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Objective

To determine whether thermal injury and sepsis cause an in-
crease in bone marrow norepinephrine release and whether
such a release influences bone marrow monocytopoiesis.

Summary Background Data

The authors previously demonstrated enhanced bone marrow
monocytopoiesis after burn with sepsis. They also showed
that physiologic stress and bacterial challenge without injury
could lead to a dynamic release of norepinephrine from the
bone marrow compartment. In this study, they sought to de-
termine the potential cause-and-effect relationship of bone
marrow norepinephrine release on increased monocytopoi-
esis after burn sepsis.

Methods

Norepinephrine release from bone marrow was determined by
traditional pulse-chase methods. Tissue and bone marrow
norepinephrine content was ablated by chemical sympathec-
tomy with 6-hydroxydopamine treatment. Clonogenic poten-
tial in response to colony-stimulating factors was determined

in total nucleated bone marrow cells. Dual color flow cytom-
etry was used to document the distribution pattern of mono-
cyte progenitors.

Results

Burn sepsis induced increased norepinephrine release in
bone marrow, spleen, and heart. Colony-forming assays
demonstrated an increase in responsive colonies, which was
significantly attenuated when norepinephrine content was re-
duced in animals before burn sepsis. Flow cytometric analysis
of early and late monocyte progenitors showed a significantly
altered distribution profile of monocyte progenitors in norepi-
nephrine-depleted mice compared with norepinephrine-intact
mice. Abrogation of bone marrow norepinephrine content re-
sulted in a 62% survival rate in burn septic mice compared
with no survivors in norepinephrine-intact mice.

Conclusions

These data suggest that enhanced bone marrow norepineph-
rine release after burn sepsis may play a role in bone marrow
monocytopoiesis, thus contributing to the sustenance of
inflammation.

Profound release of sympathetic neurotransmitters arates? ° Sympathetic responses to thermal injury, bacterial

hormones through activation of the autonomic nervous sysafection, or a combined insult are likely to serve important
tem is the central feature of the traditional cognitive “fightcompensatory functions in maintaining both cardiovascular
or flight” stress response? In addition to cognitive stress, and metabolic homeostad% 24 The more important ques-
clinical examples of traumatic injury and bacterial infectiontion regarding sympathetic activation in thermal injury in-
also provoke intense sympathetic responses that may haygives its potential influence on immune function. Indeed,
important consequences on the death and complicatiQfpyere thermal injury results in increased susceptibility to

