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Dementia is often characterized by age-dependent cerebrovascular pathology, neuroinflammation, and cognitive deficits with notable sex differences in risk, disease onset, progression and severity. Women bear a disproportionate burden of dementia, and the onset of menopause (i.e., perimenopause) may be a critical period conferring increased susceptibility. However, the contribution of early ovarian decline to the neuroinflammatory processes associated with cerebrovascular dementia risks, particularly at the initial stages of pathology that may be more amenable to proactive intervention, is unknown. To better understand the influence of early ovarian failure on dementia-associated neuroinflammation we developed a model of perimenopausal cerebral amyloid angiopathy (CAA), an important contributor to dementia. For this, accelerated ovarian failure (AOF) was induced by 4-vinylcyclohexene diepoxide (VCD) treatment to isolate early-stage ovarian failure comparable to human perimenopause (termed “peri-AOF”) in transgenic SWDI mice expressing human vasculotropic mutant amyloid beta (Aβ) precursor protein, that were also tested at an early stage of amyloidosis. We found that peri-AOF SWDI mice showed increased astrocyte activation accompanied by elevated Aβ in select regions of the hippocampus, a brain system involved in learning and memory that is severely impacted during dementia. However, although SWDI mice showed signs of increased hippocampal microglial activation and impaired cognitive function, this was not further affected by peri-AOF. In sum, these results suggest that elevated dysfunction of key elements of the neurovascular unit in select hippocampal regions characterizes the brain pathology of mice at early stages of both CAA and AOF. However, neurovascular unit pathology may not yet have passed a threshold that leads to further behavioral compromise at these early periods of cerebral amyloidosis and ovarian failure. These results are consistent with the hypothesis that the hormonal dysregulation associated with perimenopause onset represents a stage of emerging vulnerability to dementia-associated neuropathology, thus providing a selective window of opportunity for therapeutic intervention prior to the development of advanced pathology that has proven difficult to repair or reverse.
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1 Introduction

Dementia is characterized by a progressive impairment in cognitive function leading to an inability to independently carry out daily activities (Arvanitakis et al., 2019). The mechanisms subserving dementia include neurodegenerative processes, oxidative stress, neuroinflammation characterized by the induction of reactive astrocytes and microglia, as well as cerebrovascular dysfunction (Raz et al., 2016). Indeed, macro and micro infarcts, intraparenchymal hemorrhage, atherosclerosis, and arteriosclerosis are associated with dementia risk (Snyder et al., 2015). Additionally, cerebral amyloid angiopathy (CAA), characterized by the aggregation of amyloid-beta (Aβ) in arterioles and small vessels, alone, or in conjunction with parenchymal Aβ plaque formation as seen in Alzheimer’s disease (Malhotra et al., 2022), is an important form of cerebrovascular pathology associated with dementia.

Microvascular disease (Patel et al., 2020), including CAA (Masuda et al., 1988), may be more prevalent in women, with increased risk for vascular dysfunction specifically arising at menopause. Perimenopause, the transitional state of irregular gonadal hormonal cycling prior to full menopause (i.e., postmenopause), may be a particularly vulnerable time for the emergence of vascular disease (Moreau, 1985; McCarthy and Raval, 2020; Nair et al., 2021) and cerebral Aβ aggregation in females (Mosconi et al., 2017, 2018). However, the mechanisms underlying the increased risk for cerebrovascular impairment, neuroinflammation, and cognitive decline at perimenopause are unclear.

Alterations in gonadal hormone production and cycling at the onset of menopause may be expected to play a role in the increased susceptibility to dementia in women. For example, reproductive factors that are associated with low lifelong cumulative exposure to endogenous estrogen are linked with increased dementia risk (Gong et al., 2022). Further, earlier age at menopause is associated with an elevated risk of incident dementia (Liao et al., 2023). Brain pathology characteristic of dementia may emerge early in menopause as shown by a perimenopausal decline in the volume of the hippocampus, a brain area critical for learning and memory (Mosconi et al., 2018); increased Aβ expression (Mosconi et al., 2017, 2018) and impaired neurovascular integrity (Snyder et al., 2015; Jayachandran et al., 2021) are also observed at perimenopause. More controversially, estrogen replacement initiated soon after menopause onset may attenuate signs of dementia (Mills et al., 2023). Despite the apparent importance of perimenopause in the emergence of dementia, the contribution of perimenopausal hormonal changes to key neuroinflammatory and dementia-related vascular pathologies, particularly cerebral amyloidosis, is unclear.

Advances in our understanding of perimenopausal susceptibility to CAA are likely to emerge from appropriate mouse models. Transgenic mice expressing human vasculotropic mutant Aβ precursor protein (transgenic SWDI mice) recapitulate select features of human CAA. These mice express heavy vascular Aβ deposition, as well as diffuse parenchymal amyloid aggregation, particularly in the hippocampus (Xu et al., 2007, 2014). Additionally, male SWDI mice show microvascular amyloid-associated impairments in spatial learning and memory as early as 3 months of age, as well as localized neuroinflammation that further drives disease pathophysiology (Thal et al., 2003; Harkness et al., 2004; Miao et al., 2005b; Jäkel et al., 2017). Significantly, the elevated Aβ in SWDI mice is further associated with activation of glial cells that coordinate neurovascular signaling. These include neuroinflammatory reactive astrocytes and activated microglial (Miao et al., 2005b) with severity directly correlated with the number of mutant alleles (Xu et al., 2007).

Combining a rodent model of menopause with transgenic mouse dementia models to specifically isolate the influence of perimenopausal hormonal changes in dementia-associated neuropathology is problematic. The traditional experimental approach to study menopause in rodents involves performing ovariectomy, but this approach produces immediate cessation of ovarian hormones (i.e., surgical but not natural menopause) and therefore does not recapitulate the changes in gonadal hormone production and cycling characteristic of perimenopause (Van Kempen et al., 2011; Marques-Lopes et al., 2018). Another common strategy, natural aging, lacks a specific perimenopause stage, confounds chronological and ovarian aging, and thus is also inappropriate for the study of hormone changes occurring during perimenopause (Van Kempen et al., 2011; Marques-Lopes et al., 2018). A more recent but less widely used method is to administer ovotoxin 4-vinylcyclohexene diepoxide (VCD), which results in a form of accelerated ovarian failure (AOF) that mimics the extended hormone cycles characteristic of early human menopause (termed “peri-AOF”), before transitioning to an advanced stage that parallels full menopause (Van Kempen et al., 2014; Brooks et al., 2016; Marques-Lopes et al., 2017). Additionally, AOF can be initiated at different points in adult development including early adulthood, thus eliminating the confound of aging to selectively target altered hormonal signaling (Van Kempen et al., 2014; Brooks et al., 2016; Marques-Lopes et al., 2017).

Using the AOF method, we generated the first perimenopausal model of CAA utilizing SWDI mice. It is important to note that the body of basic and preclinical dementia research is weighted toward the study of advanced disease models. However, reversal of neurodegenerative processes in the clinic has generally proven difficult at late disease stages. Significantly, recent data suggests that early hormone replacement at perimenopause may have beneficial effects on neurocognitive decline compared to later treatment (Sung et al., 2022; Saleh et al., 2023). In this light, investigating disease development, as opposed to established disease, may lead to preventive or disease-arresting therapeutic strategies with improved outcomes for menopausal women. Thus, in the present study experimental conditions were limited to the early stages of ovarian failure and amyloidosis to identify the earliest manifestations of pathology, a strategy that may help to identify novel indicators (e.g., biomarkers) and targets (e.g., interventions) of disease development and progression. In this context, we investigated the hypothesis that the hormonal dysregulation characteristic of an early stage of accelerated ovarian failure and CAA independent of aging will promote neuroinflammation in the hippocampus of mice expressing human mutant Aβ precursor protein.



2 Experimental procedures


2.1 Animals

Young adult (~2 month-old at the initiation of the experiments; Flurkey and Currer, 2004) female C57BL/6 [wild type (WT); N = 22] and transgenic SWDI (C57BL/6 background; N = 22) mice were bred and maintained in a colony at Weill Cornell Medicine (WCM). Breeding pairs of SWDI mice were obtained from the Jackson Laboratory, Bar Harbor, ME (Cat # 034843). These transgenic mice express the human amyloid precursor protein (APP) gene (isoform 770) containing the Swedish (K670N/M671L), Dutch (E693Q), and Iowa (D694N) mutations under the control of the mouse Thy1 promoter. Mice were housed three to four animals per cage and maintained on a 12-h light/dark cycle (lights out 1800 h) with ad libitum access to rodent chow and water in their home cages. Mice weighed 23–28 g at the time of euthanasia. All experiments were approved by the Institutional Animal Care and Use Committees at WCM and were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals guidelines.



2.2 AOF model of perimenopause

Induction of AOF by VCD treatment in mice has been shown to successfully recapitulate the gradual time course of hormonal fluctuations seen from peri- to post-menopause phases in humans (reviewed in Van Kempen et al., 2011; Marques-Lopes et al., 2018). The AOF model can be applied to any mouse genotype and can be used to separate hormonal effects from aging effects (Van Kempen et al., 2014; Brooks et al., 2016; Marques-Lopes et al., 2017). Low dose injections of VCD selectively remove the primary follicles of the ovary and do not negatively affect peripheral tissues or kidney and liver function (Haas et al., 2007; Sahambi et al., 2008; Wright et al., 2008; Brooks et al., 2016). VCD does not increase inflammation markers in the brain including the hippocampus (Van Kempen et al., 2014).


2.2.1 AOF induction

Gonadally intact 50 to 55-postnatal-day-old female mice were injected with 130 mg/kg VCD (cat. # S453005 Millipore Sigma, St. Louis, MO) in sesame oil (cat. # 8008-74-0 Millipore Sigma) for 5 sequential days per week for 3 weeks (Van Kempen et al., 2011; Marques-Lopes et al., 2017). Control mice were injected with sesame oil only. The time-point corresponding to the peri-AOF stage (58 days after the first VCD injection) was determined in prior studies (Lohff et al., 2005; Haas et al., 2007; Van Kempen et al., 2014). At the peri-AOF phase, the mice are about 3.5 months old and have irregular and extended estrous cycles paralleled by elevated plasma follicle stimulating hormone (Mayer et al., 2004; Lohff et al., 2005; Harsh et al., 2007). Behavioral assessments were initiated at the start of the peri-AOF stage. A timeline of the experimental procedures is presented in Figure 1.
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FIGURE 1
 Timeline of experimental procedures. VCD (130 mg/kg, i.p.) was injected for 3 weeks, 5 days per week starting around postnatal day (PND) 58. The deposition of β-amyloid (Aβ) plaques was expected to begin at ~PND 90. Behavioral assessments were performed for 2 weeks following the initiation of the peri-AOF phase. Brains were harvested at ~PND 130.




2.2.2 Estrous cycle determination

At the time of euthanasia, vaginal smears (Turner and Bagnara, 1971) were taken to determine estrous cycle stage using cytological examination. Less than 3 mice were in proestrus (i.e., elevated estrogen levels) as euthanasia usually occurred late morning/early afternoon. In addition, part of the peri-AOF model includes the surges of increased estrogen levels seen in proestrus along with the erratic cycle and these animals were included to recapitulate the hormonal fluctuations seen in humans. The majority of oil and VCD treated female mice from both the WT and SWDI genotypes used in this study were in estrus (declining estrogen levels) or diestrus (low estrogen and progesterone levels) on the day of euthanasia.




