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The limitations of current pharmacological treatments of
neurodegenerative disease have led to the extensive inves-
tigation of novel compounds and nonpharmacological
approaches to modify the course of these conditions, whilst
reducing drug side effects. The definition of neuroprotection
is complex and involves both preventing cell death and
restoring function to damaged neurons, as well as restoring
neuronal numbers. The development of drugs to slow or
prevent the progression of neurodegenerative diseases might
logically evolve from an improved understanding of the etiol-
ogy and pathogenesis of these diseases. There have certainly
been major advances in these areas over the past few years
and the prospect for the introduction of “neuroprotective”
therapies is much improved over previous years.

In this context, there is growing recognition that neu-
roinflammatory mechanisms might contribute to the cascade
of events leading to neuronal degeneration observed in
Alzheimer’s disease (AD), Parkinson’s disease (PD), stroke,
and many other neurodegenerative diseases. Postmortem
studies and experimental models have revealed an increase in
activated glial cells and in concentrations of certain cytokines
and interleukins in brain areas such as the hippocampus,
cerebral cortex, substantia nigra, and striatum, which are
all affected in neurodegenerative diseases. Therefore, the
study of the role of neuroinflammatory mechanisms in
the pathophysiology of neurodegenerative diseases and the
potential of anti-inflammatory strategies for neuroprotection
has also attracted the interest of many authors.

Lima and colleagues explored the patterns of microglial
activation, astrocytosis, oligodendrocyte damage, myelin
impairment, and Nogo-A immunoreactivity between 3 and
30 days after experimental striatal stroke in adult rats induced
by microinjections of endothelin-1 (ET-1). They established
the temporal evolution of these neuropathological events,
which will be very relevant to future studies of neuropro-
tective drugs targeting neuroinflammation and white matter
damage.

In the study by N. Lins et al,, the authors investigated
behavioral impairments and neuroinflammatory markers
following the interaction between an intranasal arbovirus
infection and the intrahippocampal injection of ME7 prion
strain in C57BL/6. They observed that virus infection exac-
erbates the microglial inflammatory response to a greater
degree in prion-infected mice, but this response was not
correlated with hippocampal-dependent behavioral deficits.

Besides its regulatory effects in the light-dark cycle, mela-
tonin is a hormone with neuroprotective, anti-inflammatory;,
and antioxidant properties. J. M. Mack and colleagues
reviewed the literature about the potential role of the mela-
toninergic system in the pathogenesis and treatment of PD.
The data available so far indicates that PD is associated with
impaired brain expression of melatonin and its receptors
MT1and MT2. Exogenous melatonin treatment presented an
outstanding neuroprotective effect in animal models of PD
induced by different toxins. Melatonin might also potentially
improve nonmotor symptoms commonly experienced by PD
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patients such as sleep and anxiety disorders, depression, and
memory dysfunction.

Another important hormone is 17 3-estradiol (E2), which,
in addition to its multiple actions throughout the body
and brain, exerts neuroprotective effects in both acute
and chronic neurodegenerative diseases such as cerebral
ischemia, traumatic brain injury, AD, and PD. R. Thakkar and
colleagues investigated whether 17-estradiol (E2), acting
via the estrogen receptor coregulator PELPI, can exert anti-
inflammatory effects in the ovariectomized rat and mouse
hippocampus to regulate NLRP3 inflammasome activation
after global cerebral ischemia (GCI). The authors showed
that rats subjected to GCI had significantly higher NLRP3
inflammasome activation in the hippocampus compared to
the sham animals that did not undergo ischemia. In addition,
E2 treatment suppresses both expression and activation of the
NLRP3 inflammasome at both days 1 and 3 after injury. PELP1
together with upstream inducers of NLRP3 inflammasome
activation (P2X7 and TXNIP) was essential for the anti-
inflammatory effect of E2 to regulate the NLRP3 inflamma-
some after GCI. These findings showed a new insight into
the anti-inflammatory effect of E2 in the brain, suggesting
that the NLRP3 inflammasome is a potential therapeutic
target and E2 analogues or NLRP3 inflammasome selective
inhibitors may have efficacy in the treatment of some neu-
rodegenerative disorders, such as GCL

Calcium is a second messenger and plays an important
role in regulating a great variety of neuronal functions, such
as release of neurotransmitters, synaptic plasticity, neuronal
excitation, and gene transcription. Indeed, changes of intra-
cellular free Ca®" concentration ([Ca2+]i) may directly alter
neuronal excitability. X. Liu and colleagues explored Ca**
status as part of their investigation into the cardiovascular
effects of H2S, which were due to decreased oxidative stress,
via inhibition of NADPH oxidase activity in the rostral
ventrolateral medulla (RVLM) of spontaneously hypertensive
rats (SHR). The molecular mechanisms involved in this
neuromodulator effect of H2S are not clear, although the
effects, both exogenous and endogenous, of H2S in primarily
cultured medullary neurons elevate [Ca2+]; levels, mainly
by increasing the calcium influx and mobilizing intracellular
Ca®* stores from ER from primarily cultured rat medullary
neurons.

In HIV-associated neurocognitive disorders (HAND),
the HIV-1 transactivator protein (Tat) activated from HIV-
l-infected cells and cell membranes may lead to disruption
of tight junctions (TJs) associated with astrocytes along the
blood-brain barrier (BBB), which increase the permeability
of this barrier and can lead to HAND. Y. Chen and colleagues
investigated the relationship between occludin and amyloid-
beta (Af3) transfer receptors in human cerebral microvascular
endothelial cells (hCMEC/D3) in the context of HIV-1-
related pathology. The authors showed that HIV-1 Tat and
the Rho inhibitor hydroxyfasudil (HF) had no significant
effect on hCMEC/D3 cell viability. However, the HF signifi-
cantly inhibited HIV-1 Tat-induced occludin dysfunction and
regulated LRP1 and RAGE expression in hCMEC/D3 cells.
Thereby, they suggested a potential protective role for HF in
HIV-1 Tat-mediated BBB destruction and Af accumulation,
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revealing a new therapeutic strategy for reducing the Af
burden in HAND.

Natural products have emerged as a source for potential
agents, which might ameliorate CNS neurodegeneration.
Whilst the antioxidant properties of the bee-derived plant
resin propolis have been extensively reported, its effects
on the behavioral/cognitive functions have been poorly
described. C. C. S. D. M. Da Silveira et al. examined the
neurobehavioral effects of yellow propolis, related to anxiety,
depression, and spontaneous locomotor activity in rats. The
authors also investigated mnemonic activity as well as antiox-
idant properties of the extract, since both behavioral and cog-
nitive disorders may manifest themselves in the course of the
neurodegenerative diseases as symptoms or comorbidities.
The authors concluded that yellow propolis elicits antioxidant
activity associated with anxiolytic, antidepressant, and cog-
nitive enhancer properties. Therefore, yellow propolis shows
some promise product from natural sources in the therapy of
the central nervous system disorders, as neurodegenerative
diseases.

It is well documented that oxidative stress plays a pivotal
role in neurodegenerative diseases pathology, particularly
with AD. Another feature related to AD is the occur-
rence of dementia, in which the cholinergic neuronal enzy-
matic activity [i.e., acetylcholinesterase (AChE) and butyryl-
cholinesterase (BuChE)] is involved in the optimal impulse
transmission at cholinergic synapses. The AChE/BuChE
upregulation promotes excessive degradation of the neuro-
transmitter acetylcholine in the synaptic terminals, which
leads to cognitive dysfunctions. In fact, the treatment of
AD symptoms related to cognitive decline is based on
anticholinesterase activity modulation. D. Zatuski and R.
Kuzniewski investigated the biological activity of the 12
extracts of Eleutherococcus species related to both neurode-
generative mechanisms (i.e., oxidative stress and increased
cholinesterase activity). Their results indicated that bioactive
compounds from Eleutherococcus species are a promising
source for the protection or treatment of neurodegenerative
diseases, since the extracts were able to inhibit both AChE
and BuChE avoiding feedback loop, allied to the antioxidant
activity that in turn may ameliorate the cognitive dysfunction
and reduce the oxidative damage, respectively.

Whilst it is clear from the studies included in this special
issue that many advances have been made in basic research
directed at improving the symptoms of neurodegenerative
diseases, there are many key issues still to be overcome.
Firstly, we remain ignorant of the genesis of the major neu-
rodegenerative diseases in individuals, although the study of
gene expression in human groups who are highly susceptible
to AD such as those with Down’s syndrome is a notable
exception. Secondly, this special issue also illustrates that the
mechanisms at play in neurodegenerative diseases are clearly
multifactorial in terms of their impact on CNS functionality,
with contributions from the immune system, antioxidant
status, changes in gene expression, and epigenetic impacts
on enzymatic function. Often, a single targeted therapeutic
intervention will successfully repair a particular issue such
as anti-inflammatory and antioxidant status, only for this
apparent advance to have little or no impact on the genesis
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and progress of the neurodegenerative condition. Thirdly,
there also remains the issue of suitability of appropriate
models employed for the assessment of possible therapeutic
initiatives. Whilst there are several animal models for various
human neurodegenerative conditions, their record in provid-
ing relevant agents which are then successful in clinical trials
has been problematic and in vitro models are very much in
their infancy.

Opverall, it is imperative that we continue to progress
in our search for appropriate models, either in vivo or in
vitro, which can adequately and faithfully assess integrated
therapeutic initiatives, which can do much more than can be
done at the moment, that is, simply treating the symptoms
of these conditions and managing an inevitable decline. It is
necessary to devise treatment regimens, which not only halt
the progress of these conditions, but also one day prevent
their appearance and even restore full function in those who
have been afflicted by them. The progress reported in this
special edition suggests that, in the future, achieving these
aims might be a distant prospect but not an unattainable one.

Marta C. Monteiro
Michael D. Coleman
Eric J. Hill

Rui D. Prediger
Cristiane S. F. Maia
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Because enriched environment (EE) and exercise increase and aging decreases immune response, we hypothesized that
environmental enrichment and aging will, respectively, delay and increase prion disease progression. Mice dorsal striatum received
bilateral stereotaxic intracerebral injections of normal or ME7 prion infected mouse brain homogenates. After behavior analysis,
animals were euthanized and their brains processed for astrocyte GFAP immunolabeling. Our analysis related to the environmental
influence are limited to young adult mice, whereas age influence refers to aged mice raised on standard cages. Burrowing activity
began to reduce in ME7-SE two weeks before ME7-EE, while no changes were apparent in ME7 aged mice (ME7-A). Object
placement recognition was impaired in ME7-SE, NBH-A, and ME7-A but normal in all other groups. Object identity recognition
was impaired in ME7-A. Cluster analysis revealed two morphological families of astrocytes in NBH-SE animals, three in NBH-A
and ME7-A, and four in NBH-EE, ME7-SE, and ME7-EE. As compared with control groups, astrocytes from DG and CA3 prion-
diseased animals show significant numerical and morphological differences and environmental enrichment did not reverse these
changes but induced different morphological changes in GFAP+ hippocampal astroglia. We suggest that environmental enrichment
and aging delayed hippocampal-dependent behavioral and neuropathological signs of disease progression.

1. Introduction protein), a selective marker for astrocytes [9]. The contribu-
tion of astrocytes in young adult scrapie pathogenesis at the

Prion diseases are fatal neurodegenerative diseases charac-  cellylar and molecular levels has been recently investigated

terized by accumulation of prion misfolded (PrP*°) protein,
gliosis, synaptic dysfunction, and, at late stages, neuronal loss
[1-5]. This sequence of events shares the neuropathological
features of chronic neurodegeneration in Alzheimer’s disease
(AD) and is well reproduced in the ME7 murine young adult
model of prion disease [6-8]. Previous studies in murine
model of prion disease identified as disease progresses an
increase in immunoreactivity of GFAP (glial fibrillary acidic

and resulted in a better understanding of disease progression
mechanisms [10]. Prion disease is caused by a conformational
change of the normal membrane bound glycoprotein PrPc
(cellular prion protein) into a insoluble infectious form
PrPSc (scrapie isoform) [11]. A close relationship between
PrPSc and enhanced glial fibrillary acidic protein (GFAP)
immunoreactivity at different stages of the disease has been
identified [3, 12], giving morphological evidence of specific
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astrocytic involvement in the progression of prion disease.
In addition, a recent analysis of the hippocampal proteome
in ME7 prion disease in correlation with behavioral and
cellular dysfunctions at different time points has revealed
a predominant astrocytic signature with four upregulated
proteins, including GFAP, selectively expressed in astrocytes
(4].

Prion pathogenesis is, however, dramatically slowed in
aged mice when compared with young animals [13, 14].
Indeed, aged infected mice show significantly less disease-
specific pathological markers such as gliosis, vacuolation, and
PrP* and less pronounced upregulation of disease-associated
inflammatory and stress-response genes [15]. These findings
suggest that an immune senescent system may contribute to
slowing down neuropathological and behavioral changes. A
healthy, young, fully responsive immune system, therefore,
may be necessary to generate the whole spectrum of prion
disease features in rapid progression.

Previous reports demonstrated beneficial effects of envi-
ronmental enrichment on neurodegenerative disease pro-
gression in experimental models including Huntington’s
disease [16-18], transgenic mice coexpressing familial AD-
linked APP and PS1 variants [19], MPTP and 6-OHDA
Parkinson’s disease models [20, 21], and amyotrophic lateral
sclerosis mouse model expressing the human SOD1(G93A)
gene mutation [22]. However, no previous study has inves-
tigated the possible beneficial effects of EE on prion disease
outcomes.

Both environmental changes and aging influence astro-
cytic plasticity [23-26], which seems to be a key element of
the host protective system in prion progression [3, 4, 27].
For this reason, we evaluated possible correlations between
behavioral changes related to prion disease progression
and number and morphology of astrocytes in both young
adult and aged prion-diseased mice. Because we previously
demonstrated in albino Swiss mice model of prion disease
that astrocytes from the polymorphic layer of dentate gyrus
exhibit intense reactive astrocytosis earlier than all other lay-
ers of dentate gyrus and that this change was associated with
axonal degeneration of mossy fiber, we thought polymorphic
layer and CA3 (target of mossy fibers) may exhibit the earliest
astroglial pathology of the hippocampal formation of albino
Swiss mouse model of prion disease. In addition, to the
selected areas for morphometry and stereological analysis
of astrocytes, we have chosen a time window for astrocytes
reconstructions when stereological data showed no change in
the number of neuronal cell bodies [27].

Stereological analysis and microscopic three-dimensional
reconstruction combine unbiased systematic sampling
approach to count cells [28] and detailed morphological
description of objects of interest [29]. This combination
increases resolution of quantitative neuropathology and
offers an integrative analysis of morphology and numeric
cell changes using hardware and software readily available.
Indeed, these new analytic tools in correlation with clinical
outcomes in different time windows may provide reliable
detailed quantitative information about subtle or profound
changes in abnormal conditions that may help to understand
pathogenesis [30, 31]. Here we used this unbiased meticulous
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approach to investigate influences of age and environment
on morphology and numbers of astrocytes of hippocampus
in a murine model of prion disease.

2. Methods

All procedures were approved by the institutional Animal
Care Committee of the University Hospital of the Federal
University of Para under the Protocol Number 1701/05. All
animals were handled in accordance with the “Guidelines
for the Use of Animals in Research” and followed the legal
requirements of the Brazilian Council of Experimental Ani-
mal Research (CONCEA). A total of 33 albino Swiss female
mice at ages 6 (young) and 18 (aged; A) months were used.
Adult males could not be used because of aggression levels
[32]. Females were housed in EE or standard environment
(SE) cages for 5 weeks, followed by surgeries for intracerebral
injection of ME7-infected or normal brain homogenates
(NBH). After recovery from anesthesia, all animals were
returned to their preoperative housing and tested weekly
for burrowing activity. At 18th week after injection (wai), all
mice were subjected to the object recognition test and then
euthanized and perfused.

2.1. Housing, Food, and Welfare. EE animals (n = 12; 6 ME7,
6 NBH) were housed in plastic cages (32 x 39 x 16.5cm)
equipped with wheels for voluntary running, tunnels, and
various plastic, metal, or cardboard objects that were
exchanged and/or placed at different positions once a week
to stimulate exploratory activity. SE mice (n = 21; 5 NBH, 6
ME7; 4 NBH-A, 6 ME7-A) were kept in a similar type of cage
but with minimal environmental stimulation. Both cage types
were lined with autoclaved rice straw, which was exchanged
at least weekly. Animals had free access to food (containing
23 g protein/100 g) and water and were maintained on a room
with minimum noise exposure, at 23 + 2°C, 12 h light/dark
cycle and light period was used for behavioral tests. Because
we have not investigated possible environmental influence on
aged mice prion disease progression, no data from aged mice
raised on enriched cages are exhibited.

2.2. Intracerebral Inoculation. After the 5-week cage acclima-
tion, animals were weighed and i.p. anesthetized with 2,2,2-
tribromoethanol (Sigma-Aldrich, USA) (250 mg/kg body
weight) for stereotaxic surgery (Insight Equipment) for bilat-
eral intracerebral inoculation of 1uL of normal (NBH) or
ME7-infected brain homogenates. ME7 tissue was obtained
from mice with clinical signs of prion terminal illness and
kindly provided by Professor V. H. Perry (Centre for Biologi-
cal Sciences, University of Southampton, Southampton, UK).
Because integrity of hippocampal formation would be essen-
tial to guarantee fine details of astrocytes three-dimensional
reconstruction and mechanical damage induced by injections
needle could induce reactive astrogliosis around the tract,
we decided to select dorsal striatum as the target area of
injections. Thus, injections were made on the following coor-
dinates: +1 mm bregma, +1.5 mm from midline, and 3.0 mm
deep [33]. Two openings were made with the aid of a drill
to enable bilateral striatal injections (10% w/v in phosphate
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FIGURE 1: Experimental timeline. Young adult (6 months old) and aged (18 months old) female albino Swiss mice were maintained for 5 weeks
either in enriched or in standard cages and then subjected to injections of normal or ME7 infected brain homogenates and returned to their
original cages. After 17 weeks after injections they were submitted to placement and identity object recognition tests, euthanized, and had
their brains processed for selective GFAP, PrPSc, and IBAI immunolabeling.

buffered saline (PBS)) of NBH or ME7-infected homogenates.
After injection, the needle (Hamilton 10 L) was held in place
for 3 minutes to avoid solution backflow, after which it was
slowly withdrawn. The scalp was then sutured and the animal
put into a cage for recovery. After recovery, animals were
returned to their original cages. Ultimately, the numbers for
treatment and control groups were as follows: NBH-SE = 5;
NBH-EE = 6; ME7-SE = 6; ME7-EE = 6; NBH-A = 4; and
ME7-A = 6. As noted, at 18 wai, all animals were perfused for
brain tissue analysis. Figure 1 is a graphic representation of
the experimental timeline.

2.3. Behavior Assessment

2.3.1. Burrowing. Burrowing is the most sensitive test to indi-
cate earlier signs of hippocampal prion-induced dysfunction
[34]. In this test a tube with food pellets is placed in the
cage of a single mouse and almost all mice spontaneously
remove pellets out of the tube. It is expected that a normal
mouse will burrow many times its own weight in food pellets
in two hours [35]. Weekly for a 4-hour testing period (from
09:00 to 11:00 hours), each animal was individually placed
in a plastic cage (32cm x 39cm X 16.5cm) containing a
cylindrical PVC tube (20 cm length, 7.2 cm diameter) filled
with 250 g of normal diet food pellets. The open end of the
tube was supported 3 cm above the floor. After the testing
period, the remaining food in the cylinders was weighed,
and the animals were returned to their collective cages [34].
Burrowing measurements started at week 3 after injection and
finished at 18 weeks.

2.3.2. Placement and Object Identity Recognition. We used
one-trial object placement recognition [36] and one-trial
identity recognition tests [37]. All mice were subjected to
both tests.

The apparatus for these tests consisted of an open box (30
x 30 x 40 cm) made of painted white wood. The floor was
painted with black lines to form nine squares (10 x 10 cm), and
the luminance at the center of the cage floor was 2.4 cd/m”.
One meter above the open field, a video camera connected to
a computer recorded each training session for later analysis
by Any-Maze software (Stoelting). Detailed protocols and
the rationale for test choices are discussed elsewhere [38]. In
brief, behavioral tests were performed after 12 days, with 7
days to become accustomed to handling, 3 days for open field
habituation, and 2 days for object habituation, with testing on
the 13th day.

For handling, mice were daily picked up by the tail and
released into the center of the open field. After Imin of
open field exposure, the animals were removed from the
open field and placed back into their home cages. For open
field habituation, mice were placed daily in the arena, free of
objects, for 5 minutes to explore the open field. To achieve
object habituation, mice were exposed to two identical objects
placed at the corners of the arena for 5 minutes, three times,
with 50 minutes in between. These objects were not used
on the test days. Finally, on test day, memory tests were
administered once for each mouse.

To minimize the influence of natural preferences for
particular objects or materials, we chose objects of the
same material, with different geometries that could be easily



discriminated, and similar access for interaction [39]. All
objects were made of plastic with different shapes, heights,
and colors. Before each mouse entered in the arena, the
box and objects were cleaned with 75% ethanol to minimize
distinguishing olfactory cues.

On the testing day, in a first trial, mice were exposed
for 5 minutes to two identical objects (samples) and, in a
second trial of 5 minutes, to two dissimilar objects, one a
familiar object (from the sample session) and the other a
new distinct object. The intertrial interval was 50 minutes.
Most mice were expected to spend more time with the novel
than the familiar object. Similarly, the next day, animals were
subjected to the one-trial placement recognition test. In this
test, mice were exposed for 5 minutes in the first trial to two
identical objects. After an intertrial interval of 50 minutes,
mice were exposed for 5 minutes to the same objects, one
stationary and one displaced. The expectation was that, after
the intertrial interval, most mice would spend more time with
the displaced than the stationary object.

We measured the time of exploration on each object,
expressed as a proportion (percentage) of the total time
of exploration. Possible significant differences were also
detected with the two-tailed t-tests for dependent groups
[40].

2.4. Perfusion and Histology. At week 18 after injection, when
ME7-Y mice show typical behavioral signs of preclinical dis-
ease, including a significant reduction in burrowing activity
and increase in locomotor exploratory activity [35], they
were weighed, i.p. anesthetized with 2,2,2-tribromoethanol
(Sigma-Aldrich, USA) (250 mg/kg body weight), and per-
fused transcardially with heparinized 0.9% saline solution
(50001U/L), followed by 4% paraformaldehyde in 0.1M
phosphate buffer (pH 7.2-7.4). After perfusion, the brains
were removed and sectioned in a vibratome (Micron) on the
horizontal plane (70 ym thick); see detailed histological pro-
cedures elsewhere [27]. Serial anatomical series of sections
(1:6) were collected and subjected to immunohistochemical
analysis, as described below.

2.4.1. Immunohistochemistry for GFAP and Ibal. The mor-
phology and number of astrocytes were assessed using the
primary antibody to GFAP (Millipore© # MAB360) and Ibal
(Wako®© # 019-19741). Brain sections from both diseased and
control animals were selected randomly and systematically,
taking one in every six slices of 70 ym. The sections were
washed in 0.1 M phosphate buffer, pH 7.2-7.4, and pretreated
for 60 minutes in 0.2 M boric acid solution, pH 9.0, at 70°C for
antigenic recovery. After being washed with PBS-5% Triton,
sections were transferred for 15 minutes to a solution of 0.3%
hydrogen peroxide in 0.1M phosphate buffer, pH 7.2-74.
After washing sections in PBS, we followed the protocol for
the Mouse-on-Mouse Kit (Vector Laboratories), using anti-
GFAP or anti-Ibal primary antibodies at 1:400 in 0.1 M PBS,
pH 72-74.

Finally, sections were washed in PBS and incubated in
ABC (Avidin-Biotin Complex Vector Laboratories) for 30
minutes. The DAB/nickel/glucose oxidase/diaminobenzidine
protocol was used to reveal GFAP and Ibal binding sites
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[41]. Sections were mounted on gelatinized slides, left to dry
at room temperature, and subsequently counterstained with
cresyl violet, dehydrated in alcohol (70, 80, 90, and 100%), and
cleared in xylenes before being covered with Entellan (Merck)
and cover slips for further analysis.

2.4.2. Protease-Resistant PrP“ Immunolabeling. Sections im-
munoreacted to detect PrP protease resistance were pre-
treated in formic acid 85%, for 30 minutes, incubated in
trypsin 0.05% at room temperature for 10 minutes, and
then transferred to a solution of 0.1M citrate buffer, pH
6.0, at 90°C for 1 hour. Sections were rinsed in 0.1 M PBS-
Triton X-100 (5%). After a wash in PBS, the sections were
subjected to the Mouse-on-Mouse (MOM) Blocking Kit
(Vector Laboratories, Burlingame, CA, USA) protocol, as
follows: MOM IgG blocking for one hour, primary antibody
exposure for 72 hours (ABCAM, mouse monoclonal [8H4] to
Prion protein PrP, 1:2500) diluted in 0.1 M PBS, and washes
in 0.1M PBS three times for 5 minutes, followed by MOM
Biotinylated Anti-Mouse IgG Reagent for 12 hours. Sections
were treated with 0.3% hydrogen peroxide in 0.1 M phosphate
buffer, pH 7.2-74, then transferred to ABC solution for 1
hour, and washed again before incubation in acetate buffer
0.2M, pH 6.0, for 5 minutes and revealed in GND solution
(diaminobenzidine 0.5 mg/mL, ammonium nickel chloride
0.6 mg/mL, and glucose oxidase). All steps were carried out
under gentle and constant agitation.

2.5. Stereology. The quantitative analysis of the number of
objects of interest in regions of interest in infected mice or
controls from the different environmental conditions was
performed using the optical fractionator method [42]. The
regions of interest were the CA3 stratum radiatum and the
polymorphic layer of the dentate gyrus (DG) of the dorsal
hippocampal formation. Their boundaries were defined using
a 4x objective optical microscope (Nikon Eclipse 80i, Japan)
equipped with a motorized stage to control the X, Y, and
Z coordinates with help of a stage controller (MAC6000,
Ludl Electronic Products, Hawthorne, NY, USA). This system
was coupled to a computer containing the Stereo Investiga-
tor program (MBF Bioscience, Williston, VT, USA), which
recorded the three-dimensional coordinates and stored the
stereological data. A 100x objective was used to count
and reconstruct astrocytes. The stereological parameters for
counting astrocytes were dissector 12, guard 1, and counting
probe 80-60 for the CA3 and DG regions, with a sample grid
130-100 for CA3 and 100-80 for DG.

Astrocyte cell body volume was obtained during the
counting procedures using an optical fractionator. The satel-
lite probe “nucleator,” when run in parallel with the optical
fractionator, allows each cell to have the same probability of
being selected regardless of shape, orientation, or size [43].
The analysis consisted of the superposition of six radial lines
(the number of lines configured according to interest) that
crossed the cell body in the center of the point marked by
counting the optical fractionator. The user identified the point
at which each radial line intersected the edge of the cell body,
and the spreadsheet program provided the results for volume,
area, and the coefficient of error.
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FIGURE 2: Burrowing activity. (a) Amount of burrowed food in the ME7-SE group compared to NBH-SE controls. Note significant reduction
at 11 wai in ME7-SE compared with NBH-SE and at 15 wai in ME7-EE compared with NBH-EE. (b) ME7-SE young mice were different from
ME7-A mice between 13 and 16 wai, and NBH-A showed a reduction in burrowing activity at 16 wai. (" < 0.05, ** P < 0.01 versus NBH-SE;
*p < 0.01 versus NBH-EE; " p < 0.01 versus ME7-A; **p < 0.01 versus NBH-SE; Two-way repeated measures Bonferroni posttests).

2.6. Three-Dimensional Reconstruction of Astrocytes. For
three-dimensional reconstruction of astrocytes, we used ded-
icated software (Neurolucida, Microbrightfield, Williston,
VT, USA) to store the coordinates of points of interest. To
avoid ambiguity in the identification of objects of interest
and provide greater accuracy in the reconstruction, the 4.0x
objective was replaced by a high-power objective, the Plan
Fluor 100x (NA 1.3; DF = 0.2 uM, Nikon, Japan). A total of
171 astrocytes were reconstructed, 12 to 14 for each animal, all
from the DG polymorphic layer.

We adopted a random and systematic sample procedure
in the same sections analyzed by the optical fractionator,
as has been suggested [44]. Astrocytes were selected from
boxes of 70 x 70 um, separated from each other by 200 ym
intervals. Only astrocytes located within the box bound-
aries were selected for analysis. In rare exceptions, when
no cells inside the box met the standard immunostaining
and integrity requirements of the branches, astrocytes were
chosen that were located near the edge of the box. We applied
correction for shrinkage related to histological processing
for all experimental groups but only for the Z-axis, with an
assumption of 75% shrinkage, as previously suggested [45].

To assess morphological changes in astrocytes associated
with murine prion disease, we measured and compared
14 morphological parameters of astrocytes reconstructed
from the DG polymorphic layer of NBH and ME7-infected
animals. Thus, each reconstructed astrocyte was the subject of
multiple measures. Detailed descriptions of these 14 parame-
ters (segment length, ym; total number of endings; segment
surface area, um?; segment volume, ym’; segments/mm;
fractal dimension, k-dim; branch node total; segment num-
ber; complexity; tree number; soma area, um?; soma perime-
ter, ym; convex hull, ym3) can be found elsewhere [46].

2.7, Statistical Analysis. The results from the Stereo Investi-
gator, Neurolucida, and Any-Maze program were statistically
analyzed using BioEstat 5.3 and GraphPad Prism software
[47], applying parametric tests and multivariate analyses to

establish differences or similarities among groups. A p <
0.05 was considered to indicate significance. The results are
presented as arithmetic means and standard error values.

3. Results

3.1. Behavioral Changes. Our findings related to the environ-
mental influence on prion disease progression are limited
to young mice whereas those related to age influence are
limited to mice raised on standard cages. ME7-SE but not
ME7-A mice showed typical behavioral changes with disease
progression [37]; however, as compared to young mice from
standard cages, ME7-EE young animals seemed to exhibit
slower disease progression. Figure 2 shows the amount of
burrowed food as a function of time progression. Two-way
repeated measures ANOVA revealed significant interaction
between infection and temporal progression (Figure 2(a),
F = 6.39, p < 0.0001; and Figure 2(b), F = 5.71, p <
0.0001). EE influenced burrowing activity of prion-diseased
mice; indeed, compared to NBH control groups, the amount
of burrowed food in ME7-SE infected animals dropped
significantly at 11 wai, but ME7-EE mice showed significant
reduction only at 15wai (Figure 2(a)). However, one-way
repeated measures ANOVA revealed significant differences in
burrowing between 7 and 15 wai for both ME7-SE and ME7-
EE animals. No change in burrowed food was seen in control
groups (NBH-SE and NBH-EE).

In contrast with young adult ME7-SE mice which
show significant differences in burrowing activity, two-way
repeated measurements ANOVA showed that aged mice
ME7-A group did not differ in burrowing activity from
age-matched controls (NBH-A). However, significant dif-
ferences between ME7-A and ME7-SE at 13, 15, and 16 wai
and between NBH-A and NBH-SE at 13, 16, 17, and 18 wai
were found as an effect of aging (Figure 2(b)). One-way
repeated measures ANOVA revealed significant differences
between 7 and 16 up to 18 wai in ME7-A and between 7
and 17 up to 18 wai in NBH-A. For detailed statistical data,
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FIGURE 3: Object recognition impairments. At 17 wai, all mice were tested on object recognition tasks to recognize placement and identity of
objects. (a) ME7-SE, NBH-A, and ME7-A did not distinguish displaced from stationary objects. All other groups succeeded in this task. (b)
In the object identity recognition task, except for ME7-A, all groups recognized the identity of the objects (* P < 0.05, ** P < 0.01; two-tailed

t-tests).

see Table S1 in Supplementary Material available online at
https://doi.org/10.1155/2017/4504925.

Taken together, our findings suggest that prion-diseased
young adult mice progressively reduced burrowing activity
starting at 11 wai and that EE postponed this decrease by about
4 weeks, whereas aged mice, independently of infection,
reduced significantly burrowing activity without significant
differences in the amount of burrowed food between NBH-A
and ME7-A individuals.

3.1.1. Spatial Memory and Object Identity Recognition. Fig-
ure 3 shows that significant differences were identified
between time spent on exploration of displaced and sta-
tionary objects in the object placement test (Figure 3(a)).
Significant differences between the amount of time spent
on the exploration of familiar and novel objects were used
as an indicator of object recognition in the object identity
test (Figure 3(b)). Note that, on average, ME7-SE, NBH-A,
and ME7-A could not distinguish displaced from stationary
objects. All other groups succeeded in this task. However, all
groups except ME7-A recognized the identity of the objects
(Figure 3(b)), suggesting that the disease and aging first
impair spatial memory task performance. At least in this
time window, prion-diseased mice had their object identity
recognition preserved. Although control aged mice could not
distinguish between stationary and displaced objects, they
distinguished between familiar and novel objects, whereas
prion-diseased aged mice lost those abilities. For statistical
details, see supplementary Table S2.

3.2. Prion Disease Pathology and Astrocytes Morphology
at 18 wai. Stereological estimation and three-dimensional
morphometric analysis of astrocytes were used to detect
reactive astrocytosis in prion-diseased mice. At 18 wai histo-
logical signs of prion disease appeared in areas of injection,
stereological, and morphometrical analyses, including PrPSc
deposition, inflammatory microglial response, vacuolation
(Figure 4), and reactive astrogliosis (Figure 5).

Reactive astrocytosis is clearly evident in prion-diseased
young mice (ME7-SE and ME7-EE) but not in prion-injected
aged mice (ME7-A). As compared to young mice, astrocytes
from aged groups (NBH-A and ME7-A) are shrunk (Figure 5).

We compared control and ME7-infected animals from
different environments or different ages to detect potential
alterations in astrocytes (Figures 6 and 8).

Figure 6 shows in young adult mice the environment (F =
10.02; p = 0.011) and disease (F = 6.02; p = 0.036) and
influences on the total number of astrocytes in the DG poly-
morphic layer and stratum radiatum of CA3 (environment,
F = 5.23; p = 0.045), with specific comparisons between
groups given in Supplementary Table S1.

In the polymorphic layer, ME7-SE mice had higher
number of astrocytes than NBH-SE animals (5342 + 227.5
versus 3912 + 376.3) whereas nonsignificant differences were
detected in the comparisons between ME7-EE and NBH-EE
(Figure 6(a)). However, as compared with SE, EE increased
the number of astrocytes in the polymorphic layer in controls
(NBH-EE versus NBH-SE). In the stratum radiatum of CA3,
aged mice showed a significantly higher number of astrocytes
than young adults (Figure 6(b)).
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FIGURE 4: Photomicrographs from PrPSc and Ibal immunolabeled sections from the polymorphic layer of dentate gyrus and striatum to
illustrate mouse prion disease associated histological changes. Note PrPSc deposits and morphological activated microglia and vacuolation

in ME7-SE. Scale bar: 25 ym.

FIGURE 5: Photomicrographs from control and prion-diseased mice at 18 wai to illustrate morphological astrocytic changes in the stratum
radiatum of CA3 from young and aged adults from standard and enriched environments. Scale bar: 25 ym.

Different from the polymorphic layer, the stratum radia-
tum of CA3 of ME7-EE showed a higher number of astrocytes
than that of ME7-SE mice whereas nonsignificant differences
were detected in the comparisons between ME7-SE and
NBH-SE or ME7-A and NBH-A animals (Figure 6(a)). The
disease condition increased astrocyte cell body volume in
ME7-SE and ME7-EE groups in the DG polymorphic layer
and stratum radiatum of the CA3 (Figures 6(c) and 6(d)).
However, EE reduced this hypertrophic effect on cell body
astrocytes of ME7-EE group in the stratum radiatum of
CA3. Prion disease did not produce volume changes in cell
bodies in aged mice (ME7-A versus NBH-A); coherently,
as compared with young infected mice cell body volumes
from aged infected mice are smaller (ME7-A versus ME7-SE)
(Figure 6(d)). A significant interaction between disease and
environment (F = 11.77; p = 0.006) and between disease and
age (F = 62.02; p < 0.0001) was found in CA3 astrocytes cell
body volumes. See Supplementary Table S3 for more details.

Figure 7 shows graphic representations of astrocyte
morphological changes on astrocyte three-dimensional

reconstructions of the polymorphic layer at 18 wai. The
total volume of branches was influenced by prion disease
(Fruio) = 245.1; p < 0.0001), EE (Fy 1) = 5.1 p = 0.046),
and aging (F;;;) = 49.36; p < 0.0001) with significant
interactions between these variables (prion and environment:
Fg,19) = 10.91; p = 0.008; prion and aging: F(; ;;, = 53.10;
p < 0.0001). In contrast, the surface area of branches was
affected only by prion disease independent of environmental
condition (F; ;o) = 96.74; p < 0.0001) and by aging (F ;;) =
22.72; p = 0.0006), with a significant interaction between
prion disease and aging (F; ;) = 44.76; p < 0.0001). The
total length of branches was influenced by prion disease
(F1,11) = 5.039 p = 0.046) and aging (F; ;) = 23.21; p =
0.0005). In agreement, two-way ANOVA Bonferroni
posttests (Table S3) revealed, as compared with NBH-SE and
NBH-EE, significantly higher branch volumes in the ME7-SE
and ME7-EE animals. ME7-EE and ME7-A groups showed
reduced branch volumes compared to ME7-SE animals
(Figure 7(a)). As compared with NBH-SE and ME7-A
groups, ME7-SE showed an increase in the surface of the
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FIGURE 6: Astrocyte number and cell body volume changes. (a) In the polymorphic layer, ME7-SE mice showed higher number of astrocytes
than NBH-SE animals. AS compared with NBH-SE, an increased number of astrocytes is observed in NBH-EE. (b) In the stratum radiatum
of CA3, NBH-A and ME7-A mice showed higher number of astrocytes than NBH-SE and ME7-SE animals, respectively. In contrast to the
polymorphic layer, stratum radiatum of CA3 of ME7-EE showed a higher number of astrocytes than that of ME7-SE mice. (c) and (d) show
prion disease influence on the cell body volumes of astrocytes in the DG polymorphic layer and stratum radiatum of the CA3, respectively.
ME7-SE and ME7-EE showed significant soma hypertrophy in astrocytes from DG and CA3 compared with their respective controls. However,
ME7-A cell body volume was smaller than ME7-SE in the polymorphic layer and stratum radiatum of CA3 layers. In the stratum radiatum of
CA3, the cell body volume of astrocytes from ME7-EE mice was smaller than that of ME7-SE animals ( “*p < 0.05; **p < 0.01; " p < 0.001

Bonferroni posttests).

branches. Similarly, as compared with NBH-EE, an increase
in the branch surface area was found in ME7-EE mice. A
similar increase in branch surface areas was also found in
NBH-EE in comparison with NBH-SE (Figure 7(c)). On
average, the branches of the ME7-SE group were significantly
longer than those from the NBH-SE and ME7-A groups.
Differences in branch volumes between NBH and ME7
started at the first-order branches and persisted until the
sixth order in SE groups but only until the fourth order
in EE animals (Figure 7(b)). Prion disease also seemed to

affect the surface of more distal branches of the SE group
(fourth order) compared to the EE group (third order)
(Figure 7(d)). Although no differences were observed in the
total length of these branches, the first- and second-order
branches were longer in ME7-EE in comparison with NBH-
EE mice (Figure 7(f)). For more details, see supplementary
Table S3.

Figure 8 shows graphical models of three-dimensional
reconstructions of astrocytes of the polymorphic layer of the
DG with correspondent dendrograms, to compare astrocytes
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FIGURE 7: Astrocyte morphometry. (a) ME7-SE and ME7-EE mice showed significantly higher branch volumes compared to NBH-SE and
NBH-EE animals, respectively. ME7-EE and ME7-A groups had reduced branch volumes versus ME7-SE mice. (¢) Prion disease also increased
the surface area of astrocyte branches compared with NBH-SE and ME7-A groups. An increase in branch surface area also was seen in ME7-
EE versus NBH-EE mice and in NBH-EE versus NBH-SE animals. (e) ME7-SE astrocytes showed significantly longer branches than NBH-SE
and ME7-A astrocytes. (b, d) Total volume and total surface area in ME7-SE mice were found in the Ist, 2nd, 3rd, 4th, 5th, and 6th branch
orders whereas, in EE animals, effects on surface area were limited to branches from the 1st to 3rd orders, and volume differences were limited
to between the 1st and 4th orders. (f) 1st and 2nd branch orders from ME7-EE were significantly longer than the corresponding branches of
ME7-SE. Nonsignificant alterations were detected in aged mice (" P < 0.05; = p < 0.01; " p < 0.001 Bonferroni posttests).
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FIGURE 8: Three-dimensional reconstructions of astrocytes of the DG polymorphic layer at 18 wai (a) with corresponding dendrograms (b)
in prion-diseased mice and age-matched controls. Note that aging seemed to shrink astrocyte arbors and that prion disease seemed to be
associated with thicker astrocyte processes and larger cell bodies. EE was associated with an increase in the number of branches and a reduction
in the prion disease-induced hypertrophy. Linear dendrogram of each astrocyte arbor with the length of each branch segment is displayed to
scale as vertical lines and sister branches is horizontally displaced. Arrows indicate changes induced by each variable (environment, infection,
and age). Dendrogram was plotted and analyzed with Neuroexplorer (MicroBrightField). Branches of the same parental (primary branch)

trunk are shown in one color. Scale bar: 10 ym.

from prion-diseased mice at 18 wai with those of control mice
to measure possible influences of environment and age on
astrocyte morphology. To illustrate morphological changes,
the mean values of multiple measurements of branches and
soma astrocytes were previously estimated, and the selected
reconstructions exhibited metric features close to the mean
values of the mean astrocyte of each experimental group.
Note that, as compared to control mice, prion-diseased
animals show a remarkable increase in the soma and branch
volumes of astrocytes.

Figure 9 shows graphic representations of convex-hull
analysis applied to the reconstructed astrocytes from the DG
polymorphic layer at 18 wai. As compared with NBH-SE mice,

EE increased by as much as 91% the total tree field volume of
the astrocytes (NBH-EE versus NBH-EE = 4778.95 + 110.85
versus 2500.77+306.17;t = 2.74, p < 0.05; two-way ANOVA,
Fio) = 6.14; p = 0.035).

Figure 10 shows graphical representations of cluster anal-
ysis of all reconstructed astrocytes (n = 269) to test the
hypothesis that astrocytes from prion-diseased mice (ME7-
SE, ME7-EE, and ME7-A) are morphologically distinct from
control mice astrocytes (NBH-SE, NBH-EE, and NBH-A).
Branch length, number of branch nodes, and soma area
were the morphological features that most contributed to the
cluster formation of young adult groups (Figure 10(a)). A
canonical graphic representation of the discriminant analysis
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FIGURE 9: Graphic representations of convex-hull analysis showing
that EE increased by as much as 91% the total tree field volume of
the astrocytes from NBH-EE as compared with NBH-SE mice ("p <
0.05; Bonferroni posttest).

based on these morphological features revealed significant
interception between ME7 astrocytes and between NBH-SE
and NBH-EE mice. Except for one individual from NBH-
EE, included in the zone of interception of ME7-SE and
ME7-EE, no other interceptions were observed between NBH
and ME7 individuals (Figure 10(c)). Significant logarithmic
correlation (R* = 0.63, F = 285.05, and p < 0.00001) was
detected between branch volumes and soma area, suggesting
an interdependence between these morphological features
(Figure 10(d)). Tree surface, soma area, branch length, branch
nodes, and tree volume were the morphological features that
most contributed to the cluster formation of aged groups
(Figure 10(b)). A canonical graphic representation of the dis-
criminant analysis revealed significant interception between
ME7-A, NBH-A, and NBH-SE astrocytes, with significant
differences in Mahalanobis centroid distance (F; ;7
69.89, p < 0.0001) from the ME7-SE astrocytes (Figure 10(e)).
Figure 11 shows graphical representations of cluster anal-
ysis of each experimental group (NBH-SE, NBH-EE, ME7-
SE, ME7-EE, NBH-A, and ME7-A) to test the hypothesis
of occurrence of astrocyte morphological families inside
each group. Discriminant analysis and two-tailed t-tests of
morphometric features indicate the morphometric features
that most contribute to cluster formation and distinguish
astrocytes from different morphological families. Note that
astrocytes from ME7 groups tended to have larger somas
and thicker branches than astrocytes from control groups.
Control groups from the SE animals exhibited only two mor-
phological families of astrocytes whereas EE mice showed
four distinct morphological families. A third family was
found in NBH-EE, showing larger astrocyte trees (surface
area) than the other three families. ME7 groups showed
in general larger soma and branch surfaces than control
mice, distributed into four different families where astrocyte
families exhibited larger surface area than control mice
astrocyte families. In addition, two of these astrocyte families
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from ME7 mice exhibited significantly higher values for
branch surface areas than all NBH families. Different from
MET7-SE, the ME7-EE group showed only one family with
higher surface area than the control NBH-EE group. Aged
groups also had three morphometrically distinct families of
astrocytes, and the NBH-A group had the family with the
lower surface area. Branch surfaces (all groups), soma area
(ME7 groups), and branch length (EE and NBH-A groups)
were the morphometric features that most contributed to
cluster formation.

Astrocyte morphological changes in prion-diseased
young adult and aged mice are illustrated in Figure 12.
Cluster analysis and canonical distribution of discriminant
analysis revealed a clear distinction between NBH and
ME?7 young adults. Branch volume was the morphometric
feature that most contributed to the cluster formation.
However, ME7-A and NBH-EE control mice could not
be distinguished from one another, suggesting that prion
disease in aged mice did not change astrocyte morphology in
the same proportion as it did in younger mice. Soma volumes
estimated by the nucleator method were linearly correlated
with branch surfaces and volumes (R* = 0.83; F,19) = 94.92;
p < 0.00001), suggesting interdependence between these
variables.

4. Discussion

The neuropathology of prion disease has been widely inves-
tigated in experimental models, contributing new under-
standing about cellular and molecular mechanisms of chronic
neurodegeneration. However, most of previous contribu-
tions to understand neuropathology and clinical signs and
subjacent neuropathology of prion disease were done at
late stages of the disease [5] when motor impairments and
posture changes are evident [48, 49]. Before clinical signs
(used to define the incubation period), preclinical signs
may be apparent including reduction in burrowing activity,
anhedonia, and significant increase of open field activity
[50]. Burrowing is by far the most sensitive task to detect
early hippocampal dysfunction in mouse prion disease which
coincides with preclinical stage onset [34]. In this study, we
combined three-dimensional reconstruction and an unbiased
stereology sampling approach to quantify morphological
changes of astrocytes in young and aged diseased animals in
the preclinical stage (18 wai) to investigate the hypothesis that
EE would slow prion disease progression. Our findings from
the DG and CA3 revealed that astrocytes from prion-diseased
animals show numerical and morphological differences when
compared to control animals. The DG polymorphic layer is
targeted by reactive astrocytosis in ME7 groups, showing an
increase in cell body volume and number of astrocytes, while
in CA3, prion-induced changes were limited to cell body
hypertrophy defined as significant increase in the volume
of soma. The three-dimensional morphometric analysis of
astrocytes from the polymorphic layer of infected animals
also revealed significant hypertrophy of proximal and distal
segments and significant changes in the branching pattern
of astrocytes. EE control animals showed significant changes
in morphology of astrocytes from the polymorphic layer
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FIGURE 10: Graphic representation of results of multivariate statistical analysis of morphometric features of all reconstructed astrocytes
(n = 269). (a) Dendrogram illustrating astrocyte morphological phenotypes of the DG polymorphic layer from infected and control adults.
Branch length, nodes, and soma area were the morphological features that most contributed to cluster formation in young adult groups.
(b) Dendrogram illustrating astrocyte morphological phenotypes of the DG polymorphic layer from infected and control aged mice. Tree
surface, soma area, branch length, branch nodes, and tree volumes were the morphological features that most contributed to the cluster
formation of SE young adults and aged groups. (c) Canonical distribution of the discriminant analysis of morphological phenotypes of the
polymorphic layer from both control and infected adult mice. Canonical analysis based on these morphological features revealed significant
Mahalanobis distance between ME7 and NBH astrocytes and (e) between ME7-SE and all others. (d) Significant logarithmic correlation was
detected between branch volumes and soma area, suggesting an interdependence between these morphological features.

by increasing the number of branches and the volume of
parenchyma covered by astrocyte trees. In addition, EE was
associated with increased number and GFAP immunos-
taining of astrocytes. As compared with prion-diseased SE
animals, infected EE mice showed a reduction in the increase
in CA3 astrocytic cell bodies, mimicking the effects of EE
on astrocyte process volume and spatial distribution in the
polymorphic layer of infected animals. In the CA3, aged mice
also showed a higher number of astrocytes and significant
cell body atrophy in the DG polymorphic layer and CA3.
The branches of astrocytes were not significantly altered in
aged mice, and prion disease did not affect their morphology.
Multivariate statistical methods revealed morphologically
distinct subtypes of astrocytes in each experimental group,
but the molecular mechanisms and functional implications
of such changes remain to be investigated. In the present
report we found that ME7-SE, NBH-A, and ME7-A failed to
recognize object placement and only ME7-A failed to recog-
nize object identity at 18 wai. The one-trial object recognition
task involves memory of a familiar object in parallel with
the detection and encoding of a novel object. It has been
largely suggested that novelty preference concept should be

used to interpret identity and placement object recognition
in many relevant studies, including mice and rats [37, 39,
40, 51]. Indeed, a normal mouse when exposed to a familiar
object alongside a novel object frequently spends more time
exploring the novel than the familiar object and this has been
indicated that a memory of the familiar object is available
[38]. However, our findings indicate that NBH-EE spent more
time in the stationary object than in displaced object and in
the object recognition identity test ME7-SE, NBH-EE, and
NBH-A spent more time in the familiar object than the new
object.

