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Abstract: (1) Background: As membrane channels contribute to different cell functions, understand-
ing the underlying mechanisms becomes extremely important. A large number of neuronal channels
have been investigated, however, less studied are the channels expressed in the glia population,
particularly in microglia. In the present study, we focused on the function of the Kv1.3, Kv1.5 and
Kir2.1 potassium channels expressed in both BV2 cells and primary microglia cultures, which may
impact the cellular migration process. (2) Methods: Using an immunocytochemical approach, we
were able to show the presence of the investigated channels in BV2 microglial cells, record their
currents using a patch clamp and their role in cell migration using the scratch assay. The migration
of the primary microglial cells in culture was assessed using cell culture inserts. (3) Results: By
blocking each potassium channel, we showed that Kv1.3 and Kir2.1 but not Kv1.5 are essential for
BV2 cell migration. Further, primary microglial cultures were obtained from a line of transgenic
CX3CR1-eGFP mice that express fluorescent labeled microglia. The mice were subjected to a spared
nerve injury model of pain and we found that microglia motility in an 8 µm insert was reduced
2 days after spared nerve injury (SNI) compared with sham conditions. Additional investigations
showed a further impact on cell motility by specifically blocking Kv1.3 and Kir2.1 but not Kv1.5;
(4) Conclusions: Our study highlights the importance of the Kv1.3 and Kir2.1 but not Kv1.5 potassium
channels on microglia migration both in BV2 and primary cell cultures.

Keywords: microglial cells; potassium channels; migration; spared nerve injury; pain

1. Introduction

Alongside astrocytes and oligodendrocytes, microglia represent the main glia pop-
ulation in the central nervous system (CNS). As the resident immune population of the
CNS, microglia are constantly surveying their environment, permanently changing each
individual arborization by generating new processes and retracting existing ones [1,2].
This also implies that microglia morphology can vary from region to region, with spinal
microglia having a distinct morphology when compared to the microglia in the cortex [3].
In contrast, regardless of anatomical distribution, resting microglia bodies are relatively
immobile in physiological conditions. Full body enlargement and migration usually occurs
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only as a response to injury [4]. Therefore, body migration is almost synonymous with
microglia activation that will, in turn, initiate a long-lasting change in its physiology [5–7].
This change is beneficial during the acute phase of disease but could be detrimental on
the outcome [8,9]. As such, balancing the timing, duration and intensity of the microglia
response to damage is therapeutically relevant.

Many attempts have been made to modulate microglia inflammatory behavior [10].
However, due to the high number of signaling pathways that can potentially activate
microglia [11], most of the experimental approaches have been only partially successful.
The extent of microglia reactions and cellular mechanisms involved in certain pathologies
such as stroke [12] and traumatic brain injury [13,14] are not clear. Further, although
their involvement is more than apparent, the mechanisms still elude, as is the case with
demyelination in multiple sclerosis [15] or the formation of amyloid beta deposits in
Alzheimer’s disease [16,17]. In other pathologies, such as chronic pain after peripheral
nerve injury, microglia activation can be observed [18,19] and seems to play a central role
in pain persistence [20]. However, is not clear if activated microglia generates chronic pain
or microglia activation is a consequence of pain. This uncertainty is because microglial
cells produce chemokines and cytokines, and express their receptors as well, both being
essential for cell migration [21], adhesion control and feedback to their own pro/anti-
inflammatory state [22]. Furthermore, microglia produce a large amount of reactive oxygen
species (ROS) and nitric oxide (NO) under conditions such as Aβ-induced oxidative stress
and inflammation which may alter their migration rate [23], while the treatment with
the natural compound eupatilin reduces BV2 microglial migration and the production of
inflammatory cytokines and ROS species [24].

Understanding the basic roles of microglia receptors and ion channels can reveal
important physiological and pathological functions of these cells, as well as for pain
processing. For example, the purinergic receptors [25] have been associated with different
functions including migration [26], phagocytosis [27] and cellular death [28]. Others, such
as neurohormones and neuromodulators, including histamine receptors [29], opioid [30],
neurotrophin [31], glucocorticoid and mineralocorticoid receptors [32] have no definite
function in microglia physiology and were less investigated.

Experiments performed on microglia after facial nerve injury showed the regulation
of potassium channels in the mechanisms underlying pain. One of the most important
findings was the discovery of an inward rectifying potassium current mediated by Kir2.1,
at 12 h after facial nerve axotomy [33]. Based on this discovery, it was proposed that
Kir2.1 electrophysiology could be used as a potential marker of microglia activation [33,34].
This observation has led to other investigations that revealed, for example, the role of
Kv1.5 in nitric oxide release by microglia after lipopolysaccharide (LPS) administration [35].
The Kv1.3 channel was linked to macrophage proliferation [36], cytokine release [37] and
migration [38]. However, no experimental work has been carried out to confirm potassium
channel involvement in microglia migration.

In the present study, the potassium channels Kv1.3, Kv1.5 and Kir2.1 were shown
to be functionally present in the membrane of BV2 microglial cells, were labeled by im-
munocytochemistry and their current amplitudes were recorded using the whole-cell patch
clamp approach. Moreover, Kv1.3 and Kir2.1 are implicated in the migration of these
cells after the scratch wound healing assay. Primary microglial cells isolated from the
ipsilateral spinal cord dorsal horn (SC-DH) after the spared nerve injury (SNI) model of
pain migrated less than in sham conditions and their migration rate was impaired after
blocking the investigated potassium channels.

2. Results
2.1. The Characterization of Potassium Channels Kv1.3, Kv1.5 and Kir 2.1 in the BV2 Microglial
Cell Line

As only a partial characterization of Kv1.3, Kv1.5 and Kir2.1 in the BV2 cell line was
available, we confirmed both by immunocytochemistry and electrophysiology the presence
of these channels in the BV2 cell line. The immunostaining analysis revealed that all of
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the investigated channels are expressed in the membrane of BV2 cells cultured on thin
glass coverslips (Figure 1). However, the mere labeling of a cellular structure does not
necessarily prove its function. As such, an electrophysiological characterization was made
using a whole-cell patch clamp configuration. The intensity/voltage (I/V) curves were
build based on the step protocol by quantifying the current dependent on the voltage,
which ranged from −120 mV to +40 mV, with a 10 mV increment and 500 ms duration.
Therefore, acute application for 3 min of 1 µM UK78282 for Kv1.3, 1 µM of S9947 for Kv1.5
or 2 µM of ML133 for Kir2.1 revealed that the BV2 microglial cell line functionally expresses
the investigated potassium channels (Figure 2).
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Figure 1. Immunolabeling of potassium channels in cultured BV2 microglial cells. The cells were
stained with antibodies targeting Kv1.3 (A), Kv1.5 (B), Kir2.1 (C) and the negative control with Alexa
568 (D). The coverslips were mounted using the Prolong antifade with DAPI in blue. The channel
was pseudo-colored in green for improved visualization. The images are representative of three
independent experiments. Scale bar: 40 µm.
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Figure 2. Electrophysiological properties of BV2 cells. For all Kv1.3, Kv1.5 and Kir2.1 potassium channels, the electrophysio-
logical characteristics are represented by the intensity/voltage (I/V) curves extracted from the step recordings, representing
the total current elicited by a voltage protocol starting from −120 mV, in 10 mV increments, to +40 mV (A–C), in control
conditions and after each specific inhibitor. The inhibition effect of the of each blocker can be seen from the I/V curves. The
insets represent the comparison of the current amplitude elicited by a voltage step at −160 mV and +40 mV. All the data are
represented as Mean ± SD (n = 3 independent experiments).
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2.2. Potassium Channels Kv1.3 and Kir2.1 But Not Kv.1.5 Are Needed for BV2 Migration

