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modeling this risk factor in mice through maternal immune activation (MIA) causes ASD- and SZ-like
neuropathologies and behaviors in the offspring. Although MIA upregulates pro-inflammatory cytokines
in the fetal brain, whether MIA leads to long-lasting changes in brain cytokines during postnatal devel-
opment remains unknown. Here, we tested this possibility by measuring protein levels of 23 cytokines in
the blood and three brain regions from offspring of poly(I:C)- and saline-injected mice at five postnatal
ages using multiplex arrays. Most cytokines examined are present in sera and brains throughout devel-
opment. MIA induces changes in the levels of many cytokines in the brains and sera of offspring in a
region- and age-specific manner. These MIA-induced changes follow a few, unexpected and distinct pat-
terns. In frontal and cingulate cortices, several, mostly pro-inflammatory, cytokines are elevated at birth,
followed by decreases during periods of synaptogenesis and plasticity, and increases again in the adult.
Cytokines are also altered in postnatal hippocampus, but in a pattern distinct from the other regions. The
MIA-induced changes in brain cytokines do not correlate with changes in serum cytokines from the same
animals. Finally, these MIA-induced cytokine changes are not accompanied by breaches in the blood-
brain barrier, immune cell infiltration or increases in microglial density. Together, these data indicate that
MIA leads to long-lasting, region-specific changes in brain cytokines in offspring—similar to those
reported for ASD and SZ—that may alter CNS development and behavior.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Autism spectrum disorder (ASD) and schizophrenia (SZ) are
devastating disorders that each affect cognitive and social func-
tions of approximately 1% of the population (Kogan et al., 2009).
Although the etiology of these disorders is unclear, genetics and
environmental factors appear to interact to increase risk (Nawa
et al., 2000; Patterson, 2009). Indeed, many of the environmental
insults linked to SZ and ASD involve the maternal-fetal environ-
ment. Large SZ and ASD twin studies highlight the fact that concor-
dance for dizygotic twins is much greater than that for siblings
(Brown and Patterson, 2011; Hallmayer et al., 2011; Patterson,
2007; Rosenberg et al., 2009; Szatmari, 2011) and concordance
for SZ is also higher for monochorionic twins, who share a placenta,
than for dichorionic twins, who do not (Davis et al., 1995).
Together, these studies indicate a significant role for the fetal envi-
ronment in these disorders. In addition, maternal infection greatly
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increases the risk for SZ and ASD in offspring (Brown and Derkits,
2010; Brown and Patterson, 2011; Patterson, 2011a), and maternal
viral infection is associated with increased risk of ASD as well as a
3-7-fold increased risk of SZ in the offspring (Atladottir et al.,
2010; Brown et al., 2004; Brown and Patterson, 2011). Since differ-
ent types of viral, bacterial, and parasitic infections are associated
with ASD and SZ, the critical link between prenatal maternal infec-
tion and postnatal brain and behavioral pathology appears to be
the maternal immune response and factors that mediate that re-
sponse, such as cytokines (Deverman and Patterson, 2009; Garay
and McAllister, 2010).

These correlations from epidemiological studies are supported
by work in rodent models of maternal infection. Adult offspring
of pregnant mice given intranasal influenza virus exhibit behav-
ioral abnormalities and changes in gene expression, neuroanat-
omy, and neurochemistry consistent with both SZ and ASD
(Fatemi et al., 2002; Fatemi et al., 1998). Because these outcomes
are also elicited in the absence of infection by maternal injection
of synthetic dsRNA (poly(I:C)), which mimics the acute phase re-
sponse to viral infection (Traynor et al., 2004), it is maternal im-
mune activation (MIA) that drives the changes in fetal brain
development (Shi et al., 2005). Offspring born to pregnant mice
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injected with poly(I:C) at embryonic day 12.5 (E12.5) display the
three core behavioral symptoms of ASD: stereotyped and repetitive
behaviors, deficits in social interaction, and deficits in communica-
tion (Malkova et al., 2012; Smith et al., 2007). These offspring also
display behaviors that are consistent with both SZ and ASD, includ-
ing elevated anxiety and deficits in prepulse inhibition (PPI), latent
inhibition (LI), and working memory (Patterson, 2011b), some of
which can be alleviated by treatment with anti-psychotic drugs
(Meyer and Feldon, 2010; Meyer et al., 2010; Piontkewitz et al.,
2009; Shi et al., 2003). Adult MIA offspring also exhibit abnormal-
ities in gene expression and neurochemistry similar to those noted
in SZ and ASD (Meyer et al., 2011). Finally, neuropathology is also
seen in this model, including enlarged ventricles and a spatially-
localized deficit in Purkinje cells, characteristic of SZ and ASD,
respectively (Meyer et al.,, 2009; Piontkewitz et al., 2009; Shi
et al., 2009). Related findings have also been reported in non-
human primate models of maternal infection and poly(I:C) MIA
(Bauman et al., 2011; Short et al., 2010).

Despite recent progress in developing and characterizing rodent
MIA models, much remains to be studied about how MIA alters
fetal brain development. Current evidence indicates that the
maternal cytokine response is crucial (Patterson, 2009), which
leads to immune activation and endocrine changes in the placenta
(Hsiao and Patterson, 2011; Mandal et al., 2011). Interleukin (IL)-6
is necessary and sufficient to mediate these effects since the effects
of MIA on neuropathology and behavior in the offspring are pre-
vented by injection of pregnant dams with poly(I:C) combined
with an anti-IL-6 antibody and are mimicked by a single maternal
injection of IL-6 (Smith et al., 2007). Induction of maternal cyto-
kines then alters cytokine expression in the fetal brain, including
IL-1B, IL-6, IL-17, IL-13, MCP-1, and MIP1a, hours after MIA (Fatemi
et al., 2008; Meyer et al., 2006b; Meyer et al., 2008), with only IL-18
remaining elevated in the fetal brain 24 h following poly(I:C) injec-
tion (Arrode-Bruses and Bruses, 2012). However, it is unknown if
MIA causes chronic changes in brain cytokines and/or immune cell
infiltration in offspring during postnatal development and/or in
adult offspring.

Here, we test this possibility using proteomic analysis of cyto-
kine levels in the postnatal brain. The levels of 23 cytokines were
measured in the blood and three brain regions from offspring of
poly(I:C)- and saline-injected mice at five ages (postnatal day O
(P0), P7, P14, P30, and P60) using multiplex technology. Perhaps
surprisingly, in control brains, most of the 23 cytokines examined
are detectable in serum and in all three brain regions (frontal cor-
tex (FC), cingulate cortex (CC), and hippocampus (HC)) from birth
through adulthood. The levels of individual cytokines are modu-
lated in age- and region-specific patterns that have not been previ-
ously described. Most important, MIA induces striking, long-lasting
changes in cytokine levels in the brains of offspring, many of which
are region- and age-specific and include widespread decreases as
well as increases, compared to controls. Our results indicate that
MIA leads to chronic changes in brain cytokine levels in offspring
that may mediate MIA-induced changes in CNS development and
behavior.

