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Highlight

· Aging increases K63 levels in the hippocampus but reduces it in the amygdala.
· Reducing K63 levels in the aged hippocampus and amygdala improves memory.
· Reducing K63 levels in the middle-aged hippocampus and amygdala has no effect on memory.




Abstract
Cognitive decline with aging is a complex process involving multiple brain regions and molecular mechanisms. While the role of the canonical protein degradation function of the ubiquitin-proteasome system (UPS) has been well studied in the context of aging and age-associated memory loss, the non-proteolytic functions of ubiquitin activity remain poorly understood. Here, we investigated the role of lysine-63 (K63) polyubiquitination, the most abundant form of proteasome-independent ubiquitination, in aged rats, focusing on the hippocampus and amygdala, two brain regions reported to have cellular and molecular alterations with age that are associated with age-related memory loss. Using an unbiased proteomic approach, we observed a significant increase of K63 polyubiquitination in the hippocampus across the lifespan. Reducing K63 polyubiquitination in the hippocampus of aged male rats using the CRISPR-dCas13 RNA editing system enhanced contextual fear memory, while similar manipulations in middle-aged rats, which typically have normal memory, had no effect, emphasizing the age-dependent role of K63 polyubiquitination in memory formation. Conversely, the amygdala showed a consistent reduction of K63 polyubiquitination protein targets across the lifespan, and further reductions of K63 polyubiquitination improved memory retention in aged, but not middle-aged, male rats. Together, our findings reveal the dynamic and region-specific functions of K63 polyubiquitination in the brain aging process, providing novel insights into its contribution to age-associated memory decline. 
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1. Introduction

Cognitive decline with aging is a multifaceted process that involves various brain regions and molecular processes, which poses a major challenge for developing effective treatments for dementia and Alzheimer’s disease (AD) (Bishop et al., 2010). Cognitive abilities, such as memory, attention, processing speed, and executive functions, can diminish with age; however, these changes are not uniformly presented and are influenced by several interacting factors, including genetic predispositions, environmental exposures, and lifestyle choices (Murman, 2015). Recent research suggests that subtle structural and functional changes in several brain regions may begin as early as middle age (ages 40-60), marking an early stage of cognitive aging that predisposes individuals to the more pronounced alterations observed in older adults (Dohm-Hansen et al., 2024). Consequently, to gain a more comprehensive insight into the initial molecular changes that set the stage for cognitive deterioration later in life, there is a growing interest in examining neurobiological processes in middle-aged groups that often do not yet show cognitive impairments in comparison to their aged counterparts.  
In the brain, the hippocampus, prefrontal cortex, amygdala, and other areas involved in learning and memory and decision-making are particularly vulnerable to the aging process (Gupta et al., 2011;Jobson et al., 2021;McEwen and Gianaros, 2010;Nashiro et al., 2012;Rao et al., 2022). The hippocampus is a critical brain region responsible for the initial formation, consolidation, and retrieval of episodic and spatial memories and is one of the first regions to exhibit atrophy in both normal aging and AD (Rao, et al., 2022). While previous research has focused heavily on the hippocampus, the amygdala also undergoes structural and functional changes with age (Gupta, et al., 2011;Nashiro, et al., 2012). The amygdala is critical for emotional processing and related memories with a key function as a modulator of emotional responses, impacting memory consolidation for emotionally salient events through interactions with the hippocampus (Hermans et al., 2014). Studies have reported the amygdala experiences age-related atrophy, specifically in basolateral and centromedial nuclei regions, though this is not as pronounced as in the hippocampus (Poulin et al., 2011). The reduction in volume weakens the amygdala-hippocampal circuitry, diminishing the ability to encode and retrieve emotional memories (Song, 2023). In the AD brain, amyloid-beta plaques and tau tangles also accumulate in the amygdala, contributing to its functional decline (Aksman et al., 2023). This degeneration results in impairments in emotional regulation, which is a typical symptom observed in AD, such as anxiety, agitation, and emotional blunting (Mendez, 2021). Despite these findings, the molecular changes underlying aged-related amygdala dysfunction remain poorly characterized. 
Impaired protein degradation and accumulation of misfolded or damaged proteins are defining characteristics of the aging process, which largely occurs due to a decline in the function of the ubiquitin-proteasome system (UPS) (Vilchez et al., 2014). The UPS is a critical mechanism that maintains protein homeostasis by selectively recognizing and degrading misfolded, damaged, or short-lived proteins through the attachment of multiple ubiquitin molecules through the process known as polyubiquitination (Kandel et al., 2024). The protein degradation function of this system has been widely implicated in synaptic plasticity and memory formation in numerous brain regions, most notably the hippocampus and amygdala (Patrick et al., 2024). However, while the focus has remained on the canonical protein degradation function of the UPS, the ubiquitination process is diverse and has several functions outside of protein turnover. For example, while lysine-48 (K48) linked polyubiquitination marks proteins for proteasomal degradation, lysine-63 (K63) linked polyubiquitination has a non-degradative function and has been shown to be involved in a variety of processes, such as the immune response, DNA repair, protein-protein interaction, and endocytosis (Patrick et al., 2023). Notably, our team recently found that reductions in K63 polyubiquitination are a critical regulator of contextual fear memory formation in the young adult male and female hippocampus (Preveza et al., 2025). Conversely, increases in K63 polyubiquitination levels in the amygdala are a critical regulator of contextual fear memory in females, but not males (Farrell et al., 2023). However, despite its established role, no study has yet elucidated the role of K63 polyubiquitination and its contribution to region-specific vulnerabilities in both the hippocampus and amygdala across the lifespan, potentially driving memory impairments observed with advanced age. 
Here, we tested the role of K63 polyubiquitination in memory formation in the aged and middle-aged amygdala and hippocampus using unbiased K63 polyubiquitin proteomic analyses and highly specific CRISPR-dCas13 manipulations. We observed an age-related increase and decrease in K63 polyubiquitination in the dorsal hippocampus and amygdala, respectively, across the lifespan. Moreover, downregulation of K63 polyubiquitination using CRISPR-dCas13 RNA editing technology enhanced memory retention following contextual fear conditioning in both the hippocampus and amygdala of aged, but not middle-aged, rats. Together, our results identify alterations of K63 polyubiquitination in the hippocampus and amygdala as a critical contributor to age-related memory decline. 