infection>*® and patients with severe burn trauma often

Supported by MH53562 (S.B.J.), GM56424 (R.S), and GMazs77display significant impairment in cell-mediated immunity
(RL.G.). involving defective neutrophil chemotaxis, phagocytosis,
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Because adrenergic mechanisms are reported to be involvedarrow norepinephrine release showed an increase in
in various host-defense functiofs;>> we have begun to monocytopoietic potential, mice with reduced bone marrow
consider the possibility that sympathetic activation afternorepinephrine stores did not. These results suggest that
thermal injury may in some way contribute to the immuneinjury-induced sympathetic responses may have marked
components of the pathophysiology. effects on bone marrow progenitor cells and may signifi-
Investigations into mechanisms that could account for theantly alter leukocyte production after traumatic injury.
immunosuppression of patients with severe burns have fo-
cused primarily on functional alterations in circulating and
tissue leukocyte$®—>3In contrast, our group has focused on METHODS
the bone marrow responses that follow thermal injury withAnimals and Treatment Protocols
sepsis, because the bone marrow is a major source of
immune cells both in the circulation and tissues. Using a Adult male BD,F, mice (22-28 g, Jackson Laboratories,
murine model, we have demonstrated that severe therm&ar Harbor, ME) were used in all experiments. Mice were
injury with sepsis results in a shift in myeloid commitment housed in a central animal research facility that maintained
toward monocytopoiesis and away from granu|ocyt0poie_an environment of controlled temperature, relative humid-
sis3*3° Several key factors suggest the possibility that thdty, and a 12-hour light/dark cycle. The animals were main-
observed changes in myelopoiesis may be in part mediaté@ined in the controlled environment for at least 1 week
by sympathetic nerve activation associated with thermaPefore being used in the experiments. All experimental
injury. First, adrenergic signaling has been shown by othergrotocols used in this study were approved by the Animal
to function in the regulation and control of hematopoie-Care and Use Committee of Loyola University Medical
sis36:3” Maestroni and Conti have shown the presence of Center.
adrenergic receptors on bone marrow immune cells and Thermal injury was induced in mice essentially as de-
have also shown that adrenergic agonists stimulate lymphdicribed by Walker and Masdtt.The animals were random-
poiesis while attenuating myelopoiesis. These findings aré&ed into sham, burn, and burn sepsis groups and anesthe-
strengthened by work in different animal models showingtized with pentobarbital sodium (50 mg/kg), and the dorsal
that adrenergic agents can modulate lymphopoiesis an@ir was removed with clippers. All mice were placed in a
myelopoiesis®~*' A second important finding is the dem- Supine position in a Delrin template and burn and burn
onstration of sympathetic activation in the bone marrowSepsis groups subjected to a 15% full-thickness dorsal scald
compartment itself, where nerve-stimulated release of nory partial immersion into a 100°C water bath for 7 seconds.
epinephrine could reach high concentrations in close proxtigher-percentage burns resulted in unacceptable levels of
|m|ty to pro"fera’[ing immune cells. We have recenﬂy re- death, Severely IImItIng the usefulness of the model. Sham
ported the increase in bone marrow norepinephrine releadgice were immersed in room temperature water. All three
in response to either cold exposure or bacférﬂarough the groups were resuscitated with 2 mL intraperitoneal 0.9%
use of traditional pulse-chase experiments. More recentiNaCl. Mice in the burn sepsis group were inoculated with
we have extended such measurements to our murine mod&{000 colony-forming units (cfupseudomonas aeruginosa
of burn sepsis in preliminary experiments and showed in{ATCC 19960, Rockville, MD) at the burn site immediately

creased bone marrow norepinephrine release in responseager the injury. _ _ .
burn sepsié3 In a separate set of experiments, mice were treated with

Taken together, these findings argue for a relation bel00 mg/kg intraperitoneal 6-OHDA (Sigma Chemical Co.,
tween sympathetic activation and alterations in the bonét. Louis, MO) in 0.5 mL saline containing 0.1% ascorbic
marrow production of immune cells that may lead to theaCid as an antioxidant. Mice were divided into three groups
development of opportunistic bacterial infection. Whereasind treated daily for 5 days consecutively and on day 7 were
experimental evidence suggests adrenergic regulation gubjected to the thermal injury protocol described above.
myelopoiesis under normal conditions, evidence demonThe extent of norepinephrine depletion was confirmed by
strating such cause-and-effect relationships in injury stateg€termining norepinephrine levels in bone marrow, heart,
has never been examined. Therefore, we hypothesize th@fd spleen, as described below.
immune alterations induced by burn sepsis are mediated at
least in part by sympathetic modulation of myelopoiesis inNE

and
bone marrow consequent to the burn trauma.

We tested this premise of neural modulation of myeloid Hearts were homogenized in 1.0 mL cold 0.4 mol/L
function in our murine model of thermal injury and infec- perchloric acid using a Polytron tissue homogenizer (Brink-
tion by manipulating the peripheral stores of norepineph-man Instruments, Westbury, NY), and the supernatant was
rine. Peripheral norepinephrine levels were reduced by usseparated by centrifugation. The supernatant was then ad-
ing 6-hydroxydopamine (6-OHDA), and then animals werejusted to pH 8.4 with 1 mol/L Tris buffer (pH 10) and mixed
subjected to burn sepsis. Whereas bone marrow cells takemth activated acid-washed alumina. Alumina (J.T. Baker,
from mice subjected to burn sepsis and increased bonehillipsburg, NJ) had been purified according to the method

