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Abstract

After peripheral nerve injury, erratic nerve influxes generated in sensory neurons sensitize
secondary neurons located in the dorsal horn of the spinal cord. This abnormal signaling causes
hyperalgesia and allodynia — hallmarks of neuropathic pain. Those injured neurons also release
neuronal factors that activate microglia, the immune cells of the central nervous system. Microglia
secrete many pro-inflammatory factors such as cytokines and chemokines, which will participate in
the sensitization process. Microglia, although non-excitable cells, show important changes in their

potassium currents dependent of activation state.

During this thesis, I investigated microglial potassium channels in the context of neuropathic
pain using the spared nerve injury (SNI) model. This model imitates a nerve injury and the
neuropathic pains that follows. The goal was to determine if potassium channels participate in
microglial activation and what physiological function they could influence in these cells. First, I
analyzed previous data from the laboratory, which I completed and presented in a manuscript

describing the timecourse of microglial activation and lymphocyte T infiltration after SNI.

[ investigated for Kv1.3, Kv1.5 and Kir2.1, the main potassium channels described in

microglial activation. I could highlight their presence in spinal microglia after SNI.

Then I could demonstrate that potassium currents I identified as Kir2.1-dependent were
increased in microglia 2 days following SNI. Besides, the microglial resting membrane potential was
hyperpolarized after SNI and could be depolarized using the Kir2.x blocker ML133. [ hypothesized
that this hyperpolarized resting membrane potential was necessary for microglial proliferation. I then
could demonstrate that ML133 strongly reduced proliferation of a BV2 microglial cell line. Following
my hypothesis, we collaborated with a former colleague now in the USA, to validate that in vivo.
Intrathecal injection of ML133 could reduce microglial proliferation and mechanical hypersensitivity

after SNI.

Although there is still much work to do, these results give us a potential novel target for
therapy against neuropathic pain based on modulation of the resting membrane potential of

microglia.



French summary

Apres une lésion nerveuse, des influx électriques erratiques sont générés dans les neurones
sensoriels et sensibilisent les neurones de second ordre situés dans la corne dorsale de la moelle
épiniére. Ce signalement anormal génere de I'hyperalgésie et de I'allodynie - des caractéristiques
typiques de la douleur neuropathique. De plus ces neurones endommagés vont libérer des facteurs
neuronaux qui activent la microglie, les cellules immunitaires du systéme nerveux central. Dans cet
état, la microglie sécrete de nombreux facteurs pro-inflammatoires tels que des cytokines et
chimiokines, qui vont participer au processus de sensibilisation. Les cellules microgliales, bien que
n’étant pas des cellules excitables présentent des changements importants dans leurs courants

potassiques une fois activées.

Durant ma thése, j'ai examiné les canaux potassiques de la microglie dans le modéle de
douleur neuropathique d’épargne du nerf sural (SNI). Ce modele induit une lésion nerveuse et la
douleur neuropathique qui s’en suit. Le but était de déterminer si les canaux potassiques participaient
a l'activation microgliale et quelles conditions physiologiques ils pouvaient influencer. Tout d’abord,
j'ai analysé des données obtenues préalablement dans le laboratoire et rédigé un premier article dont

le theme était la temporalité de 'activation microgliale et I'infiltration des lymphocytes T apres SNIL

J'ai cherché Kv1.3, Kv1.5 et Kir2.1, les principaux canaux potassiques décrits dans I'activation
de la microglie. ]'ai pu démontrer leur présence dans la microglie de 1a moelle épiniere apres SNI. Puis
j’ai pu démontrer que suite a I'activation de la microglie induite par le modéle SNI, les courants
potassiques provenant de Kir2.1 augmentaient 2 jours apreés la lésion nerveuse. De plus le potentiel
de repos de la membrane des cellules microgliales était hyperpolarisé apres SNI et pouvait étre
dépolarisé en bloquant les canaux Kir2.x avec du ML133. J’ai émis '’hypotheése selon laquelle un
potentiel de repos de la membrane hyperpolarisé était nécessaire a la prolifération de la microglie.
Le bloqueur a pu fortement réduire la prolifération de lignées cellulaires microgliale (BV2) en culture.
Suivant mon hypothese, nos anciens collegues maintenant aux USA ont pu valider in vivo par injection
intrathécale de ML133 la réduction de la prolifération microgliale ainsi que I'’hypersensibilité

mécanique apres SNI.

Bien qu'il reste encore beaucoup de travail, ces résultats mettent en évidence une potentielle
nouvelle cible pour la thérapie contre la douleur neuropathique, basée sur la modulation du potentiel

de membrane au repos de la microglie.
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Introduction

The awareness of environmental threats is crucial for one’s survival. Through the
aversive feeling of pain, the peripheral nervous system detects harmful or potentially
harmful sources and sends a signal to the central nervous system which is interpreted there
as a danger signal. If at first the pain experimented allows an organism to avoid the worst,
then the reminiscence of the condition where this aversive signal appears will have the same
effect. Pain also has a protective role in the long term. Once an organism is injured, the pain
will remind it to be careful until its wounds are healed. Pain is necessary for the survival of
organisms. However, in some cases, pain can lose this role. We call these occurrences

maladaptive pain.

The study of pain started since long ago. Already scholars of ancient Greece were
intrigued by this particular condition. Back then, Aristotle did not describe it as one of the
five senses, but rather like an emotion as for pleasure (Dallenbach 1939). There were also
other theories, for instance, Hippocrates was convinced that an imbalance of vital human
fluids was the cause of pain. Unlike today, people of this era were persuaded that the heart

was the organ responsible for the pain sensation (Linton 2005).

In the Middle age, pain was not well understood. As religion had a very strong
influence at this time, pain was considered as a punishment from God, a sensation coming
from above rather than from the body itself. Its only remedy would be prayers, as a trial for

one to reaffirm its faith through piety and suffering (Meldrum 2001).

In the Renaissance, intellectuals such as René Descartes in the Treatise of Man (1644)
elaborated the theory that pain would travel along nerve fibers to the brain. This changed the
mystical and spiritual vision of pain to a physiological sensation. From this moment on, pain

has been seen as a torment that can be cured by medical treatment, instead of supplications.

Today we know that pain is a complex biological phenomenon of signal transmission,
modulation and integration. A remarkable circuit of neurons forms the path from the
peripheral nerve terminal to the brain. Research has grown in the field showing also

involvement of glial cells in the modulation of neuronal excitability.



§1 Pain and Neuropathic pain

i Pain - definition and mechanisms

Pain is an unpleasant sensory and emotional experience associated with actual or

potential tissue damage, or described in terms of such damage (IASP).

Stimuli are detected in the periphery by nerve endings. There, mechanoreceptors

detect pressure, stretch, vibration or light brush stimuli. Nerve terminals also contain ions

channels sensitive to heat, cold or pH. Mechanical stimuli induce action potentials in large

fibers (Aa and A, or AS for painful mechanical stimuli), while temperature induced stimuli

travel along smaller fibers (A9, C) (Woolfand Ma 2007, Dubin and Patapoutian 2010) (Figure

1).
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Figure 1: Nociceptive fibers.
Representation of the different
fibers that will transfer nociceptive
information to the spinal cord.
These neurons have their cell body
in the dorsal root ganglion and
connects to second order neurons
in different layers of the dorsal
horn. Mechanical stimuli are
conveyed by myelinated A-fibers
(mostly AS), while temperature

stimuli travel through C-fibers.

Modified from Dubin and Patapoutian

(2010)



The transmission of this information occurs via action potentials through sensory
neurons whose cell bodies are located in the dorsal root ganglia (DRG). The information is

then transferred to second order neuron and relayed to the brain.

Nociceptive neurons are harder to excite but once triggered, they send a burst of
action potentials transmitted by both medium thin myelinated (A§) and small unmyelinated
fibers (C) in the dorsal horn. There, the transmission of the nociceptive information occurs
via glutamate, but also via calcitonin gene-related peptide (CGRP) and substance P (Seybold
2009). This information is modulated by local inhibitory interneurons or by neurons
descending from the brain in the spinal cord. After modulation, if the signal reaches a certain
threshold, it is transmitted by a second order neuron to the brain where this nociceptive

information is integrated as pain (Basbaum 2009).

There are four steps necessary for the signaling of pain (Figure 2). First, nociceptors
nerve endings detect a noxious stimulus in periphery. There, receptors will transduce it in an
electrical signal if the stimuli exceed a certain threshold. For instance neuronal transient
receptor potential ion channel V1 (TRPV1) channels in nerve terminals activates if the

temperature is greater than 43° (Tominaga and Caterina 2004).

Figure 2: Nociception to pain integration.

4 Representation of the four steps for a

nociceptive signal to be integrated as pain.

Descending
modulation
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ganglion
3) Modulation in the spinal cord.

4) Integration of the nociceptive information

Peripheral _
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in the brain where it is interpreted as pain.

il, Modified from Gottschalk and Smith 2001
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To generate an action potential, several conditions must be reunited. First, the
depolarization of the nerve ending must reach a certain threshold. For instance, following
heat stimuli, TRPV1 channels open and allows the entry of Ca?*, Na* and K* as they are non-
specific cations channels. This entry of cations will locally depolarize the membrane.
(Harriott and Gold 2009). In general, activation of nociceptive receptors is proportional to
the intensity of the stimulus, as it happens for heat detection by TRPV1 channels. If enough
TRPV1 opens, this local potential becomes higher than the threshold and an action potential

is generated through activation of voltage-gated sodium channels. (Caterina et al. 1997)

Secondly, the electric signal is transmitted from the injury site to the spinal cord.
through the opening of the voltage-gated sodium channels (Navs). After the transmission,
Navs become inactivated for some time before they can be solicited again (refractory period).
The propagation of action potential in nociceptive fibers is mediated by Nav1.6, Nav1.7 and

Nav1.8 (Woolfand Ma 2007).

In addition, as the soma is more negative than the nerve endings (-70 mV) (Gold et al.
1996), the action potentials transmitted must have a certain power to also depolarize the
region of the soma with the T-junction and propagate to the other endings of the nociceptive
neurons, located in the spinal cord. Thus, low stimuli are ignored. A burst of action potentials
with a certain frequency is required to pass through the T-junction. Interestingly, this

filtering is reduced after nerve injury (Gemes et al. 2013).

Thirdly, this signal will be modulated in the spinal cord by different processes. One
inhibitory mechanism is called gate control (Figure 3). This theory of pain states the
following: non-nociceptive fibers can inhibit the pain signaling. (Melzack and Wall 1965).
When a large sensory fiber conveying non-nociceptive information, it modulates nociceptive
transmission by the activation of GABAergic inhibitory interneurons. These will act on

afferent nociceptor fibers in a presynaptic manner.

12
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This will reduce the nociceptive signaling during the time a sensory signal is active.
Due to this inhibition, the nociceptive information is stopped at the synapse of the DRG
neuron located in the spinal cord. As it is not transmitted to the second order neuron, only
the sensory information is transferred to the brain. However, if the influx sent is of enough

intensity, it will be transferred to the brain (Mendel 2014).

The modulation of the nociceptive information can also occur in the brain stem. The
rostral ventral medulla and the periaqueductal gray contribute to the regulation of the spinal

nociceptive signal via descending feedback (Basbaum et al 2009).

Fourthly, the signal will be integrated in the brain and interpreted as pain. Following
painful stimuli in human, brain activation is detected by functional magnetic resonance
imaging in the S1 and S2 area of the somatosensory cortex, the pre-frontal cortex, the anterior
cingulate cortex, the insular cortex, the thalamus and the cerebellum (Apkarian et al. 2005).
The ascending fibers reach the thalamus, and then the information is relayed to the other

cortexes.

Pain can also be modulated after its integration trough descending mechanisms.
Projections from the cingulate cortex and amygdala can influence the neurons located in the
periaqueductal grey descending through the spinal cord. (Navratilova et al. 2015). This

modulation occurs through the noradrenergic and serotoninergic systems (Bannister and
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Dickenson 2016). In the context of neuropathic pain, the serotonin-induced analgesia is

reduced (Lopez-Alvarez et al 2018).

ii Peripheral and central sensitization

Peripheral and central sensitizations are mechanisms that will increase the gain of the
signal along the pain pathway. In the case of inflammation or nerve injury in the periphery,
the axon will fire abnormal action potentials. This phenomenon called altered electrogenesis

is due to physiological changes of the damaged axon.

Peripheral sensitization

After acute peripheral injuries such as cut or burn, an inflammation is generated due
to the substances released by injured cells. This inflammation, further enhanced by activation
of immune cells attracted to the injury site. The pro-inflammatory agents they secrete causes
sensitization of C and A9 fibers nociceptive terminals rendering nociceptive neurons more
excitable (Pogatzki-Zahn 2018). This peripheral sensitization, named this way as it is
generated in the periphery, increases the pain sensation at the damaged location.
Sensitization disappears once the inflammation is resorbed and the wound healed (Gold

2010).

In the case of an axotomy (nerve section), the stump of sensory nerve connected to
the soma will form an end bulb from where it will sprout in an attempt to reconnect to the
cut distal part. In case of failure, it will create a neuroma (Figure 4). This structure is
associated with changes in the level of multiple channels involved in the generation of action

potentials at the transcriptional, translational and post-translational level.

However the repair process can fail if the fiber is totally removed, such as in
amputated body parts, or the gap between the two nerve endings following the cut of the

axon is too big to be reconnected by sprouts. In this case, the neuron forms a knot out of the

14



sprouting nerve fiber. These structures called neuromas are important actors in peripheral

sensitization (Fried et al. 1991, Deumens et al. 2010)

band of
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Figure 4: Neuronal regeneration after axotomy. SC is for Schwann cells: cells responsible of myelination of
the axon in periphery. (A): Early after axonal injury (black arrow), a local degeneration of axon and myelin
takes place. (B): later, Wallerian degeneration - a degeneration occurring only in the distal part of the axon -
is achieved and infiltrating macrophages remove the tissue debris, and the axons generates axonal sprouts.
(€C): Ofthe many sprouts that enter the injury site, some will cross the injury site. This process can take several
weeks. (D): Successful axon regeneration: restoration of neurotransmission via the bands of Blingner. The
excessive sprouts will retract and a new myelination will occur. (E): Sprouts in this case did not cross the

injury. There axon regeneration was not possible and resulted in the formation of a neuroma.

Deumens et al. 2010

Intermediate states can occur when there is a graft. Neurons will reattach to the

existent severed axons with little success. Graft recipient get a partial sensation due to the
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successful axon reconnections, but also pain due to the unsuccessful ones (Nedelec et al.

2005, Taylor et al. 2010).

Notable spontaneous discharges generated in nerve-end neuromas have been
highlighted in several studies (Wall and Gutnik 1974). This erroneous electrical activity can
disappear by the removal of the neuromas or by local anesthetics. However, cutting the
neuromas only brings a brief relief since a new neuroma can appear at the new site of injury
with potentially increased ectopic electrical activity compared to the first neuroma (Govrin-

Lipmann and Devor 1978).

Ectopic activity can also be present in mid-nerve location or at the soma. In case of a
nerve lesion that would damage neurons without axons cleavage, neuromas-in continuity or
micro-neuromas can appear along nerves. Demyelination, the loss of myelin sheath
surrounding certain nerve fibers, can also lead to formation of neuroma-like structures.
(Burchiel et al. 1980, Calvin et al. 1982, Baker and Bostok 1992, Kajander and Bennet 1992,
Wallace et al. 2003). Overall, these ectopic impulse discharges appear after nerve injuries -

whatever the type of damage.

Moreover, DRG has a basal activity. Spontaneous firing has been detected even
without nerve injury (Wall and Devor 1983, Ma and Lamotte 2007). When healthy patients
have all the nerves from a limb blocked, most of them had no feeling - like if they had lost
their limb. Yet, they report a non-painful phantom sensation of their limb (Melzack and

Bromage 1973).

Following peripheral injury, sensory neurons release neuronal factors such as CGRP
and substance P which activate and attracts mast cells, dendritic cells and T lymphocytes at
the lesion site, and cause a neuroinflammation. In acute conditions, this recruitment
mechanism will facilitate wound healing and improve the immune defense against pathogens
entering the damaged site. (Saria 1984, Brain and Williams 1989, Ansel et al. 1993, Mikami
etal. 2011, Chiu et al. 2012).

Still, this neuro-immune reaction has deleterious effects in the case of maladaptive

pain by amplifying the inflammation (Figure 5).
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Figure 5: Effects of neuronal factors released by nociceptive neurons after injury. CGRP and BDNF are
released by nerve terminals and have several effects. 1) Activation and attraction of macrophages, neutrophils
and lymphocytes to the site of injury. 2) Vasodilation and increase permeability of blood vessels will permit a
better recruitment of immune cells. 3) Dendritic cells receiving these neuronal messengers will be prepared to

trigger an adaptive immune reaction via T-cells.

Chiu, I M,, et al. (2012)

We only spoke of nerve fibers. However, the soma is also involved. Spontaneous firing
has also been detected in the DRG. Several studies have shown that the DRG is also
responsible of the ectopic electrical activity of damaged nerves. Depending on the lesion the
DRG can fire up to 75% of the discharges, the 25% remaining arising from the neuromas.

(Babbedge et al. 1996, Liu et al. 2000).
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Central sensitization

Central sensitization is defined as a condition where the response to normal stimuli is
greatly enhanced. Due to the increased gain of the synapse in the spinal cord, allodynia
(lowering of nociceptive threshold) and hyperalgesia (increase of the pain response) appear.

In addition, inhibitory modulation is reduced (Woolf 2007) (Figure 6).

A. Nociceptive Transmission B. Central Sensitization - Acute Phase

Naciceptor Central inal Cord
Terminal Transmission Neuron
> ® — 5
° Brain

Pain

Pain
Hypersensitivity

Inhibitory Interneuron

C. Central Sensitization - Late Phase D. Disinhibition

-

Pain
Hypersensitivity

Diffuse Pain Sensitivity

Reduced Inhibitory Transmittor
Loss of inhibitory Interneuron
Altered Descending Modulation from Brain

Figure 6. Loss of inhibitory mechanisms. (A) Regular nociceptive transmission. (B) Early phase of sensitization.
The high amount of neurotransmitter release induces a sort of plasticity. This results in fast and reversible
posttranslational modifications of the channels and receptors, which increases the excitability of second order
neurons. (C) Changes in gene transcription and release of pro inflammatory agents by dorsal horn neurons. (D)

The consequence of these changes is a reduced activity or death of inhibitory interneurons.

Clifford Woolf (2007)
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Following nerve injury, ectopic activity increase of neurotransmitters release from
sensory neurons. This will trigger different pathways in the second order neuron, which will
secrete new neuromodulators such as prostaglandin E2. These modifications will reduce the
activity of inhibitory interneurons, sometimes even a loss of these inhibitory interneurons.
Blocking caspase activity involved in interneurons cell death can prevent the loss of this pain
inhibition (Scholz et al. 2005).

Similarly to the immune cells in periphery, CNS glial cells will be activated and
attracted. Once activated, the glia release pro inflammatory agents, such as tumor necrosis
factor alpha (TNF-a), brain-derived neurotrophic factor (BDNF), cytokines such as
interleukin-6 (I1-6), chemokines such as CCL2, reactive oxygen species (ROS) such as nitric
oxide (NO), prostaglandins, cyclooxygenases, and bradykinins. Neuroinflammation appears
and potentiates second order neurons, which will lead to an increased gain of the synapse
between 1st and 2nd neuron. This phenomenon amplifies the signal received from the

periphery (Devor et al. 1992, Mizumura et al. 2009, Benarroch 2011, Inoue et al. 2018).

As mentioned above, chemical mediators play an important role in sensitization by
depolarizing neurons. This would result in a lower neuronal threshold for the firing of action

potential, thus an increased firing (Figure 7).

Figure 7: Central sensitization. Representation

of the processes taking place in the spinal cord
Second order
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Nociceptive
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—
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damage is on the primary sensory neurons, glia
in the spinal cord will be activated by those
injured neurons and contribute to the

neuroinflammation that will increase the gain of

Activated Glia

the synapse together with the second order

neurons, leading to central sensitization.

Descending inhibition is also altered by nerve injury. To demonstrate this, Rahman
and colleagues 2008 used an agonist of the noradrenergic signalling together with the Spinal
nerve ligation (SNL) model of neuropathic pain. They show that hypersensibility is reduced

in sham animals but not in animals with peripheral nerve injury.
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iii Neuropathic pain

Neuropathic pain is a type of pain caused by a lesion or disease of the somatosensory

nervous system ([ASP).

[t arises from a paradox. As Marshall Devor 2013 mentions: “When a telephone cable

is cut across, the phone falls silent. Damaged nerves behave differently.”

Indeed, when its axon is cut or damaged the nerve cell reacts by electric discharges. These

ectopic discharges are the starting point to maladaptive pain such as neuropathic pain.

Nerve lesion can happen after traumas or during surgeries, in metabolic disease such
as diabetes mellitus, from infectious agents such as the varicella zoster virus or drugs such
as chemotherapeutic or anti-HIV (Nagel and Gilden 2007, Attal et al. 2008). Nerve damages
often lead to neuropathic pain because of the consequent changes it can trigger in sensory

neurons as well as in the signal processing in the central nervous system.

Patients who suffer from neuropathic pain experiment the sensitization process and
all its deleterious effects. One of them is spontaneous pain, which they describe as burning,
tingling or as electric discharges. Patients also endure increased pain sensitivity, a low painful
stimulus such as needle sting would be perceived as an intense pain. This is called
hyperalgesia. Besides this, sensitization of peripheral nervous system (PNS) and central
nervous system (CNS) cause allodynia. Non-noxious stimuli such as light touching or a

pleasant warm temperature is felt as a painful threat. (Colloca et al. 2015).

Diagnosis of neuropathic pain can be made through a patient history, the help of
questionnaires, bed side testing of neurological function, and finally the use of more complex

diagnostic techniques (imaging, biopsies, ...) (Finnerup et al. 2016).

Current treatment for neuropathic pain is only efficient in one out 3 patients, which is
probably due to the complexity of its mechanisms and the targeting of drugs mostly on

neuronal pathways.
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iv Animal models of Neuropathic pain

There are many different models of neuropathic pain to try to mimic the different
causes of this disease in human as diabetic or chemotherapy induced model and mechanical
injury models. The latter can target peripheral nerve or the central nervous system. Many
peripheral models involve lesion on the sciatic nerve, by transection or by ligation (Figure 8).
The ligation can be loose/tight, full or partial. The injury site differs between models. It can

be proximal at the level of spinal nerves or more distal, near the sciatic trifurcation.

Often, in these models of neuropathic pain the control group will undergo a sham
surgery consisting in performing the surgery of the neuropathic pain model except for the

nerve lesion

We use the Spared Nerve Injury (SNI) model of neuropathic pain (Decosterd and
Woolf 2000) in mice. It consists in a ligation and section of the tibial and common peroneal
nerves just after the trifurcation of the sciatic nerve. After this surgery, a durable
development of neuropathic pain-like behavior occurs with strong and robust paw

hypersensibility ipsilateral to the surgery.
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Figure 8: Models of neuropathic pain. Representation of the different neuropathic pain models used on

mice and rats, listed here from the most invasive to the less invasive. The spinal cord Injury (SCI) consist

of letting a mass fall on the spinal cord, crushing it and opening the blood brain barrier. The sciatic

transection consists of the section of the sciatic nerve. In the spared nerve injury (SNI), 2 out of the 3

nerves are ligated and cut distally to the sciatic trifurcation. The chronic constriction injury (CCI) is a

ligation of the sciatic nerve. The partial sciatic nerve ligation (PSNL or PNL) consists in the ligation of only

a part of the sciatic nerve. The spinal nerve ligation (SNL) where L5 and sometimes L6 nerves distal to the

DRG are ligated and/or cut.

Modified from Decosterd and Woolf 2000
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§2 Central nervous system (CNS) and glia

i General organization

The CNS is composed of the brain and the spinal cord and surrounded by meninges
and bone (cranium and vertebrae). The meninges are formed by the superposition of three
layers of tissue. The first and outer layer, the dura mater is the toughest tissue of the three
and is important for mechanical protection, blood supply of the CNS and drainage of cerebro-

spinal fluid.

In the middle, the arachnoid called this way because it looks like a spider web, is
impermeable to cerebro-spinal fluid and reduces mechanical action on the brain the way a

cushion would.

Pia mater, the inner one is tightly attached to the brain and the spinal cord. It follows
closely the brain circumvolutions. In the vertebral column, dorsal root ganglia (DRGs) are at
the border of the CNS, halfway engulfed in the meninges. The afferent dorsal roots are
outside. Still in the periphery, DRGs are the bridge between central and peripheral nervous
system for sensory nerve fibers, enclosing the cellular bodies as their axon goes from

periphery to the dorsal horn of the spinal cord.

