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Interleukin-18 (IL-1) expression is associated with a
spectrum of neuroinflammatory processes related to
chronic neurodegenerative diseases. The single-bolus
microinjection of IL-1 into the central nervous system
(CNS) parenchyma gives rise to delayed and localized
neutrophil recruitment, transient blood-brain barrier
(BBB) breakdown, but no overt damage to CNS integ-
rity. However, acute microinjections of IL-1 do not
mimic the chronic IL-1 expression, which is a feature
of many CNS diseases. To investigate the response of
the CNS to chronic IL-1 expression, we injected a
recombinant adenovirus expressing IL-1 into the stri-
atum. At the peak of IL-1 expression (days 8 and 14
post-injection), there was a marked recruitment of
neutrophils, vasodilatation, and breakdown of the
BBB. Microglia and astrocyte activation was evident
during the first 14 days post-injection. At days 8 and
14, extensive demyelination was observed but the
number of neurons was not affected by any treat-
ment. Finally, at 30 days, signs of inflammation were
no longer present, there was evidence of tissue reor-
ganization, the BBB was intact, and the process of
remyelination was noticeable. In summary, our data
show that chronic expression of IL-1, in contrast to
its acute delivery, can reversibly damage CNS integ-
rity and implicates this cytokine or downstream com-
ponents as major mediators of demyelination in
chronic inflammatory and demyelinating diseases.
(Am_J Pathol 2004, 165:1827-1837)

Inflammation is a key component of the defense mecha-
nism against infection in the periphery and in the central
nervous system (CNS). Inflammation in the CNS has dif-
ferent features than in the periphery. For example, differ-
ential induction of cytokines may be involved in the atyp-
ical pattern of leukocyte recruitment induced in the
brain." Importantly, a dysregulated inflammatory re-
sponse has been associated with many chronic CNS
diseases, the prototype of which is multiple sclerosis
(MS). However, in comparison with the periphery, many
basic facts about inflammation in the CNS and its conse-
quences are still unresolved.

One useful approach to shed light on the distinct char-
acteristics of the CNS inflammatory response is to study
the response of brain tissue to individual components of
inflammation, such as pro-inflammatory cytokines. In the
CNS, resident cells express cytokines and their recep-
tors? and these cytokines can in turn affect the viability of
neurons and oligodendrocytes, among other effects on
CNS function.®* In particular, interleukin-18 (IL-1) has
been shown to play a pivotal role in the exacerbation of
acute neurodegeneration caused by ischemia, head
trauma, or stroke and has been implicated in the pathol-
ogy of MS, Alzheimer’s disease, and other chronic dis-
eases of the CNS.25° In MS, the IL-1 levels in the CSF
correlates with disease activity and certain IL-1 geno-
types or the balance between IL-1 and IL-1ra are asso-
ciated with disease severity, susceptibility, and/or pro-
gression.*'®"" Moreover, blocking IL-1 action reduces
neuronal loss and inflammation induced by experimental
brain insults® '3 and IL-1 has been shown to be cyto-
toxic for oligodendrocytes both in vitro and in vivo.'* 5 On
the other hand, although most of the evidence points to a
detrimental role of IL-1 in MS, it has been shown to
promote repair of cuprizone-derived demyelination via
IGF-1."®
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It has been shown that a single-bolus injection of IL-1
into the CNS parenchyma gives rise to delayed and
localized neutrophil (PMN) recruitment, but no overt dam-
age to CNS integrity.'”'® However, no study has exam-
ined the consequences of chronic expression of IL-1 in
the brain parenchyma, which would be more relevant to
the pattern of expression observed in chronic inflamma-
tory diseases of the CNS. In this study, we were particu-
larly keen to determine whether the atypical recruitment
profile, which is observed after a single-bolus injection of
IL-1, is conserved during extended IL-1 expression and
whether extended expression would result in CNS dam-
age. To achieve this, we used a recombinant replication-
deficient adenovirus vector to overexpress human IL-1
for a transient, but prolonged period in the rat brain. We
then analyzed the inflammation, gliosis, and any evi-
dence of tissue damage that might be caused by the
chronic expression of IL-1.

Materials and Methods

Vectors

Adenoviral vectors were generated as already de-
scribed.'® Briefly, for construction of AdhlL-18, human
IL-1B8 cDNA (in pGEM3Z vector, a gift from British Biotech
Pharmaceuticals Ltd., Oxford, United Kingdom) was
cloned into a shuttle vector with a human cytomegalovi-
rus promoter and cotransfected on 293 cells with a plas-
mid containing E1- to E3-deleted type 5 adenoviral ge-
nome. The correct recombination was verified with
restriction digestions of the purified viral DNA obtained
by HIRT, and further confirmed by Southern blot. Trans-
gene expression was observed by Western blot with an
anti-human IL-1-specific antibody.?° The adenoviral vec-
tors were purified by plaque-formation under agar.
Stocks were obtained from large-scale preparations in
HEK293 cells by double cesium chloride gradients, and
were quantified by plaque assay (final titers: AdBgal =
1.5 X 10"° pfu/ul, AdIL-1 = 1 X 10" pfu/ul). Stocks had
less than 1 ng/ml of endotoxin, assayed with E-TOXATE
reagents (Sigma, St. Louis, MO). Viral stocks were free of
autoreplicative particles as assessed by PCR and trans-
duction of non-transcomplementary cells (Hela,
ATCC).?" The adenoviral vector expressing B-galactosi-
dase (AdBgal) was gently provided by Dr. J. Mallet (Hos-
pital Pitie Salpetriere, Paris, France).??

