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Intraoperative Modulation of Alveolar Macrophage

Function during Isoflurane and Propofol Anesthesia

Naoki Kotani, M.D.,* Hiroshi Hashimoto, M.D.,* Daniel I. Sessler, M.D.,t Atsuhiro Kikuchi, M.D., %
Akiko Suzuki, M.D.,} Satoshi Takahashi, M.D.,* Masatoshi Muraoka, M.D.,* Akitomo Matsuki, M.D.§

Background: Alveolar macrophages are a critical part of the
defense against pulmonary infection. Thus the authors deter-
mined time-dependent changes in alveolar macrophage func-
tions in patients having surgery who were anesthetized with
isoflurane or propofol.

Methods: Patients anesthetized with propofol (n = 30) or
isoflurane (n = 30) during orthopedic surgery were studied.
Alveolar macrophages were harvested by bronchoalveolar la-
vage immediately, and 2, 4, and 6 h after induction anesthesia
and at the end of surgery. The fraction of aggregated and non-
viable macrophages was determined. Then phagocytosis was
measured by ingestion of opsonized and unopsonized particles.
Finally, microbicidal activity was determined as the ability of
the macrophages to kill Listeria monocytogenes directly.

Results: Demographic and morphometric characteristics of
the patients given propofol and isoflurane were similar, as were
their levels of pulmonary function and hemodynamic re-
sponses. The fraction of alveolar macrophages ingesting opso-
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nized and unopsonized particles, and the number of particles
ingested, decreased significantly over time, with the decrease
slightly but significantly greater during isoflurane anesthesia.
Microbicidal function decreased progressively during anesthe-
sia and surgery, with the decrease almost twice as great during
isoflurane compared with propofol anesthesia. The fraction of
aggregated macrophages and recovered neutrophils increased
over time in the patients given each anesthetic.

Conclusions: Pulmonary immunologic function changed pro-
gressively during anesthesia and surgery. The data from this
study suggest that pulmonary defenses are modulated by the
type of anesthesia and by the duration of anesthesia and sur-
gery. (Key words: Aggregation; bronchoalveolar lavage; im-
mune function; infection; microbicidal activity; phagocytosis;
pulmonary function; surgery.)

FACTORS contributing to postoperative pulmonary in-
fections have been evaluated.' However, few studies
have demonstrated time-dependent pulmonary changes
during general anesthesia. In a previous preliminary in-
vestigation,” we quantified the effects of surgery and
anesthesia on alveolar macrophages and observed in-
creased aggregation and decreased viability with in-
creased duration of anesthesia and surgery. However,
we did not evaluate time-dependent changes in several
fundamental functions of alveolar macrophages, such as
phagocytosis and microbicidal activity.

We were also interested in whether the general anes-
thesia itself might have some role in the occurrence of
such events. Because alveolar macrophages mainly react
to inhaled foreign substances, volatile and intravenous
anesthetics may change immune functions of alveolar
macrophages differently. Our aim was to evaluate the
time-dependent changes in the alveolar macrophage
functions, including phagocytosis, microbicidal activity,
aggregation, and viability during surgery with isoflurane
or propofol anesthesia.

Methods

The protocol of this study was approved by the Insti-
tutional Review Board of the University of Hirosaki, and
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written informed consent was obtained from all partici-
pants. We studied 60 patients whose orthopedic surgery
was expected to exceed 6 h.

Patients with one or more of the following conditions
were excluded: abdominal and thoracic surgery; a his-
tory of current smoking; current use of steroid or non-
steroidal anti-inflammatory medications; American Soci-
cty of Anesthesiologists physical status II or higher;
obstructive or restrictive pulmonary disease;
pulmonary or other infection or abnormal results of
chest radiograph; neoplastic disease; forced vital capac-
s < 80% and 70%
or a body mass

chronic

ity and forced expiratory volume in 1 s
of the predicted value, respectively;
index exceeding 30%.

Protocol

Patients were randomly assigned to anesthetic mainte-
nance with either propofol (n = 30) or isoflurane (n =
30). Patients in each group were supplemented with
intravenous fentanyl and vecuronium. During anesthe-
sia, all the patients were mechanically ventilated with
30% oxygen and 70% nitrogen to maintain the carbon
dioxide tension in arterial blood between 35 and 45
mmHg.

