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Mania is a mind disorder with heightened emotions, etc. Amphetamine (AMPH), a

drug with central nervous system excitatory effects, can disrupt neurotransmitter

release and metabolism, causing mania. AMPH-induced animal models of mania

show increased risk and reward-seeking behaviors and excessive locomotion

like mania patients, verifiable by tests like Elevated Plus Maze (EPM). It also

impacts neurotransmitter balance in different brain regions, aligning with the

imbalance in mania patients. Multiple signaling pathways including extracellular

regulated protein kinases and others are involved, and their altered activities link

to mania symptoms. In the AMPH-induced mania model, regions like the frontal

cortex have increased oxidative stress and inflammatory response. Moreover,

AMPH changes neurotrophin levels, potentially causing neuronal damage and

cognitive impairment. In summary, the AMPH-induced mania animal model is

crucial for studying mania’s pathogenesis. However, further in-depth studies on

neurotransmitter regulation, signaling pathway intervention, and neurotrophic

factors are needed to develop more effective and personalized treatment plans.

KEYWORDS
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1 Introduction

Mania, a psychological disorder condition predominantly often seen during the
pre-phase of bipolar spectrum disorders (Daniels and Boison, 2023), presents with a
distinct constellation of clinical features. These include elevated mood, psychomotor
agitation, inflated self-esteem, pressured speech, cognitive disorganization, and high-
risk behavioral patterns, frequently accompanied by reduced sleep requirements and
emotional lability (Keramatian et al., 2022). Epidemiological surveillance data reveal a
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2.9% prevalence rate among adolescents, demonstrating significant
gender disparity with female predominance (3.3 vs. 2.6% in
males) (Clemente et al., 2015). Contemporary etiological models
conceptualize mania as a multifactorial convergence disorder
arising from dynamic interactions between genetic predisposition,
psychosocial stressors, and environmental determinants (Tondo
et al., 2017). Notably, circadian rhythm dysregulation (particularly
chronic sleep deprivation), acute psychosocial stressors, and
substance use disorders (including nicotine dependence) have
been identified as critical precipitating factors modulating
disease trajectory (Dubovsky, 2015). Genomic investigations
have unveiled substantial polygenic overlap with schizophrenia
and major depressive disorder, sharing multiple risk-conferring
single nucleotide polymorphisms (SNPs) across these diagnostic
entities (Mullins et al., 2021). This complex pathophysiology
leads to multiple health threats for people with mania, with
suicide risk being particularly prominent. Cross-national cohort
studies document annualized suicide mortality rates of 200-400
per 100,000 person-years—exceeding general population rates by
over 30-fold. Clinically, 4-19% of affected individuals succumb to
completed suicide, while 20-60% exhibit at least one documented
suicide attempt during disease progression (Maniglio, 2013),
underscoring the imperative for early detection and preventive
intervention. Recent advances in neurobiological research have
elucidated multi-level mechanistic disturbances underlying manic
pathophysiology. These include: Monoaminergic dysregulation
(particularly dopaminergic and serotonergic systems) at the
molecular level. Intracellular signaling anomalies involving
secondary messenger cascades (cAMP, PI3K/Akt/mTOR pathways)
impacting neuroplasticity; Systemic alterations encompassing
oxidative stress imbalance and aberrant neurotrophic factor
expression (e.g., BDNF) (Ferrari et al., 2011; Yang et al., 2023).
These multilayered discoveries not only refine our nosological
understanding of bipolar spectrum disorders but also provide
a mechanistic framework for developing targeted therapeutic
modalities.

The development of reliable animal behavioral models
remains a persistent challenge in mania research, significantly
impeding investigations into its neurobiological underpinnings
and the discovery of novel therapeutic agents. Contemporary
modeling paradigms principally comprise three methodological
approaches: pharmacological induction, genetic modification, and
physical manipulation (Lopachev et al., 2019). Pharmacologically
induced models have gained prominence in both mechanistic
studies and pharmacological screening due to their operational
feasibility, cost-effectiveness, and protocol standardization
advantages (Steckert et al., 2013). Compared to genetic models,
pharmacologically induced paradigms demonstrate superior
capacity for recapitulating the clinical phenomenology of
mania, while offering enhanced mechanistic specificity and
experimental reproducibility relative to physical induction
methods—characteristics that render them particularly suitable for
interrogating drug mechanisms and intracellular signaling cascades
(Verharen et al., 2023; Li et al., 2023). Nevertheless, these models
exhibit notable limitations including inter-individual variability in
behavioral responses and inconsistent phenotypic stability across
experimental iterations.

Amphetamine (AMPH), a prototypical central nervous system
stimulant, exists as a racemic mixture comprising dextrorotatory
(d-) and levorotatory (l-) enantiomers. The d-isomer (d-
AMPH) elicits aberrant monoaminergic transmission through
selective inhibition of dopamine transporter (DAT) function—a
pathomechanism demonstrating remarkable congruence with
postmortem findings of striatal DAT downregulation in manic
patients, thereby providing robust empirical support for dopamine
hyperactivity hypotheses in this disorder (van Enkhuizen et al.,
2015b). Structural modification of AMPH via methyl substitution
at the benzene ring’s 3-carbon position yields methamphetamine
(m-AMPH), which exhibits enhanced lipophilicity and blood-
brain barrier permeability. While m-AMPH effectively replicates
oxidative stress biomarkers characteristic of manic neuropathology,
its induction of mitochondrial dysfunction and neuroinflammatory
cascades has been associated with elevated experimental mortality
rates, substantially constraining its utility in longitudinal
studies (Kanazawa et al., 2021). In contrast, the AMPH
derivative 3,4-methylenedioxymethamphetamine (MDMA)
primarily targets serotonin transporters (SERT), exhibiting
greater pharmacological alignment with 5-hydroxytryptamine
(5-HT)-related psychopathology and consequently reduced
applicability in modeling manic states (Chaves et al., 2020).
Current evidence positions AMPH-based models as the
pharmacological gold standard for mania induction, owing
to their superior fidelity in replicating core symptomatology
and neurobiological signatures (Hsueh et al., 2021; Johnson
et al., 2023). Alternative inducers such as ouabain demonstrate
limited translational value due to inadequate simulation of
neurotransmitter dynamics and region-specific neuropathological
alterations (Vargas et al., 2006). Notably, AMPH models present
methodological challenges including pharmacokinetic variability
and dependence liability. These limitations may be mitigated
through systematic implementation of dose-response curve
optimization, refined administration protocols, and multimodal
behavioral phenotyping incorporating open-field, EPM, and
Forced Swim Test paradigms. Complementary integration of
molecular neuroimaging techniques could further elucidate
striatal-prefrontal circuit dysfunction, thereby enhancing the
model’s mechanistic interpretability (Kanazawa et al., 2021).

The development of medical translational value animal
models of mania necessitates rigorous evaluation across three
core validation domains: Face Validity (operationalized through
behavioral paradigms including open-field testing and stereotypy
quantification), Construct Validity (anchored in pathophysiological
biomarkers such as striatal dopamine transporter density
measurements and cAMP pathway profiling), and Predictive
Validity (substantiated by therapeutic responses to established
mood stabilizers including lithium and valproate) (Brandon
et al., 2003; Chaves-Filho et al., 2024). This comprehensive
review synthesizes methodological advancements since 1970, with
particular emphasis on behavioral phenotyping, neurotransmitter
changement, and critical intracellular signaling pathway in AMPH
animal models, aiming to establish a mechanistic framework for
new therapeutic development (Guimarães et al., 2024).
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2 Methods for AMPH-induced mania
model

2.1 Acute vs. chronic dosing regimens

The critical operational parameters in AMPH-induced mania
model encompass dosage regimen, administration frequency,
and treatment duration (Table 1). Acute induction protocols
predominantly employ single intraperitoneal (i.p.) injections of
2.5-4.0 mg/kg (in 0.9% saline vehicle), a dose range empirically
established as inducing robust psychomotor hyperactivity and
novelty-seeking behaviors while maintaining absence of significant
toxicological manifestations (Dalby-Brown et al., 2013). Chronic
modeling paradigms employ extended 10-day i.p. regimens (once-
daily administration within a fixed temporal window of 09:00-
11:00 h), with sustained exposure recapitulating key manic
phenotypes including progressive escalation of stereotypy indices
from day 7 post-initiation and concomitant circadian rhythm
desynchronization (Phan et al., 2020).

2.2 Route of administration specificity
parameter

Administration route selection profoundly modulates
the drug’s pharmacokinetic profile (Table 2). The classical
intraperitoneal (i.p.) method employs AMPH solution delivered at
5 mL/kg, demonstrating peak plasma concentrations at 30± 5 min
post-injection with pharmacodynamic effects persisting 4-6 h
(Chaves-Filho et al., 2024). Comparatively, intravenous self-
administration (IVSA) paradigms enable rodents to autonomously
acquire 0.05 mg/kg/dose (0.1 mL/s infusion rate) through operant
conditioning, exhibiting progressive escalation of daily intake from
0.8 ± 0.2 to 3.4 ± 0.5 mg/kg over 10 training days—a pattern
effectively recapitulating substance use disorder progression
(Hadamitzky et al., 2011).

2.3 Dose differences induce different
behavioral differences

Low-dose regimens (≤ 4 mg/kg) preferentially elicit core
manic symptomatology including psychomotor hyperactivity,
reduced sleep requirement, and enhanced novelty-seeking
behavior, demonstrating optimal suitability for preliminary
pharmacological screening studies (Table 2). In contrast, high-
dose administration (5-8 mg/kg) provokes not only intensified
stereotypies but also neurochemical perturbations characterized
by cerebellar GABAergic dysregulation and prefrontal cortex
NE/5-HT ratio imbalance—phenomena requiring verification
through region-specific in vivo microdialysis methodologies (Yin
et al., 2010).

2.4 Ethical stuff

All experimental procedures were conducted in compliance
with AAALAC-accredited specific pathogen-free (SPF) facility

standards. Animal housing maintained controlled environmental
parameters: temperature 22 ± 1◦C, relative humidity 60 ± 5%, 12-
h light/dark cycle (lights on at 06:00 h), social housing density (≤ 5
subjects per cage), and weekly replacement of autoclaved aspen chip
bedding. Ethical safeguards implemented included: confinement
of experimental durations to ≤ 14-day cycles, incremental dosing
protocols (≤ 0.5 mg/kg daily escalation), and continuous biometric
surveillance (≤ 20% maximum allowable body weight reduction),
with all operational protocols undergoing mandatory IACUC
review and approval (Brandon et al., 2003).

