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Abstract

INTRODUCTION: Amyloid beta (AB) impairs the cerebral blood flow (CBF) increase
induced by neural activity (functional hyperemia). Tissue plasminogen activator (tPA)
is required for functional hyperemia, and in mouse models of A§ accumulation tPA defi-
ciency contributes to neurovascular and cognitive impairment. However, it remains
unknown if tPA supplementation can rescue AB-induced neurovascular and cognitive
dysfunction.

METHODS: Tg2576 mice and wild-type littermates received intranasal tPA
(0.8 mg/kg/day) or vehicle 5 days a week starting at 11 to 12 months of age and
were assessed 3 months later.

RESULTS: Treatment of Tg2576 mice with tPA restored resting CBF, prevented the
attenuation in functional hyperemia, and improved nesting behavior. These effects
were associated with reduced cerebral atrophy and cerebral amyloid angiopathy, but
not parenchymal amyloid.

DISCUSSION: These findings highlight the key role of tPA deficiency in the neu-
rovascular and cognitive dysfunction associated with amyloid pathology, and suggest

potential therapeutic strategies involving tPA reconstitution.

KEYWORDS
amyloid beta, atrophy, cerebral amyloid angiopathy, dementia, functional hyperemia, neuroin-
flammation

Highlights

» Amyloid beta (AB) induces neurovascular dysfunction and impairs the increase of
cerebral blood flow induced by neural activity (functional hyperemia).

 Tissue plasminogen activator (tPA) deficiency contributes to the neurovascular and

cognitive dysfunction caused by AS.
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1 | BACKGROUND

Alzheimer’s disease (AD) and related dementias have emerged as a
major challenge in contemporary health care.!3 The neuropathol-
ogy of AD is characterized by the accumulation of amyloid beta
(AB) in the brain parenchyma (amyloid plaques) and around blood
vessels (cerebral amyloid angiopathy [CAA]), and of neurofibrillary tan-
gles constituted by intracellular hyperphosphorylated tau.*~” Recent
evidence underscores neurovascular dysfunction as an early manifes-
tation of AD, exerting a detrimental impact on the disease’s expression
and progression,*>8? and suggests that counteracting neurovascular
dysfunction may be beneficial in AD patients.>>

ApB attenuates the increase of cerebral blood flow (CBF) evoked
by neural activity (functional hyperemia), or by vasoactive mediators
acting on endothelial cells.®10-15 The mechanisms of the neurovas-
cular dysfunction induced by AB remain to be fully elucidated, but
we recently reported that the attenuation in functional hyperemia is
accountable in part by a reduction in the activity of the tissue plas-
minogen activator (tPA).1* tPA, a serine-protease renowned for its role

16-18

in fibrinolysis, plays a key role in the full expression of functional

21-24 is required

hyperemia.1314.19.20 tPA released by synaptic activity,
for the production of the vasodilator nitric oxide (NO) from neuronal
NO synthase (nNOS) upon NMDA receptor (NMDAR) activation.2>-28
Thus, tPA is required for the full expression of the NMDAR-nNOS
dependent component of functional hyperemia.'314

In AD brains, as in mice overexpressing the amyloid precursor pro-
tein (APP) and AB,1427-31 tPA levels are reduced due to increased
activity of the endogenous tPA inhibitor PAI-1.273233 Thus, PAI-1
upregulation and the resulting tPA deficiency underlie the reduction
in functional hyperemia in Tg2576 mice overexpressing the Swedish
mutation of APP.143! Furthermore, prolonged rescue of tPA activity
by intracerebral PAI-1 inhibition reinstates neurovascular coupling,
reduces CAA, and improves cognitive function in aged Tg2576 mice
without affecting amyloid plaques.* These observations raise the pos-
sibility that tPA supplementation could be an effective therapeutic
approach to counteract the deleterious effect of tPA deficiency on
Ag-induced neurovascular pathology as well as cognitive function.

