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Depression is the leading cause of disability worldwide, which necessitates novel therapeutics and biomarkers to approach treatment of this neuropsychiatric disorder. To assess potential mechanisms underlying the fast-acting antidepressant actions of ketamine we used a repeated corticosterone paradigm in adult male rats to assess the effects of ketamine on reelin-positive cells, a protein largely implicated in the pathophysiology of depression. We also assessed the effects of reelin and ketamine on hippocampal and cerebellar synpatosomes, and on serotonin transporter clustering in peripheral lymphocytes to determine reelin and ketamine’s impact at the synaptic and peripheral levels. Reelin and ketamine similarly rescue synaptic expression of mTOR and p-mTOR that were decreased by corticosterone. Reelin, but not ketamine, was able to rescue patterns of serotonin transporter clustering in the periphery. These findings display ketamine as a powerful modulator of reelin expression and lend strength to further evaluation of the putative fast antidepressant-like actions of reelin.
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Introduction

Major depressive disorder is currently the leading cause of disability in the world, impacting around 16% of the population throughout their lifetime (Friedrich, 2017). Characterized by a constellation of symptomatology that encompasses mental, physical, emotional and cognitive symptoms, there are difficulties in effective treatment in many cases. After a serendipitous discovery that pharmacotherapies targeting the monoaminergic systems were decreasing depressive symptoms, novel antidepressants were developed exclusively following the monoaminergic hypothesis. However, it is now clear from the widespread use of these therapies that a large portion of the patient population are non-responsive and require extended periods to achieve therapeutic effects, raising concerns that the delay in tangible improvement may increase risk of suicide (McCormack and Korownyk, 2018; Shinohara et al., 2019). Therefore, there is a great interest in developing novel antidepressants that work better and faster, such as in the case of Ketamine, a high-affinity non-competitive NMDA receptor antagonist that, in subanesthetic dosages, produces rapid and long-lasting antidepressant effects in patients with treatment-resistant depression (Zarate et al., 2006; Ibrahim et al., 2011). Traditionally hard to target symptomology such as anhedonia, negative cognitive biases, and suicidal ideation have been successfully treated with this compound, making the unique mechanisms of ketamine a great interest to antidepressant researchers. Zanos et al. (2016) found that the behavioral, electrophysiological, electroencephalographic, and cellular antidepressant effects of ketamine were dependent on the increase in glutamatergic transmission that stimulates a fast, transient activation of the mammalian target of rapamycin (mTOR) pathway in the prefrontal cortex and hippocampus. This activation of mTOR stimulates sustained elevation of synapse-associated proteins through p70S6 kinase (p70S6K), such as postsynaptic density-95 protein (PSD95) and increased surface insertion of the Glutamate A1 (GluA1) subunit of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, a potentially important mechanism underlying the fast-antidepressant actions of ketamine. Interestingly, Abdallah et al. (2020) have recently shown that systemic injections of the mTOR inhibitor rapamycin unexpectedly prolonged, instead of blocking, the antidepressant effects of ketamine, which suggests that perhaps there are multiple mechanisms involved in the fast-acting antidepressant actions of ketamine.

Reelin is a large extracellular glycoprotein initially expressed by Cajal-Reitzus cells throughout development, where it regulates proper neural migration. After development, reelin is primarily expressed by GABAergic interneuron subtypes in the hippocampus and cortex. In the hippocampus, this glycoprotein plays many important roles in the hippocampus including promoting maturation of newborn granule cells (Bosch et al., 2016), enhancing dendritic spine development and maturation (Niu et al., 2008; Chameau et al., 2009; Hethorn et al., 2015), neurogenesis (Teixeira et al., 2011), and learning and memory (Beffert et al., 2005).

Reelin was first found to be involved in neuropsychiatric disorders when a downregulation of reelin expression was observed in the hippocampus of schizophrenia, bipolar, and major depressive disorder patients (Impagnatiello et al., 1998; Fatemi et al., 2000; Guidotti et al., 2000). We have recently shown that intrahippocampal infusions of reelin have a fast-acting antidepressant-like effect in the repeated corticosterone (CORT) paradigm (Brymer et al., 2020), but the mechanisms by which it rescues the depressive-like effects of CORT are yet unknown. As reelin has been shown to enhance dendritic spine development and maturation in healthy animals, our lab looked toward mechanisms that reelin may have at the synaptic level in this pathophysiological model. Our research in hippocampal synaptosomes has shown that reelin, like ketamine, significantly increases expression of mTOR, phosphorylated-mTOR (p-mTOR) and other related proteins in the hippocampus of corticosterone-treated animals within 30 min (Brymer et al., 2020). Using the repeated CORT model, we have also found that decreases in reelin in the dentate gyrus subgranular zone (SGZ) parallel depressive-like symptomology which is rescued by both traditional and non-traditional antidepressants such as imipramine and the Tumor Necrosis Factor-α (TNF-α) inhibitor etanercept (Lussier et al., 2013; Fenton et al., 2015; Brymer et al., 2018).

