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Introduction
Chronic pain and depression are frequently comorbid, and 
their coexistence tends to worsen the severity of both disor-
ders (1–4). Clinical and preclinical studies have established 
that anterior cingulate cortex (ACC) hyperactivity is essential 
for driving the comorbid depressive symptoms in chronic pain 
(5–8). Indeed, optogenetic activation of pyramidal neurons 
within the ACC is sufficient to induce depressive-like behav-
iors in naive mice (5), whereas lesioning the ACC or optoge-
netic inhibition of pyramidal neuron hyperactivity within the 
ACC blocks chronic pain–induced depressive-like behaviors 
without affecting sensory mechanical sensitivity (5–7, 9). 
While these findings argue that ACC hyperactivity underlies 
the comorbid depressive behaviors in chronic pain, the cause 
of ACC hyperactivity remains unknown. Notably, the non-
competitive N-methyl-d-aspartate receptor (NMDAR) antago-
nist ketamine has emerged as an effective treatment for both 

pain and comorbid depressive symptoms. Low, subanalgesic 
doses of ketamine can produce rapid, long-lasting antidepres-
sant-like effects in patients and animal models (10, 11). How-
ever, the underlying mechanisms of ketamine’s antidepressant 
effects have not been fully elucidated.

Rho GTPases (e.g., Rac1, RhoA) play essential roles in den-
dritic spine morphogenesis and synaptic plasticity by controlling 
the organization of the underlying actin cytoskeleton (12). Pre-
cise spatiotemporal regulation of Rho GTPases is mediated by 
guanine nucleotide exchange factors (GEFs), which activate Rho 
GTPases by facilitating GDP/GTP exchange, and GTPase-acti-
vating proteins (GAPs), which inhibit Rho GTPases by stimulat-
ing GTP hydrolysis. We previously identified the Rac1 GEF T cell 
lymphoma invasion and metastasis 1 (Tiam1) as a critical regula-
tor of dendritic spine and synapse development that couples syn-
aptic NMDAR activity to Rac1 activation and actin cytoskeletal 
remodeling in developing hippocampal neurons (13–15). Recent-
ly, Tiam1 has also been shown to form a reciprocally activating 
signaling complex (RAKEC) with CaMKIIα, which stably acti-
vates CaMKIIα and Rac1 and maintains spine morphology during 
long-term potentiation (LTP) (16). Here, we establish Tiam1 as an 
essential factor in the pathophysiology of comorbid depression in 
chronic pain through its regulation of maladaptive synaptic plas-
ticity in ACC neurons, which can be targeted by ketamine to pro-
duce sustained antidepressant-like effects.

Chronic pain often leads to depression, increasing patient suffering and worsening prognosis. While hyperactivity of the 
anterior cingulate cortex (ACC) appears to be critically involved, the molecular mechanisms underlying comorbid depressive 
symptoms in chronic pain remain elusive. T cell lymphoma invasion and metastasis 1 (Tiam1) is a Rac1 guanine nucleotide 
exchange factor (GEF) that promotes dendrite, spine, and synapse development during brain development. Here, we show 
that Tiam1 orchestrates synaptic structural and functional plasticity in ACC neurons via actin cytoskeleton reorganization 
and synaptic N-methyl-d-aspartate receptor (NMDAR) stabilization. This Tiam1-coordinated synaptic plasticity underpins 
ACC hyperactivity and drives chronic pain–induced depressive-like behaviors. Notably, administration of low-dose 
ketamine, an NMDAR antagonist emerging as a promising treatment for chronic pain and depression, induces sustained 
antidepressant-like effects in mouse models of chronic pain by blocking Tiam1-mediated maladaptive synaptic plasticity 
in ACC neurons. Our results reveal Tiam1 as a critical factor in the pathophysiology of chronic pain–induced depressive-like 
behaviors and the sustained antidepressant-like effects of ketamine.
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mice 3 weeks after CFA injection (Supplemental Figure 1, C 
and D), confirming that depressive/anxiety-like behaviors are 
reliably induced by these chronic pain models.

To investigate whether Tiam1 is activated in the ACC of mouse 
models of chronic pain displaying depressive/anxiety-like behav-
iors, we carried out an affinity-precipitation assay to detect active 
Tiam1 using GST-Rac1G15A, a guanine nucleotide–free form of 
Rac1 that preferentially binds to activated GEFs (20). Seven weeks 
after sham or SNI surgery or 3 weeks after saline or CFA injection, 
the active GEF assay was performed on ACC homogenates from 
the mice. We found that the levels of Tiam1 that precipitated with 
Rac1G15A from SNI mice were markedly increased compared 
with those of sham-treated controls (Figure 1G). Furthermore, 
Tiam1 was activated in a time-dependent manner after nerve 
injury, reaching maximum activation 8 weeks after SNI that was 
sustained at 24 weeks (Supplemental Figure 2). However, we did 
not detect significant Tiam1 activation after SNI surgery in other 
brain regions that are thought to be involved in the comorbidity 
between pain and mood disorders, including the amygdala, nucle-
us accumbens (NAc), insular cortex, or prefrontal cortex (PFC) 
(21) (Supplemental Figure 3). Like SNI, Tiam1 activation was 
detected in the ACC of CFA mice in contrast with saline controls 
(Supplemental Figure 4). These data indicate that ACC Tiam1 is 
activated in mouse models of chronic pain with depressive/anxi-
ety-like behaviors.

Tiam1 in the ACC modulates chronic pain–induced depressive-like 
behaviors. To investigate the causal link between ACC Tiam1 acti-
vation and depressive/anxiety-like behaviors, we utilized Tiam1-
floxed mice (Tiam1fl/fl) previously generated in our lab (15). To 
delete Tiam1 from postnatal forebrain excitatory neurons, we 

Results
Tiam1 in the ACC is activated in mouse models of chronic pain 
with depressive/anxiety-like behaviors. The ACC appears to be 
a critical hub for comorbid depressive symptoms in chronic 
pain (5, 8, 9). NMDAR-mediated enhancement of excitatory 
synaptic transmission in the ACC coincides with comorbid 
depressive–like behaviors in neuropathic pain (9). Based on 
our previous finding that Tiam1 couples synaptic NMDARs to 
Rac1-dependent actin cytoskeletal reorganization and den-
dritic spine and synapse development in hippocampal neu-
rons (13–15), we explored the possible role of Tiam1-mediated 
synaptic remodeling in ACC hyperactivity and chronic pain–
induced depressive-like behaviors. Chronic pain is broadly 
classified as neuropathic pain or inflammatory pain caused 
by nerve or tissue damage, respectively, stemming from vari-
ous injuries (17). To investigate Tiam1’s role in chronic pain–
induced depressive-like behaviors, we used the spared nerve 
injury–induced (SNI-induced) neuropathic pain model and 
the CFA-induced inflammatory pain model (Figure 1, A and 
B, and Supplemental Figure 1, A and B; supplemental materi-
al available online with this article; https://doi.org/10.1172/
JCI158545DS1), which are both well-accepted mouse models 
of chronic pain (18, 19). As expected, 7 weeks after SNI surgery, 
WT mice displayed depressive- and anxiety-like behaviors in 
several established behavioral assays, including the forced 
swim test (FST) (increased immobility), the tail-suspension 
test (TST) (increased immobility), the elevated-plus-maze 
(EPM) test (reduced open-arm time), and the open-field activ-
ity (OFA) test (reduced center-zone time) (Figure 1, C–F). Sim-
ilar depressive/anxiety-like behaviors were observed in WT 

Figure 1. Tiam1 is activated in the ACC of mouse models of chronic pain displaying depressive/anxiety-like behaviors. (A) Experimental paradigm. (B) 
Time course of SNI-induced sensory pain (n = 7 mice for each group). BL, baseline; S, sham or SNI surgery. (C–F) Mice with neuropathic pain (7 weeks after 
SNI surgery) displayed depressive/anxiety-like behaviors, as shown by increased immobile times in the FST and TST and reductions in the duration in open 
arms in the EPM test and time in center in the OFA test. Sham, n = 9 mice; SNI, n = 8 mice. (G) Representative blot and quantification of an affinity-pre-
cipitation active GEF assay with GST (control) and GST-Rac1G15A (nucleotide-free Rac1) showing Tiam1 activation in the ACC of mice 7 weeks after sham 
treatment or SNI (n = 6 mice). Data are represented as mean ± SEM. **P < 0.01; ***P < 0.001. Two-way ANOVA followed by Tukey’s post hoc test (B); 
2-tailed unpaired Student’s t test (C–G).
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ance (MCA) test to measure nonreflexive pain behavior, which 
involves mice choosing to either remain in a brightly lit compart-
ment or escape to a dark compartment by crossing an array of 
height-adjustable nociceptive probes (23, 24). Seven weeks after 
SNI surgery, both control and Tiam1-cKO mice exhibited a sig-
nificant increase in escape latency from the white-lit chamber at 
a probe height of 5 mm, and there was no significant difference 
between them (Figure 2C), suggesting that Tiam1 deletion from 
postnatal forebrain excitatory neurons does not affect peripheral 
nerve injury–induced pain hypersensitivity in reflexive and affec-
tive dimensions.