To more directly demonstrate that the beneficial effects of PAI-I
inhibition are related to rescuing tPA deficiency, we used adminis-
tration of tPA in symptomatic Tg2576 mice to establish its impact
on neurovascular regulation, cognitive function, and CAA. We found
that intranasal administration of tPA, a well-established route of tPA

34-39

supplementation, ameliorates CAA and rescues neurovascular

and cognitive dysfunction in aged Tg2576 mice. The findings provide

amyloid angiopathy.
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* In mice with florid amyloid pathology intranasal administration of tPA rescues the

neurovascular and cognitive dysfunction and reduces brain atrophy and cerebral

* tPA deficiency plays a crucial role in neurovascular and cognitive dysfunction

induced by A and tPA reconstitution may be of therapeutic value.

direct evidence that tPA deficiency is a critical contributor to the dele-
terious neurovascular and cognitive effects of amyloid pathology and
raise the possibility that rescuing tPA activity may have translational

potential.

2 | METHODS

2.1 | Mice

The Institutional Animal Care and Use Committee of Weill Cornell
Medicine approved all experimental procedures. Experiments were
performed in 11- to 15-month-old Tg2576 mice overexpressing the
Swedish mutation of APP (K670/671L)*° or age-matched wild-type
(WT) littermates. All mice were males and derived from in-house
colonies. #1743

2.2 | Intranasal tPA administration

Tg2576 and WT littermates (age 11-12 months) were familiarized
with the handling procedure and then randomly assigned to receive
intranasal instillment of tPA (a generous gift from Genentech) as pre-
viously described3#-36:38:39 (Figure 1). Awake mice were instilled with
tPA (0.8 mg/kg dissolved in dH,O/day; 10 ulL/nostril) for 5 days/week
over 12 weeks. tPA dosage was based on studies showing effectiveness
in other disease models.34-3? Control groups received vehicle (dH,0)

with the same protocol as above.

Age 11-12 W 14-15(months)
T T T T 1T 1T
1 12 weeks CBF measurement Whisker
Intranasal tPA stimulation
- 0.8 mg/kg per day NMDA - " \
Q- - 5 days/week Acetylcholine CBFI&
@/ - 12 weeks Adenosine T
- R
Lq/ WT and Tg2576 )
MRI
Nesting
CAA and amyloid plaques

FIGURE 1 Experimental plan. tPA was intranasally administered
at 11to 12 months of age in WT and Tg2576 mice. Three months later,
resting CBF (ASL-MRI), CBF responses (laser-Doppler flowmetry),
brain atrophy (T2-MRI), cognition (nesting), and CAA and amyloid
plaques (histopathology) were assessed. ASL, arterial spin labeling;
CAA, cerebral amyloid angiopathy; CBF, cerebral blood flow; MRI,
magnetic resonance imaging; tPA, tissue plasminogen activator; WT,
wild type.
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2.3 | Magnetic resonance imaging

Magnetic resonance imaging (MRI) was performed on a 7.0 tesla 70/30
Bruker Biospec small-animal MRI system with 450 mT/m gradient
amplitude and a 4500 T/m/s slew rate, as previously reported.** Briefly,
the animals were anesthetized with isoflurane (1%-2%) and placed in
the MRI scanner. A volume coil was used for transmission and a sur-
face coil for reception. The magnet coordinates of each animal varied a
bit between mice, but the anatomical slice package was always aligned
in the same way on each mouse, with the final slice in the forebrain
immediately before the olfactory bulb. This allowed the ability to con-
sistently landmark the anatomical images and then center the arterial
spin labeling (ASL) slice package a set distance from the anatomi-
cal slice package. Anatomical localizer images were acquired to find
the transversal slice corresponding to the somatosensory cortex.**
This position was used for subsequent ASL imaging, which was based
on a flow-sensitive alternating inversion recovery rapid acquisition
with relaxation enhancement (FAIR-RARE) pulse sequence labeling the
inflowing blood via the global inversion of the equilibrium magnetiza-
tion. Three averages of one axial slice were acquired with a field of view
of 15 x 15 mm, a spatial resolution of 0.234 x 0.234 x 2 mm?3, an echo
time (TE) of 5.368 ms, an effective TE of 26.84 ms, a repeat time (TR) of
10 seconds, and a rapid imaging with refocused echoes (RARE) factor
of 36. For the computation of CBF, the Bruker ASL perfusion process-
ing macro was used.** Turbo-RARE anatomical images were acquired
with the same field of view and orientation as the ASL images (reso-
Jution of 0.078 x 0.078 x 1 mm3, TE of 48 ms, TR of 2000 ms, and a
RARE factor of 10). The total scan time (ASL plus anatomical images)
was 39 minutes. The ASL-MRI and T2-weighted MRI images were
evaluated for resting CBF and for cortical and hippocampal anatomy,
respectively, at the bregma level of —1.70 mm*> using ImageJ 1.54 h
(NIH). The average CBF value is reported as mL/100 g of tissue per
minute (mL/100 g/minute). To measure the cortical thickness, two to
three measurements were taken bilaterally in a coronal section at
different levels from the midline and averaged to produce the mean
thickness in mm.** To measure the hippocampal volume, the regions
of interest (ROIs) representing the right and left hippocampi were
drawn on T2-weighted coronal sections and measured. The hippocam-
pal volume (mm?3) was then calculated using the following formula:
the hippocampal volume = sum of ROl x 0.5 mm (a thickness of a
T2-weighted MRI section).

