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Highlights

What are the main findings?

e Kir4.1 channels are downregulated in diabetes in both sexes.
e  Diabetic db/db male mice have a larger impact on their Kir4.1 channel than females.

What are the implications of the main findings?

e  Kir4.1 channels should be the focus of anti-diabetic treatments.
e Since Kir4.1 may be partially recovered by aminoguanidine as was recently shown,
the polyamine strategy needs to be investigated further.

Abstract

Hyperglycemia is linked to a higher risk of diabetes, epilepsy, and seizures, which con-
tribute to increased mortality. Previous research has shown that hyperglycemia impairs the
function of the polyamine-dependent Kir4.1 channels in cultured astrocytes, and a similar
effect was observed in male astrocytes from diabetic (db/db) mice. However, whether
there are sex differences in this effect remains unclear. This study aims to compare Kir4.1
channel function in 10-12 week old brains of female db/db mice with that in males and
non-diabetic heterozygous (db/+). We performed mRNA analyses, Western blotting (WB),
glucose level measurements, and patch-clamp recordings from hippocampal astrocytes
in brain slices to assess Kir4.1 channel activity in db/db and db/+ mice of both sexes.
Our results showed increased glucose levels in diabetic db/db mice, especially in males,
along with (1) reduced synthesis of Kir4.1 channel protein, (2) reduced membrane potential,
(3) decreased Kir currents, and (4) compromised potassium uptake. Female diabetic astro-
cytes exhibited significantly lower barium-blocked Kir4.1 currents compared to diabetic
males. Additionally, barium-insensitive currents (leakage currents) were upregulated in
db/db mice, likely as a compensatory response to hyperglycemia. In conclusion, diabetes
impairs astrocyte function by downregulating Kir4.1 channels, with a more pronounced
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effect in male diabetic mice. This impairment may increase seizure risk by affecting the
ability of astrocytes to maintain extracellular ion balance.

Keywords: diabetes; mouse db/db and db/+ models; astrocytes; Kir4.1 channels; sex
differences; potassium uptake; membrane potential; membrane currents

1. Introduction

The global prevalence of type 2 diabetes mellitus is rising worldwide, making it one
of the most common debilitating health conditions [1]. Diabetes development is directly
associated with neurodegeneration, which speeds up aging and leads to various central
nervous system disorders, including diabetic peripheral neuropathy [2], retinopathy [3-6],
and cognitive decline [7]. Notably, astrocytes, oligodendrocytes, Miiller retinal glial cells,
satellite glial cells (SGC), and microglia exhibit reactivity, dysfunction, and shrinkage in
both animal models and humans affected by diabetes [2-7].

Astrocytes are vital guardians of brain homeostasis, closely linked to diseases and
disorders of central and peripheral nervous systems (CNS, PNS) [4,8,9]. While neurons
maintain conserved functions and morphology, astrocytes display remarkable diversity
across different species: (i) the ratio of glia to neurons (RGN) increases from simple-brain
animals to humans [10], (ii) growing complexity of astrocyte features [11-13], (iii) the
emergence of new functions [8,9,14], and (iv) gene diversity [15]. The RGN is one of the
highest in humans [10,16], and there are about 12 astroglial cells for every neuron in the
brainstem and approximately 3.5 in the human cortex [17] showing that astrocytes are
specialized cells in the CNS [18-22].

Diabetes significantly impacts glial cell function [3], leading to neurodegeneration [2],
epilepsy [23], and seizures associated with further hypoglycemia or hyperglycemia [24].
Furthermore, 25% of diabetics experience seizures with an unknown mechanism [25].
Glial cells possess a limited number of principal channel types involved in potassium
buffering, such as polyamine-dependent inwardly rectifying potassium channel 4.1 (Kir4.1)
channels [4,8,18-21,26,27]; leak channels like the acid-sensitive two-pore domain (2P)
TASK, TREK, and TWIK channels [28,29]; and BK, Kv, and Ka channels [4]. Since potassium
Kir4.1 channels are expressed simply in glial cells, not by neurons [4,30-33], and because
Kir4.1 channels are key potassium channels responsible for K-buffering [8,19,21], glutamate
transport [21,22], and brain pathology [8,33,34], it is essential to explore gender differences
in Kir4.1 activity under hyperglycemic conditions.

Hyperglycemia downregulates astrocytic Kir4.1 channels [35], and a diabetic mouse
model (db/db mice) exhibits epileptogenic pattern, with the frequency of action potentials
in neurons about nine times higher compared to non-diabetic male mice [36]. Since Kir4.1
channels regulate extracellular potassium level, a lack of Kir4.1 expression will lead to
hyperexcitability in neurons. On the other hand, there are other potassium channels, such
as the 2P domain channels, that can substitute Kir4.1 function partially [28]. Therefore, since
diabetic hyperglycemia is associated with increased acidosis [37], it activates acid-sensitive
astrocytic 2P-domain channels (TASK, TREK) which cannot be neglected [28,35,37-41].
While TREK-1 is mostly expressed in neurons [38,42], TREK-2 is found to be functional in
astrocytes [43,44]. Acidosis was accompanied with synchronous overexpression of TREK-2
and downregulation of Kir4.1 channels [44]. Therefore, two types of K-channels work
in synergy: when Kir channels were inhibited, the 2P-domain channels were activated
in glia [4,28]. Therefore, the recruitment of 2P-domain channels is a pathway that can
serve as an alternative mechanism of neuroprotection [4,40]. Hyperglycemia induces
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downregulation of Kir4.1 channels, leading to astrocytic dysfunction [35,45] and increasing
the risk of developing epilepsy and seizures, all of which contribute to higher rates of
illness and death; however, gender differences were not investigated [36].

Glucose homeostasis in type 2 diabetes is regulated by testosterone [46]. In males,
testosterone naturally boosts glucose-stimulated insulin secretion and lowers inflamma-
tion, supporting beta cell health. Conversely, in females, increased testosterone leads to
insulin hypersecretion, mitochondrial dysfunction, and oxidative stress [46]. Intriguingly,
(i) males have more complex astrocytes than females, (ii) higher numbers of astrocytes
in the murine hypothalamus and hippocampus compared to females, and (iii) male hip-
pocampal astrocytes show lower levels of the reactivity marker GFAP+ than females [47].
Stress-induced hyperactivity of orexin neurons in males versus hypoactivity in females
results from differences in astrocyte glucocorticoid receptor expression and lactate exchange
between sexes [48].

