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Abstract
We noninvasively monitored the partial pressure of oxygen (pO2) in rat small intestine using a
model of chronic mesenteric ischemia by electron paramagnetic resonance oximetry (EPR) over a
7-day period. The particulate probe lithium octa-n-butoxynaphthalocyanine (LiNc-BuO) was
embedded into the oxygen permeable material polydimethyl siloxane (PDMS) by cast-molding
and polymerization (Oxy-Chip). A one-time surgical procedure was performed to place the Oxy-
Chip on the outer wall of the small intestine (SI). The superior mesenteric artery (SMA) was
banded to approximately 30% blood flow for experimental rats. Noninvasive measurement of pO2
was performed at baseline for control rats or immediate post-banding and on days 1, 3, and 7. The
SI pO2 for control rats remained stable over the 7-day period. The pO2 on day 7 was 54.5 ± 0.9
mmHg (mean ± SE). SMA banded rats were significantly different from controls with a noted
reduction in pO2 post banding with a progressive decline to a final pO2 of 20.9 ± 4.5 mmHg
(mean ± SE; p = 0.02). All SMA-banded rats developed adhesions around the Oxy-Chip yet
remained asymptomatic. The hypoxia marker Hypoxyprobe™ was used to validate low tissue pO2.
Brown cytoplasmic staining was consistent with hypoxia. Mild brown staining was noted
predominantly on the villus tips in control animals. SMA-banded rats had an extended region of
hypoxic involvement in the villus with a higher intensity of cytoplasmic staining. Deep brown
staining of the enteric nervous system neurons and connective tissue both within layers and in the
mesentery were noted. SMA banded rats with lower pO2 values had a higher intensity of staining.
Thus, monitoring SI pO2 using the probe Oxy-Chip provides a valid measure of tissue
oxygenation. Tracking pO2 in conditions that produce chronic mesenteric ischemia will contribute
to our understanding of intestinal tissue oxygenation and how changes impact symptom evolution
and the trajectory of chronic disease.
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Introduction
Oxygen plays a central role in the pathogenesis of disease [1,2]. Conditions such as chronic
mesenteric ischemia, congestive heart failure (CHF), and bowel obstruction caused by
adhesions or cancer reduce blood flow, and hence, oxygen delivery to the intestine. Reduced
oxygen delivery to the gastrointestinal (GI) tract has been linked to the development of
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clinical symptoms such as abdominal pain, nausea and vomiting, bowel dysfunction,
cachexia, malnutrition, and more seriously, the complications of sepsis, shock and death
[3,4]. Clinical methods to detect intestinal oxygen are often employed when late symptoms
of pain or longstanding GI distress are reported by the patient [5,6]. At that point, disease
progression has occurred and treatment has been delayed, leading to an exacerbation of
symptoms and potentially poorer patient outcome. As a first step to understanding this
process in the clinical setting, we seek to develop a noninvasive method to detect changes in
intestinal oxygenation using a clinically relevant model of chronic mesenteric ischemia in
rats. Detecting changes in chronic intestinal pO2 would allow for the early identification and
implementation of pharmacological/nutraceutical treatments to prevent, limit, or modify
disease progression. This study examined the noninvasive, site-specific detection of small
intestinal pO2 via electron paramagnetic resonance (EPR) oximetry using the polydimethyl
siloxane (PDMS) embedded lithium octa-n-butoxynaphthalocyanine (LiNc-BuO) probe,
Oxy-Chip, over a 7-day period. In addition, the link between changes in oxygen trends and
symptoms was investigated.

Materials and Methods
Ethical approval

Animal experiments were conducted in accordance with the guiding Principles for the Care
and Use of Laboratory Animals and Institutional Animal Care and Use Committee approved
protocol (IACUC - The Ohio State University, Columbus, OH). Ten male Wister rats, 3
control and 7 experimental, weighting 375–425 grams were used in this study.

