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Antipsychotic drugs are still widely prescribed to control various severe neuropsychiatric symptoms in the elderly and dementia patients although they are off-label use in the United States. However, clinical practice shows greater side effects and lower efficacy of antipsychotics for this vulnerable population and the mechanisms surrounding this aged-related sensitivity are not well understood. Our previous studies have shown that aging-induced epigenetic alterations may be involved in the increasing severity of typical antipsychotic haloperidol induced side effects in aged mice. Still, it is unknown if similar epigenetic mechanisms extend to atypical antipsychotics, which are most often prescribed to dementia patients combined with severe neuropsychiatric symptoms. In this study, we report that atypical antipsychotic risperidone also causes increased motor side effect behaviors in aged mice and 5xFAD mice. Histone deacetylase (HDAC) inhibitor Valproic Acid and Entinostat can mitigate the risperidone induced motor side effects. We further showed besides D2R, reduced expression of 5-HT2A, one of the primary atypical antipsychotic targets in the striatum of aged mice that are also mitigated by HDAC inhibitors. Finally, we demonstrate that specific histone acetylation mark H3K27 is hypoacetylated at the 5htr2a and Drd2 promoters in aged mice and can be reversed with HDAC inhibitors. Our work here establishes evidence for a mechanism where aging reduces expression of 5-HT2A and D2R, the key atypical antipsychotic drug targets through epigenetic alteration. HDAC inhibitors can restore 5-HT2A and D2R expression in aged mice and decrease the motor side effects in aged and 5xFAD mice.
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Introduction

Though antipsychotics are primarily selected for treatment of psychoses, these pharmaceuticals are often being applied to control the severe neuropsychiatric symptoms in dementia patients with an off-label use in the United States (1–3). Alzheimer’s Disease (AD), the most common type of dementia, encompasses 60–80% of all dementias (4, 5). Over 90% of neuropsychiatric symptoms occur in AD patients, making these symptoms an integral part of this disease (6). As the US population is progressing toward a record number of individuals reaching advanced age, the number of AD cases are likely to rise precipitously, reflecting potential increased use of antipsychotics to treat these symptoms. Despite the frequent off-label use of antipsychotics in the elderly, these drugs have been shown to have decreasing efficacy and increased side-effects specifically in elderly populations, most notably with the emergence of higher risk of developing extrapyramidal side effects, stroke, and death (7, 8). Recent concern regarding the higher mortality rate observed in elderly patients prescribed antipsychotic drugs has prompted the FDA to require a “black box” warning on marketing materials (9, 10). The mechanism of these increased side-effects and lower efficacy is likely multifactorial, with pharmacokinetic and pharmacodynamic changes indicated (11, 12). Of these mechanisms, epigenetic influences at gene promoters for antipsychotic targets seems to be a key driver of the narrowing therapeutic window with age (13–15). In particular, our group has demonstrated that reduced dopamine receptor 2 (D2R; gene name Drd2) expression leads to increased extrapyramidal side effects with the typical antipsychotic haloperidol (14, 15). This reduced expression of D2R is driven by hypoacetylation of histones at the gene promoter for Drd2 in the striatum and reversal of the hypoacetylation with histone deacetylase (HDAC) inhibitors leads to decreased extrapyramidal side effects, specifically in aged but not in young mice (14, 16). Combined treatment of antipsychotic with HDAC inhibitor to widen the therapeutic window represents a novel strategy to increase functionality and reduce side-effects with these drugs in the elderly population (11, 15).

Despite this initial promising work with typical antipsychotics, the vast majority of elderly patients are treated with atypical antipsychotics, such as risperidone, olanzapine, and quetiapine (17). Although the receptor profiles for every antipsychotic are complex, typical antipsychotics favor blockade of D2R while atypical antipsychotics display greater antagonism of the serotonin receptor 2A (5-HT2A, gene name 5htr2a) (18, 19), much less antagonism of the D2R. While in general atypical antipsychotics display fewer extrapyramidal side effects and greater safety profiles overall in the elderly (20, 21), the motor side effects of these drugs are still a significant concern in clinical practice (2). In this study, we determined the severity of risperidone induced motor side effects with dose response in aged mice and 5xFAD mice, a common mouse model of AD (22). Additionally, we investigated whether adjunct HDAC inhibitor treatment with risperidone could mitigate such side effects. Risperidone was selected as it is the only federally approved drug in Europe to treat neuropsychiatric symptoms in AD (23) and has the higher rate of extrapyramidal side effects compared to other atypical antipsychotics (24, 25). We further investigated how 5-HT2A and D2R expression changes during aging, and after HDAC inhibitor administration. Finally, we characterized histone acetylation mark H3K27ac at the 5htr2a and Drd2 promoter to determine whether these epigenetic changes could be implicated in the differences in atypical antipsychotic efficacy and tolerability in the elderly.



