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Abstract
The development and maintenance of drug addiction triggered by psychoactive substances, such as methamphetamine 
(Meth), is strongly influenced by synaptic and morphological adaptations in the brain. The hippocampus has a key role 
in the formation of maladaptive drug-context associations and relapse. However, the mechanisms regulating this complex 
process are not completely understood. Recent studies highlight that the actin cytoskeleton and its regulatory proteins play 
a fundamental role in morphological and behavioral plasticity associated with drug use. Here, we show that a binge pattern 
of Meth administration is sufficient to increase hippocampal neurite outgrowth and dendritic spine density leading to aug-
mented basal synaptic transmission and impaired long-term potentiation (LTP) response. To study the molecular pathways 
affected by Meth, we used embryonic primary neuron cultures from the hippocampus and performed RNA Sequencing 
from isolated soma or neurites compartments, FRET microscopy, biochemical analyses, and morphometric measurements 
of dendrites to demonstrate that intersectin (Itsn)1/cdc42 signaling is an important mediator of Meth-induced morphologi-
cal adaptations, specifically in the synaptic compartment. Furthermore, AAV-mediated depletion of neuronal cdc42 in the 
hippocampus prevented Meth-induced changes in cytoarchitecture and their consequent impact on neuronal functionality. 
Our results highlight relevant compartment-associated changes in the activity of Itsn1/cdc42 pathway that critically regu-
late Meth-induced neuronal remodeling and plasticity.
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Introduction

Addiction is a chronic disorder characterized by a com-
pulsive consumption of psychoactive substances despite 
adverse consequences. The relapsing nature of this disor-
der is, in part, attributable to drug-induced alterations to the 
systems regulating cognition, motivation and emotion [1].

Exposure to psychoactive substances, such as meth-
amphetamine (Meth), can disrupt hippocampal function, 
hampering the acquisition of adaptive behavior that could 
support drug cessation [2]. North and colleagues [3] dem-
onstrated that following 14  days of Meth administration, 
mice displayed deficits in spatial memory during the drug 
abstinence period. Likewise, repeated Meth administration 
(10 mg/kg, twice daily, for 5 days) also reduced LTP in ex-
vivo hippocampal slice preparations and affected excitatory 
synaptic transmission [4]. Importantly, memory impair-
ments have also been observed several days after exposure 
to a binge administration of Meth in rats [5–7], indicating 
that acute exposure to Meth is sufficient to cause persistent 
hippocampal dysfunction.

Meth can induce long-term modification of neuronal 
arborization and dendritic spines in the brain reward system 
[8–11]. This requires reorganization of the actin cytoskele-
ton that is carried out by Rho GTPases, well-known regula-
tors of the actin cytoskeleton, cell motility and polarity, axon 
guidance and vesicle trafficking [12]. The spatial activity of 
these proteins, which cycle between active GTP-bound and 
inactive GDP-bound conformations, is tightly regulated by 
GEFs (guanine exchange factors), GAPs (GTPase-activat-
ing proteins) and GDIs (guanine nucleotide-dissociation 
inhibitors) [12–15]. Several studies have indicated that 
the Rho GTPases rac1 and cdc42 play a significant role in 
modulating psychostimulant-induced plasticity and subse-
quently, drug-seeking and taking behaviors [9–11].

Ding and colleagues have shown that a low dose of Meth 
(2  mg/kg, 4 times, every other day) activates cdc42 and 
leads to an increase in dendritic spine density, improving 
spatial memory [11]. In addition, repeated cocaine expo-
sure has been shown to activate cdc42 in the hippocampus, 
resulting in increased dendritic spine density [16]. However, 
the upstream regulatory mechanisms leading to cdc42 acti-
vation and the role of cdc42 in the regulation of synaptic 
plasticity after Meth administration remain unclear.

Cdc42 is important for maintenance of dendritic spine 
density, memory recall [17] and its activity seems to be 
restricted to stimulated spines [18, 19]. Among cdc42 regu-
lators, Intersectin1 (Itsn1), a scaffold protein, was shown 
to regulate dendritic spine development and maturation 
and LTP [20–22]. Double knockout of Itsn1 and its homo-
log Itsn2, leads to morphological and electrophysiological 
defects in the cortico-striatal circuitry [23]. We have recently 

demonstrated that modulation of cdc42 efficiently prevents 
Meth-induced release of glutamate in astrocytes [24].

Here, based on an RNA Sequencing (RNASeq) analy-
sis of isolated neurites of primary hippocampal neurons, 
we investigated if Meth-induced cdc42 activation could 
be regulated through its activator Itsn1. We show that an 
acute, binge pattern of Meth administration [25] is sufficient 
to induce hippocampal neurite outgrowth and increase den-
dritic spine density and maturation, altering basal synaptic 
connectivity and plasticity. We showed activation of cdc42 
in the hippocampal synaptic fraction of WT mice exposed to 
binge Meth, and that AAV-mediated neuronal cdc42 deple-
tion in the hippocampus prevented Meth-induced increase in 
neurite arborization, dendritic spine density and functional 
plasticity response. Our findings confirm that excitatory sig-
naling is dysregulated upon Meth administration and that 
the Itsn1/cdc42 signaling is a key regulator of neuronal 
response in the hippocampus, in a synapse-specific manner.

Material and methods

Animals

All mice experiments were conducted following the 
Directive 2010/63/EU, Portuguese law (DL 113/2013), 
and approved by Direcção Geral de Alimentação e Veter-
inária (DGAV) and i3S Animal Ethical Committee (DGAV 
ref.003891/2019–02-15 and ref.2018–13-TS, respectively). 
Researchers involved in animal experimentation were 
FELASA certified. All efforts were made to minimize ani-
mal suffering and the number of animals used. Mice were 
housed under specific pathogen-free conditions, controlled 
environment (20  °C, 45–55% humidity) with an inverted 
12 h/12 h light/dark cycle, and free access to food and water. 
C57BL/6 and cdc42fl/fl male mice were obtained from the 
i3S animal facility. Mice homozygous for the cdc42 floxed 
allele (cdc42fl/fl) were backcrossed at least for 10 genera-
tions and kept in C57BL/6 background at the i3S animal 
facility. Genotype was determined by PCR on genomic 
DNA. Primers for cdc42 floxed alleles were: forward 
(MR6): 5'TCTGCCATCTACACATACAC3' and reverse 
(MR7): 5'ATGTAGTGTCTGTCCATTGG3'.

In vivo neuronal labeling

To achieve sparse labeling of neurons in the CNS, AAV 
(PHP.eB)-CAG-GFP (Addgene, 37825-PHPeB) or (PHP.
eB)-CAG-tdTomato (Addgene, 59462-PHPeB) in a final 
titer of 0.5 × 1011 viral particles diluted in sterile PBS, were 
injected into the tail vain of adult male C57BL/6 or cdc42fl/fl 
respectively.
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In vivo cdc42 silencing

One week following intravenous AAV injection, 
cdc42fl/fl mice were injected with pENN.AAV.hSyn.
HI.eGFP-Cre.WPRE.SV40 (Addgene, 105540-AAV9), to 
achieve cdc42 deletion or pAAV-hSyn-EGFP (Addgene, 
50465-AAV9) into the hippocampus, in a final titer of 
1.2 × 1010 viral particles per hippocampus, diluted in ster-
ile PBS. For this, animals were anesthetized with isoflurane 
and placed on a digitally controlled stereotaxic apparatus 
equipped with an integrated microinjection system (Stoelt-
ing Co.). Rectal temperature was maintained at 37.2 ºC 
throughout the surgical procedure, using a rectal probe 
(Stoelting Co.). The mice’s fur was shaved and disinfected 
before making a small incision to expose the cranium. 
A small hole was drilled in the cranium to allow AAVs 
injection using the following coordinates (AP) -2.0  mm; 
(ML) ± 1.3 mm from the bregma; (DV) -2.2 mm from the 
brain surface, injecting 1 µl per hippocampus at a rate of 
0.2 µl/min.

Meth administration in mice

Four to five weeks after intravenous AAVs injection for neu-
ronal labeling, mice received either 4 × 5 mg/kg Meth, with 
2 h intervals between injections, intraperitoneally (i.p.) or 
4 × isovolumetric saline injections, as previously described 
[26]. Meth hydrochloride was acquired from Sigma Aldrich 
under Infarmed license (ref. 290–13).

Hippocampal slice preparation for 
electrophysiological recordings

Twenty-four hours after the first Meth or saline adminis-
tration, mice were euthanized by cervical dislocation. The 
brains were quickly removed and immersed in ice-cold arti-
ficial cutting cerebro-spinal fluid (ACSF) for sectioning. 
All experiments were performed in transverse hippocampal 
slices. Cutting ACSF was saturated with 95%O2/5%CO2 
and contained (in mM): NaCl 126, KCl 2.5, NaH2PO4 1.25, 
NaHCO3 26, MgCl2 5, CaCl2 1, Glucose 25. The hippocampi 
were isolated and cut into 400  µm-thick transverse slices 
using a tissue slicer (Siskiyou, Inc.). Slices were maintained 
in ACSF at 32º C for at least one hour before recording. They 
were then transferred to a submersion chamber and continu-
ously perfused (1.5–2 ml/min) with recording ACSF at 32º 
C. The recording ACSF was saturated with 95%O2/5%CO2 
and contained (in mM): NaCl 126, KCl 2.5, NaH2PO4 1.25, 
NaHCO3 26, MgCl2 2, CaCl2 2.8, Glucose 25.

