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Abstract: EAE (experimental autoimmune encephalomyelitis) is an established, inducible animal model employed in the study of
MS (multiple sclerosis) characterized by inflammation, BBB (blood brain barrier) malfunction, demyelination and neuronal
disruption. CRF (corticotropin releasing factor) is a neuropeptide critically associated with immune function, BBB permeability, and
the hypothalamic-pituitary-adrenal axis. Potential CRF targets in the brain include astrocytes, as well as endothelial cells of cerebral
microvessels, since they have been reported to express CRFR (CRF receptors). Further, both of these cell types function critically in
regulating BBB permeability. CRF-BP (CRF binding protein) is also expressed in both neurons and glial cells. Changes in the
cortical CRF system could be a contributing factor to the BBB disruption associated with MS/EAE and has been suggested to play a
protective role against cytokine-induced inflammation. The current study assessed alterations associated with the C57BL/6 mouse
model of EAE in the cortical CRF system and correlated these events with changes to the microvascular unit. Immunohistochemical
confocal microscopy was used to analyze the distribution of CRF, CRF-BP, and CRFR in the mouse cerebral cortex. The authors
observed a reduction in detectable CRF immunofluorescence in the EAE motor cortex, an increase in CRFBP immunoreactivity in
EAE astrocytes and a concurrent reduction in astrocytic CRFR immunofluorescence. Staining techniques were used to visualize
astrocytes/microvessels to document alterations in BBB integrity. Changes in the CRF system were associated with a modification of
the blood brain barrier as manifested by a poorly defined astrocytic barrier in EAE microvessels. Evidence suggests that
manipulation of CRF signaling pathways offers an intriguing target for interventional therapies designed to modify BBB permeability
that may be beneficial for treating disease states such as MS.
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1. Introduction (blood-brain barrier) permeability, and the endocrine
system. CRF acts as a neurohormone and has been
reported to be produced in the PVN (paraventricular
nucleus) of the hypothalamus, as well as, expressed in
other cells throughout the brain, including the cerebral
cortex with expression patterns displaying species
variability [4]. The releasable pool of CRF is known
to be stored in nerve terminals and can be detected
immunohistochemically [5]. CRF binds to G-protein
coupled receptors CRF-R1/CRF-R2 and stimulates
increases in CAMP levels [6]. These receptors have
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The authors’ preliminary findings suggest that
GABAergic function in NAGM (normal appearing
grey matter) from MS motor cortex is compromised
[1]. Specifically, a subset of GABAergic inhibitory
interneurons are selectively affected, particularly those
identified as expressing the calcium binding protein
parvalbumin [2]. This type of interneuron has also
been shown to co-localize CRF [3], a neuropeptide
critically associated with immune function, BBB
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network excitability [7]. In addition, CRF receptors
have been localized to astrocytes [8] and other cells
that are integral to BBB integrity [9, 10]. CRF has
anxiolytic effects in the frontal cortex, inhibits
exploratory/locomotor activity and inhibits excitatory
synaptic transmission [11]. Acute emotional responses
and a potential link to human affective disorder have
been associated with overactive CRF systems [12].
CRF binds to a 37 kDa binding protein which has
been linked with inhibition of CRF endocrine activity.
The CRF-BP is expressed in neurons and glia and the
ratio of free to bound CRF critically regulates receptor
binding availability [13]. CRF-BP is stored in
secretory granules, released upon stimulation in
cortical neurons [14] and can be
immunohistochemically ~ detected. = CRF-induced
increases in cortisol release have been linked to
decreases in BBB permeability [15], while others have
suggested that CRF directly protects against an
impaired BBB [16, 17]. Interestingly, CRF mRNA is
reduced during peak clinical signs in EAE [18]. CRF
may impact disease progression via modification of
the BBB by direct effects on mast cells [19],
astrocytes, macrophages [20] and microglia [21].
However, to date no studies have investigated the link
between cortical CRF immunoreactivity and its
association with BBB functionality. This may prove to
be an important mechanism associated with
inflammatory-mediated CNS dysfunction. The aim of
the current study was to use immunohistochemical
techniques to analyze the motor cortex CRF system in
EAE mice including analyzing CRF, CRF-BP, and
CRF receptor localization within astrocytes and
correlate these changes with alterations in the blood
brain barrier.