Materials and methods


Animals

Young (2–3 months old, n = 6–8 per group) and aged (20–24 months, n = 5–6 per group) C57BL/6 J mice and 5xFAD mice and wildtype (WT) littermates at 11 months of age (n = 8–19) of both sexes from JAX laboratory [B6SJL-Tg(APPSwFlLon,PSEN1*M146L*L286V)6799Vas/Mmjax] were used for this study (RRID:MMRRC_034840-JAX). Animals were group housed on a 12-hour light/dark cycle and given food and water ad libitum. All procedures were performed according to NIH guidelines for the treatment of animal subjects and the Current Guide for the Care and Use of Laboratory Animals (2011, eighth edition) under a protocol approved by the Northwestern University Animal Care and Use Committee.



Drugs

All drugs were purchased from Sigma (St. Louis, MO, USA). Risperidone (RIS; 0.01, 0.5, and 0.1 mg/kg) was prepared in 0.9% saline with pH adjusted to 5–6, titrated with 0.1 M NaOH. Valproic Acid (VPA, 400 mg/kg) was dissolved in 0.9% saline with a pH of 7.3 and Entinostat (MS-275, 10 mg/kg) was dissolved in DMSO and 0.9% saline with pH adjusted to 5–6 (13, 14). Vehicle (Veh) was used as control. All treatments were administered by intra-peritoneal injection (IP) at a constant volume of 10 ul/g of body weight once a day for 14 consecutive days. VPA or MS-275 was injected 30 min before RIS administration.



Behavioral tests

Prior to behavioral procedures, animals were acclimated for at least 30 min to a soundproof behavioral testing room. Assays were performed during the light portion of the 24-hour light/dark cycle. Arenas and behavioral testing equipment were cleaned with 70% ethanol between each trial.


Catalepsy

Catalepsy is widely used for testing extrapyramidal side effects induced by antipsychotics in preclinical studies (26–29) including our group (14). We performed the catalepsy assay as described in our previous publications (14, 16). Briefly, a 1-cm diameter plastic rod was suspended 3.5 cm above a laboratory bench. Thirty minutes after all drug administration, the front paws of the mouse were placed on the rod while the hind paws rested on the bench. The duration of a cataleptic episode was defined and recorded as the latency to remove the forepaws from the rod during a 300-s (5 min) trial.



Open field

The open field test was applied for evaluation of the locomotor activity (14). Briefly, each mouse was placed in a Plexiglass box (25 cm × 25 cm × 25 cm) that was evenly illuminated in a soundproof testing room. Any-Maze Automated tracking system was used to track open field locomotor activity. Locomotion was measured as distance traveled in centimeters during a 10-minute period.



Rotarod

The TSE Rotarod System (Bad, Homburg, Germany) was used to assess motor coordination after drug administration. Mice were placed on an accelerating rod (4–40 rpm during the first 5 min) for 10 min, and the latency to fall from the rod was recorded. A total of three trials were conducted with a 10-min inter-trial interval. The average latency to fall from the rod across the three trials was calculated and used for comparison (14, 30).



Western blot

After behavioral test, the brain tissues were collected through a cardiac perfusion with 0.1 M PBS solution for 1 min, to wash-out the blood from blood vessels in the mouse brain. The brains were then removed and quickly dissected under ice with a dissecting scope. Tissues were frozen at −80°C until ready for processing for molecular analysis. For immunoblotting measuring the 5-HT2A and D2R expression levels, striatum tissue samples were collected and homogenized in an ice-cold RIPA buffer (Sigma, R0278) and centrifuged at 12,000 rpm for 20 min at 4°C. Protein quantification was measured using Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific, 23225) according to protocol provided by the manufacturer. Polyvinylidene difluoride (PVDF) membranes (Biorad, 1620177) were used to transfer protein samples. Blots were blocked for 1-hour with 5% non-fat dry milk (Biorad, 1706404) and incubated using 1:1,000 5HT2A (Boster Biological, PA1373), 1:500 D2R (Millipore, AB5084P), or 1:1000 B-actin (Santa Cruz, sc-47778) overnight at 4°C. Blots were then incubated for 2 h at room temperature using secondary 1:3,000 goat anti-rabbit (Biorad, 170-6515) or 1:3,000 goat anti-mouse (Biorad, 172-1011). Blotted protein bands were detected using ChemiDoc imaging system (Biorad) and quantified using Image J Software. The levels of 5HT2A and D2R protein expression were normalized to β-actin (14, 16).



