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This study was conducted to evaluate an adapter-modified
Ussing chamber for assessment of transport physiology in
endoscopically obtained duodenal biopsies from healthy cats
and dogs, as well as dogs with chronic enteropathies. 17
duodenal biopsies from five cats and 51 duodenal biopsies
from 13 dogs were obtained. Samples were transferred into
an adapter-modified Ussing chamber and sequentially
exposed to various absorbagogues and secretagogues.
Overall, 78.6% of duodenal samples obtained from cats
responded to at least one compound. In duodenal biopsies
obtained from dogs, the rate of overall response ranged from
87.5% (healthy individuals; n = 8), to 63.6% (animals
exhibiting clinical signs of gastrointestinal disease and
histopathological unremarkable duodenum; n = 15), and
32.1% (animals exhibiting clinical signs of gastrointestinal
diseases and moderate to severe histopathological lesions; n =
28). Detailed information regarding the magnitude and
duration of the response are provided. The adapter-modified
Ussing chamber enables investigation of the absorptive and
secretory capacity of endoscopically obtained duodenal
biopsies from cats and dogs and has the potential to become a
valuable research tool. The response of samples was
correlated with histopathological findings.
Keywords: canine, feline, short circuit current, transport
physiology, Ussing chamber

Introduction
Chronic enteropathies occur frequently in both cats and

dogs, and diagnosis of the underlying cause can be
challenging owing to the non-specific clinical presentation
and lack of accurate diagnostic markers. To arrive at the
correct diagnosis, diseases with similar clinical signs, such
as idiopathic inflammatory bowel disease (IBD), food
allergy, infection with pathogenic enteric bacteria,
parasitic infestation, or others must be differentiated,
which requires a systematic and time consuming work-up
of the affected patient [1,9,17,19].
Ussing chambers allow assessment of the transport
physiology of the intestinal mucosa. In humans,
gastrointestinal disorders such as food allergy or cystic
fibrosis can be characterized by evaluation of
surgically-collected biopsies using the Ussing chamber
[4,7]. Evaluation of intestinal transport physiology with a
Ussing chamber might also be beneficial as a research
and/or diagnostic tool for gastrointestinal disorders in dogs
and/or cats. We previously demonstrated that an
adapter-modified Ussing chamber could be used for
evaluation of transport physiology of colonic biopsies
[31]. The present study was conducted to investigate the
use of the adapter-modified Ussing chamber for evaluation
of intestinal mucosal transport in endoscopically collected
biopsies from the duodenum of dogs and cats, as well as to
assess duodenal transport physiology of healthy dogs and
dogs with gastrointestinal diseases using this technology.

Materials and Methods
Design of the adapter-modified Ussing chamber
An adapter-modified Ussing chamber that was described
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Fig. 1. Sketch of the adapter modified Ussing chamber. The principal measurements of the Ussing chamber are based on two functional
units: the physiological system, and the electrical circuit. The buffer reservoirs of 10 mL each of gassed and heated buffer enabled
short-term physiological transport function of the intestinal mucosa. The amplifier was used to perform the electrical measurements.

previously (Ussing system CH8; World Precision
Instruments, USA; Fig. 1) was used for this study [31]. The
centrally placed adapter disc enables investigation of tissue
2
samples covering a size of 5 mm , which is the approximate
size of endoscopically collected intestinal biopsy samples
(eMachineShop, USA). Air suction at 400 mmHg was
applied through a cannula passed through a side hole into
the body of the disc, enabling sealing and stabilization of
the intestinal biopsy sample in the center aperture. The
biopsy sample was surrounded by oxygenated physiologic
buffer (10 mM HEPES, 0.3 mM Na2HPO4, 0.4 mM
NaH2PO4, 1.0 mM MgCl2, 1.3 mM CaCl2, 4.7 mM KCl,
105 mM NaCl, 20.2 mM NaCO3, pH 7.4) that was
o
maintained at 37 C and continuously oxygenated with 95%
O2/5% CO2.

Sampling and mounting of biopsies into the discs
An Olympus GIF-160 gastroscope with a 2.8 mm working
channel (Olympus, USA) was used to collect biopsy
samples from each animal enrolled in the study. Biopsies
were taken with standard biopsy forceps (Olympus FB-36
K-1, diameter 2.8; Olympus). The morphology of the
biopsies was first evaluated under a microscope, after
which the thickest and most intact biopsies were transferred
into the Ussing chambers within 10∼15 min of collection.
Other intact samples were fixed for histopathological
evaluation. After completing the experiment, the tested
biopsy samples were also fixed for histopathologic

analysis. However, after being held in a water bath in the
Ussing chamber for 220 min, some samples were destroyed
and could not be preserved. In general, we used three to four
samples that had been in the Ussing chamber and two
control samples for histopathologic analysis.