Since Tiam1-cKO mice develop chronic pain similar to that of 
control littermates, we next explored whether Tiam1 plays a role 
in chronic pain–induced depressive/anxiety-like behaviors by 
testing control and Tiam1-cKO mice 7 weeks after sham or SNI 
surgery. Strikingly, we found that, in contrast with SNI-treated 
control mice, Tiam1-cKO mice subjected to SNI did not display 
depressive- or anxiety-like behaviors in the FST, the TST, the 
sucrose-preference test (SPT), the EPM test, and the OFA test 
and instead performed similarly to sham-treated animals (Figure 
2, D–H). Likewise, in the CFA-induced inflammatory pain mod-
el, Tiam1-cKO mice displayed a marked reduction in depressive/
anxiety-like behaviors compared with control mice (Supplemen-
tal Figure 6, A–C). Neither Tiam1-cKO nor control mice exhibited 
changes in locomotion in the OFA test in response to chronic pain 
(Figure 2I and Supplemental Figure 6D). Together, these results 
suggest that Tiam1 is essential in postnatal forebrain excitatory 

crossed Tiam1-floxed mice with a CaMKIIα-Cre transgenic line. 
We confirmed Tiam1 loss in the forebrain of these Tiam1–con-
ditional KO (cKO) mice via Western blot analysis (Supplemental 
Figure 5A). To further verify the selective deletion of Tiam1 from 
CaMKIIα-expressing neurons in Tiam1-cKO mice, we injected 
Cre-dependent AAV vector expressing EGFP (AAV8-pCAG-DIO-
EGFP) into the ACC of Tiam1-cKO mice (CaMKIIα-Cre:Tiam1fl/fl) 
and control mice (CaMKIIα-Cre) and isolated EGFP-expressing 
ACC neurons with flow cytometry. Western blot analysis revealed 
that Tiam1 was selectively deleted from CaMKIIα-expressing neu-
rons in Tiam1-cKO mice (Supplemental Figure 5B). Mice lacking 
Tiam1 are viable, fertile, and display no gross alterations in the spi-
nal cord or brain structures (15). Tiam1-cKO mice also performed 
as well as littermate controls on the rotarod (Supplemental Figure 
5C), suggesting that they do not have deficits in motor coordina-
tion, motor learning, or balance.

Chronic pain is a complex sensory and affective experience 
(22). To characterize chronic pain responses in Tiam1-cKO mice 
and littermate controls subjected to sham or SNI surgery, we 
tested mice for both reflexive withdraw via von Frey stimuli and 
affective-motivational behavior in response to acetone evapora-
tion. Notably, we did not observe any difference in the mechanical 
withdrawal thresholds or attending and escape behaviors in con-
trol and Tiam1-cKO mice before or during the 8 weeks following 
SNI surgery (Figure 2, A and B). To further evaluate the effects of 
Tiam1 loss from postnatal forebrain excitatory neurons on chron-
ic pain behaviors, we used an operant mechanical conflict-avoid-

Figure 2. Conditional deletion of Tiam1 from postnatal forebrain excitatory neurons prevents chronic pain–induced depressive/anxiety-like behaviors. 
(A and B) Time course of SNI-induced pain reflexive behavior, demonstrated by a von Frey mechanical threshold assay (A, control-sham [Ctrl-sham], n = 5 
mice; Ctrl-SNI, n = 5 mice; cKO-sham, n = 7 mice; cKO-SNI, n = 7 mice) and pain affective-motivational behavior in response to acetone evaporation (B, n = 9 
mice for each group) in control and Tiam1-cKO mice before and during the 8 weeks following surgery. (C) Escape latency from white-lit chamber in the MCA 
with 5 mm probe height in the conflict chamber 7 weeks after sham or SNI surgery (Ctrl-sham, n = 10 mice; Ctrl-SNI, n = 10 mice; cKO-sham, n = 12 mice; 
cKO-SNI, n = 12 mice). (D–H) Behavioral tests demonstrating that chronic neuropathic pain (7 weeks after SNI surgery) induced depressive/anxiety-like 
behaviors in control mice, but not in Tiam1-cKO mice, in the FST (D), TST (E), SPT (F) and EPM (G) and OFA (H) tests (Ctrl-sham, n = 8 mice; Ctrl-SNI, n = 8 
mice; cKO-sham, n = 7 mice; cKO-SNI, n = 8 mice; FST). (I) OFA showing that chronic neuropathic pain had no effect on locomotion in control or Tiam1-cKO 
mice (n = 7-8 mice). Data are represented as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. Two-way ANOVA followed by Tukey’s post hoc test (A, B, 
D–I); 1-way ANOVA followed by Tukey’s post hoc test (C).
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Tiam1 controls chronic pain–induced dendritic spine remodeling 
and functional synaptic plasticity in ACC neurons. Basic and clini-
cal studies have established that an underlying cause of stress-in-
duced depression and anxiety disorders is alterations in synaptic 
connections in brain regions involved in mood regulation, includ-
ing the PFC, hippocampus, amygdala, and NAc (26, 27). Given 
that the ACC is a brain region that is important for processing 
the emotional features of pain (5–8), we investigated the possi-
bility that chronic pain–induced depressive-like behaviors are 
caused by underlying synaptic alterations in the ACC. Dendritic 
spines are small actin-rich protrusions on dendrites that serve as 
the primary postsynaptic sites of excitatory synapses (28, 29). To 
probe for alterations in dendritic spines on ACC neurons follow-
ing chronic pain, we injected a low titer of rAAV8-hSyn-GFP into 
the ACC of mice to sparsely label ACC neurons 2 weeks before 
surgery. We subjected these GFP-expressing mice to sham or SNI 
surgery and analyzed dendritic spines on secondary and tertiary 
dendrites of GFP-positive ACC neurons 7 weeks after surgery, 
a time when SNI mice display depressive-like behaviors. ACC 
neurons in control mice subjected to SNI showed significant 
increases in dendritic spine density compared with ACC neurons 
in sham-treated control mice (Figure 4, A and B), suggesting that 
chronic pain promotes dendritic spinogenesis in the ACC. Since 
actin polymerization is a driving force for dendritic spine remod-
eling, we next determined whether chronic pain modulates actin 
dynamics in the ACC. Actin exists in 2 forms: monomeric globu-
lar actin (G-actin) and polymerized filamentous actin (F-actin), 
which is composed of aggregated G-actin. The transition between 
these 2 forms of actin is controlled by synaptic activity (29). Using 
Western blot analysis to measure the levels of F- and G-actin, 

neurons for the development of chronic pain–induced depressive/
anxiety-like behaviors. Given that Tiam1-cKO mice displayed a 
marked reduction in depressive/anxiety-like behaviors following 
neuropathic pain and inflammatory pain relative to that of control 
mice (Figure 2 and Supplemental Figure 6) and ACC Tiam1 was 
activated in both pain models (Figure 1G and Supplemental Fig-
ure 4), we assume that they share similar underlying mechanisms. 
Because most cases of depression in chronic pain are associated 
with neuropathic pain, which is clinically difficult to treat (2, 25), 
the SNI-induced neuropathic pain model was employed in the fol-
lowing mechanistic experiments, as in the previous study (2).

