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out to represent a key element in the Ca®*-dependent and
lipid-raft-delineated switch that tumed on activity-regu-
lated dendrite formation in developing cortical neurons.

EXPERIMENTAL PROCEDURES

Cloning and Plasmid Constructions
A detailed description of all plasmids can be found in the Supplemental
Data.

immunocytochemistry

Cells were fixed in 4% paraformaldehyde/4% sucrose/phosphate-
butfered saline (PBS) (—) at room temperature for 20 min, and immu-
nostaining was carried out as described (Takemoto-Kimura et al.,
2003). Additional methods can be found in the Supplemental Data.

Western Blot Analysis

For westemn blot analysis, primary antibodies were as follows: rat anti-
GFP (Nacalai Tesque, Japan), rat anti-HA (Roche Diagnostics), mouse
anti-Flotillin-1, mouse anti-Caveolin-2, and anti-Rac1 (BD Transduc-
tion Laboratories). A rabbit anti-STEF antibody was as described (Mat-
suo et al., 2002). Chemiluminescence detection was performed using
HRP-conjugated anti-rat and anti-mouse IgG and ECL-Plus reagent
(Amersham Biosciences).

Metabholic Labeling and Coimmunoprecipitation
For metabolic labeling, COS-7 cells plated onto 6-well plates were
transfected with wild-type and mutant GFP-CL3 vectors using
Fugeneb reagent (Roche Diagnostics). For mevalonate labeling,
a pMev vector (ATCC), which encoded a transporter that augmented
mevalonic acid uptake, was cotransfected with GFP-CL3 for 24 hr.
Cells were pretreated with 40 uM Compactin (Wako, Japan) for 2 hr,
then incubated for 20 hr in growth medium supplemented with
40 pM Compactin and 0.1 mCi/m! of [*H}-mevalonolactone (Perki-
nEimer or ARC). Palmitate labeling was initiated 48 hr after transfection
by pretreating cells with serum-free medium (DMEM with 1% fatty-
acid-free bovine serum albumin [Sigma]) for 1 hr, and then incubating
for an additional 3 hr in the serum-free medium supplemented with 0.4
mCi/m! of [PH]-palmitic acid (PerkinElmer). After metabolic labeling,
cells were washed twice in ice-cold phosphate-buffered saline (PBS)
(-) and lysed in lysis buffer containing 50 mM Tris-HC! {pH 7.5), 100
mM NaCl, 2 mM MgCiz, 10% glycerol, 1% Triton X-100, and a
Complete protease inhibitor cocktail (Roche Diagnostics). Lysates
were immunoprecipitated using a rabbit anti-GFP polycional antibody
(Molecular Probes) and Protein-A-Sepharose (Amersham Biosci-
ences). Immunoprecipitates were washed three times in lysis buffer
and boiled in 4x Laemmli buffer containing 5 mM DTT for 3 min and
were subjected to SDS-PAGE. Incorporated mevalonolactone and
palmitic acid were digitally detected using a BAS-5000 bicimage
analyzer and quantified using Multi Gauge software (Fujifilm, Japan).
In coimmunoprecipitation assays, cortical neurons were transfected
with GFP-CL3 and HA-CL3 vectors by electroporation using Nucleo-
fector (Amaxa Biosystems) and plated onto poly-D-Lysine-coated 6
cm dishes at the density of 4 x 105/cm? and then harvested at 2
DiV. immunoprecipitation was performed as described above.

Lentivirus Production, Infection, and Lipid Raft Fractionation

A 536 bp synapsin | promoter was isolated by PCR from rat genomic
DNA and inserted into CS-CA-MCS (Miyoshi et al., 1998) to replace
the original chicken actin promoter. EGFP-CL3 fragment was further
inserted and cotransfected with pCAG-HIVgp and pCMV-VSV-G-
RSV-Rev into HEK293T cells using Fugene6 reagent to generate
a self-inactivating lentivirus vector. All original lentivirus vectors were
provided by Dr. Hiroyuki Miyoshi (RIKEN-BRC, Japan). Concentrated
virus solutions were obtained by uitracentrifugation at 80,000 x g,
and virus titer was determined using Hela cells. Cortical neurons

(1 DIV) were infected with lentivirus for 5 hr at a nominal MOI of about
0.2, and after washout, maintained in Neurobasal containing 0.5 mM
Glutamax, 1 x B27, and 25 pg/ml insulin. Under these conditions,
GFP-positive glial cells (as determined by GFAP expression) were
less than 6%. Though the nominal MOl was about 0.2, this is very likely
to be an underestimate, as it was calculated based on the induction of
trace EGFP fluorescence in heterologous cells. Lipid raft preparations
were performed 2 days after infection (3 DIV).

Lentivirus-infected cortical neurons in 10 ¢cm dishes (3.5 x 10° cells/
cm?) were harvested at 3 DIV for preparation of detergent-insoluble
membrane fractions according to Suzuki et al. (2004) with minor
modifications. Thirteen fractions (1 ml each) were collected and 15 pl
of each fraction were subjected to SDS-PAGE followed by western
blot analysis. To obtain a concentrate of the raft fractions in Figure SE,
raft fractions {fractions 4 and 5) were pooled, and a portion of it (1.4 mi)
was ultracentrifuged at 20,000 x g for 1 hr at 4°C. The pellet was resus-
pended in 140 pl of Buffer A (50 mM Tris-HCI [pH 7.5], 50 mM NaCl),
and 15 pl of the final sample was subjected to SDS-PAGE and western
blot analysis.

Cell Culture Preparation and Visualization of Raft-Targeted
Proteins

COS-7 cells were maintained in Dulbecco’s modified Eagle medium
(DMEM) containing 10% heat-inactivated fetal calf serum (FCS).
Dissociated cortical cultures from embryonic day 18 Sprague-Dawley
rats were prepared as described previously for rat hippocampal
cultures (Bito et al., 1996) with minor modifications. Cortical neurons
were plated onto 12 mm poly-L-Lysine-coated coverslips at the
density of 5 x 10° cells per coverslip in a 24-well plate.

Gene targeting of CL3/CaMKly was carried out in a C57BL/6-
derived ES cell line RENKA (Mishina and Sakimura, 2007) by insertional
mutagenesis. The exons 2 and 3 of mouse the Camk7g gene, which
contained the kinase ATP-binding site, were deleted and replaced
by a targeting construst such that the first methionine of CL3 was fused
in-frame to an hCrePR-IRES-EGFP cassette that was juxtaposed to an
inverted neomycin resistance gene flanked by FRT sites. A detailed
analysis of the CL3/CaMKly nuli mouse mutant will be described
elsewhere (S.7.-K., M.O., T. Takeuchi, K. Sakimura, M.M., H.O., and
H.B, unpublished data). Cortical mouse cuitures were prepared from
embryonic day 17 C57BL/6J wild-type or CL3 null mice.

For visualization of in situ raft-targeted GFP-fusion proteins, rat
cortical or mouse hippocampal neurons were washed with KRH buffer
(Suzuki et al., 2004) containing 2 mM Ca?* on ice, permeabilized with
0.1% Triton X-100/KRH(#+) for 2 min on ice, washed gently, and then
fixed. Raft depletion in cortical neurons was carried out by including one
of the following drugs (10 pM mevastatin, 10 pM fumonisin B,, 10 uM
fumonisin B, and 10 pM mevastatin, 100 uM zaragozic acid, 100 pM
zaragozic acid, and 10 pM mevastatin) in the culture medium from 6 hr
after plating onward for an additional 42 hr. mRFP1 was nucleofected
for accurate visualization of the contours of individual neurons.

In one instance, rat hippocampal neurons obtained from P01
Sprague-Dawley rats (Bito et al., 1996) were used to quantity FRET
between CL3 molecules (Figure S2A).

