W J

World Journal of
Gastroenterology

Online Submissions: http:/ /www.wjgnet.com/1007-9327office

wjg@wijgnet.com
doi:10.3748 / wjg.v16.i45.5701

World | Gastroenterol 2010 December 7; 16(45): 5701-5709
ISSN 1007-9327 (print) ISSN 2219-2840 (online)
© 2010 Baishideng. All rights reserved.

ORIGINAL ARTICLE

Redefining the properties of an osmotic agent in an
intestinal-specific preservation solution

Kimberly Schlachter, Matthew S Kokotilo, Jodi Carter, Aducio Thiesen, Angela Ochs, Rachel G Khadaroo,

Thomas A Churchill

Kimberly Schlachter, Matthew S Kokotilo, Angela Ochs, Ra-
chel G Khadaroo, Thomas A Churchill, Department of Surgery,
University of Alberta, Edmonton, Alberta, T6G 2B7, Canada
Jodi Carter, Aducio Thiesen, Department of Laboratory Medi-
cine and Pathology, University of Alberta, Edmonton, Alberta,
T6G 2B7, Canada

Author contributions: Schlachter K performed analysis, ana-
lyzed the data and wrote the paper; Kokotilo MS performed
analysis and wrote the paper; Carter J and Thiesen A performed
analysis of histology; Ochs A participated in analysis and wrote
the paper; Khadaroo RG wrote and contributed to the concept of
the study; Churchill TA was principle investigator, designed the
study, analyzed the data and wrote the paper.

Supported by Operating funds awarded by the Canadian In-
stitutes of Health Research (to Churchill TA); and salary award
from Alberta Heritage Foundation for Medical Research (to Ko-
kotilo MS)

Correspondence to: Thomas A Churchill, PhD, Department of
Surgery, University of Alberta, 2D2.28 Walter Mackenzie Center,
Edmonton, Alberta, T6G 2B7, Canada. tachurch@ualberta.ca
Telephone: +1-780-4073697 Fax: +1-780-4077394

Received: June 3, 2010 Revised: July 13, 2010
Accepted: July 20,2010

Published online: December 7, 2010

Abstract

AIM: To investigate the effects of dextrans of various
molecular weights (Mw) during a 12 h cold storage
time-course on energetics, histology and mucosal infil-
tration of fluorescein isothiocyanate (FITC)-dextran.

METHODS: Rodent intestines were isolated and re-
ceived a standard University of Wisconsin vascular flush
followed by intraluminal administration of a nutrient-
rich preservation solution containing dextrans of varying
Mw: Group D1, 73 kdal; Group D2, 276 kdal; Group D3,
534 kdal; Group D4, 1185 kdal; Group D5, 2400 kdal.

RESULTS: Using FITC-labeled dextrans, fluorescent
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micrographs demonstrated varying degrees of mucosal
infiltration; lower Mw (groups D1-D3: 73-534 kdal) dex-
trans penetrated the mucosa as early as 2 h, whereas
the largest dextran (D5: 2400 kdal) remained captive
within the lumen and exhibited no permeability even af-
ter 12 h. After 12 h, median injury grades ranged from
6.5 to 7.5 in groups D1-D4 (73-1185 kdal) represent-
ing injury of the regenerative cryptal regions and sub-
mucosa; this was in contrast to group D5 (2400 kdal)
which exhibited villus denudation (with intact crypts)
corresponding to a median injury grade of 4 (P < 0.05).
Analysis of tissue energetics reflected a strong positive
correlation between Mw and adenosine triphosphate
(7 = 0.809), total adenylates (© = 0.865) and energy
charge (# = 0.667).

