 

this neurotrophic factor’s expression could be due in part to the inhibition of CREB 

phosphorylation by CCL2.  

 

 

Astrocytes are a CNS cell type with crucial functions, including maintenance 

of the BBB as well as neuronal homeostasis, synaptogenesis, energetic neuronal 

support, tissue repair, and protection against oxidation and injuries, among other 

roles (rev. in Khakh & Deneen, 2019). One of astrocytes’ most critical roles is to 

provide energy substrates to other cells, especially neurons. Thanks to their 

contact with both blood vessels and neurons, they are able to take up glucose from 

the capillaries and supply different metabolites to neurons. During high energy-

consuming conditions, astrocytes can provide neurons with lactate to soothe 

energy demands through the astrocyte-neuron lactate shuttle (Figure 6.2) 

(Pellerin & Magistretti, 1994; Suzuki et al., 2011). In the CNS, glucose is the major 

source of energy and can be stored as glycogen, mainly found in astrocytes in 

physiological conditions (rev. in Waitt et al., 2017). Through glycogenolysis, 

glycogen is rapidly metabolized into glucose and via anaerobic glycolysis into 

lactate by LDH. Then, this lactate can be released out of the cell through 

monocarboxylate transporter 1 (MCT1) and MCT4 and captured by neurons via 

MCT2. This lactate can then be converted into pyruvate for energy production 

(Suzuki et al., 2011). In the LC, lactate is also used as a signaling molecule by 



 

202 

astrocytes to increase NA release from noradrenergic neurons without requiring 

lactate uptake by neurons, suggesting the existence of a receptor for lactate in the 

brain (Tang et al., 2014). Moreover, NA has been found to play a crucial role in 

memory mechanisms, which involve not only neurons but also glia and blood 

vessels. In astrocytes, this neurotransmitter, acting on β-ARs, triggers 

glycogenolysis providing energy for the long-lasting neuronal changes crucial for 

long-term memory formation. Therefore, NA acts as a memory enhancer (Zenger 

et al., 2017; Alberini et al., 2018). 

During memory tasks, which imply high neuronal activity, glycogen levels 

have shown to be decreased, possibly to maintain the demand from the 

extracellular environment (Swanson et al., 1992; Hertz et al., 2003). The 

intracellular control of glycogenolysis in astrocytes depends on cAMP and 

intracellular Ca2+ elevations (Obel et al., 2012; Hertz et al., 2015). The levels of both 

messengers raise after β2-AR activation (Muyderman et al., 2001); thus, AR 

agonists promote glycogenolysis (Subbarao & Hertz, 1990). In addition, lactate 

release from astrocytes depends on the activation of adenyl cyclase and the 

subsequent cAMP increase (Choi et al., 2012).  

Our results also show that cAMP increase by NA is greater in astrocytes, which 

have been pretreated with CCL2. The study confirms that NA triggers 

glycogenolysis via β-ARs (Sorg & Magistretti, 1991), specifically  β2-AR as the β2-

AR antagonist propranolol completely blocked cAMP increase. Hence, we can 

conclude that the augmented production of β2-ARs by CCL2 potentiates the 

synthesis of cAMP (Figure 6.2). However, α1B-AR increase by NA was also 

potentiated by CCL2; therefore, we must consider that cAMP synthesis could also 

be due to the intracellular Ca2+ mobilization mediated pathway by α1B-AR (Ding 

et al., 2013). 

Glycogen degradation is stimulated by NA, which increases cAMP production 

activating the enzyme glycogen phosphorylase, the limiting step of glycogenolysis 

(Obel et al., 2012). Our data demonstrate that the degradation of glycogen 
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prompted by NA tends to increase in astrocytes that have been pretreated with 

