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ADAM A disintegrin and metalloproteinase 
AMPA  2-Amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl)propanoic acid 
APLP  Amyloid precursor like protein 
ARF   ADP-ribosylation factor 
ATP   Adenosine triphosphate 
CAM  Cell adhesion molecule 
BDNF  Brain-derived neurotrophic factor 
CaMKII  Ca/Calmodulin dependent kinase 2 
CD   Cluster of differentiation 
CNS   Central nervous system 
CR   Complement receptor  
CSF  Colony stimulating factor 
Del-1  Developmental endothelial locus-1 
DIV   Day in vitro 
ECM   Extracellular matrix 
ERM   Ezrin/radixin/moesin 
FACS   Fluorescent activated cell sorting 
GABA   Gamma amino butyric acid  
GFAP  Glial fibrillary protein 
GDNF  Glia-derived neurotrophic factor 
GTP  Guanine triphosphate 
HBSS  Hank’s balanced salt solution 
IBA  Ionized calcium binding adaptor molecule 
ICAM   Intercellular adhesion molecule 
Ig   Immunoglobulin 
IGF   Insulin-like growth factor 
IgSF   Immunoglobulin superfamily 
IL   Interleukin 
INF   Interferon 
kDa   Kilo Dalton 
KO  Knock out 
LFA-1   Leucocyte function-associated antigen-1 
LPS   Lipopolysaccharide  
LTD  Long-term depression 
LTP   Long-term potential 
Mac1   Macrophage-1 antigen 
MIDAS  Metal ion dependent adhesion site 
MMP   Matrix metalloproteinase 
NCAM  Neuronal cell adhesion molecule  
NMDA  N-Methyl-D-aspartate 
PBS   Phosphate buffered saline  
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PIP2  Phosphatidylinositol-4,5-bisphosphate 
PKA  Protein kinase A 
PKC   Protein kinase C 
PSD   Postsynaptic density 
RIL  Reversion-induced LIM protein 
SNARE SNAP (soluble NSF attachment protein) receptor 
SynCAM Synaptic cell adhesion molecule 
TGF   Transforming growth factor 
TLCN   Telencephalin 
TNF   Tumour necrosis factor 
VLA   Very late antigen 
WT  Wild type  



 8 

The human brain continues to fascinate generation after generation of 
neuroscientists. Our knowledge is expanding at an accelerating rate, yet 
the details of memory formation and information processing remain an 
enigma. The purpose of this work has been to provide novel insights 
into how the brain operates on a molecular level, with the focus on one 
particular protein, the intercellular adhesion molecule (ICAM)-5.  
 
The human brain is more than just the sum of its components. It is 
fundamental that the different cell types that reside in the brain work 
together in perfect harmony, each playing their own role, still in tune 
with each other. In this dissertation I have investigated the ICAM-5 
mediated communication between neurons and the resident immune 
cells of the brain, the microglia. First, we identified a molecular 
mechanism, by which ICAM-5 plays a role as a negative regulator of 
spine maturation. In the young spine, ICAM-5 competes with glutamate 
receptors for binding to the cytoskeletal anchor -actinin. Synaptic 
transmission induces a cleavage of the extracellular ICAM-5, and the 
maturation process of the spine is allowed to proceed. Next, we showed 
that the consequentially solubilized fragment of ICAM-5 is bound by 
microglia and affects them. Soluble ICAM-5 inhibits phagocytosis and 
promotes an anti-inflammatory phenotype in immune challenged 
microglia.   
 
Taken together, these results suggest that ICAM-5 is a versatile 
molecule that plays a role in synaptic maturation and immunology. It is 
tempting to speculate on a role for ICAM-5 in synaptic pruning, 
however this line of research remains in the future scope for now. 
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Our brain is what really makes us human. The central nervous system, CNS, of the human 
body is a fascinating machinery coding everything in the spectrum ranging from a single 
muscle twitch to our individual personality. The network of neurons together with a scaffold 
of glia cells offers functions still not replicable in synthetic devices.  
 
The neurons form the basis of information processing and storing. There are approximately 
1011 neurons in the adult brain that form an astronomical amount of connections and 
potential information routes. The general architecture of the brain forms during 
development, but fine details of the networks are under constant maintenance and 
reconstruction. The contact sites between neurons, the synapses, form the computational 
element and these structures have the capability to reshape in a process called plasticity. It 
is this astonishing remodelling of the brain that is the key to learning processes, such as 
rehabilitation after brain injury  (Nudo, 2013). 
 

 

 
Calculated in numbers, glia cells comprise about 90% of the cells in the human brain (Greter 
and Merad, 2013). There are several types of glia cells perfectly adapted to a specific task. 
Non-neural cell types include astrocytes, oligodendrocytes, ependymal cells and microglia. 
Interestingly, astrocytes and microglia are in close contact with synapses and regulate 
several aspects of synaptic function. Astrocytes influence brain plasticity by supporting 
synapses, recycling neurotransmitters and monitoring the state of the synapse. They wrap 
around the synapse and can even engulf it if necessary (Theodosis et al., 2008). Microglia 
are the most dynamic and active cells of the brain, scanning the brain parenchyma and 
keeping the garden of synapses tidy. They originated from leukocyte precursors, and in case 
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of an immunological challenge, they form the first line of defence. In the healthy brain 
however, they keep the environment clean from cellular debris  (Wake et al., 2013). 
 
In addition to neurons and glia cells the CNS is also inhabited by the cell types associated 
with vascularisation, such as endothelial cells. Except for microglia, there are also casually 
infiltrating lymphocytes, especially T cells. During normal conditions the brain is rarely 
visited by lymphocytes. 
 

 

 

 
The brain has the essential ability to reshape upon experience. The process is regulated 
through a molecular interplay that is mainly triggered by synaptic transmission. For some 
modalities in mammals, the plasticity of the brain is constrained to certain time windows. 
Such a critical period is prominent in the development of vision. During early postnatal 
development, the signalling pathways through the optical chiasm to the primary visual 
cortex are formed. If these contacts are not properly established during this critical time 
frame it can hardly be reversed (Morishita and Hensch, 2008). Critical windows illustrate 
the fact that the general layout of the network is present at birth, but refinement requires 
activity-dependent maturation. On the cellular scale the construction and plasticity of 
neuronal circuits it is at its peak activity during early postnatal development. A large number 
of excess synapses are formed, which are later trimmed. The actively transmitting contacts 
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compete out the weaker inputs. Synaptic plasticity can be categorized as either short-term 
or long-term in mammals (Penn, 2001). Long-term plasticity described above persist from 
minutes to years and modulates the transmission efficacy of an existing synapses and 
networks. It can lead to the formation of new synapses or the removal of existing ones. Short-
term plasticity, on the other hand, is more subtle and describes changes to an existing 
synapse (Fioravante and Regehr, 2011; Zenke and Gerstner, 2017). 
 

 
Along the dendritic shafts small protrusions emerge, mature and disappear during the 
course of development and plasticity. They first appear as thin filopodia that mature into 
thin, stubby, and finally mushroom spines, figure 4. The role of these structures is to offer a 
contact platform for axons and to form the postsynaptic components of novel excitatory 
synapses. During the maturation process, there is a prominent change in protein 
composition and turnover of actin filaments in the spine. Actin is the cytoskeletal 
component of the spine and it can be bundled in parallel fibres or branched. Actin dynamics 
play an essential regulatory role in spine formation and morphogenesis (Ethell and 
Pasquale, 2005; Halpain, 2000; Hotulainen and Hoogenraad, 2010; Sekino et al., 2007). 
The filaments in filopodia and young spines undergo active threadmilling where the 
filaments are depolymerized at the slow-growing end and synthesized at the fast-growing 
end. The polymerization process requires adenosine triphosphate (ATP) and is in spine 
development regulated by small guanidine triphosphate (GTP) phosphatases. The Rho 
family of GTP phosphatases, including Rho, Rac and Cdc42, are at a key position here (Scott 
et al., 2003). 
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Filopodia are the precursors of spines and they typically contain actin networks from base 
to the shaft. The actin can be both branched and linear of variable length (Korobova and 
Svitkina, 2010; Li et al., 2016). As the filopodia start to enlarge at the tip, the actin filaments 
become branched to form the spine head (Hotulainen and Hoogenraad, 2010, Halpain, 
2000). Filopodia can be visualized by an immunofluorescent staining for ICAM-5, as shown 
in figure 3. 
 

 
Spines develop a branched actin filament matrix that is stabilized when the spine is mature. 
For example, myosin IIb has been shown to have the ability to stabilize the actin filaments 
(Sekino et al., 2007). When the spine head is in contact with a presynaptic terminal or an 
axonal bouton, glutamate receptors and postsynaptic density (PSD) concentrate in spine 
heads, anchored to the actin cytoskeleton (Yoshihara et al., 2009). The molecular 
architecture of a mature mushroom spine, as well as in the presynaptic terminal, is highly 
organized (Perez de Arce et al., 2015).  
 
Equally important to spine maturation and stabilization is the elimination of exuberant 
spines. During normal development, an excess of synaptic structures is formed. They are 
then refined and only the correctly wired synapses remain. If a spine fails to make a 
successful synaptic connection, which is activity-dependent, it is destined for elimination 
(Riccomagno and Kolodkin, 2015). Spine elimination is less studied as compared to spine 
formation, however, collapse of the actin cytoskeleton is known to be one mechanism. Long-
term depression (LTD) induces cofilin-dependent spine shrinkage, in vivo (Zhou et al., 
2004). During dendritic pruning, the process where excess contacts are removed, the 
dendrite undergoes apoptosis-like events. First, the cytoskeleton is destabilized, then the 
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structure is fragmented and eventually the debris is cleaned away (Williams et al., 2006). 
Spine dynamics are represented in figure 4.  
 

 
The excitatory synapse is an asymmetric engagement of the axonal presynaptic terminal 
connected to the postsynaptic structure. The neuronal elements are further wrapped by 
astrocytic membrane and the synaptic cleft is frequently visited by microglial protrusions, 
figure 5. Adhesion molecules play a crucial role in the initial formation of a synapse and the 
eventual stabilization of it, if the transmission is sufficient.  
 
On the presynaptic terminal, the active zone assembles and vesicles with neurotransmitter 
accumulate. The hallmark scaffolding proteins include bassoon and piccolo and voltage 
gated calcium channels are the functionally most important channels in signal propagation 
and vesicle fusion. On the postsynaptic terminal, glutamate receptors accumulate in the 
middle of the contact site and adhesion molecules are organized to the peripheries (Perez de 
Arce et al., 2015).  
 
The synapse is in many aspects an optimized structure for information processing (Adrian 
et al., 2014). The presynaptic terminal contains primed vesicles with neurotransmitters that 
are docked to the membrane through SNAP (soluble NSF attachment protein) receptor 
(SNARE) proteins. This readily releasable pool of vesicles is docked in an orderly fashion, 
close to the voltage gated calcium channels.  The dynamics of neurotransmitter release is 
regulated based on the activity of the neuron. Mainly the intracellular calcium concentration 
and the number of docked vesicles and their regeneration can either up- or down regulate 
the amount of released neurotransmitter, respectively (Fioravante and Regehr, 2011). The 
postsynaptic terminal is in a similar way well suited for information integration. The shape 
of the spine isolates the input to a small volume and allows for specific modifications, 
depending on the intensity of the transmission. The prime molecular mechanism of 
experience dependent learning at the level of a single synapse is long-term potentiation 
(LTP), with the counteracting LTD  (Bliss and Collingridge, 1993). 
 
LTP is a mechanism regulating the efficiency of the excitatory synapses, resulting in a 
general stabilization of active synapses and enhanced synaptic efficacy (Kumar, 2011). When 
glutamate is initially released, it activates 2-amino-3-(3-hydroxy-5-methyl-isoxazol-4-
yl)propanoic acid (AMPA) receptors. AMPA receptors are ligand gated cation channels and 
the opening of them causes a depolarization of the postsynaptic membrane. These channels 
are mainly permeable to sodium and potassium. Simultaneous transmission in a closely 
neighbouring synapse or a burst of repeated firing in one synapse leads to a situation where 
the postsynaptic membrane is already depolarized when the subsequent action potential and 
release of glutamate takes place. In this case, the depolarization of the membrane has 
released the N-methyl-D-aspartate (NMDA) receptors of their inhibitory magnesium block 
and the NMDA receptors can conduct an ion flux. NMDA receptors are similar to AMPA 
receptors, only they are also permeable to calcium. The entry of calcium initiates signalling 
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that is the basis for early LTP (Kumar, 2011).  A collective series of events leads to the 
accumulation of AMPA receptors in the postsynaptic membrane and hence, the following 
release of glutamate will have an increased effect.  
 
Early LTP described above is independent of protein synthesis, while continuous signalling 
of that same synapse leads to protein synthesis and the construction of novel dendritic 
architectures in the late LTP (Lee et al., 2005). Late phase LTP is the result of protein 
synthesis and one such protein that is important for synaptic maturation is brain-derived 
neurotrophic factor (BDNF). It is mainly expressed in neurons and cleaved into a mature 
form by proteases like furin in the Golgi apparatus or by matrix metalloproteinases (MMPs) 
or plasmin in the extracellular matrix (Pang et al., 2004; Panja and Bramham, 2014). The 
mature form signals through the tropomyosin-related kinase receptor B, and promotes 
neuronal survival and maturation, while the pro-form signals through p75 receptors, 
promoting apoptosis (Teng, 2005). BDNF can also be produced by microglia and induce 
spine maturation (Parkhurst et al., 2013). 
 
Many of the downstream effects seen in LTP are conveyed by the action of Ca/Calmodulin 
dependent kinase 2, CaMKII. It is an abundant, multi-isomeric holoenzyme of 12 subunits 
that is activated by a rise in the free intracellular calcium concentration through the action 
of calmodulin. Calcium-bound calmodulin binding to CaMKII induces an auto 
phosphorylation of the enzyme. The phosphorylated form of the protein is active due to the 
rejection of a regulatory segment and it can target several downstream effectors. The 
intracellular calcium concentration is tightly regulated and decreases rapidly after a rise. 
The phosphorylation of CaMKII is on the other hand more long-lasting and can hence be 
regarded as a molecular form of memory (Lisman et al., 2012). The rapid phosphorylation 
of the critical threonine 286 and the slow decay of activity in CaMKII further allows it to 
integrate subsequent calcium spikes on a physiologically relevant timeframe (6-8 seconds). 
Thus, CaMKII is  important for the initiation of spine plasticity, however less so for the 
maintenance of the plasticity (Chang et al., 2017). 
 
The remodelling of exciting spines, and the emergence of novel ones, like in late LTP, 
requires modifications of the extracellular matrix (ECM). Extracellular endopeptidases like 
MMPs are truly important in synaptic plasticity (Huntley, 2012). Not only do they degrade 
the ECM to allow for spines to grow, they also cleave adhesion molecules. Many adhesion 
molecules can be truncated by endopeptidases and they can exist as full-length, integrated 
in the membrane, or as soluble fractions of the extracellular domain. As soluble proteins, 
they have different signalling capabilities as compared to the membrane bound form. 
Proteases indicated in plasticity include soluble MMPs and membrane bound disintegrin 
and metalloproteinase (ADAMs) and they target cell adhesion molecules (CAMs) such as the 
neuronal cell adhesion molecule (NCAM), synaptic cell adhesion molecule (SynCAM), 
L1CAM and ICAM-5 (Conant et al., 2015). 
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In the model of the quadripartite synapse, the neuronal elements are isolated by a 
perisynaptic astrocytic shell. Astrocytes play an important role in removing and recycling 
neurotransmitters and in modulating the function of the synapse. Astrocytes take up 
glutamate through the glial high-affinity glutamate transporter and the glutamate 
transporter-1 (Perego et al., 2000)  and buffer the perisynaptic potassium concentration 
through Na+/K+ ATPase. In addition to potassium and neurotransmitters, they maintain the 
homeostasis of the pH, reactive oxygen species and calcium. To support the energy 
metabolism of the synaptic elements, astrocytes provide them with lactate as a source of 
energy (Ghézali et al., 2016). Synaptic activity is mirrored in astrocytes as calcium waves and 
like neurons, astrocytes have a debated capacity of releasing vesicular content based on the 
existence of SNARE proteins and small, electron dense vesicles (Bohmbach et al., 2018). 
Astrocytes further play an important role in synapse maturation and refinement. During 
synaptic maturation, astrocytes secrete glypican-4. It induces signalling in the presynaptic 
terminal and subsequent release of neuronal pentraxin-1. Through this molecular 
mechanism, postsynaptic AMPA receptors accumulate and the synapse is strengthened 
(Farhy-Tselnicker et al., 2017). Astrocytic input is required for the refinement of cortical 
wiring on a synaptic scale. During synaptogenesis, it is common that cortical dendrites are 
multi-innervated. Intracortical and thalamocortical innervation competes for contact and 
through pruning, one excitatory connection remains. Astrocytic hevin has been shown to 
modulate this competition in the favour of thalamic input (Risher et al., 2014). Hevin is an 
ECM molecule localized to the synaptic cleft. 
 
In conclusion, the concept of the quadripartite synapse defines the communication between 
pre- and postsynaptic elements, perisynaptic astrocytic and microglia protrusions as the 
fundamental property of information processing. While the glial sheath covers most of the 
CNS synapses, the microglia protrusions are more dynamic and transient. In this perfectly 
tuned quartet, they play the same melody in individual scales that make synaptic plasticity 
harmonic. 
 

