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Abstract

Background—*Following severe traumatic injury, critically ill patients have a prolonged
hypercatacholamine state that is associated with bone marrow (BM) dysfunction and persistent
anemia. However, current animal models of injury and shock result in a transient anemia. Daily
restraint stress (CS) has been shown to increase catecholamines. We hypothesize that adding CS
following injury or injury and shock in rats will prolong the hypercatecholaminemia, and prolong
the initial anemia, despite elevated erythropoietin levels.

Methods—Male Sprague-Dawley Rats (N=6-8/group) underwent /ung contusion (LC) or
combined /ung contusion/hemorrhagic shock (LCHS) followed by six days of chronic stress (CS).
CS consisted of a two hour restraint period interrupted with repositioning and alarms every 30
minutes. At seven days, urine was assessed for norepinephrine (NE) levels, blood for
erythropoietin (EPO) and hemoglobin (Hgb), and BM for erythroid progenitor growth.

Results—Animals undergoing LC or combined LCHS predictably recovered by day seven; urine
NE, EPO and Hgb levels were normal. The addition of CS to LC and LCHS models was
associated with a significant elevation in NE on day six. The addition of CSto LC led to a
persistent 20-25% decrease in the growth of BM HPCs. These findings were further exaggerated
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when CS was added following LCHS, resulting in a 20-40% reduction in BM erythroid progenitor
colony growth and a 20% decrease in Hgb when compared to LCHS alone.

Conclusions—Exposing injured animals to CS results in prolonged elevation of norepinephrine
and erythropoietin which is associated with worsening BM erythroid function and persistent
anemia. Chronic restraint stress following injury and shock provides a clinically relevant model to
further evaluate persistent injury-associated anemia seen in critically ill trauma patients.
Furthermore, alleviating chronic stress after severe injury is a potential therapeutic target to
improve BM dysfunction and anemia.

INTRODUCTION

Severe traumatic injury is associated with bone marrow (BM) dysfunction manifest by
increased susceptibility to infection and persistent injury-associated anemia lasting more
than 14 days following admission (1, 2). This severe injury-associated anemia persists
regardless of blood transfusion (3). In 45 critically ill trauma patients, Livingston et al. (2),
demonstrated a decrease in BM progenitor cell growth, an increase of erythroid progenitors
into the circulation, and despite elevated erythropoietin levels, there was a persistent anemia.
In a rodent model of lung contusion and hemorrhagic shock (LCHS) acute BM dysfunction
is manifest by increased mobilization of hematopoietic progenitor cells (HPCs) to peripheral
blood, reduction of BM cellularity and HPC colony growth, and decreased hemoglobin
(Hgb) (4-6). However, in this acute rodent injury model, BM function is nearly recovered at
seven days and Hgb levels have returned to normal (6). This recovery of BM function is not
seen in patients following severe traumatic injury. In these critically ill patients there is an
elevation of catecholamine levels two to ten times normal lasting beyond a week following
initial injury (6). We have shown that supraphysiologic levels of norepinephrine (NE)
suppress rat BM HPC colony growth both /n vitroand in vivo (7, 8).

The factors responsible for BM dysfunction after trauma remain unknown. Specifically, the
role of erythropoietin (EPO) in BM dysfunction and injury-associated persistent anemia is
not well defined. In ICU patients following traumatic injury, EPO levels have been shown to
be variably elevated but there is no corresponding reticulocytosis which indicates ongoing
BM dysfunction (2). EPO levels have been shown to be disproportionately low as compared
to degree of anemia in chronic medical illnesses including chronic kidney disease, chronic
obstructive pulmonary disease, and heart failure (9). This entity has become known as EPO-
resistant anemia, and may be secondary to antagonistic actions of proinflammatory
cytokines, direct inhibition of erythroid progenitor cells, or disruption of iron metabolism
(9). The relationship between EPO levels and persistent anemia has not been evaluated over
time.