Because these results are unexpected outcomes for this
type of tests previous reports suggest they could be associated
with neophobia and anxiety-like behavior [52, 53]. However,
the validity of this concept has been recently questioned and
the novelty preference model and novelty-bias hypothesis
proposed to account for object recognition memory have
been reexamined [38, 54]. In addition, neophobia as an
explanation of rodents preference for familiar objects has
been questioned [54]. To minimize neophobic behavior, we
applied in the present report the object recognition protocol
described elsewhere [39] in which animals are handling for 7
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Astrocytes associated with SE exhibited only two morphological families, whereas those from EE animals showed four distinct morphological
families. Astrocytes from ME7 groups were distributed into four different families with a larger surface area, and two of these astrocyte families
exhibited significantly higher values for branch surface areas than all NBH families. Aged groups showed three astrocyte families. NBH-A
formed a family with smaller surface area, suggesting that SE and aging, acting together, shrank astrocytes trees. In contrast, prion disease
increased it. Branch surfaces (from all groups), soma area (from ME7 groups), and branch length (from EE and NBH-A groups) were the
morphometric features that most contributed to cluster formation. (*P < 0.05; ** P < 0.01; *** P < 0.001, Bonferroni posttests).
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FIGURE 12: Astrocyte morphological changes in prion-diseased adult and aged mice. (a) Cluster analysis and (b) canonical distribution of
discriminant analysis. Note the clear distinction between NBH and ME7 young adults in both cluster and discriminant canonical analysis.
Branch volume was the morphometric feature that most contributed to the cluster formation. However, ME7-A and NBH-EE control mice
occupy the same cluster in the dendrogram, suggesting that prion disease in aged mice did not alter astrocyte morphology as it did in adult
mice. (c) Soma volumes estimated by the nucleator method are linearly correlated with branch and volumes.

consecutive days and then introduced to the test apparatus
for several sessions of habituation (5 days) without and
with objects before the start of the object recognition test.
If we succeeded in our attempts to reduce neophobia, it
remains a temptation to speculate that significant differences
between times spent in the objects (either novel or familiar)
are not a consequence of neophobia and do require object
recognition (to recognize familiar object) or the absence

of familiarity (to identify new object). In both cases the
ability to recognize familiar objects or detect novelty should
be intact. Another important issue is related to the fact
that aged infected mice did not distinguish object identity.
Is this impairment related to prion disease or is this a
consequence of aging? Because control aged mice distinguish
object identity, it may be possible that prion disease could be
associated with this deficit. However, because both normal
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and prion-diseased aged mice reduced at the same time
window burrowing activity it is reasonable to suggest they
may have both hippocampal dysfunction [34]. Whether or
not these hippocampal dysfunctions have the same cause
remains to be investigated.

4.1. Astrocytic Changes in Albino Swiss Mouse Model of Prion
Disease. Astrocytes exhibit typical morphological changes
when they are reactive, and the main feature of these changes
is an increase in GFAP expression; to our knowledge, this
study is the first to describe morphological changes in astro-
cytic three-dimensional reconstruction in an experimental
mouse model of prion disease using a stereological sampling
approach to select astrocytes for reconstruction. A single
quantification of the total number of astrocytes in exper-
imental models of prion disease by stereological methods
was performed previously [27], and the majority of available
data are limited to two-dimensional quantification and qual-
itative analysis. Our previous results [27] and present find-
ings revealed a significant increase in GFAP-immunolabeled
astrocytes in the DG polymorphic layer at 18 wai with ME7-
infected brain homogenate in both hippocampal formation
and dorsal striatum. Although previous findings indicated
increased GFAP synthesis as the main protein affected over
the time course of prion disease [4], no significant numerical
increase in astrocytes was detected by studying cells with
double staining for Ki67 and GFAP at 21wai with ME7-
infected brain homogenate in the hippocampus. It remains to
be investigated if these differences in GFAP results are related
to the adoption of distinct experimental models or technical
procedures.

In response to CNS inflammation astrocytes may adopt
neurotoxic or neuroprotective functional phenotypes [55].
In the present report the cluster analysis based on surface
area (discriminant variable) suggested that astrocytes from
polymorphic layer of dentate gyrus of young adult ME7
infected groups include 4 morphological distinct families.
The highest values of surface area indicating thicker astro-
cytes branches correspond to an increase in GFAP expression.
Because pro- and anti-inflammatory gene expression induces
an increase in glial fibrillary acidic protein expression we
do not know, limited to morphological phenotypic analysis,
in what direction (neurotoxic or neuroprotective) astrocytic
functional polarization is oriented for [56]. Similarly con-
trol animals from enriched environment showed two more
astrocytic families than controls from standard environment.
Although it is reasonable to suggest that environmental
enrichment may induce neuroprotective phenotypes, mor-
phological analysis alone is not enough to confirm this
hypothesis.

4.2. Relations among Prion Disease and Reactive Astrocytosis
in the DG, EE, and Cognitive Function. In homeostatic
conditions, the memory formation of recent events is entirely
dependent on DG. Indeed, the dendrites of the granular
neurons of the DG are the main target of the entorhinal-to-
DG projection, and placement of these synapses in the DG
molecular layer is the first step in episodic memory formation
[57]. The integrity of the DG but not the CAl is essential to the
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discrimination of similar objects in different contexts [58].
Given this functional architecture, it is reasonable to propose
that astrocyte changes associated with the DG in sick animals
may contribute directly to breaking the homeostatic balance
of the neuronal microenvironment, alter synaptic function,
and compromise the neurogenesis of the subgranular layer.
In fact, from the data gathered in this study, it becomes
apparent that behavioral changes worsen over the time course
of the disease and that this worsening is evident from
the performance on hippocampal-dependent tasks. The first
signs of hippocampal-dependent sickness that are behavior
dependent are observed in burrowing activity tests, nest
building, and consumption of glucose, all arising around
12 wai, while motor changes such as open field exploration
and muscle strength show signs of change around 18 wai [35].
Our results show that the ME7 injection in the dorsal striatum
did not change the temporal course of the disease compared
to prion disease induced by hippocampus injection. Injection
in both places showed clear hippocampal degeneration and
corresponding changes in burrowing activity at 11wai for
SE mice and at 15wai for EE mice. Previous studies have
shown that, regardless of the route of inoculation of the prion
agent, the hippocampus is one of the main targets of chronic
neurodegeneration associated with the disease [59, 60], and
the burrowing test is sensitive and specific to hippocampal
damage [34, 61]. As far as we know, our results are the first to
demonstrate a spatial memory decline in object recognition
associated with reactive astrogliosis in a murine model of
prion disease. We are also the first to demonstrate a reduction
in the rate of prion disease progression in EE mice.

Physical exercise and multisensory stimulation have been
applied as effective nonpharmacological interventions to
decrease the rapidity of AD progression. EE is widely used
in experimental models in many neurodegenerative diseases,
resulting in a growing number of publications investigating
the cellular and molecular mechanisms underlying the neu-
roprotective effects it may confer [14, 15]. Because previous
studies have not been conducted to investigate the impact
of EE in prion disease, we are left with the comparison with
other experimental models using transgenic mice models for
AD maintained in EE [16, 17]. In AD (PDAPP-J20) model,
EE decreases the volume of GFAP-immunolabeled astrocytes
[38]. Similarly, these findings were later confirmed in another
transgenic mouse model of AD (3xTg-AD) which showed
that mice from EE had a significant decrease in the surface
and volume of cell bodies and branches of astrocytes [62].
Our findings are in line with both observations.

In addition, our findings expand previous results and
contribute to the understanding of astroglial morphological
plasticity in healthy animals exposed to an EE. Indeed; we
investigated previously whether aging and environmental-
related influences on learning and memory were correlated
with astroglial changes in the DG [23]. We demonstrated
that episodic-like memory was absent in mice raised in
impoverished conditions but was preserved in both young
and aged EE mice and these results were associated with a
laminar-dependent increased number of astrocytes in both
aging and EE. Thus, impoverished conditions seem to be
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associated with abnormal cognitive development and an
altered laminar distribution of astrocytes in the DG [23].

Therefore, we earlier suggested that astrocytosis in differ-
ent conditions may arise from different astrocyte phenotypes.
Here, we expanded our previous results, which were limited
to the molecular layer of the DG, to the polymorphic layer,
where we also found an increased number of astrocytes,
increased number of branches, and increased volume of the
neuropil covered individually by each astrocyte. These results
can be compared to those of Viola et al. (2009), in which
the two-dimensional reconstruction of astrocytes from the
stratum radiatum of CAl showed increased branching after
8 weeks of EE [25].

Similarly, Sampedro-Piquero et al. [26] demonstrated
that improvement in cognitive performance in older EE mice
may be related to an increase in GFAP selective immunore-
activity for astrocytes in the DG and CA3 and by increasing
the length, number of intersections, and branching nodes of
astrocytes of the DG, CAl, and CA3. Moreover, Beauquis and
collaborators [62] used confocal microscopy and immunos-
taining for GFAP to show that CAl astrocytes increased
the branching pattern after 3 months of EE. In pathological
conditions, astrocytes from EE animals started to produce
neurotrophic factors such as BDNF and GDNF [63] and
altered the immune response by promoting neuroprotective
cytokine modulation.

Taken together, our results demonstrate for the first time
in an albino Swiss mouse ME7 model of prion disease
that EE produces reduction in the rate of cognitive decline
measured with hippocampal-dependent tasks which was
associated decreased reactive astrocytosis. However, in the
present report, whereas most young mice revealed both
preclinical and neuropathological signs of prion disease, aged
mice failed to develop these features. Thus, in contrast to old
age, young age may be a risk factor for infectious prion disease
following exposure to prion agent [15]. Our findings confirm
and expand other reports demonstrating that, in contrast to
adult young mice, which succumbed to clinical prion disease,
no aged mice exposed to prion agent developed clinical
disease [13, 14]. Different though from previous descriptions
demonstrating that both aged and young mice infected with
scrapie agent directly into the brain were fully susceptible to
disease and developed clinical scrapie with similar incubation
periods [13], our findings did not reproduce these results.
Indeed, in contrast with young adult mice, which showed
the full spectrum of clinical and neuropathological signs of
prion disease, at least until 18 wai, when all animals were
euthanized, neither clinical nor neuropathological features
of prion disease were found in ME7-infected aged mice.
Because we used the same amount of the same infected
ME?7 brain homogenate, injected in the same stereotaxic
coordinates, it is difficult to explain why albino Swiss aged
mice did not become ill. Previous comparisons between prion
disease models using albino Swiss mice and C57BL6 revealed
that, on average, early behavioral changes in albino Swiss
mice start 4 weeks later than in C57BL6 animals [27], so it
may be possible that strain differences contributed to these
contrasting results. Thus, our data suggest that when the ME7
agent is delivered directly to the brain of albino Swiss mice,
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host age can have a significant influence on the onset of
clinical disease.

4.3. Technical Limitations. Based on morphological analysis
of 3 selective astroglial markers (anti-GFAP, anti-glutamine
synthetase, and anti-S-10088) an emerging view that “astro-
cytes” constitute a heterogeneous population even within a
given region became apparent [64]. Thus, the present report
limited to GFAP-immunolabeled astrocytes may show only
part of the potential morphological and numerical changes
in mouse prion disease model, under influence of age and
environmental changes. With such clear limitation in mind,
it is worth recalling that previous studies, using stereology,
have shown that age [23, 65] and environment [23] appear
to induce changes in GFAP-immunolabeled astrocytes in
the dentate gyrus. In addition, an enriched environment
promoted changes in the astrocytes morphological pheno-
types which appeared longer and more ramified [25, 26],
stimulating neurogenesis and glycogenesis [66], increasing
the network of GFAP-immunolabeled cells [63].

Previous reports using different animal lineages, differ-
ent histological procedures, and counting methods revealed
contradictory results related to the influences of age and
environment on the number and morphology of astrocytes
[23, 24, 26, 63]. To minimize most sources of nonbiological
variation, we standardized all methodological procedures as
previously suggested [42, 65]. In addition, due to mechanical
factors associated with the vibratome sectioning and further
dehydration procedure, a nonuniform shrinkage in the z-
axis of the sections is obtained [67]. Thus, estimates of
modifications in the x/ y dimensions during tissue processing
cannot be linearly extrapolated to the z dimension. These
methodological constraints impose limitations that should
be taken into consideration when analyzing the present data.
However, it is important to note that an indication of a severe
shrinkage in z-axis is the curling of branches, implying that
individual processes did not shrink at the same rate as the
slice in which they are located. This pattern was not observed
in the reconstructed cells of our study. It was recently demon-
strated that the final thickness in the Z-axis is approximately
25% of the cut thickness after dehydration and clearing
[45] and therefore we applied 75% shrinkage correction
along the z-axis and no corrections to the x/y dimensions.
Finally, because microscopic 3D analysis is limited to a small
fraction of the whole area of interest, sampling limitation
is inevitable. However, as previously described [68], our
morphometric analysis of astrocytes combined stereological
sampling approach and three-dimensional reconstruction to
guarantee that all regions of the areas of interest had the same
probability to contribute to the sample of astrocytes three-
dimensionally reconstructed.

5. Conclusion

Overall, our findings revealed the beneficial effects of EE in
slowing prion disease progression and reducing neuropatho-
logical and behavioral outcomes. Moreover, they confirm
previous results suggesting that host age is an important
barrier to the full-spectrum manifestation of the clinical and
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neuropathological features of prion disease. Prion disease
neuropathological features have been suggested to be similar
to those of AD, but it is important to highlight that, in contrast
to AD, a chronic neurodegenerative disorder of the elderly,
prion disease does not appear to express its full severity in
aged immune systems.
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Stroke is a leading cause of death and neurological disability worldwide and striatal ischemic stroke is frequent in humans
due to obstruction of middle cerebral artery. Several pathological events underlie damage progression and a comprehensive
description of the pathological features following experimental stroke in both acute and chronic survival times is a necessary
step for further functional studies. Here, we explored the patterns of microglial activation, astrocytosis, oligodendrocyte damage,
myelin impairment, and Nogo-A immunoreactivity between 3 and 30 postlesion days (PLDs) after experimental striatal stroke
in adult rats induced by microinjections of endothelin-1 (ET-1). The focal ischemia induced tissue loss concomitant with
intense microglia activation between 3 and 14 PLDs (maximum at 7 PLDs), decreasing afterward. Astrocytosis was maximum
around 7 PLDs. Oligodendrocyte damage and Nogo-A upregulation were higher at 3 PLDs. Myelin impairment was maximum
between 7 and 14 PLDs. Nogo-A expression was higher in the first week in comparison to control. The results add important
histopathological features of ET-1 induced stroke in subacute and chronic survival times. In addition, the establishment of the
temporal evolution of these neuropathological events is an important step for future studies seeking suitable neuroprotective drugs

targeting neuroinflammation and white matter damage.

1. Introduction

Stroke is a devastating condition and a leading cause of
death and functional disability worldwide [1, 2]. This central
nervous system (CNS) disorder is characterized by obstruc-
tion of blood vessels (ischemic stroke) or their rupture
(hemorrhagic stroke) leading to metabolic collapse and a
multitude of secondary mechanisms, including excitotoxic-
ity, inflammation, metabolic acidosis, apoptosis, periinfarct
depolarization, and oxidative stress [1, 2].

Following stroke an intense inflammatory response
takes place, characterized by recruitment of neutrophils [3,
4], microglial activation [3, 5-7], and astrocytosis [8, 9].

Microglia activation plays both beneficial and detrimental
actions following experimental stroke [5, 10, 11]. Inhibition of
microglial activation with minocycline induces conspicuous
neuroprotection following focal ischemia [12-14], but other
experimental reports suggest that microglia may be also
beneficial following stroke [10, 15-17].

Astrocytes are activated following both acute [18, 19] and
chronic [20] neural disorders. These glial cells play both
detrimental and beneficial actions following stroke and spinal
cord injury (SCI) [21]. Astrocyte activation may contribute
to ischemic damage in the hippocampus by activation of
N-methyl-D-aspartate (NMDA) extrasynaptic receptors, a
phenomenon involving calcium signaling [19]. On the other
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hand, astrocytes seem to mediate endogenous neuroprotec-
tion following stroke, a phenomenon involving activation of
a glial-specific purinergic receptor, P2Y(1)R, and inositol 1,4,5
trisphosphate IP(3)/Ca*"" signaling [22].

Following stroke and SCI, neuroplasticity is inhibited by
white matter- (WM-) associated proteins, including Nogo-
A and proteoglycans [23]. Chondroitin sulfate proteoglycans
(CSPS) are associated with astrocytosis and contribute to
inhibition of axonal regeneration following stroke and SCI
[24]. Nogo-A is an oligodendrocyte-associated protein and
a major inhibitor of axonal sprouting [25, 26]. CSPS degra-
dation with chondroitinase ABC enhances axonal sprouting
following SCI [27, 28] and stroke [29, 30]. Similar findings
have been found using a neutralizing antibody against Nogo-
A [31-34].

In our previous investigations, we have described the pat-
terns of microglial activation [3, 4, 12, 35], astrocytosis [18],
and WM damage [3, 4, 35, 36] using experimental models of
stroke, excitotoxicity, and SCI. Nevertheless, the pathological
events were described up to 7 days from the disease onset.
It has been suggested that WM damage with concomitant
neuroinflammation is a long-lasting phenomenon even fol-
lowing human stroke [37]. In addition, it has been reported
that the expression of Nogo-A is associated with inhibition of
neuroplasticity following experimental stroke [31, 32].

Middle cerebral artery occlusion (MCAO) is a com-
mon pathological event in human stroke in which striatum
and parietal cortex are damaged [37]. A comprehensive
descriptive study on the basic neuropathology in both acute
and chronic survival times following experimental striatal
stroke is a fundamental step for future investigations seeking
for neuroprotective and neuroregenerative therapies. In this
study, we describe the patterns of microglia activation, astro-
cytosis, oligodendrocyte damage, Nogo-A immunoreactivity,
and myelin impairment from 3 days to 30 days following focal
ischemia induced by microinjections of endothelin-1 (ET-1)
into the rat striatum.

2. Material and Methods

2.1. Experimental Animals. Male adult Wistar rats (290-
300 g) were obtained from the Central Animal Facility in the
Federal University of Para. All animals were housed under
standard conditions with food and water available ad libitum.

2.2. Ethics Statement. All procedures were approved by the
Ethics Committee on Experimental Animals of the Federal
University of Para (CEPAE-UFPA), under license BIO 038-
12. All experimental procedures followed the Principles of
laboratory animal care (NIH Publication number 86-23,
revised 1985). All efforts were made to avoid animal suffering
and distress.

2.3. Stroke Model. Animals were deeply anesthetized with an
intraperitoneal injection of a mixture of ketamine hydrochlo-
ride (90 mg/kg, i.p.) and xylazine hydrochloride (10 mg/kg,
i.p.) and positioned in a stereotaxic apparatus after abolish-
ment of their corneal reflex. After craniotomy, 80 pMol of ET-
1 (Sigma-Aldrich, USA) in 1 uL of sterile saline was injected
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into the rat striatum (N = 5 per survival time) over a period
of 2 min using a glass capillary micropipette. The pipette was
left in place for 3 min before being slowly withdrawn. Control
animals were injected with the same volume of sterile saline
(N = 12). We used the following stereotaxic coordinates
for the injection (in millimeters relative to bregma): 2.5 mm
lateral; 1.2 mm posterior; and 4.5mm below from the pial
surface. After surgery, animals were allowed to rest in their
cages (maximum 4 animals per cage) with water and food
ad libitum until postlesion days ( PLDs) 3, 7, 14, and 30. This
stroke model was established in our previous reports [3, 13].
The mortality rate is less than 5% in this stroke model.

2.4. Perfusion and Histological Procedures. Following the
described survival times, animals were deeply anesthetized
with ketamine hydrochloride (90 mg/kg, i.p.) and xylazine
hydrochloride (10 mg/kg, i.p.) and transcardially perfused
with heparinized 0.9% phosphate-buffered saline (PBS) fol-
lowed by 4% paraformaldehyde in 0.2M phosphate buffer.
Surgical manipulation was performed only after both corneal
and the paw withdraw reflexes were abolished. Brains were
removed from the skull, post-fixed for 24h in the same
fixative, and cryoprotected in increasing concentrations of
sucrose—glycerol solutions over 7 days. The brains were then
frozen in TissueTek and sectioned in order to obtain 20 and
50 um coronal sections using a cryostat (Carl Zeiss/Micron,
Germany). Sections were mounted onto gelatinized slides
and air-dried for 24 h. Slides were stored in a freezer at —20°C
for posterior histopathological analysis.

2.5. Gross Histopathology and Immunohistochemistry. The
ischemic lesion area was visualized in coronal sections
(50 um thick) stained with cresyl violet. The site of ET-1
injection was recognized by tissue pallor associated with loss
of cell bodies as described in our previous studies [3, 13, 38].

To analyze microglial activation, we resorted to stan-
dard immunohistochemical procedures. Activated microglia/
macrophages were labeled using the antibody anti-rat CD68
(clone ED1,1:500, Serotec, UK), which binds to an epitope on
the lysosomal membrane of activated macrophages/microglia
[38-40], rabbit anti-Ibal (1:1000, WAKO), an antibody that
recognizes a calcium binding protein present in the cyto-
plasm of microglia [41-43], and mouse anti-MHC-II (1: 100,
Serotec), an antibody that recognizes the major histocompat-
ibility complex class II molecule [7].

Based on previous reports showing that pathological
oligodendrocytes become Tau-1 positive after brain trauma
and ischemia [44], we used the mouse anti-Tau-1 antibody
(1:500, Chemicon, USA) to label dephosphorylated epitopes
on damaged oligodendrocytes. Normal oligodendrocytes
were labeled by mouse anti-Nogo-A (1:100, BD Transduction
Lab, USA), an antibody that recognizes Nogo-A in the
rat brain [45]. Myelin impairment was evaluated using an
antibody against mouse anti-myelin basic protein (MBP), an
important component of the compact myelin (1:100, Serotec,
UK) [35].

Astrocytes were immunolabeled with an antibody rabbit
antiglial fibrillary acid protein (GFAP, 1:1000, DAKO, UK), a
classical astrocyte marker [18, 46, 47].
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2.6. Immunolabeling Protocol. The slide-mounted sections
were removed from the freezer, kept in an oven at 37°C for
30 minutes, and rinsed in 0.1 M phosphate buffer saline (PBS)
for 5 min. To improve labeling intensity, sections were treated
with 0.2 M boric acid (pH 9.0) previously heated to 65°C for
25 min. This temperature was maintained constant over the
treatment period. Sections were allowed to cool down for
about 20 min and incubated under constant agitation in 1%
hydrogen peroxide solution in methanol for 20 min. Sections
were then rinsed in 0.05% PBS/Tween (Sigma-Aldrich, USA)
solution for 5min for three times and incubated with 10%
normal goat (GFAP, Iba-1) or horse (CD68, MBP, MHC-II,
and Tau-1, Nogo-A) serum in PBS for 1h.

Without further rinsing, sections were then incu-
bated overnight with primary antibody in PBS, rinsed in
PBS/Tween solution for 5 min (3 times), and incubated with
biotinylated goat anti-rabbit (GFAP and Iba-1) or horse
anti-mouse (ED1, MBP, MHC-II, Tau-1, Nogo-A) secondary
antibodies (Vector Laboratories, USA) diluted at 1:200 or
1:100 in PBS, respectively, for 2h. As a negative control,
normal sera, rather the primary antibody, were used in some
sections. Sections were rinsed again for 5min (three times)
and incubated in the avidin-biotin-peroxidase complex (ABC
Kit, Vector Laboratories, USA) for 2 h. Sections were rinsed
four times (5 min each) and revealed with DAB. After DAB
reaction, sections were rinsed two times (5min each) in
0.1PB, dehydrated, and coverslipped with Entellan (Merck,
Germany).

2.7 Qualitative Analysis. All sections stained with the differ-
ent histological methods were surveyed by light microscopy
(Nikon Eclipse E200). Illustrative images from all experi-
mental groups were obtained using a digital camera attached
to the microscope (Nikon Eclipse, 50i) using the software
Moticam 2500°.

2.8. Quantitative Analysis. We used coronal sections con-
taining the damaged striatum located at 1.2 mm posterior
to bregma to count the number of activated macrophages/
microglia (CD68+ cells), MHC-II+ cells, pathological oligo-
dendrocytes (Tau-1+ cells), Nogo-A+ cells, and astrocytes
(GFAP+ cells) per field. Adjacent 20 ym sections anterior and
posterior to the lesion site were used for immunohistochem-
istry and cell bodies were counted over 1.5 mm from the lesion
site. The counting field was defined as a square 0.25 mm wide
grid (objective, x40) in the eyepiece of a microscope. In the
x40 objective, this grid corresponds to an area of 0.0625 mm?.
We counted 9 fields located at the dorsal striatum per section
and 3 sections/animal (N = 5 animals per group) for all
experimental groups (Figure 1).

For quantitative analysis of MBP immunolabeling, pho-
tomicrographs were segmented by Color Deconvolution
plugin (Gabriel Landini, http://www.dentistry.bham.ac.uk/
landinig/software/software.html) from Image]J software version
1.33-1.34 (NIMH, NIH, Bethesda, MD, USA, https://imagej
.nih.gov/ij/). After image segmentation, area values (ym)
and percentual fraction of DAB staining on sections were
measured [48, 49]. We evaluated 5 sections/animal (N = 5
animals per group). Average values were expressed as mean
+SEM.

2.9. Statistical Analysis. Means and standard errors were
calculated for all groups of data. Comparisons between dif-
ferent groups were assessed by analysis of variance (ANOVA)
with Tukey post hoc test (one-way ANOVA-Tukey). Statistical
significance was accepted at p < 0.05. All statistical analyses
were performed using the Graphpad Prism 5.0 software.

3. Results

3.1. Focal Ischemia Induced by ET-1 Microinjections into the
Rat Striatum. ET-1 microinjections caused a focal ischemic
damage characterized by tissue pallor, edema, intense inflam-
matory response, and loss of cell bodies (Figures 2(c)-
2(j)). The tissue damage evolved from 1 day PLD with
maximum infiltration of inflammatory cells between 3 and
7 PLDs (Figures 2(c)-2(f)). Mononuclear cells were present at
14 PLDs (Figures 2(g) and 2(h)), but there was a conspicuous
decrease in their presence at 30 PLDs (Figures 2(i) and 2(j)).
Control animals injected with sterile saline did not present
these histopathological findings (Figures 2(a) and 2(b)).

3.2. ET-1 Microinjections Induce Progressive Astrocyte Activa-
tion in the Ischemic Striatum. In vehicle animals, astrocytes
presented their normal morphology with nonhypertrophic
cell bodies and a ramified pattern of their branches (Figures
3(a) and 3(b)). In ischemic animals, there was a progressive
astrocyte activation starting from 3 PLDs (Figures 3(c) and
3(d)), with peak between 7 (Figures 3(e) and 3(f)) and
14 PLDs (Figures 3(g) and 3(h)) and clear reduction at
30 PLDs (Figures 3(i) and 3(j)). This activation was character-
ized by increased cell body volume and ramifications, mainly
at 7 (Figures 3(e) and 3(f)) and 14 PLDs (Figures 3(g) and
3(h)).

One-way ANOVA revealed significant changes in the
variance of the number of GFAP+ cells (F, = 28.55; p <
0.0001). There was a decrease in the number of GFAP+ cells
at 3 PLDs (129.2+5.65) compared to vehicle animals (163.2 +
6.13; p < 0.05). A further decrease occurred from 3 PLDs
to 7 (85.00 + 6.06; p < 0.001) and 14 PLDs (78.20 + 6.93;
p < 0.001) PLDs. There was a rise in the number of GFAP+
cells at 30 PLDs (113.2 + 7.38) compared to 7 and 14 PLDs.

3.3. Microinjections of ET-1 Induce Microglia Activation up
to 30 Days after Focal Ischemia. Microglial activation was
investigated using immunohistochemistry for 3 antibodies:
Ibal, CD68, and MHC-II. In control animals, microglia
displayed a ramified morphology with small Ibal+ cell bodies,
which are characteristic features of resting microglia (Figures
4(a) and 4(b)). After focal ischemia, there was a progressive
activation of microglia from 3 PLDs up to 14 PLDs (Figures
4(c)-4(h)). At 30 PLDs, microglia displayed morphological
features of resting microglia (Figures 4(i) and 4(j)). The peak
of microglia activation was around 7 PLDs (Figures 4(e) and
4(f)).

The Ibal immunohistochemistry revealed the evolution
of the morphological activation of microglia in ischemic
animals. At 3PLDs, there was a decrease in ramified Ibal+
cells in the ischemic site, with increase in amoeboid and
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FIGURE I: Schematic diagram illustrating the striatal injection site of ET-1and the counting method. Drawing of a parasagittal section depicting
the sectioning location (a), illustration of the ET-1 injection site in a coronal section drawing (b), and the location of the counting fields in
the rat striatum (c). The squares in (c) are in scale to the counting fields they represent. CX = cortex; CC = corpus callosum; ST = striatum;

LV = lateral ventricle.

round Ibal+ cells (Figures 4(c) and 4(d)). The amount of
round Ibal+ cells (phagocytes) dramatically increased at
the ischemic core at 7 days PLDs (Figures 4(e) and 4(f)).
There was a progressive decrease in microglia activation at 14
(Figures 4(g) and 4(h)) and 30 PLDs (Figures 4(i) and 4(j)).
At this later PLD, ramified Ibal+ cells were again observed
in the ischemic site, despite the presence of some round and
amoeboid microglia (Figures 4(i) and 4(j)).

To quantitatively describe the temporal evolution of
microglia activation following striatal ischemia, we counted
the number of CD68+ cells between 3 and 30 PLDs (Fig-
ure 5(k)). The temporal immunoreactivity of CD68+ cells
followed that described using the anti-Ibal antibody (Figures
5(i) and 5(j)). One-way ANOVA revealed significant changes
in the variance of the number of CD68+ cells (F, = 96.35;
p < 0.0001). The average number of CD68+ cells was
6.44 + 0.29 cells/field in vehicle animals (Figures 5(a), 5(b),
and 5(k)). Subsequent Tukey’s post hoc comparisons indicated
that this number increased to 209.70 + 13.90, 266.40 + 9.8,
and 218.40 + 1.69 cells/field at 3, 7, and 14 PLDs, respectively,
(p < 0.001, Figure 5(k)). There was a considerable decrease
in the number of CD68+ cells at 30 PLDs (140.70 + 7.14;
p < 0.001), but it remained elevated in comparison to control
animals (6.44 + 0.29; p < 0.001, Figures 5(i)-5(k)).

After ET-1 microinjections, there was a progressive
expression of MHC-II in the ischemic striatum. The temporal
profile of MHC-II expression was similar to those described
with Ibal and CD68, with maximum number of cells at
7 PLDs (Figures 5(1)-5(u) and 5(v)). MHC-II+ cells displayed
morphology of activated round microglia (Figures 5(n)-
5(u)). The average number of MHC-II+ cells was 5.77 + 1.06
cells/field in control animals (Figure 5(v)).

One-way ANOVA revealed significant changes in the
variance of the number of MHC-II+ cells (F, = 153.1; p <
0.0001). Post hoc comparisons indicated that there was a
progressive increase in the number of MHC-II+ cells per
field at 3 and 7 PLDs, (201.26 + 1.54; 236.57 + 14.58; p <
0.001, Figure 5(v)). These numbers decreased at 14 and
30 PLDs, respectively (86.20 £ 2.69; 73.20 + 1.98, p < 0.001,
Figure 5(v)). All ischemic groups statistically differed from
control animals. There was no statistical difference between
14 and 30 PLDs (p > 0.05, ANOVA-Tukey).

3.4. Microinjections of ET-1 Induced Progressive Impairment
of MBP Immunoreactivity in the Ischemic Striatum. The
immunolabeling of the myelin sheath was performed using
an anti-MBP antibody [35]. One-way ANOVA revealed
significant changes in the variance of the values for MBP
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FIGURE 2: Gross histopathology after ET-1 microinjections revealed by cresyl violet staining. Control animal injected with sterile saline (a-b)
or ischemic animals injected with ET-1at 3 (c-d), 7 (e-f), 14 (g-h), and 30 (i-j) PLDs. Asterisks are in the lesion epicenter. Scale bars: (a), (c),
(¢). (g), and (i) (200 gm) and (b), (d), (F), (h), and (j) (100 ).
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FIGURE 3: Progressive astrocyte activation after striatal focal ischemia. Control animal injected with sterile saline (a-b) or ischemic animals
injected with ET-1 at 3 (c-d), 7 (e-f), 14 (g-h), and 30 (i-j) PLDs. Maximum astrocyte activation occurred around 7 and 14 PLDs. The cell
density was smaller at 7 and 14 PLDs. * p < 0.05 compared to others groups; * p < 0.05 compared to 7 and 14 PLDs. Arrows point to astrocytes
in the higher power images. Scale bars: (a), (c), (e), (g), and (i) (100 ym) and (b), (d), (f), (h), and (j) (20 ym).

immunoreactivity in the striatum of ischemic animals (F, =
28.97; p < 0.0001). Subsequent Tukey’s post hoc comparisons
indicated that there was a progressive impairment of MBP
immunoreactivity after focal ischemia in the rat striatum
from 3 days (12.67 + 0.59; p < 0.05, Figure 6(b)) up to 30
days (9.71 £ 0.54; p < 0.001, Figure 6(e)) PLDs. The loss
of MBP immunoreactivity was maximum at 7 (8.01 + 0.57;
p < 0.001, Figure 6(c)) and 14 PLDs (8.17 + 0.46; p < 0.001,
Figure 6(d)), but myelin impairment could be also observed
at 30 PLDs (Figure 6(e)).

3.5. Microinjections of ET-1 Induce Oligodendrocytes Damage
after Striatal Ischemia. It has been shown that Tau-1 is a
marker of pathological oligodendrocytes after acute damage
to CNS [44, 50, 51]. Control animals expressed a small
amount (3.773 + 1.095/field) of Tau-1+ cells in the striatum
(Figures 7(a), 7(b), and 7(k)). Ischemic damage induced a
considerable increase in Tau-1 immunoreactivity in the acute
phase after focal ischemia (Figure 7). One-way ANOVA
revealed significant changes in the variance of the number

of Tau-1+ cells in the striatum of ischemic animals (F, =
153.1; p < 0.0001). Subsequent Tukey’s post hoc comparisons
indicated that the number of Tau-1+ cells/field was 33.56 +
1.51 at 3PLDs (p < 0.001, Figures 7(c), 7(d), and 7(k)). This
number decreased to 14.80 + 1.49, 2.59 + 0.55, and 1.46 +
0.22 at 7, 14, and 30 PLDs compared to 3PLDs (p < 0.001,
Figure 7(k)).

3.6. The ET-I-Induced Striatal Ischemic Damage Results in
Progressive Increase in Nogo-A Immunoreactivity. Nogo-A
is an oligodendrocyte-associated protein involved in the
inhibition of axonal growth after acute CNS damage [31,
34]. One-way ANOVA revealed significant chances in the
variance of the number of Nogo-A+ cells in the striatum
of ischemic animals (F, = 206.2; p < 0.0001). Subsequent
Tukey’s post hoc comparisons indicated that microinjections
of ET-1 induced progressive increase in the number of Nogo-
A+ cells with peak around 3 PLDs (267.59 + 5.69; p < 0.001),
with subsequent decrease at 7 (193.8 + 3.980; p < 0.001), 14
(137.9 £ 137.9; p < 0.001), and 30 (112.8 + 3.39; p < 0.001)
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FIGURE 4: Progressive microglia activation after striatal focal ischemia revealed by Ibal immunohistochemistry. Ramified microglia in a
control animal injected with sterile saline (a-b). Morphological activation of microglia at 3 (c-d), 7 (e-f), 14 (g-h), and 30 (i-j) PLDs. Maximum
activation occurred around 7 PLDs (e-f). Microglia activation decreased by 30 PLDs (i-j). Arrows point to Ibal+ ramified microglia (b, j) or
round macrophages (d, f, h). Scale bars: (a), (c), (e), (g), and (i) (100 ym) and (b), (d), (f), (h), and (j) (20 ym).
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FIGURE 5: Microglia activation revealed by anti-CD68 and MHC-II immunohistochemistry. Control animals injected with sterile saline (a-b,
1-m). Morphological activation of CD68+ or MHC-II+ microglia at 3 (c-d, n-0), 7 (e-f, p-q), 14 (g-h, r-s), and 30 (i-j, t-u) PLDs. Both techniques
are labeled activated round macrophages (arrows). Quantitative analysis showed maximum number of cells at 7 PLDs with decrease at later

survival times (k, v). " p < 0.05 compared to control; # P < 0.05 compared to previous survival time. Scale bars: (a), (), (e), (g), (i), (1), (n),
(p), (r), and (t) (100 gm) and (b), (d), (f), (h), (j), (m), (0), (g), (s), and (u) (20 um).
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FIGURE 6: Myelin impairment revealed by anti-MBP immunohistochemistry. Control animal injected with sterile saline (a) or ischemic
animals injected with ET-1at 3 (b), 7 (c), 14 (d), and 30 (e) PLDs. There was a progressive impairment of MBP labeled WM tracts (arrows)
compared to control (arrow in (a)). Quantitative analysis in (f). * p < 0.05 compared to others groups; * p < 0.05 compared to others survival

time. Arrows point to WM tracts. Scale bars: 100 ym.

PLDs (Figures 7(1)-7(u)). The average number of Nogo-A+
cells in control animals was (97.11 + 10.47). All ischemic
groups statistically differed from the control animals, even at
30 PLDs (Figure 7(v)).

4. Discussion

We have investigated the patterns of glial activation and
Tau-1 and Nogo-A immunoreactivity from 3 up to 30 days
after microinjections of ET-1 into the striatum of adult rats.
The ET-1 model of focal ischemia uses the vasoconstrictor
actions of the peptide ET-1 [52, 53]. This peptide causes focal
ischemic damage after microinjections into the CNS [54],
which is suitable for reproducing the focal strokes frequently
occurring in the human brain [55]. In addition, the ET-1
model is easily performed without the complicated surgical
procedures of other stroke models like the MCAO intralumi-
nal filament technique, which may induce hyperthermia and
other surgical complications [56]. This stroke model has been
used in several publications by our group [3, 4, 12, 13].

We thought it would be important to establish the tem-
poral evolution of microglia activation, astrocytosis, oligo-
dendrocyte damage, and Nogo-A immunoreactivity during
the first month after ET-1-induced stroke, as a morphological
basis for further functional studies seeking new neuroprotec-
tive drugs.

Striatal ET-1 microinjections induced progressive astro-
cyte activation, as revealed by GFAP immunohistochemistry.
Maximum activation was present in the first two weeks with
a decline at 30 PLDs. This is in agreement with a previous
study using the MCAO stroke model [57]. Nevertheless, in
this study, the description of GFAP immunoreactivity was
incomplete. No illustrations were provided for all survival
times. Here, we filled this gap providing a comprehensive
description of astrocyte activation from 3 to 30 days after
experimental stroke onset.

The mechanisms by which astrocytes are activated after
stroke and other neural disorders are not established. The
meaning of this glial cell activation has been a matter of
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FIGURE 7: Oligodendrocyte damage (Tau-1+ cells) and increased Nogo-A immunoreactivity after focal striatal ischemia. Control animals
injected with sterile saline (a-b, I-m). Tau-1 and Nogo-A+ cells at 3 (c-d, n-0), 7 (e-f, p-q), 14 (g-h, r-s), and 30 (i-j, t-u) PLDs. Quantitative
analysis showed maximum numbers of Tau-1 and Nogo-A+ cells at 3 PLDs (k, v). There is a long-lasting increase in the number of Nogo-A+
cells up to 30 PLDs compared to control (p < 0.05, ANOVA-Tukey). * p < 0.05 compared to control; “p < 0.05 compared to previous survival
time. Scale bars: (a), (c), (e), (g), (i), (I), (n), (p), (r), and (t) (100 um) and (b), (d), (), (h), (j), (m), (0), (q), (s), and (u) (20 ym).
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continuous debate for many years [58]. These cells are an
important component of the glial scar in chronic survival
times after CNS stroke and trauma [59]. The expression of
proteoglycans is a biochemical barrier for axonal regenera-
tion concomitant with a mechanical impediment imposed by
intense astrocyte reaction and some degree of proliferation
[8, 59]. The proliferation of these glial cells is influenced by
factors including survivin [60]. Astrocytes may release dele-
terious molecules including the proinflammatory cytokine
tumor necrosis factor-a, metalloproteinases, and reactive
oxygen derived species [58, 61].

Nevertheless, astrocyte activation has also beneficial
functions after stroke and other neural disorders [58, 62].
Astrocytes seem to contribute to neuroblast migration to
striatum after stroke by releasing stroma-derived factor-l«
(SDF-1) [63, 64] and monocyte chemoattractant protein 1
(MCP-1) [63]. This is important considering that partial
replacement of neuronal loss is afforded by adult neuroge-
nesis after striatal damage [65]. In addition, these glial cells
can uptake glutamate in both physiological and ischemic
conditions, buffering neurotoxicity [66]. Astrocyte may also
release growth factors, including brain-derived neurotrophic
factors (BDNF), contributing to neuron survival after stroke
in rats [67].

There was intense microglia activation following microin-
jections of ET-1 into the rat striatum between 3 and 30 days
after ischemic onset. Maximum activation occurred around
7PLDs, but microglia remained activated up to 30 PLDs.
These results are in agreement with previous studies using
ET-1 stroke model [3, 4, 54] or MCAO [7, 68].

Microglia activation is a general response to any kind
of CNS damage [11]. In nonpathological conditions, these
brain resident macrophages patrol the CNS using stochastic
movements of their fine branches [69, 70]. In pathologi-
cal conditions like ischemia and trauma, microglia change
their morphology becoming amoeboid and highly phago-
cytic round cells (macrophages) [11, 71]. Concomitant with
morphological alterations, microglia change their genetic
machinery expressing several types of receptors on their
membranes, increased levels of transcription factors, and
cytoplasmic enzymes [11].

We have labeled microglia using three antibodies: Ibal,
ED1, and MHC-IIL Ibal immunohistochemistry allowed
labeling the general population of microglial cells [41]. EDI
and MHC-II labeled a population of activated microglia [7,
39]. ED1 and MHC-II+ cells comprise both macrophages
derived from the resident microglia and blood-borne
macrophages [72]. These markers do not differentiate the
origin of activate macrophages present in the ischemic
striatum. It has been shown, using chimeric animals, that
resident microglia first respond to the damage followed by
hematogenous macrophages [72, 73].

The reasons by which microglia are both detrimental
and beneficial after stroke are unknown. Recently, we have
hypothesized these glial cells might be beneficial and/or
detrimental in different pathological niches following striatal
ischemia, a phenomenon likely determined by different
concentrations of specific ligands along the pathological
environment, which might act on different receptors in the
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microglia membrane [11]. This is in agreement with a recent
study showing that M1 and M2 microglia phenotypes are
present in the ischemic striatum following MCAO [74].

Microinjections of ET-1 into the rat striatum induced
damage of oligodendrocytes (maximum at 3PLD) and
progressive myelin impairment (maximum between 7 and
14 PLDs). It seems that myelin impairment follows damage
to oligodendrocyte cell bodies. It has been shown that oligo-
dendrocytes present structural changes in their cytoskeleton
(dephosphorylation) following ischemia, excitotoxicity, and
trauma, which is visualized as an increased immunoreactivity
for Tau-1 [44, 50, 75]. Tau-1 immunoreactivity has been
frequently used as a specific marker of damaged oligoden-
drocytes [51, 54, 76]. We [51] and other authors have shown
that this pathological phenomenon occurs in the acute phase
after stroke [54, 76], which is in agreement with the present
results. In addition, damage to axonal cylinder may precede
both oligodendrocyte damage and myelin impairment. It has
been shown that damage to axonal cylinder occurs in an early
time point (6 hours) after focal striatal damage induced by
ET-1[72].

The increased immunoreactivity for Tau-1 in oligoden-
drocytes may be an early event underlying oligodendrocyte
pathology [77]. It has been shown that oligodendrocytes
but not astrocytes are labeled by Tau-1 after ischemia [77].
The increased immunoreactivity for Tau-1 in oligodendro-
cytes may represent an attempt to preserve oligodendrocyte
cytoskeleton likely from free radicals-mediated damage [51].
This is in agreement with a previous report showing that
Tau protein is fundamental for microtubule assembly [78]
and that this structure is especially vulnerable to ischemia
induced oxidative stress [75, 79]. The decrease in the number
of Tau-1+ cells in later survival times in this study may
be due to the loss of oligodendrocytes by apoptosis. This
hypothesis is supported by a previous report of our group
showing that striatal oligodendrocytes become apoptotic in
later survival times following excitotoxic damage and that
minocycline treatment decreases the number of Tau-1+ cells
and partially reverses the apoptotic damage [51]. Several other
authors have shown that oligodendrocytes undergo apoptosis
following acute neural disorders [80-82]. Further studies
should be performed to investigate the mechanisms by which
oligodendrocytes are damaged after stroke and to address the
therapeutic potential of neuroprotective drugs in reducing
the WM demise.

The results show an increased number of Nogo-A+ cells
in the acute phase after ET-1 induced stroke. This number
remained elevated up to 30 days compared to nonischemic
animals. This is in agreement with previous report using the
MCAO filament model [45, 83]. The expression of Nogo-
A in both neurons and oligodendrocytes is correlated with
reduced neuroplasticity after SCI [25, 34, 84] and stroke
[31, 83, 85]. Both early and delayed treatments of animals with
monoclonal antibodies against Nogo-A increase neuroplas-
ticity in these acute neural disorders [25, 31, 32, 34, 83-85].
Nevertheless, Nogo-A may also be involved in the survival
of neurons after ischemia [33]. It follows that the increased
expression of Nogo-A in the ischemic striatum can be related
to both detrimental and beneficial actions. Further studies
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should consider this dual role of Nogo-A before the use
of experimental approaches to neutralize the action of this
protein.

