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The amyloid-b (Ab) peptide, a key pathogenic factor in Alzheimer’s disease, attenuates the increase in cerebral blood flow
(CBF) evoked by neural activity (functional hyperemia), a vital homeostatic response in which NMDA receptors (NMDARs)
play a role through nitric oxide, and the CBF increase produced by endothelial factors. Tissue plasminogen activator (tPA),
which is reduced in Alzheimer’s disease and in mouse models of Ab accumulation, is required for the full expression of the
NMDAR-dependent component of functional hyperemia. Therefore, we investigated whether tPA is involved in the neurovas-
cular dysfunction of Ab. tPA activity was reduced, and the tPA inhibitor plasminogen inhibitor-1 (PAI-1) was increased in
male mice expressing the Swedish mutation of the amyloid precursor protein (tg2576). Counteracting the tPA reduction with
exogenous tPA or with pharmacological inhibition or genetic deletion of PAI-1 completely reversed the attenuation of the
CBF increase evoked by whisker stimulation but did not ameliorate the response to the endothelium-dependent vasodilator
acetylcholine. The tPA deficit attenuated functional hyperemia by suppressing NMDAR-dependent nitric oxide production
during neural activity. Pharmacological inhibition of PAI-1 increased tPA activity, prevented neurovascular uncoupling, and
ameliorated cognition in 11- to 12-month-old tg2576 mice, effects associated with a reduction of cerebral amyloid angiopathy
but not amyloid plaques. The data unveil a selective role of the tPA in the suppression of functional hyperemia induced by
Ab and in the mechanisms of cerebral amyloid angiopathy, and support the possibility that modulation of the PAI–1-tPA
pathway may be beneficial in diseases associated with amyloid accumulation.

Significance Statement

Amyloid-b (Ab ) peptides have profound neurovascular effects that may contribute to cognitive impairment in Alzheimer’s
disease. We found that Ab attenuates the increases in blood flow evoked by neural activation through a reduction in tissue
plasminogen activator (tPA) caused by upregulation of its endogenous inhibitor plasminogen inhibitor-1 (PAI-1). tPA defi-
ciency prevents NMDA receptors from triggering nitric oxide production, thereby attenuating the flow increase evoked by
neural activity. PAI-1 inhibition restores tPA activity, rescues neurovascular coupling, reduces amyloid deposition around
blood vessels, and improves cognition in a mouse model of Ab accumulation. The findings demonstrate a previously unap-
preciated role of tPA in Ab -related neurovascular dysfunction and in vascular amyloid deposition. Restoration of tPA activity
could be of therapeutic value in diseases associated with amyloid accumulation.

Introduction
Cerebral blood vessels are endowed with sophisticated regulatory
mechanisms that ensure an adequate blood flow delivery to the
brain at all times. Of vital importance is functional hyperemia, a
mechanism that couples the delivery of cerebral blood flow
(CBF) to the energy requirements of local brain cells (Iadecola,
2017). Alterations in neurovascular coupling may compromise
the energy balance of the brain and have been linked to brain
dysfunction and cognitive impairment (Iadecola, 2013; Sweeney
et al., 2018).

Alzheimer’s disease (AD) is characterized neuropathologically
by amyloid-b (Ab ) deposits in the brain parenchyma (amyloid
plaques) and blood vessels [cerebral amyloid angiopathy (CAA)],
and by intraneuronal accumulation of hyperphosphorylated tau
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(Long and Holtzman, 2019). Ab , a 38–42 aa peptide cleaved from
amyloid precursor protein (APP), is a major culprit in AD and
exerts detrimental cerebrovascular effects (Cortes-Canteli and
Iadecola, 2020). AD is associated with alterations in CBF (Iturria-
Medina et al., 2016) and impaired neurovascular coupling early in
the course of the disease (Iturria-Medina et al., 2016; Iadecola,
2017). Studies in mice overexpressing mutated APP indicate that
Ab peptides impair neurovascular coupling as well as the regula-
tion of CBF by cerebral endothelial cells (Iadecola et al., 1999; Tong
et al., 2012; Nortley et al., 2019). Considering the potential impact
of CBF dysregulation on AD pathogenesis (Iturria-Medina et al.,
2016; Long and Holtzman, 2019; Cortes-Canteli and Iadecola,
2020), elucidating the mechanisms by which Ab alters neurovascu-
lar coupling could lead to new approaches to mitigate the disease.

Tissue plasminogen activator (tPA) is a serine protease best
known for its role in intravascular fibrinolysis, glutamate neu-
rotransmission, and synaptic plasticity (Baranes et al., 1998;
Benchenane et al., 2004; Samson and Medcalf, 2006; Diaz et al.,
2019). In addition, tPA is required for the full expression of func-
tional hyperemia (Park et al., 2008a; Iadecola, 2017; Anfray et al.,
2020). Mice lacking tPA have a marked attenuation in the
increase in CBF induced by neural activity, resulting from
reduced production of nitric oxide (NO) during the activation of
NMDA receptors (NMDARs), one of the drivers of function hy-
peremia (Park et al., 2008a; Iadecola, 2017).

Interestingly, tPA is reduced in AD brains and in mice over-
expressing APP, because of increased activity of the endogenous
tPA inhibitor plasminogen activator inhibitor-1 (PAI-1; Melchor
et al., 2003; Cacquevel et al., 2007; Jacobsen et al., 2008; Cortes-
Canteli and Iadecola, 2020). These findings raise the possibility
that reduced tPA activity may contribute to the harmful neuro-
vascular effects of Ab . Therefore, we examined the role of tPA
in the neurovascular dysfunction and cognitive deficits induced
by Ab . We found that tPA activity is reduced in mice expressing
mutated APP (tg2576) and that such reduction is responsible for
the attenuation of functional hyperemia through the suppression
of NMDAR-induced NO production. The tPA deficit does not
contribute to the endothelial dysfunction, attesting to the selec-
tivity of the effect on neurovascular coupling. Sustained rescue of
tPA activity by PAI-1 inhibition restores neurovascular coupling,
reduces CAA, and improves cognition in aged tg2576 mice with-
out affecting amyloid plaques. The data unveil a new mechanism
for the neurovascular coupling dysfunction induced by Ab and
suggest that the PAI-1–tPA pathways may be a putative target to
counteract the harmful neurovascular effects of Ab and the cog-
nitive impact of CAA.

Materials and Methods
Mice. All procedures were approved by the Institutional Animal

Care and Use Committee of Weill Cornell Medicine and performed
according to the ARRIVE guidelines (Percie du Sert et al., 2020), and,
whenever feasible, experiments were performed in a blinded fashion.
The laser-Doppler flowmetry experiments, performed in a blinded fash-
ion, were independently reproduced by two operators (L.P. and A.A.).
We used 3- to 12-month-old transgenic mice overexpressing the
Swedish mutation of the APP (tg2576; Hsiao et al., 1996). These ages
were selected because at 3months of age there is no amyloid deposition
or cognitive deficit, whereas at 12months there are abundant plaques,
CAA, and cognitive deficits. We also used 3-month-old mice lacking
tPA (Carmeliet et al., 1994) or PAI-1 (Carmeliet et al., 1993). In all stud-
ies, age-matched wild-type (WT) littermates as controls. All mice were
males and congenic on a C57BL6 background. We did not use female
mice because of the effect of the estrous cycle on cerebrovascular

regulation, which would introduce variability and confound the inter-
pretation of the results (Girouard et al., 2008; Capone et al., 2009).