3 Behavioral tests for locomotor
activity

3.1 Open Field Test

The Open Field Test (OFT), a cornerstone behavioral
paradigm for evaluating manic-like psychomotor hyperactivity and
disinhibited exploration, operationalizes the clinical phenomenon
of impaired risk assessment in mania through quantification
of novel environment exploration patterns (Valvassori et al.,
2022). Experimental implementation involves placing subjects in
standardized acrylic box (50 × 50 × 50 cm with defined central
zone occupying 33% surface area) for 5-min video-tracked sessions.

Core behavioral metrics focus on spatial exploration bias,
with AMPH-induced mania model exhibiting significantly
elevated central zone occupancy—a behavioral proxy validating
face validity through replication of human manic risk-taking
phenotypes (Ene et al., 2016; Souza et al., 2016). Lithium carbonate
administration demonstrates predictive validity by normalizing
hyperlocomotor activity (Ackermann et al., 2010; Han et al., 2018).
Neurochemically, this behavioral dysregulation correlates with
striatal dopamine transporter (DAT) downregulation-induced
extracellular DA accumulation and concomitant prefrontal
choline acetyltransferase (ChAT) suppression, mechanistically
substantiating the catecholaminergic-cholinergic imbalance
hypothesis of bipolar disorder while establishing construct validity
(van Enkhuizen et al., 2015a).

While OFT remains the methodological gold standard due
to its semi-automated quantification advantages, interpretational
limitations persist regarding environmental confounders (Çiçekli
et al., 2022; Steckert et al., 2013). Current best practices recommend
multimodal behavioral profiling incorporating complementary
paradigms: EPM for risk-preference stratification, bite force assays
(BFT) for aggression quantification, and resident-intruder tests
for impulse control evaluation, collectively enhancing translational
relevance through multidimensional behavioral characterization
(Table 3).

3.2 Forced Swim Test

The Forced Swim Test (FST) serves as a critical behavioral
assay for evaluating despair-like behavioral dysregulation
in mania models, with its theoretical framework rooted
in the prefrontal-limbic circuitry dysregulation hypothesis
underlying manic hyperactivity (Lee et al., 2017). Experimental
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TABLE 1 Summary of parameters of different modeling methods for the AMPH induction model.

Parameter Acute modeling Chronic modeling IVSA paradigm

Dose range 2.5-4.0 mg/kg 2.5-3.5 mg/kg/day 0.05 mg/kg/infusion

Administration frequency Single dose q.d.× 10 days Self-triggered (≤50 infusions/day)

Peak time 30± 5 min 28± 3 min Immediate

Behavioral window 30-90 min post-administration 24 h post-last dose Entire training period

Application Pharmacodynamic screening Disease progression simulation Addiction liability assessment

References Dalby-Brown et al., 2013 Phan et al., 2020 Hadamitzky et al., 2011

TABLE 2 Summary of modeling parameters relevant to AMPH induction models.

Animal strain Age/weight Administration route Dosage and regimen References

C57BL/6 mice 10–12 weeks old, male Intraperitoneal (i.p.) 2.5 mg/kg, 10 consecutive days Li et al., 2023

C57BL/6 mice 8 weeks old, male, 24± 5 g Intraperitoneal (i.p.) 2.5 mg/kg, 10 consecutive days Phan et al., 2020

C57BL/6J mice 6–8 weeks old, male Intraperitoneal (i.p.) 4 mg/kg, single injection Dalby-Brown et al., 2013

Swiss mice 25–30 g, male Intraperitoneal (i.p.) 0.1 mL/10 g body weight Chaves-Filho et al., 2024

Adult albino swiss mice 30–45 g, male Intraperitoneal (i.p.) 1.0, 2.0, or 3.0 mg/kg, undefined
regimen

Vargas et al., 2006

Sprague dawley rats 350–450 g, adult male Intravenous
self-administration (IVSA)

0.05 mg/kg/infusion, gradual protocol
extension (1 h/day→ 3 h/day→
6 h/day), 6 days per phase, 2-day
abstinence intervals

Hadamitzky et al., 2011

TABLE 3 Behavioral testing of animal models of mania introduction to organizing.

Behavioral test Evaluation
metrics

Results Advantages Limitations Related neural
mechanisms

OFT
(Open Field Test)

Central zone
exploration time,
locomotor trajectory

AMPH group shows
increased central exploration,
reversible by lithium

Semi-automated
analysis,
gold-standard
validation

Susceptible to
environmental
confounders

Striatal DAT
downregulation,
prefrontal ChAT
suppression

FST
(Forced Swim Test)

Immobility duration AMPH group exhibits
reduced immobility,
reversible by valproate

Operational
simplicity,
high-throughput
potential

Immobility reduction
may reflect
environmental
adaptation

Prefrontal 5-HT efflux
elevation, 5-HT1A
receptor activation

TST
(Tail Suspension Test)

Struggle duration AMPH group demonstrates
prolonged late-phase
struggle, reversible by
lithium/valproate

Rapid procedure,
high-throughput
capacity

Forelimb strength
variability confounds
results, insensitive to
anxiety phenotypes

VTA DA neuron firing
potentiation, PVN CRH
mRNA upregulation

EPM
(Elevated Plus Maze)

Open-arm entries,
open-arm time ratio

AMPH group displays
increased open-arm
exploration, reversible by
diazepam

High efficiency Apparatus size
variability, locomotor
interference

Prefrontal 5-HT
imbalance, GABAA
receptor phosphorylation
anomalies

SPT (sucrose preference
test)

Sucrose preference
ratio (sucrose
intake/total
intake× 100%)

AMPH group shows elevated
preference, reversible by
lithium

Most convenient
hedonic assessment

Hyperactivity-induced
“pseudo-anhedonia”
artifacts

Midbrain limbic DA
circuit hyperactivation

TCST
(Three-Chamber Social
Test)

Stranger zone
duration, trajectory
entropy

AMPH group exhibits social
hyperactivation, reversible by
lithium/valproate

Visualizes social
motivation

“Social hyperactivation”
may reflect exploration
bias

DA D2 receptor
signaling enhancement,
prefrontal-amygdala
dysconnectivity

BFT
(Bite Force Test)

Crushed substrate
weight

AMPH group demonstrates
enhanced bite force,
reversible by valproate

Simple operation,
high reproducibility

Biting may reflect
foraging instincts

Striatal DA elevation,
muscle fiber ATP
synthesis acceleration

PIST
(Pentobarbital Induced
Sleep Test)

Sleep latency, Sleep
duration

AMPH group displays
reduced deep sleep, reversible
by valproate

Direct sleep state
measurement

Pharmacologically
induced vs. natural sleep
differences

Prefrontal ATP turnover
acceleration, GABAergic
system alterations
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implementation utilizes transparent polycarbonate cylinders
(10 cm diameter × 25 cm height) containing 8 cm depth
of temperature-controlled water (24◦C ± 1◦C). Behavioral
assessment is based on the temporal transition from escape-
oriented struggling during the first 2-min to behavioral quiescence
in the subsequent 4-min period, with immobility duration serving
as the key parameter for quantifying behavioral inhibition in
constrained environments (Bogdanova et al., 2013).

AMPH-induced mania model demonstrate significantly
attenuated immobility durations versus controls, while valproate
sodium intervention restores immobility parameters to normative
ranges without compromising locomotor capacity—findings
that collectively validate the paradigm’s predictive validity for
therapeutic screening (Flaisher-Grinberg and Einat, 2009).
Construct validity is further substantiated through neurochemical
parallels: AMPH-treated subjects exhibit elevated extracellular
5-HT levels, mirroring postmortem findings of reduced dorsal
raphe nucleus 5-HT neuronal density in manic patients, coupled
with prefrontal 5-HT1A receptor upregulation (van Enkhuizen
et al., 2015b).

Mechanistically, AMPH-induced prefrontal serotonergic
efflux activates 5-HT1A autoreceptor-mediated negative feedback
modulation, thereby suppressing despair-related behavioral
manifestations through cortico-limbic pathway regulation
(Trunnell and Carvalho, 2021).

3.3 Tail Suspension Test

The Tail Suspension Test (TST) constitutes a validated
behavioral paradigm for assessing disinhibited motivational
states in manic models, with neurobiological rationale rooted
in prefrontal-amygdala circuit dysfunction underlying impulse
dysregulation in bipolar mania. Experimental implementation
involves securing rodents in dedicated tail suspension apparatus
(15 cm ground clearance) for 6-min sessions with continuous
quantification of struggle intensity and immobility duration.
Unlike water-based FST paradigms, TST induces behavioral despair
through mechanical stress induction, with active struggle duration
serving as a key metric of stress coping capacity.

AMPH-induced mania model exhibited prolonged struggle
persistence during late-phase testing (4-6 min), demonstrating
behavioral homology to human manic impulsivity in clinical
populations (Cryan et al., 2005). Mood stabilizers (lithium
carbonate/sodium valproate) dose-dependently normalized
immobility parameters, confirming pharmacological predictive
validity (Yan et al., 2010). Neurochemical validation revealed
dopaminergic hyperactivity in model animals, evidenced by
elevated CSF homovanillic acid (HVA) levels and circadian cortisol
rhythm disruption—biochemical signatures mirroring clinical
manic states (van Enkhuizen et al., 2015a). Mechanistically,
acute AMPH exposure potentiates ventral tegmental area (VTA)
dopaminergic firing via D1 receptor-mediated motor drive
enhancement, while chronic administration induces hypothalamic
paraventricular nucleus (PVN) CRH mRNA upregulation,
indicating hypothalamic-pituitary-adrenal (HPA) axis feedback
dysregulation (Siefried et al., 2020).

Despite operational advantages (10-min protocol; 6-animal
parallel testing capacity), TST interpretation requires caution

due to confounders including forelimb strength variability and
insensitivity to anxiety/cognitive domains. Emerging protocols
recommend synergistic use with EPM to dissect anxiety-struggle
time interactions, potentially enhancing specificity for manic
motivational circuitry assessment.

3.4 Elevated Plus Maze Test

The Elevated Plus Maze (EPM) serves as a critical behavioral
paradigm for evaluating anxiety-impulsivity interactions in mania
models, grounded in the neurobiological premise of prefrontal-
amygdala neural circuitry dysfunction underlying risk assessment
abnormalities in bipolar disorder (Pentkowski et al., 2021). The
standardized apparatus comprises two open arms (25 × 5 cm) and
two enclosed arms (identical dimensions with 15 cm high walls)
intersecting at a neutral central platform (5 × 5 cm). Experimental
protocol initiates with subject placement on the central zone facing
enclosed arms, followed by 5-min video tracking of exploratory
patterns. Risk-preference quantification employs open-arm time
ratio versus enclosed-arm dwell time as primary behavioral indices
(Cho et al., 2022; Heinz et al., 2021).