Chromatin immunoprecipitation (ChIP) assay

For measuring histone acetylation marks, the Magna ChIP G Tissue Kit (Millipore, 17-20000) assay was used and performed according to the kit protocol. Fragmented chromatin lysate was precipitated with 2–3 ul of antibody for H3K27ac (Abcam, ab4729). The DNA-histone complex was incubated with salmon sperm DNA/protein A-agarose beads overnight to estimate non-specific binding. The DNA-histone complex was eluted from the beads and dissociated at 65° for 4 h in a water bath under high-salt conditions. Proteins were digested using proteinase-K treatment, and the associated DNA was precipitated with 100% ethanol and re-suspended in 50 ul of PCR-grade water (14, 16).



Quantitative real-time PCR (qRT-PCR)

Levels of interaction between modified histones and the 5htr2a gene promoter were determined by measuring the amount of histone-associated DNA, isolated via chromatin immunoprecipitation (ChIP) and quantified using quantitative real-time PCR (qRT-PCR). We used custom primers for the 5-HT2A promoter (forward: 5′CTGGACCGCTACGTGGCTAT-3, reverse: 5′TATGGTCCACACCGCAATGA-3′), Drd2 promoter (forward: 5′-CTGGAGCCAAAAGCAGTCTG-3′, reverse: 5′-TCCTTCAGGTTTCCGACGCC-3′), and the b-actin promoter (forward: 5′-GCGTCCACCCGCGAGTACAA-3′, reverse: 5′-TCCATGGCGAACTGGTGGCG-3′) used as a control. Input and immunoprecipitated DNA amplification reactions were run in triplicate in the presence of SYBR Green (Applied Biosystems, 4472908) using an ABI Prism 7,700 thermocycler. Ct values from each sample were obtained using the Sequence Detector 1.1 software. Ct values were normalized to the endogenous gene, b-actin, to obtain a percent input. Fold differences (drug-treated vs. control) were then determined using the △△Ct method (14, 16).



Statistical analysis

All statistical analyses were conducted using Graph Prism Pad (San Diego, CA, USA). Data are expressed as mean ± standard error of the mean (S.E.M.). Catalepsy, locomotor activity, and rotarod data were analyzed using two-way analysis of variance (ANOVA) to detect age, treatment, and interaction effects followed by a multiple comparison analysis using Bonferroni’s post-hoc method. Significance was set at p < 0.05.





Results


Risperidone induces greater motor side effects in aged mice with dose response manner

In our study, we found that chronic RIS administration in aged mice displayed more severe motor side effects similar to the typical antipsychotic drug haloperidol measured through the behavioral tests we have applied before (14, 16).


Catalepsy

Two-way ANOVA showed significant effects of age (F1,47 = 32.88, p < 0.0001), drug (F3,47 = 24.25, p < 0.0001), and age and drug interaction (F3,47 = 7.06, p = 0.0005) on the duration of cataleptic episodes. In aged groups, post-hoc analysis revealed significant increases in the duration of cataleptic episodes at all doses selected in RIS as compared to their age-matched control mice (all p < 0.0001). There was no difference of cataleptic episodes between RIS treated groups (0.1–1.0 mg/kg) (Figure 1A). In addition, aged mice showed a greater degree of catalepsy than young mice at each RIS dose administered. In young groups, RIS induced cataleptic episodes are increased with dose response displaying a significant increase in the duration of cataleptic episodes at dose of 1.0 mg/kg (p = 0.0005). These data are comparable to the results we observed with haloperidol in aged mice (13, 14).
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FIGURE 1
Risperidone induces a dose response of motor side effects in aged mice and histone deacetylase (HDAC) inhibitors could prevent the side effects. (A) Motor side effects measured by cataleptic episode in 5 min. Lower dose of RIS at 0.1 mg/kg already showed a significant increase in cataleptic behavior in aged mice but not young mice. However, the higher doses of RIS could cataleptic behavior in both young and aged mice, although more severe in aged mice. (B) General locomotor activity measured by open field. Again, the lower dose of RIS at 0.1 mg/kg displayed a decrease in the distance traveled in aged mice but not in young group. However, higher doses of RIS at 0.5 and 1.0 mg/kg induced the decreased in the distance traveled with a dose respond manner. (C) Co-treatment of lower dose of RIS (0.1 mg/kg) with VPA (400 mg/kg) or MS-275 (10 mg/kg) reduced the duration of catalepsy in aged mice. (D) Lower dose of RIS (0.1 mg/kg) with VPA (400 mg/kg) or MS-275 (10 mg/kg) did mitigate the RIS-induced decrease in locomotor activity in the young but not old mice. Data represent mean ± SEM (n = 6–8/group). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