General surgical procedures. Mice were anesthetized with isoflurane
(maintenance, 2%), intubated, and artificially ventilated (SAR-830 small
animal ventilator, CWE; Park et al., 2008b, 2017; Uekawa et al., 2016).
The femoral vessels were cannulated for recording of arterial pressure,
and blood sample collection (Iadecola et al., 1999; Uekawa et al., 2016;
Park et al., 2017). Rectal temperature was maintained at 37°C. After sur-
gery, isoflurane was gradually discontinued and anesthesia was main-
tained with urethane (750mg/kg, i.p.) and a-chloralose (50mg/kg, i.p.;
Park et al., 2008b, 2017; Uekawa et al., 2016).

Recording of CBF and vascular reactivity. As in previous studies by
us and others (Park et al., 2008a, 2014, 2020; Tong et al., 2012), we used
the cerebral cortex to investigate the role of tPA in the neurovascular
dysfunction of Ab . We studied the neocortex because (1) it is easily ac-
cessible for experimental manipulations and dynamic measurement of
CBF and (2) neurovascular uncoupling is also observed in the cerebral
cortex of patients with AD (Mentis et al., 1998; Smith et al., 2008). A
2� 2 mm opening was drilled in the parietal bone overlying the somato-
sensory cortex, the dura was removed, and the site was superfused with a
modified Ringer’s solution, at 37°C and pH 7.3–7.4 (Iadecola et al.,
1999). Relative CBF was continuously monitored at the site of superfu-
sion with a laser-Doppler probe (Vasamedic) positioned stereotaxically
on the neocortical surface and connected to a computerized data acquisi-
tion system. CBF values were expressed as a percentage increase relative
to the resting levels before and after treatment in the same mouse.
Resting CBF is reported as laser-Doppler perfusion units (LDU).
Arterial blood pressure and blood gases were monitored and controlled.
CBF recordings were started after arterial pressure (mean arterial pres-
sure, 78–85mmHg) and blood gases [partial pressure of oxygen (pO2),
120–140mmHg; pO2, 33–40mmHg; pH 7.3–7.4) were in a steady state
(Iadecola et al., 1999; Uekawa et al., 2016; Park et al., 2017). For func-
tional hyperemia, the whiskers were mechanically stimulated for 60 s
and the associated increase in CBF recorded over the somatosensory cor-
tex. To investigate the effect of the low-density lipoprotein receptor-
related protein 1 (LRP1) inhibitor receptor-associated protein (RAP;
Shibata et al., 2000; Deane et al., 2004) on functional hyperemia, this
agent (200 nM; Molecular Innovations) was superfused over the somato-
sensory cortex, and its effect was tested 30–40min later. To test endothe-
lium-dependent and endothelium-independent responses, acetylcholine
(ACh; 10 mM; Sigma-Aldrich) and adenosine (400 mM; Sigma-Aldrich),
respectively, were superfused and the resulting changes in CBF moni-
tored (Uekawa et al., 2016; Park et al., 2017). In some mice, NMDA (10–
40 mM; Sigma-Aldrich), AMPA (2–20 mM; Sigma-Aldrich), or kainate
(2–20 mM; Sigma-Aldrich) was topically superfused on the cranial win-
dow. These concentrations were previously established not to induce
cortical spreading depression, which also causes CBF increases (Park et
al., 2008a). In other experiments, CBF responses were tested before and
30–40min after superfusion of the cranial window with MK-801 (10
mM), recombinant tPA (rtPA (20mg/ml; Genentech), the PAI-1 inhibitor
PAI-039 (30 mM; Axon Medchem; Elokdah et al., 2004; Crandall et al.,
2006; Hennan et al., 2008; Griemert et al., 2019), TTX (3 mM), or the cy-
clooxygenase-2 (COX-2) inhibitor NS-398 (100 mM) alone or in combi-
nation. The efficacy of the rescue of tPA activity in the neocortex was
confirmed by using in situ zymography as shown previously (Park et al.,
2008a). After testing CBF responses during Ringer’s superfusion, the
superfusion solution was changed to Ringer’s solution (Iadecola, 1992,
for composition) containing Ab 1-40 (5 mM; rPeptide). This concentra-
tion of Ab 1-40 was previously found to produce maximal cerebrovascu-
lar effects (Niwa et al., 2000a, 2001; Park et al., 2004). As in previous
studies (Niwa et al., 2000a, 2001; Park et al., 2004), to minimize aggrega-
tion of the peptide during the experiment, Ab 1-40 was freshly solubilized
in dimethylsulfoxide (DMSO) and then diluted in Ringer’s solution. The
final DMSO concentration was,0.5% (Niwa et al., 2000a, 2001; Park et
al., 2004). The CBF response to whisker stimulation, ACh, adenosine,
NMDA, AMPA, TTX, tPA, or MK-801 alone or in combination was
tested 30–40min after Ab 1-40 superfusion. This time interval was
selected on the basis of previous studies in which the time course of the
cerebrovascular effects of Ab 1-40 was investigated (Park et al., 2004,
2005, 2017).
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In situ zymography. In situ zymography was performed as described
previously (Park et al., 2008a). Briefly, mice were deeply anesthetized and
killed, and brains were removed and frozen at �80°C. In experiments with
neocortical superfusion of tPA, the superfusion site was marked for later
identification. Sections (20 mM) were cut through the superfusion site and
mounted on microscope slides. A fresh casein gel was prepared with plas-
minogen (50mg/ml) and overlaid on sections with a coverslip. Sections were
allowed to develop at 37°C in a humidified chamber for 8 h. Zymographic
lysis of casein produces a dark zone reflecting tPA activity. Images were
digitized and quantified using ImageJ.

Real-time PCR for tPA. Total RNA was isolated from the forebrain
tissue using TRIzol reagent (Thermo Fisher Scientific; Jackman et al.,
2013). Quantitative determination of gene expression was performed on
a Chromo 4 detector (Peltier thermal cycler, MJ Research) using a two-
step cycling protocol. Primer sequences used for tPA (plat) were as fol-
lows: plat, forward, 59-AATAAAACCGTCACGAACAACA-39; and
reverse, 59-TTTATTGATCATGCACACCAGAG-39. Two microliters of
diluted cDNA (1:10) were amplified by Platinum SYBR green qPCR
supermix UDG (Thermo Fisher Scientific). The reactions were incu-
bated at 50°C for 2min and then 95°C for 10min. A PCR cycling proto-
col consisting of 15 s at 95°C and 1min at 60°C for 45 cycles was
required for quantification. Quantities of all targets in test samples were
normalized to the mouse housekeeping hypoxanthine-guanine phos-
phoribosyltransferase (HPRT) gene (Jackman et al., 2013).

