
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Specific localizations of cytokines and Parkinson’s  
disease-associated proteins revealed by fluorescence 
deconvolution microscopy in brain tissues of an LPS  
treated rat model 

ABSTRACT 
This study was performed to examine cytokines 
and Parkinson’s disease (PD) associated proteins 
in brains of a rat lipopolysaccharide (LPS) model 
using fluorescence microscopy for quantifying 
and identifying locations of cytokines and 
neurodegenerative proteins. Rats were treated with 
LPS and organs were removed for determinations 
of nitric oxide (NO) content. Brain was sectioned 
and fluorescence deconvolution microscopy was 
used to localize both Parkinson’s disease-
associated proteins and cytokines. Quantities were 
determined. NO levels increased in many tissues, 
including brain. Fluorescence labeling revealed 
double staining of cells for interleukin-6 and tau 
protein. Vascular endothelium labeled for both 
tumor necrosis-alpha (TNF) and ubiquitin. Many 
immune cells were visible in LPS brains, 
suggesting an inflammatory episode preceded 
migration of cytokine producing cells from the 
circulation and cerebrospinal fluid, initiating a 
neurodegenerative cascade in susceptible cells, 
while predisposing them to succumb to subsequent 
inflammatory episodes. Inflammatory cells and 
cytokines were seen in perivascular areas, 
associated with meninges, and concentrated 
 
 
 

between the olfactory bulb and cortex, indicating 
the likelihood of specific interactions with 
specific cells. TNF and glial cell line-derived 
neurotrophic factor (GDNF) showed a modest, 
sustained increase, while IL-1β and IL-10 
exhibited abrupt, rapid increases, followed by 
sharp decreases. Results suggest that a gradual 
decline in neuronal sustainability occurs, with 
subsequent assaults initiating a protective mode 
that is overcome, and this gradual decline might 
describe the long term process of PD, with 
neurons becoming targeted by pro-inflammatory 
cytokines, protein aggregations and loss of the 
ubiquitin-proteasome recycling pathway late in 
the process. 
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INTRODUCTION 
There have been numerous reports that 
Parkinson’s disease (PD) is the result of an 
inflammatory episode or episodes and, as we have 
hypothesized, leads to sustained detrimental 
protein aggregations and signaling disruption, 
either due to one massive event (high cytokine 
levels), or a sequence of smaller events that are 
additive over time and result in reduced neuron 
survival. That is, continuous exposure to toxic
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does not take into consideration changes to other 
cell types and associated structures [11, 12, 15]. 
Our initial studies involved the treatment of 
cultured nerve cells with LPS and cytokines in an 
attempt to mimic in vivo inflammatory episodes, 
and induce protein aggregations and cell death. As 
protein aggregations did occur in our experiments 
[4, 5, 6], we utilized an endotoxin LPS rat model 
and tissue imaging, assuming that similar protein 
changes would be evident in specific areas of the 
brain. Similar protein aggregations to those seen 
in the cell cultures were indeed apparent in the 
animal tissues and a definite inflammatory 
component appeared to be intimately involved in 
the formation of these aggregations. It was 
therefore deemed that the logical next step would 
be to examine brain slices of specific areas to 
identify cytokine content and type, and determine 
co-localizations of these products in specific cells 
as well as with PD-associated proteins and tissue 
structures.  
The review by Arai and colleagues [7] states that 
mechanisms in neurodegeneration are poorly 
understood; that an inflammatory response is most 
likely involved in PD progression; that repeated 
doses of LPS exacerbates motor axon 
degeneration, similar to our findings with cultured 
cells [5, 6]; and that LPS can cause a breakdown 
of the blood-brain barrier and involve other cell 
types, such as we and others have hypothesized 
[6, 15]. 
As inflammation and the innate immune system 
appear to be involved in PD [16, 17], our LPS 
model and measurements of iNOS again appear 
reasonable, as Arai and colleagues also stated, 
“There is considerable evidence that NO could be 
pivotal to the pathogenesis of PD” [5, 13]. 
 