Locomotor activity

Two-way ANOVA showed significant effects of age (F1,44 = 45.00, p < 0.001) and drug (F3,44 = 16.64, p < 0.001) but no interaction between age and drug (F3,44 = 1.55, p = 0.2155) on the distance traveled in the open field. In the aged groups, RIS- induced decrease in the distance traveled displayed a dose response with higher doses being more significant (0.5 mg/kg, p < 0.05 and 1.0 mg/kg, p < 0.01) (Figure 1B). In young groups, the decrease in the distance traveled also displayed a dose response (0.5 mg/kg, p < 0.01; 1.0 mg/kg p < 0.001). However, there were no significance in the distance traveled between young and aged group.




HDAC inhibitor mitigate the risperidone induced motor side effects

After behavior tests for dosing response of RIS in young and aged mice, we determined whether HDAC inhibitor could reverse such effect. We selected the dose of RIS at 0.1 mg/kg as this dose is comparable to the dose that use for elderly patients and showed the motor side effects in aged mice but not young mice.


Catalepsy

Two-way ANOVA showed significant effects of age (F1,53 = 41.11, p < 0.0001), drug (F3,53 = 36.35, p < 0.0001), and age and drug interaction (F3,53 = 24.28, p < 0.0001) on the duration of cataleptic episodes. Specifically, post-hoc analysis demonstrated that either VPA or MS-275 can reduce the duration of catalepsy for the aged mice given a 0.1 mg/kg dose of RIS (both p < 0.0001) (Figure 1C). There were no differences detected between VPA or MS-275 on RIS-induced catalepsy duration. Similar to our results for haloperidol, these data demonstrate that atypical antipsychotic-induced catalepsy can be mitigated with adjunct HDAC inhibitor treatment.



Locomotor activity

Interestingly, Two-way ANOVA did not show any significant effects of age (F1,47 = 69.31, p < 0.0001), drug (F3,47 = 1.76, p = 0.1673), or interaction of drug and age (F3,47 = 1.50, p = 0.2263) in the distance traveled. Post-hoc analysis showed there were no differences in the distance traveled in the Veh treated groups between young and aged groups. RIS administration significantly decreased the distance traveled in the aged mice as compared to young mice (p < 0.001) (Figure 1D). However, adjunct treatment RIS with HDAC inhibitor VPA and MS275 did not mitigate the RIS-induced decrease in locomotor activity in aged mice (Figure 1D). Similar to our previous work with haloperidol, the atypical antipsychotic RIS reduced locomotion but this was not reversed with either HDAC inhibitor.




Risperidone induces greater motor side effects in 5xFAD mice that can be reversed with HDAC inhibitors

Antipsychotics are often prescribed to dementia patients to control some severe behavioral and psychological symptoms, such as agitation, aggression, and psychosis Yurusa (31). In this study, we evaluated whether the typical antipsychotic drug RIS could induce more severe side effects on 5xFAD mice at 12 months of age, when the memory deficits and neuropathology manifest, and whether HDAC inhibitors could reverse such side effects.


Catalepsy

Two-way ANOVA revealed significant effects of genotype (F3,111 = 25.90, p < 0.0001) and drug (F3,111 = 14.21, p < 0.0001), and genotype and drug interaction (F3,111 = 56.13, p < 0.0001) on cataleptic episodes (Figure 2A). Post-hoc analysis revealed 5xFAD mice but not WT mice administered RIS displayed severe cataleptic behavior compared to 5xFAD Veh treated mice, and WT RIS treated mice (both p < 0.0010). However, 5xFAD mice co-treated with MS-275 showed a significant decrease in cataleptic behavior, when compared to 5xFAD mice treated with RIS alone (p < 0.0001). These results suggest selective vulnerability of atypical antipsychotic drug induced cataleptic behavior in 5xFAD mice compared to WT controls, and co-treatment with MS-275 can reduce RIS-induced catalepsy in 5xFAD mice.


