
INTRODUCTION

Hepatic encephalopathy (HE) is a syndrome observed 
in patients with liver dysfunction such as hepatitis and cir-
rhosis, and is characterized by cognitive impairment, per-
sonality changes, and a depressed level of consciousness. 
HE is classified into types A, B and C depending on the 
underlying cause (Ferenci et al., 2002). Type A describes 
HE associated with Acute liver failure, typically associat-
ed with cerebral edema, resulting from severe inflamma-
tory and/or rapid onset of liver disease. Type B is caused 
by portal-systemic Bypass without associated parenchy-
mal liver disease. Type C occurs in patients with Cirrhosis 
and portal hypertension or portal-systemic shunts, and is 
subdivided into episodic, persistent and minimal enceph-
alopathy. 

The development of hepatic encephalopathy is 
explained, to some extent, by the effects of neurotox-
ic substances, which occur in the setting of cirrhosis and 
portal hypertension. Ammonia has multiple neurotox-
ic effects. It can alter the transit of amino acids, water, 
and electrolytes across astrocytes and neurons, and can 
also impair amino acid metabolism and energy utiliza-
tion in the brain. Ammonia can also inhibit the generation 
of excitatory and inhibitory postsynaptic potentials. Nor-
mally, ammonia is detoxified in the liver by conversion to 
urea, and also consumed in the conversion of glutamate 
to glutamine. In the case of cirrhosis, a decreased mass of 
functioning hepatocytes and portosystemic shunting con-
tribute to the hyperammonemia. The ammonia hypothe-
sis is also supported by the clinical observation that treat-
ments that decrease blood ammonia levels can improve 
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hepatic encephalopathy symptoms. 
Lactulose is a nonabsorbable disaccharide that has 

been in common clinical use since the early 1970s. It is 
thought to improve the generation of ammonia by bac-
teria, and to render the ammonia (NH3) inabsorbable by 
converting it to ammonium (NH4

+). A 2004 review by the 
Cochrane Collaboration concluded that there was insuffi-
cient evidence to determine whether lactulose is of ben-
efit for all types of HE, but it remains the first-line treat-
ment for type C HE. 

Animal models for HE have been developed by sev-
eral methods, including hepatotoxicant treatments and 
surgical operations. Acute administration of hepatotoxi-
cants at a very high dose induces severe hepatitis or ful-
minant hepatic failure (FHF), which finally induces HE 
and hepatic coma (type A HE) (Zimmerman et al., 1989; 
Yurdaydin et al., 1996). Portacaval shunting (PCS) leads 
to HE symptoms without inducing liver damage (type 
B) (Steindl et al., 1996; Watanabe et al., 1997). Bile 
duct ligation (BDL) induces obstruction of bile flow, 
which leads to biliary cirrhosis and HE (type C) (Jover 
et al., 2006). Since there are a wide variety of etiologies 
and symptoms in human liver disease, it is not possible 
to reproduce all aspects of HE in a single animal mod-
el. Indeed, the International Society for Hepatic Encepha-
lopathy and Nitrogen Metabolism (ISHEN) has suggested 
that there is a dearth of satisfactory animal models of HE, 
and an urgent need to develop such models in order to 
clarify the pathogenesis of HE and develop effective ther-
apeutic treatments (Butterworth et al., 2009). HE models 
with PCS or BDL are useful for such investigations, but 
other animal models will be necessary for the investiga-
tion of type C HE with chronic liver dysfunction, such as 
cirrhosis. 

Administration of hepatotoxicants provides a stable 
animal model of liver disease. Various toxicants such as 
acetoaminophen, carbontetrachloride, D -galactosamine, 
azoxymethane, and thioacetamide (TAA) are known to 
induce liver damage (Rahman et al., 2002; Yamamoto 
and Sugihara, 1987; Bassett et al., 1987; Matkowskyj et 
al., 1999; Zimmerman et al., 1989). Among them, TAA is 
useful for induction of both acute and chronic liver dam-
age. Acute administration of TAA at a high dose to rats 
induces HE, and this model meets the majority of crite-
ria for type A HE (Zimmerman et al., 1989; Butterworth 
et al., 2009). On the other hand, chronic TAA treatment 
at a low dose to rats induces cirrhosis and hepatic tumors 
(Müller et al., 1988; Fontana et al., 1996; Kawai et al., 
2009). The characteristic features of TAA-induced hepato-
toxicity in rats resemble those of human cirrhosis (Müller 
et al., 1988; Dashti et al., 1989; Sato et al., 2000), and 

rats chronically treated with TAA exhibit memory impair-
ment (Méndez et al., 2008a). Therefore, we hypothesized 
that chronic TAA treatment of rats might induce HE-like 
neuropsychiatric symptoms, such as memory impairment 
and mental disturbance. In the present study, our aim was 
to establish an animal model for HE with cirrhosis. To this 
end, we carried out behavioral and biochemical analysis 
of cirrhotic rats after treatment with TAA for 20 weeks. 

