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(4) Scientific Progress:
I. The following is a summary of the work proposed for this project and an update of the status
of each section of the project as of June, 2005.

General Project Goals:

The long-term goal of this research program is to identify signaling pathways that link
external stressors to cellular and molecular responses that provide tolerance to severe stress.
The project uses ground squirrels as a natural model system to identify stress-induced
defensive mechanisms in mammals. As a hibernating species, ground squirrels undergo each
year profound changes in physiology that would be considered highly stressful for non-
hibernating species such as humans. The specific goal of this research project is to test the
hypothesis that the intestine is vulnerable to oxidative stress during the hibernation season, and
as a consequence, activates defensive mechanisms that promote the maintenance of intestinal
structure and function. A unifying theme of this research is that hibernators exploit the
physiologic consequences of metabolic depression and low temperatures to induce cellular
signaling pathways that minimize oxidative damage to sensitive tissues like the gut.
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Progress on Original Aims 1 and 2 of Project

Aim 1: Effect of hibernation on intestinal lipid peroxidation, redox status and pro- and
anti-oxidant enzymes.

a) Determination of oxidized lipids in intestinal mucosa: Due to technical problems,
samples were unable to be assayed by collaborator Dr. Craig Frank for levels of oxidized
lipids. We hope to complete these analyses at a later time.

b) Characterize seasonal changes in intestinal glutathione (GSH) redox system: The
experiments for this portion of the project have been completed and a manuscript was
published (Carey, H.V., C.A. Rhoads and T.Y. Aw. 2003. Hibernation induces glutathione
redox imbalance in ground squirrel intestine. J. Comp. Physiol. B 173:269-276).

Aim 2. Consequences of oxidative stress in the intestine during hibernation.

a) Determine seasonal changes in NF-kB activation and identify activated cells: During
the preparation of this manuscript we realized some experiments still needed to be completed
on this aim, thus this line of research is still under investigation.
b) Determine seasonal changes in the intestinal mucosal immune system.

These studies, that use immunohistochemistry, flow cytometry and ELISA assays are
nearly complete. The figures below show the key results.

12 12

Hibernation is associated with increased
numbers of mucosal lymphocytes, including
intraepithelial (IEL) and lamina propria
lymphocytes (LPL).

[EL numbers/g (in millions)
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Analyses still in progress have
revealed significant changes in the
types of surface phenotypes found on
these lymphocytes between
hibernating and summer states.
Shown on left is one example.
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Hibernation is accompanied by shifts in the expression of
surface markers on mucosal T cells, including a reduction in CD8
expression on lamina propria {shown above) and intraepithelial
ap cells that results in predominance of a CD4-CD8- population.

Changes in levels of mucosal cytokines induced by the hibernation phenotype. These
experiments were designed to determine whether and how hibernators modulate their mucosal

immune defense systems to minimize damage to the gut during the hibernation season by
expression of relevant mucosal cytokines. We identified seasonal changes in the following
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mucosal cytokines: IL-10, TNF-a., interferon-y, IL-4, IL-6, with some examples shown below.
We believe the sustained, high levels of IL-10, an anti-inflammatory cytokine, may be a
response to, and help protect the gut against elevations in pro-inflammatory cytokines during
the arousal process, such as TNF-a and interferon-y, which both show elevated levels during

the hibernation season.
Changes in Mucosal Cytokines During Hibernation

IL-10 T TNF-a
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IL-10 levels are elevated in hibernation
compared with summer; a similar pattern
occurs for TNF-a, but enhanced
expression is particularly evident as
animals arouse from torpor (AR, IBA).
Mucosal IL-4 is also higher in
hibernators. Each winter activity state
and all hibernation states combined are " sk EN ET LT AR DA
greater than summer (SUM, *). Hibernation

TOr

&0 F II__4
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Seasonal changes in secretory IgA. The elevated IL-4 levels in gut mucosa during
hibernation (shown in previous figure) suggest that functions related to this cytokine, such as
secretion of mucosal IgA, are also affected by hibernation. As IgA secretion is critical for
defense against invading bacterial pathogens and to maintain the normal intestinal microflora,
on goal of these studies was to determine how hibernation affects the body’s ability to defend
against invading pathogens, despite the long term absence of food intake during the winter
months. The results shown below support the conclusion that hibernators do exhibit increased
IgA production during the winter fast.

