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Abstract

Neonatal infection has enduring effects on the brain, both at the cellular and behavioral levels. We

determined the effects of peripheral infection with Escherichia coli at postnatal day (P) 4 in rats

on a water maze task in adulthood, and assessed neuronal activation in the dentate gyrus (DG)

following the memory test. Rats were trained and tested on one of 3 distinct water maze task

paradigms: 1) minimal training (18 trials/ 3 days), 2) extended training (50 trials/ 10 days) or 3)

reversal training (extended training followed by 30 trials/ 3 days with a new platform location).

Following a 48HR memory test, brains were harvested to assess neuronal activation using activity-

regulated cytoskeleton-associated (Arc) protein in the DG. Following minimal training, rats

treated neonatally with E. coli had improved performance and paradoxically reduced Arc

expression during the memory test compared to control rats treated with PBS early in life.

However, neonatally-infected rats did not differ from control rats in behavior or neuronal

activation during the memory test following extended training. Furthermore, rats treated

neonatally with E. coli were significantly impaired during the 48HR memory test for a reversal

platform location, unlike controls. Specifically, whereas neonatally-infected rats were able to

acquire the new location at the same rate as controls, they spent significantly less time in the target

quadrant for the reversal platform during a memory test. However, neonatally-infected and control

rats had similar levels of Arc expression following the 48HR memory test for reversal. Together,

these data indicate that neonatal infection may improve the rate of acquisition on hippocampal-

dependent tasks while impairing flexibility on the same tasks; in addition, network activation in

the DG during learning may be predictive of future cognitive flexibility on a hippocampal-

dependent task.
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1. Introduction

Early-life experiences have significant and enduring effects on the health and normal

functioning of many organisms. The central nervous system (CNS) develops rapidly during

the perinatal period and, thus, is especially vulnerable to disruption. A growing body of

research suggests that immune activation during early life has lasting consequences for the

immune system, the CNS, and the communication between these two systems [1]. Notably,

adult hippocampal function is often especially vulnerable to disruption following immune

challenges during critical periods of development [2-6]. For instance, maternal immune

activation or neonatal immune challenge with a diverse number of pathogens and immune

activators (e.g., polyriboinosinic-polyribocytidylic acid (poly(I:C)), Escherichia coli,

lipopolysaccharide (LPS), human immunodeficiency virus (HIV)-1 and interleukin (IL)-6)

similarly disrupts spatial learning in adult male rats, suggesting convergence of immune

activation onto common plasticity mechanisms [7-12]. Our laboratory has extensively

characterized the lifelong effects of early-life infection with E. coli on hippocampal function

throughout the lifespan [13-17]. Previously, we have shown that in young adulthood

neonatally-infected male rats acquire a platform location more quickly than controls on a

Morris Water Maze task. Aged male rats that were treated with E. coli on P4, however, have

impaired memory for the platform location 24HR after testing [18]. We have also

demonstrated alterations at the cellular level in neonatally-infected rats. E. coli infection on

P4 significantly reduced proliferation of neurons in the CA1 and CA3 sub-regions of P6

pups and reduced the maturation and integration of neurons in the CA1, CA3 and dentate

gyrus (DG) regions of P33 rats [19]. Nevertheless, our previous work has not examined the

effects of E. coli infection on hippocampal neuronal networks. The persistent changes in

neurogenesis following early-life infection may be indirect evidence that hippocampal

circuitry is enduringly altered in these rats.

Neuronal activation during behavioral tasks can be measured in a variety of ways.

Immediate early gene (IEG; e.g. Arc/Arg 3.1, Zif268, cFos) expression is a non-invasive

technique for measuring cellular activation in the brain. Protein expression of IEGs has a

well-defined time course; thus, assessing protein expression at specific times following

behavior reveals the populations of neurons that were activated during a given behavioral

task [20-25]. The intracellular kinetics of activity-regulated cytoskeleton-associated (Arc)

mRNA and protein are well-characterized [21, 26-27] and extensive work on Arc at both the

mRNA and protein levels demonstrates a significant role for its activity-dependent

transcription and translation as a mechanism for synapse-specific plasticity [for reviews, see

28, and 29]. Inhibiting Arc protein expression impairs long-term potentiation (LTP) and

memory consolidation [30]. Thus, we characterized Arc protein in this study as both a time-

sensitive readout of neuronal activation and a representation of possible plasticity during a

learning and memory task.

