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1. Introduction 
 
1.1 Microglia, the caretakers of the central nervous 
system 
The Spanish neuroscientist Pio del Rio-Hortega first identified microglia in the 

1932 milestone publication “Cytology and Cellular Pathology of the Nervous 

System” (Del Rio-Hortega, 1932). Among his many observations, all of which 

continue to hold true today, he stated that microglia enter the brain during early 

development, have amoeboid morphology and originate from the mesoderm. 

Since this article was published, a great deal of research has been carried out 

highlighting the critical role that microglia play in the healthy and diseased brain.  

Microglia invade the brain during the embryonic and early postnatal stage of life. 

They are derived from circulating monocytes and monocyte-macrophage 

precursor cells from the bone marrow. The immigrating cells have an amoeboid 

morphology and are phagocytic, helping to clear cellular debris associated with 

brain development. (Barron, 1995).  

As del Rio-Hortega also observed, microglial cells are the resident immune cells of 

the brain and respond to any pathologic event with a change in morphology and 

function (Hanisch and Kettenmann, 2007). In the normal, healthy brain microglial 

cells have a ramified morphology and were termed “resting microglia”. It has, 

however, become evident that these cells constantly move their processes and 

seem to scan their environment (Nimmerjahn et al., 2005). Recent evidence has 

indicated that they interact with synapses and are possibly involved in plasticity 

processes (Kettenmann et al., 2013; Tremblay and Majewska, 2011). Indeed, 

microglial cells have the capacity to respond to synaptic activity since they express 

a variety of neurotransmitter receptors such as those for glutamate, GABA, 

serotonin and adrenaline (Kettenmann et al., 2011; Krabbe et al., 2012; Pocock 

and Kettenmann, 2007). Most studies on microglial transmitter receptors were 

performed in vitro and for only some of these receptors, the functional expression 

could be confirmed in situ such as for purinergic or GABAB receptors (Boucsein et 

al., 2003; Kuhn et al., 2004). The expression of neurotransmitter and 
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neurohormone receptors on microglia enables neurons to interact with and control 

distinct microglial functions. A 2007 review discussed this ability in depth, 

describing the activation of receptors through “on” and “off” signals (Biber et al., 

2007). Purines such as ATP and UTP are such “on” signals and are released from 

damaged neurons. They initiate microglial phagocytosis upon activation of P2Y6 

(Koizumi et al., 2007) or cause rapid process movement towards an injury site 

through activation of P2Y12 (Davalos et al., 2005; Haynes et al., 2006). Glutamate 

is another “on” signal whose release is associated with neurodegenerative 

disease. Its release not only results in neuronal death, but activates glutamate 

receptors on microglia. For example, activation of mGlu2 has been shown to result 

in release of TNF-alpha which contributes to microglial neurotoxicity through 

activation of neuronal TNF receptor 1 and caspase-3 (Taylor et al., 2005). 

 
Figure 1. Microglia respond to “on’’ and “off’’ signals released by neurons which control 
their function (Biber et al., 2007) 
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In order to ensure that various functions of microglia which have been initiated in 

pathology do not become detrimental, “off” signals can be released by neurons. 

CD200 is a membrane off signal which belongs to the immunoglobulin superfamily 

(IgSF) and is expressed on neuronal membrane surfaces, while the receptor is 

located on microglia (Hoek et al., 2000). Its inhibitory function was demonstrated 

by Wright et al, who blocked the receptor using antibodies, resulting in 

exacerbation of disease in EAE in rats, as well as an increase in macrophage 

infiltration of the spinal cord (Wright et al., 2000). A number of studies have been 

carried out on other neurotransmitters and neurohormones, examining the 

expression of receptors on microglial cells as well as the impact that activation has 

on various functions. Current research concerning the receptors and ligands of 

interest in this study has been summarised from section 1.3.  

 

1.2 Calcium imaging as a tool to determine functional 
receptor expression 
Ca2+ is a major intracellular messenger that is involved with cellular responses 

such as exocytosis, metabolic processes, gene expression, ion transport systems, 

cell growth, proliferation, cell death, apoptosis and cell migration. The activation of 

microglial cells results in an increase in intracellular calcium going from a 

cytoplasmic calcium concentration of ~50-150nM in resting microglia to µM 

concentrations in a matter of milliseconds (Farber and Kettenmann, 2006). The 

predominant mechanism of calcium release in microglia is through ligand 

interaction with G-protein coupled receptors (GPCRs) of the Gq family or receptor 

protein kinases (RPKs) on the plasma membrane. This results in the conversion of 

phosphatidylinositol (4,5)-biphosphate into inositol 1,4,5 triphosphate (InsP3) by 

phospholopase C. InsP3  then binds to the InsP3 receptor on the endoplasmic 

reticulum which results in the release of calcium from the internal stores (Moeller, 

2002). Figure 2 illustrates the G-protein coupled signalling pathways for the five 

subtypes of muscarinic acetylcholine receptors (Eglen et al., 2001), one of the 

receptor systems investigated in this study. 
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Figure 2. Gq and Gi protein coupled receptor signal transduction for muscarinic 
acetylcholine receptors. Subtypes M1, M3 and M5 are Gq coupled resulting in an increase in 
intracellular calcium, while M2 and M4 subtypes are Gi coupled and are inhibitory, negatively 
modulating adenylyl cyclase (AC) resulting in a reduction of cytoplasmic concentrations of 
cAMP (Eglen et al., 2001) 

 

Fluorescence microscopy is one method which enables the increase in 

intracellular calcium to be visualised. Light of the correct excitation wavelength is 

focused on the specimen. This excites the flurophore resulting in fluorescent light 

to be emitted, which is then picked up by the detector. Figure 3 illustrates the basic 

principles of fluorescence microscopy.   
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Figure 3. Basic principle of fluorescence microscopy. Adapted from a talk by Henry 
Mühlpfordt 

 

For this research, the fluorescent dye Fluo-4 (Invitrogen) was used in isolated 

microglia. Fluo-4 is a green-fluorescent calcium indicator, which is used in the non-

fluorescent acetoxymethyl ester form, Fluo-4 AM. This is then cleaved within the 

cell to give the free, fluorescent form, which is then excited at 488nm and 

increases in fluorescence upon binding with Ca2+. Figure 4 shows an example of a 

microglia cell, stained with Fluo-4 during excitation.  

 
Figure 4. Neonatal cultured microglia showing baseline fluorescence after staining with 
Fluo-4 am and excitation at 488nm 
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1.3 Endothelin 
Endothelin, a potent vasoconstrictive peptide, was first discovered in 1988 

(Yanagisawa et al., 1988) from the medium of cultured porcine endothelial cells. 

There are 3 endogenous endothelin isoforms found in humans: ET1, ET2 and ET3 

and 4 receptor subtypes, ETA and ETB1, ETB2 and ETC. Activation of the ETA 

and ETB2 receptor is associated with prolonged vasoconstriction while activation 

of ETB1 results in vasodilation. The physiological role of ETC, however, remains 

uncertain (Pollock et al., 1995).  Endothelin and its receptors play a significant role 

in the central nervous system. ET1 and ET3 are produced by neurons and glial 

cells, as well as by the central nervous system vasculature.  ET receptors are also 

widely expressed in the brain (Khimji and Rockey, 2010), with ETA and ETB both 

Gq coupled receptors, where activation leads to an increase in Phospholipase C 

stimulation and a rise in intracellular calcium.  

Previous studies have shown that CSF and plasma levels of ET-1 and ET-3 are 

low when the CNS is uninjured (Suzuki et al., 1989; Yoshizawa et al., 1990), but 

significantly increase following traumatic brain injury (Hama et al., 1997), spinal 

cord trauma (McKenzie et al., 1995), and stroke (Lampl et al., 1997). Cultured 

mouse microglia have been shown to express mRNA for the ETB receptor 

(Moeller et al., 1997). Neuronal injury after damage to the optic nerve in rats and 

rabbits was found to cause an upregulation in the expression of the ETB on 

microglia (Rogers et al., 1997). Microglia were also found to be a source of ET-1 

after cerebral ischemia, resulting in an immediate constriction of blood vessels 

after interaction with ETA receptors, as well as interacting with microglial and 

astrocytic ETB receptors resulting in cytokine and chemokine release (Li et al.). 

 

1.4 Histamine 
As well as its role in local immune function and regulation of physiological function 

in the gut, histamine, an endogenous biogenic amine, also acts as a 

neurotransmitter in the CNS. The main sources of histamine in the brain are 

neurons and mast cells (Garbarg et al., 1976). There are 4 subtypes of the 

histamine receptor, all of which can be found within the central nervous system. 

H1 is located post synapytically, and is a Gq
 coupled receptor and stimulates the 
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activity of phospholipase C (Leurs et al., 1994) and is associated with arousal and 

appetite suppression (Passani et al., 2011). H2 receptors are Gs
 coupled, 

activation of which leads to stimulation of adenylyl cyclase and production of 

cAMP. H2 and H1 are both widely expressed in the CNS and activation of these 

receptors leads to excitatory effects as a result of the blockade of calcium 

dependant potassium channels and modulation of hyperpolarisation activated 

cation channel (Brown et al., 2001). H3 are Gi coupled, resulting in inhibition of 

adenylyl cyclase. Activation of this receptor subtype results in inhibition of 

histamine as well as other neurotransmitters, including acetylcholine, serotonin 

and glutamate, via the inhibition of presynaptic calcium channels. H4 receptors 

also belong to the Gi
 family and have a role in chemotaxis. Microglia have recently 

been shown to express all receptor subtypes in a microglial cell line and primary 

murine microglia, and treatment with histamine has been shown to trigger 

microglial motility and to obstruct LPS induced microglial migration and IL-1B 

release (Ferreira et al., 2012). Calcium imaging experiments showed that 

histamine induces a calcium increase in 30% of cultured MG through IP3 induced 

calcium release from ER (Bader et al., 1994).  

 

1.5 Substance P 
Substance P belongs to a family of peptides known as the neurokinins (NKs) 

which are widely distributed in the CNS. Substance P is released from the 

terminals of specific sensory nerves and functions as a neuromodulator and 

neurotransmitter, where its roles include the regulation of affective behaviour and 

emesis in the brain, and pain processes in the spinal cord (Mantyh, 2002). 

Substance P mediates these functions via its specific receptor, the NK1 receptor, 

although only a small proportion of neurons in particular areas of the CNS express 

this receptor. The NK1 receptor is a Gq coupled receptor, activation of which 

stimulates Phospholipase C.  

NK1 receptors have been found to be expressed in both mouse (Rasley et al., 

2002) and human microglia. It was also found that human microglia from fetal 

tissue produce significant amounts of substance P (Lai et al., 2000). Activation of 

NK1 receptors on microglia may regulate the production of cytokines in microglial 
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cultures and microglia in vivo. Substance P in combination with LPS was found to 

increase IL1 production in rat microglia, however this was not increased by 

substance P alone, demonstrating the collaborative role of substance P in 

inflammatory diseases (Martin et al., 1993). Substance P was also found to 

increase microglial proliferation in a rat model of traumatic brain injury, while 

treatment with an NK1 antagonist n-acetyl tryptophan (NAT), was found to be 

neuroprotective through the inhibition of microglia (Carthew et al., 2012). High 

levels of substance P were also found to be detrimental in a rat model of 

Parkinson’s disease, leading to blood brain barrier breakdown and the activation of 

microglia and astrocytres, while treatment with NAT resulted in an improvement of 

motor function, conserved the integrity of the blood brain barrier, reduced 

neuroinflammation and protected dopaminergic neurons. (Thornton and Vink, 

2012). 

 

1.6 Serotonin 
Serotonin, also known as 5-hydroxytryptamine (5-HT) is a monoamine 

neurotransmitter, primarily produced in the brain by the neurons of the Raphe 

nuclei which project to all brain regions including the cortex and brain stem. Its role 

as a neurotransmitter has been linked to various functions such as sleep, 

behaviour, mood and appetite, as well as functioning as a neuromodulator in the 

CNS and the periphery (Mohammad-Zadeh et al., 2008).  There are a distinct 

number of serotonin receptors 5-HT1, 5-HT2, 5-HT3, 5-HT4, 5-HT5, 5-HT6 and 5-

HT7 which can be further categorised into subtypes. The 5-HT2 receptor is a Gq 

linked G-protein coupled receptor, increasing cellular levels of IP3 and DAG, while 

5-HT1 and 5-HT5 are Gi -protein coupled, 5HT3 is a ligand-gated Na+ and K+ 

cation channel and 5HT4,-6 and -7 are Gs-protein coupled. Microglia from primary 

cultured neonatal mice, as well as freshly isolated microglia from the brains of 

adult mice, were shown to express mRNA for serotonin receptors. Freshly isolated 

adult microglia were found to express class 2, 5-HT5a and 7 serotonin receptors 

but not 5-HT1b, 5-HT3a, 5-HT5b, 5-HT6. Neonatal primary cultured microglia were 

only found to express the 5-HT2b receptor. Serotonin was also found to impact 

microglial function, causing an increase in process motility towards a laser lesion 
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in acute brain slices, increasing the chemotactic response to ATP in vitro and 

decreasing phagocytic activity in vitro and in situ (Krabbe et al., 2012).  

 

1.7 Galanin 
Galanin is a neuropeptide widely expressed in the brain, spinal cord and gut, 

although knowledge of its function remains limited. Its predominant role in the CNS 

is the modulation and inhibition of action potentials in neurons, but it is also known 

to have a physiological role in functions such as nociception, arousal/sleep 

regulation and cognition as well as various neuroendocrine functions 

(Mechenthaler, 2008). There are 3 classes of galanin receptors GALR1, GALR2 

and GALR3. GALR1 is Gi/Go-protein coupled, GALR2 is Gq coupled while the 

signal transduction pathway of GALR3 remains unknown. Galanin is up-regulated 

following neuronal axotomy and inflammation and was shown to increase the 

migration of cultured rat microglia (Ifuku et al., 2011). Galanin has also been 

shown to be upregulated in microglia in multiple sclerosis and Alzheimer’s disease 

which is believed to reduce the severity of disease progression, while loss of 

function in the gene expression of galanin or the GALR2 genes exacerbates the 

disease outcome (Wraith et al., 2009).  

 

1.8 Somatostatin 
The regulatory peptide hormone somatostatin is produced by inflammatory, 

immune and neuroendocrine cells and acts via its G-protein coupled receptors as 

an inhibitory regulator of secretion and proliferation of target cells in the brain and 

periphery (Patel, 1999). There are 5 subtypes of the somatostatin receptor, 

SSTR1-5, all of which are expressed in the brain, with SSTR2, SSTR3 and SSTR5 

Gq coupled and SSTR1 and SSTR4 Gi coupled. SSTR2, 3 and 4 were found to be 

expressed in both rat (Feindt et al., 1998) and mouse microglia (Fleisher-

Berkovich et al., 2010), where the latter publication also reported the inhibition of 

the basal, GM-CSF and IL-3 induced proliferation of microglial cells by 

somatostatin, as well as the induction of tyrosine phosphorylation of a 95 kDa 

protein in microglia.  Somatostatin was also found to cause a concentration 

dependant increase in the phagocytosis of amyloid β plaques in cultured primary 
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microglia as well as in the BV2 microglial cell line (Fleisher-Berkovich et al., 2010). 

The role of somatostatin in affecting microglial function was also shown through its 

ability to increase the expression and secretion of the Insulin-degrading enzyme 

(IDE), an important enzyme for Alzheimer’s research due to its ability to degrade 

Aβ (Tundo et al., 2012).  Somatostatin also inhibited the LPS induced 

prostaglandin E2 synthesis in rat microglia (Grinshpun et al., 2008), highlighting 

the numerous beneficial effects somatostatin may have on controlling detrimental 

microglial functions in neurodegenerative disease.  