 
Glutamate, released in excitatory synapses activate four types of ionotropic glutamate 
receptors, classified by structural homology and their sensitivity to synthetic AMPA, NMDA 
or kainic acid. The functional cation channel is tetrameric, composed of four subunits, 
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strictly originating from the same molecular family. The AMPA receptor family has 4 
subunits (GluA1-4), the NMDA receptor family has 7 subunits (GluN1, GluN2A-D and 
GluN3A-B) and the kainate receptor has 5 subunits (GluK1-5). In addition to these, there 
are two delta receptors, GluD1-2, that make the ionotropic glutamate receptor family 
comprising of 18 members that has been characterized thus far. Each subunit consists of an 
amino terminal domain, a ligand-binding domain, a transmembrane domain and an 
intracellular carboxyl terminal domain. The transmembrane domain consists of three 
membrane-spanning helices and one membrane re-entrant loop (Traynelis et al., 2010). 
 
The cytoplasmic tail is important for receptor mobility and efficacy and often regulated by 
phosphorylation. Mainly the extracellular part, but also the intracellular tail of many 
glutamate receptors act as substrates for a variety of proteolytic enzymes. Cleavage of the 
cytoplasmic tail leads to receptor degradation and reduces synaptic efficacy, while 
truncation of the extracellular domain can potentiate the receptor. One such case is plasmin 
mediated proteolysis of the amino-terminal domain of GluN2A that removes its inhibitory 
zinc binding site (Yuan et al., 2009).  
 
AMPA receptors exert the basal glutamatergic transmission, NMDA receptors are vital 
coincidence detectors in synaptic plasticity, while kainate receptors regulate excitability 
both pre- and post-synaptically. Due to the lack of endogenous agonists, the function of delta 
receptors has remained enigmatic.  GluD1 was first implicated in high frequency hearing, 
while mice devoid of GluD2 showed impaired synaptic function in Purkinje cells. 
Accumulating evidence suggests that GluD receptors have functions beyond channel 
activity, such as metabotropic endocytosis of AMPA receptors in LTD (Contractor et al., 
2011).  
 
NMDA receptors are typically formed by two homodimers and GluN1 is an obligatory 
subunit (Traynelis et al., 2010). However, a functional NMDA receptor can also be formed 
by a GluN1 homodimer combined with a GluN2 heterodimer. These subunit compositions 
have distinct expression patterns in the CNS and the various combinations generate 
receptors with different functions. GluN1 and GluN3 bind glycine, while GluN2 binds 
glutamate. The GluN1/GluN3 receptor is hence activated by glycine alone, although these 
receptors might not form under physiological conditions. GluN3 subunits are most likely 
expressed as tri-heteromers and function as such as response-limiting receptors, since they 
have a reduced conductance and they downregulate GluN1/GluN2 receptor trafficking (Das 
et al., 1998).  
 
As mentioned above, the postsynaptic terminal is highly organized and rich is actin (Li et 
al., 2016; Perez de Arce et al., 2015). Linked to the actin cytoskeleton, scaffolding proteins 
such as PSD-95 have their designated localizations. Membrane integral proteins are 
anchored to the cytoskeleton through these scaffolding proteins and this binding is mainly 
regulated through phosphorylation. -Actinin is one such synaptic protein that couples actin 
with adhesion molecules and channels and it is hence an important mediator of synaptic 
maturation. -Actinin constitutes a family of four, mostly calcium sensitive actin-binding 
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proteins within the spectrin superfamily. It forms an anti-parallel dimer with a central rod 
domain, consisting of four spectrin repeats. The spectrin repeats are flanked by an actin 
binding domain on one side and a calcium sensitive calmodulin-like domain on the opposing 
side. The calmodulin-like domain contains four EF-hand motifs that can bind calcium in the 
cytoskeletal isoforms (1 and 4) of -actinin. The binding of calcium induces a conformational 
change that impairs the actin crosslinking capacity of -actinin. Muscular isoforms of -
actinin (2 and 3) connects actin to the Z-disk complex. (Drmota Prebil et al., 2016). The 
spectrin repeats form a binding platform for various proteins, including CAMs and 
glutamate receptors (Liem, 2016). 
 

-Actinin is known to interact with both metabotropic and ionotropic glutamate receptor 
and it is through these, implicated as an underlying mechanism for filopodia formation and 
synaptic maturation. Due to technical limitations (mainly the lack of good antibodies), many 
studies do not separate between the different family members. However, some specific 
functions have been identified. -Actinin-1 interacts with type-1 metabotropic glutamate 
receptors and induces the formation of filopodia. Additionally, -actinin-1 binds non-
phosphorylated GluA4, that might be linked to synaptic targeting by an protein kinase A 
(PKA) mediated, activity-dependent mechanism (Nuriya et al., 2005). In the absence of -
actinin-2, filopodia accumulate and they fail to mature into mushroom shaped spines 
(Hodges et al., 2014), indicating that -actinin-2 promotes spine maturation. -Actinin-4 
binding to CaMKII was identified as a mechanism by which excitatory metabotropic 
glutamate receptor signalling induces spine head enlargement (Kalinowska et al., 2015). 
AMPA receptors were also suggested to be imported into spines through an -actinin 
dependent process where a linking protein, reversion-induced LIM protein (RIL), binds -
actinin through one domain and AMPA receptors through another (Schulz et al., 2004).  
 
In the rat striatum, -actinin-2 was found to interact with both GluN1 and GluN2B subunits. 
Immunoprecipitations of glutamate subunits or -actinin-2 showed only moderate 
associations, indicating that only a minority of the NMDA receptors are bound by -actinin-
2 (Dunah et al., 2000). The membrane proximal intracellular region of GluN1 can be bound 
by calmodulin, CaMKII and -actinin. In this region of GluN1, calmodulin can be 
accompanied by either -actinin or CaMKII. Calcium influx through NMDA receptors 
activates calmodulin that in turn dislodges -actinin from GluN1 and stabilizes CaMKII 
binding instead. Displacing -actinin from GluN1 inactivated the NMDA receptor (Merrill 
et al., 2007).  
 

-Actinin can further modulate GluN2B function through the interaction with CaMKII. In a 
calcium independent manner, -actinin can bind CaMKII and stabilize its interaction to the 
subunit GluN2B containing glutamate receptors. This interaction promotes the CaMKII 
mediated phosphorylation of the serine 1303 in the GluN2B subunit, and simultaneously 
inhibits the phosphorylation of the serine 831 in the GluA1 subunit (Jalan-Sakrikar et al., 
2012). 
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In addition to NMDA receptors binding to calmodulin and -actinin, NMDA receptors also 
associate with membrane-linked phosphatidylinositol-4,5-bisphosphate (PIP2) through -
actinin. This was suggested to facilitate NMDA receptor activation by promoting a fully 
activated conformation of the NMDA receptor in a model by Michailidis et al. (Michailidis 
et al., 2007). PLC  mediated degradation of PIP2 releases -actinin and the associated 
NMDA receptor cytoplasmic tails from the cell membrane. Several G-protein coupled 
membrane receptors, such as the nerve growth factor that signals through the receptor 
tyrosine kinase A, can activate phospholipase C (PLC). Activated PLC catalyses the 
hydrolysis of PIP2.  
 
Taken together, NMDA receptors are regulated at many levels and through various 
mechanisms. -Actinin is in a key position, linking GluN1 and GluN2B to various 
intracellular proteins that conveys regulatory actions on the receptor. It is clear that this 
complicated network of mechanisms must act spatially and temporally distinct from each 
other. 
 

 
The brain is well isolated from the rest of the body. It is enclosed by three layers of meninges 
and is encapsulated by the skull. Due to its high demand for energy, it has an elaborate 
network of blood vessels, but these are tightly controlled by astrocytes that enwrap them and 
selectively pick up nutrients. The brain has its own immune system, consisting mainly of 
only one cell type, microglia, figure 6. Microglia infiltrate the brain at a very early 
developmental stage and become resident. They are long-lived cells with very limited, if any, 
refill from the peripheral leukocytes later in life. Some studies have shown that tissue 
macrophages are able to infiltrate the brain, in an age dependent manner  (Greter and 
Merad, 2013). Microglia have their origin in the primary haematopoiesis from myeloid 
precursors in the yolk sac and can regenerate from local progenitor pools in the brain. Unlike 
macrophages, microglia develop independently from the cytokine colony stimulating factor 
(CSF)-1, even though possessing the CSF-1 receptor (Ginhoux et al., 2010; Greter and 
Merad, 2013). Since they were discovered by Rio-Hortega a century ago, they have mainly 
been studied in the light of neuroinflammation. As they are phagocytosing cells by 
profession and belong to the innate branch of the immune system, they form the first and 
probably most important line of defence and they clear away cellular debris under non-
pathological conditions. Undoubtedly, they are the main source of proinflammatory 
cytokines in neurodegenerative diseases and brain injury and they are important in the 
resolving phase of injury, cleaning away cellular debris (Krause and Müller, 2010). However, 
a growing body of evidence has identified these cells in an emerging role in synaptic pruning 
and plasticity. It has become evident, that these cells are not dormant cells, springing to life 
only to cause destruction. Ground-breaking in vivo imaging work convincingly showed that 
microglia are highly motile and dynamic cells under physiological conditions (Davalos et al., 
2005; Nimmerjahn et al., 2005). Since then, huge effort has been put into unravelling the 
mystery of what these cells are up to. The dynamic fine protrusions can slip inside of the 
synaptic cleft and one microglia cell can contact several synapses at the same time (Tremblay 
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et al., 2010).  It is now clear that they are much more than mere immune cells, and an 
exciting example of how a peripheral system, previously thought to be dormant in the brain, 
has been adopted to serve another function. Microglia come equipped with the complete 
machinery for phagocytosis and their talent has been put to use in the removal of excess 
synapses, guided by complement components. The hallmark studies of microglia-neuron 
interactions and their main findings since 2005 are represented in Table 1.   
 

 

 

 
The complement cascade is an innate mechanism, targeting pathogens for destruction and 
phagocytosis by professional eating cells, such as macrophages. Complement activation can 
be initiated by several mechanisms, all leading to the collection of a cascade of components 
in an orderly fashion on the surface of the bacteria. In the classical pathway, the C1q complex 
assembles on immunoglobulins bound to the surface of the pathogen. The alternative 
pathway relies on the C3 component that is spontaneously cleaved to C3a and C3b. C3b can 
directly bind pathogens and induce phagocytosis through the complement receptors 3 (CR3, 
magrophage-1 antigen (Mac-1), integrin αM/β2, CD11a/CD18) (Sarma and Ward, 2011). 
 
Mice deprived of the complement components, C1q, C3 or CR3 showed an impairment of 
synaptic pruning and synaptic development. This raised the question of the role of microglia 
in this process, since they are the resident cells expressing CR3 in the brain (Stevens et al., 
2007). Microglia processes were seen to contact dendritic spines and presynaptic elements 
in the healthy brain (Wake et al., 2009), further suggesting that microglia might be involved 
in the maintenance of the neuronal networks. 
 



 20 

When microglia were first studied in vivo, microglia processes were seen to be attracted to 
a site of injury and by extracellular ATP (Davalos et al., 2005). Following studies focused on 
microglia in the intact brain and the dynamics and targets of the moving microglia 
extensions. Processes were seen to scan (extending and retracting in an exploratory fashion) 
the brain parenchyma, spending a few minutes in direct contact with synaptic elements. 
Ischemic terminals obtained increased microglial attention, and the terminals were later lost 
(Wake et al., 2009). The dynamics of microglia processes has since been studied in various 
settings and the results have been somewhat contradictory. As a rule, it seems that microglia 
are under tight spatial and temporal regulation.   
 
Evidence for synaptic elements being phagocytosed by microglia first came from the studies 
in the visual system, where neuronal membranes were found in lysosomes in microglia 
(Tremblay et al., 2010). It was concluded that microglia are actively pruning during CNS 
development in mice (Paolicelli et al., 2011). Catching microglia in action, however, proved 
to be a more challenging task. Studies on microglia interaction with spines, indicate that 
sensory experience function as a regulator of microglia activity (Tremblay et al., 2010). The 
normal visual stimuli compared to light deprivation or subsequent light stimuli gave rise to 
microglia associated with the corresponding synapses in different modalities. During light 
deprivation, microglia showed an altered morphology. The motility of microglia was reduced 
and they concentrated at large existing spines, causing them to shrink in a similar way as in 
LTD. The shrinking spines were recovered when the rodents were re-exposed to light.  
 
The hunt for molecular mechanism that drive and direct the pruning process was set in 
motion. Two signalling pathways were targeted. The first chemokine to be investigated was 
fractalkine (CX3CL1), which is mainly expressed by neurons and its unique receptor 
(CX3CR1), is only expressed by microglia in the brain. Fractalkine can be expressed as a 
membrane bound adhesion molecule, or cleaved from the membrane surface as a soluble 
chemokine. Genetic modification of the receptor showed that microglia motility was reduced 
if fractalkine signalling was disrupted (Liang et al., 2009). Even though it has been suggested 
that fractalkine receptor signalling was responsible for a reduced pruning rate (Paolicelli et 
al., 2011), recent studies has however ruled out a role for fractalkine signalling in microglia 
pruning, at least in the male visual system (Lowery et al., 2017; Schecter et al., 2017). It 
seems like the previously observed neuronal abnormalities in the fractalkine receptor 
impaired mouse line is more due to other impairments in microglia, such as reduced 
motility, rather than directly pruning. 
 
Secondly, the complement cascade was suggested and proved to be directing microglia in 
the sculpting of neuronal architecture. Evidence first came from a CR3 knock out mouse 
line, where pruning was impaired at postnatal day 5 (P5) and synaptic density remained 
abnormal at P35 (Stevens et al., 2007). An elegant study (Schafer et al., 2012) on the role of 
microglia in synapse remodelling in the postnatal retinogeniculate system shed light on the 
pruning ability of microglia. The process is neuronal activity- and complement-receptor 
dependent (Stephan et al., 2012). In the synapses of retinogeniculate neurons, complement 
cascade components are expressed. These components, such as C3, are important for the 
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synaptic maturation and pruning. The microglia specific phagocytic pathway involves 
recognition of C3 in the presynaptic terminal by the C3 receptor Mac-1, which was indeed 
identified as a regulator of the pruning process (Schafer et al., 2012). Microglia tend to prune 
synapses of the weaker circuit, even though the molecular mechanism by which microglia 
decide between active and inactive synapses remained unresolved. Soon after, transforming 
growth factor-  (TGF- ) from astrocytes was shown to instruct neurons in producing the 
complement component C1q that tag synapses for elimination (Bialas and Stevens, 2013). 
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Main finding       Reference   

       

Microglia are highly motile cells that extend their processes towards an  
Davalos et. al. 

Nat Neurosci. 
2005  

injured site through an ATP mediated process       

       
Microglia are highly motile and constantly scan the brain parenchyma.  Nimmerjahn Science. 2005  
BBB disruption rapidly attract microglia that shield the injured site et. al   

       
Immature astrocytes induce neurons to express C1q, which localizes to Stevens et al. Cell 2007 
synapses. C1q and C3 are necessary for normal synaptic pruning   

       
Microglia contact synapses in an activity-dependent manner and ischemic Wake et al.  J Neurosci. 2009  
terminals receive prolonged inspection, followed by the loss of the synapse.   

       
Microglia engulf synaptic material and    Paolicelli et al. Science. 2011  
fractalkine signalling is partially included in this process     

       

TGF-  regulates neuronal expression of C1q in synaptic pruning  Allison et. al. 
Nat. Neurosci. 
2013 

       
Microglia secrete BDNF to promote a learning-dependent synapse 
formation Parkhurst et al. Cell 2013  

 

 

 
The invite that neurons express inflammation-related molecules, and microglia express 
molecules and receptors related to neuronal transmission, invites us to believe that the cells 
in the brain are more intertwined in function than previously believed. Neurons direct the 
function of microglia, and the outcome can vary on a spectrum ranging from neuroprotective 
to neurotoxic (Biber et al., 2007). 
 
Cytokines and chemokines are the soluble carriers of inflammation throughout the body. 
Their expression and signalling in the brain is associated with both physiological processes 
and inflammatory events. Proinflammatory cytokines have long been implicated in age-
dependent cognitive decline (Labrousse et al., 2012), although recent genome wide 
expression studied showed that immune-related genes were upregulated under normal 
memory retrieval and extinction events (Scholz et al., 2016). TGF and tumour necrosis factor 
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(TNF) genes were associated with memory retrieval, while interleukins (ILs) were associated 
with memory extinction.  
 
In the context of memory formation, IL-1 has been vastly studied. It is considered a 
proinflammatory cytokine, since it is upregulated by lipopolysaccharide (LPS) stimulation 
(Bilbo et al., 2008). IL-1 is expressed as IL-1  or IL-1  and both forms bind the type 1 
interleukin receptor (IL-1R1) and IL-1ra is an antagonist for IL-1R1. Evidence exist showing 
that IL-1 has both a detrimental and a beneficial effect on hippocampal-related memory 
formation and maintenance (Goshen et al., 2007). Under pathological conditions IL-1  
expression in the CA1 region can be negative for memory formation, while in young mice, 
IL-  signalling is required for the same experimental task (Takemiya et al., 2017). This 
example illustrates the complexity of the cytokine balance and the accuracy required in 
spatial and temporal expression. 
 