SUM EN LT AR IBA Levels of IgA are generally increased during the
hibernation season compared with summer, (EN,
entering torpor, LT = late torpor, AR= arousing from
150y torpor, IBA=interbout normothermia). Different
letters indicate differences are significant. Asterisk:
summer lower than all hibernation states combine.
These western blots are supported by
immunohistochemistry of gut tissues with anti-IgA
antibodies and immunohistochemistry, which shows
increased numbers of B cells in the lamina propria
during hibernation. IgA molecules appear to be
SUM EN LT AR IBA utilized during arousal to protect the gut, then levels

are replenished during IBA periods.
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Aim 2c: Determine effect of hibernation on apoptosis in the intestine. This portion of the
project was completed and a manuscript was published (Fleck and Carey, 2006, listed above
and attached to email to Dr. Strand). Results showed that there is evidence of accumulation of
DNA damage in intestinal epithelial cells during hibernation as the winter progresses.
electrophoresis of mucosal DNA revealed no ladders typical of cellular apoptosis. Analysis of
changes in pro- and anti-apoptotic signaling pathways in epithelial cells provided evidence for
enhanced expression of anti-apoptotic proteins during hibernation that may promote enterocyte
survival in a pro-oxidative, pro-apoptotic environment.

Other work not outlined in original proposal but related to overall objective:

Effect of hibernation on pancreatic amylase levels: This award also supported a small study
that examined how the exocrine pancreas is affected by hibernation, by determining levels of
the digestive enzyme, amylase in pancreatic tissues from summer and hibernating squirrels.
Results showed a 40-50% reduction in pancreatic amylase expression during hibernation,
which although significant, is not as dramatic as might be expected given the long period of
time hibernators are in the fasted state. Thus, maintenance of basal levels of this key digestive
enzyme at 50% of summer values despite the extended winter fast likely facilitates the rapid
resumption of digestive function after terminal arousal in the spring. This work was published
in 2003 (see publication list above).

Protection against intestinal ischemia-reperfusion injury by the hibernation phenotype. Our
basic studies carried out at the cellular level (described above) provided evidence for defense
mechanisms associated with the hibernation phenotype that protect the gut against the
nutritional and physiologic stressors that occur during the hibernation season. The ultimate
objective of our studies is to translate hibernation-induced protective mechanisms to
improvements in human trauma care, particularly with regard to the warfighter in combat
situations. Thus, during the last phase of this project we developed a model of mesenteric
ischemia-reperfusion (I/R) injury in ground squirrels, based on similar well-established models
in the non-hibernating laboratory rat. The data collection phase of this project has been
completed and a paper is in preparation for submission by June, 2006. The key results,
outlined below, demonstrate that the hibernator gut is more resistant to gut I/R injury compared
with rats or summer squirrels.

Rationale. Intestinal ischemia-reperfusion injury due to massive HS/R is now recognized as
an important early event that leads to local organ dysfunction and ultimately, multi-organ
failure (MOF). Mammalian hibernation represent an excellent natural model to study
endogenous protective mechanisms to reduce intestinal I/R injury and its systemic
complications. The physiological extremes that the gut sustains during torpor-arousal cycles
necessitated the development of protective mechanisms to minimize damage to this sensitive
organ during the hibernation season. Blood flow to all tissue beds is reduced significantly
during torpor, with splanchnic regions, particularly the gut, receiving disproportionately low
flow during torpor and arousal relative to other organs like heart, brain, lungs and BAT. Itis
also one of the last major visceral organs to be fully reperfused upon arousal, which suggests
that the gut during hibernation may be subject to moderate degrees of oxidative stress due to
regional I/R either during entrance or arousal. We have developed two models of intestinal I/R
in rats and ground squirrels: regional ischemia/reperfusion (I/R) of isolated intestinal loops
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(Model I) and total intestinal I/R (Model I1). It is important to note that the hibernators used
in the studies shown below were aroused to 37 °C Ty, when the experiments started, thus
hypothermia or hypometabolism at that time the animals were studies is not required for these
effects.

Model I is local I/R injury in response to clamp/release of a branch of the superior
mesenteric artery (SMA) that feeds one experimental intestinal loop. An adjacent loop in the
same animal that receives continuous blood supply serves as an internal control. At the start of
the procedure, the loops were filled with a measured amount of prewarmed PBS for a 30 min
control period. At the end of this period, the saline remaining in the loops was collected. The
loops were then filled with fresh saline and the arteries leading to the experimental loop were
clamped for 20 min and then allowed to reperfuse for 60 min. The control loop remained
perfused for the duration of the experiment. At the end of the reperfusion, the remaining saline
was collected and the loops were removed and weighed. A 1-cm segment of each loop was
fixed in 10% formalin for histological analysis. The remaining loop tissue was opened and
remaining saline collected from the loops for measurement of protein content, as an indicator
of intestinal permeability changes. Note all animals were at 37°C body temperature during the
experiments, thus the responses are not dependent on hypothermia per se.