Animals and Injections

Adult male Wistar rats (200 g to 280 g) (Anmat, Buenos
Aires), housed in groups of two animals, under controlled
temperature (22°C + 2°C), artificially lit under a 12-hour
cycle period and with water and food ad libitum.

For central injections, the animals were anesthetized
with ketamine chlorhydrate (80 mg/kg) and xylazine (8
mg/kg). The adenovirus were administered with a 50-um
tipped finely drawn glass capillary, stereotactically di-
rected to the center of the right striatum (bregma, +1
mm; lateral, —3 mm; ventral, —4.5 mm).2® Striatal injec-

tions of 1 ul of adenoviral vectors or vehicle were infused
over a 5-minute period and the pipette was kept in place
for additional 2 minutes before removal. All surgical pro-
cedures took place in the morning to avoid effects of
circadian variations in cytokine expression. Human IL-1
and B-galactosidase expressing adenoviral vectors were
diluted in sterile PBS (pH 7.4) and administered at a dose
of 107 pfu/rat. The animals were killed at 2, 8, 14, 21, or 30
days post-surgery.

All animal procedures were performed according to
the rules and standards of the German animal protection
law and the regulations for the use of laboratory animals
of the National Institutes of Health, USA.

Histology

The animals were deeply anesthetized, then perfused
transcardially with heparinized saline followed by cold
4% paraformaldehyde in 0.1 mol/L phosphate buffer (PB)
(pH 7.2). After dissecting the brains, they were placed in
the same fixative overnight at 4°C. Tissues were then
cryoprotected by immersion in 30% sucrose, frozen in
isopentane, and serially sectioned in a cryostat (14 um
and 40 um, alternating). The 14-um sections were
mounted on gelatin-coated slides and the 40-um sec-
tions were used for free-floating immunohistochemistry.
Serial sections (14 wm) were stained with Luxol fast blue/
cresyl violet stain to determine demyelination in the ner-
vous tissue. Serial free-floating sections were used to
detect B-galactosidase activity, using X-gal (5-bromo-4-
chloro-3-indoyl-B-D-galactopyranoside) as substrate.??

To identify neurons we used immunohistochemistry to
detect the neuronal marker NeuN in unfixed tissue rats
were deeply anesthetized and perfused transcardially
with heparinized saline. The brain was then dissected
and quickly frozen in isopentane. Serial sections (10 um)
were cut in a cryostat, mounted on gelatin-subbing slides
and kept at —20°C.

Identification of Leukocytes

Polymorphonuclear neutrophil (PMN) cells were identi-
fied by their nuclear morphology appearance in 40-um
thick cresyl violet-stained sections and confirmed by im-
munohistochemistry with MBS Il antibody.?* Leukocytes
were classified as: “marginated”, those cells that ap-
peared to be adherent to the luminal side of the endo-
thelium; “cuffed”, those that appeared on the abluminal
side of the vessels; and “recruited”, those cells that had
crossed the vascular endothelium and the basement
membrane and were located in the parenchyma.?* Cells
of the mononuclear phagocyte lineage, microglia and
macrophages, were identified using the lectin Griffonia
simplicifolia (GSA-1B,)?° and the antibody ED1 which
stains recently recruited monocytes/macrophages and
activated but not quiescent microglia.

Immunohistochemistry

Free-floating sections were incubated in blocking buffer
(1% donkey serum, 0.1% Triton in 0.1 mol/L PB) for 45



minutes, rinsed in 0.1% Triton in 0.1 mol/L PB and incu-
bated overnight with primary antibodies diluted in block-
ing solution. The antibodies used were: anti-human IL-18
(that recognizes both human and rat IL-18) (1:100; Pep-
rotech, Mexico), ED1 (1:200; Serotec, Raleigh, NC), MBS
I1 (1:100; specific for neutrophils,?* ED2 (1:200; Serotec),
anti-GFAP (1:700; Dako, Carpinteria, CA), and anti-NeuN
(1:100; Chemicon, Temecula, CA). We used the biotinyl-
ated lectin Griffonia simplicifolia (GSA-1B,, 1:50; Vector
Laboratories, Burlingame, CA), that specifically binds to
the terminal a-D-galactose residues in the plasma mem-
brane of transforming microglial cells.?® After three
5-minute washes with 0.1 mol/L PB, the sections were
incubated with either indocarbocyanine Cy3 (Cy3) con-
jugated donkey anti-mouse antibody (1:250; Jackson Im-
munoResearch Laboratories Inc., West Grove, PA), cya-
nine Cy2 (Cy2) conjugated donkey anti-rabbit antibody
(1:250; Jackson), or Cy2 conjugated streptavidin (1:250;
Jackson) for 2 hours, rinsed in 0.1 mol/L PB, and mounted
in Mowiol (Calbiochem, San Diego, CA). Digital images
were collected in a Zeiss LSM 510 laser scanning confocal
microscope equipped with a krypton-argon laser.