Morphometric Analysis of the CL3-Associated Phenotype

in Cultured Neurons

Dissociated cortical cultures from embryonic day 19 Sprague-Dawley
rats were prepared as described previously for rat or mouse hippo-
campal cuftures (Bito et al., 1996; Furuyashiki et al. 2002) with minor
modifications. Cortical neurons were transtected immediately after
dissociation by electroporation using Nucleofector and plated onto
12 mm poly-L-Lysine-coated coverslips at the density of 5 x 10° cells
per coverslip (rats) or 7.5 x 10° cells per coverslip (mice) in 24-well
plates, and then fixed at 2 DIV. Presumably because of a relatively
low amount of plasmid transfer across neuronal membranes during
electroporation procedure, use of a strong CAG promoter-driven
expression cassette was needed to reliably express foreign genes.
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Further, to unequivocally ascertain the phenotypes of neurons
expressing various shRNA vectors and rescue constructs, we carried
out all quantitative analyses based upon immunostaining of the mor-
phometric markers, either GFP or mRFP1 (a kind gift from Dr. Roger
Y. Tsien, HHMI, UCSD). This allowed us to obtain clearer images of
neuronal contours, thus facilitating morphometric analyses. The
transtection efficiency was relatively high (about 50% in our hands
using this protocol) when examined within a day after electroporation.
Thus, we were able to improve the accuracy of visualization in all
morphometric experiments by simply mixing the transfected cells
with nontransfected cells prepared in parallel, at a ratio of 1:20 (rats)
or 1:10 {mice), before plating. Dendritic and axonal arborizations of
most transfected neurons could then be traced in total isolation while
they stili formed a dense network with neighboring untransfected
neurons. Neurons expressing pSUPER-type vectors revealed negligi-
ble amounts of either cell death (0%-0.5%) as measured by TUNEL
staining (Roche Diagnostics) or dsRNA-induced interferon-like
response monitored using a muMx2 promoter-luc vector {a kind gift
from Dr. Atsushi Asano, Hokkaido University) (Alvarez et al., 2006).

Inthe Rac1-rescue experiments, even an intermediate-level expres-
sion of a constitutively active Rac mutant, GFP-V12Rac1, using a CAG
promoter usually resulted in an aberrant neuronal morphology, such as
exuberant lamellipodia formation at the cell soma and premature
detachment from the glass coverslip. To circumvent this problem,
GFP-V12Rac1 was introduced using a CMV promoter-based plasmid
vector, as the observed expression level was lower than that obtained
using a CAG promoter vector. A few neurons still showed an aberrant
somata size and shape and thus were excluded from analyses.

Images of neuronal morphologies were captured based onimmuno-
reactivities against GFP or mRFP1, using the Olympus BX51 micros-
copy system with the 20x objective or 40X objective in the cases of
CL3-overexpression experiments to visualize fine protrusions for
cumulative probability analysis. Dendrites and axons were identified
by standard morphological criteria. As the majority of neurons, in our
cortical culture preparation, possessed only one clearly classifiable
axon and one or more dendrites, neurons with nonpyramidal mormpho-
logical features (such as multiple axons or no classifiable processes)
were excluded from analyses. The total length and the dendritic branch
tip number were determined manually using NeuronJ 1.1.0 (Meijering
et al., 2004), plug-in software for ImagedJ (NIH). Representative images
were acquired using the LSM 510META confocal microscope with the
40x objective. All analyses were performed by an observer blinded to
the identity of the transfected constructs.

In experiments described in Figure S4, electroporated neurons were
initially cultured as a suspension in a growth medium, without plating,
in plastic centrifuge tubes at the density of 2 x 10° cells/ml, while
neurons were allowed to form aggregation. Forty-eight hours later,
aggregated neurons were then dissociated mechanically by gentle
pipetting and plated onto 12 mm poly-L-Lysine-coated coverslips at
the density of 1 x 108 cells per coverslip. Fixation and analysis were
carried out 24 hr later.

Mouse hippocampal neurons were transfected using Lipofectamine
2000 (Invitrogen) at 7 DIV and analyzed at 9 DIV. Morphometric analy-
ses of hippocampal neurons were performed as essentially described
above for cortical neurons. Only primary dendrites were traced using
ImageJ/NeuronJ software.

In Situ Hybridization

In situ hybridization using DIG technology (Roche Diagnostics) was
performed essentially as described (Ohmae et al., 2006). For the
generation of antisense and sense cRNA probes, a 374 bp fragment
corresponding to the nucleotide position 864-1337 of CL3 was subcl-
oned into pBluescriptll KS+ vector (Stratagene).

BDNF Application and Calcium Imaging in Cortical Neurons

BDNF (generously provided by Dainippon Sumitomo Pharma, Osaka,
Japan, by courtesy of Dr. Chikao Nakayama) and/or KN-93 (Calbio-
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chem) were added to cells at 6 hr after plating at the final concentration
of 50 ng/m! and 10 uM, respectively. Bath application was performed
by dissolving the reagents in one-half volume of the conditioned
culture medium and by mixing this gently with the remaining half of
the original medium in the dish. No medium change was done there-
after till fixation.

Fluorescent calcium imaging was performed essentially as de-
scribed previously (Furuyashiki et al., 2002). A detailed description of
further experimental conditions can be found in the Supplemental
Data.

Ract Pull-Down Assays, Measurement of Fluorescence
Resonance Energy Transfer. and Quantification

of Golgi Deformation

A detailed description of experimental procedures can be found in the
Supplemental Data.

Statistical Analysis

Statistical analyses were performed using Prism 4.0 (GraphPad Soft-
ware) and JMP5.1.2 (SAS Institute). Student’s t test was used for com-
parisons of two groups. One- or two-way analysis of variance (ANOVA)
with post hoc Tukey-Kramer or Bonferroni test was used for factorial
analysis between more than three groups. The Kolmogorov-Smimov
test was applied to verify whether the bidirectional effect of CL3
manipulation occurred throughout all dendrites or was restricted to
a subpopulation. All data are shown as mean x standard error of
means (SEM), unless otherwise mentioned.

Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/54/5/755/DC1/.
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PERIOD FOR EFFICACY
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Abstract—Proinflammatory cytokines circulating in the pe-
riphery of early postnatal animals exert marked influences on
their subsequent cognitive and behavioral traits and are
therefore implicated in developmental psychiatric diseases
such as schizophrenia. Here we examined the relationship
between the permeability of the blood-brain barrier to inter-
leukin-1 alpha (IL-1a) in neonatal and juvenile rats and their
later behavioral performance. Following s.c. injection of IL-1«x
into rat neonates, IL-1a immunoreactivity was first detected
in the choroid plexus, brain microvessels, and olfactory cor-
tex, and later diffused to many brain regions such as neocor-
tex and hippocampus. In agreement, IL-1« administration to
the periphery resulted in a marked increase in brain IL-1a
content of neonates. Repeatedly injecting IL-1a to neonates
triggered astrocyte proliferation and microglial activation,
followed by behavioral abnormalities in startle response and
putative prepulse inhibition at the adult stage. Analysis of
covariance with a covariate of startle amplitude suggested
that IL-1« administration may influence prepulse inhibition.
However, adult rats treated with IL-1« as neonates exhibited
normal learning ability as measured by contextual fear con-
ditioning, two-way passive shock avoidance, and a radial
maze task .and had no apparent sign of structural abnor-
mality in the brain. In comparison, when IL-1« was admin-
istered to juveniles, the blood-brain barrier permeation
was limited. The increases in brain IL-1« content and immu-
noreactivity were less pronounced following IL-1a adminis-
tration and behavioral abnormalities were not manifested at
the adult stage. During early development, therefore, circu-
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fibrillary acidic protein; IL-1, interleukin-1; NCAM, neural cell adhesion
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prepulse inhibition; TH, tyrosine hydroxylase; TNF, tumor necrosis
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lating IL-1« efficiently crosses the blood—brain barrier to
induce inflammatory reactions in the brain and influences
later behavioral traits. © 2007 IBRO. Published by Elsevier
Ltd. All rights reserved.

Key words: BBB, cytokine, IL-1, prepulse inhibition, sensori-
motor gating, schizophrenia.

