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Abstract
Background Alzheimer’s disease (AD) is the most prevalent neurodegenerative disease. Three new drugs for AD 
based on monoclonal antibodies against the amyloid-β peptide (Aβ) have recently been approved because they favor 
the reduction of the burden of senile plaque in the AD patient’s brain. Nonetheless, both drugs have very limited 
applicability and benefits and show several side effects. These limitations invite us to find alternative strategies for 
treating patients with AD. Here, we explored whether tissue-nonspecific alkaline phosphatase (TNAP), an ectoenzyme 
upregulated in the brain of AD patients and whose inhibition has beneficial effects on tau-induced pathology, is also 
efficient in reducing senile plaque burden.

Methods To evaluate whether TNAP may reduce cerebral senile plaque loading and Aβ-related toxicity, we use both 
pharmacological and genetic approaches. We analyze postmortem samples from human AD patients, APP/PS1 mice 
(a mouse model that mimics amyloid pathology observed in AD patients) treated or not with TNAP inhibitors, and the 
newly generated transgenic mouse line, TNAP-deficient APP/PS1 mice.

Results For the first time, we describe that genetic or pharmacological blockade of TNAP effectively reduces 
senile plaque burden by promoting its clearance, which leads to amelioration of cognitive impairment caused 
by Aβ-induced toxicity. These beneficial effects of TNAP inhibition occur concomitantly with higher microglial 
recruitment toward the senile plaque and increased microglial phagocytic capacity of Aβ by a mechanism involving 
metalloprotease-depending osteopontin processing. In addition, we also found that TNAP blockade favors LRP1-
mediated transport of Aβ through the BBB.

Conclusions Here, we have shown that TNAP inhibition effectively reduces brain senile plaque burden and 
associated behavioral defects. Furthermore, given that we had previously reported that TNAP blockade also 
ameliorates Tau-induced neurotoxicity and increases lifespan of P301S tauopathy mouse model, we can state that 
TNAP blockade may be a novel and efficient therapy for treating patients with AD.
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Background
Alzheimer’s disease (AD) is a neurodegenerative disease 
characterized by the presence of two neuropathological 
hallmarks: intracellular neurofibrillary tangles assembled 
by hyperphosphorylated tau protein [1] and extracel-
lular amyloid senile plaques primarily composed of the 
amyloid-β peptide (Aβ), which results from the sequen-
tial proteolysis of amyloid precursor protein (APP) by 
β- and γ-secretase [2]. Unfortunately, nowadays, there 
is no effective therapy for treating patients. Neverthe-
less, based on significant findings revealing that (i) less 
than 5% of AD cases are related to missense mutations or 
alternative splicing of APP and presenilin-1 and − 2 (PS1 
and PS2) genes, termed early-onset familial AD (FAD) 
[3, 4] and (ii) senile plaques emerge earlier than neuro-
fibrillary tangles, even decades before the onset of the 
first symptoms [5, 6], many early efforts were aimed at 
developing therapeutic strategies favoring the reduction 
of the burden of senile plaques. Thus, several pre-clinical 
and clinical trials have been conducted to reduce cerebral 
Aβ peptide burden by (i) blocking or modulating β− and 
γ-secretases and/or enhancing the activity of a secretases 
[7, 8], (ii) preventing Aβ deposition in senile plaques 
using anti-aggregation agents [9], (iii) activating pro-
teases that promote its degradation [10], vi) increasing 
the clearance of Aβ from the brain by lipoproteins [11] 
or v) enhancing the immune system by active or passive 
immunization [12, 13]. As a result of this last strategy, the 
FDA has recently approved three different drugs based 
on monoclonal antibodies against amyloid-β peptide, 
Lecanemab, Aducanumab, and Donanemab [14–16]. 
Nonetheless, these drugs have very limited applicability 
(only in middle cognitive impairment (MCI) patients), 
have several side effects, and their substantial cost bur-
den raises questions about their cost-effectiveness [17, 
18]. These limitations invite us to spend additional efforts 
on the research for alternative strategies to reduce cere-
bral Aβ peptide burden.

Recent studies have reported that AD patients present 
increased expression of one of the alkaline phosphatase 
isoforms in both brain and plasma, specifically tissue-
nonspecific alkaline phosphatase (TNAP), which the 
Alpl gene, also known as Akp2, encodes for [19, 20]. This 
alteration was linked with a raised TNAP activity in the 
brain and plasma of AD patients, which points to TNAP 
as a novel plasma biomarker for MCI and AD [21]. Fur-
ther studies also revealed that neural TNAP overexpres-
sion promotes intracellular Tau hyperphosphorylation 
and aggregation in neighboring neurons [22]. Conversely, 
genetic or pharmacological depletion of TNAP decreased 

neuronal hyperactivity, hippocampal neuronal death, and 
brain atrophy in the P301S mouse model mimicking tau 
pathology found in AD. Moreover, TNAP haploinsuffi-
ciency prevented anxiety-like behavior, motor deficiency, 
and increased memory capacity and life expectancy in 
these mice [20]. Furthermore, TNAP dephosphorylates 
a broad spectrum of substrates, including the extracel-
lular nucleotides and the matricellular immunomodula-
tory cytokine Osteopontin (OPN). In particular, OPN, 
whose expression and phosphorylation status are regu-
lated by TNAP [23], has recently been implicated in Aβ 
clearance and microglial activation [24]. Also, it has been 
reported that this ectoenzyme can also modulate puri-
nergic receptors, including the P2X7 receptor (P2X7R) 
[25]. Interestingly, P2X7R inhibition reduces the senile 
plaque formation in a mouse model of FAD [26], rescues 
cognitive deficits, and improves synaptic plasticity in 
AD mice [27, 28]. In view of all these facts, we wonder 
if TNAP might also impact senile plaque formation and 
the Aβ related toxicity. To address this question, here, we 
evaluate how the genetic or pharmacological inactivation 
of TNAP impacts Aβ-related toxicity, using, for this pur-
pose, a well-characterized FAD mouse model, the APP/
PS1 mice [29].

Methods
Human brain tissues
Human samples were provided by the Banco de Tejidos 
Fundación CIEN (BT-CIEN, Madrid, Spain). A writ-
ten informed consent for brain removal after death for 
diagnostic and research purposes was obtained from the 
brain donors and/or next of kin. Procedures, information, 
and consent forms were approved by the Bioethics Sub-
committee of Fundación Cien Madrid, Spain (S19001). 
Frozen samples were obtained from the hippocampus of 
four patients with the clinical diagnosis of AD (three men 
aged 81, 76, and 86 years old and one woman aged 86 
years) and four non-demented controls (three men aged 
73, 83, and 74 years old and one woman aged 70 years). 
The postmortem delay in tissue processing was between 
4 and 5 h in both groups.

Animals
All animal procedures were carried out at the Univer-
sidad Complutense de Madrid (UCM) in compliance 
with National and European regulations (RD1201/2005; 
86/609/CEE) and following the International Coun-
cil for the Laboratory Animal Science guidelines. The 
protocol for animal experiments was approved by the 
Committee of Animal Experiments at the UCM and 
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the Environmental Counselling of the Comunidad de 
Madrid, Spain (PROEX 185/17 and PROEX 137.8/22).

As previously described, TNAP null mice were gener-
ated by inactivating the mouse Akp2 gene [30]. APP/PS1 
mice were obtained from Jackson laboratory: [line B6;C3-
Tg(APPswe, PSEN1dE9)85Dbo/Mmjax] stock number 
034829. APP/PS1 are double transgenic mice express-
ing a chimeric mouse/human amyloid precursor protein 
(Mo/HuAPP695swe) and a mutant human presenilin 1 
(PS1-dE9), both controlled by independent mouse prion 
protein (PrP) promoter and so directed to CNS neurons 
[29]. Double APP/PS1/TNAP+/− animals were generated 
by crossing heterozygote APP/PS1+/− and heterozygote 
TNAP+/− mice.

Animals were housed in a light and temperature-
controlled humid environment, with a 12-hour light-
dark cycle and a light onset at 08:00 a.m. The mice were 
grouped 4–6 per cage and allowed free access to water 
and food (ad libitum). All surgeries were performed 
under isoflurane anesthesia, and all efforts were made 
to minimize suffering. Investigators were blinded to the 
group allocation during the animal experiments.

We used 58 mice 9–11 months-old divided into the 
following groups; 20 wild-types (WT) mice, 11 females, 
and 9 males of; 20 APP/PS1+/− mice, 8 females, and 12 
males; 8 TNAP+/−, 3 females and 5 males; 10 APP/PS1/
TNAP+/− mice, 4 females, and 6 males. When the ani-
mals were divided into different groups for whatever pro-
cedure, we kept the gender variable balanced among all 
groups.

PCR genotyping
According to the manufacturer’s protocol, genomic 
DNA was obtained from tail biopsies using Wizard® SV 
Genomic DNA Purification System (Promega, Madison, 
WI, USA).

