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TITLE: Molecular Dynamics in the Ventral Tegmental Area during Chronic Pain-Induced
Negative Affect

Abstract

Chronic pain frequently coexists with negative affect, with about 60% of patients suffering from
both. This dual condition complicates treatment and exacerbates both disorders, highlighting
the urgent need for innovative therapeutic strategies. Chronic pain negative affect (CPNA)
involves complex neurobiological changes, including increased hyperexcitability of the ventral
tegmental area (VTA), a critical region involved in reward, mood, and pain processing. To
elucidate CPNA's underlying mechanisms, we employed a multidisciplinary approach using
immunohistochemistry, lipidomic analysis, and proteomic screening to investigate VTA
molecular alterations in mice subjected to partial sciatic nerve ligation (pSNL) at one and four
weeks post-injury. Our results revealed a significant, sex-dependent increase in Kv7.2 channel
expression in dopamine neurons, alongside a notable reduction in endocannabinoid 2-
arachidonoylglycerol (2-AG) levels, which plays a vital role in mood regulation. This
neurochemical shift associated with an increase in negative affect-like behaviors, as
determined by the forced swim test. Furthermore, pharmacological intervention utilizing either
exogenous 2-AG or retigabine, a Kv7 channel opener, effectively alleviated pain-related
negative affect symptoms. Proteomic profiling further uncovered alterations within the CaMKK2
pathway, involving crucial proteins such as PLCy2, AMPKy2, and AMPKp1, and CaMK1a, with
changes in abundance and phosphorylation activity that could be reversed with the next-
generation CaMKla antagonist CS640. This research provides the first comprehensive
analyses of VTA adaptations linked to CPNA, yielding significant insights into molecular

changes impacting VTA neuronal integrity and signaling throughout CPNA progression.
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Introduction

Chronic pain, persistent discomfort lasting three months or longer [1], is a complex phenomenon
deeply intertwined with psychological conditions, particularly negative affect. Nearly 60% of
chronic pain patients also experience clinically significant negative affect symptoms, highlighting
a profound intersection between these debilitating conditions [2, 3]. This bidirectional
association—where chronic pain exacerbates negative affect and negative affect heightens pain
perception—creates a vicious cycle, complicating treatment and significantly reducing quality of
life [2, 4, 5]. Understanding this intricate relationship is crucial for developing effective treatment

strategies addressing both chronic pain and comorbid negative affect.

The ventral tegmental area (VTA), a key brain region for motivation and reinforcement, has
been identified in recent chronic pain negative affect (CPNA) mechanism investigations [4, 5].
The VTA is pivotal not only in motivational behaviors but also in pain modulation and mood
regulation [6]. Alterations in VTA dopaminergic neuron excitability occur under pain and
negative affect conditions. However, mixed findings exist regarding VTA hyperexcitability [7-11]
or hypoexcitability [11-18]. For instance, a human fMRI study indicated heightened VTA-medial
prefrontal cortex (MPFC) connectivity in major depressive disorder (MDD) subjects, suggesting
increased activity in pathways where pain may modulate VTA function and influence mood [7].
Preclinical models support these findings, showing VTA hyperactivity in rodents exhibiting
negative affect-like behaviors weeks after neuropathic injury [8, 9]. Retigabine, a positive
allosteric modulator (PAM) of Kv7/KCNQ channels that mediate the M-current, effectively
reduces VTA hyperactivity and improves negative affect-like behaviors in these models [8, 9].
These observations underscore the pivotal role of VTA neuronal excitability changes in
developing negative affect within CPNA models. Kv7 channels, comprising four brain-expressed

subunits (Kv7.2-Kv7.5), significantly influence neuronal excitability and behavior [19]. However,
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80 comprehensive evaluations of all Kv7 subunits' expression alterations in the VTA within the

81 context of chronic pain and negative affect remain limited.

82  Recent research explores the intricate relationships among Ca2+/calmodulin-dependent protein
83 kinase kinase 2 (CaMKK2), calcium/calmodulin-dependent protein kinase la (CaMK1la), and
84  AMP-activated protein kinase (AMPK) in chronic pain [20-24]. CaMKK2, a critical
85 serine/threonine protein kinase, is involved in calcium signaling, influencing neuronal growth,
86  synaptic plasticity [20], and mood regulation [20, 25]. Mood-stabilizing medications enhance
87 CaMKK2 activity and expression [25]. Activated by calcium and calmodulin, CaMKK2 initiates
88 CaMKla and AMPK activation, which have opposing morphogenic roles [22, 26-30]. CaMK1a
89  supports synapse formation by phosphorylating postsynaptic density proteins, including NMDA
90 receptors critical for long-term potentiation [20, 21]. Next-generation CaMK1 inhibitors, such as
91 CsS640, are potential tools to investigate neuropsychiatric illness [25, 31]. Conversely, AMPK
92 reduces energy metabolism and neuronal activity while enhancing autophagy by
93 phosphorylating microtubule-associated proteins, opposing CaMKla effects [26]. Thus,
94 CaMKK2 signaling dysregulation in chronic pain and negative affect may influence VTA
95 neuronal morphogenesis and excitability, impacting negative affect development. The interplay
96 between CaMKK2, CaMK1la, AMPK, and Kv7 channels in the VTA may yield insights into the

97  molecular mechanisms underlying persistent pain's emotional aspects.

98 The endogenous cannabinoid system, particularly 2- arachidonoylglycerol (2-AG), is an
99 intriguing element in this complex interplay. Acute pain increases 2-AG levels [32-34], yet
100 reduced levels are seen in individuals with negative affect [35-37], suggesting eCB signaling
101  disruption in chronic pain and mood disorders. In non-neuronal cells, 2-AG activates the
102 CaMKK-AMPK pathway to control phosphorylation and actin polymerization [38, 39]. In male
103  hypothalamic neurons, 2-AG synthesis links to increased intracellular calcium and CaMKK-

104 AMPK signaling activation [40]. Other studies identified endocannabinoids, including 2-AG and
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105 phytocannabinoids like CBD, as potential PAMs for Kv7 channels [41-43], potentially linking
106  endocannabinoid mechanisms to VTA neuronal excitability modulation. However, how chronic
107 pain alters VTA activity and subsequently develops negative affect symptoms through these

108 mechanisms remains unclear, necessitating further research.

