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Abstract

Early-life infection has been shown to have profound effects on the brain and behavior across the
lifespan, a phenomenon termed “early-life programming”. Indeed, many neuropsychiatric
disorders begin or have their origins early in life and have been linked to early-life immune
activation (e.g. autism, ADHD, and schizophrenia). Furthermore, many of these disorders show a
robust sex bias, with males having a higher risk of developing early-onset neurodevelopmental
disorders. The concept of early-life programming is now well established, however, it is still
unclear how such effects are initiated and then maintained across time to produce such a
phenomenon. To begin to address this question, we examined changes in microglia, the immune
cells of the brain, and peripheral immune cells in the hours immediately following early-life
infection in male and female rats. We found that males showed a significant decrease in BDNF
expression and females showed a significant increase in IL-6 expression in the cerebellum
following £.coliinfection on postnatal day 4; however, for most cytokines examined in the brain
and in the periphery we were unable to identify any sex differences in the immune response, at
least at the time points examined. Instead, neonatal infection with £.coliincreased the expression
of a number of cytokines in the brain of both males and females similarly including TNF-a,, IL-1f,
and CD11b (a marker of microglia activation) in the hippocampus and, in the spleen, TNF-a and
IL-1B. We also found that protein levels of GRO- KC, MIP-1a, MCP1, IP-10, TNF-a, and 1L-10
were elevated 8-hours postinfection, but this response was resolved by 24-hours. Lastly, we found
that males have more thin microglia than females on P5, however, neonatal infection had no effect
on any of the microglia morphologies we examined. These data show that sex differences in the
acute immune response to neonatal infection are likely gene, region, and even time dependent.
Future research should consider these factors in order to develop a comprehensive understanding
of the immune response in males and females as these changes are likely the initiating agents that
lead to the long-term, and often sex-specific, effects of early-life infection.
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1. Introduction

Microglia are the resident immune cells of the brain and the immune molecules they
produce, including cytokines and chemokines, have profound effects on neural function and
behavior. During early brain development, microglia migrate into the brain from the
periphery where they release cytokines and chemokines important for brain development [1-
5]. Microglia have a critical role in many neurodevelopmental processes such as axon
guidance, neurite growth, synaptic pruning, and apoptosis [4,6-10] making them important
regulators of synapse function, plasticity, and circuit formation throughout early brain
development and even beyond [11-14]. It has been proposed that abnormalities in, or
dysregulation of, these critical microglial-neuronal interactions during early development
may contribute to the neurodevelopmental deficits observed in mental health disorders such
as autism, schizophrenia, and depression [15,16]. Indeed, many of these disorders are
present early in life or have their origins in early-life experience, and are the largest source
of years lived with disability [17].

During the first postnatal week in rats — equivalent to the third trimester of pregnancy in
humans — microglia in many brain regions exhibit an amoeboid phenotype, which is
followed by a gradual change in their phenotype to a more heterogeneous population (e.g.,
stout microglia and/or microglia with thick processes) around postnatal day (P) 4. By the
end of the third postnatal week, the most predominate microglial phenotype is microglia
with long, thin processes (i.e. “ramified”) [2,4]. The first few weeks of postnatal
development also represent a critical period for hormonally mediated sexual differentiation
of the brain [18-20]. Just prior to birth, the testes produce a surge of testosterone that
masculinizes the brain. The absence of this testosterone surge leads to the typical
development of the “female” brain [21]. Early in development, many brain regions already
display sex differences in microglia number and/or morphology including the hippocampus
[22] and cerebellum [23]. Additionally on P4, males have more microglia than females in
brain regions critical for learning and emotion including the hippocampus, amygdala, and
cortex [2]. These same brain regions display significant sex- specific expression of cytokines
and chemokines. For example, the chemokine ligands CCL20 and CCL4 are elevated 200-
and 50- fold, respectively, in the hippocampus/cortex of males compared to females [2],
suggesting that the surge in testosterone in males may increase the colonization of microglia
and the expression of immune molecules in the developing brain in a sex-dependent manner.

Several neuropsychiatric and developmental disorders linked to early-life immune activation,
such as Autism and ADHD, are also male-biased in their prevalence [15,16,24-26]; thus,
males may be more vulnerable to the effects of immune activation or immune dysregulation
early in life. Indeed, there is evidence to suggest that males often have poorer long-term
outcomes following early-life immune activation compared to females [27-29]; however,
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very little research has examined the immediate changes in microglia or the immune
molecules they produce, and how these changes may differ between males and females.
Such differences may underlie the increased vulnerability of males to the long-term,
negative consequences of early-life immune activation. Thus, the goal of this study was to
determine the acute changes in microglia function and morphology, as well as changes in the
peripheral immune response, in the first 24 hours following early-life infection on P4 in
male and female rats.

