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A sustained imbalance between excitatory and inhibitory mechanisms within the
glutamatergic and GABAergic systems of the cerebral cortex, induced by noxious
stimuli, is a fundamental characteristic in the development and maintenance of
chronic pain. This review provides a comprehensive summary of the roles and
interaction of glutamatergic and GABAergic systems in the processing of chronic
pain signals. Specifically, we present a systematic summary of the processing
patterns of the cerebral cortex in the cross-modular integration and output of
chronic pain information, according to four aspects, molecular, cellular, neural
network and behavioral cognition. These patterns consist of neuronal responses in
individual cortical regions, neuron-astrocyte interactions, sharing and cascading of
inter-cortical signals, and downward cortical modulation. Furthermore, a number
of potential therapeutic approaches to the chronic pain are discussed from the
pain management perspective.
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1 Introduction

The cerebral cortex, the highest level of central nervous system (CNS), governs sensory-
motor functions and emotional responses. Its neural networks excitability is regulated by two
key systems: the glutamatergic system and the gamma-aminobutyric acid (GABA) system
(Mazo et al., 2022; Wu et al., 2023; Ganguly et al., 2001; Kami et al., 2022; Petroff, 2002; Bell
et al., 2021). The glutamatergic system directly encode sensory information and reshapes
cortical nerve fiber projections (Tan et al., 2020; Waqas et al., 2018; Cui et al., 2022), whereas
the GABAergic system modulates excitatory inputs and optimizes the representation and
processing of supra-modal information (Ferguson and Gao, 2018; Tremblay et al., 2016).
While the GABAergic system modulates excitatory input and refines the processing of external
stimuli, thereby maintaining accurate sensory perception (Tan et al., 2020). The dynamic
fluctuations of these systems can, to some extent, reflect the current excitability state of
the brain.

Continuous exposure to noxious stimuli can lead to a dysregulation of the balance between
excitatory glutamatergic and inhibitory GABAergic systems in the cerebral cortex, which is
progressively exacerbated. This impairs normal cortical excitability and sensory output of the
noxious sensory network, resulting in neurological network instability, aberrant information
transmission (Chen et al., 2022; Marcello et al., 2013; Eto et al., 2012; Chang et al., 2014;
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Benson et al., 2015) and abnormal nociception (Pigott et al., 2023).
Meanwhile, cortical circuits undergo functional modifications and a
reduction in their capacity for corrective action (Cheriyan and Sheets,
2020), which ultimately results in an enhanced processing of chronic
pain (Pigott et al., 2023; Watson, 2016; Mecca et al., 2021; Zhang et al.,
2015; Peek et al., 2020; Niddam et al., 2021; Kang et al., 2021). This
process also evoke negative emotions, which interactively exacerbate
chronic pain (Song et al., 2024; Li et al., 2023). A cerebral excitation-
inhibition (E/I) imbalance is considered a significant factor in the
development of pain (Eto et al., 2012; Watson, 2016; Cao et al., 2019),
as well as a typical feature of the transition from acute to chronic pain
(Bell et al., 2021; Pigott et al., 2023; Peek et al., 2020; Wang et al., 2022;
Zunhammer et al., 2016) and the long-term maintenance of chronic
pain (Zunhammer et al., 2016; Thiaucourt et al., 2018). This imbalance
is also a critical factor in the development and maintenance of central
sensitization of the brain (Watson, 2016; Raja et al., 2020; Lyu et al.,
2021; Bhatt et al., 2023; Li et al., 2019). Furthermore, there is a positive
correlation between the ratio of glutamate to GABA and pain
sensitization (Zunhammer et al., 2016; Thiaucourt et al., 2018).

The extant review literature focuses on individual systems,
drawing systematic conclusions about for dysregulation of the
glutamatergic system (Temmermand et al., 2022; Zanetti et al., 2021;
Yang and Chang, 2019; Ozawa et al., 1998) or the GABAergic system
(Lietal., 2019; Qian et al., 2023; Fischer, 2017; Comitato and Bardoni,
2021) in chronic pain. Furthermore, it addresses distinctive pain
treatment modalities that target the systems and mechanisms that may
be associated with the onset or maintenance of chronic pain.
Moreover, some literatures have reported the progressive functional
and structural changes in the brain that occur in individuals with
chronic pain (Yang and Chang, 2019) and changes involve different
neuronal types and complex neural networks that process pain
information (Kuner and Kuner, 2021; Tan and Kuner, 2021; Mercer
Lindsay et al., 2021). However, there is a lack of systematic knowledge
regarding temporal dynamics in the E/I balance and the dynamic
processing of pain information in the cerebral cortex at the level of the
glutamatergic and GABAergic dual systems.

Therefore, this review considers the glutamatergic and GABAergic
systems, which are vital for sustaining the typical E/I equilibrium of
the brain, as a foundational focus. It exhibits a detailed analysis of the
chronological changes in interaction between glutamatergic and
GABAergic systems in pain and the processing patterns of pain
information for the cerebral cortex, involving various dimensions of
chronic pain. The objective is to achieve a systematic understanding
of the role of the cerebral cortex in the cross-modular integration and
output of chronic pain information at four levels, namely molecular,
cellular, neural network and behavioral cognition. Moreover,
therapeutic strategies targeting various elements of the glutamatergic
and GABAergic systems are classified to facilitate new perspectives
into pain treatment.