Therefore, we hypothesized that hyperglycemia differentially impairs astrocytic Kir4.1
channel function in male and female diabetic mice models. The present study aims to assess
potential sex differences in the function of Kir4.1 in astrocytes. We used the type 2 diabetic
mouse model (db/db), which develops diabetes due to reduced leptin receptor expression
caused by a homozygous point mutation in the leptin receptor encoding gene [49]. This
study investigates whether a similar decrease in Kir4.1 channel function occurs in the
brains of female mice with type 2 diabetes as was found in males [36]. We analyzed
hippocampal brain slices from homozygous mice (diabetic (db/db) mice) compared with
heterozygous (non-diabetic db/+ (control) mice). Our findings show that: (i) hyperglycemia
is higher in db/db males than in db/db females, (ii) protein levels of Kir4.1 subunits in both
sexes are reduced, (iii) Kir4.1 channel currents, and (iv) K-uptakes are strongly decreased
in hippocampal astrocytes of diabetic db/db female that differ from db/db male mice.
Additionally, we identify notable differences between female and male leakage currents
(2P-domain channels) in db/db astrocytes.

2. Materials and Methods
2.1. Animals

Homozygous (db/db) diabetic and heterozygous (db/+) non-diabetic female and male
mice were obtained from Jackson Laboratories (Bar Harbor, ME, USA). Mice had access to
water and food ad libitum and were kept on a 12 h light/dark cycle. All experiments were
approved by the Institutional Animal Care and Use Committee (IACUC) at the Universidad
Central del Caribe. protocol number #051-2021-18-01-CSC, (renewed 051-2023-31-91-PHA
and approved 28 September 2023), adhering to the National Institutes of Health guidelines
for the humane treatment of laboratory animals.

All electrophysiological, molecular, biochemical, and imaging datasets presented
in this manuscript were newly generated specifically for the current study. No quanti-
tative results, figures, or raw data from our previously published studies were reused.
References to prior publications are provided solely to contextualize the findings and to
highlight consistency between independent experiments, not to indicate reuse of previously
published datasets.

2.2. Blood Glucose Measurement

For further experiments, we used mice of both sexes of 10-12 weeks old because Kir4.1
channel functional maturation is established after 28 postnatal days [8]. For performing
blood glucose measurements, mice were fasted for 5 h with access only to water. Fasting
blood glucose levels were measured using a glucose meter and test strips from the blood
samples, which were obtained from the tail vein following established methodology [36].

https://doi.org/10.3390/ cells15040330


https://doi.org/10.3390/cells15040330

Cells 2026, 15, 330

40f23

2.3. Real-Time Quantitative PCR Analysis

Hippocampal RNA was isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA,
USA, cat# 74104,) from db/db (diabetic homozygous) and non-diabetic heterozygous
(db/+) female and male mice following established methodology [36]. From the total RNA,
0.5 ug was used for cDNA synthesis following the RT? First Strand Kit (Qiagen, Valencia,
CA, USA, cat # 330401) protocol. RT-qPCR was used to determine the mRNA expression
using a custom RT? Profiler™ PCR Array (Qiagen, Valencia, CA, USA, cat # CLAMA49636).
The numbers in parenthesis represent the internal Qiagen gene detection codes for the
following genes: Kir4.1 (Kcnj10; PPM04090A), and the Transferrin receptor (HKG) (TRFC;
PPM03499C). Quantitative polymerase chain reaction (QPCR) was carried out using the
CFX Connect real-time PCR detection system (Bio-Rad, Hercules, CA, USA, cat. # 1855200).
Each 96-well plate contained two samples run in triplicate. The threshold cycle (CT) value
was obtained using CFX Maestro software, version 2.3 (Bio-Rad; Hercules, CA, USA), with
the same baseline carried over between runs as recommended by the protocol. CT values

were analyzed using the 274ACT

method according to the manufacturer’s manual. HKG
was used as the reference gene for data normalization. Quality controls used in the array

were the reverse transcription control (RTC) and the positive PCR control (PPC).

SDS-PAGE, Western Blot, and Analysis

The hippocampus was isolated from the brains of control (db/+) and diabetic (db/db)
mice and immidietly placed in ice-cold RIPA buffer containing 150 mM NaCl, 1% Triton
X-100, 0.1% SDS, and Tris-HCI (1.5 M, pH 8.8), supplemented with 1.0 mM phenylmethyl-
sulfonyl fluoride (PMSF) and a protease inhibitors cocktail (bestatin, aprotinin, pepstatin,
and leupeptin). Protein concentrations were determined using the Bradford Protein Assay
(BioRad), followed by a 1:3 dilution in urea buffer (4% SDS, 8 M urea, 0.015% bromophenol
blue, 5% (-mercaptoethanol, 20 mM EDTA, 62 mM Tris-HC], stabilized at pH 6.8), and the
resulting concentration was 10 pg protein/pL. After resolution on 4-15% polyacrylamide
gradient gels, the samples were transferred onto membranes which were then immunoblot-
ted using polyclonal antibody against Kir4.1 (1:2000, Alomone Labs, Jerusalem, Israel;
catalog # AGP—035). The signals were detected using chemiluminescence methodology
(SuperSignal® West Dura Extended Duration Substrate; Pierce, Rockford, IL, USA). The
intensity of the signal was measured with a gel documentation system (ChemiDoc, BioRad,
Hercules, CA, USA). It has been shown that Kir4.1 can exist in two forms of monomer: ung-
lycosylated and glycosylated, corresponding to molecular weights of 37 kDa and 43 kDa,
respectively [36,50]. We calculated the total monomer consisting of both the unglycosy-
lated and glycosylated proteins. The chemiluminescence signal intensity was corrected
for minor differences using the protein content after densitometric analysis of the India
ink-stained membrane [51].

2.4. Patch-Clamp Electrophysiology in Astrocytes from Hippocampal Slices

Hippocampal brain slices were obtained from adult female and male diabetic (db/db)
and genetic control (db/+) mice of 90-110 postnatal days following established method-
ology [36,52]. Oxygenated artificial cerebrospinal fluid (ACSF) was used for brain slice
incubation containing: 127 mM NaCl; 1.25 mM NaH;POy; 25 mM NaHCOj3; 2.5 mM KCl;
1 mM MgCly; 2 mM CaCly; and 25 mM D-glucose at 34 °C for 1 h before patch-clamp
recording. The ACSF solution was bubbled with mixture of 95% O, and 5% CO, to achieve
gas saturation and to stabilize pH for 7.4. Recordings were performed at room temperature.
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Selection of Astrocytes and Patch-Clamp Recording

