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A B S T R A C T

The vast majority of Alzheimer's disease (AD) cases are sporadic, without a clear etiology. We have previously 
found increased expression of Serum and Glucocorticoid-regulated Kinase 1 (SGK1) in mouse models of de
mentia, postmortem cortical tissues and induced pluripotent stem cells (iPSCs)-derived cortical neurons from 
patients with sporadic AD (sAD). SGK1 is induced by a variety of cellular stress. The physiological consequences 
of elevated SGK1 in sAD is unclear. Here, we differentiated iPSCs from four sAD patients and four age- and sex- 
matched healthy controls into electrophysiologically mature cortical neurons with prolonged culture for more 
than 100 days. The sAD cortical neurons exhibited significant reductions in voltage-gated Na+ currents, am
plitudes of evoked action potentials, and frequencies of spontaneous excitatory postsynaptic currents and 
spontaneous action potentials. Application of a selective inhibitor of SGK1 reversed all these phenotypes in sAD 
neurons without affecting control neurons. The SGK1-dependent hypoexcitability suggests that a convergent and 
inborn mechanism attenuates neuronal communications despite different genetic background of the sAD pa
tients. Their iPSC-derived cortical neurons have captured the defective neurotransmission, which underlies 
cognitive and memory symptoms of AD, many decades before clinical manifestations. The study offers a new 
pathway to restore synaptic transmission in AD.

1. Introduction

Sporadic Alzheimer's disease (sAD), which has no clear inheritance 
pattern, accounts for more than 95% of AD cases (Masters et al., 2015). 
Despite the tremendous progress in understanding monogenic forms of 
AD, there are significant challenges in studying sAD beyond the common 
pathological hallmarks, such as Aβ and Tau, and the most prominent 
genetic risk factor ApoE4 (Rollo et al., 2023). Our previous study has 
identified increased expression of Serum- and Glucocorticoid-induced 
Kinase 1 (SGK1) in postmortem cortical tissue from sAD patients, 
P301S Tau transgenic mice, and 5 × FAD mice (Cao et al., 2020). 
Consistent with these, increased expression of SGK1 is observed in an 
independent single-cell RNA sequencing study of postmortem prefrontal 
cortical tissue from AD patients (Mathys et al., 2019). Increased 
expression of SGK1 appears to be critically involved in AD pathogenesis, 
as inhibition of SGK1 rescues the deficits in synaptic transmission and 
cognitive behavioral performance in the P301S Tau transgenic mouse 
model of dementia (Cao et al., 2020).

As a serine/threonine kinase responding to a variety of cellular 

stresses (Di Cristofano, 2017), SGK1 protein is not constitutively active 
but requires activation by phosphorylation, which is dependent on 
PI3K/PDK1 and mTOR signaling (Davoody et al., 2024; Lang et al., 
2020). The kinase activity of SGK1 plays important roles in the regula
tion of ion channels, cell signaling, transcription, neuronal excitability, 
and cell death (Lang et al., 2018; Lang et al., 2010). SGK1 in the brain 
has been shown to be critical in spatial memory under physiological 
conditions (Chao et al., 2007), for example, expression of a dominant- 
negative mutant Sgk1 in the CA1 region of rat hippocampus signifi
cantly impairs water maze perform (Tsai et al., 2002). SGK1 upregula
tion has also been reported in a variety of neurodegenerative disorders 
involving cellular stress (Elahi et al., 2021,Kwon et al., 2021,Lian et al., 
2020, Schoenebeck et al., 2005,Talarico et al., 2016), however, its 
pathological functions are largely unknown in human neurons.

Patient-specific iPSC-derived neurons have captured human-unique 
pathological features in familial AD (Arber et al., 2021; Kwart et al., 
2019; Ng et al., 2022; Penney et al., 2020; Yang et al., 2017). Even 
though sporadic AD accounts for the vast majority of AD cases (Masters 
et al., 2015), the complex genetic compositions have made it much more 
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challenging to use iPSC-derived neurons to study sAD (Cohen and 
Sonntag, 2024). Nevertheless, our recent study in iPSC-derived cortical 
neurons from sAD patients confirmed a consistent and significant in
crease in SGK1 expression (Saleem et al., 2025). In the present study, we 
focused on mature cortical neurons differentiated from iPSCs of four sAD 
patients and four healthy controls to identify electrophysiological 
changes, which may underlie neuronal communication deficits in AD 
patients. We found that cortical neurons derived from sAD patients 
exhibited significant reductions in voltage-gated Na+ currents, evoked 
action potential (AP) amplitudes, and frequencies of spontaneous 
excitatory postsynaptic currents (sEPSCs) and spontaneous action po
tentials (APs). Notably, all these defects were rescued by SGK1 inhibi
tion, which had negligible influences on control neurons.