Quantification

For the quantification of neutrophils, cell types were iden-
tified by their morphology on cresyl violet staining under
X 40 magnification. Every sixth 40-um thick serial section
was counted and the area of the striatum was measured
using the Image Pro image analysis system (Media Cy-
bernetics, Silver Spring, MD). Graphs show the number
of cells per mm?®. For the quantification of activated mac-
rophages, we measured the ED1-positive area in every
sixth 40-um serial section using Image Pro image analy-
sis system. For the quantification of the total number of
neurons in the striatum, NeuN-positive cells were
counted in every tenth 10-um thick serial section under
x20 magnification. In addition, the areas in which we
counted the cells were measured with the Image Pro
image analysis software and the striatal volume was cal-
culated based on these measurements and the distance
among areas. Nuclear staining for NeuN was counted as
positive only for those nuclei showing an intact morphol-
ogy. False-positive cells (mostly composed of PMN cells)
were discarded based on cellular morphology. All mea-
surements were performed throughout the striatum.
Graphs show the total number of neurons in the whole
striatum.

Electron Microscopy

Anesthetized animals were intracardially perfused with a
modified saline solution (0.8% NaCl, 0.8% sucrose, 0.4%
glucose) followed by a fixative made of 2% glutaralde-
hyde, 2% paraformaldehyde in 0.1 mol/L cacodylate
buffer (pH 7.2). The 1-mm® samples of striatum were then
immersed in the same fixative at 4°C overnight. The tis-
sue was stored in 0.1 mol/L cacodylate buffer (CB) with
0.2 mol/L sucrose. After 5-minute washes in CB, they
were post-fixed in OsO, in CB for 1 hour, washed in CB,
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dehydrated in ethanol series, cleared in acetone, and
embedded in Araldite. Semi-thin and ultra-thin sections
were cut on a Sorvall-Porter-Blum ultramicrotome and
stained with toluidine blue and double-stained with uranyl
acetate and lead citrate, respectively. Ultra-thin sections
were examined in either a JEOL 1200EX2 or Zeiss
EM10-C electron microscopes. The electronic photomi-
crograhs were obtained by using standard photographic
and darkroom procedures.

Assessment of Blood-Brain Barrier Permeability

Thirty minutes before perfusion the animals were injected
intravenously with 10* U/kg of type Il horseradish perox-
idase (HRP, Sigma, St. Louis, MO). Then, the animals
were perfused as previously described with Karnovsky’s
fixative and their brains processed as previously de-
scribed. HRP was detected in free-floating sections by a
modified Hanker-Yates method.?®

Staining for Degenerating Neurons

Fourteen-um sections mounted on gelatin slides were
stained with Fluoro-Jade B (Histo-Chem, Jefferson, AR)
according to the technique previously described.?” As a
positive control, the substantia nigra of a rat brain, which
had been injected intrastrially with 60H-dopamine, was
used.

ELISA Method

The animals were perfused as previously described with
heparinized saline to clear the blood from the brain sam-
ples. The brains were quickly removed, sliced into 3-mm
sections and both the injected and uninjected striatum
were punched out, snap-frozen in liquid nitrogen, and
stored at —80°C. The tissue was homogenized on ice in
400 pl of Tris-HCI buffer (pH 7.3) containing protease
inhibitors (10 ug/ml aproteinin, 5 wg/ml peptastin, 5
pg/ml leupeptin, 1 mmol/L PMSF, Sigma). Homogenates
were centrifuged at 10000 X g at 4°C for 10 minutes and
the supernatants were then ultracentrifuged at 40000 rpm
for 2 hours. The supernatants were stored at —80°C until
used. Bradford protein assays were performed to deter-
mine total protein concentration in each sample. A com-
mercially available human IL-1B (hIL-1B) ELISA kit (R&D,
Minneapolis, MN) was used according to the manufac-
turer’s instructions to quantify hiL-18 with high sensitivity
(2 pg/ml). To estimate protein recovery, hiL-18 standard
was added exogenously to brain homogenates and the
ELISA was performed as described before. A recovery of
85 to 90% of the added hlL-18 standard was found.

Statistical Analysis

Statistical differences among treatments were deter-
mined using one-way analysis of variance test, followed
by Newman-Keuls Multiple Comparison test. Alterna-
tively, Student’s t-tests were used.
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Figure 1. Chronic IL-1B expression in the striatum after AdIL-1 inoculation.
A: Time course of the expression of IL-1f after AdIL-1 injection as quantified
by ELISA. Levels of IL-1B3 are shown as mean pg hIL-18 per pg of total
protein = SE. ** P < 0.01 when compared to 2 days, analysis of variance
(P = 0.0015) followed by Neuman-Keuls tests. B: Immunofluorescence
against IL-1B 14 days post-AdIL-1 injection. Inset: Detail of ramified cells
expressing IL-15. Bar, 50 um.

