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Abstract

Objective—The mechanisms by which histamine increases microvascular permeability remain 

poorly understood. We tested the hypothesis that H1 receptor activation disrupts the endothelial 

barrier and investigated potential downstream signals.

Methods—We used confluent endothelial cell (EC) monolayers, assessing transendothelial 

electrical resistance (TER) as an index of barrier function. Human umbilical vein EC (HUVEC), 

cardiac microvascular EC (HCMEC), and dermal microvascular EC (HDMEC) were compared. 

Receptor expression was investigated using Western blotting, immunofluorescence (IF) confocal 

microscopy and RT-PCR. Receptor function and downstream signaling pathways were tested 

using pharmacologic antagonists and inhibitors, respectively.

Results—We identified H1-H4 receptors on all three EC types. H1 antagonists did not affect 

basal TER but prevented the histamine-induced decrease in TER. Blockade of H2 or H3 

attenuated the histamine response only in HDMEC, while inhibition of H4 attenuated the response 

only in HUVEC. Combined inhibition of both PKC and PI3K caused exaggerated histamine-

induced barrier dysfunction in HDMEC, whereas inhibition of p38 MAP kinase attenuated the 

histamine response in all three EC types. Inhibition of RhoA, ROCK, or MLCK also prevented the 

histamine-induced decrease in TER in HDMEC.

Conclusion—The data suggest that multiple signaling pathways contribute to histamine-induced 

endothelial barrier dysfunction via the H1 receptor.
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Introduction

Blood-tissue exchange occurs primarily in capillaries and postcapillary venules. 

Inflammation increases the permeability of these microvessels, which when excessive can 
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lead to tissue dysfunction as seen in a variety of pathological conditions. Although elevated 

microvascular leakage is commonly associated with injury, inflammation, hypertension, 

heart disease and diabetes, there are still no specific curative treatments available [14,17].

Histamine, a principal mediator of inflammation, causes endothelium-dependent 

vasodilation, elevated microvascular permeability of postcapillary venules, and other 

cardiovascular effects [3,24,38,42,62]. Several studies have identified molecular signals that 

contribute to histamine-induced microvascular hyperpermeability using EC monolayer and 

intact microvessel models. These signals include elevation of intracellular free Ca2+ levels, 

activation of PKC and Akt, as well as pathways involving eNOS-cGMP-PKG and MEK-1/2 

[13,26,40,59]. Histamine also causes a rapid, short-lived increase in phosphorylation of 

myosin light chains (MLC) by MLC kinase (MLCK) in EC, disrupting peripheral actin and 

causing cell retraction [45,53]. Involvement of the RhoA/ROCK pathway, which also 

promotes MLC phosphorylation through inhibition of the MLC phosphatase, has also been 

reported [58]. Other studies have described histamine-induced tyrosine phosphorylation of 

VE-cadherin, its dissociation from β-catenin and its sequestration from junctions in cultured 

EC [1,18,51]. Likewise, electron microscopy studies described formation of gaps between 

EC in postcapillary venules in response to histamine [37,60]. Despite these advancements, 

several questions remain about how histamine elicits increased endothelial permeability.

One key question that remains incompletely answered is which histamine receptors 

contribute to the increase in permeability. There are four known histamine receptors (H1-

H4), which are all G protein-coupled receptors (GCPRs), [22]. These receptors differ in 

location, histamine binding affinity and second messengers activated. Previous studies of 

histamine receptors on EC revealed differential effects on intracellular free Ca2+ as well as 

endothelial permeability [25,41,54] that may be due to variable expression of these 

receptors, resulting in diverse intracellular responses [12,21,27]. H1 receptors reportedly 

mediate a host of intracellular events that cause elevation of intracellular free Ca2+ whereas 

H2 activation elicits an elevation of cAMP [20]. The H1 receptor has been reported to be 

coupled to Gq and is thought to increase endothelial permeability [56]. In this scheme, H1 

activation leads to elevation in PLC activity, formation of IP3 and DAG, mobilization of 

Ca2+ from intracellular stores and downstream activation of PKC [56,57]. The H2 receptor 

is reported to be Gs-coupled and increases cAMP, leading to activation of PKA and 

enhanced barrier function [54]. The H3 and H4 receptors may both be coupled to Gi and can 

signal to decrease net cAMP levels [23,34]. It is important to note that several of the 

aforementioned studies utilized non-microvascular endothelial cell models. Thus, it is not 

entirely clear whether these reported couplings between second messengers and particular 

histamine receptors reflect the true signaling paradigms of the microvascular endothelium.