2. Materials and Methods
2.1 Animals

Brains frozen on dry ice from animals with
experimentally induced autoimmune
encephalomyelitis and control animals were kindly

provided by Dr. Yong from the University of Calgary
using established protocols described elsewhere [22].
All experimental procedures were approved by the
Animal Care Committee of the University of Calgary
and strictly conformed to guidelines established by the
Canadian Council on Animal Care. Briefly, 8 weeks
old C57BL/6 mice (Charles River, Montreal, QC)
were subcutaneously injected with 50 ug MOGgs.ss in
CFA (Complete Freund’s Adjuvant) and pertussis
toxin was injected intraperitoneally on days 0 and 2.
Control animals received saline injections of CFA
instead of MOG as well as the pertussis toxin days 0
and 2. This method produces a monophasic disease,
with a peak clinical severity (paralysis of tail and hind
limbs, and paresis of fore-limbs) at around day 16
following MOG immunization, plus a long-lasting
paresis of both tail and limbs for months thereafter. All
animals used were from the same experiment at peak
clinical severity and sacrificed on days 16-19 after
MOG immunization. EAE and control tissue for the
current and unrelated experiments were removed, shap
frozen in Dr. Yong’s lab and transported on dry ice to
Kent State University. Tissue was not immediately
fixed at the University of Calgary since samples were
used for a variety of experiments including those
incompatible with fixation. Five control and five EAE
brains from animals with disability scores of 4 using
the following scale were analyzed; (1) flaccid tail; (2)
moderate hind-limp paralysis; (3) complete hind-limp
paralysis; (4) forelimb paralysis; (5) death.

2.2 Tissue Processing

Frozen brains were fixed in 4% paraformaldehyde
in PBS for 48 h, after which they were placed in PBS
and stored at 4 °C in PBS until slicing. Frozen brains
were fully intact prior to fixation with no observable
effects on tissue integrity. Furthermore, any effects
would be similarly apparent in both control and EAE
brains permitting relevant comparisons between the
samples. Sectioning was completed within 4 days of
placing in PBS, and media replaced with fresh buffer
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after the first 24 h. Individual brains were sliced on a
media cooled vibratome at a thickness of 100 microns
and stored in PBS multi-well dishes at 4 °C until used
for the staining procedure.

2.3 Staining and Analysis

Eight adjacent slices per animal were used in the
current study that contained similar regions of the
motor cortex for each experiment. Tissue was
immunofluorescently processed to stain for astrocytes
using GFAP (glial fibrillary acidic protein),
microvessels using IGG (immuno gamma globulin),
and CRF, CRFR1/2 or CRF-BP using appropriate
antibodies. Slices 1 and 4 were stained for CRF, 2 and
5 were stained for CRFR1/2, 3 and 6 were stained for
CRF-BP, slice 7 was stained for anti-factor VIII
(AFVII, or von Willebrand Factor) to label
endothelial cells, slice 8 was stained for mouse 1GG.
The procedure utilized dual (CRF, CRFR1/2,
CRF-BP) and single (GFAP, Mouse-IGG,
Anti-factor-VII1) antibody labeling procedures. Rabbit
polyclonal anti-CRF, CRFR1/2 and CRF-BP (Santa
Cruz Biotechnology, Santa Cruz, CA) were used at a
concentration of 1:50 in PBS, 3% donkey serum and
0.5% Triton-X and slices incubated for 3 days at 4 °C
in one of the 3 antibodies. After 3 x 15 min washes in
PBS, slices 1-6 were incubated in Topro3 iodide
(1:1000, Invitrogen, Carlsbad, California), donkey
anti-rabbit alexa fluor 488 (1:200, Invitrogen,
Carlsbad, California) and mouse anti-human
GFAP-CY3 (1:500, Sigma, St. Louis, MO.) in PBS
for 48 h. Slice 7 was incubated in donkey antibody to
AFVIIl  FITC conjugated (1:100, ABCAM
Cambridge, MA) and mouse anti-human GFAP-CY3
(1:500, Sigma, St. Louis, MO.) in PBS for 48 h. Slice
8 was incubated in donkey anti-mouse alexa fluor 633
(1:200, Invitrogen, Carlsbad, California). After 3 x 15
min washes, sections were dried on charged slides and
coverslipped with Vectashield antifading mounting
media (Vector Laboratories, Burlingame, CA).
Non-specific binding was assessed using the staining

procedures outlined above omitting the primary
antibody (where applicable) confirming that the dual
antibody procedure was required, labeling known
constituents and not causing significant background
staining. In addition, fluorescently stained structures
displayed morphological characteristics congruent
with those reported in the literature. Imaging was
performed with an Olympus laser scanning confocal
microscope and associated Fluoview software
(Olympus America, Melville, NY) equipped with 3
laser lines. Signals acquired from each fluorophore
were sequentially scanned to prevent any bleed
through from adjacent channels. All image data stacks
were acquired using sequential confocal scanning in
order to prevent fluorescent channel bleed-through
and analyzed using ImageJ (NIH, Bethesda, MD).

