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Abstract (Max 250) 

Blood-brain barrier (BBB) dysfunction is a key feature in many neuroinflammatory diseases. Yet, no 

therapies exist to effectively mitigate BBB dysfunction. A strategy to bridge this knowledge gap requires an 

examination of proteins localized to brain microvascular endothelial cells (BMECs) and evaluating their role in 

preserving barrier integrity. Tissue-nonspecific alkaline phosphatase (TNAP) is highly abundant in brain 

microvascular endothelial cells (BMECs); however, its function in BMECs remains unclear. We hypothesized that a 

loss or inhibition of TNAP activity on BMECs would impair barrier integrity through increased cytoskeletal 

remodeling driven by the Rho-associated protein kinase (ROCK) pathway. First, we examined barrier integrity in 

hCMEC/D3 cells treated with a TNAP inhibitor (TNAPi) and in primary BMECs (pBMECs) via the conditional 

deletion of TNAP in endothelial cells. Our results showed that both pharmacological inhibition and genetic 

conditional loss of TNAP significantly worsened endothelial barrier integrity compared to controls. Next, we 

examined the mechanisms through which TNAP activity exerts a protective phenotype on BMECs. Our results 

showed that hCMEC/D3 cells treated with TNAPi displayed remarkable phalloidin and vimentin cytoskeletal 

remodeling compared to control. We then examined the role of ROCK, a key player in cytoskeletal remodeling. Our 

results showed that TNAPi increased the expression of ROCK 1/2. Furthermore, inhibition of ROCK 1/2 with 

fasudil mitigated TNAPi-induced and VE-cKO barrier dysfunction. Collectively, our results support a novel 

mechanism through which loss of TNAP activity results in cerebrovascular dysfunction, and selective modulation of 

TNAP activity in BMECs may be a therapeutic strategy to improve BBB function. 
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Introduction 

The blood-brain barrier (BBB) is a dynamic vascular interface that separates the brain parenchyma from 

systemic circulation [1]. The brain’s microvasculature differs from the peripheral vasculature due to its unique 

composition of brain capillary endothelial cells linked tightly together by junctional proteins, surrounding pericytes, 

basal lamina, and astrocyte end-foot processes [2]. At the BBB, brain capillary endothelial cell-cell junctions are 

critical for maintaining the integrity of the BBB via paracellular transport size selective restriction of molecules, 

toxin, and cells [3]. Furthermore, the expression of specific proteins, enzymes, and transporters on luminal and 

abluminal surfaces of brain capillary endothelial cells help to regulate blood-to-brain trafficking of certain molecules 

[4]. One example of these important proteins is the endothelial sphingosine-1-receptor-1 (S1Pr1). Yanagida et al., 

showed that conditional endothelial knockout of S1Pr1 led to a size selective BBB leakiness to fluorescent tracers 

less than 3 kDa. Furthermore, BBB leakiness in the S1Pr1 endothelial knockout mice was coupled to altered 

subcellular distribution of junctional proteins [5]. Thus, a cross-examination of specific proteins, enzymes, and 

transporters localized to brain capillary endothelial cells may provide therapeutic insight that may mitigate BBB 

dysfunction and the consequential long-term cognitive impairment seen across many neuroinflammatory conditions 

[2,6].  

 Alkaline phosphatases (APs) are found in numerous tissues, and are thought to play an important role in 

regulating inflammation [7]. There are four AP isozymes in humans (gene name in italics): placental alkaline 

phosphatase (PLAP; ALPP), germ cell alkaline phosphatase (GCAP; ALPPL2), intestinal alkaline phosphatase (IAP; 

ALPI), and tissue-nonspecific alkaline phosphatase (TNAP; ALPL; also known as Akp2 or Alpl in mouse) [8]. Of the 

four AP isozymes, only TNAP is expressed in the brain tissue of humans and rodents [9]. Moreover, biochemical 

and histological studies have shown that brain microvessels are abundantly rich in TNAP [10,11]. Several studies 

have demonstrated a role for APs in catalyzing the hydrolysis of nucleotides (ATP, ADP, and AMP) to free 

adenosine and inorganic phosphates [12]. Similarly, APs are able to dephosphorylate inflammatory molecules such 

as lipopolysaccharide (LPS), Damage-associated molecular patterns (DAMPs), and Pathogen-associated molecular 

patterns (PAMPs) [13-15]. Free adenosine and dephosphorylation of LPS (dLPS) are suggested to support the anti-

inflammatory role for APs in disease [12,16-18]. However, the molecular mechanisms through which APs maintain 

homeostasis via its putative anti-inflammatory function remain unclear. Earlier investigations from our group 

revealed that brain microvascular TNAP activity is decreased as early as 24 h post-sepsis, and this decrease is 
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sustained up to 7 days post-sepsis. Furthermore, the decrease in brain microvascular TNAP activity at 7-days post-

sepsis was coupled to increased immunoglobulin G (IgG) permeability and sustained neuroinflammation. Moreover, 

treatment of septic animals with a specific TNAP inhibitor decreased brain endothelial junctional protein claudin-5 

expression compared to vehicle treated septic and naïve mice [2,19]. These results suggest a putative role for 

microvascular TNAP activity in maintaining vascular barrier integrity at the endothelium. Therefore, in this study 

we elucidated the mechanistic role for TNAP at the brain endothelium and examined the molecular and cellular 

pathways targeted by TNAP. 

 Investigating the role of brain endothelial TNAP has been challenging for decades due to TNAP’s 

ubiquitous expression in other tissue types such as the liver, kidney, spleen, lung, bone, and diverse brain cell types 

[8,20]. Furthermore, mice with a global knockout of TNAP (Alpl-/-) die within days after birth from seizures and 

rickets characteristics of hypophosphatasia [21]. Newly generated pharmacological agents such as the TNAP 

inhibitor (TNAPi) probe and the pharmacological derivative 5-((5-chloro-2-methoxyphenyl) sulfonamido) 

nicotinamide (SBI-425) have advanced our knowledge on TNAP function in recent years [22,23]; however, the use 

of these drugs in vivo makes it difficult to delineate brain endothelial TNAP function as opposed to other cell types. 