MATERIALS AND METHODS

Chemicals
Lactulose (Monilac 65% syrup) was obtained from 

Chugai Seiyaku (Tokyo, Japan). TAA and other chemicals 
were obtained from Wako Pure Chemical Industries, Ltd. 
(Tokyo, Japan).

Animals
Male adult Wistar-Hannover rats (150-200 g) were 

obtained from CLEA Japan Inc. (Tokyo, Japan), and were 
maintained in an air conditioned room at 24 ± 2°C with a 
12/12 hr light/dark cycle (lights on at 07:00). The rats had 
free access to food and water. 

The experimental schedules are illustrated in Fig. 1. 
Induction of liver damage was performed by continuous 
administration of TAA in drinking water (0.3 or 0.5 g/l) 
for 20 weeks. The dose and the duration of TAA treat-
ment was determined according to our previous study that 
rats developed cirrhosis by TAA treatment at 0.5 g/l for  
16 weeks (Kawai et al., 2009). In the case of lactu-
lose treatment, 2 g/kg of lactulose was orally adminis-
tered once a day between 17:00 and 19:00 for 2 weeks. 
On the 21st and 22nd week, behavioral tests were conduct-
ed between 08:00 and 13:00. Administration of TAA in 
the drinking water was continued during behavioral tests. 
After the behavioral tests, rats were sacrificed, and blood 
and brain samples were collected. 

Animal maintenance and treatments were in accord-
ance with the general recommendations of Japanese ani-
mal protection legislation. All procedures were approved 
by the Institutional Animal Care and Use Committee of 
Josai International University.

Novel object recognition test
The novel object recognition (NOR) test, which is 

used to evaluate the non-spatial visual memory in rodents 
(Ennaceur and Delacour, 1988), is a non-invasive method 
that does not require punishment or reward and that can 
be implemented quickly and simply. 

In this test, on the first day, rats were habituated for 
5 min to the circular field (80 cm diameter) on which 
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the test was performed. On the second day, the rats were 
exposed to two identical objects in the field for 2 min. The 
rats were allowed to freely explore these objects (training 
session). On the third day, 24 hr after the training session, 
the rats were again placed in the field for 2 min with one 
object having been replaced by a novel object, and the 
time that the rat spent exploring each object was record-
ed (test session). The ratio of the time spent exploring the 
novel object to the time spent exploring both objects was 

calculated as the novel object preference. The reduction 
in the novel object preference was assessed as memory 
impairment. All objects and the test field were thoroughly 
cleaned with 70% ethanol and dried before each use. 

Forced swim test
We used a modified forced swim test (FST) according 

to the method of Detke et al. (1995). On the day before 
measurement, rats were individually placed in plastic cyl-

1 2 20 21 22 week18 19

1 2 20 21 22 week

Vehicle (normal drinking water)

Behavior tests

18 19

TAA (0.3 g/L drinking water)

TAA (0.5 g/L drinking water)

Vehicle (normal drinking water)
+ Vehicle (water)

+ Vehicle (water)

+ Lactulose (2 g/kg/day)

Behavior tests Biochemical analysis

control

TAA0.3

TAA0.5

control

TAA

TAA+lac TAA (0.5 g/L drinking water)

TAA (0.5 g/L drinking water)

(A)

(B)