23



In a cellular approach, we can determine four cell types in the CNS: neurons,

astrocytes, oligodendrocytes and microglia (Figure 9).
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Figure 9: Cellular organization of the CNS. Representation of neurons surrounded by glial cells: astrocytes
are forming the blood-brain barrier between blood vessels and neurons (together with endothelial cells and
pericytes), oligodendrocyte forming the myelin sheath and microglia surveying the extracellular space,

activating their migration and phagocytic state if a threat is detected.
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Neurons are composed of a cell body with dendrites, an axon and axon terminals from
where electrical messages are transferred to other neurons by neurotransmitters through
synapses. Those highly specialized cells became electrically excitable to process and transfer
information, allowing by their network for organisms to move and take decisions. However
if the capacity acquired by neurons is exceptional, so is their fragility and energy needs. The
brain has the highest oxygen and sugar consumption per volume - (consuming 20% of the
body glucose for 2% of the body mass) due to the generation and transmission of action
potential, requiring a lot of adenosine tri-phosphate (ATP), a molecule storing energy from
glucose transformation. ATP in neurons is used essentially to maintain ion gradients and
resting membrane potentials via transporters and for the biosynthesis of neurotransmitters.

(Mergenthaler et al. 2013)

Moreover, neurons have a very low rate of renewal. A lesion of the brain could not
heal as an epithelial tissue would. If the neurogenesis is strong during development of the
brain, it is then strongly reduced in adults. Only few regions of the brain keep neurogenesis

activities. (Gould etal. 2007, Kokoeva et al. 2007, Feirreira et al. 2018)

The neuronal network is surrounded by glial cells, each of them having important
roles in the maintenance of the brain homeostasis. All the CNS cells that are not neurons are
categorized as glia. Astrocytes, together with vascular endothelial cells and pericytes,

generate the blood-brain barrier (BBB) (Figure 10) (Obermeier et al. 2013).

Gases such as oxygen or carbon dioxide, and small lipophilic molecules can diffuse
trough the BBB. Everything else needs a specific transporter, even important ones such as
the glucose. This system allows the passage of nutriments and other elements useful to the
brain while preventing the entry of potentially toxic agents for neurons travelling in the blood

flow (Banks 2009).

In addition of being the main filter of the BBB, astrocytes process glucose into lactate.
They deliver it to neurons as a second energy source, but not only. There is a tight cross-talk
between neurons and astrocytes. In response of neuronal activity astrocytes increases their
lactate production to modulate several neuronal functions such as neuronal plasticity,

neuronal excitability as well as memory consolidation (Magistretti et al. 2018). Astrocytes
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also recycle used glutamate, the main excitatory neurotransmitter, into glutamine and

transfer it to neuron for new biosynthesis and new transmission (Hertz and Zielke 2004).

Pericyte

Endothelial cell

Basement
membrane

Microglia

Peg-socket
junction

Figure 10: Structure of the blood brain barrier. The blood vessel itself is created by the vascular
endothelial cells (in red) linked together by tight junctions. Pericytes (in light brown) wrap blood vessels,
embedded in the basal membrane (in grey): a highly specialized extracellular matrix composed of laminin,
collagen 1V, perlecan and nidogen. Astrocytes (in green) place the final layer on the structure by extending

their end foot processes.

Obermeier et al. 2013

Oligodendrocytes are part, with astrocytes, of the macro-glia. Their main function is
coat axons with myelin in the CNS, whereas in periphery Schwann cells are coating peripheral
axons. The myelin sheath formed of multiple layers of lipid-rich and near waterless
membranes isolates the axons. This allows a faster transmission of the information, which is
crucial for a rapid reaction of the organism. One oligodendrocyte is able to myelinate up to
50 axons. In charge of axon maintenance, these cells also regulate axons growth or shrinkage
(Baumann and Pham-Dinh 2001).
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Finally, microglia represent 10% of the CNS cell population (Salter and Beggs 2014).
Called this way because they are the smallest cells of the brain, microglia have a very
important role, as they are the immune cells of the brain. Deriving from primitive
macrophages, they scan and defend the CNS against any type of disturbance. [ describe them

below in more details.

Note that the proportion of glia increases with the complexity of the organism,
suggesting their fundamental function for the fine functioning of brains that are more
complex. Glia correspond to 25% of the cells in the fly brain, to 65% in rodent brain and to

90% in human brain (Pfrieger and Barres 1995).

ii Microglia

During the past 20 years, the research on glial cells in the CNS has grown. It appears
that microglia have many other functions, yet their pathological activation is difficult to
understand. This is illustrated by the many reports showing activation in numerous

conditions.

Microglia derive from embryonic macrophages originated in the yolk sac. They
migrate and colonize the CNS in a very distinct way. Microglia are not overlapping. Each
microglial cell has its own volume. Their network could be compared to a pile of blocks, each

block containing one sole microglial cell (Cuadros and Navascues 1998, Ginhoux et al. 2010).

As resting microglia are constantly scanning their surroundings with their long
ramifications, the “microglial grid” structure they form grants a quick and precise detection
of any threat or pathogen (Wake et al. 2009). This pattern is found in the whole brain and
spinal cord. With their thin and constantly moving processes as well as their remarkable

network layout microglia fully scan the brain volume in few hours (Nimmerjahn et al. 2005).

Although surveillance and monitoring is their principal function, microglia have an
essential role during the CNS development (Figure 11). They are able to shape the neuronal
network by engulfing certain synapses or dendritic spines and eliminating them by

phagocytosis. The structure selection criteria of this process called synaptic pruning is still
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debated; the current paradigm associates it with neuronal activity and sensory stimuli

(Tremblay et al. 2010, Paolicelli et al. 2011).

Still, the importance microglia in synaptic remodeling makes no doubt, as the
disruption of the microglial phagocytic pathway via the knockout of complement receptor

CR3 causes abnormal synaptic connections (Schafter et al. 2012).
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Figure 11: origin and physiological function of microglia. Microglial progenitors migrate from the yolk
sac through bloodstream to the developing CNS. At this point, they are more like undifferentiated
macrophages. Then Pu.1 and IRF8 lineage genes activation specialize them into microglia. Microglia also play
an important role in the development of neuronal network and plasticity by connecting neurons synaptic

pruning, programmed cell death and phagocytosis of apoptotic cells.

Salter and Stevens 2017

Another physiological role of microglia consists in phagocytosis and scavenging of
neurons in excess targeted by programmed cell death during the development of the CNS. By

this process, microglia reduce the neurotoxic impact of apoptosis bodies. Microglial cells can
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also be the one triggering programmed cell death via NO, nerve growth factor or TNF-«

(Salter and Stevens 2017).

Microglia are known for their migration and phagocytic activity as defenders of the
CNS, yet they are also able to modulate electrical activity of the neuronal circuit (Graeber and
Streit 2010). For instance, they can reduce the excitability of certain neurons, engulfing them
with their processes when attracted by ATP (Li et al 2013, Panatier and Robitaille 2012).
Moreover, microglia play a role in neuronal plasticity, more precisely in activity-dependent
long-term synaptic plasticity, the mechanism involved in learning and memory. There,
microglia participate in activity-initiated synaptic plasticity and adult neurogenesis. If
microglia are disrupted - in their fractalkine signaling for instance, the cognitive function of

rodents is impaired (Roger et al. 2011, Bachstetter et al. 2011).

§3 Microglial activation

i General characteristics of microglial activation

Microglia are able to change their shape from a sentry state with long ramified
prolongations to an amoeboid structure and gains motility to migrate to damaged sites
(Figure 12). This occurs when microglia detect pathogens or molecules unusually found in
healthy tissues such as pro-inflammatory cytokines or chemokines, ATP, TNF-a, ROS and
many others. Microglia are attracted by these chemicals and will trigger an immune response

to eliminate threats (Kettenmann et al. 2011).

Among other receptors, pathogens-associated molecular patterns receptors such as
Toll-like receptors (TLRs) are found on microglial membranes. Those receptors will trigger
a signaling cascade promoting inflammation if they bind to pathogen membrane components
such as lipopolysaccharides (LPS) found on the membranes of E.Coli. Although LPS will
trigger a large part of the TLR family, TLR4 is known to play an important role in the

development of glial inflammation (Okun et al. 2011).
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Nevertheless, microglia are not always modified in a pro-inflammatory way. Some

cytokines such as IL-10 and IL-4 are shaping microglia as anti-inflammatory actors.
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Figure 12: Resting and activated Microglia.
Scheme illustrating the morphologic changes of a

microglia upon activation.

Karperien etal. 2013

Microglial activation is often characterized in M1 or M2 phenotypes for pro- and anti-

inflammatory respectively, mostly depending on the triggering factors (Figure 13)

(Fumagalli et al. 2011). Studies indeed described these general phenotypes, but when

microglial activation is explored in details, this classification is over simplistic.
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Figure 13: Different activations of microglia.
Different chemical agents or proteins have
each their effect on microglia. Two main
phenotypes have been described: M1 for pro-
inflammatory and M2 for anti-inflammatory

activation of microglia.

Fumagalli et al. 2011
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ii Microglial reactivity in neuropathic pain models

More and more studies highlight the contribution of microglia in neuropathic pain,
both in rodents and human. In the case of a nerve injury, damaged sensory neurons will
produce macrophage colony stimulating factor 1 (M-CSF or CSF-1), a molecule promoting
proliferation of macrophages and microglia (Figure 14). Via axonal transport, CSF-1 is
brought from the DRG to the dorsal horn of the spinal cord, causing microglia to activate and

proliferate (Guan et al. 2016).

CSF-1 generation
And t it i i
nd transpol /, = Daorsal horn I\I,I'Ilcrcgha
LY

f

Sensitization

) Depolarisation of
3 Second order neuron

\

NMDA
[ caBA FEi:ept‘l’rS Increased firing
| receptors oz N -
| cl C‘;?f* W

J G gy =

KCC2

Microglial
actvation

&
Pro-inflammatory § q ‘& =
factor release @ % & l@ k

Fractalkine
Neuroinflammation Activat‘n a'pliﬁcation

Figure 14: Microglial activation after nerve injury. Representation of the different steps microglia take after
a nerve injury. First microglia get activated by ATP and CSF-1. Once activated microglia release many pro-
inflammatory cytokines. They maintain and amplify their activation via cathepsin S, cleaving fractalkine from
neurons. They also release neurotrophic factors that depolarize second order neuron by changing the activation

of synaptic ion channels, increasing their sensitivity.
Modified from Salter and Stevens 2017
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In addition, ectopic firing appears in injured neurons. Because of their activity, ATP is
released in the extracellular space. (Richler et al. 2008, Khakh and North 2012, Del Puerto et al.
2013). When microglia detect it via purinergic receptors (P2X4, P2X7 and P2Y12), they will
migrate to the ATP source (Samuels et al 2010, Madry et al. 2018) and increase their
fractalkine receptors (CX3CR1) expression (Tsuda et al. 2003, Chessel et al. 2005, Gu et al.
2016). Yet, no study showed that neurons are responsible for the ATP released in the spinal

cord, we can only hypothesize that spinal cord neuron behave as brain neurons once injured.

At this point microglia release cathepsin S, a protease that will cleave fractalkine from
neuronal membrane. Fractalkine will then bind on its microglial receptor and in a positive
feedback loop with further increase the microglial activation and secretions (Clark et al.

2007).

Simultaneously, the activation of microglial P2X4 leads to the release of BDNF, which
will link to its neuronal receptor, the tropomyosin-related kinase receptor B (TrkB). This
interaction triggers important synaptic changes. The amount of dendritic spines increases

(Parkhurst et al. 2013).

BDNF secreted by microglia potentiate N-methyl-D-aspartate receptors (NMDARs) in
synapses, resulting in increased excitability (Hildebrand et al. 2016). BDNF also decreases
potassium/chloride cotransporter KCC2 channels in second order neurons which reverses
their chloride balance and makes them less sensitive to inhibitory GABAergic stimulation.
(Rivera et al. 2002, Coull et al. 2005). This causes neuronal hyperexcitability and pain
hypersensitivity.

After nerve injury, microglial activation generates a strong and long lasting
inflammation due to numerous pro-inflammatory agents released in the dorsal horn.
Cytokines such as interleukins (IL-6, IL18,) are induced by the p38 mitogen-activated protein
kinase (p38-MAPK) following fractalkine binding to CX3CR1. TNF-a is induced by the same
way. Many other factors such as chemokines (CCL1, CCL2, CCL3, CXCL2, CXCL3, CXCL10),
reactive oxygen species (ROS), cyclooxygenases (COX1-2) and prostaglandins (PGE1) are
also secreted (Inoue et al. 2018, Penas and Navarro 2018). This neuroinflammation

contributes to the neuropathic pain phenotype. There are several model of neuropathic pain.
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We observe in almost every model an activation of microglia, although its strength and

location may vary depending on the model (Table 1).

For instance in the SNI model, the activation of microglia occurs in L3 to L5 section
since sectioned nerve fibers have synapses in the L3 to L5 section (Beggs and Salter 2007).
As the sural nerve is not damaged, there is a mix of injured and non-injured neurons in this
model. This contrasts with the SNL model where all fibers of the spinal nerve are injured by
the ligation or with the transection where all nerves are cut. In L5 transection (L5Tx), as only
the nerve distal to the L5 DRG is cut, the damaged neuron ectopic activity and glial reactivity

occurs at the L5 level of the spinal cord.

Neuropathic | Early - D2 1 week More than a month References
Pain Models

Small A cell number DHi  Large A cell number Same high cell Hypersensitivity startto Hypersensitivity keeps
High proliferation number lower lowering slowly
Hypersensitivity starts Proliferation stops
Hypersensitivity peaks Hypersensitivity A anti-infl.cytokines N CX3Cr1 Gattlenetal. 2016
A pro-infl. cytokines stays IFN-y A to D2 level N INF-y Griffin etal. 2007

A Ibal

Slight 2 CX3CR1

N complement

Suter et al. 2009

A CX3Cr1 Slight ™ complement ™ Proinflammatory  Slight ™ complement and But still higher than
A IFN-y IFN-y back to normal N CX3CR1 naive level
A complement level
A phospho-p38-MAPK
SNL strong A CX3CR1 Slight ™ CX3CR1 Slight ™ CX3CR1 N CX3Crl I
A IFN-y N IFN-y Sl!ght N |FN-y N |FN-y Domingez et al. 2008
A complement N complement Slight NI complement N complement A
o Guasti et al. 2009
(D-:JO), still higher than Zhuang et al. 2007
naive level
CCl A CX3CR1, IFN-y A GFAP Slight N CX3CR1 N CX3Cr1, IFN-y and
A complement A CD11band Ibal— Slight N IFN-y complement (D40), Taves et al 2016
A lbal peak Slight ™ complement still higher than naive Griffinet al. 2007
21 MHC1, CD45 and level Hu et al. 2006
CD68 Wei etal.2008
Slight  CX3CR1, IFN-y
and complement
A phospho-p38-MAPK
P(S)NL Small A cell number Large A cell number Same high cell Hypersensitivity stays

(CatS labelled)

(CatS labelled)

number (Ibal and

Hypersensitivity peaks Cats labelled) N Ibal Clark et al 2007
Zhang et al 2007
A Ibal marker, peak ! small N ibal N GFAP Kobayashi et al 2008
Small 71 GFAP A GFAP cells quite back to naive level
number— peak !
Transection 2 GFAP Hu et al. 2006
A CD11b Tozaki-Saito etal.
2008
L5Tx Hypersensitivity starts Hypersensitivity peaks Small N of Hypersensitivity stays Hypersensitivity stays Kim et al. 2007
A cell numberin Dhi hypersensitivity Cao and De Leo 2008

Alba-1, ATNF-a

Table 1: Microglial activation in different neuropathic pain models in rodents. Abbreviations used in this table:
dorsal horn ipsilateral to surgery (DHi), Interferon gamma (IFN-y), major histocompatibility complex 1 (MHC1), Glial

fibrillary acidic protein (GFAP)
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ili Microglial activation in inflammatory pain models

Aside from damaged nerves, many factors can activate microglia. Fractalkine
(CX3CL1), cytokines, bacterial cell wall molecules such as LPS, capsaicin (the active principle
of chili peppers, activating TRPV1 channels) or complete Freund’s adjuvant (CFA, a pro-

inflammatory cocktail).

Due to the microglial activation, an inflammation takes place. In table 2, I summarize

the studies that showed an activation of spinal cord microglia in inflammatory models.

Inflammation |Early - D2 1 week Treatment | Location of References
Models activation

CX3CL1 |.p. injection caused hypersensitivity already after 1 day, which stayed Intrathecal Spinal cord
atD2 injection, Zhuang et al. 2007
A microglial cell number in inected dorsal horn
A p-p38-MAPK
LPS Spinal cord microglial dissociation after systemic LPS injection Systemic Spinal cord
AIL-1B, A TNF-a, A1L-6, A INOS, ACOX-2 injection Huxtable etal. 2013

Peak 3h after injection, N after 24h quite back to naive
except for TNF-awhich continues A

IL-1B, Injection in L5-L6 by spinal cord puncture of IFN-y, TNF-acand IL-6 Spinal cord Spinal cord

TNF-a, injection by Kawasaki et al. 2008
All separately A hypersensibility, from 30’ to 2h after injection and puncture

(Inflammatory neurons were positive for pCREB after each injection.

agents)

Capsaicin Hypersensitivity already after 1 day peaks at D3 Systemic / Spinal cord Talbotetal. 2012
A cell number in Dhi both 1bal and GFAP cells Intraplantar Chenetal. 2008

injection

A lbal+microglial cells Activation by Hind paw Spinal cord
A MHC1 and CD45, but not CD68 Formalinlastsfor7 injection Lietal. 2013
A1 P-SFK and p-p38-MAPK days Tan etal. 2012
Prostration phase + hypersensibility P-SFK still present

CFA A1 Ibal already 1 day after hind paw injection A of Ibal— peak Hind paw / Spinal cord Hu etal. 2018

(Complete AIL-1B, 2A TNF-a, 21L-6 Small 72 of GFAP Intraarticular Li etal 2013

Freund's ANF-«B injection Chen etal. 2008

adjuvent)

Table 2: Microglial activation in different inflammation models.

§4 Ion channels in microglia

i Different type of channels - sodium, calcium, chloride, potassium

Additionally to standard ions channels and transporters used for the good function of

the cell, microglia cells exhibits many ion channels, although they are not excitable cells.
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microglia (Table 3).
Channels
Potassium Kir2.1

Sodium

Calcium

Nonspecific
cation
channels

Chloride

(inward rectifying potassium
channel)

Kvl.1, Kvl.2, Kvl.3, Kvl.5
(voltage gated potassium channels)

SK1, SK2, SK3 (Small current-)

IK (Intermediatecurrent-)

BK (Big-current- calcium activated
potassium channel)

GIRK (G-protein related potassium
channels)

Navl.1l, Navl.6 (TTX-sensitive)

Navl.5 (TTX-resistant)

CRAC
(Ca*-release-activated Ca®*
channels)

TRPC6
TRPM2, TRPM4, TRPM7

TRPV1

Volume regulated CI-
Channels (KCCs)

CLIC-1 chloride channel

Fonction associated

Maintain the resting membrane
potential, plays a role in
morphology, proliferation and
Ca? signaling.

Maintain the resting membrane
potential, regulates motility,
proliferation and ROS release

Involved in ROS release after
microglia activation, their
blockade reduced NO release
and neuron death

Transient strong K+ condution
activated by GTPAses

Phagocytic activity, migration,
release of IL-1 and TNF-a

Calcium signaling via depletion
of endoplasmic reticulum Ca?*,
further increasing microglial
activation and factor release

TRP activation contributes in
microglial Ca?* signaling,

1I-6 and ROS production leading
to microglial cell death

Involved in microglial resting
volume, proliferation,
phagocytosis and morphology

Proliferation and ROS
generation.

Blockers

ML133
BEI:+, csz+
TET

TEA, 4-AP,
CTX, KTX,
NTX, MgTX,
AgTX-2

Apamin,
PTX
Tapamin,

Clotrimazole

4-AP, PTX

TTX

Phenytoin

Gd3+,
SKF-96365

|_83+,
Ruthenium
red

Flufenamic

acid, DIDS,

SITS, DIOA,
NPFB,
1AA-94

1AA-94

Upregulated

By

SNI, LPS,
CSF-1
(M-CSF)

TGF-B, LPS

LP5,
resipiratory
burst

EGF, C2a
complement

LPS
EAE, M5
Inflamatory
models

ATP via
P2Y2
channels

DBA/2
glaucoma
model

CSF-1

Amyloid-p

have described potassium current as the major currents in

References

Nguyen et al. 2017
Lam etal 2017-2015
Eder et al. 1995

Di Lucente et al. 2018
Nguyen et al. 2017
Newell etal. 2005
Fordryce et al. 2005
Schilling et al. 2000

Schlichter etal. 1996
Kotecha et al. 1999

Nguyen et al. 2017
Schlichter et al. 2010
Kaushal et al. 2007
Khanna et al. 2001

llschner et al. 1995-6

Black et al. 2009

Craner et al. 2004

Fereirraet al. 2013
Ohana et al. 2009
Farber etal. 2006

Sappington et al. 2008
Schilling et al. 2009

Zierleretal. 2008
Furtener et al. 2007

Newell etal. 2005
Schlichter et al. 1996

Novarino et al. 2004

Table 3: lon channels in microglia. Abbrevations used in this table : chloroethyclonidine (CEC), tetraethylammonium

(TEA), 4-aminopyridine (4-AP), charybdotoxin (CTX), anuroctoxin (KTX), noxiustoxin (NTX), margatoxin (MgTX),

Agitoxin-2 (AgTX-2), pertusis toxin (PTX), tetrodotoxin (TTX). Chloride channel blockers: SITS, DIOA, NPPB. Colony

stimulating factor 1 (CSF-1).

ii Potassium channels in microglia

Already many studies have illustrated the change of potassium currents in brain

microglia following diverse treatments/pathologies. By the use of pharmacological blocking,
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different channels could be identified. Outward potassium currents in microglia could be
attributed to Kv1.3 and Kv1.5 after blocking channels of hippocampal brain slices with 4-
aminopyridine (4-AP), tetraethylammonium (TEA), alpha-dendrotoxin (DTX), margatoxin
(MgTX) and agitoxin-2 (AgTx-2) (Menteyne 2009). After the use of chloroethylclonidine
(CEC), it was clear for them that inwards currents were caused by Kir2.1 in neonatal mouse

brain microglial culture (Muessel et al. 2013).

Microglial potassium channels show different functions. Kv1.3 enhances cytokine
production leading to neurotoxic effects in neonatal rat brain microglial culture (Fordyce et
al. 2005). Kv1.5 forms heteromers with Kv1.3 to reduce microglial proliferation in neonatal
mouse brain microglial culture (Pannasch et al. 2006). Kv1.3, Kv1.5, SK and IK (also called
KCa3.1) channels have been identified in neonatal rat brain microglia (Khanna et al. 2001).

KCa3.1 is involved in ROS production after microglial activation. (Khausal et al. 2007).

Kir2.1 is involved in cell conformation changes in neonatal mouse brain microglial
culture (Muessel et al 2013). Recently, Madry and colleagues 2018 showed the presence the
two-pore potassium channel THIK-1 in juvenile rat and mouse brain microglia. This channel
responsible of outward currents is involved in surveillance and ramification of microglia.

However, we have only little information about those channels in spinal microglia.

§4 Electrophysiology

i Description of the technique

One of the main techniques to understand the physiopathology of excitable cells is
electrophysiology, which can also be used on non-excitable cells as microglia. By the use of
very thin glass electrodes, it is possible to create a seal with a cell and to record the flux of
ions crossing the cell membrane through different channels and to record the membrane

potential.
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ii Electrophysiology in microglia

Kettenmann et al. 1990 have done the first characterization of microglial current. As
they could block the current with potassium blockers such as barium, tetraethyammonium

(TEA) or 4-aminopyridine (4-AP), they report that microglia have mainly potassium currents.

As mentioned, when facing changes in the environment by increased cytokines or by
the presence of pathogens, microglial activate and their electrophysiological properties are

also modified - especially with the potassium balance (Kettenmann et al. 2011) (figure 15).

contral
=& ynstimulated 0.6
—#— LPS P
== LPS + 2MeSATP o

=200 S0 100

U [mv]

10 ms

Figure 15: example of microglial currents. The protocol used here is a step protocol from -160 mV to 70 mV
in 10 mV increments. On the left: Representative voltage step traces of a cell. On the right: Representation of

the cell population by I-V curves. LPS: lipopolysaccharides, 2MeSATP is a purinergic agonist.

