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Abstract

Introduction—Trauma-induced hypercatecholaminemia negatively impacts bone marrow (BM)
function by suppressing BM hematopoietic progenitor cell (HPC) growth and increasing HPC
egress to injured tissue. Beta blockade (BB) given prior to tissue injury alone has been shown to
reduce both HPC mobilization and restore HPC colony growth within the BM. In a clinically
relevant model, this study examines the effect of BB given following both tissue injury and
hemorrhagic shock (HS).

Methods—Male Sprague-Dawley rats underwent lung contusion (LC) with a blast wave
percussion. HS was achieved after LC by maintaining the MAP 30-35mmHg for 45 minutes.
Propranolol (10 mg/kg) was given once the MAP > 80 mmHg and subsequent doses were given
daily (LC/HS/BB). One and seven days post-injury, analysis of BM and lung tissue for the growth
of HPCs, hematologic parameters, and histology of lung injury was performed.

Results—LC/HS significantly worsens BM CFU-E growth suppression (158 vs. 35+2) and
increases CFU-E growth in injured tissue as compared to LC at 1 and 7 days (33%5 vs. 22+9). The
use of BB following LC/HS ameliorated BM suppression, the degree of anemia and HPC growth
in the injured lung at 1 and 7 days post-injury. Lung injury score shows that there was no
worsening of lung healing with BB (LC/HS/BB 3.2+2 vs. LC/HS 3.8+0.8).

Conclusion—In an injury and shock model, administration of propranolol immediately
following resuscitation significantly reduced BM suppression and the protective effect is
maintained at seven days with daily BB. While BB appears to improve BM function by decreasing
HPC mobilization to injured tissue, there was no worsening of lung healing. Therefore, the use of
propranolol following trauma and resuscitation may minimize long term BM suppression after
injury with no adverse impact on healing.

Introduction

Severe trauma and hemorrhagic shock (HS) initiate a stress response that activates the
sympathetic nervous system which leads to the release of catecholamines. A short, acute
stress response has many beneficial effects that improve performance, increase blood
pressure and heart rate, and enhance the immune response (1). However, when this stress is
prolonged there is chronic exposure of catecholamines which triggers many pathologic
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processes, including cardiovascular dysfunction, metabolic breakdown, an impaired immune
response and cancer progression (1). Trauma-induced hypercatecholaminemia has been
shown to negatively impact bone marrow (BM) function by suppressing BM hematopoietic
progenitor cell (HPC) growth and increasing HPC egress to injured tissue (2). The combined
effect of BM progenitor growth suppression and increased mobilization of HPCs from the
BM occurs in direct response to the degree and duration of physiologic stress which is
mediated by norepinephrine (3-5).Clinically, in severely injured trauma patients this BM
dysfunction manifests as a persistent anemia and altered wound healing has been observed
6, 7).

There is strong evidence of bidirectional communication between the sympathetic nervous
system, the BM and the immune system (8).The trafficking of HPCs to and from the BM is a
highly regulated process and the sympathetic nervous system, particularly norepinephrine, is
a crucial regulator of HPC mobilization (5, 9). Concurrently, the BM is the source of both
mature and immature cells, including HPCs, mesenchymal stem cells, B- and T-
lymphocytes, neutrophils and macrophages. These cells express alpha and beta adrenergic
receptors, with a predominance of beta receptors (10, 11). The sympathetic nervous system
has been shown to have a direct effect on these cells influencing their cytokine expression,
lymphocyte function, and cytotoxic activity (10). The exact mechanism involved in BM
HPC mobilization and its role in healing injured tissue has not been fully elucidated.

The regulation of the catecholamine response with BB has been shown to be beneficial in
humans after burns, trauma, non-cardiac surgery and traumatic brain injury as measured by
improved outcomes (12-15). Previous work, in the context of tissue injury-induced BM
dysfunction, has shown that non-selective BB with propranolol reduced suppression of BM
HPC growth, reduced HPC mobilization, and reduced HPC growth in injured tissue (16). In
addition, the beta-2 and beta-3 adrenergic receptors appear to mediate the effects of reduced
BM suppression and HPC mobilization (16). Similar BM protection, with preserved BM
cellularity and reduced BM HPC growth suppression, was shown with the use of
propranolol given immediately following HS alone (17). Therefore, the aim of this study is
to determine the effect of BB given in a more clinically relevant model of combined tissue
injury and HS and examine its effects on BM function and injured tissue at one day and
seven days post-injury.