2. Materials and Methods

2.1 Animals and Breeding

Adult male and female Sprague Dawley rats were ordered from Envigo Laboratories in
Indianapolis, Indiana. Rats were housed in same sex pairs in clear, polyethylene cages
(45cm x 20.5cm x 24cm) and allowed one week of acclimation to the facility prior to
breeding. The colony room was maintained at 22°C on a 12:12 hr light:dark cycle (lights on
at 7:00 a.m.) and all rats had ad-/ibitum access to food and water. For breeding, male and
female pairs were housed together for five days and the presence of sperm plugs was
checked daily to determine the date of embryonic day one (E1). Pregnant females were
housed individually two days prior to the calculated date of birth (P0). Litter sizes and male
to female ratios were not adjusted at the time of birth; however, no more than 1-2 pups from
a given litter were represented in each experimental group to minimize possible litter effects.
Sentinel rats were housed in the colony room and periodically examined for the presence of
common rodent diseases. All tests came back negative. All experiments were approved by
the University of Delaware Institutional Animal Care and Use Committee.

2.2 Bacterial Culture and Neonatal Infection

Prior to the start of the study, Escherichia coli (E.coli; ATCC 1547; American Type Culture
Collection, Manassas, VA) culture vial contents were hydrated and grown overnight at 37°C
in 30 ml of brain-heart infusion (BHI). Cultures were aliquoted in 1 ml stock samples,
supplemented with 10% glycerol and stored at —20°C. For injections, a stock culture was
thawed and incubated 19-24 hours in 40 ml of BHI at 37°C. The culture was removed from
incubation, the number of bacteria present was determined by a microplate reader (BioTek;
model ELx808), and the number of colony forming units (CFU) was quantified by
extrapolating from previously determined growth curves. Cultures were centrifuged at 300g
for 15 minutes, supernatants were discarded, and the bacteria were re-suspended in the
appropriate volume of sterile, pyrogen- free, Dulbecco’s phosphate buffered saline (DPBS)
for a final concentration of 1 x 108 CFU of live bacterial £, coli. On P4, pups were removed
from the dam, counted, sexed (based on anogenital distance), and administered a
subcutaneous injection of either 0.1 ml of 1 x 108 CFU of £.cofior 0.1 ml of sterile DPBS
and returned to the dam within 5 minutes. All pups in a litter were injected with the same
treatment to avoid the possibility of within-litter cross-contamination from £. coli infection.
All neonatal injections took place on P4 between 8:00 a.m. and 11:00 a.m. or 2:00 p.m. and
5:00 p.m and was balanced across all conditions for each post-infection time point.
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2.3 Euthanasia for Tissue and Whole Blood Collection

Eight- or 24-hours (i.e. P5) after saline or £.coliinjections, male and female pups (8hr: V=
39, 8-10/group; 24hr: =37, 8-10/group) were euthanized by rapid decapitation. Trunk
blood was immediately collected and centrifuged at 4°C for 15 minutes at 11,900RPM for
the analysis of serum. Whole hippocampus, cerebellum, and spleen were dissected on ice
and flash frozen on dry ice. Tissue and serum samples were stored at —80°C until further
analysis.

2.4 Quantitative Real-time PCR

RNA was extracted from frozen tissue samples using Isol-RNA Lysis Reagent (Cat. No.
2302700, 5 Prime). Genomic DNA was eliminated and cDNA (1000ng/uL) was synthesized
from extracted RNA using the QuantiTect® Reverse Transcription Kit (Cat. No. 205314,
Qiagen). Relative gene expression was quantified by real-time PCR using the
RealMasterMixTM Fast SYBR Kit (Cat. No. 2200830, 5 Prime) in 10uL reactions on a
CFX96Touch real time PCR machine. Interleukin-6 (IL-6) was analyzed using a
QuantiTect® Primer Assay (Cat. No. QT00182896) and diluted according to protocol. All
other primers were ordered through Integrated DNA Technologies and diluted to a final
concentration of 0.13 pM (GAPDH, IL-1B, TNF-a, CD11b, Ibal, and BDNF; See Table 1
for a list of primer sequences). GAPDH was used as the housekeeping gene for all
experimental groups as it did not differ significantly by sex, infection, or time point.
Samples were numbered, blinded to treatment group, and run in duplicate on real-time PCR
plates. For each reaction, the average quantitative threshold amplification cycle number (Cq)
value was determined from each duplicate, and the 2"22CA method was used to calculate the
relative gene expression for each gene of interest relative to the housekeeping gene.

2.5 Multiplex Analysis of Serum Inflammatory Cytokines and Chemokines

The protein levels of GRO-KC (IL-8), MIP-1a (CCL3), MCP-1 (CCL2), IP-10 (CXCL10),
IL-1B, IL-6, TNFa, and IL-10 in undiluted serum were analyzed at 8- and 24-hours after P4
saline or £.coliinjections using a multiplex assay (Milliplex® Rat analyte kit). Samples
were numbered and blinded to treatment group.

