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Mid-life hypertension is a major risk factor for developing dementia later in life. While anti-hypertensive drugs restore normotension, dementia risk remains above baseline suggesting that brain damage sustained during transient hypertension is irreversible. The current study characterized a rat model of transient hypertension with an extended period of normotensive recovery: F344 rats were treated with L-NG-Nitroarginine methyl ester (L-NAME) for 1 month to induce hypertension then allowed up to 4 months of recovery. With respect to cognitive deficits, comparison between 1 month and 4 months of recovery identified initial deficits in spatial memory that resolved by 4 months post-hypertension; contrastingly, loss of cognitive flexibility did not. The specific cells and brain regions underlying these cognitive deficits were investigated. Irreversible structural damage to the brain was observed in both the prefrontal cortex and the hippocampus, with decreased blood vessel density, myelin and neuronal loss. We then measured theta-gamma phase amplitude coupling as a readout for network function, a potential link between the observed cognitive and pathological deficits. Four months after hypertension, we detected decreased theta-gamma phase amplitude coupling within each brain region and a concurrent increase in baseline connectivity between the two regions reflecting an attempt to maintain function that may account for the improvement in spatial memory. Our results demonstrate that connectivity between prefrontal cortex and hippocampus is a vulnerable network affected by transient hypertension which is not rescued over time; thus demonstrating for the first time a mechanistic link between the long-term effects of transient hypertension and dementia risk.
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INTRODUCTION

Dementia affects more than 57 million people worldwide in 2019, a number expected to triple by 2050 (GBD 2019 Dementia Forecasting Collaborators, 2022). Hypertension is increasingly recognized as an important risk factor for cognitive decline and dementia (Walker et al., 2017). The link between hypertension and a wide array of cognitive deficits is well documented (Gorelick et al., 2011); however, the pathophysiological mechanism underlying this link remains unresolved. In aging studies, people who developed dementia had a history of hypertension (Skoog et al., 1996; Tzourio et al., 2014). A prospective study found that treatment of mid-life hypertension dampened the decline in memory, but failed to restore it to levels of healthy aging controls (Köhler et al., 2014). This suggests that transient hypertension induces permanent injury to neurons and neuronal networks. Clinical cases of hypertension are mostly transient in nature as patients receive anti-hypertensive treatment (Joffres et al., 2013). There is evidence suggesting that while clinical hypertension is not persistent, it is sufficient to induce irreversible brain damage that contributes to later cognitive impairment: several studies have found that anti-hypertensive treatment does not return risk of dementia to baseline levels (in’t Veld et al., 2001; Khachaturian et al., 2006; Yasar et al., 2013; Walker et al., 2017; Xu et al., 2017). Important questions remain with regard to the specific brain regions, neuronal circuits, and cellular processes affected by transient hypertension.

Animal models of chronic hypertension are well established and have been used to examine brain impairment; these models include genetically hypertensive rat strains and constriction of blood vessels surgically or pharmacologically (Díaz-Ruiz et al., 2009; Cifuentes et al., 2015, 2017; Kruyer et al., 2015; Shih et al., 2018; Levit et al., 2020). Nonetheless, the majority of experimental paradigms induce hypertension throughout the experimental period, and the effects of a transient episode of hypertension are rarely examined. Here, we model transient hypertension by treating F344 rats with N-nitro-L-arginine methyl ester (L-NAME) (Leong et al., 2015; Bazzigaluppi et al., 2019; Lai et al., 2021) for 1 month followed by 4 months of normotensive recovery. L-NAME induces hypertension through modulation of nitric oxide signaling and vascular tone (Lerman et al., 2019) without long-term impairment of NOS activity (Pechánová et al., 2004). The extended recovery time allowed us to differentiate the specific neuronal circuits and cognitive processes that are most vulnerable to sustained damage from transient hypertension from those that are only transiently affected. Specifically, the prefrontal cortex (PFC) and hippocampus (HIPP) form a critical circuit necessary for both short- and long-term memory; its dysfunction leads to dementia (Sigurdsson and Duvarci, 2016; Sampath et al., 2017). We conducted a combination of behavioral, pathological and electrophysiological assays to examine the effects of transient hypertension on this neuronal network.



MATERIALS AND METHODS


Animals

Age-matched F344 rats were kept on a 12 hour:12 hour light/dark cycle with water and food ad libitum. Each cage houses two cage-mates and receives daily monitoring for health and normal grooming behaviors. Ethical approval of all experimental procedures was granted by The Animal Care Committee of the Sunnybrook Health Sciences Center, which adheres to the Policies and Guidelines of the Canadian Council on Animal Care, the Animals for Research Act of the Provincial Statute of Ontario, and the Federal Health of Animals Act.



Induction of Transient Hypertension

Four-month-old rats were treated with 10 mg/kg/day (males weighing 0.38–0.43 kg) and 7.5 mg/kg/day (females weighing 0.23–0.28 kg) L-NAME in drinking water for 1 month, respectively. These doses were established previously (Lai et al., 2021) such that hypertension is induced without visible effects on normal cage and grooming behavior. Drug exposure was estimated by measuring water consumption in each cage. Hypertension was confirmed by measuring systolic blood pressure at 5, 6, and 9 months of age using the CODA-HT2 tail-cuff system under isoflurane anesthesia (Kent Scientific). Statistical significance was measured by t-test.



Barnes Maze

We conducted all trials except the training of Barnes maze (Maze Engineers) testing in a behavioral suite with spatial cues and an aversive light. Following training to the location of the escape, rats learned the task across 3 days with two trials per day. We assessed spatial memory 3 days later in one probe trial. The next day reversal learning (5 days, two trials per day) for assessing executive function began, in which the location of the escape hole was switched without re-training. Latency to find the escape hole was measured, and search strategies were manually scored by an investigator blinded to treatment conditions as outlined previously (Illouz et al., 2016; Morrone et al., 2020): Direct (1), corrected (0.75), long correction (0.5), focused search (0.5), serial (0.25), and random (0). EthoVision XT (Noldus, version 11.5) was used to collect and analyze video data. Representative heatmaps for these six search strategies are shown in Supplementary Figure 1. GraphPad Prism 6 was used to compute statistical analyses. For data with multiple time points, statistical significance was measured using repeated measures ANOVA with correction for multiple comparisons followed by Holm-Sidak post hoc. For search strategy complexity rank, Mann–Whitney U test was used. All other data sets were measured using t-test. Sex ratios for each experimental group were: Untreated (NTx) 1 month-recovery = 8 females and 8 males; L-NAME 1 month-recovery = 8 females and 5 males; NTx 4 months-recovery = 5 females and 7 males; L-NAME 4 months-recovery = 4 females and 6 males. Two-way ANOVA indicated that sex was not a contributing factor in either the probe or reversal trial readouts for both cohorts: Latency/probe/1 month-recovery (p = 0.979); Time in Old Quadrant/reversal/1 month-recovery (p = 0.821); Time in Old Quadrant/reversal/4 months-recovery (p = 0.968). All experiments in this study thus used sex-balanced cohorts.



Immunofluorescence, Myelin Staining, and Immunoblotting


Immunofluorescence and Myelin Staining

At the end of the experimental period (9 months of age), rats (NTx = 4 females and 4 males; L-NAME = 3 females and 5 males) were transcardially perfused with phosphate-buffered saline (PBS)-0.1% heparin followed by PBS-4% paraformaldehyde. Brains were extracted, post-fixed overnight in PBS-4% paraformaldehyde, cryopreserved in PBS-30% sucrose, then sectioned coronally at 40 μm of thickness between AP + 4.0 to −6.0 mm. Three evenly spaced coronal sections from each of the prefrontal cortex (AP + 4.0 to + 2.5 mm) and hippocampus (AP −2.5 to −4.5 mm) were used for labeling and quantification.

