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Table 1 Overview of research on GABAergic interneuron dysfunction in Alzheimer’ s disease
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Fig. 1 Neural circuit interactions and disease mechanisms in cortical networks
Bl FE#HEN L E I EEE B E A FEm LS
(a) ANFEMZICHEA (PC, PV, SST, VIP) ZIMMEHAREE, iFmbit: (E) mxatt (L6) siliEd. (b) AD/NRE TR
(GAH) A (74 H) ORI BV PRI EICEY: (@) FEARMZITiEtE (206) B2k, DI RIS AE . (c) SST'Hhia]
PZTTY) RS S B 2R TR ADSR I ARL . (d) 40 HzrS S, 5838 (42) Rl ) MIVIPA-RIABIE KRB L. A
%I i BioRenderifil 7



"4 EMUFESEYYIRHR

Prog. Biochem. Biophys. XXXX; XX (XXO

2 E-FGABAGBEH 8] #4122 o B B /R % i 2R
R EB e AT

GABA fiE P A # 2T e 28 R S8 P Y SCHEAE
AN ADIRYF IR A0 A . /5 AD Y 7
KIEH, GABA e B # 2 e AR 83580,
H st S W T REES . $27F GABA BB [H]
IR, B0AT O ADIRYT I — R E A AL
W o TEZGWNAST I, EHENE 558 (0 i AR U
TR PE PR > L 2 AT ) o ARSMASRIE S
Honl s> ABRIIE I, JFFEAK APP/PS1/INEL AP 111
fip 14 B BT PV T Ao 2R e S5 R i T A
XPERICAC R 2 B S ) R B SHEAEH] . 7R 6
J11#% APP/PS1 /NG H LRSI ) K [t PV i 28 T i />
MG, AL PEERE h T B T RGE , NITBER AT
NEERBL S AN, AT R — R
GABA e A2 iR . A, A
JWfG T 4R AL 48 28 AD /INBRUE B IS T 234 B RE IR
Y GABA BETTRIMH &0, XA RS M o ol 1
M TT il BT RE R BT, $Em T AD/NEUIA A
REJ) e

BT HE IR, #05% GABA BEH A £ oG
P ZIRYT AD BB 7E 720, 29 mn, RGRE e
CAIVUIH AR ALK E PV 0GB, HE5E AD /)N
BB AL T SZ ) y IR T T A BT AR B
L ] R PV 2 e i R S (RS A5
RIR R Z 1A mGluRS BUSE I IKNPTX2 . Nrgl
&), YR PV R TTHY A HE RN S il T S BB
UK 52 AD /N B A28 M 28 11 y JIk T S R 12 2D
AE . AR ARG IR HOR W B R 4R
TS PR R, HE LRGN (repetitive
transcranial magnetic stimulation, rTMS) . A = 5%
3 M ¥ (gamma entrainment using sensory
stimulation, GENUS) 1] DLif 1 #3540 Hz 75 13 ]
Wi A Z MK R PR , 6% PV R Z T/ 1
R, AR HEICIZILE I AU, X5
U 40 Hz 3697 HLHI ST B 0k R ARAE & 1
13 S G (1 ¢ S 27 N (| SR w1/
(electroacupuncture, EA) #% & BLAEWE UK /> SXFAD
/NI Sh AR SST M TC R R, B /D R IAA
P FICAL R

HIEk 3 GABA fiE Hh [ 1 22 o0 ik S 3 4 H A
LAY, X GABA R 48 L #:4E47 T Hits gk
TERNRIT RS . IRIRIFSE A B, AD Bt

K00 7 22 GABA M &R KT B 3 BRAK, $27R
ZE D RE AN 2 TO AL AP AR BRI =, Ak, AD R
)2 SST Fah i 50% 5 shiy s KW,
APP/PS1 /N ERUIHE H FLK W GABA K- I 35 [
i, XFIZARLN R 245 T GABA W] e HoA %
e, Wife 6 Aol 8 A4 25N AR, R
W GABA T WAl R LA 1RYT AD B9 1 . X
BRI SE MR AU LT GABA fE PRI #HZ 01 AD
TAIT B T RS ISR, ISR T E AL
WS, AR RFIT & H R AD 167 SR ms 15 W 1 B
7510