METHODS 

Sectioning and staining of tissues 
Adult rat brains (300 g Sprague Dawley; males), 
from untreated control, saline-injected animals 
and LPS treated animals (35 mg/kg), were removed, 
fixed, sectioned and probed with specific antibodies. 
Tagged secondary antibodies were added  
to facilitate visualization via deconvolution 
fluorescence microscopy. Images were acquired in 
a stepwise section thickness (0.1-0.25 µm) from

compounds such as cytokines, eventually 
overcome cell protective mechanisms [1, 2, 3]. 
A cell culture model using glioblastoma cells [4], 
cells that are both robust and able to synthesize 
the PD associated proteins tau, alpha-synuclein 
and ubiquitin, showed that both cytokine and LPS 
treatments produced protein aggregations [5], 
which resulted in a loss of cell adhesion and 
necrotic cell death [6]. Similar protein aggregation 
findings were seen in brains of LPS-treated rats 
leading us to hypothesize that the same or similar 
mechanisms were in place in both models, 
mechanisms that resulted in the demonstration of 
cytokine induced protein disruptions that occur in 
Parkinson’s neurodegeneration. There is also 
strong support for the use of LPS in studies on, 
and of, the progress of neurodegeneration [7] as 
expression of iNOS (inducible nitric oxide 
synthase) and peripheral inflammation following 
LPS administration has been linked to glial 
activation and alterations in cell death pathways [8]. 
Therefore, to further elucidate which particular 
cell types were associated with cytokine release 
and to map co-localizations of these inflammation- 
associated products with specific proteins, brains 
from LPS treated rats were sectioned and stained 
with appropriate antibodies, photographed and 
imaged by deconvolution microscopy with 
selected fluorescent probes [4, 5] while measuring 
nitric oxide (NO) levels in multiple tissues to 
demonstrate that a systemic, inflammatory event 
had occurred. Levels of iNOS were determined in 
brain sections as a number of previous reports 
using mouse models have implicated NOS in both 
neuron protection and destruction [9, 10, 11, 12] 
as well as regulations in cardiovascular function 
through astrocyte-neuron interactions [13]. NOS 
levels in other organs were also determined as 
previous reports noted that induction not only 
occurred in brain tissue, but was a cause of global 
cell destruction and compromised biochemical 
signaling, suggesting that other cells and tissues, 
such as immune cells, might well contribute to  
the onset of PD and loss, of protective abilities  
[8, 14].     
Many cell types are involved in the development 
and continuation of PD, but while present 
treatments are often targeted at replenishing the 
loss of the neurotransmitter dopamine, the strategy 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Western blot 
Concentrations of iNOS, nNOS and nitrotyrosine 
in collected tissue samples were measured using 
specific antibodies. Frozen tissue homogenates 
were thawed on ice and mixed with equal 
volumes of sample buffer (200 mM Tris-HCl (pH 
6.8), 8% sodium dodecyl sulfate, 30% glycerol + 
1% β-mercaptoethanol, 0.5% bromophenol blue), 
then heated at 95°C for 5 to 10 min. Samples were 
centrifuged and loaded on 8% Tris/glycine/sodium 
dodecyl sulfate-polyacrylamide gels for fractionation, 
with predetermined molecular weight standards 
(Novex Inc., Encinitas, CA). Protein was blotted 
onto nitrocellulose membranes at 4°C at 30 V and 
380 mA for 150 min. After transfer, the 
membranes were incubated with 5% skim milk in 
Tris-buffered saline containing 0.05% Tween 20 
for 2 h at room temperature [20]. 

Nitrotyrosine immunoblot 
Samples for immunoblot analysis were boiled for 
3 min and electrophoresed on 12.5% acrylamide 
gels. The proteins were electrophoretically 
transferred to nitrocellulose sheets using a 
semidry apparatus. The sheets were reacted with a 
monoclonal mouse anti-nitrotyrosine antibody 
(Zymed Laboratories, South San Francisco, CA). 
Immune complexes were detected using 
peroxidase-labeled goat anti-mouse immunoglobulin 
G (KPL, Inc., Gaithersburg, MD; 20. Please see 
Figure 1), as a marker to show that oxidative 
stress had occurred due to LPS treatment [21]. 
 

Figure 1. Western blot analysis of nitrotyrosine-containing 
proteins in lung extracts from control (C) and LPS 
treated rats (LPS1 and LPS2) at 6 hr. 
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the olfactory bulb, cortex, substantia nigra and 
striatum following the guidelines of Paxinos and 
Watson [18].  