Male Sprague-Dawley rats (Charles River, Wilmington, MA), weighing 250-350g were
housed under barrier sustained conditions and kept at 25°C with 12 hours light/dark cycles.
The rats had free access to water and chow (Teklad 22/5 Rodent Diet W-8640, Harlan
Teklad, Madison, WI). All rats were maintained in accordance with the recommendations of
the Guide for the Care and Use of Laboratory Animals. The New Jersey Medical School
Animal Care and Use Committee approved all animal protocols.

Experimental Design

To study the effects of beta-blockade following injury, animals were assigned to the
following experimental groups (N = 4-6 survivors/group): unmanipulated control (UC), lung
contusion alone (LC), lung contusion followed by hemorrhagic shock (LC/HS), and lung
contusion and hemorrhagic shock followed by BB (LC/HS/BB). Groups were sacrificed via
cardiac puncture at 24 hours and 7 days post injury. To induce BB, animals received the first
intraperitoneal dose of propranolol at 10 mg/kg (Sigma-Aldrich, St. Louis, MO) after
adequate resuscitation from shock (MAP > 80 mmHg) and once every 24 hours thereafter.
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No additional resuscitation was required in the animals that received BB. Intraperitoneal
injection was preferred because of ease of injection and reduced stress associated with
sedation and placement of a catheter for long term intravenous access.

Lung Contusion

Rats were weighed and anesthetized with intraperitoneal sodium pentobarbital (50 mg/kg).
Unilateral LC was performed by using a blast wave of a percussive nail gun (Craftsman
968514 Stapler, Sears Brands, Chicago, IL) applied to a 12-mm small metal plate placed on
the right axilla of the rat. This model has been shown to produce a clinically relevant LC by
histology as demonstrated by Badami et al. (2). Animals were allowed to recover from LC
and were sacrificed at 24 hours and seven days following injury. The right contused lung,
bilateral femurs and peripheral blood were harvested for progenitor cell clonogenic assays
and hematologic analysis.

Hemorrhagic Shock

Animals assigned to a combined LC/HS injury were weighed and anesthetized with
intraperitoneal sodium pentobarbital (50 mg/kg). First they underwent cannulation of the
femoral artery and the internal jugular vein using aseptic techniques. The femoral artery
catheter was used for invasive BP and HR monitoring (BP-2 Digital BP Monitor; Columbus
Instruments, Columbus, OH). Upon cannulation of the vessels the animals were allowed to
equilibrate for 10-15 minutes, the right lung was then contused as described. The animals
were then allowed to recover from the LC until their blood pressure and heart rates return to
base line (10-15 minutes). HS was then induced via blood withdrawal to a mean arterial
pressure of 30-40 mmHg for 45 minutes. The shocked animals were resuscitated by
reinfusion of shed blood. Throughout the experiment the animals' temperature was kept at
approximately 37°C by using an electric heating pad under the surgical platform. Animals
assigned to the LC/HS/BB group received their first dose of intraperitoneal propranolol
during resuscitation when the MAP reaches 80 mmHg and subsequent doses were given
once daily. At 24 hours and seven days post injury, the right contused lung, bilateral femurs,
and peripheral blood were harvested.