3 BREERE

TEAD R ET, PV', SSTHI VIP H[f] #fi 22
JCR I AR EE RN FRE, ISR IRAL T I
fITX AD R EEHLEI A HEMF . DL GABA RBf5 538
B, SRS IRRIC Y R IIT-BE, nTRESEEL
PR AR T SR, ARSI TR R L
TOCEERE : a. AT GABA R R 28 0 W B ] Y
FHELAEFH B H B ZE 45 (5200 5 b, SR ZR AN [R] 1 44
SZ AL ) 530 S S VR T TR s ¢ il BT
PEIH  BORI ARG B AR A A s S i T &R .
M AR S GABA BE Hh [H) #2850 By ) RE AT
JEGE AD ERR B CEHZE . NPT PR i
Jr B N 2% DI Re E I R E SR s, ¥ AD RO TIRE
ARG ), I AL 2R T
WFFEH KR

2 % Xk

[11  Korczyn A D, Grinberg L T. Is Alzheimer disease a disease?. Nat
Rev Neurol, 2024,20(4): 245-251

[2]  Petersen R C, Mormino E, Schneider J A. Alzheimer disease-
what's inaname?. JAMANeurol, 2024, 81(12): 1245-1246

[3]1 Zhang Z, Zhang Y, Ting Y, et al. Hyper-excitability of
corticothalamic PT neurons in mPFC promotes irritability in the
mouse model of Alzheimer's disease. Cell Rep, 2022, 41(11):
111794

[4] Niraula S, Doderer J J, Indulkar S, et al. Excitation-inhibition
imbalance disrupts visual familiarity in amyloid and non-
pathology conditions. Cell Rep,2023,42(1): 111946

[5] Hijazi S, van Heusden F C, Diachenko M, et al. Interneuron
hyperexcitability in an APP/PS1 mouse model of Alzheimer's
disease. Alzheimers Dement, 2023, 19(S12): 073241

[6] Lerdkrai C, Asavapanumas N, Brawek B, et al. Intracellular Ca*
stores control in vivo neuronal hyperactivity in a mouse model of

Alzheimer's disease. Proc Natl Acad Sci USA, 2018, 115(6):



XXXX; XX (XX)

FRITE, %: GABAREPEMETEM/RRBRFFREHEPHEEIER 5.

(7]

(8]

(]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

E1279-E1288

Olah V J, Goettemoeller A M, Rayaprolu S, et al. Biophysical K 3
channel alterations dampen excitability of cortical PV
interneurons and contribute to network hyperexcitability in early
Alzheimer's. eLife, 2022, 11: €75316

Barbour A J, Gourmaud S, Lancaster E, et al. Seizures exacerbate
excitatory: inhibitory imbalance in Alzheimer's disease and
5XFAD mice. Brain, 2024, 147(6): 2169-2184

Yang J, Yang X, Tang K. Interneuron development and
dysfunction. FEBS J,2022,289(8): 2318-2336

De Marco Garcia N'V, Fishell G. Interneuron diversity: how form
becomes function. Cold Spring Harb Perspect Biol, 2024: a041513
Wu S J, Sevier E, Dwivedi D, et al. Cortical somatostatin
interneuron subtypes form cell-type-specific circuits. Neuron,
2023,111(17):2675-2692.¢9

Lackey E P, Moreira L, Norton A, et al. Specialized connectivity of
molecular layer interneuron subtypes leads to disinhibition and
synchronous inhibition of cerebellar Purkinje cells. Neuron, 2024,
112(14):2333-2348.¢6

Ali A B, Islam A, Constanti A. The fate of interneurons, GABA
receptor sub-types and perineuronal nets in Alzheimer's disease.
Brain Pathol, 2023,33(1):e13129

Melgosa-Ecenarro L, Doostdar N, Radulescu C I, er al.
Pinpointing the locus of GABAergic vulnerability in Alzheimer's
disease. Semin Cell Dev Biol, 2023, 139:35-54

Hadler M D, Tzilivaki A, Schmitz D, et al. Gamma oscillation
plasticity is mediated via parvalbumin interneurons. Sci Adv,
2024,10(5): eadj7427

