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Summary
Aims: Patients with liver disease may develop hepatic encephalopathy (HE), with cog-
nitive impairment and motor in- coordination. Rats with HE due to portacaval shunts 
(PCS) show motor in- coordination. We hypothesized that in PCS rats: (i) Motor in- 
coordination would be due to enhanced GABAergic tone in cerebellum; (ii) increased 
GABAergic tone would be due to neuroinflammation; (iii) increasing cGMP would re-
duce neuroinflammation and GABAergic tone and restore motor coordination. To as-
sess these hypotheses, we assessed if (i) treatment with sildenafil reduces 
neuroinflammation; (ii) reduced neuroinflammation is associated with reduced 
GABAergic tone and restored motor coordination.
Methods: Rats were treated with sildenafil to increase cGMP. Microglia and astro-
cytes activation were analyzed by immunohistochemistry, extracellular GABA by mi-
crodialysis, and motor coordination in the beam walking.
Results: PCS rats show neuroinflammation in cerebellum, with microglia and astro-
cytes activation, increased IL- 1b and TNF- a and reduced YM- 1 and IL- 4. Membrane 
expression of the GABA transporter GAT1 is reduced, while GAT3 is increased. 
Extracellular GABA and motor in- coordination are increased. Sildenafil treatment 
eliminates neuroinflammation, microglia and astrocytes activation; changes in mem-
brane expression of GABA transporters; and restores motor coordination.
Conclusions: This study supports an interplay between cGMP- neuroinflammation and 
GABAergic neurotransmission in impairing motor coordination in PCS rats.
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1  | INTRODUCTION

Patients with liver cirrhosis may develop hepatic encephalopathy (HE), 
a neuropsychiatric syndrome, which leads to a wide spectrum of neu-
rological alterations. The earliest form of HE is minimal HE (MHE). 
Patients with MHE show mild cognitive impairment, psychomotor 

slowing and motor in- coordination, which reduce quality of life and 
life span and increase the risk of falls and hospitalizations. MHE affects 
several million people and is a serious health, social and economic 
problem.1 The mechanisms responsible for MHE are beginning to be 
clarified in animal models. A main animal model of MHE is the rat with 
portacaval shunt (PCS), which reproduces many cognitive and motor 
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alterations present in patients with MHE.2 PCS rats show neuroinflam-
mation in the cerebral cortex, with increased levels of inflammatory 
markers, and treatment with ibuprofen reduces neuroinflammation in 
cortex and restores learning in a Y maze task3 and motor activity.4 PCS 
rats also show neuroinflammation in hippocampus, associated with 
altered membrane expression of glutamate and GABA receptors and 
impaired spatial learning and memory.5 Treating PCS rats with sildena-
fil, an inhibitor of phosphodiesterase 5 that degrades cGMP, reduces 
neuroinflammation in hippocampus, normalizes receptors membrane 
expression, and restores spatial learning5 and learning in the Y maze.6

Sildenafil also reduces neuroinflammation in hippocampus and im-
proves cognitive performance in APP/PS1 transgenic mice model of 
Alzheimer’s disease7 and reduces neuroinflammation and IL- 1β levels 
in cerebellum in an inflammatory model of demyelination in mice.8 It 
has not been assessed whether PCS rats show neuroinflammation in 
cerebellum or whether sildenafil would reduce neuroinflammation in 
cerebellum and/or improve motor in- coordination in rats with MHE.

We propose that there is an interplay between neuroinflammation, 
cGMP, and GABAergic/glutamatergic neurotransmission in the induc-
tion of cognitive and motor alterations in MHE (Figure 1).

PCS rats show impaired motor coordination, which is modulated 
mainly by GABAergic neurotransmission in cerebellum. Enhanced 
GABAergic tone impairs motor coordination.9,10 We hypothesized 
that in PCS rats: (i) Motor in- coordination would be due to enhanced 
GABAergic tone; (ii) increased GABAergic tone would be due to 
neuroinflammation in cerebellum; (iii) increasing cGMP levels would 
reduce neuroinflammation and GABAergic tone and restore motor 
coordination.