Although all cells of the CNS are capable of producing cytokines, microglia are the main 
source of soluble factors related to immunology. Microglia have been suggested to be 
activated through two pathways, the classical or the alternative (Aguzzi et al., 2013). In the 
classical pathway the activating cytokines are interferon (INF)-  or LPS, while cytokines of 
the alternative pathway are IL-4 and IL-13 (Olah et al., 2011). The alternative activation 
pathway is thought to bring microglia to a state where their function is neuroprotective since 
microglia in this case release neurotrophins, the cytokine portfolio is not neurotoxic and 
phagocytosis is controlled. Neuroprotective microglia function in the reuptake of excess 
glutamate, removal of cellular debris, and production of insulin-like growth factor  (IGF)-1, 
glia-derived neurotrophic factor (GDNF) and BDNF. Healthy neurons may secrete factors 
that reduce microglia activation, such as TGF- , BDNF and fractalkine (Cardona et al., 
2006). The cytokine profiles of microglia that are related to an anti-inflammatory or a 
proinflammatory response is listed in table 2.  



 24 

 
Proinflammatory Anti-inflammatory 

IL-1  IL-1ra 

IL- 2 IL-4 

IL-6 IL-10 

IL-6 IL-13 

IL-12 TGF-  

IL-15 CCL13 

IL-17 CCL4 

IL-23 CCL17 

IFN-  CCL18 

TNF-  CCL22 

CCL2 CCL23 

CCL3 CCL24 

CCL4 CCL26 

CCL5 BDNF 

CCL8 IGF-1 

CCL11 GDNF  

CCL12   

CCL15   

CCL19   

CCL20   

CXCL1   

CXCL1   

CXCL9   

CXCL10   

CXCL11   

CXCL13   

  
 

 
Probably the most intensively studied agent in the field of inflammation is TNF- . Several 
successful clinical applications target TNF-  signalling and can alleviate the symptoms in 
diseases such as rheumatoid arthritis (Feldmann, 2002). LPS stimulation induces a robust 
TNF-  expression in microglia, an effect that could be dampened by neuronal fractalkine 
hence reducing the neurotoxic effect (Zujovic et al., 2000). This cytokine is however not only 
associated with destructive inflammation. TNF-  is required in synaptic scaling after 
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sustained reduction in activity and it likely comes from microglia. Synaptic scaling is 
required for a synapse to perform optimally even under sustained reduction or increase in 
activity. As opposed to LTP and LTD that takes place on the level of individual synapses, 
scaling entails all synapses of a neuron. The main mechanisms include the modulation of 
glutamate receptor subunit composition and their abundancy (Beattie et al., 2002).  
 
Secreted factors convey communication between neurons and microglia, not only in 
immunological events or in synaptic plasticity, but also in neuronal injury and regeneration. 
ATP released by damaged neurons, can activate the metabotropic P2Y or inotropic P2X 
receptors in microglia, which activate the cells. The activation of the P2Y12 receptor by ATP 
activates the 1 integrins, which are essential for the extension of the microglial processes 
towards the lesion. 1 integrins bind to collagen in the extracellular matrix and are 
considered to be involved in the polarized protrusions in the activated microglia (Ohsawa et 
al., 2010). The activation of the 1 integrins has also been shown to induce proliferation in 
microglia. Another chemotactic clue released by damaged neuronal tissue is the chemokine 
CCL21, which stimulates the receptor CXCR3 in microglia, promoting microglia migration 
(Rappert et al., 2002).  
 
Microglia have been suggested to contribute to neurogenesis (the birth of new neurons from 
progenitor cells) in the sub ventricular zone if the microglia have been activated by factors 
released from apoptotic or ischemic cells. In this case, microglia up-regulate the expression 
of TGF-  and thus promotes acceleration of progenitor proliferation (Olah et al., 2011). 
Fractalkine signalling has also been implicated in hippocampal neurogenesis. Mice devoid 
of the fractalkine receptor had lower rates of hippocampal neuronal regeneration, in 
addition to deficiencies in motor learning and cognitive functions (Rogers et al., 2011). The 
same effect was seen in exercise induced neurogenesis in the hippocampus. When 
fractalkine was neutralized by antibodies, the formation of neurospheres was reduced in 
mice that had been allowed to run (Vukovic et al., 2012). 
 
In conclusion, microglia continue to surprise and amaze by their staggering versatility. The 
more we learn, the more complex and harder it becomes to explain the interplay between 
different cell types in the brain. It is clear, that it certainly takes more than neurons to make 
a brain and that all aspects of cell communication need to be taken into consideration when 
studying learning and memory, as well as pathological events. 
 

 
Cell adhesion is of outmost importance in development, cell signalling and migration. 
Adhesion is promoted through specific membrane integrated proteins that are able to bind 
elements of the ECM or ligands expressed on the membrane of other cells. The CAMs are 
often anchored to the cytoskeleton, they are highly dynamic and spatially regulated on the 
membrane surface. In synaptogenesis and synaptic plasticity, the interplay between homo- 
and heterophilic adhesion molecules provides target recognition, contact stabilization, pre- 
and post- synaptic specializations and activity-dependent plasticity (Missaire and Hindges, 
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2015). Adhesion molecules share several structural moieties that allows them to be divided 
into classes. The repetition of similar structures, such as the immunoglobulin (Ig) fold and 
the fibronectin (FN)-III repeat gives families of protein variability and flexibility. In the 
intracellular domain, many synaptic CAMs have a PDZ-domain-binding motif, that give 
them direct contact to scaffolding proteins such as the PSD-95 family that contains three 
PDZ domains. Common classes of CAMs in the CNS can be divided into the following 
groups: 1. Immunoglobulin superfamily, IgSF, 2. cadherins, 3. integrins, 4. neurexins and 5. 
neurolignin. Ephrins form an additional important family of adhesion associated molecules 
that are implicated in synaptic maturation and plasticity. The EphB/EphrinB pair has been 
implicated in filopodia formation by their interaction with actin modulating small GTP 
phosphatases. 
 

 

 
IgSF adhesion molecules are the most common types of adhesion molecules in the brain. A 
double-layered β sheet sandwich fold characterizes the Ig domain. The β sheet consists of 
four common strands in the antiparallel β sheet structure (Bork et al., 1994).  
 
NCAM holds an important position in neuronal adhesion. It is involved in the generation 
and stabilization of neuronal structures such as neuronal migration, axonal outgrowth and 
synapse formation. NCAM has the ability to form homophilic binding between two 
molecules, as seen in synapses (Dityatev et al., 2004). Structurally, the main isoforms of 
NCAM typically have two fibronectin (FN)III, and five Ig domains in the extracellular part. 
The Ig domains are situated distal to the FNIII domains (Zhang et al., 2008b). NCAM can 
be modified by the addition of polysialic acid. This modification renders the molecule anti-



 27 

adhesive and is hence a powerful regulatory switch. Functionally, NCAM can contribute to 
both pre- and postsynaptic specialization by the intracellular interaction with spectrins. In 
the cortex, NCAM regulates intrinsic excitability of pyramidal cells and the inhibitory tone 
that they receive (Zhang et al., 2017). 
 
Another crucial, neuron associated member of the IgSF is the L1CAM. In addition to the six 
Ig domains, L1CAM also contains five FNIII repeats. It is capable of homophilic binding by 
the Ig domains, in addition to other ligands, such as integrins. L1CAM is mostly implicated 
in early neuronal development, where it induces neurite sprouting through 
dephosphorylation and hence activation of cofilin (Figge et al., 2012; Zhang et al., 2008b). 
 
The 4-membered family of synaptic CAMs (SynCAM) is heavily implicated in excitatory 
synapse formation in vertebrates (Biederer et al., 2002). The SynCAMs have three 
extracellular Ig domains and bind in homophilic trans across the synaptic cleft. Presynaptic 
SynCAM signalling through CASK can influence the expression of voltage gated calcium 
channels and hence contribute to the site-specific specialization. Accompanied by glutamate 
signalling, SynCAM was able to form functional synapses independently (Biederer et al., 
2002). Albeit their fairly simple structure, SynCAMs have proven to be prime drivers of 
excitatory synapse assembly. 
 
The second class of abundant adhesion molecules in the CNS is the cadherins. All cadherins 
have the characteristic approximately 100 amino acid cadherin repeats in the extracellular 
domain and are calcium sensitive. These glycoproteins bind elements of the ECM as well as 
other cadherins by homophilic binding. This homophilic binding is seen in synapses as a 
stabilizing factor where the binding is characterized by the cadherins being in a stronger 
adhesive cis-state (Togashi et al., 2002). N-cadherin is the hallmark cadherin in the CNS 
and it is recruited to the synapse by synaptic activity (Yam et al., 2013). It is considered a 
late phase stabilizing adhesion molecule that is involved in late phase maturation, and less 
so in spine formation. Cadherins can influence synaptic specialization through catenins 
(Togashi et al., 2002).  
 
In addition to the classical families of synaptic CAMs, the amyloid precursor protein (APP) 
family has recently gained an increasing body of evidence in their role in synaptogenesis. 
Mammals express three members in this family, APP and amyloid precursor like proteins 
(APLP)-1 and -2. Structurally, the APPs are type-1 integral proteins and share two heparin-
binding domains and one zinc-binding domain in the extracellular part. APP and APLP-2 
have a functionally important copper-binding domain that can reduce Cu(II) to Cu(I). All 
proteins in this family localizes to pre-and postsynaptic elements and are linked to synaptic 
signalling molecules. Their expression is upregulated during early postnatal life, at the time 
of active synaptogenesis. Hence they show typical characteristics of other CAMs (Cousins et 
al., 2015; Schilling et al., 2017).   
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Integrins are widely expressed adhesion molecules in the animal kingdom. They are 
heterodimeric type I membrane spanning proteins consisting of a non-covalent combination 
of one  chain and one  chain. There are 17 different  chains and 8  chains. The integrins 
have the ability to mediate both inside-out and outside-in signalling in the host cell. Ligand-
binding promotes outside-in signalling as it induces an intracellular signalling cascade. 
Inside-out signalling, on the other hand, is driven by phosphorylation of the intracellular 
tails of both  and  chains, thus modulating the affinity for the ligand. Both types of 
signalling are conveyed through the conformation of the heterodimer. 2 and 7 integrins 
are leukocyte specific (Gahmberg et al., 2009). 
 
The integrins are structurally complex membrane proteins that serve as receptors for the 
ECM, cellular adhesion ligands and other molecules. The I-domain in the  chain serves as 
the ligand-binding domain of several integrins. The domain can adopt two conformations, 
altering the affinity to the ligand. This domain is located at the distal part of the  chain, 
connecting to the  chain “propeller” region. In the high affinity state the metal ion 
dependent adhesion site (MIDAS), in the I-domain is occupied by a divalent metal ion 
(Harris et al., 2000). Only half of the  chains contain an I-domain and those lacking it form 
the ligand-binding site in association with the  chain.  Chains express an I-like domain 
that can serve as the main ligand-binding site (Qu and Leahy, 1995). The  I-like domain has 
three metal ion binding sites and in the low affinity state, all three sites are occupied by an 
ion.  
 
Three main conformations of the hallmark leukocyte function-associated antigen (LFA)-1 
( L/ 2) have been characterized. In the inactive state the ectodomains are closely associated 
with each other and the ligand-binding site is bent downwards facing the membrane. At this 
state, the intracellular domains are associated with filamin, connecting the integrin to the 
actin cytoskeleton. In the intermediate state, the head-domain extends, exposing the ligand-
binding site. However, at this point the  and the  chains are still closely associated. When 
the integrin gets further activated, the binding of filamin is outcompeted by talin or the 
linker-protein 14-3-3. Phosphorylation of the intracellular threonine 758 is functionally 
important for the competition of talin and 14-3-3 binding. In the highly activated state the 
integrin is extended and the  and the  chain are separated. The phosphorylation of serine 
1140 in L intracellular tail is necessary for integrin activation and conformational changes 
(Gahmberg et al., 2009; Luo and Springer, 2006; Shimaoka et al., 2002). The 
phosphorylation status of the integrin can further mediate a crosstalk between different 
integrins where the activity of one integrin type regulates the activity of another (Uotila et 
al., 2014). 
 
As a conclusion, there are several linking proteins that connect the integrins to the 
cytoskeleton. The anchoring to the actin filaments enables the trafficking and clustering of 
integrins. Clustering increases the avidity of the integrin. Clustering is meditated by a 
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change in the phosphorylation status in the cytoplasmic domain of the  chain, altering the 
interaction with cytoskeletal linker proteins (Boettiger, 2012). 
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Subunit combination Gene Name Ligands 

1 1 CD49a/CD29 VLA1 La, Co 

2 1 CD49b/CD29 VLA2 La, Co, Th, Fn 

3 1 CD49c/CD29 VLA3 La, Th, Fn 

4 1 CD49d/CD29 VLA4 

 

Th, VCAM-1, Os, Fn,  

MAdCAM-1 

5 1 CD49e/CD29 VLA5 ICAM-5, Fn, Os, Fg 

6 1 CD49f/CD29 VLA6 La 

7 1 ITAG7/CD29   La 

8 1 ITAG8/CD29   Fn, Os, Vi 

9 1 ITAG9/CD29   VCAM-1, Os 

10 1 ITAG10/CD29   La, Co 

11 1 ITAG11/CD29   Co 

V 1 CD51/CD29   Fn, Os, Vi 

L 2 CD11a/CD18 LFA-1 ICAMs 1-5 

M 2 CD11b/CD18 Mac1, CR3 

 

ICAM-1, -2, Fg, iC3b, 

Factor X 

X 2 CD11c/CD18 CR4 ICAM-1, -4, Co, iC3b, Fg 

D 2 CD11d/CD18   ICAM-1, VCAM-1 

V 3 CD51/CD61   Fn, Os, Fg, Vi, La, MMP-2 

11b 3 CD41/CD61   Fn, Fg, Vi, Co 

6 4 CD49f/CD104   La 

V 5 CD51/ITGB5   Os, Vi, Fn 

V 6 CD51/ITGB6   Fn, Os 

4 7 CD49d/ITGB7   
La, Fn, Os, VCAM-1, 

MAdCAM-1 

E 7 CD103/ITGB7   E-Cadherin 

V 8 CD51/ITGB8   Fn 
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The main extracellular ligands to the integrins are listed in Table 3, modified from (Plow et 
al., 2000) and (Humphries et al., 2006). General ligands of the ECM and soluble proteins 
include laminins, collagens, fibronectin, fibrinogen, thrombospondin and vitronectin. Of 
these, all except laminin are bound through the RGD recognition sequence (Plow et al., 
2000). Application of an RGD sequence containing peptide caused a decay in hippocampal 
LTP, indicating that integrin signalling is involved in early stage LTP (Xiao et al., 1991).  
Indeed, the integrins containing the 3 chain has been implicated in the consolidation of 
LTP (Kramár et al., 2002).  
 
Microglia express a wide range of integrins, and their expression pattern is dependent on 
the state of activity (Milner and Campbell, 2003). Proinflammatory cytokines and ECM 
molecules associated with blood-brain-barrier breakdown generally upregulate integrin 
expression. In the brain, 1 integrins are the most abundant and mice devoid of it die shortly 
after birth with severe brain malformations (Graus-Porta et al., 2001). Microglia depend on 

1 integrins in the phagocytosis of amyloid, implicated in Alzheimer’s disease 
(Koenigsknecht, 2004). Proper integrin signalling is also required for a normal microglial 
response (process elongation and phagocytosis) to brain injury (Meller et al., 2017). 
 
In addition to ECM proteins, one important group of ligands for the integrins are the 
intercellular adhesion molecules, ICAMs. The model integrin LFA-1 binds all the ICAM 
family proteins. 
 

The ICAMs belong to the immunoglobulin super family (IgSF) and five members of the 
family are known, ICAM-1 to ICAM-5. Common to the ICAMs are the extracellular Ig 
domains and they show similarities in ligand binding. The ICAMs mainly bind to leukocyte 
integrins and some ECM components, but may also interact with other CAMs. Most ICAM-
family proteins are coded from genes on chromosome 19 and they are type 1 integral 
proteins, spanning the membrane once (Gahmberg, 1997; Kilgannon et al., 1998). ICAM-1 
(CD54) has the widest expression pattern, ranging from leukocytes to fibroblasts. ICAM-1 
has five Ig domains and it can bind LFA-1, Mac-1, CD43 and fibrinogen. ICAM-2 (CD102) is 
expressed on leukocytes, platelets and endothelial cells and it contains two extracellular Ig 
domains. Its function is mainly in the immune system, in which it interacts with LFA-1 and 
Mac-1. ICAM-3 (CD50) is apparently a leukocyte specific molecule, involved in the initiation 
of the immune response, whereas ICAM-4 (CD242) is confined to erythrocytes and was first 
discovered as the LW blood group antigen (Hubbard and Rothlein, 2000). ICAM-5 is the 
largest of all ICAMs, expressed in neurons in the mammalian CNS. Since ICAM-5 was first 
discovered in the telencephalon it was initially named telencephalin (TLCN)(Mori et al., 
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1987). Further investigations based on sequence homology and integrin binding led it to be 
included in the ICAM family (Gahmberg, 1997). ICAM-5 is well conserved with over 80% of 
the amino acid sequence being identical in the mouse, in the rabbit and in humans. ICAM-
5 shares 50% of the sequence with ICAM-1 (Yang, 2012). ICAM-1 is expressed as at least 6 
different isoforms due to alternative splicing (Ramos et al., 2014). ICAM-5 might also exist 
in different isoforms, although less is known about it. 
 