Astrocytes were selected in the CA1 area of the hippocampal stratum radiatum and
were identified by their rounded and small cell bodies having characteristically tiny and
irregular processes. Astrocytes were arbitrarily selected (cell processes attached to or near
blood vessels) for patch-clamp electrophysiology. The cells were carefully chosen by their
(i) strongly hyperpolarizing membrane potential with (ii) an I/V curve showing inward
rectification (Scheme 1). This was necessary to focus on Kir4.1 channel behavior because
Kir4.1 is the inwardly rectifying channel and is a focus of current research. Selected inwardly
rectifying astrocytes were used from the depth of the brain slice (~50-200 micrometer from
slice surface) to eliminate recording from injured cells that resided on both surfaces of the
cutting slice edges. By clamping astrocytes in stratum radiatum, we avoided recording
from satellite oligodendrocytes [53] and their precursors [54] that were found in proximity
to pyramidal cells.
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Scheme 1. Description of a voltage-step protocol combined with patch-clamp recording techniques
to study steady-state currents in astrocytes within hippocampal brain slices. This method allows for
the analysis of current-voltage (I/V) relationships in hippocampal astrocytes. We recorded represen-
tative whole-cell currents from astrocytes located in the stratum radiatum of the CA1 hippocampal
region. Examples for female db/+ (left) and db/db (right) mice are presented. The analysis of the
current-voltage (I-V) relationship was conducted using twenty 100 ms and 10 mV voltage steps that
ranged from —100 mV to +100 mV. High frequency filters were not used. Current amplitudes were
measured within a 90 ms time window, corresponding to the steady-state phase after a spermine
block of Kir channel’s outward currents had been achieved (indicated by red vertical dotted lines).
The currents were evoked using the voltage protocol illustrated at the bottom right side of the figure.
Currents obtained during this steady state were averaged for each voltage step, and these data were
used to construct the I-V curves presented in Figures 3-5. The lower panel displays a representa-
tive I-V relationship generated from the averaged steady-state currents, allowing for a functional
comparison between control and diabetic conditions.

It is noteworthy that theoretical junction potentials between intracellular and extra-
cellular solution membrane potentials were not corrected. Cell currents were measured
using the common patch-clamp technique for whole-cell recording with a borosilicate
glass pipettes (I.D. 1.0 mm, O.D. 1.5 mm; World Precision Instruments, Sarasota, FL, USA),
pulled in four steps using a P-97 puller (Sutter Instruments, Novato, CA, USA) to achieve a
resistance of 6-9 MQ). The intracellular solution (ICS) comprised: 138 mM KCl, 2 mM KOH,
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1 mM CaCly, 1 mM MgCly, 1 mM spermine HCl, 10 mM EGTA, 10 mM HEPES, and 3 mM
Nay ATP, with pH adjusted to 7.2. The ICS has an osmolarity of about 284 4+ 3 mOsm/L.
After cell penetration, we achieved an access resistance of 10-18 M(), compensated by at
least 75%. We determined the astrocyte membrane potentials immediately upon reaching
whole-cell mode and held them under voltage clamp. The holding potential (Vh) was equal
to the resting membrane potential (Vm). After a 5 min stabilization in ACSF, we applied
a voltage-step protocol with 100 ms steps ranging from —100 mV to +100 mV to analyze
whole-cell currents and the current-voltage (I/V) relationship (detailed in Scheme 1).

The astrocytes were superfused ACSF and stimuli were applied using voltage-step
protocol (Scheme 1). Then the ACSF containing a selective Kir channel blocker barium
(100 uM) [4,55-58] was applied for 10 min and we then used the same voltage-step protocol
to record currents in the presence of barium. To obtain Kir currents sensitive to barium, we
subtracted the whole-cell current in the presence of barium from that in its absence. Using
whole-cell voltage-clamp techniques, we recorded from astrocytes in the stratum radiatum
of hippocampal slices from (db/db) diabetic and (db/+) control female and male mice. We
measured inward K* currents when switching the external solution from 2.5 mM K* to
10 mM K*, both with and without barium [52,56]. Kir-dependent currents were determined
by subtracting the currents recorded in ACSF with barium from those in pure ACSE. Only
one cell was recorded per slice during barium perfusion.

Kir currents were differently reduced in CA1 hippocampal astrocytes from diabetic
female and male mice (Figures 3-5). Between voltage steps, the holding potential (Vh)
was kept equal to the resting membrane potential (Vm) in 2.5 mM [K*], ACSF (Vh = Vm).
This helps to keep an equilibrium of cytoplasm ionic content. I/V curves were calculated
according to the methods described above in Scheme 1. Scheme 1 shows I/V curves of
female astrocytes from db/+ and db/db mice in response to twenty steps of 10 mV and
100 ms duration of between —100 mV and +100 mV from the holding potential (Vh). Results
from both sexes are presented in the Results section (Figures 3-5).

2.5. Statistical Analysis

Using the Shapiro—Francia estimator, allowing us to confirm the distribution of our
data, we performed a normality diagnostic test. To identify any outliers, we applied the
Grubbs test, ensuring robust results. We utilized an independent sample’s t-test to compare
the electrophysiological data from astrocyte resting membrane potentials and currents. To
further validate our findings, we assessed variance homoscedasticity using the Levene test.
The estimated marginal means and their standard errors are provided for each experimental
factor, contributing to a clearer interpretation of the results. We established a significance
level (x) of <0.05, while accepting p-values > 0.05 for normality and homoscedasticity tests.
All analyses were performed with IBM SPSS version 23.0 (IBM-SPSS, Chicago, IL, USA),
facilitating a comprehensive evaluation of the data.

2.6. Quantification and Normalization

Western blot (WB) signals were quantified and normalized using Image Lab-BioRad
version 6.1. WB quantification was followed by a Fisher LSD test for comparison. A value
of p < 0.05 was accepted as significant. The WB data files were evaluated with the help of
Graph Pad Prism V 10. 4. 1.

3. Results
3.1. Quantification of Glucose Concentrations in the Blood of Diabetic and Control Mice

The previous literature has reported reduced Kir4.1 expression and function in male
db/db mice [36]. These prior findings provide context only and were not included as data
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in the present study. Here, we independently obtained new datasets from both sexes to
directly evaluate potential sex differences.

First, we measured glucose levels in control db/+ non-diabetic mice and compared
them with diabetic female and male (db/db) mice. The average fasting blood glucose levels
recorded were (i) 119 £ 13 mg/dL n = 11 (mean + SEM) for genetic control (db/+) female
mice versus 133 &= 11 mg/dL n = 10 for control (db/+) male mice, while (ii) 338 &= 38 mg/dL
n = 11 for diabetic (db/db) female mice and 417 £ 53 mg/dL n = 10 for diabetic (db/db)
male mice. Control db/+ males and females show negligible differences in glucose levels
(119 mg/dL (6.7 mM) versus ~133 mg/dL (7.4 mM)); however, in both sexes, glucose levels
increase significantly from controls (about 2.84 times in db/db female and 3.14 times in
db/db males), with male db/db mice reaching nearly 23.2 mM compared to 18.8 mM in
db/db female mice. Previously, it was found that the levels of glucose in fasting blood
were 138 £ 23 mg/dL for control and 547 & 30 mg/dL for db/db male mice (mean + SEM;
n = 3), which reproduces the data well [36]. This suggests that higher glucose levels may
strongly influence Kir channel function. Indeed, cultured cortex astrocytes grown in high
glucose (25 mM) exhibited an approximately 70% reduction in Kir 4.1 mRNA and about
50% reduction in protein expression compared to those grown in 5 mM [35].