In light of the growing literature on enduring cognitive changes following perinatal infection

or inflammation, this study examines the effects of bacterial infection on spatial learning

and, indirectly, its underlying neural correlates. We assessed the impact of neonatal E. coli

infection on water maze acquisition and memory in adulthood, and measured Arc expression

following the memory probe to examine hippocampal activation patterns in rats exposed to
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bacterial infection early in life, along with age-matched controls. Based on the acquisition

and memory behavior that we observed and the potential for neonatal infection to alter many

brain regions and not solely the hippocampus, we then examined reversal learning

acquisition and memory on the water maze task to assess cognitive flexibility in our

neonatally-infected rats.

2. Material and Methods

Specific animal, apparatus and procedural details appear below in the General Methods

section.

2.1. Experiment 1

The goal of this experiment was to test the effects of neonatal infection on a challenging

paradigm of minimal training on the Morris Water maze (MWM) task in adulthood. We

trained the rats with limited, minimal exposure to the apparatus and, thus, increased the

difficulty of the task compared to training over a greater number of days or with more trials

per day. We trained neonatally-infected and control rats for 3 days, 6 trials per day, to assess

memory for a platform location after training. On the third day, half of the trained animals

(n=36) were tested on a memory probe trial 2HR following their final training trial. The

other half of the group (n=36) was tested on the probe trial 48HR following their last

training trial. One hour after their respective probe trials, rats were taken for euthanasia. In

addition to the trained rats, we assessed the effect of a single experience in the MWM on

Arc expression in the DG, compared to expression after repeated experiences during training

and testing. These rats were given a single 60s trial in the pool without a submerged

platform. One hour after their single trial, rats were taken for euthanasia.

2.2. Experiment 2

Based on our findings in Experiment 1, we assessed memory performance following

extended training on the MWM task, increasing both trials per day and number of days of

training. Rats received 5 days of 10 trials per day during training. One hour after a 48HR

probe trial (60s), rats were euthanized and brains were collected. We assessed a separate

group of rats that was “yoked” by latency to the trained rats to examine the importance of

learning on neuronal activation in the DG during a hippocampal-dependent task. Yoked rats

were treatment- and latency-matched to rats from the Extensive Training group. All yoked

trials were conducted without a submerged platform, allowing for a similar experience in the

environment without the act of learning. One hour after a memory probe trial (60s trial

48HR after last training trial), rats were euthanized and brains were collected.

2.3. Experiment 3

We next assessed cognitive flexibility with a reversal task paradigm on the MWM. Once rats

were trained to the first platform location (5 days X 10 trials per day, as in Experiment 2)

and tested on memory probe trials, the platform was moved to another location in the

opposite quadrant (SE) of the pool. Rats were trained for 3 days of 10 trials per day on the

new platform location until they reached criterion (less than 10s average escape latency).

They were tested 48HR after the last trial for memory for the reversal platform location.
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Rats were taken 1 hour after the 48HR probe trial for brain collection. The reversal task was

assessed in 2 separate groups of rats (total n =16) and their data for acquisition, reversal and

the 48HR probe trial for the reversal platform location were pooled.

2.4. General Methods

2.4.1. Animals—Adult male and female Sprague-Dawley rats were obtained from Harlan

(Indianapolis, IN) and were pair housed for breeding after a week of acclimation to the

facility. Female breeders were visually examined daily for confirmation of pregnancy, and

male breeders were removed from cages prior to the birth of pups (P0). All rats were housed

in individually ventilated polypropylene cages with ad libitum access to food and filtered

water. The colony was maintained at 22°C on a 12:12h light:dark cycle (lights on at 0700 h).