Hematopoietic Progenitor Cell Cultures

The BM was harvested from both femurs by removing the epiphysis and flushing each
femur with 5 mL of cold MEM-alpha medium (Sigma Chemical, St Louis, MO) to ensure
cell separation. The contused lung tissue was mechanically shredded using two 18-gauge
needles in 1 ml of cold MEM-alpha medium. Both lung and BM samples were centrifuged
at 1500 rpm (400g) for 15 minutes, the supernatant was discarded, and the pellet was
resuspended in 1ml of Dulbecco's MEM containing 10% fecal calf serum. Lung and BM
mononuclear cells were plated in duplicate (2 x 10°) in Iscoves media containing 30% fetal
calf serum, 2% bovine serum albumin, 1% methylcellulose, rat growth factor, penicillin/
streptomycin (GIBCO, Grand Island, NY), 2 x 104 mol/L 2-mercaptoethanol, and
glutamine (Cellgro, Mediatech, Herndon, VA). BFU-E and CFU-E cultures were
supplemented with 1.3 U/mL rhEpo and 6 U/mL rhIL-3 (Genetics Institute, Cambridge,
MA) and CFU-GEMM cultures were supplemented with 3 U/mL rhGM-CSF (Genetics
Institute, Cambridge, MA).Cultures were incubated at 37°C in 5% CO,. CFU-E colonies
were counted at day 7, CFU-GEMM at day 10, and BFU-E at day 15 by an observer blinded
to the origin of the samples.

Lung Injury Scores

Lung injury scores (LIS) were obtained in all animals at seven days post injury. Upon
euthanizing the animals, the contused lungs were immediately harvested and fixed in 10%
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buffered formalin. After fixation, the tissue samples were dehydrated and embedded in
paraffin blocks. 4um thickness sections were cut and stained by hematoxylin and eosin
(H&E). The slides were read under standard light microscope and the degree of injury
scored by a modified quantitative LIS that accounted for inflammatory cells, interstitial
edema, pulmonary edema and alveolar integrity (Table 1) (18). The LIS ranges between zero
to eleven. Slides were evaluated under the standard light microscope and 30 random fields in
each sample were graded in a blinded fashion.

Peripheral blood analysis

Peripheral white and red blood cell counts, hemoglobin and mean corpuscular volume
(MCV) were measured in all animals seven days following injury. Peripheral blood was
obtained by via cardiac puncture using a 10ml heparinized syringe. 300ul aliquots were then
sampled and analyzed within 10 minutes of collection using a veterinary Hematrue
hematology bench top analyzer (Heska Corporation, Loveland, CO). Samples were run in
duplicate.

Statistical Analysis

Results

All data are represented as meanzstandard deviation (SD). The data were subjected to
repeated measures one-way analysis of variance (ANOVA) followed by Tukey-Kramer's
multiple comparison post test using GraphPad Prism statistical package (version 4.0; Graph
Pad, San Diego, CA). A p value of < 0.05 was considered significant.

The Impact of BB on BM Hematopoietic Colony Formation

Lung injury alone (LC) results in approximately a 50% suppression of BM CFU-E growth at
24 hours when compared to UC (Figure 1A). LC alone has significantly similar growth
reduction for earlier HPCs, CFU-GEMM and BFU-E, one day following injury (GEMM
26+10* vs. 61+2 and BFU-E: 30+8* vs. 63+6; * P <0.05 vs. UC). The addition of HS to LC
resulted in further suppression of BM CFU-E growth to 78% that of UC at one day (Figure
1A). HPC growth suppression is seen in LC/HS with earlier progenitors as well (GEMM:
22+8* vs. 61+2 and BFU-E: 26+11* vs. 63+6; * P <0.05 vs. UC). The use of BB
immediately after resuscitation (LC/HS/BB) significantly increased BM CFU-E growth at 1
day and restored it to near control levels (Figure 1A). The addition of BB to LC/HS
similarly restored CFU-GEMM and BFU-E colony growth when compared to LC/HS one
day post-injury (GEMM: 50+7** vs. 2248 and BFU-E: 67£9** vs. 26+11; ** P <0.05 vs.
LC/HS).

Seven days following injury in LC alone, BM CFU-E growth is only 15% suppressed as
compared to UC (Figure 1B). Similarly, seven days post-LC, BM CFU-GEMM and BFU-E
growth is no longer suppressed as compared to UC (57+9 vs. 6142 and 62+14 vs. 6316). In
contrast, there was minimal improvement in BM HPC growth in the LC/HS group at seven
days with a persistent 50-70% reduction in colony growth when compared to UC (Figure
1B) (CFU-GEMM: 38+9* vs. 61+2 and BFU-E: 30+9* vs. 63+6; *P <0.05 vs. UC). The
restoration of BM CFU-E growth to control levels persists seven days after injury with the
continued use of BB daily (Figure 1B).

