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Abstract

Hypertension, including transient events, is a major risk factor for developing late-onset dementia 

and Alzheimer’s disease (AD). Anti-hypertensive drugs facilitate restoration of normotension 

without amelioration of increased dementia risk suggesting that transient hypertensive insults 

cause irreversible damage. This study characterized the contribution of transient hypertension to 

sustained brain damage as a function of normal aging and AD. To model transient hypertension, 

we treated F344TgAD and non-transgenic littermate rats with L-NG-Nitroarginine methyl ester 

(L-NAME) for one month, ceased treatment and allowed for a month of normotensive recovery. 

We then examined the changes in the structure and function of the cerebrovasculature, integrity of 

white matter, and progression of AD pathology. As independent factors, both transient 

hypertension and AD compromised structural and functional integrity across the vascular bed, 

while combined effects of hypertension and AD yielded the largest deficits. Combined effects of 
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transient hypertension and AD genotype resulted in loss of cortical myelin particularly in the 

cingulate cortex which is crucial for cognitive function. Increased cerebral amyloid angiopathy, a 

prominent pathology of AD, was detected after transient hypertension as were up- and down-

regulation of proteins associated with cerebrovascular remodeling – osteopontin, ROCK1 and 

ROCK2, in F344TgAD rats even 30 days after restoration of normotension. In conclusion, 

transient hypertension caused permanent cerebrovasculature and brain parenchymal damage in 

both normal aging and AD. Our results corroborate human studies that have found close 

correlation between transient hypertension in midlife and white matter lesions later in life 

outlining vascular pathologies as pathological links to increased risk of dementia.

Graphical Abstract
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1. Introduction

Alzheimer’s disease (AD) is the most common type of dementia among the elderly 

population and includes a dominantly-inherited early-onset form and a much more prevalent 

late-onset form (Querfurth and LaFerla, 2010). The specific etiological causes of late-onset 

AD remain unclear although several lines of evidence suggest a key role for cerebrovascular 

dysfunction: diseases of the brain vasculature have a higher rate of comorbidity with AD 

compared to other neurological disorders (Toledo et al., 2013). Additionally, cerebrovascular 

pathologies accelerate cognitive decline in AD patients (Toledo et al., 2013). A spatial-

temporal analysis of biomarkers revealed that markers of vascular deficits precede that of Aβ 
deposition suggesting that dysfunction in the cerebrovasculature may play a key etiological 

role in AD pathogenesis (Iturria-Medina et al., 2016).

Midlife hypertension is widely recognized as an independent and important risk factor of 

AD (Feldstein, 2012; Launer et al., 2000; Lennon et al., 2019). Most clinical cases of 

hypertension have a transient nature as the majority of patients receive treatments that 

regulate blood pressure (Joffres et al., 2013). Some studies have reported that these 

treatments lower the incidence of dementia, however, a significant number of studies have 
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found either no reduction (in’t Veld et al., 2001; Khachaturian et al., 2006; Walker et al., 

2017; Xu et al., 2017; Yasar et al., 2013) or an elevation in incidence suggesting that 

hypertensive events, though transient, can cause irreversible damage to the brain. The 

mechanistic links between hypertension and AD development is not well understood: High 

blood pressure leads to reduced lumen diameter and increased wall thickness in cerebral 

arteries as well as remodeling of overall vascular structure and loss of vascular function 

(Pires et al., 2013). A common manifestation of vascular impairment is white matter 

abnormalities; epidemiological evidence implicates hypertension as an important risk factor 

for developing white matter lesions (Basile et al., 2006; Liao et al., 1996). Corroboratively, 

region-specific white matter lesions correlate with both AD incidence and cognitive decline 

in AD (Brickman et al., 2015; Tabei et al., 2017). Taken together, we propose that the 

interaction between transient hypertension and AD pathogenesis involve a series of 

remodeling throughout the cerebrovascular network culminating in impairment of vascular 

function, loss of cerebral white matter, and progression of AD pathology.

Although several studies have successfully modeled persistent hypertension in animal 

models of AD by either surgically or pharmacologically constricting blood vessels 

(Cifuentes et al., 2017, 2015; Díaz-Ruiz et al., 2009; Kruyer et al., 2015; Shih et al., 2018), 

transient hypertensive events are rarely examined. Thus, we model transient hypertension by 

administration of N-nitro-L-arginine methyl ester (L-NAME) to F344TgAD (TgAD) and 

non-transgenic (NTg) littermate rats for a month, cessation of treatment followed by another 

month of recovery. L-NAME induces hypertension through inhibition of nitric oxide (NO) 

synthase, as its lowering of NO signaling within the vasculature induces hypertension, 

inflammation and oxidative stress leading to changes in the cerebrovascular wall structure 

(Delbosc et al., 2008; Dupuis et al., 2004; Husain and Hazelrigg, 2002). L-NAME-induced 

inhibition of endothelial nitric oxide synthase causes increased production of superoxide 

anions within the vasculature that further impairs NO signaling leading to impairment of 

endothelial-dependent arterial relaxation (Santhanam et al., 2015). Furthermore, attenuated 

NO signaling has been observed in hypertensive patients (Husain, 2002). The use of L-

NAME thus allows us to recapitulate a spectrum of pathologies and facilitate a broad 

interrogation of downstream pathways that may contribute to long term vascular 

compromise. Henceforth, we modeled hypertension by L-NAME administration for one 

month to induce vascular dysfunction, then halted treatment to remove the external driving 

forces and allow endogenous recovery. After one month of recovery (endpoint of the study), 

we examined the changes in the structure and function of the cerebrovascular network, 

integrity of cerebral white matter, and progression of AD pathology in the context of normal 

aging (in NTg rats) and an AD susceptible environment (in TgAD rats).