2.4 | CBF measurement

41-44 mice were anesthetized with isoflu-

As detailed previously,
rane (induction, 5%; surgery, 1.5%) and maintained with urethane
(750 mg/kg; ip) and a-chloralose (50 mg/kg; ip). A femoral artery was
cannulated to record arterial pressure and collect blood samples
for blood gas analysis. The trachea was intubated, and mice were
artificially ventilated with a mixture of N, and O,. Arterial blood
pressure (80-90 mmHg), blood gases (pO,, 120-140 mmHg; pCO,,

30-40 mmHg; pH, 7.3-7.4), and rectal temperature (37°C) were

RESEARCH IN CONTEXT

1. Systematic review: Amyloid beta (AB) is a major contribu-
tor to Alzheimer’s disease (AD) and attenuates functional
hyperemia. Tissue plasminogen activator (tPA) is required
for the full expression of the increase in cerebral blood
flow (CBF) induced by neural activity and its deficiency
contributes to the neurovascular and cognitive function
impairments induced by Aj, but it is unclear if tPA supple-
mentation can prevent the AB-induced impairments.

2. Interpretation: We found that intranasal administration
of recombinant tPA in aged Tg2576 mice reverses the
reduction in resting CBF and prevents brain atrophy.
Additionally, tPA rescued the deficit in functional hyper-
emia, improved nesting behavior and reduced cerebral
amyloid angiopathy.

3. Future directions: We will test the effectiveness and
safety of tPA variants that do not affect blood clotting,
as a potential therapeutic option for mitigating the cere-
brovascular and cognitive effects of amyloid pathology.

monitored and controlled. Throughout the experiment, the level of
anesthesia was monitored by testing motor responses to tail pinch.
The somatosensory cortex was exposed through a small craniotomy
(2-2 mm). The dura was removed, and the exposed cortex was con-
tinuously bathed with a modified Ringer’s solution (36-37°C; pH:
7.3-7.4) (see ladecola*® for composition). CBF was continuously
monitored at the site of superfusion with a laser-Doppler probe
(Perimed Inc.) positioned stereotaxically on the neocortical surface
and connected to a computerized data acquisition system. CBF values
were expressed as a percent increase relative to the resting level. CBF
was recorded after arterial pressure and blood gases were in a steady
state. For functional hyperemia, the whiskers were mechanically
stimulated for 30 seconds and the associated increase in CBF recorded
over the somatosensory cortex. To test the NMDAR-dependent
component of functional hyperemia, NMDA (40 uM; Sigma-Aldrich)
was topically superfused on the cranial window. The concentra-
tion was previously established not to induce cortical spreading
depression, which also causes CBF increases.'®14 Acetylcholine
(100 uM, Sigma) or adenosine (400 uM; Sigma) was topically super-
fused for 3 to 5 minutes to test endothelium-dependent or smooth
muscle vasoactivity, respectively, and the evoked CBF increases
recorded.'®14