For fluorescent labeling, floating sections were blocked for 1 h, probed with primary antibodies overnight at 4°C, then incubated with both fluorescence-tagged secondary antibodies and fluorescence-tagged tomato lectin (Vector #TL-1176-1, 1:250) for 2 h. Both the block and antibody incubations were diluted in PBS-0.5% Triton-0.5% bovine serum albumin. The following antibodies were used: Anti-aquaporin-4 (Millipore #AB3594, 1:500), anti-myelin basic protein (Millipore #MAB386, 1:50), anti-NeuN (Millipore #ABN90, 1:250), anti-rabbit IgG Alexa488 (Life Technologies #A21206, 1:250), anti-rat IgG Alexa594 (Life Technologies #A11007, 1:250), and anti-guinea pig IgG Alexa594 (Jackson #706-585-148, 1:250).

For staining of myelin fibers we used Black Gold II (Histo-Chem #1BGII). Sections were first mounted on slides, then incubated with 1 mL of 0.3% Black Gold II (in saline) on a heating block at 60 °C for 5 min. The slides were then washed and incubated with 1 mL of 1% sodium thiosulfate (in saline) for 3 min before alcohol dehydration and coverslipping.

Whole brain images of labeled sections were acquired with the Zeiss Observer.Z1. Investigator acquiring the images was blinded to the rat numbers. ImageJ was used to quantify density of fluorescence labeling and myelin staining. Each image was blinded to the investigator performing the quantification: First, regions of interest were drawn to include dorsal PFC and whole HIPP (Supplementary Figure 2). Total pixels in the drawn regions were summed using “Analyze Particles” after thresholding background intensity to 5–8 pixels per 500 μm2. Area coverage/density for each stain/marker (percentage area covered by pixels) was then expressed as % area. To count the number of NeuN-positive cells, objects > 25 pixels2 were summed using “Analyze particles” after auto-thresholding (Default algorithm) within each region of interest. To count the number of vessels, objects > 200 pixels2 were summed using “Analyze Particles” after thresholding background intensity to 10–15 pixels per 100 μm2 within each region of interest. These parameters successfully counted > 95% of all vessels > 5 μm in diameter. GraphPad Prism 6 was used to compute statistical significance which was measured using t-test.



Immunoblotting

Protein extraction from paraformaldehyde-fixed tissue sections were performed according to a previously established protocol (Thacker et al., 2021). In brief, eight sections from the same rats used for immunofluorescence containing either PFC or HIPP were pooled and sonicated for three times (five seconds each) in lysis buffer [100 mM NaCl, 25 mM EDTA, 500 mM Tris–HCl, 1% Triton, 1% NP-40, 2% SDS, and 1% protease inhibitor (Millipore #539134)]. Sonicated lysates were agitated at 90°C for 2 h then centrifuged at 1,000 × g. Supernatants were subjected to SDS-PAGE electrophoresis and immunoblotting which have been previously described in detail (Joo et al., 2017). Anti-aquaporin-4 (Millipore #AB3594, 1:1,000) and anti-GAPDH (Sigma #G9545, 1:100,000) were used. Densitometry analysis of immunoblots was carried out by an experimenter blinded to treatment conditions using ImageJ; density values were obtained by multiplying Mean Gray Value (minus background) and Area. GraphPad Prism 6 was used to compute statistical significance which was measured using t-test.




Electrophysiology


Recordings

Animals (NTx = 3 females and 2 males; L-NAME = 2 females and 3 males) were anesthetized with isofluorane (5% induction and 1–1.5% maintenance) and positioned in a stereotaxic frame (David KOPF Instruments). An intravenous catheter was inserted in the tail vein for propofol delivery during the recordings (bolus 7.5 mg/kg followed by continuous intravenous infusion 44.0 mg/kg/h). Two cranial windows were created in the same hemisphere, centered over the prefrontal cortex (AP + 3.5 mm, ML ± 0.5 mm) and somatosensory region (AP-3.0 mm, ML ± 0.5 mm). At the end of the surgery, isoflurane was gradually discontinued and animals were administered low dose of propofol to maintain a state of light sedation. A two-shank linear multielectrode array was lowered into each window. Each shank was equipped with one platinum/iridium recording site (200 μm in diameter, Microprobes for LifeScience). Resting-state local field potentials were amplified (Model 3600, AM-systems) between 0.3 Hz and 5 kHz, sampled at 20 kHz (DataWave) and stored on a desktop computer for offline analysis.



Data Analysis

Power line noise (60 Hz) and its harmonics were removed via notch filtering before additional analysis using a zero-phase forward and reverse Butterworth infinite impulse response filter with frequency range of ± 2 Hz around the stop band (filtfilt.m in Matlab; MathWorks) to eliminate phase distortions. Recordings were re-referenced offline between the two recording sites within every brain area. For estimation of Phase Amplitude Coupling, we followed the original formulation of Tort et al. (2010). The frequency band of interest were theta (3–9 Hz), alpha (10–14 Hz), beta (15–30 Hz), low gamma (30–58) and high gamma (62–120 Hz). These frequency bands have been hypothesized to arise from dynamic motifs that are based on structural circuits and that dictate behavioral function, after input-output transformation (Womelsdorf et al., 2014). The phenomenon by which one frequency band can modulate the activity of a different frequency band has been observed in both animal and human data and is termed cross-frequency coupling (Canolty and Knight, 2010). The events of interest in cross-frequency coupling are features of the ongoing oscillatory activity itself; therefore, cross-frequency coupling refers to statistical dependence between distinct frequencies bands of the ongoing electrical activity rather than dependence of the electrical activity on external stimulus events. Specifically, the theta rhythm can modulate the gamma power of the intracortical local field potential (Bragin et al., 1995; Chrobak and Buzsáki, 1998; Lee et al., 2005). High-gamma activity is modulated by sensory, motor, and cognitive events (Crone et al., 1998), is functionally distinct from low gamma, and has distinct physiological origins (Edwards et al., 2005). Here, we focus on the phase-amplitude coupling and use an index of cross-frequency coupling referred to as modulation index (MI) that combines the amplitude envelope of time series (A) at different time lag (τ): A1 (t + τ) of a high-frequency band with the phase time series φ2(t) of a low-frequency band into one composite, complex-valued signal z (t, τ). The temporal mean of this composite signal provides a sensitive measure of the coupling strength and preferred phase between the two frequencies (Canolty et al., 2006). The MI was estimated with Matlab Toolbox1 (Onslow et al., 2011).

To estimate cross-frequency coupling, we adopted the method presented by Canolty et al. (2006), a population of 50 shuffled signals were created and compared to the original signal to generate a distribution of MI values. MI values lying in the top 5% of this distribution (after Bonferroni correction) were deemed significant. Theta band was divided into 0.5 Hz bins, while both gamma bands were binned every 2 Hz.