Results

Chronic IL-1B Expression in the Striatum

We achieved chronic expression of hiL-18 in the rat
striatum with the administration of a low dose (107 pfu) of
a replication-deficient, recombinant adenoviral vector
(AdIL-1). We chose this dose because it was the maximal
dose of control vector (AdBgal) that failed to cause an
inflammatory response assessed by the presence or ab-
scence of inflammatory infiltrate in Nissl-stained histolog-
ical sections. In AdIL-1B injected animals, hIL-18 expres-
sion started 2 days after administration, peaked between
8 and 14 days and was still detected by ELISA 30 days
post-inoculation (Figure 1A). hiL-18 expression was not
detected in control animals, reflecting the specificity of
the ELISA kit. The calculated mean amounts of total
hIL-1B in the whole striatum (2.5 ng, 41.1 ng, 40.6 ng, and
2.1 ng, at 2, 8, 14, and 30 days, respectively) are within
the range that produces an inflammatory response when
injected in the periphery in rodents and humans.?® At 2
and 8 days post-AdIL-1 injection, ramified IL-1B-positive
cells were restricted to the injection site and surrounding
vessels (data not shown). At 14 days, most of the IL-18-
positive cells were located close to the injection region
within the coronal sections through the injection site (Fig-
ure 1B). However, scattered IL-1B-positive cells were
widespread throughout the antero-posterior axis of the
striatum. No IL-18 staining was observed outside the
striatum. Thirty days post-injection, expression of IL-13
was not detected by immunofluorescence, probably due
to a lack of sensitivity. After the inoculation of control
vector (AdBgal), B-galactosidase activity was detected in
the injected striatum only by X-gal staining at all the
analyzed time points (data not shown).

Chronic IL-1B Expression in the Striatum
Results in a Massive Recruitment of
Polymorphonuclear Neutrophils

Little or no recruitment of any type of leukocyte or vaso-

dilatation was observed in the uninjected hemispheres or
in animals injected with similar doses of AdBgal or saline
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Figure 2. Chronic expression of IL-1 in the striatum induces recruitment of
inflammatory cells and vasodilatation. A: Cresyl violet staining of a represen-
tative striatal section 14 days after ipsilateral AdBgal injection. B: Cresyl violet
staining of a representative ipsilateral striatal section 2 days after the injection
of AdIL-1pB. Note the inflammatory infiltrate with PMN or monocyte morphol-
ogy mostly located in the lumen of blood vessels (arrow). Inset: Note the
infiltrate in the lumen of the vessels (*) and also some in the brain paren-
chyma (arrow). C: Cresyl violet staining of a representative ipsilateral striatal
section 14 days after chronic expression of IL-1. Massive amounts of neutro-
phils are observed throughout the striatum. Vasodilatation is also evident
(arrowhead). Inset: the infiltrate is located in the lumen of blood vessels (*)
and the parenchyma (arrow). D: Neutrophil-specific immunohistochemical
analysis of ipsilateral striatal sections 14 days after AdIL-1 administration.
Arrowhead: neutrophils. E: Cresyl violet staining of a representative ipsilat-
eral striatal section 30 days after the ipsilateral injection of AdIL-1. Inset
shows the nervous tissue without any sign of inflammatory response or
vasodilatation. F: Quantification of the neutrophil influx in the striatum at
different time points ipsilateral to the AdIL-18 administration. Number of
neutrophils/mm? is the number of PMN/mm? along the entire striatum X 100.
** P < 0.01 when compared to 2 days, analysis of variance (P = 0.0014)
followed by Newman-Keuls tests. G: Quantification of vasodilatation 14 days
post-AdIL-1 administration as determined by counting the number of vessels
with a diameter higher than 15 um in the ipsilateral striatum. #, P < 0.05,
Student’s ttest. Bar, 100 um (A, B, C, and E). Bar, 50 um (D). Bar insets,
10 pm.

solution at any of the time points studied (Figure 2A and
data not shown).

Two days after AdIL-1 injection, marginated leukocytes
filled the vessels located near the injection site. This
leukocyte population was composed predominantly of
monocytes/macrophages and only scarce PMN were ob-
served (Figure 2, B and F). No cuffed leukocytes were
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Figure 3. Glial reaction to the chronic expression of IL-1. A—=C: ED1 immunoreactivity in the ipsilateral striatum after the injection of AdBgal or AdIL-1. A:
Representative striata shown 2 days after AdBgal injection. B: Representative striata shown 2 days after AdIL-1 injection. C: Representative striata shown 14 days
after AdIL-1B injection. D: Quantification of the EDI-positive areas (mm?) in the whole ipsilateral AdIL-18- and AdBgal-treated striata. E-H: GSA-1B,
immunofluorescence in the striatum. E: Representative striata shown 2 days after AdBgal injection, cells with macrophage morphology (arrowhead) were
detected. F: Representative striata shown 2 days after AdIL-1f injection. G: Representative striata shown 14 days after AdIL-1 injection. H: Representative striata
shown 14 days after AdBgal injection. I-L: GFAP immunofluorescence in the striatum. I: Two days after AdBgal injection. J: Representative striata shown 2 days
after AdIL-18 injection. K: Representative striata shown 14 days after AdIL-1 injection. L: Representative striata shown 14 days after AdBgal injection. Bars, 20 wm

(A and B); 10 um (C); 50 wm (E-L).

observed at this time point (Figure 2B). However, at 8
days, cuffed and recruited neutrophils to the brain paren-
chyma were found to be widespread throughout the
whole striatum (Figure 2F and data not shown). At 14
days, a very large number of neutrophils were observed
throughout the striatum (Figure 2, C, D, and F) and the
blood vessels were vasodilated and filled with margin-
ated PMN and few monocytes/macrophages (Figure 2,
C, D, and G). However, there was no inflammatory re-
sponse in the meninges of either hemisphere at this time
point (see supplementary data 1). The inflammatory re-
sponse in the parenchyma was totally resolved by 30
days after surgery, when no signs of vasodilatation or
inflammatory infiltrate were visualized (Figure 2E).