To investigate the impact of the Kv1.3, Kv1.5 and Kir2.1 potassium channels on the
migration potential of BV2 cells, we used the scratch wound healing assay (Figure 3A).
The control conditions at t24h were normalized to 1.00 ± 0.386, n = 15 (Figure 3B). Our
experiments show that at t24h after the inhibition with 10 µM of UK78282, the free area
of the scratch remained clearly increased to 2.36 ± 0.447, n = 15, p < 0.001 (Figure 3B,F)
compared to control conditions, suggesting that blocking Kv1.3 in BV2 cells inhibits mi-
gration in this experimental setup. Blocking Kir2.1 with 20 µM of ML133 revealed the
highest inhibition of migration, with a free area of 11.62 ± 1.542, n = 11, compared with
controls 1 ± 0.424, n = 14, p < 0.001 (Figure 3D,H), indicating that this potassium channel
might play a central role in microglial migration. Kv1.5 inhibition using 10 µM of S9947
did not show a difference in the migration rate under these experimental conditions, with
a mean free area of 0.87 ± 0.457, n = 22, compared to control 1 ± 0.357, n = 28, p > 0.05
(Figure 3C,G).
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Figure 3. The contribution of potassium channels in BV2 microglial migration. The representative images show the robust
and repetitive scratch made with the 200 µL sterile pipette tip at t0h (A) and the cell migration in control conditions (E) and
after the inhibitor at t24h (F–H). The histograms show that BV2 microglial cells migrate less after the inhibition of Kv1.3 and
Kir2.1 (B,D), whereas blocking Kv1.5 has no effect on cellular migration (C). Scale bar: 100 µm. All the statistical analysis is
represented as Mean ± SD, ***: p < 0.001, using the parametric t-test (n = 3 independent experiments).

Moreover, using the same scratch assay, we tested the contribution of only Kv1.3 and
Kir2.1, the most potent channels linked to BV2 migration, after the transfection of specific
silencing or scrambled small interfering RNA (siRNA). Our result suggests that at t24h
after transfection, the rate of migration decreases. The free area of the scratch increased
from 1.000 ± 0.524, n = 31 when transfecting the scrambled siRNA (Figure 4A,B,H), at
2.009 ± 0.437, n = 35, p < 0.001 after Kv1.3 siRNA (Figure 4C,H) and 1.953 ± 0.52, n = 30,
p < 0.001 after Kir2.1 siRNA (Figure 4D,H). The free area after the scratch remained still sig-
nificantly high also at t48h after the transfection of scrambled siRNA 1.000 ± 0.4154, n = 33
(Figure 4E,I) compared with Kv1.3 siRNA 1.997 ± 0.3490, n = 31, p < 0.001 (Figure 4F,I) and
Kir2.1 siRNA 1.821 ± 0.3768, n = 32, p < 0.001 (Figure 4G,I).
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Figure 4. BV2 microglial migration after the silencing of the Kv1.3 and Kir2.1 channels. The representative images show the
scratch made with the 200 µL sterile pipette tip at t0h (A) and the cell migration after scrambled and silencing siRNA at
t24h (B–D) and at t48h (E–G). The bar graphs show the BV2 migration after scrambled and silencing siRNA at t24h (H) and
at t48h (I). Scale bar: 100 µm. All the statistical analysis are represented as Mean ± SD, ***: p < 0.001, using the parametric
t-test (n = 3 independent experiments).

2.3. Microglia Have an Innate Decreased Motility after the Spared Nerve Injury

Next, we asked how the SNI surgery impacts microglia motility. To test this, we
obtained primary microglial cultures from CX3CR1-eGFP transgenic mice [35] that were
previously subjected to either a SNI or a sham surgery. Microglia were harvested from the
ipsilateral SC-DH 2 days after surgery and cultured on inserts, in normal medium or with
the inhibitor, for 3 h at 37 ◦C. All the experiments showed a decreased microglia motility
after SNI, compared to the sham (p < 0.001) (Figure 5A). After establishing the importance
of Kv1.3 and Kir2.1 in the migration rate of the BV2 microglial cell line in culture, we asked
how the inhibition of these channels impacts the migration after the SNI surgery. As such,
we used the specific inhibitors to target potassium channels and as expected, blocking
Kv1.3 (Figure 5B,E) and Kir2.1 (Figure 5D,G) decreased microglia migration in both the
SNI and sham conditions. Surprisingly, we found that the rate of microglial migration
when blocking Kv1.5 was not changed in the SNI but still decreased in the sham conditions
(Figure 5C,D). These results indicate that 2 days after the SNI surgery, microglial motility
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seems to be impaired and the inhibition of potassium channels decreased their migration
even more, as shown in the complete analysis from Table 1.
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Figure 5. The migration of primary microglial cells through inserts with 8 µm pores. (A) The migration rate of primary
microglial cells after the spared nerve injury (SNI) surgery is reduced compared with sham conditions. Histograms showing
the contribution of each potassium channel, Kv1.3, Kv1.5 and Kir2.1, to microglial migration, in both sham (B–D) and SNI
conditions (E–G). All the statistical analysis is represented as Mean ± SD, *: p < 0.05, ***: p < 0.001, using the nonparametric
Mann–Whitney test (n = 3 independent experiments).

Table 1. Complete statistical results of primary microglial migration.

Sham 1 ± 0.4923, n = 70

SNI 0.113 ± 0.13, n = 61, p < 0.001

K1.3 (UK78282) Kv1.5 (S9947) Kir2.1 (ML133)

Sham
Control 1 ± 0.4188, n = 21 1 ± 0.6214, n = 28 1 ± 0.3736, n = 21

Inhibitor 0.425 ± 0.294, n = 21, p < 0.001 0.271 ± 0.2633, n = 28, p < 0.001 0.075 ± 0.06508, n = 21, p < 0.001

SNI
Control 1 ± 1.141, n = 21 1 ± 1.147, n = 21 1 ± 0.9143, n = 21

Inhibitor 0.170 ± 0.2331, n = 21, p < 0.001 1.065 ± 1.415, n = 20, p > 0.05 0.447 ± 0.5559, n = 21, p < 0.05

3. Discussion

Although a number of studies have reported the presence of Kv1.3, Kv1.5 and Kir2
potassium channels in the membrane of microglial cells, their implication on cell migration
has not been, to our knowledge, evaluated in detail. Therefore, the present study focused
on investigating the impact of the three potassium channels on cellular migration in
both the BV2 cell line and primary microglial cultures after the SNI model of pain. By
using immunocytochemistry, we were able to (i) detect the expression of these potassium
channels in cultured BV2 cells, (ii) show that Kv1.3 and Kir2.1 but not Kv1.5 are essential
for BV2 cell migration by specifically blocking each potassium channel, (iii) record the
electrophysiological properties of these channels in BV2 cells and (iv) to demonstrate
their impact on microglia motility in primary cultures derived from a mouse model of
neuropathic pain.