CONCLUSION: Our data indicate that dextrans of Mw
> 2400 kdal act as true impermeant agents during 12 h
ischemic storage when incorporated into an intraluminal
preservation solution.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION

Small bowel transplantation (SBT) has become an essen-
tial treatment for patients with irreversible intestinal failure
who do not succeed on parenteral supplementation'”’, The
global frequency and success rates of such procedures
have seen steady increases over the last decade!. While
only 11 intestinal transplants were performed in 1990, 140
cases wete reported in 2003; currently approximate 200
are performed annually across the world". For those in-
dividuals receiving antibody-based induction therapy and
tacrolimus-based maintenance immunosuppression, one
year post-transplant survival rates are comparable to those
of liver (> 80%)". The majority of individuals do not
receive these therapies, hence 5-year graft survival rates
for SBT remain low (31%-69%; 48% weighted average
for 2005 data) compared to other commonly transplanted
organs",

Among the obstacles to successful SBT is the ex-
treme susceptibility of the mucosal epithelium to even
brief periods of ischemia®. For this reason, the ability to
successfully preserve graft viability during the period of
ischemic cold storage is critical. Preventing hypothermia-
induced cellular swelling is a basic principle of successful
organ preservationm. One major advancement in preser-
vation solution technology and design was the develop-
ment of the “gold standard” preservation solution, the
University of Wisconsin (UW) solution. Improvements in
organ quality and safe cold ischemic times can be largely
attributed to the control of cellular edema. This was ac-
complished by including cell-impermeant molecules
lactobionate, raffinose, and hydroxyethylstarch (HES)®.
With respect to the intestine, studies have shown that net
fluid shifts contributing to mucosal injury can originate
from the vasculature or lumen®”. Since standard intestinal
procurement involves a common intra-aortic flush of all
abdominal organs, current preservation strategies do not
address fluid shifts of a luminal origin.

Throughout the last several years, our laboratory has
developed a novel nutrient-rich preservation solution
(containing a large amino acid component) tailored to the
specific metabolic requirements of the small intestine;
termed AA solution. Numerous iz vitro and in vivo models
have documented superior maintenance of energetics, a
reduction in oxidative stress, and a preservation of mu-
cosal morphology and battier function following intralu-
minal administration of the nutrient-rich solution™"”. We
have demonstrated the benefits of using a high molecular
weight (Mw) HES (2200 kdal) as an impermeant molecule
in our novel solution""?, with no direct evidence that the
starch molecule does not penetrate the mucosal bartier
during ischemia. Recent data from our lab has demon-
strated that dextran (Mw = 70 kdal) is not osmotically ac-
tive when delivered as part of an intraluminal preservation
solution; direct visualization of a fluorescently-labeled
dextran-70 cleatly showed the rapid migration of the dex-
tran into the mucosa. This has raised the question as to
the exact Mw characteristic of an effective impermeant
agent in the realm of intestinal ischemia as it relates to a
novel strategy of intraluminal preservation.
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Although the UW solution contains HES on the basis
of preventing interstitial edema incurred during cold isch-
emia'] there exists controversy over its effectiveness for
static organ storage. Some studies report that HES may be
omitted from the UW solution without detrimental effects
on overall graft qualitymm, while others suggest a pro-
tective role of HES in stored tissues'**". Because these
previous studies deal solely with an intravascular delivery
of UW solution, they do not provide information about
the role of colloids in preservation solutions administered
intraluminally for intestinal grafts. We suspect that during
cold storage, alterations in the permeability characteristics
of the mucosa will result in the infiltration of relatively
large osmotic agents, thereby failing to effectively control
tissue edema and mucosal viability. We hypothesized that
there is a critical Mw for an effective osmotic agent to be
used in an intraluminal preservation solution during cold
ischemic storage.

MATERIALS AND METHODS

Summary of experimental design

Briefly, small intestines from rats were flushed intravascu-
larly with UW solution, isolated and flushed intraluminally
with a nutrient-rich preservation solution containing 5%
dextran of varying Mw (73, 276, 534, 1185, 2200 kdal).
Fluorescein isothiocyanate (FITC)-labeled dextrans to
a final fluorescence of 10 X 10° fluorescence units/mL.
were incorporated into the solutions to aid in direct visu-
alization of dextran infiltration. Intestines were stored at
4°C and samples were taken over a 12 h time-course for
subsequent analysis.

