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Abstract
Introduction—Beta-adrenergic blockade ameliorates the hypermetabolism and catabolism in
severe burn injury. Despite the salutary effects of beta-adrenergic blockade, the immunological
responses that accompany beta blockade are not known. We have shown that burn sepsis is associated
with increased sympathetic activation leading to altered monocytopoiesis and cytokine release in
MØ. Recent evidence suggests that murine MØ expressing F4/80+Gr1+ are the inflammatory
phenotype. Here we report that propranolol given after burn sepsis modulates the number and
function of myeloid cells in circulation.

Method—B6D2F1 male mice were divided into sham (S), burn (B) and burn sepsis (BS) groups.
Dorsal hair was shaved from S, B & BS; B & BS received 15% scald burn; BS was inoculated with
Pseudomonas aeruginosa (PA 14, 4–5K CFU) at the burn site. Mice from each group were then
subjected to two different treatment regimens. One set received subcutaneous injections of
propranolol (5mg/Kg body wt.) at 24h and 48h after the injury while the control groups received
saline. Blood was collected by cardiac puncture at 72h. The distribution of total F4/80+ monocyte
population was determined by flow cytometry. Inflammatory monocyte subset was gated on Gr-1+

expression in the F4/80+ fraction. LPS stimulated intracellular TNF-α (ic-TNF) was also measured
as an indicator of inflammatory response.

Results—The total F4/80+ monocyte fraction was significantly increased in BS (45±0.8%) vs. S
and B (10±0.8%; 9.5±0.6%). Propranolol treatment for 2 days reduced the number of circulating
monocytes by 60% in BS. The mean fluorescent intensity (MFI) of ic-TNF produced per cell
(F4/80+Gr1+ MØ) was significantly decreased in B and BS (S: 3043±213, B: 1638±343, BS: 1463
±67). Of importance, propranolol treatment partially restored the MFI of ic-TNF (2177±114) and
increased the percentage of inflammatory monocyte subset (F4/80+Gr1+) in BS by 70% compared
to saline treatment. In contrast, beta-blockade after BS increased the percentage of granulocytes in
circulation (28.4±3.6% in BS propranolol vs. 15.4±0.3% in BS Saline; p<0.05) and augmented their
TNF production (MFI = 903±102 in BS propranolol vs. 644±5 in BS Saline; p<0.05).

Conclusion—Propranolol reverses burn sepsis-induced monocytosis and simultaneously increases
the number of granulocytes and enhances the inflammatory potential of the granulocytes and
inflammatory monocyte subsets in circulation suggesting that monitoring MØ subsets and
granulocytes in blood is a reliable biomarker to predict the efficacy of beta blockade.
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INTRODUCTION
Macrophages (MØ) are versatile cells that are essential in orchestrating immune response
through multiple functions. They act as effectors for both innate and adaptive immune
responses. Aberrant cytokine production by activated macrophages is considered central to the
pathophysiology of trauma and sepsis1. To date, much research has focused on activation of
tissue macrophages and peripheral blood monocytes under injury conditions and how they
contribute to the dysregulated cytokine and growth factor production1–4. More recently, the
concept has emerged that subsets of monocytes and MØ exist in the periphery and in tissues
respectively, based on their ability to produce cytokines and growth factors in response to
specific stimuli1–5. The heterogeneity of such subsets could explain in part why there is often
great variation in patient cytokine values following critical injury.

Critical trauma is associated with sympathetic activation both in humans6–11 and animal
models leading to the dynamic release of catecholamines12–16. Increased efferent nerve-
stimulated release of norepinephrine within the bone marrow compartment and a simultaneous
increase in monocytopoiesis based on the clonogenic potential of bone marrow progenitors is
demonstrated during experimental sepsis12,13,16.

When norepinephrine is depleted prior to thermal injury and sepsis, monocytopoiesis is
significantly attenuated12. Nevertheless, beta-adrenergic blockade has been shown to
ameliorate burn-induced hyper metabolism and catabolism17. Our reports demonstrate that
thermal injury and sepsis alters the affinity and density of β2-adrenergic receptors expressed
on late monocyte progenitors18 and that bone marrow progenitor derived MØ obtained from
septic animals possesses differential cytokine response compared to sham animals19 suggesting
the importance of adrenergic regulation in sepsis.

