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Abstract
Systemic infection with Escherichia coli on postnatal day (P) 4 in rats results in significantly altered
brain cytokine responses and behavioral changes in adulthood, but only in response to a subsequent
immune challenge with lipopolysaccharide [LPS]. The basis for these changes may be long-term
changes in glial cell function. We assessed glial and neural cell genesis in the hippocampus, parietal
cortex (PAR), and pre-frontal cortex (PFC), in neonates just after the infection, as well as in adulthood
in response to LPS. E. coli increased the number of newborn microglia within the hippocampus and
PAR compared to controls. The total number of microglia was also significantly increased in E. coli-
treated pups, with a concomitant decrease in total proliferation. On P33, there were large decreases
in numbers of cells coexpressing BrdU and NeuN in all brain regions of E. coli rats compared to
controls. In adulthood, basal neurogenesis within the dentate gyrus (DG) did not differ between
groups; however, in response to LPS, there was a decrease in neurogenesis in early-infected rats, but
an increase in controls to the same challenge. There were also significantly more microglia in the
adult DG of early-infected rats, although microglial proliferation in response to LPS was increased
in controls. Taken together, we have provided evidence that systemic infection with E. coli early in
life has significant, enduring consequences for brain development and subsequent adult function.
These changes include marked alterations in glia, as well as influences on neurogenesis in brain
regions important for cognition.

1. Introduction
Microglia are the primary immunocompetent cells of the brain, with demonstrated roles in both
protection and pathology. For instance, they appear to be neuroprotective following stroke, by
producing trophic factors that aid in cellular repair (Lalancette-Hebert et al., 2007). In contrast,
chronic or exaggerated microglial activation is associated with multiple neuroinflammatory
diseases, including Parkinson's, Alzheimer's, and Huntington's disease (Perry, 2004). Activated
microglia produce many factors, including superoxide, nitric oxide, and cytokines, that may
lead to neuronal damage or interfere with neuronal function directly (Block et al., 2007).
Microglial activation is also associated with multiple neurodevelopmental disorders with
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known or suspected immune etiologies, including autism, schizophrenia, and cerebral palsy,
although the direction of causality in the majority of these disorders is unknown (Bilbo and
Schwarz, in press; Meyer et al., 2005; Vargas et al., 2005).

We have reported that systemic infection with Escherichia coli on postnatal day (P) 4 in rats
is associated with marked hippocampal-dependent memory impairments in adulthood.
However, these impairments are only observed if a second immune challenge (bacterial
lipopolysaccharide [LPS]) is administered in close proximity to learning in adulthood (Bilbo
et al., 2005a; Bilbo et al., 2005b). The impairment is linked to exaggerated pro-inflammatory
cytokine production to the LPS challenge, and decreased learning-induced brain-derived-
neurotrophic factor (BDNF) expression within the hippocampus, a growth factor critical for
memory consolidation (Bilbo et al., 2008; Bilbo et al., 2007). Importantly, this low dose of
LPS does not impair memory in control rats. Thus, infection during the neonatal period appears
to act as a “vulnerability” factor, by amplifying the adult rat's central cytokine response to the
LPS challenge, which then impairs cognition.

We have hypothesized that the basis for this vulnerability may be long-term changes in glial
cell function. Microglia are the primary cytokine producers within the brain, and are an
excellent candidate for long-term changes, because they are long-lived and can become and
remain activated chronically (Town et al., 2005). There is increasing support for the concept
of “glial priming”, in which cells can become sensitized by an insult, challenge, or injury, such
that subsequent responses to a challenge are exaggerated (Perry et al., 2003). Notably, the first
week of life in rats is a time of extensive brain growth, when microglial proliferation, migration,
and density peak (Bayer et al., 1993; Wu et al., 1992). Thus, the early postnatal stage may be
particularly vulnerable to insult, with subsequent long-term changes in microglial cell function.

In support of this hypothesis, we have reported increases in glial cell “activation” markers in
our infection model (e.g., CD11b [complement 3 receptor], and major histocompatibility
complex [MHC] II), both acutely in response to the E. coli, as well as in adulthood following
the LPS challenge (Bilbo et al., 2005a, 2007; in press). However, the functional consequences
of observed “activation” is unknown. For instance, an increase in overall activation markers
could indicate an increase in the reactivity of the same number of cells, or conversely an
increase in the number of cells, without a change in function. Distinguishing between these
two possibilities is critical for establishing causality, as well as eventual treatment options.
Moreover, the neuronal responses to both the early E. coli and the adult LPS are completely
unknown. Neurons constitutively inhibit microglial activity via interactions with factors such
as the CD200 receptor expressed exclusively on microglia (Barclay et al., 2002; Lyons et al.,
2007). Thus, any decrease in neurogenesis or survival by early-life infection could have
enduring effects on glial cell reactivity via reduced inhibitory tone. Finally, an emerging
literature implicates inflammation as an important factor in regulating neurogenesis within the
adult brain (Whitney et al., 2009), but the influence of early-life inflammation on later-life
responses is virtually unknown. Thus, the goal of these experiments was to 1) assess glial and
neural cell proliferation and survival following infection with E. coli on day 4, and 2) assess
the glial and neuronal cell responses to the subsequent LPS challenge in adulthood.