109 To bridge existing knowledge gaps, we employed a partial sciatic nerve ligation (pSNL) model to
110 induce neuropathic pain in mice, enabling comprehensive exploration of VTA alterations at one
111 and four weeks post-surgery. We investigated molecular alterations  using
112  immunohistochemistry (IHC), lipidomic analysis, and proteomic/phosphoproteomic strategies to
113  probe protein and endocannabinoid levels. Behavioral impacts were assessed using von Frey
114  (vF) tests for paw hypersensitivity and the forced swim test (FST) for negative affect-like
115 behaviors. Our proteomic examinations also evaluated early protein changes shortly after pSNL
116 and at the four-week interval, offering insights into how these alterations influence CPNA
117 development and disrupt VTA functioning. This research aimed to illuminate VTA molecular
118 changes in CPNA, unraveling mechanisms intertwining chronic pain and negative affect

119 symptoms, thereby establishing a framework for future investigations.

120
121 Methods

122  For more detailed methods and vendor information, see Supplement Material 1.
123  Animals

124 A total of 154 (138 male, 16 female) C57BL/6J mice (Jackson Labs), aged 7-8 weeks, were
125 housed three to five per cage in standard cages with ad libitum access to food and water, under
126  a 12-hour light-dark cycle in a climate-controlled room. All procedures were approved by the
127  University of Arizona Animal Care Use Committee and complied with NIH guidelines for

128 laboratory animal care.
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129  Partial Sciatic Nerve Ligation

130 All 154 mice underwent surgery [44], with 80 receiving pSNL and 74 undergoing sham
131  operations, following published procedures. Mice were anesthetized and administered

132  gentamicin at a dose of 8 mg/kg (IP).
133  Mechanical Withdrawal Threshold

134  Tactile allodynia was evaluated at baseline and on days 5 and 28 post-surgery by measuring
135 the paw withdrawal threshold using calibrated von Frey filaments on the nerve injury side,
136 following published procedures [45]. Tactile allodynia was defined as a significant drop in the

137  withdrawal threshold compared to baseline [45].
138 Forced Swim Test (FST)

139 Despair-like behavior was assessed 28 to 35 days post-surgery in male mice by measuring
140  immobility time in a water-filled cylindrical container (25/1C) for up to 5 minutes. Total immobility
141  time throughout the duration of the test was used to evaluate despair-like behavior. One cohort
142  received 2-AG (10 mg/kg, IP), prepared in a 1:1:8 DMSO:Tween 80:saline solution, 32 days
143  post-surgery, and RTG (10 mg/kg, IP), prepared in 0.9% saline, 35 days post-surgery,
144  administered 15 minutes before the FST. Another cohort received two doses of 2-AG (10 mg/kg,

145 IP) 31 days post-surgery, both 15 and 60 minutes before the FST.
146  Immunohistochemistry (IHC)

147 VTA samples were processed for IHC similar to published procedures [46]. Samples were
148 placed in primary antibody solutions: anti-KCNQ2 (1:800), anti-KCNQ3 (1:800), anti-KCNQ4
149  (1:400), anti-KCNQ5 (1:200), anti-CaMK1a (1:500), and anti-tyrosine hydroxylase (TH) (1:800).
150  After primary incubation, tissues underwent PBS washes and were incubated with secondary
151 antibodies: anti-Guinea Pig Cy3 (1:600) and anti-Rabbit AF488 (1:400). DAPI was used for

152  counterstaining, and slides were mounted with Prolong Glass.
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153 Imaging and Analysis

154  Photomicrographs of tissue samples were taken using an Olympus FluoView FV1200 confocal
155 microscope at 20x magnification. The VTA was identified via coronal section schematic overlays
156 from the mouse brain atlas (Franklin & Paxinos, 3rd Edition, 2007). Analyses were conducted
157 with FIJl/imaged software. Quantifiable values for TH+, Kv7+, TH+/Kv7+, CaMKla+, and
158 TH+/CaMKlo+ were obtained from 2-3 VTA slices contralateral to the surgical site for each

159 mouse.
160 Quantification of 2-AG and AEA by LC-MS

161 Pooled VTA samples (n=4-5 bilateral punches/sample) underwent organic solvent extraction for
162 LC-MS analysis following established methodologies. Mixed internal standards were created via
163  serial dilution of d4-AEA and d5-2-AG in acetonitrile. Analysis of 2-AG and AEA was performed
164  using an Agilent 6495C triple quadrupole mass spectrometer linked to a 1 290 Infinity Il UPLC

165  system. All samples were run in triplicate.
166 Label-Free Quantitative Proteomics

167 Pooled VTA samples (2-3 bilateral punches/sample) from 1 and 4 weeks post-surgery were
168 processed for all proteome-wide experiments following previously published procedures [47—
169  49]. 50 pg of VTA lysate was separated by SDS-PAGE, purified, and prepared for MS analysis
170 as previously described [47, 48]. HPLC-ESI-MS/MS and label-free quantitative proteomics were
171 conducted in accordance with the aforementioned procedures [48]. Unbiased hierarchical
172  clustering analysis (heat map) and principal component analysis (PCA) were conducted using
173  Perseus. Gene ontology (GO) and Reactome pathway enrichment analyses were completed
174  with the DAVID tool. For synapse-specific subcellular localization analysis, SynGO was utilized.
175 Phosphorylation sequence enrichment analysis was performed using the iceLogo generation

176  tool. Volcano plots and scatter plots were created in GraphPad Prism.
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177 Phosphoproteomics

178 To evaluate differences in protein phosphorylation abundance with pSNL and CS640 treatment,
179 mice were anesthetized and administered a 5 pL intracerebroventricular injection of CS640
180 (2 pg/pl) or vehicle (1:1:8 DMSO:Tween 80:saline solution). The researchers that administered
181 the CS640 and vehicle were blinded to group assignments. Bilateral VTAs were collected 30
182 minutes later. 0.2-0.4 mg of VTA protein lysate per sample underwent in-solution tryptic
183 digestion and phosphopeptide enrichment using metal oxide affinity chromatography per the
184  manufacturer’s protocol, similar to as previously described [50, 51]. The dried peptides were
185 resuspended in 20 pl of 0.1% FA (v/v), and peptide concentration was determined with the
186 Pierce Quantitative Colorimetric Peptide Assay Kit (ThermoFisher Scientific). 350 ng of the final

187 sample was then analyzed by mass spectrometry.
188  Statistical Analysis

189  Statistical analyses were conducted using GraphPad Prism 10.4.2, employing two- and three-
190 way (mixed-effects (ME) as necessary) ANOVAs, with Tukey's or Fisher's LSD post hoc tests
191 for group comparisons and unpaired t-tests where appropriate. All GraphPad Prism statistics

192  are detailed in Supplementary Table 1.

