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ABSTRACT—Enhancing survival to hemorrhage of both civilian and military patients is a major emphasis for trauma
research. Previous observations in humans and outbred rats show differential survival to similar levels of hemorrhage. In
an initial attempt to determine potential genetic components of such differential outcomes, survival time after a controlled
hemorrhage was measured in 15 inbred strains of rats. Anesthetized rats were catheterized, and approximately 24 h later,
55% of the calculated blood volume was removed during a 26-min period from conscious unrestrained animals. Rats were
observed for a maximum of 6 h. Survival time was 7.7-fold longer in the longest-lived strain (Brown Norway/Medical
College of Wisconsin; 306 + 36 min; mean + SEM) than in the shortest-lived strain (DA; 40 + 5 min; P < 0.01). Mean
survival times for the remaining inbred strains ranged from 273 + 44 to 49 + 4 min (Dahl-Salt Sensitive > Brown Norway >
Munich Wistar Fromter > Dahl-Salt Resistant > Copenhagen > Noble > Spontaneous-hypertensive > Lewis > BDIX > Fawn
Hooded Hypertensive > FISCHER 344 > Black agouti > PVG). The variance in the hazard of death attributable to different
strains was estimated to be 1.22 log-hazard units, corresponding to a heritability of approximately 48%. Graded and
divergent survival times to hemorrhage in inbred rat strains are remarkable and suggest multiple genetic components for
this characteristic. However, this interpretation of differential responses to hemorrhage may be confounded by potential
strain-associated differences related to the surgical preparation. Identification of inbred strains divergent in survival time to
hemorrhage provides the opportunity for future use of these strains to identify genes associated with this complex

response.
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INTRODUCTION

Historically (1) and currently (2, 3), approximately 50% of
battlefield deaths occur due to hemorrhage. In the civilian
sector, hemorrhage is the second leading cause of traumatic
death (4-6). Additionally, unintentional injury (57% of which
involve trauma) is the primary cause of death for all
individuals younger than 45 years (7).

Physiological differences between patients who eventually
die and those who survive have been documented after high-
risk surgery or trauma involving significant hemorrhage
(8-10). Similarly, in studies with outbred rats, comparisons
between survivors and nonsurvivors to the same degree of
controlled hemorrhage have described characteristics that
differentiate the two groups (11). After acute hemorrhage,
multiple body systems are activated in attempts to maintain
homeostasis, especially to maintain perfusion of the brain and
heart (12). Various physiological (11, 13), immunological (14,
15), and hormonal (12, 16) measures reflect this activation
and provide clues to mechanisms associated with enhanced
differential survival to hemorrhage. However, such measures
are often taken at different time points after hemorrhage or in
different tissues, thereby making clear conclusions as to their
relevance in determining outcome difficult.
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The complexity of the response to hemorrhage, and the
multitude of factors potentially regulating this response, suggests
that survival time after hemorrhage is a complex trait with many
interacting genetic and environmental determinants. One might
further speculate that survival time after hemorrhage represents
a quantitative trait, that is, a complex trait that demonstrates
continuous variation (17). This possibility further suggests an
alternative genetic approach to discovering mechanisms that
distinguish survivors from nonsurvivors. If survival time to
hemorrhage is indeed regulated by genes, then identification of
these genes should provide not only an understanding of variant
response mechanisms but also the means to identify approaches
to intervene in the pathophysiology of hypovolemia and
improve survival in hemorrhage victims.

As an initial attempt to identify genes associated with
survival time after hemorrhage, we tested the hypothesis that
survival time after controlled hemorrhage is a heritable
quantitative trait by measuring this phenotype in multiple
strains of inbred rats.

MATERIALS AND METHODS

Animals

All rats were maintained in a facility accredited by the Association for the
Assessment and Accreditation of Laboratory Animal Care, International. This
study was approved by the Institutional Animal Care and Use Committee of the US
Army Institute of Surgical Research, Fort Sam Houston, San Antonio, Tex.
Animals received humane care in accordance with the Guide for the Care and Use
of Laboratory Animals (National Institutes of Health publication 86-23, revised
1996).

Charles River Laboratories (Wilmington, Mass) supplied the following inbred
rat strains: BDIX (body weight at surgery, 331 £ 9 g, mean £ SEM), Brown Norway
(BN; 259 + 6 g), Brown Norway Medical College of Wisconsin (BN/Mcwi;
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276 + 4 grams), Dahl Salt-Sensitive (S; 341 + 16 g), Fawn Hooded
Hypertensive (FHH; 361 + 7 g), Noble (317 + 10 g), and Outbred Sprague-
Dawley (Outbred; 448 + 8 g). Harlan (Indianapolis, Ind) supplied the
following inbred rat strains: Black agouti (ACL 230 + 4 g), Copenhagen
2331 (COP; 250 + 3 g), DA/OlaHsd (DA; 258 + 6 g), FISCHER 344 (F344;
283 £ 8 g), Lewis (Lew; 302 + 6 g), Munich Wistar Fromter (MWF; 276 +
5 g), PVG/OlaHsd (PVG; 261 + 4 g), Spontaneously Hypertensive (SHR; 323
+ 4 g), and Dahl Salt-Resistant (R; 316 + 8 g). All rats were males that were
shipped at approximately 10 weeks of age and were held for an 18- to 24-
day acclimation period before experimentation. Rats were maintained
individually in plastic cages (27.3 x 489 x 27.3 cm) at 19°C to 23°C,
with lights on from 0600 to 1800 h, and food (Harlan Global Teklad 2018;
Madison, Wis) and water constantly available. Relative humidity averaged
55% to 65% during each 24-h period. Rats were randomly assigned to day of
surgery, order of surgery on each day, and order of hemorrhage on each day.