2. Materials and Methods
2.1. Animals

Adult male and female Sprague–Dawley rats (70 days) were obtained from Harlan
(Indianapolis, IN) and housed in same sex pairs in polypropylene cages with food and water
freely available. The colony was maintained at 22 °C on a 12:12-h light:dark cycle (lights on
at 0600 MST). Following acclimation to experimental conditions, males and females were
paired into breeders. Sentinel animals were housed in the colony room and screened
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periodically for the presence of common rodent diseases; all screens were negative. All
experiments were conducted with protocols approved by the University of Colorado Animal
Care and Use Committee.

2.2. Experimental procedures
2.2.1. Experiment 1—The effects of neonatal E. coli infection on precursor cell proliferation
and neuro/gliogenesis.

2.2.1.1. Neonatal manipulations: Female breeders were visually examined daily for
confirmation of pregnancy, and male breeders were removed from cages prior to the birth of
pups (postnatal day [P] 0). Litters were culled on P4 to a maximum of 10 pups/litter, retaining
two female and as many male pups as possible. All litters were born within 1 week of each
other, and all studies were limited to males. Escherichia coli culture (ATCC 15746; American
Type Culture Collection, Manassas, VA) vial contents were hydrated and grown overnight in
30 ml of brain-heart infusion (BHI; Difco Labs, Detroit, MI) at 37°C. Cultures were aliquoted
into 1 ml stock vials supplemented with 10% glycerol and frozen at −20°C. One day before
injections, a stock culture was thawed and incubated overnight in 40 ml of BHI at 37°C. The
number of bacteria in cultures was read using a microplate reader (Bio-Tek Instruments Inc.,
Winooski, VT) and quantified by extrapolating from previously determined growth curves.
Cultures were centrifuged for 15 min at 2880 xg, the supernatants were discarded, and the
bacteria were re-suspended in the dose-appropriate volume of sterile Dulbecco's PBS
(Invitrogen Corp., Carlsbad, CA). Male pups were injected subcutaneously using a 30G needle
on P4 with either 0.1 × 106 colony forming units (CFU) of live bacterial E. coli/g suspended
in 0.1 ml PBS, or 0.1 ml PBS. All pups were removed from the mother at the same time and
placed into a clean cage with bedding, weighed and injected individually, and returned to the
mother as a group. Elapsed time away from the mother was less than 5 min. All pups from a
single litter received the same treatment due to concerns over possible cross-contamination
from E. coli. All injections were given between 1530 and 1600 h. To control for possible litter
effects, a maximum of two pups/litter were assigned to a single experimental group.

2.2.1.2. BrdU injections and tissue harvest: 5-Bromo-2′-deoxyuridine (BrdU, Sigma-
Aldrich, St. Louis, MO) was dissolved (10 mg/ml) in sterile 0.01 M PBS. Pups were injected
subcutaneously using a 30G needle with BrdU (50 mg/kg ip, volume 5 ml/kg) 3 times: once
immediately following the E. coli or PBS vehicle injection on P4, and twice (once at 1000 and
once at 1600 h) on P5. Rats were killed on either P6 (for analysis of precursor cell proliferation
and microgliogenesis) or P33 (for analysis of neuro/gliogenesis and proliferating cell survival).
Rats were deeply anesthetized with sodium pentobarbital and transcardially perfused with 0.9%
saline followed by 4% paraformaldehyde in 0.01 M PBS. Brains were postfixed for 4 hours in
4% paraformaldehyde in 0.01 M PBS and cryoprotected in 30% sucrose for at least 3 days,
then quickly frozen in −30°C isopentane. Brains were sliced through the PFC and hippocampus
in a 1:6 series at 40 m in a −20°C cryostat using the atlas of Paxinos and Watson (1998) as a
guide. Sections were stored at 4°C in cryoprotectant until immunohistochemistry was
performed.