2. Methods and materials
2.1. MIA for cytokine measurements

Female C57BL/6 ] mice (Charles River; Wilmington, MA) were
obtained from the Caltech breeding facility and housed on a
12:12 h light:dark cycle at 29 + 1 °C with food and water available
ad libitum. Mice were mated overnight, and the presence of a vag-
inal plug on the following morning was noted as E0.5. Pregnant
mice were injected intraperitoneally (i.p.) on E12.5 with saline or

poly(I:C) potassium salt (Sigma Aldrich; St. Louis, MO). E12.5 was
chosen since this stage of gestation correlates with the late first tri-
mester in humans (Clancy et al., 2007 )—the time that infections are
most closely linked to increased incidence of SZ and ASD (Atladot-
tir et al., 2010; Brown et al., 2004). Poly(I:C) was freshly dissolved
in saline and administered i.p. at 20 mg/kg based on the weight of
the poly(I:C) itself, not including the total weight of the potassium
salts. Control mice were injected with saline alone at 5 1l per gram
body weight. This concentration of poly(I:C) is higher than that
used for intravenous injections (Meyer et al. 2006b) and was se-
lected because it is the optimal i.p. dose that causes MIA, while
preserving viability of offspring (Ito et al. 2010).

2.2. Blood collection and brain dissections

Control and poly(I:C) offspring were sacrificed at 5 ages: PO, P7,
P14, P30, and P60. Both male and female offspring were used in
this study. Mice were deeply anesthetized with nembutal (10 pl/
g). At least 150 pl of blood/animal was first collected by cardiac
puncture and transcardial perfusion was then performed using
10-30 ml of sterile PBS (by weight). PO offspring were processed
without perfusion. Whole brains were quickly removed and placed
in ice-cold Earle’s balanced salt solution for microdissection of the
FC, CC, and HC. All tissues were snap-frozen in liquid nitrogen and
stored at —80 °C. Both blood and brains were sent overnight on dry
ice to U.C. Davis for processing.

2.3. Sample processing

Blood was centrifuged (12,000g, 4 °C, 20 min) to obtain serum,
which was then stored at —80 °C. Frozen tissues were thawed
and disrupted in Bioplex cell lysis buffer (BioRad) containing fac-
tors 1 and 2 (protease and phosphatase inhibitors, respectively;
BioRad) and the protease inhibitor phenyl-methylsulfonyl fluoride
(500 mM; Sigma-Aldrich). A small plastic pestle was used to
homogenize the samples. Tissue was further homogenized by trit-
uration using 200 pl pipette tips. The homogenate was then agi-
tated for 30-40 min on ice and centrifuged at 4 °C and 6000g
(Eppendorf centrifuge 5417R) for 20 min. The supernatant was re-
moved and aliquots stored at —80 °C. The protein content of each
sample was determined using the BioRad Protein Assay (BioRad),
with bovine serum albumin as a standard, according to the manu-
facturer’s protocol. Sample absorbances were read at 560 nm using
a spectrophotometer (Perkin Elmer HTS7000).

2.4. Cytokine measurements

BioRad (Hercules, CA) 23-plex mouse kits were used for all as-
says. Assays were performed according to the manufacturer’s
instructions. Reagents were kept on ice until use, minimizing expo-
sure of the beads to light. All samples were run in duplicate and
were assayed with the BioRad cytokine reagent kit and either the
diluent kit for serum samples or the cell lysis kit for tissue samples.
All buffers and diluents were warmed to room temperature prior to
use. Lyophilized cytokine standards (containing IL-1¢, IL-1B, IL-2,
IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, Eo-
taxin, G-CSF, GM-CSF, IFNy, KC, MCP-1, MIP 1a, MIP1p, RANTES,
and TNF-a) were reconstituted first to a master standard stock
using 500 pl of diluent. Nine concentrations of the standards were
made by eight, threefold serial dilutions of the master standard
stock in either cell lysis buffer (for brain tissue) or serum diluent.
Samples were run at 200 pg protein/well for the mouse brain
homogenates. Serum samples were diluted 1:3 prior to assay. All
samples were held at 4 °C for 10 min before the start of the assay.
Corresponding buffer blanks were run to determine the level of
background. All the wash steps were performed on a Bio-Plex Pro
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Wash Station at room temperature. The plates were then read in
the Bio-Plex 200 System and the data analyzed using BioPlex Man-
ager 4.1 software with 5-parameter logistic regression (5PL) curve
fitting to determine the standard curve from the 8 standards in
duplicate and extrapolate the sample concentrations from the
standard curve. The goodness-of-fit for each point on the standard
curve was determined by the BioPlex Manager software. The stan-
dard recovery, calculated by taking the ratio of the calculated con-
centration value divided by the expected amount of standard, was
within an acceptable range of recovery of between 70-130% for all
of the standards used. Only standards and samples with coeffi-
cients of variance under 5% were used. Readings were excluded if
they were at or below the background value.

2.5. MIA for immunohistochemistry

Female C57BL/6 ] mice (Charles River) were housed at U.C. Da-
vis in accordance with the protocol approved by the Institutional
Animal Care and Use Committee. Mice were mated overnight and
the presence of a vaginal plug on the following morning was noted
as day EO.5. Pregnant mice were injected (in the same fashion as
for MIA for cytokine measurements described above) on E12.5 with
saline or poly(I:C). Brains of offspring at the five ages were dis-
sected into the three regions and post-fixed for 3 h in 4% parafor-
maldehyde in PBS. The paraformaldehyde was then replaced with
30% sucrose and left overnight at 4 °C. The sucrose solution was
changed twice until the brains sank. The brains were then frozen
in OCT on dry ice and cut into 30 um sections using a freezing
microtome (Leica). The sections were blocked with 5% horse serum
+0.025% Triton in PBS for 2 h at room temperature, and then
stained with primary antibodies, all at 1:1000: rabbit anti-IBA1
(WAKO, Japan), anti-CD45R (Abcam), rat anti-CD3 (R&D Systems),
rat anti-GR1 (R&D Systems) at 4°C for 48 h. Sections were washed
three times for 10 min each in PBS while shaking. Sections were
incubated in secondary antibody for 90 min (1:200; Cy2 anti-rab-
bit, Cy3 anti-rabbit, and Cy2 anti-rat, Vector Laboratories) and
mounted with Vectashield mounting media containing DAPI (Vec-
tor Laboratories) on 1% gelatin-coated slides.

2.6. Imaging

For assessing immune cell-infiltration, immunostaining was im-
aged with a 40x 1.2 NA objective on an epifluorescent microscope
(Nikon E600, Nikon, Tokyo) under a mercury arc lamp using com-
puter software to run the camera (a Spot View Advanced 2.0 (Diag-
nostic Imaging Inc.) For microglia, immunostaining was imaged
using a 1.2 NA 40x oil objective on an Olympus Fluoview 2.1 la-
ser-scanning confocal system.

2.7. Stereology

The density of Iba-1-positive microglia was quantified using
stereological methods (Feng et al., 2011). Every third section (of
nine sections) were used for a total of three sample sections per
brain region. The Iba-1 cell counts were made on an epifluorescent
microscope (Nikon E600, Nikon, Tokyo) and analyzed using Stereo-
loger computer software (version 1.3, Systems Planning & Analysis,
Inc., Alexandria, VA). Microglia cell counts were taken from FC
layer 2-3, CC layer 2-3, and HC area CA1 of the stratum radiatum
at five ages (PO, P7, P14, P30, P60). Microglia were identified by
Iba-1-positive cell body staining. The brain region of interest was
outlined using a 4x (0.67 NA) objective. Microglia identification
and counting were performed with a 100x oil (1.2 NA) objective.