2.6 Tissue Collection and Immunohistochemistry for Microglia Counts

Twenty-four hours following P4 saline or E.coli injections, male and female pups (N = 20, 5/
group) were euthanized by rapid decapitation, brains were collected on ice and immediately
fixed in 4% ice-cold paraformaldehyde (PFA) for 24 hours at 4°C. Brains were then
transferred to fresh 4% PFA, then cryoprotected in 30% sucrose solution, and finally fresh
30% sucrose solution at 24-hour intervals and stored at 4°C. Prior to slicing, fixed brains
were submerged into a 10% gelatin solution and stored in fresh 30% sucrose solution at 4°C
until sliced.

Brains were sliced at 14 um on a Leica cryostat at —25°C and thaw-mounted directly onto
Superfrost++ Micro Slides (VWR). After drying, the slides were stored at 4°C until staining.
lonized calcium-binding adaptor molecule (Iba)-1 was chosen as the target protein for
staining (Schwarz, Sholar, and Bilbo, 2012). Slides were washed 3 times (5 minutes each)
with phosphate-buffered saline (PBS) and then incubated for 1 hour with a buffer solution
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containing PBS, normal goat serum (Vector Laboratories), 30% Triton X (Fisher Scientific),
and 30% H202 (in PBS) to block and permeabilize the tissue, and quench endogenous
peroxidase. Slides were then washed and incubated with primary antibody (rabbit anti-lbal,
1:1000; Wako Chemicals) overnight at room temperature. On day 2, the slides were washed
again and incubated with a biotinylated secondary antibody (goat anti-rabbit 1gG, 1:500;
Vector Laboratories) for 2 hours at room temperature. After a final wash, immunostaining
was identified by the streptavidin / horseradish peroxidase technique (Vectastain ABC kit;
Cat. No. PK6100 Standard; Vector Laboratories), with diaminobenzidine as the chromagen
(Schwarz, Sholar, and Bilbo, 2012). Finally, slides were dehydrated, coverslipped with
Permount (Fisher Scientific), and stored at room temperature until analysis of cell counts.

2.7 Unbiased Stereology for Microglia Cell Counts in the Hippocampus

To successfully capture cell number across the neonatal hippocampus, 10 brain slices were
selected from each rat for unbiased stereology using the Paxinos, Ashwell, and Tork Atlas of
the Developing Rat Nervous System (Figures 166-176; 2" edition;1994). Iba-1 stained cells
were counted using the optical fractionator method within the Stereolnvestigator program
(Mouton, 2002; Glaser et al. 2007; Microbrightfield Inc.; Bilbo et al. 2010). The optical
dissector height was set at 4 um (with a 1-um guard zone on top and bottom) and stained
cells within each frame were manually counted under the 100x oil objective lens. For whole
hippocampus counting, the contour tracing was manually drawn around the outermost
portion of the whole region in both the left and right hemisphere. Similarly, for counting
within individual regions of the hippocampus (CA1, CA3, and dentate gyrus), the contour
tracing was manually drawn around the outermost portion of the target region within both
hemispheres. Cells were only counted if the whole cell body was visible (average diameter =
between 15 and 25 um) and if the stain appeared uniformly dark and apparent throughout the
cell to avoid counting cell fragments. Importantly, while perivascular macrophages may also
stain positively for Iba-1, these cells only represent approximately 4% of the Iba-1 positive
cell population within the brain [30] and therefore would have little, if any, influence on the
counts analyzed here [2].

Volume estimates were also obtained for each contour tracing using Cavalieri’s principle
within the Stereolnvestigator Program. Volume estimates for the target regions (whole
hippocampus, CA1, CA3, or dentate gyrus) were calculated by summing the areas given by
the Cavalieri estimator for each trace and then multiplying by slice thickness (14 pm) and
total number of slices counted. Volume estimates were used to rule out potential differences
in microglial number due only to size differences in target brain regions (see statistical
analysis section).

2.8 Categorization of Microglial Morphology

Ibal-positive cells were classified into four morphological categories based on the shape and
configuration of their processes: 1) round/amoeboid microglia with no processes; 2) stout
microglia with short processes; 3) thick microglia with long, thick processes; and 4) thin
microglia with long, thin, ramified processes. The total number of Iba-1 postive cells in each
category was counted by an experimenter, blind to sex and treatment, for all representative
sections of the whole hippocampus, CA1, CA3, and dentate gyrus.
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2.9 Statistical Analyses