2. Results

2.1. Vascular reactivity

We have previously established that F344TgAD (TgAD) rats exhibit a significant reduction 

in vascular reactivity at nine months of age when both parenchymal plaques and 

cerebrovascular amyloid are established (Joo et al., 2017). Here, we initiated transient 

hypertension at the early stages of Aβ production and deposition (Cohen et al., 2013), seven 
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months of age, and our study endpoint was nine months of age to correspond to the 

established vascular compromise we had previously reported (Joo et al., 2017). We induced 

hypertension by L-NAME treatment between seven and eight months of age, then removed 

L-NAME to restore normotension between eight and nine months of age (Fig. 1A). Blood 

pressure readings at seven, eight, and nine months of age demonstrated that one month of L-

NAME treatment elevated systolic pressure from 133 ± 9 mmHg to 175 ± 4 mmHg in NTg 

rats (p = 0.001), and from 124 ± 4 mmHg to 185 ± 9 mmHg in TgAD rats (p = 0.001), while 

cessation of treatment for an additional month normalized systolic pressure to 131 ± 6 

mmHg (p = 0.001) and 125 ± 5 mmHg (p = 0.001) in NTg and TgAD rats, respectively (Fig. 

1B). Having established the transient nature of the hypertensive paradigm, we set out to 

investigate the relative contributions of transient hypertension and AD genotype on 

cerebrovascular function. We quantified vascular reactivity in the somatosensory cortex by 

comparing transit times of an injected dye bolus during hypercapnic versus normocapnic 

breathing conditions as described previously (Joo et al., 2017). Transit times are expressed 

as TTP i.e. time interval between bolus Texas Red-dextran injection and peak fluorescent 

signal in a measured vessel. As hypercapnic breathing leads to vasodilation and increased 

cerebral blood flow, TTP shortening reflects a more responsive vessel with higher vascular 

reactivity. We observed that as individual contributing factors, both AD genotype and 

transient hypertension reduced vascular reactivity by a similar magnitude (~ 50%) across the 

vascular bed (Fig. 1C). Specifically, transient hypertension significantly reduced vascular 

reactivity in all three vessel types: arterioles (p = 0.04), capillaries (p = 0.005) and venules 

(p = 0.002), while AD genotype decreased reactivity in capillaries (p = 0.03) and venules (p 

= 0.02) with a trend to significance in arterioles (p = 0.07) (Fig. 1C). Although we observed 

the stronger impact on capillaries and venules, loss of vascular reactivity measured from the 

draining vessels may reflect dysfunction of the cerebrovascular network as a whole: as the 

bolus dye traverses the vascular network from arterioles to draining vessels, effects of 

vessels’ impairments accumulate, making capillary and venular readouts sensitive to the sum 

total of the deficiencies encountered along the path. Our results overall demonstrate that 

both hypertension and AD pathogenesis facilitate the loss of vascular function.

2.2. White matter injury

After age, unresolved hypertension is the most prevalent contributing factor to white matter 

lesions from middle age onwards (Basile et al., 2006; Liao et al., 1996). Injury to white 

matter compromises neuronal connectivity and thus may significantly impair vascular 

function and reactivity. To investigate whether transient hypertension is sufficient to induce 

white matter injury, we measured the density of myelin in the cortex in NTg and TgAD rats 

either treated or untreated with L-NAME. Both transient hypertension (p = 0.01) and AD 

genotype (p = 0.002) were significant contributors to decreased myelin density in the 

somatosensory cortex (Fig. 2A, B). Similar to deficits in vascular reactivity, myelin loss was 

the most prominent in L-NAME treated TgAD when both factors are present (Fig. 2A, B). 

Comparing untreated NTg to L-NAME treated TgAD rats, the loss of myelin in the cortex 

exhibited a gradient with the cingulate cortex exhibiting a higher percentage loss (59%; 0.27 

± 0.06 down to 0.11 ± 0.04; p = 0.02) than either the motor (33%; 0.36 ± 0.03 down to 0.24 

± 0.06; p = 0.04) or somatosensory (28%; 0.54 ± 0.02 down to 0.39 ± 0.07; p = 0.002) 

cortices (Fig. 2A, B). To further probe myelin loss, we measured immunoreactivity of 
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myelin basic protein (MBP) in the same cortical regions. Across the cortical regions, 

transient hypertension and AD genotype were significant contributors to changes in MBP 

immunoreactivity (Fig. 2A, C). Surprisingly, rather than a loss, MBP immunoreactivity 

increased as an effect of hypertension and AD; L-NAME treated TgAD rats showed 

significantly higher MBP immunoreactivity compared to untreated NTg rats in 

somatosensory (p = 0.01), motor (p = 0.03), and cingulate (p = 0.046) cortices (Fig. 2A, C). 

Increased MBP immunoreactivity may reflect structural alterations in the myelin sheath 

concurrent with loss of myelin that resulted in increased antigen exposure. Together, these 

results demonstrate that the combined effects of transient hypertension and AD genotype 

accelerated myelin deterioration.

2.3. Vascular Amyloid

In patients, one of the most prominent pathological features comorbid with injury to cerebral 

white matter is cerebral amyloid angiopathy (CAA) (Charidimou et al., 2017; Smith, 2018). 

Previously, we demonstrated that in nine month-old TgAD rats, penetrating arterioles in the 

somatosensory cortex are laden with vascular Aβ deposits characteristic of CAA, correlating 

to deficits in vascular function (Joo et al., 2017). Here, in TgAD rats, transient hypertension 

significantly increased vascular Aβ/CAA coverage of penetrating arterioles in the 

somatosensory cortex (from 30.2 ± 4.3 % to 47.6 ± 7.6 %; p = 0.01) (Fig. 3A, B). A similar 

degree of increase in CAA coverage was observed in the cingulate cortex (from 33.2 ± 4.4 % 

to 45.7 ± 5.0 % 33.2 ± 4.4 %; p = 0.004) (Fig. 3B). CAA was not detected in NTg rats after 

transient hypertension (data not shown). Interestingly, transient hypertension did not affect 

coverage of parenchymal Aβ plaques in TgAD rats in either cortical region (Fig. 3C). These 

results are in partial agreement with large human cohort aging studies in which midlife 

hypertension was shown to result in post-mortem increase in both CAA and parenchymal 

amyloid plaques (Brickman et al., 2018; Shah et al., 2012). To determine whether increased 

CAA was due to increased production of Aβ, we measured the protein expression of 

amyloid precursor protein (APP), β-secretase (BACE), and CTFβ/CTFα, markers for APP 

production and processing, in the parenchyma-enriched fraction. We also measured the 

protein expression of neprilysin (NEP) and mature cathepsin B (CatB), two key enzymes 

involved in separate degradation pathways of Aβ, to see whether L-NAME affected Aβ 
degradation in either the vessel- or parenchyma-enriched fraction. We found that transient 

hypertension did not have an effect on either Aβ processing (Fig. 3D) or degradation (Fig. 

