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 36 

Abstract 37 

The amyloid-β peptide (Aβ), a key pathogenic factor in Alzheimer’s disease, attenuates the 38 

increase in cerebral blood flow (CBF) evoked by neural activity (functional hyperemia), a vital 39 

homeostatic response in which NMDA receptors (NMDAR) play a role through nitric oxide, and 40 

the CBF increase produced by endothelial factors. Tissue plasminogen activator (tPA), which is 41 

reduced in Alzheimer’s disease and in mouse models of Aβ accumulation, is required for the full 42 

expression of the NMDAR-dependent component of functional hyperemia. Therefore, we 43 

investigated if tPA is involved in the neurovascular dysfunction of Aβ. tPA activity was reduced 44 

and the tPA inhibitor plasminogen inhibitor-1 (PAI-1) was increased in male mice expressing the 45 

Swedish mutation of the amyloid precursor protein (tg2576). Counteracting the tPA reduction 46 

with exogenous tPA or with pharmacological inhibition or genetic deletion of PAI-1 completely 47 

reversed the attenuation of the CBF increase evoked by whisker stimulation, but did not 48 

ameliorate the response to the endothelium-dependent vasodilator acetylcholine. The tPA deficit 49 

attenuated functional hyperemia by suppressing NMDAR-dependent nitric oxide production 50 

during neural activity. Pharmacological inhibition of PAI-1 increased tPA activity, prevented 51 

neurovascular uncoupling and ameliorated cognition in 11-12 month old tg2576 mice, effects 52 

associated with a reduction of cerebral amyloid angiopathy but not amyloid plaques. The data 53 

unveil a selective role of the tPA in the suppression of functional hyperemia induced by Aβ and 54 

in the mechanisms of cerebral amyloid angiopathy, and support the possibility that modulation 55 

of the PAI-1-tPA pathway may be beneficial in diseases associated with amyloid accumulation. 56 

 57 

 58 

  59 
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 60 

Significance Statement 61 

Aβ peptides have profound neurovascular effects that may contribute to cognitive impairment in 62 

Alzheimer’s disease. We found that Aβ attenuates the increases in blood flow evoked by neural 63 

activation through a reduction in tPA caused by upregulation of its endogenous inhibitor PAI-1. 64 

tPA deficiency prevents NMDA receptors from triggering nitric oxide production, thereby 65 

attenuating the flow increase evoked by neural activity. PAI-1 inhibition restores tPA activity, 66 

rescues neurovascular coupling, reduces amyloid deposition around blood vessels and 67 

improves cognition in a mouse model of Aβ accumulation. The findings demonstrate a 68 

previously unappreciated role of tPA in Aβ-related neurovascular dysfunction and in vascular 69 

amyloid deposition. Restoration of tPA activity could be of therapeutic value in diseases 70 

associated with amyloid accumulation.  71 

 72 

 73 

  74 
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 75 

Introduction 76 

Cerebral blood vessels are endowed with sophisticated regulatory mechanisms that ensure an 77 

adequate blood flow delivery to the brain at all times. Of vital importance is functional 78 

hyperemia, a mechanism that couples the delivery of cerebral blood flow (CBF) to the energy 79 

requirements of local brain cells (Iadecola, 2017). Alterations in neurovascular coupling may 80 

compromise the energy balance of the brain and have been linked to brain dysfunction and 81 

cognitive impairment (Iadecola, 2013; Sweeney et al., 2018). 82 

Alzheimer’s disease (AD) is characterized neuropathologically by amyloid-β (Aβ) deposits in 83 

the brain parenchyma (amyloid plaques) and blood vessels (cerebral amyloid angiopathy, CAA), 84 

and by intraneuronal accumulation of hyperphosphorylated tau (Long and Holtzman, 2019). Aβ, 85 

a 38-42 amino acid peptide cleaved from amyloid precursor protein (APP), is a major culprit in 86 

AD and exerts detrimental cerebrovascular effects (Cortes-Canteli and Iadecola, 2020). AD is 87 

associated with alterations in CBF (Iturria-Medina et al., 2016) and impaired neurovascular 88 

coupling early in the course of the disease (Iturria-Medina et al., 2016; Iadecola, 2017). Studies 89 

in mice overexpressing mutated of APP indicate that Aβ peptides impair neurovascular coupling 90 

as well as the regulation of CBF by cerebral endothelial cells (Iadecola et al., 1999; Tong et al., 91 

2012; Nortley et al., 2019). Considering the potential impact of CBF dysregulation on AD 92 

pathogenesis (Iturria-Medina et al., 2016; Long and Holtzman, 2019; Cortes-Canteli and 93 

Iadecola, 2020), elucidating the mechanisms by which Aβ alters neurovascular coupling could 94 

lead to new approaches to mitigate the disease. 95 

Tissue plasminogen activator (tPA) is a serine protease best known for its role in 96 

intravascular fibrinolysis, glutamate neurotransmission and synaptic plasticity (Baranes et al., 97 

1998; Benchenane et al., 2004; Samson and Medcalf, 2006; Diaz et al., 2019). In addition, tPA 98 

is required for the full expression of functional hyperemia (Park et al., 2008a; Iadecola, 2017; 99 
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Anfray et al., 2019). Mice lacking tPA have a marked attenuation in the increase in CBF induced 100 

by neural activity, resulting from reduced production of nitric oxide (NO) during NMDA receptors 101 

(NMDAR) activation, one of the drivers of function hyperemia (Park et al., 2008a; Iadecola, 102 

2017).  103 

Interestingly, tPA is reduced in AD brains and in mice overexpressing APP, due to increased 104 

activity of the endogenous tPA inhibitor plasminogen activator inhibitor-1 (PAI-1) (Melchor et al., 105 

2003; Cacquevel et al., 2007; Jacobsen et al., 2008; Cortes-Canteli and Iadecola, 2020). These 106 

findings raise the possibility that reduced tPA activity may contribute to the harmful 107 

neurovascular effects of Aβ. Therefore, we examined role of tPA in the neurovascular 108 

dysfunction and cognitive deficits induced by A . We found that tPA activity is reduced in mice 109 

expressing mutated APP (tg2576) and that such reduction is responsible for the attenuation of 110 

functional hyperemia through suppression of NMDAR-induced NO production. The tPA deficit 111 

does not contribute to the endothelial dysfunction, attesting to the selectivity of the effect on 112 

neurovascular coupling. Sustained rescue of tPA activity by PAI-1 inhibition restores 113 

neurovascular coupling, reduces CAA, and improves cognition in aged tg2576 mice without 114 

affecting amyloid plaques. The data unveils a new mechanism for the neurovascular coupling 115 

dysfunction induced by A , and suggest that the PAI-1-tPA pathways may be a putative target 116 

to counteract the harmful neurovascular effects of A  and the cognitive impact of CAA. 117 

 118 

Materials and Methods 119 

Mice. All procedures were approved by the Institutional Animal Care and Use Committee of 120 

Weill Cornell Medicine and performed according to the ARRIVE guidelines (Percie du Sert et al., 121 

2020), and, whenever feasible, experiments were performed in a blinded fashion. The LDF 122 

experiments, performed in a blinded fashion, were independently reproduced by two operators 123 

(LP and AA). We used 3 to 12-month-old transgenic mice overexpressing the Swedish mutation 124 
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of the APP (Tg2576) (Hsiao et al., 1996). These ages were selected because at 3 months of 125 

age there is no amyloid deposition or cognitive deficits, whereas at 12 months there are 126 

abundant plaques, CAA and cognitive deficits.  We also used 3 month-old mice lacking tPA 127 

