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Abstract

We have isolated cDNAs encoding PDE4A8 (phosphodiesterase 4 isoform A8), a new human 

cAMP-specific PDE4 isoform encoded by the PDE4A gene. PDE4A8 has a novel N-terminal 

region of 85 amino acids that differs from those of the related ‘long’ PDE4A4, PDE4A10 and 

PDE4A11 isoforms. The human PDE4A8 N-terminal region has diverged substantially from the 

corresponding isoforms in the rat and other mammals, consistent with rapid evolutionary change 

in this region of the protein. When expressed in COS-7 cells, PDE4A8 localized predominantly in 

the cytosol, but approx. 20% of the enzyme was associated with membrane fractions. Cytosolic 

PDE4A8 was exquisitely sensitive to inhibition by the prototypical PDE4 inhibitor rolipram (IC50 

of 11 ± 1 nM compared with 1600 nM for PDE4A4), but was less sensitive to inhibition by 

cilomilast (IC50 of 101 ± 7 nM compared with 61 nM for PDE4A4). PDE4A8 mRNA was found 

to be expressed predominantly in skeletal muscle and brain, a pattern that differs from the tissue 
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expression of other human PDE4 isoforms and also from that of rat PDE4A8. 

Immunohistochemical analysis showed that PDE4A8 could be detected in discrete regions of 

human brain, including the cerebellum, spinal cord and cerebral cortex. The unique tissue 

distribution of PDE4A8, combined with the evolutionary divergence of its N-terminus, suggest 

that this isoform may have a specific function in regulating cAMP levels in human skeletal muscle 

and brain.
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INTRODUCTION

cAMP is the prototypical second messenger in mammalian cells and regulates numerous 

physiological processes, including glycogen storage in liver and muscle, smooth muscle 

tone, and many processes in the central nervous system, including learning, memory, mood 

and affect [1]. The cAMP-specific PDE4 (phosphodiesterase 4) enzymes, which are part of a 

larger family of cyclic nucleotide PDEs, hydrolyse cAMP and thus can regulate cAMP 

signalling pathways in cells [2–4]. Rolipram and other prototypical PDE4 inhibitors have 

cognitive-enhancing, anti-depressant, anti-inflammatory and smooth muscle relaxant 

properties in humans and other animals [2,3,5–9]. PDE4s can be distinguished from other 

PDE families by sequence identity in the catalytic region of the proteins [2,3,5,10] and by 

the presence of ‘signature’ regions of sequence called UCRs (upstream conserved regions) 

(UCR1 and UCR2), located in the N-terminal one-third of the proteins ([10,11], and 

reviewed in [5]).

Four different genes (PDE4A, PDE4B, PDE4C and PDE4D) encode the mammalian PDE4 

isoforms, and each gene encodes multiple isoforms through the use of promoters unique to 

each isoform and alternative mRNA splicing (for reviews, see [2,3,5]). The various isoforms 

encoded by a single gene are divided into three groups: ‘long’ isoforms that contain both 

UCR1 and UCR2, ‘short’ isoforms that lack UCR1, but include UCR2, and ‘super-short’ 

isoforms that lack UCR1 and contain a truncated UCR2. The rat PDE4A5 (PDE4 isoform 

A5), PDE4A8, PDE4A10 and PDE4A11 isoforms are all long isoforms that vary from each 

other by containing unique blocks of amino acids at the N-terminal ends of their respective 

isoforms (Figure 1A) [12–15]. The rat PDE4A8 isoform is expressed almost exclusively in 

testis, in contrast with the rat PDE4A5, PDE4A10 and PDE4A11 isoforms, which are each 

expressed in a variety of tissues, including the brain and lung; however, each isoform has a 

distinct pattern of expression in these tissues [12–16]. The human forms of rat PDE4A5 

(often called PDE4A4 in humans), PDE4A10 and PDE4A11 have been isolated and are 

strongly conserved between the two species, with the human and rat proteins being of near-

identical length and having over 90% amino acid sequence identity [12,14,15]. The unique 

N-termini of these three human isoforms are strongly conserved when compared with their 

respective rat counterparts (PDE4A4 and PDE4A5 have 94 of 107 residues identical [12]; 

PDE4A10 has 39 of 46 residues identical [14], and PDE4A11 has 41 of 81 residues identical 
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[15]). In addition, the super-short human [17] and rat [12,18] PDE4A1 isoforms are identical 

in the unique N-terminal regions, which are essential for their association with membranes 

[19–21].

Given the generally strong sequence conservation of the mammalian PDE4 isoforms, we 

were intrigued when we isolated a cDNA clone for a novel human PDE4A isoform that has 

an N-terminal region with no amino acid similarity to its counterpart in other mammals. We 

now describe the cloning, sequence, expression and functional properties of this isoform, 

which we have called PDE4A8. Human PDE4A8 is a long PDE4A isoform with an N-

terminal region (85 amino acids in length) that is distinct from the N-termini of human 

PDE4A5, PDE4A10 and PDE4A11. Although the nucleotide sequence of PDE4A8 has clear 

homology with that of rat PDE4A8, the amino acid sequences of the N-terminal regions of 

the isoforms from the two species are completely unrelated. We also report that human 

PDE4A8 is expressed at significant levels in several different regions of the brain, as well as 

in other tissues. We propose that the rapid evolutionary change in the PDE4A8 isoform 

represents its adaptation to the evolution of the function of the human brain.