To assess these hypotheses, we put the questions if: (i) PCS rats 
show neuroinflammation in cerebellum; (ii) treatment with sildenafil 
reduces this neuroinflammation; (iii) reduction in neuroinflammation 
is associated with reduced GABAergic tone and restoration of motor 
coordination. We used control and PCS rats, treated or not chronically 
with sildenafil to enhance cGMP levels. To analyze neuroinflammation, 

we measured astrocyte and microglia activation, the pro- inflammatory 
markers IL- 1b and TNF- a and the antiinflammatory markers YM- 1 and 
IL- 4. To evaluate GABAergic tone, we measured extracellular GABA by in 
vivo microdialysis and membrane expression of GABA transporters and 
receptors. We also measured motor coordination in the beam walking.

2  | METHODS

2.1 | Portacaval anastomosis

Male Wistar rats (220- 240 g) were subjected to portacaval anastomo-
sis as described by Lee and Fisher.11 The experiments were approved 
by the Ethics Committee for Animal Experimentation of our Center and 
performed according to the guidelines of the European Commission 
(20/63/EU) for care and management of experimental animals.

2.2 | Treatment with sildenafil

Rats were distributed in four groups: two groups of Sham, with 
(SM+SIL) or without (SM) sildenafil and two groups of PCS, with 
(PCS+SIL) or without (PCS) sildenafil. This drug was administered 
(50 mg/L) in the drinking water, ad libitum, as in,6 beginning 2 weeks 
after PCS surgery.

2.3 | Motor coordination in the beam walking

Motor coordination was assessed using the beam walking test. The 
number of foot faults (slips) is recorded as a measure of in- coordination 
as described in.12 A fault was defined as any foot slip off the top sur-
face of the beam or any limb use on the side of the beam.

2.4 | Ammonia determination in blood

Blood (20 μL) was taken from the tail vein. Blood ammonia was meas-
ured immediately after blood collection with the Ammonia Test Kit II 
for the PocketChemBA system (Arkay, Inc., Kyoto, Japan).

2.5 | In vivo microdialysis

Rats were anesthetized using isoflurane, and a microdialysis guide 
was implanted in cerebellum as in.13 After 48 hours, a microdialysis 
probe was implanted in the freely moving rat. Probes were perfused 
(3 μL/min) with artificial cerebrospinal fluid (in mmol/L): NaCl, 145; 
KCl, 3.0; CaCl2, 2.26; buffered at pH 7.4 with 2 mmol/L phosphate. 
After a 2-  to 3- hour stabilization period, samples were collected every 
30 minutes. Samples were stored at −80°C until analysis of cGMP or 
GABA levels.

2.6 | Determination of cGMP

cGMP was measured using the BIOTRAK cGMP enzyme immunoas-
say kit from Amersham (Amersham, Buckinghamshire, UK) using 50 μL 
of dialysate.

F IGURE  1 Proposed model for an interplay between 
neuroinflammation- cGMP and GABAergic/glutamatergic 
neurotransmission in the impairment of motor coordination and 
cognitive function in rats with MHE
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2.7 | GABA determination

GABA concentration was measured by HPLC as described in.14 
Membrane surface expression of GAT- 1 and GAT- 3 transporters by 
cross- linking with BS3 in cerebellar slices was analyzed as described 
by Boudreau and Wolf.15 Cerebellum was dissected, and transversal 
slices (400 μm) were obtained and added to tubes containing ice- cold 
Krebs buffer with or without 2 mmol/L bis[sulfosuccinimidyl] suberate 
(BS3) (Pierce, Rockford, IL, USA) and incubated for 30 minutes at 4°C. 
Cross- linking was terminated by adding 100 mmol/L glycine (10 min-
utes, 4°C). The slices were homogenized by sonication for 20 seconds. 
Samples treated with or without BS3 were analyzed by Western blot 
using anti- GAT- 3 or anti- GAT- 1 (1:1000; Abcam, Cambridge, UK). The 
surface expression of transporters was calculated as the difference be-
tween the intensity of the bands without BS3 (total protein) and with 
BS3 (nonmembrane protein).