In this study we investigated the roles of the H1, H2, H3 and H4 receptors in histamine-

induced endothelial hyperpermeability. Cultured EC models allow the study of specific 

endothelial signaling mechanisms [14]. A problem with these cultured EC models has been 

the relatively weak histamine-induced increases in permeability compared to intact tissue 

models [62]. However, our recent finding that cultured dermal lymphatic EC produce a 

stronger response than human umbilical vein EC [7] prompted us to test whether 

microvascular EC monolayer models may more appropriately reflect intact venules. In 

Adderley et al. Page 2

Microcirculation. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



addition, we investigated whether the H1, H2, H3 and H4 histamine receptors have 

differential involvement between EC from different tissue sources. Lastly, we examined 

downstream intracellular signaling pathways that might mediate histamine-induced 

endothelial barrier dysfunction in these models.

Methods

Materials

Clonetics microvascular endothelial growth medium (EGM), endothelial basal medium 

(EBM), and cryopreserved adult human dermal and human cardiac EC (HDMEC and 

HCMEC, respectively), human umbilical vein EC (HUVEC), all pooled from multiple 

donors, were purchased from Lonza (Basel, Switzerland). Rat brain EC (RBMEC) was 

purchased from ScienCell (Carlsbad, CA). Histamine dihydrochloride (catalog no. H7250) 

was purchased from Sigma (St. Louis, MO). Mepyramine, Cimetidine, Ciproxifan, 

Cetirizine dihydrochloride, H1152, ML-7, GFX109203X (GFX), PI828 (PI) and Immepip 

dihydrobromide were purchased from Tocris (Bristol, UK). SB 203580 (SB) and Y16 were 

purchased from EMD-Millipore (Billerica, MA). JNJ 7777120 was purchased from Johnson 

& Johnson (New Brunswick, NJ).

Cell culture and determination of barrier function

HDMEC, HCMEC and HUVEC were seeded on gelatin-coated culture plates and 

maintained in EGM at 37°C, 5% CO2 humidified incubator. An Electrical Cell-Substrate 

Impedance Sensor (ECIS) ΖΘ System (Applied Biophysics, Troy, NY) was used for barrier 

function measurements as previously described [7]. Briefly, the cells were seeded at a 

density of 1.5 × 105 cells per well in gelatin-coated ECIS 8W1E or 96W1E arrays. A single 

small gold electrode (250 μm diameter) and a large counter electrode are in each well. The 

cells were allowed to attach overnight and form a confluent monolayer. A 1 V, AC signal at 

4 kHz was applied from an approximate constant current source (<1 μA), and the ECIS 

instrument monitored the voltage across the electrodes and its phase relative to the applied 

current, providing a report of total impedance. Treating the cell-electrode system as a series 

RC circuit, the ECIS system converted the impedance data to resistance and capacitance of 

the cell monolayer, which represent barrier function and membrane capacitance, 

respectively. Transendothelial resistance (TER) is presented as an index of endothelial 

barrier function.

Experimental protocols

Confluent HDMEC, HCMEC or HUVEC monolayers displaying a baseline TER of greater 

than 5000 Ω were included in the study. The medium was changed to Clonetics endothelial 

basal medium (EBM) at least 2 h prior to the experimental protocols. After measuring a 

steady baseline TER, histamine was applied at 10 μM, which typically causes a brief yet 

significant and consistent decrease in TER in HUVEC [7,18,45]. To test roles of different 

histamine receptors, cells were pretreated with the H1 antagonist mepyramine, H2 

antagonist cimetidine, H3 antagonist ciproxifan, or H4 antagonist JNJ 7777120 for 30 min 

prior to the addition of histamine. In other experiments, cells were pretreated with SB, GFX 

or PI for 30 min prior to histamine treatment to test the involvement of p38 MAP kinase, 

Adderley et al. Page 3

Microcirculation. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PKC, or PI3K, respectively. Additionally, cells were pretreated for 30 min with H1152, 

Y16, or ML-7 prior to histamine treatment to test the involvement of ROCK, RhoA or 

MLCK, respectively. The concentrations of the inhibitors used here were selective for the 

protein of interest and close to the IC50 for each drug.

