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Abstract:

The erythrocyte, a cell responsible for carrying and delivering oxygen in the body, has often been regarded as simply a vehicle for the

circulation of hemoglobin. However, it has become evident that this cell also participates in the regulation of vascular caliber in the

microcirculation via release of the potent vasodilator, adenosine triphosphate (ATP). The regulated release of ATP from erythrocytes

occurs via a defined signaling pathway and requires increases in cyclic 3’,5’- adenosine monophosphate (cAMP). It is well recog-

nized that cAMP is a critical second messenger in diverse signaling pathways. In all cells increases in cAMP are localized and regu-

lated by the activity of phosphodiesterases (PDEs). In erythrocytes activation of either � adrenergic receptors (��AR) or the

prostacyclin receptor (IPR) results in increases in cAMP and ATP release. Receptor-mediated increases in cAMP are tightly regu-

lated by distinct PDEs associated with each signaling pathway as shown by the finding that selective inhibitors of the PDEs localized

to each pathway potentiate both increases in cAMP and ATP release. Here we review the profile of PDEs identified in erythrocytes,

their association with specific signaling pathways and their role in the regulation of ATP release from these cells. Understanding the

contribution of PDEs to the control of ATP release from erythrocytes identifies this cell as a potential target for the development of

drugs for the treatment of vascular disease.
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Introduction

Within all mammalian cells, activation of specific G

protein-coupled receptors can stimulate the activity of

adenylyl cyclase (AC), resulting in the production of

cyclic adenosine monophosphate (cAMP). With a dif-

fusion constant of 270–780 µm2/s [4, 12, 78], cAMP

could potentially diffuse throughout the cell, activat-

ing any of several effector proteins expressed in that

cell. However, indiscriminate effector protein activa-

tion does not occur, and activation of individual re-

ceptors produces highly selective cellular responses.

This selectivity suggests that there is compartmentali-

zation of cAMP signaling within cells. Multiple pro-

teins aid in the compartmentalization of cAMP signal-

ing, including ligand receptors, their G proteins, ACs

as well as regulatory and scaffold proteins. However,
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this compartmentalization is suggested to be most

heavily dependent on phosphodiesterase (PDE) activ-

ity [5, 78]. PDEs control the diffusion of cAMP by

rapidly degrading this cyclic nucleotide within cells

and therefore regulate its biological actions.

Eleven PDE families have currently been identi-

fied, some of which contain multiple isoforms [9].

PDE families and their individual isoforms are differ-

entiated by their ability to hydrolyze either cAMP, cy-

clic guanosine monophosphate (cGMP), or both cy-

clic nucleotides as well as by their cellular and subcel-

lular location, mode of regulation and sensitivity to

inhibitors [9]. Although all cells contain PDE activity,

the isoforms present vary according to cell type [9].

This diversity in PDE expression allows these en-

zymes to regulate discrete signal transduction path-

ways, and ultimately specific physiological processes.

Several studies indicate a role for PDEs in regula-

tion of discrete cell processes. For example, the hy-

pothesis that compartmentalization of cAMP gener-

ates specificity of Gs-receptor actions, with PDEs

playing a major role, was tested in adult rat ventricu-

lar myocytes by characterizing the PDEs involved in

regulation of cAMP signals and L-type Ca2+ current

upon stimulation of different Gs-coupled receptors

[50]. These studies demonstrated that receptor-PDE

coupling has functional implications downstream of

cAMP and identified functional coupling of specific

PDE families to specific ligand-activated Gs-coupled

receptors as a major mechanism which enables car-

diac cells to generate heterogeneous cAMP signals to

different hormones [50]. In addition, these studies

also suggest that alteration of PDE activity abolishes

the compartmentalization of the cAMP signal allow-

ing effector proteins to be activated throughout the

cell, eliciting aberrant responses [50]. In support of

this hypothesis, fluorescence resonance energy trans-

fer (FRET) analysis in both HEK293 cells and cardiac

myocytes allowed for visualization of cAMP com-

partmentalization and demonstrated that this was de-

pendent on PDE activity [39, 70]. In mouse embry-

onic fibroblasts, specific isoforms of the PDE4 gene

family were functionally coupled to the �2 adrenergic

receptor and ablation of PDE4 in mice altered the re-

sponse to �2 adrenergic receptor activation in these

cells [11]. Similarly, in cardiac myocytes, disruption

of cAMP pools via ablation of distinct PDE4 isoforms

disrupts the tight regulation of � adrenergic signaling

[76]. In the studies mentioned above, stimulation of

�1, �2 or prostacyclin receptors (IPR), which are all

Gs coupled receptors, increase cAMP with distinct

patterns of protein phosphorylation resulting in dif-

ferent downstream effects. In each of these studies, it

was concluded that the results were partially due to ei-

ther the functional coupling or the localization of indi-

vidual PDE families to each receptor, resulting in the

heterogeneity of ligand specific cAMP-mediated ef-

fects.

