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Introduction
Gabapentin (GBP) is widely prescribed to older patients for pain management. Recent clinical studies highlight that GBP adversely affect cognitive function in older patients. GBP binds to the α2δ1 subunit of L-type voltage-gated Ca2+ channels to inhibit Ca2+ channel current. It is being increasingly recognized that GBP affects neuronal activity in multifaceted ways. However, the molecular mechanism underlying GBP’s impact on cognitive function in older subjects remains unelucidated.
Methods
Aged mice (18-month-old, female) were subjected to spared nerve injury (SNI) or sham surgery and treated with GBP for 60 days. Learning and memory were assessed using novel object recognition (NOR) test and contextual and cued fear conditioning test (FCT). Adeno-associated viral vector (AAV) was used for gene overexpression in the brain. Brain tissue was analyzed by Western blot, qRT-PCR, and protein activity assay.
Results
Long-term GBP treatment impaired learning and memory in aged mice with or without nerve injury-induced pain as GBP-treated aged mice had lower novel object recognition index in NOR test and shorter freezing time in FCT, respectively. In the hippocampus of GBP-treated mice, increased levels of p-tau (S416) and p-tau (S262) were observed, together with increased CaMKIIα and decreased Sirt1 expression. AAV-mediated Sirt1 overexpression in the hippocampus or systemic administration of the Sirt1 activator resveratrol prevented cognitive impairment and tau hyperphosphorylation via enhancing Sirt1 activity in GBP-treated mice.
Conclusion
Long-term GBP treatment is detrimental to cognitive function in aged mice. GBP suppressed Sirt1 expression, leading to elevated CaMKIIα level and hyperphosphorylation of tau, and boosting Sirt1 activity curbed the adverse effect of GBP on memory in aged mice.
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1 INTRODUCTION
Gabapentin (GBP) is an FDA-approved drug for treatment of partial seizures, postherpetic neuralgia, and restless legs syndrome (Pauly et al., 2020; Johansen and Maust, 2024). GBP is also prescribed off-label for anxiety and neuropathic pain management (Johansen and Maust, 2024). GBP prescriptions increased by roughly 170% from 2009 to 2016 (Pauly et al., 2020) and continue to increase (Johansen and Maust, 2024). More than 50% of GBP prescriptions are written for patients over 65 years old for pain management (Johansen and Maust, 2024), in part due to its favorable pharmacokinetic profile (Striano and Striano, 2008). Clinical GBP therapy for pain management often lasts for months or even years (Mao and Chen, 2000; Bonnet and Scherbaum, 2017; Mersfelder and Nichols, 2016; Smith et al., 2012) and older patients are often prescribed with a high dosage (Fleet et al., 2018; Moore et al., 2014). Recent clinical studies have highlighted the harmful effects of GBP on cognitive function in older patients besides the known side effects of GBP such as somnolence and disorientation. Among older adults with initially normal cognition, initiation of GBP treatment induced impairment of cognitive function (Oh et al., 2022) and perioperative GBP use is associated with increased risk of delirium among older adults after major surgery (Park et al., 2022).
GBP is an anti-seizure and anti-nociceptive agent, the mechanism of action likely involves its inhibition of calcium currents via binding to the α2δ1 subunit of L-type voltage-gated Ca2+ channels (Hendrich et al., 2008; Gee et al., 1996). Rodent studies have shown that GBP affects cognitive function (Gregoire et al., 2012; Celikyurt et al., 2011), and other neuronal activities in multifaceted ways. GBP antagonizes thrombospondin binding to the α2δ1 subunit and strongly inhibits excitatory synapse formation in neonate mice (Eroglu et al., 2009). GBP enhances the expression levels of δGABAA receptors and increases a tonic inhibitory conductance in neurons (Yu et al., 2019). GBP activates locus coeruleus (LC) neurons to induce norepinephrine release in the prefrontal cortex (Hayashida et al., 2008). However, the molecular mechanism as to how GBP affects cognitive function in older adults is unknown.
In the present study, we examined the impact of long-term GBP treatment on cognitive activity and investigated the underlying molecular mechanism in aged mice (18 months old). We found that GBP treatment impaired cognitive function in aged mice tested using novel object recognition test and contextual and cued fear conditioning test. In the hippocampus of mice treated with GBP, we observed elevated phosphorylation of tau protein at S416 and S262 sites, together with increased Ca2+/calmodulin-dependent kinase II alpha subunit (CaMKIIα) and decreased Sirt1 expression. Adeno-associated virus (AAV) vector mediated overexpression of Sirt1 in the hippocampus or systemic administration of Sirt1 activator resveratrol curbed GBP-induced cognitive impairments and suppressed tau phosphorylation. Taken together, our study revealed a Sirt1-CaMKIIα-tau signaling pathway underlying GBP-induced cognitive impairment in aged mice. Enhancing Sirt1 activity with resveratrol could be a potential remedy to curb this side effect of GBP.