 

α
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ICAM-5 is a 130 kilo Dalton (kDa) type I integral glycoprotein with nine C2-type Ig domains. 
ICAM-5 Ig domains are formed by two anti-parallel -sheets of 80-100 amino acids, 
associated by one or two disulphide bonds (Tian et al., 2000a; Yoshihara and Mori, 1994). 
The tandem Ig domains are named D1 to D9 in ascending order from the extracellular NH2-
terminal. D1-D5 are similar to the Ig domains of the other ICAMs, while D8-D9 are 
functional for ICAM-5 (Mizuno et al., 1997; Yang, 2012). The ectodomain contains 15 well 
preserved glycosylation sites, where a carbohydrate is linked to an asparagine. Asparagine-
54 in D1 was shown to be functionally critical for ICAM-5, as the substitution of this amino 
acid resulted in failed filopodia formation and retarded cell growth in a cell culture system 
(Ohgomori et al., 2012). The 3D structure of Ig domains 1-4 has been determined (Recacha 
et al., 2014; Zhang et al., 2008a). The crystal structure revealed that the basic D1-D2 
domains (arginine, lysine and histidine) bind the acidic residues (aspartic acid and glutamic 
acid) in domains 3-5 in a direct or possibly in a zipper like fashion (Recacha et al., 2014). 
This homophilic adhesion of ICAM-5 is unique within the ICAM family and functionally 
important in neurite sprouting and dendritic arborisation (Tian et al., 2000b). 
 
The expression of ICAM-5 emerges soon in postnatal mice and prenatally at gestational week 
29 in humans. The expression increases rapidly and is sustained throughout adulthood. It 
is expressed by spiny glutamatergic neurons, especially in the hippocampus and in the 
cortical molecular layer V,  and it is absent from GABAergic neurons (Arii et al., 1999; Yang, 
2012; Yoshihara and Mori, 1994). The confinement to the somatodendritic region is directed 
by the cytoplasmic domain and one amino acid, phenylalanine-905, is of particular 
importance. Deletion of this amino acid results in a diffuse distribution of the protein 
(Mitsui et al., 2005). The expression is particularly prominent in filopodia. 
 
ICAM-5 knock out (KO) mice live and reproduce normally. Brain wiring and the general 
synapse anatomy is normal, although LTP and reference memory are improved (Nakamura 
et al., 2001). At the cellular level, filopodia appear less dense compared to wild type and 
maturation into mushroom-shaped spines is accelerated, observed as an enlargement of the 
spine heads (Matsuno et al., 2006). On the other hand, ICAM-5 overexpression causes a 
dramatic decline in the ratio of mature spines to filopodia, due to an increase in filopodia 
density. The same pattern is seen when ezrin is overexpressed (Matsuno 2006, Furutani 
2007). Hyperactivation or overexpression of the Ras-Akt signalling pathway or Polo-like 
kinase 2, respectively, has similar effects as ICAM-5 on accelerated filopodia formation and 
decreased spine maturation (Yoshihara et al., 2009).  
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ICAM-5 is a multifunctional molecule with its heritage in the immune system and its 
residence in the nervous system. It regulates the T cell response and it is thought to be 
important through the lifespan of a glutamatergic neuron, from neurite sprouting to synapse 
formation and transmission. 
 
ICAM-5 interacts with intracellular proteins that are associated with the localization and 
function of ICAM-5. It is linked to the actin cytoskeleton through -actinin. This binding has 
been mapped to the residues 857-861 in ICAM-5, an area which talin and filamin are unable 
to bind to. The binding site of ERM-proteins partially overlap that of -actinin in the ICAM-
5 cytoplasmic tail. The association to the cytoskeleton was proven to be functionally 
important for neurite outgrowth (Nyman-Huttunen et al., 2006).  
 
During the filopodia-to-spine transition, there is a large turnover and reorganisation of 
membrane associated proteins. ICAM-5 is one of the proteins that undergo locational 
change in the spine during the maturation process. It is expressed abundantly in the 
filopodia but is almost absent from mature spines. This protein is considered a negative 
regulator of spine maturation since the protein is concentrated in the early filopodia 
structures, serving as an important factor for filopodia formation and maintenance 
(Matsuno et al., 2006; Tian et al., 2007). 
 
When spines mature, ICAM-5 is removed, either by shedding, internalization or trafficking 
(Raemaekers et al., 2012; Tian et al., 2007; Yoshihara et al., 2009). The guanine exchange 
factor 6A, EFA6A, serves as an activator for the small GTPase ADP-ribosylation factor 6, 
ARF6, and is required for the internalization of ICAM-5. When ICAM-5 and EFA6A were 
co-expressed in vitro, ICAM-5 lost the enrichment in filopodia and became accumulated in 
intracellular vesicles. ICAM-5 must dissociate from the actin cytoskeleton after which 
endocytosis mediated by ARF6 becomes possible. The dissociation is mediated by Rac1, 
which releases ICAM-5 from the ERM proteins. Additionally, ICAM-5 has been shown to co-
localize with lipid-raft micro-domains (Raemaekers et al., 2012).  
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ICAM-5 is cleaved by MMP -2, -3 and -9. The MMPs are zinc-dependent endoproteases that 
cleave several targets, among them ECM components and adhesion molecules. These 
proteases can be secreted by microglia, T cells or neurons and their function vary from 
neuronal development to injury (Milward et al., 2007). MMP-9 can be translated in the spine 
and activated in the synaptic cleft. Studies have shown that MMP-2 and -9 can be stored in 
vesicles in synaptic structures and secreted upon calcium-dependent stimulation (Kean et 
al., 2009). MMP-9 is known to be involved in learning and memory formation, and the 
activation of MMP-9 is required for long-term memory (Nagy et al., 2007). Activation by 
NMDA induces MMP secretion that leads to the cleavage of the ICAM-5 ectodomain at the 
first Ig domain and close to the membrane in maturing spines (Tian et al., 2007). ICAM-5 is 
solubilized in LTP and the soluble fragment enhances excitability in neuronal networks 
(Conant et al., 2010; Lonskaya et al., 2013; Niedringhaus et al., 2012; Ning et al., 2013). The 
cleavage products may influence spine morphology through homophilic binding to intact 
ICAM-5 molecules (Tian et al., 2007) or heterophilic binding to β1 integrins and their 
function in cytoskeleton modification (Conant et al., 2010). ICAM-5-β1 integrin signalling 
induces phosphorylation of cofilin, an actin severing and depolymerizing protein, thus 
inducing cofilin inactivation. ICAM-5-β1 integrin signalling induced cofilin inactivation 
promotes dendritic spine maturation (Conant et al., 2011). 
 
At synaptogenesis, ICAM-5 interacts with presynaptic β1 integrins, mainly α5β1. The 
binding forms at early contacts and prevents spine maturation. The binding of ICAM-5 to β1 
integrins reduces the shedding of ICAM-5 and therefore slows spine morphogenesis (Ning 
et al., 2013). In this study, it was found that neurons devoid of ICAM-5 have an abnormally 
high number of functional synapses and an elevated rate or glutamatergic release 
probability, suggesting a regulatory role for ICAM-5 on presynaptic function as well.  
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The ability of ICAM-5 to induce actin reorganization was also characterized in the binding 
to vitronectin. Vitronectin is a component of the ECM and when it binds to ICAM-5, 
intracellular ERM proteins are phosphorylated and PIP2 accumulates. The subsequent 
recruitment of filamentous actin results in spine morphogenesis and the formation of 
phagocytic cup-like structures. The exact function of these structures remains elusive. The 
deletion of D2 in ICAM-5 completely abolished the binding (Furutani et al., 2012). 
 
T cells patrol the brain parenchyma and can bind to hippocampal neurons through LFA-1 
(Tian et al., 1997, 2000a). The glutamate-37 in ICAM-5 D1 is important for binding to the I 
domain of LFA-1. This interaction is interrupted by function blocking antibodies or by the 
deletion of these domains. The binding is promoted through an allosteric regulation of an  
helix in the LFA-1 I-domain (Zhang et al., 2008a). Mainly through this interaction, ICAM-5 
can reduce the T cell receptor mediated activation, seen as a reduction in activation markers 
in naïve T cells. Soluble ICAM-5 was further shown to induce the expression of TGF-  and 
IFN-gamma. Whereas ICAM-1 is upregulated when cells were stimulated with inflammatory 
cytokines, ICAM-5 is not. While soluble ICAM-1 is known to be pro-inflammatory, ICAM-5 
was found to have the opposite effect (Tian et al., 2008). In addition, a study showed that 
also microglia react to ICAM-5 by forming extensions called lamellopodia and clustering of 

2 integrins in vitro (Mizuno et al., 1999).  
 
ICAM-5 is believed to be involved in diseases such as encephalitis, MS and epilepsy, due to 
the fact that the level of soluble ICAM-5 was abnormal (Borusiak et al., 2005).  Activated T 
cells induce MMP activation and subsequently increase the ICAM-5 cleavage (Tian et al., 
2008). Alzheimer’s disease (AD) is characterized by the accumulation of amyloid-  debris, 
forming plaques in the neuronal parenchyma. Even though the overall expression of ICAM-
5 in the neocortex of AD patients is reduced, the ICAM-5 expression in the neurites of 
surviving neurons and in the vicinity of amyloid-  plaques is up-regulated (Hino et al., 
1997). The membrane-spanning region of ICAM-5 associates with presenilins, which are 
part of the gamma-secretase complex. This complex is responsible for the formation of 
amyloid  from APP, implicated in AD (Annaert et al., 2001). Precenilin-1 is not involved in 
the proteolysis of ICAM-5, but it plays a role in the autophagic turnover of ICAM-5 (Esselens 
et al., 2004). Studies moreover suggest that ICAM-5 might be involved in perineural tumour 
formation and metastatic invasion (Maruya et al., 2005), as well as in the virulence of human 
immunodeficiency virus, enterovirus D68 and herpes simplex virus type-1 (Tse et al., 2009; 
Wei et al., 2016; Yuan et al., 2017). 
 
In conclusion, ICAM-5 plays important roles throughout the lifespan in various ways. 
During early neuronal development, it induces neuronal sprouting. Then, ICAM-5 drives the 
formation of filopodia and regulates synaptic maturation. During immunological challenges 
and in disease, ICAM-5 again has a role to play.   
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ICAM-5 regulates synaptic maturation through an -actinin dependent 
mechanism. ICAM 5 is bound to microglia by 1 and/or 2 type integrins and 
it is involved in the regulation of microglia functions in synaptic pruning and 
immunity. 

 

 

 

 
 

1.  To characterize the molecular mechanism of how ICAM-5 regulates synaptic 
 maturation 

 
2.  To study if ICAM-5 interacts with microglia 

 
3.  To assess whether the ICAM-5-microglia interaction is conducted through 1 

 or 2  type integrins 
 

4.  To elucidate the role of ICAM-5 as a I) regulator of microglia activation and II) 
 regulator of synaptic pruning by microglia  

 
5.  To identify novel binding partners for ICAM-5 

  



 39 

 

The material and methods used in this study are described in detail in the original 
publications, and hence provided here in the form of a list with references to the original 
publications and a brief description below. Methods with unpublished data are described in 
more detail. 

      

  Method Original publication 

   

Molecular   
  Protein expression and purification, E. coli III, IV 
  Protein expression and purification, COS cells IV 
  Immunofluorescence staining I, II, IV 
  Western blot III, IV 
  SDS-PAGE III, IV 

   
Cell culture   
  Mammalian cell lines III, IV 

  Mouse primary neurons  II - IV 
  Mouse primary microglia IV 

   
Cell assays   
  Cell stimulation / protein binding I, III, IV 

  Cell adhesion assays IV 
  Bead-recruitment assay IV 
  Phagocytosis assays IV 
  RTCA iCELLigence  IV 

   
Protein assays   
  Protein competition assay III  
  Co-immunoprecipitation III, IV 
  Pull-down assays IV 
  Mouse brain homogenisation IV 

   
Imaging   
  Confocal microscopy I, IV 

  Epi-fluorescence microscopy I, IV 
  Transmitted light microscopy IV 
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Fluorescence activated cell sorting, FACS 
The phagocytosis experiment was verified by FACS. Microglia were isolated from the glia 
mix and divided to at least 300 000 cells in 500 ul culture medium per sample. Recombinant 
proteins were added to a final concentration of 100nM and 10ul phagocytosis beads that had 
been diluted 1:10 from the original vial was added. The cells were incubated for 1 h at 30°C 
with end-over-end rotation and then analysed by FACS. Untreated cells and beads only were 
analysed as controls. The bead content in the cells was analysed by BD LSR 2 or BD Fortessa 
Flow Cytometer and the software Facs Diva 8.0 (all by BD Biosciences). The live cell 
population was first gated and under this gate, the fluorescence corresponding to 
endocytosed beads, was measured. No free beads were found in this gate due to size 
exclusion.  
 
Proteome profiler, mouse XL-Cytokine array 
The regulatory role of ICAM-5 on the microglia inflammatory profile was analysed by ELISA 
(publication VI) and by the Proteome profiler, mouse XL-cytokine array (Biotechne). For 
the ELISA assay, purified primary microglia cultures were treated with 10 nM LPS and 
soluble, recombinant proteins and the culture media were collected and analysed. The 
regulatory role of ICAM-5 was also analysed by the cytokine array. For this purpose, mixed 
glia cultures were prepared from P6 C57bl6 cortices by enzymatic digestion and plating on 
poly-L-lysine coated 48-well tissue culture plates. At 10 days in vitro (DIV), the mixed glia 
cultures were treated for 24 h with wild type (WT) or ICAM-5 KO cortical neuron-
conditioned medium (HBSS supplemented with 20 M NMDA and 1,8 mM CaCl2 for 6 h in 
the cell culture incubator) that had been supplemented with 10 nM LPS. The medium from 
two parallel wells was collected and centrifuged to remove cellular debris and then analysed 
by the XL-cytokine array kit, according to the manufacturer’s instructions.  
 
BDNF protein expression analysis 
The prefrontal cortices of P6 WT or ICAM-5 KO mice (N=10 from two litters, 4+6) were 
collected and homogenized in 2% RIPA (150 mM NaCl, 50 mM Tris, 10 mM MgCl2, 5 mM 
EDTA, 1% Triton-X 100, 1% NP-40, pH 7.8) using a piston. The homogenates were cleared 
by centrifugation. The total protein concentration was measured by the Pierce BCA protein 
assay kit (ThermoFisher scientific) and 40 g was analysed by Western blot. 
 
Pull down assay and mass spectrometry 
In order to find novel binding partners for ICAM-5 in microglia, ICAM-5 D1-2-Fc was 
coupled to protein G sepharose. Human IgG was used as control. One g of protein was 
coupled to 10 l of sepharose slurry for 2 h at +4°C. The coupled sepharoses were then 
washed twice in phosphate buffered saline (PBS). Cells of the murine microglia cell line BV-
2 were cultured until 80% confluent in 10-cm tissue culture plates and then washed 3 times 
in cold PBS and lysed. Lysates were prepared by incubating the cells in 1 ml per plate, 2% 
RIPA buffer for 20 min on ice. Lysates were cleared by centrifugation and the corresponding 
lysate of one plate per sample was pooled and pre-cleared by incubating at least 2 h at +4°C 
with 20 l protein G slurry per ml lysate. The pre-cleared lysate was divided over the ICAM-
5 D1-2-Fc or IgG coupled sepharose and incubated at +4°C over night. The unbound lysate 
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was removed and the sepharose samples were washed twice in 2% RIPA buffer and twice in 
PBS. Then the protein complexes were eluted from the sepharose with 0.2 M glycine, pH 
2.8. 10% of the sample was analysed by SDS-PAGE and silver stain, and the remaining 
sample of the ICAM-5 pull down was analysed by liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) at the proteomics unit, University of Helsinki. 
 
Phage display and next generation sequencing 
The two pools of eluted phages were combined and used as templates to run 10 cycles of 
PCR. The primers were designed to amplify the region with the random amino acids and to 
incorporate the indexes and adapters needed for next generation sequencing with Illumina 
MiSeq (Forward primer: 5’AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC 
GACGCTCTTCCGATCTGCAAGCTGATAAACCGATACAAT 3’ and reverse primer: 5’ 
CAAGCAGAAGACGGCATAC GAGATTAGCTGGGGTGACTGGAGTTCAGACGTGTGCTCTT 
CCGATCTCCCTCATAGTTAGCGTAACGATCT 3’, from Oligomer Oy) The PCR products 
were handled and analyzed at the sequencing and genomics lab at the University of Helsinki. 
The identified sequences were ranked by the number of reads and sequences with less than 
200 reads were discarded. The number of reads corresponds to the abundance of the 
amplified phage. The sequences were analyzed using the 4 GAP software (Bonfield et al., 
1995) were the region with the random amino acids were extracted as a protein sequence. 
This sequence was then analyzed by BLAST to find matching proteins. The most relevant 
hits are listed in Table 4.  
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In developing spines, ICAM-5 inhibits the maturation process. We found that the 
competition between ICAM-5 and GluN1 in binding to -actinin might explain this effect 
(II). The binding region of ICAM-5 partially overlapped with that of GluN1 to -actinin rod 
domain 2. In a competition assay, ICAM-5 showed a higher affinity for -actinin, as 
compared to GluN1, indicating an advantage for ICAM-5. Accordingly, ICAM-5 outcompetes 
GluN1 in the binding to -actinin in vivo in P14 mice. At this developmental stage, there is 
robust synaptogenesis in mice and ICAM-5 is found in dendritic protrusions (Kelly et al., 
2013).  
 