Surgical procedure and intestinal procurement

Male Sprague-Dawley rats (200-250 g) were obtained from
the University of Alberta and used as organ donors. All
experiments were conducted in accordance with Canadian
Council on Animal Care policies. Animals were fasted
overnight and provided water ad /ibitum. Rats were in-
duced with pentobarbital (65 mg/250 g; IP), followed by
inhalational isoflurane (0.5%-2%) to maintain anesthesia.
Following a midline laparotomy, the aorta was exposed
infrarenally and at the celiac trunk. The supraceliac aorta
was clamped and 2-4 mL modified UW solution was
administered #a the infrarenal aorta. The vena cava was
transected to facilitate the outflow of blood and perfusate.
The entire jejunum and ileum was subsequently harvested.
A nutrient-rich preservation solution (AA solution), de-
veloped in our lab, was used to flush and clear the lumen
of its contents (40 ml; approximate 2.0 mL/g). Sixteen
centimeter-long sections of ileum were measured out.
The sections were filled at the proximal end with 4-5 mL
nutrient-rich preservation solution containing 5% dex-
tran of varying Mw (fluorescence was standardized to 10
% 10° fluorescence units/ml. and each end ligated with
3-0 silk). The preservation solution contained (values in
brackets are mmol/L): Glutamine (35), Lactobionate (20),
Glutamate (20), Aspartate (20), Glucose (20), BES [IN,N-
Bis(2-hydroxyethyl)taurine] (15), Arginine (10), Glycine
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Group Mp Mw Mn PDI v

D1 62900 72700 50700 143 0.263
D2 238000 275900 204600 1.35 0.463
D3 490000 534000 371000 143 0.633
D4 1050000 1185000 705000 1.67 0.862
D5 2000000 2400000 1600000 1.50 0.803

Mp: Peak average molecular weight; Mw: Weight average molecular weight;
Mn: Number average molecular weight; PDI: Polydispersity index (PDI =
Mw/Mn); IV: Intrinsic viscosity (dL/g).

(10), Asparagine (10), Threonine (10), Lysine (10), Valine
(10), Setine (10), Methionine (5), Leucine (5), Isoleucine
(5), Histidine (5), Ornithine (5), Proline (5), Adenosine (5),
Cysteine (5), B-Hydroxybutyrate (3), Tyrosine (1), Trypto-
phan (1), Trolox (1), 3-Aminobenzamide (1), Allopurinol
(1); plus the inclusion of 5% Dextran. The pH of each
solution was adjusted to 7.40 with sodium hydroxide;
measured osmolarity was 320 mOsm.

Group designations were as described in Table 1;
briefly the dextran Mw for the 5 groups (D1-D5) were: 73
(D1); 276 (D2); 534 (D3); 1185 (D4); 2400 (D5) kdal.

Tissues were stored on ice at 4°C in standard AA so-
lution and sampled at 2, 4, and 12 h; at each time-point
a 4 cm length of intestine was sampled; half was used
for histology and half for metabolite analysis. To arrest
metabolic activity, samples were snap frozen in liquid ni-
trogen, and stored at -65°C until processed.

FITC-labeling of dextrans

Dextrans used in this study were obtained from American
Polymer Standards Corporation, Ohio, US; these dextrans
were of the highest purity available and characteristics are
provided in Table 1. Briefly, peak average molecular weight
(Mp), weight average molecular weight (Mw), number
average molecular weight (Mn), and polydispersity index
(PDI) describe molecular distribution curves. The key pa-
rameter defining dextran purity is the PDI with a value of
1.0 representing absolute purity. PDI values of less than
3 represent high purity fractions; hence values in the cur-
rent study of 1.35 to 1.67 are of extremely pure dextran
fractions. The procedure used to FITC-label the dextrans
from the above solutions was based on the original pro-
cedure used by De Belder and Granath®, The dextran of
interest together with fluorescein 5-isothiocyanate (FITC)
were dissolved in dimethyl sulphoxide, pyridine and dibu-
tyltin dilaurate and heated to 95C for 2 h. The mixture
was then put on ice and the dextran was precipitated out
with cold 100% ethanol, filtered and dried in an oven
at 40°C. Labeling efficiency was 0.015-0.020; this corre-
sponds to 1 fluorescein molecule per 50-67 glucose units.
FITC-labeled dextran accounted for 8.5% % 0.6% of
total dextran in each solution; fluorescence was standard-
ized. Fluorescence for FITC-dextrans was evaluated at an
excitation wavelength = 485 nm/emission wavelength =
535 nm.
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Stability of the FITC label

