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Abstract
Patients with neuropathic pain often experience comorbid psychiatric
disorders. Cellular plasticity in the anterior cingulate cortex (ACC) is assumed
as a critical interface for pain perception and emotion. However, substantial
efforts thus far are focused on intracellular mechanisms of plasticity rather than
extracellular alterations that might trigger and facilitate intracellular changes.
Laminin is a key element of extracellular matrix (ECM) consisting of one -, and -chain and implicated in several pathophysiological processes. Here we
showed that Laminin 1 (LAMB1) in ACC is significantly downregulated upon
peripheral neuropathy. Knocking down ACC LAMB1 exacerbated pain
sensitivity and induced anxiety and depression. Mechanistic analysis revealed
that loss of LAMB1 causes actin dysregulation via interaction with integrin 1
and subsequent Src-dependent RhoA/LIMK/cofilin pathway, leading to
increased

presynaptic

transmitter

release

probability

and

abnormal

postsynaptic spine remodeling, which in turn orchestrates structural and
functional plasticity of pyramidal neurons and eventually results in pain
hypersensitivity and anxiodepression. This study shed new light on the
functional capability of ECM, LAMB1 in modulating pain plasticity and revealed
a mechanism that conveys extracellular alterations to intracellular plasticity.
Moreover, we identified cingulate LAMB1/integrin 1 as a promising therapeutic
strategy for treatment of neuropathic pain and associated anxiodepression.
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Introduction
Neuropathic pain is frequently comorbid with psychiatric disorders, such as
anxiety and depression, rendering it more resistant to classical treatment (1-4).
Particularly, aberrant psychiatric conditions may lead to an exaggerated
duration and intensity of pain and drive a vicious cycle between pain and
emotional aversion (2, 5, 6). Thus, exploiting a new and effective treatment for
comorbidity of psychiatric disorders in neuropathic pain remains a major
challenge (7).
Functional imaging and experimental evidence have implicated anterior
cingulate cortex (ACC) in sensory perception and emotional responses (8-11).
Neurons in the ACC get activated by nerve injury and inhibiting central plasticity
in the ACC produces analgesic as well as anxiolytic and antidepressive effects
(12-17). Despite these advances, mounting efforts thus far have been focused
on intracellular mechanisms of plasticity rather than the extracellular alterations
that might trigger and facilitate intracellular changes in these cellular functions.
The extracellular matrix (ECM) is known to provide not only a supporting
scaffold for cells but also a unique class of first messengers acting on the
adhesion receptors, which in turn can modulate cell functioning in response to
environmental changes, i.e. noxious challenges (18). The ECM in the central
nervous system (CNS) is associated with regulation of synaptic plasticity and
various pathophysiological processes (18). For example, in a mouse model of
chronic pain, nerve injury alters the ECM microarchitecture and decreases ECM
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rigidity in the hippocampus, which is linked to cognitive defects in neuropathic
pain (19). Given the role of ACC as a critical interface for pain perception and
emotion, we’re therefore interested to know whether this structural plasticity of
ECM occurs in the ACC upon nerve injury. If so, what is the biochemical basis
for this cingulate ECM plasticity? How would this extracellular abnormality in
ECM facilitate intracellular signal transduction pathway in the ACC and further
lead to neuropathic pain and associated anxiodepression.
Laminins, key elements of ECM, are a family of heterotrimeric glycoproteins
consisting of one -, one - and one -chain. In mammals, 11 laminin chains
(1-5, 1-3, and 1-3) and 16 combinations of these have been identified, with
1 incorporated in 6 combinations (20, 21). The dual roles of laminins in tissue
architecture and cell signaling make laminins well suited to convey information
from extracellular to intracellular in three-dimensional complexity. Laminins are
widely distributed in the CNS and basement membrane of blood vessels.
Further studies with endogenous expression profile and transgenic mice
overexpressing LAMB1 show that LAMB1 is highly expressed in the cortex and
associated with several psychiatric disorders (22, 23). For instance, prolonged
stress decreases laminins expression in the frontal cortex and hippocampus
(24). In depressed patients, laminins expression is decreased in the parietooccipital cortex, and antidepressant treatment reverses this effect (25). On the
other hand, higher level of laminins is found in the frontal cortex and
hippocampus in patients with Alzheimer’s disease, while spatial training in rats
5

decreases LAMB1 expression in the hippocampus (26, 27). In contrast, little is
known about whether and how laminins participate in the neuropathic pain and
associated anxiodepression, and if so, which extracellular-intracellular
interacting processes underlie these actions.
By using a combination of RNA-sequencing, behavioral, biochemical,
electrophysiological as well as fiber photometry methods, we uncovered a
crucial role of LAMB1 in the ACC in the neuropathic pain and associated
anxiodepression. Peripheral neuropathy downregulates LAMB1 expression in
the ACC. Knocking down ACC LAMB1 exacerbates pain sensitivity and induces
anxiety and depression-like behaviors. Further mechanistic analysis revealed
that loss of Lamb1 in the ACC after nerve injury causes actin dysregulation via
interaction with integrin 1 and subsequent Src-dependent RhoA/LIMK/cofilin
pathway, leading to increased presynaptic transmitter release probability and
abnormal postsynaptic spine remodeling, which in turn orchestrates structural
and functional plasticity of pyramidal neurons and eventually results in pain
hypersensitivity and anxiodepression. This study sheds new light on the
functional capability of ECM, LAMB1 on modulating neuropathic pain and
related anxiodepression and reveals a mechanism that conveys extracellular
alterations to intracellular plasticity. Moreover, we identify LAMB1/integrin 1 in
the ACC as a potential therapeutic target for treatment of neuropathic pain and
associated anxiodepression.
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Results
Peripheral neuropathy decreases LAMB1 expression in the ACC
Following

spared

nerve

injury

(SNI), mice developed long-lasting

exaggerated pain response, i.e. mechanical allodynia and thermal hyperalgesia
(Supplemental Figure 1, A-J), as well as anxiety and depression (Supplemental
Figure 2, A-Q). To determine the genes that are involved in the pathological
process of neuropathic pain and associated anxiodepression, contralateral
ACC was analyzed using RNA sequencing (RNA-seq) technique at 56 d after
SNI when stable pain hypersensitivity and aversive emotion were fully
established (Supplemental Figure 3, A-G). A total of 565 differentially expressed
genes were detected, with 418 (74%) genes upregulated and 147 (26%)
downregulated (Figure 1, A). Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis revealed significant enrichment of genes in various pathways,
especially in ECM-receptor interaction and focal adhesion (Figure 1, B).
Amongst ECM-related pathway, 5 downregulated and 12 upregulated genes
were identified (Figure 1, C). Of particular, LAMB1, a type of ECM and
previously known to be involved in several physiopathological processes,
displayed a significant transcriptional downregulation following SNI (Figure 1,
C). This was further verified at mRNA and protein level by q-RT PCR and
western blotting analysis in contralateral ACC at different time points after SNI,
with significant downregulation of LAMB1 observed from 28 d through 56 d after
SNI (Figure 1, D-E).
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We then characterized the expression profile of LAMB1 in the ACC. Using
immunofluorescence, we found a broad expression of LAMB1 in the ACC.
Double immunofluorescence staining revealed that LAMB1 immunoreactivity
was highly coexpressed with neuronal nuclear antigen (NeuN), sparsely with
either glial fibrillary acidic protein (GFAP) or Iba1 (Figure 2, A and B). Notably,
LAMB1 expression was found in both calcium/calmodulin-dependent protein
kinase II (CaMKII)-expressing excitatory and GAD67-expressing inhibitory
neurons (Figure 2, C and D). Together, these results suggest a potential link
between ACC LAMB1 and neuropathic pain as well as pain-related
anxiodepression.