(Carmeliet et al., 1994) or PAI-1 (Carmeliet et al., 1993). In all studies, age-matched wild type 128 

(WT) littermates as controls. All mice were males and congenic on a C57BL6 background. We 129 

did not use female mice due to effect of the estrous cycle on cerebrovascular regulation, which 130 

would introduce variability and confound the interpretation of the results (Girouard et al., 2008; 131 

Capone et al., 2009). 132 

 133 

General surgical procedures.  134 

Mice were anesthetized with isoflurane (maintenance, 2%), intubated, and artificially ventilated 135 

(SAR-830; CWE) (Park et al., 2008b; Uekawa et al., 2016; Park et al., 2017). The femoral 136 

vessels were cannulated for recording of arterial pressure, and blood sample collection 137 

(Iadecola et al., 1999; Uekawa et al., 2016; Park et al., 2017). Rectal temperature was 138 

maintained at 37°C. After surgery, isoflurane was gradually discontinued and anesthesia was 139 

maintained with urethane (750 mg/kg, i.p.) and -chloralose (50 mg/kg, i.p.) (Park et al., 2008b; 140 

Uekawa et al., 2016; Park et al., 2017). 141 

 142 

Recording of CBF and vascular reactivity.  143 

As in previous studies by us and others (Park et al., 2008a; Tong et al., 2012; Park et al., 2014; 144 

Park et al., 2020), we used the cerebral cortex to investigate the role of tPA in the neurovascular 145 

dysfunction of A . We studied the neocortex because (a) it is easily accessible for experimental 146 

manipulations and dynamic measurement of CBF, and (b) neurovascular uncoupling is also 147 

observed in the cerebral cortex of patients with AD (Mentis et al., 1998; Smith et al., 2008). A 148 

2x2 mm opening was drilled in the parietal bone overlying the somatosensory cortex, the dura 149 
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was removed, and the site was superfused with a modified Ringer solution (37°C; pH 7.3-7.4) 150 

(Iadecola et al., 1999). Relative CBF was continuously monitored at the site of superfusion with 151 

a laser-Doppler probe (Vasamedic, St. Paul, MN) positioned stereotaxically on the neocortical 152 

surface and connected to a computerized data acquisition system. CBF values were expressed 153 

as percent increase relative to the resting level before and after treatment in the same mouse. 154 

Resting CBF is reported as laser-Doppler perfusion units (LDU). Arterial blood pressure and 155 

blood gases were monitored and controlled. CBF recordings were started after arterial pressure 156 

(MAP, 78-85 mmHg) and blood gases (pO2, 120-140 mmHg; pO2, 33-40 mmHg; pH, 7.3-7.4) 157 

were in a steady state (Iadecola et al., 1999; Uekawa et al., 2016; Park et al., 2017). For 158 

functional hyperemia, the whiskers were mechanically stimulated for 60 sec and the associated 159 

increase in CBF recorded over the somatosensory cortex. To investigate the effect of the low-160 

density lipoprotein receptor-related protein 1 (LRP1) inhibitor receptor-associated protein (RAP) 161 

(Shibata et al., 2000; Deane et al., 2004) on functional hyperemia, this agent (200 nM; 162 

Molecular Innovations) was superfused over the somatosensory cortex and its effect was tested 163 

30-40 minutes later. To test endothelium-dependent and -independent responses, ACh (10 μM; 164 

Sigma) and adenosine (400 μM; Sigma), respectively, were superfused and the resulting 165 

changes in CBF monitored (Uekawa et al., 2016; Park et al., 2017). In some mice, NMDA (10–166 

40 μM; Sigma), AMPA (2–20 μM; Sigma), or kainate (2–20 μM; Sigma) was topically superfused 167 

on the cranial window. These concentrations were previously established not to induced cortical 168 

spreading depression, which also causes CBF increases (Park et al., 2008a). In other 169 

experiments, CBF responses were tested before and 30-40 min after superfusion of the cranial 170 

window with MK801 (10 μM), rtPA (20 μg/ml; Genentech), the PAI-1 inhibitor PAI-039 (30 μM; 171 

Axon Medchem) (Elokdah et al., 2004; Crandall et al., 2006; Hennan et al., 2008; Griemert et 172 

al., 2019), TTX (3 μM), or the cyclooxygenase-2 (COX-2) inhibitor NS-398 (100 μM) alone or in 173 

combination. The efficacy of the rescue of tPA activity in the neocortex was confirmed by using 174 
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in situ zymography as shown previously (Park et al., 2008a). After testing CBF responses during 175 

Ringer superfusion, the superfusion solution was changed to Ringer’s solution [see (Iadecola, 176 

1992) for composition] containing Aβ1-40 (5 μM; rPeptide). This concentration of Aβ1-40 was 177 

previously found to produce maximal cerebrovascular effects (Niwa et al., 2000a; Niwa et al., 178 

2001; Park et al., 2004). As in previous studies (Niwa et al., 2000a; Niwa et al., 2001; Park et 179 

al., 2004), to minimize aggregation of the peptide during the experiment, Aβ1-40 was freshly 180 

solubilized in DMSO and then diluted in Ringer’s solution. The final DMSO concentration 181 

was<0.5% (Niwa et al., 2000a; Niwa et al., 2001; Park et al., 2004). The CBF response to 182 

whisker stimulation, ACh, adenosine, NMDA, AMPA, TTX, tPA, or MK-801 alone or in 183 

combination was tested 30-40 min after Aβ1-40 superfusion. This time interval was selected on 184 

the basis of previous studies in which the time course of the cerebrovascular effects of Aβ1-40 185 

was investigated (Park et al., 2004; Park et al., 2005; Park et al., 2017). 186 

 187 

In situ zymography.  188 

In situ zymography was performed as described previously (Park et al., 2008a). Briefly, mice 189 

were deeply anesthetized and sacrificed, and brains were removed and frozen at -80°C. In 190 

experiments with neocortical superfusion of tPA, the superfusion site was marked for later 191 

identification. Sections (20 μM) were cut through the superfusion site and mounted on 192 

microscope slides. A fresh casein gel was prepared with plasminogen (50 μg/ml) and overlaid 193 

on sections with a coverslip. Sections were allowed to develop at 37°C in a humidified chamber 194 

for 8 h. Zymographic lysis of casein produces a dark zone reflecting tPA activity. Images were 195 

digitized and quantified using ImageJ.  196 

 197 

Real-time PCR for tPA  198 
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Total RNA was isolated from the forebrain tissue using Trizol reagent (Invitrogen) (Jackman et 199 

al., 2013). Quantitative determination of gene expression was performed on a Chromo 4 200 

detector (Peltier thermal cycler; MJ Research) using a two-step cycling protocol. Primer 201 

sequences used for tPA (plat) were as follows: plat (forward, 5’-202 

AATAAAACCGTCACGAACAACA-3’ and reverse, 5’-TTTATTGATCATGCACACCAGAG-3’). 203 

Two microliters of diluted cDNA (1:10) were amplified by Platinum SYBR green qPCR supermix 204 

UDG (Invitrogen). The reactions were incubated at 50°C for 2 min and then 95°C for 10 min. A 205 

PCR cycling protocol consisting of 15 s at 95°C and 1 min at 60°C for 45 cycles was required for 206 

quantification. Quantities of all targets in test samples were normalized to the mouse 207 

housekeeping hypoxanthine-guanine phosphoribosyltransferase (HPRT) gene (Jackman et al., 208 

2013). 209 

 210 

Quantification of PAI-1 activity by ELISA 211 

To quantify PAI-1 activity in the brain, mice were anesthetized with 5% isoflurane and perfused 212 

with ice-cold PBS. Brains were removed and frozen with dry ice and saved in -80ºC until assay. 213 