Bronchoalveolar lavages were performed immediately
after induction, at 2, 4, and 6 h after induction of anes-
thesia, and at the end of the surgery. Before each bron-
choalveolar lavage, arterial blood was sampled for gas
analysis. We used a slight modification of our previously
described method for this study.” A bronchovideoscope
(BF type P200, CV200, CLV-U20D; Olympus, Tokyo, Ja-
pan) was introduced through the endotracheal tube
while mechanical ventilation was maintained. The tip of
the bronchoscope was wedged into the left or right
segment of the lower or middle lobe of the lungs. This
segment was then lavaged via the suction port after
instilling 20 ml sterile balanced saline solution contain-
ing 125 mM NaCl, 6 mM KCI, 10 mM dextrose, and 20
mM HEPES titrated with NaOH to a pH of 7.4. Then the
pulmonary lavage fluid was gently aspirated. This proce-
dure was repeated five times, with 100 ml solution
instilled in total. A different randomly chosen segment
was lavaged at each time point; the same investigator
performed all the bronchoalveolar lavages.

Measurements

Alveolar macrophages were isolated from the fluid
recovered by bronchoalveolar lavage, and the cell
type, viability, and aggregation were determined using
a slight modification of our previously described tech-
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nique.” Briefly, after straining through a single layer of
loose cotton gauze to remove mucus, we pooled the
aspirated fluid in a sterile siliconized container and
counted the number of alveolar macrophages with a
hemocytometer. Cells were considered viable when
they could not be stained with trypan blue (0.2%);

viability was estimated from a count of 200 cells. Cellg,
were also stained with Wright-Giemsa stain (Amcric;u%;
Hospital Supply Corp., McGraw Park, IL), and the cclg
type and aggregation were determined on the stzlinccg
slides by light microscopic examination. Erythrocytesi;
and ciliated cells, constituting <5% of harvested cellsg
were not counted. Aggregation of the alveolar macro!%
phages was expressed as a percentage of nuclei in%
aggregated cells per 500 nuclei counted on two of
three slide preparations. Then lavage fluid was divide
into two equal volumes for assay determination o
phagocytosis and bactericidal activity.

Alveolar macrophages were separated from bronchoals
veolar lavage fluid by centrifugation at 200g for 10 mmi
After the supernatant was decanted, alveolar mdLI‘()—"
phages were resuspended at a concentration of 0.5 ><a
10° cells/ml in a balanced saline solution containing 0. %“’
mM CaCl, and 1 mM MgCl,. We evaluated phagocy toslsm
by the ability of alveolar macrophages to ingest both thcw
unopsonized and opsonized fluorescent particles (1 uma
diameter) with a modification of the method describedS
by Kobzik et al.” Excitation and emission wave lengthsg
of the particles were 488 and 530 nm, respectiv ely. Thew
particles were coated with bovine serum albumin b\—‘
incubation in a 1-mg/ml solution at 37°C for 1 h. 'Ihcsco
unopsonized particles were used to measure ops()nm-N
independent phagocytosis. To make opsonized p‘lmdes.a
rabbit immunoglobulin G anti-bovine serum albumin (1()@
mg/ml) was incubated with the albumin-coated p.lmdcs"’
at 37°C for 30 min. Both unopsonized and opsom/(d’
particles were washed three times with the bdldnctdi
saline solution and stored at —20°C until use. %

Resuspended alveolar macrophages were incubated as S
suspensions at 37°C in 20-ml sterile centrifuge tubes on
a shaking platform (60 cycles/min). The unopsonized
and the opsonized particles were added to the separate
centrifuge tubes, each containing a sample of the cell
suspension; the particle-to-cell ratios were 15:1, and the
total assay volume

Gm

60|b|seu1seﬁ?7w

0/9%!

90

was 1 ml. The tubes were incubated
for 15 min, and the phagocytosis was stopped by the
addition of 2 ml ice-cold balanced saline solution. After
centrifugation for 2 min at 200g, the cell pellet was
resuspended in 0.1 ml ice-cold balanced saline solution.
This cell suspension was placed on a glass slide, fixed
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with 4% paraformaldehyde, and washed and stained
with hematoxylin. We counted 400 alveolar macro-
phages with a fluorescence microscope and recorded
the fraction that ingested at least one particle and also
the number of fluorescent particles per positive phago-
cytic alveolar macrophage. In a preliminary study, we
confirmed that neutrophils had no effect on macrophage
phagocytosis.