Depression does not exclusively impact the central nervous system, with a multitude of studies showing changes in the gut microbiome, immune system and more (reviewed in Dantzer et al., 2008; Kelly et al., 2015), which is why it is essential to study potential peripheral mechanisms of pharmacotherapies in treating this neuropsychiatric disorder. Inflammatory events associated with chronic stress have been shown to play a large role in the pathophysiology of depression (reviewed by Leonard, 2018), demonstrated through upregulation of proinflammatory cytokines and alterations in associated peripheral proteins. Our lab has shown that changes in serotonin transporter (SERT) clustering in lymphocytes in treatment naïve depression patients give indications on potential responses to treatment (Rivera-Baltanas et al., 2015). These changes are paralleled in the CORT animal model for the study of depression, as well as in HRM, indicating reelin as a potential modulator of this clustering (Rivera-Baltanas et al., 2010; Romay-Tallon et al., 2018). The serotonergic system plays an essential role in regulating behaviors associated with depression, such as emotion and sleep (reviewed in Kohler et al., 2016), so it is not surprising to see alterations in this system directly involved in the pathophysiology of depression.

Considering this, we hypothesized that ketamine may rescue reelin expressing cells and have similar effects to reelin at the synaptic and peripheral levels in a depressive-like phenotype inducted through repeated administration of exogenous CORT.



Materials and Methods


Animals

Forty adult male Long-Evans rats weighing 200-250 g upon arrival were purchased from Charles River Laboratories (Montreal, Quebec, Canada). Rats were housed individually in clear plastic cages with free access to food and water. The thermally controlled colony was maintained on a 12-h/12-h light/dark cycle. All procedures were approved by the University of Saskatchewan Animal Research Ethics Board and/or the University of Victoria Animal Research Ethics Board and conducted in accordance with the Canadian Council on Animal Care.



Experimental Procedures

For a full experimental calendar, please see Figure 1. Handling of all rats took place for 7 consecutive days to habituate the animals to the procedure room and researcher before the first injection day. Animals in the CORT-21/Vehicle (Veh) and CORT-21/Ketamine group received subcutaneous injections of CORT dissolved in saline with 2% tween for 21 days. This is reliable and robust model for the study of depression that is able to be reversed with antidepressants (reviewed in Sterner and Kalynchuk, 2010). Animals in the CORT-21/Vehicle (Veh) and Animals in the Veh/Veh and Veh/Ket (ketamine) group received subcutaneous injections of saline with 2% Tween-80 for 21 days. For animals in the Veh/Ket and CORT-21/Ket group, ketamine hydrochloride (Vetalar; Bioniche Animal Health Canada Inc.; Belleville, Ontario, Canada) was suspended in saline and injected intraperitoneally on day 22 at a dose of 15 mg/kg, and a volume of 1 ml/kg.




Figure 1 | Experimental Timeline. The methodological timeline of the study. Rats were on a 12-h light-dark cycle that changed at 7am/pm and were injected between the h of 9am–10am to control for natural fluctuations in corticosterone (CORT) throughout the day. Sacrifices were conducted between the h of 9am–12pm. SNPs, synaptosomes; IHC, immunohistochemistry.



Animals received subcutaneous injections of saline or of CORT for 21 consecutive days. CORT (Steraloids Inc.; Newport, Rhode Island, United States) was suspended in saline with 2% Tween80 (VWR International; West Chester, Pennsylvania, United States) at a dose of 40mg/kg and a volume of 1 ml/kg. This dose and injection paradigm were selected based on previous findings that 21 days of 40 mg/kg CORT produces reliable increases in depression-like behavior in rodents (Kalynchuk et al., 2004). Ketamine hydrochloride was suspended in saline and injected intraperitoneally at a dose of 15 mg/kg, and a volume of 1 ml/kg to a subset of animals.