Then, PAI-1 activity was assessed in brain homogenates with a mouse PAI-1 activity ELISA kit 214 

(Molecular Innovations) according to the manufacturer’s instructions. 215 

 216 

Electrocorticogram and field potentials.  217 

Mice were anesthetized as described above and electrocorticogram (ECG) was recorded by 218 

using bipolar recording electrodes positioned stereotaxically on the left somatosensory cortex (3 219 

mm lateral and 1.5 mm caudal to bregma; depth of 0.6 mm) (Park et al., 2008a; Park et al., 220 

2020). The ECG was recorded for five epochs each lasting 5 min and separated by a 20-min 221 

interval. The timing of the recordings relative to the administration of anesthesia was identical 222 

for all animals. Signals were amplified, digitized, and stored (PowerLab; AD Instruments). 223 
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Spectral analysis of the EEG was performed by using a software module embedded in 224 

PowerLab. Field potentials were recorded by using an electrode placed in the somatosensory 225 

cortex contralateral to the activated whiskers. The somatosensory cortex was activated by 226 

electrical stimulation of the whisker pad (2 V; 0.5 Hz; pulse duration, 1 ms). Analyses were 227 

performed on the average of 10 stimulation trials. 228 

 229 

Nitric oxide detection by DAF-FM in dissociated neocortical neurons.  230 

As detailed previously (Coleman et al., 2010; Wang et al., 2013), coronal cortical slices (350 μm 231 

in thickness) were cut from the brain of 3-4 months old WT and tg2576 mice and incubated with 232 

artificial cerebrospinal fluid (aCSF) [see (Coleman et al., 2010) for composition] containing 233 

Pronase 0.02% (w/v), thermolysin (0.02%) at 36 °C (Sigma Aldrich). Cortical neurons were 234 

mechanically dissociated for assessment of NO production. Dissociated neurons were 235 

incubated with DAF-FM (5 μM) in oxygenated aCSF for 30 min, and then rinsed in control buffer 236 

(Coleman et al., 2010; Wang et al., 2013; Koizumi et al., 2018). The specificity of the NO 237 

detection by DAF-FM was verified by assessing the loss of NO signal after adding the NOS 238 

inhibitor nitro-L-arginine (100nM) to the dishes (Coleman et al., 2010; Wang et al., 2013; Park et 239 

al., 2020). Time-resolved fluorescence (FITC filter) was measured at 30s intervals with a Nikon 240 

diaphot 300 inverted microscope equipped with CCD digital camera (Princeton Instruments) 241 

connected to IPLab software (Scanalytics). In experiments with WT neurons, Aβ1–40 (300 nM) 242 

was added for 30-40 minutes directly to the dish. In some experiments, neurons were pretreated 243 

with the tPA (20 μg/ml) (Park et al., 2008a). DAF-FM fluorescence intensity is expressed as 244 

Ft/Fo, where Fo is the baseline fluorescence before application of NMDA (40 μM), and Ft is 245 

fluorescence in the same cell after application of NMDA.  246 

 247 

Chronic administration of PAI-039 into the cerebral ventricles 248 
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Osmotic minipumps (Alzet model 1004; Cupertino, CA) containing the PAI-1 inhibitor PAI-039 249 

(Axon MedChem; The Netherlands) (Capone et al., 2011) or Ringer’s solution, served as a 250 

vehicle control, were implanted subcutaneously in 10-11-month-old tg2576 or WT littermates 251 

(N=11/group) under isoflurane anesthesia. The osmotic minipump was connected to an 252 

intracerebroventricular (icv) catheter placed into the right ventricle at coordinates (AP, -0.22mm; 253 

L, 0.8mm; D, 2mm) (Franklin and Paxinos, 1997). PAI-039 was delivered at a rate of 42 ng/kg 254 

per min (Elokdah et al., 2004; Crandall et al., 2006; Hennan et al., 2008; Griemert et al., 2019) 255 

for 4 weeks. PAI-039 was first dissolved in dimethyl sulfoxide (DMSO) according to the 256 

manufacturer’s instruction and finally diluted in Ringer’s solution (<0.5% of final DMSO). Three 257 

weeks after implanting the minipump, behavioral tests (Y-maze and novel object recognition 258 

test) were performed. Some mice were prepared for in situ zymography as described above, 259 

and other mice were anesthetized and equipped for measurement of cerebrovascular reactivity 260 

by laser-Doppler flowmetry as described above. At the end of CBF assessment, mice were 261 

sacrificed, and the brains were removed. The left hemisphere was used for Aβ quantification by 262 

ELISA and the right one for assessment of plaque burden and CAA. 263 

 264 

Measurement of Aβ  265 

Aβ was measured using an ELISA-based assay as described previously (Zhao et al., 2016). 266 

Briefly, the left hemispheres from the mice used for CBF studies were homogenated serially 267 

with RIPA and a 5.5-M guanidine buffer containing a cocktail of protease inhibitors (1:1000; 268 

Roche). Aβ measured after the RIPA extraction represented the soluble pool of Aβ, whereas Aβ 269 

measured after guanidine extraction represented the insoluble pool. The homogenates were 270 

diluted with a cold sample dilution buffer (1% bovine serum albumin in phosphate buffered 271 

saline-0.05% tween 20 [PBST]) before measurement of Aβ1–40 or Aβ1–42. Guanidine-solubilized 272 

samples were diluted with a cold sample dilution buffer to a final concentration of 0.5 M GuHCl 273 
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or less. Samples were loaded onto plates coated with an antibody that specifically recognizes 274 

the C-terminal domain of Aβ1–42 (21F12), or Aβ1–40 (2G3) as the capture antibody, and 275 

biotinylated 3D6 was used for detection. The immunoreactivity signal after incubation 276 

with horseradish peroxidase (HRP)–conjugated streptavidin (Research Diagnostics, Flanders, 277 

NJ) was developed with a TMB substrate (Thermo Scientific) and read on a Synergy H1 Hybrid 278 

plate reader (BioTek, Winooski, VT). Levels of Aβ were calculated using a standard curve 279 

generated with recombinant human Aβ (American Peptide Company, Sunnyvale, CA). Levels of 280 

Aβ in brain homogenates were determined in triplicate, normalized to protein content, and 281 

expressed as the amount of Aβ per milligram of protein. Concentrations in picomoles per 282 

milligram of brain tissue were calculated by comparing the sample absorbance with the 283 

absorbance of known concentrations of synthetic Aβ1-40 and Aβ1-42. 284 

 285 

Quantification of amyloid plaque burden and cerebral amyloid angiopathy  286 

Mice were deeply anesthetized and perfused trans-cardially with 4% PFA (Park et al., 2008b; 287 

Park et al., 2013). Brain were sectioned (40 μm) and sections were processed with 0.05% 288 

(wt/vol) thioflavin-S in 50% (vol/vol) ethanol for 10 min to quantify CAA and amyloid burden. 289 

Confocal images were obtained with an FITC filter for thioflavin-S. Images of thioflavin-S 290 

staining were acquired with a Confocal microscope (Leica SP8) and quantified by ImageJ, and 291 

CAA and A  plaque burden were expressed by thioflavin-S-positive neocortical vessels (Thio-S+ 292 

CAA, %) or A  load (Thio-S+ plaques area, %) respectively (Park et al., 2008b; Park et al., 293 