Electrical measurements
The electrical circuit of the Ussing chamber was
established by four Silver/Silver-Chloride electrodes
(EK1; World Precision Instruments, USA). Three percent
agarose bridges in 3 M KCl ensured an electrical circuit
between the buffer solution in the Ussing Chamber and the
electrodes. The electrodes were connected to a
preamplifier, operated by an amplifier (DVC-1000; World
Precision Instruments), and recorded (iWorx, USA). After
transfer of a biopsy sample into the Ussing chamber, an
equilibration time of 5∼10 min was allowed.
Subsequently, the tissue was short-circuited, cycling every
10 sec in current clamp mode to enable measurement of the
short circuit current (Isc) and conductance (G). While the
voltage was maintained at zero, Isc reflected the intensity of
the active ion transport. By comparing the current before
application of a chemical compound to the maximum
current after exposure to a chemical compound (ΔIsc), the
specific effect of the chemical was assessed. This
information reflects the active tissue response to a specific
substance. The time from the onset of ΔIsc until a maximum
Isc value was also calculated (Δt).
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Experimental design
After mounting the loaded discs, each half of the water
reservoir was concurrently filled with 10 mL of buffer
solution. The buffer solution surrounding the lamina
submucosa (serosal side) was modified by adding 10 mM
glucose, which was designed to provide nutritional support
to the intestinal cells. To maintain osmotic balance
between the two sides of the chamber, 10 mM sorbitol was
added to the buffer surrounding the enterocytes (mucosal
solution). The absorptive activity in each biopsy sample
was investigated by adding 40 mM glucose followed by
500 μM phloridzin to the mucosal bathing solution. While
glucose is taken up by sodium-glucose co-transporter 1
(SGLT-1) in combination with positively charged sodium,
glucose uptake can be visualized by a resulting change in
Isc. Phloridzin is a competitive inhibitor of SGLT-1
transporter that inhibits the previously induced ΔIsc and
clearly identifies the pathway of glucose uptake. The
sequential and continuous addition of 200 μM histamine,
200 μM 5-hydroxytryptamine (5-HT), 4 μM prostaglandin
(PGE2), and 5 μM forskolin to the serosal buffer solution
allowed evaluation of the secretory response of the biopsy
sample. These secretagogues affect different pathways, but
their final action results in chloride secretion. The loss of
negative charge across the membrane can again be
visualized by a change in Isc. All substances were added as
soon as the original baseline current was reached, or at least
a steady state level was obtained. In cases of a sample being
non-responsive, the appropriate time for the usual tissue
response was allowed to pass before adding the next
chemical compound. To evaluate biopsy viability at the
end of the experiment, another 40 mM glucose followed by
600 μM ouabain was applied to the mucosal or serosal
buffer solution, respectively.
Study population and ethics approval
Seventeen duodenal biopsy samples were collected
endoscopically from five cats and 51 duodenal biopsy
samples were collected endoscopically from 13 dogs at
Texas A & M University. Two healthy dogs underwent
anesthesia for reasons unrelated to gastrointestinal disease.
For those two dogs, no history of gastrointestinal
symptoms had been reported and no medication, other than
preventative medication against flea and heartworm
infestation, had been administered. All other dogs and cats
showed a variety of gastrointestinal symptoms, including
vomiting, diarrhea, and/or anorexia, and received various
medications. Histopathological diagnosis of all biopsy
samples was performed according to the histopathological
standards of gastrointestinal inflammation of endoscopic
biopsy samples published by the World Small Animal
Veterinary Association Gastrointestinal Standardization
group (WSAVA) by a board certified pathologist blinded to
the results of this study [9]. To investigate transport

physiology in animals of varying health status, data
describing dogs were grouped according to the WSAVA
grading system in combination with the occurrence of
clinical signs. Group 1 consisted of two healthy dogs with
no history of gastrointestinal symptoms and unremarkable
histopathological biopsy samples (number of biopsies
evaluated by the Ussing chamber n = 8). Group 2 consisted
of four dogs with clinical signs of gastrointestinal disease,
but unremarkable histopathological biopsy samples
(number of biopsies evaluated by the Ussing chamber n =
15). Group 3 consisted of seven dogs with clinical signs of
gastrointestinal disease and moderate to severe
histopathological lesions (number of biopsies evaluated by
the Ussing chamber n = 28). The severities of
histopathological changes of the biopsy samples were
grouped based on the highest severity in any of the
parameters assessed. Animals for which the exact age was
not known were assumed to be born on January 1st of their
reported year of birth. Detailed information regarding the
animals enrolled into this study is listed in Table 1.
The protocol for this study was reviewed and approved by
the Clinical Research Review Committee of the Texas
A&M Veterinary Medical Center. All owners gave their
informed consent for enrollment of their animal into the
study.

Data analysis
Data were evaluated for normal distribution by the
D’Agostino normality test and results (ΔIsc, G) were
expressed as medians (ranges), or mean ± standard
deviation (SD), where appropriate. Data were analyzed
using a commercial software package (GraphPad Prism 5;
GraphPad Software, USA).