Sentinel animals were housed in the colony room and screened periodically for the presence

of common rodent diseases; all screens were negative. All experiments were conducted with

protocols approved by the Duke University Institutional Animal Care and Use Committee.

2.4.2. Neonatal Manipulations and Bacterial Cultures—All litters were culled on P4

to a maximum of 10 pups/litter, retaining 2 female and as many male pups as possible. The

females were retained to prevent single sex litters, but all female pups were euthanized at

weaning (P21). All litters were born within 1 week of each other, and all studies were

limited to males, limiting the conclusions about the data to males alone. Escherichia coli

culture (ATCC 15746; American Type Culture Collection, Manassas, VA) vial contents

were hydrated and grown overnight in 30ml of brain-heart infusion (BHI; Difco Labs,

Detroit, MI) at 37°C. Cultures were aliquoted into 1ml stock vials supplemented with 10%

glycerol and frozen at -20°C. One day before injections, a stock culture was thawed and

incubated overnight in 40ml 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 4000rpm, 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, 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 of possible cross-contamination from E. coli. All injections were

given between 1300 and 1430h. To control for possible litter effects, a maximum of 2 pups

per litter were assigned to a single experimental group. Pups were weaned on P21 into

sibling pairs and remained undisturbed until adulthood. In adulthood, all male rats were

trained and tested between ages P60 and P90 on the behavioral task.

2.4.3. Behavior

2.4.3.1. Apparatus: The water maze task consisted of a black circular pool approximately

1.8m in diameter and filled with room temperature water. A circular platform 15.5cm in

diameter was submerged 2cm below the surface of the water in the center of one of the pool

quadrants, and the water was clouded by black non-toxic water-based tempera paint to

Williamson and Bilbo Page 4

Physiol Behav. Author manuscript; available in PMC 2015 April 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



obscure the platform location. The pool was located in a well-lit room (approximately 5.8m

× 2.6m in dimension) with salient extra-maze cues, such as a table with a computer, large

black stripes adhered to two walls, shelving that contained large objects and the

experimenter who sat in a chair near the computer.

2.4.3.2. Water Maze Training and Testing: For three days prior to behavioral testing, all

rats were weighed and handled for approximately 60 seconds each per day. Testing was

conducted over several days, depending on the training paradigm. On the first day, rats were

habituated to the pool and the platform. On the following days, rats were trained for 6 to 10

trials per day to find the platform in the pool in a constant location (center of NW quadrant).

On each training trial, the rat started at a random start location (N, S, E, W, SE, SW, NE)

and was allowed to swim until climbing onto the escape platform or until 60 s had elapsed,

at which point it was guided to the platform. After 15 s on the platform, the rat was dried

with a towel and placed in a holding cage for a 5-min inter-trial interval. After the final

training day, rats were given a memory probe test either 2HR or 48HR after the final trial,

depending on the paradigm. For the probe trial, the platform was removed from the pool and

the rats swam for 60s. One hour after their respective probe trials, rats were taken for

euthanasia.

Memory probe tests are reported as difference scores, calculated by assessing the time spent

in the Target quadrant (previously containing the platform) and subtracting the time spent in

the quadrant with the next highest value. If the rat spent more time in the Target quadrant

than any other quadrant, the difference score is positive. If the rat spent more time in a

quadrant other than the Target, the difference score is negative. Each group's score is an

average of all the difference scores from the rats in the treatment group. The difference score

is a conservative measure of performance in the MWM test, as it requires animals to be both

accurate and precise in their identification of the target quadrant.

2.4.3.3. Tissue Harvest: Rats were deeply anesthetized with ketamine-xylazine cocktail and

transcardially perfused with 0.9% saline followed by 4% paraformaldehyde in 0.1M PBS.

Brains were post-fixed for 24h in 4% paraformaldehyde in 0.1M PBS and cryoprotected in

30% sucrose for at least 3 days and then quickly frozen in -30°C isopentane. 40-μm coronal

sections were cut through the dorsal and ventral hippocampus in a -20°C cryostat using the

atlas of Paxinos and Watson [31] as a guide. Sections were stored at 4°C in cryoprotectant

until immunohistochemistry was performed.