Circulating blood monocytes and tissue MØ are derived from the bone marrow through specific
commitment of myeloid progenitors into monocytic lineage20–23. Recent reports from
Geissmann’s group postulate two functionally distinctive subsets of monocytes based on their
chemokine expression and migration properties24,25. In relevance to this classification we have
recently documented that F4/80+ monocytes expressing Gr1+ antigen (inflammatory subset)
produced the majority of LPS mediated TNF-α in comparison to F4/80+ Gr1− monocytes
(resident subset). Moreover, critical injury such as burn sepsis diminished the cytokine
production by monocytes compared to normal steady state26. It is not clear, if the altered bone
marrow milieu in critical injury and sepsis drives the production of the reported monocyte
subsets or if the subsets arise only in the circulation and tissues because of local environmental
factors. While both scenarios are plausible, our prior study demonstrated a temporal
relationship between circulating monocyte subsets and bone marrow monocyte progenitor
derived MØ subsets in a murine model of thermal injury and sepsis26. Our results indicated an
increase in total circulating monocytes at 72 hours after bun injury and sepsis. What drives
monocytosis in burn injury and sepsis remains unclear. Based on the experimental evidence
demonstrating burn sepsis-induced monocytosis26 and abrogation of bone marrow
monocytopoiesis in sympathectomized animals13, we framed our hypothesis that blocking
beta-adrenergic receptors following burn injury and sepsis should similarly reverse
monocytosis.

Muthu et al. Page 2

J Burn Care Res. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Here we report that administering a non-selective beta-adrenergic blocker (propranolol) after
burn injury and sepsis reduces the percentage of monocytes and augments that of granulocytes
in circulation while improving the inflammatory potential of circulating inflammatory
monocyte subset as well as TNF-α production by the granulocytes.

METHODS
Materials

Cytofix/Cytoperm Plus kit, rat anti mouse anti-F4/80, anti-Gr-1, and anti-TNF-α antibodies
were purchased from BD biosciences, San Diego, CA. Easy-Lyse Whole Blood Erythrocyte
Lysing Kit was bought from Leinco Technologies, Inc., St. Louis, MO. Propranolol was
obtained from Sigma-Aldrich Inc., St. Louis, MO. ELISA kits for TNF-α and IL-6 were bought
from BioSource, Camarillo, CA.

Animals
B6D2F1 male mice weighing 25 to 30 grams were purchased from Jackson Laboratories (Barr
Harbor, ME). Prior to the start of the experiments, mice were allowed to acclimatize for seven
days following arrival at our Comparative Medicine Facility under a controlled temperature
(20–22° C) and humidity (20–40%) environment with a 12hour light – dark cycle. All
experimental protocols were approved by the IACUC (Institutional Animal Care and Use
Committee) of Loyola University Medical Center.

Bacteria
Pseudomonas aeruginosa (PA 14) a clinical isolate originally obtained from a burn patient that
displays similar pathogenicity in a mouse model was used to induce burn wound sepsis27.

Burn Injury And Sepsis
A dorsal scald burn injury was induced in mice similar to the well established model of burn
sepsis with modifications to the methods described by Walker and Mason in rats28. The animals
were randomized into Sham (S), Burn (B) and Burn Sepsis (BS) groups. All mice were
anesthetized using IP ketamine/xylazine (100mg/kg; 2.5mg/kg, respectively) and the dorsal
hair removed. Animals in both B and BS group received a 15% total body surface area deep
partial thickness scald burn on their back by immersion in a 100° C water bath for 7 seconds
as previously published29. Animals in the BS group were inoculated with 4–5K Colony
Forming Units (CFU) of Pseudomonas aeruginosa (PA 14) at the burn wound site. All animals
were resuscitated with 2ml IP injection of normal saline. Approximately 25–30% mortality
was noticed in the BS group between 48 and 72h. Mice were euthanized by gaseous CO2
overdose at 72 hours following injury. Blood was collected by cardiac puncture in heparin-
coated syringes. Spleens were removed from BS groups.

