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A B S T R A C T   

Diverse classes of voltage-gated potassium channels (Kv) are integral to the variety of electrical activity patterns 
that distinguish different classes of neurons in the brain. A feature of their heterogenous expression patterns is 
the highly precise manner in which specific cell types target their location within functionally specialised sub- 
cellular domains. Although Kv expression profiles in cortical brain regions are widely reported, their immuno-
localisation in sub-cortical areas such as the striatum, and in associated diseases such as Parkinson’s disease (PD), 
remain less well described. Therefore, the broad aims of this study were to provide a high resolution immuno-
localisation analysis of various Kv subtypes within the mouse striatum and assess their potential plasticity in a 
model of PD. Immunohistochemistry and confocal microscopy revealed that immunoreactivity for Kv1.1, 1.2 and 
1.4 overlapped to varying degrees with excitatory and inhibitory axonal marker proteins suggesting these Kv 
subtypes are targeted to axons innervating striatal medium spiny neurons (MSNs). Immunoreactivity for Kv1.3 
strongly overlapped with signal for mitochondrial marker proteins in MSN somata and dendrites. Kv1.5 
immunoreactivity was expressed in parvalbumin-immunopositive neurons whereas Kv1.6 was located in cells 
immunopositive for microglia. Signal for Kv2.1 was concentrated on the somatic and proximal dendritic plasma 
membrane of MSNs, whilst immunoreactivity for Kv4.2 was targeted to their distal dendritic regions. Finally, 
striatal Kv2.1 expression, at both the mRNA and protein levels, was decreased in alpha-synuclein overexpressing 
mice, yet increased in alpha-synuclein knockout mice, compared to wild-type counterparts. The data indicate a 
variety of Kv expression patterns that are distinctive to the striatum and susceptible to pathology that mirrors PD. 
Furthermore, these findings advance our understanding of the molecular diversity of various striatal cell types, 
and potentially have implications for the homeostatic changes of MSN excitability during associated medical 
conditions such as PD.   

1. Introduction 

Diverse classes of voltage-gated potassium channels (Kv) contribute 
to the distinctive patterns of electrical excitability across different 
classes of neurons and are therefore integral to shaping various patterns 
of brain function. Unsurprisingly, alterations in Kv expression and 
function have been attributed to the underlying pathology of a variety of 
brain disorders including movement disorders (Browne et al., 1994), 
epilepsies (Allen et al., 2020), immune-mediated disorders (Rus et al., 
2005) and neurodegenerative diseases such as Huntington’s disease 
(Zhang et al., 2018), Alzheimer’s (Villa et al., 2020) and Parkinson’s 

(Tubert et al., 2016). Their multiplicity of functions arises in part from 
being the largest gene family of potassium (K+) channels (Yellen, 2002). 
However, this molecular diversity is accompanied by their selective 
targeting to discrete, microdomains of neuronal compartments in a cell 
type specific manner (Trimmer, 2015). Therefore, the high-resolution 
localisation of different Kv species throughout all brain regions and 
cell types is essential for an integrated understanding of their roles in 
normal brain function and associated medical disorders. 

Kv comprise tetramers of primary, or pore-forming subunits, also 
termed alpha subunits. A range of elegant expression studies have 
demonstrated how different Kv alpha subtypes are targeted to precise 
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subcellular domains and different cell types throughout the brain 
(Trimmer and Rhodes, 2004, Vacher, Mohapatra et al., 2008, Trimmer, 
2015, Dumenieu et al., 2017). For example, members of the Kv1 family, 
including Kv1.1, 1.2, 1.4, are preferentially expressed on axonal com-
partments including the axon initial segment, presynaptic terminals and 
juxtaparanode, whilst those of Kv3 are enriched in axonal terminals 
(Trimmer, 2015). In contrast, members of the Kv2 family are concen-
trated on somatic and proximal dendritic compartments and the axon 
initial segment (Trimmer, 1991, Du et al., 1998, King et al., 2014) whilst 
Kv4 subtypes are distributed to dendritic shafts and spines(Kerti et al., 
2012). Apart from this sub-cellular segregation, specific Kv are 
expressed by selected cell types within various brain regions. For 
example, Kv3.1 is expressed in fast spiking parvalbumin interneurons 
(Sekirnjak et al., 1997). These diverse, though highly precise cellular 
and sub-cellular expression profiles of different Kv subtypes serve to 
magnify neuronal excitability patterns throughout the brain. Despite 
this large body of evidence for the native expression of specific Kv 
subtypes in the brain, the detail of their cellular and sub-cellular local-
isation at high resolution within some brain regions, especially in 
sub-cortical regions such as the striatum, remains poorly explored. 

The striatum integrates chemically and functionally diverse inputs 
from multiple cortical and sub-cortical regions to modulate voluntary 
movements, motor learning, cognition, emotion, and the reward system 
(Graybiel and Grafton, 2015). To achieve such an integrative function, 
striatal principal neurons called medium spiny neurons (MSNs), align 
diverse inputs alongside a range of postsynaptic neurotransmitter re-
ceptor classes in a domain-specific manner across somatic and dendritic 
compartments. There are a plethora of inputs to different regions of the 
MSN, which are likely to induce complex patterns of membrane poten-
tial fluctuations within different sub-cellular domains (Carter et al., 
2007). It is therefore imperative that different Kv subtypes are precisely 
targeted to different sub-cellular regions to ensure coordinated activity. 
Combinatorial analyses indicate varying roles for a number of Kv sub-
types in striatal function. For example, in rat, presynaptic Kv1 contrib-
utes to activity at glutamatergic and dopaminergic terminals (Shen 
et al., 2004, Fulton et al., 2011, Martel et al., 2011, Meneses et al., 
2016), regulates motivation for reward (O’Donovan et al., 2019) and 
contributes to a syndrome of abnormal striatum, congenital cataract and 
intellectual disability (Kaya et al., 2016). For the Kv2 family, Kv2.1 
expressed on plasma membrane surfaces has been found to be spatially 
and functionally coupled to internal calcium pathways (Mandikian 
et al., 2014) and its impaired trafficking contributes to MPTP-induced 
nigrostriatal degeneration (Chao et al., 2018). Furthermore, Kv4.2 has 
been shown to be important for stress-dependent synaptic plasticity in 
the ventral striatum (Aceto et al., 2020). Despite such functional evi-
dence for Kv in the striatum, there has been considerably less focus on 
the high-resolution localisation analyses that exist for cortical regions. 
Apart from Kv2.1 (Mandikian et al., 2014), most localisation analyses 
have provided a regional overview of the striatum and indicate evidence 
of the expression of subtypes for Kv1 (Rhodes et al., 1997, Chung et al., 
2000) and Kv4 (Rhodes et al., 2004). Furthermore, the majority of these 
studies have been performed in rat, with correlative analyses in mouse 
yet to be determined. Therefore, the aim of this study was to provide a 
cell type and domain-specific localisation of Kv1–4 alpha subtypes in the 
mouse striatum. 

2. Methods 

2.1. Ethics 

All procedures involving experimental animals were approved by the 
Animal Welfare and Ethical Review Board of the University of Ports-
mouth, performed under the auspices of a Home Office-issued project 
licence (PPL 70/8459), and in accordance with the Animals (Scientific 
Procedures) Act 1986 and the European Directive 2010/63/EU on the 
protection of animals used for scientific purposes. 

2.2. Animals 

Adult (~ 3 months of age) C57/BL6J mice of both sexes (N = 6) were 
used for the native localisation analyses. Animals were bred in-house by 
the University of Portsmouth Bioresources Centre, and housed in a 
temperature and humidity-controlled environment under 12-hours 
light-dark cycle, with free access to standard food and water. 

In a sub-population of experiments, Kv immunoreactivity was 
assessed in a mouse model of PD that over-expresses alpha-synuclein at 
disease relevant levels, here termed SNCA-OVX (Janezic et al., 2013). 
Others have shown that the phenotype and age-related profile of 
PD-related motor deficits are closely replicated in this model with 
age-dependent loss of dopaminergic neurons and motor impairments 
characteristic of PD presenting at ~14 months of age. SNCA-OVX 
breeding pairs were obtained from the Oxford Parkinson’s Disease 
Centre. SNCA-OVX mice were bred with a SNCA-null mouse strain 
(SNCA-KO) (Cabin et al., 2002), both on a C57/BL6J background. 

