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ABSTRACT
ADNP (Activity-dependent neuroprotective protein) is a top-ranking autism risk gene. Here we examined synaptic alterations 
in heterozygous mice carrying an autism mutation on Adnp C-terminus (Adnpmut). We found that PFC pyramidal neurons in 
Adnpmut mice exhibited significantly diminished glutamatergic and GABAergic synaptic transmission, as indicated by mark-
edly reduced excitatory postsynaptic currents (EPSC) and inhibitory postsynaptic currents (IPSC). Given the key role of ADNP 
in chromatin regulation and the constitutive association of the ADNP complex with lysine-specific demethylase 1 (LSD1), we 
examined the therapeutic effects of LSD1 inhibition in Adnpmut mice. We found that treatment with an LSD1 inhibitor signifi-
cantly elevated EPSC and IPSC in PFC pyramidal neurons of Adnpmut mice, and the rescuing effect was particularly prominent 
in females. Biochemical assays revealed increased H3K4me2 and decreased H3K9me2/3 by LSD1 inhibitor treatment in female 
Adnpmut mice, which were correlated with the elevated expression of synaptic genes linked to glutamatergic and GABAergic 
transmission after the treatment. These data have revealed synaptic deficits in PFC induced by a loss-of-function mutation of 
Adnp and uncovered the therapeutic potential of LSD1 inhibition in ADNP-deficient conditions, especially for females.

1   |   Introduction

ADNP, which encodes the activity-dependent neuroprotective 
protein (ADNP), is one of the top-ranking autism risk genes (De 
Rubeis et al. 2014; Satterstrom et al. 2020). Since its first discovery 
decades ago (Bassan et al. 1999), ADNP is found to play a multifunc-
tional role in the nucleus and the cytoplasm (D'Incal et al. 2023; 
Gozes  2016). In the nucleus, ADNP acts as a chromatin regula-
tor by interacting with a variety of chromatin remodelers (D'Incal 
et  al.  2023). The C-terminus of ADNP interacts with the SWI/
SNF complex to affect gene expression (Mandel and Gozes 2007). 
ADNP also binds to CHD4 and HP1γ at N- and C-termini respec-
tively to form ChAHP complex to control lineage-specifying genes 
during early development and regulate chromatin looping by com-
peting with CTCF (Kaaij et  al.  2019; Ostapcuk et  al.  2018). The 
C-terminus of ADNP also interacts with BRG1 to establish ADNP-
BRG1-CHD4 (ABC-triplex) to modulate chromatin architecture 

(Sun et al. 2020). Moreover, ADNP forms a nuclear complex and 
co-occupies loci with another high-ranking autism risk factor 
POGZ, which promotes the transcription of clustered synaptic 
genes (Markenscoff-Papadimitriou et al. 2021). In the cytoplasm, 
ADNP acts as a translational regulator, autophagy operator, and 
synaptic modulator (Gozes  2016). ADNP directly interacts with 
the eukaryotic translation initiation factor 4E (eIF4E) to affect the 
protein translation machinery (Malishkevich et al. 2015). ADNP 
is also involved in modulating dendritic plasticity via interacting 
with the microtubule end-binding protein (EB) (Oz et al. 2014).

Mice with Adnp deficiency or loss-of-function mutations show 
deficits in molecular, synaptic, morphological, and behavioral 
measurements (Cho et  al.  2023; Conrow-Graham et  al.  2022; 
Hacohen-Kleiman et al. 2018; Karmon et al. 2022). The shRNA-
based Adnp knockdown induced the decreased expression of 
synaptic genes, such as Snap25 and Nrxn1, and the increased 
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expression of proinflammatory genes, such as complement 
and cytokines (Conrow-Graham et al.  2022; Wan et al.  2024). 
Adnp haploinsufficiency models exhibited reduced spine den-
sity in cortical and hippocampal neurons (Hacohen-Kleiman 
et al. 2018; Karmon et al. 2022), excessive long-term potentia-
tion, and hyperphosphorylated CaMKIIα (Cho et  al.  2023), as 
well as anxiety-like behavior, social deficits, repetitive behav-
iors, and cognitive deficits (Cho et  al.  2023; Conrow-Graham 
et al. 2022; Hacohen-Kleiman et al. 2018; Karmon et al. 2022), 
reminiscent of behavioral phenotypes of patients with ADNP 
mutations (Helsmoortel et al. 2014; Van Dijck et al. 2019).

Synaptic transmission in prefrontal cortical neurons is critical 
for cognitive and emotional processes (Yan and Rein  2022). 
Dysregulation of synaptic function in the frontal cortex is per-
ceived as a convergent mechanism of autism spectrum disor-
ders (ASD) (Delorme et al. 2013; Spooren et al. 2012). Thus, we 
examined the alteration of excitatory and inhibitory synaptic 
transmission in PFC pyramidal neurons from a mouse model 
harboring a patient-specific C-terminal ADNP mutation.

