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To investigate whether electrophysiologic changes can detect the early onset and 
progress of intestinal rejection, changes in in vitro electrophysiologic function, in
testinal histopathology, and Na-K-ATPase activity were studied in dogs. Adult nwn
grel dogs of both sexes, weighing 18-24 kg, were used for auto and allo small bowel 
transplantation. The entire small bowels, except for short segments at the proximal 
and distal ends, were switched between a pair of dogs (allograft). Animals receiving 
intestinal autotransplantation were used as controls. Allograft recipients were sacri
ficed 3, 4, 5, 7, or 9 days after transplantation, and autograft recipients were sacri
ficed 3, 7, or 14 days after transplantation. 1mmunosuppression was not used. Elec
trophysiologic measurements were done with an Ussing chamber. Histological 
analysis was performed blindly using whole thickness sections. Na-K-ATPase activity 
in the mucosal tissue, which is said to regulate the potential difference, was also mea
sured. Potential difference, resistance, and Na-K-ATPase activity of the allograft in
testine decreased with time and were significantly lower 7 and 9 days after transplan
tation compared to host intestine, normal intestine, and graft intestine of controls 
(autograft). Potential difference, resistance, and Na-K-ATPase activity of the native 
intestinal tissue and the autografts did not decrease with time. Detection of histologi-
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cally mild rejection of the intestine, which is important for appropriate immunosup
pressive treatment in clinical cases, could not be achieved based on electrophysiology 
or Na-K-ATPase activity. Deterioration of electrophysiologic function during rejec
tion correlated with the histological rejection process and Na-K-ATPase activity; 
however, electrophysiology may not be a reliable tool for monitoring grafts, since it 
cannot detect early intestinal rejection. 

Keywords small bowel transplantation, Us sing chamber, electrophysiologic 
function, Na-K-ATPase, rejection 

The prevention and early detection of rejection is crucial for successful clinical small 
bowel transplantation [1-4]. In the absence of any known biochemical markers of 
small bowel rejection, histopathological analysis of endoscope-guided mucosal biop
sies has been recommended for the diagnosis and treatment of intestinal rejection 
[1,4,5]. Even though histological diagnosis of rejection has proven effective, a more 
objective and quantitative method is needed. The use of in vitro electrophysiologic 
study of the intestinal mucosal has been proposed for monitoring intestinal graft rejec
tion [6-8]. Using an in vivo technique, Lee et al. [9] and Meijssen et al. [10] reported 
that electrophysiologic measurement of epithelial function paralleled both the clinical 
and morphologic parameters of rejection. However, it is not clear whether electro
physiologic function correlates with histological degree of rejection or whether the 
measurement of electrophysiologic function can accurately diagnose early histological 
rejection. 

The measurement of potential difference of the intestine is based on the active ion 
transport of Na-K-ATPase at the basolateral membrane and is a sensitive reflection of 
changes in the electrical activity of the mucosal cells [9]. However, potential difference 
and Na-K-ATPase activity during rejection of the small intestine have never been mea
sured simultaneously. 

This study compared in vitro electrophysiologic function with the histology of the 
whole-thickness bowel and mucosal tissue Na-K-ATPase activity, and investigated 
whether electrophysiologic function is useful for monitoring intestinal graft rejection. 

Materials and Methods 

Adult male and female mongrel dogs weighing 18-24 kg were used. 

Operative Procedure 

Animals were fed with a low residual diet, and were given 1 g neomycin sulfate and 500 
mg metronidazole daily for 5 days before small bowel transplantation. Animals were 
fasted from the evening prior to surgery. Under general anesthesia with halothane and 
02:N02 (50:50), the entire small bowel, except for short segments of duodenum and 
ileum, was isolated on a vascular pedicle of the superior mesenteric artery (SMA) and 
vein (SMV). The small bowel was then removed and placed in slushed ice on the back 
table. The vasculature of the graft was perfused with 1 L cold lactated Ringer's solution 
containing 2000 U/L of heparin and 300 mg/L of neomycin sulfate. The lumen was 
flushed with 1 L of the same solution. Intestinal grafts (allografts) were exchanged be
tween a pair of dogs. Vascular reconstruction was accomplished by end-to-end anasto
moses of the donor SMA to the recipient SMA and the donor SMV to the recipient SMV. 
Small bowel continuity was restored by end-to-end anastomoses of the donor jejunum to 
the recipient duodenum and the donor ileum to the recipient ileum. All animals were 
treated with 1 g/day of Mandol intramuscularly for 3-5 days postoperatively. Lactated 
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Ringer's solution 0-2 L) was given daily until the animals were eating and drinking nor
mally (about 5 days). No immunosuppression was given. 

