
Cellular/Molecular

Chronic Interleukin-1� Expression in Mouse Brain Leads to
Leukocyte Infiltration and Neutrophil-Independent Blood–
Brain Barrier Permeability without Overt Neurodegeneration
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The proinflammatory cytokine interleukin-1� (IL-1�) plays a significant role in leukocyte recruitment to the CNS. Although acute effects
of IL-1� signaling in the mouse brain have been well described, studies elucidating the downstream effects of sustained upregulation have
been lacking. Using the recently described IL-1�XAT transgenic mouse model, we triggered sustained unilateral hippocampal overex-
pression of IL-1�. Transgene induction led to blood– brain barrier leakage, induction of MCP-1 (monocyte chemoattractant protein 1)
(CCL2), ICAM-1 (intercellular adhesion molecule 1), and dramatic infiltration of CD45-positive leukocytes comprised of neutrophils,
T-cells, macrophages, and dendritic cells. Despite prolonged cellular infiltration of the hippocampus, there was no evidence of neuronal
degeneration. Surprisingly, neutrophils were observed in the hippocampal parenchyma as late as 1 year after transgene induction. Their
presence was coincident with upregulation of the potent neutrophil chemotactic chemokines KC (keratinocyte-derived chemokine)
(CXCL1) and MIP-2 (macrophage inflammatory protein 2) (CXCL2). Knock-out of their sole receptor CXCR2 abrogated neutrophil
infiltration but failed to reduce leakage of the blood– brain barrier.
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Introduction
Under normal physiological conditions, the mammalian CNS
contains relatively few leukocytes (Ransohoff et al., 2003). How-
ever, this changes after insults to the CNS such as ischemia, in-
fection, and traumatic brain injury (Del Rio et al., 2001; Emerich
et al., 2002; Morganti-Kossmann et al., 2002). The proinflamma-
tory cytokine interleukin-1� (IL-1�) is rapidly induced after ex-
perimental brain injuries, and has emerged as a powerful driving
force for leukocyte recruitment to the CNS (Gibson et al., 2004).
IL-1� alone is capable of overriding the intrinsic resistance of the
CNS to leukocyte infiltration, resulting in acute cellular recruit-
ment to the brain parenchyma (Anthony et al., 1997; Proescholdt
et al., 2002; Ferrari et al., 2004; Ching et al., 2005; Depino et al.,
2005). Additionally, blocking the actions of IL-1� using the IL-1
receptor antagonist (IL-1ra) results in significant reductions in
parenchymal leukocyte infiltration after injury (Garcia et al.,
1995; Yang et al., 1998).

In experimental models of cerebral ischemia, infiltrating leu-

kocyte populations are thought to contribute to the resulting
neuropathology. This hypothesis is based on the presence of leu-
kocytes at sites of neuronal injury, their ability to elicit neurotox-
icity ex vivo, and improvement in pathologic indices after atten-
uation of infiltrating leukocyte populations (Emerich et al.,
2002). Accordingly, IL-1�-mediated exacerbations of ischemic
injury in rodents may involve potentiation of leukocyte recruit-
ment to sites of injury (Rothwell, 2003). Among leukocytes, neu-
trophils have attracted much attention as the culprits in this phe-
nomenon based on their ability to elicit tissue damage through
the generation of toxic free radicals, release of proteolytic en-
zymes, and generation of proinflammatory cytokines (Kielian et
al., 2001; Dinkel et al., 2004).

The chemokines of the ELR� CXC family are robust stimuli
for the recruitment of neutrophils into both the CNS and periph-
eral tissues (Lee et al., 1995; Bell et al., 1996; Mehrad et al., 1999;
Tateda et al., 2001; Lappalainen et al., 2005). The most potent and
well defined members of this chemokine family in mice are
keratinocyte-derived chemokine (KC) (or CXCL1) and macro-
phage inflammatory protein 2 (MIP-2) (or CXCL2), which signal
exclusively through the CXCR2 receptor (Tessier et al., 1997;
Mehrad et al., 1999; Del Rio et al., 2001; Kielian et al., 2001;
Tateda et al., 2001). IL-1� is a powerful regulator of KC and
MIP-2 expression within the CNS. Parenchymal IL-1� injection
elicits induction of these chemokines and neutrophil recruitment
to the rodent brain (Anthony et al., 1998).

To elucidate the role of chronic IL-1� activity in CNS leuko-
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cyte recruitment, we used the recently de-
scribed IL-1� XAT transgenic mouse model
to drive sustained hippocampal IL-1� ex-
pression (Shaftel et al., 2007). Surprisingly,
IL-1� overexpression led to persistent leu-
kocyte infiltration of the hippocampal pa-
renchyma months after transgene activa-
tion. The resultant phenotype featured
infiltration of diverse leukocyte popula-
tions and an absence of overt neurotoxic-
ity. In addition, the downstream mecha-
nisms of IL-1�-driven neutrophil
recruitment to the mouse brain were
explored.

