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Episodic memory deficits are among the earliest appearing and most commonly occurring examples of cognitive impairment in Parkinson's disease (PD). These enduring features can also predict a clinical course of rapid motor decline, significant cognitive deterioration, and the development of PD-related dementia. The lack of effective means to treat these deficits underscores the need to better understand their neurobiological bases. The prominent sex differences that characterize episodic memory in health, aging and in schizophrenia and Alzheimer's disease suggest that neuroendocrine factors may also influence episodic memory dysfunction in PD. However, while sex differences have been well-documented for many facets of PD, sex differences in, and sex hormone influences on associated episodic memory impairments have been less extensively studied and have never been examined in preclinical PD models. Accordingly, we paired bilateral neostriatal 6-hydroxydopamine (6-OHDA) lesions with behavioral testing using the What-Where-When Episodic-Like Memory (ELM) Task in adult rats to first determine whether episodic-like memory is impaired in this model. We further compared outcomes in gonadally intact female and male subjects, and in male rats that had undergone gonadectomy—with and without hormone replacement, to determine whether biological sex and/or sex hormones influenced the expression of dopamine lesioned-induced memory deficits. These studies showed that 6-OHDA lesions profoundly impaired recall for all memory domains in male and female rats. They also showed that in males, circulating gonadal hormones powerfully modulated the negative impacts of 6-OHDA lesions on What, Where, and When discriminations in domain-specific ways. Specifically, the absence of androgens was shown to fully attenuate 6-OHDA lesion-induced deficits in ELM for “Where” and to partially protect against lesion-induced deficits in ELM for “What.” In sum, these findings show that 6-OHDA lesions in rats recapitulate the vulnerability of episodic memory seen in early PD. Together with similar evidence recently obtained for spatial working memory, the present findings also showed that diminished androgen levels provide powerful, highly selective protections against the harmful effects that 6-OHDA lesions have on memory functions in male rats.
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INTRODUCTION

Parkinson's Disease (PD) is a complex neurodegenerative disorder that is characterized by motor signs such as bradykinesia and non-motor symptoms that include deficits in sensory processing, sleep disturbance, and cognitive impairment (1–4). Parkinson's disease is also characterized by sex differences in many of its features (5–9). For example, the incidence and prevalence of PD are both higher in males than in females (10–13). Male PD patients also tend to experience earlier disease onset (14, 15) and more rapid declines in motor function (12). By understanding how gonadal hormones influence these and other disease processes, critical discoveries that could lead to improved, perhaps sex-specific ways to more effectively treat them. This may be especially important for the cognitive impairments associated with PD. These include deficits in executive, mnemonic and/or visuospatial function (4, 16–20) and are present in up to 40% of patients at or before the onset of motor signs (20, 21). Because these signs are also largely resistant to (19, 20, 22) or exacerbated by (23–25) available therapeutics, the also have a cumulative prevalence of more than 70% over the course of illness (20, 26). Moreover, these enduring, progressively worsening facets of disease (17–20) are frequently described by patients and caregivers as significantly disabling and negatively interfering with activities and quality of daily life (27, 28). This brings into sharp focus the need to better understand the factors that mediate and/or modulate the vulnerability of these complex processes in PD. As described below, these factors include biological sex and sex hormones, which are examined here in specific contexts of episodic memory deficits in PD.

Memory disturbances are among the earliest and most frequently reported cognitive deficits in PD (4, 16, 18, 29). For example, roughly 20% of newly diagnosed PD patients present with memory complaints and/or have demonstrable memory impairments at the time of clinical diagnosis (30). One domain of memory that is especially at risk, however, is episodic memory, i.e., the integrated recall of information about the time, place and nature of previously experienced events (31). Thus, deficits in episodic memory are reported among PD patients as often, or even more frequently than executive dysfunction (21, 32, 33). Further, the presence of episodic memory deficits has been shown to correlate with or predict certain clinical features including accelerated rates of motor and cognitive decline (34, 35), and higher risk for developing PD-related dementia (26, 36, 37)– a major cause of hospitalization, institutionalization and death among PD patients (38–41). These characteristics suggest that resolving the factors that render episodic memory vulnerable in PD may be uniquely important in identifying biomarkers and/or biological targets with predictive, preventive, and/or therapeutic value. Accordingly, imaging and autopsy studies in PD patients have been used to probe for brain changes that predict and/or correlate with the severity of episodic memory impairment. These studies have identified thinning or decreased volume in hippocampus and in medial temporal and frontal lobe cortices (42–44) as well as increased total volumes of white matter hyperintense lesions in the frontal and temporal lobes (45) as promising candidates. Although less is known about the physiological processes that render episodic memory vulnerable in PD, there are reasons to suspect that biological sex and/or sex hormones play important roles. First, episodic memory is characterized by lifelong sex differences in healthy humans (46–49). Further, sex differences also mark the incidence and severity of episodic memory deficits seen during cognitive aging (47, 50, 51) in schizophrenia (52, 53) and in Alzheimer's disease (54–57). Finally, although less studied than motor features, there is clear evidence for sex differences in cognitive impairment in PD (5, 6, 58, 59) including data showing that episodic memory deficits are more common and worsen more rapidly in males (60) and respond better to multimodal exercise interventions in females (61, 62). To date, however, there have been no studies that take advantage of preclinical animal models to more precisely determine whether and how biological sex and sex hormones influence episodic memory in PD. We recently validated the use of the What Where When Episodic Like Memory task (63) in adult male and female rats for modeling human sex differences in episodic memory function, and in adult male rats that were gonadectomized or gonadectomized and supplemented with testosterone propionate or estradiol for identifying hormone impacts on this memory form (64). Here we used this same task and these same animal groups, but added sham and partial, bilateral neostriatal 6-hydroxydomapine (6-OHDA) lesions to probe for sex differences in and sex hormone impacts on episodic-like memory function in a rodent model of early, premotor stages of PD (65, 66).



MATERIALS AND METHODS


Animal Subjects

A total of 22 female and 55 male Sprague-Dawley rats were used (Taconic Farms, Germantown, New York, USA). All subjects were between 2 and 2.5 months of age at the beginning of the experiment, and were 3–3.5 months old at the time of behavioral testing. All rats received bilateral neostriatal injections of either 6-hydroxydopamine (6-OHDA) or vehicle (below). The females were gonadally intact. Among the males, 22 were gonadally intact, 11 were gonadectomized (GDX), 11 were GDX and supplemented with testosterone propionate (GDX+TP), and 11 were GDX and supplemented with 17β-estradiol (GDX+E). Rats were pair-housed by sex in standard-sized tub cages (Lab Products, Inc., Seaford, DE, USA) under a 12-h non-reversed light-dark cycle with food (Purina PMI Lab Diet: ProLab RMH 3000) and water available ad libitum. The cages and water bottles were made from bisphenol–free plastic (Zyfone) and ground corncob bedding (Bed O' Cobs, The Anderson Inc., Maumee, Ohio, USA) was used. All procedures involving rats were approved by the Institutional Animal Care and Use Committee at Stony Brook University and were performed in accordance with the U.S. Public Health Service Guide for Care and Use of Laboratory Animals to minimize their discomfort.



Surgeries

Surgical procedures were performed under aseptic conditions using inhalation of isoflurane (1% in oxygen) as anesthesia and subcutaneous injection of buprenorphine (0.03 mg/kg) or ketorolac (3 mg/kg) for post-operative analgesia.


Gonadectomy

For this procedure, a midline incision was made to the scrotum, the vas deferens were bilaterally ligated with silk suture, and the testes were removed. For hormone-supplemented rats, pellets (Innovative Research of America, Sarasota, Florida) were implanted at the surgical site; the pellets used were designed to release either 25 pg of 17β -estradiol per milliliter of blood per day or 3–4 ng of testosterone propionate per milliliter of blood per day. These pellets have been shown in previous investigations to maintain plasma estradiol and testosterone levels within physiological ranges (67–69). Two weeks after this procedure, rats received 6-OHDA lesions (below).



6-OHDA and SHAM Lesions

Thirty minutes prior to surgery, all rats were injected with desipramine hydrochloride (20 mg/kg, intraperitoneal). Next, rats were anesthetized (isoflurane) and placed in a stereotaxic frame. A midline incision was made to expose the skull surface and burr holes were drilled bilaterally at coordinates targeting the middle one/third of the left and right rostral caudate nucleus (AP: +0.5 mm, ML: ±3.0 mm, relative to Bregma). A glass micropipette containing either 6-hydroxydopamine (6-OHDA) (6 μg/μL) dissolved in ascorbic saline (de-ionized water containing 0.9% NaCl and 0.1% ascorbic acid), or ascorbic saline alone (SHAM), was lowered 5.8 mm below the dura. As the pipette was withdrawn, solution was intermittently ejected at roughly 2–5 min intervals (Nanoject, Drummond Scientific, Broomall, PA, infusion rate ~0.15 μl/min) at 11 evenly-spaced dorsoventral depths located between 5.8 and 3.8 mm below the dura; the total injected volume was 2 μl/hemisphere. Following the last injection, the micropipette was kept in place for an additional 10 min before being slowly withdrawn. Two weeks later, rats began a regimen of handling, habituation, and behavioral testing that culminated to testing on the What-Where-When (WWWhen) ELM task 10 days after that (24 days after lesion surgery).




Behavioral Testing

Testing took place during rats' subjective night (lights on), between the hours of 9:30 am. and 3:00 pm. By conducting studies during these earlier hours of rats' subjective nights, testing times within and across female subjects avoided the potential for overlap with the precipitous decreases in estrogen, the rapid increases in follicle stimulating hormone, and the rapid increases and subsequent sharp declines in progesterone and luteinizing hormone that begin toward the end of rats' subjective nights and continue into the subjective day (70). Testing was conducted in a core facility consisting of a central holding room and 5 adjacent, sound attenuated testing rooms. The testing arena used was an open circular platform that was 0.61 m in diameter and located 0.91 m above the floor (padded) near the center of a 3 m by 3 m testing room with fixed, high contrast visual cues on three walls. The platform surface was covered by black vinyl to provide grip and allow the platform to be wiped clean with 70% ethanol between trials. A webcam (LogiTech) was suspended two feet above the arena to record trials.

Prior to WWWhen testing, rats completed testing on 2 or 3 unrelated, non-incentivized, pseudorandom presented single-trial paradigms (Home Base Formation and Novel Object Preference or Object-in-Place Preference Testing). Each task used a different testing arena and different objects (where applicable), but the same holding and testing rooms, and the same cylindrical start box used for WWWhen testing. After a 3–5 day break, rats received an additional habituation session during which they were allowed to freely explore the WWWhen testing platform with no objects present for 10 min. Testing on the WWWhen task took place the following day.

On testing day, rats were given two 5 min sample trials (S1, S2) and one 5 min test trial (TT); all trials were separated by 50 min inter-trial intervals that rats spent in home cages in the central holding room. Trials began by placing rats in the opaque start cylinder (0.2 m across, 0.3 m high) at the center of the arena. After a 10 s delay, the cylinder was lifted away and rats were allowed to freely explore. During the sample trials (S1, S2), rats were presented with one of two quadruplicate sets of novel objects that were similar in overall size, were made of the same material (plastic or glass), but differed in shape, color and/or surface texture. The object sets used for S1 vs. S2 trials were pseudo-randomly assigned to subjects within all groups. During the S1 trial, objects were arranged in a triangular array and for the S2 trial they were placed to form the corners of a square. During the test trial (TT), two objects from S2 (recent familiar, RF) and two objects from S1 (old familiar, OF) were presented in square S2 configuration. Accordingly, one of the S1 objects appeared in its original location (old familiar stationary, OFS) and was presented in a new location (old familiar displaced, OFD). Both recent familiar objects occupied original (stationary) positions (see Figure 1).


[image: Figure 1]
FIGURE 1. Schematic of the experimental protocol for the What-Where-When Episodic-Like Memory Task (63). Rats explore two sets of novel quadruplicate objects during a first and second sample trial (S1 and S2, respectively). This is followed by a test trial (TT) where two Recent Familiar (RF) objects from S2 are presented in their original positions and two Old Familiar (OF) objects from S1 are present, with one placed in its original position [Old Familiar Stationary (OFS)] and one that has been displaced from its original location [Old Familiar Displaced (OFD)]. Each trial is 5 min in duration and separated by an inter-trial interval of 50 min.




Health and Hormone Status

The weights and general health of all subjects were tracked before and after gonadectomy and/or 6-OHDA or SHAM lesion surgery. In all subjects, body mass progressively increased and there were no signs of dehydration. The estrous cycles of female rats were also tracked using vaginal lavage. Cytological samples were collected via saline flush on the day of lesion or sham lesion surgery, on the day of WWWhen testing, and every 1–3 days in between. On testing day, samples were collected prior to animals' acclimation to the central holding room in the testing suite. For males, the effectiveness of hormone manipulations was assessed post-mortem via dissection and weighing of the androgen-sensitive bulbospongiosis muscles (BSM).



Euthanasia

Following behavioral testing, rats were euthanized by transcardial perfusion. First, rats were lightly anesthetized using inhalation of isoflurane (1% in oxygen) and were then injected intraperitoneally with a ketamine (150 mg/kg), xylazine (15 mg/kg) mixture to induce deep anesthesia. After verifying the absence of deep reflexes, rats were perfused, first with phosphate buffered saline (PBS, ~100 mls), and then with 4% paraformaldehyde in 0.1M PB, pH 6.5 (flow rate 30 ml/min) for 5 min followed by 4% paraformaldehyde in 0.1M borate buffer, pH 9.5 (flow rate 35 ml/min) for 15 min.


Tissue Processing and Histology

Immediately after perfusion, the BSM complex in male subjects were dissected and weighed. However, for 4 MALE SHAM and 4 MALE 6-OHDA rats, BSM weights were not recovered. The brains were also removed from all subjects. These were post-fixed in 4% paraformaldehyde in 0.1M borate buffer for 24 h (4°C) and were then cryoprotected by immersion in 0.1M phosphate buffer (PB) containing 30% sucrose (2–5 days, 4°C). Next, the brains were rapidly frozen in powdered dry ice and serially sectioned in the coronal plane on a freezing microtome (40 μm). A one-in-six series of sections spanning the rostrocaudal extent of the caudate nucleus was processed for immunohistochemistry using antibodies against the dopamine-synthesizing enzyme, tyrosine hydroxylase (TH). Briefly, sections were rinsed in 0.1M PB, incubated in 0.1M PB containing 1% H2O2 (30 min), and were then rinsed again in 0.1M PB prior to an antigen retrieval step involving a 20 min incubation in sodium citrate buffer, pH 8.5 at 80°C. After rinses in tris buffered saline (TBS), pH 7.4, the sections were placed in TBS, pH 7.4 containing 10% normal swine serum (NSS) for 2 h, and then in primary antisera (anti-TH monoclonal antibody; Chemicon International Inc, Temecula, CA; MAB318, diluted 1:1000 in TBS containing 1% NSS) for 4 days (4°C). Following further rinses in TBS, pH 7.4, the sections were incubated overnight in biotinylated secondary antibody (Vector Laboratories, Burlingame, CA, USA, diluted 1:100 in TBS containing 1% NSS, 4°C). Next, sections were rinsed in TBS, pH 7.4 and incubated in avidin-complexed horseradish peroxidase (ABC, Vector Laboratories, 5 h, room temperature). Finally, the sections were rinsed first in TBS pH 7.4 then in TB, pH 7.6 before being reacted using 3–3′ diaminobenzidine as chromagen and 1% H2O2 as catalyst. The immunoreacted sections were then slide mounted and sealed under coverslips using Permount (Electron Microscopy Science, Hartfield PA, USA).