The dogs were sacrificed on postoperative day (POD) 3 (n = 4), POD 4 (n = 3), POD 
5 (n = 5), POD 7 (n = 7), or POD 9-12 (n = 4). Control animals undergoing intestinal au
totransplantation were sacrificed on POD 3 (n = 5), POD 7 (n = 4), or POD 14 (n = 5). 
Normal values (POD 0) were obtained by taking samples under general anesthesia from 
untreated dogs. 

Electrophysioiogicai Study 

Electrophysiologic measurements were performed in essentially the same manner as 
described by Kirkmann et al. [6]. Isolated loops from both host and graft ileum were 
rinsed in cold lactated Ringer's solution to remove luminal contents. The mucosa and 
submucosa were separated from the seromuscular layer by blunt dissection. Graft and 
host ileal membranes, without Peyer's patches, were simultaneously mounted on a 
13.5-mm-diameter Us sing chamber (World Precision Instruments Inc., Sarasota, FL, 
USA). When mounted in these chambers, each surface interfaced with a reservoir of 
continuously recirculated oxygenated (95% O2, 5% CO2) buffer solution at a pH of 7.4. 
The recirculating reservoirs were maintained at 37°C. Ten milliliters of perfusion solu
tion, consisting of 120 mM NaCl, 4.7 mM KC1, 1.2 mM MgS04, 2.5 mM CaCI2, 25 
mM NaHC03, 1.2 mM KH2P04 , and 10 mM glucose, was placed in each chamber. 
Agar bridges separately connected the mucosal and submucosal compartments to volt
age sensitive and current passing electrodes. Potential difference was directly mea
sured, and resistance was calculated according to Ohm's law after voltage deflection 
measurements of transmucosal current (50 flA) were recorded. The voltage deflection 
measurements were obtained after a 20-min equilibration period. Data were obtained 
from a digital recorder. 

Histological Study 

Tissue samples (allograft and native jejunum and ileum, and allograft mesenteric lymph 
nodes) were obtained at the time of sacrifice for histological examination. Tissues were 
fixed with 10% buffered formalin, and embedded in paraffin. The tissues were then cut 
into 5-!lm sections and stained with hematoxilin and eosin. 

Histologically acute rejection was characterized by architectural changes of the mu
cosa, including villous blunting and ulceration, lymphocytic infiltration in the lamina pro
pria, and epithelial damage with apoptotic cryptitis. The grades of rejection were defined 
according to the following criteria. 

Grade 1: No to minimal changes. Preserved mucosal architecture, normal or slightly 
increased inflammatory cells in the lamina propria, and no evidence of epithelial 
damage (Figure lA) 

Grade 2: Mild rejection. Villous blunting, increased mononuclear cell infiltration, 
and occasional epithelial damage with apoptotic cryptitis (Figure IB) 

Grade 3: Moderate rejection. Ulcerations and more intestinal mucosal changes than 
in grade 2 (Figure 1 C) 

Grade 4: Severe rejection. Widespread sloughing of the mucosa, largely replaced by 
necrotic or granulation tissue accompanied by hemorrhage and abscess forma
tion (Figure ID) 
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Figure 1. Histological criteria for intestinal rejection. Hematoxylin--eosin stains of intestinal mu
cosal sections. (A) No to minimal change (grade 1); note that the mucosal architecture is preserved, 
and there are normal or slightly increased inf1ammatory ceJls in the I.amina propria. (B) Mild rejec
tion (grade 2); villous blunting, and mononuclear cell infiltration. 
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Figure 1. (Co ntinued) Histological criteria for intestinal rejection. Hematoxylin-eosin stains of in
testinal mucosal sections. (C) Moderate rejection (g rade 3); ulcerations and more promi nent intesti
nal mucosal changes than seen in mild rejection . (0) Severe rejection (grade 4); widespread slough
ing of the mucosa. 
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Biochemical Study 

Graft mucosal samples for Na-K-ATPase were collected from the ileum by dividing the 
seromuscular layer, rinsing it with ice-cold saline, freezing it quickly, and then storing it 
in liquid nitrogen until sample preparation. 