2.5 | Immunohistochemistry

Mice were anesthetized with sodium pentobarbital (120 kg/kg, ip) and
perfused transcardially with phosphate-buffered saline (PBS) followed
by 4% paraformaldehyde (PFA) in PBS. Brains were removed, postfixed
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overnight, and sectioned coronally in a vibratome (section thickness:
40 um). Free-floating sections were permeabilized with 0.5% Triton
X-100 and non-specific binding was blocked with 1% of normal donkey
serum. Sections were randomly selected and incubated with the
primary antibodies Iba-1 (rabbit polyclonal, 1:500, Catalog # 019-
19741, Wako Chemicals) or glial fibrillary acidic protein (GFAP; mouse
monoclonal, 1:1000, Catalog # G3893, Sigma) overnight at 4°C. After
washing, sections were incubated with a fluorescein isothiocyanate-
conjugated secondary antibody (1:200; Jackson ImmunoResearch Lab-
oratories), mounted on slides and imaged with a confocal microscope
(Leica SP8). In some experiments, sections were stained with thioflavin-
S (0.5%) to assess amyloid plaques and CAA with the blood vessels
marker CD31 (see Section 2.6.2). The specificity of the immunoflu-
orescence was verified by the omission of the primary and/or
secondary antibody. All quantifications were performed by investiga-
tors blinded to the treatment on randomly selected fields within the

neocortex.

2.6 | CAA and amyloid plaque

2.6.1 | Invivo CAA imaging

Pial vessel CAA was imaged using 2-photon microscopy. Optical
access to the brain was achieved through a polished and reinforced
thinned skull preparation sealed with cyanoacrylate glue and a cover
glass.*34447 Ten weeks after tPA instillation as above, mice were
equipped with a cranial window and allowed 2 weeks to recover
from the surgery. To label AB deposits, methoxy-X04 (Tocris, dis-
solved in dimethyl sulfoxide at 100 mM) was intraperitoneally injected
1 day before imaging at a dose of 1 mg/100 g.*° To fluorescently
label the blood vessel, Texas Red dextran (40 wuL, 2.5%, molecular
weight [MW] = 70,000 kDa, Thermo Fisher Scientific) in saline was
injected retro-orbitally immediately before imaging. Imaging was per-
formed on a commercial 2-photon microscope (FVMPE; Olympus) with
XLPlan N 25 A ~ 1.05 NA objective. Excitation pulses came from a
solid-state laser (InSight DS+; Spectraphysics) set at a wavelength of
830 nm. Image stacks were acquired through Fluoview software. Dur-
ing imaging, anesthesia was maintained with ~ 1.5% isoflurane in an
oxygen/nitrogen mix (21% oxygen), with slight adjustments made to
the isoflurane to maintain the respiratory rate at ~ 1 Hz. Animals
were kept at 37°C with a feedback-controlled heating pad. Two pho-
ton images are an average projection of three-dimensional stacks using
ImageJ (NIH).

2.6.2 | CAA and amyloid plaque burden using
immunohistochemistry

To quantify CAA and amyloid plaque burden,#*%43 coronal sections
were stained with the blood vessels marker CD31 (goat polyclonal,
1:150, Catalog # AF3628, R&D Systems) followed by thioflavin-S

(0.5%), mounted on slides, and imaged with a confocal microscope

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

(Leica SP8). CAA and plaque burden were quantified using Image)
(NIH, v1.54 h) and expressed as a percentage (%) of the total area of
the section.