3. Results and Analysis

Images acquired from the motor cortex were
summed along the z-axis using ImageJ’s projection
algorithm assessed for fluorescence signal intensity
and samples statistically compared. Data was analyzed
using ImageJ and in house software for visualizations.
CRF, CRF-BP and CRFR intensity was acquired from
each sample and compared across subjects. Five
astrocytes from each slice were individually scanned
and the amount of CRF, CRF-BP and CRFR
co-localization analyzed. Five microvessel segments
were scanned from the anti-factor VIII stained slices
per animal and used to analyze the structure of the
blood brain barrier (a total of 50 segments from all
animals).

Statistics: Normal distribution of data was verified
and data analyzed using ANOVA, and a P value of <
0.05 considered statistically significant.

Native immune gamma globulin immunoreactivity
was compared between EAE and control motor cortex
to provide evidence for a disruption of the blood brain
barrier associated with EAE and an activated immune
system. Control animals displayed significantly less
IgG immunofluorescence as compared to EAE tissue
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slices (Fig. 1). The increased staining observed with
the anti-mouse IgG in EAE animals was associated
with a profound increase in staining (as measured by
average cortical intensity) within and around motor
cortex microvessels (Fig. 1) indicating the presence of
significantly increased native antibody molecules in
the EAE brain.

Adjacent brain slices within the motor cortex were
also stained for Anti-factor VI  (AFVIII)
immunoreativity in order to assess the impact of EAE
on the state of microvessel endothelial cells. AFVIII
immunoreactivity was confined to a subpopulation of
microvessels and displayed a punctate appearance.
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Fig. 1 The integrity of the blood brain barrier. In order to assess the integrity

Cortical sections from EAE animals displayed a
significant  increase the  number  of
immunoreactive-labeled microvessels compared to
controls. Detectable microvessel segments were
analyzed for fluorescence and an increase in intensity
was observed in EAE motor cortex (Fig. 2).
Accompanying the increase in AFVIII staining
intensity was a change in microvessel staining
patterns. In control animals, the distribution of AFVIII
staining in the brain appeared to be confined within
the endothelial cells of the vessel wall that maintained

in

immunogammaglobulins in the brain was analyzed using a rabbit anti-mouse fluorescently conjugated antibody to directly
visualize native IGG’s within the brain. EAE brains displayed a profound and significant increase in cortical fluorescent
staining in and around microvessels in the motor cortex. This clearly demonstrates the breakdown of the blood brain barrier

associated with EAE onset.

2 Significant at P < 0.05, data represented as mean = SEM from 5 control /5 EAE animals.
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Fig. 2 Control and EAE brains immunofluorescently stained for AFVIII and GFAP to analyze the blood brain barrier. EAE

was associated with an increase in detectable AFVIII positive micro vessels (A, B), as well as an increase in AFVIII staining
intensity in positive vessels (C). Data analyzed from 5 microvessel segments per animal with 5 control and 5 EAE animals per

group.
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¥k Significant at P < 0.05, Significant at P < 0.05, data is represented as mean + SEM from 50 micro vessel segments.

close approximation with the astrocytic endfeet
surrounding wall of the microvessels. Brain slices
from EAE animals displayed a more diffuse staining
pattern that suggests that the relationship between
endothelial cells and astrocytes are modified
potentially due to more loosely associated astrocytic
processes within the microvessel wall and/or changes
in microvessel size (Fig. 3). In order to quantitate this
observed difference, the extent (width) of AFVIII
immunofluorescence was measured using ImageJ’s
measuring tool divided by the width of the GFAP
vessel staining. The calculated AFVIII/GFAP width
ratio was significantly different between control and
EAE groups (Fig. 3).

Along with the changes in cortical capillary
integrity, brains from EAE mice exhibited significant
decreases in CRF levels in the motor cortex when
compared to controls without any concomitant
alterations in the global immunofluorescence signal
intensity for CRFR or CRFBP (Fig. 4).

In order to investigate if the CRF system of specific
cellular subtypes was differentially affected, we

CONTROL
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analyzed astrocytes from the motor cortex in control
and EAE mice. Multichannel fluorescence data
staining astrocytes (GFAP) and CRFR or CRFBP
were analyzed for co-localization (including a total of
100 astrocytes, 50 CRFR stained and 50 CRFBP
stained). GFAP staining elucidated astrocyte cell
bodies and extensive branching patterns, and the
CRFR and CRFBP displayed a punctate appearance
(Fig. 5).

