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Abstract
Microglia are morphologically dynamic cells that survey neuronal dendrites and rapidly respond
to ATP. However, the role of ATP in mediating neuron-microglia communication remains to be
determined. We therefore investigated the question whether high neuronal activity would evoke
ATP release and thereby trigger a change in microglial process dynamics. To address this we
used acute hippocampal brain slices and two-photon laser scanning microscopy and we
developed a novel method for fixation and immunolabeling of microglia processes.

We discovered that multiple brief applications of NMDA triggered a transient outgrowth of
microglia processes similar to application of ATP. The outgrowth was reversible and repeatable,
indicating that it was not due to excitotoxic damage. ATP release, secondary to NMDAR
activation, was the key mediator as blocking purinergic receptors abolished outgrowth.
Hemichannel opening is a well-defined mechanism for ATP release, but outgrowth still occurred
in the absence of the hemichannel protein pannexin 1 and in the presence of the hemichannel
blocker carbenoxolone. Utilizing whole cell patch clamping we demonstrated that activation of
dendritic NMDAR on single neurons was sufficient to trigger microglia process outgrowth.
These results suggest that dendritic neuronal NMDAR activation triggers ATP release via a
hemichannel-independent mechanism.

It is well established that high neuronal activity leads to a reduction in extracellular Ca 2+ which
causes opening of astrocytic Cx43 hemichannels and subsequent ATP release. We therefore
investigated whether hemichannel opening could trigger a change in microglial process
dynamics. Indeed, removal of extracellular Ca2+ triggered a microglial response, which we refer
ii

to as microglial process focalization because it was distinctively different from the NMDAevoked process outgrowth. This focalization was also mediated by ATP as it was blocked by
selective blockade of microglial purinergic receptors and we observed a strong inverse
relationship between the concentration of extracellular Ca2+ and microglial responses.
Carbenoxolone, which did not block NMDA-evoked process outgrowth, resulted in a dosedependent block of microglial process focalization which is consistent with the mechanism of
ATP release being opening of Cx43 hemichannels.

Taken together, our data provide novel insight into how high neuronal activity triggers release of
ATP as a mechanism for enhancing neuron-microglia communication.
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Chapter 1: Introduction
Microglia are a population of resident immune effector cells that occupy all regions of the
central nervous system (CNS). They are derived from specific progenitors in the yolk sac and
form a self-renewable population in the CNS that is not replaced by peripheral myeloid cells
(Ajami et al., 2007; Mildner et al., 2009; Ginhoux et al., 2010; Ajami et al., 2011; Kierdorf et al.,
2013; Swinnen et al., 2013). Any type of disease or injury in the CNS inevitably triggers
microglial responses, and therefore, the role of microglia in CNS pathologies has been
extensively studied (Kreutzberg, 1996; Streit, 2002; Kettenmann et al., 2011). However, much
less is known about how microglia respond to high levels of neuronal activity and to acute and
transient disturbances in CNS homeostasis.
Microglial are dynamic cells that constantly survey their surroundings (Nimmerjahn et al.,
2005). In the absence of pathological stimuli, microglia present a ramified morphology with
several long processes extending from a relatively small soma. Most of these processes have
multiple branches and filopodia-like protrusions that are often observed in close proximity with
synaptic elements (Wake et al., 2009; Tremblay et al., 2010). While the soma is stationary the
processes are highly motile and persistently extend and retract thereby contributing to the notion
of an ongoing surveillance of surrounding synapses (Davalos et al., 2005; Nimmerjahn et al.,
2005). Microglia remain in their resting surveillance state during non-pathological conditions
partly through direct neuron-microglial interaction by ligand-receptor binding like cluster of
differentiation (CD)200-CD200r, CD22-CD45, CD47-CD172a, and chemokine C-X3-C motif
(CX3C)L1-CX3CR1 (Biber et al., 2007; Hanisch and Kettenmann, 2007) and the extracellular
presence of inhibitory molecules such as transforming growth factor-β1 and interleukin-10
(Butovsky et al., 2014). In contrast, pathological insults cause microglia to transition into
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activated immune effectors within hours to days due to a disruption of the ‘calming’ signals and
activation of microglial receptors such as cytokine and chemokine receptors, TLRs (Toll-like
receptors), PAMPs/DAMPs (pathogen –damage/danger associated molecular patterns) and
RAGE (Receptor for advanced glycan endproducts) (Pocock and Kettenmann, 2007;
Kettenmann et al., 2011).
High levels of neuronal activity may enhance neuron-microglia communication without
altering the inhibitory signals or evoking pathological stimuli leading to a rapid (secs to mins)
and transient alteration of ramified surveying microglia that may play a crucial role in sensing
and assessing the fate of specific synapses. Several interesting investigations of neuronmicroglial interaction and communication have been performed in the developing brain, in
organotypic brain slices, in the juvenile and adult CNS, and during inflammation which
combined with the reports on microglial process dynamics have motivated and inspired the
worked presented in this dissertation.

1.1

Neuron-microglia interaction and communication

1.1.1

During development

Pioneering research has established that microglial cells play an important role in
eliminating synapses during development and that microglia-neuron interaction is essential for
establishing neuronal circuits. Precise neuronal connectivity is achieved by initial
overrepresentation of neuronal connections followed by refinement through synapse elimination
referred to as synaptic pruning. Insufficient removal of synapses during development causes
imbalances in excitation and inhibition in the nervous system which can have a global and longlasting impact on brain wiring with substantial implications for neurological disorders associated
2

with aberrant connectivity, including epilepsy (Besseling et al., 2013), schizophrenia (Stephan et
al., 2009; van den Heuvel and Kahn, 2011) and depression (Williams et al., 2014).
Molecules of the classic complement cascade, C1q and C3, are localized in the developing
retinogeniculate system (Stevens et al., 2007) and have been demonstrated to guide microglial
mediated elimination of synapses. Microglial-mediated complement-dependent elimination of
inactive synapses is crucial for eye-specific segregation, and the compliment receptor (CR)3 and
C3 deficiency results in impairments in segregation (a larger area of dLGN (dorsolateral
geniculate nucleus) is occupied by input from the ipsilateral eye). That microglia preferentially
engulfed inactive synapses was elegantly demonstrated by injection of different colored
fluorescent tracers into the eyes which allow the synaptic inputs from each eye to be
distinguished in the dorsal lateral geniculate nucleus (dLGN). Inputs from eyes injected with
tetrodotoxin (TTX) were preferentially engulfed by microglia compared to inputs from eyes
injected with forskolin (Schafer et al., 2012). Additionally, it was demonstrated that C1q
expression is regulated by astrocytic transforming growth factor-β and that mice deficient for the
transforming growth factor-β receptor in retinal neurons have reduced C1q expression and
consequently less eye-specific segregation due to impaired microglial mediated synapse
elimination (Bialas and Stevens, 2013). An alternative approach to investigate the importance of
microglia during development is to examine the impact of reduced number of microglia. Mice
deficient for CX3CR1 (the second CX3CR1 exon was replaced by the EGFP gene) had reduced
microglia numbers during development (postnatally 8 (P8)-P28) which correlated with an
increased number of dendritic spines (PSD95 puncta / µm3) presumably due to lack of microgliamediated synaptic pruning. Stimulated emission depletion ‘STED’ microscopy was used to
demonstrate that microglia did indeed engulf synaptic material in stratum radiatum of the cornu
3

ammonis (CA)1 in P15 mice and immune electron microscopy (EM) for PSD95 and green
fluorescent protein (GFP) (expressed by microglia) confirmed the engulfment.
During development synaptogenesis result in an increase in synaptic multiplicity (i.e.
individual synaptic boutons making excitatory connections with multiple dendritic spines) which
can be observed as an increase in the amplitude of excitatory postsynaptic potential (EPSP).
Synaptic multiplicity was diminished in CX3CR1 deficient mice supposedly because pruning is
part of the synaptic plasticity required for synaptic multiplicity to occur. This was further
validated by reconstruction of serial sectioning electron microscopy and functionally by showing
a significant reduction in the duration and latency of drug-evoked seizures in the CX3CR1
deficient mice (Paolicelli et al., 2011). Interestingly, these mice continued to display decreased
functional brain connectivity in adulthood and show behaviors related to social-interaction
deficits (Zhan et al., 2014). However, without further validation, it is too early to say whether
these dramatic deficits in synaptic circuit and behavior in CX3CR1 deficient mice compared to
wild type mice can be ascribed to a reduction in microglia function. A major caveat with this
model is that CX3CR1 deficiency not only affects microglial cells but also immune cells in the
periphery (a subset of natural killer cells and certain T cell populations) (Imai et al., 1997) which
are likely to also impact the CNS (Dantzer et al., 2008)
Direct evidence of microglial-neuron interaction was accomplished by real-time imaging of
microglia in zebrafish larvae. It was hereby demonstrated that the motility of microglial
processes would slow down upon contacts with neurons and bulbous tips would enlarge.
Interestingly, the interaction was mediated by neuronal activity as uncaging of glutamate induced
a polarization of microglial processes that extended towards the area where glutamate had been
uncaged. Microglial process polarization was not observed in the presence of TTX and 1,2-bis(o4

aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA) indicating that microglia respond to a
neuronal signal triggered by the uncaging of glutamate. Overexpression of the human inward
rectifier K channel 2.1 reduced excitability in neurons and also reduced microglial process
polarization. Astonishingly, calcium imaging of visually evoked responses in tectal neurons
revealed that microglia contacted activated neurons and that the neuronal activity (amplitude of
calcium responses) declined upon contact. In contrast translocation or diversion of microglial
processes increased the spontaneous neuronal activity (Li et al., 2012).

1.1.2

Organotypic brain slices

An alternative way of investigating the functional interaction between microglia and neurons
has been via depletion and replenishment of microglia. In agreement with the silencing effect of
neuronal activity reported in zebrafish larva, microglia were also found to have protective
functions against neuronal excitotoxicity in murine organotypic hippocampal slices. The CA1
pyramidal neurons are extremely vulnerable to prolonged treatment with N-Methyl-D-aspartic
acid (NMDA, 10 µM for 4 hours) compared to neurons in dentate gyrus and CA3. This was
validated by quantification of propidium iodide uptake of NeuN+ neurons. Depletion of
microglia by treatment with liposome-encapsulated clodronate or treatment of slices from
CD11b-HSVTK (herpes simplex virus thymidine kinase) mice with ganciclovir (Heppner et al.,
2005; Grathwohl et al., 2009; Varvel et al., 2012) increased the neuronal vulnerability to
excitotoxicity. Astonishingly, replenishment of microglia-depleted slices with primary microglia,
which acquired a ramified morphology, significantly reduced neuronal vulnerability (12 days
after replenishment) (Vinet et al., 2012). Along the same lines, depleting microglia with
clodronate has also been shown to increase spontaneous and miniature excitatory postsynaptic
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currents (EPSC) in murine organotypic hippocampal slice. Replenishment of microglia (using
cellular debris as a negative control treatment) showed a complete rescue of the EPSC eight days
after replenishment. In cultures the EPSC were higher in neurons cultured without microglia than
when neurons were cocultured together with microglia. This correlated with a higher spines
numbers and PSD95+ puncta in neurons cultured without microglia. Microglia also showed
engulfment of synaptic material (Ji et al., 2013).

1.1.3

In the juvenile and adult CNS

Microglia interactions with synapse are not restricted to development and have also been
observed in both the juvenile and the adult CNS. Notably, microglia processes actively
contribute to experience-dependent modification and elimination of synapses in the healthy
brain. Microglial interaction with synapses was evaluated by in vivo two-photon imaging (using
a thin skull preparation on CX3CR1-enhanced (E)GFP x Thy1-(yellow)YFP mice anesthetized
with fentanyl / midazolam / metatomadin), serial section electron microscopy and threedimensional reconstructions of pre-embedding immunoperoxidase labeling of Iba1+ microglia
during normal and altered sensory experience in the visual cortex of juvenile mice (P28–P39).
During normal visual experience 94% of microglial processes were found to be in direct contact
with a synapse. As observed in the zebrafish larva, microglia processes would pause upon
contact with a synapse. Duration of contacts varied between 5 and 50 min and evoked both
increased growth and elimination for small spines. This could potentially indicate that microglia
are capable of monitoring the functional status of synapses and regulating structural changes and
elimination either through direct contact or indirect signaling that requires close microglia–
synapse proximity. Alternatively, microglial processes preferentially localize to small dynamic
6

dendritic spines. Manipulating the visual experiences through light deprivation and reexposure
altered microglial process dynamics. Dark adaptation decreased process motility but increased
extracellular space around microglial processes while light exposure reversed these behaviors
(Tremblay et al., 2010). Similar observations were also reported in the adult mouse (6-10 weeks)
where in vivo two-photon imaging (using a thin skull preparation on ionized calcium-binding
adapter molecule (Iba)1-EGFP x Thy1-GFP mice anesthetized with ketamine / xylazine) was
used to demonstrate that motile microglial processes would briefly pause for 4-5 min upon
contact with presynaptic boutons or dendritic spines. This is in agreement with the initial in vivo
observations that found that the duration of microglia-synapse contact is 3-4 min (using thinned
skull preparation on 1.5-15 months old CX3CR1 mice anesthetized with ketamine / xylazine,
urethane or isoflurane)(Nimmerjahn et al., 2005). The microglia-synapse interactions were
further supported by pre-embedding immuno-EM (using the avidine-biotinylated enzyme
complex ABC method to label Iba1) which convincingly showed direct microglia-synapse
contacts. Interestingly, lowering neuronal activity (by lowering body temperature to 32°C or
injecting TTX into the eyes) resulted in decreased contact frequency in the visual cortex.
Following cerebral ischemia (30 min after middle cerebral artery occlusion), contacts between
microglial processes and synaptic boutons lasted > 60 min (Wake et al., 2009). It is worth
highlighting that all the studies referred to above used a thin skull preparation for in vivo
imaging as it has been reported that dendritic spine dynamics through an open-skull glass
window, but not a thinned-skull window, is associated with high spine turnover and substantial
morphological changes (activation) of microglia during the first month after surgery (Xu et al.,
2007). A more recent study performed in 7 weeks old rats has however questioned microgliasynapse interaction under physiological conditions as these interactions are rare. Using post7

embedding immunogold labeling of Iba1 and actin they showed by electron microscopy that only
about 3.5 % of the synapses are in direct contact with microglia in the frontal cortex (Sogn et al.,
2013). However there are limits to this study. First of all post-embedding immunolabeling was
used which reduces the number of accessible epitopes compared to pre-embedding
immunolabeling as used in the other studies. Secondly, they also used immunogold labeling and
thereby relied on the presence of individual gold particles for cell identification in contrast to
immunoperoxidase labeling used in the other studies, which provided a more widespread
precipitate for cell labeling. However, the most important point is that this study report the
proportion of synapses that were contacted by microglial processes (3.5 %) while the other
studies report the proportion of microglial processes that are contacting synapses (94%). Since,
there are many more synapses than microglial processes these observation support the idea that
motile microglial processes survey surrounding synapses by briefly visit one synapse after
another and possibly around 3.5 % of synapses at any given time. This therefore leads to the
intriguing questions whether microglial process surveillance is driven by synaptic activity and
whether microglia are responding to synaptic signals and cues. We speculated that microglia
processes in the adult brain might get recruited to specific synapses similar to what is observed in
the developing visual system. However, while inactive synapses are more likely to be eliminated
during development we suggest that microglia might have a preference for highly active
synapses in the adult CNS.
Several studies have shown that microglia process dynamics can be altered by increasing
neuronal activity via several different manipulations. Stimulation of α-Amino-3-hydroxy-5methyl-4-isoxazolepropionic acid (AMPA) and kainate receptors in the retina to depolarize
neurons or increasing neuronal activity by blocking gamma-aminobutyric acid (GABA)
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inhibition via application of bicuculline triggered microglial process extension (Fontainhas et al.,
2011). Bicuculline application has also been shown to increase microglia process motility in vivo
(Nimmerjahn et al., 2005). However, increasing neuronal activity by stimulation of Schaffer
collaterals in acute hippocampal brain slices did not affect microglia process motility (Wu and
Zhuo, 2008). Lowering of neuronal activity in the retina, either by blockage of AMPA, kainite,
or NMDA receptors or by application of GABA (to stimulate inhibition) resulted in retraction of
microglial processes (Fontainhas et al., 2011). TTX on the other hand had no effect on microglial
process motility in vivo (Nimmerjahn et al., 2005).

1.1.4

During inflammation

Distal and peripheral nerve injury triggers a morphological change in microglia specifically
in the region of the CNS corresponding to the innervation site of the lesioned nerves (Blinzinger
and Kreutzberg, 1968; Matthews et al., 1976; Kreutzberg, 1996; Banati, 2002). This process
takes days but results in proliferation of microglia and removal of synapses, referred to as
‘synaptic stripping’ (Blinzinger and Kreutzberg, 1968; Kreutzberg, 1996). A similar
phenomenon was also observed days after the inductions of localized inflammation (Trapp et al.,
2007).
Microglia can also affect synaptic transmission within minutes during inflammation and
depending on the inflammatory stimuli microglia can either contribute to synaptic potentiation or
depression (Pascual et al., 2012; Zhang et al., 2014a). Treatment of acute hippocampal brain
slices with lipopolysaccharide (LPS, 500 ng / ml) has been reported to trigger synaptic
potentiation by evoking adenosine triphosphate (ATP) release from microglia. ATP was found to
trigger the release of astrocytic glutamate which increased excitatory postsynaptic currents
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through a metabotropic glutamate receptor 5-dependent mechanism. The potentiation was
blocked by the anti-inflammatory drug minocycline and abolished in slices from microglia
deficient mice (PU-1-/-) and LPS receptor (TLR4) deficient mice. The ‘PU-1’ experiments were
performed in organotypic brain slices because PU-1-/- offspring die at birth.
Potentiation was also blocked by inhibitors of the purinergic receptor P2Y1 and application
of a P2Y1 agonist (MRS2365) mimicked the LPS-induced effects. LPS-induced increases in
EPSCs were prevented by application of the toxin, fluoroacetate (which is commonly used to
inhibit metabolism in astrocytes (Fonnum et al., 1997; Andersson et al., 2007; Henneberger et
al., 2010)). Importantly stimulation of P2Y1 also induced potentiation in PU-1-/- mice. LPS
triggered ATP release in microglia cultures, which was enhanced more than 4-fold when
microglia were co-cultured with astrocytes. Finally, P2Y1 stimulation and LPS-induced
potentiation are mGluR5 dependent (Pascual et al., 2012). Alternatively, application of LPS (15
mg / ml) in combination with oxygen deprivation, based on the rational that hypoxia often occurs
together with neuroinflammation, was observed to trigger synaptic depression both in juvenile
rats and adult mice. Surprisingly, the effect of LPS was mediated via stimulation of the CR3
(also known as CD11/CD18) receptor and not the classic LPS receptor, TLR4. Synaptic
depression also occurred in TLR4-/- mice while it was abolished in CR3-/- mice (Zhang et al.,
2014a). In summary, the synergistic effect of CR3 stimulation with LPS and hypoxia promoted
NADPH (nicotinamide adenine dinucleotide phosphate) oxidase-mediated production of reactive
oxygen species that in turn induced PP2A regulated endocytosis of AMPA receptors and
consequently synaptic depression (Zhang et al., 2014a). Taken together these studies demonstrate
that microglia are capable of functionally altering synaptic transmission. Interestingly, CR3
stimulation with the blood protein, fibrinogen has also previously been shown to evoke
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microglial release of reactive oxygen species (Davalos et al., 2012). Thus, it can be speculated
that a small hemorrhagic stroke or BBB disruption during multiple sclerosis (as proposed by the
authors) causes synaptic depression due to microglial release of reactive oxygen species.
Whether this is associated with a neuroprotective function to eliminate excessive synaptic
excitotoxicity or whether these are examples of microglia-neuron interactions that have gone
awry and contribute to pathology will have to be determined.

1.2

Microglia process dynamics

The motility of the processes has been estimated to be approximately 1.5 µm /min in vivo
which allow each microglia to survey its entire surrounding extracellular space in one and a half
hour. This is however a rough estimate based on a maximum-intensity projection of microglial
processes in the cortex which reveal that 15% of the total surrounding tissue volume was
surveyed by microglial processes within an hour (Nimmerjahn et al., 2005) and previous reports
stating that the extracellular space take up approximately 20-25% of the total volume in adult
rodents (Sykova, 2004). The extracellular space in the newborn rats is 36-41% in cortical layer
0.46% in white matter but become reduced to 19-23% in cortical layers and 20% in white matter
(Lehmenkuhler et al., 1993). Interestingly, it has more recently been observed using the real-time
iontophoretic tetramethylammonium method that the extracellular volume changes during awake
and sleep circles and that the extracellular space of cortex in sleeping mice was 25% and 23% for
ketamine/xylazine anesthetized mice while the extracellular volume was only 15% in awake
mice (Xie et al., 2013). Hence it would be interesting to see whether the rate of microglial
process surveillance remains the same during these changes in extracellular volume.
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1.2.1

Laser-induced process extension

The same pioneering study that changed the concept of microglia from dormant tissue
macrophages to highly dynamic surveillants of the brain parenchyma also reported for the first
time that microglia respond rapidly to local disruption of the blood brain barrier in the mouse
cortex. Laser-induced lesions were achieved by application of high laser power to a local area of
vessels. Astonishingly, the surrounding microglia responded by extending their processes
towards the lesion and within minutes all the processes would focalize or converge around the
lesioned area. The microglial somas would round up but did not migrate and no morphological
changes were observed in astrocytes visualized by sulforhodamine (SR)101 loading within the
first four hours post lesion. Spontaneous engulfment and evacuation of tissue components did
occur in the unlesioned brain but multiple lesion-evoked spherical-shaped inclusions were
reported indicating a lesion-induced increase in phagocytotic activity (Nimmerjahn et al., 2005).
Several studies have since then observed a similar microglial response to laser-induced lesion in
different species and preparations. In acute brain slices it was demonstrated that focalization of
microglial processes around the lesion served a functional role in restraining the damaged area
and supposedly engulfing it as described above. A lesion-evoked shift in microglia morphology
was characterized by retraction of filapodia-like protrusions and polarization of processes i.e.
processes at the side of the cell soma in close proximity to the lesion extend while processes at
the opposite side of the soma retract. Process outgrowth was determined to be chloride
dependent as it was inhibited by pharmacological interventions against Cl- channels (tamoxifen
and DIDS (4,4'-Diisothiocyano-2,2'-stilbenedisulfonic acid)) and by removal of extracellular Cl(Hines et al., 2009).
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Laser-induced lesions in vivo in the barrel cortex or in the fondus of the eye also showed
initial microglial process focalization around the lesion within the first hour followed by
migration of microglial cell bodies towards the lesion within the next 24 h (Kim and Dustin,
2006; Eter et al., 2008). Lesion-induced movement of microglial cell bodies has also been shown
ex vivo in the retina in both young and old mice (Lee et al., 2008; Liang et al., 2009; Damani et
al., 2011). Likewise, astrocyte migration towards the lesion after 48 hours has also been reported
(Kim and Dustin, 2006) but these findings have been challenged by more recent data
demonstrating that astrocytes do not migrate towards a lesion. Subpopulations of astrocytes did
however direct their processes toward the lesion, and a distinct subset located at juxtavascular
sites proliferated (Bardehle et al., 2013). The microglia would stay at the lesion site for weeks
presumably clearing the area for debris and promoting repair, and the lesion itself would be less
apparent already within days. The microglia at the lesion site disaggregated faster in younger
mice and there was a direct correlation between lesion area and the recovery time (Eter et al.,
2008; Damani et al., 2011).
Blood leukocytes responded to laser-induced lesions in the brain parenchyma but remain in
the perivascular space. In contrast, they surrounded a laser-induced lesion of the meninges within
30 min (demonstrated in LysM-EGFP mice) (Kim and Dustin, 2006). Taken together, this
highlights microglia as the first and possibly sole responders to small local damages to the brain
parenchyma. Thus, an intriguing question is how the complex spatial information about local
tissue damage is detected and interpreted by microglia. In the periphery the information is
delivered in the form of diffusible molecules. For example, highly motile leukocytes in zebrafish
larva migrate to the site of damage in response to a wave of reactive oxygen species extending as
far as 200 µm from the wound margin (Niethammer et al., 2009). In the mouse, swarming of
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neutrophils to laser-induced lesions in the ear dermis is mediated by lipid leukotriene B4
(Yokomizo et al., 1997; Lammermann et al., 2013).
In the brain, ATP is the key trigger of rapid microglial responses. Microglial processes
extension triggered by laser-induced lesions or mechanical injury by a glass pipette in mouse
cortex were blocked by purinergic receptor antagonists, exogenously applied ectonucleotidases
(apyrase, which hydrolyzes ATP to adenosine monophosphate (AMP)), and even by application
of ATP itself as well as adenosine diphosphate (ADP) (the rationale for this will be discussed
later). Microglial processes also extended towards the tip of electrodes containing ATP or ADP
(Davalos et al., 2005).
These data have since been supported by the demonstrations that local and bath application
of ATP onto acute hippocampal brain slices and retinal explants, respectively, both trigger
microglial process outgrowth (Wu et al., 2007; Fontainhas et al., 2011). Importantly, it was
demonstrated that the effect of ATP on microglia process dynamics in vivo is via the activation
of the purinergic receptor, P2Y12, as no outgrowth was observed within the first 40 min after a
laser-induced lesion or insertion of an ATP containing electrode in P2Y12 receptor deficient
mice (Haynes et al., 2006). These findings were further validated in zebrafish larvae where
microglial process outgrowth towards a laser-induced lesion was blocked by P2Y12 morpholino
knock down and the selective P2Y12 receptor antagonist MRS2395. Inhibition of reactive
oxygen species which blocked the response to damage in the periphery (Niethammer et al., 2009)
had no effect on microglial process outgrowth (Sieger et al., 2012). Notably, we conducted a
series of pilot experiments to investigate whether lipid leukotriene B4 would have a similar
chemotaxic effect on microglia as it has on neutrophils in the periphery. However, both bath
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application and local application of lipid leukotriene B4 failed to induce a morphological change
of microglia (data not shown).

1.2.2

Purinergic receptors in the CNS

ATP is considered the principal purinergic signaling molecule in the CNS and ATP and its
derivatives activate different purinergic signaling systems which are particularly abundant in glia
(Fields and Burnstock, 2006; Verkhratsky et al., 2009). However, release of purines (e.g. ATP,
ADP, and adenosine) as well as pyrimidines (e.g. uridine triphosphate (UTP) and uridine
diphosphate (UDP)) accompanies cell damage and death and acts as a universal “danger” signal.
Consequently, the purinergic signaling system is found in virtually every cell type throughout the
body (Dubyak and el-Moatassim, 1993; Burnstock, 2006) and in the majority of all living cells
across species (Burnstock and Knight, 2004). There are three families of purinergic receptors;
metabotropic P1 adenosine receptors, ionotropic P2X ATP receptors and metabotropic P2Y
purine and pyrimidine receptors (Burnstock, 2007). P1 receptors are seven-transmembrane
spanning G protein-coupled receptors and include A1, A2A, A2B, and A3. Both A1 and A3 are
Gi protein coupled (inhibit cAMP production) while A2A and A2B are Gq protein coupled
(linked to inositol triphosphate (IP3)-mediated release of intracellular Ca2+) (Fredholm et al.,
2007; Muller and Jacobson, 2011). P2X receptors include P2X1-7 which are all ligand-gated
nonselective cation (Na+ / K+ / Ca2+) channels assembled from homo or heterotrimers (Khakh,
2001; Roberts et al., 2006). Similar to P1 receptors, P2Y receptors are seven-transmembrane
spanning protein-coupled receptors. P2Y receptors can be divided into two groups;
P2Y1,2,4,6,11 which are Gq protein coupled and P2Y12,13,14 which are Gi proteins
(Burnstock, 2007). In addition, P2Y receptors are differentially and preferentially activated by
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various nucleotides: P2Y1,11-13 are sensitive to ATP/ADP, P2Y4,6 are activated by UTP /
UDP, P2Y2 is activated by ATP/UTP, and P2Y14 receptors are sensitive to pyrimidines sugars
(e.g. UDP-glucose and UDP-galactose) (Lazarowski, 2010).
Based on transcriptome analyses there seems to be a strong consensus that resting
surveilling rodent microglia express A1,3, P2X4,7, and P2Y6,12,13 and potentially P2X1 and
P2Y2. RNA-sequencing was utilized to generate a high-resolution transcriptome of purified
microglia, astrocytes, neurons, oligodendrocytes, oligodendrocyte precursors, and endothelial
cells from P7 mouse cortex. Expression levels were reported as fragments per kilobase of
transcript sequence per million mapped fragments (FPKM). A FPKM cut-off at 1 was chosen for
simplicity but obviously with the risk of neglecting genes of high important despite their low
expression. Microglia express: Adora1,3 (A1 and A3 genes), P2rx1,4,7, and P2yr2,6,12,13. In
comparison astrocytes express: Adora1,2a,2b, P2rx4,6,7 and P2ry1, neurons express Adora1,
P2rx4,5 and P2ry1, oligodendrocytes (including precursors) express: Adora1, P2rx4,7 and
P2ry1,2,12, and endothelial cells express: Adora2a, P2rx4,5 and P2Y14. Microglial P2ry6,12,13
were the only purinergic receptors expressed in the CNS with FPKM > 100 (Zhang et al.,
2014b). In support of these data, RNA-sequencing of microglia isolated from 5 and 24 months
old mice showed that adult microglia also express P2rx4,7 and P2ry6,12,13 and that out of the
21,025 transcripts measured, P2ry6,12,13 were among the top 50 of transcripts with the highest
enrichment in microglia compared to transcripts from the whole brain. P2ry12 showed the
highest enrichment in microglia of all transcripts (Hickman et al., 2013; Butovsky et al., 2014).
These results confirm previous reports of mRNA expression in cultured mouse and rat microglia
(using polymerase chain reaction) that also showed that microglia express: A1,3, P2rx4,7, and
P2ry2,6,12,13 (Light et al., 2006; Visentin et al., 2006; Koizumi et al., 2007). Very low levels of
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P2Y1 have also been reported (Visentin et al., 2006) but that might potentially arise from
contamination with astrocytes.
Taken together, the mRNA expression pattern in microglia across different preparations (i.e
flow cytometry-sorted microglia, primary postnatal cultured microglia, embryonic stem cell
derived microglia) seems surprisingly to be very consistent (Beutner et al., 2013; Hickman et al.,
2013) and these findings have been validated by in situ hybridization indicating that it truly
reflects the messenger ribonucleic acid (mRNA) expression of resting surveilling microglia in
vivo. The next step is obviously to investigate the protein expression and compare it to these
transcriptome analyses. Thus far two-dimensional difference gel electrophoresis and mass
spectrometry analyses for microglia showed that mRNA and protein levels exhibited similar
trends in expression (Hickman et al., 2013).
Peripheral nerve injury evoked microglial expression of P2Y14 (Kobayashi et al., 2012)
while P2Y14 which is constitutively expressed by the mouse microglia cell line ‘N9’ was
downregulated by LPS treatment (Bianco et al., 2005). It remains unclear whether microglia can
express P2Y11 (Barragan-Iglesias et al., 2014). Microglia expressed significantly higher levels
of P2rx7 than macrophages and macrophages did not express P2ry12, 13 (Butovsky et al., 2014).
In contrast, macrophages expressed significantly higher levels of P2rx4. Interestingly, P2rx4
increased with age (from 5 to 24 months) while P2ry7 and P2ry12,13 all decreased (Hickman et
al., 2013), thereby indicating that microglia undertake a more macrophage-like phenotype with
age. This is also supported by morphological changes as it has been observed that the soma of
microglia enlarged and their processes retracted with aging (Hefendehl et al., 2014).
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1.2.3

The P2Y12 receptor

Fortunately, P2Y12 receptor expression has been investigated quite extensively (Foster et
al., 2001; Hollopeter et al., 2001; Zhang et al., 2001; Haynes et al., 2006; Butovsky et al., 2014).
P2Y12 receptors are almost exclusively expressed in the brain, in platelet-producing
megakaryocytes in the bone marrow, in circulating platelets and at very low levels (only mRNA)
in macrophages. Northern blot of mRNA from different human tissue samples (i.e. brain, colon,
heart, kidney, liver, lung, lymphocytes, placenta, skeletal muscle, small intestine, spleen, thymus,
testis) showed that P2Y12 is exclusively expressed in the brain (platelets and megakaryocytes
was not included in this analysis) (Hollopeter et al., 2001). Northern blot of mRNA from a
similar array of tissue samples from adult rats confirmed this expression (Sasaki et al., 2003). In
the brain, P2Y12 mRNA and protein are selectively expressed in microglia based on in situ
hybridization and immunohistochemistry (IHC) (Sasaki et al., 2003; Haynes et al., 2006;
Kobayashi et al., 2008; Hickman et al., 2013). The P2Y12 protein was reported to be evenly
distributed on microglia throughout the adult mouse brain and spinal cord (both white and gray
matter) and it co-labeled 100% with EGFP expressing microglia (CX3CR1-EGFP transgenic
mice) and CD11b+ microglia (Haynes et al., 2006). P2Y12 mRNA expression occurred as early
as P0 (it was not detected at E13 or at E16) and increased over the next 6 weeks (Sasaki et al.,
2003). Interestingly, infiltrating monocytes did not express P2Y12 (Butovsky et al., 2014).
P2Y12 is a Gi-protein coupled receptor. Binding of either ATP or ADP triggers
conformation changes of the receptor and results in the dissociation of its α- and β -subunits. The
α-subunit inhibits the activity of adenylate cyclase mediated production of cyclic-adenosine
monophosphate (cAMP) which, in turn, results in a block of cAMP dependent pathways. The β subunit can induce activation of various phosphoinositide-3-kinase (PI3K) isoforms. PI3K is a
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key regulator of multiple signaling transduction pathways including cell survival, proliferation,
growth, metabolism, and motility. All PI3K isoforms are inhibited by wortmannin and
LY294002. The action of PI3K in mediating morphological changes and motility has been
ascribed to its activation of AKT (protein kinase B) (Enomoto et al., 2005) which regulates actin
organization and cell motility (Morales-Ruiz et al., 2000; Higuchi et al., 2001). PI3K also
activates the small Rho (guanosine triphosphate) GTPase molecule Rac (Han et al., 1998;
Fleming et al., 2000) which then in turn triggers actin polarization (Peyrollier et al., 2000; Wang
et al., 2002; Heo and Meyer, 2003; Inoue and Meyer, 2008). Interestingly, some studies also
suggest that Rac triggers a positive feedback loop that further activates PI3K (Servant et al.,
2000; Weiner et al., 2002; Yang et al., 2012) and that this feedback loop also involves actin
polarization (Srinivasan et al., 2003).
A minor attribute of the β -subunit is the activation of the phospholipase C (PLC) (Zhu and
Birnbaumer, 1996) pathway although this pathway is predominantly activated by the α-subunit
of Gq-protein coupled receptor. PLC cleaves phospholipid phosphatidylinositol 4,5-bisphosphate
into inositol 1,4,5-trisphosphate (IP3) and diacyl glycerol. IP3 triggers release of Ca2+ from
endoplasmic reticulum and mitochondria via activation of IP3 receptors.
The main reason for investigating the P2Y12 receptor has previously been as a therapeutic
target due to its role in platelet aggregation. Platelets or thrombocytes plays a crucial role along
with coagulation factors to blood coagulation by stop bleeding at thereby facilitate wound repair
at the site of endothelium disruption (Laki, 1972). Activated platelets (by collagen exposed
following endothelium damage) secrete ATP (from their δ granules) leading to an autocrine
activation of P2Y12(Gi) and P2Y1(Gq) and their respective signaling pathways (decrease in
cAMP, stimulation of actin polymerization, and an increase in intracellular Ca2+). Stimulation of
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both P2Y1 and P2Y12 are required for full platelet aggregation (Jin and Kunapuli, 1998;
Resendiz et al., 2003) and both collagen- and thrombin-induced platelet aggregation is strongly
impaired in platelets from P2Y1 deficient mice (Leon et al., 2001), platelets from patients with
bleeding disorders linked to defects in P2Y12 receptors, and when P2Y12 receptors were
blocked (by ARL 66096) (Cattaneo and Gachet, 1999).
Clinically, P2Y12 has received a lot of attention as it has been successfully targeted with
pharmacological interventions and it have been shown in multiple clinical trials and studies to
reduce the incidence of myocardial infarction (heart attack) and stroke in patients at high risk
(e.g. patients with coronary artery disease and cerebrovascular disease) (Quinn and Fitzgerald,
1999; Yusuf et al., 2001; Diener et al., 2004). Hence, two groups of drugs have been developed,
one group requiring oxidation by hepatic enzymes for pharmacological activity (e.g. Clopidogrel
(Bristol-Myers Squibb/Sanofi) and Prasugrel (Effient/Efient)), and the second group that does
not need hepatic activation (e.g. Ticagrelor (AstraZeneca), Cangrelor (the Medicines Company)
and Elinogrel (Portola Pharmaceuticals/Novartis)).
Notably, none of the clinical trials and studies has investigated how the treatment affects
microglia. It is uncertain whether these drugs cross the BBB so they might not have a chronic
effect on microglial process dynamics. However, as discussed above, microglia responded
rapidly to vessel disruptions in a P2Y12-dependent manner. Thus, one could speculate that
treatment with P2Y12 receptor inhibitors might impact the functional role of microglia responses
to a hemorrhage. It has been estimated that anti-thrombotic therapies increase the risk of
intracerebral hemorrhage by 12% (7,000 of the 60,000 annually occurring intracerebral
hemorrhages in the US alone) (Hart et al., 2005). Several studies and clinical trials have
indicated that treatment with clopidogrel in combination with a traditional anticoagulant such as
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aspirin (an inhibitor of cyclooxygenase enzymes) and warfarin (inhibitor of vitamin K) increases
the risk of intracerebral hemorrhage and plausibly the mortality (Yusuf et al., 2001; Diener et al.,
2004; Fintel, 2007; Hassan et al., 2007; Cordina et al., 2009). Hence, it remains unknown
whether the combination of anti-thrombotic therapies or blockage of microglial P2Y12 receptors
is the main contributor to the enhanced risk of intracerebral hemorrhage. It is possible that
blockage of microglial P2Y12 receptors causes a stronger clinical manifestation of
spontaneously occurring hemorrhages and therefore appear to enhance the risk. Taken together
this illustrates the need for improving the understanding of P2Y12-dependent microglial process
dynamics.