Materials and Methods
Transgenic mice. All animal procedures were re-
viewed and approved by the Institutional Ani-
mal Care and Use Committee (University of
Rochester Committee on Animal Resources)
for compliance with federal regulations before
the initiation of the study. Creation and geno-
typing of the IL-1� XAT mice on a C57BL/6
background has been described previously
(Shaftel et al., 2007). Briefly, the IL-1� XAT mice
harbor a transgene construct consisting of a
murine GFAP promoter (Stalder et al., 1998),
loxP flanked transcriptional stop, and down-
stream ssIL-1� transgene coding for the signal sequence from the human
IL-1ra (75 bp) fused to the cDNA sequence of human mature IL-1� (464
bp) (Wingren et al., 1996). Transgene activation occurs after feline im-
munodeficiency virus (FIV)-Cre mediated excision of a transcriptional
stop. Il1r1 �/� (stock no. 3245) and CXCR2 �/� mice (stock no. 2724)
were purchased from The Jackson Laboratory (Bar Harbor, ME).
CXCR2 �/� mice were backcrossed with IL-1� XAT mice resulting in a
mixed BALB/c � C57BL/6 background. Genotyping was performed on
DNA isolated from tail snips using the Wizard SV Genomic kit (Pro-
mega, Madison, WI) and screened by standard PCR using recommended
primers (The Jackson Laboratory). Because of the presence of a neomy-
cin resistance gene in both the targeting vector used for homologous
recombinant knock-out of CXCR2 (Cacalano et al., 1994) and in the
IL-1� XAT construct (Shaftel et al., 2007), neomycin-specific primers
were not useful for determining CXCR2 copy number. To accurately
determine CXCR2 copy number, we discovered that the Nramp1 anti-
microbial resistance gene lies within �250 kb of CXCR2 on chromosome
1 and exhibits tight linkage (Cerretti et al., 1993). Strain differences exist
between the 129/J source of the CXCR2 gene targeting vector and the
BALB/c source of the wild-type (WT) CXCR2 gene with respect to
Nramp1 alleles. The Nramp1 res allele is only expressed by 129/J mice and
therefore by mice lacking at least one copy of CXCR2 (Malo et al., 1994).
Lack of the Nramp1 res allele indicated that animals were in fact
CXCR2 �/� (Medina et al., 1996).

Feline immunodeficiency virus. The construction and packaging of
FIV-Cre has been described previously (Lai et al., 2006). Briefly, The
FIV-Cre virus encodes the nuclear localization sequence (nls), Cre re-
combinase protein (Cre), and V5 epitope tag under the control of a
cytomegalovirus promoter. FIV-Cre, FIV-green fluorescent protein
(GFP) (System Biosciences, Mountain View, CA) and FIV-LacZ (In-
vitrogen, Carlsbad, CA) were packaged to a final titer of �1 � 10 7 infec-
tious viral particles (IVP) per ml. In vivo stereotactic injections were
performed at 8 –12 weeks of age and used 1.5 �l of virus to deliver �1.5 �
10 4 IVP to the mouse hippocampus. Viral titering was performed in the
293 FT cell line using an anti-V5 antibody, GFP fluorescence, or X-gal
staining (Invitrogen).

Stereotactic injections. Intrahippocampal injections were described
previously (Shaftel et al., 2007). Briefly, mice were anesthetized with
1.75% isoflurane in 30/70% oxygen/nitrogen gas. While secured to a

Kopf stereotaxic apparatus in a biosafety level 2 approved facility, a 0.5
mm burr hole was drilled in the skull at �1.8 mm caudal and 1.8 mm
horizontal from bregma. A preloaded 33 gauge needle was lowered 1.75
mm from the brain surface over 2 min after which 1.5 �l of virus was
injected at a constant rate over 10 min. After allowing 5 min for diffusion
of the virus, the needle was raised over 2 min. The burr hole was sealed
with bone wax and the scalp incision was closed with 6-0 nylon suture
(Ethicon, Somerville, NJ).

Quantitative real-time PCR. General quantitative real-time PCR (qRT-
PCR) procedures have been described in detail previously (Shaftel et al.,
2007). Briefly, hippocampal RNA was isolated using Trizol (Invitrogen).
cDNA was generated using oligo-dT and random hexamer primers, and
Superscript III (Invitrogen). Quantification of relative mRNA abun-
dance was determined using custom designed primers (Invitrogen) and
FAM 490 probes (Biosearch Technologies, Novato, CA) with the iCycler
(Bio-Rad, Hercules, CA). PCRs were performed in a final volume of 25 �l
using iQ Supermix (Bio-Rad) and 5 nM FITC dye as follows: 95°C for 3
min, followed by 50 cycles of 95°C for 15 s, and 60°C for 1 min. Ribosomal
18s housekeeping gene was used to normalize determinations of mRNA
abundance. Sequences used were as follows: from 5� to 3�, monocyte che-
moattractant protein 1 (MCP-1) (CCL2), forward primer (F), ggctcagcca-
gatgcagttaa, reverse primer (R), cctactcattgggatcatcttgct, and probe (P),
ccccactcacctgctgctactcattca; intercellular adhesion molecule 1 (ICAM-1), F,
ccccgcaggtccaattc, R, cagagcggcagagcaaaag, and P, cactgaatgccagctcggaggat-
cac; CXCR2, F, gtctttcagcatggctcattac, R, cgtgacctctttctccctgta, and P, agact-
gtggtatttgaattgatgcagcc; KC (CXCL1), F, gctaaaaggtgtccccaagtaa, R, taggac-
cctcaaaagaaattgta, and P, ctgctctgatggcaccgtctggt; MIP-2 (CXCL2), F,
caagaacatccagagcttgagtgt, R, ttttgaccgcccttgagagt, and P, cccactgcgcccagaca-
gaagtcat; 18s rRNA, F, cgaccataaacgatgccgact, R, gtggtgcccttccgtcaa, and P,
cggcggcgttattcccatgacc.