Knockdown of LAMB1 in the ACC induces pain hypersensitivity and
anxiodepression
To address whether there is a causal relationship of activity-dependent
changes of LAMB1 with neuropathic pain and anxiodepressive consequences,
we generated recombinant adeno-associated virus (AAV2/9) expressing both a
small interfering hairpin RNA (shRNA) targeted against LAMB1 and EGFP
(AAV-shLamb1) (Supplemental Figure 4, A). Out of 3 strands of Lamb1 shRNA
constructed, Lamb1 shRNA-1 displayed the most prominent knockdown
efficiency in the cultured cortical neurons (Supplemental Figure 4, B and C) and
was hence chosen for intra-ACC injection in the subsequent experiments. We
first assessed how loss of unilateral cingulate LAMB1 affects behavioral
8

correlates of sensitization in pain pathways (experimental schematic paradigm
shown in Supplementary Figure 4, D). The efficiency of LAMB1 knockdown
confined to ipsilateral ACC was confirmed accordingly (Figure 3, A-C and
Supplemental Figure 4, E-H). Compared with mice expressing scrambled
shRNA, shLamb1-expressing mice in right ACC had significantly higher
response to von Frey hairs in left, but not right hindpaw in sham condition
(Figure 3, D and Supplemental Figure 5, A). Twelve weeks following SNI
surgery in left hindlimb, expression of AAV-shLamb1 in right ACC led to
exaggerated mechanical allodynia in bilateral hindpaws in comparison with
scrambled shRNA (Figure 3, E and Supplemental Figure 5, B). In contrast,
basal nociception to thermal stimuli and thermal hyperalgesia following SNI in
bilateral hindpaws was unaltered by knocking down LAMB1 in the ACC (Figure
3, F and Supplemental Figure 5, C).
Neuropathic pain is frequently associated with psychiatric disorders, such as
anxiety, depression (1-4). We next examined whether LAMB1 in the ACC
influences neuropathic pain-related anxiety and depression with several
behavioral paradigms. In the EPM test, sham-treated mice expressing
shLamb1 traveled less distance in the open arm as compared to those
expressing scrambled shRNA (Figure 3, G and Supplemental Figure 5, D and
E). No significant differences were observed in the open arm traveling at 12 w
post SNI between two virions-injected groups, which might result from a ceiling
effect after SNI (Figure 3, G and Supplemental Figure 5, D and E). In the tail
9

suspension test (TST), expression of AAV-shLamb1 resulted in longer
immobility in sham-treated mice as compared to AAV-scrambled shRNA (Figure
3, H). Sucrose preference test (SPT) also revealed a significant reduction of
sucrose preference after knockdown of LAMB1 in the ACC (Figure 3, I). Thus,
it can be inferred from the above that cingulate LAMB1 exerts a negative
regulation of neuropathic pain and pain-related anxiodepression.

LAMB1 deficiency in the ACC orchestrates structural and functional
plasticity of pyramidal neurons
How

does ACC

LAMB1

modulate

neuropathic

pain

and

related

anxiodepressive consequences? Structural and functional synaptic plasticity in
the ACC is assumed to be a cellular basis for neuropathic pain and associated
anxiodepression (13, 14, 16, 17). ECM molecules, including LAMB1 have been
linked with synapse stabilization, plasticity and metaplasticity involved in
psychiatric disorders (18, 27-29). Thus, we sought to determine whether
silencing LAMB1 would induce structural and functional changes in ACC
pyramidal neurons (experimental schematic paradigm shown in Supplemental
Figure 6, A). First, we examined dendritic processes and spines of ACC
pyramidal neurons using Golgi staining methods in mice expressing shLamb1
and scrambled shRNA. Sholl analysis revealed that dendritic complexity of
apical and basal dendrites of pyramidal neurons was increased in sham
condition after LAMB1 knockdown, with no significant changes in SNI condition
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(Figure 4, A-C). Furthermore, the densities of total apical spines were
significantly higher in pyramidal neurons of mice expressing shLamb1 than
those expressing scrambled shRNA in sham condition (Figure 4, D and E). In
parallel, the length of total apical spines of pyramidal neurons became much
shorter after LAMB1 knockdown (Figure 4, D and F). High-resolution analysis
enabled classifying synaptic spines into stubby, mushroom, long thin and
filopodia subtypes. Selective knockdown of LAMB1 in the ACC increased the
density of stubby- and mushroom-shaped apical spines, without obvious effect
on long thin and filopodia-like apical spines in sham-treated mice (Figure 4, G).
LAMB1 Knockdown did not further increase the densities of stubby- and
mushroom-shaped apical spines in SNI-treated mice, which might result from
the ceiling effect after SNI (Figure 4, G). Unlike apical dendrites, the densities
and length of total basal spines were uninfluenced by ACC LAMB1 knockdown
(Supplemental Figure 6, B-D). However, LAMB1 knockdown caused significant
decreases in density of stubby spines and increases in mushroom and filopodia
spines of basal dendrites after SNI (Supplemental Figure 6, E). The density of
filopodia-like basal spines were reduced by LAMB1 knockdown in sham
condition (Supplemental Figure 6, E). These results establish that LAMB1
contributes to maintain the stabilization of synaptic spines in pyramidal neurons
of ACC, disruption of LAMB1 induces abnormal spine remodeling.
Second, we assessed the functional consequences of LAMB1 deficiency on
synaptic transmission in the ACC by employing whole-cell patch-clamp
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recording of pyramidal neurons (Figure 5, A), which were identified based on
their morphological properties and their ability to show spike frequency
adaptation in response to prolonged depolarizing current injection (30). At 3 w
following infection with AAV-shLamb1, the excitability of ACC pyramidal
neurons was significantly enhanced as compared with scrambled shRNA
(Figure 5, B). A detailed input (current intensity)-output (action potential (AP)
frequency) curve in response to a depolarizing current step was drawn in both
groups of mice (Figure 5, C). Pyramidal neurons infected with shLamb1
displayed a significant augmentation in firing frequency, as characterized by a
leftward and upward shift of I-O curve over scrambled shRNA (Figure 5, C).
Meanwhile, knockdown of ACC LAMB1 produced a lowered rheobase in
pyramidal neurons (Figure 5, D). The other parameters of AP such as AP
threshold, amplitude as well as half-width were largely unaltered by knocking
down ACC LAMB1 (Supplemental Figure 7, A-D). Furthermore, enhanced
synaptic transmission was observed in ACC pyramidal neurons derived from
mice expressing shLamb1 in comparison with scrambled shRNA (Figure 5, E
and F). AMPA receptor-mediated evoked excitatory postsynaptic currents
(AMPAR-eEPSCs) in pyramidal neurons of layer II/III in the ACC at a holding
potential of -70 mV was recorded by applying local stimulation in layer V/VI in
the presence of inhibitory synaptic transmission antagonist, picrotoxin (100 M)
and NMDA receptor antagonist, AP5 (50 M). The amplitude of AMPAReEPSCs was much higher in pyramidal neurons of mice infected with shLamb1
12

than control RNA (Figure 5, F). Similarly, the AMPAR/NMDAR (NMDARmediated eEPSCs) ratio was higher in ACC pyramidal neurons after LAMB1
knockdown (Figure 5, G and H). In contrast, the amplitude of NMDAR-eEPSCs
was not different between two groups (Figure 5, G and H). To examine whether
a presynaptic or postsynaptic mechanism contributes to the observed changes
of synaptic function, we first focused on the analysis of paired-pulse ratio (PPR),
which represents a short-lasting increase or decrease in the second eEPSCs
when it follows shortly after the first and is well accepted as an indication of
presynaptic mechanisms of long-term potentiation in the hippocampus (31).
Paired-pulse facilitation (PPF) or paired-pulse depression (PPD) was
encountered in 84.2 % and 15.8 % of ACC pyramidal neurons, respectively.
The average of PPR displayed a significant reduction upon knockdown of
LAMB1 (Figure 6, A and B), indicative of an increase in transmitter release
probability via presynaptic mechanism. This presynaptic involvement was
further consolidated by an increase in mEPSCs frequency after knockdown of
ACC LAMB1 (Figure 6, C and D). Meanwhile, the amplitude of mEPSCs was
potentiated after loss of LAMB1, suggesting an involvement of postsynaptic
mechanism as well (Figure 6, C and E). The possible postsynaptic mechanism
was further confirmed by observing the effect of LAMB1 on the responsiveness
of postsynaptic AMPA receptors (AMPARs). As shown in Figure 6 F and G,
AMPA (50 M)-induced current in pyramidal neurons was significantly
enhanced by knocking down LAMB1, while NMDA (50 M)-induced current was
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not (Figure 6, F and G). Overall, these results suggest that LAMB1 deficiency
potentiates synaptic transmission via both presynaptic and postsynaptic
mechanisms, probably involving an increase in presynaptic transmitter release
probability and responsiveness of postsynaptic AMPARs. In sum, we can infer
from the above that LAMB1 deficiency in the ACC orchestrates structural and
functional plasticity of pyramidal neurons.