3.2. mRNA Level Comparison Between db/db and db/+ Mice of Different Sexes

Second, since prior studies reported reductions in mRNA levels in male db/db
mice [36], we re-evaluated both male and female mice using newly collected tissue to
enable direct comparison under identical experimental conditions. Here we measured
(i) the mRNA level by RT-PCR in db/db females (Figure 1A) and (ii) protein levels of Kir4.1
in the hippocampus of (db/+) genetic control and diabetic (db/db) female and male mice by
Western blot (Figure 1(B1)). We compared non-diabetic female mice versus diabetic (db/db)
female, and we found that hippocampal astrocytic Kir4.1 mRNA from diabetic (db/db)
female mice was significantly downregulated to 61.7 = 4.1%; (n = 3) when compared
to astrocytes from female (db/+) genetic controls (Figure 1A). Earlier reports described
approximately 70% reductions in Kir4.1 mRNA in male db/db mice [36]. In the present
study, our newly collected male dataset also demonstrated reduced expression of Kir4.1
protein levels under the same experimental conditions in diabetic females (see below).

3.3. Kir4.1 Protein Levels Between db/db and db/+ Mice of Different Sexes

Third, upon assessing hippocampal astrocyte Kir4.1 protein expression, our results
revealed a 43 kDa label of glycosylated Kir4.1 subunit monomer as previously justified [50].
Protein levels of (db/db) diabetic female mice were 59.79% significantly lower in the
hippocampal region when compared to astrocytes from female (db/+) genetic controls
(Figure 1(B1)). Then we compared the Kir4,1 protein level’s changes between sexes. A
new set of experiments to compare Kir4.1 protein levels in male and female diabetic mice
compared to their genetic controls was done. In detail, the Kir4.1 potassium channel
protein level was dropped down to a range of 56-59% of the control females, that is
significantly downregulated in diabetic female mice (p = <0.000001, 95% C.I [33.11 to 53.97],
n = 6) (Figure 1(B2), right panel). The male’s Kir4.1 protein level was declined to 42.7%,
significantly lower than the control male (p = <0.000001, 95% C.I [46.87 to 67.73], n = 6)
(Figure 1(B2), left panel). The difference between male’s and female’s diabetic Kir4.1 level
was 13.4% (p = <0.0404, 95% C.I[—26.63 to —0.8855], n = 6 for each sex) (Figure 1(B2)). Since
Kir4.1 is a major marker of glial cells in the retina, CNS and PNS [4,8,9,18-21,30,32,50,56],
these data represent a decrease in Kir4.1 channel expression in glia.
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Figure 1. Kir4.1 mRNA and protein levels in the hippocampal region of brains from diabetic (db/db)
female mice (Diabetic), as compared with db/+ heterozygote female mice (non-diabetic control).
(A) Kir4.1 mRNA from diabetic female mice was significantly downregulated (61.7 &= 4.1% SEM, n = 3)
as compared to db/+ female control. Transferrin receptor HKG 2 (TRFC) was used as the reference
gene for the 27#4Ct calculations. (B1) Kir4.1 potassium channel protein levels were significantly
downregulated in diabetic female mice (59.8 £ 0.76% SEM, n = 3) as compared to control female.
Data are expressed as % of control non-diabetic mice. (B2) New set of experiments to compare Kir4.1
protein levels in male and female diabetic mice compared to their genetic controls. In detail, Kir4.1
potassium channel protein level was dropped down to 56% from the control animals, significantly
downregulated in diabetic female mice (p = <0.000001, 95% C.I[33.11 to 53.97], n = 6). Kir4.1 protein
levels in diabetic males declined to 42.7%, significantly lower from the control (p = <0.000001, 95% C.I
[46.87 to 67.73], n = 6). The difference between male’s and female’s diabetic Kir4.1 level was 13.4%
(p = <0.0404, 95% C.I[—26.63 to —0.8855], n = 6 for each sex). The India ink stain was used as loading
control. Data analyzed using GraphPad Prism V9 software. Asterisks represent significant differences.

3.4. Comparison of Astrocytic Membrane Potentials Between db/db and db/+ Mice of
Different Sexes

Using electrophysiology, we examined the functional Kir4.1 electrical properties in
astrocytes from the stratum radiatum of diabetic (db/db) and (db/+) genetic control female
and male mice. Furthermore, we aimed to assess any sex differences in Kir4.1 channel func-
tionality. Astrocytes show a highly negative membrane potential (strongly hyperpolarized)
due to the presence of actively functional Kir4.1 channels in cells (Figure 2, Vh in mV).
Therefore, we first measured astrocytic membrane potentials from CA1 hippocampal astro-
cytes in ex vivo slices obtained from diabetic (db/db) compared to (db/+) genetic control
female and male animals. Hippocampal astrocytes from diabetic (db/db) female mice were
significantly more depolarized (—73.9 & 1.4 mV; n = 67 from 11 mice) in comparison with

https://doi.org/10.3390/ cells15040330


https://doi.org/10.3390/cells15040330

Cells 2026, 15, 330

90f23

their non-diabetic (db/+) genetic controls (—82.0 £ 1.3 mV; n = 52 from 10 mice) (Figure 2,
Females). Similarly, astrocytes from diabetic (db/db) male mice were significantly more
depolarized (—69.4 £ 1.9 mV; n = 46 from 9 mice) if compared to (db/+) genetic control
(—83.3 £ 1.4 mV; n = 56 from 9 mice) (Figure 2, Males). This difference was reflected in
the averaged membrane potentials (Vh) for astrocytes from diabetic (db/db) and genetic
control (db/+) mice, which in the average were —73.9 mV versus —82.0 mV for females
and —69.4 mV versus —83.3 mV for males, respectively. The diabetic (db/db) mice cell
population was strongly depolarized (about 9 mV between female groups and 14 mV in
the male groups). This can be seen in the following scatter plot (Figure 2). The asterisks
in Figure 2 indicate significant differences from the control groups within the same sex
(p < 0.05; Two-way ANOVA, followed by Tukey’s post hoc test).

Membrane Potentials in millivolts (mV)

=20
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é ; ‘s ®
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x I
-1004 ~© H
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Figure 2. Astrocyte membrane potentials (Vh) in hippocampal CA1 slices of control mice compared to
diabetic mice of different sexes. Black and grey dots represent individual membrane potentials, while
white and black boxes show the averaged membrane potentials from control, db/+, and diabetic,
db/db, mice respectively. Left panel represents female astrocytes in CA1 area of stratum radiatum
from control (—82 + 1.3 mV; n = 52 from 10 mice) and diabetic mice (—73.9 &+ 1.4 mV; n = 67 from
11 mice). Right panel represents control male mice (—83.3 & 1.4 mV; n = 56 from 9 mice-) and diabetic
mice (—69.4 £+ 1.9 mV; n = 46 from 9 mice). Asterisks (*) indicate significant difference from the
control group within the same sex (p < 0.05; Two-way ANOVA, followed by Tukey’s post hoc test).
Note: we kept each astrocyte after cell opening and during patch-clamp recording at the Vh equal the
resting membrane potential.