Immunohistochemistry. Procedures were performed as described pre-
viously (Shaftel et al., 2007). Briefly, mice were intracardially flushed with
4% paraformaldehyde, and then the brain was postfixed for 2 h and
dehydrated in 30% sucrose overnight (Sigma, St. Louis, MO). The sam-
ples were either snap frozen and sectioned at 30 �m as described previ-
ously, or were embedded in paraffin for sectioning at 5 �m thickness.
Antibody binding was visualized using either Elite avidin– biotin and
3,3-diaminobenzidine (Vector Laboratories, Burlingame, CA) or sec-
ondary antibodies bound to Alexa 488 or 594 fluorophores (Invitrogen).
Primary antibodies used were as follows: CD45 (Serotec, Raleigh, NC),

Figure 1. Activation of a transcriptionally silent hIL-1� transgene within the hippocampus drives leukocyte recruitment. Adult
IL-1�XAT mice received intrahippocampal injections of either FIV-Cre or FIV-GFP control virus unilaterally. A, Structure of the
dormant IL-1� XAT transgene and subsequent conversion to an activated state after exposure to FIV-Cre. B, A coronal section from
an IL-1� XAT line B/b mouse 2 weeks after FIV-Cre injection (black arrow) into the dentate gyrus demonstrates spatially restricted
CD45 staining in the ipsilateral (right) hemisphere. C, CD45 staining of leukocytes was performed in parallel groups of animals
within the ipsilateral dentate gyrus represented by the white box in B. Representative images were captured from WT, IL-1� XAT

line A/a (A/a), IL-1� XAT line B/b (B/b), and IL-1� XAT line B/b animals lacking IL-1R1 (B/b, IL-1R1 �/�) injected with FIV encoding
the protein designated in parentheses. Background CD45 staining reflects low-affinity binding to microglia within the hippocam-
pus (scale bar, 10 �m). D, Hippocampal BBB leakage, as evidenced by Evans Blue concentration, in IL-1� XAT line B/b versus WT
animals 2 weeks after transgene activation. Graph represents mean � SEM. n � 3 animals per group. *p � 0.05.
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MCP-1 (R&D Systems, Minneapolis, MN), CD3 (Santa Cruz Biotech-
nology, Santa Cruz, CA), CD4 (Serotec), CD8 (clone 53-6.72; American
Type Culture Collection, Manassas, VA), CD11c (BD Pharmingen, San
Diego, CA), 7/4 (Serotec), NeuN (Chemicon, Temecula, CA), KC (Ab-
cam, Cambridge, MA), GFAP (Chemicon), and synaptophysin (clone
YE269; Epitomics, Burlingame, CA). Hoechst 33258 (Invitrogen) and
terminal deoxynucleotidyl transferase mediated dUTP nick end labeling
(TUNEL) (ApopTag; Chemicon) were used according to manufacturer’s
protocols. For free floating sections, antibody concentrations were as
follows: CD45 (1:100), MCP-1 (1:1000), 7/4 (1:5000), and synaptophy-
sin (1:1000). For fluorescent staining, sections were mounted and stained
directly on the slide with 1:20 dilutions of both primary and secondary
antibodies. Acetylcholinesterase staining was performed as described
previously (Hedreen et al., 1985) with the addition of 10 mM tetraisopro-
pyl pyrophosphoramide to the incubation solution.

ELISA. Hippocampi from IL-1� XAT and WT mice (n � 6) were ho-
mogenized and vortexed in 20 �l of T-PER (Pierce, Rockford, IL) per
milligram of tissue weight with protease (EMD Biosciences, San Diego,
CA) and phosphatase (Sigma) inhibitors followed by centrifugation for
1 h at 100,000 � g. Determination of MCP-1 and KC protein concentra-
tions were made using the Beadlyte mouse 21-plex cytokine detection
system (Upstate, Lake Placid, NY) according to the manufacturer’s sug-
gested protocols. Hippocampal supernatants and standards were diluted
in T-PER. Results were read on the Luminex 100 System, and analyzed
using Beadview software to calculate the mean and SEM (Upstate).

Blood– brain barrier permeability. Animals to be analyzed for blood–
brain barrier (BBB) leakage received bilateral hippocampal injections of
FIV-Cre 2 weeks before analysis was to be performed. Mice received tail
vein injections of 0.01 ml per gram of body weight of 2% Evans Blue dye
(Sigma) in buffered saline. After 2 h, animals were intracardially flushed

with 0.15 M PBS, and the brain and liver were
dissected and weighed. Samples were homoge-
nized in 20 ml of formamide per gram of tissue
wet weight using an Omni 2000 tissue homog-
enizer (Omni International, Marietta, GA), fol-
lowed by an overnight incubation at room tem-
perature to allow for additional dye extraction.
After centrifugation at 17,000 � g for 30 min,
the OD of the supernatants was measured at
620 and 740 nm. The following formula was
used to calculate background absorbance: �log
OD620 � (0.964)(�log OD740) � 0.0357 (War-
nick et al., 1995). The corrected value for OD620

was generated by subtracting this background
absorbance, and then by factoring in the absor-
bance in liver samples to control for differences
in actual Evans Blue dye injected.