Simple PCR reactions were carried out using: for APP/
PS1+/− mice Amplitools Master Mix (Biotools, Madrid, 
Spain), specific primers (150 nM each) and 2 µL of 
genomic DNA in a final volume of 12 µL; for TNAP+/− 
mice Amplitools Master Mix (Biotools, Madrid, Spain), 
specific primers (150 nM each) and 2 µL of genomic 
DNA in a final volume of 12 µL. Animals were genotyped 
using specific primers for APP Fw 5´- C C G A G A T C T C T 
G A A G T G A A G A T G G A T G-3´ and Reverse 5´- C C T C T T 
T G T G A C T A T G T G G A C T G A T G T C G G-3´ and for PS1 
FW 5´- C A G G T G G A G C A A G A T G-3´ and Reverse 5´- G T 
G G A T A C C C C C T C C A G C C T A G A C C; for TNAP Fw 5′- 
T G C T G C T C C A C T C A C G T C G A T-3′ and Reverse 5′- A G 
T C C G T G G G C A T T G T G A C T A-3′. PCR was carried out 
over 35 cycles: 94 °C for 45 s, 60 °C for 2 min, 72 °C for 
2 min for APP/PS1+/− primers; over 40 cycles of 94 °C for 
30 s, 58 °C for 1 min, and 72 °C for 5 min.

PCR amplification products were run on a 1.5% (w/v) 
agarose gel and stained with SYBR® Safe DNA Gel Stain 
(Life Technologies CA, USA). PCR bands were visual-
ized by gel imaging system Gel Logic 200 Imaging System 
(Kodak, Rochester, NY, USA).

RNA extraction and quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from hippocampi from human 
or adult mouse brains using a Speedtools Total RNA 
Extraction Kit (Biotools, Madrid, Spain) following the 
manufacturer’s instructions. The animals were quickly 
sacrificed, in compliance with local laws, and the hip-
pocampi were immediately dissected and frozen in dry 
ice to proceed with total RNA isolation. After digestion 
with TURBO DNase (Ambion), 1  µg of total RNA was 
reverse transcribed with 6 µg of random primers, 350 µM 
dNTPs, and M-MLV reverse transcriptase (all from Invit-
rogen, Madrid, Spain).

qRT-PCR reaction mixtures containing DNA Master 
SYBR Green I mix (Applied Biosystems, CA, USA) were 
incubated at 95  °C for 20  s followed by 40 PCR cycles 
(95 °C for 1 s and 60 °C for 20 s) in a StepOnePlus Real-
Time PCR System (Applied Biosystems, CA, USA). The 
specific primers for mouse P2rx7 Fw 5′-  G G T G C C A G T 
G T G G A A A T T G-3′ and Rv 5′-  T A G G G A T A C T T G A A G 
C C A C T-3′; for mouse gene encoding TNAP, Alpl (Akp2) 
Fw 5′-  T G C C C T G A A A C T C C A A A A G C-3′ and Rv 5′-  T 
G T A G C T G G C C C T T A A G G A T T C-3′; for Il1b Fw 5´-  A 
A A G C T C T C C A C C T C A A T G G − 3´ and Rv 5´-  A G G C C 
A C A G G T A T T T T G T C G − 3´; for Nlrp3 Fw 5´-  T G C A A 
C C T C C A G A A A C T G T G − 3´and Rv 5´-  A G A A C C A A T 
G C G A G A T C C T G-3´; for Gapdh Fw 5′- C A C C A C C A A C 
T G C T T A G C C C-3′ and Rv 5′- T G T G G T C A T G A G C C C T 
T C C-3′ and for Spp1 Fw 5´-  A G C C T G C A C C C A G A T C 
C T A T A G and Rv 5´- G C G C A A G G A G A T T C T G C T T C T. 
Expression levels of mRNA were represented as 2−ΔΔCt, 
where the average cycle threshold (Ct) was obtained from 
triplicates of each sample. First, ΔCt means were normal-
ized to parallel amplification of GAPDH as endogenous 
control. Next, ΔΔCt means were normalized to the aver-
age of corresponding controls.

Drug preparation and administration
Based on previous work studying the levamisole bio-
availability after oral or intramuscular administration 
[31], this blood-brain barrier (BBB) permeable TNAP 
inhibitor was diluted at 23 mg/mL in vehicle solution as 
previously described [20]. The vehicle solution was cal-
cium- and magnesium-free phosphate-buffered saline 
(PBS; 137 mM NaCl, 2.7 mM KCl, 5 mM Na2HPO4 7H2O, 
1.4 mM KH2PO4; pH 7.4) plus 0.2% DMSO (all reagents 
from Sigma; MS, USA). Following previous studies dem-
onstrating that levamisole effectively reduces the cere-
bral TNAP activity in a tauopathies mouse model, P301S 
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mice [20], 12.5 µL of levamisole, corresponding to a dos-
age of 9.58 mg per kg of body weight, was daily intraperi-
toneally injected into 9–11 months-old APP/PS1+/− and 
WT mice for 20 days before beginning the behavioral 
assessment and it was maintained throughout the trials. 
The treatment protocol followed a single-blind design, by 
which the experimenter was blind for the genotype and 
treatment applied to each mouse (n = 6–8 mice per group 
and condition).

Behavioral assay
All mice were handled for at least 3–4 consecutive days 
before testing. They were tested randomly, and the 
experimenter conducting the tests was blinded to the 
genotype/group. All behavioral devices were located in a 
sound-proof room, and the experimental area was homo-
geneously illuminated around 70  lx. All used devices 
were carefully cleaned with alcohol (70 ° proof) after each 
trial.

Open field test is an experimental test used to assay gen-
eral locomotor activity levels, anxiety, and willingness to 
explore a novel environment. The apparatus consists of a 
transparent polycarbonate tank (42 cm × 42 cm). There is 
no need to habituate the mouse before the test. A single 
adult mouse was gently placed into the setup, and its posi-
tion was video-tracked for 10 min. The analysis measured 
the amount of time spent by the mouse in the tank’s center 
(17 × 17 cm) and the periphery (the surrounding area of 
the arena). The tendency to avoid the center of a novel 
environment and remain close to the wall of the tank is an 
index of anxiety. Data acquisition and analysis were per-
formed automatically using Any-Maze software (Stoelting 
Co, Wood Dale, IL, USA).

Elevated plus maze test This test measures anxiety based 
on the animal’s aversion to open spaces. The test uses an 
elevated, plus-shaped (+) apparatus with two open and 
two enclosed arms. There is no need to habituate the 
mouse before the test. A single adult mouse was gently 
placed into the center of the setup (at the intersection of 
the open and enclosed arms), and its position was video-
tracked for 5 min. The analysis consisted of measuring the 
amount of time spent by the mouse in the different arms 
using Any-Maze software.

T-maze test The device was a symmetrical dark grey PVC 
T-shaped maze. The arms were 30 cm long, 9 cm wide, 
and 20 cm high and were connected at the center at a 90° 
angle to a 9 by 9 cm square. Both arms from the T could 
be blocked with a barrier. In the first part of this test, 1 
of the two arms was blocked (alternated). The mouse was 
placed at the base of the leg of the T-maze. The mouse 
could freely explore the leg and the open arm of the 

T-maze for 5 min, after which the mouse was returned to 
its home cage. After 1 h, the blockage was removed from 
the T-maze, and the mouse was allowed to freely explore 
the leg and the old and novel arm of the T-maze for 5 min. 
Videos were analyzed using Any-Maze software. An auto-
mated setup was used to detect the mouse. In Any-Maze 
software, areas were assigned to the leg, the novel, and 
the old arm. When the center point of the mouse entered 
one of these areas, it was counted as an arm entry. The 
procedure is based on the natural tendency of rodents to 
prefer exploring a novel arm over a familiar one. During 
the task, the animal must remember which arm had been 
visited in the previous trial, making spontaneous alterna-
tion T-maze an optimal test for spatial working memory.

Barnes maze test We adapted the shortened Barnes maze 
protocol described by Attar et al. [32]. Briefly, The Barnes 
maze was a circular white PVC table with a diameter of 
1 m elevated 1 m above the ground. In the periphery, there 
were 20 holes with a diameter of 5 cm at a regular inter-
val. A rectangular black plastic box 16.2 cm long, 6.6 cm 
wide, and 8.5 cm high was attached underneath the maze 
and used as the escape chamber. The escape chamber con-
tained a small staircase for the mice to climb down. The 
Barnes maze test consisted of 4 consecutive days covering 
3 phases: day 0 habituation, days 1–3 training, and day 4 
probe. For later analysis using Any-Maze software, all ses-
sions were video-tracked. For the habituation phase, the 
mouse was placed in the center of the maze and allowed 
to explore the maze for 2  min freely. If the mouse did 
not enter the escape chamber within 1 min, it was gen-
tly guided toward the escape hole through a glass beaker. 
When the mouse entered the escape chamber, the escape 
hole was covered, and the mouse was left in the escape 
chamber for 2 min before returning the mouse to its indi-
vidual cage.

In the training phase, mice were placed inside an 
opaque box in the center of the Barnes maze for 15  s. 
This allowed the mice to face a random direction when 
the cylinder was lifted, and the trial began. At the end of 
the holding period, the box was removed, and the mice 
were allowed to explore the maze for 2 min. If a mouse 
found the target hole and entered the escape cage during 
that time, the end-point of the trial, it was allowed to stay 
in the escape cage for 1 min before being returned to the 
holding cage. If it did not find the target hole, the mouse 
was guided to the escape hole using the glass beaker and 
allowed to enter the cage independently. The total num-
ber of trials used was 5. During the training phase, mea-
sures of primary latency (the time to identify the target 
hole the first time) were recorded.