The coherence between the EEG channel in the hippocampus and the one in medial prefrontal cortex was measured by amplitude squared coherence (mscohere.m function in Matlab signal toolbox), which computes coherence of the input signals x and y using Welch’s averaged, modified periodogram method. The magnitude squared coherence estimate Cxy(f) indicates how well x corresponds to y at each frequency:

urn:x-wiley:00223042:media:jnc14136:jnc14136-math-0001

where Pxx(f) and Pyy(f) are the power spectral densities of the input signals x and y and Pxy is the cross-power spectral density. For each subject, the mean coherence between the electrode in the hippocampus and in the medial prefrontal cortex was calculated. Specifically, the local field potential signal was segmented into 3-s long, non-overlapping, epochs and the magnitude squared coherence estimated for each epoch and frequency bin for each animal. The bins were 0.3 Hz wide and spanned the frequency range from 2 to 120 Hz.



Statistical Analysis

Statistical analysis was performed in R environment (v 4.0.52). We used linear mixed effects modeling (lme function) to model power and coherence as linear functions of treatment (non-treated vs. L-NAME) and, in case of spontaneous activity power and coherence, frequency band, with subjects treated as random effects, thus accounting for across-subject variation. Analysis of variance was performed to assess the interaction between genotype and frequency band.





RESULTS

We established transient hypertension by treating adult F344 rats with L-NAME (Bazzigaluppi et al., 2019; Lai et al., 2021) between 4 and 5 months of age then ceased treatment at 5 months of age to restore blood pressure to normotension followed by aging to either 6 or 9 months of age (Figure 1). Previous studies have shown that L-NAME effects are resolved within 24 h of cessation of treatment (Salter et al., 1995). To accurately model transiently hypertensive patients (Cigolini et al., 1995; Jeng, 2003), blood pressure was monitored according to our previous studies on F344 rats (Bazzigaluppi et al., 2019; Lai et al., 2021). Blood pressure readings were taken pre-treatment (4 months of age), immediately post-treatment (5 months of age) and after long term recovery (9 months of age after completion of behavioral experiments) (Figure 1). One month of L-NAME treatment elevated blood pressure from 114 ± 4/80 ± 5 mmHg to 151 ± 5/108 ± 5 mmHg in F344 rats (p = 0.005), while after cessation of treatment and the recovery period blood pressure was normalized in L-NAME treated rats to 114 ± 5/75 ± 5 mmHg (p = 0.99). Untreated rats (NTx) underwent blood pressure measurements and showed no change in their blood pressure over time (4 months 113 ± 6/79 ± 6; 5 months 111 ± 7/81 ± 4; and 9 months of age 103 ± 3/72 ± 1; p = 0.21). These results demonstrate the physiological relevance and the transient nature of the hypertensive event in F344 rats in this paradigm.
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FIGURE 1. Experimental timeline for L-NAME-induced transient hypertension: One cohort had 1 month of normotensive recovery and the other cohort had 4 months of recovery. Readouts were sequential with behavioral analyses preceding blood pressure and electrophysiological measurements.



Transient Hypertension Induced Loss of Cognitive Flexibility

To determine whether transient hypertension resulted in long-term cognitive deficits reported in aged individuals who experienced mid-life hypertension (Skoog et al., 1996; Tzourio et al., 2014), we used the Barnes maze task to assess the effects on learning, spatial memory, executive function, and cognitive flexibility one and 4 months after restoration of normotension. During the probe trials, latency to escape and search strategy complexity in the Barnes maze task demonstrate spatial memory (Illouz et al., 2016). One month after normotensive recovery, L-NAME-treated rats showed increased latency to escape (p = 0.006) and decreased search strategy complexity (p = 0.003) in the probe trials suggesting spatial memory impairment in comparison to NTx rats (Figures 2A,B). Four months after normotensive recovery, the latency to escape (p = 0.971) and search strategy complexity (p = 0.631) were not significantly different between NTx and L-NAME-treated rats (Figures 2A,B) suggesting recovery of spatial memory. Rats were assessed in the reversal Barnes maze task to examine executive function (Illouz et al., 2016). In the reversal trials, latency to escape was not significantly different between NTx and L-NAME-treated rats after 1 month (p = 0.631, ANOVA treatment effect) and 4 months (p = 0.692, ANOVA treatment effect) of normotensive recovery (Figure 2C) suggesting that executive function was not affected by the transient hypertensive insult. In contrast, search strategy complexity in the reversal trials was significantly lower in the L-NAME rats (p = 0.008, ANOVA treatment effect) at 1 month but not after 4 months of recovery (p = 0.132, ANOVA treatment effect) (Figure 2D). These results showed that cognitive flexibility similar to spatial memory was initially impaired by transient hypertension but recovered at least partially after an extended period of normotension. A closer examination of the different search strategies employed by these rats showed that recovery of cognitive flexibility was only partial: Although L-NAME-treated rats at 4 month employed increased search complexity compared to L-NAME rats at 1 month recovery (Figure 2E), they employed weak, less complex search strategies than NTx rats (Supplementary Figure 3) suggesting that deficits to cognitive flexibility remain. We confirmed this deficit by measuring the amount of time rats spent in the old escape quadrant during the last day of the reversal trials, another indicator of cognitive flexibility that requires the rats to replace the spatial memory encoded in the spatial trials with the new escape location. At 1 month recovery, L-NAME rats spent about twice the amount of time in the old escape quadrant (p = 0.004) compared to NTx rats, and this deficit persisted after 4 months recovery (p = 0.018) in comparison to NTx rats (Figure 2F). Taken together, the transient hypertensive event induced cognitive impairment in spatial memory and cognitive flexibility detected 1 month after return to normotension; deficits in spatial memory recovered back to baseline after prolonged recovery while deficits in cognitive flexibility remained.
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FIGURE 2. Cognitive functions are impaired in rats 1 month after transient hypertension and are partially restored after 4 months. (A,B) In the probe trials, hypertension increased latency to escape (p = 0.006) and decreased search strategy complexity (p = 0.003) 1 month after normotensive recovery (left) demonstrating deficits in spatial memory. Four months after normotensive recovery (right), these deficits were no longer present (p = 0.971 for latency to escape, p = 0.631 for search strategy complexity). (C) In the reversal trials, hypertension did not affect executive function at both 1 month (p = 0.631) and 4 months (p = 0.692) recovery as two way repeated measures ANOVA did not show a treatment effect. (D) In the reversal trials, hypertension decreased search strategy complexity (p = 0.008, two way ANOVA treatment effect) at 1 month recovery but did not at 4 months recovery (p = 0.132, two way ANOVA treatment effect) suggesting that cognitive flexibility was initially impaired by hypertension yet recovered after 4 months. (E) In the reversal trials, percent distribution of various levels of search strategy complexity showed that at 4 months recovery, although L-NAME rats noticeably improved their search strategies compared to L-NAME rats at 1 month recovery, their search strategies were still less complex than NTx rats suggesting that cognitive flexibility remains partially impaired. (F) In the reversal trials, L-NAME rats spent significantly more time in the old escape quadrant at both 1 month (p = 0.004) and 4 months (p = 0.018) recovery suggesting that deficits in cognitive flexibility did not recover. *, **, and *** denote p < 0.05, 0.01, 0.001 respectively; n = 16 (NTx 1 month), 13 (L-NAME 1 month), 12 (NTx 4 months), 10 (L-NAME 4 months).