Results
Baseline observations
The overall mean (± SD) baseline conductance of
duodenal biopsy samples obtained from cats and dogs was
2
2
61.7 (± 28.7) mS/cm (resistance: 20.3 ± 10.8 Ωㆍcm , n =
2
14) and 89.9 (± 71.7) mS/cm (resistance: 17.3 ± 10.3 Ωㆍ
2
cm , n = 44), respectively. The mean conductances of
groups 1, 2, and 3 were 48.9 (± 15.2), 99.9 (± 77.5) and 96.7
2
(± 76.4) mS/cm , respectively. The total duration of the
experiments performed on biopsy samples obtained from
cats varied between 40.3 and 220.2 min (median: 82.3
min). The results from experiments with these duodenal
biopsy samples obtained from cats are summarized in
Table 2. The median duration for experiments performed
on biopsy samples obtained from dogs was 90.9 min
(range: 75.1∼153.0 min). A total of 19 biopsies from dogs
did not respond to any substance. Three of those biopsy
samples were included in group 2, while 16 samples were
in group 3. All results, as well as the results for individual
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Table 1. Clinical data describing cats and dogs enrolled
Breed

Sex

Age
Body
(month) weight (kg)

Clinical signs

Clinical diagnosis

Histopathologic
diagnosis

Cat 1

Siamese

Mn

143

6.2

Cat 2

ADS

Mn

9

4.3

Chronic diarrhea,
weight loss
Chronic diarrhea

Cat 3
Cat 4

ADS
ADS

Fs
Mn

135
29

5.9
5.7

Chronic vomiting
Chronic diarrhea

Cat 5

ADS

Mn

53

3.6

Chronic vomiting

Chronic vomiting
unknown etiology

Lymphoplasmacytic
inflammation
Lymphoplasmacytic
inflammation
Normal tissue
Lymphoplasmacytic
inflammation
Lymphoplasmacytic
inflammation

Labrador retriever
Weimaraner

F
Fs

67
7

43.5
25.5

None
None

None
None

Normal tissue
Normal tissue

Wheaton terrier
Mixed breed

Fs
Mn

143
61

20
34

Vomiting, diarrhea
Weight loss, loose stool

Dog 5

Pit bull terrier

F

119

20.4

Chronic vomiting

Dog 6

Miniature schnauzer

F

149

3.5

Chronic vomiting

Protein-losing enteropathy Normal tissue
No definitive diagnosis Occasionally
lymphoplasmacytic
inflammation
No definitive diagnosis Occasionally
lymphoplasmacytic
inflammation
Gastric adenocarcinoma Occasionally
lymphoplasmacytic
inflammation

Group 3
Dog 7

Dachshund

Fs

68

3.5

Dog 8

Mixed breed

Fs

51

4.5

Vomiting,
chronic diarrhea
Loss of appetite,
loose stool

Dog 9

German shepherd

Mn

24

21.6

Dog 10

English springer spaniel Mn

120

26.5

Dog 11

Mixed breed

Fs

36

21.4

Dog 12

Boxer

Mn

116

33.2

Dog 13

Golden Retriever

Fs

79

26.6

Group 1
Dog 1
Dog 2
Group 2
Dog 3
Dog 4

Diffuse gastrointestinal
disease
Esophageal stricture,
gastritis
No definitive diagnosis
No definitive diagnosis

Protein-losing enteropathy Lymphoplasmacytic
inflammation
Intestinal histoplasmosis Lymphoplasmacytic
inflammation, crypt
necrosis
No definitive diagnosis Mild lymphoplasmacytic
Chronic diarrhea
inflammation
Gastric mucosal polyps, Mild lymphoplasmacytic
Chronic intermittent
inflammation
possible IBD
vomiting, inappetence
Lymphoplasmacytic
Intermittent, progressive Protein losing
inflammation
enteropathy, suspected
vomiting, anorexia
lymphangiectasia
Lymphoplasmacytic
Possible lymphoma,
Loss of appetite,
inflammation
IBD, lymphangiectasia
weight loss
No definitive diagnosis Mild lymphoplasmacytic
Chronic diarrhea
inflammation

F: female intact, Fs: female spayed, Mn: male neutered, ADS: American domestic shorthair, IBD: inflammatory bowel disease.

groups, are displayed in Table 3.

Absorptive function in duodenal biopsy samples
From cats to glucose and phloridzin: Of 17 biopsy
samples tested, two duodenal biopsy samples obtained
from cats responded to stimulation with 40 mM glucose.
Thus, the response rate of duodenal biopsy samples
obtained from cats to glucose was poor (11.8%). However,
immediately after transferring glucose into the mucosal

bathing solution, the current measured for the two
responding biopsy samples increased by 24 μA/cm2 and 32
μA/cm2, respectively. The biopsy sample with the highest
value took 111.4 sec to reach its maximum value, while the
other biopsy sample took only 68.4 sec to reach its
maximum value. The short circuit current remained on a
plateau until it was abolished by the addition of phloridzin.
Both of these biopsy samples were collected from the same
cat. At least one duodenal biopsy sample from each cat
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Table 2. Short circuit current measurements after exposure of duodenal biopsies obtained from cats to various compounds

Stimulus

n/N

%

2

Median ΔIsc (range; μA/cm )

Median Δt (range; sec)

Number of cats, for which
X biopsies showed a response
X=0 X=1 X=2 X=3 X=4

Glucose 40 mm
2/17
Phloridzin 500 μm 12/17
Histamine 200 μm 8/17
Serotonin 200 μm
8/16
PGE 4 μm
0/15
Forskolin 5 μm
1/14
Glucose 40 mm
1/14
Ouabain 600 μm
11/14