All data were analyzed using the statistical software program SPSS (IBM). Data for the
analysis of gene expression in the brain and spleen and the protein levels of cytokines in the
serum were assessed for normal distribution with the Shapiro-Wilk test and homogeneity of
variance with the Levene’s test followed by either a 2x2x2 ANOVA, or Mann-Whitney U
tests when appropriate, with Sex (male vs female), Neonatal Infection (Saline vs £. coli),
and Time (8- vs 24-hours) as the between-subjects factors. For microglia counts, data for the
number of each classification of microglia morphology and the total number of all microglia
within the whole hippocampus, CA1, CAS3, and the dentate gyrus were analyzed using 2x2
ANOVAs with Sex (male vs female) and Neonatal Infection (saline vs £.coli) as the
between-subjects factors. Differences in the total number of each type of microglia
morphology within the whole hippocampus were examined using a 2x2x4 repeated
measures ANOVA, with Sex (male vs female) and Neonatal Infection (salive vs E.coli) as
the between-subjects factors and Microglial Morphology (round vs stout vs thick vs thin) as
the within-subjects factor. All data were assessed for outliers using the interquartile range
method of detecting outliers, however, no more than one statistical outlier was ever removed
from one treatment group in an experiment. The accepted significance level for all analyses
was p < 0.05. Significant interactions were followed by post hoc tests using the Bonferroni
correction to examine between-group differences.

3 Results

3.1 E.coliinfection increases IL-1p and IL-6 gene expression in the neonatal
hippocampus of male and female rats

In the hippocampus, there was a main effect of £.coliinfection which increased in /L-18
expression at 8- and 24-hours post-infection (Fig. 1A; Neonatal Infection: £ g6 = 6.169, p =
0.016), and a main effect of Time such that /.- expression was significantly increased at
24- hours compared to 8-hours (Fig. 1A; Time: Fq gg = 21.025, p=0.001). £.coli infection
produced a significant increase in 7A/F-a expression (interaction of Neonatal Infection x
Time: F g7 = 27.738, p< 0.001) and CD11bexpression (interaction of Neonatal Infection x
Time: £ gg = 5.482, p=0.022) at 8-hours post-infection relative to saline treated pups (o <
0.001 and p=0.010, respectively; Fig. 1C and 1D), an effect that was not present at 24-
hours post-infection. Males expressed significantly lower levels of /ba-1 compared to
females at 8-hours post-infection (interaction of Sex x Time: Ay g5 = 6.870, p= 0.011), but
not at 24-hours post-infection as indicated by post hoc tests (p= 0.001) and this sex
difference was not affected by E.coliinfection (Fig. 1E). No significant differences were
observed for /L-6 or BDNF expression between sex or following infection at either time
point (Fig. 1B and 1F).

3.2 E.coliinfection increases IL-6 expression in females and decreases BDNF expression
in males in the neonatal cerebellum

In the cerebellum, £.coliinfection produced a significant increase in /L-6 expression at 8-
hours post-infection in females only (interaction of Sex x Neonatal Infection x Time: £y g5 =
4.198, p=0.044; Fig. 2B). Post hoc tests revealed that £.coli-treated females had
significantly higher /L-6 expression relative to control females (p = 0.003). £.coliinfection
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produced significant decreases in BDNF expression at 8-hours post-infection in males but
not females (interaction of Sex x Neonatal Infection x Time: F; gg = 8.285, p= 0.005; Fig.
2F), as indicated by post hoc tests (p < 0.001). Males expressed significantly lower levels of
Ibal compared to females at 8-hours (interaction of Sex x Time: £ g7 = 9.087, p = 0.004),
but not at 24-hours as indicated by post hoc tests (p < 0.001) and this difference was not
affected by £.coli infection (Fig. 2E). CD11b expression was higher at 8-hours compared to
24-hours in males and females and was not affected by £.coliinfection (Fig. 2D; main effect
of Time: U= 119.000, p < 0.001). No significant differences were observed for /L-13or
TNF-a expression (Fig. 2A and 2C).

In the spleen, £.coliinfection produced a significant increase in /L-1Band TNF-a
expression at 8- and 24-hours post-infection (main effect of Neonatal Infection: U=
1,083.500, p< 0.001 and U= 898.000, p= 0.004, respectively), but these levels were
significantly attenuated by 24-hours compared to 8-hours (main effect of Time: U=
280.500, p< 0.001 and U= 148.000, p< 0.001, respectively; Fig. 3A and 3C). /L-6
expression was significantly lower at 24-hours compared to 8-hours (main effect of Time:
F1 65 = 6.684, p=0.012; Fig. 3B), and this difference was not affected by £.coli infection.

3.2 E.coliinfection alters serum levels of inflammatory cytokines and chemokines in
neonatal male and female rats

E.coliinfection significantly increased the serum levels of the following cytokines and
chemokines 8-hours post-infection: MIP-1a. (£ g3 = 4.496, p= 0.038; Fig. 4B), MCP1
(F161=12.777, p= 0.001; Fig.4C), IP-10 (£ 62 = 4.401, p=0.040; Fig. 4D), TNF-a (F1 61
=30.917, p<0.001; Fig. 4G), and IL-10 (/1 62 = 33.212, p< 0.001; Fig. 4H); however, the
serum levels of all of these proteins returned to baseline by 24-hours post infection as
indicated by post hoc tests (p=0.012 and p’s < 0.001, respectively). E.coliinfection
produced significant increases in GRO-KC at 8-hours, but levels were undetectable by 24-
hours post-infection (main effect of Neonatal Infection: U= 263.500, p< 0.001; Fig. 4A).
E.coliinfection did not produce significant differences in IL-1p, but levels were significantly
lower at 24-hours compared to 8-hours (main effect of Time: F 59 = 17.316, p < 0.001; Fig.
4E). IL-6 was undetectable at both time points post-infection (Fig. 4F).

