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Abstract
Multiple sclerosis (MS) is a chronic, inflammatory, neurodegenerative disease with an autoimmune component. It was 
suggested that potassium channels, which are involved in crucial biological functions may have a role in different diseases, 
including MS and its animal model, experimental autoimmune encephalomyelitis (EAE). It was shown that voltage-gated 
potassium channels Kv1.5 are responsible for fine-tuning in the immune physiology and influence proliferation and dif-
ferentiation in microglia and astrocytes. Here, we explored the cellular distribution of the Kv1.5 channel, together with its 
transcript and protein expression in the male rat spinal cord during different stages of EAE. Our results reveal a decrease 
of Kv1.5 transcript and protein level at the peak of disease, where massive infiltration of myeloid cells occurs, together 
with reactive astrogliosis and demyelination. Also, we revealed that the presence of this channel is not found in infiltrating 
macrophages/microglia during EAE. It is interesting to note that Kv1.5 channel is expressed only in resting microglia in the 
naïve animals. Predominant expression of Kv1.5 channel was found in the astrocytes in all experimental groups, while some 
vimentin+ cells, resembling macrophages, are devoid of Kv1.5 expression. Our results point to the possible link between 
Kv1.5 channel and the pathophysiological processes in EAE.
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Introduction

Multiple sclerosis (MS) is a chronic, immune-mediated 
disease, characterized by prominent demyelination and 
neurodegeneration. In human patients and animal model of 
the disease, experimental autoimmune encephalomyelitis 
(EAE), the pathology is initiated by primed immune cells, 
mainly T cells, B cells, and macrophages, which cross the 
blood–brain (BBB) and blood-cerebrospinal fluid barriers 
and enter into the central nervous system (CNS) paren-
chyma. The ensuing interplay between the peripheral and 
innate immune cells of the CNS, microglia, and astrocytes, 
leads to neuroinflammation which drives further pathology. 

Activation of the glial cells is crucial for the development 
of the disease, which culminates in the myelin sheet and 
axonal loss [1].

Neuronal cell homeostasis crucially depends on the 
proper functioning of ion channels, which mediate facili-
tated diffusion of mobile ions across the cell membrane [2]. 
Among them, potassium channels play significant roles in 
neuronal homeostasis, as they contribute to both the resting 
and excited state of the cells. More than 90 genes coding 
potassium channel pore forming subunits have been identi-
fied, so far [3, 4]. Typical voltage-gated K+ channels (Kv), 
mainly localized in axon nodes, between the axonal seg-
ments enwrapped by myelin sheaths, have a major role in 
generation and propagation of action potential, synaptic 
transmission, and regulation of the hormone secretion [5]. 
Astrocytes, as the most abundant cells in CNS, contribute 
to the physical and metabolic support to the neurons [6], 
including ion homeostasis [7]. The major role of Kv chan-
nels in astrocytes is removing a considerable excess of extra-
cellular K+, released from neurons during action potentials 
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[8, 9]. Thus, astrocytes play a regulatory role in K+ clearance 
due to neuronal excitability [7, 8].

Since potassium channels are involved in important bio-
logical functions, including ion and water homeostasis and 
acid/base balance, it was suggested that potassium channelo-
pathy may be the underlying cause or associated phenom-
enon in certain neurological diseases including MS/EAE 
[5, 10]. Indeed, potassium channels dysfunction has been 
observed in MS/EAE [11], in which a non-specific potas-
sium channels blocker, 4-aminopyridine, induces beneficial 
effects on neurological function in chronic disease [12] and 
ameliorates the severity of the symptoms in relapsing–remit-
ting form of EAE [13]. These findings suggest that 4-ami-
nopyridine, already used as anti-symptomatic drug in the 
chronic phase of MS, can be used as a disease-modifying 
agent [14].

Another study shows that the use of a specific Kv1.3 
channel blocker also ameliorates clinical symptoms in MS/
EAE, by decreasing the number of activated T cells [15], 
supporting the stability of BBB [16] and inhibiting the 
inflammatory response of astrocytes [17]. It was addition-
ally established that the Kv1.3 channel blocker preserves 
neuronal functionality and viability by preventing the res-
piratory burst in activated microglia [18]. Thus, the Kv1.3 
channel proved to be a potential pharmacological target in 
MS/EAE. Studies have shown that Kv1.3 generates hetero-
tetrameric complexes with Kv1.5 subunits [19], wherein 
the exact content of the channel complex determines the 
pharmacological and biophysical properties of the channel 
[20, 21].

