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Abstract

Glial activation and neuroinflammation occur in neurodegenerative disease and brain injury, however
their presence in normal brain aging suggests that chronic neuroinflammation may be a factor in age-
related dementia. Few studies have investigated the impact of sustained elevation of hippocampal
interleukin-1p, a pro-inflammatory cytokine upregulated during aging and Alzheimer’s disease, on
cognition in mice. We utilized the IL-1pXAT transgenic mouse to initiate bilateral hippocampal
overexpression of interleukin-1p to determine the influence of sustained neuroinflammation
independent of disease pathology. Fourteen days following transgene induction, adult male and
female IL-1p*XAT mice were tested on non-spatial and spatial versions of the Morris water maze. For
the spatial component, one retention trial was conducted forty-eight hours after completion of a 3-
day acquisition protocol (8 trials per day). Induction of IL-1p did not impact non-spatial learning,
but was associated with delayed acquisition and decreased retention of the spatial task. These
behavioral impairments were accompanied by robust reactive gliosis and elevated mRNA expression
of inflammatory genes in the hippocampus. Our results suggest that prolonged neuroinflammation
response per se may impact mnemonic processes and support the future application of IL-1pXAT
transgenic mice to investigate chronic neuroinflammation in age- and pathology-related cognitive
dysfunction.
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Chronic neuroinflammation is a prominent feature of Alzheimer’s disease (AD) and is believed
to contribute to the molecular cascade that ultimately manifests as cognitive dysfunction. It is
well known that the single most important risk factor for AD is age. One reason for this

association is that the progression from initial pathophysiological event to clinical detection is
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likely to be on the order of decades. Although glial activation is influenced by neuronal plaques
and tangles, its presence in the aged brain (Nichols et al., 1993; Perry et al., 1993; Conde and
Streit, 2006; Beach et al., 2007; Gavilan et al., 2007), independent of AD-like neuropathology,
suggests that chronic neuroinflammation may be an initial component of and factor in age-
related dementia (Cagnin et al., 2001; Weaver et al., 2002).

Reactive glia produce a variety of molecules that trigger and contribute to chronic
neuroinflammation. Termed “the cytokine cycle” (Griffin et al., 1998), pro-inflammatory
cytokines participate in a spectrum of signaling events that continuously feedback and
influence each other. Microglial-derived IL-1p appears to be a driving force in this process.
IL-1pB has been previously shown to be a potent immunomodulating cytokine that induces
multiple inflammatory mediators in astrocytes and neurons (Mrak et al., 1995). IL-1p
overexpression is a consistent feature of post-mortem AD brain, with double-labeling
immunohistochemical studies localizing IL-1 to plague-associated microglia (Griffin et al.,
1995; Griffin et al., 2000; Shaftel et al., 2008). In addition to initiating and sustaining
inflammation-related events and modulating neurons, IL-1B appears to have direct relation to
pathophysiological alterations in AD (for review, refer to (Moore and O’Banion, 2002; Shaftel
et al., 2008)). Its regional expression around plaques and its temporal profile of
immunoreactivity relative to pathology implicates IL-1p as a mediator of plague and tangle
formation. Not restricted to AD pathology, increased IL-1f is found in the hippocampus of
aged rats (Murray and Lynch, 1998; Griffinetal., 2006), reinforcing the hypothesis that chronic
neuroinflammation may be initiated by the normal process of aging. However, the role of
chronic neuroinflammation in cognitive dysfunction has yet to be clearly determined.

Understanding the role of neural expression of pro-inflammatory molecules in memory
processes has been addressed in animal models. Numerous investigators have described
learning and memory impairments associated with acute central IL-1p induction (<5 days)
following peripheral lipopolysaccharide (LPS) stimulus (Shaw et al., 2001; Yirmiya et al.,
2002; Sparkman et al., 2005b; Sparkman et al., 2005a; Wu et al., 2007) and direct central
administration of IL-1p (Yirmiya et al., 2002; Goshen et al., 2007; Hein et al., 2007). Impaired
hippocampal-dependent performance has also been reported at 24 hours following
intracerebroventricular infusion of IL-1 receptor antagonist (IL-1ra; Yirmiya et al., 2002) and
in transgenic mice lacking expression of IL-1ra (Avital et al., 2003), further suggesting a role
of constitutive IL-1 signaling in cognition. However, only a limited number of studies address
the adult onset and ongoing presence of neuroinflammation that is representative of aging and
AD. Substantial research has been conducted in a rat model of chronic (> 7 days)
neuroinflammation (Hauss-Wegrzyniak et al., 1998a; Hauss-Wegrzyniak et al., 1998b; Hauss-
Wegrzyniak et al., 2000a; Hauss-Wegrzyniak et al., 2000b) and transgenic mouse models of
AD neuropathology. Yet, considering the prevalence of mice as the standard research model
given the potential and ease of genetic manipulation, data are sparse on the effect of prolonged
region-specific glial activation and elevated IL-1p brain concentrations per se on behavior in
adult mice. Therefore, we utilized a recently established transgenic mouse model (IL-1pXAT;
Shaftel et al., 2007b; Shaftel et al., 2007a) to determine the effect of induced human IL-1p in
the hippocampus on spatial memory in adult C57BL/6 mice. Our results suggest that sustained
(14 days) elevation of hippocampal hiL-1p and the accompanying increase in pro-
inflammatory molecules drive mnemonic deficits, establishing the 1L-1p*AT mouse as a valid
model to investigate the consequence of chronic hlL-1f expression.