3.3 Microglia Counts in the Hippocampus 24-hours Post Infection

First, we examined whether the volume of each brain region (whole hippocampus, CA1,
CA3, and dentate gyrus) differed between males and females or saline and £.coli infection.
No significant differences in volume were found as a result of Sex or Infection in the whole
hippocampus, CA3, or the dentate gyrus. However, we did find a main effect of Sex (£ 16 =
4.644, p=0.047; male > female) and a main effect of Infection (£ 16 = 6.316, p = 0.023;
saline > E.coli) on the volume of CAL. Despite this difference in volume, microglia counts
in the CA1 were not significantly different when accounting for volume differences vs not
accounting for volume differences; therefore, all of the data presented below represent the
microglia counts that do not account for volume.

Microglia counts within each hippocampal subregion were analyzed separately for each
microglial morphology classification (round, stout, thick, and thin; Fig. 5A) and for total
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microglia number. On P5, we found a significant main effect of Sex on the number of thin
microglia in the CAl (£ 16 = 5.603, p = 0.031) such that males had significantly more thin
microglia than females in the CA1, however, this sex difference was not affected by £.coli
infection (Fig. 5B-D). No significant effects of Sex were found for any other microglial
morphology or for the total number of microglia in CA3, DG, or whole hippocampus on P5.
Notably, we found no main effect of Neonatal Infection on the individual microglia
morphologies nor on the total number of microglia in the CA1, CA3, DG, or whole
hippocampus 24 hours following infection (Fig. 5B-D).

Finally, a repeated measures ANOVA to examine differences in the number of each type of
microglia morphology within the whole hippocampus revealed a significant main effect of
Morphology (#7116 = 612.748, p < 0.001) with stout microglia clearly being the predominant
morphological classification present within the whole hippocampus in both males and
females on P5 (Fig. 5E). The high proportion of stout microglia observed here concurs with
the typical developmental trajectory that microglia follow within the whole rat hippocampus

2].

4 Discussion

The current experiments examined the acute neuroimmune response and microglia
morphology in the brain of neonatal male and female rats following neonatal £.col/
infection. Further, we examined changes in peripheral immune function following neonatal
infection in both male and female rats. We determined that males and females have similar
changes in microglia function in the hippocampus in the hours immediately following £.coli
infection, despite previous findings that males have more microglia in the hippocampus on
P4 than females. In the cerebellum, only males showed decreased BDNF expression and
only females showed increased /L-6 expression 8-hours post-infection. We found no
significant difference in the expression of inflammatory cytokines and chemokines between
males and females in the spleen and serum, which were mostly resolved on P5, 24-hours
post-infection. Finally, we found no effect of £.col//infection on microglia cell counts on P5;
however, we did find that males have more microglia with long, thin processes than females
in the CA1 on P5, which was unaffected by infection on P4. This finding is consistent with
previous data measured at other early postnatal ages [2,29].

In the neonatal hippocampus, we found no sex differences in the acute response to infection
at either timepoint for any gene examined. 7NVF-a, CD11b, and /L-1f expression showed a
robust increase in response to £.coli infection at 8-hours, which was resolved to baseline
expression levels by 24-hours for TNF-a and CD11b; however, /L-1 expression continued
to be elevated at 24-hours. While it appeared that males may be driving this IL-1p response
(Fig. 1A) we were unable to find any significant interaction of Sex and Neonatal Infection,
thus it may be informative to examine additional timepoints to determine whether there is a
significant interaction of Sex with Neonatal Infection in the hours following £.coli infection
that would indicate a sex difference in the response of IL-1p in the hippocampus. Given the
important role that IL-1p has in learning and memory processes in the hippocampus [30],
this lasting increase in /L-1p expression may have important consequences on downstream
neuronal functioning by maintaining a heightened pro-inflammatory microenvironment in
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the neonatal hippocampus that could potentiate deficits in learning and memory later in life

[31-33]. Indeed, this phenomenon of early-life programming has been well-studied in many
contexts and our data, in conjunction with previous data [30,34], suggest that in the context

of early-life infection IL-1p may be an early catalyst for initiating increased vulnerability to
learning and memory deficits later in life.