2.3 Antibodies

4G8: A mouse monoclonal antibody raised against amino acid residues 17–24 of beta-amyloid (4G8, Biolegend Cat. # 800701) was used for immunoperoxidase experiments. 4G8 beta-amyloid antibody reacts to abnormally processed isoforms, as well precursor APP forms (manufacturer’s instructions). This antibody labels CAA as well as parenchymal Aβ plaques (Alafuzoff et al., 2009; Kövari et al., 2013; Marazuela et al., 2022), given that diffuse plaques are also seen in SWDI mice (Davis et al., 2004). CD31: A polyclonal goat anti-CD31/PECAM-1 antiserum (Cat. # AF3628, R&D Systems) was used for immunofluorescence experiments to label blood vessels. The antibody detects mouse CD31/PECAM-1 in direct ELISAs and Western blots and mouse CD31 and rat CD 31 in flow cytometry (manufacturer’s datasheet). GFAP: A rabbit polyclonal antibody (Abcam # ab7260; lot # GR20948-21; RRID:AB_305808) raised against a full-length protein corresponding to human GFAP was employed for immunoperoxidase experiments. On Western blot this antibody recognized a 48 kDa and 55 kDa bands corresponding to GFAP (manufacturer’s datasheet). Iba1: A rabbit polyclonal antibody raised against a synthetic peptide corresponding to the C-terminus of Iba1 (#SAR6502; 019–19,741 FUJIFILM Wako Pure Chemical Corporation) was used. The antibody is reactive with rat, mouse and human Iba1 and recognizes a 17 kDA band protein on Western blot (manufacturer’s datasheet).



2.4 Brain fixation and histology

At the termination of the behavioral experiments (see below), the brains were processed for immunocytochemistry using established procedures (Milner et al., 2011; Figure 1). For this, mice were deeply anesthetized with sodium pentobarbital (150 mg/kg, i.p.), and their brains perfused with normal saline. Each brain was removed, bisected sagittally, and the right half was placed in 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4) for 24 h on a shaker (70 rpm) at 4°C. The forebrain containing the hippocampus was sectioned (40 μm thick) using a vibratome (VT1000X Leica Microsystems, Buffalo Grove, IL) and stored in cryoprotectant (30% sucrose, 30% ethylene glycol in PB) at –20°C until immunocytochemical processing.

For each experiment, two rostral (−2.00 to −2.70 mm from Bregma; Hof et al., 2000) and two caudal (−2.90 to −3.50 mm from Bregma; Hof et al., 2000) hippocampal section from each animal was chosen and then punch coded in the cortex. Tissue sections from one mouse per group then were pooled into single containers (6–8 containers total per experiment) to ensure that sections from each experimental cohort were exposed identically to reagents (Milner et al., 2011).



2.5 Light microscopic peroxidase immunocytochemistry

A single cohort of hippocampal sections from each genotype/treatment group was processed for 4G8, Iba1 or GFAP (N = 11 per experimental condition). Sections were rinsed in 0.1 M Tris-saline (TS; pH 7.6) followed by an incubation in 0.5% bovine serum albumin (BSA) in TS for 30 min to minimize nonspecific labeling. After, sections were incubated in mouse anti-4G8 (1:4000 dilution), rabbit anti-GFAP (1:6000 dilution) or rabbit anti-Iba-1 (1:4000 dilution) diluted in 0.1% Triton-X and 0.1% BSA in TS for 1-day at room temperature and 1-day at –4°C. Sections were then rinsed in TS and incubated in either goat anti-rabbit IgG conjugated to biotin (GFAP and Iba1; #111–065-144, Jackson ImmunoResearch Inc., West Grove, PA; RRID:AB_2337965) or goat anti-mouse IgG conjugated to biotin (4G8, # 115–065-166, Jackson ImmunoResearch Inc.; RRID:AB_2338569) in 0.1% BSA and TS. Next, sections were washed in TS and incubated with Avidin Biotin Complex (ABC) diluted to half of the manufacturer’s recommended dilution (Vectastain Elite kit, Vector Laboratories, Burlingame, CA) for 30 min. After rinsing in TS, the bound peroxidase was visualized by reaction in 3,3′-diaminobenzidine (Sigma-Aldrich, St. Louis, MO) and 0.003% hydrogen peroxide in TS for 6-min (4G8), 3-min (GFAP), or 8-min (Iba1). All primary and secondary antibody incubations were carried out at 145 rpm whereas all rinses were conducted at 90 rpm on a rotator shaker. Sections were mounted in 0.05 M PB onto gelatin-coated glass slides, dehydrated through an ascending series of alcohol to xylene, and coverslipped with DPX (Sigma-Aldrich).



2.6 Image acquisition and field densitometry

Densitometric quantification for 4G8, Iba1 and GFAP labeling within the hippocampus was performed using previously described methods (Williams et al., 2011; Williams and Milner, 2011; Pierce et al., 2014). The analysis was performed by investigators blinded to experimental conditions to ensure unbiased quantification of the data. Sections were photographed with a Nikon Eclipse 80i microscope using a Micropublisher 5.0 digital camera (Q-imaging, BC, Canada) and IP Lab software (Scanalytics IPLab, RRID: SCR_002775). For each antibody, one rostral and one caudal section from each animal were photographed at 4x for the densitometric analysis. Regions of interest (ROI) were first identified in the images (ranging from 50 to 75μm2 but the same for each ROI) and then the average pixel density for each ROI was determined using ImageJ64 (Image J, RRID:SCR_003070) software. ROIs within four subregions of the rostral and caudal hippocampus were selected: (1) CA1: stratum oriens (SO), pyramidal cell layer (PCL), stratum radiatum (SR) and stratum lacunosum-moleculare (SLM); (2) CA2/3a: SO, PCL, near and distal SR; (3) CA3b: SO, PCL, stratum lucidum (SLu) and SR; (4) Dentate gyrus (DG): the supragranular blade (SG), the infragranular blade (IFG) and the central hilus (Cen) and (5) Subiculum (caudal section). Pixel density of a small region lacking labeling (i.e., corpus callosum or neuropil) was subtracted from ROI measurements to control for illumination variations between images and to compensate for background labeling. Prior studies (Pierce et al., 2014) have shown a strong linear correlation between average pixel density and actual transmittance demonstrating the accuracy of the technique. High magnification images showing examples of labeling in the figures were taken at 10x.



2.7 Dual light microscopic immunolabeling

Selected hippocampal sections were processed for triple labeling of 4G8, CD31, and either GFAP or Iba1. Sections were rinsed in TS followed by an incubation in 0.5% BSA in TS for 30-min. After rinsing in TS, sections were incubated in mouse anti-4G8 (1:4000 dilution), goat anti-CD31, and either rabbit anti-GFAP (1:2000 dilution) or rabbit anti-Iba1 (1:1500 dilution) diluted in 0.25% Triton-X and 0.1% BSA in TS for 1-day at room temperature and 1-day at –4°C. Sections were processed for immunoperoxidase labeling of 4G8 as described above. Next, sections were rinsed in phosphate buffered saline (PBS) and then incubated in AlexaFluor 594 donkey anti-goat IgG (H + L) (Cat.# A-11058; Thermo Fisher; 1:500 dilution) and AlexaFluor 647 donkey anti-rabbit IgG (H + L) (Cat.# A-31573; Thermo Fisher; 1:500 dilution) for 1-h. Sections were rinsed in PBS, mounted on Superfrost plus coated slides (Cat.# 10,135,642, Thermo Fisher) and coverslipped with Prolong Gold Anti-Fade Mountant (Cat # P36930, Thermo Fisher). Immunofluorescent images in X-Y plane were acquired on an Olympus BX61 upright microscope equipped with a Hamamatsu C13440 Orca-Flash 4.0 camera using 594 nm and 647 nm lasers with cellSens imaging software. Vsi files from the upright microscope were exported, converted to TIFF files and processed in ImageJ software. The images were background subtracted to reduce auto-fluorescence. 4G8-labeling was photographed on a Nikon 80i light microscope with a Micropublisher 5.0 digital camera. Brightfield images were scaled to size and anatomical structure, and superimposed with fluorescent images in pseudo-colors using ImageJ.



2.8 Behavioral assessments

Mice were assessed sequentially over 2 weeks on the Novel Object Recognition, Y maze and Barnes maze tests as described in prior studies (Park et al., 2008, 2020; Figure 1). The behavioral tests were performed by the same investigator at the same time each day. Results were recorded using ANY-maze (Stoelting Co., Wood dale, IL). Mice were habituated to the room for 2-h per day for 5 days before starting behavioral tests. On training and testing days, mice were acclimated to the room for 1-h prior to the beginning of each session. The order of the Novel Object and Y-maze tests were counterbalanced; mice were rested 1-day between these tests. Behavioral apparatuses were cleaned with 70% ethanol between trials.


2.8.1 Novel object recognition

The apparatus (height 30 cm × width 28 cm × length 46 cm) consisted of an open field chamber with dim illumination throughout. Day 1 (habituation phase): each mouse was placed in the center arena without any objects and allowed to explore for 5 min. Day 2 (familiarization phase): Two identical objects (type A) were placed on the floor of the area and the mouse was allowed to explore for 5 min. Mice then rested for 30-min. Day 2 (exploration phase): One of the type A objects was replaced with a novel object (type B) and the mouse was allowed to explore for 5 min. For each phase, the total distance traveled, the average speed, the total object exploration time, and the time spent exploring each one of the two objects was recorded. In day 2 (exploration phase), the discrimination index as percentage time spent exploring the novel object out of the total object exploratory time was calculated for each mouse was calculated.



2.8.2 Y-maze

Spatial working memory was assessed using the Y-maze as described previously (Toyama et al., 2014). The maze consisted of 3 arms (40 cm long, 9.5 cm high, and 4 cm wide, labeled A, B, or C) diverging at a 120° from the central point. Each mouse was placed into one of the arms of the maze (start arm) and allowed to explore only two of the arms for 5 min (training trial). The third arm, which remains closed, was randomly chosen in each trial. After a 30-min inter-trial interval, the closed arm, serving as the novel arm, was opened in the test trial and the mice were returned to the same start arm and were allowed to explore all three arms for.

5-min (test trial). The sequence of arm entries was manually recorded. A mouse was considered to have entered an arm when all 4 paws were positioned in the arm runway. An alternation was defined as entries into all the 3 arms on consecutive occasions (e.g., in the sequence ABCBCBCA 2 alternations are counted with the first consecutive ABC and the last consecutive BCA out of 6 consecutive occasions). The maximum possible alternation per each mouse was calculated by measuring the total number of arm entries minus 2. Spontaneous arm alternation was calculated as percentage change using a formula [(number of alternations/maximum possible alternations) × 100] for each mouse. The total number of arms entered during the sessions, which reflect locomotor activity, also was recorded.



2.8.3 Barnes maze

The mice were trained in the apparatus for 4 sequential days. Each training day consisted of 4 trials (with inter-trial intervals of 15 min) of the following sequence: (1) Adaption period. The mouse was placed in the middle of the maze in a 10 cm high cylindrical white start chamber, and the buzzer switched on for 10 s. The mouse was guided with a glass 2-L beaker into the escape hole for 15–20-s. The buzzer was turned off and the mouse was allowed to stay in the escape box for 2-min. (2) Spatial acquisition period. The mouse was placed in the middle of the maze in a 10 cm high cylindrical white start chamber. The video record button was started, and the buzzer was switched on. After 10 s, the chamber was removed, and the mouse was allowed to move around the maze to find an escape hole (maximum 3 min). Immediately after the mouse entered the escape hole, the buzzer was turned off and the mouse was allowed to stay in the tunnel for 1 min. Twenty-four hours after the last training session, mice underwent the probe trial. For this, the mouse was placed in the maze in the white chamber and the buzzer was switched on. After 10 s, the chamber was removed, and the mouse behavior was recorded for 90 s. For each mouse, the latency time, errors, and total length traveled was recorded.




2.9 Image adjustments

Images first were adjusted for contrast and sharpness in Adobe Photoshop 9.0 (Adobe Photoshop, RRID:SCR_014199). Next, images were imported into Microsoft PowerPoint 2010, where final adjustments to brightness, sharpness and contrast were achieved. Adjustments were made to the entire image, none of which significantly altered the appearance of the initial raw image.