EXPERIMENTAL PROCEDURES

Subjects

IL-1B*AT Transgenic mice—Twenty-two IL-18%AT mice (13 male and 9 female) were used
in this study. Creation and genotyping of the IL-13%AT mice on a C57BL/6 background have
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been described previously (Shaftel et al., 2007b; Shaftel et al., 2007a). Briefly, the IL-1pXAT
mice harbor a transgene construct consisting of a murine GFAP promoter (Stalder et al.,
1998), loxP flanked transcriptional stop, and downstream ssIL-1[3 transgene coding for the
signal sequence from the human IL-1ra (75 bp) fused to the cDNA sequence of human mature
IL-1B (464 bp) (Wingren et al., 1996). Transgene activation occurs upon feline
immunodeficiency virus (FIV)-Cre recombinase protein (Cre) mediated excision of a
transcriptional stop. All animal procedures were reviewed and approved by the Institutional
Animal Care and Use Committee at University of Rochester and Santa Clara University for
compliance with federal regulations before the initiation of the study.

Feline immunodeficiency virus—The construction and packaging of FIV-Cre has been
described previously (Lai et al., 2006b). Briefly, the FIVV-Cre virus encodes the nuclear
localization sequence (nls), Cre, and V5 epitope tag under the control of a cytomegalovirus
promoter. FIV-Cre and FIV-green fluorescent protein (GFP; System Biosciences, Mountain
View, CA) were packaged to a final titer of 1 x 107 infectious viral particles (IVP) per ml. In
vivo stereotactic injections were performed at 12 weeks of age and used 1.5 pl of virus to deliver
1.5 x 10% IVP to the mouse hippocampus. Viral titers were established in the 293FT cell line
using an anti-V5 antibody (Invitrogen, Carlsbad, CA) or GFP fluorescence.

Stereotactic injections—Intrahippocampal injections were performed as described
previously (Shaftel et al., 2007b; Shaftel et al., 2007a). 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, two 0.5 mm burr holes were drilled in the
skull at —1.8 mm caudal and 1.8 mm horizontal on each side of bregma. A pre-loaded 33 gauge
needle was lowered first into the right hippocampus, 1.75 mm from the brain surface over 2
min after which 1.5 pl 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. A second injection was
performed in an identical manner on the contralateral side. The burr holes were sealed with
bone wax and the scalp incision was closed with 6-0 nylon suture (Ethicon, Somerville, NJ).
Control animals received bilateral intrahippocampal injections of FIVV-GFP using the same
procedures.

Behavioral apparatus & procedures

Fourteen days after bilateral hippocampal injections, mice were tested on non-spatial and
spatial learning using the Morris water maze (MWM) adapted for mice (Vorhees and Williams,
2006). The MWM consisted of a black, plastic circular tub (88 cm diameter, 12 cm deep) filled
with water (25+1°C) made opaque using non-toxic white tempera paint. A removable 10
cm? plexiglass platform with weighted base was placed in the water approximately one
centimeter below the surface of the water. Visual cues were placed in various locations of the
testing room. A ceiling mounted digital camera and ANY-Maze® software (Stoelting Co.,
Chicago, IL) was used to automatically collect data during behavioral testing. Both non-spatial
(visible platform) and spatial (hidden platform) versions of the test were conducted for each
mouse.

Shaping—~One day prior to training, mice were introduced (shaped) to the water maze by
placing the animal on the visible escape platform for 10 seconds (s) and then placing the animal
in the water at successively greater distances from the platform over three 45 strials. The mouse
was guided to the escape platform if the trial ended without the mouse finding the platform.
General motor ability was observed and swim speed was measured.

Non-spatial Task—One day following shaping, animals were trained to escape to a visible
platform in the water maze during two sets of four trials with inter-trial and inter-set intervals
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of 5and 120 min, respectively. In this non-spatial task, the platform was made visible by raising
it 1 cm above the surface of the water and marking it with patterned tape and a perpendicular
cue. For each trial, the mouse was placed in the maze (facing tub wall) at the same drop point
with the position of the visible platform alternating between quadrants.

Spatial Task—One day following acquisition of the non-spatial task, each mouse
experienced three days of spatial training in locating a hidden escape platform. Each training
day consisted of two sets of four trials with inter-trial and inter-set intervals of 5 min and 120
min, respectively. The starting point of each trial varied between four designated drop points.
After completion of the three-day training protocol, one final trial was performed forty-eight
hours later to test spatial memaory retention.

For all trials (non-spatial and spatial), a maximum of 45 s was allowed for the mouse to find
the hidden platform. The trial automatically ended when the mouse remained on the hidden
platform for 3 s. If the trial ended without the mouse finding the escape platform, the
investigator guided the mouse to the platform where it remained for 10 s. For all testing phases,
mice were placed in a heated holding chamber for inter-trial intervals and, upon demonstrating
normal behavior (e.g. grooming, rearing, exploring), their home cages for inter-set intervals.