2 METHODS
2.1 Experimental animals
Female C57Bl/6J mice of 18 months of age (Jackson laboratory) were used in the study. All mice were maintained at MGH animal housing facility in a specific pathogen free (SPF) environment. The room temperatures were 19 °C–23 °C, the humidity was 40%–60%, and had a 12 h light/dark cycle. Three to four mice were housed in each ventilated cage. Food and water were provided ad libitum. Mice were randomly assigned to experimental groups. Gabapentin (100 mg/kg, Sigma-Aldrich, G154) and resveratrol (40 mg/kg, Fisher Scientific, R0071) were administered by intraperitoneal (i.p.) injection. Gabapentin was dissolved in saline (5 mg/mL), and resveratrol was dissolved in a vehicle solution (5% DMSO+30% PEG300 in water) to obtain 15 mg/mL solution. The respective dissolving solution was used as vehicle control. To reduce stress, animals received 1 day break after every 6 days of injection. The animal protocol was approved by Massachusetts General Hospital Institutional Animal Care and Use Committee.
2.2 Spared nerve injury
Spared nerve injury (SNI) was produced as previously described (Decosterd and Woolf, 2000). Briefly, a skin incision on the left thigh was made on a fully anesthetized mouse (1%–2% isoflurane in 100% O2) to expose the sciatic nerve. The common peroneal and tibial nerve branches were completely sectioned, leaving the sural nerve branch intact. Sham-operated mice were subjected to the same procedure without sectioning the nerves. The incision site was sutured, and mice were returned to home cages when fully recovered from anesthesia.
2.3 Behavioral test
All behavioral tests were carried out by the investigators who were blinded to experimental groups. Mice were habituated to the test environment for two consecutive days (30 min per day) prior to testing.
2.3.1 von frey test
Mechanical allodynia was assessed using von Frey filaments (Decosterd and Woolf, 2000) (Sensory Evaluator Kit, Stoelting Co., Wood Dale, IL, United States). A single filament was applied to the plantar surface of a hind paw for five times with an interval of 5 s. The smallest filament that produced at least twice paw withdrawal was recorded as paw withdrawal threshold.
2.3.2 Open field test (OFT)
Open field test (Kraeuter et al., 2019) was conducted in a plexiglass square box (57 × 57 × 50 cm). The mouse was allowed to run freely for 1 min, afterwards, the activity of the mouse was tracked for 5 min and analyzed by SMART video-tracking system (Panlab, Harvard Apparatus, MA, United States).
2.3.3 Novel object recognition (NOR) test
NOR test includes a training and a testing session (Leger et al., 2013). During a 5-min training session, the mouse familiarized itself with two identical objects in a plexiglass box (34 × 17 × 17 cm). After a 10-min home cage stay, the mouse was tested for 5 min with one of the familiar objects replaced with a novel object. In both training and testing sessions, the time the mouse spent with each object was recorded. A recognition index (RI) for each animal was calculated as the ratio TN/(TF + TN) (TN: time spent with a novel object, TF: time spent with a familiar object).
2.3.4 Contextual and cued fear conditioning test (FCT)
Contextual and cued fear conditioning test (FCT) was conducted using Stoelting™ Fear Conditioning System paired with ANY-Maze Behavioral Tracking Software. In training, the mouse was placed in the conditioning chamber (black/white stripes pattern) for 3 min prior to being subjected to a 2-Hz pulsating tone (80 dB, 3,600 Hz, 60 s). A mild foot shock (0.8 mA for 0.5 s) was applied immediately after the tone. Mice were tested at 3 and 7 days after training. On the test day, mice were subjected to both context test and cued test. In context test, the mouse stayed in the same chamber (black/white stripes pattern) for a total of 6 min without application of tone and foot shock. The amount of time the mouse demonstrated “freezing behavior” was tracked and recorded. Tone (cue) test was performed 2 h later. In tone test, the mouse stayed in a different chamber (black/white checkered pattern) for a total of 6 min. The same tone used during training was applied for the last 3 min without the foot shock, and the “freezing behavior” was tracked and recorded. The “freezing behavior” was defined as a completely immobile posture except for respiratory effort. Any-Maze setting: freezing on threshold: 10; freezing off threshold: 20; minimum freezing duration: 1 s (Stoeling Co.)
2.4 Hippocampal injection of AAV
To overexpress Sirt1 in the hippocampus, adeno-associated virus 9 (AAV9) vector carrying Sirt1 or eGFP was purchased from Vector Biolab (Malvern, PA, United States): AAV9-CMV-eGFP-2A-mSirt1 (Catalog number: 7000), AAV9-eGFP (Catalog number: 7007). The titer of viruses is 1 × 1013 gc/mL (genome copy/mL). The mice were anesthetized with isoflurane and secured in a stereotaxic frame (Kopf, Tujunga, CA, United States), and AAV was injected with the Nanoject III (Drummond Scientific Company, model 3-000-207) under sterile conditions. Bilateral injection was performed and holes of the size of the injection needle were drilled into the skull: 2.1 mm caudal to bregma, 1.5 mm ventral to pial surface, and 1.5 mm right of midline for right side injection and 1.5 mm left of midline for left side injection. Each side was injected with 1 μL of AAV vector (1 × 1013) at a rate of 0.2 μL/min.