Flow cytometric analysis. The procedure fol-
lowed was adapted from previously published
methods (Campanella et al., 2002). After an in-
tracardial flush with PBS, either the cortical
hemisphere (see Fig. 3D) or hippocampi (see
Fig. 7A) were quickly dissected into 2 ml of
HBSS (Invitrogen) to which 12 mg of collage-
nase (Worthington Biochemical, Lakewood,
NJ) and 20 mg of DNase I (Sigma) were added
in a 5 ml final volume. Cells were gently disso-
ciated in a 2 ml glass homogenizer, and then
forced through a 40 �m nylon cell strainer. Af-
ter incubation at 37°C for 45 min, cells were
carefully overlaid on a 30/70% room tempera-
ture Percoll (GE Healthcare, Piscataway, NJ)
gradient and centrifuged at 1126 � g for 20 min
to enrich for leukocyte populations. Cells at the
interphase were collected and pooled from
within groups of animals. After centrifugation
at 400 � g for 10 min, cells were resuspended in
PBS containing 2% FBS and counted. For sur-
face antigen staining, cells were incubated with
appropriate conjugated antibodies for 10 min

on ice. Secondary staining with PerCP- or APC-conjugated streptavidin
was performed for biotinylated primary antibodies. All stains were per-
formed after blocking Fc receptors with FcBlock. Data acquisition used a
FACSCalibur flow cytometer with CellQuest (BD Pharmingen) software.
Ly6C-FITC (AL-21) and Ly6G-PE (1A8) were purchased from BD
Pharmingen. CD45-FITC, CD11b-PE (M1/70), and M-CSF R-biotin
(AFS98) were purchased from eBioscience (San Diego, CA). 2.4G2
(CD16/CD32 FcBlock) was grown at the University of Rochester School
of Medicine and Dentistry and was purified on protein G columns.

Data analysis and image capture. Statistical significance was established
using two-tailed Student’s t tests with significance set at p � 0.05. Ipsi-
lateral hemispheres from IL-1� overexpressing animals were compared
with controls at the same time point whenever possible. For determina-
tion of granule cell density in Figure 5D, we used values from injected
versus uninjected hemispheres within IL-1�-overexpressing animals.
Quantification of synaptophysin and acetylcholinesterase immunostain-
ing in Figure 6 used the ratio of staining intensity between the ipsilateral
and contralateral hemispheres within individual wild-type and IL-1� XAT

animals to account for variability in staining intensity between individual
sections. To quantify granule cells within the dentate gyrus, neurons were
sampled within the upper (suprapyramidal) blade on two sets of 5 �m
paraffin sections stained with hematoxylin and eosin. Neurons were
counted after sampling using 10 defined square sample regions within
the ipsilateral and contralateral hippocampus. Granule cell densities
were calculated using tissue thickness and sample areas. For synaptophy-
sin and acetylcholinesterase quantification, mean gray values were mea-
sured in five separate equally sized areas within the upper blade of the
molecular layer of the dentate gyrus using ImageJ software (http://rsb.
info.nih.gov/ij/). Microsoft (Redmond, WA) Excel and Prism 5.0 �

Figure 2. Induction of IL-1� expression drives chronic leukocyte recruitment to the mouse hippocampus. IL-1�XAT line B/b
mice received unilateral intrahippocampal injections of FIV-Cre and were analyzed over a prolonged time course. A, CD45 staining
in the ipsilateral (injected) hemispheres at the times indicated after FIV-Cre injection identifies infiltrating leukocytes. A white
dashed line approximates the location of the granule cell layer of the dentate gyrus. qRT-PCR (B, C) generated a ratio of gene
expression in the ipsilateral hippocampi of FIV-Cre injected IL-1� XAT mice compared with wild-type control animals at the same
time point for ICAM-1 (B) and MCP-1 (CCL2) (C). D, Immunohistochemical detection of MCP-1 protein expression in the ipsilateral
and contralateral hemispheres 2 weeks after FIV-Cre. n � 3–5 animals per time point. Scale bars: A, 25 �m; D, 50 �m. Graphs
represent mean � SEM. ns, Not significant. *p � 0.05.
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(GraphPad Software, San Diego, CA) were used for data analysis and
graph generation. Light microscopic images were acquired on an Axio-
plan IIi (Zeiss, Thornwood, NY) microscope equipped with a Spot RT
camera and software (Diagnostic Instruments, Sterling Heights, MI).

Fluorescent images were captured using a AttoArc 2 (Zeiss) mercury
lamp, Sensicam QE camera (Cooke, Romulus, MI), and Slidebook
4.0.2.2 software (Intelligent Imaging, Denver, CO) in Macintosh OS
10.4. Equivalent exposure times were used when comparing animal
groups. Final images were generated in Photoshop CS2 and layout per-
formed in Illustrator CS2 (Adobe, San Jose, CA). Flow cytometric plots

Figure 3. IL-1� expression recruits diverse leukocyte populations to the mouse hippocam-
pus. Leukocyte populations were defined in the ipsilateral hippocampi of IL-1�XAT line B/b mice
2 weeks after gene activation by immunohistochemistry (A–C, E), flow cytometry (D), and
tissue staining (F ). A, B, T-cell populations were identified and classified by their expression of
CD3 (red) and either CD4 (A; green) or CD8 (B; green), where coexpressing cells appear yellow in
merged images. C, The presence of dendritic cells was established by expression of both CD11c
(green) and MHC-II (red), appearing yellow in merged images. D, An increase in the number of
infiltrating macrophages is demonstrated 2 weeks after FIV-Cre versus FIV-LacZ injection by
expansion of the CD45 hi, CD11b � cell population. E, F, Neutrophils were identified by cellular
labeling with the 7/4 antibody (E) and after hematoxylin and eosin (H&E) tissue staining (F,
arrows). N, Neuronal nuclei. Scale bars, 5 �m.