Latency (duration of trial), path length (distance traveled), swim speed, proportion of time and
distance spent in the periphery and average distance from the platform were recorded per trial.

Tissue collection

Within twenty-four hours of spatial memory retention trials, mice were anesthetized with
ketamine (i.p. 60-90 mg/kg) plus xylazine (i.p. 4-8 mg/kg) and sacrificed by intracardiac
perfusion with chilled 0.15 M sodium phosphate buffer (pH 7.2) containing 0.1% sodium
nitrite. The perfusion pressure was monitored to insure that it did not exceed 90 mm/Hg. The
brain was removed and hemisected. For immunohistochemical studies, one hemisphere was
post-fixed in chilled 4% paraformaldehyde for 24 hours. For all remaining analyses, the
hippocampus was dissected from the remaining hemisphere, immediately snap-frozen in
chilled isopentane, and stored at —80° C until processing.

Immunohistochemistry

Following 24 h immersion fixation and equilibration with 30% sucrose in 0.15 M phosphate
buffer, brains were frozen and sectioned at 30 um on a sliding microtome (Microm HM430).
The sections were stored in cryoprotectant solution until ready for immuno-histochemical
(IHC) processing. Antibody binding of major histocompatibility complex class 1l (MHC-11)
(1:6000, #553549 BD Biosciences, San Jose, CA) and ionized calcium binding adaptor
molecule-1 (Iba-1) (1:5000 #019-19741 Wako) for microglia/macrophages, glial fibrillary
acidic protein (GFAP) (1:6000 #20334 Dako) for astrocytes, and 7/4 (1:5000, #MCA771B
Serotec) for neutrophils was visualized using Elite avidin —biotin and 3,3-diaminobenzidine
(Vector Laboratories, Burlingame, CA). Terminal deoxynucleotidyl transferase mediated
dUTP nick end labeling (TUNEL) (ApopTag; Chemicon) was performed according to the
manufacturer’s protocol along with antibody binding of NeuN (1:2000 #MAB377B Chemicon)
and visualization with a streptavidin 647 Alexa Fluor antibody (1:400 #S32357 Invitrogen).

Light microscopic images were acquired at 200x magnification on an Axioimager (Zeiss,
Thornwood, NY) microscope equipped with a Retiga-2000R camera and QCapture PRO
software (Qimaging, Surrey, BC, Canada). To determine degree of immunoreactivity of MHC-
I, Iba-1, and GFAP, images of the dorsal hippocampus were captured using fixed exposure
times across all sections within each protein of interest. All light microscopy images were
converted to a global gray scale (0-255 levels). A threshold was applied to all images to discern
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immunoreactive cells from background. Total percent immunoreactive area was determined
for the molecular layer of the dentate gyrus, and the stratum radiatum of CA1 and CA3 for
each animal by averaging three fixed-area regions of interest for each hippocampal region
(Image J, NIH, Bethesda, MD).

Fluorescent images were captured using an AttoArc 2 (Zeiss) mercury lamp, Sensicam QE
camera (Cooke, Romulus, Ml), and Slidebook 5.0 software (Intelligent Imaging, Denver, CO)
in Macintosh OS 10.4. Equivalent exposure times were used when comparing animal groups.
For TUNEL/NeuN counting, captures of a representative section containing the dentate gyrus
from each animal were taken at 20x magnification and analyzed to quantify TUNEL positive
cells. For illustrative purposes, confocal images were taken on an Olympus FVV1000 laser
scanning confocal microscope at 20x and 240x magnification and NeuN was pseudo-colored
cyan for better visualization. Final images were generated in Photoshop CS2 and layout
performed in Hlustrator CS2 (Adobe, San Jose, CA).

Real-time RT-PCR

General quantitative real-time RT-PCR (qRT-PCR) procedures have been described in detail
previously (Shaftel et al., 2007b; Shaftel et al., 2007a). Briefly, RNA from one hippocampus
per animal was isolated using Trizol (Invitrogen). cDNA was generated using oligo-dT and
random hexamer primers, and Superscript 11 (Invitrogen). Quantification of relative mRNA
abundance per animal was determined using custom designed primers (Invitrogen) and FAM
490 probes (Biosearch Technologies, Novato, CA) with the iCycler (Bio-Rad, Hercules, CA).
Reactions were performed in a final volume of 20 pl 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 mMRNA
abundance. Sequences of primers used for GFAP, mouse IL-10, mouse IL-1f macrophage-
inflammatory protein (MIP)-2, MHC-11, monocyte chemoattractant protein 1 (MCP-1), KC
(CXCL1), CCR2, CXCR2, and 18s rRNA are presented in Table 1.

Statistical Analysis

RESULTS

Non-spatial and spatial water maze measurements were averaged within each itreatment group
(FIV-GFP or FIVV-Cre) for each trial (non-spatial) or acquisition day (spatial). Two-way
analyses of variance (ANOVA) were performed with treatment group and sex as the
independent variables, and trial (non-spatial) or day (spatial) as the repeated measure (SPSS,
Inc; Chicago, IL). For all molecular comparisons, two-tailed student t-tests were used to
evaluate changes in immunoreactivity and mRNA levels between control (FIVV-GFP) and
experimental (FI\VV-Cre) groups, with each animal represented by one measurement within the
comparison. Correlation and regression analyses were done to assess the relationship between
memory performance and molecular markers of neuroinflammation.