2.4.4. Immunohistochemistry

2.4.4.1. Fluorescence Staining: In Experiment 1, we examined Arc protein expression in

one series of brain slices and NeuN (neuronal nuclei) protein in another series double-

labeled with a cell proliferation marker not assessed here. Free-floating sections were first

rinsed for 3×5 min in 0.01M phosphate buffered saline (PBS) and also rinsed before each

subsequent step, except between the blocking and primary antibody steps. Next, sections

were washed in 50% methanol for 30 min. Sections were then blocked for another 30 min in

5% normal goat serum and 0.3% Triton-X to block and permeabilize, respectively, in PBS

(blocking buffer). Sections were then incubated overnight at room temperature in Arc
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primary antibody (1:1000, rabbit polyclonal, Wako Pure Chemical Industries, Ltd., Osaka,

Japan) or NeuN primary antibody (1:500, mouse monoclonal, Chemicon International,

Temecula, CA USA) in blocking buffer. The following day, sections were incubated for 2 h

at room temperature in a solution of goat anti-rabbit antibody bound to AlexaFluor 568

(Arc) or goat anti-mouse antibody bound to AlexaFluor 488 (NeuN) (both 1:200, Invitrogen,

Grand Island, NY, USA) in blocking buffer. After PBS washes, sections were mounted on

gel-coated slides and coverslipped with Vectashield (Vector Laboratories, Burlingame, CA).

Coverslips were adhered to the slides using nail polish.

2.4.4.2. Diaminobenzidine (DAB) Staining: In Experiments 2 and 3, we did not perform

double-label staining. Thus, we performed immunohistochemistry with a chromogen

appropriate for a light microscope (DAB) for all subsequent experiments. Free-floating

sections were first rinsed for 3×5 min in 0.01M phosphate buffered saline (PBS) and also

rinsed before each subsequent step, except between the blocking and primary antibody steps.

Next, sections were washed in 50% methanol for 30 min. Sections were then quenched in

0.6% hydrogen peroxide for 30 min and then blocked for another 30 min in 5% normal goat

serum and 0.3% Triton-X to block and permeabilize, respectively, in PBS (blocking buffer).

Sections were then incubated overnight at room temperature in Arc primary antibody

(1:1000, rabbit polyclonal, Wako Pure Chemical Industries, Ltd., Osaka, Japan) in blocking

buffer. The following day, sections were incubated for 2 h at room temperature in a solution

of biotinylated goat anti-rabbit secondary antibody (1:200, Vector Laboratories, Burlingame,

CA USA) in blocking buffer. The Avidin-Biotin Complex (ABC) method was used to bind a

complex of streptavidinbiotin peroxidase to the secondary antibody (1 h incubation), which

was then developed with diaminobenzidine (DAB, Vector Laboratories, Burlingame, CA,

USA) for 15-45 min to produce a colorimetric stain. Sections were mounted on gel-coated

slides, dehydrated and coverslipped with Permount.

2.4.5. Cell Quantification—Fluorescent images were visualized using a Zeiss 510

Metaseries inverted laser scanning confocal microscope (representative images shown in

Figure 5A and 5B). Slices were continuously scanned from top to bottom (approximately

20μm) exhaustively at 40X through the DG and at two sites (250μm × 250μm) in the CA1 to

count Arc-positive cells. Five sections were counted for each rat and each section was at

least 200 micrometers from the previously counted section. The counts from each individual

section were combined to create a single Arc-positive cell count value per rat.

DAB-developed images were visualized with a light microscope (representative images

shown in Figure 5C and 5 D). Quantification of Arc-positive cells in the granule cell layer of

the dentate gyrus in the hippocampus was performed using a Nikon Eclipse 80i microscope

on a Dell PC running StereoInvestigator software (MBF Bioscience, Inc., Williston, VT,

USA). The boundaries of the dentate gyrus were traced using this software at a

magnification of 10X and Arc-positive cells in the region of interest were counted at 40X.