Critically ill patients in the intensive care unit (ICU) continue to have numerous physiologic
stressors following their initial injury including additional operations, repeated bouts of
sepsis, and disturbed sleep-wake cycles (10, 11). This repeated exposure to daily stress may
contribute to the prolonged hypercatecholaminemia seen in ICU patients and ongoing
exposure to high levels of catecholamines may impede BM recovery, contributing to
persistent injury-associated anemia (6, 11-12). This ongoing stress may be what is missing
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in current acute injury models in rodents. Animal models of chronic restraint stress (CS)
have been shown to be associated with continuously elevated levels of stress hormones,
including catecholamines (13-16). CS has been shown to negatively affect immune
surveillance, gastrointestinal integrity, coronary artery disease, and wound healing (17-21).
Using the addition of CS following injury and hemorrhagic shock, we hypothesize that the
daily stress prolongs BM dysfunction and leads to persistent injury-associated anemia
despite elevated erythropoietin levels.

Male Sprague-Dawley rats (Charles River, Wilmington, MA) weighing 300-400g were
housed at 25°C under barrier-sustained conditions with 12-hour light/dark cycles. Animals
were provided ad lib access to water and chow (Teklad22/5 Rodent Diet W-8640; Harlan
Teklad, Madison, WI). The animal facility environment and animals were maintained in
accordance with the regulations detailed in the Guide for the Care and Use of Laboratory
Animals. The protocols were approved by the Institutional Animal Care and Use Committee.

Bovine serum albumin (BSA) and 2-mercaptoethanol were purchased from Sigma-Aldrich
(St. Louis, MO). Methylcellulose was purchased from Stemcell Technologies (Vancouver,
Canada). Fetal bovine serum (FBS), Iscove’s Modified Dulbecco’s Medium (IMDM),
glutamine, penicillin/streptomycin, and trypan blue were obtained from Invitrogen
(Carlsbad, CA). All cytokines rhEpo, rhlL-3, rhGM-CSF were purchased from R&D
Systems (Minneapolis, MN). Sodium pentobarbital was purchased from Lundbeck Inc.
(Deerfield, IL) and heparin was obtained from Hospira Inc. (Lakefront, IL).

Experimental Groups

Animals (N=6-9 animals/group) were assigned to the following experimental groups.
Control groups consisted of uninjured animals that underwent daily handling. Experimental
groups were defined as: lung contusion (LC) alone, lung contusion followed by six days of
chronic restraint stress (LC/CS), lung contusion followed by hemorrhagic shock (LCHS), or
LCHS followed by six days of chronic restraint stress (LCHS/CS). Rodents in all groups
were euthanized following rodent cocktail, followed by cardiac puncture and tissue removal.
On day seven BM and blood were harvested and urine was collected on post injury days one,
three, and six.

Lung Contusion Model

Experimental animals were anesthetized with intraperitoneal injections of sodium
pentobarbital (50 mg/kg). Unilateral LC was inflicted using a blast wave percussive nail gun
(Craftsman 968514 Stapler, Sears Brands Chicago, IL) applied to a 12mm metal plate
adherent to the right axilla of the rat. This LC model has previously been shown to produce a
clinically significant lung injury as demonstrated by histology and radiography (22).
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Hemorrhagic Shock Model

Immediately following LC, rats in the LCHS and LCHS/CS groups underwent hemorrhagic
shock for 45 minutes by removal of blood and maintaining a MAP of 30—-35mmHg for 45
minutes. This well established hemorrhagic shock model has been previously described by
Baranski et al (4). Following the completion of the shock period, shed blood was re-infused
at a rate of ImL/min.