Vascular Compromise and Neuronal Loss After Transient Hypertension

To investigate the pathological underpinning of deficits in cognitive flexibility after transient hypertension, we hypothesized that both the cerebrovasculature and the brain parenchyma will have sustained irreversible damage. Blood vessels are critical for normal CNS function as the brain does not have an endogenous supply of oxygen or glucose. To probe the vasculature, we measured vessel density and structural integrity at the end of the recovery period, 9 months of age. We measured density of blood vessels by quantifying both fluorescence coverage of lectin staining and the total number of lectin-positive vessels: In prefrontal cortex (PFC) (p = 0.036), but not in hippocampus (HIPP) (p = 0.593), lectin coverage was 22 ± 9% lower in the L-NAME-treated rats compared to NTx rats (Figures 3A–D). Similarly, L-NAME decreased number of lectin-positive vessels by 21 ± 9% (p = 0.032) in PFC but not in HIPP (p = 0.700) (Figures 3B,D). To determine whether the structural integrity of cerebral vessels was affected, we probed for aquaporin-4 (AQP4), a water channel protein critical for maintenance of fluid exchange at the blood brain barrier and altered in chronically hypertensive rats (Tomassoni et al., 2010). We found a 23 ± 10% increase in PFC AQP4 fluorescence coverage in L-NAME-treated rats compared to NTx rats (p = 0.036) suggesting compromised communication between blood and brain parenchyma (Figure 3E). Similar to vessel density, AQP4 fluorescence coverage in HIPP was unchanged in L-NAME-treated rats compared to NTx rats (p = 0.999) (Figure 3F). Immunoblotting of AQP4 protein expression (Figure 3G) showed similar results such that L-NAME upregulated AQP4 protein expression in PFC (p = 0.002) but not in HIPP (p = 0.879).
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FIGURE 3. Transient hypertension results in irreversible compromise to the cerebrovasculature despite extended recovery. (A) Representative images of lectin fluorescence coverage in PFC; scale bar = 500 μm. (B) Quantification of lectin area coverage (left) and number of vessels (right) in PFC: Both lectin coverage (p = 0.036) and number of lectin-positive vessels (p = 0.032) are significantly lower in L-NAME group. (C) Representative images of lectin fluorescence coverage in HIPP; scale bar = 750 μm. (D) Quantification of lectin coverage (left) and number of vessels (right) in HIPP: Both lectin coverage (p = 0.593) and number of vessels (0.700) are not significantly different between groups (p = 0.593). (E) Representative images (left and middle) and quantification (right) of AQP4 fluorescence coverage in PFC: AQP4 immunoreactivity coverage is higher in L-NAME group (p = 0.036); scale bar = 500 μm. (F) Representative images (left and middle) and quantification (right) of AQP4 fluorescence coverage in HIPP: AQP4 immunoreactivity coverage is unchanged (p = 0.999). (G) Representative immunoblots (top) and immunoblot quantification of AQP4 protein expression normalized to GAPDH in PFC (middle) and HIPP (bottom); L-NAME increased AQP4 protein expression in PFC (p = 0.002) but not in HIPP (p = 0.879). Scale bar = 500 μm. Significance was calculated by t-test. * and ** denote p < 0.05 and p < 0.01 respectively; n = 8 rats per group.


Compromised vessel density and structure implicates downstream damage to the brain parenchyma. Unresolved hypertension is a known risk factor for development of white matter injury (Liao et al., 1996; Basile et al., 2006). Here, myelin-specific Black Gold II staining showed that in both PFC (p = 0.023) and HIPP (p = 0.031), transient hypertension significantly decreased myelin density by 25 ± 10% and 34 ± 14%, respectively (Figures 4A,B). Corroboratively, hypertension also decreased density of myelin basic protein (MBP) immunoreactivity by 32 ± 10% in PFC (p = 0.008), but not in HIPP (p = 0.621) (Figures 4C,D). In addition to myelin damage, we probed for neuronal loss. Using the neuron-specific marker NeuN, we found that compared to NTx rats, L-NAME-treated rats had 17 ± 6% lower density of NeuN immunoreactivity (p = 0.017) (Figure 5A) and less NeuN-positive cells (p = 0.017) (Figure 5B) in PFC. Neuronal loss in HIPP in contrast was not as severe (10 ± 6% lower) and not statistically significant (p = 0.093) (Figure 5C). Taken together, rats that sustained 1 month of hypertension suffered irreversible damage to both cerebral vessels and neurons in the PFC after 4 months of normotensive recovery.
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FIGURE 4. Transient hypertension promotes irreversible loss of myelin density. (A) Representative images (left and middle) and quantification (right) of myelin density in PFC: L-NAME-treated rats had lower myelin density (p = 0.023); scale bar = 1,250 μm. (B) Representative images (left and middle) and quantification (right) of myelin density in HIPP: L-NAME-treated rats had lower myelin density (p = 0.031); scale bar = 750 μm. (C) Representative images (left and middle) and quantification (right) of MBP fluorescence coverage in PFC: L-NAME treatment decreased coverage of MBP immunoreactivity (p = 0.008); scale bar = 1,000 μm. (D) Representative images (left and middle) and quantification (right) of MBP fluorescence coverage in HIPP: MBP immunoreactivity coverage was unchanged (p = 0.621); scale bar = 875 μm.
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FIGURE 5. Transient hypertension promotes irreversible loss of neuronal density. (A) Representative images of NeuN fluorescence coverage in PFC; scale bar = 750 μm. (B) Quantification of NeuN fluorescence coverage (left) and number of NeuN-positive cells (right) in PFC: L-NAME treatment decreased both coverage of NeuN immunoreactivity (p = 0.017) and number of NeuN-positive cells (p = 0.017). (C) Representative images (left and middle) and quantification (right) of NeuN fluorescence coverage in HIPP: L-NAME treatment induced a small but statistically insignificant decrease of NeuN coverage (p = 0.093); scale bar = 1,000 μm. * denotes p < 0.05; n = 8 rats per group.




Altered Network Function and Prefrontal Cortical-Hippocampal Interactions

Since vascular and neuronal injuries were observed in PFC and HIPP, we used electrophysiological measures to detect neuronal network function and complement the resting state measurements with neuronal excitability and the integrity of hippocampal-prefrontal connectivity. To assess within region network function, we assessed phase amplitude coupling as a measure of neuronal integration. Interestingly, while pathologically PFC sustained more hypertension-induced damage, the HIPP exhibited greater network deficits. In the PFC (Figure 6A), theta to high gamma phase amplitude coupling was significantly smaller, 24.4 ± 2.8%, in the L-NAME-treated rats (0.00562 ± 0.00012) when compared to NTx rats (0.00741 ± 0.00015; p = 0.056), while theta to low gamma phase amplitude coupling was not significantly affected (0.00748 ± 0.00014 in NTx vs. 0.0072 ± 0.00014 in L-NAME, p = 0.78). Contrastingly, in the HIPP (Figure 6B), we observed that theta to low gamma phase amplitude coupling was 33.1 ± 3.5% smaller in L-NAME-treated rats (0.0125 ± 0.00025) compared to NTx rats (0.0086 ± 0.00016; p = 0.016), while theta to high gamma phase amplitude coupling was 38.3 ± 5.7% lower in the L-NAME-treated group (0.0094 ± 0.00017) when compared to the NTx group (0.0058 ± 0.00012, p = 0.021). To test the connectivity between PFC and HIPP, we assessed magnitude squared coherence between the oscillations at bands of interest between the two areas. We found that magnitude squared coherence was significantly increased in hypertensive rats when compared to NTx rats in alpha (71.5 ± 3.4%, 0.21 ± 0.016 in NTx vs. 0.36 ± 0.011 in L-NAME, p = 0.018), low gamma (57.8 ± 7.3%, 0.19 ± 0.0026 in NTx vs. 0.31 ± 0.004 in L-NAME, p = 0.042), and high gamma (70.1 ± 9.1%, 0.17 ± 0.023 in NTx vs. 0.29 ± 0.042 in L-NAME, p = 0.043) (Figure 6C). We observed no statistical difference in magnitude squared coherence between the two groups in the theta (0.43 ± 0.019 in NTx vs. 0.49 ± 0.018 in L-NAME, p = 0.17) and beta (0.25 ± 0.007 vs. 0.38 ± 0.008 in L-NAME, p = 0.19) bands (Figure 6C). Collectively, these results show that vascular and neuronal injuries sustained from transient hypertension are accompanied by neuronal network dysfunction in both PFC and HIPP. More importantly, increased coherence in several frequency bands between the two regions demonstrate that network interactions between PFC and HIPP have been irreversibly altered despite an extended period of normotensive recovery.
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FIGURE 6. Electrophysiological recordings show that injuries sustained from transient hypertension translate to impaired neuronal network function. (A) In PFC, theta to low gamma PAC was not significantly different between NTx and L-NAME rats (p = 0.78), while theta to high gamma PAC was significantly smaller in L-NAME-treated rats (p = 0.056). (B) In HIPP, both theta to low gamma PAC (p = 0.016) and theta to high gamma PAC (p = 0.021) were smaller in L-NAME treated rats. (C) MSC between PFC and HIPP: In alpha (p = 0.018), low gamma (p = 0.042), and high gamma bands (0.043), MSC was significantly increased in L-NAME-treated rats compared to NTx rats. In contrast, in theta (p = 0.17) and beta (p = 0.19) bands, MSC was not significantly different between L-NAME and NTx rats. * denotes p < 0.05; # denotes p < 0.06; n = 5 rats per group.