Currently, there is no therapeutic avenue for core symptoms of 
ASD in general and ADNP syndrome in particular. One emerging 
therapeutic strategy is to target epigenetic enzymes, which could 
potentially lead to the normalization of gene expression, synaptic 
function, and behavioral performance (Qin et  al.  2018; Rapanelli 
et al. 2022; Wang et al. 2020; Yan 2024). ChAHP complex constitu-
tively associates with the epigenetic corepressor lysine-specific his-
tone demethylase 1A (LSD1) (Barnes et al. 2022). Inhibiting LSD1 
improved symptoms in various mouse models for autism and schizo-
phrenia (Baba et al. 2021; López-Tobón et al. 2023; Mukai et al. 2019; 
Rapanelli et al. 2022). Increasing LSD1 led to dampened glutama-
tergic transmission (Longaretti et  al.  2020), suggesting LSD1 as a 
negative modulator of the glutamatergic synapse. In this study, we 
explored the therapeutic potential of treatment with an LSD1 inhibi-
tor in rescuing Adnp mutation-induced synaptic deficits.

2   |   Methods

2.1   |   Animals and Compounds

The protocol and procedures employed were ethically re-
viewed and approved by the Institutional Animal Care and 
Use Committee (IACUC) of the State University of New York 

(SUNY) at Buffalo. We follow the US National Research 
Council's Guide for the Care and Use of Laboratory Animals, 
the US Public Health Service's Policy on Use of Laboratory 
Animals, and Guide for the Care and Use of Laboratory 
Animals.

Wild-type (WT) mice and Adnpmut mice (carrying a 
14-nucleotide deletion in the C-terminus, Strain # 033128, 
Jackson Lab) with C57BL/6J background were utilized. All 
mice were group-housed with food and water ad libitum 
under the regulated conditions of temperature (22°C), humid-
ity (56%), and a 12/12 h light/dark cycle. Mice used in experi-
ments were 2–4 months old.

GSK-LSD1 (Tocris, Cat. # 5361) was dissolved in water as a stock 
solution, aliquoted, and stored at −20°C. Prior to the injection, 
the stock solution was diluted with sterile saline as a working 
solution. Mice were injected with GSK-LSD1 (5 mg/kg, i.p.) or 
sterile saline (vehicle control) once daily for 3 days. Animals 
were used for experiments at 1–14 days post-injection (average 
post-injection duration: ~4 days).

2.2   |   Electrophysiological Recordings

Whole-cell voltage-clamp recordings were performed to mea-
sure synaptic currents in layer V pyramidal neurons of the 
medial prefrontal cortex (mPFC) as previously described 
(Conrow-Graham et al. 2022; Duffney et al. 2015; Qin et al. 2018, 
2021; Rapanelli et al. 2022). Mice were decapitated by guillotine 
under isoflurane anesthesia. Brains were promptly collected and 
placed in an ice-cold sucrose solution (in mM: 234 sucrose, 15 
HEPES, 11 glucose, 4 MgSO4, 2.5 KCl, 1 Na2HPO4, 0.1 CaCl2, 
pH 7.35, 300 mOsm), and then cut into 300 μm coronal slices via 
a vibratome (Leica VT1000). Brain slices were incubated at 32°C 
in oxygenated (95% O2 / 5% CO2) artificial cerebrospinal fluid 
(aCSF) (in mM: 130 NaCl, 26 NaHCO3, 10 glucose, 3.5 KCl, 1.25 
NaH2PO4, 1 CaCl2, 0.5 MgCl2, pH 7.4, 300 mOsm) for 1 h for re-
covery and then at room temperature (22°C–24°C). After recov-
ery, the brain slice was positioned in a perfusion chamber of the 
fixed stage of an upright microscope (Olympus BX51WI) sub-
merged in continuously flowing oxygenated aCSF. Layer V PFC 
pyramidal neurons were visualized with a 40X water-immersion 
lens and recorded with the Multiclamp 700A amplifier, 
Digidata 1322A data acquisition system, and Clampex software 
(Molecular Devices, Sunnyvale, CA). Recording electrodes were 
pulled from borosilicate glass capillaries (1.5/0.86 mm OD/ID) 
with a micropipette puller (Model P-97, Sutter Instrument Co., 
Novato, CA). The resistance of the patch electrode was 2–4 MΩ. 
The threshold value of the series resistance was 25 MΩ. Evoked 
synaptic currents were induced with pulses by a S48 pulse 
generator (Grass Technologies, West Warwick, RI). A bipolar 
stimulating electrode (FHC, Bowdoinham, ME) was positioned 
~100 μm away from the recording neuron.

To record excitatory synaptic currents, PFC neurons were held 
at −70 mV. To record inhibitory synaptic currents, PFC neurons 
were held at 0 mV. Recording pipettes were filled with the in-
ternal solution (in mM: 130 Cs-methanesulfonate, 10 CsCl, 
10 HEPES, 5 EGTA, 4 NaCl, 1 MgCl2, 16 phosphocreatine, 5 
MgATP, 0.5 Na2GTP, 2 QX-314, pH 7.3, 270 mOsm). Electrical 

Summary

•	 In mice carrying an autism mutation on the risk gene 
Adnp (Adnpmut), the excitatory and inhibitory syn-
aptic signals in cortical neurons were significantly 
diminished.

•	 Treatment with a pharmacologic agent that specif-
ically inhibits the epigenetic enzyme lysine specific 
demethylase 1 (LSD1) significantly rescued the phys-
iological function and synaptic gene expression in 
Adnpmut mice, particularly in females.

•	 This study has uncovered a novel treatment strategy 
for autism linked to ADNP deficiency.

