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Abstract

Background: Neuroinflammation can modulate brain development; however, the influence of an acute peripheral

immune challenge on neuroinflammatory responses in the early postnatal brain is not well characterized. To address

this gap in knowledge, we evaluated the peripheral and central nervous system (CNS) immune responses to a mixed

immune challenge in early postnatal rats of varying strains and sex.

Methods: On postnatal day 10 (P10), male and female Lewis and Brown Norway rats were injected intramuscularly

with either a mix of bacterial and viral components in adjuvant, adjuvant-only, or saline. Immune responses were

evaluated at 2 and 5 days post-challenge. Cytokine and chemokine levels were evaluated in serum and in multiple

brain regions using a Luminex multiplex assay. Multi-factor ANOVAs were used to compare analyte levels across

treatment groups within strain, sex, and day of sample collection. Numbers and activation status of astrocytes and

microglia were also analyzed in the cortex and hippocampus by quantifying immunoreactivity for GFAP, IBA-1, and

CD68 in fixed brain slices. Immunohistochemical data were analyzed using a mixed-model regression analysis.

Results: Acute peripheral immune challenge differentially altered cytokine and chemokine levels in the serum versus

the brain. Within the brain, the cytokine and chemokine response varied between strains, sexes, and days post-challenge.

Main findings included differences in T helper (Th) type cytokine responses in various brain regions, particularly the cortex,

with respect to IL-4, IL-10, and IL-17 levels. Additionally, peripheral immune challenge altered GFAP and IBA-1

immunoreactivity in the brain in a strain- and sex-dependent manner.

Conclusions: These findings indicate that genetic background and sex influence the CNS response to an acute

peripheral immune challenge during early postnatal development. Additionally, these data reinforce that the

developmental time point during which the challenge occurs has a distinct effect on the activation of CNS-resident cells.

Keywords: Rat model, Cytokines, Microglia, Astrocytes, Sex differences, Peripheral immune challenge,

Neuroinflammation, Neuroimmune

Background
An acute peripheral immune response can be widely sys-

temic, affecting a variety of tissues and organ systems,

although the tissue-specific response may vary greatly

[1]. For example, peripheral immune stimulation has

been shown to influence neuroinflammatory responses

in the central nervous system (CNS) [2, 3]. Specific ef-

fects seen in the brain following peripheral immune

challenge include global changes in expression of inter-

feron response genes [4] as well as alterations in cell-

specific transcriptional programming, particularly in

microglia [5, 6]. These transcriptional alterations of neu-

roimmune signaling in early life are hypothesized to

result in developmental priming, potentially leading to
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enduring consequences in response to later life expo-

sures (reviewed in [7, 8]). Therefore, it is important to

gain a deeper understanding of the relationship between

peripheral inflammation and early postnatal CNS

response, to evaluate the risk factors in early life as well

as identify strategies to limit adverse effects.

Under physiologic conditions, immune signaling

within the CNS is coordinated primarily by resident cells

such as microglia, astrocytes, and mast cells due to

tightly regulated infiltration of peripheral leukocytes into

the brain parenchyma [9, 10]. When activated, these

resident immune cells secrete a range of cytokines, che-

mokines, and other regulatory factors that drive neuroin-

flammatory responses and contribute to normal

neurodevelopment and functional homeostasis [11, 12].

Integration of systemic immune signals by CNS-resident

cells may occur via coordinated signaling through the

autonomic nervous system and the hypothalamic-

pituitary-adrenal (HPA) axis [13], trafficking and effector

functions of immune cells within the meninges [14], and

gut microbe-mediated mechanisms [15]. Each of these

systems undergoes overlapping periods of development

and refinement during the first few weeks following

birth. Therefore, immune activation during these critical

periods of development can have broad implications on

neurodevelopment and neural function later in life.

In this study, we focused on understanding the rela-

tionship between the peripheral immune system and

developing CNS by evaluating the respective immune re-

sponses to an acute peripheral, mixed immune challenge

at an early postnatal time point. To do this, we chal-

lenged rats with either a mix of bacterial and viral com-

ponents in adjuvant, adjuvant alone, or saline on

postnatal day 10 (P10). The time point of P10 was

chosen for exposure as it roughly translates to the first

year of life in humans [16, 17] and represents an age of

peak brain growth in rats [18]. We then evaluated the

subsequent peripheral and CNS immune response 2 and

5 days later to compare early vs. late post-challenge im-

mune responses. As a readout, we analyzed cytokine and

chemokine levels in the serum as well as cortical, hippo-

campal, and cerebellar lysates. Additionally, we assessed

the numbers and activation profiles of microglia and as-

trocytes within the cortex and hippocampus. Given the

inherent heterogeneity in the immune response due to

genetic background and sex [19, 20], an additional aim

of the study was to compare the CNS and peripheral im-

mune response following immune challenge in male and

female Lewis and Brown Norway (BN) rats. These

strains of rats were chosen as they exhibit immune re-

sponse skewing, with Lewis rats skewing toward a T

helper (Th) 1 cell (cellular, proinflammatory) response

and BN rats skewing toward a Th2 (humoral, regulatory)

response [21, 22]. While evidence exists suggesting sex-

specific differences in CNS immune responsiveness dur-

ing early postnatal development [23], the influence of

genetic background on sex-specific immune responses is

not as well documented. Therefore, a primary goal of

this study was to identify potential differences in the

region-specific CNS immune response in neonatal rats

to a peripheral mixed immune challenge in the context

of sex and genetic background.

Methods
Materials

The mixed acute peripheral immune challenge was com-

prised of hepatitis B (HepB) (Recombivax HB; Merck &

Co., Whitehouse Station, New Jersey), diphtheria and

tetanus toxoids and acellular pertussis (DTap) (DAPTA-

CEL; Sanofi Pasteur, Swiftwater, Pennsylvania), Hae-

mophilus influenza type b (Hib) (PedvaxHIB; Merck &

Co., Inc., Whitehouse Station, New Jersey), pneumococ-

cal conjugate (PCV) (Prevnar 13; Wyeth Pharmaceuticals

Inc., Madison, New Jersey), and inactivated poliovirus

(IPV) (IPOL; Sanofi Pasteur, Swiftwater, Pennsylvania) in

adjuvant. To match the adjuvant pre-mixed with the

above antigen preparations, a control adjuvant of 2%

aluminum hydroxide gel (Alhydrogel) was obtained from

InvivoGen (San Diego, California).

Animals

All animals were housed in facilities fully accredited by

AAALAC International, and all studies were performed

with regard to the alleviation of pain and suffering under

protocols approved by the University of California-Davis

Institutional Animal Care and Use Committee. Lewis

and Brown Norway (BN) timed-pregnant female rats

(n = 6 per strain) were obtained from Charles River La-

boratories (Portage, MI). Rats were individually housed

on a 12:12-h light:dark cycle at 22 ± 2 °C with food and

water available ad libitum. Lewis dams delivered litters

of 10–12 pups on average, whereas BN dams delivered

litters of 3–5 pups on average. On P7, littermates from

each strain were sexed, randomly assigned to different

experimental groups using a random number generator,

and ear punched for identification purposes.

Peripheral immune challenge

To trigger a full-spectrum innate and adaptive immune

response, we utilized a peripheral immune challenge that

included both bacterial and viral immune-stimulating

agents. Offspring were injected intramuscularly (i.m.) on

P10 with one of the following: acute peripheral immune

challenge in adjuvant, adjuvant mixed with saline, or sa-

line alone. The dose (0.105 μL/g) was determined based

on the human dosing for this antigen mixture and ad-

justed for the average pup weight (approximately 20 g).

Adjuvant control animals were treated with a 1:1
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solution of Alhydrogel and saline, while saline controls

were injected with an equal volume of 0.9% sterile saline.

All treatments were brought up in sterile saline to reach

a final total volume of 25 μL and were administered i.m.

to the vastus lateralis muscle using a sterile 25-gauge

needle. After treatment, pups were returned to their

home cage where they remained with their dam for 2 or

5 days post-injection until they were euthanized for tis-

sue collection.

Blood and brain tissue collection

On P12 or P15, animals were deeply anesthetized with

4% isoflurane in oxygen. Blood samples were then col-

lected via cardiac puncture followed immediately by

transcardial perfusion with sterile phosphate-buffered sa-

line (PBS). Blood was centrifuged (12,000×g, 4 °C, 10

min) to obtain serum, which was then stored at − 80 °C.

Whole brains of animals randomly chosen for cytokine

measurement analyses were quickly removed following

transcardial PBS perfusion and, using a dissection scope

and sterile surgical equipment, microdissected in PBS on

ice to isolate the hippocampi, cortices, and cerebella. All

tissues were snap-frozen in liquid nitrogen and stored at

− 80 °C until further assayed. Animals randomly chosen

for immunohistochemical analyses were anesthetized

with 4% isoflurane in oxygen and subsequently perfused

transcardially with 100-ml cold PBS at a rate of 15 ml/

min using a Masterflex peristaltic pump (Cole Parmer,

Vernon Hills, IL) followed by 100 ml of cold 4% parafor-

maldehyde (PFA) in PBS. Fixed tissues were removed,

post-fixed in 4% PFA overnight, and then stored in 30%

sucrose in PBS at 4 °C for 48 h. Fixed brains were snap-

frozen in O.C.T. Compound (Sakura Finetek, Torrance,

CA) and then sectioned into 10-μm-thick sagittal sec-

tions. Sections were stored at − 80 °C until further proc-

essed for immunohistochemical analyses.

Cytokine and chemokine measurement

Prior to cytokine measurement, brain tissue samples

were thawed and lysed in Bio-Plex cell lysis buffer con-

taining protease and phosphatase inhibitors (Bio-Rad La-

boratories, Hercules, California) and supplemented with

500 mM protease inhibitor phenyl-methylsulfonyl fluor-

ide (PMSF; Sigma-Aldrich, St. Louis, Missouri). Briefly,

tissues were homogenized in 200 μL (hippocampus) or

500 μL (cortex and cerebellum) of cell lysis solution

using a polytron homogenizer for 10 s. The homogenate

was then frozen for 10 min at − 80 °C, thawed, sonicated

for 3 min, and then centrifuged at 4500 g for 4 min. Pro-

tein was quantified in the supernatant using Pierce BCA

assay (Thermo Scientific; Rockford, Illinois), and samples

were stored at − 80 °C until further analyzed.