Immunohistochemistry

Animals (N=32) were anesthetized with 5% isofluorane and perfused with 4% paraformaldehyde, in which their brains were kept in the same fixative for 48 h at 4°C. They were then sectioned in the coronal plane at 30 µm on a cryostat (CM1850 UV, Leica Biosystems) at −20˚C. Sections were stored in cryoprotectant [30% (w/v) sucrose, 1% (w/v) polyvinylpyrrolidone, and 30% (v/v) ethylene glycol in 0.1 M PBS (pH = 7.4)] until use. Sections were rinsed in tris-buffered saline (TBS) (50 mM Tris-Cl, 150 mM NaCl; pH 7.6) and incubated in sodium citrate (pH 6; 85 °). After, the sections were incubated at room temperature for 24 h with rabbit anti-doublecortin (DCX) primary antibody or mouse anti-reelin antibody (1:1,000, EMD Millipore, Burlington, MA) diluted in a blocking solution consisting of 10% Triton X-100 [v/v], 15% normal goat serum (NGS) [w/v], and 1% bovine serum albumin (BSA) [w/v] dissolved in TBS. After primary antibody incubation, the sections were incubated in 10% hydrogen peroxide [v/v] in TBS for 30 min. The tissue was then incubated with biotinylated horse anti-mouse lgG (1:500, Sigma-Aldrich, St. Louis, MO) or biotinylated goat anti-rabbit lgG (1:500; Sigma-Aldrich, St. Louis, MO) secondary antibody diluted in the blocking solution described above for 1 h at room temperature. Each step was followed with rinses in TBS. Next, tissue was incubated in an avidin-biotin complex (1:500, Vecta Stain Elite ABC reagent, Vector Labs) for 1 h at room temperature. For reelin, sections were stained using 0.002% [w/v], 3’-diaminobenzidine (DAB, Sigma-Aldrich, St. Louis, MO) dissolved in 0.0078% [v/v] H2O2 in TBS. For DCX, slices were then washed 2 times in TBS and 1 time in sodium acetate before being stained using 0.025% DAB [w/v] and 4.167% NiSO4 [w/v] dissolved in 0.002% H202 and sodium acetate. The sections were mounted and coverslipped using Permount solution.

DCX was used as a marker to quantify and categorize cells from the proliferative stages of neurogenesis until that of an immature neuron, as it has a high level of specificity for these cells in the subgranular and granular zone of the hippocampus, and allows for categorization throughout the maturation process.



Imaging

Sections were imaged using a Nikon Eclipse E800 microscope. Positive cells in the subgranular zone were counted and categorized (for DCX) using an unbiased optical fractionator method in Stereo Investigator (Version 8.0, MicroBrightField Inc.). These areas were traced at 4x magnification, and stereological analyses were undertaken at 40x magnification, with a field size of 3600 µm2, and number estimates were calculated through the following formula: Ntotal: ΣQ- × 1/ssf × A(x,y step)/a(frame) × t/h; where ΣQ- is the number of counted cells; ssf is the section sampling fraction (1/6); A is the area associated with each x,y movement (10,000 μm2); a(frame) is the area of the counting frame (3,600 μm2); t is the weighted average section thickness; and h is the height of the dissector P plane. A guard zone of 2 μm was used to prevent sectioning artifacts. DCX-positive cells were categorized using a method previously described by Plumpe et al. (2006).



Synaptosomes

Control (N=4) and CORT (N=4) animals were anesthetized with 5% isofluorane and killed by decapitation. Immediately after sacrifice, the hippocampus and cerebellum were dissected on ice and snap frozen in liquid nitrogen then stored until use at −80˚C.

Tissue was thawed on ice prior to homogenization in ice using a Potter-Elvehjem homogenized containing chilled modified Krebs-Henseleit buffer (mKRBS) (in mM: 118.5 NaCl, 4.70 KCl, 1.18 MgCl2·6H2O, 2.50 CaCl2·2H2O, 1.18 KH2PO4, 24.90 NaHCO3, 10.00 glucose, pH adjusted to ~7.40 using 1.0 N HCl) supplemented with a protease inhibitor cocktail (#1860932, Thermoscientific, Waltham, MA). A small portion of this whole homogenate was stored for later analysis. As previously described the remaining homogenate was used to prepare a subfraction containing intact synaptosomes (SN) (Brymer et al., 2020). After centrifugation, the SN pellet was resuspended in pre-warmed artificial cerebrospinal fluid (ACSF) (32˚C) and divided evenly between drug experimental groups. The hippocampal SNs were then incubated for 30 min at 32˚C with 5% circulating CO2 with either reelin at a concentration of 5 nM, 10 nM, or 50 nM, ketamine at a concentration of 50 nM, 100 nM, 500 nM, or ACSF alone. These concentrations were based off previous research from our lab and others (Li et al., 2010). Cerebellar SNs followed an identical protocol, except they were incubated with 5 nм, 10 nм, or 50 nм of ketamine. Reactions were terminated with a high centrifugation (3,490 x g for 15 min) at 4˚C in ice-cold mKRBS. Pellets were resuspended in 50 μl mKRBS supplemented with protease and phosphatase inhibitor cocktails (78428, Thermoscientific, Waltham, MA). 15 μl of this homogenate was used for detergent compatible (DC) protein assay analysis (#5000111, BioRad, Hercules, CA).