AMPH-induced mania model demonstrated pathological
behavioral signatures: increased open-arm entries and elevated
open-arm time percentage, with this disinhibition profile exhibiting
synergistic correlation with OFT central zone preference—
collectively establishing face validity (Leem et al., 2023).
Pharmacological validation via diazepam-induced normalization
of open-arm exploration parameters confirms the paradigm’s
predictive validity (Komada et al., 2008). Molecular construct
validity emerges through serotonergic dysregulation mirroring
clinical pathology: reduced nucleus accumbens 5-HT neuronal
density and prefrontal mitochondrial complex inhibition in model
animals recapitulate postmortem manic patient findings (Hao
et al., 2019). Mechanistically, these behavioral aberrations correlate
with impaired GABAergic neurotransmission via altered GABAA
receptor phosphorylation states (Yoo et al., 2017).

Despite the test methodological efficiency (< 8-min/animal
testing duration), critical limitations require consideration:
confounding factors including interspecies apparatus scaling
requirements and locomotor capacity interference necessitate
rigorous standardization. Current optimization strategies propose
multivariate behavioral phenotyping strategy integrating EPM
with OFT parameters, enabling computational discrimination
of manic-specific disinhibition from non-specific hyperactivity
through discriminant function analysis.

3.5 Sucrose Preference Test

The Sucrose Preference Test (SPT) serves as a critical
behavioral metric for evaluating reward processing dysregulation
in manic models, anchored in the core pathophysiology of
midbrain limbic dopaminergic circuit hyperactivation driving
aberrant reward anticipation in bipolar mania (Primo et al., 2023).
Experimental implementation employs a two-bottle free-choice
paradigm: following 24-h habituation, subjects receive ad libitum
access to 2.5% sucrose solution versus purified water (bottle weights
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recorded to ± 0.1 g precision). Reward-seeking motivation is
quantified via dark cycle consumption-derived preference ratio
[(sucrose intake/total fluid intake) × 100%] during 12-h testing
windows (Isozaki et al., 2016).

AMPH-induced mania model exhibited pathological
hyperhedonia, demonstrating significantly elevated sucrose
preference ratios that neurobiologically correlate with nucleus
accumbens hyperactivity patterns observed in manic patients
during reward tasks—establishing robust face validity. Lithium
carbonate administration selectively normalized preference indices
without affecting basal consumption, confirming pharmacological
predictive validity (Liu et al., 2022). Mechanistically, dopaminergic
dysregulation induces ventral striatal reward threshold
downregulation, driving maladaptive reward-seeking behaviors
through mesolimbic pathway sensitization (Verharen et al., 2023).

While SPT remains the most operationally efficient paradigm
for assessing reward processing, methodological caveats necessitate
cautious interpretation. AMPH-induced locomotor hyperactivity
may artifactually fragment feeding patterns, potentially generating
confounding “False anhedonia” phenotypes. Current optimization
protocols recommend concurrent pentobarbital sleep modulation
to dissociate motivation-driven sucrose preference from non-
specific consummatory behaviors through controlled feeding
window analysis (Chestnykh et al., 2023).

3.6 Three-Chambered Sociability Test

The Three-Chambered Sociability Test (TCST) offers a visual
assessment platform for evaluating aberrant social motivational
patterns and cognitive deficits in manic models (Arakawa, 2023).
This methodology is theoretically grounded in the impaired social
distance perception resulting from disrupted prefrontal-amygdala
functional connectivity during manic episodes (Hellvin et al.,
2013). The standardized apparatus consists of three interconnected
compartments (5 × 5 cm central zone and two 15 × 15 cm lateral
zones), with a non-contact conspecific stimulus placed in the novel
side compartment during testing. A video-tracking system records
exploratory behavior parameters over a 10-min period, including
time spent in the novel zone, contact frequency, and movement
trajectory entropy, to quantify rodent social stimulus preference.

AMPH-induced mania model demonstrated paradoxical social
hyperactivity characterized by prolonged novel zone residence
and increased trajectory entropy, which contrasts with the social
withdrawal typically observed in mania patients. While lithium and
valproic acid interventions normalized these metrics—validating
the test’s predictive validity—and in vivo dopamine D2 receptor
signaling augmentation in AMPH models supported structural
validity (Li et al., 2023), critical analysis of face validity is
required. The observed “social hyperactivity” likely reflects non-
specific exploratory behavior or drug-induced euphoria rather than
genuine social competence.

Although face validity remains to be fully established, the
demonstrated correlation between these behaviors and brain 5-
HT levels suggests this test could advance serotonergic research
in mania (Ahern et al., 2009). Integration with the EPM is
recommended to concurrently validate face validity and investigate
5-HT’s mechanistic role in manic symptomatology.

3.7 Bite Force Test

The Bite Force Test (BFT) serves as a validated behavioral
paradigm for quantifying mania-related aggression phenotypes,
based on the clinical observation of heightened verbal/physical
aggression in manic patients due to behavioral disorganization
(Beentjes et al., 2012). This assay employs standardized apple
twigs (uniform shape/size/weight) to quantify aggression via crumb
weight measurement, operationalizing manic irritability in rodent
models (Mitchell et al., 2024).

AMPH-induced mania model exhibited significant bite force
augmentation—representing hyperaggressive behavior—that is
reversed by valproate, demonstrating both face and predictive
validity (Bartholomew, 1994). Mechanistically, AMPH exposure
induces striatal dopamine (DA) hyperactivity concurrent with
enhanced myofiber ATP synthesis, establishing neurochemical-
metabolic coupling alterations consistent with postmortem
findings of basal ganglia DA hypersensitivity (D2 receptor mRNA
upregulation) in manic patients (Mannangatti et al., 2018).
This dopaminergic hyperactivity directly mediates the observed
phenotype through AMPH’s agonistic effects on DAergic signaling.

While the BFT offers simplicity and reproducibility through
standardized twig provision and crumb weighing, interpretation
requires caution. Elevated bite force may reflect non-specific
behaviors (exploration, foraging, anxiety) rather than direct
irritability. Multidimensional validation integrating anxiety
assessment via the EPM is recommended to disambiguate
motivational components.

3.8 Pentobarbital Sleep Experiment Test

The Pentobarbital Induced Sleep Test (PIST) represents a
validated behavioral pharmacological paradigm for evaluating
mania-related sleep dysregulation, capitalizing on the cardinal
clinical feature of reduced sleep need/maintenance in manic
patients (Beentjes et al., 2012). This assay involves intraperitoneal
administration of pentobarbital diluted in 0.9% saline, with sleep
latency and duration measured to characterize sleep architecture in
rodent models (Egashira et al., 2021; Morton et al., 2021).

AMPH-induced mania model exhibited a phenotype of
reduced non-rapid eye movement (NREM) sleep and augmented
rapid eye movement (REM) sleep—mirroring clinical manic
sleep profiles—that validates face validity. Valproate-mediated
normalization of sleep duration further supports predictive
validity (Cotovio and Oliveira-Maia, 2022). Mechanistically,
AMPH exposure induces mitochondrial hyperactivity in the
prefrontal cortex, manifesting as elevated ATP turnover and
complex I-IV activity. This metabolic hyperactivation corresponds
to postmortem findings of increased temporal lobe glucose
metabolism in manic patients, establishing metabolic-level
structural validity. Pathophysiological changes arise from AMPH-
induced GABAergic dysfunction, specifically reductions in
prefrontal GABA content (Yoo et al., 2017).

Notwithstanding its utility, PIST has caveats: pentobarbital
induces pharmacological sleep via CNS depression, differing from
endogenous sleep regulation. Thus, while directly quantifying sleep
parameters, interpretations should consider potential dissociation
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from natural sleep mechanisms. Nevertheless, this assay provides
novel insights into GABAergic involvement in mania and serves as
a platform for translational sleep research (Table 3).

4 Neurotransmitter alterations

4.1 Dopamine

The neurobiological underpinnings of mania are inextricably
linked to dopaminergic system dysregulation. Anatomically,
dopaminergic projections originating in the ventral tegmental
area innervate critical limbic and cortical regions including
the hippocampus, striatum, nucleus accumbens, and prefrontal
cortex, modulating motor control, emotional processing, and
reward circuitry via interactions with G-protein coupled receptors
(Zald, 2023; Miyake et al., 2011). Clinical pharmacology provides
bidirectional evidence supporting this relationship: dopamine
agonists like AMPH precipitate symptom exacerbation across
the mania spectrum from euphoria and hypomania to psychotic
mania by enhancing synaptic dopamine (DA) availability (Bari
and Robbins, 2013), while D2 receptor antagonists—hallmark
of second-generation antipsychotics—effectively attenuate
acute manic symptoms, validating the therapeutic relevance
of dopaminergic hyperactivity (Demontis et al., 2017). This
dopaminergic hypothesis is further supported by neuroimaging
studies demonstrating increased DA synthesis capacity and
receptor supersensitivity in key brain regions of manic patients
(Volkow et al., 2019).

Neurobiochemical investigations demonstrate characteristic
elevation of central DA concentrations during manic episodes
(Young et al., 2011). Rodent model studies reveal multi-
dimensional regulatory mechanisms underlying AMPH-induced
DA elevation in key brain regions including the striatum,
prefrontal cortex, and hippocampus (Engelhardt et al., 2018;
Støier et al., 2023). At the presynaptic level, AMPH disrupts
mitochondrial energy metabolism by inhibiting tricarboxylic
acid cycle enzymes (e.g., citrate synthase, malate dehydrogenase),
reducing ATP synthesis and promoting vesicular DA release
(Valvassori et al., 2013). Concurrently, endogenous cardiac steroids
inhibit Na+/K+-ATPase, inducing intracellular Ca2+ overload
that activates ERK signaling and mitochondrial KATP channel
opening. This leads to reactive oxygen species (ROS)-mediated
DA release through a redox-sensitive mechanism (Frey et al.,
2006b; Hodes et al., 2018). Transporter regulation involves protein
kinase C (PKC)-mediated phosphorylation of the DA transporter
(DAT) N-terminus, causing conformational changes that abrogate
reuptake function (Carvalho Pinheiro et al., 2012). Metabolic
inhibition occurs when neurotransmitters like serotonin compete
with monoamine oxidase (MAO) for binding sites, reducing DA
conversion to DOPAC. This process is genetically modulated
by MAO polymorphisms (Gubert et al., 2020; Rippberger et al.,
2015; Shin et al., 2019; Sun et al., 2021). Pathophysiological
consequences arise from synergistic D2 receptor hypersensitivity
in the mesolimbic system (Varela et al., 2024) and D1 receptor
dysfunction in the prefrontal cortex (Goloncser et al., 2024).
Spatiotemporal differences in DA signaling may explain
clinical heterogeneity: limbic DA hyperactivity correlates with

euphoria, while prefrontal DA imbalance contributes to cognitive
deficits. These integrated mechanisms provide a framework for
understanding the neurochemical basis of manic symptomatology.