2.2.1.3. Immunohistochemistry: The ionized calcium-binding adaptor molecule (Iba)-1
protein was used to identify microglia, because it is specific to microglia and its expression is
constitutive, and binds cell bodies and processes in every state of activation (Imai et al.,
1996). Double immunofluorescence was performed for BrdU (to label proliferating cells) and
Iba1 (to label microglia) on tissue from P6 and P33 rats. Triple immunofluorescence for BrdU,
Neuronal Nucleus (NeuN, to label neurons), and GFAP, to label astrocytes, was performed on
tissue from P33 rats. Fluorescence double- or triple-labeling of BrdU and Iba1, or BrdU, GFAP,
and NeuN was performed (Figure 1). Free-floating sections were washed 3 times in 0.01 M
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PBS first and between each subsequent step except as noted. Sections were incubated in 10%
normal goat serum (NGS) and 0.3% Triton-X in PBS to block and permeabilize, respectively.
DNA was denatured by incubation in 2N HCl at 37°C for 30 min followed by a 0.1 M boric
acid wash. Sections were incubated overnight at RT in a combination of primary antibodies:
rat monoclonal anti-BrdU (1:100, Accurate Chemical, Westbury, VT) and either rabbit anti-
Iba1 (1:1,000, Wako Pure Chemical Industries, Richmond, VA), or rabbit anti-GFAP (1:1,000,
DakoCytomation, Carpinteria, CA) and mouse monoclonal anti-NeuN (1:200, Chemicon,
Billerica, MA). Sections were then incubated for 2 hr in a combination of fluorescent secondary
antibodies: goat anti-rat Alexa 594 and goat anti-rabbit Alexa 488, or goat anti-rat Alexa 594,
goat anti-rabbit Alexa 488, and goat anti-mouse Alexa 350 (each 1:200, Molecular Probes/
Invitrogen, Carlsbad, CA). Sections were mounted on slides and coverslipped with Vectashield
(Vector Laboratories, Burlingame, CA).

2.2.1.4. Cell counts: Counts of BrdU labeled cells (proliferating cells, red; Fig 1), Iba1 labeled
cells (microglia, green), and BrdU + Iba1 labeled cells (proliferating microglia, yellow) were
obtained from tissue from P6 and P33 rats. Microglia were classified as either active (having
a large, rounded cell body and thick processes) or inactive (having a small cell body and many
fine processes). Counts of BrdU labeled cells (cells that had proliferated on P4-P6, red), BrdU
+ GFAP labeled cells (astrocytes that had proliferated on P4-P6, yellow), and BrdU + NeuN
labeled cells (neurons that had proliferated on P4-P6, fuschia) were obtained from tissue from
P33 rats. Counts were obtained from hippocampal subfields CA1, CA3, and dentate gyrus
(DG) as well as from pre-frontal cortex (PFC) and parietal cortex (PAR) of tissue from P6 rats.
We have reported significant changes in IL-1 expression within the HP and PAR, but not in
PFC, of neonatally-infected rats injected with LPS as adults (Bilbo et al., 2005a), and so
analyzed those same regions here—i.e., with the prediction that neonatal group differences
would be observed in HP and PAR, but less so in PFC. Eight images of each subregion were
acquired with an Olympus BX61 Fluorescence microscope (Olympus America, Center Valley,
PA) at 40× using Microsuite software (Olympus America). Cells counts and area measures
were obtained using Image J software (http://rsb.info.nih.gov/ij/index.html). Cell counts are
expressed within each subregion as cells/mm2.

2.2.2. Experiment 2—The effects of an adult immune challenge with LPS in rats treated
neonatally with E. coli on precursor cell proliferation, and neuro/gliogenesis.

2.2.2.1. Neonatal manipulations: Neonatal rats were treated with E. coli or PBS as in
Experiment 1. To control for possible litter effects, a maximum of two pups/litter were assigned
to a single experimental group. Pups were weaned on P21 into sibling pairs and remained
undisturbed until adulthood.

2.2.2.2. Adult manipulations: Adult rats (∼70 d) from each neonatal group were injected
intraperitoneally (i.p.) with 0.1 ml of 25 g/kg LPS (from E. coli, Serotype 0111:B4, Lot
072K4096, Sigma-Aldrich) or an equal volume of sterile saline. Immediately after the LPS or
saline injections, rats were injected i.p. with 100 mg/kg BrdU (10 mg/ml in sterile PBS,
injection volume 1 ml/100 g). Rats were killed either 2 hr (for proliferation) or 28 days (for
neuro/gliogenesis and proliferating cell survival) after LPS and BrdU injections. Rats were
perfused and tissue was harvested and sectioned as in Experiment 1.