The tissue (0.2 g) was homogenized in a 3-mL mixture of 0.25 mM sucrose and 1 
mM EDTA, pH 7.2, at 4°C. It was centrifuged at 7000 rpm for 15 min at 4°C. The su
pernatant (A) was separated from the pellet (A), and the pellet (A) was rehomogenized 
and recentrifuged at the same speed and temperature. The supernatant (B) from the sec
ond centrifugation was mixed with supernatant A and ultracentrifuged at 30,000 rpm for 
1 h at 4°C. The resulting pellet (B) was resuspended with 1 mL of 0.25 M sucrose, 1 
mM EDTA, 30 mM histidine, pH 7.2. The suspension was stored at -70°C until analy
sis. The microsome was heated slowly to room temperature and diluted 1: 1 (v/v) with 
reagent (25 mM imidazole, 1 mM EDT A, deoxycholate 0.065% with 0.25-1.0 mg pro
tein/mL, pH 7.2). 

Na-K-ATPase activity was measured by the method described by Esmann [11]. Lib
erated organic phosphate was measured electrophotometrically, and enzyme activity was 
expressed as micromoles of inorganic phosphate liberated per milligram protein per hour. 

Statistics 

All data are expressed as the means ± standard errors of the mean. For statistical analysis 
of the electrophysiologic parameters and ATPase, a one-way analysis of variance 
(ANOV A) was performed and significance was determined using the Mann-Whitney U 
test. A p value of less than .05 was considered significant. 

Results 

Histopathology 

Histological grading of intestinal tissues is shown in Table 1. No rejection was seen in 
any of the autograft animals and in 3 of the allograft animals. Mild, moderate, and severe 
rejection was seen in 8, 3, and 9 allograft intestines, respectively. 

Submucosal and muscular layers of the intestinal graft were relatively devoid of 
congestive, hemorrhagic, or inflammatory insults in no-to-minimal change and mild 
rejection, but these insults were often seen in moderate and severe rejection. Mesen
teric lymph nodes showed a relative widening of the perifollicular zone with infiltra
tion of blastic lymphocytes as rejection progressed. Scarring or marked depletion of 
lymphoid tissue was not seen in Peyer's patches of the intestinal wall or mesenteric 
lymph nodes. 

During periods of rejection, the jejunum and ileum of the allograft intestine showed 
similar microscopic changes in all animals; however, lymphoid follicles and Peyer's 
patches were seen more often in the ileum. All native intestinal tissues showed nonspe
cific, mild regenerative changes of the mucosa or a slight increase of chronic inflamma
tory cells in the lamina propria, irrespective of the type of grafting (allo- or auto-) or the 
date of sacrifice. There was no evidence of graft-versus-host disease in any animals. 

Electrophysiology 

Spontaneous electrical potential difference and transepitheliai resistance of the host intes
tine after small bowel transplantation were essentially similar throughout the test period 
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Figure 2. (A) Comparison of the change in resistance of allograft and host intestine over time. 
(B) Comparison of the change in potential difference of allograft and host intestine over time. *p < 
.05, graft versus host. 

(Figure 2). Transepithelial resistance of the allograft decreased over time. Allograft resis
tance decreased from 178.7 ± 10.3 Q/cm2 on day 0 to 123.6 ± 17.8 Q/cm2 on day 5 (p < 
.05) and to 49.1 ± 21.6 Q/cm2 on day 7. In contrast, the resistance of the autograft con
trols did not significantly decrease with time. On postoperative days 7 and 9, the transep
ithelial resistance of the allograft was significantly lower than the trans epithelial resis
tance of the autograft controls on POD 7 and 14 (Table 1). 

The spontaneous potential difference of the allograft intestine also progressively di
minished with time: from 2.95 ± 0.20 mV on day 0 to 0.61 ± 0.45 mY on day 7 (p < .05). 
Potential difference of autograft controls did not significantly decrease with time. On 
postoperative days 7 and 9, the allograft potential difference was significantly lower than 
control (Table l). The resistance and potential difference of the allograft intestine was 
less than host intestine on days 7 and 9 (Figure 2). 
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Figure 3. (A) Comparison of graft resistance with histological degree of rejection. (B) Comparison of 
graft potential difference with histological degree of rejection. *p < .05, severe versus normal and auto. 

As shown in Figure 3, the spontaneous potential difference and the transepithelial re
sistance diminished as rejection became more severe; however, the decrease in potential 
difference and resistance was significant only during periods of severe rejection. 