Data are presented as mean across all animals within a treatment group + standard error of the
mean (SEM). An alpha level of 0.05 was necessary to reject the null hypothesis and to consider
the data statistically significant.

Memory performance in water maze

To model sustained overexpression of IL-1f within the CNS, we took advantage of the recently
described IL-18%AT transgenic mouse (Shaftel etal., 2007a). IL-1p*AT mice harbor a transgene
cassette featuring a GFAP promoter, loxP flanked transcriptional stop, and downstream
transcriptionally silent human IL-1f transgene (hIL-1p). Previous characterization of this
model showed that stereotactic injection of an FIV virus expressing Cre recombinase (FIV-
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Cre) into the mouse brain elicits transgene induction lasting months after viral transduction
that is associated with prominent, long-lasting glial reactivity. To investigate whether hIL-1p
overexpression in the hippocampus influenced mnemonic behavior during peak transgene
expression, IL-BXAT transgenic mice that received bilateral intrahippocampal injections of
FIV-Cre or FIV-GFP were assessed on non-spatial and spatial memory using the Morris water
maze. All animals completed shaping without swimming difficulty. No sex difference on
latency or path length measurement was detected in either behavioral task within the FIVV-GFP
mice (p>0.05). Furthermore two-way ANOVA (treatment group and sex as fixed factors)
revealed no effect of sex on behavioral indices. Therefore, the animals were pooled and sex
was not considered a between-subject factor.

Non-spatial Memory—To confirm that motivation, visual ability, and motor skills were
intact (Vorhees and Williams, 2006), we assessed the animals on a cued non-spatial visual task
that is not dependent on hippocampal function. A significant effect of trial was observed on
latency (F7 14 = 6.12, p<0.01) and path length (F7 14 = 4.27, p<0.01) (Figure 1), indicating
acquisition of the task. No significant difference in acquisition rates of either index was
observed between the two treatment groups (F 1 20 < 0.99, p= NS).

Spatial Task—To determine if intrahippocampal FIVV-Cre-injections influenced
hippocampal-dependent memory, mice were trained to find a hidden platform in opaque water
based on spatial cues. ANOVA with repeated measures revealed significant effects of day on
latency (F 2,19=19.7, p<0.001), and path length (F » 19 =36.5, p<0.001), representing acquisition
of the task (Figure 2). Path length, an index independent of swim speed, was used in further
analyses since a significant effect of day (F 5 19 =7.4, p<0.01) and a notable interaction between
day x treatment (F 2 19=3.29, p=0.059) on swim speed were observed.

Although no main effect of treatment on path length measures was seen over all training days,
ANOVA with repeated measures indicated a significant day x treatment interaction on path
lengths (F 2 19=4.05, p<0.05). Post-hoc analysis revealed that FIV-Cre-injected IL-18%AT mice
tended to swim greater distances (4.64 + 0.40 m) on the first day of spatial training when
compared to path lengths from those mice receiving FIV-GFP (3.61 + 0.39 m; t op= —1.83,
p=0.083). For descriptive purposes, we compared the effect of treatment within each block of
4 trials (set) and found that FIV-Cre mice recorded greater path lengths on the first sets of Day
1 (t,0=—1.973, p=0.062) and Day 2 (to0=—0.994, p=0.072) that approached significance (Figure
2B), suggesting impairment in spatial acquisition and overnight retention, respectively.

In addition to latency and path length, we further characterized spatial learning ability by
calculating the mean distance from platform center for each acquisition trial (Vorhees and
Williams, 2006). Distance from the platform significantly decreased across days (F 7 19=8.015,
p<0.01). However, an interaction between day X treatment was noted (F ; 19= 2.94, p=0.077),
largely due to FIV-Cre mice searching farther from the hidden platform on Day 2 (t 5p=-2.661,
p<0.05) relative to FIV-GFP mice (Figure 3). Upon completion of the final set of acquisition
trials (Day 3), all mice performed at similar levels.

Spatial memory retrieval was determined by administering one retention trial 48 hours
following the 3-day acquisition protocol. Although there was no difference in performance on
the last set of acquisition trials, FIV-Cre-injected IL-1p*AT mice exhibited impaired memory
retention of the spatial task with increased path lengths on the retention trial (3.78+£1.05 m)
relative to FIV-GFP-injected mice (1.65+0.32 m; t 50=2.09, p<0.05) (Figure 4). Given the
previous analyses on spatial learning, we compared the path lengths recorded during the
retention trial with those from sets of acquisition trials that tended toward significance. The
path lengths of the initial set of Day 2 acquisition trials (representative of overnight retention)
were significantly correlated with 48 hour retention trial distances (r,,=0.49, p<0.05)
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Molecular confirmation of neuroinflammation

To determine if behavioral differences were correlated with molecular markers of
neuroinflammation, brains were collected within 24 hours following completion of the 48-hour
retention trial. One hemisphere from each mouse was fixed, frozen and sectioned for
immunohistochemical detection. The hippocampus from the remaining hemisphere was
analyzed for mRNA expression using qRT-PCR.