2. Materials and Methods 
2.1 Subjects
All experiments were performed with 3-month-old young (n = 6), 12-month-old middle (n = 28), and 22-24-month-old aged male (n = 40) Fischer 344 rats from the National Institute of Aging (NIA) at Charles River, Raleigh, NC. Females could not be used for this study due to a lack of availability of these animals from the vendor during the time these experiments were completed. Animals were housed two per cage under a 12-h light/dark cycle, with free access to water and chow, in a temperature (22C) and humidity-controlled room (42% humidity). All handling and behavioral experiments were performed during the light cycle. Animals were randomly assigned to the training or surgical conditions, and the experimenters were blinded to the group distribution and behavioral outcome. Animals were excluded if they had any health concerns or complications during the surgery and during the post-operative period. All experiments were approved by the Virginia Polytechnic Institute and State University Institutional Animal Care and Use Committee (protocol #23-252) and conducted with the ethical guidelines of the National Institutes of Health.

2.2. Cranial CRISPR plasmid Infusion
Knockdown of K63 polyubiquitination was achieved by using our previously described CRISPR-dCas13 RNA editing approach (Farrell et al., 2023;Farrell, et al., 2023). Briefly, a previously designed and verified CRISPR guide RNA (gRNA) against the major ubiquitin coding gene Ubc specifically targeting the K63 codon was used with the dCas13b-ADAR2DD plasmid (#103871, Addgene) to deaminate the adenosine in the K63 codon, converting the codon from lysine to glutamic acid at position 63 in the ubiquitin protein. In Vivo Jet-PEI (Polyplus, Berkeley, CA) was used as a transfection reagent for the plasmids. Animals were anesthetized with 1.5-4% isoflurane in 100% O2 and received a bilateral infusion into the dorsal CA1 region of the hippocampus (AP -3.6  mm, ML ± 1.7  mm, DV -3.6  mm) or the basolateral amygdala (BLA; AP -3.0 mm, ML ±5.0 mm, DV -7.7 mm) using a small hub 26s-gauge Hamilton microsyringe. A single syringe programmable pump was used to infuse plasmid at a 0.1 l per minute flow rate for a total volume of 1 µl per hemisphere for CA1 and 0.5 µl for BLA. The concentration of the plasmid is 0.5 g/L in 50% glucose. The incision was sealed using a suture and tissue adhesive (3M Vetbond). Body temperature was maintained using a heating pad (34C) throughout the surgery and during recovery from anesthesia; the chosen temperature was used to prevent hyperthermia. Two weeks were given for the animals to recover after surgery before the handling procedure began. Behavioral experiments were performed 28 days after the plasmid injection. 