In filopodia, -actinin is dynamic and localizes mainly to the neck, where ICAM-5 is 
abundant. As NMDA receptor activation causes ICAM-5 to be degraded, the intracellular tail 
dissociates from -actinin, allowing re-localization and clustering of -actinin to the spine 
head and root and an increased association to GluN1. ICAM-5 regulates -actinin through 
the cytoplasmic tail and the intact molecule is needed. The general MMP inhibitor, GM6001, 
completely abolished the MMP and NMDA mediated shedding of ICAM-5, which also 
prevented ICAM-5 from dissociating from -actinin. Similarly, neurons lacking ICAM-5 or 
cultured neuronal cell lines that express a truncated form of ICAM-5, lacking the 
cytoplasmic tail, showed increased association between -actinin and GluN1. The clustering 
of -actinin is associated with f-actin, indicating that ICAM-5 regulates actin dynamics 
through -actinin.  
 

 
We identified a function for the cytoplasmic tail of the truncated ICAM-5 in synaptic 
maturation, and we were further curious to see if the corresponding extracellular fragment 
of ICAM-5 would have a biological effect as well. Soluble ICAM-5 is bound by microglia and 
integrins are partially responsible for this interaction. Glutamate-37 in ICAM-5 is important 
for the binding of ICAM-5 to 2 integrins, less so to 1 integrins (IV). Glutamate-37 was 
predicted to be critical for LFA-1 binding (Zhang et al., 2008a), which we could confirm.  
 
We identified an inhibition of phagocytosis by microglia as a result of ICAM-5 stimulation. 
Primary microglia were allowed to internalize small latex beads in a medium supplemented 
with soluble, purified proteins in a phagocytosis assay. The number of beads that had been 
phagocytosed in 1 h was analysed manually in micrographs, or by fluorescently activated cell 
sorting (FACS, Figure 11). Both approaches produced similar result; soluble ICAM-5 reduces 
the number of beads that microglia internalized. The effect was more dramatic when cells 
were kept in culture, as compared to cells that had been in solution, due to rotation during 
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the experiment for the FACS analysis. Additionally, soluble ICAM-5 reduced the static 
adhesion of microglia to purified iC3b, a component of the complement system (IV).  
 
 

  

 

 
Since ICAM-5 has been shown to regulate the inflammatory state of peripheral T cells, we 
investigated the regulatory role of ICAM-5 on LPS-stimulated microglia. Isolated primary 
microglia treated with LPS and one of the following purified recombinant protein ICAM-1, 
ICAM-5 D1-9 or human IgG or vehicle all upregulated the expression of inflammatory 
cytokines TNF-α and TGF-β, except for cell treated with soluble ICAM-5 D1-9. Compared to 
the other samples, ICAM-5 stimulated the cells to upregulate the anti-inflammatory IL-10, 
while downregulating TNF-α and TGF-β. CCL-5 was also analysed, but the differences were 
less obvious even though ICAM-5 seems to slightly downregulate this proinflammatory 
cytokine (IV).  
 
We further screened for the effect of ICAM-5 on the cytokine/chemokine profile in a more 
general setting. Primary cultures of WT or ICAM-5 KO neurons were treated with NMDA in 
a paradigm to create a conditioned medium rich in soluble ICAM-5 to be supplemented with 
LPS and used to treat mixed glia/neuronal cultures. This screen suggests that several other 
cytokines are associated with the anti-inflammatory phenotype of microglia. Strikingly, 
ICAM-5 induced the secretion of IL-1ra, while suppressing MMP-3, MMP-9 and fractalkine. 
Most strikingly, ICAM-5 induced the secretion of angipoietin-2, a mostly pro-angiogetic, but 
also considered a proinflammatory factor (Scholz et al., 2015).  
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To explain the observed effect of ICAM-5 on spine maturation, where ICAM-5 acts as a 
negative regulator of the maturation process, we studied the BDNF protein content by 
western blot analysis. In the prefrontal cortices of 6-day-old mice, BDNF is up-regulated in 
ICAM-5 KO. BDNF is expressed as a mature form at around 15 kDa, a pro- and pre-pro 
form at approximately 25-32 kDa and a dimer of the pro-form at around 64 kDa. In figure 
14, all bands visible by blotting for BDNF are shown and samples from three animals from 
each genotype is blotted, along with the corresponding β-actin band as a loading control. 
All of these were more strongly expressed in the knock out animals (P<0,01). There did not 
seem to be any difference between sexes (data not shown).  
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Since the co-immunoprecipitations of ICAM-5 and integrins led us to believe that additional 
receptors for ICAM-5 might exist, we performed a phage display in order to find ICAM-5 D1-
2 binding peptides. The identified proteins that are relevant for ICAM-5 are listed in table 4. 
The most abundant peptide had a highly reliable match in APLP2, with eight identical amino 
acids. This corresponds to amino acids 271-279 in the acidic part of the APLP2 ectodomain. 
Importantly, integrin αL and αX polypeptides were also identified. Sialoadhesin is of 
interest since it is a macrophage specific adhesion molecule (O’Neill et al., 2013) and it was 
also identified by LC-MS/MS from the pull-down experiment. The silver stained SDS-PAGE 
gel of the pull-down analysis suggests that there might be several receptors for ICAM-5 on 
BV-2 cells, based on the number of bands, figure 15. Components of the complement system 
was picked up by both the phage display and the pull-down assay. Of these, C1q, with the 
amino acids sequence YYFTF is of high interest, since it is the initiating factor of the 
complement cascade.  
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Sequence 
Nr. of 
reads Potential ligands Peptide match 

R D Y Y Y D T F   24626  Amyloid precursor like protein-2 (APLP2) RDYYYDTF 
QTLAEGA 20898  Laminin Q-LAEGA 
V S F V T G A  19993  Type XV collagen VSFVTG 
C T V F T P D V  5381  ITGAX protein VFTPD 
I S L V S Y A  2985  Sialoadhesin ISL-VSYA, SLVS 
     Adhesion G-protein coupled receptor G1  SLVSY 
I S F E A G A  2848  Glioma-expressed antigen 2 ISFE-GA 
W A L A D E V  1973  Down syndrome cell adhesion molecule 1 WAL-DE 
     Intersectin 1 WALAD 
I R L S D F V  1211  Spastin IRLSDF 
A I F A S G 1124  Syntaxin AIFASG 
     ITGAL protein IFAS 
E I L S A G V  706  Complement component C5 EILSA  
D S D H Y Y F T F  622  Complement C1q YYFTF 
     Sodium channel, voltage-gated HYYFT 
     Monocyte-macrophage NaV1.6 HYYFT 
V M L A P D V  301  Collagen, type VII MLAPD 
V S F V P E V  247  Mucin 5B VSFVPEV 
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The robust shedding of ICAM-5 is a costly process and must hence be important. This work 
collectively shows that both the intracellular and the extracellular fragments of ICAM-5 have 
relevant and diverse functions. ICAM-5 has proven to be an ambidextrous molecule 
contributing to both synaptic plasticity and immunology. In the past decade, microglia 
research has been an accelerating train that has laid ground-breaking discoveries in its path. 
With this work, we contributed with some pieces in the puzzle in how microglia interact with 
neurons, how neurons regulate various aspects of microglia function, and how synapse 
formation is regulated. 
 

-Actinin is a dimer that can hinge actin filaments and anchor various other proteins 
simultaneously. It is a master hub in the postsynaptic terminal, docking adhesion molecules 
and receptors. ICAM-5 anchorage to the actin cytoskeleton is important and imposes a 
competition in the binding of other molecules. Competition like this is pivotal in 
developmental switches and processes where events must be carefully temporally regulated. 
We identified a competition between ICAM-5 and GluN1 in the binding to -actinin in 
maturing spines. Furthermore, by inhibiting the clustering of -actinin in spine heads and 
keeping it dynamic, we believe ICAM-5 inhibits spine maturation. When ICAM-5 is 
degraded, it dissociates from -actinin, allowing it to relocate, possibly together with GluN1 
receptors, to the spine head. Here, the anchorage of NMDA receptors to the actin 
cytoskeleton is functionally important (Wyszynski et al., 1997).  
 
Shedding of the ectodomain of ICAM-5 releases the intracellular tail from -actinin. This 
could be an interesting novel mechanism of how changes to the extracellular part of the 
molecule elicits intracellular signals. Since inhibiting the proteolytic function of MMPs 
abolished the effect of NMDA, it implies that it is probably not intracellular signalling from 
the NMDA receptor that releases ICAM-5 from -actinin. Instead, ICAM-5 might be rapidly 
degraded after it has been cleaved, as has been shown previously (Raemaekers et al., 2012), 
or it might be due to the loss of trans-state polymerization due to the release of the 
ectodomain. 
 
Calmodulin also competes for with GluN1 in the binding to -actinin, reducing GluN1 
efficacy (Merrill et al., 2007). However, this interaction is probably more important in 
mature synapses, since it has been suggested to function as a protective switch, reducing 
excitotoxicity. The novel interaction between ICAM-5, GluN1 and -actinin might be 
important in slowing the maturation process in young spines, to prolong critical 
developmental windows. 
 
Future efforts should be focused on deciphering the network of interactions where different 
isoforms of -actinin and the various binding partners is studied simultaneously and at 
different developmental stages. 
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Integrins bind their ligands with relatively low affinity, which reflects their function. Hence, 
it proved very challenging to identify the integrin receptors for ICAM-5. The bead adhesion 
assay provided some clues that both 1 and 2 integrins are involved in the binding. Further, 
they seemed to be recruited at different times, 2 followed by 1, in microglia. The phage 
display mapped the ICAM-5 D1-2 binding sequence to the I-domain of LFA-1  subunit. This 
is in line with previous findings, that the I-domain is the ligand binding domain. Further 
interesting candidates were found in this experiment, as seen in Table 4. These include the 
CR4 (integrin X), the APLP2 and complement components. Moreover, we obtained 
indicative results by mass spectrometry that sialoadhesin, complement C3 and galectins 
might bind ICAM-5. However, this experiment needs to be repeated and future experiments 
could rather be conducted as a co-immunoprecipitation of ICAM-5 from mouse brain, 
instead of using BV-2 lysate and purified recombinant ICAM-5. APLP2 has been less studied 
than other members in the APP family, although it is known to function as an adhesion 
molecule in synapses. It remains to be seen, whether ICAM-5 and APLP2 collaborate in the 
formation and maturation of synapses. The identification of complement components is not 
only intriguing considered the recent excitement over their involvement in microglia 
pruning on a fundamental level, but also from a therapeutic perspective. Excessive pruning 
by microglia has been suggested to be involved in various pathological conditions including 
neurodegenerative disorders (Hong et al., 2016; Johnson and Stevens, 2018). A synthetic 
peptide that would interrupt this aberrant function could be a valuable tool. Phagocytosis is 
another aspect of the pruning process and we found that ICAM-5 reduces this endocytic 
function of microglia. It might not be related to pruning, but it is certainly appealing to 
speculate about it. Since ICAM-5 inhibits spine maturation, we believe that it could prolong 
critical windows in neuronal wiring. Maybe the reduced phagocytosis by microglia is one 
mode of how ICAM-5 functions as a don’t-eat-me signal, protecting immature spines during 
early development. 
 
Microglia were found to internalize ICAM-5 in all forms, the endogenous ICAM-5, shedded 
from neurons and recombinant D1-2-Fc or D1-9-Fc. To control for the Fc tag binding to Fc 
receptors on microglia, ICAM-5 D1-2 was subcloned into a His-V5 containing expression 
vector. This recombinant protein was efficiently internalized by BV-2 cells, as was the D1-4 
construct from which the Fc tag had been cleaved (data not shown). The recombinant ICAM-
5 proteins clearly implied a versatile effect of ICAM-5 in the adhesion assay. D1-9-Fc induces 
rapid and robust clustering of microglia and BV-2 cells, while D1-2 is very adhesive. This 
experiment demonstrates that ICAM-5, as a large molecule, can regulate its properties by 
conformational change or polymerization. When the integrin-binding D1-2 is exposed, 
binding to microglia is strong. However, the full molecule can polymerize and hence mask 
potential integrin binding sites or fold back on itself to exert the same effect.  
 
It is possible that posttranslational modifications, such as polysialyation, to the more rostral 
Ig domains could cause the anti-adhesive effect. NCAM can be polysialylated at Ig domain 
5, which renders it repulsive (Johnson et al., 2005). This effect seen by the full ectodomain 
of ICAM-5 could explain why microglia tend not to contact the dendritic trunk, where ICAM-
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5 is abundantly expressed. Variation in post-translational modification of the purified 
proteins might explain the contradiction in our results, compared to others where they 
found that microglia spread on ICAM-5 (Mizuno et al., 1999).  
 
Developmental endothelial locus (Del)-1 is a molecule that has been identified to modify 
adhesion in a manner that seems similar to our results for ICAM-5. Del-1 can bind integrins, 
but does not elicit the intracellular signalling cascade, characteristic for outside-in signalling 
in integrins. On the contrary, it inhibits adhesion by outcompeting the binding to other 
ligands, such as ICAM-1. It is highly expressed in the brain, restricts brain inflammation by 
inhibiting the entry of inflammatory cells (Choi et al., 2008). Additionally, Del-1 has been 
shown to have anti-inflammatory properties, reducing IL-17 production in leukocytes and 
relieving the symptoms of multiple sclerosis (Choi et al., 2015). It might be that ICAM-5 
functions in similar ways to restrict microglia adhesion and cytokine production.  
 
If ICAM-5 also regulates the expression and maturation of BDNF, it explains why ICAM-5 
KO animals have an accelerated transition rate from filopodia to mature spine morphology. 
Although neurons are the main source of BDNF, microglia are known to secrete BDNF both 
in neuropathic pain and in non-pathological conditions (Coull et al., 2005; Parkhurst et al., 
2013). We were not able to detect BDNF secretion from BV-2 cells or microglia, but this 
would be very interesting to investigate further. Since ICAM-5 is released from synapses 
where LTP is induced, it might well be that soluble ICAM-5 serves as a signal of active 
synapses to microglia. It would be tempting to suggest that cleaved ICAM-5 as a signalling 
molecule conveys the information from an active synapse to microglia, inducing BDNF 
secretion. We now found that in the absence of ICAM-5, BDNF levels are increased, 
indicating that in the normal brain the levels of BDNF could be suppressed by ICAM-5. This 
notion does not support our hypothesis, although the effect of ICAM-5 on BDNF could be 
implicated in early development, independently of microglia. ICAM-5 slows spine 
maturation (Matsuno et al., 2006) and BDNF could be another player here. These in vivo 
results need to be repeated with sibling matched WT and KO mice since maternal care and 
other external factors can influence the expression of BDNF. Moreover, it would be 
important to look at different developmental time points. Taken together, this suggests that 
ICAM-5 might slow spine maturation and prolong critical windows through yet a novel, 
BDNF related mechanism. 
 
The expression of many proteins exhibits gender dimorphism and is spatially regulated. For 
instance, 2 integrins were recently shown to be upregulated in prenatal male mice, as 
compared to females and this was reversed right after birth. The same pattern was true for 
complement components (Prilutsky et al., 2017). As this study underlines, it is important to 
take the developmental stage and gender into consideration.  
 
Since it has been difficult to address exactly how neurons tag the correct synapses for 
elimination, one could believe that additional mechanism might exist. The phage display 
provided clues that complement components might be bound to ICAM-5. If this is true, then 
the release of ICAM-5 from active synapses would be an elegant system for active synapses 
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to shed the complement tag and hence be spared from pruning. However, even this model 
does not explain the whole picture, since neurons lacking ICAM-5 still have an abnormal 
filopodia to spine maturation rate. In figure 14, two speculative mechanisms for how ICAM-
5 regulates synaptic maturation are sketched.  
 
 
 

 

 
 
Cytokines play a substantial role in neuronal function. Various cell types in the CNS secrete 
cytokines, and neurons can modulate the expression profile of microglia (Biber et al., 2007). 
Proinflammatory cytokines and LPS can inhibit the induction of LTP, while anti-
inflammatory cytokines, such as IL-1ra, can diminish their action (Cunningham et al., 1996). 
The exact mechanism of how neurons exert this effect has not been completely understood. 
We have identified a modulatory role for ICAM-5 on both synaptic transmission and 
cytokine expression. Both isolated microglia and mixed glia in culture react to soluble ICAM-
5, and in both cases, the effect was anti-inflammatory.  
 
Isolated primary microglia treated with purified recombinant ICAM-5 D1-9 showed a clear 
anti-inflammatory effect measured by ELISA of secreted cytokines. To screen for a more 
general effect of endogenously secreted ICAM-5 on a mixed glial cell culture we used the 
cytokine array. These results are interesting, but should be considered as suggestive. A 
screen like this is based on a single sample and the exact cell population is not defined. 
Further, the conditioned culture medium could be considered a stress-response media, since 
it is nutrient deprived and supplemented with high levels of NMDA. However, the two 
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samples were treated exactly in the same way, with the sole difference that one neuron 
culture does not express ICAM-5. Hence, the differences observed should largely be 
dependent on ICAM-5, even though the pathway remains elusive.  
 
Curiously, in our data set, IL-1ra was upregulated by ICAM-5. Fractalkine receptor knockout 
mice had hippocampal mediated learning disabilities and this effect was abolished by intra-
hippocampal infusion of IL-1ra. Since IL-1ra is an antagonist for IL-1 , it was hypothesized 
to be the cause of the disability in these mice (Cunningham et al., 1996). It would be very 
interesting to investigate the role of ICAM-5 on IL-1ra in the future. Also, previous studies 
used a similar cytokine array to study the effect of ICAM-5 in herpes simplex virus type-1 
infection (Tse et al., 2009). It was shown that ICAM-5 binds a particular gene product of the 
virus and in the study, they infected mice with the WT herpes virus, or a modified virus, 
lacking the ICAM-5 binding protein. Interestingly, they found the largest difference in 
cytokine expression in IL-1ra, CXCL10 and CCL2. In addition, CXCL11, CXCL9, CCL3, 
RANTES, TIMP-1, sICAM-1 and IFN  were slightly upregulated when mice were infected 
with the wild type virus. This assay was not sensitive enough to detect differences in TNF-  
expression, thus they used quantitative PCR to study it. It was found, that the TNF-  levels 
peaked several days earlier in mice infected with the wild type virus.  
 