2 Cortical processing of pain-related
information

Pain is a multidimensional sensory experience involving sensory,
cognitive, and affective components (Raja et al., 2020). Research
focusing on the spinal cord, as the site for receiving, integrating, and
gatekeeping primary pain signals, is insufficient to fully elucidate the
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mechanisms underlying the development and persistence of chronic
pain, or to account for its cognitive and affective components
(Comitato and Bardoni, 2021; Rankin et al., 2024; Kiani et al., 2024;
Zheng et al., 2020). The cortex integrates incoming nociceptive
stimuli, extracts key pain features and re-encodes this information
(Ziegler et al., 2023; Ishikawa et al., 2023; Guo et al., 2023; Xiao et al.,
2023; Gan et al., 2022; Li et al., 2022; Hu et al., 2019; Shao et al., 2023).
It then mobilizes hierarchically organized neuronal projections to
diverse brain regions (Li et al., 2023; Guo et al., 2023; Li et al.,, 2022;
Chen et al., 2024; Hu et al., 2021; Smith et al., 2021; Cardoso-Cruz
etal., 2019; Garcia-Larrea and Peyron, 2013), engaging in bidirectional
interactions with glial cells (Kim et al., 2016; Zhou et al., 2025). This
dynamic process establishes a cortex-centric pain modulation
network. This network governs the propagation and feedback of pain-
related information across the brain, orchestrates responses to the
multifaceted components of pain, and ultimately drives adaptive
changes in behavior, cognition, and emotional state (Gan et al., 2022;
Liet al,, 2022; Martins et al., 2015; Falconi-Sobrinho et al., 2017; Singh
et al., 2020; Buetfering et al., 2022).

Furthermore, sustained nociceptive input progressively worsens
the E/I imbalance between glutamatergic and GABAergic systems
within the cerebral cortex, leading to functional reorganization
(Sanganahalli et al., 2021; Baliki et al., 2012; Obermann et al., 2013).
This reorganization is characterized by a spatiotemporal shift in brain
activity, transitioning from sensory structures toward anterior
emotional and limbic regions (Baliki et al., 2012; Park et al., 2022; Li
et al., 2025). Substantial evidence indicates this renders neural
networks more susceptible to persistent activation across all pain
dimensions (Sanganahalli et al., 2021). Consequently, this elevated
and prolonged network activity underlies the prolongation of pain
duration, maintenance of the pain state, and the development of
associated emotional and cognitive impairments and motor
dysfunction (Weizman et al, 2018), thereby promoting pain
catastrophizing (Gnall et al., 2025; Korkut, 2025; Jee et al., 2023).
Critically, the degree of E/I imbalance and its associated shift in the
cortex may reflect the brain’s integrated representation of the perceived
intensity of the ongoing chronic pain state, concurrent emotional
alterations, prognostic predictions, and the processing mechanisms
underlying chronic pain itself (Baliki et al., 2012).

3 Brain regions exhibiting
time-varying E/I balance and
divergent neural response

Persistent nociceptive input directly targets cortical regions
responsible for pain perception and emotional processing. This
induces a sustained E/I imbalance, triggering dysregulated of neuronal
gene expression, aberrant receptor signaling, and disruption of
downstream transduction pathways. Consequently, maladaptive
synaptic plasticity develops, which disrupts normal sensory encoding
and leads to pathological processing of nociceptive signals. These
alterations result in impaired discrimination of noxious stimuli and
distorted pain perception, while simultaneously generating negative
affective states (as illustrated in Figure 1).

The glutamatergic system plays a dominant role on the initial
processing of pain. Noxious stimuli enhance glutamatergic
transmission (Cseh et al., 2020), leading to a reflexive increase in
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FIGURE 1

The dynamic changes of glutamatergic and GABAergic system. In physiological state, the two systems work together in response to external stimuli, in
part as a function of the current state of arousal. In chronic pain state, prolonged exposure to noxious stimuli can induce sustained excitation of the
glutamatergic system in the cerebral cortex. The excitability of the GABAergic system changes from increased to decreased to compensate for the
abnormal change in excitability of the CNS. However, this is not sufficient to restore normal homeostasis.

glutamate levels (Watson, 2016; Wu et al., 2008; Guida et al., 2015).
Concurrently, changes occur in the structure and function of
glutamate receptors, such as N-methyl-D-aspartate receptors
(NMDARs) (Mao et al., 2022; Zugaib et al., 2014; Fan et al., 2018; Sun
et al,, 2016; Hogrefe et al., 2022; Ren et al., 2022; Lopez-Avila et al.,
2004), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptors (AMPARs) (Sun et al., 2016; Ren et al., 2022; Chen et al,,
2014; Liu et al,, 2015) and metabotropic glutamate receptors (mGluRs)
(Cao et al, 2019; Kim et al, 2016; Ji and Neugebauer, 2011;
Notartomaso et al., 2024), inducing synaptic plasticity. This plasticity
manifests as alterations in the induction of long-term potentiation
(LTP) (Tullis et al., 2023) or the suppression of long-term depression
(LTD) (Liu W. et al., 2024). Collectively, these changes result in
functional hyperactivity of cortical glutamatergic neurons and
widespread neuronal excitation. Evidence shows that following nerve
ligation or complete Freund’s adjuvant (CFA) injection, glutamatergic
neurons in the secondary somatosensory cortex (S2) (Guo et al,
2023), anterior cingulate cortex (ACC) (Zhang et al., 2017), insular
cortex (IC) (Zhang et al.,, 2023), and prelimbic cortex (PL) (Ma
L. et al., 2024) exhibit hyperactivity. This hyperactivity contributes to
an imbalance in E/I dysfunction, an increased sensitivity to pain (Wu
et al., 2008; Chen et al., 2014; Tullis et al., 2023) and an enhanced
aversion behavior (Zhang et al., 2017). Furthermore, excessive
excitation of glutamatergic neurons in these pain-processing regions
can inhibit glutamatergic neurons in other brain areas (Thompson and
Neugebauer, 2019; Ji et al., 2010), thereby prioritizing the perception
and transmission of nociceptive signals within the brain.

The modulation of GABAergic system dynamically shifts during
chronic pain progression, evolving from an adaptive inhibitory state
to a maladaptive disruption of e E/I balance. The GABAergic system
acts to counteract neuronal excitation. Co-activated alongside the
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glutamatergic system, GABAergic activity serves as a marker for
persistent changes in pain perception. Painful stimuli have been
observed to stimulate GABA release (Jasmin et al., 2003; Peek et al.,
2021), enhance GABA, receptor activation via mGluR1 (Ji and
Neugebauer, 2011) and promote GluD1 binding—an iGluR family
member—with GABA (Piot et al., 2023). Consequently, GABAergic
neurons are activated, partially correcting the E/I imbalance (Eto
et al., 2012; Zhang et al., 2023). However, the effect of enhanced
inhibition is proves insufficient to fully counterbalance the increased
glutamatergic excitation and alleviate chronic pain symptoms (Eto
etal, 2012; Cao et al., 2019; Zhang et al., 2023). Paradoxically, pain
itself can directly hyperactivate the GABAergic system, triggering
feedforward inhibition that reduces output neuronal activity, thereby
promoting pain persistence (Zhang et al., 2015; Kim et al., 2024).
Conversely, when pain becomes sustained or intensifies, the
GABAergic system becomes dysregulated. This leads to a further
breakdown of E/I balance, facilitating the development of persistent
pain sensitization and the emergence of diverse complex pain-related
behavioral comorbidities.