2.3. Contextual Fear Conditioning 
All animals were handled for a total of 4 days prior to the behavioral training; two days in the housing room for 3 minutes and two days in the testing room for 2 minutes. During fear conditioning, animals were placed into a novel conditioning chamber where they underwent 1 min baseline, followed by 4 footshock (1.0 mA, 1 sec, 59 sec ITI) presentations. Animals were removed from the chamber 59 seconds after the final foot shock. The foot shock was delivered through the Precision Animal Shocker under the control of FreezeFrame 4 software. The naïve group was not exposed to the fear conditioning apparatus or fear conditioning task. For the memory retention test, rats were placed back into the same chamber 24 hrs after training for 5 min without receiving any foot shock presentations. During training and testing, the chamber was cleaned with 70% isopropanol between each animal. All videos were recorded and used for shock reactivity analysis. The percentage time freezing was analyzed in real-time by automated FreezeFrame 4 video tracking software based on the freezing threshold (motion index) of 2.0 as the scoring parameter. For shock reactivity analysis, the time to the first instance of freezing behavior following shock presentation was identified for each of the four foot shocks administered during training using FreezeFrame 4 software with a 2.0 threshold, as described previously by our group.  

2.4. Brain tissue Collection
Animals were overdosed on isoflurane in a necrosis chamber followed by rapid decapitation. The brain was removed and rapidly frozen on dry ice. Both hemispheres of the BLA and the dorsal CA1 region were then dissected out and kept frozen at -80°C until needed.

2.5. Whole Cell Protein Isolation
One hemisphere of BLA or dorsal CA1 tissue was homogenized in whole cell lysis buffer (500 mM HEPES, 1M MgCl2, 1 M KCl, 1 M DTT, 10% NP-40, 0.5% SDS, 125 mM NEM, 1 µl/ml protease inhibitor cocktail (#P8340, MilliporeSigma, Burlington, MA), and 1 µl/ml phosphatase inhibitor cocktail (#524625, MilliporeSigma)) and then centrifuged for 10 min at 4,000 x g at 4°C. The supernatant was collected, and protein concentration was measured using detergent compatible protein assay (Bio-Rad).

2.6. Tandem ubiquitin binding entity (TUBE) assays
The high affinity K63 polyubiquitin-selective tandem ubiquitin-binding entity (K63-TUBE, 100 µl, #UM404M, Life Sensors, Malvern, PA) conjugated to beads was mixed with 500 µl mixture of whole cell protein (100 µg), protease inhibitor (1 µg/ml), and wash buffer (100 mM Tris-HCL, 150 mM NaCl, 5 mM EDTA, 0.08% NP-40). The mixture was incubated for 2 hrs on a rotator at 4°C and subsequently washed twice with wash buffer before being incubated at 96°C for 5 min at 800 rpm in 1X Laemmli sample buffer (Bio-rad) and β-mercaptoethanol (BME). Once cooled, the supernatant was isolated and kept at −80°C for mass spectrometry analysis. 

2.7. Liquid chromatography mass spectrometry (LC/MS)
Liquid Chromatography and mass spectrometry was performed as described previously (Farrell et al., 2021; Farrell, Musaus, et al., 2023). The related proteomic data have been added to the ProteomeXchange Consortium via the PRIDE archive with accession number PXD058248 (hippocampus) and PXD058253 (amygdala).

2.8. Western Blot
Proteins (10 µg) were prepared using 2X Laemmli sample buffer and separated on a 7% polyacrylamide gel with a 4% stacking gel. The gels were transferred onto an Immobilon-FL membrane using the turbo transfer system (Biorad, Hercules, CA). Membranes were washed in TBS containing 0.1% Tween-20 (TBSt) and blocked for 1 hr at room temperature in a 1:1 mixture of LI-COR TBS blocking buffer and TBSt. After blocking, primary antibody incubation was carried out overnight at 4°C. The next day, membranes were washed three times for 10 min with TBSt, followed by 45 min incubation with Goat Anti-Rabbit secondary antibody (1:40000; LI-COR, Lincoln, NE, USA). The membranes were washed twice for 10 min in TBSt, and rinsed with TBS before imaging with the Odyssey Fc near-infrared system (LiCOR). After the scanning, the membranes were stripped for 10 min with 0.2 N NaOH, washed twice for 15 min with TBSt, and then re-blocked for 1 hr before overnight incubation in primary antibody at 4°C. Protein was quantified using Image Studio Ver 5.2., where mean pixel density for each sample was calculated, normalized to GAPDH as a loading control, and expressed as a percentage relative to the naïve or control group.