On the probe day, 24 h after the last training day, the 
escape cage was removed. Mice were placed inside the 
opaque box in the center of the maze for 15 s before the 
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box was removed. Each mouse was given 2 min to explore 
the maze, and in the end, the mouse was returned to its 
holding cage. During the probe phase, we analyzed the 
time spent and the distance traveled to find the hole that 
previously contained the escape box.

Tissue processing for immunofluorescence and blood 
collection
Mouse brain Mice were deeply anesthetized using a 
mix of ketamine (200 mg/kg) and xylazine (12.5 mg/kg) 
diluted in PBS, administered as a single intraperitoneal 
injection. Anesthetized mice were perfused transcardially 
with cold PBS followed by cold PFA (pH 7.4) (all reagents 
from Sigma; MS, USA). Using the anesthesia explained 
above, blood samples were collected via cardiac punc-
ture from the left ventricle using a 23–25 gauge needle 
(0.3–0.4 mL per mice). Blood was withdrawn slowly to 
prevent the heart from collapsing. Brains were dissected 
immediately and placed for 48  h in 4% PFA at 4  °C for 
post-fixation. Excess PFA was removed with three washes 
in PBS. Next, the fixed brains were placed in 30% sucrose 
in PBS for 48 h at 4 °C for cryoprotection. Samples were 
then embedded in OCT compound (Sakura, Finetek, Tor-
rance, CA) and frozen using dry ice. Finally, 25-µm float-
ing sections were cut in parasagittal or coronal planes 
with a cryostat (CM1950, Leica Microsystems, Wetzlar, 
Germany) and stored in a solution of 30% ethylene glycol, 
30% glycerol and 0.1 M PBS at − 20 °C until processed.

Human brain Whole brain from AD subjects was sepa-
rate into two hemispheres, through a sagittal interhemi-
spheric incision, and fixed in 10% buffered formalin for 
at least 3 weeks. Samples (2-mm-thick) of the hippocam-
pus were then obtained through dissection, embedded in 
paraffin following standard protocols (Leica, HistoCore 
Pearl), and later sectioned (5 μm) by using a microtome 
(Microm HM 355 S) and stored at − 80 °C until use.

Serum samples
Eppendorf tubes containing the whole blood samples 
were kept at 4ºC until the formation of the blood clot 
which was removed by centrifugation at 1,000–1,500 
x g for 10  min at 4ºC. Following centrifugation, serum 
samples were immediately transferred into sterile poly-
propylene tubes 1.5 ml clearly labeled with the animal ID 
and date of collection.

Aβ ELISA
Human Aβ1–40 amounts were determined by ELISA 
(Elabscience Biotech, Houston, USA) in the serum 
samples from APP/PS1+/−, APP/PS1+/−/TNAP+/− or 
levamisole treated APP/PS1+/− mice, according to the 
recommendations of the manufacturer. Serum samples 
from wild-type mice were used as the blank in the ELISA. 

Results were expressed in pg of human Aβ1–40/ml of 
serum.

For immunofluorescence studies
For mouse Mouse slices were boiled in citrate buffer, 
washed in PBS, blocked for 1 h at room temperature (RT) 
with blocking solution (5% fetal bovine serum, 1% bovine 
serum albumin, 0.2% Triton-X100 in PBS) and then incu-
bated at 37 °C for 1 h or overnight at 4 °C with primary 
antibodies diluted as follows: rabbit anti-TNAP (catalog 
GTX100817, Gentex, 1:500), mouse anti-GFAP (Merck, 
1:200), rabbit anti-Iba-1 (catalog 019-19741, Wako, 1:100), 
mouse rat anti-CD68 (catalog 14-0681-82, Invitrogen, 
1:100), mouse anti-Aβ (clone WO2, catalog MABN10, 
Merck, 1:500) in blocking solution. Subsequently, brain 
sections were washed with PBS buffer and incubated with 
secondary antibodies at the following dilutions: anti-rab-
bit IgG labelled with Alexa 555 (1:400), anti-rabbit IgG 
labelled with Alexa 488 (1:400), anti-mouse IgG labelled 
with Alexa 555 (1:400), anti-mouse IgG labelled with 
Alexa 488 (1:400), anti-rat IgG labelled with Alexa 647 
(1:400) and 4′,6-diamidino-2-phenylindole (DAPI) stain-
ing (1:1,000). Finally, brain sections were washed with PBS 
and mounted in FluorSave (Calbiochem).

For Human Human sections were pre-incubated at 55 °C 
ON and then sequentially washed for 10  min in Xylene 
(catalog 131769.1611, Panreac, Barcelona, Spain), ethanol 
100%, ethanol 96%, ethanol 70% and finally distilled H2O 
in order to remove paraffin and rehydrated them. Later, 
the same protocols described for mouse samples were 
followed.

Image acquisition
Confocal images were acquired at RT with a TCS SPE 
microscope from Leica Microsystems equipped with a 
Plan Fluor 10× dry objective lens NA = 0.30, 40× Apo-
chromat NA = 1.15 oil objective lens and 63× Apochro-
mat NA = 1.3 oil objective lens (Leica Microsystems, 
Wetzlar, Germany) and 4 different lasers lines (405, 488, 
565 and 647 nm). Photomicrographs were acquired using 
the Leica software LAS AF v2.2.1 software (Leica Micro-
systems, Wetzlar, Germany) and representative slices 
converted to TIFF files using ImageJ software.

Phagocytosis analysis
Brain sections containing the hippocampus were immu-
nostained as described above. Rabbit polyclonal anti-
Iba-1 (catalog 019-19741, Wako, 1:500), rat monoclonal 
antibody against the phagocytic marker CD68 (catalog 
14-0681-82, Invitrogen, 1:100) and mouse anti-anti-Aβ 
(clone WO2, catalog MABN10, Merck, 1:500) were used. 
Subsequently, the sections were incubated with the cor-
responding fluorescent-labeled secondary antibodies 
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(Alexa 488, 594 or 647 from Thermofisher, Madrid, 
Spain). For each coverslip, at least 2 random photomi-
crographs of hippocampal senile plaques per animal were 
taken using the TCS SPE confocal microscope (Leica 
Microsystems, Wetzlar, Germany).

Phagocytosis of Aβ by microglia (Iba-1) was defined 
by the colocalization of APP with the lysosomal marker 
(CD68) within microglia surrounding amyloid plaques. 
Randomly photographed hippocampal senile plaques 
(containing an average of 6 to 18 microglial cells) were 
analyzed using FIJI software (ImageJ 1.53c, US National 
Institutes of Health, Bethesda, MD, United States). A 
mask with lysosomes was created based on CD68 chan-
nel. This mask was applied to the APP channel and only 
the events with a Mean Gray Value > 30 were considered 
positive for APP immunostaining. The percentage of 
lysosomes containing amyloid-β of the total microglial 
lysosomes (%CD68/APP) was represented.

Quantification of amyloid plaques, microglial recruitment 
inside amyloid plaque, and microglial migration
For each mouse (at least 8 mice per phenotype and 
treatment) 4 series (16 sections, 90  μm apart, approxi-
mately spanning from Bregma − 0.95  mm to − 3.78  mm 
according to [33] of Sect.  (30  μm thick) were selected 
to be immunostained with antibodies anti-Iba-1 and/or 
anti-Aβ (clone WO2).

The number of amyloid plaques, positive to immunos-
taining with antibodies anti-Aβ, was counted for each 
series on blind-coded slides. Data are presented in box 
plots representing the distribution of the number of amy-
loid plaques per hippocampal section or cortical section 
per group (median, IQR, maximum, and minimum val-
ues). Confocal images of the whole-hippocampal area 
or including the primary somatosensory cortex and the 
lateral and medial parietal association cortex stained 
with antibody anti-Aβ (clone WO2) and Dapi (to iden-
tify and delimit hippocampal area) were acquired at low 
magnification to analyze the size of amyloid plaques. 
The background signal was determined by visual analy-
sis, obtaining a range-value of cutoff 165–170 on a 0–255 
scale with 0 = white and 255 = black. We measured the 
black areas generated on the images after a binary mask 
was applied over them. Data are presented in box plots 
representing the distribution of amyloid plaque size in 
µm2 in the hippocampal area per group (median, IQR, 
maximum, and minimum values).

Microglial recruitment towards senile plaque was 
analyzed by adapting the method previously described 
by Martinez-Frailes et al. [34]. Briefly, the area around 
the senile plaque was subdivided into 3 regions or bins 
by drawing three concentrical circles from the center of 
the plaque of 40, 80, and 120 μm radius. The number of 
microglia cells was counted in each area or bin. Only the 

events positively stained with Iba-1 antibodies and with 
a higher area than 24.5 µm2 were considered microglial 
cells.