2. Results

2.1. Decreased voltage-gated Na+ currents in sAD cortical neurons

We differentiated 8 lines of iPSCs derived from 4 sAD and 4 control 
subjects to cortical neurons using the method that we developed recently 
(Jiang et al., 2025; Saleem et al., 2025). Information about the 8 sub
jects, including their APOE genotypes, is listed in Table 1. At day 100 or 
more of differentiation, most cells with neuronal morphology showed 
robust MAP2 expression with extensive neuronal processes in both 
control and sAD group (Fig. 1A). In addition, synaptic formations were 
similarly observed in control and sAD neurons as evidenced by the 
juxtaposition of the presynaptic protein synaptophysin and the post
synaptic protein GluR1 (Fig. 1B). Indeed, typical mature neuronal 
morphology can be visually identified under a phase contrast micro
scope (Fig. 1C), which allows us to perform electrophysiological studies 
on these neurons. No significant difference was found between control 
and sAD neurons in cell capacitance (AD vs. CON, p = 0.8432) (Fig. 1D) 
and resting membrane potential (RMP) (AD vs. CON, p = 0.6094) 
(Fig. 1E). Given the critical roles of Na+ dysregulation in AD mouse 
models (Kim et al., 2007) and AD patients (Faraco et al., 2019; Mohan, 
et al., 2020; Vitvitsky et al., 2012), we performed whole-cell voltage 
clamp recordings to evaluate the flow of Na+ and K+. In both control and 
sAD neurons of mature neuronal morphology, whole-cell voltage-gated 
Na+ and K+ currents could be successfully elicited (Fig. 1F). However, 
the inward Na+ currents in sAD patients were significantly smaller, as 
shown in the I-V curves (Fig. 1G) and the quantifications of currents 
elicited at − 20 mV (AD vs. CON, p = 0.0030) (Fig. 1H). In contrast, there 
was no significant difference between control and sAD neurons in out
ward K+ currents elicited at +40 mV (AD vs. CON, p = 0.1619) (Fig. 1I- 
J).

2.2. Reduced action potential amplitudes in sAD cortical neurons

Considering the critical role of Na+ influx in eliciting an action po
tential, we next examined evoked action potentials (eAPs) in the cortical 
neurons from control and sAD patients using whole-cell current clamp 
recordings. With a minimum current injection to hold the membrane 
potential at − 60 mV, neurons from both control and sporadic AD pa
tients fired mature APs in response to 20 pA current injections (Fig. 2A). 
The average eAP frequency in response to the 20 pA current injection 
had no significant difference between control and sAD neurons (AD vs. 

CON, p = 0.2564) (Fig. 2B). However, sAD neurons exhibited a modest 
but significant reduction in the amplitude of eAP (AD vs. CON, p =
0.0166) (Fig. 2C) and a commensurate decrease in eAP overshoots (AD 
vs. CON, p = 0.0274) (Fig. 2D). There were no significant changes in the 
threshold (AD vs. CON, p = 0.3522) (Fig. 2E) and half-width (AD vs. 
CON, p = 0.7210) (Fig. 2F) of eAPs between normal and sAD neurons.

2.3. Attenuated sEPSC and sAP frequencies in sAD cortical neurons

Given the key role of excitatory synaptic transmission in cognitive 
functions (Paula-Lima et al., 2013), we examined the activities of the 
neuronal network by recording spontaneous excitatory postsynaptic 
currents (sEPSCs) under the voltage-clamp mode. There was a drastic 
decrease of sEPSC frequency in sAD cortical neurons (AD vs. CON, p =
0.0040) (Fig. 3A-B), but no significant change in sEPSC amplitude (AD 
vs. CON, p = 0.3728) (Fig. 3C). To substantiate these results, we 
recorded spontaneous action potential (sAP) under the current-clamp 
mode (Fig. 3D). There was a significant decrease in sAP frequency in 
sAD cortical neurons (AD vs. CON, p = 0.0045) (Fig. 3E) without an 
appreciable change in sAP amplitude (AD vs. CON, p = 0.9543) (Fig. 3F).

2.4. SGK1 inhibition increases Na+ and K+ currents in sAD neurons

The coordinated reductions in voltage-gated Na+ current (Fig. 1), 
eAP amplitude (Fig. 2), and frequencies of sEPSC and sAP (Fig. 3) led us 
to examine the role of SGK1, whose elevated levels in AD postmortem 
patient brains (Cao et al., 2020) and iPSC-derived cortical neurons 
(Saleem et al., 2025) were linked to deficits in synaptic transmission and 
cognitive functions in P301S Tau transgenic mice (Cao et al., 2020). 
Control and sAD cortical neurons were treated with the selective SGK1 
inhibitor (SGK1i) GSK650394 (100 nM for 72 h) or DMSO before 
recording whole-cell voltage-gated Na+ and K+ currents (Fig. 4A). SGK1i 
significantly increased voltage-gated Na+ currents in sAD neurons 
(AD+SGK1i vs. AD+DMSO, p = 0.0201) but not in control neurons 
(CON+SGK1i vs. CON+DMSO, p > 0.9999) (Fig. 4B-C). In addition, 
SGK1 inhibition produced similar increases in voltage-gated K+ currents 
in sAD and control neurons, although statistical significance was 
reached only in sAD (AD+SGK1i vs. AD+DMSO, p = 0.0428), but not 
control neurons (CON+SGK1i vs. CON+DMSO, p = 0.6564) (Fig. 4D-E).