5. Conclusion

Microinjections of ET-1 into the rat striatum induced con-
spicuous tissue loss, concomitant with progressive microglia
and astrocyte activation, myelin impairment, oligodendro-
cyte damage, and Nogo-A up regulation. These pathological
events were described from 3 to 30 days after ET-1-induced
focal striatal ischemia. The establishment of the temporal
evolution of these neuropathological events is an important
step for future studies in which the manipulation of neu-
roinflammation and Nogo-A expression may be performed
to enhance neuroprotection (in gray and white matter),
adult neurogenesis, and functional recovery following striatal
ischemic damage. We are addressing these issues in undergo-
ing investigations.
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We investigated possible interaction between an arbovirus infection and the ME7 induced mice prion disease. C57BL/6, females, 6-
week-old, were submitted to a bilateral intrahippocampal injection of ME7 prion strain (ME7) or normal brain homogenate (NBH).
After injections, animals were organized into two groups: NBH (n = 26) and ME7 (n = 29). At 15th week after injections (wpi),
animals were challenged intranasally with a suspension of Piry arbovirus 0.001% or with NBH. Behavioral changes in ME7 animals
appeared in burrowing activity at 14 wpi. Hyperactivity on open field test, errors on rod bridge, and time reduction in inverted
screen were detected at 15th, 19th, and 20th wpi respectively. Burrowing was more sensitive to earlier hippocampus dysfunction.
However, Piry-infection did not significantly affect the already ongoing burrowing decline in the ME7-treated mice. After behavioral
tests, brains were processed for IBAI, protease-resistant form of PrP, and Piry virus antigens. Although virus infection in isolation
did not change the number of microglia in CAl, virus infection in prion diseased mice (at 17th wpi) induced changes in number
and morphology of microglia in a laminar-dependent way. We suggest that virus infection exacerbates microglial inflammatory
response to a greater degree in prion-infected mice, and this is not necessarily correlated with hippocampal-dependent behavioral

deficits.

1. Introduction

Infections and chronic neurodegenerative diseases acting
together represent an increasing proportion in the health care
budgets worldwide [1]. Infections often induce physiological,
metabolic, and behavioral changes, characterized by fever,
reduced activity (lethargy), decreased appetite (hypophagia),
anhedonia, impaired cognitive function, anxiety, and depres-
sion [2]. These symptoms are known as “sickness behavior”
which is part of the body’s normal homeostatic response
in response to infection. It is believed that these metabolic
changes are triggered by proinflammatory mediators that are
produced by activated immune cells and which communicate

with the brain by various routes [3]. The CNS effects gener-
ated by infection and systemic inflammatory responses are
readily evident from both human disease and experimental
animal models [4-9]. Emerging virus infections of the CNS
are mainly associated with RNA viruses, many of which cause
neurologic disease [10]. The Vesiculovirus Piry infection
generates human disease characterized by rapid onset, high
fever, headache, chills, photophobia, myalgia, dizziness, and
weakness [11] and, in adult mice, a nonlethal CNS infection
and injury to the limbic system including the hippocampus
[12], a target region of the degenerative process induced
by prion disease in mice [13]. This particularity to infect
humans and damage the hippocampus of adult mice makes
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Piry virus a particularly interesting arbovirus species to study
the interaction between the hippocampus underlying prion
disease neurodegeneration and viral infection.

Inflammatory preexistent conditions such as those asso-
ciated with chronic neurodegenerative diseases in humans
and mice seem to be aggravated by both peripheral and cen-
tral infections [14-17]. Indeed, cognitive deficits of patients
with Alzheimer’s disease is further increased after a systemic
infection and this is preceded by an increase in interleukin
13 [14] and mouse prion disease shows more intense neu-
ropathological features and faster disease progression after
systemic and central endotoxin challenges [15].

Thus, in the present report, we associated Piry virus,
which generates symptoms of infectious disease in both
human [16] and mice [11] to a mouse model of prion disease,
to assess the influence of a nonlethal arbovirus encephalitis
[12] on the progression of the ongoing hippocampal chronic
neurodegeneration. We quantitated microgliosis using stere-
ological unbiased method and assessed behavioral changes
to measure directly the influence of a RNA virus infection
on hippocampal microglial response and associated sickness
behavior.

2. Methods

2.1. Housing Procedures. Animals were grouped in cages
made with polyvinyl chloride (PVC). Cages with 4 to 6
mice were maintained in a room with controlled temperature
(25°C) and light-dark cycle of 12 hours. Cages were lined with
autoclaved rice straw, changed once a week. Food and water
were offered ad libitum. The experiments were conducted
in accordance with the recommendations in the Guide of
the National Institutes of Health (NIH, USA), for the use
of experimental animals and in accordance with the ethics
committee of the Institute of Biological Sciences at the UFPA
under the Protocol No. 1701/5. We used 40 mice for behavioral
studies and 16 for neuropathological analysis.

2.2. Inoculation. To inoculate normal or prion infected
brain homogenates, animals were anesthetized intraperito-
neally (i.p.) with Avertin (2,2,2-tribromoethanol solution,
0.1mL/5 g body weight) and carefully positioned in a stereo-
taxic apparatus (Insight Equipment Ltd.). Two openings were
done in the skull to allow bilateral hippocampal infusion
of 1uL of the infected or normal homogenates (10% w/v
in sterile phosphate buffered saline, pH 7.2-74) on each
hemisphere. The injections were made with a 10 L. Hamilton
syringe. The stereotaxic coordinates used for hippocampal
injections adopted the bregma as a reference point and were
—2.0 mm in the anteroposterior direction, +1.7 mm lateral to
the midline, and —1.6 mm from the cortical surface. After
the infusion of the suspension, the needle was kept in place
for 2 minutes to avoid backflow of the solution, after which
it was removed slowly. The scalp was sutured, and mouse
was removed and placed into a cage for recovery. The dorsal
hippocampus was target used for the injection site. The
subsequent hippocampal neurodegeneration gives rise to a
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defined sequence of behavioral alterations [17] that could be
readily detected.

2.3. Experimental Groups and Piry Infections. After injec-
tions, animals were divided into two groups: NBH (n = 26)
and ME7 (n = 29). At the end of 15th week postinjections
animals were again anesthetized with 2,2,2 tribromoetanol
1% (0.1 mL/5 g body weight, i.p.) and inoculated intranasally
either with an infected suspension of brain homogenate
containing Piry virus or with an uninfected normal brain
homogenate suspension. To prepare virus infected suspen-
sion, two infected brains from neonate mice were macerated
and to this infected macerate 1.6 mL of antibiotic solution
containing sterile penicillin and streptomycin (Penistrep) was
added. This mixture was centrifuged at 4°C at 10.000 rpm. The
supernatant was frozen and stored at —70°C, as a 20% stock
solution. This solution was then diluted to a concentration of
0.001% with the same mixture of antibiotics. Each infected
mouse received 5 yL of viral suspension in each nostril, while
the control group was inoculated with the uninfected solu-
tion. Thus at the 16th week after intrahippocampal injection,
ME7 and NBH groups were subdivided into NBH (n = 16)
and NBH+Py (n = 11); and ME7 (n = 18) and ME7+Py
(n=11).

2.4. Behavioral Tests. Between the 8th and 21st weeks postin-
jection all subjects were daily submitted to the following
behavioral tests: burrowing, open field, inverted screen, and
rod bridge.

Burrowing. This test explores the typical behavior of certain
rodents to remove and store food from a burrow. The burrow
is simulated by a PVC tube, 15cm long, 72 cm diameter,
placed at an angle, with the open end 3 cm above the soil, filled
with 150 g of standard rodent pellet food. To carry out this test
from the 8th week postinjection onwards, each animal was
daily placed into individual PVC cages (49 x 17 x 32.5 cm), for
a period of two hours (between 14:00 and 16:00 h) to assess the
amount of burrowed food. Subsequently, the mouse returns
to its cage, and burrowing activity was measured by weighing
the amount of food remaining in the tube.

Open Field. The open field test was conducted in a white PVC
box (49 x 17 x 32.5 cm), with the floor divided into 9 squares
of equal size (9 x 9 cm). Animals were placed in the apparatus
facing the wall and remained in the arena for 3 minutes. The
parameters analyzed were the number of crossed squares and
the number of times the mouse reared. A crossed square was
defined when the animal entered on it with its four paws;
and the number of times the mouse reared was estimated
according to the number of times the animals stand on its
two hind paws. Record of rearing was also considered valid
when mouse touched the walls.

Inverted Screen. To assess muscular strength, mice were
placed in a stainless steel rectangular (58.3cm x 43.5cm)
screen (1 x 1 cm squares), divided into 7.5 x 7.5 cm quadrants,
and turned upside down. The screen was placed on the top
of a plastic cage, in which the floor was covered with a soft
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TABLE 1: Primary antibodies and dilutions.

Antibodyes Suppliers Dilution
Wako Pure Chemical
Anti-Ibal Industries, Ltd (Osaka, 1:500
Japan)
Anti-PrP Mouse r-nonoclor.lal [8H4] 1:2500
to prion protein PrP
Anti-Piry Evandro Chagas Institute 1:20

(Belem, PA, Brazil)
) Dilution in 0.1 M phosphate buffered saline pH 7.2-7.4.

material to avoid injures if the mice fell. Each animal was
allowed to remain 60 seconds in the screen and the total
number of squares crossed were recorded. If the animal falls
in less than a minute, the time was also recorded.

Rod Bridge. Used to access the motor coordination, the
apparatus was constituted by a bridge of wooden sticks (23 cm
long) spaced 2 cm apart, placed into a plastic container (48
x 7.5 x 25 cm) containing water up to 2 cm below the sticks.
The cage was placed at one end of the bridge and the animal
was placed at the opposite end. The time taken to cover the
distance and reach the cage extremity of the sticks bridge, and
the number of errors during the walk were recorded. An error
was considered every time when the animal missed one step.

2.5. Histology and Immunohistochemistry. After reaching ap-
propriate survival time, animals of each group were weighed
and anesthetized with 2,2,2-tribromoethanol (0.04 mL/g of
body weight, intraperitoneally) and perfused transcardially
with heparinized saline followed by paraformaldehyde 4% in
0.1M phosphate buffer (pH 7.2-7.4). Parasagittal sections of
70 ym thickness were cut on a vibratome (Leica VT1000, MK,
UK) and selectively immunolabeled.

To assess the distribution of Piry viral antigens, and
microglia in the mouse brain, immunohistochemistry was
performed using polyclonal antibodies against Piry virus
antigens and IBAI respectively. Specific antibodies against
Piry virus species were produced by the Department of
Arbovirus and Hemorrhagic Fevers at the Instituto Evandro
Chagas, as described elsewhere [18], and anti-IBAI antibody
by Wako Pure Chemical Industries, Ltd (Osaka, Japan).
Detailed immunohistochemical procedures were described
elsewhere [12, 19]. In brief, free-floating sections were rinsed
in 0.1 M phosphate buffer and placed in a solution of 0.2 M
boric acid (pH 9.0) at 70°C for 1h for antigen retrieval, then
rinsed in 0.1M PBS with 5% Triton X-100, and incubated
in a solution of methanol and 0.3% hydrogen peroxide for
10 min. After washing in PBS, the Mouse-on-Mouse (MOM)
Blocking Kit (Vector Laboratories, Burlingame, CA, USA)
was used as follows: MOM IgG blocking for 1h followed
by primary antibody for 72h. All primary antibodies and
dilutions are indicated in Table 1.

They were diluted in 0.1M phosphate buffer saline, pH
7.2-74, and primary incubation was done for three days at
4°C, with gentle, continuous agitation. Sections were then
incubated in MOM Biotinylated Anti-Mouse IgG Reagent

for 12h, washed in PBS and transferred to avidin-biotin-
peroxidase complex (ABC) solution (Vector Laboratories,
Burlingame, CA, USA) for 1 h. They were washed again before
incubation in 0.2 M acetate buffer (pH 6.0) for 5min and
revealed in GND solution (diaminobenzidine 0.6 mg/mL,
ammonium nickel chloride 2.5 mg/mL, and glucose oxidase).
All steps were carried out under gentle and constant agitation.
As anegative control, normal horse serum was added to some
slides in place of each of primary antibody used as a cell
marker and slides were processed for immunohistochemistry
as previously described. All sections were counterstained
with cresyl violet to define layer limits and anatomical
boundaries of the areas of interest.

Protease Resistant PrPc Immunolabeling. Sections immuno-
labeled to detect protease-resistant PrP were pretreated in
formic acid 85%, 30 min, incubated in trypsin 0.1% at room
temperature 10 minutes, and then transferred to a solution of
0.1 M citrate buffer, pH 6.0 at 90°C, 1 h. Sections were rinsed
in 0.1 M phosphate-buffered saline (PBS) with Triton X-100
(5%). After washing in PBS, the protocol of Mouse-on-Mouse
(MOM) Blocking Kit (Vector Laboratories, Burlingame, CA,
USA) was conducted as follows: MOM IgG blocking for
one hour, primary antibody for 72 hours (ABCAM, Mouse
monoclonal [8H4] to Prion protein PrP 1:2500) diluted
in 0.1M PBS, washed in 0.1M PBS three times 5 minutes
followed by MOM Biotinylated Anti-Mouse IgG Reagent for
12 hours. Sections were treated with 0.3% hydrogen peroxide
in 01M PB, pH 72-74. Sections were then transferred
to avidin-biotin-peroxidase complex (ABC) solution for 1
hour and washed again before incubation in acetate buffer
0.2M pH 6.0 for 5 minutes and revealed in GND solution
(diaminobenzidine 0.5 mg/mL, ammonium nickel chloride
0.6 mg/mL, and glucose oxidase). All steps were carried out
under gently and constant agitation.

2.6. Stereology. The estimate of the number of microglia was
done in CAl layers in both infected and controls and were
performed using the optical fractionator method [20]. Table 2
shows stereological parameters used to count microglia.

The layers of interest were the strata pyramidale, radia-
tum, and lacunosum molecular of CAl, of the dorsal hip-
pocampal formation. Their boundaries were defined using a
4x objective optical microscope (Nikon Eclipse 80i, Japan)
equipped with a motorized stage to control the X, Y, and Z
with help of a stage controller (MAC6000, Ludl Electronic
Products, Hawthorne, NY, USA). This system is coupled to
a computer containing the Stereoinvestigator program (MBF
bioscience, Williston, VT, USA), which records the three-
dimensional coordinates and stores the stereological data.
We used PLANFLUOR 100x (NA 1.3; DF = 0.2 4M; Nikon,
Japan) to count microglia.

The stratum oriens was not included in the counts to be
the outermost layer of the CA1 hippocampus, where the reac-
tions end up in shrunken anamorphic tissue (edge effect) with
very intense background. In this layer the cells of interest,
in many cases, were indistinguishable one from another and
from the dark background, preventing stereological analysis.
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TABLE 2: Stereological parameters.

Layer of interest Counting box area (x, y) (ymz) Grid (ymz) Counting box height (z) Guard zone
CAl-pyramidal layer 80 x 80 80 x 80 12 ym 2um
CAl-radiatum 60 x 60 90 x 90 12 um 2um
CAl-lacunosum molecular 60 x 60 90 x 90 12 um 2um

2.7. Photomicrography. For photomicrographs, we used a
digital camera (AxioCam-ERc, Zeiss, Gottingen, Germany),
coupled to a NIKON Eclipse 80i microscope. Digital pho-
tomicrographs were processed with Adobe Photoshop soft-
ware; scaling and adjustments to the brightness and contrast
were applied to the whole image.

2.8. Statistical Analysis. The results obtained by Stereoin-
vestigator and behavioral assays were statistically analyzed
through BioEstat 5.3 software [21], applying parametric tests
to detect differences or similarities among groups, accepting
as significant ones in a confidence interval of 95% (p < 0.05).
For comparisons between only two groups we used ¢-test for
two related samples or ¢-tests for two independent samples.
For analysis with 4 experimental groups we used two-way
ANOVA, followed by Bonferroni post-hoc tests. Confidence
levels were set at 95 or 99% (p < 0.05 or p < 0.01). The results
are displayed in arithmetic mean and standard error values.

3. Results

3.1. Sickness Behavior. The animals infected by Piry arbovirus
showed clinical signs of infection for a period of about
1-week postinfection. All animals that had their nostrils
instilled with infected brain homogenate, showed transi-
tory sickness behavioral signs, including ruffled fur, tremor,
hunched posture, and less exploratory activity. All ME7
prion injected animals showed typical sickness behavioral
changes as disease progressed. In contrast with virus infec-
tion transitory symptoms, chronic neurodegeneration of
prion disease inflicts permanent symptoms that aggravate
as disease progresses. Because immunohistochemistry for
virus antigens and neuropathology of prion diseased animals
confirmed that Piry virus and prion disease targeted the
limbic system, including hippocampal formation, we choose
to analyze hippocampal-dependent tasks.

3.2. Burrowing. To reduce possible bias generated by the
variable interest of each animal in removal and store food, we
normalized the scales of burrowing as follows: we estimate
for each group the maximum value of burrowed food and
expressed it as 100%. All other values were expressed as
percentage values relative to this maximum (Figure 1).

At the 11th week, all groups started to burrow food with
similar interest, and at 12th wpi, on average, no differences
were detected between groups. Comparing the amount of
burrowed food by ME7 and NBH groups on each time
window, we found a significant decline in this activity from
14th to 15th wpi in ME7 infected groups (two-tail ¢-test,
t = 25.18, at 14th wpi p < 0.02; two tail t-test, t = 39.9,

p < 0.0004, at 15th wpi). At 15th wpi, when 5 uL of Piry
infected brain homogenate or uninfected brain was instilled
in the nostrils, all Piry infected animals had a decline in
burrowing activity as compared with uninfected groups. The
virus infection influence on burrowing activity is displayed in
the pink area in Figure 1. At 16th wpi, NBH+Py and ME7+Py
burrowed significantly less food than uninfected groups
without interaction (two-way ANOVA Bonferroni post-hoc
tests p < 0.001 without interaction). Note the decline in
burrowing activity between the 15th and the 16th week in
NBH+Py group and in the ME7+Py and the subsequent
recovery only in the NBH+Py between the 17th and 18th wpi.
Note that ME7 prion disease also generated a decline between
the 17th and 18th wpi but this decline seems not to be related
to viral infection.

Taken together, our findings show that prion disease
significantly affected burrowing activity from 14th week
onwards. Burrowing activity was also sensitive to Piry virus
infection. Indeed, after nostril inoculation animals burrowed
significantly less food during two weeks, after which only
NBH+Py infected group recovered burrowing activity up to
normal levels.

3.3. Open Field. In the open field test no viral infection effect
was detected on the number of crossed squares, or in the
number of mice raisings. Indeed, the differences between
groups from the 15th wpi onwards were influenced only by
prion disease (Figure 1).

3.4. Inverted Screen. In this test, the number of crossed
squares was not affected significantly and did not distinguish
between groups except at 18 wpi onwards where ME7 animals,
both infected with Piry virus or virus uninfected, showed
progressive reduction in the time remaining in the inverted
screen (Figure 1). At the 21st wpi prion diseased animals
cannot sustain their own body and fall-off.

3.5. Rods Bridge. This test assesses motor coordination. The
curves in Figure 1 show that the time to go through the
apparatus was similar among all groups until the 18th week,
when the ME7 groups start to spend more time to complete
the task (Figure 1). One week later the same effect is observed
in ME7 and ME7+Py as compared to NBH and NBH+Py.
Note that the number of errors increased significantly in
groups with prion disease both in virus infected and virus
uninfected subjects (Figure 1).

Supplementary Table S1 (in Supplementary Material
available online at http://dx.doi.org/10.1155/2016/3974648)
includes all means, standard deviations, and p values for all
experimental groups’ pertinent comparisons.
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F1GURE 1: Influences of virus infection on prion disease progression. Burrowing activity was the most sensitive test to detect earlier associated
behavioral changes occurring in both ME7 infected group (ME7) and virus infected prion diseased animals (ME7+Py). All other tests showed
significant changes only at later stages of the disease. * indicates significant differences between ME7 groups and respective controls (NBH
versus ME7; NBH+Py versus ME7+Py; Bonferroni posttest p < 0.01). # indicates significant differences between NBH+Py and NBH groups
(Bonferroni posttest p < 0.05).

(b) (c)

FIGURE 2: Photomicrographs from immunolabeled sections to detect Piry virus antigens in the brain of NBH and ME7 virus infected groups.
Virus antigens were indirectly detected as immunostained cell somas and neuronal primary dendrites in the olfactory pathways in both
NBH+Py (a) and ME7+Py (b) groups. Note the absence of virus antigens selective immunolabeling in NBH control group (c). We also did
not observe any labeling after immunoreaction without anti-Piry polyclonal primary antibody (not illustrated). Scale bar = 25 ym.

3.6. Neuropathology hippocampus of control and ME7 prion diseased animals.

Protease resistant PrPc deposits were frequently observed in
3.6.1. Piry Arbovirus Infection. The immunohistochemical g7 injected subjects at 17th wpi.

reaction to Piry arbovirus antigens, 8 days after the inoc-
ulation, showed virus tropism to specific regions of the
central nervous system, including the olfactory areas and
hippocampal formation. Virus antigens were detected in both

. : indicated that microglial cells from hippocampus seem to be
NBH+Py (Figure 2(a)) and ME7+Py (Figure 2(b)) groups. more ramified (stage 1 of activation). Microgliosis was readily

evident in prion diseased mice and it was aggravated by
3.6.2. Protease Resistant PrPc. Figure 3 shows immunos-  Piry virus infection. This microgliosis in the ME7 individuals
tained sections for protease resistant PrPc taken from the  was associated with remarkably microglial morphological

3.6.3. Microglial Changes. Qualitative analysis of the mi-
croglial cells one week after Piry arbovirus inoculation
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(©)

(d)

FIGURE 3: Photomicrographs to illustrate protease resistant PrPc immunolabeled hippocampal sections from control (a and ¢) and ME7
infected (b and d) subjects, counterstained with cresyl violet. Low power (a and b); scale bar = 50 ym; high power (c and d) = 25 um.

changes that were accentuated in prion diseased mice
infected by Piry virus (Figure 4).

As compared with controls, microglia from ME7 indi-
viduals shows larger cell bodies and shorter and more
ramified branches whereas microglia from prion diseased
animals infected with Piry virus (ME7+Py) was closer to
the amoeboid morphology. Prion diseased animals showed
microglial invasion of pyramidal cell layer. Viral infection and
prion disease acting together cause a significant increase in
the microgliogenesis (Tables 3-5). Indeed, the total number
of microglia of each layer increased significantly in ME7
infected subjects after Piry virus infections.

Figure 5 shows mean and standard errors values of
optical fractionator estimate of microglial numbers for each
experimental group on each layer and the sum of the three
layers expressed as CAl total. Taken CALl total as reference,
it was found that the number of microglia increased 97%
in the ME7 group as compared with NBH group (two-
tail t-test for independent samples, p = 0.025). Although
the isolated viral infection generates a 26% increase in
microglia number compared to control, this increase was not
statistically significant (two-tailed t-test p > 0.05). However,
as compared to NBH, prion diseased animals with viral
infection (ME7+Py) show on average an addictive effect (two-
way ANOVA, p = 0.01), increasing 239% the total number of
microglia (two tail t-test, t = =4 p < 0.004) (Figure 5).

Indeed, the number of microglia on each layer of CAl
increased significantly on the strata pyramidale, radiatum,
and lacunosum molecular. At 17th wpi prion disease also
induced significant microgliosis on pyramidal cell layer and
stratum radiatum (two-tail ¢-tests for independent samples,

p < 0.05). Two-way ANOVA Bonferroni post hoc tests
demonstrate significant interaction between virus infection
and prion disease suggesting that virus infection also influ-
enced microgliogenesis in prion diseased mice. The total
number of CAl microglia in prion diseased animals that were
infected by Piry virus was significantly increased, suggesting
that a concurrent virus infection exacerbates the inflam-
matory response, and this response seems to be laminar-
dependent.

4. Discussion

We tested the hypothesis that an arbovirus infection would
exacerbate the inflammatory response in a chronic neu-
rodegeneration model of prion disease. To that end we
investigated possible interaction between Piry virus infec-
tion and the ME7 induced mouse prion disease, assessing
behavioral and neuropathological changes of prion disease
with and without virus infection. The results of behavioral
tests indicate that burrowing activity is sensitive to viral
infection. Indeed, taking as a reference point the burrowing
activity in the week previous to the inoculation, a reduction
of approximately 40% of that activity was observed in both
NBH+Py and ME7+Py groups. Because Piry virus was unable
to induce changes in muscle strength, motor coordination,
locomotor, and exploratory behaviors, using the inverted
screen, Rod Bridge, and open field, respectively, we suggest
that burrowing is by far the most sensitive test to detect
early stages of the disease in both mice Piry virus infection
and prion disease, in isolation or in combination. The
neuropathological analysis of prion diseased subjects showed



Oxidative Medicine and Cellular Longevity

FIGURE 4: Photomicrographs of CAl microglial cells taken from sections of NBH (a, e, and i); NBH+Py (b, {, and j); ME7 (c, g, and k);
ME7+Py (d, h, and 1). From left to right the 1st, 2nd, 3rd, and 4th columns correspond, respectively, to subjects intracerebrally (i.c.) injected
with normal brain homogenate, NBH, with NBH and nasal instilled with Piry virus suspension, NBH+Py;, i.c., injected with ME7 infected
brain homogenate, ME7, i.c., injected with ME7 and nasal instilled with Piry virus suspension, ME7+Py. First row corresponds to pyramidal
cell layer (Pyr) and stratum radiatum (Rad). Second row corresponds to lacunosum molecular layer (Lac-Mol), hippocampal fissure (Fiss),
and small portion of the molecular layer of dentate gyrus below hippocampal fissure. The third row corresponds to high power pictures to
illustrate different stages of microglial morphological activation. Note that microglia from ME7+Py group is closer to the amoeboid format
(last stage of morphological change of activated microglia). Scale bars (a)-(h) = 50 ym; (i)-(1) = 25 ym.

that microglia changed significantly their morphology and
number. Arbovirus infection alone changed microglial mor-
phology but did not induce significant numerical changes
in CALl layers. However, the association between chronic
neurodegenerative disease and arbovirus infection generated
an exacerbated microglial response, with an increase over
200% in the total number of cells as compared to control.
Neuropathological changes associated with virus infection in
isolation coexisted with significant reduction in burrowing
activity, but nonsignificant influences were detected on the
other behavioral tests.

4.1. Behavioral Changes. The first sign of hippocampal-
dependent sickness behavior was observed in burrowing
activity tests at 14th wpi, while locomotor changes or explor-
atory activity on open field and muscle strength changed
later in the disease (17th wpi) and these results are in line
with previous reports [13, 17]. Our results show that the
MEY injection in the dorsal hippocampus reproduced the
temporal course of the disease as previously described else-
where [13]. ME7 infected brain homogenate injection showed
clear hippocampal inflammatory response, protease resistant
Preps deposits and correspondent change in burrowing

activity. This result is consistent with previous studies that
demonstrated, regardless of the route of inoculation of the
prion agent, the hippocampus is one of the main target
of chronic neurodegeneration associated with the disease
[22] and the burrowing test is sensitive and specific to
hippocampal damage [23, 24]. The temporal identification
of behavioral changes in the course of prion disease varies
from one study to another, but it is known that changes
in spontaneous behavior, such as decrease in burrowing
activity and hyperactivity, occur before reduction in the
performances on behavioral tests that require strength and
motor coordination [17]. Our findings are in line with these
descriptions.

The open field test, which evaluates the pattern of sponta-
neous exploratory activity, reproduced previous results [17].
However, in this study the hyperactivity, which appeared in
other studies around the 12th wpi, only became apparent at
15th wpi.

As viral infection did not change motor function it is
reasonable to suppose that the decrease in burrowing activity
observed after viral inoculation may have been associated
with hippocampal damage. A previous study with Piry virus
infection in albino Swiss mice showed, as compared with



TaBLE 3: CAl microglial numbers from pyramidal cell layer from
animals injected with normal brain homogenate (NBH) or NBH
followed by Piry intranasal injection or with ME7 infected brain
homogenate (ME7) or by ME7 followed by Piry virus intranasal
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TABLE 4: CAl microglial numbers in the stratum radiatum of CAl
from animals injected with normal brain homogenate (NBH) or
NBH followed by Piry intranasal injection or with ME7 infected
brain homogenate (ME7) or by ME7 followed by Piry virus

injection. intranasal injection.
Stratum pyramidale of CA1 Stratum radiatum of CAl
Subjects N Thickness (ym) CE (Scheaffer) Subjects N Thickness (ym) CE (Scheaffer)
NBH NBH
NBHVII-2 3681 28.5 0.05 NBHVII-2 787717 29.2 0.05
NBHVII-3 2200 19.2 0.06 NBHVII-3 5718.76 18.2 0.06
NBHVII-4 3357 19.2 0.05 NBHVII-4 6755.67 19.0 0.05
Mean 3080 223 0.05 Mean 6784 221 0.05
SD 779 SD 1079
cv? 0.064 cv? 0.025
CE? 0.003 CE? 0.003
CE*/CV? 0.041 CE?/CV? 0.113
CVB? 0.061 CVB? 0.022
CVB? (% CV?) 95.9 CVB? (% CV?) 89
NBH+VIRUS NBH+VIRUS
NBHV-3 3412.64 18.7 0.04 NBHV-3 8560.43 18.8 0.05
NBHVI-1 2506.66 15.1 0.05 NBHVI-1 5478.32 15.0 0.05
NBHVI-2 2094.18 18.2 0.05 NBHVI-2 6818.47 175 0.05
NBHVI-4 3634.26 18.1 0.05 NBHVI-4 8078.08 18.1 0.04
Mean 2912 175 0.05 Mean 7234 174 0.05
SD 732 SD 1382
cv? 0.063 cv? 0.036
CE? 0.002 CE? 0.002
CE?/CV? 0.035 CE?/CV? 0.064
CVB? 0.061 CVB? 0.034
CVB? (% CV?) 96.5 CVB? (% CV?) 93.6
ME7 ME7
ME7IX-1 5631 225 0.04 ME7IX-1 12363.62 22,5 0.05
ME7IX-4 4749 15.9 0.04 ME7IX-4 11988.17 15.9 0.04
ME7X-2. 5625 20 0.04 ME7X-2 15181.15 19.4 0.04
ME7X-4 3507 241 0.05 ME7X-4 8953.73 22.6 0.06
Mean 4878 21 0.04 Mean 12122 20.1 0.05
SD 1003 SD 2548
cv? 0.042 cv? 0.044
CE? 0.002 CE? 0.002
CE*/CV? 0.045 CE?/CV? 0.053
CVB? 0.040 CVB? 0.042
CVB? (% CV?) 95.5 CVB? (% CV?) 95
ME7+VIRUS ME7+VIRUS
ME7VII-1 10834 221 0.04 ME7VII-1 28541.47 21.9 0.04
ME7VII-4 7375 15.3 0.03 ME7VII-4 19120.84 15.2 0.04
ME7VIII-1 10240 23.8 0.04 ME7VIII-1 21131.22 214 0.04
ME7VIII-4 6202 20.5 0.04 ME7VIII-4 17769 20.8 0.05
Mean 8663 20.4 0.04 Mean 21641 19.8 0.04
SD 2230 SD 4803
cv? 0.066 cv? 0.049
CE? 0.001 CE? 0.002
CE?*/CV? 0.022 CE*/CV? 0.034
CVB? 0.065 CVB? 0.048
CVB? (% CV?) 97.8 CVB? (% CV?) 97

*)cvB? = CV? - CE? (CV, coefficient of variation; CE, Scheaffer coefficient
of error; CVB, biological variation coefficient).

") cvB? = Ccv? - CE? (CV, coefficient of variation; CE, Scheaffer coefficient
of error; CVB, biological variation coefficient).
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TABLE 5: CAl microglial numbers from lacunosum molecular
cell layer from animals injected with normal brain homogenate
(NBH) or NBH followed by Piry intranasal injection or with ME7
infected brain homogenate (ME7) or by ME7 followed by Piry virus
intranasal injection.

Lacunosum molecular of CAl

Subjects N Thickness (ym) CE (Scheaffer)
NBH

NBHVII-2 8326.01 34.4 0.06
NBHVII-3 5533.11 18.5 0.06
NBHVII-4 8070.49 19.8 0.05
Mean 7310 24.2 0.06
SD 1544

CV? 0.045

CE? 0.003

CE?*/CV? 0.071

CVB? 0.041

CVB? (% CV?) 92.9

NBH+VIRUS

NBHV-3 8871 20.2 0.048
NBHVI-1 4969 15.6 0.059
NBHVI-2 4562 18.4 0.066
NBHVI-4 5784 19.3 0.058
Mean 6047 18.4 0.058
SD 1950

cv? 0.104

CE? 0.003

CE*/CV? 0.032

CVB? 0.101

CVB? (% CV?) 96.8

ME7

ME7IX-1 10399 245 0.05
ME7IX-4 8764 16.7 0.05
ME7X-2. 8281 213 0.06
ME7X-4 6176 23.9 0.07
Mean 8405 216 0.06
SD 1741

cv? 0.043

CE? 0.003

CE*/CV? 0.074

CVB? 0.040

CVB? (% CV?) 92.6

ME7+VIRUS

ME7VII-1 17412 22.9 0.04
ME7VII-4 10853 15.9 0.04
ME7VIII-1 15320 211 0.04
ME7VIII-4 9993 227 0.06
Mean 13395 20.7 0.05
SD 3553

cv? 0.070

CE? 0.002

CE?/CV? 0.031

CVB? 0.068

CVB? (% CV?) 96.9

) cvB? = Cv? - CE? (CV, coefficient of variation; CE, Scheaffer coefficient
of error; CVB, biological variation coefficient).
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FIGURE 5: Stereological estimate of total microglia (CAl total)
and on CAl lacunosum molecular (Lac-Mol) and radiatum and
pyramidal layers. Note that as compared to all other groups, Piry
(Py) virus infections in combination with intracerebral injection of
ME? infected brain homogenate (ME7+Py), significantly increased
the number of microglia in all layers. Normal brain homogenate
intracerebrally (i.c.) injection (NBH); NBH i.c. injection and virus
suspension instilled intranasally (NBH+Py); ME7 infected brain
homogenate (ME7). s indicates significant differences between
ME7+Py and all other groups and layers (one-way ANOVA, p <
0.01),and # indicates p < 0.05. Two-way ANOVA revealed that virus
infection interacts with prion disease and exacerbates microglial
response (p = 0.01).

uninfected mice, a reduction in locomotor activity, reflected
as smaller traveled distance by infected mice in the open
field test, on the 20th wpi [25]. This change after Piry
virus infection was not observed in C57BL6 in the present
report. Studies linking ME7 prion infection at 12th wpi and
intraperitoneal injection of LPS show a decline in burrowing
activity in NBH+LPS group and ME7+LPS. However, the
NBH+LPS group recovers its activity 24 hours after LPS
injection, while prion group returns to its basal activity
after 48 hours [26]. In this same study, using the injection
of LPS between the 14th and 15th weeks after injection of
prion agent, animals with the underlying neurodegeneration
revealed changes in the inverted screen test and the horizontal
bar. These changes, however, were reversed after one week.
In contrast, if the LPS inoculation is made at 12 weeks,
no detectable influence on muscle strength or other motor
disorders are observed, suggesting that the choice of the time
window is decisive for the additive effects of infection on the
course of chronic neurodegeneration. It is noteworthy that
the injection of the LPS generates an inflammatory response
from an innate immune response, and reactive inflammatory
response to an infection by Vesiculovirus is described as an
adaptive or acquired immune response [27].

4.2. Concurrent Virus Infection and Chronic Neurodegenera-
tion. In prion diseased mice, the astrocytic and microglial
activations start at early stages of the disease, but neuronal
numbers remain unaltered [28].

As disease progresses, the number of nonneuronal cells
increased, the proteoglycans of extracellular matrix are
reduced and the behavioral changes appear in absence of
neuronal death [28, 29]. Stereological analysis of microglia
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and perineuronal nets in CAl of albino Swiss mice revealed
significant microgliosis between the 15th and 18th postinjec-
tion week, changing from 10,000 to 15,000 microglial cells,
respectively, when the behavioral changes became apparent.
At 13wpi when behavioral changes became apparent an
increase of microglial cells CD68 immunostained and in
the levels of CD68 expression was found. The area with the
highest expression of CD68 was the hippocampus, especially
the stratum oriens and stratum radiatum. Our findings are
consistent with these results. Although we did not estimate
microglial numbers in the stratum oriens, we found an
increase in the number of microglial cells in CAl, especially
in the stratum radiatum and stratum pyramidale in prion
diseased animals. In addition, when prion disease is aggra-
vated by a concurrent arbovirus infection, an increase in
the number of microglia is also observed in the lacunosum-
molecular layer.

Previous studies in albino Swiss mice assessed the
microglial response to Piry virus infection at 8, 20, and 40 dpi
and it became apparent that microgliosis was more intense
at 8dpi [25]. Link between the viral antigen immunolabel-
ing, the number of microglial cells, and the reduction in
perineuronal nets was not associated with neuronal death.
However, when microglial activation was induced by Piry
virus decays, type I perineuronal nets begin their recovery
and this recovery coincides with the return to baseline
of behavioral tests previously altered by virus infection
[20]. Because of these results, it is suggested that these
transient behavioral changes are related to the integrity of
the extracellular matrix that is closely related to the long-
term potentiation in the hippocampus [30]. In the present
report, minor changes were detected in both morphology and
number of microglia after an isolated Piry virus infection.
These differences may be consequence of a number of
factors, including different strains of mice, viral titer of the
inoculum, or no linear correlation between virus infection
and changes in microglial morphology and number. Indeed,
it was previously described that microglia may be activated
even in absence of morphological changes [31, 32]. Activated
microglial cells in neurodegenerative disease or aging does
not necessarily change their phenotypes after a systemic
inflammatory insult if they were not previously activated to
produce proinflammatory cytokines [33, 34].

The microglial activation in ME7 induced prion disease
occurs between the 11th and 13th wpi, mainly in the CAl and
in the subiculum of ventral hippocampus.

These changes are associated with a decrease in perineu-
ronal nets in CAl, subiculum, and entorhinal cortex [29].
Studies using the same model of neurodegeneration showed
that there is an increase in the expression of receptors on
microglial cells associated with the activation of phagocytes
and associated signaling pathways, as well as an increase in
IgG levels in the brain parenchyma of animals with prion
disease. However, after a systemic inflammatory condition, it
is suggested that a significant increase occurs in FcyR receptor
levels, further reducing the phagocyte activation threshold,
which could justify the increase in the number of microglial
cells, and an increase in the damage to the parenchyma
previously caused by chronic neurodegeneration [35]. As
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viral inoculation was performed at 15th wpi and at this time,
there were already changes in burrowing activity; it is possible
that the magnitude of the response at that window does
not represent the maximal response after virus infection.
Alternatively, it may be possible that the decline of this
activity is not linear throughout the progression of prion
disease in coinfection regime, which makes it necessary to
explore other time windows for viral inoculation to test this
hypothesis.

It is known that viral pathogens invade the central ner-
vous system more often than bacteria, but with the exception
of Human Immunodeficiency Virus (HIV) that has been
extensively studied [36]; little is known about the specific
signaling pathways activated on microglia after arbovirus
infections concurrent with prion disease. It has been shown
that herpes family viruses such as cytomegalovirus and her-
pes simplex promote a microglial response with production
of cytokines [37, 38]; however, little is known about the
mechanisms of neural injury that result in the activation of
microglial response. In the present report the immunostain-
ing for Piry virus antigens after nostril inoculation of Piry
virus infected brain homogenate showed tropism for neu-
ronal cells and morphological phenotypes compatible with
microglia and astrocytes. Neuronal and glial immunolabeled
cells were found in the limbic system, including olfactory,
septal, hippocampal formation, including CA3 and dentate
gyrus, and in the trigeminal pathway. These findings are in
line with previous description [12].

The Toll-like receptor system is responsible for the recog-
nition of cell surface molecules of infectious agents, leading to
the early innate immune response and the primary adaptive
delayed response. Poly I:C, a synthetic double-stranded RNA,
which acts as a ligand of TLR3 receptor (Toll-like receptor 3),
has been used as a template to reproduce the acute phase of
viral infection [39, 40]. Stimulation of these receptors induces
the production of proinflammatory cytokines associated with
a wide spectrum of behavioral changes, including fever [41]
and hypoactivity [40]. The present report is the first to use
a real arbovirus infection associated with prion disease. The
arbovirus Piry infection showed longer changes in burrowing
activity (up to 3 weeks) suggesting possible activation of both
acute and adaptive immune responses [12].

4.3. Microglial Genesis. Microglial survival is governed by
two key molecules: granulocyte colony stimulating factor (G-
CSF) and macrophage-colony stimulating factor-1 (MCSF-1).
Osteopetrotic mice (op/op), which lack MCSF-1, have been
shown to harbor 24% fewer microglia in the cerebral cortex
than wild-type controls; however, the microglial morphology
was relatively normal [42]. After an injury, microgliosis was
significantly inhibited in MCSF-1 deficient mice compared to
wild-type mice controls, and microglial morphology in both
mutant and control mice changed to an activated profile [42].

Recently, another ligand for the MCSF-receptor was
discovered, called IL-34. At the mRNA level, this ligand
was highly expressed in the brain and, to a lesser extent, in
other tissues [43]. In contrast, G-CSF controls bone marrow
production of circulating blood cells. G-CSF has been also
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implicated in the modulation of systemic immune responses
by its inhibition of proinflammatory cytokines [44]. Inter-
estingly, studies have shown that low plasma levels of G-
CSF were associated with cognitive dysfunction in transgenic
Alzheimer’s mice [45]; moreover, low G-CSF levels in human
plasma were predictive of the conversion from mild cognitive
decline to an Alzheimer’s type dementia [46].

It remains to be investigated which molecular mech-
anisms are subjacent to the inflammatory response, when
combining acute viral infection and prion disease.

Taken together our findings revealed at the first time that
an arbovirus infection in prion-infected mice exacerbates the
microglial inflammatory response to a greater extent without
correlation with hippocampal-dependent behavioral deficits.
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17 3-Estradiol (E2) is a well-known neuroprotective factor in the brain. Recently, our lab demonstrated that the neuroprotective and
cognitive effects of E2 require mediation by the estrogen receptor (ER) coregulator protein and proline-, glutamic acid-, and leucine-
rich protein 1 (PELP1). In the current study, we examined whether E2, acting via PELP], can exert anti-inflammatory effects in the
ovariectomized rat and mouse hippocampus to regulate NLRP3 inflammasome activation after global cerebral ischemia (GCI).
Activation of the NLRP3 inflammasome pathway and expression of its downstream products, cleaved caspase-1 and IL-183, were
robustly increased in the hippocampus after GCI, with peak levels observed at 6-7 days. Expression of P2X7 receptor, an upstream
regulator of NLRP3, was also increased after GCI. E2 markedly inhibited NLRP3 inflammasome pathway activation, caspase-1,
and proinflammatory cytokine production, as well as P2X7 receptor expression after GCI (at both the mRNA and protein level).
Intriguingly, the ability of E2 to exert these anti-inflammatory effects was lost in PELPI forebrain-specific knockout mice, indicating
a key role for PELP1 in E2 anti-inflammatory signaling. Collectively, our study demonstrates that NLRP3 inflammasome activation
and proinflammatory cytokine production are markedly increased in the hippocampus after GCI, and that E2 signaling via PELP1

can profoundly inhibit these proinflammatory effects.

1. Introduction

The steroid hormone, 173-estradiol (E2), is produced pri-
marily by the ovaries in females and has multiple actions
throughout the body and brain. In the brain, there is a signif-
icant body of work demonstrating that E2 is neuroprotective
in both acute and chronic neurodegenerative disorders such
as cerebral ischemia, traumatic brain injury, Alzheimer’s
disease, and Parkinson’s disease [1-4]. For instance, in 1997,
Simpkins et al. demonstrated for the first time that E2
was neuroprotective in an ovariectomized rat focal cerebral
ischemia (FCI) model [5]. Since then, numerous studies have
confirmed the neuroprotective effects of E2 in both focal
and global cerebral ischemia (GCI) models and implicated
both genomic and extranuclear signaling mechanisms in
mediation of the E2 effects [4, 6-11]. In the brain, the neuro-
protective actions of E2 have been implicated to be mediated

by the classical estrogen receptors, estrogen receptor-« (ER-
«) and estrogen receptor-3 (ER-f) [4, 9]. However, there is
also evidence that a new putative ER called G-protein coupled
receptor 1 (GPERI) may also contribute to neuroprotection
6,12, 13].

Upon E2 binding to ER, several coregulatory proteins
associate with the ER to regulate E2 transcriptional activity.
The ER-coregulator protein association leads to formation of
an “ER signalosome”, which facilitates both ER genomic and
extranuclear actions [14]. Recent work by our group led to
the cloning and characterization of a novel ER coregulator,
called proline-, glutamic acid-, and leucine-rich protein 1
(PELP1) [15, 16]. PELP1 is a multidomain scaffold protein that
can interact with ERs using the nuclear receptor interaction
motif, LXXLL, and with Src kinase and PI3K kinase using
SH2 and PXXP motifs [16]. PELP1 is expressed in a variety of
tissues, with highest expression in the brain, ovaries, testes,
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and uterus [16-20]. In addition, PELP1 exhibits both nuclear
and cytoplasmic localization [20], and phosphorylation of
PELPI1 can control its localization, interaction with other
proteins, and stability in cells [16,17]. To understand its
importance in E2 actions in the brain, our group recently
created a PELPI forebrain-specific knockout (PELP1 FBKO)
mouse model [16]. Using the PELP1 FBKO mouse model,
we demonstrated a critical role for PELP1 in mediating E2
regulation of extranuclear and genomic signaling, as well as
E2-induced neuroprotection and cognitive function in the
hippocampus following ischemic injury [16].

While the role of E2 as a neuroprotective factor has been
well established, its role in regulation of neuroinflamma-
tion has been less studied. Growing evidence suggests that
neuroinflammation can contribute significantly to neuronal
damage and cell death in neurodegenerative disorders, and
that attenuation of neuroinflammation can be neuropro-
tective [21-23]. With respect to E2, several studies have
shown that it can suppress microglial activation and proin-
flammatory cytokine production in vivo and in vitro [24-
28], although the mechanisms underlying the effects remain
unclear. A significant advance to the neuroinflammation field
occurred in 2002, when Martinon and coworkers identified
“inflammasomes” as key proteins that trigger the inflamma-
tory response [29]. Inflammasomes are multiprotein com-
plexes that mediate activation of caspase-1 and promote
secretion of proinflammatory cytokines. Inflammasomes are
activated in response to either pathogen associated molecular
patterns (PAMPs), derived from invading pathogens, or
damage-associated molecular patterns (DAMPs), released by
dying cells [30]. Inflammasomes belong to the NOD-like
receptor family (NLRs). NLRs are encoded by a family of 22
genes and are mainly divided as NLRP (NOD-like receptor
with a pyrin domain) and NLRC (NOD-like receptors with
CARD domain) family members [31].

The structure of NLRP includes a carboxy-terminal
leucine rich repeat (LRR), a nucleotide binding domain
called the NACHT domain, and an N-terminal pyrin domain
(PYD). The PYD domain of inflammasome binds to a PYD
domain of apoptosis associated speck like protein (ASC),
which is an adaptor protein [31]. ASC also has a caspase
activation and recruitment (CARD) domain, which binds to
the CARD domain of the procaspase-1 enzyme. NLRP3 is
the most abundantly found inflammasome and contributes to
the majority of production of proinflammatory cytokines [23,
31, 32]. Inflammasomes are primed and activated by triggers
like pathogens and metabolic and genotoxic stressors. For
instance, the P2X7 receptor is activated by elevation of
extracellular ATP, which then leads to activation of the
NLRP3 inflammasome complex [33]. Once activated, inflam-
masomes enhance downstream activation of caspase-1 and
release of proinflammatory cytokines, such as IL-13 and IL-18
[29, 34], which initiate a cascade of detrimental inflammatory
events and apoptosis [35].

Of all of the inflammasome proteins, NLRP3 is by
far the most studied inflammasome in cerebral ischemia
studies. NLPR3 expression has been described in multiple
brain cell types, including astrocytes, microglia, neurons,
and endothelial cells [22, 36-39]. Numerous studies have
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shown that NLRP3 is elevated in the brain of human stroke
patients [40] and experimental stroke animals [40-44].
Furthermore, NLRP3 appears to have an important role in
ischemic pathology as NLRP3 knockout animals have signif-
icantly reduced infarct size and neurovascular damage after
focal cerebral ischemia [38]. Additionally, immunoglobulin
treatment suppresses NLRP3 activity and strongly protects
neurons in ischemic animals [40]. In addition, Aim2 and
NLRC4 knockout animals have also been reported to have
reduced inflammation and infarct size after focal cerebral
ischemia, but the effects appear to be independent of IL-13
production [45].