3E), and thus the observed increase in CAA is likely a result of impaired vascular drainage.

2.4. Vascular structure

We probed for structural changes in the cerebrovasculature that may have contributed to the 

deficits in vascular reactivity and myelin loss after transient hypertension. Our previous 

work has shown that cortical vessels undergo extensive structural changes in response to AD 

pathogenesis (Joo et al., 2017). Similarly, hypertension is known to induce vascular 

remodeling including reduced wall elasticity and lowered capillary density (Pires et al., 

2013). Brain capillaries comprise the majority of the area covered by the brain vascular bed; 

thus, we analyzed collagen IV (Col IV)-positive capillaries in the somatosensory and 

cingulate cortices and found that capillary density is unchanged in all of the treatment 

groups (data not shown). In contrast, hypertension and AD are significant contributing 
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factors to decreased capillary diameter in the somatosensory (p = 0.03, 0.01 respectively) 

and cingulate (p = 0.04, 0.001 respectively) cortices (Fig. 4A). In addition, previous studies 

have shown that AD is associated with an increase in the number of string vessels in the 

capillary bed (Brown, 2010). String vessels are thin strands resembling remnants of 

capillaries that contain a shell of basement membrane but no endothelial cells (Brown, 

2010). They carry no blood flow and are a sign of capillary regression and remodeling 

(Brown, 2010). We identified string vessels as Col IV-positive lectin-negative ‘threads’ in 

the capillary nexus (Fig. 4B). In both somatosensory and cingulate cortices, transient 

hypertension significantly increased the density of string vessels (p = 0.01 for both regions) 

while AD was not a significant contributing factor (Fig. 4B, C).

We next examined structural changes in cortical penetrating arterioles and venules. Cortical 

penetrating vessels are a primary target of Aβ deposition and are subject to AD-related 

structural changes in caliber, tortuosity, and vessel wall integrity (Dorr et al., 2012a; Joo et 

al., 2017). Penetrating arterioles in particular undergo drastic structural changes in response 

to hypertensive insults: as an adaptive measure to withstand stress during hypertension, 

arteries and arterioles increase vessel wall thickness which in turn promotes vessel 

hardening and decreases overall vessel elasticity and function (Pires et al., 2013). To 

estimate the extent to which transient hypertension and AD pathology remodeled arteriolar 

walls, we measured the ratio of Col IV to elastin expression. Col IV is present in all layers of 

the basement membrane, whereas elastin is expressed only in the tunica media layer of 

arterial walls to regulate vessel elasticity and contractility (Wagenseil and Mecham, 2009) 

thus positively correlated with arterial wall hardening and stiffness (Wagenseil and Mecham, 

2012). We found that in the somatosensory cortex, transient hypertension (p = 0.001) and 

AD (p = 0.009) significantly increased Col IV:elastin ratios (Fig. 5A, B). Similar to myelin 

loss, presence of both hypertension and AD resulted in the highest degree of arteriolar 

stiffening (p = 0.0004, NTg vs. TgAD+L-NAME). Echoing the region-specific trend 

observed with myelin loss, arteriolar stiffening in the cingulate cortex was larger in 

magnitude (0.83 ± 0.18 to 1.61 ± 0.33, NTg vs. TgAD+L-NAME) compared to that in the 

somatosensory cortex (0.88 ± 0.06 to 1.25 ± 0.14, NTg vs. TgAD+L-NAME) (Fig. 5B).

Venules, unlike arterioles, do not express elastin. To assess whether venules had undergone 

remodeling of the vascular wall, we analyzed the change in venular Col IV expression 

relative to the endothelium (labeled by lectin). In the somatosensory cortex, transient 

hypertension (p = 0.004) but not AD genotype (p = 0.40) contributed significantly to 

increased venular expression of Col IV suggesting venular wall remodeling (Fig. 5C). To 

buttress these analyses, we measured laminin expression, which like Col IV, is a structural 

protein expressed in all layers of the basement membrane (Chelladurai et al., 2012). 

Similarly, transient hypertension (p = 0.002) but not genotype (p = 0.60) contributed 

significantly to increased laminin expression in the somatosensory cortex thus confirming 

venular wall remodeling (Fig. 5D, E). Remodeling of venules was more pronounced in the 

cingulate cortex (1.65 ± 0.14 to 2.20 ± 0.35, NTg vs. TgAD+L-NAME) compared to that in 

the somatosensory cortex (1.45 ± 0.07 to 1.72 ± 0.09, NTg vs. TgAD+L-NAME) (Fig. 5E).

We then examined whether the diameter of venules increased after remodeling: Transient 

hypertension (p = 0.02) was a significant contributor while AD (p = 0.07) showed a trend 
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towards increases in venular diameter (Fig. 5F). The combined exposure to hypertension and 

AD resulted in the largest magnitude of change in venular diameter (p = 0.03, NTg vs. 

TgAD+L-NAME; Fig. 5F). In contrast, the increase arteriolar wall thickening did not result 

in a corresponding increase in the diameter of the arterioles (Fig 5F). Since the diameter of 

arterioles was unchanged with decreased capillary and increased venular diameters suggest 

that the impact of remodeling of vessel caliber involves for the most part the draining 

vasculature.