Data Analyses
 
Evaluation of Estrous Cycle

Samples from vaginal lavage (saline) were cytologically evaluated using low power light microscopy and differential interference contrast illumination. Females were determined to be in estrus when samples had an abundance of cornified, anucleated epithelial cells; in diestrus when samples showed a predominance of leukocytes; and in proestrus when samples were largely comprised of round, nucleated epithelial cells (70).



Efficacy of GDX and Hormone Replacement

The extents to which GDX and hormone replacement modulated circulating hormone levels were assessed by comparing weights of the androgen-sensitive bulbospongiosis muscles across male groups.



Evaluations of 6-OHDA Lesions

A Zeiss Axioskop outfitted with an Infinity 3 Lumenera digital camera was used to collect low-power brightfield light microscopic images of TH-immunoreacted sections. These images were imported into ImageJ (Open Source, 1.52a) and separate, calibrated outlines were drawn around the entire caudate nucleus (excluding nucleus accumbens) and around the lesioned zones, defined as areas within the caudate where TH-immunostaining fell to background levels. The areas subtended by both sets of outlines were used along with section thickness and numbers of sections per case to calculate total caudate and total lesion volumes on per hemisphere, per subject bases. Lesion symmetries were defined as the ratio of the larger compared to the smaller lesion volume, regardless of whether it was in the left or right hemisphere.



Behavioral Analyses

Behavioral scoring was completed by trained observers who were blind to animal condition using event capture (Behavioral Observation Research Interactive Software—BORIS, 7.0.4, Open Source) and tracking software (Tracker 4.62, Open Source). For all trials, scored behaviors were defined and measured as follows:

Latency to Investigate Objects: time (seconds) between the start of the trial (removal of the start box) and the first investigatory contact with an object.

Grooming: time (seconds) spent licking or preening any part of the body.

Rearing: time (seconds) spent making upward/vertical motion either with forepaws in contact with an object (without vibrissae or snout in contact with the object) or while free-standing.

Ledge Investigation: time (seconds) spent at and actively investigating the ledge/edge of the arena or looking out into the surrounding testing room environment.

Ambulation: time (seconds) spent engaged in forward motion, calculated from changes in position magnitudes measured in digitized tracks of rats' movement across the arena surface on per frame bases (Tracker 4.62).

Stationary: time (seconds) spent sitting in one location away from the arena edge, and not engaging in grooming or object exploration behaviors.

Object Exploration: time (seconds) spent in physical contact with objects, actively using vibrissae or snout to investigate, with or without rearing.

Discrimination Indices (DI): calculated during Test Trials based on time (seconds) spent exploring objects designated as recent familiar (RF), old familiar (OF), old familiar stationary (OFS), or old familiar displaced (OFD):
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Statistics

Statistical comparisons were used to evaluate behavioral endpoints for (1) sex differences [i.e., contrasts of gonadally intact sham-operated females (FEM SHAM) and males (MALE SHAM)], (2) sex differences in sensitivity to 6-OHDA lesions [i.e., contrasts of FEM SHAM and MALE SHAM with gonadally intact 6-OHDA lesioned females (FEM 6-OHDA) and males (MALE 6-OHDA)], and (3) sex hormone modulation of sensitivity to 6-OHDA lesions in males [i.e., contrasts of MALE SHAM and MALE 6-OHDA with the 6-OHDA lesioned GDX and hormone replacement cohorts (GDX 6-OHDA, GDX+TP 6-OHDA, GDX+E 6-OHDA)]. Due to small and uneven sample sizes, no attempts were made to statistically assess effects of estrous cycle stage among females.

All statistical analyses were performed using IBM SPSS, Version 25 (SPSS, Inc., Chicago, IL, USA). Data sets were first evaluated using descriptive statistics and tests for homogeneity of variance (Levine's F-test). From there, one-way analyses of variance (ANOVA) were used to compare BSM weights, lesion size, and lesion symmetry across groups. Repeated-measures ANOVAs were used to compare: all measures of object exploration, including DIs across groups; all measures of Non-Object Exploration (Other) behaviors within and across groups; and to evaluate within-groups differences in Other Behaviors across trials. For these comparisons, Mauchly's test for sphericity of the covariance matrix was applied and degrees of freedom were corrected as necessary using the Huyhn-Feldt epsilon. Allowed post-hoc tests used the Fisher's Protected Least Significant Difference (PLSD); for comparisons of two groups, a p < 0.05 level was accepted as significant; for comparisons of multiple groups, significance was determined using a Bonferroni corrected alpha (p < 0.0491 for comparisons of the 4 gonadally intact female and male groups and p < 0.0489 for comparisons of the 5 male groups). Robustness of object discriminations was assessed within groups for Test Trials using one-sample t-tests to identify DIs as significantly different from zero. Lastly, regression analyses were used within groups to evaluate 6-OHDA-induced lesion size as a function of BSM weight and to evaluate task performance metrics as functions of 6-OHDA lesions.




RESULTS


Estrous Cycle in Females and Effectiveness of Hormone Manipulations in Males

Vaginal lavage samples obtained from female subjects (FEM SHAM, FEM 6-OHDA) showed that on the day of SHAM or 6-OHDA lesion surgery, 3 females from the FEM SHAM group were in estrus, 6 were in diestrus, and 2 were in proestrus, whereas among the FEM 6-OHDA group, 3 females were in estrus, 5 were in diestrus, and 2 were in proestrus at the time surgery was performed (Table 1). All subjects were also found to have resumed and retained a regular 4-day estrous cycle after surgery. On the day of WWWhen testing, 5 females from the FEM SHAM group were in estrus, 5 were in diestrus, and 1 was in proestrus; from the FEM 6-OHDA group, 3 females were in estrus, 4 were in diestrus, and 3 were in proestrus (Table 1).


Table 1. Above: Table showing the numbers of sham-operated (SHAM) and 6-hydroxydopamine (6-OHDA) lesioned female rats identified by vaginal cytology as being in estrus (EST), diestrus (DI), or proestrus (PRO) on the day that SHAM or 6-OHDA lesions were made (Day of Surgery) and on the day of testing for the What-Where-When Episodic-like memory task (Day of Testing).
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The efficacies of GDX and of GDX with hormone replacements were verified in expected group differences in the weights of the androgen-sensitive bulbospongiosis muscles (BSM). Specifically, average BSM weights were larger in the gonadally intact groups (MALE SHAM, MALE-6-OHDA) and in the GDX+TP 6-OHDA rats compared to muscle mass in the GDX 6-OHDA and GDX+E 6-OHDA groups (Table 2). One-way ANOVAs confirmed that there were significant main effects of Group for BSM mass [F(4, 41) = 94.634, p < 0.0001]. Follow-up post-hoc comparisons further confirmed that BSM weights in GDX 6-OHDA and GDX+E 6-OHDA rats were similar to each other and were significantly lower than BSM mass in the gonadally intact (MALE SHAM, MALE 6-OHDA) and GDX+TP 6-OHDA groups (all p < 0.0001).


Table 2. Group mean weights of the androgen-sensitive bulbospongiosis (BSM) mass [in grams ± standard error of the mean (SEM)] for gonadally intact sham-operated (SHAM) and 6-hydroxydopamine lesioned (6-OHDA) males and for the males that were gonadectomized (GDX), GDX and supplemented with testosterone propionate, or GDX supplemented with 17β-estradiol and 6-OHDA lesioned (GDX 6-OHDA, GDX+TP 6-OHDA, GDX+E 6-OHDA, respectively).
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6-OHDA and SHAM Lesions

Light microscopic evaluations of TH-immunoreacted coronal sections showed that SHAM lesions had no discernible effects on staining intensity or striatal integrity in either male or female rats (Figure 2A). In contrast, injections of 6-OHDA produced discrete, bilateral zones of markedly diminished TH-immunostaining in all lesioned groups (Figures 2B–F). These sites were cylindrically shaped, about 0.5–1 mm in diameter, and were centered on the middle third of the caudate at roughly mid-septal levels. These sites also tended to be symmetrical (Figures 2B–F) and, on average, occupied 17–24% of the left, right, and total caudate nucleus (neostriatal) volumes in all groups (Figure 2G). There were, however, a small number of subjects in each group where left/right hemispheric differences in lesion volume exceeded 20%. There rats were all carefully assessed for evidence of circling or turning bias during WWWhen testing; this identified 2 rats (1 FEM 6-OHDA, 1 GDX 6-OHDA) where strong left-right turning biases and tight circling were noted, leading both to be removed from the study. Among the remaining subjects, statistical comparisons (one-way ANOVAs) confirmed that there were no significant or near significant main effects of Group on measures of lesion volume or lesion symmetry for either gonadally intact females vs. males or among the four male groups. Further, although not statistically assessed, there were no observed differences in lesion volume for females that were in estrus, diestrus, or proestrus on the day of lesion surgery (Table 1). Regression analyses that compared BSM weights to 6-OHDA-induced striatal lesion sizes in males were also found to be mainly non-significant (R2 = 0.04–0.19); the only significant relationship identified between BSM weight and lesion size was in the MALE 6-OHDA group (R2 = 0.752, p = 0.011), where the BSM dataset was incomplete.
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FIGURE 2. Representative low-power, brightfield light microscopic images of coronal sections through septal levels of the caudate nucleus (Cd) that are immunoreacted for tyrosine-hydroxylase (TH) (A–G). The section from a gonadally intact sham-operated male (A, SHAM) shows dense labeling throughout the caudate. Sections from a 6-hydroxydopamine (6-OHDA) lesioned female (B, FEM 6-OHDA), a 6-OHDA lesioned male (C, MALE 6-OHDA) and from 6-OHDA lesioned rats that were gonadectomized (D, GDX 6-OHDA), GDX and supplemented with testosterone propionate (E, GDX+TP 6-OHDA), or GDX and supplemented with 17β-estradiol (F, GDX+E 6-OHDA) all show discrete bilateral zones of diminished TH-immunostaining (outlined). The experimental timeline showing when lesions and sham lesion were made is shown above, and bar graphs (G) and bar graphs showing group average sizes and symmetries of 6-OHDA lesions, expressed as percentages of the left (LEFT), right (RIGHT), and total (TOTAL) caudate nucleus volumes ± standard error of the mean, are shown below for all groups below. cc, corpus callosum; NA, nucleus accumbens; SP, septal nucleus; lv, lateral ventricle; OT, olfactory tubercle. Scale bar in B = 1 mm.




What-Where-When Performance
 
Non-object Exploration (Other) Behaviors (S1, S2, TT)

Latency to explore objects and times spent grooming, rearing, investigating the arena ledge, ambulating, and remaining stationary were all assessed during both sample trials (S1, S2) and during the test trial (TT). These data showed that rats in most groups spent similar amounts of trial times engaged in these discrete activities, and showed similar systematic increases or decreases in certain behaviors across trials (Figure 3). Specifically, rats in all groups initiated exploration of objects within about 1 second during S1 and by TT were waiting for closer to 5 s to begin interacting with objects (Figure 3, top panel). Rats in all groups also spent minimal times grooming (6–20 s) and small but gradually increasing amounts of time rearing from S1 (1–4 s, Figure 3A) to TT (4–15 s, Figure 3C). More time was spent investigating the arena ledge, ambulating, or remaining stationary. However, while rats in most groups were stationary for roughly 90–120 s of all trial times, during S1 (but not other trials, Figure 3C) the FEM SHAM were stationary for on average <60 s (Figure 3A). Conversely, for ambulation, rats in most groups engaged in locomotion for more than 60 s during S1 (Figure 3A), but by the TT only engaged in locomotion for about 45 s (Figure 3C). In contrast, the FEM SHAM group initially spent 90 s or more ambulating during S1 (Figure 3A) before decreasing locomotion to scores that were similar to the other groups in S2 and TT (Figures 3B,C). Similarly, for ledge investigation, most groups spent 60 s or less of trial times (S1, S2, TT) at the arena edge (Figure 3). However, the FEM SHAM group again engaged in more ledge investigation ~90 s, during S1 and S2 (Figures 3A,B). By the TT, however, all groups were spending roughly 60 s in investigating the arena's ledge (Figure 3C). Within-trials repeated-measures ANOVAs confirmed that there were significant main effects of Behavior for all trials and for both sets of group contrasts [gonadally intact females vs. males: F(1.47−1.60, 57.32−62.23) = 71.14–103.37, p < 0.0001; all male groups: F(1.39−1.59, 67.86−77.91) = 73.74–119.38, p < 0.0001]. Significant main effects of Group and significant interactions between Behavior and Group were also identified for S1 for in the gonadally intact female vs. male contrast [Group: F(3, 39) = 3.04, p = 0.04; Behavior x Group: F(4.78, 62.13) = 2.50, p = 0.042]; allowed post-hoc comparisons confirmed that these main effects were driven by significantly higher levels of ambulation and significantly lower levels of stationary behaviors in the FEM SHAM compared to MALE SHAM group during the S1 trial (p = 0.002 and 0.007, respectively). Repeated-measures ANOVAs that separately compared behaviors across trials and groups identified significant main effects of Trial for latency to explore objects, rearing, ambulation, and stationary behavior in the gonadally intact female vs. male groups contrast [F(1.40−2.00, 54.42−78.00) = 3.57–71.84, p = 0.000–0.007] and for latency to explore objects, rearing, ambulation, and ledge investigation among the male groups [F(1.41−2.00, 69.25−98.00) = 7.06–49.02, p = 0.000–0.005]; no significant or near significant main effects of Group and no significant or near significant interactions between Group and Trial were identified for either groups contrast. Finally, regression analyses that assessed within groups differences in discrete Other Behaviors as functions of 6-OHDA lesion sizes were overwhelmingly non-significant (R2 = 0.00–0.34). Across all behaviors, trials, and groups, only two significant relationships were identified. These were positive correlations in the GDX 6-OHDA group between 6-OHDA lesion size and stationary behavior during S2, and between lesion size and latency to explore objects during TT (R2 = 0.41, p = 0.047, and R2 = 0.45, p = 0.039, respectively).