Western Blot Analysis

Protein was obtained by lysis of cells in ice-cold RIPA buffer (EMD-Millipore) containing 

1X HALT protease and phosphatase inhibitor cocktail (Pierce, Rockford, IL) for 15 min. 

Protein concentrations were determined with the Bradford assay for equilibration prior to 

loading for SDS-PAGE. Proteins were transferred to nitrocellulose for immunoblotting. The 

following dilutions of primary antibodies were used: 1:500 rabbit anti-H1 (GeneTex, Irvine, 

TX, GTX102924), 1:500 rabbit anti-H2 (GeneTex, Irvine, TX, GTX108152), 1:500 rabbit 

anti-H3 (GeneTex, GTX100187) and 1:500 rabbit anti-H4 (GeneTex, GTX100387). After 

application of 1:1000 donkey anti-rabbit-HRP secondary antibodies (Abcam, Cambridge, 

MA, cat. no. ab97064), bands were visualized by chemiluminescence (WestPico Supersignal 

kit, Thermo-Fisher, Waltham, MA) alongside a Bionexus BNPM50 prestained protein 

marker (Bionexus, Oakland, CA) to determine relative mobility, using a Bio-Rad Chemi 

Doc XRS+ System with Quantity 1-D Analysis Software (Bio-Rad, Hercules, CA).

Immunofluorescence Labeling and Microscopy

Cells were grown on gelatin-coated coverslips (VWR, Radnor, PA) and allowed to reach 

confluence. The cells were then fixed at 25°C in 4% paraformaldehyde in PBS. Next, the 

cells were incubated for 1 h at 25°C in a 5% BSA blocking solution followed by overnight 

incubation at 4°C with primary antibody: 1:500 anti-H1 (GeneTex, Irvine, TX, cat. no. 

GTX102924), 1:500 anti-H2 (GeneTex, GTX108152), 1:500 anti-H3 (GeneTex, 

GTX100187), 1:500 anti-H4 (GeneTex, GTX100387) or rabbit polyclonal IgG isotype 

control 1:500 (Abcam, Cambridge, MA, ab27478). After washing 3X with TBST, cells were 

incubated for 1 h at 25°C with the appropriate AlexaFluor488-conjugated secondary 

antibodies at 1:500 (Life Technologies, Grand Island, NY, cat no. A21206 or A11055), and 

washed again 3X with TBST followed by one TBS wash. The coverslips were mounted on 

glass slides with ProLong Gold antifade reagent with DAPI (Life Technologies, cat. no. 

P36931) labeling the nuclei. Images were obtained with an Olympus FV1000 MPE confocal 

microscope system (Olympus America Inc., Center Valley, PA). Images were acquired with 

a 60X UPLAN APO 1.42NA oil objective and collected fluorescence signal using 

appropriate dichroic mirrors and spectral windows. Confocal z-stacks (0.2-μm interval) were 

captured with FV10-ASW version 3.0 software.

RT-PCR

Total RNA was isolated from HUVEC, HDMEC and HCMEC using the RNA Mini Kit 

(Ambion, Grand Island, NY) according to the manufacturer's specifications. RNA 

concentration and purity was determined using NanoVue (GE Healthcare, Pittsburgh, PA). 

Total RNA was reverse-transcribed into cDNA with 500 ng of total RNA. RT-PCR was 

performed using TaqMan Master Mix (Applied Biosystems, Carlsbad, CA). Reactions were 

performed using a 10 min hold at 95°C, then 95°C for 15 s and at 60°C for 1 min repeated 

for 40 cycles using RealTime PCR System (Applied Biosystems, Carlsbad, CA). The primer 
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sequences used were NCBI Reference Sequence: NM_021624.3 (H4R), NCBI Reference 

Sequence: NM_007232.2 (H3R), and glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH). Expression of target genes was normalized to that of GAPDH and the mean 

value set to 1.0. The PCR reaction was run on a 1% agarose gel with SYBR green 

(Invitrogen, Waltham, MA) and visualized under UVI Safe HD2, transilluminator 

(UVITECH Limited, Cambridge, UK).

Data analysis

The maximum changes in TER in response to various treatments were averaged and are 

presented as means ± S.E. T-tests were used to test the significance between two groups. For 

three or more groups, one-way ANOVA followed by Tukey's multiple comparisons test was 

used. Significance was accepted at P < 0.05.