2.10 Data analysis

Data are expressed as means ± SEM. Statistical analyses were conducted using JMP 12 Pro software (JMP, RRID:SCR_014242) or Prism 9 software (Graphpad Prism, RRID:SCR_002798) and significance was set to an alpha <0.05. Differences between groups were compared by two- or three-way analysis of variance (ANOVA) followed by Tukey or Sidak’s post-hoc multiple comparison tests. Differences between 2 groups were determined using student’s t-tests. Graphs were generated using Prism 9 software (Graphpad Prism, RRID:SCR_002798).




3 Results


3.1 Peri-AOF is associated with increased amyloid fibrils throughout the dentate gyrus and in select regions of the CA1 of SWDI mice

Small vessel disease and dementia are more prevalent in women and may emerge at the onset of menopause. There is, however, little evidence that levels of Aβ are influenced in the hippocampus during perimenopause. To evaluate whether Aβ is increased in the hippocampus of females at a stage of early ovarian failure, female wild type and SWDI mice were administered VCD, or sesame oil as a control, and Aβ was quantified at a stage of AOF compatible to human perimenopause (i.e., peri-AOF). Prior reports of sex differences in Aβ deposition in functionally distinct regions of the hippocampus of SWDI mice (Setti et al., 2022) point to actions of gonadal hormone signaling in amyloidosis, therefore analysis was performed across major regions of the hippocampus.

The density of Aβ was examined in CA1, CA3, DG and subicular subregions within rostral and caudal hippocampus (Figures 2A,B). When comparing labeling separately in rostral and caudal regions, a greater increase in 4G8-labeling in VCD vs. oil SWDI mice was seen in the caudal region [oil = 13 ± 2, VCD = 45 ± 2; t(20) = 4.1, p < 0.001], with a much smaller increase occurring rostrally [oil = 17 ± 1, VCD = 25 ± 1; t(20) = 2.5, p < 0.05]. Additionally, as described below, 4G8 labeling was altered across the hippocampus with sublayer specificity.
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FIGURE 2
 4G8 labeling is increased in select regions of the CA1, subiculum and dentate gyrus of peri-AOF SWDI mice. (A,B) Low-magnification photomicrographs of 4G8 labeling in the rostral (A) and caudal (B) hippocampus. Boxes indicate regions of the CA1, CA3a, CA3b, dentate gyrus (DG) and subiculum (Sub) that were sampled. (C,D) Representative photomicrographs showing 4G8 labeling in the rostral CA1 of SWDI-oil (C) and SWDI-VCD mice (D). (E) In the rostral CA1 SO, SWDI-VCD mice show significantly more 4G8 labeling than compared to WT-VCD mice. (F,G) Representative photomicrographs showing 4G8 labeling in the caudal CA1 of SWDI-oil (F) and SWDI-VCD (G) mice. (H) In the caudal CA1 SO and subiculum, SWDI-VCD mice show significantly more 4G8 labeling compared to WT-VCD mice. (I,J) Representative photomicrographs showing 4G8 labeling in the rostral DG of SWDI-oil (I) and SWDI-VCD mice (J) mice. (K) In the DG, SWDI-VCD mice compared to SWDI-oil mice show significantly more 4G8 labeling in all subregions of rostral subregions. (L,M) Representative photomicrographs showing 4G8 labeling in caudal DG of SWDI-oil (L) and SWDI-VCD (M) mice. (N) In the DG, SWDI-VCD mice compared to SWDI-oil mice show significantly more 4G8 labeling in all caudal subregions. Bars (A,B) = 200 μm, (C,D,F,G,I,L,M) = 50 μm; *p < 0.05; **p < 0.01; ***p < 0.001 by Student’s paired t-test. Data are mean ± SEM, N = 11 animals per experimental group.



3.1.1 CA1 and subiculum

Significantly more 4G8 labeling was seen in the rostral CA1 SO [t(20) = 3.2, p < 0.01] when comparing SWDI-VCD to SWDI-oil mice. Additionally, SWDI-VCD mice also showed higher 4G8 labeling in the caudal CA1 SO compared to SWDI-oil animals [t(20) = 2.8, p < 0.05]. Unlike the rostral region, it was also shown that SDWI-VCD mice had higher levels of 4G8 labeling in the caudal subiculum [t(20) = 3, p < 0.01] compared to SWDI-oil mice (Figures 2C–H).



3.1.2 CA3

There was no effect of VCD treatment on the density of 4G8 labeling in any of the subregions of the CA2/CA3A or CA3b in either the rostral or caudal hippocampus (data not shown).



3.1.3 DG

In SWDI-VCD compared to SWDI-oil mice, significantly more 4G8 labeling was seen in all subregions of the rostral and caudal DG. In the rostral region these include the crest [t(20) = 2.7, p < 0.05], hilus [t(20) = 2.7, p < 0.05], dorsal blade [db; t(20) = 2.4, p < 0.05], and molecular layer (ml; t(20) = 2.5, p < 0.05). Caudally, the crest (t(20) = 2.4, p < 0.05), hilus (t(20) = 3.0, p < 0.01), db [t(20) = 3.3, p < 0.01], and ml [t(20) = 4.0, p < 0.001] also showed higher 4G8 labeling (Figures 2I–N).




3.2 Peri-AOF is associated with increased levels of reactive astrocytes in select regions of the caudal CA1 of SWDI mice

Astrocytes are a critical component of the neurovascular unit and play key roles in coordinating neurovascular signaling through inflammatory, metabolic, and trophic processes (Li et al., 2023). They also aid in the removal of Aβ from the brain parenchyma by mediating amyloid efflux into the cerebral vasculature (Liu et al., 2018). Astrocyte function is impacted by sex, partly through the actions of estrogen (Santos-Galindo et al., 2011; Lu et al., 2020; Chowen and Garcia-Segura, 2021). Thus, astrocytes would be expected to play an important role in cerebrovascular amyloidosis during ovarian failure, but there is little evidence that astrocyte activity is altered across hippocampal subregions of intact or reproductively compromised females.

The density of the astrocytic marker GFAP was examined in CA1, CA3, DG and subicular subregions within rostral and caudal hippocampus (Figures 3A,B) of oil and VCD-treated SWDI and WT mice. Consistent with our prior studies in female mouse brain (Milner et al., 2022), GFAP-labeled cells were found throughout the CA1, CA3 and DG (Figure 3). Representative micrographs of GFAP-labeling are shown for rostral CA1 (Figures 3C–F), caudal CA1/subiculum (Figures 3H–K) and the dentate gyrus (Figures 3M,N).
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FIGURE 3
 Increased GFAP labeling is associated with peri-AOF and/or SWDI genotype in select regions of the hippocampus. (A,B) Low magnification photomicrographs of GFAP labeling in the rostral (A) and caudal (B) hippocampus. Boxes indicate regions of the CA1, CA3a, CA3b, dentate gyrus (DG) and subiculum (Sub) that were sampled. (C–F) Representative micrographs showing GFAP labeling in the rostral CA1 of WT-Oil (C), WT-VCD (D), SWDI-Oil (E), and SWDI-VCD (F) mice. (G) In the rostral CA1, the density of GFAP labeling was increased in the SO of SWDI mice compared to WT mice, irrespective of AOF treatment. In the PCL, GFAP was increased in both WT-VCD and SWDI-oil mice compared to WT-oil mice. (H–K) Representative micrographs showing GFAP labeling in the caudal CA1/subiculum of WT-Oil (H), WT-VCD (I), SWDI-Oil (J), and SWDI-VCD (K) mice. (L) In caudal CA1 SO, the density of GFAP labeling is increased in SWDI-VCD mice compared to WT-VCD mice and SWDI-oil mice. In caudal subiculum, the density of GFAP labeling is increased in SWDI-WT and SWDI-VCD mice compared to their WT counterparts. (M,N) Representative micrographs showing GFAP-labeling in the rostral DG of SWDI-Oil (M), and SWDI-VCD (N) mice. (O) SWDI-VCD mice show significantly more GFAP labeling in rostral DG crest compared to SWDI-oil mice. Bars (A,B) = 200 μm; (C–F,H–K,M,N) = 50 μm; *p < 0.05; **p < 0.01; ****p < 0.0001 by two-way ANOVA with Tukey’s or Sidak’s post hoc multiple comparison analysis. Data are mean ± SEM, N = 11 animals per experimental group.



3.2.1 CA1 and subiculum

In the rostral CA1 there was a main effect of treatment in the PCL region (Ftreatment = 8.02, p < 0.0072). Post-hoc analysis showed that the density of GFAP labeling in PCL was greater (p < 0.05) in WT’s treated with VCD compared to oil (Figure 3G). There was also a main effect of genotype in the SO (Fgenotype = 80.62, p < 0.0001) and PCL of the rostral CA1 (Fgenotype = 16.07, p < 0.0003), with SWDI mice showing significantly higher GFAP labeling. In the remainder of rostral CA1 subregions, neither VCD treatment nor genotype affected the density of GFAP.

In caudal CA1, the density of GFAP labeling was increased in the SO region of the CA1 and subiculum in SWDI compared to WT mice (Figure 3L). Notably, only in the caudal CA1 SO subregion was there a significant interaction (Finteraction = 6.3, p < 0.016) of treatment and genotype in the density of GFAP-labeling, post-hoc analysis showing that SWDI-VCD mice (Figure 3L) had significantly greater GFAP density compared to SWDI-Oil mice (p < 0.05). In contrast, in the subiculum of the caudal CA1 there was an effect of genotype (Fgenotype = 65, p < 0.0001) with significantly greater density of GFAP labeling in SWDI mice compared to WT mice (p < 0.0001).



3.2.2 CA3

There was no effect of treatment or genotype on the density of GFAP in any of the subregions of the CA2/CA3A or CA3b (data not shown).



3.2.3 DG

There was a significant effect of treatment (Ftreatment = 12, p < 0.001) on GFAP labeling in the crest of the rostral DG of the SWDI mice. Post hoc testing showed that SWDI-VCD compared to SWDI-Oil mice had a significantly greater GFAP density (p < 0.01) in the crest of the hilus (Figure 3O). There were no effects of treatment in the WT mice on GFAP density in the rostral DG. Moreover, there were no significant effects of treatment or genotype on GFAP density in the caudal DG (data not shown).

These patterns of GFAP labeling suggest that early-stage CAA is associated with increased astrocyte activity in select hippocampal areas of the rostro-caudal CA1 and caudal SUB. Significantly, only the caudal CA1 SO showed further signs of astrocyte reactivity when early cerebrovascular amyloidosis was coupled to AOF.




3.3 Astrocytes in AOF SWDI mice are associated with amyloid pathology

Mounting evidence supports that reactive glia are associated with aggregated Aβ in the hippocampus and cortex of AD animal models and human brain samples (Bandyopadhyay, 2021). In the SWDI model of CAA, early onset accumulation of Aβ protein is found in diffuse parenchymal plaques, cerebral microvessels and is associated with vascular degeneration and neuroinflammation especially in the subiculum (Miao et al., 2005a,b). In this model, abundant neuroinflammatory reactive astrocytes and activated microglia strongly associate with the cerebral microvascular fibrillar Aβ deposits.

Similar to prior studies in SWDI mice (Xu et al., 2007), qualitative analysis showed that GFAP-labeling (Figures 4A,E) and 4G8-labeling (Figures 4B,F) were found in close proximity (Figures 4D,H) in the dorsal subiculum of both Oil and VCD injected mice. The GFAP-labeled astrocytes mostly surround clusters of 4G8-labeling, especially in the VCD SWDI mice (Figures 4D,H). Moreover, blood vessels, identified by CD31 immunolabeling (Figures 4C,G), were closely associated with GFAP-labeled cells in the parenchyma but few blood vessels overlapped regions with dense GFAP and 4G8-labeling (Figures 4D,H). This could indicate an increase in vascular amyloid burden as shown in the data presented in Figure 2 and suggest a decrease in cerebral vascular densities in the hippocampus as previously reported (Miao et al., 2005a,b; Xu et al., 2007; Robison et al., 2019; Maniskas et al., 2021).
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FIGURE 4
 Qualitative analysis shows Aβ, astrocytes and blood vessels are located in spatial proximity in the caudal subiculum of SWDI mice. (A–D) Section from SWDI oil-treated mouse shows labeling of 4G8 (A), GFAP (B), and vascular marker CD31 (C). A merged image (D) shows overlapping labeling for 4G8, GFAP and CD31. As shown in the inset (area in dashed box) labeling for 4G8 (green chevron) is seen in proximity to labeling for astrocyte (blue arrow head) and vascular (magenta arrow head) markers. (E–H) Section from SWDI VCD-treated mouse shows labeling for 4G8 (E), GFAP (F), and CD31 (G). A merged image shows overlap of 4G8, GFAP and CD31 (H), which can be seen at a higher magnification in the area bounded by the dashed box (inset). Bars (A–H) = 200 μm. Bar (D,H) = 75 μm.