Surgical preparation
Rats were anesthetized via an intraperitoneal injection of 200 mg/kg ketamine and 4 mg/kg
xylazine. Toe pinch was used to ensure the depth of anesthesia with the goal to abolish
movement. In the event of movement, a 1–1.5% isoflurane/medical air (21% O2) mixture
was delivered by nose cone. The abdomen was shaved and disinfected with 70% povidone
iodine. Under sterile conditions, a 5 cm midline incision was made. A 1.5 ×0.25 ×0.25 cm
strip of PDMS embedded LiNc-BuO was placed in a plastic sling. The sling was then
wrapped around the small intestine approximately 10 cm above the cecum and sutured
loosely along the edge border to hold the Oxy-Chip against the outer intestinal wall. The
incision was sutured closed in two layers using 4–0 polypropylene. Temperature was
maintained at 37°C ± 1°C using an infrared heat lamp. EPR measurement occurred while the
rat remained anesthetized. Animals were recovered until fully awake and moving. A one-
time dose of buprenorphine (0.5mL; 0.015 mg/1 mL) was administered subcutaneously.
Rats had free access to food and water and were returned to the animal facility when
recovered.

Model of Chronic Mesenteric Ischemia
For the experimental group rats, the superior mesenteric artery (SMA) was isolated and
banded by placing a blunt tipped 25-gauge needle over the SMA, slightly beyond its origin
from the abdominal aorta, and tying it with 5–0 nylon suture. The needle was then removed
and the constriction remained. We previously determined that SMA banding using a 25-
gauge needle produced a reduction in SMA flow between 65–70% of baseline. Using a
Transonic Flowprobe (T-206, Transonic Systems Inc., Ithica, NY), baseline perfusion was
8.8 mL/minute pre-banding and 2.6–3 mL/minute post- SMA banding. When corrected to
body weight, the baseline SMA perfusion rate was 22–26 mL/minute/kg, consistent with
literature findings. Animal survival up to 7 weeks has been achieved using our SMA-banded
model of 30–35% perfusion. From this point forward experimental rats with 30–35%
perfusion will be referred to as SMA-banded rats. SMA blood flow less than 25% of
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baseline was consistent with extensive necrosis and death within 24–48 hours of banding.
For this study we kept animals alive for 7 days.

Oxy-Chip
The Oxy-Chip is composed of sonicated lithium octa-n-butoxynaphthalocyanine (LiNc-
BuO) microcrystals (1–10 micron) embedded in the oxygen permeable material
polydimethyl siloxane (PDMS) by cast-molding and polymerization (40 mg LiNc-BuO in
5.5 g PDMS) [7–9]. LiNc-BuO is a nontoxic, particulate oxygen probe which has been
extensively studied in vitro and in vivo [7,10–12]. The LiNc-BuO probe has a very high spin
density (7.2 ×1020) and yields a single, sharp EPR absorption peak. In vivo biocompatibility
was previously established by co-incubation with cultured cells [7]. In vivo the solid PDMS/
LiNc-BuO chip, called Oxy-Chip, produced reliable and reproducible measures of rat
muscle pO2 under conditions of ischemia and hypoxia [7]. LiNc-BuO microcrystals alone as
well as embedded in the PDMS chip demonstrate long-term stability, maintaining line shape
and oxygen sensitivity for two months or more in vivo [7,12,13].

EPR oximetry
L-band (1.2 GHz) EPR oximetry allows for noninvasive detection of pO2 in live animals
The EPR line width is sensitive to changes in molecular oxygen with the peak-to-peak
spectral width dependent on the oxygen concentration, e.g., 20.9%, 0% [12]. A linear
relationship exists between the line width and oxygen concentration (pO2) in the range of 0–
760 mmHg suggesting spin exchange increases linearly with pO2. Plotting the line width
slope against the pO2 curve for the oxygen-sensing probe LiNc-BuO yields an oxygen
sensitivity of the probe line width of 8.0 milligauss/mmHg. Sensitivity is calculated as the
difference between room air O2 and tissue anoxia, divided by O2 at 1 ATM [12]. The tissue
anoxic value, pO2 37 mmHg, was determined by averaging 10 EPR spectra from euthanized
rats dead for 5 minutes.