Western Blotting

For Western blot analysis, 10 μg of protein was electrophoretically resolved in 10% SDS-polyacrylamide gel at 200 V for 60 min, then transferred onto polyvinylidene fluoride membranes (#IPVH00010, Millipore Sigma, Burlington, MA) via wet transfer (100 V on ice for 90 min). Membranes were blocked using 5% (w/v) BSA for 1 h at room temperature. For all groups of SNs, PSD-95, total mTOR (#2983T, Cell Signaling Technology, Danvers, MA), and phosphorylated mTOR (p-mTOR) (#2971S, Cell Signaling Technology, Danvers, MA) were measured. All antibodies were diluted in 10 ml of the 5% [w/v] BSA blocking buffer and applied to the blots overnight at 4˚C with gentle agitation. Blots were washed in tris-buffered saline with 1% [v/v] tween following incubation, and then incubated with horse radish peroxidase linked goat anti-mouse or goat anti-rabbit secondary antibody diluted at 1:5,000 in blocking buffer for 1 h at room temperature. Luminata Crescendo (for p-mTOR and mTOR) or Classico (PSD-95) (#WBLUR0500 and # WBLUC0500, Millipore Sigma, Burlington, MA) were used for chemiluminescent detection. All images were captured using a SynGene imaging system. Western blot bands were quantified using GeneTools companion program. Ponceau staining was used as the normalization standard, as it is more sensitive to differences in loading amounts than standard housekeeping proteins (Thacker et al., 2016).



Lymphocyte Isolation and Incubation

Lymphocytes were extracted following a previous protocol established in our lab from controls (Romay-Tallon et al., 2018). These extracted lymphocytes were then resuspended in RPMI 1640 medium (#11875093, Thermoscientific, Waltham, MA) diluted with 10% phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4 ; pH 7.4) [w/v] and 1% streptomycin and incubated first with either medium or 1 mM CORT, and then with varying concentrations of reelin (0.5 nM, 1 nM, 5 nM) and ketamine (10 nM, 50 nM, 100 nM, 250 nM) in the medium specified above. 1% [w/v] paraformaldehyde was added for 5 min to the solution to fix the lymphocytes, and then was centrifuged in 1:1 PBS (two times, 1,000 x g, 10 min) to rinse. 1 mM of CORT was used as it is equivalent to the 40mg/kg injected in our rat model and has paralleled changes that we have observed in patients with depression (Romay-Tallon et al., 2018).

After incubation, lymphocytes were incubated for 10 min at 4°C in a 100 ml solution of 3% rat immunoglobulin G (IgG) diluted in PBS with 1% BSA [w/v] (PBS + BSA), then for 24 h at 4°C in rabbit anti-serotonin transporter (SERT) antibody (#AB9322, Millipore Sigma, Burlington, MA), diluted 1:100 in PBS+BSA. After washing 3x in PBS for 10 min, samples were incubated with goat anti-rabbit secondary antibody (#ab175471, abcam, Cambridge, UK) diluted 1:250 in PBS+BSA and conjugated with Alexa Fluor 568 in the dark for 1 h at room temperature and then for 10 min in Hoechst diluted 1:1,000 in PBS. After 3× 10 min washes, samples were extended onto slides and cover-slipped with Citifluor-Mount Solution (Electron Microscopy Science) and stored at −20°C until analysis. Through compound microscopy, lymphocytes were analyzed using ImageJ to quantify the number and size of SERT clusters.



Statistics

Immunohistochemistry data was analyzed using two-tailed independent t-tests. Incubations of SNs were grouped together and compared against control and CORT subgroups using a Welch’s corrected t-test to account for uneven standard deviations. Individual incubations were compared against vehicle and CORT subgroups using two-tailed independent t-tests to determine individual impacts. SERT cluster number and size on lymphocytes were examined identically. Data are represented as the mean ± SEM or SD.




Results


Ketamine Rescues Reelin Expression in the Dorsal Dentate Gyrus SGZ

Analyses of the dorsal SGZ showed CORT administration decreased reelin immunoreactive cells (p = 0.0198, t = 2.902, df = 8), which was rescued by ketamine administration (p = 0.0034, t = 3.932, df = 9) (Figures 2A, B).




Figure 2 | The effect of corticosterone (CORT) and ketamine on reelin-IR cells in the gyrus subgranular zone (SGZ). (A) Representative photomicrographs of reelin-ir cells in the dorsal SGZ. Stereological analyses were undertaken at 40× magnification. (B) Effects of treatment on reelin-ir cells in the dorsal SGZ. CORT significantly decreased the number of positive cells, which was rescued by acute ketamine administration. There were no effects of CORT or reelin in the ventral hippocampus. All data are expressed as mean±SD. Veh/Veh, vehicle/vehicle; Veh/Ket, vehicle/ketamine; CORT/Veh, CORT/vehicle; CORT/Ket, CORT/ketamine. *p < 0.05 vs. Veh/Veh, #p < 0.05, **p < 0.01 vs. CORT/Veh.