EXPERIMENTAL

Isolation and analysis of PDE4A8 cDNA clones

Procedures were performed as described by Sambrook and Russell [22] unless specified 

otherwise. A human fetal brain cDNA library (Stratagene), cloned into the EcoRI site of the 

Lambda ZAP vector (Stratagene), was screened by hybridization using a probe 

corresponding to a portion of the human PDE4C catalytic region and 3′ sequences (the 1155 

nt full-length insert of pPDE21 [10]; GenBank® accession number L20968). Hybridization 

was performed with a final wash of 0.3 × SSC (1 × SSC is 0.15 M NaCl and 0.015 M 

sodium citrate) and 0.3% SDS at 62°C. Sequencing was performed on both strands using an 

ABI 3700 sequencer (PerkinElmer). Alignments were generated with the Gap and Lineup 

programs of the GCG Wisconsin Package UNIX sequence software programs (Accelrys) 

using the standard defaults.

5′-RACE (rapid amplification of cDNA ends) and PCR cloning of the full ORF (open reading 
frame) of the human PDE4A8 cDNA

5′-RACE [22] was performed with human hippocampal Marathon-Ready cDNA (Clontech) 

and the Touch-Down PCR protocol was used (Clontech), with the following primers: RACE 

primer, 5′-CCATTCTCTGCCTCGAAGCTGTCGTTCTCGG-3′ (binds at nucleotide 326; 

all sequence co-ordinates refer to GenBank® accession number AY593872) and the nested 

PCR primer, 5′-CGAAGCTGTCGTTCTCGGCCCTGGTGATG-3′ (binds at nucleotide 

314). The resulting PCR products were cloned into pcDNA3.1/V5-His-TOPO (Invitrogen) 

and sequenced. The sequence of the clone that extended the mRNA closest towards its 5′-

end was used to design PCR primers for full-length cloning of the isoform.

To clone a cDNA that encoded the full-length PDE4A8 ORF, the following primers were 

used to amplify a human hippocampal cDNA library (Stratagene) by PCR: 5′-

CGTCACGCCCCAGGAGAGGCAATAGGAGG-3′ (forward primer, binds at the first 
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nucleotide) and 5′-GAGGGGAACAGGGACAGAGGTCTGGGG-3′ (reverse primer, binds 

at the 3′-untranslated region common to both PDE4A4 and PDE4A8). PCR was performed 

using Platinum High-Fidelity Taq polymerase (Invitrogen) in the presence of PCRx solution 

(0.5 × final concentration; Invitrogen). The resulting PCR product, ~3.0 kb in length, was 

cloned into pcDNA3.1/V5-His-TOPO and sequenced.

Semi-quantitative PCR analysis of PDE4A8 expression in tissues

The following primers were used to perform PCR on normalized human multiple tissue 

cDNA panels (Clontech): PDE4A8-specific forward primer (5′-

CGTCACGCCCCAGGAGAGGCAATAGGAGG-3′, primes at the first nucleotide) and 

PDE4A-common reverse primer (5′-GAGGGTCTTGGTCGCGGCGCTTGCTG-3′, primes 

at nucleotide 949). PCR was performed with Platinum High-Fidelity Taq polymerase in the 

presence of PCRx solution (1 × final concentration) for 40 cycles. The amplification of 

GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was performed as recommended by 

Clontech and allowed to proceed for 22 cycles. The resulting PCR products were analysed 

on a 1% (w/v) agarose gel and stained using ethidium bromide.

COS-7 cell culture

COS-7 cells [23] (A.T.C.C.) were cultured in 150 cm2 culture flasks (Corning) in DMEM 

(Dulbecco’s modified Eagle’s medium) supplemented with 10% (v/v) fetal bovine serum, 

584 mg/l L-glutamine and 100 IU/ml penicillin/streptomycin at 37°C in 5% CO2/95% air. 

Cells were passaged at 70% confluence by rinsing with PBS, followed by incubation with 

trypsin/EDTA at 37°C for 3 min. Harvested cells were then resuspended in growth medium, 

centrifuged at 2000 g for 3 min, resuspended and seeded in fresh culture flasks.

Transient expression of PDE4A4 and PDE4A8 in COS-7 cells

Expression plasmids encoding human PDE4A4B and PDE4A8 were created by cloning the 

full ORF of PDE4A4B (GenBank® accession number L20965 [10,24]) or PDE4A8 into the 

pcDNA3 vector (Invitrogen), placing it under the control of the strong constitutive CMV 

(cytomegalovirus) intermediate-early gene promoter. The PDE4A8 protein was expressed 

with the VSV (vesicular-stomatitis virus) epitope at its C-terminus [14,15,25]. The plasmids 

were purified from Escherichia coli using the Wizard® Plus Maxiprep system (Promega). 

For transient transfections, COS-7 cells were seeded at a 1:3 ratio into culture flasks 24 h 

before transfection so that cells were ~60% confluent by the time of transfection. A 

transfection mixture containing 10 µg of plasmid DNA, 50 µl of PolyFect® transfection 

reagent (Qiagen) and 540 µl of serum-free DMEM was incubated at room temperature 

(25°C) for 10 min to allow complex formation. The growth medium was then refreshed, the 

DNA–PolyFect® reaction complex was added to the culture flasks, and the flasks were 

incubated for 24 h before use.