EPR oximetry measurement
L-band (1.2 GHz) EPR spectroscopy (Bruker Biospin, Billerica, MA) was used to monitor
intestinal pO2. For both control and experimental rats, the abdomen was closed and the
initial measures were obtained noninvasively. While our previous research demonstrated a
reduction in pO2 from baseline to post-banding with the abdomen open, this value may have
been spuriously high due to environmental oxygen exchange. Because we chose to perform
all pO2 measures noninvasively, abdomen closed, we did not perform baseline pO2
measurement before SMA-banding. EPR spectra were obtained on days 0 (baseline), 1, 3,
and 7 at about the same time daily to avoid the impact of physiological variations in
biorhythms, and physiological and psychological stress on the rat. Measurement protocol
involved anesthetizing the rat using induction isoflurane (2–3%) followed by a maintenance
dose of 0.5–1.5% via nose cone in order to prevent movement. Rats were secured in a supine
position to a bedplate with adhesive tape. The surface coil resonator was brought into
contact with the skin. Because of the motility of the intestine, the resonator position was
adjusted until spectra could be obtained indicating the resonator was positioned directly over
the Oxy-Chip. EPR spectra were obtained using customized data acquisition software and by
averaging 5 cycles of measurement to obtain a single value over 2–3 minutes.

Tissue hypoxia evaluation
To evaluate the validity of EPR pO2 measurement, pimonidazole hydrochloride
(Hypoxyprobe™-1; HPI, Inc., Burlington, MA), a 2-nitroimidazone immunochemical
hypoxia marker was used. For cells with a pO2 less than 10 mmHg, the 2-nitroimidazole
irreversibly binds to the thiol groups in proteins to form intracellular adducts. These protein
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adducts are effective immunogens for the production of monoclonal and polyclonal
antibodies. The monoclonal antibody IgG1 (Hypoxyprobe™-1Mab1) was used to detect
hypoxic cells with pO2 values less than 10 mmHg by staining the cytoplasm within cells
brown.

Termination Protocol
After the final EPR measure, day 7, an intraperitoneal injection of sodium pentobarbital
(50mg/mL; 0.8 mL) was administered. The sedated rat was given an intravenous injection of
Hypoxyprobe™-1 (60 mg/kg) which circulated for 15 minutes. Next, the abdomen was
reopened and the SI excised 1 cm above and below the Oxy-Chip. Tissue was preserved in
4% formalin for histological analysis. The rat was euthanized by diaphragm puncture. The
formalin-preserved tissues were embedded in paraffin and stained with haematoxylin-eosin
(H & E). Also, tissues were processed using the peroxidase immunohistochemistry
technique, the recommended procedure for immunostaining Hypoxyprobe-1 adducts using
paraffin-embedded tissues (Hypoxyprobe™-1 Plus Kit for the Detection of Tissue Hypoxia,
HPI, Inc.). A 1:100 dilution (150 μl) of Hypoxyprobe-1Mab was added to each section.
Histological evaluation was done under light microscopy. The intensity of brown staining
within the small intestine indicated the extent of tissue hypoxia.

Statistical methods
Repeated-measures ANOVA was used to compare changes in pO2 between control and
SMA-banded rats (baseline-Day 0, 1, 3, & 7). Analyses were performed using SPSS 15.0 for
Windows. Data are reported as mean ± SE. The level of significance was set at p < 0.05.

Results
Oxy-Chip and SI wall contact at 7-days

We achieved our goal of site-specific monitoring of SI wall pO2. On necropsy we visual
confirmed Oxy-Chip contact with the external SI wall in all rats on day 7. A thin biofilm
formed on the outside of the Oxy-Chip which held the chip in direct contact with the serosal
surface. The plastic sling was not biocompatible and provoked an inflammatory response
along the border edges as evidenced by erythema of the intestinal wall. Using light
microscopy, H & E stained tissue revealed increased infiltration of WBC’s throughout the
intestinal connective tissue. In the connective tissue of the mesentery, outside of the serosal
layer, increased numbers of fibroblasts were found. For SMA-banded rats the finding of
increased numbers of fibroblasts paralleled the incidence of adhesion formation.

