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Summary

The pathogenesis of hepatic encephalopathy (HE) has been
generally linked to blood ammonia, gamma-aminobutyric acid
and serotonin. However, the exact mechanism remains unclear.
In the present study, we aimed to explore the role of
hippocampal dopamine (DA) and its receptors in the
pathogenesis of HE through the use of behavioral testing,
western blotting, and immunofluorescence staining in normal
rats, HE model rats and rats treated with the DA precursor-
levodopa (L-DOPA). HE model rats manifested fibrotic livers and
showed serious behavioral disorders. They also had significantly
lower hippocampal DA content and increased expression of both
D1 and D2 receptors relative to normal rats. After treatment with
L-DOPA, the HE model rats showed normal behavior and
expression of D1 returned to normal levels. Furthermore,
pretreatment with the D1 antagonist SCH23390 blocked the
therapeutic effect of L-DOPA on behavior in HE model rats.
Taken together, these results clarify that the decrease in
hippocampal DA plays a role in the pathogenesis of HE and that
this effect is mediated by D1. These findings provide new
evidence for the pathogenesis of HE.
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Introduction

Hepatic encephalopathy (HE) is a form of
central nervous system dysfunction caused by severe liver
disease (Dharel et al. 2015). The main clinical symptoms
of HE include disturbance of consciousness, behavioral
disorder and coma (Kornerup et al. 2018). The survival
rate for HE is only 23 % after three years (Ellul et al.
2015). HE significantly affects normal brain function,
results in the development of hypertrophic astrocytes and
alters gray matter structural network (Zou et al. 2018).
The pathogenic mechanisms of HE remain unclear.
Several possible mechanisms include ammonia poisoning
(Rossle et al. 1984), pseudo neurotransmitters (Davis and
Bajaj 2018), and y-aminobutyric acid (Leke et al. 2011).
Of these, ammonia poisoning is the dominant hypothesis,
which posits that increased ammonia concentrations in
the blood of HE patients results in neuronal dysfunction
(Ochoa-Sanchez and Rose 2018). However, approxi-
mately 31 % of HE patients show no increases in blood
ammonia levels (Ninan and Feldman 2017), which
indicates that the ammonia poisoning hypothesis cannot
fully explain the pathogenesis of HE.

The hippocampus, which can be functionally
divided into dorsal, intermediate, and ventral parts (Yang
and Wang 2017, Riljak et al. 2020), is a brain structure
that regulates spatial cognition, balance control, emotion
(de Voogd et al. 2019), addiction (Canales 2013), and
2018).
can lead to behavioral

memory and learning (Souza-Braga et al
Hippocampal abnormalities
disorders such as spatial cognitive anomalies and balance
(Anand and Dhikav 2012).

disorders Damage to
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hippocampus has been reported in HE patients who show
impaired learning, memory, and connectivity functions
(Garcia-Garcia et al. 2018).

Dopamine (DA) is a catecholamine neuro-
transmitter that is widely distributed in the substantia
nigra, the ventral tegmental area of the midbrain and the
hypothalamus (Yang and Wang 2017). DA regulates
feeling and excitement, motor function, addiction,
learning and memory (Tang and Dani 2009, Klein et al.
2019) via its receptors, which are termed D1 and D2.
DA dysfunction in the extracorporeal vertebral column is
commonly observed in patients with hepatic coma
(Shawcross 2018, Delis et al. 2013), which is a severe
2018).

Interestingly, administration of the precursor of DA,

clinical symptom of HE (Kornerup et al.

L-DOPA, through a nasogastric tube can awaken patients
with hepatic coma (Tyce et al. 1983). Hippocampal DA,
which mainly derives from the ventral tegmental area and
substantia nigra (Cavus et al. 2005), is associated with
addiction and cognitive development (El-Ghundi et al.
2007). In addition, destruction of hippocampal neurons
has been reported in mice with HE induced by alcohol
combined with carbon tetrachloride, which is mainly
regulated by increased TNF-a and IL-10 (Azhari and
Swain 2018). It has also been demonstrated that IL-10
can inhibit DA secretion (Li et al. 2018), which further
suggests that liver fibrosis may induce decreases in DA.
Taken together, these findings suggest that hippocampal
DA may decrease in liver fibrosis and result in the
development of HE.