Tissue processing for Western blot
Extracts for Western blot analysis were prepared by 
homogenizing fresh mouse hippocampi in ice-cold 
extraction buffer containing 20 mM Hepes, 100 mM 
NaCl, 50 mM NaF, 5 mM EDTA, 5 mM Na3VO4 (all 
reagents from Sigma; MS, USA), 1% Triton X-100, oka-
daic acid (Calbiochem), and Complete TM Protease 
Inhibitor Cocktail Tablets (Roche Diagnostics GmbH), 
pH 7.4. Samples were homogenized at 4 °C, and protein 
content was determined by Bradford assay. 20 µg of total 
lysates were run by SDS-PAGE on 10% Tris-Glycine-
SDS gels and transferred to nitrocellulose membranes 
(Amersham Biosciences). The experiments were per-
formed using the following primary antibodies: rabbit 
anti-P2X7R (catalog APR004, Alomone, 1:500), mouse 
anti-α-Tubulin (catalog T5168, Sigma-Aldrich, 1:10000), 
rabbit anti-IL-1β (catalog orb241007, Bionova, 1:200), 
mouse anti-total APP (clone 22C11 catalog MAB348, 
Merck, 1:5000); mouse anti-APP CTF (catalog A8717, 
Merck, 1:1000), rabbit anti-Nlrp3 (catalog NBP2-12446, 
Bio-techne, 1:200), rabbit anti-LRP1 (catalog 64099, 
Cell Signaling, 1:1000), and rabbit anti-MMP9 (cata-
log 13667, Cell Signaling, 1:1000), and rabbit anti-OPN 
(catalog AB63856, Abcam, 1:500). Next, membranes 
were washed for 10 min with PBS-Tween three times and 
incubated with secondary antibodies (1:10000) conju-
gated to fluorophores (emitting at 700–800  nm) for 1  h 
at room temperature. Protein bands were detected using 
the LI-COR Odyssey Classic and associated Image Pro 
analysis software (LI-COR Biosciences, Cambridge, UK). 
In the figures, we show the representative Western blot 
images fused for quantification with ImageJ software 
(v1.52n, NIH, Bethesda, MD, United States) are shown. 
In all cases, the average intensity value of the pixels in a 
background-selected region was calculated and was sub-
tracted from each pixel in the samples. The densitome-
try values obtained in the linear range of detection with 
these antibodies were normalized with respect to the val-
ues obtained with an anti-α-tubulin antibody to correct 
for any deviation in loaded amounts of protein. Specifi-
cally, for OPN analysis, we used the same antibody that 
Rentsendorj et al. [35], which allows for the identification 
of two bands in 130  kDa and 66  kDa corresponding to 
the OPN full-length forms and two bands at 45 kDa and 
32 kDa corresponding to the OPN cleaved fragments. In 
this case, graphs represent the ratio between the OPN-
cleaved fragments and OPN full-length forms and the 
levels of OPN full-length forms normalized with respect 
to α-tubulin levels.
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TNAP activity
Serum samples 10 µL were brought to 0.2 mL with the 
following reaction conditions: 0.2 M Diethanolamine and 
1 mM MgCl2 (Merck Life Science S.L.U, Madrid, Spain), 
pH 9.8, incubated with 4 mM p-nitrophenyl phosphate 
(Merck Life Science S.L.U, Madrid, Spain) at 37  °C with 
agitation. All samples were assayed in duplicate. The back-
ground signal was determined by pre-incubating plasma 
samples with 150 µM levamisole for 5 min, 37 °C, before 
adding 4 mM p-nitrophenyl phosphate in the presence of 
levamisole. Samples absorbance was measured at 405 nm, 
25 °C, in a spectrophotometer.

Mouse brain samples A portion of hippocampal tis-
sue was homogenized with a Teflon glass homogenizer 
in 10  mm Tris-HCl buffer, pH 8.0, supplemented with 
0.25  M sucrose and protease inhibitor mixture (EDTA-
free CompleteTM, Roche Diagnostics) or with a prote-
ase inhibitor mixture containing 1 mm PMSF, 10 µg/mL 
aprotinin, 10 µg/mL leupeptin, and 50 µg/mL pepstatin. 
Aliquots from homogenates were assayed at 25 °C in the 
following reaction mix: 0.2 M diethanolamine buffer, pH 
9.8, 1 mM MgCl2, and 5 mM p-nitrophenyl phosphate in 
the presence or in the absence of 5 mM levamisole (all 
reagents from Sigma; MS, USA). Reactions were stopped 
after 20  min with 0.1  M NaOH. Protein concentrations 
were quantified by Bradford assay. TNAP activity was 
determined as the absorbance of the liberated p-nitrophe-
nol at 405 nm and normalized to cellular protein content.

Statistics
Data in box plots represent the distribution of numeric 
data value per group (median, IQR, maximum, and mini-
mum values). The numbers of mice per group used in 
each experiment are annotated as “n” in the correspond-
ing figure legends. Figures and statistical analyses were 
generated using GraphPad Prism (v10.00, www.graph-
pad.com). To assess whether the data met the normal 
distribution, the Shapiro-Wilk or Kolmogorov-Smirnov 
tests were used. The ROUT method was used to iden-
tify outlier values. For two-group comparison; data were 
analyzed with a two-tailed unpaired Student’s t-test. 
For multiple comparisons, when only one variable was 

compared, data were analyzed by one-way ANOVA fol-
lowed by Tukey’s post hoc test. The statistical test used, 
and p-values are indicated in each figure legend. Signifi-
cance was considered at *P ≦ 0.05 throughout the study. 
Marginal significance was considered at # P ≦ 0.08.

Results
Partial Akp2 gene silencing ameliorates cognitive decline 
in APP/PS1 +/− mice, a FAD mice model
To elucidate if TNAP plays a crucial role in Aβ peptide-
induced toxicity, we generated a new transgenic mouse 
model by crossbreeding the well-characterized amyloid 
mice model of FAD (APP/PS1+/−) and TNAP-deficient 
mice (Fig.  1A). Since homozygous Akp2 null mice die 
before weaning [30], we crossed APP/PS1+/− mice with 
the heterozygous Akp2 deficient animals (TNAP+/−). No 
perinatal death was observed. Almost half of the gen-
erated offspring mice were haploinsufficient for Akp2 
(46.5%). While 20.4% of total offspring expressed the 
mutant APP and mutant PSEN1 in combination with 
heterozygote deficiency of TNAP (APP/PS1+/−/TNAP+/− 
mice; Fig.  1A). As expected, both TNAP+/− and APP/
PS1+/−/TNAP+/− mice showed a significantly lower 
plasmatic TNAP activity compared to both the WT 
and the APP/PS1+/− mice (Fig.  1B). The TNAP activ-
ity mean ± s.e.m values were 109.0 ± 12,2% for the APP/
PS1+/− group; 29.9 ± 4.2% for the APP/PS1+/−/TNAP+/− 
group and 51.1 ± 3.2% for the TNAP+/− group, all relative 
to the TNAP activity in the WT mice. Because previous 
studies reported that APP/PS1+/− mice show a cognitive 
decline and impaired spatial memory in adulthood [36–
38], we analyzed the behavior of mice from all generated 
genotypes at the age of 9–11 months (Fig. 1C). To evalu-
ate the anxiety/disinhibition profile, mice were assessed 
by elevated plus maze (EPM) and Open field (OF) tests. 
Our analysis showed that APP/PS1+/− mice spent more 
time exploring the open arms in the EPM than their WT 
littermates, suggesting a decreased anxious behavior 
or an increase in the disinhibitory phenotype (Fig.  1D). 
Interestingly, APP/PS1+/−/TNAP+/− mice spent less time 
in open arms than APP/PS1+/− mice, suggesting that 
partial TNAP silencing protects against the disinhibi-
tory phenotype exhibited by APP/PS1+/− mice (Fig. 1D). 

(See figure on previous page.)
Fig. 1 TNAP haploinsufficiency prevents disinhibited behavior and improves spatial memory in APP/PS1+/− mice. (A) Breeding strategy: heterozygous 
TNAP mice (TNAP+/−) were crossed with heterozygous APP/PS1 mice (APP/PS1+/−) to obtain APP/PS1+/−/TNAP+/− offspring. (B) TNAP activity in the 
plasma from WT (n = 12), APP/PS1+/− (n = 12), APP/PS1+/−/TNAP+/− (n = 8), and TNAP+/− (n = 8) mice. Data are given as a percentage relative to WT mice, 
and the graphs show the distribution of values per group (median, IQR, maximum, and minimum values). (C) Timeline for Open Field (OF), Elevated Plus 
Maze (EPM), T-maze (TM), and Barnes Maze Test (BT or t-BT for training) behavioral assays performed by WT (n = 12), APP/PS1+/− (n = 12), APP/PS1+/−/
TNAP+/− (n = 8), and TNAP+/− (n = 8) groups. When indicated, black square data points represent males and open square data points represent females. (D) 
Percentage of time in open arms in the EPM. (E) Percentage of time in the new arm during the TM. (F) Latency to escape hole across the training sessions 
of the Barnes test. (G) Time spent (left graph) and distance traveled (right graph) to find the escape hole in BT test day. (H) TNAP activity in hippocampal 
homogenates from WT (n = 12), APP/PS1+/− (n = 12), APP/PS1+/−/TNAP+/− (n = 8)), and TNAP+/− (n = 8) mice. Data are given as a percentage relative to WT 
mice, and the graphs show the distribution of values per group (median, IQR, maximum, and minimum values). #P ≤ 0.08; * P ≤ 0.05; ** P ≤ 0.01 or **** 
P ≤ 0.0001; using a one-way ANOVA followed by Tukey’s post hoc test