2.8. Blood-brain barrier integrity

25 mg/kg Evan’s blue dye was injected i.p. in offspring at the
five ages examined. Four hours later, the brain was removed,
rinsed in PBS, examined using a dissecting microscope (Olympus
CK30-F100), and imaged using a digital camera (Olympus FE-
370). Changes in the amount of Evans Blue signal were compared
qualitatively.

2.9. Statistics

Unpaired t-tests were used to determine statistical significance
(* = p<0.05) using GraphPad Prism software.

2.10. Behavioral Testing

Behavioral tests were conducted on mice starting at six weeks
of age according to previously published methods (Smith et al.,
2007). Mice were tested for PPI of acoustic startle using SR-LAB
startle chambers (San Diego Instruments). Mice were acclimated
to the chambers for 5 min before exposure to 6, 120 db tones (star-
tle stimulus). They were then subjected to 14 randomized blocks of
either no startle, startle only, startle preceded by a 5 db pre-pulse,
or startle preceded by a 15 db pre-pulse. PPI is defined as the per-
centage of (startle only - 5 or 15 db pre-pulse)/startle only. For LI
testing, mice were placed in chambers with parallel-grid shock
floors (Coulbourn Instruments). On the first day of testing, mice
were presented with a pre-exposure to 40, 30 s tones followed
by three pairings of the tone with a mild foot shock. Non-pre-ex-
posed mice are presented with the three pairings only. On the sec-
ond day, mice were placed in the same chambers for 8 min to
record freezing in response to the context. On the third day, mice
were placed back in the same chambers and presented with an
8 min tone. LI is defined as the difference in freezing in response
to the tone in pre-exposed mice compared to non-pre-exposed
mice.

3. Results

Several cytokines, including IL-1B, IL-6, IL-10, IFNYy, and TNFa,
have been reported to be present in the healthy brain where they
perform a wide range of functions (Deverman and Patterson, 2009;
Garay and McAllister, 2010). However, it was unknown if other
cytokines and chemokines are present in early postnatal develop-
ment in the healthy brain, and if so, whether their levels change
with age and following MIA. Here, we utilized the approach previ-
ously published for 3-plex BioRad luminex kits (Datta and Opp,
2008) for use with BioRad luminex mouse 23-plex bioplex Kkits.
The high sensitivity of this approach allowed us to measure levels
of 23 cytokines and chemokines from small regions of the develop-
ing mouse brain. The cytokines measured were IL-1a, IL-1p, IL-2,
IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-
17, interferon gamma (IFNy), tumor necrosis factor alpha (TNFa),
granulocyte colony-stimulating factor (G-CSF), and granulocyte-
macrophage colony-stimulating factor (GM-CSF). The chemokines
measured included Eotaxin, keratinocyte chemoattractant (KC/
CXCL1), monocyte chemoattractant protein-1 (MCP-1/CCL2), mac-
rophage inflammatory protein-1o. (MIP-10,/CCL3), MIP1B/CCL4,
and regulated upon activation, normal T-cell expressed, and se-
creted (RANTES/CCL5).

Levels of these factors were measured in FC, CC, and HC at PO,
P7, P14, P30, and P60. These brain regions were selected based
on their involvement in ASD and SZ. The five ages represent
periods before most synapses have formed (PO), the start of
synaptogenesis (P7), the peak of synaptogenesis (P14), peak
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activity-dependent plasticity (P30), and early adulthood (P60). An
average of six animals from at least two litters were used for each
data point. Samples were run in duplicate and replicated on at least
two arrays. Litters were obtained from pregnant mice injected at
mid-gestation either with saline (typically-developing or control
offspring) or with 20 mg/kg poly(I:C). We use maternal poly(I:C)
injection at E12.5, since this stage of gestation correlates with
the late first trimester in humans (Clancy et al. 2007)—the time
that infections are most closely linked to increased incidence of
SZ and ASD (Atladottir et al. 2010; Brown et al. 2004).

3.1. Most cytokines are expressed in an age- and region-specific
manner in the brain and blood of typically-developing offspring from
birth to adulthood

Surprisingly, most of the cytokines and chemokines examined
are detectable in both brain and serum from control offspring, even
at birth (Fig. 1). Although a few of the cytokines are undetectable in
specific brain regions or serum during the first postnatal week,
including IL-10, IL-3, IL-4, IL-5, Eotaxin, G-CSF, and RANTES, all
are detectable in brain and serum after the first postnatal week
(Supplementary Tables 1-2). Most of the cytokine concentrations
range from 1 to 100 pg/mg brain tissue. Cytokines with the lowest
concentrations in multiple brain regions include IL-1c, TNFa, IL-3,
IL-4, IL-5, G-CSF, and RANTES. Conversely, cytokines with the high-
est concentrations in multiple brain regions include IL-9, IL-13, and
Eotaxin. Almost all cytokines are found at higher concentrations in
serum (Fig. 1M-P) compared to brain (Fig. 1A-L; note that the scale
is 10-fold greater for serum compared to brain regions).

Cytokine concentrations in the typically-developing brain
change with age and some changes are region-specific. To illustrate
changes in cytokine concentrations with age, the average values for
each cytokine concentration (pg/mg from brain and pg/ml from
serum) are plotted at the five ages examined (Fig. 1). Error bars
are not included in these graphs to enhance visibility of the trends
in expression of each cytokine with age, however all values of
mean +SEM concentration are included in Supplementary Tables
1-2. For presentation, we separated the 23 cytokines into four
groups: (1) commonly-studied cytokines, (2) a first set of addi-
tional cytokines with a similar step-like increase in serum concen-
tration with age, (3) a second set of additional cytokines with
stable levels in serum, and (4) chemokines.

Although the developmental profiles of these cytokines are di-
verse, some generalizations can be made. First, most cytokine pro-
files are similar across the three brain areas. This is most clearly
seen for the chemokines, where the profiles for each chemokine
in the three brain areas are nearly identical (Fig. 1D, H, L). There
are, however, clear exceptions to this generalization, particularly
in FC. For instance, IL-1B levels in HC and CC are similar with
age, but quite different in FC where they are highest at PO and P7
and then dramatically decrease at P14 (Fig. 1A, E, I). Levels of IL-
9 are steadily high with age in CC and HC and are also relatively
high in FC during the period of rapid synaptogenesis (P0-P14),
but decrease in FC with maturity (Fig. 1C, G, K). Conversely, IL-6 de-
creases at P60 in HC and CC, but not in FC where it remains high in
adulthood (Fig. 1A, E, I). A second point of interest is that some
cytokines, including IL-4, IL-2, IL-17, are higher in mid-postnatal
life, but lower at birth and in the adult (Fig. 1B-C, F-G, ]J-K). Third,
several cytokines dip in concentration specifically at P14, a period
of intense synaptogenesis; these include IL-3, IL-13, IL-12 (p40),
Eotaxin, MIP1a, and KC in addition to IL-2 and IL-5 specifically in
CC and HC (Fig. 1A-L). Fourth, another set of cytokines increase
in concentration with age, including IL-6, IL-10, IFNy, GM-CSF, IL-
12 (p70), IL-17, and MIP1 (Fig. 1A-L). Finally, the concentration
of a subgroup of cytokines does not change with age, including
TNFo, G-CSF, MCP-1, and RANTES, in addition to IL-1o in FC and

IL-10, IL-5, and GM-CSF in HC (Fig. 1A-L). Together, these results
indicate that cytokines are expressed in the typically developing
brain in an age- and region-specific manner.