Chronic Stress Model

Following LC or LCHS, every day between 8am-noon, animals underwent restraint stress.
Animals were placed in restraint containers, which measured 16.5cm in length and 7.5cm in
diameter, for two hours daily. To prevent acclimation to containers, animals were stimulated
at 30, 60, and 90 minutes. Stimulation consisted of two minutes of continuous alarms (80-85
decibels) transmitted via speakers placed adjacent to restraint containers as well as
repositioning. Animals were removed from their restraint containers at two hours and
returned to normal housing in 12-hour light/dark cycles. Since animals undergoing CS were
not permitted feed or water, animals in all other experimental groups were not given access
to feed or water during this two hour period.

Bone Marrow Cellularity

BM cells were obtained by removing the femoral epiphysis and aspirating BM with an 18
gauge needle on a 5cc syringe filled with of ImL IMDM supplemented with 10% FBS. A
suspension was prepared by passing cells through a 40um sterile nylon strainer to remove
particulate matter. Total viable cell counts were then determined using a hemocytometer
after staining with 0.4% Trypan blue.

Bone Marrow Progenitor Cell Cultures

Colony-forming unit-granulocyte-, erythrocyte-, monocyte-, megakaryocyte (CFU-GEMM)
were used to assess growth of early BM progenitor cells. To specifically explore the effects
on the erythroid cell lines, burst-forming unit-erythroid (BFU-E) and colony-forming unit-
erythroid (CFU-E) were evaluated. Based on the cellularity, a stock solution of BM
mononuclear cells was prepared to grow CFU-GEMM, BFU-E and CFU-E cultures as
previously described.> CFU-E colonies were counted at day 7, BFU-E colonies at day 14,
and CFU-GEMM colonies at day 17 by an observer blinded to the origin of the samples.

Hemoglobin Measurements

Blood was obtained by via cardiac puncture using a 10mL heparinized syringe. Three
hundred microliter aliquots were then sampled and analyzed within 10 minutes of collection
using a Coulter Hmx Hematology Analyzer (Beckman Coulter; Brea, CA).

Erythropoietin Levels

Plasma EPO levels were determined by a commercial ELISA kit (R&D systems,
Minneapolis, MN) run in duplicate. Briefly, 50uL of assay diluent was added to each well of
the ELISA plate followed by 50uL of standard, control, or rat plasma. Wells were precoated
with murine monoclonal antimouse EPO antibodies. Plates were incubated at room
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temperature for two hours on a microplate horizontal orbital shaker. Following incubation,
the plate was washed five times and 100uL Mouse EPO conjugate was then added to each
well and incubated for two hours. Following five additional washings, 100uL of substrate
solution was then added to each well followed by a 30 minute dark incubation. Then 100uL
stop solution was added to each well and the plate was then read with wavelength correction
of 450-540nm.

Urinary Norepinephrine Levels

To reduce the stress of urine collection, the animals not allocated to CS were stroked while
lifting their tails to induce passive urination. Those animals allocated to CS had spontaneous
urine collection done during the restraint period on days one, three, and six. The collected
urine was acidified with 5Smicroliters of 6N HCI and frozen at —80° Celsius. Urine samples
were analyzed for NE using a competitive ELISA (2-CAT ELISA, IBL-America,
Minneapolis, MN). All samples were assayed in duplicate and preformed according to the
manufacturer’s instruction.

Statistical Analysis

RESULTS

All data are expressed as mean + SD. Statistical analyses were performed using one-way
analysis of variance (ANOVA) followed by Tukey-Kramer’s multiple comparison post-test
or Student’s t-test with GraphPad Prism (Mersion 4.0, San Diego, CA). Results were
considered significant if *p <0.05 vs. LC or **p <0.05 vs. LCHS.

Effects of CS following injury and shock on urinary NE levels

To determine the relationship between the injury models and the NE response, serial urine
analysis was performed. NE levels in control animals average 39+15 ng/mL. There is a
significant increase in urinary NE levels on day 1 in all models as compared to control
animals (Figure 1). The addition of CS to LC results in a mild increase in urinary NE on day
three but the increase in urinary NE on day six is statistically significant as compared to LC
alone (52+21* vs. 10+1). The LCHS model keeps urinary NE levels elevated but not
significantly as compared to control animals. But the addition of CS to the combined LCHS
persistently elevates urinary NE at both three and six days after the initial injury. The use of
CS following LCHS keeps urinary NE levels elevated three times that of LCHS alone
(85+20** vs. 31+8).