Analysis of Hematologic Parameters

The findings in the BM parallel that of peripheral blood hematologic parameters. Seven days
following LC, there were no significant changes in RBC or Hb as compared to control
animals (Table 2). Whereas, LC/HS results in a significant reduction of RBC and Hb levels
when compared to UC (RBC: 5.3£1* vs. 7.2+0.3 and Hb: 10.2+1.7* vs. 14.4+0.9; *P <0.05
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vs. UC). Table 2 shows that at seven days following injury the use of BB significantly
restored both RBC levels and Hb. In the LC/HS/BB group the Hb was greater than 13 g/dL
which is only slightly below their pre-injury level. All experimental groups had no
significant change in WBC and MCV as compared to controls.

The Impact of BB on HPC Growth in Injured Tissue

There is a seven-fifteen fold increase in HPC growth in injured tissue one day following LC
when compared to UC (CFU-GEMM: 12+4* vs, 2+1, BFU-E: 204+6* vs. 2+1, CFU-E:
22+9* vs, 2+0.7; *P <0.05 vs. UC). LC/HS had a significantly higher increase in CFU-E
growth in the injured lung at one day as compared to UC (Figure 2A). LC/HS also increased
earlier erythroid progenitor growth in injured tissue (GEMM: 25+7 and BFU-E: 28+4).

Seven days after LC alone, HPC growth in injured tissue remains elevated seven-nine fold
when compared to UC (CFU-GEMM: 11+6*, BFU-E: 19+11*, and CFU-E: 13+5*; *P
<0.05 vs. UC). In the LC/HS group, Figure 2B shows that CFU-E growth is persistently
elevated in the injured lung seven days post injury. Both CFU-GEMM and BFU-E are also
persistently elevated seven days after LC/HS (GEMM: 49+10 and BFU-E: 24+9).

Rats treated with BB following LC/HS show a lack of CFU-E growth and sequestration of
HPCs in injured tissue both one and seven days following injury (Figure 2A-B). Similarly,
BB following LC/HS reduces CFU-GEMM and BFU-E colony growth one and seven days
following injury (CFU-GEMM: 6£3 and 5+6, BFU-E: 4+2 and 4+2)

Histologic Assessment of Lung Injury

Due to reduced HPC growth in injured tissue with BB, it was important to determine
whether BB worsened healing of injured lung tissue. Seven days following LC there is near
complete healing of injured lung tissue with a measured LIS of 0.8+0.4. Figure 3 shows LC
histologically seven days following injury as and is compared to UC. The addition of shock
to LC (LC/HS) prevents lung healing at seven days with evidence of pulmonary edema,
alveolar disruption, and neutrophil infiltration and the LIS remains elevated at 3.8+0.8
(Figure 3). The use of BB did not worsen lung healing at seven days and there was little
histologic difference between LC/HS and LC/HS/BB (Figure 3). There was no statistically
significant difference in the LIS of LC/HS/BB as compared to LC/HS (3.2+2 vs. 3.8+0.8).

Discussion

Severe traumatic injury and shock lead to the development of an inflammatory response that
is associated with a sustained release of catecholamines (19). An excessive elevation of
urinary epinephrine and norepinephrine has been found for up to seven-ten days following
severe traumatic injury in humans (3). In the BM, both the degree and duration of
catecholamine elevation have been shown to impact BM HPC growth (3, 4, 9). The dose
dependent effects of norepinephrine on BM HPC growth have previously been shown both
in vitro and in vivo (4, 20). Schraml et al. (21) also found that the degree of BM suppression
directly correlates with the severity of adrenergic stress. They utilized adrenergic agonists in
increasing doses to affect HPC cell division and found that it decreases HPC colony growth
in a dose dependent manner (21). In the current study using different injury models as
surrogates of higher norepinephrine elevation, LC alone resulted in a 50% suppression of
BM HPC growth one day post-injury and by day seven the suppression was reduced to only
15%. This is consistent with previous studies showing that LC leads to 40% suppression of
BM HPC growth three hours after injury (2, 16, 22). In a more severe injury model, the
addition of HS to lung injury significantly worsened BM suppression and led to increased
HPC growth in injured tissue. There was a persistent 50-70% reduction in BM HPC growth
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seven days following injury as well as continued growth of HPCs in injured tissue. No
previous studies have shown the effect of a combined tissue injury with shock on BM HPC
growth. However, HS alone has been shown to result in 50-60% BM HPC growth reduction
three and twenty-four hours after shock (17, 23). Overall, these observations support the
concept of a norepinephrine mediated impact on BM function that is both dose and duration
dependent.