http://www.graphpad.com
http://www.graphpad.com
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As reported in previous studies [39], OF test failed to 
clearly detect an increased disinhibitory phenotype in 
APP/PS1+/− mice, as observed in the EPM (Supple-
mentary Fig. 1A). Only a marginally significant increase 
in the number of entries in the APP/PS1+/− mice was 
detected compared to WT mice. However, it did reveal 
that APP/PS1+/−/TNAP+/− mice entered the central area 
fewer times than APP/PS1+/− mice in the OF test, despite 
both groups traveling a similar distance (Supplemen-
tary Fig. 1A). Together, our results point out that genetic 
depletion of TNAP leads to a reduction in anxiety-like 
behavior. Next, to evaluate the spatial memory capacity, 
mice were subjected to the T-maze and Barnes maze tests 
(Fig.  1C). In the T-maze, APP/PS1+/− mice spent less 
time exploring the new arm than WT mice, suggesting 
impaired short-term spatial memory (Fig. 1E). In agree-
ment with this hypothesis, APP/PS1+/− mice took longer 
to find the escape hole during the Barnes test training 
sessions than WT mice (Fig.  1F). Notably, APP/PS1+/−/
TNAP+/− mice spent similar time to WT mice and less 
time than APP/PS1+/− mice to explore the new arm in 
T-maze or find the escape hole during the training ses-
sions of the Barnes test (Fig.  1E-F). Curiously, although 
APP/PS1+/−/TNAP+/− mice only tended to take less time 
to find the escape hole, they traveled a less distance than 
APP/PS1+/− mice on the Barnes test day (Fig. 1G). These 
results suggest that a reduced Akp2 genetic loading also 
protects against the spatial memory impairment devel-
oped by APP/PS1+/− mice. It is to be noted that TNAP+/− 
mice do not show significant differences compared with 
WT mice in any assessed behavioral tests (Fig.  1D-H). 
Finally, no significant differences were found between the 
sexes when behavioral tests were analyzed considering 
this condition (Fig. 1D-H).

TNAP hemizygosity reduces the development of amyloid 
plaques in vivo without affecting the APP processing
After the behavioral assessment, mice were sacrificed 
and analyzed to evaluate the impact of partial Akp2 gene 
silencing on Aβ peptide-induced toxicity. Initially, we 
measured TNAP activity in the brains. Similar to what 
was observed in plasma, TNAP+/− and APP/PS1+/−/
TNAP+/− mice presented a significantly lower brain 
TNAP activity than WT (11.2 ± 2.6% and 46.6 ± 10.5% of 
TNAP activity relative to WT mice, respectively, data 
correspond to the mean ± s.e.m.; Fig.  1H) or than APP/
PS1+/− mice, which showed 132.0 ± 13.7% of TNAP 
activity detected in WT mice (data correspond to the 
mean ± s.e.m.; Fig.  1H). Interestingly, APP/PS1+/− mice 
showed a slight increase in brain enzymatic activity com-
pared to WT mice. This increase was marginally statis-
tically significant when all groups were compared but 
reached statistical significance when compared only with 
WT mice (Fig.  1H). As expected, in the APP/PS1+/−/

TNAP+/− mice, the reduction in enzymatic activity coin-
cided with the reduction in TNAP mRNA levels (Supple-
mentary Fig. 1B).

Once we verified that our experimental approach effec-
tively reduced TNAP activity in the brain, we assessed 
whether this reduction affected the amyloid plaque bur-
den in the hippocampus of APP/PS1+/− mice. Immuno-
histological studies using selective markers against Aβ 
(WO2) revealed that APP/PS1+/−/TNAP+/− mice pres-
ent a clear reduction in the number and size of hippo-
campal senile plaques compared to APP/PS1+/− mice 
(Fig. 2A-C). Similar results were obtained in the primary 
somatosensory cortex and the lateral and medial parietal 
association cortex from a sub-cohort of APP/PS1+/− and 
APP/PS1+/−/TNAP+/− mice (supplementary Fig.  1C-E). 
It is to be noted that non-significant changes were asso-
ciated with mice sex. Initially, we evaluated whether the 
observed effects were due to TNAP modulating of the 
amyloidogenic APP processing. To this end, we measured 
the products of both α- and β-secretase in the hippo-
campus of APP/PS1+/− and APP/PS1+/−/TNAP+/− mice, 
which are involved in the non-amyloidogenic and amy-
loidogenic APP processing (C83 and C99 fragments, 
respectively). In this study, we used an antibody that 
recognizes the C-terminal region of APP. Our results 
revealed that partial inactivation of cerebral TNAP did 
not affect α- or β-secretase activities in APP/PS1+/− mice 
(Fig. 2D-G), nor the APP protein levels (Fig. 2D and H).

TNAP deficiency impacts microglial functionality, helping 
to reduce the burden of senile plaques
Given that senile plaques induce a persistent activa-
tion of microglia cells [40], driving phagocytosis and 
plaque degradation, we decided to analyze whether 
TNAP deficiency impacts microglial functionality and, 
thus, contributes to the reduction in senile plaque bur-
den observed in the APP/PS1+/−/TNAP+/− mice. Ini-
tial immunohistological studies using selective TNAP 
antibodies and the microglial marker Iba-1 revealed 
that Iba-1-positive microglial cells from APP/PS1+/− 
mice exhibited scattered punctuated labeling for TNAP 
(Fig.  2I). Further studies using WO2 antibody to iden-
tify senile plaques revealed that similar punctate label-
ing for TNAP occurred in the hippocampal area covered 
by the senile plaques (Fig.  2J). Notably, similar punc-
tuated staining for TNAP was observed within senile 
plaques detected in postmortem hippocampal slices from 
human AD patients (Fig.  2K). Next, to elucidate how 
TNAP affects microglial cells, several functions, such as 
microglial phagocytic, migratory, and secretory capaci-
ties, were analyzed in both APP/PS1+/− and APP/PS1+/−/
TNAP+/− mice. Using immunofluorescence studies, we 
found a higher microglial density inside the plaques of 
APP/PS1+/−/TNAP+/− mice than in the plaques of APP/
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PS1+/− mice (Fig. 3A-B). Furthermore, when we analyzed 
microglial recruitment, we observed that APP/PS1+/−/
TNAP+/− mice had more microglial cells in the vicinity 
of the senile plaque and fewer in locations further away 
from the plaque than APP/PS1+/− mice (Fig. 3A and C). 
These results suggest that cerebral TNAP deficiency 
promotes the microglia’s recruitment toward the senile 
plaque.

Next, to determine the involvement of recruited 
microglia in the clearance of senile plaques, microglial 
phagocytosis was evaluated by immunostaining with 
antibodies anti-Aβ, Iba1, and the phagocytic marker 
CD68. Our analysis showed that hippocampal microg-
lial cells from APP/PS1+/−/TNAP+/− mice have more 
CD68-positive-phagocytic microvesicles phagocytos-
ing Aβ than those from APP/PS1+/− mice (18.1 ± 4.3% of 
phagocytic microvesicles are phagocytosing Aβ peptides 
in APP/PS1+/− mice versus 53.8 ± 6.9% in APP/PS1+/−/
TNAP+/− mice, data correspond to the mean ± s.e.m.; 
Fig. 3D-E).

To evaluate the microglial secretion, considering the 
close relationship between TNAP and P2X7R [25], we 
focused on analyzing whether TNAP deficiency may 
affect the P2X7R/NLRP3/IL1β axis in the hippocampus. 
Our analysis revealed that TNAP deficiency reverted the 
increased levels of NRLP3 and P2X7R detected in APP/
PS1+/− mice (Fig. 3F-H). However, we did not observe a 
reduction of IL1β levels in APP/PS1+/−/TNAP+/− mice 
(Fig. 3F and I). Similar results were obtained when ana-
lyzing the mRNA levels of Nrlp3, P2rx7, and Il1b mRNA 
levels in APP/PS1+/− and APP/PS1+/−/TNAP+/− mice 
(Supplementary Fig. 2A-C). No significant changes were 
observed in NLRP or IL1β expression levels between WT 
or TNAP+/− mice (supplementary Fig. 2E-G). Altogether, 
our findings support that cerebral TNAP deficiency pro-
motes microglial recruitment toward senile plaques and 
the subsequent senile plaque phagocytosis, which may 
be contributing to a reduction in the number and size of 
senile plaques observed in APP/PS1+/−/TNAP+/− mice.