 

1.9 Angiotensin II 
Angiotensin II is a peptide hormone which forms part of the rennin-angiotensin 

system (RAS) which controls blood pressure through the regulation of body water 

(Wright and Harding, 2013). It is a vasoactive octapeptide which is converted from 

angiotensin I by the angiotensin-converting enzyme. The brain also has its own 

RAS where angiotensin II has 3 main functions: the regulation of body fluid as a 

result of a decrease in volume of blood plasma, a role in the activity of 

gonadotropic hormone releasing hormones and pituitary hormone in reproduction, 

and the interaction of angiotensin II with neurotransmitters and synapses (Phillips, 

1987). Angiotensin II influences its target cells via 2 G-protein coupled receptors, 

AT1 and AT2. The AT1 receptor can be both Gi and Gq coupled, and activation of 

this receptor can result in effects such as smooth muscle cell contraction, 

aldosterone, ADH and endothelin release, and central and peripheral sympathetic 

stimulation. The AT2 receptor is Gi coupled and is less widespread than AT1. 

Unstimulated rat microglia have been shown to express mRNA for AT2 but not 

AT1 receptors. However, after stimulation with LPS for 6 hours, AT1 mRNA was 

found to be expressed (Miyoshi et al., 2008). This study also found that the AT1 

antagonist losartan suppressed morphological activation of MG and reduced 

production of NO and IL 1B. Losartan also inhibited LPS induced activation of NF 

kB.  
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1.10 Vasopressin 
Arginine vasopressin (AVP), also known as vasopressin 

and argipressin orantidiuretic hormone (ADH) is a neurohormone found in 

mammals. Its primary function is the retention of water by increasing absorption in 

the collecting ducts of the kidney nephron. It is also involved in peripheral vascular 

resistance resulting in an increase in arterial blood pressure.  Vasopressin is also 

widely expressed in the central nervous system and is synthesised by neurons in 

the hypothalamus. Its functions include memory formation and the amplification of 

post traumatic production of pro inflammatory mediators (Chodobski et al., 2011). 

There are 3 subtypes of vasopressin receptors, V1a, V1b and V2. V1a and V1b 

belong to Gq family, where binding results in an increase in intracellular calcium, 

while the V2 receptor belongs to the Gs family.  Very little research has been 

carried out relating to vasopressin receptors on microglia. Activated microglia/brain 

macrophages were shown to synthesize vasopressin following traumatic brain 

injury in rats, identified by double immunostaining for CD11B and vasopressin 

(Szmydynger-Chodobska et al., 2011), however, evidence of functional 

vasopressin receptors on microglia has yet to be demonstrated.  

 

1.11 Neurotensin 
Neurotensin is a neuropeptide widely distributed in the central and peripheral 

nervous system which is involved in the regulation of luteinizing hormone and 

prolactin release, as well as interacting with the dopaminergic system. Neurotensin 

producing neurons are widely expressed in the CNS along with the three subtypes 

of the neurotensin receptor. NTS1 and NTS2 receptor subtypes are both members 

of the Gq family, while NTS3/sortillin receptor is located intracellularly  (St-Gelais et 

al., 2006) and is the only receptor subtype that has been shown to be expressed 

on microglia (Martin et al., 2005). The NTS3 receptor has already been implicated 

in the function of microglia. A study using the murine microglial cell line found that 

activation of this receptor on microglia led to the expression of several cytokine 

and chemokine genes including macrophage inflammatory protein (MIP)-2, 

monocyte chemotactic protein (MCP)-1, interleukin (IL)-1beta and tumor necrosis 

factor (TNF)-alpha (Dicou et al., 2004). Expression of this receptor was also found 
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in the human microglial cell line C13NJ and that its activation induced migration 

(Martin et al., 2003).  

 

1.12 Dopamine 
Dopamine is a catecholaminergic transmitter in the CNS which was discovered 

more than 50 years ago (Carlsson et al., 1957). It is involved in a number of 

important functions in the brain including sleep, attention, working memory, 

voluntary movement, reward and learning. Dysfunction of the dopaminergic 

pathway has been shown in a number of diseases including Parkinson’s and 

Huntington’s chorea. There are five subtypes of the dopamine receptor, D1-D5, all 

of which are G-protein coupled. D1 and D5 stimulate cAMP production through the 

GS family of G proteins while D2, D3, and D4 are Gi family coupled and resulting in 

the inhibition of Adenylate cyclase. D1 also has a secondary transduction 

mechanism which results in the opening of a calcium channel (Arias-Montano et 

al., 2007). A number of publications have found evidence of functional dopamine 

receptors on microglia from healthy mice and rats. Specific ligands for the D1 and 

D2 receptors triggered the inhibition of constitutive potassium inward rectifier and 

activated potassium outward currents in a subpopulation of microglia. Stimulation 

of the dopamine receptor chronically also resulted in an increase in migratory 

activity and reduced the LPS stimulated nitric oxide release (Farber et al., 2005). 

Dopamine induced chemotaxis was also found in aged microglia from human 

brains. The same study also demonstrated the presence of the dopamine receptor 

subtypes D1-D4 through immunostaining and RT-PCR of microglia from the 

substania nigra of Parkinson’s patients (Mastroeni et al., 2009). 

 

1.13 The cholinergic system 
Acetylcholine was the first neurotransmitter to be identified (Loewi, 1924) and has 

a number of different functions in both the peripheral and central nervous system. 

In the CNS, acetylcholine and its associated neurons form the cholinergic system, 

which have an involvement in functions such as sleep, learning and memory, 

arousal (Jones, 2005) and attentiveness (Himmelheber et al., 2000). The 

impairment of the cholinergic system is well documented in diseases such as 
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Alzheimer’s (Francis et al., 1999) and Parkinson’s disease (Bohnen and Albin, 

2011) and is therefore an important area of research. Early experiments by Sir 

Henry Dale suggested the presence of two acetylcholine receptor classes (Dale, 

1934) which were named muscarinic and nicotinic according to their sensitivity to 

the agonists muscarine and nicotine.  

1.13.1 Muscarinic Acetylcholine receptors 
Evidence for functional muscarinic receptors was found for cultured human and rat 

microglia. The muscarinic acetylcholine receptor agonist carbachol triggered a 

transient increase in intracellular calcium in microglia cultured from early postnatal 

rat cortex. This response was due to the release of Ca2+ from intracellular stores 

(Whittemore et al., 1993). A similar response was described for microglia cultured 

from human foetal tissue (Zhang et al., 1998). So far, there is neither evidence for 

expression of these receptors in the adult brain, nor for an impact on microglial 

function. Muscarinic acetylcholine receptors (mAChRs) are G-protein coupled 

receptors with 5 subtypes described for mammalian cells. The M1, M3 and M5 

subtypes couple to the G-proteins of the Gq family, while the subtypes M2 and M4 

couple to Gi -type G-proteins (Wess et al., 2007).  

1.13.2 Nicotinic acetylcholine receptors 
In contrast to the muscarinic acetylcholine receptors, nicotinic acetylcholine 

receptors are not members of the G-protein coupled family of receptors but are 

ligand gated ion channels. They have a molecular mass of ~290 kDa and are 

integral allosteric membrane proteins which are made up of 5 subunits 

symmetrically arranged around a central ionic channel (Taly et al., 2009). Binding 

of the endogenous agonist Ach results in a conformational change of the subunits, 

followed by opening of the ion channel and influx of cations, which may include 

Ca2+. As with mAch receptors, nAch receptors are found in both the PNS and the 

CNS and are involved in the rapid effect of Ach after release. Activation of nAch 

receptors results in the release of neurotransmitters such as serotonin, dopamine, 

glutamate and GABA. The expression of nicotinic acetylcholine receptor subunits 

has already been demonstrated on microglia from mouse (Shytle et al., 2004), rat 
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(De Simone et al., 2005), rhesus monkey (Liu et al., 2009) and human (Rock et al., 

2008).  

 

1.14 Functions of microglia 

1.14.1 Phagocytosis 
Phagocytosis is a common feature of activated microglia and a form of 

endocytosis where a solid particle is engulfed and forms an internal phagosome. 

These phagosomes then fuse with enzyme-containing lysosomes which enable 

breakdown of the internalised particle (Kinchen and Ravichandran, 2008). It is the 

main mechanism used by many cells to remove pathogens, such as bacteria, as 

well as other cellular debris. Phagocytosis is controlled by signals located on the 

target cell which may be “eat me’’ signals or “don’t eat me’’ signals which will 

determine whether phagocytosis takes place (Ravichandran, 2011). Phagocytic 

microglia can be neuroprotective, through the removal of pathogens (Ribes et al., 

2013) or engulfment of Aβ plaques (Bard et al., 2000), but have also been shown 

to be detrimental, resulting in neuronal death as a result of viable neurons being 

phagocytosed (Neher et al., 2012). The mechanism of phagocytiosis is made up of 

3 steps: find me, eat me and digest me (Savill et al., 2002). “Find me’’ signals 

released by the target activate receptors on microglia which initiates phagocytosis. 

These signals can include extracellular nucleotides such as ATP and UTP 

released by apoptotic cells which bind to purinergic receptors on microglia 

(Koizumi et al., 2007), as well as fractalkine/CX3CL1, which is also released by 

apoptotic cells and binds to the CX3CR1 receptor on microglia (Noda et al., 2011). 

Once the microglia has reached its phagocytic target, “eat me” signals enable the 

cell to discriminate the phagocytic particle from living cells, which express “don’t 

eat me” signals (Ravichandran, 2010). These “eat me’’ signals include receptors 

which may tether the phagocyte to the target, or trigger internalisation (Underhill 

and Goodridge, 2012). Scavenger receptors in conjunction with toll-like receptors 

allow the detection of pathogen-associated molecular patterns (PAMPS), for 

example the CD14/TLR4 complex (Sierra et al., 2013). Activation of TLRs such as 

TLR-4 by ligands including Streptococcus pneumoniae initiates phagocytosis, 

which can be mimicked in culture through LPS stimulation (Ribes et al., 2009). 
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Triggering receptor expressed on myeloid cells-2 (TREM2) is an internalisation 

signal, and it was shown that loss of function of this receptor resulted in a 

prevention of phagocytic activity of microglia (Hsieh et al., 2009). In this research, 

phagocytosis is triggered through soluble opsonins which bind to microglial 

receptors, triggering internalisation. Incubation of latex beads with fetal calf serum 

causes proteins of the complement system such as C3b and antibodies such as 

IgG to bind to compliment receptor 3 and Fc receptors allowing phagocytosis to be 

mediated (Underhill and Goodridge, 2012). Once internalisation has taken place 

and the phagocytic target has been engulfed, “digest me’’ signals cause 

maturation of the phagosome, resulting in the formation of phagolysosomes which 

contain numerous proteins for digestion of the phagocytosed substance 

(Desjardins et al., 1994).  

1.14.2 Chemotaxis 
Chemotaxis is the process by which cells direct their movements according to 

certain stimuli in order to carry out specific functions, such as the movement of 

sperm towards the egg during fertilization, or the migration of neurons during early 

development. For microglia, chemotaxis is an important function for recruitment of 

cells towards, for example, a pathogenic event which may require microglia to 

release inflammatory substances or to become phagocytic in order to clear cellular 

debris (Koizumi et al., 2007; Kreutzberg, 1996). In order for eukaryotic cells to 

respond to a chemotactic signal and initiate motility, a chemotactic gradient is 

sensed, normally by G-protein coupled receptors on the surface of the cell, which 

results in a signalling cascade and the polymerisation of actin filaments (Bagorda 

and Parent, 2008). The role of ATP as a trigger of microglial chemotaxis and 

motility has already been established through the activation of the P2Y12 receptor 

(Irino et al., 2008), and chemokines such as CCL21 have also been shown to act 

as a chemoattractant for microglia (Biber et al., 2001). In this research we have 

focused on the receptor expression of neurotransmitters and neurohormones on 

microglia, and the effect of this receptor activation on function. We have 

specifically focused on the activation of the muscarinic acetylcholine receptor and 

its effects on microglial chemotaxis, however, a small amount of research has 
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been carried out on our other ligands of interest, which has been briefly described 

in the previous section.  

 

1.15 The impact of microglia in pathology 
Chronic neuroinflammation is a common feature in neurological diseases such as 

multiple sclerosis, Huntington’s, Parkinson’s, Alzheimer’s and stroke, and since 

microglia are the resident immune cells of the CNS, their activation has been 

implicated in the progression of a number of diseases. Microglia can be activated 

by a vast number of substances including many proteins associated with 

neurodegenerative disease such as amyloid-beta (Jana et al., 2008), alpha-

synuclien (Zhang et al., 2005) and prions (Szpak et al., 2006), as well as through 

injury (Maeda et al., 2010), ischemia (Hur et al., 2010) and infection (Xu et al., 

2009). Activation of microglia does not always lead to detrimental effects. During 

traumatic injury, microglia have been shown to clear glutamate, whose excessive 

release results in excititoxicity in stroke, ALS and autism among others, without 

evoking inflammatory mediators (Shaked et al., 2005). During axotomy of the optic 

nerve, microglia have also been shown to efficiently clear myelin debris (Battisti et 

al., 1995). In this study we have focused on the expression of various receptors on 

microglia from mouse models of glioma, multiple sclerosis, Alzheimer’s disease 

and stroke. The function and behaviour of microglia in these diseases is 

summarised below. 

1.15.1 Glioma  
High-grade gliomas are the most common type of primary brain tumor in adults 

and have a disproportionally poor survival rate. The median survival rate for 

patients with glioblastoma is 12-15 months (Wen and Kesari, 2008). 

Microglia/brain macrophages commonly accumulate around the tumor which leads 

to increased malignancy and poor prognosis (Vinnakota et al., 2013). Microglia 

have been shown to play a supportive role in glioma initiation and progression by 

creating an optimal microenvironment for the tumor (Markovic et al., 2005).  IL-10 

release also results in immunosupression further promoting glioma expansion 

(Huettner et al., 1997). Microglia have been shown to demonstrate antitumor 

abilities, but only in vitro, where IFN-γ and endotoxin stimulation led to tumor cell 
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cytotoxicity and production of tumor necrosis factor alpha (Frei et al., 1987). This 

demonstrates the potential for the development of therapies which can alter 

microglial function to steer them to a more neuroprotective phenotype. However, in 

the case of glioma, the majority of research indicates that glioma release 

substances which suppress protective functions of microglia, for example 

suppressing the release of proinflammatory cytokines such as TNF-α, IL-1 or IL-6 

(Hussain et al., 2006), while upregulating the production of enzymes beneficial to 

tumor expansion and growth (Konnecke and Bechmann, 2013). Membrane bound 

and secreted proteases such as membrane type-1 matrix metalloprotease (MT1-

MMP) and MMP9 have been extensively studied in recent years. Their role in 

degrading the extracellular matrix to support tumor growth has been linked to 

microglia. MT1-MMP was shown to be upregulated in tumor associated microglia, 

which was triggered by factors released by the glioma via microglial toll-like 

receptors and the p38 MAPK pathway. MT1-MMP was not upregulated in glioma 

cells. The resulting upregulation in microglia leads to activation of glioma-derived 

pro-MMP-2 which in turn promotes glioma expansion (Markovic et al., 2009). 