Results

Histamine decreases endothelial cell barrier function

We addressed whether histamine causes barrier dysfunction of cultured microvascular EC in 

a similar manner as previously observed in HUVEC [7]. We compared the histamine-

induced changes in TER of confluent HCMEC, HDMEC and HUVEC (Fig. 1A-C). 

Histamine (10 μM) caused a significant decrease in TER in all three EC types (Fig. 1D). 

However the duration of the response, i.e. the time for the cell monolayers to recover to 

baseline TER, was significantly longer in HDMEC monolayers than for HCMEC or 

HUVEC (Fig. 1E).

Histamine receptor expression

Previous investigations indicate that H1 and H2 histamine receptors are present on ECs 

[50,54]. However, given that the differences in the time courses of histamine-induced 

decreases in TER of HUVEC, HDMEC and HCMEC, we investigated whether differential 

expression of histamine receptors in these EC types may account for the variability. Using 

Western blot analysis, we identified the presence of H1, H2, H3 and H4 on HUVEC, 

HDMEC and HCMEC (Fig. 2). Rat brain endothelial cells served as a positive control [29]. 

HUVEC consistently displayed a relatively weak band for the H1 receptor, and somewhat 

stronger band for the H3 receptor than the other cell types.

We also observed localization of these receptors by immunofluorescence confocal 

microscopy (Fig. 3). These experiments utilized non-permeabilized cells in order to 

determine surface labeling on the plasma membrane. Control experiments were performed 

using no primary antibody or an isotype-matched primary antibody control (Supplemental 

Fig. 1). Each receptor presented distinct localization on the EC surface. Fig. 3 shows 

projections of the confocal z-stacks for each histamine receptor, and Movie 1 provides an 

example of 3D reconstruction. H1R was observed throughout the cell surface in all the cell 

types. Strong labeling of the H2R appeared mainly in perinuclear clusters. The H3R labeling 

had a punctate distribution on the surface of HUVEC with varying degrees of intensity 

between different cells, with a similar yet more intense pattern on HCMEC. In HDMEC and 

HCMEC, H3R labeling was more restricted to the surface above and near the nucleus, with 
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more perinuclear labeling evident in HUVEC. A punctate labeling of the H4R was detected 

in all three cell types (Fig. 3A). We also performed these experiments using permeabilized 

cells and wide-field microscopy, and the distributions of the various histamine receptors 

appeared largely the same as with non-permeabilized cells (data not shown). Because the 

presence of the H3R and H4R to our knowledge, has not been previously shown in any of 

the three endothelial cell types in the current study, we verified that the mRNA for the H3R 

and H4R were present using RT-PCR, indicating active transcription of both of these 

receptors and supporting the protein detection data (Supplemental Fig 2). GAPDH was used 

as an internal control for these studies.

Differential inhibition of histamine-induced endothelial barrier dysfunction depending on 
receptor and tissue source

We tested the roles of different histamine receptor subtypes using specific pharmacological 

receptor antagonists. The inhibitors alone at the concentrations used did not significantly 

alter baseline TER prior to addition of histamine. Mepyramine (10 μM), an H1 receptor 

antagonist with inverse agonist properties, or the more potent H1 receptor antagonist 

Cetirizine dihydrochloride (100 nM), significantly inhibited the response to histamine in all 

three endothelial cell types (Fig 4). Cimetidine (10 μM), an H2 receptor-specific antagonist, 

did not block histamine-induced decreases in TER in HCMEC or HUVEC, but caused a 

significant inhibition of this response in HDMEC (Fig 5). Similarly, Ciproxifan (1 μM), an 

H3 receptor-specific antagonist, did not significantly affect histamine-induced decreases in 

TER in HCMEC or HUVEC but caused a partial, significant inhibition in HDMEC (Fig 6). 

In contrast, the H4 antagonist, JNJ 7777120 (10 μM) attenuated the response to histamine in 

HUVEC but had no effect on the histamine-induced decrease in TER in the other cell types 

(Fig 7). Interestingly, application of immepip, which activates both H3 and H4, caused a 

brief decrease in TER in both HUVEC and HDMEC (Supplemental Fig. 3), in support of the 

H3 and H4 antagonist findings. The results indicate differential involvement of the various 

histamine receptors in endothelial cells, depending upon tissue origin.