Quantification of PAI-1 activity by ELISA. To quantify PAI-1 activity
in the brain, mice were anesthetized with 5% isoflurane and perfused
with ice-cold PBS. Brains were removed and frozen with dry ice and
saved in �80°C until assay. Then, PAI-1 activity was assessed in brain
homogenates with a mouse PAI-1 activity ELISA kit (Molecular
Innovations) according to the manufacturer instructions.

Electrocorticogram and field potentials. Mice were anesthetized as
described above, and an electrocorticogram (ECG) was recorded by
using bipolar recording electrodes positioned stereotaxically on the left
somatosensory cortex (3 mm lateral and 1.5 mm caudal to bregma;
depth of 0.6 mm; Park et al., 2008a, 2020). The ECG was recorded for
five epochs each lasting 5min and separated by a 20 min interval. The
timing of the recordings relative to the administration of anesthesia was
identical for all animals. Signals were amplified, digitized, and stored
(PowerLab, AD Instruments). Spectral analysis of the EEG was per-
formed by using a software module embedded in PowerLab. Field poten-
tials were recorded by using an electrode placed in the somatosensory

cortex contralateral to the activated whiskers. The somatosensory cortex
was activated by electrical stimulation of the whisker pad (2 V; 0.5Hz;
pulse duration, 1ms). Analyses were performed on the average of 10
stimulation trials.

Nitric oxide detection by DAF-FM in dissociated neocortical neurons.
As detailed previously (Coleman et al., 2010; Wang et al., 2013), coronal
cortical slices (thickness, 350mm) were cut from the brains of 3- to 4-
month-old WT and tg2576 mice and incubated with artificial CSF
(aCSF; Coleman et al., 2010, for composition) containing Pronase 0.02%
(w/v) and thermolysin 0.02% at 36°C (Sigma-Aldrich). Cortical neurons
were mechanically dissociated for the assessment of NO production.
Dissociated neurons were incubated with DAF-FM (5mM) in oxygenated
aCSF for 30min, and then rinsed in control buffer (Coleman et al., 2010;
Wang et al., 2013; Koizumi et al., 2018). The specificity of the NO detec-
tion by DAF-FM was verified by assessing the loss of NO signal after
adding the non-selective NOS inhibitor Nv-Nitro-L-arginine (100 mM)
to the dishes (Coleman et al., 2010; Wang et al., 2013; Park et al., 2020).
Time-resolved fluorescence (FITC filter) was measured at 30 s intervals
with a Nikon diaphot 300 inverted microscope equipped with CCD
digital camera (Princeton Instruments) connected to IPLab software
(Scanalytics). In experiments with WT neurons, Ab 1–40 (300 nM) was
added for 30–40min directly to the dish. In some experiments, neurons
were pretreated with the tPA (20mg/ml; Park et al., 2008a). DAF-FM fluo-
rescence intensity is expressed as Ft/Fo, where Fo is the baseline fluores-
cence before application of NMDA (40 mM), and Ft is fluorescence in the
same cell after the application of NMDA.

Chronic administration of PAI-039 into the cerebral ventricles.
Osmotic minipumps (model 1004, Alzet) containing the PAI-1 inhibitor
PAI-039 (Axon MedChem; Capone et al., 2011) or Ringer’s solution
served as a vehicle control and were implanted subcutaneously in 10- to
11-month-old tg2576 or WT littermates (N=11/group) under isoflurane
anesthesia. The osmotic minipump was connected to an intracerebro-
ventricular catheter placed into the right ventricle at the following coor-
dinates: anteroposterior, �0.22 mm; lateral, 0.8 mm; dorsal, 2 mm;
Franklin and Paxinos, 1997). PAI-039 was delivered at a rate of 42ng/
kg/min (Elokdah et al., 2004; Crandall et al., 2006; Hennan et al., 2008;
Griemert et al., 2019) for 4weeks. PAI-039 was first dissolved in DMSO
according to the manufacturer instruction and finally diluted in Ringer’s
solution (,0.5% of final DMSO). Three weeks after implanting the min-
ipump, behavioral tests (Y-maze and novel object recognition test) were

Figure 1. tPA activity is reduced in 3- to 4-month-old tg2576 mice. A, Representative zymographic images show the dark lytic zones, indicated by dark arrows, of tPA activity from 3- to 4-
month-old WT and tg2576 mice. Note no dark lytic zones in control image without plasminogen. B, C, Quantification of tPA activity (B) and tPA mRNA level (C) in WT and tg2576 mice. N= 5/
group; *p= 0.0168, unpaired two-tailed t test.
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performed. Some mice were prepared for in situ zymography as
described above, and other mice were anesthetized and equipped for
measurement of cerebrovascular reactivity by laser-Doppler flowmetry,
as described above. At the end of CBF assessment, mice were killed, and
the brains were removed. The left hemisphere was used for Ab quantifi-
cation by ELISA, and the right hemisphere was used for assessment of
plaque burden and CAA.

Measurement of Ab . Ab was measured
using an ELISA-based assay as described previ-
ously (Zhao et al., 2016). Briefly, the left hemi-
spheres from the mice used for CBF studies
were homogenated serially with RIPA and a
5.5 M guanidine buffer containing a cocktail of
protease inhibitors (1:1000; Roche). Ab meas-
ured after the RIPA extraction represented the
soluble pool of Ab , whereas Ab measured af-
ter guanidine extraction represented the insol-
uble pool. The homogenates were diluted with
a cold sample dilution buffer (1% bovine se-
rum albumin in PBS and 0.05% Tween 20
[PBST]) before measurement of Ab 1–40 or
Ab 1–42. Guanidine-solubilized samples were
diluted with a cold sample dilution buffer to a
final concentration of �0.5 M GuHCl. Samples
were loaded onto plates coated with an anti-
body that specifically recognizes the C-termi-
nal domain of Ab 1–42 (21F12) or Ab 1–40

(2G3) as the capture antibody, and biotinylated
3D6 was used for detection. The immunoreac-
tivity signal after incubation with horseradish
peroxidase-conjugated streptavidin (Research
Diagnostics) was developed with a TMB sub-
strate (Thermo Fisher Scientific) and read on a
Synergy H1 Hybrid plate reader (BioTek).
Levels of Ab were calculated using a standard
curve generated with recombinant human Ab
(American Peptide Company). Levels of Ab
in brain homogenates were determined in trip-
licate, normalized to protein content, and
expressed as the amount of Ab per milligram
of protein. Concentrations in picomoles per
milligram of brain tissue were calculated by com-

paring the sample absorbance with the absorbance of known concentrations
of synthetic Ab 1–40 and Ab 1-42.