Furthermore, a disrupted collapse of the GABAergic system
occurs in the absence of the removal of exogenous or endogenous
stimuli, resulting in a malignant E/I imbalance, persistent pain
sensitization and the emergence of a variety of complex pain-related
behaviors. It has identified that inhibitory synaptic deficits in
hippocampus (HPC) induces by the increase of a5-containing GABA
receptors (Cai et al., 2022) or GABA release (Saffarpour et al., 2017)
mediate cognitive impairment associated with pain. A reduction of
the inhibitory synaptic transmission resulting from the decrease in
GABA release and expression of vesicular GABA transporter, although
the GABA transporter-1 increasing in neuropathic pain (Masocha,
2015), can contribute to the development of pain and anxiety in the
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ACC in inflammatory pain (Shao et al., 2021; Koga et al., 2018).
Interestingly, the addition of exogenous GABA can reverse abnormal
excitability caused by paclitaxel-induced neuropathic pain in the ACC
(Nashawi et al., 2016). Conversely, the over-release of GABA, induced
by the loss function of CBIR in GABAergic neurons of the PL, can
lead to depression (Mecca et al., 2021; Li et al., 2022).

Critically, pain responses exhibit significant heterogeneity even
among neurons within a single brain region, underscoring the
complexity of cortical pain processing. Distinct subregions and diverse
subtypes of glutamatergic and GABAergic neurons within a given area
respond differentially to pain signals. In the medial prefrontal cortex
(mPFC) of mice, neuropathic injury increases the excitability of
parvalbumin-expressing neurons in layer 5 of the PL subdivision
(Jones and Sheets, 2020). Conversely, it reduces the excitability of
somatostatin-expressing neurons in layers 2/3 (Jones and Sheets,
2020). Painful stimuli attenuate the excitability of glutamatergic
neurons in the anterior but not in inferior limbic subregions of the
mPFC (Cheriyan and Sheets, 2018). In the midcingulate cortex
(MCC), the majority of glutamatergic neurons in zone 2 are inhibited
by painful stimuli. Whereas zone 1, they are activated (Hu et al., 2019).
Cortical responses to distinct types of pain stimuli also exhibit region-
specific heterogeneity. Glutamatergic neurons in the ventral
hippocampal CA1 (vCA1) subregion exhibit increased excitability in
response to neuropathic pain (Kami et al., 2022), but conversely show
reduced excitability following CFA-induced inflammatory pain (Shao
et al, 2023). Concurrently, glutamatergic neurons in the dorsal
hippocampus also demonstrate decreased excitability during
inflammatory pain (Wei et al., 2021). Moreover, distinct subregions of
a single brain region can mediate the information transmission of
different components. The anterior parts of the IC preferentially
mediate somatosensory features of pain, while the posterior parts are
more involved in the affective features (Meng et al, 2022).
Glutamatergic neurons in layers 5 and 6 of the primary motor cortex
(M1) encode downstream projection information for the various
components of pain (Gan et al., 2022).

4 Functional homeostatic of
neuron-astrocyte interaction

It is clear that the neuron-astrocyte crosstalk is critical for
maintaining the normal function of the nervous system. Astrocytes
play a critical role in the regulation of synaptic gap homeostasis, which
is instrumental in the perception and maintenance of central
sensitivity to chronic pain (Ozawa et al., 1998; Kim et al., 2016; Lee
et al,, 2022). This is achieved by forming the tripartite synapse with
neurons (Araque et al., 1999; Perea et al., 2009), involving in the
glutamate-glutamine cycle, generating and regulating the release of
glutamate (de Ceglia et al., 2023) and GABA (Koh et al., 2023; Vélez-
Fortetal., 2012; Cheng et al., 2023) and their own activity in response
to stimuli (Cahill et al., 2024). This interaction is disrupted in chronic
pain, resulting in an over-excitation of neurons and a diminished
inhibitory effect of astrocytes on neurons. This further exacerbates the
imbalance between the excitation and inhibition in the brain, leading
to disturbances in pain signaling and processing and excitatory
neurotoxicity (Ozawa et al., 1998; Lee et al., 2022).

Astrocytes can influence neuronal activity through signaling
mechanisms. Sustained nociceptive stimulation induces aberrant
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glutamate metabolism, which activates astrocytes to drive structural
and functional alterations in neuronal synapses via tripartite synaptic
connections. These changes provoke localized hyperexcitability within
the somatosensory cortex and trigger circuit rewiring, ultimately
disrupting pain-processing cortical networks and culminating in
chronic pain pathogenesis (Kim et al., 2016; Kim et al., 2017; Danjo
et al, 2022). Thus, cortical astrocyte activation both modulates
nociceptive input and promotes synaptic plasticity changes, such as
dendritic spine formation in the cortex. This process disrupts the
maladaptive neural connections formed in the cortex during the
transition from acute to chronic pain (Takeda et al., 2022). Notably, a
similar phenomenon is observed in the ACC. Sustained noxious
stimulation induces hyperactivation of astrocytes. This astrocytic
hyperactivation promotes pain persistence and the emergence of
anxiety-like behaviors by increasing synapse-related protein
expression (Cardoso-Cruz et al., 2019), re-expressed mGluR5 (Shen
et al., 2025) or upregulating the signal pathway for S100B (the
astrocyte marker S100 calcium binding protein B)-RAGE (The
receptor for advanced glycation end-products) (Jiang et al., 2025),
thereby altering excitatory neuronal plasticity and enhancing neuronal
activity via tripartite synapses. Intriguingly, astrocytes not only
directly modulate E/I balance in local brain region (Wei N. et al.,
2024), but also influence downstream pain-processing brain regions
via neuronal circuit from the ventrolateral orbitofrontal cortex
(VIOEC) to the ventrolateral periaqueductal gray (vIPAG) (Islam et al.,
2025), thereby contributing to pain persistence.