2.2.2.3. Immunohistochemistry: For the 2 hr time point, immunohistochemistry was
performed for determination of total BrdU (proliferating cells), total Iba1, and BrdU + Iba1
colocalization (proliferating microglia). For the 28 day time point, immunohistochemistry was
performed for determination of total BrdU (cells that had proliferated soon after LPS and BrdU
injections), total Iba1, total NeuN, and colocalization of BrdU with Iba1 (surviving microglia
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that had proliferated after LPS and BrdU injections) or NeuN (neurogenesis). For assessment
of total BrdU, Iba1, and NeuN labeled cells as well as microglial cell volumes, single
immunohistochemistry with 3-3′-diaminobenzidine (DAB) as a chromogen was performed
with each antibody (Figure 2). All sections were processed within the same run. Free-floating
sections were washed 3 times in 0.01 M PBS first and between each subsequent step except as
noted. Sections were incubated in 0.3 % hydrogen peroxide then blocked and permealized as
in Experiment 1. For BrdU, DNA was denatured as above. Sections were incubated overnight
at RT in either mouse monoclonal anti-BrdU (1:100, Roche, Indianapolis, IN), mouse
monoclonal anti-NeuN (1:500, Chemicon), or rabbit anti-Iba1 (1:1,000, Wako) in PBS with
10% NGS and 0.3% Triton-X. Sections were then incubated in biotinylated goat anti-mouse
or goat anti-rabbit IgG (1:200, Jackson ImmunoResearch, West Grove, PA) for 2 hr, followed
by incubation in avidin biotin complex (ABC kit, Vector Laboratories) for 2 hr. Following
three washes in 0.1 M PB, immunoreactivity was visualized with DAB (DAB substrate kit,
Vector Laboratories) with nickel ammonium sulphate (Sigma-Aldrich). Sections were
mounted on slides, dehydrated and delipidated, and coverslipped with Permount (Sigma-
Aldrich). Fluorescence double- labeling of either BrdU and Iba1 or BrdU and NeuN was
performed as in Experiment 1.

2.2.2.4. Cell counts: Unbiased stereology (Gundersen & Jensen, 1987) was used to estimate
total numbers of BrdU, Iba1, and NeuN labeled cells. Cell numbers were estimated using the
Cavalieri principal and the optical dissector method, with a 2 mm guard zone. The sampling
fractions were 100% for BrdU, 1% for NeuN, and 0.5% for Iba1. Microglial volumes were
estimated using five rays of independent isotropic probes within the “Nucleator” function of
StereoInvestigator software (MBF Labs, Williston, VT). Stereology for BrdU and NeuN was
performed using an Olympus BX61 microscope at 100× (oil) and NewCAST software
(VisioPharm, Hørsholm, Denmark). Stereology for Iba1 was performed using a Nikon Eclipse
80i microscope at 100× (oil) and StereoInvestigator software.

Colocalization of BrdU and Iba1, or BrdU and NeuN labeling was assessed in double-labeled
sections using a Leica TCS SP2 AOBS confocal microscope at 63× using an oil-immersion
objective. At least 50 BrdU positive cells per rat were sampled for identification of
colocalization of BrdU with either Iba1 or NeuN. A ratio was computed and then multiplied
by total BrdU numbers within each subregion to determine the number of BrdU labeled
neurons, microglia, or undifferentiated/unknown cell types (no co-expression with BrdU).

2.3. Statistics
Experiment 1. Data were analyzed with one-way ANOVA with neonatal treatment (PBS, E.
coli) as the between-groups variable. Experiment 2. BrdU, colocalization, and NeuN data were
analyzed with two-way ANOVA with neonatal treatment (PBS, E. coli) and adult treatment
(saline, LPS) as between-groups variables. Iba1 data (counts and microglial volumes) data
were analyzed with three-way ANOVA with time (2 hr, 28 days), neonatal treatment (PBS,
E. coli) and adult treatment (saline, LPS) as between-groups variables. When a significant
interaction was obtained, Fisher's LSD was used for post-hoc analysis. For all analyses was
set at 0.05. All statistics were performed using StatView for Windows (SAS Institute, Inc.,
Cary, NC).

3. Results
3.1. Experiment 1

The effects of neonatal E. coli infection on precursor cell proliferation and neuro/gliogenesis.
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3.1.1. Proliferation on P4-5—In the hippocampus, E. coli infection on P4 increased
microglial proliferation and decreased proliferation of non-microglial cells in the CA subfields
observed on P6 (Figure 3). In CA1 (Figure 3A), ANOVA revealed that E. coli treatment
produced a near-significant increase in total microglia, F(1,17)= 3.54, p= .07 and produced
significant increases in active microglia, F(1,17)= 6.64, p < .01 and proliferating microglia,
F(1,17) = 8.78, p < .01 while producing a decrease in proliferating non-microglial cells (BrdU-
only), F(1,17) = 5.85, p < .05. In CA3 (Figure 3B), E. coli treatment also produced increases in
total microglia F(1,17) = 9.73, p < .01, active microglia, F(1,17) = 6.64, p < .01, and proliferating
microglia F(1,17) = 6.56, p < .05, as well as decreases in proliferating non-microglial cells,
F(1,17) = 4.88, p < .05. There were no significant effects of neonatal E. coli on microglia or
proliferation of microglial or non-microglial cells in the dentate gyrus (Figure 3C), although
trends were in a similar direction. In the cortex, the effects of E. coli infection on P4 on
proliferation were more robust in PAR than in PFC, as predicted (Figure 4). In the PFC (Figure
4A), there was a trend for decreased proliferation of non-microglial cells, F(1,15) = 3.80, p = .
07. In PAR, E. coli infection produced significant increases in total microglia, F(1,15) = 4.89,
p < .05 and proliferating microglia, F(1,15) = 7.21, p < .05 and decreases in proliferating non-
microglial cells, F(1,15) = 7.27, p < .05. There was no effect of neonatal E. coli treatment on
active microglia in the cortex (data not shown).