Z-projected confocal stacks containing the scanned
astrocytes were digitally circumscribed to ensure only
single cells were analyzed and a threshold operation
used to create an image mask. The thresholded image
mask was used to clip the CRFR/CRFBP images and
pixels within the unclipped region were summed. This
technique measures the amount of fluorescent stain
collected from within individual astrocytes. Analysis
of these images revealed that induction of EAE
resulted in a significant increase in CRFBP
immunostaining and a coincident reduction in CRFR
immunofluorescence in astrocytes within the motor
cortex (Fig. 6).
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Fig. 3 Control and EAE brain microvessels were characterized by different AFVIII staining patterns. (A) Summed confocal
image stacks displaying AFVII11 (red) and GFAP (green) staining. Control microvessel AFVI11 staining was limited to central
regions and clearly outlined by astrocytic processes. EAE animals displayed more diffuse AFVII1 immunofluorescence with a
less defined astrocytic barrier. (B) The width of AFVIII to GFAP staining ratio was analyzed to quantitate the differential
staining patterns and was significantly higher in EAE brains compared to controls.

3 Significant at P < 0.01, data is represented as mean + SEM and collected from 2 width ratio measurements from 25 control and
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25 EAE microvessel segments.
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Fig. 4 Quantitation of CRF, CRF-BP, and CRFR immunofluorescence in all cortical cell types. EAE and control tissue
sections spanning all layers of the motor cortex were fluorescently stained for CRF, CRF-R and CRF-BP. In the above
figures controls are blue and EAE data is red, with mean values for each group displayed (bars; £ SEM). The data indicates
that EAE is associated with a significant reduction in cortical CRF immunostaining profiles, which is accompanied with no
changes in CRFR or CRF-BP immunofluorescence.

3 Significant at P < 0.05, data collected from 5 control and 5 EAE mice.

Fig. 5 Imaging the cortical CRF system in astrocytes. The images above are representative z-projected confocal image
stacks from control and EAE motor cortex. The tissue was stained for GFAP (first column), CRFR (second column) and
DNA (topro-3 iodide third column).

Astrocyte size was also analyzed to ensure that metric the percentage of pixels occupied by the
differences in GFAP staining did not contribute to the thresholded astrocyte was measured (Fig. 7). This
observed differences in astrocytic CRFR/CRFBP analysis indicated that there were no significant
immunofluorescence. Using Image J’s Area Fraction differences in the size of analyzed astrocytes, and that
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this did not contribute to the observed significant
differences in CRFR/CRFBP immunostaining.
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Fig. 6 Quantitation of CRF-BP and CRFR immunofluorescence colocalized to astrocytes. EAE and control tissue sections
spanning the motor cortex were fluorescently stained for GFAP, CRF-R and CRF-BP. In the above figures controls are blue
and EAE data is red, with mean values for each group displayed (bars; + SEM). The data indicates that EAE is associated
with a significant reduction in astrocyte CRFR profiles, which was accompanied with an increase in CRF-BP
immunofluorescence. 10 astrocytes per animal were imaged and analyzed for either CRFR or CRFBP immunofluorescence,

totaling 50 CRFR and 50 CRFBP stained astrocytes.

¥ Significant at P < 0.05, data collected from 5 control and 5 EAE animals.
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Fig. 7 Astrocytic size did not differ between groups. The
EAE and Control astrocytes from motor cortex were
immunofluorescently stained with GFAP and used to
analyze CRFR and CRFBP levels were analyzed for size.
The area fraction indicates the amount of the image
occupied by the thresholded astrocyte. No significant
differences were observed between EAE/control astrocyte
area fraction.

Data from 50 control and 50 EAE astrocytes and represented as
mean = SEM.