2.8 | Brain immunohistochemistry

At week 4 after PCS surgery, the rats were anaesthetized with so-
dium pentobarbital and transcardially perfused with 0.9% saline fol-
lowed by 4% paraformaldehyde in 0.1 mol/L phosphate buffer (pH 
7.4). Brains were removed and postfixed in the same fixative solution 
for 24 hours at 4°C. Then, the samples were placed inside histology 
cassettes and processed for permanent paraffin embedding on a Leica 
ASP 300 tissue processor (Leica Microsystems , Nussloch, Germany). 
Five- micrometer thick, paraffin- embedded sections (5 μm) were cut 
and mounted on coated slide glass. The tissue sections were then 
processed with the Envision Flex+kit (DAKO, Santa Clara, CA, USA) 
blocking endogenous peroxidase activity for 5 minutes and then incu-
bating with primary antibody. The reaction was visualized by Envision 
Flex+horseradish peroxidase for 20 minutes and finally diaminobenzi-
dine for 10 minutes. Sections were counterstained with Mayer’s he-
matoxylin (DAKO S3309; Ready to use) for 5 minutes.

The primary antibodies used were as follows: anti- Iba1 (Wako, 
019- 19741; 1:300 for 30 minutes), anti- GFAP (DAKO, IR524; ready 
to use for 20 minutes; 1:2000 for 45 minutes), anti- IL- 1β (Abcam, 
ab9722, 1:100 for 30 minutes).

Immunohistochemical quantification was performed using Image 
(National Institutes of Health, Bethesda, MD, USA) (1.48v). For analysis 
of microglial activation and of the areas stained by GFAP antibody, the 
area of interest was selected. Using Auto Local Threshold and analyze 
particles functions, the intensity thresholds and size filter were applied.

To measure area and perimeter of microglia, the Bernsen method 
was used and 2000- 20000 size filter was applied. For each rat, at least 
30- 40 cells were quantified. The result was expressed as percentage 
respect to control.

For GFAP staining, no size filter was applied. For each rat, at least 
10 fields (56×) were quantified. The result was expressed as percent-
age of control rats.

IL- 1b- positive cells were manually counted using ImageJ. For each 
rat, at least 10 fields (40×) were quantified and results were expressed 
as percentage of control rats.

2.9 | Analysis of protein contents in cerebellum by 
western blot

Rats were sacrificed by decapitation. Cerebellum was dissected, ho-
mogenized, and were subjected to electrophoresis and immunoblotting 
as in.16 Primary antibodies were against IL- 4 (1:2000) and YM- 1 (1:500) 
from Abcam, IL- 1β and TNF- α (1:500) from R&D SYSTEMS, Minneapolis, 
MN, USA; secondary antibodies were anti- rabbit or anti- goat IgG 
(1:2000 or 1:4000)- conjugated with alkaline phosphatase (Sigma, St. 
Louis, MO, USA). The images were captured using the ScanJet 5300C 
(Las Rozas, Madrid, Spain) and band intensities quantified.

2.10 | Statistical analysis

Results are expressed as mean±SEM. Data were analyzed by one- way 
analysis of variance (ANOVA) followed by Tukey’s and Dunnet Post hoc 
tests. P<.05 is considered to indicate statistically significant differences.

3  | RESULTS AND DISCUSSION

PCS rats show reduced (P<.05) levels of extracellular cGMP in cer-
ebellum (250±41 pmol/L) compared to control rats (441±48 pmol/L). 
Sildenafil treatment increased the levels of extracellular cGMP in PCS 
rats to 401±58 pmol/L, which was not different from control rats.

Ammonia levels were 30±6 μmol/L in control rats and were in-
creased (P<.001) in PCS rats to 194±18 μmol/L. Treatment with silde-
nafil did not affect ammonia levels, which remained at 28±3 μmol/L 
and 200±16 μmol/L in control and PCS rats, respectively.