Quantification of amyloid plaque burden and cerebral amyloid angi-
opathy. Mice were deeply anesthetized and perfused transcardially with
4% PFA (Park et al., 2008b, 2013). Brain were sectioned (40mm), and
sections were processed with 0.05% (w/v) thioflavin-S in 50% (v/v)

Figure 2. tPA deficiency is associated with selective attenuation in neurovascular coupling in 3- to 4-month-old tg2576 mice. A, The increase in CBF induced by mechanical stimulation of fa-
cial whiskers is markedly attenuated in tg2576 mice compared with WT littermates. Neocortical superfusion with rtPA (20mg/ml) completely rescues the CBF response, but it fails to do so in
the presence of RAP (200 nM). Left, quantification graph; right, traces of CBF increase (percentage) induced by whisker stimulation. *p� 0.0001; two-way ANOVA with Tukey’s test. B, C,
Electrocorticogram (B) and evoked field potential (C) are comparable between WT and tg2576. #The amplitude of the negative deflection of the field potential is shown on the barograph on
the right; N= 5/group. D, E, The increase in CBF induced by whisker barrel cortex superfusion of acetylcholine (D), but not by adenosine (E), is attenuated in tg2576 mice and is unaffected by
rtPA or rtPA1 RAP. *p� 0.0015 versus WT vehicle or rtPA; two-way ANOVA and Tukey’s test. N= 5/group.

Figure 3. Ab 1-40 does not attenuate functional hyperemia in tPA
�/� mice. A–C, In WT mice, neocortical superfusion

with Ab 1-40 (5mM) attenuates resting CBF (A) and CBF increase produced by whisker stimulation (B) or neocortical applica-
tion of acetylcholine (10 mM, C). In tPA�/� mice, Ab 1-40 fails to attenuate CBF increase produced by whisker stimulation
(B), but it is still able to reduce resting CBF (A) or CBF increase to acetylcholine (C). A–D, Coapplication with the Na1 chan-
nel blocker TTX (3 mM) further reduces the CBF response to whisker stimulation in both tPA�/� and WT mice (B), but has
no effect on resting CBF or CBF response to acetylcholine or adenosine (A, C, D). CBF response to adenosine is not affected
by any treatment (D). LDU indicates laser-Doppler perfusion units; in A, *p � 0.0311 versus WT vehicle, and #p� 0.0328
versus tPA�/� vehicle; in B, *p, 0.0001 versus WT vehicle and #p � 0.0084 versus WT Ab 1-40 or tPA

�/� vehicle or
Ab 1-40; in C, *p� 0.0005 versus WT vehicle and #p� 0.0002 versus tPA�/� vehicle; two-way ANOVA and Tukey’s test;
N= 5/group.
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ethanol for 10min to quantify CAA and
amyloid burden. Confocal images were
obtained with an FITC filter for thioflavin-S.
Images of thioflavin-S staining were acquired
with a confocal microscope (Leica SP8) and
quantified by ImageJ, and CAA and Ab pla-
que burden were expressed by thioflavin-S-
positive neocortical vessels (Thio-S1 CAA;
as a percentage) or Ab load (Thio-S1 pla-
ques area; as a percentage), respectively
(Park et al., 2008b, 2013).

Cognitive testing. Cognitive testing was
performed by the Y-maze and novel object
recognition test. These tests were used
because of the following: (1) they are sensi-
tive to the cognitive deficits in tg2576 mice
(Park et al., 2008b, 2013; Faraco et al., 2018;
Koizumi et al., 2018); (2) they rely on the
spontaneous behavior of mice; and (3) they
do not require aversive environments, such
as for training or starvation of the mice
(Dellu et al., 2000; Wenk, 2004; Vorhees and
Williams, 2014).

Y-maze spontaneous alternation behav-
ior.Mice were placed into one of the arms of
the maze (start arm) and were allowed to
explore only two of the three arms for 5min
(training trial). The closed arm was opened
in the test trial, serving as the novel arm.
After a 30 min interval between trials, the
mice were returned to the same start arm
and were allowed to explore all three arms
for 5min (test trial). Sessions were video
recorded and analyzed using AnyMaze (San
Diego Instruments) in a double-blinded
fashion. Spontaneous alternation was eval-
uated by scoring the order of entries into
each arm during the 5min of the test trial.
Spontaneous arm alternation (percentage)
was defined as follows: number of arm alter-
nations/(total number of arm visits-2) �
100.

Novel object recognition. The test was
performed in 2 consecutive days. On day 1,
mice were placed in the center of an empty
open box and allowed to explore for 5min.
The box was cleaned with 70% ethanol
between trials. On day 2, the mice were
placed back into an open box with two iden-
tical objects in the center and allowed to
explore for 5min. Thirty minutes later, mice
were exposed again to a familiar and a novel
object, and allowed to explore for 5min. The
exploring activity (facing, touching, or sniff-
ing the object) was monitored and analyzed
using AnyMaze in a double-blinded manner,
and the percentage of the time spent explor-
ing the novel versus familiar objects was
calculated.

Data analysis. Statistical analysis was per-
formed using GraphPad Prism (GraphPad
Software). Immunofluorescent staining analyses
were conducted in a blinded fashion. Samples
and animals were randomized by a random
number generator (www.random.org). The
number of mice required for assessing the sta-
tistical significance of prespecified effects
was estimated by power analysis based on
preliminary results and previous experience with the models used in
the laboratory. Normality was tested using D’Agostino–Pearson

normality test (GraphPad Prism) before running appropriate statisti-
cal tests. Two-group comparisons were analyzed by the two-tailed t
test, and multiple comparisons were evaluated by one-way or two-
way ANOVA with Tukey’s test, as required, after testing for equality

Figure 4. tPA deficiency is associated with Ab -induced reduction in the NMDA receptor-dependent component of func-
tional hyperemia in 3- to 4-month-old tg2576 mice. A, Neocortical superfusion with the NMDAR antagonist MK-801 (10 mM)
attenuates the CBF increase evoked by whisker stimulation in WT mice and not in tg2576 mice. In addition, rtPA fails to rescue
the neurovascular dysfunction in the presence of MK-801. B–D, Treatment with MK-801 and/or rtPA does not affect resting
CBF (B) or the CBF response to superfusion of acetylcholine (C) or adenosine (D). LDU indicates laser-Doppler perfusion units; in
A, *p, 0.0001 versus WT no treatment, WT rtPA, or tg2576 rtPA; in C, *p� 0.0001 versus WT; two-way ANOVA and Tukey’s
test; N= 5/group.

Figure 5. tPA rescues the attenuation of the hyperemic response induced by NMDA in Ab . A, The increase in CBF produced
by neocortical application of NMDA, but not AMPA or kainate, is attenuated in 3- to 4-month-old tg2576 mice, compared with
age-matched WT mice. #p= 0.0164 or *p, 0.0038 versus the same does of WT; two-way ANOVA with Tukey’s test; N= 5/
group. B, Neocortical application of Ab 1-40 (5 mM) attenuates the CBF increase induced by NMDA in WT mice. Pretreatment
with rtPA (20mg/ml) reverses the effect of Ab 1-40 on the NMDA-induced CBF increase, but it fails to do so in the presence of
MK-801 (10 mM). *p� 0.0014 versus no treatment or Ab 1-40 1 rtPA; one-way ANOVA with Tukey’s test (B). C, rtPA rescues
the CBF response to NMDA in tg2576 mice, an effect abolished by pretreatment with MK-801. *p� 0.0033 versus rtPA; one-
way ANOVA with Tukey’s test. N= 5/group.
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of variance. Differences were considered statistically significant for
probability values ,0.05. Data are expressed as the mean 6 SEM.