To further establish the functional role of ACC Tiam1 in chron-
ic pain–induced depression/anxiety-like behaviors, we specifically 
deleted Tiam1 from ACC neurons of Tiam1-floxed mice by bilateral 
injection of an rAAV8 vector expressing Cre recombinase and GFP 
driven by the human synapsin 1 promoter (rAAV8-hSyn-Cre-GFP). 
An rAAV8 vector expressing GFP alone was used as the control 
(rAAV8-hSyn-GFP) (Figure 3, A–C, and Supplemental Figure 7). 
Specific deletion of Tiam1 from ACC neurons did not alter SNI-in-
duced mechanical allodynia before or during the 8 weeks following 
surgery (Figure 3D), but it did significantly suppress depressive-like 
behaviors, as shown by a marked reduction in immobility times in 
the FST and TST (Figure 3, E and F). Interestingly, Tiam1 deletion 
from ACC neurons did not affect chronic pain–induced anxiety-like 
behaviors, as no significant change was observed in the open-arm 
time in the EPM test or center-zone time in the OFA test (Figure 3, G 
and H). As before, chronic pain did not induce locomotion changes 
in the OFA test in GFP- or Cre-injected Tiam1-floxed mice (Figure 
3I). These data suggest that Tiam1 expressed in ACC neurons spe-
cifically mediates chronic pain–induced depressive-like behaviors.

Figure 3. Tiam1 deletion from ACC neurons prevents chronic pain–induced depressive-like behaviors. (A) Experimental paradigm. (B) Representative 
image of the ACC after bilateral injections of rAAV8 (1 μl/site) expressing GFP. (C) Western blot analysis showing Cre-mediated Tiam1 loss in the ACC of 
Tiam1-floxed mice (n = 6 mice for each group). (D) Time course of pain hypersensitivity in response to von Frey filament stimuli in rAAV8-GFP– and rAAV8-
Cre-GFP–injected Tiam1-floxed mice before and during the 8 weeks following sham or SNI surgery (GFP-sham, n = 12 mice; GFP-SNI, n = 11 mice; Cre-sham, 
n = 11 mice; Cre-SNI, n = 11 mice). (E–I) Behavioral tests demonstrating that Tiam1 deletion from ACC neurons prevented depressive-like behaviors in FST 
(E) and TST (F), but did not change anxiety-like behaviors in EPM (G) or OFA (H) tests or locomotor activity in OFA test (I) in mice with neuropathic pain (7 
weeks after surgery) (GFP-sham, n = 12 mice; GFP-SNI, n = 11 mice; Cre-sham, n = 11 mice; Cre-SNI, n = 11 mice). Data are represented as mean ± SEM. *P < 
0.05; **P < 0.01; ***P < 0.001. Two-tailed unpaired t test (C), 2-way ANOVA followed by Tukey’s post hoc test (D–I).
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of presynaptic stimulation at 2 Hz in layer V with postsynaptic 
depolarization at +30 mV) to trigger NMDAR-dependent LTP 
in sham-treated and SNI mice (39, 40). Recorded neurons were 
identified as pyramidal neurons based on morphological features 
and their ability to show spike frequency adaptation in response 
to prolonged depolarizing-current injection (41). We found that, 
although LTP was induced in ACC slices from both sham-treat-
ed and SNI mice (7 weeks after surgery), LTP was significantly 
enhanced in ACC slices from mice subjected to SNI surgery (Fig-
ure 5, E–G), indicating that chronic pain significantly increased 
NMDAR-dependent synaptic potentiation in the ACC. Together, 
these data suggest that chronic pain–induced depressive symp-
toms are caused by underlying synaptic structural and functional 
alterations in ACC neurons.

Since Tiam1 in ACC neurons is required for chronic pain–
induced depressive-like behaviors (Figure 2, Figure 3, and Sup-
plemental Figure 6) and Tiam1 is known to couple NMDARs to 
Rac1-dependent actin dynamics necessary for hippocampal spine 
and synapse development (13–15), we next investigated whether 
chronic pain–induced depressive-like behaviors are determined 
by Tiam1-mediated dendritic spine remodeling and functional 
synaptic plasticity of ACC neurons. While chronic pain promotes 
increases in the density of dendritic spines and the F- to G-actin 
ratio of ACC neurons in control mice, no detectable changes in 
spine density or F- to G-actin ratio were observed in Tiam1-cKO 
mice (Figure 4, A–C), suggesting that Tiam1 controls chronic 
pain–induced synaptic structural remodeling of ACC neurons. 
Similarly, the chronic neuropathic pain–induced increases in syn-
aptic NMDAR subunit protein levels (Figure 5, A and B), synaptic 
NMDAR currents (Figure 5, C and D), and NMDAR-dependent 
synaptic potentiation in the ACC (Figure 5, H–J) were attenuated 
by the conditional deletion of Tiam1 from CaMKIIα-expressing 
postnatal forebrain excitatory neurons, suggesting that Tiam1 
regulates chronic pain–induced synaptic functional plasticity. 
Together, these results argue that Tiam1 coordinates synaptic 
structural and functional plasticity of ACC neurons, which under-
lies ACC hyperactivity and the development of chronic pain–
induced depressive-like behaviors.

we found that the ratio of F- to G-actin, which reflects the bal-
ance between actin polymerization and depolymerization, was 
significantly increased in the ACC of control mice 7 weeks after 
SNI (Figure 4C). Together, these data indicate that chronic pain 
induces synaptic structural remodeling in ACC neurons.

Synaptic structural remodeling and functional plasticity are 
typically highly coordinated (30–33). For example, stress increas-
es spine density and results in the hyperexcitability of neurons in 
the amygdala and NAc (34). In the chronic pain condition, glu-
tamate neurotransmitter–mediated ACC hyperexcitability coin-
cides with depressive-like behaviors (9). To determine whether 
chronic pain alters glutamate receptors in ACC neurons, we iso-
lated the postsynaptic density–enriched (PSD-enriched) mem-
brane fraction of ACC neurons 7 weeks after SNI or sham surgery 
and measured synaptic NMDAR and α-amino-3-hydroxy-5-meth-
yl-4-isoxazolepropionic acid receptor (AMPAR) subunit protein 
levels with Western blot analysis (35, 36). The synaptic levels of 
NMDAR subunits GluN1, GluN2A, and GluN2B were increased 
in SNI-treated mice compared with sham-treated control mice, 
whereas no differences were detected in AMPAR subunits GluA1 
and GluA2 (Figure 5, A and B), suggesting a specific increase in 
synaptic NMDAR levels. To assess synaptic NMDAR activity, we 
first measured NMDAR-mediated currents from pyramidal neu-
rons in layer II/III of acutely isolated ACC cortical slices from 
control mice 7 weeks after sham or SNI surgery. We recorded 
NMDAR currents elicited by puff application of 100 μm NMDA 
directly onto ACC pyramidal neurons. We found that chron-
ic neuropathic pain (7 weeks after SNI) markedly increased the 
amplitude of puff NMDA currents of ACC neurons (Figure 5, C 
and D), suggesting that NMDAR-mediated activity is enhanced 
in the ACC in chronic neuropathic pain. LTP is a well-studied cel-
lular model of synaptic plasticity involving synaptic strengthen-
ing that is associated with memory formation and chronic pain 
and requires the activation of NMDARs (37, 38). To determine 
whether synaptic transmission is increased in ACC neurons in 
response to chronic neuropathic pain, we performed whole-cell 
patch-clamp recordings on layer II/III pyramidal neurons from 
acute ACC slices using a pairing training protocol (80 pulses 

Figure 4. Tiam1 mediates synaptic structural plasticity of ACC 
neurons in mouse models of chronic pain. (A and B) Represen-
tative confocal images and summary of spine density analysis 
of the apical dendrites of ACC pyramidal neurons showing that 
chronic pain (7 weeks after SNI) increased the density of den-
dritic spines in control mice, but not in Tiam1-cKO mice (Ctrl-sh-
am, n = 26 dendrites from 3 mice; Ctrl-SNI, n = 25 dendrites 
from 3 mice; cKO-sham, n = 30 dendrites from 3 mice; cKO-SNI, 
n = 30 dendrites from 3 mice). Scale bar: 10 μm. (C) Western blot 
and quantification analyses revealed that the ratio of F-actin 
(F) to G-actin (G) in the ACC was significantly increased in 
control mice, but not in Tiam1-cKO mice 7 weeks after SNI (n = 6 
mice for each group). Data are represented as mean ± SEM. **P 
< 0.01; ***P < 0.001. Two-way ANOVA followed by Tukey’s post 
hoc test (B), 2-tailed unpaired t test (C).
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Inhibiting Tiam1 signaling alleviates chronic pain–induced 
depressive-like behaviors. Our genetic results indicate that Tiam1 
deletion from forebrain excitatory neurons prevents the develop-
ment of chronic pain–induced depressive-like behaviors and asso-
ciated synaptic changes in the ACC. Next, we determined wheth-
er pharmacological inhibition of Tiam1 signaling could alleviate 
the depressive-like behaviors and synaptic remodeling induced 
by chronic pain. NSC23766 is a widely used small molecule Rac1 
inhibitor that prevents Rac1 activation by the Rac1-specific GEFs 
Tiam1 and Trio (42). Three-day treatment with NSC23766 (1 
mg/kg, i.p.) applied 7 weeks after SNI did not affect mechanical 
sensitivity threshold (Supplemental Figure 8), but significant-
ly alleviated SNI-induced depressive-like behaviors, as shown 
by marked decreased immobility in the FST and TST (Figure 6, 
A–C). Moreover, NSC23766 treatment reduced SNI-induced anx-