[image: image]

FIGURE 2
Risperidone induces motor side effects in 5xFAD mice and histone deacetylase (HDAC) inhibitor could prevent the side effects. (A) Lower dose of RIS (0.1 mg/kg) induced the cataleptic episode in 5xFAD but not wild type (WT) mice at 12 months of age. Co-treatment of RIS with MS-275 significantly reduced cataleptic episodes of 5xFAD mice. (B) RIS induced reduced general locomotor function in both WT and 5xFAD mice measured by the distance traveled in the open field. However, co-treatment of RIS with MS-275 did not improve general locomotor activity. (C) RIS also effected on motor coordination in 5xFAD mice but not WT controls by decreasing the latency to fall measured the rotarod. Co-treatment of RIS with MS-275 significantly improved motor coordination. Data represent mean ± SEM (n = 8–19/group). **p < 0.01, ***p < 0.001, ****p < 0.0001.




Locomotor activity

Two-way ANOVA only revealed a significant effect of drug (F3,64 = 17.36, p < 0.0001) but not genotype and drug and genotype interaction in the total distance traveled (Figure 2B). Post-hoc analysis showed a significant decreased in the total distance traveled in WT RIS treated mice compared to WT Veh treated mice (p < 0.0001). Similarly, 5xFAD RIS treated mice showed a significant decrease in the total distance traveled compared to 5xFAD Veh treated mice (p = 0.0014). No significant difference was found between Veh and RIS treated groups between WT and 5xFAD mice. Co-administration of RIS and MS-275 did not significantly improve general locomotor activity. These results suggest that general locomotor activity declines with chronic RIS administration, regardless of genotype, however, chronic administration of MS-275 is not sufficient to improve general locomotion in both RIS treated WT and 5xFAD mice.



Rotarod

Two-way ANOVA revealed a significant effect of drug but not genotype (F3,116 = 7.27, p < 0.0001), and a genotype and drug interaction (F3,116 = 6.90, p < 0.0001) on the latency to fall from the rod (Figure 2C). Post-hoc analysis showed a significant decline of motor coordination in 5xFAD mice treated with RIS compared to Veh (p < 0.01), however, no significant difference in motor coordination was found in WT RIS treated mice compared to WT Veh treated mice. Additionally, RIS treated 5xFAD mice showed a significant decrease in motor coordination when compared to RIS treated WT mice (p < 0.01). Furthermore, co-treatment of RIS and MS-275 showed a significant increase of motor coordination in 5xFAD mice compared to RIS treated 5xFAD mice (p < 0.0001). These results suggest atypical antipsychotic drug induced motor coordination dysfunction specifically in 5xFAD mice and co-treatment with MS-275 can improve motor coordination in RIS treated 5xFAD mice.




Aging decreased 5-HT2A expression in the striatum in aged mice and HDAC inhibitors reversed this expression

Atypical antipsychotics primarily target 5-HT2A, therefore, we examined whether this receptor is decreased in aged mice and whether RIS administration differentially affects expression of this receptor with aging. We analyzed 5-HT2A expression in the striatum via western blot in young and aged mice treated with Veh, RIS, and HDAC inhibitors VPA or MS-275. Two-way ANOVAs showed significant effects of age (F1,32 = 15.90, p = 0.0004), drug (F3,32 = 5.68, p = 0.0031) and age and drug interaction (F1,32 = 4.59, p = 0.0088) on 5HT2A protein levels in the striatum. Post-hoc testing indicated a significantly decreased 5-HT2A expression in aged mice compared to young mice for Veh treated groups (p = 0.0112). Moreover, RIS induced a significant decrease in 5-HT2A protein levels in the striatum in aged mice (p < 0.05) but not young mice although young mice displayed a tendency of decreased 5-HT2A expression but not significant (Figures 3A, C). However, in aged but not young mice, significant increases in 5-HT2A protein levels were found in co-treated RIS and MS-275 (p = 0.0124) mice and a trend of increased 5-HT2A protein levels in co-treated RIS and VPA mice as compared to those treated with RIS alone. Overall, the atypical antipsychotic target 5-HT2A is reduced with aging, and chronic treatment of RIS further reduces 5-HT2A expression, which can be restored with HDAC inhibitor in old but not young mice in the striatum as compared to RIS group (Figures 3A, C).
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FIGURE 3
Effects of histone deacetylase (HDAC) inhibitors on 5-HT2A and D2R protein expression in the striatum of young and aged mice. (A, C) 5-HT2A expression was significantly decreased in the striatum in aged mice but not young mice, RIS further induced decreased expression in of 5-HT2A expression in aged mice. Co-treatment of RIS with VPA and MS-275 could restore 5-HT2A expression in aged mice. (B, D) D2R expression was decreased in the striatum in aged mice as compared to young mice administration of both VPA and MS-275 with RIS significantly increased D2R expression in the striatum as compared to Veh and RIS treated aged mice. Data represent mean ± SEM (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001.