In addition, astrocytes couple neural activity to energy
metabolism. In the ACC, reduced glutamatergic metabolism and
impaired glutamate reuptake induce NMDA spike generation in
pyramidal neuron dendrites. This stimulates astrocyte activation and
proliferation, promoting pain persistence and lowering pain
thresholds (Takeda et al., 2022; Romanos et al., 2020). Furthermore,
astrocytes can directly modulate pain hypersensitivity (Reid et al.,
2025) and pain-related aversive behaviors (Igbal et al., 2022) through
the lactate shuttle. Visceral hypersensitivity can also trigger lactate
release from ACC astrocytes, contributing to decision-making deficits
comorbid with chronic visceral pain (Wang et al., 2017).

5 Sharing and cascading of
inter-cortical signals

Noxious stimulus information is shared across the cerebral cortex
and transmitted between sensory and affective centers, as well as
between ipsilateral and contralateral brain regions. This intercortical
communication mediates synchronized activation of local cortical
circuits during pain processing. Importantly, these circuits integrate
feedback inhibition and facilitation, undergoing recurrent cycles of
signal amplification, cascading recruitment, and dynamic rebalancing.
This reverberatory process ultimately promotes the transition to
chronic pain (as illustrated in Figure 2). Ipsilateral stimuli can alter the
activity of structures involved in pain modulation on the contralateral
hemisphere. In individuals with chronic pain, the projection from the
ipsilateral ACC (Li et al., 2023; Hu et al., 2021) to the contralateral side
of the brain exhibit aberrant activation, which in turn induces primary
and secondary nociceptive hypersensitivity (Garcia-Larrea and Peyron,
2013). This plays an important role in the development and
maintenance of chronic pain and promotes peripheral and central
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The pattern of sharing and cascading of inter-cortical signals Noxious stimulus signal is transmitted between sensory and affective centers to affect the
state of painsensation and emotion. S1, the primary somatosensory cortex; V2M, the secondary visual cortex; ACC, anterior cingulate cortex; PL,

sensitization, which suggests that the chronic pain state of the organism
is more difficult to correct. Additionally, it impairs the feedback loops
for the processing of injurious information and disrupts the E/I balance
between the cerebral cortex. During chronic pain, the glutamatergic
neurons in PL are sustainably activated by the glutamatergic neurons
in the primary somatosensory cortex (S1) (Ma L. et al., 2024), the
glutamatergic neurons in the ACC are inhibited by decreasing
GABAergic interneurons in PL (Li et al., 2022), or the inhibition effect
of GABAergic neurons in the Zona incerta (ZI) is reduces by MCC Cg2
glutamatergic neurons (Hu et al., 2019). This leads to loss of cortical-
cortical inhibition and an exacerbated and spontaneous pain.

In contrast, the restoration of a balanced excitation-inhibition
equilibrium and information feedback within neural circuits between
brain regions has been demonstrated to induce resistance to noxious
stimuli and reinstate cortical inhibition. Activation of glutamatergic
projections from the medial part of the secondary visual cortex (V2M)
to GABAergic neurons in the ACC (Cao et al., 2023) and from the
MCC Cg2 to GABAergic neurons in the ZI mitigate pain
hypersensitivity, while transient activation of the latter also relieves
aversive behaviors associated with spontaneous persistent pain (Hu
etal., 2019).

Concurrently, the sensory and affective centers constantly engage
in a continuous bidirectional interaction, resulting in the malignant
crosstalk in pain sensation with emotion to affect individual’s coping
style and emotional state. Enhanced connectivity from the primary
somatosensory cortex (S1) to the anterior ACC has been observed,
wherein S1 encodes sensory pain signals and the ACC processes the
affective consequences of pain, thereby the aversions to nociceptive
responses to enrich the negative experience of pain specificity in
affective centers (Singh et al., 2020).

6 Downward cortical modulation

Higher central processing in the cerebral cortex converts noxious
sensory signals into perceptual signals and input to downstream brain
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regions (shown in Figure 3). On the one hand, the cerebral cortex
controls the flow of afferent sensory stimuli to the downward regions
(Ong et al., 2019; Wu et al., 2020; Huo et al., 2005; Yin et al., 2020) by
projecting sensory signals downstream to produce downstream
elicitation or inhibition. An abnormally large number of perceptual
signals are generated and delivered to the downstream analgesic
system, whose function and homeostasis are disrupted, eventually
resulting in the persistence of pain (Gan et al., 2022; Cheriyan and
Sheets, 2018).

It has been shown that the disruption of connections of
glutamatergic neuronal connections, from the mPFC to the
periaqueductal grey (PAG) (Cheriyan and Sheets, 2018), from layer
5 in the M1 to the ZI and PAG (Gan et al., 2022), and from the S2 to
the ventral posterolateral thalamic nucleus (VPL) and posterior
thalamic nucleus (PO) (Guo et al, 2023) induce sensory
hypersensitivity. In contrast, restoration of normal regulation of cortex
over downstream brain regions can disrupt the chronic pain cycle,
which can block ascending nociceptive input and induces analgesia
(Yin etal., 2020; Lucas et al., 2011). The voluntary exercise can activate
the GABAergic projections from the ventral HPC to the basolateral
amygdala to produce the effect of hypoalgesia and alleviate negative
emotions (Minami et al., 2023). Excitation of GABAergic connections
from the M1 (de Andrade et al., 2019), ventrolateral orbital cortex
(VLO) (Wu et al., 2020; Huo et al., 2005) to the vVIPAG may facilitate
the proper functioning of the downstream inhibitory system and
block further upload of nociceptive information to higher centers.
This processing induces analgesia at the spinal cord level. Similarly,
the activation of the glutamatergic projection from the dorsal medial
prefrontal cortex (dmPFC) to the vIPAG (Yin et al., 2020) and the
inhibition of the inputs from the auditory cortex (ACx) to the PO and
the ventral posterior nucleus (VP) (Zhou et al., 2022) and from PL
(Gao et al, 2023)
nociceptive hypersensitivity.