[image: Figure 3]
FIGURE 3. Stacked bar graphs showing average amounts of times in seconds, ± standard error of the mean, that rats spent stationary (black), ambulating (dark gray), engaged in ledge investigation (gray), object exploration (OBJ. EXPL., light gray), and grooming or rearing (GROOM/REAR) (white) during sample trial S1 (A), sample trial S2 (B), and the test trial TT (C). The average latency (in seconds) from trial start to exploration of a first object (LATENCY TO OBJ.EXPL.) is also shown in white above on different time scale. Comparisons from left to right show that with the exceptions of higher levels of S1 ambulation and lower levels of S1 stationary behavior in gonadally intact sham lesioned females (SHAM, FEM), rats in all other groups [gonadally intact, sham lesioned males (SHAM, MALE), MALE and FEM rats that were 6-hydroxydopamine-lesioned (6-OHDA), and 6-OHDA male rats that were gonadectomized (GDX), GDX and supplemented with testosterone propionate (GDX+TP), or GDX and supplemented with 17β-estradiol (GDX+E)] apportioned trial times similarly. The post-hoc comparisons performed after the identification of significant main effects of Group and significant interactions between Behavior and Group for MALE/FEMALE comparisons for S1 showed that these effects were driven by significantly increased ambulation and decreased stationary behavior in SHAM operated FEM compared to SHAM operated MALES (p = 0.002, 0.012).




Object Exploration: Total Object Exploration (S1, S2, TT)

Rats in all groups spent similar total amounts of time exploring objects within trials and progressively less time exploring objects from S1 to S2 to TT trials (Figure 3). Specifically, all cohorts explored objects for, on average, nearly 60 s during S1 (Figure 3A), for 30–45 s in S2 (Figure 3B), and for 25–35 s in TT (Figure 3C). Separate one-way ANOVAs that compared these times within trials for the two contrasts (gonadally intact female vs. male groups and among all male groups) found no significant or near significant main effects of Group for Total Object Exploration for any trial. Across-trials comparisons (repeated-measures ANOVAs) for groups contrasts further identified significant main effects of Trial [gonadally intact female vs. male groups: F(2, 78) = 21.42, p < 0.0001; all male groups: F(1.90, 92.86) = 35.19, p < 0.0001] but no significant or near significant main effects of Group and no significant or near significant interactions between Trial and Group for either comparison. Regression analyses that assessed total object exploration as a function of lesion size in the 6-OHDA groups were predominantly non-significant (R2 = 0.000–0.25). However, a significant positive relationship between lesion size and total object exploration was found for the GDX+E cohort for the TT (R2 = 0.49, p = 0.017). Finally, comparisons were also made in which the data were stratified by the order in which quadruplicate object sets were presented (Object Order). These within-groups, across-trials repeated-measures ANOVAs found no significant or near significant main effects of Object Order and no significant or near significant interactions between Object Order and Trial for total object exploration for any group.



Object Exploration: Individual Object Exploration (S1, S2)

Analyses of rats' investigations of individual objects showed that in both of the sample trials (S1, S2) rats in all groups divided exploration times more or less evenly and spent ~10–20 s exploring each object in S1 (Table 3A) and 5–15 s exploring each object in S2 (Table 3B). Within-groups repeated-measures ANOVAs identified isolated cases where main effects of Individual Object were significant: for FEM SHAM [F(2.50, 24.98) = 12.45, p < 0.0001] and GDX 6-OHDA [F(3, 27) = 5.53, p = 0.004] in S1; for GDX 6-OHDA in S2 [F(3, 27) = 4.50, p = 0.011]. The objects and exploration times that drove these main effects were identified in follow-up pair-wise comparisons and are shown in bold in gray-shaded cells in Tables 3A,B.


Table 3. Average times (in seconds) of exploration of individual objects during sample trial S1 (A) and sample trial S2 (B).
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The durations of individual instances or bouts of object exploration were also evaluated (Table 3). This measure was similar and similarly brief for all groups (<2 s) in both sample trials (Table 3). Within-groups comparisons (repeated-measures ANOVAs) generally found that main effects of Object Exploration Duration were non-significant. However, a significant main effect of Object Exploration Duration was identified for the MALE 6-OHDA group, albeit only for S1 (F(3, 30) = 5.50, p = 0.004). Follow-up pair-wise comparisons identified the object-specific measure of exploration duration that drove this main effect, which is shown in bold in a gray-shaded cell in Table 3A. Finally, regression analyses showed that 6-OHDA lesion size was most often not a significant predictor of either mean exploration times for individual objects (R2 = 0.000–0.253) or mean durations of individual bouts of object exploration (R2 = 0.000–0.38) during S1 or S2. The single exception was a significant positive relationship identified for GDX+TP group between larger lesion size and longer mean exploration times for individual objects during S2 (R2 = 0.42, p = 0.031).



Object Exploration: Discrimination Indices (TT)

During test trials, rats' observation times were unevenly distributed among the 2 “old familiar” (OF) and 2 “recent familiar” (RF) objects present. Discrimination Indices (DI) calculated from these differences were compared across groups using repeated-measures ANOVAs. These identified: significant main effects of Group for comparisons of gonadally intact female and male groups [F(3, 39) = 19.51, p < 0.0001] and for comparisons of all male groups: [F(4, 49) = 9.31, p < 0.0001]; significant main effects of Discrimination among the males [F(1.22, 59.99) = 14.07, p < 0.001]; and a significant interaction between Discrimination and Group for the gonadally intact female vs. male comparisons [F(3.67, 47.70) = 3.04, p = 0.003]. The allowed post-hoc comparisons (Bonferroni-corrected pair-wise comparisons) are presented along with additional analyses separately below for discriminations of “What,” “Where,” and “When.”


What' discrimination

Average “What” DIs calculated for gonadally intact FEM SHAM and MALE SHAM rats were 0.40 and 0.33, respectively. Their preferential investigation of “old familiar” (S1) vs. “recent familiar” (S2) objects contrasted sharply with the average DIs calculated for FEM 6-OHDA and MALE-6-OHDA groups, which were −0.03 and −0.08, respectively (Figure 4A). Post-hoc comparisons (Bonferroni corrected alpha 0.0491) confirmed that “What” DIs were similar for the FEM SHAM and MALE SHAM groups; were similar for FEM 6-OHDA and MALE 6-OHDA groups; but were significantly lower for MALE 6-OHDA and FEM 6-OHDA rats vs. MALE SHAM and FEM SHAM groups (all p < 0.0001). Group differences in the robustness of discrimination were further supported in one-sample t-tests showing that “What” DIs were significantly >0 for FEM SHAM [t(1, 10) = 9.55, p < 0.0001] and MALE SHAM rats [t(1, 10) = 4.23, p = 0.002], but were not significantly different from zero for the FEM-6-OHDA or MALE 6-OHDA groups. Finally, regression analyses showed that for both sexes, the negative impacts of 6-OHDA lesions on “What” discrimination were not significantly predicted by individual differences in lesion size (FEM 6-OHDA: R2 =0.20; MALE 6-OHDA: R2 = 0.08, see Figure 4D).
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FIGURE 4. Bar graphs showing average “What” (A), “Where” (B), and “When” (C) discrimination indices (DIs) calculated from object exploration in Test Trials for gonadally intact sham-operated (SHAM) and 6-hydroxydopamine lesioned (6-OHDA) female (FEM, white) and male (MALE, black) rats. DIs for all domains were robust for FEM SHAM and MALE SHAM; trends for MALE over FEM advantage for “Where,” and FEM over MALE advantage for “When” were also seen. In contrast, DIs for all domains were impaired in FEM 6-OHDA and MALE 6-OHDA groups. Results from post-hoc comparisons are shown as follows: significant differences in DIs between the SHAM and 6-OHDA lesioned female and male rats (*); near significant differences in “When” discrimination between the SHAM-lesioned FEM and MALE groups (p = 0.053, #). Scatter plots of “What” (D), “Where” (E), and “When” (F) DIs expressed as functions of the size (percent of total striatal volume) of 6-OHDA lesions for individual gonadally intact FEM (white circles) and MALE (black circles) rats show no significant or consistent relationships between the two.


Analyses of data from the male groups showed that “What” DIs in GDX+TP 6-OHDA rats were low (−0.06) and were similar to those of the gonadally intact MALE 6-OHDA group. In contrast, DIs calculated for the GDX 6-OHDA and GDX+E 6-OHDA groups were 0.16 and 0.13, respectively. These values were lower than those observed for MALE SHAMs but higher than DIs calculated for the MALE 6-OHDA cohort (Figure 5A). Post-hoc comparisons (Bonferroni-corrected alpha = 0.0489) confirmed that “What” DIs in MALE 6-OHDA and GDX+TP 6-OHDA rats were similar to each other and one-sample t-tests showed that for both groups, these values were not significantly different from zero. Additionally, these analyses showed that “What” DIs for the GDX 6-OHDA and GDX+E 6-OHDA rats were similar to each other, but were significantly greater than DIs in the MALE 6-OHDA and GDX+TP 6-OHDA groups (p = 0.007–0.025), and significantly or near significantly lower than the “What” DIs of MALE SHAMs (GDX 6-OHDA: p = 0.05; GDX+E 6-OHDA: p = 0.02). One-sample t-tests showed that DIs for each group were significantly different from zero [GDX 6-OHDA: t(1, 9) = 2.72, p = 0.024; GDX+E 6-OHDA: t(1, 10) = 2.477, p = 0.033]. Regression analyses found no significant relationships between lesion sizes and the degrees of impairment or relative sparing observed for “What” discrimination for any of the 6-OHDA-lesioned groups [GDX 6-OHDA: R2 = 0.079; GDX+TP 6-OHDA: R2 = 0.163; GDX+E 6-OHDA: R2 = 0.002] (Figure 5D).
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FIGURE 5. Bar graphs showing average “What” (A), “Where” (B), and “When” (C) discrimination indices (DIs) calculated from object exploration in Test Trials for 6-hydroxydopamine (6-OHDA) lesioned male rats that were gonadectomized (GDX, white), that were GDX and supplemented with testosterone propionate (black), or GDX and supplemented with 17β-estradiol 6-OHDA (gray); data from gonadally intact SHAM and 6-OHDA lesioned MALES are shown for reference (dashed outline). The GDX+TP cohort was profoundly impaired for “What” (A), “Where” (B), and “When”(C) discriminations. In contrast, DI's for the GDX and GDX+E groups were moderate for “What,” robust for “Where,” and poor for “When.” Results from allowed post-hoc comparisons of DI that included all of the male groups are shown as follows: significantly different than MALE SHAM (*); near significantly different than MALE SHAM (#); significantly different than MALE 6-OHDA (**); significantly different than GDX+TP 6-OHDA groups (***).Scatter plots below of “What” (D), “Where” (E), and “When” (F) DIs as functions of the size (percent of total striatal volume) of 6-OHDA lesions for individual GDX (white circles), GDX+TP (black circles), and GDX+E (gray circles) 6-OHDA rats show no consistent relationships between the two for “What” or “When” DI. For “Where” DI, a significant positive correlation was found between larger lesions and better “Where” DI for GDX 6-OHDA rats; the R2-value is shown on the plot (E).




“Where” discrimination

Average “Where” DIs calculated for FEM SHAM and MALE SHAM rats were 0.18 and 0.30, respectively. In contrast, strong preference for displaced vs. stationary “old familiar” objects was not seen in the FEM 6-OHDA or MALE 6-OHDA groups; these two “Where” DIs were −0.10 and 0.04, respectively (Figure 4B). Post-hoc comparisons (Bonferroni-corrected alpha = 0.0491) showed that although the “Where” DI in the MALE SHAM group was noticeably greater than that of the FEMALE SHAM rats, and in the MALE-6-OHDA group compared to the FEM 6-OHDA subjects, these difference did not reach statistical significance. However, post-hoc testing did confirm that differences in DI's between the SHAM and 6-OHDA groups were significant for both sexes (females, p = 0.007; males, p = 0.009). One-sample t-tests further showed that “Where” DIs were significantly >0 for FEM SHAM [t(1, 10) = 2.39, p = 0.038] and MALE SHAM [t(1, 10) = 4.07, p = 0.002] rats but were not significantly different from zero for the FEM 6-OHDA or MALE 6-OHDA cohorts. Regression analyses also showed that for both sexes, the degrees to which “Where” discriminations were negatively impacted were not significantly predicted by differences in 6-OHDA lesion sizes (FEM 6-OHDA: R2 =0.07; MALE 6-OHDA: R2 = 0.00, see Figure 4E).

Average “Where” DIs calculated for 6-OHDA lesioned GDX, GDX+TP, and GDX+E rats were 0.16, −0.06, and 0.13, respectively (Figure 5B). These data indicate preferential investigation of the displaced vs. the stationary “old familiar” object in GDX 6-OHDA and GDX+E 6-OHDA groups but not in GDX+TP 6-OHDA rats. Post-hoc comparisons (Bonferroni-corrected alpha of 0.0489) confirmed that DIs were similar in MALE 6-OHDA and GDX+TP 6-OHDA rats; were similar in the MALE SHAM, GDX 6-OHDA, and GDX+E 6-OHDA groups; and were significantly different (lower) in MALE 6-OHDA and GDX+TP 6-OHDA rats compared to the MALE SHAM, GDX 6-OHDA, and GDX+E 6-OHDA groups (p = 0.013–0.032). Group differences in the robustness of “Where” DIs were also reflected in one-sample t-tests showing that, like MALE SHAMS, the DIs of GDX 6-OHDA, and GDX+E 6-OHDA rats were significantly >0 [GDX 6-OHDA: t(1, 9) = 2.50, p = 0.034; GDX+E 6-OHDA: t(1, 10) = 3.79, p = 0.004] but that, like MALE 6-OHDA rats, DIs from the GDX+TP 6-OHDA groups were not significantly different from zero. Lastly, regression analyses (Figure 5E) found little evidence for significant relationships between 6-OHDA lesion size and degrees to which “Where” DI was impaired (GDX+TP 6-OHDA: R2 = 0.00) or spared (GDX+E 6-OHDA: R2 = 0.09). The only significant relationship found was a positive correlation between larger lesion size and greater/better 'Where' discrimination in the GDX 6-OHDA group (R2 = 0.467, p = 0.029).



“When” discrimination

Average ‘When’ DIs calculated for FEM SHAM and MALE SHAM rats (0.29 and 0.14, respectively) indicated preferential investigation of the stationary “old familiar” object vs. the average investigation of the two “recent familiar” objects in both sexes that was consistently stronger in the FEM SHAM group. In contrast, average “When” DIs for FEM 6-OHDA and MALE 6-OHDA rats were similar to each other and much lower than those of sham-operated rats (0.01 and −0.10, respectively) (Figure 4C). Post-hoc comparisons (Bonferroni-corrected alpha of 0.0491) of “When” DIs identified the DIs of the FEM SHAM group as nearly significantly different (greater) than those of MALE SHAM rats (p = 0.053); the DIs of the FEM 6-OHDA and MALE 6-OHDA groups as similar to each other; and the DIs for the FEM SHAM vs. FEM 6-OHDA groups and for the MALE SHAM vs. MALE 6-OHDA groups as significantly different (p = 0.001, p = 0.003, respectively). One-sample t-tests also showed that “When” DIs: were significantly or near significantly >0 for FEM SHAM [t(1, 10) = 5.49, p < 0.0001] and MALE SHAM [t(1, 10) = 2.09, p = 0.064] groups; were not significantly different from zero for the FEM 6-OHDA group; and were significantly lower than zero for MALE 6-OHDA rats [t(1, 10) = 2.33, p = 0.042]. Regression analyses also showed that 6-OHDA lesion size did not significantly predict the magnitude of “When” discrimination deficits in either sex (FEM 6-OHDA: R2 = 0.04; MALE 6-OHDA: R2 = 0.11, see Figure 4F).