2013). 294 

 295 

Cognitive testing.  296 

Cognitive testing was performed by the Y-maze and novel object recognition test. These tests 297 

were used because: (a) are sensitive to the cognitive deficits in tg2576 mice (Park et al., 2008b; 298 
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Park et al., 2013; Faraco et al., 2018; Koizumi et al., 2018), (b) rely on the spontaneous 299 

behavior of mice, and (c) do not require aversive environments, such as trainings or starvation 300 

of the mice (Dellu et al., 2000; Wenk, 2004; Vorhees and Williams, 2014). 301 

Y-maze spontaneous alternation behavior:  Mice were placed into one of the arms of the 302 

maze (start arm) and allowed to explore only two of the three arms for 5 min (training trial). The 303 

closed arm was opened in the test trial, serving as the novel arm. After a 30-min interval 304 

between trials, the mice were returned to the same start arm and were allowed to explore all 305 

three arms for 5 min (test trial). Sessions were video recorded and analyzed using AnyMaze 306 

(San Diego Instruments) in a double-blinded fashion. Spontaneous alternation was evaluated by 307 

scoring the order of entries into each arm during the 5 min of the test trial. Spontaneous arm 308 

alternation (%) was defined as: number of arm alternations/(total number of arm visits-2) x 100.  309 

Novel object recognition: The test was performed in two consecutive days. On day one, 310 

mice were placed in the center of an empty open box and allowed to explore for 5 minutes. The 311 

box was cleaned with 70% ethanol between trials. On day two, the mice were placed back to an 312 

open box with two identical objects in the center and allowed to explore for 5 minutes. Thirty 313 

minutes later, mice were exposed again to a familiar and a novel object, and allowed to explore 314 

for 5 minutes. The exploring activity (facing, touching or sniffing the object) was monitored and 315 

analyzed using AnyMaze in a double-blinded manner, and the percent of the time spent 316 

exploring the novel vs. familiar objects was calculated. 317 

 318 

Data analysis. Statistical analysis was performed using GraphPad Prism (GraphPad Software, 319 

Inc). Immunofluorescent staining analyses were conducted in a blinded fashion. Samples and 320 

animals were randomized by a random number generator (www.random.org). The number of 321 

mice required for assessing statistical significance of pre-specified effects was estimated by 322 

power analysis based on preliminary results and previous experience with the models used in 323 
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the lab. Normality was tested using D'Agostino-Pearson normality test (GraPad Prism) before 324 

running appropriate statistical tests. Two-group comparisons were analyzed by the two-tailed t-325 

test and multiple comparisons were evaluated by one-way or two-way analysis of variance 326 

(ANOVA) with Tukey’s test, as required, after testing for equality of variance. Differences were 327 

considered statistically significant for probability values less than 0.05. Data are expressed as 328 

means±SEM. 329 

 330 

Results 331 

tPA deficiency underlies the attenuation of functional hyperemia induced by Aβ. 332 

To assess whether tPA plays a role in the neurovascular dysfunction of Aβ, we first assessed 333 

tPA enzymatic activity using in situ zymography. We found that tPA activity is significantly 334 

reduced in 3-4-month-old tg2576 mice compared to WT littermates, whereas tPA mRNA levels 335 

were not reduced (Fig. 1A-C). Next, we examined neurovascular coupling in the somatosensory 336 

cortex of 3-4-month-old tg2576 mice. At this age, tg2576 mice exhibit increased levels of brain 337 

Aβ, but do not have plaques or CAA (Park et al., 2011; Park et al., 2014; Park et al., 2017). We 338 

found that the increase in CBF induced by mechanical stimulation of facial whiskers is markedly 339 

attenuated in tg2576 mice compared to WT littermates (Fig. 2A). Such attenuation was not due 340 

to suppression of the neural activity driving the hemodynamic response since the frequency 341 

distribution of the electrocorticogram and the amplitude of the somatosensory cortex field 342 

potentials evoked by stimulation of whisker pad were similar in tg2576 and WT mice (Fig. 2B,C).  343 

To determine whether the attenuation in neurovascular coupling observed in tg2576 344 

mice was related to a deficiency in tPA, we investigated whether exogenous tPA could improve 345 

the response. Neocortical superfusion with recombinant tPA (rtPA; 20μg/ml), a dose previously 346 

shown to restore cortical tPA activity and neurovascular coupling in tPA-/- mice (Park et al., 347 

2008a), re-established in full the CBF increase produced by whisker stimulation in tg2576 mice 348 
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without affecting the response in WT mice (Fig. 2A). The effect was prevented by pretreatment 349 

with RAP, an inhibitor of the LRP1 (Fig. 2A), which has been implicated in the signaling between 350 

extracellular tPA and NMDAR (Herz, 2001; Samson and Medcalf, 2006). Notably, tPA did not 351 

rescue the CBF increase induced by topical application of the endothelium-dependent 352 

vasodilator acetylcholine (Fig. 2D). CBF responses to the smooth muscle relaxant adenosine 353 

were not altered in tg2576 mice and were not affected by rtPA, providing evidence for the 354 

stability of the preparation (Fig. 2E). These data, collectively, indicate that the deficit of tPA in 355 

tg2576 mice contributes to the attenuation of the increases in CBF evoked by neural activity, but 356 

not by the endothelium. 357 

 358 

Aβ does not attenuate functional hyperemia in tPA-/- mice.  359 

Mice lacking tPA have reduced functional hyperemia, but a normal CBF response to 360 

acetylcholine (Park et al., 2008a; Iadecola, 2017; Anfray et al., 2019). We reasoned that if the 361 

suppression of neurovascular coupling by Aβ is due to a deficiency in tPA, then in tPA-null mice 362 

Aβ should not attenuate further the CBF response to whisker stimulation, but should still reduce 363 

the response to acetylcholine. Consistent with this prediction, superfusion of somatosensory 364 

cortex with Aβ1-40 (5μM) failed to attenuate the CBF increase produced by whisker stimulation in 365 

tPA-/- mice, but was still able to reduce resting CBF and the CBF response to acetylcholine (Fig. 366 

3A-C). To exclude the possibility that failure of Aβ1-40 to reduce neurovascular coupling further in 367 

tPA-/- mice was a consequence of the response being already maximally attenuated, we tested 368 

the effect of neocortical superfusion with TTX, a sodium channel inhibitor that suppresses 369 

neurovascular coupling by blocking synaptic transmission (Yang et al., 1999; Park et al., 2005). 370 

As shown in Fig. 3A-C, treatment with TTX after Aβ1-40 attenuated the CBF response to whisker 371 

stimulation further without reducing the response to acetylcholine both in tPA-/- and WT mice. 372 
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These findings indicate that Aβ1-40 is unable to attenuate neurovascular coupling in the absence 373 

of tPA, but is still able to suppress endothelium-dependent responses. 374 

 375 

tPA deficiency contributes to the suppression of the NMDAR-dependent component of 376 

the CBF response caused by Aβ 377 

Activation of NMDAR is responsible for about 50% of the flow increase induced by whisker 378 

stimulation in the somatosensory cortex (Iadecola, 2017). Because tPA is required for the full 379 

expression of the NMDAR-dependent component of the CBF increase (Park et al., 2008a), it is 380 

conceivable that in tg2576 mice tPA deficiency specifically suppresses the fraction of the 381 

response mediated by NMDAR. In this case, NMDAR inhibition should not attenuate further 382 

neurovascular coupling in tg2576 mice, and tPA should not reverse the attenuation if NMDAR 383 

are inhibited. Accordingly, we found that the NMDAR antagonist MK-801 reduces the CBF 384 

response produced by whisker stimulation in WT mice, but not in tg2576 mice (Fig. 4A), without 385 

affecting resting CBF and other cerebrovascular responses (Fig. 4B-D). In addition, MK-801 386 

prevented tPA from reestablishing neurovascular coupling in tg2576 mice (Fig. 4A).  387 