Iba-1 expression in the neonatal hippocampus was unaffected by £.coli infection; however,
on P4 females expressed significantly more Iba-1 than males at baseline. 1ba-1 is important
for the production of membrane ruffling and phagocytic cups on microglia [35], which is
necessary for microglial activation and for the role microglia have in supporting early brain
development through processes such as promoting neurogenesis, cell survival, and
synaptogenesis. Our data are consistent with previous findings that female microglia
phagocytose neural progenitor cells at a higher rate than male microglia and have higher
expression of several genes involved in the phagocytic pathway in the neonatal (P3)
hippocampus [22]. This sex difference in /ba-1 expression in the P4 hippocampus was
unaffected by infection, was no longer apparent on P5, and there were no sex differences in
inflammatory cytokine expression suggesting that this sex difference in /ba-1 expression is
reflective of sex differences in the role microglia have in early developmental processes
rather than in their activational state following infection. Furthermore, we found that females
have fewer microglia with long, thin processes than males in the CA1 on P5. Together, these
data suggest that neonatal male and female microglia in the hippocampus have an overall
different phenotype on P4 and P5 and that these characteristics could either be transient,
disappearing within the first postnatal week, or highly dynamic throughout early postnatal
brain development [2]. Despite the sex differences in microglia phenotype in the CAl
subregion of the hippocampus, we found that there are no sex differences in the acute
inflammatory response to infection during the neonatal period at the time points we
examined.

In the neonatal cerebellum, we found that £.coliinfection produced a significant increase in
/L-6 expression in females 8 hours later, but no other cytokines were affected. Additionally,
similar to the hippocampus, we found that females express significantly higher levels of
/ba-1 compared to males at baseline and this expression is unaffected by £.coli infection.
These data support previous findings from Perez-Pouchoulen and colleagues [23] who found
that females have fewer microglia with long, thin processes than males in the granule layer
until P17 suggesting that female microglia have a more activated or immature phenotype
than male microglia in the cerebellum at this age. Finally, BDNF expression was
significantly decreased in males 8 hours after £.coli infection suggesting that males may be
at a greater risk than females for decreased neuronal plasticity or deficits in neuronal
differentiation, survival, or maturation in the cerebellum, acutely, in the hours following
early-life infection, which could impact long-term neuronal function.

We found no effect of neonatal £.coliinfection on the total number of microglia nor on the
total number of any of the four morphological cell types examined.. Consistent with
previous data, we found that the predominate microglia morphology in the neonatal
hippocampus is stout. This morphology is indicative of their immature phenotype, having
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recently entered the brain from the periphery as macrophage-like microglial progenitor cells
during colonization [2,36-38].

In the periphery, E.coliinfection increased /L-IBand TNF-a expression in the spleen at
both time points in males and females. We are one of only a few groups to have investigated
the peripheral cytokine response to infection in neonatal rats. Previous data have shown that
these cytokines, particularly IL-1p, is mainly released from CD4+ T-helper cells and CD8+
cytotoxic T-cells in the spleen [39] and that the expression levels, while adequate to be
considered an inflammatory response, are significantly lower compared to adult and even
juvenile levels highlighting the developing state of these immune cells at this early age
[40,41].

In the serum, E.coliinfection significantly increased GRO-KC, MIP-1a, MCP1, IP-10, TNF-
a, and IL-10 in males and females 8 hours post-infection. GRO-KC is most highly
expressed by macrophages and neutrophils in the periphery and increased levels have been
shown to inhibit oligodendrocyte migration in the developing brain [42]. As a
cyclooxygenase- independent endogenous pyrogen, MIP-1a is a rapid fever inducer and
activates several types of leukocytes including macrophages, monocytes, and neutrophils
[43]. MCP1 and IP-10 are chemoattractants that recruit several immune cell types including
monocytes and dendritic cells to the sourse of inflammation [44]. Perhaps surprisingly,
IL-1p in the serum was not affected by £.coli infection, but was significantly decreased on
P5 compared to the 8-hour time point in both males and females; however, Jessop and
Hoffman [45] showed that LPS induces IL-1p release from monocytes within 3 hours, so it
is possible that the 8-hour time point we examined here missed the critical window for
detecting the IL-1p response from peripheral leukocytes. In this same vein, Tosato and Jones
[46] found that IL-1p induces IL-6 from monocytes, but we were unable to detect any IL-6
protein at either time point again suggesting the possibility that we missed a critical window
for detecting these two cytokines in the periphery of our neonatal rats. We also found that
TNF-a was significantly increased in the serum 8-hours following E.coli infection. TNF-a
has been shown to induce a strong sickness response in 10-week-old male mice [47]
verifying that while our E.colidose is not high, it is likely sufficient to produce the typical
sickness response expected from this type of infection even at this early stage of
development.Finally, we saw increased levels of IL-10 at the 8-hour time point. IL-10 is
most highly expressed from monocytes, CD8+ and CD4+ T-cells, and increased levels of
this cytokine have been shown to effectively decrease IL-1p and IL-6 faster than if IL-10
were not present [48], which may also explain the lack of changes in IL-1p and the
undetectable levels of IL-6 in our data as we found an approximate 80-fold increase in IL-10
levels at the 8-hour time point.