Obstetric complications as well as maternal and perinata!
viral infection have been proposed to increase the risk of
schizophrenia (O’Callaghan et al., 1991, 1992; Cannon et
al., 2002). This hypothesis has been examined by chal-
lenging rodent dams or neonates with viral infection, hyp-
oxia and asphyxia (Borrell et al., 2002; Fatemi et al.,
2002a; Zuckerman et al., 2003; Shi et al., 2003). Infecting
pregnant mice with influenza virus results in inflammatory
reactions in the fetal body and brain although the virus is
not detectable in the fetus (Shi et al., 2005). Non-vital viral
and bacterial components, polyinosinic-polycytidylic acid
and bacterial lipopolysaccharides, can produce similar ma-
ternal immune responses and the glial reaction in fetal
brain without apparent neurodegeneration, and later in-
duce various abnormal behaviors of offspring that are sen-
sitive to antipsychotic medication (Urakubo et al., 2001
Fatemi et al., 2002b, 2005; Gayle et al., 2004; Meyer et al.,
2006a). Thus, immune inflammatory responses, rather
than viral cytotoxicity, play a central role in perturbing brain
development including aspects that contribute to later neu-
robehavioral traits.

The fetal and neonatal immune inflammatory reactions
following viral challenge or hypoxia include induction of
various proinflammatory cytokines that are implicated in
the etiology or neuropathology of schizophrenia (Nawa
and Takei, 2006). Maternal challenge with polyinosinic-
polycytidylic acid and neonatal exposure to Borna virus
strongly induce interleukin (IL)-18 in fetal body and tumor
necrosis factor (TNF)a in neonates, respectively (Hornig et
al., 1999; Watanabe et al., 2003; Meyer et al., 2006b,c).
These proinflammatory cytokines are markedly induced in
human fetal amniotic fluids following obstetric complica-
tions or abnormal pregnancy (Romero et al., 1990; Hal-
gunset et al., 1994). Thus embryos and newborns can be
exposed to high concentrations of proinflammatory cyto-
kines depending on the severity of labor and the term of
pregnancy (Tsunoda et al.,, 1990; Sarandakou et al.,
1998). While cytokine-mediated intra-placental inflamma-
tion has been implicated in abnormal brain development
and impaired brain function [ater in life (Muller and Acken-
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heil, 1998: Nawa et al., 2000), it is not clear how cytokines
in the periphery penetrate the blood-brain barrier (BBB)
and act on immature neurons or glial cells in the brain.

IL-1 is a proinflammatory cytokine that mediates stress
and inflammatory responses in the immune, endocrine, and
nervous systems (Minami et al., 1991, 1992; Rothwell and
Luheshi, 2000). Infection, hypoxia and tissue injury all
induce the production of IL-1a and/or IL-1B in the periph-
ery, both of which bind to and activate the same receptor
(Rothwell and Luheshi, 2000). In this context, |L-1 is one of
the proinflammatory cytokines that are commonly involved
in schizophrenia risk events such as maternal viral infec-
tion and obstetric complications (Nawa and Takei, 2006).
Although IL-1a and IL-18 have limited access to the CNS
in adults (McLay et al., 2000; Banks et al., 2002-2003), the
perinatal or early postnatal impact of IL-1 in the periphery
appears to be more dynamic and prolonged (Tohmi et al.,
2004; Tsuda et al., 2006). In previous studies, we s.c.
treated rat pups with similar high doses of the proinflam-
matory cytokines, epidermal growth factor (EGF), IL-1«,
IL-2, IL-6, interferon v, and leukemia inhibitory factor, and
found that, among the cytokines tested, only EGF and
IL-1a exhibit the severe and persistent influence on pre-
pulse inhibition (PP!), social interaction, exploratory behav-
jors and acoustic responses (Futamura et al., 2003; Wa-
tanabe et al., 2004; Tohmi et al., 2004; Tsuda et al., 2006).
In addition, genetic and brain imaging studies on schizo-
phrenia also indicate a tight fink between IL-1 and this
illness. Nucleotide polymorphism of the IL-1 gene complex
is associated with a schizophrenia risk, potentially contrib-
uting to ventricular enlargement of schizophrenia patients
(Katila et al., 1999; Papiol et al., 2005). Despite evidence
implicating IL-1 as one of the factors that can modulate
neurobehavioral development and are implicated in
schizophrenia etiology or pathology, molecular and celtular
influences of circulating IL-1a in developing brain are
largely unknown.

In the present study, we s.c. administered human re-
combinant IL-1a to rats at neonatal and juvenile stages.
Permeation of IL-1a was estimated by immunohistochem-
istry and enzyme immunoassay (EIA) for human IL-1e in
the acute phase and following repeated IL-1« injections by
glial responses in a subchronic phase. To assess the
consequences of IL-1a penetrance through neonatal BBB
on later brain function, we examined the behavioral per-
formance of these rats as adults. The permeability of the
BBB to IL-1a was compared at neonatal and juvenile ages
and correlated with the behavioral deficits elicited by ad-
ministration of this cytokine.

EXPERIMENTAL PROCEDURES
Animals and cytokine treatment

Newborn Sprague—Dawley rats (all mafe, 12 litters total, SLC,
Shizuoka, Japan) were obtained at postnatal day (PND) 2. We
minimized the number of animals used and their suffering. Litters
were designated born on PND1 and culled to 10 male pups by the
vendor. Rats were housed with their dam in polypropylene cages
(58LX28Wx24H cm) in a temperature-controlled colony room
maintained on a 12-h light/dark cycle (light on 08:00 h). Recom-
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binant human IL-1« (1.0 ug/g body weight; Dainippon Pharma-
ceuticals, Osaka, Japan) or vehicle (phosphate-buffered saline;
PBS) was administered s.c. to rats daily at the nape of the neck
during PNDs PND2 to PND10 or PND14 to PND22. In our pre-
liminary study, lower doses of recombinant human IL-1« (0.3, 0.1,
and 0.01 ug/g body weight) failed to affect behavioral traits (Fig. 1
in a supplement). Thus, we gave neonatal rats the dose of 1.0 ug
IL-1a/g body that caused mild weight loss but not lethality (Tohmi
et al., 2004). At PND22-25, pups were weaned and separated into
cage (three to four animals per cage). Two litters of rats were
assigned to each behavioral test and not reused in other behav-
joral tests. Tests were performed during the night cycle (20:00—
02:00 h). In a second set of experiments, IL-1a (1.0 ng/g) or PBS
was injected s.c. into rat pups (PND2 or PND14) to examine acute
effects on intracellular signaling. Food and water were available
ad libiturn except for rats tested with the radial maze task. These
animals were limited to 10 g of food per day during the maze task.
All animal protocols were in accordance with the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals
and approved by the Animal Use and Care Committee of Niigata
University.

EIA

Postnatal rats (PND2 and PND14) were given an s.c. injection of
human recombinant IL-1a: (1.0 ug/g body weight). One h or 4 h
after injection rats were subjected to hypothermia and then tran-
scardially perfused with cold PBS (10 mi for PND2 and 30 ml for
PND14) to wash out IL-1« remaining in blood vessels. To estimate
the amount of human IL-1« penetrating the BBB, the frontal cortex
including the anterior cingulate was taken and homogenized in 10
volumes of homogenization buffer containing 1% Triton X-100 and
protease inhibitors [aprotinin (200 kallikrein U/ml), 0.1 mM phe-
nylmethylsulfonyl fluoride, 0.1 mM benzethonium chloride, 1 mM
benzamidine (all, Sigma Chemical Co., St. Louis, MO, USA), and
1 mM EDTA] (Nawa et al., 1995). Brain homogenates were cen-
trifuged at 14,000 X g for 30 min at 4 °C and the supernatants were
stored at —80 °C until use. Protein concentrations in the samples
were determined using a Micro BCA kit (Pierce, Rockland, IL,
USA) with bovine serum albumin as a standard. IL-1« levels were
measured by a sandwich EIA kit for this cytokine (Cayman Chem-
ical, Ann Arbor, Ml, USA), as described in a manufacturer’s pro-
tocol. The secondary antibody directed against human IL-1« was
conjugated to acetylcholinesterase. The acetylcholinesterase ac-
tivity retained in each well was measured by incubation with
Eliman’s reagent. The amount of the resutting yellow product was
monitored by a plate reader with 450 nm light. EIA had a minimum
dynamic range of 5-250 pg/well.