4. Discussion

The authors propose that EAE is associated with a
modification of the cortical CRF system correlating
with immunoreactive and structural changes in the
blood brain barrier at the level of the endothelial cell
and astrocyte. Motor cortex from mice with disability
scores of 4 were selected at peak clinical severity for
direct comparisons to our existing studies in
human/mouse motor cortex and maximize chances of
detecting cortical disruption. We detected a significant
reduction in cortical immunoreactive CRF staining
compared to controls. This is consistent with previous
reports demonstrating reductions in CRF mRNA in
the hypothalamic PVN during peak clinical signs [18],
when glucocorticoids are high. This is a potentially
important relationship, since glucocorticoid induced
negative feedback may underlie the reductions in
cortical CRF observed in the current study. However,
it is also known that the nature of GC feedback on
CRF producing cells is region specific and can be
stimulatory or inhibitory [23]. In any event, a subset
of cortical inhibitory interneurons express CRF and it
is released as a neuromodulator increasing excitability
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in pyramidal cells [7]. CRF release requires high
neuronal activity and possibly sustained elevations in
intracellular calcium® and perturbations in calcium
levels in both EAE and MS are apparent [24]. Further,
calcium channel blockers ameliorate symptoms in
mouse models of multiple sclerosis [25] and blockade
of receptor mediated calcium toxicity s
neuroprotective in EAE [26]. In addition, the authors
have reported reductions in calcium binding protein
(parvalbumin) interneurons in MS motor cortex [2].
These data may indicate that increases in intracellular
calcium associated with EAE causes increased release
of CRF from motor cortex interneurons with a
concurrent reduction in releaseable intracellular pools
of CRF reducing detectable immunoreactivity.

Changes in CRF were not definitively localized to
neurons, may represent changes in multiple cell types,
and it is unknown if changes were caused by increased
release or reduced production. We observed
significant decreases in CRF receptor expression and
increases in CRF binding protein in areas coincident
with the cerebral microvasculature and localized to
astrocytes in EAE motor cortex. Changes in astrocytic
structures consistent with endfeet were also adjacent
to AFVIll-expressing microvessels.  Astrocytes
displayed increased CRFBP and reduced CRFR
immunoreactivity as analyzed by GFAP/CRFR or
GFAP/CRFBP co-localization. This difference was
not due to changes in astrocytic size since the area
fraction between control/eae astrocytes did not differ.
Astrocytes express CRF-BP mRNA [27, 28], CRFR1
[29] and are CRF targets [21]. Alterations in CRF-BP
and CRF receptor expression may play a role in
inflammatory disease, and CRF targeted astrocytes (as
well as microglia) participate in inflammatory
responses [21].

The reason for the changes in CRF-BP and CRFR is
unclear but it is possible that changes in CRF and
CRFBP levels in the vicinity of analyzed astrocytes
resulted in changes in receptor expression and CRF
signaling. CRFR expression is CRF controlled.

Konishi et al., [20] demonstrated that cultured
hypothalamic neurons increased CRFR1 mRNA
expression after CRF treatment, while Pozzoli et al
[31] reported reduced CRFR1 mRNA in pituitary
cultures after treatment. The current results are the
first to correlate simultaneous reduction in both
cortical CRF and its receptor in astrocytes.

Increased BBB permeability is a hallmark of
MS/EAE that frequently precedes clinical signs, in the
current study changes in the CRF system were
accompanied by modified endothelial cell staining and
structural differences in the BBB. An increased
thickness of endothelial cell staining compared to
microvascular width was apparent. Increased
endothelial width was associated with a less defined
astrocytic barrier surrounding the ECs indicating a
disruption of the BBB, and a modification of EC
structure in EAE animals. EAE microvessel ECs also
displayed an increase in the extent of AFVIII staining
compared to GFAP staining when compared to
controls. The expression of Anti factor VIII (von
Willebrand factor), a glycoprotein important in
platelet adhesion [32], is increased in EAE spinal
cords [33]. AFVIII is synthesized and stored in
secretory  granules  following  exposure to
inflammatory mediators [34] suggesting a role in
inflammation and is an adhesive surface that binds
leukocytes combining critical steps in recruitment
[35]. Increased AFVIII could augment brain monocyte
infiltration, a hallmark of both MS and EAE lesions.
In MS, enhanced leukocyte migration across
endothelial cells is observed [29] and monocyte
infiltration into the CNS is detectable in both MS and
EAE. Increases in detectable AFVIII staining in EAE
associated with structural changes in the blood brain
barrier are consistent with studies showing that
AFVIII release from ECs, the formation of endothelial
fenestrations, and increased venular permeability
contribute to increases in BBB permeability in MS
[36-38].