LAMB1 knockdown mice exhibits altered Src/RhoA/LIMK/cofilin signaling
and dysregulated F-actin in the ACC
Then by which mechanism does ACC LAMB1 regulate dendritic spine
remodeling? Rearrangement of actin cytoskeleton in neurons have been linked
with spine morphology and function and may also be involved in many
pathophysiological processes (32, 33). The polymerized F-actin (filamentous
actin) has also been shown to be increased in primary sensory neurons upon
peripheral inflammation and disruption of F-actin relieved the inflammatory pain
(34). We thus asked whether LAMB1 possesses the ability to regulate actin
dynamics in the ACC. F-actin labeling with phalloidin in both in vivo ACC tissue
or in vitro cultured cortical neurons revealed a significant enhancement in
neurons expressing shLamb1 in comparison with those expressing scrambled
shRNA (Figure 7, A and B). This data indicates that absence of LAMB1 results
in abnormal actin organization at dendritic spines, raising further the question
of which events link activity-dependent changes of LAMB1 and actin
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disorganization. Integrins were first described as mediators of cellular
adhesion—linking the cytoskeleton and ECM (35). To examine whether and
with which integrin subunit LAMB1 may interact in the ACC, we performed
immunoprecipitation assay with total lysates of ACC. As shown in Figure 7C,
LAMB1 strongly interacts with integrin 1 and disruption of LAMB1 largely
eliminates this interaction (Figure 7, C). Laminin-integrin system has been
shown to activate Src family kinase in the development of oligodendrocytes (36)
and Src kinase is a known upstream regulator of actin cytoskeleton (37). We
then asked whether Src activity was decreased in the ACC of LAMB1
knockdown mice. Western blot analysis performed with antibodies against the
phosphorylated tyrosine 416 of Src, recognizing the activated protein, revealed
a significant reduction of phosphorylation of Src after knockdown of LAMB1 in
the ACC (Figure 7, D). This result suggests that the absence of LAMB1 results
in a Src activity-mediated actin reorganization in dendritic spines of ACC.
It has been shown that Src could regulate actin organization through the
small GTPase RhoA (38), which is a known regulator of cofilin activity and of
dendritic spine actin organization (39, 40). Indeed activated RhoA, through the
ROCK/LIMK pathway is shown to inhibit cofilin by inducing its phosphorylation
on Ser-3, thereby triggering proper spine remodeling (41-43). In addition,
activated Src can phosphorylate the RhoA-specific GTPase-activating protein
(GAP) p190RhoGap, thereby inducing its GAP activity and decreasing the
levels of GTP-RhoA (44-46). Consistent with this potential mechanism in other
15

system, we observed that ACC lysates extracted from LAMB1 knockdown mice
exhibit decreased level of tyrosine-phosphorylated p190RhoGAP, increased
level of active RhoA, as assayed by immunoprecipitation and western blot
analysis (Figure 7, E and F). Based on increased RhoA activity in LAMB1
knockdown mice, the downstream effectors of RhoA signaling cascade, such
as ROCK2 and LIMK2 but not LIMK1 were significantly enhanced in the ACC
(Figure 7, G). A key downstream target of ROCK/LIMK signaling is cofilin, the
major actin depolymerizing factor, which is inactivated by phosphorylation at
Ser3 (47). LAMB1 knockdown mice displayed the unaltered total cofilin, but a
significantly increased level of the inactive form of cofilin (p-cofilin) (Figure 7,
G), indicating the active form of cofilin is declined after LAMB1 knockdown in
the ACC. Altogether, these results suggest that spine remodeling elicited by
LAMB1 loss in the ACC may be caused by a Src-dependent activation of the
RhoA / ROCK / LIMK signaling cascade, and hence abnormal decreased levels
of active cofilin, eventually resulting in rearrangement of actin.

LAMB1 knockdown leads to increased AMPARs membrane trafficking and
thus results in increased activity of ACC pyramidal neurons
Given the importance of RhoA signaling and actin stability in AMPARs
membrane trafficking (48-51) together with our observation of enhanced
AMPAR-eEPSCs in LAMB1 knockdown mice, we went on to examine whether
LAMB1 knockdown leads to changes of AMPARs membrane trafficking. To test
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this, we compared subcellular distribution of different glutamate receptors
subunits in ACC of mice expressing scrambled shRNA and shLamb1. As shown
in Figure 8 A and B, AMPARs subunit, GluR1 in the membrane fraction of ACC
tissues was significantly enhanced in LAMB1 knockdown mice, with no
significant difference in GluR2 subunit (Figure 8, A and B). This is consistent
with the fact of increased insertion of GluR1 into plasma membrane during
synaptic plasticity in different regions (42, 52-58). In addition to AMPARs,
NMDARs subunit, NR2A showed enhanced membrane trafficking as well after
LAMB1 knockdown, while membrane NR1 and NR2B subunits were largely
unaltered (Figure 8, A and B). Moreover, postsynaptic density 95 (PSD95)
expression displayed a prominent upregulation in the plasma membrane of
ACC from mice expressing shLamb1 as compared to control RNA (Figure 8, A
and B). Increased PSD95 expression was also confirmed in cultured cortical
neurons expressing shLamb1 (Figure 8, C). Together, this increased amount of
AMPARs and NMDARs in the plasma membrane suggest the enhancement of
AMPARs and NMDARs delivery to the plasma membrane of PSDs after
knocking down LAMB1.
To better understand the in vivo functional consequences of enhanced
AMPARs and NMDARs trafficking to membrane in LAMB1 knockdown mice,
we used fiber photometry to record the activity of GCaMP6s-expressing
pyramidal neurons in the ACC during tail suspension by unilateral intracingulate
injection of AAV vector containing CaMKII-GCaMP6s (experimental schematic
17

paradigm shown in Figure 8, D and E). Pain hypersensitivity and prolonged
immobility were observed in mice expressing shLamb1, as compared to those
expressing scrambled shRNA (Figure 8, F and G). During tail suspension, ACC
activity from shLamb1-expressing mice was significantly elevated, as
characterized by larger calcium transients than those elicited in mice
expressing control RNA (Figure 8, H-J). This data indicate that pain
hypersensitivity and depressive behavior observed in LAMB1 knockdown mice
is associated with increased ACC neuronal activity.

Activation of LAMB1-integrin 1 system relieves the established pain
hypersensitivity and psychiatric disorders after SNI
Finally, we asked whether ACC LAMB1 possesses therapeutic effects on the
neuropathic pain and aversive emotion. Since the Lamb1 gene is too large to
be packaged in AAV for overexpression, we turned to seek for the usage of the
agonist of integrin 1 which LAMB1 mainly interacts with. Bilateral ACC
injection of integrin 1 activator, pyrintegrin (1 mM, 600 nL) did not alter the
basal nociception to mechanical and thermal stimuli (Figure 9, A). In contrast,
delivery of pyrintegrin in ACC significantly relieved the ipsilateral mechanical
allodynia and thermal hyperalgesia induced by SNI, as compared to vehicle
delivery, with no significant effect on contralateral hyperalgesia (Figure 9, B-D
and Supplemental Figure 8, A-C). In addition, intra-ACC administration of
pyrintegrin increased the open arm exploring in the EPM without affecting total
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distance, decreased the immobility in the TST and elevated sucrose preference
in SNI-operated mice (Figure 9, E-G and Supplemental Figure 8, D and E),
indicative of its desirable anxiolytic and antidepressive effects in neuropathic
state.
We then addressed whether pyrintegrin alleviates neuropathic pain and its
related aversion via Src/cofilin signaling pathway. Western blotting analysis
revealed that SNI induced a significant decrease of phosphorylation of Src,
increase of phosphorylated cofilin as well as upregulated PSD95 in the ACC,
which was similar to that observed in LAMB1 knockdown mice (Figure 10, AC). Importantly, intra-ACC injection of pyrintegrin reversed these effects (Figure
10, A-C). Moreover, enhancement of F-actin induced by LAMB1 knockdown in
cultured cortical neurons was normalized by the presence of pyrintegrin (1 M)
in the medium (Figure 10, D). In further support, bath application of pyrintegrin
(20 M) largely relieved the hyperexcitability of ACC neurons in SNI-operated
mice, as characterized by the reduction in AP frequency and elevation in AP
rheobase after pyrintegrin (Figure 10, E). Potentiated AMPARs-eEPSCs in
neuropathic state were significantly alleviated as well by pyrintegrin (Figure 10,
F). Furthermore, pyrintegrin effect in the above was confirmed by the
knockdown of integrin 1. As shown in Supplemental Figure 8F-H, knockdown
of integrin 1 in the ACC led to a significant reduction of phosphorylation of Src
and increase of phosphorylated cofilin (Supplemental Figure 8, F-H).
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Supplement of pyrintegrin in the ACC eliminated these changes (Supplemental
Figure 8, F-H).
Last, we tested whether ACC LAMB1 is involved in the depression without
chronic pain. We employed two rodent models of depression, e.g. chronic
exposure to corticosterone (CORT) and chronic restraint stress (CRS). Mice
exposed to chronic CORT or CRS displayed anxiety- and depression-related
behaviors, including decreased center area travelling in the OFT, reduced openarm exploration in the EPM, increased immobility in the TST and decreased
sucrose preference (Figure 11, A-D and Supplemental Figure 9, A and B for
CORT, Figure 11, F-I and Supplemental Figure 9, C and D for CRS). In contrast
to the significant downregulation observed in mice with chronic pain-related
aversion, no significant changes of LAMB1 were detected in the ACC in mice
subjected to either chronic CORT or CRS (Figure 11, E and J). These results
show the specific involvement of ACC LAMB1 in the development of chronic
pain and associated depression but not in non-pain-related depression. This
assumption was further supported by the downregulation of ACC LAMB1 in
another chronic inflammatory pain model induced by unilateral injection of
complete Freund’s adjuvant (CFA) into mice hindpaw (Supplemental Figure 10,
A-G). Additionally, the change of ACC LAMB1 in SNI did not show sex
difference because female mice displayed reduced LAMB1 level in the ACC as
well following SNI (Supplemental Figure 11, A and B). Overall, we can conclude
from the above that activation of ACC LAMB1/integrin 1 may represent a
20

