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Abstract

Background: Cognitive functions are impaired in patients with liver disease. Bile duct
ligation causes cholestasis that impairs liver function. This study investigated the impact of
cholestasis progression on the acquisition and retention times in the passive avoidance test and on
the locomotor activity of rats.

Methods: Cholestasis was induced in male Wistar rats by ligating the main bile duct.
Locomotor activity, learning and memory were assessed by the passive avoidance learning test at day
7, day 14, and day 21 post-bile duct ligation. The serum levels of bilirubin, alanine aminotransferase,
and alkaline phosphatase were measured.

Results: The results showed that acquisition time and locomotor activity were not affected
at day 7 and day 14, but they were significantly (P < 0.05) impaired at day 21 post-bile duct ligation
compared with the results for the control group. Additionally, memory was significantly impaired on
day 7 (P < 0.01), day 14, and day 21 (P < 0.001) compared with the control groups. The levels of total
bilirubin, direct bilirubin, indirect bilirubin, alanine aminotransferase, and alkaline phosphatase
were significantly higher at day 77, day 14, and day 21 post-bile duct ligation compared with the levels
in the sham group.

Conclusion: Based on these findings, both liver and memory function were affected in the
early stage of cholestasis (7 days after bile duct ligation), while learning and locomotor activity were
impaired at 21 days after bile duct ligation following the progression of cholestasis.
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Introduction severe manifestation of many liver diseases (2)

in both humans and animals (3). It results from

Normal brain function requires interactions
between the liver and brain. The liver plays an
important role by providing nutrients for the
brain and removing toxic substances, such as
neurotoxins, from the brain. Therefore, liver
disease and subsequent liver dysfunction can
cause brain damage and impair brain function (1).

Cholestasis is a frequent, prominent and

structural and functional impairments of the
hepatobiliary system, (4) including a failure
of bile secretion in hepatocytes and ductular
cells as well as the impairment of bile flow and
the accumulation of bile salts in the body. Bile
duct ligation (BDL) is a well-known model of
cholestatic liver disease that causes jaundice and
liver dysfunction (5—7).
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Liver  disease is  associated  with
cardiovascular complications (8), acute renal
failure (9), and systemic inflammatory responses
(10). In addition, it is known as one factor that can
affect brain function (11). Cognitive impairment
is one of the symptoms of liver disease described
in both patients (12,13) and animal models (14).
For example, children with biliary atresia have
deficits in their performance intelligence quotient,
learning and memory, and visuospatial functions
(15). Additionally, some studies have shown that
in adults with liver disease, visuospatial function
correlates with liver function (16,17).

Hepatic encephalopathy (HE) is a
neuropsychiatric metabolic syndrome and a
major complication of both acute and chronic liver
disease (18). Hyperammonemia is considered to
be one of the main factors responsible for HE (19).
Ammonia neurotoxicity has been shown to be
associated with a number of pathophysiological,
biochemical, and molecular changes in the
brain, such as cognitive, psychiatric, and motor
dysfunctions, which consequentially lead to
cerebral dysfunction (20).

Many investigators have reported that the
hippocampus is critical for learning and memory
mechanisms in the brain (21,22). Moreno et
al. (23) reported decreased neuronal synaptic
activity in the hippocampal cortical areas 3 (CA3)
and cortical area 1 (CA1), the dentate gyrus (GD)
and the inferotemporal cortex (INF) in cholestatic
rats with hepatic encephalopathy. Blei et al.
(24) also found neurochemical alterations such
as increases in serotonin, dopamine turnover,
and ammonium levels as well as decreases in
glutamate levels in several brain areas including
the hippocampus, hypothalamus, and striatum.
Cholestatic liver disease is also associated with
clinical and experimental findings consistent with
increased opioidergic neuromodulation (25-27).
The mechanism behind the effect of cholestasis
on the opioid system is unknown, but it has been
proposed that it may increase the availability of
endogenous opioid agonist ligands that bind to
opioid receptors in BDL rats (28).