2.5. SGK1 inhibition restores eAP amplitudes in sAD neurons

Next, we examined evoked action potentials (eAPs) elicited by an 
injection of 20 pA currents in control and sAD cortical neurons treated 
with GSK650394 (100 nM for 72 h) or DMSO (Fig. 5A). The SGK1 in
hibitor had no significant impact on eAP frequency in sAD (AD+SGK1i 
vs. AD+DMSO, p = 0.8517) or control neurons (CON+SGK1i vs. 
CON+DMSO, p > 0.9999) (Fig. 5B). It significantly increased the 
amplitude of eAP in sAD (AD+SGK1i vs. AD+DMSO, p = 0.0124), but 
not control neurons (CON+SGK1i vs. CON+DMSO, p > 0.9999) 
(Fig. 5C). A commensurate increase of eAP overshoot was induced by 
SGK1i in sAD (AD+SGK1i vs. AD+DMSO, p = 0.0173), but not control 
neurons (CON+SGK1i vs. CON+DMSO, p > 0.9999) (Fig. 5D). SGK1 
inhibition had no appreciable effects on eAP threshold (AD+SGK1i vs. 
AD+DMSO: p = 0.7484, CON+SGK1i vs. CON+DMSO: p > 0.9999) 
(Fig. 5E) and half-width (AD+SGK1i vs. AD+DMSO: p = 0.3898, 

Table 1 
APOE genotypes of iPSCs used in the study.

Control AD

ID CW70305 CW70256 CW70344 CW50040 CW50018 CW50024 CW50158 CW50170

Sex F F M M F M M F
Race Caucasian
Age at Sampling 56 61 62 63 58 63 63 64
APOE Genotype ε2/ε3 ε3/ε3 ε3/ε4 ε2/ε3 ε3/ε3 ε3/ε3 ε2/ε3 ε3/ε4
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CON+SGK1i vs. CON+DMSO: p = 0.6082) (Fig. 5F) in sAD or control 
neurons.

2.6. SGK1 inhibition rescues reduced frequencies of sEPSC and sAP in 
sAD neurons

Effects of GSK650394 (100 nM for 72 h) or DMSO on sEPSCs in 

control and sAD cortical neurons were compared (Fig. 6A). The SGK1 
inhibitor markedly increased sEPSC frequency in sAD (AD+SGK1i vs. 
AD+DMSO, p = 0.0324) but not control neurons (CON+SGK1i vs. 
CON+DMSO, p > 0.9999) (Fig. 6B), without changing sEPSC amplitude 
(AD+SGK1i vs. AD+DMSO: p = 0.9724, CON+SGK1i vs. CON+DMSO: 
p = 0.9996) (Fig. 6C). We also examined spontaneous action potentials 
(sAP) in control and sAD cortical neurons treated with SGK1i or DMSO 

Fig. 1. Diminished voltage-gated Na+ currents in AD cortical neurons. (A-B) Human iPSC-derived cortical neurons from healthy control (top) and sAD patients 
(bottom) at day 110 were costained as indicated. Scale bar, 10 μm. (C) A representative phase contrast image of iPSC-derived human cortical neurons on day 100. 
Scale bar, 30 μm. (D) Cell capacitance of control and AD neurons. CON: n = 4 (8, 10, 19, 11 cells / line); AD: n = 4 (10, 11, 15, 9 cells / line); p = 0.8432. (E) Resting 
membrane potential of control and AD neurons. CON: n = 4 (8, 9, 19, 11 cells / line); AD: n = 4 (10, 11, 14, 9 cells / line); p = 0.6094. (F) Representative voltage- 
gated Na+ and K+ currents (black) induced by depolarizing voltage steps (grey) in control (top) and AD neurons (bottom). Insets, enlarged traces for control (blue) 
and AD (red) neurons. (G) Averaged I-V curves (colored) for Na+ currents in individual neurons (grey) derived from control subjects (top) and AD patients (bottom). 
(H) Peak Na+ currents evoked at − 20 mV in control and AD neurons. CON: n = 4 (10, 6, 14, 6 cells / line); AD: n = 4 (10, 6, 10, 12 cells / line); p = 0.0030. (I) 
Averaged I-V curves (colored) for fast K+ currents in individual neurons (grey) derived from control subjects (top) and AD patients (bottom). (J) Peak fast K+ currents 
evoked at +40 mV in control and AD neurons CON: n = 4 (10, 6, 14, 6 cells / line); AD: n = 4 (10, 6, 10, 12 cells / line); p = 0.1619. ** p < 0.01, unpaired two-tailed 
student's t-test; error bars, standard error of measurement; ns, non-significant (p > 0.05). n lists the number of human iPSC lines per group, with the number of 
cortical neurons from each line of CON (CW70305, CW70256, CW70344, CW50040) or AD group (CW50018, CW50024, CW50158, CW50170) listed in order inside 
the brackets. In all figures, data from different lines in control or AD groups were coded with distinct shapes to show variations of neurons within each line: rhombus 
for CON (CW70305) or AD group (CW50018), square for CON (CW70256) or AD group (CW50024), triangle for CON (CW70344) or AD group (CW50158) and circle 
for CON (CW50040) or AD group (CW50170). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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(Fig. 6D). SGK1 inhibition tended to selectively increase sAP frequency 
in sAD but not control neurons (AD+SGK1i vs. AD+DMSO: p = 0.0108, 
CON+SGK1i vs. CON+DMSO: p = 0.4076; two-tailed Student's t-tests; 

AD+SGK1i vs. AD+DMSO: p = 0.2975, CON+SGK1i vs. CON+DMSO: p 
= 0.4396; two-way ANOVA followed by Bonferroni's multiple compar
isons.) (Fig. 6E).