2.5. Molecular substrates of vascular remodeling

To gain a fuller understanding of the mechanisms underlying hypertensive remodeling in 

both NTg and TgAD rats, we isolated cortical blood vessels from all treatment groups and 

examined the expression of signaling proteins implicated in clinical and experimental 

hypertension. Osteopontin (OPN) is a secreted protein synthesized by smooth muscle and 

endothelial cells; modulation of OPN expression has been associated with hypertension as 

well as with post-insult vascular remodeling (Caesar et al., 2017; deBlois et al., 1996; 

Lorenzen et al., 2011). Here, we found that transient hypertension (p = 0.01) but not AD (p 

= 0.18) contributed to decreased OPN levels (Fig. 6A, B). OPN expression was the lowest in 

hypertensive TgAD rats (p = 0.045, NTg vs. TgAD+L-NAME; Fig. 6A, B), a profile similar 

to that observed with vascular function, vessel diameter, and myelin loss. Important 

signaling targets of OPN are the Rho-associated protein kinases (ROCKs), ROCK1 and 

ROCK2. Previous studies have suggested that RhoA kinase pathway may be involved in 

cerebrovascular compromise (Chrissobolis and Sobey, 2001; Loirand, 2015). ROCKs have 

been implicated as both upstream and downstream modulators of hypertension (Dorr et al., 

2012a). We found that ROCK1 and ROCK2 showed different expression profiles as a 

function of transient hypertension and AD: A significant interactive effect between 

hypertension and AD (p = 0.02) regulated ROCK1 expression such that transient 

hypertension increased ROCK1 expression in TgAD rats (p = 0.02) but not in NTg rats (p = 

0.87; Fig. 6A, B). In contrast, only transient hypertension had a significant effect on ROCK2 

expression (p = 0002) with the magnitude of change being of similar effect size in both NTg 

and TgAD rats (Fig. 6A, B). These results demonstrate that ROCK1 and ROCK2 modulate 

different aspects of vascular remodeling following transient hypertension. The data 

collectively suggest that transient hypertension activates distinct and lasting changes to 

molecular pathways in the context of both normal aging and AD.

3. Discussion

Multiple longitudinal cohort studies provide evidence that the pathological process of AD 

may be a cumulative result of neurodegenerative and vascular pathologies (Akoudad et al., 

2016; Kapasi et al., 2017; Rabinovici et al., 2017; White et al., 2016). Several studies have 

investigated the coexistence of vascular disease with AD pathology; some show an additive 

effect while others show a synergistic contribution (Esiri et al., 1999; Kapasi et al., 2017; 

Snowdon et al., 1997). The proportion of persons with a pathologic diagnosis of AD who 

exhibited both vascular and other degenerative pathologies increased from 24% in mild 

cognitive impairment to 47% in probable AD (Kapasi et al., 2017). In persons with probable 

AD and mixed pathologies, vascular disease is present in approximately 90% of all cases 
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(Kapasi et al., 2017). Thus, the mechanism by which vascular pathologies contribute to AD 

remains an area of importance.

Vascular risk factors are one of the most tractable targets for treatment of late life dementia 

and AD, and effective prevention and intervention of vascular risk may potentially diminish 

the magnitude of the dementia epidemic. Although midlife hypertension is an important risk 

factor for AD, the mechanistic links that associate transient hypertensive insults to AD 

pathogenesis are not well defined. Our research demonstrated lasting loss of function to the 

brain vascular network even in the absence of ongoing hypertensive events. Moreover, we 

have identified pathological features in the cerebrovasculature that could underlie the 

observed loss of vascular function: white matter injury, accumulation of CAA, structural 

remodeling of brain blood vessels, and activation of vascular signaling substrates are key 

pathological changes we found as effects of transient hypertension and an AD-susceptible 

genotype.

Specifically, injury to the white matter has several key implications: As a consequence of 

hypertension-induced vascular remodeling, vascular cells including endothelial cells and 

pericytes may become dysfunctional; unhealthy endothelial cells and pericytes have been 

shown to directly impair oligodendrocyte function (Montagne et al., 2018; Rajani et al., 

2018) resulting in myelin loss. Since white matter integrity positively correlates with 

integrity of neurovascular coupling (Sorond et al., 2013), degeneration of the white matter 

may feed a vicious cycle where an inefficient neurovascular coupling further compromises 

cerebral blood flow leading to exacerbation of AD pathologies, such as CAA. Therefore, the 

observed white matter injury may be both a cause and a consequence of hypertension-

induced vascular remodeling. Interestingly, we show increased MBP immunoreactivity 

despite apparent loss of myelin density in hypertensive TgAD rats. Increased MBP 

immunoreactivity is a hallmark in the acute phases of brain injuries (Ajao et al., 2012; 

Michalski et al., 2018). In a chronic vascular disease such as diabetes, MBP 

immunoreactivity increases slowly but decreases over time (Nam et al., 2018). In some 

instances, chronic demyelination causes aggregation but not loss of MBP, significantly 

altering its immunoreactivity (Frid et al., 2015). The concurrent demyelination and increased 

MBP immunoreactivity observed in our study likely represent the end of the acute phase of 

myelin loss. Notably, the largest magnitude of myelin loss was observed in the cingulate 

cortex. The same trend was echoed by parameters of vascular remodeling such that the 

largest changes in arteriolar and venular basement membrane structure was also in the 

cingulate cortex. Vulnerability of the cingulate cortex to vascular insults has important 

clinical implications: its hypoperfusion was previously shown to be a strong predictor of 

conversion to AD from mild cognitive impairment (Huang et al., 2002).

It is of note that not all readout measures demonstrated a synergistic effect between transient 

hypertension and AD phenotype. This is not unexpected as we demonstrate that after 30 

days of recovery from transient hypertension, our data provides evidence for vascular 

remodeling that could contribute to the diminished effect. Notably, in our colony, 

F344TgAD rats typically require sacrifice between 18 to 22 months of age due to 

spontaneous development of mammary tumors (unpublished observations); therefore at 9 

months of age the F344TgAD are considered midlife. Nonetheless, with respect to loss of 

Lai et al. Page 8

Brain Res. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



vascular reactivity/function, damage due to AD genotype at this age has already progressed 

to a level that subtle injuries due to transient hypertension are no longer detectable i.e. 

swamped out by the AD phenotype alone.

Clinical studies of association between hypertension and dementia define hypertension as 

systolic blood pressure of either > 160 mmHg or > 140 mmHg whereas strains of 

spontaneously hypertensive rats range from 145 mmHg to > 190 mmHg (Kihara et al., 1993; 

Lennon et al., 2019). Our transient hypertension model averaged 175 mmHg in NTg and 185 

mmHg in TgAD rats, which should be considered moderate hypertension. Although L-

NAME is frequently used to model hypertension, like any mono-factorial preclinical model 

of disease, L-NAME model of hypertension reduces multifactorial causes of a complex 

pathology to a single factor. In particular, L-NAME is a selective NO synthase inhibitor, and 

the decreased level of NO during L-NAME administration could be seen as confounding. 