Oxygen trends and symptom development
All control rats (n=3) and six of the seven rats in the SMA-banded group maintained normal
activity, grooming, and feces. Necropsy on day 7 for control animals revealed a hyperemic
inflammatory tissue response at the edges of the plastic sling where mechanical irritation
had occurred. No adhesions were noted for control rats at the Oxy-Chip site. Local
peritoneal adhesions were found in all SMA-banded rats in the area of Oxy-Chip placement.
Using an adhesion grading scale, all adhesions were Grade 2, defined as firm with limited
vascular adhesions and separated by aggressive blunt dissection [14]. On day 6, one rat
appeared ill with decreased grooming and activity and diarrhea. This rat was immediately
euthanized. Necropsy revealed a 10 cm section of small intestinal necrosis with generalized
whole bowel hyperemia and dilated, gas-filled intestinal loops. The pO2 values for this rat
were 33.1, 50.6, 33.8, and 4.4 mmHg on days 0 (post-banding), 1, 3, and 6, respectively.
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Oxy-Chip pO2 measurement
Spectra obtained over a five minute period were averaged to produce a single value at each
time point. Because of intestinal motility, rats had to be repositioned multiple times until the
resonator was directly over the Oxy-Chip to obtain the spectrum. On two occasions, in two
different rats, the EPR spectrum was unable to be detected. Figures 1 and 2 illustrate
individual rat data points for the control and SMA-banded pO2 values over the 7-day
protocol. Average pO2 values (mean ± SE) by groups are depicted in Figure 3. There was a
nonsignificant increase in measured pO2 values on day 1 which stabilized by day 3 and 7 for
control animals (n=3). There were no significant differences in SI pO2 values in control rats
over the 7-day period. SMA-banded rats (n=6) demonstrated a similar nonsignificant
increase in pO2 on day 1 from immediate post-banding values, followed by a progressive
reduction in pO2 values on days 3 and 7. No within groups differences were noted during the
7-day period. Analysis using repeated measures ANOVA resulted in mean pO2 differences
between the control and SMA-banded groups (p = 0.02). The O2% of small intestinal tissue
under baseline control conditions was 7.8% and 7.6% on day 7. Immediately post-banding
the average O2% was 4.4% with a decline to 3.2% on day 7.

Histology and tissue hypoxia assay
Histology samples representative of the control and SMA-banded rats are displayed in
Figure 4. Layers of the intestine in both groups were consistent with the normal architecture
of ileal tissue. Villus height was similar for the study groups. Hypoxyprobe™ staining was
noted at the villus tips of control animals with increased regions of villus involvement and
intensity of brown staining noted for SMA-banded animals. Neurons of the enteric nervous
system in both Auerbach’s and Meissner’s plexes stained dark brown in the SMA-banded
group. Not displayed in Figure 4, we confirmed staining of the hypoxic neuronal cells and
ruled out artifact and Hypoxyprobe™ staining of satellite or connective tissue cells. Inter-rat
variability in the intensity of brown staining for the SMA-banded group was consistent with
the level of pO2. Rats with a final EPR measured pO2 value below 10 mmHg, had a high
intensity of brown staining of the villus when compared to rats with measured pO2 values
above 30 mmHg. The villus staining in SMA-banded rats with pO2 values greater than 30
mmHg had brown staining similar to control rats. For rats with a final pO2 < 10 mmHg, dark
brown cytoplasmic staining of connective tissue in the lamina, submucosa, muscle layers,
and mesentery was observed.

Discussion
Oxygen results

Accurate and reliable noninvasive site-specific monitoring of SI pO2 is possible in rodent
models using the Oxy-Chip probe measured by EPR oximetry. The clinically-simulated rat
model of chronic ischemia, SMA-banding to 30–35% of baseline perfusion, allowed us to
track changes in SI pO2 over a 7-day period. The intestine is sensitive to changes in
oxygenation by ischemia. A preponderance of reported studies focused on acute, ischemic-
reperfusion injury (I/R). A higher degree of SI injury is reported for I/R injury than when
injury results from ischemia alone [15]. One possible explanation for this difference relates
to increased oxidative stress and the generation of free radicals during reperfusion [4,16].

Intestinal pO2 measured using a polarographic oxygen electrode placed in direct contact
with the serosa of the ileum yielded baseline results similar to ours, 52± 8 [17] versus 55.5 ±
11 mmHg. The pO2 on day 1 increased for the majority of control and SMA-banded rats.
Two explanations are posed for this finding. First, we hypothesize an oxidative burst by
neutrophils resulted from surgery to raise pO2. Increased neutrophil mobilization and
neutrophil stress result in enhanced production of reactive oxygen species (ROS)[18] with
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neutrophil mobilization a more important contributor to ROS generation, particularly during
I/R [19]. While our model was not an I/R model, we did produce transient total occlusion of
the SMA artery during banding followed by reperfusion as we opened the vessel by
removing our needle. Cizova et al. demonstrated a significant increase in neutrophils from
baseline after 15 – 30 minutes I/R. Following ischemia only, they reported neutrophil counts
similar to baseline [19]. With our model of chronic small intestinal ischemia, we would
expect increased oxidative stress and tissue damage to develop over time.