2.5 Western blot analysis
The hippocampal tissue was harvested and stored at −80 °C until being processed. For Western blot analysis, tissue was homogenized in RIPA buffer (Cell Signaling 9806S) containing Protease inhibitor (Thermofisher A32953) and phosphatase inhibitor (1 mM sodium fluoride, 1 mM β- glycerophosphate, 0.5 mM sodium orthovanadate, and 0.5 mM sodium pyrophosphate). Protein (30 μg/lane) was separated on SDS-PAGE gel, transferred to PVDF membrane (Sigma Immobilon-P, IPVH00010), probed with antibodies, and detected using ECL substrates (SuperSignal West Pico Plus, ThermoFisher 34580) and X-ray films. PageRuler Plus Pretained protein standard (ThermoFisher 0026619) was used to estimate the protein size. X-ray films were scanned, and protein bands were quantified using ImageJ (NIH) (Schneider et al., 2012). p-Tau proteins were normalized to tau; Sirt1, CaMKIIα and tau were normalized to actin. In graphs, the values shown are relative to “sham + saline” or “AAV-eGFP + saline” or “saline + vehicle”. The antibodies used in this study are listed in Table 1.
TABLE 1 | List of antibodies.	Antibody	Manufacturer	Catalogue no.	Dilution
	tau mouse mAb	Sigma	T9450	1:500
	Phospho-Tau Family Antibody Sampler Kit	Cell Signaling	96628	
	Phospho Tau (Ser262) Rabbit polyclonal Ab	abcam	ab131354	1:1000
	Phospho-Tau (Ser416) (D7U2P) Rabbit mAb	Cell Signaling	15013S	1:1000
	Phospho-Tau (Ser396) (PHF13) Mouse mAb	Cell Signaling	9632	1:1000
	Phospho-Tau (Ser404) (D2Z4G) Rabbit mAb	Cell Signaling	20194	1:1000
	Phospho-Tau (Ser202) (D4H7E) Rabbit mAb	Cell Signaling	39357	1:1000
	anti-CaM Kinase IIα (CaMKIIα) Rabbit Ab	Sigma	C6974	1:1000
	anti-Sirt1 (B-10)	Santa Cruz	Sc-74504	1:1000
	anti-CACNA2D1 (α2δ1) (A20) Mouse mAb	ThermoFisher	MA3-921	1:500
	β-actin, Mouse mAb	Sigma	A1978	1:5,000
	anti-mouse IgG-HRP	Santa Cruz	sc-2031	1:10,000
	anti-rabbit IgG-HRP	Santa Cruz	sc-2357	1:10,000


2.6 Realtime quantitative PCR analysis
Total RNA was isolated from brain tissue using Trizol (Thermosfisher 15596026). cDNA was synthesized using ProtoScript First Strand cDNA Syn Kit (E6300L) from New England BioLabs (Ipswich, MA, USA). qPCR was preformed using TaqMan probes (CamKII2a: Mm00437967_m1; Gapdh: Mm99999915_g1) and TAQman universal MMIX II (Cat # 4440040) from Life Technologies (CA, United States) on a Quant 3 QuantStudio™ 3 Real-Time PCR system (Applied Biosystems). The data were analyzed by the ΔΔCt method. The mRNA level of CamKII2a was normalized to GAPDH, and the value in the graph is expressed as relative to “sham + saline”.
2.7 Protein activity assay
Hippocampal CaMKII activity was analyzed using CycLex CaM-kinase II assay kit (CY-1173) and CaM-Kinase II positive control (CY-E1173) (MBL International Corporation, Woburn, MA) according to the protocol provided by the manufacture. Sirt1 activity was analyzed using Sirt1 assay kit (Sigma, Cat # 1040) according to the protocol provided by the manufacturer.
2.8 Statistical analysis
Data were analyzed using GraphPad Prism 8 software and expressed as mean ± SEM. Unless specified, one-way ANOVA with Tukey’s multiple comparisons was used for the analysis. Two-way ANOVA was used for repeated measurement of paw withdrawal threshold in von Frey test. T-test was used to compare paw withdrawal threshold before and after GBP administration. The significance level was set at 0.05.
3 RESULTS
3.1 Long-term GBP treatment impaired cognitive function in aged mice
Aged (18-month-old) mice with SNI or sham surgery (sham) were treated with GBP (100 mg/kg/daily, i. p.) for ∼ 2 months. The dose of GBP was based on previous studies (Kusunose et al., 2010; Aydin et al., 2012; Cheng and Chiou, 2006). The experimental design is illustrated in Figure 1. At 7 days after administering the last dose of GBP or saline, OFT was performed to determine whether nerve injury and/or GBP treatment affected motor activity in aged mice. In the open field, the four groups of mice traveled similar total distance, suggesting that motor activity was not significantly affected in aged mice (one-way ANOVA, p = 0.27, n = 10/group) (Figure 2A).