However, NO synthase modulation has been reported in hypertensive patients and previous 

reports show that normal NO synthase activity resumes within 24–48 hours of L-NAME 

administration cessation (Ayers et al., 1997). The most common alternatives to L-NAME for 

induced hypertension include activation of the renin-angiotensin-aldosterone system (like 

the Ang II infusion model), and surgical models such as the renovascular and renoprival 

models. While these can induce increase in blood pressure, they also introduce other 

confounding factors, namely cardiac and renal injuries, which are typically absent in 

transient middle-age hypertension (Lerman et al., 2019).

Several findings in this model differ from those observed in models of ongoing 

hypertension. In rodent AD models exposed to persistent hypertension, overall brain 

capillary bed density was significantly decreased compared to normotensive AD animals 

(Cifuentes et al., 2017, 2015); in contrast, transient hypertension in the current study did not 

affect vascular density in the capillary beds. F344TgAD rats exposed to transient 

hypertension also had significantly higher vascular Aβ in the penetrating arterioles 

characteristic of CAA without significant increase in parenchymal Aβ. These results are in 

contrast to those of ongoing hypertension that have shown elevated parenchymal coverage of 

Aβ plaques in various animal models of AD (Cifuentes et al., 2017, 2015; Díaz-Ruiz et al., 

2009; Shih et al., 2018). Notably, epidemiological data from human subjects report that 

although midlife hypertension predisposes cerebrovascular and parenchymal damage later in 

life, similar to our study, association to Aβ load was not present (Lane et al., 2019). Overall, 

although persistent hypertension may negatively affect more facets of cerebrovascular 

integrity, our results demonstrate that in an AD susceptible environment, transient 

hypertension induces sufficient vascular remodeling to result in deterioration of neuronal 

health.

We report genotype-specific upregulation of protein expression of ROCKs following 

transient hypertension. ROCKs signaling in the cerebrovasculature functions as both an 

upstream regulator and downstream effector of hypertension: ROCKs modulate 

dephosphorylation of myosin light chain subunits involved in vessel contractility and 

subsequently act as regulators of blood pressure; as an effector of hypertension, ROCKs 

mediate post-hypertension vascular remodeling (Bond et al., 2015; Huveneers et al., 2015; 

Lai and McLaurin, 2018; Pires et al., 2013). There is a wide range of cell-dependent 
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functions attributed to ROCK1 and ROCK2 signaling including contraction, motility, 

polarity, proliferation, apoptosis and gene expression (Amano et al., 2010, 2003; Lai and 

McLaurin, 2018; Shimokawa et al., 2016): the downstream pathways that lead to vascular 

compromise will be investigated in future experiments.

In conclusion, we set out to characterize the effects of transient hypertension in the context 

of both normal aging and an AD-susceptible environment, characterizing the combined 

effects of hypertension and AD genotype on key aspects of vascular remodeling and cerebral 

damage. We demonstrate that even after normalization of systolic blood pressure from the 

initial hypertensive insult, deficits in the cerebrovasculature and brain parenchyma persist. 

Importantly, there is mounting evidence from human studies that modulating blood pressure 

earlier in life results in significantly improved later outcomes with regard to brain damage 

and dementia probability (SPRINT MIND Investigators for the SPRINT Research Group et 

al., 2019a, 2019b). Our results here outline several cellular processes directly targeted by 

hypertension that connect the hypertensive events to increased probability of dementia and 

henceforth may facilitate development of more precise therapeutic targets.

4. Methods and materials

4.1. Animals

F344TgAD rats overexpress human amyloid precursor protein containing the familial 

Swedish mutation (APPsw) and presenilin delta E9 (PS1ΔE9) under the mouse prion protein 

promoter on the Fischer-344 background (Cohen et al., 2013). We kept age-matched 

F344TgAD and their NTg littermates on a 12 hr:12 hr light/dark cycle with water and food 

ad libitum. Each cage contains two cage-mates and is monitored daily 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.

4.2. Induction of transient hypertension

To induce hypertension, rats aged seven months were dosed at 10 mg/kg/day (males 

weighing 0.38 to 0.43 kg) and 7.5 mg/kg/day (females weighing 0.23 to 0.28 kg) L-NAME 

in drinking water for one month, respectively. Doses chosen were optimized such that 

hypertension is induced without visible effects on normal cage and grooming behavior. At 

their respective doses, we did not see measurable differences between sexes in any of the 

examined readouts. Water consumption was monitored to estimate drug exposure. We 

confirmed hypertension transience by measuring systolic blood pressure at seven, eight, and 

nine months of age using the CODA-HT2 tail-cuff system under isoflurane anesthesia (Kent 

Scientific). Two-way ANOVA followed by Holm-Sidak post hoc was used to measure 

statistical significance of the blood pressure data. Of the 82 rats used in the study (37 males 

and 45 females), random allocation was used to assign treatment across time and litters: A 

total of 24 sex-balanced rats were processed for immunohistochemical analyses, n = 6 per 

group of NTg±L-NAME and TgAD±L-NAME. Based on the relative sensitivities of the 

pathological assays in NTg and F344TgAD rats in our prior studies in this model (Joo et al., 
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2017; Morrone et al., 2020), the sample size n = 6 per group ensures the power of at least 

80% across all contrasts at the significance level of 5%. A total of 47 rats were used for two-

photon fluorescence microscopy, of which 24 yielded analyzable images. Of the 47 rats, 33 

survived imaging and these brains were collected for immunoblotting. To correct for 

attrition, we included an additional 11 rats for immunoblotting analyses to balance sex and 

treatment group size.