Surgical procedures

All surgical procedures were conducted under aseptic conditions. Before
surgery, body weight and weight of food and water provided to the rat for the
next 24 h were recorded. Rats were anesthetized with 2% to 5% isoflurane (Forane;
Baxter Healthcare Corporation, Deerfield, IlI) in 100% oxygen. A catheter
consisting of polyethylene (PE)50 tubing with a PE10 tip (Clay Adams, Parsipany,
NJ) was inserted into the left common carotid artery and exteriorized in the dorsal
neck region. The catheter was pretreated with tridodecylmethylammonium
chloride-heparin (Polysciences, Inc., Warrington, Pa) before placement. A small
blood sample was obtained after surgery using a heparinized capillary tube (Clear
Crit; Separation Technologies, Altamonte Springs, Fla) and processed for
hematocrit measures using a HemataSTAT (Separation Technologies). The
catheter was then filled with 100 uL of sterile glycerol that did not contain an
anticoagulant and sealed with a sterile stainless steel wire plug (I cm x 0.635
mm). Rats were injected with buprenorphine (2.5 ng/100 g body weight, s.c.) and
with 10 mL of 0.9% saline (s.c.) to provide analgesia and hydration during
recovery.

Hemorrhage procedures

Approximately 24 h later, the rats and the remaining food and water were
weighed. Rats were restrained briefly using a plastic DecapiCone (Braintree
Scientific, Braintree, Mass) to attach a tubing extension to the PE50 tubing
protruding from the dorsal neck. The rat was released into a transparent standard
rat cage that allowed for easy observation of the rat throughout the hemorrhage and
6-h observation period. The extension tubing was then connected to a transducer
(Deltrand IV; Utah Medical Products, Midvale, Utah) that in turn was connected to
a Differential DC Amplifier and Signal Conditioner (Ectron Corp., San Diego,
Calif). Blood pressure was measured and recorded at 5-s intervals in the freely
moving rat. Baseline measures were recorded for 5 min before the transducer was
disconnected, and the rat was subjected to hemorrhage through the same catheter.
The rat’s blood volume was calculated using the stable body weight just before
surgery and the figure of 5.83 mL/100 g of body weight, which was an average
blood volume derived from previous investigations (18-21). Fifty-five percent of
the blood volume was withdrawn according to the following schedule: 25% of the
blood volume to be removed was withdrawn at a constant rate during the first 4
min, whereas the remaining 75% of the blood volume to be removed was
withdrawn at a constant rate during the next 22 min. Blood was removed manually
using 1-mL syringes and close adherence to a timer such that rates of blood
withdrawal among rats were as constant as possible. The second 0.5-mL blood
sample and the penultimate 0.5-mL blood sample removed during hemorrhage
were analyzed for hematocrit using the ABX Pentra 120 (ABX Diagnostics, Irvin,
Calif). After hemorrhage, 1 mL of sterile saline (37°C) without anticoagulant was
used to flush the catheter and extension. When rats displayed agonal breathing,
cessation of breathing, or reached 6 h postinitiation of hemorrhage, they were
euthanized with an intravascular injection of sodium pentobarbital (15 mg/100 g
body weight). To avoid potential influences of endogenous circadian rhythms, all
rats were hemorrhaged between 0700 and 1200 h. Air temperature in the vicinity of
the rat was maintained at approximately 25°C throughout the hemorrhage and
subsequent observational period using a lamp.

Statistics

Data were analyzed using the Statistical Analysis System package (SAS, Cary,
NC) and S-Plus (Insightful, Seattle, Wash). Surgical and bleeding-associated
measures were analyzed using a single-way ANOVA (PROC ANOVA). Differ-
ences among individual means were examined using the a posteriori Student-
Newman-Keuls test. Correlation analyses were conducted using PROC CORR of
the SAS system. When appropriate, hematocrit data were analyzed using a
repeated-measures procedure associated with the PROC MIXED program of SAS.
Multiple mean comparisons using ¢ tests were adjusted via control of the false
discovery rate (22). All data were tested for homogeneity of variance (Levene’s test)
and normality of distribution (PROC Univariate Normal with associated Kolmogorov-
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Smirnov test). Data were transformed where necessary to meet assumptions of
ANOVA. Many rat strains had rats that survived the complete 6 h and were
euthanized. The true survival time of these rats is unknown, and such data are said
to be “censored.” Hence, these survival data with censored observations were
analyzed using either PROC LIFETEST or PROC PHREG, with potential covariates
detailed previously. PROC LIFETEST with associated Kaplan-Meier procedure for
estimating survivor functions and log-rank test for determining differences among
survivor functions were used to compare all inbred rat strains without covariates.
PROC PHREG, which incorporates Cox regression and its associated proportional
hazards model (23), was used with covariates. All covariates considered were
initially included in the overall model, but then, through an iterative process,
covariates that were found not to be significant were dropped from the model.
Similarly, interactions between each significant covariate and rat strains were
tested and retained in the final model if found to be significant. Validity of the
proportional hazard assumption was examined by testing the interaction of the
covariates with time (23). Probabilities of survival curve comparisons were
adjusted for multiple comparisons via controlling the false discovery rate (22).
Differences in percent survival were determined using PROC FREQ and associated
chi-square test. Heritability of survival times was assessed by estimating a per-
strain random effect (24). A second measure of heritability was obtained through
the estimate of a pseudo-R-squared value from the partial likelihoods correspond-
ing to the Cox proportional hazards regression model (25). Most data are presented
as arithmetic mean + SEM. However, because 9 of the 15 rat strains studied had
censored data, survival times and associated SEM are underestimates due to the
censored data (23).

