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Abstract

Objective: We have previously shown changes in protein, immune cell, nitric oxide a neurotrophic factor content
and distribution in the olfactory bulb of an endotoxin-treated rat model, as all these factors have been shown to be
involved in neurodegeneration. We expanded our studies by fluorescently imaging smooth muscle actin and
endothelial nitric oxide synthase (eNOS), both markers of blood vessels, to investigate loss of vasculature content,
as well as imaging locations and quantities of immune cells. The work was performed to shed further light on
associations between vessel integrity and immune cell initiated endothelial disruption. Our goal was to demonstrate
that cytokine production, NOS induction and immune cell increases, are likely part of the process that leads to a loss
of olfaction and dopaminergic signaling and includes vascular perturbations.

Methods: Rats were sacrificed following lipopolysaccharide (LPS) treatment. Olfactory bulbs were harvested,
sectioned from top to bottom to include the tract and sensory neurons, and probed for markers of inflammation.
Inducible nitric oxide synthase (iNOS), neuronal nitric oxide synthase (nNOS), eNOS, interleukin-1 beta (IL-1β),
TNF-α, interleukin-6, glial cell derived neurotrophic factor (GDNF) and circulating nitric oxide (NO) were imaged
together with tagged macrophages, T-cells, B-cells and neutrophils.

Results: Serum NO levels indicated that an inflammatory episode had occurred, being significantly higher in
treated animals, with tissue levels of NOS elevated for an extended period of time. Immune cell clusters were seen
in a number of areas and the localization of NOS isomers suggests that they have divergent roles in
neurodegeneration. For instance, eNOS was associated with blood vessels, iNOS with glial and matrix cells and
nNOS with glial cells and neurons. T and B-cell numbers showed a sustained increase; neutrophil numbers rapidly
increased then returned to baseline levels; macrophage numbers increased and remained high; LAMP positive cell
numbers (NK-cells) increased and remained high; GDNF content increased; IL-6, TNF-α and IL-1β levels all rapidly
increased, before dropping to untreated levels, while circulating, NO levels increased dramatically. Of interest, the
images of vascular content, immune cell content, eNOS and smooth muscle actin, allowed us to show detrimental
interactions between cells, factors and vessels. Our data show that the majority of the vessels were intact, though
sections of interest were ‘extracted’ to reveal possible leaky areas. Specific sites of IL-6 positive lymphocyte
clustering were noted around vessels, suggesting that interactions are occurring that lead to disruptions of blood
vessel tunicae, allowing the internalization of circulating cells and subsequent cytokine-initiated endothelial cell
death.

Conclusion: Our findings suggest that protective GDNF and eNOS, which maintains vascular tone, are possibly
synthesized too late to combat cytokine initiated neuron damage, glial activation and chronic loss of vascular
integrity.
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Introduction
Many factors play a role in chronic neurodegeneration which leads

to Parkinson’s disease (PD), including inflammation [1], cytokine
syntheses and release [1], protein recycling-ubiquitination problems
[2], glial cell activation [3], loss of astrocyte support [4], neurotrophic
factors [2], nitric oxide synthase [5] and mitochondrial dysfunction
[2]. However, recent reports have shown that circulating cells [6] are

also involved in disease progression, which coupled with vascular
damage [7], points to both peripheral and innate factors and cell
involvement in the ensuing demise of neurons.

Vascular endothelial cells are thought to be damaged via
interactions with not only reactive oxygen species (ROS), but also with
increased cytokine concentrations, NO and LPS [8,9]. As multiple
factors have been reported associated with neurodegeneration, the
suggestion is that some have a role in loss of blood vessel integrity and
ensuing damage to the blood brain barrier (BBB). This ‘neurovascular
unit’ (endothelial cells, astrocytes, neurons, pericytes and matrix)
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[10-12]; is essential for the wellbeing of the brain and has become an
area of major research regarding its role in neurodegenerative diseases,
including a loss of tight junctions [13] and passage of toxic substances
and circulating cells into the brain itself [14]. Thus, the disease process
is multi-compartmentalized and requires therapies that do more than
target the loss of dopamine [15]. For instance, therapies are needed to
address functional alterations of the BBB in conjunction with
elucidating the role of circulating T helper and B lymphocytes and
alterations in leukocyte antigens. The immune system and associated
inflammation and blood vessel integrity changes thus require focused
research to elucidate new strategies [16].