Next, we evaluate the possible involvement of OPN in 
the reduction of senile plaques burden observed in APP/
PS1+/−/TNAP+/− mice. OPN protein levels were analyzed 

using a well-characterized polyclonal antibody recog-
nizing the full length and its polymeric forms as well as 
its MMP-cleaved fragments, including the anti-inflam-
matory 32 kD C-terminus fragment [41–43] (Fig.  3J). 
Interestingly, our results show that APP/PS1+/−/TNAP+/− 
mice present a higher percentage of cleaved-OPN than 
WT mice or APP/PS1+/− mice (Fig. 3J-K). Similar results 
were observed when comparing TNAP+/− and WT mice 
(supplementary Fig.  2E and 2  H). Moreover, we found 
that APP/PS1+/−/TNAP+/− mice exhibited a significant 
increase in the total OPN protein levels (Fig.  3J and L) 
as well as in messenger RNA levels (Spp1 mRNA) com-
pared with WT mice (Supplementary Fig. 2D). However, 
non-significant changes in OPN expression levels were 
observed when comparing TNAP+/− and WT mice (sup-
plementary Fig. 2E and 2I).

TNAP deficiency promotes senile plaque clearance by 
favoring Aβ transport across the blood-brain barrier and 
upregulating the proteases involved in its degradation
Lipoproteins may increase the clearance of Aβ from the 
brain [11], by promoting the amyloid transport from the 
brain to peripheral blood [44]. Considering that the low-
density lipoprotein receptor-related protein 1 (LRP1) 
modulates the cellular uptake, trafficking, degradation, 
and/or aggregation of Aβ peptides [45], we evaluate 
whether the TNAP deficiency may be affecting LRP1. 
As previously described [46], we found that APP/PS1+/− 
mice present significantly lower LRP1 levels than WT 
mice. However, APP/PS1+/−/TNAP+/− mice did not show 
this reduction and presented similar LRP1 levels than 
WT mice (Fig.  3M-N). However, no significant changes 
in LRP1 expression levels between WT or TNAP+/− mice 
were observed (supplementary Fig. 2E and 2 J). Based on 
previous work reporting that Aβ1 − 40 binds to LRP1 with 
higher affinity than Aβ1 − 42 [47], we wondered if TNAP-
induced increased LRP1 expression also impacts Aβ1 − 40 
transport through the BBB. Notably, when we measured 
the human Aβ1 − 40 levels in mouse serum, we found that 
APP/PS1+/−/TNAP+/− mice have higher blood levels of 
human Aβ1 − 40 levels than the APP/PS1+/− mice (Fig. 3O). 
These findings suggest that increased levels of LRP1 in 

(See figure on previous page.)
Fig. 2 TNAP haploinsufficiency prevents the development of amyloid plaques in APP/PS1+/− mice. (A) Representative confocal microscopy images of 
senile plaques (APP red channel) in the hippocampus of APP/PS1+/− and APP/PS1+/−/TNAP+/− mice. Nuclei were stained with DAPI. Scale bar: 500 μm. 
(B, C) Graphs represent the distribution of values per group (median, IQR, maximum, and minimum values) of the number (B) and the percentage of 
area (C) of hippocampal senile plaques. When indicated, black square data points represent males and open square data points represent females. (D) 
Representative immunoblot of APP and fragments C99 and C83 in homogenates from the hippocampus of APP/PS1+/− and APP/PS1+/−/TNAP+/− mice. 
(E-H) Quantification of C99/APP (E), C83/APP (F), C99/C83 (G), and APP (H) protein levels in the hippocampus of APP/PS1+/− (n = 10 or 11) and APP/PS1+/−/
TNAP+/− (n = 8) mice. Levels of α-tubulin were used as loading control for normalization purposes. Data are given as a percentage relative to APP/PS1+/− 
mice, and graphs show the distribution of values per group (median, IQR, maximum, and minimum values). I-K. Representative confocal microscopy im-
ages showing TNAP punctate pattern (green channel) in senile plaques (WO2, red channel) (I) and TNAP in microglial cells (Iba-1, green channel) (J), both 
in the hippocampus of APP/PS1+/− mice. Samples from Alzheimer´s disease patients mimic the TNAP punctate pattern (green channel) in hippocampal 
senile plaques (WO2, red channel) (K) Nuclei were stained with DAPI. Scale bar: 20 μm. Data in box plots represent median ± SD. * P ≤ 0.05 or ** P ≤ 0.01; 
using an unpaired two-tailed Student’s t-test
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APP/PS1+/−/TNAP+/− mice contributes to improving the 
Aβ transport across the BBB.

Finally, given that matrix metalloproteinase-9 (MMP9) 
is involved in the proteolytic cleaved of OPN [41, 43] and 
is also able to degrade Aβ fibrils from the senile plaques 
[48], we decided to study if this enzyme is affected by a 
deficient TNAP loading. Our analysis revealed that APP/
PS1+/− mice present a significant reduction in MMP9 
levels compared with WT mice. However, this decrease 
was non-observed in APP/PS1+/−/TNAP+/− mice, which 
exhibited similar MMP9 levels to WT mice (Fig.  3M 
and P). No significant changes were observed in MMP9 
expression levels between WT or TNAP+/− mice (supple-
mentary Fig. 2E and K).

In vivo pharmacological TNAP inhibition prevents 
cognitive decline and reduces the burden of senile plaques 
in APP/PS1+/− mice
Once the beneficial effects of TNAP haploinsufficiency 
on an AD amyloidosis mouse model were demonstrated, 
we tested whether pharmacological inhibition of this 
enzyme reproduced these benefits in vivo. To this end, a 
new set of APP/PS1+/− and WT mice were treated daily 
with levamisole (9.3 mg/kg, intraperitoneally) or vehicle 
solution for 20 days before being evaluated by a battery 
of behavioral tests similar to that used in the genetic 
approach (Fig. 4A). After behavioral tests, mice were sac-
rificed and analyzed. The capacity of levamisole to block 
TNAP was determined by measuring cerebral and plasma 
enzymatic activity. At the brain level, a significant reduc-
tion of TNAP activity was detected in levamisole-treated 
mice compared with untreated counterparts (levamisole-
treated WT and levamisole-treated APP/PS1+/− mice 
showed 63.3 ± 15.5% and 43.2 ± 13.6% reduction of TNAP 
activity compared to WT mice, respectively, data corre-
spond to the mean ± s.e.m.; Fig.  4B, left panel). Of note, 

while pharmacological inhibition of TNAP did not sig-
nificantly reduce TNAP mRNA levels in the brain of 
WT mice, this approach induced a significant reduc-
tion of TNAP mRNA levels in the brain of APP/PS1+/− 
mice (Supplementary Fig.  3A). Similar results were 
observed for plasma TNAP activity (levamisole-treated 
WT and levamisole-treated APP/PS1+/− mice showed 
43.7 ± 14.6% and 47,1 ± 8.2% reduction of TNAP activity 
compared to WT mice, respectively, data correspond to 
the mean ± s.e.m.; Fig. 4B, right panel).

Interestingly, although pharmacological TNAP block-
age effectively reduces TNAP activity in the blood and 
brain, very limited beneficial effects were observed in 
the behavioral tests (Fig. 4C-F). So, and agree with gene 
silencing results, pharmacological blockade of TNAP 
avoids APP/PS1+/− mice spending significantly more 
time in open arms than WT treated or not with levami-
sole in the EPM test (Fig.  4C). However, no beneficial 
effects were observed in the OF test (supplementary 
Fig. 3B). It is to be noticed that similarly observed in the 
genetic approach, levamisole-treated APP/PS1+/− mice 
took a similar time to WT but less than APP/PS1+/− 
mice to find the escape hole in Barnes test´s training ses-
sions (Fig. 4D). As was observed in the genetic approach, 
these beneficial effects were not obvious on the test day 
(Fig.  4E). Unexpectedly, pharmacological TNAP inhibi-
tion did not prevent APP/PS1+/− mice from spending less 
time exploring the new arm than WT mice in the T-maze 
test (Fig. 4F). Similar to the genetic approach, no signifi-
cant sex-related differences were found on behavioral 
tests (Fig. 4B-F).

After behavioral assessment, mice were biochemically 
analyzed. Results showed that pharmacological inhibi-
tion of TNAP reduces the number but not the size of 
senile plaques in the hippocampus of APP/PS1+/− mice 
(Fig. 4G-I). Similar results were obtained in the cortical 