Generation of COS-7 cell lysates

Transfected cells (~90–100% confluent) were washed with PBS and harvested by using a 

cell scraper in lysis buffer [25 mM Hepes (pH 7.5), 5 mM EDTA, 50 mM NaCl, 50 mM 

NaF, 30 mM sodium pyrophosphate and 10% (v/v) glycerol] containing Complete® protease 
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inhibitor (Roche). Samples were then frozen on solid CO2, thawed and then manually 

disrupted with a Dounce homogenizer, followed by passage through a 26-gauge needle 

several times to ensure complete cell lysis. Cells were centrifuged at 15000 g for 5 min to 

remove any unbroken cells, and the resulting supernatant was frozen in solid CO2 and stored 

at −80°C until required. For experimentation, the protein concentration of whole-cell lysate 

from transfected and mock-transfected (vector only) cells was equalized (typically to 1 µg/

µl).

Subcellular fractionation of COS-7 cells

Transfected cells (~90–100% confluent) were washed with PBS and harvested by using a 

cell scraper in KHEM buffer (50 mM KCl, 50 mM Hepes, pH 7.4, 10 mM EGTA and 1.92 

mM MgCl2) containing 1 mM DTT (dithiothreitol) and protease inhibitors as described 

above. Samples were then manually disrupted with a Dounce homogenizer and syringe as 

described above. Fractionation of cells into their cytosolic and particulate fractions was 

achieved as described previously [26]. A low-speed centrifugation at 1000 g for 10 min 

yielded the P1 (particulate 1) fraction, which typically contained unbroken cells, nuclei and 

some fragments of the plasma membrane. The supernatant was then centrifuged further at 

100000 g for 30 min at 4°C, from which the supernatant represented the high-speed S2 

(cytosolic 2) fraction. The resulting pellet was resuspended in 500 µl of KHEM buffer and 

centrifuged again at 100000 g for 30 min at 4°C. The supernatant was discarded and the 

remaining pellet was retained as the P2 fraction, which typically contained mitochondria and 

fragments of endoplasmic reticulum, endosomes, lysosomes, Golgi apparatus and the plasma 

membrane. The particulate fractions were equated to the volume of the corresponding 

cytosolic fraction by resuspending in KHEM buffer. The fractions were frozen in solid CO2 

and stored at −80°C until required for immunoblotting.

COS-7 cell treatment with IBMX (isobutylmethylxanthine) and forskolin

COS-7 cells were grown in six-well plates and transiently transfected at ~60% confluence as 

described above. The following day, the transfected cells (~90–100% confluent) were pre-

treated with the non-selective PDE inhibitor IBMX (100 µM) (Sigma) for 2 min, followed 

by the addition of the adenylate cyclase activator forskolin (100 µM) (Sigma). Cells were 

then incubated at 37°C for 2.5, 5, 10, 15 or 20 min. COS-7 whole-cell lysates were then 

generated as described above. Untreated transfected COS-7 cells were used as controls. 

Where indicated, the same procedure was also performed with an additional 20 min pre-

incubation step with the PKA (cAMP-dependent protein kinase) inhibitor H-89 (10 µM) 

(Calbiochem).

Antibodies

To develop antibodies specific to the unique N-terminus of PDE4A8, synthetic peptides 

(CGDERSRETPESDRAN and CRRLSSGPGLGWAQPE respectively) were conjugated to 

KLH (keyhole-limpet haemocyanin) and then injected into rabbits. Initial injections were 

performed with complete Freund’s adjuvant, and ‘booster’ injections were performed with 

incomplete Freund’s adjuvant, according to institutional animal care guidelines. Pre-immune 
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and immune sera were both used at a dilution of 1:5000 for immunoblots and 1:1600 for 

immunohistochemistry respectively.

A ‘pan-4A’ human PDE4A-specific polyclonal antiserum, raised against the extreme C-

terminal region that is unique to the PDE4A gene family and therefore capable of detecting 

all human PDE4A isoforms, was used as described previously [26]. The polyclonal 

antiserum, PS54-UCR1-A1, able to detect the conserved PKA consensus phosphorylation 

site in UCR1, of sequence RRESF, was also used as described previously [27]. The antibody 

against the VSV epitope [28] was used as described previously [14,15,25].

Immunohistochemistry

Human brain tissue was obtained at autopsy, according to a protocol approved by the IRB 

(institutional review board)/IEC (institutional ethics committee) of the University of 

Alabama at Birmingham. Sections of paraffin-embedded tissue (5 µm) were mounted on 

Bond-Rite slides (Richard-Allan Scientific) and heated at 60°C for 2 h. Paraffin was 

removed from the sections by three changes of xylenes and the sections were rehydrated 

through graded alcohols from absolute to 70% for 5 min each. The slides were rinsed with 

deionized water and high-temperature antigen retrieval was performed in 1 mM EDTA (pH 

9) in a pressure cooker for 5 min. The slides were then allowed to cool for 20 min and 

transferred to 0.05 M Tris/HCl (pH 7.6), 0.15 M NaCl and 0.1% (v/v) Triton X-100. 