[image: Timeline diagram showing a sequence of tests and treatments. Starting with a von Frey test at Baseline, followed by SNI on Day 1. Additional von Frey tests occur on Days 3, 7, 33, and 63. An OFT is on Day 70, NOR on Day 71, and an FCT from Days 73 to 79. Tissue harvest is on Day 80. Daily intraperitoneal injection of gabapentin at 100 mg/kg starts on Day 3.]FIGURE 1 | Experimental design. After assessing baseline paw withdraw threshold using von Frey test, mice were randomly assigned to experimental groups. Spared nerve injury (SNI) or sham surgery was performed on mice. Gabapentin (100 mg/kg/daily, i.p.) or saline treatment began on day 3 after surgery and lasted for 60 days. Von Frey test was conducted at 3, 7, 33, and 63 days after surgery before daily GBP or saline injection. Motor and cognitive functions were assessed starting at 7 days after the last dose of GBP or saline treatment. Brain tissues were harvested after completion of behavioral testing. OFT: open field test, NOR: novel object recognition test, FCT: contextual and cued fear conditioning test.[image: Panel A shows a bar graph of total distance traveled in an open field test, comparing sham+saline, sham+GBP, SNI+saline, and SNI+GBP groups. Panel B illustrates the Novel Object Recognition test procedure, featuring training, resting, and testing phases. Panel C presents a bar graph of the Recognition Index from the NOR test for the same groups, indicating statistical significance.]FIGURE 2 | Long-term GBP treatment impaired short-term memory in aged mice. (A) Motor function was not affected by GBP treatment or nerve injury. In open field, the total distance traveled by the four groups of mice (sham + saline, sham + GBP, SNI + saline, and SNI + GBP) was not significantly different (one-way ANOVA, p = 0.27, n = 10/group). (B) Illustration of novel object recognition (NOR) test protocol. (C) In NOR test, GBP-treated mice had a lowered recognition index (RI) for the novel object than saline-treated mice (sham: saline vs. GBP, p = 0.0003. SNI: saline vs. GBP, p = 0.002. n = 10/group).Mice were subsequently subjected to NOR test to examine short-term memory (Cohen and Stackman, 2015) as illustrated in Figure 2B. In training phase, both saline- and GBP-treated sham or SNI mice spent an equal amount of time exploring two identical objects, and had a similar recognition index (RI) for both objects (Supplementary Figure S1). In testing phase, saline-treated mice (SNI or sham) spent more time exploring a novel object than GBP-treated sham or SNI mice did. Therfore, GBP-treated mice had a lower RI for the novel object, showing an impairment in recognition memory (Figure 2C) (one-way ANOVA with Tukey’s multiple comparisions test. sham + saline vs. sham + GBP: ***p < 0.001; SNI + saline vs. SNI + GBP: **p < 0.01, n = 10/group).
Next, we performed FCT to assess associative fear learning and memory as depicted in Figure 3A. In training phase, the average freezing time was less than 10 s for all mice, and the four groups of mice did not differ significantly in freezing time (one-way ANOVA, p = 0.62, n = 10/group) (Figure 3B). Mice were tested on day 3 and day 7 for context- and tone-associated memory. In context test, GBP-treated mice had less freezing time than saline-treated mice (Figures 3C,E, day 3 and day 7; for sham or SNI groups, saline vs. GBP: *p < 0.05, **p < 0.01). In tone test, the freezing time was decreased in SNI mice when tested on day 3 (Figure 3D, SNI groups: saline vs. GBP, *p < 0.05), but not on day 7 (Figure 3F). We also compared the freezing time during the first 3 min in the chamber during context and tone test. Saline-treated mice had longer freezing time in the context test chamber (black/white stripes pattern) than in the tone test chamber (black/white checkered pattern), while GBP-treated mice did not exhibit differences (Supplementary Figures S2A,B), indicating that saline-treated mice could remember and distinguish the environment wherein they experienced shock, but GBP-treated mice could not. These data re-enforced our data presented in Figures 3B–E showing GBP-treatment induced cognitive impairments.
[image: A schematic of a fear conditioning experiment involving training and testing phases over several days. The timeline includes a training phase with a 60-second tone and a shock, followed by context and tone tests on days three and seven. The experiment involves mice, depicted in test boxes during various phases. Below, graphs labeled B to F show freezing time in seconds across different test days, comparing groups with labels like "sham+saline" and "SNI+GBP," with significant differences marked by asterisks.]FIGURE 3 | Long-term GBP treatment impaired associative learning and memory in aged mice. (A) Illustration of the protocol for contextual and cued fear conditioning test (FCT). (B) In training, mice did not differ significantly in freezing behavior (one-way ANOVA, p = 0.62, n = 10/group). (C,D) Test on day 3. In context test, GBP-treated sham or SNI mice had decreased freezing time than saline-treated mice (sham: saline vs. GBP, p = 0.03. SNI: saline vs. GBP, p = 0.02). In tone test, GBP-treated SNI mice had decreased freezing time than saline-treated SNI mice. (SNI: saline vs. GBP, p = 0.02). (E,F) Test on day 7. In context test, GBP-treated sham or SNI mice had decreased freezing time than saline-treated mice (saline vs. GBP, p < 0.01). In tone test, no differences were observed between saline and GBP treatment in sham or SNI mice.We assessed SNI-induced mechanical allodynia using von Frey test on day 3, 7, 33, and 63 prior to daily GBP administration. Mice with SNI exhibited prolonged mechanical allodynia compared to sham mice, as SNI mice had a lower threshold in response to von Frey fiber stimulation on the ipsilateral paw than sham mice (two-way ANOVA, p < 0.0001, n = 10/group (Supplementary Figure S3A). GBP treatment effectively attenuated nociception in SNI mice measured at 2 h after GBP administration (Supplementary Figure S3B), suggesting that signs of cognitive impairment in GBP-treated mice, as shown above, were not caused by SNI-induced pain.