Effect of PI3K or PKC inhibitors on TER upon histamine treatment

Since activation of both PI3K and PKC by histamine has been reported in the endothelium, 

we tested their roles in barrier function in HDMEC monolayers. Pretreatment with an 

inhibitor of either PI3K (PI828, 100 nM) or PKC (GF109203X, 100 nM) did not affect the 

histamine-induced decrease in TER (Fig. 8). To our surprise, the combination of both PI828 

and GF109203X significantly augmented the decrease in TER compared to histamine alone 

in HDMEC (Fig 8). No effect was observed in HCMEC or HUVEC with inhibition of PI3K, 

PKC, or their combination (data not shown).

Role of p38 MAP kinase in histamine-induced endothelial barrier dysfunction

We evaluated the role of the p38 MAP kinase pathway, which has been reported to be 

activated by the H1R [49]. Pretreatment with the specific p38 MAP kinase inhibitor 

SB203580 (10 μM) significantly attenuated the histamine-induced change in TER in all 

three EC types (Fig 9). SB203580 alone at this concentration had no effect on baseline TER.
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Role of MLCK, RhoA, and ROCK in histamine-induced endothelial barrier dysfunction

We also investigated signals that control the phosphorylation of MLC in endothelial cells, 

which has previously been linked to changes in permeability. Myosin light chain kinase 

(MLCK) was identified to have a role in histamine-induced increases in permeability of 

coronary venules [63] and cultured endothelial cell monolayers [61]. The selective inhibitor 

of MLCK (ML-7, 1 μM) attenuated the decrease in TER induced by histamine in HDMEC 

monolayers (Fig 10A).

Inhibitors of Rho and ROCK have been shown to prevent the decreases in TER in HUVEC 

and human lymphatic endothelial cells [7]. Rho increases the phosphorylation of MLC via 

ROCK, which inhibits the activity of MLC phosphatase via phosphorylation of its 

regulatory/targeting subunit MYPT-1 [58]. To investigate the role of these proteins in 

HDMEC, the cells were pretreated with selective inhibitors of RhoA (Y16, 10 μM) or 

ROCK (H1152, 100 nM) prior to treatment with histamine (Fig 10B, C). Both inhibitors 

significantly reduced the histamine-induced decrease in TER in HDMEC. We also tested the 

combined inhibition of p38 MAPK and either RhoA or ROCK, but found no additional 

effect compared to the inhibitors alone (Suppl. Fig 4).

Discussion

In the current study, we observed differences in the time course of histamine-induced 

endothelial barrier dysfunction in monolayers of human EC derived from different tissues. 

We detected expression of all four known histamine receptors in all three EC types. We 

observed some minor differences in the expression of the H1, H2, H3 and H4 histamine 

receptors among the different EC, and each receptor had its own distinct distribution on EC. 

Notably, there were functional differences in the histamine receptor subtypes and 

downstream signaling pathways involved in histamine-induced barrier dysfunction. 

Understanding these characteristics is important for linking the findings obtained in cell 

culture models to observations of histamine-induced microvascular permeability seen in vivo 

or with intact venule models. Furthermore, the variation in responses of the EC from 

different tissues may reflect important tissue-specific responses to histamine by the 

microcirculation.

Histamine has a well-established role as a prominent inflammatory mediator and stimulator 

of endothelium-dependent vasodilation and increased microvascular permeability [24,37]. 

However, many questions have remained about how histamine causes elevated permeability 

of the endothelium. In many pathological conditions associated with inflammation, the 

endothelium becomes locally hyperpermeable for a period of time due to formation of 

microscopic gaps or pores in the endothelium. Previous cell culture model studies showed 

that histamine induces a rapid and transient decrease in barrier function evidenced by 

decreased TER in HUVEC [7,18,44,57]. In the current study, a similar response was 

observed with HUVEC and HCMEC, however histamine produced a longer lasting change 

in TER with HDMEC (Fig. 1D). The time for recovery was the quickest in HUVEC with 

longest recovery times in HDMEC (Fig 1E), better reflecting observations in postcapillary 

venules in vivo [60].
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The immunolabeling of H1 and H2 receptors in all three EC types was remarkably similar to 

labeling we have observed in the EC of intact rat mesenteric lymphatic vessels [31]. Our 

detection of the H3 and H4 receptors on all three EC types was an unexpected finding, as to 

our knowledge expression of H3 and H4 mRNA has only been shown in rat brain 

endothelial cells [29]. Our Western blots for H3 and H4 produced bands (Fig 3A) with the 

predicted mobility for these receptors and we further confirmed our findings with the 

presence of mRNA for H3 and H4 in EC (Supplemental Fig 2). Therefore, our results from 

these experiments strongly support that these receptors are present in EC.