 19393806, 2025, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aur.70069 by U

niversity A
t B

uffalo (Suny), W
iley O

nline L
ibrary on [29/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



1344 Autism Research, 2025

pulses (0.058 ms, 100 μA) from a stimulation isolation unit con-
trolled by an S48 pulse generator were delivered to the neuron to 
record evoked synaptic currents.

2.3   |   Quantitative RT-PCR

Mice were sacrificed by decapitation, brains were quickly removed 
and cooled on ice, and then mPFC was dissected (~20 mg each 
side) with sharp needles. Total RNA was isolated from the PFC re-
gion of mouse brains using Trizol reagent (Invitrogen). cDNA was 
synthesized from 1 μg total RNA using iScript cDNA synthesis Kit 
(Bio-Rad, 1,708,890). Quantitative real-time PCR was carried out 

using the CFX Connector RealTime System and iQ SYBR Green 
Supermix (Bio-Rad, 1,808,880) according to the manufacturer's 
instructions. In brief, GAPDH was used as the housekeeping gene 
for quantitation of the expression of target genes in each sam-
ple. Fold changes in the target genes were determined by: Fold 
change = 2−∆(∆CT), where ∆CT = CT(target) − CT(GAPDH), and ∆(
∆CT) = ∆CT(target) − ∆CT(control). The threshold cycle is defined 
as the fractional cycle number at which the fluorescence reaches 
10x of the standard deviation of the baseline. A total reaction mix-
ture of 20 μL was amplified in a 96-well thin-wall PCR plate (Bio-
Rad, HSP9601) using the following PCR cycling parameters: 95 °C 
for 3 min followed by 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and 
72 °C for 60 s. Primers used are listed as follows:

Gene F (5′ - > 3′) R (5′ - > 3′)

Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA

Adnp-NT TGCACAGGGTTGCACTTTT AGTCCAAAGAGCAAGGCAGG

Adnp-CT AAGAGTGACATTGCCTCCCA AAACCTAGCAGCACACCAGG

Nrxn1 CAGCACAGCTAGAAGAGGCA TCCTCATCGTCACTGGGACA

Nrxn3 TAGCCACAACCTCCAGGGAT GTCCTTTGCTGGAGTTACAGTT

SYP CCTAGTTGGTGACTACTCCT GTTGTTCTCTCGGTACTTGT

Gria1 GCCTTAATCGAGTTCTGCTA GAATGGATTGCATGGACTTG

Gria2 AGCCTATGAGATCTGGATGT GAGAGAGATCTTGGCGAAAT

Gria3 TCAGCATAGGTGGACTTTTC GTAGTTCAAATGGAAGGGCT

Gad1 GAGACACCCTGAAGTACGGG TCGATGTCAGCCATTCACCA

Gad2 TGGGAATTGGCAGACCAACC ACCAGTCTGCTGCTAATCCA

Gabrg3 CCGGAGCAAGTAGAGACCAAG TACCCTCCTGGACCGAGCAT

2.4   |   Western Blot

PFC was collected and homogenized on ice for 3–4 min in hypo-
tonic buffer (20 mM Tris–HCl, 10 mM NaCl, 3 mM MgCl2, 0.5% 
NP40, 250 μL buffer per 50 mg tissue) supplemented with 1 mM 
PMSF and protease inhibitor cocktail. The homogenates were in-
cubated on ice for 15 min and then centrifuged at 1000 x g at 4°C 
for 10 min. The pellet containing the nuclear fraction was resus-
pended in 100–150 μL hypotonic buffer with 1% SDS. Protein con-
centration was measured with bicinchoninic acid assay (Thermo 
Scientific, 23,227). Samples were mixed with 4X SDS loading buf-
fer and boiled for 5 min. Proteins were separated with 12% SDS-
PAGE and subsequently transferred to PVDF membranes. The 
membranes were blocked with 5% non-fat milk TBS-T (50 mM 
Tris–HCl pH 7.4, 150 mM NaCl, 0.1% Tween 20) and then incu-
bated with primary antibodies (anti-histone H3 (Cell Signaling, 
4499S, 1:1000), anti-H3K9ac (Cell Signaling, 9649S, 1:1000), anti-
H3K4me2 (Cell Signaling, 9725S, 1:1000), anti-H3K9me2 (Cell 
Signaling, 4658S, 1:1000), anti-H3K9me3 (Invitrogen, PA5-31910, 
1:1000), anti-Adnp (C-terminus, Invitrogen, PA5-52286, 1:1000), 
anti-Adnp (N-terminus, Santa Cruz, sc-393,377, 1:500)), followed 
by probing with HRP-conjugated secondary antibodies (goat anti-
mouse IgG, Invitrogen, G21040, 1:5000 or goat anti-rabbit IgG, 
Invitrogen, PA5-114542, 1:5000). Immunoblots were visualized 
using SuperSignal West Femto Maximum Sensitivity Substrate 

(Thermo Scientific, 34,095) and imaged with ChemiDoc (Bio-rad). 
The intensities of the bands were measured with ImageJ, and rela-
tive intensities were calculated using the corresponding H3 bands 
as references.

2.5   |   Statistics

All data were analyzed by Clampfit (Molecular Devices, 
Sunnyvale, CA), MiniAnalysis (Synaptosoft, NJ), and 
GraphPad Prism (GraphPad). Experimental differences be-
tween two groups were compared with Student's t tests. To 
compare more than two groups, we used one-way ANOVA, 
followed by Tukey's multiple comparisons. Data were pre-
sented as mean ± SEM.