Subcellular localization of PDEs

The subcellular localization of PDEs is recognized to

be a key mechanism for compartmentalization of cy-

clic nucleotide signaling. The amino terminal se-

quence of the PDE determines the localization of the

protein within the cell. PDEs may be found either in

the cytosol, associated with the plasma membrane, or

organelles of the cell [36, 43]. Another determinant of

localization is whether or not the PDE is bound to or

interacts with scaffold proteins, which localize PDEs

to microdomains within a cell [17, 29, 77]. Clearly,

the subcellular location of PDEs is critical for cou-

pling these enzymes to specific signal transduction

pathways, which permit specific PDEs to regulate lo-

cal increases in cAMP produced by activation of

ligand specific receptors. This mechanism can target

locally produced cAMP to selective effector proteins,

resulting in a specific response. Therefore, the fact

that cAMP is synthesized in response to receptor-

mediated activation of AC in erythrocytes [7, 42, 59,

60] suggests that PDEs within these cells regulate the

compartmentalization of cAMP signaling allowing for

specific cell responses.

PDE activity in erythrocytes

Although cAMP is considered a ubiquitous second

messenger in cells, the presence of AC activity and

cAMP production in the erythrocyte was once contro-

versial. It was suggested that mature erythrocytes pos-

sess little to no AC activity and therefore could not

synthesize cAMP [8, 21, 32, 57]. However, Nakagawa

et al. demonstrated that stabilization of AC during

isolation of erythrocyte membranes is critical in order
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to maintain enzyme activity [41]. Subsequently, it has

been demonstrated that AC type II is present in both

rabbit and human erythrocytes [60, 65] and that so-

dium fluoride, � adrenergic agonists, and prostacyclin

and its analogs are all able to stimulate cAMP synthe-

sis in these cells [1, 7, 48, 51, 59].

It has also been reported that PDE activity is pres-

ent in erythrocytes, but this activity is not well charac-

terized. In some studies, PDE activity was determined

by measurement of cAMP levels in the presence and

absence of a non-selective PDE inhibitor, such as

IBMX or theophylline, the use of which prevented the

identification of the individual PDE families present

in erythrocytes [3, 14, 45, 58, 69]. Importantly, in

non-erythroid cells it has been shown that increases in

cAMP dependent activation of � adrenergic receptors

were augmented by different selective PDE inhibitors

than those involved in cAMP dependent IP receptor

activation [50, 70, 71, 73]. This raises the possibility

that specific PDE families may be responsible for the

differential activation of � adrenergic and IP receptors

in erythrocytes.

PDE1 in erythrocytes

The first individual PDE isoform reported to be pres-

ent in a mammalian erythrocyte was PDE1 [46].

PDE1 was reported to hydrolyze cGMP in human

erythrocytes while no effect on the regulation of

cAMP was reported. Identification of PDE1 in human

erythrocytes was based entirely on pharmacological

studies, that is, PDE1 protein was not identified [46].

There are three subfamilies of PDE1 (A–C) each with

differing affinities for cAMP and cGMP [43]. Human

PDE1A shows high affinity for cGMP [35], whereas

PDE1B hydrolyzes cGMP with a lower Km and higher

Vmax than cAMP [10] and lastly PDE1C has a high

affinity for both cyclic nucleotides [35]. In an effort to

understand the role of PDE1 family members on

cAMP hydrolysis in mammalian erythrocytes, we in-

cubated both rabbit and human erythrocytes with the

selective PDE1 inhibitor, vinpocetine, prior to stimu-

lation of the IP and � adrenergic receptors with ilo-

prost or isoproterenol, respectively [1, 24]. In both

species, vinpocetine inhibition of PDE1 had no effect

on increases in cAMP in either pathway, suggesting

that the isoform of PDE1 present in these erythrocytes

is primarily involved in hydrolysis of cGMP.

PDE2 in erythrocytes

PDE2 is a cGMP-stimulated PDE with a single gene

encoding three splice variants (PDE2A1-3) [9, 38].