iety-like behavior in the EPM test (Figure 6D) but did not affect 
locomotor activity in the OFA test (Figure 6E). Three-day treat-
ment with NSC23766 at 7 weeks after SNI also normalized the 
F- to G-actin ratio (Figure 6F), the density of dendritic spines 
(Figure 6, G and H), synaptic NMDAR subunit levels (Figure 6, I 
and J), and the amplitude of puff NMDAR currents of ACC neu-
rons to sham-treatment levels (Figure 6, K and L). These data 
suggest that pharmacological inhibition of Tiam1-Rac1 signaling 
alleviates chronic pain–induced depressive-like phenotypes by 
normalizing chronic pain–induced synaptic structural and func-
tional remodeling of ACC neurons. A previous study revealed that 
NSC23766 also acts as a competitive antagonist of muscarinic 
acetylcholine receptors (mAChRs) within the same concentration 
range, as it inhibits Rac1 activation by the Rac1 GEFs Tiam1 and 
Trio (43). Given that mAChR antagonism is known to have anti-

Figure 5. Tiam1 mediates synaptic functional plasticity of ACC neurons in mouse models of chronic pain. (A and B) Western blot and quantification 
analyses of synaptic NMDAR and AMPAR subunit protein levels in the ACC in control mice and Tiam1-cKO mice 7 weeks after sham or SNI surgery (n = 4 
mice for each group). (C and D) Representative traces and mean changes in NMDAR currents elicited by puff application of 100 μM NMDA to ACC pyramidal 
neurons in control and Tiam1-cKO mice 7 weeks after sham or SNI surgery (Ctrl-sham, n = 12 neurons from 3 mice; Ctrl-SNI, n = 14 neurons from 4 mice; 
cKO-sham, n = 16 neurons from 4 mice; cKO-SNI, n = 13 neurons from 3 mice). (E-J) LTP was induced in pyramidal neurons in the ACC of control mice and 
Tiam1-cKO mice by the pairing training protocol. Averages of 6 EPSCs 5 minutes before and 25 minutes after the pairing training (arrows in F and I). (E 
and H), mean time courses (F and I), and summary of LTP induction (last 5 minutes, G and J) in ACC pyramidal neurons from control mice and Tiam1-cKO 
mice subjected to sham or SNI surgery (Ctrl-sham, n = 8 neurons from 6 mice; Ctrl-SNI, n = 11 neurons from 9 mice; cKO-sham, n = 10 neurons from 8 mice; 
cKO-SNI, n = 8 neurons from 6 mice). Dashed lines indicate mean basal synaptic responses. Data are represented as mean ± SEM. *P < 0.05; **P < 0.01. 
Two-way ANOVA followed by Tukey’s post hoc test (B); 1-way ANOVA followed by Tukey’s post hoc test (D); 2-tailed unpaired t test (G and J).
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depressant-like effects in rodents and humans (44, 45), it is pos-
sible that NSC23766’s ability to abrogate chronic pain–induced 
depressive-like behaviors is partly due to mAChR inhibition, but 
this remains to be determined.

Ketamine’s sustained antidepressant-like effects in chronic pain 
are mediated by blocking Tiam1-dependent maladaptive synaptic 
plasticity in ACC neurons. The NMDAR antagonist ketamine has 
both analgesic and antidepressant properties (46, 47). A single 
subanesthetic dose of ketamine produces rapid and sustained 
antidepressant-like effects in chronic pain–induced depression 
without decreasing sensory hypersensitivity (10, 11). While these 
features have revived interest in ketamine as a promising treat-
ment for comorbid depression in chronic pain, the mechanism by 
which ketamine mediates its effects is not fully understood. To 
further characterize ketamine’s effects on chronic pain–induced 
depressive-like behaviors, we performed sham and SNI surgery on 
WT mice. Seven weeks following surgery, we examined the time 
response of a single dose of ketamine (15 mg/kg, i.p.) on mechan-
ical sensitivity. We found that ketamine alleviated the decreased 
mechanical threshold observed in SNI animals 1 hour after admin-
istration, but this effect was no longer present at 24 hours after 
treatment (Figure 7, A and B), suggesting that the antiallodynic 

effect of ketamine is transient. In contrast with its antiallodynic 
effects, we found that a single injection of a subanesthetic dose 
of ketamine (15 mg/kg, i.p.) was sufficient to reduce neuropath-
ic pain–induced depressive-like behaviors for at least 3 days (Fig-
ure 7, A and C–F). Specifically, animals with neuropathic pain 
showed a decrease in depressive/anxiety-like behaviors 1 hour 
after ketamine administration in the FST (Figure 7C), 1 day after 
ketamine administration in the EPM test (Figure 7D), 2 days after 
ketamine administration in the OFA test (Figure 7E), and 3 days 
after ketamine administration in the TST (Figure 7F). No differ-
ence in locomotor activity was observed between saline and ket-
amine groups in the OFA test 2 days after drug treatment (Figure 
7G). These data are consistent with previous reports that ketamine 
induces rapid and sustained antidepressant-like effects in chronic 
pain–induced depressive-like behaviors (10, 11).

Since Tiam1 is activated in the ACC of mouse models of 
chronic pain, where it is required for chronic pain–induced synap-
tic plasticity and depressive-like behaviors (Figures 1, 2, 3, and 4), 
we next asked whether ketamine’s sustained antidepressant-like 
effects in chronic pain may be mediated, at least in part, by block-
ing Tiam1 function. To address this question, we first examined 
the effect of ketamine treatment on Tiam1 activity in the ACC of 

Figure 6. Pharmacological inhibition of Tiam1-Rac1 signaling with NSC23766 alleviates chronic pain–induced depressive-like behaviors and synaptic 
remodeling. (A) Experimental paradigm. (B–E) Three-day treatment with NSC23766 at 7 weeks after sham or SNI surgery alleviated chronic pain–induced 
depressive-like behaviors in the FST (B) and TST (C) and alleviated chronic pain–induced anxiety-like behaviors in the EPM test (D), but had no effect 
on locomotor activity in the OFA test (E) (n = 10 mice for each group). (F–L) Three-day treatment with NSC23766 also normalized chronic pain–induced 
increases in the ratio of F-actin to G-actin (F) (n = 4 mice for each group), the density of dendritic spines (G and H) (sham-saline, n = 28 dendrites from 
3 mice; SNI-saline, n = 27 dendrites from 3 mice; sham-NSC23766, n = 25 dendrites from 3 mice; sham-NSC23766, n = 30 dendrites from 3 mice), the 
synaptic NMDAR subunit protein levels (I and J) (n = 4 mice for each group), and the NMDAR currents elicited by puff application of 100 μM NMDA to ACC 
pyramid neurons (K and L) (sham-saline, n = 22 neurons from 4 mice; sham-NSC23766, n = 19 neurons from 3 mice; SNI-saline, n = 31 neurons from 4 mice; 
SNI-NSC23766, n = 17 neurons from 3 mice). Scale bar: 10 μm. Data are represented as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. Two-way ANOVA 
followed by Tukey’s post hoc test (B–E, H, and I); 2-tailed unpaired t test (sham versus SNI) (F and J).
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dendritic spine development (13). Here, in addition to showing 
that Tiam1 is required for chronic pain–induced spinogenesis 
in adult mice, we demonstrated that Tiam1 enhances synaptic 
NMDAR expression in ACC neurons, promoting ACC hyperac-
tivity that drives the emotional consequences of chronic pain 
(9). Depressive-like behaviors induced by chronic pain often 
persist for weeks after recovery from mechanical hypersensi-
tivity (9). Tiam1 likely contributes to the long-term nature of 
chronic pain–induced depressive-like behaviors by mediating 
synaptic structural and functional plasticity of ACC neurons, 
which results in persistent modifications of ACC neuron synap-
tic connectivity (48, 49).