RESULTS

Mean survival times varied over an approximately 8-fold
range among strains (Fig. 1). DA rats had the shortest survival
time (34 + 10 min), whereas BN/Mcwi had the longest
survival time (306 + 36 min). Percent survival varied from O
to 82 (P < 0.001; Fig. 1). Kaplan-Meier survival graphs of
representative strains are presented that indicate the divergent
responses throughout the 6-h observational period (Fig. 2).
Use of the Cox proportional hazard model readily disclosed
multiple differences among strains (Table 1).

Duration of surgery (52.3 + 0.8 min; mean + SEM for rats
of all strains; P = 0.3), time interval between surgery and
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Fic. 1. Survival time in inbred rat strains to a controlled hemorrhage
(565% of body weight). Values within bars indicate the number of rats that
lived / total number of rats for that strain. Bars represent the mean + SEM.
The vertical dashed line represents 360 min, the maximum observation
period, at which rats were euthanized if still alive (censored data). Overall
result of strain comparisons by PROC LIFETEST and associated log-rank
test is presented.
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Fic. 2. Kaplan-Meier survival curves for three representative inbred
rat strains. Rat strains are BN/Mcwi (n = 11), FHH (n = 10), and DA (n = 9).

hemorrhage (23.97 £ 0.18 h; P = 0.89), time period of restraint
before hemorrhage (5.0 + 0.2 min; P = 0.73), and measured
percent hemorrhage volume based on the body weight at
surgery (54.9% + 0.1%; P = 0.41) did not differ among
strains. These variables represented potential nongenetic
factors that can influence survival time to the controlled
hemorrhage. Indeed, when used as covariates, some were
significant confounders in various strain comparisons using
the Cox proportional hazard model and enhanced the accuracy
of comparisons (Table 1).

Additional variables (Table 2) that can potentially influence
survival to the hemorrhage showed strain-dependent differ-
ences (P < 0.0001). The percent of blood volume removed
(calculated using the weight present just before hemorrhage;
PVH) was greater than that calculated based on the body
weight at surgery for each strain (57.1 + 0.1 vs. 54.9 = 0.1;
PVH vs. percent of blood volume at surgery for all rats; P <
0.001) but did not differ among strains (Table 2). Hematocrit
differed among rat strains on the day of surgery (P < 0.001;
data not shown) and in blood samples taken at the beginning
and end of the hemorrhage (Table 2). The changes in
hematocrit during the bleed were not different among strains
(P = 0.8; Table 2).

The variability in the log-hazard of death attributable to the
several strains was estimated to be 1.22 units. This corre-
sponded to a per-strain risk of death that commonly varied by
3-fold or more. This degree of per-strain variability corre-
sponded to an estimate of heritability among all rat strains that
was equal to 47.6%.

DISCUSSION

The current study is the first to demonstrate large differ-
ences in survival time to controlled hemorrhage among inbred
rat strains. The continuous variation measured strongly
supports the hypothesis that survival time to hemorrhage is a
quantitative trait regulated by multiple genes. Furthermore,
heritability estimates demonstrated that 48% of the variation
in this complex phenotypic trait was attributable to additive
genetic components specific to the different rat strains.

With an objective of identifying genes essential for
enhanced survival to hemorrhage, the choice of animal
models was critical for this initial work. Rats were chosen
because they provided (1) a large number of inbred rat strains;
(2) an animal that can be reproducibly catheterized and bled
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24 h later; (3) a sufficient volume of blood in which multiple
varied measures can be made; (4) a vast database of relevant
physiological data, especially cardiovascular information (17,
26, 27); and (5) a rapidly accruing genetic database (28, 29).
Furthermore, it was important to use an animal model that
was not influenced by the potentially confounding effects of
anesthetics and analgesics because such factors can affect
responses to hemorrhage in a strain-dependent manner (30,
31) and thereby hinder our ability to identify genes primarily
associated with the hemorrhage response itself. Because we
chose to allow a 24-h period after surgery for recovery from
isoflurane (anesthetic) and buprenorphine (analgesic) (32-34),
alterations in food and water consumption and body weight
during this period became an integral part of the hemorrhage
model. Our data indicate that, indeed, the weight loss after
surgery differed among rat strains. Consequently, the calcu-
lated percent of blood volume removed—if one uses the
altered body weight present at hemorrhage—increased from the
planned 55%. Even so, the percent of total blood volume
removed using this calculation did not differ among rat strains.
Our decision to use the stable body weight present before
surgery in calculating hemorrhage volume was based on the fact
that it represented a normal body composition unaltered in an
unknown manner by the stressor of surgery; therefore, this
decision seems justified due to the similarity of results obtained
with the two methods of calculation. However, it must be
remembered that the blood volume removed for each strain was
calculated based on an average blood volume as a percentage of
body weight obtained from outbred rats (18-21). The possi-
bility exists that blood volume might vary in a strain-depend-
ent manner. If this possibility is indeed true, then this would be
construed as one of the genetic variables affecting survival
time to hemorrhage. This hypothesis awaits further exploration
and, if true, must be taken into account in future work.