2.9. Antibodies 
Antibodies used for western blot assays were K63 polyubiquitin (1:1000, #ab179434 Abcam), K27 polyubiquitin (1:1000, #ab181537, Abcam) and GAPDH (1:1000, #2118 Cell Signaling Technology).

2.10. Statistical Analyses
Experiments were performed following the ARRIVE guidelines with minor exceptions meant to prevent undue stress on the aged animals (such as daily weighing outside of surgical procedures) or where wasn’t possible, such as age as a factor. All data are shown as mean and standard error with scatter plots displaying individual values, except in line graphs. Differences across more than two groups were analyzed by a two-way ANOVA or one-way ANOVA followed by Tukey’s post hoc tests or Fisher’s LSD post hoc tests for multiple comparisons. For comparison between the two groups, a two-tailed t-test (unpaired) was used. Statistical significance was considered p < 0.05. The Brown-Forsythe and Levene’s tests were used to determine normal distribution of data. All statistical tests were performed using Prism software (GraphPad Software, La Jolla, CA). 



3. Results 

3.1. K63 polyubiquitination increases in the dorsal hippocampus across the lifespan. 
Our group previously reported that reductions in K63 polyubiquitination in the hippocampus is critical for contextual fear memory formation in both young male and female rats (Preveza et al., 2025). However, it is unclear whether K63 polyubiquitination levels change across the lifespan or whether they contribute to age-related memory decline. We first examined global changes in K63-polyubiquitination in the hippocampus across the lifespan in young (3-months), middle-aged (12-months) and aged (24-months) male rats as we previously found that aged rats have impaired hippocampus-dependent memory relative to young and middle-aged animals (Patrick, et al., 2024). We found a gradual increase in K63 polyubiquitination in the hippocampus, which suggests an upregulation of the K63 polyubiquitin levels across the lifespan, peaking at the aged group (ANOVA: F(2,15) = 0.7135, p = 0.0443; Fig. 1A). Next, we tested what proteins these increases in K63 polyubiquitination were occurring at in the hippocampus using our previously developed proteomic approach utilizing the K63 polyubiquitin-selective tandem ubiquitin binding entity (K63-TUBE). The specificity of K63-TUBE detection method was validated by western blot, showing high specificity for K63 polyubiquitinated protein with no detectable binding to K27 polyubiquitination (Fig. 1B). Proteomic comparisons were performed across three aged groups: aged vs young (A/Y), aged vs middle-aged (A/MA), and middle-aged vs young (MA/Y) rats. Supplementary Table 1 contains a list of proteins with their log2 values and p-values. With the young male adult as a reference, we found 11 and 20 proteins with significantly altered K63 polyubiquitination in the hippocampus of aged and middle-aged groups, respectively, with 4 proteins overlapping between these conditions (Fig. 1C). In the aged group, 82% of the proteins showed a positive log2 value, where proteins associated with RNA processing have decreased K63 polyubiquitination levels while those involved in synaptic function, metabolic activity, and ion transport had increased K63 polyubiquitin targeting. In the middle-aged group, 100% of the proteins had a positive log2 value and this occurred at various proteins involved in metabolic processes and synaptic activity, along with structural support. Comparing the aged vs middle-aged (A/MA), all 7 proteins had negative log2 values, highlighting the reduction of K63 polyubiquitination in targeting proteins involved in RNA processing, protein synthesis, proteostasis, and the stress response, which may contribute to age-associated cellular dysfunction and decreased molecular stability. Overall, K63 polyubiquitination increases in the aged hippocampus, beginning with a pronounced and consistent increase observed in the middle-aged group that progresses later into life. However, there is also a notable shift in the aged hippocampus, where the extent of K63 polyubiquitination decreases relative to the middle-aged group. 