(See figure on previous page.)
Fig. 3 TNAP hemizygosity influences microglial response in APP/PS1+/− mice. (A) Representative immunofluorescence images of hippocampal sections 
stained with the microglial marker Iba-1 (green channel) used to assess microglial density in the vicinity of senile plaques (WO2, red channel) in APP/
PS1+/− and APP/PS1+/−/TNAP+/− mice. Distances of 40 and 80 μm from the periphery of senile plaques are identified with white dashed lines. Scale bar: 
50 μm. (B, C) The graphs represent the distribution of values per group (median, IQR, maximum, and minimum values) of the density of hippocampal 
microglia per plaque area (µm²) (B) and the percentage of microglia cells found in every delimitated area (C) (n ≧ five mice per genotype). ** P ≤ 0.01; 
using an unpaired two-tailed Student’s t-test or * P ≤ 0.05 or *** P ≤ 0.001; using a one-way ANOVA followed by Tukey’s post hoc test (D) Representative 
single confocal microscopy and orthogonal views showing CD68 positive-phagocytic microvesicles (red channel) phagocytosing Aβ peptides (Aβ, grey 
channel) within microglia (Iba-1, green channel) surrounding hippocampal senile plaques. (E) Graph represents the distribution of values per group 
(median, IQR, maximum, and minimum values) of the percentage of lysosomes containing amyloid-β of the total microglial lysosomes. ** P ≤ 0.01; using 
an unpaired two-tailed Student’s t-test (F) Representative immunoblot of NLRP3, P2X7, and IL-1β in homogenates from the hippocampus of WT, APP/
PS1+/− and APP/PS1+/−/TNAP+/− mice. (G-I) Quantification of NLRP3 (G), P2X7 (H), and IL-1β (I) protein levels in the hippocampus of WT (n = 10), APP/
PS1+/− (n = 10 or 11), and APP/PS1+/−/TNAP+/− (n = 8) mice. (J) Representative immunoblot using an antibody recognizing cleaved and full-length OPN 
in homogenates from the hippocampus of WT, APP/PS1+/− and APP/PS1+/−/TNAP+/− mice. (K and l) Quantification of the ratio between cleaved OPN 
and full-length OPN (K) and total OPN (L) protein levels in the hippocampus of WT (n = 11), APP/PS1+/− (n = 11), and APP/PS1+/−/TNAP+/− (n = 8) mice. (M) 
Representative immunoblot of LRP1 and MMP9 in homogenates from the hippocampus of WT, APP/PS1+/− and APP/PS1+/−/TNAP+/− mice. Quantification 
of LRP1 (M) and MMP9 (P) protein levels in the hippocampus of WT (n = 10), APP/PS1+/− (n = 10 or 12), and APP/PS1+/−/TNAP+/− (n = 8) mice. Levels of 
α-tubulin were used as loading control for normalization purposes. Data are given as a percentage relative to WT mice, and graphs show the distribution 
of values per group (median, IQR, maximum, and minimum values). #P ≤ 0,08; * P ≤ 0.05 or ** P ≤ 0.01; using a one-way ANOVA followed by Tukey’s post hoc 
test. O. Aβ1−40 levels in serum samples from APP/PS1+/− (n = 8) and APP/PS1+/−/TNAP+/- (n = 8) mice. Serum samples were analyzed via Aβ1−40-detecting 
ELISA. * P ≤ 0.05, using an unpaired two-tailed Student’s t-test
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Fig. 4 (See legend on next page.)
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primary somatosensory cortex and the lateral and medial 
parietal association cortex from a sub-cohort of APP/
PS1+/− and levamisole-treated APP/PS1+/− mice (supple-
mentary Fig.  3  C-E). Again, non-significant sex-related 
differences were found (Fig. 4H-I). Further analysis con-
firmed that this decrease was not caused by a reduction 
in the amyloidogenic processing of the APP protein or 
by a decrease in its levels (Supplementary Fig.  3F-J). 
Interestingly, as observed by partial Akp2 gene silencing, 
pharmacological inhibition of TNAP caused an increase 
recruitment of microglial cells toward senile plaques, 
promoting a rise in the microglial density inside the 
plaques (Fig.  4J-L), and increased phagocytic Aβ capac-
ity of microglia in APP/PS1+/− mice (Fig. 4M and N). Of 
note, these changes were accompanied by a significant 
increase in the cleaved OPN levels (Fig.  5A-B) or total 
OPN protein levels (Fig. 5A and C), as well as mRNA lev-
els of this protein (Supplementary Fig. 3K).

Regarding neuroinflammation, although levamisole 
treatment avoided the increased P2X7R levels in APP/
PS1+/− mice (both at the protein and messenger levels, 
Fig. 5D-E and Supplementary Fig. 3L), it did not prevent 
the rise levels of interleukin 1 beta (IL1β) nor NOD-like 
receptor family pyrin domain containing 3 (NLRP3) 
detected in these mice (Fig. 5D, F-G and Supplementary 
Fig. 3M and 3 N).

Finally, consistent with the genetic approach´s results, 
pharmacological inhibition of TNAP prevented the 
decrease in hippocampal LRP1 levels (Fig. 5D and H) and 
increased the serum human Aβ1 − 40 levels in APP/PS1+/− 
mice (Fig. 5I). Nevertheless, pharmacological TNAP inhi-
bition failed to prevent the reduction of metalloprotease 
MMP9 levels (Fig. 5D and J).

Discussion
In the present study, we report for the first time that 
genetic or pharmacological TNAP blockage in a mouse 
model of FAD promotes the clearance of cerebral senile 
plaques and rescues the cognitive decline caused by 
Aβ-induced toxicity. These beneficial effects are due to 
the fact that TNAP blockade (i) promotes the microglial 
recruitment toward senile plaque (ii) increases microg-
lial capacity to phagocytose Aβ, (iii) favors the LRP1-
mediated Aβ transport at the BBB, and (iv) promotes 
expression of MMP9, a metalloprotease involved in both 
senile plaque degradation and in the OPN processing, a 
substrate of TNAP that regulates phagocytic and recruit-
ment microglial properties.

Perhaps one of the most unexpected results reported 
here is the fact that TNAP inhibition promotes the 
microglial Aβ phagocytosis. This is mainly due to previ-
ous works failing to detect TNAP activity in microglial 
cells from rodents’ brains under physiological condi-
tions [49]. In contrast, here we found that microglial cells 
present an unusually scattered punctuated labeling for 
TNAP in APP/PS1+/− mice, a mouse model of amyloido-
sis, which is also observed inside senile plaques. Remark-
ably, a similar TNAP expression pattern was observed 
inside senile plaques of AD patients. But why do microg-
lial cells express TNAP when they are recruited inside 
senile plaques? Growing evidence might suggest that 
microglial TNAP may have an anti-inflammatory role. 
Thus, it was reported that TNAP contributes to the 
dephosphorylation of Toll-like receptor ligands like LPS, 
mitigating inflammasome activation and cytokines secre-
tion [50]. Also, TNAP dephosphorylates, among oth-
ers, extracellular nucleotides yield adenosine as the final 
product, playing, in this way, a critical role in balancing 
pro-inflammatory ATP and anti-inflammatory adenosine 
[51]. In the same line, it was described that LPS-induced 