2.7 | Microhemorrhage detection

Microhemorrhages were assessed by performing Perl’s Prussian blue
staining and hepcidin immunolabeling. For Perl’s Prussian blue stain-
ing, after 12 weeks of intranasal tPA treatment mice were anesthetized
with intraperitoneal pentobarbital (200 mg/kg) and perfused tran-
scardially with PBS followed by 4% PFA. The brains were removed
and immersed first in 4% PFA overnight, and then the brains were
embedded in paraffin and sectioned coronally in 6 um using a micro-
tome. Coronal sections were collected from three different planes
of the brain (approximately 2.5 mm apart) and mounted on super-
frost plus slides. The slides were incubated in a Prussian blue solution
containing freshly prepared 5% potassium hexacyanoferrate trihy-
drate and 5% hydrochloric acid (Sigma). Sections were counterstained
in 0.1% Nuclear fast red. Microhemorrhages were quantified in the
somatosensory cortices using 20x images, and ImageJ (NIH) software
was used for analysis. The count of Prussian blue-positive deposits,
indicative of hemorrhages, was averaged per mouse, with each mouse
being treated as an individual data point. For hepcidin immunolabel-
ing, coronal sections were co-stained with hepcidin (rabbit polyclonal,
1:200, Catalog# ab30760, abcam) and the endothelial marker CD31
(goat polyclonal, 1:150, Catalog # AF3628, R&D Systems) followed
by thioflavin-S (0.5%), mounted on slides, and imaged with a confocal
microscope (Leica SP8).

2.8 | Nesting test

In the evening mice were placed in individual cages with preweighed
nestlets (3 g/cage) and the next morning the remaining nestlets not
assembled into a nest were weighed.*38 The nests were scored on
a 5-point rating scale based on the remaining nestlet ratio and shred-
ded conditions: (1) nestlet not noticeably torn (>90% nestlet untorn),
(2) nestlet partially torn (50%-90% nestlet untorn), (3) nestlet mostly
shredded but no recognizable nest built (<50% nestlet untorn), (4) nest
built recognizable but flat (<10% nestlet untorn), (5) nest near per-
fectly built like a crater (<10% nestlet untorn) with walls higher than
mouse body height for more than 50% of its circumference. Shredded

nestlets were expressed as %.

2.9 | Statistics

Sample sizes were determined by power analysis using G*Power
(v.3.1.9.2) based on previous works published by our lab on CBF
regulation cognitive testing.144344 The experiments were randomized
based on the random number generator (https:// www. random.com)

and were performed and analyzed in a blinded fashion whenever
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FIGURE 2

Intranasal tPA administration prevents neurovascular dysfunction and the associated brain atrophy in Tg2576 mice. A, Compared

to vehicle-treated WT littermates, vehicle-treated Tg2576 mice (age 14-15 months) exhibit reduced neocortical and hippocampal CBF (ASL-MRI;
representative images on the left and quantification on the right), which is completely restored in intranasal tPA-treated Tg2576 mice. N = 8-10
mice/group; two-way ANOVA with Tukey test; data presented as mean + SEM; scale bar, 1 mm. B, Neocortical thickness and hippocampal volume
(T2-MRI) at the level of the somatosensory cortex (—1.22 to —1.70 mm from bregma), are reduced in vehicle-treated Tg2576 mice, but not in
tPA-treated Tg2576 mice. N = 8-10 mice/group; scale bar, 1 mm. C, In vehicle-treated Tg2576 mice, CBF responses to whisker stimulation
(functional hyperemia) and to the neocortical application of NMDA (40 uM) or acetylcholine (100 uM) are attenuated. In contrast, in intranasal
tPA-treated Tg2576 mice, functional hyperemia and CBF response to NMDA are rescued, but, as anticipated,14 the CBF response to
acetylcholine is still attenuated. The CBF response to adenosine (400 uM) is not affected. N = 5/group; two-way ANOVA with Tukey test; data
presented as mean + SEM. D, Intranasal tPA does not affect microhemorrhages assessed by Prussian blue staining in Tg2576 mice. N = 5/group;
data presented as mean + SEM; scale bars, 200 and 10 um. ANOVA, analysis of variance; ASL, arterial spin labeling; CBF, cerebral blood flow; MRI,
magnetic resonance imaging; SEM, standard error of the mean; tPA, tissue plasminogen activator; WT, wild type.