The most striking factor that was upregulated by ICAM-5 in the cytokine array, was 
angiopoietin-2. It has been regarded as a proinflammatory cytokine based on the 
recruitment of tumor associated macrophages in cancer. However, the effect of angipoietin-
2 might be miss-interpreted, since it maintains an anti-inflammatory milieu in the solid 
tumor and promotes vascular sprouting. Hence, it is associated with a poor cancer 
prognosis, but we are still far from the full picture of the effects of this cytokine (Scholz et 
al., 2015). Interestingly, angiopoietin-2 deficient mice showed increased levels of TNF-  and 
IL-6 in the blood plasma when challenged by LPS, as compared to their WT littermates 
(Kurniati et al., 2013).  
 
Taken together, it seems clear that ICAM-5 has a modulatory role on cytokine and 
chemokine expression in the brain. However, teasing out what is the effect of what is not 
easy, since many cytokines play in concert and regulate each other in a complex matrix. For 
example, fractalkine signalling can also induce a proinflammatory response in microglia or 
BV-2 cells through the p38MAPK/protein kinase C (PKC) pathway, resulting in elevated 
TNF-  and IL-1  expression in ischemic conditions (Liu et al., 2015).  
 
Since ICAM-5 is found in the plasma of patients with acute encephalitis (Lindsberg et al., 
2002) and drug resistant epilepsy (Yuan et al., 2017), it is likely that ICAM-5 modulate not 
only the response of immune cells in the brain parenchyma, but also in the periphery. The 
effect of ICAM-5 on microglia in various pathological conditions such as AD, Autism 
spectrum disorder or epilepsy remains unfortunately outside of the scope of this study. 
However, it remains highly interesting and we have opened some doors, inviting further 
research on this topic.  
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Glutamate signalling in neurons induces MMP-mediated proteolysis of 
the adhesion molecule ICAM-5. The cytoplasmic tail dissociates from 
the cytoskeletal anchor -actinin, possibly allowing GluN1 containing 
glutamate receptors to access -actinin. As a consequence, synaptic 
maturation is promoted. The soluble fragment of ICAM-5 is on the 
other hand bound by microglia. Dynamic integrins mediate the binding 
and the full length ecto domain of ICAM-5 induces rapid clustering of 
microglia. ICAM-5 inhibits microglia phagocytosis and tilts the 
inflammatory profile of microglia towards a more neuro-protective. 
ICAM-5 continues to surprise and it is evident that there is more to be 
discovered about this interesting protein.  
 

  



 54 

 
 

 
The past years has been enormously rewarding and inspiring. As a 
child, I used to think that neuroscience is a magical domain, reserved 
for those that present their findings in documentaries on TV. It never 
crossed my mind that it would be within my reach to become one. 
Suddenly, I have come to realize that I most likely was wrong. Today I 
am immensely proud of my work and my profession, although I think 
science is more like a lifestyle, and I am thankful to everyone who 
enabled me to reach it. 
 
This fantastic journey I have professor Carl G. Gahmberg to thank for. 
From my first year at the university he took me under his wing and 
opened the door to research. He granted me freedom to follow my own 
curiosity and grow as a scientist, yet tools and support to stay on the 
path and succeed. I am grateful for the helpful staff at the university 
and all the senior scientist that has generously shared their knowledge 
and opened their labs to me. I want to acknowledge Sari Lauri, Petri 
Ala-Laurila and Katri Wegelius in this context. In addition, I have made 
many friends among the fellow PhD students, you are all very important 
to me.   
 
Mikaela Grönholm has been my trusted friend and support in both 
scientific challenges and personal matters, together with the always 
uplifting Katarina Fellman. The atmosphere in the Gahmberg lab has 
been warm and welcoming. I thank my dear colleagues, Farhana Jahan 
and Larisa Chernyaeva among many others for that. I thank Taisia 
Rolova following me on the final part of this project. I was engulfed by 
the ICAM-5 project thanks to Lin Ning. She was my inspiration as a 
young student and I still admire her enthusiasm for science. She quickly 
became like a sister to me, both inside the lab and outside on our 
adventures.  
 
I have always had the complete support and love from my amazing 
parents and brother, Marina, Sebastian and Dennis Paetau. I wonder 
what path I would have taken without you and if I would have been 
happy doing something else. I doubt it and I am ever so grateful that 
you listened and encouraged me to continue even at times of hesitation. 
Finally, my warmest thoughts from this time goes to Jonathan Delalu. 
He has believed in me implicitly and carried me through challenges and 
success.  I am looking forward to sharing the rest of my life with you 
since you mean the world to me.  



 55 

 
This dissertation and the related conference trips were made possible by the 
following funding sources: 
 
 

 
 

 
 

 
Magnus Ehrnrooths stiftelse 

 
 
 
 
 

Tack – Merci – Thank You   



 56 

 
 
 
Adrian, M., Kusters, R., Wierenga, C. J., Storm, C., Hoogenraad, C. C., and Kapitein, L. C. 

(2014). Barriers in the brain: resolving dendritic spine morphology and 
compartmentalization. Front. Neuroanat. 8, 142. doi:10.3389/fnana.2014.00142. 

Aguzzi, A., Barres, B. A., and Bennett, M. L. (2013). Microglia: scapegoat, saboteur, or 
something else? Science (80-. ). 339, 156–161. doi:10.1126/science.1227901. 

Annaert, W. G., Esselens, C., Baert, V., Boeve, C., Snellings, G., Cupers, P., et al. (2001). 
Interaction with telencephalin and the amyloid precursor protein predicts a ring 
structure for presenilins. Neuron 32, 579–589. doi:10.1016/S0896-6273(01)00512-8. 

Arii, N., Mizuguchi, M., Mori, K., and Takashima, S. (1999). Development of telencephalin 
in the human cerebrum. Microsc. Res. Tech. 46, 18–23. doi:10.1002/(SICI)1097-
0029(19990701)46:1<18::AID-JEMT2>3.0.CO;2-G. 

Beattie, E. C. C., Stellwagen, D., Morishita, W., Bresnahan, J. C. C., Ha, B. K. K., Von 
Zastrow, M., et al. (2002). Control of synaptic strength by glial TNF alpha. Science 
(80-. ). 295, 2282–2285. doi:10.1126/science.1067859. 

Bialas, A. R., and Stevens, B. (2013). TGF-  signaling regulates neuronal C1q expression 
and developmental synaptic refinement. Nat. Neurosci. 16, 1773–1782. 
doi:10.1038/nn.3560.TGF-. 

Biber, K., Neumann, H., Inoue, K., and Boddeke, H. W. G. M. W. G. M. (2007). Neuronal 
“On” and “Off” signals control microglia. Trends Neurosci. 
doi:10.1016/j.tins.2007.08.007. 

Biederer, T., Sara, Y., Mozhayeva, M., Atasoy, D., Liu, X., Kavalali, E. T., et al. (2002). 
SynCAM, a synaptic adhesion molecule that drives synapse assembly. Science (80-. ). 
297, 1525–1531. doi:10.1126/science.1072356. 

Bilbo, S. D., Barrientos, R. M., Eads, A. S., Northcutt, A., Watkins, L. R., Rudy, J. W., et al. 
(2008). Early-life infection leads to altered BDNF and IL-1  mRNA expression in rat 
hippocampus following learning in adulthood. Brain. Behav. Immun. 22, 451–455. 
doi:10.1016/j.bbi.2007.10.003. 

Bliss, T. V. P., and Collingridge, G. L. (1993). A synaptic model of memory: long-term 
potentiation in the hippocampus. Nature 361, 31–39. doi:10.1038/361031a0. 

Boettiger, D. (2012). Mechanical control of integrin-mediated adhesion and signaling. 
Curr. Opin. Cell Biol. 24, 592–599. doi:10.1016/j.ceb.2012.07.002. 

Bohmbach, K., Schwarz, M. K. K., Schoch, S., and Henneberger, C. (2018). The structural 
and functional evidence for vesicular release from astrocytes in situ. Brain Res. Bull. 
136, 65–75. doi:10.1016/j.brainresbull.2017.01.015. 

Bonfield, J. K., Smith, K. f, and Staden, R. (1995). A new DNA sequence assembly program. 
Nucleic Acids Res. 23, 4992–9. 

Bork, P., Holm, L., and Sander, C. (1994). The immunoglobulin fold. Structural 
classification, sequence patterns and common core. J. Mol. Biol. 242, 309–320. 
doi:10.1006/jmbi.1994.1582. 

Borusiak, P., Gerner, P., Brandt, C., Kilgannon, P., and Rieckmann, P. (2005). Soluble 
Telencephalin in the serum of children after febrile seizures. J. Neurol. 252, 493–494. 
doi:10.1007/s00415-005-0668-4. 

Cardona, A. E., Pioro, E. P., Sasse, M. E., Kostenko, V., Cardona, S. M., Dijkstra, I. M., et al. 
(2006). Control of microglial neurotoxicity by the fractalkine receptor. Nat. Neurosci. 
9, 917–924. doi:10.1038/nn1715. 

Chang, J.-Y., Parra-Bueno, P., Laviv, T., Szatmari, E. M., Lee, S.-J. R., and Yasuda, R. 



 57 

(2017). CaMKII Autophosphorylation is necessary for optimal integration of Ca2+ 
signals during LTP induction, but not maintenance. Neuron 94, 800–808.e4. 
doi:10.1016/j.neuron.2017.04.041. 

Choi, E. Y., Chavakis, E., Czabanka, M. A., Langer, H. F., Fraemohs, L., Economopoulou, 
M., et al. (2008). Del-1, an endogenous leukocyte-endothelial adhesion inhibitor, 
limits inflammatory cell recruitment. Science (80-. ). 322, 1101–1104. 
doi:10.1126/science.1165218. 

Choi, E. Y., Lim, J. H., Neuwirth, A., Economopoulou, M., Chatzigeorgiou, A., Chung, K. J., 
et al. (2015). Developmental endothelial locus-1 is a homeostatic factor in the central 
nervous system limiting neuroinflammation and demyelination. Mol. Psychiatry 20, 
880–888. doi:10.1038/mp.2014.146. 

Conant, K., Allen, M., and Lim, S. T. (2015). Activity dependent CAM cleavage and 
neurotransmission. Front. Cell. Neurosci. 9, 305. doi:10.3389/fncel.2015.00305. 

Conant, K., Lonskaya, I., Szklarczyk, A., Krall, C., Steiner, J., Maguire-Zeiss, K., et al. 
(2011). Methamphetamine-associated cleavage of the synaptic adhesion molecule 
intercellular adhesion molecule-5. J. Neurochem. 118, 521–532. doi:10.1111/j.1471-
4159.2010.07153.x. 

Conant, K., Wang, Y., Szklarczyk, A., Dudak, A., Mattson, M. P., and Lim, S. T. (2010). 
Matrix metalloproteinase-dependent shedding of intercellular adhesion molecule-5 
occurs with long-term potentiation. Neuroscience 166, 508–21. 
doi:10.1016/j.neuroscience.2009.12.061. 

Contractor, A., Mulle, C., and Swanson, G. T. T. (2011). Kainate receptors coming of age: 
milestones of two decades of research. Trends Neurosci. 34, 154–63. 
doi:10.1016/j.tins.2010.12.002. 

Coull, J. A. M., Beggs, S., Boudreau, D., Boivin, D., Tsuda, M., Inoue, K., et al. (2005). 
BDNF from microglia causes the shift in neuronal anion gradient underlying 
neuropathic pain. Nature 438, 1017–1021. doi:10.1038/nature04223. 

Cousins, S. L., Dai, W., and Stephenson, F. A. (2015). APLP1 and APLP2, members of the 
APP family of proteins, behave similarly to APP in that they associate with NMDA 
receptors and enhance NMDA receptor surface expression. J. Neurochem. 133, 879–
885. doi:10.1111/jnc.13063. 

Cunningham, A. J., Murray, C. A., O’Neill, L. A. J., Lynch, M. A., and O’Connor, J. J. 
(1996). Interleukin-1  (IL-1 ) and tumour necrosis factor (TNF) inhibit long-term 
potentiation in the rat dentate gyrus in vitro. Neurosci. Lett. 203, 17–20. 
doi:10.1016/0304-3940(95)12252-4. 

Das, S., Sasaki, Y. F. F., Rothe, T., Premkumar, L. S. S., Takasu, M., Crandall, J. E. E., et al. 
(1998). Increased NMDA current and spine density in mice lacking the NMDA 
receptor subunit NR3A. Nature 393, 377–381. doi:10.1038/30748. 

Davalos, D., Grutzendler, J., Yang, G., Kim, J. V. V, Zuo, Y., Jung, S., et al. (2005). ATP 
mediates rapid microglial response to local brain injury in vivo. Nat. Neurosci. 8, 
752–758. doi:10.1038/nn1472. 

Dityatev, A., Dityateva, G., Sytnyk, V., Delling, M., Toni, N., Nikonenko, I., et al. (2004). 
Polysialylated neural cell adhesion molecule promotes remodeling and formation of 
hippocampal synapses. J. Neurosci. Off. J. Soc. Neurosci. 24, 9372–9382. 
doi:10.1523/JNEUROSCI.1702-04.2004. 

Drmota Prebil, S., Slapšak, U., Pavši , M., Ilc, G., Puž, V., de Almeida Ribeiro, E., et al. 
(2016). Structure and calcium-binding studies of calmodulin-like domain of human 
non-muscle -actinin-1. Sci. Rep. 6, 27383. doi:10.1038/srep27383. 

Dunah, A. W. W., Wyszynski, M., Martin, D. M. M., Sheng, M., and Standaert, D. G. G. 
(2000). alpha-actinin-2 in rat striatum: localization and interaction with NMDA 
glutamate receptor subunits. Brain Res. Mol. Brain Res. 79, 77–87. 



 58 

doi:10.1016/S0169-328X(00)00102-9. 
Esselens, C., Oorschot, V., Baert, V., Raemaekers, T., Spittaels, K., Serneels, L., et al. 

(2004). Presenilin 1 mediates the turnover of telencephalin in hippocampal neurons 
via an autophagic degradative pathway. J. Cell Biol. 166, 1041–54. 
doi:10.1083/jcb.200406060. 

Ethell, I. M., and Pasquale, E. B. (2005). Molecular mechanisms of dendritic spine 
development and remodeling. Prog. Neurobiol. 75, 161–205. 
doi:10.1016/j.pneurobio.2005.02.003. 

Farhy-Tselnicker, I., van Casteren, A. C. M., Lee, A., Chang, V. T., Aricescu, A. R., and 
Allen, N. J. (2017). Astrocyte-secreted glypican 4 regulates release of neuronal 
pentraxin 1 from axons to induce functional synapse formation. Neuron 96, 428–
445.e13. doi:10.1016/j.neuron.2017.09.053. 

Feldmann, M. (2002). Timeline: Development of anti-TNF therapy for rheumatoid 
arthritis. Nat. Rev. Immunol. 2, 364–371. doi:10.1038/nri802. 

Figge, C., Loers, G., Schachner, M., and Tilling, T. (2012). Neurite outgrowth triggered by 
the cell adhesion molecule L1 requires activation and inactivation of the cytoskeletal 
protein cofilin. Mol. Cell. Neurosci. 49, 196–204. doi:10.1016/j.mcn.2011.10.002. 

Fioravante, D., and Regehr, W. G. (2011). Short-term forms of presynaptic plasticity. Curr. 
Opin. Neurobiol. 21, 269–274. doi:10.1016/j.conb.2011.02.003. 

Furutani, Y., Kawasaki, M., Matsuno, H., Mitsui, S., Mori, K., and Yoshihara, Y. (2012). 
Vitronectin induces phosphorylation of ezrin/radixin/moesin actin-binding proteins 
through binding to its novel neuronal receptor telencephalin. J. Biol. Chem. 287, 
39041–9. doi:10.1074/jbc.M112.383851. 

Gahmberg, C. G. (1997). Leukocyte adhesion: CD11/CD18 integrins and intercellular 
adhesion molecules. Curr. Opin. Cell Biol. 9, 643–50. 

Gahmberg, C. G., Fagerholm, S. C., Nurmi, S. M., Chavakis, T., Marchesan, S., and 
Grönholm, M. (2009). Regulation of integrin activity and signalling. Biochim. 
Biophys. Acta - Gen. Subj. 1790, 431–444. doi:10.1016/j.bbagen.2009.03.007. 

Ghézali, G., Dallérac, G., and Rouach, N. (2016). Perisynaptic astroglial processes: 
dynamic processors of neuronal information. Brain Struct. Funct. 221, 2427–2442. 
doi:10.1007/s00429-015-1070-3. 

Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., et al. (2010). Fate 
mapping analysis reveals that adult microglia derive from primitive macrophages. 
Science 330, 841–5. doi:10.1126/science.1194637. 

Goshen, I., Kreisel, T., Ounallah-Saad, H., Renbaum, P., Zalzstein, Y., Ben-Hur, T., et al. 
(2007). A dual role for interleukin-1 in hippocampal-dependent memory processes. 
Psychoneuroendocrinology 32, 1106–1115. doi:10.1016/J.PSYNEUEN.2007.09.004. 