Concentrations of 10 cytokines and chemokines were

determined using a commercially available multiplex

magnetic bead-based kit (Bio-Plex Pro™ Cytokine Re-

agent Rat Cytokine Assay; Bio-Rad Laboratories,

Hercules, California) in accordance with the kit-specific

protocols provided by Bio-Rad. The following cytokines

and chemokines were measured: granulocyte macro-

phage colony-stimulating factor (GM-CSF), interferon

gamma (IFN-³), interleukin-1³ (IL-1³), IL-1³, IL-4, IL-6,

IL-10, IL-17, monocyte chemotactic protein-1 (MCP-1),

and tumor necrosis factor ³ (TNF-³). Briefly, lyophilized

rat cytokine standards were first reconstituted with ei-

ther cell lysis buffer (brain samples) or the kit-provided

standard diluent (serum samples), and a standard dilu-

tion series was made. Homogenized brain samples were

run in duplicate at 1 mg/mL, whereas serum samples

were run neat. Fifty microliters of samples, standards,

and corresponding buffer blanks were incubated on a

plate shaker at room temperature (RT) with antibody-

coupled magnetic beads for 1 h. After a series of washes,

biotinylated detection antibodies were added and incu-

bated on a shaker at room temperature for 30 min. The

reaction mixture was detected by the addition of

streptavidin-phycoerythrin following a wash step and in-

cubated on a plate shaker at room temperature for 10

min. Following a repeat of the washing step, beads were

re-suspended in assay buffer for 30 s at room

temperature on the plate shaker. Plates were read on a

Bio-Plex 200 system (Bio-Rad Laboratories, Hercules,

CA, USA) and analyzed using Bio-Plex Manager soft-

ware (Bio-Rad Laboratories) with a five-parameter model

used to calculate final concentrations and values

(expressed in pg/mL). Reference samples were run on

each plate to determine assay consistency. All wash steps

were performed at room temperature using a Bio-Plex

handheld magnetic washer (Bio-Rad Laboratories).

Immunohistochemistry (IHC)

Sections were immunostained for glial fibrillary acidic

protein (GFAP; 1:1000 dilution; Cell Signaling Technol-

ogy, Danvers, Massachusetts), ionized binding adaptor

protein 1 (IBA-1; 1:500 dilution; Wako Bioproducts,

Richmond, Virginia), and CD68 (1:200 dilution; Serotec;

Raleigh, NC). Antibody-antigen complexes were visual-

ized using secondary antibodies labeled with Alexa

Fluor 488, 568, or 647 (Molecular Probes; Eugene, OR),

and slides were mounted in media containing 4′,6-dia-

midino-2-phenylindole (DAPI; Invitrogen, Carlsbad,

CA) to identify cell nuclei. Images of the anterior cin-

gulate (cortex) and dentate gyrus (hippocampus) were

captured automatically by the ImageXpress Micro

Widefield High Content Screening System (Molecular

Devices, Sunnyvale, California) using thresholds set

using region-matched saline controls. Images were ac-

quired in an unbiased manner using the DAPI channel

for each region. Average fluorescence intensity of the
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target antigen, as well as the number of GFAP immu-

nopositive cells or the number of total IBA-1 immuno-

positive cells and percentage of IBA-1 immunopositive

cells also immunopositive for CD68, was quantified

from five fields per region of interest from three serial

sections per brain for a total of 15 microscopic fields

per brain. These values were averaged within a given

animal for each brain region. A total of 3–5 animals

were imaged per group.

Experimental design and statistical analysis

Experimental groups were randomized. Different pups

were used for cytokine analyses versus immunohisto-

chemical analyses, and animals were randomly assigned

to an outcome measure (cytokine measurement or im-

munohistochemistry) and day of collection (2 or 5 days

post-challenge) prior to euthanasia. A total of 93 Lewis

and 90 BN male and female offspring were included in

this study (Luminex: 51 Lewis and 48 BN; IHC: 42 Lewis

and 42 BN).

To assess cytokine levels, statistical analyses were per-

formed using SPSS software (SPSS Version 22; IMB

Corp., Armonk, NY); p values < 0.05 for two-tailed tests

were considered statistically significant. Data graphs

were created using GraphPad Prism (Version 6; Graph-

Pad Software Inc., La Jolla, CA); all results are presented

as mean ± SEM. All data were first assessed for the de-

tection of outliers using the ROUT method, with Q set

to 1%. As the distribution of the cytokine and chemo-

kine concentration values were skewed, natural log

transformations were used in order to approximate nor-

mality. For all values that were below the limit of detec-

tion (LOD), we assigned a value of LOD/2 prior to log

transformation. A preliminary five-way ANOVA was

conducted to determine the effects of sample type (cor-

tex, cerebellum, hippocampus, or serum), cytokine/che-

mokine, treatment, offspring sex, and day of collection

(P12 or P15). The initial five-way ANOVA results led us

to run separate ANOVAs for each sample type and cyto-

kine, as significant source × cytokine effects and interac-

tions were noted for all variables. Therefore, individual

three-way ANOVAs were conducted for each cytokine/

chemokine and sample type, examining the effects of

treatment, offspring sex, and day of collection on levels

of cytokine/chemokines in each sample type. All post

hoc pairwise comparisons of significant interactions

within these three-factorial ANOVAs were Sidak-

adjusted for multiple comparisons.

For IHC analyses, primary outcomes included average

GFAP intensity, total GFAP count, number of IBA-1+

cells, and percentage of IBA-1+ cells co-labeled for CD68

in the hippocampus and cortex for each animal. Mixed-

effects regression models, including animal-specific ran-

dom effects, were used to assess the differences between

three groups of animals (mixed immune, adjuvant, and sa-

line) across the brain regions. Exploratory analysis indi-

cated that a natural logarithmic transformation was

needed for all outcomes other than colocalization to

stabilize the variance and meet the underlying assump-

tions of the mixed-effects models. Due to zeroes for some

outcomes, all values in those outcomes were shifted by 0.1

prior to taking the natural logarithm. Due to a high per-

centage of zeroes, colocalization was dichotomized to 0 or

1 (colocalization > 0) and a repeated measures logistic re-

gression model was used. Day post-immunization (2 or 5),

group (mixed immune, adjuvant, or saline), sex (male or

female), and brain region (cortex, hippocampus) were all

variables of interest in the models. Total cell count was in-

cluded in all models as a covariate. Interactions between

these variables were also considered. Akaike information

criterion was used for model selection and Wald tests for

comparing groups were used. Results for all outcomes

other than colocalization are presented as geometric mean

ratios between the immune challenge or adjuvant groups

and the saline group. All IHC analyses were conducted

using SAS version 9.4. Due to aspects of limited group

numbers and the presence of numerous conditions, statis-

tical comparisons between specific groups (i.e., strain)

were not directly performed but were reported in parallel

to relate findings.

Results
Sex- and region-specific differences in CNS cytokine

expression at baseline

Immune signaling is important for early development,

and sex-specific differences have been evidenced in per-

ipheral and CNS immune signaling under normal condi-

tions [20]. Therefore, we wanted to examine whether

cytokine levels exhibited sex-specific differences at base-

line, under saline control conditions, during early post-

natal development in Lewis and BN rat strains. To

evaluate this, and all subsequent cytokine comparisons,

we used a bead-based Luminex assay to assess the levels

of a set of 10 analytes including a subset of Th-related

cytokines, specifically IFN-³, IL-4, IL-17, and IL-10, as

well as inflammatory chemokines in peripheral blood

and within different brain regions of experimental ani-

mals. Animals were exposed to peripheral immune chal-

lenge in adjuvant, adjuvant-only, or saline on P10, and

samples were collected 2 and 5 days post-challenge in

male and female Lewis and BN rats (Fig. 1a). Data pre-

sented for baseline sex comparisons were collapsed be-

tween both time points of collection, P12 and P15, as no

statistically significant differences were observed be-

tween the two time points for saline control conditions.

Notable sex-specific differences in baseline cytokine

levels were seen in the cortex and to a lesser extent the

hippocampus. In the cortex, baseline sex differences
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were observed in several important Th-type cytokines,

such as IL-4 (p < 0.001), IL-10 (p = 0.01), and IL-17 (p <

0.05) as well as IL-³ (p < 0.001), with males exhibiting

an increased level of these cytokines compared to fe-

males (Fig. 1b). Interestingly, these results were only true

for Lewis rats and not observed in the BN rat strain,

with the exception of higher IL-1³ (p < 0.001) in male

BN rats compared to females. When considering cyto-

kine levels in the hippocampus, baseline sex-specific ef-

fects were more limited. Similar to the cortex, a

significant difference was observed for IL-1³ (p = 0.01)

in Lewis rats. Additionally, a sex-specific increase in

IFN-³ (p < 0.05) was also seen in the hippocampus of

Lewis rats, with males displaying a higher level of IFN-³

than females (Fig. 1b).

Minimal sex-specific differences were seen in serum

cytokine levels at baseline, with the only significant

finding being an effect of sex on the level of MCP-1

(monocyte chemoattractant protein 1) in Lewis rats,

with males displaying a greater level of MCP-1 than

females (p = 0.004; Additional file 1: Figure S1A). No

sex-specific differences were observed in the cerebellum

under saline control conditions (Additional file 1:

Figure S1D). In multiple brain regions, baseline differ-

ences in GM-CSF levels were noted but data were not

included in the final analysis due to several samples

having values below the LOD, thus skewing group dif-

ferences (Additional file 1).