Taken together, these data suggest that GBP treatment imparied cognitive function in aged mice with or without neuropathic pain.
3.2 Long-term GBP treatment increased tau phosphorylation in the hippocampus in aged mice
Tau proteins, a group of six isoforms, are microtubule-associated proteins and are highly expressed in neurons in the hippocampus and cortex (Mandelkow and Mandelkow, 2012; Binder et al., 1985; Jameson et al., 1980). We examined if GBP treatment caused abnormal tau phosphorylation, as dysregulation of tau phosphorylation is associated with cogntive impairment. We analyzed the hippocampus tissue using Phospho-Tau Family Antibody Sampler Kit and Western blot. GBP-treated mice had increased levels of p-tau (S262) and p-tau (S416) in the hippocampus compared to saline-treated mice (Figures 4A–C) (**p < 0.01, *p < 0.05, n = 4/group). The levels of total tau, p-tau (S202), p-tau (S396), and p-tau (S404) did not significantly differ between GBP and saline treatment groups (Figures 4D–H). Our observation indicates that hippocampal tau hyperphosphorylation is associated with GBP-induced congntive impariment in aged mice.
[image: Western blot results and bar graphs showing the effects of SNI and GBP treatments on tau protein phosphorylation at various sites (S262, S416, S202, S396, and S404). The images compare treatment groups: sham with saline, SNI with saline, sham with GBP, and SNI with GBP. Significant changes are indicated between groups in some graphs, particularly for p-tau at S262 and S416 sites, showing increased phosphorylation in SNI + GBP groups. Graphs display relative protein levels with standard error bars.]FIGURE 4 | GBP treatment caused tau hyperphosphorylation in the hippocampus of aged mice. (A) Using Phospho-Tau Family Antibody Sampler Kit, the levels of total tau protein and phosphorylated tau at five sites were analyzed using Western blot analysis. (B,C) The levels of p-tau (S262) and p-tau (S416) were increased in GBP-treated sham and SNI mice (*P < 0.05, **P < 0.01, n = 4/group). (D–G) The levels of p-tau (S202), p-tau (S396), p-tau (S404), or total tau protein did not significantly differ between GBP- and saline-treated mice.3.3 Long-term GBP treatment affected CaMKIIα and Sirt1 expression in the hippocampus of aged mice
Phosphoration of tau is regulated by several protein kinases. Ser/Thr protein kinase CaMKIIα preferentially phosphorylates Tau at S262 and S416 sites (Sironi et al., 1998; Yamamoto et al., 2005; Hector et al., 2020). CaMKIIα, a major isoform of CaMKII, is highly expressed in the hippocampus (Wang et al., 2013). Accordingly, we analyzed the expression levels and kinase activity of CaMKIIα. Western blot and q-RT-PCR analysis showed elevated CaMKIIα expression levels in the hippocampus of GBP-treated mice (Figures 5A,B,D). Moreover, the kinase activity of CaMKIIα in the hippocampus was also increased in GBP-treated mice (Figure 5E), which is consistent with the increase of CaMKIIα protein expression. To examine how GBP regulates CaMKIIα expression, we focused on Sirt1, a histone deacetylase, as Sirt1 transcriptionally regulates CaMKIIα expression via deacetylating histone H3 lysine 9 at the CaMKIIα promoter (Zhou et al., 2020). Sirt1 protein expression in the hippocampus was decreased in GBP-treated mice (Figure 5C). Taken together, GBP treatment led to differential expression of CaMKIIα and Sirt1 in the hippocampus of aged mice.