2.3. Reverse transcription-polymerase chain reaction (RT-PCR) 

RT-PCR was used to detect which Kv alpha subunits are expressed in 
the mouse striatum at the mRNA level, according to previously pub-
lished protocols (Seifi et al., 2014). Mice were killed by cervical dislo-
cation, the dorsal striatum dissected using a brain matrix and tissue 
punch, and samples snap frozen in liquid nitrogen for later use. The 
frozen tissue was then thawed and homogenised from which RNA was 
extracted using an RNeasyR mini kit (Qiagen) according to the manu-
facturer’s protocol. RNA was reverse transcribed into complementary 
DNA (cDNA) using SuperScript™ First-Strand Synthesis System for 
RT-PCR kit (Invitrogen). Equal amounts of cDNA (1–2 µL) were then 
used for subsequent PCR using GoTaqR green mastermix (Promega), PCR 
grade water and specific primers. Finally, Kv transcript products were 
run on a 2% agarose gel and the DNA was visualised under ultraviolet 
light using a SYBR™ green-based DNA stain. Exon-exon spanning Kv 
PCR primers used in the study (Table 1) have previously been published 
(Li et al., 2015). 

2.4. Immunohistochemistry 

All procedures were according to previously published protocols 
(Jackson et al., 2021). Briefly, mice were perfusion-fixed under terminal 
anaesthesia (isoflurane followed by pentobarbitone 1.25 mg/kg of 
bodyweight, IP), by the transcardial supply of 0.9% saline solution for 2 
min, followed by 10 mins of 1% paraformaldehyde (PFA) in 0.1 M 
phosphate buffer (PB), pH 7.4. A light fixation of 1% PFA was deliber-
ately chosen to maximise the access of antibodies to integral membrane 
protein epitopes (Lorincz and Nusser, 2008). The brains were subse-
quently post-fixed overnight in the same fixative solution and then 
stored in 0.1 M PB. Sixty µm-thick coronal sections were prepared using 
a vibrating microtome (VT 1000, Leica, Wetzlar, Germany). The sections 
were thoroughly washed in 0.1 M PB to remove any residual fixative and 
then stored in a solution containing 0.1 M PB and 0.05% w/v sodium 
azide until further processing. 

To minimise the non-specific binding of secondary antibodies, tissue 
sections were pre-incubated in a 50 mM Tris-buffered saline (TBS) so-
lution containing 0.3% w/v Triton™ -X-100 (TBS-Tx) solution and 20% 
normal serum from the species that the secondary antibodies were raised 
in (Vector Laboratories, Newark, USA) for 2 h at room temperature on a 
horizontal shaker. Tissue sections were then incubated in a cocktail of 
primary antibodies diluted in TBS-Tx at 4 ◦C overnight on a horizontal 
shaker. Details of all primary antibodies used in this study are provided 
in Table 2. The next day, tissue sections were washed in TBS-Tx for 30 
min and subsequently incubated in a cocktail of appropriate secondary 
antibodies diluted in TBS-Tx for 2 h at room temperature on a horizontal 
shaker. Secondary antibodies were all raised in donkey, and conjugated 
to either Alexa Fluor™488, indocarbocyanine (Cy3), DyLight549™, or 
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DyLight649™ (Jackson Immunoresearch, West Grove, PA, USA). 
Finally, tissues sections were washed in TBS-Tx for 30 min and mounted 
on glass microscope slides, air dried, and sealed with glass coverslips 
using Vectashield antifade mounting medium (Vector Laboratories). 

The specificity of Kv antibodies has been confirmed either in gene- 
deleted mice or by immunofluorescence staining of transfected cells 
expressing the appropriate Kv subtype (see Table 2 for details). Method 
specificity was confirmed by omitting primary antibodies in the reaction 
sequence, which served to confirm the specificity of secondary anti-
bodies. In the case of double and triple immunolabelling experiments, 
confirmation of the lack of cross-reactivity by secondary antibodies was 
tested by reacting a single primary antibody with the full complement of 
secondary antibodies. 

Samples were examined with a confocal laser-scanning microscope 
(LSM 880 with AiryScan™ or LSM 710; Zeiss, Oberkochen, Germany) 
using either a Plan Apochromat 20x (NA 0.8) (pixel size 0.42 µm) 
objective, Plan Apochromat 40x DIC oil objective (NA 1.3) (pixel size 
0.29 µm), Plan Apochromat 63x DIC oil objective (NA 1.4) (pixel size 
0.13 µm) or a Plan Apochromat 100x DIC oil objective (NA 1.46) (pixel 
size 0.08 µm). Images were acquired using sequential acquisition of the 
different channels to avoid crosstalk between fluorophores. Pinholes 
were adjusted to 1.0 Airy unit for all channels. All images shown 
represent a single optical section. Images were processed with the 
software Zen (Zeiss) and exported into bitmap images for processing in 
Adobe Photoshop (Adobe Systems, San Jose, Ca, USA). Only brightness 
and contrast were adjusted for the whole frame, and no part of any frame 
was enhanced or modified in any way. 

2.5. Semi-quantification of the degree of colocalisation of Kv1.1, Kv1.2 
and Kv1.4 with presynaptic marker proteins. 

The degree of overlap between immunoreactivity for Kv1.1, 1.2 and 
1.4 with either VGLUT1, VGLUT2 or VGAT was assessed to estimate the 
association of these channels with either excitatory or inhibitory syn-
aptic inputs, according to previously published protocols (Kelly et al., 
2021). The imaging and quantification were performed as follows, using 
a Plan Apochromatic 100 x DIC oil objective (NA1.46): within 3 tissue 
sections per Kv subtype (n = 5 mice), 3 fields of view (FOV) were 
selected. Z-stacks consisting of 3 optical sections were acquired for each 
FOV. The optical sections were spaced 5 µm apart in the Z plane in order 
to prevent any overlap of signal across optical sections or individual 
neurons. The dimensions of each optical section were 84.94 µm x 84.94 
µm x 0.7 µm in the X-Y-Z planes. The Coloc2 function in ImageJ was then 
used to quantify the degrees of co-occurrence of overlapping pixels for 
each Kv subtype and axonal marker, and vice versa, using the Manders’ 

overlap coefficient (Manders et al., 1993), 

2.6. Estimation of the number of parvalbumin cells immunopositive for 
Kv1.5 and Kv4.3, and IBA1 cells immunopositive for Kv1.6 

Coronal sections of the striatum, 60 µm-thick were prepared using a 
vibrating microtome. Immunoreactivity for parvalbumin-Kv1.5-DARPP- 
32, parvalbumin-Kv4.3-DARPP-32, and IBA1-Kv1.6-DARPP-32 immu-
nopositive cells was imaged using an EC Plan-Neofluar 20x objective 
(0.50 NA). For an individual tissue section, the tile scan function was 
used to image the dorsal striatum in the X-Y plane, and throughout the Z 
plane using Z-stacks spaced 10 µm apart. All double-labelled cells (Kv 
and marker) were then manually counted per section, and calculated as 
a percentage of total number of cells. This was repeated in 4 tissue 
sections per animal, and average values derived for induvial animals, 
which was then repeated in N = 3 animals. 

2.7. Quantification of Kv2.1 immunofluorescence intensity in dopamine 
receptor 1 (DR1) and dopamine receptor 2 (DR2)-expressing somata 

In a subset of experiments, a semi-quantitative analysis of differences 
in the intensity of Kv2.1 immunoreactivity was assessed in cells immu-
noreactive for either the DR1 or DR2, (Kelly et al., 2021). Reactions for 
Kv2.1, DR1 and DR2 immunolabelling were performed and imaged 
under identical conditions. Using a Plan Apochromatic 100 x objective 
(NA 1.46), 3 fields of view (FOV) were selected within the dorsal region 
of the striatum. Z-stacks consisting of 3 optical sections were acquired 
for each FOV. The optical sections were spaced 15 µm apart in the 
Z-plane in order to prevent any overlap of signal across optical sections 
or individual neurons. The dimensions of each optical section were 
84.94 µm x 84.94 µm x 0.7 µm in the X-Y-Z planes. Within an optical 
section, the cell bodies of individual MSNs that were clearly identified as 
either DR1 or DR2 immunopositive were demarcated as the region of 
interest using the Freehand tool in ImageJ, and mean fluorescence in-
tensity measured. This was repeated in 3 tissue sections per animal, and 
5 animals. 