3   |   Results

3.1   |   Adnpmut mice Show the Deficiency 
of Full-Length Adnp Expression

To find out the potential impact of ADNP haploinsufficiency 
on synaptic function, we used the heterozygous mice carry-
ing C-terminal mutated Adnp (Adnpmut). This CRISPR/Cas9 
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generated mutant of the Adnp gene introduced a 14-nucleotide 
deletion, so Leucine822 was replaced by Histidine and fol-
lowed by 6 amino acids and a termination codon in exon 5, 
which caused a frameshift and resulted in a truncated pro-
tein (Figure 1A,B). A modest but significant reduction of 
body weight was found in Adnpmut mice (Figure 1C, n = 11–21 
mice per group; females: 12.2% reduction, t17 = 3.5, p = 0.0025; 
males: 10.0% reduction, t26 = 2.6, p = 0.016, t test). Using prim-
ers against the C-terminal region of Adnp downstream of the 
mutation site, we found a ~ 50% reduction of Adnp mRNA in 
both female and male heterozygous Adnpmut mice, compared 

to WT mice (Figure  1D, females, WT: n = 7, Adnpmut: n = 7, 
p < 0.001; males, WT: n = 5, Adnpmut t: n = 5, p < 0.001, t test). 
In contrast, no change was found in Adnp mRNA when de-
tecting with N-terminal primers (females, p = 0.70; males, 
p = 0.44, t test). It suggests that Adnpmut mice have a signifi-
cant deficiency in full-length Adnp.

To further check the alteration of Adnp protein in Adnpmut mice, 
we performed Western blot assays in the nuclear fraction. As 
expected, we observed a ~50% decrease of full-length Adnp pro-
tein (~150 KDa) using anti-Adnp (C-terminus) in both female 

FIGURE 1    |    Adnp mutant (Adnpmut) mice show the reduced expression of full-length Adnp. (A) A schematic representation of functional domains 
along full-length mouse Adnp protein (MGI:1338758), including Zinc fingers, NLS1,2 (nuclear localization signal); Eb (microtubule plus-end bind-
ing); elF4 (eukaryotic initiation factor 4E); HP1α (heterochromatin protein α); NES-1 (nuclear export signal). Also labeled is the mutation site of the 
Adnpmut mice (red arrow), which is a 14-nucleotide deletion at C-terminus of Adnp on exon 5. (B) DNA gel electrophoresis of Adnp PCR genotyping 
of WT (292 kb) and heterozygous Adnpmut mice (292/278 kb). Genotyping primers used are as follows: GAGTGACATTGCCTCCCATT (forward) and 
GTCAAAAGGACTCCCGCTTC (reverse). (C) Bar graphs of body weight in WT and Adnpmut mice. (D) Quantitative PCR of Adnp mRNA levels de-
tected with C-terminal (CT) or N-terminal (NT) Adnp oligos in WT and heterozygous Adnpmut mice (both females and males). The positions of these 
oligos are labeled on A. (E) Bar graphs of immunoblot analysis on the protein level of full-length Adnp in nucleus faction using antibodies against 
N-terminus or C-terminus of Adnp. Inset: Representative Western blots. All data are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, t test.
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and male Adnpmut mice due to the heterozygous truncation at 
the C-terminus (Figure  1E, females, WT: n = 9, Adnpmut: n = 7, 
p = 0.003; males, WT: n = 9, Adnpmut: n = 8, p = 0.0004, t test). A 
similar ~50% decrease of full-length Adnp protein was also noted 
using anti-Adnp (N-terminus) (Figure  1E, females, p = 0.02; 
males, p = 0.006, t test), which could result from a decrease in the 
amount of full-length Adnp protein translocated to the nucleus.

3.2   |   Adnpmut Mice Exhibit Diminished Excitatory 
and Inhibitory Synaptic Transmission in PFC 
Pyramidal Neurons

Using whole-cell patch clamp recordings, we compared glu-
tamatergic synaptic currents in layer V PFC pyramidal neu-
rons from WT vs. Adnpmut mice. Females and males were 
analyzed separately to find out whether there were sex-specific 

differences. As shown in Figure 2A,C, the frequency of spon-
taneous excitatory postsynaptic currents (sEPSC) was signifi-
cantly decreased in both sexes of Adnpmut mice (n = 7–13 cells / 
3–7 mice per group; females: 49.6% reduction, t15 = 2.2, p = 0.046; 
males: 44.6% reduction, t17 = 2.3, p = 0.033; All: 48.5% reduction, 
t33 = 3.0, p = 0.0048, t test). For sEPSC amplitudes, only Adnpmut 
female mice had a modest reduction compared to WT females 
(Figure 2B, 18.0% reduction, t15 = 2.5, p = 0.023, t test).

To further investigate Adnp mutation-induced alterations of syn-
aptic transmission, we recorded AMPAR-mediated EPSC evoked 
by electrical stimulations (eEPSC). As shown in Figure 2D,E, 
both female and male Adnpmut mice had significantly reduced 
eEPSC amplitudes (n = 10–11 cells / 3–6 mice per group; fe-
males: 64.4% reduction, t16 = 3.7, p = 0.0019; males: 47.4% reduc-
tion, t18 = 2.5, p = 0.022; All: 57.3% reduction, t35 = 4.4, p < 0.001, 
t test).