3.4 Increased microglia activation in select regions of the CA1 of SWDI mice

Microglia are resident brain macrophages implicated in regulation of neuroinflammatory states and cognitive function (Cornell et al., 2022). The protein Iba1 is constitutively expressed in microglia and upregulated when they enter an activated stage (Imai et al., 1996; Sasaki et al., 2001), as is commonly reported in the context of aging and neurodegenerative disorders (Prinz et al., 2021). Significantly, microglia activity is associated with ovarian hormone changes. For example, ovariectomy results in an increase in Iba1 in middle-aged mice (Sárvári et al., 2017), and signs of microglia reactivity are decreased by estradiol in hippocampus of aged ovariectomized animals (Lei et al., 2003). In addition, ovariectomy increases the labeling of macrophage antigen complex-1, another marker of reactive microglia, in the hippocampus of aged mice (Benedusi et al., 2012). In the context of neurodegenerative disease in females, gonadal hormones further impact microglia, as chronic estrogen deficiency is associated with increased microglial activation and neurodegeneration in an AD mouse model (Prat et al., 2011). Expression of Iba1 in the hippocampus might be expected to be affected by ovarian failure during cerebrovascular amyloidosis, however, there is little evidence for this.

The density of Iba1 was examined in CA1, CA3, DG and subiculum subregions within the rostral and caudal hippocampus (Figures 5A,B). As shown in an example from a WT female, Iba1-labeled cells were found scattered throughout all lamina in the CA1, CA3 and DG; however, the pyramidal and granule cell layers contain fewer Iba1-labeled cells (Figure 5A). Representative micrographs showing the distribution of Iba1 labeling in the rostral and caudal CA1 from each of the four animal groups are shown in Figures 5C–F,H respectively.
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FIGURE 5
 Iba1 labeling is elevated in select hippocampal regions of SWDI mice. (A,B) Low magnification photomicrographs of Iba1 labeling the rostral (A) and caudal (B) hippocampus. Boxes indicate regions of the CA1, CA3a, CA3b, dentate gyrus (DG) and subiculum (Sub) that were sampled. (C–F) Representative micrographs showing Iba1 labeling in the rostral CA1 of WT-Oil (C), WT-VCD (D), SWDI-Oil. (E), and SWDI-VCD (F) mice. (G) The density of Iba1 labeling in rostral CA1 SO is increased in SWDI-VCD mice compared to WT-VCD mice. (H–K) Representative micrographs showing Iba1 labeling in the caudal CA1/subiculum of WT-Oil (H), WT-VCD (I), SWDI-Oil (J), and SWDI-VCD (K) mice. (L) The density of Iba1 labeling in caudal CA1 SO and subiculum is increased in SWDI-WT and SWDI-VCD mice compared to their WT counterparts. Bars (A,B) = 200 μm, (C–F,H–K) = 50 μm; *p < 0.05; ***p < 0.001; ****p < 0.0001 by two-way ANOVA with Tukey’s or Sidak’s post hoc multiple comparison analysis. Data are mean ± SEM, N = 10–11 animals per experimental group.



3.4.1. CA1 and subiculum

In the rostral CA1 there were no significant differences in the density of Iba1 between WT-oil and WT-VCD mice in any subregion of the rostral or caudal CA1, or in the subiculum (Figures 5G,L). However, there was a genotype effect in the SO of the caudal CA1 (Fgenotype = 21, p < 0.001) and in the subiculum (Fgenotype = 55, p < 0.0001). In both the CA1 SO (p < 0.05) and subiculum (p < 0.0001), SWDI-oil compared WT-oil had greater densities of Iba1 labeling (Figure 5L). SWDI-VCD compared to WT-VCD mice had significantly greater densities of Iba1 labeling in rostral and caudal CA1 SO (*p < 0.05) and in the subiculum (p < 0.0001).



3.4.2 CA3 and DG

There was no effect of treatment or genotype on the density of Iba1 labeling in any of the subregions of the CA2/CA3A or CA3b or DG (data not shown).

Similar to GFAP, qualitative analysis showed that Iba1 labeling overlapped with 4G8-labeled fibrils in the dorsal subiculum of both Oil (Figures 6A–D) and VCD (Figures 6E–H) injected mice. The Iba1-labeled microglia mostly surround clusters of 4G8-labeling, especially in the VCD-injected SWDI mice (Figures 6D,H). Moreover, few blood vessels were associated with Iba1-labeled microglia and 4G8-labeling (Figures 6D,H).
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FIGURE 6
 Qualitative analysis shows overlapping labeling for 4G8, Iba1 and CD31 in the caudal subiculum of SWDI mice. (A–D) Section from SWDI oil-treated mouse shows labeling for 4G8 (A), Iba1 (B), and CD31 (C). A merged image (D) shows overlapping areas of 4G8 (green chevron), Iba1 (blue arrowhead) and CD31 (magenta arrowhead) labeling at low and high magnification as shown in the area bounded by the dashed box (inset). (E–H) Section from SWDI VCD-treated mouse shows labeling of 4G8 (E), Iba1 (F), and CD31 (G). A merged image (H) showing 4G8, Iba1 and CD31 labeling in close spatial proximity is shown at low and high magnification in the area contained in the dashed box (inset). Bars (A–H) = 200 μm. Bar (D,H) = 75 μm.


These results of Iba1 labeling suggest that the SWDI genotype at an early stage of cerebral Aβ expression influences microglia activation in the caudal CA1 SO and the SUB. However, in contrast to GFAP, there is no further impact of peri-AOF on microglia activation at a similar stage of amyloid progression. These results, in concert with the finding of increased GFAP in select hippocampal regions, suggest that there is a dissociation in activation states across astrocytes and microglia in response to peri-AOF-associated cerebrovascular Aβ expression.




3.5 Cognitive impairment in female SWDI mice independent of VCD treatment

Neuroinflammation is intrinsically linked with dementia and the progression of cognitive impairment (Heneka et al., 2015), however the impact of early ovarian failure on cognitive function in mice with CAA is unknown. To assess the behavioral consequences of early ovarian decline and cerebrovascular amyloidosis, SWDI mice at peri-AOF were tested in different cognitive tasks (Y-maze alternation test, novel object recognition, and spatial navigation using the Barnes maze).


3.5.1 Y-maze

A genotype effect was observed in the arm alternation behavior, indicative of willingness to explore new environments (Fgenotype = 29, p < 0.0001). Both oil and VCD treated SWDI mice had a significantly lower alternation percentage compared to oil and VCD treated WT mice (p < 0.01, p < 0.001 respectively) with no change in total arm entries (Figures 7A,B).
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FIGURE 7
 Cognition is impaired in the Y-maze, but not in the novel object recognition test, in SWDI compared to WT mice. (A,B) In the Y-maze test, arm alternation behavior was reduced in SWDI mice compared to WT mice with no differences in number of arm entries. (C,D) Spontaneous motor activity was reduced in SWDI compared to WT mice as observed in the novel object recognition test (**p < 0.01; ***p < 0.001; ****p < 0.0001) by two-way ANOVA with Sidak’s post hoc multiple comparison analysis. No significant differences were observed between groups in the total object exploratory time and percentage time spent exploring the novel object. Data are mean ± SEM, N = 11 animals per experimental group.




3.5.2 Novel object

A genotype effect was seen in locomotor activity as assessed by total distance (Fgenotype = 24.1, p < 0.0001) and total mean speed (Fgenotype = 24.6, p < 0.0001). SWDI-Oil compared to WT-Oil mice had lower total distance (p < 0.0001) and lower mean speed (p < 0.0001) (Figures 7C,D). No significant differences across groups were observed in the total time spent exploring the two objects (Figure 7E). Also, no genotype or treatment effect was observed in the percent time of novel object exploration (Figure 7F); however, a trend toward a decrease in novel object exploration time was seen in WT-VCD, SWDI-Oil, and SWDI-VCD compared to WT-OIL controls.



3.5.3 Barnes maze

There were no significant differences in cognitive performance or motor activity according to either genotype or treatment between (Figures 8A–D). When tested 24- h after the last acquisition training session, no differences were found in time spent in the target or non-target quadrants in the probe trial (Figures 8E,F).
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FIGURE 8
 There were no differences in cognition performance in the Barnes maze due to genotype or VCD treatment. (A–F) Differences in learning and memory (A,C,E,F) or motor activity (B,D) were not observed in the Barnes maze in SWDI mice compared to WT mice (***p < 0.001; ****p < 0.0001) by three-way ANOVA with Dunnett’s post hoc multiple comparison analysis. Data are mean ± SEM, N = 11 animals per experimental group.


These data demonstrate that female SWDI mice display impaired performance in select cognitive tasks, as has been reported previously (Xu et al., 2014; Setti et al., 2022). However, early ovarian failure does not exacerbate these behavioral deficits. Together with the anatomical results, our data show that early menopause alters hippocampal Aβ deposition and activation of astrocytes with sublayer specificity in SWDI mice compared to wildtype animals (Figures 2, 3) but does not aggravate cognitive deficits.





4 Discussion

Women may bear a disproportionate burden of both small vessel disease (Patel et al., 2020), and dementia (Beam et al., 2018), however, the biological processes contributing to dementia-related neuropathology and cerebrovascular dysfunction are unclear. Given that the risk for dementia may emerge as women transition to menopause, we explored the role of early ovarian failure on markers of neuroinflammation in the hippocampus, a dementia-sensitive brain area, using a model of cerebrovascular angiopathy, a significant contributor to dementia. To further characterize the role of ovarian decline on the progression of amyloidosis-associated neuroinflammation, conditions were optimized in young mice to capture the earliest stages of ovarian failure and amyloidosis, thus identifying potential early disease markers and intervention points. For this, we produced a unique model of perimenopausal CAA by inducing chemical AOF in young female mice expressing a human vasculotropic mutant amyloid β precursor protein and conducted anatomical and behavioral measures close to the onset of both ovarian decline and CAA. Using this approach, we found signs of increased reactive astrocytes in select regions of the hippocampus. The heightened activity of astrocytes was accompanied by elevated accumulation of hippocampus Aβ, but not paralleled by increased signs of microglial activation, suggesting that early peri-AOF is associated with select effects on glial cell subtypes. Behaviorally, despite signs of impaired memory in the intact female SWDI mice, peri-AOF did not exacerbate cognitive dysfunction at disease onset in SWDI mice. The latter findings suggest that the increased signs of hippocampal astrocyte reactivity and Aβ deposition associated with peri-AOF have not yet passed a threshold that leads to further deleterious effects on behavior. This points to the possibility that an early stage of ovarian decline may be a stage of increasing hippocampal vulnerability, and thus a window of opportunity to moderate the damaging effects of cerebrovascular dysfunction associated with cerebral amyloid angiopathy and ovarian failure before progressing to a more severe degree of neurovascular compromise and cognitive impairment.

In the present study, we utilized a model of AOF that recapitulates the hormonal changes seen during the progression of human menopause. This approach results in a stage of irregular and extended estrous cycles and erratically fluctuating estrogen levels that correspond to human perimenopause (Van Kempen et al., 2014; Brooks et al., 2016; Marques-Lopes et al., 2017), but with limited effects on peripheral tissues or brain areas inside and outside the blood–brain barrier (Van Kempen et al., 2014). Critically, this method also provides for the induction of ovarian dysfunction in mice at particular developmental time points, including young animals, thus allowing for the isolation of the effects of gonadal hormone signaling from other factors like aging. Thus, the present finding of increased hippocampal GFAP and Aβ in peri-AOF CAA mice indicates that, in the context of cerebral amyloidosis, irregular hormonal cycling alone is capable of inducing detectible increases in astrocyte activation in a brain region critical for cognitive processes that are adversely affected during dementia.