2.8. Quantification of changes in striatal Kv immunofluorescence 
intensity in a PD mouse model 

In a subset of experiments, a semi-quantitative analysis of changes in 
the intensity of Kv immunoreactivity was determine in WT and SNCA 
transgenic mice, according to previously published protocols (Kelly 
et al., 2021). Using a Plan Apochromatic 100 x objective (NA1.46), 3 
fields of view (FOV) were selected within the dorsal region of the 

Table 1 primer sequences used for RT-PCR in this study (Li et al., 2015).  

Gene Accession numbers Forward Primer Sequence Reverse Primer Sequence 

Kv1.1 NM_010595.3 AGGGCTCCCGTAGTGTTC TTTGCTGCTCCTTGGCTC 
Kv1.2 NM_008417.5 CTCCTCAAGTCGTGGTGC GGTCTGCCTCTGGGTCAT 
Kv1.3 NM_008418.2 GTGTCAGTGCTGGTCATTCTC CTGCCCATTACCTTGTCGT 
Kv1.4 NM_021275.4 TTCGGAGAACCTTGACTT GACGCAGTTCCAGCAGAG 
Kv1.5 NM_145983.2 GTCACCCATCAAAGTCCG CACTCGTCAGCCATAAGAATA 
Kv1.6 NM_013568.6 GTGGATGATGTAACCGTGTC CTCCTTCTCCTCCTCTGG 
Kv2.1 NM_008420.4 AGGAGCAGATGAACGAGG AGTGACAGGGCAATGGTG 
Kv2.2 NM_001098568.2 GCGACTGTAACACTCACG AGCAATGGTGGAAAGAAC 
Kv3.1 NM_001112739.2 TCGCTCACATCCTGAACTAT CGTTCTCGATTTCGGTCT 
Kv3.2 NM_001025581.1 TTGATATTCGCTACGATG TTCTGGAGGTGATAATGG 
Kv3.3 NM_001290682.1 GAGGCACTGGACTCTTTCG CACCGTCTTGTTGCTGATGT 
Kv3.4 NM_145922.2 GAATCGCCCATTTACTGC GCCTTCTTGTTTCTGTCCC 
Kv4.2 NM_019697.3 TCTCAAGGGCTGCGTATA TTCGTTTGTCTGCTCGTT 
Kv4.3 NM_021275.4 CAGGAAACGGTAGGAATC GGAGTTCAGGGATGAT 
Kv5.1 NM_201531.3 TGCCTCCTCTTCACATTTC CTGGGCTTGGTCTTCTATT 
Kv6.2 NM_001190373 TGGAAACAGCCGAGAACAA GCTGCGGTCGAAGAAGAA 
Kv7.1 (KCNQ1) NM_008434.2 ACTTCACCGTCTTCCTCATT TGGCGAACACTTGTCCTT 
Kv7.2 (KCNQ2) NM_010611.2 CTCAAGGTGGGCTTCGTG GCAATGGAGGCAATCAGC 
Kv7.3 (KCNQ3) NM_152923.2 CTGGGCTCGGCTATCTGT GTGCTTCTGACGGTGCTG 
Kv7.4 (KCNQ4) NM_001081142.1 TTGTCGCTACAGAGGATGGC CAGGAAAGAGGCAAAGATGAG  
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striatum. Z-stacks consisting of 3 optical sections were acquired for each 
FOV. The optical sections were spaced 15 µm apart in the Z-plane in 
order to prevent any overlap of signal across optical sections or indi-
vidual neurons. The dimensions of each optical section were 84.94 µm x 
84.94 µm x 0.7 µm in the X-Y-Z planes. Within an optical section, the cell 
body of individual MSNs was demarcated as the region of interest using 
the Freehand tool in ImageJ, and mean fluorescence intensity measured. 
This was repeated in 3 tissue sections per animal, and 5 animals per 
genotype. 

2.9. Quantitative reverse-transcription polymerase chain reaction 

Animals were killed by cervical dislocation and tissue homogenates 
prepared. To prevent degradation of nucleic acid in samples, fresh tissue 
was dissected and immediately submerged in liquid nitrogen. Total RNA 
was isolated from the samples using an RNeasy™ Mini kit (Qiagen, 
Venlo, Netherlands) according to the manufacturer’s protocol. Briefly, 
tissue samples were submerged in a lysis buffer and homogenised. 
Samples were then centrifuged, and supernatants extracted. The su-
pernatants were then mixed with equal volumes of 70% ethanol to 
prepare RNA for binding to centrifugation columns. Samples were then 
added to centrifugation columns and washed by centrifugation with two 
wash buffers. Finally, RNA was eluted by addition of nuclease-free water 
and centrifugation. Samples were stored at − 80 ºC. The quality and 
quantity of the extracted RNA in each tissue were examined with a 
NanoDrop™ spectrophotometer (ThermoFisher Scientific) and then 
reverse transcribed to provide cDNA templates for PCR and quantitative 
real-time PCR (qRT-PCR) reactions. Reverse-transcription was achieved 
by incubating RNA isolates for 2 h at 37 ºC in a cocktail containing: 200 
ng RNA in 10% v/v reverse transcription buffer (New England Biolabs, 

Table 2 
Details of primary antibodies used in the study.  

Primary 
Antibody 

Species Dilution 
Factor 

Supplier 
(Product code) 

Specificity/Reference 

Alpha- 
synuclein 

Ms 1:1000 BIOLEGEND 
(SIG- 
39720–20) 

(Larson et al., 2012) 

DARPP-32 Rb 1:4000 Frontier 
Institute 
(DARPP-Rb- 
Af400) 

(Uchigashima et al., 
2016) 

DARPP-32 Go 1:250 Santa Cruz 
Biotechnology 
Sc-8483 
(H2409) 

(Yang et al., 2008) 

IBA1 Rb 1:4000 Wako 
PTP5154 
(019–19741) 

(Ito et al., 1998) 

Dopamine 
receptor 1 

Go 1:1000 D1R-Go- 
Af1000 

(Narushima et al., 
2006) 

Dopamine 
receptor 2 

Rb 1:1000 D2R-Rb-Af960 (Narushima et al., 
2006) 

Kv1.1 Ms 1:500 UC DAVIS/NIH 
NeuroMab 
Facility 
Antibodies 
Incorporated 
K36/15 75–105 
(440–5HK- 
57c) 

Specificity tested using 
knockout mice, UC 
DAVIS/NIH NeuroMab 
Facility 

Kv1.2 Ms 1:500 UC DAVIS/NIH 
NeuroMab 
Facility 
Antibodies 
Incorporated 
K14/16 75–008 
(443–1KS- 37) 

Specificity tested using 
knockout mice, UC 
DAVIS/NIH NeuroMab 
Facility 

Kv1.3 Ms 1:500 UC DAVIS/NIH 
NeuroMab 
Facility 
Antibodies 
Incorporated 
L23/27 75–009 
(413–5RR- 07) 

Specificity tested using 
knockout mice, UC 
DAVIS/NIH NeuroMab 
Facility 

Kv1.4 Ms 1:500 UC DAVIS/NIH 
NeuroMab 
Facility 
Antibodies 
Incorporated 
K13/31 75–010 
(440–5HK- 05) 

Specificity tested using 
immunofluorescence 
staining of transfected 
cells expressing the 
Kv1.4 subtype ( 
Bekele-Arcuri et al., 
1996) 

Kv1.5 Ms 1:500 UC DAVIS/NIH 
NeuroMab 
Facility 
Antibodies 
Incorporated 
K7/45 75–011 
(413–7RR- 33) 

Specificity tested using 
immunofluorescence 
staining of transfected 
cells expressing the 
Kv1.5 subtype ( 
Bekele-Arcuri et al., 
1996) 

Kv1.6 Ms 1:500 UC DAVIS/NIH 
NeuroMab 
Facility 
Antibodies 
Incorporated 
K19/36 75–012 
(413–9RR- 31) 

Specificity tested using 
immunofluorescence 
staining of transfected 
cells expressing the 
Kv1.6 subtype ( 
Bekele-Arcuri et al., 
1996) 

Kv2.1 Ms 1:500 UC DAVIS/NIH 
NeuroMab 
Facility 
Antibodies 
Incorporated 
K89/34 75–014 
(449–3AK- 
78E) 

Specificity tested using 
knockout mice, UC 
DAVIS/NIH NeuroMab 
Facility 

Kv4.2 Ms 1:500 UC DAVIS/NIH 
NeuroMab 
Facility 
Antibodies 

Specificity tested using 
knockout mice, UC 
DAVIS/NIH NeuroMab 
Facility  

Table 2 (continued ) 