[image: Western blots and bar graphs analyze the effects of SNI and GBP treatments on CaMKIIα and Sirt1. Blots show protein levels across treatments (panel A). Bar graphs display relative values for CaMKIIα protein (B), Sirt1 protein (C), CaMKIIα mRNA (D), and CaMKII activity (E). Significant differences are indicated with asterisks.]FIGURE 5 | GBP treatment changed the expression of CaMKIIα and Sirt1 in the hippocampus of aged mice. (A) Western blot analysis of CaMKIIα and Sirt1. CaMKIIα protein level (B) was increased; Sirt1 protein level (C) was decreased in GBP-treated aged mice. CaMKIIα mRNA (D) and CaMKII kinase activity (E) were increased in GBP-treated aged mice. (*P < 0.05,***p < 0.001, n = 4/group).3.4 Overexpressing Sirt1 in the hippocampus attenuated GBP-induced cognitive impairment and tau phosphorylation in aged mice
Since we identified that decreased Sirt1 level could contribute to tau pathology induced by GBP in aged mice, we examined if overexpression of Sirt1 rescued behavioral outcomes and tau pathology. Adeno-associated viral vector-mediated gene transfer and overexpression was used. AAV9-eGFP (control) or AAV9-eGFP-Sirt1 (1013 gc/mL, 1 µL/side, Vector Biolabs) were bilaterally infused into the hippocampus of 18-month-old (aged) mice. At 3 weeks after the AAV9 infusion, mice were subjected to SNI surgery, treated with saline or GBP for ∼ 2 months, and examined for behavioral outcomes as illustrated in Figure 1. AAV9 infusion did not affect motor function in mice (one-way ANOVA, p = 0.41, n = 10/group) (Figure 6A). Sirt1 or eGFP overexpression in the hippocampus did not affect SNI-induced nociception (Supplementary Figure S4). NOR and FCT tests showed that Sirt1 overexpression ameliorated cognitive impairment in GBP-treated mice (Figures 6B–G, GBP groups: eGFP vs. Sirt1, **p < 0.01, Supplementary Figures S2A,C, AAV-eGPF/saline and AAV-Sirt1/GBP: pre-context vs. pre-tone, *p < 0.05). Tissue analysis showed that AAV9-eGFP-Sirt1 infusion rescued Sirt1 expression levels and activity in GBP-treated mice, inhibited CaMKIIα expression and phosphorylation of p-tau (S416) and p-tau (S262) (Figure 7, ***p < 0.001, **p < 0.01, *p < 0.05, n = 4/group). As a control for AAV infusion, the expression of eGFP did not alter the adverse effect of GBP on cogntive function and tau phosphorylation in aged SNI mice (Figures 6, 7, AAV-eGFP groups: saline vs. GBP, **p < 0.01, *p < 0.05). Thus, overexpression of Sirt1 suppressed the adverse effects of GBP on cognitive activity and tau phosphorylation in aged mice.
[image: Bar graphs comparing three groups (AAV-eGFP/saline, AAV-eGFP/GBP, and AAV-SIRT1/GBP) in various tests. (A) Open field test shows total distance. (B) NOR test displays recognition index with significance. (C-G) FCT graphs indicate freezing times at various days and conditions, showing significant differences between groups.]FIGURE 6 | Sirt1 overexpression in the hippocampus prevented cognitive impairment in GBP-treated aged SNI mice. (A) In open field test, the total distance traveled by three groups of mice was similar (one-way ANOVA, p = 0.41). (B) In NOR test, mice overexpressing Sirt1 had increased recognition index (RI) for a novel object (**p < 0.01). (C–G) Contextual and cued fear conditioning test (FCT). (C) In training phase of FCT, baseline freezing time was not significantly different among three groups of mice (one-way ANOVA, p = 0.6). (D–G) Testing phase of FCT: tested on day 3 and 7 after training. In eGFP-expressing group, GBP-treated mice had shorter freezing time than saline-treated mice in both context and tone tests (**p < 0.01). For GBP treatment, mice with Sirt1 overexpression had longer freezing time than mice with eGFP expression in context test (**p < 0.01). (n = 10/group).[image: A multi-panel image displaying graphs and a Western blot analysis related to Sirt1 activity. Panel A shows a bar graph of Sirt1 activity with significant differences marked. Panel B presents Western blot bands for Sirt1, CaMKIIα, phosphorylated tau at sites 262 and 416, tau, and actin under different experimental conditions. Panels C to G display bar graphs quantifying relative values for Sirt1, CaMKIIα, phosphorylated tau at S416 and S262, and tau with statistical significance indicated. Conditions include AAV-eGFP with saline, AAV-eGFP with GBP, and AAV-Sirt1 with GBP. Statistical markers such as *, **, and *** denote levels of significance.]FIGURE 7 | AAV-mediated Sirt1 overexpression in the hippocampus inhibited CaMKIIα expression and tau hyperphosphorylation in GBP-treated SNI aged mice. (A) Sirt1 overexpression restored Sirt1 activity in GBP-treated mice. (B) Western blot images of Sirt1, CaMKIIα, and tau proteins. (C) In eGFP expressing mice, Sirt1 protein levels were decreased by GBP treatment. (D,E,F) Overexpression of Sirt1 inhibited CaMKIIα protein levels, phosphorylation of p-tau (S416) and p-tau (216) in GBP-treated mice. (G) Total tau level was not affected by Sirt1 overexpression (*p < 0.05, **p < 0.01, ***p < 0.001, n = 4/group).3.5 Sirt1 activator resveratrol prevented cognitive impairments and tau phosphorylation in aged mice treated with GBP
To examine if enhancing Sirt1 activity could improve GBP-induced cogntive impairment, we treated mice with resveratrol, a Sirt1 activator. After SNI, mice were co-administered with GBP (100 mg/kg, i.p.) and resveratrol (RSV) (40 mg/kg, i.p.) for 60 days. Three groups of mice were included: saline + vehicle, GBP + vehicle, and GBP + RSV. Behaviral test was conducted as depicted in Figure 1. The dose of resveratrol was based on previous studies (Park and Pezzuto, 2015). Resveratrol treatment did not affect motor function (one-way ANOVA, p = 0.35, n = 10/group) (Figure 8A). In NOR test, resveratrol improved recognition index (RI) for the novel object in GBP-treated mice (GBP + vehicle vs. GBP + RSV: ***p < 0.001) (Figure 8B). In FCT, resveratrol treatment increased freezing time in GBP-treated mice in context and tone tests. Thus, resveratrol prevented cognitive impairments in GBP-treated mice (Figures 8A–H) (Supplementary Figures S2A,D, saline/vehicle and GBP/RSV: pre-context vs. pre-tone, ,**p < 0.01, *p < 0.05). Analysis of the hippocamal tissue indicated that reservatrol treatment restored Sirt1 activity (Figure 9A), inhibited CaMKIIa expression and hyperphosphoryaltion of tau (Figures 9B–F) in GBP-treated mice.