to vIPAG has also found to relieve
On the other hand, the cerebral cortex induces a protective

response from the organism either by directly producing pain or by
generating negative emotions to facilitate the organism’s rapid
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FIGURE 3
The pattern of downward cortical modulation. The cerebral cortex controls signal propagation by recognizing sensory signals and outputting
perceptual signals. And prolonged injurious stimulation can remodel neural networks, leading the cortex to assign additional negative coding to
stimulus signals, which in turn leads to the emergence of complex behaviors. S1, the primary somatosensory cortex; S2, the secondary somatosensory
cortex; M1, the primary motor cortex; PL, prelimbic cortex; dmPFC, the dorsal medial prefrontal cortex; ACC, anterior cingulate cortex; MCC, the
midcingulate cortex; IC, the insular cortex; ACx, the auditory cortex; VLO, the ventrolateral orbital cortex; vHPC, the ventral hippocampus; NAc, the
nucleus accumbent; ZI, the zona incerta; VPL, the ventral posterolateral thalamic nucleus; PO, the posterior thalamic nucleus; VP, the ventral posterior
nucleus; MD, the mid-dorsal thalamus; VTA, the ventral tegmental area; BLA, the basolateral amygdala; cDLS, the caudal dorsolateral striatum; PAG, the
periaqueductal gray.

departure from the environment in which the source of the nociceptive
stimulus is located (Chen et al., 2024; Botvinik-Nezer et al., 2024;
Kragel et al., 2018). When removed from the worse environment, the
organism reverts to a state of normalcy. Hence, the production of
negative emotions can be considered a predictive behavior of pain
perception. Prolonged hyperexcitability of cerebral cortex results in a
pain-specific negative experience. It amplifies the perception of pain
and affects the pathways of pain processing in the brain, while causing
abnormalities in the nociceptive modulation system and promoting
the formation of pain memories (Song et al., 2024; Gan et al., 2022;
Meng et al., 2022; Yin et al.,, 2020; Gao et al., 2023; Zeng et al., 2021).

Glutamatergic projections from the S1 to the caudal dorsolateral
striatum (cDLS) (Jin et al., 2020), the M1 to the mid-dorsal thalamus
(MD) (Gan et al., 2022), the dmPFC to the vIPAG (Yin et al., 2020),
the IC to the basolateral amygdala (BLA) (Meng et al., 2022), the PL
to the BLA (Gao et al., 2023) or to the nucleus accumbent (NAc)
(Zengetal,, 2021), and the ACC to the ventral tegmental area (VTA)
(Song et al., 2024) confer negative emotional messages and promote
pain persistence and chronicity. Furthermore, the glutamatergic
connections from the IC to the BLA is involved in the formation and
consolidation of empathic pain (Zhang et al., 2022). And glutamatergic
projection from the ACC to the nucleus accumbens (NAc) is
intimately associated with the genesis and induction of empathic pain,
in addition to the social transfer of pain and fear (Smith et al., 2021).

As established above, chronic pain involves a shift in brain activity
from sensory regions to limbic regions. Pain chronicity leads to
persistent activation of the limbic system. Following intense
nociceptive stimulation, the limbic cortex becomes unstable and
undergoes reorganization, exhibiting structural plasticity during the
sustained phase of nociception (Kim et al, 2011). The brain
comprehensively encodes and integrates pain perception, pain-related
affect, and cognition (Talbot et al., 1991). Chronic pain imbues
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sensory signals with affective valence via cortico-limbic pathways,
facilitating a maladaptive sensory-affective interplay that promotes
long-term pain persistence. Furthermore, prolonged affective
disturbances disrupt processing of cognitive information within the
limbic system—including core networks for emotion and memory
processing (mPFC, ACC, hippocampus, amygdala)—culminating in
progressive and complex cognitive-behavioral abnormalities (Cai
et al,, 2022; Shackman et al., 2011). These cognitive impairments, in
turn, further exacerbate emotional deterioration.

PL and the CA1 in the HPC are the primary regions for the brain
associated with the formation of pain memory and cognitive process
(Stegemann et al., 2023). Sciatic nerve injury can inactivate the mPFC
via glutamatergic synaptic inhibition in the BLA-mPFC pathway,
leading to decision-making deficits (Ji et al., 2010). Conversely, the
mPFC itself can induce deficits in pain-related working memory—
without affecting pain perception—through hyperactivation of the
glutamatergic mPFC-dCA1 circuit (Cardoso-Cruz et al,, 2019
Cardoso-Cruz et al., 2013a). Furthermore, the prelimbic mPFC can
drive this dysfunction through its glutamatergic projections to the
NAc (Cardoso-Cruz et al.,, 2022), or, in the context of chronic
inflammatory pain, via glutamatergic circuitry projecting to the
mediodorsal thalamus (Cardoso-Cruz et al., 2013b). Similarly, chronic
pain induced by sciatic nerve injury also can impair spatial learning
and memory by increasing GABA release and decreasing glutamate
levels in the HPC (Saffarpour et al., 2017). Furthermore, it mediates
cognitive deficits through the induction of inhibitory synaptic
dysfunction in hippocampus (Cai et al., 2022). Inflammatory pain
significantly weakens connectivity between the vCA1 and infralimbic
cortex (IL) paralleling the onset of cognitive impairments (Shao et al.,
2023). Furthermore, CA1 can mediate the comorbidity of neuropathic
pain and memory deficits through glutamatergic projections to the
mPFC (Han et al,, 2023). Other critical limbic components, such as
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the ACC, are closely associated with processing pain information and
decision-making behavior (Davis et al.,, 1997; Cao et al, 2016).
However, the intricate mechanisms linking the amygdala to pain-
related cognitive deficits require further investigation.