In conclusion, we characterized the immune response in male and female rats in the time
acutely following early-life infection on P4, a time when sex differences in microglia
development are evident in several brain regions. We identified sex differences in the
immune response to early-life infection, specifically in the cerebellum, while in the
hippocampus and periphery, sex differences were either not as robust or were not evident at
the time points we examined. The timepoints examined here are certainly not an exhaustive
measure, therefore, in order to fully characterize the immune response to early-life infection
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and determine whether sex differences are present it will be necessary to examine more ages
and time courses in the hours, days, and weeks following early-life infection in both sexes.
Furthermore, sex differences in the immune response following early-life infection are likely
influenced by individual differences in genetics or environmental exposures which could
impact how an individual responds to early-life infection and ultimately affect their risk for
neurodevelopmental disorders dependent or independent of sex. Future studies should take
all of these factors into consideration to develop a comprehensive understanding of the
immune response to early-life infection in males and females.
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MCP-1 monocyte chemoattractant proteinl
MIP-1la monocyte inflammatory protein 1a
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IL-10 interleukin -10
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RNA ribonucleic acid

Neurosci Lett. Author manuscript; available in PMC 2020 January 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Osborne et al.

Page 12

DNA deoxynucleic acid

cDNA complementary DNA

PCR polymerase chain reaction
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Highlights

. Females have higher Iba-1 expression than males in the hippocampus and
cerebellum

. Neonatal infection increases IL-6 expression in the neonatal female
cerebellum

. Neonatal infection decreases BDNF expression in the neonatal male
cerebellum

. Neonatal infection increases peripheral cytokines and chemokines in both
sexes
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Figure 1. Impact of E.coli (1x108 CFU/0.1mL/kg) in the hippocampus of male and female
neonates 8- and 24-hours following infection.

(A) Relative gene expression of the proinflammatory cytokine IL-1p is significantly
increased in males and females following neonatal infection at both time points, and is
significantly increased at 24 hours post-infection compared to 8 hours. (B) Relative gene
expression of the proinflammatory cytokine IL-6 is not significantly different following
neonatal infection at either time point in males or females. (C) Relative gene expression of
the proinflammatory cytokine TNF-a is increased in males and females following neonatal
infection at 8 hours, but not 24 hours post-infection. (D) Relative gene expression of a
marker of microglial activation, CD11b, is significantly increased in males and females 8
hours post-infection but not at 24 hours. (E) Relative gene expression of Iba-1 is lower in
males compared to females at 8 hours, but not at 24 hours post-infection. (F) Relative gene
expression of the trophic factor, BDNF, is not significantly different following neonatal
infection at either time point in males or females. Error bars represent +SEM. *p < 0.05
represents the main effect of Neonatal Treatment. Tp < 0.05 represents the main effect of
Time. Tp < 0.05 represents a significant interaction of Neonatal Treatment and Time. Pp <
0.05 represents a significant interaction of Sex and Time.
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Figure 2. Impact of E.coli (1x108 CFU/0.1mL/kg) in the cerebellum of male and female neonates
8- and 24-hours following infection.

(A) Relative gene expression of the proinflammatory cytokine IL-1p is not significantly
different in males or females following neonatal infection at either time point. (B) Relative
gene expression of the proinflammatory cytokine 1L-6 is significantly increased in females 8
hours post-infection. (C) Relative gene expression of the proinflammatory cytokine TNF-a
is not significantly different in males or females following neonatal infection at either time
point. (D) Relative gene expression of a marker of microglial activation, CD11b, is
significantly greater at 8 hours compared to 24 hours. (E) Relative gene expression of Iba-1
is lower in males compared to females at 8 hours, but not at 24 hours post-infection. (F)
Relative gene expression of the trophic factor, BDNF, is significantly decreased in males
following neonatal infection at 8 hours. Error bars represent +SEM. Tp < 0.05 represents the
main effect of Time. Bp < 0.05 represents a significant interaction of Sex and Time. ¥p <
0.05 represents a significant interaction of Sex, Neonatal Treatment, and Time.
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Figure 3. Impact of E.coli (1x108 CFU/0.1mL/kg) in the spleen of male and female neonates 8-
and 24-hours following infection.

(A) Relative gene expression of the proinflammatory cytokine IL-1p is significantly
increased in males and females following neonatal infection at both time points, but is
significantly decreased at 24 hours post-infection compared to 8 hours. (B) Relative gene
expression of the proinflammatory cytokine IL-6 is not significantly affected by neonatal
infection and is significantly lower at 24 hours post-infection compared to 8 hours in males
and females. (C) Relative gene expression of the proinflammatory cytokine TNF-a is
increased in males and females following neonatal infection at both time points, but is
significantly decreased at 24 hours post-infection compared to 8 hours. Error bars represent
+SEM. "p < .05 represents the main effect of Neonatal Treatment.Tp < 0.05 represents the
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main effect of Time.