3.5. Recording of lonic Currents Using Full-Scale I/V and Comparison Between db/db and db/+
Mice of Different Sexes

To assess sex differences in the contribution of Kir channels to the total whole-cell
astrocytic currents, brain slices were initially perfused with standard ACSF, and astrocytes
were voltage-clamped at resting the native potential of the membrane (Vm), such that Vm
equaled the holding potential (Vh). Under such conditions, the initial membrane currents
were zero, which helps to avoid unwanted ionic flow. Under these conditions, 100 ms
voltage steps (by the increment of 10 mV from —100 mV to +100 mV) were applied relative
to the holding potential. Such stimulation evoked currents that were diminished in those
recorded from (db/+) genetic controls of both sexes (Figures 3-5).

A greater barium inhibitory effect was observed in diabetic male astrocytes than in female
mice (Figure 3(A3)), as clearly summarized in Figure 3C. To isolate the currents contributed by
expression of the functional Kir channel, the Ba>*-sensitive currents were subtracted Al from
A2. Barium-insensitive currents represent a leakage residual current by basically 2P-domain
channels [28]. A subtraction of the currents recorded in the perfusion containing Ba%* (A2)
from the entire whole-cell currents (A1) gives important information (Figure 3). The average
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currents at —100 mV in ACSF are presented in Figure 3B. The average Ba**-sensitive currents
measured at —100 mV from diabetic, db/db, vs. control mice of both sexes are shown in
Figure 3C. Figure 3(A3) shows a difference between males and females. For example, female
db/db mice astrocytic currents (—0.5 £ 0.1 nA; n = 24 cells from six mice) were markedly
smaller than the currents obtained from db/+, genetic controls (—1.2 £ 0.15 nA; n = 13
cells, six mice). Similarly, Ba®*-sensitive inward currents from diabetic (db/db) male mice
(—0.5 £ 0.1 nA; n = 22 cells, six mice) were significantly smaller than those obtained from
db/+ genetic control male mice (—1.9 & 0.2 nA; n = 13 cells from six mice). These results are
summarized as a percentage of the current blockage by Ba?* in Figure 3C.
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Figure 3. Differentially reduced Kir currents from diabetic female and male mice in CA1 hippocampal
astrocytes. Astrocytes were clamped at holding potential (Vh) which was equal to the resting
membrane potential (Vm) in 2.5 mM [K*], containing artificial cerebrospinal fluid (ACSF), Vh = Vm.
I/V curves are calculated accordingly the methods described above in Scheme 1 (Methods, Section 2.4).
I/V curves are shown in response to a voltage-step protocol (100 ms voltage-steps to potentials
between —100 mV and +100 mV from the holding potential (Vh)). Results from both sexes are
presented. (A1) Panels show recorded whole-cell currents in response to a voltage step protocol from
astrocytes in hippocampal brain slices obtained from control male mice (black circles) or diabetic
(blue squares) male mice (upper panel) and females (lower panel). (A2) Whole-cell patch-clamp
currents recorded in the presence of a blocker of Kir channels (extracellular 100 uM Ba?*)) from
hippocampal astrocytes in brain slices obtained from control or diabetic male mice (upper panel)
and females (lower panel). This panel represents residual cell currents after barium application.
(A3) BaZ*-sensitive currents in male (upper panel) and female (lower panel) mice. The panel represents
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the contribution of Kir channels to the whole-cell currents. The currents were obtained by subtraction
of (A1) and (A2) data since (A1) graphs in male and female show total currents in astrocytes while
(A2) graphs show the residual barium-insensitive currents after block of Kir4.1 channels by barium.
Therefore, (A3) is showing that female mice have almost half the number of barium-insensitive
currents (2P-domain-like channels) than males; (A3) graphs show Kir currents in astrocytes from
control or diabetic mice that are Ba>*-sensitive (see for details Figures 4 and 5). (B) Inward currents at
—100 mV in astrocytes of control and diabetic female and male mice. Total potassium currents in
astrocytes are much more reduced in db/db males than in females. (C) Percentage of current blocked
by 100 uM Ba?* in astrocytes. Data from control and diabetic mice are presented for comparison.
Barium-sensitive Kir4.1 currents are much more reduced in db/db males than db/db females when
compared with their controls, db/+. Data were acquired from 5 db/+ (genetic control) and 5 db/db
(diabetic) female and male mice. Data (B,C) are shown as mean + SEM, and asterisks (*) specify
significant differences (p < 0.05; Two-way ANOVA, Tukey post hoc multiple comparisons).
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Figure 4. Kir currents isolated from db/+ control astrocytes compared to db/db astrocytes. The
Kir currents were isolated from total cell currents by barium application. In control db/+ females,
there is a significant difference in Kir current compared to males (left panel), whereas in db/db mice,
both sexes exhibit equal Kir currents (right panel). At the holding potential —100 mV, the average
current in db/+ male astrocytes from stratum radiatum CA1 area of hippocampal brain slices was
—1.9 nA £ 0.2 nA, with n = 12 from 10 mice, (left panel, black dots) and diabetic, db/db males,
had —0.5 £ 0.1 nA, with n = 15 from 11 mice (right panel, black dots). Similarly for female control
(=12 £ 0.2 mV; n = 16 from 9 mice, left panel, blue squares) and diabetic females (—0.5 + 0.1 mV;
n =17 from 9 mice, right panel, blue squares). The dotted line indicates significant difference from the
control group within the same sex (p < 0.05; Two-way ANOVA, followed by Tukey’s post hoc test).
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Figure 5. 2P-domain leakage currents isolated from barium-sensitive currents in db/+ control
astrocytes compared to db/db astrocytes. Hyperglycemic astrocytes in db/db mice show increased
2P-domain-like currents in both sexes, (Left panel): average membrane currents that remained after
barium (block of Kir4.1 currents) in db/+ astrocytes from stratum radiatum CA1 area of hippocampal
brain slices. The currents at —100 mV holding potential in control db/+ females (—0.5 £ 0.1 nA;
n = 16 from 10 mice) are smaller than in db/+ males (—0.9 £ 0.2 nA; n = 12 from 10 mice). (Right
panel): average currents that remained after barium block in astrocytes from diabetic, db/db, females
(—0.8 £ 0.1 nA; n =18 from 11 mice) are still smaller than in db/db males (—1.1 £ 0.1 nA; n =13 from
9 mice), but (i) both sexes demonstrated growing barium-insensitive currents and (ii) the ratio of
current growth was about 1.52 times in female db/db astrocytes. This ratio is larger than the ratio in
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db/db males (about 1.15 times). Dotted lines indicates significant difference from the control group
within the same sex (p < 0.05; Two-way ANOVA, followed by Tukey’s post hoc test).