Endogenous peroxidases were quenched with an aqueous solution of H2O2 for 5 min. Biotin 

was blocked by treating the tissues with 10 µg/ml streptavidin (Jackson ImmunoResearch 

Laboratories) in PBS for 15 min, rinsing with Tris buffer, and applying 200 µg/ml biotin 

(Sigma–Aldrich) in PBE buffer (PBS with l% BSA, 1 mM EDTA and 0.15 mM sodium 

azide). Non-specific binding was blocked with 3% goat serum in PBE buffer on the sections 

for 20 min. Anti-PDE4A8 antibody, or pre-immune serum, was diluted in PBE buffer and 

applied to the sections for 1 h at room temperature. Slides were rinsed with Tris buffer after 

each step.

Immunodetection was performed with a biotinylated anti-rabbit secondary antibody 

(Jackson ImmunoResearch Laboratories) diluted 1:1000 in PBE buffer and avidin–HRP 

(horseradish peroxidase) (Signet Pathology Systems) for 20 min each. The chromagen used 

was 3,3′-diaminobenzidine (BioGenex). After 7 min, the slides were rinsed with water and 

lightly counterstained with Mayer’s haematoxylin. The sections were dehydrated through 

graded alcohols from 70% to absolute and three xylene baths for 5 min each. The coverslips 

were mounted with Permount.

Protein analysis

Protein concentration was determined using the Bradford method [29], with BSA as 

standard.

SDS/PAGE and Western blotting

Protein samples were loaded on 4–12% acrylamide gels (Invitrogen) and run at 180 V/gel 

for 1 h with cooling (1 × Mops running buffer) (Invitrogen). Whole-cell lysate samples were 

run at 5, 10 and 20 µl/well, protein amounts thus being 5, 10 and 20 µg/well. Fractionated 
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samples were run at 20 µl/well, with protein amounts ranging from 1 to 50 µg/well. 

APDE4A standard was also used where indicated. Samples were resuspended in SDS 

sample buffer and boiled for 5 min before loading. The electrophoresed samples were 

transferred on to nitrocellulose membranes (Schleicher & Schuell) at 25 V for 2 h, or 10 V 

overnight (1 × transfer buffer with 20% methanol) (Invitrogen). Membranes were blocked 

with 5% non-fat dried skimmed milk powder (Marvel) in TBST [Tris-buffered saline 

containing 1% (v/v) Tween 20] at room temperature for 1 h before being immunoblotted 

with the appropriate antibody at room temperature for 1 h, or 4°C overnight. After washing 

membranes in TBST at room temperature for 1 h, labelled bands were identified using HRP-

conjugated anti-rabbit IgG at room temperature for 1 h. All incubations were performed with 

gentle agitation. The Pierce enhanced chemiluminescence Western blotting kit was used for 

visualization. Band densities were calculated using Quantity One software (Bio-Rad).

PDE assays

PDE activity was determined using a two-step radioassay procedure as described previously 

[30].

Data analysis

Rolipram/cilomilast dose–response data were analysed using KaleidaGraph software 

(Abelbeck software), which also provided IC50 values. To define Km and Vmax values, data 

from PDE assays performed over a range of cAMP substrate concentrations were analysed 

by computer fitting to the hyperbolic form of the Michaelis–Menten equation using an 

iterative least-squares procedure (Ultra-Fit software, Biosoft).

RESULTS

Isolation of human PDE4A8 cDNAs

As part of an extensive search for novel PDE4 isoforms, we screened a human fetal brain 

library with a cDNA probe corresponding to a portion of the catalytic region of PDE4C [10]. 

This screen did not yield any PDE4C cDNAs, but did yield clones for PDE4A4 and several 

other PDE4 isoforms. Also obtained in the screen were multiple isolates of a novel clone, 

pPDE103. The sequence of pPDE103 was identical throughout its length with PDE4A4, 

PDE4A10, and PDE4A11, with the exception of a novel region of sequence at one end, 

clearly different from these previously described isoforms in this region (Figure 1A). To 

obtain an additional sequence corresponding to the unique region of pPDE103, we 

performed 5′-RACE on human hippocampal cDNA with primers based near the 5′-end of 

pPDE103. The 5′-RACE products extended the unique 5′-region of pPDE103 to include a 

start codon, which in turn was preceded by an in-frame stop codon, indicating the start of the 

ORF. The protein encoded by this ORF was a clearly a novel PDE4 isoform (Figure 1B).

Analysis of human genomic DNA sequences corresponding to PDE4A8

In silico analysis of human DNA sequences did not detect any cDNAs or ESTs (expressed 

sequence tags) corresponding to the unique 5′-end of our novel cDNA. However, BLAST 

searches of publicly available human genomic sequences demonstrated the presence of three 

contiguous blocks of sequence within the PDE4A gene on chromosome 19 (e.g. on the 
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cosmid clone LLNLR-272E5; GenBank® accession number AC011548) that corresponded 

to the entire unique region of our new PDE4A cDNA (Figure 1C). Therefore we concluded 

that they were indeed exons specific to our new isoform. The sequence of these exons 

confirmed the start codon of the PDE4A8 cDNA and confirmed that the ORF upstream of 

the start codon was indeed blocked by a stop codon (Figure 1C).