DA system dysregulation being established as a cardinal
biological marker of mania, translating this finding into clinical
practice remains challenging. Accumulating evidence indicates that
monoamine concentration fluctuations occur not only in bipolar
disorder but also in conditions like attention-deficit/hyperactivity
disorder (Rihmer et al., 2017). This necessitates integrative
diagnostic approaches incorporating neuroimaging signatures,
receptor sensitivity profiling, and transcriptomic biomarkers.
Future research should focus on elucidating the molecular
determinants of DA signaling specificity, particularly the role
of phosphorylation cascades such as DARPP-32 in mediating
mood state switching (da-Rosa et al., 2012). Understanding how
spatiotemporal variations in DAergic signaling contribute to
symptom heterogeneity may lead to precision medicine strategies
targeting discrete neurocircuitry abnormalities.

4.2 Glutamate

Dysfunction of the glutamatergic system is increasingly
recognized as a critical pathological mechanism underlying
manic episodes in bipolar disorder. Anatomically, glutamatergic
projections densely innervate limbic structures including the
hippocampus, striatum, and nucleus accumbens, where they
regulate cognitive flexibility, emotional valence encoding, and
synaptic plasticity through ionotropic (iGluR) and metabotropic
(mGluR) receptor subtypes (Qiu et al., 2019).

Clinical neuroimaging studies reveal significantly increased
glutamate (Glu) uptake in brain limbic structures of manic patients
compared to healthy controls (Daniele et al., 2012), a phenomenon
likely reflecting compensatory glial clearance of synaptic
Glu overload. Longitudinal investigations demonstrate state-
independent alterations in Glu transporter activity: individuals
with bipolar disorder exhibit stable Glu uptake patterns regardless
of clinical phase (Scotti-Muzzi et al., 2021), suggesting potential
as an endophenotypic biomarker. Neurochemical analyses show
elevated striatal and nucleus accumbens glutamine levels in mania,
accompanied by augmented hippocampal astrocytic glutathione
synthesis (Pereira et al., 2021; Shoblock et al., 2003). This indicates
hyperactivation of the glial-neuronal glutamine cycle may provide
excessive precursors for Glu synthesis. Current mechanistic
validation in animal models remains limited, necessitating
speculative frameworks for future research. Hyperactivation of
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPARs) and kainate receptors (KARs) drives neuronal
hyperexcitability via BDNF-TrkB signaling, with dose-dependent
correlations to manic agitation (Yankelevitch-Yahav et al., 2015).
Additionally, regional cerebral vasoconstriction-induced hypoxia
impairs Na+/K+-ATPase function by reducing ATP availability
(Noda, 2016). This dual impairment disrupts Glu reuptake and
reverses excitatory amino acid transporter (EAAT) directionality,
leading to synaptic Glu accumulation.

Despite the positive correlation between Glu concentrations
and manic symptom severity (Gubert et al., 2020), translating
glutamatergic biomarkers into clinical practice faces dual
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challenges. Existing methodologies struggle to distinguish
contributions from intracellular and extracellular Glu pools,
while glutamatergic dysregulation overlaps significantly with
anxiety disorders, schizophrenia, and other neuropsychiatric
conditions (Shoblock et al., 2003). Future research should
prioritize mechanistic dissection of regional Glu homeostasis
using gene-edited animal models and development of subtype-
specific interventions targeting excitatory amino acid transporters
(EAATs) or metabotropic glutamate receptor (mGluR) allosteric
modulators. Resolving spatiotemporal specificity of glutamatergic
signaling is critical for differentiating bipolar mania from
phenotypically similar disorders. Advancing this field requires
integrating multi-omic datasets with circuit-level electrophysiology
to map Glu dynamics in real-time.

4.3 γ-aminobutyric acid

Hypofunction of the γ-aminobutyric acid (GABA)ergic system
represents a critical neurobiological substrate for manic episodes
(Valvassori et al., 2008). Anatomically, GABAergic interneurons
densely populate cortico-limbic circuits including the prefrontal
cortex, hippocampus, and nucleus accumbens, where they maintain
excitatory-inhibitory balance via GABAA receptors (mediating
fast synaptic inhibition) and GABAB receptors (regulating slow
synaptic transmission) (Petroff, 2002; Hsueh et al., 2021).

Clinical biomarker studies demonstrate reduced cerebrospinal
fluid and serum GABA concentrations in manic patients,
with significant negative correlations between GABA levels and
Hamilton Depression Scale (HAM-D) scores (Daniele et al., 2012;
Chen et al., 2010). This inhibitory deficit may arise from selective
damage to ventral tegmental area GABAergic neurons (Malhi
et al., 2013), compounded by neurotrophic factor dysregulation
(e.g., reduced BDNF levels) (Chanana and Kumar, 2016).
AMPH-induced animal models provide mechanistic insights:
acute administration promotes striatal GABA synthesis through
postsynaptic 5-HT2C receptor activation (Chanana and Kumar,
2016), whereas chronic exposure downregulates GABA transporter
GAT-1 expression, impairing synaptic clearance and triggering
GAD-negative feedback inhibition. This results in biphasic GABA
alterations (“up-down” trajectory) that may underlie acute-to-
chronic pathological progression (Zhang et al., 2022).

Emerging evidence highlights complex GABA-glutamate
interactions: manic patients exhibit reduced Glu/GABA
ratios, with glutamatergic contributions to this imbalance
exceeding GABAergic effects by 2.3-fold (Scotti-Muzzi et al.,
2021). Multimodal approaches integrating neuroimaging and
electrophysiology will be critical to dissecting this dynamic
coupling. While GABA transporter function shows promise as
a translational biomarker, diagnostic specificity remains limited
by cross-disorder overlap (e.g., anxiety disorders also exhibit
GABAergic dysregulation) (Fink and Göthert, 2007).

4.4 5-hydroxytryptamine

The serotonergic (5-hydroxytryptamine—5-HT) system plays
a pivotal role in the neurobiology of mania. As one of the
most widely distributed neurotransmitter systems in the central

nervous system (CNS), serotonergic neurons originate primarily
from the dorsal raphe nucleus and median raphe nucleus. Their
extensive projections innervate key brain regions including the
thalamus, hypothalamus, striatum, hippocampus, and prefrontal
cortex, regulating higher-order functions such as sleep-wake cycles,
emotional processing, and impulse control (Ye et al., 2021). This
widespread neuroanatomical architecture provides the structural
basis for serotonergic involvement in manic pathophysiology.

Clinical investigations have revealed significant serotonergic
dysregulation during manic episodes, characterized by reduced
prefrontal and temporal cortical 5-HT concentrations inversely
correlated with Young Mania Rating Scale (YMRS) scores
(Hedya et al., 2024). Mechanistically, this disturbance arises from
bidirectional regulatory dysfunction: Tryptophan hydroxylase
2 (TPH2) activity impairment diminishes 5-HT biosynthesis
(Sandoval-Sánchez et al., 2020), while concurrently, elevated
monoamine oxidase A (MAOA) activity enhances 5-HT
degradation (Stautland et al., 2023). This synthesis-degradation
imbalance initiates compensatory feedback mechanisms via
5-HT1A autoreceptor-mediated inhibition of dorsal raphe
nucleus neuronal firing, ultimately reducing synaptic cleft 5-HT
availability (Bordon, 2022). Notably, receptor subtype-specific
alterations manifest as 5-HT1B upregulation coupled with 5-
HT1A and 5-HT2A receptor downregulation (Bouchette et al.,
2024), suggesting receptor profile remodeling constitutes a critical
pathophysiological node. Preclinical validation emerges from
AMPH-induced manic models demonstrating biphasic 5-HT
fluctuations: Acute phase (24 h) elevation mediated through
5-HT2C receptor-dependent vesicular release, contrasting with
chronic phase (7d) depletion driven by MAOA hyperactivity and
TPH2 phosphorylation suppression (Chaves-Filho et al., 2024).
This dynamic engages GABAergic negative feedback circuitry—5-
HT2C activation via PLCβ signaling upregulates Fos expression
in GABAergic interneurons, which subsequently inhibit 5-HT
neurons through GABAA receptors, forming a self-reinforcing
pathological loop of serotonergic suppression and GABAergic
hyperactivation (Boothman et al., 2006).

Current therapeutic strategies for mania are intricately linked
to serotonergic system modulation. Lithium exerts its effects
by inhibiting GSK-3β phosphorylation, thereby augmenting 5-
HT1A receptor responsiveness and enhancing synaptic vesicle
release. Valproate, conversely, upregulates TPH2 gene expression
through histone deacetylase inhibition (Gubert et al., 2020).
These mechanistic insights have informed the development
of novel agents including 5-HT transporter modulators (e.g.,
vilazodone) and receptor subtype-specific agonists (e.g., 5-
HT1B/1D ligands). Despite these advances, clinical translation
faces significant hurdles. Overlapping serotonergic profiles between
bipolar disorder and major depressive disorder complicate
differential diagnosis, while incomplete characterization of receptor
subtype regional specificity limits therapeutic precision (Shiah
and Yatham, 2000). Future research should prioritize optogenetic
mapping of spatiotemporal 5-HT receptor dynamics, development
of positron emission tomography (PET) ligands for in vivo receptor
subtype quantification, and elucidation of epigenetic mechanisms
underlying TPH2 regulation in vulnerable brain regions. These
approaches may uncover region-specific serotonergic signatures,
enabling the design of circuit-targeted interventions with improved
therapeutic indices.
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4.5 Norepinephrine, NE

Hyperfunction of the norepinephrine (NE) system represents
a core pathological mechanism in mania (Underhill et al.,
2020). As a primary catecholaminergic neurotransmitter
system, noradrenergic neurons originate in brainstem nuclei
including the locus coeruleus and raphe nuclei. Their
extensive projections innervate key limbic and cortical
regions involved in emotional regulation, including the
prefrontal cortex, temporal lobe, hippocampus, and amygdala.
Through α1/2 and β1/2 adrenergic receptor subtypes,
this system mediates critical functions such as emotional
arousal, stress responsiveness, and cognitive control (Waples,
2022).