In BV2 cells, Kv1.3 was shown to have an increased expression at 24 h after in vitro
stimulation with 100 ng/mL LPS [39], while Kv1.5 was linked to microglial NO release
and a decreased proliferation after LPS treatment in primary microglial cell cultures [38].
However, information on Kir2.1 function is scarce and the most common function observed
for this channel is setting the resting membrane potential [40]. In our experiments, the
expression and the function of these potassium channels were investigated in the BV2
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microglial cell line. Thus, the low currents recorded in these cells indicate a small expression
of the potassium channels at the plasma membrane, but still the inhibitory effect of the
blockers can be seen and appreciated. Therefore, no statistical analysis was made, and the
histograms are just a representation of the cell currents at the indicated voltage steps. Our
study indicates that Kv1.3 and Kir2.1 change the BV2 microglial migration in the scratch
assay, by changing the general currents in these cells or by changing the resting membrane
potential to more depolarized values. These changes in the currents can translate to
changes in the intracellular signaling pathways and the alteration of cytoskeleton protein
(Figure 6) such as Iba1, an important actin crosslinking protein [41] or alterations in calcium
signaling [42].
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Figure 6. The experimental steps showing the inhibitory effect of potassium channels on microglial migration. (A) The
monolayer of BV2 microglial cells was scratched with a sterile pipette tip and incubated with the medium or the pharmaco-
logical inhibitors or the cells were transfected with small interfering RNA (siRNA); pictures were analyzed at t24h and the
inhibition of Kv1.3 and Kir2.1 reduced the rate of migration in the BV2 microglial cell line. (B) CX3CR1-eGFP transgenic
mice were subjected to SNI or sham surgeries, the ipsilateral spinal cord dorsal horn (SC-DH) was dissected and cultured for
3 h in 8 µm pore inserts, in the culture medium or in the presence of the inhibitors, and the rate of migration was quantified
in each condition. Different mechanisms by which the inhibition of the investigated potassium channels may influence the
microglial migration rate, are proposed in the outlined box. PBS: phosphate buffer saline; PFA: paraformaldehyde.

It is well known that every passage can change gene expression in cell line cultures,
however, studies have shown that changes at the transcriptome level are less likely to
happen in primary cell cultures [43]. Therefore, after showing that potassium channels
contribute to BV2 migration, we were interested in confirming our results in primary
microglia cultures. The choice to additionally use primary microglia cultures has also
been motivated by reports showing differences between BV2 cells and primary microglia
cultures [44,45]. Primary microglial cells express functional Kv1.3, Kv1.5 and Kir2.1 but
their role may depend on their distribution in the CNS [11]. Although the endogenous
expression of the investigated potassium channels is low in spinal cord microglial cells,
nonetheless, there are reports showing their impact on the overall microglia activity [46–48].
Thus, investigating potassium channels in spinal microglial cells is important for our full
understanding of microglia roles in the CNS. In this study, we have shown that microglia
migration is modulated in the spared nerve injury and could be further impacted by the
Kv1.3, Kv1.5 and Kir2.1 potassium channels. Thus, inhibiting Kv1.3, Kv1.5 and Kir2.1
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in primary microglial cultures led to a decreased migration rate, further suggesting a
contribution of these potassium channels to microglia motility. Interestingly, after SNI,
although microglia are less mobile, inhibiting Kv1.5 does not further impact the microglial
migration, most probably due to other unknown intracellular mechanisms. Hippocampal
investigations have shown that in a proliferative environment, Kv1.5 channels can switch
to endogenous Kv1.3 [36]. However, we were not able to find any report confirming these
findings in the spine after SNI, but the lack of effect after blocking Kv1.5 could be explained
by a similar change in the potassium channel expression.

Another limitation of the present study is the selectivity and specificity of the drugs
used to inhibit the potassium channels. Although these molecules are reported to have
a high affinity for the targeted channels and to have low IC50 values, we may encounter
different actions on other ion channels, as ML133 was seen to have a small effect on Kir4.2
and Kir7.1 [49], while UK78282 can also disrupt Kv1.4 [50] and S9947 may also inhibit the
Kv4.3 [51]. Therefore, the inhibition of other ion channels is not completely ruled out. To
overcome this caveat, our experiments using the small interfering RNA technology, by
which scrambled or silencing siRNA were introduced in BV2 cells, show that specifically
knocking down the Kv1.3 and Kir2.1 reduced cellular migration.

Still, the most puzzling finding is that SC-DH microglial cells migrate less after the SNI
surgery. Studies show that in vivo microglial cells migrate faster towards a laser-induced
injury or ATP acute application and therefore suggesting that activated microglia survey
the CNS and actively migrate to a specific injury/stimulus [1,52]. Our findings may be
explained through the fact that SNI is a surgery in the peripheral nervous system and thus
neuronal activation triggered upon cutting the nerves is increasing the neurotransmitter
release at the level of the ipsilateral SC-DH and this release is arresting microglia in that
region of activation. Thus, microglia may show an activation pattern resembling local
activated cells that closely regulate the synaptic transmission in the SC-DH, but, of course,
further experiments are needed to prove this hypothesis.

4. Materials and Methods
4.1. Animals and Surgery

All animal experiments were done under the EU Directive 2010/63/EU for laboratory
research following the ethical guidelines of the University of Bucharest. Adult transgenic
mice (>25 g) expressing the CX3CR1-eGFP membrane receptor [53] were used in these
experiments. The mice were subjected to either a SNI or sham surgery under general
isoflurane anesthesia. Briefly, following an incision through the biceps femoris muscle,
the sciatic trifurcation was exposed. For sham conditions, a small 3 mm silk string was
placed near the common peroneal and tibial nerves, while for SNI conditions the string
was passed under these nerves, tightly ligated and the nerves were cut distal to the node
and a 2 mm piece of nerve was removed. The sural nerve remained intact (spared) and
untouched throughout the entire procedure. The muscle and the skin were separately
sutured with individual nodes to avoid the opening of the wound by the mouse, who may
scratch and bite the string, as previously described [54].