In vivo beta-adrenergic blockade: Mice from each S, B and BS group as mentioned in the
thermal injury and sepsis model were subjected to two different treatment regimens. One set
of animals was administered pan beta-blocker propranolol (5mg/Kg body weight)
subcutaneously30–36 at 24h and 48h while the other set of animals were given saline injection
as control.

Survival studies
Fifteen animals each from the BS group with and without propranolol treatments given at 24
and 48 hours after injury were followed up to 10 days for survival. Animals were checked daily
for any visible changes in weight.
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Systemic dissemination
Spleens from BS group were harvested aseptically, weighed and homogenized in 10 ml Luria
broth for incubation at 37° C overnight. Aliquots of the spleen suspension were seeded in
cetrimide agar plates for 18h at 37° C to determine the bacterial burden in spleen that is
expressed as CFU per mg tissue.

Isolation of Blood Monocytes
The composition of monocyte subsets in blood was determined by labeling the cells with FITC
conjugated anti-F4/80 and perCP-CY5.5 conjugated anti-Gr-1 Abs before lysing the
erythrocytes with Easy-Lyse Whole Blood Erythrocyte Lysing Kit. Isotype controls conjugated
to corresponding fluorochromes were stained simultaneously to set the gates for non-specific
staining. The granulocyte populations were gated on Gr-1+ fraction not expressing F4/80. F4/80
is a specific marker for macrophages. The distribution of total monocyte population was based
on F4/80+ cells. The inflammatory subset was gated on Gr-1+ fraction and is represented as
the percentage of F4/80+ subset also expressing Gr-1+.

Cytokine measurements
100µl of peripheral blood was stimulated with LPS (200ng) at 37° C for 6 hours in the presence
of the protein transport inhibitor brefeldin (1µg/ml) followed by labeling with cell surface
antigens anti-F4/80 and anti-Gr1. The cells were then fixed and permeabilised using a Cytofix/
Cytoperm Plus with GolgiPlug kit and the intracellular cytokine was measured using PE-
conjugated anti TNF-α following the instructions provided by the manufacturer. TNF-α and
IL-6 levels in plasma were measured by ELISA technique using commercially available kits.

STATISTICAL ANALYSIS
All experiments were done with six to eight animals per group and the results are expressed
as mean ± SEM. The experiments were repeated two times. For comparison between groups,
multivariate analysis was conducted using the ANOVA statistics, followed by Tukey’s test for
significance. Comparison between two groups was determined by student’s t test for unpaired
data with equal variance. Statistical significance was set at p < 0.05.

RESULTS
Beta-blockade Attenuates Circulating F4/80+ Monocyte Numbers in Burn Sepsis