Our studies have focused on the olfactory bulb as an early loss of
olfaction in Parkinson’s disease patients as a measurable change and
could be the starting point to elucidate both the initiation of
neurodegeneration and the subsequent chronic loss of neurons [17].
Therefore the ability of the olfactory bulb to maintain both vascular
integrity and a functioning BBB becomes even more important due to
intimate interactions with synaptic functions and α−synuclein [18]. As
previously reported by Maon et al, α−synuclein changes have been
reported as an early identifier of olfactory bulb and anterior olfactory
nucleus related problems protein transmission through neurological
and anatomic pathways [19].

Previous work in our lab has demonstrated the ‘toxicity’ of PD-CSF
[20] including, the presence of non-resident cells and cytokine
production in the olfactory bulb of an LPS rat model [21], specific
localizations of PD-associated proteins and cytokines in LPS treated
brain [22] and the induction of neurotrophins and nitric oxide [5]. We
therefore continued our studies to further understand the progression
of this chronic, debilitating disease, by correlating cytokine, protein
and neurotrophic factor concentrations and localizations, together
with immune cell numbers and a loss of vascular integrity. This focus
was partly due to recent research into vascular integrity and blood
vessel function during chronic inflammation [23-25]. Using
fluorescent tags and deconvolution imaging we examined vascular
content, vessel integrity and vessel types in images of LPS treated rat
olfactory bulbs and concluded that, by and large, vessels are overall
intact but with ‘suspect’ areas. These findings might indicate that even
though protective GDNF is produced and nitric oxide is released to
maintain vascular tone, subsequent inflammatory episodes are
increasingly challenging due to the first assault making repair and
rescue difficult due to a loss of BBB control, continuing increases in
cytokine levels and reductions in normal cellular abilities [5].

Materials and Methods

i. Sectioning and staining of tissues
Adult rat brains (300 g male Sprague Dawley), from saline injected

and LPS treated animals (i.v., 35 μg/kg), were removed and olfactory
bulbs separated, fixed, sectioned (12 μm 3) and probed with antibodies
and treated with secondary antibodies for deconvolution fluorescence
microscopy. Images were acquired in a stepwise process (0.1-0.25 μm
steps) following excision the guidelines of Paxinos and Watson [26].
The protocol for this work was approved by the animal welfare
committee (AWC-14-0148 Title: Long-Term Effects of LPS in Rats: A
Model of Neuro-Degenerative Disease).

ii. Imaging
Sections were mounted on 25 mm glass cover slips and fluorescently

probed for the three NOS isoforms, iNOS, nNOS and eNOS. Tissue
was rinsed with cold phosphate buffered saline (PBS) and fixed with
3.7% formaldehyde (1008B, Tousimis Research Corp., Rockville, MD).
Fixation was halted by 3 rinses with PBS at room temperature and
blocked with 10% goat serum, then incubated for 1 h at 37°C with
antibodies (1:100 to 1:1000 dilutions). Sections were further incubated
for 30 min at 37°C and rinsed 3 times with 0.05% Tween 20 in PBS
(TPBS). Nuclei and F-actin were stained with phalloidin (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 covered with one drop of anti-fade (Elvanol, DuPont,
Wilmington, DE, USA). Tissue sections were probed with antibodies
for glial cell derived neurotrophic factor (GDNF; sc-9010, Santa Cruz
Biotech, CA, USA) and lysosomal associated membrane protein
(LAMP-1; sc-19992; Santa Cruz Biotech, CD107a, a marker for
lymphocytic cells), a CD3 antibody (sc-20047, Santa Cruz Biotech; T-
cell marker), a CD20 antibody (Polyclonal B-Cell marker, sc 15361,
Santa Cruz; B-lymphocyte marker), a CD44 monoclonal neutrophil
marker (sc-9960, Santa Cruz Biotech) and a CD68 polyclonal
macrophage marker, (sc-9139, Santa Cruz Biotech). Secondary
fluorescent antibodies were purchased from Jackson ImmunoResearch
(West Grove, PA, USA). Fluorescence intensity measurements were
made using pixel counts of RGB deconvoluted images, as previously
described [22,27,28] and 3D reconstructions and rotations were made
[28]. NOS antibodies were from Abcam (Cambridge, MA, USA;
nNOS-ab5586, iNOS-ab3523; eNOS-M221).