The availability of the Alpl floxed mouse allowed for a targeted approach to delineate cell specific function by Cre-

lox recombination [24]. We utilized both pharmacological, a TNAP inhibitor (TNAPi), and genetic, endothelial 

TNAP conditional knockouts, to demonstrate a mechanistic role for brain endothelial TNAP in maintaining barrier 

integrity in vitro and ex vivo. Taken together, our results suggest that TNAP plays a critical role in maintaining 

barrier integrity via Rho-associated protein kinase (ROCK) mediated by cytoskeletal reorganization. 

 

Methods 

Cell lines 

 The hCMEC/D3 human cerebral microvascular endothelial cell line (D3 cells) is an immortalized 

endothelial line that retains BBB characteristics in vitro [25]. The cell line was purchased from Cedarlane Labs 

(Burlington, NC) 

 

Animals 
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All experiments were conducted in accordance with the National Institutes of Health Guide for the Care 

and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee at West 

Virginia University. Male wild-type (WT; C57BL6/J; Bar Harbor, ME, Catalog # 000664) mice were bred in West 

Virginia University Health Sciences Center vivarium facilities and used for sepsis and stroke experiments at 3-5 

months old. Floxed Alpl (Alplfl/fl) mice on a C57BL/6J genetic background were crossed with B6.FVB-Tg(Cdh5-

cre)7Mlia/J (VE-Cadherin Cre, Bar Harbor, ME, Catalog # 006137) mice obtained from Jackson Labs. Creation of 

Alplfl/fl mice is described in [24] and creation of VE-Cadherin Cre mice is described in [26]. VE-Cadherin Cre and 

Alplfl/fl mice were crossed to produce mice with a conditional deletion of Alpl in the endothelium (VE-cKO) and 

littermate control mice (Alplfl/fl). For genotyping, DNA was extracted from ear snips using the Purelink Genomic 

DNA Mini Kit (Invitrogen, Carlsbad, CA, USA), and PCR products were amplified by using a Veriti 96-well 

Thermal Cycler (Applied Biosystems, ThermoFisher Scientific, Waltham, MA) under the following conditions: 

94�°C for 1�min, [(94�°C for 30�sec, 60�°C for 30�sec, 72�°C for 45�sec) × 40 cycles], then 72�°C for 

1�min. VE-Cadherin Cre specificity was determined by the presence of a 700 bp product using  the following 

primers; ACRE_F: 5’- GAACCTGATGGACATGTTCAGGGA -3’, and ACRE_R: 5’- 

CAGAGTCATCCTTAGCGCCGTAAA -3’ [26]. Confirmation of floxed Alpl sites was determined by the presence 

of a 263 bp product using the following primer set; Alplflox_F: 5’- GTTGCGATGTGTGAAGATGTCCTCG -3’, and 

Alplflox_R: 5’- CTTGGGCTTGCTGTCGCCAGTAAC -3’. An additional strain was employed. Red fluorescent 

protein (RFP) B6.Cg-Gt(ROSA)26Sor (Ai9) mice under a genetic C57BL/6J background were obtained from Dr. 

Eric Tucker in the Department of Neuroscience at West Virginia University; generation of these mice is described in 

[27]. All mice were group housed in environmentally controlled conditions with a reverse light cycle (12:12 h 

light/dark cycle at 21 ± 1°C) and provided food and water ad libitum. 

 

Cecal Ligation and Puncture (CLP) 

The cecal ligation and puncture (CLP) model of polymicrobial sepsis was employed as previously 

described [19,28]. Briefly, C57BL/6J mice were anesthetized by the inhalation of 1-2% isoflurane and abdominal 

access was obtained via a midline incision. The cecum was ligated below the ileocecal valve, punctured twice with a 

22�G needle through and through, and placed back into the abdominal cavity. The abdominal muscle and skin layer 

were closed with 6-0 and 5-0 sutures (Ethilon, Cornelia, GA) respectively. Sham-operated animals had their cecum 
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isolated and then returned to the peritoneal cavity without being ligated or punctured. One mL of sterile 0.9% saline 

was administered subcutaneously (s.c.) for fluid resuscitation in all experimental groups. Mice used for all 

experiments were euthanized at seven days post-CLP. 

 

Transient Middle Cerebral Artery Occlusion (tMCAO) 
 

tMCAO surgery was performed under isofluorane anesthesia as previously described [29]. Briefly, male 

C57BL/6J mice were subjected to 60 min tMCAO using silicon coated sutures (Cat. #702334, Doccol Corporation, 

MA) followed by reperfusion. Body temperatures were controlled at 37�±�0.5�°C during occlusion. Occlusion 

and reperfusion were verified in each animal by a Laser Speckle Imager (Moor Instruments, England). Bupivacaine 

(2�mg/kg, s.c.) was administered to relieve pain after surgery. Mice were followed for seven days post-stroke and 

euthanized. 

 

Tissue Collecting and Processing  

Mice were deeply anesthetized with isoflurane and transcardially perfused (Masterflex 7524-10, Cole-

Parmer, Vernon Hills, IL) as described previously [19]. Briefly, blood was removed with 0.9% saline followed by 

perfusion and fixation with 4% chilled paraformaldehyde (PFA, Fisher Scientific, Pittsburgh, PA). Perfused brains 

were post-fixed in 4% PFA overnight at 4oC. On the following day, brains were rinsed in 0.01 M phosphate buffered 

saline (PBS) and incubated sequentially in 15% and 30% sucrose in PBS for 24 h. Next, brains were co-embedded in 

15% gelatin for sectioning. The gelatin block was processed sequentially through 4% PFA for 24 h, 15% sucrose for 

48 h, and 30% sucrose for 48 h. The block was then trimmed and placed in a -80°C freezer for 1 h. Sectioning was 

performed in the coronal plane at 35 µm on a sliding microtome (HM 450, ThermoFisher Scientific). 