possible. Data and image analyses were done using Image) 1.54f
(NIH) or Prism 10 for MacOS (GraphPad Software). Data were tested
for normal distribution by the D’Agostino-Person test and for out-
liers by the Grubbs test (extreme studentized deviate). Two-group

comparisons were analyzed using an unpaired two-tailed t test,

as indicated. Multiple comparisons were evaluated by one-way or
two-way analysis of variance (ANOVA) and Tukey test. Differences
were considered statistically significant for probability values less
than 0.05. Data are expressed as the mean + standard error of the
mean.
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3 | RESULTS (A)
3.1 | Intranasal administration of tPA rescues

resting CBF, brain atrophy, and neurovascular
dysfunction in 14- to 15-month-old Tg2576 mice

To investigate whether tPA supplement rescues the neurovascular
dysfunction induced by amyloid accumulation, we administered tPA
(0.8 mg/kg/day) intranasally to Tg2576 mice.343¢-37 tPA was instilled
intranasally at an age (11-12 months) when A pathology is accumu-
lating and examined neurovascular and cognitive function once after 3
months of treatment4#1-43 (Figure 1). We first assessed resting CBF
(mL/100 g/min; ASL-MRI) and found that in vehicle (dH,O)-treated
Tg2576 mice, CBF was attenuated in the neocortex and hippocampus
compared to vehicle-treated WT littermates (Figure 2A). In addi-
tion, in vehicle-treated Tg2576 mice, the neocortex was thinner and
hippocampal volume reduced compared to WT mice, assessed by T2-
MRI (Figure 2B). tPA administration prevented the attenuation in the
neocortical and hippocampal CBF and the reduction in neocortical
thickness and hippocampal volume (Figure 2A,B). Intranasal tPA did
not affect these parameters in WT mice (Figure 2A,B), ruling out that
the rescues in resting CBF, cortical thickness, and hippocampal volume
resulted from non-specific effects.

Then, we examined the effect of intranasal tPA on neurovascu-
lar regulation in anesthetized mice equipped with a cranial window.
In vehicle-treated Tg2576 mice, the increase in somatosensory cor-
tex CBF evoked by whisker stimulation or by neocortical application
of NMDA and the CBF response to acetylcholine were attenuated
compared to vehicle-treated WT littermates, while CBF response to
adenosine was not affected (Figure 2C). Intranasal tPA administration
prevented the attenuation in CBF induced by whisker stimulation or by
neocortical superfusion of NMDA, but as anticipated,314 the response
to acetylcholine was not rescued (Figure 2C). Tg2576 mice exhibited
rare microhemorrhages in neocortex, assessed by Prussian blue stain-
ing or immunolabeling for hepcidin, a regulator of iron levels,*” which
were not affected by intranasal tPA (Figure 2D; Figure S1 in support-
ing information). Thus, intranasal tPA prevents the attenuations in
resting CBF, brain atrophy, and NMDA receptor-dependent functional
hyperemia in aged Tg2576 mice.

3.2 | Intranasal tPA improves nesting behavior and
reduces CAA burden but not amyloid plaques in aged
Tg2576 mice

Next, we investigated whether intranasal tPA administration improves
cognitive impairment and Ag pathology in aged Tg2576 mice. First, we
examined the impact of intranasal tPA on nesting behavior, a sensi-
tive indicator for cognitive alteration in Tg2576 mice at this age.*? In
vehicle-treated Tg2576 mice, nesting behavior, assessed by the nesting
score and shredded nestlet, was impaired compared to vehicle-treated
WT mice (Figure 3). Intranasal tPA administration did not affect nest-

ing behavior in WT mice, but it markedly improved the nest building
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FIGURE 3 Intranasal tPA administration prevents cognitive

dysfunction in aged Tg2576 mice. Nest building abilities (A,
representative nest building images; B, quantification) are improved in
intranasal tPA-treated Tg2576 mice, compared to vehicle-treated
Tg2576 mice, as shown by a significantly higher nesting score and %
shredded nestlets. N = 9/group; two-way analysis of variance and
Tukey test. Data presented as mean + standard error of the mean. tPA,
tissue plasminogen activator; WT, wild type.

in Tg2576 mice (Figure 3). Considering the link between CAA bur-
den and cognitive function,1#424350 we further investigated whether
the improvement in the nest building behavior is associated with a
reduction in CAA. As anticipated,* tPA administration attenuated
CAA burden, but did not affect amyloid plaques (Figure 4A,B). Notably,
intranasal tPA did not influence GFAP* astrocytes and Ibal* myeloid
cells (Figure 5). In conclusion, our findings suggest that intranasal tPA
improves nesting behavior and reduces CAA without affecting amyloid

plaques in aged Tg2576 mice.