PCS rats show motor in- coordination in the beam walking. They 
performed more slips (2.0±0.3, P<.05) than control rats (1.0±0.2). 
Treatment with sildenafil restores motor coordination in PCS rats, 
which performed 1.4±0.4, not different from control rats (Figure 2).

F IGURE  2 Sildenafil restores motor coordination in PCS rats. 
Control (SM) and PCS rats treated with tap water or sildenafil (SIL) 
were subjected to the beam walking test. The number of slips is 
shown as a measure of in- coordination. Values are the mean±SEM 
of 16 sham and PCS rats and 14 sham and PCS rats treated with 
sildenafil. Values significantly different from controls are indicated by 
asterisks. *P<.05
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PCS rats show increased concentration of extracellular GABA in 
cerebellum, reaching 18±3 nmol/L (P<.05) compared to 11±1 nmol/L 
in control rats. Treatment with sildenafil reduced extracellular GABA 
in PCS rats to 13.8±0.7 nmol/L, which was not different from control 
rats (Figure 3B).

PCS rats also show increased membrane expression of the alpha 
5 subunit of the GABAA receptor, which increased to 269%±80% of 
control rats (P<.05). Treatment with sildenafil reduced membrane ex-
pression of the alpha 5 subunit in PCS rats to 79%±22% of control rats 
(Figure 3C).

We also analyzed the membrane expression of the GABA trans-
porters GAT3 (Figure 3D) and GAT1 (Figure 3E). PCS rats show in-
creased membrane expression of GAT3 to 256%±51% of control rats 
(P<.001) and reduced membrane expression of GAT1, to 51%±8% of 

control rats (P<.001). Treatment with sildenafil normalized membrane 
expression of GAT3 to 143%±18% and of GAT1 to 78%±13% of con-
trol rats (Figure 3D,E).

To assess the presence of neuroinflammation, we analyzed by im-
munohistochemistry activation of microglia and astrocytes and the 
levels of relevant pro-  and antiinflammatory cytokines. As a marker 
of microglia, we analyzed Iba- 1, a 17- kDa actin- binding protein that 
is constitutively expressed in all microglia.17 PCS rats show activated 
microglia in cerebellum, as reflected by the ameboid, less ramified 
morphology (Figure 4A) and the reduced perimeter, which decreased 
to 76%±4% (P<.05) of control rats (Figure 4C).

Moreover, the number of microglial cells was increased to 
130%±5% (P<.001) of control rats (Figure 4B). Treatment with silde-
nafil normalized the morphology of microglial cells (Figure 4A) and 

F IGURE  3 Sildenafil reduces GABAergic tone in cerebellum of PCS rats. Microdialysis guide was implanted in cerebellum as described in 
methods, in the position indicated in (A) and extracellular GABA concentration was measured by microdialysis in freely moving rats (B). Values 
are the mean±SEM of 14 sham and PCS rats and eight sham and PCS rats treated with sildenafil. Membrane expression of the alpha 5 subunit 
of GABAA receptor (C) and of the GABA transporters GAT3 (D) and GAT1 (E) was analyzed using the BS3 cross- linker procedure as described 
in methods. Samples, incubated in the absence or presence of BS3, were subjected to Western blotting using the corresponding antibodies. 
Samples in the absence of BS3 represent the total amount of each protein. Samples in the presence of BS3 represent the nonmembrane 
fraction. The intensities of the bands were quantified, and membrane expression was calculated as the difference of intensity between samples 
without and with BS3. Values are expressed as percentage of control rats and are the mean±SEM of five rats per group in (C) and 9- 13 rats per 
group in (D) and (E). Values significantly different from control rats are indicated by asterisks and from PCS rats by a. *P<.05;***P<.001; aP<.05



390  |     AGUSTI eT Al.

its perimeter (to 123%±6% of control rats, Figure 4C) and number (to 
103%±3% of control rats, Figure 4B).

In addition to parenchymal microglia, Iba1 can recognize perivas-
cular, meningeal, and choroid plexus macrophages but not resident 
monocytes or inflammatory monocytes.18,19 Macrophages can be eas-
ily distinguished from microglia by the distinctive ramified microglial 
morphology. The data shown in Figure 4B correspond specifically to 
microglia; no macrophages were counted. The data in Figure 4B there-
fore suggest increased proliferation of microglia in PCS rats, but not in 
PCS rats treated with sildenafil.