Our recent studies demonstrated an increase in total F4/80+ circulating monocytes or
monocytosis at 72h in response to burn sepsis26. Sympathetic axotomy in burn septic animals
was shown to reverse bone marrow progenitor derived monocytopoiesis12. Here we tested our
hypothesis that administering beta-adrenergic blockade following burn injury and sepsis would
reduce the total F4/80+ circulating monocytes at 72h in response to burn sepsis. Peripheral
blood samples were harvested at 72h from sham (S), burn (B) and burn infected (BS) animals
given injections of propranolol or saline following injury. Total monocytes in blood were
identified by the cell surface expression of F4/80 using flow cytometry. Animals in burn sepsis
group subjected to saline treatment had elevated circulating total F4/80+ monocytes in
comparison to sham and burn groups (Sham Saline: 9.5 ± 0.6%, Burn Saline: 10 ± 0.8%, BS
Saline: 45 ± 0.8%; p<0.05) demonstrating monocytosis in BS. However, administration of
propranolol to burn infected animals attenuated circulating F4/80+ monocytes by 60% (BS
Propranolol: 29±4%; p<0.05 vs. BS Saline). The data is represented as bar graphs in Fig 1
panel A. Panel B is a representative histogram illustrating total F4/80+ monocytes on the X-
axis against number of cells on the Y-axis. Interestingly, beta-blockade administration in sham
and burn animals (S and B) did not affect the circulating total F4/80+ monocytes (data not
shown).
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Quantitative cultures of spleen from the BS group demonstrated comparable CFU’s of
Pseudomonas aerugenosa per mg spleen (BS Saline: 41±12 ×103; BS Propranolol: 51±10
×103). This confirms equal systemic spread of the inoculated bacteria in both propranolol and
saline treated animals (Fig 1 panel C). Panel D is a representative graph showing percent
survival after BS. Administration of beta-blockade or saline was started at 24 h after burn sepsis
and given again at 48 hours. All animals were followed for mortality on a daily basis. We did
not notice any significant changes in the overall survival with and without propranolol
treatment. 100% mortality was noted by day 7 in both groups. However, we noticed repeatedly
at the time of harvest (72 h post injury) that the mortality rate was significantly lower in
propranolol treated as compared to the saline treated BS animals (16±3% vs. 44±3%, P<0.05).
There were no mortalities in the sham and burn groups.

Propranolol Augments Plasma Cytokine Levels and Improves the Inflammatory Potential of
F4/80+ Gr1+ Monocyte Subsets in Peripheral Blood

Heparinized blood samples obtained at 72 h after burn injury and sepsis were analyzed for
cytokine expression (Table-1). Levels of plasma IL-6 were significantly higher following beta-
blockade in BS group compared to vehicle treatment (4,174 ± 823 vs. 518 ± 199 pg/ml, p<
0.05). While TNF-α levels were below detection limits following vehicle treatment, beta-
blockade increased TNF-α levels to 47±12 pg/ml (well within the standard range) in the BS
group. TNF-α and IL-6 levels were below detection limits (15.6 pg/ml) in sham and burn groups
irrespective of beta-blockade or vehicle treatment (data not included). Plasma cytokines, which
is a steady state level, is an indication of systemic inflammatory response. However, this
represents the production by a heterogeneous population of different immune cell types.
Results from our previous section indicated that beta-blockade attenuates circulating F4/80+

monocyte numbers in burn sepsis, therefore we investigated the effect of beta-blockade on the
functionality of monocyte population.

A fraction of F4/80+ monocytes express Ly6C antigen that binds to Gr1 antibody37,38.
Peripheral blood cells binding to both F4/80 and Gr1 are called inflammatory monocytes
(F4/80+/Gr1+) and those that do not express Ly6C are the resident monocytes (F4/80+Gr1−)
according to their migration potential24. We have previously reported that inflammatory
monocytes contribute to the majority of LPS induced cytokine production26. Because
propranolol administered following burn sepsis significantly reduced the circulating
monocytes in circulation, we investigated LPS induced intracellular TNF-α production by the
circulating monocyte subsets under these conditions that will delineate the inflammatory
potential of monocyte subsets. Peripheral blood samples collected at 72h from all treatment
groups were labeled with fluorochrome conjugated anti-F4/80 and anti-Gr1 antibodies
followed by determination of LPS induced intracellular TNF-α (i TNF-α) by flow cytometry.
The bar graph in Fig 2 shows the mean fluorescent intensity (MFI) of ic-TNF-α produced per
monocyte in circulation with (black bars) and without (white bars) propranolol treatment.
Panels A and B represent ic-TNF-α produced by F4/80+Gr1− resident monocytes and
F4/80+Gr1+ inflammatory monocytes respectively.

There were no significant changes in TNF-α production per resident monocyte fraction between
different groups. Conversely, TNF-α produced per inflammatory monocyte was significantly
reduced in burn and burn sepsis groups compared to sham following saline treatment (S: 3043
±213; B: 1638±343; BS: 1463±67; p<0.05 vs. sham). Beta-blockade after burn sepsis increased
the TNF-α production only in the inflammatory monocyte fraction (2177±114 vs. 1463±67;
p<0.05). However, beta-blockade had no effect on TNF-α produced by either monocyte subset
in sham group and did not reach statistical significance in burn group. Since we observed a
significant reduction in ic-TNF-α in spite of an increase in circulating total F4/80+ monocyte
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population in burn sepsis and that beta-blockade abrogated these responses, the logical next
step to interrogate was the distribution of F4/80+ monocyte subsets.