Brain region-specific differences in the level of sev-

eral cytokines were also noted. In serum, levels of the

majority of analytes were found to be significantly dif-

ferent than concentrations of these same cytokines

measured in brain regions of the corresponding

animals (Fig. 1c). Specifically, the levels of MCP-1

(p < 0.001), IL-1³ (p < 0.001), IL-4 (p < 0.001), and

IL-17 (p < 0.001) were observed to be higher in serum

than the cortex, hippocampus, and cerebellum, while

the level of IL-10 (p < 0.001) appeared lower in the

serum compared to selected brain regions (Fig. 1c).

Differences were also observed when comparing cyto-

kine levels between brain regions with main findings in-

cluding lower levels of many analytes in cortical lysates.

Fig. 1 Sex- and region-specific differences in cytokine levels at baseline. Lewis and Brown Norway (BN) rats were injected i.m. with mixed

immune challenge, adjuvant-only, or saline on P10. Samples were collected 2 or 5 days post-challenge and subjected to cytokine and chemokine

profiling. a Illustration of experimental design with primary outcome measures. b, c Cytokine and chemokine levels under saline control

conditions. b Cytokine levels compared within strains (BN (15; 6M, 9F), Lewis (15; 7M, 8F)) and between sexes; collapsed between time point of

collection due to no differences observed. c Cytokine levels compared across region of collection; collapsed between sex, strain, and day of

collection. N = 30 animals per region. Star (*) corresponds to comparisons between serum and all brain regions using the following scale: *p <

0.05, **p < 0.01, ***p < 0.001. Hashtag (#) represents comparisons solely between brain regions only using a similar scale. B.D. defined as below

detection. All data are displayed as the natural log-transformed values with mean +/− SEM
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The levels of IL-1³ (p < 0.001), IL-1³ (p < 0.001), IFN-³

(p < 0.001), IL-4 (p < 0.001), and IL-6 (p < 0.001) were

seen to be lower in the cortex, compared to both the

hippocampus and cerebellum (Fig. 1c), while IL-10 (p <

0.05) was significantly lower in the cortex compared to

the hippocampus only, and cortical IL-17 (p < 0.001) was

less than that measured in the cerebellum. Additionally,

the hippocampal level of TNF-³ was significantly lower

in the hippocampus compared to other brain regions

(p < 0.001; Fig. 1c).

Effect of peripheral immune challenge on serum

cytokines and chemokines

Next, to broadly characterize the innate and adaptive im-

mune responses to an early postnatal peripheral immune

challenge, we assessed post-challenge cytokine levels be-

tween strain, sex, region, and time point of collection as de-

scribed above and outlined in Fig. 1a. Consistent with the

age of the rat pups, the effect of treatment on the serum

cytokine response was relatively mild (Additional file 2: Fig-

ure S2A and Additional file 3: Figure S3A). Over half of the

serum samples had levels of IFN-³, IL-1³, IL-6, and TNF-³

below the LOD, and these cytokines were therefore ex-

cluded from further analysis. For serum analytes that were

above the LOD and were found to be differentially regu-

lated in response to treatment, effects were broadly similar

across strains with some sex-specific skewing. For GM-

CSF, significant main effects of treatment were seen in both

Lewis and BN rat strains (Additional file 2: Figure S2A).

Specifically, post hoc testing revealed sex-dependent in-

creases in the level of GM-CSF in serum 5 days post-

challenge in males of both strains (Lewis, p < 0.001; BN,

p = 0.005; Fig. 2a), with significant increases also seen under

adjuvant conditions in male Lewis rats (p = 0.001). In con-

trast, female BN rats exhibited significant increases in GM-

CSF in response to adjuvant treatment compared to saline

controls at the same time point (p < 0.001; Fig. 2a). Of note,

a significantly higher level of GM-CSF was seen under adju-

vant conditions compared to immune challenge in female

BN rats at 5 days post-challenge (Fig. 2a). However, this

was the only instance of such a finding in the study and is

likely due to several serum GM-CSF values falling below

the level of detection in these animals. A main effect of

treatment was observed in the level of the chemokine

MCP-1 in both Lewis and BN rats (Additional file 2: Figure

S2A). Higher levels of MCP-1 were detected under

adjuvant-only conditions at 5 days post-challenge in female

BN rats (p = 0.02) and at 2 days post-challenge in female

Lewis rats (p = 0.001), or 2 days following mixed immune

challenge in Lewis males (p = 0.016; Fig. 2b).

Innate immune cell-related cytokine response in the CNS

To understand the CNS immune response to an acute

peripheral immune challenge, we evaluated cytokine and

chemokine levels in tissue lysates from the cortex,

hippocampus, and cerebellum of male and female Lewis

and BN rats. The most striking results and greatest in-

flammatory response to the mixed immune challenge

were seen in the cortex. In both male and female Lewis

and BN rats, a significant main effect of treatment was

observed for several cytokines associated with the innate

immune response in the cortex at 2 and 5 days following

treatment (Additional file 2: Figure S2B). Specifically, IL-

1³, IL-1³, and IL-6 were significantly upregulated

following either peripheral immune challenge or

adjuvant-only exposure in both strains (Fig. 3a). Similar

effects of treatment were noted for GM-CSF and MCP-

1, both important innate immune cell recruitment and

activation molecules (Fig. 3a). Representative cortical in-

nate immune cytokine data are collapsed across sex and

time point of collection as a response to treatment ap-

peared similar between these conditions. The only ex-

ception to this pattern was the lack of increased MCP-1

expression in the cortex in male BN rats exposed to ei-

ther peripheral immune challenge or adjuvant-only

(Additional file 3: Figure S3B).

In the hippocampus, a main effect of treatment was also

seen for the majority of cytokines (Additional file 2: Figure

S2C). A significant increase in GM-CSF compared to saline

controls was observed at both 2 and 5 days post-challenge

across experimental conditions, strains, and sexes (Fig. 3b,

Additional file 3: Figure S3C). In both sexes, significant in-

creases in IL-1³ (p < 0.05) and IL-1³ (p < 0.001) were noted

in BN rats, while a significant increase in IL-1³ (p < 0.001),

but not IL-1³, was observed in Lewis rats at 2 but not 5

days post-challenge (Fig. 3b). Elevated levels of MCP-1 were

seen only in female Lewis rats at 2 days (p = 0.01) and 5

days (p = 0.034) post-challenge (Fig. 3b). Interestingly, im-

mune challenge decreased hippocampal IL-6 relative to sa-

line control in female rats of both strains (p < 0.05; Fig. 3c).

Other cytokines, such as IL-1³ and IL-1³, were also de-

creased by peripheral immune challenge or exposure to

adjuvant-only at 5 days post-challenge (Additional file 3:

Figure S3C). The effect of peripheral immune challenge on

the cytokine response in the cerebellum was both weak and

varied (Additional file 2: Figure S2D), with the exception of

a significant increase in GM-CSF, similar to that seen in

the hippocampus and cortex (Additional file 3: Figure S3D).

Th-type cytokine responses in the CNS

Due to evidence suggesting that the immune responses

in Lewis and BN rats are skewed toward a Th1- or Th2-

specific response, respectively [21, 22], a primary aim of

this study was to evaluate the contribution of a different

genetic immune background on the response to immune

challenge. In cortical lysates from both strains, a main

effect of treatment was observed for all canonical Th-

type cytokines measured (Additional file 2: Figure S2B).
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Interestingly, the level of IFN-³ (a major Th1 cytokine)

in the cortex following mixed immune challenge was

significantly elevated in males of both strains (p < 0.001),

with similar effects at 2 and 5 days post-challenge

(Fig. 4a). In female rats of either strain, cortical IFN-³

levels were significantly increased at 5 days (p < 0.01) but

not at 2 days post-challenge (Fig. 4a). In contrast to the

cortical response, peripheral immune challenge had little

or no significant effect on IFN-³ levels in the hippocam-

pus and cerebellum of Lewis or BN rats (Additional file 3:

Figures S3C and D). Striking strain and sex differences

were seen in the response to immune challenge in cor-

tical levels of IL-4, an indicator of Th2-type responses.

Specifically, peripheral immune challenge significantly

increased cortical IL-4 levels in female Lewis rats at 2

days (p = 0.003) and 5 days (p < 0.001) post-challenge,

while exposure to adjuvant-only treatment only resulted

in elevated cortical IL-4 levels at 5 days post-exposure

(p < 0.001; Fig. 4b). In contrast, compared to saline con-

trols, cortical IL-4 levels were significantly decreased in

female BN rats in response to mixed immune challenge

(p < 0.01) or adjuvant (p < 0.01), or unchanged in male

rats of either strain (Fig. 4b; Additional file 3: Figure

S3B). Coincident with these responses, post hoc analysis

revealed a lack of effect of either immune challenge or

adjuvant-only on IL-17 levels in the BN rat cortex at

both 2 and 5 days post-challenge. However, cortical IL-

17 levels were significantly elevated compared to con-

trols in response to mixed immune challenge in male

Lewis rats (p < 0.001) and in response to either mixed

immune (p < 0.05) or adjuvant treatment (p < 0.05) in

female Lewis rats (Fig. 4c). Cortical IL-10 levels were

similar between strains, although significantly increased

levels of IL-10 in response to experimental manipulation

were seen only in male rats, with no apparent effects in

females (Fig. 4d). Data for cortical IL-17 and IL-10 levels

Fig. 2 Elevated serum cytokines in response to mixed immune challenge or adjuvant. Serum cytokine and chemokine levels of GM-CSF (a) and MCP-1

(b) following immune stimulus represented by day of collection (P12/P15), strain (Lewis/BN), and sex. Data presented as natural log-transformed values

with mean +/− SEM. N = 3–6 animals per condition; *p < 0.05, **p < 0.01, ***p < 0.001
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were collapsed between day of collection due to minimal

differences seen for those two analytes over time

(Additional file 3: Figure S3B).

In the hippocampus, male BN rats exhibited signifi-

cant increases in IFN-³ (p < 0.001), IL-4 (p = 0.035),

IL-10 (p = 0.037), and IL-17 (p < 0.001) in response

to treatment at 2 days post-immune challenge (Fig. 4e).

