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We examined gene regulation in murine lungs after hind-limb vessel
occlusion and reperfusion. A rapid increase of transcript for the AMP
deaminase 3 gene (AMPD3) and its enzymatic activity (EC 3.5.4.6)
generating inosine monophosphate (IMP) were identified with tran-
scripts located in bronchial and alveolar epithelium. AMP deaminase
inhibitor decreased IMP levels and significantly enhanced neutrophil
recruitment within lung tissue during reperfusion. In addition, IMP
inhibited cytokine-initiated neutrophil infiltration in vivo and selec-
tively attenuated neutrophil rolling by 90% in microvessels. We
prepared labeled IMP and demonstrated that IMP specifically binds to
neutrophils. IMP also stimulated binding of g-[35S]thio-GTP, suggest-
ing that IMP is a potent regulator of neutrophils. Taken together,
these results elucidate a previously unrecognized mechanism that
protects tissues from the potentially deleterious consequences of
aberrant neutrophil accumulation. Moreover, they are relevant for
new therapeutic approaches to regulate neutrophil responses in
inflammation and vascular disease.

Reperfusion causes local and distant (remote) organ injury that
is often a serious and widespread clinical event associated with

various forms of vascular occlusion and surgical procedures such as
cardiopulmonary bypass, transplantation, and aortic cross-
clamping (1–3). In these settings, reperfusion can lead to severe
neutrophil-mediated tissue damage in the lung, heart, brain, kidney,
and intestine. Failure of transplanted organs is also attributed in
part to this syndrome (1). Neutrophils play a key role in initiating
remote organ injury by infiltrating and accumulating in high
numbers within tissues upon resumption of flow to ischemic organs
(1, 2, 4). Several aspects of neutrophil-dependent reperfusion injury
resemble local acute inflammatory sequelae (5–7). When reperfu-
sion begins, neutrophils that possess the ability to release a wide
array of proinflammatory chemical mediators intended for host
defense accumulate within remote organs by first interacting with
vascular endothelium of the target organ. They release mediators
(e.g., bioactive lipids, chemokines and cytokines, hydrolytic en-
zymes, and reactive oxygen species) that lead to tissue injury and
dysfunction, the hallmark of reperfusion injury (1, 2). Blocking
neutrophil entry in animal models by administering anti-adhesion
molecule antibodies or depleting the peripheral blood neutrophils
spares reperfusion-associated organ injury (8). The molecular
events that regulate neutrophil accumulation in remote organs
during reperfusion remain to be elucidated.

To understand the mechanisms of underlying neutrophil-
mediated reperfusion injury, we set out to identify endogenous
signaling systems. In the present report, we identified a gene and its
products that are involved in regulating the extent of neutrophil
accumulation in remote organ lung after occlusion of limb vessels
and reperfusion. These results have implications in a wide range of
disease mechanisms that involve aberrant neutrophil accumulation.

Materials and Methods
Murine Model of Reperfusion-Associated Remote Organ Injury: Hind-
Limb Vascular Occlusion. Male mice (BALByc, 6–8 weeks of age,
body weight 20 6 2 g) were anesthetized with pentobarbital (50
mgykg, i.p.). Both hind limbs of mice were banded and clipped with
tourniquets (rubber bands) and surgical clamps in the hip region,

occluding the vessels and reducing local blood circulation (9). After
3 h, the tourniquets were removed from the limbs and reperfusion
was initiated for intervals of 0, 3, or 24 h. Control and test mice were
then euthanized with an overdose of pentobarbital and immediately
dissected to remove the organs of interest.

Neutrophil Accumulation: Myeloperoxidase (MPO). Assessment of
MPO activity was carried out as in Bradley et al. (10). MPO activity
was converted into the number of neutrophils by using a standard
calibration curve (11).