NMDARs play a pivotal role in ACC hyperactivity that drives 
comorbid depressive-like behaviors in chronic pain (9) as well 
as in spinal dorsal horn hyperactivity responsible for hyperalge-
sia and allodynia (50, 51). As an NMDAR antagonist, ketamine’s 
rapid antinociceptive and antidepressant-like actions in chronic 
pain–induced depression (Figure 7) might be achieved by inhib-
iting NMDAR-mediated sensitization of spinal dorsal horn and 
ACC neurons. The Rho GTPase Rac1 promotes the formation, 
growth, and stabilization of spines and synapses by controlling 
actin cytoskeleton organization (12). We previously identified 
Tiam1 as a critical regulator of Rac1-dependent spine morphogen-
esis in brain development and showed that Tiam1 is activated by 
synaptic NMDARs and mediates their effects on actin and spine 
remodeling (13). Our data indicate that during the development 
of comorbid depression, Tiam1 is activated in response to chron-
ic pain–stimulated NMDARs in the ACC and links NMDARs to 
Rac1 activation that orchestrates synaptic structural plasticity via 

mouse models of chronic pain. Three days after a single dose of 
15 mg/kg (i.p.) ketamine or saline treatment on sham or mouse 
models of chronic pain (7 weeks after SNI surgery), we performed 
an active GEF affinity-precipitation assay using GST-Rac1G15A 
on ACC homogenates. We found that ketamine treatment atten-
uated chronic pain–induced Tiam1 activity in the ACC (Figure 8, 
A and B), indicating that a single ketamine administration blocks 
Tiam1 activation in the ACC of SNI mice. Moreover, we found that 
3 days after a single-dose ketamine treatment (15 mg/kg, i.p.), 
chronic pain–induced increases in the F- to G-actin ratio, density 
of dendritic spines, synaptic NMDAR subunit levels, and ampli-
tude of puff NMDAR currents in ACC neurons were normalized to 
levels in sham-treated uninjured mice (Figure 8, C–I). These data 
suggest that ketamine’s sustained antidepressant-like effects in 
chronic pain–induced depressive-like behaviors may be mediated 
in part by blocking Tiam1-dependent synaptic structural and func-
tional plasticity in ACC neurons.

Discussion
We have provided multiple lines of evidence to support the idea 
that Tiam1 mediates chronic pain–induced synaptic structural 
and functional plasticity in ACC neurons via actin cytoskeleton 
remodeling and synaptic NMDAR stabilization, which promotes 
ACC hyperactivity and depressive-like behaviors. Moreover, our 
results suggest that the sustained antidepressant-like effects of 
ketamine in chronic pain–induced depressive-like behaviors 
are mediated, at least in part, by targeting Tiam1-dependent 
synaptic plasticity in ACC neurons (Figure 9). We previously 
identified Tiam1 as a critical mediator of NMDAR-dependent 

Figure 7. Ketamine reduces depressive- and anxiety-like behaviors in mouse models of chronic pain. (A) Experimental paradigm. (B) A single ketamine dose 
relieved SNI-induced mechanical hypersensitivity at 1 hour, but not 1 day after administration (n = 6 mice). (C) FST showing a decrease in the immobility time 
of SNI mice 1 hour after ketamine injection (n = 9 mice for each group). (D) Ketamine resulted in an increased time in the open arms of SNI animals in the EPM 
test 1 day after treatment (n = 9 mice for each group). (E) Ketamine-treated SNI mice showed an increased time in center during the OFA 2 days after admin-
istration (n = 9 mice for each group). (F) Ketamine reduced immobility times of SNI mice in the TST 3 days after administration (n = 9 mice for each group). (G) 
Ketamine had no effect on locomotor activity in the OFA 2 days after administration (n = 12 mice for each group). Data are represented as mean ± SEM. *P < 
0.05; **P < 0.01; ***P < 0.001. One-way ANOVA followed by Tukey’s post hoc test (B); 2-way ANOVA followed by Tukey’s post hoc test (C–G).
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ior (8, 9). Rac1 signaling has also been implicated in stress-in-
duced depression (57, 58) and the antidepressant-like effects of 
ketamine (58). However, contrary to our findings that ketamine 
treatment reduces chronic pain–induced depressive-like behav-
iors by blocking increases in Tiam1-Rac1 activation, dendritic 
spine density, and synaptic NMDAR levels and function in the 
ACC, ketamine was shown to improve depression-like behav-
iors in stressed rats by upregulating Rac1 activity and increasing 
dendritic spine density and synaptic-related protein expression 
in the hippocampus (58). In both cases, stress and chronic pain 
appear to drive alterations in Tiam1-Rac1 signaling and synapse 
connectivity and function that are rescued by ketamine treat-
ment, but the manner of change and the brain regions/neural cir-
cuits involved may differ. More research is required to elucidate 
the distinct mechanisms of stress- and chronic pain–induced 
depression and the effects of ketamine on these conditions. For 
instance, brain-derived neurotrophic factor (BDNF) and mTOR 

actin and spine remodeling and functional plasticity via synaptic 
NMDAR stabilization, which contributes to ACC hyperactivity 
and depressive-like behaviors. Ketamine treatment likely reduc-
es Tiam1 activation by inhibiting NMDAR activation and thereby 
blocking Rac1-dependent actin polymerization. Thus, ketamine 
may mediate its sustained antidepressant-like effects in part 
by inhibiting Tiam1-mediated maladaptive synaptic structural 
and functional plasticity in ACC neurons, which likely underlies 
chronic pain–induced depressive-like behaviors (Figure 9).

Clinical and preclinical studies have shown that, despite sim-
ilar behavioral symptoms, the mechanisms underlying chron-
ic pain–induced depression and stress-induced depression are 
distinct at synaptic and circuit levels (52–55). Whereas neuro-
nal atrophy and synaptic loss in the PFC and hippocampus are 
hypothesized to cause stress-induced depression (56), our data 
and others suggest that spinogenesis and synaptic potentiation in 
the ACC promote chronic pain–induced depressive-like behav-

Figure 8. Ketamine blocks Tiam1-mediated synaptic plasticity in ACC neurons of mouse models of chronic pain. (A and B) Ketamine treatment blocked 
chronic pain–induced increases in Tiam1 activity in the ACC, as demonstrated by the GST-Rac1G15A affinity-precipitation assay (n = 4 mice for each group). 
(C) A single subanesthetic dose of ketamine (15 mg/kg) blocked chronic pain–induced increases in the ratio of F-actin to G- actin in the ACC (n = 4 mice for 
each group). (D and E) Ketamine treatment prevented chronic pain–induced increases in the density of dendritic spines in ACC neurons (sham-saline, n = 
25 dendrites from 3 mice; sham-ketamine, n = 25 dendrites from 3 mice; SNI-saline, n = 26 dendrites from 3 mice; SNI-ketamine, n = 30 dendrites from 3 
mice). Scale bar: 10 μm. (F and G) Ketamine treatment abolished chronic pain–induced increases in synaptic NMDAR subunit protein levels in the ACC (n = 
4 mice for each group). (H and I) Ketamine treatment blocked chronic pain–induced increases in the NMDAR currents elicited by puff application of 100 μM 
NMDA to ACC pyramid neurons (sham-saline, n = 25 neurons from 4 mice; sham-ketamine, n = 22 neurons from 3 mice; SNI-saline, n = 31 neurons from 4 
mice; SNI-ketamine, n = 35 neurons from 4 mice). Data are represented as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. Two-way ANOVA followed by 
Tukey’s post hoc test (B, E, and I); 2-tailed unpaired t test (sham versus SNI) (C and G).
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key neural substrate for the interactions between pain and nega-
tive affective states (61–64). In particular, the central amygdala 
(CeA) is a strong candidate brain region for mediating anxiety-like 
behaviors resulting from chronic pain, given the amygdala’s 
well-documented role in anxiety (65), the involvement of acti-
vated CeA neurons in itch-related anxiety-like behavior (66), and 
the function of NMDAR-mediated hyperactivity and increased 
CeA plasticity in pain and emotional processing (67, 68). Further 
research is needed to determine whether Tiam1 mediates syn-
aptic plasticity in the CeA driving chronic pain–induced anxiety. 
Our work demonstrates the critical role Tiam1 plays in the patho-
physiology of chronic pain–induced mood dysregulation and the 
sustained antidepressant-like effects of ketamine, revealing it as 
a potential therapeutic target for the treatment of comorbid mood 
disorders in chronic pain.