Figure 4C shows that sildenafil appears to not only “renormalize” 
the perimeter of microglia but has also a tendency to even “reverse” 
the direction of the effects of PCS. The perimeter in PCS rats treated 
with sildenafil is significantly (P<.05) larger than in sham rats. Also in 
sham rats treated with sildenafil, there is a tendency to increase the 
microglial perimeter compared to untreated sham rats. We believe 
that this effect is due to the fact that sham rats have suffered a sham 
surgery, which induces a mild inflammatory effect resulting in a slight 
neuroinflammation compared to naïve (nonoperated) rats. This is re-
flected for example in an increased content of the inducible form of 
nitric oxide synthase in cerebral cortex in sham rats compared to non-
operated rats.20 This mild neuroinflammation in sham rats would be 
associated with a slight reduction in microglial perimeter which would 
be improved by treatment with sildenafil.

PCS rats also show activated astrocytes in cerebellum (Figure 5), 
reflected in an increase in the area covered by GFAP staining, that 
increases (P<.01) to 121%±5% of control rats (Figure 5C). Treatment 
with sildenafil reduced astrocytes activation in PCS rats and the area 
covered by GFAP staining decreased (P<.001) to 91%±3% of control 
rats (Figure 5C). The values in PCS rats treated with sildenafil are not 

significantly different from control rats treated or not with sildenafil.
We also analyzed by immunohistochemistry the number of cells ex-

pressing IL- 1b, which was increased in PCS rats (P<.05) to 159%±24% 
of control rats and was reduced (P<.001) by treatment with sildenafil 
to 76%±7% of control rats (Figure 5B,D).

We have recently shown that IL- 1b and TNF- a induction in the 
hippocampus of PCS rats is neuronal.5,21 However, in cerebellum, we 
found an induction of IL- 1b mainly in astrocytes. IL- 1b is expressed 
in multiple cell types in the brain. Its expression is particularly high 
during neuroinflammation being rapidly synthesized and released, pri-
marily by microglia and astrocytes.22,23 TNF- a and IL- 1b are expressed 
in hippocampal neurons in vivo in response to lesions24 or to pneumo-
coccal meningitis.25 In situ hybridization studies show that in murine 
pneumococcal meningitis, TNF- a mRNA was first upregulated in as-
troglial cells but at 18- 24 hours was strongly increased in hippocampal 
neurons.25 A similar process would occur in hippocampus of rats with 
HE due to PCS, leading to increased expression of IL- 1b and TNF- a in 
neurons. However, this process seems to be specific for hippocampus 
and we do not observe increased levels of IL- 1b or TNF- a in cerebellar 
neurons.

The content of IL- 1b in cerebellum, analyzed by Western blot, was 
also increased in PCS rats (P<.01) to 127%±8% of control rats and 
was reduced by treatment with sildenafil to 110%±11% of control rats 
(Figure 6A). A similar increase was found for TNF- a, which increased 
in PCS rats (P<.05) to 132%±13% of control rats and was reduced by 
treatment with sildenafil to 102%±12% of control rats (Figure 6B).

In contrast, the contents of the antiinflammatory markers YM- 1 
and IL- 4 were reduced in cerebellum of PCS rats to 72%±6% (P<.001) 
and 78%±8% (P<.05) of control rats, respectively (Figure 6C,D). 
Treatment with sildenafil normalized the contents of YM- 1 and IL- 4 in 

F IGURE  4 Sildenafil reduces microglial activation in cerebellum of PCS rats. Immunohistochemistry was performed as indicated in methods 
using antibody against IBA1 (A). The number of microglial cells (B) and their Perimeter (C) were quantified. Values are the mean±SEM of four rats 
per group. Values significantly different from controls are indicated by asterisks and from PCS rats by a. *P<.05; ***P<.001; aaaP<.005. Scale bar 
(A)=50 μm
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PCS rats to 108%±10% and 119%±16% of control rats, respectively 
(Figure 6C,D).