Microglia have also been shown to modulate MMP-9 activity through the release of 

the co-chaperone stress inducible protein 1 (STI1) (Fonseca et al., 2012). Higher 

densities of microglia/brian macrophages in glioma tissue also positively correlates 

towards increased grade and invasiveness of the tumor (Markovic et al., 2005). In 

order to study glioma and glioma-associated microglia, there are a number of 

animal models of this disease which can effectively mimic the human condition 

when human samples are unavailable or limited. Mouse models of glioma can 

include genetic models (Chen et al., 2012), where genes such as those for cell-

cycle control or tumor suppression are knocked out. For this study, we have used 

a stab wound model of glioma. This model involves the induction of a stab-wound 

injury, followed by the injection of a glioma cell line and is discussed in more detail 

in the methods section. 

1.15.2 Stroke 
Stroke is one of the major causes of death and disability in industrialised countries, 

ischaemic stroke being the most common type, accounting for about 80% of all 

cases (Rosamond et al., 2007). Activated microglia/brain macrophages have been 
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implicated in stroke, having been shown to have both neuroprotective and 

neurotoxic functions.  Expression of the translocator protein 18 kDa (TSPO) is 

upregulated in activated microglia and has been used as a marker in imaging 

studies to determine the presence and quantity of activated microglia in human 

and animal models.  One such study, using positron emission tomographic 

imaging showed that activated microglia/macrophages appear in the ischemic core 

1-2 days after stroke, gradually expanding into the peri-infarct zones. This may be 

an indicator of secondary damage or could enable the microglia/macrophages to 

be targeted for therapeutic intervention (Thiel and Heiss, 2010). Oestrogen has 

been shown to be neuroprotective in stroke (Simpkins et al., 1997), as well as in 

multiple sclerosis (Offner and Polanczyk, 2006) and Parkinson’s disease (Dluzen, 

1997) and this oestrogen-mediated neuroprotection was found to be dependant on 

IGF-1 signaling, where the primary source was microglia (Sohrabji and Williams, 

2013). Microglia were also found to be neuroprotective in an in vitro model of 

ischemic injury. Application of the microglial cell line BV2 onto organotypic 

hippocampal slice cultures 24 hours before oxygen-glucose deprivation led to a 

decrease in OGD-induced neuronal damage (Neumann et al., 2006). A study by 

Hu et al. also found that microglia assume a neuroprotective M2 phenotype in the 

early stages of stroke but then gradually transformed into a neurotoxic, M1 

phenotype. They showed that M1 markers including the gene expression of iNOS, 

CD16 and CD32 gradually increased from day 3 after stroke, while M2 markers 

including the expression of CD206, CCL22 and IL-10 was induced at days 1-3, 

peaked at days 3-5, started to decrease by day 7 and were at pre-stroke level at 

day 14 (Hu et al., 2012). Another study found that microglia were activated by 

glutamate released by OGD neurons. Microglia became neurotoxic and killed 

naive neurons through an apoptotic mechanism mediated by TNF-alpha which 

also involved the activation of both caspase-8 and caspase-3 (Kaushal and 

Schlichter, 2008). For this study we used a focal ischemia mouse model of stroke. 

MCAo was induced for 30 mins using a silicone-coated, 8-0 monofilament, 

described in more detail in the methods section (Endres et al., 2004). 
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1.15.3 Alzheimer’s disease 
Alzheimer’s disease (AD) was first described in 1901 by the German psychiatrist 

Alois Alzheimer and is the most frequently occurring neurodegenerative disease 

which is characterised by the loss of neuronal activity in all brain regions. Early 

symptoms begin with short-term memory loss, often mistakenly attributed to old 

age, eventually leading to confusion, aggression, irritability, long-term memory 

loss, loss of self-awareness and speech impairment, followed by withdrawal from 

society, loss of bodily function and death. In 2006, there were 26.6 

million sufferers worldwide and it is predicted to affect 1 in 85 by 2050 

(Brookmeyer et al., 2007). AD is characterised by 2 features, the presence of 

plaques made up of extracellular β-amyloid (Aβ) aggregates and intracellular 

neurofibrillary tangles (NFTs) of hyperphosphorylated tau protein (Figure 5). These 

features can be seen years before clinical symptoms appear. There is currently no 

cure for Alzheimer’s disease, and existing treatments only help with the symptoms.  

Although the exact cause and progression of Alzheimer’s is still not fully 

understood, it is believed that there are pathogenic interactions between features 

which lead to clinical symptoms and disease progression. Aβ aggregation and 

accumulation in the brain impairs synaptic function and signalling pathways, alters 

neuronal activity and triggers the release of neurotoxic substances from glial cells. 

ApoE4 is a lipid transport protein which has also been implicated in AD by 

impairment of Aβ clearance. Tau proteins, which normally function to stabilize 

microtubules and are abundant in the CNS, particularly in axons, become localised 

in the soma of neurons, and form NFTs. α-synuclein has also been implicated in 

AD, and is also able to form pathogenic oligomers forming larger aggregates 

called Lewy bodies. Release of both Tau and α-synuclein into the extracellular 

space enables the spread of these neurotoxic substances to other cells (Huang 

and Mucke, 2012).  
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Figure 5. Contributing factors leading to the pathogenesis of Alzheimer’s disease. (Huang 
and Mucke, 2012) 

 
A number of recent studies have examined the role of microglia in AD. Activated 

microglia were first identified in post-mortem brains of Alzheimer’s patients through 

the increased expression of the class II cell surface glycoprotein of the human 

histocompatibility complex, HLA-DR. This glycoprotein is normally associated with 

an immune response, and its main function is to signal to T-helper cells that a 

foreign antigen is being presented. The presence of HLA-DR- positive microglia 

was particularly concentrated in areas of Aβ plaque formation, and in the 

hippocampus, HLA-DR- positive cells were also positively correlated with the 

number of senile plaques (McGeer et al., 1987). The inflammatory cytokine IL-1 

was also found to be upregulated in microglia from Alzheimer’s brains (Griffin et 

al., 1989), providing further evidence that microglia are activated during this 

disease. Microglia have also been shown to be attracted to Aβ plaques, extending 

their processes and migrating towards plaques (Bolmont et al., 2008), as well as 

causing the activation of cell surface immune and adhesion molecules such as 

CD45, CD40, CD36 and integrins, resulting in signalling cascades that result in the 

production of cytokines and chemokines (Ho et al., 2005). Aβ plaques were also 

found to trigger  microglial phagocytosis, allowing for the removal of senile plaques 

(Koenigsknecht and Landreth, 2004), however, phagocytic activity, as well as 

process motility was found to be impaired in 2 mouse models of Alzheimer’s 

disease. This impairment could be decreased through the use of an Aβ specific 

antibody, indicating that the lowering of the plaque burden can reverse the 
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impairment of microglial function (Krabbe et al., 2013). In order to study microglia 

in Alzheimer’s disease, we used a transgenic mouse model of cerebral 

amyloidosis, APPPS1 mice that were provided by Mathias Jucker, University of 

Tübingen, Germany. These mice express human APP with the Swedish mutation 

(KM670/671NL) and human mutated PS1 (PS1-L166P) (Radde et al., 2006). 

These mice have cerebral amyloidosis starting from 6-8 weeks of age, with 

amyloid associated pathologies including gliosis, dystrophic synaptic boutons and 

hyperphosphorylated tau-positive neuritic structures.  

 

1.15.4 Multiple sclerosis 
Multiple sclerosis is an inflammatory disease which affects the brain and spinal 

cord through the immune mediated damage of the myelin which surrounds and 

insulates nerve cells. The damaged myelin then forms scar tissue, know as 

sclerosis, which most commonly affect the white matter in the optic nerve, basal 

ganglia, brain stem and spinal cord. Myelin loss results in the impaired ability of 

neurons to effectively transmit electrical signals (Compston and Coles, 2002), 

leading to a variety of symptoms including muscle weakness, problems with 

balance and coordination, visual impairment and memory problems (Compston 

and Coles, 2008). During the early stages of the disease, remyelination is able to 

occur, as the oligodendrocytes attempt to repair the damage. However, as the 

disease progresses, this repair becomes less effective, leading to worsening 

symptoms and an increase in lesions (Chari, 2007). Multiple sclerosis lesions are 

characterised by a T lymphocyte inflammatory response. Since these cells are 

members of the adaptive immune system, they require antigen presentation from 

members of the innate immune system. Microglia, brain macrophages and B cells 

are also present in the immune response to MS lesions, and these cells act as 

antigen presenting cells (APCs), which allow neural antigen-reactive T cells to 

persist in the CNS during the course of the disease (Jack et al., 2005). Activated 

microglia/brain macrophages are know to be detrimental to the progression of MS 

due to the destructive phagocytic activity of these cells (Huizinga et al., 2012). 

Axonal damage was also positively correlated to local microglial activation in MS 

(Howell et al., 2010), and microglia/macrophages were also found to contribute to 
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oligodendrocyte loss within MS lesions from human autopsy material (Lucchinetti 

et al., 1999). Based on the assumption that microglia are detrimental to the 

progression of MS, a recent study used dipyridamole as an inhibitor of microglial 

activity in a mouse model of MS (EAE) (Sloka et al., 2013). The authors found that 

daily dipyridamole treatment from day 7 postimmunisation reduced the clinical 

severity of the disease during the chronic phase, although it had no effect on the 

clinical signs during the initial onset and peak of the disease. Dipyridamole has 

also been used clinically for secondary prevention in stroke (Shulga and Bornstein, 

2011), while another inhibitor of microglia activity, the broad spectrum antibiotic 

minocycline, has also been shown to improve the outcome of diseases such as 

epilepsy (Abraham et al., 2012), stroke (Hayakawa et al., 2008) and Alzheimer’s 

(Fan et al., 2007). This demonstrates the vast potential for improving the outcome 

of numerous neurodegenerative diseases through the control of microglial activity. 

Multiple sclerosis does not occur naturally in species other than humans. In order 

to carry out animal studies to research the disease, experimental autoimmune 

encephalomyelitis (EAE) can be induced. In our research we used a mouse model 

of EAE. In order to mimic the demylination of MS, myelin protein such as myelin 

basic protein (MBP), proteolipid protein (PLP) or myelin oligodendrocyte 

glycoprotein (MOG) is injected into the animal, along with an adjuvant which 

results in an inflammatory response to the protein. In the mice used for this study 

PLP was injected along with complete Freund’s adjuvant and heat-inactivated 

Mycobacterium tuberculosis. Pertussis toxin was also administered to break down 

the BBB and allow immune cells to enter the CNS. The protocol is described in 

more detail in the methods section. 

 

1.16 Aim of this research 
The aims of this research were as follows; 

• To determine whether murine microglia express functional receptors for 

endothelin, histamine, substance P, serotonin, galanin, somatostatin, 

angiotensin II, vasopressin, neurotensin, dopamine and acetylcholine 

(nicotinic and muscarinic Ach receptors) using calcium imaging 
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• To assess whether the specific neurotransmitter and neurohormone 

sensitive populations differ in primary cultured neonatal and adult microglia, 

as well as the novel freshly isolated adult microglia preparation 

• To determine whether freshly isolated microglia from murine models of 

disease vary in their receptor repertoire compared to those from healthy 

mice, and whether this can be mimicked in cultured cells through treatment 

with pro and anti-inflammatory substances 

• To focus specifically on one receptor system, namely the muscarinic 

acetylcholine receptor system, and investigate in more detail the role this 

receptor system plays in the phagocytic and chemotactic function of 

microglia 
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2. Materials  
2.1 Drugs and reagents Company 
Angiotensin II Sigma-Aldrich, Munich, Germany 

Aqua-Poly/Mount Polysciences Europe GmbH, 
Eppelheim, Germany 

ATP Sigma-Aldrich, Munich, Germany 
Bordetella pertussis toxin List Biological Laboratories, USA 

Bovine serum albumin (BSA) Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

Carbachol Sigma-Aldrich, Munich, Germany 
Chlodronate Calbiochem, Darmstadt Germany 
Complete Freund’s Adjuvant H37Ra, Difco,, USA 
dNTP Invitrogen, Karlsruhe, Germany 
Dopamine Sigma-Aldrich, Munich, Germany 
Dulbecco’s Modified Eagle 
Medium (DMEM) 

GIBCO®Media, Invitrogen, Darmstadt, 
Germany 

Dulbecco's Phosphate-
Buffered Saline (DPBS) 

GIBCO®Media, Invitrogen, Darmstadt, 
Germany 

Endothelin-1 PolyPeptide group, Torrance, CA, USA 

Fetal calf serum (FCS) GIBCO®Serum, Invitrogen, Darmstadt, 
Germany 

Fluoresbrite microspheres Polysciences Europe GmbH, 
Eppelheim, Germany 

Galanin PolyPeptide group, Torrance, CA, USA 
Glucose Merck, Damstadt, Germany 
Go Taq qPCR Master Mix Promega, Mannheim, Germany 
Hanks Balanced Solution 
(HBSS) 

GIBCO®Products, Invitrogen, 
Darmstadt, Germany 

Heat-inactivated 
Mycobacterium tuberculosis H37Ra, Difco,, USA 

HEPES for cell culture GIBCO®Products, Invitrogen, 
Darmstadt, Germany 

Histamine Sigma-Aldrich, Munich, Germany 
IFN-gamma R&D systems, Minneapolis, MN USA 
IL-4 Peprotech, Hamburg, Germany 
LPS (Lipopolysaccharide from 
E.coli) Enzo, Lörrach, Gemany 

MACS CD11b beads Miltenyi Biotech, Bergisch Gladbach, 
Germany 

MACS Myelin beads Miltenyi Biotech, Bergisch Gladbach, 
Germany 

Neurotensin Sigma-Aldrich, Munich, Germany 
Nicotine Sigma-Aldrich, Munich, Germany 

Normal goat serum (NGS) GIBCO®Products, Invitrogen, 
Darmstadt, Germany 
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oligo-dT primer Invitrogen, Karlsruhe, Germany 
PBS (Phosphate buffered 
saline) 

GIBCO®Products, Invitrogen, 
Darmstadt, Germany 

Percoll GE Healthcare, Munich, Germany 
PLP139–151 Pepceuticals Ltd., UK 

Puromycin Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

RNase-Inhibitor Invitrogen, Karlsruhe, Germany 
Serotonin Sigma-Aldrich, Munich, Germany 
Somatostatin Sigma-Aldrich, Munich, Germany 
Substance P polypeptide group 
Superscript II Transcriptase Invitrogen, Karlsruhe, Germany 

Trition X-100 Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

Vasopressin Sigma-Aldrich, Munich, Germany 

 
2.2 Media, buffers and 
solutions Composition  

0.9 % saline  0.9% NaCl, Aqua dest. sterile  

Blocking buffer 
(immunohistochemistry) 

2% Triton X-100  
2% BSA  
10% donkey serum  
in 0.1 M phosphate buffer PB 

Dulbecco‟s Modified Eagle 
Medium (DMEM)  

GIBCO®Media, supplemented with 
10% fetal calf serum (FCS), 2 mM L-
glutamine and antibiotics (100 units/ml 
penicillin and 100 µg/ml streptomycin)  

HEPES buffer  

NaCl 150.0 mM, KCl 5.4 mM, MgCl2 1.0 
mM, CaCl2 2.0 mM, HEPES 10.0 mM, 
Glucose 10.0 mM, adjusted with NaOH 
to pH 7.4  

L929 conditioned medium  

L929-Fibroblasts were grown to 80% 
confluence in a T75 flask, 30ml fresh 
normal medium was added, after 2 days 
medium was harvested, medium was 
steril filtered and mixed with 2/3 DMEM  

Paraformaldehyde 4% paraformaldehyde in A. dest. heated 
to facilitate dissolution 

Trypsin/DNase 10 mg Trypsin, 0.5 mg DNase per ml 
PBS 

 
 