Electrophysiological recordings

Recordings started after 20 min of resting in the recording 
chamber. Schaffer collaterals were stimulated with 0.2 ms 
pulses using monopolar epoxy-insulated tungsten electrodes 
(Science Products, GmbH, Germany). Field excitatory 
postsynaptic potentials (fEPSP) were recorded extracellu-
larly in the stratum radiatum of the CA1 region (~ 130 µm 
below the slice surface) using glass microelectrodes filled 
with 3 M NaCl (immobilized with agarose—tip resistance 
3-5MOhm). Stimulus intensities were set to evoke 50% of 
the maximal fEPSP slope. The test pulse frequency was 
0.33 Hz. Synaptic plasticity was induced after recording a 
stable 15 min baseline of fEPSPs.

Induction of synaptic plasticity

After baseline stimulation, one of the pathways was arbi-
trarily chosen to induce LTP. This input received a tetanus 
of 25 pulses at a frequency of 100 Hz, repeated 5 times with 
a 3 s interval. The second input served as a control pathway 
and was continuously recorded. For long-term depression 
(LTD) induction, one of the pathways was stimulated with 
a low frequency burst stimulation (LFS—3 pulses per burst 
at 20 Hz, 900 bursts repeated at 1 Hz). Analysis of input/
output responses was done by averaging three consecutive 
synaptic responses evoked by increasing input injected cur-
rent, based on the maximum fEPSP response (100%, 75%, 
50% and 25% of maximum fEPSP response). Data points 
correspond to the average of three consecutive pulses 
for each value of injected current and averaged crossed 
experiments.

Electrophysiological data analysis

Electrophysiological data were collected using a Dagan 
IX2-700 amplifier (Dagan Corporation, Minnesota, USA) 
and band-pass filtered (low pass 1 kHz, high pass filter 1 Hz, 
LHBF 48X, NPI Electronic GmbH, Germany). Data were 
sampled at 5  kHz using a Lab-PCI-6014 data acquisition 
board (National Instruments, Austin, TX) and stored on a 
PC. Offline data analysis was performed using a customized 
LabView-program (National Instruments). As a measure 
of synaptic strength, the initial slope of the evoked fEPSPs 
was calculated and expressed as percent changes from the 
baseline mean. Error bars denote SEM values. Experiments 
were excluded if the control pathways decayed more than 
20% below baseline. For the LTP analysis, LTP values were 
averaged in 5 min data bins at two-time windows—initial 
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cryostat (Leica Biosystems). Brain sections were then incu-
bated (free floating) with blocking solution (10% horse 
serum, 0.2% Triton X-100 in PBS) for 1 h at RT. Then, slices 
were incubated with primary antibodies anti-GFP (1:500, 
Roche) and anti-tdTomato (1:500, HBT020-200, HenBio-
tech), in blocking solution for 72 h at 4ºC under agitation. 
Afterward, slices were washed with PBS and incubated with 
the secondary antibodies anti-mouse A488 (1:500, A11001, 
Invitrogen) and anti-goat A647 (1:500, ab98157, abcam) for 
24 h at 4ºC and nuclei stained with DAPI. Lastly, sections 
were mounted in gelatin-coated slides using DAKO mount-
ing medium, sealed with nail polish and stored at 4ºC pro-
tected from light.

Images of neurons in the CA1 region of the hippocam-
pus were acquired in a Leica TCS SP5II confocal micro-
scope (Leica microsystems, Germany), with a 40X/1.1 NA 
water objective, 1024 × 1024 resolution, at a step-size of 
0.17 µm. Neurons expressing GFP (in C57BL/6 mice) or 
GFP and tdTomato (in cdc42fl/fl) were randomly selected 
for quantification. Neuron tracing was performed using 
NeuronJ plugin for ImageJ software and Sholl analysis as 
previously described using Bonfire scripts for MATLAB 
[27]. For dendritic spine density and morphology analy-
sis, images from secondary dendrites of hippocampal 
CA1 neurons expressing GFP (in C57BL/6 mice) or GFP 
and tdTomato (in cdc42fl/fl) were acquired with a 63x/1.3 
NA glycerol objective, at 6.28 × zoom, 1024 × 1024 res-
olution and 0.08  µm step-size. Acquired images were 
deconvoluted using Huygens Professional 20.04. Spine 
morphology was defined as filopodia (without a defined 
head), thin (with a long neck and a small head), mush-
room (with a small neck and a large head) and stubby 
(without a defined neck) using ImageJ software, as before 
[27]. The number of dendritic spines was represented per 
10 µm of dendritic length.

Hippocampal neuronal cultures

Primary hippocampal neuronal cultures were prepared from 
E16 C56BL/6 mice embryos as previously described [27]. 
Briefly, the dissected hippocampi were treated with trypsin 
(0.06%, 10 min, 37ºC) (Gibco, ThermoFisher Scientific) in 
Hank’s salt solution (HBSS) (Gibco, ThermoFisher Scien-
tific). The tissue was dissociated in serum-free Neurobasal 
medium (Gibco, ThermoFisher Scientific), supplemented 
with B27 (Gibco, ThermoFisher Scientific), glutamate 
(25  μM) (Sigma Aldrich), glutamine (0.5  mM) (Sigma 
Aldrich) and gentamicin (0.12  mg/mL) (Gibco, Thermo-
Fisher Scientific). Neurons were plated on poly-d-lysine 
(PDL) coated cell culture plates at 8 × 104 cells/cm2 in 
coverslips for transfection and 8.8 × 104/cm2 in 3 µM pore 
size Boyden chambers (#353,091, Corning Life Sciences) 

5  min after LTP induction (T1 = 15 to 20  min) and at the 
end of the recorded time (T2 = 70 to 75 min). The percent-
age of LTP decay was calculated by [(T1-T2)/T1*100]. For 
LTD analysis, LTD values were also averaged in 5 min data 
bins at two-time windows – initial 5 min after LTD induc-
tion (T1 = 15 to 20 min) and at the end of the recorded time 
(T2 = 70 to 75 min). These were then compared across time 
and conditions.

Pull-down assay for active cdc42 and Itsn1/cdc42 
pathway in synaptoneurosome

To perform a pull-down assay for active cdc42, mice were 
euthanized by cervical displacement 15  min after the last 
Meth or saline administration of the binge protocol- The 
hippocampi were quickly dissected on ice and synapto-
somes were isolated using the Syn-PER Synaptic Protein 
Extraction Reagent (87793, ThermoFisher Scientific) 
according to the manufacturer’s instructions. Cdc42 activ-
ity was measured using the Pull-down Activation Assay 
Biochem Kit (#BK034, Cytoskeleton), according to the 
manufacturer’s instructions. For western blot analysis of 
Itsn1/cdc42 pathway, following protein extraction, samples 
were denatured with 4 × concentrated denaturating buf-
fer (277.8  mM Tris (pH 6.8), 4.4% SDS, 40% glycerol, 
10% β-mercaptoethanol, and 0.1% bromophenol blue) 
and boiled to 60  °C for 10  min. Protein samples were 
separated by SDS-PAGE, in 7.5% or 10% polyacrylamide 
gels, transferred to nitrocellulose membranes (Bio-Rad), 
and unspecific binding was blocked by incubating with 
5% skim milk in Tris-buffered saline solution with 0.1% 
Tween 20 (TBS-T). Membranes were incubated with pri-
mary antibodies overnight at 4 °C under constant rotation, 
washed, and exposed to horseradish peroxidase-conjugated 
secondary antibodies anti-mouse (1:3000, 31432 Thermo 
Scientific Pierce) and anti-rabbit (1:10 000, A0545 Sigma 
Aldrich) for 1 h at room temperature. Horseradish peroxi-
dase activity was visualized by chemiluminescence (ECL) 
on the ChemiDoc system (BioRad) and quantified using the 
ImageLab software v6.0.1 (BioRad). The primary antibod-
ies used were anti-Itsn1 (1:1000, 611574, BD Biosciences), 
anti-N-WASP (1:1000, WP2001, ECM Biosciences), anti-
pN-WASP(Tyr256) (1:1000, WP2601, ECM Biosciences), 
anti-Arp3 (1:1000, AP4581, ECM Biosciences) and anti-
GAPDH (1:5000, 5G4, HyTest).