DISCUSSION

The current study modeled transient hypertension to reflect the extended period of normotensive recovery present in most hypertensive patients. Our previous work examining the effects of transient hypertension had only 1 month of normotensive recovery (Lai et al., 2021). Here, we extended the normotensive recovery time to 4 months to more closely resemble clinical hypertension. A notable limitation of our study is that at 4 months of age when hypertension was induced, rats have been proposed to represent an age similar to young adults rather than those at mid-life. Nevertheless, 4 months of recovery has been proposed to equate to ∼12 human years (Sengupta, 2013) representing a time window in which to differentiate the neuronal circuits most vulnerable to hypertensive insult over a long recovery period. Another limitation worth noting is that we measured blood pressure under isoflurane anesthesia which is known to depress blood pressure in a dose dependent manner (Yang et al., 2014). Since taking blood pressure measurements in awake rats would have necessitated restraint and thereby elicited varying level of stress and varying levels of blood pressure elevation (Zimmerman and Frohlich, 1990), and since we are able to regulate the concentration of isoflurane, we opted to measure under anesthesia.

We showed that interaction between PFC and HIPP was irreversibly affected by transient hypertension despite 4 months of recovery. Some aspects of the PFC-HIPP network did, however, recover in a region-specific manner. Specifically, both the cerebrovasculature and brain parenchyma showed a degree of resiliency to chronic hypertensive insult and partially recovered after 4 months. With respect to vessel density, myelin integrity, and neuronal survival, we showed that damage was primarily in PFC but not in HIPP. On the other hand, electrophysiology showed the opposite trend such that theta to gamma phase amplitude coupling in HIPP failed to recover at 4 months whereas theta to gamma phase amplitude coupling in PFC did. A possible explanation for these results is that loss of vessels and neurons in PFC may have induced circuit remodeling both within PFC and in other brain regions connected to PFC, particularly HIPP, which manifested in recovery of theta to gamma phase amplitude coupling in PFC despite loss of blood vessels and neurons. By the same token, remodeling could also produce detrimental results where theta to gamma phase amplitude coupling in HIPP becomes impaired despite normal vascular and neuronal densities. This form of aberrant remodeling is best illustrated by our results measuring magnitude squared coherence between PFC and HIPP. We observed increased coherence between the two regions in three different frequency bands. While increased coherence is most often observed when the animal successfully consolidates or learns a memory task (Sigurdsson and Duvarci, 2016), a baseline coherence that is elevated for an extended period of time is not beneficial by default. Increased baseline coherence has been associated with various pathological conditions including seizures and schizophrenia (Andreou et al., 2015; Kitchigina, 2018), so it is plausible that the same phenomenon underlies reduced cognitive performances we observed in this study.

Results from the Barnes maze readouts support the notion that transient hypertension induced circuit remodeling with both compensatory and detrimental effects. PFC-HIPP pathways and interactions are critical for the normal functioning of spatial memory, executive function, and cognitive flexibility (Jin and Maren, 2015). Executive function was spared from hypertensive insults but spatial memory and cognitive flexibility were both impaired initially. Deficits in spatial memory recovered after 4 months of normotension despite a significant loss of blood vessels and neurons in PFC. Similarly, deficits in cognitive flexibility also recovered but only partially, suggesting that circuit remodeling in either PFC or HIPP was insufficient. The precise cellular mechanisms underlying this remodeling require further investigation.

With respect to dementia, vascular risk factors including hypertension remain an area of high importance due to their modifiable and tractable nature. Effective management of hypertension risk may lessen the societal burden on the imminent dementia epidemic. Time and strength of hypertension management are crucial: There is increasing evidence that managing blood pressure earlier in life leads to significantly improved later outcomes regarding brain damage and dementia risk (Qiu et al., 2005; Rouch et al., 2015). With respect to treatment strength, the SPRINT-MIND trials (SPRINT MIND Investigators for the SPRINT Research Group, Nasrallah et al., 2019a; SPRINT MIND Investigators for the SPRINT Research Group, Williamson et al., 2019b) concluded that compared to standard hypertensive management, intensive lowering of blood pressure was associated with reduced risk of mild cognitive impairment and less white matter lesions. Notably, these studies did not discern the differences between specific hypertensive medications nor did they account for subjects with other dementia risk factors such as stroke, diabetes and other vascular diseases. Further investigation is thus needed to determine the most effective treatment paradigm. Our results here have provided key mechanistic links between hypertensive events and increased dementia risk and should aid the efforts to optimize improved treatment strategies.



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 reviewed and approved by the Animal Care Committee of the Sunnybrook Health Sciences Center.



AUTHOR CONTRIBUTIONS

AL, JM, and BS designed the study. PB conducted and analyzed the electrophysiological experiments. CM and MH conducted and analyzed the behavior experiments. AL performed the tissue-processing experiments and drafted the manuscript. JM and BS edited the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported in part by the Canadian Consortium on Neurodegeneration in Aging, which was supported by a grant from the Canadian Institute of Health Research with funding from several partners (grant number: CAN-137794), Canadian Institutes of Health Research Project Grant (grant number: PJY153101), and Canada Research Chairs Program and National Institutes of Health R01 (grant number: AG057665-02).