11.8%
70.6%
47.1%
50.0%
0.0%
7.1%
7.1%
78.6%

28 (24∼32)
19 (8∼66)
7 (4∼30)
19 (6∼32)
0 (N/A)
16 (N/A)
12 (N/A)
14 (4∼30)

89.9 (68.4∼111.4)
39.1 (4.0∼103.7)
46.7 (2.7∼54.6)
83.9 (16.7∼217.9)
0 (N/A)
89.7 (N/A)
96.0 (N/A)
9.4 min (5.4∼17.2)

4
0
1
0
5
3
3
0

0
1
1
3
0
1
1
0

1
2
2
1
0
0
0
1

0
1
1
1
0
0
0
3

0
1
0
0
0
0
0
0

n: number of responding biopsies, N: number of exposed biopsies, N/A: not available.

Table 3. Short circuit current measurements after exposure of duodenal biopsies obtained from dogs to various compounds

Stimulus

n/N

%

2

Median ΔIsc (range; μA/cm )

Median Δt (range; sec)

Number of dogs for which
X biopsies showed a response
X=0 X=1 X=2 X=3 X=4

Summary of all groups
Glucose 40 mm
21/51 41.2%
Phloridzin 500 µm
25/51 49.0%
Histamine 200 µm
5/51 9.8%
Serotonin 200 µm
2/51 3.9%
PGE 4 µm
0/51 0.0%
Forskolin 5 µm
5/51 9.8%
Glucose 40 mm
9/47 19.2%
Ouabain 600 µm
16/44 36.4%
Group 1
Glucose 40 mm
6/8 75.0%
Phloridzin 500 µm
7/8 87.5%
Histamine 200 µm
2/8 25.0%
Serotonin 200 µm
1/8 12.5%
PGE 4 µm
0/8
0.0%
Forskolin 5 µm
0/8
0.0%
Glucose 40 mm
3/8 37.5%
Ouabain 600 µm
5/8 62.5%
Group 2
Glucose 40 mm
8/15 53.3%
Phloridzin 500 µm
9/15 60.0%
Histamine 200 µm
0/15 0.0%
Serotonin 200 µm
0/15 0.0%
PGE 4 µm
0/15 0.0%
Forskolin 5 µm
1/15 6.7%
Glucose 40 mm
3/11 27.3%
Ouabain 600 µm
7/11 63.6%
Group 3
Glucose 40 mm
7/28 25.0%
Phloridzin 500 µm
9/28 32.1%
Histamine 200 µm
3/28 10.7%
Serotonin 200 µm
1/28 3.6%
PGE 4 µm
0/28 0.0%
Forskolin 5 µm
4/28 14.3%
Glucose 40 mm
3/28 10.7%
Ouabain 600 µm
4/25 16.0%

34 (6∼170)
32 (14∼168)
8 (2∼18)
6 (6)
N/A
6 (6∼16)
20 (8∼66)
17 (4∼42)

60.0 (9.3∼177.3)
60.0 (9.3∼169.6)
8.7 (3.6∼32.5)
10.1 (9.6∼10.6)
N/A
23.3 (3.8∼56.5)
9.9 (3.9∼180.4)
10.6 min (2.3∼12.5)

6
4
10
12
14
10
6
3

1
3
3
2
0
3
3
3

4
2
1
0
0
1
3
3

0
2
0
0
0
0
0
1

3
3
0
0
0
0
0
1

28 (16∼50)
22 (14∼34)
13 (8∼18)
6 (N/A)
N/A
N/A
14 (8∼22)
10 (4∼36)

93.0 (27.7∼108.6)
88.6 (49.7∼169.6)
5.8 (3.6∼7.9)
10.6 (N/A)
N/A
N/A
4.2 (3.9∼13.3)
10.5 min (6.2∼12.5)

0
0
0
1
2
2
0
0

0
0
2
1
0
0
1
0

1
0
0
0
0
0
1
1

0
1
0
0
0
0
0
1

1
1
0
0
0
0
0
0

52 (14∼170)
48 (24∼168)
N/A
N/A
N/A
16 (N/A)
20 (20∼66)
16 (6∼40)

50.8 (33.1∼146.0)
74.0 (9.3∼143.0)
N/A
N/A
N/A
23.3 (N/A)
7.6 (6.4∼9.9)
5.12 min (2.35∼12.50)

1
0
4
4
4
3
1
0

0
1
0
0
0
1
1
1

2
2
0
0
0
0
1
1

0
0
0
0
0
0
0
0

1
1
0
0
0
0
0
1

36 (6∼58)
32 (20∼84)
6 (2∼8)
6 (N/A)
N/A
6 (6∼14)
16 (8∼20)
20 (6∼24)

31.6 (2.5∼177.3)
53.7 (40.6∼133.0)
17.3 (8.7∼32.5)
9.6 (N/A)
N/A
34.5 (3.8∼56.5)
126.7 (19.3∼180.4)
11.9 min (11.1∼12.3)