Kv1.5 channel is a “Shaker-like” K+ channel encoded 
by the Kcna5 gene. It was first cloned from rat heart tissue 
[22], but it is also found in pancreatic cells [23], pulmonary 
arteries [24], and skeletal and smooth muscles [25]. The 
expression of Kv1.5 in the brain is low [26], where its locali-
zation is limited to non-neuronal [27] and immune cells [28]. 
In the antigen-presenting cells, such as dendritic cells [29] 
and macrophages [30, 31], Kv1.3 and Kv1.5 form a mature 
hetero-tetrameric complex, wherein the cell activation 
depends on Kv1.3 subunits [32]. On the other hand, Kv1.5 
may affect proliferation and differentiation in Schwann cells 
[33, 34], B-cells [35], microglia [36] and astrocytes [37, 38]. 
Therefore, it is suggested that the Kv1.3 governs the immune 
response, while the Kv1.5 fine-tunes it [32].

We have recently shown that expression of Kv1.3 channel 
increases in activated microglia and astrocytes during EAE. 
It has been also shown that the expression of Kv1.3 and 
Kv1.5 in the same pathological condition may be inversely 
regulated [5, 30]. The present study aimed to examine the 
expression of Kv1.5 channel in the spinal cord over the 
course of EAE and its cellular allocation. Here, we describe 
the temporal pattern of the Kv1.5 gene and protein expres-
sion in the spinal cord of EAE animals. The results show 

significant down-regulation of the Kv1.5 channel, particu-
larly at the peak of disease. Our results, together with the 
finding of others, support the notion that Kv1.3 and Kv1.5 
may be potential immunosuppressive targets in MS [39].

Materials and Methods

Experimental Animals

Experiments were conducted using 2-month-old male rats 
of the Dark Agouti (DA) strain from the local colony. Ani-
mals were housed under standard conditions, with constant 
temperature and humidity, 12 h light/dark cycles, and free 
access to food and water. All procedures were approved by 
the Ethical Committee for the Use of Laboratory Animals 
of Institute for Biological Research “Sinisa Stankovic” (Bel-
grade, Serbia), in compliance with EEC Directive (2010/63/
EU) on the protection of animals used for experimental and 
other scientific purposes.

Induction of EAE and Evaluation of Disease Severity

Animals were randomly divided into control and the EAE 
group. Animals in the EAE group were anesthetized using 
carbon dioxide (CO2) inhalation [40] and given a subcu-
taneous injection of spinal cord tissue homogenate in the 
hind footpad. The emulsion was prepared by mixing equal 
volumes of spinal cord homogenate (50% w/v in saline) 
and complete Freund’s adjuvant containing 0.5% mg/ml 
Mycobacterium tuberculosis (CFA; Sigma, St. Louis, MO, 
USA). Animals were weighed, examined and scored for neu-
rological signs of EAE daily, for 28 days post-immunization 
(dpi). Disease severity was assessed according to standard 
EAE scale: 0—without symptoms; 1—atony of tail; 2—hind 
limb weakness; 3—hind limb paralysis; 4—tetraplegic; 5—
moribund state or death. The average daily score and weight 
were calculated and plotted for every time point. The disease 
was acute and monophasic, with 100% incidence and recov-
ery. The first signs of EAE were apparent at 8 dpi, which 
was denoted as disease onset (Eo). The symptoms peaked 
at 14 dpi (Ep), after which the animals slowly recovered 
and showed no signs of the disease at 28 dpi, designated 
as the end of disease (Ee). The animals were anesthetized 
with Zoletil®50 (Virbac, France; 30 mg/kg i.p.), perfused 
intracardially with cold, sterile saline and sacrificed at three-
time points: Eo, Ep, and Ee. The same procedure was per-
formed on the age-matched, intact control animals. Spinal 
cords were isolated, lumbar sections excised and processed 
for RNA extraction, preparation of proteins for western blot 
and immunostaining.
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Quantitative Real‑Time PCR Analysis