Boucsein et al. 2003

iii Currents in microglia

Several studies have investigated the current expressed by microglia using different drugs or
activating agents and recording protocols. In this section, I review the last 30 years of
literature on the subject (Table 4). I compared currents and RMP measured in different

studies. It appears that age and treatments are the most differencing criteria.
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Treated: Treated:

Study and steps (I:E\:vr?el;g %lfmf:‘;? RMP Treatment (I:nward Outward Tg:;;d: KCI NaCl MgCl, CaCl, (ricl)\l/.l) ;ct)tle(:]itri]gl Method and organism
urrent _ Current
Kettenmannetal. 1990 -500pA 50pA -54mV 50 mM K*ext -1400 pA 100 pA - 45 160 1 2 EXT -70mV Microglial brain culture, newborn Wistar rats
(steps from -170 to 50 mV) 150 0 2 1 IN Inward Current strongly reduced by barium and TEA + 4-AP
Norenberg et al. 1994 - - - LPS (100 ng/ml) -200 pA 1400 pA 7?65;3/ 45 160 1 2 EXT -70mV Microglia+astrocyte - brain culture, newborn Wistar rat
(steps from -170 to 50 mV) 150 0 2 1 IN
llschner et al. 1995 -1000 pA 20 pA - Remove [Calext  -1200 pA 50 pA - 5.4 150 1 2 EXT -70mV Note: inward measure taken on the left edge of the steps
(steps from -160 to 20 mV) -600 pA 40 pA - Increase [Calin -80 pA 20 pA - 130 5 1 1 IN Measure taken at the right edge, if not mentioned
-1000 pA 20 pA - GTPySin (100 pM) -10pA 200 pA - Note: inward measure taken on the left edge of the steps
alone Cs2+ -60pA 20pA - ATP (10 uM) + Cs** -80pA 350 pA - Microglial brain culture, mouse embryo (E16)
<120 pA 40 pA - TNF-o(1nM)  -120pA 360 pA -
_ 125 30 mV or Microglial brain culture, newborn Wistar rats
Schlichter et al. 1996 - - - CSF-1 -300 pA 420 pA - 5 (151) 1 1 EXT 100 mV Cultivated with CSF-1 to stimulate proliferation
(+ 25 mM NaHCO;s, + 1 mM NaHPO,)
(steps from -145 to 35 mV) CSF-1 +Ba* -30 pA - - (14 fO) 0(4) 1 1 IN (+ 100 mM K-aspartate, + 2 Mm Na,ATP)
CSF-1 + MgTx - 20 pA
Chungetal. 1998  -120pA 30pA -26mV LPS(500ng/ml) -190pA 1550pA -48mV 5 140 3 0 EXT -gomy  Microglia+ astrocyte tgzwlg;'ﬁg{: 1-3 day old Sprague
(steps from -120 to 40 mV) 140 5 3 0 IN Ca? not included to minimise Ca?* dependant currents
LPS + 4-AP -190pA  100pA -25mV
Chung et al. 1999 - - -32mV  LPS (500 ng/ml) -600 pA 750 pA 7‘(1)5;1(\)/ 5 140 3 0 EXT -60mV Microglial brain culture, 1d old Sprague Dawley rats
(steps from -120 to 40 mV) LPS+Ba?  -150pA 750pA -45mV 140 5 3 0 N et baéﬁigs_fs'\r’]'ij aermy ek
Prinz et al. 1999 -650 pA 40 pA - PCW -200 pA 550 pA - 54 150 0 2 EXT -60mV Microglial brain culture, newborn mice (1 day old)
(steps from -160 to 20 mV) -650 pA 40 pA - LPS (100 ng/ml) ~ -250 pA 450 pA - 130 0 2 05 IN
-650 pA 40 pA - INFy (10 ng/ml)  -100 pA 300 pA -
Lyonsetal 2000  -120pA 20pA - Zg@%égﬁlfgs)' 750pA  380pA - (i:g) &gg) 13 2 EXT -T0omv (Eir‘;i’:nsl\'/ifﬁz’w;gf'La'zzd#]'lfﬂvnztgrcgf)
(steps from -160 to 20 mV) 130 0 2 0.5 IN
Schilling et al. 2000 -150 pA 10 pA - TGF-p -250 pA 400 pA - 5 130 1 2 EXT -60mV Cultured brain microglia, newborn NMRI mice
(steps from -150 to 30 mV) 120 0 2 1 IN
Khanna et al. 2001 OpA  400pA - AgTx-2 0pA  100pA - 5 0(145) 1 1 EXT -90mV Cultured bra(i_': ﬂgrr?}?\'/:a,'\éjsifﬁag)d Wistar rats
(steps -60 0r-130 0 90 mV) -100 pA 550 pA CLT +apamin  -50pA 100 pA 0(148) 0 1 09 IN (0”“"’“(‘1 i‘j{gﬂﬁ”ﬁi‘:}fﬂ a?te)‘lo mv)
Visentin et al. 2001 p;AZ/?)F 6 pA/pF - HIV-Tat (1 pg/ml) -30 pA/pF 28 pA/pF - 5 140 1 25 EXT -70mV Microglial brain culture, 1-2 day old rats
(steps from -150 to 50 mV) LPS (100ng ml) - 21 pAlpF - 130 0 2 1 IN Measures were taken near the beginning of traces
LPS + SN-50 - 8 pA/pF - SN-50 is a NF-kB inhibitor

HIV-Tat + SN-50 - 9 pA/pF -




Treated:

Treated:

Inward Outward Treated: Sol.  Holding .
Study and steps current Current RMP Treatment Inward Outward RMP KCI  NaCl MgCl, CacCl, (MM)  potential Method and organism
Current  Current
. ) R Only ) ) ) 25 134 R Brain slice microglia, adult (6-8 weeks old) C57BL/6 mice
Boucseinetal. 2003 -100pA  60pA  -TSMV' oo cterization 5 (@s0 2 EXT -0mv (+ 1.25 mM KHPO,, +26 mM NaHCOs)
(steps from -160 to 70 mV) 130 0(2) 13 2 IN  or-20mV (+ 2mM Na-ATP) (if mean of RMP, around -34 mV)
-450 pA 100 pA  -29 LPS (100 ng/ml) ~ -260 pA 470 pA - Cultured brain microglia, newborn mice
-61 LPS + ATP -300 pA 400 pA - (if mean of RMP, around -41 mV)
-500 pA 100 pA - LPS + ATPyS -150 pA 200 pA -
-400 pA 80 pA - LPS + 2MeSATP  -250pA 300 pA -
Schilling et al. 2004 -17 mVv . L . .
(steps from -90 to 60 V) -20pA  100pA  -45 LPC (15 uM) -450 pA 780 pA (transient) 130 1 2 EXT 0mv BV2 murine brain microglia cell line
Then -70 120 0 2 1 IN
(steps : -120 to 30), ) ) LPC (15 uM), } )
low Ca® in 80pA  20pA low Ca% in 360pA 850 pA
(steps : -120 to 30), ) ) LPC + CTX, ) )
low Ca?* in 80pA  20pA low Ca?* in 600pA 100 pA
125 Microglial brain culture, newborn Wistar rats (day 2-3)
Fordyce et al. 2005 - 100 pA - LPS (100 ng/ml) - 200 pA - 5 (151) 1 1 EXT -100 mV (+ 25 mM NaHCO;, + 1 mM NaHPO,)
(steps from -80 to 40mV) (14 fO) 04 1 1 IN (+ 100 mM K-aspartate, + 2 Mm Na,ATP)
Yi et al. 2005 -30 pA 250 pA - LPS (100 ng/ml) ~ -100 pA 500 pA - 5 140 1 1 EXT -80mV Microglial brain culture, Sprague Dawley rat embryo (E18)
(steps from -120 to 40 mV) 140 10 0 1 IN
Glucosamine -30pA  125pA - LPS + glucosamine  -50 pA 300 pA -
- LPS + Agtx-2 -10 pA 60 pA -
Pannash et al. 2006 -250 pA 200 pA - LPS (100 ng/ml) -150 pA 2700 pA - 54 150 1 2 EXT -70mV Microglial brain culture, newborn mice (1d old)
(steps from -160 to 70 mV) 130 0(2) 2 0.5 IN (+ 2 mM Na-ATP)
. . ) ) ) ) 126 ) Brain slice microglia, juvenile mice (day 21)
De Simoni et al. 2008 100 pA 600 pA 18 LPS (1 pg/ml) 300 pA 1000 pA 2.4 (151) 2 25 EXT -23mV (+ 26 MM NaHCOs, + 1 mM NaH,PO,)
(steps from -63 to 88 mV) 130 4(45) 0(2) 0 IN (+2m M MgATP, +0.5 mM NaGTP)
Cheung et al. 2009 -300 pA 60 pA - Muscimol (100uM) -500 pA 50 pA - 5.4 150 1 2 EXT -70mV brain slice microglia, newborn mice (6-8days old)
(steps from -170 to 50 mV) -150 pA 40 pA - Increase in [K*]ext -850 pA 50 pA - 130 0 2 0.5 IN Microglial brain culture, newborn mice
) ) ot ) ) 124 R brain slice microglia, adult mice (30-40 days old)
Menteyne et al. 2009 30 pA 100 pA Status epilepticus 480 pA 600 pA (151.25) 1 2 EXT 70 mV (+ 26 MM NaHCOs, +1.25 NaH,PO,)
(steps from -150 to 30 mV) 0(132) O 4 0 IN (+ 132 mM K-gluconate)
Moussaud et al. 2009  -600 pA 800 pA - LPS (1 pg/ml) -300 pA 600 pA - 55 140 1 18 EXT -60mV C4-B8 microglial cell line
(steps from -150 to 30 mV) 140 20 2 2.5 IN
Dries 2010 (thesis) -50pA  60pA - LPS (100 ng/ml) -120 pA 600 pA - 5 145 14 2 EXT -60mV Microglial brain culture, newborn Wistar rat (day 1 -2)
(steps from -140 to 40 mV) LPS + minocycline  -340 pA 120 pA - 130 5 2 1 IN
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Treated: Treated: Sol.

Inward Outward Treated: Holding .
Study and steps current Current RMP Treatment Inward Outward RMP KCI NaCl MgCl, CacCl, potential Method and organism
Current Current (mM)
. . 24 134 ‘ Microglial brain culture, newborn mice (day 0-3)
Seifert 2011 (thesis) -500 pA 150 pA - LPS (100 ng/ml) ~ -200 pA 400 pA - 48) (160) 1.3 2 XT -70 mvV (+ 1.2 MM KoHPO,, + 26 mM NaHCO3)
(steps from -160 to 70 mV) -220 pA 250 pA - LPS (100 ng/ml) -200 pA 300 pA - 130 0 2 0.5 IN juvenile (day 22)
-125 pA 180 pA - LPS (100 ng/ml) -100 pA 350 pA - and adult mice (day 49-54)
-50pA  30pA - Stab wound -180 pA 250 pA - Brain slice microglia, adult mice
Konnoetal. 2012 -8 pA/pF 15 pA/pF Arac“&i‘;’\‘)'c aid 30 pApF 75 pApE - 2 140 2 2 EXT -70mV Microglial brain culture, newborn Wistar rat (day 0-1)
(steps from -100 to 100 mV) AA + rutheniumred -8 pA/pF 10 pA/pF - (12 fO) 0 0(4) 0 IN (+120 mM K-gluconate, + 4 mM Mg-ATP)
) ) ) ) R Microglial brain culture, Ibal-GFP newborn mice (d0)
Scheffel et al. 2012 500 pA 120 pA LPS (100 ng/ml) 180 pA 300 pA 5.4 150 1 2 EXT -70mV (+ 2 MM Na-ATP)
(steps from -160 to 50 mV) -280 pA 280 pA - LPS (100 ng/ml) -200pA  350pA - 130 0(2) 2 0.5 IN Day 21
-100 pA 200 pA - LPS (100 ng/ml) ~ -100 pA 400 pA - Day 49
Liuetal. 2013 -160 pA 20 pA - HIY]';?;I()ZOO -400 pA 1050 pA - 45 150 1 2 EXT -70mV Microglial brain culture, newborn Sprague Dawley rat (d1)
(steps from -170 to 50 mV) HIV-Tat (1 pg/ml)  -180 pA 1200 pA - 150 0 1 1 IN
Chloroethyl- . . . .
Muessel et al. 2013 -500 pA 20 pA clonidine (CEC) -50 pA 20 pA - 5 134 1 1 EXT -40mV Microglial brain culture, CD1 mice (day 2-4)
(steps from -120 to 10 mV) SDF-1 -700pA  40pA - (14204) 0(00.1) 13 0 IN (+ 84 mM K-gluconate, + 2 mM Mg-ATP, +0.1 mM Na-GTP)
-400 pA 120 pA - LPA -50 pA 50 pA -
Tsai et al. 2013 300pA  100pA -62mV Mema('lt(')'&el\gv'EM) 450pA  110pA -55mV 54 1365 053 18 EXT -50mV BV2 murine brain microglia cell line
) ) ) ) 20 (+ 130 mM K-aspartate, + 1 mM KH,PO,, + 3 mM Na-ATP,
(steps from -140 to 40 mV) MEM (30uM) 47 mV (151) 032 1 0 IN +0.1 mM Na,GTP)
Ferreiraetal. 2014 -300 pA 60 pA - IL-4 (20 ng/ml) -50 pA 450 pA - 5 125 1 1 EXT -70mV Microglial brain culture, newborn Sprague Dawley rat (d1)
(steps from -100 to 80 mV) IL-4 + NS309 -40 pA 800 pA - (14 4?0) 0 1(3) 43 IN (+ 100 mM K-aspartate, + 2 mM Mg-ATP)
IL-4 + TRAM-34  -30pA 150 pA -
R ) . ; ) ) 126 R In vivo recordings, cortex of P8 mice (CX3CR1-eGFP)
Arnoux et al. 2014 75pA 125 pA Minocycline 50 pA 75 pA 25 (153.25) 1 2 EXT 70 mV (+ 26 MM NaHCOs, + 1.25 NaH,POy)
(steps from -175 to 75 mV) 0(132) O 4 0 IN (+132 mM K-gluconate)
Komm et al. 2014 - - -56 mV Glycine (Gly,5 mM) - - -20mVvV 56 140 15 25 EXT -60mV BV2 murine brain microglia cell line
(zero current clamp patch) Gly, 0 Na* ext - - -59 mv (115?0) 10 4 2 IN (+ 70 mM K,SOy)
Peng et al. 2014 - 100 pA - Irradiation (30 Gy) - 200 pA - 45 160 1 2 EXT -80mV Microglial brain culture, 6 to 8 week-old Balb/c mice
(one sole step, voltage NA) 0(160) O 2 0 IN (+ 160 mM KF)
. ) i . ; N B 134 R Brain slice microglia, adult (8-10 w old)
Richter et al. 2014 80 pA  40pA -25mV Gliomaimplantation -130pA  150pA -38mV 25 (5) (160) 13 2 EXT 70 mV (+ 1.25 mM K2HPO4, +26 NaHCO3 )
(steps from -160 to 50 mV) Stab wound -300pA  100pA -40mV 120 4 4 0.5 IN Cx3Cr1-GFP mice
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Treated: Treated: Sol.

Inward Outward Treated: Holding .
Study and steps current Current RMP Treatment Inward Outward RMP KCI NaCl MgCl, CacCl, potential Method and organism
Current Current (mM)
Chen et al. 2015 40pA  30pA - MCAO(cerebral 00 azgpa - 45 160 1 2 EXT  Ramps Microglial brain culture, 7 day old C57BL/6 mice
) artery occulsion) ’ '
(ramps from -120 to 40 mV) MCAO + TRAM-34  -50 pA 80 pA - 0(165) O 2 8.5 IN NA (+ 145 mM K-aspartate, + 10 mM K,EGTA)
LPS 50pA 400 pA -
LPS + TRAM-34  -50 PA 250 pA -
Lam et al. 2015 -600pA  O0pA - ML133 -20 pA 0 pA - 5 120 1 1 EXT 0mvV Microglial brain culture, day 1-2 Sprague Dawley rats
(steps from -160 to 10 mV) IL-4 -580 pA  20pA - (14 fO) 0 1(3) 0 IN (+ 100 mM K-aspartated, + 2 mM MgATP)
IL-10 -500 pA 0pA -
- ) i . ) ) 129 ‘ -60 mVv Brain slice microglia of adult (8-12w old)
Schilling et al. 2015 220pA  20pA -37TmV Old animal 450 pA  80pA -54mV 3 (151.8) 0(3) 16 XT or -20 mV or old (19-24 month old) C57BL/6 mice
(steps from -160 to 10 mV) 120 0 2 1 IN (+ 1.8 mM NaHCO;3, + 21 mM NaH2PQO,, + 3 mM MgSQO,)
Blomster et al. 2016 -80pA 180pA -18 mV NS309 (500nM)  -100pA 380pA -76 mV 4 140 1 2 EXT -90mV Human neocortex microglial culture, from epilepsy patients
(steps from -120 to 30 mV) - NS309 + NS6180  -120pA  40pA -25mV 109 0 14 52 IN NS309 is a KCa channel activator
-100 pA 450 pA - IL-4 -200 pA 1000 pA - Both 1I-4 and LPS conditions had outward current
-120 pA 350 pA - LPS -150 pA 780 pA - strongly reduced by the Kca3.1 blocker NS6180
125 . - .
Guetal. 2016 -10pA  40pA B 3 -20 mV for Spinal cord slices, 6 to 8 weeks old CX3R1-eGFP mice
(steps from -100 to 80 mV) (sham)  (sham) 22mv SNT D3 20pA 240 pA 25 (155'25 1 2 EXT traces (+ 1.25 mM NaH,PO4, + 26 mM NaHCO3)
(P2Y12-KOsham)  -10pA  50pA -21mv SNT D%OP Y12 4opA BOPA - 0(120) 5(53) 1 0 IN ?Q,”;L’r\‘;gr (+ 120 MM K-gluconate, +0.1 mM Na:GTP)
Lam et al. 2017 -400 pA 220 pA - IFN-y + TNF-a -250 pA 660 pA - 5 125 1 1 EXT -105mV Microglial brain culture, newborn Sprague-Dawley rat (P1-P2)
) ) ) ) ) 40 (+ 100 mM K-aspartate, + 2 mM MgATP )
(steps from -175 to 45 mV) Il-4 160pA 550 pA aa) O 1@ 05 N ML133 fully blocked inward currents in all conditions
Note : outward measures - 11-10 -320 pA 400 pA - Agtx-2 fully blocked outward currents in all conditions
Taken on left edge -500 pA 280 pA - IFN-y + TNF-a -250 pA 550 pA - Microglial brain culture, newborn C57BL/6 mice (PO-P2)
- I-4 -360 pA 300 pA -
- 1-10 -180pA 120 pA -
Microglial brain culture, newborn C57BL/6 mice
Nguyen et al. 2017 -40pA 50 pA - LPS -60 pA 550 pA - 45 0(60) 1 2 EXT  Ramps (+ 160 MM Na-aspartate)
(ramps from -120 to 40 mV) - LPS + IFN-y -20pA 350 pA - 0(145) O 2 1 IN NA (+ 145 mM K-aspartate)
- IL-4 -380 pA 40 pA - PAP-1 fully blocked LPS and LPS+ IFN-y outward currents
- IFN-y -50 pA 50 pA -
- ATP -180 pA 80 pA -
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Treated: Treated: Sol.

Study and steps Inward - Outward RMP Treatment Inward Outward Treated: KCI  NaCl MgCl, CacCl, HOId".‘g Method and organism
current Current RMP potential
Current Current (mM)
CXCL1 (intrathecal . . . .
Deftu et al. 2018 -580 pA 300 pA injection) (1.5 mM) -1100 pA 300 pA - 5 120 1 2 EXT -60mV Microglial spinal cord culture, adult CX3R1-eGFP mice
(steps from -160 to 100 mV) 20 mM K* -1080 pA  300pA -12mV 130 5 2 1 IN
CXCLLZ20MM - 2400pA  380pA 46 mV
DiLucenteetal. 2018 4,8 150pn - LPSinjection  -100pA  600pA - 45 160 1 2 EXT  Ramps Microglial brain culture, adult C57BL/6 mouse
(ramps from -120 to 40 mV) ' !
KO Kv1.3- -60 pA  40pA - LPS injection -160pA 60 pA - 0(160) O 2 0 IN NA PAP-1 strongly reduced outward currents  (+ 160 mM KF)
Madryetal. 2018 -10pA 20pA -35mV  ATPinjecion  -10pA  90pA -68mv 25 40 4 2 EXT NA brain slice microglia, adult C57BL/6 mouse (+1mM
(141) NaH,PO,)
(steps from -160 to 40 mV) (100 uM) 125 4 0 1 IN
Laser damage -15 pA 90 pA
-38mV  TPA (50 uM) -10pA  20pA  -15mV
-40 mV Isoflurane -10 pA 20pA  -17mV
i High [K™] injection ) ) )
39 mV (140 mM) 16 mV
Maezawa et al. 2018 -10pA 20 pA - Amyloid-$ -80 pA 150 pA - Microglial brain culture, adult C57BL/6 mouse and APP/PS1
(steps from -80 to 100 mV) (50 nM)
-120pA  60pA i i 120 i , o i .
Gattlen et al. 2019 (sham D2) (sham D2) 17 mv SNI D2 290 pA  120pA -44mV 5 (156.25) 1 2 EXT 60 mV Spinal cord Slice microglia, adult CX3R1-eGFP mice
(steps from -160 to 40 mV) -(1r12a?v%)A S](;i?/':‘) -20 mv SNI D7 -100pA  80pA -28mV 130 5 2 1 IN (+25 mM NaHCOs, + 1.25 mM Na,HPO,)
20 mM Kext 170pA - 20pA - 5y gy SNID2, 620pA  30pA -37mVv 20 120 1 2 EXT -60mV  Microglial spinal cord culture, adult CX3R1-6GFP mice
(naive)  (naive) 20 mM Kext
20 mM K'ext SNID2 + ML133  -40 pA 30pA  -9mVvV 130 5 2 1 IN 20 mM K* in extracelluluar solution
5 mM Kext 90pA - 20pA - gy, SNIDZ, 230pA  30pA -49mV 5 120 1 2 EXT  -60mV 5 mM K in extracelluluar solution
(naive)  (naive) 5 mM Kext
5 mM K*ext SNI D2 + ML133 -80 pA 30 pA -5mVv 130 5 2 1 IN

Table 4: Electrophysiology in microglia. Abbreviations used in this table: tumor necrosis factor alpha (TNF-a), interferon gamma (IFN-y), lipopolysaccharide (LPS),
Lysophosphatidylcholine (LPC), pneumococcal cell walls (PCW), sciatic nerve transection (SNT), spared nerve injury (SNI), middle cerebral artery occlusion (MCAQ), charybdotoxin (CTX),
margatoxin (MgTX), not available (NA), tetrapentylammonium (TPA). GTPyS, ATPyS: inactive forms of GTP and ATP respectively. 2MeSATP: purinergic receptor agonist. NS309: KCa
channel activator, NS6180: KCa3.1 channel inhibitor. SN-50: NF-kB inhibitor. Muscimol: GABAAa receptor agonist. Agitoxin-2 (AgTx-2) and PAP-1: Kv1.3 inhibitor.
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Co-culture of microglia and astrocytes

In newborn rat brain microglia co-cultured with astrocytes there is a clear inward
current but little outward current (Norenberg et al 1992, Chung et al. 1998). After LPS
activation, both studies show a slight increase of inward and a great increase of outward
microglial current (up to 1500 pA at 40 mV). This outward current was successfully blocked

by 4-AP, a blocker of Kv1.x and Kv3.x channels.

Embryos and neonatal microglia

Brain microglia cultured from mouse embryo (E16) shows similar pattern: a rather
strong inward current with very low outward current. (Ilschner et al. 1995). Sprague Dawley
rat embryo (E18) microglia have a resting pattern with low inward and intermediate
outward currents. Yet their activated pattern with LPS is similar to mouse with low inward

currents and high outward currents (500 pA at 40 mV) (Yi et al. 2005).

When we look at the situation of neonatal brain microglia culture in mice and rat. In
the majority of studies the inward current ranges between -250 and -500 pA, this current is
a bit lower inward in rats. All studies find low outward currents in resting state, with 100 pA
in average. Even though microglia are activated in many different ways, quite all studies show

a clear increase of outward current.

Pathogen intrusion mimicked by LPS or pneumococcal cell walls (PCW), or HIV-Tat
proteins cause similar patterns of activation in most of the studies: a lowering of inward
current and a strong increase of outward current in mice (Prinz et al. 1999, Boucsein et al.
2003, Pannash et al. 2006, Seifert 2011, Scheffel et al. 2012 and Nguyen et al. 2007) and rats
(Chung etal. 1999, Visentin et al. 2001 Fordryce et al. 2005, Dreies 2010, Konno et al. 2012
and Liu 2013). Activation by TNF-a and INF-y induces the same reaction (Lam et al. 2017),
but hypoxia induced by middle cerebral artery occlusion (MCAO) generated both inward and
outward currents (Chen et al. 2015). CSF-1 activated microglia also display both inward and

outward currents (Schlichter et al. 1996).

Cheung et al. 2009 managed to record microglia from 8 day old mice brain slices. They

recorded rather low inward currents (-150 pA) and very low outward current from resting



microglia (40 pA). Using muscimol, a GABAergic receptor agonist, they elicited notable
microglial inward currents (-500 pA). However, these current were not caused by a
microglial response but to an increase of extracellular potassium concentration coming from

other cells reacting to muscimol.

In vivo electrophysiology on cortical microglia of 7 days old mice revealed small
microglial currents in resting state, between -100 and -125 pA. Those current could be

reduced by half with minocycline (Arnoux et al. 2014).