Neurosci Lett. Author manuscript; available in PMC 2020 January 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Oshorne et al. Page 20
A GRO-KC B MIP-1a Cc MCP1 D IP-10 Neonatal Treatment
shr 24hr o 8hr 24hr shr 24hr shr 24hr 1Saline
1600 1 * Y 9000 - 3500 - o Ecoli
1400 - 40 A 8000{ Y ¥ | ¥
{ 3000 "
o 35 4 7000 A
1200
204 2500 A
= 1000 A * E v = 6000 .
3 S 25 £ 5000 - S, 2000 4
& 800 4 a g a
20 4000 1500 4
600 -
15 4 3000 A 1000
400 1 10 2000 1
200 A Not | | 500
Detectable 5 1000
Male Female Male Female 0 Male Female Male Female o Male Female Male Female 0 “¥iale Female Male Female
E Sex F Sex G Sex H Sex
IL-1B IL-6 TNF-a IL-10
8hr 24hr 8hr 24hr 8hr 24hr 8hr 24hr
90 4 _rt— 1.0 1 12 1 120 4
v ¥
80 4 0.9 4 & Y
76 4 08 1 10 - % J[ 100 -
, 80 . % L8 _ 80
E E 06 4 E E
= 50 4 = = =
g 2 05 4 26 4 Z 60 4
40 1
0.4 1
30 o4 4 40
20 1 0.2 4
164 Not Not 21 20 1
0.1 1 petectabie Detectable
o Male Female Male Female 0.0 Male Female Male Female o Male Female Male Female Male Female Male Female
Sex Sex Sex Sex

Figure 4. Impact of E.coli (1><106 CFU/0.1mL/kg) on peripheral immune response in the serum
of male and female neonates 8- and 24-hours following infection.

(A) GRO-KC levels are significantly increased in males and females following neonatal
infection at 8 hours post-infection, but levels are not detectable by 24 hours. (B) MIP-1a
levels are significantly increased in males and females infected with £.co/f 8 hours post-
infection compared to 24 hours. (C) MCP1 levels are significantly increased in males and
females infected with £.co/i 8 hours post-infection compared to 24 hours. (D) IP-10 levels
are significantly increased in males and females infected with £.co/i 8 hours post-infection
compared to 24 hours. (E) IL-1p levels are significantly higher 8 hours post-infection
compared to 24 hours. (F) IL-6 levels were not detectable at 8 or 24 hours post-infection.
(G) TNF-a levels are significantly increased in males and females infected with £.coli 8
hours post-infection compared to 24 hours. (H) IL-10 levels are significantly increased in
males and females infected with £.co/i 8 hours post-infection compared to 24 hours. Error
bars represent +SEM. *p < 0.05 represents the main effect of Neonatal Treatment. Tp< 0.05
represents the main effect of Time. Tp < 0.05 represents a significant interaction of Neonatal
Treatment and Time.
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Figure 5. Microglia Counts in the hippocampus 24-hours Post Infection.
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(A) Representative images of the four microglial phenotypes (round, stout, thick, thin) found
in the hippocampus on P5 (B) There are no significant differences in microglia number in
the whole hippocampus 24-hours post infection. (C) Males have significantly more thin
microglia than females in the CA1 region on P5. (D) There are no significant differences in
microglia number in the CA3 region 24-hours post infection. (E) There are no significant
differences in microglia number in the dentate gyrus 24-hours post infection. (F) There are
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significantly more stout microglia in the hippocampus on P5 relative to all other microglial
morphologies. Error bars represent +SEM. *p < 0.05.

Neurosci Lett. Author manuscript; available in PMC 2020 January 23.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Osborne et al.

Rat primers used in the current experiments for quantitative real-time PCR.

Table 1.

Gene NCBI Sequence Primers
GAPDH | NM_017008 F: GTTTGTGATGGGTGTGAACC
R: TCTTCTGAGTGGCAGTGATG
CD11b NM_012711.1 F: CTGGGAGATGTGAATGGAG
R:ACTGATGCTGGCTACTGATG
IL-1B8 NM_031512.2 F: GAAGTCAAGACCAAAGTGG
R: TGAAGTCAACTATGTCCCG
TNF-a NM_012675.3 F: CTTCAAGGGACAAGGCTG
R: GAGGCTGACTTTCTCCTG
Iba-1 NM_017196.3 F: GAATGATGCTGGGCAAGAGA
R: CAGTTGGCTTCTGGTGTTC
BDNF NM_001270638.1 | F: ATCCCATGGGTTACACGAAGGAAG

R: AGTAAGGGCCCGAACATACGATTG
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