Neuronal morphometric analysis

Animals were anesthetized and perfused with ice-cold PBS, 
followed by 4% PFA. Brains were post-fixed overnight, 
cryoprotected in 30% sucrose and embedded in OCT, frozen 
and cryosection coronally at 60–80 µm in the CM30550S 
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Immunocytochemistry and image analysis

After treatment, cells were fixed in 4% PFA in PBS con-
taining 4% sucrose for 10 min at room temperature (RT), 
permeabilized with 0.3% Triton X-100 and blocked with 
5% BSA for 1  h at RT. Then, primary antibodies were 
incubated overnight at 4ºC, washed and incubated with the 
secondary antibodies for 1  h at RT. After washing, cells 
were stained with Hoechst 33,342 (0.5 µg/ml) for 10 min 
at RT and coverslips were mounted with DAKO mounting 
media, sealed with nail polish and stored at 4ºC in the dark. 
Primary antibodies used were GFP (1:500, 11814460001, 
Roche, Sigma), PSD95 (1:500, MA1-045, Invitrogen) and 
VGLUT1 (1:1000, 135 308, Synaptic systems); secondary 
antibodies were anti-mouse A488 (1:500, A11001, Invitro-
gen) and anti-rabbit 594 (1:500, A11012, Invitrogen).

Slides were imaged using the Leica TCS SP5II confocal 
microscope (Leica microsystems, Germany), with a 40x/1.1 
NA water objective. Neuronal morphology, ramification 
and dendritic spine morphology and density were analyzed 
as described above (see neuronal morphometric analysis). 
For synaptic protein colocalization, images were analyzed 
using ImageJ, as described elsewhere [30]. Briefly, isolated 
segments of neurites containing both PSD95 and VGLUT1 
staining were selected and thresholded to select recogniz-
able puncta and measured for number, area and intensity, 
per dendritic length. The background value was subtracted 
from the obtained intensity value, and this result was mul-
tiplied by the puncta area, obtaining the intensity per area. 
The thresholded VGLUT channel was set as binary and 
PSD95 channel was used to define the total puncta. The 
puncta positive for VGLUT1 and PSD95 were defined as 
colocalized.

FRET assays

Cultured hippocampal neurons were transfected at 11DIV 
using the calcium phosphate method, as above, with the 
FRET reporter RaichuEV-cdc42, provided by M. Matsuda 
[31]. Two-days after transfection, neurons were treated with 
100 μM Meth for 5, 10, 15 and 30 min, or PBS, and fixed 
in 4% PFA in PBS containing 4% sucrose for 10 min at RT. 
Images of dendritic segments with distinguishable dendritic 
spines were acquired in a Leica TCS SP8 microscope using 
a 63x/1.3 NA glycerol objective. FRET/Donor ratio at den-
dritic spines was calculated for each time point and normal-
ized for PBS-exposed neurons.

Statistical analysis

All experimental conditions were compared to their respec-
tive controls. The experimental unit considered (animal, 

for RNA extraction. Cells were kept at 37ºC in a humified 
incubator with 5% CO2/ 95% O2 for 14DIV. For synaptic 
proteins analysis, neurons were plated on PDL-coated cov-
erslips at a density of 2.5 × 103 cells/cm2, with surrounding 
cortical neurons for trophic support, as previously described 
[28]. Cells were kept at 37 °C in a humidified incubator with 
5% CO2/95% air and treated at 20DIV with PBS (Control) 
or 100 µM Meth for 24 h.

RNA extraction

At 14DIV, neurons cultured in Boyden chambers were 
exposed to PBS (Control) or 100 µM Meth for 24 h. After-
wards, total RNA was extracted using TRIzol (Ambion, 
Life Technologies) and Quick-RNA MicroPrep (Zymo 
Research), according to the manufacturer’s instructions. For 
compartmentalized analysis, the upper Boyden chamber 
was scraped with a TRIzol impregnated swab and emerged 
in TRIzol to extract soma fractions, while Boyden cham-
bers were submerged in TRIzol and scraped to extract RNA 
from neurite fraction. cDNA synthesis was conducted using 
RT2 HT First Strand kit (Qiagen), following manufacturer’s 
instructions and stored at -80ºC until further use.

RNA Seq analysis

Sequence alignment was carried in STAR v2.7.10a with the 
mouse GRCm39 reference (GENCODE vM33). Counts per 
gene were generated by STAR. Prior to alignment, reads were 
pre-processed in TrimGalore to remove adapters sequences. 
If after adapter trimming the resulting read had a length below 
35 bp, it was removed from the analysis. Differential expres-
sion (DE) analysis was carried in R v4.1.2 using DESeq2 
(v1.34). Gene-set enrichment analysis, using the pre-ranked 
list of genes (signed log2FC x -log10(padj)) was carried in 
fgsea. Only pathways with and FDR below 0.25 were consid-
ered. STRING database (version 12.0) was used to find the 
first shell (first 10) of interactors of genes of interest.

Transfection and cell treatments

Cultured hippocampal neurons were transfected at 11DIV 
using the calcium phosphate precipitation method, as pre-
viously described [27], with 2  μg of plasmid DNA per 
coverslip, using myrGFP (pCAGGS-myrGFP was kindly 
offered by Thomas Biederer (Addgene plasmid #115,502) 
[29]), dominant negative form of cdc42 (cdc42 DN) or a 
microRNA to target Itsn1 (miRNA Itsn1), kindly offered by 
Peter S McPherson [20], that targets Intersectin1 mRNA at 
nucleotide 2085 and expresses EmGFP as a reporter. Two-
to-three days after transfection, neurons were treated with 
PBS (Control) or 100 µM Meth for 24 h.
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spines) and stubby spines (Fig.  1H and I). On the other 
hand, Meth administration did not significantly affect the 
density of thin or filopodia (more dynamic and exploratory 

slice, culture, cell or dendrite segment) and statistical test 
used is detailed in the corresponding figure legends. Graphi-
cal representations and removal of outliers (using the ROUT 
method with Q = 1%) were conducted in GraphPad Prism 
(version 10.0.2).

Data is presented as mean ± standard error of the mean 
(SEM). Statistical analysis was performed using GraphPad 
Prism or SAS Visual Statistics using a linear mixed model, 
followed by Tukey–Kramer multiple comparison test, using 
the culture or the animal as a random variable (for experi-
ments conducted in cultured primary hippocampal neurons 
and for experiments conducted in animals, respectively). All 
data was assessed for residuals’ normality through the quan-
tile–quantile plot, and non-normally distributed data was 
transformed (using square root, cube root or log10 func-
tions). Significance was set at p < 0.05. Figure panels were 
created using Adobe Illustrator 2021 (version 25.1) and 
schematic representations were created using BioRender.

Results

Meth drives structural remodeling, disrupting 
synaptic plasticity in the hippocampus

To investigate the impact of Meth on hippocampal structure 
and function, we employed a well-established binge admin-
istration model (4 × 5 mg/kg of Meth, every 2 h), mimicking 
patterns of Meth use in humans [32]. Neuronal morphology 
at the CA1 region of the hippocampus was analyzed using 
GFP reporter AAV particles intravenously injected in adult 
mice [27], a highly efficient method for sparse labeling of 
CNS neurons. This approach allowed precise tracking of 
Meth-induced structural remodeling at the single-cell level. 
Tissues were harvested 24 h after the first Meth dose to cap-
ture early neuronal adaptations to drug exposure (Fig. 1A 
and B).

Meth exposure led to a marked increase in total neurite 
length (Fig. 1C) and a sholl analysis further demonstrated 
increased dendritic complexity, with a higher number 
of intersections at increasing distances from the soma 
(Fig.  1D). Representative neuronal tracings illustrated the 
extent of these changes, revealing an expanded and more 
intricate dendritic tree in Meth-treated neurons (Fig.  1E). 
This suggests that Meth enhances neuronal structural plas-
ticity, potentially altering the balance of excitatory connec-
tivity in hippocampal circuits.

Dendritic spine density, a key determinant of excitatory 
synaptic connectivity was also significantly affected follow-
ing Meth exposure. We found that Meth-treated mice dis-
played an increase in total spine density (Fig. 1F and G), 
which was found across mushroom (mature, more stable 