Collectively, (i) the decrease in Kir4.1 protein levels, (ii) depolarized membrane poten-
tial, (iii) reduced current amplitude, and (iv) diminished response to Ba?* in astrocytes from
db/db diabetic mice suggest a significant reduction in functional membrane Kir channel
activity compared to astrocytes from db/+ genetic controls, regardless of biological sex.
Additionally, astrocytes from male db/db mice appear to exhibit stronger sensitivity to
barium than those from diabetic females, as indicated by the smaller percentage of current
blocked by Ba?* in females (Figures 3C and 4).

3.6. Recording of K-Uptake (Inward Potassium lonic Currents) in Brain Slices and Comparison
Between db/db and db/+ Mice of Different Sexes

One key role of astrocytes is removing excess potassium from active synaptic areas [18,59].
Using a physiologically relevant protocol [20,21,35,57], we determined the Kir4.1 potassium
uptake ability in glial cells. In this study, we examined the potassium uptake capacity of
astrocytes in diabetic db/db mice and non-diabetic control (db/+) mice using the same
protocol. We held each astrocyte at its resting membrane potential, which results in zero-
current, during perfusion and the slices with control ACSF contained 2.5 mM K* Then,
inward K* currents were measured in response to changing the external solution from
2.5 mM K* to 10 mM K* (Figure 6A). This was done both with and without 100 uM Ba?*.
In females, inward currents caused by increasing external K* from 2.5 mM to 10 mM
were significantly smaller in hippocampal astrocytes from diabetic (db/db) female mice
(—469 £ 49 pA; n = 11 cells from six mice) in comparison to those from non-diabetic (db/+)
female mice (—836 £ 183 pA; n = 12 cells from six mice) (Figure 6A, left panel).
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Figure 6. Potassium uptake is impaired in CA1 hippocampal astrocytes from both diabetic male and
female mice. (A) Whole-cell currents obtained from astrocytes of (db/+) genetic control and (db/db)
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diabetic female (A1) and male (A2) mice. Potassium inward currents were elicited by changing K*
from 2.5 mM in extracellular solution to 10 mM in the presence or absence of 100 1M of barium (Ba*).
The cells were clamped at the resting potential in 2.5 mM of extracellular potassium (Vh = Vm). The
calibration scale is equal for all recorded currents. (B) Summary of the relative barium-insensitive Kir
currents measured in hippocampal astrocytes from (db/+) genetic control female (n = 11) and male
(n =15) and (db/db) diabetic female (n = 11) and male (n = 12) mouse brain slices. In (B), the data are
expressed as percentage (%) of control current that is barium-sensitive, where 100% is the maximal
current measured by switching extracellular [K*] from 2.5 mM to 10 mM. Data were obtained from
5 db/+ female and male genetic controls, and 5 (db/db) female and male diabetic mice. Asterisks
(*) indicate significant difference from the non-diabetic control group within their respective sex
(p < 0.05; Two-way ANOVA, Tukey post hoc multiple comparisons).

Interestingly, in males, astrocytes from diabetic (db/db) male mice showed signifi-
cantly smaller inward currents (—421 & 75 pA; n = 25 cells, six mice) compared to astrocytes
from db/+ genetic control male mice (—800 & 190 pA; n = 20 cells from six mice). Addition-
ally, we observed that Ba?*-sensitive Kir currents were significantly reduced in astrocytes
from diabetic (db/db) female mice (68 + 6.5%; n = 11 from six mice) compared with non-
diabetic (db/+) genetic control female mice (31 £ 5%; n = 11 from six mice). Similarly,
hippocampal astrocytes from diabetic (db/db) male mice exhibited a significantly lower
Ba2*-sensitive Kir current (62 4= 5%; n = 14 from six mice) compared to astrocytes from non-
diabetic (db/+) genetic control male mice (23 & 5%; n = 12 from six mice) (Figure 6B, Males).

4. Discussion

Diabetes causes chronic inflammation in both the central and peripheral nervous
systems, mainly affecting glial cells and leading to neurodegeneration. It accelerates
aging and increases the risk of age-related neurodegenerative diseases, such as cognitive
decline, peripheral neuropathy, and diabetic retinopathy. Neurodegenerative diseases
such as Alzheimer’s, Huntington’s and amyotrophic lateral sclerosis demonstrate a loss of
Kir4.1. Restoration of Kir4.1 function ameliorated functional deficits such as K-currents
in astrocytes [45], decreased neuron hyperexcitability, and extended survival in animal
models correlating with reductions in DNA methylation of the kcnj10 gene [60,61]. Our
data revealed several important new findings regarding Kir4.1 potassium currents in the
type 2 diabetic db/db mouse model.

The link between diabetes and CNS disorders is an important area of focus in the
medical community, though the mechanisms and sex differences remain unclear [62-65].
Diabetes is more common in men [66], highlighting significant sex differences in various
seizure conditions [67]. Research shows that increased neuronal hyperexcitability in di-
abetic db/db male mice is linked to astrocyte function, with db/db neurons being more
excitable due to downregulated astrocytic Kir4.1 channels [36]. Additionally, stress-induced
hyperexcitability of hypothalamic orexin neurons in males, contrasted with hypoexcitability
in females, is solely caused by differences in astrocytic glucocorticoid receptor function and
lactate sensitivity between sexes [48]. Regulation differences have been observed when
ischemic stroke-related brain injury is partially protected by GLT-1 glutamate transporter
activator in males but not in females [22]. Males have more complex astrocytes than fe-
males and higher numbers in the murine hypothalamus and hippocampus [47]. However,
differences in female astrocyte Kir4.1 channel function compared to males in diabetes have
not yet been explored.

In the current study, we evaluated the behavior of astrocytic Kir4.1 channels in both
db/db and db/+ mice of both sexes. Using detailed mRNA analysis, Western blotting (WB),
and patch-clamp recordings in brain slices, we investigated the functional behavior of Kir4.1
channels in db/db (diabetic homozygous) versus db/+ (non-diabetic heterozygous) mice
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of both sexes. Our comprehensive study revealed that, regardless of gender, db/db mice
exhibited a significant reduction in both the mRNA expression (Figure 1A) and protein
levels of Kir4.1 channels (Figure 1(B1,B2)). This decline was further confirmed by three
key observations: (i) a depolarized resting membrane potential in astrocytes (Figure 2),
(if) a marked decrease in barium-sensitive Kir currents (Figures 3A, 4 and 5), and (iii) a
diminished capacity for potassium uptake in hippocampal astrocytes across both genders
(Figure 6). Notably, our data indicated that diabetic male astrocytes displayed a significantly
greater reduction in barium-blocked Kir4.1 currents compared to their female counterparts,
highlighting a potential sex-based disparity in channel expression and function (Figures 3-6).