1.2.4

ATP-induced chemotaxis in cultured microglia

Cultured microglia do not display the ramified morphology reported in vivo and in acute
organotypic brain slices. However, some microglia culture preparations express P2Y12, and
demonstrate an F-actin-dependent morphological change referred to as membrane ruffling upon
stimulation by ATP and ADP. Application of a gradient of ATP also triggers P2Y12-mediated
microglial migration that can be quantified using Boyden and Dunn chemotaxis chambers
(Honda et al., 2001; Farber et al., 2008). Both ATP and ADP-induced membrane ruffling and
migration were blocked by the P2Y12 selective blocker AR-C69931MX (but not by the P2Y12
insensitive inhibitor pyridoxalphosphate-6-azophenyl-2',4'-disulfonic acid (PPADS)) while
macrophage colony stimulating factor (MCSF)-induced membrane ruffling was unaffected by
AR-C69931MX. Both ATP-induced membrane ruffling and migration were also abolished in
microglia from P2Y12 receptor deficient mice while MCSF still triggered membrane ruffling
(Haynes et al., 2006). Blocking PI3K (inhibited by wortmannin), PLC (inhibited by U73122),
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elevation of intracellular Ca2+ (by chelating intracellular Ca2+ with BAPTA), and AKT inhibited
the activation of Rac, which is essential for microglial migration (Honda et al., 2001; Nasu-Tada
et al., 2005; Irino et al., 2008). Interestingly, F-actin, Rac and the commonly used microglial
marker Iba1 co-localize during MCSF-induced membrane ruffling and zymosan-induced
phagocytosis. MCSF-induced activation of Rac was also mediated through activation of PI3K
and PLC. Importantly, Iba1 enhances Rac activation as expression of mutant Iba1 (substitution
on the calcium binding domain) suppressed membrane ruffling and phagocytosis (Ohsawa et al.,
2000; Imai and Kohsaka, 2002). Introduction of a Rac-FRET (fluorescence resonance energy
transfer) sensor in microglia in zebrafish larva demonstrated that Rac accumulates at the bulbous
tips at the leading edge of extending processes. In contrast, impairment of endogenous Rac
activity (by expression of a human Ras (Kardash et al., 2010)) resulted in a loss of oriented
movement of microglial processes and a failure to facilitate the formation of bulbous tips (Li et
al., 2012) indicating that Rac is required for both migration of cultured microglia and microglial
process extension in vivo. The requirement for PLC and presumably IP3 triggered release of Ca2+
could potentially be ascribed to the action of the β -subunit downstream of P2Y12 receptor
activation. However, it seems more likely that PLC activation is due to co-activation of a Gqprotein coupled receptor. Co-activation of both Gi and Gq signaling pathways are necessary for
full ADP-induced platelet aggregation (Jin and Kunapuli, 1998). The Gq-protein coupled P2Y6
receptor is highly expressed on microglia and would be a likely candidate.

1.2.5

ATP induced microglial process outgrowth

Culturing of microglia on 3D collagen gels allowed for investigation of process dynamics as
microglial processes extended towards an ATP gradient in this model system. A ceiling effect of
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ATP-induced process extension was observed at 50 µM ATP in this model (500 µM resulted in a
similar response in terms of process extension). In agreement with the data on membrane ruffling
and migration, ATP and ADP-induced process extension was also blocked by AR-C69931MX
(and not PPADS) and was moreover shown to be dependent on PI3K (blocked by LY29004 and
wortmannin) and PLC (blocked by U73122) (Ohsawa et al., 2010). Importantly, ATP-induced
microglial process outgrowth in acute brain slices was also impaired when PI3K was blocked (by
wortmannin) (Wu et al., 2007). Other studies using cultured microglial in 3D matrix gels also
reported that ATP triggered microglial process and furthermore demonstrated that ATP-induced
process outgrowth did not occur when the P2Y12 receptors were downregulated. Under these
circumstances, ATP was found to be repulsive (Orr et al., 2009). P2Y12 downregulation has
previously been correlated with microglial activation and when ramified microglia are
transitioning into an ameboid morphology (Haynes et al., 2006). In the studies referred to above,
microglial activation and consequently P2Y12 downregulation was induced by stimulation (for
24 h) with LPS (TLR-4 agonist), lipoteichoic acid (TLR-2 agonist), CpG oligodeoxynucleotides
(TLR9 agonist), Tumor necrosis factor (TNF) and β-amyloid. Interestingly, downregulation of
P2Y12 was accompanied with an upregulation of the Gs-coupled adenosine receptor A2A and
thereby a potential shift in the cellular response to ATP and its derivates from Gi-mediated
signaling to Gs-mediated signaling. Consequently, microglial processes retracted when ATP was
applied indicating that cAMP evokes process retractions while inhibition of cAMP promotes or
is required for process outgrowth. Increasing cAMP levels by application of forskolin triggered
process retraction and significantly reduced ramification in untreated (P2Y12 expressing) and
LPS treated microglia. This was observed both in rodent and in human microglia (Orr et al.,
2009). The same laboratory later published that norephinephrine also caused retraction of
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microglial processes presumably through stimulation of the Gs-coupled receptor β2 (Gyoneva and
Traynelis, 2013). Notably, ATP and ADP induced membrane ruffling and migration of cultured
microglia (in Dunn chemotaxis chamber) was also blocked by increasing cAMP levels (by
forskolin and dibutyryl cAMP) (Nasu-Tada et al., 2005).
Another measure of the effect of ATP on microglial purinergic receptors is by Ca2+ imaging.
In vivo imaging of intracellular Ca2+ in microglia following introduction of the fluorescent Ca2+
indicator (Oregon-Green-BAPTA) OGB-1 by single cell electroporation revealed a pronounced
Ca2+ signal in the microglia soma and in the processes as an immediate response to local ATP
application and nearby neuronal damage (Eichhoff et al., 2011; Varvel et al., 2012; Brawek et
al., 2014). A similar observation was recently made in acute brain slices from transgenic mice
expressing GCaMP5 (a genetically encoded Ca2+ indicator based on the fusion of GFP and
calmodulin) together with tdTomato (Gee et al., 2014). The Ca+ responses were transient (~30
sec) even during prolonged application of ATP (5 min). Stimulation of both P2Y and P2X
receptors with selective agonists triggered Ca2+ signals while stimulation of the fractalkine
receptor (CX3CR1) and metabotrophic glutamate receptors (with transACPD) did not. Depletion
of intracellular Ca2+ stores (with thapsigargin) blocked P2Y-induced Ca2+ signals but not P2Xinduced Ca2+ signals as expected. Surprisingly, no damage-induced Ca2+ signals in microglia
were observed when neuronal damage was performed in the presence of ATP (after the ATPinduced Ca2+ signals had recovered). Importantly, neuronal damage did not induce a Ca2+ signal
during thapsigargin treatment either (Eichhoff et al., 2011) supporting the idea that microglia
respond to damage (laser-induced lesion) via selective activation of P2Y receptors. Whether,
microglial Ca2+ responses are required for process motility has not yet been revealed.
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Finally, local application of ATP induced a large inward current in retinal microglia (no
outward current) (Fontainhas et al., 2011) and an inward current followed by an outward current
carried by K+ in CA1 microglia (Wu et al., 2007; Wu and Zhuo, 2008). In contrast, local
application of glutamate, AMPA, or GABA did not trigger an electrical response in either retinal
or CA1 microglia. Trains of high frequency stimulations of schaffer collateral also failed to
evoke a current in CA1 microglia. Blockage of P2Y receptors (by reactive blue (RB)2) or K+
channels (by Cs+ in the patching pipette or by bath application of Quinine) abolished both the
outward current and microglial process extension while application of P2X receptor antagonists
did not have any effect. Application of a non-hydrolysable P2Y12 agonist (2-MeSADP) also
triggered an outward current similar to application of ATP and ADP but only a reduced
extension of microglial processes (Wu et al., 2007). Taken together, this indicate that the ATPevoked outward current is mediated by activation of P2Y receptors, possibly P2Y12 but it also
raising the question whether hydrolysis of ATP by endogenous ectonucleotidases are required for
microglial process outgrowth.

1.2.6

Ectonucleotidases

The lifetime and the concentration of extracellular ATP and its derivates (ADP, AMP, and
adenosine) are determined by the activity of membrane-anchored ectonucleotidases
(Zimmermann, 1992; Robson et al., 2006). The brain expresses all known members of the
ectonucleotidase

families

which

simplified

include;

ectonucleoside

triphosphate

diphosphohydrolase (CD39) that hydrolyzes ATP/ADP to AMP and ecto-5’-nucleotidases
(CD73) that hydrolyze AMP to adenosine. Additional families include purine nucleoside
phosphorylase ‘PNPase’, nucleotide pyrophosphatase/phosphodiesterase ‘NPP’, and alkaline
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phosphatases (Zimmermann, 2006). The halflife of ATP in the brain has been estimated to be as
short as approximately 200 msec (Dunwiddie et al., 1997) and a similar rapid conversion of ATP
has been reported in lung tissue (Ryan and Smith, 1971). Importantly, the activity of
ectonucleotidases is dependent on the concentration of extracellular divalent cations (e.g. Ca2+
and Mg2+). In the absence of a divalent cation, hydrolysis of radioactive ATP by B lymphocytes
could hardly be detected, while addition of either 1.5 mM extracellular Ca2+ or Mg2+ stimulated a
robust hydrolytic activity (Wang and Guidotti, 1996). Ramified microglia express high levels of
CD39 while CD73 is only expressed upon activation (e.g. following facial nerve lesion and focal
cerebral ischemia) (Kreutzberg et al., 1978; Schoen et al., 1992; Braun et al., 1997; Dalmau et
al., 1998; Braun et al., 2000; Zhang et al., 2014b). Expression of CD39 allows microglia to
generate a purinergic gradient with the highest concentration of ATP at the side of the cell that is
facing the source of ATP release. One could therefore predict a spatial asymmetry in receptor
activation that subsequently would be translated into a cellular polarity that rearranges the cells
cytoskeleton. Astonishing, human neutrophils could detect as little as a 1% difference of an
artificial gradient across their surface (Zigmond, 1977). Mechanistically, it has been
demonstrated that AKT is spatially restricted to the area of highest G-protein coupled receptor
activation. GFP-tagged AKT was used to visualize the spatial location of phosphorylated AKT in
chemotaxing cells and it was demonstrated that as cells moved up a gradient of chemoattractant
the GFP-tagged AKT translocated to the plasma membrane selectively to the side of the cell that
faced the highest concentration of ligand (Meili et al., 1999). This suggests that activation of G
protein-coupled receptors and all of the downstream responses triggered by chemoattractants are
sharply localized at the leading edge of chemotaxing cells (Parent and Devreotes, 1999) and
potentially at the leading edge of microglial processes extending towards the source of ATP
26

release. This will be investigated in chapter 1. As observed in migrating microglia, inhibition of
PI3K (with LY 294002) blocked translocation of AKT in neutrophils and blockage of Rho
GTPase activation (with clostridium difficile toxin A) abolished actin polymerization and
morphological changes (Servant et al., 2000; Lin et al., 2012). This strongly supports the
observation that Rac accumulates at the leading edge of microglial process extending toward the
source of ATP in the zebrafish larvae (Li et al., 2012). Furthermore, CD39-deficient monocytes
didn’t migrate in an in vivo model of angiogenesis (Goepfert et al., 2001) and ATP-induced
migration of cultured microglia from CD39 deficient mice was significantly impaired
(Complement 5-induced migration was not altered in CD39 deficient microglia compared to wild
type) (Farber et al., 2008).

1.2.7

Purinergic gradients for microglial chemotaxis

Intriguingly, a few studies have demonstrated that ectonucleotidases might regulate
microglial migration and process extension towards a source of ATP in a more complex manner
besides generating a concentration gradient of ATP across the cell. Ectonucleotidases do not only
influence the lifetime and concentration of ATP, by hydrolysis of ATP to adenosine, they also
generate the physiological ligand for P1 receptors resulting in a plausible co-activation of both
P1 and P2 receptors. This might potentially allow the cell to amplify the external ATP signal and
thereby improve its orientation and migration in chemotactic gradient fields. In retinal astrocytes,
ATP sensitivity is increased by co-stimulation with adenosine (Newman, 2003) and ATPmediated migration of human neutrophils requires co-stimulation of A3 and P2Y2 (Chen et al.,
2006). In strong support of this concept, ATP did not trigger migration of microglia from CD39
deficient mice (which are incapable of hydrolyzing ATP) but migration could be restored by co27

application of ATP and adenosine (adenosine application without ATP did not induce
migration). Application of ATP together with a soluble CD39 ectonucleotidase (apyrase) also
triggered migration (Farber et al., 2008). Both A1 and A3 (Gi protein coupled receptors) were
important for microglial migration as migration of microglia from A1 deficient mice was
impaired (Farber et al., 2008) and both A1 and A3 antagonists (but not A2A) reduced ADPinduced migration (Ohsawa et al., 2012). The absence of CD39 was also found to reduce
microglia / macrophage migration (accumulation) using in vivo models of focal brain ischemia,
entorhinal cortex lesion, and facial nerve lesion (Farber et al., 2008).
Taken together these data indicate that co-activation of P1 (A1,3) and P2 (P2Y12) receptors
are necessary for microglial migration and that ectonucleotidases are required for the generation
of adenosine for P1 receptor stimulation. The same conditions appear to apply for microglial
process outgrowth as application of the nonhydrolysable P2Y12 receptor agonist (2-MeSADP)
only triggered a reduced extension of microglial processes, compared to application of ATP and
ADP, while application of ADP together with either adenosine or a P1 receptor agonist enhanced
2-MeSADP-induced extension (quantified using a 3D collagen gel). Breakdown of adenosine by
adenosine deaminase or application of P1 receptor antagonists (CGS-15943) also reduced ADPevoked process extension. It was further demonstrated that the action of adenosine on process
outgrowth was mediated through activation of the A3 receptor selectively as only A3 agonists in
combination with 2-MeSADP would restore outgrowth and, on the other hand, only selective A3
receptor antagonists blocked ADP-evoked process extension (blockage of A1, A2A, A2B had no
effect) (Ohsawa et al., 2012).
Importantly, the formation of adenosine from ATP requires the activity of at least two
families of ectonucleotidases CD39 (for hydrolyzing ATP to AMP) and CD73 (for hydrolyzing
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AMP to adenosine), while ramified resting surveiling microglia express high levels of CD39 they
do not express CD73. It can be speculated that isolated and cultured microglia, as utilized in the
studies referred to above, express CD73 (even though none of the studies mentioned above
investigated it) but it would be intriguing to investigate whether ramified CD73 negative
microglia in vivo or in acute brain slices also require co-stimulation of P1 receptors (like A3) and
P2Y12 for process outgrowth. If that is the case, it opens up for a very fascinating scenario
where microglia might plausibly be depending on other cell types for regulating their process
dynamics. CD73 is expressed in different areas of the brain predominantly by oligodendrocyte
precursors and oligodendrocytes (Kreutzberg et al., 1978; Fastbom et al., 1987; Zhang et al.,
2014b) suggesting that they might play an unforeseen role in microglia process dynamics.
Interestingly, CD73 expression in certain areas of the brain have been brought into question by
immunolabeling studies that report that CD73 is not expressed in areas such as dentate gyrus and
CA1 (Zimmermann et al., 1993). In that case adenosine would have to be generated
extracellularly from ATP by an enzyme other than CD73 or generated intracellularly and
released. It has previously been reported that neurons and astrocytes are capable of releasing
adenosine (Wall and Dale, 2007) and the level of extracellular adenosine in hippocampal slices
following electrical stimulation was not affected by inhibition of CD73 (with alpha, betamethylene ADP) (Lloyd et al., 1993). Trapping intracellular adenosine (with L-homocysteine
thiolactone) decreased both the basal and the evoked levels of extracellular adenosine by 85%
while energy depletion, which enhances intracellular adenosine levels, resulted in a 16 fold
increase in extracellular adenosine levels following stimulation (Lloyd et al., 1993). This implys
that microglial process dynamics might be altered during the circadian rhythm where the
concentration of extracellular adenosine can fluctuate up to eight fold (Radulovacki et al., 1984;
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Huston et al., 1996; Strecker et al., 2000). However, recordings of field EPSP in the CA1
demonstrates that ATP gets hydrolyzed to adenosine (Lee et al., 1981; Cunha et al., 1994; Cunha
et al., 1998)
Taken together the observations discussed above highlight that ATP-evoked microglia
migration and process outgrowth requires the formation of a purinergic gradient generated by
each individual microglia. This offers an explanation on how isolated microglia can extend their
processes in a collagen gel without the presence of other cells or chemotaxins. It also offers a
plausible explanation on how application of endogenous ATP and ADP can serve as potent
inhibitors of direct process extension towards a laser-induced lesion (Davalos et al., 2005) as it
can be assumed that application of ATP and ADP simply disrupt the gradient and divert the
directed extension towards a lesion due to the formation of stronger gradients.

1.2.8

Alternatives to ATP-induced process outgrowth and migration

In addition to ATP-induced microglial process outgrowth serotonin, nitric oxide (NO), and
fibrinogen have been reported to potentially exert a chemotaxic function for microglial
processes. Serotonin has been reported to enhance lesion evoked microglial process extension in
acute brain slices and ATP-induced migration in culture (Krabbe et al., 2012). Microglial
serotonin receptor expression is not well established at P7 as microglia do not express mRNA for
any of the 14 members of the serotonin receptors family analyzed (5-hydroxytryptamine (5-HT))
(Zhang et al., 2014b). However, mRNA for the Gi-protein coupled 5-HT5A receptor and the Gsprotein coupled 5-HT7 receptor have been identified in adult microglia (Krabbe et al., 2012).
Interestingly, serotonin application exerted a similar effect on microglia migration in CD39
deficient mice as application of adenosine (Farber et al., 2008). Adenosine is known to promote
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microglia migration by activation of Gi-coupled A1,3 receptors, thus it is tempting to speculate
that serotonin might be activating the Gi-protein coupled 5-HT5A receptor in synergy with
P2Y12 receptor activation to promote microglia migration.
Accumulation of microglia at the site of nerve crush injury in leeches was abolished by
blocking ATP receptors but also by inhibition of NO synthesis (by L-NG-Nitroarginine Methyl
Ester (L-NAME)) and by scavenging NO (with carboxy-2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (PTIO) and methylene blue) (Duan et al., 2003; Ngu et al., 2007;
Duan et al., 2009). Investigations of the effect of NO on microglia process dynamics in vivo in
the murine spinal cord have contributed conflicting findings. Microglial processes were attracted
by an electrode containing an NO donor but bath application of the donor caused process
retraction and the chemotaxis was also blocked by hydrolysis of ATP (with apyrase) (Dibaj et
al., 2010). Thus further investigations are required to draw conclusions on the effect of NO on
microglial process dynamics.
Microglia in vivo extended their processes towards an electrode containing fibrinogen
(physiological concentration of fibrinogen in plasma) but not albumin and ACSF. Injection of
wild type plasma (to mimic a hemorrhage) evoked accumulation of microglia at the injection site
within three days while fibrinogen free plasma and plasma containing mutant fibrinogen that
lacks the CR3 (CD11b/CD18) binding motif did not (Davalos et al., 2012). It would be very
interesting to investigate whether fibrinogen can also trigger microglial process extension in
P2Y12 deficient mice which would indicate that fibrinogen would be sufficient for recruitment
of microglial processes to the site of hemorrhage even if P2Y12 receptors are blocked by antithrombotic treatment (as discussed earlier).
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There a several other candidates for inducing chemotaxis for microglial migration however,
ATP and its derivates a key factors within the CNS that alter microglial process dynamics and
the mechanism of ATP release will therefore be the focus of the next section.

1.3

Mechanisms of ATP release

ATP does not cross the plasma membrane of viable cells and it might even seem
counterintuitive that a cell would ever release their crucial energy source to signal to its
surroundings as part of physiological regulated mechanism. Nonetheless, ATP release has been
reported by a couple of different mechanisms especially via hemichannel opening. Hence, the
following section will focus on the evidence for ATP release through hemichannels and how
their opening is evoked followed by a few examples of alternative mechanism for ATP release
such as lesion-evoked, vesicular, and other non hemichannel pore-forming proteins

1.3.1

Hemichannels

Two non-related families of proteins, connexin (Cx) and pannexin (Panx) have the property
of forming hemichannels. The mammalian family of Panx consists of three genes (Panx1,2,3)
while the Cx family includes more than 20 different genes. Open hemichannels serve as an
aqueous conduit for relatively large intracellular molecules (molecular weight < 1 kDa) such as
ATP (507.18 Da) and glutamate (147.13 Da) to enter the extracellular space. The average
cytoplasmic concentration of ATP has been reported to range between 5 - 10 mM (Di Virgilio et
al., 1998) thus opening of hemichannel is an extremely potent mechanism for release of ATP. A
common approach for studying hemichannel opening is therefore the flux of hydrophilic
fluorescent DNA binding dye molecules (<1 kDa) either by investigating dye uptake (influx)
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following bath application of a dye or by examining dye loss (efflux) following loading of the
cells of interest. All hemichannels are hexamers, with the exception of Panx2 that might also
form octamers (Ambrosi et al., 2010). Each monomer is a four transmembrane spanning protein
with cytoplasmic N- and C- terminals and one cytoplasmic loop and two extracellular loops
(Milks et al., 1988; Yeager and Gilula, 1992; Unger et al., 1999; Wang and Dahl, 2010).
Importantly, Cxs also form gap junctions with each other by connecting with a Cx hemichannel
from an adjacent cell and thereby forming a direct link between the two adjacent cells. In
contrast, there are no in vivo evidences that Panx forms gap junctions (Sosinsky et al., 2011).
Although, Panx1 gap junctions have been reported in expression systems (i.e. Xenopus oocytes,
C6 glioma cells, epithelial cells) (Bruzzone et al., 2003) (Lai et al., 2007) (Vanden Abeele et al.,
2006) some of these data have since been questioned (Boassa et al., 2007). Unlike Cx, Panx1,3
are glycosylated (Penuela et al., 2007; Scemes et al., 2007) and hydrophilic glycans might
presumably prevent Panx hemichannels from connecting with opposing hemichannels. Panx2
also contains a predicted glycosylation site, but whether the protein is glycosylated has not been
established (Boassa et al., 2007; Boassa et al.,2008; Penuela et al., 2007; Penuela et al., 2009;
Penuela, Gehi & Laird, 2012). Whether Panx2 forms a functional channel was also questioned
until recently (Bruzzone et al., 2003) but it has now been revealed that Panx2 can form
functional hemichannels in expression systems (i.e proteoliposome assay and Xenopus oocytes)
(Ambrosi et al., 2010). Panx2 contributed to dye efflux in cultured neurons as depletion of both
Panx1 and Panx2 was necessary for preventing dye efflux (Bargiotas et al., 2011)
Panx1,2 but not Panx3 are expressed in the CNS (Baranova et al., 2004) (Vogt et al., 2005).
Panx1 protein expression has been reported throughout the brain particularly in CA1 pyramidal
neurons where both the apical dendrites in the stratum radiatum as well as the somas were found
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to be immunoreactive. Immunoelectron microscopy was applied to further conclude that Panx1
is prominent at the postsynaptic sites. The density of goldparticles was more than five times
higher at the postsynaptic terminals than at the presynaptic terminals and Panx1
immunoreactivity co-localized with PSD-95 in hippocampal neurons both in vitro and in vivo
(Zoidl et al., 2007). However, the selectivity of the antibody used to immunolabel Panx1 in this
study (chicken anti-Px1, no. 4515) has more recently been brought in question because
immunoreactivity with this, and many other commonly used Panx1 antibodies, was observed in
Panx1 deficient mice (Bargiotas et al., 2011; Bargiotas et al., 2012). Only, the ‘CT-395’antibody
against mouse panx1 (raised in rabbit) did not show any immunoreactivity in Panx1 deficient
mice (Penuela et al., 2007). However, immunolabeling with an antibody whose specificity has
not been questioned also demonstrated Panx1 expression throughout the brain and reported that
the Panx1 was expressed in the vast majority of pyramidal neurons but only in a small subset of
interneurons. Interestingly, purkinje cells and pyramidal neurons were the only cells that
displayed surface expression of Panx1 (Zappala et al., 2006).
Transcriptome analysis of P7 mouse brains indicated that neurons express Panx1,2 and
Cx36; astrocytes express Cx26,43,45; oligodendrocytes (including precursors) express Panx1,2
and Cx26,30,32,47; and endothelial cells express Panx1 and Cx37,40,43,45. In contrast
microglia have very low expression of Panx1,2 and do not express Cxs. Notably, astrocytic Cx43
(gene name; Gja1) > 500 FPKM and oligodendrocyte Cx32,47 (gene names; Gjb1 and Gjc2) was
around 200 FPKM (Zhang et al., 2014b).
The conductance of a fully open single Cx hemichannel has been reported to be 220 pS,
which is approximately twice that of a gap junction (Contreras et al., 2003; Saez et al., 2005). In
contrast the unitary conductance of Panx1 hemichannels has been determined to be 550 pS (Bao
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et al., 2004a). Panx hemichannels can also be distinguished pharmacologically from Cx
hemichannels. Probenecid blocks Panx but not Cx and flufenamic acid (FFA) blocks Cx but not
Panx (Lohman and Isakson, 2014). Carbenoxolone (CBX) is the most commonly used blocker of
hemichannel opening and it blocks both Panx and Cx. Synthetic blocking peptides (also referred
to as mimetic peptides) have been demonstrated extremely useful for targeting specific
hemichannels. The short peptide 10panx was found to be a potent inhibitor of Panx1 hemichannel
opening. 10panx shares the same 10 amino acids as one of Panx1’s extracellular loops (Pelegrin
and Surprenant, 2006). Blocking peptides with the same sequence as segments of the
extracellular loop of Cx43 has also been shown to block the flux through this channel
(Desplantez et al., 2012). Gap26 and Gap27 share the same amino acid sequences as found on
the two extracellular loops and have been shown to block both Cx43 gap junctional
communication and Cx43 hemichannel opening (Warner et al., 1995; Evans and Boitano, 2001;
Wang et al., 2012). Gap19 on the other hand shares the same amino acid sequence as part of the
intracellular loop and selectively inhibits Cx43 hemichannel opening without affecting Cx43 gap
junctions. The interaction between the C-terminal of Cx43 and its intracellular loop plays a
functional role for Cx43 hemichannel opening (Ponsaerts et al., 2010) and it has been
demonstrated that GAP19 blocks Cx43 hemichannel opening by binding to its C-terminal
(Boengler et al., 2013; Wang et al., 2013). Biotin-Gap19 was shown to bind to purified Cx43 Cterminal tails using a streptavidin-coated sensor chip and pre-incubation with a peptide
corresponding to the active sequence of the C-terminal blocked the inhibitory effect of Gap19
(Wang et al., 2013). Gap19 prevented the opening of Cx43 hemichannels when Cx43 was
expressed in C6 cells with an IC50 of approximately 50 μM. 250 μM of GAP19 blocked ~97% of
ATP release through Cx43 hemichannels while 400 μM of Gap19 did not affect gap junction
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(measured as junctional conductance in Cx43 expressing cell pairs). 250 μM of Gap19
significantly improved adult mouse cardiomyocyte viability following ischemia/reperfusion both
in vitro and in vivo compared to mutated Gap19 (Gap19 reduced swelling of cardiomyocytes in
vitro and infarct area in vivo). GAP19 was administered intravenous as 25 mg/kg which were
estimated to correspond to ~250 μM (Wang et al., 2013).