When labeling fluorescent moieties to target molecules,
one of the key concerns that must be considered for
subsequent experimentation to be valid is that the fluores-
cent label must remain bound to the target and does not
spontaneously detach over time when in aqueous solu-
tion. In this study, a dilute solution (approximate 0.1%) of
each dextran was incubated at 4°C for 24 h. Following the
incubation period, FITC-dextrans were precipitated with
cold 100% ethanol, centrifuged, and the supernatant (con-
taining free FITC) was assessed for fluorescence. When
solutions were incubated at 4°C, there were no statistically
significant decreases in FITC-bound dextrans; this indi-
cated a stable conjugation for all high-purity dextrans used
in this study.

Sample preparation and metabolite assay

Frozen small bowel samples were weighed and then ex-
tracted 1:5 weight/volume in perchloric acid containing
1 mmol/L ethylenediamine tetra-acetic acid. The precipi-
tated protein was removed by centrifugation (20 min at
20000 X g). Acid extracts were neutralized by the addi-
tion of 3 mol/L. KOH/0.4 mol/L Tris/0.3 mol/L KCl
and then recentrifuged (20 min at 14000 X g). Aliquots
of neutralized extracts were immediately processed via
standard enzyme-linked metabolite assays””. Spectropho-
tometric analysis was then performed to measure the ab-
sorbance of NADH at 340 nm, providing quantification
of adenosine triphosphate (ATP), total adenylates [ATP
+ adenosine diphosphate (ADP) + adenosine monophos-
phate (AMP)] and energy charge [(ATP + 0.5 ADP)/total
adenylates] and malondialdehyde™”. Values are reported
as pumol per gram protein. Protein was measured accord-
ing to the method of Lowry ef a*,

Histology
Bowel samples were fixed in alcohol formalin solution,
processed to paraffin wax, embedded, and sections cut at
5 um. Sections were dewaxed then mounted with Prolong
Gold anti-fade reagent with 4°,6-diamidino-2-phenylindole
(DAPI; Invitrogen) and sealed with nail polish. Fluo-
rescent microscopy was used to view FITC and DAPI
fluorescence in tissues; wavelengths were Ex = 485/Em
= 535 and Ex = 360/Em = 460, respectively. Fluorescent
images were digitally captured using AxioVision software.
All photos shown reflect representative findings. A second
set of sections were stained with hematoxylin and eosin
and graded according to a modified Park’s classification
for intestinal injury1251 as follows.

Grade 0: Normal mucosa; grade 1: Subepithelial space
at villus tip; grade 2: Moderate subepithelial space; grade 3:
Epithelial lifting along villus sides; grade 4: Denuded wvilli;
grade 5: Loss of villus tissue; grade 6: Crypt layer injury;
grade 7: Transmucosal injury; and grade 8: Transmural
injury.