The hippocampus is both structurally and functionally demarcated. For example, infragranular and subgranular zones of the DG contain cells that undergo adult neurogenesis (Araki et al., 2021). In the CA1, the SLM receives entorhinal and thalamic afferents and contains interneurons important for rhythmic synchronization of pyramidal cells involved in mnemonic processes (Chapman and Lacaille, 1999; Vu et al., 2020) and affect neuronal protection and survival (Lana et al., 2021). The CA1 SO contains a variety of inhibitory interneurons (Hardy et al., 2021), in addition to the axons (Arszovszki et al., 2014) and basal dendrites (Bannister and Larkman, 1995; Rigby et al., 2023) of principle cells and receives inputs from the entorhinal cortex (Takács et al., 2012; Bell et al., 2021), local (Takács et al., 2012; Huh et al., 2016; Bell et al., 2021) or commissural (Supèr and Soriano, 1994) principle hippocampal neurons, and from the medial septal nucleus (Yamada and Jinno, 2015), the site of cholinergic neurons (Müller and Remy, 2018). The CA2/CA3a regions are innervated by the hypothalamic supramammillary nucleus believed to participate in theta rhythms influencing encoding of new memories (Jones and McHugh, 2011). However, little is known about the role of early ovarian failure on neuroinflammation across hippocampal subregions in the context of early-stage amyloidosis.

In the present study, densitometric analysis of GFAP was performed across hippocampal subregions. It was found that only at the caudal level of the CA1 within the SO field were GFAP levels increased in peri-AOF SWDI mice. In contrast, GFAP was elevated in SWDI mice in the caudal SUB and in the rostral CA1 SO region of SWDI mice, independent of AOF status. These findings indicate that the SO region of the caudal CA1 exhibits increased astrocytic activity in the context of CAA and early ovarian failure, whereas other regions of the hippocampus (caudal SUB and rostral SO) show signs of astrocyte activity during CAA only. These results suggest that the timing of GFAP expression in SWDI mice varies by hippocampal subregion, which is further influenced by early ovarian failure. It should also be noted that, for the most part, increases in GFAP were paralleled by increases in Aβ. For example, in the case of intact SWDI mice, higher GFAP was accompanied by increased Aβ in the rostral CA1 SO and caudal SUB of intact SWDI mice, although this was not matched by a further increase in GFAP in peri-AOF mice.

Functionally, the CA1 is a critical part of both the monosynaptic and trisynaptic hippocampal circuits that play essential roles in hippocampal signal processing, learning and memory (Basu and Siegelbaum, 2015; Stepan et al., 2015). The CA1 is highly vulnerable to dementia-associated neuropathological processes and is among the earliest to show signs of tissue volume decline/neurodegeneration during disease progression (Su et al., 2018; Dounavi et al., 2020; McKeever et al., 2020). Neuropathological and degenerative processes associated with vascular dementia critically involve reactive astrocytes (Price et al., 2018). Indeed, reactive astrocytes have been well-characterized for their roles in neuroinflammatory processes that contribute to neuropathology during brain ischemia, pathogen infection, as well as trauma (Li and Barres, 2018; Matias et al., 2019) and may promote neural stress and neurodegeneration (Arevalo et al., 2013; Spangenberg and Green, 2017). Astrocytes form a critical component of both the neurovascular unit as well as the tripartite synapse, that are critical for maintaining cerebral function. and which show dysfunction in the hippocampus in models of cerebrovascular disease (Sompol et al., 2023) and dementia (Liu et al., 2018). Beyond neurovascular function, astrocytes are also involved in the clearance of Aβ (Wyss-Coray et al., 2003; Kantarci et al., 2016; Davis et al., 2021), but may also contribute to Aβ production as well (Frost and Li, 2017). Further, astrocytes, along with pericytes and vascular endothelial cells, contribute to BBB formation to maintain brain homeostasis, which is dysregulated by Aβ (Wang et al., 2021). Thus, astrocytes may contribute to CAA-associated hippocampal pathology by distinct mechanisms.

The select increase in reactive astrocytes seen in the SO in peri-AOF CAA mice may be related to the actions of estrogen. Estrogen deficiency has been shown to contribute to the reactive astrocytosis associated with models of dementia (Yun et al., 2018), whereas estrogen may protect against reactive astrogliosis in the hippocampus (Bagheri et al., 2013). Specifically, the SO is a site of estradiol binding, and contains perisynaptic astrocyte profiles that express immunolabeling for estrogen receptor alpha (Towart et al., 2003), which may mediate protective effects against Aβ-mediated pathology (Carbonaro et al., 2009; Hwang et al., 2015). Thus, the increased activity of SO astrocytes at peri-AOF during early-stage CAA may reflect the dysregulation of both estrogen and cerebrovascular function associated with Aβ and may provide the conditions that lead to more severe neuropathology with the progression of ovarian failure and CAA.

The increase in glial reactivity and Aβ in intact SWDI mice was associated with select behavioral outcomes. When tested in the Y-maze or the novel object recognition tasks, SWDI mice showed a deficit in cognitive behavior. However, VCD-treated mice performed at a level comparable to oil-injected animals, indicating that peri-AOF did not result in further impairment in alternation memory. In contrast, neither genotype nor VCD treatment impacted spatial memory as measured in the Barnes maze. The lack of a behavioral effect in the latter paradigm even in CAA mice may be due to the exclusive testing of female mice at a young age and requires further time-course investigation.



5 Summary and implications

We performed a granular anatomical analysis of neuroinflammation in the hippocampus in a model of early perimenopausal amyloidosis and revealed that specific hippocampal regions show widely differing susceptibilities to astrocyte activation in response to CAA alone or the combination of CAA and peri-AOF. In particular, peri-AOF coupled with CAA was associated with a select increase in astrocyte activation in the caudal CA1 SO field. Whether changes in estrogen signaling at peri-AOF may specifically intersect with astroglial function or dysfunction to promote early CAA is unknown. Moreover, whether this vulnerability at peri-AOF leads to cascading neuroinflammatory pathology in connected CA1 targets or with progressive cognitive dysfunction at later stages of AOF and amyloidosis awaits future time-course studies.

More generally, temporal factors are emerging as an important consideration in dementia therapeutics. This is highlighted by evidence that Aβ monoclonal antibodies (Sims et al., 2023) given early in Alzheimer’s dementia may be more efficacious compared to use at later stages. Temporal factors have also been noteworthy in the debate about dementia therapeutics in menopausal women. The timing hypothesis posits that hormone replacement started soon after menopause onset reduces the risk of AD dementia (Henderson et al., 2005; Whitmer et al., 2011; Mills et al., 2023). The existence of temporal constraints on the efficacy of hormone replacement is supported by a growing body of literature including findings that perimenopausal hormone therapy protects hippocampal function and structure (Berent-Spillson et al., 2010; Maki et al., 2011), including the volume of the CA1 region (Pintzka and Håberg, 2015). Additionally, other data is consistent with the protective effects of early hormone therapy on dementia risk (Kantarci et al., 2016; Sung et al., 2022; Saleh et al., 2023). In this context, our model of early perimenopausal CAA may have basic and preclinical value as a method to investigate the mechanisms of potential ameliorative effects of hormone replacement, which can be further expanded to encompass other forms of dementia. Ultimately, such findings may provide a better understanding of how hormone dysregulation influences hippocampal health and dementia liability in women across menopause.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was approved by Weill Cornell Medicine Institutional Institutional Animal Care and Use Committee. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

JP: Conceptualization, Data curation, Formal analysis, Writing – original draft, Writing – review & editing. RM: Conceptualization, Formal analysis, Supervision, Writing – review & editing. LP: Conceptualization, Writing – review & editing. FY: Data curation, Formal analysis, Investigation, Writing – review & editing. GS: Data curation, Formal analysis, Investigation, Writing – review & editing. RW: Investigation, Supervision, Writing – review & editing. WT: Investigation, Visualization, Writing – review & editing. TM: Conceptualization, Formal analysis, Funding acquisition, Supervision, Writing – original draft, Writing – review & editing, Investigation, Project administration. MG: Conceptualization, Formal analysis, Funding acquisition, Supervision, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. Supported by NIH grants R01 HL136520 and HL13650S1 (TM and MG), R01 HL135428 (MG), R01 GM130722 (JP), R21 AG064455 (RM), R01 NS097805 (LP) and the Aligning Science Across Parkinson’s disease (ASAP) grant MJF214365-01 (RM) through the Michael J. Fox Foundation for Parkinson’s Research (MJFF).



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.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Abbreviations


Aβ, beta amyloid; AD, Alzheimer’s disease; AOF, accelerated ovarian failure; BBB, blood–brain-barrier; CAA, cerebral amyloid angiopathy; Cen, central hilus; DG, dentate gyrus; GFAP, glial fibrillary acidic protein; Iba1, ionized calcium binding adapter molecule 1; IFG, infragranular blade; PB, phosphate buffer; PCL, pyramidal cell layer; ROI, region of interest; SG, supragranular blade; SLM, stratum lacunosum-moleculare; SLu, stratum lucidum; SO, stratum oriens; SR, stratum radiatum; TS, Tris saline; VCD, 4-vinylcyclohexene diepoxide.



References

 Alafuzoff, I., Thal, D. R., Arzberger, T., Bogdanovic, N., Al-Sarraj, S., Bodi, I., et al. (2009). Assessment of beta-amyloid deposits in human brain: a study of the BrainNet Europe consortium. Acta Neuropathol. 117, 309–320. doi: 10.1007/s00401-009-0485-4

 Araki, T., Ikegaya, Y., and Koyama, R. (2021). The effects of microglia- and astrocyte-derived factors on neurogenesis in health and disease. Eur. J. Neurosci. 54, 5880–5901. doi: 10.1111/ejn.14969 

 Arevalo, M. A., Santos-Galindo, M., Acaz-Fonseca, E., Azcoitia, I., and Garcia-Segura, L. M. (2013). Gonadal hormones and the control of reactive gliosis. Horm. Behav. 63, 216–221. doi: 10.1016/j.yhbeh.2012.02.021 

 Arszovszki, A., Borhegyi, Z., and Klausberger, T. (2014). Three axonal projection routes of individual pyramidal cells in the ventral CA1 hippocampus. Front. Neuroanat. 8:53. doi: 10.3389/fnana.2014.00053

 Arvanitakis, Z., Shah, R. C., and Bennett, D. A. (2019). Diagnosis and Management of Dementia: review. JAMA 322, 1589–1599. doi: 10.1001/jama.2019.4782 

 Bagheri, M., Rezakhani, A., Nyström, S., Turkina, M. V., Roghani, M., Hammarström, P., et al. (2013). Amyloid beta(1-40)-induced astrogliosis and the effect of genistein treatment in rat: a three-dimensional confocal morphometric and proteomic study. PLoS One 8:e76526. doi: 10.1371/journal.pone.0076526 

 Bandyopadhyay, S. (2021). Role of neuron and glia in Alzheimer's disease and associated vascular dysfunction. Front. Aging Neurosci. 13:653334. doi: 10.3389/fnagi.2021.653334 

 Bannister, N. J., and Larkman, A. U. (1995). Dendritic morphology of CA1 pyramidal neurones from the rat hippocampus: I Branching patterns. J Comp Neurol 360, 150–160. doi: 10.1002/cne.903600111

 Basu, J., and Siegelbaum, S. A. (2015). The Corticohippocampal circuit, synaptic plasticity, and memory. Cold Spring Harb. Perspect. Biol. 7:a021733. doi: 10.1101/cshperspect.a021733 