The authors’ data are consistent with studies
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demonstrating disruptions of BBB astrocytes as well
as EC’s in inflammatory diseases. Astrocytes and the
blood brain barrier are dramatically modified during
MS and EAE, and changes in CRF signaling could be
a major contributing factor that causes the observed
alterations. It has been proposed that CRF signaling in
the brain plays an important role in BBB integrity.
Astrocytes, and EC’s function in regulating BBB
permeability [39] and known to express CRF
receptors. Changes in cortical CRF could contribute to
increased BBB infiltrate trafficking due to greater
microvessel permeability and augmented
inflammatory cytokine signaling. We observed that
changes in the CRF signaling axis coincide with
significant changes in microvascular structure.
Following recovery from EAE, levels of CRF return
to normal and signs of disability disappear [18]. This
occurs in response to many changes in the mice,
however, one potential mechanism may include
re-establishment of BBB integrity via CRF signaling.
Similar hypotheses have been suggested in MS. It has
been shown that the number of cells expressing CRF
immunoreactivity increases with disease duration in
the MS hypothalamus and that this response
represents a potential mechanism to protect against
future inflammatory attacks [40, 41].

5. Conclusions

The current study indicates reduced
immunodetectable CRF in the EAE motor cortex.
Deficits in brain CRF content are associated with
several neurodegenerative  disorders  (including
Alzheimer’s, Huntington’s and Parkinson’s disease
[6]). However, CRF may contribute to the peripheral
inflammatory effects of autoimmune disorders. EAE
and MS are both characterized by auto-immune and
neuro-degenerative components and as such could be
impacted by a combination of alterations to different
CRF pools (central vs. peripheral). In conclusion,
EAE is associated with a modification of the cortical
CRF system manifested in reductions of detectable

total motor cortex CRF content, reductions in
astrocytic CRF receptors and a co-incident increase in
CRF-BP. EAE was associated with structural changes
in the blood brain barrier that may be causally related
to the observed changes in the CRF system. Future
studies will be needed to isolate the specific cause of
the changes in astrocyte CRFR/BP but it is likely that
these changes occurred due to local increases in CRF.
Further, CRF signaling is a component of the complex
cellular crosstalk that occurs in MS and EAE resulting
in BBB breakdown, cellular infiltration and ultimately
disease  progression. Evidence suggests that
manipulation of these pathways offers an intriguing
area for interventional therapies designed to modify
BBB permeability that may not only be beneficial for
treating disease states such but also for temporarily
allowing pharmacological access to the brain for drug
delivery into central regions.

Acknowledgments

The authors would like to kindly acknowledge Dr.
Wee Yong from the University of Calgary for kindly
providing control and diseased mouse tissue.

References

[1] R. Dutta, J. McDonough, X. Yin, J. Peterson, A. Chang,
T. Torres, et al., Mitochondrial dysfunction as a cause of
axonal degeneration in multiple sclerosis patients, Ann.
Neurol. 59 (3) (2006) 478-489.

[21 RJ. Clements, J. McDonough, E.J. Freeman,
Parvalbumin and calretinin immunoreactive interneurons
in motor cortex from multiple sclerosis post-mortem
tissue, Experimental Brain Research 187 (3) (2008)
459-465.

[3] X. Yan, T.Z. Baram, A. Gerth, L. Schultz, C.E. Ribak,
Co-localization of corticotrophin-releasing hormone with
glutamate decarboxylase and calcium-binding proteins in
infant rat neocortical interneurons, Exp. Brain Res. 123
(1998) 334-340.

[4] B.G. Charlton, I.N. Ferrier, R.H. Perry, Distribution of
corticotropin-releasing factor-like immunoreactivity in
human brain, Neuropeptides 10 (4) (1987) 329-334.

[5] M.S. Cratty, D.L. Birkle, Depolarization-induced release
of CRF (corticotropin-releasing factor) in primary
neuronal cultures of the amygdala, Neuropeptides 26 (2)
(1994) 113-121.



304

(6]

(7]

(8]

(9]

(10]

(11]

(12]

[13]

[14]

[15]

[16]

[17]

Experimental Autoimmune Encephalomyelitis (EAE), Corticotropin-Releasing
Factor and the Blood Brain Barrier

E.B. De Souza, Corticotropin-releasing factor receptors:
Physiology, pharmacology, biochemistry and role in
central nervous system and immune disorders,
Psychoneuroendocrinology 20 (8) (1995) 789-8109.

T. Gallopin, H. Geoffroy, J. Rossier, B. Lambolex,
Cortical sources of CRF, NKB, and CCK and their effects
on pyramidal cells in the neocortex, Cerebral Cortex 16
(2006) 1440-1452.

L.P. Kapcala, J.A. Dicke, Brain corticotropin-releasing
hormone receptors on neurons and astrocytes, Brain
Research 589 (1992) 143-148.

J. Cao, N. Papadopoulou, D. Kempuraj, W.S. Boucher,
K. Sugimoto, C.L. Cetrulo, et al., Human mast cells
express CRH (corticotropin-releasing hormone) receptors
and CRH leads to selective secretion of vascular
endothelial growth factor, The Journal of Immunology
174 (2005) 7665-7675.