Cytokine concentrations also change with age in serum
(Fig. 1M-P), but the patterns are simpler than in brain and fall into
just two distinct groups. Regardless of their starting concentration,
17 of the 23 cytokine levels are steady from PO to P7 and then in-
crease abruptly to a higher level at P14, where they remain
through P60 (Fig. 1M-N,P). Importantly, this trajectory is not found
in any area of the brain, indicating that the brain measurements
are not significantly contaminated by blood cytokines and that
changes in peripheral cytokines do not reflect the direction of cyto-
kine changes in the CNS. The six other cytokines in the serum
(TNFo, IL-2, -5, -9, -12, -17) remain at a constant level throughout
development, a pattern that is also rare in the brain (Fig. 10).

3.2. MIA alters brain cytokine profiles in an age-and region-specific
manner

In order to determine if brain cytokines are altered in newborn
MIA offspring and if these changes are developmentally regulated,
pregnant mice were injected with poly(I:C) (MIA) or saline (con-
trol) in mid-gestation (E12.5) and FC, CC, and HC were collected
from the offspring at PO, P7, P14, P30, and P60. The protein levels
of 23 cytokines were measured as above on the same plates as
the age-matched control samples. Average values were compared
between saline and poly(I:C) offspring for each cytokine at each
age in each brain region. Previous reports using ELISAs to measure
cytokines in fetal brain of MIA offspring showed that some pro-
inflammatory cytokines (IL-1, IL-6, TNFo, and IFNYy) are increased
in the brains of offspring during gestation within hours following
MIA (Fatemi et al., 2008; Meyer et al., 2006b; Meyer et al., 2008).
However, those studies did not determine if brain cytokines are
chronically altered in postnatal MIA offspring and if so, what the
trajectory of those changes is with age.

3.2.1. Frontal cortex (FC)

In FC, cytokine levels are altered at every age examined in MIA
offspring (Fig. 2A-F, Supplementary Table 1) and follow a clear pat-
tern of elevations at birth, decreases throughout postnatal brain
development (P7-P30), and elevations again in the adult. Com-
pared to controls, many cytokines in MIA FC are higher at birth
and in adulthood. At birth (Fig. 2A, F), four cytokines are signifi-
cantly higher than controls: IL-1p (1.9-fold), IL-10 (2.8-fold), IL-
12 (p70; 2.2-fold), and GM-CSF (3.1-fold). Although not statisti-
cally significant, IL-6 is dramatically higher (3.3-fold, p = 0.09),
and IL-1a (1.4-fold; p = 0.07) and IL-4 (1.3-fold; p = 0.09) trend to-
ward higher levels. A somewhat different subset of cytokines is
also higher in the adult FC (Fig. 2E-F), including IL-1a (2.5-fold),
IL-6 (1.7-fold), IL-9 (1.4-fold), and IL-10 (1.3-fold).

In contrast to the increased levels in MIA FC cytokines at birth
and in the adult, many cytokines are lower than controls during
the period of synaptogenesis and remodeling (P7, P14, and P30).
Most of the cytokines that are elevated at PO are not altered at
P7 except for IL-10, which changes from being elevated 2.8-fold
at PO to being decreased (0.8-fold) at P7 (Fig. 2B,F). Including IL-
10, six cytokines are significantly altered at P7. IL-2 (0.7-fold), IL-
4 (0.3-fold), IL-5 (0.4-fold), and IL-12 (p40; 0.5-fold) are lower,
while G-CSF is the lone cytokine that is higher at P7 (1.5-fold). Sev-
eral additional cytokines trend toward significantly lower levels
than controls, including IL-3 (0.2-fold, p = 0.08) and IFNy (0.4-fold,
p =0.09). At P14 (Fig. 2C,F), several of these cytokines remain low-
er, including IL-2 (0.6-fold), IL-5 (0.5-fold), and IL-10 (0.7-fold) and
an additional eight cytokines are lower at this age, including IL-1a
(0.4-fold), IL-1B (0.6-fold), IL-9 (0.8-fold), IL-13 (0.8-fold), Eotaxin
(0.7-fold), GM-CSF (0.8-fold), IFNYy (0.8-fold), and MCP-1 (0.7-fold).
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changes in serum concentration with age (B,FJ,N) including IL-3, IL-4, IL-12(p40), IL-13, G-CSF, and GM-CSF, (3) a second set of additional cytokines with stable levels in
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At P14, there are also trends toward significantly lower levels than
controls (MIP-1B (0.8-fold, p =0.07) and IL-3 (0.7-fold, p = 0.06)).
Many cytokines remain lower than controls at P30 (Fig. 2D,F)
including IL-1B (0.8-fold), IL-5 (0.6-fold), IL-10 (0.8-fold), GM-CSF
(0.6-fold), and MCP-1 (0.7-fold), and an additional six cytokines

majority of these cytokines are significantly decreased during the
periods of circuit formation and plasticity within the FC (Fig. 2F).

3.2.2. Cingulate cortex (CC)
In CC, cytokine levels are also changed at every age examined in

are also lower at this age, including IL-3 (0.7-fold), IL-6 (0.6-fold),
IL-12 (p40; 0.8-fold), IL-12 (p70; 0.8-fold), G-CSF (0.5-fold), and
MIP-18 (0.7-fold).

Together, these results indicate that cytokines are indeed
chronically altered in the FC of postnatal MIA offspring in a distinct
developmental pattern. Both the subsets of cytokines that are al-
tered and the direction of change are age-dependent. Perhaps most
surprising, many cytokines are altered in the MIA FC and the

MIA offspring compared to controls (Fig. 3A-F, Supplementary
Table 1) in a pattern similar to that found in FC. As in FC, cytokines
are generally higher at birth and in adulthood and lower during the
periods of synaptogenesis and plasticity (P7, P14, and P30). At birth
(Fig. 3AF), three cytokines are significantly higher than controls:
IFNy (1.4-fold), IL-12 (p70; 1.6-fold), and MCP-1 (1.4-fold).
Although not statistically significant, IL-1a (1.9-fold, p = 0.07) and
IL-10 (1.7-fold, p=0.06) are also higher in the CC at birth. A
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Fig. 2. MIA induces long-lasting changes in cytokines in frontal cortex throughout development. The fold-change SEM in cytokine concentration in MIA brain regions
compared to control values is plotted. Values from MIA brains are either black or red, and the control values are superimposed in clear bars outlined in grey. Red bars indicate
statistically significant changes compared to controls (p < 0.05). Increases are shown above 1 and decreases, below 1. (A) At PO, MIA-induced increases are found for four
cytokines. IL-3 and RANTES are below the level of detection at this age. (B, C, D) At P7, P14 and P30, many cytokines in MIA FC are lower compared to controls. (E) At P60,
fewer cytokines in MIA FC are altered and all of these are elevated. (F) A heat map is used to summarize the results for MIA-induced changes in cytokines at all ages examined.
Statistically significant changes are indicated in color: red indicates increases, and blue decreases, in cytokine levels compared to controls. The degree of change is indicated
by the depth of color as indicated in the lower panel. ND = below the level of detection. n = 5-6 brains per treatment group (pooled from at least two independent litters).