Doublecortin Counts and Categorization in the SGZ

Doublecortin was used as a marker for neural maturation of newborn granule cells in the subgranular zone of the hippocampus, as it allows for both cell-counts and categorization of dendritic branching. Histological data showed large gaps of doublecortin positive cells in the upper blade of the dentate gyrus after CORT administration, an effect that was not rescued through ketamine administration (Figure 3). Significant differences were found between the controls and CORT-treated animals (p = 0.0057, t = 3.735, df = 8), but not any other subgroups, suggesting ketamine did not influence doublecortin levels in this sample. No significant correlations were found between subgroups and complexity of dendritic branching on the newborn granule cells.




Figure 3 | The effect of corticosterone (CORT) and ketamine on doublecortin (DCX)-IR cells in the gyrus subgranular zone (SGZ). (A) Representative photomicrographs of DCX-ir cells in the SGZ. (B) Effects of treatment on DCX-ir cells. CORT significantly decreased the number of positive cells, which was not rescued with acute ketamine administration. All data are expressed as mean±SD. Veh/Veh, vehicle/vehicle; Veh/Ket, vehicle/ketamine; CORT/Veh, CORT/vehicle; CORT/Ket, CORT/ketamine. **p < 0.01 vs. Veh/Veh, ##p < 0.01 vs. CORT/Veh.





Hippocampal Synaptosomes

The impact of ketamine incubations on SN were used to determine similarities with our previous research that showed reelin increases the protein expression levels of PSD-95, mTOR, and p-mTOR (see Figures 4A–E for comparative data). The incubations of hippocampal SNs from CORT-treated animals with ketamine were run in parallel to those of reelin published previously (Brymer et al., 2020), and thus have equivalent data-points for the vehicle and CORT experimental subgroups. Grouped concentrations of ketamine increased PSD-95 expression from CORT-administered animals (p = 0.0012, t = 6.803, df = 4.78) (Figure 4B), as well as each individual concentration (50 nM, p = 0.0005, t = 6.721, df = 6; 100 nM, p = 0.0026, t = 4.931, df = 6; 500 nM, p = 0.0015, t = 5.539, df = 6). Similar differences were found in grouped mTOR expression (p=0.0001, t = 5.452, df = 12.8) (Figure 4C), though only one concentration of ketamine significantly increased levels above CORT-administered animals (100 nM, p = 0.0165, t = 3.296, df = 6) due to high variability in the other concentration groups. Though p-mTOR was also only significant at 100nM (p = 0.0165, t = 3.296, df = 6) due to high variability (see Figure 4D), when treatment effects were grouped ketamine did significantly increase p-mTOR (p = 0.0103, t = 3.916, df = 5.22). Ketamine did not increase mTOR activity at any concentration, though it interestingly decreased it back to levels that were found in the control animals (Figure 4E).




Figure 4 | The effect of ketamine on synaptic-level proteins in hippocampal synaptosomes. (A) Representative Western Blot images of synaptic-level protein expression in the hippocampus after ketamine incubations on synaptosomes derived from corticosterone (CORT)-treated animals. Ladder presented is Spectra Multicolor High Range Protein Ladder (Thermofisher, #26625). (B) Effects of ketamine incubations on postsynaptic density-95 (PSD-95). CORT decreased this expression while all ketamine incubations increased these levels. (C) Effects of ketamine incubations on mammalian target of rapamycin (mTOR). All concentrations of ketamine increased mTOR levels above CORT-treated animals. (D) Effects of ketamine incubations compared to those of reelin on p-mTOR. Only 10nм of ketamine increased p-mTOR levels above CORT-treated animals. (E) Effects of ketamine incubations on the active ratio of mTOR. All data are expressed as mean±SD. K50, 50nм ketamine; K100, 100nм ketamine; K500, 500nм ketamine. #p < 0.05, ##p < 0.01 vs. vehicle, *p < 0.05, **p < 0.01, ***p < 0.001 vs. CORT.





Cerebellar Synaptosomes 

To ascertain whether the displayed synaptic-level effects of reelin and ketamine are restricted to the hippocampus, we analyzed the effects of reelin and ketamine in the cerebellum, an area with a high concentration of reelin. Representative Western Blot images are displayed in Figures 5A and 6A. In the cerebellar SN there were no significant differences in PSD-95 expression between any subgroups (vehicle; CORT; reelin at 5 nM, 10 nM, 50 nM; ketamine at 5 nM, 10 nM, 50 nM), a sharp contrast to the previous findings in the hippocampus (Figures 5B and 6B).