Average “When” DIs calculated for GDX 6-OHDA, GDX+TP 6-OHDA, and GDX+E 6-OHDA rats (−0.12, −0.07, and −0.05, respectively) indicated poor discrimination in all three groups (Figure 5C). Allowed post-hoc comparisons (Bonferroni-corrected alpha = 0.0489) showed that “When” DIs in these groups were similar to each other, were similar to DIs in the MALE 6-OHDA group, but were significantly or nearly significantly different from DIs in the MALE SHAM group (GDX 6-OHDA: p = 0.016; GDX+TP 6-OHDA: p = 0.042; GDX+E 6-OHDA, p = 0.064). One-sample t-tests further showed that “When” DIs for GDX 6-OHDA, GDX+TP 6-OHDA, and GDX+E 6-OHDA groups were not significantly different from zero. Finally, regression analyses confirmed that “When” DI values were not significantly predicted by the size of 6-OHDA-induced striatal lesions in any of these groups (GDX 6-OHDA: R2 = 0.21; GDX+TP 6-OHDA: R2 = 0.10; GDX+E 6-OHDA: R2 = 0.06, see Figure 5F).






DISCUSSION

Memory impairments, including those involving episodic memory, present in roughly 20% of PD patients at or before the onset of motor deficits (30) and afflict more than 50% of patients over the course of illness (20, 26). Episodic memory impairments in particular can also predict a more rapid and more severe decline in motor and memory function (34, 35) and signal a greater probability of developing PD-related dementia (26, 36, 37). These clinical characteristics combine with the overall resistance of cognitive and mnemonic disturbances in PD to available therapeutics (19, 20, 22) to bring urgency to resolving questions about the neural underpinnings of episodic memory dysfunction in PD. While imaging studies have begun to identify structural brain changes that correlate with and in some cases predict the onset of episodic memory deficits in PD (42–44), less is known about the physiological factors that render episodic memory vulnerable in this disease. These factors could serve as biomarkers that prompt early, possibly preventive intervention and facilitate planning for long-term clinical care. These factors could also represent novel therapeutic targets that address unmet clinical needs for more effective treatment of the cognitive and mnemonic deficits in PD (19, 20, 22). This study was stimulated by findings suggesting that biological sex and/or sex hormones are among the factors that influence episodic memory function in PD (60–62) and used a preclinical PD model to investigate this further. Specifically, partial, bilateral neostriatal 6-OHDA dopamine lesions in female and male rats were paired with classical methods of hormone monitoring and manipulation and with behavioral testing using the WWWhen Episodic-Like Memory task. These studies confirmed and extended recent evidence for rats as suitable models for human sex differences in episodic memory (64). Thus, in keeping with sex differences described in human episodic memory for temporal and spatial information (71–79), non-significant trends were seen indicating that FEM SHAM rats outperformed MALE SHAM rats in “When” discrimination and gonadally intact that MALE SHAM rats tended to outperform FEM SHAM rats in “Where” discrimination. Further, these studies identified striking, negative impacts of 6-OHDA dopamine lesions on ELM function for all domains in gonadally intact rats of both sex. Finally, the data showed that ELM deficits in 6-OHDA lesioned male rats were strongly influenced by circulating hormone levels in domain specific ways. Specifically, similar to the gonadally intact males, 6-OHDA lesions in GDX+TP rats significantly impaired discriminations of “What,” “Where,” and “When.” However, in the 6-OHDA-lesioned GDX and GDX+E groups, “When” discrimination was fully impaired, “What” discrimination was partially disrupted, and “Where” discrimination remained fully intact. As discussed below, these patterns of memory impairment and sparing map to ELM domains recently identified as differentially sensitive to circulating estrogens and/or androgens (64) and offer a second, powerful example where the normally harmful effects of androgen depletion prove beneficial for memory function in 6-OHDA lesioned rats (66). First, however, the strategies used to minimize potential confounds from non-mnemonic influences on the ELM data are considered.


Experimental Design and Data Analyses Minimize Non-mnemonic Confounds

Key variables examined in this study included biological sex and monitored and manipulated sex hormone levels. These variables require that study design and data interpretation be informed by known sex differences in key behaviors, and by the broad range of metabolic and motivational states that gonadal hormones modulate in sex-specific ways. These include prominent sex differences in and sex hormone impacts on, sensitivity to positive and negative reinforcement (80–88). Thus, while there are several options for laboratory testing of ELM in rodents (89–93), the WWWhen task was selected for its leveraging of rats' innate preference for novelty and spontaneous investigations of novel objects encountered in the environment (63, 92). In fact, this task shares many of the same benefits recently espoused for single trial object recognition tasks in investigating neuroendocrine influences on learning and memory (94). In addition to mitigating potential confounds associated with reward contingencies, the WWWhen task is also minimally stressful and thus reduces the potential for bias arising from sex-specific impacts of stress on cognition and affect in rats (95–97). Studies in rat showing that stress sex-specifically impacts dopamine physiology in brain regions including the neostriatum (98), and studies in humans showing negative impacts of stress on episodic memory performance (99–103) further reinforce the importance of adopting testing procedures in animal subjects that minimize this variable.

This study also included variables of partial, bilateral neostriatal 6-OHDA lesions. This brings additional possibility for sex- and sex hormone-specific caveats. For example, studies in rats and mice have shown that the extent of and/or susceptibility to the effects of toxin-induced dopamine lesions is greater in males than in females (104–107); is greater for females in diestrus compared to proestrus (108–110); is greater in gonadally intact compared to GDX males (104, 111); and is greater in GDX males supplemented with the non-aromatizable androgen, dihydrotestosterone, compared to GDX males treated with estradiol (104, 105, 112). Moreover, these differences have been shown to be especially to exclusively robust for moderately sized, partial 6-OHDA lesions (6, 104). For these reasons, rigorous quantitative evaluations were made in this study of 6-OHDA lesion volume and lesion symmetry in all subjects and groups. As in a previous study using a similar lesioning protocol (66), there was some inter-subject variance in lesion measures. However, these tended to be small. Further, there were no obvious correlations between lesion size and estrous cycle stage at the time of surgery among the female subjects; there were no significant or near significant correlations between lesion size and hormone status at the time of surgery in males; there were no significant or near significant group differences in 6-OHDA lesion size or symmetry; and other than a small number of isolated cases involving non-mnemonic behaviors, the only significant correlation found between lesion size and ELM was a single positive association between larger lesion size and improved “Where” discrimination in GDX 6-OHDA rats. This adds to arguments for the behavioral sparing in this group as being highly unlikely to be due to smaller lesion sizes.

Finally, this study used lesion strategies developed intentionally to model early stages of PD and to yield motor deficits that are minimal or absent (65, 113–117). Nonetheless, multiple behaviors were evaluated during both the Sample and Test trials in addition to object exploration/discrimination, to confirm that 6-OHDA lesioned rats had the same abilities to ambulate, navigate, and explore as SHAM lesioned controls. Importantly, there were no group differences among the 6-OHDA or SHAM groups in ambulation, rearing, grooming, arena ledge investigation, object exploration, or stationary behavior for any trial. Rather, the 6-OHDA and SHAM groups apportioned and modified their engagement in all major activities—including object exploration (below), similarly both within and across trials.



ELM in a Preclinical Model of PD: Validation of Sham-Lesioned Controls

Partial unilateral or partial bilateral nigrostriatal dopamine lesions in rats and mice have been shown to elicit measurable changes in active avoidance, working memory, reference memory, object recognition, and/or other cognitive domains that model those that are at risk in early and pre-motor stages of PD (66, 115, 118–123). To our knowledge, however, the present study is the first to ask whether episodic memory deficits, which are also at risk in PD (21, 32, 33), are induced in a preclinical dopamine lesion PD model (partial bilateral neostriatal 6-OHDA lesions). As a critical control, we included cohorts of gonadally intact male and female rats that were sham lesioned, i.e., bilaterally injected with acidified vehicle. Evaluations of the injected neostriatal regions revealed no evidence of local tissue disruption or obvious change (increases or decreases) in the intensity of TH-immunostaining compared to adjacent, un-injected neostriatal zones. Nonetheless, both SHAM groups were systematically probed for possible effects on an array of task-related motor, exploratory, and other behaviors. These analyses revealed sex differences that were consistent with the increased activity/ambulation that has been reported for female compared to male rats in Novel Open Field testing (124, 125). Specifically, the FEM SHAM rats engaged in significantly more active behavior (ambulation, ledge investigation) and displayed significantly less inactivity (stationary behavior) than the MALE SHAM rats. Comparisons with published data from this lab, where WWWhen testing was carried out in un-operated, gonadally intact male and female rats (64), also showed similarities in both the proportions of trial times that SHAM vs. un-operated rats allotted to major task-related behaviors, and in calculated discrimination indices. Thus, for the latter DIs in SHAM and un-operated control male and female rats alike were some 1.2–2.4 times greater for “What” discrimination compared to discriminations of “Where” and “When” (64).

Sex differences in DIs observed for the MALE SHAM and FEM SHAM rats in this study were non-significant. However, trends in the data were observed that were similar to those identified in the two prior studies of ELM in rats that included biological sex as a covariate. For example, in keeping with findings for human males as outperforming females in tests of episodic memory requiring visuospatial recall (75, 76, 79), all rat studies including the present showed better “Where” discrimination in gonadally intact male compared to gonadally intact female subjects (64, 126). The present study also revealed a trend for better discrimination of “When” in FEM SHAM compared to MALE SHAM rats. This potentially aligns with findings showing that women perform better than men in temporal ordering tasks and in estimating temporal features of remembered events (71–74, 77, 78). However, despite the robust evidence that supports superior performance of women in tests of episodic memory requiring recall of pictures and objects (79, 127), no rodent studies to date– including the present, have identified corresponding significant or non-significant trends for female over male differences in rats' discriminations of “What.” While the presence or absence of sex differences could be related to the different cells and circuits that process what, where and when ELM domains [see (128)], they may also be explained by the likelihood that discriminations based on multiple object features (“What”) are more easily made than those based on more constrained dimensions of “Where” or “When” (94, 129, 130). Accordingly, it may be necessary to increase the mnemonic demands of the WWWhen task (e.g., lengthen inter-trial intervals or reduce the number of distinguishing dimensions for sample objects) in order to reveal the full extent to which human patterns of domain-specific sex differences in episodic memory are recapitulated in rats.



ELM in a Preclinical Model of PD: Sex Differences

Sex differences characterize the incidence and prevalence of PD (10–13) and differentiate many of its motor, autonomic and affective disturbances (6, 12, 131–133). Although less intensively studied, consensus findings also link male gender to increased risk for developing PD-related cognitive dysfunction and dementia (5, 6, 58–60, 134). Episodic memory deficits have also been shown to be more common, and to worsen more rapidly in males (60) and to respond better to multimodal exercise interventions in females (61, 62). Thus, similar to what has been more firmly established for aging, Alzheimer's disease, and schizophrenia (50–55, 57), there are reasons to suspect that biological sex and sex hormones also influence episodic memory dysfunction in PD in potentially therapeutic ways. One objective of this study was to determine the utility of a preclinical, 6-OHDA lesion rat model of PD to more rigorously evaluate these influences. Using the WWWhen task and well-validated sham-lesioned controls (above), we showed that partial, bilateral neostriatal 6-OHDA lesions indeed induced significant, highly robust ELM deficits in both male and female rats. Specifically, rats of both sexes were profoundly impaired in discriminating among the Test trial objects based on domains of “What,” “Where,” and “When.” However, mindful of data from this lab and others showing that 6-OHDA lesions can induce potentially confounding perseveration, difficulty in disengaging from stimuli, and delays in initiating behavior (66, 135) we also evaluated 6-OHDA and SHAM rats for latency to initiate object exploration, total object exploration times, total amounts of time spent exploring individual objects, and mean durations of single bouts of object exploration across groups. Due perhaps to the small arena size and the proximity of objects to the central start position, there were no indications that 6-OHDA lesioned rats (of any group) hesitated at the starts of Sample or Test trials. Further, and possibly related to the relatively short distances that separated sample objects, there was no evidence that any of the 6-OHDA lesioned groups engaged in prolonged or perseverative explorations of individual objects. These findings reinforce conclusions that differential object investigations observed during Test trials aptly reflected rats' ELM and further identify the WWWhen task and the testing apparatus used as suitable for evaluating episodic memory dysfunction in 6-OHDA lesioned rats. However, in contrast to the need for increased mnemonic demands to resolve sex differences in ELM in gonadally intact animals, any sex differences that may have been present among the MALE 6-OHDA and FEM 6-OHDA rats were obscured by the extremely low levels of discrimination seen in both groups. Thus, shorter inter-trial intervals may be needed to avoid basement effects and determine whether a more severe PD-related memory phenotype in males that is predicted in the human literature (5, 6, 59, 60) is borne out in MALE 6-OHDA compared to FEM 6-OHDA rats. It may also be useful to evaluate ELM in 6-OHDA lesioned male and female rats sooner and/or at several intervals after the induction of chemical lesions. Although inarguably abrupt compared to the progression of dopamine loss in PD, the strategy used here of injecting 6-OHDA among the axon terminal fields of nigrostriatal DA neurons has been shown to produce a more protracted time course of dopamine depletion compared to 6-OHDA injections targeting the medial forebrain bundle or substantia nigra (113). Thus, while not without caveats, this model might be useful for exploring and better understanding the sex differences in onset and/or rates of memory decline that are seen in PD (5, 6, 59, 60). Genetic rodent models of PD such as PINK1 knockout rats, which have been shown to undergo progressive nigrostriatal dopamine loss (136, 137), may also be well- and perhaps better-suited for this purpose.



ELM in a Preclinical Model of PD: Hormone Impacts in Males

We recently demonstrated the utility of pairing 6-OHDA lesions with classical hormone manipulations in male rats as important, previously untested means of modeling and exploring hormone impacts on cognitive dysfunction in PD. Specifically, we used Barnes maze testing to evaluate and compare spatial working memory, learning strategy, and other higher order functions in 6-OHDA-lesioned male rats that were either gonadally intact, gonadectomized (GDX), or GDX and supplemented with testosterone or estradiol (66). These analyses were informed by earlier work showing that the principal measures of Barnes maze performance assessed are impaired by GDX and are attenuated in GDX rats supplemented with testosterone but not estradiol i.e., are androgen-sensitive (138). What was found was that these androgen-sensitive elements of behavior (spatial working memory, other frontal lobe operations) were profoundly impaired by 6-OHDA lesions—but only in animal groups where circulating androgen levels were physiologic, i.e., only in male 6-OHDA lesioned gonadally intact and GDX+TP rats. These findings seem consistent with recent studies showing that the motor consequences of similar experimental dopamine lesions are also dependent on and/or exacerbated by circulating androgens in males (139, 140). However, we also found that in 6-OHDA lesioned GDX and GDX+E rats, Barnes maze performance rivaled that of un-lesioned, hormonally intact controls (66). Thus, in these two groups, neither the profound Barnes maze deficits that are normally induced by androgen depletion (138) nor those that are produced in control and GDX+TP by 6-OHDA lesions were present (66). As discussed below, data from the present study suggest that similarly intriguing and perhaps therapeutically relevant relationships also exist between experimental dopamine lesions, circulating androgens, and processes of ELM.