Smeralda C L, Pandit S, Turrini S, et al. The role of parvalbumin
interneuron dysfunction across neurodegenerative dementias.
Ageing ResRev,2024,101: 102509

Zhang X, Wu M, Cheng L, et al. Fast-spiking parvalbumin-
positive interneurons: new perspectives of treatment and future
challenges in dementia. Mol Psychiatry, 2025, 30(2): 693-704
Zheng J, Li H L, Tian N, et al. Interneuron accumulation of
phosphorylated tau impairs adult hippocampal neurogenesis by
suppressing GABAergic transmission. Cell Stem Cell, 2020, 26
(3):331-345.e6

Koelewijn L, Lancaster T M, Linden D, et al. Oscillatory
hyperactivity and hyperconnectivity in young APOE- €4 carriers
and hypoconnectivity in Alzheimer's disease. eLife, 2019, 8:
e36011

Naito N, Hirosawa T, Tsubomoto M, ef a/. Prominent gamma band
activity during visual
Alzheimer's disease. PLoS One, 2022,17(4): 0266693

Hijazi S, Heistek T S, Scheltens P, et al. Early restoration of

motion perception in early-stage

parvalbumin interneuron activity prevents memory loss and
network hyperexcitability in a mouse model of Alzheimer's
disease. Mol Psychiatry, 2020, 25(12): 3380-3398

Cattaud V, Bezzina C, Rey C C, et al. Early disruption of
parvalbumin expression and perineuronal nets in the hippocampus

of the Tg2576 mouse model of Alzheimer's disease can be rescued

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

by enriched environment. Neurobiol Aging, 2018, 72: 147-158
Petrache A L, Rajulawalla A, Shi A, et al. Aberrant excitatory-
inhibitory synaptic mechanisms in entorhinal cortex microcircuits
during the pathogenesis of Alzheimer's disease. Cereb Cortex,
2019,29(4): 1834-1850

Sanchez-Mejias E, Nufiez-Diaz C, Sanchez-Varo R, et al. Distinct
disease-sensitive GABAergic neurons in the perirhinal cortex of
Alzheimer's mice and patients. Brain Pathol, 2020, 30(2): 345-363
Potter C, Bassi C, Runyan C A. Simultaneous interneuron labeling
reveals population-level interactions among parvalbumin,
somatostatin, and pyramidal neurons in cortex. bioRxiv, 2024:
2023.01.09.523298

Takécs V, Bardoczi Z, Orosz A, et al. Synaptic and dendritic
architecture of different types of hippocampal somatostatin
interneurons. PLoS Biol, 2024,22(3):e3002539

Algamal M, Russ A N, Miller M R, et al. Reduced excitatory
neuron activity and interneuron-type-specific deficits in a mouse
model of Alzheimer's disease. Commun Biol, 2022, 5: 1323

Ramos B, Baglietto-Vargas D, del Rio J C, et al. Early
neuropathology of somatostatin/NPY ‘GABAergic cells in the
hippocampus of a PS1xAPP transgenic model of Alzheimer's
disease. Neurobiol Aging, 2006,27(11): 1658-1672

Davies P, Katzman R, Terry R D. Reduced somatostatin-like
immunoreactivity in cerebral cortex from cases of Alzheimer
disease and Alzheimer senile dementa. Nature, 1980, 288(5788):
279-280

Hama E, Saido T C. Etiology of sporadic Alzheimer's disease:
somatostatin, neprilysin, and amyloid B peptide. Med Hypotheses,
2005, 65(3): 498-500

Saito T, Iwata N, Tsubuki S, ef al. Somatostatin regulates brain
amyloid B peptide AP42 through modulation of proteolytic
degradation. Nat Med, 2005, 11(4): 434-439

Williams D, Yan B Q, Wang H, et a/. Somatostatin slows A plaque
deposition in aged APPM"™F mice by blocking AB aggregation.
SciRep,2023,13(1):2337

Solarski M, Wang H, Wille H, ef a/. Somatostatin in Alzheimer's
disease: anew role for an old player. Prion, 2018, 12(1): 1-8

Anoop A, Ranganathan S, Das Dhaked B, ef a/. Understanding the
mechanism of somatostatin-14 amyloid formation in vitro.
BiophysJ,2013,104(2): 50a