With respect to E2 regulation of NLRP3 inflammasome
activation, E2 has been reported in one study to suppress
NLRP3 inflammasome gene expression in the cerebral cortex
after focal cerebral ischemia (FCI) [46], while in a second
study an ER-f3 agonist suppressed caspase-1, ASC, and IL-13
expression in the hippocampus after global cerebral ischemia
(GCI) [47]. These studies suggest that E2 can regulate inflam-
masome activation; however, several important questions
remain unanswered, including the following: (1) What is
the temporal pattern of NLRP3 inflammasome expression
in the hippocampus after GCI? (2) In which cell type in
the hippocampus does NLRP3 inflammasome activation
occur? (3) Does E2 only affect expression of the NLRP3
inflammasome or does it also regulate NLRP3 inflammasome
complex formation? (4) What are the mechanisms underlying
E2 regulation of the NLRP3 inflammasome? (5) Does the
ER coregulator, PELPI, mediate E2 regulation of the NLRP3
inflammasome in the brain? The goal of the current study
was to address these key questions. The results of the study
reveal that both expression and complex formation of the
NLRP3 inflammasome, as well as activated caspase-1and IL-
183, are robustly increased in the hippocampus of both the
rat and mouse after GCI, and this effect is strongly inhibited
by E2 replacement. The results also demonstrate that NLRP3
inflammasome activation occurs in both microglia and astro-
cytes after GCI, and that E2 inhibits expression of both P2X7
and TXNIP, two well-known upstream inducers of NLRP3
inflammasome activation. Finally, the results reveal that the
ER coregulator protein PELPI is essential for mediation of E2
regulatory effects upon activation of the NLRP3 inflamma-
some.

2. Materials and Methods

2.1. Animals and Surgical Procedures

2.1.1. Ovariectomized Rat Studies. Augusta University Institu-
tional Animal Care and Use Committee approved all animal
procedures and the studies were conducted in accordance
with National Institutes of Health guidelines for animal
research. Three-month-old young adult Sprague Dawley rats
were bilaterally ovariectomized under isoflurane anesthesia
and separated into shams, ischemia-reperfusion injury, and
injury with estrogen (E2) treatment groups. The E2 treatment
group animals were immediately administered with 17f-
estradiol dissolved in 20% fB-cyclodextrin added to mini-
pumps (0.5 uL/hr, 14-day release; Alzet, Cupertino, CA).
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Pumps were placed in the upper mid-back region to allow
subcutaneous administration of E2. The dose of E2 used led
to production of physiological Diestrus I levels of circulating
E2 (10-15 pg/mL). All rats, except for sham controls, were
subjected to global cerebral ischemia (GCI) via 4-vessel
occlusion method [48] after 7 days of ovariectomy. One
day prior to occlusion, that is, 6 days after ovariectomy, all
animals were anesthetized using ketamine/xylazine and their
vertebral arteries were electrocauterized and the common
carotid arteries were exposed. Twenty-four hours later, the
common carotid arteries were transiently occluded with
hemostatic clips for 12 minutes for all animals except the
shams. Sham animals had their arteries exposed but not
occluded. Ischemia-reperfusion was allowed to occur and
animals were sacrificed using transcardial perfusion and
decapitation at 1, 3, and 7 days after GCI.

2.1.2. PELPI Forebrain-Specific Knockout Mouse Studies.
Young adult female C27BL/6 PELPI forebrain-specific knock-
out mice were generated as described by our group previously
[16]. FLOX control as well as PELP1 knockout mice were
bilaterally ovariectomized and implanted with either placebo
or 17f-estradiol (E2) subcutaneous mini-pumps immedi-
ately following ovariectomy. After 7 days of ovariectomy,
all animals except the shams were subjected to two-vessel
occlusion for global cerebral ischemia (GCI). Animals were
anesthetized briefly with ketamine/xylazine and the two com-
mon carotid arteries were exposed and occluded transiently
with hemostatic clips for 40 minutes. Sham animals had their
arteries exposed but not occluded. All animals were sacrificed
using transcardial perfusion at 6 days after GCI.

2.2. Tissue Collection. All animals were transcardially per-
fused and decapitated at the desired time point after GCI.
Brains were dissected in the midsagittal plane and fixed
in 4% paraformaldehyde for 24 hours, cryoprotected in
30% sucrose, and sectioned on a cryostat to obtain 20-
micron-thick hippocampal sections. These sections were
then used for immunofluorescence staining and proximity
ligation assay (Duolink). For RT-PCR and Western blot
analysis, brains were collected and the hippocampal tissue
was dissected out, frozen, and either processed for RNA
isolation via one-step RT-PCR or homogenized for detection
of proteins via Western blot analysis as described below.

2.3. RT-PCR. Hippocampal tissue samples were collected and
RNA was isolated using the SV total RNA isolation system
(Promega). The RNA was then used for the reverse transcrip-
tase PCR reaction using the Superscript III one-step RT-PCR
system with platinum Taqg DNA Polymerase (Invitrogen) and
the primers listed in Table 1 (Integrated DNA Technologies).
The gene expression analyses were done using the compara-
tive AACt method. The mRNA level changes were expressed
as fold change as compared to the sham animals. All Ct values
for target genes were normalized to CypA gene [49].

2.4. Western Blot Analysis. Hippocampal tissue was collected
7 days after GCI as mentioned above. Individual hippocampal

sample from each animal was homogenized in RIPA buffer
using silica beads and a Mini-Beadbeater (Biospec Products,
OK, USA). The homogenate was centrifuged at 13,000 rpm for
10 minutes at 4°C and the supernatant was used for protein
estimation by Lowry’s Assay (Lowry’s Assay Kit, Sigma). Fifty
micrograms of protein for each sample was separated on 15%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
transferred on nitrocellulose membrane, and blocked with
5% bovine serum albumin for 1 hour at room temperature
with gentle shaking. Blocking was followed by incubation
with primary antibodies, NLRP3 (Santa-Cruz Biotechnology,
sc-34408), ASC (Santa-Cruz Biotechnology, sc-22514-R), cl-
caspase-1 (Santa-Cruz Biotechnology, sc-22165), and IL-183
(Abcam, ab9722), overnight at 4°C with gentle shaking. Glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH, Santa-
Cruz Biotechnology, sc-32233) was used as a loading control.
The membrane was then washed with 1x TBST to remove
unbound primary antibody and incubated with secondary
Alexa Fluor 680 or 800 anti-rabbit/goat/mouse IgG for 1
hour at room temperature with gentle shaking. Blots were
scanned using Odyssey Imaging System (LI-COR Bioscience,
Lincoln, NB). The intensity of bands was quantified using
Image] software. The immunoblot data was corrected for
corresponding GAPDH values and presented as fold change
in protein as compared to sham animals.

2.5. Immunofluorescence Staining and Confocal Microscopy
Analysis. Twenty um thick coronal sections were washed
with PBS and 0.4% Triton-X PBS for 20 minutes. The sections
were then blocked with 10% normal donkey serum for 1 hour
at room temperature in PBS containing 0.1% Triton X-100,
followed by incubation with primary antibody for 1-3 nights
at 4°C in the same buffer. Primary antibodies used for this
study included rabbit-NLRP3 (Santa-Cruz Biotechnology, sc-
66846), rabbit-ASC (Santa-Cruz Biotechnology, sc-22514-R),
goat-cleaved caspase-1 (Santa-Cruz Biotechnology, sc-22165),
rabbit-IL-13 (Abcam, ab9722), goat-Ibal (Abcam, ab5076),
rabbit-P2X7 receptor (Sigma, P8232), and mouse-NeuN
(Millipore, MAB377). After primary antibody incubation,
sections were washed for 3 x 10 minutes at room temperature
(RT), followed by incubation with the appropriate secondary
antibody: Alexa-Fluor488/568/647 donkey anti-rabbit/anti-
mouse/anti-goat (Invitrogen) RT/1 hour. Sections were then
washed with PBS containing 0.1% Triton X-100 for 3 x 10 min,
followed by 2 x 5min with 1x PBS and briefly with water.
The sections were then mounted with water-based mounting
medium containing antifading agents and observed using
confocal microscopy. All images were captured on a confocal
laser microscope (Carl Zeiss, Germany) using the Zen soft-
ware at 40x magnification and 50 ym scale bar.

2.6. Duolink Proximity Ligation Assay. Tissue sections were
blocked in 5% (vol/vol) donkey serum for 1 hour at room
temperature and incubated overnight with primary anti-
bodies, goat-NLRP3 (Santa-Cruz Biotechnology, sc-34408),
and rabbit-ASC (Santa-Cruz Biotechnology, sc-22514-R) at
4°C. These sections were then incubated with Duolink PLA
probes, anti-Rabbit MINUS (Sigma-Aldrich, DU092005)
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TABLE 1

Gene Forward primer Reverse primer

NLRP3 5" AGAAGCTGGGGTTGGTGAATT 3' 5' GTTGTCTAACTCCAGCATCTG 3’

ASC 5" CCCATAGACCTCACTGATAAAC 3’ 5" AGAGCATCCAGCAAACCA 3'

Caspase-1 5 AGGAGGGAATATGTGGG 3’ 5" AACCTTGGGCTTGTCTT 3’

IL-18 5 TGACCCATGTGAGCTGAAAG 3’ 5" AGGGATTTTGTCGTTGCTTG 3’

TXNIP 5' CTGATGGAGGCACAGTGAGA 3' 5 CTCGGGTGGAGTGCTTAG 3'

P2rX7 5' CTACTCTTCGGTGGGGGCTT 3’ 5" AACCCTGGTCAGAATGGCAC 3'

CypA 5' TATCTGCACTGCCAAGACTGAGTG 3' 5' CTTCTTGCTGGTCTTGCCATTCC 3’

and anti-goat PLUS (Sigma-Aldrich, DUO92003) for 1h at
37°C. Ligation and amplification were carried out at 37°C
using the Duolink in situ detection reagent kit (Sigma-
Aldrich, DU0O92008) according to the manufacturer’s proto-
col. All sections were then mounted on a slide and all images
were captured on a confocal laser microscope (Carl Zeiss,
Germany) using the Zen software at 40x magnification and
50 ym scale bar.

2.7. Antibody Specificity in Immunofluorescence Staining.
Specificity of inflammasome pathway factor antibodies used
in immunofluorescence staining was tested by preabsorption
with the antigen peptide or recombinant protein (IL-1f3)
available from the manufacturer. For preabsorption, fivefold
concentration of each peptide, NLRP3, ASC, cleaved caspase-
1, and IL-1f3 was incubated with primary antibody (at concen-
trations used for immunofluorescence staining) overnight at
4°C. The immunofluorescence staining (with DAPI) was then
performed as described above, and images were captured on
a confocal laser microscope (Carl Zeiss, Germany) using the
Zen software at 40x magnification and 50 ym scale bar.

2.8. Quantification of Confocal Images. The intensity of all
confocal images captured at 40x magnification was quantified
using MATLAB software (version R2013a by Mathworks,
Natick, MA, USA) as described previously [50]. MATLAB is
a programming environment with built-in image processing
tools. The intensity threshold for injured animals was identi-
fied by applying a multilevel image threshold algorithm using
Otsu’s method in MATLAB [50]. This value was then used
as an intensity threshold for sham and E2-treated animals.
The algorithm digitized each image into a 1024 x 1024 matrix.
The individual values contained in the matrix represented
the intensity value of pixels of a particular color, that is, red,
blue, or green. Using the threshold value obtained from the
algorithm, the image was segmented into two regions: one
above the threshold value and one below. Finally, dividing the
segmented area with intensity above the threshold value by
the total image area enabled image quantification. The data
were obtained as relative area of fluorescence as compared
to the entire area of the image. The data was expressed
as percentage of area activated in the entire captured field.
The quantification of immunofluorescence images was also
confirmed by using Image] intensity analysis.

2.9. Statistical Analysis. The independent two-sample ¢-test
was conducted to investigate whether the mean fold change
for mRNA of factors under study for each of the three time
points (1, 3, and 7 days) was significantly different between the
ischemic and the estrogen-treated rats. The one-way ANOVA
test was conducted to investigate whether there is a significant
difference among sham, ischemic, and E2-treated rats on
day 7 after injury for all proteins under study. The two-way
ANOVA test was conducted to investigate whether there is a
significant difference among sham, ischemic, and E2-treated
groups of FLOX control versus the PELP1 KO mice, as well
as whether there is a significant interaction between group
(sham, ischemic, and E2) and type (FLOX and KO) for all
molecules under study. Whenever the difference for either of
the ANOVA tests was found to be significant, post hoc tests
such as Bonferroni’s test or Tamhane’s test was conducted to
make pairwise comparisons of the groups of animals. All tests
were conducted at a 5% level of significance using the IBM
SPSS software (version 23).

3. Results

3.1. Temporal Expression of NLRP3 Inflammasome Pathway
Factors in the Hippocampus after GCI and Regulation by Estra-
diol. We first examined the temporal expression of NLRP3
inflammasome pathway factors and their regulation by E2
in the hippocampus after GCL. The first approach involved
determining the temporal pattern of gene expression of
inflammasome pathway molecules, NLRP3, ASC, caspase-1,
and IL-1$. As shown in Figure 1, mRNA levels for these mark-
ers were detected using RT-PCR analysis from hippocampus
tissue collected at days 1, 3, and 7 after GCI. The data are
represented in terms of fold change as compared to the sham
animals that did not undergo ischemia. The mRNA levels
for NLRP3 (Figure 1(a)) were increased 2-fold and 1.5-fold at
days 1 and 3, respectively, after injury. E2 treatment strongly
suppressed NLRP3 gene expression at both days 1 and 3 after
injury. Likewise, ASC mRNA levels were strongly elevated at
days 1, 3, and 7 after GCI, and this effect was strongly inhibited
by E2 treatment (Figure 1(b)). Caspase-1 mRNA levels were
increased 2-fold at day 1 after injury and were significantly
suppressed by E2 (Figure 1(c)). However, at days 3 and 7
after GCI, E2 paradoxically increased caspase-1 mRNA levels.
It should be noted that the caspase-l mRNA measured in
this study represents expression of the procaspase-1, and
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FIGURE 1: Temporal pattern of NLRP3, ASC, caspase-1, and IL-15 gene expression after GCI and their suppression by E2 treatment. mRNA
samples were collected from the hippocampus of adult female ovariectomized rats, with and without E2, at various times after GCI. (a) NLRP3,
(b) ASC, (c) caspase-1, and (d) IL-18 are all expressed temporally after GCI and their expression is robustly suppressed by E2 treatment at
early time points after GCI (** P < 0.0001, * P < 0.05, GCI versus GCI + E2) (n = 5-6 animals per group).

that cleavage of the procaspase-1 protein is required for its
activation. The effects of GCI and E2 upon the cleaved (active
form of) caspase-1are described below in a subsequent figure.
Finally, IL-18 mRNA levels showed very high induction
in the hippocampal CAl region after GCI, with an 8-27-
fold increase on days 1, 3, and 7 after GCI (Figure 1(d)).
Similar to the results for the other NLRP3 inflammasome
factors, E2 treatment robustly suppressed IL-13 mRNA levels

at all three days after GCI. We next examined GCI and E2
regulation of protein levels of the NLRP3 inflammasome
pathway molecules in the hippocampus using Western blot
analysis. Representative Western blot results are shown in
Figures 2(a)-2(d), while quantification of the results from
all samples is shown in Figures 2(e)-2(h). As shown in
Figures 2(a)-2(h), the results demonstrate that protein levels
of NLRP3, ASC, and “active” cleaved caspase-1 and cleaved
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FIGURE 2: Increase in NLRP3, ASC, cleaved caspase-1, and cleaved IL-1f3 protein levels after GCI and its suppression by E2. Representative
immunoblots from Western blot analysis of hippocampal samples collected 7 days after GCI show that (a) NLRP3, (b) ASC, (c) cleaved
caspase-1, and (d) cleaved IL-1f3 are robustly increased after GCI as compared to shams and are significantly suppressed by E2 treatment.
(e-h) Quantification of immunoblots using Image]J software showed that NLRP3, cleaved caspase-1, and cleaved IL-183 levels are increased
2.5-fold after GCI and ASC is increased 6-fold. This increase in protein levels is significantly suppressed by E2 treatment (*p < 0.05 sham
versus GCL; * P < 0.05 GCI versus GCI + E2) (n = 4-5 animals per group).

IL-1B are significantly increased in the hippocampus at 7 days
after GCIL, and that E2 treatment significantly attenuates the
elevation of the NLRP3 inflammasome proteins.

To further confirm the mRNA as well as Western blot
results, we used immunofluorescence staining to detect the

protein expression of NLRP3, ASC, “active” cleaved caspase-
1 (cl-caspase-1), and IL-1f3 at 7 days after GCI. As shown
in Figure 3(a), representative photomicrographs reveal that
the expression of NLRP3, ASC, “active” cleaved caspase-1,
and IL-18 was significantly increased in the hippocampal
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FIGURE 3: Expression of ASC, NLRP3, cleaved caspase-1, and IL-1f3 protein after GCI and suppression by E2. (a) Representative confocal
images show that ASC, NLRP3, cleaved caspase-1, and IL-1p3 are activated in hippocampal CALI region of the young adult female rat at day
7 after GCI. This expression is robustly suppressed by E2, as seen in the lower panel by reduced staining (magnification = 40x, scale bar
= 50 ym). (b) Quantification of fluorescence intensity using MATLAB software shows a statistically significant suppression of all of these
proteins at day 7 after GCI (*p < 0.05 sham versus GCL; * P < 0.05 GCI versus GCI + E2) (n = 5-6 animals per group).
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FIGURE 4: Proximity ligation assay demonstrating NLRP3-ASC complex formation after GCI and its suppression by E2. (a) Representative
confocal images of proximity ligation assay (Duolink in situ co-IP) show that NLRP3-ASC complex is formed in hippocampal CAl region of
the young adult female rat at day 7 after GCI. This complex formation is robustly suppressed by E2 (magnification = 40x, scale bar = 50 ym).
(b) Quantification of fluorescence intensity using MATLAB software shows a statistically significant suppression of complex formation at day
7 after GCI (*P < 0.05 sham versus GCI; * P < 0.05 GCI versus GCI + E2) (n = 5-6 animals per group).

CAL region of the rat hippocampus at 7 days after GCI, as
compared to the sham controls. Furthermore, E2 treatment
robustly suppressed the enhanced protein expression of
NLRP3, ASC, “active” cleaved caspase-1, and IL-1f3 in the
hippocampus after GCI. Figure 3(b) shows the results of
quantification of the immunofluorescence staining intensity
using MATLAB software. As shown in Figure 3(b), all of
the NLRP3 inflammasome pathway molecules were highly
expressed at day 7 after GCI and were significantly suppressed
by E2. The specificity of the NLRP3 inflammasome pathway
antibodies used in our studies was confirmed by preab-
sorption studies with antigen (or when not available, with
the recombinant protein, e.g., for IL-13). As shown in Sup-
plementary Figure 1 (see Supplementary Material available
online at http://dx.doi.org/10.1155/2016/8309031), antigen or
recombinant protein preabsorption essentially completely
abolished staining for the NLRP3 inflammasome molecules,
demonstrating specificity of the antibodies. Therefore, cou-
pled with the mRNA expression and Western blot data in
Figures 1 and 2, the results in Figure 3 further confirm that
expression of NLRP3 inflammasome pathway molecules is
increased in the rat hippocampus after GCI and suppressed
by E2 treatment.

Using triple immunofluorescent staining, we next deter-
mined the cell type of expression of NLRP3 inflammasome
molecules in the hippocampal CAl region at 7 days after GCI.
As shown in Supplementary Figure 2, triple immunofluores-
cence staining of each of the NLRP3 inflammasome pathway
molecules with either GFAP (astrocyte marker) or CDIllb
(microglial marker) and NeuN (neuronal marker) or DAPI
revealed that NLRP3, ASC, “active” cleaved caspase-1, and IL-
183 are colocalized with CD11b and GFAP in the hippocampal
CALl region at 7 days after GCIL. This finding suggests that
NLRP3 inflammasome pathway activation occurs primarily

in microglia and activated astrocytes in the hippocampus at
7 days after GCI.

3.2. Estradiol Suppresses NLRP3 Inflammasome Complex For-
mation in the Hippocampus after GCL. In the above studies,
we examined E2 regulation of expression of NLRP3 inflam-
masome pathway factors after GCI. To further confirm acti-
vation of the NLRP3 inflammasome, we examined NLRP3
inflammasome complex formation after GCI, as assembly of
the inflammasome complex is known to be essential for
its activation. To examine NLRP3 inflammasome complex
formation, we performed an in situ coimmunoprecipitation
assay, also known as a proximity ligation assay (or Duolink
assay), to measure the protein-protein interaction (complex
formation) of NLRP3 and ASC in the rat hippocampal
CAL region at 7 days after GCI. ASC binding to NLRP3 is
known to be critical for recruitment of caspase-1 and for
NLRP3 inflammasome activation [31]. The protein-protein
interaction in the proximity ligation assay was detected as
red immunofluorescence signal under a confocal microscope.
Representative photomicrographs of the proximity ligation
assay results are shown in Figure 4(a), while quantification of
the results from all images from all animals for intensity using
MATLAB is shown in Figure 4(b). As shown in Figures 4(a)
and 4(b), the results of the proximity ligation assay revealed a
significant increase in NLRP3-ASC complex formation in the
hippocampus after GCI, as compared to sham controls. Fur-
thermore, E2 treatment strongly suppressed the GCI-induced
NLRP3-ASC complex formation in the hippocampus.

3.3. Estradiol Regulates Expression of Upstream Activators of
the NLRP3 Inflammasome. We hypothesized that E2 may
control NLRP3 inflammasome activation by regulating the
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expression of key upstream activators of the NLRP3 inflam-
masome. A well-known upstream activator of the NLRP3
inflammasome is the ionotropic purinergic P2X7 receptor.
The P2X7 receptor becomes activated by extracellular ATP,
which is a danger-associated molecular pattern (DAMP)
released from damaged/dying neurons after injury [51]. We
thus examined the ability of E2 to regulate protein and mRNA
expression levels of the P2X7 receptor in the hippocampus
using triple immunofluorescent staining and quantitative
RT-PCR. Representative photomicrographs of the triple
immunofluorescent staining results for P2X7 receptor, NeuN
(neuronal marker), and Ibal (microglial marker) are shown
in Figure 5(a), while quantification of the results from all
images from all animals for intensity using MATLAB is
shown in Figure 5(b). As shown in Figures 5(a) and 5(b), triple

immunofluorescence colocalization results with specific anti-
bodies to the P2X7 receptor, NeuN (neuronal marker),
and Ibal (microglial marker) revealed that immunoreactive
protein levels of the P2X7 receptor in hippocampal CAl
region of rat are strongly upregulated at 7 days after GCI.
Furthermore, the P2X7 receptor immunostaining signal was
highly colocalized with the microglia marker Ibal, indicating
its upregulation occurs in microglia. Intriguingly, P2X7
receptor immunoreactive protein levels in the hippocampal
CAl region were profoundly suppressed by E2 treatment. We
next examined whether E2 could regulate gene expression
of the P2X7 receptor in the hippocampus at various time
points after GCI. As shown in Figure 5(c), P2X7 receptor
mRNA levels were significantly increased (1.5-2-fold) in the
hippocampus from days 1, 3, and 7 after GCI, as compared
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to sham controls. E2 treatment had no effect upon the P2X7
receptor mRNA levels at day 1 after GCI but significantly
attenuated its expression at days 3 and 7 after GCI. We also
examined whether E2 could regulate another upstream reg-
ulator of NLRP3, thioredoxin interacting protein (TXNIP).
Following increased production of reactive oxygen species
(such as what occurs after ischemic injury), TXNIP is released
from its complex with thioredoxin (TRX) and can bind
to the LRR region of NLRP3 and activate it [52, 53]. As
shown in Supplementary Figure 3A, immunofluorescence
staining revealed that TXNIP expression was increased in
rat hippocampal CAI region at 7 days after GCI and that
this expression is robustly suppressed by E2 treatment.
Quantification of intensity of TXNIP for all images from all
animals is shown in Supplementary Figure 3B. As shown
in Supplementary Figure 3C, mRNA levels of TXNIP were
also increased after GCI and significantly suppressed by
E2 treatment at days 3 and 7 after GCIL. These results
suggest that E2 may potentially regulate the inflammasome
complex activation via its ability to suppress expression of the
NLRP3 inflammasome upstream regulators, P2X7 receptor
and TXNIP.

3.4. The Estrogen Receptor Coregulator, PELPI, Is Essential for
the Ability of Estradiol to Regulate the NLRP3 Inflammasome
after GCI. To enhance understanding of the mechanisms
involved in the E2 anti-inflammatory effects after GCI, we
examined the role of the ER coregulator, PELPI. Prior work
by our group using a PELP1 forebrain-specific KO (PELP1
FBKO) mouse model that we generated revealed that PELP1
is required for E2-induced rapid and genomic signaling, as
well as the neuroprotective and cognitive-enhancing effects
of E2 in the hippocampus after GCI [16]. Moreover, RNA-seq
data comparing hippocampal gene expression in E2-treated
FLOX control and PELP1 FBKO mice at 24 hours after GCI
revealed that a number of inflammatory pathway genes were
upregulated in the PELP1 FBKO mouse [16]. We therefore
examined whether the ability of E2 to suppress expression of
NLRP3 inflammasome pathway factors in the hippocampal
CAl region after GCI required PELP1 mediation. We utilized
FLOX control and PELP1 FBKO mice and examined E2
regulation of NLRP3 inflammasome expression at 6 days after
GCI, as this time point showed robust microglia activation
and neuronal loss after GCI [16]. Representative photomicro-
graphs of immunofluorescent staining results for NLRP3 and
ASC are shown in Figures 6(a) and 6(c), respectively, while
quantification of the results from all images from all animals
for intensity using MATLAB is shown in Figures 6(b) and
6(d). As shown in Figures 6(a)-6(d), immunofluorescence
staining of hippocampal CALl region sections revealed that
NLRP3 and ASC were markedly elevated at day 6 after GCI
in FLOX control mice, and that E2 suppressed this effect.
Intriguingly, the ability of E2 to suppress elevation of NLRP3
and ASC in the hippocampus was lost in PELP1 FBKO mice
(Figures 6(a)-6(d)).

We next examined the downstream products of the
NLRP3 inflammasome pathway, “active” cleaved caspase-
1 and IL-1f3, using immunofluorescence staining of hip-
pocampal sections. Representative photomicrographs of
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immunofluorescent staining results for “active” cleaved
caspase-1 and IL-1f are shown in Figures 7(a) and 7(c),
respectively, while quantification of the results from all
images from all animals for intensity using MATLAB is
shown in Figures 7(b) and 7(d). As shown in Figures
7(a)-7(d), immunoreactive protein levels of “active” cleaved
caspase-1 and IL-1f3 were significantly enhanced in the hip-
pocampal CALI region at 6 days after GCI in FLOX control
mice, and E2 strongly suppressed the elevation of both of
these factors. Further, the ability of E2 to suppress elevation
of “active” cleaved caspase-1 and IL-1f3 in the hippocampus
was lost in PELP1 FBKO mice (Figures 7(a)-7(d)).

We next used the in situ proximity ligation assay to
determine whether the ability of E2 to suppress NLRP3-
ASC complex formation after GCI is compromised in PELP1
FBKO mice. Representative photomicrographs of the prox-
imity ligation assay results are shown in Figure 8(a), while
quantification of the results from all images from all animals
for intensity of using MATLAB is shown in Figure 8(b).
As shown in Figure 8, FLOX control mice demonstrated a
significantly increased NLRP3-ASC complex formation in the
hippocampal CAl region at 6 days after GCI as detected by
the proximity ligation assay, and E2 treatment completely
attenuated the complex formation. However, the ability of E2
to inhibit the GCI-induced NLRP3-ASC complex formation
was lost in PELP1 FBKO mice (Figures 8(a) and 8(b)).

Finally, we examined the effect of PELP1 deletion upon
the ability of E2 to suppress expression of the P2X7 receptor in
hippocampal CAl region after GCI. Representative photomi-
crographs of triple immunofluorescent staining results for the
P2X7 receptor, Ibal (microglia marker), and NeuN (neuronal
marker) are shown in Figure 9(a), while quantification of
the results from all images from all animals for intensity
using MATLAB is shown in Figure 9(b). As shown in Figures
9(a) and 9(b), triple immunofluorescence staining for the
P2X7 receptor, Ibal (microglia marker), and NeuN (neuronal
marker) revealed that there was increased expression of the
P2X7 receptor in the hippocampal CAl region of FLOX
control as well as PELP1 knockout mice after GCI. The P2X7
receptor immunoreactive signal colocalized with Ibal, indi-
cating that the enhanced P2X7 expression occurred primarily
in microglia. As was the case in the ovariectomized rat, P2X7
receptor expression was suppressed by E2 treatment in FLOX
control mice that were subjected to GCI. The suppressive
effect of E2 on P2X7 receptor expression required PELPI
mediation as evidenced by the loss of the suppressive effect
of E2 in PELP1 FBKO mice (Figures 9(a) and 9(b)).

4. Discussion

The current study provides several important findings. First,
it demonstrates that the NLRP3 inflammasome is robustly
activated in microglia and astrocytes in the hippocampal CAl
region of both the rat and mouse after GCI. Secondly, it
demonstrates that low dose E2 treatment profoundly sup-
presses NLRP3 inflammasome activation in the hippocampus
after GCIL. Thirdly, it provides novel insight into the mecha-
nisms of E2 anti-inflammatory effects by demonstrating that
E2 suppresses induction of the upstream activators of the
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FIGURE 6: The ability of E2 to attenuate expression of NLRP3 and ASC after GCI is lost in PELPI forebrain-specific knockout mice. (a and ¢)
Representative confocal images show that NLRP3 and ASC are induced in hippocampal CAl region at day 6 after GCI in FLOX control as
well as PELP1 knockout mice. The expression of these markers is suppressed by E2 in the FLOX control mice but not in the PELP1 KO mice
sections (KO = PELPI knockout) (magnification = 40x, scale bar = 50 ym). (b and d) Quantification of fluorescence intensity using MATLAB
software shows a statistically significant suppression of all of these proteins by E2 in FLOX but not in KO mice (*p < 0.05, sham versus GCI;
*p < 0.05, GCI versus GCI + E2; $P < 0.05, FLOX GCI + E2 versus KO GCI + E2; NS, not signiﬁcant, KO GCI versus KO GCI + E2) (n = 5-6

animals/group).

NLRP3 inflammasome (P2X7 and TXNIP) after GCI, and
that the ER coregulator protein, PELPI, is essential for the
anti-inflammatory actions of E2 in the hippocampus.

A unique strength of our study is that we used a novel
genetic PELP1 forebrain-specific knockout model to elucidate

the role of PELP1 in E2 anti-inflammatory actions. Based on
the results of our study, we propose that E2 binds to ER and
recruits the coregulator PELP1 to form an active transcrip-
tional complex, which leads to attenuation of expression of
the upstream inducers of the NLRP3 inflammasome, P2X7
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FIGURE 7: The ability of E2 to attenuate expression of cleaved caspase-1and IL-18 after GCI is lost in PELP1 forebrain-specific knockout mice.
(a and c¢) Representative confocal images show that cleaved caspase-1 and IL-1f3 are induced in hippocampal CAl region at day 6 after GCI in
FLOX as well as PELPI knockout mice. The expression of these markers is suppressed by E2 in the FLOX control mice but not in the PELP1
KO mice sections (KO = PELPI knockout) (magnification = 40x, scale bar = 50 ym). (b and d) Quantification of fluorescence intensity using
MATLAB software shows a statistically significant suppression of all of these proteins by E2 in FLOX but not in KO mice (*f < 0.05, sham

versus GCI; *p < 0.05, GCI versus GCI + E2; $P < 0.05, FLOX GCI + E2 versus KO GCI + E2; NS, not significant, KO GCI versus KO GCI
+ E2) (n = 5-6 animals/group).

and TXNIP in the hippocampus after GCI. Suppression of ~ Furthermore, in support of this possibility, NOX2 knockout
TXNIP and NLRP3 activation could also be due to E2 sup-  mice have been shown to have a significantly reduced NLRP3
pression of GCI-induced ROS generation, as we previously  activation after FCI that correlated with reduced infarct size,
demonstrated that E2 profoundly suppresses NOX2 NADPH  reduced edema, and improved neurological outcome [38].
oxidase activity and superoxide induction after GCI [7]. While we believe that E2 effects involve mediation by nuclear
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FIGURE 8: The ability of E2 to suppress NLRP3-ASC complex formation after GCI is lost in PELP1 forebrain-specific knockout mice. (a)
Representative confocal images of Duolink in situ co-IP show that ASC-NLRP3 complex is formed in hippocampal CAl region at day 6 after
GCI. This complex formation is robustly suppressed by E2 in the FLOX but not in KO (KO = PELP1 knockout) (magnification = 40x, scale
bar =50 ym). (b) MATLAB analysis of the images shows a statistically significant suppression of complex formation by E2 in FLOX but not in
KO mice (* P < 0.05, sham versus GCI; * P < 0.05, GCI versus GCI + E2; $P < 0.05, FLOX GCI + E2 versus KO GCI + E2; NS, not significant,

KO GCI versus KO GCI + E2) (n = 5-6 animals/group).

ER, we cannot rule out the possibility that extranuclear ER
signaling could be involved as well, as we previously demon-
strated that PELP1 also mediates extranuclear ER-mediated
rapid signaling effects in the hippocampus after GCI [16].

While our study did not address which ER mediates E2
effects upon the NLRP3 inflammasome after GCI, PELP1 can
interact with and mediate the effects of both ER-« and ER-
B in various cells throughout the body [54]. Intriguingly,
both ER-« and ER-f8 have been implicated to mediate anti-
inflammatory actions of E2 in the brain. Most relevant to
our study, ER-f3 antisense oligonucleotide knockdown has
been reported to attenuate E2 suppression of ASC, caspase-
1, and IL-1p3 after GCI [47]. This study did not examine
which inflammasome mediated the increase in IL-1f3 and was
regulated by E2, but our work provides strong evidence that
the NLRP3 inflammasome is activated in the hippocampus
after GCI and strongly regulated by E2. ER-a has also
been implicated in mediating some of the anti-inflammatory
effects of E2 in the brain. For instance, Vegeto et al. [28] found
that the ability of E2 to suppress lipopolysaccharide-induced
microglial activation and monocyte recruitment in the brain
is lost in ER-« knockout mice. However, this study did not
assess the role for ER-« in inflammasome regulation. Finally,
to our knowledge, no study has examined the role of GPERI1
in the regulation of inflammasome activation in the brain.
Studies are ongoing in our laboratory to further address this
issue.

Of significant note, our study found that NLRP3 pathway
factors were induced in both microglia and astrocytes after
GCI. A similar multicell induction of NLRP3 pathway factors

has been reported previously in the cerebral cortex after focal
cerebral ischemia [55] or traumatic brain injury [22], demon-
strating that NLPR3 factors are expressed in neurons, astro-
cytes, and microglia after brain injury. Likewise, expression of
P2X7 receptors has been reported in multiple brain cell types,
including microglia, astrocytes, and neurons [56-59], and is
increased after cerebral ischemia [60-62]. Thus, it appears
that multiple cell types can express inflammasomes and be
involved in neuroinflammation. While less is known about
the role of NLRP3 inflammasome activation in astrocytes
as compared to microglia, recent studies have found that
astrocytes can express NLRP3 and ASC and display caspase-
1 cleavage and release of IL-18 after induction with inflam-
matory agents, Af, or in vitro oxygen/glucose deprivation
[36, 37, 63]. This suggests that inflammasome activation in
astrocytes may also contribute to neuroinflammation after
brain injury. In contrast, NLRPI and Aim2 expression has
been primarily reported in neurons in the ischemic or injured
brain [64-66].

Finally, previous work by our laboratory and others has
shown that E2 is profoundly neuroprotective and improves
functional outcome after GCI and FCI [5, 9-11, 16, 67]. Based
on our current results, we propose that E2 inhibition
of NLRP3 inflammasome activation is an important con-
tributing mechanism for E2 beneficial effects on neuronal
survival and functional outcome after GCIL In support of
this possibility, NLRP3 knockout mice have been shown to
have significantly reduced infarct size after FCI, suggesting
that NLRP3 inflammasome activation contributes to neu-
ronal damage and cell death after cerebral ischemia [38].
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FIGURE 9: The ability of E2 to attenuate expression of P2X7 receptor after GCI is lost in PELP1 forebrain-specific knockout mice. (a)
Representative confocal images stained for Ibal (red), P2X7 receptor (green), and NeuN (blue) show the activation of microglia and increased
expression of P2X7 receptor in the hippocampal CAl region of young adult female FLOX control as well as PELP1 KO mice 6 days after GCL
The P2X7 receptor colocalized very strongly with microglia. This expression and microglial activation are suppressed by E2 treatment in
FLOX control mice but not in PELP1 KO mice (KO = PELP1 knockout) (magnification = 40x, scale bar = 50 ym). (b) MATLAB analysis of
the images shows a statistically significant suppression of all of these proteins by E2 in FLOX control but not in KO mice (*p < 0.05, sham
versus GCI; " P < 0.05, GCI versus GCI + E2; NS, not significant, KO GCI versus KO GCI + E2) (n = 5-6 animals/group).

Furthermore, intravenous immunoglobulin has been shown
to suppress NLRP3 inflammasome-mediated neuronal cell
death after ischemic stroke and to improve neurological
outcome [40]. Finally, caspase-1 knockout mice, as well as
caspase-1 inhibitor- or dominant negative-treated mice, have
been all reported to have significantly decreased neuronal cell
death and brain deficits following cerebral ischemia [68-71].
Collectively, these findings suggest that NLRP3 inflamma-
some activation and resultant neuroinflammation contribute

significantly to the neuronal cell death and functional deficits
that occur after cerebral ischemia, and that E2 inhibition
of NLRP3 inflammasome activation may contribute signif-
icantly to its beneficial protective effects following cerebral
ischemia.

In conclusion, the results of our study demonstrate that
NLRP3 inflammasome activation is strongly increased in the
hippocampus after GCI, and that E2 strongly suppresses both
expression and activation of the NLRP3 inflammasome. The
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effects of E2 require the ER-coregulator, PELP1, and involve
attenuation of P2X7 and TXNIP, two well-known upstream
inducers of NLRP3 inflammasome activation. These findings
provide new insight into the anti-inflammatory effects of
E2 in the brain and suggest that therapeutic targeting of
the NLRP3 inflammasome for inhibition by E2 analogues or
NLRP3 inflammasome selective inhibitors may have efficacy
in the treatment of GCI, as well as other neurodegenerative
disorders that involve NLRP3 inflammasome activation and
neuroinflammation.
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In the present study, we attempted to elucidate mechanisms for the regulation of intracellular calcium levels by H,S in primary
rat medullary neurons. Our results showed that NaHS significantly increased the level of [Ca®"]; in rat medullary neurons in a
concentration-dependent manner. L-Cysteine and SAM significantly raised the level of [Ca®"]; in the medullary neurons while HA
and/or AOAA produced a reversal effect. In addition, L-cysteine and SAM significantly increased but HA and/or AOAA decreased
the production of H,S in the cultured neurons. The [Ca®']; elevation induced by H,S was significantly diminished by EGTA-Ca®'-
free solutions, and this elevation was also reduced by nifedipine or nimodipine and mibefradil, suggesting the role of L-type and/or
T-type Ca®* channels. Moreover, the effect of H,S on [Ca®*]; level in neurons was significantly attenuated by BAPTA-AM and
thapsigargin, suggesting the source of Ca®*. Therefore, we concluded that both exogenous and endogenous H,S elevates [Ca®"];
level in primarily cultured rat medullary neurons via both increasing calcium influx and mobilizing intracellular Ca** stores from

ER.

1. Introduction

Hydrogen sulfide (H,S) is an important gasotransmitter
along with nitric oxide (NO), carbon monoxide (CO), and
ammonium in addition to its conventional toxicological
profile [1-3]. The endogenous production of H,S in the
human body is catalyzed by several enzymes, including two
pyridoxal-5'-phosphate- (PLP-) dependent enzymes, namely,
cystathionine-f-synthase (CBS) and cystathionine-y-lyase
(CSE), and 3-mercaptopyruvate sulfurtransferase (MST) [4].
L-Cysteine and homocysteine or their derivatives are the sub-
strates of these H,S-generating enzymes [4]. The expression
of these H,S-generating enzymes is tissue specific. CBS is
highly expressed in the central nervous system (CNS). CSE
is mainly expressed in the cardiovascular system [2] and
MST is considered as another source of H,S in the brain [5].
The physiological concentration of sulfide in brain tissue is

detected to be 50~160 M [6], whereas the blood level of H,S
is estimated at low micromolar to high nanomolar range [7].

H,S is a signaling molecule for neurotransmission and
neuromodulation and is involved in learning, memory, and
nociception [3]. H,S has been reported to enhance the
induction of long-term potentiation (LTP), a synaptic model
in learning and memory, and increase the sensitivity of
NMDA receptor mediated response, indicating a neuropro-
tective effect of H,S on homocysteine-induced cerebrovas-
cular pathology [8, 9]. NaHS attenuated the inflammation
induced by LPS in microglia via inhibiting of p38-MAPK
[10], suggesting the implication of H, S in the neuroprotection
or treatment of cerebral ischemia and neuroinflammatory
diseases. It was also found that H,S decreased blood pressure
in various models of hypertension [11-14]. H,S treatment
reduced blood pressure and oxidative stress in angiotensin
II induced hypertensive mice [15] and in spontaneously
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hypertensive rats (SHRs) [14]. These findings indicate that
H,S, as an important neuromodulator, produces antineuroin-
flammatory, antioxidant, and antiapoptotic effects in neurons
and glial cells. However, the underlying mechanisms are still
unsettled.

Calcium is second messenger for neuronal functions,
such as release of neurotransmitters [16], synaptic plasticity
[17, 18], neuronal excitation, and gene transcription [16].
Changes of intracellular free Ca?" concentration ([Ca“]i)
may directly alter neuronal excitability [19]. It was reported
that H,S increased [Ca*'], and induced Ca** waves in
primary cultures of astrocytes [20] and regulated calcium
homeostasis in microglial cells [21]. Another study showed
that H,S modulated calcium homeostasis in cultured rat cere-
bellar granule neurons (CGN) as it induced activation of Ca**
entry through L-type Ca** channels and thereby of neuronal
activity [22]. It has also been reported that H,S increased
[Ca®*]; in SH-SY5Y neuronal cells by increasing Ca** influx
via plasma membrane and the subsequent release of calcium
from intracellular calcium store [19]. However, the regulation
of H,S on [Ca®']; in the medullary neurons has not been
demonstrated.

We recently reported that H,S exerts its cardiovas-
cular effects by decreasing oxidative stress via inhibition
of NADPH oxidase activity in the rostral ventrolateral
medulla (RVLM) of SHRs [14]. RVLM, where sympathetic
premotor neurons are located, is connected with other
cardiovascular nuclei in the CNS, functioning to regulate
the cardiovascular effects by regulating sympathetic nerve
activity [23-25]. However, the molecular mechanisms for
the neuromodulatory effect of H,S on RVLM are not
clear. In the present study, we used the primarily cultured
medullary neurons to investigate the effects of H,S on
the level of [Ca®"];. Our study provides the evidence that
H,S increases [Ca®]; in neurons through several different
mechanisms.

2. Materials and Methods

2.1. Chemicals. DMEM/F-12, neurobasal medium, and B27
supplement were obtained from Gibco Invitrogen Corpo-
ration (Carlsbad, CA, USA). Fura-2 AM and BAPTA-AM
were obtained from Dojindo Molecular Technologies, Inc.
Sodium hydrosulfide hydrate (NaHS), EGTA, thapsigargin
(TG), nifedipine, nimodipine, and mibefradil were obtained
from Sigma-Aldrich. Fura-2 AM and TG were dissolved
in dimethyl sulfoxide (DMSO). The final concentration of
DMSO did not exceed 0.1%. Anti-MAP-2 antibody produced
in mouse, anti-MAP-2 antibody produced in rabbit, anti-CBS
antibody produced in mouse, and anti-MST antibody pro-
duced in rabbit were obtained from Abcam. Anti-glutamate
antibody produced from rabbit was obtained from Sigma-
Aldrich. FITC goat anti-rabbit IgG (H+L) and Cy3 goat anti-
mouse IgG (H+L) were obtained from Beyotime Biotechnol-
ogy. Alexa Fluor® 488 goat anti-rabbit IgG (H+L) and Alexa
Fluor 594 goat anti-mouse IgG (H+L) were obtained from
Invitrogen.
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2.2. Cell Cultures. Primary cultures of medullary neurons
were prepared from 14-day-old embryos of Sprague Dawley
rats. The fetal rats were humanely taken out and killed by
decapitation, and then brain slices containing the entire
medullary were prepared. The dissected tissues were removed
and transferred to D-hanks’ solution containing (in g/L) 8.0
NaCl, 0.4 KCl, 0.134 Na,HPO,-12H,0, 0.06 KH,PO,, 0.35
NaHCOj, and 1 glucose, pH 7.2~7.4, and finally chopped. The
tissues were then treated with 0.125% trypsin in D-hanks’
solution for 10~12min at 37°C and gently triturated using
flame-polished Pasteur pipettes. Cell suspension was cen-
trifuged for 8 min at 1000 xg. Then the cell pellets were resus-
pended in Dulbeccos modified Eagle’s medium (DMEM)
and F-12 supplement (1:1) with 10% fetal bovine serum
(FBS) before plating onto glass-bottomed dishes coated with
poly-L-lysine (20 ug/mL for 12~24h) and kept at 37°C in
5% CO, incubator. After overnight incubation in DMEM,
the medium was changed to neurobasal medium (Gibco)
containing 15 mM glucose supplemented with 2% B27, 2 mM
glutamine, 10 yg/mL penicillin, and 10 yg/mL streptomycin.
The culture medium for medullary neurons was changed
every 48 h. Microscopically, glial cells were not apparent in
medullary neurons employing this protocol. The neurons
were maintained for 7-10 days in primarily culture until used
for calcium imaging.

2.3. Immunofluorescence Staining and Laser Confocal Micro-
scopy. The primarily cultured medullary neurons were
washed three times with D-hanks” solution and then cells
were fixed with ImL 4% paraformaldehyde (PFA) in 0.1M
sodium phosphate buffer (0.1M PB; pH 7.4) for 20 min.
Afterward, cells were blocked with 1mL 5% fetal bovine
serum (FBS) for 30min after being washed three times
with D-hanks’ solution. Then, cells were incubated with
primary antibodies, namely, anti-MAP-2 (mouse, 1: 200) and
anti-glutamate (rabbit, 1:100), anti-MAP-2 antibody (rabbit,
1:200) and anti-CBS (mouse, 1:100), anti-MAP-2 antibody
(mouse, 1:200) and anti-MST (rabbit, 1: 50), and anti-MAP-
2 antibody (rabbit, 1:200) and anti-CSE (mouse, 1:50), for
1h at 37°C, plus an additional 12h at 4°C. On the next day,
the cell were washed three times with D-hanks’ solution
and incubated with fluorescent secondary antibodies, namely,
FITC goat anti-rabbit IgG (H+L) (1:100) and Cy3 goat anti-
mouse IgG (H+L) (1:100) or Alexa Fluor 488 goat anti-rabbit
IgG (H+L) (1:500) and Alexa Fluor 594 goat anti-mouse IgG
(H+L) (1:500), for 1h at 37°C. Then cells were incubated with
DAPI for 5 min at 37°C after being washed three times with D-
hanks’ solution. Finally, 500 4L D-hanks’ solution was added
to the cell dishes for confocal comicroscopy (Zeiss LSM510,
Jena, Germany).

24. [Ca®* |; Measurements. To determine the level of [Ca2+]i,
neurons were loaded with Ca**-specific dye Fura-2 by incu-
bating with 2.5 uM Fura-2/AM (Molecular Probes) in HBSS
(140 mM NaCl, 5 mM KCl, 1 mM MgCl,, 2 mM CaCl,, 10 mM
glucose, and 10 mM HEPES-NaHS [pH 7.3]) at 37°C for 30
minutes and subsequently washed three times with HBSS
to remove the excess extracellular Fura-2/AM. [Ca2+]i was
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expressed as the ratio (R) of emitted fluorescence correspond-
ing to excitation wavelengths of 340 nm and 380 nm. R/R,
was applied to assess the change of [Ca**]; level, in which R,
represents the fluorescent signal before drug treatment and R
represents the signal after drug treatment.