Recent studies from this lab carried out in un-lesioned rats showed that GDX in male rats profoundly impairs ELM for “What”, “Where”, and “When” discriminations (64). However, these studies also showed that GDX-induced deficits were rescued by estrogen and/or testosterone replacement in highly selective, domain specific ways (64). Specifically, GDX-induced deficits in “What” discrimination were fully attenuated by TP and were partially rescued by E, thus indicating a requirement for both estrogen and androgen signaling. In contrast, GDX-induced deficits in “Where” discrimination were fully attenuated by TP and were unaffected by E, thus indicating androgen-sensitivity and estrogen-insensitivity. Finally, GDX-induced deficits in “When” discrimination were fully and equally attenuated by both TP and E, indicating their estrogen-sensitivity and androgen-insensitivity (64). The present assessment of 6-OHDA lesion impacts on these same ELM domains, in these same groups (gonadally intact, GDX, GDX+E, GDX+TP), revealed profound lesion-induced deficits for “What,” “Where,” and “When” discrimination, albeit only in the MALE 6-OHDA and GDX+TP 6-OHDA groups. In contrast, in the GDX 6-OHDA and GDX+E 6-OHDA rats, there was selective sparing of 6-OHDA-induced deficits that was highly specific for androgen-sensitive discrimination domains. Thus, in both GDX 6-OHDA and GDX+E 6-OHDA rats, discrimination of “Where” was fully spared, discrimination of “What” was partially spared, and discrimination of “When” was fully vulnerable to 6-OHDA lesion-induced deficits. It is important to repeat that neither impairments nor sparing of ELM discriminations were related to differences in 6-OHDA lesion sizes. Rather, as previously seen for Barnes maze testing (66), the data were dependent on circulating androgen levels. Specifically, physiological levels of androgen, which normally support these and other cognitive functions (64, 81, 141–145), render these processes vulnerable to dysfunction induced by nigrostriatal dopamine depletion. The data also support the corollary that androgen depletion, which is normally harmful to cognition and memory (64, 138, 146, 147), protects these domains from dysregulation and dysfunction induced by experimental 6-OHDA lesions. Because the WWWhen task concurrently measures discriminations that are explicitly estrogen-sensitive (“When”), uniquely androgen-sensitive (“Where”), and requiring of both (“What”) (64), especially strong arguments can be made for androgens, and not estrogens, as conferring behavioral vulnerability and protection, and for the targeted behaviors as being androgen, and not estrogen-sensitive. One explanation for how this occurs could lie in off-setting impacts on prefrontal dopamine levels. Specifically, nigrostriatal 6-OHDA lesions have been shown to diminish dopamine levels in prefrontal and cingulate cortices (148, 149) whereas GDX has been shown to selectively increase dopamine levels in these cortical regions in an androgen-dependent, estrogen-insensitive manner (67, 150, 151). Thus, given the well-established inverted U-shaped function that defines the relationship between dopamine levels and prefrontal cortical functions (152), it is possible that the combination of neostriatal 6-OHDA lesions and GDX or GDX+E yield prefrontal dopamine levels that are more functionally optimal compared to rats that are 6-OHDA-lesioned (hypodopaminergic) or hormonally manipulated (hyperdopaminergic) alone. In MALE 6-OHDA and GDX+TP 6-OHDA rats, there are no hormone-related, dopamine-facilitating influences present to balance the prefrontal hypodopaminergia induced by 6-OHDA lesions, thus, predictably, leading to cognitive impairment (152–155). However, while prior studies linked androgen regulation/dysregulation to frontal lobe functions (66) the present studies extend this relationship to processes of ELM. This opens the possibility for androgen-mediated actions and mechanisms also targeting additional brain regions and neurotransmitters systems that along with the frontal lobe are critical for mediating this form of memory. These additional targets could include medial temporal lobe structures such as the entorhinal cortices, the hippocampal formation, and the septo-hippocampal cholinergic systems. All have been inexorably linked to episodic and other types of memory functions in healthy humans (156, 157), are strongly linked to the disturbances in episodic and other memory processes in PD (44, 158, 159) and are highly sensitive to androgens in rats (160–162). Data from rodent studies further underscore the need to evaluate and compare androgen impacts on lateral and medial entorhinal cortices and on CA1 and CA3 hippocampal subfields. Like gonadal hormones, these loci have been shown to play striking, domain-specific roles in what, where, and where elements of episodic memory [e.g., (128, 163–169)]. Finally, there are intriguing data showing pivotal roles for hippocampal area CA3 (89) and for functional interactions between medial prefrontal cortex and the CA1 and CA3 subfields (170–172) in the integration of “What,” “Where,” and/or “When” information into cohesive episodic memories. Identifying the hormone sensitivities of these important sites, circuits, and mnemonic processes, however, will require studies that not only combine hormone manipulations with site specific and disconnection lesion strategies but that also use an alternate version of the WWWhen task that incorporates recent and old familiar objects that are displaced into the test trial (173). Unlike the version of the WWWhen task used here, the test trial configuration of this task allows for explicit measurement of interactions between memory for object location and temporal ordering (128). While data from this lab have shown that hormone modulation of memory functions tapped in the version of the WWWhen task used here (64) differs from hormone sensitivities identified for memory processes engaged in preference tasks based on object features (174) or location (175) alone, testing on the alternative WWWhen task will be important in more definitively tying hormone impacts to the integrative aspects of ELM.




CONCLUSIONS AND FUTURE DIRECTIONS

Both the motor signs and the non-motor symptoms of PD are distinguished by prominent sex differences (5, 7–9, 12, 58, 59). This study asked how gonadal hormones influence the cognitive impairments of PD in hopes of discovering new ways to more effectively combat these largely treatment-resistant aspects of the disease. Focusing specifically on processes of episodic memory, we found that this memory form is highly susceptible to impairment caused by a 6-OHDA dopamine lesion model of PD in male and female rats. However, in male rats, we also found that 6-OHDA-induced impairments in discrimination domains previously identified as androgen-sensitive (64) could be strongly attenuated by reducing circulating androgen levels. Understanding the basis for these potentially therapeutic actions may be especially pressing to resolve, given the prevalence of low testosterone levels in PD patients (176) and current practices of using hormone replacement therapies to elevate them (177). With the present identification of 6-OHDA lesions and WWWhen ELM testing in rats as a validated experimental framework, suitable means are now at hand for deeply investigating these actions and uncovering their neurobiological bases.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



ETHICS STATEMENT

The animal study was reviewed and approved by Institutional Animal Care and Use Committee at Stony Brook University.



AUTHOR CONTRIBUTIONS

MC is a Ph.D. candidate who helped develop the experiments and was responsible for behavioral testing, for data analysis and archiving, for figure preparation, and for contributing to manuscript writing and editing. DJ is an undergraduate student who assisted with animal handling, behavioral analyses, data archiving, and manuscript editing. BA is a Professor in Stony Brook University's Department of Psychology who assisted in developing the experiments, provided guidance for behavioral testing and analysis, and contributed to manuscript editing. MK is a Professor in Stony Brook University's Department of Neurobiology and Behavior who developed the experiments, provided oversight for all aspects of the study, assisted with behavioral testing and histology, and contributed to manuscript writing and editing. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by an award from the Thomas Hartman Foundation for Parkinson's Research. MC was also supported by Stony Brook University's NIH-funded Initiative for Maximizing Student Development: Maximizing Excellence in Research for Graduate Education (IMSD-MERGE) Program.



ACKNOWLEDGMENTS

The authors thank Dr. Kerry Gaffney, M.D., for her assistance with animal surgeries. We also thank Ms. Wendy Akmentin, Ms. Shruti Gupta, and Ms. Monique Robinson for assistance with histology (WA, SG, and MR) and for assisting in behavioral scoring of ambulation (MR).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2020.00942/full#supplementary-material



REFERENCES

 1. Jankovic J. Parkinson's disease: clinical features and diagnosis. J Neurol Neurosurg Psychiatry. (2008) 79:368–76. doi: 10.1136/jnnp.2007.131045

 2. Sveinbjornsdottir S. The clinical symptoms of Parkinson's disease. J Neurochem. (2016) 139:318–24. doi: 10.1111/jnc.13691

 3. Del Rey NL-G, Quiroga-Varela A, Garbayo E, Carballo-Carbajal I, Fernández-Santiago R, Monje MHG, et al. Advances in Parkinson's disease: 200 years later. Front Neuroanat. (2018) 12:113. doi: 10.3389/fnana.2018.00113

 4. Papagno C, Trojano L. Cognitive and behavioral disorders in Parkinson's disease: an update. I: cognitive impairments. Neurol Sci. (2018) 39:215–23. doi: 10.1007/s10072-017-3154-8

 5. Miller IN, Cronin-Golomb A. Gender differences in Parkinson's disease: clinical characteristics and cognition. Move Disord. (2010) 25:2695–703. doi: 10.1002/mds.23388

 6. Gillies GE, Pienaar IS, Vohra S, Qamhawi Z. Sex differences in Parkinson's disease. Front Neuroendocrinol. (2014) 35:370–84. doi: 10.1016/j.yfrne.2014.02.002

 7. Jurado-Coronel JC, Cabezas R, Ávila Rodríguez MF, Echeverria V, García-Segura LM, Barreto GE. Sex differences in Parkinson's disease: features on clinical symptoms, treatment outcome, sexual hormones and genetics. Front Neuroendocrinol. (2018) 50:18–30. doi: 10.1016/j.yfrne.2017.09.002

 8. Ullah MF, Ahmad A, Bhat SH, Abu-Duhier FM, Barreto GE, Ashraf GM. Impact of sex differences and gender specificity on behavioral characteristics and pathophysiology of neurodegenerative disorders. Neurosci Biobehav Rev. (2019) 102:95–105. doi: 10.1016/j.neubiorev.2019.04.003

 9. Meoni S, Macerollo A, Moro E. Sex differences in movement disorders. Nat Rev Neurol. (2020) 16:84–96. doi: 10.1038/s41582-019-0294-x

 10. Baldereschi M, Di Carlo A, Rocca WA, Vanni P, Maggi S, Perissinotto E, et al. Parkinson's disease and parkinsonism in a longitudinal study: two-fold higher incidence in men. Neurology. (2000) 55:1358–63. doi: 10.1212/WNL.55.9.1358

 11. Shulman LM, Bhat V. Gender disparities in Parkinson's disease. Expert Rev Neurother. (2006) 6:407–16. doi: 10.1586/14737175.6.3.407

 12. Haaxma CA, Bloem BR, Borm GF, Oyen WJG, Leenders KL, Eshuis S, et al. Gender differences in Parkinson's disease. J Neurol Neurosurg Psychiatry. (2007) 78:819–24. doi: 10.1136/jnnp.2006.103788

 13. Taylor KSM, Cook JA, Counsell CE. Heterogeneity in male to female risk for Parkinson's disease. J Neurol Neurosurg Psychiatry. (2007) 78:905–6. doi: 10.1136/jnnp.2006.104695

 14. Alves G, Muller B, Herlofson K, HogenEsch I, Telstad W, Aarsland D, et al. Incidence of Parkinson's disease in Norway: the Norwegian ParkWest study. J Neurol Neurosurg Psychiatry. (2009) 80:851–7. doi: 10.1136/jnnp.2008.168211

 15. Martinez-Martin P, Falup Pecurariu C, Odin P, van Hilten JJ, Antonini A, Rojo-Abuin JM, et al. Gender-related differences in the burden of non-motor symptoms in Parkinson's disease. J Neurol. (2012) 259:1639–47. doi: 10.1007/s00415-011-6392-3

 16. Pfeiffer HCV, Løkkegaard A, Zoetmulder M, Friberg L, Werdelin L. Cognitive impairment in early-stage non-demented Parkinson's disease patients. Acta Neurol Scand. (2014) 129:307–18. doi: 10.1111/ane.12189

 17. Cosgrove J, Alty JE, Jamieson S. Cognitive impairment in Parkinson's disease. Postgraduate Med J. (2015) 91:212–20. doi: 10.1136/postgradmedj-2015-133247

 18. Aarsland D, Creese B, Politis M, Chaudhuri KR, Ffytche DH, Weintraub D. Cognitive decline in Parkinson disease. Nat Rev Neurol. (2017) 13:217–31. doi: 10.1038/nrneurol.2017.27

 19. Goldman JG, Vernaleo BA, Camicioli R, Dahodwala N, Dobkin RD, et al. Cognitive impairment in Parkinson's disease: a report from a multidisciplinary symposium on unmet needs and future directions to maintain cognitive health. NPJ Parkinson's Dis. (2018) 4:19. doi: 10.1038/s41531-018-0055-3

 20. Fang C, Lv L, Mao S, Dong H, Liu B. Cognition deficits in Parkinson's disease: mechanisms and treatment. Parkinson's Dis. (2020) 2020:2076942. doi: 10.1155/2020/2076942

 21. Aarsland D, Kurz MW. The epidemiology of dementia associated with Parkinson disease. J Neurol Sci. (2010) 289:18–22. doi: 10.1016/j.jns.2009.08.034

 22. Rowe J, Hughes L, Ghosh B, Eckstein D, Williams-Gray C, Fallon S, et al. Parkinson's disease and dopaminergic therapy—differential effects on movement, reward and cognition. Brain. (2008) 131:2094–105. doi: 10.1093/brain/awn112

 23. Cools R. Enhanced or impaired cognitive function in Parkinson's disease as a function of dopaminergic medication and task demands. Cerebral Cortex. (2001) 11:1136–43. doi: 10.1093/cercor/11.12.1136

 24. Czernecki V. Motivation, reward, and Parkinson's disease: influence of dopatherapy. Neuropsychologia. (2002) 40:2257–67. doi: 10.1016/S0028-3932(02)00108-2

 25. Abboud H, Floden D, Thompson NR, Genc G, Oravivattanakul S, Alsallom F, et al. Impact of mild cognitive impairment on outcome following deep brain stimulation surgery for Parkinson's disease. Parkinsonism Related Disord. (2015) 21, 249–253. doi: 10.1016/j.parkreldis.2014.12.018

 26. Aarsland D, Andersen K, Larsen JP, Lolk A. Prevalence and characteristics of dementia in Parkinson disease. Arch Neurol. (2003) 60:387. doi: 10.1001/archneur.60.3.387

 27. Schrag A. What contributes to quality of life in patients with Parkinson's disease? J Neurol Neurosurg Psychiatry. (2000) 69:308–12. doi: 10.1136/jnnp.69.3.308