Primary 
Antibody 

Species Dilution 
Factor 

Supplier 
(Product code) 

Specificity/Reference 

Incorporated 
K57/1 75–016 
(428–9JH- 88) 

Kv4.3 Ms 1:500 UC DAVIS/NIH 
NeuroMab 
Facility 
Antibodies 
Incorporated 
K75/41 75–017 
(444–1LC- 26) 

Specificity tested using 
knockout mice, UC 
DAVIS/NIH NeuroMab 
Facility 

Parvalbumin Rb 1:500 Swant (Celio and Heizmann, 
1981) 

Picolo Rb 1:500 Abcam 
Ab20664–100 
(352575) 

Labelling identical to 
previously published 
reports 

Spinophyllin Rb 1:10000 MILLIPORE 
AB5669 
(2061438) 

(Aigelsreiter et al., 
2013) 

VGAT Go 1:3000 Frontier 
Institute 
(VGAT-Go- 
Af620) 

(Miura et al., 2006) 

VGAT GP 1:2000 Synaptic 
systems 
(131004) 

(Schock et al., 2012) 

VGluT1 Go 1:4000 Frontier 
Institute 
(VgluT1-Gt- 
Af310) 

(Miyazaki et al., 2003) 

VGluT1 GP 1:3000 Frontier 
Institute 
(VgluT1-GP- 
Af570) 

(Miyazaki et al., 2003) 

VGluT2 GP 1:3000 Frontier 
Institute 
(VgluT2-GP- 
Af810) 

(Miyazaki et al., 2003)  
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Ipswitch, MA, USA), 5% of Oligo(dT) primers (ThermoFisher Scientific), 
5% DNTPs (ThermoFisher Scientific), 2.5% M-MulV reverse transcrip-
tase (Applied Biosystems, Foster City, CA, USA), and 2.5% RiboLock 
RNase inhibitor (ThermoFisher Scientific) made up to 20 µL with 
nuclease-free water. qRT-PCR amplification was performed in 96-well 
plates in a cocktail containing a TaqMan™-specific mastermix (Roche, 
Burgess Hill, UK), and TaqMan® probes (Table 3) using a LightCycler™ 
96 system (Roche). The cycling conditions were 95 ºC for 600 s, followed 
by 40 cycles of 95 ºC for 15 s and 60 ºC for 60 s. Each loaded sample 
contained probes for the gene of interest (GOI) and Gapdh, which was 
used as a reference gene for relative mRNA quantification calculations. 
A standard curve comprising serial dilutions of known RNA concentra-
tions was prepared alongside every sample set and loaded onto the 96- 
well microplate. All samples were loaded in 10 µL duplicates to reduce 
technical variability. Standard curves were graphically analysed for 
reaction efficiency of each primer as well as between GOI and Gapdh, 
and for pipetting consistency. Assays in which the reaction efficiency 
was within 90–120%, and similar between GOI and Gapdh were ana-
lysed. Linear regression of the line produced by a graph of Ct values 
against RNA concentration was obtained and the relative concentration 
calculated using the following formulas: α = e^((Ct − m)/c). 

α(GOI)/α(Gapdh)=x, where α is the product of the linear regression, 
e is Euler’s number (2.718281828), Ct; cycle threshold is the cycle 
number at which the qRT-PCR machine detects fluorescence over a pre- 
defined threshold, m is the gradient of the standard curve line of best fit, 
c is the intercept, and x is the calculated level of GOI mRNA relative to 
Gapdh mRNA levels in the sample. This technique was chosen as it 
allowed the performance of extra quality control steps and reduced any 
inter-experiment variability. qRT-PCR assays were duplicated or tripli-
cated using samples from separate cohorts of animals and relative mRNA 
levels pooled for statistical analyses. 

2.10. Statistical analyses 

Statistical analyses were performed using GraphPad Prism™ 
(GraphPad Software, La Jolla, CA, USA) with the individual tests indi-
cated in the Results section. A P value of < 0.05 was considered statis-
tically significant. N values represent the number of animals used. 

3. Results 

The broad aims of this study were to provide a high-resolution 
localisation analysis of the various Kv alpha subunits expressed within 
the mouse striatum. As a start, we confirmed which Kv subtypes are 
expressed at the mRNA level, using RT-PCR, together with hippocampus 
samples as a positive control since this region has already been shown to 
express most of the Kv subtypes under investigation. 

3.1. Kv alpha subunit mRNA expression in the striatum 

A broad RT-PCR screen of striatal Kv alpha subunit mRNA expression 
was initially performed to inform follow-on protein analyses. This was 
conducted alongside samples from the hippocampus, as a positive tissue 
control, since the majority of the Kv subtypes under consideration have 
been shown to be expressed in the rodent hippocampus, including Kv1 
(Veh et al., 1995, Monaghan et al., 2001), Kv2 (Maletic-Savatic et al., 
1995), Kv3 (Perney et al., 1992, Martina et al., 1998, Schwalbe et al., 
2008) and Kv4 (Sheng et al., 1992, Alfaro-Ruiz et al., 2019). For a 

review, see (Trimmer and Rhodes, 2004). The data demonstrate com-
parable Kv mRNA expression profiles for both the hippocampus and 
striatum, with transcripts detectable from both regions for Kv1–6, 
Kv2.1, Kv2.2, Kv3.1, Kv3.3, Kv3.4, Kv4.2, Kv5.1, and Kv7.1–4 (Fig. 1). 
No signal was detectable for Kv6.2, either in hippocampus, in agreement 
with previous reports (Bocksteins, 2016), or the striatum. However, 
whilst protein expression for Kv3.2 (Boda et al., 2012) and Kv4.3 
(Alfaro-Ruiz et al., 2019) has been reported in the hippocampus, we 
were unable to detect any mRNA signal, both in the hippocampus and 
striatum using this technique. A possible explanation is that both Kv3.2 
(Martina et al., 1998) and Kv4.3 (Alfaro-Ruiz et al., 2019) are reportedly 
expressed predominantly in sub-populations of hippocampal in-
terneurons. This restricted expression pattern could result in mRNA 
expression levels below the detection threshold. 

3.2. Immunolocalisation of Kv1 channels 

For the follow-up protein analyses, we focussed on Kv1–4 alpha 
subunits due to the availability of validated antibodies for these chan-
nels. Also, for consistency, we restricted our attention to the dorsal 
striatum. Immunoreactivity for Kv1.1 presented as individual clusters 
contacting somatic and proximal dendritic regions of striatal MSNs, 
which were identified by immunoreactivity for the dopamine-regulated 
neuronal phosphoprotein 32 (DARPP-32) (Hemmings et al., 1984). 
Kv1.1 immunoreactive clusters overlapped, or were located in close 
apposition to putative GABAergic axon terminals, identified by immu-
noreactivity for the vesicular GABA transporter (VGAT) (Fig. 2A). In 
contrast, there was a noticeably lower association between Kv1.1 signal 
and putative glutamatergic inputs, identified by immunoreactivity for 
the vesicular glutamate transporter 1 (VGLUT1) (Fig. 2B) and vesicular 
glutamate transporter 2 (VGLUT2) (Fig. 2C). A semi-quantitative anal-
ysis of the degree of colocalised pixels between Kv1.1 and VGAT 
revealed a positive correlation for the degree of co-occurrence of over-
lapping pixels, using the Manders’ overlap coefficient (Manders et al., 
1993), (proportion of Kv1.1 clusters that overlap with VGAT: mean 
± SEM, 0.56 ± 0.03; proportion of VGAT clusters that overlap with 
Kv1.1: mean ± SEM, 0.47 ± 0.05; N = 5 animals). In contrast, a lower 
degree of overlap was evident between Kv1.1 and VGLUT1 (proportion 
of Kv1.1 clusters that overlap with VGLUT1, 0.15 ± 0.03; proportion of 
VGLUT1 clusters that overlap with Kv1.1, 0.26 ± 0.07; N = 5 animals) 
and VGLUT2 (proportion of Kv1.1 clusters that overlap with VGLUT2, 
0.23 ± 0.06; proportion of VGLUT2 clusters that overlap with Kv1.1, 
0.26 ± 0.06; N = 5 animals). Apart from this association with presyn-
aptic compartments of axons, Kv1.1 immunoreactive clusters were also 
localised to putative axonal shafts, identified by immunoreactivity for 
neurofilament-heavy chain (NF-H) which is enriched in such compart-
ments (Fig. 2D). 