Figure 5 | The effect of ketamine on synaptic-level proteins in cerebellar synaptosomes. (A) Representative Western Blot images of synaptic-level protein expression in the cerebellum after ketamine incubations on synaptosomes from corticosterone (CORT)-treated animals. Ladder presented is Spectra Multicolor High Range Protein Ladder (Thermofisher, #26625). (B) Effects of ketamine incubations on levels of postsynaptic density-95 (PSD-95). All levels stayed the same. (C) Effects of ketamine incubations on levels of mammalian target of rapamycin (mTOR). All concentrations of ketamine increased the levels above vehicle and CORT. (D) Effects of ketamine on levels of p-mTOR. All concentrations were significantly different from both vehicle and CORT. (E) Effects of ketamine on the active ratio of mTOR. All data are expressed as mean±SD. K5, 5nм ketamine; K10, 10nм ketamine; K50, 50nм ketamine. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs. vehicle, *p < 0.05, ***p < 0.001, ****p < 0.0001 vs. CORT.






Figure 6 | The effect of reelin on synaptic-level proteins in cerebellar synaptosomes. (A) Representative Western Blot images of synaptic-level protein expression in the cerebellum after reelin incubations on synaptosomes from corticosterone (CORT)-treated animals. Ladder presented is Spectra Multicolor High Range Protein Ladder (Thermofisher, #26625). (B) Effects of reelin incubations on levels of postsynaptic density-95 (PSD-95). All levels stayed the same. (C) Effects of reelin incubations on levels of mammalian target of rapamycin (mTOR). Lower concentrations increased the levels above vehicle and CORT, but higher concentrations decreased mTOR levels. (D) Effects of reelin on levels of p-mTOR. All concentrations were significantly different from both vehicle and CORT, paralleling the findings with mTOR. (E) Effects of ketamine and reelin on the active ratio of mTOR. All data are expressed as mean±SD. R5, 5nм reelin; R10, 10nм reelin; R50, 50nм reelin. ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs. vehicle, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. CORT.



There were no differences found between vehicle and CORT in the total expression of mTOR. However with ketamine treatment, significant increases above CORT and vehicle levels were found with both grouped (against vehicle: p <0.0001, t = 8.358, df = 11.1) (against CORT: p<0.0001, t = 7.390, df = 12) and individual analyses (against CORT: 5 nM, p<0.0001, t = 20.5, df = 6; 10 nM, p = 0.0238, t = 3.007, df = 6, 50 nM, p<0.0001, t = 8.791, df = 6) (Figure 5C). This was paralleled after reelin incubations, having both combined (against CORT: p = 0.019, t = 2.722, df = 11.6) and individual (against CORT: 5 nM, p<0.0001, t = 25.32, df = 6; 10 nM, p = 0.0002, t = 8.395, df = 6; 50 nM, p = 0.0001, t = 8.791, df = 6) impact on mTOR expression (Figure 6C).

p-mTOR expression showed a similar pattern to total mTOR, but revealed that controls had significantly higher levels of p-mTOR than CORT-treated animals (p = 0.0002, t = 8.328, df = 6). Ketamine once again increased p-mTOR expression with both pooled (against CORT: p<0.0001, t = 12.28, df = 11.5) and individual (5 nM, p<0.0001, t = 56.57, df = 6; 10 nM, p<0.0001, t = 43.06, df = 6; 50 nM, p<0.0001, t = 11.27, df = 6) concentrations (Figure 5D). Reelin, while still having a pooled effect (p = 0.0037, t = 3.658, df = 11.1), was more effective in lower concentrations, with 5 nM (p<0.0001, t = 34.66, df = 6) and 10 nM (p<0.0001, t = 41.01, df = 6) more effectively increasing protein expression than 50 nM (p = 0.0013, t = 5.625, df = 6) (Figure 6D).

The ratio of activated mTOR was lower in CORT-treated animals than the vehicles (p<0.0001, t = 12.45, df = 6), an opposite effect of what occurred in the hippocampus. When pooled, ketamine treatment decreased this activity (p = 0.0234, t = 2.55, df = 1.6), particularly with 5 nM (p<0.0001, t = 11.03, df = 6) and 50 nM (p = 0.0005, t = 6.908, df = 6) incubations (Figure 5E). Grouped reelin treatment had no effect, as 5 nM (p<0.0001, t = 11.6, df = 6) significantly decreased the ratio from CORT, whereas 50 nM (p<0.0001, t = 12.47, df = 6) increased it (Figure 6E).