P. Esposito, S. Basu, R. Letourneau, S. Jacobsen, T.C.
Theoharides, CRF (corticotropin-releasing factor) can
directly affect brain microvessel endothelial cells, Brain
Research 968 (2003) 192-198.

B. Zieba, M. Grzegorzewska, P. Branski , H. Domin, J.M.
Wieronska, G. Hess, et al., The behavioural and
electrophysiological effects of CRF in rat frontal cortex,
Neuropeptides 42 (5-6) (2008) 513-523.

A. Contarino, S.C. Heinrichs, L.H. Gold, Understanding
corticotropin releasing factor neurobiology: Contributions
from mutant mice, Neuropeptides 33 (1) (1999) 1-12.
D.P. Behan, O. Khongsaly, M.J. Owens, H.D. Chung,
C.B. Nemeroff, E.B. De Souza, CRF
(corticotropin-releasing factor), CRF-BP (CRF-binding
protein), CRF/CRF-BP complex in Alzheimer’s disease
and control postmortem human brain, Journal of
Neurochemistry 68 (1997) 2053-2060.

E.H. Blanco, J.P. Zufiiga, M.E. Andrés, A.R. Alvarez, K.
Gysling, Corticotropin-releasing factor binding protein
enters the regulated secretory pathway in neuroendocrine
cells and cortical neurons, Neuropeptides 45 (4) (2011)
273-279.

B.S. Stonestreet, K.H. Petersson, G.B. Sadowska, K.D.
Pettigrew, C.S. Patlak, Antenatal steroids decrease
blood-brain barrier permeability in the ovine fetus, Am. J.
Physiol. 276 (2 Pt 2) (1999) 283-289.

J.B. Long, JW. Holoday, Blood-brain barrier,
endogenous modulation by adrenal cortical function,
Science 227 (1985) 1580-1583.

S. Poliak, F. Mor, P. Conlon, T. Wong, N. Ling, J. Rivier,
et al., The neuropeptides corticotropin-releasing factor
and urocortin suppress encephalomyelitis via effects on
both the hypothalamic-pituitary-adrenal axis and the
immune system, The Journal of Immunology 158 (1997)
5751-5756.

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

M.S. Harbuz, J.P. Leonard, S.L. Lightman, M.L. Cuzner,
Changes in hypothalamic corticrotrophin-releasing factor
and anterior pituitary pro-opiomelanocortin  mRNA
during the course of experimental allergic
encephalomyelitis, Journal of Neuroimmunology 45
(1993) 127-132.

T.C. Theoharides, A.D. Konstantinidou.
Corticotropin-releasing hormone and the
blood-brain-barrier, Frontiers in Bioscience 12 (2007)
1615-1628.

S. Agelaki, C. Tsatsanis, A. Gravanis, A.N. Margioris,
Corticotropin-releasing hormone augments
proinflammatory cytokine production from macrophages
in vitro and in lipopolysaccharide-induced endotoxin
shock in mice, Infection and Immunity 70 (11) (2002)
6068-6074.

S.L. Stevens, E.S. Shaw, E. Dykhuizen, N.S. Lessov, J.K.
Hill, W. Wurst, et al.,, Reduced cerebral injury in
CRH-R1 deficient mice after focal ischemia: A potential
link to microglia and astrocytes that express CRH-R1,
Journal of Cerebral Blood Flow and Metabolism 23
(2003) 1151-1159.

A.G. Dasilva, V.W. Yong, Expression and regulation of
matrix metalloproteinase-12 in experimental autoimmune
encephalomyelitis and by bone marrow derived
macrophages in vitro, J. Neuroimmunol. 199 (2008)
24-34.

M. Yao, J. Schulkin, R.J. Denver, Evolutionarily
conserved glucocorticoid regulation of
corticotropin-releasing factor expression, Endocrinology
149 (5) (2008) 2352-2360.

G. Zundorf, G. Reiser, Calcium dysregulation and
homeostasis of neural calcium in the molecular
mechanisms of neurodegenerative disease provide
multiple targets for neuroprotection, Antioxid. Redox
Signal 14 (2011) 1275-1288.

E. Brand-Schieber, P. Werner, Calcium channel blockers
ameliorate disease in a mouse model of multiple sclerosis,
Exp. Neurol. 189 (2004) 5-9.