Interestingly, there were no significant increases in

the levels of these cytokines in the hippocampus of

female BN rats or either sex of Lewis rats (Add-

itional file 3: Figure S3C). While a main effect of treat-

ment on Th-type responses in the cerebellum was

apparent under certain conditions (Additional file 2: Fig-

ure S2D), post hoc analysis revealed effects of treatment

on cytokine production in the cerebellum to be largely

non-significant across most conditions (Additional file 3:

Figure S3D).

Evaluation of CNS cellular immune response

To understand the effects of mixed immune challenge

or adjuvant-only exposure on the brain-specific cellular

response, the number of GFAP immunopositive cells

and the average intensity of GFAP immunofluorescence

were evaluated as indicators of astrogliosis, whereas the

total number of IBA-1 immunopositive cells and per-

centage of IBA-1 immunopositive cells also immunore-

active for CD68 were quantified to assess the microglial

response.

GFAP is an intermediate filament expressed mainly in

astrocytes that is upregulated under conditions of hyper-

trophy and activation [24]. In both the cortex and hippo-

campus, GFAP average fluorescence intensity was

significantly increased within both strains at 2 and 5 days

post-challenge. In Lewis rats, across all conditions, the

average intensity of GFAP immunoreactivity was

Fig. 3 Peripheral immune stimulation broadly upregulates innate cytokine levels in the cortex and hippocampus. Cortical, hippocampal, and

cerebellar lysates were collected from rats 2 or 5 days following exposure and subjected to cytokine and chemokine analysis. a Concentrations of

innate cytokines in the cortex, compared between experimental conditions. Data are collapsed between sex and day due to minimal differences

seen; N = 15–20 per condition. b, c Cytokine levels from hippocampal lysates; black solid bars above certain analytes specify time point or sex-

specific conditions. b Levels of several innate cytokines: GM-CSF collapsed between sex and day (N = 13–20 per condition), IL-1a, IL-1B shown at

P12 only and MCP-1 in females collapsed between day (N = 7–10 per condition). c Hippocampal IL-6 levels across treatment and strain in female

rats; N = 4–5 per condition. Data represent mean +/− SEM, *p < 0.005, **p < 0.01, ***p < 0.001

Bruce et al. Journal of Neuroinflammation          (2019) 16:200 Page 8 of 15



significantly higher in the hippocampus than in the cor-

tex, whereas no significant regional differences were ob-

served in BN rats (Fig. 5a–c). In addition to brain

region-specific strain differences, sex-specific effects of

both mixed immune challenge and adjuvant-only expos-

ure on average intensity of GFAP immunofluorescence

were observed. While exposure to either treatment sig-

nificantly increased the average intensity of GFAP im-

munofluorescence in male and female BN rats across

brain regions at 2 and 5 days post-challenge (Fig. 5d), ex-

posure to either treatment in Lewis rats significantly

increased the average intensity of GFAP immunofluores-

cence in males only (Fig. 5e). Due to best-fit statistical

modeling used for IHC analysis, conditions were col-

lapsed between groups when no differences were ob-

served. With regard to GFAP intensity as noted here, a

similar response to immune challenge was seen across

the brain region within a rat strain.

A significant increase in the number of GFAP immu-

nopositive cells was also seen in response to mixed im-

mune challenge or adjuvant-only exposure, but these

effects varied between brain regions and strains. In the

cortex, GFAP immunopositive cell counts were increased

following mixed immune challenge or adjuvant-only ex-

posure in both strains at 2 and 5 days post-challenge

(Fig. 5f, g) with the exception of female BN rats that ex-

hibited no significant change in GFAP immunopositive

cell counts at 2 days post-mixed immune challenge

(Fig. 5g). In contrast, more consistent sex and strain differ-

ences were seen in the hippocampus. In Lewis rats, males

exhibited a significant increase in the number of GFAP

immunopositive cells in the hippocampus 2 and 5 days

post-challenge following mixed immune challenge or

adjuvant-only exposure, whereas female Lewis rats

showed no differences in response to either challenge

(Fig. 5f). In the BN strain, the numbers of GFAP immuno-

positive cells in the hippocampus significantly increased in

both sexes 2 and 5 days post-challenge, with the exception

of male BN rats that exhibited no effect at 5 days post-

challenge (Fig. 5g).

The cellular neuroinflammatory response was further

evaluated by immunostaining for IBA-1 in the cortex

and hippocampus. IBA-1 is a pan-macrophage/monocyte

marker used broadly in the brain to identify microglia

[25]. Interestingly, in contrast to increased brain GFAP

immunofluorescence intensity and number of GFAP

immunopositive cells seen across many conditions, the

number of IBA-1 immunopositive cells in the cortex and

hippocampus were either unchanged or significantly de-

creased in these regions in response to mixed immune

challenge or adjuvant-only exposure, compared to saline

controls (Fig. 6a, b). In BN rats, a reduction in the num-

ber of IBA-1 immunopositive cells was observed in the

cortex and hippocampus of male rats exposed to either

Fig. 4 CNS Th-type responses to peripheral immune stimulation are sex- and strain-specific. Th-type cytokine responses were evaluated in brain

lysates. Cortical IFN-γ; N = 3–6 per condition (a), IL-4; N = 3–5 per condition (b), IL-17; N = 7–11 per condition (c) and IL-10; N = 7–10 per condition

(d) levels. IL-4 displayed only in female rats due to no differences seen in males; IL-10 and IL-17 levels collapsed between day. e Hippocampal

Th-type cytokine levels in male rats at 2 days post-challenge; N = 3–5 per condition. Data represent mean +/− SEM, *p < 0.005,

**p < 0.01, ***p < 0.001
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mixed immune challenge or adjuvant-only and in the

cortex and hippocampus of females treated with

adjuvant-only (Fig. 6b). In contrast, there was no differ-

ence in the number of IBA-1 immunopositive cells in fe-

male BN rats exposed to mixed immune challenge or

Lewis rats under either treatment condition compared

to saline controls (Fig. 6b, c).

Additionally, colocalization of CD68 immunoreactiv-

ity with IBA-1 was used as a measure of microglial acti-

vation in the brain, as CD68 is a lysosomal marker used

broadly to indicate phagocytic activity in macrophages

[26]. Following the analysis of the response to either

mixed immune challenge or adjuvant exposure, there

were no significant differences between treatment

conditions, strain, or sex with respect to IBA-1/CD68

colocalization (Fig. 6d).

Discussion
The physiologic importance of the interplay between the

immune and nervous systems in neurodevelopment has

gained recognition in recent years, and immune mole-

cules are increasingly implicated as important in neuro-

genesis, cortical development, and neurodevelopmental

disorders [27–30]. Despite this, knowledge regarding the

CNS response to a peripheral immune challenge during

early postnatal development is limited in scope. Numerous

Fig. 5 Sex- and strain-specific increases in the average intensity of GFAP immunoreactivity and numbers of GFAP immunopositive cells. GFAP

immunoreactivity was assessed at 2 and 5 days post-exposure. Representative photomicrographs of GFAP immunoreactivity and DAPI labeling in

the cortex (a) of female rats and the hippocampus (b) of male BN and female Lewis rats; Sal=saline, Adj=adjuvant-only, Imm=immune challenge.

c Geometric mean ratio (GMR) of GFAP average intensity in response to immune challenge, adjuvant-only, or saline control conditions in the

hippocampus versus the cortex within each strain; collapsed between sex and day of collection (N = 42 per strain; BN(19Imm, 19Adj, 4Sal);

Lewis(16Imm(8M/8F), 17Adj(9M/8M), and 9Sal(5M/4F)). GMR plots of GFAP average intensity in BN (d) and Lewis (e) rats collapsed between day

and region, as well as GFAP-positive cell counts in Lewis (f) and BN (g) strains of each treatment relative to saline control collapsed between the

day of collection in (f). Error bars represent 95% CI; a CI not including the normalization line (line at 1) indicates a significant difference between

brain regions (c) or the treatment and saline controls (d–g) at p ≤ 0.05
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studies have investigated perinatal immune signaling and

CNS development using iterations of the maternal im-

mune activation (MIA) paradigm (reviewed in [31]). This

is likely due to the growing body of literature on the topic,

clinical relevance, and thorough characterization of the

methodology [32]. Although, recent research has sug-

gested, perhaps unsurprisingly, that MIA-induced effects

on brain circuit-specific function are dissociable from

those effects induced by early postnatal immune chal-

lenge, with contrasting results on glutamatergic and

GABAergic signaling respectively [33]. Therefore, it is of

value to develop a deeper knowledge regarding how acute

peripheral immune stimulation, postnatally, may influence

the production of immune effector molecules and activa-

tion of glial cells in the CNS. The latter point is particu-

larly important as altered neural function due to perinatal

immune activation may depend partly on early glial prim-

ing, contributing to long-term functional alterations in

these cells [5, 6, 30].

An important aspect of our study design is the devel-

opmental window during which the acute mixed im-

mune challenge occurred. Prior studies comparing the

timeline of rat and human development suggest that

preweaning ages in rats correspond to roughly the first

year of life in humans [16, 17]. Therefore, to mirror the

immune challenges a human infant may face in early life,

we chose to expose rats on P10—a time of early postna-

tal development when hematopoiesis is shifted from the

fetal liver and spleen to the bone marrow, and the

lymphoid architecture begins to take shape [34]. Fur-

thermore, in rodent development, P10 is a time shortly

after the early critical period for sexual differentiation of

the brain [35] and represents an age of peak brain

growth in rats [18]. These factors are important for

proper interpretation of sex- and age-specific compari-

sons in this study.