3.1.2. Survival and phenotypes of cells on P33 that proliferated during P4-6—
Throughout the hippocampus, neonatal E. coli reduced both neurogenesis and proliferation or
survival of undifferentiated/unknown cell types, with no enduring effects on gliogenesis, 28
days after E. coli injections (Figure 5). In CA1 (Figure 5A), neonatal E. coli infection produced
significant decreases in neurogenesis (NeuN + BrdU), F(1,16) = 9.06, p < .01 and BrdU labeled
undifferentiated/unknown cells (BrdU-only), F(1,16) = 11.19, p < .01. In CA3 (Figure 5B),
neonatal E. coli also produced significant decreases in neurogenesis, F(1,16) = 5.89, p < .05 and
BrdU-only cells, F(1,16) = 23.72, p < .001. In the DG (Figure 5C), neonatal E. coli also produced
significant decreases in neurogenesis, F(1,16) = 4.87, p < .05 and BrdU-only cells, F(1,16) =
12.85, p < .01. There were no significant effects of neonatal E. coli on microglial or astrocytic
proliferation in the hippocampus.

In the cortex, the effect of neonatal E. coli 28 days after E. coli injection (Figure 6) was primarily
a reduction of proliferation or survival of undifferentiated/unknown cell types in the PFC. In
the PFC, neonatal E. coli produced significant decreases in BrdU-only cells (Figure 6A),
F(1,16) = 5.23, p < .05, and neonatal E. coli produced a trend for decreased neurogenesis,
F(1,16) = 3.70, p = .07. In PAR (Figure 6B), neonatal E. coli produced a trend for increased
BrdU-only cells, F(1,16) = 3.71, p = .07. There were no effects of neonatal E. coli on proliferation
of astrocytes (BrdU + GFAP) in either cortical subregion. No Iba1/BrdU double-labeled cells
were observed in either cortical region.

3.2. Experiment 2
The effects of an adult immune challenge with LPS in rats treated neonatally with E. coli on
precursor cell proliferation, and neuro/gliogenesis.

3.2.1. Cell proliferation and neuro/microgliogenesis—The effects of adult LPS in rats
that had been treated neonatally with E. coli were restricted to neuro/microgliogenesis in the
DG. At 2 hr after LPS and BrdU there were no effects of neonatal or adult treatment on
proliferation of undifferentiated cells (BrdU-only) or on microgliogenesis (BrdU + Iba1) in
any brain region (data not shown). At 28 days after LPS and BrdU there were no effects of
neonatal or adult treatment on proliferation of undifferentiated cells (BrdU-only) or on
microgliogenesis (BrdU + Iba1) in cortex, or in the CA regions (not shown). However, there
were significant neonatal treatment-dependent effects of adult LPS on DG neurogenesis,
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F(1,26) = 10.85, p < .01, and microgliogenesis, F(1,26) = 7.55, p < .05, at 28 days after LPS and
BrdU (Figure 7). Post-hoc tests indicated that adult LPS produced increases in both
neurogenesis and microgliogenesis in rats that had been treated neonatally with PBS, and a
decrease in neurogenesis in rats that had been treated neonatally with E. coli, all p < .05.

3.2.2. Stereological estimates of microglial cell volumes and numbers—Neonatal
E. coli infection produced increased microglial volumes in CA1 and increased microglial
numbers in DG of adult rats. Three-way ANOVA revealed a significant main effect of neonatal
treatment on microglial cell volumes in CA1, F(1,55) = 14.68, p < .001 (Figure 8). Post-hoc
tests indicated that rats that had been treated neonatally with E. coli and during adulthood with
saline had significantly greater microglial cell volumes than rats treated neonatally with PBS
and during adulthood with saline at both 2 hr and 28 days, p < .05. In addition, rats treated
neonatally with E. coli and during adulthood with LPS had greater cell volumes than rats treated
neonatally with PBS and during adulthood with LPS at 28 days, all p < .05. There were no
significant effects of neonatal or adult treatment on microglial cell volumes in PFC, CA3 or
DG (not shown). There were significant main effects of time on microglial cell volume in all
subregions: CA1, F(1,55) = 89.76, p < .001; CA3, F(1,55) = 89.76, p < .001; DG, F(1,55) = 74.33,
p < .001; and PFC, F(1,54) = 177.42, p < .001. In every region, microglial cell volumes were
greater at 28 days than at 2 hr. The cause of this increase is unknown, but may be an effect of
BrdU treatment itself.