Immunoreactivity for Kv1.2 also presented as individual clusters. 
However, signal was predominantly located adjacent to dendritic spines, 
identified by immunoreactivity for spinophilin, a phosphatase 1 binding 
protein localised to dendritic spines and thus a marker of postsynaptic 
compartments (Allen, Ouimet et al., 1997) (Fig. 3A). Furthermore, 
Kv1.2 signal overlapped with that of the presynaptic cytoskeletal matrix 
protein piccolo (Fig. 3 B) suggesting a predominant localisation in MSN 
axonal inputs. Since MSN dendritic spines receive predominantly glu-
tamatergic inputs (Cases-Langhoff et al., 1996), this suggests that Kv1.2 
is expressed in striatal excitatory afferents. This was confirmed by 
clusters immunoreactive for VGLUT1 showing a significant overlap with 
those of Kv1.2 (Fig. 3C). VGLUT2 and VGAT immunopositive clusters 
were also located in proximity to a proportion of Kv1.2 immunoreac-
tivity (Fig. 3 D and Fig. 3 E) respectively, although at apparent lower 
levels to VGLUT1. A semi-quantitative analysis of the degree of colo-
calised pixels between Kv1.2 and these presynaptic marker proteins 
confirmed this strong association with VGLUT1 (proportion of Kv1.2 
clusters that overlap with VGLUT1, 0.65 ± 0.06; proportion of VGLUT1 
clusters that overlap with Kv1.2, 0.45 ± 0.04; N = 5 animals), and less 

Table 3 
TaqMan probes used for qRT-PCR gene expression assays in this study.  

Mouse Gene Encoding protein Reference (Life Technologies) 

Gapdh GAPDH Mm99999915_g1 
Kcnb1 Kv2.1 Mm00492791-m1 
Kcnd2 Kv4.2 Mm01161732-m1  
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so with VGLUT2 (proportion of Kv1.2 clusters that overlap with 
VGLUT2, 0.16 ± 0.05; proportion of VGLUT2 clusters that overlap with 
Kv1.2, 0.36 ± 0.07; N = 5 animals) and VGAT (proportion of Kv1.2 
clusters that overlap with VGAT, 0.21 ± 0.05; proportion of VGAT 
clusters that overlap with Kv1.2, 0.34 ± 0.06; N = 5 animals). In a 
similar pattern to Kv1.1, a proportion of Kv1.2 immunoreactivity was 
also associated with NF-H immunopositive profiles (Fig. 3 F), suggesting 
expression in axonal shafts as well as axon terminals. Since VGLUT1 and 
VGLUT2 expressing terminals are considered to be representative of 
glutamatergic afferents from cortical and thalamic origins respectively 
(Doig et al., 2010), the above data suggest that Kv1.2 could have a role 
in regulating the electrical activity of excitatory presynaptic inputs onto 
MSNs, whereas Kv1.1 would preferentially influence inhibitory 
transmission. 

In contrast to other Kv subtypes which were preferentially located on 
plasma membranes, signal for Kv1.3 was detected as large cytoplasmic 
clusters within DARPP-32 immunopositive somata, as well as smaller 
puncta within dendrites (Fig. 4 A1). This cytoplasmic localisation sug-
gested expression within specific organelles. Screening with a variety of 
organelle markers confirmed that Kv1.3 immunoreactivity was localised 
to mitochondrial compartments. In particular, Kv1.3 signal strongly 
overlapped with immunoreactivity for the mitochondrial enzyme su-
peroxide dismutase 2 (SOD2) which is a key regulator of oxidative stress 
(Weisiger and Fridovich, 1973) (Fig. 4 A 2–4). Further corroboration of 
Kv1.3 expression in mitochondria was provided by its colocalisation 
with immunoreactivity for the mitochondrial matrix protein citrate 
synthase (Wiegand and Remington, 1986) (Fig. 4 B). A semi-quantitative 
analysis of the degree of colocalised pixels between Kv1.3 and these 
mitochondrial marker proteins confirmed this strong association with 
SOD2 (proportion of Kv1.3 clusters that overlap with SOD2, 0.78 
± 0.05; proportion of SOD2 clusters that overlap with Kv1.3, 0.76 
± 0.07; N = 5 animals), and less so with citrate synthase (proportion of 
Kv1.3 clusters that overlap with citrate synthase, 0.36 ± 0.06; propor-
tion of citrate synthase clusters that overlap with Kv1.3, 0.54 ± 0.05; 
N = 5 animals). This segregation of Kv1.3 expression in mitochondria in 

the striatum mirrors its expression in neurons of the hippocampus of 
gerbil (Bednarczyk et al., 2010), and other non-neuronal cell types such 
as lymphocytes (Szabo et al., 2005, Gulbins et al., 2010) and tumour 
cells (Leanza et al., 2017). 

Kv1.4 immunoreactive clusters showed a sparse, if any, association 
with VGLUT1 signal (Fig. 5A). In contrast, a larger proportion of 
VGLUT2 (Fig. 5 B) and VGAT (Fig. 5C) immunopositive clusters showed 
an overlap with Kv1.4 signal. This was confirmed by a semi-quantitative 
analysis of the degree of colocalised pixels between Kv1.4 and VGLUT1 
(proportion of Kv1.4 clusters that overlap with VGLUT1, 0.13 ± 0.03; 
proportion of VGLUT1 clusters that overlap with Kv1.4, 0.17 ± 0.05; 
N = 5 animals), VGLUT2 (proportion of Kv1.4 clusters that overlap with 
VGLUT2, 0.2 ± 0.06; proportion of VGLUT2 clusters that overlap with 
Kv1.4, 0.44 ± 0.04; N = 5 animals) and VGAT (proportion of Kv1.4 
clusters that overlap with VGAT, 0.4 ± 0.07; proportion of VGAT clus-
ters that overlap with Kv1.4, 0.55 ± 0.04; N = 5 animals). In contrast to 
Kv1.1 and Kv1.2, Kv1.4 immunoreactivity clusters showed a sparse as-
sociation with NF-H immunopositive profiles (Fig. 5 D), suggesting a 
predominantly presynaptic locus of expression. 

There was no noticeable association of Kv1.5 immunoreactivity with 
striatal principal cells. Instead, Kv1.5 signal presented as somatic 
labelling in DARPP-32 immunonegative cells as well as individual 
clusters contacting DARPP-32 positive profiles (Fig. 5 A1–3). This Kv1.5 
signal overlapped with somata and varicosities immunopositive for the 
calcium binding protein parvalbumin, which is indicative of local circuit 
inhibitory interneurons (Fig. 6 A4–6). A semi-quantitative analysis 
revealed that the majority of visualised parvalbumin-immunopositive 
cells were immunopositive for Kv1.5 (91% ± 2, N = 3 animals). 
Finally, immunoreactivity for Kv1.6 was not associated with neuronal 
profiles, instead being located on microglia, identified by immunore-
activity for the microglial marker ionized calcium binding adapter 
molecule 1 (IBA1) (Imai et al., 1996) (Fig. 6 B). A semi-quantitative 
analysis revealed that the majority of visualised IBA1-immunopositive 
cells were also immunopositive for Kv1.6 (55% ± 6, N = 3 animals). 
Since microglia are predominantly associated with the regulation of 

Fig. 1 Kv alpha subunit mRNA expression in the 
mouse striatum and hippocampus. Representa-
tive gel electrophoresis images of DNA tran-
scripts for various Kv alpha subunits using RT- 
PCR and homogenates from the striatum (S) 
and hippocampus (H) as a positive control. In 
the striatum, corresponding amplicons of the 
same size to those obtained in the hippocampus 
were consistently detected for Kv1.1 – Kv1.6; 
Kv2.1 – 2.2; Kv3.1, Kv3.3 – 3.4; Kv4.2; Kv5.1 
and Kv7.1 – 7.4 (N = 4 animals). As negative 
control, the procedure was performed without 
RT reaction for each experiment. Note that the 
lower panel has been cropped to show only 
those lanes that were used on this exemplar gel.   
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intrinsic brain immune function, this suggests a potential role for Kv1.6 
in basal immune functions or altered immune states associated with 
striatal disorders, such as neuroinflammation that typifies Parkinson’s 
pathology (Sarkar, 2022). 