Methods

Animals
For cKO of Tiam1 from postnatal forebrain excitatory neurons, Tiam1fl/fl  
mice, generated as described (15), were crossed with CaMKIIα-Cre mice, 
and the resulting CaMKIIα-Cre:Tiam1+/fl mice were then crossed with 
Tiam1fl/fl mice to obtain CaMKIIα-Cre:Tiam1fl/fl (Tiam1-cKO mice) as well 
as Tiam1fl/fl littermates (control) for use in experiments. Genotyping of 

signaling have been implicated in the antidepressant-like effects 
of ketamine in models of stress-induced depression (59, 60), but 
whether they also contribute to ketamine’s antidepressant-like 
effects in chronic pain–induced depression and how they interact 
with Tiam1-mediated signaling and synaptic plasticity remain to 
be determined. It is also interesting to note that a recent study 
found that early life inflammation promotes stress-induced 
depressive symptoms in adolescence via microglial engulfment 
of dendritic spines in the ACC (4). Given our results showing 
that ACC Tiam1 mediates inflammatory pain–induced depres-
sive-like behavior, it is possible that Tiam1-mediated alter-
ation in wiring/function of ACC glutamatergic neurons may be 
involved in the development of depressive symptoms caused by 
early life inflammation, but more research needs to be done.

Besides the ACC, additional brain regions, such as the amyg-
dala, NAc, insular cortex, and PFC, are thought to contribute to 
the comorbidity between pain and mood disorders (21). Interest-
ingly, while deleting Tiam1 from ACC neurons prevented chron-
ic pain–induced depressive-like behaviors, it had no effect on 
chronic pain–induced anxiety-like behaviors (Figure 3, E–H). In 
contrast, deletion of Tiam1 from postnatal forebrain excitatory 
neurons prevented both depressive- and anxiety-like behaviors 
in mouse models of chronic pain (Figure 2, D–H). Accumulating 
evidence suggests that, besides the ACC, the amygdala is another 

Figure 9. Proposed model. Tiam1 links chronic pain–stimulated NMDARs to Rac1 activation in the ACC that orchestrates synaptic structural plasticity via 
actin and spine remodeling and functional plasticity via synaptic NMDAR stabilization, which contributes to ACC hyperactivity and depressive-like behav-
iors. Ketamine relieves depressive-like behaviors resulting from chronic pain by blocking Tiam1-mediated maladaptive plasticity in the ACC.
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and involve the spinal cord and brain stem circuits (72). In contrast, 
affective-motivational responses are complex behaviors that indicate 
the subject’s motivation and arousal to make the aversive sensations 
cease by licking the affected tissue, protecting the tissue, or seeking an 
escape route. The affective-motivational responses require processing 
by limbic and cortical circuits in the brain (73–76).

Mechanical reflexive assays. To evaluate mechanical reflexive sen-
sitivity, we applied a series of calibrated von Frey filaments (Stoelting). 
These filaments were applied perpendicularly to the plantar surface of 
the hind paw with sufficient force to bend the filament. Rapid with-
drawal of the paw away from the stimulus within 4 seconds was char-
acterized as a positive response. If there was no response, the filament 
of the next greater force was applied. After a response, the filament of 
the next lower force was applied. We calculated the tactile stimulus 
force that produced a 50% likelihood of a withdrawal response using 
the up-down method (36, 77).

Thermal affective assays. To evaluate affective-motivational 
responses evoked by thermal stimulation, we applied a single, unilat-
eral 50 μl drop of acetone (evaporative cooling) to the left hind paw, 
and the duration of attending behavior was collected for up to 60 sec-
onds after the stimulation. To prevent behavioral sensitization that 
can result from multiple noxious stimulations, the animals were only 
treated once with acetone for a given testing session (70, 71).

MCA assay. Voluntary aversion to a noxious stimulus was assessed 
using a commercial 3-chambered apparatus, the Mechanical Con-
flict-Avoidance System (Noldus). The Mechanical Conflict-Avoidance 
System contains an aversive lighted area, a walkway with mechanical 
probes, and an attractive dark area. The mice were placed on the aver-
sive lighted area and given the opportunity to escape from this area to 
the preferred dark area through the walkway. The walkway consists of 
mechanical probes that are painful, but not sharp enough to cause any 
tissue damage when walked on. Longer latencies to escape the light 
chamber indicate increased motivation to avoid the probes, and this 
escape latency is the measure of pain-related behavior in this test. We 
performed the operant MCA test on mice with modifications, as recent-
ly described in detail (23, 24). The test was performed for 2 days. Before 
the testing day, mice were acclimated to the MCA unit for 5 minutes with 
the LEDs switched off, the barrier door open, and the mechanical probe 
height set to zero. For testing, mice were placed into the lighted cham-
ber with the lid closed. The LEDs were switched on after 10 seconds, 
and the barrier was removed 20 seconds thereafter. The behavior of 
each mouse was recorded, starting from its introduction into the lighted 
chamber until the mouse crossed the halfway point of the walkway with 
mechanical probes, within a 120-second cutoff period. After running all 
mice in a particular cohort at a probe height of 0 mm, the process was 
repeated with the probe height set to 5 mm. The duration between the 
barrier opening and the mouse crossing the midpoint of the walkway 
with mechanical probes was quantified and expressed as escape latency.

Behavioral assessment of depressive- and anxiety-like behaviors
For all behavioral tests, the experimenters performing the behavioral 
tests and quantitative analyses were blinded to mouse genotypes and 
treatments. Behavioral assessments were performed during the light 
phase, between 9:00 am and 5:00 pm. Mice were habituated at least 
1 day in the testing room before testing. On the test day, mice were 
transferred to the test room and were left undisturbed for at least 30 
minutes prior to the start of testing. White noise (~60 dB) was present 
throughout the adaptation to the room and test.

Tiam1 mice was determined by PCR from tail DNA using the following 
primers: P1, ACGTGTGTTAATTAGCCAGGTTTGATGG; P2, GATC-
CACTAGTTCTAGAGCGGCCGAA; P3, CTACCCGGAGGAAGTG-
GAAGCACTACT. Genotyping of CaMKIIα-Cre mice was determined 
by PCR from tail DNA using the following primers: forward, GCATTAC-
CGGTCGATGCAACGAGTGATGAG; reverse, GAGTGAACGAACCT-
GGTCGAAATCAGTGCG. Tiam1fl/fl mice were maintained on a 129SvEv 
background, while CaMKIIα-Cre mice were maintained on a C57BL/6J 
background. All experiments used age-matched male and female mice.

Pain models
Neuropathic pain. Neuropathic pain was induced by the SNI model 
(18). Briefly, mice were anesthetized with 2% isoflurane. A heating 
pad was used to maintain the core body temperature of the animals at 
37°C. An incision was made on the left lateral thigh to expose the sci-
atic nerve. We ligated and sectioned the common peroneal and tibial 
nerves (leaving the sural nerve intact) with a 5-0 silk suture under a 
surgical microscope. The sham procedure consisted of the same sur-
gery without nerve ligation and section.

Inflammatory pain. CFA (10 μl, Sigma-Aldrich) was injected into 
the plantar surface of the left hind paws of mice using an insulin 
syringe (29 gauge) under brief isoflurane anesthesia to induce per-
sistent inflammatory pain. The persistence of inflammatory pain was 
ensured by a second CFA (10 μl) injection on the tenth day. Saline 
(0.9% NaCl) was injected as control.

Viral injection
Mice were anesthetized with 2% isoflurane and placed in a stereotaxic 
frame (Kopf). A heating pad was used to maintain the core body tem-
perature of the animals at 37°C. The coordinates were defined as dor-
sal-ventral (DV) from the brain surface, anterior-posterior (AP) from 
bregma, and medio-lateral (ML) from the midline. A volume of 1 μl 
rAAV8-hSyn-GFP or rAAV8-hSyn-Cre-GFP (UNC Vector Core) was 
injected bilaterally into the ACC (areas 24a/24b, AP, 0.7 mm; ML, 
±0.3 mm; DV, −1.5 mm) using a glass micropipette attached to a Ham-
ilton microsyringe connected to an infusion pump at a rate of 200 nl/
min (9). After injection, the microelectrodes remained in place for 10 
minutes and then the skin was sutured.