To identify the source of Ca**, the increase in [Ca®"];
induced by NaHS was determined in Ca**-free HBSS con-
taining the extracellular Ca?* chelator EGTA (2mM). In
addition, separate cultures were treated with two selective L-
type Ca** channel blockers, nifedipine (10 #M) and nimodip-
ine (10 uM), and with the selective T-type Ca** channel
inhibitor mibefradil (2 uM). To determine the involvement
of intracellular Ca®" stores in neurons, the cultures were
treated with the intracellular Ca**-chelating agent BAPTA-
AM (50 uM) and thapsigargin (1 M) with NaHS (200 uM)
stimulation. Thapsigargin is known to release Ca** from
the endoplasmic reticulum by inhibiting Ca®" ATPase. All
experiments were carried out at 37°C and were repeated 4~6
times using different batches of cells.

2.5. Cell Viability Assay. Cell viability was analyzed by using
Cell Counting Kit-8 (CCK-8, obtained from Dojindo). CCK-
8 allows sensitive colorimetric assays for the determination
of cell viability in cell proliferation and cytotoxicity assays.
Dojindo’s highly water-soluble tetrazolium salt, WST-8, is
reduced by dehydrogenase activities in cells to give a yellow-
color formazan dye, which is soluble in the tissue culture
media. The amount of the formazan dye, generated by the
activities of dehydrogenases in cells, is directly proportional
to the number of living cells. The primary medullary neurons
were cultured in 96-well plates at a cellular density of 0.5
x 10* cells/well. Cells were cultured for 6~7 days at 37°C
in 5% CO, incubator. On the following day, the cultured
neurons were treated for 30 min with different concentrations
of NaHS. Afterward, each well of plates was added to 10 uL
CCK-8 solution and then incubated at 37°C, 5% CO, for 2 h.
Subsequently, the cell viability was assessed by measuring the
absorbance at 450 nm.

2.6. Measurement of H,S Production. H,S levels in primarily
cultured neurons were measured according to previously
described methods with some modifications [26]. Briefly,
primarily cultured medullary neurons were homogenized in
ice-cold Tris-HCI (100 mM, pH 8.5) followed by centrifuga-
tion at 12,000 xg for 20 min at 4°C. Thirty yL supernatant
was incubated with 80 yL monobromobimane (MBB) for
40 min on a shaker at room temperature. Reaction was
terminated by adding 20% formic acid and the level of H,S
was tested by Gas Chromatograph-Mass Spectrometer (GC-
MS). Proteins in the supernatant were quantified using BCA
reagent (Shen Neng Bo Cai Corp.). H,S concentrations were
determined using a curve generated with sodium sulfide (0-
40 uM) standards, and the H,S concentrations in cultured
cells were expressed as M. H,S concentrations in primarily
cultured medullary neurons were divided by the protein
concentrations and were expressed as ymol/g of protein.

2.7. Statistical Analysis. Statistical significance was deter-
mined using independent t-test or one-way ANOVA fol-
lowed by SPSS 19.0. Data are presented as mean + SEM.
Difference at the P < 0.05 level was considered statistically
significant.

3. Results

3.1. CBS and MST Were Expressed in the Medullary Neurons.
The primarily cultured medullary neurons were stained with
anti-MAP-2 (red, Figure 1(a)) and anti-Glutamate (green,
Figure 1(b)), suggesting that more than 90% of cells cultured
were medullary neurons and most of them were glutamate
positive neurons (Figure 1(d)).

Double-immunofluorescence labeling was used to study
the specific localization of CBS in the primary medullary
neurons. Fluorescence micrograph of neurons showed that
neurons were stained with anti-MAP-2 antibody (green,
Figure 1(e)). Anti-CBS was also stained with neurons (red,
Figure 1(f)), and the merge of double-immunofluorescence
labeling showed that more than 80% of neurons cultured were
expressed with CBS (Figure 1(h)).

As MST is considered as another source of H,S in the
brain [5], we also studied the expression of MST. Fluores-
cence micrograph of neurons showed that neurons were
stained with anti-MAP-2 antibody (red, Figure 1(i)). Anti-
MST was also stained with neurons (green, Figure 1(j)), and
the merge of double-immunofluorescence labeling showed
that MST was also expressed in the medullary neurons
(Figure 1(1)).

As CSE is another mainly source of H,S, we also studied
the expression of CSE. Fluorescence micrograph of neurons
showed that neurons were stained with anti-MAP-2 antibody
(green, Figure 1(m)), while anti-CSE was negatively stained
with neurons (red, Figure 1(n)), and the merge of double-
immunofluorescence labeling showed that CSE was nega-
tively expressed in the primarily cultured medullary neurons

(Figure 1(p)).

3.2. Effect of Exogenous H,S on [Ca’*]; in the Primary
Medullary Neurons. NaHS, a H,S donor, at 200 M induced
a significant [Ca®"]; increase in neurons and the effect of
NaHS occurred rapidly and reached a peak within 10 min
after administration. The level of [Ca®'] ; started to decline
after washout (Figure 2(a)). NaHS (50-300 4M) significantly
increased the level of [Ca“]i in the medullary neurons in
a concentration-dependent manner (Figures 2(b) and 2(c)).
Moreover, the increase in [Ca“]i level induced by NaHS is
persistent. We also examined cell viability after adding NaHS
using CCK-8 assay. As shown in Figure 2(d), there was no
significant difference in the cell viability between Control and
the groups treated by NaHS at 50~300 M for 30 min. These
data suggested that exogenous H,S could increase [Ca®'];
level in medullary neurons, while the elevation of [Ca*'];
induced by NaHS was not due to or caused by the cytotoxicity
of NaHS.
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FIGURE I: Identification of glutamate positive neurons ((a), (b), (c), and (d)) and the expression of CBS ((e), (f), (g), and (h)), MST ((i), (j),
(k), and (1)), and CSE ((m), (n), (0), and (p)) in the rat primary medullary neurons. Confocal images showed that fluorescence micrograph
of neurons stained with anti-MAP-2 antibody ((a), (e), (i), and (m), a neuronal maker), anti-glutamate antibody (b), anti-CBS antibody (f),
anti-MST antibody (j), anti-CSE antibody (n), DAPI ((c), (g), (k), and (0)), or the merge of the other 3 photos ((d), (h), (1), and (p)). Scale

bar = 50 ym.

3.3. Effect of Endogenous H,S on [Ca’']; in the Primary
Medullary Neurons. To investigate the endogenous H,S n
[Ca*"]; in the primary medullary neurons, we applied L-
cysteine (a substrate for H,S), SAM (a CBS activator), and
HA and AOAA (two CBS inhibitors), respectively. The results
showed that L-cysteine and SAM significantly raised the

level of [Ca“]i in the medullary neurons (Figures 3(a) and
3(b)) while HA and/or AOAA produced a reversal effect
(Figures 3(c) and 3(d)). And HA or AOAA can no longer
inhibit [Ca**]; level in the presence of SAM. However, the
stimulatory effect of SAM on [Ca®*], was not affected by

1

HA or AOAA (Figure 3(d)). In addition, L-cysteine and
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FIGURE 2: The effect of NaHS on [Ca®']; in the primarily cultured medullary neurons. (a) Typical elevation of [Ca**]; induced by NaHS at
200 M and washout of NaHS led [CaZJr]i to decline. (b) Typical effects of different concentrations of NaHS (50, 100, 200, and 300 4uM) on
[Ca*"];. (c) Summary data of the peak increase in [Ca*']; in neurons stimulated with different concentrations of NaHS (50, 100, 200, and
300 uM). “P < 0.05; ** P < 0.01. (d) The cell viability analyzed by CCK-8 has no significance among different concentrations of NaHS. n = 6

in each group.

SAM significantly increased but HA and/or AOAA (10 mM)
decreased the production of H,S in the cultured neurons
(Figure 4).

3.4. The Evolvement of L-Type and T-Type Ca’* Channels in the
Effect of H,S. In order to determine the source of increased
[Ca“]i in NaHS-stimulated medullary neurons, the cells
were bathed either in Ca**-free HBSS (containing 2 mM
EGTA) or in normal HBSS. Similar to the data shown in
Figures 2(a) and 2(b), NaHS at 200 uM caused a robust
increase in [Ca2+]i within 10 min after incubation of normal
Ca®" containing HBSS (Figure 5(a)). This effect was partly
abolished in cells bathed in Ca**-free HBSS (Figures 5(a) and
5(e)).

As shown in Figures 5(b) and 5(c), both nifedipine
(10 uM) and nimodipine (10 4uM), two L-type Ca** channel
blockers, significantly suppressed the effect of NaHS at

200 uM (Figures 5(b), 5(c), and 5(e)). A selective T-type
Ca" channel inhibitor, mibefradil (2 uM), also inhibited the
elevation of [Ca“]i level induced by NaHS (Figures 5(d) and
5(e))

3.5. The Involvement of Intracellular Ca®* Stores in the Effect
of H,S. The neurons were treated with BAPTA-AM (an intra-
cellular Ca®* chelator) and thapsigargin (a sarco/endoplasmic
reticulum Ca?"-ATPase blocker) with or without NaHS. The
effect of NaHS on [Ca*]; level in neurons was significantly
attenuated by depletion of BAPTA-AM (50 uM, Figures 6(a)
and 6(c)) and thapsigargin (TG, 1 uM, Figures 6(b) and 6(c)).

4. Discussion

In the present study, we attempted to elucidate mechanisms
for the regulation of intracellular calcium levels by H,S in
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FIGURE 5: The effect of NaHS on [Ca®"]; in the primarily cultured medullary neurons in Ca®* -free solution or in the presence of L-type and/or
T-type Ca®* channels inhibitors. ((a)-(c)) Typical suppression of [CaZJr]i level induced by NaHS in EGTA-treated Ca**-free solution (a) or
in normal Ca** containing HBSS with or without nifedipine (10 uM, (b)), nimodipine (10 M, (c)), and mibefradil (2 uM, (d)). (e) Group
data showed that the effects of NaHS were attenuated by EGTA-Ca”*-free solution and suppressed by nifedipine, nimodipine, or mibefradil.
**P < 0.01 versus Control; P < 0.05 versus NaHS group; P < 0.01 versus NaHS group. = 5 in each group.
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primary rat medullary neurons. The results provide the evi-
dence for the first time on the primarily cultured medullary
neurons that H,S elevates [Ca®"]; level via both increasing
calcium influx and mobilizing intracellular Ca** stores from
ER. Our conclusion is supported by the following findings:
firstly, NaHS significantly increased the level of [Ca*']; in
rat medullary neurons in a concentration-dependent manner.
Secondly, L-cysteine and SAM significantly raised the level
of [Ca*"]; in the medullary neurons while HA and/or AOAA
produced a reversal effect. In addition, L-cysteine and SAM
significantly increased but HA and/or AOAA decreased the
production of H,S in the cultured neurons. Thirdly, the
Ca®* elevation induced by H,S was significantly diminished
by EGTA-Ca**-free solutions, and this elevation was also
reduced by nifedipine or nimodipine (an antagonist of L-type
Ca®" channel) and mibefradil (an antagonist of T-type Ca*"
channel), suggesting the role of L-type and/or T-type Ca®*
channels. Lastly, the effect of H,S on [Ca®*]; level in neurons

was significantly attenuated by BAPTA-AM (an intracellular
Ca®* chelator, 50 uM) and thapsigargin (a sarco/endoplasmic
reticulum Ca**-ATPase blocker, 1 uM), suggesting the source
of Ca®".

Previous studies have demonstrated the crucial role of
H,S homeostasis in hypertension. Administration of H,S
donors and precursors decreases mean blood pressure in
various hypertensive models (chronic inhibition of nitric
oxide synthase, two-kidney-one-clip, and SHRs) [11-13, 27].
One of the molecular targets for the cellular effect of H,S
is Kyrp channels [28]. It has been reported that H,S in
the RVLM inhibits sympathetic vasomotor tone through
opening K,rp channels [29, 30]. We have shown that H,S
in RVLM suppressed the blood pressure in SHRs [14]. The
signaling mechanisms in the CNS of the antihypertensive
effect of H,S have not been elucidated. On the other hand,
the antihypertensive effects of H,S in the caudal ventrolateral
medulla (CVLM) involved K rp channels and glutamic acid
receptor [31, 32]. Glutamate acid has been suggested to be
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an important neurotransmitter in antihypertensive effects of
H,S. In order to provide more evidence for the regulation of
H,S on the cardiovascular effects, we mainly focused on the
medullary neurons in vitro. To ensure the cultured medullary
cells were the target neurons which were glutamate positive
neurons, we demonstrated that glutamate was coexpressed
in more than 90% of primarily cultured medullary neurons.
H,S is mainly produced endogenously by CBS and MST
in the CNS [4, 5] and CBS is mainly expressed in the
hippocampus and cerebellum, as well as the cerebral cortex
and brain stem [8]. Our previous study has shown that
CBS immunoreactivity was found in the rostral ventrolateral
medulla (RVLM) neurons in vivo and the level of CBS
proteins in the RVLM was lower in SHRs than in WKY rats
[14]. In this study, our results showed that more than 80% of
cultured medullary neurons were glutamate positive neurons,
and CBS and MST were, respectively, expressed in these
neurons in vitro, while the expression of CSE was negative
in these primarily cultured medullary neurons. These results
provided the basis of study of H,S.

Calcium plays an important role in regulating a great
variety of neuronal processes such as release of neurotrans-
mitters, synaptic plasticity, neuronal excitation, and gene
transcription. It was reported that H,S increased [Ca**]; in
SH-SY5Y neuronal cells by increasing Ca** influx via plasma
membrane and in turn releasing calcium from intracellular
calcium store [19]. Exerting its function as a gasotransmitter,
H,S regulates calcium homeostasis in neurons via both
increasing calcium influx and mobilizing calcium from ER
[19]. In CNS, H,S activates L-type Ca®" channels in rat
cerebellar granule neurons to increase calcium signals which
were inhibited by nifedipine and nimodipine [33] and in
hippocampal slices and microglia to induce hippocampal
LTP and Ca** waves in astrocytes [20]. H,S also activates
T-type Ca** channels in NG108-15 (neuroblastoma cell line)
involved in neuronal differentiation [34] and activates TRPA1
channels in rat sensory neurons from dorsal root ganglion
[35]. The regulation of [Ca*"]; in the medullary neurons by
H,S has not been reported. Our results showed that NaHS
(50-300 uM) significantly increased the level of [Ca*']; in
rat medullary neurons in a concentration-dependent manner.
On the other hand, L-cysteine and SAM significantly raised
the level of [Ca*']; in the medullary neurons while HA
and/or AOAA produced a reversal effect. Meanwhile, HA or
AOAA can no longer inhibit [Ca**]; level in the presence of
SAM. However, the stimulatory effect of SAM on [Ca“]i was
not affected by HA or AOAA. The possible reasons may be
considered as follows: on the one hand, the affinity of SAM
to CBS is much greater than that of HA or AOAA so that the
stimulatory effect of SAM is dominating; on the other hand,
the possibility that the increasing effects of L-cysteine and
SAM on Ca** may be a H,S-independent manner is not ruled
out and is needed to be addressed in the future. In addition,
L-cysteine and SAM significantly increased the production of
H,Sin the cultured neurons and HA and/or AOAA decreased
the production of H,S. These results suggested that both
exogenous H,S and endogenous H,S increase the level of
[Ca®"]; in the medullary neurons.

[Ca**]; is controlled by Ca** channels in the membrane
and intracellular Ca** stores [36]. The changes of [Ca“]i due
to extracellular Ca®" influx may be facilitated by voltage-gated
channels, transmitter-gated Ca*t permeant ion channels,
transient receptor potential (TRP) ion channels, and Ca**
pumps located in the plasma membrane [1, 36]. The function
of status of intracellular Ca** stores is controlled by ryan-
odine receptor (RyR) channels, inositol triphosphate recep-
tor (IP3R) channels, and sarcoendoplasmic reticular Ca*
ATPases (SERCA) [1, 36]. In order to determine the source of
[Ca**]; in NaHS-stimulated medullary neurons, we applied
to the EGTA-Ca®"-free solution and BAPTA-AM to chelate
the extracellular Ca** and intracellular Ca®*, respectively.
The results showed that the Ca®" elevation induced by H,$S
was significantly diminished by EGTA-Ca**-free solutions
and/or BAPTA-AM, suggesting that the elevation of [Ca*'];
level in medullary neurons partly involved both an influx
of extracellular Ca** and the intracellular Ca®* stores. That
thapsigargin (a sarco/endoplasmic reticulum Ca**-ATPase
blocker) significantly attenuates the effect of H,S on [Ca**],
level in neurons further suggests that NaHS releases calcium
from intracellular Ca** stores.

In summary, the present study demonstrates that both
exogenous H,S and endogenous H,S elevate [Ca®"]; level in
primarily cultured rat medullary neurons via both increasing

calcium influx and mobilizing intracellular Ca** stores from
ER.
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Melatonin is synthesized by several tissues besides the pineal gland, and beyond its regulatory effects in light-dark cycle, melatonin
is a hormone with neuroprotective, anti-inflammatory, and antioxidant properties. Melatonin acts as a free-radical scavenger,
reducing reactive species and improving mitochondrial homeostasis. Melatonin also regulates the expression of neurotrophins that
are involved in the survival of dopaminergic neurons and reduces a-synuclein aggregation, thus protecting the dopaminergic system
against damage. The unbalance of pineal melatonin synthesis can predispose the organism to inflammatory and neurodegenerative
diseases such as Parkinson’s disease (PD). The aim of this review is to summarize the knowledge about the potential role of the
melatoninergic system in the pathogenesis and treatment of PD. The literature reviewed here indicates that PD is associated
with impaired brain expression of melatonin and its receptors MT; and MT,. Exogenous melatonin treatment presented an
outstanding neuroprotective effect in animal models of PD induced by different toxins, such as 6-hydroxydopamine (6-OHDA),
I-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), rotenone, paraquat, and maneb. Despite the neuroprotective effects and the
improvement of motor impairments, melatonin also presents the potential to improve nonmotor symptoms commonly experienced
by PD patients such as sleep and anxiety disorders, depression, and memory dysfunction.

1. Introduction

Parkinson’s disease (PD) is a chronic and progressive neu-
rodegenerative disease, characterized by the degeneration of
dopaminergic (DAergic) neurons in the substantia nigra pars
compacta (SNc) and the subsequent decrease of dopamine
(DA) levels in the striatum. PD is classically considered a
complex motor disorder, related to the pronounced degener-
ation of the DAergic system, which manifests in bradykinesia,
tremor, rigidity, and postural instability. Nowadays, PD is
considered a progressive multisystem disease that affects a
variety of neurotransmitters, being linked with nonmotor

symptoms, such as impaired olfaction and gastrointestinal,
genitourinary, cardiovascular, and respiratory dysfunctions,
as well as visual, neuropsychiatric, and sleep-related disorder.
Contrary to the well-defined motor symptoms, PD nonmotor
signals and symptoms are still poorly understood and almost
not considered in diagnostic and therapeutic protocols.
Recent studies suggest that the nonmotor preclinical phase
can span for more than 20 years.

New pharmacological tools for treating PD focus on
the relief of symptoms that are observed when the disease
is clinically developed. The development of neuroprotective
drugs and therapies for impairing the progression or even
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reducing the extension of the disease needs to rely on the
understanding of neuroprotection. Neuroprotection defini-
tion is complex and involves the potential for preventing cell
death, restoring function of damaged neurons, and increasing
neuronal number. The development of drugs to slow or
prevent the progression of PD might logically evolve from an
improved understanding of the pathogenesis of such disease.
In the past few years, certainly there were major advances
in this area, improving the prospect for the introduction of
neuroprotective therapies. However, despite extensive efforts
and research, to date, there is no proven therapy to prevent
cell death or to restore affected neurons to a normal state
in PD. Preclinical studies in laboratory animals have pro-
vided several candidate neuroprotective drugs, but clinical
endpoints are readily confounded by any symptomatic effect.
Thus, these studies do not provide an unequivocal measure
of disease progression that can be used to determine if a drug
has a neuroprotective effect.

In this context emerges melatonin, an indolamine syn-
thesized by several tissues such as the pineal gland and by
extrapineal sources including macrophages, mast cells, and
lymphocytes. Classically, melatonin has been considered the
darkness hormone since its synthesis by the pineal gland
follows the daily alternation between light and darkness.
Melatonin synthesized by immune-competent cells acts in an
autocrine or paracrine manner. Melatonin receptors (MT,
and MT),) are expressed in numerous areas of the central
nervous system (CNS). Moreover, the physiological role of
melatonin is by far wider than what was considered before
including learning and memory, anxiety, depression, and
neuroprotection. The present review attempts to provide
a comprehensive picture of the role of the melatoninergic
system in CNS and to highlight recent findings showing its
potential as a new palliative and neuroprotective agent in PD.

2. Melatoninergic System

Melatonin was isolated in 1958 by the dermatologist Lerner
from 50 grams of lyophilized bovine pineal glands powder
[1]. Melatonin was named after its property of lightening the
skin of frogs, toads, and fishes. In these early times, Wurtman
and collaborators [2] examined the distribution of [*H]-
melatonin in endocrine and other organs of rats and cats.
They showed that iris-choroid, ovary, and periphery organs
innervated by the autonomic nervous system, including the
heart, take up melatonin [2]. In 1965, a paper authored
by Axelrod (Nobel Prize of Medicine, 1970) et al. showed
the daily variation of melatonin pineal gland content and
proposed that the neural pathway that links the retina to
the pineal gland involves sympathetic postganglionic fibres
originated in the superior cervical ganglia [3]. In the last
years, there is increasing data supporting the concept that
melatonin effects are not only due to nighttime pineal gland
synthesis but also triggered by melatonin synthesized by
extrapineal sources [4, 5].

In mammals, several tissues including the pineal gland,
retina [6], macrophages [7, 8], mast cells, lymphocytes
[4], human bone marrow cells [9], astrocytes [10-12], and
enterochromaffin-like cells found in the gastric mucosa [13],
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rat oocytes [14], placental trophoblasts [15, 16], and human
colostrum phagocytes [17] synthesize melatonin. Melatonin
(N-acetyl-5-methoxytryptamine) is synthesized by the acety-
lation of serotonin and the methylation of N-acetylserotonin
[18]. The enzymes aryl-alkyl-N-acetyltransferase (AANAT)
and acetylserotonin O-methyltransferase (ASMT), also
known as hydroxyl-indole-O-methyltransferase (HIOMT),
are highly conserved being detected in unicellular organisms,
plants, and animals [19-21].

The pineal gland is an endocrine gland of epithelial
origin, as the CNS, formed by pinealocytes (modified neu-
rons), astrocytes, and microglia [18]. Nerve fibres originate
from perikarya located in the sympathetic superior cervical
ganglion and the parasympathetic sphenopalatine and optic
ganglion innervate the gland [22]. Sympathetic activation by
darkness is the key inducer of pineal melatonin synthesis. On
the other hand, the role of parasympathetic innervation is
still not clear. In rats, the muscarinic receptors are present
only in the developmental phase [23]. In adult rats, the only
cholinergic receptors detected are nicotinic, which leads to a
great entrance of calcium ions and the release of glutamate. In
turn, glutamate inhibits noradrenaline-induced pinealocytes
melatonin synthesis [24]. More recently, the sources and
cellular effect of gamma-aminobutyric acid (GABA) were
described [25]. Although the cellular and molecular mech-
anisms involved in the response of these neurotransmitters
and hormones are becoming clear, there are little cues
regarding their functional role.

In addition, the pineal gland is a circumventricular organ
capable of communicating blood signals to the brain through
the cerebrospinal fluid [22]. In fact, it reacts to cytokines and
to circulating hormones such as glucocorticoids [4, 26]. Pro-
and anti-inflammatory mediators modulate pineal melatonin
synthesis, adjusting the body to cope with inflammatory
responses [26]. Therefore, the unbalance of pineal melatonin
synthesis can predispose the organism to inflammatory and
neurodegenerative diseases.

The conversion by AANAT of serotonin to N-ace-
tylserotonin (the immediate precursor of melatonin) in
pinealocytes is the key event for the daily rhythm of mela-
tonin. Although melatonin is the nocturnal hormone in
both diurnal and nocturnal animals, the regulation of its
biosynthesis is specific for each one. In diurnal animals, only
the activity of the enzyme AANAT is under daily control,
while in nocturnal animals both transcription and translation
are induced by darkness. AANAT has a very short life span;
as soon as it is synthesized, the enzyme is ubiquitinated and
targeted to the proteasome, being immediately degraded. This
maintains the low level of melatonin during daytime, despite
the constitutive synthesis of the enzyme. Darkness trans-
mitted to the hypothalamic suprachiasmatic nuclei by the
retinohypothalamic tract activates a polysynaptic pathway,
which leads to the release of noradrenaline and adenosine
triphosphate (ATP) by the sympathetic nerve terminals that
reach the pineal gland [18]. The transcription factor cAMP
responsive element-binding (CREB) and the protein kinase A
(PKA), activated by cyclic-AMP dependent phosphorylation
upon f3-adrenergic stimuli, induce the transcription of the
Aanat gene and the phosphorylation of the AANAT enzyme,
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respectively [18]. The binding of phosphorylated-AANAT to
the chaperone 14-3-3 impairs its entry in the proteasome and
promotes the conversion of N-acetylserotonin in melatonin
by ASMT enzyme [27]. Considering the onset of darkness,
the raise in plasma melatonin starts much earlier in diurnal
than nocturnal animals. Therefore, in humans, it is possible
to detect melatonin as soon as 1h after darkness, while in
rodents at least 3h is necessary to detect melatonin in the
plasma [28, 29].

In the pineal gland, ASMT is regulated by the photope-
riod. In Siberian hamsters, that are strict photoperiodic ani-
mals, ASMT activity was found to be about two times higher
under short photoperiods than under long photoperiods,
and the peak of melatonin follows the same profile [30]. In
addition, this enzyme was shown to be the limiting step of the
biosynthetic pathway [31]. Therefore, while AANAT is the key
enzyme for determining the circadian rhythm of melatonin,
ASMT is the photoperiodic enzyme; that is, it determines the
higher melatonin amplitude in the winter when compared to
summer nights.

The presence of melatonin in human appendix mucosa
and rat digestive tract was described around 40 years ago.
After the demonstration that the enzymes responsible for
melatonin synthesis are present in the gastrointestinal tract
and that the content of melatonin is maintained even after
pinealectomy, it was proposed that melatonin should have
a local role, independent of darkness control. Melatonin
synthesized in the guts is drained to the liver via hepatic
portal vein and may reach concentrations 15 times higher
than the blood [32]. This information need to be taken
into account due to expanding knowledge regarding the
relevance of the gut-brain axis in triggering and management
of inflammatory based CNS diseases.

The melatonin synthesized by immune-competent cells is
highly relevant for surveillance of biotic and abiotic injuries
and stress, as well as for the mounting and resolution
of innate immune responses. Melatonin is synthesized by
lymphocytes, thymus, spleen, and bone marrow [33-36] and
was shown to modify the expression of cytokines and the
reactive state of T- and B-lymphocytes [4]. In the last decades,
the existence of an immune-pineal axis that considers both
pineal and extrapineal productions and also the physiolog-
ical/pathophysiological state of the organism was proposed
[26].

In this context, the central transcription factor in defence
responses, the nuclear factor kappa B (NF-«B), orchestrates
the role of melatonin by inhibiting or activating its pro-
duction by different sources [5]. The onset of an acute
innate response induced by pathogen- or damage-associated
molecular patterns (PAMPs and DAMPs, resp.) turns on/oft
the melatonin synthesis in a cell-dependent manner. Toll-
like receptor 4 (TLR4) activation triggers NF-xB nuclear
translocation, decreasing melatonin synthesis in pinealocytes
and inducing its production by immune-competent cells [37-
39]. The key event for this opposite effect lays on the NF-xB
dimer that is preferentially activated in each cell. The NF-xB
dimer translocated to the nuclei (p50/p50) in pinealocytes
has no transactivating domain (TAD) and impairs Aanat
transcription [40].

On the other hand, the translocation of a TAD positive
NF-«xB dimer (RelA/cRel) promotes the gene transcription
in immunocompetent cells [41, 42]. The reduction of mela-
tonin during the mounting of an innate immune response
increases the expression of adhesion molecules that favour
the migration of leukocytes from blood to tissues, playing a
role in the inflammatory response mounting [43]. Recently,
it was shown that the effect of darkness on endothelial cells
primes the expression of microRNAs that negatively regulate
cell adhesiveness, inflammatory response, and proliferation
[44]. Melatonin synthesized by phagocytes acts in a paracrine
manner favouring the phagocytosis of bacteria, fungi, par-
asites, and cellular debris [17, 41, 45, 46]. The synthesis of
melatonin by the pineal gland is restored before the end of
the acute inflammatory response, due to the inhibition of
NF-«B by glucocorticoids released from the adrenal gland
(29, 47, 48].

Melatonin effects are mediated by high affinity G protein
coupled receptors (GPCRs) MT, and MT,, by nuclear
receptors, and by its ability to donate electrons, acting
as an antioxidant molecule [49]. The history of melatonin
receptors reveals the importance of understanding the kinetic
of the radioligands. Experiments with [*H]-melatonin did
not indicate the presence of high affinity receptors, which
were revealed after the use of ['*I]-2-iodo-melatonin, a
molecule that did not cross the plasma membrane [50].
Besides its intrinsic free-radical scavenging characteristics,
the antioxidant effect of melatonin may also occur by
triggering the MT,/MT,-dependent induction of enzymes
involved in the removal of reactive oxygen and nitrogen
species (ROS and RNS), a pathway that requires much
lower concentrations of the ligand [4]. Melatonin receptors
may also form homo- and heterodimers, increasing the
complexity of its pharmacology. Melatonin MT, receptors
dimerize with serotonin 5HT,; receptors in transfected
human embryonic kidney cells (HEK 293) and human
cortical cells [51]. Another interesting observation that could
result in future basis for the understanding of melatoninergic
drugs effects in health and disease is the dimerization of
melatonin receptors with G protein-coupled receptor 50
(GPR50). GPR50 shares similarity with melatonin receptors
but does not bind to melatonin [52]. MT, function is
blocked by the formation of MT,/GPR50 but this effect is
not observed when MT, heterodimerizes with GPR50 [53].
Therefore, the results obtained with melatonin agonists and
antagonists need to be followed by the understanding of the
biology of melatonin receptors molecular complexity.

3. Melatoninergic System and Neuroprotection

Neuroprotective mechanisms preserve neuronal structure
and function against acute or chronic insults of the CNS.
Abrupt changes in brain irrigation by trauma or ischemia
or the presence of neurotoxins demand immediate reactions
of the nervous system cells. Deleterious effects triggered
by endogenous molecules or by dysfunctional processes are
the basis of neurodegenerative diseases and brain tumors.
Inflammatory changes, ROS and RNS formation, mito-
chondrial dysfunction, excitotoxicity, apoptosis, and protein



aggregation are processes commonly found in these cases and
related to neuron injuries [54].

Neuroprotective melatonin effects were shown at the
molecular, cellular, and tissue level in animal models and in
human trials conducted in patients with different CNS dis-
eases. Reduction of inflammatory mediators, apoptosis, and
unbalance of redox state are involved in the neuroprotection
induced by melatonin [21, 55-57].

Several studies describe antioxidant effects of melatonin
[58, 59]. Indeed, these protective effects are achieved by
direct scavenger mechanisms or by melatonin receptors-
mediated pathways. Melatonin and the metabolites NI-
acetyl-5-methoxykynuramine (AMK) and Nl-acetyl-N2-
formyl-5-methoxykynuramine (AFMK) are electron donors
and scavenge hydroxyl radicals, hydrogen peroxides, and
singlet oxygen in a stoichiometric manner [60]. Activation
of melatonin MT, and MT, receptors also exerts protective
effects, in part dependent on the control of antioxidant
enzymes expression such as glutathione peroxidase, glu-
tathione reductase, and superoxide dismutase [61, 62].

The pivotal pathway for triggering inflammatory
responses is the uncontrolled activation of the nuclear
translocation of NF-xB dimers by PAMPs or DAMPs,
promoting neuronal death [37]. Melatonin inhibits the
nuclear translocation of NF-«xB in several cellular models.
Furthermore, melatonin exerts a protective effect by blocking
NF-«xB activation induced by lipopolysaccharide (LPS) in
both rats and cells [63, 64]. NF-xB inhibitors block either
the melatonin-induced neuroprotective or neurorestorative
effects. Melatonin also inhibits other signalling pathways
linked to innate immune responses, as nucleotide-binding
oligomerization domain-like receptor family (NLR) pyrine
domain-containing 3 (NLRP3) [65, 66]. This receptor located
in the inflammasome upregulates apoptotic signalling path-
ways in the brain and peripheral inflammatory responses.
Thus, melatonin impairs the activation of important
signalling pathways that are responsible for triggering innate
immune response. In the context of the immune-pineal axis,
that activation of NF-«B initially inhibits the synthesis of
melatonin by the pineal gland, favouring the mounting of
the inflammatory response, and as the response progresses,
it induces the synthesis of melatonin by microglia [5, 64].

Another interesting link between melatoninergic sys-
tem and brain inflammatory responses is the regulation of
the alpha-7-nicotinic acetylcholine receptors (a7nAchR) by
melatonin [54, 67-69]. Cholinergic control of inflammation
adjusts the intensity of appropriate immune responses and
a7nAchR activation in immunocompetent cells shifts the
immune responses towards a more anti-inflammatory profile.
The expression and the functional response of a7nAchR
located in the sympathetic neurons terminal present a daily
variation dependent on the circadian rhythm of melatonin.
Moreover, melatonin favours a7nAchR expression in the
plasma membrane, reducing the desensitization due to inter-
nalization [68]. Therefore, melatonin improves «7nAchR-
dependent cholinergic activities. Indeed, melatonin protects
neurons from prion-mediated mitochondrial neurotoxicity
by increasing the a7nAchR-mediated autophagic flux [54]
and ischemic neurons survival by increasing the heme
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oxygenase-1 (HO-1) expression [69]. Furthermore, melatonin
ameliorates cholinergic dysfunction and avoids neuronal
apoptosis in the APP 695 transgenic mouse model of AD [67].

Interestingly, neurodegenerative disorders such as AD
and PD are associated with impaired brain expression of both
melatonin and a7nAchR [70-73] and disruption of nocturnal
melatonin rhythm [74-76]. It is noteworthy that amyloid
B (ApB) peptides inhibit the synthesis of melatonin in rat
pineal gland by activating NF-xB [77] and that melatonin
treatment improves cognition and sleep in AD patients [78].
Long-term melatonin treatment induces receptor-dependent
and receptors-independent neuroprotective effects in animal
model of AD [62]. Receptor-independent effects of mela-
tonin were observed on nonspatial cognitive performance,
reduction of cortical and hippocampal amyloid plaques, and
plasma Af3,_,, levels. On the other hand, melatonin receptor-
dependent effects were observed on spatial learning and
memory and on the modulation of antioxidant enzymes [62].
Melatonin also attenuated AS-induced neurofilament hyper-
phosphorylation [55] and neuroinflammation [79]. Finally,
melatonin restored mitochondrial function in a mouse model
of AD via activation of melatonin receptors [56].

Disruption of melatoninergic system in diverse neurode-
generative diseases reinforces the potential neuroprotective
effects of melatonin. Huntingtons disease (HD) patients
present a rhythm delay in nocturnal melatonin production
[80]. The clinical relapses in multiple sclerosis are negatively
correlated with melatonin levels [81] and no melatonin
nocturnal peak is detected in AD [74] and stroke [82]
patients. Interestingly, the reduction on nocturnal melatonin
production occurs in early stages of AD [75]. Low night levels
of melatonin are also commonly reported in schizophrenia
patients [83].

The great exception is PD, which shows some controver-
sies in the literature. Some reports refer no alteration [84,
85], small phase alterations [86], or decreased production of
melatonin [87]. Nevertheless, Videnovic and colleagues [87]
showed that, besides the reduction of circadian melatonin
levels in PD, those patients with excessive daytime sleepiness
present an even lower production of the hormone. Moreover,
nocturnal working was shown to reduce the risk of PD while
long daytime sleep was associated with increased occurrence
of PD (88, 89].

Alongside the impaired production of melatonin, some
neurodegenerative diseases also present altered expression
of melatonin receptors. In PD patients, the expression of
both MT, and MT, receptors is reduced in the amygdala
and SNc [73]. Studies conducted in brains tissues of AD
patients showed decreased expression of MT; and MT, in
the cortex and in the pineal gland [71], MT, reduction in
the suprachiasmatic nucleus [72], and a dual modulation in
the hippocampus characterized by increased expression of
MT, and decreased expression of MT, [70]. In addition, 3-
amyloid directly binds to MT, and MT, receptors, decreas-
ing MT, binding sites and the activation of downstream
pathways triggered by both melatonin receptors subtypes
[77].

Finally, it is important to consider the role of extrap-
ineal melatonin synthesized within the CNS as a resilience
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mechanism against neurodegenerative processes. There are
some important considerations regarding how melatonin
reaches the CNS, the different capability of each brain area to
synthesize melatonin under stressful conditions, and the rel-
evance of melatonin metabolism inside the brain. Although
i.p. administration of melatonin may reach the brain [90],
daily circadian rhythm of melatonin in the cerebrospinal
fluid is due to direct influx of melatonin from the pineal
gland (ie., independent of the plasma concentration) [91-
93]. Acute injuries activate the immune-pineal axis blocking
melatonin synthesis by the pineal gland and inducing it by
immune-competent cells located in the injured area [5, 26].
Injection of LPS in the third ventricle increases AANAT
expression in cortex, hippocampus, and cerebellum but
induces melatonin synthesis only in the cerebellum [64].
This effect is mediated by the activation of NF-xB pathway
and it was observed that cerebellar, but not cortical and
hippocampal, neurons present reduced number of neuronal
deaths after LPS injection. However, when LPS was given
after the blockade of melatonin MT,/MT, receptors with the
nonselective competitive antagonist luzindole, there was a
significant increase in cerebellar neuronal death.

Therefore, this review will assess the role of melatonin-
ergic system in PD, focusing on the antioxidant, anti-
inflammatory, motor, and nonmotor effects of melatonin.
Besides the protective effects of melatonin described in the
next sessions, a question that still has no answer is whether
a putative local production of melatonin by some patients
would explain the contradictory observations aforemen-
tioned regarding the nocturnal melatonin production in PD
patients.

4. Parkinson’s Disease

PD is characterized by a slow and progressive loss of DAergic
neurons in the SN¢, an important pathway for fine modula-
tion of motor function [94]. The first report of PD is dated
in 1817 in the James Parkinson’s monograph “An Essay on
the Shaking Palsy.” Symptoms observed by Parkinson were
described as “involuntary tremulous motion with lessened
muscular power, in parts not in action even when supported,
with a propensity to bend the trunk forward and to pass from
walking to a running pace” [95]. Since then, PD is known as
a movement disorder that mainly affects people of middle to
old age [96].

PD is highly linked with the aging, being responsible for
a significant increase in morbidity and mortality, affecting
the social and economic life of individuals and society [57,
97]. According to the United Nations, it is believed that the
number of elderly people in the world will reach 2 billion in
2050. Due to this, the World Health Organization (WHO)
accounts that the number of cases of PD tends to increase
and the importance of the disease as a public health problem
will become even more significant. Additionally, PD is more
common in males, with a ratio of men to women of 3:2 [98].

Although the symptoms and the neuropathology of PD
have been well characterized, the mechanisms and causes of
the disease remain unclear. Therefore, PD is described as a
multifactorial disease that could be influenced by age and

genetic and environmental factors [99-101]. PD is responsible
for a significant increase in morbidity and mortality, affecting
the social and economic life of individuals and society [57,
97].

The environmental hypothesis of PD aetiology is based
on epidemiological studies showing the high frequency of
the disease in individuals exposure to xenobiotics such
as agricultural chemicals (pesticides, herbicides, etc.) and
heavy metals (iron, manganese, aluminium, etc.) [102]. Other
hypotheses of PD aetiology include genetic factors, natural
aging process, increase of the formation of reactive species or
inadequate functioning of its neutralizing mechanisms, and
reduction of ATP stores that end up leading to neuronal death
[103].

The majority of cases (90-95% of cases) are idiopathic,
affecting 5% of population over 85 years old. However, in
5-10% of cases, PD can have a genetic component showing
recessive and/or dominant modes of inheritance. Several
genes mutations have been identified resulting in PD. Early
onset PD or familial PD (occurring in people under 50
years of age) is less common, and recent data has identified
some nuclear genes associated with familial PD, like LRRK2,
PARK?2, SNCA, PARKY7, and PINKI [104].

Despite the knowledge derived from genetic research
in PD, the accurate mechanism underlying the DAergic
loss in PD is still not understood. However, mitochondrial
dysfunction and oxidative stress in which there is an increase
of the production of ROS, abnormal protein handling, neu-
roinflammation, excitotoxicity, and apoptotic processes have
a central role in PD pathogenesis [101, 103].

The neuron’s environment is a main contributor to neu-
rodegeneration. Many evidences suggest that neurodegener-
ation can occur because of a cascade of events that affects the
neuron’s environment, called neuroinflammation [105]. Neu-
roinflammatory mechanisms involved in PD pathogenesis
comprise microglial activation, astrogliosis, and lymphocytic
infiltration and also involve alterations in the morphology of
glial cells, including both astrocytes and microglia, indicating
their interactions with the alterations in the homeostasis of
the environment [101, 105]. Neurodegeneration in PD may
be accompanied by an inflammatory reaction, characterized
by activation of microglia, which leads to production of a
number of inflammatory mediators (e.g., NF-«B, interleukin-
1 (IL-1), IL-6, IL-1B, cyclooxygenase-2 (COX-2), tumoral
necrosis factor-a (TNF-«), inducible nitric oxide synthase
(iNOS), interferon-y) and increased expression of different
proinflammatory cytokines by glial cells. Besides, an increase
in the level of these components in the substantia nigra and
in the cerebrospinal fluid (CSF) and an elevation of y/§ +
T cells in the peripheral blood and CSF of patients with
PD were also reported [101, 106, 107]. This increase in the
proinflammatory cytokine levels could switch on different
apoptotic pathways involved in the degeneration of DAergic
neurons [94]. Taken together, oxidative stress, accumulation
of endogenous cell metabolism products, excitotoxins like
glutamate, toxic proteins, and a decrease of trophic factors
can lead to apoptotic events of neurodegeneration [108, 109].

Oxidative stress also plays a pivotal role in DAergic neu-
rodegeneration in PD. The DAergic neurons themselves seem



to contribute to ROS production through DA metabolism,
which produces superoxide anion, hydroxyl radical, and
hydrogen peroxide. Furthermore, the autoxidation of DA
produces DA-quinone, a molecule that can damage the
proteins structure [109].

Reactive species are involved in the protein aggregation.
In PD, the presence of a-synuclein and ubiquitin aggregates
in neurons in processes of degeneration is observed, espe-
cially in the DAergic neurons from SNc. These aggregates,
known as Lewy bodies, are pathological markers for PD,
being found in 85% of autopsies of PD patients [110, 111].

a-Synuclein plays an important role in synapse matura-
tion and maintenance of neurons and its expression is devel-
opmentally regulated, redistributing from the cell bodies to
synaptic terminals during periods of neuronal differentiation
[112]. Also, this protein is upregulated during periods of
synaptic plasticity [112]. Studies suggest that the a-synuclein
can regulate the function of the two key proteins that control
the amount of DA inside nerve terminals, regulating the
uptake of extracellular DA by the DA transporter (DAT) and
the packaging of cytosolic DA by the vesicular monoamine
transporter 2 (VMAT?2) [112]. Thus, the aggregation of «-
synuclein triggers cellular mechanisms that lead to progres-
sive death of DAergic neurons [113].

Many environmental toxicants, in particular pesticides,
have been considered risk factors for PD. There are many
studies evaluating the influence of exposure to heavy metals,
solvents, and carbon monoxide in PD development [99, 114,
115]. Epidemiological studies have pointed a clear associa-
tion between increased PD risk and specific environmental
factors such as rural residence, drinking water from wells,
and exposure to agricultural chemicals, including paraquat,
rotenone, maneb, dieldrin, fungicides, and organochlorines
(99, 102, 116, 117].

The degeneration of DAergic neurons in PD occurs
mainly in the basal ganglia, a group of subcortical nuclei
that control the voluntary movements (besides many other
functions including procedural memory processing). The
basal ganglia is composed of the striatum (putamen and
caudate), globus pallidus externa and interna, subthalamic
nucleus, SN¢, and the substantia nigra pars reticulata (SNr).
The basal ganglia forms neural loops extending from motor
cortex to the motor thalamus and back to the cortex, and
these loops seem to control the movements at a varying level
of complexity [96]. The degeneration of DAergic neurons in
PD occurs mainly in the nigrostriatal pathway and in minor
extension in the ventral tegmental area [96].

Motor symptoms of PD begin to manifest when approxi-
mately 70% of DAergic neurons in the nigrostriatal pathway
have been lost. In the beginning of the disease, the motor
symptoms can be unnoticed or misinterpreted for along time.
Fatigue, lugubrious stiff face, impairment in the quality of
speech, and extreme slowing down can be the first signals of
PD and sometimes they can be confused with other diseases
or with the aging itself [104]. The classical motor symptoms
of PD include resting tremor, bradykinesia, muscular rigidity,
and postural imbalance [118].

Additionally, a growing body of evidence demonstrates
that PD patients commonly present sleep disturbances [87,
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TABLE I: Drugs used for symptomatic treatment of Parkinson’s
disease.

Drug Mechanism of action

L-DOPA

DA precursor

DA precursor + peripheral
dopa-decarboxylase
inhibitor

L-DOPA + benserazide or
carbidopa

Brom.ocrlptme, p‘ergohde, DA receptor agonists

pramipexole, ropinirole

Selegiline, rasagiline Monoamine oxidase B
grne, i inhibitors

Increase of DA release and

glutamate NMDA receptor

antagonist

Amantadine

Muscarinic receptor
antagonists
Catechol-O-
methyltransferase
inhibitors

Trihexyphenidyl, benztropine

Entacapone, tolcapone

Adapted from [108].

119,120], since DA is a neurotransmitter of major importance
for the circadian cycle. Sleep disturbances are among the most
common nonmotor symptoms of PD, affecting about 90% of
PD patients. Impaired circadian function in PD is related not
only to the disruption of sleep-wake cycle, but also to other
functions such as autonomic imbalance, cognitive decline,
and psychiatric disorders [121, 122].

Nowadays, it is well known that other neurotransmitter
systems (e.g., cholinergic, noradrenergic, and serotonergic)
also degenerate in PD, and the cell loss is extended to other
brain regions besides the nigrostriatal pathway. This non-
DAergic degeneration is a major cause of the nonmotor
symptoms of PD such as cognitive decline, mood disorders,
and autonomic dysfunctions. Nonmotor symptoms of PD are
present across all the disease stages, but the frequency and
severity increase with disease progression. Many studies have
shown that these symptoms are highly incapacitating and
have a major impact on the quality of life ahead of motor
symptoms [123].

Besides the sleep disturbances, nonmotor symptoms of
PD also include cognitive decline, depression, and anxiety
[124, 125]. Most of studies demonstrated that the psychiatric
symptoms are related to monoaminergic deficits within
components of the limbic system implicated in emotional
and affective functions [125]. As demonstrated by Braak et al.
[126], the progressive death of DAergic neurons in PD occurs
alongside the degeneration of noradrenergic and serotonergic
systems.

The current available drugs for PD (see Table 1) mainly
improve motor symptoms, without preventing the progres-
sion of the disease. Besides, the available treatments can cause
several motor complications following chronic use [127] and
eventually these treatments present low efficacy [128].

The most effective treatment for PD involves DA replace-
ment therapy, made by the administration of its precursor
3,4-dihydroxy-L-phenylalanine (L-DOPA) associated with
dopa-decarboxylase inhibitors (benserazide or carbidopa).
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FIGURE 1: Summary of molecular mechanisms associated with neuroprotective effects of melatonin in in vivo and in vitro models of Parkinson’s
disease. The main molecular mechanism of neurotoxins is related to its ability to inhibit the complexes of the mitochondrial electron
transport chain. The inhibition of these complexes leads to an increased production of reactive oxygen species (ROS) and, consequently,
to mitochondrial dysfunction, oxidative stress, activation of apoptotic pathways, and neuroinflammation, culminating in neuronal cell death.
Melatonin exerts neuroprotective effects through different mechanisms: protection of the complex I activity, neutralization of ROS, increased
cell antioxidant defences, reducing neuroinflammation, inhibition of caspases cascade, and cellular apoptosis. Melatonin is also able to
protect against induction of Bax and Cdk5/p35 expression and inhibition of Parkin/PINKI and Bcl-2 expression induced by toxins in PD
models. 6-OHDA: 6-hydroxydopamine; Bak: Bcl2 antagonist/killer; Bax: Bcl2 associated X; Bcl2: B cell leukemia/lymphoma 2; Cdk5: cyclin-
dependent kinase 5; Cyt C: Cytochrome C; IAPs: inhibitors of apoptosis proteins; MPP™: 1-methyl-4-phenylpyridinium; Omi/HtrA2: HtrA

serine peptidase 2; ROS: reactive oxygen species.