Figure 3 is a representation of (N=6) dot plots gated by selecting all F4/80+ peripheral blood
cells isolated at 72h after burn sepsis. Panels A and B correspond to saline and propranolol
treated animals respectively. X- and Y-axes represent the mean fluorescent intensities (MFI)
of F/480 and Gr1 respectively. The upper right quadrant (R1) shows the distribution of
inflammatory monocytes (F4/80+Gr1+) and the lower right quadrant (R2) represents resident
monocyte subset (F4/80+Gr1−). There were no significant changes in the percentage of cells
represented in R1 and R2 fractions between the two treatment groups. However, beta-blockade
for two days after burn sepsis significantly augmented Gr1high expression (indicated by arrow)
in the inflammatory monocyte fraction by 60% over saline treatment (Panels A and B).
Similarly, LPS induced ic-TNF-α production per inflammatory monocyte was significantly
increased following beta-blockade following burn sepsis (Figure 3C). Figure 3D is a
representative histogram demonstrating the mean fluorescent intensity of ic-TNF-α on the X-
axis and the number of cells on the Y-axis.

Results from this study demonstrate that critical trauma such as burn sepsis blunts the TNF-
α response in the circulating inflammatory monocyte subset at 72h, and this effect can be
reversed by the administration of pharmacological beta-blockers soon after the injury.

Beta-blockade Increases Circulating F4/80−/Gr1+ Granulocytes in Burn Sepsis
While macrophages express F4/80 antigen, which is a specific marker for tissue macrophages
and blood monocytes39, subpopulations of monocytes also express Ly6C antigen. Anti
granulocyte receptor-1 (Gr1) monoclonal antibody binds both Ly6C, which is present on
monocytes and Ly6G, which is present on neutrophils40. Although Gr1 is widely accepted as
a granulocyte marker, those Gr1+ cells that do not express F4/80 (F4/80−/Gr1+) are true
granulocytes. Similarly, a fraction of F4/80+ monocytes also bind to Gr1 antibody. Using these
criteria, we explored the role of beta-adrenergic blockade on circulating granulocytes following
BS. Peripheral blood samples were harvested from saline treated and propranolol treated
animals at 72h following sham, burn and burn sepsis. Granulocytes were identified by flow
cytometry using cell surface markers anti-Gr1 and anti- F4/80.

Section I in Fig 4 represents dot plots of peripheral blood cells expressing F4/80 on the X axis
and Gr1 on the Y axis. Q1 shows the percentage of peripheral blood cells expressing only Gr1
(granulocytes), whereas Q2 represents monocytes expressing both F4/80 and Gr1. Panels a, c
and e represent S, B, and BS in that order with saline treatment and panels b, d, and f represent
the corresponding propranolol treatment groups. Table in section II enumerates the percentage
of peripheral blood cells (Mean ± SEM) expressing only Gr1 (Q1) or both Gr1 and F4/80 (Q2).
The percentages of granulocytes (Q1) remained unaltered in saline treated burn and burn sepsis
groups compared to sham (n=4). Beta-blockade in burn and sham were comparable to the
corresponding saline treated groups. In contrast, propranolol administration after burn sepsis
significantly increased the percentage of granulocytes (28.4±3.6% vs. 15.4±0.3%; p<0.05) in
peripheral blood. The Q2 fraction-representing monocytes were augmented by burn sepsis in
the saline treated group as compared to sham and burn groups. Beta-blockade following burn
sepsis was shown to significantly reduce this monocyte population (23.93±4.5% vs. 37.3
±4.7%). All experimental observations were made at 72h post injury.