Five sections were counted for each rat and each section was at least 200 micrometers from

the previously counted section. The counts from each individual section were combined to

create a single Arc-positive cell count value per rat.

Williamson and Bilbo Page 6

Physiol Behav. Author manuscript; available in PMC 2015 April 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



2.4.6. Statistical Analyses—Behavioral training was analyzed with a repeated-measures

two-way ANOVA to analyze latencies in the water maze between treatment groups over

several days of training. Memory probe tests and cell counts were analyzed with t-tests,

comparing PBS and E. coli groups. F and t values for each analysis are reported in the

Results section.

3. Results

3.1 Experiment 1

3.1.1. Neonatal treatment did not affect platform acquisition on the MWM
during minimal training. However, neonatally-infected rats performed better
than controls during a 48HR memory test—Minimal training on the MWM tested the

effects of neonatal infection on a challenging spatial navigation task. Both neonatally-

infected and control rats acquired the platform location during minimal MWM training at

the same rate and improved over days of training (F(1,76)=91.3, p<0.001) (Figure 1A). Both

groups performed equally well at the 2HR memory probe test (t(38)= −1.28, p=0.207) (data

not shown), but neonatally-infected rats had significantly better memory at the 48HR probe

(t(30)= −4.83, p=0.026) (Figure 1B).

3.1.2. Neonatally-infected rats had significantly less Arc activation in the DG
during the 48HR probe following minimal training—During the 48HR memory

probe test after minimal training, neonatally-infected rats had significantly fewer Arc-

positive cells in the DG compared to controls (t(29)=2.47, p=0.020) (Figure 1C). During the

2HR memory probe test after minimal training, there were no significant differences in Arc

expression between groups (t(37)=1.79, p=0.082; data not shown). In the CA1 region, both

groups had equal Arc activation (t(29)=0.394, p=0.696; data not shown). Both groups had

equal numbers of Arc-positive cells during a single trial (SWIM; t(25)=−0.32, p=0.75) and

had greater Arc expression overall compared to rats that had been trained on the task (Figure

1D). All Arc-positive cells counted in this experiment were also NeuN-positive (data not

shown), confirming Arc expression only in mature neurons.

3.2. Experiment 2

3.2.1. Neonatal treatment did not affect acquisition of a platform location on
the MWM during extended training. Both treatment groups performed equally
on a 48HR memory test—Extensive training improved acquisition latency and memory

for the platform. Neonatally-infected and control rats acquired the platform location during

extended training at the same rate and improved over days of training (F(1,56)=31.0,

p<0.001) (Figure 2A). Both groups of rats performed equally well at the 48HR memory

probe test (t(46)= 1.64, p=0.619) (Figure 2B).

3.2.2. Both controls and neonatally-infected rats had similar levels of Arc
activation in the DG during the 48HR probe following extended training—Both

groups also had equal Arc-positive cells in the DG during the 48HR memory test following

extended training (t(14)=−0.781, p=0.448) (Figure 2C) and the rats that were yoked to the

extended training rats also showed equal Arc-positive cells in the DG (t(14)=−0.44, p=0.67)
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(Figure 2D). Interestingly, in contrast to minimal training (Exp. 1), overall Arc expression in

yoked rats did not differ between the trained and yoked groups (Figure 2, Panels C and D).

3.3. Experiment 3

3.3.1. Neonatal treatment did not affect platform location acquisition on
extended training to one platform location (NW) or a subsequent reversal
platform location (SE)—Reversal training after extensive training tested cognitive

flexibility. Both groups acquired the platform location during the MWM training to both the

original and reversal platform locations and improved over 5 and 3 days of training,

respectively (F(4,159)=142.4, p<0.001 and F(2,95)=140.0, p<0.001, respectively) (Figure 3A).