Previous work in a lung injury model revealed that selective beta-2 and beta-3 blockers and
nonselective BB propranolol given pre-injury decreased the catecholamine surge which
protected BM HPC growth and prevented HPC mobilization three hours after injury (16).
Similarly, in a HS alone model, the use of propranolol prior to HS or immediately following
resuscitation demonstrated BM protection (17). In our study using a combined lung injury
and hemorrhagic shock model, the use of propranolol immediately following resuscitation
with subsequent daily dosing resulted in increased BM HPC growth both at one and seven
days. This protection of BM was associated with a statistically significant increase in RBC
number and higher hemoglobin in peripheral blood seven days following injury. Our
findings in the peripheral blood are supported by the work of Zyuz'kov et al. (24) who also
demonstrated an increase in both RBC number and hemoglobin with the use of propranolol
in a murine model of hypoxia and acute blood loss. In a model of rodent footshock stress,
the total number RBCs were found to be decreased three days after stress and in the group
treated with propranolol subcutaneously the total number of RBCs increased significantly
(25). In the short study period of three days no difference in MCV, mean cell hemoglobin or
mean cell hemoglobin concentration were noted (25).

Shah et al. (22) has shown that the BM HPCs mobilize to peripheral blood, sequester in
injured tissue and are likely involved in tissue repair. In injured tissue, both LC and LC/HS
were shown to increase HPC growth 15-25 fold respectively. At seven days post-injury the
LC alone model demonstrated healing of the lung injury seen both histologically and
confirmed quantitatively with an LIS of 0.8+0.4. Whereas the addition of HS to LC delayed
lung healing as demonstrated by a higher LIS of 3.8+0.8 seven days after injury. Therefore
the mobilization of HPCs after injury appears to represent a range of physiologic response
that is based on the degree and timing of stress that leads to either normal wound healing,
delayed wound healing or fibrosis. Spiegel et al. (9) similarly demonstrated the influence of
adrenergic stimuli on HPC motility, proliferation and repopulation. Katayama et al. (5)
found that HPC mobilization following G-CSF injection was significantly reduced following
chemical sympathectomy with 6-hydroxydopamine thus demonstrating a direct link between
norepinephrine and HPC egress from the BM under normal conditions. Katayama's work is
similar to our findings in normal rats showing that both the absence of norepinephrine and
high levels of norepinephrine have an impact on BM function (4, 5).

In our previous work, we found that propranolol and selective beta-2 and beta-3 blockers
prevented the mobilization and sequestration of HPCs in injured tissue following LC (16).
Therefore, there is a concern that the lack of HPC mobilization from the BM would lead to
impaired tissue healing. Rather, we found that while propranolol given following LC/HS did
decrease HPC growth in injured tissue, this did not adversely impact wound healing both
qualitatively by histology and quantitatively by an LIS score of 3.2+2. In models of
cutaneous wound healing, the role of BB has been controversial (26-28). However in stress
models of wound healing, both rodent and human, have shown that BB actually improved
epithelialization and wound healing (29, 30).