The results reported show that PCS rats show reduced levels of 
cGMP, associated with neuroinflammation in cerebellum, as indi-
cated by the activation of microglia and astrocytes, associated with 
increased levels of the pro- inflammatory markers IL- 1b and TNF- a and 
reduced levels of the antiinflammatory markers YM- 1 and IL- 4. This 
neuroinflammation is associated with increased levels of extracellular 
GABA and of membrane expression of the alpha 5 subunit of GABAA 
receptors.

The increased membrane expression of the alpha 5 subunit of 
GABAA receptors would increase the response to extracellular GABA, 
contributing together with the increased concentration of extracellu-
lar GABA, to enhanced GABAergic tone. Neuroinflammation would 
contribute to increase extracellular GABA by altering the membrane 
expression of the GABA transporters GAT3 and GAT1, as discussed 
below.

Increased GABAergic tone in cerebellum would be responsible 
for motor in- coordination in PCS rats. Motor coordination is mainly 
modulated in cerebellum by GABAergic neurotransmission. Increased 
GABAergic tone in cerebellum impairs motor coordination.9 Mice 
lacking the GABA transporter subtype 1 (GAT1) show increased ex-
tracellular GABA and reduced motor coordination.26 Also, rats de-
velopmentally exposed to polychlorinated biphenyls show motor 

in- coordination which correlates with extracellular GABA levels in 
cerebellum.10

The changes in motor coordination observed in PCS rats would 
be a consequence of altered GABAergic neurotransmission in cerebel-
lum. The improvement of motor coordination in PCS rats treated with 
sildenafil would be therefore due to the reduction of GABAergic tone 
in cerebellum.

PCS rats show both inflammation and hyperammonemia. Rats 
with hyperammonemia show increased GABAergic tone in cerebel-
lum, with increased extracellular GABA which is associated with motor 
in- coordination. Treating hyperammonemic rats with pregnenolone 
sulfate, which reduces GABAergic tone27 or with sulforaphane, which 
reduces neuroinflammation28 normalizes GABAergic tone and motor 
coordination, further supporting that motor in- coordination is a con-
sequence of increased GABAergic tone.

Extracellular cGMP levels are reduced in cerebellum of PCS 
rats and, as shown here and in,6 are normalized by treatment with 
sildenafil. Also, in hyperammonemic rats, increased GABAergic 
tone alters glutamatergic neurotransmission, impairing the 
glutamate- nitric oxide- cGMP pathway in cerebellum,29 which con-
tributes to impair learning in the Y maze. Restoring cGMP levels 
with sildenafil6 or reducing GABAergic tone with bicuculline29 re-
stored the glutamate- nitric oxide- cGMP pathway and learning in 
the Y maze.

F IGURE  5 Sildenafil reduces astrocyte activation and the number of IL- 1b- positive cells in cerebellum of PCS rats. Immunohistochemistry 
was performed using antibody against GFAP (A) or IL- 1b (B). The area stained by GFAP antibody (C) and the number of IL- 1b- positive cells (D) 
were quantified. Values are the mean±SEM of four rats per group. Values significantly different from controls are indicated by asterisks and from 
PCS rats by a. *P<=0.05; **P<.01; “aaa” P<.005. Scale bar (A)=50 μm
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We show here that sildenafil increases cGMP in PCS rats, which is 
associated with reduction in neuroinflammation and normalization of 
neurotransmission and motor coordination.

Altogether, the new data reported and these previous data sup-
port the hypothesis summarized in Figure 1 proposing an interplay 
between neuroinflammation, cGMP, and GABAergic/glutamatergic 
neurotransmission in the impairment of cognitive and motor function 
in rats with MHE. This interplay could also occur in general in most 
pathological situations associated with neuroinflammation.