4.2. Cell cultures
4.2.1. BV2 Cell Line Culture and Transfection

The BV2 microglial cell line was maintained in the culture medium containing DMEM
(#10-013-CVR, Corning, New York, NY, USA) supplemented with 10% fetal bovine serum
(#10270, Life Technologies, Carlsbad, CA, USA) and 1% Penicilin/Streptomicin (#30-001-CI,
Corning, New York, NY, USA). For immunocytochemistry and for electrophysiological
recordings, the cells were seeded at low density on 13 mm glass coverslips (#0117530,
Marienfeld, Lauda-Königshofen, Germany) and on 35 mm culture Petri dishes (#353001,
Corning, New York, NY, USA), respectively. For siRNA transfection, BV2 cells were
cultured at a density of 3 × 106 cell/mL in 6 well plates (#353224, Corning, New York, NY,
USA) and kept in the incubator at 5% CO2 and 37 ◦C for 24 h. The cells were transfected



Int. J. Mol. Sci. 2021, 22, 2081 9 of 14

using the INTERFERin® reagent for siRNA (#89129, Polyplus transfection®, New York,
NY, USA) diluted in the culture medium without serum and Penicilin/Streptomicin. The
small interfering RNA was provided by siTOOLs Biotech, Planegg, Germany as a siPOOL-
10 Kit containing the silencing RNA for the mouse gene ID #16518 coding for Kcnj2
(potassium inwardly rectifying channel, subfamily J, member 2), siPOOL-10 Kit containing
the silencing RNA for the mouse gene ID #16491 coding for Kcna3 (potassium voltage-
gated channel, shaker-related subfamily, member 3) and the siPOOL scramble negative
control (see the Tables S1 and S2 for the full siRNA sequence). As previously described with
minor changes [55], 8 µL of INTERFERin® were mixed in 100 µL of serum-free medium
containing 50 nM of silencing or scramble siRNA, vortexed, and incubated for 10 min at
room temperature. Then, the transfection mix was completed up to 1 mL with the culture
medium added on the BV2 culture for 24 h and 48 h at 5% CO2 and 37 ◦C.

4.2.2. Primary Microglial Culture

Primary microglia cultures were prepared from the lumbar spinal cord at 2 days
after the surgery. Animals were subjected to cervical dislocation and the spinal column
was dissected and flushed from the sacral region with sterile phosphate buffer saline
(PBS) to obtain the spinal cord. The lumbar ipsilateral SC-DH was minced in serum-free
DMEM using a sterile scalpel. To dissociate the tissue, in the medium was added 2 mg/mL
of papain (P3125, Sigma) and it was left for 45 min at 37 ◦C, 5% CO2, in the incubator.
Afterwards, the cells were mechanically dissociated and centrifuged at 1500 rpm for 5 min.
The cell sediment was re-suspended in the culture medium and filtered using 70 µm cell
filters (#352350, Corning, New York, NY, USA), as previously described [56]. The cells were
seeded in 8 µm pore inserts (#662638, Greiner Bio-One, Kremsmünster, Austria) using the
culture medium in a volume of 200 µL/insert and 600 µL/well, to test the migration rate
3 h after the incubation at 37 ◦C, 5% CO2.

4.3. Migration
4.3.1. BV2 Cell Line Migration

After a culture of 24 h, the confluent monolayer of BV2 cells was scratched using a sterile
200 µL pipette tip to obtain a robust and repetitive migration channel (Figures 3A and 4A), as
previously described [57]. To remove the loosely attached cells, the culture was washed
with PBS before and after making the scratch. Afterwards, for the control conditions,
the cells were maintained in the culture medium and for the treated conditions the cells
were kept in the culture medium supplemented with 10 µM of UK78282 (#U3885, Sigma,
St. Louis, MO, USA) to block Kv1.3, 10 µM of S9947 (#1657, Axon Medchem, Groningen,
Netherlands) to block Kv1.5 and 20 µM of ML133 (#SML0190, Sigma, St. Louis, MO, USA)
to inhibit Kir2.1 potassium channels. In the experiments regarding cell transfection, for
control conditions the cells were transfected with 50 nM of scrambled siRNA and for the
treated conditions the cells were transfected with 50 nM of silencing siRNA for Kv1.3 and
for Kir2.1 potassium channels. Images were taken at different time points: t0h (immediately
after the scratch), t24h (24 h after the scratch), and t48h (48 h after the scratch). When using
pharmacological blockers, pictures were acquired with a 10× objective using an inverted
Olympus IX73 microscope (Olympus, Tokyo, Japan) connected with a Hamamatsu camera
(Hamamatsu Photonics, Hamamatsu City, Japan) controlled by the CellSens Dimension
software (Olympus, Tokyo, Japan). After cell transfection, pictures were acquired with a
10× objective using a Zeiss Axio Vert.A1 inverted microscope connected with a AxioCam
MRc5 Digital Camera controlled by the AxioVision SE64 Rel. 4.9.1 software (Zeiss, Jena,
Germany). Subsequently, the pictures were saved and processed with the Fiji program [58].
The migration was assessed as a ratio of the cell free area, with a reduced area due to
cell migration and proliferation, and a high remaining area due to the lack of migration.
The cell free area of the scratch was analyzed at t24h and at t48h after the wound and the
condition with the channel inhibitor or after transfection at t24h and at t48h were compared
with the normalized control condition at t24h. Each experiment was repeated from at
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least three different cultures and the n values represent the number of pictures analyzed
per condition.

4.3.2. Primary Microglial Migration

Primary cultures of microglia were obtained from the CX3CR1-eGFP transgenic mice.
The same concentrations of inhibitors were used in both the inserts and in the 24 well
culture plate (#353047, Corning, New York, NY, USA) to assess the rate of migration. The
cultures were incubated for 3 h, at 37 ◦C, 5% CO2, allowing the cells to migrate through the
8 µm pores. Afterwards, the inserts were fixed with 4% paraformaldehyde (PFA) (#252549;
Sigma, St. Louis, MO, USA) for 5 min, stained with 2 µg/mL of Hoechst (#33342, Sigma,
St. Louis, MO, USA) in PBS for 20 min in the dark and pictures were taken using an IX73
Olympus microscope and CellSens software. The images were processed with the Fiji
software, all the experiments were replicated from at least 3 different animals in sham or
SNI conditions. The migration rate was analyzed by counting the Hoechst-stained nuclei
from the CX3CR1-eGFP microglial cells that migrated through the insert and the data are
represented as normalized values. The n values represent the number of pictures analyzed
for each condition.