SERT Labeling in Lymphocytes 

In both depression patients and the repeated CORT paradigm our lab has found parallel changes in the analysis of serotonin transporter (SERT) clustering in the plasma membranes of lymphocytes (Romay-Tallon et al., 2018), and thereby we wanted to ascertain the effects of ketamine and reelin on SERT clustering. Figure 7 shows representative images of lymphocytes from vehicle, CORT, reelin, and ketamine treated lymphocytes at varying concentrations. There was a significant difference in size, but not number, of SERT clusters in all experimental groups. As expected, CORT treatment increased the size of SERT clusters from the vehicle (p = 0.0236, t = 3.56, df = 4). Only the highest concentration reelin decreased the size of clusters (5 nM, p = 0.0375, t = 5.278, df = 4) shifting them back to the patterns of the vehicle. At the lowest dose (10 nM) ketamine had a similar effect to reelin though it was not significant. Higher doses of ketamine appeared to increase the size of clusters from those of CORT-treated animals, though this was not significant. There was no significant impact on number of clusters in any experimental groups.




Figure 7 | The effect of corticosterone (CORT), reelin, and ketamine on serotonin transporter (SERT) clusters in peripheral lymphocytes. (A) Representative confocal microscopy images for each condition. (B) Effect of treatment on clusters by number and size. (C) Effect of treatment on size of SERT clusters. CORT increased the size of SERT clusters, which was rescued by reelin but not ketamine. (D) Effect of treatment on number of SERT clusters. No changes were found between any groups. All data expressed as mean±SD. #p < 0.05 vs. vehicle, *p < 0.05, ##p < 0.01 vs. CORT.






Discussion

In the present report we provided evidence that ketamine is able to rescue the deficits of reelin but not DCX induced by repeated CORT in the dentate gyrus subgranular zone. We also demonstrated that both ketamine and reelin are able to rescue the deficits in mTOR and p-mTOR induced by CORT in both hippocampal and cerebellar synaptosomes, and that reelin, but not ketamine, corrects the alterations in SERT clustering in lymphocytes induced by CORT.

We used a well-defined model with daily injections of CORT for three weeks that consistently results in heavy alterations in immobility in the forced swim test, a paradigm widely used to evaluate antidepressant drug activity (Yuen et al., 2017).We have previously shown that repeated-CORT results in a significant decrease in reelin expression in the dentate gyrus subgranular zone which could have a possible effect on newborn cell maturation and on regulating synaptic strength of synapses impinging onto the dendritic spines of granule cells, particularly in the distal dentate molecular layer and the stratum lacunosum-moleculare. These connections could underlie some of the depressive-like behaviors observed in these animals (Lussier et al., 2009; Lussier et al., 2011; Lussier et al., 2013). Deficits in reelin expression in the dentate SGZ are rescued by both conventional (e.g. imipramine) and non-conventional (e.g. etanercept) drugs with antidepressant actions, which also reverse the increase in immobility in the forced swim test induced by CORT (Fenton et al., 2015; Brymer et al., 2018). Considering this, we expected ketamine to also be able to reverse the decrease in reelin+ cells in the SGZ in a fast-acting manner, which is consistent with our results. Recently, we demonstrated that intrahippocampal infusions of recombinant reelin are able to also rescue the behavioral phenotype induced by repeated CORT and that they do so in a fast-acting manner (i.e. similar to ketamine) (Brymer et al., 2020). This brings about the possibility that rescuing hippocampal reelin may parallel ketamine’s actions in its fast-acting antidepressant effects, similar to other potential fast-acting antidepressant molecules that have been studied (Pazini et al., 2016; Hasegawa et al., 2019; de Almeida et al., 2020). Further research should be conducted to determine if ketamine’s antidepressant effects are augmented by the increase of reelin expression it stimulates in the hippocampus.

CORT had a significant impact on hippocampal neurogenesis, decreasing the populations of newborn and immature neurons in the subgranular zone. These data are supported by numerous other reports, which show consistent and significant decreases in hippocampal cell proliferation and survival in the adult rodent brain (Pham et al., 2003; Wong and Herbert, 2006; Brummelte and Galea, 2010). The administration of an acute dose of ketamine did not rescue adult neurogenesis in the chronic stress animal model in the same way that a single infusion of Reelin did not rescue DCX expression while repeated reelin infusions did (Brymer et al., 2020). However, mixed results regarding proliferation and maturation after a single dose of ketamine suggest that increased neurogenesis is not sufficient for the short term behavioral and biological antidepressant effects following acute administration (Doherty et al., 2016; Soumier et al., 2016), but rather is potentially associated with the long-term antidepressant effects found after chronic ketamine administration (Clarke et al., 2017; Ma et al., 2017). Thereby, it seems that both acute ketamine and reelin do not have a fast effect in rescuing the effects on hippocampal neurogenesis (as ascertained by DCX labeling) but do so when administered repeatedly. It is therefore a possibility that the acute effects of reelin and ketamine would have a major incidence in the reversal of some depressive symptoms, while chronic effects might be more effective in rescuing other symptoms (i.e. depression cognitive deficits), but further experiments are necessary to elucidate this. Research in the ventral hippocampus would also be of interest, as it has been shown that the dorsal and ventral hippocampus are differentially affected by glucocorticoid administration and could have been disparately impacted by ketamine (Levone et al., 2020). It is important to note that researchers have recently demonstrated that DCX expression can increase in the absence of adult hippocampal neurogenesis, implicating that DCX does not always indicate the presence of neurogenesis (Mendez-David et al., 2020), so caution should be used when interpreting these results.