 28. Elgh E, Domellã M, Linder J, Edstrãm M, Stenlund H, Forsgren L. Cognitive function in early Parkinson's disease: a population-based study. Eur J Neurol. (2009) 16:1278–84. doi: 10.1111/j.1468-1331.2009.02707.x

 29. Pagonabarraga J, Kulisevsky J. Cognitive impairment and dementia in Parkinson's disease. Neurobiol Dis. (2012) 46:590–6. doi: 10.1016/j.nbd.2012.03.029

 30. Breen KC, Drutyte G. Non-motor symptoms of Parkinson's disease: the patient's perspective. J Neural Trans. (2013) 120:531–5. doi: 10.1007/s00702-012-0928-2

 31. Tulving E. Episodic memory: from mind to brain. Ann Rev Psychol. (2002) 53:1–25. doi: 10.1146/annurev.psych.53.100901.135114

 32. Yarnall AJ, Breen DP, Duncan GW, Khoo TK, Coleman SY, Firbank MJ, et al. Characterizing mild cognitive impairment in incident Parkinson disease: The ICICLE-PD study. Neurology. (2014) 82:308–16. doi: 10.1212/WNL.0000000000000066

 33. Weintraub D, Simuni T, Caspell-Garcia C, Coffey C, Lasch S, Siderowf A, et al. Cognitive performance and neuropsychiatric symptoms in early, untreated Parkinson's disease. Move Disord. (2015) 30:919–27. doi: 10.1002/mds.26170

 34. Muslimović D, Post B, Speelman JD, Schmand B. Cognitive profile of patients with newly diagnosed Parkinson disease. Neurology. (2005) 65:1239–45. doi: 10.1212/01.wnl.0000180516.69442.95

 35. Broeders M, De Bie R, Velseboer DC, Speelman JD, Muslimovic D, Schmand B. Evolution of mild cognitive impairment in Parkinson disease. Neurology. (2013) 81:346–52. doi: 10.1212/WNL.0b013e31829c5c86

 36. Emre M, Aarsland D, Brown R, Burn DJ, Duyckaerts C, Mizuno Y, et al. Clinical diagnostic criteria for dementia associated with Parkinson's disease. Move Disord. (2007) 22:1689–707. doi: 10.1002/mds.21507

 37. Robbins TW, Cools R. Cognitive deficits in Parkinson's disease: a cognitive neuroscience perspective. Move Disord. (2014) 29:597–607. doi: 10.1002/mds.25853

 38. Aarsland D, Larsen JP, Tandberg E, Laake K. Predictors of nursing home placement in Parkinson's disease: a population-based, prospective study. J Am Geriatr Soc. (2000) 48:938–42. doi: 10.1111/j.1532-5415.2000.tb06891.x

 39. Hughes TA, Ross HF, Mindham RHS, Spokes EGS. Mortality in Parkinson's disease and its association with dementia and depression. Acta Neurol Scand. (2004) 110:118–23. doi: 10.1111/j.1600-0404.2004.00292.x

 40. Halliday G, Hely M, Reid W, Morris J. The progression of pathology in longitudinally followed patients with Parkinson's disease. Acta Neuropathol. (2008) 115:409–15. doi: 10.1007/s00401-008-0344-8

 41. Hely MA, Morris JGL, Reid WGJ, Trafficante R. Sydney multicenter study of Parkinson's disease: non- L -dopa–responsive problems dominate at 15 years. Move Disord. (2005) 20:190–9. doi: 10.1002/mds.20324

 42. Filoteo JV, Reed JD, Litvan I, Harrington DL. Volumetric correlates of cognitive functioning in nondemented patients with Parkinson's disease. Mov Disord. (2014) 29:360–7. doi: 10.1002/mds.25633

 43. Pirogovsky-Turk E, Filoteo JV, Litvan I, Harrington DL. Structural MRI correlates of episodic memory processes in Parkinson's disease without mild cognitive impairment. J Parkinsons Dis. (2015) 5:971–81. doi: 10.3233/JPD-150652

 44. La C, Linortner P, Bernstein JD, Cruadhlaoich MAIU, Fenesy M, Deutsch GK, et al. Hippocampal CA1 subfield predicts episodic memory impairment in Parkinson's disease. NeuroImage Clin. (2019) 23:101824. doi: 10.1016/j.nicl.2019.101824

 45. Dunet V, Fartaria MJ, Deverdun J, Le Bars E, Maury F, Castelnovo G, et al. Episodic memory decline in Parkinson' s disease: relation with white matter hyperintense lesions and influence of quantification method. Brain Imaging Behav. (2018) 13:810–8. doi: 10.1007/s11682-018-9909-x

 46. Herlitz A, Reuterskiöld L, Lovén J, Thilers PP, Rehnman J. Cognitive sex differences are not magnified as a function of age, sex hormones, or puberty development during early adolescence. Dev Neuropsychol. (2013) 38:167–79. doi: 10.1080/87565641.2012.759580

 47. Pauls F, Petermann F, Lepach AC. Gender differences in episodic memory and visual working memory including the effects of age. Memory. (2013) 21:857–74. doi: 10.1080/09658211.2013.765892

 48. Gur RE, Gur RC. Sex differences in brain and behavior in adolescence: findings from the Philadelphia neurodevelopmental cohort. Neurosci Biobehav Rev. (2016) 70:159–70. doi: 10.1016/j.neubiorev.2016.07.035

 49. Asperholm M, Nagar S, Dekhtyar S, Herlitz A. The magnitude of sex differences in verbal episodic memory increases with social progress: Data from 54 countries across 40 years. PLoS ONE. (2019) 14:e0214945. doi: 10.1371/journal.pone.0214945

 50. Ferreira L, Ferreira Santos-Galduróz R, Ferri CP, Fernandes Galduróz JC. Rate of cognitive decline in relation to sex after 60 years-of-age: a systematic review. Geriatrics Gerontol Int. (2014) 14:23–31. doi: 10.1111/ggi.12093

 51. McCarrey AC, An Y, Kitner-Triolo MH, Ferrucci L, Resnick SM. Sex differences in cognitive trajectories in clinically normal older adults. Psychol Aging. (2016) 31:166–75. doi: 10.1037/pag0000070

 52. Gur Ruben GR. Memory in health and schizophrenia. Dialogues Clin Neurosci. (2013) 15:399–410. Available online at: https://www.dialoguescns.org/contents-15-4/dialoguesclinneurosci-15-399/

 53. Mendrek A, Mancini-Marïe A. Sex/gender differences in the brain and cognition in schizophrenia. Neurosci Biobehav Rev. (2016) 67:57–78. doi: 10.1016/j.neubiorev.2015.10.013

 54. Henderson V. Estrogens, episodic memory, and Alzheimer's disease: a critical update. Semin Reproduc Med. (2009a) 27:283–93. doi: 10.1055/s-0029-1216281

 55. Irvine K, Laws KR, Gale TM, Kondel TK. Greater cognitive deterioration in women than men with Alzheimer's disease: a meta analysis. J Clin Exp Neuropsychol. (2012) 34:989–98. doi: 10.1080/13803395.2012.712676

 56. Laws KR, Irvine K, Gale TM. Sex differences in cognitive impairment in Alzheimer's disease. World J Psychiatry. (2016) 6:54–65. doi: 10.5498/wjp.v6.i1.54

 57. Laws KR, Irvine K, Gale TM. Sex differences in Alzheimer's disease. Curr Opinn Psychiatry. (2018) 31:133–9. doi: 10.1097/YCO.0000000000000401

 58. Heller J, Dogan I, Schulz JB, Reetz K. Evidence for gender differences in cognition, emotion and quality of life in Parkinson's disease? Aging Dis. (2014) 5:63–75. doi: 10.14336/AD.2014.050063

 59. Picillo M, Nicoletti A, Fetoni V, Garavaglia B, Barone P, Pellecchia MT. The relevance of gender in Parkinson's disease: a review. J Neurol. (2017) 264:1583–607. doi: 10.1007/s00415-016-8384-9

 60. Cholerton B, Johnson CO, Fish B, Quinn JF, Chung KA, Peterson-Hiller AL, et al. Sex differences in progression to mild cognitive impairment and dementia in Parkinson's disease. Parkinsonism Related Disord. (2018) 50:29–36. doi: 10.1016/j.parkreldis.2018.02.007

 61. Gobbi LTB, Barbieri FA, Vitorio R, Pereira MP, Teixeira-Arroyo C. Effects of a multimodal exercise program on clinical, functional mobility and cognitive parameters of idiopathic Parkinson's disease patients. Diagnostics Rehabil Parkinson's Dis. (2011) 339–52. doi: 10.5772/17693

 62. Teixeira-Arroyo C, Rinaldi NM, Batistela RA, Barbieri FA, Vitório R, Gobbi LTB. Exercise and cognitive functions in Parkinson's disease: gender differences and disease severity. Motriz: Revista de Educação Física. (2014) 20:461–9. doi: 10.1590/S1980-65742014000400014

 63. Dere E, Huston J, De Souza Silva MA. Integrated memory for objects, places, and temporal order: evidence for episodic-like memory in mice. Neurobiol Learn Mem. (2005b) 84:214–21. doi: 10.1016/j.nlm.2005.07.002

 64. Conner MC, Adeyemi OM, Anderson BJ, Kritzer MF. Domain-specific contributions of biological sex and sex hormones to what, where and when components of episodic-like memory in adult rats. Eur J Neurosci. (2020) 52:2705–23. doi: 10.1111/ejn.14676

 65. Branchi I, D'Andrea I, Armida M, Carnevale D, Ajmone-Cat MA, Pèzzola A, et al. Striatal 6-OHDA lesion in mice: Investigating early neurochemical changes underlying Parkinson's disease. Behav Brain Res. (2010) 208:137–43. doi: 10.1016/j.bbr.2009.11.020

 66. Betancourt E, Wachtel J, Michaelos M, Haggerty M, Conforti J, Kritzer MF. The impact of biological sex and sex hormones on cognition in a rat model of early, pre-motor Parkinson's disease. Neuroscience. (2017) 345:297–314. doi: 10.1016/j.neuroscience.2016.05.041

 67. Adler A, Vescovo P, Robinson JK, Kritzer MF. Gonadectomy in adult life increases tyrosine hydroxylase immunoreactivity in the prefrontal cortex and decreases open field activity in male rats. Neuroscience. (1999) 89:939–54. doi: 10.1016/S0306-4522(98)00341-8

 68. Kritzer MF. Effects of acute and chronic gonadectomy on the catecholamine innervation of the cerebral cortex in adult male rats: insensitivity of axons immunoreactive for dopamine-β-hydroxylase to gonadal steroids, and differential sensitivity of axons immunoreactive. J Compar Neurol. (2000) 427:617–33. doi: 10.1002/1096-9861(20001127)427:4&lt;617::AID-CNE9&gt;3.0.CO;2-#

 69. Turvin JC, Messer WS, Kritzer MF. On again, off again effects of gonadectomy on the acoustic startle reflex in adult male rats. Physiol Behav. (2007) 90:473–82. doi: 10.1016/j.physbeh.2006.10.010

 70. Marcondes FK, Bianchi FJ, Tanno AP. Determination of the estrous cycle phases of rats: some helpful considerations. Braz J Biol. (2002) 62:609–14. doi: 10.1590/S1519-69842002000400008

 71. Friedman A, Pines A. Sex differences in gender-related childhood memories. Sex Roles. (1991) 25:25–32. doi: 10.1007/BF00289314

 72. Skowronski JJ, Betz AL, Thompson CP, Shannon L. Social memory in everyday life: recall of self-events and other-events. J Personal Soc Psychol. (1991) 60:831. doi: 10.1037/0022-3514.60.6.831

 73. Herz RS, Cupchik GC. An experimental characterization of odor-evoked memories in humans. Chem Senses. (1992) 17:519–28. doi: 10.1093/chemse/17.5.519

 74. Seidlitz L, Diener E. Sex differences in the recall of affective experiences. J Personal Soc Psychol. (1998) 74:262. doi: 10.1037/0022-3514.74.1.262

 75. Lewin C, Wolgers G, Herlitz A. Sex differences favoring women in verbal but not in visuospatial episodic memory. Neuropsychology. (2001) 15:165–73. doi: 10.1037/0894-4105.15.2.165

 76. Herlitz A, Yonker JE. Sex differences in episodic memory: the influence of intelligence. J Clin Exp Neuropsychol. (2002) 24:107–14. doi: 10.1076/jcen.24.1.107.970

 77. Pillemer D, Wink P, DiDonato T, Sanborn R. Gender differences in autobiographical memory styles of older adults. Memory. (2003) 11:525–32. doi: 10.1080/09658210244000117

 78. Pohl RF, Bender M, Lachmann G. Autobiographical memory and social skills of men and women. Appl Cogn Psychol. (2005) 19:745–59. doi: 10.1002/acp.1104

 79. Asperholm M, Hogman N, Rafi J, Herlitz A. What did you do yesterday? A meta-analysis of sex differences in episodic memory Psychol Bull. (2019) 145:785–821. doi: 10.1037/bul0000197

 80. Van Haaren F, Van Hest A, Heinsbroek RPW. Behavioral differences between male and female rats: effects of gonadal hormones on learning and memory. Neurosci Biobehav Rev. (1990) 14:23–33. doi: 10.1016/S0149-7634(05)80157-5

 81. Luine VN, Beck KD, Bowman RE, Frankfurt M, Maclusky NJ. Chronic stress and neural function: accounting for sex and age. J Neuroendocrinol. (2007) 19:743–51. doi: 10.1111/j.1365-2826.2007.01594.x

 82. Luine VN. Sex steroids and cognitive function. J Neuroendocrinol. (2008) 20:866–72. doi: 10.1111/j.1365-2826.2008.01710.x

 83. Osborne DM, Edinger K, Frye CA. Chronic administration of androgens with actions at estrogen receptor beta have anti-anxiety and cognitive-enhancing effects in male rats. Age. (2009) 31:191–8. doi: 10.1007/s11357-009-9114-3

 84. Becker JB, Chartoff E. Sex differences in neural mechanisms mediating reward and addiction. Neuropsychopharmacology. (2019) 44:166–83. doi: 10.1038/s41386-018-0125-6

 85. Chowdhury TG, Wallin-Miller KG, Rear AA, Park J, Diaz V, Simon NW, et al. Sex differences in reward- and punishment-guided actions. Cogn Affect Behav Neurosci. (2019) 19:1404–17. doi: 10.3758/s13415-019-00736-w

 86. Heck AL, Handa RJ. Sex differences in the hypothalamic–pituitary–adrenal axis' response to stress: an important role for gonadal hormones. Neuropsychopharmacology. (2019) 44:45–58. doi: 10.1038/s41386-018-0167-9

 87. Rincón-Cortés M, Herman JP, Lupien S, Maguire J, Shansky RM. Stress: influence of sex, reproductive status and gender. Neurobiology Stress. (2019) 10:100155. doi: 10.1016/j.ynstr.2019.100155