To characterize peripheral and central responses, we

collected serum and brain samples from Lewis and BN

rats at 2 and 5 days post-exposure to immune challenge,

adjuvant-only, or saline. These time points were chosen to

correspond to an early stage, 2 days post-exposure, where

innate immune mechanisms would be dominant, and at a

later stage, 5 days post-exposure, where adaptive immune

responses would potentially be active [36]. Importantly,

development of the adaptive immune system in rodents is

similar to humans in that perinatal lymphocyte numbers

Fig. 6 Minimal effects of treatment on IBA-1 immunoreactivity. The number of IBA-1 immunopositive cells was quantified in the cortex and hippocampus in

response to treatment. a Representative photomicrographs of IBA-1 immunoreactivity and DAPI labeling in the cortex of BN rats; Sal=saline, Adj=adjuvant-

only, Imm=immune challenge. Geometric mean ratio (GMR) plots displaying the number of IBA-1 immunopositive cells for treatment versus saline control in

BN (N= 40; 18Imm(10M/8F), 18Adj(9M/9F), 4Sal(2M/2F) (b), and Lewis (N= 42; 15Imm, 15Adj, 7Sal) (c) rat strains. Data for IBA-1 immunopositive cell counts

expressed as ratio over saline control conditions. Error bars represent 95% CI; a CI not including the normalization line (line at 1) indicates a significant

difference between the treatment and saline controls at p≤ 0.05. d Quantification of IBA-1/CD68 colocalization within strains and across treatment conditions,

data expressed as boxplots illustrating the distribution of data points for each animal and the interquartile range
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and proliferative responses in lymphoid organs are low

[37]. Further evidence suggests that germinal center for-

mation is absent at P10 in rats and, subsequently, they are

thought to be incapable of mounting a proper primary im-

mune response [38]. Therefore, it is not surprising that

many cytokine levels were below the level of detection in

the peripheral blood. However, it is notable that the cyto-

kines IL-4, IL-10, and IL-17 were detectable in serum,

albeit with no significant differences between experimental

groups or rat strain. Relevant here, and known to be simi-

lar between species, evidence shows that early postnatal

Th-type responses in rats and other mammals are skewed

toward Th2 [39, 40]. Furthermore, studies in neonatal

mice using exposure to various inoculation components

resulted in a decreased IgG (immunoglobulin G) 2a/IgG1

ratio compared to similarly exposed adult animals [41].

These data support a bias of a Th2-type versus Th1-type

response during the neonatal period. The inability to de-

tect serum IFN-³ in our samples while observing measur-

able IL-4 and IL-10 levels may lend further credence to

this potential skewing.

In contrast to the modest peripheral response, the

cytokine and chemokine responses within the CNS were

significantly more robust, with the most dramatic effects

noted in the cortex. While the cytokines IL-1³ and IL-6

were not detectable in the serum, they were markedly

elevated in the brains of rats of both strains following

the peripheral immune stimulation or adjuvant-only ex-

posure, compared to saline control animals. Of import-

ance, IL-1 and IL-6 are known to modulate glial

responsiveness and are suggested to be crucial for glial

proliferation and the release of important trophic factors

to support brain plasticity [42, 43]. These current data

may support this finding, as male BN rats, which exhib-

ited no significant differences in IL-1 or IL-6 levels in

the hippocampus 5 days post-treatment, also exhibited

no difference in the number of GFAP immunopositive

cells in the same region at the same time point in these

animals. Whereas, at other time points and between

sexes, there were significant differences in relevant cyto-

kine levels and GFAP immunopositive cell numbers. It is

important to note that the relationships described here

and elsewhere regarding glial activation and cytokine

levels are partly speculative as direct comparisons be-

tween GFAP or IBA-1 reactivity and specific cytokines

were not conducted due to the large number of groups

already being compared. Another innate cytokine signifi-

cantly upregulated in the brain within the majority of

treatment groups was GM-CSF, long known as a regula-

tor of macrophage differentiation and more recently

believed to play a role in myeloid cell to lymphocyte

communication [44, 45]. This may suggest expansion or

activation of the resident macrophage population. How-

ever, no significant differences in the number of IBA-1

immunoreactive cells were noted between experimental

conditions and among different brain regions in Lewis

rats, whereas significant decreases in IBA-1 immunopo-

sitive cell numbers were observed in the cortex and

hippocampus of BN rats, with the exception of female

BN rats exposed to mixed immune challenge. MCP-1, a

chemokine important for glial differentiation and motil-

ity [46], was also significantly elevated in response to

treatment. However, the MCP-1 response was sex and

strain-specific, with no observable relationship to

changes in GFAP or IBA-1 immunostaining. Our find-

ings that GM-CSF and MCP-1 levels did not appear to

relate to the immunohistochemical results of CNS cellu-

lar immune activation are surprising due to their puta-

tive role in potentiating glial responses [47]. Possible

explanations for this discrepancy could be the develop-

mental stage of the animals at the time of exposure and

sample collection, or that these molecules may act as

signals to recruit other immune cells to the CNS com-

partment. As limitations in this study, we did not

investigate the possibility of peripheral immune cell infil-

tration in the brain, blood-brain barrier permeability, or

the cellular source of the cytokines/chemokines. These

aspects are certainly important to determine mechanistic

aspects of the immune dysregulation seen but were out-

side the scope of the initial study aims and are definite

points for future investigation.

In support of the concept that cytokine and chemokine

signaling is important for glial regulation and neurodeve-

lopment under normal conditions, levels of most cyto-

kines and chemokines within the CNS of both Lewis and

BN rats were already strikingly high under saline control

conditions. This result appeared across the brain regions

surveyed, with some variation at the level of single ana-

lytes. For example, IL-4, IL-10, and IL-17 were detected at

surprisingly high levels throughout the brain at baseline,

whereas levels of IL-6 were robust in the hippocampus

and cerebellum, yet barely detectable in the cortex. These

findings corroborate previously published data also ob-

serving appreciable levels of cytokines across brain regions

at baseline during early postnatal development and specif-

ically validate outcomes seen in our dataset such as lower

IFN-³ in the cortex compared to the hippocampus in the

second postnatal week [48]. While of interest, the biologic

significance behind this brain region-specific difference in

IFN-³ and other cytokines does not seem to be evident in

the existing literature and will be important for further

study. Additionally, our study suggests that cytokine levels

at baseline appear to vary widely as a function of sex or

strain. These data strongly support previous findings that

immune molecule signaling in the CNS is active during

normal neurodevelopment [49] and suggest consideration

of sex and strain differences in the design of neuroimmu-

nological experiments.
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While innate-like cytokines and chemokines within

the CNS showed broadly similar patterns across strain

and sex, CNS Th-type cytokine responses varied greatly

between Lewis and BN rats. These two rat strains were

chosen for comparison due to previous knowledge of the

susceptibility or resistance of either strain to the devel-

opment of Th-subset specific disorders [50, 51]. How-

ever, the basis of this skewing may not only involve the

CD4+ T cell compartment, but also CD8+ T cells and

mast cells [21, 52, 53]. Given these findings, it may be

anticipated that this immune response skewing could

extend to the CNS as well. Using IFN-³ as a crude

marker of a Th1-type response, our results suggest that

these two strains do not differ greatly in Th1-type re-

sponses within the CNS. However, when evaluating IL-4

levels as a readout of a Th2-type response, the results

were dramatically different. In the cortex, where the

most robust cytokine responses were noted, female

Lewis rats exhibited elevated levels of IL-4 in response

to mixed immune challenge or adjuvant, whereas a sig-

nificant decrease in IL-4 was noted in female BN rats

under the same treatment conditions. No significant

treatment-related differences in the level of IL-4 were

observed in male rats of either strain. These results seem

in opposition of what might be expected with Lewis rats

exhibiting a greater IL-4 response and BN rats showing

no changes or decreases in IL-4 levels in cortical lysates.

However, when considering that we also observed sex

and strain differences in other Th-subtype cytokines, this

outcome suggests several non-mutually exclusive possi-

bilities. First, as supported by the current study, the CNS

cytokine response is likely different than the concomi-

tant peripheral immune response. Second, it could be

that genetic immune skewing between Lewis and BN

strains cannot be classified into a defined Th-subset cat-

egory. Finally, sex may be a greater determinant than

genetic background when considering CNS immune

skewing. Inherent differences in Th1/Th2 skewing be-

tween sexes have been previously proposed, with females

skewed toward a Th2 dominant response [54]. Our data

are consistent with this last point, at least with regard to

IL-4 levels in the CNS.

These cytokine results, coupled with IHC evidence of

significant increases in GFAP reactivity in female BN rats,

may suggest a model in the cortex in which decreased IL-

4 levels are related to astrocytic activation. In support of

this concept, recent work has shown that pretreatment

with IL-4 prior to peripheral LPS exposure abolishes LPS-

induced astrocytic activation in the cortex of mice, as

measured by GFAP immunoreactivity and iNOS expres-

sion [55]. Additionally, under many conditions, IL-4

responses are characterized as anti-inflammatory in nature

and may act as a growth or repair responses in the brain

[56, 57]. Therefore, it is plausible that IL-4 levels in the

brain play an important role in regulating cellular inflam-

matory status, at least in regard to astrocytic activation.

Surprisingly, peripheral immune challenge or adjuvant

exposure alone either had no effect or significantly de-

creased the number of IBA-1 immunopositive cells in

the cortex and hippocampus. Additionally, no significant

effects were noted upon assessment of IBA-1 colocaliza-

tion with CD68. This is interesting as we saw a robust

increase in GFAP immunopositive cells and expression

levels across most conditions. The reasoning for this

could lie once again in the developmental time period of

exposure, as microglia undergo distinctive rounds of

maturation during the perinatal period [58, 59]. In sup-

port of this reasoning, recent work has demonstrated

that peripheral LPS challenge in P14 mice resulted in a

significant increase in GFAP but not IBA-1 reactivity in

the hippocampus [60]. More importantly, opposite ef-

fects were observed when adult animals were subjected

to the same treatment, with pronounced increases in

IBA-1 reactivity but not GFAP reactivity [60]. Further-

more, a separate group found that glial activation oc-

curred sequentially in response to a systemic immune

challenge, with microglial activation occurring shortly

after exposure and induction of astrocytic activation

occurring in a delayed manner [61]. These studies sug-

gest that glial activation is tightly regulated both tempor-

ally and spatially.