Juvenile mice microglia exhibit the same kind of increased inward current as newborn
when activated by LPS, whether they are in brain slice or culture. However, their resting state

is very variable between studies (De Simoni et al. 2008, Seifert 2011, Scheffel etal. 2012).

Adult microglia

In adult brain microglia so far, every study note an increase of outward potassium
currents - both in mouse and rats, and both in culture and slice microglia. Interestingly those
cells have quite low inward currents in resting state compared to younger microglia. All of
the 12 studies show currents between -10 to -220 pA. Unless activated, outward currents in
adult microglia are merely of 10 to 180 pA. Now for the inward currents, it appears that most
of them are increased during microglial activation, differentially depending on the activation
stimuli. While LPS only cause a mild increase but damaged tissue via stab wound, hypoxia
(MCAO) or status epilepticus generated remarkable inward currents (Lyons et al. 2000,

Menteyne et al. 2009, Seifert 2011, Richter et al. 2014)
Other

In older mice, 19 to 24 month, Schilling and colleagues 2015 showed an increase
inward current (-450 pA) compared to adult animals (-220 pA) in resting state. Ageing

induced current similar to activation of microglia.

In human brain microglia Blomster and colleagues 2016 showed low currents for the
resting state. Yet, human microglia displayed strong outward current once activated by IL-4

or LPS, and slightly increased inward currents.
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Microglia have been less studied in the spinal cord. There Deftu et al. 2018 highlighted
high inward and mild outward current in resting state microglia. Activation of microglia by
the CXCL1 chemokine increased remarkably inward currents while outward currents
remained at the same level. In spinal cord slices the resting microglial current measured by
Gu. et al 2016 were much lower, and the activation of microglia with the spinal nerve
transection model of neuropathic pain did increase the outward current much more than the

inward current this time.

In culture cell lines, there are too few studies to see a general pattern.

Summary of the table 4 - regarding methodology and conclusions of studies.

From table 4, some studies have characterized currents of microglia. Kettenmann et
al. 1990 first explored the subject with newborn rat brain microglial cultures, determining
K* as the main microglial current by barium, 4-AP and TEA blockade. Khanna et al. 2001
replicated this and highlighted the involvement of SK and KCa3.1 channels in microglial
potassium currents. Also in newborn rats, Schlichter et al. 1996 evaluated currents in CSF-1
cultured brain microglia with different K* channel blockers. In addition, they showed that
blocking K* as well as Cl-channels reduced the CSF-1 induced microglia proliferation. In mice
brain cultured microglia, Muessel et al. 2013 characterized K* current and highlighted that
Kir2.1 modulation by small GTPases regulates microglial morphology. Boucsein et al 2003
showed electrophysiological properties of microglia mice brain culture and slices and report
P2X and P2Y purinergic receptors in microglial activation. Moreover, microglial physiology
has been studied in adult and old mice, where Schilling et al. 2015 showed an activated-like
phenotype for older animal unchallenged microglia. In human, Blomster et al. 2016
characterized currents of microglia from the cortex of epilepsy patients, where they showed

the involvement of KCa3.1 channels.
Several studies have challenged microglia with different pro-inflammatory agents:

Norenberg et al. 1994 (LPS) llschner et al. 1995 (TNF-a), Chung et al. 1998-9 (LPS), Prinz et
al. 1999 (LPS, PCW, INFy), Schilling et al 2000 (TGF-B), Visentin et al. 2001 (HIV-Tat
proteins), Bouscein et al. 2003 (LPS + ATP), Schilling et al. 2004 (LPC), Yi et al. 2005 (LPS),
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Fordyce et al. 2005 (LPS), Pannash et al. 2006 (LPS), De Simoni et al. 2008 (LPS), Moussaud
etal. 2009 (LPS), Dries 2010 (LPS), Seifert 2011 (LPS), Scheffel et al. 2012 (LPS), Konno et al.
2012 (Arachidonic acid), Liu et al. 2013 (HIV-Tat proteins), Chen et al 2015 (LPS), Lam et al.
2017 (TNF-a + INFy), Nguyen et al 2017 (LPS, INFy, LPS + INFy), Deftu et al. 2018 (CXCL1),
Di Lucente et al. 2018 (LPS), Maezawa et al 2018 (Amyloid-f3)

Or investigated microglial reactivity in injury models:

Lyons et al. 2000 (MCAO), Seifert 2011(stab wound), Richter et al. 2014 (glioma
implantation, stab wound), Chen et al. 2015 (MCAO), Gu et al. 2016 (SNT), Madry et al 2018
(laser damage), Gattlen et al. in preparation (SNI)

Some studies used anti-inflammatory agents on microglia:

Ferreira et al. 2014 (IL-4), Lam et al. 2015-17 (IL-4, IL-10), Blomster et al. 2016 (IL-4),
Nguyen et al. 2018 (IL-4)

Other types of activations were used:

llschner et al 1995 (ATP + Cs%*), Peng et al. 2014 (irradiation), Komm et al. 2014 (glycine),
Blomster et al. 2016 (NS309 - KCa channels activator), Nguyen et al. 2017 (ATP), Madry et
al. 2018 (ATP injection)

Many studies observed microglial inhibition:

Fordyce et al. (Kv channels blockers, minocycline), Yi et al. 2005 (glucosamine), Konno et al.
2012 (TRPV4 agonists), Liu et al 2013 (Kv channels blockers), Arnoux et al. 2014
(minocycline, yet deleterious during CNS development), Peng et al. 2014 (Kv1.3 peptide
inhibitor), Chen et al. 2015 (TRAM-34 - Kca3.1 inhibitor, doxycycline), Madry et al. 2018
(TPA, isoflurane), Di Lucente et al. 2018 and Maezawa et al. 2018 (PAP-1 - Kv1.3 blocker)

In addition, several studies pushed the reasoning further, determining key players in

microglial activation, or in microglial physiology:

46



Schlichter et al. 1996 highlighted the importance of Kir and ClI- channels in CSF-1
induced microglial proliferation. Blockade of such channels inhibited microglial
proliferation. Schilling et al. 2000 first mentions Kir2.1 and Kv1.3 as responsible for inward
and outward microglial currents respectively. Khanna et al. 2001 shows the involvement of
microglial SK channels as wells as Kv1.3 in respiratory burst. Later, Schlichter et al. 2010
determined SK3 as the main SK channel contributing to the neurotoxic microglial phenotype.
Vistenin et al. 2001 showed that LPS or HIV-Tat protein microglial involved the NF-kB

pathway.

Fordyce et al. 2005 showed p-p38 MAPK pathway activation and reactive oxygen
species release via INOS in LPS activated microglia. In addition, they could reduce neuronal
death by using minocycline or Kv channels blockers. Yi et al. 2005 proved that glucosamine

could inhibit LPS activated microglia by reducing calcium influx and TNF-a expression.

Konno et al. 2012 discovered that depolarizing microglia with TRPV4 agonists
suppressed TNF-a expression, a hallmark of microglial activation. Liu et al. 2013 showed that

Kv current inhibition abrogated the neurotoxic effect of HIV-Tat protein activated microglia.

Peng et al. 2014 showed that Kv1.3 selective peptide inhibitor reduced microglial
inflammation after brain irradiation. Chen et al. 2015 exposed that blockade of microglial
KCa3.1 channels ameliorates neuroinflammation after MCAO. Lam and Schlichter 2015
revealed that Kir2.1 is involved in cell migration, chemotaxis and proliferation of anti-
inflammatory primed microglia. Gu et al. 2016 demonstrated the crucial role of P2Y12 in

microglial activation in the SNT neuropathic pain model.

Ngyuen et al. 2017 highlighted the involvement of Kv1.3 and KCa3.1 in both IL-4 and
LPS activated microglia. Di Lucente et al. 2018 showed that Kv1.3 is necessary for M1 pro
inflammatory activation of microglia in vivo. Madry et al. 2018 discovered the two-pore
potassium channel THIK-1 as a regulator microglial ramification and surveillance. Finally,
Maezawa et al. 2018 presented Kv1.3 blockade as a potent therapeutic option against

amyloid-f3 microglial activation in Alzheimer’s disease.
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iv Resting membrane potential (RMP) in microglia

The membrane potential is the charge difference between the inner and the outer part
of the cell membrane. The resting membrane potential is measured when no current is
injected in the cell. This potential depends on the difference in concentration of ions inside
and outside of the cell in a resting state. The RMP is influenced by the channels active in the
cell. The Goldmann-Hodgkin-Katz equation (1) can predict it given the permeability and
concentration inside and outside the cell for each ions across the membrane, mainly K*, Na*,

and CI-.

_ Eln PuK'], + py[Na™] + p[C1 ]

V (1)
m + + -
F I)K[K ]i +pNa[Na ]i +f}("1[C1 ]4::
Vm: membrane potential Pk : permeability of K* ions
ey F: Faraday's constant (36480 C mol-")
R: the gas constant (8.315 J mol-' K- . : : o
T absglute tempera(ture (20 °C = 293 i() [K*1,, [K*];: K* ion concentrations outside and inside cell

In: natural logarithm

As cells are more permeable to potassium, the RMP often tend to values close to the
K* equilibrium potential. Ion diffusion across the membrane is defined by 2 driving forces:
the concentration gradient and the electrical force. At the K+ equilibrium potential the K* ion,
those forces balance each other. However, channels gating in the cell membrane is tightly

regulated, thus the RMP of the cell is different from ions equilibrium potential.

After reviewing the literature, I observed that RMP of resting microglia is around -25
mV. If concentration of cations (K*, Na*, Mg+, and Ca?*) rises in the cell it will push the RMP
toward less negative values, depolarizing it. The opposite will happen if their concentration
drops inside the cell. There the potential will reach more negative value, hyperpolarizing it.
For anions (Cl), it is the opposite. The direction of ion trafficking depends on their
equilibrium potential for each ion. From the Nernst equation (2), we could determine the K*
equilibrium potential with the conditions of our experiments at -83.40 mV with 5 mM of

extracellular potassium at 24°C.
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Em: equilibrium potential

[{T [R+ ] ] R: the gas constant(8.315 J mol-' K-1)
— lll 2 (2) T: absolute temperature (20 °C = 293 K)
m _ -+ z: charge on the ion (z=1 for K*)
-F [R ] F: Faraday's constant (96480 C mol-")
[K*1,, [K*];: K* ion concentrations outside and inside celkll
In: natural logarithm

E

This means that if the RMP of microglia is less negative (depolarized) than the
potassium equilibrium potential and if there is enough permeability for K*, K* would exit the

cell trying to reach its equilibrium potential.

As for currents measured in microglial studies, I summarized the observations

concerning microglial RMP in the literature.

Co-culture of microglia and astrocytes

Microglial RMP has been measured in different conditions. Adult mice brain microglia
co-cultured with astrocytes show a mean RMP of -26 mV. Once exposed to LPS their RMP
shifts to -48 mV, but Kv channels blockade by 4-AP rescued the RMP to values comparable to

resting microglia (Chung et al. 1998).

Embryos and neonatal microglia

Another study from Chung and colleague (1999) investigated the microglial RMP in
brain culture of newborn Sprague Dawley rat (1 day old). They measured -32 mV in resting
microglia and a range from -45 to -70 mV after LPS activation. Interestingly, cells with a RMP

of -70 mV went back to -45 mV after inward current blockade by barium.

In newborn mice, microglia cultured from brain showed a mean RMP in a range of -20
to -80 mV with peaks at -29 and -61 mV. In adult mice (6-8 weeks old), brain slice microglia
had a RMP in a range of -10 to -80 mV with peaks at -23 and -52 mV (Boucsein et al 2003).
Out of these values, I calculated means of -41 mV for cultured cells and -34 mV for slice

microglia.

In juvenile mice (21 days old), brain slices resting microglia exhibited -18 mV as

resting membrane potential. (De Simoni et al 2008).
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Adult microglia

Richter and colleagues 2014 have observed similar RMP in adult (8-10 weeks old)
mouse brain slice microglia, with a mean value of -25 mV. Once activated by glioma
implantation or stab wound in this study, microglia have a hyperpolarized RMP of -38 and -

40 mV respectively.

This RMP shift toward hyperpolarized values upon activation is also observed in
human microglial culture. Human microglia RMP goes from a mean of -18 mV to -76 mV once
activated. There also, the blockade of KCa3.1 currents reversed the effect to -25 mV (Blomster

etal. 2016).

Although most studies were performed in newborn or adult mice, Schilling and
colleagues 2015 shed the light on the situation in adult older mice. It appears that resting
membrane potential is hyperpolarized in old mice. It shifts from -37 mV in adult mice (8-12

weeks old) to -54 mV in old mice (19-24 months old).

In spinal cord slice, we only have the RMP value of resting microglia observed at -22
mV in adult mouse (6-8 weeks old) (Gu et al. 2005). In dissociated spinal cord microglia, the
RMP of -12 mV was measured in 20 mM extracellular potassium condition. Although this
condition slightly shifts the K* equilibrium potential toward more positive values, the
activation of microglia - here by injection of the CXCL1 chemokine - did hyperpolarize

microglial RMP to -46 mV (Deftu et al. 2017).

Cell line

The murine brain microglial cell line BV2 shows different patterns of RMP: a more
hyperpolarized RMP than primary or slice microglia has been measured. -45 mV, -62 mV and
-56 mV by Schilling et al. 2004, Tsai et al. 2013 and Komm et al. 2014 respectively. Still once
activated by LPC, the team of Schilling measured a hyperpolarized RMP with a mean of -70
mV. They managed to block outward currents with charybdotoxin but did not measure the
RMP at this point. However, Tsai and colleagues observed a depolarization of the RMP from

-62 to -47 mV using memantine against Kir2.1-like currents.
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Overall, it seems that every time microglia are activated they display either inward or
outward currents (when voltage steps are applied at respectively negative and positive
voltages) or both currents. The channels responsible for these ion fluxes allow
hyperpolarization of the microglial RMP, because when they are blocked, we observe arescue

of the RMP toward resting microglia level.

§5 Aim of the thesis

There is low success in the treatment of neuropathic pain. Treatments currently used
target neurons, yet glia has an important role in the development of the pathology. More
specifically microglia, which are responsible of neuroinflammation, rapidly cleanse the CNS
of pathogens or certain noxious substances but can aggravate the situation in the case of
neuropathic pain. Thus, modulating microglial reactivity is a promising strategy to reduce

neuropathic pain.

As several studies showed, microglial currents of higher amplitudes are observed
once microglia is activated. Reducing of such currents through modulation of microglial ion
channels could be an option to reduce microglia-induced neuroinflammation. The general
goal of this project is to find a novel target on microglia to potentially improve neuropathic
pain treatment by looking at electrophysiological properties of these cells after peripheral

nerve injury.

[ aimed here for a better understanding of potassium channels changes in microglia
following peripheral injury and their implication in the pathophysiology of pain, by the study
of inward (Kir2.1) and outward (Kv1.3 and Kv1.5) potassium currents as well as microglial
RMP. My hypothesis is that the blockade of activated microglial currents could reduce

microglial reactivity.
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Results

Unpublished study

Introduction

In literature, Kv1.3, Kv1.5 and Kir2.1 potassium channels have been identified as the
main actors causing microglial currents. These channels contribute to microglial functions
such as inflammation (Kv1.3 and Kv1.5 Pannasch et al. 2006), cell morphology (Kir2.1
Muessel et al. 2013), migration (Kv1.3 and Kir2.1 Lam et al. 2017) or proliferation (Kv1.3,
Kv1.5 Fordryce et al. 2005 and Kir2.1 Schilling et al. 1996). Yet no study have investigated

them in the field of neuropathic pain.

Aim

The goal of this project was to highlight the presence of such channels in microglia
before and after SNI, and to evaluate their mRNA and protein expression in the spinal cord.
hypothesized that one of those potassium channel might change its expression after SNI and
be involved in microglial activation and be an interesting target to modulate microglial

reactivity.

Results and discussion

[ first investigated the main voltage gated potassium channels implicated in microglial
potassium currents. As expected from literature, Kv1.3, Kv1.5 and Kir2.1 were present in the

microglia we studied (Figure 16).

It turned out from our electrophysiology results that the Kv1.3 and Kv1.5 had very
little impact in our currents. As we observed no increase in outward current when applying
voltage step in the positive range. Instead, we measured increased inward current after SNI
when applying lower voltage steps that we determined as generated by Kir2.1, as further

developed in the second article.
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Kv1.3+ microglia - Naive

N= 201 calls

Kv1.34 microglia - SNI D2

M= 98 cells

Signal too low
to count

Signal too low
fo count

Kir2.1+ microglia - Naive

N= 80 cells

Figure 16: Kv1.3, Kv1.5 and Kir2.1 presence in freshly isolated spinal cord microglia. Microglia isolated
from the dorsal horn ipsilateral to the surgery. Immunostaining of Kv1.3, Kv1.5 and Kir2.1 in naive and SNI
D2 animals. The proportion of stained cells out of GFP+ cells is shown on the right. For Kv1.5 the signal was
so low that it was impossible to count. Thus, no proportion is shown. The scale bars all represent 20 uM per

images.
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To confirm the validity of these staining, we transfected HEK cells with Kv1.3, Kv1.5
and Kir2.1. We then stained them with our antibodies to determine their specificity (Figure

17).
Kv1.3 plasmid Kv1.5 plasmid Kir2.1 plasmid

Kv1.5
antibody

Figure 17: Positive control for antibody on transfected HEK cells. Potassium channels Kv1.3, Kv1.5 and Kir2.1
were transfected in HEK cells. Two days after, the HEK cells were fixed and stained with corresponding antibodies.

Kv1.3
antibody

Kir2.1
antibody

We examined the quarters of spinal cord corresponding to the dorsal horn ipsilateral

to the SNI surgery (DHi), wherethe microglial activation appears after nerve injury (Figure
18).

L3-L5 section Figure 18: Section of the spinal cord used for qPCR and
: western blots. After SNI surgery, nerves arriving via the
dorsal roots in the section corresponding to the lumbar
vertebrae 3 to 5 (L3-L5) are damaged. Microglia in the
dorsal horn is activated where the injured nerve afferents

arrive. This is the section we study.
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By qPCR, we evaluated the expression of Kv1.3, Kv1.5 and Kir2.1 in the dorsal horn
ipsilateral to SNI surgery in a timecourse (Figure 19). We used six animals per condition. Our
inclusion criteria were to have low RNA degradation after extraction (RNA integrity number

(RIN) > 6) and a clear specific melting peak.

Kv1.3 Kv1.5 Kir2.1
2.54 2.5 3a L1
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Figure 19: Kv1.3 Kv1.5 and Kir2.1 mRNA expression in the dorsal horn (DHi). Values normalized by
mean of naive samples. Values expressed as mean * SD. One way ANOVAs - post-hoc tests Sidak corrected,

*#*: 1 < 0.005

Except an increase in Kir2.1 seven days after SNI compared to naive animals, no
significant difference was found. Moreover, this increase does not correspond to the changes
in electrophysiology of microglial cells. As quarter of spinal cord were used, other cells might

have contributed to this increase.

[ thus hypothesized that the regulation in microglia was at the protein level, and went
for western blots. Only the time points of interest with modification in electrophysiology
were tested, ie day 0, 2 and 4 with 3 animals per condition.Protein expression of Kv1.3, Kv1.5
and Kir2.1 (Figure 20) was evaluated with western blots. We could not detect any increase

of expression two days after SNI, nor could we see difference in protein expression.

The HEK Kv1.3 positive control band was found at a lower molecular weight than
expected. It appeared by sequencing that it was truncated in the N-terminal region. As the C-
terminal region corresponding to the binding region of our Kv1.3 antibody epitope was
intact, this was not noticed by immunofluorescence. Quantifications after normalization to
reference protein (GAPDH, Tubulin, 3-actin) are shown on the right. The outlier in Kir2.1

naive is caused by a bad binding of the reference gene antibody at the edge of the membrane.
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Figure 20: Kv1.3, Kv1.5 and Kir2.1 protein expression in the dorsal horn (DHi). Quantification shown
on graphs are normalized to proteins of reference genes. Values expressed as mean * SD. One way ANOVAs

- post-hoc tests Sidak corrected. No significant differences when compared to naive or to sham D2

Interestingly, Fordyce and colleague 2005 observed no increase in Kv1.3 or Kv1.5
proteins after LPS or PMA (respiratory burst) treatment in neonatal rat brain cultured
microglia. The D7 time point was not investigatd here as no difference was found in the early
timepoints that showed differences in electrophysiology results. The same problem of
sampling as in qPCR above, quarter of spinal cord without specifically collecting microglia

could have diluted a change in microglia.
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To detect specific regulations in microglia, I tried to select only these cells by
fluorescence activated cell sorter (FACS) as CX3CR1-eGFP transgenic mice (with GFP-

labelled microglia) were used (Figure 21).

Sham D7 SNI D7
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Figure 21: FACS sorting of microglia. (A) Representative FACS sortings for sham and SNI animals. (B) SNI
D7 immunofluorescence to verify that our cells are microglia with labelling of Ibal (microglial marker) and
Kv1.3 (channel of interest - specific to microglia). (C) Number of GFP positive cell sorted. Values expressed
as Mean * 95% CI. Student’s T-test, *: p<0.05. (D) Amount with RIN of RNA extracted from sham and SNI
depicted in (A).

After sorting, only less than nanograms of RNA could be extracted, with RIN values
around 4, not acceptable for good qPCR standards. Several FACS optimizations and RNA
extraction kit were tried without significantly improving the results. One solution would be

to increase the number of animals, but too many animals would need to be used.

As meanwhile, the membrane expression of Kir2.1 after nerve injury via Kir2.1
antibodies against extracellular epitope gave satisfying results to answer the question of the

origin of the increased current, the FACS experiment was not continued.
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Methods

Male CX3CR1-eGFP mice were lethally anesthetized by intraperitoneal injection of
pentobarbital. The spinal cord was removed and the quarter of spinal cord corresponding to
L3-L5 was extracted (Figure 18). This tissue was used for RNA extraction for qPCR, for
protein extraction for western blots, or dissociated and plated on 8-well slides for

immunofluorescence.

For the dissociation, cells were incubated 30’ at 30°C in 2Zmg/ml papain and separated
by pipet trituration in DMEM with 10% fetal bovine serum and 1% penicillin-streptomycin.
Cells were then centrifuged at 400g for 5 minutes and the supernatant was removed. Cells
were resuspended in 200ul and plated in the 8-well chamber or filtered in a tube and brought

to the FACS.

For the qPCR, quarter of L3-L5 spinal cord region were rapidly dissected and placed
in ice cold Qiazol (Qiagen). Total RNA was extracted with Zymo Direct-zol RNA kit. Amount
and quality of RNA was verified by gel migration using RNA 6000 Nano LabChip with the
Agilent Bio-analyzer. RNA was then reverse transcribed using Omniscript reverse
transcriptase kit (Qiagen), Quantitative real-time PCR was performed using SYBR-green
gPCR with the MyiQ Single Color real-time PCR System or CFX96 Real-Time System (Bio-Rad,
Reinach, Switzerland). Primer sets were either taken from literature or designed on
Primerblast (NCBI). Specific PCR product amplification was confirmed using dissociation
protocol and melting curve and checked by gel migration. All experiments were made in
experimental triplicates with N=6 animals per condition. Fold changes were determined by
the AACT method. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and hypoxanthine
phosphoribosyltransferase 1 (HPRT1) were used as reference genes since their expression

in spinal cord is not altered by SNI surgery. The following primer were used:

Gene Forward primer Reverse Primer

Kv1.3 CTCCTTTGAGCTTCTGGTGC CTGCCCATTACCTTGTCGTT

Kv1.5 CCGGGTTTCCCGAATCTTCA AGAAGTGCGACCCCTGATTG
Kir2.1 CAGTGTCTTGGGAATTCTCAC ACCTTAGTAACTCAGCTGAC
GAPDH TCCATGACAACTTTGGCATTG CAGTCTTCTGGGTGGCAGTGA
HPRT1 ACTGGAAAGAATGTCTTGATTGTTG CATTTTGGGGCTGTACTGCTT
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For immunofluorescence, please refer to the methods of the second article for the

experimental procedure. In this part, the following primary antibodies were used:

Antibody Source Target Concentration
Rabbit anti-Kv1.3 Alomone Labs, Israel Kvl.3 1:300
Rabbit anti-Kv1..5 Alomone Labs, Israel Kv1.5 1:300
Rabbit anti-Kir2.1 Alomone Labs, Israel Kir2.1 1:300

extracellular
Rabbit anti-lbal Wako, USA Ibal — Microglial marker 1:750

The secondary antibody was Cy3-labelled donkey anti-rabbit with a concentration of
1:500 from Jackson. DAPI was used to stain the nucleus both in immunofluorescence and in

the FACS to determine the viability of our cells.