Although such treatment improves motor symptoms of PD,
the long-term treatment with L-DOPA is ineflicient and
causes numerous complications [129].

Aside from the treatment with L-DOPA, there are new
treatment strategies focusing on the constant stimulation of
the DAergic system, for example, the use of drugs with longer
half-lives such as the DA receptor agonists ropinirole and
pramipexole that allows the later use of L-DOPA or other
drugs with short half-life [100, 130]. Table 1 summarizes the
drugs available for symptomatic treatment of PD.

Despite all these options for PD treatment, none of these
drugs prevent the disease progression. Therefore, there is a
need to develop drugs or interventions that prevent or slow
the progression of the degeneration of DAergic and non-
DAergic neurons in PD.

5. Neuroprotective Potential of Melatoninergic
System in Parkinson’s Disease

Several studies have shown that PD patients exhibit changes
in the melatonin production and in the expression of

melatoninergic receptors MT, and MT, in the SNc¢ [73, 84—
87]. This reduction in endogenous melatonin production
in PD patients, along with the discovery of the antioxi-
dant activity of melatonin, has led to increasing interest in
affording neuroprotection in PD. In this regard, it is known
that the CNS is highly vulnerable to the effects of ROS,
mainly due to high consumption of oxygen from this tissue,
and that oxidative stress has a significant importance in the
pathogenesis of PD [183].

Diverse neurotoxins have been used to mimic
behavioural and neurochemical characteristics of PD in
laboratory animals and thereby improve the knowledge
about the pathogenesis and molecular mechanisms of the
disease (Figure 1). These neurotoxins-based models are
also useful for the screening of potential new treatments,
including new agents aiming neuroprotection [184]. In this
context, exogenous melatonin administration has dem-
onstrated an outstanding neuroprotective effect in animal
models of PD induced by different toxins such as 6-
hydroxydopamine (6-OHDA), I-methyl-4-phenyl,1-1,2,3,6-
tetrahydropyridine (MPTP), rotenone, paraquat, and maneb
(Table 2) [132, 144, 161, 164].
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6-OHDA was the first toxin used to model the DAergic
neurodegeneration similar to that seen in PD [185]. In
DAergic neurons, 6-OHDA is internalized via DAT, reaching
the interior of the cell where it will elicit its toxic effects
[186]. The 6-OHDA exerts its toxicity mainly through two
mechanisms: (1) autooxidation and (2) the inhibition of
complexes I and IV of the mitochondrial electron transport
chain. These mechanisms increase ROS production, which
can induce neuroinflammation, microglial activation, and
induction of apoptotic pathways culminating in cell death
[186].

Unilateral nigrostriatal lesions induced by 6-OHDA fol-
lowed by challenge with DA receptor agonists (e.g., apo-
morphine) lead to rotational behaviour in these animals;
the rotational behaviour is mainly caused by the increased
sensitivity to DA as a consequence of upregulation of DA
receptors, in response to the reduced release of this neu-
rotransmitter in the striatum [187]. Melatonin treatment
confers DAergic neuroprotection through the normalization
of oxidative unbalance generated by 6-OHDA adminis-
tration, which was characterized by the measurement of
expression and activity of antioxidant enzymes and levels
of lipid peroxidation [132, 133, 143]. This effect may be due
to the ability of melatonin to neutralize reactive species
[188] or by the melatonin-induced increased activity [143]
and expression of antioxidant enzymes [132]. Furthermore,
Dabbeni-Sala et al. [135] demonstrated that melatonin is
able to protect the 6-OHDA-induced inhibition of complex I
activity of the mitochondrial electron transport chain in mice.
In addition, melatonin also led to c-Jun phosphorylation
inhibition, increased Bcl-2 levels, and decreased caspase-3
activity, blocking the apoptosis induced by 6-OHDA [132,134,
137, 141] (Table 2).

The anti-inflammatory effect of melatonin was also
observed in 6-OHDA model of PD. Melatonin inhibited
COX enzyme activity and reduced the prostaglandin E2
levels (PGE2) [141]. Of high importance is the notion that
the potential neuroprotective effects of melatonin in PD
were demonstrated by independent research groups, where
melatonin protected against the 6-OHDA-induced loss of
tyrosine hydroxylase (TH) positive neurons in the SNc and
striatal projections accompanied by significant improvement
of motor impairments in rodents [131, 135, 136] (Table 2).

MPTP is another toxin widely used to mimic PD in
animal models. This toxin was first described by Langston
et al. [189] after causing a permanent Parkinsonism in
drug users of northwestern California. The MPTP was
accidentally produced during the synthesis of 1-methyl-4-
phenyl-4-propion piperidine (MPPP). After administration,
MPTP crosses the blood-brain barrier and is converted into
the active toxin 1-methyl-4-phenylpyridinium (MPP") by
the enzyme monoamine oxidase B (MAO-B) present on
glial cells. MPP" has high selectivity for DAergic neurons
since it is internalized by the DAT present in these cells.
Inside the cell, MPP" inhibits the activity of complex I
of the mitochondrial electron transport chain, causing an
increase in the production of free radicals. This effect leads
to activation of apoptotic pathways and consequent death
of DAergic neurons [190]. MPTP studies often use systemic
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administration of this toxin or infusion of MPP" directly into
the target structure, because MPP™ does not cross the blood-
brain barrier. Melatonin treatment prevented the loss of TH-
positive neurons in the SNc at the same time which improved
motor deficits induced by MPTP [144, 151]. Furthermore,
melatonin, when coadministered with L-DOPA, was able
to improve the motor benefits induced by L-DOPA [157]
(Table 2).

The neuroprotective effect of melatonin seems to be
mainly related to the its antioxidant activity, promoting
reduced levels of lipid peroxidation, free radicals, oxidative
damage in the mitochondrial DNA, and protection of the
levels of GSH and antioxidant enzymes activity that are
impaired by MPTP/MPP" administration [147, 151, 153, 155,
156] (Figure 1). Further, Khaldy et al. [191] showed that mela-
tonin was able to prevent hydroxyl radical generation evoked
by DA autoxidation evaluated in vitro. The mechanisms of
melatonin neuroprotection (summarized in Figure 1) were
investigated in in vitro and in vivo studies.

Some other mechanisms of melatonin neuroprotection
have been demonstrated. Neurotrophic factors are important
for the development, maintenance, and function of neurons
and glial cells [192]. Glial cell line-derived neurotrophic factor
(GDNF) is a neurotrophin known to promote the survival
of DAergic neurons. GDNF expression was increased in
rat C6 glioma cells exposed to melatonin [193]. The Cl17.2
neural stem cell line expresses MT, receptors and melatonin
was also shown to increase GDNF expression in these cells
[194]. Systemic MPTP administration in rats during 7 days
decreased DA levels and increased GDNF mRNA expression
in the striatum, while intrastriatal injections of melatonin
further enhanced GDNF mRNA expression in this brain
structure [195].

Another important neurotrophin that has potent effect
in the survival and morphology of DAergic neurons is the
brain-derived neurotrophic factor (BDNF) [196]. Howells
and colleagues showed that BDNF expression is reduced in
the SNc of PD patients [196]. However, nM concentrations
of melatonin were shown to increase BDNF levels and exert
neuroprotective effect in MT,-knockout mice and in mouse
cerebellar granule cells that underwent low-potassium toxic
insults [197]. Rats tested under sleep deprivation and treated
with melatonin also showed increased levels of BDNF in
the cerebral cortex and hippocampus [198]. In addition,
BDNF mRNA levels were increased in rat hippocampus and
prefrontal cortex after acute administration of the MT,/MT,
agonist agomelatine [199]. Therefore, the regulation of the
expression of neurotrophic factors by melatonin is likely part
of the mechanism of neuroprotection exerted by melatonin.

Given the importance of a-synuclein alterations in PD,
some studies have focused on the effect of melatonin in «-
synuclein expression and aggregation. In vitro studies showed
that melatonin protects dopaminergic cells such as SK-N-SH
from the neurotoxicity induced by amphetamine (AMPH)
and prevents the toxic overexpression of a-synuclein that
occurs when these cells are exposed to AMPH [110, 200]. In
this cell model, the AMPH increases a-synuclein expression
while reducing TH phosphorylation, which is necessary for
TH activation and DA synthesis [200]. An in vivo study by
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Sae-Ung et al. [201] revealed that subcutaneous injections
of AMPH in rats significantly increased a-synuclein levels
in the SNc, nucleus accumbens, striatum, and prefrontal
cortex. However, the concomitant administration of AMPH
and melatonin drastically reduced «-synuclein accumulation
[201]. In a model of kainic acid-induced neurotoxicity in
C57BL/6 mice, the hippocampal a-synuclein aggregation
was reduced by the oral administration of melatonin 1h
prior to kainic acid injection [202]. Taken together, these
results demonstrate the potential of melatonin to modulate
a-synuclein expression and protect DAergic cells against its
undesirable toxic alterations (Table 2).

Melatonin also has a protective effect on the mito-
chondria, preventing the MPTP-induced inhibition of the
complex I activity of the electron transport chain and the
stimulation of iNOS activity, avoiding the potential collapse
of mitochondrial membrane triggered by MPTP [145, 147,
153]. Neuroinflammation evoked by MPTP administration,
characterized by increased levels of inflammatory proteins,
mRNA proinflammatory cytokines, and NF-«B, was also
attenuated by melatonin treatment [154] (Table 2).

The mechanism of MPTP toxicity appears to involve the
stimulation of the phosphorylation of p38-MAPK, increasing
the cdk5-35 expression and its cleavage to cdk5-25, which are
involved in neurodegeneration [148, 154]. The administration
of MPTP/MPP" also leads to a reduction in the mRNA
and expression of fibroblast growth factor 9 (FGF9), which
participates in the proliferation, differentiation, and survival
of the cell. The expression and function of parkin/PINKI/DJ-
I/MULI loop, which plays an important role in maintaining
mitochondrial homeostasis, are also altered by this toxin
[150, 158]. All these changes were normalized by melatonin
treatment [148, 150, 154, 158] (Table 2).

As described before, epidemiological studies have shown
that exposure to certain pesticides increases the risk of
developing PD and this has led to a growing interest in the
development of animal models using environmental toxins
such as rotenone, paraquat, and maneb [203]. Rotenone can
exert its toxic effects by inhibiting the activity of complex I of
the electron transport chain in mitochondria, leading to gen-
eration of ROS. Similar to MPTP, rotenone can be adminis-
tered systemically or directly into the target brain structure of
rodents and in cell cultures [186]. Melatonin has a protective
effect against neurodegeneration caused by rotenone in dif-
ferent experimental protocols. Melatonin treatment reduced
oxidative stress caused by rotenone, which was evidenced
by reduced levels of hydroxyl radicals in the mitochon-
dria, protection of GSH levels, and activity of antioxidant
enzymes [160]. Melatonin also inhibited apoptosis induced
by rotenone by reducing the Bax expression and release of
Omi/HtrA2 [204]. This neuroprotective effect of melatonin
culminated in the prevention of motor deficits evoked by
rotenone administration in rodents and in a Parkinsonism
model in Drosophila melanogaster [159, 161, 162] (Table 2).

Maneb and paraquat are pesticides used to mimic PD
in cells and animals and they can be administered alone or
in combination, which increases their toxicity. Paraquat and
maneb can inhibit the biosynthesis of ATP and induce the
formation of ROS by inhibiting the activity of complexes
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I and III of the mitochondrial electron transport chain,
respectively [186]. Melatonin showed neuroprotective effect
against toxicity induced by these pesticides through inhibi-
tion of oxidative stress and apoptotic pathways [163, 164]. In
addition, melatonin was able to inhibit the aggregation of «-
synuclein in P12 cells exposed to maneb [163] (Table 2).

In summary, melatonin demonstrated neuroprotective
effects in different experimental models of PD. This neuro-
protection seems to be mainly dependent on the modulation
of the redox state of the cell by the melatonin [133, 143,
144, 147, 151, 153, 164]. However, the models currently used
to mimic the PD have limitations and do not accurately
correspond to the disease in humans. In addition, the adverse
effects of chronic administration of melatonin are still poorly
understood. Thus, further studies using genetic models of
PD are necessary to confirm the neuroprotective potential of
melatonin in the disease.

6. Melatoninergic System as a Putative
Target for Treating Motor and Nonmotor
Symptoms of Parkinson’s Disease

6.1. Motor Symptoms. Many studies have assessed the possi-
ble role of melatonin in the modulation of motor symptoms
of PD with discrepant findings [205]. The majority of studies
showing the benefits of melatonin on evoked motor deficits
in animal models of PD performed a pretreatment with
melatonin. In such studies, melatonin exerts neuroprotective
effects by preventing the death of DAergic neurons in the SNc
and thus avoiding the development of motor dysfunction.
However, Gutierrez-Valdez et al. [140] employed a different
protocol where rats underwent a unilateral injection of 6-
OHDA into the medial forebrain bundle and were treated
with melatonin or L-DOPA, 4 days after the injury. Abnor-
mal irregular movements (AIMs) evaluation, and the beam
walking test were performed to assess dyskinesia and motor
function. Melatonin was able to improve the rats walking
ability without inducing the onset of AIMs, as in the case
of L-DOPA treatment. Furthermore, melatonin treatment
attenuated the loss of TH-positive neurons and protected the
ultrastructural preservation of striatal neurons. These results
suggest that although melatonin treatment started 4 days after
the lesion, the beneficial effects on the motor symptoms were
maintained. Other studies with PD models using 6-OHDA
and MPTP also showed that treatment with melatonin,
initiated shortly after administration of toxins, inhibited the
onset of motor deficits. However, this effect seems to be
related to the neuroprotective ability of melatonin instead of a
direct action on the DAergic transmission [135, 136, 138, 156].

On the other hand, other studies failed to observe motor
benefits of melatonin treatment in animal models of PD or
PD patients. Medeiros et al. [206] showed that melatonin
administration (3 mg, 1 h before bedtime) for 4 weeks in PD
patients was able to improve the quality of sleep but did
not affect motor symptoms in these patients. However, the
evaluation of the melatonin effect was carried out during
the day without analysis of the acute effect of melatonin.
Yildirim and collaborators [141] evaluated the effects of pre-
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and posttreatment with melatonin in animals that underwent
a unilateral lesion with 6-OHDA in locomotor parameters,
COX and caspase-3 activity, PGE2 and nitrite/nitrite levels,
and apoptosis. Even though melatonin administration was
able to prevent/recover parameters related to neuroinflam-
mation and apoptosis, the pre- and the posttreatment were
not able to restore the motor deficits induced by 6-OHDA
injection. Moreover, Bassani et al. [161] reported that the
melatonin posttreatment for 28 days preserved the TH-
positive neurons and DA levels of rotenone-lesioned rats. In
addition, they also observed that melatonin improved the
depressive-like behaviour, but not locomotor deficits, of these
animals.

Notably, the administration of melatonin per se has
been linked to a reduction in locomotor activity in naive
animals. For instance, Chuang and Lin [207] demonstrated
that the administration of high melatonin doses (60 mg/kg)
led to a reduction in spontaneous locomotor activity of
mice under normal conditions and also in response to
thermal stress (cold, 4°C, and heat, 36°C). However, these
changes were not observed with a lower dose of melatonin
(30 mg/kg). Melatonin-treated animals showed a reduction in
serotonin release in the hypothalamus, striatum, and nucleus
accumbens, although DA levels were not altered. Further-
more, Willis and Armstrong [208] evaluated the effects of
slow melatonin release via intracerebroventricular implants,
pinealectomy, or exposure to constant light on the motor
function of rats submitted to 6-OHDA or MPTP adminis-
tration. Melatonin administration deteriorated motor per-
formance, exacerbating the deficits evoked by these neuro-
toxins. Additionally, the experimental antagonism achieved
by pinealectomy or melatonin synthesis inhibition by the
exposure to light improved the induced motor deficits in PD
models [208].

In this regard, previous studies have shown that light
therapy may have a beneficial effect in motor and nonmotor
symptoms of PD [209]. The improvement of motor symptoms
by light was observed in animals with unilateral lesion
with 6-OHDA, or with mechanical injury of the lateral
hypothalamus [205]. Light therapy was also shown to be
beneficial in PD patients. In a clinical study, 20 patients with
PD received light therapy by exposure to fluorescent light for
1-1.5 hours at an intensity ranging between 1000 and 1500 lux,
about 1 hour before bedtime. Several behavioural parameters
were evaluated before the light therapy and after 2 and 5
weeks, at regular intervals.

Light therapy improved rigidity and bradykinesia,
improved mood and sleep, reduced seborrhoea and impo-
tence, and increased appetite [210]. In another study, 36
patients with PD received light therapy. The treatment
consisted of exposure to 7500 lux illumination in the treated
group and 9501]ux in the placebo group, 30 min/day for 15
days. Patients were evaluated for motor symptoms, depres-
sion, and sleep disorders. The results revealed a significant
improvement in tremors and depression presented by these
patients [211]. Willis and colleagues [205] conducted a
retrospective study where 129 PD patients were monitored
for periods ranging from a few months to eight years. The
treatment consisted of 1h of exposure to a light intensity
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ranging from 4000lux to 6000 lux before bedtime. Motor
and nonmotor symptoms were monitored. Patients were
divided into 3 groups: patients who adhered, patients
who adhered partially, and patients who did not adhere
to the treatment. Patients who adhered to the treatment
demonstrated an improvement of bradykinesia, rigidity, and
balance. Symptoms of sleep disorders and depression also
showed improvement. Additionally, increased medication
was also lower in patients that fully or partially adhered in
comparison to those who did not adhere.

Other studies also investigated the effects of melatonin
receptors antagonism in animal models of PD. For instance,
it was demonstrated that ML-23, an antagonist of melatonin
receptors, enhanced the motor deficits induced by MPTP
[212] and 6-OHDA [213]. This effect may be related to the
interaction between the nigrostriatal and retinohypothalamic
circuits, which converge towards the lateral hypothalamus.
Additionally, the presence of visual impairments related to
dopaminergic degeneration in patients with PD reinforces
this concept [214].

The beneficial effects of melatonin antagonism on motor
symptoms of PD can be explained by the melatonin action
in the inhibition of DA release in various brain structures.
This inhibition can occur at concentrations ranging from
nM to uM and may be a consequence of the inhibition of
calcium influx into neuronal terminals [215]. Studies have
shown that DA metabolites exhibit a circadian variation with
higher concentrations during the day and a reduction in the
evening [216]. Khaldy et al. [217] demonstrated that the peak
of melatonin release in C57BL/6 mice coincided with a reduc-
tion of DA levels in striatum. Moreover, this circadian cycle
was disrupted by pinealectomy and restored by melatonin
treatment [217]. The striatal DA release also modulates the
activation of NMDA receptors. It has been proposed that
the inhibition of striatal DA release by melatonin could also
reduce striatal neurons response to glutamate released by
cortical afferents [215].

In summary, although melatonin has shown a poten-
tial in improving motor deficits in animal models of PD,
these effects appear to be related to its neuroprotective
capacity. Nevertheless, in animal models and PD patients
with established DAergic damage, melatonin may exacerbate
motor deficits [205]. Moreover, the antagonism of melatonin
receptors may lead to improvement in motor symptoms [208,
213]. Further studies are necessary to better understand the
balance between DA and melatonin levels in the brain as well
as its role in control of motor function.

6.2. Nonmotor Symptoms

6.2.1. Sleep Disturbances. Sleep disorders have been increas-
ingly associated with PD and can arise as a prodromal
symptom appearing years before the motor symptoms. These
disorders may also reach the patient after the PD diagnosis
worsening the life quality of patients and caregivers. The
appearance of these disorders may be related to the degener-
ation of neural structures related to the sleep control. Among
the sleep disorders that precede or appear in advanced
stages of PD are excessive daytime sleepiness (EDS), rapid
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eye movement (REM), sleep behaviour disorder (RBD), and
insomnia [122, 218].

EDS is characterized as a chronic condition in which the
individual is not able to remain awake during the day, induc-
ing social problems and automobile accidents. Diagnosis can
be performed with the use of a questionnaire such as Epworth
Sleepiness Scale [218]. Studies have shown increased risk of
PD in patients with EDS [87, 89]. Abbott and colleagues [219]
showed an odds ratio of 3.3 for the development of PD in
EDS patients monitored from 1994 to 2001. In this regard,
the increase of daytime napping also has been associated
with a major odds ratio of PD development in 3 different
stages: established PD, recent PD, and prediagnosed PD [89].
Although there is some disagreement in the literature, the
early onset of EDS has been established as a preclinical and
premotor marker of PD.

The EDS may be present in PD as a persistent state
of sleepiness or “sleep attacks” in which the patient begins
to sleep suddenly. Although studies about the prevalence
of EDS in PD show a large variation [218], its frequency
appears to increase with disease progression. Tholfsen and
colleagues [220] evaluated the frequency of EDS in drug-
naive PD patients and after 1, 3, and 5 years of medication.
EDS frequency increased from 11.8% at the baseline to 23.4%
after 5 years in these patients. This elevation can be related
to progressive loss of mesolimbic DAergic neurons and other
non-DAergic neuronal circuits that modulate the sleep [218].
However, DAergic drugs used in PD treatment such as L-
DOPA and DA receptor agonists may have sedative effects,
contributing to the occurrence of EDS [221].

Changes in nocturnal sleep period may or may not be cor-
related with the appearance of EDS, which explains the vari-
ability in the response to the treatments that enhance night-
time sleep. Some pharmacological treatments for EDS have
been tested such as modafinil, caffeine, and amphetamine
[221]. Modafinil is the most studied drug for this use;
however, it shows modest effects on subjective parameters.
Its mechanism of action is not completely understood but
evidences suggest a link with the modulation of hypothalamic
sleep-wake system. Modafinil promotes an increase in wake-
fulness by stimulating the tuberomammillary nucleus activity
and reducing the promotion of sleep exerted by the ventro-
lateral preoptic area [221]. Caffeine did not provide benefits
to sleepiness, but the patients displayed an improvement in
motor symptoms of PD. Methylphenidate is an amphetamine
that has shown some effect in reducing fatigue in PD patients;
however, this drug has a high potential for the development
of abuse [221].

The light treatment has been associated with improve-
ment of the EDS symptoms. Mishima et al. [222] demon-
strated that EDS was associated with the appearance of
changes in melatonin levels and that the application of
bright light therapy produced significant enhancements in
symptoms. However, no study has evaluated the effect of light
therapy in EDS presented in PD patients.

The relation between melatonin levels and EDS onset in
patients with PD is still poorly explored. The cross-sectional
study conducted by Videnovic and colleagues [87] with
PD patients regularly receiving DAergic therapy revealed a
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diminished melatonin release. In addition, PD patients with
EDS exhibited a lower release of melatonin than PD patients
without EDS. Nevertheless, exogenous melatonin was not
effective on EDS [223].

RBD is a parasomnia whose main features are the
nocturnal dream enactment behaviour and loss of atonia of
skeletal muscles. Abnormal motor behaviour (kicking) and
vocals (screaming, laughing, and crying) also are commonly
found in patients with this disorder. The motor symptoms
provide fracture risk for the patient and their bed partner.
The magnocellular nucleus in the medulla and subcoeruleus
locus, which are related to the control of atony, appears to be
altered in RBD. The appearance of RBD has been strongly
linked to an increased risk of PD [121, 218, 224]. Schenck et
al. [225] found that 38% of RBD patients evaluated in their
study also have PD. In agreement, Iranzo and colleagues [226]
observed that, of 44 patients diagnosed with idiopathic RBD
(IRBD), 81% (36 patients) presented some degenerative syn-
drome, among them 16 have PD. The survival rate without any
neurodegenerative syndrome from diagnosed IRBD patients
was 65.2% at 5 years, 26.6% in 10 years, and 7.5% in 14 years.
Thus, the diagnose of IRBD appears as a promising tool to
assist in early diagnosis of PD.

Besides being present in the premotor phase of PD,
RBD also follows the progression of motor symptoms of this
disease. A study evaluating 57 patients newly diagnosed with
PD and still without the use of DAergic therapy showed
that 30% (17 patients) of the individuals had symptoms of
RBD [227]. Other studies that investigated the presence of
RBD in PD patients treated with DAergic drugs have found
prevalence values ranging between 46% and 58% [228, 229].
Gjerstad and colleagues [230] evaluated the presence or
absence of RBD in 231 patients with PD reexamining them
after 4 and 8 years. Their data exhibited an elevation in the
RBD frequency in these patients, from 14.6% to 27%, during
the study period. This increase was associated with higher
doses of L-DOPA and less Parkinsonism, firming the role of
DAergic therapy in the onset of sleep-related disorders.

Although other studies have evaluated melatonin effect
in improving sleep quality using subjective scales, only one
study investigated the effect in patients diagnosed with RBD
[206, 231]. Kunz and Bes studied six patients diagnosed
with RBD who received treatment for 6 weeks with 3 mg of
melatonin daily, 30 minutes before bedtime. As a result, a
dramatic improvement in the symptoms of RBD in 5 patients
within a week was observed and this improvement remained
after discontinuation of treatment for weeks or months.
Polysomnography performed 6 months later revealed that
several parameters of REM sleep were normalized.

Insomnia is one of the most common sleep disorders in
PD patients and its emergence may be related to uncontrolled
motor symptoms, nocturia, depression, and circadian cycle
disruption [218]. In a recent study, 689 patients with PD were
submitted to a questionnaire in order to evaluate the quality
of sleep. This study showed that the total number of patients
who presented chronic inability to sleep was 36.9%; 18% had
difficulty in initiating sleep, 81.54% interrupted sleep, 40.4%
early morning awakenings, and 38.5% nonrestorative sleep
[232].
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Given the importance of the overnight motor symptoms
in PD in the emergence of insomnia, treatments with DAergic
drugs in order to reduce the night Parkinsonism have
exhibited good efficacy. In this regard, studies assessing the
benefits of slow release formulations of ropinirole, rotigotine,
or L-DOPA showed an improvement in the sleep quality
of patients with PD [233-235]. Several drugs are currently
approved for the treatment of insomnia; however, only
eszopiclone, an agonist of GABA, receptors, and doxepin,
a tricyclic antidepressant, showed some efficacy in the treat-
ment of insomnia in PD patients [221].

The role of melatonin in PD patients who suffer from
insomnia is controversial. Although some studies have shown
that treatment with different doses of melatonin leads to
an improvement in the sleep quality, assessed subjectively
by questionnaires or through polysomnography tests [206,
231], other studies show that the light therapy was beneficial
for these patients [236]. PD patients exposed to a light
intensity of 10000 lux (90 min/6 times a week) obtained an
improvement in the insomnia, but there was a worsening
in the questionnaires related to the symptoms of PD [237].
Other sleep disorders such as obstructive sleep apnoea,
restless legs syndrome, and periodic leg movements during
sleep are also often present in PD patients [218], but there
is no specific study that associates these disorders with the
modulation of the melatoninergic system.

As noted, even though progress has been made towards
the characterization of sleep disorders during PD progression
and the possible relationship with the melatoninergic system,
more studies are needed for the development of effective
therapeutic approaches that improve the quality of life of
patients and caregivers.

6.2.2. Cognitive Deficits. Prevalence of cognitive deficits in
PD patients has been poorly investigated [238]. A study
carried out in the UK revealed that 36% of PD patients
had cognitive impairment at least in one of three cognitive
tasks performed: Minimental State Examination, a pattern
recognition task, and the tower of London task [239].
Another report comparing untreated PD with controls found
twofold increase in the proportion of cognitive dysfunction.
Nevertheless, the lack of criteria for diagnosing cognitive
impairment in PD patients makes these studies difficult to
reproduce and compare [238].

Cognitive deficits detected in PD differ from individual
cognitive impairment to minimal cognitive dysfunction to
full-blown dementia like, being divided into mild cognitive
impairment (MCI) or severe, leading to the dementia diag-
nosis (PD dementia (PDD)). This nonmotor symptom of PD
may result from the natural course of the disease or could
be associated with treatment interventions, such as adverse
effects of drugs and deep brain stimulation (DBS). Executive
function, memory, and visuospatial deficits are the three
cognitive impairments more commonly detected in PD [238].

Executive function comprises essential abilities related
to the decision-making process, such as retrieval from
declarative memory, management of information in working
memory, and cognitive flexibility and planning. Some studies
have observed that executive dysfunction is higher during

Oxidative Medicine and Cellular Longevity

early phase of PD and also that this impairment is a predis-
posing factor for greater severity of PD [240]. Also, memory
deficits, working memory, short-term memory, visual short-
term memory, declarative memory, and recognition memory
are impaired in PD patients [238]. However, long-term
and verbal short-term memory are not altered and explicit
memory was shown to be partially lost [238].

Visuospatial dysfunction is well known in PD. Montse et
al. [241] demonstrated that a decrease in spatial orientation
functioning in PD may elicit the progression rating of the
disease as reflected by three determinants variables found:
age, duration of disease, and degree of dementia. Moreover,
motor involvement has been suggested as major criterion for
reduction of this memory, even in the early stages of the
illness.

The pattern of cognitive deficits assessed in patients
by cognitive tasks suggests the existence of subgroups,
which may reflect regional differences in the underlying
neuropathological processes [239]. In this way, grey matter
loss in most of the brain regions has been correlated with
a decrease of global cognitive score, but not with motor
impairment. MCI subjects showed partial atrophy of grey
matter in the temporal, parietal, and frontal cortex, bilateral
caudal hippocampus, amygdala, and right putamen. Brain
atrophy occurs as a consequence of the cell death, which is
largely attributed to the formation of Lewy bodies in PDD
[242].

There is increasing evidence about the role of melatonin
in learning and memory processes (Table 3). Wang et al.
[169] revealed a concentration-dependent inhibition of long-
term potentiation (LTP) by melatonin in the CAl dendritic
layer of the Schaffer collateral of hippocampal slices in
mice. LTP is a process in which the neuronal association
is cooperatively and selectively strengthened by elevated
synaptic activity through glutamate NMDA and «-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) recep-
tors. Melatonin acts on LTP by modulating the postsynap-
tic nitric oxide (NO) signalling pathway [243]. Thus, this
link between melatonin and LTP implies its role in the
memory formation [169]. In addition, plasma melatonin
levels decrease during aging, being related to the decline
of neurogenesis and probably to cognitive alterations [244].
Despite this, the effect of melatonin on cognitive dysfunctions
in PD has been poorly investigated, whereas more attention
has been given to cognitive impairment in AD.

Datieva et al. [245] evaluated the effect of melatonin in 30
patients with early and late stages of PD and no significant
difference was observed in cognitive autonomic disorders
when compared to baseline. Using a MPTP rat model of
PD, Capitelli et al. [246] investigated the effects of melatonin
pretreatment (50 mg/kg, i.p.) in the animals’ performance of
two-way active avoidance task. The memory acquisition and
retention process were impaired by MPTP, and melatonin was
unable to restore this deficit.

The association between melatonin and cognitive dys-
function in PD was further addressed in animal models of PD
using the novel object recognition (NOR) [247, 248], Morris
water-maze (MWM), and passive avoidance tasks [249].
Agomelatine, an agonist of melatoninergic MT, and MT,
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TABLE 3: Summary of studies investigating the role of melatonin and its receptors in LTP and learning and memory processes.
Experimental approach LTP Main findings MT receptor involved Ref.
Melatonin 1nM Inhibits Melatonin inhibits GABA, via MT,. MT, [166]

. . Luzindole, an antagonist of MT receptors,
Melatonin 0.1 to 2.0 mM Inhibits blocks the inhibitory effect. MT (167]
Melatonin 100 uM Inhibits BMNEP, a specific ligand of the MT, MT, [168]
receptors, mimics the inhibitory action.
Melatonin inhibitory action is prevented
Melatonin 0.1nM to by luzindole and
100 uM; . 2-propionamidotetraline, an MT,
MT, "~ mice and MT, /~ nhibits antagonist. MT, [169]
mice MT, " mice lost inhibitory effect on LTP,
but not MT, /™ mice.
Slices from MT, /™ mice exhibited
smaller and decrement LTP compared to
MT, "~ mice Inhibits wild type mice. MT, (170]
MT, /= mice showed impairment in the
EPM on 2 consecutive days.
MT,/MT, '~ mice demonstrated
MT,/MT, "~ mice Enhances improvement in cognitive performance in MT,/MT, [171]

the Barnes- and Y-maze tests.

receptors and an antagonist of serotonergic 5-HT,, receptors,
also elicits positive effects on memory [247]. Its chronobiotic
activity on cognitive functions was investigated in the T
maze left-right spatial discrimination test showing a more
intense effect when administered in the evening and in the
NOR exhibiting improvement in the memory independent
of the administration period. Involvement of melatoninergic
agonist and 5-HT, antagonist properties could be related to
the memory facilitating effect of agomelatine [247]. Neu-P1l,
amelatoninergic (MT,/MT,) receptors agonist and serotonin
5-HT,,,p agonist, was able to enhance the memory in the
NOR and against deficit induced by A, _4,) peptide [248].

Considering that sleep problems have been shown to con-
tribute to neuropsychological deficits in otherwise healthy
people, the nootropic effect of melatonin has been associated
with its positive effect on sleep quality. As mentioned before,
there is a high prevalence of sleep disturbances in PD patients,
which are improved with melatonin treatment. Meta-analysis
demonstrated a significant effect of sleep on global cognitive
function, long-term verbal recall, long-term verbal recogni-
tion, shifting, updating, and fluid reasoning. Specifically in
PD, an association between sleep disorders and memory and
executive function deficits was found. However, this outcome
should be analysed carefully due to the small number of
studies and numerous methodological issues identified in
them [250].

Furthermore, the differential role of MT receptors has
also been investigated, mainly in the hippocampus, in order
to elucidate nootropic effect of modulators in this system
(Table 3). MT,;/MT, double knockout mice displayed ame-
liorated spatial and reference learning and memory per-
formance in the Barnes maze and the Y-maze tests. These
behavioural findings were consistent with the enhancement
of LTP and brain p-CREB, p-ERK1/2, and key markers
of synaptic activity expression levels [171]. However, other
studies observed hippocampus LTP inhibition by melatonin

that was blocked by MT receptors antagonist [167] and by
selective MT, receptor antagonist, suggesting a mediated
effect by MT, receptor [168]. This hypothesis was confirmed
using MT, knockout and MT, knockout mice, in which the
inhibitory LTP action of melatonin was lost in MT, /™ mice,
but not in MTf/* mice [169].

This prevalent involvement of MT, receptor in the mem-
ory and cognitive functions has been demonstrated in the
literature. Larson et al. [170] corroborate the data of Wang
et al. [169], demonstrating smaller and decrement LTP in
hippocampus slices from MT, '~ mice. In addition, MT, /™
mice showed learning deficits in the elevated plus-maze test
(EPM) in two consecutive days, failing to shorten the transfer
latencies to enter a closed arm on the second day. Comai and
Gobbi [251] also report that MTZ_/ ~ mice spent more time
in the central platform of EPM, which could be linked to an
impaired decision taking and cognitive flexibility.

Thus, these studies suggest an important role for mela-
toninergic system in memory and cognition function, prob-
ably linked to underlying process of LTP by MT, receptor.
Nevertheless, due to contrasting results, more studies are
required to clarify the role of melatoninergic modulators
in LTP, as well as the importance of each MT receptor in
this regard. After this, the potential use of melatoninergic
modulators as cognitive enhancers, mainly for cognitive
impairment linked to sleep disorders in PD and AD, should
be considered in clinical and preclinical tests.

6.2.3. Depression. Depression represents one of the most
common nonmotor symptoms in PD, occurring in 50-
70% of patients [252, 253]. Many other diseases that affect
elderly people also have depression as common symptom.
However, patients with PD are more susceptible to developing
depression than the general elderly population or patients
with other chronic and disabling diseases [252]. In a recent



18

study conducted with more than 1400 individuals, depression
was found to be more common in female than in male
patients and had a bigger prevalence in individuals in the
advanced stages of PD or in individuals that developed
dementia [254].

Depression is an important feature to determine the
quality of life in PD patients, and the caregivers of individuals
with PD are also affected by the course of the disease [253].
Therefore, understanding depression in PD is a crescent need
among all the professionals involved with this disease.

The aetiology of depression in PD is unclear, but alter-
ations in neurotransmitters (monoaminergic) systems and
limbic Lewy body pathology might contribute to this dis-
order. Besides, other previous pathologies like cerebrovas-
cular disease and neurotrophic changes are also related to
depression in PD. There is a hypothesis that claims that
the monoaminergic deficits and lesions of frontal-subcortical
circuits are the same in the brain of patients with PD and
those with depression [118].

The main symptoms of depression are depressed mood,
loss of pleasure (anhedonia), and feelings of worthlessness
and guilty. The depressive syndrome also includes some
somatic symptoms such as loss of appetite, sleep disturbances,
psychomotor retardation, and altered facial expression [252].
However, these symptoms could also be present in PD
patients without the depressive symptoms and the differen-
tiation between these two situations is a great challenge for
clinicians.

There are few studies investigating the course of depres-
sion among different stages of PD. One of the most important
studies in the field evaluated patients with PD who were also
diagnosed with major depression. One year later, the majority
of these patients still showed major depression and the risk
of dementia or a fast cognitive decline that was associated
with major depression [255]. Nevertheless, more long-term
studies that associate depression and PD are needed to clarify
the predictors and prognostic of these patients.

There are contradictories views about depression as a
nonmotor symptom of PD or a risk factor for PD develop-
ment. Jacob et al. [256] and collaborators findings support the
hypothesis that depression is a prodromal symptom of PD
and not a risk factor for the disease. In a two-year study, it
was observed that the development of PD was more common
in individuals who had used antidepressants than among
nonusers [257].

Depression and PD share some abnormalities in brain
structure. In the SN, there is a hyperechogenicity and in
the brainstem raphe there is a reduced echogenicity. These
alterations are common and severe in patients who have both
PD and depression, and these changes are usually related to
a history of depression before the development of PD [258].
Patients with PD and depression also presented a profound
loss of striatal DAT availability and frontal hypoperfusion
compared with nondepressed patients [252, 253]. These
observations, besides confirming that depression can precede
PD, are in agreement with Braak hypothesis of PD, in which
the neurodegeneration in regions like the noradrenergic
coeruleus-subcoeruleus complex and the serotonergic caudal
raphe nucleus occurs before the motor symptoms [259].
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Defining the mechanism behind depression in PD is very
difficult. When people older than 65 years are affected by
depression, there are numerous variables involved such as
psychosocial issues, genetic factors, and age-related brain
alterations that should be considered. In patients with PD
that also develop depression, it is necessary to consider
the involvement of factors like monoaminergic disturbances,
cerebrovascular diseases, Lewy body pathology, functional
changes in the limbic and subcortical circuits, hippocampal
atrophy, alterations in neurogenesis and neurotrophic factors,
and toxic stress, besides hypercortisolemia and inflammation
[252].

The neurotransmitter systems affected in patients with
depression and PD involve the noradrenergic, DAergic, and
serotonergic pathways. These systems are also related to
regulation of mood, and deregulations of these are associated
with depression in the general population. Patients with PD
and depression were shown to have increased serotonergic
neuronal cell loss in the dorsal raphe nucleus and decreased
levels of striatal serotonin and its transporter. The disruption
of the nigrostriatal DA as well as other DAergic pathways
in limbic and frontal circuits, and the loss of DAergic
neurons in the ventral tegmental area, are also related to
depression in PD. Indeed, the locus coeruleus is affected in
early stages of PD and the increase of neurodegeneration
in this area is correlated with depressed individuals with
PD. Cognitive and mood impairments associated with PD
could also be related to cholinergic deficits. Furthermore, new
evidence suggests that stress hormones, immunomodulatory
mediators, neurotrophic factors, and neuropeptides are also
involved in the aetiology of depression in PD [252].

Although depression is highly prevalent among individ-
uals with PD, a proper therapy for this disorder has not
been well defined. The options of treatment for depression
in PD found in literature are limited by a small sample
size, short duration of action, design issues, or incompatible
outcome measurements [253]. The classic options for the
treatment of depression in PD include selective serotonin
reuptake inhibitors (SSRI) (citalopram, sertraline, fluoxetine,
and paroxetine); serotonin-noradrenalin reuptake inhibitors
(SNRI) (desipramine, amitriptyline, nortriptyline, and dox-
epin); and some atypical agents as trazodone and nefazodone.
These are also examples of the main medications used to treat
depression in general population. Pramipexole, pergolide,
atomoxetine, and memantine are also used, even though they
are not so common. Finally, bupropion, a noradrenaline and
DA reuptake inhibitor, is normally used to treat depression in
PD patients and has effects under the depressive and motor
symptoms [123, 124].

Depression in PD has a heterogeneous aetiology and
responsiveness to treatments, and although there are a wide
variety of treatment options, not all the patients with depres-
sion and PD respond to these drugs. Therefore, new strategies
and new targets have been investigated to improve the current
therapy and assure a good prospect of quality of life for these
patients [124]. Melatonin is one of the substances that show
beneficial effects for depression in PD patients.

The potential therapeutic effect of melatonin in mood
disorders has been studied recently, because many patients
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with depression presented disruption in melatonin circadian
profile [161, 260]. Preclinical studies demonstrated that mela-
tonin has antidepressant-like effects in several animal models
of depression, such as in the forced swimming test [260],
tail suspension test [261, 262], chronic mild stress paradigm
[263], and nonmotor symptoms of a rodent model of PD
[161].

In order to document the association between sleep and
mood disorders, different studies in humans have been done
demonstrating that the treatment with melatonin improves
the total sleep time and decreases depressive symptoms. A
new pharmaceutical tool for treating and preventing depres-
sion contains an association between a SSRI and melatonin;
this association had a markedly positive impact on the
sleep-wake rhythm of depressive patients [264]. Circadian
disruption is linked to the changes in behaviour and sleep
patterns that occur in depression, and this disease is associ-
ated with alterations in diurnal rhythm of melatonin output
[265].

In the rotenone model of PD, the prolonged treatment
with melatonin prevented the appearance of depressive-
like behaviour, and this melatonin antidepressant effect was
associated with its ability to restore the striatal DA levels
[161]. Another study demonstrated that the antidepressant-
like effect of melatonin in the tail suspension test could be
associated with its direct interaction with DA D, and D,
receptors [262]. Furthermore, the antidepressant effect of
melatonin may also be attributed to the protection against
the loss of DAergic neurons and the modulation of DAergic
neurotransmission [161].

Since alterations in circadian rhythms are also implicated
in the aetiology of depression and PD, dysfunction in the
rhythmicity of circadian cycle is very common among PD
patients with depression [161, 265]. Another important fact
to be observed about melatonin and depression in PD
is that the DAergic neurons in the nigrostriatal pathway
are melanocytes, and the melatonin and DA coexist in a
functional opposition regulating day/night activities. Thus,
it is likely that the exogenous melatonin administration may
alter the balance between DA and melatonin. In the study of
Bolitho et al. [266], the DAergic treatment for PD profoundly
increased the secretion of melatonin, regulating the circadian
cycle and sleep timing.

Considering the relevance of circadian cycle in the
pathogenesis of depression and PD, a new approach has
been proposed for the treatment of this disorder using the
melatonin analogous agomelatine. This drug is associated
with the resynchronization of circadian rhythms and was
shown to have antidepressant effect in humans.

Opverall, from these limited results in this field, it appears
that melatonin and melatonin analogous might be particu-
larly useful to improve the depression in PD, but further stud-
ies are needed for the development of effective therapeutic
approaches that improve the quality of life of patients and
caregivers.

6.2.4. Anxiety. Despite the high prevalence of anxiety in
PD patients, this issue has only recently attracted scientific
attention. Anxiety disorder presents itself as the second mood
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disturbance most common in PD, with major impact on daily
functioning and quality of life in patients [267].

Prevalence of anxiety in PD patients depends on the
study sample features and methodology used to assess this
nonmotor symptom [268]. Many studies suggest that approx-
imately 20-50% of PD patients experience clinically relevant
symptoms of anxiety [269, 270]. Generalized anxiety disorder
(GAD), social phobias, panic attacks, and anxiety disorder
Not Otherwise Specified (NOS) are the anxiety syndromes
more often reported in PD when using the Diagnostic and
Statistical Manual (DSM) of mental disorders criteria for
the assessment [271]. Nevertheless, DSM has questionable
validity to assess anxiety in PD, since symptoms in PD
patients are atypical and therefore are classified as NOS
[272]. Recently, Dissanayaka et al. [273] recommended the
use of Parkinson’s Anxiety Scale (PAS) and Geriatric Anxiety
Inventory (GAI) in PD without dementia in order to present
satisfactory psychometric features.

Anxiety is a nonmotor symptom of PD that can precede
the onset of motor symptoms or develop after the diagnosis
of the disease [268]. In order to understand the risk factors
linked to anxiety in PD, Broen et al. [274] delineated a model
using PD-specific and nonspecific factors. Previous history
and the severity of depressive symptoms were considered
nonspecific risk factors, which showed direct effect on anx-
iety. On the other hand, motor fluctuations and disease-
related decline in daily activities were considered PD-specific
factors and display less influence in the model.

Rutten et al. [275] concluded in their study that anxiety
in PD involves affective and somatic symptom dimensions.
In fact, several authors have associated anxiety disorders
with severe gait problems [270], dyskinesias/fluctuations
[270, 271], freezing [276], and depression [267, 270, 274,
276]. Furthermore, depression, urinary disorders, and sleep
disruption were found as factors most likely to influence
anxiety in PD [272].

Neurobiological alterations related to anxiety in PD are
based on two theories [268, 269]. The reactive theory is
associated with the diagnostic of PD and therefore with the
DAergic lesion and motor impairment [271, 276]. DAergic
involvement is supported by positive relationship between
anxiety and motor fluctuations and withdrawal of DAergic
medication or DBS [111]. Additionally, the mesolimbic DAer-
gic pathway, in which neurodegeneration is observed in PD,
sends projections to the amygdala, a key brain structure for
the production and regulation of anxiety [277].

In contrast, psychological symptoms could result from
early neurochemical changes; hence, epidemiologic observa-
tions demonstrate that PD patients have greater predisposi-
tion to anxiety disorders before the diagnosis [256]. Thus,
anxiety may be a premotor symptom of PD linked with
other neurotransmitters systems such as noradrenergic and
serotonergic systems [269, 278]. Braak staging scheme for
PD suggests early neurodegeneration of the raphe nucleus
and the locus coeruleus, structures with abundance in sero-
tonin and noradrenaline, respectively. Serotonin depletion
results in an increased anxiety in PD [223], whereas nora-
drenaline reduction leads to a high frequency of anxiety
in PD [279]. Additionally, other neurotransmitter systems
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TABLE 4: Animal studies addressing the effects of melatonin on anxiety-like responses.
Test Gender, species, stain Melatonin treatment Effects Ref.
OFT Male, rat, Wistar 1 mg/kg, i.p. Anxiolytic [172]
. 1-20 mg/kg, i.p. at . . .
Male, rat, Wist §7%6, 1P 173
EPM ale, rat, Wistar 12:00 b or 18:00 h Anxiolytic during the dark phase (173]
FET, LDT Male, mouse 0.5-5mg/kg, i.p. Anxiolytic (174]
Vogel test Male, rat, Wistar 0.1-2.0 mg/kg, i.p. Anxiolytic (175]
FET, LDT Male, mouse, C3H/He 5-25mg/kg, p.o. Anxiolytic (176]
EPM, Vogel test, USV, . . Anxiogenic at 80 mg/kg on the SIT
Male, rat, Wist 5- P 177
social interaction test (SIT) ate, rab star 2.5-80 mg/kg, i.p No effect on the other tests (177]
Anxiolytic on the EPM 2 h after the
EPM, Vogel test, USV Male, rat ;%_th:%tg dza?kbekfl(;rsz dark phase (178]
P No effect on the Vogel test and USV
. 20-80 mg/kg, i.p. at Lo
Male, rat, AF 1
Vogel test ale, rat, Wistar 1700 to 2000 h Anxiolytic (179]
50 mg/kg, i.p. in the e
EPM Male, rat, Sprague-Dawley . Anxiolytic in the afternoon (180]
morning and afternoon
. 4 mg/kg, s.c. at 16:00 h Anxiolytic
Male and female, rat, Wist 181
EPM, OFT ale and lemale, rat, Vistar for 8 weeks Gender-dependent et
EPM, OFT, NSF Male, rats, Sprague-Dawley 20 mg/kg, s.c. Anxiolytic on the EPM and NSF (182]

No effect on the OFT

EPM: elevated plus-maze test; FET: free exploratory test; LDT: light/dark box test; NSF: novelty-suppressed feeding test; OFT: open field test; USV: ultrasonic

vocalization.

such as gamma-aminobutyric acid (GABA) and glutamate
neurotransmitters were shown to be altered in PD patients
and may also influence anxiety [268, 269].