In some studies, it has been found that
compared with jaundiced-free rats, cholestatic
rats have poorer performance in passive avoidance
tasks (7,29) such as the Morris water maze task
and in motor coordination (5,14). Previous studies
have also shown that memory was impaired in
mice 24 days after BDL (7).

Nevertheless, there 1is not sufficient
information describing the time course of the
impact of cholestasis on cognitive performance,
such as learning and memory, and locomotor
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activity. In the present study, we examined
the cognitive function of rats with obstructive
jaundice using the passive avoidance learning
test, a standard test to assess learning and
memory function in rodents (30). This study was
designed to evaluate the effects of the progression
of cholestasis in bile duct ligated rats (7, 14, or 21
days after bile duct ligation) on the acquisition
(pre-shock latency) and retention time (24 hours
post-shock) in the passive avoidance test and on
locomotor activity.

Materials and Methods

Animals

Thirty male Wistar rats (220—250 g) were
obtained from Jondishapour Institute (Ahwaz,
Iran). The animals were kept in animal cages
and provided with food and water ad libitum.
They were housed in a temperature controlled
environment 22 °C (SD2) with a 12:12 hours
light—dark cycle (07:00-19:00). The animals
were allowed to adapt to the laboratory conditions
for at least one week before surgery. Each rat was
handled for approximately 3 minutes each day
prior to behavioral testing. All experiments were
performed between 9:00 hours and 12:00 hours,
and each rat was tested only once. The Animal
Research Ethic Committee at Isfahan University
approved the study, and all experiments were
conducted in accordance with the international
guiding principles for biomedical research
involving animals, which were revised in 1985.

Bile duct ligation surgery and induced cholestasis
There were five experimental groups and six
animals in each group:

1. Group 1: Control group (non-operated)

2. Group 2: Sham group (abdominal surgery
was performed without BDL)

3. Group 3: BDL7 group (experiments were
performed 7 days after bile duct ligation,
and the rats were sacrificed 8 days after
BDL)

4. Group 4: BDL14 group (experiments were
performed 14 days after BDL, and the rats
were sacrificed 15 days after BDL)

5. Group 5: BDL21 group (experiments were
performed 21 days after BDL, and the rats
were sacrificed 22 days after BDL)

Laparotomy was performed under general
anesthesia induced by the injection of chloral
hydrate (400 mg/kg, ip). The sham group was



subjected to laparotomy as well as bile duct
identification and manipulation, but ligation
or resection was not performed (with the aim of
measuring possible stress induced by surgery). In
the bile duct ligation groups, the main bile duct
was first ligated using two ligatures approximately
0.5 cm apart and then transected at the midpoint
between the two ligatures (31). In the immediate
post-operative period, each animal was placed
in a cage by itself to prevent wound dehiscence
and was moved to its original cage 4 hours after
the surgery (32). Post-operative analgesia was
achieved with subcutaneous injection of 0.05 mg/
kg rat buprenorphine (33). Passive avoidance
tests, locomotor activity analysis and biochemical
analysis were performed for all experimental
groups, and the results from the sham operated,
BDL 7, BDL 14, and BDL 21 groups were compared
with those of the control group.

Memory testing and apparatus

The training apparatus had two
compartments consisting of a small chamber
(25 x 25 x 20 cm) and a large dark compartment
(25 x 25 x 20 cm). The compartments were
separated by a guillotine door. Electric shocks
were delivered to the grid floor by an isolated
stimulator. At the beginning of the experiment,
each rat was placed in the apparatus for 5 minutes
to habituate. On the second day, an acquisition
trial was performed, and the rats were placed
individually in the illuminated chamber. After
a habituation period (1 minute), the guillotine
door was lifted (the pre-shock delay time to
enter into the dark chamber was considered the
initial latency or acquisition time). After the rat
had entered the dark chamber, the door was
lowered, and an inescapable, scrambled, single
electric shock (0.2 mA, 50 Hz) was delivered
for 3 seconds. In the probe trial (24 hours after
receiving a foot shock), the time interval from
the placement of the rat into the illuminated
chamber until its entry into the dark chamber was
measured (the post-shock delay time to enter into
the dark chamber 24 hours after receiving a foot
shock was considered the retention time) (34,35).