Lumbar sections of the spinal cord were stored at − 80 °C 
in RNA later® stabilization solution (Invitrogen, Carlsbad, 
CA, USA), in order to preserve RNA until all groups were 
collected. RNA was isolated with TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA), according to the manufacturer’s 
instructions. The RNA concentration was assessed spectro-
photometrically by measuring absorbance at 260 nm, and the 
purity was determined by calculating the ratio of absorbance 
at 260 nm and 280 nm. An equal amount of RNA (1 µg) 
from each sample was reverse transcribed to cDNA with 
High Capacity cDNA RT-kit (Applied Biosystems, Carls-
bad, CA, USA). The obtained samples of cDNA were diluted 
10 times and then used for qRT PCR analysis. Amplifica-
tions were performed with SYBR Green PCR Master Mix 
(Applied Biosystems, Foster City, CA, USA). Sequences 
for designated primers were as follows: Kcna5, forward: 
CCT​GTC​CCC​GTC​ATC​GTC​TC; reverse: ACC​TTC​CGT​
TGA​CCC​CCT​GT; Gapdh, forward: CAA​CTC​CCT​CAA​
GAT​TGT​CAG​CAA; reverse GGC​ATG​GAC​TGT​GGT​CAT​
GA Invitrogen, Carlsbad, CA, USA). PCR reactions were 
performed in the QuantStudio™ 3 Real-Time PCR System 
(Applied Biosystems, Foster City, CA, USA). Relative gene 
expression for Kcna5 was evaluated by comparing Ct values 
for KCNA5 to Ct values of Gapdh as an internal control 
(2–ΔCt method). Results are expressed as mRNA levels of 
Kcna5/Gapdh relative to the control group.

Western Blot

Isolated lumbar sections of the spinal cord were pooled (3 
for each group) and tissue was homogenized in RIPA buffer 
(50 mMTris pH 7.5, 150 mMNaCl, 1% NP-40, 0.1% SDS, 
10 mM EDTA, 10 mM EGTA, 0.5% Triton X-100) with 
protease inhibitors (Roche, Penzberg, Germany). Samples 
were kept on ice and sonicated two times for 5 s and then 

centrifuged at 18,400×g for 30 min, at 4 °C. Supernatants 
were collected and their protein concentration was assessed 
using Micro BCA Protein Assay Kit, following manufac-
turer’s instructions (Thermo Fisher Scientific, Rockford, IL, 
USA).

Equal protein amounts (10 µg) were resolved on 7,5% 
polyacrylamide gels and then transferred to polyvinylidene 
fluoride membrane (Immobilon-P transfer membrane, Mil-
lipore, Darmstadt, Germany) for 1 h at 100 V. After blocking 
unspecific binding with 5% Blotto in Tris-buffered saline 
(20 mMTris, pH 7.6, 136 mMNaCl) with 0.05% Tween 20 
(TBST) for 1 h at room temperature, the membranes were 
incubated with primary antibody (Table 1) overnight, at 
4 °C. After triple washing in TBST the membranes were 
incubated with appropriate secondary antibody linked with 
horseradish peroxidase (HRP, Table 1) for 2 h at room tem-
perature. Protein bands were visualized with SuperSignal™ 
West Femto Maximum Sensitivity Substrate (Thermo Fisher 
Scientific, Rockford, IL, USA) and developed onto a film 
(KODAK, Rochester, NY, USA). Signal was quantified by 
densitometric analysis in ImageQuant 5.2 software by nor-
malizing optical density of the Kv1.5 signal to β-actin of 
the same lane and the results are expressed relative to the 
control group.

Tissue Preparation for Immunostaining

Isolated sections of lumbar spinal cord tissue were fixed 
in 4% paraformaldehyde in 0.1 M phosphate buffer (PBS), 
pH 7.4 overnight at 4 °C and then cryoprotected in sucrose 
solutions of increasing concentrations (10–30% in 0.1 M 
PBS, pH 7.4). The spinal cords were subsequently frozen in 
2-methylbutane and stored at − 80 °C. Coronal sections that 
were 20 µm thick were serially cut on cryotome, mounted 
on glass slides and stored at − 20 °C until all groups were 
collected and used for immunostaining for light and fluores-
cence microscopy.

Table 1   List of primary and 
secondary antibodies used 
for western blot (WB) and 
immunohistochemistry for 
light microscopy (IHC) and 
fluorescence microscopy (IF)

Antigen Source Dilution Company

Kv1.5 Rabbit 1:500 WB
1:200 IHC, IF

Alomone, APC-004

β-actin Mouse 1:5000 WB Sigma, A5316
GFAP Mouse 1:500 IF NIH NeuroMab, clone73-240
ED1 Mouse 1:100 IF Abcam, ab31630
Iba1 Goat 1:400 IF Abcam, ab5076
Vimentin Mouse 1:200, IF Dako, M0725
Anti-rabbit IgG-HRP Donkey 1:20,000 WB Santa Cruz, sc-2305
Anti-mouse IgG-HRP Donkey 1:20,000 WB Santa Cruz, sc-2314
Anti-rabbit Alexa Fluor 555 Donkey 1:250 IF Invitrogen, A31572
Anti-mouse Alexa Fluor 488 Donkey 1:250 IF Invitrogen, A21202
Anti-goat Alexa Fluor 488 Donkey 1:250 IF Invitrogen, A11055