Effects of CS on BM cellularity

Seven days following LC alone there is no significant difference in BM cellularity as
compared to controls (213+12 vs. 225+6). The addition of CS to LC resulted in a significant
reduction in BM cellularity when compared to LC alone (163.3+8* vs. 213+12) (Figure 2A).
In the combined injured and shock model, LCHS alone results in a significant reduction of
BM cellularity at seven days as compared to control. However, there is further 28%
reduction in BM cellularity with the addition of CS to LCHS. (163+8** vs. 197+7) (Figure
2A).
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Effects of CS on BM HPC cultures

To determine the effects of CS following injury and shock models on BM erythroid function,
BM HPC growth was evaluated. Seven days following LC alone, there is no significant
difference in BM CFU-GEMM, BFU-E, or CFU-E growth as compared to control animals
(Figure 2B-D). However, the addition of CS to LC results in significant reduction in BM
CFU-GEMM colony growth as compared to LC alone (22+4* vs. 34+1)(Figure 2B) as well
as BM BFU-E colony growth as compared to LC alone (49+3* vs. 66+2)(Figure 2C). The
effects of CS persist when examining late erythroid progenitor cells, CFU-E (Figure 2D).
There is marked reduction of BM CFU-E colony growth in LC/CS seven days following
injury.

Seven days following LCHS alone, there remains approximately a 20% decrease in BM
CFU-GEMM, BFU-E and CFU-E growth as compared to control animals (Figure 2B-D).
The addition of CS to LCHS further worsens the persistent reduction of BM CFU-GEMM
growth as compared to LCHS alone (18+4** vs. 28+1) (Figure 2B). Similar to CFU-
GEMM, the addition of CS to LCHS significantly reduces both BM BFU-E and CFU-E
colony growth as compared to LCHS alone (Figure 2C-D).

Effects of CS following injury and shock on hemoglobin

The average Hgb of control rodents are 13.3+0.8 g/dL. Seven days after LC alone and
LCHS, there is no significant decrease in Hgb (14.2+0.3 and 13.2+0.8). The addition of CS
to LC and LCHS results in a significant decrease in Hgb as compared to LC and LCHS
alone (Figure 3). LCHS/CS results in significant persistent injury anemia at 7 days as
compared to controls (11.1+0.7** vs. 13.3+0.8).

Effects of CS following injury and shock on erythropoietin

To further assess the factors involved in the persistent anemia seen with LCHS/CS, EPO
levels were determined. EPO levels in control animals average 16.4+6 pg/mL. There is no
significant increase in EPO levels following LC alone seven days following injury (Figure
4). The addition of CS to LC results in an increase in EPO but does not reach statistical
significance (46.1+55 vs. 18.6+10).

Seven days following LCHS, EPO levels are twice that of controls (33.9£22 vs. 16.4+16).
With the addition of CS to LCHS, EPO levels are significantly increased to twice that of
LCHS alone (72.1+66** vs. 33.9+22) (Figure 4).

DISCUSSION

BM dysfunction that manifests as an injury-associated anemia has been established
following extensive soft tissue injury, burns, hemorrhagic shock and severe traumatic injury
(2, 5, 23-25). Injury-associated anemia is multifactorial in nature and likely secondary to a
combination of acute blood loss, multiple phlebotomies, nutritional abnormalities, and BM
dysfunction resulting in inadequate production of erythrocytes (1-3). While this anemia
appears early following traumatic injury, it often persists for months regardless of blood
transfusions (1-3). In the current study, we describe for the first time a model of chronic
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restraint stress that mimics the persistent stress seen in critical illness. The addition of CS to
LC and LCHS is synergistic resulting in significant decreases in BM cellularity as well as
HPC colony growth that persists seven days following injury. These changes are associated
with a persistent anemia despite elevations in EPO levels.