1.3.2

ATP release through opening of pannexin hemichannels

Multiple lines of evidence support the role of Panx1 in ATP release in a vast variety of cells.
The most convincing proof that ATP is released through opening of Panx1 hemichannels is the
work by Dr. Ravichandran’s laboratory. The lab demonstrated that apoptotic Jurkat cells (induce
by anti-Fas or UV exposure) released ATP and UTP through caspase-mediated opening of Panx1
to attract immune cells. Inhibition of caspase activity (with zVAD-fmk) and hydrolysis of ATP
(by apyrase) did not block apoptosis but prevented migration of immune cells towards apoptotic
cells (Elliott et al., 2009). CBX, probenecid, small interfering (si)RNA against Panx1, and a
novel Panx1 inhibitor, trovafloxacin, all inhibited the release of ATP and UTP without affecting
apoptosis (Chekeni et al., 2010; Poon et al., 2014). Like ATP, UTP is an important purinergic
receptor agonist for microglia. In vivo microdialysis has revealed that UTP is released following
KA-induced damage and that UTP stimulation of microglial P2Y6 receptors promoted
phagocytosis (Koizumi et al., 2007). Jurkat cells with stable overexpression of Panx1 showed
Panx1 siRNA-sensitive increase of ATP and UTP release. Apoptosis was accompanied by a
CBX-sensitive current that was significantly enhanced (from 500 to 2000 pA) in cells
overexpressing Panx1. Profound increases in caspase activity and Panx siRNA-sensitive dye
uptake was also observed in apoptotic cells. A thorough screen revealed that Panx1 was
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efficiently cleaved by caspase 3 as two hours after induction of apoptosis both procaspases and
uncleaved Panx1 were undetectable (by western blotting). CBX did not block cleavage of Panx1
but inhibition of caspases (with zVAD) did. Panx1 has two cleavage sites one in the intracellular
loop and one at the C-terminal and only cleavage of the C-terminal site evoked the CBXsensitive current and ATP release. Mutating the C-terminal cleavage site did not block apoptosis
but abolished the CBX-sensitive current and ATP release (Chekeni et al., 2010). To further
validate the cleavage-mediated activation of Panx1 a human Panx1 variant was generated in
which the C-terminal caspase cleavage site was substituted with a tobacco etch virus protease
site. This Panx1 variant was expressed in different expression systems and cleavage of this novel
site (by application of tobacco etch virus proteases inside the patch electrode) evoked a CBXsensitive current (Sandilos et al., 2012).
Panx1 is ubiquitously expressed and has been identified in brain, heart, skeletal muscle,
skin, testis, ovary, placenta, thymus, prostate, lung, liver, small intestine, pancreas, spleen, colon,
blood endothelium and erythrocytes (Baranova et al., 2004; Penuela et al., 2013). Thus, since the
first demonstration of Panx-1 mediated ATP release, following depolarization of Panx1
expressing oocytes (Bao et al., 2004a), Panx1-mediated ATP release has been demonstrated from
various different cell types including T cells, taste buds, skeletal muscles, airway epithelial cells,
erythrocytes, smooth muscle cells, pituitary cells, and endothelial cells. Stimulation of T cells
with anti-CD3 antibody triggered CBX-sensitive release of ATP and application of

10

panx was

found to retain a higher level of intracellular ATP (Schenk et al., 2008). Using transfected CHO
cells as biosensors it was shown that gustatory stimulation caused CBX-sensitive release of ATP
in mouse taste buds (Huang et al., 2007; Huang et al., 2009). Electrical stimulation (45 Hz, 400
1-ms pulses) of rat skeletal myotubes triggered 10panx-sensitive ATP release which peaked after
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3 min but stayed elevated for 30 min (Buvinic et al., 2009). Hypotonic-evoked ATP release from
rat pituitary cells, airway epithelial cell, and isolated tracheas were blocked by CBX, probenecid,
and siRNA against Panx1 (but not FFA) (Li et al., 2011b; Li et al., 2011a). ATP release was
enhanced by overexpression of Panx1 and did not occur in tissue from (Ransford et al., 2009;
Seminario-Vidal et al., 2011). Probenecid and

10

panx, as well as mefloquine (another well

characterized Panx1 blocker (Iglesias et al., 2009)) also blocked ATP-mediated constriction of
resistance arteries. Electroporation with siRNA against Panx1 also decreased the constriction
while electroporation of Panx1-green fluorescent protein enhanced constriction (Billaud et al.,
2011). Exposure of human erythrocytes to different oxygen levels demonstrated an inverse
relationship between oxygen levels and ATP release which was also significantly reduced by
CBX, probenecid, and

10

panx (Sridharan et al., 2010), Finally, thrombin-evoked ATP release

from human umbilical vein endothelial cells was blocked by CBX and shRNA against Panx1
(Godecke et al., 2012).
Activation of NMDAR is one of the most well-established triggers of Panx1 hemichannels
opening in the CNS. Hence NMDAR will be introduced first followed by a discussion about
NMDA-evoked opening of neuronal hemichannels.

1.3.3

NMDA receptors

NMDAR are ionotropic glutamate receptors (permeable to Na+, K+, and Ca2+) that are
present at excitatory synapses where they play an important role in mediating synaptic
transmission, plasticity and excitotoxicity. They are regulated by unique features such as the
requirement for co-activation by extracellular glycine and a voltage-sensitive block by
extracellular Mg2+. Several distinct NMDAR subtypes have been identified, GluN1, GluN2A-D,
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and GluN3A,B (Dingledine et al., 1999; Cull-Candy et al., 2001; Collingridge et al., 2009;
Traynelis et al., 2010) which interact with various intracellular signaling molecules associated
with the postsynaptic density. Functional NMDAR are tetra-heteromers (possibly pentamers)
that are composed of two obligatory GluN1 subunits (containing the glycine-binding domain) in
combination with at least one GluN2 subunit (containing the glutamate-binding domain). GluN3
is not required in functional NMDAR but can co-assemble with GluN1, N2 complexes (Das et
al., 1998; Perez-Otano et al., 2001). At resting membrane potentials, NMDAR containing
GluN2A or GluN2B subunits are blocked by extracellular Mg2+ (Villarroel et al., 1995;
Premkumar and Auerbach, 1996; Wollmuth et al., 1998) and depolarization e.g. by activation of
AMPA receptors to relieve the voltage-dependent Mg2+ block, is therefore required to allow the
flux of ions through the NMDAR. NMDAR containing NR2C,D are less sensitive to
extracellular Mg2+ (Monyer et al., 1992; Ishii et al., 1993; Schwartz et al., 2012). With the
exception of the cerebellum GluN2A,B are the predominant GluN2 subunits in the majority of
the brain especially in the hippocampus. GluN2B expression is higher than GluN2A in the
neonatal brain but over the course of development GluN2A expression increases while GluN2B
expression decline (Monyer et al., 1994; Paoletti, 2011). GluN2A and GluN2B containing
NMDAR can functionally be distinguished by selective non-competititive inhibitors e.g.
Ifenprodil (Williams, 1993; Tovar and Westbrook, 1999), CP 101,606 (Brimecombe et al., 1998)
and Ro 25-6981(Fischer et al., 1997) display a higher selectivity for GluN2B containing
NMDAR.
Interestingly, glial cells have also been reported to express NMDAR. Transcriptome analysis
(P7 mice) indicated that microglia might have very low expression of Grin1,2a (gene names for
GluN1,2A), astrocytes express Grin1,2c,3a, and oligodendrocytes (including precursors) express
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Grin1,2a,3a (Zhang et al., 2014b). This is further supported by several studies that show
NMDAR subtype expression on both astrocytes (Schipke et al., 2001; Krebs et al., 2003; Lalo et
al., 2006; Lee et al., 2010) and oligodendrocytes (Karadottir et al., 2005; Salter and Fern, 2005;
Micu et al., 2006; Cao and Yao, 2013). Evidence of the presence of functional NMDAR in
cultured microglia also exists (Liang et al., 2010; Murugan et al., 2011). Cultured microglia have
been reported to express mRNA for GluN1, N2A-D, and N3A and treatment for 12-24 hours
with 300 µM of NMDA (in Mg2+-free solution with D-serine) resulted in the production of
several proinflammatory cytokines (e.g. IL-1β, interferon , and TNFα), and reactive oxygen
species which was reduced when NMDA was applied together with MK801. The supernatant
from NMDA treated microglia (300 µM for 1h) triggered excitotoxicity and death when applied
to neuronal cultures. Surprisingly, less than 12% of microglia showed Ca2+ responses to NMDA
(300 µM NMDA for more than 2 min, cell were loaded with FURA 2-AM) (Kaindl et al., 2012).
Both mRNA and protein expression have also been observed for NR1, and NR2A-C in amoeboid
microglia / macrophages 1-3 days after hypoxic exposure of one day old rats (NR3 was
upregulated after 7-14 days) (Murugan et al., 2011). While only NR1 (not NR2A,B) was
expressed 3-7 days after ischemia in adult rats (Gottlieb and Matute, 1997). None of these
studies reported a constitutive expression of NMDAR subunits on microglia. However, one study
has provided evidence that microglia might express NMDAR in the healthy brain. NR1
immunolabeling colocalizes with both lectin+ and Iba1+ microglia in tissue from P5 and P56
mice and CD68+ microglia in fetal and adult human tissue. Microglial NR2B,D expression was
also reported in infant mouse tissue. Functionally, depletion of CNS expression of NR1
selectively in microglia (conditional NR1 LoxP+/+ LysM Cre+/- mice) resulted in reduction in
lesion size compared to wild type mice in a model for excitotoxic brain damage (introduced by
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intracerebral injection of a glutamate analogue, ibotenate in P10 and P56 mice) and mechanical
head trauma (in P7 mice) (Kaindl et al., 2012). Local application of glutamate in vivo triggered a
Ca2+ response in a subset of cortical microglia (2 out of 14 cells, similar to what was reported in
cultured microglia following NMDA application). Application of a metabotropic glutamate
receptor agonist (trans-ACPD) did not trigger a Ca2+ response under these conditions indicating
that the glutamate potentially could act on microglial NMDA or AMPA receptors (Eichhoff et
al., 2011). However, it could not be ruled out that glutamate is acting on ionotropic receptors on
another cell type that then in turn triggered a secondary Ca2+ response in microglia e.g. as a result
of glutamate-evoked ATP release. Hence, it would be interesting to repeat these experiments in
the presence of a purinergic receptor antagonist or apyrase. Notably, in several other studies local
application of glutamate evoked a current in voltage clamped neurons but not in voltage clamped
microglia. ATP on the other hand evoked a current in microglia (Wu et al., 2007; Wu and Zhuo,
2008; Fontainhas et al., 2011) questioning whether glutamate and NMDA application has a
direct effect on microglia.

1.3.4

NMDA-evoked opening of neuronal Panx1

Multiple brief applications of NMDA (100 µM, 10 sec duration at 1 min intervals) and a
prolonged application of NMDA (100 µM, for 10-15 min) triggered a CBX-sensitive current in
acutely isolated hippocampal neurons. Activation of NMDAR on neurons loaded with the Panx1
permeable dye, calcein (623 Da) together with a Panx1 non-permeable version of the calcium
indicator Fluo-4, elegantly revealed an elevation in intracellular Ca2+ accompanied by efflux of
calcein upon NMDAR activation. Calcein efflux was blocked by the presence of high
extracellular Mg2+ (which blocks NMDAR), the Panx1 blocking peptide (10panx), and siRNA
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against Panx1. Application of NMDA also triggered a dramatic uptake of the Panx1 permeable
dye, SR101 (607 Da) in CA1 neurons in acute brain slices. No NMDA-evoked SR101 uptake
was observed in the presence of 10panx, and the NMDAR blocker APV. Finally, removing Mg2+
(and adding 5 mM K+) triggered seizure-like bursting in hippocampal neurons which were
reduced by application of

10

panx (Thompson et al., 2008). In agreement with NMDA-evoked

opening of Panx1, ischemic conditions, which are known to implicate activation of NMDAR
(Lee et al., 1999; Rossi et al., 2000), also triggered opening of Panx1 in hippocampal neurons.
Oxygen and glucose deprivation of acutely isolated hippocampal neurons evoked a CBXsensitive current which recovered when oxygen and glucose were re-introduced. Removal of
oxygen and glucose also evoked uptake of SR101 by cortical neurons which was blocked by
CBX (Thompson et al., 2006). In agreement with this, anoxia depolarization evoked a large
inward current in patch clamped CA1 pyramidal neurons in acute brain slices. This
depolarization was significantly reduced by

10

panx, antibodies against Panx1 (included in the

patch electrode), probenecid, and mice with reduced neuronal expression of Panx1 (flxPanx1cre, reduced Panx1 expression was validated by IHC). Importantly, NMDAR and ischemicinduced opening of Panx1 was not caspase dependent (as observed during apoptosis) as it still
occurred in the presence of zVAD-fmk. Instead, activation of Src family kinases was found to
mediate NMDAR-evoked opening of Panx1. Anoxia is known to activate kinases of the Src
family (Takagi et al., 1997; Takagi et al., 1999) and Src-mediated opening of Panx1 has
previously been proposed (Iglesias et al., 2008). Inhibition of Src during anoxia prevented Panx1
opening and targeting Src’s phosphorylation site on Panx1 (with an interfering peptide)
attenuated the anoxia-induced

10

panx-sensitive current. Importantly, ischemia-induced opening

of Panx1 was entirely NMDAR dependent as the NMDAR antagonist (2 R)-amino-542

phosphonovaleric acid; (2 R)-amino-5-phosphonopentanoate (APV) resulted in a similar
attenuation of the depolarization as APV together with
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panx (Weilinger et al., 2012). Taken

together, these data convincingly demonstrate that activation of NMDAR on CA1 pyramidal
neurons either by application of exogenous NMDA or by an ischemic insult triggers opening of
Panx1 hemichannels in these neurons.
Interestingly, activation of neuronal NMDAR is known to promote production of NO by
stimulation of neuronal nitric oxide synthase (nNOS) (Christopherson et al., 1999; Sattler et al.,
1999; d'Anglemont de Tassigny et al., 2007), and ischemia-induced NO production has been
shown to potentially enhance Panx1 opening via NO-mediated S-nitrosylation of Panx1. Panx1
has two cysteine residues in its cytoplasmic C-terminal (which is also conserved in Cx) which
potentially can be S-nitrosylated (Yen and Saier, 2007). Ischemia-induced dye efflux from
cultured hippocampal neurons was shown to be NO-dependent and could be blocked by
inhibition of S-nitrosylations (Zhang et al., 2008). In support of these observations, NMDARinduced NO production by nNOS during cerebral ischemia in the CA1 promoted S-nitrosylation
and activation of Src while inhibition of nNOS blocked it. Src kinases also phosphorylate
NMDAR and thereby potentiate their responses (Yu et al., 1997; Salter and Pitcher, 2012; Tang
et al., 2012).
A few studies have reported Panx1-mediated effects on microglial process dynamics. In
retinal explants application of AMPA triggered microglial process outgrowth that was blocked
by suramin (a non-selective purinergic receptor blocker) and probenecid. Suggesting that
activation of AMPAR evoked ATP release through opening of Panx1 (Fontainhas et al., 2011).
However, AMPAR activation was not performed in the presence of NMDAR blockers thus it
could not be ruled out that the proposed opening of Panx1 hemichannels was evoked by
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NMDAR stimulation secondary to AMPA-induced depolarization. Several studies have also
reported that suramin inhibits glutamatergic synaptic transmission (Motin and Bennett, 1995; Gu
et al., 1998), AMPAR and NMDAR mediated currents (Nakazawa et al., 1995; Ong et al., 1997;
Peoples and Li, 1998), and binding of radioligands to both AMPAR and NMDAR (Balcar et al.,
1995; Suzuki et al., 2004) but not kainate receptors (Ong et al., 1997). Kainate was reported to
also trigger microglial process outgrowth (Fontainhas et al., 2011) thus it would have been
interesting to see if suramin also blocked kainate-evoked microglial process outgrowth under
these experimental conditions. Additional experiments with other purinergic blockers would also
have been informative. Probenecid is a potent blocker of Panx1 but it also has a lot of other
targets, hence additional experiments (e.g. blocking Panx1 with CBX or ideally performing the
experiments in retina explants from Panx1 deficient mice) would be required to conclude that the
AMPA-evoked changes observed in microglia morphology are due to ATP release via opening
of Panx1 hemichannels.
In zebrafish larvae repetitive glutamate uncaging triggered a probenecid and CBX-sensitive
current in tectal neurons (Li et al., 2012). This is in perfect agreement with the observation that
multiple brief applications of NMDA triggered a CBX-sensitive current in hippocampal neurons
in the rodent (Thompson et al., 2008). Importantly, the repetitive glutamate uncaging also
triggered microglial process extension and the formation of bulbous tips which was significantly
reduced by suramin, apyrase, probenecid, CBX, and knock down of Panx1 with two different
morpholino constructs (Li et al., 2012). Taken together, this indicates that opening of neuronal
Panx1, by repetitive stimulation of neuronal NMDAR, is a powerful mechanism for releasing
ATP and a potential functional means for neurons to communicate with microglia and evoke
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directed extension of microglial processes towards NMDAR and Panx1 containing neuronal
dendrites.

1.3.5

ATP release through opening of Cx43 hemichannels

Cx 43 is the most prominent and most studied Cx protein in relation to gap junctions and
potential for hemichannel opening and will be the focus of this section. Astrocyte expression of
Cx43, Cx30, Cx26, Cx40, and Cx45 has been reported (Dermietzel et al., 1989; Nagy et al.,
1999; Dermietzel et al., 2000). However, double knockdown of Cx30 and Cx43 abolished
functional gap junction-mediated communication (Wallraff et al., 2006; Rouach et al., 2008)
demonstrating that Cx30 and Cx43 are the main functional Cx in astrocytes. Astrocytic end-feet
ensheathe blood vessels in the brain and are believed to provide structural integrity to the
cerebral vasculature. A striking characteristic of astrocyte endfeet is their enrichment of Cx43
and Cx30 (co-immunolabeled with astrocytic markers, glial fibrillary acidic protein (GFAP),
aquaporin4, and S-100β and the vascular marker laminin) (Yamamoto et al., 1990; El-Khoury et
al., 2006; Ezan et al., 2012). Mice with selective depletion of astrocytic Cx30 and Cx43 display
astrocytic endfeet edema and a weakened blood-brain barrier (BBB) indicating that astrocytic Cx
are necessary for maintaining BBB integrity (Ezan et al., 2012). Traditionally, the stimuli
required for opening of Cx43 hemichannels were non-physiological as it required depolarization
of membrane potentials to around 60 mV which would make opening in non-excitable cells like
astrocytes virtually impossible. However, hemichannel opening at resting membrane potentials
are now broadly accepted (Contreras et al., 2003; Retamal et al., 2007; Orellana et al., 2011a;
Orellana et al., 2011b).
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Removal of extracellular Ca2+ is known as a reliable method to trigger opening of Cx43
hemichannels and it has been extensively investigated both in expression systems (i.e. HEK
cells, HeLa cells, osteoblasts, and gliomacells), in cultured astrocytes and in astrocytes in vivo.
At a holding potential of -80 mV, an inward current was triggered after removal of extracellular
Ca2+ in HEK293 cells expressing Cx43. Re-introduction of Ca2+ reversed the current. Consistent
with the known size selectivity of Cx hemichannels (< 1 kDa), removal of extracellular Ca2+ also
triggered size-selective dye uptake. The Cx permeable dyes, calcein (660 Da) or propidium
iodide (PI) (668 Da) were gradually taken up over time after removal of extracellular Ca2+ while
the Cx non-permeable dye, dextran-fluorescein (1.5-3 kDa) was not (John et al., 1999; Kondo et
al., 2000). Replacing Ca2+ with the Ca2+ chelater, ethylene glycol tetraacetic acid (EGTA) (2
mM) and elevating intracellular Ca2+ levels further enhanced the probability of opening of Cx43
hemichannels when expressed in HeLa cells (Contreras et al., 2003; Schalper et al., 2008; Wang
et al., 2012). These data were supported by the finding that influx of lucifer yellow and Mn2+ into
human osteoblasts transfected with Cx43 (measured as manganese-induced quenching of fura-2)
occurred in 30-40% of transfected cells even when extracellular Ca2+ was removed. In contrast
only 2-5% of cells took up Mn2+ and lucifer yellow in the presence of extracellular Ca2+ (2 mM)
or the hemichannel blocker 18 β-glycyrrhetinic acid (Romanello and D'Andrea, 2001).
Expression of Cx43 in C6 gliomacells demonstrated uptake of lucifer yellow and efflux of
calcein (as previously observed) as well as efflux of ATP (Stout et al., 2002; Wang et al., 2013).
Removal of divalent cations triggered dye loading of Lucifer yellow (452 Da) in cultured
hippocampal rat astrocytes. Restoring divalent cations or adding CBX blocked dye uptake in a
dose-dependent manner. Uptake was also blocked by the Cx blocker FFA (Ye et al., 2003).
Reducing extracellular Ca2+ has also been shown to trigger Cx43-mediated ATP release in acute
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hippocampal brain slices from juvenile mice. The photolabile Ca2+ buffer, Diazo-2 was used to
reduce [Ca2+]ex (by local application of light pulses) in acute mouse hippocampal brain slices.
The reduction of [Ca2+]ex was pulse-dependent (detected by Ca2+ sensing electrodes) and multiple
pulses reduced [Ca2+]ex by 0.5-0.7 mM which were sufficient to trigger ATP release (Torres et
al., 2012). One concern regarding quantifying [Ca2+]ex is that changes in extracellular space
might sway the measurements. ATP was detected via in situ bioluminescence imaging and no
bioluminescence was observed in the absence of Diazo-2 (excluding chelation of Ca2+) or
luciferase (excluding ATP-mediated bioluminescene). In addition, reducing [Ca2+]ex also evoked
an increase in intracellular Ca2+ in astrocytes loaded with a Ca2+ indicator (Rhod2-AM)
supposedly due to ATP-induced activation of astrocytic purinergic receptors as it was blocked by
the suramin, PPADS, and RB2. Importantly, ATP release was abolished by CBX (50 µM) and in
brain slices from transgenic mice deficient for Cx30 and astrocytic Cx43. ATP release was not
inhibited in slices from Cx30 deficient mice (Torres et al., 2012). Cx43 deficiency is lethal at
birth and was therefore conditionally deleted in deleted in astrocytes by induction of GFAP
driven Cre recombinase (Theis et al., 2003). Additionally, Cx43 deletion is compensated for by
up-regulation of Cx30 (Lin et al., 2008) thus floxed astrocytic Cx43 was introduced in Cx30
knock out (KO) mice. Cx43-mediated ATP release from astrocytes was further proven by
demonstrating that the duration of astrocytic Ca2+ signals was increased in brain slices from
transgenic mice with increased number of open Cx43 hemichannels (introduced by an astrocytetargeted point mutation in Cx43, Cx43G138R (Dobrowolski et al., 2008)). Intracellular Ca2+ was
measured in astrocytes at 50, 100, and 150 µm away from the site of photolysis of Diazo, where
[Ca2+]ex was not altered, thus it can be assumed that the increase in astrocytic Ca2+ is due to
activation of purinergic receptors (either P2Y-mediated release of Ca2+ from intracellular stores
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or P2X-mediated Ca2+ influx) rather than Ca2+ influx through opening of Cx43. Enhanced
neuronal activation is known to trigger a reduction in [Ca2+]ex (due to influx of Ca2+ through
NMDAR) and both glutamate uncaging (using MNI-Glu) and high frequency stimulation caused
a similar reduction in [Ca2+]ex and consequently ATP release, as photolysis of Diazo-2, which
were inhibited by blockage of AMPAR and NMDAR (by CNQX and APV respectively) (Torres
et al., 2012).
Opening of astrocytic Cx43 hemichannels should also allow for the efflux of glutamate
which is more than 3 times smaller than ATP and is abundant inside astrocytes. The intracellular
concentration of astrocytic glutamate has been estimated to be 3-10 mM (Schousboe and Divac,
1979; Sonnewald et al., 2002). Intriguingly, lowering [Ca2+]ex was also found to evoke CBX
sensitive release of glutamate from cultured astrocytes independently of ATP as it was
unaffected by blockage of purinergic receptors (with suramin and PPADS) (Ye et al., 2003). This
indicates that both ATP and glutamate release occurs through opening of Cx43 hemichannels.
Glutamate release was independent of intracellular Ca2+ as chelating intracellular Ca2+ (with
BAPTA-AM) or depleting intracellular Ca2+ stores (with thapsigargin) did not affect glutamate
release. Glutamate was also released from acutely isolated mouse optic nerves when exposed to
divalent cation free solution containing EGTA and this release was blocked by CBX (Ye et al.,
2003).
Similar to Panx1, Cx43 also contains two cysteine residues in its cytoplasmic C-terminal
(Yen and Saier, 2007) and nitrosylation of Cx43 was also found to increase opening probability
of Cx43 hemichannels in astrocytes. Application of S-Nitrosoglutathione evoked S-nitrosylation
of Cx43 and increased ethidium bromide uptake, which was blocked by different reducing agents
i.e. glutathione, trolox and dithiothreitol (Retamal et al., 2006). dithiothreitol did not affect the
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rate of ethidium bromide uptake in HeLa cells that expressed a mutated form of Cx43 which
lacks cytoplasmic cysteines (Saez et al., 2005).
On the other hand, phosphorylation of specific Cx43 serine or tyrosine residues decreased its
opening probability (Lampe and Lau, 2000; Harris, 2001). Phosphorylation of Cx43 by protein
kinase C abolished dye flux in oocytes (Bao et al., 2004b) and Cx43 hemichannel opening by
low [Ca2+]ex was blocked by activation of protein kinase C (Li et al., 1996; Liu et al., 1997).
Expression of Cx43 with a mutated protein kinase C phosphorylation site increases opening
probability (Bao et al., 2004b). The effect of dithiothreitol was not associated with
phosphorylation (Saez et al., 2005).
Interestingly, only 10% of Cx43 in cultured astrocytes was expressed on the surface (could
be biotinylated) under normal conditions while induction of free radicals doubled the surface
expression of Cx43 and led to dephosphorylation of half of the Cx43 proteins thereby leading to
enhanced opening probability (Retamal et al., 2006).

1.3.6

Lesion-induced ATP release

Damage to the cell membrane would evoke ATP efflux and laser-evoked lesions of cell
membranes have become an established approach to trigger ATP-induced microglial process
extention. However, it might seem unlikely that ATP efflux from damaged cells can sustain a
gradient of ATP for minutes. This next section therefore discusses the sparse indications that
lesion-induced microglial process outgrowth is more complex than ATP efflux from damage
cell.
Lesion-induced microglial process extension in the zebrafish larvae was found to be
dependent on neuronal NMDAR-mediated Ca2+ waves leading to release of ATP. The lesion49

induced Ca2+ waves were independent of ATP while process extension was blocked when the
wave was abolished by either chelating extracellular Ca2+ (with EGTA) and by inhibition of
NMDAR. These data indicate that glutamate efflux from the damaged area triggers the
propagation of a Ca2+ wave by activation of NMDAR that in turn triggers ATP release. Depleting
intracellular Ca2+ by thapsigargin did not affect the Ca2+ wave supporting the prediction that the
Ca2+ wave is mediated by influx of extracellular Ca2+ through NMDAR. Uncaging of NMDA
mimicked the effects of a lesion and triggered both a Ca2+ wave and microglial process
extension. Process extension, but not the Ca2+ wave, was blocked by CBX and FFA indicating
that ATP is released through opening of a hemichannel (Sieger et al., 2012).
Lesion-induced microglial process extension in the fundus of the eye has also been reported
to cause a Ca2+ wave in astrocytes around the lesion site that lasted up to 30 min. However, this
Ca2+ wave, in contrast to the wave in zebrafish larvae, was reported to be blocked by chelation of
intracellular Ca2+ (with BAPTA) which supposedly also blocked microglial process extension.
It has also been shown both in vivo and in acute brain slices that microglial process
extension to ‘non-hydrolysable’ ATP analogues (ATP S, 2-MeSADP, and AMPPNP) is blocked
by application of apyrase indicating that ATP-induced ATP release might be required for process
extension (Davalos et al., 2005; Wu et al., 2007). Additionally, data from cultured microglia
indicated that ATP induced ATP release is important for long-range extracellular signaling and
that extracellular ATP might trigger ATP from microglia themselves through Ca2+-dependent
lysosomal exocytosis. Microglia migration triggered by a non-hydrolysable ATP analogue
(ATP S) was also blocked by apyrase (Dou et al., 2012). However, it is questionable whether
apyrase and potentially endogenous ectonucleotidases are capable of hydrolyzing these ATP
analogues (Picher et al., 1996; Burton et al., 2003). Adenosine has an inhibitory effect on field
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EPSPs and application of ATP S had the same inhibitory effect on EPSPs as ATP indicating that
ATP S gets hydrolyzed to adenosine as efficiently as ATP. Furthermore, the inhibitory effect of
ATP S was decreased by blocking the effect of CD39, by application of denosine deaminase
(which converts adenosine into inosine), and by blocking A1 receptors while the inhibitory effect
of ATP S was increased in the presence of a adenosine uptake inhibitor (Cunha et al., 1998). As
discussed previously the formation of a purinergic gradient is crucial for process outgrowth and
no controls were included to validate that these ATP analogues did not get hydrolyzed by
apyrase. Several studies have also suggested that ATP-induced microglial process extension
require ATP-induced ATP release via hemichannel opening because process extension to laserinduced lesions and local ATP applications is blocked by the hemichannel blocker FFA (Davalos
et al., 2005; Kim and Dustin, 2006; Wu et al., 2007). However, FFA is also known as a potent
Cl- channel blocker (White and Aylwin, 1990; Weber et al., 1995) and it has been determined
that process outgrowth requires functional Cl- channels (Hines et al., 2009) which might likely be
an alternative explanation of why FFA blocked process outgrowth. We have performed pilot
experiments using the potent hemichannel blocker CBX and we observed that neither lesioninduced microglial process extension nor ATP-induced process outgrowth was blocked in acute
brain slices (data not shown).

1.3.7

Vesicular release of ATP

Neuronal Ca2+ dependent vesicular release of ATP has been demonstrated from whole-brain
synaptosomes (White 1978) and several types of brain slice preparation, including hippocampal
slices (Wieraszko et al. 1989; Cunha et al. 1996). Furthermore, ATP is taken up by isolated
synaptic vesicles (Gualix et al. 1999). The vesicular nucleotide transporter (VNUT) also referred
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to as (solute carrier family 17 member 9) SLC17A9 is the key transporter of ATP into vesicles in
the brain (Sawada et al., 2008). It’s highly expressed in the brain in particular in hippocampus,
cortex and olfactory bulb. IHC and postembedding immunogold labeling revealed that VNUT
co-localized with synaptic vesicles in both excitatory and inhibitory synapses in the hippocampus
(Larsson et al., 2012). ATP release from hippocampal neurons evoked by depolarization was
blocked by siRNA knockdown of VNUT (Sawada et al., 2008; Larsson et al., 2012) and did not
occur in hippocampal neurons from VNUT deficient mice (Sakamoto et al., 2014). Blockage of
ATP release from pancreatic cells, intestinal L cells, and airway epithelia was also significantly
inhibited by siRNA knockdown of VNUT (Geisler et al., 2013; Sesma et al., 2013; Haanes et al.,
2014; Harada and Hiasa, 2014) and ATP release from pancreatic islets was absent in VNUT
deficient mice (Sakamoto et al., 2014). ATP uptake into VNUT expressing liposomes was
blocked by DIDS (4,4'-Diisothiocyano-2,2'-stilbenedisulfonic acid, IC50 = 2.5 µM) and Evans
blue (IC50 = 40 nM) (Sawada et al., 2008). Notably, expression of VNUT has also been reported
in glial cells and VNUT-mediated ATP-release has been reported in cultured astrocytes (Oya et
al., 2013), microglia (Imura et al., 2013; Shinozaki et al., 2014) and macrophages (Sakaki et al.,
2013).
Interestingly, the synaptic vesicular protein SLC10A4, (Splinter et al., 2006; Geyer et al.,
2008; Burger et al., 2011) also referred to as vesicular aminergic-associated transporter (VAAT)
(Zelano et al., 2013; Larhammar et al., 2014; Patra et al., 2014), might potentially play a role in
vesicular uptake of ATP. There is no direct evidence that VAAT-mediated ATP released occurs
but VAAT has been demonstrated to be a transporter of negatively charged molecules
(Larhammar et al., 2014) and depletion of VAAT was found to alter transmission in the
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neuromuscular junction (Patra et al., 2014) where vesicular co-release of ATP together with
acetylcholine is well known (De Lorenzo et al., 2006).

1.3.8

Non hemichannel pore-forming proteins

Certain P2X receptors have been reported to have the unique capacity of enlarging their pore
to allow the permeability of molecules of up to 800 Da (Surprenant et al., 1996; Rassendren et
al., 1997; Virginio et al., 1997). This property of pore dilation has been shown for P2X2,4,7
(Fujiwara and Kubo, 2004; Chaumont and Khakh, 2008; Bernier et al., 2012) primarily by
investigations of dye up take but whether ATP efflux occurs through these pores remain
questionable. However, P2X7 activation have been shown to be associated with the recruitment
of pore-forming molecules such as Panx1 (Pelegrin and Surprenant, 2006; Locovei et al., 2007;
Iglesias et al., 2008) and this ATP-mediated opening of large P2X pores is potentiated by
removal of divalent cations (Trezise et al., 1994; Bernier et al., 2012).
Another interesting pore forming protein is the calcium homeostasis modulator (CALHM).
In taste buds CALHM1 mediates taste stimuli-evoked ATP release which is required for taste
perception (ATP acts as a neurotransmitter to activate afferent gustatory pathways) (Taruno et
al., 2013). Opening of CALHM1 is dependent on [Ca2+]ex and voltage. In HeLa cells expressing
CALHM1 a dose-dependent release of ATP was observed with different concentrations of
[Ca2+]ex. ATP release occurred when [Ca2+]ex was reduced to 1 mM and it was increased 4 fold
when [Ca2+]ex < 0.1 mM. CALHM1-mediated ATP release in HeLa cells was blocked by
ruthenium red (20 µM), but not CBX (30 µM) and taste-evoked ATP release from gustatory
tissue was abolished in CALHM KO mice (Taruno et al., 2013). Removal of divalent cations
also evoked a CALHM1-evoked current in N2A cells which was blocked by ruthenium red, but
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not CBX and did not occur in CALHM1 KO mice (Ma et al., 2012). Human CALHM1 mRNA
was highly expressed throughout the brain and spinal cord (Dreses-Werringloer et al., 2008)
while there are conflicting reports about the expression and function of murine CALHMs.
CALHM1 mRNA was below detection level in mouse brain from E12 and up to one year of age
while CALHM2 was highly expressed (Wu et al., 2012). At P7 CALHM2 was only expressed by
microglia (Zhang et al., 2014b). However, reducing [Ca2+]ex to 0.2 mM evoked a CALHM1
mediated current in cultured mouse cortical neurons which was absent in neurons from
CALHM1 KO mice (Ma et al., 2012).