Even after the noxious stimulus has disappeared, the pain
perception persists or intensifies when then pain-inducing external
stimulus acts on the body again (Hu et al., 2021; Stegemann et al,,
2023). This phenomenon is referred to as pain memory. The formation
of memory has been found to impair cognitive function and leads to
negative behaviors (Cai et al.,, 2022; Shackman et al, 2011). In
particular, the formation of pain memory can be prevented by
restoring E/I balance. This can be achieved by reducing the activity of
GABAergic neurons in the MCC (Li et al., 2023) and increasing the
activity of the inhibitory neurons in the IC (Xiao et al., 2023).

/ Clinical relevance and therapeutic
Innovations

Chronic pain progression drives functional and structural
reorganization within the brain. Gray matter volume decreases occur
across distinct cortical regions (Baliki et al., 2012; Obermann et al.,
2013), with the magnitude and distribution of atrophy varying
according to the intensity and phenotype of persistent pain
(Obermann et al., 2013; Wu et al., 2022; Amirmohseni et al., 2016;
Alshelh et al., 2018). Significantly increased c-Fos expression is
observed in the mPFC of migraine patients (Wu et al., 2022). Patients
with chronic trigeminal neuropathic pain exhibit reduced blood
oxygenation level dependent (BOLD) signal intensity detected by
functional magnetic resonance imaging (fMRI) in the S1 (Obermann
et al,, 2013), while those with clinical chronic facial pain show
decreased T2 signal intensity in the S1 (Alshelh et al., 2018). As pain
constitutes a dynamic network imbalance spanning sensory, affective,
and cognitive circuits, the disruption of E/I balance maintained by
glutamatergic and GABAergic systems serves as the primary
mechanism underlying this reorganization (Eto et al., 2012; Watson,
2016; Cao et al., 2019). Research demonstrates that dynamic
alterations in glutamate-driven excitatory and GABA-mediated
inhibitory neurotransmission are critical determinants of the
transition from acute to chronic pain (Bell et al., 2021; Pigott et al.,
2023), individual variability in pain sensitivity (Zunhammer et al.,
2016; Thiaucourt et al., 2018; Onderwater et al., 2021; Steermose et al.,
2019) and the long-term maintenance of chronic pain states
(Zunhammer et al., 2016; Thiaucourt et al., 2018). Notably, distinct
patterns of glutamate and GABA changes emerge in the brain,
reflecting pathophysiological heterogeneity across pain subtypes (Peek
et al., 2020).

Two 7 Tesla magnetic resonance spectroscopy (MRS) studies
reveal elevated GABA concentrations in the visual cortex of adult
migraineurs during interictal periods (Onderwater et al., 2021)and
stable glutamate and glutamine (Glx) levels in the visual cortex across
migraine states (Zielman et al., 2017). Additional MRS investigations
demonstrate the decreased level of glutamate in sensorimotor and
occipital cortex in pediatric patients within 24 h preictally (Cho et al.,
2024), a significantly reduced concentration of glutamate in the visual
cortex during migraine attacks (Bell et al., 2021) and further declines
of glutamate in sensorimotor and occipital cortex after headache
attacking postictally (Cho et al., 2024). Notably, higher sensorimotor
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GABA/GIx ratios correlate with longer disease duration and lower
sensorimotor GABA levels associate with shorter time to next
migraine attack (Bell et al., 2021). Another separate MRS study
indicates negative correlations between Glx levels in the right
dorsolateral prefrontal cortex (dIPFC) and migraine severity in
episodic migraine without aura patients (Wang et al., 2024).

Other MRS studies across diverse chronic pain conditions reveal
converging alterations in glutamate and GABA. Patients with chronic
pain syndromes exhibited an increased Glu/GABA ratio in the insula
cortex (Thiaucourt et al., 2018). Adolescents with chronic pain shown
significantly decreased GABA levels in the left posterior insula, while
the Glx level remain unchanged (Pigott et al., 2023). Additionally,
elevated levels of circulating soluble interleukin-2 receptor (sCD25)
significantly correlate with the Glx/GABA ratio in the ACC, which
interplay between peripheral inflammation and central E/I imbalance
promotes pain catastrophizing (Huo et al., 2005). Both patients with
chronic musculoskeletal pain (Ma J. et al., 2024) and those with
primary dysmenorrhea (Chen et al., 2023) demonstrate an increased
Glx/GABA ratio in the ACC, whose ratio correlates with comorbid
anxiety and depression in chronic pain (Ma J. et al., 2024).

Collectively, these clinical studies demonstrate significant
associations between dynamic alterations in glutamate and GABA
levels across distinct brain regions and key pain features, including
susceptibility to pain attacks, inter-individual variability, and pain
persistence (Onderwater et al., 2021; Steermose et al., 2019). Emerging
therapeutic strategies, aimed at restoring cortical E/I balance and
directly correcting maladaptive neural circuitry in chronic pain, show
promising efficacy. These encompass approaches of traditional
Chinese medicine (TCM) and novel non-invasive brain stimulation
(NIBS) techniques within chronic pain management frameworks
(Pigott et al., 2023; Galafassi et al., 2021; Mawla et al., 2021; Zhang
etal., 2025).

Electroacupuncture (EA), a well-established TCM modality for
pain relief, demonstrates mechanistic specificity (Mawla et al., 2021;
Wei X. Y. et al,, 2024; Li R. et al,, 2024). Combined resting-state
functional MRI (rs-fMRI) and proton magnetic resonance
spectroscopy (1H-MRS) evidence reveals that EA ameliorates
fibromyalgia pain by indirectly elevating GABA concentrations in the
bilateral anterior insula, thereby enhancing functional connectivity
between the S1 and bilateral anterior insula regions (Mawla et al.,
2021). NIBS techniques, including repetitive transcranial magnetic
stimulation (rTMS), transcranial direct current stimulation (tDCS),
transcranial alternating current stimulation (tACS), transcranial
focused ultrasound (tFUS), transcranial random noise stimulation
(tRNS), and temporal interference stimulation (TIS), represent critical
alternatives for pharmacotherapy-refractory pain (Jayathilake et al.,
2025; Ahn et al,, 2019; Liu Y. et al,, 2024). They operate by precisely
modulating neuroplasticity and restoring E/I balance, while
concomitantly exhibiting potential to improve mood and cognition.
Recent mechanistic insights show that preemptive tDCS over the M1
attenuates pain-related anxiety via modulation of microstate D-to-E
transitions. Preemptive tDCS over dIPFC reduces pain intensity by
decreasing microstate D-to-C shifts (Zhang et al., 2025). These
innovational treatments improve the precision of pain discrimination
and the ability to respond effectively to harmful stimuli, thereby
improving pain sensitivity. Concurrently, it can participate in the
coding and regulation of pain information, obstruct the downward
transmission of sensory signals and induces analgesia, thus rectifying
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the E/I imbalance and maintaining normal sensory information
processing in the cerebral cortex.