Differential Display of mRNA and Northern Analysis. Differential
display of reverse transcription (RT)-PCR (12) was performed by
using the Hieroglyph mRNA Profile Kit (Genomyx, Foster City,
CA). Total RNA isolated (13) from lungs of mice undergoing
treatments (see Results) was treated with DNase I (Message Clean
Kit, GenHunter, Nashville, TN) and then reverse transcribed with
1 of 12 anchored primers (59 T7(dT12)AP 39) (Genomyx) at 42°C
for 60 min. PCR amplifications of the first strand cDNAs were
continued with dNTPs including [a-33P]dATP (NEN), 1 of 20
arbitrary primers (59 M13rARP 39) (Genomyx), and the same
anchored primer previously used for reverse transcription under the
conditions recommended by the supplier. PCR products were
loaded on a denaturing 4.5% polyacrylamide gel and run in a
Genomyx LR DNA Sequencer. Gels were exposed to Kodak film,
and differentially displayed bands (e.g., L5B1 and others) were
identified, excised, and reamplified. The purified cDNA fragment
of L5B1 was sequenced in both directions (by the Brigham and
Women’s Hospital DNA Sequencing Core) with the same primers
used in RT-PCR. Northern analysis and RT-PCR (42°C for 60 min;
then 30 cycles of 94°C for 30 sec, 56°C for 1 min, 72°C for 2 min)
were performed mainly as reported (11). Sequences of cDNA
fragments were analyzed by GenBank Database searches.

AMP Deaminase Activity. AMP deaminase activity (EC 3.5.4.6) was
assayed by using the method of ref. 14. Briefly, lung tissues from
control and reperfusion mice were homogenized with 0.089 M
potassium phosphate, pH 6.5y0.18 M KCly0.1 mM DTT on ice.
The mixtures were incubated with 50 mM cacodylic acid, pH
6.5y150 mM KCly10 mM AMP at 25°C for 45 min. The levels of
AMP deaminase activity were assessed by the amount of ammonia
produced upon deamination of AMP, the ammonia being con-
verted to indophenol, whose absorbance was measured at its lmax

of 625 nm.
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Coformycin-Treated Mice. Coformycin (15) (Calbiochem) was used
for suppressing the activity of AMP deaminase in control and
hind-limb reperfusion mice. Mice were anesthetized, then under-
went 3 h with or without clamping of both hind limbs. Ten minutes
before reperfusion, mice were injected via their tail veins with either
coformycin (6 mgykg in 120 ml of PBS) or 120 ml of vehicle. After
3 h of reperfusion, the mice were euthanized and the lung tissues
were harvested and taken for MPO and AMP deaminase deter-
minations as above.

Measurement of IMP in Tissue or Blood. Tissue samples were pre-
pared according to a modified method of Soussi et al. (16). Briefly,
the control and reperfused tissues (70–180 mg) or blood (0.5 ml)
from mice were isolated and homogenized with 1.5 M perchloric
acid. After ultracentrifugation and neutralization, the extracts were
injected into a high-performance liquid chromatography (HPLC)
system. A Hewlett-Packard model 1050 system with an HP1100
diode array detector was used with a reverse-phase column (5x C18,
150 3 4.6 mm; Phenomenex). For the measurement of IMP, 0.1 M
sodium phosphate buffer (pH 6.0) was used as mobile phase (1
mlymin). UV absorbance of IMP was measured at 260 nm. Its
chromatogram was distinguished by the unique retention time and
confirmed by co-eluting tissue samples with purified IMP. Tissue
concentration of IMP was expressed as nmolyg of wet weight.

Mouse Air Pouch Inflammation Model. The air pouch model was used
in the method of refs. 17 and 18. Briefly, while the animals were
under isoflurane anesthesia, first and second subcutaneous injec-
tions of air into the backs of mice (BALByc, 20–25 g) were
performed at 3-day intervals. IMP (10–1,000 mg per mouse) or
vehicle (saline) was first injected into individual air pouch followed
by the injection of tumor necrosis factor a (TNF-a; 20 ng per
mouse) into each. Four hours after the injection of TNF-a, each
mouse was euthanized and the air pouch cavity was washed three
times with 3 ml of saline. Collected saline samples were centrifuged,
and the total cell numbers were quantitated.