4.3. Two-photon fluorescence microscopy

4.3.1. Surgery and data acquisition—Surgical procedures were adapted from 

previous studies (Dorr et al., 2012b; Joo et al., 2017; Lai et al., 2015). In brief, anaesthetized 

rats (2–3% isoflurane with 30–35% oxygen) rats were tracheostomized for delivery of 

hypercapnia. Cranial windows were centered at AP −3.0 mm and ML ± 2.5 mm relative to 

bregma and were covered by a coverslip and double-distilled water well to enable imaging 

by a water immersion objective (25X, NA 1.05; Olympus). Cerebral blood flow was 

measured by injecting 70 kDA Texas Red fluorescent dextran boluses into the tail vein (in 

PBS; 7 mg/kg per bolus; Thermo-Fisher).

We used an FV1000MPE multiphoton laser scanning microscope (Olympus) equipped with 

a Ti:Sapphire tunable laser (Mai Tai HP; 690–1040 nm; Newport). Texas Red was excited at 

910 nm and the emission collected at 575–630 nm. Each acquisition consists of a 512 μm × 

512 μm area at a cortical depth of 150–200 μm with nominal in-plane resolution of 0.5 μm × 

0.5 μm. We collected free-hand line scans (10 μm/pixel, 20 ms/line, ~600 lines) over 

multiple cortical penetrating vessels and any capillaries found along the scan trajectory. 

Time of the bolus dye injection was triggered by the start of the line scans allowing for 

calculation of vascular transit times. The line scans lasted 11–13 seconds in order to track 

bolus passage through the selected vessels during normocapnia (0% FiCO2) and brief 

periods (~ 60 seconds) of hypercapnia (10% FiCO2). For each rat, up to six bolus injections 

were carried out and monitored at three different locations in the cortex. For structural 

analysis of the cortical microvasculature, we acquired a series of 133–300 slices parallel to 

the cortical surface every 1.5 μm to a depth of 200–450 μm, at 4 μs/pixel, 512 μm × 512 μm 

with nominal in-plane resolution of 1 μm × 1 μm. Rats that did not survive either the surgery 

or imaging were excluded from data analysis (mortality rate 5%).

4.3.2. Data analysis of bolus tracking and vascular structure—As described 

previously (Dorr et al., 2012b; Joo et al., 2017; Lai et al., 2015), vascular reactivity was 

calculated using time-to-peak (TTP), which represents the time interval between the line 

scan-triggered bolus injection and the time of peak fluorescence in the vessel. Vascular 

reactivity was expressed as the change in TTP during CO2 challenge normalized to TTP 

during normal breathing. Differentiation of penetrating arterioles, venules and capillaries 

was carried out by identifying the nearby pial vessels and tracing the connections between 

cortical penetrating vessels and their parent pial vessels. Vessel types were designated based 

on several morphological criteria: pial arteries have smaller diameter, and fewer branches 

while pial veins have larger diameter and more branches. Penetrating arterioles have fewer 

branches and maintain a constant diameter through the depth of the cortex whereas 

penetrating venules branch out more and exhibit a variable diameter. Vessels less than 10 μm 
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in apparent diameter were deemed capillaries. Vessel designations based on morphology 

were additionally confirmed by examining the arrival times of the injected bolus.

Statistical significance was measured using linear mixed effect model (lmer function in lme4 

package, R) which determines whether L-NAME treatment, genotype, and interaction 

between the two factors is a significant contributing factor. Significance between two 

specific treatment groups was determined using Holm-Sidak post hoc test.

4.4. Immunofluorescence and immunohistochemistry

Rat brains were sequentially perfused with PBS and 4% paraformaldehyde (in PBS). 

Extracted brains were post-fixed overnight in 4% paraformaldehyde (in PBS) then washed 

and embedded in 30% sucrose (in PBS). Sucrose-embedded brains were sectioned coronally 

at 40 μm of thickness between AP +2.5 to −7.5 mm.

For fluorescent labeling that includes collagen IV (Col IV) or laminin, the PBS-washed 

sections were mounted on HistoBond slides (16004–406, VWR) prior to labeling. To 

unmask antigens of Col IV and laminin, the mounted slides were immersed in 0.2% pepsin 

(P7000, Sigma, in 25 mM Tris pH 2.0) at 37°C for one hour. After three PBS washes, the 

slides were blocked for one hour (in PBS with 0.5% Triton and 5% donkey serum) and 

probed with primary antibodies overnight (in PBS with 0.5% Triton and 5% donkey serum). 

Slides were then washed and probed with both fluorescence-conjugated secondary 

antibodies and fluorescence-tagged tomato lectin (in PBS with 0.5% Triton and 0.5% bovine 

serum albumin) for two hours before coverslipping.

For labeling of vascular Aβ, floating sections were stained with 1% thioflavin S (in water) 

for 7 minutes followed by two 5 minute washes in 70% ethanol (in water), then probed with 

fluorescence-tagged tomato lectin (in PBS with 0.5% Triton and 0.5% bovine serum 

albumin; 1:200, DL-1178, Vector) for two hours before mounting.

Fluorescence labeled image were acquired using either the Leica TCS SP5 or the Zeiss 

Observer.Z1. For quantification of vascular Aβ, vessel morphology, and immunoreactivity of 

Col IV, elastin, laminin, and lectin, 20 images were acquired from three coronal sections 

between AP +1.50 mm and −0.50 mm. Each image contains two to five penetrating vessels. 

Penetrating arterioles and venules were defined as vessels > 10 μm in diameter. Capillaries 

were defined as vessels with a branching order > 2 and a diameter < 10 μm. Arterioles were 

distinguished from venules morphologically as they have a striated staining pattern with 

lectin. Reliability of using lectin morphology to identify arterioles was confirmed by co-

labeling with the arteriole-specific marker α-smooth muscle actin (data not shown). Vessel 

diameter was measured by dividing the Col IV coverage area of a vessel by its total length. 

Vessel density was expressed as Col IV coverage area divided by total brain area. String 

vessels were defined as capillaries with a degenerating thread-like morphology that were 

positive for Col IV (basement membrane) but negative for lectin (endothelium). 

Immunoreactivity of Col IV, elastin, laminin, and lectin in penetrating vessels were 

measured using ImageJ. For quantification of myelin basic protein (MBP) immunoreactivity, 

whole brain images of three coronal sections between AP +1.50 mm and −0.50 mm were 

used. Immunoreactivity of MBP is normalized to that of neurofilament (measured using 
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ImageJ) as a readout for myelin alterations. For all fluorescent labeling, image acquisition 

and quantification of each cortical region (somatosensory, motor, cingulate) were performed 

separately. Statistical significance was measured using two-way ANOVA followed by Holm-

Sidak post hoc.