2736	 Neurochemical Research (2019) 44:2733–2745

1 3

Immunostaining for Light and Fluorescence 
Microscopy

Glass slides were incubated at room temperature for 30 min 
in order to acclimate the tissue before staining. The slides 
were washed in PBS and then endogenous peroxidase was 
blocked with 1% hydrogen peroxide in methanol. Next, 
the tissue was incubated in 0.1% Triton X-100 in PBS for 
15 min to permeabilize cell membranes. After triple wash-
ing in PBS, the slides were incubated in 5% normal don-
key serum for 1 h to block unspecific binding of antibod-
ies. Subsequently, the tissue was incubated with the Kv1.5 
channel antibody (Table 1) overnight, at 4 °C. On the next 
day, the slides were rinsed in PBS three times and incubated 

with HRP-conjugated donkey anti-rabbit antibody, for 2 h at 
room temperature. Kv1.5 was visualized with 3,3-S-diamin-
obenzidinetetrahydrochloride (DAB, Dako, Glostrup, Den-
mark). After dehydration in a sequence of alcohol solutions 
and xylene, the slides were mounted with DPX Mounting 
medium (Fluka, Buchs, Switzerland). The images were cap-
tured with the Leica DMRX 301-371.010 microscope (Leica 
Microsystems, Wetzlar, Germany), using × 10 magnification.

For immunofluorescent staining the protocol was simi-
lar, however blocking endogenous peroxidase was omitted. 
Specifications and dilutions for primary antibodies against 
cell-specific markers and appropriate fluorescently labeled 
secondary antibodies used in the study are given in Table 1. 
Nuclei were labeled with Hoechst 33342 dye (5 mg/ml, 

Fig. 1   Disease severity and CNS inflammation during the course 
of EAE. a EAE animals were followed over 28  days post-immuni-
zation (X-axis) and evaluated daily for body mass and neurological 
signs according to standard 0–5 grading scale as described in Mate-
rials and methods. The left Y-axis represents daily mean disease 
score ± SEM (red circles), while the right Y-axis represents daily 
mean body mass ± SEM (black squares). Three stages of EAE: onset 
(Eo), peak (Ep) and end (Ee) are indicated next to corresponding day 
post-immunization. b Since cellularity of spinal cord (SC) tissue is 

increased during EAE due to infiltration of peripheral immune cells, 
nuclear staining with Hoechst of lumbar SC cross-sections was used 
to follow the intensity of inflammation in three stages of the disease: 
Eo, Ep, and Ee. Infiltrating inflammatory cells are indicated with: 
white arrows (leptomeningeal area) and white arrowheads (CNS 
parenchyma) at Eo; white circle—widespread inflammation in CNS 
parenchyma at Ep; and white asterisks—remaining infiltrates at Ee. 
Scale bar: 200 μm (Color figure online)
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Life Technologies, Invitrogen, Carlsbad, CA, USA) and 
this staining was also used to track inflammatory cells infil-
tration during EAE. The slides were mounted with Mow-
iol (Calbiochem, Millipore, Germany). Sections that were 
not incubated with the primary antibody solution showed 
no specific reaction. The images were captured with Zeiss 
Axiovert fluorescent microscope (Zeiss, Jena, Germany), 
using × 5 or × 63 magnifications and an Apotome system 
for obtaining optical sections.

Image Analysis and Quantification

Lumbosacral sections of the spinal cord labeled with Kv1.5/
Iba1, Kv1.5/GFAP and Kv1.5/vimentin were used for quan-
tification analysis to determine the expression of Kv1.5 on 
microglia and astrocytes, as described previously [17]. 
Briefly, sections from each group were divided into dorsal, 
ventral and left and right lateral segments of the white mat-
ter and three to five images of each segment were taken 
and examined with Image J software (National Institutes of 
Health, Bethesda, Maryland, USA). The images were ana-
lyzed for single labeled (Kv1.5, Iba1, GFAP, and vimentin) 
and double-labeled cells (Kv1.5/Iba1) or processes (Kv1.5/
Iba1 and Kv1.5/vimentin) and compared to superimposed 
images. The results are expressed as the mean percentage 

of Kv1.5+ cells of the total pool of Iba1+/GFAP+/vimentin+ 
cells per group ± SEM.