Fig. 1. Experimental schedules. (A) In the first set of experiments, rats were administered 0.3 g/l or 0.5 g/l of TAA in drinking 
water throughout the experimental period (TAA0.3 and TAA0.5 groups, respectively). Behavioral tests were carried out 
after 20 weeks of TAA administration. The exploring activity test, home-cage activity test, NOR, and FST were carried out 
within 2 weeks. (B) In another set of experiments, the TAA group and TAA+lac group were presented with 0.5 g/l of TAA 
in drinking water. After 18 weeks, vehicle or 2 g/kg of lactulose were perorally administered once a day. TAA and lactulose 
treatment were continued until the end of the experiments. Behavioral tests were carried out after 20 weeks of exposure to 
TAA. Blood and brain samples were removed after behavioral tests, and were used in the biochemical analysis.
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inders (24 cm diameter, 50 cm height) filled with water 
at room temperature (24 ± 2°C) to a depth of 30 cm. Rats 
were exposed to the apparatus for 10 min, then removed 
from the cylinder, allowed to dry in a clean cage, and 
returned to their home cages. Twenty-four hours after the 
first exposure, the rats were again placed in the apparatus, 
and their behaviors were analyzed for 5 min. At regular 
5-sec intervals, a trained observer recorded which of the 
following three behaviors was predominant: immobility, 
swimming, or climbing. The total counts for each behav-
ior over the 5 min-test session were analyzed as the FST 
score.

Blood chemistry
Blood samples were removed from the postcaval vein 

with a 0.70 × 32 mm needle attached to a 5-ml syringe. 
One ml of blood samples was mixed with sodium tung-
state, and centrifuged at 1,200 × g for 10 min to obtain 
deproteinized blood samples. The remaining blood sam-
ples were centrifuged at 1,200 × g for 10 min to obtain 
serum. The deproteinized blood samples were analyzed 
to determine the blood ammonia levels, and serum sam-
ples were analyzed to measure the serum activities of 
alkaline phosphatase (ALP) and alanine aminotrans-
ferase (ALT) and the serum contents of albumin (Alb), 
the latter of which was used to evaluate the liver damage  
(Mitsubishi Chemical Medience Corporation, Tokyo, 
Japan). The molar ratio of the serum content of branched-
amino acids to that of tyrosine (BTR) was also meas-
ured to evaluate the changes in the amino acids-balance 
in blood (Mitsubishi Chemical Medience Corporation). 
All biochemical assays were performed according to the 
standard methods. 

Sample preparation for analysis of  
neurotransmitters

Rats were anesthetized with diethylether and sacrificed 
by decapitation. The brains were rapidly dissected out 
and divided into 7 sections: the cerebral cortex, striatum, 
hippocampus, midbrain/thalamus, hypothalamus, pons/
medula, and cerebellum. The sectioned brain tissues were 
immediately frozen in liquid nitrogen and kept at -80°C 
until use. 

The divided brain tissues were homogenized in a  
Polytron (Kinematica, Switzerland) with 5 volumes of 
0.2 M perchloric acid containing 0.1 mM EDTA. Isopro-
terenol at 1 nmol/sample and β-alanine at 1 μmol/sam-
ple were added as an internal standard for the analysis of 
monoamines and amino acids (Glu and GABA), respec-
tively. The homogenate was centrifuged at 20,000 × g for 
15 min at 4°C, and the supernatant was adjusted to pH 3 

with 1 M sodium acetate, and then filtered through a 0.45-
μm filter. A portion of the filtrate was subjected to HPLC 
analysis as described below. 

Analysis of monoamine neurotransmitters
Monoamine neurotransmitters and their metabolites 

were analyzed with HPLC-ECD. Serotonin (5-hydrox-
ytryptamine, 5HT), 5-hydroxyindolacetic acid (5HIAA), 
noradrenaline (NA), 3-methyoxy-4hydroxyphenylethyl-
ene glycol (MHPG), dopamine (DA), 3,4-dihydroxyphe-
nylacetic acid (DOPAC), and homovanilic acid (HVA) 
were analyzed. The Shimadzu LC-10AD / Eicom ECD-
700 system was used and the conditions were as follows: 
column, SC-5ODS (3.0 mm i.d. × 150 mm, Eicom) with 
a precolumn (PREPAK-AC, Eicom); mobile phase, 87%  
0.1 M sodium acetate / 0.1 M citric acid buffer (pH 3.5), 
13% methanol, containing 5 mg/l EDTA and 190 mg/l 
sodium octanesulfonate; flow, 0.5 ml/min; electrode, 
Eicom WE-3G graphite; reference, Eicom RE-100 Ag-
AgCl; applied voltage, 700 mV vs. Ag-AgCl. 