Fig. 2. Reduced action potential amplitudes in AD cortical neurons. (A) Representative traces of evoked action potentials (eAPs) elicited by 20 pA current injection 
(grey) from control (blue) and AD neurons (red), with RMP held at -60 mV. (B) AP frequencies in response to this stimulation in control and AD neurons (p = 0.2564). 
(C-F) The first AP in the burst was used for spike shape analysis. AP shape analysis for peak amplitudes (p = 0.0166) (C), overshoots (p = 0.0274) (D), threshold (p =
0.3522) (E), and half-width (p = 0.7210) (F). CON: n = 4 (8, 6, 9, 10 cells / line); AD: n = 4 (7, 5, 10, 9 cells / line). *p < 0.05,unpaired two-tailed student's t-test; 
error bars, standard error of measurement; ns, non-significant (p > 0.05), n lists the number of human iPSC lines per group, with the number of cortical neurons from 
each line of CON (CW70305, CW70256, CW70344, CW50040) or AD group (CW50018, CW50024, CW50158, CW50170) listed in order inside the brackets. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Decreased frequencies of sEPSC and sAP in AD neurons. (A) Representative traces of spontaneous excitatory postsynaptic currents (sEPSC) recorded at -60 mV 
in control (blue) and AD neurons (red). (B, C) sEPSC frequency (p = 0.0040) (B) and amplitude (p = 0.3728) (C) in control and AD neurons. CON: n = 4 (15, 14, 33, 
11 cells / line); AD: n = 4 (16, 19, 13, 18 cells / line) for (B), CON: n = 4 (15, 14, 33, 11 cells / line); AD: n = 4 (16, 14, 10, 17 cells / line) for (C). (D) Representative 
traces of spontaneous Action Potentials (sAP) recorded from control (blue) and AD neurons (red). (E, F) sAP frequency (p = 0.0045) (E) and amplitude (p = 0.9543) 
(F) in control and AD neurons. CON: n = 4 (8, 11, 6, 5 cells / line); AD: n = 4 (8, 9, 6, 7 cells / line) for (E), CON: n = 4 (8, 11, 5, 4 cells / line); AD: n = 4 (1, 2, 1, 4 
cells / line) for (F). **p < 0.01, unpaired two-tailed student's t-test; error bars, standard error of measurement; ns, non-significant (p > 0.05), n lists the number of 
human iPSC lines per group, with the number of cortical neurons from each line of CON (CW70305, CW70256, CW70344, CW50040) or AD group (CW50018, 
CW50024, CW50158, CW50170) listed in order inside the brackets. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)
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3. Discussion

Using postmortem brain tissues (Cao et al., 2020) and iPSC-derived 
cortical neurons (Saleem et al., 2025) from sAD patients and the 
P301S human Tau transgenic mice (Cao et al., 2020), we have found that 
elevated SGK1 expression and activation contribute to tau hyper
phosphorylation, microtubule destabilization, and cognitive impair
ment. The present study identified a series of coordinated 
electrophysiological defects in iPSC-derived cortical neurons from sAD 
patients. These findings may connect the elevation of cellular stress- 
induced kinase SGK1 to the memory and cognitive impairments 
observed in AD animal models. The reduction in voltage-gated Na+

currents may contribute to the smaller amplitude of evoke AP, as less 
activation of voltage-gated Na+ channels and unchanged voltage-gated 
K+ currents would reduce the peak of AP. This should decrease the 
excitability of the sAD cortical neurons. Indeed, the frequencies of sEPSC 
and sAP were significantly reduced. The reduction of sEPSC frequency, 
but not amplitude, suggests a reduction in presynaptic glutamate release 
in sAD neurons. The reduced sAP frequency in sAD neurons may result 
from a combination of decreased excitatory input to the neuron and/or 
lower intrinsic excitability of the neuron. What is more remarkable is 
that not only these electrophysiological phenotypes were consistent 
with each other, but they were all rescued by SGK1 inhibition in sAD 

neurons. It suggests that SGK1 may activate a series of cellular events 
that target voltage-gated Na+ channel and possibly other key compo
nents of synaptic integration and synaptic transmission to attenuate 
excitatory neurotransmission. Reduced neuronal excitability would 
lower metabolic demand on the neuron to generate ATP and maintain 
intracellular Ca2+ homeostasis, which produce oxidative stress in the 
cell (Chintaluri and Vogels, 2023; De La Rossa et al., 2022). Thus, SGK1 
appears to function as a homeostatic regulator in response to cellular 
stress emanated from complex genetic factors in sAD neurons. It seems 
plausible that sAD neurons may attenuate neurotransmission to reduce 
cellular stress and enhance survival. Cognitive and memory impair
ments may be simply the system-level consequence of prioritizing 
neuronal survival at the expense of reducing synaptic transmission, 
before the accumulation of cellular stress eventually kills the diseased 
neurons.