Imaging 
Sections were mounted on 25 mm glass cover 
slips and fluorescently probed for α-synuclein 
(ab10789-100), ubiquitin (ab7780-50), tau 
(ab8763-250; Probes from Abcam, Cambridge, 
MA), interleukin-6 (IL-6), interleukin-10 (IL-10), 
tumor necrosis factor-alpha (TNF-α) and gamma-
interferon (λ-IFN; IL-6 - 500-P73; TNF-α -500-
P80; IL-10 - 500-P139h and IL-1-β 500-P80 
(antibodies from Peprotech, Rocky Hill, NJ). 
Tissue was rinsed with cold, 1X PBS followed by 
fixation with 3.7% formaldehyde (1008B, 
Tousimis Research Corporation, Rockville, MD). 
Fixation was stopped by 3 rinses with 1X 
phosphate buffered saline at room temperature. 
Tissue was blocked with 10% goat serum and 
incubated for 1 hr. at 37ºC with antibodies (1:100 
to 1:1000 dilution), incubated for 30 min. at 37oC 
and rinsed 2 to 3 times with 0.05% Tween 20 in 
1X PBS (TPBS). Finally, nuclei and F-actin were 
stained with Phallicidin (Invitrogen, Grand Island, 
NY, USA) diluted 1:100 in 4',6-diamidino-2-
phenylindole (DAPI; A-T rich region binding in 
DNA) solution. Specimens were mounted onto 
slides using a drop of Elvanol (DuPont, 
Wilmington, DE). Fluorescence microscopy and 
fluorescence intensity measurements were made 
using pixel counts of labeled proteins, cytokines 
and NOS as previously described [4] and 3D 
reconstructions and rotations were performed 
[19].  

NOS and isoforms 
Frozen tissues were homogenized at a ratio of 1g 
per 3-6 ml of buffer. Homogenization was first 
performed with pestle and mortar and then with 
an homogenizer in ice + salt cold environment. 
Homogenization buffer (pH 7.4) was 50 mM 4- 
(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 
100 µM dithiothreitol, 55 µM leupeptin, 100 µg mL-1 
phenylmethylsulfonyl fluoride, 2 µg mL-1 aprotinin, 
1.4 µM pepstatin A, and 2.5% glycerol in double-
distilled water. The homogenate was centrifuged 
at 10,000 g for 15 min at 4°C. Supernatants were 
aliquoted and frozen at -70°C. 
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population, in a perinuclear pattern, while the
lower right panel shows iNOS distributed 
predominantly around the arteriole. 
To show that a systemic inflammatory episode 
does indeed occur due to LPS injection, we have 
included some data from a previous publication 
(Figure 7; [21]) showing that iNOS activity is 
dramatically increased in many tissues, (here 
shown 8 hours after administration of 200 µg/kg 
LPS in the histogram), with accompanying images 
of the liver to show the massive induction (iNOS) 
in this organ. Given our experimental protocols, 
the LPS treatment is obviously more than 
adequate to initiate an inflammatory episode, 
intense enough to result in high levels of cytokine 
synthesis and release, the initiation of cell death 
pathway, and blood-brain barrier complications. 
Multiple co-localizations have been seen in our 
LPS animal model, a model of infection that has 
been used successfully in neurodegeneration studies 
[4, 5, 6]. Image reconstructions were therefore 
made and 3D models of the stacked sections were 
generated as previously described [19].  
The first image (upper left, Figure 8) 
demonstrates the specific localizations of Tau 
(red) and IL-6 (yellow) in a neuron (note dendritic 
IL-6 after LPS injection; white arrows); the 
second image (upper right) shows the co-
localization of Tau (red) and α-synuclein (yellow) 
in specific cells along the margin between the 
olfactory bulb and the cortex (white arrow), while 
the third image (bottom) demonstrates the co-
localization (white arrow) of TNF (red) and 
ubiquitin (yellow) in the endothelial cells of this 
vessel in the striatum. 
Finally, Figure 9 demonstrates an increase in 
component GDNF over the first 12 hours 
following LPS treatment, together with a parallel 
increase of TNF, possibly suggesting an attempt 
at cell protection against toxic cytokines. 
 