4.4. Electrophysiology

Patch clamp recordings were made in whole-cell configuration. Borosilicate glass
capillaries were used to produce micropipettes (Harvard Apparatus, Cambridge, MA,
USA), with 1.5 mm OD, 0.86 mm ID, pulled with a vertical micropipette puller (Pull-
100, World Precision Instruments, Sarasota, FL, USA), heat polished with a microforge
to a resistance of 3–5 MΩ and filled with an intracellular solution consisting of (in mM):
NaCl 5, KCl 130, MgCl2 2, CaCl2 1, HEPES 10, EGTA 10 (pH adjusted to 7.3 with KOH).
The extracellular solution (applied in the bath) contains the following (in mM): NaCl
140, KCl 4, MgCl2 1, CaCl2 2, HEPES 10, NaOH 4.54, and glucose 7.4 (pH adjusted to
7.4). The cells were visualized under a Nikon Eclipse TE300 inverted microscope (Nikon,
Tokyo, Japan). To reach the whole cell configuration, the micropipette was handled with a
micromanipulator (Burleigh PCS5000 series). Currents were recorded at room temperature
(22–25 ◦C), with an WPC-100 amplifier connected to a DigiData 1322A acquisition system
(Molecular Devices, San Jose, CA, USA), with a sampling rate of 10 kHz, from a holding
potential of −60 mV. The specific blockers were used at a concentration ten times less than
for the migration test due to the high sensitivity of the electrophysiological recordings.
Therefore, 1 µM of UK78282 for Kv1.3, 1 µM of S9947 for Kv1.5 and 2 µM of ML133 for Kir2.1
potassium channels were applied with the bath solution at a flow rate of 1–2 mL/min and
the recordings were made before and after 3 min of acute application of the inhibitor. All
pharmacological inhibitors used in this study are synthetic and present a high affinity and
efficacy of blocking potassium channels, having an IC50 that ranges from approximately
200 nm in the case of UK78282 [50], 0.7 µM for S9947 [59] and 1.8 µM for ML133 [49].

4.5. Immunocytochemistry

BV2 cells were cultured on coverslips and then fixed in a 4% PFA solution in PBS for
20 min and incubated for 1 h in a blocking solution with 0.3% Triton X-100 and 3% bovine
serum albumin (BSA) in PBS. The primary antibodies were added and incubated overnight
at 4 ◦C, then the cells were washed with PBS, incubated for 1 h with the secondary antibody
and mounted with Prolong Gold antifade with DAPI (#P10144, Life Technologies, Carlsbad,
CA, USA). The potassium channels were visualized with primary antibodies anti-Kv1.3,
anti-Kv1.5, anti-Kir2.1 (#APC-002, #APC-004, #APC-0026 Alomone, Jerusalem, Israel), used
in a dilution of 1:300 and the secondary antibody was goat anti-rabbit Alexa Fluor 568
(1:1500, #A11011, Life Technologies, Carlsbad, CA, USA). The pictures were acquired using
an inverted Olympus IX73 fluorescence microscope, processed with the CellSens and the
Fiji software.
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4.6. Analysis

pClamp 8.1 software (Molecular Devices) was used for the acquisition and analysis
of patch clamp currents. Prism 5 software (GraphPad, San Diego, CA, USA) and Origin
8.5 software (OriginLab, Northampton, MA, USA) were used for the statistical analysis.
For the migration experiments, the pictures were processed with the CellSens software
and the cells were counted depending on the DAPI and GFP signals using Fiji, by an
investigator blinded to the condition. The distribution was tested using the D’Agostino-
Pearson omnibus normality test followed by an unpaired parametric t-test if the values
passed the normality test, in the case of BV2 migration, or followed by a nonparametric
Mann–Whitney statistical test if the values did not pass the normality test, in the case of
the primary microglial migration. Values are given as Mean ± SD, *: p < 0.05, **: p < 0.01,
***: p < 0.001.

5. Conclusions

This study indicates the presence of the Kv1.3, Kv1.5 and Kir2.1 potassium channels
at the plasma membrane of the BV2 microglial cell line using immunocytochemistry and
electrophysiological recordings. In the scratch wound healing assay, only the Kv1.3 and
Kir2.1 channels are implicated in BV2 microglial migration. After the SNI surgery, spinal
microglial cells migrate less than in sham conditions, and their migration is reduced
following the inhibition of the investigated potassium channels. However, in our hands,
blocking Kv1.5 did not impact the migration of microglia in culture after SNI. Due to the
importance of microglia responses to acute or chronic CNS diseases, understanding and
modulating potassium channels involved in microglia responses to injury could provide
potential drug targets on the long run.
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CNS central nervous system
ROS reactive oxygen species
NO nitric oxide
LPS lipopolysaccharide
SC-DH spinal cord dorsal horn
SNI spared nerve injury
I/V intensity/voltage
siRNA small interfering RNA
PBS phosphate buffer saline
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BSA bovine serum albumin

References
1. Davalos, D.; Grutzendler, J.; Yang, G.; Kim, J.V.; Zuo, Y.; Jung, S.; Littman, D.R.; Dustin, M.L.; Gan, W.-B. ATP mediates rapid

microglial response to local brain injury in vivo. Nat. Neurosci. 2005, 8, 752–758. [CrossRef]
2. Nimmerjahn, A.; Kirchhoff, F.; Helmchen, F. Resting microglial cells are highly dynamic surveillants of brain parenchyma in vivo.

Science 2005, 308, 1314–1318. [CrossRef]
3. Zhang, F.; Vadakkan, K.I.; Kim, S.S.; Wu, L.-J.; Shang, Y.; Zhuo, M. Selective activation of microglia in spinal cord but not higher

cortical regions following nerve injury in adult mouse. Mol. Pain 2008, 4, 15. [CrossRef]
4. Savchenko, V.L. Microglia in ontogeny and brain pathology. Neurophysiology 1998, 30, 107–119. [CrossRef]
5. Fenrich, K.K.; Weber, P.; Hocine, M.; Zalc, M.; Rougon, G.; Debarbieux, F. Long-term in vivo imaging of normal and pathological

mouse spinal cord with sub-cellular resolution using implanted glass windows. J. Physiol. 2012, 16, 3665–3675. [CrossRef]
6. Catalin, B.; Cupido, A.; Iancau, M.; Albu, C.V.; Kirchhoff, F. Microglia: First responders in the central nervous system. Rom. J.

Morphol. Embryol. 2013, 54, 467–472.
7. Catalin, B.; Stopper, L.; Balseanu, T.-A.; Scheller, A. The in situ morphology of microglia is highly sensitive to the mode of tissue

fixation. J. Chem. Neuroanat. 2017, 86, 59–66. [CrossRef]
8. Hu, X.; Leak, R.K.; Shi, Y.; Suenaga, J.; Gao, Y.; Zheng, P.; Chen, J. Microglial and macrophage polarization—New prospects for

brain repair. Nat. Rev. Neurol. 2015, 11, 56–64. [CrossRef]
9. Santiago, A.R.; Bernardino, L.; Agudo-Barriuso, M.; Gonçalves, J. Microglia in Health and Disease: A Double-Edged Sword.