Figure 4. IL-1� transgene activation leads to sustained neutrophil recruitment to the hip-
pocampus. A, Neutrophils were identified in the parenchyma of the dentate gyrus using the 7/4
antibody at all time points assayed. Using qRT-PCR analysis (B–D), we determined relative
gene expression in the ipsilateral hippocampi of FIV-Cre-injected IL-1� XAT line B/b versus WT
mice at the same time point. B, CXCR2 expression was used as a surrogate marker for neutrophil
infiltration and was significantly upregulated in the hippocampi of IL-1� XAT mice at all time
points analyzed. C, MIP-2 (CXCL2) expression was significantly upregulated only until 2 months
after transgene activation. D, Significant, robust overexpression of the neutrophil chemotactic
chemokine KC (CXCL1) was also detected at all time points. E, Expression of KC (green) colocal-
izes with GFAP (red), appearing yellow in the ipsilateral hippocampus of an IL-1� XAT line B/b
mouse 4 weeks after FIV-Cre injection. n � 3–5 animals per time point. Scale bars, 10 �m.
Graphs represent mean � SEM. ns, Not significant. *p � 0.05.
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and data analysis were performed with FlowJo software (Tree Star, Ash-
land, OR).

Results
Hippocampal IL-1� expression leads to leukocyte infiltration
and blood– brain barrier leakage
To create sustained overexpression of IL-1� within the CNS, we
took advantage of the recently described IL-1� XAT transgenic
model developed in our laboratory (Shaftel et al., 2007). IL-
1� XAT mice harbor a transgene cassette (Fig. 1A) featuring a
GFAP promoter, loxP flanked transcriptional stop, and down-
stream transcriptionally silent human IL-1� transgene. Stereo-
tactic injection of an FIV virus expressing Cre recombinase (FIV-
Cre) into the mouse brain elicits transgene induction lasting
months after viral transduction. We previously reported the elab-
oration of potent, long-lasting glial reactivity in response to
transgene activation (Shaftel et al., 2007).

In the current study, we sought to examine the effects of sus-
tained IL-1� expression on leukocyte recruitment to the brain
parenchyma. We performed stereotactic injections of FIV-Cre or
a control virus expressing GFP (FIV-GFP) into the dentate gyrus
of adult WT or IL-1� XAT mice followed by initial analysis 2 weeks

after transgene induction (Fig. 1). We ob-
served dramatic leukocyte infiltration of
the hippocampal parenchyma of IL-1� XAT

mice using the pan-leukocyte marker
CD45 (Fig. 1B,C). Cellular infiltration was
spatially restricted to the FIV-Cre-injected
(ipsilateral) hemisphere of IL-1� XAT mice
(Fig. 1B). Leukocyte recruitment was
more robust in IL-1� XAT line B/b versus
A/a mice and completely absent in line B/b
animals lacking the sole receptor for IL-
1�, IL-1R1 (Fig. 1C). Additionally, neither
WT animals injected with FIV-Cre nor IL-
1� XAT animals receiving FIV-GFP injec-
tions demonstrated leukocyte infiltration
(Fig. 1C). Based on demonstration of a
more robust phenotype, IL-1� XAT line B/b
animals were used in the remainder of the
studies performed.

The infiltrative phenotype observed
was accompanied by a significant increase
in BBB leakage in the IL-1� XAT line B/b
mice. The albumin binding dye Evans Blue
was used as a marker of serum protein ex-
travasation across the BBB (Warnick et al.,
1995). Two weeks after FIV-Cre injection,
IL-1� XAT line B/b mice demonstrated a
12.5-fold increase in hippocampal Evans
Blue concentration relative to WT animals
(Fig. 1D).

IL-1� transgene activation drives
chronic leukocyte recruitment
To investigate the longevity of leukocyte
infiltration in the IL-1� XAT mice, FIV-Cre
injected animals were followed over a pro-
tracted time course after transgene activa-
tion (Fig. 2). CD45� leukocytes were de-
tected in the hippocampi of IL-1� XAT

animals up to 1 year after FIV-Cre-
mediated IL-1� transgene activation (Fig.
2A). qRT-PCR was used to determine rel-

ative changes in copies of gene transcripts between IL-1� XAT and
WT animals (Fig. 2B,C). The chronicity of cellular infiltration
was mirrored by significant induction of ICAM-1 gene tran-
scripts at all time points investigated (Fig. 2B). Additionally, ro-
bust upregulation of MCP-1 (or CCL2) was detected at both the
mRNA and protein level (Fig. 2C,D). Two weeks after transgene
activation, MCP-1 was detected by ELISA in the ipsilateral hip-
pocampi of IL-1� XAT animals (1594.0 � 329.9 pg/g) but not in
WT mice (below detection limits).