Immunoblot analysis

To evaluate the subchronic influence of IL-1a on neuroinflamma-
tory markers, protein samples were prepared from [L-1a-reated
animals 24 h after the last of multiple cytokine injections. Protein
(5 ug or 50 ug/lane) was subjected to 8% or 12% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and transferred to a
nitrocellulose membrane. The membrane was probed with anti-
bodies directed against Iba1 neural cell adhesion molecule
(NCAM, 1:5000, Sigma), glial fibrillary acidic protein (GFAP,
1:5000, Dako, Tokyo, Japan), D1 dopamine receptor (1:1000),
D2 dopamine receptor (1:1000), AMPA receptor subunit GluR1
(1:1000), type 1 NMDA receptor (NR1, 1:1000), glutamic acid
decarboxylase 67 (GAD; 1:500), tyrosine hydroxylase (TH;
1:1000), synaptophysin (1:1000), and synapsin | (1:800) (all from
Chemicon, Temecula, CA, USA). Primary antibodies were de-
tected with appropriate secondary antibodies and chemilumines-
cence (Amersham-Pharmacia, Tokyo, Japan).
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Brain histology

To visualize brain distributions of IL-1« following s.c. injection,
neonatal (PND2) and juvenile rats (PND14) received an s.c. in-
jection of IL-1« (1.0 ng/g body weight) or PBS. One h or 4 h after
injection, rats were transcardially perfused with 4% paraformalde-
hyde and in a 0.1 M phosphate-buffered solution (pH 7.4). For
neuropathological examination, alternatively, IL-1a-treated and
vehidle-treated rats (PND11 or PND60) were fixed with 4% para-
formaldehyde and 0.1% glutaraldehyde in a 0.1 M phosphate-
buffered solution (pH 7.4) by transcardial perfusion. Seral sec-
tions (4 and 10 um thick) were cut from paraffin-embedded or
frozen tissues, stained with hematoxylin and eosin or Kluver-
Barrera stain. Alternatively, brain sections were incubated with
antibodies directed against human IL-1« (1:100, Chemicon),
GFAP (1:500, Dako) and ectodysplasin 1 (ED-1, 1:50, Serotec,
Oxford, UK) subsequently stained using the ABC method (Vector
Laboratories, Burlingame, CA, USA).

Measurement of acoustic startle and PPI

Startle amplitude and PPI responses were assessed in a startle
chamber (SR-LAB Startle Response System, San Diego Instru-
ment, San Diego, CA, USA) with 120-dB acoustic stimuli, a single
100-ms prepulse interval, and three different prepulse intensities
[5. 10, and 15 dB above background noise (white noise, 70 dB)).
Depending on the animal's mass, the sensitivity of the startle
chamber was adjusted to obtain a linear dynamic range by setting
the amplitude of the vibrator to 250 units for 4 week-old rats and
125 units for 8 week-old rats (arbitrary unit measure of this ma-
chine). This twofotd difference in sensitivity was normalized after
data acquisition. PPl was determined with the following two cal-
culations: The percentage reduction in startle amplitudes following
prepulse stimuli (% PPI) was calculated as: 100—[(startle re-
sponse on prepulse—pulse ‘stimulus trials—no stimulus  trials)/
(pulse-alone trials—no stimulus trials)x100] (Braff and Geyer,
1990; Swerdlow and Geyer, 1998). The absolute reduction from
pulse-alone startle amplitudes (absolute PPI) was calculated as:
pulse-alone trials—startle response on prepulse-pulse stimulus
trials (Grillon et al., 1992).

Active-avoidance learning

Rats were given 10 sessions of two-way active-avoidance condi-
tioning (10 trials/day). Active-avoidance testing was conducted in
a two-way automated shuttle box (Muromachi-kiki, Tokyo, Japan).
The conditioned stimulus (CS) was an 80-dB tone for 5 s. The
unconditioned stimulus (US), a 5-s positive half-wave constant
current of 0.6-mA intensity, was initiated if the animal failed to
make an escape response (crossing to the other side of the shuttle
box). The inter-trial interval was variable (20-40 s; Futamura et
al., 2003).

Contextual conditioning

Rats were habituated in a test chamber (30L X30WX90H cm box;
Muromachi-kiki) for 5 min and exposed to 0.8-mA electric shocks
(2 s, twice). One day after conditioning, rats were returned to the
chamber. The time spent freezing (i.e. no movements except
those necessary for respiration) was counted at 1-min intervals for
3 min. Freezing behavior was recorded by a video camera during
all sessions (Ohno et al., 2001).

Radial arm maze task

The radial arm maze contained eight arms (48 X12 cm) extending
radially from a central area (32 cm in diameter) with a 5-cm edge
around the apparatus (Neuroscience Inc., Tokyo, Japan). Each
animal was subjected to a reference and working memory task for
15 days (three sessions/day) during which the same four arms

were baited for each daily training session (Mizuno et al., 2000).
The other four arms were never baited. The training trial continued
until four baits had been consumed or until 5 min had elapsed. The
number of reference memory errors (entering an amn that was not
baited) was counted.

Statistical analysis

Results were expressed as means+S.E.M. Startle response, PP,
and learning measures were analyzed using ANOVA with re-
peated measures, followed by a Tukey post hoc test for groups
having similar deviations or a Games-Howell post hoc test for
groups having different deviations. In repeated measures ANOVA,
a between subject factor was treatment (IL-1 and PBS) and a
within subject factor was either test session or prepulse intensity
of absolute or percentage reduction of startle amplitudes. A Pear-
son’s correlation test between pulse-alone startle responses and
PPI levels was perfomed, followed by analysis of covariance
(ANCOVA) with a subject factor of treatment and a covariate of an
absolute amount of pulse-alone startle. To quantify immunoreac-
tivity on blots, the densitometry of bands (arbitrary units) was
performed and subjected to two-way ANOVA with subject factors
of treatment and age or univariate analysis of Student’s t-test for

" data at a single age. N values represent the number of animals. A

P value of less than 0.05 was considered statistically significant.
Statistical analysis was performed using the SPSS software (ver-
sion 11.5; SPSS Japan Inc., Tokyo, Japan).

RESULTS
IL-1a crosses the BBB in neonates

To assess the permeability of the BBB to IL-1a in neonatal
and juvenile rats, we examined brain distributions of hu-
man IL-1« following peripheral administration of this cyto-
kine (Figs. 1-3). One h after s.c. administration of IL-1«,
immunoreactivity for human IL-1a was predominantly dis-
tributed in the choroids plexus of the ventricles and mi-
crovessels in the brain (Fig. 1b—d). A significant numbers
of cells in the olfactory cortex also became immunopositive
for IL-1a at this time point. In contrast, there was little IL-1a
immunoreactivity in the brain of vehicle-injected animals
(Fig. 1a). Four h after IL-1a injection, immunoreactivity for
IL-1a disappeared from the ventricles and microvessels
(Fig. 2a) and moved to cell surfaces in the neocortical
regions (Fig. 2b—d) as well as in the hippocampus and
hypothalamus (data not shown). In particular, there was
strong IL-1a immunoreactivity in cingulate cortex and ol-
factory cortex (Fig. 2¢). Following peripheral administration
of human IL-1« into juvenile rats, penetration of IL-1a to
the brain was limited. IL-1« immunoreactivity in the brain
was modest or negligible in IL-1c-treated juvenile rats,
compared with that in of IL-1a-treated neonates (Fig. 3).
To confirm that the permeability of the BBB decreases
during development, we similarly administered [L-1a to the
periphery of neonatal (PND2) and juvenile rats (PND14)
and measured IL-1a content in the frontal cortex including
cingulate cortex 1 h and 4 h after injection (Fig. 4). To
remove human IL-1a remaining in bloodstream of the
brain, rats were perfused with excess amounts of PBS
before tissue dissection. ANOVA with subject factors of
treatment (IL-1¢ and PBS), time (1 h and 4 h) and age
(PND2 and PND14) revealed significant main effects of
IL-1a treatment (F(1,24)=43.8, P<0.001) and age
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Fig. 1. IL-1« immunoreactivity in neonatal rat brain 1 h after s.c. injection. Sixty min after PBS (a) or human IL-1« (b—d) was s.c. injected into neonatal
rats (PND2), brains were fixed and immunostained with an antibody directed against anti-human IL-1a. The higher magnification images of ¢ (the
lateral ventricle) and d (the olfactory cortex) comrespond to the areas indicated by the open boxes in b, respectively. Arrowheads mark microvessels
carrying IL-1« immunoreactivity. The numbers indicate the length of scale bars (1um). Note: the choroid plexus in other brain sections exhibited similar

immunoreactivity for IL-1« (data not shown).