Mediat. Inflamm 2017, 2017, 1–2. [CrossRef]
10. Surugiu, R.; Catalin, B.; Dumbrava, D.; Gresita, A.; Olaru, D.G.; Hermann, D.M.; Popa-Wagner, A. Intracortical Administration of

the Complement C3 Receptor Antagonist Trifluoroacetate Modulates Microglia Reaction after Brain Injury. Neural Plast. 2019,
2019, 1–9. [CrossRef] [PubMed]

11. Kettenmann, H.; Hanisch, U.K.; Noda, M.; Verkhratsky, A. Physiology of microglia. Physiol. Rev. 2011, 91, 461–553. [CrossRef]
12. Yaremenko, L.M.; Grabovyi, O.M. Reactions of Microglial Cells in the Sensorimotor Cortex of Rats after Transient Ischemia.

Neurophysiology 2017, 49, 107–112. [CrossRef]
13. Donat, C.K.; Scott, G.; Gentleman, S.M.; Sastre, M. Microglial Activation in Traumatic Brain Injury. Front. Aging Neurosci. 2017,

9, 208. [CrossRef]
14. Witcher, K.G.; Bray, C.E.; Dziabis, J.E.; McKim, D.B.; Benner, B.N.; Rowe, R.K.; Kokiko-Cochran, O.N.; Popovich, P.G.; Lifshitz,

J.; Eiferman, D.S.; et al. Traumatic brain injury-induced neuronal damage in the somatosensory cortex causes formation of
rod-shaped microglia that promote astrogliosis and persistent neuroinflammation. Glia 2018, 66, 2719–2736. [CrossRef] [PubMed]

15. Davalos, D.; Ryu, J.K.; Merlini, M.; Baeten, K.M.; Le Moan, N.; Petersen, M.A.; Deerinck, T.J.; Smirnoff, D.S.; Bedard, C.;
Hakozaki, H.; et al. Fibrinogen-induced perivascular microglial clustering is required for the development of axonal damage in
neuroinflammation. Nat. Commun. 2012, 3, 1227. [CrossRef] [PubMed]

16. Orre, M.; Kamphuis, W.; Osborn, L.M.; Jansen, A.H.; Kooijman, L.; Bossers, K.; Hol, E.M. Isolation of glia from Alzheimer’s mice
reveals inflammation and dysfunction. Neurobiol. Aging 2014, 35, 2746–2760. [CrossRef] [PubMed]

17. Tischer, J.; Krueger, M.; Mueller, W.; Staszewski, O.; Prinz, M.; Streit, W.J.; Bechmann, I. Inhomogeneous distribution of Iba-1
characterizes microglial pathology in Alzheimer’s disease. Glia 2016, 64, 1562–1572. [CrossRef] [PubMed]

18. Suter, M.R.; Wen, Y.R.; Decosterd, I.; Ji, R.R. Do glial cells control pain? Neuron Glia Biol. 2007, 3, 255–268. [CrossRef]
19. Wen, Y.R.; Tan, P.H.; Cheng, J.K.; Liu, Y.C.; Ji, R.R. Role of microglia in neuropathic pain, postoperative pain, and morphine

tolerance. J. Formos. Med. Assoc. 2011, 110, 487–494. [CrossRef]
20. Inoue, K.; Tsuda, M. Microglia in neuropathic pain: Cellular and molecular mechanisms and therapeutic potential. Nat. Rev.

Neurosci. 2018, 19, 138–152. [CrossRef] [PubMed]
21. Sallusto, F.; Baggiolini, M. Chemokines and leukocyte traffic. Nat. Immunol. 2008, 9, 949–952. [CrossRef] [PubMed]
22. Häusler, K.G.; Prinz, M.; Nolte, C.; Weber, J.R.; Schumann, R.R.; Kettenmann, H.; Hanisch, U.K. Interferon-γ differentially

modulates the release of cytokines and chemokines in lipopolysaccharide- and pneumococcal cell wall-stimulated mouse
microglia and macrophages. Eur. J. Neurosci. 2002, 16, 2113–2122. [CrossRef] [PubMed]

http://doi.org/10.1038/nn1472
http://doi.org/10.1126/science.1110647
http://doi.org/10.1186/1744-8069-4-15
http://doi.org/10.1007/BF02463060
http://doi.org/10.1113/jphysiol.2012.230532
http://doi.org/10.1016/j.jchemneu.2017.08.007
http://doi.org/10.1038/nrneurol.2014.207
http://doi.org/10.1155/2017/7034143
http://doi.org/10.1155/2019/1071036
http://www.ncbi.nlm.nih.gov/pubmed/31814819
http://doi.org/10.1152/physrev.00011.2010
http://doi.org/10.1007/s11062-017-9638-6
http://doi.org/10.3389/fnagi.2017.00208
http://doi.org/10.1002/glia.23523
http://www.ncbi.nlm.nih.gov/pubmed/30378170
http://doi.org/10.1038/ncomms2230
http://www.ncbi.nlm.nih.gov/pubmed/23187627
http://doi.org/10.1016/j.neurobiolaging.2014.06.004
http://www.ncbi.nlm.nih.gov/pubmed/25002035
http://doi.org/10.1002/glia.23024
http://www.ncbi.nlm.nih.gov/pubmed/27404378
http://doi.org/10.1017/S1740925X08000100
http://doi.org/10.1016/S0929-6646(11)60074-0
http://doi.org/10.1038/nrn.2018.2
http://www.ncbi.nlm.nih.gov/pubmed/29416128
http://doi.org/10.1038/ni.f.214
http://www.ncbi.nlm.nih.gov/pubmed/18711431
http://doi.org/10.1046/j.1460-9568.2002.02287.x
http://www.ncbi.nlm.nih.gov/pubmed/12473079


Int. J. Mol. Sci. 2021, 22, 2081 13 of 14

23. Caruso, G.; Fresta, C.; Musso, N.; Giambirtone, M.; Grasso, M.; Spampinato, S.; Merlo, S.; Drago, F.; Lazzarino, G.; Sortino, M.;
et al. Carnosine Prevents Aβ-Induced Oxidative Stress and Inflammation in Microglial Cells: A Key Role of TGF-β1. Cells 2019,
8, 64. [CrossRef] [PubMed]

24. Qiao, H.B.; Li, J.; Lv, L.J.; Nie, B.J.; Lu, P.; Xue, F.; Zhang, Z.M. Eupatilin inhibits microglia activation and attenuates brain injury
in intracerebral hemorrhage. Exp. Ther. Med. 2018, 16, 4005–4009. [CrossRef]

25. Petrushenko, Y.A. P2X receptors: Peculiarities of the structure and modulation of the functions. Neurophysiology 2012, 44, 163–173.
[CrossRef]

26. Koizumi, S.; Ohsawa, K.; Inoue, K.; Kohsaka, S. Purinergic receptors in microglia: Functional modal shifts of microglia mediated
by P2 and P1 receptors. Glia 2013, 61, 47–54. [CrossRef] [PubMed]