[image: Bar graphs showing various behavioral test results for three groups: saline plus vehicle, GBP plus vehicle, and GBP plus RSV. Panels A to G represent different tests and conditions, including open field test for total distance, NOR test for recognition index, and FCT baseline, context, and tone freezing times on different days. Significant differences are marked with asterisks, indicating levels of statistical significance.]FIGURE 8 | Resveratrol (RSV) prevented GBP-induced cognitive impairment in aged SNI mice. (A) In open field test, the total distance traveled by each of the three groups of mice was similar (one-way ANOVA, p = 0.36). (B) In NOR test, RSV treatment increased recognition index (RI) for a novel object in GBP-treated mice (***p < 0.001). (C–G) Contextual and cued fear conditioning test (FCT). (C) In training phase of FCT, baseline freezing time was not significantly different among three groups of mice (one-way ANOVA, p = 0.09). (D–G) Testing phase of FCT: tested on day 3 and 7 after training. GBP + vehicle-treated mice had shorter freezing time than saline + vehicle-treated mice in both context and tone test. For GBP treatment, mice treated with RSV had longer freezing time than mice treated with vehicle in context test and tone test. (*p < 0.05, **p < 0.01). (n = 10/group).[image: Graphs and a Western blot image depict the effects of treatments on protein activity and expression. Panel A shows Sirt 1 activity, panel C CaMKIIα, panel D p-tau (S262), panel E p-tau (S416), and panel F tau levels. Western blot in panel B displays bands for CaMKIIα, p-tau (S262), p-tau (S416), tau, and actin across conditions: saline with vehicle, GBP with vehicle, and GBP with RSV. Bars indicate mean relative values with significance marked by asterisks.]FIGURE 9 | Resveratrol treatment boosted Sirt1 activity and inhibited CaMKIIα expression and tau hyperphosphorylation in GBP-treated aged SNI mice. (A) GBP treatment inhibited Sirt1 activity and RSV treatment restored Sirt1 activity in mice. (B) Western blot of CaMKIIα and tau proteins. (C–F) Activation of Sirt1 suppressed CaMKIIα expression, phosphorylation of p-tau (S262) and p-tau (416) in GBP-treated mice. Total tau level was not affected by resveratrol treatment. (*p < 0.05, **p < 0.01, n = 4/group).4 DISCUSSION
GBP therapy has been a mainstay of pain management for over two decades. The use of GBP is favorable in older adults with chronic pain conditions because these patients are more susceptible to the gastrointestinal, renal and hepatic side effects of non-steroidal anti-inflammatory drugs (NSAIDs) and acetaminophen, the commonly used analgesics (Bicket and Mao, 2015). The adverse effects of GBP on brain function, including confusion, disorientation (“foggy brain”) and memory deficit, have been documented in clinical studies (Mao and Chen, 2000; Bonnet and Scherbaum, 2017; Mersfelder and Nichols, 2016; Smith et al., 2012; Oh et al., 2022; Park et al., 2022; Salinsky et al., 2002). However, the molecular mechanism underlying the adverse effects of GBP on aged brain has not been elucidated. Our study found increased tau phosphorylation via Sirt1-CaMKIIα signaling pathway in the hippocampus in aged mice with GBP-induced cognitive impairment. Overexpressing Sirt1 protein or enhancing Sirt1 activity with resveratrol ameliorated cognitive impairment and suppressed tau hyperphosphorylation in GBP-treated aged mice.