Previous studies have shown the shift from hyper- to hypoexcitability 
in cortical networks as a hallmark of sAD, driven by the interplay of 
β-amyloid and tau pathologies that disrupt neuronal excitability, syn
aptic plasticity, and inhibitory circuits (Busche and Hyman, 2020; 
Phillips et al., 2023). Cortical hypoexcitability is observed in AD patients 
using transcranial magnetic stimulation (TMS)-electroencephalogram 
(EEG) (Ferreri et al., 2021) and magnetoencephalography (MEG) studies 
(Wiesman et al., 2022). Hypoexcitability of the dorsomedial prefrontal 

Fig. 4. SGK1 inhibition restores voltage-gated Na+ and K+ currents in AD neurons without affecting control neurons. (A) Representative traces of voltage-gated Na+

and K+ currents (black traces and scale bar) induced by depolarizing voltage steps (grey inset) in AD or control neurons treated with DMSO or the SGK1 inhibitor 
(SGK1i) GSK650394 (100 nM, 72 h). Colour insets, enlarged traces for each condition coded with colour. (B, C) Averaged I-V curves for voltage-gated Na+ currents 
(B) and peak Na+ currents at − 20 mV in AD (p = 0.0201) or control neurons (p > 0.9999) treated with DMSO or SGK1i (C). (D, E) Averaged I-V curves for voltage- 
gated K+ currents (D) and peak K+ currents at +40 mV (E) in AD (p = 0.0428) or control neurons (p = 0.6564) treated with DMSO or SGK1i. * p < 0.05, two-way 
ANOVA followed by Bonferroni's multiple comparisons. AD+DMSO: n = 4 (6, 6, 12, 9 cells / line); AD+SGK1i: n = 4 (6, 8, 11, 14 cells / line); CON+DMSO: n = 4 (9, 
6, 13, 7 cells / line); CON+SGK1i: n = 4 (7, 3, 12, 9 cells / line). n lists the number of human iPSC lines per group, with the number of cortical neurons from each line 
of CON (CW70305, CW70256, CW70344, CW50040) or AD group (CW50018, CW50024, CW50158, CW50170) listed in order inside the brackets.

Z. Jiang et al.                                                                                                                                                                                                                                    Neurobiology of Disease 221 (2026) 107345 

5 

Downloaded for Anonymous User (n/a) at University at Buffalo - North Campus from ClinicalKey.com by Elsevier on March 
26, 2026. For personal use only. No other uses without permission. Copyright ©2026. Elsevier Inc. All rights reserved.



cortex underlies reduced empathy in the early-stage AD and other 
neurodegenerative dementias (Fischer et al., 2019,Giacomucci et al., 
2022, Giacomucci et al., 2024,Phillips et al., 2023,Sturm et al., 2013). 
The present study has recapitulated neuronal hypoexcitability found in 
AD patient brains and validated the effectiveness of patient-specific 
iPSC-derived cortical neurons in dissecting the molecular and cellular 
mechanisms of sAD. Given that iPSC-derived neurons represent the fetal 
stage of development (Handel et al., 2016), our findings demonstrate 
that the intrinsic dysfunction of neurons and neuronal network can be 
captured in patient-specific cortical neurons in vitro decades before the 
onset of clinical symptoms and frank neuropathology. Multiple studies 
using iPSC-derived neurons from AD patients support this interpretation 
(Penney et al., 2020). Notably, longitudinal studies of subjects with 
dominantly inherited AD mutations have shown the development of 
cellular, pathological, and cognitive impairments 10 years or more 
before disease onset (Bateman et al., 2012). The different genetic 
composition of the sAD patients, when embodied in the iPSC-derived 
neurons, converged on the same set of coordinated electrophysiolog
ical phenotypes. The lack of in vivo organization of cells in this culture 
system strongly suggests the genetic basis of sAD.

Future studies are needed to understand how SGK1 is increased and 
activated in sAD cortical neurons. A variety of cellular stress, including 
oxidative stress, mitochondrial dysfunction, ER stress, misfolded protein 
stress, etc., are involved in the pathogenesis of AD (Butterfield and 
Halliwell, 2019; Salminen et al., 2009; Wang et al., 2020). It is critical to 
identify whether SGK1 is induced and activated by certain kinds of 

cellular stress in a specific manner. Another important follow-up study 
needs to uncover the SGK1 substrates responsible for the phenotypes 
that we observed in the present study. Transcriptomic and proteomic 
profiling of control and sAD cortical neurons may help reveal such tar
gets and their post-translation modification states. By manipulating the 
identified targets, it is possible to characterize their involvement in the 
SGK1-dependent phenotypes. The identification of SGK1-dependent 
hypoexcitability in sAD cortical neurons in this study will pave the 
way to understanding molecular and cellular mechanisms of sAD 
through patient-specific iPSC-derived neurons. This fruitful strategy will 
facilitate the development of new therapies for Alzheimer's disease.

4. Material and methods

4.1. Sex as a biological variable

The study uses iPSCs derived from both male and female subjects, 
and similar findings are reported for both sexes.

4.2. Human iPSC lines and cell culture

We used iPSCs derived from 4 patients with sAD and 4 healthy 
control subjects. All 8 lines of iPSCs were made with non-integrating 
episomal vectors expressing Yamanaka factors by the Human Pluripo
tent Stem Cell Line Repository of California Institute for Regenerative 
Medicine (CIRM). Information about the 8 subjects, including their 

