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Background: Cardiopulmonary bypass (CPB) has been impli-
cated in the development of organ injury associated with car-
diac surgery. At the molecular level, CPB is accompanied by a
pronounced proinflammatory response including an increase
in plasma interleukin (IL)-6. The IL-6 has been shown to be
increased in rheumatoid arthritis, a chronic inflammatory dis-
ease, where it has been implicated in decreasing G protein–
coupled receptor kinases (GRKs) in peripheral blood mononu-
clear cells. Since IL-6 is substantially increased after CPB, the
study tested whether the increase of IL-6 during CPB leads to a
decrease of GRKs in mononuclear cells. This is important be-
cause GRKs regulate the function of G protein–coupled recep-
tors involved in inflammation.

Methods: Fifteen patients had blood withdrawn before CPB,
2 h after CPB, and on postoperative day one (POD1). Plasma IL-6
concentrations were determined by enzyme-linked immu-
nosorbent assay. The GRK protein expression and activity were
determined by Western blot and phosphorylation of rhodopsin
using [�-32P] adenosine triphosphate, respectively.

Results: Plasma IL-6 increased over 20-fold after CPB and
remained increased on POD1. Cytosolic GRK activity in mono-
nuclear cells decreased by 39 � 29%; cytosolic GRK2 and mem-
brane-bound GRK6 decreased by 90 � 15 and 65 � 43%, respec-
tively. The GRK activity and expression of GRK2/GRK6 on POD1
returned to basal levels in many but not all patients.

Conclusions: The CPB causes a profound decrease in mono-
nuclear cell GRKs, and the recovery of these kinases on POD1 is
quite variable. The significance of the variable recovery of GRKs
after CPB and their potential role as a marker of clinical out-
come deserves further investigation.

WHILE cardiopulmonary bypass (CPB) has made it pos-
sible to perform a variety of surgeries on the human
heart, it has been implicated in a number of postopera-
tive complications including atrial fibrillation, cognitive
impairment, and other organ dysfunction.1–4 To under-
stand the molecular basis of these postoperative compli-
cations, several investigators have examined biochemi-
cal changes in blood in the perioperative period. One
prominent change associated with CPB is a steep in-

crease in plasma proinflammatory cytokines, including
interleukin (IL)-6.5–6 These inflammatory cytokines me-
diate a systemic inflammatory response that can result in
multiorgan dysfunction. Increases in IL-6 following CPB
have been associated with circulatory dysregulation, myo-
cardial dysfunction and ischemia.6–9 Increases in IL-6 con-
centrations are also associated with aging and outcomes
from the systemic inflammatory response syndrome, sep-
sis, and adult respiratory distress syndrome.10–13

The IL-6 can contribute to cellular injury by several
mechanisms, including upregulation of adhesion mole-
cules on endothelium and neutrophils, as well as expres-
sion of inducible nitric oxide.14–17 A recent study links
increased plasma IL-6 with a dysfunction in the regula-
tion of G protein–coupled receptors (GPCRs) in periph-
eral blood mononuclear cells.18 This study demonstrated
that patients with rheumatoid arthritis have decreased
concentrations of G protein–coupled receptor kinases
(GRKs), a family of six isozymes numbered GRK1 to
GRK6, in their mononuclear cells. The decrease was
attributed to IL-6 because mononuclear cells from
healthy donors, when exposed to IL-6, showed a de-
crease in GRK2 expression.18 These data indicate that
IL-6, which is synthesized in mononuclear cells, has
mononuclear cells as one of its targets. The effect of IL-6
on GRKs is likely to be important because these kinases
play a key regulatory role in the desensitization or atten-
uation of signaling through GPCRs, including GPCRs for
substance P, IL-8, and chemokines that are known to
cause inflammation.19,20 Since IL-6 is increased during
CPB, we sought to determine whether GRKs in periph-
eral blood mononuclear cells are affected by CPB.