To more directly examine the role of tPA deficiency on the suppression of NMDAR-388 

dependent hyperemia in tg2576 mice, we examined the neurovascular effects of application of 389 

NMDA to the somatosensory cortex. The CBF increase induced by NMDA (10-40μM), but not 390 

AMPA or kainate (2-20μM), was profoundly reduced in tg2576 mice compared to WT littermates 391 

(Fig. 5A). Furthermore, rtPA was able to re-establish the CBF response both in tg2576 and in 392 

WT mice with neocortical superfusion of Aβ1-40, an effect prevented by MK801 (Fig. 5B,C). 393 

These findings indicate that A  suppresses the NMDAR-dependent component of functional 394 

hyperemia due to a deficit in tPA.   395 

 396 
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tPA deficiency contributes to the suppression of NMDAR-dependent NO production 397 

induced by Aβ 398 

Next, we sought to investigate the pathways by which tPA deficiency lead to attenuation of 399 

NMDAR-dependent CBF response induced by A . Because tPA promotes the CBF response 400 

initiated by NMDAR by enabling NO production from the neuronal isoform of NO synthase 401 

(nNOS) (Park et al., 2008a; Iadecola, 2017), we reasoned that NOS inhibition would prevent 402 

tPA from rescuing neurovascular coupling. In WT mice, as anticipated, the nNOS inhibitor 7-NI 403 

(50 mg/kg; i.p.) attenuated resting CBF and the CBF increases evoked by whisker stimulation or 404 

neocortical application of NMDA, but not acetylcholine, a response mediated by endothelial 405 

isoform of NOS (eNOS) (Fig. 6A-D). In contrast, in tg2576 mice 7-NI did not reduce resting CBF 406 

and the CBF responses to whisker stimulation or topical NMDA (Fig. 6A-C). Furthermore, rtPA 407 

failed to rescue neurovascular coupling after nNOS inhibition (Fig. 6B,C), whereas TTX further 408 

decreased the response to whisker stimulation (Fig. 6B), confirming that it was not maximally 409 

attenuated. 410 

To investigate whether Aβ suppresses NMDAR-dependent NO production through tPA 411 

deficiency, we assessed NO production in dissociated neocortical neurons using DAF-FM as an 412 

indicator (Coleman et al., 2010; Wang et al., 2013). We found that NMDA (40μM) was able to 413 

increase NO in WT neurons, but not in WT neurons pretreated with Aβ1-40 (300 nM) or in 414 

neurons from tg2576 mice (Fig. 6E,F). rtPA was able to completely re-establish NMDA-induced 415 

NO production both in WT neurons exposed to Aβ1-40 and in tg2576 neurons (Fig. 6E,F). These 416 

findings, collectively, suggest that Aβ suppressed NMDAR-dependent component of function 417 

hyperemia by suppressing nNOS-dependent NO production and that tPA deficiency is involved 418 

in this effect. 419 

 420 

PAI-1 inhibition ameliorates the neurovascular coupling dysfunction induced by A  421 
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Since the endogenous tPA inhibitor PAI-1 is upregulated in AD and in APP-overexpressing mice 422 

(Melchor et al., 2003; Cacquevel et al., 2007; Jacobsen et al., 2008; Hanzel et al., 2014; Oh et 423 

al., 2014), we sought to determine whether inhibiting PAI-1 can reverse the neurovascular 424 

dysfunction induced by Aβ. In agreement with previous studies (Melchor et al., 2003; Jacobsen 425 

et al., 2008), PAI-1 activity was elevated in tg2576 mice compared to age-matched WT (Fig. 426 

7A), a finding consistent with the observed tPA deficiency (Fig. 1). Neocortical superfusion of 427 

the PAI-1 inhibitor PAI-039 (30 μM) did not affect CBF responses in WT mice, but completely 428 

rescued the attenuation in functional hyperemia either in tg2576 mice or in WT mice treated with 429 

Aβ1-40 superfusion (Fig. 7B,C). PAI-039 did not affect CBF responses to acetylcholine or 430 

adenosine both in WT and tg2576 mice (Fig. 7B,C).  431 

To provide non-pharmacological evidence that PAI-1 is involved in the neurovascular 432 

dysfunction induced by Aβ, we studied the vascular effect of Aβ1-40 in PAI-1-deficient mice. CBF 433 

responses to whisker stimulation or to neocortical application of acetylcholine or adenosine 434 

were comparable between PAI-1-/- and WT mice (Fig. 8A). In PAI-1-/- mice, Aβ1-40 attenuated 435 

resting CBF and the CBF response to acetylcholine, but did not suppress the increase in CBF 436 

evoked by whisker stimulation (Fig. 8A) or by neocortical superfusion of NMDA (Fig. 8B). In 437 

contrast, inhibition of cyclooxygenase (COX)-2, an enzyme involved in neurovascular coupling 438 

independently of NO (Niwa et al., 2000b), attenuated the CBF response to whisker stimulation 439 

in both WT and PAI-1-/- mice (Fig. 8A), confirming the specific role of PAI-1 in the neurovascular 440 

dysfunction resulting from tPA deficiency.  441 

 442 

Sustained restoration tPA activity by PAI-1 inhibition ameliorates neurovascular and 443 

cognitive dysfunction in aged tg2576 mice 444 

To examine the contribution of tPA deficiency to amyloid pathology and cognitive deficits, we 445 

investigated tg2576 mice at an age (11-12-months) when there is amyloid deposition in brain 446 
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and blood vessels (Park et al., 2008b). To this end, PAI-039 was administered i.c.v. for 4 weeks 447 

in aged tg2576 mice at a concentration (42 ng/kg/min) previously shown to suppress PAI-1 448 

activity in vivo (Elokdah et al., 2004; Crandall et al., 2006). PAI-039 increased tPA activity in 449 

tg2576 mice to levels comparable to WT controls (Fig. 9A; see Fig. 1). Then, we determined 450 

whether rescuing tPA activity by PAI-1 inhibition also improves neurovascular dysfunction in 451 

aged tg2576 mice. In vehicle-treated tg2576 mice, CBF responses to whisker stimulation, 452 

already attenuated at 3-4 months of age, got worse at 11-12 months of age (Fig. 9B). Treatment 453 

with PAI-039 markedly improved the response in aged tg2576 mice (Fig. 9B), congruent with 454 

the rescue of tPA activity (Fig. 9A).   455 

Next, we investigated whether PAI-1 inhibition reduces brain A  accumulation and 456 

ameliorates the cognitive dysfunction in aged tg2576 mice. PAI-039 treatment reduced the 457 

levels of Aβ1-40, not Aβ1-42, in the cortex and hippocampus of 11-12 month-old tg2576 mice (Fig. 458 

9D,E). Consistent with the predominant accumulation of Aβ1-40 around blood vessels (CAA) and 459 

Aβ1-42 in amyloid plaques (Greenberg et al., 2020), PAI-039 treatment reduced CAA, but not 460 

amyloid plaques (Fig. 9F). We then examined whether the improvement in neurovascular 461 

function and reduced CAA caused by PAI-1 inhibition is associated with improved cognitive 462 

function in aged tg2576 mice. We first used a two-trial working memory task in a Y-maze (Park 463 

et al., 2008b; Spellman et al., 2015). In vehicle-treated tg2576 mice, the percentage of arm 464 

alternation was significantly attenuated, compared to vehicle-treated WT littermates (Fig. 10A).  465 

PAI-039 did not affect arm alternation behavior in WT mice, but it markedly improved task 466 

performance in tg2576 mice (Fig. 10A). To provide further evidence that reduced tPA plays a 467 

role in the cognitive deficits, we employed the novel object recognition task (Leger et al., 2013; 468 