For microglial cell counts (Table 1), three-way ANOVA revealed that in the DG there was a
significant main effect of neonatal treatment F(1,55) = 5.38, p < .05; rats that had been treated
neonatally with E. coli had more microglia in DG. LPS treatment also produced increases in
microglia in the PFC, as revealed by a main effect of adult treatment, F(1,53) = 4.03, p < .05.

3.2.3. Stereological estimates of neuronal numbers 28 days after LPS treatment
—In the CA1, there was a significant neonatal treatment by adult treatment interaction
F(1,27) = 4.45, p < .05, but post-hoc tests indicated no significant differences between treatment
groups (Table 1). In the PFC, neonatal E. coli infection produced decreases in total numbers
of neurons, as revealed by a main effect of neonatal treatment, F(1,27) = 7.43, p < .01. In addition,
LPS treatment during adulthood also produced decreases in total numbers of neurons in the
PFC, as revealed by a significant main effect of adult treatment, F(1,27) = 5.23, p < .05.

4. Discussion
We have hypothesized that the basis for early-life infection-induced vulnerability to altered
cytokine expression and cognitive deficits in adulthood may be due to long-term changes in
glial cell function and/or influences on subsequent neural development. E. coli infection on P4
markedly increased microglial proliferation in the CA regions of the hippocampus and PAR
of newborn pups, compared to a PBS injection (Fig 3-4). The total number of microglia, and
specifically microglia with an “active” morphology (amoeboid, with thick processes), were
also increased as a consequence of infection. There was a concomitant decrease in non-
microglial newborn cells (BrdU+ only) in the early-infected rats, in the same regions. In order
to assess cell survival, and to characterize which cell types were decreased by the neonatal
infection, we counted glial and neuronal markers 28 d post-BrdU (P33). There was a profound
reduction of BrdU+ neurons in every region of the hippocampus, as well as a reduction in
newborn uncharacterized cells (BrdU+ only) in the hippocampus and PFC, in the early-infected
rats compared to controls (Fig 5-6). Notably, the marked increase in microglial cell number
was gone by P33, and GFAP also did not differ by neonatal group in any region. Thus, systemic
bacterial infection transiently increased microglial proliferation, but decreased overall
proliferation, within the hippocampus and cortex of newborn pups, and this decrease was at
least in part neuronal. The phenotype of the remaining uncharacterized cells remains unknown,
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but could be due to decreases in oligodendrocytes and/or NG2 cells, as there is a significant
literature on the influence of perinatal infection on white matter damage in both humans and
animals (Dammann et al., 2002;Pang et al., 2003).

In order to assess whether neonatal infection–induced changes in neuronal and glial cell genesis
within the brain endure into adulthood, total cell numbers were assessed in adult animals
injected with saline. Despite large decreases in hippocampal neurogenesis/survival in early-
infected rats at P33, there were no group differences in overall neuronal numbers in this brain
region in adulthood (Table 1). In contrast, there were decreased total numbers of neurons within
the PFC of E. coli rats compared to controls, which interestingly was the only region we
assessed that did not show differences earlier in life. Thus, the developing brain is clearly
capable of normalizing acute infection-induced changes in cell number, likely via
compensatory mechanisms, as well as manifesting long-term changes that were not previously
apparent.

In order to assess the response to a subsequent inflammatory challenge in adulthood, rats treated
neonatally with E. coli or PBS were injected with either saline or LPS along with BrdU, and
brains were collected 2 h (proliferation) or 28 d (survival) later. Fig 7 illustrates that basal
neurogenesis (adult saline-injected) within the hippocampus did not differ by neonatal group.
This is in contrast to prenatal LPS injection of rat dams, which significantly reduces basal
neurogenesis in the adult offspring hippocampus, independent of any subsequent challenge
(Cui et al., 2009), as does neonatal viral infection with lymphocytic choriomeningitis (Sharma
et al., 2002). However, in response to adult LPS, there was a significant decrease in DG
neurogenesis (BrdU+ NeuN) in neonatally-infected rats, whereas control rats exhibited an
increase in neurogenesis in the same region (Fig 7B). It appears the infection produced a latent
or hidden change within the brain, which was only “unmasked” by a second immune challenge.
An emerging literature implicates inflammation as an important factor in neurogenesis within
the CNS (Das and Basu, 2008;Jakubs et al., 2008;Seguin et al., 2009); in general, mild
inflammation appears to stimulate neurogenesis, whereas more severe or prolonged
inflammation is inhibitory (Whitney et al., 2009). Thus, these data well reflect our previous
behavioral findings, in which memory disruption in early-infected rats is only observed in the
face of an adult immune challenge (Bilbo et al., 2006), and are consistent with the idea that
inflammation in the adult brain is exaggerated and/or prolonged as a result of early-life
infection. It appears that the neonatally-infected animals have responded to the low dose LPS
as if it is a much higher dose, which would be predicted to suppress neurogenesis in both groups.