3.3. Immunolocalisation of Kv2 channels 

In agreement with analyses in other brain regions, striatal immu-
noreactivity for Kv2.1 was enriched on plasma membrane of somata and 
proximal dendrites of MSNs, with a noticeable absence of any signal on 

Fig. 2. Immunolocalisation of Kv1.1 in the striatum. (A1) shows immunoreactivity for Kv1.1 (red) presenting as individual puncta (arrowheads) contacting the 
somatic and dendritic surfaces of striatal mediums spiny neurons (MSNs), identified by labelling for dopamine- and cAMP-regulated neuronal phosphoprotein 32 
(DARPP-32) (blue). (A2) shows, in the same field of view, the distribution of GABAergic terminals using immunoreactivity for the vesicular GABA transporter (VGAT) 
(green). (A3) shows, in the same field of view, the close association between immunoreactivity for Kv1.1 and VGAT (arrowheads). (A4) is a magnified view of the 
boxed regions in A1–3 demonstrating the extensive overlap of signal for Kv1.1 and VGAT. (B1) shows Kv1.1 immunoreactive puncta (red) contacting DARPP-32 
immunopositive profiles (blue). (B2) shows, in the same field of view, the distribution of putative cortical glutamatergic axonal terminal, identified by clusters 
immunopositive for the vesicular glutamate transporter 1 (VGLUT1) (green). (B3) shows, in the same field of view, the association of clusters immunoreactive for 
Kv1.1 and VGLUT1. (B4) is a magnified view of the boxed regions in B1–3 demonstrating the sparse association (arrowheads) between signal for Kv1.1 and VGLUT1. 
(C1) shows Kv1.1 immunoreactive puncta (red) contacting DARPP-32 immunopositive profiles (blue). (C2) shows, in the same field of view, the distribution of 
putative thalamic glutamatergic axonal terminals, identified by clusters immunopositive for the vesicular glutamate transporter 2 (VGLUT2) (green). (C3) shows, in 
the same field of view, the association of clusters immunoreactive for Kv1.1 and VGLUT2. (C4) is a magnified view of the boxed regions in C1–3 demonstrating the 
sparse association (arrowheads) between signal for Kv1.1 and VGLUT2. (D) shows the association of Kv1.1 immunoreactivity with clusters immunopositive for 
neurofilament heavy chain (NF-H), which identifies putative axonal shafts. (D4) shows that a proportion of Kv1.1 immunopositive clusters decorate NF-H immu-
nopositive profiles suggesting expression in axonal shafts. Scale bars (A-D) 4 µm. 
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distal dendrites (Fig. 7A). There are at least two distinct populations of 
striatal MSNs identified, which are classified according to their inhibi-
tory projections to surrounding nuclei of the basal ganglia, namely 
direct, or indirect pathway MSNs. Direct and indirect pathway MSNs are 

distinguished by their selective expression of the dopamine receptors 1 
and 2 (DR1–2) respectively (Gerfen et al., 1990). We therefore used 
immunoreactivity for DR1 and DR2 to assess whether both populations 
of MSNs express Kv2.1. Immunoreactivity for DR1 predictably was 

Fig. 3. Immunolocalisation of Kv 1.2 in the striatum. (A1) shows Kv1.2 immunoreactive puncta (red) contacting DARPP-32 immunopositive profiles (blue). (A2) 
shows, in the same field of view, clusters immunopositive for the dendritic spine protein spinophilin (green) which identifies MSN postsynaptic compartments. (A3) 
shows, in the same field of view, the association of Kv1.2 immunoreactive puncta with spinophilin-immunopositive profiles. (A4) is a magnified view of the boxed 
regions in B1–3 demonstrating the close adjacency between signal for Kv1.2 and spinophilin. (B1) shows Kv1.2 immunoreactive puncta (red) contacting DARPP-32 
immunopositive profiles (blue). (B2) shows, in the same field of view, clusters immunopositive for the presynaptic cytoskeletal matrix protein piccolo (green). (B3) 
shows, in the same field of view, the association of clusters immunoreactive for Kv1.2 and piccolo. (B4) is a magnified view of the boxed regions in B1–3 
demonstrating the close association between signal for Kv1.2 and piccolo. (C) shows the strong association of Kv1.2 immunoreactivity with clusters immunopositive 
for vesicular glutamate 1 (VGLUT1). (D) shows the association of Kv1.2 immunoreactivity with clusters immunopositive for vesicular glutamate 2 (VGLUT2). There is 
relatively less of an association (arrowheads in D4) between Kv1.2 and VGLUT2, compared to VGLUT1. (E) shows the association of Kv1.2 immunoreactivity with 
GABAergic terminals, identified by clusters immunopositive for VGAT. (E4) shows the degree of overlap of Kv1.2 and VGAT immunopositive profiles. (F) shows the 
association of Kv1.2 immunoreactivity with axonal shafts, identified by immunoreactivity for NF-H. (F4) shows the extensive localisation of Kv1.2 signal in NF-H 
immunopositive profiles. Scale bars (A-C 1–3) 2 µm; (A4-C4) 1 µm; (D - F) 10 µm. 

Fig. 4. Immunolocalisation of Kv 1.3 in 
the striatum. (A1) shows Kv1.3 immu-
noreactivity presenting as large clusters 
in MSN somata (arrows) as well as 
smaller puncta in dendritic regions (ar-
rowheads). (A2) shows, in the same 
field of view, immunoreactivity for the 
mitochondrial enzyme superoxide dis-
mutase 2 (SOD2) (green). (A3) shows, 
in the same field of view, the significant 
level of colocalization of Kv1.3 and 
SOD2 signals, suggesting the location of 
Kv1.3 in mitochondrial compartments. 
(A4) is a magnified view of the boxed 
region in A1–3 further indicating the 
strong association between Kv1.3 and 
the mitochondria. (B1) shows Kv1.3 
immunoreactivity in MSN somata. (B2) 
shows, in the same field of view, 
immunoreactivity for the mitochondrial 
matrix protein citrate synthase (cit 
synth) (green). (B3) shows, in the same 
field of view, the significant level of 
colocalization of Kv1.3 and citrate syn-
thase signals. (A4) is a magnified view 
of the boxed region in B1–3 confirming 
the location of Kv1.3 within mitochon-
dria. Scale bars (A1–3) 5 µm; (A4) 2 µm; 
(B) 5 µm.   
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enriched on the somatic and dendritic surfaces of a subpopulation of 
MSNs (Fig. 7 B1). Such DR1 immunopositive somata exhibited strong 
Kv2.1 signal that was consistently distributed across plasma membrane 
surfaces (Fig. 7 B2–4). DR2 immunopositive somata were also immu-
noreactive for Kv2.1 (Fig. 7C). However, there were apparent variations 
in the intensity and pattern of Kv2.1 signal in DR2 positive, and DR1 
negative cells, often presenting as isolated membrane clusters. A 
semi-quantitative analysis of the Kv2.1 fluorescence intensity between 
DR1 and DR2 immunopositive somata revealed a modest, though sig-
nificant lower level in DR2 cells (mean ± SEM; DR1, 49 ± 1 arbitrary 
units, AU, versus DR2, 47 ± 1 AU, P = 0.0218, unpaired Student’s T 
test; N = 5 animals). This suggests divergent Kv2.1 expression profiles 

for these different projection pathways of the striatum. 

3.4. Immunolocalisation of Kv4 channels 

In contrast to Kv2.1 immunoreactivity that was targeted to somatic 
and proximal dendritic regions of MSNs, immunoreactivity for Kv4.2 
was restricted to distal dendritic domains, identified by immunoreac-
tivity for microtubule associated protein 2 (MAP2) (Fig. 8 A). There was 
no detectable association of Kv4.3 immunoreactivity with MSNs. 
Instead, Kv4.3 signal was enriched in the somata and dendrites of par-
valbumin immunopositive neurons (Fig. 8 B). A semi-quantitative 
analysis revealed that the majority of visualised parvalbumin- 

Fig. 5. Immunolocalisation of Kv1.4 in the striatum. (A) shows the sparse association of Kv1.4 immunoreactivity with clusters immunopositive for vesicular 
glutamate 1 (VGLUT1). (B) shows that Kv1.4 immunoreactivity clusters contacting striatal MSNs and are located in close proximity to VGLUT2-immunoreactive 
terminals (arrowheads in B4). (C) shows the association of Kv1.4 immunoreactivity with GABAergic terminals, identified by VGAT-immunopositive clusters. (C4) 
shows that a significant number of VGAT-immunopositive terminals (arrowheads) have overlapping Kv1.4 immunoreactivity. (D) shows the association of Kv1.4 
immunoreactivity with axonal shafts, identified by immunoreactivity for NF-H. (D4) shows the relatively sparse localisation of Kv1.4 signal in NF-H immunopositive 
profiles (arrowheads). Scale bars (A-D, 1–3) 5 µm; (A4) 3 µm; (B4) 5 µm; (C-D, 4) 3 µm. 
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immunopositive cells were also immunopositive for Kv4.3 (95% ± 3, 
N = 3 animals). 