Koizumi et al., 2018). In vehicle-treated tg2576 mice, the preference for novel objects was 469 

markedly reduced compared to age-matched WT mice, but it was preserved in PAI-039-treated 470 

tg2576 mice (Fig. 10B). The locomotor activity was elevated in tg2576 mice, but it was not 471 
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affected by PAI-039 (Fig. 10C,D). Therefore, restoring tPA activity by PAI-1 inhibition prevents 472 

the neurovascular dysfunction, reduces CAA and improves the cognitive deficit in aged tg2576 473 

mice.   474 

 475 

Discussion 476 

We have demonstrated that the reduction in tPA activity leads to suppression of the component 477 

of functional hyperemia mediated by NO released during NMDAR activation. The deficiency in 478 

tPA is due to increased PAI-1 enzymatic activity, and suppressing PAI-1 prevents the A -479 

induced attenuation of neurovascular coupling, but not the endothelial dysfunction. Prolonged 480 

inhibition of PAI-1 in aged tg2576 mice restores tPA activity, normalizes neurovascular coupling 481 

and ameliorates cognitive dysfunction, effects associated with reduced CAA but not amyloid 482 

plaques (Fig. 11). These observations implicate tPA deficiency in the neurovascular and 483 

cognitive dysfunction induced by A , and in the mechanisms of CAA as well.  484 

 485 

A  impairs endothelium-dependent relaxation (Thomas et al., 1996), reduces resting CBF (Niwa 486 

et al., 2002a), dampens neurovascular coupling (Niwa et al., 2000c; Tong et al., 2012; Nortley et 487 

al., 2019), and alters the ability of cerebral blood vessels to regulate CBF independently of 488 

arterial pressure (cerebrovascular autoregulation) (Niwa et al., 2002b). As in mouse models, 489 

cerebrovascular alterations have also been described in presymptomatic individuals at genetic 490 

risk for AD, as well as in people with sporadic AD early in the disease (Iadecola, 2013; Iturria-491 

Medina et al., 2016; Chandler et al., 2019). The cerebrovascular effects of A  have been linked 492 

to reactive oxygen species (ROS) generated by perivascular macrophages, innate immune cells 493 

associated with cerebral blood vessels, in response to activation of the scavenger receptor 494 

CD36 (Faraco et al., 2017; Park et al., 2017). In particular, the endothelial dysfunction is 495 

mediated by peroxynitrite formed by the reaction of superoxide with NO, leading to poly-ADP-496 
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ribose polymerase activation, generation of ADP-ribose, opening of the TRPM2 channel by 497 

ADP-ribose and Ca2+ overload in endothelial cells (Park et al., 2014). However, the 498 

mechanisms of neurovascular uncoupling have remained unclear (Cortes-Canteli and Iadecola, 499 

2020). Here we found that the deficit in tPA activity is responsible specifically for the 500 

suppression of neurovascular coupling induced by A . First, exogenous tPA can normalize 501 

functional hyperemia, but not the endothelial dysfunction, in tg2576 mice or in WT mice with 502 

neocortical application of A . Second, A  does not impair functional hyperemia in tPA-null mice, 503 

but it induces endothelial dysfunction, pointing to tPA being involved only in neurovascular 504 

uncoupling. Third, since the deficit in tPA results from increased PAI-1 activity, PAI-1 inhibition 505 

rescues the neurovascular dysfunction in tg2576 mice and in WT mice treated with A , whereas 506 

A  does not alter functional hyperemia in PAI-1 null mice. PAI-1 genetic deletion or inhibition 507 

does not prevent A  from causing endothelial dysfunction. These observations link A -induced 508 

neurovascular uncoupling specifically to the PAI-1-tPA pathway and reveal for the first time a 509 

mechanistic diversity in the impact of A  on the factors regulating the cerebral microcirculation.  510 

 511 

Functional hyperemia is mediated by a wide variety of vasoactive agents targeting different 512 

segments of the cerebrovascular tree (Iadecola, 2017). Of these, NO derived from NMDAR 513 

activity mediates a significant fraction of the response, and tPA is required for the full expression 514 

of this component by enabling NO production during NMDAR activation (Park et al., 2008a; 515 

Anfray et al., 2019). Here, we found that the deficit in tPA attenuates functional hyperemia by 516 

suppressing the NMDAR-NO-mediated component of the response. Thus, the reduction in tPA 517 

caused by A  dampens NMDAR-induced NO production by nNOS, attenuating the rise in CBF 518 

evoked by neural activity.  519 

 520 
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How does tPA modulate NMDAR signaling? Some studies have indicated that tPA modulates 521 

Ca2+ influx through NMDAR by cleaving the extracellular domain of the GluN1 subunit (Nicole et 522 

al., 2001). Other studies have suggested that tPA does not act on NMDAR directly. Rather, tPA 523 

may signal through LRP1 (Martin et al., 2008; Samson et al., 2008; Mantuano et al., 2013), 524 

which, like nNOS, is bridged to the NMDA receptor complex through the adaptor protein PSD-525 

95 (Gotthardt et al., 2000; May et al., 2004; Nakajima et al., 2013). The association of LRP1 526 

with the NMDAR-PSD-nNOS-complex is consistent with findings that tPA promotes the 527 

association between the NMDA receptor subunit GluR2B and PSD95 (Norris and Strickland, 528 

2007) and for the NO production triggered by NMDAR activation by modulating the 529 

phosphorylation state of nNOS (Park et al., 2008a; Iadecola, 2017). Our observation that the 530 

beneficial effect of tPA on functional hyperemia is prevented by the LRP1 inhibitor RAP, would 531 

support this hypothesis. However, RAP inhibits also lipoprotein receptors activated by ligands 532 

other than tPA, which can also impact NMDAR signaling (Herz, 2001; Samson and Medcalf, 533 

2006). Therefore, role of LRP1 in the relationship between tPA and NMDAR signaling needs 534 

more exploration. Furthermore, although PAI-1 inhibition ameliorates neurovascular and 535 

cognitive dysfunction in aged tg2576 mice, the role of the tPA-NMDAR-NO pathway needs to be 536 

explored further at this age.   537 

 538 

Our data that tPA activity is reduced and PAI-1 activity is increased in tg2576 mice are 539 

consistent with similar findings in AD and mouse models (Tucker et al., 2000; Melchor et al., 540 

2003; Cacquevel et al., 2007; Jacobsen et al., 2008; Hanzel et al., 2014; Oh et al., 2014). 541 

Increases in PAI-1 expression and activity have also been described in several cardiovascular 542 

diseases (Rosenberg and Aird, 1999; Jung et al., 2018; Yu et al., 2019). In these conditions, the 543 

upregulation has been attributed to oxidative stress which promotes PAI-1 expression and/or 544 

activation (Nicholl et al., 2006; Collins-Underwood et al., 2008; Zhao et al., 2009; Sangle et al., 545 
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2010; Ko et al., 2015), or a loss of NO, which has been shown to suppress PAI-1 activity (Katoh 546 

et al., 2000; Kaikita et al., 2001). The mechanisms by which Aβ upregulates PAI-1 activity 547 

remain unclear and, although A -derived ROS could play a role, supportive evidence is lacking. 548 