A hallmark of chronic neuroinflammation is reactive gliosis, as characterized by changes in
glial cell surface marker expression and morphology. Evaluation of microglial activation in all
animals using immunoreactivity to major histocompatibility complex class Il (MHC-II), a
protein upregulated on activated macrophages/microglia, revealed a distinct difference
between experimental groups. The FIV-GFP-injected animals exhibited minimal staining
across all brain regions examined (Figure 5A). Clear positive staining was detected in all
regions of the FIV-Cre-injected IL-1pXAT hippocampus, indicating morphological changes
and focal neuroinflammation (Figure 5B). Densitometric analysis supported visual observation
of elevated immunoreactivity OF MHC-I1 associated with hIL-1 transgene induction, with
significantly increased percent area reaching threshold optical density (tOD) in FIV-Cre
hippocampal regions(molecular layer 32.0%+8.0 vs. 1.0%+0.3; CAL stratum radiatum 46.8%
+12.0 vs. 10.3%=+9.5; CA3 stratum radiatum 30.3%=8.0 vs. 0.7%=+0.4;Figure 5C).
Furthermore, qRT-PCR analysis showed a significant increase in MHC-1I mRNA expression
in FIV-Cre-injected IL-1pXAT hippocampus (91.8 + 25.0 relative to 1+0.31 for control, tyg=
—3.994, p<0.05; Figure 5D).

To complement MHC-1I immunoreactivity, additional sections from a subset of animals (n=4
per experimental group) were immunohistochemically stained with an antibody to Iba-1 and
GFAP and displayed microglia and astrocytic hypertrophy, respectively, when comparing FIV-
Cre (Figure 6B,E) to FIV-GFP hippocampus (Figure 6A,D). Analysis of tOD confirmed a
significant increase in Iba-1 immunoreactivity (molecular layer 64.9%:+0.8 vs. 27.5%z+4.1;
CA1 stratum radiatum 44.0%z5.2 vs. 24.6%+2.6; CA3 stratum radiatum 61.1%=10.6 vs.
18.6%=3.9; Figure 6C). GFAP immunoreactivity did not significantly differ between
experimental groups using this subset of animals (molecular layer 29.8%=5.1 vs. 20.4%+4.2;
CAU1 stratum radiatum 31.0%z7.7 vs. 20.8%z+3.2; CA3 stratum radiatum 40.9%=12. vs. 18.6%
+3.9; Figure 6F), however GFAP mRNA expression was significantly elevated in FIV-Cre
injected mice (1.7 £ 0.2 relative to 1 for control, t,o= —2.38, p<0.05; Figure 6G).

In addition, tissue sections stained with antibody 7/4 demonstrated substantial neutrophil
infiltration in FIV-Cre-injected IL-18%AT mice (Figure 7) that was associated with relative
increases in hippocampal mRNA expression of neutrophil recruitment-associated chemokine
receptors CCR2 (3.0 £ 0.5, typ= —4.49, p<0.05) and CXCR2 (24.0 £ 4.6, t,p=—5.46, p<0.05).

Additional measurement of inflammation-related gene expression in hippocampal tissue
demonstrated mRNA levels (relative to 1 for all controls) of mIL-1a (3.1 + 0.8), mIL-1f (22.9
+6.0), MIP-2 (3.2 £ 0.8), MCP-1 (147.0 £+ 34.8) and KC (16.8 + 2.9), were significantly
increased in FIV-Cre-injected mice relative to FIV-GFP-injected controls (—6.0 < tyg < -2.4,
p<0.05; Figure 8). These data demonstrate endogenous interleukin (IL-1s) and chemokine
(MIP, MCP, and KC) induction that is common to inflammatory conditions.

Relationship between memory retention and mRNA expression

To assess the relationship between inflammatory mRNA expression and mouse memory
performance, we performed a Pearson product moment correlation between each gene
expression profile and the 48 hour-retention trial path length within animals. As expected,
significant correlations were observed between memory performance and MCP-1 (r1=0.656,
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p<0.001), MIP-2 (ro9=0.576, p<0.01), mIL-1a (rp=0.695, p<0.001), mIL-1f (ro9=0.529,
p<0.05), and CCR2 (ro»=0.543, p<0.001). However, when restricting the analysis to FIVV-Cre
injected animals, only mIL-1a expression was significantly correlated with retention path
length (r10=0.659, p<0.05). Furthermore, forward stepwise multiple regression analysis across
all animals with mRNA expression profiles included as predictor variables indicated that
mlL-1a significantly predicted retention swim distance (§ = 0.749, t;7=4.516, p<0.001).

Evaluation of neuronal cell death

Double-label fluorescent immunohistochemistry was performed to assess the impact of
hIL-1p induction on neuronal loss. A significant increase in cells positive for the apoptotic
marker TUNEL was observed in the hippocampus of FIV-Cre mice (28.945.7 per 10° um?;
Figure 9B) relative to FIV-GFP-injected controls (1.0+0.3; p<0.001; Figure 9A). Because
TUNEL immunoreactivity was rarely co-localized with neuronal marker NeuN, all TUNEL-
positive cells in the dentate gyrus granular layer were quantified. TUNEL+ cells in the dentate
gyrus granular layer represented only 4% of all TUNEL+ cells in the FIV-Cre mice (Figure
9C), a proportion that was not statistically significant to those detected in FIV-GFP mice
(p>0.05).