3.3.2. Both groups performed equally well on memory tests to the original
platform location, but neonatally-infected rats demonstrated a memory
impairment for the reversal platform location—For the original platform location

(NW), both groups of rats performed equally well at the 48HR memory probe test (t(13)=

0.78, p=0.451) (Figure 3B, 48HR Platform A). Each group also performed equally on the 7

day memory probe test (t(13)=0.33, p=0.745) (Figure 3B, 7 Day Platform A). However, the

neonatally-infected rats had significantly impaired memory for the reversal platform

location during the 48HR probe (t(28)=2.98, p=0.006) (Fig 3B, 48HR Platform B).

3.3.3. Both treatment groups had similar Arc activation in the DG after the
48HR memory probe on the reversal platform location—Both groups had equal

counts of Arc-positive cells in the DG during the 48HR memory test for the reversal

platform (t(14)=−0.259, p=0.8) (Figure 4).

4. Discussion

We assessed the impact of neonatal infection on spatial learning and memory in adulthood,

based on the growing evidence suggesting that early-life immune activation permanently

alters the function of the hippocampus. Following minimal training, neonatally-infected

adult rats acquired a place memory for the water maze platform more efficiently than

controls, whereas no group differences in acquisition or memory probe performance were

observed following extensive training. However, even after extensive training on the

reversal task, neonatally-infected rats were markedly impaired on the 48HR memory test for

the reversal platform. Finally, neuronal activation assessed using Arc protein was

paradoxically reduced in neonatally-infected rats in response to the minimally-trained

platform memory probe, during which performance was enhanced in this group, suggesting

Arc expression within the DG may correlate with accuracy on certain cognitive tasks and

perhaps predict flexibility on future performance.

The mRNA and protein level expressions of Arc have been analyzed in detail in the CA1

and CA3 regions of the hippocampus during spatial exploration tasks [30, 32-36]. Arc

activation in the CA1 and CA3 is highly correlated with place cell firing in the same regions

during the same behavioral tasks [21, 32, 37], and Arc expression has become a valid

correlate of cell activation in place of prior invasive in vivo studies or in vitro studies of the

CA1 or CA3. In the DG, however, Arc expression has only recently been explored. Arc

Williamson and Bilbo Page 8

Physiol Behav. Author manuscript; available in PMC 2015 April 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



expression in the DG identified newborn neurons that had matured and were capable of

activation [38-39]. In another study, Arc mRNA and protein expression following two

exploration bouts did not result in clear network activation in the DG [36]. Recent work by

the same group showed that renewed or continuous transcription within the same population

of DG granule cells is responsible for sustained Arc expression up to 8H after an exploratory

event [40]. Our study is one of the first to examine Arc expression in the DG after a complex

hippocampal-dependent task, assessing its correlation with memory retrieval after minimal

and extensive water maze training paradigms.

Significantly reduced Arc expression in the DG coupled with improved memory in the

neonatally-infected rats after minimal training was initially surprising. However, recent

evidence demonstrates that irradiated mice with reduced neurogenesis have increased Arc

expression in the DG during impaired performance on a hippocampal-dependent task (e.g.

active place avoidance) [41], similar to our PBS controls. Another recent study observed

sustained Arc mRNA expression in the DG for hours following exploration and suggested

BDNF release as a mechanism for this continuous expression [40]. We have previously

reported that neonatally-infected rats have reduced hippocampal BDNF at baseline and

following fear conditioning in adulthood [42]; thus, enduring changes in BDNF signaling

may contribute to altered Arc expression in the DG of neonatally-infected rats in response to

initial spatial learning. Reduced Arc expression during a challenging task, such as the

memory test following minimal MWM training, may be correlated to increased accuracy on

hippocampal-dependent tasks. The minimally trained accuracy seen in the neonatally-

infected rats may, however, interfere with memory flexibility on the reversal task.