Statistical analysis
Metabolite data were reported as mean = SE for each
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Time (h) Group Grade Median Significance Event

2 D1 0,2,6,7 4 Denuded villi
D2 3,4,6,6 5 Loss of villi
D3 1,2,2,3 2 D3, D4, D5 0s D1, D2, Moderate Clef’tintc?r '
D4 1,2,3,5 25 P=0.06 Moderate-extensive clefting
D5 1,2,3,4 25 Moderate-extensive clefting

12 D1 0,6,7,8 6.5 Injury to crypts and submucosa
D2 2,6,7,7 6.5 Injury to crypts and submucosa
D3 3,7,8,8 7.5 Injury to crypts, submucosa and muscularis
D4 3,688 7 Injury to crypts and submucosa
D5 0,4,4,5 4 D5vs D1-D4, P <0.05  Clefting and denuded villi

A modified Park’s classification for intestinal injury was used to assess mucosal morphology as follows: Grade 0: Normal mucosa; Grade 1: Subepithelial
space at villus tip; Grade 2: Moderate subepithelial space; Grade 3: Epithelial lifting along villus sides; Grade 4: Denuded villi; Grade 5: Loss of villus tissue;
Grade 6: Crypt layer injury; Grade 7: Transmucosal injury; Grade 8: Transmural injury.

group. Statistical differences between groups were deter-
mined using analysis of variance, followed by Student-
Newman-Keuls’. Analysis of relationships between Mw
and ATDP, total adenylates, or energy charge was per-
formed with a linear regression analysis for parametric
data. Differences in histology grades were assessed by a
non-parametric Kruskal-Wallis test.

RESULTS

Infiltration of FITC-labeled dextrans during cold
ischemic storage
The lower Mw dextrans tested (D1, D2, D3) consis-
tently demonstrated infiltration of the fluorescent label
at all time-points. At the eatlier time-points, 2 and 4 h,
fluorescence intensity was greatest in the epithelium or
in sloughed epithelial cells. After 12 h storage, there was
significant infiltration into the cryptal regions, the lamina
propria, as well as the vascular epithelium. Mucosal injury
was greatest in these groups (D1, D2, D3), ranging from
development of subepithelial clefts at 2 h to complete
denudation at the later time-points, leaving the underlying
tissue vulnerable to further dextran penetration.
Interestingly, the intermediate Mw dextran, D4, exhib-
ited no extensive penetration of label into the epithelial
layer and largely remained within the layer of mucous
coating the surface of the villi. Several goblet cells and the
apices of some villi did have a minor amount of fluores-
cence. However, by 4 h, there was considerable infiltration
of the dextran label throughout the underlying tissue. Lim-
ited mucosal injury was apparent even after 12 h storage,
at which time epithelial clefting had developed. Treatment
with the highest Mw tested, D5, resulted in no observable
infiltration into the epithelium or lamina propria; this was
evident at all time-points (Figure 1).

Evidence of mucosal injury

Histologic injury was evident eatly on during cold stor-
age, particulatly for the lower Mw dextrans after only 2 h.
Most notably, in groups D1 and D2, 50% of specimens
exhibited a significant degree of crypt infarction, com-
pared to no evidence of crypt infarction in groups D3,
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D4, and D5 (P = 0.006).

By 12 h, 75% (12/16) of specimens in groups D1-D4
had an injury grade of 6 or greater (damage to the crypts,
mucosa, or transmural injury). Conversely, 75% of speci-
mens in Group D5 exhibited clefting where the epithelium
had lifted off the underlying lamina propria (grade 3) and
at times had dissociated from the villus proper (grade 4)
(P < 0.05). A summary of injury grading and median
grades are presented in Table 2. Representative fields of
injury are presented in Figure 2 micrographs.