Microvascular Neutrophil Rolling. Mice were anesthetized with pen-
tobarbital (50 mgykg, i.p.) containing heparin (1,000 unitsykg, i.p.).
Mesenteric microvessels (70–120 mm in diameter, 1 mm in length)
were removed and incubated with 50 mM NG-nitro-L-arginine
methyl ester (L-NAME; Sigma) at 37°C for 60 min to increase the
expression of adhesion molecules on the endothelial cells (19). The
microvessels were then placed within a vessel chamber (model
CHy2yA; Living System Instrumentation, Burlington, VT) and
perfused with Krebs buffer (perfusion speed: 13 mlymin). Freshly
isolated human neutrophils (20) (0.3 ml of 3 3 106 cells per ml,
purity ' 98%) were treated with 100 mM AMP, inosine, or IMP
(0.1–100 mM) at 25°C for 5 min, then perfused into the lumen of
the microvessels. Neutrophil rolling was recorded with a charge-
coupled device camera (Sanyo) attached to a VCR system (Hitachi)
and an inverted microscope. Rolling neutrophils were defined as
those moving slower than the perfusion rate (21). The enumerated
rolling cells are expressed as rolling cells per min per mm2.

[3H]IMP Synthesis and Binding. [8-3H]IMP was prepared by the
deamination of [8-3H]AMP. Briefly, [8-3H]AMP (15 Ciymmol,
American Radiolabeled Chemicals, St. Louis; 1 Ci 5 37 GBq) was
incubated with AMP deaminase (Sigma) in 10 mM TriszHCl, pH
6.8y25 mM NaCl at 25°C for 10 min. [8-3H]IMP was isolated by
TLC (PEI-cellulose) using 1 M acetic acid as the mobile phase. The
specific binding of [8-3H]IMP to intact human neutrophils was
evaluated as described for other neutrophil small molecule ligands
(22). For competitive binding experiments, neutrophils were incu-
bated with increasing concentrations of adenosine or unlabeled
IMP in the presence of 200 nM [8-3H]IMP, and the data were
analyzed by using nonlinear regression curve fitting for a one-site
binding model (23).

Binding of g-[35S]thio-GTP (GTP[g35S]; 12.5 mCiyml; NEN)
binding was performed with isolated neutrophil membrane frac-
tions as in Northup et al. (24).

In Situ Hybridization. Preparation of tissue sections and hybridiza-
tion conditions mainly followed the procedures of P. Komminoth
(Application Manual, Roche). Briefly, lung tissues from control
mice and mice that had undergone limb clamping–reperfusion were
fixed in 4% paraformaldehyde and embedded in paraffin. Eight-
micrometer-thick sections were prepared and deparaffinized. The
rehydrated samples were treated with proteinase K at 37°C for 30
min. The specific antisense oligonucleotides for hybridizing in situ
with mRNA transcribed from the mouse AMP deaminase 3
(AMPD3) gene in lung tissue sections were 59-GAGACCCTCT-
TCCAAAGGCACACT-39 (N-terminal coding sequence) and 59-
CTATTTGGTCAGGGCTGTGATCTC-39 (C-terminal coding
sequence). The sense oligonucleotides were used in control exper-
iments. Signals were detected by using a digoxigenin (DIG) nucleic
acid detection kit (Roche–Boehringer Mannheim).

Statistical Analysis. All results are expressed as means 6 SEM.
Statistical comparisons were made with Student’s t test or Dunn’s
method after the analysis of variance (ANOVA). The results were
considered significantly different at P , 0.05.

Results
Neutrophils in Reperfusion-Induced Remote Organ Injury: A Murine
Model. A murine model of remote organ reperfusion injury was set
up (see Materials and Methods). Neutrophil accumulation was
found within the lungs after 3 (or 24) h of reperfusion following 3 h
of the hind-limb occlusion. In contrast, mice that underwent 3 h of
limb tourniquet clamping alone without reperfusion or mice with-
out limb clamping did not show significant accumulation of neu-
trophils within their pulmonary tissues (Fig. 1). Maximum accu-
mulation of neutrophils in lungs was observed at 3 h of reperfusion,
representing a 2.5-fold increase compared with control mice or
mice with limb clamping alone without reperfusion. Histological
evaluation of lung biopsies from reperfused mice confirmed the
presence of significant numbers of neutrophils, inflammation, and
hemorrhage within lung tissues (Fig. 1 Inset). The correlation
between neutrophil accumulation and the lung tissue damage
observed at the level of light microscopy confirmed in this model
that lung tissue injury was associated with neutrophil infiltration.
These pathophysiologic findings from murine tissues are consistent
with findings in patients suffering ischemia–reperfusion, particular
those undergoing orthopedic surgery (3), as well as in other animal
models (25), validating its use for molecular analysis.