FIGURE 2    |    Adnpmut mice exhibit diminished synaptic excitation in PFC pyramidal neurons. (A, B) Bar graphs of sEPSC frequency (A) or ampli-
tude (B) in PFC pyramidal neurons from female or male WT vs. Adnpmut mice. (C) Representative sEPSC traces. (D) Bar graphs of eEPSC amplitude 
in PFC pyramidal neurons from female or male WT vs. Adnpmut mice. (E) Representative eEPSC traces. All data are shown as mean ± SEM, *p < 0.05, 
**p < 0.01, ***p < 0.001, t test.
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Besides excitatory synaptic transmission, inhibitory synaptic 
transmission is critical for synaptic balance, which could also 
be affected by Adnp mutation (Cho et al. 2023). Hence, we per-
formed whole-cell patch clamp recordings of GABAergic syn-
aptic currents on layer V PFC pyramidal neurons. As shown in 
Figure 3A,C, the frequency of spontaneous inhibitory postsyn-
aptic currents (sIPSC) was markedly reduced in both female 
and male Adnpmut mice (n = 11–19 cells / 3–7 mice per group; 
females: 49.5% reduction, t27 = 2.7, p = 0.013; males: 33.1% reduc-
tion, t27 = 2.0, p = 0.055; All: 42.4% reduction, t55 = 3.4, p = 0.0014, 
t test). The amplitude of sIPSC was not significantly changed 
in Adnpmut mice (Figure  3B, females: t29 = 1.4, p = 0.16; males: 
t18 = 0.5, p = 0.62; All: t56 = 1.4, p = 0.15, t test).

Next, we measured GABAAR-mediated IPSC evoked by elec-
trical simulations (eIPSC). As shown in Figure 3D,E, female 
Adnpmut mice had significantly reduced eIPSC amplitudes, 
while male Adnpmut mice also showed a strong trend of re-
duction of eIPSC (n = 9–13 cells / 3–6 mice per group; females: 
64.4% reduction, t13 = 4.5, p < 0.001; males: 46.3% reduction, 
t23 = 2.0, p = 0.057; All: 55.5% reduction, t40 = 4.1, p < 0.001, 
t test).

Taken together, these electrophysiological data show that the 
Adnp mutation has led to diminished synaptic excitation and in-
hibition in PFC pyramidal neurons, which may directly impair 
PFC function.

FIGURE 3    |    Adnpmut mice exhibit weakened synaptic inhibition in PFC pyramidal neurons. (A, B) Bar graphs of sIPSC frequency (A) or ampli-
tude (B) in PFC pyramidal neurons from female or male WT vs. Adnpmut mice. (C) Representative sIPSC traces. (D) Bar graphs of eIPSC amplitude 
in PFC pyramidal neurons from female or male WT vs. Adnpmut mice. (E) Representative eIPSC traces. All data are shown as mean ± SEM, *p < 0.05, 
**p < 0.01, ***p < 0.001, t test.
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3.3   |   Treatment with an LSD1 inhibitor markedly 
elevates excitatory and inhibitory synaptic 
transmission in Adnpmut mice, especially in 
Females

As ADNP is a key chromatin regulator (Kaaij et  al.  2019; 
Ostapcuk et  al.  2018), one potential mechanism underly-
ing the physiological deficits in Adnpmut mice is epigenetic 
aberration. To find out a therapeutic avenue to rescue the 
diminished PFC synaptic function in Adnpmut mice, we tar-
geted LSD1, an epigenetic enzyme associated with the ADNP 
complex (Barnes et al. 2022). Targeting LSD1 showed prom-
ising effects in several mouse models for neurodevelopmen-
tal disorders (Baba et al. 2021; Mukai et al. 2019; Rapanelli 
et  al.  2022; Yan  2024). We gave Adnpmut mice a short treat-
ment with the LSD1 inhibitor (GSK-LSD1, 5 mg/kg, i.p., once 
daily for 3 days), followed by electrophysiological recordings 
of PFC pyramidal neurons.

As shown in Figure 4A,B, the frequency and amplitude of 
sEPSC were significantly elevated in LSD1 inhibitor-treated 
female Adnpmut mice, while a trend of enhancement was ob-
served in male Adnpmut mice treated with GSK-LSD1 (n = 11–19 
cells / 3–5 mice per group; Freq., females: 161.1% increase, 
t27 = 4.2, p = 0.0002; males: 53.9% increase, t17 = 1.5, p = 0.16; 
Amp., females: 24.1% increase, t25 = 2.9, p = 0.007; males:, 
21.8% increase, t19 = 1.7, p = 0.10, t test). We further examined 
the effect of LSD1 inhibition on evoked AMPAR-EPSC. As 
shown in Figure 4C,D, eEPSC amplitudes were markedly el-
evated in LSD1 inhibitor-treated female Adnpmut mice, while 
the potentiating effect of GSK-LSD1 on eEPSC was modest 
in male Adnpmut mice (n = 11–25 cells / 3–5 mice per group; 
females: 283.5% increase, t35 = 4.4, p < 0.001; males: 38.9% 
increase, t27 = 1.0, p = 0.33, t test). Female or male WT mice 
treated with GSK-LSD1 had no significant changes in sEPSC 
frequency and amplitude or eEPSC amplitude (Figure 4E–H, 
WT + LSD1i: n = 14–18 cells per group from 4 females and 4 
males, WT + saline, n = 7–10 cells per group from 2 females 
and 2 males. All p > 0.05, t test).