1.4

Rational and hypothesis

The last decade of research in the field of neuroimmunology has provided intriguing
evidence that microglia constantly survey the neuropil, especially surrounding synapses, and
several striking examples of microglia-neuron interaction have been provided. Microglia
mediated synaptic pruning during development has been elegantly demonstrated to be crucial for
brain wiring, as aberrant connectivity is associated with multiple neurological disorders. Absence
of microglia functions enhanced NMDA-evoked neuronal excitotoxicity while neuronal activity
was attenuated following contact with microglial processes. In the juvenile and adult CNS
microglial processes have also been reported to interact with synapses in an activity dependent
manner. Microglial processes would briefly pause upon contact with synaptic elements and
lowering of neuronal activity would reduce the frequency and duration of the interactions
between microglial process and synapses. However, the modes of communication between
neuronal activity and microglial process dynamics have not been determined. Therefore,
demonstrating that neuronal activity can trigger an alteration in microglial process dynamics
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would be an important contribution to the overall understanding of the interplay between neurons
and microglia, and thus represents the main objective of this dissertation (chapter 2 and 3).
The dynamic nature of microglia and their rapid morphological changes following different
external stimuli have made live imaging of microglial morphology a powerful tool for
investigating and quantifying their responses under various circumstances. Two-photon laser
scanning microscopy and the development of transgenic mouse lines, with fluorescent indicators
genetically expressed in microglia, provide the unique opportunity to visualize and track changes
in microglia morphology in real-time. Imaging of acute brain slices offers endless possibilities
for manipulating the tissue via application of pharmacological agents or by insertion of
electrodes, and it has previously been demonstrated that microglia maintain their ramified
morphology in this preparation. However, visualization of rapid microglial process dynamics
was limited to the use of transgenic mouse lines with genetically encoded indicators because
there were no available methods to preserve the fine structures in acute slices. Hence, a second
objective of this dissertation has been to develop a novel fixation and immunolabeling procedure
that would preserve the fine dynamic structures in acute brain slices (chapter 4).
Local application of ATP and damage-evoked release of ATP triggered microglial process
extension towards the source of ATP. ATP is also known as a signaling molecule for attracting
immune cells in the periphery. Thus we speculated that ATP might be released upon enhanced
neuronal activity to attract microglial processes to synapses. ATP can be released by
hemichannel opening, which has been shown to occur during high neuronal activity. Application
of NMDA and ischemia-evoked activation of neuronal NMDAR induce opening of neuronal
Panx1 hemichannels. High neuronal activity is also accompanied by a drop in extracellular Ca 2+
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which induces opening of astrocytic Cx43 hemichannels. The following two hypotheses were
therefore investigated (see schematic illustration below).

1.4.1

Hypothesis 1

Activation of neuronal NMDAR triggers ATP release via opening of neuronal Panx1
hemichannels and consequently a change in microglial process dynamics (chapter 2).

1.4.2

Hypothesis 2

Opening of astrocytic Cx43 hemichannels by removal of extracellular Ca2+ triggers ATP
release and consequently an alteration in microglial process dynamics (chapter 3).
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Figure 1-1. Schematic diagram illustrating the hypotheses.
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Chapter 2: Activation of neuronal NMDA receptors triggers transient ATPmediated microglial process outgrowth

2.1

Introduction

Microglia, the primary immune effectors in the brain, exhibit a ramified morphology with
motile processes that survey their surroundings (Nimmerjahn et al., 2005). Ramified microglia
are responsible for synaptic pruning (Paolicelli et al., 2011) and sculpting of synaptic
connections during development (Schafer et al., 2012; Bialas and Stevens, 2013). In the adult
CNS the motility of microglial processes decreases upon contact with synapses (Wake et al.,
2009) and dendritic spines are significantly more likely to be eliminated following contact with
microglial processes (Tremblay et al., 2010). However, previous studies examining the link
between neuronal activity and microglia process dynamics in rodents have yielded contradictory
findings. Blocking synaptic transmission did not alter microglial process motility (Nimmerjahn
et al., 2005) whereas increasing neuronal activity by blocking inhibition (Nimmerjahn et al.,
2005; Fontainhas et al., 2011) but not by electrophysiological stimulation (Wu and Zhuo, 2008)
increased motility and extension of the microglial processes. Thus, identifying the molecular
cue(s) mediating microglia responses and determining how the release of these signals are being
triggered would be an important contribution to the overall understanding of neuron-microglia
communication in the adult brain.
ATP is an important molecular chemoattractant mediating ‘find-me’ signals for immune
cells (Elliott et al., 2009; Chekeni et al., 2010) and several studies have demonstrated that
microglial processes rapid extend towards local tissue damage or locally applied ATP (Davalos
et al., 2005; Haynes et al., 2006). P2Y12 receptors are selectively expressed by microglia in the
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brain (Sasaki et al., 2003; Hickman et al., 2013) and are the critical purinergic receptors for
microglial process extension in vivo and in vitro (Haynes et al., 2006; Orr et al., 2009; Ohsawa et
al., 2010). In addition ATP metabolites such as adenosine may help establish the gradient for
directed microglia extension (Ohsawa et al., 2012). These studies highlight ATP and its
derivatives are signaling molecules that, when released, can mediate microglial process
extension. ATP release via open pannexin 1 (Panx1) channels (Huang et al., 2007; Chekeni et al.,
2010; Li et al., 2011b) has been observed in many cells. Repetitive stimulation of NMDA
receptors (NMDAR) triggered neuronal Panx1 channel opening in rodents (Thompson et al.,
2008). In zebra fish larvae, NMDA uncaging triggered microglial process extension (Sieger et
al., 2012) while repetitive glutamate uncaging mediated Panx1 opening and promoted an ATPinduced neuron-microglia contact (Li et al., 2012). Thus, we investigated whether NMDAR
activation in the adult rodent brain could evoke signaling to microglia and whether this form of
communication relied on Panx1. To address these questions, an NMDAR stimulation paradigm
in acute brain slices from mice was developed that allowed for pharmacological interventions
during time lapse imaging of changes in microglia morphology. Furthermore, a novel protocol
for fixation and immunolabeling of dynamic processes in whole brain slices was developed to
visualize microglial morphology in brain slices from Panx1-deficient mice subjected to our
NMDAR stimulation paradigm. Finally, to demonstrate that microglia responded to selective
stimulation of neuronal NMDAR we activated NMDAR on single voltage clamped neurons and
found this triggered microglia process outgrowth.
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2.2

Materials and methods

Animals
CX3CR1EGFP/EGFP mice on a BALB/c background and CX3CR1EGFP/+ on C57BL/6
background (Jung et al., 2000) were bred and housed under controlled conditions (12 h light/dark
cycle) with water and food ad libitum. Panx1 KO mice on C57BL/6 background (Qu et al., 2011)
and age matched C57BL/6 wild type mice were a gift from Dr Christian Naus. Emx-GCaMP3
mice

(produced

by

crossing

B6.129S2-Emx1tm1(cre)Krj/J

strain

with

B6;129S-

Gt(ROSA)26Sortm38(CAG-GCaMP3)Hze/J strain) (Gorski et al., 2002) were a gift from Dr Timothy
Murphy. Note that EGFP is introduced as a “knock-in” thus the CX3CR1 gene encoding the
fractalkine receptor is replaced with the gene encoding for EGFP (i.e. mice heterozygous for
EGFP are CX3CR1-/+ while mice homozygous for EGFP are CX3CR1-/-).

Slice preparation and maintenance
Mice (40-120 days, both males and females) were anaesthetized with halothane and
decapitated according to protocols approved by the University of British Columbia committee on
animal care. The brains were removed and sliced in an ice-cold solution containing (in mM): NMethyl-D-glucamine (120), KCl (2.5), NaHCO3 (25), CaCl2 (1), MgCl2 (7), NaH2PO4 (1.2), Dglucose (2), sodium pyruvate (2.4), and sodium L-ascorbate (1.3) that was constantly oxygenated
with 95% O2 and 5% CO2. The brains were sliced horizontally (300 µm thick) using a vibratome
(Leica VT1200S) with disposable razor blades (Canemco-Marivac) and incubated for 1 hour at
room temperature (RT) in oxygenated artificial cerebrospinal fluid (ACSF) containing (in mM):
NaCl (126), KCl (2.5), NaHCO3 (26), CaCl2 (2.0), MgCl2 (2), NaH2PO4 (1.25), and D-glucose
(10), pH at 7.3-7.4, osmolarity ~300 mOsm. Experiments were performed at RT with continuous
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perfusion (3 ml/min) of oxygenated ACSF. For the experiments involving NMDA application
the concentration of MgCl2 was either reduced to 0.6 mM or increased to 6 mM (the NaCl
concentration was adjusted to balance osmolarity and NaH2PO4 was omitted from the high Mg2+
solution) and 10 µM glycine was added.

Fixation and immunolabeling of brain slices using modified methods
Brain slices were fixed by immersion in 4% paraformaldehyde (PFA) at 80°C for 2 min and
rinsed in 0.1 M phosphate buffered saline (PBS). The 300 µm thick slices were immunolabeled
free-floating and each step was performed in 0.1M PBS with 20% dimethyl sulfoxide (DMSO),
and 2% Triton X-100. In short; slices were blocked for 24 h in 10 % goat serum, incubated for 8
days with a polyclonal rabbit antibody against mouse ionized calcium binding adaptor molecule
1 (Iba1, 0.5 µg/ml) or a polyclonal rabbit antibody against mouse P2Y12 (Haynes et al., 2006)
and 2.5% goat serum, washed for 24 h, incubated for 6 days with a polyclonal goat-anti-rabbit
IgG antibody conjugated with Alexa 594 (1 µg/ml) and 2.5% goat serum, and rinsed in 0.1 M
PBS. Prior to imaging the slices were mounted in FluorSave reagent on specially made
microscope slides (Fisher Scientific) with the cover glass elevated 300 µm above the slide. This
protocol gave us six unique capabilities. First, we could fix the tissue at any given time point
during real time imaging (i.e. following a lesion or during ATP or NMDA applications) thereby
obtaining a snapshot of the morphology at the exact time of fixation. Second, we could run
simultaneous experiments under the same conditions with several slices prepared from the same
brain (i.e. one slice subjected to ATP or NMDA applications and one slice serving as a nontreated control that was fixed simultaneously). Third, we could image microglia morphology at
specific time points without live cell illumination with the ultrafast infrared laser for two photon
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imaging thereby ruling out potential contributions of laser-induced photo-toxicity in our
paradigm. Fourth, the fixation was fast enough to allow us to immunolabel target proteins and
link their cellular location to the exact cellular morphology. Fifth, we could investigate the
cellular responses in a large brain region at precisely the same time point (i.e. microglial
responses to 5 NMDA applications across the stratum radiatum). Sixth, we could image cells
after fixation and immunolabelling at comparable and defined depths within brain slices. The
decision to fix the slices 8 min post the 5th NMDA application was based on an early estimate of
the peak outgrowth following 5th NMDA applications. We named this modified method,
SNAPSHOT (StaiNing of dynAmic ProcesseS in HOt-fixed Tissue).

Surgery for in vivo imaging
A round cranial window (2 mm diameter) was installed under general anesthesia (fentanyl,
0.05 mg/kg; midazolam, 5 mg/kg; medetomidine, 0.50 mg/kg). The anesthetized mice were
secured on a modified stereotactic frame while placed on a heating pad. The skin and the
periosteum were removed to expose the skull. Lines forming a circle (0.5 mm lateral of -0.5 mm
of bregma) were gently drilled onto the skull surface. The respective portion of the skull was
removed and the brain was kept moist at all times using surgical gel sponges in PBS
(GelitaSpon). A custom-made titanium ring (14 mm diameter) was then sealed onto the skull
above the cranial window with light-curing dental cement (Heraeus) to secure the mouse to a
custom-made head fixation plate during imaging (Hefendehl et al., 2012). Finally, the dura mater
was carefully removed.
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Local application of ATP
Two electrodes (tip resistance 4-6 MΩ) were placed 100 µm apart at 150 µm below the
surface of the slice using bright field illumination as guidance. Positive pressure (0.05 psi) was
applied prior to entering the tissue and continuously throughout the experiments. One electrode
(#1) contained ACSF and served as a reference while the other electrode (#2) contained ACSF
with 4 mM ATP. 50 µM or 200 µM of the selective ectonucleotidase inhibitor ARL 67156
trisodium salt (ARL) was added to the ACSF in the bath. Alexa 594 hydrazide-sodium salt (100
µM) was added to the internal solution of each electrode for visualization of the tip. Image
acquisition was initiated within 5 min of placement of the electrodes (defined as time 0 for
quantification). Microglial process outgrowth towards the tip of the electrode was quantified as
F/F0 at 500-550 nm emission within circles (radius of 50 µm) centered at the tip of each
electrode (F = fluorescence intensity at time x, F0 = fluorescence intensity at time 0).

Astrocytic dye-coupling
Astrocytes were voltage clamped at −80 mV with an intracellular solution contained (in
mM) potassium gluconate (124), MgCl2 (4), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES, 10), EGTA (1), potassium ATP (4), sodium GTP (0.4), Na2creatinePO4, (10), Alexa
488 hydrazide-sodium salt (0.1) with pH adjusted to 7.2 with KOH and osmolarity adjusted to
290-300 mOsm. CBX, 100 µM was perfused onto slices 25 min prior to whole cell configuration
and throughout the experiments. To ensure proper dialysis of the internal solution, image
acquisition was not initiated before 20 min after whole cell configuration. Astrocytes were
visualized prior to patching by staining brain slices with sulforhodamine 101, a specific marker
for astrocytes (Nimmerjahn et al., 2004; Kafitz et al., 2008).
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Neuronal patch clamping experiment
CA1 pyramidal neurons were voltage clamped at −70 mV using the blind patch clamp
method (Castaneda-Castellanos et al., 2006). Patch electrodes (tip resistance 4-6 MΩ) were
pulled from 1.5 mm outer diameter thin-walled glass capillaries (World Precision Instruments)
using a Flaming-Brown micropipette puller (Sutter Instruments). The electrodes were lowered in
the stratum oriens and aimed to approach the stratum pyramidale at 140-160 µm below the
surface of the slice. Positive pressure (0.5 psi) was applied prior to entering the bath and kept
until contact with a pyramidal cell. The intracellular solution contained (in mM) potassium ATP
(4), potassium gluconate (108), MgCl2 (2), HEPES (10), EGTA (1), sodium GTP (0.3), Sodium
gluconate (8), KCl (8) Alexa 594 hydrazide-sodium salt (0.1) with pH adjusted to 7.2 with KOH
and osmolarity adjusted to 285-290 mOsm. MK801 (1 mM) was added to the intracellular
solution. The blind patch clamp method was chosen as it allowed for unbiased selection of CA1
pyramidal neurons and for targeting cells deep in the tissue.

Slice imaging
A two-photon scanning microscope (Coherent Chameleon Ultra II laser coupled to a Zeiss
LSM510-Axioskop-2 microscope with a Zeiss 40X-W/1.0 numerical aperture objective) was
used to image live and fixed hippocampal brain slices. Microglial cells were imaged in the
stratum radiatum of the CA1 region at 150 +/- 25 µm below the surface of the slice. Images for
time lapse analysis were collected at 512 × 512 pixels using 4-line averaging and acquired as
time series of stacks (z = 15, 2 µm steps with the soma of the microglial cell(s) of interest in the
middle of the stack) with a total scan time of 1 min/stack. Images for 3D reconstruction were
acquired as stacks of 75-90 images using 8-line averaging and stepping 0.5 µm in the z-axis
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between frames. EGFP and GCaMP3 were excited at 920 nm and the emission was detected with
a photo multiplier tube after passing through a 500-550 nm emission filter. The same filter and
detector was also used for image acquisition during the patch-clamp experiments with Alexa 488
that was excited at 800 nm. For horizontal cross-sections of the stratum radiatum images of fixed
slices were acquired as stacks (z = 25, 2 µm steps) with ~20% overlap with its neighboring
images to allow alignment for tiling images. Alexa 594 and sulphorhodamine 101 were imaged
using 800 nm excitation and a 600-660 nm emission filter. Lesions were induced by exposure of
high laser power illumination to a restricted area. Non-saturated images (all pixels < 255) and
images through the whole brain slice (z = 151, 2 µm steps with auto z brightness correction, ZEN
2012 software) were acquired using a Zeiss LSM7MP-AX10 microscope with a Zeiss 20XW/1.0 numerical aperture objective.

In vivo imaging
In vivo imaging was performed on anesthetized mice (fentanyl, 0.05 mg/kg; midazolam, 5
mg/kg; medetomidine, 0.50 mg/kg) using a custom built two-photon microscope equipped with a
Coherent Chameleon Ultra II laser and a Zeiss 40X-W/1 numerical aperture objective. Texas
Red dextran (Invitrogen, 70 kDa; 12.5 mg/ml in sterile PBS) was injected intravenously, to
visualize the blood vessels. The mice were secured under the microscope by fitting the titanium
ring in a custom-built head fixation apparatus (Hefendehl et al, 2012) connected to a motorized
xy stage (Sutter Instruments). EGFP and Texas Red were imaged simultaneously using 920 nm
excitation and were detected via non-descanned detectors and ET525/50m-2P and ET605/70m2P emission filters respectively (Chroma Technology). Images were collected at 512 × 512 pixels
without averaging and acquired as stacks (z = 40, 1 µm steps) at a depth of 100-140 m below
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the cortical surface. ACSF was continuously perfused across the cortical surface (3 ml / min)
using a custom made perfusion system that was designed to fit within the titanium ring and
which allowed delivery and washout of ATP similar to the application used for slices. Laser
power was kept constant for each experiment and did not exceed 45mW.

Image processing and analysis
All images were processed using ImageJ (Rasband, W.S., ImageJ, U. S. National Institutes
of Health, http://imagej.nih.gov/ij/, 1997-2013). The following steps were used to prepare the
time lapse images for analysis unless otherwise indicated: i) concatenation of the time series, ii)
application of a median filter, iii) z-projection by maximum intensity of each stack (every time
point), and iv) alignment of all images in xy-plane, thereby generating a 2D time series for
further analysis. To quantify the morphological changes occurring over time we generated an
unbiased and fully automated program using Matlab R2012b inspired by Kozlowski and Weimer
(Kozlowski and Weimer, 2012). In short, only cells with their soma within the middle 5 images
of each stack were included in the analysis. Each cell was subjected to 5 frame rolling average
and made binary (threshold calculated by Otsu’s method, Matlab graythresh function). The
thresholded cell was identified as the largest connected region and its cross sectional area and
perimeter was quantified. Additional quantifications were performed by determining the number
of branch points using a ‘skeletonized’ model of the cell (i.e modeled by straight lines based on
the shape of the largest connected region) as previously used by others for quantifying changes
of microglial processes (Fontainhas et al., 2011). We found that applying a rolling averaging step
prior to thresholding, improved the preservation of the connectivity of thin processes to the
soma. The images acquired for 3D reconstruction were subjected to subtraction of the mean
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value of a region defined as background, aligned and subjected to auto-adjustment of brightness
and contrast. The center of mass was determined by the BoneJ plugin; ‘Moments of Inertia’ and
3D reconstructions were generated using ImageJ’s 3D viewer. Non-saturated images were
pseudocolored by intensity using ImageJ’s lookup tables (fire) and cross-sections of the stratum
radiatum were reconstructed of up to 6 images using the MosaicJ plugin.

Statistics
Statistical analyses were performed using GraphPad Prism version 6.0 for Mac. Gaussian
distributions were assumed for all experiments and n-values represents the number of animals.
For multiple comparisons, multiplicity adjusted p-values are indicated on the respective figures
when appropriate otherwise the p-values were indicated by *, P < 0.05; **, P < 0.01; ***, P <
0.001.

Western blotting
Additional brain slices from mice, from which slices were used for imaging and fixation,
were homogenized using lysis buffer containing (in mM): Tris (100, pH 7.0), EGTA (2),
(Ethylenediaminetetraacetic acid) EDTA (5), NaF (30), sodium pyrophosphate (20) and 0.5%
NP40 with phosphatase and protease inhibitors (Roche) and centrifuged at 13,000g for 20 min at
4°C. Protein concentration of the lysates were determined by Bradford assay using a DC protein
assay dye (Bio-Rad) and 20 µg of protein (diluted in 2x Laemmli buffer with 5% βmercaptoethanol and boiled for 5 min) was used for sodium dodecyl sulphate/polyacrylamide gel
electrophoresis (10% precast gel, Lonza). The proteins were transferred to polyvinylidene
fluoride membranes (Bio-Rad) and blocked in 5% nonfat milk prior to probing. Each step was
67

performed in Tris-buffered saline with 0.1% Tween 20. In short, the membranes were incubated
with an affinity purified rabbit anti-mouse panx1 antibody (CT-395, 0.2 µg/ml) (Penuela et al.,
2009, Bargiotas et al., 2011) for 12 h at 4°C, washed, incubated with goat-anti-rabbit IgG
antibody conjugated with horseradish peroxidase (~0.2 µg/ml) for 1 h, washed and visualized on
a molecular Imager (VersaDoc MP 5000, Bio-Rad) using enhanced chemiluminescence. Next,
the membranes were re-probed with a goat-anti-mouse glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) antibody (0.5 µg/ml) and a donkey-anti-goat IgG antibody conjugated
with horseradish peroxidise (0.2 µg/ml) and re-imaged.

Chemicals
For drugs that were dissolved as stock solutions (1000x) the solvents are indicated in
parentheses with the exception of probenecid that was dissolved in 1M NaOH and added
directly to ACSF (pH corrected to 7.35). Abcam supplied: 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX disodium salt (DMSO)), (2R)-amino-5-phosphonovaleric acid (APV, D isomer (H2O)),
and

tetrodotoxin

citrate

(TTX(H2O));

Amersham

Bioscience

supplied:

enhanced

chemiluminescence; Bio-Rad supplied: β-mercaptoethanol; Calbiochem supplied: FluorSave
reagent; EMD supplied: D-glucose and NaHCO3; FD NeuroTechnologies supplied:
paraformaldehylde; Fisher Scientific supplied: CaCl2, DMSO, Glycine, NaH2PO4, KCl, and
MgCl2; GE HealthCare supplied: chemiluminescence and goat-anti-rabbit IgG antibody
conjugated with horseradish peroxidase; Life Technologies supplied the Alexa 594 conjugated
antibody against rabbit IgG, Alexa 488 hydrazide-sodium salt and Texas red; Oxoid suppied;
PBS (tablets); Pfizer supplied: medetomidine; Research Biochemicals International supplied:
reactive blue 2 (RB2, dH2O); Sandos supplied: Fentanyl and midazolam; Santa Cruz supplied:
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antibody against GAPDH and donkey-anti-goat IgG antibody conjugated with horseradish
peroxidase; Sigma supplied: 2x Laemmli buffer, ATP disodium salt hydrate (H2O), PTIO, CBX
disodium salt (H2O), halothane, HEPES, NaCl, Na2creatinePO4, NMDA (H2O), N-Methyl-Dglucamine, potassium ATP, potassium gluconate, potassium EGTA, Probenecid (1M NaOH),
sodium GTP, sodium L-ascorbate, sodium pyruvate, Triton X-100, Tween 20; Tocris bioscience
supplied: ARL, KN-62, L-NAME hydrochloride, MK 801 and PPADS tetrasodium salt;Wako
supplied the antibody against Iba1. The antibody against mouse Panx1 was a kind gift from Dr
Dale W. Laird. The antibody against mouse P2Y12 was a kind gift from Dr David Julius.

2.3

Results

Characteristics of ATP-induced microglial process outgrowth in slices and in vivo
We first established the validity of ATP-induced microglia responses in acutely prepared
mouse brain slices. Bath application of ATP (500 µM) consistently induced dynamic
morphological changes of microglial cells, which we refer to as microglial process outgrowth
(Fig. 2.1A-C). This outgrowth was characterized by extension of existing processes, sprouting of
new branches extending away from the soma and formation of bulbous tips (growth cone like
structures at the leading edge of extending processes and branches). Importantly, every
microglial cell (in control conditions) immediately responded to ATP and process outgrowth
persisted as long as ATP was applied. The process outgrowth was completely reversible as
microglia would return to their initial morphology within a few minutes upon removal of ATP.
Furthermore, the process outgrowth could be repeated with additional ATP applications. To
confirm that the characteristics of this ATP-induced microglial process outgrowth also occurred
in vivo, ATP (10 mM) was topically applied to the intact cortex and a similar pattern of
microglial process outgrowth was observed in microglia in vivo (Fig. 2.1D).
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Figure 2-1 Patterns of microglial process outgrowth induced by ATP in slices and in vivo.
A, Timeline for image acquisition and ATP applications in slices. B, Bath application of ATP (500 µM, 15
min) induced microglial process outgrowth in slices, which is illustrated by the morphological changes of the cells
shown in ‘Baseline’ versus ‘ATP1’. This process outgrowth was reversed when ATP application was terminated
‘Washout1’ and similar morphological changes were observed again with an additional application of ATP ‘ATP2’.
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Scale bar; 20 µm. C, Colour-coded three dimensional reconstructions of one microglial cell, highlighting the
morphological changes induced by ATP (‘Washout2’ in green versus ‘ATP3’ in red). Note the ATP-induced
extension of existing processes, sprouting of new branches, and formation of bulbous tips that are apparent in red at
the ‘Merged’ image. The images are shown as a bottom view of the xy-plane. Scale bar; 20 µm. D, Microglial
process outgrowth in vivo following topical application of ATP (10 mM) to the intact cortex. Note that ATP induced
similar morphological changes in vivo as compared to in slices that reversed during washout. Blood vessels are seen
in red. Scale bar; 20 µm.

Characteristics of microglial process outgrowth triggered by NMDA
We observed that bath application of NMDA triggered a transient microglial process
outgrowth that was similar to that induced by ATP. Transient exposure to NMDA triggered a
reversible extension of existing processes, sprouting of new branches away from the soma and
formation of bulbous tips (Fig. 2.2B) and was quantified (area, perimeter and number of branch
points) as shown in Fig. 2.2C-D. We observed that the microglial response to NMDA was
variable during the first three applications whereas subsequent applications were consistently
stable (Fig. 2.2D), hence we established a paradigm with three initial NMDA applications
separated by 20 min intervals followed by 40 min intervals before NMDA applications 4 and 5.
Fig. 2.2D shows that the process outgrowth following the 4th application of NMDA compared to
the 1st was significantly different with respect to the local baseline values obtained 5 min prior to
the respective NMDA application. Importantly, comparisons of process outgrowth following the
4th and the 5th NMDA applications were not significantly different. This allowed us to test the
effect of various blockers on the 5th application. We thus could compare the outgrowth triggered
by the 4th NMDA application to the outgrowth triggered by the 5th NMDA application in the
presence of various blockers. The longer intervals were introduced to allow for the outgrowth to
recover and to allow time for application of pharmacological agents (25 min) prior to the 5th
NMDA application.
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Figure 2-2 Microglial process outgrowth triggered by NMDA was repeatable and reversible.
A, Timeline for image acquisition during NMDA applications. B, Multiple bath applications of NMDA (100
µM, 1 min/application) consistently triggered microglial process outgrowth illustrated with this series of images
obtained at the different time points prior to and following multiple NMDA applications as indicated in A. The
sample images from this time series shows that the process outgrowth was reversible after each application and was
induced again when NMDA was reintroduced each of these 5 times. Scale bar; 20 µm. C, Illustration of step-by-step
analysis of the microglial cell indicated with the arrows from B. D, Graphic depiction of quantified microglial
morphology for different parameters over time with NMDA applications indicated by red markers. D1, D3 and D5
show quantification of the surface area of the thresholded images, the perimeter of the thresholded images and the
number of branch points of the skeletonized images, respectively with the values normalized to the baseline (average
of the first 15 min) and graphed as the mean + standard error of the mean (SEM). D2, D4 and D6 show the
quantification of the morphological changes following the 1 st, 4th and 5th NMDA applications from the respective
local baseline (defined as the 5 min prior to the respective NMDA application and indicated by; a, c and e in D1) to
the max value within 15 min following NMDA application (indicated by; b, d and f in D1). Each data point is
represented with a blue dot and data points from the same experiments are connected with blue lines. The mean ±
SEM is illustrated in black. The experiments were performed in low Mg 2+ (0.6 mM) and in the presents of glycine
(10 µM). Repeated measures ANOVA with Bonferroni’s multiple comparison post test was used for statistical
comparison of the change from local baseline between the groups (n = 5).

Comparison of microglia outgrowth triggered by NMDA versus ATP
We examined the difference between the patterns of process outgrowth triggered by NMDA
versus ATP application on the same cells. This was investigated by acquiring z-stacks of images
before and after NMDA and ATP application in order to create 3D reconstructions of microglia
when process outgrowth was triggered by either stimulus. The microglial process outgrowth
induced by NMDA was non-polarized resulting in a spatially uniform distribution of bulbous tips
and a quantified polarization of approximately 50% (Fig. 2.3C1, D). In contrast process
outgrowth induced by bath application of ATP was strikingly polarized with a greater extension
of processes directed toward the surface of the brain slice where the ATP was diffusing into the
tissue (Fig. 2.3C2, D). This is consistent with the hypothesis that ATP generates polarized
outgrowth because a gradient is generated as the ATP diffuses into the brain slice. In contrast the
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non-polarized process outgrowth in NMDA is consistent with the release of chemoattractant
agents from neurons throughout the brain slice as a result of NMDAR activation. Additionally,
we acquired images immediately after terminating the ATP application. We observed that the
bulbous tips withdraw prior to the retraction of the extended processes when the ATP application
is terminated.

Figure 2-3 NMDA triggered a non-polarized outgrowth of microglia processes in contrast to ATP
application.
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A, Timeline for image acquisition to examine NMDA versus ATP induced outgrowth (note, that this is the 6 th
NMDA application). B, Three dimensional reconstructions (shown as bottom view, xy-plane) of a microglial cell at
five different time points as indicated in A. Note, in ‘Washout’ (immediately after termination of ATP application)
that the microglial processes were still extended while the bulbous tips were collapsed. Scale bar; 20 µm. C,
Merging of the images prior to (green) and following (additional portions of the cell are in red) either from NMDA
C1 or ATP application C2. The merged three dimensional reconstructions are shown as bottom views (xy-plane),
top view (xy-plane) and side views (zy-plane). Note, that outgrowth induced by NMDA-triggered ATP release is
non-polarized (uniform distribution of red bulbous tips) while the red bulbous tips are polarized towards the top
(surface of the slice) during ATP application. D, Bar graph depicting the microglial cell polarization in different
conditions. The cell’s center of mass at ‘Baseline1’ was used to determine changes in polarization (total
fluorescence above the center of mass / total fluorescence below the center of mass) of the cell at the indicated time
points. The groups were compared using repeated measures ANOVA with Bonferroni’s multiple comparison post
test (n = 3).

Outgrowth occurred independently of CX3CR1 stimulation
The fractalkine receptor on microglia is known to respond to neuronal fractalkine and is
potentially a candidate in directing or triggering microglia process outgrowth (Liang et al.,
2009). The expression of EGFP in microglia in our transgenic mice is driven by CX3CR1. To
investigate whether the outgrowth would be altered by the presence or absence of the CX3CR1
fractalkine receptor, slices from both CX3CR1-/- and CX3CR1-/+ mice were subjected to the
multiple NMDA applications paradigm (Fig. 2.4). Similar outgrowth occurred in slices from
both transgenic mice and no significant differences were observed for any of our 3 parameters.
Thus, microglia process outgrowth did not require the fracktalkine receptor. CX3CR1EGFP/EGFP
mice, which have optimal expression of EGFP and provide the best signal to noise ratio while
imaging dynamic processes, were used for subsequent experiments.
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Figure 2-4 Outgrowth occurred independently of CX3CR1 expression.
Multiple bath applications of NMDA, using the paradigm presented in Fig. 2.2, led to a similar outgrowth in
slices from CX3CR1 knock out (CX3CR1-/-) and CX3CR1 heterozygous (CX3CR1-/+) mice. A1, examples of
outgrowth following the 5th NMDA application in comparison to the local baseline5 in a slice from a CX3CR1-/+
mouse. Scale bar; 20 µM. A2, Graphic depiction of changes from the local baseline following the 4 th and 5th NMDA
application, determined as illustrated in Fig. 2.2, for both CX3CR1-/- and CX3CR1-/+ mice. Each data point is
represented with a blue dot and data points from the same experiments are connected with blue lines. The mean ±
SEM is illustrated in black. One-way ANOVA with Bonferroni’s multiple comparison post test was used for
statistical comparison of the change from baseline following the 4th NMDA application in CX3CR1-/- and the 4th
NMDA application in CX3CR1-/+ mice as well as the 5th NMDA application in CX3CR1-/- and the 5th NMDA
application in CX3CR1-/+ mice; n = 9 for CX3CR1-/- (these are separate experiments than those depicted in Fig.
2.2D) and n = 5 for CX3CR1-/+.