To further explore this possibility, in the present
study, HE models were established to explore changes in
hippocampal DA and DI1/D2 receptors in the rodent
brain. We then explored the treatment effect of DA on the
behavior of HE model rats after injection with L-DOPA.
Lastly, rats were pretreated with the DI antagonist
SCH23390 to explore the mechanism through which
DA protects against behavioral disorders.

Methods

HE model rats

All experiments were approved by the Animal
Experimental Ethics Committee of Wannan Medical
College following the Administration Regulations on Use
of Laboratory Animals in Anhui Municipality. All
animals were raised in a standard animal care facility on
a 12 h light/dark cycle with access to food and water. The
light was turned on at 6:00 am and off at 6:00 pm. Male

Sprague-Dawley rats weighing 180-200 g (8-week-old)
were randomly divided into a normal group (n=10),
model group (n=20), L-DOPA treatment model group
(L-DOPA group) (n=15), and SCH23390 pretreatment
L-DOPA treatment model group (SCH23390 group)
(n=5) (Table 1). Rats in the model group, L-DOPA
group, and SCH23390 group were given a mixed solution
CCly (Bengbu Chemical Reagent
Factory, China) and olive oil (Olivoila, China)
(CClyolive  o0il=1:1.5) by abdominal subcutaneous
injection. Each rat was administered a mixed solution

containing 40 %

5ml-kg”’ on the first injection, followed by a mixed
solution 3 ml-kg”' twice a week for a total of 8 weeks
(Wang et al 2017). The
intraperitoneally injected with saline twice per week for

normal group was
8 weeks. Rats in the L-DOPA group were administered
with L-DOPA (AmyJet Scientific, China) at 10 mg kg™
starting at week 9 and receiving intraperitoneal injections
Rats in the SCH23390 group were
intraperitoneally injected with SCH23390 (Beyotime

for 4 weeks.

Biotechnology, China)-a D1 antagonist at 0.5 mg-kg”,
30 min before treatment with L-DOPA (Beauvais et al.
2010). Rats’ weights were monitored throughout the
experiment. The behavioral tests were conducted at
8 weeks and 12 weeks since the first drug injection at
3:00 pm. After the rats were sacrificed at 12 weeks, the
liver, fat, and hippocampus were immediately removed
for analysis.

Animal behavior scoring test

We used the Animal Behavior Scoring Test table
(Wang et al. 2017) to evaluate the behavior and mortality
of the rats in each group. Behaviors were scored on six-
point scale as follows: +++ means rat shows normal
behavior; ++ means rat shows mild lethargy; + means rat
decreased motor activity, poor gesture control, and
diminished pain perception; - means rat has severe ataxia
and no spontaneous righting reflex; -- means rats has no
righting reflex and no reaction to pain stimuli; and
--- means rat has death or zero motor activity. The scores
and behaviors that the rats showed during the test were
recorded.

Beam balance test

In line with previous reports (Li et al. 2012),
a rectangular beam measuring 80 cm in length was used in
the beam balance test. The beam was laid flat about 10 cm
above the ground, with a safe cage at the end of the beam.
After the rats adapted to walking on a 5 cm width beam,
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a narrow beam of 2.5 cm width was used for the test. The
rats were allowed to walk on the beam, and the time and
performance were recorded in detail. Performances were
marked on a six-point scale with ahigher score
representing greater dysfunction: 0=maintained balance on
the beam, walked on the top without falling; 1=grasped the
side of the balance beam; 2=grasped the side of the balance

beam, with one limb falling off the beam; 3=grasped the

Table 1. Rat groups and drug injection.

beam with two limbs falling off the beam or hanging from
the beam (>60 s); 4=attempted to balance on the beam but
fell off (>40 s). 5=attempted to balance on the beam but
fell off (>20s); and 6=no attempt to maintain balance or
hang from the beam (>20s). The normal score is O,
whereas maximal disruption of behavior is scored 6. We
recorded the time, score, and circumstances for every rat
that completed the test.

Normal group

Model+L-DOPA Model+SCH23390+

Model group

group L-DOPA group
Saline +
CCly:olive oil (1:1.5) + +
L-DOPA + +
SCH23390 +

Hematoxylin-eosin (H&E) staining

Liver tissue extracted from the rats was
dehydrated using 15 % sucrose solution and 30 % sucrose
solution and then fixed with 4 % paraformaldehyde. The
tissue was embedded in the optimal cutting temperature
compound (Sakura, China) and cut into 6 pm sections
at -20 °C. The sections were washed in the phosphate
buffer containing 0.3 % Triton X-100 (PBST) (Zsbio
Commerce Store, China) solution. The sections were
immersed in the hematoxylin solution for 1 min and 40 s,
rinsed with tap water for 2 min, and differentiated with
1 % hydrochloric acid alcohol solution for 2-3 s until the
sections turned blue. The sections were then observed
under a microscope.

Masson’s trichrome staining

Liver tissue was embedded in the cutting
temperature compound (Sakura, China) and cut into 6 pm
sections at -20 °C. The sections were treated using
Masson’s Trichrome Stain Kit (Leagene, China) and
incubated with iron hematoxylin solution for 7 min,
acidic ethanol for 40s, magenta and Ponceau mixed
solution for 11 min, phosphomolybdic acid for 50 s, and
aniline blue for 1 min. The sections were then observed
under a microscope.

Western blot (WB)

Liver or hippocampus tissue was homogenized
in the cold lysis buffer comprising a mixture of protease
inhibitor cocktail (Beyotime Biotechnology, China). For
each sample, 50 mg was extracted and subjected to

electrophoresis using 10 % polyacrylamide gel and then
transferred to a nitrocellulose membrane. We used 5 %
nonfat-milk diluted in Tris-buffered saline solution to
1 h. The
membranes were then incubated with primary antibodies

block the nonspecific binding sites for

(Amylet Scientific, China) against D1, D2, and caspase-3
(CASP-3) overnight at 4 °C. After washing with Tris-
buffered saline Tween 20 (TBST), membranes were
incubated with secondary antibodies (AmylJet Scientific,
China) for 2 h at room temperature. Membranes were
visualized using an Odyssey Infrared Imager.

Immunofluorescence staining

Brain tissue was embedded in the optimal
cutting temperature compound (Sakura, China) and cut
into 20 pm sections at -20 °C. Sections containing the
hippocampus region were incubated with 5 % horse
serum for 30 min and then with anti-D1 antibody
(Alomone Labs, Jerusalem, Isracl) overnight at 4 °C.
After washing with PBST, sections were incubated with
secondary antibody (Cell Signaling Technology, USA)
and DAPI (Sigma, USA) for 2 h. Sections were then
observed under an immunofluorescence microscope
(Olympus, BX53).

Ultra-performance liquid
spectrometry (UPLC/MS)
DA content in rat hippocampus was measured by

chromatography/mass

UPLC/MS analysis. Tissue (50 mg) was homogenized in
500 pul ice cold methanol. The homogenates were
centrifuged at 12000 rpm for 20 min at 4 °C. The
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supernatant was further evaporated until dry under
nitrogen blow. The sediments were reconstituted in
200 ml deionized water and this
immediately analyzed by UPLC/MS.

solution was

Data analysis

The samples used for data analysis were
randomly selected from the normal, model, L-DOPA and
SCH23390 group. Data were compared between the three
or four groups using analysis of variance (ANOVA).
Statistical analyses were performed using GraphPad
Prism 6.0 software. p<0.05 was considered statistically
significant.

Results

Characterization of liver fibrosis in HE model rats
No significant changes in average body weight
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(Fig. 1a), retroperitoneal fat (Fig. 1c), or food intake
(Fig. 1d) were observed in model group. However, the
rate of body weight change (Fig. 1b) and the appearance
of liver tissue significantly changed. Specifically, the
liver tissue of the model group was more rugged and
fragmentary (Fig. 2a) compared with the normal group.
H&E staining showed that the HE model rat liver had an
incomplete, loose cell structure compared with normal rat
liver (Fig.2b). Masson’s trichrome staining showed
a larger area of collagen deposition in the model group
relative to the normal group, which indicated higher
severity of hepatic fibrosis (Fig. 2c). However, the liver
weight did not significantly change (Fig. 2d). Moreover,
WB results demonstrated that the apoptotic factor
CASP-3 was significantly increased in the liver of the
HE model group (Fig.2e, p=0.0033). Taken together,
these results demonstrate that HE model rats typically
developed severe liver fibrosis.
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Fig. 1. General physical manifestations of rats. (a) Average body weight of normal, model and L-DOPA treatment rat. (b). Rate of body
weight change in modeling and treatment process. The first measure is the beginning of the modeling process, and the fourth measure is
the beginning of the treatment process. (c). Average retroperitoneal fat of normal, model and L-DOPA treatment rat. (d). Average food
intake of normal, model and L-DOPA treatment rat. N: normal group; M: model group; M+L-DOPA: L-DOPA treatment model group.

Symptoms of HE and changes in hippocampal DA

Tests showed that the model group lost the ability
to maintain balance. The Animal Behavior Scoring Test
showed that the model group had a more severe behavior
disorder than the normal group (Fig.3a). The average
score on the Beam Balance Test was close to 0 for the
normal group and close to 6 for the HE model group
(Fig. 3b). The time the model group spent on the balance

beam was significantly higher compared with the normal
group (Fig. 3¢, p<0.001). Hippocampal DA content of the
model group was significantly reduced (Fig. 3d, p<0.001)
whereas hippocampal expression of D1 and D2 were
increased in the model group (Fig.4a,b,c,d, p<0.05),
which indicates that DA reduction in the hippocampus is
associated with HE.
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Fig. 2. Inflammation indicated by histology and morphology. (a) Morphology of liver tissues. (b) H&E staining images of liver sections.
(c) Masson’s Trichrome Staining images of liver sections. (d) Average liver weight. (e) Protein expression of CASP-3 in liver tissue
detected by WB. ** p<0.01, compared with the normal group.
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Fig. 3. Behavioral tests and evaluation. (a) Evaluation of Animal Behavior Scoring Test. The symbols “+” and “"-" represent the

evaluation of each group. (b) Trends in scores change of the beam balance test: evaluation based on the beam balance test scoring
criteria. (c) Average time spent on the balance beam. (d) DA content in the hippocampus tissue. The age of rat in a and b is calculated
from modeling. M+SCH23390+L-DOPA: SCH23390 group. *## p<0.001, compared with the normal group. *** p<0.001, compared with
the model group. ¥ p<0.01, compared with the L-DOPA treatment group.
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Therapeutic effect of L-DOPA on HE

To investigate whether DA regulates the
pathogenesis of HE, L-DOPA was injected into
HE model rats. The L-DOPA group showed improved
scores on the Animal Behavior Scoring Test relative to
the model group, with performance restored to normal
levels (Fig. 3a). The Beam Balance Test scores for the
L-DOPA group dramatically decreased to resemble
scores for the normal group. Attempts to maintain
balance on the beam increased and the ability to keep
balance were fortified in the L-DOPA group (Fig. 3b).
The time L-DOPA group spent on the balance beam
significantly decreased to the normal level (Fig. 3c,
p<0.001). These results indicate that L-DOPA can
alleviate HE symptoms in model HE rats.

Mechanism of L-DOPA effects on of behavioral disorders
in HE model rats

To explore the mechanism of DA in the
treatment of HE, we evaluated the effects of DA on the
liver and hippocampus of model group. The body weight
(Fig. 1a), the rate of body weight change (Fig. 1b) and
food intake in the L-DOPA group (Fig. 1c) were much
closer to those of the normal group. However, L-DOPA
treatment did not alleviate the symptoms of liver fibrosis
in the model group (Fig.2a, b, c). Compared with the

model group, the L-DOPA group showed no significant
changes in liver tissue weight (Fig. 2d). The appearance
of liver tissue in the L-DOPA group was relatively flat
and complete compared to the model group, however
there were still pink spots on the surface, with the color
closer to that of the normal group (Fig. 2a). H&E staining
showed that the sections from the L-DOPA group were
relatively intact compared to the model group (Fig. 2b).
Masson’s trichrome staining showed that the L-DOPA
group had less collagen deposition in the liver than the
model group (Fig. 2c). Furthermore, the CASP-3 content
in the L-DOPA group showed no significant decrease
compared with the model group (Fig. 2¢). These results
indicate that the L-DOPA treatment minimally modified
liver appearance or function. In hippocampus, L-DOPA
treatment significantly increased DA content (Fig. 3d).
WB results showed that L-DOPA treatment significantly
decreased the high expression of D1 (p<0.05), but not of
D2 in HE model rats (Fig. 4a, b, c, d), which indicates the
possible role of D1 in L-DOPA treatment for HE. Then
we used immunofluorescence staining to image
DI receptors in the hippocampus (Fig.5). To further
demonstrate the role of D1, we pre-treated the HE model
rats with the D1 antagonist SCH23390. We found that
SCH23390 pretreatment blocked the beneficial effects of

L-DOPA in the HE model rats (Fig. 3a, b, c, p<0.01).

a b Fig. 4. Expression of D1 and
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Discussion

The present study provides the first evidence that
DA plays a significant protective role in the pathogenesis
of HE. The decrease of hippocampal DA is relevant to the
pathogenesis of HE, and L-DOPA treatment significantly
improved behavioral disorders in HE model rats. Further,

GAPDH b s e D amn

detected by WB. (b) D2 content in
the hippocampus detected by WB.
(c) Analysis of WB results of
D1 content in the hippocampus.
(d) Analysis of WB results of
D2 content in the hippocampus.

#p<0.05, compared with the
# normal group. * p<0.05, compared
T with the model group.

M M+L-DOPA

we showed that this treatment effect on behavioral
changes was mediated by the D1 receptor.

study,
behavioral disorder was observed by modeling liver

In the present the appearance of
fibrosis in rats. We first reported that the amount of DA

in the hippocampus was significantly decreased.

Hippocampal DA plays fundamental roles in learning and
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Fig. 5. Immunofluorescence staining of D1 receptors in the hippocampus. Hippocampus is outlined with dotted lines, with the dotted
rectangle delineating the area of positive expression of D1 receptors. Green: D1, blue: DAPI (2-(4-Amidinophenyl)-6-indolecarbamidine

dihydrochloride).

cognition, regulating emotion and senses (Berke 2018),
and addiction (Garcia-Garcia ef al. 2018, Tang and Dani
2009). Previous reports have found that significant
decreases in hippocampal DA levels can lead to a variety
of advanced activity disorders in rats (Knell et al. 1974)
(Sil'kis  2012),
movements, muscle rigidity, static tremors, and postural

and humans including hypokinetic
instability, and that these disorders can be improved by
DA/L-DOPA (Haddad et al. 2017). Furthermore, reports
have suggested that DA dysfunction in the vertebral
system is present in patients with hepatic coma
(Shawcross 2018, Delis et al. 2013), and that L-DOPA
can revive patients with liver coma (EI-Ghundi et al.
2007, Knell et al. 1974). In this regard, we conclude that
decreased hippocampal DA was related to behavioral
disorders in the HE model group.

Nervous system disorders are commonly
observed in patients with severe liver disease. In patients

with HE, neurological disorders may be induced by

toxins from the liver via systemic circulation, which may
cross the blood-brain barrier (BBB) and affect the brain
(Schwendimann and Minagar 2017). Moreover, in
HE mice, increased IL-10 destroys hippocampal neurons,
which are mainly regulated by increased TNF-o and
IL-10, leading to behavioral disorder (Azhari and Swain
2018). Report has shown that IL-10 inhibits DA secretion
(Li et al. 2018), which further suggests that liver fibrosis
may induce decreases in DA, and that DA may be
of HE.
administration of DA in mice has been shown to reduce
IL-10 levels in blood, brain, and liver (Matalka et al.
2011). used L-DOPA to
DA content in the brain, which may have an effect in

involved in the development Systemic

Therefore, we elevate
alleviating hippocampal injury by reducing the IL-10
level in the brain. Moreover, reports have clarified that
systemic administration of L-DOPA can rescue proper
nucleus accumbens

functioning of hippocampus

excitatory synaptic transmission in Tg2576 mice, thus
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recovering the spatial memory and persistent memory
functions of hippocampus (Cordella et al. 2018). Some
HE patients show the comparable symptoms with
Parkinson’s disease, such as slow cerebration, stiffness of
movements, and tremors. As a result, it has been
speculated that dopamine drugs used as the treatment of
Parkinson’s disease should be evaluated in HE patients
(Haddad et al. 2017).

To further demonstrate the role of DA in HE, we
treated HE model rats with L-DOPA. This treatment
significantly increased hippocampal DA content in the
model group. Interestingly, the behavioral disorders in
HE rats were significantly improved, with scores and
times on the beam balance test returning to normal levels
among rats that received treatment. However, L-DOPA
treatment had limited effects on liver recuperation. Taken
together, these results further demonstrate that the
decrease of hippocampal DA is related to behavioral
disorders in the HE model.

Since DA improved behavioral disorders in the
model group, we then explored the mechanism of this
effect. The results demonstrated that D1 and D2 were
both increased in hippocampus of the model group. After
treatment with L-DOPA, the expression of DI in
hippocampus was reduced to normal levels, which
indicates a possible role of D1 in the treatment effects. To
further explore the role of D1 in the role of hippocampal
DA in HE, we pretreated model rats with the
D1 antagonist SCH23390 before L-DOPA treatment. The
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