 

Primary Brain Microvascular Endothelial Cell (pBMEC) Culture 

Brain microvascular endothelial cells (BMECs) were cultured from male and female mice as previously 

described [28]. Briefly, 6-8 week old Alplfl/fl (n = 5) and VE-cKO (n = 5) were perfused with 0.01 M phosphate 

buffered saline (PBS). Cortices were dissected, homogenized, digested in papain and DNase I (Worthington 

Biochemical Corp, Lakewood, NJ) at 37�°C for 1�h. The homogenate was then centrifuged (1360 × g) for 

10�minutes, followed by myelin removal. The cell pellet was resuspended in endothelial cell growth medium 
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(ECGM: F12 medium with 10% fetal bovine serum (FBS), endothelial growth supplement, ascorbate (2.5�µg/ml), 

L-glutamine (4�mM), and heparin (10�µg/ml), and plated into four collagen-coated wells (calf skin collagen, 

Sigma Aldrich, Milwaukee, WI) of a six-well plate. Cultures were treated with fresh ECGM medium the next day 

followed by treatment with puromycin hydrochloride (4 μg/ml) with EGCM�+�FBS for 2.5 days. Cultures reached 

confluency after 5–7 days and were used for barrier function assays. 

 

Brain Endothelial Cell Barrier Function Assays 

Barrier function assays were carried out as previously described for D3 cells [19] and in pBMECs [28]. 

Briefly, D3 cells were seeded onto 3 independent collagen-coated 16-well E-Plate PET arrays (ACEA Biosciences, 

San Diego, CA) at a concentration of 20,000 cells/well and loaded onto an xCelligence RTCA DP system (ACEA 

Biosciences) enclosed in a cell culture incubator. Once D3 cells reached confluence ~ 24 h after seeding, triplicate 

wells in each array were treated with 200 μl of the following: 0.3% dimethyl sulfoxide (DMSO), tissue-nonspecific 

alkaline phosphatase inhibitor (TNAPi 100 μM; Millipore, Temecula, CA), or TNF-α and IFN-γ (10 ng/mL; Sigma-

Aldrich). In a second set of experiments D3 cells in triplicate wells were treated with 200 μl of the following: 0.3% 

DMSO, TNAPi (100 μM), fasudil (10 μM; Sigma-Aldrich), or TNAPi (100 μM) and fasudil (10 μM). Barrier 

function assays were also performed in pBMECs cultures isolated from Alplfl/fl and VE-cKO mice. Barrier function 

of pBMEC cultures was recorded both with and without treatments. Alplfl/fl and VE-cKO endothelial cell cultures 

were treated with vehicle or 10 μM fasudil (i.e. Alplfl/fl untreated, Alplfl/fl fasudil, VE-cKO untreated, and VE-cKO 

fasudil). Cell impedance or normalized cell impedance was recorded and analyzed with RTCA Software 2.0 (ACEA 

Biosciences). Normalized cell impedance is calculated by dividing cell impedance at the normalized time (i.e. when 

cells are treated) by the original cell impedance. Untreated for all experiments refers to cells treated with vehicle (i.e. 

ECGM medium for pBMECs and endothelial cell growth basal medium-2 (EBM-2) for D3 cells). 

 

In-Cell Western (ICW) Assay 

The ICW assay was performed using the Odyssey Imaging System (LI-COR Biosciences, Lincoln, NE) as 

previously described [30]. Briefly, D3 cell cultures were grown in 96-well plates until they reached confluency. 

Thereafter, D3 cells were treated with vehicle, 0.3% DMSO, or TNAPi (100 μM) for 24 h. The following day, cells 

were fixed with 4% PFA then permeabilized with 0.5% Triton X-100 for 15 min at room temperature and blocked 
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with LI-COR Odyssey Blocking Solution (LI-COR Biosciences) for 1 h. The cells were then incubated overnight at 

4°C with primary antibodies. The following primary antibodies were used: ROCK1 (Invitrogen (1:1000), 

AB_11155392), ROCK2 (Invitrogen (1:1000), AB_11157047), and RhoA (Abcam (1:1000), AB_10675086, 

Cambridge, MA). The next day, the cells were washed three times with PBS and incubated with the appropriate 

secondary IgG IRDye™ 800/680 antibody (1:10,000 dilution, LI-COR Biosciences) at room temperature for 2 h. 

The 96-well plates were scanned with the Odyssey CLx Infrared Imaging System (LI-COR Biosciences), and the 

integrated fluorescence intensities representing the protein expression levels were acquired using the Odyssey 

software (Odyssey Software Version 3.0, LI-COR Biosciences). The relative amount of the protein of interest was 

obtained by normalizing to total cell number (CellTag700 stain) in all experiments. 

 

Tissue-Nonspecific Alkaline Phosphatase (TNAP) Enzyme Activity Histochemistry 

Brain tissue sections and cell cultures were evaluated for alkaline phosphatase enzyme activity with the 

BCIP/NBT substrate kit (SK-5400, Vector Laboratories, Burlingame, CA) as previously described [19,28]. Tissue 

sections and cells were rinsed three times in 0.1M Tris-HCl (pH = 9.5) for 5 min and incubated in BCIP/NBT 

staining solution for 4 h at room temperature. Following incubation, sections were rinsed in 0.01 M PBS and 

mounted onto microscope slides (Unifrost+, Azer Scientific, Morgantown, PA), air-dried overnight, dehydrated 

through a standard dehydration series, and cover-slipped with Permount (Fisher Scientific, Pittsburgh, PA). 

 

Immunohistochemistry  

Brain sections and cell cultures were immunostained using standard immunohistochemistry techniques 

[19,28]. Briefly, tissue sections and cells were washed three times, permeabilized, and blocked for 30 min on a 

shaker. Tissue sections and cells were then incubated for 24 h with primary antibodies or 1 h in Alexa 594 phalloidin 

dye at room temperature, followed by a 2 h incubation with the appropriate secondary antibody at room temperature. 