TasLe 1. Comparisons of survival time to controlled hemorrhage
for selected inbred rat strains

Comparison Adjusted P
All rat strains 0.0005
BN/Mcwi vs. BN 0.71
BN/Mcwi vs. MWF 0.07
BN/Mcwi vs. Noble 0.01
BN/Mcwi vs. SHR 0.009
BN/Mcwi vs. LEW 0.008
BN/Mcwi vs. FHH 0.005
BN/Mcwi vs. DA 0.003
S vs. FHH 0.006
DA vs. FHH 0.08
MWEF vs. SHR 0.33
LEW vs. DA 0.006

Comparisons were calculated via Cox regression and associated
proportional hazards model (PROC PHREG). For individual strain
comparisons, significance levels are those after controlling for any
significant covariates (duration of surgery, time between surgery and
hemorrhage, period for which the rat was restrained before hemorrhage,
and blood volume removed as a percentage of the rats’ body weight).
Probability levels have been adjusted for multiple comparisons (22).
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TasLE 2. Independent, strain-related variables potentially related to survival time to hemorrhage

Weight loss

between surgery Percent of blood

Water consumed Food consumed and bleed as

volume removed

(g) postsurgery (g) postsurgery  percent BW  based on BW at
Strain n per100 g BW per 100 g BW at surgery hemorrhage Initial HCT* Final HCT* Change HCT Initial MAP
BN/Mcwi 11 4.7 + 0.53bcd 5.3 + 0.22P 1.5+ 0.6% 56.8+0.4 37.1+06% 283+0.9% 86+13 116+2°
S 8 3.3+0.7°¢ 5.2 + 0.42° 3.6 + 0.82P° 56.5+0.6 39.3+05%%° 282+1.32 11.0+2.1 123 +4P°
Outbred 11 4.9 + 0.53Pcd 5.5+ 0.32° 3.3 + 0.62P° 56.8+0.2  40.9 +0.9%>%4 298+ 1.8>°%¢ {111+19 115+3°
BN 10 6.0+ 1.0%P° 5.5+ 0.8%° 3.6+ 0.7%P° 56.5+0.6 41.8+1.3*°° 309+1.1°>°% 107+1.0 120+ 3°°
MWF 10 4.5+ 0.53Pcd 5.4 +0.3%° 5.1 + 0.82P° 575+04  37.7+18%" 267+22° 11.3+3.6 138+ 3°°
R 10 7.6+ 0.9%P 7.8+ 052 2.2+ 0.72° 56.0 + 0.4 425+ 0.9%°° 302+ 12°°% 118+08 124 +2°°
COP 10 4.7 +0.8%Pcd 5.1+ 0.4%° 3.9+ 1.0%0° 57104 369+17% 297+1.1%%% 89+10 121 +3°°
Noble 10 8.5+ 1.13P 5.8+ 0.7%° 2.7 +1.020° 56.7+0.6 44.0+ 1.0 35.8 + 1.32 87+0.9 136+6°°
SHR 10 5.9+ 0.72b¢ 5.3+ 0.5%° 4.5+ 0.8%0° 574+07 433+04%° 336062 97+06 173+6°
LEW 9 25+0.6° 43+0.7° 5.0 £ 0.72P° 572+11  40.0+26°%% 316+ 154 73+32 95+ 9¢
BDIX 10 3.4+ 0.4%°d 45+0.3° 3.1 + 0.62P° 56.9+03 432+08* 314+24°°9 {16+17 117+2°
FHH 10 6.0+ 1.0%P° 45 +0.4° 6.4 + 0.5° 58.0+05 39.4+07%% 31.1+1.5°%d 83+17 137 +5°°
F344 10 2.9+ 0.4°% 4.4 +0.4° 5.7 + 0.9°°¢ 57.8+0.4  42.0+2.1%°¢ 330+ 0.72P¢ 9.0+23 128 +3°°
ACI 9 36+0.8% 45+ 0.5° 3.1 + 0.92P° 56.9 = 0.5 351 +2.1f 30.6 +1.1P%%¢  45+25 116 +5°
PVG 10 6.2 + 0.920¢ 5.5+ 0.3%° 5.9 + 1.0°° 58.3+05 41.7+1.0*°° 328+ 1.0%P¢ 89+1.6 126+ 3°°
DA 9 9.8+1.8 2.7 +0.4° 4.7 +1.0%0° 57.3+0.2 39.0+1.3%9° 284+12%% 105+1.0 144+4°
P from ANOVA <0.0001 <0.0001 <0.0001 0.15 <0.0001 <0.0001 0.80 <0.0001

*The second 0.5-mL blood sample and the penultimate 0.5-mL blood sample removed during hemorrhage were analyzed for HCT using the ABX
Pentra 120. Rat strains are arranged according to mean survival time (longest to shortest) after a 55% controlled hemorrhage.

Overall results of strain comparisons by analysis of variance (ANOVA) for the various factors are presented. Data represent the arithmetic mean +
SEM. Means that do not share a superscript (a, b, c, d, e, f) are significantly different (P < 0.05).