ACKNOWLEDGMENTS

We thank Terrence Town and Tara M. Weitz for providing F344 rat breeding pairs and Tina L. Beckett, Jessica A. Ribeiro, and Shirley Yang for technical assistance.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2022.897206/full#supplementary-material


FOOTNOTES

1https://www.cs.bris.ac.uk/Research/MachineLearning/pac/

2http://www.R-project.org


REFERENCES

Andreou, C., Leicht, G., Nolte, G., Polomac, N., Moritz, S., Karow, A., et al. (2015). Resting-state theta-band connectivity and verbal memory in schizophrenia and in the high-risk state. Schizophr. Res. 161, 299–307. doi: 10.1016/j.schres.2014.12.018

Basile, A. M., Pantoni, L., Pracucci, G., Asplund, K., Chabriat, H., Erkinjuntti, T., et al. (2006). Age, Hypertension, and Lacunar Stroke Are the Major Determinants of the Severity of Age-Related White Matter Changes. CED 21, 315–22. doi: 10.1159/000091536

Bazzigaluppi, P., Beckett, T. L., Koletar, M. M., Hill, M. E., Lai, A., Trivedi, A., et al. (2019). Combinatorial Treatment Using Umbilical Cord Perivascular Cells and Aβ Clearance Rescues Vascular Function Following Transient Hypertension in a Rat Model of Alzheimer Disease. Hypertension 74, 1041–1051. doi: 10.1161/HYPERTENSIONAHA.119.13187

Bragin, A., Jandó, G., Nádasdy, Z., Hetke, J., Wise, K., and Buzsáki, G. (1995). Gamma (40-100 Hz) oscillation in the hippocampus of the behaving rat. J. Neurosci. 15, 47–60.

Canolty, R. T., and Knight, R. T. (2010). The functional role of cross-frequency coupling. Trends Cogn. Sci. 14, 506–515. doi: 10.1016/j.tics.2010.09.001

Canolty, R. T., Edwards, E., Dalal, S. S., Soltani, M., Nagarajan, S. S., Kirsch, H. E., et al. (2006). High gamma power is phase-locked to theta oscillations in human neocortex. Science 313, 1626–1628. doi: 10.1126/science.1128115

Chrobak, J. J., and Buzsáki, G. (1998). Gamma Oscillations in the Entorhinal Cortex of the Freely Behaving Rat. J. Neurosci. 18, 388–398. doi: 10.1523/JNEUROSCI.18-01-00388.1998

Cifuentes, D., Poittevin, M., Bonnin, P., Ngkelo, A., Kubis, N., Merkulova-Rainon, T., et al. (2017). Inactivation of Nitric Oxide Synthesis Exacerbates the Development of Alzheimer Disease Pathology in APPPS1 Mice (Amyloid Precursor Protein/Presenilin-1). Hypertension 70, 613–623. doi: 10.1161/HYPERTENSIONAHA.117.09742

Cifuentes, D., Poittevin, M., Dere, E., Broquères-You, D., Bonnin, P., Benessiano, J., et al. (2015). Hypertension accelerates the progression of Alzheimer-like pathology in a mouse model of the disease. Hypertension 65, 218–224. doi: 10.1161/HYPERTENSIONAHA.114.04139

Cigolini, M., Targher, G., Seidell, J. C., Tonoli, M., Schiavon, R., Agostino, G., et al. (1995). Relationships of blood pressure to fibrinolysis: influence of anthropometry, metabolic profile and behavioural variables. J. Hypertens. 13, 659–666. doi: 10.1097/00004872-199506000-00013

Crone, N. E., Miglioretti, D. L., Gordon, B., and Lesser, R. P. (1998). Functional mapping of human sensorimotor cortex with electrocorticographic spectral analysis. II. Event-related synchronization in the gamma band. Brain 121, 2301–2315.

Díaz-Ruiz, C., Wang, J., Ksiezak-Reding, H., Ho, L., Qian, X., Humala, N., et al. (2009). Role of Hypertension in Aggravating Aβ Neuropathology of AD Type and Tau-Mediated Motor Impairment. Cardiovasc. Psychiatry Neurol. 2009:107286. doi: 10.1155/2009/107286

Edwards, E., Soltani, M., Deouell, L. Y., Berger, M. S., and Knight, R. T. (2005). High gamma activity in response to deviant auditory stimuli recorded directly from human cortex. J. Neurophysiol. 94, 4269–4280. doi: 10.1152/jn.00324.2005

GBD 2019 Dementia Forecasting Collaborators (2022). Estimation of the global prevalence of dementia in 2019 and forecasted prevalence in 2050: an analysis for the Global Burden of Disease Study 2019. Lancet Public Health 7, e105–e125. doi: 10.1016/S2468-2667(21)00249-8

Gorelick, P. B., Scuteri, A., Black, S. E., Decarli, C., Greenberg, S. M., Iadecola, C., et al. (2011). Vascular contributions to cognitive impairment and dementia: a statement for healthcare professionals from the american heart association/american stroke association. Stroke 42, 2672–2713. doi: 10.1161/STR.0b013e3182299496

Illouz, T., Madar, R., Clague, C., Griffioen, K., Louzoun, Y., and Okun, E. (2016). Unbiased classification of spatial strategies in the Barnes maze. Bioinformatics 32, 3314–3320. doi: 10.1093/bioinformatics/btw376

in’t Veld, B. A., Ruitenberg, A., Hofman, A., Stricker, B. H., and Breteler, M. M. (2001). Antihypertensive drugs and incidence of dementia: the Rotterdam Study. Neurobiol. Aging 22, 407–412.

Jeng, J.-R. (2003). Association of PAI-1 gene promoter 4g/5g polymorphism with plasma PAI-1 activity in Chinese patients with and without hypertension. Am. J. Hypertens. 16, 290–296. doi: 10.1016/s0895-7061(03)00004-9

Jin, J., and Maren, S. (2015). Prefrontal-Hippocampal Interactions in Memory and Emotion. Front. Syst. Neurosci. 9:170. doi: 10.3389/fnsys.2015.00170

Joffres, M., Falaschetti, E., Gillespie, C., Robitaille, C., Loustalot, F., Poulter, N., et al. (2013). Hypertension prevalence, awareness, treatment and control in national surveys from England, the USA and Canada, and correlation with stroke and ischaemic heart disease mortality: a cross-sectional study. BMJ Open 3:e003423. doi: 10.1136/bmjopen-2013-003423

Joo, I. L., Lai, A. Y., Bazzigaluppi, P., Koletar, M. M., Dorr, A., Brown, M. E., et al. (2017). Early neurovascular dysfunction in a transgenic rat model of Alzheimer’s disease. Sci. Rep. 7:46427. doi: 10.1038/srep46427

Khachaturian, A. S., Zandi, P. P., Lyketsos, C. G., Hayden, K. M., Skoog, I., Norton, M. C., et al. (2006). Antihypertensive medication use and incident Alzheimer disease: the Cache County Study. Arch. Neurol. 63, 686–692. doi: 10.1001/archneur.63.5.noc60013

Kitchigina, V. F. (2018). Alterations of Coherent Theta and Gamma Network Oscillations as an Early Biomarker of Temporal Lobe Epilepsy and Alzheimer’s Disease. Front. Integr. Neurosci. 12:36. doi: 10.3389/fnint.2018.00036

Köhler, S., Baars, M. A. E., Spauwen, P., Schievink, S., Verhey, F. R. J., and van Boxtel, M. J. P. (2014). Temporal evolution of cognitive changes in incident hypertension: prospective cohort study across the adult age span. Hypertension 63, 245–251. doi: 10.1161/HYPERTENSIONAHA.113.02096

Kruyer, A., Soplop, N., Strickland, S., and Norris, E. H. (2015). Chronic Hypertension Leads to Neurodegeneration in the TgSwDI Mouse Model of Alzheimer’s Disease. Hypertension 66, 175–182. doi: 10.1161/HYPERTENSIONAHA.115.05524

Lai, A. Y., Joo, I. L., Trivedi, A. U., Dorr, A., Hill, M. E., Stefanovic, B., et al. (2021). Cerebrovascular damage after midlife transient hypertension in non-transgenic and Alzheimer’s disease rats. Brain Res. 1758:147369. doi: 10.1016/j.brainres.2021.147369