CCL2. When the cells are treated with Clenbuterol instead of NA, the reduction of 

intracellular glycogen concentration is more evident. Therefore, the results 

indicate that the increased concentration of β2-ARs induced by CCL2 promotes 

glycogenolysis stimulated by NA (Figure 6.2). A plausible explanation for the 

differences between NA and Clenbuterol is that NA’s effects on astrocytes are more 

complex than those of Clenbuterol. β2-ARs are upregulated in the presence of CCL2 

and, since Clenbuterol exclusively activates these receptors, its effects are more 

pronounced than those of NA, which also activates other pathways.  
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In astrocytes, glycogen has a tight regulation by PTG. This protein 

dephosphorylates both glycogen synthase (activating the enzyme) and glycogen 

phosphorylase (inactivating the enzyme), resulting in glycogen synthesis (Ruchti 

et al., 2016). In agreement with similar studies (Allaman et al., 2000), NA 

demonstrated to increase the expression PTG in astrocytes via β-ARs and the 

cAMP-dependent signal transduction cascade. This outcome was also observed 

when cells were treated with Clenbuterol. However, CCL2 blocked this increase, 

which suggests that the control of CCL2 over CREB could be modifying PTG levels, 

although other factors could also be implicated. 

In astrocytes, NA increases the expression of C/EBP-β, C/EBP-δ, PTG, and 

glycogen synthase, stimulating the synthesis of glycogen (Cardinaux & Magistretti, 

1996; Ruchti et al., 2016). Our results indicate that NA induced the expression of 

C/EBP-β and C/EBP-δ, but CCL2 did not alter the expression of these transcription 

factors. Therefore, we propose that the reduction of PTG by CCL2 is not due to the 

inhibition of C/EBP factors.  

Although the results show that CCL2 stimulates glycogenolysis, it prevents 

the release of lactate from astrocytes. In agreement with previous studies, both NA 

and Clenbuterol produced an increase in the extracellular accumulation of lactate, 

which depends on the activation of adenyl cyclase and the subsequent cAMP 

increase (Choi et al., 2012). NA has been shown to trigger the astrocyte-neuron 

lactate shuttle (Magistretti & Allaman, 2015) and induce glycogenolysis and 

astrocyte-neuron lactate shuttle-dependent learning through β-ARs (Gibbs et al., 

2007; Gao et al., 2016). However, our analyses indicate that CCL2 modifies 

astrocytic activities hampering lactate release, even though there is an augmented 

production of β2-ARs (Figure 6.2). Since lactate traverses the cell membranes by 

MCTs, the alterations could be due to modifications of these transporters. The 

isoforms MCT1 and MCT4 are found in astrocytes (Pierre & Pellerin, 2005), and 

their activity or synthesis might be reduced by transcription factors (Cuff & 

Shirazi-Beechey, 2002) altered by CCL2, such as CREB. Under our conditions, CREB 
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activation is hampered by CCL2, and other studies have shown that CREB 

modulates lactate production in cultured astrocytes (Jiwaji et al., 2017). However, 

CCL2 could reduce extracellular lactate by alternative means. Our results also 

suggest that other transporters may be affected, such as glucose transporters 

(GLUT). Other studies have shown that β2-ARs regulate glucose uptake in 

astrocytes through GLUT1, as well as accelerates glycogen degradation via the 

cAMP signaling pathway (Dong et al., 2012). If CCL2 is modifying the regulation of 

GLUTs by potentiating the release of glucose into the extracellular space, the 

source for lactate production would be reduced. Another explanation for the 

reduced lactate release could be that astrocytes are using the ATP obtained from 

glycogenolysis. The cells could use the ATP to provide their endoplasmic reticulum 

stores of Ca2+ through sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) pumps 

(Müller et al., 2014). Alternatively, CCL2 may potentiate the use of pyruvate from 

the glycolytic pathway to increase the astrocytes’ mitochondrial oxidative 

metabolism. In addition, the glucose obtained from the glycogenolysis could be 

metabolized by mitochondria, instead of being converted into lactate, if CCL2 

promotes oxidative phosphorylation.  

In astrocytes, after NA-induced glycogenolysis, glycogen re-synthesis is 

observed. Glycogen levels reach higher concentrations than before they were 

exposed to NA. This process is also cAMP-dependent and includes the synthesis of 

new proteins (Sorg & Magistretti, 1992; Cardinaux & Magistretti, 1996). This way, 

CREB activity also seems to be part of the glycogen re-synthesis process. 
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Astrocytes have active roles during neuroinflammation. NF-κB is the main 

transcription factor involved in any inflammatory response by promoting the 

release of inflammatory factors and cell survival. The activation of this 

transcription factor leads to NOS2 production (Colombo & Farina, 2016). NF-κB is 

activated when the inhibitory subdomain Iκ-Bα dissociates from the complex, 

promoting NF-κB translocation to the cell nucleus. 

NA has been found to induce Iκ-Bα expression via β-AR; hence, preventing the 

activation of NF-κB and the subsequent synthesis of NOS2 in glial cells (Gavrilyuk 

et al., 2001; Gavrilyuk et al., 2002; Christiansen et al., 2011). This inhibition could 

be due to the cAMP/PKA/CREB signaling pathway as the production of NOS2 

induced by LPS has been found to be blocked by this cascade (Feinstein et al., 1993; 

Pahan et al., 1997; Gavrilyuk et al., 2001).  
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In agreement with this, our results confirm the increase of Iκ-Bα production 

by NA and Clenbuterol. In addition, CCL2 pretreatment enhances the effects of both 

NA and Clenbuterol on Iκ-Bα expression. Accordingly, NOS2 mRNA levels are 

inhibited in astrocytes stimulated with NA or Clenbuterol. However, CCL2 only 

potentiated NA effects slightly. Nevertheless, the protein level indicates that the 

reduction of NOS2 by CCL2 is much more evident, probably caused by the 

increased proteasome activity. These findings suggest that CCL2 may exert its 

protective functions by inhibiting the inflammatory response conducted by NF-κB 

(Figure 6.3). 

Furthermore, activation-induced cell death has been proposed to be an 

autoregulatory mechanism used by astrocytes to prevent the excessive production 

of toxic molecules and reduce neuronal damage. Hence, it seems as if, in the 

presence of inflammatory stimuli, CCL2 prevents the activation-induced cell death 

normally occurring in astrocytes.
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A has a profound regulatory effect on microglia response (Heneka et al., 

2010a; Gyoneva & Traynelis, 2013) and CX3CR1 production has been 

demonstrated to be altered by different stimuli ― enhanced by transforming 

growth factor β (Chen et al., 2002), and decreased by Tat protein (Duan et al., 

2014) or LPS (Wynne et al., 2010). Therefore, we studied NA’s effects on CX3CR1 

levels. In the present study, we demonstrate that microglial CX3CR1 is augmented 

in AD and modified by NA effects.  

 

 

It has been indicated that NA can regulate microglia functions as they express 

ARs (Mori et al., 2002), and FKN has neuroprotective actions as it can inhibit 

microglial inflammatory response (Bérangère Ré & Przedborski, 2006). Although 

this research group had previously shown that FKN can be induced by NA in 

astrocytes (Hinojosa et al., 2013), its sole receptor CX3CR1 is mainly found on 

microglia (Harrison et al., 1998). Our analysis demonstrates that the synthesis and 

expression of CX3CR1 in primary rat microglia is reduced after NA administration.  

Although in vitro experiments have limitations, they have also tremendously 

promoted our understanding of cellular mechanisms. We used the human cell line 

HMC3 (Dello Russo et al., 2018) to analyze NA’s regulation of CX3CR1 production 

on human microglia. Hence, we could reproduce conditions challenging to 

accomplish with human samples. This way, we found a similar effect to the one 

found in primary rat microglia: NA treatment reduced the synthesis and expression 

of microglial CX3CR1. However, we must take into consideration that the 

mechanisms regulating microglial production of CX3CR1 can be altered as the 

phenotype of these cells changes under in vitro conditions.  

N 
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The progression of neurodegenerative diseases, such as AD  (Bondareff et al., 

1987) and PD (German et al., 1992), has been associated with the loss of LC 

noradrenergic neurons, the main source of NA in the brain (rev. in Marien et al., 

2004). Since it has been demonstrated that NA can work as a powerful 

neuroprotective agent, NA-increasing drugs have been purposed as a potential 

treatment for neurodegenerative diseases (rev. in Chalermpalanupap et al., 2013; 

Espay et al., 2014). Based on this, we used Reboxetine to analyze its effects in 

5xFAD mice. Reboxetine is a NA re-uptake inhibitor due to its specificity for NETs. 

Moreover, this drug has been used for many years in clinical practice for ADHD 

(Riahi et al., 2013) and panic disorders (Versiani et al., 2002), among others. 

Our study demonstrates a correlation between an increase of NA’s levels by 

the administration of Reboxetine and the production of CX3CR1 in mice brain 

cortices. Contrary to the hypothesized association from the in vitro studies, we 

found that CX3CR1 production was increased in WT mice after Reboxetine 

treatment. This discrepancy could be related to the absence of constitutive FKN-

CX3CR1 signaling in the cultured cells, which alters microglial responses to FKN 

(Cipriani et al., 2011). As a result, we suggest that NA effects are drastically altered 

by the presence of other cell types or molecules in the microglial 

microenvironment. 

In another study with a similar Reboxetine treatment administered to a PD 

mouse model, neuroprotective effects were observed as this drug improved 

dopamine concentrations as well as dopaminergic neurons survival (Kreiner et al., 

2019). Moreover, we previously demonstrated  that the same Reboxetine 

treatment used in this study reduces neurodegeneration, neuroinflammation and 

Aβ plaques in 5xFAD mice (Gutiérrez et al., 2019). Those results, together with the 

present data, support the fact that Reboxetine’s neuroprotective effects in 5xFAD 

mice are linked to the increased production of CX3CR1.  
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Furthermore, these data provide new insight into the relationship between 

Aβ aggregations and the synthesis and expression of CX3CR1. 5xFAD mice showed 

higher levels of CX3CR1 compared to WT animals and even higher after Reboxetine 

treatment. Interestingly, microglial projections neighboring Aβ plaques reveal low 

CX3CR1 production. Since FKN/CX3CR1 signaling is related to microglial migration 

and phagocytosis (Castro-Sáncheza et al., 2019), the results show that sensing 

microglia in 5xFAD mice have increased synthesis of CX3CR1, which could be used 

to identify “help-me” signals. As seen in previous studies, NA can modify microglial 

functions (Gyoneva & Traynelis, 2013), and has anti-inflammatory effects through 

the reduction of pro-inflammatory gene expression in microglia (Feinstein et al., 

2002; Färber et al., 2005). Moreover, the release of pro-inflammatory mediators 

has been demonstrated to be beneficial unless it becomes chronic (rev. in Skaper 

et al., 2018). Hence, we suggest that Reboxetine treatment could be regulating 

microglial toxicity and/or phagocytosis around Aβ accumulations through 

CX3CR1. 

The role of CX3CR1 in neurological diseases is still a controversy (Lauro et al., 

2015). On one hand, in a wide range of mouse models, such as PD (Cardona et al., 

2006), traumatic brain injury (Febinger et al., 2015), ALS (Cardona et al., 2006; Liu 

et al., 2019), endotoxemia (Cardona et al., 2006) or diabetic retinopathy (Mendiola 

et al., 2017), FKN/CX3CR1 signaling has been shown to be neuroprotective as it 

contributes to reduce neuronal cell death. Consequently, in two different AD mice 

models ― Tau (Bhaskar et al., 2010) and APP (Cho et al., 2011) models ―, CX3CR1 

gene deletion increased Tau pathology and neuronal and behavioral impairments. 

The neuroprotection exerted by this chemokine is mainly related to the reduction 

of microglial toxicity by controlling the release of inflammatory cytokines (Zujovic 

et al., 2000; Zujovic et al., 2001; Mizuno et al., 2003; Limatola & Ransohoff, 2014). 

On the other hand, FKN/CX3CR1 signaling has also been found to be detrimental. 

CX3CR1 deletion in AD mouse models ― 3xTg (Fuhrmann et al., 2010), APP (Lee et 

al., 2010) and microinjection of Aβ (Wu et al., 2013) ― has shown that CX3CR1 

signaling promotes the increase of neuronal loss and microglial toxicity. In 
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addition, the ablation of CX3CR1 in another AD mouse model, CRND8, caused a 

reduction in Aβ aggregation (Liu et al., 2010). The discrepancies among the studies 

could be due to the different AD models used as well as the methodology employed. 

The different properties of sFKN and mFKN could also be altering the studied 

outcomes (Winter et al., 2020). Additionally, impairing FKN/CX3CR1 signaling 

could cause abnormal microglia development and a distorted production of FKN. 

Moreover, CX3CR1 deletion might have different consequences because 

FKN/CX3CR1 functions may change with AD progression, which correlates to Aβ 

and tau protein levels (rev. in Chen et al., 2016). As a result, considering 

FKN/CX3CR1 activation beneficial or detrimental could lead to erroneous 

interpretations in the future, and further investigations are required for the 

understanding of the role of this chemokine during the progression of AD.  

While the CNS was once thought to be “immune privileged” as it was 

considered excluded from immune cells infiltration (Barker & Billingham, 1977), 

now we know that immune cells’ access to the brain parenchyma and retina are 

not restricted by the BBB (Ransohoff et al., 2003). In the CNS, the immune 

responses can be driven by glial cells and/or peripheral immune cells, although 

their protective or harmful roles are still being discussed. AD is one of the few 

neurological diseases were immune cells have been seen to infiltrate the CNS 

(Esteras et al., 2016; Gagliano et al., 2016). Since some cytokines and growth 

factors can cross the BBB, inflammatory mediators or peptides developed in AD 

brains could be promoting the peripheral immune responses and/or recruiting 

myeloid or lymphocytic cells into the CNS (Britschgi & Wyss‐Coray, 2007).  

In the CNS under physiological conditions, 95% of the leukocytes are 

microglia, and the rest corresponds to myeloid cells and lymphocytes (Bischoff et 

al., 2011). However, during neuroinflammation, the infiltration of myeloid cells 

and lymphocytes cells play a critical role. In AD, the role of lymphocytes patrolling 

the CNS is still unraveled. Neuroprotective functions have been found as activated 

T lymphocytes in the CNS secrete neurotrophins and stimulate microglial 
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phagocytosis of Aβ plaques (Mietelska-Porowska & Wojda, 2017). Nevertheless, T 

cells have been found to promote cytotoxic effects stimulating neuronal loss 

(Mietelska-Porowska & Wojda, 2017). Infiltrating-lymphocytes’ functions may 

depend on the AD stage since increased pro-inflammatory molecules are released 

with the disease's progression. Our results reveal that there is a major invasion of 

lymphocytes after Reboxetine treatment. Since FKN/CX3CR1 interaction is 

involved in migration and adhesion of lymphocytes (Foussat et al., 2000), NA could 

be altering the communication between the CNS and the immune system via 

CX3CR1 signaling. Hence, we suggest that the mechanisms controlling the 

trafficking of immune cells from the periphery into the CNS via CX3CR1, are linked 

to the neuroprotective actions of NA. 

CX3CR1 is present on most early myeloid lineage cells (Lee et al., 2018a). 

Moreover, several studies have demonstrated the existence of myeloid cells in the 

brains of AD patients (Srinivasan et al., 2019). These cells' origin could be derived 

from resident microglia and not from circulating peripheral monocytes as thought 

before (Reed-Geaghan et al., 2020). Either way, our results agree with the 

increased levels of myeloid cells in 5xFAD mice brains. Interestingly, Reboxetine 

treatment augmented the concentration of these cells, as well as potentiated their 

CX3CR1 production. Since CX3CR1 has neuroprotective actions on autoimmune 

inflammation (Garcia et al., 2013), these results should be taken into account when 

considering how NA exerts its neuroprotective effects. 
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In agreement with the findings from our in vivo analysis, human brain 

samples also demonstrated an enhanced CX3CR1 production in AD. The increased 

CX3CR1 levels of both human AD samples and 5xFAD mice could be due to a 

compensatory attempt to restore FKN/CX3CR1 signaling balance. During AD, the 

neuroinflammatory conditions and the subsequent cell death prompt the loss of 

FKN-producing neurons. This damage translates into reduced FKN brain levels 

(Kim et al., 2008; Perea et al., 2018). The increased CX3CR1 concentration could 

compensate for the low concentration of its ligand.  

As far as we know, only two other studies have analyzed in human samples 

the impact of AD on CX3CR1 production. The first one shows by Western Blot lower 

levels of CX3CR1 in the hippocampus of AD brains compared to controls (Cho et al., 

2011). On the contrary, the second study demonstrates by immunohistochemistry 

that CX3CR1 is augmented analogous to the progression of AD (Bolos et al., 2017). 

The differences between both studies may be due to the processing and 

preservation of the human brain tissue. Our results are in accordance with the 

second study since we also found CX3CR1 to be increased in AD samples. Our data 

is based on four methodologies ― Western Blot, immunohistochemistry, PCR, and 

ELISA ― which yielded similar results. Our data's reliability is reinforced by our 

human results, together with the resemblance of our murine findings. Due to the 

analysis of the human prefrontal cortex, the results cannot confirm the increase of 

CX3CR1 in the whole brain. We decided to analyze the cortical area since we found 

a greater distribution of CX3CR1 in mice cortices (Figure 5.19), and major 

neuroprotective actions of Reboxetine (Gutiérrez et al., 2019). Further research is 

needed to establish the existence of Reboxetine’s similar neuroprotective effects in 

other brain areas than the cortex due to the wide distribution of NET within the 

brain (Smith et al., 2006). 
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Based on this research, we propose that NA-elevating drugs, such as 

Reboxetine, could be considered as a new pharmacological treatment for 

neurodegenerative diseases like AD. 
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In summary, the results obtained indicate that: 

1. CCL2 enhances the production of β2-adrenergic receptors in rat primary 

cultured astrocytes. 

2. CCL2 potentiates noradrenaline signaling through cAMP in rat primary 

cultured astrocytes. 

3. CCL2 inhibits the activation of CREB in rat primary cultured astrocytes. 

4. Although CCL2 potentiates noradrenaline induction of glycogenolysis, this 

does not translate into an augmented release of lactate in rat primary cultured 

astrocytes. 

5. CCL2 exerts an inhibitory effect on the production of the neurotrophic factor 

BDNF in rat primary cultured astrocytes. 

6. CCL2 potentiates both noradrenaline and Clenbuterol production of Iκ-Bα 

and inhibition of NOS2 in rat primary cultured astrocytes. 

7. Noradrenaline reduces CX3CR1 synthesis and expression in primary rat 

microglial cultures and in the human microglial cell line HMC3. 

8. In Alzheimer’s Disease subjects, CX3CR1 production is increased in the brain 

cortex, and Reboxetine administration further increases it and enhances 

microglial reactivity towards Aβ plaques. 
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En conclusión, los resultados obtenidos indican que: 

1. CCL2 aumenta la producción de los receptores β2-adrenérgicos en cultivos 

primarios de astrocitos de rata. 

2. CCL2 potencia la señalización de noradrenalina a través de AMPc en cultivos 

primarios de astrocitos de rata. 

3. CCL2 inhibe la activación de CREB en cultivos primarios de astrocitos de rata. 

4. En cultivos primarios de astrocitos de rata, aunque CCL2 potencia la 

glucogenólisis mediada por NA, esto no se traduce en un aumento de la 

liberación de lactato. 

5. CCL2 ejerce un efecto inhibitorio sobre la producción del factor neurotrófico 

BDNF en cultivos primarios de astrocitos de rata. 

6. CCL2 potencia la producción mediada tanto por NA como por Clenbuterol de 

Iκ-Bα y también la inhibición de NOS2 en cultivos primarios de astrocitos de 

rata. 

7. La noradrenalina reduce la síntesis y expresión de CX3CR1 en cultivos 

primarios de microglía de rata y en la línea celular microglial humana HMC3. 

8. En la Enfermedad de Alzheimer, la producción de CX3CR1 aumenta en la 

corteza cerebral y la administración de Reboxetina aumenta aún más la 

concentración de este receptor a la vez que aumenta la reactividad microglial 

hacia las placas de β amiloide. 
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“All knowledge is good knowledge, my dear”. 

 

– Eclipsa Butterfly (Star vs The Forces of Evil, S3:E10a) 
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