Fig. 1  Meth Drives Structural Remodeling, Disrupting Synaptic Plas-
ticity in the Hippocampus A: Schematic representation of experimen-
tal timeline. Adult male C57BL/6 mice were intravenously injected 
with an AAV_PHP.eB for GFP transduction in the CNS. Twenty-eight 
days later, mice received a binge administration of 5 mg/kg Meth, i.p. 
four times, with two-hours interval between each injection or saline 
(control). Twenty-four hours after the first administration, mice were 
sacrificed and the morphology of neurons in the CA1 region of the hip-
pocampus analyzed. B: Representative image of the region analyzed 
in the hippocampus (scale bar: 100 µm). Neuronal morphology of hip-
pocampal neurons was analyzed 24h following a binge pattern of Meth 
or Saline administration. Graphs display (mean ± SEM) C: total neurite 
length ***p < 0.001 (linear mixed analysis with the animal fitted as a 
random effect followed by a Tukey–Kramer correction) and D: rami-
fication (sholl) analysis ****p < 0.0001 (two-way ANOVA revealing 
significant effects for treatment (p < 0.0001) and distance to cell body 
(p < 0.0001), with interaction between factors (p < 0.0001)) of neurons 
of the CA1 region (n = 7–16 neurons/animal from 4–6 mice per group). 
E: Representative tracings of CA1 neurons. F: Representative images 
of dendritic spines (scale bar: 15 µm). Graphs display (mean ± SEM) 
G: total dendritic spine density, H: mushroom spine density, I: stubby 
spine density, J: thin spine density, K: filopodia spine density *p < 0.05 
**p < 0.01 (linear mixed model analysis with the animal fitted as a ran-
dom effect followed by a Tukey–Kramer correction) (n = 5–7 dendrite 
segments/animal, from 3 mice per group). Each circle represents each 
hippocampal neuron/dendrite segment and each color represents each 
mouse. L: Schematic representation of experimental timeline (top) and 
hippocampal slice with the positioning of stimulating (S) and record-
ing electrodes (bottom). Adult male C57BL/6 mice received a binge 
administration of 5 mg/kg Meth, i.p. four times, with two-hours inter-
val between each injection or saline (control). Twenty-four hours after 
the first administration, mice were sacrificed and the hippocampus col-
lected and sliced for electrophysiological recordings. M: Graph dis-
plays (mean ± SEM) input/output curve plotted by fEPSPs amplitude 
against the stimulus intensity ***p < 0.001 ****p < 0.0001. (two-way 
ANOVA with two-stage step-up method of Benjamini, Krieger and 
Yekutiel for multiple comparisons) (n = 9–11 slices from 4 mice per 
group). N: Summary plot of normalized fEPSP slope measurements 
recorded in the CA1 region of the hippocampus (mean ± SEM) of 
saline (square symbols) or Meth (circle symbols) treated mice after 
LTP induction with a tetanus high frequency stimulus. Slice viability 
was assessed by recording a second independent pathway that did not 
show a significant decrease throughout the recording (diamond sym-
bols). Top: average fEPSPs at baseline (solid line), T1 (dashed line) 
and T2 (dotted line). Scale bar: 1 mv, 10 ms. O: Summary plot show-
ing the percentage of LTP decay for the time window at T1 and T2. 
*p < 0.05 (unpaired t-test) (n = 10–12 slices from 4 mice per group). P: 
Summary plot of normalized fEPSP slope measurements recorded in 
the CA1 region of the hippocampus (mean ± SEM) of saline (square 
symbols) or Meth (circle symbols) treated mice after LTD induction 
with a low frequency burst stimulation. Slice viability was assessed 
by recording a second independent pathway that did not show a sig-
nificant decrease throughout the recording (diamond symbols). Top: 
average fEPSPs at baseline (solid line), T1 (dashed line) and T2 (dot-
ted line). Scale bar: 1 mv, 10 ms. Q: Summary plot showing the per-
centage of LTD decay for the time window at T1 and T2 **p < 0.01 
***p < 0.001. (two-way ANOVA with two-stage step-up method of 
Benjamini, Krieger and Yekutiel for multiple comparisons) (n = 9–11 
slices from 4 mice per group)
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mechanisms, we employed primary hippocampal neuron 
cultures, which are free from systemic influences such as 
vascular and glial interactions. By isolating the direct effects 
of Meth on neuronal structure, synaptic organization, and 
network activity, this approach complements our in vivo 
observations and provides mechanistic insights into how 
Meth disrupts synaptic homeostasis.

For this, primary hippocampal neuron cultures were 
transfected with GFP at 11DIV and subsequently exposed 
to 100 µM Meth for 24 h at 13DIV [100 μM as in [26, 36]]. 
Meth-treated neurons increased total neurite length (Fig. 2A 
and B) and ramification (Fig.  2C), as indicated by Sholl 
analysis.

Importantly, these alterations were not due to toxicity. 
Hoechst staining showed no differences in nuclear conden-
sation (Suppl. Figure 2A and B) and MTT assays revealed 
no significant alterations on mitochondrial function 
(Suppl. Figure 2C), suggesting that Meth did not promote 
neurodegeneration.

Furthermore, Meth increased total dendritic spine density 
(Fig. 2D and E), affecting filopodia (Fig. 2F), thin (Fig. 2G) 
and mushroom (Fig. 2H) spines, while stubby spine density 
remained unchanged (Suppl. Figure 2D). To correlate these 

protrusions) spines (Fig. 1J and K). Furthermore, we exam-
ined spine head diameter, a well-established correlate of 
synaptic strength [33], and found that Meth administration 
led to a decrease in total and mushroom spine head diameter 
(Suppl. Figure 1A and B), but did not find differences in thin 
spine head diameter (Suppl. Figure 1C).

Remodeling of neuronal morphology, and particularly 
of dendritic spines, is thought to underly the formation and 
maintenance of memory through enduring alterations in 
neuronal connectivity [34]. To assess whether these alter-
ations led to an alteration in synaptic content, we stained 
VGLUT1, a presynaptic marker of glutamatergic terminals 
and PSD95, a postsynaptic scaffolding marker in hippocam-
pal slices (Suppl. Figure 1D). The colocalization between 
both markers is thought to correspond to a synapse [35]. 
Confocal imaging and relative quantification of synaptic 
puncta in the CA1 region showed that Meth administration 
did not affect significantly the number of either VGLUT1 
structures (Suppl. Figure 1E), PSD95 puncta (Suppl. Fig-
ure 1F) or their colocalization (Suppl. Figure 1 G and H).

The presence of both stable and highly dynamic spines 
raises the question of whether Meth-induced structural plas-
ticity translates into functional improvements or instead dis-
rupts the stability of synaptic transmission. To clarify the 
effects of Meth on hippocampal function and synaptic plas-
ticity, we recorded synaptic responses in hippocampal slices 
from adult male mice exposed to binge Meth, 24 h after the 
first administration (Fig. 1L). We found that in Meth-exposed 
animals, synaptic responses were significantly higher than 
in control, suggesting a global increase in synaptic trans-
mission (Fig.  1M). Consistently, we found that systemic 
exposure to Meth resulted in impaired maintenance of LTP 
(Fig. 1N). Analysis of LTP decay shows a significantly higher 
decay in Meth-exposed animals, when compared to con-
trols (Fig.  1O). Interestingly, we found that low-frequency 
stimulation of Schaffer collateral in control animals induces 
short-term depression of synaptic responses, followed by a 
return to the pre-stimulation levels, whereas in Meth-treated 
animals, the same stimulation led to a transition from short-
term depression to LTP (Fig. 1P). The increase in fEPSP slope 
was significantly higher in Meth-treated versus control mice 
at T2 (Fig. 1Q), suggesting a disruption in synaptic plasticity 
induced by binge administration of Meth. Collectively, these 
results show that a binge administration of Meth leads to sig-
nificant neuronal remodeling and altered synaptic plasticity 
in the hippocampus.

Meth also induces neuronal remodeling and affects 
synaptic activity in primary hippocampal neurons

To determine whether the effects found in hippocampal neu-
rons are cell-autonomous and to explore their underlying 

Fig.  2  Meth also induces neuronal remodeling and affects synaptic 
activity in primary hippocampal neurons. A: Representative images 
of primary hippocampal neurons GFP-transfected at 11DIV and 
treated, at 13DIV, with PBS (Control) or 100 µM Meth for 24h (scale 
bar: 40 µm). Graphs display (mean ± SEM) B: total neurite length 
****p < 0.0001 (linear mixed analysis with the culture fitted as ran-
dom effect followed by a Tukey–Kramer correction) and C: ramifi-
cation (sholl) analysis ****p < 0.0001 (two-way ANOVA revealing 
significant effects for treatment (p < 0.0001) and distance to cell body 
(p < 0.0001), with interaction between factors (p < 0.01)) (n = 40–55 
neurons, from 4–6 independent cultures per group). D: Representa-
tive images of dendritic spines after PBS (Control) or 100 µM Meth 
treatment (scale bar: 5 µm). Graphs display (mean ± SEM) E: total 
dendritic spine density, F: filopodia spine density, G: thin spine den-
sity and H: mushroom spine density. *p < 0.05 **p < 0.01 ***p < 0.001 
(linear mixed analysis with the culture fitted as random effect followed 
by a Tukey–Kramer correction) (n = 30 dendrite segments from 5 inde-
pendent cultures). Graphs display summary of cumulative frequency 
of dendritic spine head diameter of I: total spines (n = 1144–1249 den-
dritic spines from 5 independent cultures), J: thin spines (n = 323–374 
dendritic spines from 5 independent cultures) and K: mushroom 
spines (n = 462–571 dendritic spines from 5 independent cultures). 
*p < 0.05 ****p < 0.0001 (nonparametric Kolmogorov–Smirnov test). 
L: Representative images of low density cultured hippocampal neu-
rons (20DIV) exposed to PBS (Control) or 100 µM Meth for 24h and 
stained for PSD95 (red) and VGLUT1 (green) (scale bar: 20 µm). 
Graphs display (mean ± SEM) quantification of M: VGLUT1 puncta 
number, area and fluorescence intensity and N: PDS95 puncta number, 
area and fluorescence intensity, normalized to control levels *p < 0.05 
(linear mixed analysis with the culture fitted as random effect followed 
by a Tukey–Kramer correction) (n = 36–38 dendrite segments from 5 
independent cultures). Each circle represents a hippocampal neuron/
dendrite segment and different colors represent different independent 
cultures
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segments of dendrites, to 100 μM Meth for 24 h and stained 
these cultures for PSD95 and VGLUT1 (Fig.  2L). Meth 
increased the number and fluorescence intensity of VGLUT1 
puncta indicating an accumulation of presynaptic vesicular 
content, without affecting their area (Fig. 2M). In contrast, 
PSD95 puncta number and area were decreased, while its 
fluorescence intensity remained unchanged (Fig. 2N). The 
selective loss of PSD95, despite increased dendritic spine 
density, suggests that Meth weakens postsynaptic stability, 
potentially impairing receptor anchoring and synaptic matu-
ration [37]. Surprisingly, the number of synapses (PSD95 

structural changes into functional outcomes, we examined 
spine head diameter, and found decreased dendritic spine 
head diameter (Fig.  2I), particularly on thin (Fig.  2J) and 
mushroom (Fig. 2K) spines. Since larger spine heads corre-
late with higher AMPA receptors numbers and synaptic sta-
bility [37, 38], this reduction suggests that Meth promotes 
weak and unstable connections.