Propranolol Administration Following Burn Sepsis Augments the Inflammatory Potential of
Circulating F4/80−Gr1+ Granulocytes

Beta-blockade administered for two days after burn injury reduced burn sepsis- induced
monocytosis and restored the inflammatory potential of the circulating monocytes while
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augmenting the number of granulocytes. Activated granulocytes are capable of cytokine
production albeit to a lesser degree than the monocytes41. Here we investigated the effect of
beta-blockade on the inflammatory potential of the granulocytes. Peripheral blood samples
were harvested at 72h from sham, burn and burn infected animals following either saline or
propranolol treatments. MFI of LPS stimulated intracellular TNF-α expressed per granulocyte
(F4/80− Gr1+) was determined by flow cytometry. Granulocytes were identified as Gr1+ cells
that do not express F4/80.

LPS stimulated TNF-α produced by the granulocyte fraction is presented in Fig 5. There were
no significant differences in TNF-α levels produced by granulocytes isolated from saline
treated animals subjected to sham, burn or burn sepsis (S: 520±28, B: 592± 63, BS: 644±5).
Similarly, beta-blockade after sham and burn had very little effect on TNF-α production (S
Prop: 494±25, B Prop: 711±40). However, propranolol administration after burn sepsis
augmented TNF-α production in granulocytes in comparison to saline treatment (MFI: 903
±102 vs. 644±5; p<0.05).

Therefore, our results indicate that beta-blockade following burn sepsis promotes activated
granulocytes in circulation aside from increasing the number of circulating granulocytes.

DISCUSSION
Results gleaned from the present study demonstrate that burn injury and sepsis mediates
sympathetic stimulation that drives monocytosis while suppressing the inflammatory response
of the monocytes. Systemic blockade of the beta-adrenergic receptors after burn sepsis using
the pharmacologic agent propranolol ameliorates burn sepsis induced monocytosis. Further,
propranolol treatment after burn sepsis also improves the inflammatory potential of the
inflammatory monocyte subset while simultaneously augmenting granulocytosis and TNF-α
production by the circulating granulocytes.

As a primordial response to critical trauma such as thermal injury and sepsis, plasma
catecholamines are increased over ten fold indicating the sympathetic activation of nerve
terminals and the adrenal medulla6–11. Beta-blockade in pediatric burn patients has been
validated to ameliorate hyper-metabolism and reverses muscle-protein catabolism17,42,43.
Although the salutary effect of beta-adrenergic blockade in pediatric burn patients is well
documented, its potential influence on immunological responses in thermal injury and sepsis
is unclear44. Several reports emerging from other labs and our own shows evidence for neuro-
immune modulation of host defense13,15,45–48. Therefore, we have tested the premise that beta-
adrenergic blockade will influence peripheral blood monocyte distribution and function.

Tang et al have shown direct evidence for enhanced bone marrow norepinerhrine release and
monocytopoiesis in animal model of thermal injury and sepsis using clonal expansion of bone
marrow progenitors12. Here we have characterized monocytes from peripheral blood by flow
cytometry using F4/80 antigen to document monocytosis at 72h post burn sepsis. In contrast,
administration of propranolol after the injury paradigm for 2 days significantly reduced the
percentage of circulating monocytes (Fig 1 A). This observation is in line with Tang et al’s
evidence for reversal of monocytopoiesis with norepinerhrine depletion by chemical
sympathectomy prior to thermal injury and sepsis12,16.