BW indicates body weight; HCT, hematocrit.

A related concern is potential strain-dependent differences
in nutrition and hydration due to altered food and water intake
subsequent to surgery (35). Because of this concern, a 10-mL
injection of saline was provided immediately after surgery in
an attempt to ensure appropriate hydration. One homeostatic
response to hemorrhage involves the movement of interstitial
fluid into the intravascular space (36). Historically, hematocrit
has been used as a measure of the restoration of plasma volume
after hemorrhage (37). Hematocrit values after hemorrhage
may be influenced by nutritional and hydration status because
rats with reduced food and water intake demonstrate smaller
reductions of hematocrit than control rats, suggesting a
decreased ability to translocate fluid into the intravascular
space (38). In our current work, although baseline and final
values for hematocrit differed among strains, there were no
differences in the changes in hematocrit occurring during
hemorrhage. These data would therefore suggest that attempts
at restitution of blood volume in the different rat strains were
not compromised by differences in food and water intake after
surgery, at least during the period of hemorrhage.

Waiting for 24 h after surgery to initiate hemorrhage was
considered a sufficient delay to obviate any confounding
influences of isoflurane and buprenorphine on the responses
to hemorrhage (32, 33, 39, 40). However, a third confounding
factor is the recently demonstrated ability of isoflurane to
reduce adverse effects of cardiac ischemia up to 72 h after
exposure to 2 h of isoflurane (41, 42). Although isoflurane

exposure in the current study was less than 1 h, the potential
exists that isoflurane exposure during the surgery can
influence the overall response to whole-body ischemia in a
strain-dependent manner.

Although our study provides the first evidence for a
contribution of genetic components to physiological responses
to the total body ischemia of hemorrhage, previous studies
have indicated differences among inbred strains in challenges
relevant to traumatic injury. For example, inbred rat strains
differ in their survival to burn injury (43), whereas inbred
mouse strains differ in their survival to burn, mechanical, or
radiation injury (44). Interestingly, the variability in the
ability to survive burn injury studies (BN > LEW > ACI =
F344) (43) seems to be similar to the variability in the ability
to survive controlled hemorrhage (this study) in the rat strains
common to both. Very recent data suggest that there are also
genetic predispositions in human patients that are associated
with early mortality following trauma (45).

Use of inbred strains has become a relatively common
procedure for identifying and dissecting complex genetic
traits (17, 27, 46, 47). Inbred strains are those that have been
brother-sister mated for at least 20 generations and which are
predicted to be 98.6% homozygous (48). Genetic variability
among inbred rats of the same strain is very low but
measurable (49); hence, phenotypic variability among rats of
the same inbred strain is attributed primarily to environmental
factors, whereas between-strain variability represents genetic
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contributions (46). Although phenotypic differences among
inbred strains are by themselves an indication that the
observed character is under genetic control (30), the herit-
ability calculations provide an additional quantification of this
observation, suggesting that 48% of the differences in strain-
specific survival times may be directly attributable to additive
genetic effects (24). However, it should be remembered that
an inherent challenge in this type of genetic dissection is that
a gene’s additive effect is dependent on the genetic back-
ground in which it is contained (50, 51).

The current study allows for selecting strains that can be
applied for further mapping studies to arrive at the causal
variants that dictate the phenotype of survival after hemor-
rhage. Such variants may exist as single nucleotide poly-
morphism (SNPs) or groups of SNPs in haplotypes.
Identification of these causal SNPs or haplotypes that exist
as variants between the two strains chosen for mapping
studies is facilitated only through the process of linkage and/
or mapping studies that can be further expedited with SNP
analysis of the recombinant rats if and when a dense
collection of rat SNP data becomes available. To expedite
the identification of the specific underlying causative SNPs
and/or other sequence variations such as deletions or
insertions, it is possible to make use of consomic rat strains
wherein single chromosomes are transferred from one inbred
rat strain to another (27). Because such consomic rat strains
are present for BN/Mcwi and FHH, use of these consomic rat
strains will be made in subsequent studies.

The inbred strains chosen for our study reflect a mixture of
considerations, including (1) known physiological character-
istics, (2) historical use in hemorrhage and/or ischemia-related
research, and (3) usefulness for future research models. For
example, BN and S rats were tested because in vitro heart
preparations from these strains have demonstrated relative
resistance (BN) or sensitivity (S) to myocardial ischemia (52).
Brown Norway, S, and FHH rats were also tested because
they have been used as founder strains in the generation of
multiple consomic rat breeds (27) that can be readily used in
future searches for quantitative trait loci and genes associated
with this survival time. DA, PVG, R, F344, ACI, LEW, and
COP were previously tested for their aerobic running capacity
(53). These strains were assessed in the current study because
this capacity is in part a function of cardiovascular fitness,
which can also be important to surviving hemorrhage. Finally,
ACI (54, 55), LEW (56-58), PVG (56, 59), and SHR (60, 61)
rats have been routinely used in various ischemia-related
studies. Choice of strains was therefore made in consideration
of the known body of literature that can help assist
interpretation of data collected in future studies. The choice
of strains tested in the current study was much less important
than the demonstration that significant differences exist
among these strains.