PDE2A has both soluble (PDE2A1) and particulate

(PDE2A2 and 3) variants and binding of cGMP to

GAF domains within PDE2 results in the activation of

all PDE2 variants [75, 79]. PDE2 can hydrolyze both

cAMP and cGMP with similar maximal rates [9, 36,

43]. In cardiac myocytes, the three classes of � adren-

ergic receptors, AC, and PDE2A are co-localized in

lipid rafts, suggesting coupling between � adrenergic

receptors and PDE2A in mediating the cAMP signal

[40]. In addition, epinephrine infusion has been re-

ported to stimulate skeletal muscle PDE2A expression

in humans [72]. Recently, using Western analysis, we

demonstrated that PDE2A protein is a component of

human and rabbit erythrocyte membranes [1] (Fig 1).

Moreover, the selective PDE2 inhibitor, EHNA, po-
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tentiated cAMP increases in response to

isoproterenol-induced activation of the erythrocyte �

adrenergic receptor, but not when cAMP levels were

increased by incubation with the IP receptor agonist,

iloprost [1]. These findings support the hypothesis

that, in human and rabbit erythrocytes, there is cou-

pling between the � adrenergic receptor and PDE2.

PDE4 in erythrocytes

PDE4 is a cAMP-specific PDE which has four sub-

families, A thru D, that include over 50 isoforms [26,

27]. This family includes a number of splice variants

categorized into N terminal variant groups (long,

short and super short) based on the absence or pres-

ence of upstream conserved regions (UCR) which are

involved in the regulation of PDE4 activity [27, 37].

These PDE4 isoforms display unique intracellular dis-

tribution patterns. PDE4 isoforms are expressed in

most cell types and this PDE family is considered to

be an important homeostatic regulator of many cell

processes [13]. PDE4 activation is regulated via phos-

phorylation by PKA in the UCR or phosphorylation

by ERK in the C-terminus, depending on the individ-

ual isoform [13, 26].

With the exception of one isoform (PDE4A), PDE4

enzymes are primarily cytosolic enzymes [9, 26]. This

restricts their interactions to intracellular scaffolding

proteins such as �-arrestins and A kinase anchoring pro-

teins (AKAPs) [6, 49, 74]. In cardiac myocytes coupling

of PDE4 members to the �2 adrenergic receptor has

been shown to regulate several aspects of �2 adrener-

gic signaling [49, 76]. In these cells, inhibition of

PDE4 increases cAMP in response to activation of �2

adrenergic receptors, but has no effect on �1 adrener-

gic signaling, demonstrating the selectivity of PDE

association [49, 76]. The recruitment of PDE4 to the

�2 adrenergic receptor allows PDE4 to act locally and

hydrolyze cAMP produced in response to activation

of this receptor, modulating its downstream effects.

Since PDE4 is a cytosolic protein, attempts to identify

its presence in erythrocytes have been complicated by

the large amount of hemoglobin present in this cell

type. However, in human and rabbit erythrocytes, ac-

tivation of the � adrenergic receptor with isoprotere-

nol results in cAMP increases that are potentiated by

rolipram, a selective inhibitor of PDE4 [1], (Fig. 1).

These results suggest that PDE4 is somehow localized

to the � adrenergic receptor or its signaling pathway

and regulates increases in cAMP within these cells.

PDE3 in erythrocytes

The PDE3 family consists of 2 isoforms, 3A and 3B,

both isoforms contain N-terminal hydrophobic

domains allowing this PDE family to be membrane-

associated [55, 56]. The PDE3 family can hydrolyze

both cAMP and cGMP [15, 55]. Interestingly, the hy-

drolysis of cGMP by PDE3 inhibits the hydrolysis of

cAMP [9, 15], therefore this PDE family is also

termed cGMP-inhibited PDE. Activation of PDE3 oc-

curs via phosphorylation by PKA or PKB [30, 33, 44,

55]. In adipocytes, insulin induces formation of mac-

romolecular complexes containing signaling mole-

cules such as IRS-1, PI3K and PKB, proteins in-

volved in PDE3B activation/phosphorylation. This re-

cruitment may be critical for the regulation of cAMP

to modulate insulin signaling pathways [2].

An inhibitor of PDE3 was first demonstrated to po-

tentiate cAMP increases stimulated by � adrenergic

agonists in embryonic avian erythrocytes [7]. Re-

cently, we identified a membrane bound isoform of

PDE3 (PDE3B) in rabbit and human erythrocytes [24]

(Fig. 1). However, inhibitors of this PDE had no effect

on cAMP increases stimulated by the � adrenergic ago-

nist, isoproterenol, in these mammalian cells [1].