3.2. CRISPR-dCas13-mediated knockdown of K63 polyubiquitination in the hippocampus improves memory late in life.
Our proteomic findings revealed aged-related increases in K63 polyubiquitination in the hippocampus. Considering that reductions in K63 polyubiquitination in the hippocampus are necessary to form contextual fear memories in young adult animals (Preveza, et al., 2025), this suggests a potential link between increased K63 polyubiquitination levels and age-associated memory decline. To directly investigate this, we examined whether reductions in K63 polyubiquitination in the aged hippocampus could improve memory late in life. We used our previously described CRISPR-dCas13b RNA editing system to decrease K63 polyubiquitination levels by targeting the K63 codon in the Ubc gene, which encodes for the ubiquitin protein. We first used this system to determine if the reduction of aberrant increases in K63 polyubiquitination in the hippocampus could improve memory in aged rats by infusing either K63 gRNA with dCas13b-ADAR2DD plasmid (K63 + dCas13) or dCas13b-ADAR2DD plasmid alone (Control) in 22-month-old aged rats (Fig. 2A). A month after the infusions, we trained the animals in a contextual fear task and tested their memory retention the following day. We confirmed the efficacy of our approach using western blot analysis, revealing a reduction in K63 polyubiquitination levels in the CA1 region of aged rats four weeks after infusion with the K63+ dCas13-ADAR2DD plasmid (two-tailed t-test, t13 = 3.024, p = 0.0098; Fig. 2B). During training, there was a significant effect for Time (F(4, 64) = 7.544, p < .0001; Fig. 2C), but there was no effect for Treatment (F(1, 16) = 0.02272, p = 0.8821) or the Time x Treatment interaction (F(4, 64) = 1.173, p = 0.3312), indicating that both groups exhibited similar freezing behavior throughout the training session. However, during the memory retention test session, we found that the K63 gRNA with dCas13 group displayed significantly enhanced memory retention compared to control animals (two-tailed t-test: t16 = 2.391, p = 0.0295; Fig. 2D). We also analyzed shock reactivity to assess whether our manipulation altered the animal response to the foot shock during training as we previously found an effect from the K63 polyubiquitin knockdown in the hippocampus of young adult rats (Preveza, et al., 2025).  Consistent with our prior work in young adult animals (Preveza et al., 2025), we found a significant effect for Shock (F(3, 48) = 3.357, p = 0.0263; Fig. 2E) and Treatment (F(1, 16) = 4.868, p = 0.0423), revealing that K63 gRNA with dCas13 group had a heightened reactivity to the shock compared to control animals. However, there was no significant Shock X Treatment interaction (F(3, 48) = 0.3490, p = 0.7900). Together, these data indicate that reductions in K63 polyubiquitination in the hippocampus can improve memory late in life.
Next, we injected the same plasmid into the CA1 region of the dorsal hippocampus of middle-aged male rats, which we found previously have normal memory retention for a contextual fear conditioning task relative to young adult rats (Patrick, et al., 2024) but also displayed increased K63 polyubiquitination in our proteomic analysis. During the training phase, we observed a significant effect for Time (F(4, 40) = 3.870, p = 0.0095; Fig. 2F), but no effect for Treatment (F(1, 10) = 4.064, p = 0.0715) and Time x Treatment interaction (F(4, 40) = 0.7246, p = 0.5803). Additionally, K63 + dCas13 treatment did not enhance memory retention (two-tailed t-test: t10 = 0.3463, p = 0.7363; Fig. 2G) nor did it affect shock reactivity during training (F(1, 10) = 1.527, p = 0.2449; Fig. 2H). There was no effect for Shock (F(2.007, 20.07) = 0.3768, p = 0.6915) or Shock x Treatment interaction  (F(3, 30) = 0.4324, p = 0.7314), suggesting that middle-aged K63 gRNA + dCas13 group exhibited similar reactivity to the shock compared to control animals and maintained a consistent reaction time across shocks. These findings indicate that the knockdown of K63 polyubiquitination in the middle-aged group does not have the same effect on memory retention as observed in the aged group in the present study nor in young adults in our prior work. Together, these data suggest that the downregulation of K63 polyubiquitination in the hippocampus improves memory retention in an age-specific manner. 

3.3. K63 polyubiquitination decreases in the amygdala across the lifespan 
Considering the surprising upregulation of K63 polyubiquitination in the hippocampus across the lifespan, we next examined if levels were also changing in the amygdala using our proteomic approach. Supplementary Table 2 contains a list of proteins with their log2 values and p-values. Using young adults as a baseline, we identified 7 and 2 proteins with significantly decreased (negative log2 value) K63 polyubiquitination targeting in the aged and middle-aged males, respectively, with these latter 2 proteins overlapping between conditions (Fig. 3). Interestingly, we observed an overlap of two metabolic proteins, Pyruvate kinase PKM and GAPDH, in the aged and middle-aged groups. Both proteins showed a progressive decrease in fold change with advancing age, reflecting age-related metabolic and cellular changes, likely contributing to the decline in energy production and cellular homeostasis observed during aging. When comparing aged to middle-aged males, we found one protein with a negative log2 value and one with a positive log2, both of which were keratin proteins involved in cellular structure. Overall, these data indicate that in the amygdala, K63 polyubiquitination levels significantly decline across the lifespan, presenting an opposite trajectory compared to the aged hippocampus. 