Behavioral assessments of nociception
For all behavioral tests, the experimenters performing the behavioral 
tests and quantitative analyses were blinded to mouse genotypes and 
treatments.

Classification of mouse behaviors into reflexive and affective-motiva-
tional nociceptive responses. The reflexive and affective-motivational 
nociceptive responses in mice were classified based on previous reports 
(69–71). Briefly, a cutaneous noxious stimulus can elicit several distinct 
behavioral responses: (a) withdrawal reflexes, rapid reflexive withdraws 
of the paw that occur in response to noxious stimulus but cease once the 
stimulus is removed; (b) affective-motivational responses, temporally 
delayed (relative to the noxious stimulation), directed licking and bit-
ing of the paw (termed “attending”), extended lifting or guarding of the 
paw, and/or escape responses characterized by hyperlocomotion, jump-
ing away from the noxious stimulus, or rearing. Paw withdrawal reflexes 
are observed in decerebrate rodents only while the stimulus is in con-
tact with tissue, but immediately cease once the stimulus is removed. 
These reflexes are classically measured in studies of hypersensitivity 
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Tween-PBS, and incubated with anti-Tiam1 (1:1000). Active Tiam1 
was determined by Western blot analysis from the precipitated 
fraction and normalized to total protein (input).

F-actin to G-action ratio. The F-actin to G-actin ratio was deter-
mined by Western blot, as previously described (79, 80). Briefly, the 
two forms of actin differ in that F-actin is insoluble, whereas G-actin 
is soluble. The ACC from sham- or SNI-treated control and Tiam1-
cKO mice was isolated, homogenized in cold lysis buffer (10 mM 
K2HPO4, 100 mM NaF, 50 mM KCl, 2 mM MgCl2, 1 mM EGTA, 0.2 
mM DTT, 0.5% Triton X-100, 1 mM sucrose, pH 7.0), and centri-
fuged at 15,000g for 30 minutes. Soluble actin (G-actin) was mea-
sured in the supernatant. The insoluble F-actin in the pellet was 
resuspended in lysis buffer plus an equal volume of buffer 2 (1.5 
mM guanidine hydrochloride, 1 mM sodium acetate, 1 mM CaCl2, 1 
mM ATP, 20 mM Tris-HCl, pH 7.5) and incubated on ice for 1 hour 
to convert F-actin into soluble G-actin, with gentle mixing every 15 
minutes. The samples were centrifuged at 15,000g for 30 minutes, 
and F-actin was measured in this supernatant. Samples from the 
supernatant (G-actin) and pellet (F-actin) fractions were propor-
tionally loaded and analyzed by Western blotting. The ratio of F- to 
G-actin from the sham-treated group was used as standard 1, and 
the fold change ratio from the SNI group was calculated.

Synaptosome preparation. Synaptosome preparation was per-
formed as in our previous publications (36). The ACC from sham- 
or SNI-treated mice was homogenized using glass-Teflon homog-
enizer in 10 volumes of ice-cold HEPES-buffered sucrose (0.32 M 
sucrose, 1 mM EGTA, and 4 mM HEPES at pH 7.4) containing a 
protease inhibitor cocktail (Sigma-Aldrich). The homogenate was 
centrifuged at 1,000g for 10 minutes at 4°C to remove the nuclei 
and large debris. The supernatant was centrifuged at 10,000g for 
15 minutes to obtain the crude synaptosome fraction. The synap-
tosome pellet was lysed via hypoosmotic shock in 9 volumes of 
ice-cold HEPES buffer with the protease inhibitor cocktail for 30 
minutes. The lysate was centrifuged at 25,000g for 20 minutes at 
4°C to obtain the synaptosome membrane fraction for the following 
immunoblotting experiments.

Single-cell dissociation and flow cytometry. Dissociation of the ACC 
neurons was performed with the Adult Brain Dissociation Kit (Miltenyi 
Biotec) with modification. Briefly, ACC tissue chunks were incubated 
in 1 ml of enzyme P solution for 1 hour at 37°C and 5% CO2. After 10 
minutes of incubation, tissues were triturated briefly with a P1000 
pipette tip and returned. Cells were triturated another 4 times (around 
30 times each) with a P200 pipette tip over the rest of the remaining 
incubation time. At room temperature, cell suspensions were centri-
fuged at 350g for 10 minutes, resuspended in 1 ml PBS with proteinase 
inhibitor cocktail (Sigma-Aldrich), and centrifuged again. Supernatant 
was removed and 1 ml PBS with proteinase inhibitor cocktail was add-
ed to cells. Cells were passed through a 70 μm cell strainer to remove 
debris. Samples were centrifuged (350g for 8 minutes at 4°C) and 
resuspended in 0.5 ml of PBS with proteinase inhibitor cocktail and 
kept on ice for flow cytometry. Cells were sorted via the Sony SH800 
Cell Sorter. GFP-positive and -negative cells were used for subsequent 
immunoblotting experiments.

Immunoblotting. The protein samples were homogenized in 
RIPA buffer containing 50 mM Tris-HCl (pH 7.4), 1% NP-40, 0.1% 
SDS, 150 mM NaCl, 1 mM EDTA, 1 mM Na3VO4, and 1 mM NaF 
in the presence of a proteinase inhibitor cocktail (Sigma-Aldrich). 

Rotarod. To examine baseline motor behavior, mice were subject-
ed to an accelerating rotarod test on 2 consecutive days with 4 trials 
per day. Mice rested at least 30 minutes between trials. The rotation 
speed of the rotarod increased from 4 to 40 rpm during the test. The 
duration of time the mice stayed on the rotarod (latency to fall) was 
recorded in seconds, and all 8 trials were analyzed.

OFA. Mice were placed in the center of an open-field arena (40 × 
40 cm) and movement was recorded for 30 minutes with a Versamax 
computer-assisted tracking system (Accuscan Inc.). The total distance 
traveled was used as a measure of locomotion. The ratio between the 
distance traveled in a 20 × 20 cm square in the center and the total 
distance traveled was calculated and used as a measure of anxiety-like 
behavior. The area was cleaned with 75% ethanol after each test to 
remove olfactory cues from the apparatus.

EPM. Anxiety-like behavior was measured in the EPM test for 10 
minutes. Briefly, mice were placed into a maze with two 25 × 7 cm cor-
ridors with 15 cm high walls and two corridors with no walls, connect-
ed by a central square. The maze stood 50 cm above the floor. Time 
spent and percentages of entries into the open arms, which are mea-
sures of anxiety-like behavior, were recorded using the ANY-MAZE 
system (Stoelting). The area was cleaned with 75% ethanol after each 
test to remove olfactory cues from the apparatus.

SPT. Mice were habituated to drinking from 2 bottles for 3 days 
before testing and housed individually 4 hours before the dark cycle 
with free access to food. The SPT was conducted during the 12 hours of 
the dark cycle, and during the test, mice were presented with 2 bottles, 
one containing water and the other containing 1% sucrose. Water and 
sucrose solution intake were measured, and the preference for sucrose 
was calculated by dividing the weight of 1% sucrose intake by the total 
weight of water and 1% sucrose intake.

TST. The TST was performed to study depressive-like behavior. 
Mice were taped by the tail to a metal bar connected to a transducer 
that transmitted movements to a computer. The time of immobility 
during a 6-minute test was calculated using the ANY-maze System. 
The area was cleaned with 75% ethanol after each test to remove olfac-
tory cues from the apparatus.

FST. The FST was performed as described with minor modifica-
tions. In brief, individual mice were forced to swim for 6 minutes in a 
transparent plastic vessel (diameter 26 cm, height 50 cm) filled with 30 
cm of water (22 ± 1°C). Immobility time was counted during a test period 
of 6 minutes using the ANY-maze System. Immobility time was defined 
as the duration a mouse was floating in the water without struggling and 
was making only small movements to keep its head above the water.