[®H] Norepinephrine Analysis
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of Anton and Sayet® The alumina was washed with water, Laboratories, Detroit, MI), penicillin (100 units/mL), and
and norepinephrine was eluted with 0.2 mol/L acetic acidstreptomycin (100wg/mL). The cultures were stimulated
Norepinephrine in the eluate was measured by electrochemvith appropriate concentrations of either murine recombi-
ical detection after high-pressure liquid chromatographicnant macrophage-colony stimulating factor (rM-CSF) or
separation (BioAnalytical Systems, West Lafayette, IN).murine recombinant granulocyte macrophage-colony stim-
Recovery of norepinephrine from the alumina was routinelyulating factor (rGM-CSF). The control cultures were incu-
85% efficient, and the samples were reported as uncorrectdzated in the absence of any colony stimulating factor (CSF).
for recovery. Aliquots of the alumina eluates (0.1 mL) wereAll culture dishes in triplicate were incubated for 7 days at
mixed in 5.0 mL scintillation cocktail (Boi-Safe Il; RPIl, 37°C in a 10% CQatmosphere. At the end of this incuba-
Mount Prospect, IL) and counted fofH] in a scintillation  tion time, colonies with greater than 50 cells were counted
counter (LS 6500, Beckman Instruments, Fullerton, CA).under a light microscope. Total number of cfu/femur was
The specific activity of theH] norepinephrine (CPM/ng calculated from the total nucleated cell counts/femur and the
norepinephrine) was calculated as the quotienfdf por-  number of colonies developing in culture. Statistical com-
epinephrine in the tissue and the total tissue norepinephringarisons were made between norepinephrine-intact and nor-
content. epinephrine-depleted preparations for sham, burn, and burn
sepsis treatments using a grougest.

Bone Marrow Cells

To assess bone marrow cell function, mice were killed af¥orepinephrine Turnover Data Analysis

72 hours after thermal injury. Total bone marrow from each To determine norepinephrine turnover rates, Specific ac-
femur pair was collected aseptically by eluting the meduljyity of tissue norepinephrine after radiolabeled injection is
lary cavity with 3 mL Roswell Park Memorial Institute pjotted as a function of time on a semilogarithmic scale. The
(RPMI) 1640 supplemented with 10% fetal calf serumrate of decay of specific activity is a first-order function and
(FCS), penicillin (100 U/mL), and streptomycin (1Q®/ s defined as a straight line with a negative slope, and decay
mL) using a 1-mL syringe and a 25-gauge needle. Anjines are calculated by the method of least squ&hé8The
aliquot of the cell suspension was diluted in 3% acetic acidate constant represents the fraction of the norepinephrine
to lyse red blood cells, and the total nucleated cells wergyoo| replaced per unit time ®. Rate constants (k) are
quantitated using a Neubauer hemocytometer. calculated from the slope of the logarithm of the specific
activity versus time relationship (0.434 fkklope). Data are
expressed as meah standard error of the mean.

Comparisons of the endogenous norepinephrine tissue

Murine bone marrow cells were labeled with fluorescentcontent involved an independent ana|ysis of Varieﬂ?@r
anti-ER-MP12 and anti-ER-MP20 antibodies 3 days aftemorepinephrine turnover experiments, differences between
the initial injury and analyzed by dual color flow cytometry. the slopes of the regression lines were tested with a Student
After blocking the Fc receptors with a rat antimouse CDl6/t test, using the p00|ed standard error of Samp|e regres-
CD32 (Feylll/ll) antibody (1 ug/1C cells) (Pharmingen, sjon® P < .05 was accepted as achieving statistical
San Diego, CA) for 5 minutes at 4°C, bone marrow cells (1sjgnificance.