Aging alters D2R expression in the striatum in aged mice and HDAC inhibitors reversed this expression

In addition to 5-HT2A, atypical antipsychotics also target D2R, therefore, in this study we also measured D2R expression in the striatum. Two-way ANOVA revealed significant effect of drug (F3,32 = 3.93, p = 0.0017) but not age (F1,32 = 1.62, p = 0.2119), and an age and drug interaction (F3,32 = 12.79, p < 0.0001) in D2R expression in the striatum (Figures 3B, D). Post-hoc analysis showed a significant decrease in D2R expression in aged mice as compared to young mice in Veh treated groups (p = 0.0018). Administration of RIS showed a trend of decreased D2R expression, however, it was not significant in both ages. Administration of either VPA or MS-275 with RIS significantly increased D2R expression in the striatum of aged mice as compared to Veh (p = 0.001) and RIS treated (p < 0.0001) aged groups. No significant differences were found in young mice between treatment groups.



HDAC inhibitor increases histone acetylation at the 5htr2a gene promoter in young and aged mice

We previously found that histone hypoacetylation at the Drd2 gene promoter in the striatum led to the reduced protein expression and lower tolerability of typical antipsychotic drug haloperidol (14, 16). To determine whether similar changes of histone modification can be observed on the 5htr2a gene with aging, we used ChIP to measure histone acetylation marker H3K27ac, at the 5htr2a gene promoter in the striatum of young and aged mice treated with combinations of Veh, RIS, and HDAC inhibitors. Two-way ANOVA showed significant effect of drug (F3,32 = 28.52, p < 0.0001) and an interaction of drug and age (F3,32 = 4.86, p = 0.0066), but not age (F1,32 = 0.00015, p = 0.9902), in the binding of H3K27ac to the 5htr2a promoter. Post-hoc analysis found no significant differences of H3K27ac level binding to the 5htr2a promoter in Veh treated groups between young and aged mice, but RIS did show a trend of decreasing H3K27ac levels in both groups. Interestingly, a significant increase in H3K27ac level binding to the 5htr2a promoter was found in young and aged mice co-treated with RIS and VPA (p < 0.001) and RIS and MS-275 (p < 0.001) compared to those treated with Veh or RIS alone (Figure 4A).
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FIGURE 4
Effects of histone deacetylase (HDAC) inhibitors on histone acetylation at the 5htr2a and Drd2 gene promoters in the striatum in young and aged mice. (A) No significant differences of H3K27ac binding at the 5htr2a promoter between young and aged group was found, but a significant increase in H3K27ac binding at the 5ht2a promoter in the striatum was found in aged and young mice co-treated with RIS and VPA or MS-275 compared to those treated with RIS alone. (B) H3K27ac binding at the Drd2 promoter was significantly decreased in aged mice as compared to young mice in Veh treated group. However, H3K27ac binding at the Drd2 promoter in the striatum was observed to be significantly increased in aged mice co-treated with RIS and HDAC inhibitors VPA or MS-275 when compared to those treated with Veh alone. Data are presented as mean ± SEM, (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




HDAC inhibitor decreases RIS induced-motor side effect through restoring histone acetylation at the Drd2 gene promoter in aged mice

Given Drd2 plays a significant role in antipsychotic induced side effects, we then investigated if the severe motor side effects observed in RIS treated mice are due to hypoacetylation at Drd2 promoter resulting in the decreased D2R expression and function. ChIP was used to measure histone acetylation marker H3K27ac levels at the Drd2 gene promoter in the striatum in aged and young mice treated with Veh, RIS, and HDAC inhibitors. Two-way ANOVA showed significant effect of drug (F3,32 = 46.13, p < 0.0001), and a drug and age interaction (F3,32 = 6.84, p = 0.0011), but not age (F1,32 = 0.30, p = 0.5907) in the binding of H3K27ac to the Drd2 gene promoter in the striatum. Post-hoc analysis found a significant decrease in H3K27ac level binding at the Drd2 promoter in aged mice as compared to young mice treated with Veh. Moreover, significant increase in H3K27ac level binding at the Drd2 promoter was found in aged but not young mice co-treated with RIS and VPA (p < 0.0001) and RIS and MS-275 (p < 0.0001) compared to those treated with Veh (Figure 4B).