Graus-Porta, D., Blaess, S., Senften, M., Littlewood-Evans, A., Damsky, C., Huang, Z., et al. 
(2001). 1-Class integrins regulate the development of laminae and folia in the 
cerebral and cerebellar cortex. Neuron 31, 367–379. doi:10.1016/S0896-
6273(01)00374-9. 

Greter, M., and Merad, M. (2013). Regulation of microglia development and homeostasis. 
Glia 61, 121–127. doi:10.1002/glia.22408. 

Halpain, S. (2000). Actin and the agile spine: How and why do dendritic spines dance? 
Trends Neurosci. 23, 141–146. doi:10.1016/S0166-2236(00)01576-9. 

Harris, E. S., McIntyre, T. M., Prescott, S. M., and Zimmerman, G. A. (2000). The 
leukocyte integrins. J. Biol. Chem. 275, 23409–23412. doi:10.1074/jbc.R000004200. 

Hino, H., Mori, K., Yoshihara, Y., Iseki, E., Akiyama, H., Nishimura, T., et al. (1997). 
Reduction of telencephalin immunoreactivity in the brain of patients with Alzheimer’s 
disease. Brain Res 753, 353–357. doi:S0006-8993(97)00158-3. 

Hodges, J. L. L., Vilchez, S. M. M., Asmussen, H., Whitmore, L. A. A., and Horwitz, A. R. R. 



 59 

(2014). -Actinin-2 mediates spine morphology and assembly of the post-synaptic 
density in hippocampal neurons. PLoS One 9, e101770. 
doi:10.1371/journal.pone.0101770. 

Hong, S., Dissing-Olesen, L., and Stevens, B. (2016). New insights on the role of microglia 
in synaptic pruning in health and disease. Curr. Opin. Neurobiol. 36, 128–134. 
doi:10.1016/J.CONB.2015.12.004. 

Hotulainen, P., and Hoogenraad, C. C. (2010). Actin in dendritic spines: Connecting 
dynamics to function. Rockefeller University Press doi:10.1083/jcb.201003008. 

Hubbard, A. K. A., and Rothlein, R. (2000). Intercellular adhesion molecule-1 (ICAM-1) 
expression and cell signaling cascades. Free Radic. Biol. Med. 28, 1379–1386. 
doi:10.1016/S0891-5849(00)00223-9. 

Humphries, J. D., Byron, A., and Humphries, M. J. (2006). Integrin ligands at a glance. J. 
Cell Sci. 119, 3901–3. doi:10.1242/jcs.03098. 

Huntley, G. W. (2012). Synaptic circuit remodelling by matrix metalloproteinases in health 
and disease. Nat. Rev. Neurosci. 13, 743–757. doi:10.1038/nrn3320. 

Jalan-Sakrikar, N., Bartlett, R. K. K., Baucum, A. J. J., and Colbran, R. J. J. (2012). 
Substrate-selective and calcium-independent activation of CaMKII by -actinin. J. 
Biol. Chem. 287, 15275–15283. doi:10.1074/jbc.M112.351817. 

Johnson, C. P. P., Fujimoto, I., Rutishauser, U., and Leckband, D. E. E. (2005). Direct 
evidence that neural cell adhesion molecule (NCAM) Polysialylation increases 
intermembrane repulsion and abrogates adhesion. J. Biol. Chem. 280, 137–145. 
doi:10.1074/jbc.M410216200. 

Johnson, M. B., and Stevens, B. (2018). Pruning hypothesis comes of age. Nature 554, 
438–439. doi:10.1038/d41586-018-02053-7. 

Kalinowska, M., Chávez, A. E. E., Lutzu, S., Castillo, P. E. E., Bukauskas, F. F. F., and 
Francesconi, A. (2015). Actinin-4 governs dendritic spine dynamics and promotes 
their remodeling by metabotropic glutamate receptors. J. Biol. Chem. 290, 15909–20. 
doi:10.1074/jbc.M115.640136. 

Kean, M. J., Williams, K. C., Skalski, M., Myers, D., Burtnik, A., Foster, D., et al. (2009). 
VAMP3, syntaxin-13 and SNAP23 are involved in secretion of matrix 
metalloproteinases, degradation of the extracellular matrix and cell invasion. J. Cell 
Sci. 122, 4089–4098. doi:10.1242/jcs.052761. 

Kelly, E. A., Tremblay, M.-È., Gahmberg, C. G., Tian, L., and Majewska, A. K. (2013). 
Interactions between intercellular adhesion molecule-5 positive elements and their 
surroundings in the rodent visual cortex. Commun. Integr. Biol. 6. 
doi:10.4161/cib.27315. 

Kilgannon, P., Turner, T., Meyer, J., Wisdom, W., and Gallatin, W. M. (1998). Mapping of 
the ICAM-5 (telencephalin) gene, a neuronal member of the ICAM family, to a 
location between ICAM-1 and ICAM-3 on human chromosome 19p13.2. Genomics 54, 
328–330. doi:10.1006/geno.1998.5565. 

Koenigsknecht, J. (2004). Microglial phagocytosis of fibrillar amyloid through an integrin-
dependent mechanism. J. Neurosci. 24, 9838–9846. doi:10.1523/JNEUROSCI.2557-
04.2004. 

Korobova, F., and Svitkina, T. (2010). Molecular architecture of synaptic actin cytoskeleton 
in hippocampal neurons reveals a mechanism of dendritic spine morphogenesis. Mol. 
Biol. Cell 21, 165–76. doi:10.1091/mbc.E09-07-0596. 

Kramár, E. A., Bernard, J. A., Gall, C. M., and Lynch, G. (2002). Alpha3 integrin receptors 
contribute to the consolidation of long-term potentiation. Neuroscience 110, 29–39. 
doi:10.1016/S0306-4522(01)00540-1. 

Krause, D. L., and Müller, N. (2010). Neuroinflammation, microglia and implications for 
anti-inflammatory treatment in Alzheimer’s disease. Int. J. Alzheimers. Dis. 2010, 1–



 60 

9. doi:10.4061/2010/732806. 
Kumar, A. (2011). Long-term potentiation at CA3-CA1 hippocampal synapses with special 

emphasis on aging, disease, and stress. Front. Aging Neurosci. 3, 1–20. 
doi:10.3389/fnagi.2011.00007. 

Kurniati, N. F., van Meurs, M., vom Hagen, F., Jongman, R. M., Moser, J., Zwiers, P. J., et 
al. (2013). Pleiotropic effects of angiopoietin-2 deficiency do not protect mice against 
endotoxin-induced acute kidney injury. Nephrol. Dial. Transplant. 28, 567–575. 
doi:10.1093/ndt/gfs336. 

Labrousse, V. F., Nadjar, A., Joffre, C., Costes, L., Aubert, A., Grégoire, S., et al. (2012). 
Short-term long chain Omega3 diet protects from neuroinflammatory processes and 
memory impairment in aged mice. PLoS One 7, e36861. 
doi:10.1371/journal.pone.0036861. 

Lee, P. R., Cohen, J. E., Becker, K. G., and Fields, R. D. (2005). Gene expression in the 
conversion of early-phase to late-phase long-term potentiation. in Annals of the New 
York Academy of Sciences, 259–271. doi:10.1196/annals.1342.023. 

Li, H., Aksenova, M., Bertrand, S. J., Mactutus, C. F., and Booze, R. (2016). Quantification 
of filamentous actin (F-actin) puncta in rat cortical neurons. J. Vis. Exp., e53697. 
doi:10.3791/53697. 

Liang, K. J. J., Lee, J. E. E., Wang, Y. D. D., Ma, W., Fontainhas, A. M. M., Fariss, R. N. N., 
et al. (2009). Regulation of dynamic behavior of retinal microglia by CX3CR1 
signaling. Investig. Opthalmology Vis. Sci. 50, 4444. doi:10.1167/iovs.08-3357. 

Liem, R. K. H. K. H. (2016). Cytoskeletal integrators: the spectrin superfamily. Cold Spring 
Harb. Perspect. Biol. 8, a018259. doi:10.1101/cshperspect.a018259. 

Lindsberg, P. J., Launes, J., Tian, L., Välimaa, H., Subramanian, V., Sirén, J., et al. (2002). 
Release of soluble ICAM-5, a neuronal adhesion molecule, in acute encephalitis. 
Neurology 58, 446–51. doi:10.1212/WNL.58.3.446. 

Lisman, J., Yasuda, R., and Raghavachari, S. (2012). Mechanisms of CaMKII action in 
long-term potentiation. Nat. Rev. Neurosci. 13, 169–82. doi:10.1038/nrn3192. 

Liu, Y., Wu, X. M., Luo, Q. Q., Huang, S., Yang, Q. W. Q., Wang, F. X., et al. (2015). 
CX3CL1/CX3CR1-mediated microglia activation plays a detrimental role in ischemic 
mice brain via p38MAPK/PKC pathway. J. Cereb. Blood Flow Metab. 35, 1623–1631. 
doi:10.1038/jcbfm.2015.97. 

Lonskaya, I., Partridge, J., Lalchandani, R. R., Chung, A., Lee, T., Vicini, S., et al. (2013). 
Soluble ICAM-5, a product of activity dependent proteolysis, increases mEPSC 
frequency and dendritic expression of GluA1. PLoS One 8. 
doi:10.1371/journal.pone.0069136. 

Lowery, R. L. L., Tremblay, M.-E., Hopkins, B. E. E., and Majewska, A. K. K. (2017). The 
microglial fractalkine receptor is not required for activity-dependent plasticity in the 
mouse visual system. Glia 65, 1744–1761. doi:10.1002/glia.23192. 

Luo, B.-H., and Springer, T. A. (2006). Integrin structures and conformational signaling. 
Curr. Opin. Cell Biol. 18, 579–586. doi:10.1016/j.ceb.2006.08.005. 

Maruya, S. I., Myers, J. N., Weber, R. S., Rosenthal, D. I., Lotan, R., and El-Naggar, A. K. 
(2005). ICAM-5 (telencephalin) gene expression in head and neck squamous 
carcinoma tumorigenesis and perineural invasion. Oral Oncol. 41, 580–588. 
doi:10.1016/j.oraloncology.2005.01.002. 

Matsuno, H., Okabe, S., Mishina, M., Yanagida, T., Mori, K., and Yoshihara, Y. (2006). 
Telencephalin slows spine maturation. J. Neurosci. 26, 1776–1786. 
doi:10.1523/JNEUROSCI.2651-05.2006. 

Meller, J., Chen, Z., Dudiki, T., Cull, R. M., Murtazina, R., Bal, S. K., et al. (2017). Integrin-
Kindlin3 requirements for microglial motility in vivo are distinct from those for 
macrophages. JCI insight 2. doi:10.1172/jci.insight.93002. 



 61 

Merrill, M. A. A., Malik, Z., Akyol, Z., Bartos, J. A. A., Leonard, A. S. S., Hudmon, A., et al. 
(2007). Displacement of alpha-actinin from the NMDA receptor NR1 C0 domain by 
Ca2+/calmodulin promotes CaMKII binding. Biochemistry 46, 8485–8497. 
doi:10.1021/bi0623025. 

Michailidis, I. E. E., Helton, T. D. D., Petrou, V. I. I., Mirshahi, T., Ehlers, M. D. D., and 
Logothetis, D. E. E. (2007). Phosphatidylinositol-4,5-bisphosphate regulates NMDA 
receptor activity through alpha-actinin. J. Neurosci. 27, 5523–32. 
doi:10.1523/JNEUROSCI.4378-06.2007. 

Milner, R., and Campbell, I. L. (2003). The extracellular matrix and cytokines regulate 
microglial integrin expression and activation. J. Immunol. 170, 3850–3858. 
doi:10.4049/jimmunol.170.7.3850. 

Milward, E. A., Fitzsimmons, C., Szklarczyk, A., and Conant, K. (2007). The matrix 
metalloproteinases and CNS plasticity: An overview. J. Neuroimmunol. 187, 9–19. 
doi:10.1016/j.jneuroim.2007.04.010. 

Missaire, M., and Hindges, R. (2015). The role of cell adhesion molecules in visual circuit 
formation: from neurite outgrowth to maps and synaptic specificity. Dev. Neurobiol. 
75, 569–83. doi:10.1002/dneu.22267. 

Mitsui, S., Saito, M., Hayashi, K., Mori, K., and Yoshihara, Y. (2005). A novel 
phenylalanine-based targeting signal directs telencephalin to neuronal dendrites. J. 
Neurosci. 25, 1122–31. doi:10.1523/JNEUROSCI.3853-04.2005. 

Mizuno, T., Yoshihara, Y., Inazawa, J., Kagamiyama, H., and Mori, K. (1997). cDNA 
cloning and chromosomal localization of the human telencephalin and its distinctive 
interaction with lymphocyte function-associated antigen-1. J. Biol. Chem. 272, 1156–
1163. doi:10.1074/jbc.272.2.1156. 

Mizuno, T., Yoshihara, Y., Kagamiyama, H., Ohsawa, K., Imai, Y., Kohsaka, S., et al. 
(1999). Neuronal adhesion molecule telencephalin induces rapid cell spreading of 
microglia. Brain Res. 849, 58–66. doi:10.1016/S0006-8993(99)01984-8. 

Mori, K., Fujita, S. C., Watanabe, Y., Obata, K., and Hayaishi, O. (1987). Telencephalon-
specific antigen identified by monoclonal antibody. Proc. Natl. Acad. Sci. U. S. A. 84, 
3921–5. 

Morishita, H., and Hensch, T. K. (2008). Critical period revisited: impact on vision. Curr. 
Opin. Neurobiol. 18, 101–107. doi:10.1016/j.conb.2008.05.009. 

Nagy, V., Bozdagi, O., and Huntley, G. W. (2007). The extracellular protease matrix 
metalloproteinase-9 is activated by inhibitory avoidance learning and required for 
long-term memory. Learn. &amp; Mem. 14, 655–664. doi:10.1101/lm.678307. 

Nakamura, K., Manabe, T., Watanabe, M., Mamiya, T., Ichikawa, R., Kiyama, Y., et al. 
(2001). Enhancement of hippocampal LTP, reference memory and sensorimotor 
gating in mutant mice lacking a telencephalon-specific cell adhesion molecule. Eur. J. 
Neurosci. 13, 179–189. doi:10.1046/j.0953-816X.2000.01366.x. 

Niedringhaus, M., Chen, X., Dzakpasu, R., and Conant, K. (2012). MMPs and soluble 
ICAM-5 increase neuronal excitability within in vitro networks of hippocampal 
neurons. PLoS One 7. doi:10.1371/journal.pone.0042631. 

Nimmerjahn, A., Kirchhoff, F., and Helmchen, F. (2005). Resting microglial cells are 
highly dynamic surveillants of brain parenchyma in vivo. Neuroforum 11, 95–96. 
doi:10.1126/science.1110647. 

Ning, L., Tian, L., Smirnov, S., Vihinen, H., Llano, O., Vick, K., et al. (2013). Interactions 
between ICAM-5 and 1 integrins regulate neuronal synapse formation. J. Cell Sci. 
126, 1; 126(1): 77–89. doi:10.1242/jcs.106674. 

Nudo, R. J. (2013). Recovery after brain injury: mechanisms and principles. Front. Hum. 
Neurosci. 7, 887. doi:10.3389/fnhum.2013.00887. 

Nuriya, M., Oh, S., and Huganir, R. L. L. (2005). Phosphorylation-dependent interactions 



 62 

of -Actinin-1/IQGAP1 with the AMPA receptor subunit GluR4. J. Neurochem. 95, 
544–552. doi:10.1111/j.1471-4159.2005.03410.x. 

Nyman-Huttunen, H., Tian, L., Ning, L., and Gahmberg, C. G. (2006). -Actinin-
dependent cytoskeletal anchorage is important for ICAM-5-mediated neuritic 
outgrowth. J. Cell Sci. 119, 3057–3066. doi:10.1242/jcs.03045. 

O’Neill, A. S. G. S. G., van den Berg, T. K. K., and Mullen, G. E. D. E. D. (2013). 
Sialoadhesin - a macrophage-restricted marker of immunoregulation and 
inflammation. Immunology 138, 198–207. doi:10.1111/imm.12042. 

Ohgomori, T., Nanao, T., Morita, A., and Ikekita, M. (2012). Asn54-linked glycan is critical 
for functional folding of intercellular adhesion molecule-5. Glycoconj. J. 29, 47–55. 
doi:10.1007/s10719-011-9363-0. 

Ohsawa, K., Irino, Y., Sanagi, T., Nakamura, Y., Suzuki, E., Inoue, K., et al. (2010). P2Y12 
receptor-mediated integrin- 1 activation regulates microglial process extension 
induced by ATP. Glia 58, 790–801. doi:10.1002/glia.20963. 

Olah, M., Biber, K., Vinet, J., Boddeke, H. W. G. M., and W.G.M. Boddeke, H. (2011). 
Microglia phenotype diversity. CNS Neurol. Disord. Drug Targets 10, 108–118. 
doi:10.2174/187152711794488575. 

Pang, P. T., Teng, H. K., Zaitsev, E., Woo, N. T., Sakata, K., Zhen, S., et al. (2004). Cleavage 
of proBDNF by tPA/plasmin is essential for long-term hippocampal plasticity. Science 
(80-. ). 306, 487–491. doi:10.1126/science.1100135. 

Panja, D., and Bramham, C. R. (2014). BDNF mechanisms in late LTP formation: A 
synthesis and breakdown. Neuropharmacology 76, 664–676. 
doi:10.1016/j.neuropharm.2013.06.024. 

Paolicelli, R. C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P., et al. (2011). 
Synaptic pruning by microglia is necessary for normal brain development. Science 
333, 1456–1458. doi:10.1126/science.1202529. 