Alterations in neuronal circuitry may not be the primary cause for the memory differences

we have observed between control and neonatally-infected rats. The MWM task is known to

activate the hypothalamic-pituitary-adrenal (HPA) axis and to increase plasma

corticosterone (CORT) levels [43]. While we did not measure CORT during or after the

MWM task, we have shown that neonatally-infected rats have attenuated serum CORT

levels following stressors (e.g., inescapable tail shock or restraint stress), but are not

different from controls at baseline [44]. It is possible that attenuated CORT levels during the

acquisition of the task could have contributed to improved performance after minimal

training or altered neuronal activation in the DG, but we are unable to test CORT levels in

the experiments described here. In addition to changes in CORT responses, neonatally-

infected rats demonstrate increased microglial reactivity within the hippocampus following

fear conditioning [17]. Fear conditioning causes increased microglial reactivity after a single

trial, but we have not examined microglial markers or inflammatory cytokines following

several days of water maze training. Alterations in microglial signaling could underlie the

changes in neuronal activation we observed in the hippocampi of these rats during memory

testing. In addition to changes in microglia, there may be changes at the receptor level on

neurons (e.g., composition of NMDA receptor subunits on granule cells in the DG) that we

are unable to measure here, but we have measured Arc protein in an attempt to assess

potential differences at the level of hippocampal circuitry in the neonatally-infected rats.

Neonatal treatment had no effect on 48HR probe performance or DG Arc expression in

extensively trained rats that were trained to only one platform location. To our surprise, the
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improved performance by neonatally-infected rats did not hold during the 48HR probe test

for the reversal platform location. As we have seen previously, cognitive deficits in the

neonatally-infected rats are often revealed following a second challenge in adulthood,

including aging [18] and endotoxin exposure[13-14, 16-17]. The cognitive challenge of

reversal learning may have provided a similar “unmasking”. The neonatally-infected rats

had significantly worse memory performance than controls on the behavioral task, but both

groups had similar Arc-positive cells in the DG. The similarity in Arc expression may be the

result of many trials of exposure to the same environment; indeed, as we observed, both

minimal and extensive training on the task resulted in lower induced Arc expression on

average compared to rats that experience a single trial (SWIM). The equivalent protein

expression between neonatal treatment groups in response to reversal memory testing could

also be reflective of well-strengthened synapses that do not require the particular cellular

mechanisms that Arc provides to maintain LTP or synaptic strength, especially after many

exposures to the same environment. Rats in Experiment 2 that were “yoked” by trial

latencies to extensively trained rats had similar Arc expression in the DG compared to rats

that learned, even without a platform as a goal. Thus, after many trials, the act of learning

does not appear to mediate DG Arc expression further and the neural networks of the DG no

longer correlate with behavior on spatial learning tasks.

The lack of differences in Arc expression in DG after reversal memory testing may be

because the alterations in signaling occur in other brain regions, such as prefrontal cortex

and striatum, that are required for reversal task learning and memory. The hippocampus is

critical for spatial learning, but the orbitofrontal region of the prefrontal cortex (PFC) has

been implicated in reversal learning [45-47]. Furthermore, lesions of the medial prefrontal

cortex impair reversal platform location acquisition on a water maze task [48]. In another

water maze study, lesions of the medial striatum in adult rats significantly impaired

acquisition and memory on a reversal task [49]. We can explore the possibilities of neural

signaling changes in these regions in future studies.

Future studies can also examine the specific effects of our neonatal infection model on these

neural substrates. Others have shown that cortical circuitry is altered by prenatal and

neonatal infection, including studies demonstrating that inflammatory signaling molecules

inhibit dendrite development in cortical neurons in vitro [50] and apoptosis occurs in the

prefrontal cortex, cerebellum and dentate gyrus for several weeks post-inoculation with

Bornavirus [51]. Infection with an AIDS-like murine virus (LP-BM5) impaired reversal

acquisition on the water maze as well [52], indicating that altered immune signaling within

the brain may underlie deficits on the reversal task.