Fig. 5. SGK1 inhibition restores action potential amplitudes in AD neurons without affecting control neurons. (A) Representative traces of evoked action potentials 
(eAPs) elicited by 20 pA current injection (grey inset) in AD or control neurons treated with DMSO or the SGK1 inhibitor (SGK1i) GSK650394 (100 nM, 72 h). (B) 
Frequency of eAP for each condition (AD: p = 0.8517, control: p > 0.9999). (C-F) The first eAP in the burst were analyzed for amplitude (AD: p = 0.0124, control: p 
> 0.9999) (C), overshoot (AD: p = 0.0173, control: p > 0.9999) (D), threshold (AD: p = 0.7484, control: p > 0.9999) (E), and half-width (AD: p = 0.3898, control: p 
= 0.6082) (F). * p < 0.05, two-way ANOVA followed by Bonferroni's multiple comparisons. AD+DMSO: n = 4 (20, 8, 11, 8 cells / line); AD+SGK1i: n = 4 (20, 8, 9, 13 
cells / line); CON+DMSO: n = 4 (6, 7, 13, 12 cells / line); CON+SGK1i: n = 4 (7, 4, 16, 18 cells / line). n lists the number of human iPSC lines per group, with the 
number of cortical neurons from each line of CON (CW70305, CW70256, CW70344, CW50040) or AD group (CW50018, CW50024, CW50158, CW50170) listed in 
order inside the brackets.
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APOE genotypes, is in Table 1. Human iPSCs were cultured on gamma- 
irradiated CF-1 mouse embryonic fibroblasts in a medium containing 
DMEM/F12, 20% knockout serum replacement, 0.1 mM β-mercaptoe
thanol, 1× NEAA, 1× L-glutamine, and 4–8 ng/ml FGF2. It is critical to 
maintain iPSCs on MEF because feeder-free cultures accumulate 
abnormal cells that have gained genomic damages (Stavish et al., 2024). 
The medium was changed daily. The cultures were passaged every 4–6 
days at a ratio of 1:6 using dispase (1 mg/ml). All cell cultures were 
routinely checked by PCR to ensure the lack of Mycoplasma (Zhang 
et al., 2021).

4.3. APOE genotyping

Genomic DNA was isolated from the 8 lines of iPSCs using a QIAamp 
DNA mini-kit (Qiagen 51306). Two regions of the APOE exon 4 spanning 
the ε2/ε3/ε4-defining SNPs at codons 112 (rs429358) and 158 (rs7412) 
were amplified by PCR using the following primers: C112 forward: 
ACGGCTGTCCAAGGAGCTG, C112 reverse: AGCTTGCGCAGGTGGGA; 
C158 forward: GGACATGGAGGACGTGTG, C158 reverse GTA
CACTGCCAGGCGCTTC. PCR using the Phusion High-Fidelity PCR Kit 
(Thermo Scientific F-553S) was conducted under the following 

conditions: initial denaturation at 98 ◦C for 30 s, followed by 40 cycles of 
98 ◦C for 10 s, 60 ◦C for 20 s, and 72 ◦C for 25 s, with a final extension at 
72 ◦C for 2 min. PCR products were purified using the QIAquick Gel 
Extraction Kit (Qiagen 28704) and Sanger-sequenced using the forward 
PCR primer. APOE genotype was also determined by qPCR (Zhong et al., 
2016). Genomic DNA was amplified with ε2, ε3 or ε4 primers separately 
with TaqPath ProAmp Master Mix and APOE TaqMan MGB probe tagged 
with FAM fluorescence reporter (both from Applied Biosystems). The 
qPCR was performed on CFX Duet RT-PCR System (BioRad) under the 
following conditions: pre-read at 60 ◦C for 30 s, denaturation at 95 ◦C for 
5 min, followed by 40 cycles of 95 ◦C for 15 s and 64 ◦C for 60 s. The 
FAM signal was read at the end of each cycle.

4.4. Differentiation of human iPSCs to mature cortical neurons

The human iPSCs were differentiated into cortical neurons as pre
viously described (Jiang et al., 2025). Briefly, iPSCs were dissociated 
with dispase to generate embryoid bodies (EBs), which were cultured in 
suspension in a 1:1 mixture of DMEM/F12 and Neurobasal media with 
1× N2 supplement, 0.5× B27 supplement without vitamin A, 1× NEAA, 
ascorbic acid (0.2 mM), SB431542 (10 μM, days 0–6), dorsomorphin 