Conclusion

The current study supports existing evidence that immune

signaling molecules are highly upregulated in the brain fol-

lowing a peripheral immune challenge. Additionally, it em-

phasizes the influence of factors such as sex and genetic

background on the cytokine and chemokine response, as

well as astrogliosis and microgliosis within the brain. Inter-

estingly, we observed high concentrations of various cyto-

kines in the CNS under baseline conditions, the levels of

which also varied significantly depending on strain, sex, and

brain region. While this study provides a thorough

characterization of the CNS immune response to a periph-

eral immune challenge, taking into account a broad number

of factors, further study is needed to provide mechanistic

support for how this cytokine/chemokine signaling and cel-

lular activation may shape brain development.

Additional files

Additional file 1: Baseline cytokine results. Analysis of cytokine levels in

response to saline-only conditions. Results represent cytokine concentrations

in the serum (A), cortex (B), hippocampus (C), and cerebellum (D) of male

and female Lewis (N=15; 7M, 8F) and BN (N=15; 6M, 9F) rats. Data represent

mean +/- SEM, collapsed between day of collection. Value b.d. represents

analytes where >50% of samples were below the level of detection and

excluded from analysis; *p<0.005, **p<0.01, ***p<0.001. (JPG 1626 kb)
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Additional file 2: Main effect of treatment on cytokine levels. Results of

ANOVA analyses considering a main effect of treatment on cytokine and

chemokine levels in the serum (A), cortex (B), hippocampus (C), and

cerebellum (D) of Lewis and BN rats. Red coloring denotes a significant

finding (p<0.05), while pink coloring represents a trending result (0.05<p<1).

(JPG 1038 kb)

Additional file 3: Total cytokine and chemokine protein analyses of

serum and brain lysates. Multi-factorial ANOVA analyses were conducted;

p-values displayed here reflect Sidak-adjusted values for multiple

comparisons. Tabular results of comparative cytokine and chemokine

analyses between treatment conditions and within day of collection, sex,

and strain; split between results in the serum (A), cortex (B), hippocampus

(C), and cerebellum (D). Tables display statistical analysis of immune

challenge (Imm), adjuvant-only (Adj) and saline (Sal) conditions with

representative colors: red, p<0.05; light red, 0.05<p<0.1; dark blue, p<0.05;

light blue, 0.05<p<0.1. Red coloring overall corresponds initial treatment

conditions over the second in the row; e.g. a red cell in Imm/Sal row is

interpreted as significant increase in Imm compared to Sal for that analyte,

blue cells are the inverse relationship and would represent a decrease in

Imm compared to Sal. A value of b.d. is indicative of cytokine/chemokine

values below the level of assay detection. (JPG 1756 kb)

Abbreviations

BN: Brown Norway; CNS: Central nervous system; GFAP: Glial fibrillary acidic

protein; HPA: Hypothalamus pituitary adrenal; IBA-1: Ionized calcium-binding

adaptor molecule 1; IgG: Immunoglobulin; IHC: Immunohistochemistry;

iNOS: Inducible nitric oxide synthase; LPS: Lipopolysaccharide; MIA: Maternal

immune activation; Th: T helper

Acknowledgements

Not applicable

Authors’ contributions

MB provided data interpretation, prepared and organized figures, wrote and

edited the manuscript in response to feedback from co-authors. KMS contrib-

uted to experimental design, conducted experiments (performed animal ex-

posures, harvested tissues, prepared samples for cytokine and

immunohistochemical analyses), edited, reviewed, and approved the submit-

ted manuscript. CAB contributed significantly to the design, conduct, and

analyses of immunohistochemistry experiments; prepared figures of immu-

nohistochemical data; edited; reviewed; and approved the submitted manu-

script. LH participated in the initial study design, protein analysis, and

analyses of cytokine levels and data. EAG contributed to the conduct and

analysis of immunohistochemistry experiments, edited, reviewed, and ap-

proved the submitted manuscript. SL and DJH conducted statistical analyses

of the data. DJH drafted immunohistochemical figures and graphs of immu-

nohistochemical data, edited, reviewed, and approved the submitted manu-

script. PJL co-conceived the project, contributed to and approved the

experimental design, analysis of immunohistochemical data, and completed

the final editing of the manuscript prior to submission. JV is the communi-

cating author; co-conceived the project; obtained the study funding; contrib-

uted to and approved the experimental design, analysis, and interpretation

of cytokine data; and completed the final editing of the manuscript prior to

submission. All authors read and approved the final manuscript.

The authors have nothing to declare.

Funding

This work was supported by the SafeMinds, the National Institutes of Health

[grants P01 ES011269 and U54 HD079125] and by the United States

Environmental Protection Agency (grant RD 83543201). CAB and EAG were

supported by predoctoral fellowships from the NIH [training grant

GM5676520, Initiative for Maximizing Student Development].

Availability of data and materials

The datasets included in this study are available from the corresponding

author upon reasonable request.

Ethics approval and consent to participate

All animals were housed in facilities fully accredited by AAALAC International,

and all studies were performed with regard to the alleviation of pain and

suffering under protocols approved by the University of California-Davis

Institutional Animal Care and Use Committee.

Consent for publication

Not applicable

Competing interests

The authors declare that they have no competing interests.

Author details
1MIND Institute, University of California, Davis School of Medicine,

Sacramento, CA 95817, USA. 2Department of Internal Medicine, Division of

Rheumatology, Allergy and Clinical Immunology, University of California, UC

Davis School of Medicine, UC Davis MIND Institute, 6512 Genome and

Biomedical Sciences Facility 451 Health Sciences Drive, Davis, CA 95616-5270,

USA. 3Department of Molecular Bioscience, University of California, Davis

School of Veterinary Medicine, Davis, CA 95616, USA. 4Department of

Biology, Regis University, Denver, CO 80221, USA. 5Department of Public

Health Sciences, University of California, Davis School of Medicine, Davis, CA

95616, USA.

Received: 15 May 2019 Accepted: 29 August 2019

References

1. Hu W, Pasare C. Location, location, location: tissue-specific regulation of

immune responses. J Leukoc Biol. 2013;94:409–21.

2. Prinz M, Priller J. The role of peripheral immune cells in the CNS in steady

state and disease. Nat Neurosci. 2017;20:136.

3. Jiang NM, Cowan M, Moonah SN, Petri WA Jr. The impact of systemic

inflammation on neurodevelopment. Trends Mol Med. 2018;24(9):794–804.

4. Thomson CA, McColl A, Cavanagh J, Graham GJ. Peripheral inflammation is

associated with remote global gene expression changes in the brain. J

Neuroinflammation. 2014;11:73.

5. Smith PL, Hagberg H, Naylor AS, Mallard C. Neonatal peripheral immune

challenge activates microglia and inhibits neurogenesis in the developing

murine hippocampus. Dev Neurosci. 2014;36(2):119–31.

6. Mattei D, Ivanov A, Ferrai C, Jordan P, Guneykaya D, Buonfiglioli A, et al.

Maternal immune activation results in complex microglial transcriptome

signature in the adult offspring that is reversed by minocycline treatment.

Transl Psychiatry. 2017;7(5):e1120.

7. Bilbo SD, Schwarz JM. The immune system and developmental programming

of brain and behavior. Front Neuroendocrinol. 2012;33:267–86.

8. Hoeijmakers L, Lucassen PJ, Korosi A. Microglial priming and Alzheimer’s

disease: a possible role for (early) immune challenges and epigenetics?

Front Hum Neurosci. 2016;10:398.

9. Takeshita Y, Ransohoff RM. Inflammatory cell trafficking across the

blood-brain barrier: chemokine regulation and in vitro models. Immunol

Rev. 2012;248:228–39.

10. Wilson EH, Weninger W, Hunter CA. Trafficking of immune cells in the

central nervous system. J Clin Invest. 2010;120(5):1368–79.

11. Blank T, Prinz M. Type I interferon pathway in CNS homeostasis and

neurological disorders. Glia. 2017;65:1397–406.

12. Reemst K, Noctor SC, Lucassen PJ, Hol EM. The indispensable roles of

microglia and astrocytes during brain development. Front Hum Neurosci.

2016;10:566.

13. Chavan SS, Pavlov VA, Tracey KJ. Mechanisms and therapeutic relevance of

neuro-immune communication. Immunity. 2017;46:927–42.

14. Rua R, McGavern DB. Advances in meningeal immunity. Trends Mol Med.

2018;24:542–59.

15. Dinan TG, Cryan JF. Gut instincts: microbiota as a key regulator of brain

development, ageing and neurodegeneration. J Physiol. 2017;595:489–503.

16. Sengupta P. The laboratory rat: relating it’s age with human’s. Int J Prev

Med. 2013;4:624–30.

17. Picut CA, Dixon D, Simons ML, Stump DG, Parker GA, Remick AK. Postnatal

ovary development in the rat: morphologic study and correlation of

morphology to neuroendocrine parameters. Toxicol Pathol. 2015;43(3):343–53.

18. Semple BD, Blomgren K, Gimlin K, Ferriero DM, Noble-Haeusslein LJ. Brain

development in rodents and humans: identifying benchmarks of maturation

and vulnerability to injury across species. Prog Neurobiol. 2013;106–107:1–16.

Bruce et al. Journal of Neuroinflammation          (2019) 16:200 Page 14 of 15

https://doi.org/10.1186/s12974-019-1569-2
https://doi.org/10.1186/s12974-019-1569-2


19. Piasecka B, Duffy D, Urrutia A, Quach H, Patin E, Posseme C, et al. Distinctive

roles of age, sex and genetics in shaping transcriptional variation of human

immune responses to microbial challenges. PNAS. 2017;115(3):E488-97.

20. Sabra LK, Jaclyn MS. Sex-specific regulation of peripheral and central

immune responses: Interactive Factory. Oxford Research Encyclopedia of

Neuroscience. 2018.

21. Abadie A, Prouvost-Danon A. Specific and total IgE responses to antigenic stimuli in

Brown-Norway, Lewis and Sprague-Dawley rats. Immunology. 1980;39:561–9.