X 10° cells) were labeled with fluorescein isothiocyanate

(FITC)-conjugated ER-MP20 (gL) and biotin-conjugated

ER-MP12 (4uL) (Accurate Chemical and Scientific Corp., RESULTS

Westbury, NY) for 30 minutes at 4°C. The cells were then . ..

washed three times with normal phosphate-buffered salines, ympathetic Activation
resuspended in 10L phosphate-buffered saline with  After burn sepsis, there was a significant increase in the
0.1% bovine serum albumin (BSA), and incubated withnorepinephrine release rate from bone marrow, spleen, and
streptavidin PE (5uL) (Vector Laboratories, Burlingame, heart, but this did not occur in the burn or sham groups.
CA) for 30 minutes at 4°C. At the end of this time, the cells Figure 1 displays the changingH] norepinephrine specific
were washed three times with phosphate-buffered saline arattivity of bone marrow, spleen, and heart over a 7-hour
then fixed with 1% paraformaldehyde before cytometricperiod 3 days after burn sepsis compared with sham treat-
analysis. ment. In all cases there was a statistically greater slope in
the burn sepsis group, defining a greater rate of decay of
labeled norepinephrine, presumably caused by greater ef-
ferent sympathetic nerve activify:**The slope of the®H]

The clonogenic potential of the bone marrow cells wasnorepinephrine decay line for all three tissues in the burn-
determined as previously describ®dTotal bone marrow only group, however, was similar to that of the sham group
cells (75,000 cells/well) were cultured in 1 mL McCoy's (Table 1). Because specific activity is a ratio of labeled
medium containing 20% FCS, 0.3% Bacto agar (Difconorepinephrine to total norepinephrine pool, it is important

Flow Cytometric Analysis

Soft-Agar Clonogenic Assay
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Figure 1. Effect of burn sepsis on the decay of bone marrow (A),
spleen (B), and heart (C) [°H] norepinephrine (NE) specific activity. Mice
were subjected to the burn sepsis protocol and 72 hours later were
given 25 uCi [PHINE intraperitoneally. One, 3, and 8 hours after radio-
tracer administration, tissues were taken for analysis. Each point rep-
resents the mean =+ standard error for specific activity of organs from
three to six mice. R values are the calculated least square regression
coefficients using raw data points for each line. The slope of the burn
sepsis decay line is significantly greater than for the sham group for
bone marrow, spleen, and heart.
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treated as a first-order decay as previously deffhéor
calculation of rate constant and turnover rate.

Additional information derived from the experimentally
determined slopes and tissue level measurements is given in
Table 1. Burn sepsis but not burn-alone or sham treatment
resulted in increased norepinephrine turnover rates 3 days
after injury. This occurred in bone marrow (2-fold increase)
as well as heart and spleen tissues (1.6-fold increase for
both). In addition, burn sepsis but not burn alone or sham
treatment produced increased norepinephrine turnover at 24
hours after the same experimental paradigm (data not
shown). Taken together, these results suggest that after burn
sepsis there was continuous sympathetic activation with
significant increases in norepinephrine release in bone mar-
row, spleen, and heart tissues.

Effects of Norepinephrine Reduction
With 6-OHDA

Preliminary studies based on the work of otR&rs?
suggested that a dose of 100 mg/kg was maximally effective
in reducing tissue levels of norepinephrine in bone marrow,
spleen, and heart. Tissue norepinephrine levels were deter-
mined during the same time course as that of the burn sepsis
protocol to ensure that the 6-OHDA protocol was effective
in maintaining reduced norepinephrine levels. Bone marrow
norepinephrine was reduced by approximately 80%; heart
and spleen were reduced by 92% to 93%. These reductions
were maintained for the same duration as that of the exper-
iment after burn (Table 2).