Analysis of glutamate and GABA
Glu and GABA were derivatized with o-phthalalde-

hyde (OPA) and analyzed with HPLC-FD. The OPA stock 
solution (40 mM) was prepared by dissolving 54 mg OPA 
with 1 ml methanol, and then mixing with 9 ml of potas-
sium carbonate buffer (pH 9.5). The OPA stock solu-
tion was kept at -20°C until use. The derivatizing rea-
gent (OPA-ME) was prepared daily by mixing 250 μl of 
the OPA stock solution, 1 μl of 2-mercaptoethanol, and  
2.249 ml of potassium carbonate buffer (pH 9.5). The fil-
tered sample solution was diluted with phosphate-buffered 
saline (1:1,000). Derivatization was carried out by mixing 
10 μl of diluted sample solution and 30 μl of OPA-ME 
solution at room temperature for 2.5 min. A portion of the 
mixed solution was subjected to HPLC-FD analysis. The 
Shimadzu LC-10AD HPLC / RF-10A XL fluorescence 
detector system was used and the conditions were as fol-
lows: column, Gemini-ODS (2.0 mm i.d. × 150 mm;  
Phenomenex) with a precolumn (SecurityGuard C18 car-
tridge; Phenomenex); mobile phase, 85% 0.1 M sodi-
um acetate buffer (pH 6.0) and 15% acetonitrile contain-
ing 100 mg/l EDTA; flow, 0.2 ml/min; excitation wave 
length, 360 nm; emission wave length, 450 nm. 

Statistical analysis
Data are expressed as the means ± S.E.M. In the behav-

ioral analysis (Figs. 2, 3), statistically significant differ-
ences between the experimental and control groups were 
analyzed by a two-tailed Dunnett’s test. In the analysis of 
the effect of lactulose on the symptoms observed in TAA 
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rats (Figs. 3 and 4, Tables 1 and 2), statistical significance 
was determined by a two-tailed Tukey’s test. A two-tailed 
Student’s t-test was used in the analysis of Glu and GABA 
contents (Table 3). The significance level was set at 0.05. 

RESULTS

Psychiatric assessment of rats with 
TAA-induced cirrhosis

In order to evaluate the neuropsychological state of 
the TAA rats, a novel object recognition test (NOR) and 
forced swim test (FST) were conducted. In the training 
phase of the NOR test, no difference was observed in 
preference for the novel object between the TAA rats and 
controls (Fig. 2A). In the test phase, no novel object pref-
erence was observed in the rats administered 0.5 g/l TAA 
(TAA0.5 rats), while the control rats exhibited a novel 
object preference of more than 75% (Fig. 2B). The effect 
of TAA on recognition of the novel object was dose-
dependent. The TAA0.5 rats spent a longer time explor-
ing than the control rats (Fig. 2C).

Figure 3 indicates the results of the FST in TAA-treat-
ed rats. TAA dose-dependently reduced the scores in 
immobility and increased the scores in swimming, while 
no effect was observed in the scores in climbing. The 
TAA rats sometimes showed aggressive behavior in their 
cages, and often bit the fingers of the experimenters (data 

not shown). These findings suggest that the TAA rats may 
show irritated mood. 

Effects of lactulose on the neuropsychiatric 
symptoms in TAA0.5 rats

Next we evaluated the effects of lactulose on the neu-
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Fig. 2. Cognitive activity of TAA rats. An NOR test was carried out as described in the Materials and Methods. (A) The prefer-
ence for one object in the training session. The ratio of the time spent exploring one object to the time spent exploring 
both objects was calculated. (B) NOR in test session. The ratio of the time spent exploring the novel object to the time 
spent exploring both objects was calculated as the novel object preference (%). (C) The total exploring time of two objects 
in test session is shown. Open column: control (n = 11); gray column: TAA0.3 (n = 12); closed column: TAA0.5 (n = 9).  
* p < 0.05 vs control by Dunnett’s test.
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Fig. 3. Mood state of TAA rats. FST was carried out as de-
scribed in the Materials and Methods. Immobility, 
swimming, and climbing scores are shown. Open col-
umn: control (n = 17); gray column: TAA0.3 (n = 18); 
closed column: TAA0.5 (n = 12). * p < 0.05 vs the re-
spective control by Dunnett’s test.