For western blots, protein samples were prepared from quarter of L3-L5 spinal cord
region by homogenization in a lysis buffer containing protease and phosphatase inhibitors
(Sigma-Aldrich). 160 pg (for Kv1.3 and 1.5) or 80 pg (for Kir2.1) of proteins were separated
on 10 % SDS-PAGE gel and transferred to nitrocellulose blots. The blots were blocked and
incubated overnight at 4 °C with antibodies against Kv1.3, Kv1.5 and Kir2.1 intracellular
(Alomone, all diluted at 1:300). These blots were incubated further with HRP-conjugated
secondary antibody and developed in ECL solution (Thermo Fisher). Specific bands were
evaluated by apparent molecular sizes. The intensity of the selected bands was analyzed
using NIH Image] software. For normalization, the reference gene with the best signal was

used: GAPDH for Kv1.3, tubulin for Kv1.5 and (3-actin for Kir2.1.

59



Study I

Spinal Cord T-Cell Infiltration in the Rat Spared Nerve Injury Model: A

Time Course Study

Christophe Gattlen, Christine B. Clarke, Nicolas Piller, Guylene Kirschmann,

Marie Pertin, Isabelle Decosterd, Romain-Daniel Gosselin and Marc R. Suter

Int ] Mol Sci 2016 17(3): 352.

Synopsis
The immune system participates in development of neuropathic pain following nerve
injury. In particular, T-lymphocytes infiltration of the spinal cord following peripheral nerve

injury was described as contributor to sensory hypersensitivity.

In the dorsal horn ipsilateral to SNI, Ibal and bromodesoxyuridine (BrdU)
immunostainings revealed the microglial activation and proliferation, attesting
neuroinflammation with various time-courses. The expression of the microglial marker Ibal
peaked at D4 and D7 respectively at the mRNA and protein level. Proliferation, revealed by

BrdU stainings, occurred almost only in Ibal positive cells and peaked at D2.

Overall changes of gene expression with a time-course RT-qPCR array were
invetigated. An increase in the regulation of genes related to inflammatory and later anti-
inflammatory cytokines, the toll like receptors and their downstream cascade as well as
genes coding for complement components was observed. Most of these genes groups can be

related to microglial activation.

Some upregulated cytokines are also lymphocytes attractors and T-cell infiltration
was investigated byimmunofluorescence with CD2/CD8 antibodies. There were few

CD2/CD8 positive lymphocytes in the dorsal horn ipsilateral to SNI surgery.

Spinal cord injury (SCI) model, consisting in dropping a blunt stick with a definite
strength onthe exposed spinal cord, was used as a positive control. There a clear infiltration

of the CD2+ or CD8+ T-cells was observed. This validated our negative results after SNI. It
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seems that T-lymphocyte infiltration is greatly increased when the blood-brain barrier is

mechanically damaged. This could explain why we have little infiltration in the SNI model.

Although we can clearly see the microglial reactivity, and find upregulated genes
correlating our results with other studies, we could not find T-lymphocyte infiltration in the
SNI model of neuropathic pain, despite the findings of other groups. This discrepancy is

discussed in the article.

Aim

With this study, we first wanted to investigate and characterize gene regulation of
nearly 100 genes in a time course after SNI. The goal was to determine the crucial timepoints
in the microglial activation as well as the important genes involved in the process. Secondly,
as the acquired-immune system could play a major role in certain case of neuroinflammation,

we decided to evaluate its impact in the context of neuropathic pain by assessing lymphocyte

infiltration.

This study was the starting point of my thesis. As we concluded that lymphocyte had
little impact in the SNI model, we decided to concentrate our efforts on microglial reactivity.
With the time course and the gene regulation as a basis to study - and with the aim to

modulate - microglial activation.

Author Contributions: Christophe Gattlen analyzed data and drafted the first manuscript.
Nicolas Piller designed and performed the RT-qPCR array and timecourse. Christine B. Clarke
performed immunohistochemical studies, data analysis, imaging participated in the study
design and drafted the manuscript. Guyléne Kirschmann did the animal surgery and prepared
the tissue. Marie Pertin performed immunohistochemistry, prepared tissue, performed
staining and imaging. Isabelle Decosterd supervised the experiments and the final
manuscript. Romain-Daniel Gosselin supervised and designed the experiments and the
statistical analysis. Marc R. Suter supervised and designed the experiments and wrote the

final manuscript. All the authors read and approved the final manuscript.
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Abstract: The immune system is involved in the development of neuropathic pain. In particular, the
infiltration of T-lymphocytes into the spinal cord following peripheral nerve injury has been described as
a contributor to sensory hypersensitivity. We used the spared nerve injury (SNI) model of neuropathic
pain in Sprague Dawley adult male rats to assess proliferation, and/or protein/gene expression levels for
microglia (Ibal), T-lymphocytes (CD2) and cytotoxic T-lymphocytes (CD8). In the dorsal horn ipsilateral
to SNI, Ibal and BrdU stainings revealed microglial reactivity and proliferation, respectively, with
different durations. Ibal expression peaked at D4 and D7 at the mRNA and protein level, respectively,
and was long-lasting. Proliferation occurred almost exclusively in Ibal positive cells and peaked at D2.
Gene expression observation by RT-qPCR array suggested that T-lymphocytes attracting chemokines
were upregulated after SNI in rat spinal cord but only a few CD2/CDS8 positive cells were found. A
pronounced infiltration of CD2/CD8 positive T-cells was seen in the spinal cord injury (SCI) model used
as a positive control for lymphocyte infiltration. Under these experimental conditions, we show early
and long-lasting microglia reactivity in the spinal cord after SNI, but no lymphocyte infiltration was
found.

Keywords: peripheral nerve injury; SNI (spared nerve injury); SCI (spinal cord injury); microglia;
lymphocytes; neuropathic pain

1. Introduction

Neuropathic pain is a type of chronic pain, arising as a consequence of a lesion or disease of the
somatosensory nervous system. It affects up to 10% of the global population [1] and, therefore, represents
a major challenge for the medical community. Although the lesion occurs in neurons, glial and immune
cells (such as astrocytes, microglia, infiltrating macrophages or lymphocytes) are implicated in chronic pain
in both the periphery and in the central nervous system (CNS) [2-5].

When a peripheral nerve is injured, an immune reaction occurs, with an initial activation of neuroglial
cells in the dorsal horn of the spinal cord, ipsilateral to the injury. In particular, microglia (the CNS
macrophages) proliferate and change their morphology and gene expression (such as
an up-regulation of Ibal) [3-5]. Following peripheral nerve injury, microglia activation is often described
as early and transient participating in the development of pain-related behavior, whereas the response of
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other immune-mediating cells, such as astrocytes, begins later and contributes to the maintenance of the
chronic pain [5]. Using chimera mice with a partial sciatic nerve ligation (PSNL), Zhang et al. showed that
a number of cells expressing microglia markers were of hematogenous monocytic origin, infiltrating the
spinal cord before proliferating there [6]. Leukocyte trafficking through the blood-brain barrier has also
been reported after L5 spinal nerve transection in rats [7]. Many studies have been performed using
different neuropathic pain models, including chronic constriction injury (CCI) [8], L5 spinal nerve
transection [9], and spared nerve injury (SNI) [10] in the investigation of lymphocyte infiltration, but this
phenomenon was not observed in all studies and therefore remains somewhat controversial [11,12]. The
exact contribution of infiltrating lymphocytes in neuropathic pain needs further study.

Here, we aim to characterize some specific features of neuroimmune reactivity in the spinal cord
following peripheral nerve injury in rats. For this study, we used the SNI model of neuropathic pain in
Sprague Dawley adult male rats to assess proliferation, and/or protein/gene expression levels for microglia
(Ibal), T-lymphocytes (CD2) and cytotoxic T-lymphocytes (CD8). We observed the reaction of the immune
system over a prolonged time course performing an array study of inflammatory markers as well as
immunostainings of lymphocyte infiltration into the spinal cord.

2. Results

2.1. SNI Upregulates Genes Related to Microglial Reactivity

Microglial reactivity was assessed using a gene expression time course of the microglial markers
CD11b and Ibal in the lumbar section of adult male Sprague Dawley rats 2, 4, 7, 10, 14 and 21 days after
SNI compared to naive animals. We observed an upregulation of CD11b at day 2, 4, 10, 14
and 21, and an upregulation of Ibal at day 2, 4, 10, 14 and 21 (non-overlap of 95% CI method compared to
DO [13], Figure 1, no sham group was used for each time point to lower the number of animals needed).

Expression level of CD11b and Iba1
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Figure 1. Upregulation of microglial markers after SNI. Bar graph showing the mRNA fold change in rat
ipsilateral dorsal horns of the microglial markers CD11b (light gray) and Ibal (dark gray) compared to naive
animals. Values are expressed as mean + 95% CI. N = 3 for each time point.
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We also assessed the change over time of Ibal at the protein level using immunofluorescence on the
ipsilateral dorsal horn of the spinal cord: the time course of Ibal protein expression follows that of mRNA
but with a few days delay, peaking at day 7 (Figure 2). At both the mRNA and protein level we observe a
prolonged increase in microglial reactivity.
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Figure 2. Neuroinflammation in the spinal cord after SNI. (A) Immunofluorescence of a lumbar section seven

% Area

days after injury showing the microglial activation marker Ibal in green (B) Time course of the percentage
of Ibal positive area by immunostaining in the ipsilateral dorsal horn. N = 4/group. Values are expressed as
mean + 95% CI, 2-way ANOVA with Sidak correction, sham vs. SNI.
*p<0.05, ** p<0.01, *** p <0.001. Scale bar represents 200 pm.

2.2. SNI Induces Microglial Activation and Proliferation

We also investigated microglial proliferation as an indicator of microglial reactivity. Using
immunofluorescence, we performed an expression time course of the proliferation marker BrdU
(bromodeoxyuridine) on rat spinal cord lumbar sections combined with the cellular marker Ibal (Figure 3).
We observed a peak of the BrdU signal at D2. BrdU signal almost fully (95.5%) colocalized with Ibal (Figure
3F).
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Figure 3. Colocalization of the proliferation marker BrdU with Ibal in the ipsilateral dorsal horn two days
after SNI. (A-D) Ibal (green) and BrdU (red) in the ipsilateral (A,C) and contralateral (B,D) dorsal horn two
days after SNI surgery. There is a marked microglial reaction on the ipsilateral side (E) Merge of Ibal and
BrdU ipsilateral showing the colocalization of the two markers indicating microglial proliferation following
peripheral nerve injury. Insert: magnification (F) Time course of BrdU positive cells in dorsal horn,
colocalized or not with Ibal. N =4/group. Values are expressed as mean + 95% CI, 2-way ANOVA with Sidak
correction, *** p <0.001. DH, dorsal horn. Scale bar represents 50 um.

The time course of proliferation, with a sharp increase only observed at day 2, is in stark contrast to
the prolonged increase of the markers Ibal and CD11b. This highlights the necessity to specify
how microglial reactivity is defined. Using only proliferation as a marker of reactivity could lead to the
misleading idea that microglial activation is restricted to early time points after peripheral
nerve injury.

2.3. Inflammatory Genes Are Regulated after Peripheral Nerve Injury

Based on the Ibal expression time course (Figure 1), we selected four time points (2, 4, 10 and 21 days)
at which to assess the mRNA expression changes of 96 genes of interest in the lumbar spinal cord of adult
male Sprague Dawley rats in SNI compared to naive animals (Figure 4). Sham animals were only tested for
2 and 4 day and are shown in the supplemental data. These are the time points with the highest chances to
demonstrate modification caused by inflammation. Differences for TLR1 and Ibal in sham D2 and for
CCL12 in sham D4 were significant. Long term changes might have been missed by not performing sham
D10 and D21. Exact p-values are available in Table S1.
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Figure 4. Gene regulation in the spinal cord following SNI. RT-qPCR array with fold change of gene
expression in adult male rat ipsilateral dorsal horns at D2, D4, D10 and D21 after SNI compared to naive
animals. Values are expressed as mean + 95% CI. Dotted line at one fold regulation (naive animals). * p <0.05,
**p<0.01, ** p <0.001. Student’s t-test: naive (not shown) vs SNIL N = 6 for each time point (D2, D4, D10 and

D21).

Genes were associated in clusters:

Prototypical pro-inflammatory factors such as TNF-a or IL-6 [14] were upregulated at early time points.
At later time points, such as day 21, we noticed the upregulation of more “anti-inflammatory factors” such as
IL-10, CCL1 or CCL22 which could play a role in the resolution of inflammation [15,16].

Most of the toll-like receptors (TLRs) are upregulated during the whole time course (see in
Supplementary Figure 52).Genes involved in the complement system are also upregulated following nerve
injury. We observed, in this study, changes in C3 and C4b expression, confirming previous studies [17]. The
expression of the microglial markers Ibal, CD68 and CX3CR1, used to indicate microglial reactivity, were
also assessed. Their mRNA was upregulated over the full time course (Supplementary Figures S2 and S3.
The full array data are available at figshare [18]).
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As Lymphocyte/T-lymphocyte attractors [19], such as CCL12 [20], CXCL11 [21] or CD74 [22], were
upregulated (Figure 5A), we wanted to further investigate if there was indeed an infiltration of lymphocytes
through the blood-spinal cord barrier. Counting regions have been defined in Supplementary Figure S1.
Injured nerve regions have been verified with isolectin B4 (see Supplementary Figure 56).

A

Chemokines : T-Lymphocytes Attractors

32
D2
16 D4 ’ 10 pm
S 8 - I D10
g - . . D21
5 4
[E)
E :|
o 2
[
7 . 71‘_ .| .
0_:
CCL12 CCL22 CXCL11
C D
Dorsal hom T Dorsal white - -
6 6
) sham ipsi
.§ 44 § 4 [ sham contra
w ® B SNl ipsi
= B W SNI contra
@ ©
o o
a 2 a 2
(3] (8]
04 04
D2 D7 D21 D42 D2 D7 D21 D42

Figure 5. CD2-positive T-cell infiltration in the lumbar spinal cord. (A) Expression of genes of T-cells
attractors in the spinal cord of rats following SNI from the RT-qPCR array showing the upregulation of gene
expression of T-lymphocytes attractors. * p < 0.05, ** p < 0.01. Student’s t-test: naive (not shown) vs. SNI. N =
6 for each time point (D2, D4, D10 and D21); (B) Immunofluorescence of the ipsilateral dorsal horn showing
CD2+ cells (pointed by arrows) in the spinal cord seven days after SNI; Insert: Magnification of the cell
pointed by the longest arrow (C,D) Bar histograms showing the number of CD? cells detected in sham or
SNI at days 2, 4, 10 and 21 in the ipsilateral or contralateral side to SNI. Two regions of spinal cords were
analyzed: C, the dorsal horn and D, the dorsal white matter. N = 4/groups. Values are expressed as mean +
95% CI. No significant difference, 2-way ANOVA with Sidak correction.

2.4. T-Cells Do Not Infiltrate the Spinal Cord after SNI

To detect T-cell infiltration after SNI, we counted either CD2, a general marker for T-lymphocytes or CD8
a marker of cytotoxic T-lymphocytes in different parts of the dorsal cord using immunofluorescence (Figure
5B-D and Supplementary Figure S5). There were only very few CD2-positive T-cells in our slices. We did
not find a significant difference between the ipsilateral and the contralateral side of the dorsal horn at any
time point. The only significant difference between sham and SNI was found in the dorsal white matter,
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with an absolute number of 1.5 cells per slice. Under our experimental conditions, there was no T-cell
infiltration into the dorsal horn after SNI.

2.5. T-Cells Infiltrate the Spinal Cord after SCI

To confirm whether we were actually able to observe T-cell infiltration, we applied the same
methodology to the spinal cord injury model (SCI), which consists of a direct mechanical injury to the spinal
cord. We could indeed observe CD2 and CD8-positive cells following a 200 kdyn force injury and a high
number of these cells following the 250 kdyn injury (Figure 6A-C).

T-cell antibody Merge
200 kDyne

250 kDyne

250 kDyne

Figure 6. Infiltration of the spinal cord by T-cells after SCI. (A,B) Immunofluorescence of CD2* T-cells seven
days after a SCI induced with a strength of 200 and 250 kdyn, respectively (machine range:
30-300 kdyn); (C) Immunofluorescence of CD8* T-cells after a SCI induced with a strength of
250 kdyn. We observe a clear T-cell infiltration with both CD2 and CD8 antibodies at 250 kdyn SCI. Scale bar

represents 50 um.

3. Discussion

We here show novel findings in inflammatory changes in the spinal cord after peripheral nerve injury.
We first show a prolonged increase in microglial markers at the mRNA (Ibal, CD11b) and protein level
(Ibal). However, proliferation of microglia is only increased at day 2. We observed a switch from pro-



inflammatory factors upregulated early, to anti-inflammatory factors later. Finally, we did not detect
lymphocyte infiltration in the spinal cord.

Different classifications of microglia reactivity were attempted, mostly paralleling the classifications
used for circulating macrophages. They vary from simply dichotomizing between a classical M1 and
alternative M2, to much broader description of a continuum of phenotypes using immunological markers
as well as functional aspects (phagocytosis, antigen presentation, cytokine secretion) [16,23,24]. Ibal and
CD11b are cell markers not usually used to discriminate between any subtypes. CD68 is a lysosomal marker
indicative of microglial phagocytic activity [25]. CX3CR1 is the receptor for fractalkine (CX3CL1) solely
expressed in microglia in the central nervous system and participating in the pathophysiology of pain
following nerve injury [26]. These microglial markers show a longstanding increase over at least 21 or 42
days. The pro-inflammatory cytokines IL-1f3, TNF-a and IL-6 have been shown to increase excitability in
lamina II neurons of the spinal cord [27]. These cytokines were also shown to modulate the phenotype of
microglia. Interestingly, IL-10 and IL-6 were shown to modulate towards alternative phenotypes. This
highlights the ambiguous aspect of IL-6, which is upregulated until day 21 in our array and might have a
dual role in neurons and microglia [28]. For the more classical anti-inflammatory IL-10, which has recently
been shown to be responsible for decreased neuropathic pain in rat pups compared to adults [29] and used
successfully to treat neuropathic pain [30], the increase in the late phase could correspond to a switch from
M1 to alternative phenotype. The cell-type responsible for the regulation is unknown in whole tissue
samples, which is a limitation of the array study part of our work.

Nociceptive information is relayed by many mechanisms including pattern recognition systems, such
as Toll-like receptors (TLRs) [31]. TLRs play an important role in microglial activation following the
detection of danger or damage-associated molecules. These can be exogenous (such as bacterial
lipopolysaccharides (LPS), viral glycoproteins, bacterial peptidoglycan, or parasitic/viral RNAs) or
endogenous (such as proteins like fibronectin, polysaccharides like heparan sulphate, nucleic acids and
phospholipids) released upon tissue damage or cell death [32]. TLRs allow, via a downstream cascade, the
release of pro-inflammatory factors including IL-1p3, IL-6, IL-18, and TNF-a [33]. Many of these factors were
upregulated after SNI in our study (Figure 4). TLR2 is an important microglial activator, using both ERK
and NF-kB pathways [34], TLR4 and TLR7 also contribute to the process by allowing the release of pro-
inflammatory factors such as IL-1B, TNF-a through the NF-xB pathway [33,35].

The complement cascade has been shown to be activated after peripheral nerve injury and to play a
role in hypersensitivity through the release of the anaphylatoxin peptide (C5a) by the terminal membrane
attack complex (MAC) complement, itself induced by C3 activity [17]. We observe an increase in
complement factors which confirms this literature and supports our array data.

We only used sham animals at day 2 and 4, to follow the 3Rs recommendations. We thought that
inflammatory changes in sham animals, if they occur, would be present at the early time points (shown in
Supplementary Figure S3). We acknowledge the limitation that later changes in sham animals could have
been missed.

Lymphocyte infiltration into the spinal cord after a peripheral injury is still debated. We do not find
relevant CD2, neither CD8 positive lymphocytes infiltration following SNI. The only significant difference
between sham and SNI is seen at day 21 in the dorsal part of the white matter for CD2 positive cells, with
less than 1.5 cells/slice. Our study differs from others, where different model/species were used, such as the
sciatic nerve transection or the CCI in rats [8] or spinal nerve transection in mice [10], and where immune
cells infiltration through the blood spinal cord barrier [8,10] was indeed detected. However, no T-cells were
observed after PSNL in mice (11) or CCI in rats (12) in line with our results. Costigan et al. used the same
model, time point, rat strain and gender, and antibodies as we did [10], and demonstrated the infiltration
of CD2 positive cells into the spinal cord. Our detection technique differed slightly from that used in the
Costigan study. However, we demonstrated our ability to detect both CD2 and CD8 positive cells using the
SCI model, minimizing the risk of a false negative, due to a different lot of antibody. We sampled spinal
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cord sections regularly across the spinal cord where IB4 staining was lost and we therefore reduced the risk
of missing the part of interest [3]. Recently, gender has been surprisingly reported as a major driver for
different immune reactions following nerve injury [36]. In that study, female mice were using adaptive
immunity, likely T-lymphocytes, and not male mice. They did not quantify infiltration but show higher
levels of CD3e, CD4 and CD8a mRNA in female mice than in male mice. Conceptually, this paper
underlines the fact that different pathways are involved in pain development which can replace one another
as shown by the different paradigms they test when changing the hormonal status of their animals. We can
therefore hypothesize that other factors, not yet identified, could explain the differential results compared
to the data of Costigan et al. Housing conditions influence microglia phenotype through the germ
prevalence or [37,38]. Differences in handling, stress or food could also be contributing factors.

To conclude, we identified an early expression of pro-inflammatory factors and a later expression of
anti-inflammatory markers in the spinal cord after SNI. Finally, despite showing an increase in lymphocyte-
attracting chemokines, we did not observe an increase in CD2 and CDS8 positive cells in the spinal cord
following SNI. We have shown that there is a longstanding upregulation of microglial reactivity markers
(CD11b and Ibal) up to 42 days, whereas proliferation is only observed shortly. This highlights that when
microglia reactivity is mentioned, it has to be defined very specifically as it varies over time. Further
research should focus on specific changes in microglia, and try to understand not only the early pro-
inflammatory reaction, but also the active switch to resolution of inflammation.

4. Materials and Methods

4.1. Animal Surgery

Adult male Sprague Dawley rats (250-350 g) were anesthetized by isoflurane. We used the spared
nerve injury (SNI) model of neuropathic pain [39]: After an incision through the skin and muscle and the
visualization of the sciatic trifurcation, the sural nerve was left intact and the two other sciatic nerve
branches (the common peroneal and the tibial nerve) were ligated, cut distally with a few millimeters
removed. The wounds were then closed separately for muscle and skin and rats were placed back in their
cage. The same procedure was followed for sham surgery, but the nerves were not cut; instead, a silk was
laid next to the trifurcation of the sciatic nerve. Spinal cord injury (SCI) was performed under aseptic
conditions and general anesthesia: a partial laminectomy was made at the L4-L5 lumbar level of spinal cord
and a 250 or 200 kdyn (1 dyn = 10 pN) contusion injury was applied using a force-controlled spinal cord
impactor (IH-0400 Impactor, Precision Systems and Instrumentation (Nottinghill, VA, USA) [40], using a
holding device [41]. All procedures were approved by the committee on animal experimentation for the
canton of Vaud, Switzerland, in accordance with Swiss federal law on animal welfare and guidelines of the
international association for the study of pain (IASP) [42].

4.2. Immunohistochemistry

We injected intraperitoneally (i.p.) 25mg of bromodeoxyuridine (BrdU) in phosphate buffered saline
(PBS) + 0.007 N NaOH 2 h before sacrifice. Rats were lethally anesthetized by a 50 mg i.p. injection of
pentobarbital and perfused with ice cold PBS for 1 min followed by 4% paraformaldehyde (PFA) PBS for 4
min.

The ipsilateral sciatic nerve was dissected and exposed up to the L4-L5-L6 spinal nerves, then the
spinal cord was exposed and the L4-L5 lumbar section was collected and post-fixed in 4% PFA at 4 °C
overnight. Samples were then transferred into 20% sucrose overnight for cryoprotection and then rapidly
frozen. Using a cryostat, 30 um slices were cut and stored in 30% glycol and 30% glycerol PBS. For
immunofluorescence, slices were incubated for 30 min in blocking solution: 10% goat serum (NGS), 0.05%
triton in 0.05% azide PBS, and overnight with the primary antibody (Table 1).
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Table 1. Primary antibodies used for immunofluorescence.

Antibody Source Target Concentration
Mouse anti-CD2 Serotec, UK T-cells 1:250
Mouse anti-CD8 Abcam, USA CD8+ T-cells 1:250
Rabbit anti-Ibal Wako, USA Activated microglia 1:2000

Mouse anti-GFAP Millipore, USA Activated astrocytes 1:1500
Rat anti-BrdU Abcam, USA Proliferating cells 1:500

After washing in PBS, slices were incubated in the blocking solution for one hour at room temperature
with secondary antibody (Table 2). Diamidinophenylindole (DAPI) was applied on the slices for nuclear
labelling before the final PBS wash. Lumbar spinal cord sections were then mounted on slides with mowiol
mounting medium and stored at 4 °C.

Table 2. Secondary antibodies used for immunofluorescence.