Animals with reduced tissue norepinephrine levels as a
result of 6-OHDA treatment were subjected to burn sepsis
and then followed up for 12 days and compared with control
animals given vehicle and subjected to the same protocol.
Results (Fig. 2) show a death rate of 18% mortality at day
3 in norepinephrine-depleted mice compared with 44% in
vehicle-treated mice. More dramatic, however, are the 10 of
16 total mice treated with 6-OHDA that survived burn
sepsis after 7 days. The burn alone did not result in any
deaths (data not shown). Norepinephrine-depleted mice sur-
viving burn sepsis were monitored for 5 days beyond the
time when all the vehicle-treated mice had died. This 62%
survival rate with norepinephrine depletion, compared with
no survivors beyond day 7 in the nontreated group, suggests
that norepinephrine reductions in some way facilitate a
positive outcome to burn sepsis.

Clonogenic Assay
To determine the effect of norepinephrine on bone mar-

to point out that tissue norepinephrine levels in all experi-row myeloid response after burn sepsis, the ability of bone
ments did not change during the duration of the experimenfarrow progenitors to form colonies in response to M-CSF

(data not shown). Regression analysis of changes in the Iogd GM-CSF was tested in norepinephrine-depleted mice.
of specific activity versus time resulted in a calculatedBone marrow cells were incubated in soft agar media with

straight line with a negative slop® alue=.7), which was

M-CSF or GM-CSF, and after 7 days the number of colo-
nies (50 cells) that developed were counted. Colony forma-
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Table 1. NOREPINEPHRINE TURNOVER IN BONE MARROW, HEART, AND SPLEEN

Tissue Norepinephrine Rate Constant Turnover Rate
Groups n (ng/qg) Slope (k) (ng/g/h)
Bone marrow Sham 10 413 = 0.09 —0.0207 0.048 0.20
Burn 10 4.58 = 0.17 -0.0152 0.035 0.16
Burn sepsis 16 4.32 = 0.10 —0.0455* 0.105 0.45
Spleen Sham 10 652 * 31 —0.0287 0.066 43.08
Burn 9 659 + 36 —0.0241 0.056 36.90
Burn sepsis 16 661 * 28 —0.0456* 0.105 69.41
Heart Sham 10 464 * 25 —0.0258 0.059 27.38
Burn 9 460 = 21 —0.0208 0.048 22.08
Burn sepsis 16 468 * 27 —0.0399* 0.092 43.06

*P < .01 vs. sham.

tion response to M-CSF in bone marrow cells taken fromcontrols. Further, norepinephrine depletion with 6-OHDA
sham injury (control) animals pretreated with 6-OHDA was significantly reduced colony formation in response to M-
greater (1,572x 121 colonies/femur) than in vehicle- CSF (2,850+ 315 colonies/femur) compared with vehicle
treated animals (73@ 71 colonies/femur) (Fig. 3). This treatment (4,921 468 colonies/femur) in cells from mice
was also the finding in response to GM-CSF, wheresubjected to burn alone. Similar results involving norepi-
6-OHDA pretreatment followed by sham injury resulted in nephrine depletion were also observed for colony formation
greater colonies (6,318 627 colonies/femur) than vehicle responses to GM-CSF.

treatment (4,040t 373 colonies/femur). Under these non-  Changes in clonogenic potential rely on a constant num-
injury conditions, norepinephrine appears to inhibit basaber of total bone marrow cells. This is consistent with our
myeloid colony-forming potential, as previously reported observation that there were no differences in total bone
by Maestroni et af/*%**Colony formation in bone marrow marrow cellularity between the animals treated with
cells removed from femurs after burn sepsis was signifi-6-OHDA and vehicle for any experimental group (data not
cantly greater than in noninjured controls, demonstratingshown). Therefore, these results suggest that norepinephrine
that injury with sepsis results in greater colony growth inenhances the response of bone marrow progenitors to de-
vitro. However, pretreatment with 6-OHDA significantly velop as monocytes after injury both with and without
reduced the colony formation responses to both M-CSF andepsis; this is in contrast to norepinephrine’s action in
GM-CSF compared with vehicle treatment in burn sepsisnoninjured conditions, where it appears to inhibit monocyte
For example, after burn sepsis in mice treated withcolony formation.