Macrophages/Microglial and Astroglial Reaction
to the Chronic Expression of IL-18

Control animals injected either with AdBgal or PBS exhib-
ited minor microglial/macrophage activation 2 and 8 days
after injection, as seen by GSA and ED1 immunostaining
(Figure 3, A, D, E, and data not shown). Microglial acti-
vation was evident close to the injection site, reflecting
the non-specific response of the tissue to the surgery

(Figure 3, A, E, and data not shown). The contribution of
peripheral monocytes/macrophages to the total number
of activated microglial cells was not possible to deter-
mine based on morphology or immunostaining. No GSA-
positive (GSA+) or ED-1-positive (ED-1+) microglia was
observed in control animals at 14, 21, or 30 days post-
injection (Figure 3, D, H, and data not shown). No GFAP-
positive (GFAP+) astrocytes were detected in control
animals at any time point studied (Figure 3, I, L, and data
not shown).

Two days after the injection of AdIL-1, activated micro-
glia defined as GSA+ or ED-1+ cells, with either thick
and stout processes or round-shaped morphology were
detected (Figure 3, B, D, and F). The ED-1+ cells were
more restricted to the needle tract (Figure 3B). An exten-
sive and widespread astrogliosis, defined as GFAP+
ramified cells, was observed in the striatum (Figure 3J).

At 8 and 14 days, immunoreactive cells for ED1 and
with morphological signs of phagocytic activity (round
shape and vacuolated cytoplasm) were observed in the
whole striatum (Figure 3C). The area covered by ED1+
cells reached a maximum at these stages (Figure 3, C
and D, and data not shown). The GSA+ cells located
nearest to the injection site exhibited a typical appear-
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ance of phagocytic cells, ie, round shape with vacuolated
cytoplasm, while the GSA+ cells distant to the injection
site exhibited the typical ramified morphology of micro-
glial cells (Figure 3G). Finally, the whole striatum was
filled with GFAP+ cells at this stage, reflecting an intense
astrogliosis after the inflammatory insult (Figure 3K). At 30
days, the inflammatory response had resolved and there
were no signs of GSA+, ED-1+, or GFAP+ cells in the
striatum of the animals injected with AdIL-1 (Figure 3D).

Loss of Integrity of the Blood-Brain Barrier
(BBB) Caused by Chronic IL-18 Expression

To evaluate whether neutrophil recruitment was accom-
panied by BBB damage, we examined the permeability
of the BBB by the intravenous injection of HRP in treated
animals, followed by the HRP detection as described in
the methods.

No breakdown of the BBB was observed in the animals
injected with AdBgal or in the contralateral striatum of
AdIL-18 injected rats at any time point studied (Figure 4A).

At 2 days, no marked breakdown of the BBB was
observed in animals injected with AdIL-1 (Figure 4, B and
G). However damage to the BBB was evident at 8 days,
and was conspicuous at 14 days, as demonstrated by
extravasation of HRP from vessels in the parenchyma of
the striatum (Figure 4, C, D, and G). A large number of
HRP-positive neutrophils and phagocytic cells were also
evident in the brain parenchyma with this technique (data
not shown). The integrity of the BBB was still not restored
by 21 days after AdIL-1 injection, but it was totally re-
stored by 30 days post-injection (Figure 4, E, F, and G).

Chronic IL-1B Expression Causes Reversible
Demyelination in the Striatum

The effects of the chronic expression of IL-1 on the in-
tegrity of myelin were also studied. No evidence of myelin
damage or demyelination was observed in AdBgal-in-
jected animals or in the uninjected striatum of AdIL-1
injected rats by Luxol staining, in semi-thin sections and
at the ultrastructural level at any time point studied (Fig-
ure 5, A, D, and L).

At 2 days, no myelin damage was seen in the striatum
of AdIL-1-injected animals (data not shown). At 8 days
post-injection, an evident loss of the regular distribution
of the nerve bundles across the striatum was observed
but only in those regions where the inflammatory infiltrate
penetrated into the parenchyma (data not shown). How-
ever, no demyelination was evident at this time point.

In contrast, overt disorganization and widespread de-
myelination of the nervous tissue were observed under
Luxol fast blue/cresyl violet staining at 14 days post-
AdIL-1 injection (Figure 5B). Demyelination was also ob-
served in semi-thin sections (Figure 5E). Furthermore, we
observed several signs of demyelination at the ultrastruc-
tural level between 14 and 21 days (Figure 5, G, H, and
data not shown). Macrophage/microglia with myelin de-
bris and lipid vacuoles could be observed at the lesion

2 B " A £
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Figure 4. Assessment of the BBB integrity using the Hanker-Yates method.
A: Representative striata 14 days after ipsilateral AdBgal administration. No
Hanker-Yates reaction is observed. B: Representative striata 2 days after
ipsilateral AdIL-18 administration. No BBB breakdown is observed, but some
phagocytic cells and neutrophils are labeled with the HRP reaction. C:
Representative striata 8 days after ipsilateral AdIL-18 administration. Evident
BBB breakdown is observed. D: Representative striata 14 days after ipsilat-
eral AdIL-18 administration. BBB damage is evident, visualized as an exten-
sive region where HRP reaction can be observed as a dark precipitate. E:
Representative striata 21 days after ipsilateral AdIL-18 administration. The
recovery of the BBB damage is evident. F: Representative striata 30 days after
ipsilateral AdIL-18 administration. The BBB integrity is totally restored. G:
Quantitation of the peroxidase-positive areas after ipsilateral AdIL-18 admin-
istration. Bar, 100 wm.