Wang H, Muiznieks L D, Ghosh P, ez al. Somatostatin binds to the
human amyloid p peptide and favors the formation of distinct
oligomers. eLife, 2017, 6: 28401

Almeida V N. Somatostatin and the pathophysiology of
Alzheimer's disease. Ageing Res Rev, 2024, 96: 102270

Luo X, Guet-McCreight A, Villette V, et al. Synaptic mechanisms
underlying the network state-dependent recruitment of VIP-
expressing interneurons in the CA1 HippocampusFree. Cereb
Cortex, 2020, 30(6): 3667-3685

Bilash O M, Chavlis S, Johnson C D, et al. Lateral entorhinal
cortex inputs modulate hippocampal dendritic excitability by

recruiting a local disinhibitory microcircuit. Cell Rep, 2023, 42(1):



EMUFESEYYIRHR

Prog. Biochem. Biophys.

XXXX; XX (XXO

[39]

[40]

[41]

[42]

[43]

[44]

[45]

111962

Tamboli S, Singh S, Topolnik D, e al. Mouse hippocampal CA1
VIP interneurons detect novelty in the environment and support
recognition memory. Cell Rep,2024,43(4): 114115

Arroyo S, Barati S, Kim K, et al. Emergence of preparatory
dynamics in VIP interneurons during motor learning. Cell Rep,
2023,42(8): 112834

Michaud F, Francavilla R, Topolnik D, et al. Altered firing output
of VIP interneurons and early dysfunctions in CA1 hippocampal
circuits in the 3xTg mouse model of Alzheimer's disease. eLife,
2024,13: RP95412

Morgan G R, Carlyle B C. Interrogation of the human cortical
peptidome uncovers cell-type specific signatures of cognitive
resilience against Alzheimer's disease. Sci Rep, 2024, 14(1): 7161
Murdock M H, Yang C Y, Sun N, et al. Multisensory gamma
stimulation promotes glymphatic clearance of amyloid. Nature,
2024, 627(8002): 149-156

Dhami K S, Churchward M A, Baker G B, et al. Fluoxetine and
citalopram decrease microglial release of glutamate and D-serine
to promote cortical neuronal viability following ischemic insult.
Mol Cell Neurosci, 2013, 56:365-374

Zhang Q, Yang C, Liu T, ef al. Citalopram restores short-term
memory deficit and non-cognitive behaviors in APP/PS1 mice

while halting the advance of Alzheimer's disease-like pathology.

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Neuropharmacology, 2018, 131: 475-486

Shetty A K, Bates A. Potential of GABA-ergic cell therapy for
schizophrenia, neuropathic pain, and Alzheimer's and Parkinson's
diseases. Brain Res, 2016, 1638(PtA): 74-87

Isla A G, Balleza-Tapia H, Chu F, et al. Low dose of levetiracetam
counteracts amyloid f-induced alterations of hippocampal gamma
oscillations by restoring fast-spiking interneuron activity. Exp
Neurol, 2023,369: 114545

Hadler M D, Alle H, Geiger J R P. Parvalbumin interneuron cell-to-
network plasticity: mechanisms and therapeutic avenues. Trends
Pharmacol Sci, 2024, 45(7): 586-601

LiH, Lai L, Li X, et al. Electroacupuncture ameliorates cognitive
impairment by regulating y-amino butyric acidergic interneurons
in the hippocampus of 5 familial Alzheimer's disease mice.
Neuromodulation, 2024, 27(4): 730-741

Li Y, Sun H, Chen Z, et al. Implications of GABAergic
neurotransmission in Alzheimer's disease. Front Aging Neurosci,
2016,8:31

Saiz-Sanchez D, Ubeda-Bafion I, Flores-Cuadrado A, et al.
Somatostatin, olfaction, and neurodegeneration. Front Neurosci,
2020,14:96

Sun X, Meng X, Zhang J, et al. GABA attenuates amyloid toxicity
by downregulating its endocytosis and improves cognitive
impairment. J Alzheimers Dis, 2012, 31(3): 635-649