somewhat different subset of cytokines is higher in the adult CC
(Fig. 3E, F), including IL-10 (1.4-fold) and IFNYy (1.5-fold). MIP1a
(1.45-fold) and RANTES (1.6-fold) are also close to significance
and TNFo and IL-2 are dramatically higher (3.4- and 2.9-fold,
respectively) but not statistically significant in the adult MIA CC.
Similar to the pattern in FC, many cytokines are lower than con-
trols during the periods of synaptogenesis and remodeling. By P7
(Fig. 3B, F), all of the cytokines that are higher at PO return to con-
trol levels, but a new set of six cytokines is significantly altered:
five are lower, including IL-2 (0.4-fold), IL-5 (0.6-fold), IL-6 (0.3-
fold), IL-10 (0.7-fold), and Eotaxin (0.6-fold), while IL-17 is dramat-
ically higher (2.2-fold). Although not statistically significant, [FNy
(0.3-fold, p = 0.08), IL-12 (p70; 0.7-fold, p = 0.07), and KC (1.5-fold,
p =0.06) also trend away from controls in MIA CC. Of the cytokines
altered at P7, IL-10 remains lower at P14 (0.7-fold) as does IL-17,
but the direction of change in IL-17 is reversed (0.8-fold;
Fig. 3C,F). In addition, five different cytokines are significantly

lower in the P14 MIA CC, including IL-1B (0.6-fold), GM-CSF
(0.63-fold), IFNy (0.7-fold), KC (0.7-fold), MCP-1 (0.6-fold), and
MIP-18 (0.7-fold). Although Eotaxin and MIP-1a are also lower in
P14 MIA CC (Fig. 3C), they are not statistically different from con-
trols. At P30, even more cytokines are lower in MIA CC compared to
controls (Fig. 3D, F). Four cytokines that are lower at P14 remain
lower than control levels at P30, including IL-1p (0.8-fold), IL-10
(0.7-fold), IL-17 (0.7-fold), and MCP-1 (0.8-fold) and seven addi-
tional cytokines are also lower at P30: IL-3 (0.7-fold), IL-4 (0.7-
fold), IL-5 (0.7-fold), IL-6 (0.2-fold), IL-12 (p40; 0.8-fold), IL-12
(p70; 0.8-fold), and G-CSF (0.6-fold). IL-13 (0.7-fold, p = 0.08), IFNy
(0.7-fold, p = 0.08), and MIP1a (0.8-fold, p = 0.08) are also close to
significantly decreased at P30.

3.2.3. Hippocampus (HC)
In HC, MIA induces changes in the levels of cytokine at every age
examined except for P60 (Fig. 4A-F, Supplementary Table 2) in a
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Fig. 3. MIA induces long-lasting changes in cytokines in cingulate cortex throughout development. Data is plotted as in Fig. 2. (A) At PO, MIA induces increases in three
cytokines. (B) At P7, five cytokines are lower than controls, while IL-17 is the only elevated cytokine at this age. IL-1a, IL-3, and IL-4 are below the level of detection. (C) At P14,
eight cytokines are also lower. (D) At P30, eleven cytokines remain lower than controls. (E) At P60, fewer cytokines are altered and both are higher than controls. (F) A heat
map is used to summarize the results for MIA-induced changes in cytokines at all ages examined. Statistically significant changes are indicated in color: red indicates
increases and blue decreases in cytokine levels compared to controls. The degree of change is indicated by the depth of color as indicated in the lower panel. ND = below the
level of detection. n = 5-6 brains per treatment group (pooled from at least two independent litters).

pattern distinct from that found in FC and CC. However, unlike the
clear directional switch in MIA-induced changes in FC and CC in
the first postnatal week, the direction of change in cytokine levels
is mixed at most ages in HC. At birth (Fig. 4A, F), seven cytokines
are altered in MIA HC. IL-6 (1.6-fold) is significantly elevated over
controls, while IL-18 (0.7-fold), IL-2 (0.6-fold), IL-4 (0.8-fold), KC
(0.7-fold), MCP-1 (0.7-fold), and MIP-1a (0.3-fold) are lower.
Although not statistically significant, IL-13 is also lower at birth
(0.7-fold, p = 0.06). Of the cytokines altered at PO, only IL-4, KC,
and MIP-1a remain changed at P7 (Fig. 4B, F): IL-4 remains lower
(0.6-fold) and KC and MIP1a reverse direction towards a large ele-
vation at P7 (1.6-fold; 1.6-fold). Four different cytokines are altered
at P7 including IL-3 (0.4-fold), IL-5 (0.7-fold), IL-9 (1.6-fold), and IL-
10 (0.8-fold). At P14, eight cytokines are significantly different in
MIA HC compared to controls (Fig. 4C,F). Compared to the cyto-
kines altered at P7, only IL-5 (0.4-fold) remains lower, and IL-9 is
reversed in direction from being higher at P7 to being lower at
P14 (0.7-fold). At P14, six different cytokines are altered in MIA

HC: IL-1a (1.4-fold), IL-2 (0.4-fold), IL-6 (1.5-fold), Eotaxin (0.7-
fold), MCP-1 (0.8-fold), and RANTES (0.6-fold). At this age, IL-10,
IL-12 (p40), and MIP-1p are also lower than controls, although
not significantly. Far fewer cytokines are altered in MIA HC at
P30 (Fig. 4D,F). Only two cytokines are significantly lower than
controls—IL-6 (0.6-fold) and MIP-1a (0.8-fold)—although several
other cytokine changes approach significance including IL-1B
(0.8-fold; p =0.09), IL-12 (p70; 0.7-fold; p = 0.06), IL-13 (0.7-fold,
p=0.08), G-CSF (0.6-fold, p=0.08), and RANTES (0.8-fold,
p=0.09). Compared to controls, no cytokines are significantly al-
tered in HC in adult MIA offspring (Fig. 4E, F).

3.3. MIA alters cytokine profiles in serum in an age-specific manner

MIA also causes chronic changes in cytokine levels in the serum
of offspring throughout postnatal development (Fig. 5A-F, Supple-
mentary Table 2). At birth, five cytokines are altered in MIA serum
compared to controls. IL-12 (p40; 1.8-fold) and RANTES (2.4-fold)
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litters).

are higher, while IL-3 (0.7-fold), GM-CSF (0.8-fold), and MIPa. (0.5-
fold) are lower than controls (Fig. 5A, F). However, the most
dramatic changes are one week after birth (P7), when twelve cyto-
kines are altered in MIA serum (Fig. 5B, F). IL-1B (1.9-fold), IL-3
(1.4-fold), IL-6 (1.5-fold), IL-12 (p40; 3.0-fold), G-CSF (2.6-fold),
IFNy (1.3-fold), KC (2.2-fold), RANTES (1.9-fold), and TNFa (1.5-
fold) are all higher, while IL-1a (0.6-fold), IL-2 (0.7-fold), and IL-
12 (p70; 0.6-fold) are lower relative to controls at P7. By P14
(Fig. 5C, F), most of these widespread changes in MIA sera are back
to control levels except for TNFo, which remains slightly higher
(1.2-fold) and MIP-1B, which is significantly higher (1.1-fold).
Although not statistically significant, IL-10 is also higher at P14
(1.5-fold, p = 0.07). At P30, the cytokine profile is changed again,
and four different cytokines are altered: IL-1p (1.7-fold), IL-6
(1.4-fold), and IL-9 (1.2-fold) are higher than controls, while IL-3
(0.6-fold) is lower (Fig, 5 D, F). In adults, no significant differences

in cytokine levels relative to controls are found in sera of MIA off-
spring (P60; Fig. 5E, F).