A second hypothesis for the rise in pO2 on day 1 relates to compensatory flow mediated
dilation and hyperemia in response to surgical manipulation. Compensatory hyperemic is a
regulatory response at the microvascular level to ischemia. ROS stimulated release of local
vasodilating substances such as adenosine, endothelium derived nitric oxide [20], and other
non-endothelium dependent vasodilators promote microvessel perfusion [21,22]. In our
SMA-banded model we did not band the celiac artery. The release of local vasodilator
substances may have initially enhanced circulation through the celiac artery. Variability of
outcome post-SMA banding is noted in studies when other routes of circulation have not
been simultaneously occluded. For our study survival was necessary, hence we may not
have simulated a total blood flow scenario of 30–35% reduction in blood flow overall
however, flow reduction by partial occlusion of the SMA was sufficient to create a clinically
relevant model of chronic ischemia. Thus, we hypothesize the transient rise in pO2 on day 1
could be explained by neutrophil oxidative burst and a microvascular compensatory
response triggered by surgical manipulation and banding.

Validation of pO2 with Hypoxyprobe™

Hypoxyprobe™ is a marker of hypoxia used to qualitatively validate changes in tissue/organ
oxygenation. Hundreds of studies in the literature report using this probe to evaluate hypoxic
gradients in tumors as well as solid organs e.g., liver, kidney in vitro and in vivo for animals
and humans. Hypoxyprobe™ irreversibly binds to hypoxic cells with an oxygen tension of
less than 10 mmHg and produces a deeper brown staining as the pO2 declines.
Hypoxyprobe™ was a better marker than HIF-1 alpha for our application since it
predominantly binds to chronic hypoxic cells [23].

In SMA-banded rats we anticipated extensive chronic hypoxic changes in enterocytes by
nature of their high metabolic activity, unique countercurrent exchange mechanism to
oxygenate the intestinal villus, and turnover rate. The ileum of the SI is an active site for
nutrient absorption and thus, vulnerable to changes in oxygenation. Blood flow to the villus
tips is influenced by countercurrent exchange [24]. As oxygen is exchanged across the artery
and vein in response to tissue metabolic needs a progressive decrease in oxygen tension
from base to top occurs. Blood flow at the villus base was been reported to differ as much as
25 mmHg at the tips [25].

Normal cell turnover of the endothelial lining of the intestine occurs every 3.5 days [26,27].
The turnover of enterocytes is precisely regulated by cell proliferation and apoptosis [28].
Beginning in the crypts of Lieberkühn, cells of different lineage, e.g., mucus producing
goblet cells, absorptive enterocytes, and enteroendocrine cells, are matured and migrate
toward the villus tips where they will be sloughed or die by apoptosis. Our present histology
results show the villus tips in both the control and SMA-banded groups stained positive with
Hypoxyprobe™. More extensive villus involvement and deeper brown staining of the villus
was found in SMA-banded rats. The cytoplasmic staining of the villus in the control group
may reflect normal cell turnover by apoptosis. A second possible explanation for positive
staining relates to differences in anesthetic protocols used during EPR oximetry
measurement and tissue harvesting, isoflurane and pentobarbital, respectively. Studying the
effect of varying anesthetics on tumors, Baudelet and Gallez [29] reported reduce
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oxygenation and flow to several tissue when pentobarbital was administered. Thus, we are
limited in our ability to explain the resultant tissue staining indicative of villus hypoxia in
control rats.

Our results showed a greater area of villus involvement and higher intensity of cytoplasmic
staining in SMA-banded rats than controls. For SMA-banded rats with EPR measured pO2
values above 30 mmHg immediately prior to tissue retrieval, the pattern of staining was
similar to control tissue but with a higher intensity of brown color. This finding suggests a
broader involvement of tissue hypoxia. In rats with EPR oximetry values less than 10
mmHg, in addition to widespread villus involvement and darker staining, the neuronal cells
in both Auerbach’s and Miessner’s plexuses were heavily stained. Extension of cell hypoxia
to the connective tissue within the smooth muscle but not the muscle cells in either the
circular or longitudinal layers, stained dark brown. What is unknown is the effect enteric
nervous system neuronal hypoxia and the muscle and associated connective tissue have on
intestinal function and symptoms development. Hypoxyprobe™ was useful in this study to
detect hypoxic gradients in chronic intestinal ischemia which were consistent with
reductions in EPR measured oxygen tension in the small intestine.