6-OHDA, there were 4,233 365 colonies/femur formed in

response to M-CSF and 8,534635 colonies/femur formed Flow Cytometry

from cells taken from vehicle-treated mice. This same pat- The influence of norepinephrine on bone marrow mono-

tern O.f decreased.colony formation \.N'th 6-OHDA pre”e"’.‘t'cyte production was also assessed after burn with and with-
ment in burn sepsis was also seen with GM-CSF stimulation

of bone marrow cells.

Colony formation in cells taken from bone marrow of
animals subjected to burn alone were in general less thag
that in cultures from burn sepsis but more than in uninjured'g

(7]
o
[+*]
E
[
Table 2. TIME COURSE OF TISSUE NE :2
LEVEL IN MICE GIVEN 6-OHDA °
2
Bone E
Group Marrow Heart Spleen = N
Ok v v v o P90
Sham 3.56 + 0.23 352 + 48 609 + 50 0 2 4 6 8 10 12
6-OHDA day 1 0.72 = 0.40 16+ 7 42 +9 Days After Burn plus Infection
6-OHDA day 3 0.75 = 0.56 25+ 8 51 =9

Figure 2. Effect of peripheral tissue norepinephrine depletion with
6-hydroxydopmaine compared with norepinephrine-intact mice on sur-

NE, norepinephrine; 6-OHDA, 6-hydroxydopamine. Values are given in ng/g. R .
vival after burn sepsis (n = 16 per group).
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10000 the histogram contains the most immature monocyte pro-
. genitors that primarily stain with ER-MP12 antibodies, and
8000 | compartment R3 contains the intermediate developmental
5 £l NE intact stage of monocyte progenitors, representing cells that stain
5 6000 | W NE Depleted with both ER-MP12 and 20. Cells in compartments 5 and 6
E * stain primarily for ER-MP20 and represent the most mature
H progenitors.
8 4000 Figure 4A displays the results of animals with intact
norepinephrine stores and suggests that under control
2000 - * (sham) conditions, there was a substantial population of the
7/. ER-Mp12MediumypgNedative monocyte progenitors (R2 com-
A °© partment, 31.31% of total fluorescent cells [TF]). Immature
Sham Burn Burn + Sepsis monocyte progenitors (R2) decreased with both burn
(9.76% TF) and burn sepsis (21.58% TF). The intermediate-
stage compartment (R3) had a substantial population in the
sham group (21.9% TF); however, the intermediate cells
20000 - increased with burn (31.4% TF) and even more so with burn
* sepsis (51.02% TF).
. 15000 | 3 NE intact Results with norepinephrine-depleted animals subjected
g M NE Depleted * to the same protocols are displayed in Figure 4B and present
% an entirely different distribution pattern of ER-MP12- and
2 10000 - 20-stained cells. The norepinephrine-depleted sham group
2 N had very few cells in the immature (R2, 2.02% TF) and
© 5000 | intermediate (R3, 0.68% TF) compartment, with most cells
staining for the ER-MP20 marker lineage (R5 R6 =
60.38% TF), indicating a dramatic increase in the mature
B ¢ monocyte progenitor cells. Burn in norepinephrine-depleted

h B B ; : . ) .
Sham urn urn + Sepsis animals resulted in further increases in mature monocyte

Figure 3. Soft-agar clonogenic assay for determination of specific progenitors (R5+ R6 = 81.61% TF), similar to that for
growth factor-responsive bone marrow progenitors 72 hours after  burn sepsis in norepinephrine-depleted mice (RR6 =
sham, burn, and burn sepsis in norepinep?rine (NE)-intact and NE- 78.51% TF). The dramatic differences observed with nor-
erleted mice. Bone marrow cells (7'5.X 10" cells/mL) were incubated epinephrine depletion for ER-MP12 and 20 marker distri-
in RPMI media containing 0.3% agar in the presence of either (A) rM- . .. .
CSF (10 ng/mL) or (B) rGM-CSF (10 ng/mL). Colonies (>50 cells) were bution under control conditions and in response to burn both
counted with a light microscope after 7 to 10 days of incubation. Total with and without sepsis suggest that monocyte maturation

nucleated bone marrow cell counts were used to determine the number pathways may be greatly influenced by the presence of
of growth factor-responsive progenitors per femur. All assays were norepinephrine.

done in triplicate. Data represent mean = standard error of the mean;

n = 5; P < .05 for comparison of bars in each pair.