3.5. Alpha-synuclein expression level impacts on Kv2.1 expression in the 
striatum 

In PD, complex functional changes occur in striatal MSN neurons 
(Smith et al., 2009, Zhai et al., 2019). Since the data above indicate that 
Kv2.1 and Kv4.2 are the major Kv subtypes enriched in somata and 

dendrites of MSNs, and therefore likely to have a direct impact on MSN 
electrical excitability, we assessed whether there were any changes in 
their striatal expression in a mouse model of PD. The SNCA-OVX model 
overexpresses human alpha-synuclein at disease relevant levels. These 
mice have been shown to exhibit an age-dependent loss of nigrostriatal 
dopamine neurons and motor impairments characteristic of PD, which 
are preceded by early deficits in dopamine release from terminals in the 
dorsal striatum (Janezic et al., 2013). In this study, we used relatively 
young mice (3 months of age) in order to assess the impact of 

Fig. 6. Immunolocalisation of Kv1.5 and Kv1.6 in the striatum. (A) shows that Kv1.5 immunoreactivity is located in somata and varicosities immunopositive for the 
calcium binding protein parvalbumin which identifies striatal GABAergic interneurons. (B) shows that Kv1.6 immunoreactivity overlaps with signal for ionised 
calcium binding adaptor molecule 1 (IBA1), which in the brain is expressed by microglia. Scale bars (A) 10 µm; (B) 5 µm. 
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alpha-synuclein on striatal Kv prior to the onset of the such pathology. 
The different level of alpha-synuclein expression was confirmed in the 
striatum of wild type (WT), SNCA-OVX and SNCA gene deleted mice 
(SNCA-KO) (Fig. 9A). Using quantitative RT-PCR, we detected a signif-
icant decrease in Kv2.1 mRNA expression in samples from SNCA-OVX 
mice, and a significant increase in SNCA-KO, compared to WT (F (2, 21) 
= 74.53, P < 0.0001, one-way analysis of variance, ANOVA, N = 8 an-
imals per genotype) (Fig. 9 B). A qualitative assessment of Kv2.1 
immunofluorescence intensity revealed a similar expression pattern at 
the protein level. When processed and imaged under identical condi-
tions, Kv2.1 signal on MSN somata of WT mice was characteristically 
uniformly distributed along plasma membranes (Fig. 9C), yet presented 
as discontinuous clusters, of lower intensity, in SNCA-OVX samples 
(Fig. 9 D). In contrast, there was a noticeably higher level of Kv2.1 signal 
in samples from SNCA-KO (Fig. 9 E). A semi-quantitative analysis of 
Kv2.1 immunofluorescence intensity confirmed significantly lower 
levels in SNCA-OVX mice, and higher level in SNCA-KO, compared to 
WT (F (2, 12) = 51.14, P = 0.0001, N = 5 animals per genotype, one-way 
ANOVA) (Fig. 9F). There were no detectable differences in Kv4.2 mRNA 
expression across genotypes (F (2, 15) = 0.1570, P = 0.8561, N = 5 

animals per genotype, one-way ANOVA). 
Given the strong association of some of the Kv1 subtypes with axon 

terminals, and alpha-synuclein being predominantly a presynaptic 
protein, we next assessed whether alpha-synuclein levels altered the 
expression of these particular ion channels. We detected a high degree of 
colocalization between Kv1.1 (Fig. 10 A), Kv1.2 (Fig. 10 B), Kv1.4 
(Fig. 10 C), and alpha-synuclein. However, we did not detect any dif-
ferences in the expression of these subtypes across genotypes (data not 
shown). This suggests that the impact of alpha-synuclein expression 
levels is primarily on postsynaptic Kv in the striatum. 

4. Discussion 

The primary aims of this study were to provide a comparative, high 
resolution, sub-cellular and cell type-specific immunolocalisation anal-
ysis of Kv alpha subunits of the mouse striatum, in relation to known 
patterns within other brain regions. The data reveal similarities as well 
as distinct cell type and subcellular domain localisation patterns within 
the striatum. While immunoreactivity for the majority of alpha subunits 
belonging to the Kv1 family was enriched in chemically diverse axon 

Fig. 7. Immunolocalisation of Kv2.1 in the striatum. (A1) DARPP-32 immunoreactivity revealing the somata and dendrites of striatal MSNs. (A2) shows immu-
noreactivity for Kv2.1, in the same field of view. (A3) is a magnified view of the boxed region in (A1–2) indicating that Kv2.1 immunoreactivity is restricted to the 
somatic and proximal dendritic regions of MSNs. (B1) shows immunoreactivity for the dopamine receptor 1 (DR1) decorating the somata and dendrites of a sub- 
population of MSNs (arrowheads). Some MSN somata are devoid of DR1 signal (asterisks) and presumably represent the population of DR2 MSNs. (B2–3) show, 
in the same field of view, the pattern of Kv2.1 immunoreactivity and its association with DR1 signal, respectively. (B4) is a magnified view of the somata in the boxed 
regions of B1–3 showing the association of Kv2.1 and DR1. (C) shows the comparative association of Kv2.1 immunoreactivity in DR2-immunopositive MSNs (ar-
rowheads) as well as signal in a DR2 immunonegative neuron (asterisk). (C4) is a magnified view of the somata in the boxed regions of C1–3 showing the association 
of Kv2.1 and DR2. Scale bars (A1–2) 20 µm; (A3) 10 µm; (B1–3) 20 µm; (B4) 5 µm; (C1–3) 10 µm; (C4) 5 µm. 
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Fig. 8. Immunolocalisation of Kv4.2 and Kv4.3 in the striatum. (A) shows that Kv4.2 (red) immunoreactive clusters are preferentially targeted to distal dendritic 
surfaces of MSNs (blue), identified by immunoreactivity for microtubule associated protein 2 (MAP2) (green). Note the sparsity of signal on somata. (B) shows that 
Kv4.3 is exclusively expressed in parvalbumin-immunopositive neurons (green) of the striatum. Scale bars (A) 5 µm; (B) 10 µm. 
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terminals contacting striatal principal neurons, signal for Kv1.3 was 
associated with neuronal mitochondrial compartments. In addition, 
Kv1.5 signal was predominantly enriched in parvalbumin immuno-
positive local circuit interneurons within the striatum. In contrast, the 
Kv1.6 expression pattern lacked association with neuronal elements, 
being localised in microglia. In a manner similar to cortical brain re-
gions, signal for Kv2.1 was restricted to somatic and proximal dendritic 
regions of striatal principal neurons, although at different levels 
depending on their expression of the DR1 or DR2 receptor. Furthermore, 

Kv4.2 immunoreactivity was restricted to distal dendritic regions, 
whereas Kv4.3 was enriched in parvalbumin-immunopositive cells. 
Finally, PD-like pathology, in the form of increased alpha-synuclein 
expression significantly decreased the level of Kv2.1 immunoreactivity 
on striatal principal neurons, whereas it has no significant effect on the 
expression of Kv4.2 or Kv1.1, 1.2 and 1.4. This selective plasticity could 
be a contributor to the homeostatic changes of MSN excitability 
following dopamine depletion during this condition. 