The anemia seen after trauma is multifactorial, due to acute and ongoing blood loss,
decreased RBC survival, nutritional deficiencies, inhibition of proliferation and
differentiation of erythroid progenitor cells and loss of HPCs to peripheral blood and sites of
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injury (6). Various circulating mediators, including erythropoietin, catecholamines, and
cytokines, impact the proliferation and differentiation of erythroid progenitor cells (31-32).
Both TNF-alpha and IFN-gamma have been shown to inhibit growth and differentiation of
erythroid precursors by inhibiting erythropoietin mediated signaling pathways (33). The BM
is a complex milieu of multiple cells types, both hematopoeitic and stromal, and regulatory
mediators which are all impacted by the duration and severity of traumatic injury making its
study and therapeutic options challenging. While a restrictive transfusion practice is more
common in the intensive care unit (ICU), many severely injured patients still receive
transfusion during a prolonged ICU length of stay. Therefore, strategies to minimize blood
loss and increase RBC production and hemoglobin remain important. BB may potentially be
the first therapeutic agent to prevent the suppression of BM erythroid progenitor cells and
limit the egress of HPCs which can lead to increased RBC numbers and higher hemoglobin
levels.

In summary, following severe injury and shock there are surges in catecholamines that
disrupt the BM milieu leading to increased HPC mobilization to injured tissue, suppression
of BM HPC growth and a prolonged anemia. The use of propranolol acts to abrogate the
detrimental effects of a hypercatecholamine state and by reducing HPC mobilization to
injured tissue more HPCs are retained in the BM allowing for both restored BM HPC
growth and ultimately higher RBC and Hb levels with no adverse effect on tissue healing.
Consequently, the use of propranolol after severe trauma may reduce the prolonged anemia
seen, thus potentially avoiding the long term need for blood transfusions.
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Figures 1A and 1B.

BM CFU-E colony growth one day (A) and seven days (B) following injury. (N = 4-6/
group) UC=unmanipulated control; LC=lung contusion; LC/HS=lung contusion followed by
hemorrhagic shock; LC/HS/BB=LC/HS followed by beta blockade after resuscitation * P
<0.05 vs. UC; **P <0.05 vs. LC/HS
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Figure 2A and 2B.

Lung CFU-E colony growth one day (A) and seven days (B) following injury. (N = 4-6/
group) UC=unmanipulated control; LC=lung contusion; LC/HS=lung contusion followed by
hemorrhagic shock; LC/HS/BB=LC/HS followed by beta blockade after resuscitation * P
<0.05 vs. UC; **P <0.05 vs. LC/HS
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Figure 3.

Histology of the contused lung tissue seven days post injury as compared to uninjured lung
(Panel A: UC). Panel B (LC) shows near complete healing of the contused lung. The
addition of HS to LC delayed healing at seven days (Panel C) and the use of BB did not
worsen LIS (Panel D). (N = 4-6/group) LIS=lung injury score UC=unmanipulated control;
LC=lung contusion; LC/HS=lung contusion followed by hemorrhagic shock; LC/HS/
BB=LC/HS followed by beta blockade after resuscitation
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Histologic grading for lung injury scores (LIS). HPF=high power field.

Degree of injury Points
Inflammatory cells/HPF <5 0
6-10 1
11-15 2
16-20 3
>20 4
Interstitial edema None 0
Minimal 1
Moderate 2
Severe 3
Pulmonary edema <5% 0
5-25% 1
>25% 2
Alveolar Integrity Normal 0
Abnormal moderate 1
Abnormal severe 2
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Table 2

Peripheral blood hematologic parameters seven days after injury. (N = 4-6/group) UC=unmanipulated control;
LC=lung contusion; LC/HS=lung contusion followed by hemorrhagic shock; LC/HS/BB=LC/HS followed by
beta blockade after resuscitation WBC=white blood cell; RBC=red blood cell; Hb=hemoglobin; MCV=mean
corpuscular volume *P <0.05 vs. UC; **P <0.05 vs. LC/HS

uc LC LC/HS LC/HS/BB

WBC (10%/pl) | 7.32 62 5.2+1 7.8%2

RBC (10% pl) | 7.2+0.3 6.9+0.5 5.3+0.9* 6.7+0.5**

Hb (g/dL) 144409 | 13.6+0.5 | 10.2+1.7* | 13.4+0.8**

MCV (fl) 59+2 57+2 56+1 58+2
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