Diverse leukocyte populations are recruited by
IL-1� expression
We next characterized the infiltrating cell populations observed
within the hippocampus of IL-1� XAT mice at 2 weeks after gene
activation (Fig. 3). CD3� T-cells were identified belonging to
both CD4� and CD8� subpopulations, with CD4� T-cells ac-
counting for the majority of cells identified (Fig. 3A,B). CD4�

cells not labeled with CD3 (Fig. 3A) hinted at the presence of
dendritic cells within the hippocampus, because they can dem-
onstrate this staining pattern in mice (Shortman and Liu, 2002).
The presence of dendritic cell populations was confirmed by cel-

Figure 5. Neuronal toxicity is not evident after sustained hippocampal IL-1� expression. IL-1�XAT line B/b mice received
FIV-Cre injections and were analyzed 2 weeks or 2 months thereafter. Determination of neuronal toxicity was made comparing
ipsilateral (injected) to noninjected (contralateral) hippocampi within animals. A, Preservation of both the pyramidal and granule
cell layers of the hippocampus is demonstrated using NeuN (red) in the ipsilateral and contralateral hippocampi 2 weeks after
FIV-Cre injection. B, NeuN (red) and TUNEL � cells (green, white arrows) 2 weeks after FIV-Cre injection. No overlap between these
markers was detected. C, Leukocytes undergoing apoptosis (yellow, indicated by white arrows) expressed both TUNEL (green) and
CD45 (red) markers 2 weeks after FIV-Cre injection. D, Determination of granule cell density within the dentate gyrus of animals
2 weeks and 2 months after FIV-Cre injection. Statistical analysis compared the ipsilateral versus contralateral cellular density
between groups of animals at the same time point. n � 3– 4 animals per time point. Scale bars: A, 100 �m; B, 25 �m; C, 10 �m.
n � 3– 4 animals per time point. Graphs represent mean � SEM. ns, Not significant.
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lular coexpression of CD11c and MHC-II
(Fig. 3C). Using flow cytometry we were
able to demonstrate a fivefold increase in
the CD45 hi/CD11b� cell population, in-
dicative of increased numbers of macro-
phages present within the parenchyma of
IL-1� XAT mice injected with FIV-Cre ver-
sus FIV-LacZ control virus (Fig. 3D) (Ford
et al., 1995). Additionally, we identified
neutrophils using the 7/4 anti-neutrophil
antibody (Fig. 3E) (Hirsch and Gordon,
1983). This observation was further con-
firmed by demonstration of their distinct
segmented nuclear morphology (Fig. 3F).

The time course of neutrophil infiltra-
tion was examined using the 7/4 antibody,
and we were surprised to discover neutro-
phils in the dentate gyrus up to 1 year after
induction of IL-1� overexpression (Fig.
4A). CXCR2 is most highly expressed by
neutrophils in mice, and was therefore
used as a surrogate marker for the presence
of neutrophils in the hippocampus (Mi-
hara et al., 2005). Indeed, neutrophil infil-
tration mirrored significant induction of
CXCR2 gene transcripts (Fig. 4B). Using
qRT-PCR, we next focused on the expres-
sion of MIP-2 (CXCL2) and KC (CXCL1)
gene transcripts within the hippocampus of IL-1� XAT mice.
MIP-2 expression was significantly upregulated in the first 2
months after initiation of IL-1� overexpression (Fig. 4C). Ex-
pression of KC was markedly increased, with significant upregu-
lation demonstrated at all time points assayed (Fig. 4D). In-
creases in KC mRNA expression correlated with significant
upregulation of protein levels 2 weeks after transgene activation
in ipsilateral hippocampi of IL-1� XAT (2684.0 � 612.2 pg/g) ver-
sus WT mice (125.0 � 50.8 pg/g) as detected by ELISA. KC pro-
tein expression was localized to astrocytes within the ipsilateral
hippocampus of IL-1� XAT mice (Fig. 4E) but not to microglial
populations (data not shown).

Sustained IL-1� expression does not engender neurotoxicity
We were unable to detect evidence of overt neuronal toxicity in
the dentate gyrus of IL-1� XAT mice after transgene activation
(Figs. 5, 6). Using the neuronal marker NeuN, we observed main-
tenance of the hippocampal neuronal architecture (Fig. 5A).
TUNEL, a cellular marker of apoptosis, was discovered in the
dentate gyrus but was not localized to neurons (Fig. 5B). How-
ever, CD45 staining was found to overlap with TUNEL indicating
the presence of leukocytes undergoing apoptosis (Fig. 5C). We
also detected cells that colabeled with TUNEL and 7/4, represent-
ing apoptotic neutrophils (data not shown). In addition, we
quantified granule cells within the dentate gyrus of IL-1� XAT

mice 2 weeks and 2 months after transgene activation and did not
detect a significant decrease in neuronal density (Fig. 5D). Syn-
aptophysin staining, which labels presynaptic vesicles, was not
significantly altered in the molecular layer of the dentate gyrus of
IL-1� XAT mice versus wild-type animals at these same time
points (Fig. 6A,B). Acetylcholinesterase histochemistry, which
labels cholinergic nerve fibers, was also not significantly changed
at 2 weeks or 2 months after transgene activation (Fig. 6C,D).