potential therapeutic strategy for treatment of neuropathic pain and pain-related
anxiodepression.
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Discussion
The results of the present study lead us to propose a model represented
schematically in Figure 12. Peripheral nerve injury leads to downregulation of
LAMB1 in ACC. This reduced interaction with integrin 1 brings about
decreased phosphorylation of Src kinase, which causes reduced RhoA-specific
GTPase-activating protein (GAP) p190RhoGap, thereby increasing the level of
GTP-RhoA. Elevated RhoA level activates ROCK2 and subsequently LIMK2,
which phosphorylates cofilin and deactivates cofilin activity. This results in
rearrangement of actin cytoskeleton, which further leads to an increase in
presynaptic transmitter release probability as well as abnormal postsynaptic
spine remodeling and AMPARs synaptic trafficking, and hence potentiates
synaptic function. The resultant structural and functional plasticity collectively
contribute to exaggerated pain response and related anxiety and depression.
Thus, this study primarily clarifies how LAMB1, a key element of ECM, conveys
extracellular alterations to intracellular structural and functional plasticity, and
modulates neuropathic pain and associated anxiodepression.
The most striking findings of this study are that we identify LAMB1, a key
element of ECM in the ACC as a key determinant for neuropathic pain and
anxiodepressive consequences. Despite mounting evidence for the role of ACC
in the generation of neuropathic pain and related aversion (8-15, 17), much
attention has been paid in the intracellular plasticity but the extracellular
changes have long been overlooked. A recent study has demonstrated a
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sustained anatomical, physiological, and biochemical dysregulation of the
hippocampal dentate gyrus ECM after peripheral neuropathy, specifically
characterized by decreased hippocampal dendritic complexity, altered ECM
microarchitecture and decreased ECM rigidity (19). This plasticity in
hippocampal ECM is shown to support pain and cognitive defect characteristics
of pain patients (19). Apart from cognitive deficits, patients with neuropathic
pain suffer more from psychiatric disorders, such as anxiety and depression (14). However, it has remained elusive whether and which element of ECM
undergoes plastic changes in the ACC, a well-established brain area
responsible for sensory and emotional responses, and how it participates in the
modulation of aversive emotion in neuropathic pain. Using RNA-sequencing
technique, we detected a total of 565 differentially expressed genes in the ACC
at 56 d following SNI and significant enrichment of genes in various pathways,
especially in ECM-receptor interaction and focal adhesion. Amongst ECMrelated pathway, LAMB1, a type of ECM, displays a significant transcriptional
downregulation in the ACC, which is verified at both mRNA and protein levels.
To further determine the causal relationship between plastic changes of ACC
LAMB1 and neuropathic pain, we knocked down ACC LAMB1 and found that
loss of LAMB1 in the ACC exacerbates pain sensitivity and induces anxiety and
depression-like behaviors. These results suggest that LAMB1 in the ACC may
negatively regulate neuropathic pain and anxiodepressive consequences.
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In contrast, LAMB1 in the ACC may not be involved in depression with no
pain since no significant alteration of LAMB1 was found in the ACC in models
of CORT and CRS. In support of this assumption, previous studies have shown
a significant decrease of laminin in the parieto-occipital cortex in depressed
patients, antidepressant treatment reverses this effect (25). Chronic stress
decreases laminin level in the frontal cortex and hippocampus (24). These data
indicate that depression comorbid with neuropathic pain and depression
without pain may involve the action of laminin in different brain regions.
Additionally, elevated LAMB1 in the hippocampus and anterior temporal
neocortex is shown to be associated with intractable epilepsy and decreased
LAMB1 in the hippocampus is linked to spatial learning (27, 59, 60).
Then how does LAMB1 in the ACC modulate neuropathic pain and related
anxiodepressive consequences? Structural and functional plasticity in the ACC
is well assumed to serve as a cellular basis for neuropathic pain and related
anxiodepression (13, 14, 16, 17). ECM molecules, including LAMB1 have been
linked with synapse stabilization, plasticity and metaplasticity in several
psychiatric disorders (18, 27-29). Another very intriguing finding of this study
entails the contribution of LAMB1 in the ACC to negatively orchestrate cingulate
structural and functional plasticity. In the present study, we demonstrated that
loss of LAMB1 produces prominent spine remodeling of ACC pyramidal
neurons. This is supported by our observation of widespread expression of
LAMB1 in CaMKII-positive neurons. These results establish that LAMB1
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contributes to maintain the stabilization of synaptic spines in ACC pyramidal
neurons, disruption of LAMB1 induces abnormal spine remodeling. It is well
accepted that functional synaptic plasticity is closely related with remodeling of
synaptic spines at a structural level at various synapses in brain regions, both
of which collectively contribute to many physiological and pathological
processes, such as chronic pain (61). In good agreement with spine remodeling,
electrophysiological testing revealed that knockdown of LAMB1 drives ACC
pyramidal neurons into a hyperexcitable state. Meanwhile, AMPARs-mediated
synaptic transmission is significantly potentiated by silence of LAMB1. Further
mechanistic analysis revealed that both pre- and post-synaptic mechanisms
are involved in the above synaptic modulation by LAMB1. Overall, these results
suggest that loss of function in LAMB1 orchestrates structural and functional
plasticity of pyramidal neurons in the ACC, which in turn contributes to the
development of pain hypersensitivity and emotional aversion associated with
nerve injury.
Exactly how LAMB1 conveys extracellular alterations to intracellular
structural and functional plasticity and further modulates the anxiety and
depression in neuropathic pain is completely unknown so far. Another
interesting finding of this study is that we bridged this gap by uncovering an
integrin