iii. Deconvolution fluorescence microscopy
3D image reconstructions of NOS isoforms, actin and nuclei were

generated [5,21,29] and images were saved as TIFF files. Comparative
statistical analyses (one way ANOVA) of fluorescence densities (pixel
numbers) were made using Corel (Ottawa, Ontario, Canada) and
SigmaStat software (SPSS, Chicago, IL, USA).

iv. Circulating cytokine and nitric oxide level determinations
Blood samples from LPS treated and control animals were assayed

for plasma cytokines using a commercial, enzyme-linked
immunosorbent assay ELISA kit (R&D Systems, MN, USA). Plasma
NO levels were quantified by a modified chemiluminescence method
[30] using a Sievers NO analyzer 270B (GE Analytical, CO, USA).
Nitrite concentrations were quantified by comparing measured versus
sodium nitrate standards (20-400 pmol).

Results
Some of the results discussed are from previous reports, but are

crucial to constructing a global picture of what we believe is occurring
in the early stages of neurodegeneration and with vascular integrity.

Cytokine and immune cell content in olfactory bulb
Measurements of cytokine and immune cell content in the olfactory

bulb are shown in Figure 1. A rapid, and sustained, rise in T-cell, B-cell
and macrophage content, as well as small increases in the number of
neutrophils, were observed. IL-6 and TNF-α, which are frequently
associated with inflammation and cell death pathways, were increased
over the first 12 h post treatment and remained elevated for at least 48
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h (data not shown). The data indicate that an inflammatory episode
has taken place, and justifies this model for our studies and identifies
cytokines and cells involved in the process.

Figure 1: Changes in olfactory bulb levels of cytokines,
inflammation-associated cells and circulating nitric oxide levels,
during the first 12 h post-LPS treatment: Blue stars reveal that there
are significant increases (p<0.01) in cytokine levels and cell
number(s) when compared to time zero, with red stars denoting a
significant decrease (p<0.05) compared to zero time levels for
neutrophils and TNF-α (n=8; 8 controls and 8 treated; samples were
frozen as time dictated). Maximum level is the highest level
measured during the first 12 h post-treatment.

Imaging of immune cell content in olfactory bulb
Increases in immune cell numbers were noted as shown in low

magnification images (Figure 2), visualizing T cells, B cells and
macrophage numbers over the first 6 h. These findings suggest the peak
response time of the acute phase of the inflammation, when enough
GDNF is present to overcome at least some of the endotoxin assault,
cytokine-initiated cell death and glial cell activation [5]. Of note, is the
reduction in the number of macrophages and neutrophils after an
initial increase, while B-cell numbers remain high at 6 h and T-cell
content continues to increase. Figure 2 shows immune system cell
content in the olfactory bulb illustrated in the colored panels (all the
probes are visualized) and in black and white split screen images of
fluorescence of only the immune cell tag. The colored images contain
green f-actin, blue nuclei and red for the designated cell type (B-cells,
Macrophages, T-cells, and neutrophils, top to bottom.

Localization of immune cells using fluorescence imaging
Figure 3 shows representative images from olfactory bulb sections.

Saline-treated (Panels A-D) is compared to LPS-treated tissues (Panels
E-H), and focuses on the localization of cell types. Note in Panels A
and E the vessel-associated ‘cuff’ of T-cells, with increased numbers in
the treated sample (E). While in panels B and F, the white arrows point
to B-cells and neutrophils (Panels C and G) revealing a specificity of
being located along nuclei tracts. Macrophages are obviously increased
in treated v control (H v D) at 6 h, but do have a homogenous
distribution. The findings strongly implicate the interaction of T-cells

and vascular endothelium, as well as some the occurrence of some cell
death and/or the presence of non-resident as supported by the large
number of macrophages in the tissue.