With the dramatic reduction of inhibitory transmission in PFC 
pyramidal neurons from Adnpmut mice, we also examined the 
effect of LSD1 inhibition on GABAergic synaptic currents. As 
shown in Figure 5A,B, LSD1 inhibitor-treated female Adnpmut 
mice showed the significantly elevated sIPSC frequency and 
amplitude, while LSD1 inhibitor-treated male Adnpmut mice 
had a trend of enhancement of sIPSC frequency (n = 13–22 cells 
/ 3–5 mice per group; Freq., females: 77.9% increase, t32 = 3.4, 
p = 0.002; males: 38.9% increase, t22 = 1.5, p = 0.14; Amp., fe-
males: 17.5% increase, t27 = 2.0, p = 0.056, t-test). Similarly, 
LSD1 inhibitor dramatically elevated eIPSC amplitude in fe-
male Adnpmut mice, and only exhibited a trend of increase of 
eIPSC in male Adnpmut mice (Figure 5C,D, n = 11–23 cells / 3–5 
mice per group; females: 186.4% increase, t35 = 3.8, p < 0.001; 
males: 54.5% increase, t23 = 1.1, p = 0.26, t test). In female or 
male WT mice, GSK-LSD1 treatment did not induce significant 
changes in sIPSC frequency and amplitude or eIPSC amplitude 
(Figure 5E–H, WT + LSD1i: n = 14–18 cells per group from 4 fe-
males and 4 males, WT + saline, n = 7–10 cells per group from 2 
females and 2 males. All p > 0.05, t test).

Taken together, these data indicate that LSD1 inhibition exerts 
a powerful rescuing effect on excitatory and inhibitory synaptic 
transmission in PFC pyramidal neurons from the Adnpmut mice, 
particularly in females.

3.4   |   LSD1 Inhibitor Alters Histone Modification 
and Synaptic Gene Expression in Adnpmut Mice, 
Especially in Females

To find out the molecular basis that may underlie the diminished 
synaptic function in PFC pyramidal neurons of Adnpmut mice 
and the rescuing effect of GSK-LSD1, we performed Western 
blotting and quantitative PCR to examine changes in histone 
marks and synaptic gene transcription by Adnp mutation and 
GSK-LSD1 treatment (5 mg/kg, i.p., once daily for 3 days).

As shown in Figure  6A, GSK-LSD1 significantly elevated the 
H3K4me2 level in female Adnpmut mice (females, WT + sal: 
n = 9, Adnpmut + sal: n = 7, Adnpmut + LSD1i: n = 11, F2,24 = 10.0, 
p < 0.001, one-way ANOVA). While GSK-LSD1 did not change 
the H3K9ac level in female Adnpmut mice, it significantly de-
creased H3K9ac in male Adnpmut mice (males, WT + sal: 
n = 9, Adnpmut + sal: n = 8, Adnpmut + LSD1i: n = 10, F2,24 = 6.9, 
p = 0.004, one-way ANOVA).

LSD1 has also been implicated in regulating repressive H3K9 
di- or tri-methylation (Metzger et al. 2005), thus, we further 
examined the effect of GSK-LSD1 on these histone marks in 
Adnpmut mice. As shown in Figure 6B, GSK-LSD1 treatment 
of female Adnpmut mice caused a significant reduction of 
H3K9me2 and H3K9me3 levels, compared to saline-treated 
WT or Adnpmut female mice (H3K9me2: F2,24 = 18.2, p < 0.001, 
H3K9me3: F2,24 = 16.3, p < 0.001, one-way ANOVA). In males, 
H3K9me2 level was significantly lower in saline- or LSD1i-
treated Adnpmut mice than WT (F2,24 = 5.8, p = 0.009, one-way 
ANOVA), while H3K9me3 level was similar among all three 
groups.

Among the presynaptic genes critically involved in synaptic or-
ganization or transmitter release, Nrxn1 (Neurexin 1), Nrxn3 
(Neurexin 3), and Syp (Synaptophysin) (Figure 7A), female 
Adnpmut mice showed the reduction of Nrxn3, male Adnpmut 
mice exhibited the reduction of Nrxn1, and GSK-LSD1 treat-
ment elevated all the three genes in both sexes (Nrxn1, females: 
F2,28 = 4.1, p = 0.028, males: F2,29 = 3.0, p = 0.07; Nrxn3, females: 
F2,28 = 5.6, p = 0.009, males: F2,29 = 4.8, p = 0.016; Syp, females: 
F2,28 = 4.9, p = 0.02, males: F2,18 = 1.17, p = 0.3, one-way ANOVA).

Among the genes encoding AMPAR subunits, Gria1, Gria2, and 
Gria3 (Figure 7B), female Adnpmut mice showed a significant re-
duction of Gria1 and Gria3, both of which were significantly re-
versed by GSK-LSD1 treatment, while in male Adnpmut mice, the 
reduced Gria1 and Gria3 were not elevated by GSK-LSD1 (Gria1, 
females: F2,29 = 5.0, p = 0.014, males: F2,24 = 3.06, p = 0.066; Gria3, 
females: F2,21 = 8.2, p = 0.0023, males: F2,20 = 5.0, p = 0.017, one-
way ANOVA).