The unique 5′-ends of the human and rat PDE4A8 cDNAs are conserved at the nucleotide 
level, but encode different proteins

Comparison of the novel sequence at the 5′-end of our new PDE4A cDNA with those of 

other mammals demonstrated that it had significant homology at the nucleotide level with 

that of rat PDE4A8 [13]; (Figure 1D). For this reason, we call our new human isoform 

PDE4A8, following the conventional nomenclature [31]. However, a number of insertions 

and other changes in the 5′-end completely alter the protein encoded by this region, 

compared with that of rat PDE4A8 (Figure 1D). The unique N-terminal region of rat 

PDE4A8 is 21 amino acids in length, out of a protein of 763 amino acids [13]. In contrast, 

the unique N-terminal region of human PDE4A8 is 85 amino acids in length, out of a protein 

of 864 amino acids (Figure 1B). These data demonstrate that the PDE4A8 N-terminus has 

undergone rapid change, which occurred after the divergence of humans and rodents. We 

were unable to find cDNAs encoding proteins homologous with the N-terminus of human 

PDE4A8 in the publicly available databases, including those derived from other primates. In 

contrast, searches of GenBank® revealed that the genomes of numerous mammals, including 

the mouse [32], bat, pig and dog, encode amino acid sequences strongly similar to that of the 

N-terminal region of rat PDE4A8 (results not shown).

Expression of human PDE4A8 mRNAs in tissues

We have shown previously that rat PDE4A8 is present exclusively, or almost exclusively, in 

testis [13], whereas PDE4A4/PDE4A5, PDE4A10 and PDE4A11 are expressed in a variety 

of tissues, including the brain [12,14–16]. To determine the tissue distribution of human 

PDE4A8, semi-quantitative PCR was performed with a gene-specific primer set and a 

human multiple tissue cDNA panel. The highest levels of PDE4A8 mRNA were found in 

brain and skeletal muscle, although some expression in testis was also noted (Figure 2).

Expression of PDE4A8 protein in human tissues

As our mRNA studies have demonstrated that PDE4A8 was expressed in the brain, we 

wished to determine the regional expression of PDE4A8 in human brain. For this purpose, 

rabbit polyclonal antibodies were generated against two different peptides, corresponding to 

discrete regions of the unique PDE4A8 N-terminus (see the Experimental section). These 

antibodies were shown to recognize recombinant PDE4A8 protein, as expressed in COS-7 

cells (Figure 3A). They were then used in immunohistochemistry to detect PDE4A8 protein 

in tissues from selected regions of the human brain, obtained from autopsy specimens 

(Figures 3B–3E). These studies demonstrated the presence of PDE4A8 protein in pyramidal 

cells in cerebral cortex (Figure 3C) and also in a discrete population of large neurons, 

presumably sensory neurons, in the anterior horn of the spinal cord (Figure 3D). PDE4A8 

was also detected in cells located at the base of the granular layer of the cerebellum, 
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including Purkinje cells. The Purkinje cell staining tended to localize to the upper region of 

the main cell body (Figure 3E). These staining patterns were seen in tissues obtained from at 

least three of the four patients studied. Because banked autopsy specimens were used, not all 

regions of the brain were represented in the material available for study. No staining was 

seen in human lung, skin, ovary or lymph nodes (Figures 3F–3I) or uterine smooth muscle, 

which was consistent with the findings of the RT (reverse transcription)–PCR (see the 

previous section). These studies clearly demonstrated the presence of PDE4A8 in human 

brain, including regions involved in sensation, co-ordination and higher cognitive functions.

Enzymatic properties of PDE4A8 expressed in COS-7 cells

We have used a COS-7 expression system to examine and compare the enzymatic properties 

of mammalian PDE4 isoforms, including their kinetic properties, phosphorylation by 

kinases and their susceptibility to various inhibitors [13–15,19,26]. Therefore human 

PDE4A8 was expressed in COS-7 cells under the control of the strong constitutive CMV 

intermediate-early gene promoter. Immunoblotting of COS-7 lysates with the pan-4A 

antibody, as described in the Experimental section, identified a single immunoreactive band 

of 125 ± 5 kDa in lysates prepared from PDE4A8-transfected COS-7 cells; lysates from 

vector-only transfectants were negative (Figure 3A). Immunoblotting PDE4A4 transfectants 

with the same antibody also gave a band of 125 ± 3 kDa, as we described previously 

[24,33].

PDE assays, performed as described in the Experimental section, with 1 µM cAMP as 

substrate, showed that cytosolic PDE4A8 exhibited a cAMP PDE activity of 265–273 

pmol/min per mg of protein (n = 3), compared with 10–14 pmol/min per mg of protein (n = 

3) in vector-only-transfected cells, suggesting that ~96% of total cytosolic PDE activity was 

due to recombinant PDE4A8. PDE4A8 activity was ~88 ± 8% (mean ± S.D.; n = 3) of that 

of PDE4A4 activity, when equal amounts of PDE4 protein were determined by 

immunoblotting.