Figure 2: Lymphocytic cell numbers following LPS-endotoxin
treatment over the first 6 h post treatment: The colored set of
images show fluorescence of f-actin (green), nuclei (blue) and cell-
specific tags as described in methods. Purple in individual images-
LAMP-1 marker for lymphocytic cells; CD3 antibody for T-cell
marker; CD20 antibody for B-lymphocytes; CD44 monoclonal
neutrophil marker; CD68 polyclonal marker for macrophages.

Figure 3: Localization of immune cells: Eight image figure of cell
geography with a focus on nucleus tracts and perivascular cuffs to
demonstrate vascular and cell specific interactions. Panels A thru D
are from saline-treated olfactory bulbs and E thru H are from LPS
treated LPS animals. A and E show T-cells, B and F shows B-cells, C
and G show neutrophils, D and H show macrophages (Mag. × 600).
Purple in individual images-LAMP-1 marker for lymphocytic cells;
CD3 antibody for T-cell marker; CD20 antibody for B-lymphocytes;
CD44 monoclonal neutrophil marker; CD68 polyclonal marker for
macrophages.

Images to detail comparison and quantification of vascular
content

Figure 4 compares two random sections (A-saline-treated, C-LPS
treated) to estimate vascular content by fluorescence pixel numbers.
Values show content using single channels from RGB images following
channel splitting. A count of 3 areas from each of 16 treated animal
olfactory bulb sections revealed no significant difference in vessel
content, specifically with eNOS (red tag; green=f-actin, blue=nuclei).
Similar results when smooth muscle actin was imaged. As an example
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of fluorescence imaging, Figure 5 shows an arteriole, once again with
factin (green), nuclei (blue) and smooth muscle actin (red). The yellow
and light greens are due to red and blue tags overlapping/merging,
while the small black and white images show the channels individually.
Note the capillary plexus formation above the main vessel. There is
thus a suggestion that angiogenesis has occurred, probably not due to
LPS treatment, and that loss of vasculature can be overcome for a short
period of time.

Figure 4: Fluorescent imaging of blood vessels: Comparison of two
sections (A-untreated, C-treated) probed for vascular content.
Images A and C show probes for f-actin (green), nuclei (blue) and
smooth muscle actin (red). Values are the content of smooth muscle
in split channel renditions. Pixel densities in white boxes reveal that
there are no significant difference in smooth muscle content in
olfactory bulb sections following LPS treatment (57 measurements
total were performed; Mag × 900).

Figure 5: Fluorescent image or arteriole and associated capillary
plexus: High power image to highlight an arteriole with f-actin
(green), nuclei (blue) and smooth muscle actin (red and yellow).
The yellow and light greens are due to red and blue tags together
(A). The three, smaller black and white images (a, b, c) show the
channels individually. Note the appearance of a capillary plexus
formation above the main vessel (Mag. × 1200).

High Power images to indicate possible endothelial
discontinuity

Figure 6 is an image of an arteriole from an LPS-treated olfactory
bulb, with a section shown at higher magnification to detail possible
areas of loss of integrity/structural damage. Panel A is at medium

power and Panel B is a selected area at higher power. Panel C is an
interesting observation of capillaries seeming to go to specific cells, not
all cells, while panel D is a black and white, embossed image that gives
a clearer rendition of what appears to be a discontinuous epithelium
(yellow arrows). The data points to the fact that there might be
leakiness in vessels, but whether this is due to LPS treatment, whether
this is an acute event, or whether this is a ‘natural’ phenomenal, cannot
be resolved.

Figure 6: Endothelial integrity and capillary supply: Image of an
arteriole from an LPS-treated olfactory bulb, tagged with a Texas
Red antibody to eNOS. A section has been cut out to detail possible
areas of loss of endothelial integrity and likely structural damage.
Image magnifications are shown in individual panels (Mag. × 900).

Discussion
Studies in our lab with cultured microglia, cultured astrocytes and

LPS-treated rats, have suggested that the chronic nature of idiopathic
PD might be due to a gradual process associated with protein folding,
increasing exposure to high cytokine levels, perivascular immune cell
invasion, a breached blood barrier and a loss of astrocyte adhesion, is
eventually overwhelmed. The LPS model has been used by us and
other researchers [31-33] being a naturally occurring substance, as
opposed to MPTP and rotenone for example, and has produced a
robust inflammatory response in the olfactory pathways. The
endotoxin model has also been shown to elicit effects in the olfactory
bulb, with subsequent loss of neuronal function leading to full-blown
degradation, which includes detrimental astrocyte function, reduced
phagocytosis and reduced neurotrophic factor (NGF, GDNF, BDNF)
synthesis and release.