Along with neurogenesis, a primary goal of this study was to characterize long-term changes
in microglial cell number, proliferation and survival in adulthood, changes which may underlie
differences in neurogenesis. There were significantly more microglia overall within the DG as
a consequence of early-life infection compared to controls (Table 1). This difference occurred
only in the DG, a region that did not exhibit differences in proliferation early in life (P6).
Similarly, there were no differences in CA1/CA3, despite large initial increases in proliferation
in these regions in early-infected rats. In response to LPS, there were surprisingly more newly
born microglia (BrdU+ Iba1) in the DG of control rats compared to early-infected rats. This
increase co-occurs with the increase in neurogenesis in the DG of controls, and raises the
intriguing possibility that microgliogenesis may contribute to neurogenesis in these animals.
This possibility remains speculation at this point, but there is increasing evidence that the
immune system, and microglia in particular, are important for normal, “homeostatic”
neurogenesis within the healthy brain (Ziv et al., 2006). For instance, microglia promote
neurogenesis in cultured neural progenitor cells (Walton et al., 2006), and voluntary exercise
markedly increases both microglial and neural genesis within the brains of mice (Ehninger and
Kempermann, 2003).
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Microglial activation during immune activation has been associated with both enhanced and
suppressed neurogenesis. For instance, chronic LPS-induced inflammation severely impairs
neurogenesis, and preventing microglial activation with minocycline, a specific inhibitor,
rescues the impairment (Ekdahl et al., 2003). In marked contrast, minocycline treatment
following stroke significantly impairs neurogenesis (Kim et al., 2009). Several glial-derived
cytokines and chemokines are pro-neurogenic; interferon- stimulates neuronal differentiation
(Wong et al., 2004), and chemokines such as monocyte-chemoattractant-protein (MCP)-1
influence both leukocyte and neural progenitor cell migration, a key step in inflammation-
induced neurogenesis (Widera et al., 2004). In contrast, IL-1 and IL-6 each promote
proliferation but decrease the survival of newborn neurons (Vallieres et al., 2002; Wang et al.,
2007). We assessed the survival of mature neurons only in this study, and so the initial
proliferative responses to both the E. coli infection and adult LPS challenges will need to be
characterized in future studies.

Although the mechanisms remain largely unknown, the “glial cell priming” hypothesis posits
that these cells have the capacity to become chronically sensitized by an inflammatory event
within the brain (Perry et al., 2003). We assessed whether glial priming may be a likely factor
in the current study by measuring the volume of each counted microglial cell within our
stereological analysis. The morphology of primed glial cells is similar to that of “activated”
cells (e.g. amoeboid, phagocytic), but primed glial cells do not chronically produce cytokines
and other pro-inflammatory mediators typical of cells in an activated state. There was a striking
increase in cell volume within the CA1 region of adult rats infected as neonates (Figs 2 and
8), the same region in which a marked increase in newborn glia was observed at P6. These data
are consistent with the hypothesis that an inflammatory environment early in life may prime
the surviving cells long-term, such that they over-respond to a second challenge, which we
have demonstrated at the mRNA level in previous studies (Bilbo et al., 2005a; Bilbo et al.,
2007; Bilbo and Schwarz, in press). It is unclear why this increase was only observed in CA1,
although a similar pattern was apparent in all hippocampal regions, as well as in the PFC (not
shown). It is also unclear why cell volumes increased so markedly from 2 h to 28 d in every
treatment group. BrdU may have activated microglia in all animals, a possibility that deserves
further investigation. Importantly, however, the difference in volume in CA1 (i.e., larger in E.
coli rats) remains consistent across time points. These data are of course a preliminary step -
future experiments will be needed to assess functional markers (e.g., CD68/ED1, MHCII), as
well as secreted factors (e.g., cytokine/chemokine production), and finally putative molecular
candidates underlying “priming”, and these are currently underway.