What are the physiological mechanisms that account for
such differences in survival time to hemorrhage? The
response to hemorrhage includes at least two major mecha-
nisms: (1) reflex compensations by the cardiovascular system
to maintain vital organ perfusion and (2) tissue responses to
ischemia (11). We speculate that strains that are more sensitive
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to hemorrhage do not have an adequate initial cardiovascular
response, whereas strains that survive have both an appropriate
cardiovascular response and tissues that are more resistant to
ischemia. For cardiovascular compensation, Barbato et al. (53)
have demonstrated 1.8-fold differences in cardiac performance
in isolated hearts from a variety of rat strains; however, those
strains demonstrating the highest levels of cardiac perform-
ance (DA and PVG) were found to be the least resistant to
hemorrhage in our study. These investigators later found that
DA rats had higher levels of resting sympathetic tone than
COP rats (62), suggesting that a diminished cardiovascular
compensatory reserve may contribute to the susceptibility of
DA rats to meet the hypovolemic challenge of hemorrhage.
Inbred rat strains also differ in their susceptibility to cardiac
(52), renal (56), and cerebral (63) ischemia; however, the rapid
death of many strains argues against tissue ischemia being the
primary mechanism. Although these data are suggestive of
differences in the cardiovascular and tissue responses to hem-
orrhage, determination of the varying genetically determined
mechanisms by which inbred rat strains respond to this chal-
lenge requires further investigation.

Taken together, data presented herein provide strong
evidence that the ability to survive hemorrhage is a heritable
quantitative trait. Given our current understanding of cellular,
tissue, organ, and organism level regulation of compensatory
mechanisms, it is likely that this trait is under the influence of a
large number of genes. The significance of the current study is
that it provides information directing us to an alternative,
complementary course of investigation for answering our
previously posed question concerning physiological mecha-
nisms that account for differences in survival time to
hemorrhage. When one makes an observation of physiological
differences, one must at once ask regarding their cause. A
course directed at identifying underlying genetic differences
will address this question and provide tools to enhance and/or
screen for genetic factors beneficial for survival to hemorrhage.

ACKNOWLEDGMENTS

The authors thank SGT Jason Bliss, Nahir Miranda, and JinglJing Wang for
technical assistance, and Dr. Bijan Kheirabadi for reviewing this article.

REFERENCES

. Bellamy RF: The causes of death in conventional land warfare: implications
for combat casualty care research. Mil Med 149:55-62, 1984.

2. Champion HR, Bellamy RF, Roberts CP, Leppaniemi A: A profile of combat
injury. J Trauma 54:513-S19, 2003.

3. Holcomb JB: The 2004 Fitts Lecture: current perspective on combat casualty
care. J Trauma 59:990-1002, 2005.

4. Shackford SR, Mackersie RC, Holbrook TL, Davis JW, Hollingsworth-
Fridlund P, Hoyt DB, Wolf PL: The epidemiology of traumatic death. A
population-based analysis. Arch Surg 128:571-575, 1993.

5. Sauaia A, Moore FA, Moore EE, Moser KS, Brennan R, Read RA, Pons PT:
Epidemiology of trauma deaths: a reassessment. J Trauma 38:185-193, 1995.

6. Acosta JA, Yang JC, Winchell RJ, Simons RK, Fortlage DA, Hollingsworth-
Fridlund P, Hoyt DB: Lethal injuries and time to death in a level I trauma
center. J Am Coll Surg 186:528-533, 1998.

7. Minino AM, Anderson RN, Fingerhut LA, Boudreault MA, Warner M:
Deaths: injuries, 2002. Natl Vital Stat Rep 54:1-124, 2006.

8. Shoemaker WC, Montgomery ES, Kaplan E, Elwyn DH: Physiologic patterns

in surviving and nonsurviving shock patients. Use of sequential cardiorespiratory

variables in defining criteria for therapeutic goals and early warning of death.

Arch Surg 106:630-636, 1973.

Copyright © 2008 by the Shock Society. Unauthorized reproduction of this article is prohibited.



SHOCK June 2008

9.

10.

11.

13.

14.

15.

16.

17.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Bishop MH, Shoemaker WC, Appel PL, Wo CJ, Zwick C, Kram HB, Meade
P, Kennedy F, Fleming AW: Relationship between supranormal circulatory
values, time delays, and outcome in severely traumatized patients. Crit Care
Med 21:56-63, 1993.

Shoemaker WC, Wo CC, Lu K, Chien LC, Bayard DS, Belzberg H,
Demetriades D, Jelliffe RW: Outcome prediction by a mathematical model
based on noninvasive hemodynamic monitoring. J Trauma 60:82-90, 2006.
Torres LN, Torres Filho IP, Barbee RW, Tiba MH, Ward KR, Pittman RN:
Systemic responses to prolonged hemorrhagic hypotension. Am J Physiol
Heart Circ Physiol 286:H1811-H1820, 2004.

. Peitzman AB, Billiar TR, Harbrecht BG, Kelly E, Udekwu AO, Simmons RL:

Hemorrhagic shock. Curr Probl Surg 32:925-1002, 1995.

Shoemaker WC, Wo CC, Thangathurai D, Velmahos G, Belzberg H, Asensio
JA, Demetriades D: Hemodynamic patterns of survivors and nonsurvivors
during high risk elective surgical operations. World J Surg 23:1264-1270,
1999; discussion 1270-1271.

Chaudry IH, Ayala A, Ertel W, Stephan RN: Hemorrhage and resuscitation:
immunological aspects. Am J Physiol 259:R663-R678, 1990.