4
3
5
6
7
4
5
3

1
2
1
1
0
2
1
2

1
0
1
0
0
1
1
1

0
1
0
0
0
0
0
0

1
1
0
0
0
0
0
0

n: number of responding biopsies, N: number of exposed biopsies, N/A: not available.
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responded to 500 μM phloridzin. Overall, 12 of 17 (70.6%)
exposed biopsy samples obtained from cats responded to
phloridzin. No correlation between time to maximum
effect and level of ΔIsc was observed (Table 2).
From dogs to glucose and phloridzin: Out of 51 biopsy
samples, 21 showed a response demonstrated by an
increase in their short circuit current. The median
2
amplitude of those responding samples was 34 μA/cm ,
2
and ranged from 6 to 170 μA/cm . While 75% of the biopsy
samples from group 1 responded to glucose, only 53.3%
and 25% of biopsies of group 2 and group 3 showed an
adequate response, respectively (Table 3). There was a
large degree of variation in the baseline current, Δt, as well
as ΔIsc, regardless of the prevalence of histopathological
lesions and/or clinical symptoms of the patients.
Overall, 51 duodenal biopsy samples obtained from dogs
were exposed to 500 μM phloridzin. The ΔIsc of 25 biopsy
2
samples decreased immediately (range: 14∼168 μA/cm ;
2
median value: 32 μA/cm ). Similar to glucose exposure, a
higher percentage of biopsy samples from group 1 (87.5%)
than from group 2 (60%) and group 3 (32.1%) responded to
phloridzin (Table 3).

Secretory function in duodenal biopsy samples
From cats to histamine: Of the 17 tested duodenal biopsy
samples, eight responded to the application of 200 μM
histamine. In five biopsy samples (ΔIsc ranging from 4 to 8
2
μA/cm ), the current rose for a few seconds and, after a
slow but steady fall, reached baseline levels after 56.8∼
771.5 sec. Comparatively, the current of three other biopsy
2
samples (ΔIsc ranging from 26 to 30 μA/cm ) resulted in a
biphasic graph. After an immediate sharp increase in
current, the values kept increasing slowly until reaching a
maximum value after 44.7∼54.0 sec. Isc then slowly
returned to baseline values after 187.1∼203.0 sec. The
three biopsy samples were from the same cat (Table 2).
From dogs to histamine: Only five of 51 biopsy samples
showed a response to histamine application. Two of these
were collected from dogs of group 1, while three were from
dogs of group 3 (Table 3). The curve of the short circuit
current change was hill-shaped, with a steep rise and a slow
and long decline. The Isc of the four biopsy samples
decreased to baseline values within 8.6 min. However, one
current remained increased for longer than 11.6 min.
From cats to serotonin: Out of 16 duodenal biopsy
samples obtained from cats, eight responded to 200 μM
serotonin (Table 2). No correlation between the level of
ΔIsc and the time needed for maximum response was
observed, while it took 45.0 sec to reach the highest
2
amplitude of 32 μA/cm , and the smallest increase (6
2
μA/cm ) was reached after 100.7 sec. The current only
dropped back to the original baseline values in two cases
(after 13.3 and 18.4 min, respectively). The short circuit
current of two other biopsy samples remained at the

maximum value for 18.5 min. The current of four biopsy
samples steadily decreased with time, but did not reach
baseline values, even after 16∼18 min. In those cases, the
experiment was continued with the application of the next
substance after 16∼18 min, regardless of the current
values, to maintain viability of the tissue for the remainder
of the experiments.
From dogs to serotonin: In total, only two biopsy samples
responded to serotonin. The ΔIsc for both biopsy samples
2
was 6 μA/cm , and the times until the peak current was
reached were 9.6 sec and 10.6 sec, respectively. Both of
these biopsy samples also showed responses after exposure
to histamine and phloridzin.
From cats and dogs to prostaglandin: Fifteen duodenal
biopsy samples obtained from cats and 51 obtained from
dogs were exposed to 4 μM prostaglandin, but none
showed any response.
From cats to forskolin: Of 14 duodenal biopsy samples
exposed to 5 μM forskolin, only one responded (Table 2).
From dogs to forskolin: Five of 51 biopsy samples tested
responded to 5 μM forskolin with an increase in short circuit
current (median ΔIsc of the 5 responding biopsy samples: 6
2
2
μA/cm ; range: 6∼16 μA/cm ). One of these biopsy
samples was from a dog in group 2, while four biopsy
samples were from group 3. While the current of three
biopsy samples slowly returned to baseline values after 6.1
∼11.4 min, two biopsy samples from one animal kept a
stable current at maximum values for more than 4.2 min.

Evaluation of sample viability after completion of
all experiments
Response to glucose: Out of 14 duodenal biopsy samples
obtained from cats exposed to 40 mM glucose at the end of
all experiments, only one responded (Table 2). Nine of 47
duodenal biopsy samples obtained from dogs responded to
40 mM glucose at the end of the experiment (Table 3).
Three of those samples were from group 1, three from
group 2, and three samples from group 3.
Response to ouabain: Fourteen duodenal biopsy samples
obtained from cats were exposed to 600 μM ouabain.
Eleven biopsy samples showed a reduction of current
(Table 2).
Out of 44 biopsy samples obtained from dogs exposed to
ouabain, 16 responded with a change in short circuit
current. The median change in the short circuit current of
2
the 16 biopsy samples that responded was 17 μA/cm ,
2
ranging from 4 to 42 μA/cm . However, the exposure to
ouabain caused equivocal results: while the current of nine
biopsy samples decreased, the Isc of seven biopsy samples
increased.