8 Discussion

The glutamatergic and GABAergic systems play a critical role
in maintaining the equilibrium of E/I balance and in the processing
of pain within the CNS. The interaction between these two systems
determines the encoding and transmission of pain signals. An
imbalance in this system can lead to the emergence of a persistent
E/I imbalance, enhance nociceptive perception and induce pain-
related negative behaviors by affecting the plasticity and stability
of neural networks. Current chronic pain treatments often target a
single system, aiming to achieve analgesic effects. The direct
inhibition of glutamatergic systems has been found to reduce
hyperexcitability, including the modulation of glutamate
transporter function (Palmer et al., 1994; Nicholls and Attwell,
1990; Gegelashvili and Bjerrum, 2019), glutamate receptor activity
(Li et al, 2020) glutamatergic neurons (Kami et al., 2022;
Notartomaso et al., 2024) and output neuronal circuits (Hu et al.,
2019; Takeda et al., 2022; Cao et al., 2023; Yin et al., 2020; Zhou
etal, 2022). Alternatively, the activation of the GABAergic system
produces inhibitory effects through the specific activation of
GABAergic receptors (Chaparro et al., 2012), neurons (Xiao et al.,
2023; Ren et al., 2022; Li et al., 2023) and their output projections
(Cao et al., 2023; Wu et al., 2020; Huo et al., 2005; de Andrade
et al, 2019; Gao et al, 2023). In particular, the role of the
interaction between the glutamatergic and GABAergic systems in
pain modulation warrants careful consideration. The specific
mechanism underlying this interaction and the potential for
exploiting this property in the treatment of chronic pain (Piot
etal, 2023; Wen et al., 2022) remain poorly understood. These two
systems form a specific neuronal network for pain modulation. The
excitatory neurons in the cerebral cortex are regulated artificially
to generate inhibitory action through the projection to GABAergic
neurons in downward regions, and vice versa. This represents a
straightforward unidirectional output mechanism that can
be adjusted by excitatory or inhibitory synapses. However, this
pathway lacks physiological feedback from the downstream to the
upstream. And this can easily result in further degradation and loss
of normal function of the downstream normal regions. Once
external interventions are removed, a more pronounced
disturbance of the E/I balance and associated side effects may
occur. Therefore, the simultaneous reconditioning of the two
system that have been overly disrupted systems can prevent
impairment of physiological function and normalize the perception
and E/I balance.

In addition, this review exclusively discusses the output work
pattern dominated by the systems for pain processing, without
considering the role of the cerebral cortex in the pattern of
receiving inputs of pain information. Further research is required
to elucidate the manner in which the cerebral cortex detects,
classifies and recodes the various components of sensory stimuli.
The brainstem, serving as the central hub for descending
modulation and endogenous analgesia, plays a critical role in
autonomic and affective responses (Gan et al., 2022; Cheriyan and
Sheets, 2018; Wu et al., 2020; Huo et al., 2005; de Andrade et al.,
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2019). It relays preliminarily processed signals to the cerebral
cortex, which sorts, integrates, and transmits pain signals back to
the brainstem. The brainstem executes pain signaling, initiates
endogenous analgesic mechanisms, and further feeds back arousal
and affective signals to the cortex, modifying cortical signal
encoding processes. Prior research demonstrates that prolonged
noxious sensory input induces hyperexcitability of glutamatergic
neurons in the ACC. This enhances GABAergic transmission onto
dopaminergic (DA) neurons in the VTA, inhibiting DA neurons
and producing antidepressant-like  behavioral effects.
Consequently, this abolishes the “braking” effect of DA
transmission within the ACC, leading to sustained hyperactivation
of glutamatergic neurons, thereby promoting persistent pain and
affective comorbidities. This ACC-VTA-ACC circuit drives a
maladaptive sensory-affective interplay and a vicious cycle,
perpetuating chronic pain (Song et al., 2024). Furthermore, two
neuroimaging studies reveal that during acute pain states,
increased PFC-NAc functional connectivity coupled with
decreased NAc-mPFC connectivity is predictive of the transition
to chronic pain. Conversely, during the emergence of affective
pain, enhanced feedback connectivity from the NAc to the mPFC
further facilitates pain persistence (Baliki et al., 2012; Park et al.,
2022). The specific manifestations of this cortico-brainstem
“decision-execution-feedback”  signaling  circuit  under
physiological and pathological conditions require further
experimental elucidation.

Meanwhile, the circuitries within the CNS may be subject to
the influence of a multitude of factors, including inflammation,
injury and psychological processes. This can result in complications
with regard to the coordination of circuits and presents a challenge
in the context of pain medication. Moreover, this review specifically
centers on the glutamatergic and GABAergic systems constituting
the E/I balance. Other neural types also play significant roles in
pain, including monoaminergic neurons (serotonin,
norepinephrine, dopamine), peptide-gic neurons (substance P,
calcitonin gene-related peptide, opioid peptides), and cholinergic
neurons. Further comprehensive reviews are warranted to elucidate
the integration and encoding mechanisms of pain signals by these
neuronal populations, the dynamic modulation of regional brain
function via these neural circuit mechanisms and the therapeutic
targeting strategies for developing novel interventions. Similarly,
this review primarily addresses interactions between neurons and
astrocytes in relation to pain. Other glial cells, notably
oligodendrocytes (Kim and Angulo, 2025; Li D. et al., 2024; Iwata
etal., 2024) and microglia (Kohno and Tsuda, 2025; Malcangio and
Sideris-Lampretsas, 2025), also engage in crucial bidirectional
interactions with neurons. These interactions which are also the
key determinants of neuronal excitability, are intricately linked to
neuronal development, myelination, and synaptic plasticity, and
thus warrant focused investigation in future pain research.