Materials and Methods

Patient Data and Collection of Blood Samples
After written informed consent was obtained, fifteen

patients were enrolled in this study approved by the
Institutional Review Board. The patients underwent sur-
gery involving CPB and were enrolled successively with-
out exclusions for patient condition or type of surgery.
Blood samples (15 ml) were collected in EDTA-coated
tubes at the following times: before surgery (PRE), 2 h
after completion of CPB (POST), and 24 h after comple-
tion of CPB (POD1). Samples were transported to the
laboratory at room temperature. Patient records were
reviewed to gather demographic data, preoperative di-
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agnosis, surgical procedure, length of CPB, length of
hospital stay, and postoperative complications.

Isolation of Plasma and Mononuclear Cells
An 800 �l portion of each sample was centrifuged at

1500 � g to obtain plasma used for the IL-6 assay. The
remaining blood was used to isolate peripheral blood
mononuclear cells over Ficoll-Hypaque Histopaque®

(Sigma, St. Louis, MO) density gradients, as described by
Böyum.21 Mononuclear cells and plasma were stored at
�80°C until used.

Preparation of Cytosolic and Membrane Fractions
of Mononuclear Cells
Mononuclear cells were thawed, then suspended in

0.5–1.0 ml of ice-cold buffer A (20 mM Tris-HCl [pH 7.4],
2 mM EDTA, containing the protease inhibitors 100 �M

PMSF, 10 �g/ml leupeptin, 5 �g/ml aprotinin, 10 �g/ml
soybean trypsin inhibitor, 150 �g/ml benzamidine); ho-
mogenized using a hand-held tissue disruptor on low
speed; and centrifuged at 4°C at 45,000g for 15 min. The
supernatant, representing the cytosolic fraction, was
stored at �80°C until analysis. The membrane pellet was
resuspended in 0.5 ml buffer A and stored at �80°C.

Measurement of IL-6 in Plasma
The concentration of plasma IL-6 was determined by

enzyme-linked immunosorbent assay using a commer-
cially available kit following the manufacturer instruc-
tions (Quantikine HS, R&D Systems, Minneapolis, MN).

Measurement of GRK Activity in Mononuclear Cell
Cytosol
The GRK activity in the cytosolic fraction was assessed

using light-dependent phosphorylation of rhodopsin in
urea-washed bovine rod outer segments (ROS), as de-
scribed previously.22,23 Briefly, 6 �g of cytosolic protein
from mononuclear cells and 5 �g of ROS proteins were
suspended in a total volume of 50 �l consisting of 20 mM

Tris-HCl (pH 7.4), 10 mM MgCl2, 2 mM EDTA, and [�-32P]
adenosine triphosphate (final concentration 100 �M, spe-
cific activity 2–4 cpm/fmol). The reaction was allowed
to proceed for 5 min at 30°C and was then stopped by
adding 50 �l of sample buffer (25 mM Tris-HCl [pH 6.8],
10% glycerol, 8% sodium dodecyl sulfate, 0.0125% Bro-
mophenol Blue). Phosphorylated rhodopsin was sepa-
rated by electrophoresis on 10% sodium dodecyl sulfate–
polyacrylamide gels (SDS-PAGE), and visualized by
autoradiography. The rhodopsin band was excised from
the dried gels and counted by liquid scintillation spec-
troscopy. Background phosphorylation was determined
by performing phosphorylation of rhodopsin in the ab-
sence of mononuclear cell cytosol, and 32P incorporated
into rhodopsin was subtracted from 32P incorporated
into rhodopsin in the presence of mononuclear cell
cytosol. Results are expressed as fmol 32P incorporated

into rhodopsin � minute�1 � �g cytosolic protein�1,
and as a percentage of baseline (PRE) activity.

Measurement of GRK2 and GRK6 Proteins in
Mononuclear Cells by Immunoblotting
The expression of GRK2 and GRK6 proteins in the