In spite of the data mentioned, the anxiety in PD is
underdiagnosed and undertreated. The treatment of anxiety
in patients with PD is the same as that in patients without
PD, which is similar to depression treatments [269]. Even
though depression and anxiety are frequently comorbid [270,
280], they are distinguished from each other, exhibiting
distinct trajectories and different longitudinal relationships
with demographic, motor, and nonmotor factors that were
unique to each disorder [280].

The benzodiazepine (BDZ) midazolam was compared to
melatonin on the perioperative effects in a double-blinded,
placebo-controlled study [281]. Both treatments were able
to decrease anxiety levels and elevate levels of sedation
when compared to control subjects. Nevertheless, midazo-
lam, tested at three different doses, induced impairment in
the psychomotor skills and performance on the digit-symbol
substitution test at all evaluated time points. Melatonin,
at a dose of 0.05mg/kg, was associated with preoperative
anxiolysis and sedation without cognitive and psychomotor
deficits. Preclinical trials also were carried out with melatonin
and BDZ. Guardiola-Lemaitre et al. [236] observed that
melatonin enhanced anxiolytic-like action of diazepam in
mice submitted to the four plates and tail suspension tests.

Anxiolytic effect of melatonin has also been evaluated
on several behavioural tests of anxiety (Table 4). The first
evidence of its influence on anxiety was obtained in rats by
Golus and King [172] in the open field (OF) test. After this,
anxiolytic-like activity of melatonin has been observed in
several behavioural animal tests, such as light/dark box (LD),

elevated plus-maze (EPM), and Vogel tests [173-176, 178-
182]. Papp et al. [178] reported the capacity of melatonin
in increasing the open-arm exploration at the EPM only in
the evening experiment and proving itself inactive in the
Vogel and ultrasonic vocalization tests independent of timing
[178]. Nonetheless, Millan et al. [177] data do not corroborate
this conclusion. The variability found in the results may be
related to dose and time of delivery, but there is a consensus
that anxiolytic melatonin’s effect is strongly time dependent
(173,179, 180] (Table 4).

In relation to clinic findings, Datieva et al. [245] described
the effectiveness of melatonin in decreasing the anxiety
state on Spielberger’s scale without altering motor, cognitive
autonomic, and depression levels in patients with early and
late stages of PD. Melatonin treatment also presented itself
as useful as an anxiolytic in perioperative treatment in
nine of the ten studies. In addition, plasma melatonin is
diminished at night in patients with panic disorder, which has
an increased prevalence in PD patients [282].

Other modulators of melatoninergic system have been
investigated on anxiety disorders. Agomelatine, Neu-Pll,
and UCM765 presented anxiolytic effects in behavioural
animal tests independent of the timing of administration
(177, 178, 180, 182], without inducing sedation [178]. Clinical
data suggest that agomelatine has anxiolytic potential, which
proved to be equal or higher than SSRIs and SNRIs for the
treatment of GAD, a common anxiety disorder in PD [283].
Case reports suggest a potential of agomelatine as treatment
for social anxiety [284] and panic disorders [285]. Kalyn et al.
[286] assessed therapeutic efficacy, tolerability, and safety of
agomelatine in elderly patients observing positive results in
depression, anxiety, and anhedonia indicators. On the other
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hand, anxiolytic action of UCM765 was shown to be mediated
by MT, receptors [182] and anxiety levels did not alter in
MT[/* mice in the EPM [251].

Different effects on anxiety found among melatonin
and melatoninergic agonists mentioned here suggest the
involvement of other neurotransmitter systems. The use of
§22153, a melatonin receptor antagonist, was shown to block
both melatonin and agomelatine anxiolytic effects in the EPM
at night [178], reinforcing the participation of MT receptors
in the nocturnal action. However, Millan et al. [177] did not
report the same effect, suggesting that the anxiolytic action of
agomelatine is more related to 5-HT, antagonism. Recently,
the capacity of MT, and 5-HT, receptors to assemble into
functional heteromers was identified, indicating a potential
involvement of these heteromers in agomelatine effect [51].
The maintenance of anxiolytic action of agomelatine in
daytime also corroborates the modulation of serotoninergic
system. In addition, there are several evidences of the contri-
bution of the GABAergic system to melatonin, agomelatine,
and Neu-P11 effects [173, 174, 179, 180].

Melatonin can bind to GABA receptors like BDZ, bar-
biturates, and GABA, enhancing chloride influx [287]. Fur-
thermore, enhancement or attenuation of GABA, receptor-
mediated currents strongly depends on melatonin recep-
tors activation [287]. Indeed, melatonin potentiated GABA-
evoked current amplitude in suprachiasmatic nucleus, which
express MT, receptors, and decreased in hippocampal CAl
neurons, which express MT, receptors [166]. Pharmacolog-
ical interventions also elicit the involvement of GABAergic
system in the effect of melatonin [173, 174, 236]; and in
humans it has been used to reduce or eliminate BDZ admin-
istration in elderly patients [251].

Therefore, there are many studies supporting the anxi-
olytic potential of melatonin and other melatonin receptors
agonists, demonstrating the cross talk between melatonin-
ergic, GABAergic, and serotoninergic systems. Nonetheless,
its use in PD, a disease with high prevalence of anxiety
disturbances, has been underinvestigated in both preclinical
and clinical studies.

Although research is at an early stage, the findings
reviewed above highlight the sleep, memory, and anxiety-
and mood-enhancing properties of melatonin in humans and
rodents. Therefore, the performance of additional preclinical
and clinical studies to verify the effects of melatonin and
new drugs acting on melatoninergic system in the nonmotor
symptoms of PD appears to be a promising field.

7. Conclusions

This article reviews the recent evidence that the melatonin
plays an important role not only as a modulator of light-
dark cycle, but fundamentally as an important factor for
neuronal plasticity, protection, and survival in the CNS.
Possible therapeutic opportunities for neurological disor-
ders through the modulation of melatoninergic system are
presented in the expectancy that this review may inspire
clinical researchers and foster experimental approaches
using melatonin receptors MT, and MT, as therapeutic
targets.
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Melatonin has anti-inflammatory and antioxidant prop-
erties acting as a free-radical scavenger, reducing hydroxyl
free radicals, and improving mitochondrial homeostasis.
It also regulates the expression of neurotrophins that are
directly involved in the survival of dopaminergic neurons
and reduces the aggregation of «-synuclein restoring deficits
in the DAergic system. The unbalance of pineal melatonin
synthesis can predispose the organism to inflammatory
and neurodegenerative diseases such as PD. The literature
reviewed here indicated that PD is associated with impaired
brain expression of melatonin and its receptors MT, and
MT,. Moreover, melatonin administration has demonstrated
an outstanding neuroprotective effect in animal models of
PD induced by different toxins such as 6-OHDA, MPTP,
rotenone, paraquat, and maneb. These studies have shown
promising results with the improvement of motor deficits in
animal models of PD and notably in nonmotor symptoms
such as sleep disorders, anxiety, depression, memory, and
cognition dysfunctions that are part of the symptoms com-
monly experienced by PD patients.

Future research aiming at the development of novel
melatonin receptor selective ligands will help to elucidate the
neurobiology and physiological role of melatonin as well as
its potential as a novel palliative and neuroprotective agent in
PD.
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Propolis is a resin produced by bees from raw material collected from plants, salivary secretions, and beeswax. New therapeutic
properties for the Central Nervous System have emerged. We explored the neurobehavioral and antioxidant effects of an ethanolic
extract of yellow propolis (EEYP) rich in triterpenoids, primarily lupeol and f-amyrin. Male Wistar rats, 3 months old, were
intraperitoneally treated with Tween 5% (control), EEYP (1, 3, 10, and 30 mg/kg), or diazepam, fluoxetine, and caffeine (positive
controls) 30 min before the assays. Animals were submitted to open field, elevated plus maze, forced swimming, and inhibitory
avoidance tests. After behavioral tasks, blood samples were collected through intracardiac pathway, to evaluate the oxidative balance.
The results obtained in the open field and in the elevated plus maze assay showed spontaneous locomotion preserved and anxiolytic-
like activity. In the forced swimming test, EEYP demonstrated antidepressant-like activity. In the inhibitory avoidance test, EEYP
showed mnemonic activity at 30 mg/kg. In the evaluation of oxidative biochemistry, the extract reduced the production of nitric
oxide and malondialdehyde without changing level of total antioxidant, catalase, and superoxide dismutase, induced by behavioral
stress. Our results highlight that EEYP emerges as a promising anxiolytic, antidepressant, mnemonic, and antioxidant natural
product.

1. Introduction

Propolis is a bee resinous product elaborated from different
parts of plants such as buds, bark, and tree exudates by bees.
The chemical composition of propolis is highly variable and
depends directly on the geographic origin and local flora.
In addition, the season, climate, bee species or genus, and
extraction method also influence the composition of the final
extract of propolis [1-5].

Pharmacological effects have been described for propolis
related to their different constituents. Regarding the Cen-
tral Nervous System (CNS), new therapeutical tools have
emerged. In fact, since 2003, bioactive components present
in propolis have been investigated. For example, caffeic acid
phenethyl ester (CAPE) studies have claimed this compound
as a neuroprotector in a cerebral inflammatory model [6].
After that, CAPE demonstrated its effectiveness on mod-
els of neuroinflammation, such as the cerebral ischemia
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model [7], and glutamate-induced excitotoxicity [8], through
antioxidant or p38 phosphorylation and caspase-3 activation,
respectively. In addition, the flavonoid pinocembrin, an
important propolis constituent, has reduced brain lesion in
an ischemia-reperfusion model, probably by its antioxidant
and antiapoptotic activity [9].

In addition to flavonoids, other classes of compounds
have been identified in several types of Brazilian propolis
(green, red, and brown propolis) such as prenylated p-
coumaric acids, acetophenone derivatives, lignans, other
phenolic compounds, and di- and triterpenes [2]. Several
samples of Brazilian yellow propolis were previously grouped
according to their physicochemical and biological properties
[10]; however, Brazilian yellow propolis has been scarcely
studied [11]. Similar to yellow propolis from Cuba, sample
of yellow propolis collected in the Central-Western Region
of Brazil was mainly composed by triterpenoids belonging to
oleanane, lupane, ursane, and lanostane skeletons [11-13].

Extracts of propolis have demonstrated several activities
on the CNS. For example, the natural extract attenuated
seizures induced by kainic acid, at least in part, via adeno-
sine Al receptor modulation [14]. In addition, a study [15]
concluded that propolis elicited neuroprotected effect when
given in combination with an anticonvulsant drug (e.g.,
valproate), against the neurophysiological disorders induced
by pilocarpine epilepsy in rats, restoring the hippocampal
neurotransmitter levels (e.g., dopamine and serotonin).

Nevertheless, solely in 2012, the effectiveness of propolis
was investigated in psychiatric disorders. Firstly, a study
demonstrated that the essential oil of Brazilian green propo-
lis, rich in terpenoids, produces therapeutic effects on anxiety
by hyperfunction of hypothalamic-pituitary-adrenal (HPA)
axis reduction [16]. Researchers reported [17] that ethanol
extract of Korean propolis exerted antidepressant activity
by enhancing glucocorticoid receptor (GR) function. In
this sense, our group hypothesized that the oil extract of
brown propolis collected in south Brazil could potentiate
the behavioral effects demonstrated previously by Lee exper-
iment [17]. In fact, the oil extract of this brown propolis
exerted stimulant, anxiolytic, and antidepressant effects at
lower doses [18].

In the present paper, we explored the neurobehavioral
effects of the ethanolic extract of yellow propolis sample col-
lected in Mato Grosso do Sul, Brazil, which was demonstrated
to be rich in triterpenoids [11]. Triterpenoid compounds have
shown sedative, tranquillizer, and anticonvulsant activities
[19-22].

2. Material and Methods

2.1. Propolis Origin, Extract Preparation, and Chromatography
Fractionation

2.1.1. Propolis Sample. The yellow propolis sample produced
by Apis mellifera bees was collected in January 2012 in Mato
Grosso do Sul, Brazil. Yellow propolis was stored at —18°C
until extraction [11].
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2.1.2. Propolis Extraction. Yellow propolis sample was ground
with a mortar and pestle and extracted by maceration in
AP ethanol (Biotec, Brazil) (1:10 w/v) for 24 hours using an
incubator (Tecnal, Brazil) at 160 rpm and room temperature.
After the extraction time, the solution was vacuum-filtered to
remove the insoluble parts. Then, the hydroalcoholic phase
was placed in a freezer for 24 hours. After this time, the
solution was again filtered through qualitative filter paper
(Macherey-Nagel, Germany) to remove waxes. The extrac-
tion solution was dried by evaporating the solvent under
reduced pressure rotary evaporator (Model 752, Fisatom,
Brazil), equipped with vacuum pump (Prismatec, Brazil)
and a water bath (Nova Quimica, Brazil) at 50°C. The dry
ethanolic extract of the yellow propolis (EEYP) was weighed
(yield 19.80% w/w) and a sample was solubilized with Tween
20 solution 5% using vortex apparatus for 30 minutes to a final
concentration of 5 mg/mL.

2.1.3. Chromatography Fractionation. Three hundred mil-
ligrams of EEYP in hexane solution was applied on a silica
gel chromatography column (particle size: 0.063-0.200 mm;
pore size: 60 A, MERCK G60; column size 3 x 80 cm). Elution
was carried out with mixtures of increasing polarity organic
solvents (hexane (100%), hexane/ethyl acetate (50:50, v/v),
ethyl acetate (100%), and ethyl acetate/methanol (50:50,
v/v)) to afford five major subfractions (F1 = 123.7 mg, F2 =
93.0 mg, F3 =110.7 mg, F4 = 54.1 mg, and F5 = 84.1 mg).

2.2. Drugs and Solutions. The positive control treatments
included diazepam (DZP: 7-chloro-1-methyl-5-phenyl-1,3-
dihydro-2 H-1,4-benzodiazepin-2-one, Diazepamil®, Hipola-
bor Laboratory, Brazil), fluoxetine (FXT: N-methyl-3-phenyl-
3-[4-(trifluoromethyl) phenoxy] propan-l-amine hydrochlo-
ride, Fluxene®, Eurofarma Laboratory, Brazil), and caffeine
(CAF: Sigma-Aldrich®, USA). Tween 80 solution (5%) was
used (Sigma-Aldrich, USA, distilled water and sodium chlo-
ride).

2.3. Animals. Three-month-old male Wistar rats (body
weight = 122 + 0.05g; n = 10 per group) obtained from
the Animal Facility, Biological Sciences Institute, Federal
University of Pard (UFPA), were used in the experimental
assays and kept in collective cages (5 animals per cage).
Animals were maintained in a climate-controlled room on
a 12h reverse light/dark cycle (lights on 7:00 AM), with
food and water ad libitum. All procedures were approved
by the Ethics Committee on Experimental Animals of the
Federal University of Pard under license number BIO-046-
12 and followed the guidelines suggested by the NIH Guide
for the Care and Use of Laboratory Animals. All behavioral
assays were performed in the Laboratory of Pharmacology of
Inflammation and Behavior at the Federal University of Para.

Animals were divided into eight groups, defined as con-
trol group (vehicle) that received saline solution plus Tween
80 (5%) intraperitoneally (i.p.); EEYP at 1, 3, and 30 mg/kg
i.p; and positive control group diazepam 1mg/kg i.p., for
anxiety-like tests; fluoxetine 10 mg/kg i.p., for antidepressant-
like test; and caffeine 10 mg/kg i.p., for memory test.
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2.4. Behavioral Assays

2.4.1. Open Field (OF) Test. EEYP, saline solution plus Tween
80 (5%), or diazepam was administered 30 min before the
behavioral tests. Rats were placed individually in the center of
awooden arena (100 x 100 x 40 cm) divided into 25 quadrants
to evaluate the number of sections visited by the animal over
a period of 5min. The test was videotaped and analyzed by
Any Maze Stoelting software (USA). The parameters of total
distance traveled (motor index), time spent, and distance
traveled in the central area (emotional index) were measured.

2.4.2. Elevated Plus Maze (EPM) Test. Following the open
field (OF) test, the animals were subjected to the elevated plus
maze (EPM) test, which consists of a plus-shaped wooden
maze with two opposite open arms (50 x 10 cm) and two
enclosed arms (50 x 10 x 40cm) spreading out from a
central platform (10 x 10 cm) elevated at a height of 50 cm
from the floor. The animals were individually placed in the
center of the EPM, facing one of the enclosed arms, and
were allowed to explore the apparatus for 5 min following the
previously described protocol [23]. The parameters measured
were frequency of open arm entries (OAE); open arm time
(OAT); and frequency of enclosed arm entries (EAE). The %
OAE and % OAT were calculated according to the formula
[(open/total) x 100]. An entry was counted whenever the
animal placed four paws in an arm of the maze. An anxiogenic
effect is defined as a decrease in the % OAE and/or % OAT.

2.4.3. Forced Swimming (FS) Test. Following the EPM test,
the animals were subjected to the forced swimming (FS)
test. Rodents were individually dropped into cylindrical tank
(50 cm in diameter; 70 cm high) containing water at 23 +
1°C and were monitored for 5 min in inescapable conditions.
Immobility time was recorded during the last 3 min. The first
2 min were considered habituation. The rats were judged as
immobile whenever they stopped swimming and floated in
an upright position for 2's and when only small movements
to keep their head above the water level were observed.
The reduction in the immobility time was considered an
antidepressant-like effect. The number of climbing events was
measured to evaluate motor skills [24].

2.4.4. Step-Down Inhibitory Avoidance (IA) Test. Animals
were submitted to the inhibitory avoidance (IA) apparatus
that was an acrylic box (50 x 25 x 25cm®) whose floor
consisted of parallel stainless steel bars (Imm in diameter)
spaced 1cm apart (Insight, Brazil). A platform (7 cm wide x
2.5 cm high) was placed on the floor against the left wall of the
box. Using a previously reported protocol [25, 26], animals
were placed on the platform and the time from latency to
step-down on the grid with four paws was measured with
an automatic device. Latency time was used as a measure
of memory retention (maximum 180s). A previous training
session was carried out by giving the animals a 0.4 mA, 1.0's
scrambled foot shock immediately after they stepped down
on the grid. Then, the animals were immediately removed
from the apparatus until next session. In order to evaluate

short-term memory, the test sessions were performed 1.5h
after training.

In addition to behavioral parameters already observed
in the battery of tests, animals were also evaluated to
detect the occurrence of adverse effects that may suggest
toxicity. Signals of both stimulant (snout scratching, tremors,
increased respiratory rate, paw licking, tail biting, arousal,
nasal discharge, piloerection, stereotyped movements, and
convulsions) and depressant (alienation of the environment,
ataxia, catatonia, decreased respiratory rate, apathy, dyspnea,
ptosis, sedation, and dorsal tone) activities were evaluated
[27].

After the behavioral tests, blood samples were collected
to determine oxidative stress.

2.5. Oxidative Biochemistry Assays. Experiments to evaluate
oxidative stress were designed in the In Vitro Activities Labo-
ratory at the Federal University of Para. After the behavioral
assays, animal’s blood samples were obtained by intracardiac
puncturing. A basal group that was not submitted to the
behavioral protocol was added to the biochemical oxidative
assay. Nitric oxide (NO), malondialdehyde (MDA), trolox
equivalent antioxidant capacity (TEAC), catalase (CAT), and
superoxide dismutase (SOD) levels were measured.

2.5.1. Determination of Plasma Nitric Oxide (NO) Concentra-
tion. The nitrate (NO5 ™) present in the serum samples was
converted to nitrite with nitrate reductase, and the nitrite
concentration was determined using the Griess method [28].
Briefly, 100 uL of the supernatant samples was incubated
with an equal volume of Griess reagent for 10 min at room
temperature. The absorbance was measured on a plate
scanner (Spectra Max 250; Molecular Devices, Menlo Park,
CA, USA) at 550 nm. The nitrite (NO,~) concentration was
determined using a standard curve generated using sodium
nitrite (NaNO,). Nitrite production was expressed per yM.

2.5.2. Determination of Plasma Malondialdehyde (MDA) Con-
centration. The MDA was used for the reaction of thiobarbi-
turic acid reactive substances (TBARS) performed according
to the adapted form [29] of a previously proposed method
[30]. An aliquot of 1mL of the reagent (TBA 10nM) and
0.5mL of the sample were added to each test tube. Then,
the tubes were placed in a water bath at 94°C for 1h. After
this procedure, the samples were cooled in running water for
about 15 minutes and then 4 mL of butyl alcohol was added
to each sample. Subsequently, the samples were mixed on a
vortex shaker, in order to obtain the maximum extraction
of MDA into the organic phase. Finally, the tubes were
centrifuged at 2,500 rpm for 10 minutes. A volume of 3mL
of supernatant was pipetted to carry out spectrophotometric
reading at 535 mm. Results were expressed in nmol/mL.

2.5.3. Measurement of Trolox Equivalent Antioxidant Capacity
(TEAC). The trolox equivalent antioxidant capacity (TEAC)
is a sensitive and reliable marker for detecting in vivo
oxidative stress markers that may not be detectable through
the measurement of a single, specific antioxidant [31]. TEAC



level of the blood serum sample was measured using a
previously developed method [32]. In this assay, 7mM of
2,2-azinobis, 3-ethylbenzothiazoline, 6-sulfonate (ABTS) was
incubated with 2.45mM of potassium persulfate and the
ABTS-potassium persulfate (1:0.5, v/v) and the mixture was
allowed to stand in the dark at room temperature for 12-16 h
before use. For the study, the blue-green ABTS+ solution was
diluted with ethanol 95% (v/v) until the absorbance reached
0.70 + 0.02 at 734 nm. Then, 10 4L of the blood serum or
trolox standard was mixed with 1 mL of ABTS+ solution, and
decrease in absorbance at 734 nm was recorded after 4 min for
all samples. The absorbance of the mixture was monitored at
734 nm after 6 min. For the blank, 10 L of water instead of the
sample was used and each sample was measured in triplicate.
Total antioxidant potential of blood serum was expressed as
pmol/mL of TEAC and was calculated through a calibration
curve plotted with different amounts of trolox [33].

2.5.4. Measurement of Catalase (CAT) Activity. CAT activity
was determined according to a previously validated method
[34]. Blood samples were haemolysed into ice water (1:3)
and then diluted in a Tris based buffer (Tris 1 M/EDTA
5mM, pH 8.0). To verify the decay of hydrogen peroxide
(H,0,), aliquots of the diluted samples were added to 900 L
of the reaction solution (Tris base, H,0, 30% and ultrapure
water, pH 8) [35]. The decrease of H,0, concentration was
established at A = 240 nm at 25°C for 60 seconds. CAT activity
was defined as the activity required to degrade 1mol of
H, 0, during 60 seconds (pH 8 and 25°C) and was expressed
as U/mg protein. The molar extinction coefficient of H,O,
used for the calculation was 39.4 cm?®/mole. The enzymatic
activity data obtained in CAT assays were normalized by the
total protein concentrations, using the commercial kit (Doles,
Brazil).

2.5.5. Measurement of Superoxide Dismutase (SOD) Activity.
Determination of SOD activity was performed following
reported recommendations [36]. For this, blood samples were
haemolysed into ice water (1:3) and then diluted in a Tris
based buffer (Tris 1M/EDTA 5mM, pH 8.0). Total SOD
activity of blood sample was determined by the inhibition
of cytochrome ¢ reduction [37]. This method evaluated the
ability of SOD to catalyze the conversion of superoxide anion
(0,7) to hydrogen peroxide (H,0,) and oxygen gas (O,).
The reduction of cytochrome ¢ was mediated by superoxide
anions generated by the xanthine/xanthine oxidase system
and monitored at a wavelength of 550 nm. One unit of SOD
was defined as the amount of enzyme required to inhibit
the rate of cytochrome c¢ reduction by 50%. SOD activity
was measured using ultraviolet-visible (UV-VIS) spectropho-
tometer at a wavelength of 550 nm and was expressed in
nmol/mL.

2.6. "H-NMR Analysis of EEYP and Fractions. Proton nuclear
magnetic resonance (*H-NMR) analysis was recorded at
298 K in a Bruker UltraShielding™ Plus 600 MHz spectrom-
eter operating at 14.6 T. EEYP and fractions were dissolved
in a mixture of 100 uL D,O (buffer phosphate, pH 7.04) and
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600 uL CD;OD. The solution was centrifuged at 13,000 rpm
for 20 min at room temperature. The supernatant (600 yL)
was transferred into an NMR tube of 5 mm. ' H-NMR spectra
were acquired using a NOESY pulse sequence for presatura-
tion on water resonance and spoiled gradient during mixing
time (noesygpprld, Bruker terminology). The parameters
settled in this sequence were 4.0 s for relaxation delay time,
acquisition time of 3.99, data points of 140k, mixing time
of 10 ms, and 128 scans with a spectral window of 30 ppm.
Spectra were processed by applying an exponential line
broadening LB of 0.3 and manually phased trough Topspin
3.0 (Bruker Biospin).

2.7 Statistical Analysis. Data were analyzed using one-way
analysis of variance (ANOVA) followed by Tukey’s test for
multiple comparisons of behavior and oxidative stress test
results. The Student t-test was used for multiple comparisons
in determining NO. Data from each experimental group were
expressed as the mean + standard error of the mean (SEM)
of 10 animals per group. P values less than 0.05 (P < 0.05)
were considered to be indicative of significance. The graphical
construction and statistical analysis were performed using
GraphPad Prism 5.0 software (San Diego, California, USA).

3. Results

3.1. Yellow Propolis Did Not Cause Toxic or Adverse Effects
During Tests. EEYP did not elicit signals of toxicity reactions
or adverse reactions. In fact, animals did not present toxic
symptoms at the beginning (30 min after EEYP administra-
tion) nor at the end of the behavioral tests (195 min after EEYP
administration).

3.2. Yellow Propolis Does Not Change the Animals Deambula-
tion in the OF and It Exacerbates the Time of Exploration of
Central Squares. EEYP did not interfere in the animal ambu-
lation, indicating no sedative effect of propolis (Figure 1(a)).

Figure 1(b) shows the results of locomotion in the
central squares which is a parameter related to anxiety-
like behavior. It was observed that animals treated with
EEYP at dose >3 mg/kg had ambulation in the central area
increased. Besides, administration of EEYP (30 mg/kg) also
increased the exploration time spent in the central quadrants
(Figure 1(c)), which suggests an anxiolytic-like effect.

3.3. Yellow Propolis Promotes Anxiolytic-Like Behavior in the
EPM Test. In the EPM test, EEYP increased the % OAE
(P < 0.05, Figure 2(a)). In addition, animals treated with
EEYP showed significant increase in the % OAT parameter
(Figure 2(b); P < 0.05), confirming previous anxiolytic-
like behavior, observed in the OF test. Indeed, animals
treated with EEYP showed a similar behavior as those treated
with the standard anxiolytic drug diazepam, showing the
effectiveness and potential of yellow propolis in anxiolytic
therapy.

The EAE parameter was not altered in the animals treated
with EEYP or with diazepam (Figure 2(c)), which shows that
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FIGURE 1: Effect of treatment with EEYP (1, 3, 10, and 30 mg/kg) on (a) total locomotion; (b) time in central area; and (c) central locomotion
in the open field test. * P < 0.05 versus control group; * P < 0.05 versus diazepam (DZP) group; " P < 0.05 versus EEYP 3 mg/kg group. Values

are expressed as mean + SEM from 10 animals per group (ANOVA and Tukey’s test).

the animals did not present any level of sedation, which could
impair motor behavior and consequently deambulation.

3.4. Yellow Propolis Promotes Antidepressant-Like Activities in
FS Test. Inthe FS model, animals showed significant decrease
in the immobility time (P < 0.05), indicating antidepressant-
like behavior (Figure 3(a)). However, EEYP seems to be less
effective than the standard drug fluoxetine (positive control).

The total swimming time (Figure 3(b)) of the animals
treated with EEYP was not modified, which suggests that
motor function was preserved. This result corroborates those
observed in the OF and EPM tests, where the treated animals
did not show motor behavior or spontaneous deambulation
affected.

3.5. Yellow Propolis Promotes Cognitive Effects in the Step-
Down IA Test. Animals treated with EEYP at 30 mg/kg
showed an increase in the step-down latency, which indicates

positive mnemonic activity at this dose (Figure 4). Surpris-
ingly, such effect was more prominent than caffeine group
(positive control group).

3.6. Yellow Propolis Shows Antioxidant Activity in the Oxida-
tive Stress Evaluation. The behavioral training stress (BTS)
induced by behavioral tests per se, represented by the control
group, showed increased NO levels. Treatment with EEYP
reversed this effect at dose-dependent manner, returning to
basal levels even at the lowest dose 1mg/kg (Figure 5(a)).
In addition, the control group also exhibited a significant
increase in serum MDA levels, which highlights the existence
of oxidative stress in these animals compared to basal group.
All doses of EEYP were able to inhibit the lipidic peroxidation
process, decreasing MDA levels compared to control group,
which may indicate that EEYP exhibits antioxidant activity
(Figure 5(b)).

Regarding the antioxidant activity, behavioral tests
increased TEAC levels and the treatment with EEYP did
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FIGURE 4: Effect of treatment with EEYP (1, 3, 10, and 30 mg/kg) on
the step-down latency in the step-down inhibitory avoidance (IA)
test. *P < 0.05 versus control group; P < 0.05 versus caffeine (CAF)
group; " P < 0.05 versus EEYP 30 mg/kg group. Values are expressed
as mean + SEM from 10 animals per group (ANOVA and Tukey’s
test).

not change this parameter (Figure 6(a)). On the other hand,
BTS inhibited antioxidant enzymes activities, such as CAT
(Figure 6(b)) and SOD activities (Figure 6(c)). The treatment
with EEYP also did not alter this enzymatic inhibition
induced by behavioral stress, which indicates that others
enzymatic or nonenzymatic pathways might be involved in
antioxidant activity of EEYP. The ratio of TEAC to MDA was
significantly higher in the EEYP-treated group if compared
to control group (Table 1), mainly at dose of 30 mg/kg,
confirming the antioxidant activity of EEYP.

3.7. Chemical Composition of Yellow Propolis. Previously, we
reported the occurrence of a mixture of triterpenes belong-
ing to ursane, lupane, oleanane, lanostane, and cycloar-
tane skeletons in the Brazilian yellow propolis sample
from Mato Grosso do Sul under evaluation [11]. The pres-
ence of such lipophilic compounds and the absence of
aromatic compounds were confirmed by 'H-NMR anal-
ysis of EEYP and fractions obtained by chromatography.
By gas chromatography-mass spectrometry (GC-MS) anal-
ysis, lupeol and S-amyrin were identified as the main
triterpenes in yellow propolis [11], representing 44.80%
and 13.64%, respectively, of the total composition of the
extract (see Table 1S in Supplementary Material available
online at http://dx.doi.org/10.1155/2016/2906953). All frac-
tions obtained by chromatographic fractionation of EEYP
had similar chemical profiles by "H-NMR and showed the
lack of aromatic compounds and predominance of high field
resonances. By 'H-NMR analysis of all fractions, lupeol was
confirmed as one of the main constituents of yellow propolis
(Figure 7) and its structure was assigned by comparing our
data with '"H-NMR from literature (Table 2S in Supplemen-
tary Material). Intense singlets in & 0.76, 0.82, 0.86, 0.95,
0.97, and 1.06 are consistent with methyl groups bonded to
quaternary sp> carbons. The olefinic unit was confirmed by

TABLE 1: Ratios between antioxidant (TEAC) factor and MDA levels
of animals submitted to BTS and EEYP-treated BTS animals.

Groups TEAC/MDA P value
Control (BTS) 2.70 £1.23

BTS+EEYP (1 mg/Kg) 4.82+2.53" 0.0284
BTS+EEYP (3 mg/Kg) 4.98+2.50" 0.0186
BTS+EEYP (10 mg/Kg) 4.23+2.09 0.0614
BTS+EEYP (30 mg/Kg) 5.46 +2.19" 0.0027

* P < 0.05 versus control group.

signals at 6 4.69 (doublet) and § 4.58 (multiplet), indicating
geminal olefinic hydrogens. A doublet of doublets at § 3.14
is typical for hydrogens bonded to carbinolic carbons in
triterpenes and the constant coupling of 11.19 Hz indicated
axial to axial coupling (Figure 7).

4. Discussion

The present study demonstrates, for the first time, that a
sample of Brazilian yellow propolis, which is rich in triter-
penes, mainly lupeol, shows anxiolytic- and antidepressant-
like activities. Triterpenes may promote behavioral effects
related to antioxidant mechanisms in rats. Acute admin-
istration of EEYP starting at 1mg/Kg induced anxiolytic-
and antidepressant-like activities, as well as cognitive and
antioxidant effects as could be observed by carrying out
different behavioral tests (OF, EPM, FS, and IA) followed by
biochemical analysis.

Several studies have demonstrated the therapeutic poten-
tial of propolis, particularly its widely established antioxidant
action, which has been related to the presence of flavonoids
and phenolic acids in its composition. The activity of propolis
on the CNS has also been reported [38]. However, little is
known about the properties of the yellow Brazilian propolis,
which has low content of phenolic compounds but is rich in
terpene compounds [11]. Actually, the presence of triterpenes
gives lipophilic characteristics to this sample of yellow propo-
lis and it may facilitate drug passages across the blood-brain
barrier.

Plants containing terpenoid compounds have been
used as sedatives, tranquillizers, and anticonvulsants. Many
volatile oils rich in terpenes have a variety of pharmacological
activities such as anxiolytic, anticonvulsant, and antinocicep-
tive [21, 39, 40]. Actually, the presence of triterpenes provides
lipophilic characteristics to the yellow propolis, which may
facilitate passage across the blood-brain barrier [41].

The results obtained in the OF test allow us to infer that
the locomotor activity remained preserved after adminis-
tration of EEYP. Indeed, we can ensure that sedative effect
and motor impairment induced by EEYP were excluded
from the data obtained in the behavioral experiments. In
addition, the OF test indicates that EEYP presented anxiolytic
activity. Similar results were also reported in a study where
an oily extract of greenish brown propolis (dose > 10 mg/kg)
was found to have similar anxiolytic effects in the central
ambulation of treated rats [18].
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The results obtained in the EPM test suggest that EEYP
displays an anxiolytic-like effect starting at dose of 3 mg/kg
that confirms the results obtained in the OF test. In addition,
the walking ability of the animals was preserved in all treated
groups, which indicates EEYP’s ability to reduce anxiety while
sedation was not induced. Similar results were obtained in
animals treated with the oily extract of brown propolis at dose
of 10 mg/kg [18]. As EEYP promoted such activity starting at
3 mg/Kg, we could infer that the hydroalcoholic extract was
more potent than the oily extract [18], because it has elicited
an anxiolytic-like effect in a dose at least 3-fold lower.

The behavioral results of animals treated with EEYP
are consistent with studies of terpene compounds, such as
carvacrol [42], (+)-epoxy limonene [43], linalool [44], 1,4-
cineol [45], carvacryl acetate [46], and phytol [47], which also
have shown anxiolytic action without changing locomotor
activity.

In addition, our results are in agreement with a previous
study [16], which found that the essential oil of a Brazilian
green propolis sample, also rich in terpenes, reversed the
anxiogenic behavior in mice and had no effect on locomotor
activity. These effects were accompanied by a reduction
in plasma levels of cortisol (CORT), adrenocorticotropic
hormone (ACTH), and MDA with increase in SOD enzyme
activity. These findings may suggest that the anxiolytic effects
occur through the antagonism of hyperactivity of the HPA
axis and the stimulation of antioxidant capacity in brain tissue
[16].

Furthermore, several reports indicate that triterpenes
exhibit anxiolytic-like activity. In this sense, a solution con-
taining betulin, a triterpene structurally related to lupeol, has
been patented as an anxiolytic remedy [48]. Posteriorly, it
was demonstrated that betulin binds to gamma-aminobutyric
acid A (GABA ,) which could explain the anxiolytic and anti-
convulsant properties of this compound [49]. However, the
authors also observed that lupane derivatives, such as lupeol,

were not able to bind to GABA, receptors. In this sense, if
lupeol produces anxiolytic effects, the probable mechanism
does not include GABA , stimulation pathway. In fact, it has
been shown that an isomeric mixture of triterpenes alpha-
and beta-amyrin (2.5 and 5 mg/Kg, i.p.) from crude resin of
Protium heptaphyllum induces enhancement of noradrener-
gic mechanisms [50]. Hence, we suggest that the anxiolytic
effect observed can be induced by the monoaminergic system
[51]. However, complementary studies are necessary to clarify
the compounds responsible for anxiolytic activity and the
precise mechanisms of action.

Beyond the anxiolytic-like effects, the EEYP showed
antidepressant-like activity in the FS test. A previous study
[18] also observed such activity. However, our data demon-
strated that the EEYP revealed more prominent effects, at
least 10-fold higher than the oily extract of propolis [18]. Sim-
ilar results were also found when investigating the ethanolic
extract of Korean propolis sample [17], which revealed a
dose-dependent antidepressant activity, without changes to
motor function. Lee and coauthors have found a reduction
in GR function in the hippocampus, as well as HPA axis after
the FS test, which was reversed by the propolis extract that
is considered as one of the mechanisms of antidepressant
therapy and may explain one probable mechanism of the
propolis antidepressant activity.

Additionally, the isomeric mixture of triterpenes has also
exhibited antidepressant response by noradrenergic mecha-
nisms [50]. Similar effects, however, involving serotonergic
transmission were observed with monoterpenes [52]. Thus,
it is possible that the triterpenes found in EEYP have
elicited the antidepressant effect through the monoaminergic
pathway. Nevertheless, further investigations to elucidate the
antidepressant mechanisms are required.

In the step-down IA test, animals treated with EEYP at
30 mg/kg showed increase in the step-down latency, indicat-
ing mnemonic activity at this dose. Cognitive effects were also
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demonstrated by scopolamine-induced amnesia attenuation
in rats after treatment with a water soluble fraction of propolis
at dose of 100 mg/kg [53]. Furthermore, the fraction inhibited
acetylcholinesterase activity in hippocampus of rats treated
with scopolamine, enhancing the memory profile. In that
study, the exact compound responsible for such effect was not
identified; however, aromatic carboxylic acids and flavonoids
were identified [53]. In this sense, our work highlights that
the EEYP, which contains low levels of aromatic compounds
and high contents of terpenes, triggered memory function at
lower doses (30 mg/kg).

In stress conditions, excess generation of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) may lead
to damage of various cell components, including induction
of mitochondrial dysfunction, cytotoxic process of lipid
cell membrane peroxidation, suppression of hippocampal
synaptic plasticity [54], and triggering the activation of
specific signaling pathways, such as proapoptotic pathways
that result in apoptotic cell death [55]. Therefore, among other
factors, such as genetic, neurochemical, neurobiological, and
psychological, the oxidative stress plays an important role in
the pathophysiology of anxiety and depression disorders [56].
In this regard, this oxidative/nitrosative stress can lead to the
activation of intracellular signaling pathways and high levels
of oxygen consumption in the brain, mainly in the hippocam-
pus and prefrontal cortex, which consist of brain regions
related to the pathophysiology of depression [56, 57]. Fur-
thermore, oxidative stress also is associated with a dysregula-
tion (hyper- or hypoactivity) of the hypothalamic-pituitary-
adrenocortical (HPA) axis, which results in the increased
levels of glucocorticoids (GCs) that alter antioxidant enzyme
capacity, leading to the development of depressive disorders
[58, 59]. During this oxidative process, increased lipid per-
oxidation and altered levels of antioxidant defenses, such as
glutathione (GSH), CAT, and SOD enzymes, occur; therefore,
strong antioxidants could be a promising approach to offering
protection against anxiety and depression.

Regarding RNS, NO plays a vital role in CNS damage,
since it reacts with the superoxide anion to produce per-
oxynitrite, which in turn triggers cell death by apoptosis
process [60]. At least in part, the oxidative stress may elicit
loss of the macromolecules function, as well as playing
a key role in pathogenesis of several disorders, including
neurodegenerative and others aging-associated diseases [61,
62]. Therefore, the TEAC activity increased altogether with
higher NO and MDA levels in control group due to behavior
stress, suggesting an enhanced ability to scavenge ROS in
serum and tissue, as well as in the CNS. In this regard, our
data also showed that EEYP treatment inhibited the NO levels
elevation induced by BTS in a dose-dependent manner.

In the present study, lupeol was the main identi-
fied constituent of the yellow propolis. Lupeol acetate
has been reported to significantly reduce NO production,
inducible nitric oxide synthase (iNOS) protein levels, and
lipopolysaccharide- (LPS-) induced cyclooxygenase- (COX-)
2 expression, showing antinociceptive and anti-inflammatory
activities [63]. In another animal study, the lupeol also
presented antinociceptive properties during inflammatory
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pain, inhibiting interleukin- (IL-) 13 and tumor necrosis
factor- (TNF-) « production induced by carrageenan [64].
Recently, it was reported that the chloroformic fraction of
Lafoensia pacari, rich in f-sitosterol and lupeol, displays
antidepressant-like activity by an action mechanism depen-
dent on serotonergic and catecholaminergic systems, as well
as increase of the hippocampal brain-derived neurotrophic
factor (BDNF) protein concentration [65].

Other components presented in propolis also showed
both neuroprotective and antioxidant effects. In fact, inves-
tigation of pinocembrin, a flavonoid present in high concen-
trations in some propolis, revealed an in vivo neuroprotective
effect and also a reduction in NO production [9]. Further-
more, EEYP also reduced MDA levels induced by BTS at
dose as low as 1 mg/kg, which confirms the antioxidant action
of EEYP. This same effect was also observed when testing
the essential oil of Brazilian green propolis but at a dose of
100 mg/kg [16]. Previous studies have shown that the essential
oil of a sample of Brazilian propolis reduces plasma MDA
levels, one biochemical marker of lipid peroxidation [66, 67].

On the other hand, cellular defense mechanisms against
ROS-induced oxidative stress, involving enzymatic and/or
nonenzymatic factors, play a key role in the ROS elimination
and detoxification process of xenobiotic compounds [61, 68].
In this regard, our data showed that EEYP did not alter
TEAC, as well as the inhibition of SOD and CAT activities
induced by behavioral stress. However, the ratio between
TEAC and MDA levels showed that the EEYP treatment
displays antioxidants levels elevation relative to prooxidants,
which supports the antioxidant effects of EEYP (Table 1). We
suggest that the antioxidant activity of EEYP may be due to
other enzymatic or nonenzymatic pathways, as glutathione
(GSH). In this regard, there was a report that brown propolis
extract from southeastern Brazil increases GSH levels in the
skin of rats submitted to ultraviolet (UV) irradiation [69].
In agreement with these results, our group has revealed an
antioxidant activity of an oily extract of brown propolis from
the south of Brazil, related to NO levels reduction, with no
effects on total antioxidant capacity changes in rats exposed
to BTS [18]. Based on the literature, we suggest that the
antioxidant activity of EEYP can be similar to a standard
antioxidant (i.e., vitamin E), which has shown ability to
inhibit the production of MDA and NO, as well as trigger the
SOD activity in the same level of EEYP after administration
in animal models [70-72].

The antioxidant action of Brazilian green propolis has
been attributed to several components, such as flavonoids and
terpenes [73]. In the same way, the antioxidant properties of
EEYP are probably related to its terpenes constituents. Some
studies have shown that terpene compounds are responsible
for a strong antioxidant activity [74-78]. Monoterpenes,
such as (—)-myrtenol, have shown an in vitro antioxi-
dant activity, which prevents lipid peroxidation, as well as
removing nitrite ion concentrations and hydroxyl radicals
[79]. In addition, new (ent-)abietane-type diterpenoids and
norditerpenoids were isolated from Chloranthus sessilifolius
plants [80]. These authors showed that the former compound
inhibited NO production in LPS-stimulated BV-2 microglial
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cells, which evinces the antineuroinflammatory and antioxi-
dant activities of these diterpenoids. Besides, (ent-)abietenes
have been suggested as therapeutic alternatives for the
treatment of neurodegenerative and other aging-associated
diseases [80]. Moreover, the triterpenoid saponin (21-O-
angeloyltheasapogenol E3; ATS-E3) isolated from Camellia
sinensis plant seeds inhibited phagocytic uptake, ROS gener-
ation, and NO production by suppression of protein kinase B
(PKB), also known as AKT; I kappa B kinase (IKK); and factor
nuclear kappa B (NF-«B)-dependent inflammatory pathways
in macrophage culture [78].

Several studies have shown that the supplementation with
antioxidants, such as N-acetyl-cysteine (NAC), lipoic acid,
tocopherol, resveratrol, and propolis, leads to a neuroprotec-
tive effect induced by glutamate excitotoxicity. In this context,
elevated levels of extracellular glutamate may inhibit cystine
uptake, which displays a marked decrease in intracellular
GSH levels and stimulates the NO production even as it
produces free radical, such as mitochondrial superoxide
anion products, which promotes oxidative stress [60, 81-83].
In this respect, some constituents of propolis may exert neu-
roprotective effects via an antioxidant effects. Brazilian green
propolis and its main constituents (chlorogenic acid, 3,4-di-
O-caffeoylquinic acid, and 3,5-di-O-caffeoylquinic acid) were
reported to inhibit lipid peroxidation in mouse forebrain
homogenates and protect against the glutamate-induced cell
damage by antioxidant activity [60]. In addition, Brazilian
green propolis was shown to have neuroprotective effects
in an in vitro model of neurotoxicity and to consist of a
more potent inhibitor of H,0,-induced cell death, as well
as to protect against the in vivo ischemic neuronal damage
in a mice model of neuronal occlusion [84]. Recently, it was
reported that the treatment with hydroalcoholic extract of red
propolis (HERP) at dose of 10 mg/kg has anti-inflammatory
action and exhibits neuroprotective properties, showing a
significant improvement in the sciatic nerve injury (SNI) and
increased number of myelinated fibres [85].

Although several drugs are available in the neurological
disorders (i.e., anxiety, depression, and cognition) therapy,
there is a lack of new drugs with better tolerability and
efficacy. In this context, our results demonstrated that a
sample of Brazilian yellow propolis appears as a potential
drug for the treatment of CNS disorders.

5. Conclusions

In conclusion, our results indicate for the first time that
Brazilian yellow propolis rich in triterpenes, mainly lupeol,
elicits neurobehavioral effects such as anxiolytics and antide-
pressants at dose as low as 1mg/kg. Indeed, EEYP also
displays cognitive effects in Wistar rats at the highest dose
of 30 mg/kg and it did not promote sedation. However, addi-
tional studies are needed to evaluate the signaling pathways
that may be affected which can support the behavioral results
reported in the present work.
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Neurodegenerative diseases are one of the most occurring diseases in developed and developing countries. The aim of this work
focused on the screening of the natural inhibitors of AChE and BuChE and antioxidants in Eleutherococcus species. We found that
the ethanol extracts of E. setchuenensis and E. sessiliflorus showed the strongest inhibition towards AChE (ICs: 0.3 and 0.3 mg/mL,
resp.). Among chloroform extracts, the most active appeared to be E. gracilistylus (IC,: 0.37 mg/mL). In turn, the ethanol extract of
E. henryi inhibited the strongest BuChE with ICq, value of 0.13 mg/mL. Among chloroform extracts, E. gracilistylus, E. setchuenensis,
and E. sessiliflorus appeared to be the strongest with IC,, values of 0.12, 0.18, and 0.19 mg/mL. HPTLC screening confirmed the
presence of inhibitors in extracts. All extracts exhibited anti-DPPH" activity and single antioxidants have been identified. To the
best of our knowledge, no information was available on this activity of compounds in Eleutherococcus. These studies provide a
biochemical basis for the regulation of AChE and BuChE and encourage us to continue isolation of active compounds.