This interplay would occur in different brain areas with different 
relative relevance of each player, resulting in different types of neuro-
logical alterations. In hippocampus, glutamatergic neurotransmission 
would be more relevant and this interplay would impair mainly spatial 
learning.6 In cerebellum, as shown here, GABAergic neurotransmis-
sion would be more relevant and would impair motor coordination and 
learning in the Y maze.6

We show here that modulating cGMP levels in cerebellum by 
sildenafil treatment eliminates neuroinflammation and normalizes 
GABAergic tone and motor coordination, further supporting the inter-
play hypothesis proposed in Figure 1.

The mechanisms by which cGMP modulates neuroinflammation 
are not known in detail. Transgenic Tg APP/PS1 mice, a model for 
Alzheimer’s disease, show increased IL- 1β in hippocampus and cogni-
tive impairment. Treatment with sildenafil normalizes IL- 1β levels and 
restores cognitive function. Both effects are prevented by an inhibitor 
of cGMP- dependent protein kinase (PKG), indicating that activation 
of PKG by cGMP mediates the effects of sildenafil on neuroinflam-
mation.7 These authors propose that in Tg mice phosphorylation of 
CREB by PKG is reduced and its recovery by sildenafil mediates the 
reduction of IL- 1β levels.7

cGMP may also modulate IL- 1b levels by modulating NF- kB. IL- 1β 
transcription is mainly modulated by NF- kB.30 cGMP may reduce acti-
vation of NF- kB31 by a mechanism mediated by increased HSP70 pro-
tein and of its binding to IkB, the inhibitor of NF- kB translocation to 
the nucleus and activation.32 Sildenafil would reduce IL- 1β levels by in-
creasing cGMP, which would reduce transcriptional activity of NF- kB.

However, the results reported here indicate more complex ef-
fects of cGMP on neuroinflammation. We show that sildenafil re-
duces IL- 1b and TNF- a levels, but also reverse activation of microglia 
and astrocytes. This should be mediated by more complex mecha-
nisms. Also, a recent report suggests that intra-  and extra- cellular 
cGMP may play different roles in modulating neuroinflammation. 
Hyperammonemia induces astrocytes and microglia activation in 
hippocampus, increases IL- 1b and TNF- a, and alters NMDA and 
AMPA receptors membrane expression and impairs spatial working 
and reference memory.33 Continuous intracerebral administration 
of extracellular cGMP normalized astrocytes activation, IL- 1b levels, 
membrane expression of NMDA receptors and working memory, 
but not microglia activation, TNF- a levels, membrane expression of 
AMPA receptors, and reference memory.33 In contrast, in PCS rats, 
sildenafil that increased both intra-  and extra- cellular cGMP normal-
ized all above parameters.6 Further studies to clarify in detail the 
mechanisms by which cGMP modulates neuroinflammation are nec-
essary. These studies may provide new therapeutic targets to treat 
neuroinflammation.

We show here that in cerebellum of PCS rats, neuroinflammation 
is associated with enhanced GABAergic neurotransmission due both 
to increased membrane expression of GABAA receptor and increased 
extracellular GABA concentration. Treatment with sildenafil reduces 
neuroinflammation and normalizes GABAergic neurotransmission. 

F IGURE  6 PCS rats show increased 
content of pro- inflammatory markers 
IL- 1b and TNF- a and reduced content 
of antiinflammatory YM- 1 and IL- 4 in 
cerebellum. Sildenafil normalizes their 
content. Cerebellar homogenates from 
control (SM) and PCS rats treated with tap 
water or sildenafil (SIL) were subjected to 
electrophoresis and Western blot using 
antibodies against IL- 1b (A); TNF- a (B), 
YM- 1 (C), or IL- 4 (D). Representative 
images of the blots are shown for each 
protein. Values are the mean±SEM of 
10- 12 rats per group. Values significantly 
different from control rats are indicated by 
asterisks. Values significantly different from 
hyperammonemic rats are indicated by “a.” 
*P<.05; **P<.01; ***P<.001; “a” P<.05; “aa” 
P<.01
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This supports the idea proposed in Figure 1 of an interplay between 
cGMP- neuroinflammation- GABAergic neurotransmission.