AMPD3 Gene and Its Product Are Up-Regulated in Reperfusion-Injured
Lungs. Using this model and mRNA differential display (12), we
investigated whether specific genes were differentially expressed in
lung tissues of mice undergoing limb vascular occlusion and reper-
fusion. Several dozen differentially displayed cDNA fragments
were identified (see our web site at serhan.bwh.harvard.edu). In
particular, one of them, denoted L5B1, was expressed at higher
levels in lungs of mice that underwent reperfusion compared with
control mice or mice that underwent only limb vessel occlusion
without reperfusion (Fig. 2A). Northern analysis performed with
the probe L5B1 showed that a 4-kb transcript was abundantly
expressed in the lung after hind-limb reperfusion compared with
controls (Fig. 2B). DNA sequencing analysis revealed that L5B1
(476 nt) was identical to the 39 untranslated region of exon 15 of
mouse AMPD3 (heart-type) gene (26, 27) (Fig. 2C). Knowing that
the AMPD3 gene is expressed in only low levels in healthy lung and
its coding sequences are homologous with AMPD1 (muscle-type)
and AMPD2 (liver-type) at C-terminal regions and divergent at
N-terminal domains (27), we performed quantitative RT-PCR with
a pair of unique primers representing 59-end coding sequences of
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the AMPD3 gene. Differentially expressed cDNA fragment (567 nt)
was isolated and sequenced (sequencing data not shown), and the
results confirmed that the AMPD3 gene was up-regulated in lungs
after reperfusion of the hind limbs (see Fig. 6 in the supplementary
materials at www.pnas.org). Further, an in situ hybridization of lung
tissue section with antisense oligonucleotides of AMPD3 mRNA
revealed that the up-regulated AMPD3 gene transcripts were
predominantly located in bronchial and alveolar epithelium but not
associated with the infiltrated neutrophils or vascular endothelium
(Fig. 2D). Also, AMP deaminase activity was increased in reper-
fusion-injured lung tissues (Fig. 3A), a finding in line with the
up-regulation of this gene product.

Administration of AMP Deaminase Inhibitor Enhances Neutrophil
Accumulation in Lungs. It was deemed essential to determine
whether the prominently induced AMPD3 gene product might play
a functional role within lung tissues during remote organ reperfu-
sion. To address this question, we injected these mice intravenously
with an AMP deaminase inhibitor (coformycin) (15) immediately
before ischemic hind-limb reperfusion. Of interest, we found sta-
tistically significant increases in neutrophil accumulation evident in
remote lung tissues compared with mice injected with vehicle alone
before reperfusion (P , 0.01) (Fig. 3B). Also, treatment with
coformycin did not lead to significant increases in neutrophil values
within lungs from the control groups, suggesting that the additional
accumulation of neutrophils in reperfused lungs was not the result
of toxicity or other potentially nonspecific actions of coformycin
(Fig. 3B). These results revealed a clear correlation between
administration of the AMP deaminase inhibitor (see below) and
enhanced neutrophil accumulation within reperfused lung tissues
of mice that underwent hind-limb vascular occlusion, suggesting
that this enzyme or its product may play a protective role.

IMP Increases in Lung During Reperfusion. IMP is the unique product
of AMP deaminase (see scheme in Fig. 3B) (28). Therefore, we

examined IMP levels in the lung after reperfusion of mouse hind
limbs. Fig. 3C indicates that the levels of IMP in lung tissues of mice
after hind-limb ischemia–reperfusion were 5-fold higher than those
of control or nonreperfused mice. IMP levels in reperfused lung
tissues were lower after injection of the AMP deaminase inhibitor
(i.e., coformycin) (Fig. 3C). These results suggested that IMP levels
in the lung are associated with increased AMP deaminase activity
after its gene up-regulation. In contrast, the level of IMP in blood
(see Fig. 7 in the supplementary materials at www.pnas.org) and
hind-limb muscles (data not shown) did not alter after 3 h of
ischemia and 3 h of reperfusion in comparison with mice that did
not undergo ischemia–reperfusion. These results indicate that IMP
is predominantly increased in the microenvironment of the lung
after hind-limb reperfusion.