ATP, total adenylate, energy charge levels

Following 12 h cold storage, ATP levels ranged from 5.3
to 9.6 umol/g, with D1 and D2 having the lowest levels
(5.3-5.6 umol/g). Intermediate Mw groups, D3 and D4,
exhibited intermediate ATP levels, both significantly dif-
ferent from D1 and D2 (P < 0.05). ATP progressively
increased to a maximum of 9.6 umol/g in D5; this group
had significantly greater levels than all other groups (P <
0.05). Levels of total adenylates (ATP + ADP + AMP)
closely resembled those of ATP. Levels in groups D2 and
D3 were significantly higher than in D1 and D2, P < 0.05.
Similarly, D5 level was significantly greater than all groups,
P < 0.05. Atkinson described another useful measure
of tissue energetics, “energy charge” as: EC = (ATP +
ADP/2)/total adenylates”. In illustrating the significance
of this measurement, Pegg used the analogy of a battery
in describing the energy charge as being a measure of the
“charged up” state of the adenylate poolm. As ATP levels
decline relative to ADP and AMP levels, energy charge
also drops, indicating that less of the total adenylate pool
exists in a form that is immediately available for cellular
work. Energy charge ratios showed similar trends to those
of ATP and total adenylates. Values increased as Mw of
the dextran increased, starting at 0.45 in D1 and reaching
0.62 in D5; D5 value was significantly different than all
values in groups D1-D4 (P < 0.05) (Figure 3).

Correlation between energetics and dextran Mw

With respect to dextran Mw;, there was a strong positive
and statistically significant correlation with ATP 7 =
0.809); total adenylates (¥ = 0.865); and energy charge
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Figure 1 Infiltration of fluorescein isothiocyanate-labeled dextrans during cold ischemic storage. All magnifications (x 10 objective) are of representative
fluorescent intensities and mucosal injury. All photos have a standardized exposure time of 250 ms for the fluorescein isothiocyanate channel; exposure times for
4' 6-diamidino-2-phenylindole, a common nuclear stain, are 2-20 ms and are included for contrast.

(7 = 0.667). Overall, group D5 was the most effective in the 12 h period of cold ischemic storage, while lower Mw
preserving the three parameters of tissue energetics over groups exhibited poor conservation of energetics. Supe-
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Figure 2 Histology after 12 h cold ischemic storage. Photos are of representative median grades of histologic injury according to a modified Park’s classification of
intestinal injury®. Magnification with 10 x objective. HE staining, 5 um sections. D1: Grade 6.5; D2: Grade 6.5; D3: Grade 7.5; D4: Grade 7; D5: Grade 4.

rior maintenance of energetic parameters supported the
preservation of mucosal viability as determined by direct
histologic observation of mucosal morphology as well as
penetration of the FITC-labeled dextrans (Figure 4).

Oxidative stress

No significant differences were detected among groups
D1-D5 with respect to the parameter of oxidative stress
(malondialdehyde) after 12 h storage; values varied be-
tween 236 and 274 nmol/g protein in all 5 experimental
groups (data not shown).

DISCUSSION

The major clinical application of dextrans, in addition
to other starches and albumin, has been for their plasma
volume expansion properties. These molecules exert
their osmotic effects by binding water within the vas-
culature and creating an osmotic force to extract water
from edematous tissues. The Mw of a molecule required
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to remain captive within the vasculature is very low as
demonstrated by the effectiveness of an intravascular
flush during organ procurement with the UW solution
(osmotic agents, lactobionate and raffinose; Mw = 358
and 504, respectively). With respect to osmotic support
and the application of an intraluminal preservation solu-
tion, the Mw permeability limit of the epithelial barrier
during ischemic storage has not been clearly defined.

In the realm of organ preservation, osmotic agents are
required to counteract the metabolic events that result in
the influx of water into the cells/tissue. Under normal cir-
cumstances, cells have an extracellular environment rich in
Na' and low in K™, The Na* JK" transporter maintains
the respective gradients of these ions, relying on the use
of ATP as its energy source. Essentially, this pump makes
Na' an impermeant outside of the cell, creating an os-
motic force that counteracts the osmotic pressure exerted
by proteins and impermeable anions in the cell interior.
Together, these intracellular proteins and impermeable
ions require an osmotic force of 110-140 mOsm/kg to
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Figure 3 Parameters of energy metabolism during cold ischemic storage.
Adenosine triphosphate (ATP), total adenylates and energy charge levels are
presented. **““P < 0.05, significantly different vs D1, D2, D3, D4, respectively.

offset fluid flow into the cell”. In ischemic tissue under
cold storage, the above situation is quite different. Hy-
pothermic conditions coupled with aerobic metabolism
collectively work to inhibit Na' /K" ATPase activity, de-
creasing the cell membrane potential. As a result, Na" and
Cl flow down their concentration gradients into the cell,
and water follows, causing the cell to swell; cells eventu-
ally become damaged and may lyse™”. Cell impermeant
molecules are critically important in regulating fluid move-
ment into the cell; there is a fundamental requitement of
110-140 mmol/L of osmotic agents in order to countet-
act cell swellingm.