3.4. MIA-induced changes in serum cytokines do not correlate with
changes in brain cytokines

As illustrated in the summary Fig. 6, MIA causes changes in
cytokine levels in brain and serum in offspring throughout postna-
tal development. In this figure, only statistically significant changes
in cytokine levels are indicated by colored boxes; the direction and
magnitude of change is indicated by red for higher, and blue for
lower, levels than controls. These MIA-induced changes are com-
plex, being both age- and region-specific, and involve significant
changes at some point during development in levels of 22 of the
23 cytokines assayed in brain (the exception being TNFo). In strik-
ing contrast to the generally consistent cytokine profiles between
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Fig. 5. MIA induces long-lasting changes in cytokines in serum throughout development. Data is plotted as in Fig. 2. (A) At PO, MIA increases two cytokines and decreases
three. (B) At P7, MIA increases levels of nine cytokines and decreases three. IL-5 is below the level of detection at this age. (C) At P14, two cytokines are higher than controls.
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compared to controls. The degree of change is indicated by the depth of color as indicated in the lower panel. ND = below the level of detection. n = 5-6 brains per treatment

group (pooled from at least two independent litters).

brain regions in the control brain, at a given age, the nature and
direction of MIA-induced changes in cytokines are different be-
tween brain regions. Moreover, within each brain region, the
MIA-induced changes are different between ages. Although the
changes are complex, they are not random; instead, they fall into
a few, distinct patterns. In general, compared to controls, many
cytokines in FC and CC are higher at PO, lower from P7-P30, and
then higher again in the adult, although the specific cytokines that
are altered at each age differ between these two regions. This gen-
eral pattern of cytokine change is distinct from that in the HC,
where fewer cytokines are altered and their direction of change
is mixed at each age. Finally, the changes in cytokine levels ob-
served in serum are also different at each age, but as in the control
brains, these changes do not correlate with changes in cytokine
levels in any brain region from the same animals. This supports
the conclusion that our brain cytokine measurements are unlikely
to be contaminated by serum cytokines. Finally, although cytokine
levels are altered in all three brain regions and serum throughout

postnatal development, they remain altered in the adult only in
FC and CC, but not in HC or serum.

3.5. MIA-induced changes in brain cytokines are not due to immune
cell infiltration through a leaky blood-brain barrier

Changes in brain cytokines in MIA offspring could be due to
cytokines produced by infiltrating immune cells, which might gain
access to the brain through MIA-induced breaches in the blood-
brain barrier (BBB). To test this possibility, first BBB integrity was
qualitatively assessed using Evans Blue (Supplementary Fig. 1);
breaches in BBB integrity are typically indicated by dark blue stain-
ing of the brain. There is little to no BBB permeability detected at
any postnatal age examined and no change in staining of MIA
brains compared to controls at any age tested. Second, immune cell
infiltration into the three brain regions was examined using immu-
nohistochemistry with cell-type-specific antibodies to label B and
T lymphocytes and neutrophils (Supplementary Fig. 2A). In
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during development, characterized by increases in cytokines at birth (P0) and in the adult (P60), and dramatic decreases in many cytokines during periods of synaptogenesis
and activity-dependent plasticity (P7-P30). This pattern is distinct from that in HC, where there are both increases and decreases in cytokine in MIA offspring at all ages
examined. Finally, MIA-induced changes in serum cytokines do not correlate with changes in brain cytokines. ND = below the level of detection.

general, there is virtually no staining for any of these immune cell
types in any region of the brain at any age examined. This lack of
staining is not due to an inability of our protocol to detect these
cells, since we obtain clear labeling of these cells in spleens of con-
trol mice and spinal cord from EAE mice (Supplementary Fig. 2B).
Taken together, these results support the interpretation that the
MIA-induced changes in brain cytokines are most likely produced
by brain-resident cells.

3.6. Microglial number is not altered by MIA

Microglia are present in the brain during all stages of develop-
ment and are well-documented to increase in number and state
of activation during neural inflammation (David and Kroner,
2011; Ransohoff and Perry, 2009). Because of the subjectivity
inherent in classifying microglial activation morphologically, we
chose to quantify only microglial density in sections from MIA
and control brains. Microglia were labeled with the standard mar-
ker, Iba1l, using immunohistochemistry and counted using Stereo-
loger (Fig. 7). There are no qualitative changes in microglial
morphology in any brain region from MIA offspring compared to
controls (Fig. 7A). In general, the density of microglia in each brain
region increases from low levels at birth to a peak at P14 and then
decreases to intermediate levels in the adult brain (Fig. 7B). MIA
does not cause any significant change in microglial density within
any of the three brain regions at any of the five ages examined
(Fig. 7B).

3.7. Behavioral abnormalities in MIA offspring

Previous studies have documented ASD- and SZ-relevant abnor-
mal behaviors in adult poly(I:C)-induced MIA offspring (Meyer and
Feldon, 2010). To confirm that the MIA mice used in this study
were likely to exhibit the expected behavioral changes, we tested
two of these behaviors in a parallel cohort of animals that was
raised alongside the cohort used for cytokine measurements. The

two behavioral tests performed were LI and PPL LI is a measure
of the ability to ignore irrelevant stimuli and its disruption is con-
sidered to be pertinent for the cognitive deficits in SZ (Weiner,
2003). LI is disrupted in SZ subjects and in amphetamine-treated
humans and rats, restored to normal levels in SZ by neuroleptic
drugs, and enhanced in normal humans and rats by antipsychotic
drugs (Weiner, 2003). PPI measures sensorimotor gating, and def-
icits are present in ASD, SZ and several other mental disorders. As
in prior work (Meyer et al., 2009; Patterson, 2009) we find deficits
in LI and PPI in the parallel cohort of mice used here (data not
shown). MIA offspring exhibit increased freezing in response to a
conditioned acoustic cue (LI) compared to controls when measured
against the non-pre-exposed group [F(1,23)=1.029, p=0.0149;
n =28 saline, 24 poly(I:C)]. Compared to control offspring, MIA off-
spring also display decreased PPI when presented with either a
5 dB pre-pulse or 15 dB pre-pulse preceding a 120 dB pulse (PPI5
and PPI15, respectively) [F(1,104) = 4.830, p = 0.0302; n = 29 saline,
25 poly(L:C)].