Vol. 37 No. 6

1169

An animal model for TAA (chemical)-induced hepatic encephalopathy



Table 1.   Blood biochemical analysis of TAA rats
ALP
(IU/l)

ALT
(IU/l)

Alb
(mg/dl)

BTR NH3

(μg/dl)
Control 397  ± 39 49.9  ± 3.6 4.8  ± 0.1 3.7  ± 0.2 82  ± 13
TAA 722  ± 101 * 35.3  ± 7.3 * 4.2 ± 0.1 * 2.7  ± 0.1 * 162  ± 30 *
TAA+lac 702 ± 56 * 29.7  ± 3.1 * 4.3  ± 0.1 * 2.5  ± 0.1 * 117  ± 19
Values are presented as the mean ± S.E.M. (n = 6-8).
* p < 0.05 vs control by Tukey’s test. No statistically significant difference was detected between TAA and TAA+lac.

Table 2.   Brain contents of monoamine neurotransmitters and their metabolites
Cor. Str Hipp Mid Hypoth Pons Cerebe

5HT
   Control 9.3 ± 1.0 8.8 ± 0.4 5.6 ± 0.2 16.0 ± 1.2 10.7 ± 1.3 11.5 ± 0.5 0.47 ± 0.04
   TAA 10.3 ± 0.4 8.9 ± 0.4 5.2 ± 0.3 18.5 ± 1.6 11.2 ± 0.7 13.8 ± 0.6 * 0.58 ± 0.03
   TAA+lac 10.1 ± 0.7 8.1 ± 0.3 4.8 ± 0.3 16.2 ± 0.9 9.2 ± 0.9 12.5 ± 0.5 0.59 ± 0.10
5HIAA
   Control 9.1 ± 1.3 13.2 ± 0.5 8.3 ± 0.3 18.6 ± 1.5 15.2 ± 0.8 11.8 ± 0.5 0.9 ± 0.1
   TAA 14.1 ± 0.4 * 20.9 ± 1.0 * 12.3 ± 0.4 * 34.1 ± 2.2 * 22.8 ± 1.6 * 22.6 ± 1.4 * 1.4 ± 0.1 *
   TAA+lac 12.9 ± 0.6 * 19.2 ± 1.0 * 11.6 ± 0.7 * 30.6 ± 2.6 * 21.1 ± 1.1 * 19.4 ± 1.3 * 1.5 ± 0.1 *
NA
   Control 3.6 ± 0.6 1.2 ± 0.2 3.3 ± 0.2 4.1 ± 0.5 11.6 ± 1.3 3.9 ± 0.2 1.5 ± 0.1
   TAA 3.9 ± 0.1 1.3 ± 0.1 3.6 ± 0.1 4.9 ± 0.4 15.1 ± 1.0 4.8 ± 0.2 * 1.5 ± 0.1
   TAA+lac 3.9 ± 0.4 1.5 ± 0.1 3.4 ± 0.4 4.5 ± 0.6 16.2 ± 1.3 * 4.8 ± 0.3 * 2.0 ± 0.3
MHPG
   Control 2.3 ± 0.5 2.2 ± 0.2 2.0 ± 0.2 1.7 ± 0.2 2.8 ± 0.1 1.6 ± 0.2 2.4 ± 0.2
   TAA 5.1 ± 0.4 * 3.6 ± 0.2 * 3.4 ± 0.2 * 3.1 ± 0.3 * 3.8 ± 0.3 * 3.0 ± 0.4 * 3.8 ± 0.3 *
   TAA+lac 5.1 ± 0.6 * 3.8 ± 0.4 * 3.7 ± 0.2 * 3.4 ± 0.5 * 4.2 ± 0.2 * 3.7 ± 0.4 * 5.4 ± 0.6 *†
DA
   Control 6.8 ± 0.9 91.3 ± 5.1 0.59 ± 0.04 1.4 ± 0.2 3.0 ± 0.4 0.47 ± 0.02 0.09 ± 0.01
   TAA 5.1 ± 1.1 92.2 ± 4.2 0.60 ± 0.04 1.3 ± 0.1 3.2 ± 0.4 0.56 ± 0.04 0.10 ± 0.01
   TAA+lac 5.3 ± 1.1 89.9 ± 7.8 0.53 ± 0.05 1.2 ± 0.1 2.4 ± 0.4 0.52 ± 0.03 0.13 ± 0.03
DOPAC
   Control 1.4 ± 0.2 30.4 ± 4.1 0.36 ± 0.03 0.44 ± 0.09 2.9 ± 1.1 0.24 ± 0.03 0.11 ± 0.01
   TAA 1.3 ± 0.1 35.5 ± 3.3 0.53 ± 0.06 0.43 ± 0.04 2.9 ± 0.5 0.35 ± 0.06 0.12 ± 0.01
   TAA+lac 1.6 ± 0.2 35.8 ± 2.5 0.43 ± 0.04 0.39 ± 0.03 2.1 ± 0.2 0.28 ± 0.02 0.15 ± 0.02
HVA
   Control 0.9 ± 0.2 7.5 ± 0.5 0.14 ± 0.01 0.36 ± 0.06 0.70 ± 0.21 0.19 ± 0.03 0.09 ± 0.01
   TAA 1.1 ± 0.1 8.9 ± 0.4 0.20 ± 0.02 0.38 ± 0.03 0.91 ± 0.15 0.27 ± 0.03 0.10 ± 0.01
   TAA+lac 0.9 ± 0.1 8.0 ± 0.6 0.18 ± 0.02 0.32 ± 0.04 0.58 ± 0.11 0.21 ± 0.03 0.14 ± 0.01 *†
Brain contents are shown in nmol/g tissue. Values are presented as the mean ± S.E.M. (n = 6-8).
* p < 0.05 vs control, † p < 0.05 vs TAA by Tukey’s test. 
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ropsychiatric symptoms in the TAA0.5 rats. In the training 
phase of NOR tests, no difference was observed between 
groups (Fig. 4A). In the test phase, lactulose restored the 
reduced novel object preference in the TAA0.5 group 
(Fig. 4B). Rats treated with TAA and lactulose spent 
more time examining the novel object than the TAA0.5 
rats (Fig. 4C). Fig. 5 shows the effects of lactulose on the 
FST. Lactulose significantly recovered the reduction in 
immobility of TAA0.5 rats, but had no significant effects 
on the increased swimming score in this group (Fig. 5). 
These results indicated that lactulose ameliorated the cog-
nitive impairment and the irritated mood of TAA0.5 rats. 