The following primary antibodies were used with working dilutions and antibody identification indicated in 

parentheses: CD31 (RnD Systems (1:500), AB_1026192, Minneapolis, MN), Phalloidin (Invitrogen (1:1000), 

AB_2315633, Carlsbad, CA), and Vimentin (Cell Signaling Technologies (1:500), AB_10695459, Danvers, MA). 

 

Image Analysis 
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Sections were viewed on a Leica DM6B microscope (Leica Camera, Allendale, NJ) and images were 

captured using Leica LASX software (Leica Microsystems, Buffalo Grove, IL). Cell culture images were captured 

using the EVOS FL Auto 2.0 microscope (Thermofisher). The cortex, striatum, and hippocampus were identified by 

referring to the Allen Institute Brain Atlas (http://mouse.brain-map.org). TNAP and/or CD31 images were captured 

in the cortex, striatum, and hippocampus (40X magnification). 6 fields from 2 sections per animal were collected for 

the quantification of regional TNAP enzyme activity. CD31 and RFP images were captured in the cortex at 20X 

magnification. 30 images/cell culture well (n=3) were used for the quantification of phalloidin, vimentin, and TNAP 

enzyme activity stains. Images were quantified using FIJI/Image J version 2.0 software. 

 

Statistical Analysis 

 All experiments were executed to enhance rigor and avoid experimenter bias. Investigators were blinded to 

the experimental groups for all image analyses. Immunohistochemistry and ICW images were analyzed using a one-

way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons post-hoc test. The D3 cell barrier 

function assay was analyzed using a one-way repeated measure analysis of variance (ANOVA) followed by Tukey’s 

multiple comparisons post-hoc test. The pBMECs (i.e. Alplfl/fl versus VE-cKO) barrier function assay was analyzed 

using a two-way repeated measure analysis of variance (ANOVA). Whole brain AP activity assay in Alplfl/fl versus 

VE-cKO was analyzed using a two-tailed unpaired Student’s t-test. Barrier function assay for the fasudil treated 

pBMECs was analyzed using linear mixed modeling with repeated subject set to cell line and covariance matrix set 

to compound symmetry. The model effects included the time block (pre-treatment, fasudil treatment, and 48 h post-

fasudil treatment), group (Alplfl/fl untreated, Alplfl/fl fasudil, VE-cKO untreated, and VE-cKO fasudil), and time block 

by group interaction. Comparisons within time blocks were made across groups on the least square means (LS 

means) with Tukey-Kramer adjustments. All analyses were conducted using SAS 9.4 (SAS software, Cary, NC) and 

GraphPad Prism 8.1 (GraphPad Software, La Jolla, CA). All p-values and n values are indicated in the figure 

legends. Results were expressed as means�±�SEM and p-values <0.05 were considered significant. 

 

Results 

Brain Microvascular TNAP Activity is Decreased in Models of Cerebrovascular Dysfunction 
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We have previously shown that brain microvascular TNAP activity is decreased at 24 h post-sepsis, and 

this decrease in TNAP activity is sustained up to 7 days post-sepsis [19,2]. Therefore, we examined whether the 

decrease in brain microvascular TNAP activity post-sepsis (Fig. 1a) extends to other neuroinflammatory conditions 

such as stroke. Cortex and striatum were examined because these regions revealed increased microvascular TNAP 

activity compared to other regions like the hippocampus in mice (Supplementary Fig. 1). Our results showed that 

following transient middle cerebral artery occlusion, the penumbra in the ipsilateral cortex and striatum exhibited 

decreased TNAP activity compared to the contralateral cortex and striatum (Fig. 1b). These results are consistent 

with an earlier study from our group showing that the loss of brain microvascular TNAP activity post-sepsis did not 

result from the loss of brain microvessels (Supplementary Fig. 2a) [19]. Similarly, CD31 and TNAP activity double-

label histology in the penumbra of stroke tissue (striatum shown) revealed a loss of brain microvascular TNAP 

activity that is independent of CD31 positive vessel loss (Supplementary Fig. 2b). The loss of TNAP activity on 

CD31 positive microvessels after stroke and sepsis led us to speculate that TNAP may play an important role in 

cerebrovascular inflammation. 

 

TNAP Inhibition in Brain Microvascular hCMEC/D3 Endothelial Cells Promotes Loss of Barrier Integrity 

Brain microvascular endothelial cells are a key component of cerebral microvessels and play an important 

role in maintaining barrier integrity [31]. Next, we investigated whether a decrease in TNAP activity in brain 

endothelial cells promotes barrier dysfunction. Brain microvascular D3 endothelial cells were treated with TNAPi 

alone (a highly specific in vitro TNAP inhibitor [32]), TNF-α and IFN-γ, or TNF-α and IFN-γ combined with 

TNAPi. Our results showed that treatment of D3 endothelial cells with TNAPi (p = 0.01) and TNF-α and IFN-γ (p = 

0.0005) significantly decreased endothelial TNAP activity compared to appropriate controls (Tukey’s multiple 

comparisons test, one-way ANOVA). Furthermore, a combined treatment of TNAPi and TNF-α and IFN-γ 

significantly decreased (p < 0.0001) endothelial TNAP activity compared to TNAPi alone (Tukey’s multiple 

comparisons test, one-way ANOVA) (Fig. 2a, b). We then examined whether the loss of TNAP activity in D3 

endothelial cells following treatment with TNAPi or TNF-α and IFN-γ resulted in a loss of barrier function. Our 

results showed that both TNAPi (p < 0.0001) and TNF-α and IFN-γ (p < 0.0001) significantly decreased barrier 

integrity (impedance) compared to control (Tukey’s multiple comparisons test, one-way ANOVA) (Fig. 2c). 
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Inhibition of Brain Endothelial TNAP Activity Induces Cytoskeletal Remodeling 