Pain represents a dynamic network imbalance involving sensory,
affective, and cognitive circuits. Current mechanistic investigations
remain largely confined to rodent-based animal studies. Research in
rodent models offers unique advantages for dissecting molecular and
cellular mechanisms, permitting invasive genetic manipulations.
Through optogenetic and chemogenetic modulation of specific
neurons or neural circuits can be manipulated to verify the micro-

scale mechanisms and facilitate high-throughput drug screening.
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However, rodent studies cannot fully recapitulate the affective-
cognitive dimensions of human pain, particularly in modeling
affective-cognitive comorbidities. The cross-species validation
integrating rodents, non-human primates and human models is
essential to delineate evolutionary conservation and species-specific
divergence in nociceptive pathways. This approach comprehensively
elucidates the multidimensional characteristics of pain—spanning
sensory, affective, and cognitive domains. The study on non-human
primate can bridge this translational gap through their high similarity
to humans in neuroanatomical connectivity and advanced behavioral
repertoires. NHPs effectively model affective integration of pain and
reveal its impact on cognition, directly predicting clinical drug efficacy
and validating neuromodulatory mechanisms (Shackman et al., 2011).
Human researches constitute the cornerstone for clinical phenotyping
and individualized mechanistic profiling. Direct assessment of diverse
pain phenotypes in humans enables precision-targeted interventions,
guiding tailored therapeutic strategies.

Our analysis highlights a significant positive correlation between
elevated glutamate/ GABA ratios and pain sensitization. Contemporary
studies employ diverse innovative methodologies, such as high-
performance liquid chromatography (HPLC) for ex vivo quantification
(Cseh et al, 2020), photosensitive photopharmacology for
spatiotemporal receptor manipulation (Notartomaso et al., 2024),
whole-cell patch-clamp electrophysiology for single-neuron
excitability profiling (Tullis et al., 2023; Liu W. et al., 2024), two-photon
imaging combined with calcium indicators for circuit-level activity
mapping (Guo et al., 2023; Tullis et al., 2023; Liu W. et al., 2024; Zhang
et al, 2023), MRS for in vivo neurochemical measurement
(Onderwater et al., 2021; Zielman et al., 2017) and fMRI for network
connectivity analysis (Mawla et al., 2021). These creative methods are
adopted to assess functional alterations in glutamatergic and
GABAergic systems, including neurotransmitter concentration shifts,
receptor functional dynamics, neuronal excitability changes, and
migration of activity in brain regions. Despite substantial advances in
mechanistic understanding, key limitations remain. Chronic pain
progression involves dynamic co-evolution of glutamatergic and
GABAergic systems across extended timescales. Current technologies
cannot longitudinally capture multi-transmitter interactions with
simultaneous cellular resolution, hindering elucidation compensatory
plasticity between excitatory and inhibitory circuits, temporal
coordination of neuromodulator release events, and system-wide
adaptation thresholds driving pain chronification. Meanwhile, it is
also difficult to present time points at which the multi-dimensional
pain experiences occur and how these multi-dimensional experiences
influence each other. Notably, species differences between rodents and
humans result in disparities in the practicality and applicability of
technical approaches, posing a significant barrier to the clinical
translation of current research findings.

Concurrently, the inherent constraints of single-modality
detection techniques hinder the capture of multifaceted characteristics
of chronic pain. Multimodal neuroimaging studies enable a
comprehensive assessment of cortical excitability changes and
facilitates precise targeting of therapeutic interventions (Widman
et al.,, 2025; Quidé et al., 2024; Zhang et al., 2024; Namgung et al,,
2025). Consequently, future research must prioritize the integration
of cross-species validation with multimodal imaging technologies to
analyze critical transition points in the brain from acute to chronic
pain (Baliki et al., 2012; Park et al, 2022), to decipher dynamic
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multidimensional shifts spanning sensory perception, affect, and
cognition in the pain experience, and to investigate individual
differences in pain sensitivity and underlying genetic susceptibility.
Furthermore, leveraging artificial intelligence to co-develop
diagnostic and progression models for pain is crucial. These models
should guide the timing of therapeutic interventions and optimize
neuromodulation parameters for non-invasive neurostimulation
therapies, marking a critical direction for future advancements in
the field.

9 Conclusion

The cerebral cortex plays a complex role in the processing of pain
information, involving a number of different processes, including
neuronal responses in individual cortical regions, neuron-astrocytes
interaction, the sharing and cascading of inter-cortical signal and
downward cortical modulation. Collectively, these processes form a
complex pain modulation network that controls the propagation and
return of pain information in the brain. However, the modulation
network is disrupted in individual with chronic pain, and this
disruption is strongly associated with the progression of chronic pain.
The onset and persistence of chronic pain is closely linked to an E/I
imbalance between glutamatergic and GABAergic systems within the
cerebral cortex. This imbalance leads to destabilization of neural
networks, the biased output of information and the manifestation of
abnormal pain perception. The interaction between neurons and
astrocytes is disrupted, which can exacerbate the E/I disequilibrium
in the brain, further interfering with the processing of pain signals and
potentially leading to excitatory neurotoxicity. The process in sharing
and cascading of inter-cortical signal influences how individuals cope
with pain and their emotional state and contributes to the pain
chronicity. The cerebral cortex converts sensory signals to perceptual
signals and causes changes in plasticity functional and structural
plasticity through modulation of downstream brain regions.
Meanwhile, future studies need to further explore the mechanisms of
interaction between these systems and develop more effective
treatments to restore the excitatory-inhibitory balance in the cerebral
cortex and improve the symptoms of chronic pain patients. This is due
to the importance of interactions between glutamatergic and
GABAergic systems.
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