Blood biochemical changes in rats with 
TAA-induced cirrhosis 

We analyzed biochemical indicators for liver damage 
in blood in the TAA rats (Table 1). Compared with those 
of the control animals, the ALP activities and NH3 lev-
els were significantly increased in TAA0.5 rats, while the 
ALT activities, Alb contents and BTR were significant-
ly reduced in TAA0.5 rats. These results indicate impair-
ment of hepatic function with cholestasis (Kawai et al., 
2009). In the group of lactulose-treated TAA rats, the 
activities of ALP and ALT, Alb contents, and BTR were 
significantly different from those of both the control and 
TAA0.5 groups, while the level of blood NH3 tended to 

Fig. 4. Effects of lactulose on the memory function of TAA rats. The NOR test was carried out as described in the Materials and 
Methods. (A) The preference for one object in the training session. The ratio of the time spent exploring one object to the 
time spent exploring both objects was calculated. (B) NOR in test session. The ratio of the time spent exploring the novel 
object to the time spent exploring both objects was calculated as the novel object preference (%). (C) The total exploring 
time of two objects in test session is shown. Open column: control (n = 8); closed column: TAA (n = 8); hatched column: 
TAA+lac (n = 6). * p < 0.05 by Tukey’s test.
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Table 3.   Brain contents of Glu and GABA
Cor. Str Hipp Mid Hypoth Pons Cerebe

Glu
   Control 11.1 ± 1.3 5.8 ± 0.7 8.4 ± 0.5 7.1 ± 0.4 6.2 ± 0.3 5.6 ± 0.1 5.9 ± 0.4
   TAA 10.9 ± 0.6 6.7 ± 0.7 8.5 ± 0.4 7.9 ± 0.2 5.6 ± 0.5 4.9 ± 0.3 5.7 ± 0.8
GABA
   Control 2.2 ± 0.1 2.1 ± 0.2 2.0 ± 0.1 2.8 ± 0.3 4.4 ± 0.2 1.2 ± 0.1 1.2 ± 0.1
   TAA 1.8 ± 0.2 2.5 ± 0.1 2.1 ± 0.1 3.1 ± 0.2 4.4 ± 0.2 1.3 ± 0.1 1.4 ± 0.1
Brain contents are shown in μmol/g tissue. Values are presented as the mean ± S.E.M. (n = 6-8).
No statistically significant difference was detected between control and TAA by Student’s t-test.
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be restored in lactulose-treated rats, but not to a statisti-
cally significant degree. 