4 | DISCUSSION

The present observations demonstrated that tPA supplement counter-
acts neurovascular and cognitive dysfunction induced by A8 accumu-
lation in 14- to 15-month-old Tg2576 mice. Intranasal tPA not only
prevents the CBF attenuation in the neocortex and hippocampus, but
also improves the attenuation in CBF produced by neural activity and
by neocortical superfusion of NMDA. These beneficial effects are asso-
ciated with reduced atrophy, improved nesting behavior, and reduced
CAA but not amyloid plaques. The findings suggest that tPA admin-
istration counteracts deleterious neurovascular and cognitive effects
associated with Ag pathology.

Functional hyperemia, the localized CBF increase evoked by
neural activity, relies on various vasoactive factors that act on dif-
ferent parts of the brain vasculature.>?51 tPA plays a key role in

postsynaptic events coupling NMDA receptor activation to the
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FIGURE 4

Intranasal tPA administration attenuates pial and neocortical CAA in aged Tg2576 mice. A, In vivo two-photon excited fluorescent

images illustrating methoxy-XO4* amyloid deposits (magenta) around somatosensory cortex blood vessels (green) identified by retroorbital
injection of 70 kDa Texas Red dextran. Methoxy-XO4+ AjB deposits are reduced in intranasal tPA-treated Tg2576 compared to vehicle-treated
Tg2576 mice. B, CAA burden (% thioflavin-S* area) in cortical sections labeled with thioflavin-S and the blood vessel marker CD31 is reduced in
intranasal tPA-treated Tg2576 compared to vehicle-treated Tg2576 mice, but amyloid plaque burden (% thioflavin-S* plaque area) was
comparable between the two groups. In (A) and (B), arrows indicate CAA and arrowheads plaques. N = 5/group; unpaired t test; scale bars, 100 um
in (A) and 200 um in (B); data presented as mean + standard error of the mean. Aj, amyloid beta; CAA, cerebral amyloid angiopathy; tPA, tissue

plasminogen activator; WT, wild type.

nNOS-NO-dependent component of the resulting hyperemic
response.131420 tPA s released from active neurons2324°2-34 and is
required for the full expression of the CBF increase triggered by neural
activity.131419 These neurovascular effects are mediated by promot-
ing the phosphorylation of nNOS and resulting in NO production dur-
ing NMDA receptor activation.’®> We have previously demonstrated
that tPA deficiency is implicated in the neurovascular and cognitive
dysfunction induced by AB.1* AB upregulates the tPA inhibitor PAI-1
and causes tPA deficiency.2#29-31 Thus, we found that suppressing
such PAI-1 upregulation rescues tPA activity and prevents AS from
impairing neurovascular and cognitive function in aged Tg2576 mice.1*
In the current study, we sought to link the improvement produced by

PAI-1 inhibition directly to tPA. To this end, we instilled recombinant

tPA intranasally for 12 weeks in aged Tg2576 mice. We found that
intranasal tPA prevents cortical and hippocampal atrophy, resting CBF
decline, and attenuation in functional hyperemia and cognitive function
in Tg2676 mice. However, cognitive function was assessed only by nest
building, and verification with other cognitive tests would be desirable.