Data Analysis

Statistical analysis was performed in GraphPad Prism 
5 Software ® (GraphPad Software, La Jolla, CA, United 
States) using the Kruskal–Wallis test. Results are expressed 
as mean values ± standard error and values of p < 0.05 were 
considered to be statistically significant.

Results

Time Course of the EAE Pathology

All immunized animals developed the monophasic disease 
(Fig. 1a), with the onset (Eo) occurring typically around 
8th day after immunization (8-dpi), peaking in severity at 
14-dpi (Ep), and ending around 28-dpi (Ee). At the peak 
of the disease animals with severe neurological symptoms 
experienced significant body weight loss (Fig. 1a). The neu-
rological scores obtained over the monophasic course of the 
illness are presented in Fig. 1b.

An autoimmune response initiated at the periphery by 
an injection of the encephalitogenic emulsion, caused a 

Fig. 2   Quantitative expression and visualization of Kv1.5 channel in 
the lumbar part of rat spinal cords during EAE. a Kcna5 gene expres-
sion was assessed by qRT-PCR in immunized (Eo, Ep, and Ee) and 
naive animals (C—control), with GAPDH as an internal reference 
standard, and results expressed as mean  % of control values ± SEM. 
b Protein levels of Kv1.5 were determined using the Western 
blot method, with β-actin used as a loading control, and c results 

expressed as mean % of control values ± SEM. **p < 0.001 *p < 0.05 
compared to control. d Immunohistochemical visualization of Kv1.5 
protein by DAB staining in lumbar SC cross-sections of control and 
EAE animals sacrificed at Eo, Ep, and Ee. Arrows and triangles are 
pointing to cells that morphologically resemble astrocytes in white 
and grey matter, respectively. Scale bar: 50 µm
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neuroinflammatory reaction in the CNS, reflected in sig-
nificant infiltration of peripheral immune cells into the spinal 
cord parenchyma and activation of astrocytes and microglia. 
Staining of nucleated cells in lumbar spinal cord sections of 
animals at different phases of EAE showed increased cel-
lularity relative to healthy animals (not shown), due to the 
infiltration of inflammatory myeloid cells. The infiltrated 
cells at Eo were located close to leptomeninges (Fig. 1b, 
arrows) or in the perivascular zones along microvessels 
(Fig. 1 b, arrowheads). At the peak of disease, the infiltrates 
were more pronounced and widespread in the white matter 
parenchyma (Fig. 1b, circles). By the end of the disease, the 
mononuclear cells largely are withdrawn, leaving signifi-
cantly smaller areas of infiltration (Fig. 1b, asterisks).

Expression of Kv1.5 Channel During EAE

Expression of Kv1.5 channel in the lumbar spinal cord over 
the course of EAE was assessed by qRT-PCR and Western 
blot (Fig. 2a–c). The abundance of Kv1.5-mRNA varied 

significantly during EAE, being about 50% less abundant 
at Eo and Ep relative to control, and returning to the base-
line level at the end of disease (Fig. 2a). The abundance of 
the Kv1.5 protein, however, only slightly decreased at Ep, 
when about 25% reduction was observed relative to con-
trol (Fig. 2b, c). Immunohistochemisty labeling of Kv1.5 
channel in the spinal cord tissue sections showed its wide 
distribution in control and EAE animals (Fig. 2d). The sig-
nal corresponding to the Kv1.5 channel mostly labeled cells 
that resemble fibrous (Fig. 2d, arrows) and protoplasmatic 
astrocytes (Fig. 2d, triangles).

Cellular Allocation of Kv1.5 Channel

Precise cellular allocation of Kv1.5 channel in the lumbar 
spinal cord was determined by double immunofluorescence 
labeling directed to Kv1.5 protein and cell-type specific 
markers.

The presence of Kv1.5 was determined in mononuclear 
phagocytes comprising resident microglia, and peripheral 

Fig. 3   Association of Kv1.5 with CNS myeloid cells in rat lumbar 
SC cross-sections. Kv1.5 (red fluorescence) was not found in ED1+ 
cells (a marker of macrophages/microglia, green fluorescence), both 

in control and inflammatory conditions during EAE (Eo-onset, Ep—
peak, Ee—end). Nuclear counterstain with Hoechst (blue). Scale bar: 
20 μm (Color figure online)
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macrophages that enter the spinal cord in pathological con-
ditions. Both cell types are activated during EAE, with a 
culmination in their numbers at Ep (Figs. 3, 4, panel Ep). 
The identity of microglia/macrophages was established 
based on ED1 and Iba1 expression, wherein both markers 
being up-regulated upon the cell activation. The ED1+ cells, 
which mostly populated the areas of cellular infiltration, 

did not appear to express Kv1.5 channel—at any phase of 
the disease (Fig. 3). Only sporadic co-expression of Kv1.5 
and Iba1+ were seen in cellular elements in control (Fig. 4, 
panel C—control animals, arrowheads; Fig. 7a), which 
most likely belong to resident microglia. Quantification 
of Kv1.5 expression on microglial cells showed that only 
10% of the Iba1+ cells in control sections expressed Kv1.5. 