Subcellular localization and activity of recombinant PDE4A8 in COS-7 cells

We have shown previously that specific PDE4 isoforms partition differently among various 

subcellular fractions when expressed in COS-7 cells [13–15,19,26]. To determine the 

subcellular fractionation of COS-7-expressed PDE4A8 and PDE4A4, transfected COS-7 

cells were lysed and subcellular fractions were prepared, as described in the Experimental 

section. The fractions were then immunoblotted with the pan-4A antibody, to quantify the 

relative amounts of PDE4A8 protein in each fraction. PDE enzymatic activity was also 

assayed in each cellular fraction. The high-speed supernatant (S2) contained the bulk (81 ± 

3%) of PDE4A8 immunoreactivity, with smaller fractions in the high-speed pellet (P2, 9 ± 

2%) and low-speed pellet (P1, 10 ± 4%). Essentially identical proportions were obtained 

when PDE4A8 in the fractions was quantified using the PDE enzymatic assay (S2, 82 ± 3%; 

P2, 7 ± 2% and P1, 11 ± 2% respectively; all values are means ± S.D.; n = 3).

Inhibition of PDE4A8 by rolipram and cilomilast

We next wished to determine the sensitivity of PDE4A8 to the prototypical selective PDE4 

inhibitor rolipram, and also to cilomilast (Ariflo®, GlaxoSmithKline), another PDE4-
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selective inhibitor that has been tested in humans [34–36]. PDE assays, as described in the 

Experimental section, were performed on the S2 fraction of COS-7-expressed PDE4A8 with 

1 µM cAMP as substrate and over a range of inhibitor concentrations (Figure 4). PDE4A8 

was considerably more sensitive to rolipram than to cilomilast (IC50 for rolipram, 11 ± 1 

nM, compared with 101 ± 7 nM for cilomilast; means ± S.D.; n = 3). Note that PDE4A8 is 

much more sensitive to inhibition by rolipram than is PDE4A4, which has an IC50 for 

rolipram of ~1.6 µM [24]. In contrast, PDE4A8 is less sensitive to cilomilast than is 

PDE4A4, with an IC50 of ~61 nM [15]. Thus the unique N-terminal regions of PDE4A 

isoforms can affect the conformation of the catalytic unit, leading to altered sensitivity to 

inhibition by various selective inhibitors.

We noted significant differences between the slopes of the inhibition curves of rolipram and 

cilomilast. These differences are reminiscent of those seen for other PDE4 isoforms. It is 

understood that PDE4 isoforms can exist in different conformational states, in an 

equilibrium that can be affected by protein–protein interactions, including dimerization, as 

well as phosphorylation. It has been established that these conformational states can exhibit 

different sensitivity to certain, but not all, PDE4-selective inhibitors. Sensitivity to rolipram 

has been shown to be affected by PDE4 conformational status and in turn has been used to 

identify the presence of so-called high- and low-affinity PDE4 conformers. Thus, invariably, 

rolipram has a shallow slope of inhibition, because of the presence of different conformers 

with different affinities for this compound. In contrast, cilomilast does not discriminate 

between various conformers and therefore does not show the shallow slope typical of 

rolipram [2,5,15,33,37–39].

Phosphorylation of PDE4A8 by PKA

All long PDE4 isoforms can be activated by phosphorylation by PKA. PKA phosphorylation 

occurs at a serine residue located within a conserved PKA consensus phosphorylation site, 

of sequence RRESF, located at the very beginning of UCR1 (in PDE4A8, this site is Ser123; 

Figures 1A and 1B). We therefore studied PKA phosphorylation of PDE4A8, using methods 

that we have described for other PDE4 isoforms ([14,15,27], and see also the Experimental 

section). COS-7 cells transiently expressing PDE4A8 were treated with forskolin, a specific 

activator of adenylate cyclase, and the non-selective PDE inhibitor IBMX. Together, these 

agents raise intracellular cAMP levels sufficiently high to activate PKA in these cells [27]. 

Whole-cell lysates were prepared and immunoblotted with a phosphospecific antibody 

designed to recognize a UCR1-derived sequence that includes the PKA-phosphorylated 

serine residue, as described previously [27]. The data show that treatment of the cells with 

IBMX and forskolin produces a time-dependent phosphorylation of Ser123, as demonstrated 

by the appearance of a 125 kDa band in the immunoblots (Figure 5A).

In order to confirm that PKA was indeed responsible for the phosphorylation that we 

observed, this experiment was repeated with the addition of the PKA inhibitor H89 (10 µM) 

before the administration of forskolin and IBMX. This treatment blocked the 

phosphorylation of Ser123, as manifested by the lack of appearance of the 125 kDa band 

upon immunoblotting with the phosphospecific antibody (Figure 5b).
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DISCUSSION

One of the most remarkable aspects of PDE4 biology is the extreme diversity of PDE4 

isoforms. Each of the four different PDE4 genes encodes multiple isoforms, each of which 

may differ in its enzymatic properties, tissue expression, protein partners or subcellular 

distribution [5,40]. The physiological and pharmacological consequences of this diversity is 

currently being investigated by numerous groups, but key to such efforts is to determine the 

full range of PDE4 isoforms that are present in mammals. In the present paper, we have 

described PDE4A8, a new isoform encoded by the human PDE4A gene that has a novel N-

terminal region of 85 amino acids that is not present in any other PDE4 isoform. PDE4A8, 

like the other long PDE4A isoforms PDE4A4, PDE4A10 and PDE4A11 [10,14,15], contains 

both the UCR1 and UCR2 regulatory regions, which are located between the unique N-

terminal region and the catalytic region (Figure 1A). The PDE4A4, PDE4A8, PDE4A10 and 