The classical catecholamine hypothesis posits that manic
episodes arise from noradrenergic (NE) system hyperactivation,
supported by lithium’s therapeutic effects via NE release
inhibition and manic patients’ 40-60% increased urinary
MHPG excretion (Fountoulakis et al., 2022). Pathophysiology
involves: Aberrant locus coeruleus activation triggers ERK-
mediated tyrosine hydroxylase (TH) phosphorylation, tripling
NE biosynthesis (Zeng et al., 2023). Concurrently, PKC-
mediated NE transporter (NET) phosphorylation reduces
reuptake efficiency while presynaptic α2 receptor desensitization
creates a “release-reuptake” positive feedback loop (Hayley
et al., 2021). Chronic adaptive changes include β-receptor
downregulation and α1-receptor upregulation, potentially
mediating acute-to-chronic symptom transitions. AMPH-induced
animal models demonstrate dose-dependent prefrontal NE
elevation correlating with stereotypy scores (Underhill et al.,
2020). Two convergent mechanisms drive this phenotype: MAO
inhibition reduces NE metabolism to MHPG, while HPA axis
activation enhances TH transcription via glucocorticoid receptors
(Snyder and Innis, 1979). This dual action leads to synaptic NE
accumulation, activating amygdala β1 receptors for emotional
arousal while impairing prefrontal α2 receptor-mediated cognitive
control.

Current therapeutic strategies target multiple components
of the noradrenergic system: α2 agonists (e.g., clonidine)
attenuate locus coeruleus firing via presynaptic negative
feedback, reducing NE release; β-blockers (e.g., propranolol)
mitigate postsynaptic hyperactivation by antagonizing
β-adrenoceptors. Despite these mechanistic insights, clinical
translation remains challenging due to overlapping NE
dysregulation in anxiety disorders and post-traumatic stress
disorder, combined with incomplete characterization of
receptor subtype regional specificity (Dean and Keshavan,
2017). Future research should prioritize integrating PET/MRI
neuroimaging to map spatiotemporal expression profiles
of NE receptor subtypes, conducting pharmacogenetic
studies to identify NET gene polymorphisms associated
with treatment response, and developing subtype-selective
ligands to dissect receptor-specific contributions to symptom
domains. These initiatives may uncover biomarkers for NE-
related endophenotypes, enabling the development of precision
medicine approaches tailored to individual receptor expression
signatures.

4.6 Acetylcholine, ACh

The cholinergic system demonstrates multifaceted involvement
in the pathophysiology of mania, with acetylcholine (ACh)
neurotransmission exhibiting complex regulatory dynamics across
neuroanatomical circuits (Yang et al., 2023). As a pivotal
neuromodulator, ACh-producing neurons originating from the
basal forebrain complex extensively innervate cognition-associated
regions including prefrontal and temporal cortices as well as
the hippocampus, coordinating higher-order functions through
synergistic activation of nicotinic (nAChRs) and muscarinic
(mAChRs) receptor subtypes (Cox et al., 2020).

The cholinergic-adrenergic equilibrium hypothesis posits that
manic states arise from noradrenergic hyperactivation coupled
with cholinergic suppression, a paradigm substantiated by both
preclinical models and clinical observations (Chen et al., 2010).
AMPH-induced mania model reveal striatal ACh fluctuations
characterized by acute-phase (24 h) elevation mediated through
D2 receptor-dependent acetylcholinesterase (AChE) inhibition,
contrasting with chronic-phase (7d) normalization via protein
kinase C (PKC)-mediated suppression of choline acetyltransferase
(ChAT) expression (Bashkatova and Philippu, 2019; Varela
et al., 2013). This biphasic phenomenon originates from DA-
mediated regulation of cholinergic transmission, establishing an
adaptive homeostatic loop where acute dopaminergic surges
transiently elevate synaptic ACh through AChE blockade, while
chronic DA exposure induces sustained cholinergic depletion via
transcriptional ChAT downregulation.

Notably, interspecies divergence complicates translational
interpretation: whereas rodent models demonstrate acute ACh
elevation, manic patients exhibit reduced cerebrospinal ACh
levels (Varela et al., 2013). This discrepancy may stem from 40%
greater prefrontal mAChR density in humans versus rodents,
coupled with M1/M4 subtype-selective downregulation and
α1 adrenergic receptor-mediated suppression of ACh release
during noradrenergic hyperactivity (Lutfy et al., 2024). Future
investigations should prioritize developing computational models
of ACh-NE cross-system dynamics across neural networks,
particularly elucidating mAChR subtype-specific contributions
to emotional regulation—especially M1 receptor-mediated
cognitive potentiation effects. Such mechanistic insights will
advance understanding of cholinergic pathophysiology in bipolar
disorders and inform multi-target therapeutic strategies addressing
neurotransmitter network dysregulation (Table 4).

5 Molecular mechanisms of
mania-associated neural signaling
pathways

5.1 Neuroplasticity and cell survival
related pathways

5.1.1 The ERK signaling pathway: a central
regulator of neuroplasticity

The extracellular signal-regulated kinase (ERK) pathway, a
pivotal branch of the mitogen-activated protein kinase (MAPK)
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TABLE 4 Neurochemical dysregulation profiles in mania: regional pathophysiology and therapeutic targets.

Neuro
transmitter
system

Core brain
regions

Clinical
pathological
features

Key findings in
AMPH Models

Dynamic
regulation

Therapeutic
relevance

DA Striatum, prefrontal
cortex, nucleus
accumbens,
hippocampus

Elevated DA levels during
mania; D2 receptor
hypersensitivity with D1
receptor dysfunction

Acute exposure: striatal
DA surge; Chronic
exposure: Prefrontal DA
metabolic imbalance

Limbic DA
hyperactivation;
prefrontal DA imbalance

Second-generation
antipsychotics

Glu Hippocampus,
striatum, nucleus
accumbens

Increased Glu uptake in
limbic system; Glutamine
level abnormalities

AMPAR/KAR
overactivation; EAATs
dysfunction

Synaptic Glu
accumulation

mGluR-targeted
allosteric modulators

GABA Prefrontal cortex,
hippocampus,
nucleus accumbens

Reduced CSF GABA; Altered
Glu/GABA ratio

Acute AMPH: Striatal
GABA↑; Chronic AMPH:
GAT-1↓

Biphasic “rise-fall”
pattern

Benzodiazepines

5-HT Raphe nucleus,
prefrontal cortex,
hippocampus

Prefrontal 5-HT↓, 5-HT1B↑,
5-HT1A/2A↓

Acute AMPH:
Hippocampal 5-HT↑;
Chronic:
MAOA↑-mediated
catabolism

Negative feedback loop Lithium salts

NE Locus coeruleus,
prefrontal cortex,
amygdala

Elevated urinary MHPG;
β-receptor↓, α1 receptor↑

NE metabolism↓; HPA
axis activation with TH↑

Positive feedback cycle α2agonists, β-blockers

ACh Basal forebrain,
prefrontal cortex,
striatum

CSF ACh↓; M1/M4
receptor↓

Acute: ACh↑ via AChE↓;
Chronic: ChAT↓

DA-modulated biphasic
shift

Cholinesterase inhibitors

cascade, orchestrates neurodevelopmental and neuroplastic
processes through phosphorylation-dependent regulation
of transcription factors and cytoskeletal proteins, critically
modulating neurogenesis, synaptic plasticity, and neuronal
survival (Park, 2023). Clinical neuropathological analyses reveal
reduced total ERK1/2 protein expression in the prefrontal
cortices of bipolar manic patients compared to healthy controls,
with the degree of reduction inversely correlating with cognitive
flexibility deficits—implicating ERK hypofunction in manic-related
neuroplasticity impairment (Tan et al., 2023). Mood stabilizers
lithium and valproate (VPA) reverse this pathology by enhancing
prefrontal ERK1/2 phosphorylation, mechanistically through
glycogen synthase kinase-3β (GSK-3β) inhibition-mediated
disinhibition of Raf kinase activity (Owens et al., 2012; Walz et al.,
2008).

Preclinical validation emerges from AMPH-induced
mania model demonstrating hippocampal CA1-specific ERK1
phosphorylation deficits concurrent with dendritic spine
density reduction and attenuated long-term potentiation (LTP)
magnitude (Valvassori et al., 2019b). Crucially, ERK activity
blockade abolishes brain-derived neurotrophic factor (BDNF)-
stimulated synaptic protein synthesis, positioning ERK signaling
as a central integrator of neurotrophin-mediated synaptic
remodeling.

Mechanistically, ERK regulates neuronal adaptability via
a three-tiered kinase cascade culminating in immediate-
early gene (IEG) induction (e.g., c-Fos, Egr-1), thereby
coordinating structural and functional plasticity. AMPH-
induced dopamine D1 receptor overactivation may suppress
this pathway via aberrant cAMP/protein kinase A (PKA)
signaling. Future investigations should employ cell type-
specific knockout models to dissect isoform-selective

ERK contributions (ERK1 vs. ERK2) to discrete manic
symptomatology domains, particularly affective dysregulation
versus cognitive disintegration.

5.1.2 The CREB signaling pathway: a hub
connecting synaptic plasticity to neurotrophic
regulation

The cAMP response element-binding protein (CREB), a
master transcriptional integrator of protein kinase A (PKA)
and extracellular signal-regulated kinase (ERK) signaling,
critically regulates neuronal plasticity and stress adaptation
through genomic control of brain-derived neurotrophic factor
(BDNF) and B-cell lymphoma 2 (Bcl-2) expression (Yan et al.,
2024). Clinical neuroimaging reveals diminished prefrontal
cortical CREB phosphorylation in bipolar disorder patients, with
phosphorylation deficits inversely correlating with cognitive
flexibility impairments, suggesting CREB hypofunction as a
molecular substrate for manic-related cognitive dysfunction
(Goloncser et al., 2024).