Fig. 4   Association of Kv1.5 with CNS resident immune cells—
microglia, in rat lumbar SC cross-sections. Iba1 was used as a marker 
of microglia (green fluorescence). Kv1.5 (red fluorescence) was 
found in resting microglia of control animals and in Iba1+ cells at the 

onset of EAE (Eo, arrowheads), while at peak (Ep) and the end (Ee) 
of EAE Kv1.5+Iba1+ cells were not found. Nuclear counterstain with 
Hoechst (blue). Scale bar: 20 μm (Color figure online)
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After the onset of EAE, the percentage of Kv1.5+ Iba1+ 
cells decreased and at the end of disease these cells were 
not found (Fig. 7a). To summarize, the Kv1.5 channel does 
not appear to be significantly expressed by neither ED1+ nor 
Iba1+ cells during EAE. 

Immunohistochemistry directed to Kv1.5 channel com-
bined with light microscopy after DAB staining pointed 
to astrocytes as prevailing cells expressing Kv1.5 protein 
(Fig. 2d). Therefore, we next applied double immunofluo-
rescence labeling directed to Kv1.5 channel and one of two 
astrocytes markers, GFAP for labeling mature astrocytes 
(Fig. 5) and vimentin for labeling proliferating immature 
astrocytes (Fig. 6). The immunofluorescence corresponding 
to Kv1.5 channel was found at GFAP+ astrocytes regard-
less of the cell activation state, both in the white and grey 
matter over the course of EAE (Fig. 5), with around 60% of 
GFAP+ astrocytes expressing Kv1.5 (Fig. 7b). At Ee, pro-
toplasmic astrocytes expressed Kv1.5 channel most abun-
dantly (Figs. 1d, 5, panel Ee; Fig. 7b). With regard to imma-
ture astrocytes, the cells positive to vimentin co-expressed 
Kv1.5 in all EAE phases (Fig. 6, arrows; Fig. 7c). At Eo 
and Ep, some vimentin+/Kv1.5− cells were observed, prob-
ably round-shaped macrophages/microglia (Fig. 6, panel Eo, 
Ep, arrowheads). Taken together, our results suggest major 
allocation of Kv1.5 in fibrous and protoplasmatic GFAP+ 
astrocytes over the course of EAE in addition to expression 
in vimentin+ astrocytes in EAE rats.  

Discussion

This study is the first to characterize spatiotemporal patterns 
of Kv1.5 expression at gene and protein levels, in the spinal 
cord over the course of EAE. We have shown that Kv1.5-
mRNA abundance inversely correlates with disease severity 
and clinical scores. In addition, our study demonstrated that 
Kv1.5 protein is not expressed on infiltrating macrophages. 
Though it can be found scarcely on resting microglia in 
naïve rats, activated microglia cells are devoid of this chan-
nel during the disease course. Furthermore, GFAP+ astro-
cytes express the Kv1.5 channel throughout the disease, 
while not all vimentin+ astrocytes express this channel.

In our previous study, we have shown that the Kv1.3 
channel gene and protein level increased at the peak of 
the disease, especially in activated macrophages/microglia 
and astrocytes [17]. It is well-known that besides Kv1.3, 