cytosolic and membrane fractions of mononuclear cells
was determined by Western blot. Samples containing
30 �g of protein were placed in SDS-sample buffer,
incubated for 15 min at 37°C, and subjected to electro-
phoresis on 10% SDS-PAGE gels. The separated proteins
were transferred to PVDF membranes (Millipore, Bed-
ford, MA). The membranes were incubated for 1 h in a
1:200 dilution of primary rabbit polyclonal antibodies to
GRK2 or GRK6 (Santa Cruz Biotechnology, Santa Cruz,
CA) followed by 1 h incubation in a 1:2000 dilution of
antirabbit secondary antibodies conjugated with horse-
radish peroxidase (Santa Cruz Biotechnology). Immuno-
reactivity was detected by enhanced chemilumines-
cence (Pierce, Rockford, IL), and quantified by
densitometry using Quantity One software (Bio-Rad Lab-
oratories, Hercules, CA). The signals were determined to
be in the linear range for chemiluminescence. The GRK
protein expression in POST and POD1 samples is re-
ported as a percentage of the PRE sample for each
individual. Purified recombinant GRK2, prepared as
described previously,24 was used as standard in GRK2
immunoblots. Recombinant GRK6 in Sf9 membranes
was used as standard in GRK6 immunoblots. To ex-
press GRK6 in Sf9 cells, human GRK6 cDNA was
excised from ATCC clone HFBCB24 (ATCC, Rockville,
MD) with EcoRI/Bsp 120I (Apa I) and subcloned into
PVL1393 digested with EcoRI/NotI. A recombinant
baculovirus containing GRK6 was isolated using the
protocol provided with the BaculoGold transfection
kit (Pharmingen, San Diego, CA), and it was used to
infect Sf9 cells. The growth of Sf9 cells and prepara-
tion of Sf9 membranes have been described
previously.25

Only GRK2 and GRK6 were measured because the
commercially available antibody to GRK3 also reacted
with purified GRK2, and levels of GRK5 were too low to
quantify. Whether our GRK2 antibody cross-reacts with
GRK3 could not be assessed because purified GRK3 was
not available. The GRK6 was analyzed only in mononu-
clear cell membranes because it is a membrane-associ-
ated enzyme.19 The GRK1 and GRK4 were not examined
because these GRKs are only expressed in retinal and
testicular tissue, respectively.19

Statistical Analysis
The GRK activity and protein expression for each

subject are reported as a percentage of PRE levels and
expressed as mean � SD. An exact Wilcoxon signed
rank test or paired t test was used to study change in
GRKs and IL-6 values between PRE, POST and POD1
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samples; we applied the Bonferroni correction to these
changes and a P value of less than 0.0167 was consid-
ered significant for these tests. The relationship between
these measured variables were determined using exact
tests of Kendall � b correlations, simple multiple linear
regression, and separate mixed models. A P value of less
than 0.05 was considered significant for these tests. Data
were analyzed using SAS software (SAS, Cary, NC) and
STATXACT (Boston, MA) software.

Results

Table 1 presents patient demographic data, surgical
procedure, length of CPB, length of postoperative hos-
pital stay and postoperative complications.

Plasma IL-6 Increases after CPB
Plasma IL-6 increased more than 20-fold after CPB from

2.9 to 62.0 pg/mL (P � 0.0001) and remained increased
to 88.6 pg/mL on POD1 (P � 0.0001) (fig. 1).

CPB Decreases GRK Activity in Mononuclear Cells
Figure 2A shows that rhodopsin phosphorylation, which

represents GRK activity,26,27 decreased substantially in the
POST sample and remains low in the POD1 sample. Aver-
age kinase activity in PRE samples was 7.5 � 3.5 fmol 32P
incorporated into rhodopsin · minute�1 · �g cytosolic pro-
tein�1, and it decreased by 39 � 29% after CPB (P �
0.0014). The CPB-induced decrease in GRK activity was
seen in all but one patient, but the recovery was quite
variable among patients (fig. 2B).

CPB Decreases GRK2 Protein
We determined whether the observed decrease in

GRK activity after CPB was due to a decrease in GRK2

protein. Figure 3 shows that cytosolic GRK2 expression
decreased dramatically after CPB by 90 � 15% (P �
0.0001), indicating that the decrease in cytosolic GRK
activity after CPB could be attributed to a decline in
GRK2 protein. The decrease in cytosolic GRK2 was not
due to GRK2 translocation to membrane because mem-
brane-associated GRK2 was also significantly decreased
after CPB by 78 � 27% (P � 0.002, data not shown). It
should be pointed out that the decrease in GRK2 protein
in POST samples (fig. 3B) was much greater than the
decrease in GRK activity (fig. 2B). The disparity between
measured GRK activity in the cytosol and the expression
of GRK2 protein in the cytosol indicates that other ki-
nases contribute to the phosphorylation of rhodopsin.