Adhesion formation
All SMA-banded rats developed peritoneal adhesions at the Oxy-Chip site. The peritoneum
is comprised of a loosely anchored, single outer layer of mesothelial cells. Trauma to the
delicate mesothelium from surgical handling and instrument contact results in the
development of adhesions 5–7 days post injury. Adhesion formation begins with coagulation
that initiates a cascade of events leading to the buildup of a fibrin gel matrix that forms a
bridge between 2 damaged peritoneal surfaces [30]. The release of proinflammatory
cytokines IL-1, IL-6, IL-8, TNF-α, counteract the fibrinolytic system and promote adhesion
formation [31–33].

In response to ischemia, free radical release leading to superoxide generation is thought to
be the major trigger for adhesion development [34,35]. The initial infiltration by
polymorphonuclear leukocytes is followed on day 5–7 with infiltration by fibroblasts [36].
Hypoxia triggers normal peritoneal fibroblasts to irreversibly acquire an adhesion
phenotype. The adhesion phenotype promotes increased production of the cytokine
transforming growth factor beta (TGF-β1) and Type I collagen. TGF-β1 decreases peritoneal
fibrinolytic capacity to dissolve fibrinous adhesions. When xanthine oxidase, a principal
superoxide producing enzyme was inhibited, adhesion formation declined [37]. Thus,
oxygen derived free radicals may be pathogenically important to adhesion formation [38].
Our ischemic model likely produced adhesions by a combination of ischemia and
inflammatory processes.

Limitations to SI pO2 monitoring
Oxygen sensitive probes must be suited to their specific application. Despite successfully
monitoring SI pO2 for 7 days, we continue to encounter major obstacles to long-term
monitoring of intestinal oxygenation. Two areas of continued challenge include probe
placement and the need for a biocompatible material to attach the Oxy-Chip to the outer
serosal wall. Probe placement for intestinal pO2 monitoring presents a different set of
challenges than monitoring in solid organs do not. In tumors [39] and solid organs, such as
the heart [11] or skeletal muscle [12], the direct implantation of LiNc-BuO microcrystals by
injection is possible. Once placed, the LiNc-BuO probe remains in situ, and is easily located
for subsequent EPR measurement, making long-term pO2 monitoring feasible. Khan et al.
[11] reported placement of LiNc-BuO within the heart produced an inflammatory tissue
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reaction around the LiNc-BuO deposit, attributed most likely to the method of implantation
which did not interfere with probe sensitivity.

Our research focuses on monitoring pO2 of the SI because of its high metabolic activity and
role in the digestion and absorption of nutrients. In prior experiments we attempted to inject
sufficient quantities of the LiNc-BuO microcrystals into the thin-wall of the small intestine.
However, the majority of the injected LiNc-BuO was deposited inside the bowel lumen.
Intraluminal pO2 values were significantly lower than the SI tissue pO2 reported in this
study, 9.6 mmHg versus 54.5 mmHg respectively. Intestinal wall injection also runs the risk
of accidental bowel perforation with ensuing peritonitis and sepsis. We were able to inject
small quantities of LiNc-BuO between the layers of the large intestine. However, when the
abdomen was closed we were unable to locate the probe and, thus could not noninvasively
measure intestinal oxygenation.

The more recently developed Oxy-Chip, used in this research study, provides a dense
concentration of LiNc-BuO microcrystals embedded in PDMS [8]. The Oxy-Chip was cut in
strips larger than necessary to obtain an EPR signal but of sufficient size to be able to locate
the probe for monitoring when the abdomen was closed. The semi-rigid nature of the Oxy-
Chip is a drawback for intestinal monitoring. The mechanical properties do not allow
wrapping of the material around the intestine thus, the challenge of how to attach the probe
to the surface of the intestine. Our initial attempt to use of the Oxy-Chip for SI monitoring
was to suture the chip onto the peritoneal wall. Once the abdomen was closed, the Oxy-Chip
lay in direct contact with the intestinal surface. After one-week, our ability to obtain an EPR
spectrum was sporadic. For rats euthanized at one month, a thick layer of abdominal fat had
adhered to the probe surface. Thus, we likely measured fat and peritoneal muscle pO2
instead of intestinal pO2 (18.8–21.9 mmHg fat/muscle pO2 versus 20.9 mmHg intestinal
pO2).