Antibody Source Concentration
Alexa 488-labelled goat anti-mouse Molecular Probes, UK 1:500
Alexa 488-labelled donkey anti-rabbit Molecular Probes, UK 1:500
Cy3-labelled donkey anti-mouse Jackson, USA 1:500
Cy3-labelled donkey anti-rat Jackson, USA 1:500

To verify that the part of the spinal cord corresponds to the topographic region of lumbar dorsal horn
occupied by the central terminals of afferent injured nerves, a staining with isolectin (Griffonia simplicifolia)
B4 FITC conjugated has been performed [3]. One of each 5 slices has been stained. After blocking the slice
for half an hour, the IB4 was incubated for 2 h, the slices were then washed in PBS and mounted in mowiol.

Thymi and neuromas were also collected for positive controls for antibody testing (See Supplementary
Figure 54).

For cell counting and signal quantification, six sections from each animal were stained by
immunofluorescence for CD2 and CD8 as described above. Fluorescent cells in each region as illustrated in
Supplementary Figure 1 were counted by an investigator blinded to the sample identity, using an Axio
Imager Z1 fluorescence microscope (Zeiss, Oberkochen, Germany). Sections were viewed with the 20x
objective and the counting was made “on view” directly at the microscope.

Pictures of three Ibal-labelled lumbar sections for each SNI and sham operated animals were taken
with the 20x objective, keeping the same fluorescence intensity and exposure for every picture. For Ibal
signal quantification, the contrast of images was enhanced using GNU Image Manipulation Program
software (www.gimp.org). The labelled area was quantified and expressed as a percentage of total area
using Image] software.

4.3. RT-gPCR and RT-qPCR Array

For RNA samples, rats were terminally anesthetized by a 50 mg i.p. injection of pentobarbital and
transcardially perfused with NaCl 0.9%. The L4 and L5 ipsilateral dorsal horns of the spinal cord were
dissected and rapidly frozen. The tissues were homogenized and total RNA was extracted with RNeasy
Plus Mini Kit (Qiagen®, Hombrechtikon, Switzerland). The obtained RNA, was purified by the Minelute
Reaction Cleanup Kit (Qiagen®), then analyzed by the RNA 6000 Nano Assay (Agilent® Basel, Switzerland),
and reverse transcribed into cDNA with Omniscript RT Kit (Qiagen®), if RNA integrity number (RIN) was
over 7.5. The RT-qPCR amplification was performed with ROX SYBR Green on an ABI 7900 HT (Bio-Rad®,
Reinach, Switzerland).
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4.4, Statistics

All data are represented as mean + 95% CI. For the RT-qPCR of the initial time course, the
non-overlap of 95% CI method was used [13]. No other statistical test was performed on these data due to
the small sample size (3 animals/group). Two-way ANOVA was used for Ibal immunohistochemistry,
BrdU time course, and T-lymphocyte counts. A p-value <0.05 was considered significant. The RT2 profiler
PCR array data analysis version 3.4 from SABiosciences (Qiagen®) was used for the array (6 animals/group
for each SNI time point and 4/group for sham D2 and D4). It does not apply any correction for multiple
testing and a p-value of 0.05 is proposed as significant. We however also provide the exact p-values of the
array data if the reader prefers to apply more conservative statistics (Table S1). For the four time points time
course, a p-value <0.0125 could
be taken as significant (Bonferroni correction). All RT-qPCR data were analyzed with the delta
Ct method.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/17/
3/xx/sl.
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Synopsis

Following nerve injury, erratic action potentials from sensory neurons sensitize
secondary neurons located in the dorsal horn of the spinal cord generating hypersensibility
and allodynia - hallmarks of neuropathic pain. There microglia, the immune cells of the
central nervous system, get activated and participate in the sensitization process by releasing
cytokines and chemokines and reactive oxygen species. Microglial cells can change their
potassium currents once activated. | investigated in the context of neuropathic pain using the
spared nerve injury (SNI) model if potassium channels participate in microglial activation

and what physiological function they could influence in these cells.

In this study, CX3CR1¢GFP transgenic male mice (background C57BL/6) were used.
CX3CR1is expressed in macrophages, but is specific to microglia in the CNS. The GFP reporter

co-expressed with CX3CR1 allowed patching microglia under fluorescence microscope.

Electrical response of microglia after SNI was measured and an increase of inward
current 2 days after SNI in freshly dissociated microglia was observed. The current went

down at D4 and to a level similar to naive at D7. This was confirmed in spinal cord slices.

To determine the source of this current, several strategies were used. First, the
extracellular concentration of potassium was changed. The SNI D2 current measured
gradually decreased with reduction of extracellular K* concentration and increased when its
concentration was raised. Then, a current reduction in a dose-dependent way for the 2 broad
range K* channel blockers barium and cesium was observed. Finally, a dose-dependent block
of the K* currents was measured with ML133, a specific Kir2.x blocker. A full block of the
current was reached with 50 uM of ML133. I therefore demonstrated that Kir2.1 generates
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potassium currents in microglia, as no other Kir2.x family members have been described in

those cells.

Interestingly the current is not the only component modified by the SNI or ML133.
Two days after SNI, microglial resting membrane potential (RMP) was hyperpolarized and
went back to naive levels at D4 and D7. ML133 depolarized both SNI D2 and naive cells to a
level beyond the naive RMP. The current from Kir2.1 is an inward current at lower voltage
steps (-160 to -50 mV) and an outward current in the voltage range of microglial RMP (-45
to -20 mV). The latter explains the hyperpolarization of microglial RMP at SNI D2. When
ML133 is applied, Kir2.1 is blocked and the membrane potential gets depolarized. This

suggests that Kir 2.1 regulates the microglial membrane potential.

As shown in the unpublished results section, RNA and protein expression of Kir2.1
seemed not to be changed. We investigated the membrane expression of Kir2.1 to explain the
current/RMP differences observed. When using a Kir2.1 antibody against an intracellular
epitope, most microglia were stained, in both naive and SNI D2 conditions with
permeabilization. An antibody against the extracellular epitope of Kir2.1 was used without
permeabilization of the cells and only 23.2 % of naive microglia were stained. However, in
SNI D2 microglia more than twice more cells stained (49.3 %) showing that Kir2.1 is present
at the membrane more often 2 days after SNI. When we permeabilized the cell membrane,
Kir2.1 extracellular epitope stained over 97% of microglial cell. The pattern observed with
non-permeabilized Kir2.1 extracellular epitope is matching our electrophysiology
experiments: both SNI D4 and SNI D7 cells have similar Kir2.1 membrane expression as naive

condition.

Microglial activation in the ipsilateral dorsal horn after SNI was assessed by counting
CX3CR1-GFP positive cells. Proliferation was assessed more specifically by staining spinal
cord slices with Ki-67 antibody. There is a continuous increase of microglial cells after SNI
surgery compared to naive or sham D7. An increasing number of cells was observed from D2
to D7 with peak in their amount at D7 (Fig. 7 A). The Ki-67 proliferation marker, counted only
out of the GFP+ cells, peaked 2 days after SNI, decreased at D4 and was no more visible in SNI

D7 slices. It was not detectable in naive and sham D7. This pattern temporally coincides with
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the changes in electrophysiology. I therefore hypothesized a link between these 2

phenomena.

The effect of ML133 on proliferation of an immortalized murine microglial cell line
(BV2) was tested by culturing them with and without 50 uM ML133, the same concentration
used for electrophysiology. A strong reduction of the microglial proliferation, by counting the
number of cells as well as the ratio of proliferating cells was observed, after both 2 and 4 days
in culture. The effect of ML133 was finally tested in vivo by intrathecal injection and a
reduction could be seen in microglial proliferation at SNI D2 associated with a reduction of

neuropathic pain-related behavior.

To conclude, we observed that Kir2.1 currents, Kir2.1 channels membrane expression
and proliferation of microglia all peak at the same timepoint, 2 days after SNI. Moreover
inhibiting Kir channels in BV2 cell line impedes proliferation. Finally inhibiting Kir2.1

channels in vivo reduces microglial proliferation and pain behavior.

We therefore propose that the increase of Kir2.1 at the cell membrane is responsible
for hyperpolarization, leading to proliferation of microglia following peripheral nerve injury,
which participates in pain behavior. Targeting membrane potential of microglia could be a

new way to modulate microglial reactivity and pain behavior.

Aim

The main goal of this study was to characterize electrophysiological modification in a
time course after SNI, as well as the possible variations of RMP. The second goal was to
determine that specific impact of electrophysiological changes on microglial physiology and

reactivity. Finally, the last goal was to validate the findings in vivo as potential targets in the

context of neuropathic pain.

In this study which was the main part of my thesis; | managed to unravel a new
description of microglial reactivity, opening a new path for microglial modulation in the

context of neuropathic pain.
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Abstract (171 words)

Spinal microglia change their phenotype and proliferate after nerve injury, contributing to neuropathic pain. We have characterized
for the first time the electrophysiological properties of microglia and the potential role of microglial potassium channels in the spared
nerve injury (SNI) model of neuropathic pain. We observed a strong increase of microglial inward currents restricted at 2 days after
injury associated with hyperpolarization of the resting membrane potential (RMP) of microglial cells compared to later timepoints and
naive animals. We identified pharmacologically the current as being Kir2.1-dependent and its modification as caused by increase of
this channel at the cell membrane 2 days after SNI. Kir2.1 blockade with ML133 reversed the RMP hyperpolarization and strongly
reduced currents of microglial cells 2 days after SNI. These electrophysiological changes occurred coincidentally to the peak of
microglial proliferation following nerve injury. Finally, spinal injection of ML133 significantly attenuated the proliferation of microglia
and neuropathic pain behaviors after nerve injury. In summary, our data implicate Kir2.1-mediated microglial proliferation as an
important therapeutic target in neuropathic pain.

Introduction

Pain is an unpleasant sensory and emotional experience associated with actual or potential tissue damage. Its main purpose is to
prevent injuries from harmful insults. This protective function is altered in chronic pain conditions, especially in neuropathic pain.
Neuropathic pain is a debilitating condition, defined as pain caused by a lesion or disease of the somatosensory nervous system by
the International Association for the Study of Pain (IASP). Affecting up to 10% of the population, it can be generated by direct trauma
to the nerve, metabolic diseases, or infectious agents (Attal et al. 2008, Colloca et al. 2017). Neuropathic pain symptoms include
spontaneous or evoked pain such as allodynia and hyperalgesia. Allodynia is characterized by painful reactions to non-noxious stimuli,
whereas hyperalgesia is characterized by enhanced pain responses to mild noxious stimuli (Koltzenburg 1998, Martinez et al. 2010).
Current treatments of neuropathic pain mostly target neuronal pathways with only a third of the patients claiming a satisfactory
decrease in pain symptoms (Colloca et al. 2017).

Microglia and astrocytes are the most abundant cell types in the central nervous system (CNS), with microglia alone representing 10%
of all the cells (Salter and Beggs 2014). These glial cells are emerging as new potential targets in neuropathic pain as involvement of
glia in fibromyalgia and low back pain has recently been revealed also in humans (Loggia et al. 2015, Albrecht et al. 2018). Microglia
are macrophage-like cells in the immune system in the CNS. They can react to modification in the CNS but also to peripheral lesion as
seen in nerve injury models of neuropathic pain (Chen et al. 2018, Gattlen et al. 2016, Kettenman et al. 2011).

Different features of microglial reactivity, globally termed microgliosis, can be recognized, such as marker expression, morphological
changes and proliferation (Chen et al. 2018). The multiple phenotypes acquired in vivo by reactive microglia after an injury goes far
beyond the M1 and M2 classification, respectively pro and anti-inflammatory phenotype in which they are sometimes restrained
(Ransohoff 2016, Song and Colonna 2018). Microgliosis evolves over time and each characteristic of activation needs to be studied in



a timecourse to unravel its true evolution (Gattlen et al. 2016). Proliferation of microglia in the spinal cord was described as peaking
3 days after sciatic nerve constriction (Echeverry et al. 2011) and 2 to 3 days after spared nerve injury model (Suter et al. 2007, Gattlen
et al. 2016) in rats, but the number of cells stayed elevated for longer periods.

Microglia also show modification of their electrophysiological properties mostly described as inward or outward currents using patch
clamp techniques (Nguyen et al. 2017). These currents were measured in different microglia phenotypes elicited by
lipopolysaccharides (LPS), cytokines, chemokines, in in-vitro or ex-vivo models (Nguyen et al. 2017, Moussaud et al. 2009, Deftu et al.
2018, Lam et al. 2017). Different receptors have been involved in these current changes, mostly ion channels (Kir2.1, KCal.1, KCa3.1,
Kv1.3, P2X4x, Orail, TRPs) but also GPCRs (P2Y12) (Nguyen et al. 2017) depending on the trigger. Blocking voltage-gated potassium
channels (Kvs) with the broad range potassium channel blocker 4-aminopyridine (4-AP) reduced microglial activation following
amyloid-B injection in rat hippocampus and reduced neuronal death (Franciosi et al. 2006). Kv1.3 enhances cytokine production
leading to neurotoxic effects in rat pups brain microglial culture (Fordyce et al. 2005). Kv1.5 forms heteromers with Kv1.3 to reduce
microglial proliferation in mouse pups brain microglial culture (Pannasch et al. 2006). P2X12 is linked to morphological changes of
microglia (Gu et al. 2016). The inwardly rectifying potassium channel Kir2.1 is involved in cell conformation changes in brain microglial
culture of mouse pups (Muessel et al. 2013). In neonatal rat brain microglial culture, Kir2.1 is important for homeostatic functions
such as proliferation and migration via Ca®*-signaling and Ca?*-release activated Ca?*channels (CRAC/Orail) (Lam et al. 2015).
Furthermore, modifications of membrane ion channels are linked to microglial membrane potential (Chung et al. 1999).

Microglia also have protective roles therefore a subtle modulation of the unwanted pathways in microglial reactivity should be sought
instead of their full inhibition. Indeed, inactivating or deleting microglia in acute injury is seldom associated with a beneficial outcome,
which suggests that microglia also harbor important protective/repair function. This might change in chronic disease as neuropathic
pain (Chen et al. 2018, Biber et al. 2014).

We aim here for a description of timecourse of electrophysiological changes in microglia in the spinal cord dorsal horn in a model of
peripheral nerve injury pain model. We therefore want to unravel new ways of modulating microglia phenotype in pain therapy.
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Results

Inward microglial currents are increased 2 days after SNI.

We first examined whether microglia developed any changes in their electrophysiological properties in response to a voltage pulse
protocol (insert Fig 1.B) after spared nerve injury (SNI). We observed a significant increase of inward current 2 days after SNI in freshly
dissociated microglia from the spinal cord (Fig 1. A, B and C). Current density at -100 mV went from -27.9 + 17.4 pA/pF for cells from
naive to -59.4 + 41.9 pA/pF from SNI D2 animals (p<0.01). At day 4 and 7 after SNI no more significant differences were seen compared
to naive animals (Fig 1. A, B and C). The same pattern was noticed in microglial cells from spinal cord slices (Fig. 1 D) with current
densities at -100 mV going from -5.60 + 4.09 in naive to -14.0 + 13.5 pA/pF in SNI D2 cells (p<0.01). Only very low outward currents at
depolarized pulses were recorded for both naive and SNI D2 microglia.
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Fig. 1: Spinal cord dorsal horn microglial current densities recorded after SNI. (A) I-V curve showing current densities recorded in freshly dissociated microglia
with 20 mM K* in extracellular solution. (B) Representative traces of naive (black) and SNI D2 cells (red) when applying voltage steps from -160 to +40 mV with
10 mV increments. Inset represents the stimulation protocol. (C) Histograms showing current densities generated by freshly dissociated cells with 20 mM K*
in extracellular solution at a voltage of -100 mV. (D) Histograms showing current densities generated by microglial cells in spinal cord slices with 5 mM K* in
extracellular solution at a voltage of -100 mV. Mean £ SD. *: p < 0.05, **: p <0.01, ***: p < 0.001.
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Kir2.1 is responsible for inward microglial currents.

To characterize the origin of that current, we first showed that the current is potassium-dependent by modifying the extracellular
potassium concentration to 20, 5 or 0 mM K* (Fig. 2 A). We then used 20 mM K* for pharmacological trials and controlled the most
interesting findings with the more physiological 5mM K* concentration. We then gradually inhibited the current with increasing
concentration of both barium (Fig. 2 B) and cesium (Suppl. Fig. 1), two broad-range potassium channel blockers.
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Fig. 2: Pharmacological response of dorsal horn microglial current densities after SNI. (A) |-V curve showing current densities recorded in freshly dissociated microglia
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We then specifically blocked different K* channels known to be expressed in microglia and potentially responsible for inward currents:
inward rectifying potassium channels (Kir2.x channels) with ML133 (Lam et al. 2015), small conductance calcium activated potassium
channels (SK) with apamin (Schlichter et al. 2010, Kettenmann et al. 2011) and two-pore potassium channels, from which Two-pore
domain TWIK-related Halothane-Inhibited K* channels (THIK) have been highlighted as important, with tetrapenthyl-ammonium (TPA)
(Madry et al. 2018).

ML133 induced a dose-dependent block of the SNI D2 K* current densities with maximal inhibition obtained with 50 uM ML133: -4.66
+ 1.91 pA/pF at -100 mV (Fig. 2 C and D) and an IC50 determined at 1.73 uM. Apamin as a blocker of SK1, SK2, and SK3 channels

induced no significant change at a concentration of 100 nM (Fig. 2 E). TPA did not induce any difference in currents at 50 uM (Fig. 2
F).

Although Kir2.2, Kir2.3 and Kir2.4 mRNA are detectable in mouse microglia, their expression is very weak compared to Kir2.1 (Lam et
al. 2017). Moreover, Kir2.5 is electrically silent and Kir2.6 is only expressed in skeletal muscles (Ryan et al. 2010). Thus, we assume
that the currents we measured are generated by Kir2.1.

The microglial RMP is hyperpolarized 2 days after SNI.

We also examined the resting membrane potential of microglial cells after SNI. In freshly dissociated microglia with 20 mM
extracellular K*, the RMP was significantly hyperpolarized from-17.0 £ 12.7 mV in naive animals and -20.3 £ 7.8 mV in sham D2 animals
t0-30.5£17.4 mV in SNI D2 animals (p < 0.001 and p < 0.05 respectively). At SNI D4 and D7, RMP values were -21.3 +9.0and -22.2 +
8.8 mV respectively, no more different from naive and sham D2 levels (Fig. 3 B).

In spinal cord slices with a 5 mM K* extracellular solution, the RMP was hyperpolarized from -16.9 £ 5.6 mV in sham D2 animals to -
45.0 £ 21.1 mV in SNI D2 animals (p < 0.001). Naive microglia had a RMP of -20.4 + 10.2 mV (p < 0.01 vs SNI D2). RMP went back to
naive or sham D2 levels at SNI D7 (-28.4 £ 9.9 mV) (Fig. 3 C).
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Fig. 3: Resting membrane potential (RMP) of spinal cord dorsal horn microglia after SNI. (A) Representative traces of current clamped microglial cells. (B)
Histograms showing RMPs of freshly dissociated microglia with 20 mM K* in extracellular solution. (C) Histograms showing RMPs of microglial cells in spinal cord
slices with 5 mM K* in extracellular solution. Mean + SD. *: p < 0.05, **: p <0.01, ***: p < 0.001.
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The microglial RMP is regulated by Kir2.1.

ML133 at a concentration of 50 uM depolarized the RMP of SNI D2 microglia from -36.9 + 14.3 mV before to -9.00 £ 6.36 mV (p <
0.001) after perfusion with an extracellular concentration of 20 mM K*. Naive cells were also depolarized from -21.2 + 13.8 mV to -
4.29 +5.42 mV (p < 0.01) by Kir2.1 blockade. Apamin, however, did not significantly change the RMPs (Fig. 4 A). No sham D2 animals
were used as currents and RMPs were similar to naive.

The result was replicated with a 5 mM extracellular K* solution to be closer to physiological state. There ML133 depolarized SNI D2
microglia from -49.4 + 22.6 mV before to -4.81 + 9.27 mV (p < 0.001) after the block. Naive cells were also depolarized by Kir2.1
blockade: going from -27.5 + 17.8 mV to -4.82 + 9.28 (p < 0.001) with ML133 (Fig. 4 B).
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Fig. 4: Effect of pharmacological blockade on RMP of spinal cord dorsal horn microglia after SNI. (A) Histograms showing RMPs of freshly dissociated microglia
with 20 mM K*in extracellular solution with 50 uM ML133 or 100 nM apamin block. (B). Histograms showing RMPs of freshly dissociated microglia with 5 mM K* in
extracellular solution with 50 uM ML133. Mean + SD. *: p < 0.05, **: p < 0.01, ***: p < 0.001.
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When isolating the Kir2.1 component, an increase of Kir2.1 outward currents is seen in SNI D2 microglia.

To link the increase in inward current at much hyperpolarized voltage steps to RMP modifications, we analyzed the isolated Kir2.1
component (ML133 sensitive component) in the physiological window of RMP and observed an expected small outward current.

The K* equilibrium potentials according to the Nernst equation in our conditions are: -83.4 mV for 5 mM of extracellular K* and -47.9
mV for 20 mM of extracellular K*, which correspond to Kir2.1 isolated reversal potentials (Fig. 5).

Analyzing the data with two-way ANOVAs from the K* reversal potential (-80 mV for A, -50 mV for B) to 0 mV, we noticed a higher

Kir2.1 isolated currents in SNI D2 than in naive animals.
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Fig. 5: Kir2.1 isolated current densities of spinal cord dorsal horn microglia. |-V curves of naive and SNI D2 Kir2.1 isolated current densities (ML133 sensitive) with
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Kir2.1 membrane expression is increased 2 days after SNI.

To explain the increase in Kir2.1-induced current, we labelled the cells with Kir2.1 antibodies with both intracellular and extracellular
epitopes. Using the Kir2.1 intracellular epitope and cell permeabilization, we showed that almost every microglia were labelled, both
in naive and SNI D2 conditions (Fig. 6 A). With an antibody against an extracellular epitope of Kir2.1, only 23.2 % of our naive
microglia were stained without permeabilization, whereas over twice more cells were stained (49.3 %) in SNI D2 microglia (Fig. 6 B).
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After cell permeabilization, the antibody against the Kir2.1 extracellular epitope stained almost every microglia as for the antibody
against the Kir2.1 intracellular epitope, in both naive and SNI D2 conditions (Fig. 6 C). We noticed that both SNI D4 and SNI D7 cells
have similar Kir2.1 membrane expression as the naive condition, correlating to our electrophysiology experiments (Fig.6 D).

Microglia proliferation in the spinal cord dorsal horn peaks 2 days after SNI.

In response to peripheral nerve injury, spinal microglia undergo morphological hypertrophy and proliferation in rats (Gattlen et al.
2016). To assess whether the same is true in mice, microglia proliferation was then evaluated in the ipsilateral dorsal horn (DHi) after
SNI by counting CX3CR1-EGFP positive cells as well as the cells stained with Ki-67 marker of proliferation (Fig. 7).

We observed an increasing number of microglial cells after SNI from naive to D7 (Fig. 7 A). However, the Ki-67 proliferation marker,
peaked at 2 days after SNI, decreased at D4 and was no more visible in SNI D7 slices. No proliferation was seen in both naive and sham
D7 (Fig. 7 B).

Fig. 7 C shows a representative image of a SNI day 7 spinal cord, with the insert marking the region where the counting was performed.
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Fig. 7: Spinal cord dorsal horn microglial proliferation after SNI. (A) CX3CR1-EGFP cell count (microglia). N=4 animals (B) Cells count for the proliferation marker
Ki-67. Only cells labelled for both CX3CR1 and Ki-67 were counted. A representative image of a Ki-67 staining is shown for SNI D2. N=3 animals. (C) Image showing
a spinal cord slice; with an increase of microglia in the DHi to the surgery in green. DAPI staining appears in blue. Scale bars represent 100 um. Here we compared
against naive and sham D7 for (A) and against naive for (B). Mean % SD. *: p < 0.05, **: p < 0.01, ***: p <0.001.
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ML133 strongly reduces proliferation in BV2 microglial cell line

Microglial proliferation and modification of electrophysiological properties by Kir2.1 both peak at day 2. It has been shown that RMP
varies during cell cycle in cancer cells and that K* channels regulate proliferation (Yang and Brackenbury 2013, Urrego et al. 2014). We
therefore investigated the link between Kir2.1, RMP modification and microglial proliferation by testing the effect of ML133 on an
immortalized murine microglial cell line (BV2). ML133 at the same concentration as for electrophysiology, 50 uM, reduced number of
cells as well as the proportion of proliferating (Ki-67 positive) cells at 2 and 4 days of culture (Fig. 8). There was no significant difference
in the number of cells between 4h, D2 and D4 when we apply ML133 (Fig. 8 B).
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Fig 8: BV2 microglial cell line proliferation assay with ML133 by immunofluorescence. (A) Merged images of BV2 cells stained with DAPI (in blue) and with the
proliferation marker Ki-67 (in red) cultured either in DMEM only or in DMEM with 50 uM ML133 for 2 or 4 days. Representative images taken in the center of the
chamber. (B) Automatic cell count for using the DAPI nucleus staining with Image) software. (C) Percentage of cells counted for the proliferation marker Ki-67 out
of the DAPI counted cells. 2000 cells per well were seeded in each well. After 2h of incubation at 37°C for the cells to attach, DMEM medium was changed with
medium with or without ML133. The scale bar represents 50 um. Mean % SD. *: p < 0.05, **: p < 0.01, ***: p < 0.001.