3.4. CRISPR-dCas13-mediated knockdown of K63 polyubiquitination in the amygdala improve memory late in life.
Our proteomic findings also reveal a significant downregulation of K63 polyubiquitination in the aged amygdala, contrasting to the increase observed in the hippocampus, suggesting that K63 polyubiquitination may have a distinct role in these brain regions with aging. As there are no available methods that can broadly enhance K63 polyubiquitination in the brain, we next tested if further decreasing K63 polyubiquitination in the amygdala can alter memory in aged animals using the same approach described for the hippocampus manipulations. During training, we observe a significant effect for Time (F(4, 52) = 9.552, p < .0001; Fig. 4A). However, there were no significant differences between the aged treatment and control groups (F(1, 13) = 0.0003442, p = 0.9855), nor was there a significant Treatment x Time interaction (F(4, 52) = 1.326, p = 0.2726).  However, during the testing phase, K63 + dCas13 treatment group exhibited significantly enhanced memory retention compared to the control group (two tailed t-test: t13 = 2.329, p = 0.0366; Fig. 4B). We observed a significant effect on Time in shock reactivity (F(1.588, 20.64) = 5.031, p = 0.0224), indicating the reaction times varied across the shocks. Notably, there was no significant effect of Manipulation on shock reactivity (F(3, 39) = 0.6178, p = 0.6077; Fig. 4C), nor a Shock x Treatment  interaction, revealing that sensory processing and the perception of the shock were not altered by the manipulation. To further explore the effects of K63 polyubiquitination knockdown in the amygdala, we assessed whether the observed increase in fear memory following treatment would be similarly maintained in the middle-aged group as we previously found that this same manipulation did not alter memory formation in the amygdala of young adult male rats (Farrell, et al., 2023). With the same experimental design, we found no effect during the training for Treatment (F(1, 8) = 2.458, p = 0.1556; Fig. 4D) and Time x Treatment interaction (F(4, 32) = 2.311, p = 0.0791), but significant effect for Time (F(2.537, 20.29) = 4.726, p = 0.0150). The memory retention test revealed no difference between the groups (two-tailed t-test, t8 = 2.311, p = 0.0791; Fig. 4E). Additionally, there was no difference in Shock (F(2.045, 16.36) = 2.241, p = 0.1372; Fig. 4F), Treatment (F(1, 8) = 0.05139, p = 0.8264), and Shock x Treatment interaction (F(3, 24) = 0.4298, p = 0.7335) during training. Collectively, these data suggest that reductions in K63 polyubiquitination in the amygdala may act to limit memory loss with age.