193

194 Results

195 Neuropathic Pain Lowers VTA Levels of 2-AG at Week 4

196 Neuralgia has been linked to VTA dopaminergic neuron hyperexcitability and negative affect-like
197  behaviors [9, 10]. To assess whether a different neuropathic pain model produces similar
198 effects, we performed pSNL and sham surgeries on mice. Mechanical sensitivity and immobility
199 in the forced swim test (FST) were assessed prior to and four weeks post-surgery (Fig. 1A).

200 VTAtissue was collected for lipidomic profiling, IHC, and proteomic analysis (Fig. 1A,B).
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201 Mechanical paw sensitivity analysis revealed significant main effects of time, surgery type, and
202  their interaction (2W ME ANOVA, all ****p<0.0001) (Fig. 1C; Supplementary Figure 1). pSNL
203  mice exhibited persistent allodynia from WK1 to WK4 (WK1, ****p<0.0001; WK4, ****p<0.0001),
204  while sham mice displayed transient allodynia that resolved by WK4 (WK1, ****p<0.0001; WK4,
205 p=0.3197). Sex had no significant effect (3W ME ANOVA). These results affirm the pSNL

206  model's effectiveness for producing long-lasting allodynia [44].

207  While increases in 2-AG immediately following injury may predict future pain progression [32—
208  34], subsequent reductions may indicate heightened risk for negative affect [33]. Our preliminary
209 proteomic analysis at WK1 (Supplementary Figure 2; Supplementary Table 2) showed
210 significant increases in eCB degradation enzymes FAAH (*p=0.0306) and ABHD6 (*p=0.0299)
211 in pSNL mice, non-significant increases in synthetic eCB enzymes MGLL and DAGLA,
212  decreases in KAP3 (*p=0.0292), and no changes in NAPEPLD or KCNQ2/Kv7.2 channels,
213  possibly signaling a mild neuromodulatory imbalance in eCB signaling and glutamate plasticity
214  during early WK1 pSNL [52, 53]. To examine eCB levels at WK4, LC/MS was utilized (Fig. 1D).
215 Pooled bilateral VTA punches from four to five mice per group ensured adequate lipid extraction
216 for eCB analysis. A 2W ANOVA revealed significant effects of surgery, eCB type, and their
217 interaction on eCB concentrations (surgery: *p=0.0164; eCB type: ****p<0.0001; interaction:
218 *p=0.0160). Fisher's LSD post hoc analysis showed a significant reduction in 2-AG in pSNL
219  mice (***p=0.0006), while anandamide (AEA) remained unchanged (p=0.9931). These findings
220 are consistent with earlier reports that chronic pain alters eCB levels in various brain regions

221  [53,54]
222  WK4 pSNL Increases Negative Affect Behavior

223  Low 2-AG levels have been linked to negative affect [35, 36, 55], and modeling studies suggest
224  Kv7 channels activated by retigabine may also respond to 2-AG [41]. To determine if exogenous

225  2-AG or retigabine could reduce negative affect-like behaviors, we tested 37 mice in the FST
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226  before surgery (Day -1) and again four weeks post-surgery (Fig. 1B). During WK4 testing,
227  immobility was assessed with pretreatments of a single dose of 2-AG (10 mg/kg, IP, 15 min
228  prior), two doses of 2-AG (10 mg/kg, IP, 60 and 15 min prior), or retigabine (10 mg/kg, IP, 15
229  min prior). A 2W ME ANOVA of immobility demonstrated a significant interaction between
230  surgery and drug treatment (drug: ****p<0.0001; surgery: p=0.3050; interaction: ****p<0.0001)
231 (Fig. 1E). Tukey's post hoc analysis revealed untreated pSNL mice exhibited increased
232  immobility at WK4 compared to baseline and sham controls (****p<0.0001). Both double-dose
233 2-AG and retigabine significantly reversed chronic pain-induced negative affect (CPNA)
234  immobility (****p<0.0001), while a single dose of 2-AG was less effective (***p=0.0006),
235 indicating a possible dose-dependent effect. Sham-operated mice’s immobility was unchanged
236 across all time points and treatments (p>0.05). These results expand upon previous retigabine
237  studies [9, 10], supporting the connection between persistent pain sensitivity, reduced VTA 2-
238 AG levels, and negative affect behaviors, with effects mitigated by exogenous 2-AG or

239 retigabine treatment.
240  pSNL Alters the VTA Expression of Kv7 Channels

241  eCB-related protein expression is influenced by eCB levels [56, 57]. Given reduced VTA 2-AG
242  in pSNL mice and evidence that 2-AG may activate Kv7 channels [41], we analyzed Kv7
243  expression in VTA neurons using IHC. WK4 midbrain sections were stained with a Kv7.2
244  antibody, and a digital VTA overlay (Bregma: -3.16 mm to -3.88 mm) identified anatomical
245  boundaries (Fig. 2A). Confocal analysis revealed significant cytosolic Kv7.2 expression within
246 the VTA, characterized by staining in cell bodies and proximal basal dendrites (Fig. 2B;
247  Supplementary Figure 3). DAPI staining clarified Kv7.2 cytosolic localization, consistent with

248  previous reports [58].

249  Further analysis of Kv7.2+ expression in WK4 mice demonstrated a significant sex-by-surgery

250 interaction (*p=0.0248) (Fig. 2C). Fisher's LSD post hoc analysis indicated a ~1.5-fold increase


https://doi.org/10.1101/2025.07.01.662604
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.07.01.662604; this version posted July 4, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

251 in Kv7.2 expression in males (*p=0.0143), while females showed no significant change
252  (p=0.3773), consistent with a sex-specific disparity after pSNL. Since Kv7 channels typically
253 express as heteromeric combinations [59, 60], we utilized Kv7 subunit-specific antibodies for
254  Kv7.3-7.5 and performed IHC in WK4 sham mice to evaluate overall Kv7 expression across
255  VTA cells (Fig. 2D). As females showed no Kv7.2 expression changes, subsequent analysis of
256  Kv7.3-7.5 was exclusive to male mice. As with Kv7.2, Kv7.3-5 displayed cytoplasmic staining
257  patterns (Supplementary Figure 3). A 2W ME ANOVA confirmed a significant main effect of
258  the subunit and subunit-by-surgery interaction (****p<0.0001) (Fig. 2D), indicating pSNL effects
259 were specific to Kv7 subunits. Tukey's post hoc analysis confirmed increased Kv7.2
260  (**p=0.0026) and decreased Kv7.3 (***p=0.0006) expression in pSNL mice, with no significant
261 changes in Kv7.4 or Kv7.5 expression. These WK4 changes demonstrate critical pSNL effects

262 in male mice on Kv7.2 and Kv7.3 subunits, primary components of inhibitory M-currents.
263  Subunit Selective Changes in Kv7 Channels in VTA Dopamine Neurons