When utilizing an intraluminal preservation solution,
inadequate osmotic support will culminate in direct injury
to the epithelium. This leads to the compromise of cellu-
lar integrity and consumption of essential energy reserves
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ATP: Adenosine triphosphate; Mw: Molecular weight.

in an attempt to repair damaged tissue. Depletion of cel-
lular energy reserves (ATP and total adenylates) results
in an inability of the mucosal epithelium to preserve its
bartier function, compromising epithelial integrity during
organ storage[zu’zs]. The barrier consists of numerous tight
junctions located towatd the apical sutface of intestinal
epithelial cells™. A number of proteins form the tight
junctions, which are active, energy-consuming structures”.,
The transepithelial flow of both macromolecules and
enteric bacteria are thought to be caused by tight junction
dilation”, and the consequences are twofold: (1) an in-
creased likelihood of sepsis and (2) a need to consider the
permeability of molecules used for osmotic support dur-
ing preservation. Sepsis may occur due to bacterial trans-
location™ and continues to account for the majority
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of deaths after intestinal transplantation (46.0% between
April 1985 and May 2003) " Increased permeability of the
intestine during ischemic conditions should influence the
critical Mw limit for molecules added to the intraluminal
preservation solution for impermeant support. Inclusion
of the appropriate agent capable of acting as a true os-
motic will improve the quality of the intestinal graft and
ultimately influence success of the transplant.

Hydrostatic and impermeant forces regulate the move-
ment of fluids between intracellular and extracellular com-
partments. Hydrostatic forces have a predominant role
in continuous perfusion methods; whereas, impermeant
forces are the sole contributors governing net fluid flux in
the setting of static cold storage, the current standard for
most intra-abdominal organs. Shifts in net fluid flow dur-
ing cold storage are proposed to originate from the intesti-
nal vasculature and/or lumen'”. In the current study, fluid
shifts of vascular origin were controlled by delivering a
standard intra-aortic vascular flush with UW solution to all
treatment groups, as would happen in the clinical situation.
Keeping such fluid shifts constant was essential, allow-
ing us to attribute any inter-group differences of luminal
permeability to the specific dextran size of interest. Based
on the data presented in the current communication, there
was a definitive inverse relationship between dextran Mw
and its ability to cross the epithelial barrier during cold
storage. Several relatively large Mw dextrans (73-534 kdal)
exhibited a definitive pattern of penetration of the muco-
sal layer within 2 h cold storage, eventually infiltrating the
submucosa and muscularis propria after 12 h. The only
effective dextran fraction tested that exhibited impermeant
characteristics by remaining captive within the lumen even
after 12 h cold ischemia was one of Mw = 2400 kdal. This
study is the first to establish the critical permeability limit
of the mucosal layer during intestinal preservation and to
delineate the requisite Mw of a true osmotic impermeant
in the lumen.

The relationship between Mw (size) and permeability
determined in this study was somewhat expected based
on the results from various animal and human intestinal
permeability studies"™'™"". An inverse relationship be-
tween Mw and mucosal-to-serosal permeability has been
established previously for rodents”. In a comprehensive
report addressing comparative intestinal permeability in
pig, rat, and human models, Nejdfors e# al" found an
inverse relationship between the Mw of marker mol-
ecules and their mucosal permeability across all species,
irrespective of location in the gastrointestinal tract.
The power of such a study comes from the fact that
identical standardized methods of evaluating molecular
permeability and a wide range of Mw were used for
each species; this included "C-mannitol, FITC-dextrans
4.4/70 kdal and several proteinaceous macromolecules
(o-lactalbumin, 65 kdal and ovalbumin, 45 kdal).