 88. Luine V, Bowman R, Serrano P. Sex differences in acute stress effects on spatial memory and hippocampal synaptic neurochemicals. Understand Stress Work. (2017) 52:52–6. doi: 10.1016/B978-0-12-802175-0.00032-2

 89. Li J-S, Chao Y-S. Electrolytic lesions of dorsal CA3 impair episodic-like memory in rats. Neurobiol Learn Memory. (2008) 8:192–8. doi: 10.1016/j.nlm.2007.06.006

 90. Tronche C, Lestage P, Louis C, Carrie I, Béracochéa D. Pharmacological modulation of contextual “episodic-like” memory in aged mice. Behav Brain Res. (2010) 215:255–60. doi: 10.1016/j.bbr.2010.04.009

 91. Crystal JD, Smith AE. Binding of episodic memories in the rat. Curr Biol. (2014) 24:2957–61. doi: 10.1016/j.cub.2014.10.074

 92. Binder S, Dere E, Zlomuzica A. A critical appraisal of the what-where-when episodic-like memory test in rodents: achievements, caveats and future directions. Prog Neurobiol. (2015) 130:71–85. doi: 10.1016/j.pneurobio.2015.04.002

 93. Panoz-Brown D, Panoz-Brown D, Corbin HE, Dalecki SJ, Gentry M, Brotheridge S, et al. Rats remember items in context using episodic memory. Curr Biol. (2016) 26:2821–6. doi: 10.1016/j.cub.2016.08.023

 94. Luine V. Recognition memory tasks in neuroendocrine research. Behav Brain Res. (2015) 285:158–64. doi: 10.1016/j.bbr.2014.04.032

 95. Shansky RM, Lipps J. Stress-induced cognitive dysfunction: hormone-neurotransmitter interactions in the prefrontal cortex. Front Hum Neurosci. (2013) 7:123. doi: 10.3389/fnhum.2013.00123

 96. Kokras N, Dalla C. Preclinical sex differences in depression and antidepressant response: Implications for clinical research. J Neurosci Res. (2017) 95:731–6. doi: 10.1002/jnr.23861

 97. Luine V, Gomez J, Beck K, Bowman R. Sex differences in chronic stress effects on cognition in rodents. Pharmacol Biochem Behav. (2017) 152:13–9. doi: 10.1016/j.pbb.2016.08.005

 98. Dalla C, Antoniou K, Kokras N, Drossopoulou G, Papathanasiou G, Bekris S, et al. Sex differences in the effects of two stress paradigms on dopaminergic neurotransmission. Physiol Behav. (2008) 93:595–605. doi: 10.1016/j.physbeh.2007.10.020

 99. Piefke M, Weiss PH, Markowitsch HJ, Fink GR. Gender differences in the functional neuroanatomy of emotional episodic autobiographical memory. Hum Brain Mapp. (2005) 24:313–24. doi: 10.1002/hbm.20092

 100. Andreano JM, Cahill L. Sex influences on the neurobiology of learning and memory. Learn Mem. (2009) 16:248–66. doi: 10.1101/lm.918309

 101. Gagnon SA, Wagner AD. Acute stress and episodic memory retrieval: neurobiological mechanisms and behavioral consequences. Ann N Y Acad Sci. (2016) 1369:55–75. doi: 10.1111/nyas.12996

 102. Merz CJ. Contribution of stress and sex hormones to memory encoding. Psychoneuroendocrinology. (2017) 82:51–8. doi: 10.1016/j.psyneuen.2017.05.002

 103. Merz CJ, Wolf OT. Sex differences in stress effects on emotional learning. J Neurosci Res. (2017) 95:93–105. doi: 10.1002/jnr.23811

 104. Murray HE, Pillai AV, McArthur SR, Razvi N, Datla KP, Dexter DT, et al. Dose- and sex-dependent effects of the neurotoxin 6-hydroxydopamine on the nigrostriatal dopaminergic pathway of adult rats: differential actions of estrogen in males and females. Neuroscience. (2003) 116:213–22. doi: 10.1016/S0306-4522(02)00578-X

 105. Gillies GE, McArthur S. Independent influences of sex steroids of systemic and central origin in a rat model of Parkinson's disease: a contribution to sex-specific neuroprotection by estrogens. Hormones Behav. (2010) 57:23–34. doi: 10.1016/j.yhbeh.2009.06.002

 106. Bourque M. Male/female differences in neuroprotection and neuromodulation of brain dopamine. Front Endocrinol. (2011) 2:35. doi: 10.3389/fendo.2011.00035

 107. Litim N, Morissette M, Di Paolo T. Neuroactive gonadal drugs for neuroprotection in male and female models of Parkinson's disease. Neurosc Biobehav Rev. (2016) 67:79–88. doi: 10.1016/j.neubiorev.2015.09.024

 108. Yu L, Liao PC. Sexual differences and estrous cycle in methamphetamine-induced dopamine and serotonin depletions in the striatum of mice. J Neural Trans. (2000) 107:419–27. doi: 10.1007/s007020070084

 109. Datla KP, Murray HE, Pillai AV, Gillies GE, Dexter DT. Differences in dopaminergic neuroprotective effects of estrogen during estrous cycle. Neuroreport. (2003) 14:47–50. doi: 10.1097/00001756-200301200-00009

 110. Dluzen DE, Horstink MWIM. Estrogen as neuroprotectant of nigrostriatal dopaminergic system: laboratory and clinical studies. Endocrine. (2003) 21:67–76. doi: 10.1385/ENDO:21:1:67

 111. Bourque M, Morissette M, Cote M, Soulet D, Di Paolo T. Implication of GPER1 in neuroprotection in a mouse model of Parkinson's disease. Neurobiol Aging. (2013) 34:887–901. doi: 10.1016/j.neurobiolaging.2012.05.022

 112. Al-Sweidi S, Morissette M, Bourque M, Di Paolo T. Estrogen receptors and gonadal steroids in vulnerability and protection of dopamine neurons in a mouse model of Parkinson's disease. Neuropharmacology. (2011) 61:583–91. doi: 10.1016/j.neuropharm.2011.04.031

 113. Simola N, Morelli M, Carta AR. The 6-Hydroxydopamine model of parkinson's disease. Neurotoxi Res. (2007) 11:151–67. doi: 10.1007/BF03033565

 114. Blandini F, Armentero M-T, Martignoni E. The 6-hydroxydopamine model: News from the past. Parkinsonism Related Disord. (2008) 14:S124–9. doi: 10.1016/j.parkreldis.2008.04.015

 115. Tadaiesky MT, Dombrowski PA, Figueiredo CP, Cargnin-Ferreira E, Da Cunha C, Takahashi RN. Emotional, cognitive and neurochemical alterations in a premotor stage model of Parkinson's disease. Neuroscience. (2008) 156:830–40. doi: 10.1016/j.neuroscience.2008.08.035

 116. Francardo V, Recchia A, Popovic N, Andersson D, Nissbrandt H, Cenci MA. Impact of the lesion procedure on the profiles of motor impairment and molecular responsiveness to L-DOPA in the 6-hydroxydopamine mouse model of Parkinson's disease. Neurobiol Dis. (2011) 42:327–40. doi: 10.1016/j.nbd.2011.01.024

 117. McDowell K, Chesselet M-F. Animal models of the non-motor features of Parkinson's disease. Neurobiol Dis. (2012) 46:597–606. doi: 10.1016/j.nbd.2011.12.040

 118. Miyoshi E, Wietzikoski S, Camplessei M, Silveira R, Takahashi RN, Da Cunha C. Impaired learning in a spatial working memory version and in a cued version of the water maze in rats with MPTP-induced mesencephalic dopaminergic lesions. Brain Res Bulletin (2002) 58:41–7. doi: 10.1016/S0361-9230(02)00754-2

 119. Ferro MM, Bellissimo MI, Anselmo-Franci JA, Angellucci MEM, Canteras NS, Da Cunha C. Comparison of bilaterally 6-OHDA- and MPTP-lesioned rats as models of the early phase of Parkinson's disease: histological, neurochemical, motor and memory alterations. J Neurosci Methods. (2005) 148:78–87. doi: 10.1016/j.jneumeth.2005.04.005

 120. Ho Y-J, Ho S-C, Pawlak CR, Yeh K-Y. Effects of d-cycloserine on MPTP-induced behavioral and neurological changes: potential for treatment of Parkinson's disease dementia. Behav Brain Res. (2011) 219:280–90. doi: 10.1016/j.bbr.2011.01.028

 121. Moreira CG, Barbiero JK, Ariza D, Dombrowski PA, Sabioni P, Bortolanza M, et al. Behavioral, neurochemical and histological alterations promoted by bilateral intranigral rotenone administration: a new approach for an old neurotoxin. Neurotox Res. (2012) 21:291–301. doi: 10.1007/s12640-011-9278-3

 122. Li X, Redus L, Chen C, Martinez PA, Strong R, Li S, et al. Cognitive dysfunction precedes the onset of motor symptoms in the mitopark mouse model of Parkinson's disease. PLoS ONE. (2013) 8:e71341. doi: 10.1371/journal.pone.0071341

 123. Nezhadi A, Esmaeili-Mahani S, Sheibani V, Shabani M, Darvishzadeh F. Neurosteroid allopregnanolone attenuates motor disability and prevents the changes of neurexin 1 and postsynaptic density protein 95 expression in the striatum of 6-OHDA-induced rats' model of Parkinson's disease. Biomed Pharmacother. (2017) 88:1188–97. doi: 10.1016/j.biopha.2017.01.159

 124. Koos Slob A, Huizer T, Van Der Werff Ten Bosch JJ. Ontogeny of sex differences in open-field ambulation in the rat. Physiol Behav. (1986) 37:313–5. doi: 10.1016/0031-9384(86)90239-8

 125. Scholl JL, Afzal A, Fox LC, Watt MJ, Forster GL. Sex differences in anxiety-like behaviors in rats. Physiol Behav. (2019) 211:112670. doi: 10.1016/j.physbeh.2019.112670

 126. Rossetti MF, Varayoud J, Andreoli MF, Stoker C, Luque EH, Ramos JG. Sex- and age-associated differences in episodic-like memory and transcriptional regulation of hippocampal steroidogenic enzymes in rats. Mol Cell Endocrinol. (2018) 470:208–18. doi: 10.1016/j.mce.2017.11.001

 127. Herlitz A, Airaksinen E, Nordstrom E. Sex differences in episodic memory: the impact of verbal and visuospatial ability. Neuropsychology. (1999) 13:590–7. doi: 10.1037/0894-4105.13.4.590

 128. Chao OY, De Souza Silva MA, Yang Y-M, Huston JP. The medial prefrontal cortex - hippocampus circuit that integrates information of object, place and time to construct episodic memory in rodents: behavioral, anatomical and neurochemical properties. Neurosci Biobehav Rev. (2020) 113:373–407. doi: 10.1016/j.neubiorev.2020.04.007

 129. Ennaceur A, Michalikova S, Bradford A, Ahmed S. Detailed analysis of the behavior of Lister and Wistar rats in anxiety, object recognition and object location tasks. Behav Brain Res. (2005) 159:247–66. doi: 10.1016/j.bbr.2004.11.006

 130. Inagaki T, Gautreaux C, Luine V. Acute estrogen treatment facilitates recognition memory consolidation and alters monoamine levels in memory-related brain areas. Horm Behav. (2010) 58:415–26. doi: 10.1016/j.yhbeh.2010.05.013

 131. Cabezas R, Ávila M, Gonzalez J, El-Bachá RS, Báez E, Garcã-A-Segura LM, et al. Astrocytic modulation of blood brain barrier: perspectives on Parkinson's disease. Front Cell Neurosci. (2014) 8:211. doi: 10.3389/fncel.2014.00211

 132. Colombo D, Abbruzzese G, Antonini A, Barone P, Bellia G, Franconi F, et al. The “gender factor” in wearing-off among patients with Parkinson's disease: a post hoc analysis of DEEP study. Sci World J. (2015) 2015:787451. doi: 10.1155/2015/787451

 133. Cerri S, Mus L, Blandini F. Parkinson's disease in women and men: what's the difference? J Parkinson's Dis. (2019) 9:501–15. doi: 10.3233/JPD-191683

 134. Nicoletti A, Vasta R, Mostile G, Nicoletti G, Arabia G, Iliceto G, et al. Gender effect on non-motor symptoms in Parkinson's disease: are men more at risk? Parkinsonism Relat Disord. (2016) 35:69–74. doi: 10.1016/j.parkreldis.2016.12.008

 135. Amalric M, Moukhles H, Nieoullon A, Daszuta A. Complex deficits on reaction time performance following bilateral intrastriatal 6-OHDA infusion in the rat. Eur J Neurosci. (1995) 7:972–80. doi: 10.1111/j.1460-9568.1995.tb01085.x

 136. Dave KD, De Silva S, Sheth NP, Ramboz S, Beck MJ, Quang C, et al. Phenotypic characterization of recessive gene knockout rat models of Parkinson's disease. Neurobiol Dis. (2014) 70:190–203. doi: 10.1016/j.nbd.2014.06.009

 137. Villeneuve LM, Purnell PR, Boska MD, Fox HS. Early expression of Parkinson's disease-related mitochondrial abnormalities in PINK1 knockout rats. Mol Neurobiol. (2016) 53:171–86. doi: 10.1007/s12035-014-8927-y

 138. Locklear MN, Kritzer MF. Assessment of the effects of sex and sex hormones on spatial cognition in adult rats using the Barnes maze. Horm Behav. (2014) 66:298–308. doi: 10.1016/j.yhbeh.2014.06.006

 139. Cunningham RL, Macheda T, Watts LT, Poteet E, Singh M, Roberts JL, et al. Androgens exacerbate motor asymmetry in male rats with unilateral 6-hydroxydopamine lesion. Hormones Behav. (2011) 60:617–24. doi: 10.1016/j.yhbeh.2011.08.012

 140. Litim N, Bourque M, Al Sweidi S, Morissette M, Di Paolo T. The 5α-reductase inhibitor dutasteride but not finasteride protects dopamine neurons in the MPTP mouse model of Parkinson's disease. Neuropharmacology. (2015) 97:86–94. doi: 10.1016/j.neuropharm.2015.05.015

 141. Ceccarelli I, Scaramuzzino A, Aloisi AM. Effects of gonadal hormones and persistent pain on non-spatial working memory in male and female rats. Behav Brain Res. (2001) 123:65–76. doi: 10.1016/S0166-4328(01)00195-4

 142. Cherrier MM, Asthana S, Plymate S, Baker L, Matsumoto A, Peskind E, et al. Testosterone supplementation improves spatial and verbal memory in healthy older men. Neurology. (2001) 57:80–8. doi: 10.1212/WNL.57.1.80

 143. Janowsky J. Thinking with your gonads: testosterone and cognition. Trends Cogn Sci. (2006) 10:77–82. doi: 10.1016/j.tics.2005.12.010

 144. Hawley WR, Grissom EM, Martin RC, Halmos MB, Bart CLS, Dohanich GP. Testosterone modulates spatial recognition memory in male rats. Horm Behav. (2013) 63:559–65. doi: 10.1016/j.yhbeh.2013.02.007