The impact of histamine on endothelial barrier function seems to be mediated primarily via 

the H1R because selective antagonists of this receptor significantly inhibited the effects of 

histamine in all three EC types (Fig 4). Pharmacological blockade of the H2R (Fig 5) or 

H3R (Fig 6) did not inhibit histamine-induced decreases in TER of HUVEC or HCMEC 

monolayers but attenuated the drop in TER in HDMEC. On the other hand, inhibition of the 

H4R (Fig 7) caused a small, yet statistically significant attenuation of the histamine response 

in HUVEC but did not affect the response in HDMEC or HCMEC. While the reason for this 

remains unknown, this may reflect that a higher sensitivity of HDMEC to histamine due to 

their role in the histaminergic effect in skin inflammatory and allergic reactions. Our data 

leads us to speculate that HDMEC may have a functional state that allows histamine 

receptors to be more responsive to histamine, or alternatively that the downstream signaling 

pathways associated with the different histamine receptors favor a stronger response in the 

HDMEC compared to HCMEC and HUVEC. We think this possibility is likely because 

histamine is known to activate multiple receptors and we observed that inhibition of H1, H2, 

or H3 can significantly attenuate the overall response in HDMEC. On the other hand 

activation of the H3 and H4 using immepip caused a decrease in TER in HUVEC and 

HDMEC with very little effect on HCMEC (Supp. Fig 3). This time courses of the immepip-

induced decreases in TER were slightly different between HUVEC and HDMEC. This 

finding warrants a detailed future study because all three endothelial cell types had unique 

TER changes when immepip was applied, which could be used to reveal more insight into 

the overall mechanism.

Previous studies have reported that the H1R is coupled to Gq/11, H2R to Gs whereas the H3 

and H4R are coupled to Gi/o [2,12,22]. The increase in intracellular free Ca2+ due to 

activation of H1R has been linked to elevated endothelial permeability, whereas activation 

of the H2R has been reported to elevate intracellular cAMP, decreasing endothelial 

permeability [54,57]. The H3R can signal via both Ca2+ and cAMP upon activation, 

however it decreases cAMP levels [36]. The H4R is the most recently discovered of all the 

receptors and its function is mostly demonstrated in cells of the immune system [55]. H1 

and H2 receptors are widely distributed whereas H3 was previously identified mainly in 

brain and was shown to have an effect on skin circulation post burn injury [25,29,48]. The 

H4R was shown previously to be largely expressed in hemopoietic cells and has chemotactic 

properties indicating a role in the immune system [64]. A surprising novel finding of the 

current study was the identification of all four receptors on EC from multiple human tissues 

(Fig 2), each with their own unique cellular distribution (Fig 3). H1, H2 and H4 appear to be 

widely distributed on the cells with H2 having clusters near the nucleus. On the other hand, 

the H3 receptor seems to be located largely in close proximity to the nucleus. The cellular 
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location of the receptors could be an important factor determining the effect each has on 

barrier function, and represents a future area of study.

The signal transduction mechanisms we observed to be involved provide additional clues 

about the mechanism of action in histamine-induced changes in endothelial permeability. 

The coupling of Gq to the H1R can lead to activation of PLC, PKC and PI3K via an increase 

in intracellular free Ca2+ [61]. The histamine-induced increase in intracellular free Ca2+ has 

been described in many cell types [8,30]. This elevation in calcium has been thought to 

promote signals to the cytoskeleton and endothelial junctions that result in an increase in 

endothelial permeability [9,16,51]. Others have shown that inhibitors of PI3K can improve 

endothelial barrier function, which could be selective to isoform function [10,32]. In contrast 

to some of the reports above, in the current study inhibition of either PKC or PI3K did not 

have an effect on the TER in response to histamine. This finding indicates that signals 

independent of the PI3K and PKC pathways must be responsible for the histamine-induced 

drops in TER. Interestingly, combined inhibition of both PI3K and PKC augmented the 

barrier dysfunction caused by histamine (Fig 8) in HDMEC. These data suggest the 

possibility that the combination of these signals is important for regulating the overall 

response to histamine in dermal endothelium, i.e. preventing an exaggerated response, a 

potentially interesting topic for future study

The H1R coupling to Gq/11 can activate RhoA independently of the PLC pathway [35]. 