22. Sakamoto S, Fukushima A, Ozaki A, Ueno H, Kamakura M, Taniguchi T.

Mechanism for maintenance of dominant T helper 1 immune responses in

Lewis rats. Microbiol Immunol. 2001;45:373–81.

23. Nelson LH, Lenz KM. The immune system as a novel regulator of sex differences

in brain and behavioral development. J Neurosci Res. 2017;95:447–61.

24. Sofroniew MV, Vinters HV. Astrocytes. Biology and pathology. Acta

Neuropathol. 2010;119:7–35.

25. Pierezan F, Mansell J, Ambrus A, Rodrigues HA. Immunohistochemical

expression of ionized calcium binding adapter molecule 1 in cutaneous

histiocytic proliferative, neoplastic and inflammatory disorders of dogs and

cats. J Comp Pathol. 2014;151:347–51.

26. Kingham PJ, Cuzner ML, Pocock JM. Apoptotic pathways mobilized in

microglia and neurones as a consequence of chromogranin A-induced

microglial activation. J Neurochem. 2002;73:538–47.

27. Coulthard LG, Hawksworth OA, Li R, Balachandran A, Lee JD, Sepehrband F,

Kurniawan N, Jeanes A, Simmons DG, Wolvetang E, Woodruff TM. Complement

C5aR1 signaling promotes polarization and proliferation of embryonic neural

progenitor cells through PKCzeta. J Neurosci. 2017;37:5395–407.

28. Tanabe S. Yamashita T. Int Immunol: The role of immune cells in brain

development and neurodevelopmental diseases; 2018.

29. Garay PA, McAllister AK. Novel roles for immune molecules in neural

development: implications for neurodevelopmental disorders. Front

Synaptic Neurosci. 2010;2:136.

30. Bland ST, Beckley JT, Young S, Tsang V, Watkins LR, Maier SF, Bilbo SD.

Enduring consequences of early-life infection on glial and neural cell genesis

within cognitive regions of the brain. Brain Behav Immun. 2010;24:329–38.

31. Knuesel I, Chicha L, Britschgi M, Schobel SA, Bodmer M, Hellings JA, et al.

Maternal immune activation and abnormal brain development across CNS

disorders. Nat Rev Neurol. 2014;10(11):643–60.

32. Kentner AC, Bilbo SD, Brown AS, Hsiao EY, McAllister AK, Meyer U, et al.

Maternal immune activation: reporting guidelines to improve the rigor,

reproducibility, and transparency of the model. Neuropsychopharmacology.

2019;44(2):245–58.

33. Li Y, Missig G, Finger BC, Landino SM, Alexander AJ, Mokler EL, et al. Maternal

and early postnatal immune activation produce dissociable effects on

neurotransmission in mPFC–amygdala circuits. J Neurosci. 2018;38(13):3358–72.

34. Landreth KS. Critical windows in development of the rodent immune

system. Hum Exp Toxicol. 2002;21:493–8.

35. McCarthy MM, Nugent BM. At the frontier of epigenetics of brain sex

differences. Front Behav Neurosci. 2015;9:221.

36. Janeway CA Jr, Travers P, Walport M, et al. Immunobiology: the immune

system in health and disease. 5th ed. New York: Garland Science; 2001. The

course of the adaptive response to infection. https://www.ncbi.nlm.nih.gov/

books/NBK27125/

37. Perez-Cano FJ, Franch A, Castellote C, Castell M. The suckling rat as a model for

immunonutrition studies in early life. Clin Dev Immunol. 2012;2012:537310.

38. Holsapple MP, West LJ, Landreth KS. Species comparison of anatomical and

functional immune system development. Birth Defects Res B Dev Reprod

Toxicol. 2003;68:321–34.

39. Adkins B, Leclerc C, Marshall-Clarke S. Neonatal adaptive immunity comes of

age. Nat Rev Immunol. 2004;4:553.

40. Bowman LM, Holt PG. Selective enhancement of systemic Th1 immunity in

immunologically immature rats with an orally administered bacterial extract.

Infect Immun. 2001;69:3719–27.

41. Barrios C, Brawand P, Berney M, Brandt C, Lambert PH, Siegrist CA. Neonatal

and early life immune responses to various forms of vaccine antigens

qualitatively differ from adult responses: predominance of a Th2-biased

pattern which persists after adult boosting. Eur J Immunol. 1996;26:1489–96.

42. Parish CL, Finkelstein DI, Tripanichkul W, Satoskar AR, Drago J, Horne MK.

The role of interleukin-1, interleukin-6, and glia in inducing growth of

neuronal terminal arbors in mice. J Neurosci. 2002;22:8034–41.

43. Liu X, Quan N. Microglia and CNS interleukin-1: beyond immunological

concepts. Front Neurol. 2018;9:8.

44. Shibata Y, Berclaz PY, Chroneos ZC, Yoshida M, Whitsett JA, Trapnell BC.

GM-CSF regulates alveolar macrophage differentiation and innate immunity

in the lung through PU.1. Immunity. 2001;15(4):557–67.

45. Becher B, Tugues S, Greter M. GM-CSF: from growth factor to central

mediator of tissue inflammation. Immunity. 2016;45:963–73.

46. Yao Y, Tsirka SE. Monocyte chemoattractant protein-1 and the blood-brain

barrier. Cell Mol Life Sci. 2014;71:683–97.

47. Lee KM, MacLean AG. New advances on glial activation in health and

disease. World J Virol. 2015;4:42–55.

48. Garay PA, Hsiao EY, Patterson PH, McAllister AK. Maternal immune activation

causes age- and region-specific changes in brain cytokines in offspring

throughout development. Brain Behav Immun. 2013;31:54–68.

49. Deverman BE, Patterson PH. Cytokines and CNS development. Neuron.

2009;64:61–78.

50. Dorries R, Schwender S, Imrich H, Harms H. Population dynamics of

lymphocyte subsets in the central nervous system of rats with different

susceptibility to coronavirus-induced demyelinating encephalitis.

Immunology. 1991;74:539–45.

51. Fournie GJ, Cautain B, Xystrakis E, Damoiseaux J, Mas M, Lagrange D,

Bernard I, Subra JF, Pelletier L, Druet P, Saoudi A. Cellular and genetic

factors involved in the difference between Brown Norway and Lewis rats to

develop respectively type-2 and type-1 immune-mediated diseases.

Immunol Rev. 2001;184:145–60.

52. Cautain B, Damoiseaux J, Bernard I, Xystrakis E, Fournie E, van Breda VP,

Druet P, Saoudi A. The CD8 T cell compartment plays a dominant role in

the deficiency of Brown-Norway rats to mount a proper type 1 immune

response. J Immunol. 2002;168:162–70.

53. Johnson D, Yasui D, Seeldrayers P. An analysis of mast cell frequency in the rodent

nervous system: numbers vary between different strains and can be reconstituted

in mast cell-deficient mice. J Neuropathol Exp Neurol. 1991;50:227–34.

54. Tronson NC, Collette KM. (Putative) sex differences in neuroimmune

modulation of memory. J Neurosci Res. 2017;95:472–86.

55. Jang E, Kim JH, Lee S, Kim JH, Seo JW, Jin M, Lee MG, Jang IS, Lee WH, Suk

K. Phenotypic polarization of activated astrocytes: the critical role of

lipocalin-2 in the classical inflammatory activation of astrocytes. J Immunol.

2013;191:5204–19.

56. Ponomarev ED, Maresz K, Tan Y, Dittel BN. CNS-derived interleukin-4 is

essential for the regulation of autoimmune inflammation and induces a state

of alternative activation in microglial cells. J Neurosci. 2007;27:10714–21.

57. Gadani SP, Cronk JC, Norris GT, Kipnis J. IL-4 in the brain: a cytokine to

remember. J Immunol. 2012;189:4213–9.

58. Hanamsagar R, Alter MD, Block CS, Sullivan H, Bolton JL, Bilbo SD. Generation

of a microglial developmental index in mice and in humans reveals a sex

difference in maturation and immune reactivity. Glia. 2017;65:1504–20.

59. Lenz KM, Nelson LH. Microglia and beyond: innate immune cells as regulators

of brain development and behavioral function. Front Immunol. 2018;9:698.

60. Shen Y, Qin H, Chen J, Mou L, He Y, Yan Y, Zhou H, Lv Y, Chen Z, Wang J,

Zhou YD. Postnatal activation of TLR4 in astrocytes promotes excitatory

synaptogenesis in hippocampal neurons. J Cell Biol. 2016;215:719–34.