4. Discussion 
Our recent findings showed that reductions in non-proteolytic K63 polyubiquitination in the hippocampus are critical for contextual fear memory in young adult rats (Preveza, et al., 2025). Conversely, we previously found that in the amygdala, increases in K63 polyubiquitination are critical for contextual fear memory in females but not male young adult rats (Farrell, et al., 2023). However, whether K63 polyubiquitination levels change in the brain across the lifespan and contribute to age-related memory loss has not yet been explored. Here, we present the first evidence demonstrating that aging results in increased and decreased K63 polyubiquitination levels in the dorsal hippocampus and amygdala, respectively, and that CRISPR-dCas13-mediated knockdown of K63 polyubiquitination in the hippocampus and amygdala improves memory in aged, but not middle-aged, rats. Together, these data suggest that opposing changes in K63 polyubiquitination levels may contribute to (hippocampus) and protect against (amygdala) age-related memory loss.
In our proteomic analysis, we observed an age-associated increase in K63 polyubiquitination in the hippocampus with the most pronounced changes occurring in middle-aged rats, a time at which memory impairments are rarely observed. These data suggest that K63 polyubiquitination begins to become dysregulated prior to the development of age-associated memory loss. The primary protein targets of K63 polyubiquitination at middle age were responsible for metabolic processes, synaptic activity, and structural support, which could reflect an adaptive response where increased K63 polyubiquitination initially compensates for age-related decline in cellular function. However, with advanced aging, we observed a shift in protein targets. Interestingly, Fascin had the highest fold change in K63 polyubiquitination in the aged group relative to the young adult rats and is known as an actin-bundling protein that is responsible for maintaining cytoskeletal stability and supporting cell morphology, motility, and structural integrity, particularly within neuronal processes (Yamashiro et al., 1998). Thus, a significant increase in K63 polyubiquitination of Fascin in the aged hippocampus may indicate changes in the regulation of neuronal structural integrity and the cellular stressors associated with aging. Consistent with this, changes in actin filament processes and fascin expression have been linked to Alzheimer’s disease (Huang et al., 2023). Future studies will focus on how increased K63 polyubiquitination results in changes in Fascin function that may contribute to age-related memory loss.
Reducing K63 polyubiquitination in the hippocampus of aged rats significantly improved contextual fear memory retention. The effect was specific to advanced aging, as middle-aged animals did not exhibit similar memory enhancements, emphasizing the age-dependent impact of K63 polyubiquitination on memory retention. Together, these findings suggest that downregulation of K63 polyubiquitination in the hippocampus can reverse age-related memory decline in older rats. Interestingly, we previously reported that the downregulation of K63 polyubiquitination in the hippocampus enhances the same contextual fear memory in young adult animals (Preveza, et al., 2025). Combined, these data suggest that the ability of K63 polyubiquitination repression in the hippocampus to improve memory is age-dependent and is lost in middle-aged animals. While it is unclear why this occurs, it directly correlates with K63 polyubiquitination levels aberrantly increasing in middle age, prior to the development of robust memory loss. However, the mechanisms by which K63 polyubiquitination is upregulated across the lifespan remains unclear and could be due to the selective activation of deubiquitinating enzymes or age-related changes in ubiquitin ligase activity, as well as other possible mechanisms. Future studies will aim to determine the precise mechanism by which K63 polyubiquitination becomes dysregulated with age and why the knockdown of K63 polyubiquitination in middle adulthood has no effect on memory formation. 
Surprisingly, the amygdala showed a different trajectory where we observed a significant decrease in K63 polyubiquitination across the lifespan, which contrasts with our hippocampus data. Further, our proteomic data reveal that the proteins with altered targeting by K63 polyubiquitination are essential for maintaining structural integrity and cytoskeletal stability, including actin, KRT6A, KRT6B, KA11, and KRT1. Thus, the reduction in K63 polyubiquitination in the amygdala may affect the cytoskeletal organization and signal transduction. In contrast to the hippocampus, the amygdala appears less adaptable to aging, prioritizing stability over plasticity, which could make it more susceptible to structural degradation. Further reduction of K63 polyubiquitination in the aged amygdala, where baseline levels are already low, paradoxically enhances memory. This may indicate that baseline K63 polyubiquitination levels in the amygdala may differ in their functional role compared to the hippocampus and may limit memory loss with age. Previously, we found that knockdown of K63 polyubiquitination in the young adult male amygdala had no effect on contextual fear memory formation, an effect we observed in our middle-aged rats in the present study (Farrell, et al., 2023). This suggests that enhancement of memory following K63 polyubiquitin knockdown in the aged amygdala is likely selective to advanced age when memory impairments are present. Future studies should explore the molecular pathway regulated by K63 polyubiquitination in the aged amygdala where diminished K63 polyubiquitin influences structural stability and metabolic flexibility contributing to age-related memory decline. 
While our data show a clear role of K63 polyubiquitination in age-related memory decline, there are some limitations to note. Importantly, our study was based on only male rats, limiting the ability to examine potential sex differences in the role of K63 polyubiquitination in age-related memory decline. Previously our team demonstrated sex-specific effects of K63 polyubiquitination in the amygdala during memory formation, suggesting that females may exhibit distinct trajectories and mechanisms of neural aging (Farrell, et al., 2023). Unfortunately, aged female rats were unavailable during the time these studies were completed. However, current studies are now underway incorporating female rats to provide a more comprehensive understanding of how K63 polyubiquitination contributes to age-related memory decline across sexes. Additionally, the persistent nature of the CRISPR-dCas13 system prevents us from delineating whether the observed effects are due to alterations in memory acquisition, consolidation, or retrieval. Unfortunately, the technology to temporally control CRISPR-dCas13 manipulation after the transfection is currently unavailable, which limits us from separating the effects on different memory phases. Additionally, the CRISPR-dCas13 system is limited to removing lysine codons and cannot add them, which prevented us from increasing K63 polyubiquitination in the aged amygdala. 
In conclusion, our finding first demonstrates a significant role of K63 polyubiquitination in age-related memory decline, with distinct changes in the hippocampus and amygdala across the lifespan. Our work reveals the dynamic and region-specific role of K63 polyubiquitination in neural aging.
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Figure Legends