1-dependent-modulation

of

actin

cytoskeleton

via

Src/RhoA/LIMK/cofilin signaling pathway involved in the above processes.
Rearrangement of actin cytoskeleton is assumed to be associated with spine
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morphology and function and hence involved in various pathophysiological
processes including chronic pain (32-34). Both in vitro and in vivo staining with
phalloidin revealed a significant increase of polymerized F-actin in LAMB1
knockdown neurons, indicating that loss of LAMB1 leads to abnormal actin
organization at dendric spines. A question then follows regarding which events
link nociceptive activity-dependent downregulation of LAMB1 and actin
disorganization. Integrins are first described as mediators of cellular
adhesion—linking the cytoskeleton and ECM (35). Laminins have been shown
to regulate diverse cellular functions through interaction with a panel of cell
surface receptors, including different subunits of integrin and some non-integrin
receptors (62-65). We wonder whether the interaction between LAMB1 and
integrin may play a role in mediating the regulatory effect of LAMB1 on the
anxiodepression in neuropathic pain. Our immunoprecipitation assay identified
that LAMB1 interacts with integrin 1 and disruption of LAMB1 greatly
diminishes this interaction, confirming the functional interaction between
LAMB1 and integrin 1. In examination of the downstream signaling cascades
that were activated by LAMB1-integrin 1 interaction, we have found that
knocking down ACC LAMB1 causes a significant reduction of phosphorylation
of Src kinase, which in turn leads to reduced RhoA-specific GTPase-activating
protein (GAP) p190RhoGap, thereby increasing the level of GTP-RhoA.
Previous studies have reported that localized activation or recruitment of active
RhoA is necessary for mushroom dendritic spines remodeling and plasticity (40,
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66). In agreement with this scenario, we further observed that RhoA effector
ROCK2 gets enhanced after LAMB1 knockdown, which further activates LIMK2
and deactivates cofilin by increasing phosphorylation of cofilin. In support of our
observation, RhoA has been shown to possess the ability to inhibit cofilin by
phosphorylating the Ser-3 residue of LIMK (67, 68). Since cofilin acts to sever
and depolymerize F-actin and increase the cellular concentration of monomeric
globular actin (G-actin), inhibition of cofilin induced by LAMB1 knockdown
would result in abnormal actin rearrangement and trigger spine remodeling.
Previous studies have shown that AMPAR membrane delivery and stability
is dependent on the integrity of actin cytoskeleton (48-51). In agreement with
this, we have observed an increased amount of AMPARs GluR1 subunit in the
plasma membrane of ACC in LAMB1 knockdown mice as a result of actin
rearrangement. Meanwhile, PSD95 displays prominent upregulation as well
after LAMB1 knockdown. In corroboration with these results, enhancement of
AMPARs-meditated synaptic response was observed in ACC pyramidal
neurons from LAMB1 knockdown mice. These lines of evidence suggest that
LAMB1

downregulation-induced

actin

dysregulation

after

peripheral

neuropathy leads to more AMPARs synaptic trafficking to the plasma
membrane. AMPARs have emerged as important mediators of synaptic
plasticity at central synapses (52, 53, 56, 57, 69). AMPARs can also permit
Ca2+ entry into neurons (70) and GluR1 subunit is highly expressed in regions
that demonstrate a high density of Ca2+-permeable AMPARs, including
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components of pain pathways (56, 71, 72). It is thus conceivable that an
elevation of activity of GCaMP6s-expressing pyramidal neurons in the ACC was
demonstrated during tail suspension in LAMB1 knockdown mice by using
calcium photometry approaches. Apart from the observed increase of GluR1
subunit in the plasma membrane, LAMB1 knockdown induces the membrane
recruitment of NR2A subunit as well. Although NMDARs-mediated eEPSCs
and NMDA-induced current were not significantly altered after deficiency of
LAMB1, the contribution of increased NR2A expression in the plasma
membrane to the plasticity of pyramidal neurons cannot be excluded. In
addition to the involvement in postsynaptic plasticity, actin polymerization has
also been implicated in presynaptic vesical transport and transmitter release
(73-75). In agreement with this assumption, we observed that knockdown of
ACC LAMB1 induced a reduction of PPR of AMPARs-eEPSCs and frequency
of mEPSCs in ACC pyramidal neurons. This suggests that LAMB1-mediated
actin cytoskeleton rearrangement via the above-revealed signaling cascades
plays a crucial role in regulating presynaptic transmitter release probability.
However, more detailed analyses overcoming current technical hindrances in
studying mobilization of vesicular pools in the ACC will be required to
understand mechanisms underlying LAMB1-mediated modulation of release
probability at this synapse. Finally, in examination of whether LAMB1-mediated
signaling cascades can possess therapeutic effects on neuropathic pain and
associated anxiodepression, we demonstrated that administration of integrin 1
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activator, pyrintegrin shows strong ability to relieve pain hypersensitivity as well
as anxiety and depression induced by SNI. In this regard, there are some
limitations of this study that are worth discussing. Since large Lamb1 gene
exceeds the capacity of any regular virus vectors, i.e. AAV and LV, we could
not investigate the impact of upregulation of LAMB1 in this study. Although we
sought for the usage of agonist of integrin 1 and addressed its therapeutic
implication clearly, it remains to be tried using CRISPR/Cas9-mediated modular
RNA-guided transcriptional activation approach in the future study although in
vivo implementation of this gain-of-function system has proven to be difficult
and with limited efficacy.
In summary, this study shows how LAMB1, a key element of ECM, conveys
extracellular alterations to intracellular structural and functional plasticity, and
modulates neuropathic pain and anxiodepressive consequences. Furthermore,
we identify pyrintegrin as a potential therapeutic candidate for treatment of
neuropathic pain and related anxiety and depression. Future investigations
related to the aberrant remodeling of the ECM might govern an important
direction for chronic pain and related aversion.
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Methods
Animals
Experiments were conducted in 350 adult male or female C57BL/6 mice (2530 g), which were housed in a temperature-controlled environment with a 12 h
light-dark cycle. Animals were randomly allocated to different experiment
groups.

Animal models
Spared nerve injury surgery

To mimic clinical neuropathic pain, we

performed a spared nerve injury (SNI) model as described previously (76). In
brief, mice were anesthetized by intraperitoneal injection of 1% pentasorbital
sodium. The left sciatic nerve branches were isolated under aseptic surgical
conditions by blunt dissection of the femoral biceps muscle. The peroneal and
tibial nerves were both tightly ligated and transected distal to the ligation,
leaving the sural nerve intact. The overlying muscle and skin were then sutured
and sterilized after surgery. Sham-operated mice were subjected to all
preceding procedures without nerve ligation and transection.
Chronic inflammatory pain model

Inflammation of the paw was induced

by intraplantar injection of complete Freund’s adjuvant (CFA) as described
previously (74). See Supplemental Methods for details.
Chronic CORT and chronic restraint stress model
Methods for details.
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See Supplemental

Behavioral analyses
All behavioral measurements were done in awake, unrestrained, agematched mice. Behavioral testing was carried out in habituated mice by an
observer blinded to the identity of the groups. Mechanical hypersensitivity was
determined on paw withdrawal to manual application of graded von Frey hairs
(0.008 - 2.0 g) to the plantar surface. Thermal hypersensitivity was assessed
on paw withdrawal to a radiant heat source applied to the plantar surface.
Anxiodepressive-like behaviors were determined with open field test (OFT),
elevated plus-maze test (EPM), tail suspension test (TST) and sucrose
preference test (SPT). See Supplemental Methods for more detailed procedure.

RNA sequencing
Fifty-six days after SNI or sham surgery, contralateral ACC was dissected
under RNase-free condition. Total RNA was isolated from ACC using TRIzol
Reagent in accordance with the manufacturer’s protocol. 1 µg of total RNA per
sample were used to construct sequencing libraries. Briefly, mRNA was
enriched and treated into short fragments using a fragmentation buffer, and
reverse transcripted into cDNA with random primers. The cDNA fragments were
purified, end repaired, added a poly(A) tail, and ligated Illumina sequencing
adapters. The ligation products were then size-selected by agarose gel
electrophoresis, amplified by PCR, and sequenced using Illumina HiSeq™
2500. Differentially expressed genes (DEGs) was assessed using RNAs
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differential expression analysis between two different groups. The transcripts
with the parameter of false discovery rate (FDR) below 0.05 and absolute fold
change ≥ 2 were considered differentially expressed transcripts. Pathway
Enrichment Analysis was carried by Kyoto Encyclopedia of Genes and
Genomes (KEGG). The calculated p-value was gone through FDR Correction,
taking FDR ≤ 0.05 as a threshold. Pathways meeting this condition were
defined as significantly enriched pathways in DEGs.

Quantitative RT-PCR
See Supplemental Methods for details, including primers and probes used
(Supplemental table 1).

Western blotting and immunofluorescence labelling
See

supplemental

Methods

for

details,

including

antibodies

used

(Supplemental table 1).

Coimmunoprecipitation assay
Three weeks following intracingulate injection of AAV2/9-U6-Lamb1 shRNACMV-EGFP (AAV-shLamb1) or AAV2/9-U6-scrambled shRNA-CMV-EGFP
(AAV-scrambled shRNA), ACC tissue were lysed on ice for 30 min in
Immunoprecipitation RIPA buffer supplemented with protease inhibitor PMSF,
centrifuged at 12,000 rpm for 10 min, and immunoprecipitated with Protein A/G
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PLUS-Agarose Immunoprecipitation Reagent (#YT-883, Biolab, Beijing, China)
according to the manufacturer’s instructions. Briefly, lysates were isolated 40 µl
for Inuput as positive control, and others were precleared by incubating on ice
for 30 min with 1 µg control IgG and 20 µL Protein A/G PLUS-Agarose. Beads
were pelleted by centrifugation at 2,500 rpm for 5 min at 4 °C. The resulting
supernatant (approximately 500-1000 µg total protein) was incubated with 2 µg
primary antibody (Supplementary table 1) (2 µg IgG as negative control)
overnight at 4 °C, and then with 40 µl Protein A/G PLUS-Agarose for 4 h at 4 °C.
Immunoprecipitates were collected by centrifugation at 2,500 rpm for 5 min at
4 °C, washed 4 times with Immunoprecipitation RIPA buffer, resuspended in 40
µl 1× loading buffer, and boiled for 5 min. Samples (10 μl) were then resolved
by SDS-PAGE and immunoblotted with appropriate antibodies.