Discussion

In this study we aimed to investigate whether atypical antipsychotics could induce more severe motor side effects in aged mice and 5xFAD mice, an animal model of AD. We also explored whether the changes of histone modification at antipsychotic target genes play a significant role in response to such side effects in aging. We found that atypical antipsychotic RIS leads to greater motor side-effects in aged mice as well as 5xFAD mice, and that these side-effects can be reversed with adjunct HDAC inhibitor VPA, or MS-275. RIS induced age-related motor side effects are similar to that of typical antipsychotic drug haloperidol (14, 16), confirming the increased sensitivity of atypical antipsychotic drugs in aged mice. We also demonstrated that similar epigenetic regulation at the Drd2 and 5htr2a gene promoters is hypoacetylated at a key residue H3K27ac and can be reversed with adjunct HDAC inhibitor in aged mice.

Due to the higher risk of extrapyramidal side effects, such as tardive dyskinesia and death, typical antipsychotics have been replaced by atypical antipsychotics for the treatment of psychiatric disorders as well as to control severe psychiatric symptoms of AD in the elderly (32–34). In the US, there are currently no FDA-approved drugs to treat behavioral psychiatric symptoms in AD and antipsychotics have a black box warning due to the increase in mortality in elderly patients treated with these drugs (9, 10). Despite this, RIS, one of the most common antipsychotics prescribed to elderly patients, is approved to treat psychiatric symptoms in dementia in Europe, Canada, New Zealand, and Australia (23). In general, atypical antipsychotics, including RIS, have decreased the extrapyramidal side effects as compared to the typical antipsychotic haloperidol (35). However, in elderly patients, the higher risk of motor side effects still exists. For this reason, we chose to study this medication in our models of aging and AD to reveal if an epigenetic mechanism we found in our previous work with typical antipsychotic drug, haloperidol, is similar in our study with atypical antipsychotic drug RIS.

As expected, RIS induced very similar motor side effects to haloperidol in aged mice. Both haloperidol and risperidone caused an increase in catalepsy in aged compared to young mice but do not cause greater age-dependent hypolocomotion in the open field test. In addition, adjunct treatment with a broad HDAC inhibitor, VPA, and a more selective Class 1 HDAC inhibitor, MS-275, reversed the age-exaggerated increase in catalepsy without altering the cataleptic responses of young mice to RIS. These results suggest that transcriptional restriction of antipsychotic drug targets by histone hypoacetylation due to aging can be reversed with HDAC inhibitors to increase the therapeutic window of these drugs in elderly patients, expanding the pre-clinical evidence for reducing side-effects with this adjunct treatment to atypical antipsychotics. The mechanism of extrapyramidal side effects such as catalepsy are largely tied to the degree of antagonism, receptor occupancy, and receptor kinetics of D2R or imbalance of D2R and 5-HT2A (23, 36–38). Additionally, out of the atypical antipsychotics, RIS displays the highest antagonism at these two receptors, suggesting that the age-related increases in catalepsy seen with typical antipsychotics and RIS depend on D2R and 5-HT2A expression functioning. In fact, evidence suggests that concomitant 5-HT2A antagonism expands the therapeutic window of antipsychotics through indirect or direct cross-talk with D2R (39, 40). Thus, to investigate the age-related 5-HT2A and D2R expression as well as histone modification on the gene promoters will help to better understand the age-related increase in catalepsy by RIS. In our study, we showed significant reduction of both 5-HT2A and D2R expression in the striatum of aged mice as compared to young mice (Veh groups), and 0.1 mg/kg RIS selectively further reduced 5-HT2A expression in aged mice but not in young mice, although young mice showed a trend to reduce the expression, it was not significant. These results support that decreased 5-HT2A and D2R expression at the base line during aging, which may contribute to the increased sensitivity to antipsychotic drug side effects. Additionally, these results suggest that young and aged mice in response to antipsychotic drugs are differently expressed at the cellular level. After HDAC inhibitor treatment, MS-275 increased both 5-HT2A and D2R expression and VPA selectively increased D2R expression in the striatum in aged mice but not young mice, suggesting HDAC inhibitors could restore antipsychotic drug target receptor expression in aged mice. Our results determined the effects of age and RIS treatment on 5-HT2A and D2R expression and histone acetylation at the 5htr2a and Drd2 promoters. Similar to our findings with D2R, aging also leads to a reduction in 5-HT2A expression that is associated with histone hypoacetylation at the 5htr2a promoter, with alterations in individual acetylated histone marks depending on age, RIS treatment status, and HDAC inhibitor. The same pattern of age-related hypoacetylation and transcriptional repression we found on the D2R in this study and previous report (14, 16), which suggests that epigenetic changes during aging may broadly affect numerous antipsychotic drug targets.