Figure 1. K63-polyubiquitination increases in the dorsal hippocampus across the lifespan. (A) Western blot analysis of the K63 polyubiquitination level in the CA1 region of dorsal hippocampus of young adult (n = 6), middle-aged (n = 6), and aged (n = 6) male rats. K63 polyubiquitination levels increased in the aged group relative to young adult animals. K63 polyubiquitination level was normalized to GAPDH. Representative images of K63 polyubiquitination are on top, and GAPDH is on the bottom.  (B) Selective purification of K63 polyubiquitinated proteins using K63 polyubiquitin-selective tandem ubiquitin-binding entity. Western blot result revealed high specificity for K63 polyubiquitination (left), with no detectable binding to K27 polyubiquitination (right). (C) K63 polyubiquitin proteomics were performed on the dorsal CA1 region from young adult, middle-aged and aged male rats. Heat map of log2 values for K63 polyubiquitin proteins significantly altered in aged vs young (A/Y), aged vs middle-aged (A/MA), and middle-aged vs young (MA/Y) conditions. Red represents positive log2 and blue represents negative log2 value. * p < 0.05. 

Figure 2. CRISPR-dCas13b-ADAR2DD mediated knockdown of K63-polyubiquitination in the dorsal hippocampus enhances contextual fear memory in aged rats, but not in the middle-aged, male rats. (A) Experimental design. 22-month-old or 12-month-old male rats received an infusion of either a CRISPR gRNA targeting the K63 codon in the Ubc gene with the dCas13-ADAR2DD plasmid (K63 + dCas13; n = 10) or the dCas13-ADAR2DD plasmid alone (Control; n = 8) into the CA1 region of the dorsal hippocampus. A month later, rats were trained and tested to a contextual fear conditioning task. (B) Western blot analysis revealed K63 polyubiquitination levels were downregulated in CA1 of aged rats four weeks after infusion with the K63+ dCas13-ADAR2DD plasmid (n = 7) relative to the Control (n = 8) group. The representative image is K63 (top) and GAPDH (bottom). (C) There was no effect of treatment on performance during the training session. (D) During testing, the K63 + dCas13 group had enhanced memory retention compared to the Control group. (E) Shock reactivity analysis showed that animals receiving the K63 + dCas13 responded quicker to the shock stimulus relative to the Control group during the training session. (F-H) Knockdown of K63 polyubiquitination in 12-month-old middle-aged rats did not alter the performance during training (F), memory retention (G), or shock reactivity (H; n = 6 per group). * p < 0.05.

Figure 3. K63-polyubiquitination decreases in the basolateral amygdala across the lifespan. K63 polyubiquitin proteomics was performed on basolateral amygdala tissue collected from young adult, middle-aged and aged rats used in Figure 1. (A) Heat map showing significant log2 changes in K63 polyubiquitin proteins in aged vs young (A/Y), aged vs middle-aged (A/MA), and middle-aged vs young (MA/Y) conditions. Red represents positive log2 and blue represents negative log2 value.

Figure 4. CRISPR-dCas13b-ADAR2DD mediated knockdown of K63-polyubiquitination in the amygdala enhances contextual fear memory in aged rats, but not in the middle-aged, male rats. 22-month-old male rats received an infusion of either a CRISPR gRNA targeting the K63 codon in the Ubc gene with the dCas13-ADAR2DD plasmid (K63 + dCas13; Treatment; n = 10) or the dCas13-ADAR2DD plasmid alone (Control; n = 8) into the basolateral amygdala. A month later, rats were trained and tested to a contextual fear conditioning task. (A) There was no effect of treatment on performance during the training session. (B) During testing, the K63 + dCas13 group had enhanced memory retention compared to the Control group. (C) Shock reactivity analysis showed no effect from the CRISPR-dCas13 manipulation. (D-F) Knockdown of K63 polyubiquitination in 12-month-old middle-aged rats did not alter the performance during training (D), memory retention (E), or shock reactivity (F; n = 6 per group). * p < 0.05.
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