Activation of RhoA and its downstream effector ROCK leads to accumulation of dually 

phosphorylated MLC on its regulatory domain, permitting actin-myosin-mediated 

contraction of the cells, thereby increasing permeability [52,61]. Our findings that inhibition 

of RhoA or ROCK attenuates histamine-induced decreases in TER are in agreement with 

these previous reports. In addition, we also studied MLCK, which is directly responsible for 

phosphorylating the MLC regulatory domain. Inhibition of MLCK almost completely 

blocked the histamine-induced decrease in TER. These results suggest that phosphorylation 

of MLC has a central role in histamine-induced barrier dysfunction of HDMEC. This 

finding supports observations in previous reports using HUVEC monolayers and isolated 

venules [57,63].

In addition, we investigated the p38 MAPK kinase because of its involvement in 

inflammation, response to stress and microvascular hyperpermeability in the lung [5,6,11]. 

Blockade of p38 MAPK activity has previously been shown to inhibit increases in 

endothelial permeability in response to VEGF, TNF, pertussis toxin, and H2O2 

[15,28,46,47]. In the current study, blocking p38 MAPK partially inhibited the histamine-

induced decrease in TER in all three EC cell types (Fig 9). These data suggest a universal 

role for p38 MAPK in the endothelial response to histamine. However, because only a 

partial inhibition was achieved, there must also be other parallel pathway(s) independent of 

p38 MAPK that mediate histamine-induced endothelial barrier dysfunction. We tested 

whether p38 MAPK may act in parallel with RhoA/ROCK signaling. However, combining 

p38 MAPK inhibition with blockade of either RhoA or ROCK did not produce additional 

inhibition of histamine-induced decreases in TER beyond that of RhoA or ROCK blockade 

alone (Supplemental Fig. 4). Additional studies will be needed to provide better detail as to 

where these signaling molecules fit in the overall signaling pathway. Another future 
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direction is to determine whether the p38 MAPK is activated via the H1 receptor associated 

G protein (Gq/11) or a different pathway likely via Gi signaling [33,49]. Additionally, 

examining the βγ subunits represents another potential area of investigation because they 

have been identified in the signaling response activated by H1R [39].

Based on our data we are of the opinion that histamine increases endothelial permeability 

primarily by acting on H1R, while other receptors may have a supportive role in certain 

tissues like the skin. MLCK, the RhoA/ROCK pathway, and p38 MAP kinase signaling both 

appear to act as signals, and blockade of each only accounts partially for the ultimate 

response, since the response was partially attenuated when either was blocked. We are of the 

opinion that the activation MLC is likely a focal point in the signaling pathway leading to 

the increase in permeability.

There is a wide use of histamine receptor antagonists for treating allergies and gastric ulcers. 

In addition, there are investigations into their potential cardiovascular protective effects, and 

involvement in growth of certain tumors [4,17,43]. Moreover, the H4R has also been shown 

to have therapeutic potential in atopic dermatitis [19], because of its expression in CD4+T 

cells and TH2 cells. Despite all of this, the molecular regulation of histamine receptors, 

particularly in the vascular endothelium, remains incompletely understood. This study 

implicates the importance of the H1 receptor in EC from different tissues in mediating 

histamine-induced endothelial hyperpermeability. In addition, the data highlight the 

importance of multiple histamine receptors in HDMEC, representative of the skin 

microcirculation in histamine-induced endothelial hyperpermeability. Lastly, this study 

provides novel evidence for the presence of H3 and H4 receptors on endothelial cells and a 

role of p38 MAPK in histamine-induced endothelial hyperpermeability.

Perspectives

This data increases our understanding of how histamine elicits increased microvascular 

permeability. In addition, it provides general clues about the functional states of endothelial 

cells in different microvascular beds. Such knowledge would be useful for developing new 

selective therapeutic targets in addition to providing novel perspectives for the prevention 

and treatment of systemic inflammation
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Fig. 1. Comparison of Histamine induced changes in TER
Representative tracing of TER for HUVEC (A), HCMEC (B) and HDMEC (C). (D) 

Maximum change in resistance of HUVEC, HCMEC and HDMEC upon treatment with 10 

μM histamine (n=4 for each group). *P<0.01 compared to respective control. (E) 