264  The VTA comprises multiple neuron types [61], raising the question of whether pSNL affected
265  Kv7 subunit expression specifically within dopamine neurons. We employed double-label
266  fluorescence IHC using tyrosine hydroxylase (TH) as a dopamine cell marker on WK4 tissue to
267 assess this. Confocal analysis of co-labeled TH+Kv7.2-7.5 immunoreactive cells revealed
268  strong cytosolic TH fluorescence within VTA neuronal somata in both sham and pSNL mice (Fig
269 3A,B; Supplementary Figure 3). Photomicrographs confirmed overall high co-expression of
270 TH and Kv7.2-7.5, indicating subpopulations of VTA neurons with varying Kv7 expression (Fig
271 3B, Supplementary Figure 3). Quantitative analysis of TH expression showed similar numbers
272 of TH+ neurons across both sexes and surgical groups (2W ME ANOVA, no significant
273 differences). Based on observed sex-dependent Kv7.2 changes, we analyzed Kv7.2 co-
274  expression with TH. A 2W ME ANOVA revealed that increased TH+Kv7.2 expression in pSNL

275 mice resulted from a sex-dependent interaction (**p=0.0024). Fisher's LSD post hoc analysis
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276 indicated significant increases in TH+Kv7.2 co-expression exclusively in male pSNL mice
277  (***p=0.0001), while females showed no corresponding increase (p=0.2150), underscoring sex-

278  specific differences in the VTA.

279  Quantification of co-expressed markers showed a two-fold increase in TH+Kv7.2 co-expression
280 in pSNL mice (p<0.0001) (Fig. 3C). No significant changes were observed for TH with Kv7.3
281  (p=0.3904), Kv7.4 (p=0.1638), or Kv7.5 expression (p=0.5849) (Fig. 3C). DAPI staining showed
282  no difference in overall VTA cell number (p=0.3397; not shown). Conversely, in sham-operated
283 males, a 1W ANOVA identified significant differences in TH+Kv7 expression based on subunit
284  (**p=0.0042). Specifically, TH+Kv7.2 expression was significantly lower than TH+Kv7.3 (-
285 51.1%* p=0.0378), TH+Kv7.4 (-55.9%, **p=0.0059), and TH+Kv7.5 (-55.1%, **p=0.0082),
286  suggesting VTA dopamine neurons exhibit low basal Kv7.2 expression and a heightened
287  expression during chronic neuropathic pain. Collectively, these multiple findings indicate that
288 chronic pain and heightened negative affect-like behaviors in male mice are associated with
289 reduced 2-AG and increased Kv7.2 expression specifically in VTA dopamine neurons.
290 Decreased Kv7.3 expression likely occurs in non-dopamine (TH-) neurons, indicating cell type-

291  specific Kv7 subunit adaptations in CPNA.
292 Time-Dependent Changes in VTA Proteomic Landscape

293 Both 2-AG and Kv7 are crucial participants in common pathways underpinning neuronal
294  development and maturation [62, 63]. To determine if pSNL pain alters interrelated pathway
295 protein abundance in the VTA and to characterize these alterations over time, we conducted an
296  unbiased proteomics screen comparing protein levels in pSNL and sham-operated mice at WK1
297 and WK4 (Fig. 4A). Pooled bilateral VTA punches from pairs of mice ensured adequate protein
298 vyield (WK1 sham, n=3; WK1 pSNL, n=4; WK4 sham, n=5; WK4 pSNL, n=5). Mass spectrometry

299 identified 7 116 distinct proteins within the VTA proteome.
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300 PANTHER analysis categorized 5251 VTA proteome proteins into functional classes,
301 predominantly metabolite interconversion (1 059), protein-modifying (723), and protein-binding
302 activity (419) (Fig 4B, bar graph). SynGO, a curated knowledgebase of synapse-specific
303 proteins, identified 1 203 proteins corresponding to cellular components (CC), highlighting

304  diverse synaptic localizations within the VTA (Fig 4B, starburst plot).

305 To track proteomic changes specific to timepoints, we compared protein abundance for pSNL
306 and sham mice at WK1 and WK4 (Fig 4C, left/right), when negative affect-like behavior was
307 apparent (Fig. 1E). We discerned 185 differentially expressed proteins (DEPs) at WK1 and 187
308 DEPs at WK4 (Fig. 4C; Supplementary Table 2). Both instances showed notable increases in
309 protein abundance associated with pSNL treatments. Key WK4 DEPs included TPH2, PLCy2,
310 HCN2, mTOR, CaMKla, AMPKy2, and AMPKB1. PCA (Fig. 4D) and hierarchical clustering
311 (Fig. 4E) further validated significant separation between surgery groups with minimal within-
312  group variance (7.9% at WK1, 9.1% at WK4) (Fig 4D). pSNL samples exhibited consistent

313 differences in effective protein abundance relative to sham mice (Fig 4E).

314  Further comparison of DEPs between timepoints showed minimal overlap, indicating dynamic
315 protein abundance shifts as chronic pain evolved (Fig. 4F). SynGO analysis explored synapse-
316  specific subcellular localization for WK1 and WK4 (Fig. 4G,H). At WK1, 40 DEPs mapped to
317 unique SynGO CC annotations and 27 to Biological Processes (BP) (not shown). At WK4, 30
318 DEPs mapped to CC annotations and 22 to BP. Both timepoints demonstrated protein
319 abundance variations in presynaptic vesicles, membranes, ribosomes, postsynaptic densities
320 (PSDs), and cytoskeleton proteins. These observations reveal that chronic pain-related
321 proteomic alterations occur within similar synaptic domains but engage distinct proteins over
322 time, aligning with established synaptic remodeling patterns [64, 65]. A substantial subset of

323  WKa4-detected proteins (CaMKla, AMPKB1, AMPKy2, etc.) are associated with the CaMKK2
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324  signaling pathway [20, 23, 66], implicated in intracellular calcium signaling alterations during

325  synaptic remodeling [20, 25].
326 Enrichment in Proteins Related to Dendritic Reorganization and CaMKla

327 To investigate broader WK4 pSNL implications on VTA signaling, we performed gene ontology
328 (GO) CC, BP, molecular function (MF), and Reactome pathway enrichment analyses of DEPs
329 using DAVID (Fig. 5A,B,C,D). Analysis revealed significant enrichment in various GO CCs,
330 MFs, BPs, and Reactome pathways (Fig. 5A,B,C,D). Notably, many enriched processes and
331 functions relate to dendritic reorganization, including protein kinase binding, calmodulin binding,

332  positive regulation of neuron projection development, and protein localization to the cell surface.