Irrespective of how amyloid pathology increases PAI-1 activity, previous studies have shown 549 

that reconstituting tPA activity reduces amyloid plaques and ameliorates cognitive function in 550 

mouse models (Melchor et al., 2003; Jacobsen et al., 2008; Oh et al., 2014). These effects were 551 

attributed to the ability of the tPA to promote the breakdown of A  through a direct proteolytic 552 

effect of plasmin or by upregulating A  degrading enzymes (Miners et al., 2008). In agreement 553 

with these studies, we also found that the rescue of tPA activity by inhibition of PAI-1 for 4 554 

weeks in aged tg2576 mice improves neurovascular coupling and cognition. However, these 555 

improvements were not associated with a reduction in Aβ1-42 and amyloid plaques, but with a 556 

reduction in Aβ1-40 and CAA. This outcome is anticipated based on the fact that Aβ1-40 557 

accumulates predominantly in cerebral blood vessels and Aβ1-42 in plaques, and is consistent 558 

with the finding that deletion of the scavenger receptor CD36 ameliorates CAA and reduces Aβ1-559 

40 but not amyloid plaques and Aβ1-42 (Park et al., 2008b; Park et al., 2013). These observations 560 

raise the possibility that re-establishing neurovascular function with tPA may also promote Aβ1-40 561 

clearance by cerebral blood vessels, one of the main pathways for Aβ disposal (Iadecola, 2013; 562 

Tarasoff-Conway et al., 2016; Iadecola, 2017). Considering that tPA did not improve 563 

endothelium-dependent relaxation, rescue of neurovascular coupling could be sufficient to 564 

ameliorate cognitive function and CAA. However, concomitant beneficial effects of tPA on Aβ 565 

degradation and synaptic plasticity cannot be excluded and could also play a role.  566 

 567 

Our data implicate loss of tPA activity in the mechanisms of CAA, a major cause of cortical 568 

hemorrhages in the elderly and a key component of AD pathology (Greenberg et al., 2020). The 569 

finding that rescuing tPA activity reduces vascular amyloid accumulation, suggests a potential 570 
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beneficial role in CAA. Preservation of tPA activity could also be beneficial in amyloid-related 571 

imaging abnormalities (ARIA), an adverse effect of anti-Aβ immunotherapy (Sperling et al., 572 

2011), characterized by perivascular inflammation, microhemorrhages and edema attributed to 573 

the vascular effects of Aβ released from amyloid plaques (Boche et al., 2010; Sakai et al., 574 

2014). However, increasing tPA activity in CAA raises the concern that the resulting increase of 575 

fibrinolysis may cause cerebral hemorrhage, especially in ApoE2 carriers who are more prone 576 

to hemorrhages in CAA and in ApoE4 carrier in whom the blood-brain barrier is compromised 577 

(Greenberg et al., 2020; Montagne et al., 2020). On the other hand, treatment with 578 

anticoagulants has been advocated and shown to be effective in animal models by reducing 579 

fibrin (Cortes-Canteli et al., 2010; Cortes-Canteli et al., 2019). Therefore, modulation of PAI-1-580 

tPA for therapy may be promising and requires further scrutiny. 581 

 582 

In conclusion, we have demonstrated that reduced tPA activity is responsible specifically for the 583 

attenuation in neurovascular coupling, but not for the endothelial dysfunction, in tg2576 mice or 584 

in WT mice treated with Aβ. The mechanisms of effect involve uncoupling NMDAR activity from 585 

NO production from nNOS, possibly by engaging LRP1. The attenuation in tPA is secondary to 586 

upregulation of PAI-1 activity, and inhibition of PAI-1 increases tPA and leads to a full rescue of 587 

the neurovascular dysfunction and cognitive impairment in aged tg2576 mice, effects associated 588 

with a reduction in CAA, but not amyloid plaques.  The data unveil a previously unappreciated 589 

diversity in the effects of Aβ on the cerebral vasculature and a specific involvement of tPA in the 590 

pathobiology of CAA, with potential therapeutic implications. 591 

 592 

 593 
  594 
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Figures legends 910 
 911 
Figure 1: tPA activity is reduced in 3-4-month-old tg2576 mice. A. Representative 912 

zymographic images show the dark lytic zones, indicated by dark arrows, of tPA activity from 3-913 

4-month-old WT and tg2576 mice. Note no dark lytic zones in control image without 914 

plasminogen. B-C. Quantification of tPA activity (B) and tPA mRNA level (C) in WT and tg2576 915 

mice. N=5/group; *p=0.0168, unpaired two-tailed t-test. 916 

 917 

Figure 2: tPA deficiency is associated with selective attenuation in neurovascular 918 

coupling in 3-4-month-old tg2576 mice.  919 

A. The increase in CBF induced by mechanical stimulation of facial whiskers is markedly 920 

attenuated in tg2576 mice compared to WT littermates. Neocortical superfusion with 921 

recombinant tPA (rtPA, 20 μg/ml) completely rescues the CBF response, but it fails to do so in 922 

the presence of RAP (200 nM). Left, quantification graph; right, traces of CBF increase (%) 923 

induced by whisker stimulation. * p≤0.0001; two-way ANOVA with Tukey’s test. B-C. 924 

Electrocorticogram (B) and evoked field potential (C) are comparable between WT and tg2576. 925 

#, the amplitude of the negative deflection of the field potential is shown on the barograph on the 926 

right; N=5/group. D-E. The increase in CBF induced by whisker barrel cortex superfusion of 927 

acetylcholine (D), but not by adenosine (E), is attenuated in tg2576 mice and is unaffected by 928 

rtPA or rtPA+RAP. * p≤ 0.0015 vs WT vehicle or rtPA; two-way ANOVA and Tukey’s test. 929 

N=5/group.  930 

 931 

Figure 3: Aβ1-40 does not attenuate functional hyperemia in tPA-/- mice. In WT mice, 932 

neocortical  superfusion with Aβ1-40 (5 μM) attenuates resting CBF (A) and CBF increase 933 

produced by whisker stimulation (B) or neocortical application of acetylcholine (10 μM, C). In 934 

tPA-/- mice, Aβ1-40 fails to attenuate CBF increase produced by whisker stimulation (B), but it is 935 
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still able to reduce resting CBF (A) or CBF increase to acetylcholine (C). Co-application with the 936 

Na+ channel blocker TTX (3 μM) further reduces the CBF response to whisker stimulation in 937 

both tPA-/- and WT mice (B), but has no effect on resting CBF or CBF response to acetylcholine 938 

or adenosine (A, C-D). CBF response to adenosine is not affected by any treatment (D). LDU 939 

indicates laser Doppler perfusion units; in A, * p≤ 0.0311 vs WT vehicle and # p≤0.0328 vs tPA-/- 940 

vehicle; in B, * p<0.0001 vs WT vehicle and # p≤ 0.0084 vs WT A 1-40 or tPA-/- vehicle or A 1-40; 941 

in C, * p≤0.0005 vs WT vehicle and # p≤0.0002 vs tPA-/- vehicle; two-way ANOVA and Tukey’s 942 

test; N=5/group 943 

 944 

Figure 4. tPA deficiency is associated with Aβ-induced reduction in the NMDA receptor-945 

dependent component of functional hyperemia in 3-4month-old tg2576 mice. A. 946 

Neocortical superfusion with the NMDAR antagonist MK-801 (10 μM) attenuates the CBF 947 

increase evoked by whisker stimulation in WT and not in tg2576 mice. In addition, rtPA fails to 948 

rescue the neurovascular dysfunction in the presence of MK-801. Treatment with MK-801 949 

and/or rtPA does not affect resting CBF (B) or CBF response to superfusion of acetylcholine (C) 950 

or adenosine (D). LDU indicates laser Doppler perfusion units; in A, * p<0.0001 vs WT no 951 

treatment, WT rtPA, or tg2576 rtPA; in C, * p≤0.0001 vs WT; two-way ANOVA and Tukey’s test; 952 