Biochemistry 

Changes in Na-K-A TPase activity were similar to the changes in potential difference and 
resistance. Na-K-ATPase activity of the allograft decreased from 9.S ± 0.3 /lmol Pilh mg 
protein-Ion day 0 to 4.3 ± 1.6 /lmol Pilh mg protein-Ion day 7 (p < .05). Na-K-ATPase 
activity of the autograft did not decrease with time. Na-K-ATPase activity decreased as 
histologically diagnosed rejection worsened (Figure 4). 

Discussion 

Histology and functional studies (glucose absorption [13-15], maltose absorption [16], 
fatty acid absorption [17], and motility [18,19]) have been proposed to monitor intestinal 
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Figure 4. Comparison of Na-K-ATPase with histological degree of rejection. *p < .05, severe ver
sus normal and auto. 

rejection. Histological findings of intestinal rejection have been evaluated in great detail 
[7,20J. While random mucosal biopsies and full-thickness intestinal biopsies may be in
appropriate for determining intestinal rejection [22,28], recent reports show that endo
scope-guided mucosal biopsies are able to effectively diagnose early intestinal rejection 
after human small bowel transplantation [1,4,5]. 

While histology has been studied well, intestinal functional assessment with the Uss
ing chamber has received only limited attention [6-10]. Functionally, rejection is associ
ated with impaired epithelial active ion transport as indicated by decreased potential dif
ference and by diminished epithelial barrier function as reflected by decreased 
transepithelial resistance [6]. Studies have shown that potential difference across the mu
cosal membrane decreased with rejection in in vitro [6-8] and in vivo [9,10] models. De
creased potential difference is caused by a reduction of the overall enterocyte population 
or by a decrease in transport activity by the individual enterocyte [6,7]. The measurement 
of potential difference of the intestine is based on the active ion transport of Na-K-AT
Pase. Potential difference is a sensitive reflection of changes in the electrical activity of 
the mucosal cells [9]. In rat intestinal epithelial cells, more than 85% of the Na-K-AT
Pase is located in a plasma membrane fraction devoid of bmsh border, nuclei, and mito
chondria [25]. The cell extrudes sodium from basolateral membrane into the plasma by 
active transport [24,26]. The specific activity of Na-K-ATPase is higher (three times 
higher in the jejunum and two times higher in the ileum) in the villus tip than in the crypt 
cells of the intestine [27]. 

Potential difference, resistance, and ATPase activity were compared with the histologi
cal degree of rejection, because the onset and progress of rejection in dogs are different than 
in rodents [12]. In the rodent model, rejection occurs and progresses at very predictable 
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rates, while in the dog model, rejection occurs and progresses at very different rates from 
dog to dog. For example, no rejection was seen in one dog on POD 3 and in 2 dogs on POD 
5; mild rejection was seen from POD 3 to POD 5; moderate rejection was seen from POD 5 
to 7; and severe rejection was seen from POD 7 to 9. Mild rejection caused no significant 
changes in potential difference or ATPase activity, which suggests no villous cells impair
ment. Moderate rejection caused reductions in potential difference, resistance, and ATPase 
in one of three dogs. While the numbers are small, the decrease in potential difference, re
sistance, and ATPase may indicate damage to the villi. Severe rejection, with extensive mu
cosal sloughing and complete architecture loss, caused significant reductions in potential 
difference, resistance, and ATPase, thus indicating significant damage to the villi. 

The functional results accurately paralleled the progression of histological rejection 
from moderate to severe, but did not show any functional changes associated with mild 
rejection. The lack of functional changes associated with mild rejection may be related to 
the site of rejection and location of Na-K-ATPase. Though the specific concentration of 
Na-K-ATPase is higher in the villous tips than in the crypt cells of the intestine, the 
crypts may be the initial target of rejection [6]. Thus, to detect mild rejection it may be 
necessary to examine the effect of rejection on crypt cell function by measuring electrical 
parameters of active chloride secretion, an index of crypt epithelial function [7]. 

A reliable and objective method for detecting mild rejection would be an important 
tool in human intestinal transplantation. Functional testing of the intestinal mucosa with 
the Ussing chamber was not able to detect mild rejection. In summary, our results suggest 
that deterioration of electrophysiologic function of rejecting intestinal grafts correlates 
with the rejection process; however, electrophysiology cannot detect early intestinal re
jection. Therefore, electrophysiology may not be a reliable tool for monitoring intestinal 
rejection. 
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