Discussion
In the present study, we evaluated the feasibility of an
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adapter-modified Ussing chamber for the investigation of
endoscopically obtained duodenal biopsy samples from
cats and dogs. Our results suggest that this modification of
the conventional Ussing chamber method provides a
feasible tool for future studies of intestinal transport in
companion animals.
The mean (± SD) resistance of biopsy samples obtained
2
from cats was 20.3 (± 10.8) Ωㆍcm , while that of biopsy
2
samples obtained from dogs was 17.3 (± 10.3) Ωㆍcm .
However, the resistance of stripped canine jejunum has
previously been reported by Neirinckx et al. [24] (250.9 ±
2
109.2 Ωㆍcm ), and, while the standard deviation in these
samples was about 50%, similar variations of tissue
resistance were reported for the small intestine of rats (20
2
∼50 Ωㆍcm ) [27,29]. Since we transferred only the
thickest and most intact looking biopsy samples into the
Ussing chamber, it nearly always evaluated the full
thickness biopsies. The presence of a few muscular cells
could be nicely seen by a gentle curling of the biopsy. Since
the individual animals were of varying weight and breed,
their intestinal walls were of varying thickness; therefore,
we cannot exclude an influence of biopsy thickness on
absorptive and secretory capacity. Alterations in
conductance values may also occur due to the physiologic
loss of tissue integrity when tissues are maintained ex vivo,
hypoosmosis, or stress of the host animal [23,32,33,34].
Stress may have contributed to the findings in this study, as
most patients had significant gastrointestinal disease and
had been hospitalized to perform a work-up.
Observed variations in the baseline current and the ΔIsc
may be due to physiological variability of intestinal
secretory/absorptive activity, but may also reflect the fact
that we tested patients with a variety of gastrointestinal
diseases [6]. The activation of current-generating
transporters can be affected by the availability of
intracellular ions, the cell volume, or modifications of
membrane proteins [26]. Physical and psychological stress
can also have a significant effect on epithelial transport and
be associated with increased chloride secretion [23,34,32].
The gastrointestinal diseases of the patients enrolled in this
study might also have caused alterations in response to
some of the stimuli. For example, patients with small
intestinal ulcerations have been reported to have an altered
duodenal bicarbonate secretion [6]. Additionally, in
inflamed tissue, Isc values may have been underestimated,
as tissue conductance can be affected by a loss of tissue
integrity. Chronically inflamed tissue is also known to
contain down-regulated ion exchangers [30,36,37].
The animals investigated in the present study were
affected by a variety of gastrointestinal diseases (Table 1).
To correlate functional alterations of intestinal transport
with morphological findings, canine duodenal samples
were grouped into three categories. Interestingly, the total
rate of responsive biopsies was highest (87.5%) for the