27. Kazuhide, I.; Makoto, T. Microglia and neuropathic pain. Glia 2009, 57, 1469–1479. [CrossRef]
28. Sperlágh, B.; Illes, P. Purinergic modulation of microglial cell activation. Purinergic Signal. 2007, 3, 117–127. [CrossRef] [PubMed]
29. Bader, M.-F.; Taupenot, L.; Ulrich, G.; Aunis, D.; Ciesielski-Treska, J. Bacterial endotoxin induces [Ca2+]i transients and changes

the organization of actin in microglia. Glia 1994, 11, 336–344. [CrossRef]
30. Chao, C.C.; Gekker, G.; Hu, S.; Sheng, W.S.; Shark, K.B.; Bu, D.F.; Archer, S.; Bidlack, J.M.; Peterson, P.K. Kappa Opioid Receptors

in Human Microglia Downregulate Human Immunodeficiency Virus 1 Expression. Proc. Natl. Acad. Sci. USA 1996, 93, 8051–8056.
[CrossRef] [PubMed]

31. Heese, K.; Fiebich, B.L.; Bauer, J.; Otten, U. Nerve growth factor (NGF) expression in rat microglia is induced by adenosine
A(2a)-receptors. Neurosci. Lett. 1997, 231, 83–86. [CrossRef]

32. Tanaka, J.; Fujita, H.; Matsuda, S.; Toku, K.; Sakanaka, M.; Maeda, N. Glucocorticoid- and mineralocorticoid receptors in microglial
cells: The two receptors mediate differential effects of corticosteroids. Glia 1997, 20, 23–37. [CrossRef]

33. Boucsein, C.; Kettenmann, H.; Nolte, C. Electrophysiological properties of microglial cells in normal and pathologic rat brain
slices. Eur. J. Neurosci. 2000, 12, 2049–2058. [CrossRef]

34. Ceron, J.; Troncoso, J. Facial nerve injuries cause changes in central nervous system microglial cells. Biomedica 2016, 36, 619–631.
[CrossRef] [PubMed]

35. Jou, I.; Pyo, H.; Chung, S.; Jung, S.Y.; Gwag, B.J.; Joe, E.H. Expression of Kv1.5 K+ channels in activated microglia in vivo. Glia
1998, 24, 408–414. [CrossRef]

36. Kotecha, S.A.; Schlichter, L.C. A Kv1.5 to Kv1.3 switch in endogenous hippocampal microglia and a role in proliferation. J.
Neurosci. 1999, 19, 10680–10693. [CrossRef]

37. Charolidi, N.; Schilling, T.; Eder, C. Microglial Kv1.3 Channels and P2Y12 Receptors Differentially Regulate Cytokine and
Chemokine Release from Brain Slices of Young Adult and Aged Mice. PLoS ONE 2015, 10, e0128463. [CrossRef] [PubMed]

38. Pannasch, U. The potassium channels Kv1 5 and Kv13 modulate distinct functions of microglia. Mol. Cell. Neurosci. 2006, 33,
401–411. [CrossRef]

39. Rangaraju, S.; Raza, S.A.; Pennati, A.; Deng, Q.; Dammer, E.B.; Duong, D.; Pennington, M.W.; Tansey, M.G.; Lah, J.J.; Betarbet, R.;
et al. A systems pharmacology-based approach to identify novel Kv1.3 channel-dependent mechanisms in microglial activation.
J. Neuroinflammation 2017, 14, 128. [CrossRef] [PubMed]

40. Tsai, P.S.; Kaufhold, J.P.; Blinder, P.; Friedman, B.; Drew, P.J.; Karten, H.J.; Lyden, P.D.; Kleinfeld, D. Correlations of neuronal and
microvascular densities in murine cortex revealed by direct counting and colocalization of nuclei and vessels. J. Neurosci. 2009,
29, 14553–14570. [CrossRef]

41. Gheorghe, R.; Deftu, A.; Filippi, A.; Grosu, A.; Bica-Popi, M.; Chiritoiu, M.; Chiritoiu, G.; Munteanu, C.; Silvestro, L.; Ristoiu,
V.; et al. Silencing the Cytoskeleton Protein Iba1 (Ionized Calcium Binding Adapter Protein 1 ) Interferes with BV2 Microglia
Functioning. Cell. Mol. Neurobiol. 2020, 40, 1011–1027. [CrossRef]

42. Fomina, A.F.; Nguyen, H.M.; Wulff, H. Kv1.3 inhibition attenuates neuroinflammation through disruption of microglial calcium
signaling ABSTRACT. Channels 2021, 15, 67–78. [CrossRef] [PubMed]

43. Januszyk, M.; Rennert, R.C.; Sorkin, M.; Maan, Z.N.; Wong, L.K.; Whittam, A.J.; Whitmore, A.; Duscher, D.; Gurtner, G.C.
Evaluating the Effect of Cell Culture on Gene Expression in Primary Tissue Samples Using Microfluidic-Based Single Cell
Transcriptional Analysis. Microarrays 2015, 4, 540–550. [CrossRef]

44. Henn, A.; Lund, S.; Hedtjärn, M.; Schrattenholz, A.; Pörzgen, P.; Leist, M. The suitability of BV2 cells as alternative model system
for primary microglia cultures or for animal experiments examining brain inflammation. ALTEX 2009, 26, 83–94. [CrossRef]
[PubMed]

45. Butovsky, O.; Jedrychowski, M.P.; Moore, C.S.; Cialic, R.; Lanser, A.J.; Gabriely, G.; Koeglsperger, T.; Dake, B.; Wu, P.M.; Doykan,
C.E.; et al. Identification of a unique TGF-beta-dependent molecular and functional signature in microglia. Nat. Neurosci. 2014,
17, 131–143. [CrossRef]

46. Chen, Y.; Shi, Y.; Wang, G.; Li, Y.; Cheng, L.; Wang, Y. Memantine selectively prevented the induction of dynamic allodynia by
blocking Kir2.1 channel and inhibiting the activation of microglia in spinal dorsal horn of mice in spared nerve injury model. Mol.
Pain 2019, 15, 174480691983894. [CrossRef]

47. Bozic, I.; Tesovic, K.; Laketa, D.; Adzic, M.; Jakovljevic, M.; Bjelobaba, I.; Savic, D.; Nedeljkovic, N.; Pekovic, S.; Lavrnja, I. Voltage
Gated Potassium Channel Kv1.3 Is Upregulated on Activated Astrocytes in Experimental Autoimmune Encephalomyelitis.
Neurochem. Res. 2018, 43, 1020–1034. [CrossRef]