Blood– brain barrier leakage does not require
neutrophil infiltration
To elucidate the mechanism of IL-1�-mediated recruitment of
neutrophils to the hippocampus, we crossed the IL-1� XAT ani-
mals with mice lacking CXCR2, the only receptor for KC
and MIP-2 (Fig. 7). IL-1� XAT mice homozygous (CXCR2�/�),
heterozygous (CXCR2�/�), or completely lacking CXCR2
(CXCR2�/�) were produced, and evaluated for their capacity to
recruit neutrophils 2 weeks after transgene activation. Flow cyto-
metric analysis demonstrated a robust effect of CXCR2 gene dos-
age on IL-1�-mediated neutrophil infiltration (Fig. 7A). Com-
pared with CXCR2�/� animals, CXCR2�/� mice had a 45%
reduction (4.55 vs 2.51% gated cells) in neutrophils, whereas
CXCR2 knock-outs showed a 96% reduction (4.55 vs 0.18%).
Immunohistochemical detection of neutrophils using the 7/4 an-
tibody confirmed these observations (Fig. 7B). The lack of infil-
trating neutrophils did not result in significant changes in the
degree of protein extravasation into the hippocampus. Using
Evans Blue dye as an indicator of BBB leakage, we discovered BBB
leakage in all groups of animals. Moreover, there were no signif-
icant differences between CXCR2�/�, CXCR2�/�, and
CXCR2�/� animals 2 weeks after activation of the IL-1� trans-
gene (Fig. 7C).

Discussion
This study is the first to explore the effect of sustained IL-1�
overexpression within the mouse brain on leukocyte recruitment
and was made possible by the recent development of the IL-
1� XAT mouse (Shaftel et al., 2007). This transgenic model allows
for control of the transcriptional initiation of an IL-1� transgene
(Fig. 1A) and provides for long-term overexpression of IL-1�
within the mouse brain. We found that sustained hippocampal
IL-1� overexpression was able to drive localized, persistent leu-
kocyte infiltration of the brain parenchyma as much as 1 year
after transgene activation (Fig. 2A).

The ability of IL-1� to continually recruit leukocytes to the

Figure 6. IL-1� transgene activation does not cause changes in neuronal integrity. A, Synaptophysin staining in the contralat-
eral and ipsilateral dentate gyrus of an IL-1� XAT mouse 2 months after transgene activation. A rectangular box in the molecular
layer indicates the region of quantitative analysis. B, Quantification of synaptophysin staining in WT and IL-1� XAT B/b mice (B/b)
2 weeks and 2 months after FIV-Cre injection. Statistical analysis compared the ratio of staining intensity between the ipsilateral
and contralateral hippocampi of B/b and WT animals at the same time point. C, D, Acetylcholinesterase staining (C) and quanti-
fication (D) as described in A and B above. n � 3–5 animals per time point, 1–3 sections per animal analyzed. Scale bars, 50 �m.
Graphs represent mean � SEM. ns, Not significant.
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mouse brain is likely facilitated by prolonged induction of
ICAM-1 and MCP-1 (CCL2) expression (Fig. 2B–D). Cell adhe-
sion molecules, such as ICAM-1, are expressed primarily on the
vasculature and are essential in binding leukocyte-expressed in-
tegrins (Callahan and Ransohoff, 2004). Increased expression of
ICAM-1 could potentiate leukocyte arrest along the vasculature
and eventual migration into the parenchyma. MCP-1 is primarily
credited with recruitment of macrophage populations to sites of
expression but is also capable of acting as a T-cell and dendritic
cell chemotactic stimulus (Carr et al., 1994; Fuentes et al., 1995;
Caux et al., 2000; Bennett et al., 2003). Sustained increases in
ICAM-1 and MCP-1 (Fig. 2B–D) could act synergistically to re-
cruit diverse leukocyte populations to the mouse brain (Fig. 3A–
D). Future studies will help determine other factors contributing
to prolonged leukocyte recruitment in the IL-1� XAT mouse
model.

The capacity of sustained IL-1� expression to drive robust
MCP-1 induction is important because it may contribute to the
pathogenesis of chronic neuroinflammatory diseases. For exam-
ple, in multiple sclerosis (MS), IL-1� expression is localized to

active lesions and CSF levels are reported
to correlate with disease severity (Hauser
et al., 1990; McGuinness et al., 1997). The-
oretically, this parenchymal IL-1� expres-
sion may trigger MCP-1 induction and
potentiate recruitment of encephalito-
genic leukocytes to active lesions. Indeed,
data from animal models provide evidence
that MCP-1 may be intimately involved in
MS disease pathogenesis. In experimental
autoimmune encephalomyelitis models of
disease, absence of MCP-1 or its receptor
CCR2 have been observed to confer dis-
ease resistance or significant attenuation
of the resulting phenotype (Izikson et al.,
2000; Huang et al., 2001).

Additional inspection of the phenotype
resulting from sustained hippocampal
IL-1� expression revealed significant con-
tribution of neutrophils to the population
of infiltrating leukocytes (Figs. 3F, 4A).
Neutrophils are an important feature of
the mammalian acute phase response and
are quickly cleared within days after injury
(Nathan, 2006). Neutrophil infiltration
has not been reported beyond 3 weeks af-
ter targeting of IL-1� to the rodent brain,
either after single bolus injection or ex-
pression by an adenoviral vector (Anthony
et al., 1997, 1998; Ferrari et al., 2004). Our
results suggest that persistent infiltration
of neutrophils is taking place in the IL-
1� XAT mice, because neutrophils are inca-
pable of surviving more than a few days
after leaving the circulation (Simon,
2003). Consequently, demonstration of
neutrophils in the hippocampal paren-
chyma of IL-1� XAT mice as much as 1 year
after transgene activation (Fig. 4A) repre-
sents a novel finding and provides evi-
dence that sustained IL-1� expression is
both a potent and enduring stimulus for
neutrophil recruitment.

Despite the continued expression of IL-1� and infiltration of
leukocytes, there was no evidence of neuronal death in the hip-
pocampus of IL-1� XAT mice (Fig. 5A,B,D). This observation is in
general agreement with the literature in vivo, which suggests that
IL-1� expression is not capable of neurotoxicity by itself but may
serve to lower the threshold for additional injury (Rothwell, 2003;
Ferrari et al., 2004; Hailer et al., 2005). Indeed, when expressed in
concert with CNS injuries such as ischemia or excitotoxicity,
IL-1� can produce marked exacerbations of neuronal injury in
the affected regions (Allan et al., 2005; Patel et al., 2006). To our
knowledge, there exists only one report of IL-1�-mediated hip-
pocampal neurodegeneration in which a single bolus injection
was delivered to the rat brain (Depino et al., 2005). However,
neuronal death was apparent only directly adjacent to the needle
tract, and may have resulted from synergy of IL-1 activity with the
demonstrated tissue injury caused by the injection.

We also investigated more subtle changes in the dentate gyrus
that may have resulted from sustained IL-1� overexpression us-
ing synaptophysin and acetylcholinesterase, markers of presyn-
aptic vesicles and cholinergic neuronal processes, respectively

Figure 7. CXCR2 is required for neutrophil infiltration after hippocampal IL-1� expression. IL-1�XAT line B/b animals either
lacking (CXCR2 �/�), heterozygous (CXCR2 �/�), or with two copies (CXCR2 �/�) of CXCR2 were examined 2 weeks after FIV-Cre
hippocampal injections. A, Hippocampal cellular infiltrates from bilaterally injected mice were analyzed by flow cytometry. After
gating on M-CSF-negative cells, the percentage of neutrophils are indicated in the top right corner of each plot as the Lys6G hi,
Lys6C hi cell population. B, 7/4 staining of neutrophils within the dentate gyrus reflects the results from A. C, BBB leakage was
determined using hippocampal Evans Blue concentrations and is graphed relative to that observed in CXCR2 �/� animals. BBB
leakage was present in all animal groups and was not significantly altered by CXCR2 gene dosage. n � 3– 4 animals per group.
Scale bar, 20 �m. Graphs represent mean � SEM. ns, Not significant.
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(Fig. 6). We did not detect significant differences in staining in-
tensity for these markers in IL-1� XAT transgenic versus wild-type
animals at the time points analyzed. This provides additional
evidence that sustained IL-1� overexpression in the mouse hip-
pocampus does not cause overt changes in neuronal integrity.
However, our study was limited to neurons in the dentate gyrus,
and it is possible that sustained IL-1� expression may elicit neu-
rotoxicity in other brain regions.

Our results indicate that the ELR� CXC chemokines are es-
sential to IL-1�-driven neutrophil recruitment to the CNS paren-
chyma. Among the ELR� CXC chemokines, KC (CXCL1) is
likely the most potent neutrophil chemotactic stimulus down-
stream of IL-1�. In rodents, constitutive expression of KC is suf-
ficient to drive continual neutrophil recruitment to the mouse
brain, whereas antibody blockade results in dramatic reductions
in infiltrating neutrophils (Tani et al., 1996; Anthony et al., 1998).
In the IL-1� XAT mice, KC is both robustly and chronically over-
expressed compared with MIP-2 (CXCL2), which is significantly
upregulated only until 2 months after transgene activation (Fig.
4C,D).

We demonstrated that expression of the CXCR2 receptor is
required for efficient neutrophil recruitment to the brain paren-
chyma (Fig. 7A,B). This is an important observation, because
blockade of the CXCR2 receptor may be an efficient means of
limiting neutrophil infiltration into sites of CNS inflammation
and represents a potential therapeutic target (Busch-Petersen,
2006). In rats, it has been suggested that neutrophils are required
for IL-1�-mediated increases in BBB permeability (Anthony et
al., 1997, 1998). However, our data suggest that other mecha-
nisms associated with the persistent neuroinflammatory re-
sponse in these animals are responsible for IL-1�-mediated BBB
leakage in mice (Fig. 7C). Despite the virtual absence of neutro-
phil infiltration in IL-1� XAT line B/b mice lacking the CXCR2
receptor (Fig. 7A,B), we did not observe significant differences in
BBB permeability between these animals and those expressing
CXCR2 (Fig. 7C).

In conclusion, this study has provided valuable insight into
inflammatory mechanisms of leukocyte recruitment to the CNS
using a novel model of sustained IL-1� overexpression in the
mouse brain. We demonstrated that IL-1� is capable of driving
persistent cellular infiltration of the brain parenchyma without
engendering explicit neuropathology. In addition, we provided a
mechanistic basis for IL-1�-directed neutrophil infiltration. This
study emphasizes the centrality of IL-1� signaling to CNS leuko-
cyte recruitment and provides a valuable model for additional
mechanistic exploration of the role of sustained IL-1� expression
in the pathogenesis of CNS diseases.
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