IMP Inhibits Neutrophil Trafficking. To directly investigate whether
IMP has a role in reperfusion-associated inflammation, we first
tested the stability of IMP in vivo. We found that IMP levels in blood
quickly declined to approximately basal levels within 15 min after
injection of IMP (200 mg per mouse, i.v.; see Fig. 8 in the
supplementary materials at www.pnas.org), confirming that nucle-
otides are short-lived in whole blood (29). Given that IMP is not
stable in vivo, we hypothesized that if IMP plays a role in reperfu-
sion it will likely be within the local milieu of neutrophil recruit-
ment. It is also known that the cytokine TNF-a evokes neutrophil
infiltration in lung (30) and can stimulate neutrophils to release
proinflammatory mediators that can give rise to tissue damage
during reperfusion injury. Therefore, we examined the impact of
IMP on TNF-a-induced leukocyte infiltration in the murine air
pouch model of acute inflammation. Injection of TNF-a into the
dorsal cavity induced a marked increase in neutrophil accumulation
within the dorsal air pouch (17, 18). IMP significantly inhibited
TNF-a-induced neutrophil infiltration and accumulation in a dose-
dependent fashion (IC50 ' 140 mg) (Fig. 4A). These results
demonstrate that local administration of IMP prevents neutrophil
traffic in vivo.

IMP Regulates Neutrophil Rolling. Neutrophils can damage organ
tissues after recruitment to the target tissue, where they initially
enter by means of rolling and adherence to vascular endothelial cells
(1). Thus, we examined IMP–neutrophil interactions within isolated
microvessels. IMP significantly reduced neutrophil rolling on mi-
crovessels in a concentration-dependent fashion (Fig. 4B) com-
pared with other structurally related purines (such as AMP or
inosine). Neutrophil rolling was inhibited by 70% and 90% when
the cells were exposed to 1 mM and 10 mM IMP, respectively. In
sharp contrast, significant inhibition of neutrophil rolling was not
observed with either inosine or AMP at concentrations as high as
100 mM. We also assessed the potential cytotoxic actions of IMP
with microvessels and neutrophils. After exposure and washout of
IMP, isolated microvessels were still able to support statistically
equivalent numbers of neutrophils rolling on their endothelial cells
compared with microvessels that were not exposed to IMP. Neu-
trophils incubated with IMP (100 mM; at 37°C for 30 min) did not
alter their viability as determined by their ability to exclude trypan
blue. These results indicate that the reduction of neutrophil rolling
by IMP was not a result of cytotoxic events. We also examined the
action(s) of IMP on microvascular function and found that IMP
(1–500 mM) had no impact on contraction or relaxation of mouse
mesenteric microvessels (see Fig. 9 in the supplementary materials
at www.pnas.org). In addition, human neutrophils exposed to IMP
(1 or 100 mM) did not generate superoxide anion (see Fig. 10 in the
supplementary materials), indicating that IMP is not a proinflam-
matory agonist.

IMP Specifically Binds to Neutrophils. We investigated whether IMP
directly binds to specific sites on neutrophils, and to this end
prepared [8-3H]IMP for direct analysis. [8-3H]IMP specifically