NMDA-triggered ATP release is selective to NMDAR stimulation
We next investigated whether ATP was released as a result of NMDA receptor activation or
if NMDA directly activated microglial cells. As described above when NMDA was briefly
applied at 5 different times there was no significant difference between the outgrowth following
the 4th and the 5th NMDA applications. Therefore, we applied pharmacological agents 25 min
prior to the 5th NMDA application and measured microglia process outgrowth to compare with
the extent of outgrowth from the 4th NMDA application which is referred to as control (Fig. 2.5).
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We determined, as expected, that the NMDA triggered outgrowth was due to NMDAR activation
because process outgrowth was abolished by the NMDAR antagonist APV (Fig. 2.5A).
Outgrowth still occurred in TTX to block action potentials and CNQX, at a concentration to
block both AMPA and kainate receptors (Fig. 2.5B). Several studies have shown that ATP is a
key trigger for microglial process outgrowth (Davalos et al., 2005; Haynes et al., 2006). We
tested whether ATP release underlies the microglial response to NMDA by applying a broad
spectrum ATP receptor antagonist, RB2 (Fig. 2.5C). RB2 is a potent competitive antagonist for
P2Y12 (Hoffmann et al., 2008) and has previously been successfully used to block microglial
process extension towards laser-induced lesions (Davalos et al., 2005). We found that RB2
completely blocked NMDA-triggered outgrowth indicating that microglial process outgrowth is
mediated by a secondary release of purinergic agonists downstream of the action of NMDA.
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Figure 2-5 NMDA triggered release of ATP is mediated by NMDA receptors and does not require action
potentials or AMPA and kainate receptor stimulation.
A-C, Multiple bath applications of NMDA using the paradigm presented in Fig. 2.2 was performed with
different pharmacological interventions initiated 25 min prior to the 5 th NMDA application and continued
throughout the experiment. A1-C1, Demonstration of microglial morphology shown at different time points (similar
to Fig. 2.2, c, d, e and f). Local baselines are referred to as ‘Pre NMDA’. Scale bar; 20 µm. A1, Application of the
NMDA receptor antagonist APV (100 µM) abolished the outgrowth ‘APV (5th NMDA)’ compared to ‘APV (pre 5th)’
versus ‘Control (4th NMDA)’ compared to ‘Control (pre 4th)’. B1, Microglial process outgrowth still occurred
independently of action potentials, blocked by TTX (1 µM), and AMPA and kainate receptors stimulation, blocked
by CNQX (50 µM). C1, Application of the purinergic antagonist reactive blue 2 (RB2, 200 µM) completely
abolished microglial process outgrowth. A2-C2, Graphic depiction of changes from the local baseline following the
4th NMDA application ‘Control’ and the 5th NMDA application in the presence of the indicated pharmacological
agents, determined as illustrated in Fig 2.2. Each data point is represented with a blue dot and data points from the
same experiments are connected with blue lines. The mean ± standard error of the mean is illustrated in black. A
paired t test was used to compare the two groups (n = 5).

NMDA-triggered microglial process outgrowth does not depend on NO or ATPmediated ATP release
Since neuronal NMDAR activation is well known to result in nitric oxide (NO) production
(Christopherson et al., 1999; Sattler et al., 1999; d'Anglemont de Tassigny et al., 2007), and NO
has previously been reported to be a modulator of acute microglial reactions in the spinal white
matter (Dibaj et al., 2010), we examined whether NMDA-induced NO formation contributed to
microglia process outgrowth in our assay. Application of the potent blocker of NO-synthase LNAME together with the NO-scavenger, PTIO did not block microglial process outgrowth (Fig.
2.6A), suggesting that the NMDA induced microglia process outgrowth was independent of NO
production. In addition, the possibility that NMDA-triggered outgrowth required amplification of
ATP itself via P2Y1 or P2X7 receptors was tested. Astrocytic P2Y1 receptors which are
sensitive to broad spectrum purinergic inhibitors such as RB2 and PPADS and P2X7 receptors
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that are inhibited by KN-62 have been reported to mediate ATP-induced ATP release (Pascual et
al., 2012; Baroja-Mazo et al., 2013). Since RB2 blocked the microglia outgrowth, presumably by
blocking P2Y12 receptors, we applied PPADS (which does not block P2Y12) together with the
selective P2X7 blocker KN-62 (Baraldi et al., 2003), both of which failed to block NMDA
induced microglia process outgrowth (Fig. 2.6B).

Figure 2-6 NMDA-triggered microglial process outgrowth does not depend on NO or ATP-mediated
ATP release.
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A-B, Multiple bath applications of NMDA using the paradigm presented in Fig. 2.2 was performed with
different pharmacological interventions prior to the 5 th NMDA application as described in Fig. 2.5. A1-B1,
Demonstration of microglial morphology shown at different time points. Local baselines are referred to as ‘Pre
NMDA’. Scale bar; 20 µm. A1, Application of the NO-synthase blocker L-NAME (1 mM) together with the NOscavenger, PTIO (200 µM) had no effect on NMDA-triggered process outgrowth ‘PTIO and L-NAME (5th NMDA)’
compared to ‘PTIO and L-NAME (pre 5th)’ versus ‘Control (4th NMDA)’ compared to ‘Control (pre 4th)’. B1,
Application of the P2Y1 blocker PPADS (200 µM) together with the P2X7 blocker, KN-62 (15 µM) had no effect
on NMDA-triggered process outgrowth ‘KN-62 and PPADS (5th NMDA)’ compared to ‘KN-62 and PPADS (pre
5th)’ versus ‘Control (4th NMDA)’ compared to ‘Control (pre 4th). Each data point is represented with a blue dot and
data points from the same experiments are connected with blue lines. The mean ± standard error of the mean is
illustrated in black. A paired t test was used to compare the two groups (n = 5).

NMDA-triggered microglial process outgrowth requires ATP hydrolysis
Adenosine A3 receptor activation has also been reported to act synergistically with P2Y12
receptor stimulation to enhance microglia process outgrowth (Ohsawa et al., 2012). Thus we
examined whether blocking the hydrolysis of ATP using the selective ectonucleotidase inhibitor
ARL would alter the NMDA-triggered outgrowth (Fig. 2.7). ARL (50 µM) abolished the
NMDA-triggered microglial process outgrowth (Fig. 2.7A) thereby indicating that local
gradients of ATP and its derivates (ATP -> ADP -> AMP -> adenosine) by hydrolysis of ATP
are crucial for microglial process outgrowth. We validated this observation by blocking the
directed outgrowth to local application of ATP with ARL. 50 µM of ARL significantly reduced
the outgrowth to 4 mM ATP and 200 µM of ALR completely blocked the directed outgrowth
(Fig. 2.7B).
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Figure 2-7 NMDA-triggered microglial process outgrowth was blocked by inhibiting hydrolysis of ATP.
A1-A2, Multiple bath applications of NMDA using the paradigm presented in Fig. 2.2 was performed with
application of the ectonucleotidase inhibitor, ARL (50 µM) prior to the 5 th NMDA application. A1, Demonstration
of microglial morphology shown at different time points. Local baselines are referred to as ‘Pre NMDA’. Scale bar;
20 µm. A2, Application of ARL abolished NMDA-triggered process outgrowth ‘ARL (5th NMDA)’ compared to
‘ARL (pre 5th)’ versus ‘Control (4th NMDA)’ compared to ‘Control (pre 4th)’. The mean ± standard error of the
mean is illustrated in black. A paired t test was used to compare the two groups (n = 5). B1, Local application of
ATP was used to validate the effect of ARL. Two electrodes was placed 100 µm apart. One electrode (#1) contained
ACSF and served as a reference while the other electrode (#2) contained ACSF with 4 mM ATP. Note the processes
surrounding the tip at ‘Control (45 min)’. B2, Graphic depiction of outgrowth towards the ATP containing
electrodes (measured as F/F0). Note the peak after 45 in control when all the processes have reached the tip of the
electrode. B3, Graphic depiction of max F/F0 within the first 45 min. demonstrating a significant outgrowth towards
the ATP containing electrode compared to the reference electrode (ref). 50 µM of ARL significantly reduced the
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outgrowth to ATP compared to the outgrowth observed in control 200 µM of ALR completely blocked the directed
outgrowth. One-way ANOVA with Bonferroni’s multiple comparison post test was used for statistical comparison
six groups (n = 3). **, P < 0.01; ***, P < 0.001; ns, non significant.

NMDA-triggered release of ATP occurred independently of Panx1 but was sensitive to
probenecid
We next examined whether Panx1 channel opening was responsible for the release of ATP
that induced process outgrowth when NMDAR were stimulated. We examined the activation of
process outgrowth in microglia using the repetitive NMDA perfusion protocol described above
with pharmacological interventions 25 min prior to the 5th NMDA application (Fig. 2.8). The
non-selective Panx1 channel blocker, probenecid (Silverman et al., 2008) completely blocked
process outgrowth (Fig. 2.8A). In contrast when we applied the potent blocker of Panx1
channels, CBX, (Thompson et al., 2006; Thompson et al., 2008) there was no significant
decrease in any of the measures of process outgrowth (Fig. 2.8B). We performed additional
control experiments to show that ATP-induced outgrowth still occurred in the presence of
probenecid but was indeed blocked by RB2 (applied at the same concentration and at the same
duration as for the NMDA experiments) (Fig. 2.8D). In addition, we ensured that CBX at this
concentration effectively blocked dye-flux through astrocytic gap junctions (Fig. 2.8E), which
are less sensitive than Panx1 to CBX (Spray et al., 2006). Thus the concentration of CBX would
also block ATP release that might occur via connexin hemichannels(Pearson et al., 2005; Torres
et al., 2012). The control experiments clearly demonstrated that ATP-induced outgrowth still
occurred in the presence of probenecid and that CBX completely blocked dye-flux between
astrocytes. Therefore based on the pharmacology the release mechanism does not appear to
require Panx1 (or other connexin hemichannels) but is sensitive to probenecid.
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Figure 2-8 NMDA triggered ATP release is sensitive to probenecid but is not blocked by the Panx1
inhibitor carbenoxelone.
A-B, Multiple bath applications of NMDA using the paradigm presented in Fig. 2.2 was performed with
different pharmacological interventions prior to the 5 th NMDA application as described in Fig. 2.5. A1-B1,
Demonstration of microglial morphology shown at different time points. Local baselines are referred to as ‘Pre
NMDA’. Scale bar; 20 µm. A1, Application of probenecid (Prob, 2 mM) abolished the outgrowth. ‘Prob (5th
NMDA)’ compared to ‘Prob (pre 5th)’ versus ‘Control (4th NMDA)’ compared to ‘Control (pre 4th)’. B1, Microglial
process outgrowth was not blocked by the potent Panx1 inhibitor, Carbenoxolone (CBX, 100 µM). A2-B2, Graphic
depiction of changes from the local baseline following the 4 th NMDA application ‘Control’ and the 5th NMDA
application in the presence of either Prob or CBX, determined as illustrated in Fig 2.2. Each data point is represented
with a blue dot and data points from the same experiments are connected with blue lines. The mean ± SEM is
illustrated in black. A paired t test was used to compare the two groups. n = 5 for A2 and n = 6 for B2. C, Graphic
summary of the increase of number of branch points following NMDA triggered ATP release in the presence of the
different pharmacological agents shown in Fig. 2.5A-C, Fig. 2.6A-B, Fig. 2.7A, and Fig. 2.8A-B. The increase in
number of branch points is presented as the change from local baseline following the 5th NMDA application / the
change from local baseline following the 4th NMDA application. The control group consists of the experiments
depicted in Fig. 2.2 and Fig. 2.4A (n = 14). One-way ANOVA with Bonferroni’s multiple comparison post test was
used for statistical comparison of the nine groups. **, P < 0.01; ***, P < 0.001; ns, non significant. D-E,
Demonstration of control experiments performed for CBX, APV, Prob, and RB2 respectively. D, In control,
(absence of CBX) whole cell patch clamping of a single astrocyte with a fluorescent dye (Alexa 488, observed in
green) inside the patch pipette allowed for dye diffusion through the gap junctions to surrounding astrocytes.
However, in the presence of CBX the dye was restricted within the patched astrocyte and thus not observed in the
surrounding astrocytes (loaded with Sulforhodamine 101, SR101 and observed in red) Scale bar; 50 µm. E, ATPinduced outgrowth still occurred in the presence of both APV and Prob but was blocked by RB2 (same
concentration as used with NMDA applications). Scale bar; 20 µm.

SNAPSHOT preserved microglia morphology to demonstrate NMDA-triggered
outgrowth and that P2Y12 and Iba1 were localized to growing bulbous tips
To gain novel insight into the location of the P2Y12 receptors during the morphological
changes, we established a modified protocol for rapid and reliable fixation and immunolabeling
of morphological changes in whole brain slices (Fig. 2.9). Our fixation protocol (SNAPSHOT)
provided excellent preservation of microglia morphology when examining EGFP+ve microglia
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highlighted by the preservation of the processes growing towards a lesion (Fig. 2.9B-C1). Using
our immunolabeling protocol we observed labeling of P2Y12 throughout the 300 µm thick slice.
By acquiring non-saturated images of the expression of the membrane proteins P2Y12 and Iba1,
we demonstrated a preferential accumulation of these proteins at the bulbous tips during
outgrowth (Fig. 2.9C2-E. Importantly, we also demonstrated that this fixation protocol can
preserve NMDA triggered process outgrowth (Fig. 2.9F) and thereby makes it an ideal tool for
investigating the NMDA triggered outgrowth in CX3CR1+/+ microglia that don’t express EGFP.
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Figure 2-9 SNAPSHOT (StaiNing of dynAmic ProcesseS in HOt-fixed Tissue) allowed for morphological
and immunohistochemical analysis of dynamic processes preserved at specific time points.
A, Timeline for image acquisition, formation of a lesion (indicated with a red arrow) and the time of fixation
(indicated with a blue arrow). B, Example frames from real-time imaging of EGFP+ve microglia over 48 min. The
bright circular region in the ‘lesion’ image is the lesion area that was induced by exposure of high laser power
illumination restricted to this area. Note that the ‘last image’ was acquired < 1 min prior to fixation. Scale bar; 50
µm. C1-C2, Morphology of the brain slice that was fixed 30 min after lesioning and immunolabeled using the
SNAPSHOT method. C1, microglial process outgrowth towards the lesion was preserved and could be visualized by
imaging of EGFP. C2, illustration of P2Y12 immunolabeling and pseudocoloring of the non-saturated labeling
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intensity (intensity scale for 8-bit image (top right corner); 0 (black), 50, 100, 150, 200, 255 (white)). The
SNAPSHOT protocol allowed us to detect that high levels of P2Y12 receptors were located at the bulbous tips. D, A
similar pattern of preferential distribution of P2Y12 immunolabeling to the growing tips was reproduced when
SNAPSHOT was applied to preserve the microglial process outgrowth triggered by ATP application (15 min). Note
the increased intensity of labeling at the bulbous tips compared to the processes in control conditions. Scale bar; 20
µm. E, A similar pattern of preferential localization at the bulbous tips was also observed with Iba-1
immunolabeling of ATP induced process outgrowth. Scale bar; 20 µm. F, Fixation of brain slices subjected to 5
NMDA applications demonstrated that NMDA triggered microglial process outgrowth (fixed eight min after the 5 th
NMDA application) can be preserved using the SNAPSHOT method. Scale bar; 20 µm.

Microglial outgrowth still occurred in Panx1-deficient mice
In light of the discrepancies in the results obtained using pharmacological inhibitors of
Panx1, we aimed to determine if NMDA still induced microglia process outgrowth in brain slices
from Panx1-/- mice (Fig. 2.10). Western blots confirmed complete absence of Panx1 protein in
the Panx1-/- mice at 6 weeks of age while the Panx1 protein was observed in strain specific WT
(C57BL/6) and at similar levels in the transgenic strain used for microglial time lapse imaging
(CX3CR1EGFP/EGFP, BALB/C) (Fig. 2.10C). We therefore tested whether NMDA could cause
process outgrowth in brain slices from Panx1-/- mice that were subjected to multiple NMDA
applications. The slices were fixed 8 min after the 5th NMDA application using the protocol that
we found to reliably preserve microglia morphology. Comparisons were made between brain
slices treated with NMDA (10 slices from 5 animals) versus untreated brain slices that were
perfused in tissue chambers for identical periods of time (5 slices from the same 5 animals). We
used immunolabeling of Iba1, a specific microglia cell marker (Imai et al., 1996) to visualize
microglia morphology. Extensive process outgrowth with bulbous tips was observed in microglia
from Panx1-/- mice following 5 NMDA applications. Microglia in untreated slices showed a
characteristic ramified morphology (Fig. 2.10D-E). This result also confirms that outgrowth
occurs in CX3CR1+/+ mice and laser-induced phototoxicity does not play any role in the
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outgrowth observed in our paradigm. In addition the observation of outgrowth in microglia from
NMDA application in Panx1-/- confirms the pharmacological data that the process does not
require ATP release from Panx1 channels.

Figure 2-10 NMDA triggered ATP release is independent of Panx1 expression.
A, Timeline for NMDA applications (indicated with red markers) and time of fixation (indicated by blue
arrows) compared to matched controls with no NMDA applications. B, Schematic showing the portion of the
hippocampal CA1 region that was analyzed for morphological changes of microglia.

C, Western blots of

hippocampal brain slice homogenates obtained from Panx1-deficient mice (on C57BL/6 background) ‘Panx1-/-’,
C57BL6 wild type mice ‘WT’, and CX3CR1EGFP/EGFP mice (on BALB/c background) ‘CX3CR1-/-’ were stained with
Panx1 antibodies (Panx1 expected size; 48 kDa) and re-probed with antibodies against GAPDH (expected size; 37
kDa). D-E, Using our protocol (SNAPSHOT) the microglial morphology at the time of fixation was preserved and
visualized by Iba1 immunolabeling. D, Illustration of the microglia morphology in a horizontal cross-section of the
stratum (Str) radiatum in the CA1 in a control slice from a Panx1-/- mice that was not subjected to NMDA
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applications. E, Illustration of the change in microglia morphology in a slice (from the same Panx1-/- mouse shown
in D) that was subjected to 5 NMDA applications, using the paradigm presented in A, and fixed eight min after the
5th NMDA application. Scale bars; 50 µm.

Microglial process outgrowth triggered by selective NMDAR activation on a single
neuron
To determine whether the initial trigger of microglial process outgrowth can be ascribed to
activation of dendritic neuronal NMDAR (versus potential NMDAR expression on glial cells)
we patch clamped CA1 pyramidal neurons using a strategy to selectively activate NMDAR on a
single neuron. Experiments were performed in the presence of high extracellular Mg2+ (6 mM) to
block neuronal NMDAR at resting membrane potential. Additionally, TTX and CNQX (to block
voltage gated sodium channels and AMPA/kainate receptors, respectively) were applied to
prevent spontaneous depolarization of other neurons (Fig. 2.11). Single patch clamped neurons
were depolarized to 0 mV, thereby removing the magnesium block and permitting activation of
NMDAR on the clamped neuron while NMDAR on surrounding neurons were stilled blocked.
In control experiments, neurons were kept hyperpolarized at -70 mV to maintain the Mg2+ block
and prevent NMDAR activation or cells were patched and depolarized with MK-801 in the patch
electrode to block open NMDA channels. Significant microglia outgrowth was observed only
when the neuron was depolarized to allow NMDAR activation but not when the neuron was kept
hyperpolarized or when the NMDAR open channel blocker, MK-801 was added to the internal
solution (Fig. 2.11B-E). To confirm that 6 mM Mg2+ (plus TTX and CNQX) was sufficient to
block the action of NMDA on non depolarized cells, NMDA was applied to brain slices from
EMX–GCaMP3 mice to allow us to visualize intracellular calcium concentration ([Ca2+]i)
changes that occur when NMDAR are activated on neurons. We found that the high Mg2+
conditions effectively blocked NMDA-triggered calcium signals in contrast to large [Ca2+]i
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signals observed in 0 Mg2+ or 0.6 mM Mg2+. The amplitude of the [Ca2+]i signals evoked by
NMDA in 0.6 mM Mg2+ was not reduced by TTX and CNQX demonstrating that block is
entirely Mg2+ dependent. Additionally, since we found that probenecid (2 mM) blocked
microglial process outgrowth we tested whether probenecid would affect NMDA-induced [Ca2+]i
signals. Probenecid had no effect on the amplitude of the [Ca2+]i signals.
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Figure 2-11 Microglial process outgrowth is triggered by selective NMDAR activation on a single
neuron.
A, Timeline for patch clamping, image acquisition, and depolarization during NMDA application. B,
Illustration of the morphology of a patch clamped CA1 neuron dialyzed with internal solution containing Alexa 594.
z-projection of 60 images (120 µm). Note the soma and the patching electrode in the stratum (Str) pyramidale. This
blurry part of the image is due to light scattering because of the high cell density in Str pyramidale. Scale bar; 30
µm. C, Quantification of microglial processes outgrowth in the presence of high extracellular Mg2+ (6 mM) to block
NMDAR in neurons at resting membrane potential. Significant microglia outgrowth was observed only when the
neuron was depolarized to allow NMDAR activation but not when the neuron was kept hyperpolarized or when the
neuron was depolarized with MK 801 added to the internal solution. One-way ANOVA with Bonferroni’s multiple
comparison post test was used for statistical comparison of the three groups. n-values; 6 (-70 mV), 5 (0 mV) and 4
(MK801). D, Demonstration of the microglial morphology shown at different time points together with part of the
dendritic arbor (shown in B). z-projection of 20 images (40 µm). Note that NMDA (100 µM) does not trigger
outgrowth when the neuron is kept hyperpolarized ‘NMDA (-70 mV)’ compared to ‘pre NMDA’ and ‘post NMDA’.
E, Similar demonstration as shown in D but in this experiment the neuron was depolarized to remove its Mg 2+ block
prior to application of NMDA. Note the NMDA-triggered outgrowth ‘NMDA (0 mV)’ compared to ‘pre NMDA’ and
‘post NMDA’. Scale bar; 30 µm. F-H, NMDA application to brain slices from EMX–GCaMP3 mice that express the
calcium indicator, GCaMP3 in neurons. F, Demonstration of NMDA-triggered Ca2+i signals in the presence of 0 or 6
mM Mg2+. Note the elevation in Ca2+i in 0 mM Mg2+ ‘NMDA’ versus ‘pre NMDA’ compared to in 6 mM
Mg2+‘NMDA’ versus ‘pre NMDA’. Scale bar; 50 µm. G, Graphic depiction of NMDA-triggered Ca2+i signals in the
presence of 0 mM, 0.6 mM, and 6 mM Mg2+ measured as F/F0 in a 100 x 100 µm ‘region of interest’ placed in the
Str radiatum. F = fluorescence intensity at time x and F0 = fluorescence intensity at time 0. The traces were aligned
for peak values. H, Graphic depiction of max F/F0 demonstrating that 6 mM Mg2+ significantly blocked NMDAtriggered Ca2+i signals compared to the large Ca2+i signals that were observed in 0 mM Mg2+ and 0.6 mM Mg2+
conditions.. The amplitude of the neuronal Ca2+i signals evoked by NMDA in 0.6 mM Mg2+ was not reduced by
TTX and CNQX. Probenecid had no effect on the NMDA induced Ca2+i signal at the concentration (2 mM) that
prevented microglia process outgrowth from NMDAR activation. One-way ANOVA with Bonferroni’s multiple
comparison post test was used for statistical comparison of the five groups(n =3).

2.4

Discussion

Our results demonstrate that stimulation of neuronal NMDAR triggers microglial process
outgrowth as a result of ATP efflux. The outgrowth following dendritic NMDAR stimulation
was abolished in the presence of APV and MK-801 indicating that it was dependent on neuronal
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NMDAR. The wide-spectrum purinergic inhibitor RB2 and the ectonucleotidase inhibitor ARL,
also blocked NMDA-triggered microglial process outgrowth demonstrating that the outgrowth
was caused by ATP and not by direct actions of NMDA itself. The mechanism underlying ATP
efflux that in turn induces microglia process outgrowth was independent of Panx1 channel
opening, ATP release from astrocytes via connexins and NO generation but it was sensitive to
probenecid. Finally, we show that selective activation of dendritic NMDAR on a single neuron is
sufficient to trigger microglial process outgrowth.
The patterns of process outgrowth induced by NMDA were similar to the outgrowth induced
by direct ATP application although there were three interesting differences. First, under our
experimental conditions we found that multiple applications of NMDA were required to trigger
reliable and robust outgrowth whereas direct purinergic stimulation by a single ATP application
immediately caused a pronounced outgrowth. Second, outgrowth triggered by a 1 min NMDA
application could persist for up to 15 min. In contrast ATP-induced outgrowth reversed
immediately after the ATP application was terminated. Third, outgrowth triggered by bath
application of NMDA was non-polarized in that the number and extension of processes were
isotropic. In contrast, the outgrowth induced by bath application of ATP was polarized towards
the surface of the slice.
Considering that the application of ATP immediately triggers microglial process outgrowth,
we hypothesize that the requirement of multiple NMDA applications for triggering a robust
microglia process outgrowth is due to progressively enhanced ATP release following multiple
NMDA applications. In addition, ATP is rapidly hydrolyzed to adenosine by ectonucleotidases
within the tissue (Farber et al., 2008) resulting in an immediate decline in extracellular ATP
concentrations following termination of ATP application. This rapid hydrolysis of ATP also
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explains why the bulbous tips withdrew and the processes retracted rapidly upon removal of
ATP. The protracted time course of process outgrowth (up to 15 min) triggered by NMDA
application likely reflects a prolonged release of ATP which may be explained by slow NMDA
washout in addition to the kinetics of the mechanisms of ATP release. We further demonstrate
that the purinergic gradient generated by the extonucleotidases is crucial for directed microglia
processes outgrowth.
The non-polarized outgrowth of microglial processes in response to NMDA application
suggests that the extensive stimulation of NMDAR in the hippocampal dendritic region causes
the release of ATP throughout the tissue. In contrast the polarization of process outgrowth
towards the surface of the slice during ATP application suggests that bath application of ATP
leads to the formation of a downward ATP gradient from the surface of the slice due to in situ
hydrolysis of ATP. The NMDA-triggered microglial response was not the result of excitotoxic
damage because the outgrowth triggered by NMDAR stimulation was reversible. Several studies
have shown that outgrowth triggered by tissue damage causes microglial processes to extend
towards and adhere to the site of damage (Kim and Dustin, 2006; Eter et al., 2008; Hines et al.,
2009).
Importantly, we demonstrated that stimulation of neuronal NMDAR is the initial trigger of
microglial process outgrowth as outgrowth in the presence of high extracellular Mg2+ only
occurs when neurons are selectively depolarized. The outgrowth triggered by NMDA application
was also abolished by blocking purinergic receptors and by inhibiting hydrolysis of ATP. Thus,
we conclude that microglia process outgrowth triggered by NMDA application was due to
release of ATP downstream of neuronal NMDAR stimulation and not by NMDA itself even
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though NMDAR expression has been reported on a subset of microglia (Gottlieb and Matute,
1997; Liang et al., 2010; Murugan et al., 2011; Kaindl et al., 2012).
To investigate the expression of P2Y12 on microglia we developed a novel fixation and
immunolabeling protocol (SNAPSHOT). Using SNAPSHOT we discovered that the P2Y12
receptor proteins accumulated at the bulbous tips during ATP-induced process outgrowth thereby
spatially associating it with the leading edge of the extending processes.
Another key chemotactic microglial receptor is the CX3CR1 fractalkine receptor. Binding of
fractalkine to CX3CR1 provides a tonic inhibitory signal that keeps the microglia in a quiescent
surveillance mode (Wolf et al., 2013) and modifies the velocity of microglia processes (Liang et
al., 2009). Therefore we examined whether microglial process outgrowth triggered by NMDAR
stimulation was reduced or blocked in CX3CR1-/+ or CX3CR1+/+ mice compared to CX3CR1-/-.
No significant differences in outgrowth were seen in time-lapse imaging of slices from CX3CR1/+

mice or in fixed slices from CX3CR1+/+ mice using SNAPSHOT. We conclude that NMDA-

triggered process outgrowth in the adult mouse was independent of CX3CR1. However, our
study does not exclude the possibility that CX3CR1 might play a role during development where
CX3CR1-deficiency has been demonstrated to result in reduced microglial numbers, impaired
switching of GluN2B-to-GluN2A and delays synaptic maturation (Paolicelli et al., 2011;
Hoshiko et al., 2012).
Our finding that CBX does not block process outgrowth demonstrates that the release of
ATP occurs independently of Panx1 as CBX has been demonstrated in numerous studies to
abolish ATP release via Panx1 (Chekeni et al., 2010; Li et al., 2011b; Lohman et al., 2012). The
absence of a block by CBX also excludes alternative ATP release pathways. The block of
astrocytic dye-coupling confirmed that CBX at these concentrations completely blocks astrocytic
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gap junctions that are primarily formed by connexin 43 (Dermietzel et al., 2000). Panx1 is
blocked by CBX at a 10 times lower concentration than required for blockade of gap junctions
(Spray et al., 2006). Therefore, the effective block of astrocyte dye-coupling via gap junctions
indicates that Panx1 channels were blocked under these conditions. Astrocytes have been
demonstrated to release ATP through opening of connexin 43 channels due to decreased
extracellular Ca2+ following high neuronal activity (Cotrina et al., 1998; Torres et al., 2012).
However, the block of connexin 43-mediated ATP release by CBX (Pearson et al., 2005; Torres
et al., 2012) eliminates the possible role of astrocytic hemichannels in ATP efflux following
induction of high neuronal activity induced by NMDAR stimulation. We further demonstrated
that outgrowth occurred independent of ATP-induced ATP release from astrocytes.
Using SNAPSHOT on brain slices from Panx1-deficient mice subjected to 5 NMDA
applications, we further demonstrate that NMDA-triggered microglial process outgrowth occurs
independently of Panx1 expression. Whether Panx1 can play a role in neuron-microglia
communication under other conditions such as necrosis or apoptosis is still to be investigated.
Our results describe a pathway by which neuronal NMDAR activation mediates ATP-induced
outgrowth independent of Panx1. Recent reports have indicated a functional role of Panx2
homomers in the brain, raising questions about involvement of Panx2 in our paradigm. Initial
observations point towards CBX as being an effective inhibitor of Panx2 (Ambrosi et al., 2010;
Bargiotas et al., 2011); however, more selective pharmacological agents are needed to resolve
this question.
Notably, we found that the non-selective Panx1 blocker probenecid, which also inhibits
several transporters of the ATP-binding cassette superfamily (e.g. organic anion transporters and
multidrug resistance-associated proteins) (Di Virgilio et al., 1988; Lipman et al., 1990; Potschka
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et al., 2004), blocked the NMDA-triggered microglial process outgrowth. It is unlikely that the
effect of probenecid is due to attenuation of NMDA-induced currents as this inhibition requires
concentrations 10 times higher than the concentration used in this study (Urenjak et al., 1997)
and we demonstrate that 2 mM probenecid has no effect on NMDA-triggered calcium signals.
Probenecid has previously been reported to block ATP-mediated microglial process outgrowth in
the retina where outgrowth was triggered by a single bath application of AMPA or kainate
(Fontainhas et al., 2011). While the discrepancy in the initial stimuli leading to ATP release
might be ascribed to tissue specific differences (retina versus hippocampus), the fact that
probenecid blocked the ATP-mediated outgrowth triggered by activation of any of the three main
neuronal ionotropic glutamate receptors suggests a common, yet undetermined mechanism for
neuron-microglia communication.
Microglia derived neurotrophins have been reported to promote synapse formation
(Parkhurst et al., 2013) and ramified microglia limit neuronal degeneration following excessive
NMDAR stimulation (Vinet et al., 2012). Our results demonstrate that activation of neuronal
NMDAR triggers the release of ATP via a mechanism that is independent of cell death or Panx1
opening but is sensitive to probenecid. We suggest that ATP is an important molecular cue that
enhances the surveillance exerted by microglial processes within the regions of the dendritic
arbors following NMDAR activation on neuronal dendrites. The functional roles of this neuronal
evoked enhanced surveillance are undetermined but could potentially lead to reciprocal
communication via local release of neurotrophins. In conclusion, these findings demonstrate a
form of neuron-microglia communication that is initiated by dendritic NMDAR activation in the
adult brain.

98

Chapter 3: Opening of connexin hemichannels triggers ATP-mediated
focalization of microglial processes
3.1

Introduction

A decade has passed since the initial discovery that resting microglial cells are highly
dynamic surveillants of the healthy adult brain parenchyma. However, the functional role of
microglia in the healthy adult CNS is unknown and whether microglial process dynamics are
modified by synaptic transmission remains controversial (Nimmerjahn et al., 2005; Wu and
Zhuo, 2008; Wake et al., 2009). Thus, identifying circumstances where neuronal and/or glial
activity evokes changes in microglial process dynamics would be important for the overall
understanding of the role of microglia in the healthy and the diseased nervous system. In chapter
2 we described a novel pathway by which ATP efflux, secondary to activation of neuronal
NMDAR, triggers transient microglial process outgrowth (Dissing-Olesen et al., 2014). In this
study it is clear that not only is ATP a potent signaling molecule mediating neuron-microglial
communication but also that changes in microglial morphology can be taken as a reliable readout
for ATP release.
Stimulation of P2Y12 receptors by ATP and ADP triggers a strong polarization of
microglial processes towards the source of ATP accompanied by the formation of bulbous tips
on the leading edges of extending processes (Davalos et al., 2005; Haynes et al., 2006; DissingOlesen et al., 2014). In addition the extension of microglial processes also requires a purinergic
gradient generated by hydrolysis of ATP and its derivatives by ectonucleotidases (Farber et al.,
2008; Ohsawa et al., 2012; Dissing-Olesen et al., 2014).
ATP release has been reported in many studies to be caused by the opening of Cx
hemichannels which are large ATP-permeable pores. Cx43 and Cx30 are the main gap-junction
99

forming Cx in astrocytes (Dermietzel et al., 1989; Nagy et al., 1999) and Cx43 hemichannels
have been reported to open under physiological and pathological conditions (Contreras et al.,
2003; Retamal et al., 2006; Huang et al., 2012). Multiple reports have shown that Cx43
hemichannel opening is evoked by a decrease in extracellular Ca2+ (Ye et al., 2003) whereas
normal levels of extracellular Ca2+ (1-2 mM) limit the probability of opening (Stout and Charles,
2003). Low extracellular Ca2+ has been shown to evoke the release of ATP and glutamate as well
as efflux or uptake of small molecular dyes in astrocytes (Stout et al., 2002; Stout and Charles,
2003; Ye et al., 2003) and in Cx43-expressing HeLa cells (Contreras et al., 2003), C6 glioma
cells (Stout et al., 2002), osteoblasts (Romanello and D'Andrea, 2001), and HEK cells (John et
al., 1999; Kondo et al., 2000). Importantly, Cx43-mediated ATP efflux has also been
demonstrated in acute brain slices by chelating extracellular Ca2+ or by indirectly lowering
extracellular Ca2+ by increasing neuronal activity. ATP release was not observed in mice
deficient for astrocytic Cx43 while transgenic mice carrying an astrocyte specific mutation
causing increased opening of Cx43 resulted in enhanced and prolonged release of ATP (Torres et
al., 2012).
We hypothesized that a drop in extracellular Ca2+ would trigger ATP efflux through opening
of astrocytic Cx43 hemichannels and consequently a change in microglial process dynamics. To
address this question, acute hippocampal brain slices from mice that express EGFP in microglia
were imaged using two photon laser scanning microscropy. The acute slices were either imaged
live or following fixation using our novel method for fixation of fine dynamic structures called
SNAPSHOT. Pharmacological interventions against the P2Y12 receptor activation and
hemichannel opening were applied to demonstrate that changes in microglial process dynamics
were ATP dependent and that the source of ATP potentially was Cx43 hemichannel opening.
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Additionally, intracellular Ca2+ in microglia and extracellular glutamate levels were imaged in
real-time in slices from mice that expressed either expressed GCaMP3 or iGluSFnR.