The next set of studies sought to explore the mechanisms responsible for TNAPi-induced barrier 

dysfunction shown in Figure 2. Earlier studies by Deracinois et al. with a pan-phosphatase inhibitor (levamisole) 

suggested that the TNAP-dependent loss of barrier integrity in bovine capillary endothelial cells was associated with 

cytoskeleton remodeling [33]. However, levamisole is a non-specific inhibitor of TNAP and is capable of decreasing 

the activity of other phosphatases [34,23]. Hence, we examined cytoskeletal remodeling by using TNAPi. To do 

this, we treated D3 endothelial cells with TNAPi alone, TNF-α and IFN-γ, or TNF-α and IFN-γ combined with 

TNAPi. Thereafter, we immunostained for F-actin using phalloidin and intermediate filaments using vimentin 24 h 

following treatment. Our results showed that treatment of D3 endothelial cells with TNAPi alone (p = 0.0008) and 

TNF-α and IFN-γ (p < 0.002) significantly decreased F-actin fluorescence intensity compared to DMSO control 

(Tukey’s multiple comparisons test, one-way ANOVA). Furthermore, combined treatment of TNF-α and IFN-γ with 

TNAPi significantly decreased F-actin fluorescence intensity compared to TNAPi alone (p < 0.006) or TNF-α and 

IFN-γ (p = 0.0001; Tukey’s multiple comparisons test, one-way ANOVA). Moreover, we observed increased cell 

detachment (white arrows) in the TNAPi alone, TNF-α and IFN-γ, and TNF-α and IFN-γ combined with TNAPi 

groups compared to controls (i.e. DMSO or untreated) (Fig. 3a, b). Likewise, intermediate filament (i.e. vimentin) 

fluorescence intensity was significantly decreased in the TNAPi alone (p = 0.03) and TNF-α and IFN-γ combined 

with TNAPi (p = 0.008) when compared to DMSO control (Tukey’s multiple comparisons test, one-way ANOVA). 

However, treatment with TNF-α and IFN-γ alone did not appear to significantly alter the fluorescence intensity of 

vimentin (Fig. 3c, d). 

 

ROCK Protein Expression is Increased Following TNAP Inhibition in Endothelial Cells 

Numerous studies have implicated the Rho/ROCK pathway as a critical mediator involved in endothelial 

cytoskeletal remodeling [35]. Based on the results derived in Figure 3, we employed in-cell Westerns (ICW) to 

examine the implications of TNAP inhibition on RhoA, ROCK 1, and ROCK 2 endothelial protein expression. 

Although RhoA expression increased relative to the appropriate control (DMSO) following treatment with TNAPi; 

however, this increase was not significant (Fig. 4a). Next, we examined downstream proteins (i.e. ROCK 1 and 

ROCK 2) involved in the Rho/ROCK pathway. Our results showed that ROCK 2 (p = 0.0003) and ROCK 1 (p = 

0.02) protein expression was significantly increased following TNAPi treatment compared to DMSO control 
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(Tukey’s multiple comparisons test, one-way ANOVA) (Fig. 4c-f). Interestingly, DMSO, the vehicle for TNAPi, 

significantly increased (p = 0.02) ROCK1 protein expression relative to untreated endothelial cells (Tukey’s 

multiple comparisons test, one-way ANOVA). This finding was not uncommon since DMSO has been shown to 

induce slight inflammation [36]. 

 

A ROCK Inhibitor Mitigates Loss of Barrier Integrity Following TNAP Inhibition  

Fasudil is a potent competitive inhibitor of ROCK 1 and ROCK 2 [37]. Therefore, we examined whether 

fasudil alleviates TNAPi-induced barrier dysfunction. To do this, D3 endothelial cells were treated with TNAPi, 

fasudil, and TNAPi and fasudil. Following treatment, barrier integrity was measured over a 48-h period. Our results 

showed that TNAPi treatment significantly decreased (p < 0.0001, Tukey’s multiple comparisons test, repeated one-

way ANOVA) barrier integrity compared to DMSO control. A combination treatment of fasudil and TNAPi 

revealed a significantly improved (p < 0.0001, Tukey’s multiple comparisons test, repeated one-way ANOVA) 

barrier integrity relative to TNAPi alone (Fig. 5). These results implicate ROCK proteins as downstream mediators 

of TNAP inhibition. 

 

Conditional Deletion of TNAP in Primary Brain Microvascular Endothelial Cells Reduces Barrier Integrity 

To further establish an important role for endothelial TNAP in barrier maintenance, we generated a mouse 

model with a conditional deletion of endothelial Alpl - the gene that encodes TNAP – in endothelial cells [38]. To do 

this, we bred a Cdh5-Cre driver mouse with the previously published Alpl floxed mouse [24]. Cdh5 encodes VE-

cadherin, a marker of endothelial cells. First, we verified that Cre expression was specific for vascular endothelial 

cells by crossing the Cdh5-Cre mice with Ai9 RFP promoter mice (Supplementary Fig. 4). Then, we measured 

whole brain AP activity in offspring littermates. VE-cKO (endothelial TNAP knockouts) mice revealed a 

significantly decreased (t = 5.4, p = 0.006, unpaired t-test) whole brain AP activity compared to Alplfl/fl mice 

(littermate control) (Fig. 6a). To further demonstrate the loss of TNAP in endothelial cells, we isolated and cultured 

primary brain microvascular endothelial cells (pBMECs) from Alplfl/fl and VE-cKO mice. Our results revealed an 

absence of TNAP activity in VE-cKO pBMECs compared to Alplfl/fl pBMECs (Fig. 6b). Consequently, we assessed 

whether the loss of TNAP on VE-cKO pBMECs were comparable to the barrier assay results derived with TNAPi in 
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D3 endothelial cells. Our results revealed a significant loss of barrier integrity (p < 0.0001) in VE-cKO pBMECs 

compared to Alplfl/fl pBMECs (Tukey’s multiple comparisons test, repeated two-way ANOVA) (Fig. 6c). 