Table 1. Patient Demographics

Patient
No. Age, yr Gender Race Preoperative Diagnosis

Surgical
Procedure

Length of
CPB, min

Postoperative
Complications

Postoperative
Hospital Days

1 44 Male White CAD, hypertension, DM CABG 94 None 4
2 50 Male White CAD CABG 121 None 4
3 54 Male Black CAD, hypertension CABG 78 None 4
4 56 Male White CAD, COPD, AF, arthritis CABG 92 None 5
5 57 Male White CAD CABG 136 None 3
6 58 Male White CAD, DM CABG 107 None 5
7 60 Male White CAD CABG 132 AF 4
8 62 Male White CAD, COPD, GERD CABG 101 None 7
9 65 Female White CAD, hypertension, DM CABG 84 CVA 7

10 66 Male White CAD, AR, MR CABG, AVR 249 AF 6
11 68 Female White MR MVR 119 Bleeding, ear

abscess
6

12 68 Male White CAD CABG 109 None 3
13 72 Male White CAD, hypertension CABG 80 None 4
14 78 Male White CAD, CVA, hypertension, CA CABG, AVR 145 CVA 11
15 81 Female White CAD, AF, CVA, hypothyroid CABG 73 None 9

AF � new-onset atrial fibrillation/flutter; AR � aortic regurgitation; AVR � aortic valve replacement; CA � prostate cancer; CABG � coronary artery bypass graft;
CAD � coronary artery disease; COPD � chronic obstructive pulmonary disease; CPB � cardiopulmonary bypass; CVA � cerebrovascular accident; DM �
diabetes mellitus; GERD � gastroesophageal reflux disease; MR � mitral regurgitation; MVR � mitral valve replacement.

Fig. 1. Effect of cardiopulmonary bypass (CPB) on plasma in-
terleukin (IL)-6 (n � 11). Plasma IL-6 was measured as described
in the methods section. The increase in IL-6 from PRE to POST
and POD1 samples was statistically significant (*P < 0.0001).
The increase in IL-6 from POST to POD1 did not reach statistical
significance (†P � 0.035). PRE � before surgery; POST � 2 h
after completion of CPB; POD1 � 24 h after completion of CPB.
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As with GRK activity, the recovery of GRK2 on POD1
differed considerably between patients (fig. 3B).

Effect of CPB on G proteins
To determine whether the decrease in GRK2 after CPB

was protein-specific, we examined the effect of CPB on
the G proteins Gs� and Gi� (proteins which, like GRKs,
are part of the GPCR signaling network).19,28 As Figure 4
shows, the effect of CPB on Gs� and Gi� proteins does
not parallel the effect on GRK2. Thus the effect of CPB
on GRK2 decline is GRK2 specific and is not due to a
CPB-induced global degradation of proteins. Our finding
that CPB had a variable effect on Gs� and Gi� proteins in
mononuclear cells is consistent with a recent report by
Tittelbach et al. which found that Gs� and Gi� protein

expression in peripheral blood mononuclear cells was
increased in some patients after CPB, and decreased in
other patients.28

CPB Decreases GRK6
Figure 5 shows that membrane-bound GRK6 decreases

after CPB and the average decrease in GRK6 is 65 � 43%
from PRE levels (P � 0.0015). As with GRK2 and GRK
activity, the recovery of GRK6 on POD1 varied consid-
erably between patients (fig. 5B).

Correlation between IL-6 and GRKs
A negative correlation between cytosolic GRK activity

and plasma IL-6 was detected when a mixed model
analysis was performed (P � 0.0017) and a negative
correlation was also found between GRK6 expression
and IL-6 using simple linear regression (P � 0.0181).
However, we did not find a statistically significant cor-
relation between changes in GRK2 expression and
plasma IL-6, presumably due to our small sample size.