ML133 reduces pain hypersensitivity and proliferation after intrathecal injection in mice

Our in vitro data suggests that Kir2.1 is essential in controlling the proliferation of BV2 cells. As our freshly dissociated microglia did
not proliferate once in culture, we next examined directly in vivo for both the effect on microglial proliferation and behavioral changes.

We intrathecally injected either phosphate buffered saline (PBS) or ML133 in mice twice daily starting before SNI surgery. ML133
reduced both mechanical static allodynia tested by Von Frey and dynamic allodynia tested with a brush, at 1 and 2 days after SNI
assessed (Fig. 9 A-D). The effect of ML133 is not significantly different just before or after the injection. Therefore, we can conclude
that this drug has no acute effect but a preventive effect by modulating microglia.

The proliferation of microglia was evaluated at 2 days following SNI with the proliferation marker Ki-67 and the microglial marker Ibal
(Fig. 9 E). A reduction of the number of Ki-67 positive cells after intrathecal injection of ML133 was observed (Fig. 9 F).

89



A Von Frey B Von Frey C Brush D Brush
Before After Before After
15 + PBS 1.5 * PBS * PBS - PBS
@ I = ML133 100nmol/site E = ML133 100nmol/site 02 = ML133 100nmol/site o2 = ML133 100nmo|lsiter_<_>,.,-»
2 =2 g . A 1 8 ’
210 2 1.0 8 .
- . T e ’ - 2
% N\ l % * E1 E 1
g 05 l 7 ) g 05 "”k—i g. e &
= 1 £ 0 r// 0
[ f SSRRN—
0.0 * 0.0
E BL Day 1 Day 2 BL Day 1 Day 2
100 ok
—.
*
o 80—
©
o .
hd
© 60
X
s ny
L]
G 40
£
m =] []
- 4
e 20
=
0
PBS ML133

Fig. 9: In vivo effects of intrathecal ML133 on spinal cord dorsal horn microglia. Intrathecal injection twice per day starting before SNI of either 100 nM of ML133
or PBS in CD1 mice. (A and B) Mechanical hypersensitivity assessed with Von Frey before (A) and after (B) the second daily injection. (C and D) Dynamic allodynia
measured by brush before (C) and after (D) the second daily injection. (E) Dorsal horn immunofluorescence of mice injected with PBS or ML133. The microglial
marker lbal appears in red and the proliferation marker Ki-67 in green and the nucleus staining DAPI in blue. (F) Graph bars representing the Ki-67 positive cells in
PBS or ML133 injected mice. N=8 animals per groups for behavior, N=4 animals per groups for immunostainings, with 4 images counted per animals. The scale bar
represents 100 um. Mean £ SD. *: p < 0.05, **: p < 0.01, ***: p < 0.001.

Discussion

In the current study, we report a novel function of the potassium channel Kir2.1 in the proliferation of microglia, by which microglia
play an essential role in the pathogenesis of neuropathic pain. To our knowledge, this report is the first to identify this channel as a
potential microglial target for the treatment of neuropathic pain. Our data reveal that following a peripheral nerve injury, the
electrophysiological profile of microglia drastically changes. Two days after peripheral nerve injury, we observed an increase of Kir2.1-
induced current and a hyperpolarization of the membrane potential of microglia, both of them coming back at their naive level at day
7. This coincides with the proliferation of microglia in spinal cord and the development of neuropathic pain behavior. Blocking Kir2.1
channel inhibited the increase in current, reestablished the membrane potential, reduced proliferation of microglia (in cultured cell-
line and in vivo) and alleviated neuropathic pain behavior.

Electrophysiological modifications of microglia after SNI

We observed an increase of inward current at low voltage steps 2 days after SNI, but we did not see an outward current at positive
potentials as often described in when challenging microglia. However a strong increase in outward current associated with a reduction
of the inward current is mostly described when specific triggers mimicking pathogen-induced activation are applied such as
lipopolysaccharide (LPS), pneumococcal cell walls (PCW) or HIV-TAT protein (De Simoni et al. 2008, Seifert 2011, Scheffel et al. 2012).
When tissue-damaging procedures such as hypoxia (MCAOQ) or stab wound are used, a strong inward current with very low outward
current is described, as in our model (Lyons et al. 2000, Seifert 2011, Richter et al. 2014). Injection of chemokine CXCL1 also induced
inward current (Deftu et al. 2018). One study using facial axotomy of the facial nerve showed an increase of inward current followed
by an outward current and finally return to baseline of both (Boucsein et al. 2000).
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The inward current is caused by Kir2.1.

We first showed that the current is dependent on potassium concentration and inhibited by the broad blockers barium and cesium.
The absence of effect of apamin excludes SK channels. IC50 for SK2 and SK3 are 27 pM and 4 nM respectively, far below the
concentration we used (Grunnet et al. 2001). SK1 may not be fully blocked with the 100 nM of apamin of our experiment (IC50 of 704
pM and 196 nM for SK1, due to a biphasic block), however its impact in potassium currents in microglia is rather small since its
expression in microglia is low compared to SK3 (Schlichter et al. 2010) or even undetected (Khanna et al. 2001). Mostly SK3 was shown
to play a major role in microglia-induced neurotoxicity. Its Inhibition reduced reactive oxygen species and neuronal death in
hippocampus (Schlichter et al. 2010).

TPA, a specific blocker of two-pore K* channels also showed no effect. We did not use blocker of Kvs, in the absence of outward current.
For barium, the channel with the IC50 nearest to our results is Kir2.1 (IC50 of 3.2 uM). Kir2.2 (IC50 of 0.5 pM) should be more sensitive
and Kir2.3 (IC50 of 10.3 uM) and Kir2.4 (IC50 of 390 uM) less sensitive (Hibino et al. 2010). ML133, the specific Kir2.x family blocker
strongly reduced our currents. ML133 is to our knowledge the most selective Kir2.x blocker available with an EC50 of 1.8 uM for Kir2.1,
2.9 uM for Kir2.2, 4.0 uM for Kir2.3 and 2.8 uM for Kir2.6 at pH 7.4. Yet, ML133 can inhibit other channels. It has an IC50 of 7.7 uM for
Kir6.2, 32.9 uM for Kir7.1, 76 uM for Kird.1, and more than 300 uM for Kirl.1 at pH 7.4 (Wang HR et al. 2011). Lam and colleagues
2017 demonstrated that Kir2.1 is the main Kir2.x member expressed in microglia in both Sprague Dawley rats and C57BL6 mice
compared to Kir2.2, Kir2.3 and Kir2.4. We therefore concluded the increased inward current at the low-voltage steps as Kir2.1-
dependent.

Two transcriptomic analysis studies could not highlight an increase of Kir2.1 in microglia after stimulation (Zhang et al. 2014, Hickman
etal. 2014). We could not conclude on an increased expression of the channel at the RNA level. However, we showed that an increased
proportion of channels migrate to cell membrane. Using extracellular antibodies against Kir2.1 without permeabilization, we found
that Kir2.1 is expressed at the membrane twice more often in SNI D2 than in naive. Kir2.1 externalization in SNI D4 and SNI D7 cells
were not different from naive cells. This pattern coincides with our electrophysiological data of Kir2.1-induced increase in current.

Kir2.1 modulates membrane potential.

RMPs of our microglia were measured between -17 and -24 mV in naive condition, which is close to the range of resting state values
described in the literature, comprised between -18 and -37 mV (Chung et al. 1998-9, Schilling et al. 2015, Gu et al. 2016). Two days
after SNI, these potentials became hyperpolarized. Surprisingly, hyperpolarization was seen in most studies of reactive microglia,
whatever the current modification observed: outward or inward. The RMP was rescued by blocking the increased current, both inward
or outward (Chung et al. 1998-9, Blomster et al. 2016). Kir2.1 is an important channel for regulation of the membrane potential of
microglia. When blocking Kir2.1 channels with ML133, the resting membrane potential is depolarized in both naive and SNI D2 cells.
Hyperpolarization of the membrane potential associated to an increase of spinal cord microglial Kir currents was previously observed
after intrathecal injection of the pro-inflammatory cytokine CXCL1 (Deftu et al. 2018).

Madry and colleagues 2018 observed a hyperpolarization of microglial membrane potential following ATP injection in extracellular
space via micropipette. They showed a reduction of current when they used TPA or isoflurane to block the potassium currents of their
microglia which they identified as dependent on the two pore K* channel - THIK-1. They also observed a rescue of the resting
membrane potential from highly hyperpolarized with the ATP perfusion, to a level similar to control when blocking those channels
with TPA or isoflurane. However in our model, TPA did not affect currents or RMPs.

At physiological levels, the membrane potential is more depolarized than the reversal potential of potassium. Kir2.1 channels are
also able to generate small outward currents in this situation. Due to their size, those currents are difficult to detect unless
subtracting the current remaining after blocking Kir2.1 from the total current and therefore revealing the Kir2.1-sensitive current. At
more depolarized potentials, there is no further increase of the outward current despite the higher electrochemical driving force
because of the intrinsic properties of Kir channels, which have a lower conductance at higher potential. Kir2.x channels are key
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channels for the regulation of cell membrane potential, in excitable and non-excitable cells (Hibino et al. 2010) and this small
outward current at membrane potential explains the hyperpolarization of microglial cells.

Resting membrane potential and proliferation in SNI microglia

Two days after SNI, the RMP was hyperpolarized and microglia proliferation was at its peak. A link between RMP and cell cycle has
been previously observed (Yang and Brackenbury 2013, Urrego et al. 2014). The broad K* channel blocker barium has been shown to
reduce M-CSF induced microglial proliferation (Schlichter et al. 1996). High level of K* efflux has been observed long ago during the M
phase of proliferating cancer cells (Mills and Tupper 1976, Boonstra et al. 1981). More recently, Wang W et al. 2014 showed that
blocking voltage-gated potassium channels such as Kv1.3 and Kv3.1 would arrest the cell cycle before the M phase in myeloma cancer
cells. In our freshly dissociated microglia, no proliferation was observed and we therefore tested the link between Kir2.1 channels and
proliferation on BV2 microglia which constantly multiply. ML133 greatly reduced the proliferation in those cells. To exclude a toxic
effect of ML133, the drug was washed out and proliferation was encountered again, proving viability of the cells (Suppl. fig. 2). Finally,
we could show that microglial proliferation was reduced in vivo when applying ML133. We can therefore hypothesize that the RMP
hyperpolarization caused by Kir2.1 is necessary for microglial proliferation.

ML133 reduced allodynia after SNI.

Using the SNI model of neuropathic pain allowed us to evaluate effect on behavior and we could show that intrathecal injection of
ML133 reduced mechanical static and dynamic allodynia following the injury. To our knowledge, there is only one previous published
study on ML133 and pain (Shi et al. 2018) which could also demonstrate that it prevented dynamic but not static allodynia when
injected before SNI with a dose-dependent effect for 5 days after SNI. ML133 also reversed dynamic but not static allodynia in 2 days
when given after SNI. Their focus was on neurons. They saw no increase in total Kir2.1 protein in spinal cord, and no change in Kir2.1
current in neurons, but claimed a colocalization of Kir2.1 with neuronal markers in the dorsal horn of the spinal cord.

In conclusion, this study provides a new insight into mechanisms underlying the electrophysiological properties and proliferation of
microglia in response to a peripheral nerve injury. Although further studies are necessary for a comprehensive understanding of these
mechanisms, we unravel a new path for a currently unmet medical need: treatment of neuropathic pain, occurring via Kir2.1 channels
induced microglial RMP modulation.

Material and methods

Animals

Adult transgenic male C57BL/6 mice (20-24 g) expressing Enhanced Green Fluorescent Protein under the control of the endogenous
CX3CR1 locus (CX3CR1EPMice (B6.129P-Cx3cri1t™miit/]) Jackson Laboratory, USA) were used to allow recordings on CX3CR1-Green
Fluorescent Protein-labeled microglia. The handling of animals was in accordance with the European Union Directive 2010/63/EU and
the ethical guidelines of the University of Lausanne.

For intrathecal injection of ML133, male CD1 mice (8-10 weeks) from Charles River were used as indicated for behavioral and
biochemical experiments. Mice were housed four per cage at 22 + 0.5°C under a controlled 12 hours light/dark cycle with free access
to food and water. After surgery, the mice were observed in the home cage until they were able to take food and water. All efforts
were made to minimize animal suffering, reduce the number of animals used, and use alternatives to in vivo techniques, in accordance
with the International Association for the Study of Pain, the National Institutes of Health Office of Laboratory Animal Welfare Guide
for the Care and Use of Laboratory Animals and with animal welfare guidelines established by the University of Cincinnati Institutional
Animal Care and Use Committee.

SNI model

SNI surgery mouse model was performed as described previously (Decosterd and Woolf 2000). Briefly, mice were anesthetized with
isoflurane. A skin and muscle incision was made in the thigh to expose the sciatic nerve on one side. Then, the tibial and common
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peroneal nerves were ligated and transected distal to the ligature. The third branch, the sural nerve, was left intact and stretch or
contact carefully avoided.

Solutions

Patch-clamp recordings were made in an extracellular solution (ES) containing (in mM): 120 NaCl, 20 KCl, 2 CaCl,, 1 MgCl, 10 HEPES,
and 10 D-glucose. The potassium-free solution was similar to the ES, except for the KCI, which was replaced with 20 mM choline
chloride. For the 5 mM K* ES, the same but the 5 mM of K* was completed by 15 mM of choline chloride. The pH was adjusted to 7.4
with NaOH at room temperature and the osmolarity was 300 mOsm/kg. The intracellular solution contained (in mM): 5 NaCl, 130 KCl,
1 CaCly, 2 MgCly, 10 HEPES, 10 EGTA, with a pH of 7.4 adjusted with KOH and an osmolarity of 290 mOsm/kg. Barium solutions (0.5,
2.3, 10.3, and 390 uM), Cesium solutions (0.01, 0.1, 0.5, 1, and 5 nM), ML133 solutions (0.5, 5 and 50 uM), TPA solution (50 uM) and
apamin solution (100 nM) were prepared in either 20 mM or 5 mM K* ESs.

Microglia primary culture

Mice were terminally anesthetized by intraperitoneal (i.p) injection of pentobarbital, and then decapitated. The spinal column was
removed and the spinal cord was flushed out with PBS injected from its sacral part of the column. The tissue was transferred into a
petri dish containing extracellular solution (ES) used for electrophysiology, and the lumbar region was separated under a
stereomicroscope (Zeiss, Jena, Germany). The ipsilateral dorsal horn (DHi) of the L3-L5 region was collected, placed in DMEM with
papain (2 mg/mL, Sigma) and incubated at 30°C for 30 min on a shaker. The tissue was triturated 3—4 times in 2 mL fresh culture
medium: DMEM supplemented with 10% heat inactivated fetal bovine serum (BSA) and 1% Penicillin-streptomycin (PS) and allowed
to settle for 2 min. The supernatant containing the cell suspension was transferred, and the procedure was repeated two times. The
resulting cell suspension was centrifuged at 400g for 5 min at room temperature. After discarding the supernatant, the sediment was
re-suspended in a culture medium and plated on 12 mm coverslips in 35 mm petri dishes containing 2 mL of culture medium or in 8-
chamber slides (Nunc) containing 300 pl of culture medium. After 24 h incubation at 37°C and 5% CO:, immunofluorescence or patch-
clamp recordings were performed.

BV2 cell Culture

BV2 cells are immortalized C57BL/6 mice murine brain cells (IRCCS Ospedale Policlinico San Martino (ICLC, Genova)). Cells were
cultured in T75 flasks, passed once a week. For experiments, cells were harvested and plated in 8-chamber slides. Culture medium
was DMEM + 10% FBS + 1% PS. If not otherwise mentioned, all reagents were from Gibco, Life Technologies.

Electrophysiology

Fire-polished borosilicate glass pipettes with filament (World precision Instruments -TW150 F-4) were pulled using a DMZ-Universal
Puller (Zeitz-Instruments) to a resistance near 5 MQ. A MultiClamp 700B amplifier and a Digidata 1440A with the pClamp 10.3 software
(Molecular Devices, Sunnyvale, CA, USA) were used for recordings. The cells were clamped at a holding potential of .60 mV and fast,
slow and whole-cell compensation were made with a correction of 70%, a bandwidth of 5 kHz and a low-pass filter of 10 kHz. The
whole-cell recordings were made under an Olympus BX51WI microscope (Tokyo, Japan) with a fluorescent lamp X-Cite 120PC-Q
(Excelitas Technologies, Waltham, MA, SUA) and a digital acquisition camera ORCA-Flash2.8 (Hamamatsu Photonics, Shizuoka, Japan).

Immunofluorescence

Mice were terminally anesthetized by i.p injection of pentobarbital and perfused with ice cold PBS for 1 min followed by 4%
paraformaldehyde (PFA) in PBS for 4 min. The sciatic nerve ipsilateral to the injury was dissected up to the L3-L5 spinal nerves to
identify the corresponding level of the spinal cord. L3-L5 level of spinal cord was then collected and post-fixed overnight in 4% PFA at
4°Cthen transferred into 20% sucrose during 24h for cryoprotection and rapidly frozen. Slices of 18 um thickness were cut on a cryostat
and placed on slides for staining. For dissociated cells the same protocol as for electrophysiology was used. Twenty-four hours after
plating, cells were fixed with 4% PFA for 10 min. After washing, cells or slices were incubated for 45 min in a 5% BSA, 0.1% triton X-
100 PBS blocking solution and overnight with the primary antibody. If no permeabilization was needed, no triton X-100 was used
during all the procedure. As primary antibodies, we used rabbit anti-Kir2.1 intracellular (1:300, Alomone Labs, Israel), rabbit anti-Kir2.1
extracellular (1:500, Alomone Labs, Israel) or rabbit anti-Ki-67 (1:750, Abcam, USA) for experiments depicted in Fig. 6, 7 and 8.
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After PBS washing, cells or slices were incubated in the blocking solution for one hour at room temperature with the secondary
antibody. Donkey anti-rabbit Cy3 (1:500, Jackson, USA) was used for experiments depicted in Fig. 6, 7 and 8. DAPI (4',6-diamidino-2-
phenylindole) was applied on the slices for nuclear labelling before the final PBS wash. Lumbar spinal cord sections were then mounted
on slides with Mowiol mounting medium and stored at 4 °C.

Pictures of 4 Ki-67-labelled lumbar sections for each naive, SNI and sham operated animals were taken with the 40x objective using
an Axio Imager Z1 fluorescence microscope (Zeiss, Oberkochen, Germany). Field was placed on the edge of the grey matter as shown
in Fig. 7 C. Fluorescence intensity and exposure time were kept constant. An investigator blinded to the sample identity counted the
positive cells.

For Kir2.1 extracellular labelling, tile scans of 8x8 mm were taken with a 10x objective on a Leica DMi8 Inverted fluorescence
microscope. Fluorescence intensity and exposure time were kept constant for each picture. Cells were counted by an investigator
blinded to the treatment. An intensity threshold of 10’000 intensity units (image J) in a 182 area square was chosen to select positives
cells. One dot in Fig. 6 D represents the mean of 2 tile scans per animal each containing around 100 microglia.

For Kir2.1 intracellular epitope, images were taken with a Zeiss LSM 780 Quasar Confocal Microscope.

For the BV2 cell counting, the same amount of cells was plated in each chamber of 8-chambers slides. After tile scan acquisition, DAPI
and Ki-67 positive cells were automatically counted with the Image)J software.

For in vivo experiments, immunohistochemistry of spinal cord sections were carried out as follows. Mice were terminally anesthetized
and perfused with PBS, followed by 4% paraformaldehyde in PBS (PFA solution) and lumbar spinal cords were collected two days after
SNI surgery. Tissues were post-fixed in PFA solution overnight and subsequently transferred into 30% sucrose in PBS for 24h. Spinal
cords were sliced into 40 um sections and collected in PBS. Free floating sections were then blocked for 1h at room temperature with
1% BSA with 0.2% Triton X-100 in PBS (BSA solution). Subsequently, sections were incubated with Ibal (goat, 1:1000, cat# NB100-
1028, Novus) and Ki-67 primary antibody (rabbit, 1:50, cat# NB600-1252, Novus) overnight at 4°C, followed by incubation with the
secondary antibody donkey anti-goat Alexa Fluor® 555 and donkey anti-rabbit Alexa Fluor® 488 (1:1000, Thermo Fisher Scientific) for
1 h at room temperature. Sections were mounted on slides and DAPI (Thermo Fisher Scientific) was used for counterstaining.
Quantification of images from multiple sections of each SC, selected at random, were captured under an Olympus BX63 fluorescent
microscope using cellSens imaging acquisition software (Olympus, Center Valley, PA). All image capture and quantification were
performed comparing samples from all experimental groups, prepared with the same staining solutions, and then measured using
identical display parameters.

Behavioral testing

Static mechanical allodynia was assessed as the hind paw withdrawal response to von Frey hair stimulation using the up-and-down
method, as previously described (Chaplan et al. 1994). Briefly, the mice were first acclimatized (1 hour) in individual clear Plexiglas
boxes on an elevated wire mesh platform to facilitate access to the plantar surface of the hind paws. Subsequently, a series of von
Frey hairs (0.02, 0.07, 0.16, 0.4, 0.6, 1.0, and 1.4 g; Stoelting CO., Wood Dale, IL) were applied perpendicular to the plantar surface of
the hind paw. A test began with the application of the 0.6 g hair. A positive response was defined as a clear paw withdrawal or shaking.
Whenever a positive response occurred, the next lower hair was applied, and whenever a negative response occurred, the next higher
hair was applied. The testing consisted of 6 stimuli, and the pattern of response was converted to a 50% von Frey threshold, using the
method described previously (Dixon 1980), by an investigator blinded to treatment.

Dynamic allodynia was assessed as the response to a light stroke on the lateral plantar region of the paw with a paintbrush, in the
heel-to-toe direction. The paintbrush was prepared by smoothing the tip and removing the outer layer of hairs. An average of three
tests at 10-s intervals was obtained for each mouse. The scoring system was as follows: 0: walking away or occasional, very brief paw
lifting within 1 s (as for normal touch behavior); 1: sustained lifting (> 2 s) of the stimulated paw toward the body; 2: strong lateral
paw lift above the level of the body; 3: multiple flinching or licking of the stimulated paw (Shi et al. 2018).ML133 (52825; Selleckchem,
Houston, TX) was dissolved in dimethylsulfoxide (200 nmol/ uL) and diluted in PBS to the final concentrations of 100 nmol/site before
intrathecal administration in a 5 uL volume, one hour before surgery, followed by two daily i.t. injections.
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Analysis

Patch clamp data were analyzed with Clampfit 10.3 (Molecular Devices). Statistical analyses were performed with Prism 7 software
(GraphPad, San Diego, CA, USA). For |-V curves, two-way ANOVAs with Sidak correction on post-hoc tests were performed on the
inward current densities from -160 to -70 mV. For behavior, two-way ANOVAs with Sidak correction on post-hoc tests were performed.
For the |-V curves of Kir2.1 Isolated current densities, two-way ANOVAs were performed from the reversal potential to 0 mV.

For Fig. 1 D, 3, 6, and Suppl. fig. 2, one-way ANOVAs with Dunett’s correction on post-hoc tests were used because all groups were
compared to one. For Fig. 7 and 8, one-way ANOVAs with Sidak correction on post-hoc tests were used because groups were compared
all together or 2 by 2 (Fig. 8). For Fig 9 F, t-test was used. For Fig. 1 C, 2 D, and 4, the non-parametric Kruskal-Wallis test with Dunn’s
correction on post-hoc tests was applied because normality (Shapiro-Wilk test) was not met and differences between SDs (Brow-
Forsythe test) were found.