Fig. 6. SGK1 inhibition rescues sEPSC and sAP frequencies in AD neurons without affecting control neurons. (A) Representative traces of sEPSCs recorded at − 60 mV 
in AD or control neurons treated with DMSO or the SGK1 inhibitor (SGK1i) GSK650394 (100 nM, 72 h). (B, C) Quantification of sEPSC frequency (sAD: p = 0.0324, 
control: p > 0.9999) (B) and amplitude (sAD: p = 0.9724, control: p = 0.9996) (C). AD+DMSO: n = 4 (8, 11, 14, 13 cells / line); AD+SGK1i: n = 4 (10, 18, 19, 15 
cells / line); CON+DMSO: n = 4 (8, 10, 14, 8 cells / line); CON+SGK1i: n = 4 (8, 11, 20, 10 cells / line) for (B). AD+DMSO: n = 4 (8, 9, 12, 10 cells / line); 
AD+SGK1i: n = 4 (10, 18, 14, 13 cells / line); CON+DMSO: n = 4 (8, 10, 14, 8 cells / line); CON+SGK1i: n = 4 (8, 11, 20, 10 cells / line) for (C). (D, E) Representative 
traces (D) and frequency (sAD: p = 0.2975, control: p = 0.4396) (E) of sAPs recorded in AD or control neurons treated with DMSO or SGK1i. AD+DMSO: n = 4 (6, 10, 
8, 6 cells / line); AD+SGK1i: n = 4 (2, 8, 13, 8 cells / line); CON+DMSO: n = 4 (2, 2, 10, 6 cells / line); CON+SGK1i: n = 4 (3, 1, 14, 8 cells / line). * p < 0.05, two- 
way ANOVA followed by Bonferroni's multiple comparisons. #p < 0.05, unpaired two-tailed student's t-test in E (sAD: p = 0.0108, control: p = 0.4076). n lists the 
number of human iPSC lines per group, with the number of cortical neurons from each line of CON (CW70305, CW70256, CW70344, CW50040) or AD group 
(CW50018, CW50024, CW50158, CW50170) listed in order inside the brackets.
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dihydrochloride (5 μM, days 0–6), XAV939 (2.5 μM, days 0–10) and 
Cyclopamine (3.5 μM, days 0–10). On day 6, the EBs were plated on 
Matrigel-coated plates and cultured in the same media without 
SB431542 and dorsomorphin, with the medium changed every other 
day. On day 12, specified dorsal forebrain neuroepithelial cells in ro
settes were dissociated into single cells with 1 unit/ml Accutase at 37 ◦C 
for 5 min and plated onto polyornithine/Matrigel-coated plates at a 
density of 5000–10,000 cells/cm2 in a 1:1 medium of DMEM/F12 and 
Neurobasal that contained with 1× N2, 0.5× B27 without vitamin A, 1×
NEAA and ascorbic acid (0.2 mM). The ROCK inhibitor Y27632 (20 μM) 
was added during the first 24 h. On day 18, cells were dissociated and 
plated onto polyornithine/Matrigel-coated glass coverslips in the Neu
robasal medium that contained 1× B27 without vitamin A, Brain- 
derived Neurotrophic Factor (BDNF) (20 ng/ml), Glial cell line- 
derived Neurotrophic Factor (GDNF) (20 ng/ml), dibutyryl-cAMP 
(dcAMP) (0.25 mM) and DAPT (1 μM). Half of the medium was 
changed every other day. All neurons differentiated were maintained for 
at least 100 days before electrophysiological recordings.

4.5. Immunofluorescence and confocal imaging

Cortical neurons differentiated for 110 days from normal subjects 
and sAD patients were fixed with 4% paraformaldehyde for 15 min at 
37 ◦C. Fixed neurons were washed twice with PBS and then per
meabilized and quenched for 20 min in PBS with 0.2% saponin and 50 
mM ammonium chloride at room temperature. After 3 washes with PBS, 
samples were incubated for 1 h in blocking buffer (PBS with 10% bovine 
serum albumin (BSA), 0.02% sodium azide (NaN3), and 0.02% saponin) 
at room temperature. Primary antibodies were diluted 1:5000 (chicken 
polyclonal anti-MAP2, Abcam Cat# ab5392), 1:1000 (rabbit polyclonal 
anti- synaptophysin, ThermoFisher Cat# PA1–1043), or 1:75 (mouse 
monoclonal anti-GluR1 (E6), Santa Cruz Cat# sc-13,152) in blocking 
buffer with reduced BSA (1%) and incubated with neurons overnight at 
4 ◦C. After washing 4 times, fluorescent dye-conjugated secondary an
tibodies (11,000 dilution) were incubated with cells for 2 h at room 
temperature. Goat anti-chicken IgG secondary antibody, Alexa Fluor 
647 (Cat# A-21449), Donkey anti-rabbit IgG secondary antibody, Alexa 
Fluor 647 (Cat# A-31573), and Donkey anti-mouse IgG secondary 
antibody, Alexa Fluor 594 (Cat# A-21203, all from ThermoFisher) were 
used. Cells were incubated with DAPI (300 nM) for 10 min to stain the 
nuclei. Confocal fluorescence images of neurons were captured using 
Leica TCS SP8 confocal microscope system with a 63× oil-immersion 
objective (NA 1.4).

4.6. Phase contrast imaging

The 40× representative image for hiPSC-derived cortical neurons at 
day 100 in culture medium were taken on the Olympus Microscope 
CKX41 with LCAch N 40× PhP as the objective lens, by INFINITY 2-1R 
digital CCD camera controlled by INFINITY ANALYZE Software v6.5 
(Lumenera Corporation).

4.7. Solutions and chemicals

The extracellular solution for patch-clamp experiments contained 
130 mM NaCl, 3 mM KCl, 1.2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES- 
NaOH, and 10 mM glucose; the pH was adjusted to 7.3 with NaOH and 
the osmolarity was ~290 mOsm. The pipette solution contained 125 
mM K-gluconate, 2 mM MgCl2, 10 mM HEPES, 1 mM EGTA, 2 mM 
Na2ATP, 0.4 mM Na2GTP, and 5 mM Na2-phosphocreatine; the pH was 
adjusted to 7.3 with KOH and the osmolarity was ~280 mOsm. The 
SGK1 inhibitor GSK650394 (Selleckchem) was prepared as a 100 mM 
stock solution in DMSO and diluted 1000× in neuronal culture medium.