http://doi.org/10.3390/cells8010064
http://www.ncbi.nlm.nih.gov/pubmed/30658430
http://doi.org/10.3892/etm.2018.6699
http://doi.org/10.1007/s11062-012-9284-y
http://doi.org/10.1002/glia.22358
http://www.ncbi.nlm.nih.gov/pubmed/22674620
http://doi.org/10.1002/glia.20871
http://doi.org/10.1007/s11302-006-9043-x
http://www.ncbi.nlm.nih.gov/pubmed/18404425
http://doi.org/10.1002/glia.440110406
http://doi.org/10.1073/pnas.93.15.8051
http://www.ncbi.nlm.nih.gov/pubmed/8755601
http://doi.org/10.1016/S0304-3940(97)00545-4
http://doi.org/10.1002/(SICI)1098-1136(199705)20:1&lt;23::AID-GLIA3&gt;3.0.CO;2-6
http://doi.org/10.1046/j.1460-9568.2000.00100.x
http://doi.org/10.7705/biomedica.v36i4.3259
http://www.ncbi.nlm.nih.gov/pubmed/27992989
http://doi.org/10.1002/(SICI)1098-1136(199812)24:4&lt;408::AID-GLIA6&gt;3.0.CO;2-D
http://doi.org/10.1523/JNEUROSCI.19-24-10680.1999
http://doi.org/10.1371/journal.pone.0128463
http://www.ncbi.nlm.nih.gov/pubmed/26011191
http://doi.org/10.1016/j.mcn.2006.08.009
http://doi.org/10.1186/s12974-017-0906-6
http://www.ncbi.nlm.nih.gov/pubmed/28651603
http://doi.org/10.1523/JNEUROSCI.3287-09.2009
http://doi.org/10.1007/s10571-020-00790-w
http://doi.org/10.1080/19336950.2020.1853943
http://www.ncbi.nlm.nih.gov/pubmed/33356832
http://doi.org/10.3390/microarrays4040540
http://doi.org/10.14573/altex.2009.2.83
http://www.ncbi.nlm.nih.gov/pubmed/19565166
http://doi.org/10.1038/nn.3599
http://doi.org/10.1177/1744806919838947
http://doi.org/10.1007/s11064-018-2509-8


Int. J. Mol. Sci. 2021, 22, 2081 14 of 14

48. Bozic, I.; Savic, D.; Milosevic, A.; Janjic, M.; Laketa, D.; Tesovic, K.; Bjelobaba, I.; Jakovljevic, M.; Nedeljkovic, N.; Pekovic, S.; et al.
The Potassium Channel Kv1.5 Expression Alters During Experimental Autoimmune Encephalomyelitis. Neurochem. Res. 2019, 44,
2733–2745. [CrossRef]

49. Wang, H.R.; Wu, M.; Yu, H.; Long, S.; Stevens, A.; Engers, D.W.; Sackin, H.; Daniels, J.S.; Dawson, E.S.; Hopkins, C.R.; et al.
Selective inhibition of the K ir2 family of inward rectifier potassium channels by a small molecule probe: The discovery, SAR, and
pharmacological characterization of ML133. ACS Chem. Biol. 2011, 6, 845–856. [CrossRef]

50. Hanson, D.C.; Nguyen, A.; Mather, R.J.; Rauer, H.; Koch, K.; Burgess, L.E.; Rizzi, J.P.; Donovan, C.B.; Bruns, M.J.; Canniff, P.C.;
et al. UK-78,282, a novel piperidine compound that potently blocks the Kv1.3 voltage-gated potassium channel and inhibits
human T cell activation. Br. J. Pharmacol. 1999, 126, 1707–1716. [CrossRef]

51. Bachmann, A.; Gutcher, I.; Kopp, K.; Brendel, J.; Bosch, R.F.; Busch, A.E.; Gögelein, H. Characterization of a novel Kv1.5 channel
blocker in Xenopus oocytes, CHO cells, human and rat cardiomyocytes. Naunyn Schmiedebergs Arch. Pharmacol. 2001, 364, 472–478.
[CrossRef]

52. Haynes, S.E.; Hollopeter, G.; Yang, G.; Kurpius, D.; Dailey, M.E.; Gan, W.B.; Julius, D. The P2Y12 receptor regulates microglial
activation by extracellular nucleotides. Nat. Neurosci. 2006, 9, 1512–1519. [CrossRef]

53. Jung, S.; Aliberti, J.; Graemmel, P.; Sunshine, M.J.; Kreutzberg, G.W.; Sher, A.; Littman, D.R. Analysis of fractalkine receptor
CX(3)CR1 function by targeted deletion and green fluorescent protein reporter gene insertion. Mol. Cell. Biol. 2000, 20, 4106–4114.
[CrossRef]

54. Pertin, M.; Gosselin, R.-D.; Decosterd, I. The Spared Nerve Injury Model of Neuropathic Pain. Methods Mol. Biol. 2012, 851,
205–212. [PubMed]

55. Gattlen, C.; Deftu, A.F.; Tonello, R.; Ling, Y.; Berta, T.; Ristoiu, V.; Suter, M.R. The inhibition of Kir2.1 potassium channels
depolarizes spinal microglial cells, reduces their proliferation, and attenuates neuropathic pain. Glia 2020, 68, 2119–2135.
[CrossRef]

56. Deftu, A.F.; Ristoiu, V.; Suter, M.R. Intrathecal Administration of CXCL1 Enhances Potassium Currents in Microglial Cells.
Pharmacology 2018, 101, 262–268. [CrossRef]

57. Liang, C.C.; Park, A.Y.; Guan, J.L. In vitro scratch assay: A convenient and inexpensive method for analysis of cell migration
in vitro. Nat. Protoc. 2007, 2, 329–333. [CrossRef] [PubMed]

58. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, B.;
et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef] [PubMed]

59. Strutz-Seebohm, N.; Gutcher, I.; Decher, N.; Steinmeyer, K.; Lang, F.; Seebohm, G. Comparison of potent Kv1.5 potassium channel
inhibitors reveals the molecular basis for blocking kinetics and binding mode. Cell. Physiol. Biochem. 2007, 20, 791–800. [CrossRef]

http://doi.org/10.1007/s11064-019-02892-4
http://doi.org/10.1021/cb200146a
http://doi.org/10.1038/sj.bjp.0702480
http://doi.org/10.1007/s002100100474
http://doi.org/10.1038/nn1805
http://doi.org/10.1128/MCB.20.11.4106-4114.2000
http://www.ncbi.nlm.nih.gov/pubmed/22351093
http://doi.org/10.1002/glia.23831
http://doi.org/10.1159/000486865
http://doi.org/10.1038/nprot.2007.30
http://www.ncbi.nlm.nih.gov/pubmed/17406593
http://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
http://doi.org/10.1159/000110439

	Introduction 
	Results 
	The Characterization of Potassium Channels Kv1.3, Kv1.5 and Kir 2.1 in the BV2 Microglial Cell Line 
	Potassium Channels Kv1.3 and Kir2.1 But Not Kv.1.5 Are Needed for BV2 Migration 
	Microglia Have an Innate Decreased Motility after the Spared Nerve Injury 

	Discussion 
	Materials and Methods 
	Animals and Surgery 
	Cell cultures 
	BV2 Cell Line Culture and Transfection 
	Primary Microglial Culture 

	Migration 
	BV2 Cell Line Migration 
	Primary Microglial Migration 

	Electrophysiology 
	Immunocytochemistry 
	Analysis 

	Conclusions 
	References