The bactericidal ability of the alveolar macrophages
was determined by their ability to kill Listeria monocy-
togenes using a modification of a previously described
method.® Listeria were suspended at a concentration of
1 X 10” colony-forming U/ml in RPMI-1640 and stored at
—80°C until use. A preliminary study indicated that nor-
mal human serum was required to help kill Listeria.
Consequently, human serum was pooled and stored at
—80°C; the same batch of serum was used for the entire
study. Alveolar macrophages were separated as in the
phagocytosis assay at 2-h intervals and at the end of
surgery. We resuspended each set of alveolar cells at a
concentration of 0.5 X 10° cells/ml in RPMI-1640 and
plated them in 24-well dishes. The cells were incubated
for 30 min before nonadherent cells were removed with
three washes with warm RPMI-1640. The adherent cells
were finally resuspended in 0.5 ml RPMI containing 10%
normal human serum. More than 98% of adherent cells
were macrophages.

The bacteria were resuspended in the same medium at
a concentration of 2 X 10° colony-forming U/ml. Resus-
pended aliquots of Listeria (0.5 ml) were mixed and
incubated for 30 min and 120 min in 5% carbon dioxide
and air. Control tubes contained the RPMI, human se-
rum, and Listeria. The pellets of alveolar macrophages
were lysed by adding 10 ml sterilized distilled water and

Table 1. Morphometric and Demographic Characteristics,
Anesthetic and Surgical Management, and Pulmonary
Responses

Propofol Isoflurane
Age (yr) 41 +9 42 + 11
Gender (M/F) 17/13 16/14
Weight (kg) 62 £ 10 65 £ 7
Height (cm) 166 = 10 169 £ 7
ASA Physical Status (1/2) 16/14 15/15
FVC (% predicted) 97 + 11 97 £13
FEV (% FVC) 84 +7 828
Duration of anesthesia (h) 8.6 % 11 8.9 £11.8
Total fentanyl (mg) 0.7 £ 0.2 0.6 £0.2

FvC

Results are mean *
between the groups.

forced vital capacity; FEV = forced expiratory volume.

SD. There were no statistically significant differences
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Table 2. Operative Procedures
Propofol Isoflurane
Posterolateral fusion 8 8
Rotational acetabular osteotomy 7 6
Anterior rotational osteotomy 6 9
Vascularized fibular graft for pseudoarthorsis 6 5
Partial toe transfer &) 2

Operative procedures were similar in each group.

vortexing for 30 s to release bacteria. The viable fraction
of Listeria bacteria was determined by plating serial
10-fold dilutions (10-1,000 times) on agar plates. The
number of colonies of Listeria was counted after 48 h on
one of the plates.

The rate at which alveolar macrophages killed Liste-
ria was calculated by dividing the fraction of the
initial inoculum of Listeria killed by the fraction of the
initial inoculum surviving in the control (cell-free)
tubes. This method thus corrected for bacterial sur-
vival over time and the bactericidal effect of normal
human serum. All immune function tests were per-
formed by a single investigator who was blinded to the
anesthetic management and elapsed time from induc-
tion of anesthesia.

Data Analysis

The time immediately after induction of anesthesia
was designated elapsed time zero. Time-dependent
intragroup data were evaluated using repeated-mea-
sures analysis of variance and Dunnett’s tests for com-
parison with control values. Probability values < 0.05
were considered significant. Differences between
propofol and isoflurane at each time point were eval-
uated using two-tailed, unpaired ¢ tests or chi-squared
tests, as appropriate. Our nominal P value was 0.05.
But because we compared values in the two groups at
five time points, we used a Bonferonni correction. A
P < 0.01 was thus considered significant. Data are
expressed as mean £ SD.