Fig. 3. Effect of cardiopulmonary bypass (CPB) on GRK2 protein
in mononuclear cell cytosol (n � 15). (A) GRK2 immunoreac-
tivity in mononuclear cell cytosol from patients 7 and 4. The
immunoblotting was carried out as described in the methods
section. GRK2 lane, 100 ng of purified GRK2; PRE lanes, 30 �g
mononuclear cell cytosolic protein from pre-CPB sample; POST
lanes, 30 �g mononuclear cell cytosolic protein from post-CPB
samples; POD1 lanes, 30 �g mononuclear cell cytosolic protein
from POD1 samples. (B) GRK2 protein expression in POST and
POD1 samples from individual patients. Patient numbers are
shown to the right. PRE � before surgery; POST � 2 h after
completion of CPB; POD1 � 24 h after completion of CPB.

Fig. 2. Effect of cardiopulmonary bypass (CPB) on G protein–
coupled receptor kinase (GRK) activity in mononuclear cells
(n � 15). (A) Autoradiogram from patient 10 showing GRK
activity in cytosolic fraction of mononuclear cells as measured
by phosphorylation of rhodopsin in urea-washed bovine rod
outer segment (ROS). Lane 1, phosphorylation of ROS with puri-
fied recombinant GRK2; lane 2, phoshorylation of ROS in the
absence of cytosolic mononuclear cell fraction; lane 3, phosphor-
ylation of ROS with pre-CPB cytosol (PRE); lane 4, phosphoryla-
tion of ROS with post-CPB cytosol (POST); lane 5, phosphorylation
of ROS with postoperative day 1 (POD1) cytosol. (B) The GRK
activity (as a percent of PRE) in POST and POD1 samples from
individual patients. The numbers on the right correspond to pa-
tient numbers shown in table 1.
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Discussion

In this study, we provide the first evidence that cardiac
surgery involving CPB decreases GRK activity and ex-

pression in peripheral blood mononuclear cells. More
importantly, we find that the recovery of GRK activity
and expression on POD1 is highly variable among pa-
tients, with some patients showing little or no recovery.
This finding is interesting because a poor recovery of
GRKs after CPB may slow the desensitization of GPCRs
on mononuclear cells that propagate inflammation, thus
contributing to postoperative morbidity. Testing this
possibility would require a larger prospective study.

The main purpose of our study was to determine if the
acute increase in IL-6 seen after CPB is associated with a
decrease in GRKs in peripheral blood mononuclear cells.
We found that the CPB-induced increase in IL-6 had a
negative correlation with GRK activity and GRK6 expres-
sion. However, our data suggest that while IL-6 may
contribute to the observed decrease in GRKs, these
kinases recover in many patients on POD1 despite in-
creased concentrations of plasma IL-6. This observation
differs from the persistent decrease in GRK2 demon-
strated by Lombardi et al. after exposure of mononuclear
cells to IL-6 in vitro.18 It seems that under in vivo
conditions, IL-6 may be the mechanism for the initial
decrease in GRKs, but its effects are attenuated with
time, possibly due to the release of antiinflammatory
molecules such as IL-10.5 It should also be kept in mind
that the observed effect on GRKs could be mediated
through other cytokines or biomolecules since CPB is
known to be accompanied with a profound inflamma-
tory response.5,6,16,17 Clearly, further studies are needed
to delineate the molecular events responsible for the
observed decline in GRKs after CPB.

In conclusion, we have demonstrated that CPB is as-
sociated with a significant decrease in GRK activity as
well as in GRK2 and GRK6 protein expression in mono-
nuclear cells. The significant variability among patients in
the decline and recovery of GRKs after CPB should be
further investigated as potential markers for the develop-
ment of postoperative complications. Finally, it should be
pointed out that the decline in GRKs seen in mononuclear
cells after CPB may or may not occur in other tissues.

Fig. 4. Effect of cardiopulmonary bypass
(CPB) on Gs�, Gi�, and GRK2 in mononu-
clear cells (n � 3). The Gs�, and Gi� im-
munoreactivity was determined in
mononuclear cell membrane, and GRK2
immunoreactivity was measured in mono-
nuclear cell cytosol in PRE, POST, and
POD1 samples from three different pa-
tients. The G protein immunoblot utilized
20 �g of membrane protein, and the GRK2
immunoblot utilized 30 �g of cytosolic
protein from each sample. The consistent
decrease in GRK2 after CPB does not occur
in G proteins after CPB, demonstrating
that the decrease in GRK2 is not due to a
decrease in all proteins associated with the
GPCR signaling network. PRE � before
surgery; POST � 2 h after completion of
CPB; POD1 � 24 h after completion of CPB.