N=5/group. 953 

 954 
Figure 5. tPA rescues the attenuation of the hyperemic response induced by NMDA in A . 955 

The increase in CBF produced by neocortical application of NMDA, but not AMPA or kainate, is 956 

attenuated in 3-4-month-old tg2576 mice, compared to age-matched WT (A). # p=0.0164 or * 957 

p<0.0038 vs the same does of WT; two-way ANOVA with Tukey’s test; N=5/group. Neocortical 958 

application of Aβ1-40 (5 μM) attenuates the CBF increase induced by NMDA in WT mice (B). 959 

Pretreatment with rtPA (20 μg/ml) reverses the effect of Aβ1-40 on the NMDA-induced CBF 960 

increase, but it fails to do so in the presence of MK-801 (10 μM). * p≤0.0014 vs no treatment or 961 
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Aβ1-40+rtPA; one-way ANOVA with Tukey’s test (B). rtPA rescues the CBF response to NMDA in 962 

tg2576 mice, an effect abolished by pretreatment with MK-801 (C). * p≤0.0033 vs rtPA; one-way 963 

ANOVA with Tukey’s test. N=5/group.  964 

 965 

Figure 6. tPA deficiency is responsible for the attenuation in the NOS-dependent 966 

component of functional hyperemia and for the attenuation in NMDA-dependent NO 967 

production induced by exogenous A  and in tg2576 mice. A-D. Administration of the nNOS 968 

inhibitor 7-Nitroindazole (7-NI, 50 mg/kg, i.p.) attenuates resting CBF (* p≤0.0127 vs WT 969 

vehicle) (A) and the increase in CBF produced by whisker stimulation (* p≤0.0001 vs WT 970 

vehicle) (B) or by neocortical application of NMDA (40 μM; * p<0.0001 vs WT vehicle) (C) in 971 

WT, but not in tg2576 mice. 7-NI has no effect on the CBF increase induced by acetylcholine 972 

(10 μM) both in WT and tg2576 mice (* p<0.0001 vs WT) (D). The Na+ channel blocker TTX (3 973 

μM) further reduces CBF responses to whisker stimulation in both WT and tg2576 mice (# 974 

p≤0.0101 vs 7-NI- or 7-NI+rtPA-treated WT or tg2576 mice) (B). E-F. NMDA (40 μM) increases 975 

NO production in cortical neurons dissociated from 3-4-month-old WT mice (E), but not in 976 

neurons from tg2576 mice (F). NMDA-induced NO production in WT neuron is attenuated by 977 

pretreatment of Aβ1-40 (300 nM; E). rtPA (20 μg/ml) treatment rescues the attenuation of NO 978 

production induced by Aβ1-40 in WT neurons (E) and in tg2576 mice (F). LDU indicates laser 979 

Doppler perfusion units; in A-D, two-way ANOVA and Tukey’s test; E-F, *p≤0.0076, one-way 980 

ANOVA and Tukey’s test. N=5/group.  981 

 982 

Figure 7. The PAI-1 inhibitor PAI-039 prevents Aβ-induced neurovascular coupling 983 

dysfunction. A. PAI-1 activity is increased in 3-4-month-old tg2576 mice, compared to age-984 

matched WT controls. * p=0.0002; unpaired two-tailed t-test. B-C. Topical neocortical 985 

application of the PAI-1 inhibitor PAI-039 (30 μM) rescues the attenuation in CBF increase 986 
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produced by whisker stimulation in tg2576 mice (B) or induced by Aβ1-40 in WT mice (C). In 987 

contrast, PAI-039 has no effect on CBF response to acetylcholine or adenosine both in tg2576 988 

and WT mice (B-C). In B-C, *p≤0.0042, two-way ANOVA and Tukey’s test. N=5/group.  989 

 990 

Figure 8. Aβ1-40 does not suppress functional hyperemia in PAI-1-/- mice, but reduces the 991 

endothelium-dependent response to acetylcholine. A. Aβ1-40 (5 μM) does not attenuate 992 

functional hyperemia in PAI-1-/- mice. However, the response to topical application of 993 

acetylcholine is attenuated by Aβ1-40. The COX-2 inhibitor NS-398 (100 μM) is able to attenuate 994 

the CBF increase induced by whisker stimulation both in PAI-1-/- and WT mice, but has no effect 995 

on other CBF responses. CBF responses to adenosine are unaffected. *p≤0.0391, two-way 996 

ANOVA and Tukey’s test. B. Aβ1-40 attenuates CBF increase induced by topical application of 997 

NMDA in WT, but not in PAI-1-/- mice, compared to vehicle-treated WT. LDU indicates laser 998 

Doppler perfusion units; * p≤0.0197 vs WT-vehicle or PAI-1-/--Aβ1-40 at the same dose; two-way 999 

ANOVA and Tukey’s test. Data are presented as mean±SEM. N=5/group. 1000 

 1001 

Figure 9. PAI-1 inhibition reverses neurovascular dysfunction, reduces Aβ1-40 level, and 1002 

attenuates CAA, but not Aβ plaques, in 11-12-month-oldaged tg2576 mice. A. 1003 

Intracerebroventricular administration of the PAI-1 inhibitor PAI-039 for 4 weeks rescues tPA 1004 

activity, assessed by in situ zymography, in 11-12-month-old tg2576 mice. * p≤0.0105 vs 1005 

Vehicle (3 mo); # p=0.0001 vs Vehicle (12 mo); one-way ANOVA and Tukey’s test. B. It also 1006 

improves the CBF response to whisker stimulation (Stim.). * p≤0.0011 vs Vehicle (3 mo); # 1007 

p<0.0001 vs Vehicle (12 mo); one-way ANOVA and Tukey’s test. C. The CBF response to 1008 

adenosine is not affected. D-E. In addition, it attenuates levels of soluble- and insoluble Aβ1-40, 1009 

but not Aβ1-42, in cortex (D) and hippocampus (E). F. The burden of CAA is reduced in the 1010 
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cortex, but amyloid plaques are not reduced. In D-F, * p≤0.0292, one-way ANOVA and Tukey’s 1011 

test. N=5/group.  1012 

 1013 

Figure 10. PAI-1 inhibition improves cognitive deficits in aged tg2576 mice. In 11-12-1014 

month-old tg2576 mice intracerebroventricular administration of the PAI-1 inhibitor PAI-039 1015 

improves cognitive deficits assessed by arm alternation in Y-maze (A; * p≤0.0452) or novel 1016 

object recognition test (B; * p≤0.0027) without affecting locomotor activity in both tests (C, 1017 

number of total arm visits in Y-maze; D, total distance in novel object recognition test). In C-D, * 1018 

p≤0.0112 vs WT. Two-way ANOVA and Tukey’s test; N=6/group.  1019 

 1020 

Figure 11. Putative mechanisms by which the tPA deficit caused by Aβ alters 1021 

neurovascular coupling and cognition. Aβ increases PAI-1 activity, possibly through ROS. 1022 

The resulting deficit in tPA reduces NMDA-dependent NO production during neural activity, 1023 

disrupts neurovascular coupling (Fig. 1), and may promote A  accumulation (Fig. 9). Aβ also 1024 

induces endothelial dysfunction through mechanisms independent of tPA. Neurovascular 1025 

uncoupling and endothelial dysfunction could promote CAA by reducing A  vascular clearance. 1026 

The combined effect of cerebrovascular dysfunction and CAA may lead to cognitive impairment. 1027 

Inhibiting PAI-1 activity with PAI-039 improves deficits in neurovascular coupling, CAA and 1028 

cognition in tg2576 mice.  1029 
