DISCUSSION 
Theodore and co-workers [22] noted in the 
discussion of their recent paper, “Because it is 
likely that neuroinflammation is important in the 
onset or progression of human PD, identifying the 
mechanisms of immune activation in this model 
may lead to novel therapies for the disease” [23]. 

RESULTS  
Figure 2 shows the co-localization of IL-6 and tau 
in a neuron. It is of interest to note that not all 
cells in the section demonstrate this co-
localization and not all the cells reveal the 
presence of one or other of these products. Also 
relevant is the localization of tau (red) to what 
appears to be the origination point of a dendrite 
identified with a white arrow in both the 600X 
mag. and 900X (upper, right panel). An embossed 
image is included (lower, right panel) to permit a 
volumetric comparison. To further delineate this 
‘specificity’, Figure 3 shows examples of co-
localizations of other products associated with an 
inflammatory response to specific structures and 
areas. Panel A is an image of the perivascular 
‘clustering’ of tau following LPS treatment, panel 
B reveals the co-localization (yellow) of tau with 
IL-6 (green probe), whereas in panel C the co-
localization of ubiquitin and TNF can be seen in 
arteriole endothelial cells. 
As a loss of olfaction has been implicated in the 
progression of PD, we focused much of our 
attention on the olfactory bulb. Figure 4 shows 
‘aggregation’ of Tau along the margin of the bulb 
(Panel A, red areas) and the cortex, while α-
synuclein is found in the same location, albeit at a 
lower concentration (Panel B). 
Our data also demonstrate definite trends in 
increases/decreases of certain cytokines and 
proteins following LPS treatment (Figure 5). IL-6 
levels were reduced 12 hours after LPS treatment, 
while α-synuclein was a) reduced in overall tissue 
levels but b) aggregated in specific areas of the 
olfactory bulb and substantia nigra. In contrast, 
both γ-interferon and ubiquitin concentrations 
increased.  
Figure 6 demonstrates the localization of specific 
products to diverse structures and a defined group 
of cells (positive vs. negative cells) in various 
brain sections. The upper left panel shows IL-10 
along an axon and dendrites, as well as being 
present in small amounts throughout this tissue. 
The upper right panel shows IL-1β distributed at a 
high concentration throughout the tissue on the 
left side of the panel but with no IL-1β associated 
with the vasculature; the lower left panel clearly 
shows the localization of IL-4 to a specific cell
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Figure 2. This figure details the specificity of fluorescent labeling in sections of rat cortex. The double 
labeling in this image at a low (600X; left panel) and high (900X; upper right panel) magnification, shows 
both IL6 (red) and tau (green) protein (white arrows; yellow color indicates co-localization; nuclei are 
blue), with the upper right (900X) panel detailing the high concentration of IL6 at one end of the cell 
(white arrow) where a dendritic extension originates. An embossed rendition is shown (lower right panel) 
to aid in viewing the cell shape and size. Deconvolution was via 5 iterations. 
 

Figure 3. Panel A shows tau distributed around an arteriole, while the image in panel B reveals 
that the tau marker is co-localized with IL6. Other staining experiments (not shown here) 
showed that the cells were lymphocytes and macrophages. 
 

Figure 4. Tau protein (red) is shown 
demarcating the junction between the 
olfactory bulb and the cortex (left 
panel). The right panel shows tagged 
alpha-synuclein in a similar position. 
 



                             Fi
gu

re
 5

. T
hi

s 
fig

ur
e 

sh
ow

s 
a 

co
m

pi
la

tio
n 

of
 im

ag
es

 to
 d

em
on

st
ra

te
 in

cr
ea

se
s, 

de
cr

ea
se

s 
an

d 
so

m
e 

ag
gr

eg
at

io
ns

 o
f 

a 
nu

m
be

r 
of

 in
fla

m
m

at
or

y 
an

d 
PD

-
as

so
ci

at
ed

 c
om

po
un

ds
/p

ro
te

in
s. 