Results
tPA deficiency underlies the attenuation of functional
hyperemia induced by Ab
To assess whether tPA plays a role in the neurovascular dysfunc-
tion of Ab , we first assessed tPA enzymatic activity using in situ
zymography. We found that tPA activity is significantly reduced
in 3- to 4-month-old tg2576 mice compared with WT litter-
mates, whereas tPA mRNA levels were not reduced (Fig. 1A–C).
Next, we examined neurovascular coupling in the somatosensory
cortex of 3- to 4-month-old tg2576 mice. At this age, tg2576
mice exhibit increased levels of brain Ab , but do not have pla-
ques or CAA (Park et al., 2011, 2014, 2017). We found that the
increase in CBF induced by mechanical stimulation of facial

whiskers is markedly attenuated in
tg2576 mice compared with WT litter-
mates (Fig. 2A). Such attenuation was
not because of suppression of the neural
activity driving the hemodynamic response
since the frequency distribution of the
electrocorticogram and the amplitude of
the somatosensory cortex field potentials
evoked by stimulation of the whisker pad
were similar in tg2576 and WT mice (Fig.
2B,C).

To determine whether the attenuation
in neurovascular coupling observed in
tg2576 mice was related to a deficiency in
tPA, we investigated whether exogenous
tPA could improve the response. Neo-
cortical superfusion with rtPA (20mg/ml),
a dose previously shown to restore corti-
cal tPA activity and neurovascular cou-
pling in tPA�/� mice (Park et al., 2008a),
re-established in full the CBF increase
produced by whisker stimulation in
tg2576 mice without affecting the response
in WT mice (Fig. 2A). The effect was pre-
vented by pretreatment with RAP, an inhib-
itor of the LRP1 (Fig. 2A), which has been
implicated in the signaling between extrac-
ellular tPA and NMDAR (Herz, 2001;
Samson and Medcalf, 2006). Notably, tPA
did not rescue the CBF increase induced by
topical application of the endothelium-de-
pendent vasodilator acetylcholine (Fig. 2D).
CBF responses to the smooth muscle relax-
ant adenosine were not altered in tg2576
mice and were not affected by rtPA, provid-
ing evidence for the stability of the prepara-
tion (Fig. 2E). These data, collectively,
indicate that the deficit of tPA in tg2576
mice contributes to the attenuation of the
increases in CBF evoked by neural activity,
but not by the endothelium.

Ab does not attenuate functional
hyperemia in tPA2/2 mice
Mice lacking tPA have reduced functional
hyperemia, but a normal CBF response to
acetylcholine (Park et al., 2008a; Iadecola,

2017; Anfray et al., 2020). We reasoned that if the suppression of
neurovascular coupling by Ab is because of a deficiency in tPA,
then in tPA-null mice Ab should not attenuate further the CBF
response to whisker stimulation but should still reduce the
response to acetylcholine. Consistent with this prediction, super-
fusion of somatosensory cortex with Ab 1-40 (5 mM) failed to
attenuate the CBF increase produced by whisker stimulation in
tPA�/� mice, but was still able to reduce resting CBF and the
CBF response to acetylcholine (Fig. 3A–C). To exclude the possi-
bility that the failure of Ab 1-40 to reduce neurovascular coupling
further in tPA�/� mice was a consequence of the response being
already maximally attenuated, we tested the effect of neocortical
superfusion with TTX, a sodium channel inhibitor that sup-
presses neurovascular coupling by blocking synaptic transmis-
sion (Yang et al., 1999; Park et al., 2005). As shown in Figure
3A–C, treatment with TTX after Ab 1-40 attenuated the CBF

Figure 6. tPA deficiency is responsible for the attenuation in the NOS-dependent component of functional hyperemia and
for the attenuation in NMDA-dependent NO production induced by exogenous Ab and in tg2576 mice. A–D, Administration
of the nNOS inhibitor 7-NI (50 mg/kg, i.p.) attenuates resting CBF (*p� 0.0127 vs WT vehicle; A) and the increase in CBF
produced by whisker stimulation (*p� 0.0001 vs WT vehicle; B) or by neocortical application of NMDA (40 mM;
*p, 0.0001 vs WT vehicle; C) in WT mice, but not in tg2576 mice. 7-NI has no effect on the CBF increase induced by acetyl-
choline (10 mM) both in WT and tg2576 mice (*p, 0.0001 vs WT; D). The Na1 channel blocker TTX (3mM) further reduces
CBF responses to whisker stimulation in both WT and tg2576 mice (#p� 0.0101 vs 7-NI- or 7-NI 1 rtPA-treated WT or
tg2576 mice; B). E, F, NMDA (40 mM) increases NO production in cortical neurons dissociated from 3- to 4-month-old WT
mice (E), but not in neurons from tg2576 mice (F). NMDA-induced NO production in WT neuron is attenuated by pretreat-
ment of Ab 1-40 (300 nM; E). rtPA (20mg/ml) treatment rescues the attenuation of NO production induced by Ab 1-40 in WT
neurons (E) and in tg2576 mice (F). LDU indicates laser-Doppler perfusion units; in A–D, two-way ANOVA and Tukey’s test;
E, F, *p� 0.0076, one-way ANOVA and Tukey’s test. N= 5/group.
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response to whisker stimulation further without reducing the
response to acetylcholine both in tPA�/� andWTmice. These find-
ings indicate that Ab 1-40 is unable to attenuate neurovascular
coupling in the absence of tPA but is still able to suppress endothe-
lium-dependent responses.

tPA deficiency contributes to the suppression of the
NMDAR-dependent component of the CBF response caused
by Ab
Activation of NMDAR is responsible for ;50% of the flow
increase induced by whisker stimulation in the somatosensory
cortex (Iadecola, 2017). Because tPA is required for the full
expression of the NMDAR-dependent component of the CBF
increase (Park et al., 2008a), it is conceivable that in tg2576 mice
tPA deficiency specifically suppresses the fraction of the response
mediated by NMDAR. In this case, NMDAR inhibition should
not attenuate further neurovascular coupling in tg2576 mice,
and tPA should not reverse the attenuation if NMDARs are
inhibited. Accordingly, we found that the NMDAR antagonist
MK-801 reduces the CBF response produced by whisker stimula-
tion in WT mice, but not in tg2576 mice (Fig. 4A), without
affecting resting CBF and other cerebrovascular responses (Fig.
4B–D). In addition, MK-801 prevented tPA from reestablishing
neurovascular coupling in tg2576 mice (Fig. 4A).