Rho activation assay
Three weeks following intracingulate injection of AAV-shLamb1 or AAVscrambled shRNA, ACC tissue were lysed on ice for 30 min in Cell Lysis Buffer
supplemented with protease inhibitor cocktail, centrifuged at 12,000 rpm for 10
min. A 20-50 µg sample was kept for western blot quantitation of total RhoA per
sample. 800 µg total protein were measured by pulldown assay (#BK036,
Cytoskeleton, Denver, CO, USA) according to the manufacturer’s instructions.
Briefly, 50 µg rhotekin-RBD beads were added to lysates, and incubated at 4 °C
on a rotator for 1 h. Rhotekin-RBD beads were then pelleted by centrifugation
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at 5000 g at 4 °C for 1 min, and supernatant were carefully removed. 20 µl of
2× Laemmli sample buffer were added to each tube and the bead samples were
boiled for 2 min. The samples were then analyzed by SDS-PAGE and western
blot analysis.

Golgi staining
Golgi-Cox staining was performed as described in details previously (77, 78).
The stack images were captured using an FV1200 confocal microscopy
(Olympus, Ishikawa, Japan) and Imaris software (v.7.7.1, Bitplane, Switzerland)
was used to reconstruct neuronal dendritic arbors and dendritic spines.
Dendritic length, branching complexity and branch-point locations in a series of
concentric circles (at 10-μm radius increments from the soma) throughout the
whole dendritic arbor were quantified for the Sholl analysis. See Supplemental
Methods for details, including reagents used (Supplemental table 1).

Stereotaxic surgery
See Supplemental Methods for details, including virus used (Supplemental
table 1).

Brain slice patch-clamp recording
Whole-cell patch-clamp recording was performed as described previously
(79). Briefly, three weeks after viral injection of AAV-shLamb1 or AAV-scrambled
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shRNA into unilateral ACC, mice were anesthetized with urethane (1.2 g/kg, i.p.)
and transcardially perfused with ice-cold oxygenated (95% O2, 5% CO2)
incubation solution (in mM: NaCl, 95; KCl, 1.8; KH2PO4, 1.2; CaCl2, 0.5; MgSO4,
7; NaHCO3, 26; glucose, 15; sucrose, 50; pH 7.4). Coronal slices (300 μm-thick)
containing the injected ACC were prepared using the vibratome and stored in
an incubation solution at 32  1°C for at least 1 h. Standard whole-cell patch
clamp recordings were performed in fluorescence-labelled pyramidal neurons
in layer II/III of ACC in a recording solution, which was identical to the incubation
solution except for (in mM): NaCl 127, CaCl2 2.4, MgSO4 1.3 and sucrose 0.
The pipette solution consisted of (in mM): K-gluconate, 135; KCl, 5; CaCl2, 0.5;
MgCl2, 2; EGTA, 5; HEPES, 5 and Mg-ATP, 5, pH 7.4 with KOH, measured
osmolarity 300 mOsm. The electrophysiological properties of the recorded
neurons were acquired with an Axon700B amplifier (Molecular Devices
Corporation, CA, USA) and pCLAMP10.0 software. Except for AP recording,
QX-314 (5 mM) was added to the pipette solution to prevent discharge of AP.
Data were excluded when the resting membrane potential of neurons were
positive than −55 mV and AP did not have overshoot. Signals were low-pass
filtered at 5 kHz, sampled at 10 kHz and analysed offline.
Input-output of AMPAR-mediated eEPSCs

The cell membrane potential

was held at -70 mV. AMPAR-mediated evoked EPSCs (AMPAR-eEPSCs) were
recorded from layer II/III neurons, and the stimulations were delivered by a field
stimulating electrode placed in layer V/VI of ACC. AMPAR-eEPSCs were
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induced by repetitive stimulations at 0.05 Hz with increasing intensity in the
presence of AP5 (50 M) and picrotoxin (100 M).
AMPAR/NMDAR ratio

The AMPAR- and NMDAR-mediated current ratio was

recorded in the presence of 100 μM picrotoxin at holding potentials of −70 mV
and +40 mV with an internal solution containing the following: 107 mM
CsMeSO3, 10 mM CsCl2, 3.7 mM NaCl, 5 mM TEA-Cl, 20 mM HEPES, 0.2
mM EGTA, 5 mM QX-314, 4 mM ATP magnesium salt, 0.3 mM GTP sodium
salt and 2 mM MgCl2. The pH was adjusted to 7.3 with KOH, and osmolarity
was adjusted to 298–300 mOsm. The AMPAR/NMDAR ratio was calculated as
the ratio of the average EPSC peak amplitude at −70 mV to the average
amplitude of EPSCs recorded at +40 mV (average of 40–50 ms after afferent
stimulation).
Paired-pulse ratio (PPR) analysis

In a subset of experiments, paired-pulse

stimuli with an inter-stimulus interval of 50 ms (0.1 ms pulse duration, 1 mA
intensity, every 30 s) were applied to layer V/VI of ACC. Paired-pulse ratio
(facilitation or depression) of AMPARs-eEPSCs was calculated as the
amplitude of the second eEPSCs divided by that of the first eEPSCs in a pair.
Intrinsic membrane properties: For membrane properties analysis,
membrane potential was held at -70 mV under current-clamp mode.
Depolarizing current steps (500 ms in duration and 20 pA increments) were
used to detect the AP. The AP threshold was determined by differentiating the
AP waveform and setting a rising rate of 10 mV/ms as the AP inflection point.
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The AP amplitude was measured from the equipotential point of the threshold
to the spike peak. The AP duration was measured at the half-width of the spike.
AMPA- or NMDA-induced currents recording AMPA-induced currents were
recorded while 50 μM AMPA was bath applied for 30s at holding potential of 70 mV and NMDA-induced currents were recorded while 50 μM NMDA was
bath applied for 30s at +40 mV.
Miniature EPSCs (mEPSCs) analysis

mEPSCs were recorded at a holding

potential of −70 mV in the presence of AP5 (50 μM), picrotoxin (100 M) and
tetrodotoxin (TTX) (0.5 M). mEPSCs were analyzed using Mini Analysis
(Synaptosoft Inc.).
Pyrintegrin effect

In a subset of experiments, pyrintegrin (20 M) was

applied by bath superfusion for 30 s to examine its role on the hyperexcitability
and synaptic transmission of ACC pyramidal neurons derived from SNI-treated
mice. Membrane properties and AMPAR-eEPSCs were examined before,
during and after pyrintegrin application.

Fiber photometry
Fiber photometry was used to record calcium dependent activity dynamics
during tail suspension behavior with the commercialized fiber photometry
system (ThinkerTech, Beijing, China) as described previously (80). An optical
fiber was implanted into the ACC of mice at 3 w after combined viral injection
of AAV-CaMKII-GCaMP6s with AAV-shLamb1 or AAV-scrambled shRNA, as
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described above. To excite GCaMP6s, a 473-nm LED (Cree XP-E LED,
Shenzhen, China) was reflected off a dichroic mirror (MD498, Thorlabs,
Newtown, NJ, USA) that was focused by a × 20 objective lens (0.4 NA; Olympus,
Ishikawa，Japan) and coupled to an optical commutator (Doris Lenses). An
optical fiber (230 μm OD, 0.37 NA) guided the light between the commutator
and the implanted optical fiber. The laser power at the tip of the optical fiber
was adjusted to 0.01–0.02 mW to decrease laser bleaching. Fluorescence was
bandpass-filtered (MF525-39, Thorlabs), and an amplifier was used to convert
the CMOS (DCC3240M, Thorlabs) current output to signals, which was further
filtered through a low-pass filter (40 Hz cut off, ThinkerTech). The analog
voltage signals were digitalized at 50 Hz and recorded by the multi-channel
fiber photometry recording system (ThinkerTech). Fluorescence signals were
recorded continuously during tail suspension and normalized (ΔF/F) by
calculating the median signal across the recording period, subtracting this from
each data point, and dividing by the median signal.