To assess synaptic content alterations, we evaluated if 
the number and/or strength of synapses were affected by 
Meth. For that, we exposed low density cultures of primary 
hippocampal neurons, which allow the analysis of isolated 
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had comparable sequence counts between them, ranging 
between 31 and 47 million reads, with a high percentage 
of mapped reads (between 98.61% and 99.09%), indicating 
high-quality transcriptomic data.

Gene set enrichment analysis (GSEA) using the gene set 
derived from the Gene Ontology (GO) molecular function 
was conducted in the neurite fraction and expressed by the 
normalized enrichment score (NES) for each ontology term 
(Fig. 3C). Meth induced an upregulation of ontology terms 
associated with MAP kinase activity, structural constituents 
of ribosome and protein tyrosine threonine phosphatase 

puncta, colocalized with VGLUT1 puncta) were not altered, 
neither in number, area nor intensity (Suppl. Figure  2E). 
This suggests that, despite Meth-induced remodeling of pre- 
and post-synaptic terminals, these changes do not translate 
into an increase in functional synapses and reinforces that 
Meth impairs hippocampal plasticity.

We evaluated the spontaneous neuronal activity of pri-
mary cultured hippocampal neurons using microelectrode 
arrays (MEA; Suppl. Figure  2F). Our findings revealed a 
significant reduction in neuronal activity six hours after the 
addition of Meth, followed by a partial recovery at 24  h 
(Suppl. Figure  2G). This suppression of network activity, 
despite increased spine density, suggests that Meth disrupts 
hippocampal function by weakening synaptic strength rather 
than enhancing excitatory output. The observed decrease in 
PSD95 expression and spine head diameter, both key deter-
minants of functional synaptic efficacy, likely contribute to 
the observed loss of spontaneous activity. Thus, rather than 
enhancing synaptic output, Meth appears to drive a form of 
maladaptive plasticity. These findings align with our in vivo 
electrophysiology results, where Meth impaired LTP and 
LTD while altering basal synaptic transmission.

These results show that, similarly to a binge administra-
tion of Meth, primary cultured neurons exposed to 100 μM 
Meth increase neuronal complexity, dendritic spine density, 
decrease dendritic spine head diameter, but do not alter the 
number of synapses. On the other hand, while in vitro Meth-
exposure leads to a reduction of neuronal activity, in hippo-
campal slices of Meth-treated mice, there was an increase in 
synaptic transmission, but a decrease in LTP. Swant and col-
leagues (2010) have shown similar results and demonstrated 
that Meth affects excitatory synaptic transmission via acti-
vation of dopamine and serotonin receptors in the hippo-
campus [4], which could justify the differences observed 
between hippocampal cultures and slices, since the mono-
aminergic input is absent in the first.

Overall, we conclude that this model can address signal-
ing pathways regulating Meth-induced neuronal remodeling.

Meth induces spatially restricted dysregulation of 
Rho GTPase signaling in neurites

Having established that Meth induces significant struc-
tural and functional alterations in hippocampal neurons, to 
investigate the intracellular mechanisms underlying these 
alterations, primary hippocampal neurons were cultured 
on a modified Boyden chamber system, to allow for physi-
cal separation of the neuronal cell bodies (soma) and neu-
rite fractions (Fig.  3A and B) [39], and exposed to Meth 
(100 μM) or PBS (Control) for 24 h. RNA from each frac-
tion was collected and RNASeq performed in pooled repli-
cates derived from multiple independent cultures. Samples 

Fig.  3  Meth Induces Spatially Restricted Dysregulation of Rho 
GTPase Signaling in Neurites. A: Schematic representation of primary 
hippocampal neurons cultured on a modified Boyden chamber system 
for 14DIV, to separate soma and neurite fractions for RNA sequenc-
ing. B: Representative images of upper (soma); lower (neurites) and 
side compartments of membrane (green: phalloidin, blue: DAPI). 
C: Dot plot of GSEA (molecular function) for neurites in control vs 
Meth-exposed neurons. D: “GTPase cycle” heatmap of the relative 
expression values (z-score of each gene across sample) found in neu-
rites from control vs Meth-exposed neurons. Each column represents 
individual experiments, which consist of pools from four independent 
primary hippocampal neuronal cultures. E: Number of repeated inter-
actions established in the first shell of interactors of each term found 
in neurites involved in “GTPase cycle”. F: Representative images of 
primary hippocampal neurons transfected at 11DIV with the Raichu-
cdc42 probe and treated, at 13DIV, with PBS (Control) or 100 µM 
Meth for 5, 10, 15 or 30 min (scale bar: 5 µm). G: Graph displays the 
FRET/Donor ratio in each dendritic spine, normalized to the area of 
the spine. Symbols represent the mean of each independent cell cul-
ture, and the violin plots the variability of all dendritic spines quanti-
fied. **p < 0.01 ****p < 0.0001 (n = 210–248 dendritic spines from 3 
independent cultures) (linear mixed analysis with the culture fitted as 
random effect followed by a Tukey–Kramer correction). H: Schematic 
representation of experimental timeline of hippocampal synaptosome 
collection. Mice received a binge administration of Meth and were 
sacrificed 15 min after the last injection. Hippocampal synaptosomes 
were isolated and a pull-down assay for GTP-bound cdc42 was per-
formed. I: Graph displays (mean ± SEM) GTP-bound cdc42/Total 
cdc42 ratio in synaptosomes of the hippocampus of mice 15 min after 
treatment with Saline or Meth (4 × 5mg/kg, 2h interval), normalized to 
control animals *p < 0.05 (unpaired t-test) (n = 5–6 animals per group). 
J: Graph displays (mean ± SEM) Itsn1/GAPDH ratio in synaptosomes 
of the hippocampus of mice 15 min after treatment with Saline or Meth 
(4 × 5mg/kg, 2h interval), normalized to control animals (unpaired 
t-test revealing no significant differences) (n = 5 animals per group). 
K: Graph displays (mean ± SEM) N-WASP/GAPDH ratio in synapto-
somes of the hippocampus of mice 15 min after treatment with Saline 
or Meth (4 × 5mg/kg, 2h interval), normalized to control animals 
(unpaired t-test revealing no significant differences) (n = 5 animals per 
group). L: Graph displays (mean ± SEM) pN-WASP/N-WASP ratio 
in synaptosomes of the hippocampus of mice 15 min after treatment 
with Saline or Meth (4 × 5mg/kg, 2h interval), normalized to control 
animals **p < 0.01 (unpaired t-test) (n = 4–5 animals per group). M: 
Graph displays (mean ± SEM) Arp3/GAPDH ratio in synaptosomes of 
the hippocampus of mice 15 min after treatment with Saline or Meth 
(4 × 5mg/kg, 2h interval), normalized to control animals **p < 0.01 
(unpaired t-test) (n = 5 animals per group). N: Itsn1 interacts with 
cdc42 and N-WASP, which leads to actin polymerization via Arp2/3 
complex
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regulation of cell morphology changes, the genes involved 
in the “GTPase cycle” ontology term found in neurites were 
identified and their relative expression value (z-score of each 
gene across sample) was plotted in a heatmap (Fig. 3D). To 

activity and a down-regulation of GTPase activity, GDP 
binding, single stranded DNA binding and single and double 
stranded RNA binding. Given the pronounced alterations 
in Rho GTPase-related signaling and their critical role on 
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Cdc42 activity is required to stabilize spine structure and 
function [43], therefore we hypothesized that Meth-induced 
cytoskeletal alterations may be driven by an aberrant mod-
ulation of cdc42 signaling. Primary hippocampal neurons 
were transfected with the Raichu-cdc42 FRET probe [44], 
a biosensor that enables live-cell imaging of cdc42 activ-
ity with high spatiotemporal resolution. This approach 
allowed us to visualize dynamic changes in cdc42 activa-
tion in single dendritic spines, providing insights into the 
temporal sequence of Meth-induced signaling events. Upon 
acute Meth stimulation (100 µM), we observed a rapid and 
transient increase in cdc42 activity, peaking at 5 min post-
stimulus (Fig. 3F and G), consistent with an immediate cyto-
skeletal response to Meth. However, rather than stabilizing 
at baseline levels, cdc42 activity decreased from 10  min 
onward, ultimately falling below baseline levels post-stim-
ulus (Fig. 3F and G). This biphasic activation-suppression 
pattern suggests that Meth initially induces an acute burst 
of cdc42 signaling, likely triggering rapid actin remodel-
ing within dendritic spines. However, this activation is not 
sustained, and the subsequent suppression of cdc42 below 
baseline levels may impair the structural reinforcement nec-
essary for long-term spine stability.