DISCUSSION

out sepsis by determining the presence of developmental Our results provide the first evidence of a modulation of
cell surface markers ER-MP12 and 20 using flow cytom-bone marrow myelopoiesis by sympathetic activation after
etry. Although ER-MP12 is an antibody to early monocyteburn sepsis. After burn sepsis, norepinephrine release in
progenitors and represents predominantly colony formingone marrow was markedly increased and the monocyto-
unit-macrophage (CFU-M), progressively more ER-MP20poietic potential of bone marrow cells was greatly elevated.
antigen is expressed from the CFU-M stage onward, but iReduction of tissue norepinephrine stores before burn sig-
disappears after the monocytic stadeBy following the nificantly attenuated the elevated monocytopoietic potential
distribution pattern of the expression of these two antigen®f bone marrow cells and dramatically increased the sur-
on the bone marrow cells, the phenotypic separation andival rate of injured septic animals from 0% to 60%. Such
identification of bone marrow monocyte precursors haveeductions in monocytopoietic potential and improved sur-
been demonstrated.The histogram of the flow cytometric vival are consistent with the widely accepted concept that
data (Fig. 4) provides a visual separation of monocyticthe increased availability and activation of monocyte/mac-
lineage into five distinct developmental compartments, inrophage after burn sepsis promote systemic inflammatory
order of increasing maturity: R ER-MP12%9h20Negatve  ragponses, sepsis, and multiple organ failure. Linking the
R2 = ER-Mpi12/ediumpgNecative p3 — ER-MP12eduy  increases in bone marrow norepinephrine release and bone
20Mediim R4 = nonstain; R5= ER-MP12¥egativgpgMedium — marrow monocytopoiesis defines a previously unknown role
R6 = ER-MP12¥°93vg20™i9h  Thys, compartment R2 of for norepinephrine in the pathophysiology of injury and
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Figure 4. Dual color flow cytometric analysis for the expression of ER-MP12 and 20 antigens on whole
nucleated bone marrow cells after sham, burn, and burn sepsis 72 hours after injury in norepinephrine-intact
animals (A) versus norepinephrine-depleted animals (B). High expression of ER-MP12 represents blastic
forms and early committed monocyte progenitors; high expression of ER-MP20 represents more mature
promonocytes and monocytes. X and Y axes represent fluorescent intensity in log scale.

sepsis. Recognition of the relation between sympathetitymphoid organs, decrease to less that 10% of controls, and
nerves and the regulation of myelopoietic function underthese findings are consistent with our rest§? Because
injury conditions is the most significant aspect of our studyonly nerve terminals are destroyed, with cell soma remain-
and sheds new light on the importance of sympathetiéng intact, tissue norepinephrine content returns in weeks
activation in bone marrow myelopoiesis. with regrowth of the nerve terminals and vesicles containing
The pathophysiologic role of autonomic sympatheticnorepinephrine. Our protocol caused a near-total reduction
nerves is often approached by using pharmacologic agents norepinephrine as measured in heart and spleen (93—
to reduce neurotransmitter levels and then repeating th84%) but less of a reduction in bone marrow (80%). In
paradigm to examine the absence of the nerves on theeither instance, however, was there a significant return of
physiologic variables. 6-OHDA was used to deplete periphnorepinephrine levels during any part of our experimental
eral norepinephrine selectively in this study as well as inprotocol. The limited total blood flow to the relatively small
many other studies because it does not cross the bloodsone marrow compartment, as well as the isolated nature of
brain barrie?® This agent acts by selectively entering andthe compartment, may be significant in the 20% of control
destroying norepinephrine-containing nerve terminals imorepinephrine levels being insensitive to 6-OHDA. Prelim-
adult animals at low doses (100 mg/RGP? at higher doses  inary studies using higher doses did not result in any further
it is more generally toxi€° Norepinephrine concentrations reduction in bone marrow norepinephrine levels and in fact
in various tissues of mice treated with 100 mg/kg, includingcaused death in several animals. Considering the significant
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effect of the 80% reduction on the myelopoietic potential,compared with sham treatment, but such increases are ab-
further norepinephrine reductions would probably not havesent in mice with reduced norepinephrine content (R3).
changed the outcome. Taken together, these changes in monocyte development