Molina PE: Neurobiology of the stress response: contribution of the
sympathetic nervous system to the neuroimmune axis in traumatic injury.
Shock 24:3-10, 2005.

DeMaria EJ, Lilly MP, Gann DS: Potentiated hormonal responses in a model
of traumatic injury. J Surg Res 43:45-51, 1987.

Rapp JP: Genetic analysis of inherited hypertension in the rat. Physiol Rev
80:135-172, 2000.

. Collins JA, Braitberg A, Margraf HW, Butcher HR Jr: Hemorrhagic shock in

rats. Measured blood volumes as the basis for the extent of hemorrhage. Arch
Surg 99:484-488, 1969.

. Nose H, Morita M, Yawata T, Morimoto T: Recovery of blood volume and

osmolality after thermal dehydration in rats. Am J Physiol 251:R492-R498,
1986.

Wang P, Ba ZF, Lu MC, Ayala A, Harkema JM, Chaudry IH: Measurement of
circulating blood volume in vivo after trauma-hemorrhage and hemodilution.
Am J Physiol 266:R368-R374, 1994.

Migita R, Gonzales A, Gonzales ML, Vandegriff KD, Winslow RM: Blood
volume and cardiac index in rats after exchange transfusion with hemoglobin-
based oxygen carriers. J Appl Physiol 82:1995-2002, 1997.

Benjamini Y, Drai D, Elmer G, Kafkafi N, Golani I: Controlling the false
discovery rate in behavior genetics research. Behav Brain Res 125:279-284,
2001.

Allison PD: Survival Analysis Using SAS: A Practical Guide. Cary, NC: SAS
Institute Inc., 1995.

Pankratz VS, de Andrade M, Therneau TM: Random-effects Cox proportional
hazards model: general variance components methods for time-to-event data.
Genet Epidemiol 28:97-109, 2005.

Maddalla GS: Limited-Dependent and Qualitative Variables in Econometrics.
Cambridge, U.K.: Cambridge University Press, 1983.

Jacob HJ: Functional genomics and rat models. Genome Res 9:1013-1016,
1999.

Cowley AW Jr: Genomics and homeostasis. Am J Physiol Regul Integr Comp
Physiol 284:R611-R627, 2003.

Gibbs RA, Weinstock GM, Metzker ML, Muzny DM, Sodergren EJ, Scherer
S, Scott G, Steffen D, Worley KC, Burch PE, et al.: Genome sequence of the
Brown Norway rat yields insights into mammalian evolution. Nature
428:493-521, 2004.

Twigger SN, Pasko D, Nie J, Shimoyama M, Bromberg S, Campbell D, Chen
J, dela Cruz N, Fan C, Foote C, et al.: Tools and strategies for physiological
genomics: the Rat Genome Database. Physiol Genom 23:246-256, 2005.
Kacew S, Festing MF: Role of rat strain in the differential sensitivity to
pharmaceutical agents and naturally occurring substances. J Toxicol Environ
Health 47:1-30, 1996.

Peng TC, Liao KW, Lai HL, Chao YF, Chang FM, Harn HJ, Lee RP: The
physiological changes of cumulative hemorrhagic shock in conscious rats. J
Biomed Sci 13:385-394, 2006.

Ohtani M, Kotaki H, Sawada Y, Iga T: Comparative analysis of buprenor-
phine- and norbuprenorphine-induced analgesic effects based on pharmacoki-
netic-pharmacodynamic modeling. J Pharmacol Exp Ther 272:505-510, 1995.
Ohtani M, Kotaki H, Nishitateno K, Sawada Y, Iga T: Kinetics of respiratory
depression in rats induced by buprenorphine and its metabolite, norbuprenor-
phine. J Pharmacol Exp Ther 281:428-433, 1997.

Hardman JG, Limbird LE, Gilman AG: Goodman and Gilman’s The
Pharmacological Basis of Therapeutics. New York: McGraw-Hill, 2001.
Darlington DN, Jones RO, Magnuson TA, Gann DS: Role of intestinal fluid in
restitution of blood volume and plasma protein after hemorrhage in awake rats.
Am J Physiol 268:R715-R722, 1995.

Byrnes GJ, Pirkle JC Jr, Gann DS: Cardiovascular stabilization after hemorrhage
depends upon restitution of blood volume. J Trauma 18:623-627, 1978.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

59.

60.

61.

62.

63.

GENETIC DETERMINANTS OF SURVIVAL TIME TO HEMORRHAGE

753

Stricker EM, Jalowiec JE: Restoration of intravascular fluid volume following
acute hypovolemia in rats. Am J Physiol 218:191-196, 1970.

Chadwick CD, Pearce FJ, Drucker WR: Influences of fasting and water intake
on plasma refill during hemorrhagic shock. J Trauma 25:608-614, 1985.
Eger EI 2nd, Johnson BH: Rates of awakening from anesthesia with 1-653,
halothane, isoflurane, and sevoflurane: a test of the effect of anesthetic
concentration and duration in rats. Anesth Analg 66:977-982, 1987.

Bailey JM: Context-sensitive half-times and other decrement times of inhaled
anesthetics. Anesth Analg 85:681-686, 1997.

Tonkovic-Capin M, Gross GJ, Bosnjak ZJ, Tweddell JS, Fitzpatrick CM,
Baker JE: Delayed cardioprotection by isoflurane: role of K (ATP) channels.
Am J Physiol Heart Circ Physiol 283:H61-H68, 2002.