Locomotors activity

A straightaway open field apparatus was
used for locomotor activity assessment. After
the behavioral test, the animals from all of the
experimental groups were put in a transparent
box (25 x 25 x 36 cm) over a white floor that
was divided into four squares. Blue lines were
drawn on the floor with a marker and were visible
through the clear Plexiglas floor. The movement
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of each rat as indicated by the crossing of gridlines
was determined in both sham-operated and BDR-
rats. Initially the rats were put in the apparatus
for 5 minutes to acclimate to the environment,
and the movement of each rat was recorded for
5 minutes following the acclimation period. For
data analysis, the floor was divided into a grid of
four squares (5 x 5 cm) and locomotor activity was
measured by counting the total number of squares
crossed during the testing session (36,37).

Biochemical analysis

Rats were anesthetised with ether for
sacrifice, and samples of their blood (3—4 mL)
were collected. The whole blood was centrifuged
at 3000 rpm for 10 minutes to separate the
plasma and was then stored at —70 °C. Plasma
bilirubin (total bilirubin, direct and indirect
bilirubin), alkaline phosphatase, and alanine
aminotransferase (ALT) levels were measured
with colorimetric methods using commercially
available kits (Zist-Shimi Co, Tehran, Iran) and a
spectrophotometer (38,39).

Statistical analysis

One way ANOVAs and post-hoc tests (Tukey
test) were used for data analysis. Differences
between the experimental groups were deemed
significant at P < 0.05 for each time point. The
results are presented as the mean (standard
deviation).

Results

Induction of cholestasis

One day after bile duct ligation, the animals
showed signs of cholestasis (jaundice, dark
urine, and steatorrhea), which were assessed
qualitatively and quantitatively (Table 1). BDL
rats showed biochemical evidence of cholestasis
with significant elevations in serum bilirubin and
alanine amino transaminase levels.

Passive avoidance learning test

The latencies were measured at the pre-
foot shock stage (acquisition time) and 24
hours after the foot shock (retention time) in all
experimental groups. A lower latency (a shorter
time before entering the dark chamber after
receiving a foot shock) indicates that memory
function was impaired. One way ANOVA and
post-hoc Turkey tests revealed that there was no
significant difference between control and sham
groups; thus, surgery did not affect the pre-shock
latencies in the experimental groups (Figure 1a).
There was no significant difference between the
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control group and the two other groups (BDL 7
and BDL 14) with respect to pre-shock latency as
well. Therefore, in this experiment, acquisition
time was not affected during the early stages of
cholestasis. The results indicated that pre-shock
latency was significantly (P = 0.036) longer in the
BDL 21 group than in the control group (Figure
1b). Our data showed that the acquisition time
was altered after 21 days in cholestatic rats.

Our results showed that there was no
significant difference between control and sham
groups with respect to the post-shock latency.
Thus, surgery did not affect latency or memory
function in the experimental groups (Figure 2a).
In contrast, there was a significant (P = 0.04)
difference between the control and BDL7 groups
with respect to post shock latency. Therefore,
short-term memory was affected in the early
stage of cholestasis. Additionally, the post-shock
latencies to entering the dark chamber in the
BDL 14 and BDL 21 groups were significantly
shorter than that of the control group (P = 0.009,
P = 0.002; respectively) (Figure 2b). Thus, short-
term memory deteriorated with cholestasis
progression.

Locomotor activity
Our data analysis revealed that there was
no significant difference between the control

and sham group and that surgery did not affect
the locomotor activity of the experimental
groups (Figure 3a). Additionally, there was
no significant difference in locomotor activity
between the control group and the BDL 7 or
BDL 14 group. However, there was a significant
difference between the control and BDL 21 groups
(P = 0. 028), indicating that the BDL 21 rats were
less active than the normal rats (Figure 3b).