C. Matute, I. Torre, F. Perez-Cerda, A. Perez-Samartin,
E. Alberdi, E. Etxebarria, et al., P2X7 receptor blockade
prevents ATP excitotoxicity in oligodendrocytes and
ameliorates experimental autoimmune encephalmyelitis,
J. of Neuroscience 27 (35) (2001) 9525-9533.

SJ.  McClennen, A.F. Seasholtz, Transcriptional
regulation of corticotropin-releasing hormone-binding
protein  gene expression in astrocyte cultures,
Endocrinology 140 (9) (1999) 4095.

D.P. Behan, D. Maciejewski, D. Chalmers, E.B. De
Souza, CRF-BP (corticotropin releasing factor binding
protein) is expressed in neuronal and astrocytic cells,



[29]

[30]

[31]

[32]

[33]

[34]

[35]

Experimental Autoimmune Encephalomyelitis (EAE), Corticotropin-Releasing

305

Factor and the Blood Brain Barrier

Brain Research 698 (1995) 259-264.

A. Minigar, J.S. Alexander, Blood-brain barrier
disruption in multiple sclerosis, Multiple Sclerosis 9
(2003) 540-549.

S.I. Konishi, Y. Kasagi, H. Katsumata, S. Minami, T.
Imaki, Regulation of CRF (corticotropin-releasing factor)
type-1 receptor gene expression by CRF in the
hypothalamus, Endocrine Journal (1) (2003) 21-36.

G. Pozzoli, L.M. Bilezikjian, M.H. Perrin, A.L. Blount,
W.W. Vale, CRF (corticotropin-releasing factor) and
glucocorticoids modulate the expression of type 1 CRF
receptor messenger ribonucleic acid in rat anterior
pituitary cell cultures, Endocrinology 137 (1) (1996)
65-71.

B.Q. Zhao, A.K. Chauhan, M. Canault, 1.S. Patten, J.J.
Yang, M. Dockal, et al., Von Willebrand factor-cleaving
protease ADAMTS13 reduce ischemic brain injury in
experimental stroke, Blood 114 (2009) 3329-3334.

S. Sinha, S. Subramanian, T.M. Proctor, L.J. Kaler, M.
Grafe, R. Dahan, et al., A promising therapeutic approach
for multiple sclerosis: Recombinant T-cell receptor
ligands modulate experimental autoimmune
encephalomyelitis by reducing interleukin-17 production
and inhibiting migration of encephalitogenic cells into the
CNS, The Journal of Neuroscience 27 (46) (2007)
12531-12539.

R. Noubade, R. del Rio, B. McElvany, J.F. Zachary, J.M.
Millward, D.D. Wagner, et al., Von-willebrand factor
influences blood brain barrier permeability and brain
inflammation in experimental allergic encephalomyelitis,
Am. J. Pathol. 173 (2008) 892-900.

R. Pendu, V. Terraube, O.D. Christophe, C.G. Gahmberg,
P.G. de Groot, P.J. Lenting, et al., P-selectin glycoprotein

(36]

[37]

(38]

(39]

[40]

[41]

ligand 1 and #2-integrins cooperate in the adhesion of
leukocytes to vonWillebrand factor, Blood 108 (2006)
3746-3752.

T.A. Brock, H.F. Dvorak, D.R. Senger, Tumor-secreted
vascular permeability factor increases cytosolic Ca* and
von Willebrand factor release in human endothelial cells,
Am. J. Path. 138 (1991) 213-221.

A.T. Argaw, Y. Zhang, B.J. Snyder, M.L. Zhao, N. Kopp,
S.C. Lee, et al.,, IL-1beta regulates blood-brain barrier
permeability via reactivation of the hypoxia-angiogenesis
program, J. Immunol. 177 (2006) 5574-5584.

W.G. Roberts, G.E. Palade, Increased microvascular
permeability and endothelial fenestration induced by
vascular endothelial growth factor, Journal of Cell
Science 108 (1995) 2369-2379.

N.J. Abbot, Astrocyte-endothelial interactions and blood
brain barrier permeability, J. Anat. 200 (6) (2002)
629-638.

Z.A. Erkut, M.A. Hofman, R. Ravid, D.F. Swaab,
Increased activity of hypothalamic
corticotrophin-releasing hormone neurons in multiple
sclerosis, Journal of Neuroimmun 62 (1995) 27-33.

J.S. Purba, F.C. Raadsheer, M.A. Hofman, R. Ravid, C.H.
Polman, W. Kamphorst, et al., Increased number of
corticotropin-releasing hormone expressing neurons in
the hypothalamic paraventricular nucleus of patients
with multiple sclerosis, Neuroendocrinology 62 (1995)
62-70.