the Kv1.5 channel has a role in proliferation and activation 
processes in macrophages/microglia [20, 30, 31, 36]. Dur-
ing EAE, the proliferation and activation of macrophage/
microglia increased at the peak of disease, as we have pre-
viously reported [41]. At this stage of activation, they are 
difficult to distinguish from recruited macrophages, how-
ever, it was suggested that the infiltrating macrophages are 
crucial for the EAE pathogenesis [42]. Macrophages act 
as principal inflammatory cells that are involved in MS/
EAE disease progression and/or remission. Namely, mac-
rophages, as antigen-presenting cells participate in gov-
erning immune response toward inflammation, including 
chemotaxis, myelin antigen presentation, secretion of several 
cytokines and chemokines and free radicals. On the other 
hand, macrophages are capable of phagocytosis of myelin 
proteins aiding the process of remyelination. In this study, 
immunohistochemistry analysis revealed that Kv1.5 protein 
was completely absent from ED1+ macrophages/microglia 
cells at all stages of the disease. It was reported that the 
Kv1.5 channel is expressed on macrophages [30, 31], and 
during cell growth, a transition from Kv1.5 to Kv1.3 channel 
occurs [43]. Interestingly, we have shown previously that 
infiltrating macrophages/microglia express Kv1.3 during 
EAE [17]. In line with these findings, we can conclude that 
during EAE, Kv1.5 is not predominant channel presented on 
infiltrating macrophages/microglia, accordingly this channel 
does not have a role in macrophage activation. Although 
Kv1.3 is involved in the activation of macrophages [43], it 
was suggested that hybrid Kv1.3/Kv1.5 channel is predomi-
nant heterotetrameric channels in these cells [30], hence the 
Kv1.3/Kv1.5 ratio in myeloid cells might alter [31]. It was 
proposed that cytokines, such as TNF modify the stoichiom-
etry of these subunits [30, 44]. Activated microglia secretes 
a number of pro-inflammatory cytokines, including TNF, 
whose increase is positively correlated to the EAE induc-
tion and progression of the disease [45, 46]. Khanna et al. 
demonstrated that Kv1.3 was present on the microglial cell 
membrane, whereas Kv1.5 was found mainly intracellularly 
[47]. In our previous study, we found that Kv 1.3 was absent 
from resting Iba1+  microglia cells [17]. In this study, we 
showed that around 10% of ramified Iba1+ microglial cells in 
naïve animals express the Kv1.5 channel. Kotecha et al. con-
cluded that Kv1.3 channel is expressed in proliferating cells, 
while the Kv1.5 channel is found on non-proliferating cells 
[43]. The resting, ramified microglia are present in healthy 
animals, indicating that Kv1.5 is expressed mainly on non-
proliferating cells that preserve healthy CNS homeostasis 
and plasticity [6]. Highly branched microglia, are the first 
myeloid cells that respond to any inflammation occurring in 
the CNS [7]. At the onset of the disease, occasional Iba1+ 
branched cells expressing the Kv1.5 channel were observed. 
Previously, it was postulated that inflammation might 
increase the expression of Kv1.5 channels in microglia, 

Fig. 5   Association of Kv1.5 with GFAP+ astrocytes, in rat lumbar SC 
cross-sections. Representative micrographs are showing that white 
and grey matter GFAP+ astrocytes (green fluorescence) express Kv1.5 
(red fluorescence), both in control and inflammatory conditions dur-
ing EAE (Eo-onset, Ep—peak, Ee—end). Nuclear counterstain with 
Hoechst (blue). Scale bar: 20 μm (Color figure online)

◂



2742	 Neurochemical Research (2019) 44:2733–2745

1 3

which is required for amplified NO production and inhibition 
of the cell cycle but not chemokine release [36]. This was in 
accordance with our previous study, where the highest iNOS 
level was observed at the onset of the disease [41]. It is inter-
esting to note that during peak and recovery of EAE, Kv1.5 

channel was completely absent from microglia cells, oppo-
sitely to Kv1.3 channels that show the specific expression 
on activated Iba1+ microglia. Thus, the Kv1.3/Kv1.5 ratio 
may influence various physiological activities and can rep-
resent an indicator of cell activation [19, 30]. Specifically, 

Fig. 6   Association of Kv1.5 with Vimentin+ cells, in rat lumbar SC 
cross-sections. Double immunofluorescence labeling of Kv1.5 (red 
fluorescence) and vimentin (green) fluorescence with nuclear coun-
terstain (Hoechst, blue). Vimentin+Kv1.5+astrocytes were found both 
in control and inflammatory conditions during EAE (Eo-onset, Ep—

peak, Ee—end, arrows). Vimentin+Kv1.5− cells that resemble: astro-
cytes were found in steady-state conditions (C—control, arrowhead); 
macrophages/microglia were found at the onset and peak of EAE (Eo 
and Ep, arrowheads). Scale bar: 20 μm
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Kv1.3 channel expression is induced during activation and 
apoptosis, so its down-regulation is associated with immu-
nosuppression [44], while high levels of Kv1.5 propose an 
immunosuppressive state of the cells [19, 21, 32]. Therefore, 
the amount of Kv1.3 and Kv1.5, with their complex can 

impact cell activation, proliferation, and/or differentiation 
[48]. Accordingly, modulation of macrophages/microglia 
activation was the basis for Kv1.3 blocker based therapy, 
so the link between Kv1.3 and Kv1.5 channels needs to be 
considered in designing Kv1.3 blocker-based therapy [31].