While it is now accepted that PD is a results of an inflammatory
episode and subsequent microglia activation, increasing loss of
functioning dopaminergic neurons [34], synthesis and release of
multiple cytokines, accumulation of toxic substances, subcellular
organelle dysfunction and increased effects of invading cells, a loss of
BBB integrity, vascular endothelium integrity and astrocyte damage,
are strongly implicated in a continuing loss of protective abilities
[7,35-39].

Fluorescence imaging has yielded a more detailed insight into
explaining the unremitting progression to loss of function and quality
of life for the patient as well as for loved ones. Overall, our findings
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suggest the recognition of a potential time point from our work with
the olfactory bulb and the idea that loss of olfaction is an early-enough
marker in neurodegeneration to recognize that the initiation of
strategies which will overcome a continuing loss of cognitive abilities
will need to be considered and implemented [40-42].

Multiple ‘non-resident’ cell types are present in the olfactory bulb
and their number increases following LPS treatment, with co-
localization to specific areas and structures. These increases become
important in understanding the rapid events leading to cell destruction
and loss of normal function. For example, neutrophils which are
present in increasing numbers in the first 6 h post LPS treatment in
our experiments, are known to be both protective and damaging [36].
The same can be said for astrocytes, with ‘misplacement’ of the cells in
PD and Alzheimer’s disease and their release of deadly molecules [39].
Thus, protective cells can become harmful during inflammatory
episodes and, coupled with an influx of immune cells, causes
disruption of the BBB which is exacerbated by usually beneficial
astrocytes that are mechanistically altered and interact with invading
cells [37-40]. Indeed, our previous research has shown cuffs of T-cells
around vessels after endotoxin treatment, as well as ubiquitin and
TNFα in vascular endothelial cells, suggesting that perivascular
disruption occurs and that cells respond in both self-preservation and
destructive manners [5,43]. Previous results also indicated that
astrocytes, which are multi-functional glia cells and an integral part of
the BBB, synthesize peripherally localized α-synuclein, suggesting that
the protein has adhesive properties, and the adhesion is disrupted via
glial activation causing a loss of astrocytic support of vascular
endothelial cells and an ensuing, leaky BBB [20]. Imaging the
localizations of diverse immune cells as there is increasing evidence for
their involvement in neurodegeneration, loss of blood vessel integrity
and age-related problems [44,45], suggests roles for both circulating-
invading cells as well as resident cells.

In these experiments in our study, we did not find a decrease in
vasculature content after LPS treatment although there was some
evidence for loss of vessel integrity suggested by a lack of continuity of
the tagged smooth muscle and associated endothelium. Increases in
NOS isomers (not shown; Ref 5) suggested that they might each have a
different role in neurodegeneration. NOS induction, increased levels of
protective cytokines and GDNF synthesis, might be an adequate,
initial, group of protective mechanisms. However, with chronic
inflammation due to either a massive single event or repetitive/additive
episodes, the mechanisms are overcome, with ensuing, sustained
microglial activation, prolonged and continuous protein misfolding,
lasting damage to the BBB [27] and detrimental effects of previously
protective cytokines and immune cells. As Wyss-Coray and Mucke
[46] stated, “Even cytokines that likely fulfill primarily beneficial
functions when expressed during acute phases of wound repair can
have complex, including detrimental, effects if overexpressed for
prolonged period” and, “Altered expression of different inflammatory
factors can either promote or counteract neurodegenerative processes.
Since many inflammatory responses are beneficial, directing and
instructing the inflammatory machinery may be a better therapeutic
objective than suppressing it”. Loss of olfaction might be the time, and
the olfactory bulb could be the place, to realize that impending
neurodegeneration is at its acute stage, a stage that might respond to
immune manipulation, neuropeptide therapy and nitric oxide
regulation [47-49].
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