Fig. 5. Effect of cardiopulmonary bypass (CPB) on GRK6 expres-
sion in mononuclear cell membranes (n � 12). (A) GRK6 im-
munoreactivity in mononuclear cell membranes from patients
3 and 1. The immunoblotting was carried out as described in the
methods section. GRK6 lane, 2 �g of recombinant GRK6 in Sf9
membranes; PRE lanes, 30 �g mononuclear cell membrane
proteins from pre-CPB sample; POST lanes, 30 �g mononuclear
cell membrane protein from post-CPB samples; POD1 lanes,
30 �g mononuclear cell membrane protein from POD1 sam-
ples. (B) The GRK6 protein expression in POST and POD1 sam-
ples from individual patients. Patient numbers are shown to the
right. PRE � before surgery; POST � 2 h after completion of
CPB; POD1 � 24 h after completion of CPB.

347GRK AND CARDIOPULMONARY BYPASS

Anesthesiology, V 98, No 2, Feb 2003

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/98/2/343/653153/0000542-200302000-00012.pdf by guest on 20 M
arch 2024



The authors thank Yuri Klyachkin (Technician) for technical assistance and
Kimberly B. Allison (Secretary) for editorial assistance (both at Department of
Anesthesiology, Duke University Medical Center, Durham, NC).

References

1. Ascione R, Caputo M, Calori G, Llyod CT, Underwood MJ, Angelini GD:
Predictors of atrial fibrillation after conventional and beating heart coronary
surgery. A prospective, randomized study. Circulation 2000; 102:1530–5

2. Newman MF, Kirchner JL, Phillips-Bute B, Gaver V, Grocott H, Jones RH,
Mark DB, Reves JG, Blumenthal JA: Longitudinal assessment of neurocognitive
function after coronary-artery bypass surgery. N Engl J Med 2001; 344:395–402

3. Hill GE: Cardiopulmonary bypass-induced inflammation: is it important?
J Cardiothorac Vasc Anesth 1998; 12:21–5

4. Miller BE, Levy JH: The inflammatory response to cardiopulmonary bypass.
J Cardiothorac Vasc Anesth 1997; 11:355–66

5. Sablotzki A, Dehne MG, Mann V, Gorlach G, Muhling J, Zickmann B,
Hempelmann G: Plasma levels of selectins and interleukins in cardiovascular
surgery using cardiopulmonary bypass. Thorac Cardiovasc Surg 1999; 47:26–31

6. Cremer J, Martin M, Redl H, Bahrami S, Abraham C, Graeter T, Haverich A,
Schlag G, Borst HG: Systemic inflammatory response syndrome after cardiac
operations. Ann Thorac Surg 1996; 61:1714–20

7. Hennein HA, Ebba H, Rodriguez JL, Merrick SH, Keith FM, Bronstein MH,
Leung JM, Mangano DT, Greenfield LJ, Rankin JS: Relationship of the proinflam-
matory cytokines to myocardial ischemia and dysfunction after uncomplicated
coronary revascularization. J Thorac Cardiovasc Surg 1994; 108:626–35

8. Menasché P: The inflammatory response to cardiopulmonary bypass and
its impact on postoperative myocardial function. Curr Opin Cardiol 1995; 10:
597–604

9. Wei M, Kuukasjärvi P, Laurikka J, Kaukinen S, Iisalo P, Laine S, Laippala P,
Metsanoja R, Tarkka M: Cytokine responses and myocardial injury in coronary
artery bypass grafting. Scand J Clin Lab Invest 2001; 61:161–6

10. Ershler WB, Keller ET: Age-associated increased interleukin-6 gene expres-
sion, late-life diseases, and frailty. Annu Rev Med 2000; 51:245–70

11. Rodríguez-Gaspar M, Santolaria F, Jarque-López A, Gonzalez-Reimers E,
Milena A, de la Vega MJ, Rodriguez-Rodriguez E, Gomez-Sirvent JL: Prognostic
Value of Cytokines in SIRS general medical patients. Cytokine 2001; 15:232–6