For labeling of parenchymal Aβ, we used the 6F3D anti-Aβ antibody as described 

previously (Joo et al., 2017). For visualization of myelin, we used Black Gold II Myelin 

Staining kit (AG105, Millipore) as per manufacturer protocol while omitting the cresyl 

violet step. For quantification of parenchymal Aβ, whole brain images of five coronal 

sections between AP +0 mm and −3.5 mm were used. For quantification of myelin density, 

whole brain images of three coronal sections between AP +1.50 mm and −0.50 mm were 

used. Images were acquired with the Zeiss Observer.Z1 and quantified using ImageJ. For 

both parenchymal Aβ and myelin staining, image acquisition and quantification of each 

cortical region (somatosensory, motor, cingulate) were performed separately. Statistical 

significance was measured using t-test. Refer to Supplementary Table S1 for list of 

antibodies used.

4.5. Isolation of vessel-enriched fractions and immunoblots

We adapted previously described methods for isolating vessel-enriched fractions from whole 

brains (Hawkes and McLaurin, 2009; Joo et al., 2017). Briefly, dry ice-frozen brains 

extracted from phosphate-buffered saline (PBS)-perfused rats were first dounce-

homogenized in 0.1 M ammonium carbonate, 5 mM ethylenediaminetetraacetic acid, 0.01% 

sodium azide, and 1% protease inhibitor cocktail (539134, Millipore), then centrifuged for 

one hour (20,000 g, 4°C). Pellets were re-suspended in 0.1 M ammonium carbonate, 3% 

sodium dodecyl sulphate (SDS), and 2% protease inhibitor cocktail, stirred on ice for two 

hours, and filtered through 40 μm mesh filters. The parenchymal fraction filtered through the 

mesh while the vessel-enriched fraction stayed on the mesh. The vessel fraction was 

resuspended in 10 mM Tris pH 8.0, 1 mM ethylenediaminetetraacetic acid, 1 mM ethylene 

glycol tetraacetic acid, 0.8% Triton, 0.2% SDS, 140 mM NaCl, and 1% protease inhibitor 

cocktail. Both fractions were then sonicated. The resulting protein supernatants were 

subjected to bicinchoninic acid protein assays (23225, Thermo-Fisher), SDS-PAGE 

electrophoresis, and immunoblotting which have been previously described in detail (Joo et 

al., 2017). Densitometry analysis of immunoblots was carried out using ImageJ. Statistical 

significance was measured using two-way ANOVA followed by Holm-Sidak post hoc for 

experiments involving four treatment groups and t-test for those involving two treatment 

groups. Refer to Additional file 1: Table S1 for list of antibodies used.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AD Alzheimer’s disease

Aβ amyloid-beta peptide

APP amyloid precursor protein

BACE β-secretase

CAA cerebral amyloid angiopathy

Col IV collagen IV

GAPDH glyceraldehyde 3-phosphate dehydrogenase

L-NAME L-NG-Nitroarginine methyl ester

MBP myelin basic protein

NEP neprilysin

NO nitric oxide

NTg non-transgenic littermate rats

OPN osteopontin

PBS phosphate-buffered saline

ROCKs rho-associated protein kinases

SDS sodium dodecyl sulfate

TBS-T tris-buffered saline with 0.1% Tween

TgAD F344TgAD rat

TTP time to peak
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Highlights

• Transient hypertension rat model is established to resemble clinical 

progression.

• Its effects are compared between normal aging and an AD-susceptible brain.

• Hypertension and AD each compromised cerebrovasculature and white 

matter.

• Combined effects of the two factors yielded the largest degree of compromise.

• Hypertension enhanced vascular Aβ deposition but not parenchymal plaque 

pathology.

• Vascular remodeling proteins osteopontin, ROCK1, and ROCK2 are up-/

down-regulated.
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Fig. 1. 
Vascular reactivity is compromised by both transient hypertension and AD. (A) Graphical 

depiction of the L-NAME treatment timeline. (B) Systolic blood pressure was measured at 

the start of L-NAME treatment (START), at four weeks after start of L-NAME treatment 

(END), and at four weeks after end of L-NAME treatment (POST). In both NTg and TgAD 

rats, increases in systolic blood pressure induced by L-NAME treatment returned to baseline 

levels (p = 0.001 and p = 0.001 respectively), demonstrating that the hypertensive event 

induced by the current treatment paradigm is transient. Significance was calculated by 

Holm-Sidak post hoc following one-way ANOVA. * denotes p < 0.05 in post hoc; n = 6 for 

NTg; n = 10 for NTg + L-NAME; n = 8 for TgAD; n = 8 for TgAD + L-NAME rats. (C) 
Measurements of vascular reactivity were taken from vessels in the somatosensory cortex 

including penetrating arterioles, capillaries, and penetrating venules. Significance was 

calculated by linear mixed effects regression followed by Holm-Sidak post hoc. P-values for 

L-NAME contributing effects = 0.04; 0.005; 0.002, AD contributing effects = 0.07; 0.03; 

0.02, and interaction effects = 0.32; 0.08; 0.15 (arterioles; venules; capillaries). * denotes p < 

0.05 in post hoc; n = 6 rats per group.
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Fig. 2. 
Transient hypertension and AD additively contribute to cortical myelin loss. Representative 

images (A) show a loss of myelin (left column) and an increase in MBP immunoreactivity 

(right column) in the somatosensory, motor, and cingulate cortices. Scale bar = 1 mm. 

Quantifications of myelin density (B) and MBP immunoreactivity (C) in the somatosensory, 

motor, and cingulate cortices show that myelin loss was the greatest in L-NAME treated 

TgAD rats (p = 0.002 compared to untreated NTg rats). Similarly, increased MBP 

immunoreactivity in all three cortical regions was also greatest in L-NAME treated TgAD 

rats (p = 0.01 compared to untreated NTg rats). MBP immunoreactivity was normalized to 

neurofilament immunoreactivity. Significance was calculated by Holm-Sidak post hoc 

following two-way ANOVA. P-values for L-NAME contributing effects (somatosensory, 
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motor, cingulate), myelin = 0.01, 0.02, 0.03, MBP = 0.01, 0.04, 0.03; for AD contributing 

effects, myelin = 0.002, 0.11, 0.03, MBP = 0.04, 0.04, 0.08; for interaction effects, myelin = 

0.78, 0.77, 0.82, MBP = 0.09, 0.13, 0.53. * denotes p < 0.05 in post hoc; n = 6 rats per 

group.