GBP inhibits calcium channel activity (Hendrich et al., 2008) to exert anti-seizure and anti-nociceptive effects. GBP binds to the α2δ1 subunit of calcium channel (Gee et al., 1996) and disrupts its trafficking. The α2δ1 subunit is abundantly expressed in the brain, especially in the hippocampus (Klugbauer et al., 1999; Cole et al., 2005; Schlick et al., 2010). We did not observe significant changes in α2δ1 expression with GBP treatment (Supplementary Figure S5), whereas GBP increased tau phosphorylation levels in the hippocampus of aged mice. Among five p-tau proteins examined, the levels of p-tau (S416) and p-tau (S262) were elevated in the brain of GBP-treated aged mice, both phosphorylation sites are associated with pathophysiology of Alzheimer’s disease (AD) (Hasegawa et al., 1992; Drewes et al., 1995; Seward et al., 2013; Amar et al., 2017). Tau protein contains eighty-five potential phosphorylation sites that can be phosphorylated by different protein kinases (Simic et al., 2016; Wagner et al., 1996; Johnson and Stoothoff, 2004). CaMKIIα, a multi-functional kinase (Swulius et al., 2008), phosphorylates S262 and S416 sites on tau (Sironi et al., 1998; Yamamoto et al., 2005; Hector et al., 2020). We analyzed the hippocampal tissue and found that GBP increased the expression of CaMKIIα and its kinase activity. This is consistent with a previous report that the cellular CaMKIIα protein level affects CaMKII kinase activities (Schulman, 2004). The expression of CaMKIIα is transcriptionally regulated by Sirt1 (Zhou et al., 2020) and retinoic acid (Chen and Kelly, 1996). Sirt1, a deacetylase predominantly found in the nucleus, is highly expressed in the brain (Zakh et al., 2010). Sirt1 regulates gene expression via direct deacetylation of histones or by promoting changes in methylation of histones and deoxyribonucleic acid (Zhang and Kraus, 2010). Sirt1 suppresses the expression of CaMKIIα via deacetylation of histones at CaMKIIα promoter in the amygdala (Zhou et al., 2020) and thereby protects against emotional pain vulnerability (Zhou et al., 2020). We analyzed Sirt1 protein expression and activity and found that GBP inhibited Sirt1 expression and activity. To further examine the role of Sirt1 in GBP-induced tau phosphorylation, we modulated Sirt1 expression and activity using AAV-mediated gene expression or resveratrol, respectively. Hippocampal overexpression of Sirt1 or systemic administration of resveratrol boosted Sirt1 activity, inhibited CaMKIIα protein expression and tau phosphorylation, and thereby prevented cognitive impairment in GBP-treated aged mice. Further study to confirm that CaMKIIα activity is also reduced concurrently with decreased CaMKIIα protein levels by overexpressing Sirt1 or resveratrol treatment will reinforce this mechanistic link. Taken together, Sirt1-CaMKIIα signaling pathway could be a molecular mechanism underlying tau hyperphosphorylation associated with cognitive impairment in GBP-treated aged mice.
Using a panel of five antibodies, we have identified GBP-induced hyperphosoryaltion at two sites on tau protein in the hippocampus of aged mice. In future studies, examining other pathological changes in tau protein would improve our understanding on how GBP affects cellular activity and brain function. The changes including the phosphoryaltion levels of other sites (e.g., p-tau 181 and p-tau 217) on tau protein, expression of tau isoforms (e.g., 4R), and acetylation of tau, should be evaluated in the hippocmapus and other brain regions. Acetylation is a pathogenic post-translational modification of tau found in the brains of AD and tauopathies (Irwin et al., 2013; Irwin et al., 2012). Sirt1 deacetylates tau, thereby reducing pathogenic tau in mouse models of tauopathy (Herskovits and Guarente, 2014) and brain injury (Shin et al., 2021). Importantly, our study highlights the role of Sirt1 in GBP-induced tau phosphorylation. How GBP regulates the expression of Sirt1 remains to be investigated, although a number of studies have shown that GBP affects gene expression in the brain (Yu et al., 2019; Alsanie et al., 2022) and cultured cells (Heo et al., 2013).
Chronic pain is associated with cognitive decline. Recently, Guerreiro et al. showed that chronic pain causes tau-mediated hippocampal pathology and memory deficits in adult mice (Guerreiro et al., 2022). In our study, we found that GBP-induced cognitive impairment and brain pathology are profound in aged mice, whereas SNI-induced chronic pain had a lesser impact. Several factors could contribute to the differences observed in the behavioral and pathological outcomes of SNI-induced pain in mice, including the age and sex of the mice (7-month-old male (Guerreiro et al., 2022) vs. 18-month-old female mice), the duration of pain [4 months (Guerreiro et al., 2022) vs. 2 months after SNI surgery], and protocols used for behavioral testing. Guerreiro et al. found that Rab35 (Guerreiro et al., 2022), a regulator of tau degradation, is responsible for tau pathologies. In our study, Sirt1 critically contributes to GBP-induced tau pathologies. Additionally, Guerreiro et al. showed that alleviating pain with GBP treatment appears to be protective against SNI-induced memory deficits in adult mice (Guerreiro et al., 2022). In spite of the above-mentioned differences, the two studies suggest that age is an important factor in the differential impact of pain and GBP on the brain regarding cognitive impairment and tau pathology.
Gabapentin is more frequently prescribed to women than men (Johannessen et al., 2015) as the conditions such as neuropathic pain are more prevalent among women (Ghazisaeidi et al., 2023; Mogil, 2012). Moreover, women are more likely to develop dementia and Alzheimer’s disease (Moutinho, 2025). Therefore, female mice were examined in this study. Future studies on male mice will broaden our understanding on the impact of GBP on aging brain.
In the past 10 years, the use of gabapentin has tripled in the US and it remains to be a mainstay for pain management in response to opioid crisis (Bongiovanni et al., 2023). Recent clinical studies highlight that GBP profoundly affects cognitive function in older patients (Oh et al., 2022; Park et al., 2022) and increases the risk of dementia in non-elderly patients (Eghrari et al., 2025; Huang et al., 2023). However, how GBP affects memory is understudied (Behroozi et al., 2023). Our study revealed a potential molecular mechanism underlying cognitive impairments induced by long-term GBP treatment and provided a potential remedy to curb this GBP’s adverse effect in older patients.
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