333 In the comparative proteomic analysis, 15 synapse-specific (SynGO) WK4 DEPs showed
334 increased abundance, while 7 exhibited decreased abundance (Fig. 5E). SynGO WK4 DEPs
335 were localized to the cytosol, endocytic zones, and presynaptic membranes; decreases were
336  primarily in presynaptic active zones and ribosomal structures. PSD, cytoskeleton, synaptic
337 vesicles, and postsynaptic membranes displayed both increases and decreases. These results

338  align with prior studies on dendritic reorganization [67].

339 Given CaMKK2's potential involvement in dendritic reorganization, we specifically examined
340 CaMKla, a downstream kinase enhancing dendritic complexity via activity-dependent
341 mechanisms [27-29]. Proteomic comparisons indicated significantly increased CaMKla
342  abundance in WK4 pSNL mice (Fig 6A, *p=0.0488). To validate, we employed IHC co-labeling
343 to assess VTA CaMKla expression. Utilizing TH (Fig. 6B, red) and CaMK1a (Fig. 6B, green)
344 on VTA slices from WK4 sham and pSNL mice, double-labeling revealed distinct
345  somatodendritic staining patterns with sporadic co-localization. Statistical analyses confirmed
346  significant increases in CaMKla expression (*p=0.0253) and TH+CaMKla co-labeling

347  (**p=0.0018) in WK4 pSNL mice (Fig. 6C).
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348 pSNL Changes in the VTA Phosphoproteome

349 To further evaluate chronic pain’s effect on CaMKla activity levels, we employed
350 phosphoproteomic analysis. Pooled bilateral tissue punches from three mice per group (WK4
351 vehicle-treated sham and pSNL) yielded 29 605 phosphopeptide ions associated with 2 676
352  unique proteins (Fig. 6D, top, volcano plot). Comparing phosphorylation states between vehicle-
353 treated pSNL and sham groups, we identified significant alterations in 577 phosphopeptide ions,
354  with a predominance of hyperphosphorylation in pSNL mice relative to sham controls (Fig. 6D,
355 top, red+blue circles; Supplementary Table 2). These alterations included differential
356  phosphorylation of proteins integral to the CaMKK2 signaling pathway and Kv7.2 modulation,
357  such as CaMKK2, HCN2, ANK2, PCP4, RYR2, and CaMKlla (Supplementary Table 2) [20, 23,
358 66, 68—71]. Motif analysis of the hyperphosphorylated sites in pSNL (Fig 6D, top, red box) with
359 iceLogo revealed proline enriched targets (Fig. 6D, bottom). To corroborate these findings with
360 our CaMK1la discovery, we used a next-generation CaMK1 blocker (CS640) and quantified the
361 VTA phosphoproteome of CS640-treated pSNL mice (2 pg/ul, ICV). Among phosphopeptides
362 upregulated in pSNL and downregulated with CS640, we identified 20 proteins across 28
363  phosphorylation sites (Fig. 6E). GO and Reactome pathway enrichment analyses of the
364  proteins with significantly affected phosphorylation in vehicle-treated pSNL mice noted relevant
365 Dbiological categories, including axonogenesis, regulation of postsynapse assembly, PSDs,
366 calmodulin binding, protein kinase binding, and clathrin-mediated endocytosis (Fig. 6F,G,H,l).
367  These studies indicated the potential for an increased role for CaMK1a, which, alongside other
368 VTA kinases, may contribute to the CPNA phenotype [25]. Collectively, these data link
369  sustained pSNL pain and associated negative affect-like behavior with temporal alterations in 2-
370 AG, Kv7.2 channels, and the VTA proteomic landscape. These changes, characterized by
371 enhanced activity in the VTA CaMKK2-CaMK1a/-AMPK axis, support the notion of 2-AG, Kv7,

372  and dendritic signaling reorganization during CPNA.
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373

374 Discussion

375 Chronic Pain Negative Affect (CPNA) is a debilitating comorbidity of chronic pain that
376 complicates patient management and necessitates new therapeutic strategies. Our study
377 advances translational efforts by providing fundamental neurobiological insights and identifying
378 actionable molecular targets with preclinical therapeutic potential. We investigated CPNA

379  mechanisms in the VTA—a critical brain region for reward, mood, and pain processing.

380 By employing a multidisciplinary approach that combined immunohistochemistry with lipidomic,
381 proteomic, and phosphoproteomic screening in a pSNL mouse model, we generated an
382  unprecedented molecular map of the VTA during CPNA progression. While previous studies
383 have used targeted analyses or omic screening in the VTA [9, 72, 73] and profiled broader brain
384  regions [74-76], our integrated multi-omic strategy offers a uniquely deep and unbiased
385 characterization. We identified specific molecular alterations within VTA dopamine neurons,
386 including sex-dependent Kv7.2 channel upregulation in males and profound changes in 2-AG
387 levels and the CaMKK2-CaMK1la/-AMPK pathways. We then demonstrated the therapeutic
388 actionability of these nodes through preclinical interventions. We hypothesize that these
389 concurrent dysregulations drive a pathological cascade leading to VTA dopamine neuron
390 hyperexcitability and the persistent negative affective states of CPNA, a concept consistent with
391  existing literature [7-11]. Our translational findings show that both exogenous 2-AG and the Kv7
392 channel opener retigabine effectively alleviated pain-related negative affect, representing a

393  conceptual advance in understanding CPNA pathophysiology.

394  While robust, our findings in an animal model require future clinical validation. Our investigation
395 at one and four weeks post-injury offers crucial insights into early adaptations, but broader

396 temporal studies may reveal additional dynamics. Furthermore, CPNA involves interconnected
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397  neural circuitry beyond the VTA [74-77]. A key unresolved issue is the conflicting reports on
398 VTA dopamine neuron activity in chronic pain. While our findings implicate mechanisms that
399 may underlie the hyperexcitability reported in some studies [7—11], other research indicates that
400 inflammatory pain can decrease VTA dopamine neuron activity, leading to anhedonia [11-18].
401 These discrepancies may stem from differences in timing, pain models, VTA subpopulations, or
402 behavioral assays, which our study did not resolve. Nevertheless, our results provide several

403  key observations.