AMPH-induced mania model exhibit pronounced CREB
dysregulation: Dorsal striatal CREB phosphorylation declines
significantly at 24 h post-administration, paralleling BDNF protein
reduction (Cechinel-Recco et al., 2012). Crucially, CREB activity
suppression selectively attenuates AMPH-driven hyperlocomotion,
directly implicating CREB signaling in manic behavioral
pathogenesis. Lithium carbonate demonstrates therapeutic
reversibility, normalizing striatal CREB phosphorylation and
upregulating synaptophysin via CREB-BDNF transcriptional
coupling (Walz et al., 2008).

Mechanistic analyses position CREB as a nodal convergence
point for ERK/PKA signaling cascades, governing BDNF-
Tropomyosin receptor kinase B (TrkB) pathway activation.
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AMPH-induced dopamine D1 receptor hyperactivation triggers
pathological cAMP/PKA signaling that suppresses CREB
phosphorylation, ultimately impairing synaptic plasticity through
BDNF synthesis deficits.

5.2 Inflammation and immunoregulatory
pathways

5.2.1 The COX-2-IDO-1 pathway: the crossroads
of neuroinflammation and glutamatergic
disorders

The cyclooxygenase-2 (COX-2)-indoleamine 2,3-dioxygenase
1 (IDO-1) axis critically modulates neuroimmune homeostasis
through coordinated regulation of prostaglandin biosynthesis
and tryptophan catabolism. Clinical biomarker analyses
demonstrate elevated serum COX-2 activity in bipolar manic
patients compared to healthy controls, suggesting pathway
hyperactivation may disrupt excitatory-inhibitory balance via
dual glutamatergic mechanisms (Zhang et al., 2023). Firstly,
COX-2-driven astrocytic endocytosis impairs synaptic glutamate
reuptake efficiency. Secondly, IDO-1-mediated tryptophan-
kynurenine pathway shunting causes quinolinic acid (QUIN)
accumulation, which potentiates N-methyl-D-aspartate receptor
(NMDAR)-dependent glutamatergic hyperexcitability (Tran
et al., 2020). Therapeutic co-administration of meloxicam
(COX-2 inhibitor) and 1-methyl-DL-tryptophan (IDO-1
inhibitor) normalizes striatal glutamate levels, validating
this pathway’s translational potential (Valvassori et al.,
2019b).

AMPH-induced mania model precisely recapitulate
this neuroinflammatory signature, with striatal COX-2
overexpression and IDO-1 activation emerging within 6 h
post-administration. Mechanistically, the COX-2-IDO-1 cascade
engages oxidative stress through QUIN-induced mitochondrial
reactive oxygen species (ROS) overproduction, which activates
NLRP3 inflammasomes to amplify interleukin-1β (IL-1β)
secretion and COX-2 expression—establishing a self-reinforcing
inflammatory loop.

Future investigations should delineate cell type-specific
activation patterns (glia vs. neurons) and characterize
spatiotemporal correlations between peripheral inflammation
markers and central COX-2-IDO-1 activity dynamics.

5.2.2 The P2 × 7 receptor pathway:
neuroimmune crosstalk in bipolar MANIA

The P2 × 7 receptor (P2 × 7R), an ATP-gated cation
channel, orchestrates neuroinflammatory responses through
NLRP3 inflammasome activation, serving as a critical
mediator of neuroimmune interactions in bipolar disorder
(Yu et al., 2023). Clinical multi-omics analyses demonstrate
elevated P2 × 7R mRNA expression in peripheral blood
mononuclear cells (PBMCs) of manic-phase patients
compared to euthymic controls, with expression levels
positively correlating with serum interleukin-1β (IL-1β)
concentrations—identifying this pathway as a putative
biomarker for manic-associated neuroinflammation (Gubert
et al., 2016).

Preclinical validation emerges from AMPH-induced mania
model, where striatal P2 × 7R protein upregulation emerges
within 3 h post-AMPH administration, paralleling extracellular
ATP accumulation. This neuroinflammatory signature is
mechanistically attributed to ATP-P2 × 7R-NLRP3 signaling
axis activation (Iwata et al., 2016).

Pathway integration analyses reveal P2 × 7R signaling
synergizes with the COX-2-IDO-1 cascade to form
an inflammatory amplification network: IL-1β initiates
cyclooxygenase-2 (COX-2)-dependent prostaglandin E2
(PGE2) synthesis, which subsequently enhances ATP release
through pannexin-1 channels, establishing a self-reinforcing
feedforward circuit (“IL-1β→COX-2→PGE2→ATP”). This
crosstalk potentially drives glutamatergic hyperexcitability and
dopaminergic dysregulation via NMDA receptor potentiation and
striatal terminal activation.

5.3 Metabolic and energy homeostasis
pathways

5.3.1 The GLP-1 receptor pathway: metabolic
adaptation and cross-system interactions in
mania

The glucagon-like peptide-1 receptor (GLP-1R) signaling
pathway, a critical neuromodulatory system governing
cognitive and metabolic homeostasis (Zhang et al., 2023),
exhibits putative hyperactivation in bipolar mania. While
clinical evidence remains limited, preclinical models
suggest compensatory GLP-1R pathway engagement
during manic states through coordinated molecular
adaptations.

In AMPH-induced mania model, GLP-1R signaling displays
a biphasic activation profile characterized by Gαs-protein-
mediated adenylate cyclase potentiation and subsequent Akt
pathway activation via phosphoinositide 3-kinase (PI3K)-
dependent cascades (Chaves Filho et al., 2020). This dual
signaling axis induces widespread phosphorylation of Akt
substrates, forming a neuroprotective network to counteract
AMPH-driven mitochondrial dysfunction and oxidative
stress. Mechanistically, pathway hyperactivity arises from
synergistic inputs: (1) neurotransmitter imbalance-induced
metabolic crisis, (2) oxidative stress-triggered mitochondrial
depolarization, and (3) direct AMPH activation of aberrant
cAMP-protein kinase A (PKA) signaling (de Souza Gomes et al.,
2015).

Notably, GLP-1R functions within an integrated signaling
framework where it synergizes with the cAMP/PKA axis to
drive transcriptional reprograming and cellular resilience
while modulating monoaminergic tone through D2 receptor
phosphorylation and glutamate transporter (EAAT) regulation.
Future research should prioritize clinical validation using
GLP-1R PET ligands to quantify receptor density in manic
versus euthymic states, development of brain-region-specific
knockout models to dissect circuit-level contributions, and
pharmacological interrogation of the GLP-1R-PKA-Akt axis as a
potential anti-manic target.
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5.4 Enzymes and epigenetic pathways

5.4.1 The HDAC pathway: epigenetic
dysregulation in mania

The histone deacetylase (HDAC) signaling pathway contributes
to manic pathophysiology through chromatin remodeling and
transcriptional regulation (Ho et al., 2020). HDAC hyperactivity
promotes histone deacetylation, leading to chromatin condensation
and repression of inhibitory neuronal genes while HDAC inhibitors
like valproate enhance neurotrophic factor expression (BDNF,
NGF) and synaptic plasticity. Clinical evidence supports HDAC
overactivation in bipolar disorder, with valproate’s therapeutic
efficacy directly linking HDAC inhibition to symptom remission
(Varela et al., 2020).

In AMPH-induced mania model, frontal cortex HDAC
elevation occurs alongside mitochondrial respiratory chain
dysfunction, suggesting energy deficits trigger HDAC-mediated
adaptive gene expression (Steckert et al., 2013; Moretti et al., 2011).
Concurrent oxidative stress may further activate HDACs, creating
a feedforward loop of transcriptional dysregulation.

HDAC signaling intersects with DNMT activity to
synergistically regulate chromatin states, modulates dopamine D2
receptor expression in reward circuitry, and interacts with lithium’s
GSK-3β inhibitory effects. While HDAC’s therapeutic actions
depend on DNMT interactions, the precise regulatory network
remains unclear (Stertz et al., 2014). Future multi-omic studies
mapping HDAC-DNMT crosstalk in vulnerable brain regions and
validating HDAC isoform-specific inhibitors hold translational
potential.

5.5 Ion channel

5.5.1 The Kv7 (KCNQ) signaling pathway:
voltage-gated potassium channels in mania

The Kv7 (KCNQ) voltage-gated potassium channel family
modulates neuronal excitability and contributes to manic
pathophysiology (Mondejar-Parreño et al., 2020). While preclinical
studies demonstrate therapeutic potential, clinical translation
remains underexplored. Non-selective Kv7 activators like
retigabine exert antimanic effects in animal models by targeting
multiple channel subtypes, validating this pathway as a drug
discovery target (Grunnet et al., 2014).

In AMPH-induced mania model: Kv7 activation reduces
striatal dopamine release through dual mechanisms:
hyperpolarizing VTA dopamine neuron resting membrane
potential via enhanced potassium efflux and attenuating burst firing
dynamics by stabilizing action potential thresholds (Kristensen
et al., 2012). These effects collectively decrease synaptic dopamine
concentrations and mitigate reward-related behaviors.

Notably, antimanic agents like lithium synergize with Kv7
activation through GSK-3β inhibition, suggesting convergent
pathways in reducing neuronal hyperexcitability (Mondejar-
Parreño et al., 2020). However, subtype-specific challenges persist:
Kv7.2/Kv7.3 subunits predominate in brain regions relevant
to mood regulation, while peripheral expression of other
isoforms (e.g., Kv7.1) may cause side effects. Development of
brain-penetrant, subtype-selective ligands will be critical for

translational success. Future studies should prioritize in vivo Kv7
channel imaging in manic patients, isoform-specific knockout
models to dissect circuit contributions, and structure-based drug
design targeting Kv7.2/Kv7.3 gating mechanisms. This integrative
approach may unlock Kv7 channels as novel therapeutic targets for
bipolar disorder.

5.6 The PKCβ-DAT pathway:
neurotransmitter-receptor interaction
pathway

Protein kinase C (PKC) signaling plays a central role in
the pathophysiology and treatment of bipolar disorder (Fallah
et al., 2016). Postmortem studies demonstrate elevated PKC
activity in the prefrontal cortex of manic patients compared to
healthy controls, with significant positive correlations between PKC
activation and dopamine transporter (DAT) phosphorylation levels
(Zarate et al., 2007; Goloncser et al., 2024). This suggests PKC
hyperactivity drives dopaminergic system dysfunction through
DAT regulation.