 Beam, C. R., Kaneshiro, C., Jang, J. Y., Reynolds, C. A., Pedersen, N. L., and Gatz, M. (2018). Differences between women and men in incidence rates of dementia and Alzheimer's disease. J. Alzheimers Dis. 64, 1077–1083. doi: 10.3233/JAD-180141 

 Bell, K. A., Delong, R., Goswamee, P., and McQuiston, A. R. (2021). The entorhinal cortical Alvear pathway differentially excites pyramidal cells and interneuron subtypes in hippocampal CA1. Cereb. Cortex 31, 2382–2401. doi: 10.1093/cercor/bhaa359 

 Benedusi, V., Meda, C., Della Torre, S., Monteleone, G., Vegeto, E., and Maggi, A. (2012). A lack of ovarian function increases neuroinflammation in aged mice. Endocrinology 153, 2777–2788. doi: 10.1210/en.2011-1925 

 Berent-Spillson, A., Persad, C. C., Love, T., Tkaczyk, A., Wang, H., Reame, N. K., et al. (2010). Early menopausal hormone use influences brain regions used for visual working memory. Menopause 17, 692–699. doi: 10.1097/gme.0b013e3181cc49e9 

 Brooks, H. L., Pollow, D. P., and Hoyer, P. B. (2016). The VCD mouse model of menopause and perimenopause for the study of sex differences in cardiovascular disease and the metabolic syndrome. Physiology (Bethesda) 31, 250–257. doi: 10.1152/physiol.00057.2014 

 Carbonaro, V., Caraci, F., Giuffrida, M. L., Merlo, S., Canonico, P. L., Drago, F., et al. (2009). Enhanced expression of ERalpha in astrocytes modifies the response of cortical neurons to beta-amyloid toxicity. Neurobiol. Dis. 33, 415–421. doi: 10.1016/j.nbd.2008.11.017 

 Chapman, C. A., and Lacaille, J. C. (1999). Intrinsic theta-frequency membrane potential oscillations in hippocampal CA1 interneurons of stratum lacunosum-moleculare. J. Neurophysiol. 81, 1296–1307. doi: 10.1152/jn.1999.81.3.1296 

 Chowen, J. A., and Garcia-Segura, L. M. (2021). Role of glial cells in the generation of sex differences in neurodegenerative diseases and brain aging. Mech. Ageing Dev. 196:111473. doi: 10.1016/j.mad.2021.111473 

 Cornell, J., Salinas, S., Huang, H. Y., and Zhou, M. (2022). Microglia regulation of synaptic plasticity and learning and memory. Neural Regen. Res. 17, 705–716. doi: 10.4103/1673-5374.322423 

 Davis, N., Mota, B. C., Stead, L., Palmer, E. O. C., Lombardero, L., Rodríguez-Puertas, R., et al. (2021). Pharmacological ablation of astrocytes reduces Aβ degradation and synaptic connectivity in an ex vivo model of Alzheimer's disease. J. Neuroinflammation 18:73. doi: 10.1186/s12974-021-02117-y 

 Davis, J., Xu, F., Deane, R., Romanov, G., Previti, M. L., Zeigler, K., et al. (2004). Early-onset and robust cerebral microvascular accumulation of amyloid beta-protein in transgenic mice expressing low levels of a vasculotropic Dutch/Iowa mutant form of amyloid beta-protein precursor. J. Biol. Chem. 279, 20296–20306. doi: 10.1074/jbc.M312946200 

 Dounavi, M. E., Mak, E., Wells, K., Ritchie, K., Ritchie, C. W., Su, L., et al. (2020). Volumetric alterations in the hippocampal subfields of subjects at increased risk of dementia. Neurobiol. Aging 91, 36–44. doi: 10.1016/j.neurobiolaging.2020.03.006 

 Flurkey, K., and Currer, J. M. (2004). Pitfalls of animal model systems in ageing research. Best Pract. Res. Clin. Endocrinol. Metab. 18, 407–421. doi: 10.1016/j.beem.2004.02.001 

 Frost, G. R., and Li, Y. M. (2017). The role of astrocytes in amyloid production and Alzheimer's disease. Open Biol. 7:170228. doi: 10.1098/rsob.170228 

 Gong, J., Harris, K., Peters, S. A. E., and Woodward, M. (2022). Reproductive factors and the risk of incident dementia: a cohort study of UK biobank participants. PLoS Med. 19:e1003955. doi: 10.1371/journal.pmed.1003955 

 Haas, J. R., Christian, P. J., and Hoyer, P. B. (2007). Effects of impending ovarian failure induced by 4-vinylcyclohexene diepoxide on fertility in C57BL/6 female mice. Comp. Med. 57, 443–449.

 Hardy, E., Cohen-Salmon, M., Rouach, N., and Rancillac, A. (2021). Astroglial Cx30 differentially impacts synaptic activity from hippocampal principal cells and interneurons. Glia 69, 2178–2198. doi: 10.1002/glia.24017 

 Harkness, K. A., Coles, A., Pohl, U., Xuereb, J. H., Baron, J. C., and Lennox, G. G. (2004). Rapidly reversible dementia in cerebral amyloid inflammatory vasculopathy. Eur. J. Neurol. 11, 59–62. doi: 10.1046/j.1351-5101.2003.00707.x 

 Harsh, V., Schmidt, P. J., and Rubinow, D. R. (2007). The menopause transition: the next neuroendocrine frontier. Expert. Rev. Neurother. 7, S7–S10. doi: 10.1586/14737175.7.11s.S7 

 Henderson, V. W., Benke, K. S., Green, R. C., Cupples, L. A., and Farrer, L. A. (2005). Postmenopausal hormone therapy and Alzheimer's disease risk: interaction with age. J. Neurol. Neurosurg. Psychiatry 76, 103–105. doi: 10.1136/jnnp.2003.024927 

 Heneka, M. T., Carson, M. J., El Khoury, J., Landreth, G. E., Brosseron, F., Feinstein, D. L., et al. (2015). Neuroinflammation in Alzheimer's disease. Lancet Neurol. 14, 388–405. doi: 10.1016/S1474-4422(15)70016-5 

 Hof, P., Young, W., Bloom, F., Belinchenko, P., and Ceilo, M., Comparative cytoarchitectonic atlas of the C57BL/6 and 129/SV mouse brains, Elsevier: Amsterdam (2000).

 Huh, C. Y., Amilhon, B., Ferguson, K. A., Manseau, F., Torres-Platas, S. G., Peach, J. P., et al. (2016). Excitatory inputs determine phase-locking strength and spike-timing of CA1 stratum Oriens/alveus Parvalbumin and somatostatin interneurons during intrinsically generated hippocampal Theta rhythm. J. Neurosci. 36, 6605–6622. doi: 10.1523/JNEUROSCI.3951-13.2016 

 Hwang, C. J., Yun, H. M., Park, K. R., Song, J. K., Seo, H. O., Hyun, B. K., et al. (2015). Memory impairment in estrogen receptor α knockout mice through accumulation of amyloid-β peptides. Mol. Neurobiol. 52, 176–186. doi: 10.1007/s12035-014-8853-z 

 Imai, Y., Ibata, I., Ito, D., Ohsawa, K., and Kohsaka, S. (1996). A novel gene iba1 in the major histocompatibility complex class III region encoding an EF hand protein expressed in a monocytic lineage. Biochem. Biophys. Res. Commun. 224, 855–862. doi: 10.1006/bbrc.1996.1112 

 Jäkel, L., Van Nostrand, W. E., Nicoll, J. A. R., Werring, D. J., and Verbeek, M. M. (2017). Animal models of cerebral amyloid angiopathy. Clin. Sci. (Lond.) 131, 2469–2488. doi: 10.1042/CS20170033

 Jayachandran, M., Miller, V. M., Lahr, B. D., Bailey, K. R., Lowe, V. J., Fields, J. A., et al. (2021). Peripheral markers of neurovascular unit integrity and amyloid-β in the brains of menopausal women. J. Alzheimers Dis. 80, 397–405. doi: 10.3233/JAD-201410 

 Jones, M. W., and McHugh, T. J. (2011). Updating hippocampal representations: CA2 joins the circuit. Trends Neurosci. 34, 526–535. doi: 10.1016/j.tins.2011.07.007 

 Kantarci, K., Lowe, V. J., Lesnick, T. G., Tosakulwong, N., Bailey, K. R., Fields, J. A., et al. (2016). Early postmenopausal transdermal 17β-estradiol therapy and amyloid-β deposition. J. Alzheimers Dis. 53, 547–556. doi: 10.3233/JAD-160258 

 Kövari, E., Herrmann, F. R., Hof, P. R., and Bouras, C. (2013). The relationship between cerebral amyloid angiopathy and cortical microinfarcts in brain ageing and Alzheimer's disease. Neuropathol. Appl. Neurobiol. 39, 498–509. doi: 10.1111/nan.12003 

 Lana, D., Ugolini, F., Nosi, D., Wenk, G. L., and Giovannini, M. G. (2021). The emerging role of the interplay among astrocytes, microglia, and neurons in the Hippocampus in health and disease. Front. Aging Neurosci. 13:651973. doi: 10.3389/fnagi.2021.651973

 Lei, D. L., Long, J. M., Hengemihle, J., O'Neill, J., Manaye, K. F., Ingram, D. K., et al. (2003). Effects of estrogen and raloxifene on neuroglia number and morphology in the hippocampus of aged female mice. Neuroscience 121, 659–666. doi: 10.1016/S0306-4522(03)00245-8 

 Li, Q., and Barres, B. A. (2018). Microglia and macrophages in brain homeostasis and disease. Nat. Rev. Immunol. 18, 225–242. doi: 10.1038/nri.2017.125 

 Li, T., Li, D., Wei, Q., Shi, M., Xiang, J., Gao, R., et al. (2023). Dissecting the neurovascular unit in physiology and Alzheimer's disease: functions, imaging tools and genetic mouse models. Neurobiol. Dis. 181:106114. doi: 10.1016/j.nbd.2023.106114 

 Liao, H., Cheng, J., Pan, D., Deng, Z., Liu, Y., Jiang, J., et al. (2023). Association of earlier age at menopause with risk of incident dementia, brain structural indices and the potential mediators: a prospective community-based cohort study. EClinicalMedicine 60:102033. doi: 10.1016/j.eclinm.2023.102033 

 Liu, C. Y., Yang, Y., Ju, W. N., Wang, X., and Zhang, H. L. (2018). Emerging roles of astrocytes in neuro-vascular unit and the tripartite synapse with emphasis on reactive gliosis in the context of Alzheimer's disease. Front. Cell. Neurosci. 12:193. doi: 10.3389/fncel.2018.00193 

 Lohff, J. C., Christian, P. J., Marion, S. L., Arrandale, A., and Hoyer, P. B. (2005). Characterization of cyclicity and hormonal profile with impending ovarian failure in a novel chemical-induced mouse model of perimenopause. Comp. Med. 55, 523–527.

 Lu, Y., Sareddy, G. R., Wang, J., Zhang, Q., Tang, F. L., Pratap, U. P., et al. (2020). Neuron-derived estrogen is critical for astrocyte activation and neuroprotection of the ischemic Brain. J. Neurosci. 40, 7355–7374. doi: 10.1523/JNEUROSCI.0115-20.2020 

 Maki, P. M., Dennerstein, L., Clark, M., Guthrie, J., LaMontagne, P., Fornelli, D., et al. (2011). Perimenopausal use of hormone therapy is associated with enhanced memory and hippocampal function later in life. Brain Res. 1379, 232–243. doi: 10.1016/j.brainres.2010.11.030 

 Malhotra, K., Theodorou, A., Katsanos, A. H., Zompola, C., Shoamanesh, A., Boviatsis, E., et al. (2022). Prevalence of clinical and neuroimaging markers in cerebral amyloid Angiopathy: a systematic review and Meta-analysis. Stroke 53, 1944–1953. doi: 10.1161/STROKEAHA.121.035836 

 Maniskas, M. E., Mack, A. F., Morales-Scheihing, D., Finger, C., Zhu, L., Paulter, R., et al. (2021). Sex differences in a murine model of cerebral amyloid Angiopathy. Brain Behav Immun Health 14:100260. doi: 10.1016/j.bbih.2021.100260 

 Marazuela, P., Paez-Montserrat, B., Bonaterra-Pastra, A., Solé, M., and Hernández-Guillamon, M. (2022). Impact of cerebral amyloid Angiopathy in two transgenic mouse models of cerebral β-amyloidosis: a neuropathological study. Int. J. Mol. Sci. 23:4972. doi: 10.3390/ijms23094972 

 Marques-Lopes, J., Tesfaye, E., Israilov, S., Van Kempen, T. A., Wang, G., Glass, M. J., et al. (2017). Redistribution of NMDA receptors in estrogen-receptor-β-containing paraventricular hypothalamic neurons following slow-pressor angiotensin II hypertension in female mice with accelerated ovarian failure. Neuroendocrinology 104, 239–256. doi: 10.1159/000446073 

 Marques-Lopes, J., Van Kempen, T. A., and Milner, T. A. (2018). “Rodent models of ovarian failure” in Conn’s handbook of models for human aging. ed. P. M. C. Jeffery Ram (Cambridge MA: Elsevier Inc.), 831–843.