404  Endocannabinoid System (ECS) and 2-AG Dysregulation

405 One prominent system affected in CPNA is the ECS, particularly the lipid mediator 2-AG. We
406 found significant reductions in VTA 2-AG levels in male pSNL mice, which paralleled negative
407  affect-like behaviors. This aligns with human studies showing reduced plasma 2-AG in negative
408 affect [35-37] and preclinical work demonstrating disrupted 2-AG metabolism in anxiety and
409 other negative affective states [74, 78]. Crucially, our finding that exogenous 2-AG attenuates
410 CPNA symptoms—similarly to retigabine [9, 10]—directly links 2-AG deficiency to
411 symptomology and underscores its therapeutic potential. This is supported by literature showing
412  that targeting 2-AG metabolism via MAGL inhibition has antidepressant/anxiolytic effects in mice
413 [79] and reduces pain in rats [53]. Further evidence includes 2-AG’s protective effects against
414  LPS-induced impairments in vitro [80] and the observation that rTMS therapy increases

415 hippocampal 2-AG in rats [81].

416 Beyond classical receptor agonism, eCBs can directly modulate ion channels, with 2-AG acting
417  as a positive allosteric modulator of Kv7.2 [41]. Evidence also suggests 2-AG can indirectly alter
418 AMPK via CB1R-CaMKK-AMPK signaling in cardiomyocytes [39]. Other less-reported, CB1-
419 independent actions of 2-AG involve platelets [82] and other non-CB1 proteins and ion channels

420 (i.e., TRPV, N-type VGCC) [83]. Similarly, anandamide (AEA), which was not impacted in our
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421  study, also exerts non-canonical actions at targets like TRPV, GPR55, GPR18, and PPARs [84,

422 83,

423  While enhancing VTA 2-AG shows therapeutic promise for CPNA, the role of 2-AG in pain is
424  complex. For instance, excessive circulating 2-AG at the time of injury may paradoxically
425 increase chronic pain risk [32]. Furthermore, pain is often comorbid with cognitive impairments
426 involving the ECS [86], and hormonal cycles can influence ECS function and cannabinoid
427  responsiveness [87]. These points highlight the need to distinguish between acute injury
428 responses and chronic pain states, as well as systemic versus brain-region-specific effects and

429  the significant role of sex.

430 Kv7.2 Channel Dysregulation and Sex-Dependent Effects

431 The dysregulation of Kv7.2 channels adds another critical layer to VTA dysfunction in CPNA.
432  While neuronal hyperexcitability in pain is associated with decreased Kv7 channel expression in
433 the DRG [88], our data reveal a paradoxical, sex-specific upregulation of Kv7.2 protein, but not
434  Kv7.3, in VTA dopamine neurons of male pSNL mice. This counterintuitive increase suggests
435 that functional modification, rather than expression level, may be the primary driver of
436  dysfunction, contributing to hyperexcitability despite greater protein abundance. The critical role
437  of Kv7.2 in regulating neuronal excitability is underscored by evidence that its removal alone
438 can trigger spreading depression [89]. Moreover, pathogenic loss-of-function variants cause

439  severe neurodevelopmental disorders [62], highlighting the channel's fundamental importance.

440 Increased Kv7.2:Kv7.3 ratios can produce less functional homomeric Kv7.2 channels with
441  weaker M-currents [90, 91]. Our observed sex-dependent upregulation points to distinct
442  mechanisms underlying CPNA symptomology in males and females. The C-terminal tails of Kv7

443  channels, which are critical for trafficking, are targets for kinases, calmodulin, and PIP2 [92, 93].
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444  Multiple kinases phosphorylate Kv7 channels, including CaMKIl, PKA, PKC, and MAP kinases
445  [94]. Our finding of increased CaMKK2 phosphorylation supports such kinase-mediated Kv7.2
446  dysfunction via several plausible pathways: CaMKK activates MAP kinases that regulate Kv7
447  [94, 95]; PKA directly modulates Kv7.2 [96]; and crosstalk between CaM kinases and PKC

448  decreases Kv7.2 channel activity [95].

449 CaMKK2-CaMK1la/-AMPK Pathways

450  Our multi-omic analyses identify the CaMKK2 signaling cascade as a central node in the VTA's
451  adaptation to CPNA. We observed increased CaMKK2 phosphorylation, which we hypothesize
452 is a maladaptive homeostatic response to pain-induced VTA hyperexcitability, consistent with
453  principles of cellular plasticity under chronic stress [97-99]. Despite inhibitory phosphorylation of
454  CaMKK2 at S495, the absence of S100/S511 phosphosites suggests residual activity, which
455 may sustain some downstream signaling while hyperexcitable neurons compensate by
456 increasing downstream kinase subunits like AMPK and CaMK1a. The increased abundance of
457  AMPKy2 in CPNA suggests an attempt to compensate for metabolic stress, which could amplify
458  VTA dysregulation. AMPK influences both protein and lipid synthesis and degradation, as well

459  as ion channel trafficking [22, 23, 25, 26, 66].

460  Similarly, dysregulation of CaMK1a, critical for structural plasticity and spine density [30], may
461 impair the VTA's ability to adapt to pain stressors, potentially leading to excessive immature
462  synapses and perpetuating hyperexcitability [100]. The interplay between CaMK1a and AMPK,
463  collectively influencing dendritic reorganization and synaptic integrity, appears to be a key
464  mechanism shaping the VTA's maladaptive response. While direct evidence linking CaMKK2 to
465 endocannabinoid-metabolizing enzymes like MAGL or DAGL is lacking, its regulation of cellular
466 energy and signaling cascades intertwined with lipid metabolism is well-established [20, 22, 23,

467  38]. It is important here to also note we found that the CaMK1a antagonist CS640 reversed key


https://doi.org/10.1101/2025.07.01.662604
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.07.01.662604; this version posted July 4, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

468 pSNL-related changes in phosphorylated proteins involved in morphological rearrangement,
469  providing compelling pharmacological evidence for this pathway as an actionable therapeutic

470  target.

471 Conclusion

472  This study provides the first comprehensive, multi-omic analyses of molecular adaptations in the
473  VTA linked to CPNA. By identifying critical neurobiological substrates—including dysregulation
474  in Kv7.2 channels, the endocannabinoid system, and the CaMKK2 pathway—and elucidating
475  their interplay, we provide a robust foundation for developing targeted therapies. The sex-
476  dependent nature of our findings underscores the importance of sex as a biological variable in

477  CPNA research.

478  Future work should focus on how Kv7.2 dysregulation and 2-AG reduction mechanistically
479 contribute to VTA hyperexcitability and negative affect. Investigating the functional
480 consequences of CaMKK2 pathway alterations and their interplay with Kv7.2 and 2-AG is
481 paramount. Long-term translational studies are warranted to assess the sustained therapeutic
482  potential of Kv7.2 modulators, 2-AG enhancers, and CaMK1la antagonists. Finally, rigorous
483 delineation of the specific cannabinoid receptor mechanisms and further investigation into sex-
484  specific signaling differences are crucial next steps to advance innovative and personalized