In the present study, we have shown that Kv1.5 channel 
expression largely coincided with GFAP+ astrocytes in the 
white and grey matter of the rat spinal cord, while some 
vimentin + cells are devoid of Kv1.5 expression, mainly in 
naïve rats and at the onset and peak of disease. It is well 
established that astrocytes express Kv 1.5 channels in the 
brain and spinal cord [38]. In addition, its presence was con-
firmed in astrocytes cell culture and glioma cells [37, 49]. 
Although a specific function of this channel is unknown, 
it was postulated that the Kv1.5 channel has a role in the 
proliferation of astrocytes [37, 38]. The same study implies 
that astrocyte differentiation is not affected by Kv1.5 chan-
nel expression. Results obtained from this study show that 
the Kv1.5 channel is expressed in GFAP+ fibrous astrocytes 
that reside in the white matter, and in star-shaped GFAP+ 
protoplasmic astrocytes that occupy the gray matter dur-
ing the disease, irrespectively of the stage of the disease 
[50, 51]. Another glial marker, vimentin, is the intermediate 
filament responsible for maintaining cell integrity [27]. It 
is expressed in immature astrocytes early in the develop-
ment of the CNS and replaced with GFAP during matura-
tion [28]. Interestingly, an earlier study found that vimentin 
is expressed by activated macrophages [52]. In this study, 
at the onset and peak of disease, Kv1.5 channel expres-
sion was devoid of vimentin + cells that morphologically 
resemble macrophages. During MS/EAE, the upregulation 
of GFAP and vimentin has been shown to be the hallmark 
of reactive astrogliosis [53, 54]. It is well-known that astro-
cyte heterogeneity in terms of morphology and physiology 
may influence the glial propensity to respond differently to 
inflammatory stimuli and affect the disease outcome [55]. In 
specific, reactive astrogliosis may be detrimental to neuronal 
recovery, however, an astrocytic scar may restrict inflam-
mation to CNS and possibly induce neuroprotection [56]. 
Kv1.5 channel expression was mainly localized in GFAP+ 
astrocytes at the end of disease, implying that this channel is 
expressed on mature astrocytes. Previously, we demonstrated 
that these intermediate filaments are upregulated during the 
disease [45]. It is interesting to note, that naïve rats do not 
express Kv1.3 channel on GFAP+ and vimentin+ astrocytes 
[17], while we have suggested that during neuroinflamma-
tion, Kv1.3 channels has a proinflammatory role in astro-
cytes. Interestingly, the present study revealed the expression 
of the Kv1.5 channels on non-reactive and reactive astro-
cytes. Reactive astrocytes acquire hypertrophic morphology, 
which is indicative of tissue damage. Those astrocytes, with 
enlargement of the cell soma and reduced process density, 
are usually found near demyelinating lesions [57, 58], as we 

Fig. 7   Quantification of Kv1.5 expression on microglia and astro-
cytes in lumbar SC cross-sections. Changes in the percentage of 
Iba1+ cells (a), GFAP+ cells (b) and vimentin+ cells (c) that express 
Kv1.5 in control animals and during EAE. Signifcance level inside 
the graph: *p < 0.05 compared to control
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previously demonstrated in peak and end of the disease [45]. 
Although the Kv1.5 channel is expressed on astrocytes that 
proliferate and differentiate during EAE, the Kv1.5 gene and 
protein level decrease at the onset and peak of the disease, 
implying that absence from microglia cells in part leads to 
a diminished level of this channel. In addition, these results 
indicate that the Kv1.5 channel might be in homomeric com-
position in astrocytes, although it cannot be omitted from the 
fact that astrocytes form Kv1.3 and Kv1.5 complex, as it was 
reported previously [38].

To summarize, the main goal of our study was to 
elucidate the spatio-temporal expression profile of the 
Kv1.5 channel during EAE. Our results reveal that the 
presence of this channel is not found in ED1 expressing 
macrophages/microglia, however, Kv1.5 channels were 
found on non-proliferating, resting Iba1+ microglia. Pre-
dominant expression of the Kv1.5 channel was found in 
astrocytes during EAE. Having in mind the innate ability 
of astrocytes to protect neurons appears to be a promising 
therapeutic target [59], the results obtained from this study 
suggest a possible link between the Kv1.5 channel and the 
pathophysiological processes in the EAE. Further studies 
are desirable to reveal the signals that initiate the observed 
alterations in Kv1.5 expression and to be set in the EAE 
and other diseases with the neuroimmune component.
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