Fig. 1. Neutrophil accumulation in murine lungs after reperfusion. Mouse
lungswerecollectedandhomogenizedforMPOdeterminationafter limbclamp-
ing with increased intervals of reperfusion (0, 3, and 24 h). Neutrophil numbers
were obtained by using a calibration curve for MPO values. Neutrophils in lung
biopsies from control mice (that received only pentobarbital, 50 mgykg, i.p., n 5
13 mice) and mice that underwent 3 h of limb clamping then continued with 0
(n 5 13 mice), 3 (n 5 16 mice), or 24 (n 5 13 mice) h of reperfusion are indicated.
Results are mean 6 SEM of 13 or 16 mice. Asterisks indicate that the differences
between 0 and 3 h of reperfusion as well as between 0 and 24 h of reperfusion are
significant (P,0.01).N.S.,not significant. (Inset)Hematoxylinyeosin-stained lung
biopsy from control mouse lung (Left) and lungs at 3 h clamping and 3 h
reperfusion (Right). Arrowheads point to neutrophils within lung tissue. (3400.)
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bound to a high-affinity recognition site on neutrophils (Fig. 5) with
a Kd of 251.3 6 27.7 nM and a Bmax of 4.5 6 0.2 pmolymg of protein.
In addition, adenosine did not effectively compete with the specific
binding of [3H]IMP (IC50 5 122 nM for IMP vs. 19.2 mM for
adenosine), indicating that the binding site of IMP is specific (Fig.
5 Upper Right Inset). To obtain evidence that this specific binding
reflects receptor activation by IMP, GTP[g35S] binding experi-
ments were performed with neutrophils. IMP increased GTP[g35S]
binding to neutrophil membranes, as did other neutrophil ligands
such as leukotriene B4 (n 5 6–9; see Fig. 11 in the supplementary
materials at www.pnas.org), suggesting that IMP does act by means
of a membrane receptor that is associated with a GTP[gS]-bound
G protein, as is the case for many G protein-coupled receptors (31).

Discussion
In this report, we found that up-regulation of AMPD3 gene
transcript and the enzymatic activity of the gene product ac-

companies remote organ lung injury after murine hind-limb
ischemia–reperfusion. Administration of AMP deaminase in-
hibitor (coformycin) before reperfusion significantly en-
hanced neutrophil accumulation in the lung. This result sug-
gests that the up-regulated AMPD3 gene product may be
required for controlling neutrophil infiltration and accumula-
tion, to protect the lung from activated neutrophils. The
AMPD3 gene product functions in the purine metabolism
pathway. AMP deaminase converts AMP to IMP by deami-
nation of the substrate (14). We obtained evidence that IMP
levels in lung tissues were significantly increased as AMP
deaminase was activated during reperfusion and leukocyte
infiltration of the tissues (Figs. 2 and 3). Taken together, these
results suggest that IMP plays a direct role in regulating
neutrophil diapedesis in lung tissues after hind-limb ischemia–
reperfusion. In support of this concept, we also found that low
levels of IMP were present in whole blood during reperfusion,

C

D

A

B
D

Fig. 2. (A) Representative differential gene expression in murine lungs after reperfusion: mRNA differential display. Total RNAs were isolated from the lungs of
control, clamping alone, or clamping–reperfusion mice. RNA was reverse transcribed, amplified, and displayed in a sequencing gel. The oligonucleotides 59-
ACGACTCACTATAGGGCTTTTTTTTTTTTGG-39 and 59-ACAATTTCACACAGGAGCTAGCATGG-39 were used as anchored and arbitrary primers, respectively. Autoradio-
gram illustrates the prominent differential display of RT-PCR products designated L5B1, which is expressed in lungs of mice that underwent 3 h of hind-limb clamping
and 3 h of reperfusion. (B) Northern analysis of L5B1 mRNA expression in lung tissues of control mice and mice that underwent lower-limb ischemia–reperfusion. Total
RNAs were isolated and samples (15 mg per lane) were loaded and run on a formaldehydeyagarose gel, then transferred onto a Hybond-N1 membrane (Amersham
Life Science) and hybridized with [a-32P]dCTP-labeled L5B1 cDNA fragment (specific activity ' 1.2 3 109 cpmymg; 30 3 106 cpmy10 ml of hybridization buffer). A unique
'4-kbmRNAofL5B1wasdetected (arrow).RNAloadingwasmonitoredbyethidiumbromide-stained28Sand18SrRNAonthesamegel,displayedbesidetheNorthern
hybridization blot. (C) DNA sequence comparison between L5B1 cDNA fragment and mouse AMP deaminase 3 (heart-type) gene exon 15. The 476-nt sequence of the
L5B1 cDNA fragment is aligned with the 39 untranslated sequence of exon 15 (GenBank accession no. D88984S11) of the mouse AMPD3 (heart-type) gene. Identical
nucleotides found for L5B1 cDNA are indicated by vertical lines. AATAAA, the putative polyadenylation signal sequence, is double underlined, and the sequence of
thepoly(A) tail isunderlinedwithdashes. (D)Distributionof theup-regulatedAMPD3genetranscripts in remote lungtissueafter ischemia–reperfusion.LeftandCenter
represent lung biopsy sections from the same reperfused mouse hybridized with sense and antisense oligonucleotides for AMPD3 mRNA, respectively. In Right, lung
tissue section from control mouse (without ischemia–reperfusion) was hybridized with the same antisense oligonucleotides used in Center. The dark blue-stained spots
are selectively distributed in bronchial and alveolar epithelium. (3200.)
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and the retention of IMP in blood was short-lived after i.v.
injection of IMP. These two points indicate that the levels of
IMP in blood circulation could not account for the increases
in IMP monitored by HPLC analyses of the pulmonary tissues
(see Fig. 7 in the supplementary materials).