XXXX; XX (XX) FRiTEN, Z. GABABEHEMZTTEM RN EFHIEHETWEE/ER <7
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Abstract Alzheimer's disease (AD), a progressive neurodegenerative disorder and the leading cause of dementia
in the elderly, is characterized by severe cognitive decline, loss of daily living abilities, and neuropsychiatric
symptoms. This condition imposes a substantial burden on patients, families, and society. Despite extensive
research efforts, the complex pathogenesis of AD, particularly the early mechanisms underlying cognitive
dysfunction, remains incompletely understood, posing significant challenges for timely diagnosis and effective
therapeutic intervention. Among the various cellular components implicated in AD, GABAergic interneurons
have emerged as critical players in the pathological cascade, playing a pivotal role in maintaining neural network

integrity and function in key brain regions affected by the disease. GABAergic interneurons represent a



°8: EMESEYYIEHE  Prog. Biochem. Biophys. XXXX; XX (XX)

heterogeneous population of inhibitory neurons essential for sustaining neural network homeostasis. They achieve
this by precisely modulating rhythmic oscillatory activity (e.g., theta and gamma oscillations), which are crucial
for cognitive processes such as learning and memory. These interneurons synthesize and release the inhibitory
neurotransmitter GABA, exerting potent control over excitatory pyramidal neurons through intricate local circuits.
Their primary mechanism involves synaptic inhibition, thereby modulating the excitability and synchrony of
neural populations. Emerging evidence highlights the significant involvement of GABAergic interneuron
dysfunction in AD pathogenesis. Contrary to earlier assumptions of their resistance to the disease, specific
subtypes exhibit vulnerability or altered function early in the disease process. Critically, this impairment is not
merely a consequence but appears to be a key driver of network hyperexcitability, a hallmark feature of AD
models and potentially a core mechanism underlying cognitive deficits. For instance, parvalbumin-positive (PV")
interneurons display biphasic alterations in activity. Both suppressing early hyperactivity or enhancing late
activity can rescue cognitive deficits, underscoring their causal role. Somatostatin-positive (SST") neurons are
highly sensitive to amyloid-beta (AB) dysfunction. Their functional impairment drives AD progression via a dual
pathway: compensatory hyperexcitability promotes AP generation, while released SST-14 forms toxic oligomers
with AP, collectively accelerating neuronal loss and amyloid deposition, forming a vicious cycle. Vasoactive
intestinal peptide-positive (VIP") neurons, although potentially spared in number early in the disease, exhibit
altered firing properties (e. g., broader spikes, lower frequency), contributing to network dysfunction (e. g., in
CA1). Furthermore, VIP release induced by 40 Hz sensory stimulation (GENUS) enhances glymphatic clearance
of AP, demonstrating a direct link between VIP neuron function and modulation of amyloid pathology. Given their
central role in network stability and their demonstrable dysfunction in AD, GABAergic interneurons represent
promising therapeutic targets. Current research primarily explores three approaches: increasing interneuron
numbers (e.g., improving cortical PV interneuron counts and behavior in APP/PS1 mice with the antidepressant
citalopram; transplanting stem cells differentiated into functional GABAergic neurons to enhance cognition),
enhancing neuronal activity (e. g., using low-dose levetiracetam or targeted activation of specific molecules to
boost PV’ interneuron excitability, restoring neural network vy -oscillations and memory; non-invasive
neuromodulation techniques like 40 Hz repetitive transcranial magnetic stimulation (rTMS), GENUS, and
minimally invasive electroacupuncture to improve inhibitory regulation, promote memory, and reduce A), and
direct GABA system intervention (clinical and animal studies reveal reduced GABA levels in AD-affected brain
regions; early GABA supplementation improves cognition in APP/PS1 mice, suggesting a therapeutic time
window). Collectively, these findings establish GABAergic interneuron intervention as a foundational rationale
and distinct pathway for AD therapy. In conclusion, GABAergic interneurons, particularly the PV*, SST", and
VIP' subtypes, play critical and subtype-specific roles in the initiation and progression of AD pathology. Their
dysfunction significantly contributes to network hyperexcitability, oscillatory deficits, and cognitive decline.
Understanding the heterogeneity in their vulnerability and response mechanisms provides crucial insights into AD
pathogenesis. Targeting these interneurons through pharmacological, neuromodulatory, or cellular approaches
offers promising avenues for developing novel, potentially disease-modifying therapies.
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