Discussion

The effect of cholestasis on learning and memory
formation

The main finding of this study was that
learning and memory retrieval, as measured in
the passive avoidance test, were impaired with
the progression of cholestasis at 7, 14, and 21 days
after BDL (Figure 1,2). In the passive avoidance
test, the animals learned to avoid entering the
dark chamber after receiving an electrical foot
shock (34,35). Some articles reported that BDL
causes biliary cirrhosis after 3—4 weeks, and this
condition occurs in association with fibrosis,
portal hypertension, portal-systemic shunting,
and immune system dysfunction (6,40,41). Mild
cognitive impairment was found in patients
with liver cirrhosis (42). Furthermore, patients
with liver disease and signs of hyperamonia may

Table 1: Liver biochemistries from BDL7 (8 days after laparotomy), BDL14 (15 days after laparotomy),
BDL21 (22 days after laparotomy) and sham operated (22 days after laparotomy) groups

Sham?
Alanin Trans Aminase (IU/L)
F statics (df); (3,20) = 49.75
Pvalue = 0.000 °
Alkalin Phosphatase (IU/L)
F statics (df); (3,20) = 6.30
Pvalue = 0.0005 ¢
Total Bilirubin (mg/dl)

187.17 (27.27)

467.33 (96.17)

F statics (df); (3,20) =17.95 0.483 (0.08)
P value = 0.0005 ©

Direct Bilirubin (mg/dl)
F statics (df); (3,20) = 45.90 0.19 (0.023)
Pvalue = 0.0005 ¢

In direct Bilirubin (mg/dl)
F statics (df); (3,20) = 40.61 0.67 (0.09)

Pvalue = 0.0005 ¢

732.83 (119.54)
Pvalue = 0.000

BDL7? BDL14* BDL21?
673 (121.10) ®

Pvalue = 0.000

714.33 (119.54) °
Pvalue = 0.000

670 (88.54)®

650.83 (92.31) ®
Pvalue = 0.001

5.986 (1.84)"
Pvalue = 0.005

5.36 (1.06)"
Pvalue = 0.004

2.45(0.36) "
P value = 0.002

661.83 (101.37)"
Pvalue = 0.003

6.63 (1.88)"
P value = 0.001

5.33 (1.23) °
Pvalue = 0.005

3.31(0.70)°
Pvalue = 0.001

Pvalue = 0.007

6.03 (2.03) "
Pvalue = 0.004

5.88 (1.04) "
Pvalue = 0.001

3.76 (0.68) "
Pvalue = 0.001

2 Mean (SD), ® with respect to the sham group, ¢ analysis of variance (ANOVA). There were six rats per group. Abbreviation: bile

duct ligation = BDL.
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also show impairments in attention, memory,
and cognitive function and alterations in motor
function including psychomotor slowing,
bradykinesia, and hypokinesia (7).

In support of our data, some studies have
found incomplete passive avoidance test results
(7,26,43), such as an impaired spatial memory in
the Morris water maze task (12) and impairments
in the ability to discriminate novel objects after
BDL in rodents (44). Moreover, cases of deficits
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in attention, visual perceptions and working
memory have been reported in patients with liver
disease and hyperamonia (45,46).

BDL is a model of chronic liver injury. It
has been shown that both acute and chronic
liver failure induce cholestasis and hepatic
encephalopathy, which affect brain function
(14,36,47). The liver impairs cognitive function
through an unknown molecular mechanism.
Some studies have suggested that hyperamonia
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Figure 1: Comparison of the latency period for each rat to enter the dark chamber before receiving a
foot shock (acquisition time). Each bar represents the mean (SD). One way ANOVA. (a) There
were no significant differences between the control and sham groups. (b) Differences between
the control group and the BDL 7 or BDL 14 groups were not significant. There were significant
differences between the control and BDL 21 groups (*P = 0.036). Each group consisted of
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Figure 2: Comparison of the latency period for each rat to enter the dark chamber 24 hours after receiving
a foot shock (the retention time). Each bar represents the mean (SD). One way ANOVA. (a)
There were no significant differences between the control group and the sham group. (b) The
retention time was significantly decreased in the BDL7 (**P = 0.04), BDL14 (***P = 0.009)
and BDL21 (***P = 0.002) group compared with the control group. Each group consisted of

six rats.
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Figure 3: The effects of cholestasis on locomotor activity. Each bar represents the mean (SD). One-way
ANOVA. (a) There were no significant differences between the control group and the sham
group. (b) Differences between the control group and the BDL 7 or BDL 14 groups were not
significant. There were significant differences in locomotor activity between the control and
BDL 21 groups (*P = 0.028). Each group consisted of six rats.