(F(1,24)=11.8, P=0.002). A post hoc analysis indicated
that human IL-1a content in neonatal rats (PND2) was
higher than that in juvenile rats (PND14) at both time
points. Thus, these results confirmed that peripheral
IL-1a permeates the brain through the BBB at the neo-
natal stage of rats more efficiently than in the juvenile
stage.

Neuroinflammatory responses in the brain following
repeated IL-1a treatment

The neuropathological consequences of repeated IL-1 in-
jections were examined at PND11 when 24 h passed after
the last IL-1« injection was performed. When neonatal rats
received daily injections of IL-1a nine times, its effects
were widespread to various regions of the brain. Cells
positive for GFAP (an astrocyte marker) and ED-1 (a mi-
croglia marker) were present not only in the cingulate
cortex and olfactory cortex (Fig. 5e—h) but also in other
brain regions such as neocortex and hippocampus (Fig. 2
in a supplement). Expression of these glial markers was
not a consequence of cell death as histological examina-

tion revealed few signs of neurodegeneration (i.e. cyto-
plasmic shrinkage, vacuolization, chromatin condensation,
etc.) in hematoxylin and eosin or Kluver-Barrera staining
(Fig. 5a—d). The increase in immunoreactivity for GFAP
and ED1 presumably reflects glial responses to IL-1a
rather than to secondary glial reactions following neurode-
generation (Bonni et al., 1997; Proescholdt et al., 2002).
This widespread glial activation in early postnatal rats in-
dicates that peripherally administered IL-1a promotes in-
flammatory reactions in various types of dlial cells of the
CNS, although the IL-1 effect on neuronal degeneration
was undetectable.

Neurochemical alterations after neonatal
IL-1« treatment

We quantified the subchronic effects of repeated periph-
eral IL-1a injections on developing neurons and glial cells
in three brain regions of rat pups: the frontal cortex (includ-
ing the cingulate cortex), the striatum and the hippocam-
pus. In agreement to the histological examination, immu-
noblotting also revealed the glial responses to IL-1a:
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Fig. 2. Diffusion of IL-1a immunoreactivity into neonatal rat brain 4 h after s.c. injection. Four h after human IL-1a was s.c. injected into neonatal rats
(PND2), distributions of IL-1« immunoreactivity were examined in the brain (a—d). The higher magnification images of b (the lateral ventricle), ¢ (the
cingulate cortex) and d (the offactory cortex) comrespond to the areas indicated by the open boxes in a, respectively. Arrowheads mark microvessels
that lost IL-1« immunoreactivity found in Fig. 1d. The numbers indicate the length of scale bars (um). Note: Diffusion of IL-1« immunoreactivity to the

hypothalamus was also found (data not shown).

GFAP levels were increased (P<0.001, n=5) in the frontal
cortex following IL-1a-treatments. In the same brain re-
gion, protein levels for TH, a rate-limiting enzyme for
dopamine synthesis, increased 20% (P=0.017, n=5)
whereas GADG&E7 ievels decreased 19% following neo-
natal IL-1a treatment (P=0.039, n=5) (Fig. 6). There
was no detectable change in TH or GAD67 in the stria-
tum and hippocampus (data not shown). In parallel,
levels for dopamine receptors (D1 and D2) were signif-
icantly decreased (P<0.001 for D1, P=0.048 for D2,
n=58) in frontal cortex. A similar decrease in the expres-
sion of dopamine receptors was aiso detected in the
striatum and hippocampus (data not shown). In contrast,
the levels of neuronal markers (NCAM) as well as post-
synaptic markers GluR1 and NR1 and pre-synaptic
markers synaptophysin and synapsin |, were indistin-
guishable between groups in all brain regions examined
(P=0.111-0.921, n=5). At the adult stage when IL-1a-
treated rats grew up, we did not detect significant
changes in any of the neuronal and astroglial markers
examined, suggesting the temporal limitation of the neu-

roinflammatory reactions following neonatal treatment
with IL-1« (data not shown).

Abnormal sensorimotor gating following neonatal
IL-1 « administration

IL-1a or saline (vehicle) was administered daily to litter-
mates of neonatal rats (PND2) for 9 days as described
above. Startle responses to a 120-dB tone in the presence
and absence of the prepulse stimuli (none, 75-dB, 80-dB,
and 85-dB tones) were monitored at 4 and 8 weeks of age
(n=15 each). The effects of neonatal IL-1a administration
on sensorimotor gating were mathematically evaluated as
the percentage and the absolute reduction in startle mag-
nitudes obtained with prepulse stimuli compared with trials
without these prepulses (abbreviated to % PPl and abso-
lute PPI, respectively) (Grillon et al., 1992; Cadenhead et
al., 1993; Swerdlow et al., 2000), as the pulse-alone startle
was affected by IL-1a treatment (see below).

In young rats at 4 weeks of age, the absolute startle
magnitudes were analyzed by repeated measures ANOVA

— 147 —



M. Tohmi et al. / Neuroscience 150 (2007) 234-250 239

Fig. 3. Limited diffusion of IL-1« immunoreactivity into juvenile rat brain following s.c. injection. Human IL-1a was s.c. injected into juvenile rats
(PND14), and distributions of IL-1a immunoreactivity were examined in the brain 1 h (a) and 4 h after injection (b—d). The higher magnification images
of ¢ (the cingulate cortex) and d (the olfactory cortex) correspond to the areas indicated by the open boxes in b, respectively. The numbers indicate

the length of scale bars (um).

with a between subject factor of treatment (IL-1a and
vehicle) and a within subject factor of prepulse amplitude
(none, 75, 80, and 85 dB) (Fig. 7a). There was no signifi-
cant main effect of IL-1a treatment on the magnitude of the
startle response (F(1,28)=0.33, P=0.57, repeated mea-
sures ANOVA) without interaction (F(3,26)=1.17, P=0.39,
repeated measures ANOVA). Absolute PPl was not signif-
icantly altered by IL-1« treatment (F(1,28)=0.36, P=0.55,
repeated measures ANOVA) without interaction between
IL-1« treatment and prepulse (F(2,27)=1.82, P=0.18, re-
peated measures ANOVA) (Fig. 7b). In addition, IL-1a had
no significant effect on % PPI levels (F(1,28)=0.97,
P=0.33, repeated measures ANOVA) without interaction
(F(3,27)=2.29, P=0.12, repeated measures ANOVA) (Fig.
7¢). Thus, we conclude that neonatal treatment with IL-1«
does not influence sensorimotor gating at the juvenile
stage.

When we measured the startle amplitudes of these
same rats in the presence and absence of prepulse stimuli
at 8 weeks of age, the rats showed significant changes in
absolute startle amplitudes (Fig. 7d). There was a main
effect of IL-1a treatment (F(1,28)=16.5, P<0.001) and an
interaction of IL-1a treatment and prepulse (F(3,26)=4.31,
P=0.0135). Post hoc analysis detected significant in-
creases in absolute startle amplitudes at all prepulse lev-
els, as well as in the pulse-alone condition. To examine
whether these differences only reflect the change in pulse-
alone startle, we re-evaluated the data by calculating ab-
solute PPl and % PPl. Repeated measures ANOVA for
absolute PPI revealed no significant main effect of iL-1a
treatment - (F(1,28)=1.93, P=0.18) but an interaction
between IL-1a treatment and prepulse (F2,27)=6.66,
P=0.004) (Fig. 7e). However, subsequent post hoc analysis
failed to detect a significant difference between IL-1a- and
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Fig. 4. Brain IL-1a content following s.c. administration to neonatal
and juvenile rats. IL-1a or PBS was s.c. injected into neonatat rats
(PND2, n=4) and juvenile rats (PND14, n=4). One and 4 h after
injection, IL-1« remaining in blood vessels of the brain was washed
out by cardiac perfusion of PBS and then the frontal cortex was
taken. Protein content of human IL-1a was measured by an E1A kit.
Human IL-1« levels were normalized by protein concentrations of
tissue extracts. Post hoc; * P<0.05, compared between PND2 and
PND14.

vehicle-treated groups at each prepulse level. When we
calcutated % PPI, we found significant effects of IL-1« treat-
ment (Fig. 7f). Ratio normalization with absolute pulse-alone
startle decreased % PPI of the IL-1a group (F(1,28)=11.2,
P=0.002, repeated measures ANOVA) without an interaction
of IL-1a treatmentXprepulse (F(3,27)=1.04, P=0.36, re-
peated measures ANOVA). The explanation of the results
from absolute PPl and % PP is controversial with the given
increase in pulse-alone startle (Swerdlow et al., 2000).