To more directly examine the role of tPA deficiency on the
suppression of NMDAR-dependent hyperemia in tg2576 mice, we
examined the neurovascular effects of the application of NMDA to
the somatosensory cortex. The CBF increase induced by NMDA
(10–40 mM), but not AMPA or kainate (2–20 mM), was profoundly
reduced in tg2576 mice compared with WT littermates (Fig. 5A).
Furthermore, rtPA was able to re-establish the CBF response both
in tg2576 and in WT mice with neocortical superfusion of Ab 1-40,

an effect prevented by MK-801 (Fig. 5B,C). These findings indicate
that Ab suppresses the NMDAR-dependent component of func-
tional hyperemia because of a deficit in tPA.

tPA deficiency contributes to the suppression of
NMDAR-dependent NO production induced by Ab
Next, we sought to investigate the pathways by which tPA defi-
ciency lead to the attenuation of NMDAR-dependent CBF
response induced by Ab . Because tPA promotes the CBF
response initiated by NMDAR by enabling NO production from
the neuronal isoform of NO synthase (nNOS; Park et al., 2008a;
Iadecola, 2017), we reasoned that NOS inhibition would prevent
tPA from rescuing neurovascular coupling. In WT mice, as
anticipated, the nNOS inhibitor 7-nitroindazole (7-NI; 50mg/kg,
i.p.) attenuated resting CBF and the CBF increases evoked by
whisker stimulation or neocortical application of NMDA, but
not acetylcholine, a response mediated by the endothelial iso-
form of NOS (Fig. 6A–D). In contrast, in tg2576 mice 7-NI did
not reduce resting CBF and the CBF responses to whisker stimu-
lation or topical NMDA (Fig. 6A–C). Furthermore, rtPA failed
to rescue neurovascular coupling after nNOS inhibition (Fig. 6B,
C), whereas TTX further decreased the response to whisker
stimulation (Fig. 6B), confirming that it was not maximally
attenuated.

To investigate whether Ab suppresses NMDAR-dependent
NO production through tPA deficiency, we assessed NO produc-
tion in dissociated neocortical neurons using DAF-FM as an in-
dicator (Coleman et al., 2010; Wang et al., 2013). We found that
NMDA (40 mM) was able to increase NO in WT neurons, but not
in WT neurons pretreated with Ab 1-40 (300 nM) or in neurons
from tg2576 mice (Fig. 6E,F). rtPA was able to completely re-estab-
lish NMDA-induced NO production both in WT neurons exposed

Figure 7. The PAI-1 inhibitor PAI-039 prevents Ab -induced neurovascular coupling dysfunction. A, PAI-1 activity is increased in 3- to 4-month-old tg2576 mice, compared with age-
matched WT controls. *p= 0.0002; unpaired two-tailed t test. B, C, Topical neocortical application of the PAI-1 inhibitor PAI-039 (30 mM) rescues the attenuation in CBF increase produced by
whisker stimulation in tg2576 mice (B) or induced by Ab 1-40 in WT mice (C). In contrast, PAI-039 has no effect on CBF response to acetylcholine or adenosine both in tg2576 and WT mice (B,
C). In B and C, *p� 0.0042, two-way ANOVA and Tukey’s test. N= 5/group.
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to Ab 1-40 and in tg2576 neurons (Fig. 6E,F). These findings, collec-
tively, suggest that Ab suppressed the NMDAR-dependent compo-
nent of function hyperemia by suppressing nNOS-dependent NO
production and that tPA deficiency is involved in this effect.

PAI-1 inhibition ameliorates the neurovascular coupling
dysfunction induced by Ab
Since the endogenous tPA inhibitor PAI-1 is upregulated in AD
and in APP-overexpressing mice (Melchor et al., 2003;
Cacquevel et al., 2007; Jacobsen et al., 2008; Hanzel et al., 2014;
Oh et al., 2014), we sought to determine whether inhibiting PAI-
1 can reverse the neurovascular dysfunction induced by Ab . In
agreement with previous studies (Melchor et al., 2003; Jacobsen
et al., 2008), PAI-1 activity was elevated in tg2576 mice com-
pared with age-matched WT mice (Fig. 7A), a finding consistent
with the observed tPA deficiency (Fig. 1). Neocortical superfu-
sion of the PAI-1 inhibitor PAI-039 (30 mM) did not affect CBF
responses in WTmice, but completely rescued the attenuation in

functional hyperemia either in tg2576 mice
or in WT mice treated with Ab 1-40 super-
fusion (Fig. 7B,C). PAI-039 did not affect
CBF responses to acetylcholine or adeno-
sine both inWT and tg2576mice (Fig. 7B,C).

To provide nonpharmacological evi-
dence that PAI-1 is involved in the neuro-
vascular dysfunction induced by Ab , we
studied the vascular effect of Ab 1-40 in
PAI-1-deficient mice. CBF responses to
whisker stimulation or to neocortical appli-
cation of acetylcholine or adenosine were
comparable between PAI-1�/� and WT
mice (Fig. 8A). In PAI-1�/� mice, Ab 1-40

attenuated resting CBF and the CBF
response to acetylcholine but did not sup-
press the increase in CBF evoked by
whisker stimulation (Fig. 8A) or by neo-
cortical superfusion of NMDA (Fig. 8B). In
contrast, the inhibition of COX-2, an
enzyme involved in neurovascular coupling
independently of NO (Niwa et al., 2000b),
attenuated the CBF response to whisker
stimulation in both WT and PAI-1�/� mice
(Fig. 8A), confirming the specific role of PAI-1
in the neurovascular dysfunction resulting
from tPA deficiency.

Sustained restoration of tPA activity by
PAI-1 inhibition ameliorates
neurovascular and cognitive dysfunction
in aged tg2576 mice
To examine the contribution of tPA defi-
ciency to amyloid pathology and cognitive
deficits, we investigated tg2576 mice at an
age (11–12 months) when there is amyloid
deposition in brain and blood vessels (Park
et al., 2008b). To this end, PAI-039 was
administered intracerebroventricularly for
4weeks in aged tg2576 mice at a concentra-
tion (42 ng/kg/min) previously shown to
suppress PAI-1 activity in vivo (Elokdah et
al., 2004; Crandall et al., 2006). PAI-039
increased tPA activity in tg2576 mice to
levels comparable to WT controls (Fig. 9A,
but see Fig. 1). Then, we determined

whether rescuing tPA activity by PAI-1 inhibition also improves
neurovascular dysfunction in aged tg2576 mice. In vehicle-
treated tg2576 mice, CBF responses to whisker stimulation, al-
ready attenuated at 3–4months of age, became worse at 11–
12months of age (Fig. 9B). Treatment with PAI-039 markedly
improved the response in aged tg2576 mice (Fig. 9B), congruent
with the rescue of tPA activity (Fig. 9A).

Next, we investigated whether PAI-1 inhibition reduces brain
Ab accumulation and ameliorates the cognitive dysfunction in
aged tg2576 mice. PAI-039 treatment reduced the levels of
Ab 1-40, not Ab 1-42, in the cortex and hippocampus of 11- to 12-
month-old tg2576 mice (Fig. 9D,E). Consistent with the predom-
inant accumulation of Ab 1-40 around blood vessels (CAA) and
Ab 1-42 in amyloid plaques (Greenberg et al., 2020), PAI-039
treatment reduced CAA, but not amyloid plaques (Fig. 9F). We
then examined whether the improvement in neurovascular