4. Discussion

In order to determine if poly(I:C)-induced MIA leads to chronic
changes in brain and blood cytokines in offspring throughout post-
natal development, proteomic analysis of the cytokine response in
the developing brains of offspring was performed. In typically-
developing, control offspring, we find that most of the cytokines
examined are present in serum as well as in the three brain regions
examined from birth through adulthood. This data adds new evi-
dence to the case that cytokines play a role in normal brain devel-
opment and function (Deverman and Patterson, 2009; Garay and
McAllister, 2010; Gilmore et al., 2004; Juttler et al., 2002; McAfoose
and Baune, 2009; Stellwagen, 2011). Another striking observation
from the control data is that the levels of 17 of the 23 cytokines as-
sayed in serum increase abruptly on P14, and they remain at that
level through P60. Although many aspects of immune system
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Fig. 7. MIA does not alter microglial number or morphology. The density of Ibal + microglia (white) was quantified using Stereologer in each brain region at each age
examined. (A) Representative images of coronal sections taken at 40X through FC, CC, and HC at five ages during postnatal development. (B) Quantification of the density of
Ibal + microglia for each brain region over age. The density generally increases from birth to P14 and then decreases to intermediate levels in the adult. There is no difference
in microglial density between MIA and control brains. Open bars indicate control values and gray bars, MIA values. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

development occur during the second postnatal week in mice, the
precise events that lead to this abrupt increase in serum cytokines
are unknown. Importantly, this jump in cytokine levels is not
found for any of the 23 cytokines in any of the brain areas, indicat-
ing that the measurements in the brain are not significantly con-
taminated by serum cytokines.

Remarkably, most of the 23 cytokines examined are altered in
the brains of MIA offspring and these changes occur in a region-
and age-specific manner. While several of the commonly studied,
pro-inflammatory cytokines are altered by MIA, significant and
widespread changes in anti-inflammatory cytokines and chemo-
kines are also detected in brain and serum at every age examined.
Although complex, MIA-induced changes in brain cytokines fall
into a few, distinct patterns. In FC and CC, many pro- and
anti-inflammatory cytokines are elevated in early postnatal MIA
offspring, lower than controls in early adolescence, and a few cyto-
kines are again elevated in the adult brain. The developmental pat-
tern in HC is distinct from the other brain areas, with both

increases and decreases in cytokines occurring at every age exam-
ined, except in the adult. Finally, these striking and complex
changes in brain and serum cytokines are not accompanied by
obvious changes in BBB permeability, immune cell infiltration, or
increases in microglial density. Together, these data indicate that
MIA leads to significant changes in brain cytokines in the postnatal
offspring, which may alter CNS development and behavior in the
absence of overt signs of neural inflammation.

The poly(I:C) MIA mouse model employed in this study has
both face and construct validity for ASD and SZ, and predictive
validity for at least SZ (Meyer and Feldon, 2010). Despite recent
progress in developing and characterizing rodent MIA models, lit-
tle is known about how MIA alters fetal brain development. Cur-
rent evidence indicates that the maternal cytokine response is
crucial (Patterson, 2009). Poly(I:C) injection at either mid- or late
gestation leads to marked increases in levels of IL-1B, IL-6, IL-10,
and TNF-o in the pregnant dam’s serum (Gilmore et al., 2005; Koga
et al., 2009; Meyer et al., 2006b), which is reminiscent of similar
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increases in serum cytokines in mothers of children with ASD
(Goines et al., 2011). Perturbation experiments indicate that IL-6
is necessary and sufficient to mediate the effects of the maternal
immune response in the fetus (Smith et al., 2007). Induction of
maternal cytokines then alters cytokine expression in the fetal
brain, including IL-1B, -6, -10, -13, and -17, and MCP-1 and MIP1a,
hours after MIA (Arrode-Bruses and Bruses, 2012; Meyer et al.,
2006b), but it has been unclear if MIA causes changes in brain cyto-
kines in postnatal offspring.

It has been suggested that brain cytokines would be altered in
MIA offspring based on observations of neural inflammation and
cytokine changes in blood, CSF, and postmortem brain tissue from
individuals with ASD and SZ (Ashwood et al., 2011a; Ashwood
et al,, 2011b; Ashwood et al., 2010; Chez et al., 2007; Molloy
et al., 2006; Pardo et al., 2005; Vargas et al., 2005). These human
data predict that pro-inflammatory cytokines may be chronically
increased in MIA brains and indeed, most of the few cytokines pre-
viously detected in the brains of MIA offspring were acute phase
cytokines including IL-6, IL-1B, IFNy, and TNFa (Gilmore et al.,
2005; Meyer et al., 2006b, 2008). Here, we took an unbiased ap-
proach to test this hypothesis and measured cytokine levels
throughout postnatal development. Our results clearly demon-
strate that MIA leads to dynamic changes in cytokine levels in
the brains of offspring. Our results are also somewhat consistent
with the expected pro-inflammatory changes in brain cytokines
resulting from MIA in that there are increases in some of the acute
phase cytokines at birth and in the adult MIA FC, CC, and HC, as
well as in serum throughout development.

Although it is theoretically possible that these MIA-induced
changes in brain cytokines in offspring could be influenced by
changes in the dam’s behavior following MIA, there is little evi-
dence supporting this possibility. The dosage of poly(I:C) adminis-
tered results in an approximately three hour period of sickness
behavior (lethargy, lack of grooming, etc.), after which the mother
recovers fully. Consistent with this, levels of maternal and placen-
tal pro-inflammatory cytokines peak by 3 h post injection and de-
cline considerably by 24 h post injection (Meyer et al. 2006). The
dam loses weight (~1.0-1.5 g) by 24 h post-injection, but recovers
to levels comparable to controls by 48 h post injection. We find no
difference between poly(I:C) and saline-injected mothers in mater-
nal care, as measured by equivalent time spent with pups and
comparable latency to retrieve individual pups removed from the
nest (Malkova and Patterson, personal communication). Although
cross-fostering control offspring with immune-challenged mothers
can alter behavior in control offspring (Meyer et al. 2006c), there is
extensive evidence that cross-fostering MIA offspring with control
mothers does not protect against the emergence of neuropathology
and behaviors in the offspring (Meyer et al. 2008). Together, cur-
rent data in the field is most consistent with the hypothesis that
MIA causes changes in brain development that lead to ASD- and
SZ-like behaviors in offspring.

Despite evidence for a pro-inflammatory brain cytokine profile
at birth and in the adult MIA offspring, our results also reveal that
MIA induces long-lasting changes in a surprisingly wide range of
cytokines. These cytokines include both pro-inflammatory, anti-
inflammatory, and regulatory cytokines, as well as several chemo-
kines. In fact, most of the cytokines examined are significantly al-
tered at some point in the MIA brain compared to controls. Perhaps
most important, our results also reveal an unexpected and wide-
spread decrease relative to controls in many brain cytokines during
peak periods of synaptogenesis and plasticity (P7-P30). These de-
creases are in contrast to the expected pro-inflammatory pheno-
type and suggest that dramatically decreased cytokine signaling
may be a critical variable causing altered brain connectivity and
ASD and SZ-like behaviors in the offspring. Consistent with
this idea, decreases in a few cytokines have been reported in

postmortem brain tissue from individuals with ASD (Vargas
et al,, 2005) and SZ (Toyooka et al., 2003). The impact of wide-
spread decreases in brain cytokines on the development and plas-
ticity of cortical connections and synaptic transmission and
plasticity will be the focus of future studies.