To validate our findings in vivo, we exposed WT mice to 
binge administration of Meth, as before, and isolated hip-
pocampal synaptoneurosomes 15  min following the last 
administration (Fig.  3H), to evaluate cdc42 activity pro-
viding a direct in vivo biochemical validation. Consistent 
with our in vitro results, Meth administration significantly 
increased the ratio of cdc42-GTP to total cdc42, confirm-
ing that Meth activates cdc42 within synaptic compartments 
(Fig. 3I). This further supports the notion that Meth-induced 
cdc42 activation is spatially restricted to synaptic regions, 
likely occurring within dendritic spines.

Itsn1 was shown to be involved, through cdc42, in actin 
polymerization and dendritic spine morphogenesis [20, 21, 
45, 46], and in long-term memory and LTP in the hippocam-
pus [47]. We performed a RT-qPCR and found increased 
expression levels of Itsn1 mRNA expression in Meth-
exposed hippocampal cultures when compared to PBS-
exposed cultures (Suppl. Figure 4C) (this was not apparent 
in the previous RNASeq results, likely due to the lower 
number of experimental replicates and different sample 
preparations). No differences were found in Itsn2 mRNA 
expression in Meth-exposed neurons (Suppl. Figure  4D). 
To validate the role of Itsn1 signaling in the regulation of 
cdc42 after Meth exposure, in synaptoneurosomes also col-
lected 15  min following the binge protocol, we assessed 
the expression of Itsn1, N-WASP, pN-WASP and Arp3 
(Fig.  3J-N) showing Meth-induced increases in N-WASP 
(p = 0.052), pN-WASP and Arp3. At this timepoint, how-
ever, Itsn1 expression did not reach a significant increase. 

validate this analysis, we selected one of the proteins identi-
fied in this heatmap and confirmed its functional relevance 
for Meth induced changes in neuronal ramification (Suppl. 
Figure 3A-E). To uncover potential common signaling path-
ways regulating GTPase cycle, we plotted a protein–protein 
interaction network focusing on the first shell of interactors 
(first 10) of each gene within the GTPase cycle ontology 
term (Suppl. Table 3A). Most terms exhibited limited con-
nectivity (with 1 or 2 direct interactions), while a subset 
of genes emerged as highly connected regulatory nodes. 
Among these, Intersectin (Itsn) 1 and 2 displayed the high-
est degree of connectivity, establishing 4 and 5 direct inter-
actions, respectively (Fig. 3E). The identification of Itsn1/2 
as central molecular scaffolds within Meth-altered Rho 
GTPase networks suggests that these proteins may serve as 
key regulators of neurite-specific cytoskeletal signaling.

An identical analysis in the soma fraction was conducted 
showing that Meth exposure did not induce the same tran-
scriptional shift as in neurites. Instead, the genes involved 
in the “GTPase cycle” ontology term displayed an enrich-
ment of microtubule-associated regulatory pathways. The 
microtubule associated protein tau (MAPT), emerged as 
the most highly connected node, establishing a maximum 
of 4 interactions, while 8 proteins exhibited 3 interactions, 
mostly related to tubulin-alpha subunits (Suppl. Figure 4A 
and B, Suppl. Table 3B).

These data highlight a distinct compartmentalization 
of Meth’s effects on hippocampal neurons. While neurites 
display broad dysregulation of Rho GTPase pathways, the 
soma primarily shifts to microtubule-associated regulation, 
suggesting that Meth targets distinct cytoskeletal elements 
depending on subcellular localization. Importantly, these 
findings demonstrate the necessity of neurite-soma separa-
tion, as bulk RNA-seq would have failed to detect these spa-
tially restricted molecular disruptions.

The established function of Itsn1 as a guanine exchange 
factor (GEF) for cdc42 [40] raises the possibility that Meth-
induced dysregulation of Rho GTPase signaling is mediated 
through a cdc42 signaling axis, driving structural remodel-
ing and spine reorganization in neurites. Cdc42 is a critical 
orchestrator of synaptic function, and both pre- and post-
synaptic activity, thereby playing a pivotal role in synaptic 
remodeling and long-term plasticity [17, 41]. It has been 
demonstrated that in dendritic spines undergoing structural 
plasticity, cdc42 quickly becomes activated, followed by a 
5 min decay and a phase of persistent activation [42]. Fur-
thermore, cdc42 activation remained restricted to the stimu-
lated spine [42], where it serves as a precursor for sustained 
synaptic modifications. Of note, the quick “on and off” 
nature of RhoGTPases activity justifies the temporal differ-
ences observed soon after Meth exposure, when compared 
to the 24 h timepoint (RNASeq).

1 3

  387   Page 12 of 21



Intersectin1/cdc42 signaling regulates methamphetamine-induced neuronal remodeling in the hippocampus

(Suppl. Figure 5B). Neurons pretreated with Zcl278 did not 
display Meth-induced neurite elongation, as total neurite 
length remained at control levels (Suppl. Figure 5C). Simi-
larly, Meth-induced increases in dendritic ramification were 
abolished, as shown by Sholl analysis (Suppl. Figure 5D), 
confirming that cdc42 activation is essential for Meth-
driven cytoskeletal complexity.

At the synaptic level, Zcl278 inhibition of cdc42 pre-
vented Meth-induced increases in dendritic spine density 
(Suppl. Figure 5E and F) across all major spine categories, 
including filopodia (Suppl. Figure 5G), thin spines (Suppl. 
Figure  5H), stubby spines (Suppl. Figure  5I), and mush-
room spines (Suppl. Figure  5J). This suggests that cdc42 
activation is essential for both structural synapse formation 
and synaptic remodeling under Meth exposure.

To further confirm that cdc42 is necessary for Meth-
induced neuronal remodeling, we used a genetic approach, 
to transfect cultured primary hippocampal neurons with a 
dominant negative form of cdc42 (cdc42 DN), that prevents 
endogenous cdc42 activation. As observed with Zcl278 pre-
treatment, neurons expressing cdc42 DN failed to exhibit 
Meth-induced structural remodeling. Total neurite length 
remained unchanged (Fig.  4J and K), as did ramification 
(Fig. 4L). Dendritic spine density remained at control levels 
(Fig.  4M-R), confirming that cdc42 activation is required 
for Meth-induced alterations. Together, these results estab-
lish that Meth-induced neuronal remodeling importantly 
depend on cdc42 activity.

Binge meth administration drives structural and 
functional plasticity in the hippocampus via cdc42

While our in vitro findings strongly suggested cdc42 is cru-
cial for Meth-induced remodeling, we aimed at validating 
these results in vivo using a conditional knockout approach. 
By selectively depleting cdc42 in hippocampal neurons, we 
sought to determine whether the absence of cdc42 would 
inhibit Meth-induced structural synaptic changes elicited by 
binge Meth administration.

To achieve this goal, cdc42fl/fl mice were intravenously 
injected with AAV-PHP.eB encoding tdTomato, allowing 
sparse labeling of hippocampal neurons (Fig.  5A). One 
week later, the mice underwent stereotaxic injection of 
AAVs expressing GFP (control) or Cre-GFP, under the regu-
lation of the synapsin promoter, to ensure selective ablation 
of cdc42 floxed alleles in hippocampal neurons (Fig. 5B). 
Twenty-eight days after surgery, mice were subjected to a 
binge administration of Meth (4 × 5 mg/kg, i.p., every 2 h) 
and the morphology of CA1 pyramidal neurons was ana-
lyzed 24 h after the first Meth injection (Fig. 5C). Using this 
strategy, we confirmed an efficient depletion of cdc42 in the 
hippocampus (Fig. 5D).

The Arp3 subunit of Arp2/3 complex has been previously 
linked to dendritic spine development and synapse forma-
tion in hippocampal neurons [48]. Interestingly, in vitro we 
found an increase of Arp3 in synaptoneurosomes (Suppl. 
Figure  4E) of primary hippocampal neurons exposed to 
Meth (100 µM) for 15 min, which likely further promotes 
an elevated Arp2/3 complex activity downstream of cdc42 
activation and its interaction with N-WASP [40].

The localized activation of Itsn1/cdc42 axis in synaptic 
compartments aligns with the idea that Meth preferentially 
targets actin regulatory pathways in neurites rather than 
inducing global changes in Rho GTPase activity throughout 
the neuron. However, the biphasic nature of cdc42 activation 
in vitro suggests that Meth’s effects on spine plasticity may 
not be sustained, potentially leading to long-term destabili-
zation of synaptic contacts. Together, these findings estab-
lish cdc42 as a relevant molecular target of Meth-induced 
signaling alterations, positioning it as a central mediator of 
Meth-driven structural remodeling in neurites.