biopsy samples from group 1, while 32.1% of the biopsies
from group 3 responded to a given stimulus. These
observations confirm the importance of tissue integrity
when using the Ussing chamber method. Because most of
the samples from group 3 showed lymphoplasmacytic
inflammation, intact transport function of these biopsies
would have been surprising. Thus, the results of the Ussing
chamber experiments in this study can be correlated to
histopathologic findings.
Despite a similar histopathologic diagnosis of biopsy
samples in group 1 and group 2, the total rate of responsive
biopsies, as well as absorptive and secretory capacity, was
reduced in those in group 2. Obviously, not only
morphologic diagnostic findings can be held responsible for
the functional integrity of the gastrointestinal tract. The
findings of this study support the observations that clinical
signs of patients with gastrointestinal disease rarely correlate
with histopathologic scores [8,9]. This discrepancy, which
was reflected by our results once again, indicates the need for
establishing techniques that investigate functional changes
in the diseased gastrointestinal mucosa.
Subsequent application of several substances during the
experiment may have led to unusual stress on the tissue
specimens. Additionally, channels and transporters may
already have been in a state of maximum conductance,
resulting in an attenuated, or even absent response to
further stimulation by cAMP. Therefore, our findings must
be evaluated with caution.
Glucose-induced short circuit current has been suggested
as a marker for villus integrity [21]. In our study, glucose
failed to induce a change in Isc in biopsy samples from most
dogs and cats. Not only did only a small number of samples
respond to glucose at the end of the experiment, many
biopsies did not react to this stimulus in the beginning of
the experiment. Ferraris and Diamond [11] demonstrated
that the gradient for phloridzin binding along the intestinal
wall was parallel to the gradient for maximum glucose
transport. Therefore, the normal positional gradient in
glucose transport along the intestine arises from a gradient
in transporter density, which in turn appears to be induced
by the normal gradient in luminal glucose concentration.
Therefore, the amplitude of ΔIsc reflects not only villus
integrity, but also the overall absorptive capacity of the
animal’s small intestine [25].
A higher percentage of samples responded to phloridzin
than to glucose for both canine (in all groups) and feline
duodenal samples. The response to phloridzin
demonstrated existing glucose uptake, although the sugar
absorption could not reliably be demonstrated by adding 40
mM glucose. The most likely explanation for this
observation is that the maximum glucose uptake occurred
before 40 mM glucose was applied mucosally. As
mentioned earlier, during set-up of the experiment, 10 mM
glucose was applied to the serosal bathing solution, and 10
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mM sorbitol was concurrently added to the mucosal buffer
solution to maintain iso-osmolarity. While both sugars
were dissolved in buffer solution during the equilibration
period, they might have crossed the serosal/mucosal barrier
due to leakage. The intestinal membranes of the diseased
patients of this study may have had some leakage, and the
tissue is not very tight; therefore, the 10 mM serosal glucose
could have moved to mucosal buffer and been transported.
To prevent this bias, we could have used fructose instead of
glucose for enterocyte nutrition. Fructose is absorbed
non-electrogenically; however, it is not known if fructose is
metabolized as fast as glucose in the duodenum. Apart from
a loss of tissue integrity, instrumental reasons for leakage
might be a possibility. The diameter of the air suction
adapter aperture might have been too wide, allowing the
biopsy to be held in place, but enabling improper sealing at
the edges. Additional studies investigating radio labeled
fluxes are necessary to determine if this is the case.
However, improper sealing of the biopsy to the adapter disc
might be have caused the thin and slender feline duodenal
biopsy samples. Indeed, only two out of 12 phloridzinpositive samples also exhibited a response to glucose,
whereas, among the thicker duodenal biopsies obtained
from dogs, nearly all phloridzin-positive samples also
responded to glucose (21 of 25 samples). The intestinal
walls of cats are thinner than those of dogs. Hence, the air
suction space might have been appropriate for biopsy
samples obtained from dogs, but too wide for mounting the
intestinal samples from cats. Thus, we believe that the
vacuum space of the adapter-discs should be smaller than
50 μm when they are used for companion animals.
The overall response to secretory compounds of feline
and canine biopsy samples was lower (50∼0%) than the
response to absorptive stimuli (70.6∼11.8%). The highest
median ΔIsc after exposure to a secretory compound was
observed after serotonin exposure for duodenal biopsy
2
samples obtained from cats (19 μA/cm ), and after
histamine exposure for duodenal biopsy samples obtained
2
from dogs (8 μA/cm ). In both species, those responses
were lower than the median ΔIsc after exposure to
absorptive stimuli (biopsy samples obtained from cats: 28
2
μA/cm , duodenal biopsy samples obtained from dogs: 34
2
μA/cm ). While the small intestine is known for its large
capacity to absorb nutrients, these findings are not
surprising considering the state of inflammation of the
majority of tissues. The investigation of a diseased study
population might have been responsible for a reduced
secretory response. For example, histamine is responsible
for inhibition of prostaglandin E2 stimulated bicarbonate
secretion [16]. Increased histamine concentrations in the
gastrointestinal tract, as can be found with a variety of
gastrointestinal diseases, might have resulted in a lower
short circuit current baseline value and possibly a lower
magnitude of ΔIsc. This might be supported by the fact that