Previous studies have demonstrated the acute effects of LC alone and LCHS alone on BM
dysfunction (4-6). In this study, the addition of CS to LC and LCHS models results in a
significant reduction in BM cellularity and BM colony growth at seven days which is likely
due to the persistent hypercatecholaminemia that accompanies both CS models. This study
demonstrates significantly elevated urinary NE levels in both LC/CS and LCHS/CS models
six days after injury. Because of the pulsatility in the secretion of catecholamines, urine
rather than plasma was utilized to allow for a more accurate basal assessment of sympathetic
activity. The use of restraint stress is a well-established model known to activate the
sympathetic nervous system (26). To prevent the phenomena of habituation, the use of
alarms and repositioning during the restraint period was performed (26). Our findings
confirm the presence of a hypercatecholamine state after injury with the use of CS. This
study supports the notion that erythropoiesis is impacted by NE. Fonseca et al. (7)
established a dose-dependent reduction in erythroid progenitor colony growth in response to
increasing levels of NE /n vitro. Penn et al. (8) further determined that while a physiologic
level of NE is necessary in vivo for erythroid growth, this growth is inhibited at higher
catecholamine levels. Similarly, Schraml et al. (27) further demonstrated that treatment with
a- and B- adrenergic agonists /17 vitro leads to significantly decreased HPC colony formation
capacity and that this decline was related to the formation of reactive oxygen species as well
as activation of the p38/mitogen-activated protein kinase (MAPK) pathway, suggesting that
a- and B- adrenergic agonists cause cell-cycle arrest that leads to hematopoietic failure.

Previous animal models demonstrated that LC with or without HS resulted in a significant
decrease in BM colony growth of CFU-GM, CFU-E, and BFU-E, however, the BM recovers
after seven days (6). This study confirms these findings in both the LC and LCHS groups as
well as demonstrates that the addition of chronic restraint stress results in prolonged BM
dysfunction with markedly decreased BM colony growth and BM cellularity seven days
after injury and shock. This combined injury model with chronic restraint stress creates
persistent BM dysfunction which is similar to what is found in critically ill trauma patients
(2). In addition, the use of beta blockade has been shown to improve BM function in injury
and hemorrhagic shock models which further implicates the role of catecholamines in BM
dysfunction (4-5).

Multiple studies have shown persistent anemia in patients with critical illness, with
approximately 95% of patients admitted to an ICU for more than three days developing
anemia (3, 28-29). Despite higher transfusion rates in trauma patients there is a persistence
of anemia (28). Approximately 80% of ICU patients remain anemic at discharge when using
a restrictive transfusion protocol (30). The current study implicates chronic stress as a
contributing factor in the persistence of anemia following injury and hemorrhagic shock.