To examine how the increase in pulse-alone re-
sponses might affect values of absolute PP! and % PPI,
data of individual animals were re-analyzed with the Pear-
son’s correlation analysis and ANCOVA (Fig. 8) (Caden-
head et al., 1993). When the absolute magnitude of PPI for
an 80-dB prepulse was plotted against the magnitude of
the pulse-alone startle for each animal (Fig. 8a), there
were strong linear correlations (r=0.99, P<0.001 for vehi-
de group and r=0.91, P<0.001 for iL-1a group). There was
a significant difference in the intercepts of the regression
equations for vehide and IL-1a groups (F{1,27)=-2.78,
P=0.010) but not in their slopes. Thus we performed
ANCOVA with the pulse-alone values as covariates. The
group main effect of IL-1a treatment on absolute PPl was
significant (F(1,27)=9.88, P=0.004, ANCOVA) toward the
direction of reducing absolute PPI. Similar statistical results
were obtained for the other prepulse intensities as well
(R1,27)=4.83, P=0.037 for 75 dB; F(1,27)=4.56, P=0.041
for 85 dB, both ANCOVA).

The data of % PPI for an 80-dB prepulse were also
plotted against the absolute magnitude of the pulse-alone

startle (Fig. 8b). In the vehicle group, there was a correla-
tion between pulse-alone starle and % PPl (r=0.52,
P=0.048). There was a marginal trend toward a positive
correlation between pulse-alone startle and % PPI in the
IL-1a group (r=0.43, P=0.10). Similar results were ob-
tained for the other prepulse magnitudes (data not
shown). These results suggest that neonatal IL-1« treat-
ment impairs acoustic startle responses and potentially
sensorimotor gating at post-pubertal stages, assuming
that the ANCOVA results are biologically meaningful.
The putative abnormality in PPl scores was detected
even at least 9 months of age in a separate group of
animals (data not shown).

Delayed IL-1a treatment at the juvenile stage and
its influences

To test whether the neonatal administration of IL-1a was
critical for the later emergence of sensorimotor gating def-
icits, IL-1a treatment was delayed for 12 days and per-
formed at the juvenile stage (PND14-22). Levels of startle
responses and sensorimotor gating were estimated with
the absolute startle scale at 4 and 8 weeks of age (Fig.
9a-d). At 4 weeks of age, the absolute magnitude of startle
was analyzed by repeated measures ANOVA with a be-
tween subject factor of treatment (IL-1a and vehicle) and a
within subject factor of prepuise magnitude (none, 75, 80,
and 85 dB) (Fig. 9a). There was significant main effects of
IL-1¢ treatment (F1,18)=8.61, P=0.009, repeated mea-
sures ANOVA) without factorial interactions (F(2,17)=1.47,
P=0.26, repeated measures ANOVA).

The effects of [L-1a were evaluated further with values
of absolute PPl and % PPl. Absolute PPl levels for an
80-dB prepulse were significantly decreased by IL-1a
treatment (F(1,18)=4.89, P=0.04, repeated measures
ANOVA) (Fig. 9c) whereas % PP! levels were not signifi-
cantly altered (F(1,18)=1.24, P=0.28, repeated measures
ANOVA) (Fig. 9b). As there were significant positive cor-
relations between absolute PPl levels and pulse-alone
startle in both groups, the effects of IL-1« on absolute PPI
were re-evaluated by ANCOVA with the pulse-alone val-
ues as covariates (Fig. 9d). ANCOVA revealed no signifi-
cant effect of IL-1a on absolute PPl (F(2,17)=0.024,
P=0.88). Thus, the decrease in absolute PPI| was super-

“ficial and may be attributed to the decrease in pulse-

alone startle. Similar statistical results were obtained for
the other prepulse magnitudes as well (F(1,17)=0.16,
P=0.69 for 75 dB; F(1,17)=1.30, P=0.27 for 85 dB, both
ANCOVA).

At week 8 of age, the startle responses, absolute PPI,
and % PPI of these rats were re-examined (Fig. 10). Re-
peated measures ANOVA for absolute startle amplitudes,
absolute PPl and % PPI did not detect any effects of IL-1«
treatment (F(1,18)=1.24, P=0.28; F(1,18)=0.56, P=0.46;
F(2,17)=1.47, P=0.26, respectively) without interactions.
Thus, we conclude that the long-term effects of IL-1a on
sensorimotor gating are less pronounced or negligible
when this cytokine is administered to juvenile rats.
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Fig. 5. Neuropathological alterations following repeated IL-1« injections to rat neonates. IL-1a or PBS was daily injected (s.c.) into neonatal rats from
PND2 to PND10. Brain sections including the striatum and cingulate cortex were prepared from vehicle-treated (a, ¢, e, g) and IL-1a-treated (b, d, f, h)
rats at PND11 (24 h after the last IL-1a administration) and examined for the Kluver-Bamera stain (KB; a, b), hematoxylin/eosin staining (HE; c, d), the
astroglial marker, GFAP (g, f}, and the microglial marker, ED-1 (g, h). Amowheads indicate ED-1 immunoreactivity. Note; There were few signs of apoplosis
or necrosis (cytoplasmic shrinkage, vacuolization, chromatin condensation) in both IL-1a-treated and vehicle-treated rats. Scale bar=50 um.

Rats treated with IL-1a display normal ) with three learning paradigms; an active-avoidance test,
learning ability contextual fear conditioning, and an eight-arm radial maze
To determine if the changes in PPl and acoustic startle task. The active-avoidance test was performed in a two-
response induced by IL-1« treatment resulted from a gen- way shuttle chamber with a buzzer sound (CS) and electric
eral impairment of neural function, the learning ability of shock (US). There were no differences in the ability of
adult rats treated with IL-1« as neonates was examined vehicle- and IL-1a-treated rats (n=9 each) to avoid an
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Fig. 6. Effects of IL-1« treatment on neurochemical markers in the
frontal cortex. The subchronic effect of iL-1« on the expression of
neuronal and glial markers was examined in the frontal cortex of rat
neonates by immunoblotting. Neonatal rats were similarly treated with
IL-1« or PBS from PND2 to PND10 and brain tissues were dissected
out at PND11 when 24 h passes after the iast injection were per-
formed. Immunoblots were probed with the antibodies for a general
neuronal marker, NCAM and an astroglial marker, GFAP. Neuronal
markers specific for dopaminergic, GABAergic and glutamatergic neu-
rons were also examined; TH, dopamine receptor 1 (D1), dopamine
receptor 2 (D2), GAD67, AMPA-type glutamate receptor 1 (GluR1),
NMDA-type glutamate receptor 1 (NR1), synaptophysin (SPHY), and
synapsin | (SYNP) were compared between PBS-treated and IL-1a-
treated rat pups (PND11; n=>5 animals each) by immunoblot analysis.
(a) Two representative lanes in each group for all markers are shown
for display. (b) mmunoreactivity on immunoblots was measured by
densitometric analysis. Black bars represent ratios of immunoreactivity
in IL-1a-treated rats to that in control rats (mean=+S.E.M.). * P<0.05,
* P<0.001.

electric shock after a tone stimulus during active-avoid-
ance training (F(1,16)=0.67, P=0.43, repeated measures
ANOVA) or in their ability to escape from electric shock
(F(1,16)=0.044, P=0.84, repeated measures ANOVA,
Fig. 11a). There was no factorial interaction between treat-

ment and training session. In the contextual conditioning
test, an electric shock was given only in the test chamber. In
this paradigm, freezing times between groups were indistin-
guishable before (F(1,28)=1.03, P=0.320, ANOVA) and
after conditioning (F(1,28)=0.761, P=0.391, ANOVA,
Fig. 11b). In the eight-arm radial maze task, rats were
trained to learn the location of four baited arms. The IL-
1a-treated rats displayed normal rates of acquisition in
spatial memory (F(1,18)=0.796, P=0.384, repeated mea-
sures ANOVA). There was no factorial interaction between
IL-1a treatment and training session (Fig. 11c). Thus, the
gross learning ability of adult rats treated with IL-1a-treated
earlier in life was normal.