Figure 8. Ab 1-40 does not suppress functional hyperemia in PAI-1
�/� mice, but reduces the endothelium-dependent

response to acetylcholine. A, Ab 1-40 (5 mM) does not attenuate functional hyperemia in PAI-1�/� mice. However, the
response to topical application of acetylcholine is attenuated by Ab 1-40. The COX-2 inhibitor NS-398 (100 mM) is able to
attenuate the CBF increase induced by whisker stimulation both in PAI-1�/� and WT mice but has no effect on other CBF
responses. CBF responses to adenosine are unaffected. *p� 0.0391, two-way ANOVA and Tukey’s test. B, Ab 1-40 attenu-
ates CBF increase induced by topical application of NMDA in WT, but not in PAI-1�/� mice, compared with vehicle-treated
WT. LDU indicates laser-Doppler perfusion units; *p� 0.0197 versus WT-vehicle or PAI-1�/�-Ab 1-40 at the same dose;
two-way ANOVA and Tukey’s test. Data are presented as the mean6 SEM. N= 5/group.
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function and reduced CAA caused by PAI-1 inhibition is associ-
ated with improved cognitive function in aged tg2576 mice. We
first used a two-trial working memory task in a Y-maze (Park et
al., 2008b; Spellman et al., 2015). In vehicle-treated tg2576 mice,
the percentage of arm alternation was significantly attenuated,
compared with vehicle-treated WT littermates (Fig. 10A). PAI-
039 did not affect arm alternation behavior in WT mice, but it
markedly improved task performance in tg2576 mice (Fig. 10A).
To provide further evidence that reduced tPA plays a role in the
cognitive deficits, we used the novel object recognition task
(Leger et al., 2013; Koizumi et al., 2018). In vehicle-treated
tg2576 mice, the preference for novel objects was markedly
reduced compared with age-matched WT mice, but it was pre-
served in PAI-039-treated tg2576 mice (Fig. 10B). The locomotor
activity was elevated in tg2576 mice, but it was not affected by
PAI-039 (Fig. 10C,D). Therefore, restoring tPA activity by PAI-1
inhibition prevents the neurovascular dysfunction, reduces CAA,
and improves the cognitive deficit in aged tg2576 mice.

Discussion
We have demonstrated that the reduction in tPA activity leads to
suppression of the component of functional hyperemia mediated

by NO released during NMDAR activation. The deficiency in
tPA is because of increased PAI-1 enzymatic activity, and sup-
pressing PAI-1 prevents the Ab -induced attenuation of neu-
rovascular coupling, but not the endothelial dysfunction.
Prolonged inhibition of PAI-1 in aged tg2576 mice restores tPA
activity, normalizes neurovascular coupling, and ameliorates
cognitive dysfunction, effects associated with reduced CAA but
not amyloid plaques (Fig. 11). These observations implicate
tPA deficiency in the neurovascular and cognitive dysfunction
induced by Ab , and in the mechanisms of CAA as well.

Ab impairs endothelium-dependent relaxation (Thomas et
al., 1996), reduces resting CBF (Niwa et al., 2002a), dampens
neurovascular coupling (Niwa et al., 2000c; Tong et al., 2012;
Nortley et al., 2019), and alters the ability of cerebral blood ves-
sels to regulate CBF independently of arterial pressure (cerebro-
vascular autoregulation; Niwa et al., 2002b). As in mouse
models, cerebrovascular alterations have also been described in
presymptomatic individuals at genetic risk for AD, as well as in
people with sporadic AD early in the disease (Iadecola, 2013;
Iturria-Medina et al., 2016; Chandler et al., 2019). The cerebro-
vascular effects of Ab have been linked to reactive oxygen spe-
cies (ROS) generated by perivascular macrophages, innate
immune cells associated with cerebral blood vessels, in response

Figure 9. PAI-1 inhibition reverses neurovascular dysfunction, reduces Ab 1-40 level, and attenuates CAA, but not Ab plaques, in 11- to 12-month-old tg2576 mice. A,
Intracerebroventricular administration of the PAI-1 inhibitor PAI-039 for 4 weeks rescues tPA activity, assessed by in situ zymography, in 11- to 12-month-old tg2576 mice. *p� 0.0105 versus
vehicle (3 months); #p= 0.0001 versus vehicle (12 months); one-way ANOVA and Tukey’s test. B, It also improves the CBF response to whisker stimulation (Stim.). *p� 0.0011 versus vehicle
(3 months); #p, 0.0001 versus vehicle (12 months); one-way ANOVA and Tukey’s test. C, The CBF response to adenosine is not affected. D, E, In addition, it attenuates levels of soluble and in-
soluble Ab 1-40, but not Ab 1-42, in cortex (D) and hippocampus (E). F, The burden of CAA is reduced in the cortex, but amyloid plaques are not reduced. In D–F, *p� 0.0292, one-way
ANOVA and Tukey’s test. N= 5/group.
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to activation of the scavenger receptor
CD36 (Faraco et al., 2017; Park et al.,
2017). In particular, the endothelial dys-
function is mediated by peroxynitrite
formed by the reaction of superoxide with
NO, leading to poly-ADP-ribose poly-
merase activation, generation of ADP-
ribose, opening of the TRPM2 channel by
ADP-ribose, and Ca21 overload in endo-
thelial cells (Park et al., 2014). However,
the mechanisms of neurovascular uncou-
pling have remained unclear (Cortes-
Canteli and Iadecola, 2020). Here we
found that the deficit in tPA activity is re-
sponsible specifically for the suppression
of neurovascular coupling induced by
Ab . First, exogenous tPA can normalize
functional hyperemia, but not the endo-
thelial dysfunction, in tg2576 mice or in
WT mice with neocortical application of
Ab . Second, Ab does not impair func-
tional hyperemia in tPA-null mice, but it
induces endothelial dysfunction, pointing
to tPA being involved only in neurovascu-
lar uncoupling. Third, since the deficit in
tPA results from increased PAI-1 activity,
PAI-1 inhibition rescues the neurovascu-
lar dysfunction in tg2576 mice and in WT
mice treated with Ab , whereas Ab does

not alter functional hyperemia in PAI-1-null mice. PAI-1 genetic
deletion or inhibition does not prevent Ab from causing endo-
thelial dysfunction. These observations link Ab -induced neuro-
vascular uncoupling specifically to the PAI-1–tPA pathway and
reveal for the first time a mechanistic diversity in the impact of
Ab on the factors regulating the cerebral microcirculation.

Functional hyperemia is mediated by a wide variety of vaso-
active agents targeting different segments of the cerebrovascu-
lar tree (Iadecola, 2017). Of these, NO derived from NMDAR
activity mediates a significant fraction of the response, and
tPA is required for the full expression of this component by
enabling NO production during NMDAR activation (Park et
al., 2008a; Anfray et al., 2020). Here, we found that the deficit
in tPA attenuates functional hyperemia by suppressing the
NMDAR-NO-mediated component of the response. Thus, the
reduction in tPA caused by Ab dampens NMDAR-induced NO
production by nNOS, attenuating the rise in CBF evoked by neu-
ral activity.