Lee, H., Simpson, G. V., Logothetis, N. K., and Rainer, G. (2005). Phase locking of single neuron activity to theta oscillations during working memory in monkey extrastriate visual cortex. Neuron 45, 147–156. doi: 10.1016/j.neuron.2004.12.025

Leong, X.-F., Ng, C.-Y., and Jaarin, K. (2015). Animal Models in Cardiovascular Research: hypertension and Atherosclerosis. Biomed Res. Int. 2015:528757. doi: 10.1155/2015/528757

Lerman, L. O., Kurtz, T. W., Touyz, R. M., Ellison, D. H., Chade, A. R., Crowley, S. D., et al. (2019). Animal Models of Hypertension: a Scientific Statement From the American Heart Association. Hypertension 73, e87–e120. doi: 10.1161/HYP.0000000000000090

Levit, A., Cheng, S., Hough, O., Liu, Q., Agca, Y., Agca, C., et al. (2021). Hypertension and Pathogenic hAPP Independently Induce White Matter Astrocytosis and Cognitive Impairment in the Rat. Front. Aging Neurosci. 12:82. doi: 10.3389/fnagi.2020.00082

Liao, D., Cooper, L., Cai, J., Toole, J. F., Bryan, N. R., Hutchinson, R. G., et al. (1996). Presence and severity of cerebral white matter lesions and hypertension, its treatment, and its control. The ARIC Study. Atherosclerosis Risk in Communities Study. Stroke 27, 2262–2270. doi: 10.1161/01.str.27.12.2262

Morrone, C. D., Bazzigaluppi, P., Beckett, T. L., Hill, M. E., Koletar, M. M., Stefanovic, B., et al. (2020). Regional differences in Alzheimer’s disease pathology confound behavioural rescue after amyloid-β attenuation. Brain 143, 359–373. doi: 10.1093/brain/awz371

Onslow, A. C. E., Bogacz, R., and Jones, M. W. (2011). Quantifying phase-amplitude coupling in neuronal network oscillations. Prog. Biophys. Mol. Biol. 105, 49–57. doi: 10.1016/j.pbiomolbio.2010.09.007

Pechánová, O., Bernátová, I., Babál, P., Martínez, M. C., Kyselá, S., Stvrtina, S., et al. (2004). Red wine polyphenols prevent cardiovascular alterations in L-NAME-induced hypertension. J. Hypertens. 22, 1551–1559. doi: 10.1097/01.hjh.0000133734.32125.c7

Qiu, C., Winblad, B., and Fratiglioni, L. (2005). The age-dependent relation of blood pressure to cognitive function and dementia. Lancet Neurol. 4, 487–499. doi: 10.1016/S1474-4422(05)70141-1

Rouch, L., Cestac, P., Hanon, O., Cool, C., Helmer, C., Bouhanick, B., et al. (2015). Antihypertensive drugs, prevention of cognitive decline and dementia: a systematic review of observational studies, randomized controlled trials and meta-analyses, with discussion of potential mechanisms. CNS Drugs 29, 113–130. doi: 10.1007/s40263-015-0230-6

Salter, M., Duffy, C., Garthwaite, J., and Strijbos, P. J. L. M. (1995). Substantial regional and hemispheric differences in brain nitric oxide synthase (NOS) inhibition following intracerebroventricular administration of Nω-nitro-l-arginine (L-NA) and its methyl ester (L-NAME). Neuropharmacology 34, 639–649. doi: 10.1016/0028-3908(95)00036-6

Sampath, D., Sathyanesan, M., and Newton, S. S. (2017). Cognitive dysfunction in major depression and Alzheimer’s disease is associated with hippocampal–prefrontal cortex dysconnectivity. Neuropsychiatr. Dis. Treat. 13, 1509–1519. doi: 10.2147/NDT.S136122

Sengupta, P. (2013). The Laboratory Rat: relating Its Age With Human’s. Int. J. Prev. Med. 4, 624–630.

Shih, Y.-H., Wu, S.-Y., Yu, M., Huang, S.-H., Lee, C.-W., Jiang, M.-J., et al. (2018). Hypertension Accelerates Alzheimer’s Disease-Related Pathologies in Pigs and 3xTg Mice. Front. Aging Neurosci. 10:73. doi: 10.3389/fnagi.2018.00073

Sigurdsson, T., and Duvarci, S. (2016). Hippocampal-Prefrontal Interactions in Cognition, Behavior and Psychiatric Disease. Front. Syst. Neurosci. 9:190. doi: 10.3389/fnsys.2015.00190

Skoog, I., Lernfelt, B., Landahl, S., Palmertz, B., Andreasson, L. A., Nilsson, L., et al. (1996). 15-year longitudinal study of blood pressure and dementia. Lancet 347, 1141–1145. doi: 10.1016/s0140-6736(96)90608-x

SPRINT MIND Investigators for the SPRINT Research Group, Nasrallah, I. M., Pajewski, N. M., Auchus, A. P., Chelune, G., Cheung, A. K., et al. (2019a). Association of Intensive vs Standard Blood Pressure Control With Cerebral White Matter Lesions. JAMA 322, 524–534. doi: 10.1001/jama.2019.10551

SPRINT MIND Investigators for the SPRINT Research Group, Williamson, J. D., Pajewski, N. M., Auchus, A. P., Bryan, R. N., Chelune, G., et al. (2019b). Effect of Intensive vs Standard Blood Pressure Control on Probable Dementia: a Randomized Clinical Trial. JAMA 321, 553–561. doi: 10.1001/jama.2018.21442

Thacker, J. S., Andersen, D., Liang, S., Zieniewicz, N., Trivino-Paredes, J. S., Nahirney, P. C., et al. (2021). Unlocking the brain: a new method for Western blot protein detection from fixed brain tissue. J. Neurosci. Methods 348:108995. doi: 10.1016/j.jneumeth.2020.108995

Tomassoni, D., Bramanti, V., and Amenta, F. (2010). Expression of aquaporins 1 and 4 in the brain of spontaneously hypertensive rats. Brain Res. 1325, 155–163. doi: 10.1016/j.brainres.2010.02.023

Tort, A. B. L., Komorowski, R., Eichenbaum, H., and Kopell, N. (2010). Measuring phase-amplitude coupling between neuronal oscillations of different frequencies. J. Neurophysiol. 104, 1195–1210. doi: 10.1152/jn.00106.2010

Tzourio, C., Laurent, S., and Debette, S. (2014). Is hypertension associated with an accelerated aging of the brain? Hypertension 63, 894–903. doi: 10.1161/HYPERTENSIONAHA.113.00147

Walker, K. A., Power, M. C., and Gottesman, R. F. (2017). Defining the Relationship Between Hypertension, Cognitive Decline, and Dementia: a Review. Curr. Hypertens. Rep. 19:24. doi: 10.1007/s11906-017-0724-3

Womelsdorf, T., Valiante, T. A., Sahin, N. T., Miller, K. J., and Tiesinga, P. (2014). Dynamic circuit motifs underlying rhythmic gain control, gating and integration. Nat. Neurosci. 17, 1031–1039. doi: 10.1038/nn.3764

Xu, G., Bai, F., Lin, X., Wang, Q., Wu, Q., Sun, S., et al. (2017). Association between Antihypertensive Drug Use and the Incidence of Cognitive Decline and Dementia: a Meta-Analysis of Prospective Cohort Studies. Biomed Res. Int. 2017:4368474. doi: 10.1155/2017/4368474

Yang, C.-F., Yu-Chih Chen, M., Chen, T.-I., and Cheng, C.-F. (2014). Dose-dependent effects of isoflurane on cardiovascular function in rats. Tzu Chi Med. J. 26, 119–122. doi: 10.1016/j.tcmj.2014.07.005

Yasar, S., Xia, J., Yao, W., Furberg, C. D., Xue, Q.-L., Mercado, C. I., et al. (2013). Antihypertensive drugs decrease risk of Alzheimer disease: ginkgo Evaluation of Memory Study. Neurology 81, 896–903. doi: 10.1212/WNL.0b013e3182a35228

Zimmerman, R. S., and Frohlich, E. D. (1990). Stress and hypertension. J. Hypertens. Suppl. 8, S103–S107.