 Masuda, J., Tanaka, K., Ueda, K., and Omae, T. (1988). Autopsy study of incidence and distribution of cerebral amyloid angiopathy in Hisayama, Japan. Stroke 19, 205–210. doi: 10.1161/01.STR.19.2.205 

 Matias, I., Morgado, J., and Gomes, F. C. A. (2019). Astrocyte heterogeneity: impact to Brain aging and disease. Front. Aging Neurosci. 11:59. doi: 10.3389/fnagi.2019.00059 

 Mayer, L. P., Devine, P. J., Dyer, C. A., and Hoyer, P. B. (2004). The follicle-deplete mouse ovary produces androgen. Biol. Reprod. 71, 130–138. doi: 10.1095/biolreprod.103.016113 

 McCarthy, M., and Raval, A. P. (2020). The peri-menopause in a woman's life: a systemic inflammatory phase that enables later neurodegenerative disease. J. Neuroinflammation 17:317. doi: 10.1186/s12974-020-01998-9 

 McKeever, A., Paris, A. F., Cullen, J., Hayes, L., Ritchie, C. W., Ritchie, K., et al. (2020). Hippocampal subfield volumes in middle-aged adults at risk of dementia. J. Alzheimers Dis. 75, 1211–1218. doi: 10.3233/JAD-200238 

 Miao, J., Vitek, M. P., Xu, F., Previti, M. L., Davis, J., and Van Nostrand, W. E. (2005a). Reducing cerebral microvascular amyloid-beta protein deposition diminishes regional neuroinflammation in vasculotropic mutant amyloid precursor protein transgenic mice. J. Neurosci. 25, 6271–6277. doi: 10.1523/JNEUROSCI.1306-05.2005 

 Miao, J., Xu, F., Davis, J., Otte-Höller, I., Verbeek, M. M., and Van Nostrand, W. E. (2005b). Cerebral microvascular amyloid beta protein deposition induces vascular degeneration and neuroinflammation in transgenic mice expressing human vasculotropic mutant amyloid beta precursor protein. Am. J. Pathol. 167, 505–515. doi: 10.1016/S0002-9440(10)62993-8 

 Mills, Z. B., Faull, R. L. M., and Kwakowsky, A. (2023). Is hormone replacement therapy a risk factor or a therapeutic option for Alzheimer's disease? Int. J. Mol. Sci. 24:3205. doi: 10.3390/ijms24043205 

 Milner, T. A., Chen, R. X., Welington, D., Rubin, B. R., Contoreggi, N. H., Johnson, M. A., et al. (2022). Angiotensin II differentially affects hippocampal glial inflammatory markers in young adult male and female mice. Learn. Mem. 29, 265–273. doi: 10.1101/lm.053507.121 

 Milner, T. A., Waters, E. M., Robinson, D. C., and Pierce, J. P. (2011). “Degenerating processes identified by electron microscpic immunocytochemical methods” in Neurodegeneration, Methods and Protocols. eds. G. Manfredi and H. Kawamata (New York: Springer), 23–59.

 Moreau, K. L. (1985). Intersection between gonadal function and vascular aging in women. J. Appl. Physiol. 125, 1881–1887.

 Mosconi, L., Berti, V., Quinn, C., McHugh, P., Petrongolo, G., Varsavsky, I., et al. (2017). Sex differences in Alzheimer risk: Brain imaging of endocrine vs chronologic aging. Neurology 89, 1382–1390. doi: 10.1212/WNL.0000000000004425 

 Mosconi, L., Rahman, A., Diaz, I., Wu, X., Scheyer, O., Hristov, H. W., et al. (2018). Increased Alzheimer's risk during the menopause transition: a 3-year longitudinal brain imaging study. PLoS One 13:e0207885. doi: 10.1371/journal.pone.0207885 

 Müller, C., and Remy, S. (2018). Septo-hippocampal interaction. Cell Tissue Res. 373, 565–575. doi: 10.1007/s00441-017-2745-2 

 Nair, A. R., Pillai, A. J., and Nair, N. (2021). Cardiovascular changes in menopause. Curr. Cardiol. Rev. 17:e230421187681. doi: 10.2174/1573403X16666201106141811 

 Park, L., Hochrainer, K., Hattori, Y., Ahn, S. J., Anfray, A., Wang, G., et al. (2020). Tau induces PSD95-neuronal NOS uncoupling and neurovascular dysfunction independent of neurodegeneration. Nat. Neurosci. 23, 1079–1089. doi: 10.1038/s41593-020-0686-7 

 Park, L., Zhou, P., Pitstick, R., Capone, C., Anrather, J., Norris, E. H., et al. (2008). Nox2-derived radicals contribute to neurovascular and behavioral dysfunction in mice overexpressing the amyloid precursor protein. Proc. Natl. Acad. Sci. U. S. A. 105, 1347–1352. doi: 10.1073/pnas.0711568105 

 Patel, H., Aggarwal, N. T., Rao, A., Bryant, E., Sanghani, R. M., Byrnes, M., et al. (2020). Microvascular disease and small-vessel disease: the Nexus of multiple diseases of women. J Womens Health (Larchmt) 29, 770–779. doi: 10.1089/jwh.2019.7826 

 Pierce, J. P., Kelter, D. T., McEwen, B. S., Waters, E. M., and Milner, T. A. (2014). Hippocampal mossy fiber leu-enkephalin immunoreactivity in female rats is significantly altered following both acute and chronic stress. J. Chem. Neuroanat. 55, 9–17. doi: 10.1016/j.jchemneu.2013.10.004 

 Pintzka, C. W., and Håberg, A. K. (2015). Perimenopausal hormone therapy is associated with regional sparing of the CA1 subfield: a HUNT MRI study. Neurobiol. Aging 36, 2555–2562. doi: 10.1016/j.neurobiolaging.2015.05.023 

 Prat, A., Behrendt, M., Marcinkiewicz, E., Boridy, S., Sairam, R. M., Seidah, N. G., et al. (2011). A novel mouse model of Alzheimer's disease with chronic estrogen deficiency leads to glial cell activation and hypertrophy. J. Aging Res. 2011:251517. doi: 10.4061/2011/251517

 Price, B. R., Norris, C. M., Sompol, P., and Wilcock, D. M. (2018). An emerging role of astrocytes in vascular contributions to cognitive impairment and dementia. J. Neurochem. 144, 644–650. doi: 10.1111/jnc.14273 

 Prinz, M., Masuda, T., Wheeler, M. A., and Quintana, F. J. (2021). Microglia and central nervous system-associated macrophages-from origin to disease modulation. Annu. Rev. Immunol. 39, 251–277. doi: 10.1146/annurev-immunol-093019-110159 

 Raz, L., Knoefel, J., and Bhaskar, K. (2016). The neuropathology and cerebrovascular mechanisms of dementia. J. Cereb. Blood Flow Metab. 36, 172–186. doi: 10.1038/jcbfm.2015.164 

 Rigby, M., Grillo, F. W., Compans, B., Neves, G., Gallinaro, J., Nashashibi, S., et al. (2023). Multi-synaptic boutons are a feature of CA1 hippocampal connections in the stratum oriens. Cell Rep. 42:112397. doi: 10.1016/j.celrep.2023.112397 

 Robison, L. S., Popescu, D. L., Anderson, M. E., Francis, N., Hatfield, J., Sullivan, J. K., et al. (2019). Long-term voluntary wheel running does not alter vascular amyloid burden but reduces neuroinflammation in the Tg-SwDI mouse model of cerebral amyloid angiopathy. J. Neuroinflammation 16:144. doi: 10.1186/s12974-019-1534-0

 Sahambi, S. K., Visser, J. A., Themmen, A. P., Mayer, L. P., and Devine, P. J. (2008). Correlation of serum anti-Mullerian hormone with accelerated follicle loss following 4-vinylcyclohexene diepoxide-induced follicle loss in mice. Reprod. Toxicol. 26, 116–122. doi: 10.1016/j.reprotox.2008.07.005 

 Saleh, R. N. M., Hornberger, M., Ritchie, C. W., and Minihane, A. M. (2023). Hormone replacement therapy is associated with improved cognition and larger brain volumes in at-risk APOE4 women: results from the European prevention of Alzheimer's disease (EPAD) cohort. Alzheimers Res. Ther. 15:10. doi: 10.1186/s13195-022-01121-5 

 Santos-Galindo, M., Acaz-Fonseca, E., Bellini, M. J., and Garcia-Segura, L. M. (2011). Sex differences in the inflammatory response of primary astrocytes to lipopolysaccharide. Biol. Sex Differ. 2:7. doi: 10.1186/2042-6410-2-7 

 Sárvári, M., Kalló, I., Hrabovszky, E., Solymosi, N., and Liposits, Z. (2017). Ovariectomy alters gene expression of the hippocampal formation in middle-aged rats. Endocrinology 158, 69–83. doi: 10.1210/en.2016-1516 

 Sasaki, Y., Ohsawa, K., Kanazawa, H., Kohsaka, S., and Imai, Y. (2001). Iba1 is an actin-cross-linking protein in macrophages/microglia. Biochem. Biophys. Res. Commun. 286, 292–297. doi: 10.1006/bbrc.2001.5388 

 Setti, S. E., Flanigan, T., Hanig, J., and Sarkar, S. (2022). Assessment of sex-related neuropathology and cognitive deficits in the Tg-SwDI mouse model of Alzheimer's disease. Behav. Brain Res. 428:113882. doi: 10.1016/j.bbr.2022.113882 

 Sims, J. R., Zimmer, J. A., Evans, C. D., Lu, M., Ardayfio, P., Sparks, J., et al. (2023). Donanemab in early symptomatic Alzheimer disease: the TRAILBLAZER-ALZ 2 randomized clinical trial. JAMA 330, 512–527. doi: 10.1001/jama.2023.13239 

 Snyder, H. M., Corriveau, R. A., Craft, S., Faber, J. E., Greenberg, S. M., Knopman, D., et al. (2015). Vascular contributions to cognitive impairment and dementia including Alzheimer's disease. Alzheimers Dement. 11, 710–717. doi: 10.1016/j.jalz.2014.10.008 

 Sompol, P., Gollihue, J. L., Weiss, B. E., Lin, R. L., Case, S. L., Kraner, S. D., et al. (2023). Targeting astrocyte signaling alleviates cerebrovascular and synaptic function deficits in a diet-based mouse model of small cerebral vessel disease. J. Neurosci. 43, 1797–1813. doi: 10.1523/JNEUROSCI.1333-22.2023 

 Spangenberg, E. E., and Green, K. N. (2017). Inflammation in Alzheimer's disease: lessons learned from microglia-depletion models. Brain Behav. Immun. 61, 1–11. doi: 10.1016/j.bbi.2016.07.003 

 Stepan, J., Dine, J., and Eder, M. (2015). Functional optical probing of the hippocampal trisynaptic circuit in vitro: network dynamics, filter properties, and polysynaptic induction of CA1 LTP. Front. Neurosci. 9:160. doi: 10.3389/fnins.2015.00160