In summary, we have provided evidence that systemic infection with E. coli early in life has
significant, enduring consequences for brain development. These changes include marked
alterations in glia, both in number and in morphology, as well as influences on neurogenesis
and likely other cells (e.g., oligodendrocytes), in several brain regions important for cognition.
Altogether, these data support the hypothesis that glia underlie, at least in part, long-term
“perinatal programming” of later-life vulnerability to inflammatory challenge. Early-life
infection appears to sensitize the “inflammatory homeostat”, with significant long-term
implications for neurogenesis within the brain, cognitive function, and likely other outcomes.
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Figure 1.
Photomicrographs showing confocal images of BrdU labeling of different cell types. BrdU and
Iba1 staining in the P6 hippocampus, where significantly more Iba1 (green) is apparent in E.
coli (B) compared to PBS (A); Scale bar = 100 μm. BrdU colocalized with NeuN in the dentate
gyrus (C-E), Iba1 in the cortex (F-H) and GFAP in CA3 (I-K) indicating proliferation of
neurons, microglia, and astrocytes, respectively; Scale bar = 20 μm.
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Figure 2.
Photomicrographs showing immunohistochemistry for proliferating cells (BrdU), neurons
(NeuN), and microglia (Iba1). BrdU labeled cells in the DG 2 hr (A) and 28 days (B) after
BrdU injection. NeuN labeled cells in the DG (C) and in the PFC (D); Scale bar for A-D = 50
μm. Iba1 labeled cells in the adult hippocampus of a rat injected with saline (E) versus LPS
(F); Scale bar for E-F = 25 μm. Iba1 labeled cell in the adult CA1 of a rat treated neonatally
with PBS (G) versus E. coli (H); Scale bar for G-H = 10 μm.
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Figure 3.
E. coli infection on P4 increases microgliogenesis and decreases proliferation of non-microglial
cells in the hippocampus. Rats received injections of either E. coli or PBS vehicle on P4 and
BrdU on P4 and P5 and were killed on P6. E. coli infection produced increases in total
microglia, activated microglia, and proliferating microglia (BrdU + Iba1) and decreases in
proliferating non-microglial cells (BrdU only) in CA1 (A) and CA2 (B) but not DG (C). Values
are means ± SEMs of 9 to 11 rats/group. * Significantly different from PBS, p < .05. **
Significantly different from PBS, p < .01.
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Figure 4.
E. coli infection on P4 increases microgliogenesis and decreases proliferation of non-microglial
cells in the cortex. Rats received injections of either E. coli or PBS vehicle on P4 and BrdU on
P4 and P5 and were killed on P6. No group differences were observed in PFC (A). E. coli
infection produced increases in total microglia and proliferating microglia (BrdU + Iba1) and
decreases in proliferating non-microglial cells (BrdU only) in PAR (B). Values are means ±
SEMs of 9 to 11 rats/group. * Significantly different from PBS, p < .05.
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Figure 5.
E. coli infection on P4 decreases the survival of undifferentiated cells in CA1 (A), CA3 (B)
and DG (C). Rats received injections of either E. coli or PBS vehicle on P4 and BrdU on P4
and P5 and were killed on P33. E. coli infection produced decreases in neurogenesis (BrdU +
NeuN) and proliferation of undifferentiated cells (BrdU only) but produced no changes in
proliferating microglia (BrdU + Iba1) or astrocytes (BrdU + GFAP) at this time point. Values
are means ± SEMs of 7 to 8 rats/group. * Significantly different from PBS, p < .05. **
Significantly different from PBS, p < .01.
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Figure 6.
E. coli infection on P4 decreases the survival of undifferentiated cells in the cortex. Rats
received injections of either E. coli or PBS vehicle on P4 and BrdU on P4 and P5 and were
killed on P33. E. coli infection produced decreases in proliferation of undifferentiated cells
(BrdU only) in the PFC (A) but no significant differences in PAR (B). Values are means ±
SEMs of 7 to 8 rats/group. * Significantly different from PBS, p < .05
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Figure 7.
Immune challenge during adulthood decreases DG neurogenesis in rats treated neonatally with
E. coli but increases neurogenesis and microgliogenesis in control rats. Rats received injections
of either E. coli or PBS vehicle on P4 and BrdU on P4 and P5 and of either LPS or saline during
adulthood. BrdU was injected immediately after LPS or saline and rats were killed 28 days
later. In the DG, LPS injection during adulthood increased neurogenesis (BrdU + NeuN) in
rats treated neonatally with PBS but decreased it in rats treated neonatally with E. coli. LPS
during adulthood increased microgliogenesis (BrdU + Iba1) in rats treated neonatally with
PBS. Values are means ± SEMs of 7 to 8 rats/group. * Significantly different from PBS +
saline, p < .05. # Significantly different from E. coli + LPS, p < .05. @ Significantly different
from E. coli + saline, p < .05
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Figure 8.
Microglial cell volumes are increased in the CA1 of rats treated neonatally with E. coli. Rats
received injections of either E. coli or PBS vehicle on P4 and of either LPS or saline during
adulthood and were killed 28 days later. Microglial cell volumes were increased in rats
neonatally treated with E. coli. Values are means ± SEMs of 7 to 8 rats/group. * p < .05. ** p
< .01.
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