1. Introduction

Acetylcholinesterase (AChE) and butyrylcholinesterase
(BuChE) take part in the termination of nerve impulse
transmission at the cholinergic synapses by rapid hydrolysis
of acetylcholine (ACh). Excessive hydrolysis of acetylcholine
(ACh) and butyrylcholine (BCh) is one of the causes of
neurodegenerative diseases, such as Alzheimers disease
(AD), ataxia, or Parkinson’s disease.

Alzheimer’s disease (AD) is the most common cause of
senile dementia in later life. This disease affects from 4%
to 10% of the world’s population over the age of 65 years.
According to the statistics, in Poland, over 250 000 people
suffer from AD, while in the United States the number of AD
sufferers reached 4 million, and this number increases every
single year. Inhibition of these enzymes serves as a strategy for
the treatment of Alzheimer’s disease (AD), senile dementia,
ataxia, myasthenia gravis, and Parkinson’s disease [1-4].

Many secondary plant metabolites and several synthetic
substances exhibit anti-AChE and anti-BuChE activity; nev-
ertheless, their use is still restricted. Currently used licensed

drugs (tacrine, donepezil, and rivastigmine) show selectivity
towards one of the two enzymes, which leads to a compensa-
tion mechanism and increased activity of the other one. It has
been found that these compounds have adverse effects includ-
ing gastrointestinal disturbances and problems associated
with bioavailability. Besides, tacrine is hepatotoxic, and hep-
atoprotective drugs have to be used simultaneously. Rivastig-
mine (Exelon) was licensed for use in Europe in 2000. It is
well known that synthetic inhibitors just slow the progress of
the disease but do not cure it [5, 6].

One of the most intensively studied areas of research has
been the investigation of plants with an anticholinesterase
action. The increasing incidence of AD has given fresh
impetus to the search for novel anti-AChE and anti-BuChE
agents. New lead compounds are also needed in the field of
pharmacotherapy, phytotherapy, and natural products.

A new source of AChE and BuChE inhibitors can be sec-
ondary metabolites present in Eleutherococcus species, which
are native to Eastern Asia, the Himalayas, and Northeastern
Russia. The main secondary metabolites are polyphenols that
include eleutherosides B, Bl, E, and El and are thought to be
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the pharmacologically most active constituents [7-12]. These
species have been used in old Chinese pharmacy for improv-
ing human’s physical and mental efficiency. People used
to believe that they improve cognitive functions, such as
learning or memory; thus, scientists now take into account
the use of Eleutherococcus in neurodegenerative ailments.

Only few papers describing a weak inhibitory effect
of E. senticosus on the regeneration of neuritis damaged
by amyloid f(25-35) have been found. The authors have
suggested that E. senticosus may be a candidate useful for
developing therapeutic drugs for Alzheimer’s disease. But
authors have not provided any explanation for the possible
mechanism of the extracts action and the influence on
AChE and BuChE activity. The studies of the other research
group showed that E. senticosus improves mental process
in rats and reduces hippocampal CAI neuronal death [13,
14]. Nevertheless, no further information on the inhibitory
activity of remaining species (E. setchuenensis, E. divaricatus,
E. henryi, E. sessiliflorus, and E. gracilistylus) towards AChE
and BuChE has been found.

On the basis of Zaluski’s previous studies, it is concluded
that these plants are a very promising source of biologically
active substances. They inhibit metalloproteinases (MMPs,
belonging to the hydrolase enzyme family, like AChE and
BuChE) and neutralize free radicals. It was established that
MMPs and free radicals take part in the etiopathogenesis of
Alzheimer’s disease as well. Some authors have reported on
the damaging effects of ROS on neurones and on PD, AD,
and ALS development. The oxidative stress is involved in the
propagation of cellular injury that leads to neuropathology
(15, 16].

The discovery of new inhibitors of AChE and BuChE is a
highly attractive target both scientifically and commercially;
for these reasons, there is a need to examine anti-AChE and
anti-BuChE activity of Eleutherococcus species. To our knowl-
edge, there are no such phytochemical reports concerning
these cultivars. As part of a program to search for bioactive
constituents from Eleutherococcus species, this study was
focused on the establishment of anti-AChE and anti-BuChE
activities of six Eleutherococcus species and aimed to discuss
the possible antienzymatic mechanism and the structure-
activity relationship. The work aimed at searching for antiox-
idants as well.

2. Materials and Methods

2.1. Standards and Reagents. Physostigmine, Ellman’s rea-
gent (DTNB, 5,5'-dithiobis(2-nitrobenzoic acid)), ATCh
(acetylthiocholine iodide), BTCh (S-butyrylthiocholine iod-
ide), AChE (acetylcholinesterase, Electrophorus electricus),
BuChE (human plasma butyrylcholinesterase), sodium phos-
phate buffer, pH 7.0, and DPPH (2,2-diphenyl-1-picryl-
hydrazyl) were obtained from Sigma-Aldrich. Ethanol was
obtained from POCH (Lublin, Poland). All other reagents
were of analytical grade.

2.2. Plant Material. The roots of E. senticosus (Rupr. et
Maxim.) Maxim., E. divaricatus (Siebold et Zucc.) S. Y. Hu,
E. setchuenensis (Harms) Nakai, E. sessiliflorus (Rupr. &
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Maxim.) S. Y. Hu, E. gracilistylus (W. W. Smith) S. Y. Hu,
and E. henryi Oliv. were collected at the arboretum in Rogéw
(Poland) in October 2015 (voucher specimen numbers: ES01,
EDO2, ESetch03, ESes04, EG05, and EHO06). All plant samples
were deposited at the Department of Pharmacognosy, Col-
legium Medicum, Jagiellonian University, Cracow, Poland.

2.3. Dried Material Extraction with 75% Ethanol. The air-
dried roots (5 g each) were soaked in 50 mL 75% ethanol for
24 h. Next, the samples were subjected to triple UAE type
extraction (ultrasonic bath, Polsonic, Warsaw, Poland) using
1 x 50mL and 2 x 25mL of 75% ethanol. The extraction was
performed at room temperature for 15min for each cycle.
Finally, 100 mL of each extract was obtained. The solvents
were dried with an evaporator under vacuum conditions at
45°C and subjected to lyophilisation.

2.4. Dried Material Extraction with Chloroform. The roots
were extracted in the same way as extraction with 75%
ethanol using chloroform.

2.5. Antienzymatic Studies: Antiacetylcholinesterase and Anti-
butyrylcholinesterase Activities. The inhibition of AChE and
BuChE was determined by the spectrophotometric method
of Ellman et al. [17], and absorbance was measured on a
multidetection BioTek spectrophotometer. The enzyme activ-
ity was 5U/mg protein, and concentration of ATCh and
BTCh was 15 mmol, DTNB (0.15 mmol). The extracts concen-
trations were 0.1, 0.5, 1.0, and 1.5 mg/mL in 10% water ethanol
solution. The final concentrations in the reaction’s mixture
were 2.2, 11, 22, and 33 4g/0.195 mL. Physostigmine was used
as positive control at the following concentrations: 2, 3, 4, 15,
30, and 40 pg/0.195 mL. Every assay was done in triplicate.

2.6. HPTLC Screening for Inhibitors of AChE and BuChE:
Direct Bioautography (DB) Technique. HPTLC was per-
formed using the method described by Zatuski et al. [12].
Sigy HPTLC F,5, plates and the following mobile phases were
used: chloroform : methanol: water 70:30:4 v/v/v for the
ethanol extracts and chloroform : diethyl ether 1:1v/v for the
chloroform extracts. The plates were developed for a distance
of 90 mm. After drying at room temperature, the plates were
dipped into the solution of AChE or BuChE (5s) and next
into Ellman’s reagent, redried, and incubated for 30 min at
37°Cin humid atmosphere. Subsequently, the chromatoplates
were immersed for 5s in the dipping solution of substrates
(acetylthiocholine). After 3 min, white spots for AChE and
BuChE inhibiting compounds should be detected on a yellow
(in Ellman’s reaction) background. The enzyme activity was
5 U/mg protein, and the concentration of ACh and BuCh was
15 mmol, DTNB (0.15 mmol).

2.7. HPTLC Screening for Antioxidants: Direct Bioautography
(DB) Technique. TLC was done according to the method of
Zatuski et al. [12]. Briefly, TLC was performed on 10 cm x
20 cm glass Si60 HPTLCy,s, plates using chloroform : meth-
anol:water 70:30:4 v/v/v for the ethanol extracts and
chloroform : diethyl ether 1:1v/v for the chloroform extracts.
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The plate was developed for a distance of 90 mm. The plate
was dried at room temperature for 20 min. After this time,
the plate was immersed into 0.5% DPPH solution for 5 sec.
Active compounds appeared as yellow-white spots against a
purple background. White spots were visualized under day
light after 1 min, 30 min, 1h, 2h,5h,10 h, and 24 h.

2.8. Statistical Analysis. Determinations were performed in
triplicate. The obtained data were subjected to statistical anal-
ysis using Statistica 7.0. (StatSoft, Cracow). The evaluations
were analyzed for one-factor variance analysis. Statistical
differences between the treatment groups were estimated by
Spearman’s (R) and Pearson’s (r) test. All statistical tests were
carried out at a significance level of o = 0.05.

3. Results and Discussion

3.1. Antienzymatic Activity. Various studies were performed
concerning anticholinesterase activity of plant extracts or
isolated compounds; however, up to now, most of the studies
were focused on anti-AChE activity, not BuChE. Some of
them are used to minimize the symptoms of neurodegen-
erative disorders, such as AD. Presently, several referenced
natural acetylcholinesterase inhibitors are known, including
physostigmine, galantamine, and huperzine A. The best
known natural inhibitor of AChE is pyrroloindole alkaloid
physostigmine isolated from Physostigma venenosum. Unfor-
tunately, its use is limited due to poor intestinal absorption in
humans. Another alkaloid, galantamine (Reminyl), isolated
from Galanthus nivalis and Leucojum vernum is the additive
to drugs used for the treatment of AD and was also licensed
for use in early stages of AD in 2001. Their ingredients include
plants extracts or pure isolates. A large number of alkaloids
have been found to inhibit in vitro AChE. Studies on a variety
of alkaloids have been performed focusing mainly on AChE
activity, not BuChE. However, BuChE plays an important
role as AChE, and the inhibition of just AChE can lead to
a compensation mechanism and increased activity of the
other one [6, 18]. Therefore, there is a need to search for
inhibitors not only of AChE, but also of BuChE. Apart from
enzymes activity, the second factor having an impact on
neurodegenerative diseases is oxidative stress, which leads to
neuronal damage.

In ancient times, people used to believe that Eleutherococ-
cus species, especially E. senticosus, may have an impact on
prevention of memory impairment or treatment of memory
disorders. To give these observations a scientific basis, studies
in this work aimed at the searching for both inhibitors
AChE and BuChE and antioxidants in 12 extracts of six
Eleutherococcus species (polar and nonpolar constituents).

The IC;, values for extracts measured by the microplate
assay are shown in Table L. In order to compare the antienzy-
matic activities of the extracts analyzed, physostigmine was
used as the standard compound because of its well recognized
activity. Physostigmine inhibited AChE in a dose-dependent
way and 100% of inhibition was observed at concentration
30 ug/195 uL of the reaction mixture with ICs, value of 5 ug.

The ethanol extracts of E. setchuenensis and E. sessiliflorus
showed the strongest inhibition towards AChE (ICs,: 0.3

3
TaBLE 1: IC;, values for extracts (mg/mL). NA: not active.
Species 75% ethanol Chloroform
AChE BuChE AChE BuChE

E. senticosus 046+£0.04 0.73£0.1 0.75+£0.08 0.71 £0.08
E. divaricatus  0.94 £ 0.09 0.54 +0.04 NA 1.68 £ 0.3
E. setchuenensis 0.3+0.06 095+0.2 1.08+0.1 0.18+0.01
E. sessiliflorus  0.3+0.06 0.59 +0.04 NA 0.19 £0.01
E. henryi 1.75+0.1 0.13+£0.02 NA 1.21+£0.2
E. gracilistylus  0.41 £0.02 1.22+0.3 0.37+0.05 0.12+0.04

and 0.3 mg/mL, resp.); among chloroform extracts, the most
active appeared to be E. gracilistylus (IC5,: 0.37 mg/mL).
In turn, the ethanol extract of E. henryi was the strongest
inhibitor towards BuChE with ICs, value of 0.13 mg/mL.
Among chloroform extracts, E. gracilistylus, E. setchuenensis,
and E. sessiliflorus appeared to be the strongest with ICs
values of 0.12, 0.18, and 0.19 mg/mL. According to Vinutha et
al,, plant extracts with an anti-AChE activity can be classified
into 3 groups: potent group (>50% inhibition), moderate
group (30-50% inhibition), and low activity group (<30%
inhibition) [19].

Plant-based inhibitors of AChE and BuChE have been
found in different plant families, such as Malvaceae, Rutaceae,
Asteraceae, Fumariaceae, Papaveraceae, Lamiaceae, or Coni-
feraceae. According to scientific reports, some species used
in traditional European medicine demonstrate inhibitory
activity towards both AChE and BuChE. In screening studies,
12 species of plants have been used as remedies for the central
nervous system. Of the 24 plant extracts (methanol and
hexane), it was found that Arnica chamissonis Less. subsp.
foliosa (Asteraceae) and Ruta graveolens L. (Rutaceae) had
significant dose-dependent inhibition in the range between
29 and 88 pug/mL (ICs, dose). But this effect was less than of
the references galantamine and physostigmine. Other species
have not had any significant AChE and BuChE inhibitory
activity. Comparing the results obtained in this work to those
cited above, it may be concluded that the chloroform extract
from the roots of E. setchuenensis, E. sessiliflorus, and E.
gracilistylus exhibited similar activity, towards BuChE, to the
hexane extract from the herb of Ruta graveolens and the
flowers of Arnica chamissonis. The 50% of inhibition was
observed for the extract concentrations of 61 and 88 ug/mL,
respectively. In turn, the methanolic extracts from the herb of
Ruta graveolens and the flowers of Arnica chamissonis showed
stronger inhibition towards AChE than some Eleutherococcus
species (IC5: 34 and 29 yg/mL, resp.) [20]. The results of
other studies have shown that from 180 medicinal plants only
flavonoids isolated from Agrimonia pilosa Ledeb. inhibited
AChE significantly [21]. Based on the results of already
published studies, of 32 tested plants, the methanolic extracts
from the roots of Stephania suberosa (L. L. Forman) and
Tabernaemontana divaricata L. have shown high inhibitory
activity, above 90%, at concentration of 0.1 mg/mL. In turn,
the extracts from stems of Piper interruptum Opiz., seeds
of Piper nigrum L., rootbarks of Butea superba Roxb., and
roots of Cassia fistula L. showed 50-65% inhibitory activity
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TaBLE 2: Comparison of R values and a number of compounds for free radical scavenging HPTLC fingerprints for the ethanol extracts.

Sample Ry Number of compounds
0.18 0.54 0.61 0.66 .70 0.76 0.79 0.82
E. senticosus + + + + + 5
E. divaricatus + + + + + 5
E. setchuenensis + + + + + + + 7
E. sessiliflorus + + + + + 5
E. henryi + + + + + + + + S
E. gracilistylus + + + + + + + + 8

on AChE at concentration of 0.1mg/mL [22]. Biju et al.
reported on anti-AChE activity of the ethanol extracts from
Baliospermum montanum, Humboldtia brunonis Wall. var.
raktapushpa, and Pittosporum viridulum. The 1Cy, values
obtained in this study were a little bit lower than those
obtained in the presented work (137.5, 105.7, and 128.3 ug/mL
for Baliospermum montanum, Humboldtia brunonis, and
Pittosporum viridulum, resp.) [23]. The latest studies on
the inhibition of AChE and BChE by the ethanol extracts
from the leaves, stems, and flowers of Euphorbia characias
subsp. characias revealed a weak effect with the IC,; values
in the range between 0.6 and 5.8 mg/mL for AChE and
0.3 and 1.2 for BuChE, respectively. The ICs, values were,
in some cases, ten orders of magnitude higher compared
to the results obtained in this report [24]. According to
Kaufmann et al., the methanolic extracts from Berberis bealei
and Phellodendron chinense showed low IC; values towards
AChE (34.1 and 8.03mg/mlL, resp.). Despite the fact that
these plants contain the alkaloids berberine, coptisine, and
palmatine as the predominant compounds, their activity was
weaker in comparison to the obtained results [25]. The AChE
and BuChE inhibitory activity of the roots, leaves, and stem
of Jatropha gossypifolia has been described. It appeared that
the leaves ethyl acetate extract and the roots dichloromethane
extract inhibited AChE the strongest with IC;, values 95.7
and 176.3 pug/mL. The roots dichloromethane extract inhib-
ited BuChE with ICs, value 77.6 ug/mL [26]. Taking into
consideration anti-AChE and anti-BuChE activities of plants
extracts, some authors state that such an activity is dependent
on all compounds which act synergistically. Therefore, plant
extracts are very often used alone or as a combination with
synthetic drugs to reduce side effects or maximize therapeutic
outcomes.

In the next step, the bioautography test was used to
identify single potential inhibitors. The extracts were devel-
oped on HPTLC plates with the solvent system chloroform:
methanol : water 70:30: 4 v/v/v for the ethanol extracts and
chloroform : diethyl ether 1:1v/v for the chloroform extracts.
The use of TLC screening for plant-based enzyme inhibitors
is a rapid method and is free of disturbances due to the
solvent. The AChE and BuChE inhibiting spots seen after
spraying the substrate and enzyme are shown in Figures 1 and
2. All extracts have had AChE and BuChE inhibitors, which
appeared as white spots on a pale yellow background. The
same compounds have been identified as inhibitors of AChE
and BuChE in the ethanol extracts at the R ; value as indicated

TasLE 3: Comparison of Ry values and a number of compounds
for free radical scavenging HPTLC fingerprints for the chloroform
extracts.

Sample Ry Number of
033 052 062 070  compounds

E. senticosus + + + + 4

E. divaricatus + + + + 4

E. setchuenensis + + + 3

E. sessiliflorus + + + 3

E. henryi + + + 3

E. gracilistylus + + + 3

in Figure 1. Each of the ethanol extracts had 4 inhibitors with
Rf values 0.15, 0.19, 0.52, and 0.72 for AChE and 0.15, 0.17,
0.38, and 0.77 for BuChE. Considering chloroform extracts,
5 compounds in each extract have been identified to be
potential inhibitors of AChE (R values 0.13, 0.27, 0.48, 0.66,
and 0.78) and BuChE (Rf values 0.19, 0.39, 0.4, 0.53,and 0.70).

3.2. HPTLC-DB of Antioxidants. Since many of the con-
stituents of herbal extracts possess an antioxidative capacity,
it is believed that this property may be involved, at least in
part, in the antineurodegenerative mechanism of the herbal
extract. The second part of the experiment was focused on
the chromatographic identification of DPPH" scavengers,
based partially on the fingerprinting conditions and results
obtained by Zaltuski et al. [12]. The results are presented in
Figures 3 and 4, as well as in Tables 2 and 3. Compounds that
exhibit antiradical potential show up as yellow spots against
a purple background. We observed the plates after 1 min,
30 min,1h,2h,5h,10 h, and 24 h from the time of immersion
of the plate in 0.5% DPPH™ solution. After 1 min, the ethanol
extracts showed areas of activity on high R of 0.18 and 0.54.
The compound at Ry 0.18 appeared as a strong-yellow spot,
which correlates with its high anti-DPPH" activity. An addi-
tional yellow-coloured compound was observed to migrate
at Ry of 0.61 and 0.7. Three other yellow spots at R values of
0.66, 0.79, and 0.82 appeared after 10 h. With all the inves-
tigated extracts, the richest in antioxidants are of E. henryi
and E. gracilistylus (8 compounds). The results for all species
remain in good agreement with the data referring to the spec-
trophotometric DPPH" assay method. Zatuski et al. exhibited
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FIGURE 1: Screening of ethanol extracts of Eleutherococcus for AChE (a) and BuChE (b) inhibitors using the HPTLC assay method. White
spots, corresponding to R values, on the yellow background represent the inhibition. (1) E. senficosus, (2) E. divaricatus, (3) E. setchuenensis,

(4) E. sessiliflorus, (5) E. henryi, and (6) E. gracilistylus.

(a)

0.70

0.53

0.4
0.39

0.19

1 2 3 4 5 6
(b)

FIGURE 2: Screening of chloroform extracts of Eleutherococcus for AChE (a) and BuChE (b) inhibitors using the HPTLC assay method. White
spots, corresponding to R values, on the yellow background represent the inhibition. (1) E. senficosus, (2) E. divaricatus, (3) E. setchuenensis,

(4) E. sessiliflorus, (5) E. henryi, and (6) E. gracilistylus.

good radical scavenging activity of the ethanol extracts with
EC;, values between 1.2 and 3.5 mg/mL [11].

Taking into account the speed of DPPH" decolourization
by chloroform extracts, the differences have been noticed.
Because of the presence of nonpolar compounds, the chloro-
form extracts exhibited a smaller number of inhibition zones.
After 1min, the extracts showed areas of activity on high
Rf of 0.33, 0.52, 0.62, and 0.7. In all the analyzed species,
compounds at R values of 0.52, 0.62, and 0.7 were detected.
Among them, the compound at R value of 0.62 appeared as
the most intensive yellow band.

3.3. Chemical Backgrounds of Anti-AChE, Anti-BuChE, and
Antioxidant Activity of the Analyzed Extracts. 'This work has

been a continuation of the work on phytochemistry and
bioactivity of Eleutherococcus species since 2008. The chem-
ical profile of the species includes mainly polyphenols, of
which the most abundant are eleutherosides B, E, and El
This group of compounds is thought to be the most pharma-
cologically active. In Zaluski’s previous studies on Eleuthe-
rococcus, it was revealed that the analyzed species contain
eleutherosides B, E, and E1, even in a larger amount than what
the Polish or European Pharmacopoeia requires. According
to the Polish Pharmacopoeia monograph, the root of E. sen-
ticosus should contain minimum 0.08% for the sum of eleu-
theroside B and eleutheroside E. On the basis of the HPTLC-
densitometric assay, the amount of eleutheroside B ranged
from 0.08 to 0.34%; that of eleutheroside E from 0.05 to
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FIGURE 3: Screening of ethanol extracts of Eleutherococcus for anti-
DPPH" scavengers using the HPTLC assay method. Yellow spots,
corresponding to R values, on the purple background represent the
inhibition. (1) E. senticosus, (2) E. divaricatus, (3) E. setchuenensis, (4)
E. sessiliflorus, (5) E. henryi, and (6) E. gracilistylus.
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FIGURE 4: Screening of chloroform extracts of Eleutherococcus for
anti-DPPH" scavengers using the HPTLC assay method. Yellow
spots, corresponding to Ry values, on the purple background
represent the inhibition. (1) E. senticosus, (2) E. divaricatus, (3) E.
setchuenensis, (4) E. sessiliflorus, (5) E. henryi, and (6) E. gracilistylus.

0.13%; and that of eleutheroside El from 0.02 to 0.09%.
Another compound is (+)-sesamin, which was isolated and
identified by means of GC-MS, 'H- and >C-NMR, and two-
dimensional NMR experiments (HMQC, HMBC, COSY, and
DEPT) [10, 27].

The second group of compounds present in the roots of
Eleutherococcus species are essential oil and aroma compo-
nents. (E,E)-Farnesol, an acyclic sesquiterpene alcohol, was
the major constituent up to 43.6%, followed by a-pinene
(18.8%) and pentadecanoic acids (12.3%), [28].

All above compounds contain in their structure the
chemical groups that can interact with the active site of AChE
and BuChE and can scavenge free radicals. They can act as
chelators of metal ions playing as cofactors for an enzyme
activity. The next possible mechanism is the interactions
between active groups of inhibitors and amino acids of the
active site of enzymes. However, further detailed studies on
the mechanism of inhibition will provide reliable results.

In case of anti-DPPH" activity, Zatuski at el’s previous
studies revealed that, in this activity, eleutheroside El can
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be involved. This results from its molecular structure that
demonstrates the one free OH group in the phenyl ring and
four methoxy groups (two in each aromatic ring). This was
called “Zatuski’s eleutheroside hypothesis” [9].

4. Conclusion

These basic studies on compounds present in Eleutherococcus
species contribute to the development of general knowledge
about plant-based drugs. The study confirms confirms the
rightness of the traditional use of these species in preven-
tion or treatment of memory impairment and gives useful
information for further purifying steps to dereplicate active
compounds. Further, more detailed studies will be done on
spectral identification of isolates and in in vivo models.
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HIV-1 transactivator protein (Tat) has been shown to play an important role in HIV-associated neurocognitive disorders. The aim
of the present study was to evaluate the relationship between occludin and amyloid-beta (Af) transfer receptors in human cerebral
microvascular endothelial cells (h\CMEC/D3) in the context of HIV-1-related pathology. The protein expressions of occludin,
receptor for advanced glycation end products (RAGE), and low-density lipoprotein receptor-related protein 1 (LRP1) in hCMEC/D3
cells were examined using western blotting and immunofluorescent staining. The mRNA levels of occludin, RAGE, and LRP1 were
measured using quantitative real-time polymerase chain reaction. HIV-1 Tat at 1 yg/mL and the Rho inhibitor hydroxyfasudil (HF)
at 30 ymol/L, with 24 h exposure, had no significant effect on hCMEC/D3 cell viability. Treatment with HIV-1 Tat protein decreased
mRNA and protein levels of occludin and LRP1 and upregulated the expression of RAGE; however, these effects were attenuated
by HF. These data suggest that the Rho/ROCK signaling pathway is involved in HIV-1 Tat-mediated changes in occludin, RAGE,
and LRPI in hCMEC/D3 cells. HF may have a beneficial influence by protecting the integrity of the blood-brain barrier and the

expression of A transfer receptors.

1. Introduction

Tight junction (T]) proteins are essential components of
blood-brain barrier (BBB) integrity [1, 2]. Signaling between
pericytes and endothelial cells is critical for BBB maintenance
[3, 4]. Occludin was the first integral membrane protein to
be identified within TJs. Occludin has four transmembrane
domains and a long COOH-terminal cytoplasmic domain
(domain E). Occludin itself can localize at TJs and directly
associates with ZO-1 [5]. Occludin plays a pivotal role in
maintaining the homeostasis of the central nervous system
[2], and its destruction increases the diffusion of viruses and
other microorganisms across the BBB [6].

BBB dysfunction appears to be a particularly impor-
tant component of HIV-associated neurocognitive disorders
(HAND) [7]. HIV-1 transactivator protein (Tat) can be
actively released from HIV-l-infected cells and easily cross
cell membranes and the BBB, causing HAND [8, 9]. High

levels of extracellular HIV-Tat have been recently reported
in cerebrospinal fluid of HIV-infected patients [10]. HIV-1
Tat has been shown to disrupt TJs associated with astrocytes
along the BBB, increasing the permeability of the barrier [11].
HIV-1 exposure also increases intracellular levels of amyloid-
beta (Af) in human cerebral microvascular endothelial cells
(hCMEC/D3) [12]. The BBB plays a critical role in both HIV-1
and A pathology [13]. BBB disruption mediates some of the
tissue damage that accompanies HIV-1 infection of the brain
and so facilitates entry of the virus into the central nervous
system [14]. The BBB endothelial cells respond to inflamma-
tory stimuli, such as cytokines and Af, ultimately causing
BBB disruption. Furthermore, the BBB plays a multifaceted
role both upstream and downstream of the amyloid cascade
to cause inflammation and oxidative stress, which can pro-
mote the accumulation of Af in the brain [15]. Several HIV-
1 proteins have been shown to be amyloidogenic. HIV-1 Tat
protein has been reported to inhibit AB-degrading enzyme
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neprilysin, leading to increased levels of soluble Af in cell
culture [16].

Ras homolog gene family, member A (RhoA), is a small
guanosine triphosphate-binding protein. Rho-associated
kinase (ROCK) was the first downstream effector of Rho to
be identified [17], and ROCK has been reported to mediate
BBB disruption [18]. Rho-ROCK signaling was involved in
mural cell recruitment to the vessel wall in brain, which was
involved in maintaining BBB integrity [19]. Hydroxyfasudil
(HF), a specific inhibitor of ROCK with strong effectiveness
and selectivity [20, 21], promotes neuronal regeneration
and is clinically used in patients with disorders such as
spinal-cord injuries and stroke [22, 23]. Therefore, ROCK
can be considered a promising molecular target for the
treatment of neurological diseases [24, 25].

However, whether the Rho/ROCK signaling pathway is
involved in HIV-induced BBB disruption and the expres-
sion of A transfer receptors is not completely understood.
Therefore, the aim of the present study was to evaluate the
relationship between occludin, A transfer receptors, and the
Rho/ROCK signaling pathway in hCMEC/D3 cells.

2. Materials and Methods

2.1. HIV-1 Tat. Recombinant HIV-1 Tat clade B protein
(Prospec, Rehovot, Israel), produced in Escherichia
coli, is formed of a single, nonglycosylated, polypeptide
chain containing 86 amino acids encoded by exons,
with a molecular mass of 14kDa. The amino acid
sequence is as follows: MEPVDPRLEP WKHPGSQPKT
ACTNCYCKKC CFHCQVCFIT KALGISYGRK
KRRQRRRPPQ GSQTHQVSLS KQPTSQSRGD PTGPKE.
It is recommended that lyophilized HIV-1 Tat is stored
desiccated below —18°C and reconstituted in sterile 18 MQ-
cm H, 0.

2.2. Cell Cultures. hCMEC/D3 cells were provided as a gift
from Dr. P-O. Couraud (Institut Cochin, Paris, France).
Endothelial basal medium (EBM)-2 (Lonza, Walkersville,
MD, USA) was supplemented with 5% fetal bovine serum
(Lonza, Switzerland), 1ng/mL basic fibroblast growth fac-
tor (Sigma-Aldrich, USA), 5 ug/mL ascorbic acid (Sigma-
Aldrich), 1/100 chemically defined lipid concentrate (Gibco,
NY, USA), 10 mmol/L HEPES (Beyotime, Jiangsu, China),
1.4 umol/L hydrocortisone (Sigma-Aldrich, USA), and 1%
penicillin-streptomycin (Beyotime), as recommended by the
manufacturer (Lonza, Walkersville, MD, USA). This solution
is called complete EBM-2 medium. hCMEC/D3 cells were
seeded into flasks coated with 1mg/mL collagen type I
(R&D Systems) and cultured in complete EBM-2 medium,
maintained at 37°C in a humidified atmosphere of 5% CO,.

2.3. Cell Viability. hCMEC/D3 cells at the exponential
growth phase were seeded onto 96-well plates at a density of
1 x 10* cells/well in 200 uL serum-free medium and treated
with HIV-1 Tat at various concentrations (0, 0.25, 0.5, 1,
or 1.250 ug/mL), heat-inactivated Tat, or the Rho inhibitor
HF (0, 10, 30, 50, 80, or 100 ymol/L; Tianjin Chase Sun
Pharmaceutical Co, Tianjin, China) for different periods of
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time (0, 6, 12, 24, or 30h). The cells were incubated with
15 uL 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide solution (MTT, 5 mg/mL; Sigma-Aldrich, USA) for
additional 4h at 37°C and 5% CO,. The optical density in
each well was measured at 570 nm using a 96-well plate
reader (Thermo Scientific, USA). HIV-1 Tat at 1 ug/mL and
HF at 30 yumol/L for 24h had no effect on the viability
of hCMEC/D3 cells, so these concentrations were used in
subsequent experiments.

hCMEC/D3 cells were pretreated with 30 umol/L HF
for 2h prior to exposure to 1ug/mL HIV-1 Tat, and cells
were then incubated for 24 h without serum. The HIV-1 Tat
concentrations used in the present study are consistent with
data from the literature, which indicate that concentrations
of Tat in HIV-infected patients can reach the range of ug/mL
of serum [26]. Heat-inactivated Tat (as another control)
was obtained by heating the protein at 90°C for 1h, which
inactivates the biological potentials of Tat.

2.4. Western Blot Analysis. Treated endothelial cultures were
washed three times and lysed in a RIPA cell lysis buffer
(Beyotime) containing protease inhibitor cocktail tablets
(Beyotime). The lysates were centrifuged at 12,000 xg for
15 min, the supernatants were collected, and protein con-
centrations were measured using the BCA Protein Assay
Kit (Beyotime). Total proteins were mixed with 5x SEMS-
PAGE protein sample buffer solution (Beyotime), then
boiled for 5min at 100°C, and stored at —20°C until use.
Equal masses of proteins (20 ug) were separated on SDS-
polyacrylamide gel and electrophoresed. Proteins were blot-
ted onto polyvinylidene fluoride membranes (0.22/0.45 ym;
Millipore, Billerica, MA, USA). The membranes were blocked
with 5% fat-free milk at room temperature for 1h and then
incubated at 4"C overnight with different primary antibodies
diluted in primary antibody dilution buffer (Beyotime).
The primary antibodies were as follows: occludin (1:1000,
mouse monoclonal antibody; Invitrogen, Carlsbad, CA,
USA), RAGE (1:1000, rabbit monoclonal antibody; Abcam),
LRP1 (1:10,000, rabbit monoclonal antibody; Abcam), and
GAPDH (1:10,000; Proteintech Group, Chicago, IL, USA).
The membranes were then incubated for 1h with IRDye
680RD goat anti-rabbit immunoglobulin (Ig) G and IRDye
680RD goat anti-mouse IgG secondary antibodies (both
1:10,000; LI-COR Biosciences, Lincoln, NE, USA) diluted
in secondary antibody dilution buffer (Beyotime). Proteins
were visualized by scanning the membrane on an Odyssey
Infrared Imaging System (LI-COR Biosciences) with the
700 and 800 nm channels. The density of bands was calcu-
lated using Image-]J software (National Institutes of Health,
Bethesda, MD, USA). Protein levels were represented by the
ratios of optical densities in their bands, normalized against
GAPDH.

2.5. Reverse Transcription- (RT-) PCR and Quantitative Real-
Time PCR. Total RNA was extracted from hCMEC/D3 cells
using TRIzol reagent (Invitrogen) and reverse transcribed
into cDNA using the Prime-Script RT reagent kit (Takara Bio,
Dalian, Japan) according to the manufacturer’s instructions.
The resulting cDNA was used as a template for RT-PCR.
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The primer sequences were as follows: occludin (Invitro-
gen): 5'-TCAGGGAATATCCACCTATCACTTCAG-3' and
5'-CATCAGCAGCAGCCATGTACTCTTCAC-3"; RAGE
(Takara): 5'-CAACGGCTCCCTCTTCCTT-3' and 5'-TTG-
GTCTCCTTTCCATTCCTGT-3'; LRP1 (Takara): 5'-CGC-
CTCCTACCACTTCCAAC-3' and 5'-CGCCACCTCAAT-
CACATCTC-3'; and GAPDH (Invitrogen): 5'-GCACCG-
TCAAGGCTGAGAAC-3' and 5'-TGGTGAAGACGC-
CAGTGGA-3'. Quantitative RT-PCR was performed using a
Taq PCR Master Mix Kit (Takara) and conducted on the ABI
Prism 7500 sequence detection system (Applied Biosystems,
USA) using RT Reaction Mix in a total volume of 20 uL
at 25°C for 10 min, 42°C for 30 min, and 94°C for 5min.
GAPDH served as an internal control in relative RT-PCR. The
relative levels of the target genes were quantified using 274
method.

2.6. Immunofluorescence Microscopy. hCMEC/D3 cells were
seeded onto circular glass coverslips in a 24-well plate and
incubated for 24h. The cells were fixed for 30 min with
4% paraformaldehyde (Solarbio, Beijing, China) on ice and
permeabilized with 0.1% Triton X-100 (Beyotime) for 5 min.
Samples were incubated in blocking solution of 3% bovine
serum albumin (Sigma, USA) for 1h at room temperature
and in antibodies against LRP1 (1:200, rabbit monoclonal
antibody; Abcam) and RAGE (1:200, rabbit polyclonal anti-
body; Abcam) at 4°C overnight. The secondary antibodies,
Alexa Fluor-488 donkey anti-rabbit (1:200; Invitrogen) and
Alexa Fluor 594 donkey anti-mouse (1:200; Invitrogen),
were added and incubated for 2h, then stained with 4',6-
diamidino-2-phenylindole (Invitrogen), and visualized using
a fluorescence microscope (Nikon Al; Nikon).

2.7 Statistical Analysis. The results are expressed as means
+ standard deviation. SPSS version 17.0 (SPSS, Chicago, IL,
USA) was used to perform statistical analyses. Comparisons
between groups were conducted using a parametric test
(one-way analysis of variance) combined with a multiple
comparison test (least-squares difference or the Bonferroni
post hoc test). Statistical significance was set at p < 0.05.

3. Results

3.1 Cell Viability. hCMEC/D3 viability was tested using an
MTT assay. HIV-1 Tat at 1 yg/mL and HF at 30 ymol/L with
24 h exposure had no significant effect on hCMEC/D3 cell
viability (Figure 1).

3.2. The RhoA/ROCK Signaling Pathway Is Involved in HIV-1
Tat-Induced Changes in Occludin Expression. To observe the
effects of HIV-1 Tat on expression levels of the T] protein
occludin, hCMEC/D3 cells were exposed to 1ug/mL HIV-1
Tat for 24 h. The protein levels of occludin were significantly
lower in the HIV-1 Tat group than in the control group
(Figure 2(a)). With exposure to HIV-1Tat for 12 h, the mRNA
expression of occludin, as examined by real-time RT-PCR,
was consistent with the protein levels (Figure 2(b)).

To explore whether RhoA/ROCK signaling is involved in
HIV-1 Tat-induced downregulation of occludin, hCMEC/D3

cells were pretreated for 2h with 30 yumol/L HE followed
by coexposure to HF and 1ug/mL HIV-1 Tat for 24h (for
western blotting) or 12h (for real-time RT-PCR). Occludin
protein and mRNA levels were significantly increased with
coexposure to HF and HIV-1 Tat compared with HIV-1 Tat
only (Figures 2(a) and 2(b)).

3.3. HIV-1 Tat-Induced Changes in LRP1 and RAGE Expres-
sion. To observe whether HIV-1 Tat could affect the expres-
sion of A transporters in hCMEC/D3 cells, the expression
of LRP1 and RAGE was examined using western blotting,
real-time RT-PCR, and immunoreactivity. Western blot-
ting showed that the expression of RAGE was significantly
increased compared to the control group following treatment
with 1 yug/mL HIV-1 Tat, while LRP1 expression was downreg-
ulated (Figures 3(a) and 4(a)). Treatment with HIV-1 Tat also
significantly decreased LRP1 mRNA and increased RAGE
mRNA levels, consistent with the protein levels (Figures 3(b)
and 4(b)), and resulted in markedly stronger RAGE and
weaker LRP1 immunoreactivity compared with the untreated
group (Figures 3(c) and 4(c)).

3.4. The RhoA/ROCK Signaling Pathway Is Involved in the
HIV-1 Tat-Induced Regulation of LRP1 and RAGE Expression.
To investigate whether HF can protect against HIV-1 Tat-
induced changes in LRP1 and RAGE expression, hCMEC/D3
cells were cotreated with HF and HIV-1 Tat for 24h (for
western blotting and immunofluorescence staining) or for
12 h (for real-time RT-PCR). As shown in Figures 3 and 4, HF
downregulated RAGE expression and increased LRP1 protein
levels. These results were consistent with those for RAGE and
LRP1 mRNA levels, which significantly differed in the groups
cotreated with HF and HIV-1 Tat versus HIV-1 Tat only.

4. Discussion

Although the mechanisms by which HIV invades the brain
process are not fully understood, alterations of T] protein
expression can contribute, at least in part, to this phe-
nomenon [27]. HIV-1 Tat is known to trigger oxidative stress-
dependent apoptosis of neurons both in vitro and in vivo
[9, 28]. Exposure to HIV-1 Tat has also been shown to
disrupt the integrity of the BBB and result in endothelial
hyperpermeability and increased transendothelial migration,
asreported in our previous in vitro [1] and in vivo studies [28].
Tat clade B is more neuropathogenic, disrupts the integrity of
the BBB to a greater extent than Tat clade C [29], and was
therefore used in the current study. Our results demonstrate
that HIV-1 Tat at 1ug/mL and the Rho inhibitor HF at
30 umol/L, with 24 h exposure, had no significant effect on
hCMEC/D3 cell viability (Figure 1).

Previous reports have indicated that ROCK plays a
role in ischemic stroke and edema formation [30]. Rho
signaling is involved in the regulation of TJs; Rho directly
phosphorylates occludin and other T] proteins [31]; and Rho-
kinase inhibitor improves cerebral integrity and function by
regulating endothelial cell oxidative stress and reorganizing
intercellular junctions after acute ischemic attacks [30]. In
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FIGURE 1: Cell viability. h\CMEC/D3 cells were treated with HIV-1 Tat ((a), (b)) at different concentrations (0, 0.25, 0.5, 1, or 1.25 yg/mL) or
heat-inactivated Tat or HF (0, 10, 30, 50, 80, or 100 ymol/L) (c) for different durations (0, 6, 12, 24, and 30 h), with cell viability detected using
an MTT assay. Cell viability was not affected by 1 yg/mL HIV-1 Tat or 30 yumol/L HF for 24 h. Results are shown as means + standard error of
the mean (n =5). "p < 0.05, " P < 0.01, and """ P < 0.001 versus control.

addition, inhibition of Rho activity has been reported to pro-
tect against Tat-induced alterations in total and nuclear ZO-1
protein levels [32], while ROCK inhibitor has been reported
to preserve occludin and ZO-1 levels in the brain or primary
human brain microvascular endothelial cells [33, 34]. In the
present study, HF upregulated the protein and mRNA levels
of occludin, the destruction of which was induced by HIV-
1 Tat (Figures 2(a) and 2(b)). HF protected against HIV-
1 Tat-mediated BBB dysfunction partly by inhibiting the
RhoA/ROCK signaling pathway.

HIV-Tat is a ligand for LRP1 and it may compete with Af3
leading to decreased clearance of A3 from the brain and pro-
moting its deposition [35]. HIV-1 Tat has also been reported
to significantly increase A levels in postmortem brain sam-
ples from patients infected with HIV-1 [16]. HIV-1 exposure
increases the intracellular levels of A in hCMEC/D3 cells
[12]. HIV-1 Tat inhibits the uptake of Af3 by primary mouse
microglial cells [36]. Furthermore, the induction of HIV-1
Tat in astrocytes has been shown to increase neuronal

damage, tau phosphorylation, and A plaque formation
in APP/presenilin-1 transgenic mice [37], suggesting an
important role for HIV-1 Tat in the development of HAND.
However, the molecular mechanisms involved in HIV-1 Tat-
evoked Af deposition in the brain remain largely unknown.
Neurodegeneration and dementia in Alzheimer’s disease may
involve similar molecular mechanisms as those involved in
HIV-associated dementia [12, 38].

However, the Af deposition pattern in HIV appears
to be distinct from that of Alzheimer’s disease, in which
extracellular senile plaques are a predominant feature. In the
HIV-infected brain, A3 accumulates primarily as diffuse and
intraneuronal deposits [39]. Peptides and proteins generally
do not cross the BBB [40], but they can be transported into
the brain via specific transport systems [41]. RAGE and LRP1
remain the most interesting targets. Transport of Af from the
bloodstream into the brain is mediated by RAGE, while Af
transport from the brain into the bloodstream is mediated
by LRP1 [42, 43]. RAGE is a multiligand receptor in IgG
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FIGURE 2: Role of RhoA/ROCK signaling in HIV-1 Tat-induced changes in occludin. hCMEC/D3 cells were pretreated with HF (30 ymol/L)
2h prior to the addition of occludin. HIV-1 Tat treatment was continued for 24 h for western blotting (a) and for 12 h for RT-PCR (b). HIV-1
Tat exposure was associated with decreased protein and mRNA levels of occludin in hCMEC/D3 cells. With coexposure to HF and HIV-1
Tat, occludin protein and mRNA levels were significantly increased when compared with exposure to HIV-1 Tat only. Data are expressed as
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versus control; * P < 0.05 and " p < 0.01 versus HIV-1 Tat.

superfamily that binds soluble A3 and mediates pathophys-
iologically relevant cellular responses consequent to ligation
by a variety of ligands [42]. LRP1 is a multiligand lipoprotein
receptor that interacts with a broad range of secreted proteins
and resident cell-surface molecules, mediating their endo-
cytosis or activating signaling pathways through multiple
cytosolic adaptor and scaffold proteins [44]. Increased RAGE
and decreased LRP1 immunoreactivity within the microvas-
culature have been found in Alzheimer’s disease patients [43].
Blocking RAGE with a specific neutralizing antibody can
protect against the accumulation of exogenous A in HIV-
l-exposed hCMEC/D3 cells [12]. In the current study, 24 h
exposure to HIV-1 Tat resulted in markedly stronger RAGE
immunoreactivity and increased RAGE mRNA levels com-
pared with the control group (Figure 3). This may directly
lead to increased A3 deposition in the brain. In contrast
to the alterations in RAGE expression, exposure to HIV-1
Tat attenuated LRP1 levels in hCMEC/D3 cells (Figure 4).
Our data suggest that HF may prevent the movement of Af
into the brain and stimulate brain Af clearance across the
BBB (Figure 5). The RhoA/ROCK signaling pathway plays a
favorable role in maintaining A8 homeostasis at the level of
the BBB. However, different effects of HIV-1 on LRP1 have
been observed. For example, HIV-1 p24 had no effects on
LRPI levels in an in vitro study [12]. The reason for this

might be that different HIV subtype proteins affect LRP1 via
multiple signaling pathways.

5. Conclusions

In the current study, the Rho-kinase inhibitor HF signif-
icantly inhibited HIV-1 Tat-induced occludin dysfunction
and regulated LRP1 and RAGE expression in hCMEC/D3
cells, suggesting a potential protective role for HF in HIV-
1 Tat-mediated BBB destruction and Af accumulation. A
better understanding of the mechanisms involved in Af
deposition in the brain during HIV-1 infection will help with
the development of new therapeutic strategies for reducing
the Af burden in HAND.
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FIGURE 3: Role of RhoA/ROCK signaling in HIV-1 Tat-induced changes in RAGE. Exposure to HIV-1Tat resulted in markedly higher levels of
RAGE protein (a) and mRNA (b) and stronger immunoreactivity (c) compared with the untreated group. hCMEC/D3 cells were pretreated
with HF (30 umol/L) 2h prior to HIV-1 Tat treatment for 24 h. RAGE protein and mRNA levels and immunoreactivity were significantly
decreased with coexposure to HF and HIV-1 Tat compared with HIV-1 Tat only. Data are expressed as means + standard error of the mean
(n = 3, values determined by the ratio to GAPDH, for (a), n = 5 for (b)). "P < 0.05 and **P < 0.01 versus control; *p < 0.05 versus HIV-1
Tat.
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FIGURE 4: Role of RhoA/ROCK signaling in HIV-1 Tat-induced changes in LRP1. Exposure to HIV-1 Tat resulted in markedly lower levels of
LRP1 protein (a) and mRNA (b) and weaker immunoreactivity (c) compared with the untreated group. h\CMEC/D3 cells were pretreated with
HF (30 gmol/L) 2 h prior to HIV-1 Tat treatment for 24 h. LRPI protein and mRNA levels and immunoreactivity were significantly increased
with coexposure to HF and HIV-1 Tat compared with HIV-1 Tat only. Data are expressed as means + standard error of the mean (n = 3, values
determined by the ratio to GAPDH, for (a), n = 5 for (b)). * P < 0.05 versus control; *p < 0.05 versus HIV-1 Tat.
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FIGURE 5: Schematic diagram illustrating the effects of HIV-1 Tat on occludin, RAGE, and LRPI in brain endothelial cells. Exposure to HIV-1
Tat resulted in RAGE overexpression, which downregulated occludin and LRP1, stimulating the transfer of A from the blood into the brain.
HEF protected against these effects. Exposure to HF inhibited HIV-1 Tat-induced dysregulation of occludin, RAGE, and LRPL
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