Also, the results of ‘‘add back’’ experiments indicate that IMP
significantly inhibits TNF-a-induced local neutrophil infiltration in
acute inflammation (Fig. 4). This in vivo evidence provides support
for IMP as a regulator of neutrophil traffic, and it follows that
diminished accumulation of neutrophils may spare tissue damage.

Fig. 3. (A) Increase in AMP deaminase activity in murine lung with limb clamping and reperfusion. Lung tissue extracts from control mice (0 h of clamping and 0 h
of reperfusion) and hind-limb reperfused mice (3 h of clamping and 3 h of reperfusion) were prepared. The AMP deaminase activities were assessed by the absorbance
at 625 nm of the blue chromophore produced by the conversion of the ammonia to indophenol. Percent increases in AMP deaminase activity are expressed as mean 6
SEM, n 5 6. (B) Enhanced neutrophil accumulation in reperfused lungs of mice treated with an AMP deaminase inhibitor. Neutrophils in lung biopsies were obtained
from mice that underwent 3 h of limb clamping and reperfusion and treated with vehicle (n 5 8 mice) or coformycin (n 5 9 mice), as well as control mice treated with
vehicle (n 5 8 mice) or coformycin (6 mgykg; n 5 4 mice). The mean values (n 5 4, 8, or 9 mice) are indicated by the horizontal black lines. Asterisks denote significant
differences (P , 0.01) between values for vehicle versus those from coformycin-treated mice that underwent hind-limb clamping and reperfusion. In the scheme at
Right, the action site of coformycin in AMP metabolism is shown (see text for details). (C) IMP increases in reperfused lung and decreases with administration of AMP
deaminase inhibitor. Lung tissues were obtained from control (n 5 4 mice), ischemia alone (n 5 4 mice), ischemia and reperfusion mice (n 5 5 mice), as well as
ischemia-reperfusion mice with coformycin treatment (6 mgykg; n 5 4 mice). The chromatographic values of IMP by HPLC analysis are presented as nmolyg wet weight
of lung. Asterisk denotes the significant differences (P , 0.01) of the values for lung IMP from mice that underwent ischemia–reperfusion versus those from control
mice or mice that underwent ischemia alone or ischemia–reperfusion with coformycin.

Fig. 4. (A) Dose–response inhibition of IMP on neutrophil accumulation in mouse air pouch. The numbers of TNF-a (20 ng per mouse) -induced neutrophil infiltration
in the air pouch with IMP (n 5 3 for each dose) or without IMP (n 5 5) treatment are expressed as mean 6 SEM from each set of mice. Asterisk denotes significant
differences (P , 0.01) of the values from IMP-treated (300–1000 mg per mouse) mouse versus vehicle-treated mouse. (Inset) percent inhibition of IMP on neutrophil
infiltration in the air pouch model. (B) IMP selectively inhibits neutrophil rolling in microvessels. Isolated human neutrophils were incubated (25°C, 5 min) with each
purine (100 mM), then perfused into mouse microvessels treated with 50 mM NG-nitro-L-arginine methyl ester (L-NAME). Rolling neutrophils were enumerated by using
video microscopy and are expressed as rolling cells per min per mm2. Asterisk denotes P , 0.01 versus control. Each column represents the mean 6 SEM (n 5 7–11). In
the absence of L-NAME and purine treatment, only 7 to 8 neutrophils roll per min per mm2 within microvessels. (Inset) Concentration-dependent inhibition for IMP
(0.1–100 mM) on neutrophil rolling (n 5 4–10).
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We also found that IMP, but not AMP or inosine, attenuates
neutrophil rolling in microvessels. These findings indicate that IMP
serves as a local or short-range mediator regulating neutrophil
rolling (i.e., transient adherence) (Fig. 4), the initial step in neu-
trophil infiltration and tissue accumulation (1–3). It is noteworthy
that IMP, at concentrations as high as 100 mM, did not stimulate
neutrophil responses in vitro (i.e., generation of superoxide anion)
(see Fig. 10 in the supplemental materials), indicating that IMP
serves as an antagonist for neutrophils in inflammation. Hence the
findings (i) that IMP acts on neutrophils to inhibit their trafficking
in vivo, (ii) that IMP acts on neutrophils to reduce rolling in
microvessels, and (iii) that up-regulation of AMP deaminase and its
inhibition correlate with decreased IMP levels as well as increased
neutrophil accumulation in vivo, when taken together, provide
strong evidence that IMP generation by up-regulated AMPD3 gene