site (Figure 5G). A representative bundle of demyelinated
axons at the lesion site is shown in Figure 5H. Neurofila-
ments and microtubules of the vast majority of axons
were found intact, suggesting a preservation of axonal
integrity (Figure 51). In addition, a minority of the axons
showed signs of damage (supplementary data 2). These
signs of demyelination were not present at 30 days or at
the contralateral injected side as seen by Luxol fast blue
staining, semi-thin sections or at the ultrastructural level
(Figure 5, C, F, K, and L). Thinner myelin sheaths were
observed around axons at 21 days, compared with the
contralateral side or the striatum at 30 days, suggesting
the presence of an ongoing recovery process after de-
myelination (Figure 5, J, K, and L). The oligodendrocytes
had no evident ultrastructural alterations at any time point
studied (Figure 5K).
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Figure 5. Analysis of the effects of the chronic expression of IL-18 on demyelination of the nerve bundles in the striatum by Luxol/cresyl violet stain (A—C),
semi-thin sections (D-F), or electron microscopy (G and L). A: No demyelination can be observed in the control animals 14 days post-AdBgal injection. Bz
Fourteen days after AdIL-1p injection severe demyelination is visualized. C: Thirty days after AdIL-1B injection remyelination is observed. D: Semi-thin section
showing myelinated axons (arrowhead) in animals treated as in A. E: Semi-thin section showing the breakdown of the myelin sheaths (*) in the nerve bundles
14 days after AdIL-1 injection. F: Semi-thin section showing a nerve bundle with myelinated axons (arrowhead) at 30 days. G-I: Representative photomicro-
graphs of transversal sections of the striatum at the injection site 21 days postadenoviral administration. G: A macrophage containing myelin debris (md) and
numerous lipid vacuoles (L) can be seen within the lesion. Bar, 2 um. H: A bundle of non-myelinated axons can be observed within the inflammatory region.
Bar, 2 um. I: Demyelinated axons have a normal appearance with microtubules (mt), neurofilaments (nf) and mitochondria in its axoplasm. Bar, 100 nm. J:
Representative electronmicrograph at the edge of lesioned area at 21 days post-lesion showing that a large portion of the axons are remyelinated, characterized
by a thin myelin sheath surrounding each axon (*). Bar, 2 um. K: At 30 days post-lesion almost all of the axons show signs of remyelination, here surrounding
an oligodendrocyte (O). Bar, 2 wm. L: Representative figure of normal myelinated axons of the contralateral hemisphere in rats operated in the right striatum at
any time point studied (picture taken at 21 days post-injection). Bar, 2 um. m, microgial cell; a, astrocyte; o, oligodendrocyte; ¢, capillary; n, neuron.
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Figure 6. Analysis of the chronic expression of IL-1 on neuronal viability. Az
NeuN expression in the striatum after 14 days of chronic expression of IL-1.
Notice a non-specific label within the vessels filled with infiltrate (arrow-
head). B: NeuN immunoreactivity 30 days post-AdIL-1 injection. C: Quanti-
fication of the total number of NeuN-positive neurons in the ipsilateral
striatum. No significant differences were observed between groups. D: Elec-
tron photomicrograph of a representative striatal neuron 14 days after injec-
tion of AdIL-1 showing no ultrastructural alterations. However, in the same
field, some axons exhibit a normal appearance (1) and other display splits in its
myelin sheath (2). (n) nucleus, (d) dendrite. Bars, 50 um (A-B); 500 nm (D).

IL-7-Mediated No Neuronal Cell Loss

To evaluate the effects of the chronic expression of IL-1in
the striatum on neuronal integrity, NeuN-positive
(NeuN+) cells were counted throughout the striatum as
described in Materials and Methods. A similar number of
intact, NeuN+ nuclei was found in the ipsilateral striatum
of animals treated with AdIL-1 at 14 and 30 days, or
control vectors at 14 days post-treatment (Figure 6, A to
C). In addition, no changes in the total number of NeuN+
cells were observed among hemispheres (data not
shown). Furthermore, neurons presented no alterations at
the ultrastructural level at any time point studied (Figure
6D). Moreover, no positive staining with Fluoro-Jade B
was observed in this tissue, indicating the lack of degen-
erating neurons in the injected striatum (data not shown).

Discussion

In these experiments we have investigated the impact of
chronic IL-1 expression on the integrity of the brain pa-
renchyma and its constituent cell types. We have shown
that the chronic expression of IL-1 leads to the recruit-
ment of PMN to the brain parenchyma and induces the
activation of microglia and astrocytes as revealed by
GSA+, ED1+, and GFAP+ cells, BBB breakdown, re-
versible demyelination, but no overt neurodegeneration.
These changes in the brain parenchyma were reversible, as
they had been largely resolved by day 30 post-injection.
Although it has been stated that the adenoviral vectors
cause inflammation both in the peripheral tissues and
also in the brain,?®*° we only detected modest and re-
stricted microglial activation at early time points in both
control adenoviral vectors and vehicle-injected brains.

This is likely due to the low pfu that we used for this study
and to the use of finely polished capillaries for the infusion
that minimize the trauma associated with the surgery.®’
Under our conditions, we achieved long transgene ex-
pression (for 30 days) with no chronic inflammatory re-
sponse due to the vector itself.