Neurochemical changes in the brains of rats 
with TAA-induced cirrhosis

Finally, we analyzed neurotransmitters in the rat brain. 
The contents of 5HT metabolite (5HIAA) and NA metab-
olite (MHPG) were significantly increased in various 
regions of the brains of TAA0.5 rats (Table 2). On the 
other hand, no alterations were detected in DA, Glu, and 
GABA (Tables 2, 3). Lactulose treatment slightly restored 
the 5HIAA contents in TAA0.5 rats, but not to a statis-
tically significant degree, while it had little effect on the 
brain contents of other neurotransmitters, except MHPG 
and HVA in the cerebellum. 

DISCUSSION

In this study, analysis of the neuropsychiatric behav-
iors of rats with cirrhosis induced by chronic administra-
tion of TAA revealed a reduction in the preference for a 
novel object in the NOR test (Fig. 2) and a decrease of 
immobility in the FST (Fig. 3). The results of the NOR 
test indicated that non-spatial memory in the TAA rats 
was impaired. The TAA rats also showed the elongation 
of total exploration time in the NOR test (Fig. 2C). We 
speculate that the elongation is due to the irritated mood 
of the TAA rats. The TAA rats were so aggressive that 
they were sniffing or biting the objects for a longer dura-
tion than the control rats. Lactulose could not improve 

this behavior (Fig. 4C). The mean value of the total 
exploration time of the TAA+lac rats was longer than that 
of the TAA rats in Fig. 4C. But the total exploration time 
of the TAA+lac rats was similar to that of the TAA rats in  
Fig. 2C. The results of the TAA+lac rats should be within 
the margin of experimental error of the TAA rats. We con-
sidered that the TAA rats and the TAA+lac rats showed 
similar behavior in the total exploration time. Further 
studies are necessary to determine whether lactulose has a 
deteriorative effect on the behavior of the TAA rats. 

The FST is a test suitable for evaluation of antidepres-
sant activity, and immobility is reduced by administra-
tion of antidepressant (Porsolt et al., 1978; Cryan et al., 
2002). The FST is also used to assess mood disorder in 
rats and mice: an increase of immobility is considered 
to reflect a depressive mood, and is used as an index for 
depression or negative symptom of schizophrenia (Noda 
et al., 1995; 1997). Several studies have reported a reduc-
tion of immobility in animal models of mania (Roybal et 
al., 2007; Mukherjee et al., 2010; Scotti et al., 2011), and 
the reduction of immobility was prevented by treatment 
with a mood stabilizer, Li (Roybal et al., 2007). Reduc-
tion of immobility is also considered an index for mania 
or an irritated mood state. From these lines of evidence, 
we consider that the reduction of immobility in the TAA 
rats may have been at least partly associated with symp-
toms of mania or irritated mood states, which would cor-
respond to some of the personality changes observed in 
HE patients. 

Various neuronal systems including Glu, GABA, NA, 
and 5HT affect the NOR score (Dere et al., 2007). Since 
the contents of 5HT, NA, and their metabolites were 
increased in the brain of the TAA rats (Table 2), the mem-
ory impairment could be due to the activation of NA 
and/or 5HT systems. Activation of NA system has been 
shown to enhance the memory consolidation in NOR 
(Dornelles et al., 2007; Nirogi et al., 2012). On the oth-
er hand, activation of 5HT systems reduced NOR score 
(Dere et al., 2007). We considered that the activation of 
the 5HT systems rather than the NA systems induced the 
memory impairment in the TAA rats. Since antagonists of 
5HT1A, 5HT2C, and 5HT6 receptors have been shown 
to improve NOR scores, 5HT neurotransmission has been 
negatively associated with learning and memory abilities  
(Schiapparelli et al., 2006; Pitsikas and Sakellaridis, 2005; 
King et al., 2004). In the TAA rats in the present study, 
the elevation of brain contents of 5HT and its metabolite 
may have increased the function of 5HT neuronal systems 
(Table 2), which could have led to memory deficit, one of 
the characteristic symptoms in humans with HE. 