 Su, L., Hayes, L., Soteriades, S., Williams, G., Brain, S. A. E., Firbank, M. J., et al. (2018). Hippocampal stratum Radiatum, Lacunosum, and Moleculare sparing in mild cognitive impairment. J. Alzheimers Dis. 61, 415–424. doi: 10.3233/JAD-170344 

 Sung, Y. F., Tsai, C. T., Kuo, C. Y., Lee, J. T., Chou, C. H., Chen, Y. C., et al. (2022). Use of hormone replacement therapy and risk of dementia: a Nationwide cohort study. Neurology 99, e1835–e1842. doi: 10.1212/WNL.0000000000200960 

 Supèr, H., and Soriano, E. (1994). The organization of the embryonic and early postnatal murine hippocampus. II. Development of entorhinal, commissural, and septal connections studied with the lipophilic tracer DiI. J. Comp. Neurol. 344, 101–120. doi: 10.1002/cne.903440108 

 Takács, V. T., Klausberger, T., Somogyi, P., Freund, T. F., and Gulyás, A. I. (2012). Extrinsic and local glutamatergic inputs of the rat hippocampal CA1 area differentially innervate pyramidal cells and interneurons. Hippocampus 22, 1379–1391. doi: 10.1002/hipo.20974 

 Thal, D. R., Ghebremedhin, E., Orantes, M., and Wiestler, O. D. (2003). Vascular pathology in Alzheimer disease: correlation of cerebral amyloid angiopathy and arteriosclerosis/lipohyalinosis with cognitive decline. J. Neuropathol. Exp. Neurol. 62, 1287–1301. doi: 10.1093/jnen/62.12.1287

 Towart, L. A., Alves, S. E., Znamensky, V., Hayashi, S., McEwen, B. S., and Milner, T. A. (2003). Subcellular relationships between cholinergic terminals and estrogen receptor-alpha in the dorsal hippocampus. J. Comp. Neurol. 463, 390–401. doi: 10.1002/cne.10753 

 Toyama, K., Koibuchi, N., Uekawa, K., Hasegawa, Y., Kataoka, K., Katayama, T., et al. (2014). Apoptosis signal-regulating kinase 1 is a novel target molecule for cognitive impairment induced by chronic cerebral hypoperfusion. Arterioscler. Thromb. Vasc. Biol. 34, 616–625. doi: 10.1161/ATVBAHA.113.302440 

 Turner, C. D., and Bagnara, J. T., General Endocrinology, W.B. Saunders, Philadelphia (1971)

 Van Kempen, T. A., Gorecka, J., Gonzalez, A. D., Soeda, F., Milner, T. A., and Waters, E. M. (2014). Characterization of neural estrogen signaling and neurotrophic changes in the accelerated ovarian failure mouse model of menopause. Endocrinology 155, 3610–3623. doi: 10.1210/en.2014-1190 

 Van Kempen, T. A., Milner, T. A., and Waters, E. M. (2011). Accelerated ovarian failure: a novel, chemically induced animal model of menopause. Brain Res. 1379, 176–187. doi: 10.1016/j.brainres.2010.12.064 

 Vu, T., Gugustea, R., and Leung, L. S. (2020). Long-term potentiation of the nucleus reuniens and entorhinal cortex to CA1 distal dendritic synapses in mice. Brain Struct. Funct. 225, 1817–1838. doi: 10.1007/s00429-020-02095-6 

 Wang, D., Chen, F., Han, Z., Yin, Z., Ge, X., and Lei, P. (2021). Relationship between amyloid-β deposition and blood-brain barrier dysfunction in Alzheimer's disease. Front. Cell. Neurosci. 15:695479. doi: 10.3389/fncel.2021.695479 

 Whitmer, R. A., Quesenberry, C. P., Zhou, J., and Yaffe, K. (2011). Timing of hormone therapy and dementia: the critical window theory revisited. Ann. Neurol. 69, 163–169. doi: 10.1002/ana.22239 

 Williams, T. J., and Milner, T. A. (2011). Delta opioid receptors colocalize with corticotropin releasing factor in hippocampal interneurons. Neuroscience 179, 9–22. doi: 10.1016/j.neuroscience.2011.01.034 

 Williams, T. J., Torres-Reveron, A., Chapleau, J. D., and Milner, T. A. (2011). Hormonal regulation of delta opioid receptor immunoreactivity in interneurons and pyramidal cells in the rat hippocampus. Neurobiol. Learn. Mem. 95, 206–220. doi: 10.1016/j.nlm.2011.01.002 

 Wright, L. E., Christian, P. J., Rivera, Z., Van Alstine, W. G., Funk, J. L., Bouxsein, M. L., et al. (2008). Comparison of skeletal effects of ovariectomy versus chemically induced ovarian failure in mice. J. Bone Miner. Res. 23, 1296–1303. doi: 10.1359/jbmr.080309 

 Wyss-Coray, T., Loike, J. D., Brionne, T. C., Lu, E., Anankov, R., Yan, F., et al. (2003). Adult mouse astrocytes degrade amyloid-beta in vitro and in situ. Nat. Med. 9, 453–457. doi: 10.1038/nm838 

 Xu, F., Grande, A. M., Robinson, J. K., Previti, M. L., Vasek, M., Davis, J., et al. (2007). Early-onset subicular microvascular amyloid and neuroinflammation correlate with behavioral deficits in vasculotropic mutant amyloid beta-protein precursor transgenic mice. Neuroscience 146, 98–107. doi: 10.1016/j.neuroscience.2007.01.043 

 Xu, W., Xu, F., Anderson, M. E., Kotarba, A. E., Davis, J., Robinson, J. K., et al. (2014). Cerebral microvascular rather than parenchymal amyloid-β protein pathology promotes early cognitive impairment in transgenic mice. J. Alzheimers Dis. 38, 621–632. doi: 10.3233/JAD-130758 

 Yamada, J., and Jinno, S. (2015). Subclass-specific formation of perineuronal nets around parvalbumin-expressing GABAergic neurons in Ammon's horn of the mouse hippocampus. J. Comp. Neurol. 523, 790–804. doi: 10.1002/cne.23712 

 Yun, J., Yeo, I. J., Hwang, C. J., Choi, D. Y., Im, H. S., Kim, J. Y., et al. (2018). Estrogen deficiency exacerbates Aβ-induced memory impairment through enhancement of neuroinflammation, amyloidogenesis and NF-ĸB activation in ovariectomized mice. Brain Behav. Immun. 73, 282–293. doi: 10.1016/j.bbi.2018.05.013 



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Hippocampal glial inflammatory markers are differentially altered in a novel mouse model of perimenopausal cerebral amyloid angiopathy



		1 Introduction



		2 Experimental procedures



		2.1 Animals



		2.2 AOF model of perimenopause



		2.2.1 AOF induction



		2.2.2 Estrous cycle determination









		2.3 Antibodies



		2.4 Brain fixation and histology



		2.5 Light microscopic peroxidase immunocytochemistry



		2.6 Image acquisition and field densitometry



		2.7 Dual light microscopic immunolabeling



		2.8 Behavioral assessments



		2.8.1 Novel object recognition



		2.8.2 Y-maze



		2.8.3 Barnes maze









		2.9 Image adjustments



		2.10 Data analysis









		3 Results



		3.1 Peri-AOF is associated with increased amyloid fibrils throughout the dentate gyrus and in select regions of the CA1 of SWDI mice



		3.1.1 CA1 and subiculum



		3.1.2 CA3



		3.1.3 DG









		3.2 Peri-AOF is associated with increased levels of reactive astrocytes in select regions of the caudal CA1 of SWDI mice



		3.2.1 CA1 and subiculum



		3.2.2 CA3



		3.2.3 DG









		3.3 Astrocytes in AOF SWDI mice are associated with amyloid pathology



		3.4 Increased microglia activation in select regions of the CA1 of SWDI mice



		3.4.1 CA1 and subiculum



		3.4.2 CA3 and DG









		3.5 Cognitive impairment in female SWDI mice independent of VCD treatment



		3.5.1 Y-maze



		3.5.2 Novel object



		3.5.3 Barnes maze















		4 Discussion



		5 Summary and implications



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Abbreviations



		References



















OPS/images/cover.jpg
, frontiers | Frontiers in Aging Neuroscience

Hippocampal glial inafl mmatory
markers are differentially altered in
a novel mouse model of
perimenopausal cerebral amyloid
angiopathy












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
, frontiers Frontiers in Aging Neuroscience






OPS/images/fnagi-15-1280218-g005.jpg
C WTOl D  .WTVCD

v
i (:/'\1,9—."~ 0

F SWDI VCI;)
-

o 3 b 4 CAt-rostral






OPS/images/fnagi-15-1280218-g006.jpg
SWDI.VCD
4G8

~ swoloil
© . lbat

SWDI Oil he &y ~ SWDI'VCD
cD31 R r-_- [ "cD8f

DIVCD
L






OPS/images/fnagi-15-1280218-g003.jpg
DG-rostral





OPS/images/fnagi-15-1280218-g004.jpg





OPS/images/fnagi-15-1280218-g007.jpg
Y-Maze

wt-oil wt-vcd SWDI-oil SWDI-ved

Novel Object

*okkk

I_‘_

==

@
8
1

>
1

Total object explorator
time (sec)
8
1

Y-Maze
Hkok
80 o 30
— o
X 60 2
= £ 20
< €
§ s
S 40 — £
£ <
£
H 5 10
I °
i3
0 o
wt-oil wt-ved SWDI-oil SWDI-vcd
c . D
Novel Object
*kkk
40 & 0157
B T £
5 30 <
8 2 0.10
5 &
B 20 T <
a & 0.05
£ 10 =
2 g
o
o = 0.00
wt-oil wt-ved SWDI-oilSWDI-ved
E F
Novel Object
40+ 80+

~
S
1

T S

@
]

wt-oil wt-ved SWDI-oil SWDI-ved

Novel Object

T

T

Novel Object time

N
S

(% total object exploration time)
3
I

wt-oil wt-ved SWDI-oil SWDI-ved

wt-oil wt-ved SWDI-oil SWDI-ved





OPS/images/fnagi-15-1280218-g008.jpg
>

Latency (Sec) Path Efficiency

Target Time (s)

0.8

0.6

0.4+

0.0

FErTa—

80

60

40+

20

T T T T
Day1 Day2 Day3 Day4

@
S
]

o
-3
1

H

N
S
n

T T T T
Day1 Day2 Day3 Day4

‘wi-oil

wt-ved SWDI-o0il SWDI-ved

Oil-wt
VCD-wt
Oil-swdi
VCD-swdi

Total mean speed (m/s) ©@

-

Non-target time (s)

0.104

0.08-

0.06-

0.04-

0.02+

0.00

Distance (m)
s

T T T T
Day1 Day2 Day3 Day4

1 ke

i wwr

20+

154

T T T T
Day1 Day2 Day3 Day4

wt-0il wt-ved SWDI-0il SWDI-vcd





OPS/images/fnagi-15-1280218-g001.jpg
vcb AR Peri-AOF Perfusion
/I\‘ 1 1 1
i
A\ ¥ A4
Dby [0 o2 e (72t [l e w0
PND Day

Behavior






OPS/images/fnagi-15-1280218-g002.jpg
‘A 4G8 SWDI Oil swolail'
IC/

¢
Sub
; bik;
DG
CA2/3a N
5 DGD CcA%b % :; e

>
X - X
\ \
c SWDIoil D SWDIVCD  E
% * i .
o) g w = sworet
£ = =
; L .
PCL L —
CA1 —— T
S
F swoloi G SWDIVCD  H
o
: .
3 § i
Sub call ®
| swpioil SWDIVCD K e
% N S
i) e -
& T
& g Fa
= Di DI Di '
2= crest. hilus. db. ml
o,
s swoioi M SWDIVCD N
- = S
BT
s
a crest hilus. db ml

DG-caudal