DISCUSSION

Chronic neuroinflammation is a common component of several neurodegenerative diseases
that are associated with cognitive deficits, including Alzheimer’s disease, as well as aging. In
order to determine the influence of sustained expression of pro-inflammatory molecule
IL-1pB on spatial memory in the absence of disease pathology, we utilized the recently
characterized IL-1pXAT mouse (Shaftel et al., 2007a). This transgenic mouse model allows for
controlled initiation of IL-1p transcription leading to localized neuroinflammation. We
observed that induction of hIL-1p in the hippocampus for 14 days by a single FI\V/-Cre injection
influenced acquisition of the spatial learning task as reflected by increased path lengths and
distance away from the escape platform during the initial trials on the first two days of training.
The delay in spatial learning was associated with significant increase in path lengths observed
on the 48-hour memory retention trial. These data suggest that sustained production of IL-1p
hinders acquisition and long-term memory retention on a spatial task, similar to the impairment
of contextual memory consolidation seen in rats receiving acute central administration of
IL-1B (Barrientos et al., 2002).

The effect of chronic neuroinflammation on cognition has been previously addressed using
extended infusion of pro-inflammatory molecules into the rodent brain. Hauss-Wegrzyniak
and colleagues described spatial memory deficits following prolonged administration of LPS
into the fourth ventricle of rat that were associated with glial activation and degeneration of
hippocampal pyramidal neurons (Hauss-Wegrzyniak et al., 1998a; Hauss-Wegrzyniak et al.,
2000a; Hauss-Wegrzyniak et al., 2002). Although sustained IL-1 expression in the FI\V-Cre-
injected IL-1p*XAT mouse is similarly associated with glial activation, recruitment of immune
cells and compromised blood-brain barrier, our current immunofluorescence data support our
previous report that found no overt evidence of neuronal loss or neuropathology in the
hippocampus of activated IL-1pXAT mice (Shaftel et al., 2007b). Indeed, our quantification of
TUNEL positive neurons is most likely an overestimate of neuronal loss since the majority of
cells “counted” as neurons did not show co-localization for NeuN. Therefore, our results
suggest that the sustained neuroinflammatory response per se may impact learning and memory
processes without obvious contribution of neuronal loss.

The mechanism by which IL-1B compromises hippocampal function has yet to be deciphered.
However, IL-1 has been shown to influence hippocampal neurogenesis (Gemma et al., 2007),
glutamate receptor expression (Lai et al., 2006a), and long-term potentiation (LTP) (Bellinger
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et al., 1993; Griffin et al., 2006). An initial event that may be integral in the observed
hippocampal pathophysiology is chronic IL-1pB-induced activation of microglia and
upregulation of inflammatory molecules. In addition to serving as a primary source of I1L-1p,
reactive microglia produce cytokines and chemokines that may become harmful with
prolonged elevation (Streit et al., 2004). In fact, treatment with minocycline, an inhibitor of
microglial activation, spares cognitive deficits associated with aging and neuropathology in
animal models (Griffin et al., 2006; Choi et al., 2007; Fan et al., 2007; Liu et al., 2007). Our
immunohistochemical and molecular analyses presented here highlight the increased presence
of reactive microglia and expression of numerous inflammation-related genes following FIV-
Cre injection. Thus, it is likely that hIL-1p-initiated microglial activation contributed to the
observed impairments in spatial learning and memory.

IL-1p initiates an inflammatory cascade that includes upregulation of cyclooxygenase activity
and prostaglandin (PG) production in mouse brain (Moore et al., 2004). Using a rat model,
Hein et al. (2007) report that a hippocampal injection of PGE; following fear conditioning
induced the same degree of impaired context memory as IL-1p administration. Supporting the
hypothesis that IL-1p-stimulated PGE, production impairs memory processes, several studies
have shown attenuation of IL-1p-related behavioral disturbances upon treatment with an
inhibitor to cyclooxygenase (COX), the requisite enzyme for PG production (Shaw et al.,
2005; Hein et al., 2007). As elevated PGE has been detected in the IL-18%AT mice following
Cre-injection (Bliss etal., 2007), future studies are required to determine whether COX activity
and PGE; are responsible for the memory deficits reported here.

It should be noted that basal I1L-1 signaling appears to have a beneficial, if not constitutive,
role in learning and memory. Studies using central infusion of IL-1 receptor antagonist (IL-1ra)
(Depino et al., 2004), administration of IL-1B converting enzyme (ICE; caspase-1) inhibitor
(Gemma et al., 2005) and transgenic mice with altered expressions of IL-1 receptor (IL-1rKO)
(Avital et al., 2003), have all reported memory deficits in hippocampal-dependent tasks in
rodents. To clarify the “cost/benefit” characteristics of IL-1p, Goshen and colleagues (2007)
described a U-shaped effect of IL-1B on hippocampal-dependent processes by reporting
memory deficits upon intra-hippocampal administration of IL-1ra (IL-1 blockade) and high
dose IL-1B (10 ng), while observing facilitated memory in rats receiving a low dose of IL-1
(1 ng) (Goshen et al., 2007). The observation of a significant memory retention deficit in
IL-1B%AT mice 48 hours following completion of acquisition suggests that the degree of
IL-1 induction and the associated glial activation occurring 14 days after viral induction falls
on the detrimental part of the U-curve. However, it is possible that the degree of individual
hIL-1p induction may have served to improve memory in some mice, contributing to the wide
variation in FIVV-Cre performance and the modest overall effect on spatial acquisition and
retention.