485  strategies aimed at alleviating the burden of CPNA.
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783 Figure Legends

784  Fig. 1. WK4 pSNL Alters VTA 2-AG Levels and Negative Affect-Like Behavior: Mitigation
785 by 2-AG and Retigabine. a, b Schematic representation of group allocations and experimental
786  timeline for cohorts of male and female mice subjected to either sham surgery or pSNL. Various
787 VTA analyses, including IHC, proteomics, and lipidomics, were conducted at multiple
788 timepoints. Behavioral assessments using von Frey (vF) tests and Forced Swim Tests (FST)
789  were performed at baseline (pre-intervention), 5-7 days post-surgery (WK1), and 28 days post-
790  operation (WK4). Some mice underwent additional FST evaluations in WK4 (day 28, 31, 32, or
791  35) either without drug (No-Drug) or 15 min after drug (single (1x) or double (2x) injection of 2-
792  AG (10 mg/kg, IP), or single injection of retigabine (RTG; 10mg/kg, IP)). ¢ Summary of paw
793  withdrawal thresholds in male and female mice from sham and pSNL-exposed groups.
794  Mechanical paw sensitivity analysis showed significant main effects of time, surgery type, and
795 their interaction (2W ME ANOVA, F(2,151)=39.46, ***p<0.0001). Both groups exhibited
796  hypersensitivity at WK1 compared to baseline (****p<0.0001). pSNL mice showed persistent
797  hypersensitivity at WK4 (****p<0.0001), while sham mice resolved to baseline levels (p=0.2698).
798  Sample sizes are indicated in parentheses (male, female). d Violin plots summarizing levels of
799  2-AG and anandamide (AEA) in male mice at WK4 post-surgery (2W RM ANOVA, interaction
800 F(1,22)=6.810, *p=0.0160). pSNL mice exhibited lower levels of 2-AG compared to sham
801 control mice (***p=0.0006), while AEA concentrations remained unchanged (p=0.9931) (see
802 also Supplementary Figure 1). Samples were run in triplicate. e Results from FST measuring
803 the duration of immobility in male mice at baseline and post-surgery at WK4. Immobility was
804  assessed without drug or with 2-AG or RTG pretreatment (2W ME ANOVA, interaction
805 F(4,84)=11.89, ****p<0.0001). pSNL mice exhibited significantly increased immobility at WK4
806 compared to baseline and sham controls (****p<0.0001). Both double-dose 2-AG and RTG

807  significantly reduced FST immobility (both ****p<0.0001), while a single dose of 2-AG was less
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808 effective (****p=0.0006). All data are expressed as mean + SEM. In all violin plots, solid lines

809 depict median and dashed lines depict quartiles.

810 Fig. 2. Sex-Specific Variations in VTA Kv7.2 Expression at WK4 pSNL. a Schematic
811 representation of midbrain coronal brain sections adapted from “The Mouse Brain in Stereotaxic
812  Coordinates” (Franklin & Paxinos, 2007, 3rd edition) illustrating evaluated VTA regions (shaded)
813  at WK4 post-surgery. b Confocal photomicrographs of corresponding VTA sections from a WK4
814  sham control mouse, displaying immunostaining with Kv7.2 (green) in single-channel images at
815 varying magnifications. Co-expression of Kv7.2+ with nuclear DAPI staining emphasizes
816  cytosolic localization (see also Supplementary Figure 3). Images underwent rolling-ball
817  background subtraction, linear contrast adjustment, and resizing for display; the DAPI channel
818 was pseudocolored cyan. Scale bars: 100um (left and right images); 25 um (bottom image). ¢
819  Violin plots depict significant differences in Kv7.2 expression at WK4 based on sex and surgical
820 group (interaction F(1,40)=5.441, *p=0.0248) revealing elevated Kv7.2 in male pSNL mice
821 compared to sham controls (*p=0.0143). d A violin plot illustrates Kv7.2-5 subunit expression at
822 WK4 following sham or pSNL treatment, with a 2W ME ANOVA indicating an interaction
823  (F(3,78)=8.847, ****p<0.0001). pSNL was associated with increased Kv7.2 (**p=0.0026) and
824  decreased Kv7.3 (***p=0.0006). Kv7.2 expression was significantly lower in sham controls
825 compared to Kv7.3 (****p<0.0001) and Kv7.4 (**p=0.0034) at WK4 post-surgery, with no

826  significant changes observed for Kv7.4 or Kv7.5 expression.

827 Fig. 3. Elevated Kv7.2 Expression in TH+ VTA Dopamine Cells at WK4 pSNL. a Confocal
828  photomicrographs of the contralateral VTA region from a male mouse at four weeks control
829  sham-surgery, showing varying magnifications. Immunostaining reveals TH (red), Kv7.2 (green),
830 and DAPI staining presented in single-channel images and overlays. Co-expression

831 (TH+/Kv7.2+,V) differentiates between cells expressing both markers versus those expressing
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832  only one. Scale bars: 100 ym; 25um. b Similar photomicrographs from WK4 male mice divided
833 into sham-operated (top panels) and pSNL (bottom panels) groups, depicting co-localization of
834 TH (red) with Kv7.2-5 (green). Images underwent rolling-ball background subtraction, linear
835 contrast adjustment, and resizing for display. Scale bars: 100 um. ¢ Violin plots quantifying co-
836 labeled VTA TH+ and Kv7.2-5+ cells. Increased Kv7.2 expression in pSNL mice compared to
837  sham-operated controls was significant (t(24)=4.868. ****p<0.0001). No significant differences
838  were detected for Kv7.3 (t(24)=0.8747 p=0.3904), Kv7.4 (t(31)=1.426 p=0.1638), or Kv7.5

839  expression (t(30)=0.5523, p=0.5849).