Fig. 9. Alpha-synuclein expression level impacts on Kv2.1 expression in striatal MSNs. (A) confirmation of differences in alpha-synuclein expression levels in the 
transgenic mouse strains used. (A1) in WT mice, alpha-synuclein immunoreactivity presents as puncta contacting MSN somata and dendrites. (A2) in samples from 
the SNCA-OVX mouse which over-expresses alpha-synuclein, there is a noticeable increase in the intensity and density of alpha-synuclein immunoreactive puncta 
when processed and imaged under identical conditions to WT samples. (A3) in samples from the alpha-synuclein knockout (SNCA-KO), there was no specific alpha- 
synuclein signal detectable. (B) quantification of striatal Kv2.1 mRNA expression in WT, SNCA-OVX and SNCA-KO samples using qRT-PCR. The bars represent the 
means and the errors the bars the SEM. * P < 0.05, one-way ANOVA; N = 8 mice per genotype. (C), (D) and (E) show the comparative pattern and intensity of Kv2.1 
immunoreactivity in samples from WT, SNCA-OVX and SNCA-KO respectively, processed and imaged under identical conditions. Note the comparatively lower levels 
of Kv2.1 signal in SNCA-OVX, and higher levels in SNCA-KO, compared to WT. This is in line with the mRNA expression trends shown in (B). (F) quantification of 
Kv2.1 immunoreactivity intensity in the striatum in samples from WT, SNCA-OVX and SNCA-KO mice, using confocal microscopy. The bars represent the means and 
the errors the bars the SEM. * P < 0.05, one-way ANOVA; N = 5 mice per genotype. Scale bars (A) 5 µm; (C-E, 1–2) 5 µm; (C-E, 3) 2 µm. 
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4.1. Technical considerations 

We used a variety of techniques to assess expression of various Kv, 
which all come with their own caveats. RT-PCR was first used to gauge 
the range of Kv mRNAs that were detectable in this specific brain region. 
This necessitated using homogenates of tissue punches obtained from 

this area. In doing so, there is always the possibility of including tissue 
from neighbouring, non-striatal regions, despite the best of care during 
the procedures. Hence the need for verifying mRNA data with immu-
nolocalisation analyses. For the RT-PCR analyses, we encountered one 
instance of incongruence between mRNA and protein analyses, specif-
ically relating to Kv4.3. Despite using multiple different primer sets, 

Fig. 10. Association of Kv1.1, Kv1.2 and Kv1.4 with alpha-synuclein. (A), (B) and (C) show that alpha-synuclein immunopositive puncta closely overlap with clusters 
immunopositive for Kv1.1, Kv1.2 and Kv1.4 respectively. Scale bars 5 µm for all panels. 
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both for normal RT-PCR, as well as the more sensitive quantitative RT- 
PCR, we were unable to detect any reliable signal for this Kv subunit. 
However, immunohistochemistry with a previously published antibody 
against Kv4.3 showed strong, specific signal in both the striatum and 
other brain regions. This discordance between mRNA and protein data is 
most likely reflective of low levels of transcript or issues with the primer 
sets. Finally, despite the detection of mRNA for Kv2.2, 3.1, 3.3 and 3.4, 
we were unable to detect any specific immunohistochemical labelling in 
the striatum for these channels. 

4.2. From organelles, plasma membrane sub-domains, to different cell 
types 

Data from this study build on previous reports highlighting the 
extraordinary precision by which neurons target different Kv subtypes to 
their functionally distinct domains. At the organelle level, co- 
localisation analyses with mitochondrial markers indicated that Kv1.3 
is strongly associated with such cellular regions. Kv1.3 has been shown 
to be expressed in the mitochondria of neurons of the hippocampus 
(Bednarczyk et al., 2010) and medial nucleus of the trapezoid body 
(Gazula et al., 2010). Data from this study advance the known number of 
brain cell types which express this ion channel in this organelle. Mito-
chondrial Kv1.3 have been shown to modulate the membrane potential, 
mitochondrial volume, and the production of reactive oxygen species 
(Checchetto et al., 2018), as well as immune function (Perez-Garcia 
et al., 2018). This could have implications for understanding the path-
ophysiology of brain disorders associated with striatal mitophagy and 
neuroinflammation such as PD (Diedrich et al., 2011, Serra et al., 2021) 
or Huntington’s disease (Guedes-Dias et al., 2016), as well as drug 
development programmes for such conditions (Gubic et al., 2021). 

In line with data from studies on other brain regions, subtypes from 
the Kv1 class were predominantly located in axonal terminals contacting 
striatal principal cells. The semi-quantitative analysis of the degree of 
overlap between Kv1 signal and synaptic marker proteins, suggests a 
degree of enrichment of Kv1 subtypes to different excitatory or inhibi-
tory inputs. VGLUT1 immunopositive clusters, located presumably on 
glutamatergic inputs from the cortex, showed the highest degree of 
overlap with Kv1.2 signal, whereas the highest degree of association of 
VGLUT2, and likely thalamic glutamatergic inputs, was with Kv1.4 
signal. VGAT immunopositive clusters, presumably representing 
GABAergic inputs showed the highest levels of association with signal 
for Kv1.1 and Kv1.4. However, an important caveat is that all three 
channels in question (Kv1.1, 1.2 and 1.4) showed some degree of asso-
ciation with all of these synaptic markers. There is therefore the possi-
bility of them being co-expressed in individual inputs or forming 
heteromultimeric Kv channels, as has been described in other regions 
(Ruppersberg, Schroter et al., 1990, Wang, Kunkel et al., 1993). 

A striking finding was the location of Kv1.6 within putative micro-
glia. Microglia represent the resident macrophages of the CNS and are 
integral to regulating the brain’s homeostasis, throughout development 
and ageing. Central to their functions are an array of molecular sensors 
which allow them to respond dynamically to the local environment. 
Potassium channels have been shown to be important in microglia 
biology (Nguyen et al., 2017). This is because their activation induces 
membrane hyperpolarisation, which is required for various biochemical 
cascades such as calcium influx (Ohana, Newell et al., 2009), the acti-
vation of purinergic receptors (Burnstock, 2015), calcium-permeable 
cation channels and the regulation of intracellular calcium stores 
which are key events for microglia activation and proliferation. Kv1.3 in 
microglia has garnered more attention due to its potential role in brain 
pathology, including microglia-mediated neuronal death (Fordyce et al., 
2005), as well as Alzheimer’s (Rangaraju et al., 2015, Ramesha et al., 
2021) and Parkinson’s pathology (Sarkar et al., 2018, Sarkar et al., 
2020). To the best of our knowledge, there has yet to be reports of Kv1.6 
microglial expression in the striatum. Given these previous reports of 
Kv-microglia relationships in conditions associated with 

neurodegeneration, such striatal Kv 1.6 expression could suggest a role 
for this Kv subtype in degenerative conditions linked to this brain re-
gion, for example Huntington’s disease. 

4.3. Kv2.1, dopamine input and MSN projection pathways in PD 

An intriguing finding was the difference in Kv2.1 immunoreactivity 
between MSNs which were immunopositive for the DR1. DR1 expressing 
MSNs exhibited a modest, though significantly higher levels of Kv2.1 
signal on their somata, compared to DR2 expressing MSNs. An important 
caveat is that imaging for this quantification was restricted to the so-
matic regions of the MSNs, because it was not feasible to unequivocally 
delineate proximal dendritic domains. There is therefore the possibility 
that there may be variations in the distribution of Kv2.1 across other 
regions of DR2 cells which may compensate for the lower levels on 
somata, thereby negating any perceived differences in total cell protein. 
Nevertheless, a large body of evidence suggests that such divergent 
expression patterns could have contrasting contributions to the activity 
of these two populations of projection neurons in health and diseases. 
The presence of Kv2.1 directly determines neuronal excitability with its 
deletion resulting in hyperexcitability (Speca et al., 2014). Thus, this 
apparent lower level of Kv2.1 expression in the DR2 indirect projection 
pathway, should therefore theoretically result in higher basal levels of 
excitability for this sub-population. This has indeed been functionally 
demonstrated in single cell recordings with DR2 MSNs exhibiting 
increased intrinsic excitability compared with DR1 MSNs (Willett et al., 
2019). Furthermore, the Kv2.1 clustering pattern, rather than total 
protein expression, has also been shown to associate with K+ conduc-
tance (O’Connell et al., 2010), further highlighting a potential role for 
this ion channel in shaping direct and indirect pathway MSNs. Collec-
tively, Kv2.1 could contribute to the homeostatic changes that occur in 
MSNs in disorders that affect the striatum, for example PD (Falken-
burger et al., 2022). In PD, the decrease in striatal dopamine input leads 
to adaptive changes in the excitability in the principal cells, with DR1 
MSNs showing increased excitability (Azdad et al., 2009, Fieblinger 
et al., 2014). In this study, PD pathology, in the form of increased 
alpha-synuclein expression resulted in a decrease in Kv2.1 expression, 
which theoretically should result in increased neuronal excitability. This 
could suggest that Kv2.1 contributes to the molecular and functional 
plasticity that emerges during the PD process. 

In summary, the study reveals a variety of Kv expression patterns 
that are distinctive to the striatum and susceptible to pathology that 
mirrors PD. Furthermore, these findings could advance our molecular 
understanding of the functional diversity associated with various striatal 
cell types and potentially the homeostatic changes of MSN excitability 
during associated medical conditions such as PD. 
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