the response of duodenal biopsy samples to histamine was
not only most frequent in biopsy samples of canine group
1 (group 1: 25%, group 2: 0%, group 3: 10.7%), but also
2
showed the highest median ΔIsc (13 μA/cm ). Additionally,
the application of histamine before the application of
prostaglandin might have inhibited the response to
prostaglandin. This phenomenon has previously been
demonstrated in rabbits in which the response to
prostaglandin was significantly reduced when the tissue
was pretreated with histamine when compared to the
response to prostaglandin alone [16]. The occurrence of
the same mechanisms in companion animals might explain
why none of the duodenal biopsy samples in either cats or
dogs responded to prostaglandin.
The limitation of working with a diseased study
population might also have affected the response to
serotonin. Donowitz et al. [10] demonstrated an altered
serotonin response based on the severity of histological
abnormalities of rabbit intestine. Moreover, while 50% of
feline duodenal biopsy samples responded to the
application of serotonin, only two of 51 tested canine
duodenal biopsy samples changed their short circuit
current. Obviously, species-specific investigations of
intestinal sensitivity to various chemical compounds and
the expression of various drug receptors need further
research. As mentioned above, only limited conclusions
can be drawn regarding the response to each substance as
the magnitude of Isc changes might have been altered due to
exposure of chemicals applied earlier during the
experiment. However, logistical reasons prevented
investigation of each biopsy for responses to a single
substance alone. Based on this study, dose-responsive
studies with the stimuli tested can now be performed to
validate tissue response.
The effect of 600 μM ouabain on duodenal biopsy
samples in our study caused equivocal results. While the
short circuit current of most samples decreased, the current
of some samples increased after ouabain exposure. Once
again, the observed changes could not be associated with a
certain group of patients or type or severity of
histopathological changes. While inflammation decreases
the activity of Na-K-ATPase via both decreased expression
on basolateral membrane and potential modifications, the
variable responses are likely due to tissue inflammation
and integrity. Multiple tissue responses to individual
ouabain doses can be investigated in the future to
characterize the viability of the tissue response.
Another interesting finding was the time period until
maximum current values were reached. The time period
until reaching a maximum response to ouabain was 17.2
min, while responses to all other substances occurred
within seconds. The long lasting effect of ouabain is not
unusual and is in agreement with other studies [27,29]. The
disadvantage of such a long observation time, especially
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when only minor changes of ΔIsc can be observed, is that it
results in some uncertainty regarding whether those
changes are due to the influence of ouabain or reflect
deterioration of tissue viability. The action of ouabain is
due to an irreversible inhibition of the sodium potassium
+
+
+
+
pump (Na /K ATPase) [26,28]. The Na /K ATPase,
located on the basolateral membrane of the enterocyte, is
another target for indirectly enabling chloride secretion.
However, the equivocal responses of our tested biopsy
samples to ouabain suggest that the entry mechanism for
chloride across the basolateral membrane is probably not
entirely due to the activity of this cotransporter. It is well
known that chloride entry at the basolateral side of the
enterocyte is dependent on active sodium potassium
chloride transporter 1 (NKCC-1), and the activity of that
transporter is largely regulated by sodium gradients.
Therefore, the decrease in the sodium gradient of the
enterocyte in response to ouabain would be a secondary
mechanism decreasing basolateral Cl entry. The equivocal
effect of ouabain on the short circuit current has also been
observed in previous studies and shown to be correlated
with the preparation of tissue sample [29]. If the mucosa
was still attached to the plexus submucosus, an increase of
Isc could be observed, while the effect of ouabain on
isolated mucosa resulted in a decrease of current, followed
by a further decline of Isc [29].
As mentioned above, a major limitation of this
investigation was the non-homogeneous study population,
as it included dogs and cats of different breeds and dogs of
different disease states. Some breeds are known to be
pre-disposed to gastrointestinal disorders, such as Siamese
cats, Soft Coated Wheaten Terriers, Boxers, and German
Shepherds [15,18,22]. This study included one Siamese
cat, one Soft Coated Wheaten Terrier, two German
Shepherds, and one Boxer. All except two healthy dogs
underwent diagnostic endoscopy for the routine work-up of
their suspected gastrointestinal disease. Many of these
animals had severe disease and were treated aggressively,
even before the biopsy samples had been collected.
Diagnosis based on a complete clinical work up, including
clinical history, clinical examination, blood chemistry,
complete blood count, histopathologic evaluation of
intestinal biopsies, and/or response to treatment, identified
several different diseases, including IBD, protein-losing
enteropathy, and intestinal adenoma. Each of these
disorders may have affected intestinal transport physiology
in a different fashion.
Moreover, diseased animals enrolled in our study
received specific medications during and/or prior to
hospitalization, which might also have affected mucosal
transport physiology. It is known that glucocorticoids and
mineralocorticoids upregulate expression of the epithelial
+
+
sodium channel (ENaC) and Na /K ATPase, and induce
electroneutral sodium absorption, whereas high doses also

increase electrogenic sodium absorption [2,3,5]. Increases
of sodium transport can also be induced by Polyene
antibiotics (e.g., amphotericin B, nystatin) or other
substances that decrease tissue resistance [13].
The non-homogeneous study population included
animals of varying ages (7 to 149 months). The effect of
age on ion transport has been studied in several species,
and cAMP-dependent chloride secretion was reported to
be lower in animals of higher age [12,14,20,38]. An impact
of the collection procedure on tissue resistance was
previously reported by Stevens, and may also have played
a role in our experiments [35]. In this study, mechanical
damage to the epithelium might have occurred during
biopsy collection. Fragile duodenal villi can easily be
damaged by endoscopic biopsy forceps. Endoscopy and
biopsy collection was performed by several clinicians with
varying degrees of experience. Damaged tissue may
exhibit a higher conductance compared to good quality
biopsies, and trauma-induced hormonal stimulation of the
samples cannot be excluded. Despite this disadvantage,
several studies showed the feasibility of evaluating
endoscopically-collected biopsy samples with Ussing
chambers [4,6,7,21]. Understanding the dysfunction of
intestinal epithelial transport functions, such as transporter
up- or downregulation in companion animals affected by
chronic enteropathies, might allow further characterization
of these diseases based on the electrophysiologic
parameters, and might improve our understanding of those
diseases or even allow the development of new treatments
for these diseases. Overall, this study provides initial
evidence of the ability to use an adapter-modified Ussing
chamber for the evaluation of transport physiology in
endoscopically-collected duodenal biopsy samples
obtained from cats and dogs. The adapter modified Ussing
chamber can be used to investigate the action of specific
substances on intestinal ion transport and thus allows the
investigation of intestinal diseases where transporter
function might be impaired. The advantage of evaluating
endoscopic biopsy samples, rather than surgically obtained
tissue samples, cannot be overemphasized as it enables
investigation of larger study populations and longitudinal
studies.
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