Th
e 

ac
co

m
pa

ny
in

g 
bl

ue
 b

ar
s 

in
di

ca
te

 th
e 

tre
nd

s. 
N

ot
 t

ha
t 

bo
th

 I
L6

 a
nd

 a
lp

ha
 s

yn
uc

le
in

 d
em

on
st

ra
te

 a
 g

ra
du

al
 d

ec
re

as
e 

6 
ho

ur
s a

fte
r L

PS
 tr

ea
tm

en
t, 

bu
t t

he
re

 is
 c

on
so

lid
at

io
n 

an
d/

or
 a

gg
re

ga
tio

n 
to

 c
er

ta
in

 tr
ac

ts
 a

nd
 c

el
ls

. G
am

m
a-

in
te

rf
er

on
 sh

ow
s a

 sl
ig

ht
 in

cr
ea

se
 o

ve
r t

im
e,

 b
ut

 
a 

fo
cu

se
d 

or
 sp

ec
ifi

c 
di

st
rib

ut
io

n 
w

as
 n

ot
 a

pp
ar

en
t. 

U
bi

qu
iti

n 
al

so
 in

cr
ea

se
d,

 a
nd

 a
gg

re
ga

tio
ns

 o
f t

hi
s p

ro
du

ct
 w

er
e 

cl
ea

rly
 e

vi
de

nt
. 

  

44                                                                                            Marie-Francoise Doursout et al. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

Figure 7. Histogram - iNOS activity recorded at 8 h in various tissues, for example, liver, kidney, lung, 
heart, spleen, and large and small intestine in pigs challenged with LPS. Bottom images show iNOS 
recorded by immunofluorescence staining in the liver in control and LPS treated pigs. DAPI (nuclei); 
green, smooth muscle actin (vasculature); red, iNOS. 
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Figure 6. This figures demonstrates 
particular specific locations of products 
of interest, such as IL10 along dendrites 
in panel A, IL-1beta throughout the tissue, 
but much more concentrated to the left 
of the image (panel B); Panel C shows 
IL4 localized to a particular subset of 
cells, while panel D shows iNOS along 
vessels (Magnification x900). 
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Figure 9. Three images to show increasing fluorescence labeling of GDNF in brains from LPS treated 
rats over the first 12 hours (Mag. X600; GDNF-red; actin-green; nuclei-blue), together with pixel 
measurements from a representative experiment measuring cytokine levels to yield an insight into the 
initiation of a protective pathway.  
 

Figure 8. The first image demonstrates specific localizations of Tau (red) and IL6 (yellow) in 
deconvoluted, stacked, 3D rendition of a neuron (note axonal IL6) from the brain of an LPS treated 
animal; the second image shows co-localization of Tau (red) and α-synuclein along the margin 
between the olfactory bulb and the cortex modeled as described above, while the third image 
demonstrates co-localization of TNF (red) and ubiquitin (yellow) in the endothelial cells of this 3D 
modeled vessel in the striatum. 
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a distinct population that need to be identified,
especially as to their role in chronic Parkinson’s 
diseases, such that they can become a therapeutic 
target. 
 
CONCLUSIONS 
Our results point to a gradual decline in cellular 
sustainability to the extent that subsequent 
assaults, illnesses, inflammatory problems, or 
even stress, reintroduces cells into their protective 
role, but a role that is inevitably overcome. This 
gradual decline describes why Parkinson’s disease 
is such a chronic illness [38] as only when all 
protective mechanisms have been overcome, does 
the dopaminergic neuron itself become the sole 
target for pro-inflammatory cytokines, protein 
aggregations and loss of a functional ubiquitin-
proteasome recycling pathway [39, 40]. This 
hypothesize has been noted previously by Del 
Tredici and Braak [41] as a “depletion of 
nigrostriatal projection”, and Halliday [42, 43] 
states that the chronic progression of the disease 
allows for some hope of tissue specific markers, 
markers that could be identified in an LPS animal 
model and, as Meredith et al. [44] reported, such 
models are probably better for the identification of 
preclinical, rather than clinical markers. 
 
ABBREVIATIONS 
LPS –  lipopolysaccharide bacterial endotoxin 
PD –  Parkinson’s disease 
IL-6 –  interleukin 6 
TNF –  Tumor necrosis factor alpha 
IL-10 –  interleukin 10 
IFN –  gamma interferon 
IL-1β –  interleukin 1-beta 
PBS –  Phosphate buffered saline 
GDNF –  glial cell line-derived neurotrophic factor
NOS –  nitric oxide synthase 
iNOS –  inducible nitric oxide synthase 
IL-4 –  interleukin 4 
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