Cellular and Temporal Characteristics of the
Striatal-Restricted Inflammatory Infiltrate after
Chronic IL-1 Expression in the Brain

One of the main features of the study is the magnitude
and the specificity of the recruitment of PMN into the
striatum. The earliest event detected at 2 days post-
AdIL-1 injection was the presence of mainly macro-
phages/monocytes in the lumen of blood vessels or close
to enter the parenchyma and also some marginated
PMN. At 8 and 14 days, the striatum was virtually full of
cuffed and marginated PMN and most of the brain pa-
renchyma was filled with PMNs. No other type of leuko-
cytes, except few monocytes/macrophages in or around
the vessels, was observed. At 30 days, no PMN or other
leukocyte was detected in any brain compartment al-
though IL-1 was still detectable at levels similar to those
measured 2 days after surgery. Considering that neutro-
phils live 24 to 48 hours after leaving the blood,3? our
data suggest a constant influx of neutrophils for at least
21 days. As the amount of hlL-18 detected at 30 days
(2.5 ng) was sufficient for the recruitment of PMN at 2
days, we suggest some degree of tachyphylaxis in the
brain 1 month after chronic IL-1 expression (see Figures
1A and 2F).

In the periphery, neutrophils are the earliest inflamma-
tory cells to infiltrate the damaged tissue, playing an
important role in phagocytosis and in releasing chemo-
kines and cytokines that, in turn, amplify the inflammatory
response.®? These cells are generally followed by mono-
cytes/macrophages during an inflammatory reaction in
the periphery. On the contrary, the contribution of mac-
rophages/monocytes to the inflammatory infiltrate was
only noticeable at early (2 days post-IL-1 injection) but
not late time points. In previous studies in which the same
adenoviral vector AdIL-1 was introduced into the perito-
neum>3 or into the lung,'® neutrophils dominated the
inflammatory response, but the mononuclear cells were
also present. Similar numbers of neutrophils and mono-
cytes were present in the lung 14 days after injection and
this paralleled increases in TNF-a and IL-6."° Thus, in
peripheral tissue, prolonged IL-1 expression induces
TNF-a expression, resulting in mixed neutrophil and
mononuclear cell recruitment to the site of injury. This has
led to the concept of cross-talk in peripheral cytokine
signaling pathways. In the brain parenchyma, however,
we observe restricted patterns of leukocyte recruitment
following the focal injection of pro-inflammatory agents
into the brain and after adenoviral-mediated prolonged
expression of IL-1 (this study) and TNF-a.®* We have
previously found that a single-bolus injection of IL-1 in-
duces de novo synthesis of additional IL-1, but not TNF-q,
and that TNF-«a induces neither itself nor IL-1, and sug-



gested that the signaling pathways that are present in the
periphery are modified in the brain." It is now clear even
that prolonged expression does not eventually give rise
to mixed infiltrate, suggesting that the cytokine profile
remains restricted. The specificity of IL-18 in recruiting
PMN could be related to the potential chemokine and
cytokine network induced. Therefore, it would be relevant
to study whether crucial chemokines for neutrophil infil-
tration, such as MIP-2 or IL-8, are induced in our model of
chronic IL-1 expression. These differences in the recruit-
ment profile and the tachyphylaxis observed in the CNS
add to the distinct features of the inflammatory response
in the CNS in comparison with the periphery.

A single-bolus injection of a similar amount of IL-1 as
those achieved at days 8 and 14 after AdIL-1 adminis-
tration into the striatum has been previously shown to
recruit PMN.?* However, the infiltrate described for acute
IL-1 expression in the adult rat differs from the chronic
expression described in the present study. After acute
IL-1, the infiltrate was mostly located in the meninges and
the distribution of the infiltrate in the nervous parenchyma
was circumscribed only to few millimeters to each site of
the injection site, while no vessel permeability can be
observed.?* The cellular recruitment observed after
chronic IL-1 expression was specific for the ipsilateral
striatum; eg, the contralateral hemisphere, the ipsilateral
cortex, and the meninges were free of any infiltrate. It will
be interesting to unravel the different signals that mediate
or restrict the involvement of the meninges in the inflam-
matory reaction during IL-1 synthesis in the parenchyma.

BBB breakdown followed the neutrophil recruitment as
expected since we previously showed that the break-
down of the BBB is not necessary for neutrophil recruit-
ment but is a consequence of their recruitment.3°¢

Macrophages/Microglial and Astroglial Reaction

One of the expected events associated with IL-1 expres-
sion was the presence of GSA+, ED1+, and GFAP+
cells in the striatum. In animals injected with control ad-
enoviral vectors or PBS GSA+ and ED-1+ cells were
seen only at the earliest time point studied and this could
be localized to the site of the injection track. On the other
hand, GSA+ and ED-1+ cells were detected during 21
days after adenoviral-mediated IL-1 expression. How-
ever, at the latest time point studied (30 days), GSA+ and
ED-1+ cells were no longer observed, although the
amount of IL-1 present was similar to the one detected at
2 days, when those cell populations were active (Figures
1 and 3).