Lai et al. Page 23

Brain Res. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Transient hypertension promotes deposition of vascular Aβ in TgAD rats. Representative 

images (A) and quantification (B) of thioflavin S-positive vascular Aβ show that 

hypertension exacerbated the deposition of vascular Aβ in the penetrating arterioles of both 

somatosensory and cingulate cortices: Vascular Aβ increased from 30.2 ± 4.3 % to 47.6 ± 

7.6 % area coverage (p = 0.01) in the somatosensory cortex and from and 33.2 ± 4.4 % to 

45.7 ± 5.0 % area coverage (p = 0.004). Scale bar = 50 μm. Quantification (C) of 6F3D-

positive parenchymal Aβ plaques in the somatosensory cortex. Area coverage of Aβ plaques 

was not significantly altered by transient hypertension in the somatosensory (p = 0.15) and 

cingulate (p = 0.93) cortices. Scale bar = 50 μm. Significance was calculated by t-test. * 

denotes p < 0.05; n = 6 rats per group. (D) Representative immunoblots and quantification of 

markers for Aβ processing and production in the parenchymal fraction: amyloid precursor 
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protein (APP), CTFβ/CTFα, and β-secretase (BACE); p = 0.82, 0.97, 0.44 respectively. (E) 
Representative immunoblots and quantification of markers for Aβ degradation: neprilysin 

(NEP) and cathepsin B (CatB) in the vessel fraction (v) and the parenchymal fraction (p); p 

= 0.78, 0.72 for NEP and CatB in vessel fraction; p = 0.49, 0.88 in the parenchymal fraction; 

n = 11 rats per group.
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Fig. 4. 
Structural remodeling of capillaries is modulated by both transient hypertension and AD. 

(A) L-NAME treated TgAD rats have the smallest capillary diameter of all four 

experimental groups inboth somatosensory (p = 0.01 vs. NTg) and cingulate (p = 0.002 vs. 

NTg) cortices. Representative images (B) and quantification (C) of string vessels (arrows) in 

the capillary bed show that in NTg rats, number of string vessels in both somatosensory (p = 

0.049) and cingulate (p = 0.03) cortices increased in response to transient hypertension. 

Scale bar = 50 μm. Significance was calculated by Holm-Sidak post hoc following two-way 

ANOVA. P-values for L-NAME contributing effects (somatosensory, cingulate), capillary 

diameter = 0.03, 0.04, string vessels = 0.01, 0.01; for AD contributing effects, capillary 

diameter = 0.01, 0.001, string vessels = 0.07, 0.89; for interaction effects, capillary diameter 

= 0.17, 0.53, string vessels = 0.22, 0.18. * denotes p < 0.05 in post hoc; n = 6 rats per group.
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Fig. 5. 
Differential contribution of transient hypertension and AD towards structural remodeling of 

penetrating arterioles and venules. Representative images (A) and quantification (B) of Col 

IV:elastin ratios in penetrating arterioles of the somatosensory and cingulate cortices: 

Transient hypertension and AD were both significant contributing factors to increased Col 

IV:elastin such that in L-NAME treated TgAD rats, Col IV:elastin ratio was the highest (p = 

0.0004 vs. untreated NTg in somatosensory; p = 0.02 in cingulate). Quantification (C) of 

Col IV:lectin, representative images (D) and quantification (E) of laminin:lectin ratios in 

penetrating venules of the somatosensory and cingulate cortices: Transient hypertension but 

not AD contributed significantly to increased venular Col IV:lectin and laminin:lectin ratios. 

Quantification (F) of vessel diameter of penetrating arterioles and venules in the 
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somatosensory cortex: Diameter of arterioles remained constant while diameter of venules 

increased (p = 0.03, TgAD vs. TgAD+L-NAME) when hypertension and AD are both 

present. Scale bar = 50 μm. Significance was calculated by Holm-Sidak post hoc following 

two-way ANOVA. P-values for L-NAME contributing effects (somatosensory, cingulate), 

Col IV:elastin = 0.001, 0.003, Col IV:lectin = 0.004, 0.03, laminin:lectin = 0.002, 0.0003; for 

AD contributing effects, Col IV:elastin = 0.01, 0.03, Col IV:lectin = 0.40, 0.85, 

laminin:lectin = 0.60, 0.40; for interaction effects, Col IV:elastin = 0.84, 0.98, Col IV:lectin 

= 0.19, 0.04, laminin:lectin = 0.35, 0.73. For diameter of penetrating vessels (arterioles, 

venules), L-NAME contributing effects = 0.93, 0.02, AD contributing effects = 0.47, 0.07, 

interaction effects = 0.70, 0.63. * denotes p < 0.05 in post hoc; n = 6 rats per group.
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Fig. 6. 
Signaling substrates involved in vascular remodeling. Representative immunoblots (A) and 

quantification (B) osteopontin (OPN), ROCK1, and ROCK2 protein expression in the 

vessel-enriched fraction. Transient hypertension alone increased expression of all three of 

OPN (p = 0.01), ROCK1 (p = 0.047), and ROCK2 (p = 0.0002) whereas AD as an individual 

factor did not have an effect on any of OPN (p = 0.18), ROCK1 (p = 0.17) or ROCK2 (p = 

0.76). Hypertension and AD had an interaction effect with respect to ROCK1 expression (p 

= 0.02) but not OPN (p = 0.52) or ROCK2 (p = 0.83). The interaction effect resulted in 

differential increase in ROCK1 expression in TgAD rats (p = 0.02) but not in NTg rats (p = 

0.87). Significance was calculated by Holm-Sidak post hoc following two-way ANOVA. * 

denotes p < 0.05 in post hoc; n =11 rats per group.
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