3.2

Materials and methods

Animals
CX3CR1EGFP/EGFP mice on a BALB/c background (Jung et al., 2000) and CX3CR1-creERfloxTNFalpha x ROSA26-GCaMP3 mice on a C57BL/6 background were bred and housed
under controlled conditions (12 h light/dark cycle) with food and water ad libitum. CX3CR1creER males (homozygous) where crossed with ROSA26-GCaMP3 females (homozygous) and
double heterozygous offspring were used for experiments. GCaMP3 was inserted into the
ROSA26 locus where it is preceded by a promoter (CAG) and a loxp-flanked stop cassette.
Tamoxifen induced expression of cre recombinase which excises the loxp codon then allows the
transcription of GCaMP3. CX3CR1 is selective to microglia in the CNS, hence tamoxifen
administration triggers selective microglial expression of GCaMP3 in our slice preparation.

Slice preparation
CX3CR1EGFP/EGFP and CX3CR1-creER-floxTNFalpha x ROSA26-GCaMP3 mice (90-300
days, both males and females) were decapitated according to protocols approved by the
University of British Columbia committee on animal care. The brains were removed and 300 µm
thick horizontal slices were generated using the procedure described in chapter 2. Additionally,
400 µm thick coronal brain slices from male FVB/N mice that express iGluSnFr in the dorsal
striatum were obtained in collaboration with Matthew P. Parsons, Pumin Wang, Timothy H.
Murphy, and Lynn A. Raymond, University of British Columbia. Ideally, we would have
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performed our investigation in hippocampal brain slices but half of the slices from these mice
were used in another study that was investigating glutamate release in the dorsal striatum. At
approximately 1 month of age these mice had AAV1.hSyn.iGluSnFr.WPRE.SV40 (Penn Vector;
provided by Dr. Loren Looger, Janelia Farm Research Campus of the Howard Hughes Medical
Institute) injected into the dorsal striatum. iGluSnFR expression was driven by the synapsin
promoter which provides a uniform distribution on the surface of neuronal membranes (Marvin
et al., 2013). Approximately one month after the injections the mice were decapitated and slices
were prepared using a previously described procedure (Parsons et al., 2014).

0 mM Ca2+ experiments
All experiments were performed at room temperature (RT) in oxygenated ACSF (126 mM
NaCl, 2.5 M KCl, 26 mM NaHCO3, 2 mM MgCl2, 1.25 mM NaH2PO4, and 10 mM D-glucose,
2.0 mM CaCl2) at pH 7.3-7.4. For experiments involving 0 mM extracellular Ca2+, CaCl2 was
replaced with 2 mM EGTA and pH was adjusted to 7.35 with 1 M NaOH. 2 mM EGTA was also
included in the ACSF for the experiments investigating concentration-dependent microglial
responses to different concentrations of free extracellular Ca2+. The online Ca-EGTA Calculator
v1.2 (maxchelator.stanford.edu/CaEGTA-NIST) was used to calculate the concentration of
CaCl2 required. Pharmacological interventions including application of mimetic peptides were
performed in 0 mM Ca2+ with 2 mM EGTA for 1 hour without pretreatment.

Tail vein injections and perfusions
To provide a fluorescent angiogram the fluorescent dye Texas Red was injected
intravenously (100 µl of 100 mg / ml in sterile PBS) 10 min prior to decapitation. To ensure that
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the dye would stay within the vessels throughout the experiments Texas Red was conjugated
with 70.000 MW dextran. Additionally, for the dye to be applicable to the SNAPSHOT method
we chose a dextran containing fixable lysine residues (Invitrogen). To avoid auto-fluorescence
from the vessel lumens in slices that would be fixed and immunolabeled using SNAPSHOT the
mice were transcardially perfused with 30 mL ice cold 0.1 M PBS prior to decapitation.

Tamoxifen injection protocol
CX3CR1-creER x ROSA26-GCaMP3 mice received three intraperitoneal injections of 4 mg
tamoxifen with 48 hours in between (200 µl of 20 mg / ml in sterile peanut oil). Approximately
one week after the last injection the mice were decapitated and slices were prepared as described
above.

Mimetic Peptide
TAT-Gap19

(YGRKKRRQRRR-KQIEIKKFK)

and

Scrambled

TAT-GAP19

(YGRKKRRQRRR-IEKFKIKQK) were dissolved directly in ACSF at 250 µM while

10

panx

(WRQAAFVDSY) and scrambled 10panx (FSVYWAQADR) were dissolved in DMSO 100 mM
stocks and diluted in ACSF to a final concentration of 100 µM. All peptides were purchased at
biomatik.

Fixation and immunolabeling of brain slices using modified methods
The slices where treated in specially made treatment chambers, containing 30 mL of ACSF
and fixed after 60 min of treatment using SNAPSHOT. The 300 µm thick slices were either
imaged directly or immunolabeled free-floating. In brief; the tissue was permeabilized with 20%
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dimethyl sulfoxide (DMSO) and 2% Triton X-100, blocked for 24 h in 10 % goat serum and
incubated for 8 days with a polyclonal rabbit antibody against mouse GFAP (0.5 µg/ml) and
2.5% goat serum. The tissue was then washed for 24 h, incubated for 8 days with a polyclonal
goat-anti-rabbit IgG antibody conjugated with Alexa 594 (1 µg/ml) and 2.5% goat serum, and
rinsed in 0.1 M PBS. Specially made microscope slides were used to keep the brain slices in
place during imaging.

Imaging and quantification
A two-photon scanning microscope (Coherent Chameleon Ultra II laser coupled to a Zeiss
LSM7MP-AX10 microscope with a Zeiss 20X-W/1.0 numerical aperture objective was used to
image live and fixed hippocampal brain slices. For quantification of focalizing points the stratum
radiatum of the CA1 region in fixed slices was identified using bright field imaging and stacks of
76 images were acquired between 75 and 225 µm below the surface of the slice (stepping 2 µm).
EGFP was excited at 920 nm and its emission was filtered by a 520/60 nm filter and detected by
a photomultiplier tube. To achieve a uniform illumination throughout the 150 µm of the stacks
the auto z brightness correction was applied (Zen 2012 software). Images were collected at
512 × 512 pixels using 4-line averaging.
Time lapses of EGFP+ microglial process dynamics were acquired as time series of stacks (z
= 30, 2 µm steps with the microglial cells of interest in the middle of the stack with a total scan
time of 1 min/stack. GCaMP3 and iGluSnFR were also imaged using 920 nm but for optimal
temporal resolution in order to detect rapid changes in intracellular Ca2+, GCaMP3 was imaged
in one focal plane. iGluSnFR was imaged either in one focal plane for optimal temporal
resolution or as a stack of 15 stepping xx to enhance the probability of detecting focal points.
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Stacks of images for 3D reconstruction were acquired as stacks of 75-90 images using 16line averaging and stepping 1 µm in the z-axis between frames. Texas Red or Alexa 594 was
imaged at 800 nm excitation using a 630/75 nm emission filter.

Statistics
Gaussian distributions were assumed for all experiments and statistical analyses were
performed using GraphPad Prism version 6.0 for Mac. n-values represent unique treatments,
hence 12 slices from one brain were grouped in e.g. six different treatment groups with two
slices in each equals an n of one for each treatment group. The total number of animals used for
each treatment was five or higher. For multiple comparisons p-values were indicated by *, P <
0.05; **, P < 0.01; ***, P < 0.001.

3.3

Results

Removal of extracellular Ca2+ leads to dramatic changes in microglia process dynamics
Time-lapse studies of microglial process dynamics were conducted during baseline (2 mM Ca2+),
in 0 mM Ca2+, and following re-introduction of 2 mM Ca2+. During baseline the microglia show
their characteristic morphological ramification with long thin processes that survey the
surrounding neuropil (Fig. 3.1A). Removal of extracellular Ca2+ (replacing CaCl2 with EGTA)
triggered extension of microglial processes towards focal points within the tissue (Fig. 3.1B). We
refer to this phenomenon as microglial process focalization. We defined each focalizing point as
a focal point with processes from three or more microglial cells extending towards it. Only
processes with bulbous tips were included. Several focalizing points occurred at the same time
and both the spatial and temporal distribution of these focalizing points appeared to be random.
105

The bulbous tips at the leading edge of the processes usually converged for 3-5 min at the
targeted focal point before the convergance was lost with the processes dispersing and retracting.
Most microglia had their processes polarized towards one focalizing point at a time but some
microglia had their processes engaged against multiple focalizing points at once. This dramatic
shift in microglial process dynamics in 0 mM Ca2+ compared to baseline was completely
reversible as the microglial process polarization and focalization disappeared when Ca2+ was reintroduced.

Figure 3-1 Removal of extracellular Ca2+ evoked a microglial process focalization
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A, Timeline for image acquisition during removal and reintroduction of extracellular Ca2+. B, Removal of
extracellular Ca2+ by bath application of Ca2+ free ACSF containing 2 mM EGTA triggered a dramatic change in
microglial process motility which is illustrated by the morphological changes of the cells shown in ‘Baseline’ versus
‘0 Ca2+ (20 min)’. The morphological change was characterized by the appearance of bulbous tips at the end of
extending processes and a polarization of microglial processes towards focal points within the tissue (as illustrated
with the blue arrow). We refer to this as microglial process focalization when the processes from three or more cells
are extending towards the same focal point. Over time the microglia process polarization would change and new
focalizing points would appear i.e. ‘0 Ca2+ (20 min)’ versus ‘0 Ca2+ (40 min)’. The alterations in microglial process
dynamics were completely reversed when extracellular Ca 2+ was reintroduction‘0 Ca2+ (80 min)’ versus ‘2 mM
Ca2+’. Images were acquired as stacks of 15 images (stepping 2 µm) and presented as max intensity projections for
each time point. Acute hippocampal brain slices from CX3CR1-EGFP mice were used in these experiments. Scale
bar; 40 µm.

Time course of microglial process dynamics in 0 Ca2+
Multiple acute hippocampal brain slices from each brain were transferred to either a control
chamber containing oxygenated ACSF with 2 mM Ca2+ or a treatment chamber containing Ca2+
free ACSF where CaCl2 had been replaced by 2 mM EGTA. After 20, 40, 60, and 80 min a slice
from each chamber was fixed using SNAPSHOT. As an additional control, slices that have been
treated in 0 Ca2+ for 60 min were transferred to ACSF containing 2 mM Ca2+ for 20 min and then
fixed using SNAPSHOT. The slices where imaged as previously described and the number of
focalizing points within each stack was scored by the investigator who was blind to the treatment
conditions (Fig. 3.2). We observed a significant increase in the number of focalizing points in 0
Ca2+ at 20, 40, 60, and 80 min compared to control treated (2 mM Ca2+). No focalizing points
were observed in control conditions. There was no significant difference between the number of
focalizing points at 20, 40, 60 and 80 min. Re-introducing Ca2+ by transferring the slice to ACSF
with 2 mM Ca2+ after 60 min in 0 mM Ca2+ abolished the presence of focalizing points.
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Figure 3-2 Time course of microglial process focalization.
A, Schematic diagram of the experimental design. 14 hippocampal slices were obtain from each brain and
distributed in three different treatment groups. One slice from each treatment was fixed using SNAPSHOT after 20,
40, 60, and 80 min. Additionally, after 60 min one slice from each of the ‘0 mM [Ca 2+]ex‘ treatments (with and
without EGTA) was transferred for 20 min to ‘2 mM [Ca2+]ex‘ prior to fixation. This experiment was repeated for 5
different brains. B, Graphic depiction of quantified focalizing points. Stacks of 76 images (stepping 2 µm) were
acquired in the stratum radiatum of the CA1 from each fixed slice, with each stack consisting of a volume of 0.03
mm3 (x = 425 µm, y = 425 µm, and z = 150 µm). A focalizing point was defined as a focal point with processes
from three or more microglial cells extending towards it, and the number of focalizing points was counted in each
volume. All quantifications were performed blinded. Replacing extracellular Ca 2+ with 2 mM EGTA triggered
multiple focalizing points at each time point which was significantly different compared to the ‘2 mM [Ca 2+]ex‘
treatment which did not trigger microglial process focalization at any of the investigated time points. Removal of
extracellular Ca2+ but without addition of EGTA also triggered microglia process focalization. However, only very
few focalizing points were observed after 20 min and even though more focalizing points were present at later time
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points they were not significantly different from the ‘2 mM [Ca 2+]ex‘ treatment. Transferring the slices from ‘0 mM
[Ca2+]ex‘ treatments to ‘2 mM [Ca2+]ex‘ completely abolished microglial process focalization. Acute hippocampal
brain slices from CX3CR1-EGFP mice were used in these experiments. Two-way ANOVA with Bonferroni’s
correction was used for statistical comparison of treatments at the different time points (n = 5).

Dose response to extracellular Ca2+
To investigate and quantify the relationship between the concentration of extracellular Ca2+
and microglial process focalization a concentration-response study with different concentrations
of Ca2+ was performed. Multiple acute hippocampal brain slices from each brain (a total 8 brains
were examined) were transferred to either a control chamber containing oxygenated ACSF with
2 mM Ca2+ or to treatment chambers containing Ca2+ free ACSF or 0.1, 0.25, 0.5, 0.75 or 1 mM
Ca2+. The slices were fixed after 60 min using SNAPSHOT. The slices were imaged as
previously described and the number of focalizing points within each stack was scored using a
blind protocol (Fig. 3.3A). We observed a significant increase in the number of focalizing points
at 0, 0.1, and 0.25 mM Ca2+ compared to control. Focalizing points was also observed at 0.5 and
0.75 mM Ca2+ while no focalizing points were observed in control conditions and at 1 mM Ca2+.

Microglial process focalization is dependent on ATP release and stimulation of P2Y12
receptors
To investigate whether the observed microglial process focalization is dependent on ATP
release, a dose-response study was performed using the P2Y12 selective antagonist PSB 0739.
Multiple acute hippocampal brain slices from each brain were transferred to either a control
chamber containing oxygenated ACSF with 2 mM Ca2+ or to a treatment chamber containing
Ca2+ free ACSF with PSB at concentrations of 0.2, 1, 5, or 25 nM. The slices were fixed after 60
min using SNAPSHOT. The slices were then imaged as previously described and the number of
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focalizing points within each stack was scored using a blind protocol (Fig. 3.3B). We observed a
dose dependent and significant reduction in the number of focalizing points when PSB was
added to Ca2+ free ACSF compared to when the drug was omitted. Focalizing points were still
observed at 0.2, 1, and 5 nM PSB while completely absent at 25 nM PSB and in control
conditions (2 mM Ca2+).
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Figure 3-3 Microglial process focalization is inversely correlated with the [Ca 2+]ex and is dependent on
ATP.
A, To determine the dose-response relation between microglial process focalization and [Ca 2+]ex, the number of
focalization points was compared between control (2 mM [Ca2+]ex) and various [Ca2+]ex (ranging from 1 mM to 0.1
mM) . 2 mM EGTA was present throughout the different treatments. As indicated, 14 slices from each brain were
evenly distributed over the seven different treatments (two slices in each) and fixed using SNAPSHOT after 60 min.
This experiment was repeated eight times and the slices were imaged and quantified as described for Fig 3.2. Acute
hippocampal brain slices from CX3CR1-EGFP mice were used in these experiments. Graphic depiction of the mean
± SEM for the number of focalizing points demonstrated that focalization occurs when [Ca 2+]ex was reduced to 0.75
mM and that it reached significance at 0.25 mM compared to control. No focalizing points were observed in control
and at [Ca2+]ex = 1 mM. Statistical comparisons were performed across the different treatments using repeated
measures ANOVA with Bonferroni’s multiple comparison post test (n = 8). B, To determine whether microglial
process focalization was dependent on activation of the P2Y12 receptor, different concentrations of the selective
P2Y12 receptor antagonist PSB 0739 (PSB) were applied (ranging from 0.2 to 25 nM) to treatments with 0 mM
[Ca2+]ex + 2 mM EGTA (0 Ca2+). Experimental design, quantification and analysis were performed as described in A
(n = 8). PSB blocked microglial process focalization in a dose-dependent manner and all the tested concentrations of
PSB significantly reduced the microglial process focalization compared to ‘0 Ca 2+’

Microglial process focalization is dependent on opening of hemichannels
Having established that the microglial process focalization observed when Ca2+ is removed
is mediated by ATP release we next investigated whether ATP is released through opening of Cx
hemichannels. Thus a dose-response study was performed using a potent hemichannel blocker,
CBX. Multiple acute hippocampal brain slices from each brain were transferred to either a
control chamber containing oxygenated ACSF with 2 mM Ca2+ or to treatment chambers
containing Ca2+ free ACSF with either: 10, 50, 100, or 200 µM of CBX or without CBX. The
slices were fixed after 60 min using SNAPSHOT (Fig. 3.4A). We observed a significant dose
dependent reduction in the number of focalizing points by CBX in the Ca2+ free ACSF compared
to when the drug was omitted. Focalizing points were still observed at 10, 50, and 100 nM CBX
while completely absent at 200 nM CBX and in control conditions (2 mM Ca2+).
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Microglial process focalization is independent of Panx1 opening
Mimetic peptides designed to block opening of Panx1 (10panx) and Cx43 hemichannel
opening (TAT-Gap19) were applied at concentrations previously reported to efficiently block
opening of these channels. Scrambled peptides were applied at the same concentration as their
respective counterparts to control for selectively. Multiple acute hippocampal brain slices from
each brain were transferred to either a control chamber containing oxygenated ACSF with 2 mM
Ca2+ or to treatment chambers containing Ca2+ free ACSF with either 100 µM of 10panx, 100 µM
of scrambled 10panx, 250 µM of TAT-Gap19, 250 µM of scrambled TAT-Gap19 or without any
peptide. The slices were fixed after 60 min using SNAPSHOT (Fig. 3.4B). Application of 10panx
and scrambled 10panx peptide did not affect the microglial responses compared to the response in
Ca2+ free ACSF. On the other hand both TAT-Gap19 and scrambled TAT-Gap19 completely
blocked microglia process focalization similar to control conditions (2 mM Ca2+).
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Figure 3-4 Microglial process focalization is sensitive to CBX
A, To determine whether microglial process focalization was dependent on hemichannel opening, the potent
hemichannel blocker CBX was applied at different concentrations (ranging from 10 to 200 µM) to treatments with 0
mM [Ca2+]ex + 2 mM EGTA (0 Ca2+). The experiment design, quantification and analysis were performed as
described for in Fig. 3.3A (n = 8). CBX blocked microglial process focalization in a dose-dependent manner and all
the tested concentrations of CBX significantly reduced the microglial process focalization compared to ‘0 Ca 2+’. B,
To investigate whether opening of Panx1 or Cx43 hemichannels are involved in triggering microglial process
focalization, these hemichannels were targeted with mimetic peptides,

10

panx (100 µM) and GAP19 (250 µM)
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respectively. As specificity controls, scrambled peptides were applied for each of the two peptides, ‘Scr 10panx’ and
‘Scr GAP19’ respectively. The experimental design, quantification and analysis were performed as described in Fig.
3.3A (n = 8). There was no significant effect of application of either

10

panx or its scrambled peptide. On the other

hand, both GAP19 and its scrambled peptide completely abolished microglial process focalization.

No co-localization between focalizing points and perivascular astrocytic endfeet
To investigate whether opening of Cx43 on perivascular astrocytic endfeet would lead to
microglial process focalization, blood vessels were visualized by tail vein injections of Texas
Red prior to decapitation. Acute hippocampal brain slices were incubated in a control chamber
containing oxygenated ACSF with 2 mM Ca2+ or in a treatment chamber containing Ca2+ free
ACSF. The slices were fixed after 60 min using SNAPSHOT and the EGFP + microglia and the
Texas Red filled vessels were imaged using two-photon microscopy (Fig. 3.5B). Although some
of the focalizing points were in close proximity to vessels, there was no qualitative indication
that the focalizing points co-localize with perivascular astrocytic endfeet.

No co-localization between focalizing points and major GFAP+ processes
To investigate whether the focalizing points co-localize to GFAP+ astrocytic processes,
acute hippocampal brain slices where fixed using SNAPSHOT. To avoid auto-fluorescence from
the vessels, mice were transcardially perfused (with PBS 4°C) prior to decapitation. The brain
slices were either incubated in a control chamber containing oxygenated ACSF with 2 mM Ca2+
or in a treatment chamber containing Ca2+ free ACSF. The slices were fixed after 60 min and
processed for immunolabeling. GFAP was immunolabeled with Alexa594 and visualized
together with EGFP+ microglia (Fig. 3.5A). Although some of the focalizing points were in close
proximity to GFAP+ processes there was no qualitative indication that the focalizing points colocalize with major GFAP+ astrocytic processes.
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Figure 3-5 Microglial process focalization did not co-localize with major astrocytic processes and endfeet
or blood vessels.
A, To visualize both microglial process focalization and astrocytes, acute hippocampal brain slices from
CX3CR1-EGFP mice were treated for 60 min in 0 mM [Ca 2+]ex + 2 mM EGTA prior to fixation and
immunolabeling with antibodies against astrocytic GFAP. The top image shows a 3D reconstruction of microglia
(green) and astrocytes (red) in a 90 µm thick stack. Scale bar; 40 µm. The two images below show max intensity
projections of GFP+ microglia and GFAP+ immunolabeled astrocytes respectively. Focalizing points did not
consistently co-localize with major astrocytic processes or endfeet. B, To visualize both microglial process
focalization and the blood vessels, tail vein injections of Texas Red (conjugated to a 70.000 MW fixable dextran)
were performed prior to decapitation to provide a fluorescent angiogram. Acute hippocampal brain slices were
treated for 60 min in 0 mM [Ca2+]ex + 2 mM EGTA and fixed using SNAPSHOT. The image shows a 3D
reconstruction of microglia (green) and blood vessels (red) in a 56 µm thick stack. Focalizing points did not
consistently co-localize with blood vessels. Scale bar; 40 µm.

Intracellular Ca2+ signals in microglia
To gain further insight into the mechanisms of microglial process dynamics beyond the
morphological changes, we investigated changes in intracellular Ca2+ using CX3CR1-cre x
ROSA26-GCaMP3 mice. The expression of functional GCaMP3 was extremely variable from
mouse to mouse and the fluorescence was overall very dim. However, with the slices that
showed the best expression we were able to obtain an interesting indication of the intracellular
Ca2+ dynamics in microglia (Fig. 3.6). We first validated that ATP triggers an intracellular Ca2+
response in the microglia by application of exogenous ATP and by evoking endogenous ATP
efflux by laser-induced lesions in ACSF with 2 mM extracellular Ca2+. Bath application of ATP
(500 µM) triggered an initial spike in intracellular Ca2+ that lasted a few sec even though ATP
was continuously applied. A similar rapid but transient elevation in intracellular Ca2+ was
observed in microglial cells in close proximity to the focal point of laser-induced lesions
presumably due to lesion-evoked ATP efflux (Fig 3.6C). On the example traces of seven cells
shown in Fig 3.6A we observed very sparse spontaneous activity during baseline (2 mM
116

extracellular Ca2+). Removal of Ca2+ triggered transient responses in multiple cells but
importantly, these spikes did not occur in synchrony and were dispersed over minutes. Bath
application of ATP did not evoke additional spikes in intracellular Ca2+ (except for in one cell in
which removal of Ca2+ failed to trigger a Ca2+ spike). Re-introducing extracellular Ca2+ evoked a
strong transient elevation of intracellular Ca2+ in six out of seven cells and these responses all
occurred in synchrony. Bath application of ATP (in the presence of 2 mM extracellular Ca2+)
now evoked an intracellular Ca2+ spike in all cells.
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Figure 3-6 Example of how removal of extracellular Ca 2+ was observed to trigger transient increases in
microglial intracellular Ca2+.
A, Microglial Ca2+ responses were investigated in acute hippocampal slices from CX3CR1-GCaMP3 mice.
Ca2+-free ACSF containing 2 mM EGTA (0 Ca2+) was applied (indicated in blue) after a 15 min baseline in 2 mM
extracellular Ca2+. ATP (500 µM) was bath applied (indicated in red) both during 0 Ca 2+ and after extracellular Ca2+
was reintroduced. Regions of interest for seven cells in the field of view (265 µm x 265 µm, imaged at 1/3 Hz in one
focal plane) were determined based on a projection of standard deviations over time and the fluorescence intensity in
each region was quantified over time and normalized to baseline. No intracellular Ca 2+ response was observed
during baseline but removal of extracellular Ca2+ triggered a non-synchronous response in microglia. Addition of
ATP during 0 Ca2+ did not evoke a second response except for a minor response in one out of the seven cells that
had not responded to the removal of extracellular Ca2+. Reintroduction of extracellular Ca2+ evoked a synchronous
response in microglia and application of ATP in the presence of extracellular Ca 2+ triggered another synchronous
response. B, Example of the ATP-evoked intracellular Ca2+ response in microglia in 0 Ca2+ (top image) and in the
presence of extracellular Ca2+. Scale bar; 20 µm. C, A transient microglial response was also observed within sec.
after the induction of a laser-induced lesion (in the presence of 2 mM extracellular Ca2+). Scale bar; 20 µm.

Glutamate release at focal hotspots
Opening of Cx hemichannels have been reported to lead to the efflux of glutamate (Ye et al.,
2003). Thus, to investigate whether removal of extracellular Ca2+ also triggered the release of
glutamate and to gain further insight into the spatial and temporal distribution of focal areas of
glutamate and presumably ATP release, we performed time-lapse imaging of coronal slices with
expression of the glutamate indicator, iGluSFnR in the dorsal striatum (Fig. 3.7)
We validated that microglial process focalization also occurred in the dorsal striatum (Fig.
3.7B). Time lapse imaging of microglia in coronal slices from CX3CR1-EGFP+/+ mice
demonstrated that removal of extracellular Ca2+ triggers a similar focalization of microglial
processes as observed in the stratum radiatum of the CA1. Next we imaged iGluSFnR and
observed that multiple hotspots of glutamate release occurred when extracellular Ca2+ was
removed. We did not observe any of these focal hotspots during baseline (2 mM extracellular
Ca2+) and when Ca2+ was re-introduced. Time lapse imaging in one focal plane revealed that the
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release of glutamate could last up to 4 min and stacks of images acquired over time demonstrated
that multiple hotspots occurred at the same time (Fig. 3.7A). Laser-induced damage also
triggered a pronounced release of glutamate that decayed dramatically within the first 10 min
(Fig. 3.7B).
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Figure 3-7 Example of how removal of extracellular Ca 2+ was observed to trigger local hot spots of
glutamate release.
A, Visualization of extracellular glutamate was performed in coronal slices from mice that expressed iGluSnFR
in the dorsal striatum. Removal of extracellular Ca2+ for one hour (indicated in blue) gave rise to the occurrence of 5
glutamate hot spots in the field of view (512 µm x 512 µm, imaged at 1/3 Hz in one focal plane). The regions of
interest were determined based on a projection of standard deviation over time and the fluorescent intensity in each
region was quantified over time and normalized to baseline. The hot spots were transient and lasted up to 3-4 min
and had a diameter of 15-20 µm as illustrated in the inserted image (bottom right, scale bar; 20 µm). B, Removal of
extracellular Ca2+ from the dorsal striatum also triggered a focalization of microglial processes as observed for the
CA1. This experiment was performed in coronal slices from CX3CR1-EGFP mice. Scale bar; 40 µm C, A transient
glutamate signal was also observed within sec after the induction of a laser-induced lesion (in the presence of 2 mM
extracellular Ca2+). The red ring indicates the area of the lesion and the white ring indicates the region of interest for
quantifying the glutamate response over time. Scale bar; 40 µm. The graphic depiction of the glutamate response
(shown in the bottom right) was quantified as the change of fluorescence intensity within the white ring over time.

3.4

Discussion

Here we demonstrate that removal of extracellular Ca2+ triggered a transient focalization of
microglial processes. We observed a strong inverse relationship between the concentration of
extracellular Ca2+ and the number of focalizing points and demonstrated that the focalization was
mediated by CBX sensitive release of ATP. Removal of extracellular Ca2+ also evoked an
intracellular Ca2+ response in microglia, consistent with the presumed release of ATP.
Interestingly, ATP release through astrocytic hemichannels has also been reported to be
accompanied by the efflux of glutamate. By visualization of extracellular glutamate in real-time,
using the iGluSFnR indicator, we observed that removal of extracellular Ca2+ gave rise to hot
spots of high levels of extracellular glutamate, further supporting the notion that microglial
process focalization is due to localized release of ATP through open hemichannels.
These discoveries adds and extends our previous work in which we demonstrated that
stimulation of neuronal NMDAR also evoked a change in microglial process dynamics albeit via
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a different ATP release mechanism. CBX did not block NMDA-evoked process outgrowth and
the microglial response to NMDA was markedly different that observed following removal of
extracellular Ca2+. Bath application of NMDA led to non-polarized outgrowth of microglial
processes most probably due to NMDA-mediated release of ATP throughout the tissue. In
contrast, low extracellular Ca2+ triggered extension of processes to different focal points within
the tissue, indicating that ATP is released from specific local areas apparently for discrete
periods of time. Processes from multiple microglial cells focalized around each focal point in a
similar fashion to what is observed after a laser-induced lesion or to the tip of an ATP-filled
electrode. However, unlike the focalization at a lesioned area, where the bulbous tips remain for
hours to days (Kim and Dustin, 2006; Eter et al., 2008), the bulbous tips on the focalized
microglial processes in low extracellular Ca2+ reached the focal point and then dispersed within a
few minutes followed by retraction. We have previously mimicked this reversibility by removing
the source of ATP either by retraction of an ATP-filled electrode or terminating the bath
application of ATP as shown in chapter 2. Importantly, bulbous tips persisted at the tip of the
microglial processes as long as ATP is present (Haynes et al., 2006; Wu et al., 2007; DissingOlesen et al., 2014). Taken together, this demonstrates that microglial process focalization in low
extracellular Ca2+ is due to reversible release of ATP and not due to tissue damage because the
bulbous tips disperse. We can also rule out potential contributions of laser-induced phototoxicity
in our paradigm because we observed a similar change in microglial process dynamics when the
tissue was treated and fixed using SNAPSHOT which does not require live cell illumination
using the ultrafast infrared laser for two-photon imaging. Interestingly, the data suggest a
functional impact of microglia on ATP release as we interpret the dispersion of bulbous tips and
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retraction of processes after they reached the focal point as evidence for a termination of ATP
release.
Reducing extracellular Ca2+ has been shown to evoke ATP release selectively through
opening of astrocytic Cx43 hemichannels as ATP release was completely abolished in slices
from transgenic mice that lack astrocytic Cx43 (Torres et al., 2012). We therefore assume that
the ATP-dependent microglial process focalization that we observe is due to opening of
astrocytic Cx43 hemichannels. Interestingly, Cx43 are expressed on astrocytes throughout the
tissue and extracellular Ca2+ is removed from the entire bath, thus we do not know why only
ATP release occurs transiently from very specific areas. One plausible explanation is that even
though removal of extracellular Ca2+ can trigger opening of Cx43 hemichannels the actual
probability of opening is still low. Dye uptake in Cx43 expressing HEK cells occurred very
gradually after extracellular Ca2+ was removed. After 30 min 20% of cells had taken up dye,
40% of cells after 60 min, and 60% of cells after 90 min (John et al., 1999; Kondo et al., 2000).
A relatively low opening probability was also observed in Cx43 expressing HeLa cells where
only a low number of cells would take up dye even though all cells expressed Cx43. Addition of
EGTA and elevating intracellular Ca2+ levels enhanced the probability of opening (Contreras et
al., 2003; Wang et al., 2012).
Decreasing the concentration of extracellular Ca2+ ([Ca2+]ex) to 0.75 mM was approximately
the threshold to trigger microglial process focalization.