2.3 Fluorescent probes, 
enzymes and antibodies  Company  

Alexa Fluor®594 -conjugated 
tomato lectin  

0.47 mg/ml Tomatolectin from 
Lycopersicon esculentum (Vector 
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Laboratories, Burlingame, USA)  
26.8µg/ml Alexa® 594, Succinimidester 
(Invitrogen, Karlruhe, Germany)  
5 mM Phosphate  
15 mM NaCl  
0.1 mM CaCl2  
Linkage by BioTez GmbH, Berlin, 
Germany  

Alexa® 594 goat anti rabit  Invitrogen, Karlruhe, Germany  
Cholinergic receptor, 
Muscarinic 3 (CHRM3) 
antibody 

Antikoerper-online.de 

Fluo-4 AM, cell permeant  Invitrogen, Karlruhe, Germany  

Iba-1 antibody  Wako Pure Chemical Industries, Ltd., 
Japan  

Secondary antibodies 
conjugated to fluorescein 
isothiocyanate (FITC), 
rhodamine red or Cy5  

Jackson ImmunoResearch Europe Ltd., 
Suffolk, UK  

 
2.4 Commericial kits  Company  
First strand cDNA kit Invitrogen, Karlsruhe, Germany 

MACS tissue dissociation kit Miltenyi Biotech, Bergisch Gladbach, 
Germany 

RNeasy micro extraction kit  Qiagen, Hilden, Germany 
 
2.5 Devices  Company  
40x Achroplan water 
immersion objective NA 0.75, Zeiss, Jena 

Axiovert FS microscope  Zeiss, Oberkochen, Germany  
Leica LSM laser scanning 
confocal microscope  Leica, Wetzlar, Germany  

Microplate plate reader Infinite 
M200  Tecan, Crailsheim, Germany  

Monochromator Polychrome II  Till Photonics, Martinsried, Germany  
Patch clamp amplifier EPC10  HEKA electronics, Lambrecht, Germany  
Sonicator Dr. Hielscher GmbH, Teltow, Germany 
Stereotactic alignment system  David Kopf Instruments, Tujunga, USA  
Vibratome VT 1000 S  Leica, Heidelberg, Germany  
 
2.6 Software  Company  
Adobe Illustrator 11.0  Adobe Systems, San Jose, CA, USA  
Adobe Photoshop CS 8.0  Adobe Systems, San Jose, CA, USA  
ICE software  Own development  
Image J 1.43  http://rsbweb.nih.gov/ij/index.html  
Microsoft Office 2003/ 2007/ 
2010  Microsoft Deutschland, Berlin, Germany  
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Origin 7.0  OriginLab, Northhampton, USA  

R software R Foundation for Statistical Computing, 
Vienna, Austria 

TIDA  HEKA electronics, Lambrecht/Pfalz, 
Germany  

 
2.7 Cells and mice Company  
Adult microglia cells  Isolation from C57/Bl6 mice  
GL261 glioma cells NCI, NIH, USA 
Neonatal microglia cells  Isolation from C57/Bl6 mice  

APPPS1 mice 
Frank Heppner, Stefan Prokop (Charité, 
Berlin) and Mathias Jucker (University 
of Tübingen) 

EAE mice SJL/J mice (Janvier, France), provided 
by Sonia Waiczies, MDC, Berlin 

Freshly isolated microglia 
(control) Isolation from C57/Bl6 mice 

Glioma mice In house mouse model using C57/Bl6 
mice 

Stroke mice MCAo on C57/Bl6 mice, provided by 
Mathias Endres, Charité, Berlin 

 
 
2.8 Tools Company  
10ml syringe B Braun Melsungen AG, Germany 
23 gauge needle B Braun Melsungen AG, Germany 
24-well Cell Culture Plate BD Biosciences, Heidelberg, Germany 
27 gauge needle B Braun Melsungen AG, Germany 

40x10mm dishes TPP Techno Plastic Products AG, 
Trasadingen, Switzerland  

4-well Cell Culture Plate BD Biosciences, Heidelberg, Germany 
6-well Cell Culture Plate BD Biosciences, Heidelberg, Germany 
8.0 nylon monofilament coated 
with a silicone resin/hardener 
mixture 

Xantopren M Mucosa and Activator NF 
Optosil Xantopren, Haereus Kulzer 

Cells strainer, 40 µm BD Biosciences, Heidelberg, Germany 
Cells strainer, 70 µm BD Biosciences, Heidelberg, Germany 
Glass bottom culture dish, 
35mm, 14mm Microwell MatTek, Ashland, MA, USA 

Menzel glass cover slip 24x50 
mm 

Thermo Fisher Scientific, Walldorf, 
Germany 

Minisart single use filter unit, 
0.2 and 0.45µm Sartorius AG, Goettingen, Germany 

T75 Cellstar culture flasks Greiner Bio-One GmbH, Frickenhausen, 
Germany 
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3. Methods 

3.1 Preparation of freshly isolated microglia 
Microglia from adult C57BL/6 mice (P49-56) were acutely isolated for calcium 

imaging using magnetic activated cell sorting (MACS). Pure microglia were 

magnetically isolated from cortical and subcortical cell suspensions using CD11b 

microbeads from Miltenyi Biotech (Bergisch Gladbach, Germany), according to the 

manufacturer’s instructions and as previously described (Nikodemova and 

Watters, 2012). In brief, adult mice were sacrificied by cervical dislocation and the 

brain was removed. After removal of the cerebellum and olfactory bulbs, the 

remaining cortex and midbrain was cut into small pieces (1mm3) and dissociated 

using the Miltenyi Biotec Neural Tissue Dissociation Kit (Trypsin). After 

dissociation using a glass Pasteur pipette, microglia were passed through a 40µm 

cell strainer followed by centrifugation for 10mins at 300g and 4oC. Microglia were 

then incubated for 15mins with Miltenyi Biotec myelin removal beads, followed by 

magnetic separation using LS columns, with 2 columns used per brain. Following 

myelin removal, the myelin free flow-through was incubated with CD11B beads for 

15mins, and the cell suspension was applied to an MS column (Miltenyi Biotec) 

and washed three times with HBSS/0.5% BSA/2mM EDTA. Labelled CD11b 

positive cells (microglia) within the column were then flushed out and plated onto 

glass coverslips, followed by 15 minutes incubation to allow adherence. Calcium 

imaging was then carried out as described below. This protocol is summarised in 

figure 6. 
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Figure 6. Preparation of freshly isolated adult microglia using MACS 
 
3.2 Induction of cerebral ischemia 
Left middle cerebral artery occlusion (MCAO)/reperfusion was performed as 

described previously (Endres et al., 2004). In brief, C57BL/6 mice were 

anaesthetized for induction with 1.5% isoflurane and maintained in 1.0% isoflurane 

in 69% N2O and 30% O2 using a vaporizer. Transient brain ischaemia was induced 

using an 8.0 nylon monofilament coated with a silicone resin/hardener mixture 

(Xantopren M Mucosa and Activator NF Optosil Xantopren, Haereus Kulzer). The 

filament was introduced into the internal carotid artery up to the anterior cerebral 

artery resulting in occlusion of the middle cerebral artery and anterior choroidal 

arteries. The filament was removed after 30 minutes to allow reperfusion. Core 

temperature was monitored and maintained at 36.5 ± 0.5°C with a feed-back 

temperature control unit until 1 hour after reperfusion using a heating pad. 

Microglia were isolated one week after MCAO from a 4 mm coronal section 

through the cortex and striatum using MACS as described before. Microglia from 

the same brain region were isolated from healthy C57BL/6 mice to serve as a 

control.  

 

3.3 Mouse model of glioma 
Twenty thousand GL261 glioma cells in a volume of 1 µl were injected into the 

right frontal cortex of adult C57BL/6 mice (6-10 weeks). Mice were sacrificed after 

Remove 
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digest 

Incubate with 
CD11b 
magnetic 
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column in magnetic 
field

Column removed 
from magnetic 
field and 
microglia eluted 
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approximately 20 days and a 3 mm3 section was cut around the tumor. Microglia 

were isolated from the tumor using MACS as described above. 

 

3.4 Mouse model of Alzheimer’s disease 
APPPS1 mice were used as an Alzheimer’s mouse model, and were sacrificed 

around P90. Microglia were isolated from the cortex and midbrain using MACS as 

described above. 

 

3.5 Mouse model of autoimmune encephalomyelitis   
Experimental autoimmune encephalomyelitis was induced as previously described 

(Waiczies et al., 2012). In brief, 6-8 week old female SJL/J mice (Janvier, France) 

were subcutaneous immunised with 250 mg PLP139–151 (Pepceuticals Ltd., UK; 

purity 95%) along with Complete Freund’s Adjuvant and heat-inactivated 

Mycobacterium tuberculosis (H37Ra, Difco,, USA). Bordetella pertussis toxin (250 

ng; List Biological Laboratories, USA) was administered intraperitoneally on days 0 

and 2. Mice were assigned a daily clinical score: 0, no disease; 1, tail weakness; 

2, paraparesis; 3, paraplegia; 4, paraplegia with forelimb weakness; 5, moribund 

or dead animals. Microglia were isolated from the cortex and midbrain as before. 

 

3.6 Preparation of cultured microglia  
Primary microglia cultures were prepared from the cerebral cortex and midbrain of 

newborn C57BL/6 mice (P0-P3) as described previously (Giulian and Baker, 

1986). The microglia were seeded at 1-1.5 × 105 cells per glass coverslip (14 mm 

diameter). Cultures usually contained >95% microglia as detected by isolectin B4 

(Griffonia simplicifolia) and were used for experiments within 1 day after plating.  

Microglia were also cultured from adult mice (P49-56) (Scheffel et al., 2012). 

Cortical and midbrain tissue was freed of blood vessels and meninges in Hank’s 

balanced salt solution (HBBS), mechanically dissociated into 1mm3 pieces and 

trypsinized in 1% trypsin and 0.05% deoxyribonuclease for 5 min at room 

temperature, as described for neonatal microglia. Digested tissue was dissociated 

using a fire-polished pipette and washed twice in HBBS. The feeder layer of 
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astrocytes were depleted of neonatal microglial cells using clodronate (200 µg/ml) 

before the adult microglia were added. The adult mixed glial cultures received 

fresh complete DMEM medium every other day and were treated with 33% L929-

conditioned medium after 7 days or once cells became confluent. Microglia were 

shaken off 1 week later and were used for experiments within 1 day of plating. 

Figure 7 summarises the main steps for this protocol. 

 

 
Figure 7. Culturing protocol for neonatal and adult primary microglia 
 

3.7 Isolation of Peritoneal Macrophages 
Macrophages from C57BL/6 adult mice (P49-56) were freshly isolated for calcium 

imaging (Zhang et al., 2008). Mice were killed by cervical dislocation and skin 

around the peritoneum was disinfected with 70% ethanol and carefully removed. 

4-5ml of sterile PBS was injected into the peritoneum using a 27 gauge needle 

and massaged for 2-3 minutes. The injected PBS was then removed from the 

peritoneum using a 23 gauge needle and syringe and centrifuged for 10 minutes at 

200 g. 150 000 cells were plated on a coverslip (14 mm diameter). Cells were 

allowed to adhere for 15 minutes and subsequently loaded with 5 µM fluo-4/AM 

(Invitrogen, USA) for calcium imaging. 
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3.8 Isolation of Bone Marrow Derived Macrophages 
Bone marrow macrophages were isolated from C57BL/6 adult mice (P49-56) as 

previously described (Marim et al., 2010). In summary, mice were killed by cervical 

dislocation and the femurs were removed by cutting through the tibia near the 

pelvic bone and below the knee. Any muscle connected to the bone was carefully 

removed. Sterile PBS was slowly flushed through the bone and the contents 

collected in a sterile 15 ml polypropylene tube. After centrifugation for 10 minutes 

at 200 g, red blood cells were lysed by adding 3-10 ml ammonium chloride 

solution. After a 2-3 minute recovery period, the suspension was centrifuged for 10 

minutes at 200 g and the supernatant was removed. Cells were plated in a 10 cm 

dish with 33% L929-conditioned media to allow differentiation. After 7 days cells 

were trypsinized and were plated onto coverslips (150 000 cells/coverslip). 

Calcium imaging was carried out the following day as described below. 

 

3.9 Activation of cultured microglia  
Microglia cultured from neonatal and adult cells were incubated with 100ng/ml 

lipopolysaccaride (LPS) (Enzo, Lörrach, Germany) or 20U/ml IFN-γ (R&D 

systems, Minneapolis, USA). An anti-inflammatory M2 phenotype was induced by 

incubating with 30 ng/ml IL-4 (Peprotech, Hamburg, Germany). Stimulating agents 

were added to cultures approximately 5 hours after plating microglia on glass 

coverslips. Incubation was carried out overnight for approximately 18-24 hours. 

 

3.10 Calcium imaging 
Freshly isolated cells were loaded with 5 µM fluo-4/AM (Invitrogen, USA) in the 

presence of the detergent 0.02% Pluronic F-127 in HEPES buffer which contained 

(in mM) NaCl 150.0, KCl 5.4, MgCl2 1.0, CaCl2 2.0, HEPES 10.0, glucose 10.0, 

adjusted with NaOH to pH 7.4 supplemented with 1% tomato lectin conjugated 

Alexa Fluor®594 for 40 min at room temperature. After staining, coverslips were 

washed for 10 minutes in HEPES buffer. Cultured microglia were stained with 5 

µM fluo-4/AM for 40 minutes at room temperature followed by a 10 minute wash in 

HEPES buffer without the addition of tomato lectin. Coverslips were then 
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transferred to a recording chamber and buffer flow was adjusted to 3-4 ml/min. 

Fluorescence pictures were taken every 3 s at 488 nm excitation wavelength 

produced by a Polychrome II monochromator (Till Photonics, Martinsried, 

Germany) using 40x Achroplan water immersion objective (NA 0.75, Zeiss, Jena). 

A perfusion system was installed to change the solution within seconds. 

Fluorescence of tomato lectin was detected after excitation with 560 nm (emission 

filter at 630 nm).  

 

3.11 Immunohistochemistry 
Freshly isolated microglia from adult C57BL/6 were stained for Iba-1 as a marker 

for microglial cells and Hoechst 33258 for identification using confocal microscopy 

(Leica SPE). Fixed cells on glass coverslips were incubated in blocking buffer for 

four hours at room temperature, followed by a 48 hours incubation with 0.75µg/ml 

Iba-1 antibody in 10% blocking buffer (diluted with 0,1 M PB) at 4°C. For detection 

6.25µg/ml donkey anti rabbit Cy3 secondary antibody in 10% blocking buffer was 

used. After washing, cells were incubated for 30 min with Hoechst 33258 1:10000 

in 0.1M PB and mounted in Aqua polymount for further analysis using confocal 

microscopy. 

 

3.12 Migration assay 
The chemotaxis activity was monitored using the agarose spot  assay (Wiggins 

and Rappoport, 2010) . 0.1 g of agarose with a low melting point was dissolved in 

20 ml PBS to obtain a 0.5% agarose solution. Four spots (10 µl) were placed onto 

35 mm glass plates (MatTek Corporation, Massachusetts, USA) with three 

containing carbachol and one containing PBS only. 106 microglial cells in a 2 ml 

suspension were added to the plates and incubated at 37°C in 5% CO2. After 4 hrs 

and 6 hrs, cells under the spot were counted.   