Among the GABA-related genes encoding GABA synthesiz-
ing enzymes (Gad1 and Gad2) or GABAA receptor subunit 
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(Gabrg3) (Figure 7C), female Adnpmut mice had reduced Gad2 
and Gabrg3, both of which were significantly increased by GSK-
LSD1 treatment (Gad2, F2,31 = 4.5, p = 0.02; Gabrg3, F2,21 = 8.5, 
p = 0.002, one-way ANOVA), while no significant changes were 
found in male Adnpmut mice.

These data suggest that the collective changes in synaptic 
gene expression may lead to the diminished EPSC and IPSC 
in Adnpmut mice, and the restoration or elevation of these syn-
aptic genes by GSK-LSD1 treatment may underlie its rescuing 

effect on synaptic physiology in Adnpmut mice, particularly for 
females.

4   |   Discussion

ADNP, a multifunctional protein, could serve as a chromatin 
modifier, a translational regulator, an autophagy operator, and a 
synaptic modulator (Gozes 2016). Although ADNP is one of the top 
ASD risk genes (Satterstrom et al. 2020), the pathophysiological 

FIGURE 4    |    LSD1 inhibitor treatment elevates synaptic excitation in Adnpmut mice. (A, C) Bar graphs of sEPSC frequency and amplitude (A) or 
eEPSC amplitude (C) in PFC pyramidal neurons from female or male Adnpmut mice with the treatment of saline vs. GSK-LSD1. (B, D) Representative 
sEPSC (B) or eEPSC (D) traces. (E–H) Bar graphs of sEPSC frequency and amplitude (E) or eEPSC amplitude (G) in PFC pyramidal neurons from fe-
male or male WT mice with the treatment of saline vs. GSK-LSD1. Representative sEPSC and eEPSC traces (F, H) are also shown. All data are shown 
as mean ± SEM, **p < 0.01, ***p < 0.001, t test.
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FIGURE 5    |     Legend on next page.
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FIGURE 5    |    LSD1 inhibitor treatment potentiates synaptic inhibition in Adnpmut mice. (A, C) Bar graphs of sIPSC frequency and amplitude (A) or 
eIPSC amplitude (C) in PFC pyramidal neurons from female or male Adnpmut mice with the treatment of saline vs. GSK-LSD1. (B, D) Representative 
sIPSC (B) or eIPSC (D) traces. (E-H) Bar graphs of sIPSC frequency and amplitude (E) or eIPSC amplitude (G) in PFC pyramidal neurons from female 
or male WT mice with the treatment of saline vs. GSK-LSD1. Representative sIPSC and eIPSC traces (F, H) are also shown. All data are shown as 
mean ± SEM, **p < 0.01, ***p < 0.001, t test.

FIGURE 6    |    LSD1 inhibitor elevates permissive H3K4me2 and reduces repressive H3K9me2/3 in female Adnpmut mice. (A) Bar graphs of im-
munoblot analysis on histone markers linked to gene activation, H3K4me2 and H3K9ac, in PFC nuclear fraction from female and male WT vs. 
Adnpmut mice treated with saline or GSK-LSD1. Inset: Representative blots. (B) Bar graphs of immunoblot analysis on histone markers linked to gene 
repression, H3K9me2 and H3K9me3, in PFC nuclear fraction from female and male WT vs. Adnpmut mice treated with saline or GSK-LSD1. Inset: 
Representative blots. All data are shown as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA with post hoc Tukey's tests.
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mechanisms underlying ADNP haploinsufficiency-induced ASD 
are elusive. In this study, we examined the synaptic dysfunction 
in an Adnp mutant mouse model. We found that both excitatory 
and inhibitory synaptic transmission were significantly dimin-
ished in PFC pyramidal neurons of the Adnpmut mice. Virus-
based knockdown of Adnp in PFC of young mice also led to a 
significant reduction of glutamatergic transmission (Conrow-
Graham et al. 2022). In the mouse model with another Adnp mu-
tation, synaptic plasticity (LTP/LTD) was altered, while synaptic 
transmission (EPSC/IPSC) was normal, in adult hippocampal 
neurons (Cho et al. 2023). It suggests that different ADNP mu-
tations may induce diverse synaptic abnormalities in different 
brain regions.

The alteration of synaptic transmission has been linked to 
many other top ASD risk genes. For example, POGZ deficiency 
induces the diminished synaptic response mediated by AMPA 

and NMDA receptors in PFC (Conrow-Graham et  al.  2022). 
KMT5B deficiency also leads to PFC glutamatergic hypofunc-
tion (Wang et  al.  2021). SHANK3 deficiency specifically im-
pairs NMDAR function in PFC (Duffney et al. 2013, 2015; Qin 
et al. 2018). ASH1L deficiency results in the increased glutama-
tergic excitation and decreased GABAergic inhibition in PFC, 
which triggers severe seizures (Qin et al.  2021). DYRK1A mu-
tation reduces inhibitory synaptic transmission in hippocam-
pal pyramidal neurons and parvalbumin+ inhibitory neurons 
(Shih et al. 2023). These data suggest that synaptic aberration 
is a convergent consequence of the haploinsufficiency of ASD 
risk genes.