Despite monocytosis and monocytopoiesis, monocyte deactivation and dysregulated cytokine
responses are hallmark of severe sepsis4,49–52. Using a murine model of burn injury and sepsis
we have previously demonstrated two distinct subsets of monocytes based on Gr1 expression.
F4/80+ monocytes that express Gr1 produced majority of LPS stimulated TNF-α26. The
seminal work of Geissman et al using genetically engineered CX3CR1gfp mice, has led to the
classification of Gr1+ (Ly-6Chigh) subset of monocytes as inflammatory based on their
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migration properties24,37. Results from the present study (Fig 2) demonstrate that the TNF-α
produced by the inflammatory (F4/80+Gr1+) monocyte subset is reduced by burn sepsis and
that beta-blockade restores the inflammatory potential of the inflammatory monocyte subset.
Interestingly, monocytes from sham and burn group were resistant to beta-blockade in sham
and burn animals indicating lack of significant sympathetic stimulus. A lack of effect in burn
animals may be due to a relatively small size of the burn wound in this model (15% total body-
surface area burn), which may not be a severe enough perturbation to invoke profound
adrenergic stimulus. The small size burn is one of the limitations in the present model that may
have failed to produce similar changes normally seen after burn injury in clinical situations
such as a 40 to 60 % third degree burn. Unfortunately, a larger burn such as >30% in this model
is not feasible and routinely results in an unacceptable mortality rate due to the inability to
overcome the profound hemodynamic disturbances53.

Several in vitro and in vivo studies have documented adrenergic regulation of cytokine
responses. The majority of those studies involved adherent macrophages19,54–56. In this study
we describe that beta-blockade ameliorates burn sepsis induced suppression of TNF-α in a
subset of monocytes in circulation. Hence, monitoring the number and function of monocyte
subsets in blood could be considered a reliable biomarker to predict the efficacy of beta-
blockade.

Increased circulating Ly-6Chigh monocytes are reported in sepsis. Ly-6Cmed-high monocytes
are preferentially recruited to the site of peritoneal inflammation37. However these studies
involved acute sepsis with Lysteria monocytogenes or chronic sepsis with Leishmania major.
Yet, the effect of propranolol treatment had not been evaluated in any sepsis model. In our
burn sepsis model with Pseudomonas aerugenosa, beta-blockade enhanced Gr1 (Ly6-C)
expression in F4/80+ monocytes at 72h post injury with a log order shift in the MFI of Gr1
expression. Additionally, TNF-α expressed by the inflammatory subset of monocytes was
increased by propranolol. Taken together this signifies the possibility of enhanced migration
of inflammatory monocytes to the site of sepsis with beta-blockade treatment given in burn
injury.

Both monocytes and granulocytes contribute to the majority of innate and adaptive immune
cells of the myeloid lineage. Several clinical and experimental evidences suggest adrenergic
stimulation increases circulating leukocyte counts and neutrophil sequestration in in vivo model
as well as in pulmonary sepsis models57–59. A reduction in G-CSF responsive clonal expansion
of bone marrow myeloid progenitors was reported in burn injury and sepsis53,60. Since beta-
blockade triggered a reversal of burn-sepsis induced monocytosis shifting the commitment
pattern of myeloid cells, it is logical to investigate the influence of beta-blockade on the
granulocyte arm. Our results indicated a parallel increase in granulocytes and a concomitant
boost in the TNF-α production with propranolol treatment following burn sepsis. While there
is evidence for catecholamine-induced demargination of granulocytes59 our current data
demonstrating an increase in Gr1+ granulocytosis resulting from beta-blockade following burn
sepsis may be due to an efflux from the bone marrow and not demargination. Further
investigations on beta-blockade mediated myeloid commitment of bone marrow progenitors
are warranted to test this thesis.

Our current report describes for the first time, that beta-blockade in critical burn sepsis could
manipulate immunologic aspects of the myeloid cells in circulation. Much of the previous
studies were carried out in tissue samples such as bone marrow whereas, in our present study,
this is illustrated in the most easily accessible compartment -the blood- paving the way for
future clinical studies to predict the immunologic consequence of beta-blockade. This study
did not demonstrate significant changes in monocyte and granulocyte phenotypes in
propranolol treated burn animals with a relatively small burn. However, it does not preclude
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significant propranolol-induced phenotypic changes in larger burns. Nonetheless, our approach
makes it feasible to follow peripheral blood monocyte and granulocyte phenotypes in burn
patients.
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Figure 1.
Panel A: A bar graph illustrating the MFI of total F4/80+ monocytes in blood isolated at 72h
from sham (S), burn (B) and burn sepsis (BS) animals with (Black bars) or without beta-
blockade (Open bars). Percentage of F4/80+ monocytes in circulation was significantly
increased in BS with saline treatment; * p<0.05 vs. S and B whereas, beta -blockade
significantly reduced the percentage of F4/80+ monocytes in BS (29±4% vs. 45 ± 0.8%; #
p<0.05). n=6. Panel B: A representative histogram illustrating the MFI of total F4/80+