The potential for 6-OHDA to have nonspecific effects hasmarkers after norepinephrine depletion in the sham and burn
been addressed by several independent studies, but the ressiépsis groups suggest that norepinephrine in some way
in each instance show the absence of any effects except thosediates the kinetics of monocyte maturation. Further ki-
on the peripheral adrenergic nerve termittaf*>®2~%4n brief, ~ netic analysis of monocyte development under these condi-
these reports examined the consequences of greatly imons will require real-time dynamic changes in cell
creased 6-OHDA in the extracellular fluid by selectively populations.
blocking 6-OHDA uptake into peripheral adrenergic nerve Myelopoiesis in the bone marrow environment involves
terminals using desipramine, a selective blocker of norepihighly coordinated changes in cell signaling to achieve
nephrine and thus 6-OHDA uptake. These in vivo studiesappropriate proliferation and differentiation. Information as
exaggerated extracellular exposure to 6-OHDA and thuso how this process may be altered as a consequence of
would be expected to exaggerate any nonspecific effectsjury states and release of sympathetic neurotransmitter
that might occur in the absence of uptake blockers. Thesgorepinephrine is lacking, but the results of reports involv-
studies reported a variety of functional variables in tissuesng other cell and organ systems support the concept that
from 6-OHDA animals pretreated with desipramine thatadrenergic stimulation can influence both proliferation and
were indistinguishable from those of control animals notdifferentiation. For example, adrenergic mechanisms have
treated with 6-OHDA. The results of these studies conbeen shown to modulate differentiation or proliferation in
firmed that 6-OHDA has a selective depleting effect onosteoclast§?® fibroblasts®® oligodendrocytes, hepatocytes,
adrenergic nerve terminals and suggested to us that thgmphocytes, and cancer cell lins.
results are due to the singular effect of the absence of The murine animal model in the present study involves
norepinephrine in bone marrow. However, considering theessential clinical features of burn sepsis, but there may be
global effect of peripheral norepinephrine depletion byimportant limitations. Our animal model involved immedi-
6-OHDA, one cannot rule out other effects of norepineph-ate infection after burn, whereas burn patients typically
rine depletion that also may contribute to the observedievelop septic complications in the second week of their
positive outcome. Such effects may include an alteration imospital stay. This does not, however, alter our belief that
systemic immune response and rheology. our results provide important new information linking in-

Adrenergic stimulation of myelopoiesis was previously creased sympathetic activation in bone marrow and in-
reported in a series of papers by Maestroni &-&****  creased myelopoietic potential after burn sepsis. In under-
suggesting an inhibitory influence of adrenergic stimulationstanding the pathophysiology of injury states, our results
on myelopoiesis, based on early observations of myelopoidictate a new conceptual framework in which to consider
etic protection during radiation therap¥*° Collectively,  immune responses that occur in response to injury. This new
this work implies that under normal noninjury conditions, frame of reference implies that immune responses after
myelopoiesis is inhibited by alpha-adrenergic stimulation;injury should be considered in regard to the potential action
this is consistent with the findings of the present report agf sympathetic neurotransmitters on cellular events, includ-
seen with sham (control) group results. Under these noninng the bone marrow compartment.
jured conditions, the clonogenic response to M-CSF and
GM-CSF is increased when bone marrow norepinephrine is
withdrawn through the 80% reduction in tissue level. ThisReferences
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