In addition there was an inverse

relationship between the [Ca2+]ex and the number of focalizing points exists. This is in perfect
agreement with previous investigations of hemichannel-mediated glutamate release in cultured
astrocytes that also demonstrated an inverse relationship with [Ca2+]ex. Glutamate release at 1
mM [Ca2+]ex was reported to be < 10% of the glutamate released in 0 mM [Ca2+]ex, while 0.5
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mM [Ca2+]ex dropped it to 20% and 0.1 mM [Ca2+]ex reduced the release of glutamate by 40%
(Ye et al., 2003). Together, these observations indicate that hemichannel opening can occur
during specific biological circumstances where there is a decrease in [Ca2+]ex to 0.75 mM and
lower. Synchronous firing activity of large populations of neurons is known to cause a reduction
in [Ca2+]ex and several studies have investigated [Ca2+]ex in the CNS of different species and
under different conditions using Ca2+-sensitive micropipettes. Locomotor activity reduced
[Ca2+]ex to a steady state of 0.8 mM in rodent spinal cords (Brocard et al., 2013) while repetitive
stimulation of the cerebellum in rats and cats caused a drop in [Ca2+]ex to 0.6 mM and 0.8 mM,
respectively (Nicholson et al., 1977; Nicholson et al., 1978). Seizure activity in the cortex of cats
decreased [Ca2+]ex to 0.5-0.6 mM which remained for the whole duration of the seizure and for
up to 5 min after (Heinemann et al., 1977; Amzica et al., 2002). Spreading depression in rat
cerebellum and in cortex of cats dropped [Ca2+]ex most dramatically to 0.12 mM (Nicholson et
al., 1977; Nicholson et al., 1978). Taken together, this indicates that opening of Cx43 and
consequently ATP-mediated microglial process focalization likely can occur under physiological
conditions with high neuronal activity and may be very pronounced during seizure activity and
spreading depression.
To determine if ATP release is truly mediated by opening of hemichannels, Ca2+ was
removed in the presence of CBX. We observed a dose-dependent block of microglial process
focalization by CBX which is in agreement with previous studies (Ye et al., 2003; Hansen et al.,
2014). Hence, CBX (1 µM) only reduced dye uptake by 10% in cultured astrocytes (compared to
dye uptake without CBX), 10 µM CBX reduced dye uptake by 70% and 100 µM CBX reduced
dye uptake by approximately 80% (Ye et al., 2003). This was also observed for glutamate release
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where 10 µM CBX also reduced glutamate release by 70% (compared to glutamate release in the
absence of CBX) and 100 µM reduced it by 90%) (Ye et al., 2003).
To further investigate whether ATP release is mediated by opening of the hemichannels
Cx43, Ca2+ was removed in the presence of mimetic peptide GAP19, which have been shown to
be a potent inhibitor of Cx43 hemichannel opening. Additionally experiments were also
performed in presence of the blocking peptide

10

panx, which blocks opening of Panx1

hemichannels and with scrambled peptide sequences for both GAP19 and

10

panx. Surprisingly,

the scrambled peptide for the GAP19 peptide exerted a similarly efficient block as observed by
application of the GAP19 peptide. It is therefore not possible to conclude that ATP release is
mediated by opening of Cx43 hemichannels. There was no effect of

10

panx or its scrambled

version on microglial process focalization. Scrambled peptides have previously been reported to
exert similar effects as their target-peptide counterparts e.g the ZIP peptide (originally designed
to block protein kinase Mζ) and its control scrambled peptide both blocked long term
potentiation (Volk et al., 2013). Disruption of fear memories with myristoylated ZIP was not
significantly different than the effect of myristoylated scrambled ZIP either (Kwapis et al.,
2009). Thus, in order to determine whether Cx43 hemichannel opening play a significant role in
our experimental paradigm more extensive investigations will be required. Future experiments
performed with slices from Cx43 deficient mice might be needed to determine whether ATP is
released through opening of Cx43 hemichannels as hypothesized.
An alternative strategy for testing the involvement of astrocytes was to detemine if microglia
focalized to specific regions of astrocytes. The most straightforward strategy was to use our
SNAPSHOT method to determine whether microglial processes focalize to astrocytic
perivascular endfeet where Cx43 is highly enriched (Simard et al., 2003; Rouach et al., 2008;
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Mathiisen et al., 2010; Ezan et al., 2012). The blood vessels were visualized by a tail vein
injection of a fixable fluorescent dye allowed us to visualize the blood vessels and demonstrate
that microglial processes did not focalize onto perivascular endfeet. We next investigated
whether microglial processes would focalize onto GFAP+ astrocytic processes or somas.
However, microglial processes did not focalize onto GFAP+ astrocytic processes or somas either.
A plausible explanation might be that GFAP immunolabeling delineates only 15% of the total
volume of astrocytes (Bushong et al., 2002; Pekny and Pekna, 2014) and Cx43 has previously
been demonstrated to be predominantly expressed in astrocytic endfeet and at the overlapping
interdigitation of fine GFAP- astrocytic processes (Huang et al., 2012; Pekny and Pekna, 2014).
An individual focal point (determined by the converged bulbous tips of the microglia
processes) are approximately 10 µm in diameter and it would therefore be very challenging to
interpret whether the microglial processes truly are focalizing onto the fine astrocytic processes
which would cover most of the parenchyma with a mesh like structure if all astrocytes are
labeled.
Preliminary experiments were undertaken to examine intracellular Ca2+ dynamics in
microglia to determine whether release of endogenous ATP would trigger a response in
microglia. A recent study using in vivo imaging of intracellular Ca2+ in microglia (OGB-1 was
introduced into GFP+ microglia via single cell electroporation) showed very low spontaneous
Ca2+ fluctuations under normal conditions and a transient Ca2+ signal to local ATP applications
and to neuronal damage (Eichhoff et al., 2011). In accordance with these findings we also
observed a very low spontaneous Ca2+ activity in microglia and a brief initial Ca2+ spike to
prolonged bath application of ATP or a laser-induced lesion. We know that ATP-induced
microglial processes extension persists for 20-30 min with continues application of ATP or when
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evoked by a laser-induced lesion. Thus, these results indicate that ATP trigger an initial Ca2+
spike, but that Ca2+ signals are not required for maintaining and guiding microglial processes.
Ca2+ signals induced by P2Y receptor stimulation depend on Ca2+ release from intracellular stores
and were therefore abolished by depletion of Ca2+ from intracellular stores by thapsigargin
(Eichhoff et al., 2011). Interestingly, thapsigargin treatment also blocked damage-induced Ca2+
signals and induction of a neuronal damage in the presence of a P2Y receptor agonist completely
failed to trigger an additional Ca2+ signal (Eichhoff et al., 2011). Therefore damage-induced Ca2+
signals are mediated by P2Y receptor activation and that additional stimulation of P2Y receptors
by damage-evoked released ATP did not trigger any additional Ca2+ signals. This is in agreement
with our data and supports the idea that ATP release, evoked by removal of extracellular Ca2+,
leads to stimulation of microglial P2Y receptors which then triggers an initial Ca2+ spike due to
release of Ca2+ from intracellular stores. Additional application of endogenous ATP in Ca2+ free
ACSF did not trigger additional Ca2+ spikes potentially because high levels of endougenous ATP
were already present and potentially because activation of P2Y receptors in Ca2+ free ACSF may
have depleted internal Ca2+ stores in microglia. Hence the intracellular Ca2+ signal that occurred
when Ca2+ was re-introduced might be driven by Ca2+ entry via store-operated Ca2+ channels.
Taken together, these data further signify that ATP is released and activate microglial P2Y
receptors when extracellular Ca2+ is removed. Importantly, the data also indicate that
intracellular Ca2+ signaling might play a role for initiating microglial process outgrowth but that
it is not required for maintaining process extension and coordinating the direct outgrowth.
Further investigations of the relationship between microglial process dynamics and intracellular
Ca2+ signaling would require a more reliable genetically encoded Ca2+ indicator combined with a
fluorescence marker of morphology. A Cre-dependent GCaMP5G-IRES-tdTomato reporter
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mouse has recently been generated which uses Polr2a instead of Rosa26 and Hoxb8 instead of
CX3CR1 to achieve selective expression of GCaMP5 and tdTomato in microglia (Gee et al.,
2014).
Our data and the literature discussed above suggest that under circumstances with high
neuronal activity, in particular during seizures or spreading depression, opening of astrocytic
Cx43 hemichannels is triggered by a decrease in extracellular Ca2+. Opening of Cx43
hemichannels resulted in release of ATP which stimulate P2Y12-mediated microglial process
extension towards open Cx43 hemichannels via a purinergic gradient. In addition the preliminary
data suggests that glutamate is also released. Our data indicate that ATP release is terminated
shortly after the arrival of microglial processes and we speculate that microglia potentially play a
functional role in closing Cx43 hemichannels. Interestingly, neurotrophins which are locally
released by microglia (Parkhurst et al., 2013) have been shown to induce a rapid phosphorylation
of Cx43 hemichannels (within 5 min), and phosphorylation of Cx43 hemichannels is known to
close these channels (Li et al., 1996; Liu et al., 1997; Lampe and Lau, 2000; Harris, 2001; Bao et
al., 2004b). Thus, we predict that impairments in microglial process dynamics as observed
during inflammation and old age might lead to inadequate handling of hemichannel opening and
consequently exacerbation of seizure activity due to prolonged release of ATP and glutamate
which might shift non-pathological neuronal activity to an excitotoxic state and consequently
neuronal death.
.
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Chapter 4: Fixation and immunolabeling of brain slices: SNAPSHOT method
4.1

Introduction

The ability to visualize cellular structures has, together with electrophysiological recordings,
largely contributed to our current understanding of the cellular mechanisms of the brain. Acute
brain slices are widely used during electrophysiological experiments and live imaging using twophoton laser scanning microscopy, which allows for visualization of cells deep within the tissue.
Acute brain slices provide the convenience of cultured cells in terms of timely pharmacological
interventions and easy manipulations (e.g. accessibility of electrodes) while preserving the
cytoarchitecture and natural cell-cell interactions of the brain region of interest. However,
although immunolabeling is routinely used to visualize target proteins in cultured cells and in
thin cryostat sections of brains fixed by transcardial perfusion it is not commonly used for acute
brain slices. One of the reasons for this is because the optimal thickness for acute brain slices is
between 300-400 µm, which compromises the penetration of both fixatives and antibodies.
Consequently, it becomes problematic to fix fine dynamic structures within the tissue and
subsequent immunolabeling of target proteins requires cryostat re-sectioning. Thus, a method to
rapidly fix and immunolabel target proteins within thick brain slices would allow us to apply the
extensive repertoire of antibodies that are currently used for immunolabling of target molecules
in cultures and thin cryostat section and would provide a unique model for visualizing target
proteins that might be altered during pharmacological treatment.
Here, we describe a novel and simple protocol called “SNAPSHOT” (StaiNing of dynAmic
ProcesseS in HOt-fixed Tissue). The purpose of SNAPSHOT is to rapidly fix fine dynamic
structures in acute brain slices and visualize target molecules by IHC, thereby achieving a
snapshot of the cellular morphology and/or localization of target proteins at the exact time of
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fixation. The protocol consists of one or two steps, which can be performed independently or in
combination with any acute brain slice experiment whether it is real-time imaging, patch-clamp
recordings of a dye-filled cell, or treatment of slices with various pharmacological agents. We
have previously demonstrated, using electron microscopy, that our rapid fixation procedure
preserves the ultra structure of the tissue (Mills et al., 2014) and thereby a snapshot of the
cellular morphology at the exact time of fixation. Importantly, using our optimized fixation
procedure we can achieve a uniform immunolabeling throughout 300-400 µm thick brain slices
as shown in chapter 2. SNAPSHOT has proven to be advantageous for addressing several
interesting biological questions and will be of great value to the broad community of
neuroscientists.

4.2

Materials and methods

Reagents and solutions
ACSF; NaCl (126 mM), KCl (2.5 mM), NaHCO3 (26 mM), CaCl2 (2.0 mM), MgCl2 (2
mM), NaH2PO4 (1.25 mM), and D-glucose (10 mM), oxygenated with 95 % O2 and 5 % CO2,
pH at 7.35, osmolarity ~300 mOsm), Phosphate buffered saline with 4 % PFA, (FD
Neurotechnologies, cat# PF101), 0.1 M PBS, (tablets, Oxoid, cat# BR0014G), DMSO (Fisher
Chemicals, D128-1), 2 % Trition X-100 (J.T. Baker, X198-05), Permeabilizing / washing
solution (0.1 M PBS (tablet, Oxoid, BR0014G), 2 % Trition X-100, and 20 % DMSO), Blocking
solution (Similar to the washing solution added 10 % serum -from the species in which the
secondary (or tertiary if required) antibody is raised), Staining solution (Similar to the washing
solution added 2.5 % serum from the same species as used for blocking), Krazy Glue (Elmer’s),
Corn oil (Sigma, cat# C8267).
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Equipment
General Purpose Transfer Pipettes (Electron Microscope Sciences, cat# 70960-1), Fume
hood (e.g. Bedcolab), Waterbath (e.g. VWR, cat # 89501-460), 6- and 12-well Tissue Culture
Plates (Falcon, cat# 08-772-1B or cat# 08-772-29), Metal Spatula (VWR, Cat# 82027-528),
Platform Rotator (e.g. Fisher Scientific, cat# 13-687-705PM), Plastic bags (6x8 Reloc Zippit
4Mil re-closable bags, US Plastic Corp, Cat # 48367), Manual Impulse Sealer (e.g. Tecknopack,
Model E-MMS-200), Microcentrifuge tube, 1.7 ml (VWR, Cat# 20172-778, ‘Eppendorf tube’),
Microscope slides (Fisher Scientific, cat# 12-544-2), Cover glasses (Fisher Scientific, cat# 12548-5G), Two-photon scanning microscope (e.g. Coherent Chameleon Ultra II laser coupled to a
Zeiss LSM7MP-AX10 microscope with a Zeiss 20x W/1.0 NA objective)

Protocol Steps
1. Attach a tissue culture plate in a water bath (6- or 12-well plate) and ensure that the water
is covering the top half of the frame on the plate. Turn on the water bath to 80 °C 1-2 hrs prior to
fixation to ensure that the water in the bath reaches the correct temperature. Importantly, refill
the bath as often as required to keep the surface of the water at the level of the plate.

2. Fill the wells in the tissue culture plate in the water bath with 4 % PFA (15 ml in each
well if using a 6-well plate or 6 ml if using a 12-well plate). This step should be done 15-20 min
prior to fixation to ensure that the temperature of the PFA reaches 80 °C. However, make sure
not to perform this step earlier than 20 min prior to fixation to reduce evaporation from occuring.
Depending on the amount of ACSF that is transferred together with each slice, the heated PFA
can be used for several rounds of fixation.
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3. Transfer the acute brain slices from ACSF to the heated PFA using a transfer pipette
(general purpose transfer pipette with the tip cut off) (Fig. 4.1A). Be careful not to transfer a
bigger volume of ACSF than necessary to keep the slice in solution during the transfer to avoid
diluting the PFA. We recommend being consistent with the orientation of the brain slices prior to
fixation (which side is up during treatment) so that the slice can be imaged at the same
orientation. Importantly, ensure that the brain slice gets completely immersed in the heated PFA.
Occasionally the brain slice may float to the surface of the heated PFA because an air bubble has
attached to the slice. If this occurs, make sure to completely immerse the slice below the liquid
surface to dislodge the bubble. It may require a little practice to use the transfer pipettes
efficiently.

4. After exactly 2 min in heated PFA transfer the slices to 0.1 M PBS at room temperature
(RT) (use 12- or 24-well plate). The thick slices are too firm to transfer with a paintbrush (as
normally used for transferring thin tissue sections) so we recommend using a metal spatula with
the tip bended 90 degrees (Fig. 4.1B). The ‘L’-shape can be used to easily scoop up the brain
slice and it also reduces the amount of solution transferred and it is easy to clean by rinsing with
water. A gentle tap at the bottom of the well next to the brain slice or swirling the tip of the
spatula in the solution around the slice allows the slice to float and makes it easier to place the
‘L’-shape spatula below it. The slices can be stored for months in 0.1 M PBS at 4 °C. The slices
can be labeled by writing on the lid of the plate. If the target of interest is already fluorescent
(e.g. genetically encoded fluorophores or live tissue dye uptake during the manipulation step) it
is recommended that the slices are protected from light exposure by covering the plate with
tinfoil.
131

Figure 4-1 Transfer of acute brain slices.
We recommend two different ways of transferring brain slices. A, For live tissue we recommend a transfer
pipette with the tip cut off. This allows for the slice to be immersed in ACSF and remain undisturbed during the
transfer. Importantly, to ensure reliable fixation we recommend transferring a small volume of ACSF. B, For fixed
tissue we recommend using an L-shaped metal spatula. Brain slices are indicated with red arrows.

5. At this step of the protocol the endogenous fluorescence can be imaged (see step 14).
Dispose PFA in the appropriate waste disposal bin.
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6. To initiate the immunolabeling steps, rinse the slices in a 6- or 12-well plate containing
0.1 M PBS and place it on a platform rotator to remove any residual PFA. We recommend using
the ‘L’-shaped spatula for transferring the slices.
The slices will be immunolabeled free floating and step 7, 8, 10, and 12 are all performed in
12-well plates on a platform rotator at room temperature (unless otherwise stated). The times
indicated below are suggestions and can be adjusted.

7. Permeabilize the tissue using permeabilizing solution for a minimum of 2 hrs. This is the
first step of the immunolabeling portion of the protocol that differentiates it from standard
immunolabeling protocols because after a couple of hours the tissue will become slightly
translucent. Please note that this step can’t be applied to thin cryostat sections because they will
disintegrate during this step.

8. Block non-target epitopes using the blocking solution. This step can be done over night at
RT.

9. Incubate with primary antibodies diluted to the required concentrations in staining
solution. We recommend that each slice is incubated in a small plastic bag made by using a
Manual Impulse Sealer (for details see Fig. 4.2). This method of incubation is recommended for
several reasons: i) it allows for perfusion from both sides of the slice, ii) it eliminates the risk of
evaporation, iii) it lowers the required volume of staining solution and thereby reduces the cost
of antibodies (20-800 µl). To ensure a uniform immunolabeling of target epitopes throughout the
tissue we recommend incubating the tissue for 6-10 days at 4 °C on a platform rotator or a 360
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degrees rotisserie wheel (preferred method). The same considerations in regard to spices
specificity and immunoglobulin isoform apply as for immunolabeling of thin sections using
standard immunolabeling protocols. We also recommend starting out using the similar
concentration of antibodies. It is not necessary to prevent bubbles from forming in the small
plastic bags as it might be beneficial for the immunolabeling process as bubbles help keep the
slice moving.

Figure 4-2 Incubate the slices in small plastic bags.
Small bags are made using a Manual Impulse Sealer and the plastic from a Reloc Zippit 4Mil bag. A, The end
of an object is placed inside the bag to keep it open. B, A piece of tape is placed across the lower part of the bag. C,
The tape allows for labeling of the slice and prevents the bag from closing. D, Cut an eppendorf tube in half and
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place the top part in the opening of the bag. E, The Eppendorf tube ensures that the plastic bag will not collapse and
makes it easier to add staining solution and to guide the metal spatula when transferring the slice. The stripped blue
line indicates the surface of the staining solution. F-G, Example of sealed plastic bags containing 800 µl of staining
solution (F) and 20 µl of staining solution (G). Note that the sealed bag forms a pocket around the brain slice
because the tape prevented it from collapsing (this allows for optimal penetration). Brain slices are indicated with
red arrows.

10. Wash the tissue using washing solution 3-5 times over the course of a day.

11. Incubate with secondary antibodies diluted to the required concentrations in staining
solution. Use the same procedure as for incubation with primary antibody and incubate the tissue
for 4-6 days at 4 °C. Light exposure of the fluorophores should be reduced.

12. Wash the tissue using washing solution 3-5 times over the course of a day.

13. Rinse the tissue 3-5 times in PBS. The slices can be stored in PBS at 4 °C for many
weeks but we recommend imaging the slices as soon as possible.

14. To image the slices, place each slice on a specially made microscope slide using a
transfer pipette with the tip cut off. This microscope slide consists of one microscope slide with
two stacks of two cover glasses glued onto it. The two stacks of cover glasses can be glued
together and then glued onto the microscope slide using Krazy Glue. Two cover glasses in each
stack is optimal for brain slices that are sliced 300-400 µm. There should be enough space in
between the two stacks of cover glasses to fit the brain slice but they should also be close enough
together to support the cover glass used to cover the brain slice (Fig. 4.3A). It is designed for
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keeping the slice immersed in PBS while imaging and to ensure an even surface of the slice
without any flattening (For details see Fig. 4.3). To avoid misplacement of the brain slice below
the cover glass we recommend to only add a small drop of PBS on top of the brain slice prior to
placing the cover glass over the brain slice (Fig. 4.3B). Even though the cover glass will be
elevated by the two supportive stacks glued on to the microscope slide it should still connect
with the entire surface of the brain slice and thereby create an even surface for imaging (if
bubbles are observed, repeat the procedure until cover slide is correctly positioned) (Fig. 4.3C).
PBS evaporates quickly so for best imaging results add corn oil to each side of the microscope
slide (Fig. 4.3D).
15. The immunolabeled brain slice can be imaged.
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Figure 4-3 Hydration of the brain slice on the microscope slide.
For successful imaging of the slice it is important that the slice remains hydrated in PBS on the microscope
slide. A, Two stacks of two cover glasses are glued on to the microscope slide (first layer illustrated in red and
second layer illustrated in green). B, The brain slice (indicated by red arrows) is placed in between the two stacks in
a drop of PBS (illustrated in yellow). C, A fifth cover glass (illustrated in blue) is placed on top of the brain and the
two stacks of cover glasses. The cover glass will connect with the entire surface of the brain slice and push the PBS
to the sides but it should not push it all the way to the edges. D, Add corn oil (illustrated in green) using an intact
transfer pipette into the space between the microscope slide and the cover glass from both sides to fill up the
compartment below the cover glass. This prevents the PBS from evaporating. E, The brain slice is now secured in
PBS and is ready to image.
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Critical Parameters and Troubleshooting
Quenching of endogenous fluorophores present in the tissue at the time of fixation (e.g.
GFP) will occur in a time dependent manner when using PFA at 80 °C (Fig. 4.4C2) and can
therefore be reduced by lowering the fixation time. Qualitative analysis of microglial fine
processes demonstrated that immersion of 300 µm slices in 4 % PFA at 80 °C for >30 sec is
sufficient to preserve the fine processes throughout the slice. However, we routinely use 2 min,
which we find extremely reliable, and the quenched fluorescence can be compensated for by
increasing exposure time and/or laser power.
In general we have not found autofluorescence to be a big concern, with the exception of
blood vessels (Fig. 4.4C1) and the fluorescent pigment lipofuscin when slices are prepared from
old animals as lipofuscin accumulates in the cytoplasm of cell with increased age (Schnell et al.,
1999). Autofluorescence specifically becomes an issue if the endogenous fluorophores become
quenched during the fixation, the immunolabeling is targeting proteins associated with vessels,
or the immunolabeling results in a dim fluorescent signal. Autofluorescence in the vessels can be
eliminated by perfusing the animal with PBS (on ice, 30 ml) prior to removing the brain and
autofluorescence due to lipofuscin can be quenched using different marsking or reducing agents
(in weight / volume; 0.001 % Sudan black (Schnell et al., 1999), 1 % Sodium azide (Karadottir
and Attwell, 2006), 0.05 % sodium borohydrate (Copray et al., 1991)), although we have not
found the need for using any of these for our studies.
DMSO will facilitate the removal of unfixed autofluorescent molecules, however it will also
remove unfixed dyes (e.g. lipophilic dyes like DiI) though we recommend using fixable dyes for
cell loading (e.g. Dextran conjugated with Alexa Fluor 594, Cat# D-22913 that contains free
amines).
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4.3

Discussion

Here we described a stepwise protocol called “SNAPSHOT” that will allow the ultrastucture
of the tissue to be preserved reliably in every brain slice. Furthermore, the morphology of fine
dynamic structures will be preserved at the exact time of fixation. Finally, a uniform
immunolabeling throughout the tissue will be achieved with a comparable or better quality as
observed with immunolabeling the same epitopes in thin re-sectioned slices.
Two-photon scanning microscopy of live brain tissue has revealed the dynamic nature of
fine structures within the tissue in particular the processes of microglia, the brain’s immune cells.
Microglia are morphologically dynamic cells with long thin processes that rapidly move around
within the tissue surveying the environment (Nimmerjahn et al., 2005). Several intriguing
questions emerged throughout this investigations presented in chapter 2 and 3 that couldn’t be
addressed with the methods available at the present time. This encouraged us to establish the
SNAPSHOT method. Microglia rapidly alter their morphology to changes in the environment
e.g. tissue damage and efflux of ATP trigger process extension (Davalos et al., 2005) thereby
making microglia unique in situ sensors for rapid changes in the environment. We predicted that
preservation of the microglial morphology would be an ideal readout for establishing a rapid
fixation method for preserving fine dynamic structures in thick brain slices.

Rational for heating PFA for fixation
Most antibodies for IHC are validated on thin cryostat sections from brains that are fixed by
transcardial perfusion with PFA. Thus, we decided to base our fixation method on PFA, in order
to preserve an antigenicity similar to that of a thin cryostat section. Existing protocols for
fixation of acute brain slices with PFA rely on long fixation procedures (hours) in 4 % PFA
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either at 4ºC or at room temperature (Karadottir and Attwell, 2006; Takano et al., 2014) and the
preservation of dynamic structures is questionable (Fig. 4.4A-B). Keeping in mind how rapidly
fine dynamics structures change within the tissue we found it crucial that the fixation occurred as
quickly as possible. We hypothesized that heating the PFA solution to more than 60 °C would be
advantageous because temperatures above 60 °C ensure monomeric formaldehyde (methylene
hydrate) as the solute. Monomeric formaldehyde is a more potent fixative than polymeric
formaldehyde and penetrates more easily through the tissue. Higher temperatures also increase
the diffusion of the fixative through the tissue and accelerate its chemical reactions. Irradiation
temperatures of up to 90 °C have successfully been applied when using microwave fixation
(Login et al., 1998). However, it appeared controversial whether high temperatures are beneficial
or detrimental for preserving fine biological structures (Jensen and Harris, 1989). We found that
immersing brain slices for 2 min in 4 % PFA heated to 80 °C preserved the fine dynamic
processes of EGFP+ microglia (Fig. 4.4C).
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Figure 4-4 Rapid fixation of fine dynamic structures.
300 µm thick brain slices from mice that express EGFP in the microglia were immersion fixed using 4 % PFA
at three different temperatures. A1-C1, Fixation for 2 min in PFA at RT, on ice, and, at 80 °C. Note, that the intact
ramified morphology of microglia with long fine processes is preserved only when PFA is heated to 80 °C. A2-C2,
Fixation for 1 hr in PFA at RT, on ice, and, at 80 °C (C1). Note, that the extended time has improved the fixation
procedure for PFA at RT (A2) and on ice (B2). However, the fine microglia processes looks retracted and beaded in
both cases. Prolonged fixation at 80 °C resulted in quenching of the fluorophore in this case EGFP (C2). All six
images are projects of stacks of images (stepping 1 µm) acquired in the CA1 region of the hippocampus, between
125 and 175 µm below the surface of the slice using the exact same setting (laser power, gain, and off-set). Scale
bar: 20 µm
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Rational for using DMSO to improve immunolabeling
Standard IHC protocols typically allow labeling at a depth of ~50 µm below the surface of
the slice (Karadottir and Attwell, 2006; Snippert et al., 2011) and therefore often require cryostat
resectioning of the fixed slice. We aimed to optimize the current standard IHC protocols and
immunolabel the intact free floating slices to completely avoid the risk of embedding, freezing,
and slicing artifacts associated with re-sectioning. DMSO is a cheap and safe pharmaceutical
penetration enhancer and it is capable of enhancing the permeation of both hydrophobic and
hydrophilic molecules across cell membranes (Marren, 2011). We hypothesized that DMSO
would facilitate the penetration of antibodies through the fixed brain slices and that it would help
clear the tissue from unfixed molecules without disturbing the cytostructures. By addition of 20
% DMSO at each step of the immunolabeling protocol we achieved a uniform labeling of our
target proteins throughout 300 µm thick slices as shown in chapter 2. To further permeabilize the
tissue and improve antibody penetration through the slices we also applied the standard detergent
for IHC, Triton X-100, at different concentrations (0.5, 1, 2 and 5 %). We found that we could
increase the concentration of Triton X-100 to 2 % without affecting the morphology of fine
structures. Importantly, Zukor and colleagues had previously reach the same conclusion after
testing various detergents at different concentration (i.e. Triton X-100, Tween-20, NP-40,
CHAPS, and sodium dodecyl sulfate) for fluorescent probe penetration of adult newt spinal cords
(Zukor et al., 2010).

Utilizing SNAPSHOT to address unique biological questions
Utilizing SNAPSHOT we were able to demonstrate that the ATP receptor P2Y12, which is
crucial for microglial process extension, is located at the leading edge of the extending
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microglial processes as shown in chapter 2. SNAPSHOT also allowed us to validate microglia
dynamics without live cell illumination thereby ruling out potential contributions of laserinduced photo-toxicity. Importantly, we could also visualize the microglia morphology by
immunolabeling ionized calcium-binding adapter molecule 1 following activation of NMDA
receptors in acute brain slices from wild type and knock-out mice which did not express EGFP in
their microglia. The possible applications of SNAPSHOT are endless and it provides an
opportunity to expand on the knowledge that can be gained from experiments using brain slices.
We additionally utilized the rapid fixation step combined with immunogold labeling and electron
microscopy to investigate NMDA-induced internalization of synaptic proteins (Mills et al.,
2014).
The greatest contribution of SNAPSHOT to the scientific communities is that it allows for
scientists to rethink their experimental designs of studies that involve acute brain slices.
SNAPSHOT provides the opportunity for increasing the throughput of acute brain slice
experiments to become comparable to the experimental designs currently applied to cultured
cells. For example, it is now possible to run simultaneous experiments under the same conditions
with multiple slices prepared from the same brain (i.e. control conditions and several different
treatment groups). This eliminates the issues of time after slicing between slices, and it
maximizes the amount of data that can be acquired from each brain (potentially reducing the
number of animals required). Compared to live imaging of acute brain slices, SNAPSHOT offers
the possibility to investigate cellular responses that occurred at precisely the same time point in a
large brain region or across multiple different brain regions (i.e. cortex, striatum and
hippocampus if the brain is sliced in the coronal plane). Furthermore, the resolution of the z
plane is always compromised in live slice imaging but the fixed slices can be cut and rotated 90
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degrees to also image that plane at high resolution (e.g. to investigate structures that are
polarized towards or away from the surface of the slice). Imaging the intact brain slice also gives
great advantages compared to thin cryostat sections because cell-cell interactions and networks
of interest (e.g. clusters of microglia and astrocytic networks) can be investigated without the
need for reconstructions. Importantly, morphological structures like vessels that normally won’t
be maintained within the focal plane of a thin slice can easily be tracked over greater distances
(Fig. 4.5).
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Figure 4-5 Tracking astrocytic processes along a vessel.
SNAPSHOT was utilized to fix and immunolabel glial fibrillary acidic protein (GFAP) in a 400 µm thick
horizontal slice from a P30 rat brain (primary antibody; polyclonal anti-GFAP antibody, from Abcam, cat # ab7260,
8 days incubation and secondary antibody; goat-anti-rabbit IgG from Life Technologies, cat # A-11034, 6 days
incubation). The image is a projection of a stack of images (stepping 1.5 µm) acquired in the CA1 region of the
hippocampus, between 110 and 170 µm below the surface of the slice. The main GFAP + enwrapped vessel in the
image was identified and the stack of images was acquired with the fist image below the vessel and the top image
above the vessel. The entire vessel within the stack could therefore be visualized by projection of the stack of
images (max intensity projection) without the need for reconstruction and the risk of re-sectioning artifacts which
would have been required if thin cryostat sections had been used. Scale bar: 20 µm

Entering a new era of optical tissue clearing
Over the last years several different optical clearing agents and techniques have successfully
been developed which has made it possible to make entire rodents brains optically transparent
and permeable to macromolecules e.g. benzylalcohol-benzylbenzoate (Dodt et al., 2007),
Phenylmethoxymethylbenzene (Becker et al., 2012), Tetrahydrofuran (Erturk et al., 2012), Scale
(urea based) (Hama et al., 2011), SeeDB (fructose and α-thioglycerol based), and CLARITY
(sodium dodecyl sulfate based and with the introduction of electrophoresis for lipid removal).
SNAPSHOT can potentially also be successfully combined with an optical clearing procedure
like SeeDB (which doesn’t require dehydration of the tissue). Presumably additional clearing of
the brain slice would assist antibody penetration and therefore decrease the time required for
incubations and it would allow the immunolabeled brain slices to be imaged using a confocal
microscope. The advantage of SNAPSHOT in relation to these optical clearing agents is the
rapid and simple fixation procedure that we have optimized for brain slices. SNAPSHOT is an
ideal approach for fixation of morphological changes of fine dynamic structures that have been
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triggered by direct manipulation of live brain slices (e.g. by application of a pharmacological
agent, uncaging of a caged compound, or electrical stimulation). Advanced tools using highpressure freezing have recently been developed for capturing of cellular responses with a
temporal resolution of milliseconds (e.g. Leica EM HPM100 and EM PACT2, HPM 010 from
Boeckler Instruments, Wohlwend HPF Compact 02). The major limitations with these cryoimmobilization techniques are that ACSF needs to be substituted with a low-hydro filler (e.g. 1hexadecene yeast paste) and that adequate freezing of 300-400 µm thick brain slices requires
anti-freezing agents which are normally not incorporated by living cells (Kaech and Ziegler,
2014). However, ultrafast endocytosis in cultured neurons has been elegantly demonstrated by
combining high-pressure freezing and optogenetics (Watanabe et al., 2013). Taken together,
SNAPSHOT provides a novel, convenient, and economical approach for fixation and
immunolabeling of brain slices directly in line with the current direction of state-of-the-art
techniques.
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Chapter 5: Conclusion
Summary
The work presented in this dissertation demonstrates two novel communication pathways
between neuronal activity and ATP-mediated microglial process dynamics. Additionally, a novel
tissue fixation method for the preservation and visualization of fine dynamic structures in acute
brain slices were developed.