Our current and previous work make a compelling case for adjunct HDAC inhibitors to improve the therapeutic efficacy for antipsychotics in both aged mice as well as the mouse model of AD. However, we have mentioned that 12-month-old 5xFAD mice, which genetically overexpressed APP/PS1, two mutation caused familiar AD but are not naturally aged. Currently, we did not find significant changes D2R and 5-HT2A expression in our AD model, but a trend of decreased D2R and 5-HT2A in the striatum (data not shown) and these results need further confirmation. Nevertheless, we propose that AD neuropathogenesis could influence drug targeted genes that may cause motor side effects. Indeed, antipsychotics are among some of the least selective medications in terms of receptor antagonism, and it is still unknown how aging and/or AD pathogenesis influence D2R, 5-HT2A and other important target receptors, including histaminergic, adrenergic, muscarinic, sigma, and serotonergic and dopaminergic receptors in other brain areas (41). In addition, although the imbalance of D2R and 5-HT2A are one potential reason, 5-HT2A-related side effects have yet to be described conclusively in the literature (42, 43). Future work will be needed to determine if aging-related epigenetic influences at histaminergic, adrenergic, and muscarinic gene promoters lead to greater metabolic and cardiovascular side-effects that may occur with age and are closely associated with these signaling systems (41). Additionally, adding 18-month-old 5xFAD mice as a comparison will provide important information for age and neuropathology interaction effect on antipsychotic actions.

Regarding acetylation at 5ht2a and Drd2 promoters, we found that H3K27 levels were significantly decreased in Drd2 promoter as compared to young mice but have a trend to decrease of H3K27 levels at 5-htr2a promoter in both young and aged mice. As expected, we found chronic HDAC inhibitor treatment significantly increased Drd2 and 5-htr2a gene promoters in aged mice compared to Veh treated aged mice. Although we found a trend of increased H3K27 levels at both Drd2 and 5-htr2a gene promoters in young mice when compared to the Veh treated group, that trend did not reach significance. These results suggest that the changes of H3K27 acetylation at Drd2 and 5-htr2a gene promoters differently in the antipsychotic targeted receptor between young and aged mice. Our current study is focused on histone acetylation specifically H3K27, other histone modification marks may also modulate at 5ht2a and Drd2 gene promoters during aging. Therefore, in future work we will include more histone acetylation marks to identify age-related changes of histone acetylation contributing to 5-HT2A and D2R expression. Additionally, Histone Acetyltransferases (HATs), another important regulator system of histone acetylation (44) might be driving the hypoacetylation seen at the Drd2 or 5htr2a promoters. It is unclear how the individual balance of specific HDACs and HATs leads to aging-or disease related narrowing of the antipsychotic therapeutic window. As HDAC inhibitors are powerful drugs, which itself could potentially induce the side-effects (45), understanding which individual HDACs or HATs involved in the aging-induced hypoacetylation of key histones would greatly improve the potential for adjunct HDAC inhibitors, as more selective HDAC inhibitors may lead to better tolerability of this adjunct treatment approach in elderly and AD patients.

In summary, our current study demonstrated that typical antipsychotic drug RIS could reduce more severe motor side effects in aged mice and 5xFAD mice. This work also expands our previous findings from typical antipsychotics to atypical antipsychotics in terms of the aging-related mechanism of hypoacetylation of key drug targets and subsequent increase in side-effect severity in aged mice. Future work will determine the mechanisms of epigenetic regulation in AD involved in antipsychotics along with expanding the investigation of side-effects beyond motor side effects that may provide greater evidence for the adjunct HDAC inhibitor treatment as a viable option for AD patients treated with antipsychotics to reduce side-effects and increase efficacy of these important medications.
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