(See figure on previous page.)
Fig. 4 TNAP pharmacological inhibition prevents cognitive decline and reduces senile plaque burden in APP/PS1+/− mice. (A) Timeline (in days) for le-
vamisole treatment and Open Field (OF), Elevated Plus Maze (EPM), T-maze (TM) and Barnes Maze Test (BT or t-BT for training) behavioral assays performed 
by WT (n = 12 or 10), WT treated with levamisole (WT/Leva, n = 6), APP/PS1+/− untreated (n = 12 or 10) and treated with levamisole (APP/PS1+/−/Leva, 
n = 6–8) groups. When indicated, black square data points represent males and open square data points represent females. (B) TNAP activity in hippocam-
pal homogenates (left graph) and plasma (right graph) from WT (n = 12), WT/Leva (n = 6), none-treated APP/PS1+/− (n = 12), and APP/PS1+/−/Leva (n = 7) 
mice. Data are given as a percentage relative to WT mice, and graphs show the distribution of values per group (median, IQR, maximum, and minimum 
values). (C) Percentage of time in open arms in the EPM. (D) Latency to escape hole across the training sessions of the Barnes test. (E) Time spent (left 
graph) and distance traveled (right graph) to find the escape hole in BT in test day. (F) Percentage of time in the new arm during the TM. * P ≤ 0.05 or ** 
P ≤ 0.01; using a one-way ANOVA followed by Tukey’s post hoc test. (G) Representative confocal microscopy image of senile plaques (Aβ, red channel) in 
the hippocampus of APP/PS1+/−/Leva mice. Nuclei were stained with DAPI. Scale bar: 500 μm. (H, I) Graphs represent the distribution of values per group 
(median, IQR, maximum, and minimum values) of the percentage of area (H) and number (I) of hippocampal senile plaques. ** P ≤ 0.01; using an unpaired 
two-tailed Student’s t-test. J. Representative immunofluorescence image of hippocampal sections stained with the microglial marker Iba-1 (green chan-
nel) used to assess microglial density in the vicinity of senile plaques (Aβ, red channel) in APP/PS1+/−/Leva mice. Distances of 40 and 80 μm from the pe-
riphery of senile plaques are identified with white dashed lines. Scale bar: 50 μm. (K, L) The graphs represent the distribution of values per group (median, 
IQR, maximum, and minimum values) of the density of hippocampal microglia per plaque area (µm²) (K) and the percentage of microglia cells found in 
every delimitated area (L) (n ≧ five mice per genotype). ** P ≤ 0.01; using an unpaired two-tailed Student’s t-test or *** P ≤ 0.001; using a one-way ANOVA 
followed by Tukey’s post hoc test. (M) Representative single confocal microscopy plane and orthogonal views showing CD68 positive-phagocytic mi-
crovesicles (red channel) phagocytosing Aβ peptides (Aβ, grey channel) within microglia (Iba-1, green channel) surrounding hippocampal senile plaques 
in APP/PS1+/−/Leva mice. (N) Graph represents the percentage of lysosomes containing amyloid-β of the total microglial lysosomes. * P ≤ 0.05, using 
an unpaired two-tailed Student’s t-test. Data in box plots represent the distribution of values per group (median, IQR, maximum, and minimum values)
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Fig. 5 TNAP pharmacological inhibition leads to increased levels of OPN, P2X7, and LRP1 in APP/PS1+/−mice. (A) Representative immunoblot using an 
antibody recognizing cleaved and full-length OPN in homogenates from the hippocampus of WT, WT treated with Levamisole (WT Leva), APP/PS1+/−, 
and APP/PS1+/− treated with Levamisole (APP/PS1+/− Leva). (B and C) Quantification of the ratio between cleaved OPN and full-length OPN (K) and 
total OPN (L) protein levels in the hippocampus of WT (n = 12), WT Leva (n = 6), APP/PS1+/− Leva (n = 8) and APP/PS1+/− (n = 11) mice. (D) Representative 
immunoblot of LRP1, IL-1β, P2X7, NLRP3, and MMP9 in homogenates from the hippocampus of WT, Levamisole-treated WT (WT Leva), untreated APP/
PS1+/−, and Levamisole-treated APP/PS1+/− (APP/PS1+/− Leva) mice. Quantification of P2X7 (E), IL-1β (F), NLRP3 (G), LRP1 (H), and MMP9 (J) protein levels 
in the hippocampus of WT (n = 10), WT Leva (n = 6), APP/PS1+/− Leva (n = 8) and APP/PS1+/− (n = 11) mice. Levels of α-tubulin were used as loading control 
for normalization purposes. Data are given as a percentage relative to WT mice #P ≤ 0,08, * P ≤ 0.05 or ** P ≤ 0.01, using a one-way ANOVA followed by 
Tukey’s post hoc test. I. Graphs show the Aβ1−40 levels in serum samples from APP/PS1+/− (n = 8), the same that were previously shown in Fig. 3O, and 
APP/PS1+/− Leva (n = 4) mice. Serum samples were analyzed via Aβ1−40-detecting ELISA. Data in box plots represent the distribution of values per group 
(median, IQR, maximum, and minimum values)
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neuroinflammation causes hippocampal TNAP expres-
sion upregulation [20], and TNAP inhibition increases 
the IL1β secretion [51], probably by exacerbating ATP-
associated NLPR3 activation [52]. Interestingly, TNAP 
inhibition also leads to pyrophosphate (PPi) accumula-
tion, initiating the formation of calcium pyrophosphate 
dihydrate crystals [53], which in turn can induce NLRP3 
inflammasome activation [54]. However, a local increase 
of PPi also causes upregulation of OPN [55], a glycopro-
tein that promotes neuroprotective effects in various 
brain diseases [41, 56]. Those findings suggest that TNAP 
plays a more complex role in microglial functionality. 
Indeed, a recent study has reported that upregulation 
of OPN, especially its fragments cleaved by metallopro-
teases, increases the clearance of Aβ by blood-derived 
microglia, specifically by monocyte-derived macro-
phages, and promotes their anti-inflammatory phenotype 
in a mouse model of AD [35]. In agreement with previ-
ous studies reporting that Akp2 depletion promotes 
OPN expression [57], we found that TNAP deficiency 
increases the OPN messenger levels, but, in addition, 
induces a greater proportion of anti-inflammatory OPN 
C-terminals fragments MMP-cleaved than WT or APP/
PS1+/− mice. Accompanying these results, we also found 
that TNAP deficiency reverts the downregulation of 
MMP9 in APP/PS1+/− mice. Therefore, our findings 
strongly suggest that the increased phagocytic capacity 
of microglia observed in APP/PS1+/−/TNAP+/− mice, and 
hence the reduction in brain senile plaque burden, can 
be attributed to the increased generation of OPN C-ter-
minal fragments cleaved by MMP9. Besides, because 
OPN is a TNAP-substrate [23], and previous work 
reported that phosphorylation of the OPN N-terminal 
domain promotes cell migration and subsequent acti-
vation by engagement of β3 integrin receptors [58], we 
postulated that genetic or pharmacological TNAP inhi-
bition promotes OPN phosphorylation, which improves 
microglial migration capacity, thereby contributing to a 
more efficient reduction in senile plaque burden. Inter-
estingly, it was also reported that the phosphorylated N 
terminal fragment of OPN induces a strong response of 
MMP9 [58]. However, because in APP/PS1 mice changes 
in cleaved OPN forms observed were matched with a 
reduction in MMP9 expression, the involvement of other 
proteases in OPN processing in ASPP/PS1 mice was evi-
denced. Indeed, other metalloproteases have also been 
related to posttranslational OPN processing [24]. There-
fore, additional studies should be conducted further to 
understand the effects of TNAP in OPN-processing pro-
teases and determine its involvement in the beneficial 
effect observed here. Furthermore, in accordance with 
previous work reporting that administration of recombi-
nant OPN downregulates NLRP3 expression and reduces 
the IL-1β release in a mouse model of LPS-induced 

inflammation [59], here we find TNAP haploinsufficiency 
prevents increased expression of inflammasome mem-
bers NLRP3 and P2X7R in APP/PS1+/− mice, although it 
fails to reduce the IL-1β release. This unexpected result 
may be due to the fact that TNAP inhibition also reduces 
extracellular ATP degradation, and thus favors ATP-asso-
ciated NLRP3 activation [52]. However, further studies 
are needed to clarify this point, including a more detailed 
analysis of the cytokine profile induced by pharmacologi-
cal or genetic blockade of TNAP in the brain. Supporting 
the relevance to control de axis NLRP3/P2X7R/IL1β as a 
putative therapeutic strategy to treat AD, it has recently 
been reported that blocking inflammasome activation 
by NLRP3 knockdown enhances phagocytic capacity 
to clear Aβ preventing the spatial memory loss in APP/
PS1+/− mice [60].

Given that reduced Aβ load might be due to increased 
Aβ transport through the BBB [12], we elucidate whether 
induced TNAP deficiency affects LRP1 functionality, a 
factor promoting Aβ transport in abluminal-to-luminal 
(brain-to-blood) transport of Aβ [45]. Relevance of LRP1 
in Aβ transport from the brain to blood was evidenced 
by the finding that selective LRP1 antibodies against 
LRP1 substantially inhibit Aβ1 − 40 transport at BBB [44], 
or by observing that selective LRP1 depletion in vascu-
lar smooth muscle cells increases cerebral Aβ deposition 
in APP/PS1+/− mice [61]. In accordance with previous 
work [46], we found that APP/PS1+/− mice have reduced 
expression of LRP1 in the hippocampus, which is pre-
vented when TNAP is present in hemizygosity. Moreover, 
we found that both APP/PS1+/−/TNAP+/− and levam-
isole-treated APP/PS1+/− mice present higher Aβ1 − 40 
serum levels than APP/PS1+/− mice. In light of these 
findings, we can conclude that TNAP also promotes the 
Aβ1 − 40 transport across BBB.

Finally, our results suggest that pharmacological TNAP 
inhibition may be considered a potential therapeutic 
strategy to effectively reduce the Aβ burden associated 
with AD since. This claim is supported by the fact that, 
similarly to genetic TNAP disruption, levamisole treat-
ment, a widely used BBB-permeable TNAP inhibitor, 
reduced cerebral plaque burden by increasing the phago-
cytosis of Aβ and its transport throughout the BBB. Nev-
ertheless, levamisole treatment did not reproduce the 
reduction in the size of senile plaques observed in APP/
PS1+/−/TNAP+/− mice. Given that MMP9 can degrade 
amyloid-β-fibrils from compact plaques in APP/PS1+/− 
mice [48], the inability of levamisole to prevent the 
reduced MMP9 expression in APP/PS1+/− mice might 
underlie this unexpected result. But why did levamisole 
treatment fail to prevent some beneficial effects observed 
in APP/PS1+/−/TNAP+/− mice, such as avoiding the 
increased NLRP3 or reducing MMP9 expression levels? 
The reason is unknown, but it is important to note that 
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levamisole, in addition to effectively blocking TNAP, 
also has off-target effects on the brain [62]. Supporting 
this hypothesis, only very limited beneficial effects were 
observed in the levamisole-treated APP/PS1+/− mice in 
behavioral tests. For this reason, additional efforts should 
be made to develop selective and BBB-permeable TNAP 
antagonists.

Conclusions
Our results, provide for the first time that brain blockade 
of TNAP efficiently reduces the Aβ load in an amyloid 
mouse model and, consequently, ameliorates the behav-
ioral alterations associated with Aβ-induced toxicity. 
These beneficial effects are due to the fact that TNAP-
blockade promotes the generation of MMP-cleaved 
OPN C-terminal fragments cleaved by MMP and OPN 
phosphorylation, which in turn promotes the blood-
derived microglia recruitment toward the senile plaque 
and increases their capacity to phagocytose Aβ. Besides, 
the TNAP blockade also favors the LRP1-mediated Aβ 
transport at the BBB, which also contributes to reduc-
ing brain Aβ burden. Considering that previous findings 
from our group have provided solid evidence supporting 
that TNAP blockade also ameliorates Tau-induced neu-
rotoxicity and increases life expectancy in a mouse model 
mimicking tau pathology associated with AD, we can 
claim that TNAP blockade may be a novel and effective 
therapy for the treatment of AD patients.
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