Wakeno-Takahashi M, Otani H, Nakao S, Imamura H, Shingu K: Isoflurane
induces second window of preconditioning through upregulation of inducible
nitric oxide synthase in rat heart. Am J Physiol Heart Circ Physiol 289:
H2585-H2591, 2005.

Rapaport FT, Bachvaroff RJ, Grullon J, Kunz H, Gill TJ 3rd: Genetics of
natural resistance to thermal injury. Ann Surg 195:294-304, 1982.

Radojicic C, Andric B, Simovic M, Dujic A, Marinkovic D: Genetic basis of
resistance to trauma in inbred strains of mice. J Trauma 30:211-213, 1990.
Canter J, Norris P, Jenkins J, Summar M, Moore J, Morris J Jr: Genetic
variation in carbamyl-phosphate synthetase I (CPSI) is an independent
predictor of early mortality following trauma: a study of 666 consecutive
trauma ICU admissions. Shock 27:11-12, 2007.

Koch L, Britton S: Strains. In: Whishaw I, Kolb B, eds. The Behavior of the
Laboratory Rat. New York: Oxford University Press, 2004, 25-36.

Lazar J, Moreno C, Jacob HJ, Kwitek AE: Impact of genomics on research in
the rat. Genome Res 15:1717-1728, 2005.

Hartl D, Clark A: Principles of Population Genetics. Sunderland MA: Sinauer
Associates, Inc., 1988.

Smits BM, van Zutphen BF, Plasterk RH, Cuppen E: Genetic variation in
coding regions between and within commonly used inbred rat strains. Genome
Res 14:1285-1290, 2004.

Suh TT, Holmback K, Jensen NJ, Daugherty CC, Small K, Simon DI, Potter S,
Degen JL: Resolution of spontaneous bleeding events but failure of pregnancy
in fibrinogen-deficient mice. Genes Dev 9:2020-2033, 1995.

Toomey JR, Kratzer KE, Lasky NM, Broze GJ Jr: Effect of tissue factor
deficiency on mouse and tumor development. Proc Natl Acad Sci U S A
94:6922-6926, 1997.

Baker JE, Konorev EA, Gross GJ, Chilian WM, Jacob HJ: Resistance to
myocardial ischemia in five rat strains: is there a genetic component of
cardioprotection? Am J Physiol Heart Circ Physiol 278:H1395-H1400, 2000.
Barbato JC, Koch LG, Darvish A, Cicila GT, Metting PJ, Britton SL: Spectrum
of aerobic endurance running performance in eleven inbred strains of rats. J
Appl Physiol 85:530-536, 1998.

Cicalese L, Lee K, Schraut W, Watkins S, Borle A, Stanko R: Pyruvate
prevents ischemia-reperfusion mucosal injury of rat small intestine. Am J Surg
171:97-100, 1996; discussion 100—-101.

Sileri P, Sica GS, Gentileschi P, Venza M, Benavoli D, Jarzembowski T,
Manzelli A, Gaspari AL: Melatonin reduces bacterial translocation after
intestinal ischemia-reperfusion injury. Transplant Proc 36:2944-2946, 2004.
Ibrahim S, Jacobs F, Zukin Y, Enriquez D, Holt D, Baldwin W 3rd, Sanfilippo
F, Ratner LE: Immunohistochemical manifestations of unilateral kidney
ischemia. Clin Transplant 10:646-652, 1996.

. Thomas S, Tabibnia F, Schuhmann MU, Hans VH, Brinker T, Samii M:

Traumatic brain injury in the developing rat pup: studies of ICP, PVI and
neurological response. Acta Neurochir Suppl 71:135-137, 1998.

. Neto JS, Nakao A, Kimizuka K, Romanosky AJ, Stolz DB, Uchiyama T,

Nalesnik MA, Otterbein LE, Murase N: Protection of transplant-induced renal
ischemia-reperfusion injury with carbon monoxide. Am J Physiol Renal
Physiol 287:F979-F989, 2004.

Kalia N, Brown NJ, Hopkinson K, Stephenson TJ, Wood RF, Pockley AG:
FK409 inhibits both local and remote organ damage after intestinal ischaemia.
J Pathol 197:595-602, 2002.

Yan Y, Dempsey RJ, Flemmer A, Forbush B, Sun D: Inhibition of Na(+)-K(+)-
CI(-) cotransporter during focal cerebral ischemia decreases edema and
neuronal damage. Brain Res 961:22-31, 2003.

King N, Lin H, McGivan JD, Suleiman MS: Aspartate transporter expression
and activity in hypertrophic rat heart and ischaemia-reperfusion injury. J
Physiol 556:849-858, 2004.

Koch LG, Britton SL, Barbato JC, Rodenbaugh DW, DiCarlo SE: Phenotypic
differences in cardiovascular regulation in inbred rat models of aerobic
capacity. Physiol Genomics 1:63-69, 1999.

Gratton JA, Sauter A, Rudin M, Lees KR, McColl J, Reid JL, Dominiczak AF,
Macrae IM: Susceptibility to cerebral infarction in the stroke-prone sponta-
neously hypertensive rat is inherited as a dominant trait. Stroke 29:690-694,
1998.

Copyright © 2008 by the Shock Society. Unauthorized reproduction of this article is prohibited.