 

Fasudil Rescues Barrier Integrity in VE-cKO Endothelial Cells  

Next, we assessed whether ROCK inhibition would mitigate the loss of barrier integrity shown in Figure 

6c. Barrier integrity data was collected at three timepoints: pre-treatment, fasudil treatment, and 48 h post-fasudil 

treatment (i.e. drug elimination). Our results shown in Figure 7a (pre-treatment) paralleled the results derived in 

Figure 6c as expected (i.e. VE-cKO pBMECs demonstrated a significant loss of barrier integrity (p = 0.0009) 

compared to Alplfl/fl pBMECs (repeated three-way ANOVA). Following treatment with fasudil, barrier integrity in 

VE-cKO pBMECs significantly improved (p < 0.0001) compared to untreated VE-cKO pBMECs (Tukey-Kramer 

comparisons test, linear mixed modeling). Interestingly, the improvement of barrier integrity in fasudil treated VE-

cKO pBMECs was comparable (p = 0.89) to untreated Alplfl/fl  pBMECs (Tukey-Kramer comparisons test, linear 

mixed modeling) (Fig. 7b). 48 h post-fasudil treatment, barrier integrity in fasudil treated VE-cKO pBMECs 

declined and became comparable (p = 0.52) to untreated VE-cKO pBMECs (Tukey-Kramer comparisons test, linear 

mixed modeling) (Fig. 7c). 

 

Discussion 

In the present study, we sought to elucidate the mechanistic role of an AP isozyme, TNAP, in brain 

microvascular endothelial cells. We have shown previously that microvascular TNAP activity is decreased as early 

as 24 h post-sepsis and sustained up to 7 days post-sepsis in the brains of mice [2,19]. In addition, we showed that 

the decrease in TNAP activity in brain microvessels extrapolates to other acute inflammatory conditions such as 

stroke. The observation of a loss microvascular TNAP activity in late (7 days) sepsis and ischemic stroke highlights 

a putative role for TNAP at the brain’s vasculature. Our results demonstrate an important mechanistic role for 

endothelial TNAP in maintaining barrier integrity by preventing the ROCK-mediated disruption of the cytoskeleton. 

Of note, it remains unclear how TNAP’s action on ROCK proteins converge into the well-known function of TNAP 

involving the dephosphorylation of nucleotides, LPS, DAMPs, and PAMPs [13-15]. Inflammatory molecules such 

as LPS have been shown in other models to increase ROCK protein expression and cause endothelial barrier 
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integrity loss [39-41]; hence, it is likely that the action of LPS, DAMPs, and PAMPs are upstream relative to the 

novel mechanistic findings shown in this study. Future studies will address the convergence of these pathways. 

 Circulating levels of pro-inflammatory cytokines such as TNF-α and IFN-γ have been shown to be 

increased in neuroinflammatory conditions like sepsis and stroke [42-45]. Our laboratory has previously shown that 

there is a sustained increase in pro-inflammatory cytokines up to 7 days post-sepsis, and this increase is coupled to a 

loss of TNAP activity in brain microvessels [19]; therefore, we examined whether treatment with TNF-α and IFN-γ 

decreased endothelial TNAP activity similar to TNAPi. Our results showed that treatment of the brain microvascular 

D3 endothelial cells with TNF-α and IFN-γ sufficiently decreased TNAP activity similarly to TNAPi treatment 

alone. This finding demonstrates that pro-inflammatory cytokines may, in part, be responsible for the initial loss of 

brain microvascular TNAP activity seen in sepsis and stroke. Furthermore, we showed that the decrease in 

endothelial TNAP activity or the conditional loss of TNAP worsened endothelial cell barrier integrity. Owing to 

these findings, we propose that impaired BBB function seen in sepsis and stroke pathogenesis originates from 

endothelial cell damage, and the loss of endothelial TNAP activity contributes to BBB dysfunction.   

 The overall findings from our pharmacological and genetic studies have identified a novel molecular 

mechanism through which brain endothelial cell TNAP regulates BBB integrity. Importantly, our results 

substantially extend the findings from a previous study which showed that treatment of bovine capillary endothelial 

cells with a pan-AP inhibitor, i.e. levamisole, induced the retraction of endothelial cells [33]. Endothelial cell 

retraction and detachment are prototypical indicators of cytoskeletal reorganization and have been shown to 

accompany BBB dysfunction and increase cellular permeability [46,47]. We observed that treatment of BMECs 

with TNF-α and IFN-γ combined with inhibition of TNAP enzymatic activity disrupted the actin cytoskeleton. More 

importantly, the reorganization of the BMEC actin cytoskeleton was accompanied by increased cell detachment 

between adjacent endothelial cells, which represents reduced cell-cell junctional protein contact and adhesion. 

Junctional proteins such as claudin-5 are connected to the actin cytoskeleton via scaffold proteins and have been 

shown to play an important role in maintaining paracellular barrier permeability [48]. Therefore, it becomes 

plausible that the observed TNAPi-induced loss of endothelial barrier integrity shown in this study originates from 

the inability of brain endothelial cells to form proper cell-cell tight junctions. Therefore, we propose that the 

observed TNAPi-induced loss of endothelial barrier integrity shown in this study originates from the inability of 

brain endothelial cells to form proper cell-cell adhesion. This is supported by a previous in vivo study from our 
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laboratory which showed that the junctional protein claudin-5 is decreased in the brains of septic mice treated 

intraperitoneally with an in vivo TNAP inhibitor, SBI-425, compared to vehicle treated septic mice [19]. In addition, 

morphological analyses of endothelial TNAP conditional knockout cell cultures with the AP activity stain revealed 

endothelial retraction and cellular detachment similar to TNAPi treated microvascular D3 endothelial cells (data not 

shown).  