The mechanisms by which tPA counteracts the deleterious con-
sequences of amyloid pathology remain to be fully elucidated. In
presymptomatic AD, resting CBF is attenuated and hemodynamic
responses to neural activation are decreased,’>~>? indicating early con-
tribution to disease progression. Therefore, one possibility is that tPA,
by ameliorating functional hyperemia, provides more nutritional flow
to the brain of Tg2576 mice, resulting in improved cerebral perfusion

and attenuation of cerebral atrophy and cognitive dysfunction.
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FIGURE 5 Intranasal tPA administration does not affect astrocytes and microglia/macrophages in the neocortex of the aged Tg2576 mice. The

number and % areas of GFAP* astrocytes (A) and Ibal* microglia/macrophages (B) are higher in vehicle-treated Tg2576 mice compared to
vehicle-treated WT littermates, which is not affected by intranasal tPA administration. N = 5/group; two-way analysis of variance with Tukey’s test;
scale bar in (A) and (B), 100 um; data presented as mean + standard error of the mean. GFAP, glial fibrillary acidic protein; tPA, tissue plasminogen

activator; WT, wild type.

Another possibility is that the beneficial effects of tPA are related
to the reduction in CAA. The efficient clearance of AS from the brain
requires intact neurovascular function.®?:%9 Therefore, it is reasonable
to assume that tPA by improving functional hyperemia in Tg2576 mice
may enhance Ag clearance from the brain through transvascular, par-
avascular (glymphatic), and perivascular pathways.%-2 In support of
this hypothesis, we recently found that rescuing neurovascular func-
tion in Tg2676 mice by deletion of the AB binding scavenging receptor
CD36 is able to improve transvascular and paravascular clearance of
AB from the brain.43 In this regard, it is of interest that tPA reduced
CAA but not amyloid plaques. The mechanisms of the selectivity of
the amyloid clearing effects remains to be elucidated. Furthermore,
the beneficial impact of additional protective actions of tPA in reduc-
ing APP processing, promoting A enzymatic degradation, enhancing
synaptic plasticity, and counteracting the plasma contact system can-
not be ignored,21:23:30.63-66 and their role needs to be addressed in
future studies. Finally, sexual dimorphism, blood-brain barrier perme-
ability, astrogliosis, and microglia in the beneficial effects of intranasal

tPA warrant further investigation.

Our observation that tPA supplementation reduced vascular
amyloid accumulation may have implications for counteracting the
pathological effects of CAA, but with a critical caveat. CAA is a major
cause of cortical hemorrhages in the elderly?°° and increases the
risk of the amyloid-related imaging abnormality (ARIA), a treatment-
limiting complication of AB immunotherapy. ARIA is observed with
MRI in cortical areas in up to 47% of patients receiving the highest,
most effective, dose and in some patients induces symptoms that
prompt stopping therapy.2¢7-6? ARIA has been attributed to the
overload of brain blood vessels by AS released from the breakdown of
amyloid plaque resulting in vascular dysfunction and damage.3¢7-70
In this context, because rescuing tPA, either by PAI-1 inhibition* or
supplementation (present study), may improve vascular health and
CAA, tPA treatment may be beneficial in protecting the brain from the
deleterious effects of this condition. The important caveat is that tPA
is an anticoagulant and may also reduce vascular stability by activating
metalloproteases.”>72 A recent case of a patient who had received
AB immunotherapy and died of a massive hemorrhage after receiving
tPA for ischemic stroke treatment”® highlights the complexity of using
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this approach. Therefore, it would be imprudent to consider using tPA
in cases of CAA or as an adjuvant to A immunotherapy. Fortunately,
tPA variants that do not interfere with the clotting system have been
developed®®7475 and, after additional animal testing to verify their
efficacy, could be contemplated as a possible therapeutic approach for
CAA and related complications.

5 | CONCLUSION

We found that tPA supplementation prevents the attenuation of CBF
in the neocortex and hippocampus and rescues functional hyperemia.
These vascular effects are associated with reducing brain atrophy, CAA
burden, and cognitive dysfunction in Tg2576 mice. Taken together,
these tPA rescue experiments provide more direct evidence for the
pathogenic role of tPA deficiency in the detrimental neurovascular
and cognitive effects of AB and strengthen the case for new thera-
peutic approaches based on counteracting tPA deficiency in conditions

associated with amyloid pathology.
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