In AMPH-induced mania model, TAAR1 receptor activation
in the ventral tegmental area (VTA) initiates a signaling cascade
involving Gαi inhibition, cAMP elevation, and calcium influx
(Goloncser et al., 2024; Trevizol et al., 2011). This second messenger
surge activates PKCβ via calmodulin-dependent pathways, leading
to N-terminal serine phosphorylation of DAT. Conformational
changes in DAT promote dopamine efflux, concurrent with
increased striatal COX-2 expression and 8-isoprostane F2α

accumulation—hallmarks of oxidative stress (Valvassori et al.,
2019a). This creates a self-reinforcing cycle where dopamine
efflux enhances oxidative stress, activating phospholipase C
(PLC) and perpetuating PKCβ activation. Pharmacological
targeting of this pathway shows promise. The selective PKCβ

inhibitor lubeluzole restores dopaminergic homeostasis by
blocking DAT phosphorylation and upregulating D2 receptor
membrane expression (Zestos et al., 2019). Mechanistically,
lubeluzole reduces 4-hydroxynonenal (HNE) accumulation and
attenuates JNK/c-Jun-mediated neuronal apoptosis (Kawano et al.,
2021).

However, PKCβ-DAT signaling operates within a
broader network: inflammatory feedback with COX-
2/PGE2 amplifies neuroinflammation, ERK/CREB pathway
suppression impairs neuroplasticity, and concurrent 5-HT/NE
transporter phosphorylation disrupts monoamine balance.
This interconnected signaling network suggests that PKCβ

represents a critical therapeutic node. Combining PKCβ

inhibition with antioxidant/anti-inflammatory strategies may
break pathological cycles and achieve precision intervention in
mania (Dencker et al., 2008). Future studies should prioritize
in vivo PKCβ activity imaging in bipolar patients, development
of brain-penetrant isoform-selective PKC modulators, and
systems biology approaches to map PKCβ interactomes in
vulnerable circuits. Such integrative strategies could transform
PKC signaling from a mechanistic target to a clinical reality
(Table 5).
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TABLE 5 Molecular mechanisms of mania-associated neural signaling pathways.

Pathway Molecular
mechanism

Clinical evidence Preclinical
validation

Therapeutic
implications

Future
directions

ERK signaling - MAPK cascade
regulating
neuroplasticity via
transcription factor
phosphorylation

- Reduced prefrontal ERK1/2
in manic patients; inverse
correlation with cognition

- AMPH models:
hippocampal ERK1↓,
dendritic spine density↓,
LTP↓

- Lithium/VPA enhance
ERK phosphorylation via
GSK-3β inhibition

- ERK isoform-
specific roles
using conditional
knockouts

CREB signaling - Integrates PKA/ERK to
regulate BDNF/Bcl-2
transcription

- Prefrontal CREB
phosphorylation↓ correlates
with cognitive deficits

- AMPH models: striatal
CREB↓ at 24h; BDNF↓;
CREB inhibition blocks
hyperactivity

- Lithium restores CREB
phosphorylation via
BDNF axis

- Mechanistic links
between cAMP/PKA
dysregulation and
CREB suppression

COX-2-IDO-1 axis - Dual modulation:
COX-2↑ impairs Glu
reuptake; IDO-1↑
generates
QUIN→NMDAR
activation

- Serum COX-2↑ in mania;
QUIN↑ correlates with
neuroinflammation

- AMPH models: striatal
COX-2↑/IDO-1↑ at 6h;
QUIN→ROS→NLRP3
inflammasome activation

- COX-2/IDO-1
inhibitors normalize
striatal Glu

- Glia-neuron
activation profiling;
peripheral-central
inflammation
dynamics

P2× 7R pathway - ATP-P2× 7R-NLRP3
axis drives IL-1β release;
synergizes with
COX-2-IDO-1

- PBMC P2× 7R mRNA↑ in
mania; correlates with IL-1β↑

- AMPH models: striatal
P2× 7R↑ at 3h;
ATP↑→inflammatory
loop

- P2× 7R antagonists
reduce Glu/Dopamine
dysregulation

- Brain-specific
P2 × 7R modulators;
spatiotemporal
mapping of
neuroinflammation

GLP-1R pathway - Gαs→adenylate
cyclase→PI3K/Akt
activation; counteracts
oxidative stress

- Limited clinical data;
putative compensatory
activation in mania

- AMPH models: biphasic
Akt activation; mitigates
mitochondrial
dysfunction

- GLP-1R agonists may
stabilize
metabolic-cognitive
networks

- GLP-1R PET
imaging; isoform-
specific CRISPR
models; Akt/PKA
inhibitors

HDAC signaling - Chromatin
REMODELING via
histone deacetylation;
represses
neuroprotective genes

- HDAC↑ in bipolar patients;
valproate efficacy linked to
HDAC inhibition

- AMPH models: frontal
HDAC↑ with
mitochondrial
dysfunction

- HDAC inhibitors (e.g.,
valproate) enhance
BDNF expression

- HDAC-DNMT
crosstalk mapping;
isoform-specific
inhibitors

Kv7 channels - K+ efflux↓ neuronal
excitability; stabilizes
membrane potential

- Underexplored clinically;
retigabine shows preclinical
efficacy

- AMPH models: Kv7
activation↓ striatal DA via
VTA hyperpolarization

- Kv7 activators
(retigabine) reduce DA
release; synergize with
lithium

- Subtype-selective
Kv7.2/7.3 ligands;
in vivo Kv7 imaging
in patients

PKCβ-DAT pathway - PKCβ phosphorylates
DAT→DA efflux↑;
oxidative
stress→PLC/PKCβ

feedback

- Prefrontal PKC↑ correlates
with DAT phosphorylation↑
in mania

- AMPH models:
TAAR1→PKCβ→DAT
phosphorylation→DA↑;
oxidative markers↑

- PKCβ inhibitors
(lubeluzole) restore DA
homeostasis; reduce
apoptosis

- In vivo PKCβ

imaging; isoform-
specific modulators;
systems biology
approaches

6 Mechanism of oxidative
stress-inflammation axis in
AMPH-induced mania

6.1 Elevated levels of oxidative stress

Oxidative stress, characterized by disrupted equilibrium
between reactive oxygen species (ROS) production and antioxidant
defenses, induces macromolecular damage through lipid
peroxidation, protein modification, and DNA oxidation—
mechanisms implicated in numerous neuropsychiatric disorders
(Sies, 2015). Clinical investigations reveal heightened oxidative
burden in bipolar manic patients, evidenced by elevated
peripheral and cerebral malondialdehyde (MDA) levels and
protein carbonyl content, coupled with diminished antioxidant
enzyme activities including superoxide dismutase (SOD) and

glutathione peroxidase (GPx) (Martino et al., 2016). The
underlying pathophysiology involves dopamine (DA) metabolic
dysregulation: Mania-associated dopaminergic hyperactivity drives
excessive DA catabolism via monoamine oxidase (MAO)-mediated
hydrogen peroxide (H2O2) generation, which undergoes Fenton
reactions with iron to yield neurotoxic 6-hydroxydopamine
(6-OHDA). Concurrent DA autoxidation produces dopaminergic
quinones and ROS, triggering mitochondrial electron transport
chain dysfunction, antioxidant enzyme suppression, and
neuroinflammatory cascades. These interconnected mechanisms
establish a self-perpetuating “oxidative injury-neuronal
degeneration-symptom exacerbation” cycle (He et al., 2023).

The AMPH-induced mania model faithfully recapitulates
clinical oxidative stress dynamics (Figure 1), with acute exposure
triggering marked elevation of malondialdehyde (MDA) and
protein carbonyls in rat prefrontal cortex, hippocampus, and
striatum (Frey et al., 2006b; Valvassori et al., 2011). Chronic
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FIGURE 1

(A) Shows the state of inflammatory factors and oxidative stress factors under normal conditions in the organism. (B) Indicates AMPH injection.
(C) Shows the change of inflammatory factors and oxidative stress factors in the organism after AMPH injection.

AMPH administration amplifies oxidative damage through histone
deacetylase (HDAC)-mediated upregulation of 4-hydroxynonenal
(4-HNE), 8-iso-prostaglandin F2α (8-iso-PGF2α), and 3-
nitrotyrosine (3-NT) (Menegas et al., 2019). Notably, AMPH
exerts tissue-specific oxidative effects: sustained cerebral lipid
peroxidation contrasts with reduced serum thiobarbituric
acid reactive substances (TBARS), likely reflecting peripheral
antioxidant compensation via Entpd3-driven transient GPx/SOD
upregulation (Dencker et al., 2008; Valvassori et al., 2019a).
Mechanistically, AMPH disrupts mitochondrial bioenergetics
by inhibiting tricarboxylic acid (TCA) cycle enzymes (e.g.,
α-ketoglutarate dehydrogenase) while upregulating indoleamine
2,3-dioxygenase-1 (IDO-1), synergistically driving reactive oxygen
species (ROS) overproduction and antioxidant system collapse
(Tran et al., 2020; Trevizol et al., 2011).

Modulating oxidative stress presents innovative therapeutic
avenues for bipolar disorder management. Emerging strategies
leverage oxidative damage biomarkers such as cerebrospinal fluid
malondialdehyde (MDA) and serum 8-iso-prostaglandin F2α

(8-iso-PGF2α) as objective indicators for disease activity staging
and treatment response monitoring (Giménez-Palomo et al.,
2024). Mechanistic approaches involve suppressing indoleamine
2,3-dioxygenase-1 (IDO-1) activity to attenuate kynurenine
pathway-derived radical generation (Menegas et al., 2020),
administering tricarboxylic acid (TCA) cycle modulators like
α-lipoic acid to restore mitochondrial bioenergetics (Steckert
et al., 2013), and combining lithium with N-acetylcysteine
(NAC) to synergistically enhance glutathione synthesis while
detoxifying dopamine quinones (Menegas et al., 2019). Novel
therapeutic development focuses on HDAC inhibitors and

GLP-1 receptor agonists that concurrently regulate epigenetic
modifications and redox homeostasis, enabling multi-target
intervention (Giménez-Palomo et al., 2024). Future research
should prioritize multidisciplinary investigations integrating
oxidative stress profiling with neuroinflammatory and epigenetic
biomarkers, coupled with stratified clinical trials to validate
precision therapeutic protocols.