Intermediate filaments have been shown to directly and indirectly interact with actin [49,50]. This 

interaction is demonstrated by studies which showed that actin disruption affected intermediate filament sub-

localization networks in cells [51-53]. We observed that the disruption of actin following TNAP enzyme inhibition 

disrupted the intermediate filament. Vimentin is one of the major intermediate filaments shown to provide a 

structural support for cells [54]. Interestingly, we only observed diminished vimentin fluorescence intensity 

following inhibition of TNAP activity, but not with TNF-α and IFN-γ treatment. In contrast, other studies that 

employed different cell types, human umbilical vein endothelial cells (HUVECs) or astrocytes, have demonstrated 

that TNF-α treatment increased vimentin protein expression [55,56]. We suggest that the properties of individual 

cell types, the dosage used, and use of TNF-α alone instead of TNF-α and IFN-γ are responsible for this 

discrepancy. Taken together, our results suggest that the sustained loss of microvascular TNAP activity induced by 

the presence of pro-inflammatory cytokines may be detrimental to the actin cytoskeleton and intermediate filaments. 

However, it remains unclear whether the loss of actin initiates vimentin disruption following TNAPi treatment or 

vice versa.  

 ROCK protein expression has been shown to play a role in regulating cytoskeletal proteins such as 

vimentin and actin by initiating F-actin contraction/retraction and cellular detachment [37,35,46]. Upstream of 

ROCK is the RhoA protein, one of many proteins that drives the activation of ROCK, and the Rho-ROCK pathway 

has been shown to play an important role in endothelial cell function Based on our cytoskeletal findings, we 

addressed whether the Rho/ROCK pathway was implicated in TNAP signaling. Our results showed that ROCK (1/2) 

protein expression was significantly increased following TNAPi treatment, along with a trending decrease in RhoA. 

protein levels. This finding indicates that TNAP-mediated signaling mechanism which suppresses ROCK activation 

is likely mediated by at least one separate pathway in addition to the canonical RhoA pathway. We speculate that the 

drastic effect of TNAP inhibition on ROCK 2 compared to ROCK 1 protein expression arises from the increased 

expression of ROCK 2 in brain tissue compared to ROCK 1 [37]. Furthermore, it is also likely that ROCK 1 and 
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ROCK 2 may play independent effector roles downstream. For example, Shi et el., showed that ROCK 1 regulates 

the actin cytoskeleton through myosin light chain 2 (MLC2) phosphorylation while ROCK 2 regulates the actin 

cytoskeleton through cofilin phosphorylation in mouse embryonic fibroblast (MEF) cells [57]. Finally, we utilized a 

ROCK1/2 inhibitor (fasudil) to further demonstrate the involvement of ROCK proteins in a novel TNAP signaling 

pathway in both D3 cells and pBMECs. These results contribute a novel mechanism in support of the 

neuroprotective and anti-inflammatory benefit of fasudil treatment established in preclinical models of sepsis and 

stroke [58-61].  

 BBB dysfunction is a common feature in many neuroinflammatory disorders [4]. Diminished BBB function 

is characterized by increased loss of junctional proteins, increased paracellular permeability of molecules and 

immune cells into the brain parenchyma, and endothelial cell transcytosis of immune cells into the parenchyma [2]. 

To our knowledge, this is the first study to describe the novel role played by endothelial TNAP in maintaining 

paracellular barrier integrity since our barrier assays can only assess this parameter. Our results suggest that 

endothelial TNAP exerts an inhibitory function on the activity of endothelial ROCK proteins in health and this 

function is dysregulated during acute injury as suggested by our septic and stroke studies. We propose a working 

model (Fig. 8) in which TNAP inhibition or loss prevents the contraction/retraction of endothelial cells and 

junctional protein disruption. During inflammation and/or acute injury, the rapid increase in pro-inflammatory 

cytokines leads to a reduction in endothelial TNAP activity on microvessels. The sustained loss of TNAP activity 

leads to cytoskeletal remodeling indicated by endothelial contraction and junctional protein detachment, which then 

permits the paracellular infiltration of pro-inflammatory molecules and immune cells that promote astrogliosis and 

microglial activation.  

Despite the current advances discussed in this study, some limitations exist. Since the experiments were 

carried out using in vitro and ex vivo methods, the contribution of astrocytes or pericytes is not clear and will be 

addressed in future studies. Since D3 cells were generated from a female donor and mixed sex pBMECs were used 

in the ex vivo experiments, we were unable to delineate sex-specific pathways. Future studies will address the role of 

sex on brain endothelial TNAP function. Furthermore, the assays used in this study were unable to delineate how 

endothelial TNAP may affect transcellular permeability. In summary, our results support a novel role for TNAP 

signaling in maintaining BMEC barrier integrity. Therapeutic strategies that modulate the endothelial TNAP activity 
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may be beneficial for the treatment of BBB dysfunction or temporal - targeted drug delivery for various neurological 

disorders such as brain tumors, ischemic stroke, or Alzheimer’s disease. 
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Figure Legends 
 
Fig. 1 TNAP activity is decreased in sepsis and stroke (AD). (a-b) Representative images showed that TNAP 
activity in the cortex and striatum is decreased in sepsis (7 days post-sepsis) and stroke (7 days post-stroke) 
compared to appropriate controls. Images taken at 20X magnification and scale bar = 75 µm 
 
Fig. 2 Inhibition of brain hCMEC/D3 endothelial TNAP promotes barrier dysfunction. (a, b) TNAPi (p = 0.01, 
Tukey’s multiple comparisons test, one-way ANOVA) and TNF-a and IFN-g (p = 0.0005, Tukey’s multiple 
comparisons test, one-way ANOVA) significantly decreased brain endothelial TNAP activity compared to 
appropriate controls (DMSO or untreated). Moreover, combined treatment of TNAPi, TNF-a and IFN-g 
significantly decreased (p < 0.0001, Tukey’s multiple comparisons test, one-way ANOVA) brain endothelial TNAP 
activity compared to TNAPi alone. (c) TNAPi (p < 0.0001, Tukey’s multiple comparisons test, repeated one-way 
ANOVA) and TNF-a and IFN-g (p < 0.0001, Tukey’s multiple comparisons test, repeated one-way ANOVA) 
significantly decreased barrier integrity (impedance) compared to DMSO control. * indicates p < 0.05, **p < 0.01 
***p < 0.001, and ****p < 0.0001, and is considered significant. All data presented as mean ± SEM. Images taken 
at 10X magnification and scale bar = 1000 µm. n = 3-5 wells/treatment group, ns = not significant 
 