Several reports have suggested that it is possible to dif-

Fig. 5. Effects of lactulose on the mood state of TAA rats. 
FST was carried out, and immobility, swimming, and 
climbing scores are shown. Open column: control  
(n = 8); closed column: TAA (n = 8); hatched column: 
TAA+lac (n = 6). * p < 0.05 by Tukey’s test. 
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ferentiate between neuronal systems involved in swim-
ming and those involved in climbing by using the mod-
ified FST (Detke et al., 1995; Cryan et al., 2002). That 
is, increases in swimming and climbing correlate with 
the activation of serotonergic and noradrenergic neuron-
al systems, respectively. The results shown in Fig. 5 indi-
cate that serotonergic system might be activated in the 
TAA-treated rats, which is consistent with the results of 
our biochemical analysis that 5HT and 5HIAA contents 
were increased in the brain (Table 2). Treatment with lac-
tulose reduced the 5HT and 5HIAA contents slightly but 
not significantly. Therefore, the decreases of BTR and 
neurotransmitters had little influence on neuropsychiatric 
behavior in the cirrhotic rats. 

The analysis of biochemical changes revealed an ele-
vation of blood ammonia levels in the TAA rats (Table 1). 
In both rats and humans with HE and cirrhosis, an inabil-
ity for the liver to perform its usual detoxification func-
tions may result in an elevation of ammonia. Ammonia 
appeared to play a major role in the abnormal behavior, 
since treatment with lactulose decreased the blood ammo-
nia levels, and also improved the neuropsychiatric behav-
iors in the cirrhotic rats. 

In HE patients, dysfunction of the liver results in dis-
turbances of amino acid metabolisms and subsequent ele-
vation of plasma and brain contents of aromatic amino 
acids such as Trp and Tyr (Bergeron et al., 1989). The 
elevation of these aromatic amino acids leads to increased 
synthesis of 5HT, DA, and NA in the brain (Cascino et al., 
1982; Bernardini and Fischer, 1982; Fanelli et al., 1986). 
This process may play a role in the pathogenesis of HE 
(Lozeva-Thomas, 2004). In a previous study, we observed 
decreased BTR in TAA-induced cirrhotic rats (Kawai et 
al., 2009; Table 1 in the current study). The decrease of 
BTR may be involved in the elevation of 5HT, NA, and 
their metabolites (Table 2); however, treatment with lac-
tulose had no effect on BTR. 

Lactulose improved some symptoms such as memory 
impairment and mood disturbance (Figs. 3 and 4), where-
as, lactulose was not effective to the other symptoms as 
shown in Tables 1 and 2. Lactulose ameliorates HE symp-
toms by modifying the metabolism of ammonia in intes-
tines (Prasad et al., 2007; Mortensen, 1992). Since lac-
tulose could not prevent liver damage, the indices of the 
liver damage were not improved by lactulose treatment in 
the TAA rats (Table 1). The contents of 5HT and 5HIAA 
tended to be decreased by lactulose, but these alterations 
were not sufficient to explain the behavioral improve-
ment observed in NOR and FST. We speculate that HE 
symptoms were induced by various mechanisms includ-
ing disruption of 5HT systems and direct neurotoxicity 

of ammonia. The reduction of c-Fos activity, the altera-
tion of cytochrome oxidase activity, and the up-regulation 
of acetylcholinesterase activity in cirrhotic rats have been 
reported (Méndez et al., 2008b, 2009 and 2011). These 
mechanisms could relate to the action of lactulose. Fur-
ther investigations are necessary to clarify the relation-
ships between lactulose and neuronal systems.

The TAA rats in this study meet three important crite-
ria of animal models: face validity, construct validity, and 
predictive validity. Behavioral abnormalities in TAA rats, 
such as memory impairment and unstable mood state cor-
responding to those in HE patients, satisfy face validity 
(Figs. 2 and 3). Development of liver diseases such as cir-
rhosis (Kawai et al., 2009, and Table 1), and elevation of 
blood ammonia levels in TAA rats satisfy construct valid-
ity (Table 1). Amelioration of several symptoms by lactu-
lose treatment satisfies predictive validity (Figs. 4 and 5).  
These lines of evidence support our proposal of this 
experimental rat as a model for HE with cirrhosis. 

The pathogenesis of HE is still unclear. Further inves-
tigation will be required to clarify the exact mechanisms 
in the pathogenesis of HE. However, at present, this 
study indicates that lactulose-restorable memory distur-
bance and irritated mood are two characteristics of the 
TAA-treated cirrhotic rats. In other words, rats treated 
chronically with TAA are a potential model for cirrhosis-
HE. The combined use of NOR and FST with the TAA 
rat model may be a simple but effective system for the 
screening and development of anti-HE agents. 
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