Results

Demographic and morphometric characteristics were
similar in the two groups (table 1), as were the operative
procedures (table 2). There were no significant differ-
ences in intraoperative measurements between the two
groups (table 3), and patients did not experience post-
operative complications. There were no significant dif-
ferences in the cell-recovery rates and the concentration

T
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Table 3. Potential Confounding Factors in Two Groups

Elapsed Time
0h 2 h 4 h 6 h End

MAP (mmHg) Prop 5= 84 + 10* (f8) 2= 9/(0) 5 2= 5 84 + 9*

Iso 7525 80 + 16* ) 2= Tl C 2= ¢ 83572
HR (bpm) Prop 74 + 9 7 == 1% =12 7 == )l 79) 2= 1107

Iso 7 == 1 Gl 25 qlal 2 2 )9/ (&2 == 9)9/% 82 + 10*
Arterial pH Prop 7.41 = 0.03 7.39 == 0.03* 787 2z 008} 7.34 = 0.04* 78] 22 )0}

Iso 7.42 = 0.03 7.40 £ 0.08* 7SI =004 3 7:83==0108% 7SR 0042
Arterial PO, (mmHg) Prop 1288=22 288204 il 34%==li72 182520 126 + 18

Iso 1268105 12552423 11209 2= 22 124 + 20 1200 2= 20)
Arterial PCO, (mmHg) Prop 3913 39 +3 &Je) == 2 39512 39 + 2

Iso 40 + 3 40 == 2 40 = 2 40 = 2 40 + 2
[N (E©) Prop 36.6 = 0.3 8158} 2= (04 e1512 2= (057 B86:81=l015¢ 35.9 = 0.6*

Iso E16L7( az (013 €156} 2z (0) 4l 36.4 = 0.5* 36.3 + 0.5* 36.0 + 0.6*

Tcore = CoOre temperature; Prop = propofol; Iso = isoflurane.
Results are mean + SD.

* Statistically significant differences from elapsed time zero (just after induction of anesthesia).

propofol and isoflurane.

as a function of time within groups or between groups.
However, the percentage of neutrophils increased Sig-
nificantly over time, whereas the fraction of macro-
phages decreased significantly. The percentage of lym-
phocytes did not change (table 4).

The fraction of alveolar macrophages ingesting opso-
nized and unopsonized particles decreased significantly
4 h after induction of anesthesia, and values in each
group differed significantly from control values. The
decrease in both unopsonized and opsonized phagocy-
tosis reached 30 -40% by the end of surgery. After 4 h of
anesthesia, the between-group differences were small
(5-10%) but significantly greater during isoflurane than
propofol anesthesia (fig. 1).

The number of opsonized and unopsonized particles
ingested in macrophages (ingesting at least one particle)

Table 4. Cell Recovery from Bronchoalveolar Lavage

There were no significant differences between the patients given

also decreased significantly in both groups starting 4 h
after induction of anesthesia. The decrease in the num-
ber of ingested opsonized particles was slightly (0.5 to 1
bead/cell) but significantly greater with isoflurane than
propofol anesthesia starting 6 h after induction (fig. 2).

Similar to phagocytosis, microbicidal activity evaluated
by the killing rate of L. monocytogenes at both 30 and
120 min after incubation decreased as the duration of
anesthesia increased. By the end of surgery, microbicidal
activity decreased 30-35% in the patients given isoflu-
rane, whereas it decreased 15-20% in those given propo-
fol; both the difference over time and the differences
between the groups were significant (fig. 3).

The fraction of nonviable recovered alveolar macro-
phages did not change significantly over time. The frac-
tion of aggregated macrophages doubled during the

0h

N
=

6 h End
Recovery rate (%) Propofol 547 85 = 8 55 £ 8 54 +7 54. = 8
Isoflurane 52 £ 8 52 18 52 + 8 52 %9 las )
Cells (x 10°/cm?) Propofol 11:51=210.5 1= 0.4 1:5:=5014 1148 22 015 1.6 =4
Isoflurane 1r8=E10.5 1172 25 (05 1.3 = 0:5 11483 =2 (015 1:8%10.5
Macrophages (%) Propofol il =315 )il 0) 2= &) 88.8 + 3.9* Si-5E=E5188 84.3 + 6.9*
Isoflurane ©il2 == (330) Clileias 8.4l 88.7 = 4.3* 85.61= 188 825116108
Lymphocytes (%) Propofol 7.6+ 2.8 749 a5 2L i =136 730242 T8 1456
Isoflurane 7885428 725810 7.4 3.8 75151818 7.3+ 46
Neutrophils (%) Propofol 18 22 9/ 2 1SE==E]D SISEERINGE 5.8 +=2.4* 8.0 = 4.0
Isoflurane IESEERIRS 15 =106 Si8I52138 B == &l 10.6 = 4.2*

Data are mean + SD.