Parkhurst, C. N., Yang, G., Ninan, I., Savas, J. N., Yates, J. R., Lafaille, J. J., et al. (2013). 
Microglia promote learning-dependent synapse formation through brain-derived 
neurotrophic factor. Cell 155, 1596–609. doi:10.1016/j.cell.2013.11.030. 

Penn, A. A. (2001). Early brain wiring: activity-dependent processes. Schizophr. Bull. 27, 
337–347. doi:10.1093/oxfordjournals.schbul.a006880. 

Perego, C., Vanoni, C., Bossi, M., Massari, S., Basudev, H., Longhi, R., et al. (2000). The 
GLT-1 and GLAST glutamate transporters are expressed on morphologically distinct 
astrocytes and regulated by neuronal activity in primary hippocampal cocultures. J. 
Neurochem. 75, 1076–84. doi:10.1046/j.1471-4159.2000.0751076.x. 

Perez de Arce, K., Schrod, N., Metzbower, S., Allgeyer, E., Kong, G., Tang, A. H. H., et al. 
(2015). Topographic mapping of the synaptic cleft into adhesive nanodomains. 
Neuron. doi:10.1016/j.neuron.2015.11.011. 

Plow, E. F., Haas, T. A., Zhang, L., Loftus, J., and Smith, J. W. (2000). Ligand binding to 
integrins. J. Biol. Chem. 275, 21785–8. doi:10.1074/jbc.R000003200. 

Prilutsky, D., Kho, A. T. T., Feiglin, A., Hammond, T., Stevens, B., and Kohane, I. S. S. 
(2017). Sexual dimorphism of complement-dependent microglial synaptic pruning in 
the developing brain 2. doi:10.1101/204412. 

Qu, A., and Leahy, D. J. (1995). Crystal structure of the I-domain from the CD11a/CD18 
(LFA-1, alpha L beta 2) integrin. Proc. Natl. Acad. Sci. U. S. A. 92, 10277–10281. 

Raemaekers, T., Peric, A., Baatsen, P., Sannerud, R., Declerck, I., Baert, V., et al. (2012). 
ARF6-mediated endosomal transport of Telencephalin affects dendritic filopodia-to-
spine maturation. EMBO J. 31, 3252–69. doi:10.1038/emboj.2012.182. 

Ramos, T. N., Bullard, D. C., and Barnum, S. R. (2014). ICAM-1: isoforms and phenotypes. 
J. Immunol. 192, 4469–74. doi:10.4049/jimmunol.1400135. 

Rappert, A., Biber, K., Nolte, C., Lipp, M., Schubel, A., Lu, B., et al. (2002). Secondary 



 63 

lymphoid tissue chemokine (CCL21) activates CXCR3 to trigger a Cl- current and 
chemotaxis in murine microglia. J. Immunol. (Baltimore, Md. 1950) 168, 3221–3226. 
doi:10.4049/jimmunol.168.7.3221. 

Recacha, R., Jiménez, D., Tian, L., Barredo, R., Gahmberg, C. G., and Casasnovas, J. M. 
(2014). Crystal structures of an ICAM-5 ectodomain fragment show electrostatic-
based homophilic adhesions. Acta Crystallogr. D. Biol. Crystallogr. 70, 1934–43. 
doi:10.1107/S1399004714009468. 

Riccomagno, M. M., and Kolodkin, A. L. (2015). Sculpting neural circuits by axon and 
dendrite pruning. Annu. Rev. Cell Dev. Biol. 31, 779–805. doi:10.1146/annurev-
cellbio-100913-013038. 

Risher, W. C. C., Patel, S., Kim, I. H. H., Uezu, A., Bhagat, S., Wilton, D. K. K., et al. (2014). 
Astrocytes refine cortical connectivity at dendritic spines. Elife 3, e04047. 
doi:10.7554/eLife.04047. 

Rogers, J. T., Morganti, J. M., Bachstetter, A. D., Hudson, C. E., Peters, M. M., Grimmig, B. 
A., et al. (2011). CX3CR1 Deficiency leads to impairment of hippocampal cognitive 
function and synaptic plasticity. J. Neurosci. 31, 16241–16250. 
doi:10.1523/JNEUROSCI.3667-11.2011. 

Sarma, J. V., and Ward, P. A. (2011). The complement system. Cell Tissue Res. 343, 227–
35. doi:10.1007/s00441-010-1034-0. 

Schafer, D. P., Lehrman, E. K., Kautzman, A. G., Koyama, R., Mardinly, A. R., Yamasaki, 
R., et al. (2012). Microglia sculpt postnatal neural circuits in an activity and 
complement-dependent manner. Neuron 74, 691–705. 
doi:10.1016/j.neuron.2012.03.026. 

Schecter, R. W. W., Maher, E. E. E., Welsh, C. A. A., Stevens, B., Erisir, A., and Bear, M. F. 
F. (2017). Experience-dependent synaptic plasticity in V1 occurs without microglial 
CX3CR1. J. Neurosci. 37, 10541–10553. doi:10.1523/JNEUROSCI.2679-16.2017. 

Schilling, S., Mehr, A., Ludewig, S., Stephan, J., Zimmermann, M., August, A., et al. (2017). 
APLP1 Is a synaptic cell adhesion molecule, supporting maintenance of dendritic 
spines and basal synaptic transmission. J. Neurosci. 37, 5345–5365. 
doi:10.1523/JNEUROSCI.1875-16.2017. 

Scholz, A., Plate, K. H., and Reiss, Y. (2015). Angiopoietin-2: a multifaceted cytokine that 
functions in both angiogenesis and inflammation. Ann. N. Y. Acad. Sci. 1347, 45–51. 
doi:10.1111/nyas.12726. 

Scholz, B., Doidge, A. N., Barnes, P., Hall, J., Wilkinson, L. S., and Thomas, K. L. (2016). 
The regulation of cytokine networks in hippocampal CA1 differentiates extinction 
from those required for the maintenance of contextual fear memory after recall. PLoS 
One 11, e0153102. doi:10.1371/journal.pone.0153102. 

Schulz, T. W. W., Nakagawa, T., Licznerski, P., Pawlak, V., Kolleker, A., Rozov, A., et al. 
(2004). Actin/alpha-actinin-dependent transport of AMPA receptors in dendritic 
spines: role of the PDZ-LIM protein RIL. J. Neurosci. 24, 8584–94. 
doi:10.1523/JNEUROSCI.2100-04.2004. 

Scott, E. K., Reuter, J. E., Luo, L., Kunz, J., and Wu, G.-Y. (2003). Small GTPase Cdc42 is 
required for multiple aspects of dendritic morphogenesis. J. Neurosci. 23, 3118–23. 
doi:20026241. 

Sekino, Y., Kojima, N., and Shirao, T. (2007). Role of actin cytoskeleton in dendritic spine 
morphogenesis. Neurochem. Int. 51, 92–104. doi:10.1016/j.neuint.2007.04.029. 

Shimaoka, M., Takagi, J., and Springer, T. A. (2002). Conformational regulation of 
integrin structure and function. Annu. Rev. Biophys. Biomol. Struct. 31, 485–516. 
doi:10.1146/annurev.biophys.31.101101.140922. 

Stephan, A. H., Barres, B. A., and Stevens, B. (2012). The complement system: an 
unexpected role in synaptic pruning during development and disease. Annu. Rev. 



 64 

Neurosci. 35, 369–389. doi:10.1146/annurev-neuro-061010-113810. 
Stevens, B., Allen, N. J., Vazquez, L. E., Howell, G. R., Christopherson, K. S., Nouri, N., et 

al. (2007). The classical complement cascade mediates CNS synapse elimination. Cell 
131, 1164–1178. doi:10.1016/j.cell.2007.10.036. 

Takemiya, T., Fumizawa, K., Yamagata, K., Iwakura, Y., and Kawakami, M. (2017). Brain 
interleukin-1 facilitates learning of a water maze spatial memory task in young mice. 
Front. Behav. Neurosci. 11, 202. doi:10.3389/fnbeh.2017.00202. 

Teng, H. K. (2005). ProBDNF induces neuronal apoptosis via activation of a receptor 
complex of p75NTR and sortilin. J. Neurosci. 25, 5455–5463. 
doi:10.1523/JNEUROSCI.5123-04.2005. 

Theodosis, D. T., Poulain, D. A., and Oliet, S. H. R. (2008). Activity-dependent structural 
and functional plasticity of astrocyte-neuron interactions. Physiol. Rev. 88, 983–
1008. doi:10.1152/physrev.00036.2007. 

Tian, L., Kilgannon, P., Yoshihara, Y., Mori, K., Gallatin, W. M., Carpén, O., et al. (2000a). 
Binding of T lymphocytes to hippocampal neurons through ICAM 5 (telencephalin) 
and characterization of its interaction with the leukocyte integrin CD11a / CD18. Eur. 
J. Immunol. 30, 810–818. doi:10.1002/1521-4141(200003)30:3<810::AID-
IMMU810>3.0.CO;2-X. 

Tian, L., Lappalainen, J., Autero, M., Hanninen, S., Rauvala, H., Gahmberg, C. G., et al. 
(2008). Shedded neuronal ICAM-5 suppresses T-cell activation. Blood 111, 3615–
3625. doi:10.1182/blood-2007-09-111179. 

Tian, L., Nyman, H., Kilgannon, P., Yoshihara, Y., Mori, K., Andersson, L. C., et al. 
(2000b). Intercellular adhesion molecule-5 induces dendritic outgrowth by 
homophilic adhesion. J. Cell Biol. 150, 243–252. doi:10.1083/jcb.150.1.243. 

Tian, L., Stefanidakis, M., Ning, L., Van Lint, P., Nyman-Huttunen, H., Libert, C., et al. 
(2007). Activation of NMDA receptors promotes dendritic spine development through 
MMP-mediated ICAM-5 cleavage. J. Cell Biol. 178, 687–700. 
doi:10.1083/jcb.200612097. 

Tian, L., Yoshihara, Y., Mizuno, T., Mori, K., and Gahmberg, C. G. (1997). The neuronal 
glycoprotein telencephalin is a cellular ligand for the CD11a/CD18 leukocyte integrin. 
J. Immunol. 158, 928–936. 

Togashi, H., Abe, K., Mizoguchi, A., Takaoka, K., Chisaka, O., and Takeichi, M. (2002). 
Cadherin regulates dendritic spine morphogenesis. Neuron 35, 77–89. 
doi:10.1016/S0896-6273(02)00748-1. 

Traynelis, S. F., Wollmuth, L. P., McBain, C. J., Menniti, F. S., Vance, K. M., Ogden, K. K., 
et al. (2010). Glutamate receptor ion channels: structure, regulation, and function. 
Pharmacol. Rev. 62, 405–96. doi:10.1124/pr.109.002451. 

Tremblay, M. ., Lowery, R. L., and Majewska, A. K. (2010). Microglial interactions with 
synapses are modulated by visual experience. PLoS Biol. 8, e1000527. 
doi:10.1371/journal.pbio.1000527. 

Tse, M. C. L., Lane, C., Mott, K., Onlamoon, N., Hsiao, H. M., and Perng, G. C. (2009). 
ICAM-5 modulates cytokine/chemokine production in the CNS during the course of 
herpes simplex virus type 1 infection. J. Neuroimmunol. 213, 12–19. 
doi:10.1016/j.jneuroim.2009.06.007. 

Uotila, L. M., Jahan, F., Soto Hinojosa, L., Melandri, E., Grönholm, M., and Gahmberg, C. 
G. (2014). Specific phosphorylations transmit signals from leukocyte 2 to 1 integrins 
and regulate adhesion. J. Biol. Chem. 289, 32230–42. doi:10.1074/jbc.M114.588111. 

Vukovic, J., Colditz, M. J., Blackmore, D. G., Ruitenberg, M. J., and Bartlett, P. F. (2012). 
Microglia modulate hippocampal neural precursor activity in response to exercise and 
aging. J. Neurosci. 32, 6435–6443. doi:10.1523/JNEUROSCI.5925-11.2012. 

Wake, H., Moorhouse, A. J., Jinno, S., Kohsaka, S., and Nabekura, J. (2009). Resting 



 65 

microglia directly monitor the functional state of synapses in vivo and determine the 
fate of ischemic terminals. J. Neurosci. 29, 3974–3980. 
doi:10.1523/JNEUROSCI.4363-08.2009. 

Wake, H., Moorhouse, A. J., Miyamoto, A., and Nabekura, J. (2013). Microglia: Actively 
surveying and shaping neuronal circuit structure and function. Trends Neurosci. 36, 
209–217. doi:10.1016/j.tins.2012.11.007. 

Wei, W., Guo, H., Chang, J., Yu, Y., Liu, G., Zhang, N., et al. (2016). ICAM-5/Telencephalin 
is a functional entry receptor for Enterovirus D68. Cell Host Microbe 20, 631–641. 
doi:10.1016/J.CHOM.2016.09.013. 

Williams, D. W., Kondo, S., Krzyzanowska, A., Hiromi, Y., and Truman, J. W. (2006). 
Local caspase activity directs engulfment of dendrites during pruning. Nat. Neurosci. 
9, 1234–1236. doi:10.1038/nn1774. 

Wyszynski, M., Lin, J., Rao, A., Nigh, E., Beggs, A. H., Craig, A. M., et al. (1997). 
Competitive binding of -actinin and calmodulin to the NMDA receptor. Nature 385, 
439–442. doi:10.1038/385439a0. 

Xiao, P., Bahr, B. A., Staubli, U., Vanderklish, P. W., and Lynch, G. (1991). Evidence that 
matrix recognition contributes to stabilization but not induction of LTP. Neuroreport 
2, 461–4. 

Yam, P. T., Pincus, Z., Gupta, G. D., Bashkurov, M., Charron, F., Pelletier, L., et al. (2013). 
N-cadherin relocalizes from the periphery to the center of the synapse after transient 
synaptic stimulation in hippocampal neurons. PLoS One 8, e79679. 
doi:10.1371/journal.pone.0079679. 

Yang, H. (2012). Structure, expression, and function of ICAM-5. Hindawi Publ. Corp. 
2012, 11. 

Yoshihara, Y., De Roo, M., and Muller, D. (2009). Dendritic spine formation and 
stabilization. Curr. Opin. Neurobiol. 19, 146–153. doi:10.1016/j.conb.2009.05.013. 

Yoshihara, Y., and Mori, K. (1994). Telencephalin: a neuronal area code molecule? 
Neurosci. Res. 21, 119–124. doi:10.1016/0168-0102(94)90153-8. 

Yuan, H., Vance, K. M., Junge, C. E., Geballe, M. T., Snyder, J. P., Hepler, J. R., et al. 
(2009). The serine protease plasmin cleaves the amino-terminal domain of the NR2A 
subunit to relieve zinc inhibition of the N-Methyl-D-Aspartate receptors. J. Biol. 
Chem. 284, 12862–12873. doi:10.1074/jbc.M805123200. 

Yuan, L., Wei, F., Zhang, X., Guo, X., Lu, X., Su, B., et al. (2017). Intercellular adhesion 
molecular-5 as marker in HIV associated neurocognitive disorder. Aging Dis. 8, 250. 
doi:10.14336/AD.2016.0918. 

Zenke, F., and Gerstner, W. (2017). Hebbian plasticity requires compensatory processes on 
multiple timescales. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 372. 
doi:10.1098/rstb.2016.0259. 

Zhang, H., Casasnovas, J. M., Jin, M., Liu, J., Gahmberg, C. G., Springer, T. A., et al. 
(2008a). An unusual allosteric mobility of the C-terminal helix of a high-affinity aL 
integrin I domain variant bound to ICAM-5. Mol. Cell 31, 432–437. 
doi:10.1016/j.molcel.2008.06.022. 

Zhang, X., Sullivan, C. S., Kratz, M. B., Kasten, M. R., Maness, P. F., and Manis, P. B. 
(2017). NCAM regulates inhibition and excitability in layer 2/3 pyramidal cells of 
anterior cingulate Cortex. Front. Neural Circuits 11, 19. 
doi:10.3389/fncir.2017.00019. 

Zhang, Y., Yeh, J., Richardson, P. M., and Bo, X. N. (2008b). Cell adhesion molecules of 
the immunoglobulin superfamily in axonal regeneration and neural repair. Restor. 
Neurol. Neurosci. 26, 81–96. 

Zhou, Q., Homma, K. J., and Poo, M. (2004). Shrinkage of dendritic spines associated with 
long-term depression of hippocampal synapses. Neuron 44, 749–57. 



 66 

doi:10.1016/j.neuron.2004.11.011. 
Zujovic, V., Benavides, J., Vigé, X., Carter, C., and Taupin, V. (2000). Fractalkine 

modulates TNF-alpha secretion and neurotoxicity induced by microglial activation. 
Glia 29, 305–15. doi:10.1002/(SICI)1098-1136(20000215)29:4<305::AID-
GLIA2>3.0.CO;2-V. 

 
 
  



 71 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 


	TABLE OF CONTENT
	ORIGINAL PUBLICATIONS
	ABBREVIATIONS
	ABSTRACT
	REVIEW OF THE LITTERATURE
	1. It takes more than neurons to make a brain
	2. Synaptic maturation and plasticity enables learning and memory
	3. Microglia: immune cells and beyond
	4. Neuronal adhesion molecules in synaptogenesis and plasticity
	5. Intercellular adhesion molecule-5, redundant or essential?
	HYPOTHESES AND AIMS OF THE STUDY
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	CONCLUDING REMARKS
	ACKNOWLEDGEMENTS
	REFERENCES