expression during reperfusion constitutes a newly identified pro-
tective system in lung reperfusion injury.

Determination of the localization of up-regulated AMPD3 gene
transcripts in bronchial and alveolar epithelium provided evidence
for a potential cellular mechanism, namely for the topography of
IMP and AMP deaminase action. In view of these results, it is likely
that increased AMP deaminase and IMP are generated in epithe-
lium of lung in response to overt neutrophil infiltration. Thus, IMP
may also regulate epithelial functions relevant to neutrophil pen-
etration into pulmonary alveoli (1). Alternatively, IMP, like other
nucleotides, can be released by injured cells into the microenviron-
ment, where it regulates the functions of neutrophils and vascular
endothelium as well as other cell types that are involved in wound
healing (32). Along these lines, we demonstrated that IMP specif-
ically binds to neutrophils. The results of [8-3H]IMP binding and
adenosine competition strongly indicate that IMP has a specific
recognition site on neutrophils distinct from adenosine receptors.
Also, IMP stimulates GTP[g35S] binding to neutrophil membrane,
suggesting involvement of a G protein-coupled receptor. The
present results with IMP and neutrophils are of interest in view of
earlier findings with cyclic IMP-sensitive kinases reported in brain
(33), erythrocytes (34), and neutrophils (35) that, when taken
together with our present findings, suggest that inosine and its
phosphorylated forms (i.e., IMP) may carry information in signal-
ing systems.

In conclusion, we have uncovered a previously unappreciated
regulatory system governing neutrophil traffic into ischemia–
reperfused lung that involves transcriptional regulation for the
AMPD3 gene enhancing IMP generation. These results provide the
evidence that, in lung tissues during reperfusion, the AMPD3 gene
is up-regulated and its enzymatic product IMP specifically binds to
neutrophils, down-modulating rolling within microvessels and
blocking trafficking in vivo, thereby limiting entry of neutrophils
into the tissue. These findings open opportunities for using the
endogenous IMP-AMP deaminase system to control neutrophil
tissue entry, a critical step in minimizing reperfusion-associated
injury and inflammation. Knowledge of these endogenous protec-
tive systems can provide new approaches to prevent and control
neutrophil-mediated tissue damage associated with inflammation
as well as certain cardiovascular and neurodegenerative diseases.
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Fig. 5. Specific binding of [8-3H]IMP to neutrophils. [8-3H]IMP was prepared by
biogenic synthesis. Structure of IMP with the 3H label position 8 is indicated in the
Upper Right Inset. Isolated human neutrophils (8 3 106 cells in 0.4 ml) were
incubated with [8-3H]IMP (0–500 nM) at 4°C for 120 min in the presence or
absence of a 1000-fold excess of unlabeled IMP. (Lower Right Inset) Scatchard
analysis for [8-3H]IMP binding. The Kd is 251.3 6 27.7 nM and the Bmax is 4.5 6 0.2
pmolymg of protein (n 5 4). (Upper Left Inset) Competition of unlabeled IMP (F)
or adenosine (E) for specific [3H]IMP (200 nM) binding to intact neutrophils (n 5
4). The IC50 value for unlabeled IMP was '122 nM and that for adenosine was
'19.2 mM (n 5 4).
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