Our within-animal comparison of the retention memory performance and hippocampal
expression of inflammatory genes including IL-1f, supports a recent clinical study that found
a negative correlation between IL-1f3 levels and cognitive function in aged subjects from the
PROSPER study (Trompet et al., 2008). Interestingly, linear regression analyses restricted to
mice with hIL-B overexpression indicated that, among the genes of interest, only IL-1a was a
significant predictor of memory performance in FIVV-Cre-injected mice, further extending the
role of this cytokine in rodent cognition (Banks et al. 2001). The lack of correlation among
expression of other hIL-B-induced genes with retention index may suggest a threshold effect
of inflammation where the probability of memory dysfunction increases once a certain degree
of neuroinflammation is achieved. Ongoing studies will address this hypothesis by
behaviorally-testing 1L-1*AT mice at extended time points after FIV-Cre injection where
inflammatory indices are substantial yet declining (Shaftel et al., 2007a).
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Epidemiological studies have suggested that women show greater deterioration of cognitive
abilities in AD (Henderson and Buckwalter, 1994; Buckwalter et al., 1996). Recent data
propose that the degree of neuroinflammatory response is dependent on sex and circulating
estrogen with female rodents showing an estrous cyclic-dependent exaggerated response to
brain injury (Vegeto et al., 2006; Cordeau et al., 2008; Hua et al., 2008). In our study, we did
find a sex difference in GFAP expression in FIV-GFP mice with female mice demonstrating
a significant elevation of GFAP mRNA abundance relative to males (data not shown).
However, we did not detect a main effect of sex or interaction effect of sex x treatment for any
behavioral or molecular index across all animals. This lack of effect may be due to time point
examined, sub-optimal sample size, or varying estrous stage across female mice, a factor known
to influence spatial memory performance (Frick and Berger-Sweeney, 2001). Future
investigation with increased subject numbers and estrous stage detection will be required to
determine if there are sex differences in spatial performance of IL-1p*XAT mice.

Our water maze apparatus had a search ratio (tank diameter: platform) smaller than comparable
studies in rats and mice, a factor that has been associated with steeper learning curves and
greater difficulty in assessing learning (Vorhees and Williams, 2006). Therefore, our protocol
may have been less sensitive to the effect of hIL-1p overexpression on spatial acquisition. To
supplement modification of the spatial water maze dimensions, inclusion of additional memory
paradigms such as object novelty or contextual fear learning may be warranted to fully
characterize the hippocampus-dependent cognition in the IL-18%AT mouse model.

In conclusion, we demonstrate that hippocampal 1L-1p overexpression in the IL-1p*XAT mouse
is associated with mnemonic deficits on a spatial task. Performance on acquisition and retention
trials were negatively correlated with glial activation and mRNA expression of pro-
inflammatory molecules, validating this transgenic mouse as a suitable animal model to
investigate the role of chronic neuroinflammation in age- and pathology-related cognitive
dysfunction. Although the time point used in this study (14 days) is not directly comparable
to the age-associated neuroinflammation that can occur over years in humans, this data set is
the first to describe mnemonic deficits in the IL-18%AT mouse, providing a foundation for
evaluation of memory following more extended durations of hIL-1p induction. In addition, the
IL-1B%AT mouse may be valuable in investigating IL-1p-related sensitivity in the context of
stressful behaviors (Buchanan et al., 2008; Chen et al., 2008), the influence of chronic
neuroinflammation on neurodegeneration, and the impact of pharmacological intervention on
chronic IL-1B-mediated behavior.
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Figure 1.

Hippocampal hlL-1p transgene induction does not impact non-spatial task acquisition. Latency
(A), path length (B), and swim speed (C) during the non-spatial water maze task. Each data
point represents the mean + standard error for each experimental group (n=9-12) for each trial,
with better performance represented as lower latencies and path lengths. There was no
significant effect of hippocampal IL-1p expression for any index.
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Hippocampal IL-1p transgene induction impairs spatial acquisition. Latency (A), summed path
length (B), and swim speed (C) during acquisition of the spatial water maze task. Each data
point represents the mean * standard error for each experimental group (n=9-12) during each
set of 4 acquisition trials, with better performance represented as lower latencies and path
lengths. A significant interaction between day x treatment was found for path length (F5 19=

4.05, p<0.05).
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Figure 3.

FIV-Cre injected IL-1pXAT mice spend greater distance from escape platform. Each data point
represents mean distance from platform center per acquisition trial across all animals within
each experimental group (z standard error). * indicates p<0.05.
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Figure 4.

Hippocampal hlL-1p transgene induction is associated with impaired spatial memory. (A)
Forty-eight hours following acquisition training, FIV-Cre-injected 1L-1XAT mice exhibited
increased path lengths on the retention trial; * indicates p<0.05; n=9-12 per experimental
group. (B) Test plots illustrating paths on retention trials. Each plot is from an individual mouse
whose travel distance represents the mean of the denoted experimental group.
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Figure 5.