To gain insight into possible common molecular mechanisms of ketamine and reelin, we incubated hippocampal and cerebellar synaptosomes obtained from vehicle and CORT treated animals with different concentrations of ketamine or reelin. This experiment showed that CORT decreased levels of PSD-95 expression in hippocampal synaptosomes that were rescued both by ketamine and reelin in a concentration dependent manner (see Brymer et al., 2020), but not in cerebellar synaptosomes where CORT, ketamine, and reelin did not have an effect on PSD-95 levels. This could indicate perhaps a more stable nature of cerebellar synapses in adulthood in comparison to those in the hippocampus, which are more sensitive to plastic and stress-induced changes. However, while there is a general decrease in mTOR and p-mTOR expression in both hippocampal and cerebellar synaptosomes that is rescued by both ketamine and reelin, it seems that the effects of ketamine are larger than those of reelin. This might be of interest when considering that while mTOR activation has been considered a putative molecular mechanism underlying the fast antidepressant actions of ketamine (Zhou et al., 2014; Zanos et al., 2016; Zanos et al., 2018), a recent report has surprisingly shown that rapamycin (a mTOR inhibitor) prolonged the antidepressant effects of ketamine (Abdallah et al., 2020). This suggests that a more moderate activation of mTOR (i.e. like the one induced by reelin) could be equally effective, and would perhaps avoid the psychotomimetic effects of ketamine (Krystal et al., 1994), that necessitate hospital administration and make it a undesirable treatment for varied patient populations, such as those with comorbid schizophrenia. Although this is quite speculative at the moment, it would be of interest to evaluate considering that levels of reelin levels in the brains of schizophrenia patients are nearly 50% downregulated in comparison to controls. (Impagnatiello et al., 1998; Fatemi et al., 2000; Guidotti et al., 2000).

The importance of investigating potential peripheral mechasims of depression and therapeutics led us to investigate SERT clustering on peripheral lymphocytes, which appears to be influenced by reelin expression as shown in our lab previously (Rivera-Baltanas et al., 2010; Rivera-Baltanas et al., 2012). The quantification of SERT clusters labeling in the membrane of peripheral lymphocytes resulted in an increase of SERT-clusters size induced by CORT, as it was previously shown by Romay-Tallon et al. (2018), that was rescued by incubation with recombinant reelin for 30 min but not by ketamine. This suggests that reelin may have a peripheral effect on lymphocytes that is not observed in ketamine, and could be an idea worth pursuing (i.e. the peripheral effects of reelin) when considering that similar alterations to those induced by CORT in SERT-clusters have been observed in naive depression patients, and were considered to represent a putative biomarker of therapeutic efficacy of antidepressant medication (Rivera-Baltanas et al., 2012; Rivera-Baltanas et al., 2015; Caruncho et al., 2019).

It is important to note certain limitations in this study. A small number of samples limits statistical power in each experiment. As previously discussed, DCX is not necessarily a reliable indicator for adult hippocampal neurogenesis. This was a pilot study to determine ketamine’s impact on reelin expression, as well as any potential parallels between ketamine and reelin’s effects on protein expression in the synapse, as well as in peripheral lymphocytes. However, the inclusion of only adult males limits the extrapolation of results. The inclusion of females is an essential next step, as differing manifestations of depression and treatment responsiveness between sexes necessitate further investigation into unique cellular mechanisms (recently reviewed in Eid et al., 2019).

In conclusion, our research has shown that ketamine brings about a fast-rescuing effect of reelin expression in the hippocampal subgranular zone, and that reelin may perhaps work through similar synaptic mechanisms to ketamine that perhaps underlie the fast-acting antidepressant effects of this drug. However, reelin shows some peripheral effects in SERT-clustering that are not shown by ketamine. It would be of interest to further evaluate the ketamine/reelin pathways in both CNS and periphery to not only gain additional insight on ketamine actions but also to determine the potential fast antidepressant-like actions of reelin.
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