61. Norden DM, Trojanowski PJ, Villanueva E, Navarro E, Godbout JP. Sequential

activation of microglia and astrocyte cytokine expression precedes

increased IBA-1 or GFAP immunoreactivity following systemic immune

challenge. Glia. 2016;64:300–16.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Bruce et al. Journal of Neuroinflammation          (2019) 16:200 Page 15 of 15

https://www.ncbi.nlm.nih.gov/books/NBK27125/
https://www.ncbi.nlm.nih.gov/books/NBK27125/

	ㄳ㜠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄳ㠠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄳ㤠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄴ〠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄴㄠ〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄴ㈠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄴ㌠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄴ㐠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄴ㔠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄴ㘠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄴ㜠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄴ㠠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄴ㤠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄵ〠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄵㄠ〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄵ㈠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄵ㌠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄵ㐠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄵ㔠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄵ㘠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄵ㜠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄵ㠠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄵ㤠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄶ〠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄶㄠ〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄶ㈠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄶ㌠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄶ㐠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄶ㔠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄶ㘠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄶ㜠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄶ㠠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄶ㤠〠潢樊㰼 䌠嬰‰‰崊⽆‰ਯ呩瑬攨﻿ㄷ〠〠潢樊㰼⽎″⽌敮杴栠㌱㐴㸾獴牥慭਀�䡌楮漂ကm湴牒䝂⁘奚 츀Ȁऀ؀㄀a捳灍卆吀�I䕃⁳則䈀������ö혀Ā�Óⵈ倠 �����������������������ᅣ灲琀�倀�㍤敳挀�萀�汷瑰琀��ᑢ歰琀�Ѐ�ᑲ塙娀�᠀�ᑧ塙娀�Ⰰ�ᑢ塙娀�䀀�ᑤ浮搀�吀�灤浤搀�쐀�衶略搀�䰀�虶楥眀�퐀�⑬畭椀��ᑭ敡猀�ఀ�⑴散栀�　�౲呒䌀�㰀�౧呒䌀�㰀�ౢ呒䌀�㰀�౴數琀�C潰祲楧桴 挩‱㤹㠠䡥睬整琭偡捫慲搠䍯浰慮礀d敳挀���ታ則䈠䥅䌶ㄹ㘶ⴲ⸱������獒䝂⁉䕃㘱㤶㘭㈮㄀������������������������X奚 ��ó儀Ā�Ė챘奚 �������X奚 ��oꈀ8�遘奚 ��b餀·蔀�� ��$ꀀ�萀¶콤敳挀���ᙉ䕃⁨瑴瀺⼯睷眮楥挮捨������䥅䌠桴瑰㨯⽷睷⹩散⹣栀����������������������d敳挀���⹉䕃‶ㄹ㘶ⴲ⸱⁄敦慵汴⁒䝂⁣潬潵爠獰慣攠ⴠ獒䝂�����.䥅䌠㘱㤶㘭㈮ㄠ䑥晡畬琠則䈠捯汯畲⁳灡捥‭⁳則䈀����������d敳挀���ⱒ敦敲敮捥⁖楥睩湧⁃潮摩瑩潮⁩渠䥅䌶ㄹ㘶ⴲ⸱�����,剥晥牥湣攠噩敷楮朠䍯湤楴楯渠楮⁉䕃㘱㤶㘭㈮㄀������������v楥眀��Ꭴ︀ᑟ⸀჏᐀ϭ찀Г଀Ξ��塙娠��LॖP�Wῧ浥慳�������������ʏ��獩朠��䍒吠捵牶���Ѐ��
����#(-27;@EJOTY^chmrw|�������¤©®²·¼ÁÆËÐÕÛàåëðöûāćčēęğĥīĲĸľŅŌŒřŠŧŮŵżƃƋƒƚơƩƱƹǁǉǑǙǡǩǲǺȃȌȔȝȦȯȸɁɋɔɝɧɱɺʄʎʘʢʬʶˁˋ˕ˠ˫˵̸̡̖̭̀̋̓͏͚ͦͲ;ΊΖ΢ήκχϓϠϬϹІГРЭлшѕѣѱѾҌҚҨҶӄӓӡӰӾԍԜԫԺՉ՘էշֆֵ֖֦ׅוץ׶؆ؖاطوٙ٪ٻڌڝگۀۑۣ۵܇ܙܫܽݏݡݴކޙެ޿ߒߥ߸ࠋࠟ࠲ࡆ࡚࡮ࢂ࢖ࢪࢾ࣒ࣧࣻऐथऺॏ।ॹএত঺৏৥৻਑ਧ਽੔੪ઁઘમૅ૜૳ଋଢହ୑୩஀஘ரை௡௹ఒపృఌ甌踌꜌쀌�഍☍䀍娍琍踍ꤍ쌍�ጎ⸎䤎搎缎鬎똎툎ए┏䄏帏稏阏댏켏ऐ☐䌐愐縐鬐뤐휐጑ㄑ休洑谑ꨑ중ܒ☒䔒搒萒ꌒ쌒̓⌓䌓挓茓ꐓ씓ؔ✔䤔樔謔괔츔ሕ㐕嘕砕鬕봕̖☖䤖氖輖눖혖益ᴗ䄗攗褗긗툗ᬘ䀘攘記꼘픘神’䔙欙鄙뜙�К⨚儚眚鸚씚ᐛ㬛挛訛눛�⨜刜笜ꌜ찜ḝ䜝瀝餝쌝ᘞ䀞樞鐞븞ጟ㸟椟鐟뼟ᔠ䄠氠頠쐠ᰡ䠡甡ꄡ측ﬢ✢唢舢꼢�ਣ㠣昣鐣숣ἤ䴤簤ꬤ�㠥栥霥윥✦圦蜦뜦ᠧ䤧稧꬧�ന㼨焨ꈨ퐩ة㠩欩鴩퀪Ȫ㔪株鬪켫ȫ㘫椫鴫턬Ԭ㤬測ꈬ휭భ䄭瘭ꬭᘮ䰮舮뜮␯娯鄯윯︰㔰氰ꐰ�䨱舱먱⨲挲鬲퐳ള䘳缳렳⬴攴鸴�䴵蜵숵ﴶ㜶父긶␷怷鰷휸ᐸ倸谸젹Թ䈹缹밹鷺㘺琺눺ⴻ欻꨻✼攼ꐼ∽愽ꄽ‾怾ꀾℿ愿ꈿ⍀摀Ꙁ⥁橁걁あ牂땂㩃絃쁄̈́䝄詄칅ቅ啅驅�≆杆ꭆ㕇筇쁈Ո䭈酈흉ᵉ捉ꥉ㝊絊쑋ో卋驋⩌牌멍ɍ䩍鍍�╎湎띏O䥏鍏�❐煐뭑ّ偑魑ㅒ籒읓ፓ当꩓䉔轔�畕쉖བ嚩囷坄垒埠堯塽壋多奩妸娇婖媦嫵孅宕寥ֆ홝❝硝쥞ᩞ汞뵟ཟ慟덠ՠ坠ꩠﱡ佡ꉡ䥢鱢䍣靣䁤鑤㵥鉥㵦鉦㵧鍧㽨陨䍩驩䡪齪佫ꝫｬ坬꽭࡭恭륮ቮ歮쑯ṯ硯텰⭰虰㩱镱䭲꙳ų嵳롴ᑴ灴챵⡵蕵㹶魶噷델ᅸ湸챹⩹襹䙺ꕻѻ捻쉼ⅼ腼䅽ꅾž找쉿⍿葿䞀ꢁઁ殁춂も銂垃몄ᶄ肄䞅ꮆຆ犆힇㮇龈҈榈캉㎉馉ﺊ撊쪋る隋ﲌ掌쪍ㆍ颍ﾎ暎캏㚏麐ڐ源횑㾑ꢒᆒ窒䶓뚔ₔ誔徕즖㒖龗ગ疗䲘뢙⒙邙ﲚ梚햛䊛꾜Ნ覜撝튞䂞꺟ᶟ讟猪榠�뚢⚢隣ڣ皣嚤장㢥ꦦ᪦讦ﶧ溧动쒩㞩ꦪᲪ辫ʫ疫곐굄궸긭꺡꼖꾋뀀끵냪녠뇖뉋닂댸뎮됥뒜딓떊똁뙹뛰띨럠롙룑륊맂먻몵묮뮧밡벛봕붏븊뺄뻿뽺뿵쁰샬셧쇣쉟싛썘쏔쑑쓎앋었왆웃읁잿젽좼줺즹쨸쪷쬶쮶찵첵촵춵츶캶켷쾸퀹킺턼톾툿틁퍄폆푉퓋핎헑확훘ퟗ擘泙盚ﯛ胜ל諝ო雞᳞ꋟ⧟꿠㛠뷡䓡쳢叢�珤ﳥ蓦෦雧ῧꧨ㋨볩䛩탪寪烫ﯬ蛭ᇭ鳮⣮듯䃯쳰声狱￲賳᧳ꟴ㓴싵僵�淶ﯷ諸᧸꣹㣹쟺基矼߼飽⧽뫾䯾�淿＊敮摳瑲敡洊敮摯扪਱㜱‰⁯扪਼㰯䙩汴敲⽆污瑥䑥捯摥ਯ䙵湣瑩潮呹灥‰ਯ䑯浡楮嬰਱崊⽒慮来嬰਱ਰ਱ਰ਱崊⽂楴獐敲卡浰汥′㐊⽅湣潤敛《㈸崊⽄散潤敛《ㄊ《ㄊ《ㅝਯ卩穥嬲㥝⽌敮杴栠㈲ㄾ㹳瑲敡洊碜ﯿἊ︱ᡁ퀟虴ࣺ앰᪂뻟崍䅟ཆ繛섃䒟࿶䃐잃笡ꩿჴ曗䜈竕順䋛㑞㑞ޢ靍㞞㕮ޢ㮞氮磒槓�皳ẕ汼뫩腓∐㶜듰�믷鳮�盧꺋朡⁹옭�럵盞怮Ң鬬䕗東Ǒ疖▗뎳⸳㍞敥뻄剱醹ﰲ毥蔘菳퇺᝞䰺瞴醞龜᱓㥽ꋼ핓䝤胨잖ϑ짣巇샠⃌ꟍ੥湤獴牥慭੥湤潢樊ㄷ㈠〠潢樊㰼⽆楬瑥爯䙬慴敄散潤攊⽔祰支塏扪散琊⽓畢瑹灥⽆潲洊⽆潲浔祰攠ㄊ⽒敳潵牣敳㰼⽐牯捓整⁛⽐䑆崾㸊⽂䉯硛㐹㘶⸸㘊㘳㔴⸱㐊㔳㠵⸸㌊㘷㜳⸱崊⽍慴物硛ㄊ《《ㄊ《そ⽌敮杴栠㠾㹳瑲敡洊碜̀��੥湤獴牥慭੥湤潢樊ㄷ㌠〠潢樊㰼⽔祰支䅮湯琊⽆‴ਯ䉯牤敲⁛〠〠そਯ剥捴⁛㐹㘮㘸㘠㘳㔮㐱㐠㔳㠮㔸㌠㘷㜮㌱崊⽁值㰊⽎‱㜲‰⁒ਾ㸊⽁㰼⽕剉⡨瑴瀺⼯捲潳獭慲欮捲潳獲敦⹯牧⽤楡汯术㽤潩㴱〮ㄱ㠶⽳ㄲ㤷㐭〱㤭ㄵ㘹ⴲ♤潭慩渽灤�

