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Abstract
Rats with pre-hepatic portal hypertension because of partial
portal vein ligation develop minimal hepatic encephalopathy
(MHE) with hyperammonemia, impaired blood–brain barrier,
mild brain edema, and severe mitochondrial changes in the
hippocampus. The aim of this study was to evaluate changes
of different neural cells in the cerebral cortex and the
hippocampus. Animals were divided into two groups, MHE
and sham. Astrocytes were studied by immunostaining with
glial fibrillary acidic protein and S100b protein; neurons were
immunostained with neuronal nuclear marker, microtubule
associated protein-2, and NF-200 and capillaries with Nestin.
The hypoxia-inducible factor 1a (HIF-1a) and its downstream
proteins, P-glycoprotein (P-gp) and erythropoietin receptor
(Epo-R), were also evaluated. Astrocytes were increased in

area and number only in the hippocampus, while S100b
increased in both brain areas in MHE animals. Microtubule
associated protein-2 and NF-200 immunoreactivities (-ir) were
significantly reduced in both areas. Hippocampal Nestin-ir was
increased in MHE animals. These cellular changes were
similar to those described in ischemic conditions, thus HIF-1a,
P-gp, and Epo-R were also evaluated. A high expression of
HIF-1a in cortical neurons was observed in the MHE group. It
is likely that this hypoxia-like state is triggered via ammonia
occupying the binding domain of HIF-1a and thereby prevent-
ing its degradation and inducing its stabilization, leading to the
over-expression of P-gp and the Epo-R.
Keywords: ammonia, hypoxia, minimal hepatic encepha-
lopathy.
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In hepatic disease, hepatocellular dysfunction results in
impaired clearance of ammonium by the liver resulting in an
altered ammonium homeostasis and interorgan trafficking of
ammonia (Olde Damink et al. 2002). Patients with liver
disease may develop splanchnic hyperdynamic syndrome,
portal hypertension, collateral veins that divert portal blood
with high ammonium content to the systemic circulation.
Both, the incomplete clearance of ammonium and the
development of collateral portal circulation contribute to
hyperammonemia generally present in liver failure.
One of the most severe complications of acute or chronic

liver failure is hepatic encephalopathy (HE) and ammonia
appears as a key factor in the pathogenesis. Astrocyte
swelling is the neuropathological characteristic change in
acute HE. The histopathological hallmark in chronic liver
failure was described by Norenberg (Norenberg 1977)

consisting in the so-called Alzheimer type II astrocytes,
described in both humans and experimental models of
advanced HE.
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We have previously showed that rats with pre-hepatic
portal hypertension because of partial portal vein ligation
(PVL) develop minimal hepatic encephalopathy (MHE) with
morphological and functional changes in the CNS. Besides
this, mitochondrial damage in hippocampus and in the
integrity of the blood–brain barrier (Lores-Arnaiz et al. 2005
and Eizayaga et al. 2006) is also observed in this experi-
mental model. More recently, we reported the presence of
apoptosis in hippocampus in the same experimental model
(Bustamante et al. 2011). The International Society for the
Study of Hepatic Encephalopathy and Nitrogen metabolism
(ISHEN) guidelines for experimental hepatic encephalopathy
experimental models published that graded PVL can be
regarded as a valid model of MHE (Butterworth et al. 2009).
The aim of this study was to evaluate morphological and

functional cellular changes in two areas closely interrelated
to cognitive abilities of the CNS in an experimental model of
MHE induced by graded PVL (Vorobioff et al. 1983 and
Abraldes et al. 2006). From this morphofunctional view, the
two selected areas were the cortical layer V of the lateral
parietal association cortex (Cx) and hippocampal CA1.

Material and methods

Animals

Fifty-eight male adult Wistar Kyoto rats (250–280 g), from the
Animal Facility of the School of Pharmacy and Biochemistry,
University of Buenos Aires, were used. Animal handling was in
accordance with the American Physiological Society ‘Guiding
Principles in the Care and Use of Animals’ and with the 6344/96
regulation of Argentine National Drug, Food and Medical Tech-
nology Administration (ANMAT). The study was in compliance
with the ARRIVE guidelines.

Partial portal vein ligation

Rats were divided at random into two groups (n = 29), MHE and
sham. PVL model was induced by performing a graded stenosis of
the portal vein (Vorobioff et al. 1983). Briefly, rats were anesthe-
tized with ether; a midline abdominal incision was made, a 20-gauge
blunt-end needle was placed alongside the portal vein, and a 3-0 silk
ligature was placed around the vein and snugly tied. The needle was
subsequently removed to yield a calibrated stenosis of the portal
vein. Sham-operated rats underwent identical surgical procedure
except for the portal vein which was exposed and narrowed but not
stenosed; it means that sham animals were treated identically in
every respect, except for the permanent stricture.

Portal pressure, arterial blood pressure, plasma ammonia

determination, and biochemical parameters

Ten days after portal vein stenosis, a pool of five rats of each group
was anesthetized with sodium pentobarbital (40 mg/Kg, i.p). To
measure portal pressure, a midline abdominal incision was made, the
spleen exposed and a needle placed in the splenic pulp, fixed with
cyanoacrilate glue, and connected to a pressure transducer through a
polyethylene cannula (PE 50) filled with heparinized saline solution
(25 U/mL). The needle was connected to a Statham Gould P23ID

pressure transducer (Statham, Hato Rey, Puerto Rico) coupled to a
Grass 79D polygraph (Grass Instrument, Quincy, MA, USA) for the
measurement of portal pressure.

Twenty-four and forty-eight hours after surgery (over the first two
post-operative days), a pool of five rats of each group was used for the
measurement of arterial blood pressure using the SC1000 Blood
Pressure Analysis System (Hatteras Instruments, Cary, NC,USA) and
arterial bloodparameterswere determinedusing theCobas soft (USA).

Ten days after surgery, a pool of five rats of each group was used
for the determination of ammonia and for arterial blood parameters.
Plasma ammonia concentrations were determined using ‘Ammoniac
Enzymatique U.V. kits’, Biomerieux (France).

Fixation and tissue processing

After 10 days of surgery, ten rats of each group were anesthetized
and fixed by perfusion according to Evrard et al. (2006).

Another set of animals, four rats of each group, were killed and
brains were removed and fixed by immersion. Hematoxylin & Eosin
stained was performed, to search for astrocytes Alzheimer type II.

Immunohistochemistry

Immunohistochemistry was performed as described previously (Evr-
ard et al.2006)with primary antibodies to glialfibrillary acidic protein
(GFAP) (1 : 3000); S-100b protein (1 : 800); nuclear neuronal
marker (NeuN) (1 : 1000); microtubule-associated protein-2 (MAP-
2) (1 : 1000); neuronal filament 200 kDa (Nf-200) (1 : 1000); and
Nestin (1 : 600). For the study of the hypoxic state, hypoxia-inducible
factor 1a (HIF 1a) (1 : 1000); P-glycoprotein (P-gp) (1 : 500); and
erythropoietin receptor (Epo-R) (1 : 500) were used. For immuno-
fluorescent labeling, after incubating primary antibodies, brain
sections were incubated with Fluorescent Fab2 anti-mouse and anti-
rabbit secondary antibodies (1 : 500) (Caltana et al. 2009).

Morphometric digital image analysis

To ensure objectivity, for each set of experiments, all measurements
were performed on coded slides, in blind conditions, by three
observers (ST, LRC, and NRL). Measurements of both groups of
control and treated sections were carried out in standardized
conditions (at the same session, in the same day, by the same
observer). In each tissue section, each microscopic field was selected
within the limits of each anatomical area of interest to be
morphometrically analyzed.

Tissue images were acquired on Axiolab Zeiss epifluorescence
microscope equippedwith a CCD cameraQColor3, Olympus (Tokyo,
Japan). Morphometric parameters of GFAP immunoreactive astro-
cytes, MAP-2 and Nf-200 immunoreactive neurons, Nestin stained
vessels, cell counts, and mean gray level of S100-b immunostained
astroglial cells were performed using the NIH Image J software (NIH,
Bethesda, MD, USA). Plates were made with Adobe Photoshop 7.0
software (Adobe Systems Inc, San Jose, CA, USA).

For the GFAP- immunoreactivity (-ir), the cell area was
evaluated. It was measured by interactively determining each cell
limit. For Nestin-ir, the vessel area was evaluated, which is
measured by determining each limit. To evaluate the MAP-2-ir
and Nf-200-ir fibers, the total area of the immunolabeled fibers was
related to the total area of the corresponding microscopic field, thus
rendering a relative area parameter. For GFAP positive astrocytes
and NeuN positive neurons, cell counting was represented by the
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number of cells per microscopic field. The intensity of the S-100b
immunoreactivity was evaluated by means of a relative optical
density value (Ramos et al. 2000).

Statistical analysis

Reported values in tables and figures are mean values � SEM. For
the immunohistochemical analysis, individual experiments were
composed of six to ten tissue sections of each animal from each
group. Five to ten fields were measured from each brain area in each
section of each animal. Reported values represent the mean � SEM
of experiments performed for each marker and each brain area.
Differences among the means of the two groups were compared
using an unpaired Student’s t-test. When significant differences were
detected, a two-tailed Student’s t-test was performed for each pair of
results. Statistical significance was set to p < 0.05. For the statistical
analysis, GraphPad Prism v3.00 software (GraphPad Software Inc.,
San Diego, CA, USA) was used.

Results

Determination of portal pressure and plasma ammonia

concentrations

Portal blood pressure was significantly increased in the MHE
group (12.0 � 0.4 mmHg) after 10 days of PVL as com-
pared with the sham group (8.5 � 0.2 mmHg); p < 0.0001.
Similarly, plasma ammonia concentration in MHE rats was
2.9 times increased being 41.28 � 1.751 lM as compared
with the sham group, 14.24 � 0.472 lM; p < 0.0001.

Presence of Alzheimer type II astrocytes

The hallmark of HE, Alzheimer type II astrocytes, was
specially searched in the Cx and hippocampal areas; they
were present neighboring the pyramidal layer of the hippo-
campus (Fig. 1).

Study of astrocytic morphology by GFAP-ir and S100b-ir
In sham rats, GFAP-ir astrocytes showed a classical appear-
ance, large and thin cellular processes in both areas. In PVL
rats, in hippocampal CA1 and Cx areas, GFAP-ir astrocytes
presented an enlarged cell body with more tortuous and
thicker process, a hypertrophy that is typical of astroglial
reaction. The morphometric analysis revealed that the
astroglial cell area was increased in a 40.5% and in a 15.7%
in cell number in the MHE group in hippocampal CA1 area as
compared with the sham group (p < 0.0001). However, there
were no significant differences in cell area or cell number in
the Cx area when both groups were compared (Fig. 2).
Intracellular S100b-ir was observed only in astroglial cells

of both analyzed brain regions. S100b protein immunostain-
ing labeled the cell body and some of the primary
cytoplasmic projections of astrocytes. In astrocytes of sham
rats, S100b protein had a cytosolic localization limited to the
cellular body and the primary or main cytoplasmic processes.
In the PVL rats, S100b-ir had the same distribution pattern,
but the intensity of the intracellular immunostaining was
significantly increased in both areas. The morphometric
study demonstrated that this increase was 24.3% higher in
hippocampal CA1 area and 24.4% higher in brain Cx area as
compared with the sham group (p < 0.0001) (Fig. 3).

Study of neuronal cells by NeuN-ir, MAP-2-ir, and Nf-200-

ir

Neuronal cell number, counted as NeuN positive cells, was
not significantly different in PVL rats in the hippocampal CA1
area or in Cx area as compared with the sham group (Fig. 4).
MAP-2-ir rendered a filament, or fiber like, immunolabel-

ing corresponding to the neuronal dendritic process. The
immunolabeled processes were observed as round stains or
longitudinal tracts, according to whether dendrites were
transversally or tangentially sectioned. The morphometric
analysis revealed that the dendritic arborisation was
decreased in 11.1% (p < 0.01) in the MHE group in
hippocampal CA1 and in a 31.1% (p < 0.0001) in the Cx
area as compared with the sham group (Fig. 5).
As in case of MAP-2-ir, Nf-200-ir also rendered a filament

or fiber like immunolabeling, but in this case corresponding
to the neuronal body, axon and dendritic process. The
immunolabeled processes were observed as round stains or
longitudinal tracts, according to whether the fibers were
transversally or tangentially sectioned. The morphometric
analysis revealed that the relative fiber area was decreased in
a 19.2% (p < 0.05) in the MHE group in hippocampal CA1
and in a 24.1% (p < 0.05) in the Cx area as compared with
the sham group (Fig. 6).
From a morphological point of view, some apical

dendrites of the pyramidal neurons of the PVL rats showed
a clear waving shape. In the sections immunostained for
MAP-2 and Nf-200, the PVL animals showed fibers
(corresponding both to axons and dendrites) with a clear

Fig. 1 Pyramidal layer of the hippocampus of minimal hepatic
encephalopathy (MHE) animals showing the presence of Alzheimer

type II astrocytes. Hematoxilin & Eosin, original magnification 91000.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 2 Glial fibrillary acidic protein (GFAP)-ir

astrocytes of the hippocampal CA1 (a and b) and
brain Cx (c and d) areas of Sham (a and c) and
minimal hepatic encephalopathy (MHE) (b and d)

animals. Scale bar = 50 lm. Cell area (e and f)
and cell number (g and h) of GFAP-ir astrocytes of
the hippocampal CA1 (e and g) and brain Cx (f and

h) areas of Sham and MHE animals. Values of the
MHE group are represented in relation to their
respective controls = 100%. ***p < 0.0001. Bars

represent mean � SEM.
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waving and zigzagging shape in the Cx area. This
morphological change was observed in particular in the
cortical layer V, but not in the other layers of the cortex.
The pyramidal neurons of the PVL animals, compared with
the sham group, showed waving shape dendrites that,
taking into account that the section thickness was of 50 lm

and it probably included the whole thickness of the main
dendrites, might be described as a corkscrew-like structure.
The apical dendrites seemed to be the most affected type of
dendrites in the pyramidal neurons of the MHE group.
However, this structural alteration could be also observed in
the basal dendrites (Fig. 7).

(a) (b)

(c) (d)

(e) (f)Fig. 3 S100b-ir astrocytes of the hippocampal
CA1 (a and b) and brain Cx (c and d) areas of

Sham (a and c) and minimal hepatic
encephalopathy (MHE) (b and d) animals. Scale
bar = 25 lm. Cytoplasmic relative optical density

of S100b-ir astrocytes of the hippocampal CA1 (e)
and brain Cx (f) areas of Sham and MHE animals.
Values of the MHE group are represented in

relation to their respective controls = 100%.
***p < 0.0001. Bars represent mean � SEM.
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Study of capillary vessels by Nestin-ir
Capillaries were labeled with specific antibodies against
Nestin. In PVL rats, Nestin-ir presented modifications of the
diameter of blood vessels showing a thicker process in both
areas studied. The morphometric analysis revealed that the
capillary area was increased in a 85.2% in the MHE group in
hippocampal CA1 area as compared with the sham group
(p < 0.0001). However, there were no significant differences

in the capillary area in the Cx when MHE and sham groups
were compared (Fig. 8).

Expression of the transcription factor HIF-1a and the

downstream proteins P-gp and Epo-R

HIF-1a staining was expressed in the Cx of the PVL animals
(Fig. 9a and b). To assess whether this increase corresponds
to astrocytes or neurons, a double immunostaining was

(a) (b)

(c) (d)

(e) (f)

Fig. 4 Nuclear neuronal marker (NeuN)-ir neurons

of the hippocampal CA1 (a and b) and brain Cx (c
and d) areas of Sham (a and c) and minimal
hepatic encephalopathy (MHE) (b and d) animals.
Scale bar = 50 lm. Cell number of NeuN-ir

neurons of the hippocampal CA1 (e) and brain
Cx (f) areas of Sham and MHE animals. Values of
the MHE group are represented in relation to their

respective controls = 100%. Bars represent
mean � SEM.
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performed using S-100b-HIF-1a and NeuN-HIF-1a showing
that the expression of the transcription factor HIF-1a
occurred in cortical neurons (Fig. 9c–e).
As a control, to confirm that the HIF-1a expressed under

these conditions was functional, we studied the expression of
two HIF-1a target proteins, P-gp and Epo-R, in the same

area. Both showed an increased label in MHE animals
(Fig. 9f–i).

Arterial blood pressure and arterial blood gasometry

To assess if rats with PVL presented a hypoxemic state related
with the focal hypoxic tissue state, the arterial blood pressure

(a) (b)

(c) (d)

(e) (f)

Fig. 5 Microtubule associated protein-2 (MAP-2)-

ir fibers of the hippocampal CA1 (a and b) and
brain Cx (c and d) areas of Sham (a and c) and
minimal hepatic encephalopathy (MHE) (b and d)

animals. Scale bar = 50 lm. Relative area of
MAP-2-ir fibers of the hippocampal CA1 (e) and
brain Cx (f) areas of Sham and MHE animals.

Values of the MHE group are represented in
relation to their respective controls = 100%.
**p < 0.01; ***p < 0.0001. Bars represent

mean � SEM.
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and arterial blood gasometry were performed at day 10 after
surgery and, to remove any concern that the changes were
described because of a complication of hypoxia-ischemia, we
also performed this measurements at 24 and 48 h after
surgery. We found no significant differences in any of the
parameters evaluated (data not shown).

Discussion

Structural and functional alterations of neural cells are
described in neurons, astrocytes, and capillary endothelial
cells in the brain cortex and hippocampal CA1 area. This is
the first time that these findings are presented in the MHE

(a) (b)

(c) (d)

(e) (f)

Fig. 6 Neuronal filaments 200 kDa (Nf-200)-ir
fibers of the hippocampal CA1 (a and b) and

brain Cx (c and d) areas of Sham (a and c) and
minimal hepatic encephalopathy (MHE) (b and d)
animals. Scale bar = 50 lm. Relative area of Nf-
200-ir fibers of the hippocampal CA1 (e) and brain

Cx (f) areas of Sham and minimal hepatic
encephalopathy (MHE) animals. Values of the
MHE group are represented in relation to their

respective controls = 100%. *p < 0.05. Bars
represent mean � SEM.
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model induced by PVL, or in any other experimental model
of liver disease with portal hypertension with moderated
hyperammonemia. Herein, as the cellular changes described
are similar to those reported in some ischemic conditions,
HIF-1a, P-gp, and Epo-R were also evaluated and focal
hypoxia or a hypoxia-like state is reported.
An important histological finding in this work is the

presence of Alzheimer type II astrocytes, the hallmark of HE.
They were specially searched in the Cx and hippocampal

areas. Brains of PVL rats were fixed by immersion, taking
into account that these cells are not observed following
perfusion. Alzheimer type II astrocytes were present neigh-
boring the pyramidal layer of the hippocampus. This finding
agrees with the fact that hyperammonemia is the main key
factor in the PVL model of MHE.
We studied two different regions of the brain finding

dissimilar results in each region; this defines that the brain is
not affected homogeneously. It is difficult with the present

(a) (b)

(c) (d)

Fig. 7 Microtubule associated protein-2 (MAP-2)-ir
fibers of the cortical layer V of Sham (a) andminimal

hepatic encephalopathy (MHE) (b) animals. Scale
bar = 25 lm. The photomicrographs show the
neuronal filaments 200 kDa (Nf-200)-ir fibers of
the cortical layer V of Sham (c) and MHE (d)

animals. Scale bar = 25 lm.
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results to suggest a conclusive pathway for this. Although
these changes are in accordance with the cerebral blood flow
redistribution and the increased glucose utilization of the
basal ganglia, the hippocampus, and the cerebellum,
described in early stages of HE (Weissenborn et al. 2004).

The MHE group showed in the morphometric analysis of
GFAP-ir, a sensitive parameter to evaluate the astroglial
response (Evrard et al. 2006), a significant increased
expression in hippocampal CA1 region. The cell bodies
were enlarged and the cytoplasmic processes were thicker,

(a) (b)

(c) (d)

(e) (f)
Fig. 8 Nestin-ir vessels of the hippocampal CA1
(a and b) and brain Cx (c and d) areas of Sham (a
and c) and minimal hepatic encephalopathy (MHE)

(b and d) animals. Scale bar = 50 lm. Capillary
area of Nestin-ir vessels of the hippocampal CA1
(e) and brain Cx (f) areas of Sham and MHE

animals. Values of the MHE group are represented
in relation to their respective controls = 100%.
***p < 0.0001. Bars represent mean � SEM.

© 2013 International Society for Neurochemistry, J. Neurochem. (2014) 128, 431--444

440 S. Tallis et al.



more tortuous, and ramified. Thus, PVL produced an
astroglial response in this brain area. It is well known that
after several types of brain injuries caused by alcohol,
cocaine, cannabinoid, electrical shock, concussions, etc.,
astrocytes became reactive increasing the expression of
GFAP and the resulting morphological changes (Brusco
et al. 1997; Ridet et al. 1997; Tagliaferro et al. 2002; Otani
et al. 2006). However, GFAP did not displayed significant
changes in the Cx.
The S100b protein is a dimeric astroglial cytosolic member

of the S100b calcium (Ca2+)-binding proteins (Whitaker-
Azmitia et al. 1997; Azmitia 2001; Donato 2003). Once
released, the S-100b protein may act on neurons by entering
them, binding Ca2+ and forming a tetrameric structure that
directly binds with some cytoskeletal proteins (such as MAP-
2, Nf- 200, and others) or inhibits their phosphorylation by
inhibiting protein kinase C. In both cases, it stabilizes the

neuronal cytoskeletal structure. This stabilization promotes
neurite outgrowth, the establishment of new neural circuits
and the maintenance of the existing ones which, in turn,
allows the establishment of new neural synaptic contacts that
will eventually allow the acquisition of cognitive and
behavioral skills (Azmitia 2001; Donato 2003). In addition,
S-100b interacts with GFAP in astrocytes inducing its
expression and increasing branching of these glial cells
(Reeves et al. 1994; Huttunen et al. 2000, 2002). The
increased immunoreactivity in hippocampal astrocytes
observed in the PVL rats could be related to an elevated
production of S100b and/or a cytoplasmatic accumulation,
because of reduced release. In the case of cortex, the increase
in S100b ROD is not related with an increased in the GFAP
immunoreactivity but is concomitant with reduction of
neuronal process accompanied with morphological altera-
tions in the neuronal cytoskeleton.

(a) (b)

(c) (d) (e)

(f) (g) (h) (i)

Fig. 9 Hypoxia-inducible factor 1a (HIF 1a) immunostaining in brain

Cx showing the increased staining of this transcription factor in minimal
hepatic encephalopathy (MHE) (b) animals compared with the Sham
group (a). Scale bar = 50 lm. Double immunostaining showing HIF-1a

and nuclear neuronal marker (NeuN) co-expression in the brain Cx (e)
indicating that HIF-1a abundance was increased in NeuN positive

neurons in MHE group. NeuN is labeled with green (c) while HIF-1a is

labeled with red (d). Scale bar = 50 lm. P-gp immunostaining in brain
Cx showing the increased label in MHE (g) animals compared with the
Sham group (f). Scale bar = 50 lm. Erythropoietin receptor (Epo-R)

immunostaining in brain Cx showing the increased label in MHE (i)
animals compared with the Sham group (h). Scale bar = 50 lm.
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Glutamate plays a major role in the astrocytes–neurons
interaction. Both cells work coordinately to maintain the
extracellular levels of glutamate at optimal concentrations,
which would otherwise be neurotoxic (Choi 1992 and
Sonnewald et al. 2002). In the adult brain, astrocytes behave
as targets of neuronal signals responding to increase
concentration of glutamate, increasing intracellular Ca2+

concentrations that favor the phosphorylation of GFAP.
Moreover, some evidence suggests that glutamate and its
receptors might be involved in the reduction of MAP-2
protein expression (S�aez et al. 1999). Excess of glutamate, as
also occurs in this MHE model (data not shown), decreases
dendrite growth through a mechanism resulting from NMDA
receptor activation (Monnerie et al. 2003). Activation of
NMDA receptors, over-expressed in HE (Kosenko et al.
2000), increase intracellular Ca2+ concentration in the post-
synaptic neuron, leading to the activation of various enzymes
that finally leads to the proteolysis of MAP-2 and derange-
ment of the microtubular network (Mi~nana et al. 1998 and
Llansola et al. 1999). It was documented that ammonia
exposure also leads to degradation of MAP-2 suggesting the
involvement of NMDA receptors (S�aez et al. 1999), in
agreement with the present results.
The neuronal shape and the extension of cytoplasmic

processes depend on the cytoskeleton integrity. MAP-2-ir
and Nf-200-ir were significantly decreased in both studied
areas, suggesting a reduction of neuronal process. These
neuronal changes may be associated with the increase in the
intracellular astroglial S100b content.
In this study, neuronal cytoskeleton presents qualitative

and structural changes. Both MAP-2-ir and Nf-200-ir fibers
rendered waving-shape corkscrew-like images in the brain
cortex of PVL animals (Fig. 7). Muramatsu et al. and
Onizuka et al. have found shrunken soma and similar
corkscrew-like apical dendrites in the pyramidal neurons of
the parietal cortex in rats subjected to a hypoxic–ischemic
insult (Onizuka et al. 1996 and Muramatsu et al. 1997).
These cytoskeletal alterations were also seen as a common
structural feature of neuronal damage in other circumstances
such as neurodegenerative diseases, concussive head injury,
electric shocks, prenatal ethanol exposure, perinatal
asphyxia, and severe antisocial personality disorders (Evrard
et al. 2003, 2006; Evrard and Brusco 2011).
Within the CNS, capillary blood vessels form a network

highly interconnected that direct and maintain blood flow
throughout the different regions. In the adult brain, the
vascular supply is not homogenous and marked differences
exist in the capillary density present within specific brain
regions. It has been proposed that the density of the
vasculature network is related to the different levels of the
metabolic activity (Cavaglia et al. 2001). The increase of
Nestin-ir in CA1 of hippocampus can be related with an
altered metabolic support to neurons, thus the tissue responds
with a vasculature modification. It seems that the adjustment

of blood supply to increased metabolic activity occurs locally
and via modifications of the capillaries area. The endothelial
cells from capillaries were labeled with specific antibodies
against Nestin (Alonso et al. 2005), an intermediate filament
protein expressed by these cells, usually used as a marker of
newly formed vessels. It can be assumed that new vessels are
continuously added to the brain vasculature via sparse
angiogenic events. Angiogenesis process represents a local
tissue that also responds to decreased oxygenation.
At the molecular level, angiogenesis occur via the

coordinated action of oxygen-responsive molecules such as
the HIF, among others (Lee et al. 2009). The HIF-1a
regulates the transcription of various angiogenic factors, as
the vascular endothelial growth factor, and plays an impor-
tant role in the vascular development (Comerford et al. 2002
and Wartenberg et al. 2003; Ke and Costa 2006). Beside
this, HIF-1a induces several gene expressions as the
multidrug resistance gene and its product, P-gp, related with
drug refractory phenotype, as well as the erythropoietin and
Epo-R related with O2 supply. It is proposed that the
expression of P-gp and the Epo-R has neuroprotective
actions (Sir�en and Ehrenreich 2001 and Merelli et al. 2011).
Under normoxic conditions, specific prolyl hydroxylation
within the oxygen-dependent degradation domain of HIF-1a
takes place. Under hypoxic conditions, HIF-1a is stabilized
and able to induce the expression of genes (Rabie and Marti
2008). The expression of HIF-1a immunostaining in the
brain Cx of the MHE animals corresponds to neurons as it
was demonstrate by double immunostaining.
To confirm that the HIF-1a expressed, under these

experimental conditions, was a functional response, the
immunostaining for P-gp and Epo-R was performed and the
findings agree with HIF-1a results. It is important to
highlight that, as far as we know, this is the first data that
relate P-gp changes with moderate hyperammonemia and
tissue hypoxia in the CNS in a MHE model induced by PVL.
There is a need to co-express P-gp and Epo-R with NeuN and
therefore to conclude that P-gp and Epo-R are also expressed
in neurons.
It could be speculated that a new pathway could involve

ammonia, mimics hypoxia by occupying the von Hippel-
Lindau binding domain of HIF-1a and thereby preventing its
degradation and causing the stabilization of HIF-1a with the
concomitant multidrug resistance-1 and Epo-R over-expres-
sion. Because of the presence of Alzheimer type II astrocytes
in MHE animals, we think that hyperammonemia, three fold
higher, is the main key factor in this model; although other
factors may play a secondary role. The neurotoxics involved
in PVL, probably are closely related to the cytoskeletal
alterations here observed, and they may affect the structural
and functional neuronal-astrocytic relationship. These path-
ogenic mechanisms could be mediated by the HIF-1a
stabilization resulting in a hypoxia-like state. The focal
hypoxic state here described, is not accompanied with

© 2013 International Society for Neurochemistry, J. Neurochem. (2014) 128, 431--444
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hypoxemia, as evidenced in the arterial blood gases evalu-
ation. There is now enough evidence that suggests whether
ammonia induce these alterations showing a new pathway in
experimental PVL pathogenesis.
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