4.8. Whole-cell patch-clamp recordings

Whole-cell patch-clamp was performed at room temperature 
(~20–25 ◦C). Neurons grown on glass coverslips were transferred from 
culture medium into the recording chamber on a Nikon Eclipse TE300 
Nomarski DIC Phase Contrast Fluorescence Inverted Microscope. At 40×
magnification, recordings of cells with mature neuronal morphology 
were obtained with an Axon Instruments 200B amplifier controlled and 
monitored by a PC running pClamp 10.0 with a DigiData 1440 A series 
interface (Axon instruments). In voltage-clamp mode, neurons held at 
− 60 mV were depolarized by 500-ms pulses of voltage steps with a 
frequency of 0.1 Hz (− 50 mV to +40 mV, in 10 mV increments) to evoke 
voltage-gated Na+ and K+ currents. In current-clamp mode, with 
membrane potentials kept at − 60 mV with a steady holding current, 
current injections were given as 20 pA for 1 s (1-s) duration to evoke 
action potentials (eAPs). Using gap free recording modes, spontaneous 
action potentials (sAPs) were recorded in current-clamp mode without 
any current injection, while spontaneous excitatory postsynaptic cur
rents (sEPSCs) were recorded at − 60 mV in voltage-clamp mode. Re
cordings were low-pass filtered at 2 kHz, digitized and sampled at 20 
kHz. To maintain quality and stability of the recordings, access resis
tance, cell capacitance, and membrane resistance were continuously 
monitored and recorded through a membrane test using the Clampex 
software.

4.9. Electrophysiology analysis

4.9.1. Voltage-gated Na+ and K+ currents
Immediately following each depolarization step, typically within a 

time window of a few milliseconds, Na+ currents were measured as the 
difference between the minimum currents and the baseline, while the 
fast K+ currents were measured as the difference between the maximum 
current and baseline. The Na+ and K+ current amplitudes were statis
tically analyzed at specific test potentials (− 20 mV for Na+ current and 
+ 40 mV for K+ current). These specific test potentials were chosen 
because they represent the physiological conditions of a healthy neuron 
(Tripathi et al., 2024). Cell capacitance was acquired through a mem
brane test using the Clampex software. As no difference was observed in 
cell capacitance of neurons from sporadic AD and controls (Fig. 1D), Na+

and the fast K+ currents in this study were not normalized by cell 
capacitance.

4.9.2. Evoked action potentials
The total number of action potentials elicited by the 1-s current in

jection of 20 pA above the steady holding current was counted as eAP 
frequency. Neurons that needed more than 50 pA current injections to 
be held at − 60 mV were discarded from the analysis. The first AP in the 
burst was used for spike shape analysis. AP overshoots were calculated 
as the maximum membrane potential during a spike. AP thresholds were 
the membrane potential at which the slope of the depolarizing mem
brane potential increased drastically, resulting in a full action potential. 
AP amplitudes were calculated as the difference between the maximum 
membrane potential during a spike and the threshold. Action potential 
half-width was calculated as the duration of the action potential at the 
voltage halfway between threshold and the action potential peak.

4.9.3. Synaptic transmission and spontaneous action potentials
sEPSCs were measured in voltage-clamp mode in a blocker-free 

recording medium. The neurons were held at − 60 mV and post
synaptic currents were recorded in the patched neuron for 120 s. Based 
on the signal-to-noise ratio of our recording system, sEPSC events with 
amplitudes smaller than 5 pA were excluded from analysis. sEPSC fre
quencies were measured as the total event number over a 120-s 
recording duration divided by 120. Spontaneous APs (sAPs) were 
measured in current-clamp mode in the same blocker-free recording 
medium soon after the cell membrane broke, and the patch became 
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stabilized. Without any current injection, neurons were recorded for 60 
s. The resting membrane potential (RMP) was measured as the averaged 
baseline readings when no AP firing happens, while sAP frequency was 
measured as the total number of spontaneous APs captured during the 
60-s recording period divided by 60. The sAP amplitude for each cell was 
measured from the AP that has the least interference from other APs in 
60 s.

4.9.4. Data analysis software
For imaging data, all images were processed with Fiji. For electro

physiology data, all raw Axon Binary File Format (ABF) data files 
collected by pClamp 10.0 (Molecular Devices) were saved into ABF 1.8 
integer format. Converted data were sequentially analyzed in Igor Pro 
8.04 (WaveMetrics) with TaroTools toolbox (Taro Ishikawa, Jikei Uni
versity School of Medicine, Japan).

4.10. Statistical analysis

No statistical method was used to predetermine sample sizes, but our 
sample sizes are similar to those reported in previous studies (Essayan- 
Perez and Sudhof, 2023; Ghatak et al., 2019; Harbom et al., 2019). Data 
was expressed as mean ± SEM, with a 95% confidence interval (CI) 
around the mean. For SGK1 inhibition treatment, coverslips from each 
line were randomly assigned into DMSO or SGK1i groups, and side-by- 
side patch clamp recordings were performed 72 h after treatment. The 
8 lines of iPSCs were differentiated into cortical neurons in at least three 
independent rounds of differentiation. High-quality electrophysiological 
recordings of each line of neurons were pooled from these independent 
rounds of differentiation. The number of neurons recorded for each line 
is given in the figure legends. Statistical analysis showing data variations 
is reported in the results, figure legends, and Supplemental Table 1. For 
Figs. 1–3, statistical analysis was performed with unpaired two-tailed 
student's t-test using GraphPad Prism 10. Unless otherwise specified, 
for data in Figs. 4–6, statistical analysis was performed with two-way 
ANOVA followed by Bonferroni's multiple comparisons test using 
GraphPad Prism 10. Values for n, t, df, and p for two-tailed student's t- 
test, F (DFn, DFd) and adjusted p values for ANOVA, were summarized in 
Supplemental Table 1.
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