Biochemical assays
Affinity-precipitation assay for Tiam1 activity. Tiam1 activity was 
measured using an affinity precipitation assay previously described 
(78). Briefly, The ACC from treated mice was isolated, homoge-
nized in cold lysis buffer (25 mM HEPES, pH 7.4, 0.1 M NaCl, 1% 
NP40, 5 mM MgCl2, 10% glycerol, 1 mM DTT, 10 μg/ml leupeptin, 
10 μg/ml aprotinin, and 1 mM sodium orthovanadate), and centri-
fuged at 15,000g for 30 minutes. The supernatant was incubated 
with 30 μg of GST-Rac1G15A bound to GSH-agarose beads for 2 
hours at 4°C and mixed gently on a rocking shaker. After washing 
with lysis buffer 3 times, beads were resuspended in Laemmli buf-
fer. Samples were resolved by SDS-PAGE, transferred to nitrocellu-
lose membrane, which was blocked with 5% fat-free milk in 0.1% 
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ated NMDG solution for 10 to 15 minutes before being transferred 
to the artificial cerebrospinal fluid (ACSF) solution containing 125 
mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 1 mM 
MgCl2, 11.1 mM glucose, and 2 mM CaCl2, pH 7.4 (all from Sigma-Al-
drich) for about 30 minutes. The slices were allowed to recover in 
ACSF equilibrated with bubbling with a 95%O2/5%CO2 gas mix-
ture at room temperature (approximately 25°C) for at least 1 hour 
before experiments. During the recordings, individual slices were 
transferred to a customized recording chamber and submerged in a 
chamber continuously perfused with oxygenated ACSF warmed to 
32–34°C by passing it through a feedback-controlled in-line heater 
(Temperature Controller VII, Luigs & Neumann GmbH). Recorded 
cells were generally located in layer II/III.

For the puff NMDA current, the pipette internal solution contained 
135.0 mM potassium gluconate, 5.0 mM TEA, 2.0 mM MgCl2, 0.5 mM 
CaCl2, 5.0 mM HEPES, 5.0 mM EGTA, 5.0 mM Mg-ATP, 0.5 mM 
Na-GTP, and 10 mM lidocaine (lignocaine) N-ethyl bromide (adjusted 
to pH 7.2–7.4 with 1M KOH; 290–300 mOsmol/L). NMDAR-mediat-
ed currents were elicited by puff application of 100 μM NMDA to the 
recorded neuron at a holding potential of –60 mV. Positive pressure (4 
p.s.i., 15 ms; Picospritzer III) was applied, and puff application of the 
vehicle produced no currents. The tip of the puff pipette was placed 
approximately 100 to 150 μm away from the recorded neurons in the 
presence of 1 μm TTX. To minimize the Mg2+ block of NMDARs, the 
puff NMDA currents were recorded in an extracellular solution con-
taining no Mg2+ and 10 μM glycine (36, 83).

NMDAR-mediated excitatory postsynaptic currents (EPSCs) 
were recorded from layer II/III neurons using a HEKA amplifier, and 
stimulations were delivered using a stimulating electrode placed in 
layer V of the ACC (40). EPSCs were induced by repetitive stimula-
tions at 0.05 Hz, and neurons were voltage clamped at −70 mV. The 
recording pipettes (3–5 MΩ) were filled with solution containing 121 
mM K-gluconate, 4 mM KCl, 10 mM HEPES, 4 mM Mg-ATP, 0.3 mM 
Na3-GTP, 10 mM Na2-phosphocreatine, and 13.4 mM biocytin (all 
from Sigma-Aldrich), adjusted to pH 7.2 with KOH. After obtaining 
stable EPSCs for 10 minutes, LTP was induced by 80 paired presyn-
aptic pulses at 2 Hz with postsynaptic depolarization at +30 mV in 
layer V (39). Picrotoxin (100 mM) was always present to block GAB-
AA receptor–mediated inhibitory synaptic currents. The access resis-
tance was 1 to 30 MΩ and was monitored throughout the experiment. 
Data were discarded if access resistance changed by more than 15% 
during an experiment.

Statistics
All statistical analyses were performed using Prism software, version 
9 (GraphPad Software Inc.). No statistical methods were used to pre-
determine sample sizes, but our sample sizes were similar to those 
reported in previous publications (36, 51). Normality was measured by 
the Shapiro-Wilk test. Data that met these 2 conditions were analyzed 
using a 2-tailed unpaired or paired t test, 1-factor ANOVA, and repeat-
ed-measures ANOVA followed by Tukey’s multiple comparisons test. 
Data are represented as mean ± SEM. All behavioral, electrophysiolog-
ical, biochemical, and morphological data were obtained by counter-
balancing experimental conditions with controls. We did not find any 
significant differences between male and female animals in this study, 
and all presented data are the pooled data from both sexes. Statistical 
significance was defined as P < 0.05.

Lysates were centrifuged at 18,000g for 30 minutes at 4°C. The 
supernatant was carefully collected, and protein concentration was 
measured using a DC Protein Assay Kit (Bio-Rad). A total of 30 μg 
of the total proteins from each sample was loaded and separated 
using 4% to 15% Tris-HCl SDS-PAGE gels. The resolved proteins 
were transferred to an Immobilon-P membrane (Millipore). The 
membrane was treated with 5% nonfat dry milk in TBST at 25°C for 
1 hour and then incubated in TBST supplemented with 0.1% Triton 
X-100 and 1% BSA and primary antibodies overnight at 4°C. The 
membrane was washed 3 times and then incubated with horserad-
ish peroxidase–conjugated secondary antibodies for 1 hour at 25°C. 
The protein band was revealed using an ECL Plus Detection Kit 
(Thermo Fisher Scientific), and protein band density was quantified 
with the Odyssey Fc Imager (LI-COR Biosciences) and normalized 
to the control protein band on the same blot. Tiam1 was detected 
using rabbit anti-Tiam1 antibody (sc-872, 1:1,000; Santa Cruz Bio-
technology Inc.) or sheep anti-Tiam1 antibody (AF5038, 1:1,000; 
R&D Systems). Actin was detected using mouse anti-actin anti-
body (MAB1501, 1:10,000; Millipore). GluN1 was detected using 
rabbit anti-GluN1 antibody (G8913, 1:1,000; MilliporeSigma). Glu-
N2A was detected using rabbit anti-GluN2A antibody (PA5-35377, 
1:1,000; Thermo Fisher Scientific). GluN2B was detected using 
anti-mouse GluN2B antibody (75-002, 1:1,000; NeuroMab). GluA1 
was detected using mouse anti-GluA1 antibody (75-327, 1:1,000; 
NeuroMab). GluA2 was detected using rabbit anti-GluA2 antibody 
(ab10529, 1:1,000; Millipore). PSD-95 was detected using rabbit 
anti–PSD-95 antibody (ab18258, 1:2,000; abcam). GAPDH was 
detected using mouse anti-GAPDH antibody (sc-47724, 1:1,000; 
Santa Cruz Biotechnology Inc.).

Morphological analysis
To observe the effects of Tiam1 on spine remodeling in the ACC, 
rAAV8-hSyn-EGFP (UNC vector core) was injected bilaterally in the 
ACC and was used to specifically label the neurons. ACC sections 
(40 μm thick) were collected from mice perfused with 4% PFA, and 
only dendritic spines on neurons labeled with EGFP were selected 
for spine analysis in a blinded manner, as previously described (15). 
All spine images were captured using a Laser Scanning Confocal 
Microscope (LSCM, Zeiss LSM 880) with a ×63 oil 210 immersion 
objective. Z series images were taken at an interval of 0.37 μm for 
each dendrite. Spine morphometric analysis was done in a blinded 
manner using Imaris software (Bitplane Scientific Software) as pre-
viously described (81).

Brain slice preparation and electrophysiology
The brain slices containing the ACC were obtained following a 
previous protocol (82) with some modification. In brief, mice were 
anesthetized with 3% isoflurane and decapitated. Their brains were 
rapidly removed and collected into ice-cold (~0°C) oxygenated 
N-methyl-d-glutamine (NMDG) solution containing 93 mM NMDG, 
93 mM HCl, 2.5 mM KCl, 1.2 mM NaH2PO4, 30 mM NaHCO3, 20 mM 
HEPES, 25 mM glucose, 5 mM sodium ascorbate, 2 mM thiourea, 3 
mM sodium pyruvate, 10 mM MgSO4, and 0.5 mM CaCl2, pH 7.35 
(all from Sigma-Aldrich). Coronal slices were cut 300 μm thick 
using a Leica VT1200 microtome following coordinates provided 
in the Allen Brain Atlas for adult mice (http://atlas.brain-map.org). 
The slices were subsequently incubated at 34.0 ± 0.5°C in oxygen-
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