In an animal study assessing the uptake of FITC-
dextran (Mw 70 kdal) by the small intestinal epithelium,
Ekstrém e al” found that during neonatal development
(< 30-d old) there were negligible amounts of FITC-
dextran in the serum with no enterocyte infiltration. One
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should note that this experiment was conducted in healthy
fully oxygenated tissues without any prior ischemic insult.
Based on such reports, our nutrient-rich solution has in
the past contained a dextran fraction with similar Mw for
impermeant support®”. There is no reason to suspect
that a macromolecule which is impermeant in the lumen
of a healthy bowel will do so during ischemic conditions,
even at reduced temperatures. As the number of tight
junctions and the magnitude of the dilatations increase,
the potential for infiltration and translocation of large
macromolecules and eventually bacteria also increases. As
a consequence of these impermeant characteristics, the
lack of osmotic support contributes directly to tissue ede-
ma and its negative sequelae. In tissues lacking sufficient
impermeant support during hypothermic storage, edema
becomes a major concern.

In the current study, parameters of cellular energetics
(ATP, total adenylates and energy charge) consistently
reflected strong and significant positive correlations with
respect to dextran Mw. Although the value of ATP to
the cell is obvious, higher Total Adenylate levels reflect
reduced rates of purine catabolism, potentially leading to
the accumulation of hypoxanthine and the production
of uric acid and superoxide (a highly reactive oxygen
free radical)®™. A second consequence is that greater
amounts of purines are available for ATP regeneration
(once carbon exits the total adenylate pool, reconversion
is not enzymatically possible in this pathway). These bio-
chemical parameters of tissue integrity all indicate that
the 2400 kdal dextran was maximally effective in protect-
ing the mucosa from ischemic insult during cold storage.

In conclusion, the permeability characteristics of the
rat small bowel during cold ischemia are very different
than those of intestinal tissue that is not limited with re-
spect to oxygen and nutrients. In order for a molecule to
behave as a true osmotic impermeant, the Mw must be
much greater than that established for intravascular pres-
ervation solutions. From the data presented in this study,
the size of dextran showing the lowest degree of epithe-
lial or mucosal infiltration, superior morphology and mini-
mal disruption to cellular energetics was 2400 kdal. These
findings clearly delineate the critical Mw limit that must be
addressed in the development of an effective intraluminal
preservation solution.
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Background

An effective osmotic agent is one of the fundamental requirements of organ
preservation for transplantation. Commonly used preservation solutions that
are typically administered via an intravascular route utilize low molecular weight
(Mw) impermeant compounds to maintain tissue water balance. Our laboratory
has developed a novel strategy for intestinal preservation involving the intralu-
minal delivery of a nutrient-rich preservation solution; however, an appropriate
impermeant molecule has not been clearly defined.
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Although organ preservation methods have existed for decades, luminal admin-
istration of a preservation solution tailored to the metabolic requirements of the
small bowel is a novel concept.

Innovations and breakthroughs

This study reveals for the first time that a large Mw impermeant molecule is a fun-
damental requirement of an intraluminal preservation solution during cold, static
storage of the small intestine. Interestingly, only the highest Mw dextran (2400 kdal)
remained within the intestinal lumen throughout the entire 12 h period of cold stor-
age, resulting in superior graft energy status and tissue morphology.
Applications

The current study focused on defining a suitable osmotic agent for use in our in-
traluminal preservation solution, a key factor affecting intestinal viability during or-
gan storage. As a back-table luminal flush that does not interfere with the clinical
vascular preservation method, our AA solution has the potential to revolutionize
intestinal preservation, and therefore improve patient outcomes following trans-
plantation.

Peer review

The manuscript submitted by Schlachter et al represents a methodical and well
written study investigating the protective effects of different Mw dextrans in a
novel intestinal preservation solution. The findings of the study are potentially
important and widely applicable to the intestinal transplantation field.
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