Emerging evidence suggests that a promising therapeutic ave-
nue to rescue synaptic deficits in ASD models is to use pharma-
cological agents targeting epigenetic enzymes (Yan 2024), such 
as histone deacetylases (HDAC) (Ma et al. 2018; Qin et al. 2018), 

FIGURE 7    |    LSD1 inhibitor treatment elevates the expression of diminished synaptic genes in Adnpmut mice, especially for females. A–C, Bar 
graphs of qPCR data showing the mRNA level of synaptic genes in PFC of female or male WT or Adnpmut mice with the treatment of saline vs. GSK-
LSD1, including presynaptic genes Nrxn1, Nrxn3 and Syp (A), AMPA receptor genes Gria1, Gria2, and Gria3 (B), and GABA-related genes Gad1, 
Gad2 and Gabrg3 (C). All data are shown as mean ± SEM. ^p < 0.2, *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA with post hoc Tukey's tests.
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euchromatic histone methyltransferases (EHMT) (Kim 
et  al.  2017; Wang et  al.  2020), and lysine-specific histone de-
methylase 1A (LSD1) (Baba et al. 2021; López-Tobón et al. 2023; 
Rapanelli et  al.  2022). The interaction of LSD1 with ChAHP 
complex (Barnes et al. 2022) prompted us to examine the ther-
apeutic effects of targeting LSD1 for ADNP mutation-induced 
synaptic abnormalities. We found that treatment with an LSD1 
inhibitor exerted a powerful rescuing effect on glutamatergic 
and GABAergic synaptic function in Adnpmut mice. Consistently, 
treatment of Shank3-deficient autism mouse models with LSD1 
inhibitors restored the diminished NMDAR-mediated synap-
tic currents in PFC pyramidal neurons (Rapanelli et al. 2022). 
LSD1 inhibitors also normalized dysregulated gene expres-
sion in other models for neurodevelopmental disorders (Baba 
et al. 2021; López-Tobón et al. 2023).

What underlies the therapeutic effects of LSD1 inhibitors? 
As a histone demethylase, LSD1 could interact with histone 
H3K4/H3K9/H3K20 to regulate gene expression (Metzger 
et  al.  2005; Perillo et  al.  2020; Shi et  al.  2004). By probing 
several histone marks, we found that LSD1 inhibitor elevated 
the level of H3K4me2 (linked to gene activation) and reduced 
the level of H3K9me2/3 (linked to gene repression) in fe-
male Adnpmut mice, which was strongly associated with the 
elevation or restoration of diminished synaptic genes. These 
biochemical and molecular data highly corroborate with the 
electrophysiological data, suggesting that LSD1 inhibitors re-
store synaptic function in Adnpmut mice probably via a his-
tone methylation-dependent mechanism. However, LSD1 may 
also exert its rescuing effects by interacting with non-histone 
proteins to regulate transcriptional activation/repression and 
protein stabilization/degradation (Gu et  al.  2020; Maiques-
Diaz and Somervaille 2016; Perillo et al. 2020), which awaits 
to be further investigated.

Between Adnpmut and WT mice, we did not find significant dif-
ferences in the level of four tested histone marks. One possibility 
is that the electrophysiological and synaptic gene abnormalities 
in Adnpmut mice arise from other histone modifications or inde-
pendently of histone modifications. Another possibility is that 
the changes in histone modification may not be global but locus-
specific. Even though different mechanisms may underlie the 
effects of Adnp mutation and LSD1 inhibition, they converge 
on the same targets (synaptic genes and function) in opposite 
directions.

One interesting finding is that the rescuing effects of the 
LSD1 inhibitor are more prominent in female Adnpmut mice. 
Sex-specific changes in gene expression, spine density, and 
behavioral phenotypes induced by Adnp mutations have 
been previously reported (Amal  2022; Gozes  2017; Karmon 
et al. 2022; Malishkevich et al. 2015). The reason why the LSD1 
inhibitor has more pronounced effects on histone marks and 
synaptic genes/functions in females could be related to the up-
stream regulators of LSD1 that direct H3K9 or H3K4 demethyl-
ation (Kozub et al. 2017). It has been found that the activity of 
sex hormone (estrogen and androgen) receptors facilitates LSD1 
demethylation of H3K9, whereas HDAC1/2 and CoREST pro-
mote LSD1 demethylation of H3K4 (Kozub et al. 2017). Besides 
LSD1, other estrogen-responsive H3K9 demethylases, such as 
KDM3A (Wade et al. 2015) and KDM4B (Shi et al. 2011), which 

are particularly elevated in females, could also affect the overall 
level of H3K9 demethylation.

LSD1 inhibitors have been employed widely in clinical trials for 
cancer (Agboyibor et al. 2021; Cai et al. 2024; Fang et al. 2019; 
Højfeldt et al. 2013; Liu et al. 2024), but they were rarely tested 
for brain disorders (Lacivita et al. 2017; Liu et al. 2024). Since 
ASD and cancer share many risk genes and pathways (Crawley 
et al. 2016; Gabrielli et al. 2019; Pedini et al. 2023), they may also 
share some intervention avenues. The current and prior preclin-
ical studies have uncovered the therapeutic potential of LSD1 
inhibitors for ASD (Baba et al. 2021; López-Tobón et al. 2023; 
Rapanelli et al. 2022), providing the basis for developing clinical 
trials using LSD1 inhibitors for neurodevelopmental disorders.
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