For the current experimental pilot study, we placed the semi-rigid Oxy-Chip against the
intestinal wall using a sling that was slipped around the intestine and loosely sutured on top
to hold the chip in direct contact with the intestine. The intestine is a motile organ with
irritation from the thin plastic material used as a sling evident. In addition, an increased
presence of WBC’s within tissue was noted on H & E staining when compared to normal
ileal tissue samples (not shown). Interestingly, adhesions did not form in control animals but
extensive adhesion formation was observed in all SMA-banded rats suggesting the key role
tissue hypoxia may play in adhesion formation. It is common knowledge that bowel
ischemia occurs in the presence of adhesions but what remains controversial is the role
ischemia plays in the formation of adhesions.

Conclusion
This research represents the first step toward our goal of noninvasive monitoring of chronic
ischemic changes in SI pO2 over time. Our work continues to develop and test methods for
noninvasive SI pO2 measurement using flexible, LiNc-BuO embedded EPR-sensitive
materials that are biocompatible and allow for site-specific pO2 monitoring. Our long-term
goal is toward clinical application. Currently the clinical presentation of intestinal ischemia
is variable and appropriate clinical management remains controversial. Having the ability to
track changes produced by chronic ischemia in an animal model and ultimately patients will
contribute to our understanding of tissue oxygenation and how changes impact symptom
evolution and the trajectory of chronic disease. This study demonstrates preliminary success
in tracking intestinal changes in oxygenation using EPR oximetry.
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Fig. 1. Measured pO2 in control rats
Spikes represent individual pO2 values for control rats (n=3) at baseline, days 1,3, and 7. On
day 1 a slight increase in pO2 was noted. The small circle in position one on day 3 represents
our inability to locate the probe and obtain the EPR measurement. The pO2 was stable for
the 3 control rats on day 7.
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Fig. 2. Measured pO2 in SMA-banded rats
Spikes represent individual pO2 values for SMA-banded rats (n=6) immediately post-
banding after the abdomen was closed and on days 1, 3, and 7. A nonsignificant rise in pO2
was noted for some rats on day 1 followed by a progressive decline in pO2 to day 7. On day
1 we were unable to locate the probe for EPR measurement. No significant difference in pO2
was found from baseline banding to day 7. When control baseline values were used, a
significant decline in pO2 was detected on day 7 (p < 0.05).

Fisher et al. Page 13

Cell Biochem Biophys. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3. Comparison of mean pO2 for control and SMA-banded rats
A significant difference between mean pO2 was found between control and SMA-banded
rats, p = 0.02. No within group differences were found for control or SMA-banded rats. Data
are reported as mean ± SE.
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Fig. 4. In vivo comparison of pO2 in control and SMA banded rats using Hypoxyprobe™

Images were obtained using light microscopy at different magnifications (4x, 10x, 20x,
40x). All images are from ileal tissue. Figure A depicts an image in a control rat, while B, C,
and D are SMA-banded rat images. Tissues are stained with HypoxyprobeTM which binds to
protein thiol groups in cells with oxygen tension less than 10 mmHg and produces a brown
stain. Although a qualitative indicator of the degree of hypoxia, the color intensity of the
brown stain relates to the degree of hypoxia with darker intensity interpreted as more
hypoxic. Dark lines in the tissues represent tissue folds. A representative tissue fold is
labeled as F in diagram A. The following letters mean: CT, subserosal connective tissue, IC,
intestinal crypts, and ME, muscularis externa. The closed arrow indicates the myenteric
plexus. Images: (A) Represents villus tip staining in a control rat; (B) Illustrates cytoplasmic
staining by HypoxyprobeTM of enterocytes on a villi tip; (C) Illustrates a more extensive and
deeper brown staining of the ileum; (D) Is a 20x magnification of the image displayed in
(C). In this rat the EPR measured pO2 was 7.5 mmHg. Brown stain is seen throughout the
connective tissue of the submucosa, circular and longitudinal muscle, and the subserosal
connective tissue noted as CT. The arrow indicates neuron hypoxia and further examination
illustrates multiple sites of neuron death in all enteric nervous system cells. Not shown, on
40x magnification, both Auerbach’s and Meissner’s plexesus hypoxia was prominent. We
were able to rule out death in these areas being attributable to satellite cell death or
connective tissue surrounding these neurons.
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