GFAP+ cells were not observed in animals injected
with control adenoviral vectors or in the contralateral
hemispheres of AdIL-1-administered animals. On the
contrary, GFAP+ cells were detected throughout the ip-
silateral striatum at 8 and 14 days after AdIL-1 inocula-
tion. As in the case of GSA+ and ED-1+ cells, no GFAP+
cell could be visualized at 30 days post-treatment. These
results suggest that, as in the case of the IL-1-mediated
effect on PMN recruitment, astrocyte and microglia acti-
vation appears to become refractory to the chronic ex-
pression of IL-1.
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Neurodegeneration

IL-1 has been shown to be associated with neurodegen-
eration and neuroprotection in a variety of in vitro and in
vivo models.?3"3® |L-1 can mediate neuronal death or
more typically, exacerbate on-going neuronal demise.?®
Using three different approaches, we were not able to
detect differences in the total number of neurons (NeuN+
cells) in the striatum or signs of active neurodegenera-
tion. Similar number of neurons was counted throughout
the striatum of animals injected with AdIL-1 or AdBgal at
the peak of transgene expression (14 days). This number
was the expected one for an undamaged striatum®® and
was comparable to the number of neurons present in rat
striata 30 days after AdIL-1 administration. This last ob-
servation rules out a non-specific effect of the adenoviral
vector that could have reduced neuronal numbers non-
specifically in the previous groups (AdIL-1- and AdBgal-
injected animals 14 days post-treatment). Thus, despite
pronounced and sustained PMN recruitment and the ac-
tivation of microglial and astroglial cells, neuronal viability
was not affected by the expression of IL-1 for 1 month. This
result suggests that at levels sufficient to trigger a florid
inflammatory response, IL-1 is not neurotoxic per se during
the time frame studied and that large numbers of PMNs or
their products are not injurious to neurons unless the tissue
is already compromised, as in an ischemic lesion.

IL-1 and Demyelination

The chronic expression of IL-1 induced extensive striatal
demyelination at the peak of the inflammatory process
and IL-1 expression. An endogenous remyelinating pro-
cess that led to the recovery of the affected white matter
fascicles in the striatum by 30 days followed this demy-
elination, as shown by two different analyses and con-
firmed at the ultrastructural level. Interestingly, the ultra-
structural characteristics that we have described in the
present model resemble the ones observed in a model of
demyelination using Theiler’s virus.*°

IL-1 per se has been shown to be cytotoxic to adult
oligodendrocytes in vitro,"*'® while the treatment of rats
subjected to experimental autoimmune encephalomyeli-
tis (EAE) with IL-1ra, an endogenous antagonist of IL-1,
resulted in delayed and milder disease.*'*? Moreover,
certain IL-1 polymorphisms and a high ratio of IL-1 over
IL-1ra production have been associated with increased
susceptibility to relapse-onset multiple sclerosis in fami-
lies.*"" On the other hand, in a cuprizone model of de-
myelination, IL-1 was not associated with demyelination
but with the remyelinating process, as the lack of IL-1
delayed the differentiation of oligodendrocyte progenitor
cells to mature oligodendrocytes and the consequent
remyelination.'® In our study, the chronic expression of
IL-1 resulted in significant demyelination but did not in-
hibit the remyelination process despite its continued
presence. It is clear that although IL-1 above a certain
threshold may cause tissue damage, the CNS has the
capacity to repair in the continuing presence of this in-
flammatory cytokine. Whether another increase in IL-1,
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such as that which may occur during reactivation of the
inflammation in an MS plague, would lead to the same
sequence of events or more prolonged demyelination,
remains to be investigated.

In parallel with the action of IL-1 per se, the influx of
immune cells in the CNS has been historically associated
with demyelination and remyelination. In our model, 1L-1
expression is mostly associated with the influx of PMNs
and it does not include a T-cell-mediated mechanism.
Clinical severity in an EAE model has been associated
with the degree of infiltration of neutrophils and macro-
phages in the brain,*® and studies on CCR2 knockout
mice concluded that the presence of neutrophils in the
CNS led to demyelination.** On the other hand, some
authors propose that oligodendrocytes are rather resis-
tant to the presence of inflammatory cells in the spinal
cord, suggesting that activated macrophages and micro-
glia are able to distinguish intact oligodendrocytes and
myelin and destroy only the degenerating myelin.*® In
accord with that observation, activated macrophages
and microglia were observed over a large part of the
striatum in our study, but the demyelination was largely
confined to the center of the lesion. Only further experi-
ments will allow for better dissecting the role of IL-1 per se or
the inflammatory infiltrate and associated mediators on the
demyelination observed. Whatever the individual contribu-
tion of IL-1 or the IL-1-mediated infiltrate on the demyelina-
tion observed, this study shows demyelination could be an
IL-1-triggered, T-cell-independent phenomenon.

In conclusion, our studies have shown that prolonged
expression of IL-1 in the brain parenchyma of the adult
will lead to a selective recruitment of PMN, in contrast to
that observed in other organs. The prolonged recruitment
of PMNs is associated with breakdown of the BBB and
loss of the myelin sheaths from axons. However, after 30
days, despite the continuing presence of readily detect-
able levels of IL-1 protein, the inflammatory response
resolves, the BBB is restored and remyelination ensues,
suggesting some degree of tachyphylaxis in the brain.
These results contrast with those in the periphery where
persistent IL-1 expression leads to PMN and also mono-
cyte recruitment and more long-lasting fibrosis. Whether
repeated rounds of challenge will overcome the natural
repair processes of the CNS remains to be investigated.
The expression of IL-1 by adenoviral vectors provides an
excellent model of the demyelination/remyelination pro-
cess and will serve to investigate the mechanisms of
action of IL-1 in chronic inflammatory CNS diseases.
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