* Statistically significant differences from control values.
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Unopsonized :
#
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Phagocytic |
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60 -

Isoflurane

100

80 -
Phagocytic | Opsonized !
Cells (0/0)
60 -
4 *#
40 S0 5 T T . Yot
¥ 2 4 6 End
Time (h)

Fig. 1. The fraction of alveolar macrophages ingesting opso-
nized and unopsonized particles in patients given propofol
(squares) and isoflurane (circles). *Significant differences from
control values. #Significant differences between propofol and
isoflurane. Data are expressed as mean * SD.

study period in both groups, and the increase in aggre-
gation was significantly greater in isoflurane anesthesia
than propofol anesthesia starting 6 h after induction of
anesthesia (fig. 4).

Discussion

Phagocytic and Microbicidal Activities

Two ligand-receptor mechanisms mediate phagocyto-
sis. One facilitates ingestion of particles coated with
immunoglobulin G or fragments of the third comple-
ment component (C3); this is called opsonin-dependent
phagocytosis. A second phagocytic mechanism mediates
ingestion of particles in the absence of immunoglobulin
or complement, and it is called opsonin-independent
phagocytosis.

An important finding in our study is that the intraop-
crative opsonin-dependent and opsonin-independent
phagocytosis by alveolar macrophages decreased signif-
icantly over time. A similar reduction in phagocytosis of
peripheral blood monocytes has been reported during

Anesthesiology, V 89, No 5, Nov 1998

and after anesthesia and surgery.”” These reductions
presumably result in part from the direct anesthetic-
induced inhibition of phagocytic and chemotactic activ-
ity in many immune cells, including polymorphonuclear
neutrophils.”'”"'" Consistent with the importance of an-
esthesia per se, several studies indicate that regional
anesthesia negates the decrease in phagocytosis.”'” The
mechanism by which isoflurane and propofol anesthesia
cause these differences remains unclear.

Production of oxygen freeradicals is essential for
monocyte-macrophage-neutrophil-related bactericidal
activity. Therefore many previous studies have used ox-
idative ability to evaluate bactericidal activity. Instead we
evaluated bactericidal ability, which may more closely
represent in vivo bactericidal activity than previous
studies did. Our most notable finding was a substantial
time-dependent reduction in microbicidal activity. Fur-
ther, isoflurane anesthesia decreased microbicidal activ-

8 —
Propofol
6 =
Number/ | ) E
Cell Unopsonized
*
4 )
j [soflurane
8 -
: Opsonized o
Number/ - *
Cell #
i
chs T T T N—
0 2 4 6 End
Time (h)

Fig. 2. The number of opsonized and unopsonized particles
ingested by alveolar macrophages in patients given propofol
(squares) and isoflurane (circles). Only macrophages ingesting
at least one particle were considered in this analysis. *Signifi-
cant differences from control values. #Significant differences
between propofol and isoflurane. Data are expressed as mean +
SD.
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80-’

Propofol
60 -
Killing
Rate (%)
40 A

Isoflurane

90[

70 7
Killing |
Rate (%)

50 7

120- min

T T

0 2 4 6
Time (h)

Fig. 3. The percentage of L. monocytogenes killed by alveolar
macrophage at 30 min and 120 min incubation in patients given
propofol (squares) and isoflurane (circles). Only macrophages
ingesting at least one particle were considered in this analysis.
*Significant differences from control values. #Significant differ-

ences between propofol and isoflurane. Data are expressed as
mean * SD.

End

ity almost twice as much as propofol anesthesia. Previ-
ous studies show that halothane, enflurane, and
isoflurane depress in vitro oxidative activity in alveolar
macrophages.'*'* In addition, Voisin et al.'® reported
that exposure to 6 h of halothane reduces intracellular
adenosine triphosphate in alveolar macrophages in
vitro. Similar studies have yet to be reported with propo-
fol. These data suggest that bactericidal activity in alve-
olar macrophages decreases markedly by the type and
duration of anesthesia.