Pharmacological rescue experiments
The ACC from sham-treated or 8 w post-SNI mice was implanted with
bilateral 26 gauge (Ga) stainless steel guide cannula. After recovery from
surgery for ~7d, 600 nl pyrintegrin (0.1, 1 or 10 mM) or 0.9% saline as vehicle
was infused per side over a 2 min period. Behavioral tests were performed at
~1 h after microinjection. Please see Supplemental Methods for more detailed
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procedures, including reagents used (Supplemental table 1).

Cortical cell culture
See

Supplemental

Methods

for

details,

including

reagents

used

(Supplemental table 1).

Statistical analysis
Data were analyzed in GraphPad Prism version 8.0 (GraphPad Software, La
Jolla, CA, USA) and Statistical Program for Social Sciences 21.0 software
(SPSS, Inc., Chicago, IL, USA). The normality test was performed by the
Shapiro–Wilk test. The homogeneity of variance test was performed by
Levene’s test. Data that met these two conditions were analyzed using a twotailed unpaired or paired t-test, one-way analysis of variance (ANOVA) or
repeated-measures ANOVA followed by Tukey’s multiple comparisons test.
Data sets that were not normally distributed were analyzed with a
nonparametric test (Supplemental Table 2). Data are reported as mean ± SEM.
P value less than 0.05 was considered statistically significant.

Study approval
All animal procedures were reviewed and approved by Institutional Animal
Care and Use Committee of the Fourth Military Medical University (FMMU). All
testing was done in a double-blinded manner.
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Figure legends
Figure 1 Peripheral neuropathy decreases LAMB1 expression in the ACC. (A)
Volcano plot showing RNA-seq data of contralateral ACC from SNI- vs shamtreated mice. Differentially expressed genes are designated in orange
(upregulation) and blue (downregulation) and defined as differentially
expressed genes with an FDR < 0.05. (B) Bar plot showing significant
enrichment of differentially expressed genes in various pathways. (C) Relative
expression levels are shown for genes in ECM-receptor interaction pathway
upon SNI as compared to sham treatment (n = 3-4 mice per group). (D, E)
Following SNI, LAMB1 displays downregulation in the ACC at 7d, 28d, 56d after
surgery at both mRNA (D) (n = 6) and protein level (E) (n = 5). Kruskal-Wallis
H test with Nemenyi multiple comparisons test. Data are presented as mean 
S.E.M. See Supplemental Table 2 for detailed statistical information. **P < 0.01.
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Figure 2 Characterization of expression profile of LAMB1 in the ACC. (A, B)
Representative examples (A) and quantitative summary (B) showing that
LAMB1 is highly coexpressed with neuronal nuclear antigen (NeuN), sparsely
with either glial fibrillary acidic protein (GFAP) or Iba1 (n = 3). (C, D)
Representative examples (C) and quantitative summary (D) showing that
LAMB1 expression is found in calcium/calmodulin-dependent protein kinase II
(CaMKII)-positive neurons and in GAD67-positive neurons (n = 3). Scale bar:
30 m in (A) and (C).
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Figure 3 LAMB1 knockdown in ACC induces pain hypersensitivity and
anxiodepression. (A) Schematic diagram showing intra-ACC virus injection in
C57BL/6 mice (n = 10). (B, C) Double immunofluorescence (B) and western
blotting (C) showing efficient LAMB1 knockdown in ACC (n = 6). Two-tailed
unpaired separate variance estimation t-test. (D, E) Stimulus-response curve
and mechanical threshold showing ACC LAMB1 knockdown exacerbates
ipsilateral mechanical sensitivity in sham- (D) and SNI-treated (E) mice (n = 10).
Mann-Whitney U test. (F) Ipsilateral thermal sensitivity was unaltered by
LAMB1 knockdown in either sham- or SNI-treated state (n = 10). One-way
ANOVA with Tukey's multiple comparisons test. (G) Traveling trajectory in the
EPM and quantitative summary showing sham-treated mice expressing
shLamb1 traveled less distance in open arm (n = 10). Kruskal-Wallis H test with
Nemenyi multiple comparisons test. (H) TST showing that expression of AAVshLamb1 resulted in longer immobility in sham-treated mice and further
exacerbated immobility following SNI (n = 10). Kruskal-Wallis H test with
Nemenyi multiple comparisons test. (I) SPT showing a strong reduced sucrose
preference in shLamb1-expressing mice (n = 10). One-way ANOVA with
Tukey's multiple comparisons test. Scale bar: 500 m in (A), 200 m and 70
m in (B). Data are presented as mean  S.E.M. See Supplemental Table 2 for
detailed statistical information. *P < 0.05, **P < 0.01, ****P < 0.0001.
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Figure 4 LAMB1 deficiency in ACC induces apical dendritic spine remodeling
of ACC pyramidal neurons. (A) Representative pyramidal neurons in the ACC
derived from sham- and SNI-treated mice expressing scrambled shRNA and
shLamb1 (n = 24-30). (B, C) Sholl analysis of dendritic branching complexity in
the basal and apical dendrites of mice expressing scrambled shRNA and
shLamb1 subjected to sham and SNI surgery (n = 24-30). Kruskal-Wallis H test
with Nemenyi multiple comparisons test. (D) Representative confocal stacks
and three-dimensional reconstruction images of the apical dendrites of ACC
pyramidal neurons obtained from mice expressing shLamb1 and scrambled
shRNA in both sham and SNI conditions (n = 20-25). (E, F) Summary of spine
density (E) and length (F) on the apical dendrites of ACC pyramidal neurons
obtained from mice expressing shLamb1 and scrambled shRNA in both sham
and SNI conditions (n = 20-25). Kruskal-Wallis H test with Nemenyi multiple
comparisons test. (G) Summary of the density of stubby-, mushroom-, long thinand filopodia-shaped spines on the apical dendrites of ACC pyramidal neurons
in the above four groups (n = 22-29). Kruskal-Wallis H test with Nemenyi
multiple comparisons test. Scale bar: 100 m in (A), 5 m in (D). Data are
presented as mean  S.E.M. See Supplemental Table 2 for detailed statistical
information. *P < 0.05, **P < 0.01, ****P < 0.0001.
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Figure 5 LAMB1 deficiency evokes neuronal hyperexcitability and synaptic
potentiation in ACC pyramidal neurons. (A) Whole-cell patch-clamp recording
from ACC layer II/III pyramidal neurons. (B) Action potentials (APs) induced by
current injection at 100 pA in neurons expressing shLamb1 and scrambled
shRNA (n = 11-17). (C) I-O curve in response to a depolarizing current step (20
pA step, 500 ms duration) showing a higher firing frequency in mice expressing
shLamb1 (n = 11-17). Friedman's M test. Right panel shows typical summary
at intensity of 100 pA. Two-tailed unpaired separate variance estimation t-test.
(D) A lowered rheobase was observed after LAMB1 knockdown (n = 8-11).
Mann-Whitney U test. (E, F) Representative traces (E) and I-O curve (F) of
AMPAR-mediated eEPSCs by stimulation of layer V/VI in both genotypes of
mice (n = 16). Friedman's M test. Right panel shows typical quantification of
AMPAR-eEPSCs evoked by 300 A stimulation. Mann-Whitney U test. (G, H)
Representative traces (G) and quantitative summary (H) of AMPAR/NMDAR
EPSCs ratio in both genotypes (n = 12-18). AMPAR-eEPSCs: Two-tailed
unpaired t-test, NMDAR-eEPSCs and AMPAR/NMDAR: Mann-Whitney U test.
Scale bar: 50 m in (A). Data are presented as mean  S.E.M. See
Supplemental Table 2 for detailed statistical information. **P < 0.01, ***P <
0.001, ****P < 0.0001.
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Figure 6 (A, B) Both presynaptic and postsynaptic mechanisms are involved in
the synaptic potentiation induced by LAMB1 knockdown in the ACC. Typical
examples (A) and quantitative summary (B) of PPF or PPD showing that
LAMB1 knockdown induced a reduced PPR (n = 20). Two-tailed unpaired t-test.
(C-E) Representative traces (C) and quantification of mEPSCs frequency (D)
and amplitude (E) showing that LAMB1 knockdown significantly increased
mEPSCs frequency and amplitude (n = 8-11). Frequency: Two-tailed unpaired
separate variance estimation t-test, Amplitude: Two-tailed unpaired t-test. (F,
G) Inward currents induced by bath-applied AMPA (50 M) (F) or NMDA (50
M) (G) in both genotypes (n = 6-7). Two-tailed unpaired t-test. Data are
presented as mean  S.E.M. See Supplemental Table 2 for detailed statistical
information. *P < 0.5, **P < 0.01.
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Figure 7 LAMB1 knockdown mice exhibits altered Src/RhoA/LIMK/cofilin
signaling and dysregulated F-actin in the ACC. (A, B) Confocal images of Factin staining with phalloidin in ACC slices of mice expressing scrambled
shRNA vs shLamb1 (A) (n = 5) and cultured cortical neurons transfected with
shLamb1 vs scrambled shRNA (B) (n = 7). Two-tailed unpaired t-test in (A),
Mann-Whitney U test in (B). (C) Typical examples of immunoprecipitated
LAMB1 and integrin 1 in ACC lysates derived from mice expressing scrambled
shRNA and shLamb1 (n = 3). Two-tailed unpaired t-test. (D) Typical examples
and quantitative summary of levels of LAMB1, phosphorylated Src and total Src
in ACC lysates from mice expressing scrambled shRNA and shLamb1 (n = 45). LAMB1 / -actin: Two-tailed unpaired t-test. p-Src / Src: Two-tailed unpaired
separate