There is a rich complexity in the region- and age-specific
changes in MIA brain cytokines. There are only a few reports of
brain region-specific changes in cytokine levels following any
manipulation, but our data and the few reports in non-MIA mouse
models (Johnson and Kan, 2010; Kasten-Jolly et al., 2011) are con-
sistent with the single report of region-specific changes in post-
mortem brain tissue from individuals with ASD (Vargas et al.,
2005). Region-specific changes in overall gene expression have also
been reported for SZ and ASD (Focking et al., 2011; Ji et al., 2011;
Suda et al., 2011), suggesting that regional-specificity may contrib-
ute to both disorders. Detection of region-specificity of MIA-in-
duced cytokine changes during development was made possible
only recently due to the increased sensitivity of multiplex analysis
from small amounts of tissue (Datta and Opp, 2008). The advantage
of the Luminex x-map technology over traditional ELISAs is that
the former requires only a small sample volume (50 pl) to simulta-
neously measure multiple analytes. Luminex technology is being
utilized to measure adult brain cytokines in an increasing number
of reports (Abazyan et al., 2010; Dalgard et al., 2012; Datta and
Opp, 2008; Erickson and Banks, 2011; Gandhi et al.,, 2007; Li
et al.,, 2009; Mukherjee et al., 2011), and the greater sensitivity of
the Bioplex system we used has been validated against both ELISA
and other multi-plex systems (Fu et al., 2010; Mukherjee et al.,
2011). Our results clearly demonstrate that a single, common
maternal immune response (MIA during mid-gestation) can cause
long-lasting changes in cytokines that are specific to particular
brain regions. How this occurs is unknown, but may involve differ-
ential responses to MIA-induced cytokines elevated in fetal devel-
opment mediated by well-documented region-specific differences
in the distribution of cytokine receptors in the normal fetal brain
(Bauer et al., 2007; Garay and McAllister, 2010). In the future, addi-
tional research is needed to determine if these region-specific pat-
terns of changes in brain cytokines contribute to specific ASD- and
SZ-like behaviors in offspring.

In addition to region-specific changes in brain cytokines, we
also observe age-specific changes. Within a given brain region,
the profile of cytokines that is altered in MIA offspring is distinct
at each age. This dynamic response is not unexpected since cyto-
kines are part of both positive and negative feedback loops that
regulate each other’s expression and function to keep immune re-
sponses within a homeostatic range. Individual cytokines do not
work in isolation, but rather in complex networks (Careaga et al.,
2010). Interestingly, we find no obvious pattern in the age-specific
changes in terms of alternating pro-or anti-inflammatory cyto-
kines. However, classifying cytokines in this way is only partially
useful as most cytokines can be either pro- or anti-inflammatory
depending on the cellular context and the levels of other cytokines.
Moreover, the biological effects of individual cytokine levels can
vary widely—a small change in levels of some cytokines can cause
dramatic physiological effects, while large changes in others may
have minimal outcomes. Taken together, these properties caution
against general conclusions about the effects of MIA-induced
changes in cytokines on inflammation in the brain.

Another indication that cytokines may not have traditional pro-
or anti-inflammatory roles in MIA brains is that there is no overt
evidence of inflammation in any brain region at any age examined,
even at times when traditionally pro-inflammatory cytokines are
elevated. The lack of immune cell infiltration into the brain, com-
bined with little evidence of changes in gross BBB permeability,
suggests that poly(I:C) MIA does not cause inflammation in the
postnatal brain in the classic sense. Consistent with this
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interpretation, there is also no change in microglial density in any
of the three brain regions examined and there is no qualitative
change in microglial morphology in MIA brains (Fig. 7). These re-
sults are also consistent with a lack of immune cell infiltration,
but inconsistent with reports of microglial activation in postmor-
tem brain tissue from ASD individuals (Vargas et al., 2005). Since
increased brain cytokines cannot be attributed to infiltrating im-
mune cells, it is possible that any of the cell types endogenous to
the brain could be responsible. Prior work has shown that neurons,
microglia, and astrocytes can produce cytokines during normal
development in vivo (Deverman and Patterson, 2009). Although
cytokines could in principle also come from the periphery by cross-
ing the BBB, the postnatal BBB is relatively impermeable to most
cytokines (Erickson and Banks, 2011) and MIA-induced changes
in brain cytokines are region-specific and do not correlate with ser-
um cytokines at any age (Fig. 6). Identifying the source and targets
of the MIA-induced cytokines will be important for understanding
the consequences of these changes on neuronal connectivity and
potentially glial function.

Both epidemiological and experimental results indicate that the
effect of MIA on neuropathology and behavior in offspring is deter-
mined by the timing of the infection. Maternal viral infection dur-
ing the late first and early second trimesters, in particular, is
associated with increased risk of ASD (Atladottir et al., 2010;
Brown 2012; Hagberg et al.,, 2012; Patterson, 2011a). Similarly,
infection during early to mid-pregnancy is related to an increase
in risk for SZ in offspring (Brown et al., 2004; Brown 2012). More-
over, differential effects of poly(I:C) injection during early versus
late gestation on neuropathology and behaviors in offspring have
been found in the MIA mouse model (Meyer et al., 2006b). Our
experiments used poly(I:C) injection at E12.5, since this stage of
gestation correlates with the late first trimester in humans (Clancy
et al. 2007)—the time that infections are most closely linked to in-
creased incidence of ASD and SZ (Atladottir et al. 2010; Brown et al.
2004).

Remarkably, many of the cytokines altered in the MIA brains
and serum are similar to those found to be altered in ASD and SZ
(Bauer et al., 2007; Brown and Patterson, 2011; Careaga et al.,
2010; Nawa et al., 2000). Significant increases in plasma cytokine
levels (IL-1B, IL-6, TNFa, IFNYy, IL-8, IL-12p40) have been reported
in children diagnosed with ASD when compared with children
without a family history of ASD (Ashwood et al., 2011a; Molloy
et al,, 2006; Vargas et al., 2005). Most of these cytokines are also
increased at P7 in MIA offspring serum (Figs. 5 and 6). Chemokines,
including Eotaxin, RANTES, and MCP-1, are also elevated in the ser-
um of autistic children (Ashwood et al., 2011b) and all of these are
elevated in MIA serum at P7 (Fig. 6). Neural inflammation, marked
by increased pro-inflammatory cytokines and chemokines, includ-
ing IFN-v, IL-1B, IL-6, IL-12p40, TNF-a, and MCP-1, is also found in
postmortem brain tissue from individuals with ASD over a wide
range of ages (Vargas et al., 2005). Although we found changes in
many of these cytokines in the MIA mouse brain, it is difficult to
directly compare these results because of the wide range of ages
examined in the human study (4-45 years of age). Similar findings
in SZ also indicate elevated levels of cytokines in the blood of pa-
tients, including elevations in IL-18, IL-6, IL-12, IFNvy, TNFa, and
RANTES (Kunz et al., 2011; Yao et al., 2003), although many of
these studies did not control for secondary variables and often re-
port conflicting results. The fact that the poly(I:C) model displays
several cytokine changes in common with both SZ and ASD rein-
forces the construct validity of the model, given that these disor-
ders share the risk factor of maternal infection and that their
psychiatric and anatomical pathologies significantly overlap (Lord
et al., 2000; Meyer et al., 2011; Rapoport et al., 2009). How the risk
of these distinct disorders is increased in humans via a single envi-
ronmental risk factor is currently unknown but is likely to involve

genetic susceptibility and/or the timing and intensity of the infec-
tion (Fatemi et al., 2008; Meyer et al., 2006a; Meyer et al., 2006b).
Identifying how this large family of signaling molecules, the cyto-
kines, are altered over time in brain development by infection and
other environmental risk factors may highlight targets for novel
diagnostic tests and new immune-based therapies for ASD and
SZ in the future.
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