Firstly, we found that control male (db/+) mice (Figure 3(A3), right panel, black dots,
“barium sensitive currents”) exhibit larger Kir4.1 currents (2 nA) than control female db/+
mice (Figure 3(A3), right panel, black dots) which show 1.2 nA (summarized in Figure 4,
left panel). However, in db/db males and females, these currents are equalized and are
approximately 0.5 nA (Figure 3, male (A3) and female (A3), right panels, blue squares).
Figure 4 clearly summarizes this difference.

Secondly, astrocytes from db/db male mice exhibit about a threefold decrease in
Kir4.1 currents compared to controls, while astrocytes from db/db female mice show a less
pronounced reduction of approximately 1.8 times (Figure 4). Interestingly, Kir4.1 protein
levels do not significantly differ between sexes in the db/+ group. However, there is
a notable decrease in Kir4.1 protein in db/db mice, with minimal sex differences. The
difference between male’s and female’s diabetic Kir4.1 level was 13.4% (p = <0.0404, 95%
C.I[—26.63 to —0.8855], n = 6 for each sex) (Figure 1). Several studies demonstrate that
Kir4.1 protein levels do not reliably predict functional inward-rectifying potassium currents
because channel activity depends on tetramerization, trafficking, and proper membrane
insertion [68-70]. For example, Kir4.1 can be present but nonfunctional under conditions
involving defective assembly [71], impaired localization [72,73], DNA methylation of gene
encoding Kir4.1 [61]; or pathological regulatory mechanisms [8,68]. Trafficking-defective
mutations in KCNJ10 further confirm that non-functional Kir4.1 subunits can accumulate
inside cells despite normal protein levels [74,75]. Our study shows a greater reduction in
Kir4.1 channel functionality in males compared to females in diabetic db/db mice.

Thirdly, the barium-insensitive currents, which usually represent two-pore domain K-
channels (2P-domain leakage currents [4,28,40,76] are larger in non-diabetic db/+ male mice
compared to their female counterparts (Figures 3 and 5)). In contrast, barium-insensitive
currents are upregulated in db/db mice of both sexes (Figure 5). This increase may serve
as a compensatory mechanism to restore K-currents following the downregulation of Kir4.1
during hyperglycemia in the type 2 diabetic db/db mouse model. A similar compensatory
upregulation was found in ischemic rodents [43,44]. As evident from Figures 3, 5 and 6,
there are residual Em- and K-currents after Kir4.1 channel block by barium due to other
commonly known K-channels in addition to the Kir4.1 channel in glia, which are barium-
and polyamine-insensitive potassium channels, such as two-pore domain (2P) K* chan-
nels like TASK-1 [28] and astrocytes that exhibit two-pore domain K* channels such as
TWIK-1, TREK-1 and TREK-2, as well as TASK-3 and TASK-1 in addition to Kir4.1 chan-
nels [28,44,77,78]. TASK-1 channels contribute to the Ba?*-insensitive component of K*
uptake and the resting membrane potential in glia [28]. For example, after the Kir channel
block, TASK1 2P channels contribute about 50% to glial hyperpolarized membrane poten-
tial and K-transport [21,28,77,79]. Other astrocytic 2P channels, such as TWIK-1 channels,
implement negligibly to membrane potential [39,78], but mainly to glutamate/glutamine
metabolism coupled with NH* uptake [8]. TREK-2 channels in astrocytes are temperature-
sensitive and are robustly and rapidly expressed in response to ischemia, rescuing potas-
sium and glutamate clearance [43,44]. In addition, hippocampus astrocytes [80] and retinal
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glial cells [81] also express the Kir6.1 pore-forming component called KATP channels [27];
however, these Kir6.1-SUR1 containing channels only work when glial cells are physio-
logically stressed, and their ATP concentration is near zero [81], while our ICS contains
3 mM ATP.

Hyperglycemic conditions are associated with increased acidosis [37], making the roles
of 2P-domain acid-sensitive astrocytic channels, such as TASK and TREK, especially im-
portant [28,37,40,41,43]. Although TREK-1 is mainly expressed in neurons [38,42], TREK-2
expression increases along with Kir4.1 downregulation in astrocytes during ischemia-
induced acidosis [43,44]. In fact, when Kir channels are blocked, 2P-domain channels
remain functional, and db/db mice show increased 2P-domain-like channel currents com-
pared to controls (Figure 5). This may be a compensatory response in astrocytes to partially
recover the loss of Kir4.1 K-currents, indicating that 2P-domain channels could provide
an alternative protective mechanism. Our findings highlight how diabetes downregulates
Kir4.1 channels and leads to astrocytic dysfunction [35], which can be partially reversed
by aminoguanidine, an amino group-enriched drug [45]. The role of gender differences
in this context remains intriguing. Overall, the interaction of astrocytic potassium (K*)
channels may enhance resilience to transient acidification, suggesting that glial Kir4.1
and K2P channels could be potential targets for treating brain diseases associated with
hyperglycemia. Studying which 2P-domain channels are expressed in db/db mice is a
large and separate project and falls outside the scope of the current research.

In summary, our findings indicate that diabetes disrupts normal astrocyte function
by reducing Kir4.1 channels, with a notably stronger effect seen in male diabetic mice.
We propose that this loss of Kir4.1 channel function may increase the risk of seizures
by impairing the astrocytes” ability to control extracellular potassium levels, potentially
leading to greater neuronal excitability and seizure susceptibility. It has been shown that
GFAP immunoreactivity increases in the hippocampus of hyperglycemic streptozotocin-
treated mice [82]. Additionally, there is an increase in the number of GFAP-positive Miiller
cells of db/db mice compared with non-diabetic controls in the retina [83]. Furthermore, it
is known that hyperglycemia decreases Kir4.1 potassium channel expression and activity
in cultured cortical astrocytes [43] and in retinal Miiller glial cells [3]. To date, there are no
reports of sex differences in Kir4.1 expression in type 2 diabetic db/db mice.

Functional Kir4.1 channel expression in astrocytes contributes to its hyperpolarized
membrane potential. They naturally exist as homomeric or heteromeric channels when
combined with Kir5.1 subunits. However, the Kir4.1 homomer predominates in the hip-
pocampus [50,77]. The strong sensitivity of Kir4.1 channels to extracellular K* levels enables
K* entry at hyperpolarized membrane potentials and K* exit under conditions of astrocyte
depolarization or reduced extracellular K* concentration [18,52,57,84]. Both passive and
active astrocytic regulation of extracellular K*, as well as its role in the initiation and/or
persistence of epileptiform activity was shown by several theoretical analyses [41,85,86].