Fig. 3 TNAPi induces cytoskeletal remodeling in hCMEC/D3 brain endothelial cells. (a, b) TNAPi (p = 0.0008, 
Tukey’s multiple comparisons test, one-way ANOVA) and TNF-a and IFN-g (p < 0.002, Tukey’s multiple 
comparisons test, one-way ANOVA) significantly decreased phalloidin (F-actin) fluorescence intensity compared to 
appropriate controls (DMSO or untreated). Furthermore, combined treatment of TNAPi, TNF-a and IFN-g 
significantly exacerbated the decrease in phalloidin fluorescence intensity compared to TNAPi (p < 0.006, Tukey’s 
multiple comparisons test, one-way ANOVA) or TNF-a and IFN-g alone (p = 0.0001, Tukey’s multiple 
comparisons test, one-way ANOVA). Increased endothelial cell detachment (gaps, white arrows) accompanied the 
decrease in phalloidin fluorescence intensity. (c, d) TNAPi (p = 0.03, Tukey’s multiple comparisons test, one-way 
ANOVA) and combined treatment of TNAPi, TNF-a and IFN-g (p = 0.008, Tukey’s multiple comparisons test, one-
way ANOVA) significantly decreased vimentin fluorescence intensity compared to DMSO control. Interestingly, 
TNF-a and IFN-g alone did not alter vimentin fluorescence intensity. * indicates p < 0.05, **p < 0.01 ***p < 0.001, 
and ****p < 0.0001, and is considered significant. All data presented as mean ± SEM. Images taken at 20X 
magnification and scale bar = 200 µm. n = 3-6 wells/treatment group, ns = not significant 
 
Fig. 4 ROCK isoforms are increased following TNAPi treatment in hCMEC/D3 brain endothelial cells. (a, b) Rho 
protein was increased following treatment with TNAPi; however, this increase was not significant (p = 0.34, 
Tukey’s multiple comparisons test, one-way ANOVA). (c-f) Treatment with TNAPi increased ROCK 2 (p = 0.0003, 
Tukey’s multiple comparisons test, one-way ANOVA) and ROCK 1 (p = 0.02, Tukey’s multiple comparisons test, 
one-way ANOVA) protein expression compared to DMSO control. Fluorescence signal was normalized to total cell 
number for each respective well. * indicates p < 0.05 and ***p < 0.001, and is considered significant. All data 
presented as mean ± SEM. Average n = 10 wells/treatment group, ns = not significant 
 
Fig. 5 Fasudil mitigates TNAPi-induced barrier dysfunction in hCMEC/D3 brain endothelial cells. TNAPi alone 
significantly decreased (p < 0.0001, Tukey’s multiple comparisons test, repeated one-way ANOVA) barrier integrity 
compared to DMSO control. Combined treatment of TNAPi and fasudil significantly (p < 0.0001, Tukey’s multiple 
comparisons test, repeated one-way ANOVA) rescues TNAPi-induced barrier dysfunction. **** indicates p < 
0.001, and is considered significant. All data presented as mean ± SEM. n = 3 wells/treatment group 
 
Fig. 6 Conditional loss of endothelial TNAP worsens barrier integrity. (a) Whole brain AP activity is significantly 
increased (p = 0.006, unpaired t-test) in Alplfl/fl (n = 2, littermate control) mice compared to VE-cKO (n = 4, 
endothelial TNAP knockout) pBMECs. (b) VE-cKO pBMECs were absent of TNAP activity stain (purple) 
compared to Alplfl/fl pBMECs. (c) Barrier integrity in VE-cKO pBMECs was significantly decreased (p < 0.0001, 
Tukey’s multiple comparisons test, repeated two-way ANOVA) compared to Alplfl/fl pBMECs. ** indicates p < 0.01 
and ****p < 0.0001, and is considered significant. All data presented as mean ± SEM. Images taken at 40X 
magnification and scale bar = 100 µm. n = 4 wells/treatment group 
 
Fig. 7 Fasudil mitigates barrier integrity loss in VE-cKO pBMECs. (a) Barrier integrity was significantly decreased 
(p = 0.0009, repeated three-way ANOVA) in VE-cKO pBMECs compared to Alplfl/fl pBMECs before fasudil 
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treatment. (b) Fasudil treatment significantly mitigated (p < 0.0001, Tukey-Kramer comparisons test, linear mixed 
modeling) loss of barrier integrity in fasudil treated VE-cKO pBMECs compared untreated VE-cKO pBMECs. (c) 
48 h post-fasudil treatment (i.e. drug elimination) barrier integrity in fasudil treated VE-cKO pBMECs was 
comparable (p = 0.52, Tukey-Kramer comparisons test, linear mixed modeling) to untreated VE-cKO pBMECs. *** 
indicates p < 0.001, and ****p < 0.0001, and is considered significant. All data presented as mean ± SEM. n = 3 
wells/treatment group 
 
Fig. 8 A proposed function of TNAP at the endothelium. In health, endothelial TNAP maintains barrier integrity via 
regulation of the actin cytoskeleton; however during inflammation, systemic pro-inflammatory cytokines decrease 
TNAP activity in endothelial cells. The decrease in endothelial TNAP activity promotes actin cytoskeleton 
contraction and detachment of adjacent endothelial cells which lead to a loss of barrier integrity. Thereafter, pro-
inflammatory cytokines and immune cells infiltrate the brain parenchyma promoting the activation and proliferation 
of microglia and astrocytes. Sustained neuroinflammation ultimately leads to increased mortality and morbidity. 
Image credit: Biorender.com 
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