Cdc42 inhibition prevented Meth-induced neuronal 
remodeling in vitro

Given cdc42's pivotal role in dendritic spine morphogen-
esis, actin cytoskeletal organization, and synaptic plasticity, 
we sought to determine whether Meth-induced structural 
changes depend on cdc42 activation. To achieve this, we 
disrupted cdc42 signaling using both pharmacological 
and genetic approaches to assess whether blocking cdc42 
activity is sufficient to prevent Meth-induced neuronal 
remodeling.

Importantly, to establish that Itsn1 is required for Meth-
induced neuronal remodeling, we transfected primary hippo-
campal neurons with a miRNA that targets Itsn1, previously 
shown to disrupt dendritic spine maturation during devel-
opment [20] (Fig. 4A). Using this approach, GFP+ neurons 
show a decrease of Itsn1 expression, as expected (Suppl. 
Figure  5A). These neurons were then exposed to Meth or 
PBS (Control) for 24 h. We found that in neurons expressing 
miRNA Itsn1, Meth was unable to increase neurite length 
(Fig. 4B) or ramification (Fig. 4C, GFP transfected neurons 
were used as control). Importantly, dendritic spine density 
remained unaltered (Fig. 4D–I) across all types of dendritic 
spines in neurons expressing miRNA Itsn1. In control groups 
(GFP transfected cultures), an overall Meth-induced increase 
in dendritic spine density was observed, as expected.

To pharmacologically inhibit cdc42 activation, we used 
Zcl278, a selective inhibitor that prevents the interaction 
between Itsn1 and cdc42, thereby blocking Itsn1-mediated 
activation of cdc42 [49]. Primary hippocampal neurons 
were transfected with GFP and treated with 50 μM Zcl278 
for 30 min before Meth exposure (100 μM Meth, 24h) 
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dendritic spine density, indicative of enhanced excitatory 
connectivity (Fig. 5H and I). Mushroom spine density was 
significantly elevated, suggesting that Meth increases the 
number of structurally mature, functionally stable synapses 
(Fig.  5J-M). Remarkably, in the absence of cdc42, these 
Meth-induced morphological changes were abolished. In 
cdc42fl/fl; hSyn-Cre-GFP mice, Meth administration failed to 
induce neurite elongation, dendritic branching, or increases 
in dendritic spine density (Fig.  5E-I). The absence of 
Meth-induced mushroom spine formation (Fig. 5J) further 

In control mice (cdc42fl/fl; hSyn-GFP), as expected, Meth 
administration resulted in substantial structural remod-
eling. Neurons exhibited increased total neurite length, 
confirming Meth-induced neuronal outgrowth in the CA1 
region (Fig.  5E). Sholl analysis revealed enhanced den-
dritic ramification, further supporting the role of Meth in 
driving cytoskeletal complexity (Fig.  5F). Morphological 
reconstructions of CA1 pyramidal neurons illustrate these 
Meth-driven structural changes (Fig.  5G). At the synap-
tic level, Meth-treated control mice exhibited increased 
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decay is lower than in cdc42fl/fl; hSyn-GFP Meth-treated 
animals. This shows that comparing LTP levels between 
conditions can be misleading when not considering the tem-
poral evolution of synaptic enhancement.

These data provide direct in vivo evidence that cdc42 is 
an essential mediator of Meth-induced neuronal remodel-
ing and synaptic activity. The fact that selective depletion 
of cdc42 prevented Meth-induced remodeling and altered 
synaptic activity, underscores its critical role in orchestrat-
ing cytoskeletal and synaptic maladaptations in response to 
binge Meth exposure.

Discussion

In the present study, we explored the signaling mediating 
Meth-induced changes in hippocampal neurons’ cytoarchi-
tecture, highlighting Itsn/cdc42 as critical regulators. Using 
embryonic primary hippocampal cultures, we were able to 
recapitulate psychostimulant-induced neuronal remodeling, 
with an increase in neurite length, ramification and dendritic 
spine density, which allowed a compartmentalized analysis 
of Meth-induced changes separately in neurites and soma.

Using this approach, we demonstrated that subcellular 
localization is a key factor in determining the signaling 
pathways regulating Meth effects. Through an RNASeq 
approach, we identified Itsn1 and cdc42 as critical regula-
tors of Meth-induced neuronal remodeling.

Our findings are aligned with recent studies on the role 
of cdc42 in psychostimulant-induced neuronal plasticity. 
Tu and colleagues demonstrated that cdc42 signaling in 
the nucleus accumbens mediated Meth-induced increase in 
total dendritic length, ramifications and dendritic spines and 
regulated Meth-induced conditioned place preference [10]. 
Other authors reported transient increases in GTP-bound 
cdc42 in the hippocampus following several days of cocaine 
[16] or Meth [11]. In the present work, we show that acute 
exposure to Meth is sufficient to rapidly (15 min) increase 
GTP-bound cdc42 in the hippocampus, importantly add-
ing Itsn1 as a key regulator of cdc42 activation upon Meth 
administration. Itsn interacts with cdc42 to induce actin 
assembly via N-WASP and Arp2/3 complex [45] and has 
also been shown to be involved in dendritic spine morpho-
genesis [20]. In line with this, we found an increase in pN-
WASP and Arp3 expression in hippocampal synaptosomes 
of mice exposed to a binge administration of Meth. Interest-
ingly, two phosphorylation sites have been reported in Itsn1 
that could regulate its function [50], since posttranslational 
modifications are common mechanisms for modulation of 
several Rho GEFs [12]. Under Meth, Itsn1 modulation may 
occur via activation of group I mGlu receptors [50], which 

supports the notion that cdc42 activation is necessary for 
Meth-driven structural plasticity in the hippocampus.

Finally, we recorded synaptic responses in hippocampal 
slices from cdc42fl/fl; hSyn-GFP or cdc42fl/fl; hSyn-Cre-GFP 
mice receiving binge Meth, 24 h after the first administra-
tion. As before, low-frequency stimulation of Schaffer col-
lateral afferents induced a transient form of LTD (Fig. 5N). 
As expected, the increase in fEPSP slope was higher 
(p = 0.06) at T2 in Meth-administered cdc42fl/fl; hSyn-GFP 
mice, compared with saline injected controls. This effect 
was prevented in the absence of cdc42 (Meth-administered 
cdc42fl/fl; hSyn-Cre-GFP mice) (Fig.  5O), confirming that 
cdc42 activation is crucial for Meth-induced increases in 
synaptic plasticity. The impaired maintenance of LTP Meth 
administration in control mice (cdc42fl/fl; hSyn-GFP) was 
prevented in the absence of cdc42 (Suppl. Figure 6A and 
B). Interestingly, although LTP levels are much higher in 
cdc42fl/fl; hSyn-Cre-GFP Meth-treated animals, the LTP 

Fig.  4  Cdc42 inhibition prevented Meth-induced neuronal remodel-
ing in vitro. A: Representative images of primary hippocampal neu-
rons transfected with GFP (Control) or miRNA targeting Itsn1, that 
expresses EmGFP as a reporter, and treated with PBS (Control) or 
100 µM Meth treatment for 24h (scale bar: 20 µm). Graphs display 
(mean ± SEM) B: total neurite length *p < 0.05 **p < 0.01 (linear mixed 
analysis with the culture fitted as random effect followed by a Tukey–
Kramer correction) and C: ramification (sholl) analysis (n = 21–24 
neurons from 3 independent cultures) (two-way ANOVA revealing a 
significant effect for the distance to the cell body (p < 0.0001), treat-
ment (p < 0.0001), and interaction between factors (p < 0.0001)). D: 
Representative images of neurons transfected with GFP (Control) or 
miRNA targeting Itsn1 and treated with PBS (Control) or 100 µM Meth 
treatment for 24h (scale bar: 5 µm). Graphs display (mean ± SEM) 
E: total dendritic spine density, F: filopodia spine density, G: thin 
spine density, H: stubby spine density and I: mushroom spine density 
**p < 0.01 ****p < 0.0001 (linear mixed analysis with the culture fitted 
as random effect followed by a Tukey–Kramer correction revealing 
no significant differences) (n = 20–27 dendrite segments from 3 inde-
pendent cultures). J: Representative images of primary hippocampal 
neurons transfected with cdc42 DN and treated with PBS (Control) 
or 100 µM Meth treatment for 24h (scale bar: 20 µm). Graphs display 
(mean ± SEM) K: total neurite length (linear mixed analysis with the 
culture fitted as random effect followed by a Tukey–Kramer correc-
tion revealing no significant differences) and L: ramification (sholl) 
analysis (n = 17–21 neurons from 3 independent cultures) (two-way 
ANOVA revealing significant effects for treatment (p < 0.0001) and 
distance to cell body (p < 0.0001), but no interaction between factors). 
M: Representative images of primary hippocampal neurons trans-
fected with cdc42 DN and treated with PBS (Control) or 100 µM Meth 
treatment for 24h (scale bar: 5 µm). Graphs display (mean ± SEM) N: 
total dendritic spine density, O: filopodia spine density, P: thin spine 
density, Q: stubby spine density and R: mushroom spine density (lin-
ear mixed analysis with the culture fitted as random effect followed 
by a Tukey–Kramer correction revealing no significant differences) 
(n = 18–21 dendrite segments from 3 independent cultures). Dash lines 
represent: Control (grey) and 100 µM Meth (pink) values from Fig. 2. 
Each circle represents a hippocampal neuron/dendrite segment and dif-
ferent colors represent different independent cultures
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long-term memory [34]. Supporting that, maintenance 
of Meth-induced conditioned place preference has been 
impaired through actin-cycling inhibition [54]. Given their 
roles, cdc42 and Itsn1 are likely relevant players at inducing 
and stabilizing Meth-associated memories and impairing 
synaptic homeostasis.