PDE4A11 mRNAs all have a common point of divergence (Figure 1A), which also 

corresponds to the major point of alternative mRNA splicing in transcripts from the human 

PDE4B and PDE4D genes [25,41], the mouse pde4a [32] gene, and the homologous dunce 

gene of Drosophila melanogaster ([10,25,42], and reviewed in [5]). These structural 

differences suggested that each of the PDE4A isoforms is generated by alternative mRNA 

splicing [10]. Since there is no region of sequence common to the 5′-ends of these isoforms, 

it is also likely that each is generated from a different transcriptional start site. Consistent 

with this interpretation, sequencing of the human PDE4A gene, located on chromosome 19, 

shows that the unique 5′-ends of each of these mRNAs is encoded by a different widely 

separated exon(s) [14,15,17].

Although the nucleotide sequences encoding the unique N-terminal regions of human and 

rat PDE4A8 are both unique and homologous, they encode completely different amino acid 

sequences. This result was unexpected, as almost all the PDE4 isoforms that we have 

identified to date have unique N-terminal amino acid regions that are conserved between 

these two species. To date, the one exception to this generalization is the PDE4B4 isoform, 

which is present in rodents, but not in humans [43].

Human PDE4A8 differs from other PDE4A isoforms in that it is expressed at high relative 

levels in skeletal muscle. In contrast, rat PDE4A8 is expressed almost exclusively in testis 

[13,44,45]. PDE4A8 is unlikely to be the only cAMP-hydrolysing PDE in skeletal muscle, 

as we and others have detected expression of PDE4 isoforms, including PDE4A10 [16], in 

skeletal muscle. In addition, PDE7A, which also has a high affinity for cAMP, is expressed 

at high relative levels in muscle [46]. It is likely that PDE4A8 plays an important role in the 

regulation of cAMP levels in skeletal muscle, although its exact physiological function(s) 

require further study.

We have also demonstrated in the present study that human PDE4A8 is expressed in brain. 

We and other groups have shown that PDE4A1, PDE4A4/PDE4A5 and PDE4A10 are also 

expressed in brain [12–16,20,47], but almost all of these data were obtained in rat or mouse. 

Human PDE4A8 is distinctive in that it is expressed in brain, whereas its rodent counterpart 

is not [13,45,47]. For this reason, we used immunohistochemistry to search for areas of the 

human brain that are enriched in PDE4A8 protein. We have shown that PDE4A8 is 
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expressed in specific neuronal subpopulations in cortex, spinal cord and cerebellum. The 

physiological significance of these observations is as yet unclear, but they are certainly 

consistent with a physiological role in the functions performed by these regions of the brain.

The differences in PDE4A8 tissue expression between humans and rats is likely to be 

explained, at least in part, by differences in their promoters. Analysis of genomic DNA has 

shown that the promoter for each PDE4 isoform is located just upstream of the exon(s) 

encoding their unique N-termini [14,15,17,48,49]. For PDE4A8, these two regions diverge 

substantially between humans and rats (Figure 1D), presumably reflecting the evolutionary 

changes that also affect their coding regions.

PDE4A8, as expressed in COS-7 cells, is detected as a ~125 kDa band on immunoblots 

(Figures 3 and 5). As with all PDE4 isoforms analysed to date [5,14,26], this apparent size is 

larger than that predicted simply from the primary sequence alone, namely 96 kDa. Indeed, 

its apparent size is remarkably similar to that observed for PDE4A4, whose apparent and 

predicted sizes are 125 and 99.2 kDa respectively [24,26]. The inconsistency between the 

apparent and predicted size may be due to protein folding or to stretches of acidic amino 

acids reducing the amount of SDS bound to the protein [24]. Consistent with this 

observation, deletion studies have highlighted a region, rich in acidic amino acids, within the 

conserved PDE4A catalytic unit as the likely region causing this aberrant migration on SDS/

PAGE [50].

The pattern of tissue expression and unique N-terminal region of PDE4A8 strongly suggest 

that it has specific properties related to cAMP signalling in brain and muscle. cAMP levels 

in muscle cells are regulated, at least in part, by β-adrenergic receptors linked to adenylate 

cyclase by G-proteins. Among the physiological targets of PKA in muscle cells are glycogen 

synthase and other enzymes that regulate energy metabolism. The transcription factor CREB 

(cAMP-response-element-binding protein) is also a physiological substrate of PKA in 

numerous cells, including brain and muscle, and mediates important functions, such as 

learning and memory, in the brain. These pathways are attractive candidates for the action of 

PDE4A8 in humans.
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ORF open reading frame

P1 (etc.) particulate 1 (etc.)