 

3.13 Phagocytosis assay 
Yellow green fluorescent Fluoresbrite carboxylated microspheres (3 µm diameter, 

Polysciences Europe GmbH, Eppelheim, Germany) were coated with FCS by 
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shaking at 1000 rpm for 30 min at room temperature. After centrifugation for 2 min 

at 900 g, the supernatant was discarded and microspheres were washed and 

resuspended in DMEM. 8.4 x 106 microspheres in a solution containing either 10 

or 100 µM carbachol or control (HBSS) were applied on each coverslip with 

primary microglia for 30 min and incubated at 37°C. After vigorous washing with 

0.1 M PB, coverslips were fixed with 4% paraformaldehyde. Coverslips were finally 

stained with blue membrane stain for 1 hour, followed by a final 0.1M PB wash 

and mounted for cell counting. For cell counting, each coverslip was divided into 

four 7 µm2 quadrants. The number of beads phagocytozed by each cell within the 

quadrants was counted. Cells were grouped to 1-4, 5-7, 8-10 and >10 

microspheres per cell and the percentage of cells in each group was multiplied by 

the corresponding grade of phagocytosis (1-4:1, 5-7:2, 8-10:3, >10:4). The sum of 

the products in each group was then given as the phagocytosis index. 

 

3.14 RNA Isolation and PCR 
Total RNA was isolated from C57BL/6 neonatal microglia (± IFN-γ treatment), 

C57BL/6 adult microglia (± IFN-γ treatment), C57BL/6 freshly isolated adult 

microglia and C57BL/6 whole brain tissue using the RNeasy Extraction Kit 

(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Before 

RNA extraction, freshly isolated whole brain tissue was sonicated (Dr. Hielscher 

GmbH, Teltow, Germany) to access intracellular compartments.  

First-strand cDNA was synthesized from up to 1µg RNA by reverse transcription 

reaction (Invitrogen, Karlsruhe, Germany). For quantitative PCR we used Go Taq 

qPCR Master Mix (Promega, Mannheim, Germany) based on SYBR Green and 

primers shown in table 7 to amplify 4 ng of total cDNA. These primers were tested 

for their efficiency to apply the delta/delta ct-method for analysis. To ensure the 

specificity of the PCR product we analysed the melting curves of each product.  

 

3.15 Statistical analysis 
All data for calcium imaging represent the percentage of cells responding from at 

least 3 mice for freshly isolated microglia or 3 preparations for cultured microglia. 

The total number of cells responding to ATP was calculated for all experiments for 
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each condition. The total number of cells responding to a given substance in a 

given condition was then calculated as a percentage of the ATP responding 

population. Data for calcium imaging was analyzed using the  2-sample test for 

equality of proportions with continuity correction in R software (R Foundation for 

Statistical Computing, Vienna, Austria) and the differences were considered 

statistically significant at p<0.05. Data for phagocytosis and chemotaxis assays 

represent the average of at least triplicate samples. Error bars represent the 

standard error of the mean. Values are presented as means +/- standard error of 

the mean. Data were analyzed using the Mann-Whitney test in SPSS 

(IBM SPSS Statistics, USA) and the differences were considered statistically 

significant at p<0.05. 
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4. Results  

4.1 Subpopulations of freshly isolated microglia respond 
to defined neurotransmitters/-hormones 
We isolated microglia from adult mouse cortex and midbrain by MACS using 

CD11b microbeads to specifically purify microglia. Isolated cells had a round 

morphology with a diameter of 2.8 µm and no apparent processes (Figure 8A). 

The cells were loaded with the Ca2+-sensor Fluo-4 for 40 min and labelled in 

parallel with 1% tomato lectin conjugated Alexa Fluor®594 to verify that the cells 

were microglia. Figure 8D shows that the isolated cell population is positive for the 

microglial marker tomato lectin. Figures 8 E-F show staining of freshly isolated 

microglia with Hoechst, Iba-1 and an overlay of the two images.  

Each neurotransmitter/-hormone was applied for one minute and after a 5 min 

wash, ATP (500 µM) was applied for 30 seconds. We selected only those cells 

which showed a clear response to ATP which were, in most experiments, all cells 

in the selected field. Of those cells which responded to ATP, 1% of cells 

responded to endothelin application, 10% to histamine, 26% to substance P, 9% to 

serotonin, 14% to galanin, 11% to somatostatin, 7% to angiotensin II, 5% to 

vasopressin, 8% to neurotensin, 6% to dopamine, 6% to nicotine and 16% to 

carbachol with a transient increase in Fluo-4 fluorescence corresponding to an 

increase in Ca2+. Figure 9 shows examples of a positive response for each 

substance. Table 1 describes the mean integral and amplitude of the calcium 

responses for each substance compared to the ATP response, as well as the 

duration of the calcium transients. The mean amplitudes and integral (which 

combines the data of amplitude and duration) were typically smaller when 

compared to the ATP response, while the duration was calculated as the mean 

number of seconds from the beginning of the increase in fluorescence, which was 

four standard deviations higher than the baseline, to the end of the signal. 
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Figure 8. A subpopulation of adult microglia responds to carbachol 
  

Freshly isolated adult microglia respond to carbachol and ATP with an increase in intracellular 

calcium (A) Baseline fluorescence of freshly isolated microglia after incubation with 5 µM fluo-4/AM. 

(B) Application of 100 µM carbachol results in an increase in fluorescence intensity in a small 

number of cells (C) Application of 500 µM ATP as a positive control shows all cells responding to 

application with an increase in fluorescence intensity (D) Tomato lectin labeling confirms that the 

cells are microglia. (E) Traces of relative fluorescence increase (rFl) from regions 1 and 2 (as 

indicated in A, B. C and D) shows a carbachol-responsive and -unresponsive microglial cell. (F) 

Hoechst staining of nuclei from freshly isolated microglia (G) Iba-1 staining identifies isolated cells 

as microglia, (H) Overlay of pictures F and G. 
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Figure 9. A subpopulation of freshly isolated adult microglia respond to neurotransmitters 
and neurohormones  
Representative examples of intracellular calcium transients induced in freshly isolated adult 

microglia cells by 60 s application of endothelin (A), histamine (B), substance P (C), serotonin (D), 

galanin (E), somatostatin (F), angiotensin  II (G), vasopressin (H), neurotensin (I), dopamine (J), 

nicotine (K) and carbachol (L). After a 5min washout, 500µM ATP was applied for 30 s as a positive 

control. M shows an example of neonatal and adult cultures, and freshly isolated microglia 

responding to 100nM application of neurotensin and 500µM ATP with corresponding calcium traces 

(N). 



Neurotransmitter and Neurohormone Receptors on Microglia   

 48

 
Table 1. Mean integral, amplitude and duration of neurotransmitter/-hormone induced Ca2+ 
transients for freshly isolated adult microglia 

 
4.2 The size of the endothelin, somatostatin, angiotensin 
II, vasopressin and carbachol sensitive subpopulation is 
affected by pathology 
To study changes in microglial responses under pathological conditions we used 

mouse models for glioma, stroke, and multiple sclerosis (Figure 11A-L). Since it is 

known that monocytes from the periphery infiltrate the glioma and during late 

phases of stroke the infarct area, we use the term microglia/brain macrophages 

when referring to these pathologies. In 6-10 week old mice inoculated for 20 days 

with 20,000 glioma cells, the glioma tissue was dissected out and microglia/brain 

macrophages were isolated by MACS. Glioma associated microglia/macrophages 

contained an increased population of cells sensitive to endothelin, which was 5% 

of the population (Figure 11A). The histamine (Figure 11B) and angiotensin II 

(Figure 11G) sensitive populations were also significantly increased to 19 and 13% 

respectively, while the substance P (C), galanin (E), somatostatin (F) and 

carbachol (L) sensitive populations were significantly decreased to 16%, 9%, 5% 

and 10% when compared to microglia from control mice. Responses of glioma 

isolated microglia/brain macrophages to the other substances were not 

significantly different when compared to control.  Microglial cells/brain 

macrophages isolated from a 4 mm coronal section through the cortex and 
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striatum of mice which had a transient middle cerebral artery occlusion 8-10 days 

prior to isolation showed a significant increase in the endothelin (Figure A), 

histamine (B), somatostatin (F), angiotensin II (G), vasopressin (H) and carbachol 

(L) sensitive populations and a decrease in the substance P (C) and neurotensin 

(I) sensitive populations. We also carried out detailed analysis on the carbachol 

transients from microglia isolated from stroke and compared the amplitude, 

intergral and duration of the signal to those from control mice. The amplitude of the 

Ca2+ response to carbachol relative to ATP was larger at 106 ±3 % as compared 

to control animals at 72 ±4 % (p<0.001) (Figure 10). The average duration of this 

signal (65 ± 5 s), was comparable to the average duration of controls (61 ± 4 s). 
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Figure 10. Amplitude histograms of the Ca2+ transients as a percentage of ATP response in 
microglia isolated from control and stroke tissue. 
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Experimental autoimmune encephalomyelitis (EAE), a mouse model of multiple 

sclerosis, was induced through subcutaneous immunisation with 250 mg PLP139–

151 along with Complete Freund’s Adjuvant and Mycobacterium tuberculosis. This 

was followed by intraperitoneal injection of Bordetella pertussis toxin at days 0 and 

2 after immunisation. Microglia were isolated at the peak of disease, between 12 

and 14 days after immunisation. The populations of endothelin, serotonin, 

somatostatin, angiotensin II and dopamine sensitive microglia were significantly 

increased while the histamine, substance P and carbachol sensitive populations 

were significantly decreased. Responses of microglia to all other substances from 

EAE tissue did not significantly differ when compared to microglia from control 

animals (Figure 11). Table 2 summarizes the proportion of the microglia 

populations sensitive to each of the neurotransmitter/hormones from the different 

pathological models.  

As with the freshly isolated microglia from healthy BL6 mice, only 2 types of 

responses were seen in microglia isolated from disease models: single peak and 

complex responses. Oscillating cells were not seen in any of the freshly isolated 

preparations from any of the disease models.  
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Figure 11. The pattern of responsiveness to specific ligands changes in pathology 
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Percentages of freshly isolated microglia responding to neurotransmitter/-hormone application with 

an increase in intracellular Ca2+ (A-L). Cells were obtained from control tissue and from murine 

disease models of glioma, stroke and multiple sclerosis. Data are presented as the percentage of 

cells to respond to a given substance (the ATP responsive population is taken as 100%) from at 

least 10 investigated microscopic fields from at least 3 independent cell preparations and statistical 

significance is shown as *** for p ≤ 0.001, ** for p ≤ 0.01 and * for p ≤ 0.05. 

 

Table 2. Percentage of microglia/brain macrophages isolated from healthy, glioma, stroke 

and EAE mice that respond to the application of each test substance 

 
4.3 The size of the carbachol-sensitive subpopulation is 
increased in a mouse model of Alzheimer’s  
 
To further study changes in microglial responses to carbachol under pathological 

conditions we also used a mouse model of Alzheimer’s disease. Microglial cells 

isolated from cortices of the APPPS1 mice, a mouse model of Alzheimer’s 

disease, showed a significantly larger carbachol-sensitive subpopulation (25% 

p<0.001) than healthy control animals (Figure 12).  
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Figure 12. Percentage of microglia freshly isolated from APPPS1 mice to respond to the 
application of carbachol with an increase in intracellular calcium compared to microglia 
freshly isolated from healthy mice.  

 

4.4 A small population of macrophages isolated from 
healthy mice respond to carbachol application with an 
increase in intracellular calcium 
Macrophages isolated from the peritoneum and bone marrow from healthy BL6 

mice were also tested for their response to carbachol. The population of peritoneal 

and bone marrow macrophages to respond to carbachol was significantly smaller 

than freshly isolated microglia with 9% of peritoneal macrophages and 5% of bone 

marrow macrophages responding with a calcium signal (Figure 13). As with freshly 

isolated microglia, only single peak and complex signals were seen in response to 

carbachol application. Similarly, as for the analysis of microglia, only those 

macrophages which responded to ATP were analysed. In all experiments, the 

majority of macrophages in the selected field responded to ATP.  
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Figure 13. Percentage of peritoneal and bone marrow macrophages to respond to carbachol 
application with an increase in intracellular calcium. These populations were significantly 
downregulated compared to freshly isolated microglia from healthy Bl/6 mice. 

 

4.5 Small subpopulations of cultured neonatal and adult 
microglia respond to neuropeptides/-hormones  
Endothelin-1, histamine, substance P, serotonin, galanin, somatostatin, 

angiotensin II, vasopressin, neurotensin, dopamine, nicotine and carbachol were 

all applied to cultured neonatal (postnatal day 1) microglia using the same calcium 

imaging protocol described above for freshly isolated cells. ATP was used as a 

positive control. Of those cells which responded to ATP, 6% of cells responded to 

endothelin application (Figure 14A), 2% to histamine (B), 9% to substance P (C), 

22% to serotonin (D), 4% to galanin (E), 6% to somatostatin (F), 5% to angiotensin 

II (G), 8% to vasopressin (H), 13% to neurotensin (I), 4% to dopamine (J), 5% to 
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nicotine (K) and 9% to carbachol (L) with a transient increase in Fluo-4 

fluorescence corresponding to an increase in Ca2+. 

Microglia from adult brain were cultured for approximately 4 weeks until confluent, 

then shaken off and plated onto glass coverslips after 1 week and tested for 

functional receptor expression using calcium imaging as before. The cells 

responding to endothelin (13%; p<0.001) and nicotine (17%; p<0.001) application 

was significantly higher than the percentage of responders in freshly isolated adult 

cells (Figure 15A). The population responding to histamine (3%; p=0.0002), 

substance P (1%; p<0.001) and carbachol (8%; p<0.001) was significantly lower 

than the percentage of freshly isolated cells. The population responding to 

serotonin (6%), to galanin, to somatostatin (12%),   to angiotensin II (11%),   to 

vasopressin (2%),   to neurotensin (6%), and to dopamine (7%) did not 

significantly differ when compared to freshly isolated adult cells (Figure 11 A-L). 

 

4.6 Distinct neurotransmitter/-hormone sensitive 
populations can be increased by treatment with IFN-y, 
LPS and IL-4 
A pro-inflammatory phenotype was induced in cultured neonatal microglia by 18h 

treatment with 100 ng/ml LPS or 20 U/ml IFN-γ. An anti-inflammatory phenotype 

was induced through overnight treatment with 30 ng/ml IL-4. LPS treatment 

resulted in a significantly higher population of endothelin (42%), histamine (9%), 

somatostatin (17%) and vasopressin (18%) sensitive cells and a decrease in 

angiotensin (1%) and neurotensin (8%) sensitive cells, while IFN-γ treatment 

resulted in a significantly larger histamine (15%), galanin (24%), somatostatin 

(31%), angiotensin II (42%), vasopressin (31%), dopamine (11%) and carbachol 

(62%) sensitive population and a significant decrease in the serotonin sensitive 

population (4%). IL-4 treatment did not result in an increase in any of the 

neurotransmitter/-hormone sensitive populations but led to a significant decrease 

in the substance P (2%), serotonin (7%), neurotensin (4%) and nicotine (1%) 

sensitive populations (Figure 14 A-L). 
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Figure 14. Treatment of neonatal cultured microglia with LPS, IFN- γ and IL-4 has distinct 
effects on the receptor repertoire 
Percentage of neurotransmitter/hormone responsive cultured neonatal cells (A-L). Untreated 

neonatal microglia (control) are compared to cultures treated with LPS (100ng/ml), IFN-γ (20U/ml) 

and IL-4 (30ng/ml). Data are presented as the percentage of cells which responded to a given 

substance (the ATP responsive population is taken as 100%) from at least 10 investigated 

microscopic fields from at least 3 independent cell preparations and statistical significance is shown 

as *** for p ≤ 0.001, ** for p ≤ 0.01 and * for p ≤ 0.05. 

 

Incubation of cultured adult microglia with 100 ng/ml LPS resulted in a significantly 

higher population of endothelin (68%), histamine (63%), substance P (50%), 

serotonin (17%), galanin (33%), somatostatin (25%), angiotensin II (68%), 

vasopressin (17%) and carbachol (16%) sensitive populations. Treatment of adult 

microglia with 20 U/ml IFN-γ resulted in a significant increase in the histamine 

(17%), substance P (7%), neurotensin (19%) and carbachol (63%) sensitive 

populations, and a significant decrease in the serotonin (1%), galanin (1%), 

somatostatin (3%), angiotensin II (3%) and nicotine (5%) sensitive populations. 

Responses to all other substances were not significantly different to untreated 

adult microglia. Treatment of adult microglia with 30 ng/ml IL-4 resulted in a 

significant increase in the histamine (8%), substance P (33%) and somatostatin 

(21%) sensitive populations and a significant decrease in the angiotensin II (2%), 

dopamine (1%) and carbachol (2%) sensitive populations (Figure 15A-L). 
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Figure 15. Treatment of adult cultured microglia with LPS, IFN- γ and IL-4 has distinct 
effects on the receptor repertoire 
Percentage of neurotransmitter/-hormone responsive cultured adult cells (A-L). Control, LPS 

(100ng/ml), IFN-γ (20U/ml) and IL-4 (30ng/ml). Data are presented as the percentage of cells 

which responded to a given substance (the ATP responsive population is taken as 100%) from at 

least 10 investigated microscopic fields from at least 3 independent cell preparations and statistical 

significance is shown as *** for p ≤ 0.001, ** for p ≤ 0.01 and * for p ≤ 0.05. 

 

Table 3 summarises all the results for calcium imaging experiments from freshly 

isolated and cultured microglia with fold change and significance.  

***
**
*

Not significant
*
**
***

Upregulation

Downregulation

Glioma Stroke EAE LPS IFN-γ IL-4 LPS IFN-γ IL-4
Endothelin 4.1 3.1 9.5 7.3 1.1 1.6 5.3 1.0 0.8
Histamine 1.9 1.8 0.5 3.7 6.0 1.4 24.9 6.5 3.0
Substance P 0.6 0.2 0.6 0.9 1.6 0.2 34.4 4.7 22.4
Serotonin 0.9 0.8 2.1 1.0 0.2 0.3 2.8 0.2 1.7
Galanin 0.6 1.0 0.7 0.6 5.6 0.4 5.9 0.3 1.3
Somatostatin 0.5 2.0 2.7 2.7 4.9 1.0 2.0 0.3 1.7
Angiotensin II 1.8 2.5 5.5 0.3 8.8 1.3 6.2 0.3 0.2
Vasopressin 0.9 2.5 1.4 2.3 4.0 0.6 7.5 1.9 0.6
Neurotensin 0.8 0.2 1.4 0.6 1.3 0.3 0.8 3.0 0.5
Dopamine 1.2 0.9 2.0 1.6 2.8 0.8 0.5 0.5 0.2
Nicotine 1.1 1.4 0.9 0.9 0.6 0.2 1.0 0.3 0.7

Freshly isolated Neonatal cultured Adult cultured

Carbachol 0.6 3.8 0.7 1.1 6.7 0.8 2.0 7.7 0.2

Adult cultured
APPPS1
microglia

Peripheral
macrophages

Bone marrow
macrophages

Carbachol 1.6 0.6 0.3

Freshly isolated

 
Table 3. A summary of fold change and statistical significance (greyscale) of microglial populations 

responsive to the specific ligands in glioma, MCAo and EAE freshly isolated microglia, and LPS, 

IFN-γ and IL-4 treated neonatal and adult cultured cells compared to controls. 

 

 

4.7 Consecutive application of three 
neurotransmitters/hormones shows heterogeneity in the 
expression pattern 
We addressed the question of whether different transmitter receptors are 

expressed in a coordinated fashion or at random. We therefore applied galanin, 
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somatostatin and angiotensin II to IFN-γ stimulated neonatal microglia since a high 

amount of cells responded under these conditions. When tested alone, 24, 30 and 

45% of the cells responded to application of these substances, respectively. We 

consecutively applied galanin, somatostatin and angiotensin II to one given cell, 

with a 5 minute washout in between each substance and a 30 second application 

of ATP as a positive control at the end of the experiment (Figure 16). We found 

that 31% of cells responded to only one ligand, 8% to two and 2% to all three. 59% 

of cells did not respond at all (except to ATP). Fourteen percent responded to 

galanin, 3% to somatostatin and 14% to angiotensin II alone. The order of 

application was also changed. We subsequently tested somatostatin, followed by 

angiotensin II and then galanin; we found that 62% of cells did not respond to any 

of the ligands, 18% to only one, 16% to two and 3% to all three. Similarly, when 

the order of application was switched to angiotensin II – galanin – somatostatin, 

67% did not respond, 28% to 1 ligand, 4% to 2 and 1% to all three. The data are 

summarized in Table 4. Based on the percentage of cells responding to two given 

transmitters we calculated the probability that they co-respond and compared it to 

the measured value. These values were fairly similar indicating that the expression 

of the different receptors is independently regulated. When calculating the 

probability that a cell responds to all three different transmitters, we found that the 

measured value was higher than the calculated value indicating that there is a low 

cooperativity of expression for triple sensitive cells.  



Neurotransmitter and Neurohormone Receptors on Microglia   

 61

P
ro

ba
bi

lit
y

0.18

0.16

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00
G + S + A

Galanin
Somatostatin
Angiotensin II

D

P
ro

ba
bi

lit
y

0.18

0.16

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00
S + A + G

Galanin

Somatostatin
Angiotensin II

E

P
ro

ba
bi

lit
y

0.18

0.16

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00
A + G + S

Galanin
Somatostatin

Angiotensin II
F

60s
0.

25
 F

/F
0

200nM
Galanin

   100nM
Somatostatin

   100nM
Angiotensin II

500µM
ATP

60s

0.
25

 F
/F

0

200nM
Galanin

   100nM
Somatostatin

   100nM
Angiotensin II

500µM
ATP

60s

0.
25

 F
/F

0

200nM
Galanin

   100nM
Somatostatin

   100nM
Angiotensin II

500µM
ATP

A

B

C

 
Figure 16. Consecutive application of galanin, somatostatin and angiotensin II shows 
heterogeneity in the expression pattern 
Calcium imaging for these substances was carried out on IFN-γ treated neonatal microglia. An 

example trace for each experimental sequence shows (A) the cell responds to both galanin and 

angiotensin II after the sequence galanin – somatostatin – angiotensin II, (B) a response to 

somatostatin only after the application sequence somatostatin – angiotensin II – galanin, (C) a 

response to angiotensin II and somatostatin after the sequence angiotensin II – galanin – 

somatostatin. (D, E, F) Bar charts show the probability that a cell will respond to each given 
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substance, alone and in combination with a response from one or more other substances. The 

probability changes depending on the order of application. 

 
Table 4. Probability of a single or a combination of responses to galanin, somatostatin and 

angiotensin II depending on the order of application. Measured probabilities were calculated by 

dividing the percentage response by 100. Calculated probabilities are shown in italics. 

 

A similar series of experiments was carried out on adult cultured microglia treated 

with LPS (Figure 17). We consecutively applied endothelin, histamine and 

substance P since a large amount of LPS stimulated cells responded under these 

conditions. We also tested the sequence histamine – substance P – endothelin, 

and substance P – endothelin –histamine. We made the same observations as for 

the neonatal IFN-γ stimulated cells.  
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Figure 17. Consecutive application of endothelin, histamine and substance P shows 
heterogeneity in the expression pattern 
Calcium imaging for these substances was carried out on LPS treated adult microglia. An example 

trace for each experimental sequence shows (A) the cell responds only to endothelin after the 

sequence endothelin – histamine – substance P, (B) a response to histamine and endothelin after 

the application sequence histamine – substance P – endothelin, (C) a response to all 3 ligands 

after the sequence substance P – endothelin – histamine. (D, E, F) Bar charts show the probability 

that a cell will respond to each given substance, alone and in combination with a response from 1 

or more other substances. The probability changes depending on the order of application. 
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Table 5 contains a summary of the data.  

 
Table 5. Probability of a single or a combination of responses to endothelin, histamine and 

substance P depending on the order of application. Measured probabilities were calculated by 

dividing the percentage response by 100. Calculated probabilities are shown in italics. 

 

4.8 Characterisation of carbachol-induced calcium 
transients 
We analysed the carbachol-induced calcium transients for freshly isolated adult 

microglia and cultured neonatal and adults microglia. For the freshly isolated adult 

from healthy mice and those from mouse models of pathology, we either recorded 

single Ca2+ peaks or more complex responses which were comprised of several 

peaks and lasted up to 105 s. We did not observe spontaneous Ca2+ oscillations in 

the freshly isolated cells. 

For cultured neonatal and adult microglia, with respect to peak and time course of 

the carbachol response, we found cells with simple and complex responses similar 

to freshly isolated microglia (Figure 18). In addition some cells showed Ca2+ 

oscillations which were defined as a response with multiple peaks (>2). The Ca2+ 

transients following the first peaks usually were smaller in amplitude (Figure 18).   

Integral, amplitude and duration of the calcium signal from all cells responding to 

carbachol and ATP were calculated for neonatal untreated, neonatal + IFN-γ, adult 

untreated, adult + IFN-γ and freshly isolated adult. The average carbachol-induced 

Ca2+ amplitude of untreated neonatal and adult cells was similar (94 ± 4% and 100 

± 6 %, respectively; where the amplitude in each experiment is taken as a 

percentage of the ATP signal). Average duration for neonatal and adult was 76 ±4 

s and 55 ± 5 s, respectively. For neonatal and adult microglia treated with IFN-γ, 

the average amplitude was 88 ± 4 % (not significant compared to neonatal control) 

and 133 ± 6 %, (significant compared to adult control: p=0.002) and indicates that 
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IFN-γ potentiates the calcium signal in adult but not in neonatal cells. The average 

duration was significantly longer than control at 94 ±5 s (p=0.02) and 112 ± 8 s 

(p<0.001), respectively (Table 6). 
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Figure 18. Properties of the carbachol induced Ca2+ response 
Four types of calcium responses can be seen after carbachol application in adult cultured 

microglia: no transient increase, a single calcium peak, an oscillating response and a more 

complex response.  
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Figure 19.  IFN-γ treatment increased the carbachol-sensitive microglial population 
Amplitude histograms of the fluorescence increase (relative to the ATP response) in control 

cultured adult microglia and cultured adult microglia treated for 18h with interferon-γ. 

 
Table 6. Mean area, amplitude and duration of carbachol induced Ca2+ transients for primary 

cultured neonatal and adult microglia and freshly isolated adult microglia. 
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4.9 The IFN-γ-induced upregulation of the carbachol-
sensitive population depends on protein synthesis 
To study the time course by which the Ca2+ sensitive population is changed 

following treatment with IFN-γ, we measured the Ca2+ response 6, 8, 10, 11, 12 

and 18 hours after treatment with IFN-γ. As shown in Figure 20A, the population of 

responsive cells increased significantly after 11 h, reached a plateau after 12 h 

(70%) and remained stable at 18 h (62%).  

Inhibition of protein synthesis by incubation with 10 µM cycloheximide (CHX) of 

IFN-γ treated cells reduced the carbachol-sensitive population to 5%. Treatment of 

cells with 10 µM puromycin in combination with IFN-γ as an alternative protein 

synthesis inhibitor also reduced the responsive population to 3% (Figure 20B). 

Importantly, cells were shown to be viable since they all responded to the 

application of ATP with a Ca2+ transient.  
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Figure 20. Time course and properties of the IFN- γ induced change in the carbachol-
sensitive microglial population 
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(A) Neonatal cultured microglia were incubated with IFN-γ for different time points and the 

population of carbachol-sensitive cells was determined. The increase is significant after 11 h and 

reaches a peak after 12 h. (B) Inhibition of protein synthesis with cycloheximide (CHX, 1 µM and 10 

µM) and puromycin (10 µM and 20 µM) significantly reduces the population of carbachol sensitive 

microglia.  

 

4.10 The Ca2+ signal depends on release from 
intracellular Ca2+ stores 
To study the desensitization of the muscarinic acetylcholine receptor, 100 µM 

carbachol was applied to IFN-γ treated neonatal microglia for 1 minute. After 5 

minutes, carbachol was applied a second time for one minute. The percentage of 

cells responding to the first stimulation was 73%. The percentage responding to 

the first and second was 57%. The amplitude of the second signal was on average 

43% as compared to the first signal (n=90). 

To distinguish whether the increase in intracellular Ca2+ is due to an influx via the 

plasma membrane or to release from intracellular stores, we compared carbachol 

responses in Ca2+-containing and Ca2+-free solution. After application of carbachol 

in normal Ca2+, the perfusion was changed to nominally 0 µM calcium. After 5 min 

and after 10 min in zero calcium, carbachol was applied and resulted in a second 

response, which was reduced to 64% of the first response. The third application 

did not trigger a Ca2+ response. Calcium containing buffer was then reintroduced 

for 5 min which resulted in a Ca2+ increase that slowly returned to baseline. Five 

minutes after reintroduction of Ca2+, carbachol triggered a Ca2+ response, which 

was 87% of the first control (Figure 21). At the end of the experiment ATP was 

applied for 30 s to test for the viability of the cell.   
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Figure 21.  The Ca2+ signal depends on release from intracellular Ca2+ stores 
Carbachol was applied 3 times for 1 min with a 5 min interval in nominally 0mM calcium. Note that 

the third application of carbachol did not trigger a Ca2+ response. Re-addition of Ca2+ into the bath 

led to a transient increase in cytosolic Ca2+. In the Ca2+-containing solution, carbachol triggered a 

small Ca2+ increase. Application of ATP served as a control. rFI, relative fluorescence increase. 

 

4.11 Carbachol regulates microglial functions – 
chemotaxis 
To test the effect of muscarinic acetylcholine receptor activation on microglial 

functions, we determined the effect of carbachol on microglial chemotactic 

behaviour. We used purified microglial cultures in an agarose spot assay. Agarose 

spots containing PBS (as control) or 10, 50 and 100 µM carbachol were placed on 

glass-bottomed Petri dishes and microglial cells in suspension were subsequently 

added (Figure 22A). After 4 and 6 hour incubation times, the images of the 

agarose spots were recorded under the microscope and the accumulated 

microglial cells were quantified. Microglial invasion into the carbachol-containing 

agarose spots was significantly higher as compared to the control spots (at 4 

hours 100 µM carbachol spot: 896 ± 34 cells/spot; PBS spot: 21 ± 8 cells/spot; 

p=0.00001) (Figure 22B). 
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Figure 22. Carbachol is a chemoattractant for microglia 
(A) Agarose spot assay without carbachol shows low microglial invasion after 6 hours incubation. 

An agarose spot containing 100 µM carbachol showed significant invasion after 6 hours. (B) 

Average invasion activity from data as shown in A with increasing concentrations of carbachol 

measured after 4 and 6 hours incubation. 
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4.12 Carbachol regulates microglial functions – 
phagocytosis 

To study the influence of carbachol on phagocytic activity, we quantified the 

uptake of FCS coated yellow-green fluorescent microspheres under control 

conditions or in the presence of 10 µM and 100 µM carbachol in neonatal and 

adult primary cultured microglia. The phagocytic activity of cultured microglial cells 

was tested by application of microspheres for 30 min with or without addition of 10 

µM or 100 µM carbachol. The phagocytic activity, calculated as the phagocytic 

index of unstimulated neonatal and adult microglia was 103 ±10 and 204 ±15, 

respectively. Stimulation with 100 µM carbachol resulted in a significant decrease 

of the phagocytosis index, to 70 ± 9 (p=0.019) and 140 ± 7 (p=0.002) respectively, 

while 10 µM carbachol resulted in a decrease, which was not significant 

(Figure 23). 
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Figure 23.  Carbachol decreased phagocytosis activity 
Phagocytosis of latex beads by primary cultured microglia is significantly decreased with 100 µM 

carbachol in both neonatal (A) and adult (B) cultured microglia. The phagocytosis index is defined 

in Materials and Methods. 
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4.13 Microglia express mRNA for muscarinic 
acetylcholine receptors 
We performed qPCR on primary neonatal and adult microglia unstimulated and 

stimulated with IFN-γ, freshly isolated adult microglia and whole brain tissue from 

C57BL/6 mice (Figure 24). We tested all primers for efficiency and specificity on 

cDNA samples from whole brain tissue of C57BL/6 mice.  

In order to determine relative expression of cholinergic receptor, muscarinic 

(chrm)1, 2, 3, 4 and 5 subtypes in whole brain and in freshly isolated microglia, we 

used chrm2 from whole brain as the reference value. Similarly, for neonatal 

expression we used the value for chrm2 in control cells as a reference for chrm 1, 

2, 3, 4 and 5 expression in control and IFN-γ treated cells. The same method was 

used for expression in adult cultured microglia.  

In whole brain tissue as well as primary adult and neonatal microglia, we observed 

that mRNA for all muscarinic acetylcholine receptors were expressed (chrm1-

chrm5) (Figure 24). Freshly isolated adult microglia showed low mRNA expression 

for all receptor subtypes (Figure 24A). Upon overnight treatment with IFN-γ, both 

neonatal and adult primary microglia showed an increase in the expression of 

chrm3 mRNA (Figure 24B, C).  
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Figure 24.  Expression of muscarinic receptor subtypes in microglia 
Microglial cells express mRNA for muscarinic acetylcholine receptors (mAChR). Expression of the 

5 muscarinic acetylcholine receptors (mAChR) subtypes was quantified in neonatal and adult 

cultured, and freshly isolated adult microglia, normalized to the expression of the housekeeping 

gene beta actin. (A) For whole brain chrm2 expression was used as reference for chrm1,3,4,5. For 

freshly isolated cells, whole brain chrm2 was used as a reference for expression of chrm1,2,3,4,5 . 

(B, C) chrm2 from control was used as reference for the expression of subtypes in neonatal and 

adult control and IFN- γ-treated. All samples were isolated from C57BL/6 mice.  
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Table 7. Primer sequences used for quantitative PCR 
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5. Discussion 

5.1 Microglia comprise a heterogeneous population with 
respect to their responsiveness to neurotransmitter/-
hormones 
In the past, microglia were not thought to have a role in communication within the 

neural network. However, in recent years, there has been increasing evidence that 

a large number of receptors for neurotransmitters are expressed on microglia, 

allowing neurons to control their function (Biber et al., 2007).  

In this research, we used calcium imaging as readout to determine whether 

microglia expressed functional receptors for endothelin, histamine, substance P, 

serotonin, galanin, somatostatin, angiotensin II, vasopressin, neurotensin, 

dopamine and acetylcholine (nicotinic and muscarinic receptors). In a previous 

study (Seifert et al. 2011), we transduced a genetically encoded Ca2+ sensor, 

GCaMP2, by a retroviral approach, and carried out calcium imaging on microglia in 

acute brain slices, however this required a pathological insult to stimulate 

microglial proliferation in situ, therefore activating the cells and changing their 

phenotype. In this research we have therefore utilized a freshly isolated 

preparation of microglia cells from adult mice, isolated within 4 hours of death, in 

order to better examine Ca2+ signaling in microglia from healthy brains. We have 

also compared the neurotransmitter/-hormone sensitive population to those from 

microglia cultured from neonatal and adult mouse brains. Since cultured microglia 

have been isolated from the mouse brain for up to 4 weeks, freshly isolated 

microglia, which  have been removed from the brain environment for a shorter 

period of time, enable us to validate the results we obtain from cultured cells since 

they should more closely resemble the physiology of microglia within the healthy 

brain.  

We have studied the microglial Ca2+ response to endothelin, histamine, substance 

P, serotonin, galanin, somatostatin, angiotensin II, vasopressin, neurotensin, 

dopamine, nicotine and carbachol in our three different preparations: freshly 

isolated adult cells, cultured adult and cultured neonatal cells. We found that only 
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a subpopulation of less than 20% of cells responded to any of these ligands, 

suggesting that small heterogeneous subpopulations of microglia exist that are 

characterized by distinct functional receptor expression. We found that all three 

preparations showed a similar functional expression pattern. Previous studies 

have also used calcium imaging as a tool to test for functional receptor expression. 

Endothelin was previously applied to both mouse and human cultured microglia 

and the change in intracellular calcium was measured. A 1997 study by Moeller  et 

al. found that 13% of cultured neonatal murine microglia responded to endothelin 

application with a calcium transient (Moeller et al., 1997) whilst McLarnon et al. 

found that 86% of human microglia isolated from fetal brain tissue responded 

(McLarnon et al., 1999). Although the endothelin sensitive population from Moeller 

et al. is slightly higher than from our experiments, it is still within a low range and 

therefore supportive of our conclusion that unstimulated microglia show a lower 

expression of this receptor. The results from McLarnon, however, demonstrate the 

differences in neurotransmitter/hormone receptor expression across species. This 

is also supported by research by Bader et al. which found that 30% of neonatal 

microglia cultured from rat brain responded to the application of histamine with a 

calcium increase (Bader et al., 1994). This was significantly higher than the 10%, 

3% and 2% of microglia which responded from the respective freshly isolated, 

adult cultured and neonatal cultured populations that we observed in our research. 

Cultured neonatal rat microglia also had a slightly higher galanin sensitive 

population, with 13.4% of cells responding to galanin application during calcium 

imaging experiments (Ifuku et al., 2011), which was also higher than the 4% of 

neonatal cultured murine microglia which responded in our experiments, again 

indicating that receptor expression differs across species, but is generally 

expressed in a smaller population of unstimulated cells.  While the use of calcium 

imaging has been carried out in various studies in order to test for the expression 

of functional receptors, the majority of the research has been carried out in 

microglia cultured from neonates. In our research, we not only tested our 

substance on neonatal murine microglia, for the first time we also compared these 

results with the population of adult cultured microglia which responded. Calcium 

imaging on adult cultured microglia is not routinely carried out and our freshly 
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isolated microglia preparation is at present, a new and novel way of carrying out 

calcium imaging studies on microglia isolated from the brain for such a short 

amount of time. This method has been used in previous studies to isolate 

microglia, and a study from 2013 utilised the MACS procedure to isolate human 

microglia from post-mortem retina samples (Carter et al., 2013). This research 

also included calcium imaging experiments, however, these experiments were 

carried out on microglia after at least 24hours post isolation, thus removing the 

benefit of having them “freshly isolated”. Since our protocol has not been used to 

date to carry out calcium imaging experiments on microglia from adult mice, we 

can only compare our results to those obtained from research on cultured cells or 

in vivo experiments. In our isolation procedure to obtain freshly isolated microglia, 

it appears that we may strip the cells of their processes, since the cells are 

significantly smaller than those from neonatal and adult cultured preparations and 

have a small, round morphology (Figure 8). If the receptors are predominantly 

located on the processes, the cells might lose their sensitivity. While we can not 

exclude that possibility, a study on virally transduced microglia did not provide any 

evidence that Ca2+ signals are stronger in processes as compared to the soma 

(Seifert et al., 2011). In addition, we found that cultured microglia both from adult 

and neonatal tissue also show a similar response pattern as the freshly isolated 

cells. We thus assume that our data reflect the response pattern of microglia in the 

tissue and that untreated cultured microglia reflect the properties of “resting” 

microglia, where receptors for neurotransmitters and neurohormones are not so 

widely expressed. While there is evidence for region-specific heterogeneity in 

microglia with respect to the expression of immunoregulatory proteins (De Haas, 

Boddeke, and Biber 2008), our data suggest that “resting” microglial cells also 

comprise a functionally heterogeneous cell population.  

Isolation of microglia from tissue will always result in activation of the cells through 

the sometimes vigorous isolation procedure. Carrying out Ca2+ imaging on 

completely naive, resting microglial cells with our test substances is not yet 

possible. The calcium sensor stab wound model previously discussed (Seifert et 

al., 2011) recorded microglial Ca2+ responses to ATP, endothelin-1, substance P, 

histamine and serotonin. About half of the ATP-sensitive population responded to 
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these four ligands and this population was not altered 42 days after the injection. 

In this preparation one has to take into account that these microglial cells have 

undergone an activation process and that they must be distinct from naïve 

microglia. A different approach was used by Eichhoff et al., by delivering the Ca2+ 

indicator dye Oregon green BAPTA 1 to microglial cells in vivo with an 

electroporation technique (Eichhoff et al., 2011). They found that 20% of the cells 

responded to glutamate, but none to carbachol. The electroporation technique, 

however, might also have an impact on the properties of the cells.  

Other transmitter receptors were studied with the patch-clamp technique in acute 

slices.  About half of the microglial cells in rat or mouse responded to the GABAB 

receptor ligand SKF 97541 with the induction of an outwardly rectifying K+ 

conductance (Kuhn et al., 2004). The use of GABAB receptor-specific antibodies 

indicated that the population of GABAB receptor expressing microglia was lower 

than 50% and this discrepancy can be explained by the fact that patch-clampers 

make an individual selection of cells. In the facial nerve lesion model, activated 

microglia show an increase in GABAB receptor expression. Microglial cells of early 

postnatal brain also only partially responded to dopamine and adrenergic receptor 

agonists when studied with the patch-clamp technique in acute slices from 

postnatal day 8 animals; about a third of the cells responded to dopamine with a 

change in K+ conductance, and a fourth to adrenergic agonists (Farber et al., 

2005). Despite differences in the preparation and activation state of the microglia, 

all of these studies show that only a subpopulation of microglia expresses 

functional receptors for a given neurotransmitter/ neurohormone. Regardless of 

age, isolation procedure and stimulation, we have been able to support this data 

and thus conclude that microglia constitute a rather heterogeneous cell population 

with respect to their response to neurotransmitters and neurohormones.  

 

5.2 Pathology alters the population of microglia sensitive 
to different neurotransmitter/-hormones 
Our study provided evidence that the population of microglial cells sensitive to 

particular neurotransmitters and neurohormones expands considerably in defined 

pathologies. Microglia freshly isolated from MCAo, EAE and glioma mice 
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demonstrated that the upregulation of defined receptors differs depending on the 

disease type. In all three disease models, macrophages from the periphery enter 

the brain indicating that we actually investigated a mixture of intrinsic microglia and 

peripheral macrophages. The change in the chemosensitive microglial / brain 

macrophage populations was quite diverse in the different pathologies and there is 

no uniform pattern for most of the receptors. Endothelin and angiotensin II were 

the only substances that showed an increase in the responding microglial 

populations in all three pathologies.  

Upregulation of the angiotensin II receptors on microglia is supported by 

Stegbauer (Stegbauer et al., 2009) which found a general upregulation of 

angiotensin II receptors in the inflamed spinal cord and in a mouse model of EAE. 

TGF-beta upregulation in microglia during EAE was also blocked with the inhibitor 

of the angiotensin II type 1 receptor, candesartan, which also improved the 

outcome of the disease, further demonstrating the therapeutic possibilities of 

targeting the renin-angiotensin system in neurodegenerative diseases (Lanz et al., 

2010). The renin-angiotensin system has also been shown to play a role in stroke 

since cerebral edema and mortality in gerbils following stroke was increased after 

intravenous infusion of angiotensin II (Hosomi et al., 1999). Moreover, the 

ischemic area in mice where the angiotensin II receptor was knocked out was 

significantly larger compared to wildtype (Iwai et al., 2004). The angiotensin II type 

1 receptor blocker eprosartan has already been employed in clinical trials; high-

risk hypertensives with cerebral events during the last 24 months showed a 

reduced mortality and morbidity when treated with eprosartan (Schrader et al., 

2005).  

The endothelin-1 receptor has also been implicated in the pathogenesis of EAE, 

stroke and glioma. Intrathecal administration of the ET1 antagonist BQ-123 during 

the peak stage of EAE in rats from day 8 resulted in a reduction in EAE paralysis 

(Shin et al., 2001) and the combined use of antagonists for both the ETA and ETB 

receptor resulted in a reduction in edema and infarct volume in rats after MCAo 

(Moldes et al., 2012). The use of ETB receptor antagonists also reduced the 

proliferation and viability of a glioma cell line (Paolillo et al., 2010).  
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The somatostatin sensitive population was increased in both MCAo and EAE, but 

was decreased in glioma, which hints towards a more dominant role of 

somatostatin under pro-inflammatory conditions than under conditions associated 

with glioma growth. The role of the somatostatin receptor in MCAo and EAE has 

already been established in a number of studies. Somatostatin has a role as an 

inhibitory regulator of secretion and proliferation of target cells in the brain and 

periphery (Patel, 1999), including the downregulation of cytokines including IFN-γ, 

the reduction of lymphocyte proliferation and Ig production. The expression of the 

somatostatin 2 receptor was found to be reduced in the early recovery phase of 

EAE in mice (Baranzini et al., 2005), while the somatostatin analogue SMS 201-

995 increased the susceptibility of rats to EAE (Muhvic et al., 2005). The 

somatostatin receptor 2 has also been implicated in stroke since mice deficient in 

the receptor showed a reduction in infarct size and postischemic 

neurodegeneration after MCAo (Stumm et al., 2004). 

The vasopressin sensitive population was significantly increased in MCAo only. As 

for the angiotensin, somatostatin and endothelin receptors, the use of selective 

antagonists for the vasopressin receptor was also found to act as a potent 

neuroprotective agent when used in an embolic focal ischemia model in rats 

(Shuaib et al., 2002). Our data can partially explain the treatment effect in these 

studies through the regulation of the given receptors in microglia.  

Isolation of microglia from a mouse model of stroke and Alzheimer’s showed a 

significant increase in the carbachol-sensitive population. Microglia isolated from a 

mouse model of glioma and autoimmune encephalomyelitis showed a significant 

decrease in the carbachol sensitive population. This suggests that activation of 

microglia in certain pathologies results in an increase in the expression of 

functional muscarinic acetylcholine receptors, however, since the population of 

carbachol sensitive cells was decreased in glioma and EAE, this suggests that 

receptors may be up or down regulated depending on the pathology and 

mechanism of stimulation of microglia and points towards possible functional 

changes of the cell depending on the disease state. Muscarinic acetylcholine 

receptors play different roles in the CNS, including the control of many cognitive, 

autonomic, motor and sensory functions (Wess et al., 2007). Impairment of the 
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cholinergic system is well known in a number of CNS disorders including 

schizophrenia (Scarr and Dean, 2009), manic depression (Rowntree et al., 1950), 

Parkinson’s disease (Rinne et al., 2008), Alzheimer’s disease (Armstrong, 2013) 

and stroke (Kataoka et al., 1991; Togashi et al., 1996), however the involvement 

and expression of microglial muscarinic acetylcholine receptors in these diseases, 

as well as in multiple sclerosis and glioma, has not been widely studied. The 

general use of a selective antagonist for the M1 and M3 receptor, however, did 

offer neuroprotection in cerebral ischaemia, although the precise mechanism is 

still unclear (Ma et al., 2013). Since our data shows that microglia isolated from 

stroke tissue have an increased population sensitive to carbachol, therefore 

suggesting an upregulation of the muscarinic acetylcholine receptor, more 

widespread activation of this receptor could then result in an “on” signal with 

potentially harmful functional changes.  

 

 

5.3 Manipulation of cultured microglia with LPS, IFN-γ nor 
IL-4 alters the functional expression pattern of 
neurotransmitter/-hormones 
LPS, IFN-γ and IL-4 triggered defined changes in the functional expression pattern 

of the receptors which we studied. There were some changes which reflected 

those in the disease models, such as the increase in the histamine sensitive 

population in both adult and neonatal microglia after treatment with both LPS and 

IFN-γ, and the IL-4 treated adult cells. We observed differences between adult and 

neonatal cultures such as the increase in the angiotensin II sensitive population in 

adult, but not neonatal LPS treated microglia or the increase in the angiotensin II 

sensitive population only in neonatal cells after IFN-γ treatment. Neither LPS, IFN-

γ nor IL-4 triggered an altered expression pattern which mimics that of any of the 

pathologies which we studied. Thus we could not recognize a uniform pattern in 

the change in chemosensitive microglial populations in different pathologies or 

activation paradigms. We could mimic the expansion of the carbachol-sensitive 

population seen microglia isolated from stroke and Alzheimer’s models in neonatal 
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and adult cultures by overnight treatment with IFN-γ. This increased the carbachol-

sensitive population to 62 and 60 % respectively. It is, however, unlikely that IFN-γ 

is the only signal upregulating the carbachol-sensitive population in the context of 

Alzheimer’s disease since IFN-γ is released by T cells, NK cells and B cells, and 

the invasion of these cells in the Alzheimer’s context is rather low (Stalder et al. 

2005). In contrast, there is a considerable invasion of T cells and release of IFN-γ 

in EAE (Chu, Wittmer, and Dalton 2000; Flügel et al. 2001), yet we did not find an 

upregulation of the carbachol-sensitive population in this disease context.  

 

5.4 Microglia do not show a correlated expression of 
receptors 
One could speculate that there is one small population of microglia which 

expresses all the receptors and a large population which does not respond at all. 

Alternatively, each cell could express a distinct subset resulting in a large number 

of distinct subpopulations. We addressed this question experimentally and found 

evidence for the latter. We selected galanin, somatostatin and angiotensin II in 

IFN-γ treated neonatal cells, and endothelin, histamine and substance P 

application in LPS treated adult cells, since under these conditions the percentage 

of responding cells was much higher as compared to control cells. The probability 

of a given cell to respond to two transmitters could be calculated by multiplying the 

probability of the population to respond to each of the two, assuming that the 

expression is not correlated. The actual determined probability value matched that 

of the predicted value confirming that the expression of galanin, somatostatin and 

angiotensin II or endothelin, histamine and substance P is not correlated. Only the 

cell population responding to all three of the tested ligands was slightly higher than 

that of an uncorrelated expression. This indicates that there is an immense 

diversity of microglia with respect to their neurotransmitter/-hormone sensitivity.  
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5.5 Further investigation of the role of muscarinic 
acetylcholine receptors on microglia 
Calcium imaging experiments on untreated neonatal and adult cultured microglia, 

as well as freshly isolated microglia from adult mice, showed that a subpopulation 

of these microglia express functional muscarinic acetylcholine expression, as 

previously discussed. Activation of these receptors also resulted in the release of 

calcium from intracellular stores. Treatment of both neonatal and adult cultured 

microglia with interferon-γ gave us a robust and significant increase in the 

carbachol sensitive population during calcium imaging experiments. Since 

carbachol was the only substance to give an almost identical response in both 

neonatal and adult IFN-γ treated microglia, we decided to explore the expression 

and function of these receptors in further detail. Analysis of the amplitude of the 

carbachol induced calcium transient in both untreated and IFN- γ treated microglia 

showed that the amplitude of the signal (as a percentage of the ATP signal) was 

increased after pro-inflammatory activation with IFN- γ. This shift was also seen in 

the calcium transients of microglia isolated from stroke as compared to control. A 

time course analysis showed that the expansion of the carbachol-sensitive 

neonatal population occurred after 12 hours of IFN-γ treatment. Inhibition of 

protein synthesis using both cycloheximide and puromycin abolished the increase 

in the carbachol-sensitive population and even led to a decrease in this population. 

This indicates that protein synthesis is required for the increase in the carbachol-

sensitive cell population and points to novel synthesis of cholinergic receptors 

triggered by IFN-γ stimulation.  

 

5.5.1 Treatment of cultured neonatal and adult microglia with IFN- γ 
results in an increase in the expression of the calcium linked chrm3 
receptor 
Quantitative PCR of IFN-γ stimulated cells showed that IFN-γ treatment led to a 

marked upregulation in cholinergic receptor chrm3 mRNA expression in both 

neonatal and adult treated cells, as compared to untreated cells. It has been 

shown that the M3 muscarinic acetylcholine receptor belongs to the Gq family 

(Wess, Eglen, and Gautam 2007). Activation of this receptor results in an 
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upregulation of phospholipase C and inositol trisphosphate, resulting in an 

increase in intracellular calcium, which corresponds to the calcium imaging data 

where the number of cells responding to carbachol with a calcium signal 

increases. mRNA expression of chrm1-chrm5 in freshly isolated microglia was 

found to be low when compared to the expression of all subtypes in whole brain. 

This also corresponds to our calcium imaging data where the subpopulation of 

microglia to respond to carbachol was also relatively low (16%). We would 

hypothesize that based on the calcium imaging results for microglia isolated from 

stroke, mRNA for the chrm3 receptor, or the calcium linked chrm1 or chrm5 

receptor, should be increased compared to freshly isolated microglia from controls. 

Unfortunately, mRNA yields from the MACS freshly isolated microglia protocol was 

in general low, and a large amount of cells from several brains was needed in 

order to obtain good quality RNA. For this reason we were unable to obtain 

enough stroke brains and therefore cells to carry out RNA isolation. Future studies 

could therefore look into the changes in gene expression in microglia from stroke, 

including the changes in mAChR expression.  

5.5.2 Activation of muscarinic acetylcholine receptors results in 
functional changes of microglial cells 
In this study we could establish that activation of the muscarinic acetylcholine 

receptor modulates microglial function, namely migration and phagocytic activity. 

An increase in carbachol concentration resulted in an increase in chemotaxis in 

neonatal microglia but resulted in a decrease in phagocytic activity in both 

neonatal and adult cultured microglia. It is however, unclear whether this effect on 

function would result in a protective or destructive phenotype. Microglia have been 

shown to be involved in synaptic pruning (Paolicelli et al., 2011), therefore the 

ability of microglia to sense neurotransmitter release from synapses allows them to 

determine whether the synapses are functioning normally. The decrease in 

phagocytic activity with increased concentrations of carbachol supports the 

hypothesis that an increase in neurotransmitter release indicates that the synapse 

is active and functional, therefore synaptic pruning or phagocytosis of 

dysfunctional neurons is not necessary (Schafer and Stevens, 2010). The ability of 

microglia to increase their chemotactic ability as a response to increasing 
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concentrations of carbachol indicates that this is a signal for them to move to the 

source of the release, however, in order to determine whether their presence 

results in detrimental effects, further experiments such as pro-inflammtory cytokine 

release or iNOS are needed.  

The calcium imaging data carried out on microglia from pathology indicates that 

mACh receptors in stroke and Alzheimer’s disease are upregulated which might 

also modulate their functional repertoire. The specific induction of a 

neuroprotective phenotype of microglia in neuroinflammatory diseases via 

modulation of these functions could promote therapeutic effects.  We propose that 

the muscarinic acetylcholine receptor on microglia could be a candidate target for 

such intervention. 

 

5.6 Conclusions 
 

We have demonstrated here that only a small subpopulation, at around 20%, of 

microglia isolated from the brain of healthy mice respond to the application of 

endothelin, histamine, substance P, serotonin, galanin, somatostatin, angiotensin 

II, vasopressin, neurotensin, dopamine, nicotine and carbachol. Similarly, calcium 

imaging experiments carried out on untreated neonatal and adult cultured 

microglia show a similar, small population of microglia which are sensitive to these 

substances. The receptor repertoire of microglia has also been shown to vary 

greatly depending on pathology or inflammatory stimulus, and stimulation of 

neonatal and adult microglia with anti- and pro-inflammatory agents does not 

result in the same pattern of up and downregulation, further showing how the 

behaviour of microglia alters with age. Experiments using the muscarinic 

acetylcholine receptor agonist carbachol has demonstrated that as well as 

expressing functional receptors, activation of these receptors can influence the 

functional behaviour of microglia. This research demonstrates the vast potential for 

further investigation into the impact of the expression of these receptors on 

microglial function. The up and down regulation of these receptors in different 

pathologies could lead to therapeutic interventions which could have an impact on 

reducing the harmful effects of microglial activity during neurological diseases.  
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6. Summary 

Neurotransmitters/-hormones have recently been identified as factors controlling 

the function of microglia, the immune cells of the central nervous system. In this 

study we compared the responsiveness of microglia to neurotransmitters/-

hormones; we freshly isolated microglia from healthy adult mice and those from 

murine models of stroke (MCAo), multiple sclerosis (EAE), glioma and Alzheimer’s 

disease. Using calcium imaging, we found that only a small fraction (1 - 20 %) of 

microglia isolated from control mice responded to the application of endothelin, 

histamine, substance P, serotonin, galanin, somatostatin, angiotensin II, 

vasopressin, neurotensin, dopamine, nicotine and carbachol. The population of 

angiotensin II- and endothelin-sensitive cells was increased in microglia freshly 

isolated from stroke, EAE and glioma, while some populations increased in only 

defined disease models. In cultured microglia from neonatal and adult mice, a 

similarly small population of cells responded to these neurotransmitters/-

hormones. To induce activation into a pro-inflammatory phenotype, we applied 

LPS or IFN-γ to the cultures for 24 h. Several of the responding populations 

increased, but there was no uniform pattern when comparing adult with neonatal 

microglia or LPS with IFN-γ treatment. IL-4 as an anti-inflammatory substance 

increased the histamine, substance P and somatostatin sensitive populations only 

in microglia from adult, but not in neonatal cells. We also found that the expression 

of different receptors was not strongly correlated indicating that there are many 

different populations of microglia with a distinct set of receptors.  

We also carried out a more detailed investigation on the expression and function 

of muscarinic acetylcholine receptors on microglia. Microglia isolated from a 

mouse model of stroke had a significantly higher carbachol-sensitive population 

compared to those from healthy mice, where the sensitive population increased 

from 16% to 60%. Microglia isolated from APPPS1 mice, a mouse model of 

Alzheimer’s disease, also had a significantly higher population of carbachol-

sensitive cells (25%). Treatment of neonatal and adult cultured microglia with IFN- 

γ also significantly increased the carbachol-sensitive population to 62 and 63% 
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respectively. Treatment of neonatal microglia with IFN- γ was sensitive to blockers 

of protein synthesis. Functional assays demonstrated that carbachol was a 

chemoattractant for microglia and decreased their phagocytic activity. Quantitative 

PCR showed that IFN- γ treatment resulted in an increase in the expression of the 

calcium linked M3 receptor in both adult and neonatal cultures. Our results 

indicate that microglial cells are a heterogeneous population with respect to their 

sensitivity to neurotransmitters/-hormones and that they are more sensitive in 

pathology and in defined activation states. 
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7. Zusammenfassung 

Neue Forschungsergebnisse haben gezeigt, dass Neurotransmitter/-hormone das 

Verhalten von Mikroglia beeinflussen. In dieser Studie untersuchten wir das 

Verhalten von frisch isolierten Mikroglia von gesunden adulten Mäusen, sowie 

pathologischen Mäusen wie Schlaganfall (MCAo), Multiple Sklerose (EAE), Gliom 

und Alzheimer, unter dem Einfluss verschiedener Neurotransmitter/-hormone. 

Wir konnten in gesunden adulten Mäuseneine Subpopulation von 1 – 20 % aller 

Mikroglia identifizieren, welche auf die Stimulation mit Endothelin, Histamin, 

Substanz P, Serotonin, Galanin, Somatostatin, Angiotensin II, Vasopressin, 

Neurotensin, Dopamine, Nicotin und Carbachol mit einem Anstieg von 

intrazellulärem Kalzium reagierte. Die Subpopulation von Angiotensin II- und 

Endothelin-sensitiven Zellen vergrößerte sich in mehreren Pathologiemodellen 

(Schlaganfall, Multiple Sklerose und Gliom), wohingegen sich andere 

Subpopulation nur in einzelnen Pathologien wesentlich vergrößerten. Die 

Resultate von den frisch isolierten gesunden adulten Mäusen ließen sich in 

kultivierten neonatelen und adulten Mikroglia wiederholen. Des Weiteren 

untersuchten wir die Reaktion von Mikrogliaproinflammatorischpolarisiertem 

Phänotyps auf jene Neurotransmitter/-hormone. Sowohl die Stimulation von LPS 

als auch IFN-γ für 24 Stunden vergrößerte mehrere Subpopulationen. Im 

Vergleich von LPS und IFN-γ stimulierten, wie auch im Vergleich von adulten und 

neonatalen Mikroglia konnten wir jedoch kein einheitliches Muster erkennen. Die 

Polarisation in einen anti-inflammatorischen Phänotyp durch Stimulation mit IL-4 

vergrößerte die Population jener Zellen welche sensitiv auf Histamin, Substanz-P 

und Somatostatin reagierten, in adulten jedoch nicht in neonatalen kultivierten 

Mikroglia. Die Analyse der Expression der einzelnen Rezeptoren ergab ein relativ 

heterogenes Muster, was auf differenzierte Mikrogliasubpopulation schließen 

lässt, jede mit einem unterschiedlichen Repertoire an Rezeptoren. 

In einem zweiten Schritt unserer Studie untersuchten wir die Expression und 

Funktion der muskarinischenAcetylcholinrezeptoren auf Mikroglia. Im Vergleich 

zur gesunden Maus erhöhte sich die Carbachol sensitive Mikrogliasubpopulation 

signifikant um 16 – 60% und im Alzheimer modell APPPS1 signifikant um 25%. 
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Den gleichen Effekt erreichten wir nach der Stimulation von kultivierten neonatalen 

und adulten Mirkogliazellen mit IFN-γ, wobei die Carbachol sensitive 

Mikrogliasubpopulation um 63%, bzw. 62% zunahm. In kultivierten neonatalen 

Mikroglia konnte die Auswirkung der Stimulation mit IFN-γ durch Unterbinden der 

Proteinsynthese verhindert werden. In weiteren Untersuchungen konnten wir 

nachweisen, dass Carbachol sowohl als Chemoattractant wirkt, als auch die 

Phagozytoseaktivität hemmt. Mit der quantitativen PCR konnten wir zeigen, dass 

die Stimulation mit IFN-γ sowohl in kultivierten Mikroglianeonatalen als auch 

adulten Ursprungs die Expression vom „calciumlinked M3 receptor“ erhöht. 

Die Ergebnisse unserer Studie deuten auf eine sehr heterogene 

Mikrogliapopulation hin, in der sich die Subpopulationen in ihren Reaktionen auf 

Neurotransmitter/-hormoneunterscheiden. Des Weiteren konnten wir zeigen, dass 

Mikroglia unter pathologischen Bedingung eine erhöhte Sensibilität ausweisen. 
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