12. Casey LC, Balk RA, Bone RC: Plasma cytokine and endotoxin levels cor-
relate with survival in patients with the sepsis syndrome. Ann Intern Med 1993;
119:771–8

13. Meduri GU, Headley S, Kohler G, Stentz F, Tolley E, Umberger R, Leeper
K: Persistent elevation of inflammatory cytokines predicts a poor outcome in

ARDS. Plasma IL-1� and IL-6 levels are consistent and efficient predictors of
outcome over time. Chest 1995; 107:1062–73

14. Boldt J, Osmer C, Schindler E, Linke LC, Stertmann WA, Hempelmann G:
Circulating adhesion molecules in cardiac operations: influence of high-dose
aprotinin. Ann Thorac Surg 1995; 59:100–05

15. Hayashi Y, Sawa, Y, Fukuyama N, Nakazawa H, Matsuda H: Inducible nitric
oxide production is an adaptation to cardiopulmonary bypass-induced inflamma-
tory response. Ann Thorac Surg 2001; 72:149–55

16. Wan S, LeClerc JL, Vincent JL: Inflammatory response to cardiopulmonary
bypass. Chest 1997; 112:676–92

17. Paparella D, Yau T, Young E: Cardiopulmonary bypass induced inflamma-
tion: pathophysiology and treatment. An update. Eur J Cardiothorac Surg 2002;
21:232–44

18. Lombardi MS, Kavelaars A, Schedlowski M, Bijlsma JW, Okihara KL, Van de
Pol M, Ochsmann S, Pawlak C, Schmidt RE, Heijnen CJ: Decreased expression
and activity of G-protein-coupled receptor kinases in peripheral blood mononu-
clear cells of patients with rheumatoid arthritis. FASEB J 1999; 13:715–25

19. Pitcher JA, Freedman NJ, Lefkowitz RJ: G protein-coupled receptor ki-
nases. Annu Rev Biochem 1998; 67:653–92

20. Parslow TG: Medical immunology, 10th edition. New York, Lange Medical
Books/McGraw-Hill Medical Pub. Division, 2001; pp 164:167–9

21. Böyum A: Isolation of mononuclear cells and granulocytes from human
blood. Scand J Clin Lab Invest Suppl 1968; 97:77–89

22. Papermaster DS, Dreyer WJ: Rhodopsin content in the outer segment
membranes of bovine and frog retinal rods. Biochemistry 1974; 13:2438–44

23. Shichi H, Somers RL: Light-dependent phosphorylation of rhodopsin. Pu-
rification and properties of rhodopsin kinase. J Biol Chem 1978; 253:7040–6

24. Nishimura K, Warabi K, Roush ED, Frederick J, Schwinn DA, Kwatra MM:
Characterization of GRK2-catalyzed phosphorylation of the human substance P
receptor in Sf9 membranes. Biochemistry 1998; 37:1192–8

25. Nishimura K, Frederick J, Kwatra MM: Human substance P receptor
expressed in Sf9 cells couples with multiple endogenous G proteins. J Recept
Signal Transduct Res 1998; 18:51–65

26. Benovic JL, Mayor F, Staniszewski C, Lefkowitz RJ, Caron MG: Purification
and characterization of the �-adrenergic receptor kinase. J Biol Chem 1987;
262:9026–32

27. De Blasi A, Parruti G, Sallese M: Regulation of G protein-coupled receptor
kinase subtypes in activated T lymphocytes. Selective increase of �-adrenergic
receptor kinase 1 and 2. J Clin Invest 1995; 95:203–10

28. Tittelbach V, Schwab M, Volff JN, Morike K, Lemke P, Giray J, Lee P, Ratge
D, Hellberg K, Wisser H: Atrial fibrillation after coronary artery bypass surgery:
association with changes in G protein levels in mononuclear leukocytes. Naunyn
Schmiedeberg’s Arch Pharmacol 1999; 359:204–11

348 HAGEN ET AL.

Anesthesiology, V 98, No 2, Feb 2003

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/98/2/343/653153/0000542-200302000-00012.pdf by guest on 20 M
arch 2024