Persistent anemia has been shown in animal models developed to mimic diseases of chronic
inflammation, such as arthritis or autoimmune disorders as well as chronic infection, such as
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osteomyelitis and endocarditis (31). Carter et al. (32) recently demonstrated persistent
anemia with associated elevation in plasma EPO levels in two mouse models of colitis. In
these mouse models, one an acute ingestion-mediated colitis and the other a more chronic,
T-cell transfer model, both induced a 20-35% decrease in hematocrit as well as a 10-fold
increase in EPO levels (32). The increase in EPO was attributed to the effect of a decreased
hematocrit and the presence of tissue hypoxia induced by colonic inflammation (32). EPO is
a hormone that control erythropoiesis and is required for the terminal differentiation of
CFU-E to erythroblasts and erythrocytes. Our study demonstrates a persistent anemia at
seven days despite an elevation in EPO levels. Our persistent anemia may be caused by the
hypercatecholaminergic state induced by CS following a pro-inflammatory state caused by
injury and ischemia-reperfusion. Interestingly, we demonstrate a persistent anemia despite
EPO levels that are increased four-fold as compared to controls. Anemia despite increased
circulating levels of EPO in chronic medical diseases is known as erythropoietin-resistant
anemia and this entity is thought to be mediated by several pro-inflammatory factors and
cytokines, including tumor necrosis factor-alpha, transforming growth factor-beta,
interferon-gamma, c-reactive protein, and interleukin-1 (9, 31). It is also possible that while
the amount of EPO may be adequate following severe trauma, the EPO receptor in the BM
may be dysfunctional. BM dysfunction is not unique to trauma. It is also seen in patients
with congestive heart failure (CHF)(33). In patients with CHF, there is impaired clonogenic
potential of HPCs, differentiated erythroid cells have markedly increased apoptosis, as well
as a blunted EPO response (33). In addition, exogenous EPO administration did not rescue
the dysfunction of erythroid lineage in animal models of heart failure (34). Therefore,
further study into the mechanism of anemia seen with LC/CS and LCHS/CS may implicate
these or other mediators of persistent anemia in the face of elevated circulating EPO.

In summary, the results of this study implicate chronic stress as a cause of persistent NE
elevation that is associated with prolonged BM dysfunction and anemia seen following
severe traumatic injury. The addition of CS to either LC or LCHS results in a prolonged
decrease in BM cellularity and BM HPC growth. This BM dysfunction is associated with a
prolonged anemia despite significant elevation in circulating EPO levels. Chronic restraint
stress following injury and shock provides a clinically relevant model to further evaluate
persistent injury-associated anemia, which mimics critical illness seen in trauma ICU
patients.
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Figure 1. Urinary NE levels one, three, and six days after injury, shock, and chronic stress
On day 1 all groups have elevated unnary NE levels compared to control animals

(represented by the dashed line). The addition of CS to LC and LCHS results in significantly
increased urinary NE levels on day 6. (LC=lung contusion alone, LC/CS=lung contusion
followed by CS; LCHS=lung contusion followed by hemorrhagic shock; LCHS/CS=LCHS
followed by CS). * p<0 05 vs. LC alone, ** p<0.05 vs. LCHS alone. Dashed line represents
control level.
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Figure 2. A-D. BM cellularity and HPC colony growth seven days after injury, shock, and
chronic stress

In 2A, the addition of CS after LC or LCHS causes a significant reduction in BM cellularity
compared to LC or LCHS alone In Figures 2B-D, The addition of CS after LC or LCHS
causes a further significant reduction in BM CFU-GEMM, BFU-E and CFU-E colony
growth compared to LC or LCHS alone. (BM = bone marrow; LC = lung contusion alone;
LC/CS = lung contusion followed by CS; LCHS=lung contusion followed by hemorrhagic
shock, LCHS/CS=LCHS followed by CS). * p<0.05 vs. LC and **p<0.05 vs. LCHS.
Dashed line represents control levels.
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Figure 3. Hemoglobin seven days after injury, shock, and chronic stress
Hgb after seven days of CS is also only slightly decreased from control. Hgb at seven days

after LCHS approaches control levels. The addition of CS after LCHS causes a significant
reduction in Hgb at seven days. (Hgb=Hemaoglobin; LC = lung contusion alone; LC/CS =
lung contusion followed by CS; LCHS=lung contusion followed by hemorrhagic shock;
LCHS/CS=LCHS followed by CS). * p<0 01 vs LC alone **p<0.001 vs. LCHS. Dashed line
represents control levels.
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Figure 4. Erythropoietin levels seven days aits injury, shock, and chronic stress
The addition of CS to LC and LCHS results in increased EPO levels. (LC=lung contusion

alone, LC/CS=lung contusion followed by CS; LCHS=lung contusion followed by
hemorrhagic shock; LCHS/CS=LCHS followed by CS). ** p<0.05 vs. LCHS alone. Dashed
line represents control level.
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