In hippocampus, IL- 1b or lipopolysaccharide enhances GABAergic 
neurotransmission by enhancing membrane expression of GABAA re-
ceptors.34-36 This is prevented by co- incubation with the IL- 1 receptor 
antagonist IL- 1Ra.34 It seems therefore that IL- 1b would play a main 
role in increasing membrane expression of GABAA receptors, but the 
underlying mechanisms remain unknown.

We show here that PCS rats also show increased membrane 
 expression of GABAA receptors in cerebellum, associated with 
 increased IL- 1b levels. Sildenafil normalizes IL- 1b levels and membrane 
expression of GABAA receptor. This suggests that sildenafil would 
reduce IL- 1b levels and this, in turn, would eliminate the enhanced 
membrane expression of the GABAA receptor, which would return to 
normal values.

We show here that in PCS there is a second factor enhancing 
GABAergic neurotransmission, an increase in extracellular GABA con-
centration, which would be also a consequence of neuroinflammation 
and would be mediated by altered membrane expression of the GABA 
transporters GAT1 and GAT3. Under normal conditions, both GAT1 
and GAT3 take up GABA from the extracellular fluid into the cells. The 
reduced membrane expression of GAT1 in PCS rats would therefore 
contribute to increase extracellular GABA.

The function of GAT3 is reversed under different conditions, 
leading to GABA release through it from cells to the extracellular 
fluid. GABA transport gains its driving force from the concentration 
gradient of Na+ between intracellular and extracellular compart-
ments.37 Situations that increase intracellular Na+ to levels enough 
to change this gradient may reverse the function of GAT3 leading 
to GABA release. For example, uptake of certain levels of glutamate 
by astrocytic transporters triggers the release of GABA through 
GAT3, likely by elevating the intracellular Na+ concentration in as-
trocytes.38,39 Reversal of GAT3 function and GABA release through 
it has been also reported in activated astrocytes of a mouse model 
of Alzheimer’s disease.40 A similar GAT3- mediated release of GABA 
has been suggested in activated astrocytes in cerebellum of hyper-
ammonemic rats.30 Neuroinflammation would therefore contribute 
to increased release of GABA through GAT3 in activated astrocytes 
also in PCS rats. Membrane expression of GAT3 is increased in cer-
ebellum of PCS rats, which would further potentiate GABA release 
and extracellular GABA increase. Sildenafil reduces neuroinflam-
mation, eliminating astrocytes activation and the enhancement of 
GAT3 membrane expression. This would also return GAT3 function 
to uptake instead of release of GABA, thus normalizing extracellular 
GABA.

Increased extracellular GABA in cerebellum would be responsible 
for motor in- coordination in PCS rats. Reducing extracellular GABA 
and GABAergic tone by modulating GABAA receptors with the antag-
onist bicuculline or the neurosteroid pregnenolone sulfate restores 
motor coordination in hyperammonemic rats.29,31 Sildenafil normalizes 
GABAergic tone, likely as a consequence of reducing neuroinflamma-
tion. This would be responsible for restoration of motor coordination 
in PCS rats by sildenafil.

4  | CONCLUSIONS

In summary, this work shows that PCS rats show reduced cGMP as-
sociated with neuroinflammation in cerebellum, with activation of mi-
croglia and astrocytes, associated with increased levels of IL- 1b and 
TNF- a and reduced levels of the antiinflammatory markers YM- 1 and 
IL- 4. This neuroinflammation is associated with increased levels of ex-
tracellular GABA and of membrane expression of the alpha 5 subu-
nit of GABAA receptors, resulting in increased GABAergic tone which 
impairs motor coordination. Increased extracellular GABA would be 
a consequence of the reduced membrane expression of the GAT1 
transporter and increased membrane expression and reversal of the 
function of GAT3. Treatment with sildenafil increases cGMP levels; 
eliminates neuroinflammation, activation of microglia, and astrocytes; 
changes in inflammatory markers and in membrane expression of 
GABA receptor and transporters and restores motor coordination. 
These results support an interplay between cGMP- neuroinflammation 
and GABAergic neurotransmission in the impairment of motor coordi-
nation in PCS rats.
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