The new fixation method, named SNAPSHOT provided a

technique that was required to rapidly preserve dynamic processes in order to quantify the two
separate communication pathways involving ATP release from neurons and astrocytes.

5.1

Hypothesis 1

Addressing the hypothesis that; activation of neuronal NMDAR triggers ATP release via
opening of neuronal Panx1 hemichannels and consequently a change in microglial process
dynamics resulted in several interesting discoveries. We demonstrated for the first time, using a
novel NMDAR stimulation paradigm, that activation of NMDAR triggered ATP-mediated
microglial process outgrowth and these findings were published in The Journal of Neuroscience
(Dissing-Olesen et al., 2014). In support of our discoveries, the same issue of The Journal of
Neuroscience also included a manuscript from Dr. Wu’s lab (Eyo et al., 2014) that reported very
similar observations but also some intriguing differences. While our paradigm included multiple
brief applications of NMDA (1 min, 100 µM) resulting in a reversible and re-inducible
microglial process outgrowth, Eyo and colleagues bath applied NMDA for 15 min (30 µM) to
evoke a similar morphological change in microglia (Eyo et al., 2014). Although it was not
reported or discussed whether microglial processes retracted after the prolonged NMDA
application. We demonstrated that the NMDA evoked outgrowth was depending on release of
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ATP by demonstrating that outgrowth did not occur in the presence of the commonly used
purinergic blocker RB2. However, RB2 has been reported to potentially inhibit NMDAR
(Nakazawa et al., 1995; Peoples and Li, 1998). At the time of the study RB2 was the only
purinergic receptor antagonist available to us that would block microglial process outgrowth to
application of ATP. In order to strengthen the link to ATP release we also investigated the
impact of preventing the formation of purinergic gradients by applying an ectonucleotidase
inhibitor to block the breakdown of ATP. Inhibiting the formation of purinergic gradients
abolished both ATP-evoked and NMDA-evoked process outgrowth. As expected, microglia did
not respond to bath application of NMDA in acute slices from P2Y12 deficient mice either (Eyo
et al., 2014) thereby confirming that NMDA-evoked microglial process outgrowth are dependent
ATP release.
We discovered, in agreement with the current literature, that bath application of ATP
triggered extension of microglial processes both in vivo and in acute hippocampal slices. The
reversible nature of the microglial response, when ATP was removed, has only previously been
reported in retinal microglial (Fontainhas et al., 2011) and we further demonstrate that microglial
process outgrowth can be reliably re-introduced with an additional application of ATP. We
therefore designed our NMDAR stimulation paradigm to determine whether microglial processes
retracted after NMDA application. Hence, we allowed 40 min intervals between the NMDA
applications. The advantage of this paradigm is that it allowed us to investigate the involvement
of different candidate proteins (e.i. NMDAR and purinergic receptors) by applying
pharmacological antagonists (e.g. with APV and RB2) and then quantifying and comparing the
microglia responses to NMDA (5th application) in the presence of the drug to how these same
cells responded to application of NMDA without the drug (4th NMDA application).
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ATP release is selective to NMDAR activation but independent of Panx1 hemichannel
opening
Application of glutamate, but not kainate, also triggered microglial process outgrowth,
similar to application of NMDA, in both acute hippocampal slices and in vivo. Glutamate-evoked
outgrowth was also blocked by APV (Eyo et al., 2014) which confirmed our finding that
NMDA-induced outgrowth occurred when synaptic transmission and AMPA receptors were
blocked. This is in sharp contrast to studies in the retina where stimulation of AMPA and kainate
receptors but not NMDAR were reported to trigger microglial process outgrowth (Fontainhas et
al., 2011). Intriguingly, we observed that multiple brief activations of NMDAR were required for
triggering microglial process outgrowth. This is in line with our hypothesis, since both multiple
brief applications of NMDA and prolonged application of NMDA has been reported to evoke
opening of Panx1 hemichannels in CA1 pyramidal neurons (Thompson et al., 2008). However,
both NMDAR stimulation paradigms (i.e. multiple brief applications and prolonged application)
triggered microglial process outgrowth in the presence of the potent hemichannel blocker CBX
(50-100 µM) indicating that ATP release in these paradigms does not depend on hemichannel
opening. We further validated that outgrowth occurred independently of Panx1 by visualizing
NMDA-evoked process outgrowth by immunolabeling microglia in fixed acute brain slices using
the novel SNAPSHOT method. We therefore rejected the hypothesized involvement of Panx1
hemichannel opening for NMDA-evoked microglial process outgrowth under these experimental
conditions.
NMDA-evoked ATP release is independent of excitotoxic damage
Interestingly, the microglial response in both NMDAR stimulation paradigms was blocked
by probenecid (2-5 mM). Notably, probenecid also blocked AMPA- and kainate-evoked
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microglial process outgrowth in the retina (Fontainhas et al., 2011). We validated that probenecid
did not block ATP-induced outgrowth and it did not affect NMDA-evoked Ca2+ signals in
pyramidal neurons. These findings indicate that the ATP release observed in these experimental
paradigms is mediated by a probenecid-sensitive mechanism and not a loss of membrane
integrity due to neuronal excitotoxicity. This is also supported by the reversibility of the
processes outgrowth in the different paradigms including both brief application of NMDA as
well as AMPA, and kainate (Fontainhas et al., 2011). Following a laser-induced damage the
microglial processes will adhere to the damaged area for hours to days and damaged cells will
take up dyes through their compromised membranes. Bath application of glutamate (1 mM) and
NMDA (30 µM) for 10 min did not trigger either PI or SYTOX uptake (Eyo et al., 2014). This
lack of dye uptake further supports our conclusion that ATP release is not due to excitotoxic
damage or opening of hemichannels which would also have allowed for influx of PI and
SYTOX.

The initial trigger of ATP release is activation of dendritic NMDAR
We hypothesize that the initial trigger of NMDA-evoked ATP release is activation of
neuronal NMDAR and not NMDAR on glial cells and we also assumed that Ca2+ influx through
the NMDAR would be required for this function and that preventing Ca2+ influx through
NMDAR would therefore block release of ATP. Our data demonstrate that this assumption was
valid and it is further supported by the finding that removal of extracellular Ca2+ completely
blocked NMDA-evoked neuronal Ca2+ signals and microglial process outgrowth while microglia
process extension towards a laser-induced lesion still occurred when extracellular Ca2+ was
depleted (Eyo et al., 2014).. GluN2A,B are the predominant NMDAR subunits in the CA1 and
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they exert high sensitivity for Mg2+. Hence the presence of high extracellular levels of Mg2+
results in a voltage dependent block of Ca2+ influx through NMDAR. GluN2C,D on the other
hand has relatively low sensitivity for Mg2+ (Monyer et al., 1992; Ishii et al., 1993; Kuner and
Schoepfer, 1996; Schwartz et al., 2012) but their expression (if any) in the adult CA1 has been
reported to be very sparse. In situ hybridization revealed that GluN2C mRNA is only expressed
for a restricted period between P7 and P14 in the CA1 (Pollard et al., 1993; Monyer et al., 1994)
and protein levels has not been detected (Thompson et al., 2002). GluN2D mRNA was found to
be highly expresses prenatally and until around P12 but not in the adult hippocampus (Monyer et
al., 1994; Paoletti, 2011). GluN2D immunoreactivity was also reported to be totally excluded
from pyramidal cells (Thompson et al., 2002). In addition recordings from astrocytes in the
cortex have shown that high Mg2+ does not block astrocyte responses to NMDA that are possibly
due to GluN3 subtypes expression (Lalo et al., 2006). We therefore designed an experiment to
investigate whether selective activation of NMDAR on a single neuron would be sufficient to
trigger a microglial response and thereby demonstrate that the initial trigger of NMDA-evoked
ATP release is activation of neuronal NMDAR. Bath application of NMDA in the of presence of
high extracellular Mg2+ did not trigger neuronal Ca2+ signals or microglial process outgrowth,
indicating that all neuronal NMDAR were blocked by Mg2+ and that ATP release did not occur.
Astonishing, when the Mg2+ block was selectively relieved when the patched clamped neuron
was depolarized, then bath application of NMDA triggered microglial process outgrowth.
Repeating the same experiment but with an NMDAR channel blocker (MK801) inside the patch
electrode abolished NMDAR-evoked microglial process outgrowth demonstrating that the initial
trigger of NMDA-evoked ATP release is activation of neuronal NMDAR and not NMDAR on
glial cells. Blockage of astrocytic functions by application of the astrocyte toxin fluoroacetate did
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not affect the NMDA-evoked microglial response (Eyo et al., 2014), supporting our conclusion
that ATP release is mediated by activation of neuronal NMDAR and not astrocytic NMDAR.
However, no control experiments were done to validate that fluoroacetate truly blocked
astrocytic release of ATP.

Increased numbers of contacts between neurons and microglial

processes was also reported during bath application of glutamate using a double transgenic
mouse (EGFP+ microglia and YFP+ neurons) (Eyo et al., 2014). However, we did not observe
directed outgrowth toward the patched neuron and it is not surprising that the number of contacts
increases when outgrowth occurs due to the overall increase in number of process with bulbous
tips. It would have been reassuring if the same experiments had been performed by Eyo et al
with application of ATP (instead of glutamate) and with labeled astrocytes (instead of neurons)
to show that application of NMDA (and not ATP) triggered an increased number of contacts
between microglial processes and neurons (but not astrocytes). To rule out a direct effect of
NMDA on microglial NMDAR, brief application of (1-2 sec) of NMDA was applied which
triggered an inward current in patch clamped neurons but not in patch clamped microglia.
Importantly, longer application of NMDA (3-4 min) triggered an outward current in patch
clamped microglia similar to the current induced by application of ATP (Eyo et al., 2014).
Thereby demonstrating that microglia responded to ATP and not NMDA. It would have been
interesting to see if prolonged application of NMDA would evoke an outward current in P2Y12
deficient microglia or in the presence of a purinergic receptor antagonist.
ATP could potentially be released from astrocytes. Activation of neuronal NMDAR causes
an influx of Ca2+ and Na+ as previously discussed but it also allows for efflux of K+. Increases in
extracellular K+ (10 mM) have previously been shown to affect astrocytes e.g. enhance astrocytic
glycolysis and trigger astrocytic release of lactate in acute brain slices (Choi et al., 2012). High
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(10 mM) K+ triggered ATP release from cultured murine astrocytes (Xu et al., 2014) supposedly
via vesicular exocytosis (Maienschein et al., 1999; Bal-Price et al., 2002; Pryazhnikov and
Khiroug, 2008; Heinrich et al., 2012; Yan et al., 2013). However, increases in extracellular K+
due to endogenous release might be considered modest in acute brain slice preparations because
of continuous exchange with bath ACSF which contains low K+ (2.5 mM).

Priming effect of NMDA applications
Interestingly, multiple brief applications of NMDA were required to trigger a robust
microglial response thus an intriguing question is obviously how and why these responses differ
when the stimuli is the same (application of 100 µM NMDA for 1 min). Time after slicing did
not change the response as we have done several controls where we omitted the first NMDA
applications and applied NMDA after two hours without observing a microglial response (data
not shown). It is tempting to propose that multiple stimulations are pushing the microglia
towards a more hypersensitive ‘primed’ phenotype as described with aging and following
inflammatory stimuli where ‘primed’ microglia present exaggerated responsiveness (Norden and
Godbout, 2013; Norden et al., 2014; Perry and Holmes, 2014). However, ATP-evoked microglial
process outgrowth does not require ‘priming’ and the response to ATP following multiple
NMDA applications was unaltered. Thus, we predict that under these experimental conditions
the ‘priming’ effect can be neglected for microglia and plausibly ascribed to an exaggeration of
the mechanism of ATP release. It would be very interesting to quantify the release of ATP over
time to investigate if it correlates with microglial process outgrowth as would be expected.
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The P2Y12 receptor accumulates at the bulbous tips of extending microglial processes
Based on previous studies we hypothesized that P2Y12 and Iba1 would localize at the
bulbous tips of microglial processes. G-protein coupled receptors has been shown to localize at
the leading edge of chemotaxing cells (Meili et al., 1999; Parent and Devreotes, 1999) (Meili et
al., 1999) and activated Rac, which co-localize with Iba1 during membrane ruffling, has been
shown to localize to the bulbous tips of microglial processes (Li et al., 2012). Indeed, using our
SNAPSHOT method we demonstrated a very high level of both P2Y12 and Iba1
immunoreactivity in the bulbous tip of extending processes following laser-induced lesion and
ATP application. It would be interesting to further investigate the ultrastructure of bulbous tips
using EM. We have already validated that SNAPSHOT preserves the ultrastructure of the tissue
(Mills et al., 2014) and immunolabeling of P2Y12 and Iba1 could be used to identify bulbous
tips.

Possible mechanisms of NMDA-evoked ATP release
In conclusion, we have demonstrated a novel form of neuron-microglia communication that
is initiated by activation of dendritic NMDAR. However, the mechanism of ATP release remains
to be resolved. The fact that NMDA-evoked microglial process outgrowth, but not neuronal Ca2+
signals and ATP-induced process outgrowth, is blocked by probenecid strongly indicate that the
mechanism of ATP release is sensitive to probenecid. This might provide a very useful hint
about the possible mechanism of NMDA-evoked ATP release. Besides blocking Panx1
hemichannel opening, probenecid also inhibits transporters of the ATP binding cassette
superfamily such as multidrug resistance-associated proteins (Gerk and Vore, 2002; Potschka et
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al., 2004) and organic anion transporters (Di Virgilio et al., 1988; Lipman et al., 1990). Thus,
with the right pharmacological approaches these targets should be investigated.

5.2

Hypothesis 2

Addressing the hypothesis that “Opening of astrocytic Cx43 hemichannels, by removal of
extracellular Ca2+, triggers ATP release and consequently an alteration in microglial process
dynamics” resulted in several interesting discoveries and strongly indicated that hemichannel
opening triggers ATP-mediated microglial responses. As hypothesized, removing or even
reducing extracellular Ca2+ resulted in release of ATP and extension of microglial processes that,
to our surprise, were directed towards focal points randomly distributed throughout the tissue. A
similar type of directed extension of microglial processes towards specific focal points is also
observed following laser-induced lesions or local application of ATP. Thus we have discovered a
biological condition in which a similar focalization of microglial processes is triggered.
Interestingly, this focalization stands in sharp contrast to the global process outgrowth observed
following activation of dendritic NMDAR. Due to the rapid reversibility of this focalization it
also differs from lesion-induced focalization of microglial processes. The focalization was
characterized using real-time two-photon imaging of acute brain slices but it also occurred
without illumination of the live slices as determined using the SNAPSHOT method. Our
pharmacological interventions demonstrate that focalization of microglial processes was
mediated by activation of microglial P2Y12 receptors secondary to ATP/ADP release through
hemichannel opening.
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Recent developments in the field
After submitting this dissertation to the supervisory committee, a brief communication by
Dr. Wu’s lab was published in The Journal of Neuroscience (Eyo et al., 2015), in which they also
describe that reducing extracellular Ca2+ evoked transient focalizations of microglial processes
both in acute brain slices and in vivo. In agreement with our data they reported that focalization
required P2Y12 receptors as it did not occur in slices from P2Y12 deficient mice and that the
focalization could be disrupted by bath application of ATP (Eyo et al., 2015). Interestingly, in
contrast to our findings they did not observe an effect of CBX (50-100 µM) on focalization and
they concluded that microglial processes converge onto neuronal dendrites independently of
astrocytic hemichannel opening. However, their arguments are questionable and not strongly
supported by their reported observations. To demonstrate that microglial processes converge
onto neurons and not astrocytes they removed extracellular Ca2+ from slices from either double
transgenic mice with EGFP+ microglia and YFP+ neurons or from slices loaded with SR101 to
visualize astrocytes. First of all, only a sparse population of neurons were YFP + and it is
therefore not viable to conclude that microglial processes converge onto neuronal dendrites
based on the few incidents where a focalization point happen to co-localize with YFP+ dendrites.
Secondly, they could not resolve spines versus astrocyte processes that enwrapped spines.
Considering that the diameter of converged microglial bulbous tips at a focal point is 5-10 µm, it
is impossible to evaluate whether the microglial bulbous tips converged onto 0.5-1 µm (YFP+)
presynaptic spines or to the fine surrounding astrocytic processes. SR101 staining is only
observed in astrocyte soma and the initial part of the major processes and is not observed in most
of the astrocyte fine processes. Cx43 expression is predominantly in astrocytic endfeet and at the
interdigitation of fine astrocytic processes where they form gap junction connections with
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surrounding astrocytes (Huang et al., 2012; Pekny and Pekna, 2014). To further support that
astrocytes do not play an important function they apply the astrocyte toxin fluoroacetate (which
they have also previously used (Eyo et al., 2014)) and reported that microglial process
focalization was unaltered. They reported a control experiment showing that fluoroacetate
abolishes the spontaneous intracellular Ca2+ transients in astrocytes. However, it can be argued
that hemichannel opening evoked by reducing extracellular Ca2+ might occur independently of
intracellular Ca2+. Hemichannel mediated release of glutamate from astrocyte cultures has been
reported to occur when intracellular Ca2+ is depleted with thapsigargin or chelated with BAPTA
(Ye et al., 2003). Hence, we believe that further investigations are required to elucidate the
mechanisms of ATP release and the cellular origin in this paradigm. Based on our findings and
the literature discussed in chapter 1 we consider opening of astrocytic Cx43 hemichannels the
most likely candidate for ATP release in reduced extracellular Ca2+.

Mimetic peptides against Cx43 hemichannel opening
The synthetic blocking peptide TAT-Gap19 was selected over the other Cx43 mimetic
peptides (i.e. Gap26 and Gap27) because it is the only peptide that blocks Cx43 hemichannels
but not gap junctions (Wang et al., 2013). Therefore TAT-Gap19 should selectively target our
hypothesized source of ATP release without interfering with astrocyte-astrocyte communication.
We decided to use the peptide sequence that includes TAT in order to facilitate and increase the
membrane permeability of the peptide in the 300 μm thick slices. We applied 250 μM of TATGAP19 which has been reported to blocked Cx43-mediated ATP release by ~97% (Wang et al.,
2013). TAT-Gap19 completely blocked microglial process focalization while the Panx1 blocking
peptide
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panx did not. Unfortunately, this observation is inconclusive as the scramble TAT157

peptide for Gap19 also abolished microglial process focalization. Previously, mutated Gap19 has
been used as a negative control but we decided to use a traditional scrambled peptide with a
unique sequence containing the same nine amino acids as Gap19 and with the TAT sequence
unaltered. It was previously reported that mutated Gap19 did not affect Cx43 hemichannel
opening when Cx43 were expressed in HeLa cells or C6 cells lines. However mutated Gap19
has been reported to have off-target effects. It significant reduced ischemia-evoked swelling
compared to no treatment controls and also reduced the infarct area following
ischemia/reperfusion (Wang et al., 2013). Therefore mutated GAP19 mutated peptide might also
have off-target effects that should be taken into consideration. Concerns have also previously
been raised regarding the specificity of other mimetic peptides because similar effects have been
observed with application of their scrambled counterparts. For example the PKM-ζ mimetic
peptide ZIP, which is myristoylated to enhance permeability, reversed long term potentiation in
acute hippocampal slices but the scrambled version of ZIP was found to be similarly effective
(Volk et al., 2013). Both ZIP and the scrambled version of ZIP also reduced the time of freezing
in mice that were reported to have PKM-ζ–dependent fear memories (Kwapis et al., 2009).

Cx43 deficient mice
Ideally, to determine whether ATP is released through opening of astrocytic Cx43
hemichannels, extracellular Ca2+ could be removed from brain slices generated from transgenic
mice deficient for Cx43 selectively in astrocytes. We predict that ATP mediated microglial
process focalization following removal of extracellular Ca2+ would be abolished in these mice
while ATP and lesion-induced outgrowth would occur as observed in WT controls. The
SNAPSHOT method offers an ideal tool for visualizing microglial processes in slices from these
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mice, which does not express a genetically encoded fluorescent indicator in the microglia.
Expression of GluSFnR could also been introduced into this strain of mice (using viral delivery)
and we predict that the spontaneous hot spots of glutamate release that occurred following
removal of extracellular Ca2+ would be abolished when astrocytic Cx43 is absence. Lesionevoked glutamate release would still occur.

Opening of gap junction plaques
Our data indicate that the mechanism of release is localized to selective areas and that the
probability of ATP release is low. It seems unlikely that opening of individual hemichannels is
sufficient to trigger a focalization of microglial processes that qualitatively appear similar to the
focalization evoked laser-induced lesion (20-30 µm in diameter) considering how efficiently
ATP is hydrolyzed. Our preliminary observations also show that glutamate was detected in an
area as wide as 20 µm in diameter. In comparison, lesion-evoked glutamate release could be
detected 30 µm away from the lesion. However, glutamate uptake, which is normally very
efficient, has been shown to be impaired in divalent cation free solution (Ye et al., 2003) and
glutamate might therefore diffuse further in absence of Ca2+. We therefore speculate that
multiple Cx43 hemichannels in clusters would have to open in synchrony at the selective focal
points to trigger microglial processes to focalize and for glutamate to be detected. Freeze-fracture
electron micrographs have revealed that Cx gap junctions can cluster together in closely packed
arrangements that are referred to as gap junction plaques (Tani et al., 1973; Shivers and
McVicar, 1995). We speculate that removal of extracellular Ca2+ reduces the strength of adhesion
between Cx43 gap junctions within a plaque and thereby promoting the disconnection of gap
junctions and hence the opening of clusters of Cx43 hemichannels on each of the adjacent
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astrocytes. Gap junction plaques have been reported to be 1 µm in diameter (Fujimoto, 1995;
Nagy and Rash, 2000) and can potentially be visualized by immunolabeling of Cx43 using
SNAPSHOT. The extracellular loops of the Cx43 protein are masked in gap junctions but
exposed in hemichannels and antibodies against the extracellular loop have successfully been
used to block hemichannels and not gap junctions (Riquelme et al., 2013). Thus, antibodies
against the extracellular loops of Cx43 could potentially be used to visualize the presence of
hemichannels versus gap junctions. Although, it would not give any information of whether
these hemichannels are open or closed it would be very convincing if microglial process would
focalize around specific areas with high immunoreactivity for antibodies against the extracellular
loops of Cx43. Transgenic mice with GFP tagged Cx43 do exist, however, GFP-tagged Cx43
exhibit an altered conductance compared to the conductance of WT Cx43 when reconstituted in
planar lipid bilayers (Carnarius et al., 2012) and it does not allow for the visualization of Cx43
hemichannels selectively.

Co-localizing the center of microglial process focalization with hemichannel opening
To further investigate the role of hemichannel opening for microglial process focalization
the opening of hemichannels could be visualized. A commonly used approached for visualizing
hemichannel opening is dye uptake. However most of the small dyes including PI and SYTOX,
work by binding or chelating to DNA and thereby introducing a spatial distortion between the
label nuclei and the potential site of uptake. It is therefore challenging to co-localize the site of
hemichannel opening (site of dye uptake) with the center of focalization. Alternatively, dye
efflux could be investigated in acute slices by preloading the tissue with a small (< 1 kDa) AMdye such as calcein-AM, which could be co-loaded with SR101 to validate that astrocytes are
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getting loaded. Hydrolysis of acetoxymethyl esters by intracellular esterases will keep the dye
trapped inside the cells unless hemichannel opening is triggered. We predict that removal of
extracellular Ca2+ would trigger dye efflux. However, one caveat of studying dye flux through
astrocytic hemichannels is that astrocytes are coupled via gap junctions, which allows the dye to
diffuse throughout the astrocytic network leading to a loss of cell specificity. Hemichannelmediated loss of dye from one astrocyte might also be hard to detect because dye from
surrounding astrocytes most likely will restore the loss via dye flux through gap junction and to
our knowledge there are no pharmacological interventions that block gap junctions but not
hemichannels. Taken together, it might be challenging to co-localize the site of dye uptake with
the center of microglial process focalization. However, dye uptake might potentially be very
useful to verify that removal of extracellular Ca2+ triggers opening of astrocytic hemichannels.
Ideally, removal of extracellular Ca2+ would result in an enhanced uptake of SYTOX green in
SR101 loaded astrocytes compared to control conditions with 2 mM extracellular Ca2+. Our data
could be further validated by application of CBX which we expect will block the dye uptake.
Dye uptake should also be abolished in slices from Cx43 deficient mice while the P2Y12 blocker
PSB (used to inhibit microglial process focalization) should not affect dye uptake. If dye uptake
occurs in other cells than astrocytes, the SNAPSHOT method could be utilized to determine the
specific cell type(s) (e.g. NG2+ oligodendrocyte precursors, which express Cx26 or NeuN+
interneurons that express Cx36).

Microglial bulbous tips promote closing of hemichannels
Our data indicate that convergence of the bulbous tips at the site of release might have a
functional impact on the release mechanism and that the bulbous tips potentially inhibit the
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release of ATP and glutamate plausibly by promoting the closing of hemichannels. We know
from previous experiments that the bulbous tips will remain at the tip of an ATP-filled electrode
for as long as ATP is released. However, upon removal of the electrode the bulbous tips disperse
and the processes retract which is exactly what occurs a few minutes after the bulbous tips have
converged at a focal point during low extracellular Ca2+. This observation was also reported by
Eyo et al who quantified that microglial processes converged for an average of approximately 4
min. It is therefore attractive to propose that release of ATP and glutamate would be prolonged if
microglial processes were prevented from focalizing. One way to address this question would be
to image the release of glutamate in the presence of PSB, which prevents the microglial process
from focalizing. However, a careful look at our preliminary GluSFnR imaging revealed that the
hot spots persists for 4-5 min which is shorter than the time it takes the microglial processes to
reach the release site in most cases. This could potentially be due to a run-down of intracellular
glutamate prior to the convergence of microglial bulbous tips. Alternatively, detection of ATP
with a fluorescent indicator or an in situ ATP sensor might be necessary for addressing whether
microglial play a functional role in terminating the release of ATP. Rat P2X2 receptors have
been genetically engineered to carry a (fluorescence resonance energy transfer) FRET-based
calcium sensor and used to image activation of ATP-gated P2X receptors in hippocampal
neurons (Richler et al., 2008). We predict that visualization of ATP release will demonstrate the
presence of local hot spots similar to the glutamate release. Hypothetically, it would be very
interesting to visualize and quantify the release of ATP in the presence of PSB or in slices from
P2Y12 deficient mice. We predict that without microglial process extension each hot spot of
ATP release will no longer be transient but remain as long as extracellular Ca2+ is omitted
resulting in an accumulation of hot spots over time. Combining ATP imaging and visualization
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of microglial morphology could be extremely beneficial for addressing several interesting
questions and for validating our findings. We predict that multiple NMDA applications will
trigger a global almost uniform release of ATP throughout the tissue that will persist for up to 15
min and decline in synchrony with the retraction of microglial processes. On the other hand
lesion-induced ATP release will trigger an initial dramatic spread of ATP away from the lesion
site similar to what we observed for glutamate. Within the following 20-30 min (the time it takes
for the microglial processes to reach the lesion site) the sphere of ATP release will shrink as the
microglial processes focalize due to hydrolyze of ATP by CD39 on the bulbous tips.

5.3

Overall significance

The discoveries presented in this dissertation demonstrate that high neuronal activity can
trigger a dramatic ATP-mediated alteration in microglial process dynamics. Both NMDA-evoked
neuronal activation and removal of extracellular Ca2+, to mimic high neuronal activity,
transiently converted the surveillance by ramified microglia from a presumably random sampling
to a seemingly goal-directed ATP-dependent action. We hereby demonstrated two novel modes
of communication between neuronal activity and microglial process dynamics in the adult rodent
brain.
The function(s) of these acute alterations in microglial process dynamics remain speculative
but the demonstration of neuron-microglial communication in the adult rodent CNS is a
significant contribution to the overall understanding of microglial physiology and these results
have laid the foundation for multiple investigations in the future.
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Potential functions of microglial BDNF
It is attractive to speculate that microglia might play a function role in determining the fate
of postsynaptic dendritic spines during high neuronal activity by either promoting their survival
through release of neurotrophins or actively removing spines by phagocytosis. Neurotrophins
such as BDNF are critical mediators of neuronal survival and plasticity and are produced by both
neurons and glial cells in response to high neuronal activity in the adult brain (Balkowiec and
Katz, 2000; Dougherty et al., 2000; Chao, 2003; Coull et al., 2005; Rex et al., 2007; Rauskolb et
al., 2010; Zheng et al., 2011). Importantly, ATP is the major trigger for neurotrophin release
from microglia (Khakh and North, 2012). Thus ATP might be ascribed a dual function during
high neuronal activity as the substrate for the generation of a purinergic gradient for recruiting
and directing microglial processes and subsequently also for stimulating the local release of
neurotrophins from microglial bulbous tips in close proximity to specific synapses, thereby,
allowing microglia to locally manipulate synaptic transmission and plasticity in a synapse
activity-dependent fashion. It has recently been demonstrated that specific depletion of microglia
was associated with deficits in several different learning tasks (rotarod learning, fear learning and
novel object recognition) and altered learning-induced synaptic remodeling. Similar deficits were
recapitulated with genetic depletion of BDNF from microglia selectively in both young and adult
mice (Parkhurst et al., 2013). Underscoring, that an important functional role of microglia in the
adult CNS might be to promote dendritic spine formation and survival rather than spine
elimination. We suggest that the reversibility of microglial process outgrowth in our NMDAR
activation paradigm points towards neurotrophic release while we would expect that an alteration
of the paradigm (i.e. prolonged NMDAR stimulation) could shift the response towards spine
elimination.
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Our data also indicate that contact between microglial bulbous tips and hemichannels, might
promote hemichannels closing. Interestingly, neurotrophins (i.e. nerve growth factor) have been
identified as potent triggers of phosphorylation of Cx43 proteins (Cushing et al., 2005) and
phosphorylation is known to maintain Cx43 hemichannels in a closed state (Li et al., 1996; Liu et
al., 1997; Lampe and Lau, 2000; Harris, 2001; Bao et al., 2004b). Hence, this suggests that
microglial processes might also serve a functional role in limiting the efflux of ATP and
glutamate to the extracellular space.

The importance of ATP hydrolysis by microglia
One would assume that cells would guard their intracellular ATP at all costs and that ATP
release only occurs upon damage. However, besides being a efficient signal molecule,
extracellular ATP also acts as an excitatory neurotransmitter (Pankratov et al., 1998; Mori et al.,
2001; Fields and Burnstock, 2006) that enhances depolarization of CA1 pyramidal neurons by
promoting P2X receptor-mediated Ca2+ influx (Edwards et al., 1992; Bardoni et al., 1997; Mori
et al., 2001; Pankratov et al., 2002; Pankratov et al., 2006, 2007). Interestingly, on the
hippocampal circuit level, ATP has been proposed to act as a physiological ‘brake’ against
excitotoxicity by heightening overall GABAergic inhibition via enhancing stimulation of
interneurons (Bowser and Khakh, 2004). ATP activates presynaptic P2X2 receptors on
interneurons and at the same time augments postsynaptic depolarization by binding to P2Y1
(Khakh et al., 2003; Bowser and Khakh, 2004; Kawamura et al., 2004; Baxter et al., 2011).
However, the local action of ATP itself in the stratum radiatum is excitatory (Wieraszko and
Seyfried, 1989; Pankratov et al., 1998; Mori et al., 2001; Bowser and Khakh, 2004; Fields and
Burnstock, 2006; Pankratov et al., 2006) and uncontrolled extracellular levels of ATP in the CA1
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can trigger excitotoxicity (Braun et al., 1998; Juranyi et al., 1999; Melani et al., 2005; Arbeloa et
al., 2012). Hence, it is appealing to think that ATP-mediated microglial process outgrowth also
serves a crucial function in regulating extracellular ATP levels by hydrolyzing ATP and
focalization of microglial processes can plausibly restrain excessive ATP release to a restricted
area and eventually terminate it. By hydrolyzing ATP, microglia are also promoting the
generation of adenosine that inhibits synaptic transmission (by binding to A1 receptors) or
modulates it (by binding to A2A receptors) (Lee et al., 1981; Cunha et al., 1994; Cunha et al.,
1998). Taken together this indicates that high neuronal activity triggers an ATP-mediated
alteration in microglial processes dynamics that in turn indirectly affect synaptic transmission by
regulating the local levels of adenosine.

Direct clinical impact of ATP-mediated microglial processes dynamics
Hippocampal seizure activity has been reported to trigger a change in microglial
morphology (Beach et al., 1995; Eyo et al., 2014). Seizure activity requires NMDAR stimulation
and causes a pronounced reduction in extracellular Ca2+ levels (Heinemann et al., 1977; During
and Spencer, 1993; Amzica et al., 2002; Cavus et al., 2005; Meurs et al., 2008). Based on our
observations the morphological changes in microglia observed during seizure is likely due to
release of ATP. Remarkably, deficiency in the microglial P2Y12 receptor, which is required for
microglial process outgrowth and focalization, exacerbates seizure activity by evoking earlier
onset and prolonging the duration of the seizure, and consequently, 40% of P2Y12 deficient mice
died while all wild type mice survived (Eyo et al., 2014). Thus, ATP-mediated communication
between neurons and microglia serves an important function and further understanding of the
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modes of communication presented in this dissertation will be of high therapeutic interest and
direct future research.
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