Induction of hippocampal IL-1f leads to microglial activation. Microscopic observation of
MHC class Il immunoreactivity indicated increased staining intensity in hippocampus of FIV-
Cre-injected mice (B) relative to FIV-GFP-injected (A) mice. Analysis evaluating percent of
area reaching threshold optical density showed increased immunoreactivity in FIV-Cre
hippocampal regions (C). Furthermore, real-time PCR showed elevated hippocampal MHC
class Il mMRNA associated with FIV-Cre injection (D). ** indicates p<0.01, * indicates p<0.05
relative to FIV-GFP animals; n=9-12 per experimental group. Bar in B = 50 um.
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Figure 6.

Induction of hippocampal IL-1p leads to reactive gliosis. FIV-Cre-injected mice show evidence
of microglial and astrocytic hypertrophy based on visual observation of Iba-1 and GFAP (B,
E) immunoreactivity, respectively, relative to FIV-GFP-injected (A, D) mice. Analysis
evaluating percent of area reaching threshold optical density showed increased
immunoreactivity of Iba-1 (C) and GFAP (F) in FIV-Cre hippocampal regions. ** indicates
p<0.01 relative to FIV-GFP animals; n=4 per experimental group. Bar in E = 10 um (G) Real-
time PCR showed elevated hippocampal GFAP mRNA associated with FIVV-Cre injection. *
indicates p<0.05 relative to FIV-GFP animals; n=9-12 per experimental group.
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Figure 7.

Neutrophil infiltration is evident in FIV-Cre-injected mice. Positive staining of antibody 7/4
demonstrates presence of neutrophils associated with hIL-1p transgene induction (B) relative
to FIV-GFP injected hippocampus (A). Bar in B =20 um. (C) Real-time PCR showed elevated
hippocampal CCR-2 and CXCR-2 mRNA associated with FIV-Cre injection. ** indicates
p<0.01 relative to FIV-GFP animals; n=9-12 per experimental group. Bar in E = 10 um.
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Figure 8.

Induction of hlL-1f mediates inflammation-related gene expression in the mouse
hippocampus. gRT-PCR analysis revealed significant upregulation of all genes (p<0.05; n=9-
12 per experimental group) in FIV-Cre-injected relative to FIV-GFP-injected IL-1pXAT mice.
One hippocampal sample from each mouse was analyzed. Expression of each gene was
normalized to ribosomal 18s housekeeping gene. The graph represents normalized ratios of
FIV-Cre mice relative to FIV-GFP-injected mice.
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Figure 9.

Neuronal apoptosis is not associated with overexpression of hippocampal hiL-1p.
Representative images (20x) of dentate gyrus from FIV-GFP-injected (A) and FIV-Cre-
injected mice stained with TUNEL (red) and NeuN (cyan), demonstrating increased number
of TUNEL positive cells associated with hIL-1f induction. (C) High magnification (240x) of
TUNEL immunoreactivity in FIV-Cre hippocampus demonstrates TUNEL positive cells in
dentate gyrus granular cell layer.
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Table 1

Primer sequences used for real-time quantitative PCR of mMRNA expression in hippocampal tissue.

Gene Primer sequences from 5'f to 3'f
GFAP F CTGGAGGTGGAGAGGGACAA

R GGTTGGTTTCATCTTGGAGCTT

Probe TTTGCACAGGACCTCGGCACCC
Murine IL-o F AAGGAGAGCCGGGTGACAGT

R GAAACTCAGCCGTCTCTTCTTCA

Probe CAGCAACGTCAAGCAACGGGAAGATTC
Murine IL-B F TCG CTC AGG GTC ACA AGA AA

R ATCAGAGGCAAGGAGGAAACAC

Probe CATGGCACATTCTGTTCAAAGAGAGCCTG
MIP-2 F CAAGAACATCCAGAGCTTGAGTGT

R TTTTGACCGCCCTTGAGAGT

Probe CCCACTGCGCCCAGACAGAAGTCAT
MHC-11 F AGTCAGTCGCAGACGGTGTTT

R GATAAGACAGCTTGTGGAAGGAATAGT

Probe TGAGACCAGCTTCTTCGTCAACCGTG
MCP-1 F GGCTCAGCCAGATGCAGTTAA

R CCTACTCATTGGGATCATCTTGCT

Probe CCCCACTCACCTGCTGCTACTCATTCA
KC (CXCL1) F GCTAAAAGGTGTCCCCAAGTAA

R TAGGACCCTCAAAAGAAATTGTA

Probe CTGCTCTGATGGCACCGTCTGGT
CCR2 TagMan® Gene Expression Assay (ID Mm99999051_gH; Applied Biosystems)
CXCR2 F GTCTTTCAGCATGGCTCATTAC

R CGTGACCTCTTTCTCCCTGTA

Probe AGACTGTGGTATTTGAATTGATGCAGCC
18s rRNA F CGACCATAAACGATGCCGACT

R GTGGTGCCCTTCCGTCAA

Probe CGGCGGCGTTATTCCCATGACC
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