Our comparison between in vitro and in vivo effects 
of Meth demonstrates similar morphological results—
increased neurite length and ramification, dendritic spine 
density and maturation, decreased dendritic head, and no 
alterations on PSD95/VGLUT1 colocalization. However, 
in vitro, Meth decreased spontaneous firing, while in vivo 
we observed increased synaptic transmission. Likewise, it 
has also been demonstrated that repeated Meth exposure 
increases baseline synaptic transmission and decreases LTP 
in the CA1 region of the hippocampus [4]. This effect was 
found to be modulated by activation of dopamine and sero-
tonin receptor systems in the hippocampus. On the other 
hand, and in agreement with our in vitro results, it was 
reported [55], in rat primary cultured hippocampal cultures, 
a decrease in spontaneous excitatory postsynaptic currents 
after exposure to 100 µM, and this effect was not depen-
dent on the dopaminergic system. Additionally, our results 
indicate that low-frequency stimulation of Schaffer collat-
eral afferents induce short term depression in control mice 
followed by a return to baseline levels, but in Meth-treated 
mice, it led to a transient form of LTP. This LTD-to-LTP 
conversion has been previously observed by Larsen and col-
leagues [56], that described how β-adrenergic stimulation 
enabled increased surface expression of GluA1, a feature 
of LTP occurring in response to a LTD stimulus. This effect 
was regulated via NMDAR-mediated non-ionotropic scaf-
folding of CaMKII targeting of excitatory synapses [56]. 
Itsn1 has a critical role in internalization of the AMPAR 
subunit GluA1 in dendritic spines [50] and has also been 
shown to associate with NMDAR and PSD95, likely acting 
as a scaffold protein that stabilizes NMDAR at the post-syn-
apse [23], raising the question of whether altered levels of 
Itsn1 are causing aberrant receptor signaling in response to 
Meth. AMPAR-silent synapses have been extensively dem-
onstrated after psychostimulant administration, and repre-
sent a small population of neuronal substrates encoding for 
drug-associated memories [57]. Recruitment of calcium-
permeable AMPARs takes place during withdrawal [58], 
was found to occur more rapidly in Meth-treated rats (in 
the nucleus accumbens core), and seems to increase GluA1 
translation during Meth craving [59]. Nonetheless, it has 
also been suggested that a serotoninergic mechanism may 
be responsible for increases in baseline transmission, due to 
serotoninergic potentiation of excitatory synaptic transmis-
sion [55]. Overall, our results indicate that Meth administra-
tion leads to an increase in synaptic transmission, and the 

are involved in Meth-induced reinforcement and seeking 
behavior [51], and maintenance of Meth-induced condi-
tioned place preference [52].

Recently, we have shown that Meth induces a rapid 
increase in astrocytic cdc42 activity, which was linked to 
intracellular calcium dynamics and glutamate release [24]. 
Previous studies identified cdc42 as an important regulator 
of long-term maintenance of structural spine plasticity dur-
ing the sustained phase of spine enlargement [53], and its 
activation was shown to be restricted to stimulated spine 
heads [43]. Interestingly, mature spines are more likely to 
compartmentalize calcium action within the spine head than 
thin spines. This process is controlled by spine neck dimen-
sions, and allows for the modulation of signaling cascades 
that strengthen or weaken spine synapses [37]. The actin 
cytoskeleton and its regulatory proteins have been proposed 
to be key in stabilizing spine structure and maintaining 

Fig.  5  Binge Meth Administration Drives Structural and Functional 
Plasticity in the Hippocampus via cdc42. A: Schematic representa-
tion of experimental timeline. Adult male cdc42fl/fl mice were intra-
venously injected with an AAV_PHP.eB for tdTomato transduction 
in the CNS. One week later, mice received a stereotactic surgery for 
injection of hSyn-GFP or hSyn-Cre-GFP in the hippocampus. Twenty-
eight days later, mice received a binge administration of 5 mg/kg 
Meth, i.p. four times, with two-hours interval between each injec-
tion or saline (control). Twenty-four hours after the first administra-
tion, mice were sacrificed and the morphology of neurons in the CA1 
region of the hippocampus analyzed. B: Schematic representation of 
stereotaxically injected AAVs. C: Representative images of hippo-
campal infection (scale bar: 200 µm) (green: GTP, red: tdTomato). 
Graph display (mean ± SEM) D: cdc42 levels normalized to GAPDH 
p** < 0.001 (unpaired t-test) (n = 2–3 mice/group). Graphs display 
(mean ± SEM) E: total neurite length of neurons of the CA1 region 
**p < 0.01 ****p < 0.0001 (linear mixed analysis with the animal fitted 
as a random effect model followed by a Tukey–Kramer correction) 
and F: ramification (sholl) analysis ****p < 0.0001 (two-way ANOVA 
revealing significant effects for treatment (p < 0.0001) and distance to 
cell body (p < 0.0001), with interaction between factors (p < 0.0001) 
(n = 5–11 neurons/animal from 3 mice per group). G: Representative 
tracings of CA1 neurons. H: Representative images of dendritic spines 
(scale bar: 5 µm). Graphs display (mean ± SEM) I: total dendritic spine 
density, J: mushroom spine density, K: stubby spine density, L: thin 
spine density and M: filopodia spine density *p < 0.05 **p < 0.01 (lin-
ear mixed analysis with the animal fitted as a random effect followed 
by a Tukey–Kramer correction). Each circle represents each hippo-
campal neuron/dendrite segment and each color represents each mice. 
N: Summary plot of normalized fEPSP slope measurements recorded 
in the CA1 region of the hippocampus (mean ± SEM) of cdc42fl/fl; 
hSyn-GFP saline (blue round symbols), cdc42fl/fl; hSyn-GFP Meth 
(yellow square symbols) or cdc42.fl/fl; hSyn-Cre-GFP Meth (green dia-
mond symbols) treated mice after LTD induction with a low frequency 
burst stimulation. Slice viability was assessed by recording a second 
independent pathway that did not show a significant decrease through-
out the recording. Right: average fEPSPs at baseline (solid line), T1 
(dashed line) and T2 (dotted line). Scale bar: 1 mv, 10 ms. O: Sum-
mary plot showing the percentage of LTD decay for the time window 
at T1 and T2 (two-way ANOVA with two-stage step-up method of 
Benjamini, Krieger and Yekutiel for multiple comparisons revealing 
no significant differences) (n = 11–12 slices from 4–5 mice per group)
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higher level of LTP suggests an increase in neuronal excit-
ability, but further studies are needed to test this hypothesis.

On the other hand, we did not find increased PSD95 
expression neither in Meth-treated animals nor in primary 
hippocampal neurons exposed to Meth. This suggests that 
the spines newly formed are likely transient and unstable, 
since spines lacking this scaffolding protein are highly 
dynamic [60]. Changes in the expression of synaptic pro-
teins upon psychostimulant exposure were also reported, 
including downregulation of PSD95 in the striatum dur-
ing cocaine withdrawal [61], while during the self-admin-
istration period, there is evidence of an upregulation of 
PSD95 in the cortex [62]. Our results suggest that rather 
than enhancing network excitability, Meth appears to dis-
rupt the stability of hippocampal circuits, leading to reduced 
synaptic output, potentially compromising information pro-
cessing. This aligns with our in vivo findings, where Meth 
altered responses to LTP and LTD stimuli, highlighting its 
profound impact on synaptic homeostasis. Importantly, we 
demonstrate that neuronal cdc42 depletion in the hippocam-
pus prevents Meth-induced remodeling and synaptic trans-
mission. A major limitation of this study is that only male 
mice were used, which may limit the generalization of our 
findings, since it is known that biological sex discrepancies 
are present in various stages of drug addiction [63].

The present results suggest a process of synaptic reorgani-
zation, supporting the hypothesis of a Itsn1/cdc42 role in the 
formation of drug-related maladaptive memories. Addiction 
is often characterized as a hijacking of memory and learning 
mechanisms by maladaptive responses, recruited to foster 
drug-seeking and drug-taking. These actions are associated 
to specific contexts and cues, that become precipitators of 
relapse and promote drug-seeking behavior [64].

In summary, the present results, highlight relevant com-
partment-associated differences in the activity of the Itsn1/
cdc42 pathway that critically regulates Meth action at the 
neuronal level, particularly in dendritic spines. Our results 
also reinforce the role of cdc42 activation on LTP main-
tenance and structural plasticity, further emphasizing its 
relevance in the context of drug use. Unveiling how Rho 
GTPases and their regulators are spatiotemporally modu-
lated by psychoactive substances in neurons and glial cells 
will uncover novel therapeutic targets and interventions in 
substance use disorders.
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