3

Results of Model I: Local I/R B E i;sal
Histological analysis of intestinal tissue in L *

control loops and after I/R indicates significant @ 2

damage scores in the I/R loops of rats and T

summer squirrels, but not aroused hibernators. g

“Basal” is from section of same loop harvested % :

prior to I/R or control periods. Micrographs of

histological damage in rats and summer squirrel

I/R loops are very similar to those shown for "¢ IR C IR C IR
total intestinal I/R in next section.) Rat SUM HIB
A significant 4-fold increase in protein content 5 . ] Control

was seen in the experimental rat loop following
I/R. No significant difference in luminal
protein over control was found in summer
squirrels despite a 3-fold increase over basal
levels. Aroused hibernators were not different
from controls. Thus, intestinal permeability
increased in rats, showed a strong trend for
increase in summer squirrels and did not change
in hibernators. 0
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Mucosal MPO activity (reflects
neutrophil infiltration, expressed as % of
control values) increased in the
experimental loop of rats and summer
squirrels compared with control, but not
in aroused hibernators.
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Model 11 is total SMA occlusion/reperfusion. This model (which was designed and
begun during the ARO award but has been completed subsequently via funding from a
DARPA award) has been shown to be a clinically relevant model of gut I/R induced shock,
which mimics more closely the remote organ effects of uncontrolled hemorrhage compared
with controlled hemorrhage as typified by the modified Wiggers model. Similar to Model I, rat
intestines compared with aroused hibernators show a higher degree of mucosal damage. Note
all animals were at 37°C body temperature during the experiments.

37 * | sham
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Gut tissue is severely damaged by mesenteric I/R in rats and summer squirrels, but not hibernators.
Left panel, histology: A,C,E = sham surgery, B, D, F = mesenteric I/R. Upper right, mucosal damage
guantitated in histogram, * I/R greater than sham P<0.05. Lower right, myeloperoxidase (MPO) as
indicator of neutrophil infiltration into mucosa, significant for rats and summer squirrels but not
hibernators. N = 4-10 per group.
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Changes in neutrophil infiltration (MPO activity) in lungs and liver after mesenteric I/R
(solid bars) compared with sham-treated animals (open bars). Changes are significant for rats
and summer squirrels in lung and for rats in liver; neither is significant for hibernators. N = 3

As in Model I, intestinal and remote organ damage is most severe in the rats, least in
hibernators with summer squirrels intermediate between those groups. Taken together, these
results demonstrate that not only are hibernators more resistant to gut damage after I/R, this
protection extends to the classic remote organ injury following SMA occlusion shock typically
seen in non-hibernators. In this classic response, bacterial translocation (LPS) from the
damaged gut mucosal barrier activates hepatic Kupffer cells (liver macrophages) via portal
vein delivery. Overwhelmed liver Kupffer cells then spill cytokines into the venous blood
directly bathing the pulmonary alveolar macrophages. Activation of the alveolar macrophage
promotes synthesis of chemoattractant molecules in the lung (leukotrienes, PAF), which attract
circulating neutrophils into the tissue (MPO activity) leading to lung injury and eventually,
cardiopulmonary collapse. Our results suggest that the end effect of neutrophil infiltration
after SMA occlusion shock is not present in the hibernator. In other studies carried out in a
separate project, we found that Kupffer cell activation is increased after cold ischemia-
reperfusion injury in rat livers (as expected), and also occurs in livers of summer squirrels, but
no activation is seen in livers from hibernating squirrels. This observation provides further
support for the conclusion that the inflammatory cascade that is normally initiated after I/R-
induced oxidative stress in splanchnic organs is abrogated in hibernators.

In summary, these new studies demonstrate that the intestine during hibernation is
better able to withstand a traumatic insult (ischemia-reperfusion) compared with a non-
hibernating species (rat). Resistance of summer ground squirrels to these imposed traumas is
intermediate between rats and hibernating squirrels, which is expected given that some
protection mechanisms may be part of the ability of squirrels to hibernate, and not directly
linked to the hibernation phenotype per se. Also important is the dissociation between the
protective phenotype we demonstrated in the hibernators from hypothermia per se, because all
animals were held at 37°C body temperature in these experimental models. However, the
differences we observed between summer and winter squirrels is strong evidence that within
the same species, enhanced resistance to stress develops as animals assume the winter
hibernation phenotype, in a manner not dependent on profound hypothermia. Thus, our studies
initiated during the ARO award suggest that our ultimate goal of identifying mechanisms that
induce a protective phenotype in ground squirrels is feasible, and the development of strategies
to apply similar types of protection to non-hibernator models of traumatic injury and
eventually, humans is within reach.