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.

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.

Copyright © 2022 Lai, Bazzigaluppi, Morrone, Hill, Stefanovic and McLaurin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fnins-16-897206-g005.jpg
o 0 o u o

AN ™

(ddIH ul abeianoo eale 9,)
Aisuap NneN

o o o o
< oo N

(D4d u1 abeianoo eale o)
m Alisuap NNaN

X

=

P
X
-
P

Ok [« o ddlH






OPS/images/fnins-16-897206-g006.jpg
A -
0.012 4

é A
© 0010' A
R
_5 0.008-
= 0.006-
3
2 0.004-

0.002-

NTx LNAME NTx LNAME
PFC M— LI
theta to theta to
low gamma high gamma

° 0.015 :
< See *
)
©
=
e
O
©
-
°
O
=

NTx LNAME NTx LNAME

I I
theta to theta to
low gamma high gamma
3 NTX
3 LNAME

O
%

=
N

O
e

theta alpha beta low high
gamma gamma

Magnitude squared coherence °
o
N





OPS/images/cross.jpg
3,

i





OPS/xhtml/nav.xhtml




Contents





		Cover



		Compromised Cortical-Hippocampal Network Function From Transient Hypertension: Linking Mid-Life Hypertension to Late Life Dementia Risk



		INTRODUCTION



		MATERIALS AND METHODS



		Animals



		Induction of Transient Hypertension



		Barnes Maze



		Immunofluorescence, Myelin Staining, and Immunoblotting



		Immunofluorescence and Myelin Staining



		Immunoblotting







		Electrophysiology



		Recordings



		Data Analysis



		Statistical Analysis











		RESULTS



		Transient Hypertension Induced Loss of Cognitive Flexibility



		Vascular Compromise and Neuronal Loss After Transient Hypertension



		Altered Network Function and Prefrontal Cortical-Hippocampal Interactions







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fnins-16-897206-g001.jpg
4 months old 5 months old 6 months old
® ‘month @ 1month @

4 months

1 )
L-NAME Behavioral Analyses

4 months old 5 months old 9 months old
4 months ® 1month @ 4 months

L-NAME 1. Behavioral Analyses
BP BP 2. BP Measurement
Measurement Measurement 3. Electrophysiology

4. Tissue Collection





OPS/images/fnins-16-897206-g002.jpg
Spatial memory

Executive function

Cognitive flexibility

1 month recovery

4 month recovery

NTx LNAME

—o— NTX

- LNAME
Interaction: **
Time: s
Treatment: n.s.

C Ll Ll L] L} 1
RD1 RD2 RD3 RD4 RD5S

—o— NTX
-+ LNAME

Interaction: *
Time: Ak

Treatment: n.s.

1 L 1 L] 1
RD1 RD2 RD3 RD4 RD5S

NTx

LNAME

@ 60 * % a 50-
2 )
Q& R S 40
™ ? 30
Ll L 4
S o)
> £ 204
a 20+ o a
g . & 10-
S 0- 9 0-
NTX LNAME
1.0~ 1.0-
= >
850 gEoe
£ 20.6; 5 2 0.6
€ 2041 §§Q¢
© £ S
B 80.2- » 8 0.2-
0.0- 0.0-
NTx LNAME
@ 200' == N-I-X @ 150-
@ -+ LNAME 3
% 150+ Interaction: n.s. 8
8 Time: - o 100+
(NN Treatment: n.s. LLI
o 100+ o
—
2 50- §‘
= o
< ©
— 04i— . ; : : 1
RD1 RD2 RD3 RD4 RD5
1.09 - NTx 1.0-
> ¢ ~ LNAME e 57
% % 08' Interaction: ** % % 08-
© ; Time: xow = ;
| - 4 T t g e i 1
= ..q%. 0.6 Treatmen . ‘%’ 0.6
=
- S g 0.4
3 ®©
¢ 8 021 38 02
0.04— ' . : .
RD1 RD2 RD3 RD4 RD5
NTx LNAME
3 [Direct
"% il CCorrected
| -
) CLong
(.,C) " correction
= EFocused
8 search
Uc)> “ W Serial
50
~ & o Bl Random
13348 12 3 45 oH
Reversal Trial Day
= \ 0
:g §100- % ;*; 580-
©
= § 89 e 2 S 60-
el S ve O
Lo () 60' To) o
] z § 407
— Qg -
? 5 20- § 5 20
% = O > S 0-
e %

NTX

LNAME

i I B —
3 4 2

|
2 £ 1 3 4 E
Reversal Trial Da

NTx

LNAME





OPS/images/fnins-16-897206-g003.jpg
-~

W, St Bl
o SRMRIES

‘M -
v TRy s o“' o

b A g

N Tx

£ BRANE [

e g T

Lectin density

AQP4 density

AQP4 density

Lectin density
(% area coverage in PFC)

@)
L 100- %
30- . -
. £ 80 )
& —t— A
20 . £ 01 P& ot
' e 2 4 "3
10- &
0 20-
0 . , s 0 : ;
NTx LNAME NTx LNAME
g o
C_L 15' & 60- ° A
T \ L % o
= [= —
010 e "€ 40- .“ =
Nk B
8 5 ; - ? 201
0 S
e 0 . . 0 . .
= NTx LNAME ¥ NTx LNAME
& & &
G O N
+ AT PTsT B
i SESCAS
0 197 o ==
@ == s o B /P 4
2L i s GAPDH
O
g - £ 2501 -
§ " S 2 200 :
< NT INAVE O BTt ="
o g'g 100] oSl A
3 9 :
e o & 9501
& 20 g5 | I |
L " " NTX LNAME
= 15; . . £ 140;
= == iy . ol o
5 10| [T —— 5210 .
010 & T “
8 . —J T 4=
g 5 ikl B
® 52801 | ;
X 0 - - g3
o NTx LNAME < 60 : .
NTx LNAME






OPS/images/fnins-16-897206-g004.jpg
) %*
2 80
o
C A
@ o 607 :
C O e
O ®
2 8 40- :
= Q
(OBNS)
< g 20y
ﬁ 1
g 0 LNAME
0 .
0 40-
I
> C
® g 301
g D :
T o H )
= 20
R —'—,‘.‘.
< g 10
9 1
¢ O E
Y- LNAM
: * %
< 40-
o
c .
g ‘
g e —i—
> A
5 3
b g :
m 1
e LNAME
& 60- :
I A
> £
:.5 %40-
g © i
© g ‘I
i 8 20-
= g '
: O LNAME
o~






OPS/images/cover.jpg
& frontiers | Frontiers in Ne:










OPS/images/logo.jpg
'frontiers ‘ Frontiers in Neuroscience