PDE phosphodiesterase

PKA cAMP-dependent protein kinase

RACE rapid amplification of cDNA ends

S2 cytosolic 2

TBST Tris-buffered saline containing 1% (v/v) Tween 20

UCR upstream conserved region

VSV vesicular-stomatitis virus
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Figure 1. Structure of PDE4A mRNAs and proteins
(A) Schematic diagram of human PDE4A mRNA transcripts and their encoded proteins. The 

five dark stippled boxes indicate the unique N-terminal regions of the proteins encoded by 

the following cDNAs: PDE4A1 (GenBank® accession number U97584 [17]); PDE4A4 

(GenBank® accession number L20965 [10]); PDE4A8 (GenBank® accession number 

AY593872; the present study); PDE4A10 (GenBank® accession number AF178570 [14]); 

PDE4A11 (GenBank® accession number AY618547 [15]). Also shown are regions of 

sequences that are highly conserved in other PDE4 isoforms, including the common long 

region, UCR1, UCR2 and the catalytic region. UCR1, UCR2 and the catalytic region are in 

turn separated by less conserved sequence regions, called LR (linker region) 1 and LR2. The 

C-terminal region is unique to PDE4A isoforms. The PKA phosphorylation site common to 

all long PDE4 isoforms is also indicated. (B) Alignment of the amino acid sequences of the 

N-terminal regions of the five human PDE4A proteins, as deduced from their cDNAs. 

Underlined regions indicate UCR1 and UCR2. Only the first 300 amino acids of the 

alignment are shown, as the remaining sequences of the four isoforms are all identical, as we 

and others have described previously [5]. (C) Alignment of the unique 5′-region of the 

human PDE4A8 cDNA with its corresponding genomic sequence (Genom; part of 
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GenBank® accession number AC011548.4). Capital letters indicate regions of sequence 

identity. Dots indicate the 5′- and 3′-ends of exons. The physiological start codon is 

indicated in bold type. (D) Alignment of the nucleotide sequences of the unique 5′-regions 

of the human and rat PDE4A8 cDNAs. Vertical lines indicate sequence identities. Dots 

indicate gaps inserted by the program to improve the alignments. The physiological start 

codons and upstream in-frame stop codons are indicated in bold type. Also shown is the rat 

PDE4A8 amino acid sequence (GenBank® accession number L36467 [13]).
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Figure 2. Tissue distribution of PDE4A8 mRNA
The expression pattern of PDE4A8 was assessed by semi-quantitative PCR on human cDNA 

panels (Clontech). Each cDNA source was amplified for both PDE4A8 and GAPDH, as 

described in the Experimental section. The PCR products were resolved on 1% agarose gels 

and stained with ethidium bromide. s. muscle, skeletal muscle.
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Figure 3. Tissue distribution of PDE4A8 protein
(A) Immunoblotting of lysates from COS-7 cells transfected with a plasmid expressing 

PDE4A8. The recombinant protein contained a VSV epitope at its C-terminus. Lanes were 

immunoblotted as follows: 1, anti-VSV antibody; 2, anti-PDE4A8 antibody; 3, pre-immune 

serum; 4, anti-PDE4A8 antibody, cells transfected with vector only; and 5, anti-PDE4A8 

antibody plus peptide used as immunogen (62.5 µg/ml). The recombinant protein migrated 

at 125 kDa (arrow). The less-intense band seen in lane 2 was thought to be a proteolytic 

fragment; we have observed such fragments before when PDE4 proteins are expressed at 
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high levels in COS-7 cells [25]. (B) Immunohistochemistry of human cerebral cortex, using 

pre-immune serum. (C)–(I) show immunohistochemistry of human tissues, using the anti-

PDE4A8 antibody. The tissues are as follows. (C) Cerebral cortex, showing several 

pyramidal neurons that stained strongly. (D) Spinal cord, showing a cluster of anterior horn 

neurons that stained strongly. (E) Cerebellar cortex; staining was seen in a diffuse band at 

the base of the Purkinje cell layer, including Purkinje cells (arrow). Staining of Purkinje cell 

bodies was most pronounced in a perinuclear pattern, extending into dendrites that project 

into the deeper portions of the molecular layer. (F) Skin, showing no staining. (G) Lung, 

showing staining of some rare scattered pulmonary macrophages, but no staining of alveolar 

or interstitial cells. (H) Ovarian parenchyma, showing no staining. (I) Germinal centre of a 

benign lymph node, showing no staining. All histological sections were at an original 

magnification of 400×.
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Figure 4. Dose–response curves for the inhibition of PDE4A8 by rolipram or by cilomilast
Lysates were prepared from COS-7 cells transfected to express PDE4A8. PDE activity was 

measured over a range of concentrations of inhibitor, as described in the text. Rolipram/

cilomilast dose–response data were analysed using KaleidaGraph software to generate IC50 

values (IC50 for rolipram, 11 ± 1 nM, and for cilomilast, 101 ± 7 nM; means ± S.D.; n = 3).
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Figure 5. Phosphorylation of PDE4A8 by PKA
(A) COS-7 cells transfected to express PDE4A8 were treated with IBMX and forskolin 

(Fsk) to increase intracellular cAMP levels and activate PKA. At the indicated times after 

treatment, the cells were lysed and the lysates subjected to SDS/PAGE and immunoblotted. 

In the upper panel, they were immunoblotted with an antibody specific for the serine residue 

phosphorylated by PKA [i.e. Ser123 (pS123) in PDE4A8; Figures 1A and 1B]. In the lower 

panel, they were immunoblotted with the pan-4A antibody, to ensure that equal amounts of 

PDE4A8 protein were loaded on to each lane. (B) As in (A), but also with treatment with the 

PKA inhibitor H89. PDE4A8 migrated as a 125 kDa band. These results were typical of 

those obtained at least three times.
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