Neuropathological examination of adult rats treated
with IL-1« as neonates

To examine whether the observed behavioral changes
accompanied neuropathological alterations, we examined
histologically the brains of IL-1a-treated rats, at the adult
age (>PND60) when they exhibited the most pronounced
neurobehavioral impairments. There was no indication of
neuronal degeneration or structural alterations in any of
the regions examined (Fig. 12a-h). Cortical structures
were normal (Fig. 12a, b), and hippocampal pyramidal
layers were intact in rats treated with IL-1a as neonates
(Fig. 12c, d). The striatum of IL-1a-treated rats exhibited a
normal organization (Fig. 12e, f). There were no significant
differences in the molecular and granular layers of the
cerebellum between IL-1a- and vehicle-treated animals
(Fig. 12 g, h). These histological observations agree with
the results from immunoblotting that there were no appar-
ent decreases in any neuronal markers at the adult stage
of the IL-1a-treated animals.

DISCUSSION

In neonatal rats, peripheral IL-1a efficiently penetrated the
BBB and induced inflammatory reactions in early postnatal
brain. The neuropathological changes triggered by IL-1«
were followed by abnormalities in startle responses and
putative PPl at post-pubertal ages well after the initial
inflammatory responses in the brain had subsided. In con-
trast to these behavioral abnormalities, the gross learning
ability of IL-1a-treated rats was normal. Although there
was an apparent effect of neonatal exposure to IL-1a on
acoustic startle reaction, the abnormality in PPl is contro-
versial and presumptive with the present results. The rea-
son why we judge that the present data reflect PPI abnor-
mality is because the following reports indicate dissocia-
tion between PPl and startle amplitudes in this animal
model. An antipsychotic drug, clozapine, decreases PP!
levels without affecting pulse-alone startle (Tohmi et al.,
2004). In C57BL/6 mice, neonatal IL-1a challenge alters
PPI but not pulse-alone startle at the adult stage (Tsuda et
al., 2006). In a critical sense, however, we cannot fully rule
out the possibility that the putative PPI deficit of IL-1a-
treated rats might be in fact a reflection of their increased
startle magnitude. The confirmation of the argument about
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Fig. 7. Deficits in acoustic startle and PP after neonatal IL-1« treatment. (a, d) Absolute amplitudes of the 120-dB acoustic startle of rats treated with
vehicle (open circle, n=15) and IL-1« (closed circle, n=15) as neonates were monitored in the absence and presence of prepulse stimuli (none, 75,
80, and 85 dB) at 4 weeks of age (a) and 8 weeks of age (d). (b, ) Absolute magnitude of PPl was calculated as the absolute decrease from
pulse-alone startle to prepulse-preceding startle and compared between vehicle-treated (open bars) and IL-1«-treated (closed bars) animals at 4
(b) and 8 (e) weeks of age. (c, f) The percentage of the prepulse-preceding startle to pulse-alone startle (% PPI) was calculated and compared between
groups at postnata! weeks 4 (c) and 8 (f). Absolute startle amplitudes are presented with an arbitrary unit of the acoustic startle machine made by
SR-LAB Startle Response System (San Diego Instrument). Data represent means +S.E.M. (%). Post hoc; * P<0.05, compared with vehicle-treated

animals at the same age.
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Fig. 8. Correlation analyses between absolute PPl and pulse-alone
startle and between % PPl and pulse-alone startle. (a) Absolute mag-
nitudes of PPI were plotted against the 120-dB pulse-alone acoustic
startle of 8 week-old rats treated with vehicle (open circle, n=15) and
IL-1« {closed circle, n=15) as neonates. The data correspond to Fig.
7e. The slopes of the regression equations for vehicle and iL-1a
groups were similar (F(1,26)=0.034, P=0.85), but their intercepts
were significantly different (F(1,27)=~2.78, P=0.010). (b) Percentage
of PPl was calculated from the data of the same adult rats treated with
vehicle (open circle, n=15) and IL-1a (closed circle, n=15) as neo-
nates and plotted against the pulse-alone startle. The data correspond
to Fig. 7f. Note: There was no trend toward a decrease in the percent-
age of PP versus absolute pulse-alone startle.

PPI deficit will require more elaborate biological analyses
in future.

Both our previous and present studies failed to detect
neurodegeneration following iL-1a treatment in neonates
(Tohmi et al., 2004) and adults (present data), despite
evidence that IL-1a may contribute to cytotoxic processes
(Licinio and Wong, 1999; Rothwell and Luheshi, 2000).
Thus, the immature brain is not fully protected from such

inflammatory cytokines generated in response to periph-
eral immune and inflammatory stress until the BBB is fully
established. Acute administration of a variety of proinflam-
matory cytokines, such as IL-1, IL-2, IL-6, and TNFa, to
adult animals is known to produce a set of depressive be-
haviors, namely sickness behavior (Anisman and Merali,
2003; Dantzer and Kelley, 2007). Sickness behaviors are
different in quality and persistence from the behavioral im-
pairments induced by neonatal IL-1a treatment, however
(Tohmi et al., 2004). For example, there was no decrease
in locomotor activity of rats treated with IL-1a as neonates.
In addition, s.c. administration of all these inflammatory
cytokines to neonates, even when the BBB is still leaky,
does not produce such behavioral abnormalities at their
adult stage. Among the proinflammatory cytokines exam-
ined (IL-1a, IL-2, IL-6, TNFa, and interferon ), only IL.-1a
produces chronic behavioral impairments. These observa-
tions suggest that the biological activity of this particular
cytokine has a crucial impact in determining the specificity
and persistency of behavioral infiuences (Tohmi et al.,
2004; Nawa and Takei, 2006).

The postnatal permeability of the BBB to IL-1a ap-
peared to be correlated with the later emergence of PPI
abnormality in adult. IL-1« administration during early de-
velopment induced inflammatory reactions in the brain and
led to the behavioral changes. S.c. injection of recombi-
nant IL-1« into neonates immediately increased brain con-
tent of this cytokine, suggesting that IL-1« efficiently pen-
etrates the neonatal BBB (McLay et al., 2000). In contrast,
IL-1a administration to juvenile rats resulted in the modest
increase in IL-1a content in the brain and did not produce
later neurobehavioral impairments. These observations
are consistent with a previous report that the BBB is im-
mature and leaky at neonatal stages but fully develops
around PND10 in rats (Kleshcheva, 1988). The leakiness
of the BBB may not be a sole reason why IL-1 treatment in
neonatal rats produced the behavioral alterations. It is
possible that developmental plasticity of neonatal brain
neurons and glia may additionally be required for the later
mergence of the behavioral abnormality.