Values were represented as mean * SD and p < 0.05 was considered significant. Thresholds were represented as follows: *: p < 0.05,

**:p<0.01, ***: p <0.001. Only biological replicates are presented in the figures.

STAR * METHODS
KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-Kir2.1 intracellular Alomone Labs, Israel APC-026

Rabbit anti-Kir2.1 extracellular Alomone Labs, Israel APC-159

Rabbit anti-Ki-67 Abcam, UK Ab15580

Donkey anti-rabbit Cy3 Jackson, USA 711-165-151

Goat anti-lbal Novus, USA NB100-1028

Rabbit anti-Ki-67 Novus, USA NB600-1252

Donkey anti-rabbit Alexa Fluor® 488 Thermo Fisher A-27034

Donkey anti-goat Alexa Fluor® 555 Thermo Fisher A-21432

Chemicals, Peptides, and Recombinant Proteins

Apamin Alomone Labs, Israel STA-200

Barium Sigma-Aldrich 342920

Cesium Sigma-Aldrich 289329

ML-133 Sigma-Aldrich SML0190

ML-133 Selleckchem, USA S$2825

TPA Sigma-Aldrich 258962

Diamidinophenylindole (DAPI) Thermo Fisher D-3571

Experimental Models: Organisms/Strains

CX3CR1E%PMice (B6.129P-Cx3cri1tmititt/}) Jackson, USA 005582

Characterized by Jung S. et al. 2000

CD1 mice Charles River, USA CD-11GS

BV2 microglial cell line created from C57BL/6 mouse brain. IRCCS Ospedale Policlinico San ICLC catalog code:
Martino (ICLC, Genova) ATL03001

Software and Algorithms

Image) imagej.net N/A

Axiovision Zeiss rel.4.6

Las X Leica microsystems N/A

pClamp10 Molecular Devices 10.3

GraphPad Prism GraphPad Softwares v.7

Zen Zeiss Blue / black
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Other

Isoflurane Provet 2222

Pentobarbital (Esconarkon) Streuli Pharma V102013

8-chamber slides Nunc 4808

Micropipette Puller Zeitz-Instruments DMZ-universal puller
Borosillicate tubes with filament World precision Instruments TW150 F-4
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Suppl. fig. 1: Pharmacological response of dorsal horn microglial current densities after SNI. I-V curve showing currents densities recorded in freshly
dissociated microglia from SNI D2 mice in 20 mM K* extracellular solution blocked with different concentrations of cesium, a broad K* blocker. Mean + SD, *:
p <0.05, **: p<0.01, ***: p < 0.001. All groups were compared to control — no block.
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Suppl. fig. 2: ML133 dose-dependency effect on proliferation of BV2 cells: (A) Effect of increasing concentration of ML133 during 4 days on proliferation
of BV2. For Removal D2 column (in grey) ML133 was removed after 2 days to show viability of the cells; automatic cell count with ImageJ software using
DAPI nucleus staining. (B) Percentage of positive cells for the proliferation marker Ki-67 out of the DAPI counted cells. Automatic cell count with Image)
software using Ki-67 marker. Mean + SD, *: p < 0.05, **: p < 0.01, ***: p < 0.001.
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Suppl. fig. 3: Detail of ML133 sensitive current densities: |-V curves of freshly dissociated microglia before and after ML133 in naive ((A), 20 mM extracellular
K*; (B) 5 mM extracellular K*) and SNI D2 ((C) 20 mM extracellular K*; (D) 5 mM extracellular K*). (E and F) I-V curves of naive and SNI D2 Kir2.1 isolated current
(ML133 sensitive), with 20 mM K* and 5 mM K* in extracellular solution respectively. These curves are obtained by subtraction of the value before and after
ML133 of each A, B, Cand D. Mean = SD, *: p<0.05, **: p <0.01, ***: p < 0.001.
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Discussion

1. Microglial activation

We can observe similarities in microglial activation between different neuropathic
pain models: first, there is a rapid increase in the number of microglia over the first week
after the injury. (Hu and McLachlan 2006). The amount of microglia then either remains
stable or lowers slowly during next week depending on the studies. The hypersensitivity
caused by the neuropathic pain model follows the same trend. It peaks early: often two days
after peripheral injury and then stabilizes or lowers slowly (Kim et al. 2007, Clark et al. 2007,
Cao and De Leo 2008, Dominguez et al 2008, Guasti et al 2009, Zhuang et al. 2007, Feng and
Dubner 2008, Gattlen et al. 2016)

The inflammation models cause more an acute reaction. Microglial reactivity is also
reported early: at day 2 sometimes before, at day 1 for intraplantar capsaicin injection (Chen
etal. 2008). Huxtable and colleagues 2013 even showed increase of ROS inducing genes and
cyclooxygenase gene upregulation in microglia 3 hours after systemic injection of LPS.
Similarly, Svensson et al. 2003 showed spinal microglial activation of p38 MAPK pathway
already ten minutes after substance P intrathecal injection. However, few effects remained
after one week, except for formalin and CFA, which generated a strong inflammation. Still,
the hypersensibility caused by those models did not last more than 2 weeks. Yong-hui 2012

showed that protein synthesis from activated microglia is reduced to naive level at day 14.

When injected intraplantar, intra-articular or in the hind paw the inflammatory agent,
induced microglial reactivity in the dorsal horn ipsilaterally to the injection site. Following
injection in the spinal cord or even systemically the effect on the microglia was the same but

in the whole spinal cord (references Table 2).



2. Gene profiling of activated microglia

With the first article, we investigated the gene profile of the dorsal horn of the spinal
cord: the location where most microglial reaction after the SNI were described. We
investigated 96 genes of interest in the context of inflammation, pathogen pattern
recognition receptors such as toll-like receptors (TLR) and downstream effectors of cellular

signaling such as MYD88 and NF-xB.

There was a clear increase in gene expression of TLRs and complement components
over all the timecourse. These genes are related to pathogen detection for the TLRs and
opsonisation via the complement. Even in the absence of pathogen in the SNI, microglia use

this pathway to induce a phenotype in response to peripheral nerve injury.

We also showed that pro-inflammatory cytokines such as IL-6, IL-18, CCL4, CCL12,
CXCL11 and TNF-a genes were upregulated in early time points D2 to D10. Later on their
amount was reduced, quickly for some with already a drop at D4 (TNF-a, CCL4, CCL12,
CXCL11), and later - D10 - for others (IL-6, IL-18).

We also noticed an increase of anti-inflammatory agents in the later timepoints. At

D21, we observed a strong increase in gene expression of CCL1, CCL22 and IL-10.

Together with the decrease of pro-inflammatory agents until D21, we observed a
switch from pro-inflammatory to anti-inflammatory phenotype of the genes expressed in the
spinal cord, which might reflect a change of microglia activation phenotype. This process
seems to start at least 2 weeks from the nerve injury, then microglia change slowly to an anti-

inflammatory phenotype.
We can correlate this hypothesis with the results of these studies:

Griffin et al. 2017 showed an increase of different pro-inflammatory genes in spinal
cord adult microglia 7 days after SNI: IL-18, CCR5, CCL13, CXCL13 were upregulated. They

also observe the same increase in the complement genes.
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In a later time point, Andreou et al. 2017 revealed that in a mouse model of breast
cancer brain metastasis, their microglia expressed the mannose receptor C-type 1 and

arginase 1: two anti-inflammatory marker only at day 21.

What would have caused this microglial phenotypic switch from pro- to anti-
inflammatory? The response could be an interaction with astrocytes: studies have shown that
they are also modified after nerve injury (Hu et al 2006, Wei et al. 2008, Cui et al. 2011),
maybe with a delay.

Indeed, it seems that astrocytic activation is late by a few days compared to the
microglial activation, peaking at D7 while D2 for microglia (Kim et al. 2007), but all these

timecourse will depend on the marker which is studied.

In addition, Sun et al. 2017 showed that IL-17 is a key activator of astrocytes and that
its expression is not increased at D3 but strongly increased at D7, when the number of
astrocytes is also high. Interestingly, they mention this cytokine as possibly induced by

microglial TLR2 activation.

Another study that goes in this direction is the work of Liddelow et al. 2017, showing

that purified activated microglia is capable of inducing reactive astrocytes.

Faulkner and colleagues 2004 showed in the SCI that reactive astrocytes have a
shielding role towards neurons and oligodendrocytes and that there was an increase in

inflammation after the removal of reactive astrocytes.

Shinozaki et al. 2017 showed similar results using the traumatic brain injury (TBI)
model: the brain version of the SCI. There also astrocytes had a protective role, creating a
scar formation around the injury. Interestingly they showed that those astrocytes were

activated by microglia via downregulation of astrocytic P2Y1 purinergic receptors.

The general hypothesis would be that activated microglia would make astrocytes
react. Those activated astrocyte would by their cytokine secretions cause a microglial

phenotypic switch toward an anti-inflammatory phenotype.
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3. Immune cell infiltration

In the first article, we also looked for the contribution of infiltrating lymphocytes.
From our work, it appeared that unless a breach of the BBB occurs, only few T-lymphocytes
infiltrate the CNS. Thus, the neuroinflammation seemed to be caused mostly by the cells in

place: glia.

Others arrived to the same conclusion we did. Kim et al. 2011 showed that there was
no macrophage, neutrophils, dendritic cells, T lymphocytes or even B lymphocytes following
partial sciatic nerve ligation neuropathic pain surgery. Austin and colleagues 2012 found
only very few lymphocytes infiltrated in the dorsal or ventral horn after CCI: they could count
0 to 2 cells per part analyzed. Yet, some studies observed lymphocytes infiltrated in the
dorsal horn ipsilateral to the nerve injury (Costigan et al. 2009, Cao and De Leo 2008).
Echeverry et al. 2011 reported that monocyte chemo-attractant protein 1 (MCP-1) caused a
transient permeabilization of the blood spinal cord barrier after nerve injury - the equivalent
of the BBB for spinal cord. They also noted that TGF-f3 and IL-10 had the opposing effect. One
could hypothesize that depending on the cytokine balance the blood spinal cord barrier is
more or less permeable to immune cells. Still, what exactly allows infiltration remains

unclear.

There is a possibility for macrophages to infiltrate the CNS after neuroinflammation.
As resident macrophages and microglia do not express the CCR2 receptor, genetic labeling
with CCR2-RFP transgenic mice can repertory only circulating macrophages. In SNI however,
such labelling revealed only very few amount in spinal cord 7 days after SNI (Smith et al.

2018).

4. Electrophysiological properties of microglia

Electrophysiological modifications in microglia with currents induced by voltage step
protocols have been shown in many models of microglial activation, whether be it inward,

outward or even both.
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After reviewing them (Table 4), the different types of currents measured seem not to
be species-dependent: rats, mice, and even human microglia showed similar current
patterns. The tissue of origin of microglia (brain or spinal cord) was also not a differentiating
factor. The most important factors were the age of the organism and the type of microglial

activator/trigger.

Resting currents pattern differs a lot between ages : embryo have low inward and
intermediate outward currents, newborns have high inward low outward current, juveniles
(20 days old for mice) have the same pattern as newborns, adults (8 weeks and more for

mice) present low inward and low outward currents.

When activated with a specific trigger microglia often shows similar patterns:
pathogen induced activation via LPS, PCW or HIV-TAT protein all show a strong increase of
outward current, while the inward current is reduced compared to the resting state (De

Simoni et al. 2008, Seifert 2011, Scheffel et al. 2012).

However, if microglia is activated by a tissue damaging procedure such as hypoxia
(MCAO), Status epilepticus (SE), or stab wound, they exhibit strong inward currents, while
keeping very low outward current (Lyons et al. 2000, Menteyneet al. 2009, Seifert 2011,
Richter et al. 2014). 1 also observed this pattern after SNI in the second study.

Activation with interleukins often used to induce an alternative type of activation (IL-

4,1L-10), ATP, or other chemicals gave unique patterns difficult to classify.

Microglia in slices tend to have an overall lower current both in resting state and in

activated state than dissociated and freshly cultured microglia.

The resting membrane potential of microglia is comprised between -18 and -40 mV in
resting state. Few studies investigated the RMP of their microglia before and after treatment,
however they mostly observed a hyperpolarization of the microglial RMP after activation of
around 20 mV. A surprising fact is that this happened whether the increased current was
inward or outward and the RMP was rescued by blocking the increased current either way.

(Inward Chung et al 1999, outward Chung et al. 1998, Blomster et al. 2016)
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In my study, I observed similar RMP with a range between -18 and -24 mV in naive
condition. Two days after SNI, microglia showed increased inward currents together with a
hyperpolarized RMP. Using ML133, the inward current was fully blocked and the microglial
RMP depolarized beyond its resting level.

The inward current of Kir2.1 is seen when hyperpolarized voltages of the step
protocol are applied. It does not explain the change of the membrane potential since the entry

of positive potassium ions would depolarize the membrane, not hyperpolarize it.

At physiological levels, the potentials, is more depolarized than the reversal potential
of potassium, Kir2.1 channels will generate small outward currents. Those currents are
difficult to detect unless subtracting the current remaining after blocking Kir2.1 from the
total current and therefore revealing the Kir2.1 sensitive current (Figure 5 of second article).
At even more depolarized potential, there is no increase of the outward current because of

the intrinsic properties of Kir channels, which have a lower conductance at higher potential.

Once Kir2.1 was blockedwith ML133, this ion flux was stopped and more K* remained

in the cell - causing the observed depolarization of the RMP.

In several studies, there is an increase of outward current and a hyperpolarization of
the RMP measured in activated microglia (Chung et al. 1998-9, Blomster et al. 2016). This
exit of K+ ions is causing a hyperpolarization of the RMP, as fewer cations remains in the cell.

Pharmacological blockade of this efflux, led to a return to a more depolarized RMP.

Aside of barium and cesium, we used the most specific pharmacological blockers
commercially available. However, a Kir2.1 specific inhibitor has not been discovered yet, so
we used the Kir2.x family blocker ML133. Here is a table of the blockers we used and their

target.
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Channel targeted :Effects Source Identifier | References

Barium K+ channels Block all potassium channels due to their larger size. _ 342_920 for .

Cosium Sigma- barium Schlichter etal.
When in extracellular solution it blocks inward potassium  Aldrich for 1996
currents: stopping the ion flux by getting stuck in pores both 289329 for
of potassium channels. When put in intracellular solution cesium

the outward current by the same mechanism.

High concertation must be applied for a full block.
ML133 Kir2.1 Blocks the whole Kir2.x family from the intracellular side

with high selectivity. ML133 blockade is not voltage f\l‘i::h SMLO190 Eart ekl 15
dependant and gets more potent with lower pH.
IC50 at pH 7.4: Wang etal. 2011
P i) 18uMforKirz.1 7.7 uM for Kir6.2
2.9 uM for Kir2.2 32.9 uM for Kir7.1
4.0 uM for Kir2.3 76 uM for Kird.1
2.8 uM for Kir2.6 more than 300 uM for Kir1.1
TPA i Blocks two-pore domain TWIK-related potassium .
(tetrapentyl- THIK-1 channels from the intracellular side. iﬁma&; 258962 Madzrgll;t b
). No values were found for THIK-1 1C50, thus we used the e :
same amount as Madry and al. 2018. From their results Piechotta etal.
We used 50 uM we could extrapolate it between 0.5 and 5 pM . 2011
For other channels members of this family - IC50:
0.3 pM for TRESK 10.5 uM for TREK-1
8.5 uM for TASK-3
Apamin SK channels Blocks selectively SK1, SK2, and SK3 channels. Alomone o Khanna et al.
1C50: Labs 2001
We Lecd 100nM 27 pM for SK2 Grunnet etal.
4 nM for SK3 2001

704 pM and 196 nM for SK1 due to biphasic blockade

Table 5: Pharmacological blockers used on microglial channels.

5. Impact of membrane potential on proliferation

In cancer cells, depolarizations or hyperpolarizations of the membrane potential of
cells cause proliferation. Several Kir channels are involved in this. In addition, there is a high
K* efflux during M phase of the cell cycle, hyperpolarizing the membrane (Yang and
Brackenbury 2013).

Several study report that membrane hyperpolarization at the G1/S checkpoint is
necessary for S phase initiation. For instance depolarizing the cell membrane stops G1/S
progression in glia (Canady et al. 1990), Schwann cells (Wilson and Chiu 1993), Lymphocytes

(Price et al. 1989) and several other cells.

Previously, Schlichter and colleagues 1996 reduced proliferation of CSF-1 cultivated

microglia, Wether using the broad K* channel blocker barium or different chloride channel.
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They show aswell a reduction of inward currents with the barium block. With chloride
channel blockade, they stopped the inward Cl- flux, which could depolarize the cell, as no CI-

would diffuse in the cell anymore.

Considering outward currents, many studies using LPS for instance had impressive
outward currents generated. Once determined as potassium current via broad blockers such
as barium or cesium, few candidates were to be discriminated: Kv1.1, Kv1.2, Kv1.3, Kv1.5 and
Kv1.6 (Kotecha and Schlichter 1999). Following the use of diverse potassium channel
blocker, Menteyne et al. 2009 determined that the current was originating from Kv1.3 and

Kv1.5.

Later, several studies managed to fully block their outward current with Agitoxin-2 or
PAP1: both selective blocker of Kv1.3. This relayed Kv1.5 to less importance. Still the
important point is that when the induced outward current was blocked with 4-AP, the RMP

of microglia was depolarized to resting levels (Chung et al 1998).

With the studies on outward microglial current, I could extend my conclusion to any
channel that would have a major impact in the current of activated microglia. Thus, the
modulation of the RMP would be the key for the activity state of microglia: if the microglial
RMP is hyperpolarized, the microglia is activated, if the RMP is depolarized, the microglia is
quiescent. Any channel having an effect on controlling RMP could therefore be targeted to

regulate microglial membrane potential and therefore reactivity.

In my second study, proliferation of microglia peaked at D2, at the same time as the

change in RMP.

[used ML133 on BV2 cell line and managed to stop the proliferation of cells. With this
proof of concept, we decided to inject ML133 intrathecally for a delivery in the spinal cord
microglia. In order to gain time, we collaborated with the lab of Temugin Berta, our former
colleagues now based in the USA for this in vivo experiment. Intrathecal injection of ML133

did lower the proliferation of microglia 2 days after SNI.
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6. ML133 effect on neuropathic pain

Using in vivo model allowed us to evaluate effect on behavior and we could show that
intrathecal injection of ML133 reduced mechanical static and dynamic allodynia following
SNI. To our knowledge, there is only one previous published study on ML133 and pain (Shi
and colleagues 2018). They also used the SNI model and could demonstrate that ML133
prevents dynamic but not static allodynia when injected before SNI with a dose-dependent
effect for 5 days and reversed dynamic but not static allodynia in 2 days when given after SNI.
However, their clained mechanism is different as they focused on neurons as the target for
ML133. They saw no increase in total Kir2.1 protein in spinal cord, and no change in Kir2.1
current in neurons, but claim a colocalization of Kir2.1 with neuronal markers in the dorsal
horn of the spinal cord. They used a dose slightly inferior to ours, which could explain the

absence of effect on static allodynia.

Before intrathecally injecting an inhibitor of Kir2.x channel and knowing Kir channels
could also be neuronal, we tested ML133 on few neurons with a multi electrode array (MEA)
device. No intensive firing was triggered. This indicates that there are probably others
channels regulating the RMP in neurons, or that another mechanism compensated the role
on RMP of the blocked Kir2.x. Another explanation would be that the RMP of the cell is
depolarized to a point that most of voltage gated sodium channels are inactivated. In this

situation, no action potential could be triggered.

Shi and colleagues’ theory is interesting: they mention that Kir2.1 regulates the
activity of lamina 1 neurons of the dorsal horn of the spinal cord where the gating process

takes place. Their goal is to increase activity of glycinergic inhibitory neurons.

All this data together, I could formulate the following conclusion: Kir2.1 is the main
regulator of membrane potential in SNI activated microglia. Its blockade by ML133 reversed
the SNI induced hyperpolarization of microglial RMP. ML133 also blocked BV2 microglial
proliferation. It also reduced proliferation and mechanical hypersensibility when injected in

SNI mice.
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7. Limitations of this study

The antibodies we used for Kv1.3, Kv1.5 and Kir2.1 were specific according to our
tests against each other with specific plasmid on HEK cells. However, the quality of staining
on slices was poor due to a lot of background noise. This is why we stained freshly dissociated
primary microglia. We cannot completely exclude the presence of other Kir2.x channels in

spinal cord slices from our immunostaining

For this study, we used male mice only. As several studies have shown differences in
microglial activation or drugs response between male and female (Sorge et al. 2015, Doyle et
al. 2017, Chen etal. 2018, Villa et al 2018), Our conclusions do not apply to female unless we
repeat the experiment in the other sex. Besides differential link between microglial reactivity
and neuropathic pain between both sex, oestrogens were shown to be involved in the
regulation of Kir2.1 by inhibiting it (Wu et al. 2016), emphasizing the need to be cautious not

to transfer the result to female blindly.

The intrathecal injection is performed in the lumbar region, high concentration of
intrathecal ML133 could result in blockade of the whole spinal cord Kir2.x channels. The
behavioral effect might therefore not be driven by the inhibition of microglial proliferation
but by other targets of ML133 in the spinal cord or in DRG cells. There is a reduction in
microglial proliferation, but the direct causal link between this and the behavioral effect is

not proven. We should then refine our experiments; this will be discussed in the perspectives.

The qPCR and the western blots have been performed on quarters of spinal cord. We
expected a difference in channels expression due to SNI strong enough to be detectable in
this tissue. Unfortunately, it was not the case. This could be explained by the fact that in a
quarter of spinal cord, there is only around 10% of microglial cells, and the changes specific
to microglia can have been diluted. Using FACS and specialized RNA extraction Kkits, we
should reach for a purified microglia population for gene and protein profiling. This would

give us a precise answer to the change of potassium channel expression in microglia.
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8. Perspectives and applications

To have a more specific approach than by intrathecal injection of ML133, we should
use specific knock out of Kir2.1 via viral vector (AAV). The virus would silence the Kir2.1
(KCNJ2) gene by fully or partially removing it through homologous recombination. We would
need a virus that infects specifically the targeted cells - here microglia. With the AAV6 specific
for microglia that has been engineered by Rosario et al. 2016 for instance. After few weeks of
infection, no Kir2.1 protein should remain in the infected microglia and behavioral assay

following SNI could be performed.

We could use transgenic mice with microglial specific knock out of Kir2.1, also by
homologous recombination. The downsize compared to the virus is that it takes more time
and that absence of Ki2.1 in microglia since birth might impede development. However once

the lineage is available it might be more convenient than virus production.

To investigate the implication of the RMP as the final important factor and not Kir2.1
is the oher aspect of interest and could be achieved by using Designer Receptors Exclusively
Activated by Designer Drugs (DREADDs). Those receptors allow the activation of a GPCR
when activated by clozapine, a drug that can be taken orally with little side effects at low

dose.

For expressing DREADDs specifically in microglia (as for the Kir2.1 KO), we would
need double transgenic mice: floxed DREADDs (or floxed Kir2.1) transgenic mice crossed
with CX3CR1-CRE transgenic mice. Then in the pups of this breeding, the CRE recombinase
expressed in microglia due to the specific CX3CR1 promoter would interact with the floxed

DREADDs (or take out the Kir2.1) and make it active.

Here we have the choice to use the activator DREADDs or the inhibitor DREADDs
transgenic mice. Both DREADDS receptor type are interesting but they answer different

questions.
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9. Conclusion

We have highlighted several pro-inflammatory genes increased during the first
timepoints that were reduced overtime, while anti-inflammatory cytokines were expressed

later on.

Even in a neuropathic pain model such as the SNI, microglia does switch to an anti-
inflammatory phenotype, although the process takes several weeks. I propose here a timeline

of microglial activation to illustrate the situation after nerve injury (Figure 22).

Nevertheless, although microglia switches to an anti-inflammatory phenotype,
neuroinflammation is only lowered and there is not a return to basal level. There is still a lot
of work to do to understand what sustains this inflammation. Maybe the microglial switch
takes much longer than its first apparition, maybe the inflammation soup installed in the
intracellular space is much harder to resorb than we would expect, and even anti-
inflammatory microglia struggle to stabilize the situation. Maybe also only a part of the
microglia actually switches to anti-inflammatory as we could observe that while most pro-

inflammatory genes were reduced, few reached their basal level again.

We could also suppose that anti-inflammatory microglia have only few effects on
neurons. The damaged nerve cells would keep their ectopic firing and their release ATP and
CSF-1 even after the microglial phenotypic switch. This could keep a part of the microglia in

a pro-inflammatory state and reduce the efficacy of anti-inflammatory cytokines.

Concerning potassium channels and microglial activation, I was convinced that Kv1.3
would be the ideal candidate: specific to microglia, this channel elicited impressive outward

potassium currents in numerous microglial activations.
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Figure 22: Proposed timeline of microglial activation after nerve injury. Once microglia is activated, it
proliferates quickly in the first days and activates a serial of pro-inflammatory genes whose expression peaks
after a week. Astrocytes also activate few days after microglia. Their activation peaks after 2 weeks. We
observe areduction of pro inflammatory gene expression after few weeks, but it seems not to stop completely.

In addition, an anti-inflammatory gene expression is observed after 3 weeks.

Yet, it appeared that this channel is not involved in the SNI neuropathic pain model.
Possibly because the reaction of microglia is different in neuropathic pain model from an
acute inflammation via LPS injection for instance - where this channel would probably be the

best track to investigate.

While studying our electrophysiology results, I noticed a remarkable change in the
membrane potential of activated microglia, which reversed to a resting state value when the
potassium current was blocked. The next objective would be to understand the function of
microglial RMP ML133 has indeed a therapeutic potential, however might not be used

systemically, nor at high concentration beacause of potential side effect on other Kir
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channels. Targeting directly the RMP might be the answer and specifically in phase as

postoperative period where a neuroinflammation transiently appears

[ also show that we can modulate microglial reactivity through its RMP. Following my
hypothesis: depolarizing microglia via the blockade of Kir2.1 channels, our colleagues
managed to reduce the proliferation and the hypersensitivity of SNI animals. There is still
more research to do on the subject but I believe I could provide the idea for a new therapeutic

approach against neuropathic pain targeting microglial membrane potential.
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