monocytes on the X-axis and number of cells on the Y-axis. Panel C: Bar graph illustrating
CFU’s of Pseudomonas aerugenosa per mg spleen from saline or propranolol treated BS
animals from quantitative cultures. NS: Not significant. n=6. Panel D: Percentage of surviving
animals followed up to 168 hours after BS with saline or propranolol treatments at 24 and 48
hours after injury. There were no significant changes in overall survival between the treatment
groups. Sham and burn groups did not have any mortalities. n =15.
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Figure 2.
Bar graph delineating MFI of intracellular TNF-α produced by monocytes obtained from
peripheral blood of sham (S), burn (B) and burn sepsis (BS) animals with saline (open bars)
and propranolol (black bars) treatments. Panels A and B represent ic-TNF-α produced by
F4/80+Gr1− resident monocytes and F4/80+Gr1+ inflammatory monocytes respectively. Burn
and burn sepsis significantly reduced ic- TNF-α production by Gr1+F4/80+ monocyte subsets
compared to sham (# p< 0.05 vs. S and B). Propranolol restored the inflammatory potential of
Gr1+F4/80+ monocyte subsets in BS group (* p < 0.05 vs. saline treatment in BS). n= 4 in S
and B, n=6 in BS.
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Figure 3.
Beta-blockade in BS augments TNF-α in circulating Gr1+ F4/80+ inflammatory monocytes.
Panels A and B; Representative dot plots of dual color flow cytometry, defining Gr1 (Y-axis)
gated on F4/80+ monocytes (X-axis) from saline and propranolol treatment groups respectively
following burn-sepsis (BS). Beta-blockade significantly augmented Gr1high expression
(indicated by arrows) in the inflammatory monocyte fraction by 60% over saline treatment.
Panel C represents MFI of ic-TNF-α expressed by the monocyte subsets in R1 and R2 regions
from panels A and B ( * p< 0.05 vs. saline treatment). Panel D: Representative histogram
illustrating the MFI of ic-TNF-α on the X-axis and number of cells on the Y-axis. n=6.
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Fig 4.
Section I: Representative dot plots of peripheral blood cells expressing F4/80 on the X-axis
and Gr1 on the Y-axis. Q1 shows the percentage of peripheral blood cells expressing only Gr1
(granulocytes) and Q2 represents monocytes expressing both F4/80 and Gr1. Panels a, c and
e represent S, B, and BS respectively with saline treatment while panels b, d, and f represent
the corresponding propranolol treatment groups. Section II: Table representing the percentage
of those peripheral blood cells (Mean ± SEM) that express only Gr1 (Q1) or both Gr1 and
F4/80 (Q2). Beta-blockade in BS significantly increased the percentage of cells in Q1
(granulocytes) while reducing the monocyte (Q2) population. * vs. S and B, ˆ vs. S, B and BS
saline treatment,# vs. BS saline treatment; P<0.05. n = 4 in S and B, n=6 in BS.
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Fig 5.
Bar graphs denoting MFI of intracellular TNF-α produced per granulocyte from peripheral
blood of sham (S), burn (B) and burn sepsis (BS) animals. The first half represents saline
treatment and the other half shows the result of beta-blockade. Propranolol augments TNF-α
production in circulating Gr1+ granulocytes in BS group. * vs. BS saline; p<0.05. n = 4 in S
and B, n=6 in BS.
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Table-1
Plasma cytokine levels at 72h post injury. ND-Not detectable.

Plasma Cytokine (pg/ml) Burn Sepsis (Saline) Burn Sepsis (Propranolol)

TNF-α ND 47±12

IL-6 518±199 *4,174±823
*
p<0.05 vs. Saline treatment. N=6.
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