Additionally, research has shown that Kir4.1 channel downregulation disrupts overall
ion gradients and hampers uptake of potassium and glutamate by astrocytes [19-22].
Moreover, impaired ion gradients and cell depolarization hinder glutamate transport
function, and can cause even transporter reversal, leading to the release of glutamate from
a glial cell, which may further influence the excitability of neurons [87,88]. Conversely, the
normal balance of estrogen and progesterone may affect glutamatergic transmission in the
brain [89,90]. Seizure susceptibility in females could be partly related to imbalanced levels
of these hormones. Recent studies suggest that estrogen, particularly the estradiol subtype,
can promote anticonvulsant effects through its neuroprotective properties, while elevated
progesterone levels in females may lead to hyperexcitability [91-94].
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Kir4.1 channel dysfunction can disrupt brain ionic homeostasis and affect neuronal ac-
tivity. Based on this study’s findings, Kir4.1 channel dysfunction in diabetic mice negatively
affects neurons regardless of gender. The kcnj10 gene mutations and variations, which
encodes Kir4.1, are identified in seizure-prone human and animal models [52,95,96], that
includes sever SeSSAME/EAST syndrome [74,97,98]. In seizure-sensitive DBA mice [96],
mutated astrocytic Kir currents are reduced, which has been linked to decreased K* up-
take and glutamate uptake by these cells [52]. Downregulation of Kir4.1 channels and
impaired potassium and glutamate uptakes were shown when glial cells were exposed to
hyperglycemic or diabetic conditions, both in cultured glial cells [35] and in streptozotocin-
induced diabetes [3]. In this study, we observed that astrocytes from diabetic mice displayed
a depolarized resting membrane potential and impaired functional Kir-channel activity in
both female and male mice.

Extracellular K* levels increase during the propagation of an action potential [99]. It
is well known that astrocytes control extracellular K* level by removing excess K* from
synaptic zones and transporting it through the astrocytic syncytium to areas with lower
K* levels [8,59]. Insufficient potassium removal can lead to hyperexcitability, convulsions,
and neuronal degeneration. Therefore, we assessed astrocytes’ ability to uptake excess
K* by increasing external K* from 2.5 mM to 10 mM and measuring the resulting inward
current. As expected, astrocytes from diabetic mice showed reduced K* uptake compared
to non-diabetic mice. In summary, decreased astrocytic membrane potential, reduced Kir
channel activity, and compromised K* uptake in db/db mice may affect the ability of
astrocytes to maintain extracellular potassium homeostasis, which could, in turn, influence
neuronal excitability.

Considering that drugs enriched with aminogroups (polyamine-like), such as met-
formin administered to db/db mice orally [100] and aminoguanidine given to cultured as-
trocytes [45], can recover Kir4.1 expression, this highlights a potential role of polyamines in
regulating Kir4.1 expression. Notably, glial cells accumulate polyamines, such as putrescine,
spermidine, and spermine [101-105], in regions where Kir4.1 channels are co-localized with
these polyamines [102,106]. This accumulation of polyamines, which is crucial for life and
longevity [107-114], suggests a direct relationship between polyamine accumulation and
glial cell function, mediated by normalization of Kir4.1 channel expression [106]. Further
study of endogenous polyamine co-localization with Kir4.1 channels in db/db mice needs
to be done. Finally, diabetic db/db mice are genetically obese leptin receptor-deficient mice
exhibiting features of Type 2 diabetes in humans [115] represent a good model for further
investigation. Other areas of CNS and PNS need to be investigated in terms of diabetic
dysfunction of Kir4.1 channels in, for example, the respiratory center, spinal cord, and
peripheral ganglia, which are enriched with astrocytes and SGCs.

5. Conclusions

We investigated the role of the astrocytic Kir4.1 potassium channel in hippocampal
brain slices from both female and male type 2 diabetic db/db mice, comparing them
to control db/+ mice. Our findings revealed that the functional activity of the Kir4.1
channel in astrocytes was reduced differently in both genders of db/db mice. Specifically,
male db/db mice showed approximately a threefold reduction in Kir4.1 current, while
female db/db mice exhibited a smaller reduction, roughly 1.8 times less. Additionally, we
observed that db/db mice exhibited larger barium-insensitive currents (2P-domain-type
channels) than db/+ controls. This may indicate a compensatory cellular response to
hyperglycemia that helps buffer potassium when Kir4.1 channels are reduced. Overall,
our data provide insights into a possible Kir4.1 channel-dependent mechanism explaining
the high incidence of seizures observed in both females and males with uncontrolled
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hyperglycemia. A following study should investigate gender-dependent neuronal behavior
in the db/db mice’s brains.
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Abbreviations

The following abbreviations are used in this manuscript:

2P Two-pore (domain) potassium channel/leak channel
2AAC Delta-delta cycle threshold method
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ACSF Artificial cerebrospinal fluid

ANOVA Analysis of variance

BaZ* Barium ion (Kir channel blocker)

CA1l Cornu Ammonis 1 region of the hippocampus

CL Confidence interval

CNS Central nervous system

CT Threshold cycle (qPCR)

DB/DB Homozygous diabetic mouse carrying the leptin-receptor mutation
DB/+ Heterozygous non-diabetic control mouse

EDTA Ethylenediaminetetraacetic acid

GFAP Glial fibrillary acidic protein

HKG Housekeeping gene

Het Heterozygous control mouse (db/+)

Homo Homozygous diabetic mouse (db/db)

IACUC Institutional Animal Care and Use Committee

/v Current—voltage relationship

KC1 Potassium chloride

KCNJ10 Gene encoding Kir4.1

Kir4.1 Inwardly rectifying potassium channel subunit 4.1

mRNA Messenger ribonucleic acid

nA Nanoampere

PBS Phosphate-buffered saline

PFA Paraformaldehyde

PMSF Phenylmethylsulfonyl fluoride

PNS Peripheral nervous system

qPCR Quantitative polymerase chain reaction

RIPA Radioimmunoprecipitation assay buffer

RNA Ribonucleic acid

RT-gPCR Reverse transcription quantitative PCR

SEM Standard error of the mean

SGC Satellite glial cell

SDS-PAGE  Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
TASK-1 Two-pore domain acid-sensitive potassium channel, gene KCNK3
TREK-1 Two-pore domain acid-sensitive potassium channel, gene KCNK2
TREK-2 Two-pore domain acid-sensitive potassium channel, gene KCNK10
Tris-HCl Tris(hydroxymethyl)aminomethane hydrochloride

TRFC Transferrin receptor gene (housekeeping gene used in qPCR)

Vh Holding potential in patch-clamp recordings equal resting membrane potential
WB Western blot
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