variance

estimation

t-test.

(E)

Typical

examples

of

immunoprecipitated phosphotyrosine (p-Tyr) and quantitative summary of
levels of p-Tyr, p190RhoGAP, and -actin for loading control (n = 3). Two-tailed
unpaired separate variance estimation t-test. (F) Typical examples and
quantitative summary of levels of RhoA-GTP and total RhoA using pull down
assay (n = 3). Two-tailed unpaired t-test. (G) Typical examples and quantitative
summary of levels of ROCK2, LIMK1, LIMK2, p-cofilin and total cofilin in ACC
lysates derived from mice expressing scrambled shRNA and shLamb1 (n = 4).
Two-tailed unpaired t-test. Scale bar: 30 m in (A), 50 m (left) and 5 m (right)
in (B). Data are presented as mean  S.E.M. See Supplemental Table 2 for
detailed statistical information. *P < 0.5, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 8 LAMB1 knockdown leads to increased AMPARs membrane trafficking
and increased activity of ACC pyramidal neurons. (A, B) Typical immunoblots
example (A) and quantitative summary (B) showing the expression of AMPARs
and NMDARs subunits in the membrane faction of ACC tissue from mice
expressing scrambled shRNA vs shLamb1 (n = 3). For the quantitative analysis
in (B), two steps of normalization have been performed: 1) normalize each blot
(i.e. GluR1, GluR2, NR1, NR2A, NR2B, PSD95) to loading control Flotillin 1 in
scramble and shLamb1 group, respectively; 2) and then normalize each subunit
in shLamb1 group to scramble group to assess the changes of each subunit.
Two-tailed unpaired t-test. (C) Immunofluorescence showing upregulated
PSD95 expression in cultured cortical neurons expressing shlamb1 as
compared to scramble shRNA (n = 6). (D, E) Experimental schematic diagram
showing virus injection, optical fiber placement in ACC and behavioral test as
well as fiber photometry recording during tail suspension test in mice
expressing scrambled shRNA and shLamb1 (n = 6-7). (F, G) Mechanical
threshold (F) and immobility duration in tail suspension test (G) in mice
expressing scrambled shRNA and shLamb1 (n = 6-7). Two-tailed unpaired ttest. (H-J) Representative photometry traces (H) as shown in heat maps (I) and
quantitative summary (J) from 5 independent experiments of peak GCaMP6s
signals locked to the onset of struggling. In heat maps (I), each row in y-axis
represents GCaMP6s signals from 5 mice of each group. Mann-Whitney U test.
Scale bar: 50 m (left) and 5 m (right) in (C), 200 m (left) and 30 m (right)
in (E). Data are presented as mean  S.E.M. See Supplemental Table 2 for
detailed statistical information. *P < 0.05, **P < 0.01, ****P < 0.0001.
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Figure 9 Intra-ACC injection of pyrintegrin, an integrin 1 activator relieves
established pain hypersensitivity and anxiodepression after SNI. (A) Bilateral
intra-ACC injection of pyrintegrin (Pyr) did not alter mechanical and thermal
sensitivity in sham-treated wildtype mice (n = 8-9). PWMT: Two-tailed unpaired
t-test. PWTL: Mann-Whitney U test. (B-D) Stimulus-response curves (B),
mechanical threshold (C) and thermal latency (D) showing intra-ACC injection
of Pyr (0.1, 1, 10 mM) dose-dependently relieved ipsilateral SNI-induced
mechanical allodynia and thermal hyperalgesia (n = 6). PWMT: Kruskal-Wallis
H test with Nemenyi multiple comparisons test. PWTL: One-way ANOVA with
Tukey's multiple comparisons test. (E) ACC delivery of Pyr (1 mM) increased
open arm exploring in EPM test in SNI-operated mice (n = 8). Two-tailed
unpaired t-test. (F, G) Intra-ACC injection of Pyr (1 mM) decreased immobility
in TST (F) and elevated sucrose preference in SPT (G) in SNI-operated mice
(n = 7-8). Two-tailed unpaired separate variance estimation t-test. Data are
presented as mean  S.E.M. See Supplemental Table 2 for detailed statistical
information. *P < 0.05, **P < 0.01, ****P < 0.0001.
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Figure 10 Pyrintegrin (Pyr) alleviates neuropathic pain and related aversion via
Src/cofilin signaling pathway. (A-C) Typical immunoblots and quantitative
summary showing SNI-induced decrease of p-Src (A), increase of p-cofilin (B)
and PSD95 (C) was reversed by intra-ACC Pyr injection (1 mM) (n = 3). p-Src
/ Src: Kruskal-Wallis H test with Nemenyi multiple comparisons test. p-Cofilin /
Cofilin, PSD95 / Flotillin: One-way ANOVA with Tukey's multiple comparisons
test. (D) F-actin staining with phalloidin in cultured cortical neurons transfected
with shLamb1 in the absence and presence of Pyr (1 M) (n = 7-8). Two-tailed
unpaired separate variance estimation t-test. (E, F) Bath-applied Pyr (20 M)
relieved neuronal hyperexcitability (E) and AMPAR-mediated eEPSCs (F) in
SNI-treated ACC pyramidal neurons (n = 11). Kruskal-Wallis H test with
Nemenyi multiple comparisons test. Pyr: pyrintegrin. Scale bar: 50 m (upper)
and 5 m (lower) in (D). Data are presented as mean  S.E.M. See
Supplemental Table 2 for detailed statistical information. *P < 0.05, **P < 0.01,
****P < 0.0001.
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Figure 11 LAMB1 in the ACC is not involved in the depression with no pain. (A,
B) Representative trajectory and quantitative summary of distance travelling in
centre area in OFT (A) and in open arm in EPM (B) from control and CORTtreated mice (n = 6). Two-tailed unpaired t-test. (C, D) Duration of immobility in
TST (C) and sucrose preference in SPT (D) paradigm in control and CORTtreated mice (n = 6). Two-tailed unpaired t-test. (E) Immunoblots and
quantitative summary showing that LAMB1 expression was not altered in ACC
in CORT-treated mice as compared to control group (n = 6). Two-tailed unpaired
t-test. (F, G) Representative trajectory and quantitative summary of distance
travelling in centre area in OFT (F) and in open arm in EPM (G) in control and
CRS-treated mice (n = 6). Two-tailed unpaired t-test. (H, I) Duration of
immobility in TST (H) and sucrose preference in SPT (I) paradigm in control and
CRS-treated mice (n = 6). Two-tailed unpaired t-test. (J) Immunoblots and
quantitative summary showing that LAMB1 expression was unchanged in the
ACC in CRS-treated mice as compared to control group (n = 6-7). Two-tailed
unpaired separate variance estimation t-test. Data are presented as mean 
S.E.M. See Supplemental Table 2 for detailed statistical information. *P < 0.05,
**P < 0.01.
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Figure 12 A schematic model proposing how LAMB1, a key element of ECM,
conveys extracellular alterations to intracellular structural and functional
plasticity, and modulates neuropathic pain and pain-related anxiodepression
(see text for details).
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