How does tPA modulate NMDAR signaling? Some studies
have indicated that tPA modulates Ca21 influx through
NMDAR by cleaving the extracellular domain of the GluN1 sub-
unit (Nicole et al., 2001). Other studies have suggested that tPA
does not act on NMDAR directly. Rather, tPA may signal
through LRP1 (Martin et al., 2008; Samson et al., 2008;
Mantuano et al., 2013), which, like nNOS, is bridged to the
NMDA receptor complex through the adaptor protein PSD-95
(Gotthardt et al., 2000; May et al., 2004; Nakajima et al., 2013).
The association of LRP1 with the NMDAR–PSD–nNOS complex
is consistent with findings that tPA promotes the association
between the NMDA receptor subunit GluR2B and PSD-95
(Norris and Strickland, 2007) and for the NO production trig-
gered by NMDAR activation by modulating the phosphorylation
state of nNOS (Park et al., 2008a; Iadecola, 2017). Our

Figure 10. PAI-1 inhibition improves cognitive deficits in aged tg2576 mice. A–D, In 11- to 12-month-old tg2576 mice,
intracerebroventricular administration of the PAI-1 inhibitor PAI-039 improves cognitive deficits assessed by arm alternation
in Y-maze (A; *p� 0.0452) or novel object recognition test (B; *p� 0.0027) without affecting locomotor activity in both
tests (C, number of total arm visits in Y-maze; D, total distance in novel object recognition test). In C and D, *p� 0.0112
versus WT. Two-way ANOVA and Tukey’s test. N= 6/group.

Figure 11. Putative mechanisms by which the tPA deficit caused by Ab alters neurovas-
cular coupling and cognition. Ab increases PAI-1 activity, possibly through ROS. The result-
ing deficit in tPA reduces NMDA-dependent NO production during neural activity, disrupts
neurovascular coupling (Fig. 1), and may promote Ab accumulation (Fig. 9). Ab also indu-
ces endothelial dysfunction through mechanisms independent of tPA. Neurovascular uncou-
pling and endothelial dysfunction could promote CAA by reducing Ab vascular clearance.
The combined effect of cerebrovascular dysfunction and CAA may lead to cognitive impair-
ment. Inhibiting PAI-1 activity with PAI-039 improves deficits in neurovascular coupling,
CAA, and cognition in tg2576 mice.
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observation that the beneficial effect of tPA on functional hyper-
emia is prevented by the LRP1 inhibitor RAP would support this
hypothesis. However, RAP also inhibits lipoprotein receptors
activated by ligands other than tPA, which can also impact
NMDAR signaling (Herz, 2001; Samson and Medcalf, 2006).
Therefore, the role of LRP1 in the relationship between tPA and
NMDAR signaling needs more exploration. Furthermore,
although PAI-1 inhibition ameliorates neurovascular and cogni-
tive dysfunction in aged tg2576 mice, the role of the tPA–
NMDAR–NO pathway needs to be explored further at this age.

Our data that tPA activity is reduced and PAI-1 activity is
increased in tg2576 mice are consistent with similar findings in
AD and mouse models (Tucker et al., 2000; Melchor et al., 2003;
Cacquevel et al., 2007; Jacobsen et al., 2008; Hanzel et al., 2014;
Oh et al., 2014). Increases in PAI-1 expression and activity have
also been described in several cardiovascular diseases (Rosenberg
and Aird, 1999; Jung et al., 2018; Yu et al., 2019). In these condi-
tions, the upregulation has been attributed to oxidative stress, which
promotes PAI-1 expression and/or activation (Nicholl et al., 2006;
Collins-Underwood et al., 2008; Zhao et al., 2009; Sangle et al.,
2010; Ko et al., 2015), or a loss of NO, which has been shown to
suppress PAI-1 activity (Katoh et al., 2000; Kaikita et al., 2001). The
mechanisms by which Ab upregulates PAI-1 activity remain
unclear and, although Ab -derived ROS could play a role, support-
ive evidence is lacking. Irrespective of how amyloid pathology
increases PAI-1 activity, previous studies have shown that reconsti-
tuting tPA activity reduces amyloid plaques and ameliorates cogni-
tive function in mouse models (Melchor et al., 2003; Jacobsen et al.,
2008; Oh et al., 2014). These effects were attributed to the ability of
the tPA to promote the breakdown of Ab through a direct proteo-
lytic effect of plasmin or by upregulating Ab degrading enzymes
(Miners et al., 2008). In agreement with these studies, we also found
that the rescue of tPA activity by inhibition of PAI-1 for 4weeks in
aged tg2576 mice improves neurovascular coupling and cognition.
However, these improvements were not associated with a reduction
in Ab1–42 and amyloid plaques, but with a reduction in Ab1–40 and
CAA. This outcome is anticipated based on the fact that Ab1–40

accumulates predominantly in cerebral blood vessels and Ab1–42 in
plaques, and is consistent with the finding that deletion of the scav-
enger receptor CD36 ameliorates CAA and reduces Ab1–40 but not
amyloid plaques and Ab1-42 (Park et al., 2008b, 2013). These obser-
vations raise the possibility that re-establishing neurovascular func-
tion with tPAmay also promote Ab1–40 clearance by cerebral blood
vessels, one of the main pathways for Ab disposal (Iadecola, 2013,
2017; Tarasoff-Conway et al., 2016). Considering that tPA did not
improve endothelium-dependent relaxation, rescue of neurovascu-
lar coupling could be sufficient to ameliorate cognitive function and
CAA. However, concomitant beneficial effects of tPA on Ab degra-
dation and synaptic plasticity cannot be excluded and could also
play a role.

Our data implicate a loss of tPA activity in the mechanisms of
CAA, a major cause of cortical hemorrhages in the elderly and a
key component of AD pathology (Greenberg et al., 2020). The
finding that rescuing tPA activity reduces vascular amyloid
accumulation suggests a potential beneficial role in CAA.
Preservation of tPA activity could also be beneficial in amyloid-
related imaging abnormalities, an adverse effect of anti-Ab
immunotherapy (Sperling, 2011) characterized by perivascular
inflammation, microhemorrhages, and edema attributed to the
vascular effects of Ab released from amyloid plaques (Boche et
al., 2010; Sakai et al., 2014). However, increasing tPA activity in

CAA raises the concern that the resulting increase of fibrinolysis
may cause cerebral hemorrhage, especially in ApoE2 carriers
who are more prone to hemorrhages in CAA and in ApoE4 car-
rier in whom the blood–brain barrier is compromised
(Greenberg et al., 2020; Montagne et al., 2020). On the other
hand, treatment with anticoagulants has been advocated and
shown to be effective in animal models by reducing fibrin
(Cortes-Canteli et al., 2010, 2019). Therefore, modulation of
PAI-1-tPA for therapy may be promising and requires further
scrutiny.

In conclusion, we have demonstrated that reduced tPA activ-
ity is responsible specifically for the attenuation in neurovascular
coupling, but not for the endothelial dysfunction, in tg2576 mice
or in WT mice treated with Ab . The mechanisms of effect
involve uncoupling NMDAR activity from NO production from
nNOS, possibly by engaging LRP1. The attenuation in tPA is sec-
ondary to upregulation of PAI-1 activity, and inhibition of PAI-1
increases tPA and leads to a full rescue of the neurovascular dys-
function and cognitive impairment in aged tg2576 mice, effects
associated with a reduction in CAA, but not amyloid plaques.
The data unveil a previously unappreciated diversity in the
effects of Ab on the cerebral vasculature and a specific involve-
ment of tPA in the pathobiology of CAA, with potential thera-
peutic implications.
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