 145. Locklear MN, Cohen AB, Jone A, Kritze MF. Sex differences distinguish intracortical glutamate receptor-mediated regulation of extracellular dopamine levels in the prefrontal cortex of adult rats. Cerebral Cortex. (2014) 26:599–610. doi: 10.1093/cercor/bhu222

 146. Daniel JM, Winsauer PJ, Moerschbaecher JM. Castration in rats impairs performance during acquisition of a working memory task and exacerbates deficits in working memory produced by scopolamine and mecamylamine. Psychopharmacology. (2003) 170:294–300. doi: 10.1007/s00213-003-1537-4

 147. Sandstrom NJ, Kim JH, Wasserman MA. Testosterone modulates performance on a spatial working memory task in male rats. Horm Behav. (2006) 50:18–26. doi: 10.1016/j.yhbeh.2005.09.008

 148. Smith A. Effect of bilateral 6-Hydroxydopamine lesions of the medial forebrain bundle on reaction time. Neuropsychopharmacology. (2002) 26:756–64. doi: 10.1016/S0893-133X(01)00420-1

 149. Debeir T, Ginestet L, François C, Laurens S, Martel J-C, Chopin P, et al. Effect of intrastriatal 6-OHDA lesion on dopaminergic innervation of the rat cortex and globus pallidus. Exp Neurol. (2005) 193:444–54. doi: 10.1016/j.expneurol.2005.01.007

 150. Kritzer MF, Brewer A, Montalmant F, Davenport M, Robinson JK. Effects of gonadectomy on performance in operant tasks measuring prefrontal cortical function in adult male rats. Horm Behav. (2007) 51:183–94. doi: 10.1016/j.yhbeh.2006.07.005

 151. Aubele T, Kritzer MF. Androgen influence on prefrontal dopamine systems in adult male rats: localization of cognate intracellular receptors in medial prefrontal projections to the ventral tegmental area and effects of gonadectomy and hormone replacement on glutamate-stimulated. Cerebral Cortex. (2012) 22:1799–812. doi: 10.1093/cercor/bhr258

 152. Williams GV, Castner SA. Under the curve: critical issues for elucidating D1 receptor function in working memory. Neuroscience. (2006) 139:263–76. doi: 10.1016/j.neuroscience.2005.09.028

 153. Floresco SB, Magyar O. Mesocortical dopamine modulation of executive functions: beyond working memory. Psychopharmacology. (2006) 188:567–85. doi: 10.1007/s00213-006-0404-5

 154. Cools R, D'Esposito M. Inverted-U–shaped dopamine actions on human working memory and cognitive control. Biolog Psychiatry. (2011) 69:e113–25. doi: 10.1016/j.biopsych.2011.03.028

 155. Ott T, Nieder A. Dopamine and cognitive control in prefrontal cortex. Trends Cogn Sci. (2019) 23:213–34. doi: 10.1016/j.tics.2018.12.006

 156. Dickerson BC, Eichenbaum H. The episodic memory system: neurocircuitry and disorders. Neuropsychopharmacology. (2010) 35:86–104. doi: 10.1038/npp.2009.126

 157. Pause BM, Zlomuzica A, Kinugawa K, Mariani J, Pietrowsky R, et al. Perspectives on episodic-like and episodic memory. Front Behav Neurosci. (2013) 7:33. doi: 10.3389/fnbeh.2013.00033

 158. Kehagia AA, Barker RA, Robbins TW. Cognitive impairment in Parkinson's disease: the dual syndrome hypothesis. Neurodegener Dis. (2013) 11:79–92. doi: 10.1159/000341998

 159. Das T, Hwang JJ, Poston KL. Episodic recognition memory and the hippocampus in Parkinson's disease: a review. Cortex. (2019) 113:191–209. doi: 10.1016/j.cortex.2018.11.021

 160. Nakamura N, Fujita H, Kawata M. Effects of gonadectomy on immunoreactivity for choline acetyltransferase in the cortex, hippocampus, and basal forebrain of adult male rats. Neuroscience. (2002) 109:473–85. doi: 10.1016/S0306-4522(01)00513-9

 161. Mitsushima D. Sex differences in the septo-hippocampal cholinergic system in rats: behavioral consequences. In: Biological Basis of Sex Differences in Psychopharmacology. Berlin, Heidelberg: Springer. (2010). p. 57–71. doi: 10.1007/7854_2010_95

 162. Atwi S, McMahon D, Scharfman H, Maclusky NJ. Androgen modulation of hippocampal structure and function. Neuroscientist. (2016) 22:46–60. doi: 10.1177/1073858414558065

 163. Eichenbaum H, Yonelinas AP, Ranganath C. The medial temporal lobe and recognition memory. Ann Rev Neurosci. (2007) 30:123–52. doi: 10.1146/annurev.neuro.30.051606.094328

 164. Deshmukh SS, Knierim JJ. Representation of non-spatial and spatial information in the lateral entorhinal cortex. Front Behav Neurosci. (2011) 5:69. doi: 10.3389/fnbeh.2011.00069

 165. Barbosa FF, de Oliveira Pontes IM, Ribeiro S, Ribeiro AM, Silva RH. Differential roles of the dorsal hippocampal regions in the acquisition of spatial and temporal aspects of episodic-like memory. Behav Brain Res. (2012) 232:269–77. doi: 10.1016/j.bbr.2012.04.022

 166. Castilla-Ortega E, Pedraza C, Chun J, Fonseca FRD, Estivill-Torrús G, Santín LJ. Hippocampal c-Fos activation in normal and LPA1-null mice after two object recognition tasks with different memory demands. Behav Brain Res. (2012) 232:400–5. doi: 10.1016/j.bbr.2012.04.018

 167. Barbosa FF, Santos JR, Meurer YSR, Macêdo PT, Ferreira LMS, Pontes IMO, et al. Differential cortical c-Fos and Zif-268 expression after object and spatial memory processing in a standard or episodic-like object recognition task. Front Behav Neurosci. (2013) 7:112. doi: 10.3389/fnbeh.2013.00112

 168. Castilla-Ortega E, Rosell-Valle C, Pedraza C, de Fonseca FR, Estivill-Torrús G, Santín LJ. Voluntary exercise followed by chronic stress strikingly increases mature adult-born hippocampal neurons and prevents stress-induced deficits in ‘what–when–where'memory. Neurobiol Learn Mem. (2014) 109:62–73. doi: 10.1016/j.nlm.2013.12.001

 169. Beer Z, Vavra P, Atucha E, Rentzing K, Heinze H-J, Sauvage M. The memory for time and space differentially engages the proximal and distal parts of the hippocampal subfields CA1 and CA3. PLoS Biol. (2018) 16:e2006100. doi: 10.1371/journal.pbio.2006100

 170. Barker GRI, Evuarherhe O, Warburton EC. Object-in-place associative recognition memory depends on glutamate receptor neurotransmission within two defined hippocampal-cortical circuits: a critical role for AMPA and NMDA receptors in the hippocampus, perirhinal, and prefrontal cortices. Cereb Cortex. (2015) 25:472–81. doi: 10.1093/cercor/bht245

 171. De Souza Silva MA, Huston JP, Wang AL, Petri D, Chao OYH. Evidence for a specific integrative mechanism for episodic memory mediated by AMPA/kainate receptors in a circuit involving medial prefrontal cortex and hippocampal CA3 region. Cereb Cortex. (2015) 6:3000–9. doi: 10.1093/cercor/bhv112

 172. Chao OY, Nikolaus S, Lira Brandao M, Huston JP, de Souza Silva MA. Interaction between the medial prefrontal cortex and hippocampal CA1 area is essential for episodic-like memory in rats. Neurobiol Learn Mem. (2017) 141:72–7. doi: 10.1016/j.nlm.2017.03.019

 173. Kartteke E, Desouzasilva M, Huston J, Dere E. Wistar rats show episodic-like memory for unique experiences. Neurobiol Learn Memory. (2006) 85:173–82. doi: 10.1016/j.nlm.2005.10.002

 174. Aubele T, Kaufman R, Montalmant F, Kritzer MF. Effects of gonadectomy and hormone replacement on a spontaneous novel object recognition task in adult male rats. Hormones Behav. (2008) 54:244–52. doi: 10.1016/j.yhbeh.2008.04.001

 175. McConnell SE, Alla J, Wheat E, Romeo RD, McEwen B, Thornton JE. The role of testicular hormones and luteinizing hormone in spatial memory in adult male rats. Horm Behav. (2012) 61:479–86. doi: 10.1016/j.yhbeh.2012.01.003

 176. Okun MS. Refractory nonmotor symptoms in male patients with Parkinson disease due to testosterone deficiency. Arch Neurol. (2002) 59:807. doi: 10.1001/archneur.59.5.807

 177. Okun MS, Fernandez HH, Rodriguez RL, Romrell J, Suelter M, Munson S, et al. Testosterone therapy in men with Parkinson disease. Arch Neurol. (2006) 63:729. doi: 10.1001/archneur.63.5.729

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Conner, Jang, Anderson and Kritzer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-11-00942-g005.gif
& WHERE ¢ WHEN
o0 & #
Dlcox Meoxw Qooxee Dcox Weox-w Cooxee o Ocox Weoxw Qooxe
Lesion x DI € Lesion x DI - Lesion x DI
o8 ° o8
o
& PO o
o 00 wf 8 o “
RO o AN B e %0
~ LI IR S Pt S
P o .
Sttt Volume. o Al Volume o
O6ox @coxs P QGOX-E Oy @av-1e QGbX-E Oy @t 1e QGbX-E





OPS/images/fneur-11-00942-t001.jpg
Females EST DI PRO

SHAM
Day of lesion surgery 3 6 2
Day of testing 5 5 1
6-OHDA

Day of lesion surgery 3 5 2
Day of testing 3 4 3
LESION SIZE

6-OHDA lesion size 50

for females in estrus
(n=23), diestrus (n
5), or proestrus (n =
2) on the day of
surgery

25 8 8 le)
0
Below: Scatter plots showing the volumes of 6-OHDA lesions, expressed as percent of

total caudate nucleus volume, for female rts that were identiied as being in EST, DI, or
PRO on the day of surgery.

% Striatal Volume





OPS/images/fneur-11-00942-g003.gif
A SAMPLE TRIALSI ® SAMPLE TRIALS2 ©

TRIALTT

. fanmazst
oo e - Groon/mek
=
| H1
L L] oo e |
T o] [Tt

AMBUATION AMBULATION

AP E

¥ s






OPS/images/fneur-11-00942-g004.gif
A WHAT © WHEN
FEMALE, MALE FEMA
L e - SO o s o
0 ass{ ¥
* ok on ERE * %
008 005 |
ot 210
Ot M azs) O Mo 025 ) O e
Lesion x DI € LesionxDI i Lesion x DI
ki B RO RS

Onw

Oy @

Oy @ e





OPS/images/math_1.gif
WHAT DI = [average OF —average RF) + [average OF +average RF]
WHERE DI =[OFD - OFS] + [OFD +OFS)
WHEN DI = [OFD —average RF)+ [OFD+average RF]





OPS/images/fneur-11-00942-t002.jpg
MALES MEAN BSM (g) + SEM

SHAM 1.67 £0.05
6-OHDA 1.64 +£0.05

GDX 8-OHDA 0.53 £0.08" ** ***
GDX+TP 6-OHDA 0.96 +0.08
GDX+E 6-OHDA 0.51£0.03" "

One-way analyses of variance identifed significant main effects of Group on BSM weight;
the allowed post-hoc comparisons confirmed that BSM weights of the GDX 6-OHDA
and GDX+E 6-OHDA males were similar to each other and were significantly different
(lower) than muscle weights for the gonadally intact MALE SHAM (), gonadall intact
MALE 6-OHDA (**), and GDX+TP 6-OHDA groups (***) (all p < 0.0001).





OPS/images/fneur-11-00942-t003.jpg
Object Key FEM FEM MALE MALE GDX GDX+TP GDX+E
SHAM 6-OHDA SHAM 6-OHDA 6-OHDA 6-OHDA 6-OHDA

(A) SAMPLE TRIAL $1: Total Individual Object Exploration (+SEM)

Duration of Exploration Bout (SEM)

Object 7254135 13694427  858+151 1061178 14431246  1050+£238  11.60+213
1 0900.16 183+£030 099015 084007 1.07 £008 1.09+0.42 1.06£0.14

Object 995+ 167 1452195 1142100  1305+186  11.18+125 1407337 1568229
2 106+£042 087010 103+£019  076+008  086+005 093012 091 +0.05

Object 1005230  1293+£265 926176  10.69+1.99 7.64+£087  10.79+099
3 1.09£0.11 1.01£0.41 1.07 £0.11 091 +0.11 140£0.41 1,00+ 009

Object 15.45£842 976+ 135 12038141 12.18£204
4 0.99.+0.13 114 £009 0.96+0.07 091 40,09

(B) SAMPLE TRIAL S2: Total Individual Object Exploration (+SEM)

Duration of Exploration Bout (SEM)

Object 806177  1128+£235  058+£270  7.86+186 7.25+156 7.90+ 178 590+ 1.44
1 1.06+0.15 1.05+0.14 088 0.1 095+0.10  089%0.11 093041 093+0.13

Object 896+164  1283+£217 580+ 127 553+ 1.45 9.55+3.38 891265
2 147 £0.18 120£020  095%018  0.74+0.11 1.25+0.15 1.07 £0.19

Object 1363212 1068200 848107  10.61+£198  978+£149 993208 7.75 % 1.63
3 1.08+0.08 1.10£0.13 098000  091£022 097+008  088%0.12 077 £0.13

Object 13.77 £ 2.63 11.44 +2.07 766+272 11.21£325 1210+ 1.91 7.82+1.49 11.48 + 1.56
4 1.16+0.12 1.10+0.13 1.27 +£0.09 1.08+0.15 1.37 £0.23 1.08 +0.15 1.05 +0.07

Schematics shown on the left show the reletive position/identity of the individual object assessed; the values located in the adjacent cells show average total exploration times [in sec,
£ standard error of the mean (SEM) (top) and average durations of separate bouts of exploration (=SEM) (bottom) for that object for gonadally intact sham-operated females (FEM
SHAM) and males (MALE SHAWM), for gonadely intact 6-hycroxydopamine lesioned (6-OHDA) females (FEM 6-OHDA) and males (MALE 6-OHDA), and for 6-OHDA male rats that were
gonadectomized (GDX), GDX and supplemented with testosterone propionate, or GDX and supplemented with 17p-estradiol (GDX 6-OHDA, GDX+TP 6-OHDA, and GDX-+E 6-OHDA).

Within-groups comparisons (repeatec-measures analyses of variance) of total imes spent exploring indlvidual objects identified significant main effects of Object for FEM SHAM and
GDX 6-OHDA groups in S1 and for GDX 6-OHDA rats in S2. Significant mein effects of Object for measures of durations of individual bouts of object exploration were aiso found for the
MALE 6-OHDA group in S1. The individual objects driving these main effects identified in follow-up pair-wise post-hoc comparisons are shown in bold, in gray-shaded cells.
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