840 Fig. 4. Comprehensive VTA Proteomic Analysis Following pSNL. a Workflow for the
841 proteomic analysis comparison of VTA protein expression at WK1 and WK4 post-surgery.
842 b PANTHER analysis categorized 5 251 proteins in the VTA proteome based on functional
843 class. The Synaptic Gene Ontology (SynGO) starburst plot identified 1 203 proteins with defined
844  subcellular localizations. Plots display the synapse (center), with pre- and postsynaptic sites in
845  the first ring, and subsequent child terms in outer rings. ¢ Volcano plots showing differentially
846  expressed protein abundance (DEP) at WK1 and WKA4, with significant differences indicated by
847 -logl0(p-value) = 1.30. d Principal component analysis (PCA) and hierarchical clustering
848 (heatmap) further validated significant separation between surgical cohorts at WK1 and WK4. e
849 Heat maps from unbiased hierarchical clustering of 372 significantly affected proteins show
850 reproducible abundance shifts. f Scatter plots demonstrate VTA proteome changes due to
851  surgical intervention and time. Statistical differences are shown as -log10(p-value) for WK1 (y-
852  axis) versus WK4 (x-axis). Red lines mark the p-value cutoff of < 0.05. Few proteins were
853 changed at both timepoints, highlighting a differential VTA proteome at WK4, associated with
854  CPNA, compared to WK1 pain. g, h The pSNL-enriched VTA proteome at WK1 (g) and WK4 (h)
855 mapped to synaptic localizations using SynGO. Out of 372 identified DEPs in (c), 70 mapped to

856  synaptic locations, including cytoskeleton and postsynaptic density (PSD). Protein quantities
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857  within each term are represented by a color scheme. Gray panels indicate SynGO terms without
858 associated proteins; colored terms reflect changes in protein abundance in at least one module.
859 Despite differing proteins affected by pSNL at WK1 and WK4, enrichment disparities

860  predominantly occurred within overlapping cellular compartments.

861 Fig. 5. Changes in the Abundance of WK4 VTA Proteins. a,b,c,d VTA proteomic enrichment
862 analysis using the DAVID tool identified significant gene ontology (GO) and reactome
863  enrichment at WK4. Cellular components (CC), biological processes (BP), molecular functions
864 (MF), and reactome pathways enriched from these proteins include roles in synaptogenesis,
865 neuronal signaling, and transporter trafficking. e A neuronal illustration adapted from
866  SwissBioPics depicts the subcellular localization and log2 fold changes of significantly altered
867  synapse-specific proteins in WK4 pSNL mice. Bar graphs are expressed as mean + SEM.
868 Neuron illustration adapted from SwissBioPics: A resource for biological illustrations

869  (https://www.swissbiopics.org/name/Animalneuronalcell).

870 Fig 6. Activation of VTA CaMKK2-CaMKla Axes. a Violin plot illustrating CaMKla
871 abundance in the VTA proteome, normalized to WK1 sham mice. WK4 pSNL mice show
872 elevated CaMK1la (1W ANOVA: F(3,13) = 3.441, p = 0.0488; WK1 Sham vs. WK4 pSNL, p =
873  0.0348; WK1 pSNL vs. WK4 pSNL, p = 0.0257; WK4 Sham vs. WK4 pSNL, p = 0.0175). b
874  Cropped confocal photomicrograph shows TH+ (red) and CaMK1la+ (green) in VTA neurons.
875 Inset shows full VTA photomicrograph for the same male WK4 sham (left) and pSNL (right)
876 mice. Images underwent rolling-ball background subtraction, linear contrast adjustment, and
877  resizing for display. ¢ Violin plot displays VTA cell counts for CaMKla+ and TH+CaMK1la in
878 WK4 sham and pSNL mice (unpaired t-tests: t(29) = 2.359, *p = 0.0253; t(29) = 3.434, **p =
879 0.0018; solid lines in violin plots denote the median, while dashed lines indicate quartiles). d

880 (top) Volcano plot illustrating the effect of pSNL on VTA-specific phosphorylated peptides at
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881 WK4 (n=3/samples per group), with significant differences expressed as -log10(p-value) =
882 1.30. The y-axis reflects -logl0 adjusted p values; blue symbols represent decreased
883 abundance of phosphopeptide ions while red symbols and box indicate increased abundance
884  in pSNL compared to sham. d (bottom) iceLogo of hyperphosphorylation motif in WK4 pSNL
885  mice illustrate amino acids at phosphosites with p-values < 0.05. e Heat map shows unbiased
886  hierarchical clustering of 20 significantly increased phosphorylated peptides at WK4 in pSNL
887  versus sham-operated mice, is reduced following CS640 treatment (2 pg/uL, ICV) in pSNL
888 versus CS640-treated pSNL mice, confirming consistent expression patterns across biological
889 samples (9 mice; 3 per sample). f, g, h, i VTA phosphoproteomic enrichment analysis utilizing
890 the DAVID identifying significant increases and decreases at WK4 post-pSNL. Key biological
891 processes (BP) (f), cellular components (CC) (g), molecular functions (MF) (h), and reactome
892 pathways (i) significantly enriched including multiple proteins associated with the CaMKK2-

893 CaMK1la axis linked to dendritic morphogenesis.

894

895 Supplementary Figure 1. pSNL surgery causes long-lasting allodynia. Violin plot depicts
896 individual animal paw withdrawal threshold values in male and female mice from sham and
897 pSNL-exposed groups (interaction Fp151y=39.46, ****p<0.0001). Both groups exhibited
898 hypersensitivity at WK1 compared to baseline (****p<0.0001) to different extents (**p=0.0030).
899  While pSNL mice continued to show hypersensitivity at WK4 (**p<0001), sham-exposed mice
900 returned to withdrawal thresholds similar to baseline ****p<0.0001). Sample sizes are indicated
901 in parentheses (Sham male, Sham female; pSNL male, pSNL female). Solid lines in violin plots

902 depict median and dashed lines depict quartiles.

903 Supplementary Figure 2. Early Imbalance in VTA Neuromodulation at WK1 pSNL. Bar

904  graph depicts the relative abundance of various proteins normalized to sham-operated mice
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905 (multiple unpaired t-tests). Included are enzymes involved in endocannabinoid (eCB)
906 metabolism (fatty acid amide hydrolase (FAAH) and alpha/beta-hydrolase domain containing 6
907 (ABHD®6)) and eCB synthesis (monoacylglycerol lipase (MGLL) and diacylglycerol lipase alpha
908 (DAGLA)). Also analyzed are proteins important for anandamide production (N-acyl-
909 phosphatidylethanolamine phospholipase D (NAPEPLD), and experience dependent synaptic

910 plasticity (KS6KA5 (MSK1), and KAP3 (Prkar2b)). All data are expressed as mean + SEM.

911 Supplementary Figure 3. Cytosolic Expression Patterns of TH+ and Kv7.2-5 Among VTA
912 cells. High magnification confocal photomicrographs of the contralateral VTA region from male
913 mice, divided into sham-operated (left two panels) and pSNL (right panel) groups, at four weeks
914  post-surgery. Images depict co-localization of TH (red), Kv7.2-5 (green, presented in
915 descending order), and nuclear DAPI staining (blue). Magnified images focusing on individual
916 neurons (far right) show only Kv7 and DAPI staining. Images underwent rolling-ball background
917  subtraction, linear contrast adjustment, and resizing for display. Scale bars represent 25 um and

918  asterisks represent the nucleus.
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