As we and others have shown, perinatal infection alters spatial learning in adulthood [e.g., 8,

10, 12] and may alter the underlying neural circuitry for spatial learning, but this hypothesis

remains to be fully explored. In the hippocampus, a critical neural substrate for spatial

learning, immune signaling molecules, such as cytokines and chemokines, have been

implicated in synaptic formation and transmission [for review, see 53], offering a potential

mechanism by which perinatal infection may have its effects on normal neural and synaptic

function. Immune molecules are increasingly implicated in normal neural communication

and any enduring changes in the hippocampal neural connectivity in neonatally-infected rats
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may underlie their distinct spatial learning behavior. While many of the cellular and

molecular effects of neonatal infection remain to be elucidated, it seems that hippocampal

function, especially on spatial learning tasks, is reliably altered by early-life immune

activation. The examination of changes in neural circuitry are beginning to shed more light

on the influence of the immune system within the nervous system and its effects on normal

learning and memory, and the neonatal infection model provides a foundation with which

we can explore the critical homeostatic functions for neuroimmune interactions in cognitive

function. The enduring effects of such an infection demonstrate that cognitive disabilities

and disruptions may have their origins in the brain's earliest days and the assessment of such

difficulties must evaluate the entire lifespan to elucidate underlying causes.
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Highlights

• Neonatal infection increases memory accuracy on a challenging water maze

task.

• Memory is impaired in neonatally infected rats on a reversal water maze task.

• Arc expression in the dentate gyrus correlates with memory during the

challenging task.
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Figure 1. Neonatally-infected rats have better memory and decreased neuronal activation in the DG following minimal training
A) Both groups of adult rats (PBS- vs. E. coli-treated on P4) acquired the platform location on the water maze task equally well

with minimal training (F(1,76)=91.3, p<0.001). B) Neonatally-infected rats had significantly better performance on the memory

probe at 48HR (t(30)= −1.90, p=0.067). C) Arc protein in the DG of neonatally-infected rats was significantly lower at the 48HR

probe than in PBS-treated control rats (t(29)=2.47, p=0.020). There were no differences in Arc protein expression in the CA1

(not shown). D) After a single trial (SWIM), both treatment groups had equal Arc expression in the DG (t(25)=−0.32, p=0.75)

and greater average expression compared to trained rats.
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Figure 2. All rats exhibit similar acquisition, memory and neuronal activation following extensive training
A) Both neonatally-infected rats and controls acquired the platform location at the same rat during extensive training (5 days of

training with 10 trials per day) (F(1,56)=31.0, p<0.001). B) When tested 48HR after their last training trial, both groups

performed equally on the probe test (t(14)= 1.08, p=0.298). C) When the brains of the trained rats were assessed, both groups had

similar numbers of Arc-positive cells in the DG (t(14)=−0.781, p=0.448). D) The “yoked” rats that matched the trained rats in

latency in the pool had similar Arc-positive cell counts in the DG, regardless of neonatal treatment (t(14)=−0.44, p=0.67).
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Figure 3. Neonatally-infected rats are significantly impaired on a reversal task, despite acquisition of both the original and reversal
platform locations comparable to controls

A) Both neonatal treatment groups acquired the platform at the same rate during the 5 days of extensive training (F(4,159)=142.4,

p<0.001) and the 3 days of reversal training (F(2,95)=140.0, p<0.001). B) Controls and neonatally-infected rats performed

similarly on the 48HR (t(13)= 0.78, p=0.451) and 7 Day (t(13)=0.33, p=0.745) memory probe tests for the original platform. After

reversal training, however, neonatally-infected rats had an impaired memory for the reversal platform location (t(28)=2.98,

p=0.006).
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Figure 4. Neuronal activation does not differ between treatment groups at the 48HR reversal probe
In spite of a behavioral difference in which neonatally-infected rats performed worse on the probe test, both groups had equal

numbers of Arc-positive cells in the DG during that probe (t(14)=−0.259, p=0.8).
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Figure 5. Representative images from immunohistochemical staining
Each image shows the dentate gyrus in one hemisphere at 10X magnification. The scale bars indicate 100 μm and the arrows

indicate representative Arc+ cells. (A) DG from a minimally trained control rat after the 48HR probe. (B) DG from a minimally

trained neonatally-infected rat after the 48HR probe. (C) DG from an extensively trained control rat after the 48HR probe. (D)

DG from an extensively trained neonatally-infected rat after the 48HR probe.
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