Among the neurochemical markers we examined, the
increased TH and decreased dopamine receptor {evels in
the frontal cortex were noteworthy. Dopamine signaling
may be involved in the PPl impairment we observed as
deficits in sensorimotor gating are often correlated with
dopaminergic dysfunction (Murphy et al., 1996; Jentsch et
al., 1997; Swerdlow and Geyer, 1998). IL-1 is a potent
differentiation factor for immature midbrain dopaminergic
neurons and their precursors (Ling et al., 1998; Ho and
Blum, 1997; Li et al., 2003) and this cytokine also increase
the expression of GTP cyclose and enhance the produc-
tion of BH4, rate limiting co-factor for TH (Pluss et al.,
1996). Thus, neonatal |L-1a treatment might accelerate ab-
errant development of dopaminergic neurons or trigger ab-
normal synapse formation of these neurons that persists into
adulthood (Ho and Blum, 1998; Kim et al., 2002). Alterna-
tively, glial cells, which were activated by IL-1a, might pro-
duce the other cytokines or inflammatory mediators that per-
turb development of dopaminergic neurons or GABAergic
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Fig. 9. Acoustic startle and PP! of 4 week-old rats following delayed IL-1a treatment. Juvenile rats (PND14) s.c. received the same dose of IL-1a or
vehicle for 9 days. Compared with the neonatal treatment with iL-1«, the treatment was delayed 2 weeks. (a) Absolute amplitudes of the 120-dB
acoustic startle of rats treated with vehicle (open circle, n=10) and IL-1« {closed circle, n=10) were measured in the absence and presence of
prepulse stimuli (none, 75, 80, and 85 dB) at 4 weeks of age. (b} Percentage PP! was calculated and compared between the animals treated with
vehicle and IL-1a. {c) Absolute magnitudes of PPI were calculated as an absolute decrease from pulse-alone startle to prepulse-preceding startle and
compared between the animals treated with vehicle (open bar) and IL-1« (closed bar). Data represent means +S.E.M. Post hoc; * P<0.05, compared
with vehicle-treated animals at the same age. (d) Correlation analyzed between absolute PPI and pulse-alone startle at 4 weeks of age. The data
comrespond to those in Fig. 9c. Cormelation of the data for vehicle-treated group (open circle) was significant (r=0.78, P=0.007) and that for
IL-1 a-treated group (closed circle) was also significant (r=0.79, P=0.007). There was no significant difference in regression lines for IL-1a-treated and
vehicle-treated groups (F(2,17)=0.024, P=0.88). The slopes and intercepts of the regression equations were not significantly different between

vehicle-treated and IL-1a-treated groups (F(1,16)=0.75, P=0.40 for slope, F(1,17)=0.010, P=0.92 for intercept).

neurons. Another dopaminergic differentiation factor, EGF, is
also known to increase TH levels in the neonatal brain and
induce similar behavioral abnormalities in adult rats (Fu-
tamura et al., 2003). In this context, it is noteworthy that EGF
and IL-1a exert common effects on physical development of
rats and mice, such as accelerating eyelid opening and tooth
eruption (Futamura et al., 2003; Tsuda et al., 2005). There-
fore, a similar pathologic mechanism may underlie the cog-
nitive and behavioral impairments induced by neonatal EGF
and |IL-1« treatment, although the responsible pathological
nature of the rats treated with these cytokines as neonates
remains to be characterized.

Abnormal inflammatory cytokine signals are often de-
tected in patients with various psychiatric diseases includ-
ing schizophrenia (Licinio et al., 1993; Katila et al., 1994;

Mittleman et al., 1997; Lin et al., 1998; Toyooka et al.,
2003). Although it is unclear whether elevated cytokine
levels in these patients result from their pathologic condi-
tion or have etiologic implications, prior epidemiologic in-
vestigations propose the involvement of inflammatory cy-
tokines in abnormal brain development or later behavioral/
coghnitive impairment (Nawa et al., 2000; Nawa and Takei,
20086). Viral infection or abnormal parturition can increase
the levels of endogenous inflammatory cytokines by
greater than 100-fold in amniotic fluid (Romero et al., 1990;
Tsunoda et al., 1990; Halgunset et al., 1994) and are risk
factors for schizophrenia (O’Callaghan et al., 1991, 1992;
Fatemi et al., 2002a; Shi et al., 2003). Maternal immune
responses are transmitted through the placental barrier
and induce IL-18 and other cytokines in embryos (Cai et
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al., 2000; Zuckerman et al., 2003; Meyer et al., 2006¢). Itis
therefore possible that after maternatl inflammation, infec-
tion, or obstetric complication, fetuses are exposed to con-
centrations of IL-1 or other inflammatory cytokines high
enough to perturb brain development (Cai et al., 2000;
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Fig. 10. Effects of delayed IL-1a treatment on startle responses as adults.
The rats used in Fig. 9 were subjected to the same startle tests at 8 weeks of
age. (a) Absolute amplitudes of the 120-dB acoustic startle of rats treated
with vehicle (open circle, n=10) and IL-1a (closed circle, n=10) were
monitored in the absence and presence of prepulse stimuli (none, 75, 80,
and 85 dB). (b) Absolute magnitudes of PPI were calculated and com-
pared between vehicle-treated (open bar) and [L-1a-{reated (closed bar)
animals. (c) Percentage PPI was calculated and compared between
vehicle- and IL-1a-treated animals. Data represent means+S.E.M.
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Fig. 11. Leaming ability of IL-1a-treated rats. Leaming in rats treated
as neonates with IL-1« was assessed by active-avoidance response,
contextual conditioning, and a radial arm maze task from PND56 to
PND70. (a) The mean value (+S.E.M.) of percent avoidance response
in active-avoidance test for control (open circle, n=9) and IL-1a-
treated rats (closed circle, n=9) was determined at PND56-65.
(b) Mean percentage (+S.E.M.) of freezing time of vehicle-treated
(open circle, n=15) and IL-1a-treated rats (closed circle, n=15) was
scored for 3 min before and 1 day after conditioning stimuli (arrows).
(c) Spatial reference was scored in the eight-arm radial maze task. The
number of erors was averaged over three sassions and compared
between control (open circle, n=10) and iL-1a-treated rats (closed
circle, n=10).
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Fig. 12. Absence of gross neuropathological abnormality in the adult brain of IL-1«-treated animals. Sections from the cortex (a, b), hippocampus
(c, d), striatum (e, f) and cerebellum (g, h) of rats treated with PBS (control; a, c, e, g) or IL-1« as neonates (b, d, f, h) were examined at PND60 with
the Kluver-Barmrera stain. Hematoxylin/eosin staining of the CA1 pyramidal layer and Purkinje layer is shown in the inset. Staining revealed no apparent
differences in sections from three animals. Scale bars=1.0 mminc, d, g, hand 0.1 mmina, b, e, f.

Borrell et al., 2002; Fatemi et al., 2002b; Zuckerman et al.,
2003). A similar mechanism may contribute to the neurobe-
havioral impairments in other animal models of schizophrenia
as brain injury and psychostimulants also induce IL-1 (Ho and

Blum, 1998; Touzani et al., 1999; Jankowsky and Patterson,
2001; Wang et al., 2001; Lipska et al., 2002). In this
context, it is noteworthy that reductions in dopamine re-
ceptors and GAD67, which were observed in the present
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IL-1 model, have been implicated in the neuropathology
associated with schizophrenia (Akbarian et al., 1995;
Okubo et al., 1997; Hakak et al., 2001). Although we failed
to detect significant difference in these phenotypic markers
at the adult stage, we cannot rule out the possibility that
such neurochemical abnormality might persist in limited
brain region(s) until adulthood.

A postmortem study indicates higher vulnerability of
IL-1-mediated neurcinflammatory reactions in schizophre-
nia patients (Toyooka et al., 2003) and genetic investiga-
tions point out the association of the IL-1 gene complex
and the risk of this illness (Katila et al., 1999; Meisenzahl et
al., 2001; Zanardini et al., 2003). Both results suggest a
potential biological link between IL-1-triggered neuroin-
flammatory processes and schizophrenia etiology or pa-
thology. A variety of cytokines interacts with IL-1a in such
neuropathological conditions (Hornig et al., 1999; Jankowsky
and Patterson, 2001; Watanabe et al., 2003; Meyer et al.,
2006b.c). Itis possible that IL-1 affects the production and
signaling of neurotrophic molecules such as BDNF and
indirectly influences neurobehavioral development as well
as psychopathological traits (Tong et al., 2007; Angelucci
et al., 2005). In this context, neuropathological functions
and neurobehavioral impact of other cytokines in prenatal
and postnatal immune-inflammatory processes remain to
be characterized. The present animal experiments indicate
that, when immune inflammatory reactions occur and in-
duce IL-1a at embryonic or early postnatal stages, this
cytokine reaches immature brain and impairs later devel-
opment of sensorimotor gating. In humans, under analo-
gous circumstances, [L-1 and other inflammatory cytokine
may contribute to the risk of developing schizophrenia or
other psychobehavioral impairments.
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