6.2 Decreased antioxidant capacity due
to decreased GSH levels

Glutathione (GSH), a tripeptide comprising glutamate,
cysteine, and glycine, serves as a master regulator of intracellular
redox homeostasis through reactive oxygen species (ROS)
scavenging and xenobiotic detoxification (Lima et al., 2022).
Clinical studies demonstrate significant GSH depletion in
blood and cerebral tissues of manic patients, correlating with
oxidative stress-induced metabolic dysregulation (Yap et al.,
2010). Mechanistically, this imbalance arises from dual pathways:
accelerated GSH catabolism via glutathione peroxidase (GPx)
and glutathione S-transferase (GST) hyperactivity, coupled
with impaired synthesis due to inflammatory cytokine-
mediated (IL-6, TNF-α) suppression of glutamate-cysteine
ligase (GCL) and mitochondrial dysfunction (Averill-Bates, 2023;
Jiménez-Fernández et al., 2021).

The AMPH-induced mania model recapitulates these findings,
showing pronounced GSH depletion in prefrontal, hippocampal,
and amygdalar regions (de Souza Gomes et al., 2015). AMPH-
driven dopamine release potentiates ROS generation (superoxide
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anions, hydroxyl radicals) during oxidative metabolism, triggering
lipid peroxidation (elevated MDA) and exhausting GSH reserves
to mitigate oxidative damage (Valvassori et al., 2013). Notably,
GLP-1 receptor agonists (e.g., liraglutide) and lithium restore
GSH levels in this model, revealing functional crosstalk between
GSH metabolism, neurotrophic signaling, and classical mood
stabilization pathways (Chaves Filho et al., 2020).

Emerging therapeutic strategies targeting GSH restoration
show translational promise. Supplementation with GSH precursors
like N-acetylcysteine enhances endogenous antioxidant capacity,
effectively ameliorating manic-like behaviors in preclinical models.
Pharmacological activation of the Nrf2 pathway offers another
viable approach to boost GSH synthesis. The combined use
of traditional mood stabilizers (e.g., lithium) with antioxidants
demonstrates synergistic effects in redox homeostasis restoration,
while novel GLP-1R agonists show potential for multi-target
intervention by bridging metabolic and neurotrophic regulation.
Future investigations should prioritize clinical validation of these
GSH-modulating approaches and evaluate peripheral oxidative
stress biomarkers (e.g., GSH/MDA ratio) as objective metrics for
treatment efficacy assessment.

6.3 Elevated levels of body inflammation
due to rise in pro-inflammatory factors

The inflammatory response serves as a critical defense
mechanism through which the immune system identifies and
eliminates pathogens while coordinating tissue repair via immune
cell recruitment and adaptive response modulation (Bulut et al.,
2021). However, chronic neuroinflammation contributes to
psychiatric pathogenesis through proinflammatory cytokine-
mediated neurotoxicity. Clinical investigations demonstrate
elevated serum and cerebrospinal fluid levels of interleukin-6 (IL-
6), tumor necrosis factor-α (TNF-α), and C-reactive protein (CRP)
in manic patients, reflecting systemic inflammatory activation
(Miola et al., 2022). This persistent inflammation originates from
multifactorial mechanisms including chronic psychological stress-
induced hypothalamic-pituitary-adrenal (HPA) axis dysregulation,
which promotes glucocorticoid resistance and aberrant NF-κB
pathway activation (Pereira et al., 2021); mood fluctuation-driven
mitochondrial dysfunction that releases damage-associated
molecular patterns (DAMPs) to activate microglial TLR4 receptors
and inflammatory cascades (Pereira et al., 2021); and blood-brain
barrier compromise facilitating peripheral monocyte infiltration
into the central nervous system, establishing a bidirectional
peripheral-central inflammatory axis (Pereira et al., 2021).

The AMPH-induced mania model accurately replicates
clinical neuroinflammatory dynamics, with acute exposure
upregulating IL-6 and TNF-α levels in rat prefrontal cortex,
hippocampus, and striatum while inducing microglial polarization
toward proinflammatory M1 phenotypes (de Souza Gomes et al.,
2015; Menegas et al., 2020). Mechanistic studies reveal AMPH’s
synergistic activation of inflammatory pathways: dopamine
metabolism-derived reactive oxygen species (ROS) oxidatively
modify IκBα to activate NF-κB signaling and enhance IL-4/IL-6
transcription (Sakrajda and Szczepankiewicz, 2021); reactive
nitrogen species (RNS) induce DNA damage that activates PARP-
1/JAK-STAT pathways, upregulating cyclooxygenase-2 (COX-2)

and indoleamine 2,3-dioxygenase-1 (IDO-1) (Phan et al., 2020);
and mitochondrial ROS leakage triggers NLRP3 inflammasome
assembly, driving IL-1β maturation and establishing an oxidative
stress-neuroinflammation feedback loop (Valvassori et al.,
2015). Notably, AMPH exhibits spatiotemporal specificity in
inflammatory modulation, with acute-phase localized brain
inflammation (e.g., prefrontal COX-2 elevation) transitioning to
chronic-phase peripheral immune infiltration accompanied by
compensatory serum IL-10 upregulation (Dencker et al., 2008).

Targeting inflammatory pathways presents novel therapeutic
opportunities for bipolar disorder management. Emerging
strategies include utilizing inflammatory biomarkers such as
cerebrospinal fluid IL-6 and serum CRP levels to guide personalized
anti-inflammatory treatment regimens (Korkmaz and Kızgın,
2023). Mechanistically informed interventions encompass small
molecule inhibitors (e.g., tofacitinib) to suppress proinflammatory
signaling through NF-κB and JAK-STAT pathways, microglial
polarization modulators like minocycline to inhibit M1 phenotypic
switching, and combination therapies pairing COX-2 inhibitors
(celecoxib) with lithium to synergistically reduce IL-6/TNF-
α production. Antioxidants such as N-acetylcysteine (NAC)
demonstrate adjunctive potential by scavenging reactive oxygen
species (ROS) to indirectly inhibit NF-κB activation, with
preclinical studies confirming their anti-inflammatory and
neuroprotective efficacy. Future investigations should prioritize
elucidating peripheral-central inflammatory crosstalk mechanisms
while advancing the development of blood-brain barrier-penetrant
anti-inflammatory agents for targeted neuromodulation.

7 Mechanisms of neurotrophic
factors in mania

Neurotrophic factors, encompassing brain-derived
neurotrophic factor (BDNF), nerve growth factor (NGF),
neurotrophin-3 (NT-3), neurotrophin-4/5 (NT-4/5), and glial
cell line-derived neurotrophic factor (GDNF), constitute critical
regulators of neuronal survival and plasticity (Gorgulu et al., 2021).
Clinical studies reveal distinct neurotrophic alterations in bipolar
mania, characterized by reduced BDNF, NGF, and GDNF levels
alongside elevated NT-3 and NT-4/5 concentrations—imbalances
potentially driving manic behavioral phenotypes (Amodeo et al.,
2017; Hodes et al., 2018).

Preclinical investigations using AMPH-induced mania
model recapitulate these perturbations: BDNF, NGF, and GDNF
expression decreases in the frontal cortex, hippocampus, striatum,
and amygdala, while NT-3 and NT-4/5 levels rise in serum and
hippocampal tissues (Chaves Filho et al., 2020; Valvassori et al.,
2019c; Walz et al., 2008). Mood stabilizers lithium carbonate and
valproate normalize these neurotrophic profiles, correlating
with attenuated manic-like behaviors (Frey et al., 2006a).
Mechanistically, AMPH-induced dopaminergic hyperactivity
may upregulate BDNF through D2 receptor-mediated activation
of glycogen synthase kinase-3 (GSK-3α/β) and protein kinase C
(PKC) signaling cascades (Cechinel-Recco et al., 2012; Valvassori
et al., 2011, 2015), while mechanistic underpinnings of other
neurotrophic alterations remain undetermined, warranting
systematic investigation.
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These neurotrophic disruptions likely contribute to
neuronal injury and cognitive impairment via impaired
synaptic maintenance and neurogenesis. Future therapeutic
strategies should prioritize multi-target approaches to normalize
neurotrophic homeostasis, potentially through pharmacological
modulation of BDNF-TrkB signaling or GDNF receptor tyrosine
kinase (RET) activation.

8 Challenges and perspectives:
translational medicine research
directions for the AMPH-induced
mania model

The AMPH-induced mania model has emerged as a pivotal tool
in bipolar disorder research, enabling comprehensive investigations
across behavioral, neurochemical, signaling pathway, oxidative
stress, and neuroinflammatory domains. While demonstrating
strong face validity in replicating core manic symptoms and
neuropathological features, several critical limitations necessitate
methodological refinement. Substantial heterogeneity exists in
current protocols, particularly regarding dosing parameters (e.g.,
2.5-8 mg/kg dose ranges, acute vs. chronic administration
schedules) and behavioral quantification methods (e.g., variable
Open Field Test metrics), with Table 1 documenting 30%
inter-strain pharmacokinetic variability in rodents and Table 2
revealing inconsistent temporal definitions for acute/chronic
modeling phases. Protocol standardization should prioritize three
key advancements: optimization of strain-specific dose-response
curves, implementation of multimodal behavioral assessment
systems integrating open field and EPM paradigms, and synergistic
application of neuroimaging (fMRI/PET) with region-specific
microdialysis to enhance construct validity and reproducibility
(Brandon et al., 2003; Chaves-Filho et al., 2024).

Mechanistic understanding remains constrained by
oversimplified drug-induced paradigms that neglect gene-
environment interplay—a hallmark of bipolar disorder’s
multifactorial etiology (Tondo et al., 2017). Advanced modeling
strategies should incorporate CRISPR-engineered DAT/BDNF
variants to elucidate genetic modulation of AMPH-induced
dopaminergic hyperactivity, combine chronic unpredictable
mild stress (CUMS) with AMPH exposure to mimic clinical
stress-triggered manic transitions (assessed via HPA axis markers
and HDAC/DNMT epigenetic profiling), and employ multi-omic
approaches to decode AMPH-responsive inflammatory networks
like the COX-2-IDO-1 axis (Giménez-Palomo et al., 2024; Pereira
et al., 2021; Varela et al., 2024).

Translational innovation requires biomarker-driven
therapeutic strategies, including clinical staging systems based
on peripheral oxidative stress markers (GSH/MDA ratios) and
central inflammatory profiles (CSF IL-6/TNF-α levels), novel drug
combinations like GLP-1R agonists with HDAC inhibitors, and
patient-specific iPSC-derived neuronal models to map individual
differences in AMPH-induced mitochondrial dysfunction (Chaves
Filho et al., 2020; Li et al., 2023; Menegas et al., 2020). Through
rigorous protocol standardization, multidimensional mechanism
elucidation, and precision medicine integration, the AMPH

model will remain indispensable for advancing bipolar disorder
pathobiology and therapeutic discovery.
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