Neutrophil Influx and Aggregation of Macrophages
Macrophage aggregation occurs in many inflammatory
conditions. Aggregation is facilitated by the release of
lymphokines such as macrophage-aggregating factors
and interferon-gamma, and it depends on temperature
and calcium and magnesium concentrations.'® Two stud-
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ies report increases in lymphokine concentrations after
incubation of lymphocytes with halothane.'”'® In con-
trast, the production of lymphokines by propofol has not
been described. As might be expected from the reported
increases in lymphokines, the fraction of aggregated
macrophages doubled by the end of the surgery, and that
aggregation was significantly greater during isoflurane
than propofol anesthesia.

We observed that the fraction of neutrophils recov-
ered from lavage fluid increases significantly over
time. Neutrophil influx is observed in serious pulmo-
nary disorders, such as acute respiratory distress Syn-
drome'”* and pneumonia.'”?"?? Although the in-
crease in neutrophil numbers that we observed (15-
20%) was less than that observed in serious pulmonary
disorders,"”-23 macrophage aggregation and neutro-
phil influx indicate that the inflammatory response is
induced by anesthesia and surgery and that the re-
sponse increases over time.

10

8

Non-viable -

En

Viability

Isoflurane

Aggregation

2081

Aggregated
(%) 10

o

0 2 4 6

Time (h)

Fig. 4. The fraction of aggregated and nonviable alveolar mac-
rophages in patients given propofol (squares) and isoflurane
(circles). *Significant differences from control values. #Signifi-
cant differences between propofol and isoflurane. Data are ex-
pressed as mean + SD.
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Viability of Macrophages

The percentages of nonviable alveolar macrophages
were comparable with each anesthetic and remained
5-10% during the course of anesthesia. These results are
different from those of our previous preliminary study,*
which indicated that anesthesia and surgery decreased
the viability of the alveolar macrophages. However, the
patients selected for the two protocols differed mark-
edly. Our current study was restricted to patients who
were not given immunosuppressive agents before or
during anesthesia. In contrast, approximately 70% of the
patients we studied previously were given perioperative
steroids. Steroids, of course, significantly decrease the
viability of many immune cells.”**> Steroids are also
potent inhibitors of neutrophil influx to the distal air-
ways.”>?” The primary mechanism is thought to be in-
hibition of neutrophil adhesion to the vascular endothe-
lium. The use of steroids is thus likely to have produced
serious differences between groups.*® > One half of our
previous patients were given nonsteroidal anti-inflamma-
tory drugs such as salazosulfapyridine; these drugs are
also likely to decrease viability. Finally, cancer chemo-
therapy was administered into the peritoneum in ap-
proximately 15% of our previous patients during colon
resections. Anti-cancer agents obviously kill alveolar
macrophages.®' Variance in our previous and current
alveolar viability data thus likely results from important
differences in the patients studied.

Study Limitations

All of our patients were anesthetized, undergoing sur-
gery, and mechanically ventilated, so we cannot deter-
mine the independent contributions of each factor.
However, it is likely that all contributed to the observed
time-dependent alterations in pulmonary immune func-
tion. We similarly could not determine whether the
observed differences between isoflurane and propofol
might be a reasonable basis for choosing one agent or
another.

Alveolar macrophages have important immunologic
functions as effector and regulatory cells. Their regula-
tory functions include recognition of pulmonary insults
and initiation of adequate inflammatory reactions via
secretion of immunomodulators. The progressive neu-
trophil influx and macrophage aggregation observed in
this study suggest that anesthesia and surgery provoke a
progressive inflammatory reaction of alveolar macro-
phages. Given this situation, alveolar macrophages ap-
pear to function more as regulatory cells, with effector
functions including phagocytosis and bactericidal activ-
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ity being suppressed. Whether we observed an appro-
priate defense against pulmonary insult or a harmful
inflammatory reaction remains to be determined.

In conclusion, pulmonary macrophage aggregation
and neutrophil influx increased significantly over time,
whereas phagocytic and microbicidal activity decreased.
These changes were more pronounced during isoflurane
than propofol anesthesia, suggesting that the immuno-
logic functions of alveolar macrophages are modulated
by the type of anesthesia and the duration of anesthesia
and surgery.

The authors thank Harbhej Singh, M.D., F.F.A.R.C.S.I., of the Univer-
sity of Hirosaki for editorial assistance and Azita Moayeri, B.A., of the
University of California, San Francisco, for graphics assistance.
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