Comparison of the recovery time in HUVEC, HCMEC and HDMEC (n=4 for each group).
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Fig. 2. Western Analysis identifying the Histamine receptors on EC
(A) Blots are shown for the H1R (A) H2R (B) H3R (C) and H4R (D). All blots shown are 

representative of three experiments. Rat brain endothelial cells were used as a positive 

control.
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Fig. 3. Identification the Histamine receptor on EC using immunocytochemistry
HUVEC, HCMEC, and HDMEC were immunolabeled to visualize localization of the H1R 

(A), H2R (B), H3R (C) and H4R (D), all labeled in green. Nuclei are labeled in blue. Images 

are projections of confocal z-stacks, and are representative of three separate experiments for 

each EC type. Images of the negative controls for labeling are provided in the supplemental 

data (Suppl. Fig. 1).
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Fig. 4. Blockade of H1 and Histamine-Induced Changes in TER
(A) Mean maximal changes in TER of HUVEC pretreated with 10 μM mepyramine (top, 

n=12 for all groups) or 100 nM cetirizine (bottom, n=8 for all groups) for 30 minutes prior 

to stimulation with 10 μM histamine for 10 minutes (B) Mean maximal changes in TER of 

HCMEC pretreated with 10 μM mepyramine (top, n=14 for all groups) or 100 nM cetirizine 

(bottom, n=7 for all groups) for 30 minutes prior to stimulation with 10 μM histamine for 10 

minutes. (C) Mean maximal changes in TER of HDMEC pretreated with 10 μM 

mepyramine (top, n=8) or 100 nM cetirizine (bottom, n=4) for 30 minutes prior to 

stimulation with 10 μM histamine for 10 minutes. *P<0.01 versus control group. †P<0.01 

versus all other groups.
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Fig. 5. Blockade of H2 and Histamine-Induced Changes in TER
Mean changes in TER of HUVEC (A), HCMEC (B), and HDMEC (C) pretreated with 10 

μM cimetidine for 30 minutes prior to stimulation with 10 μM histamine for 10 minutes. 

†P<0.01 versus all other groups. *P<0.05 versus control. For all HUVEC groups, n=16; for 

all HCMEC groups, n=12; for all HDMEC groups, n=10.
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Fig. 6. Blockade of H3 and Histamine-Induced Changes in TER
(A) Mean changes in TER of HUVEC (A), HCMEC (B), and HDMEC (C) pretreated with 

100 nM ciproxifan or vehicle for 30 minutes prior to stimulation with 10 μM histamine for 

10 minutes. *P<0.001 versus control. †P<0.01 versus all other groups. For all HUVEC and 

HCMEC groups, n=8; for all HDMEC groups, n=12.

Adderley et al. Page 20

Microcirculation. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. Blockade of H4 and Histamine-Induced Changes in TER
(A) Mean changes in TER of HUVEC (A), HCMEC (B), and HDMEC (C) pretreated with 

10 μM JNJ or vehicle for 30 minutes prior to stimulation with 10 μM histamine for 10 

minutes. Values are means ± SE. *P<0.001 versus control. †P<0.001 versus all other groups. 

For all HUVEC groups, n=8; for all HCMEC groups, n=4; for all HDMEC groups, n=16.
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Fig. 8. Effect of inhibitors of PKC and PI3K on TER of HDMEC treated with histamine
HDMEC were pretreated with 100 nM GFX and/or 100 nM PI 828 in the presence of 10 μM 

histamine for 30 minutes (n=28 each group). Values are means ± SE. *P<0.001 versus 

control. †P<0.05 versus all other groups.
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Fig. 9. Blockade of p38 MAP kinase and Histamine-Induced Changes in TER
Mean changes in TER of HUVEC (A), HCMEC (B), and HDMEC (C) pretreated with 10 

μM SB203580 or vehicle followed by 10 μM histamine for 30 minutes *P<0.01 versus 

control. †P0.05 compared to all other groups. For all HUVEC groups, n=8; for all HCMEC 

groups, n=24; for all HDMEC groups, n=8.
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Fig. 10. Inhibition of MLCK, RhoA and ROCK and Histamine-Induced Changes in TER
HDMEC were pretreated with either (A) 1 μM ML-7 (n=16), (B) 10 μM Y16 (n=8), (C) 100 

nM H1152 (n=8) or vehicle followed by histamine (10 μM) for 30 minutes. **P<0.001 

compared to control. †P<0.01 compared to all other groups.
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