is one of the main factors responsible for
neurological alterations (48). Moreover, some
mechanisms of induced amnesia that involve
the glutamatergic system, such as changes in
brain NO, oxidative stress, disruption of calcium
homeostasis, membrane damage, and cell death
(5,49,50), that also have detrimental effects on
several key enzymes involved in glutamate and
glucose transport have been suggested (51). All
of the biological consequences mentioned above
may cause cognitive deficits that are a result
of induced amnesia in BDL rats. However, the
mechanisms of amnesia induced by cholestasis in
BDL rats have not been fully elaborated.

The effect of cholestasis on locomotor activity
The behavioral data showed that locomotor
activity was not altered 7 or 14 days after BDL.
Although it trended toward a decrease, this
reduction was not significant. It was shown that
cholestatic rats exhibited markedly less locomotor
activity in the BDL 21 group compared with
normal rats (Figure 3). Previous studies have
shown reduced locomotor performance in the
forced swim test, treadmill running and open field
test 5 days after BDL in cholestatic rats (52,53).
Additionally, locomotor activity in the open field
test decreased after 4 weeks in BDL mice (11) and
after 6 weeks (18) in BDL rats. In these studies,
locomotor activity was assessed during the night
(active) and day (inactive) periods (18). It seemed
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that locomotor activity disturbances began in the
early stage of cholestasis in rats. In our study, rats
showed disturbances in locomotor activity after 21
days of cholestasis. These conflicting observations
might result from different methodologies to
evaluate locomotor activity during prolonged
periods (night and day) and from the fact that
during the swimming and treadmill running,
the animals had to expend energy to perform
these two stressful physical activities. Therefore,
because the animals were tired, they performed
poorly in the test condition. In some studies, it
has been proposed that fatigue is the reason for
locomotor activity disturbances in cholestatic rats.
It has been previously shown that the mechanisms
involved in the fatigue that accompanies
cholestasis may occur as a result of changes in
the central nervous system (54,55). Among the
neurotransmitter systems, the serotonergic and
noradrenaline pathways are both implicated in
fatigue states (56). It has been shown that these
systems are intimately involved in the control of
central corticotropine releasing hormone (CRH)
release (56,57). Both the serotonergic system and
the opioidergic system has been proven to be
involved in cholestasis (58—60).

One of the main symptoms observed in
chronicliver diseases, such as HE, is motor deficits
including rigidity, asterixis (flapping tremor) and
poor muscular coordination (61,62). Terzioglu et
al. (63) reported increased 5-HT and dopamine



turnover in the hippocampus, hypothalamus,
and in the striatum in BDL rats suggesting the
involvement of hippocampus and hypothalamus
in central fatigue (64,65).

These results showed an acquisition time
impairment after 21 days. Moreover, locomotor
activity in these animals decreased after 21 days.
It seems that our results regarding memory
impairmentmaybeinducedinpartbydisturbances
in locomotor activity. Hence, to elucidate the
mechanisms underlying the locomotor activity,
learning, and memory impairments, it is necessary
to further investigate individual brain areas such
as the hippocampus, hypothalamus, striatum and
their related neurotransmitters systems.

Studies have shown an activation of pro-
inflammatory cytokines in BDL animals that did
not have obvious signs of infection, fever, or signs
of sepsis (10). Correspondingly, in humans with
liver disease (62), the activation of inflammatory
mediators is associated with a greater behavioral
impairment.

Conclusion

In summary, the results revealed that
cholestasis led to learning and memory,
locomotor activity and liver function impairments
and that cognition deteriorated with cholestasis
progression.
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