In non-erythroid cells, inhibitors of PDE3 were re-

ported to potentiate cAMP increases stimulated by

prostacyclin analogs [22, 47]. Inhibitors of PDE3

have also been shown to facilitate vasodilation effects

produced by prostacyclin analogs in pulmonary ves-

sels [52, 54], suggesting that the IP receptor and

PDE3 are functionally coupled. To establish a role for

PDE3 in the regulation of cAMP increases produced

by activation of the IP receptor in human and rabbit

erythrocytes, we investigated the effect of the prosta-

cyclin analog, iloprost, on cAMP levels in the absence

and presence of PDE3 inhibitors. In cells from both

species, two chemically dissimilar inhibitors of

PDE3, milrinone and cilostazol, potentiated iloprost-

induced cAMP increases [24]. These results suggest

that in rabbit and human erythrocytes PDE3 selec-

tively regulates cAMP synthesis stimulated by activa-

tion of the IP receptor.
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Significance and conclusions

Recently it has been demonstrated that erythrocytes

participate in the regulation of vascular caliber

through their ability to release adenosine triphosphate

(ATP) in response to pharmacological stimuli [16, 19,

20, 63, 66]. In this model, erythrocyte-derived ATP

binds to endothelial purinergic receptors resulting in

the production of endothelium-derived vasodilators

such as nitric oxide, prostacyclin and endothelial hy-

perpolarizing factor [62, 65]. Our laboratory has pro-

posed a signal transduction pathway that associates

receptor-mediated increases in intra-erythrocyte cAMP

synthesis with ATP release from erythrocytes. This

pathway includes the heterotrimeric G protein Gs, AC,

cAMP, protein kinase A and the cystic fibrosis trans-

membrane conductance regulator [42, 59, 62]. We have

reported that this signaling pathway can be activated

by two different Gs-coupled receptors present on the

erythrocyte membrane, the � adrenergic receptor and

the IP receptor [42].

An increase in cAMP levels within erythrocytes is

required for receptor-mediated release of ATP [62].

Recently, we have shown that increases in cAMP

within erythrocytes stimulated by activation of the �

adrenergic receptor are regulated by the activity of

PDEs 2 and 4, while cAMP derived from IP receptor

activation is regulated by the activity of PDE3 [1, 24]

(Fig. 2). These findings are consistent with the hy-

pothesis that the activity of specific PDEs regulates

the ability of human and rabbit erythrocytes to release

ATP via the compartmentalization of cAMP signaling.

Erythrocyte-derived ATP as been reported to stimu-

late localized increases in vessel diameter and blood

flow in the microcirculation [19, 63]. The finding that

both � adrenergic agonists and prostacyclin analogs

stimulate ATP release from erythrocytes suggests that

at least a portion of the vasodilation produced by

these agents, when administered in vivo, could be me-

diated by erythrocyte released ATP.

Interestingly, ATP release from erythrocytes is at-

tenuated in humans with pulmonary hypertension and

type II diabetes [65, 67] suggesting that decreased

ATP release from erythrocytes could contribute to the

vascular disease associated with these humans condi-

tions. Indeed, PDE inhibitors are currently used in the

treatment of peripheral vascular disease (PVD) and

pulmonary hypertension [23, 25, 68]. Thus, the PDE3

inhibitor cilostazol is effective in the treatment of in-

termittent claudication, a symptom of PVD [34] and

inhibitors of PDE5 are currently used in the treatment

of pulmonary hypertension. In addition PDE4 inhibi-

tors are currently under investigation as a new thera-

peutic approach for inflammatory diseases as well as

pulmonary hypertension [18, 23, 28, 31, 53]. In pul-

monary vessels, both PDE3 and PDE4 inhibitors po-

tentiate the vasodilation produced by prostacyclin

analogs, the latter being a highly effective treatment

for pulmonary hypertension [52, 54]. In none of these

cases has a role for the effects of PDE inhibitors on

cAMP levels and ATP release from erythrocytes been

considered.

Identification of the entire compliment of PDEs

that are expressed in the erythrocyte, along with an

improved understanding of the role of these PDEs in

various signaling pathways in this cell demands fur-

ther investigation. The finding that specific PDEs are

associated with individual receptor-mediated signal-

ing pathways for ATP release from erythrocytes, and

that selective inhibitors of these PDEs potentiate ATP

release from these cells, suggests that the erythrocyte

could be a new therapeutic target in the treatment of

vascular disease.
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