
doi:10.1152/ajpendo.00516.2010
 300:E11-E18, 2011. First published 2 November 2010;Am J Physiol Endocrinol Metab

S. J. Spencer, M. A. Galic and Q. J. Pittman
Neonatal programming of innate immune function

You might find this additional info useful...

86 articles, 27 of which can be accessed free at:This article cites 
 http://ajpendo.physiology.org/content/300/1/E11.full.html#ref-list-1

including high resolution figures, can be found at:Updated information and services 
 http://ajpendo.physiology.org/content/300/1/E11.full.html

 can be found at:AJP - Endocrinology and Metabolismabout Additional material and information 
http://www.the-aps.org/publications/ajpendo

This infomation is current as of January 2, 2011.
 

http://www.the-aps.org/.
20814-3991. Copyright © 2011 by the American Physiological Society. ISSN: 0193-1849, ESSN: 1522-1555. Visit our website at
organization. It is published 12 times a year (monthly) by the American Physiological Society, 9650 Rockville Pike, Bethesda MD 

 publishes results of original studies about endocrine and metabolic systems on any level ofAJP - Endocrinology and Metabolism

 on January 2, 2011
ajpendo.physiology.org

D
ow

nloaded from
 

http://ajpendo.physiology.org/content/300/1/E11.full.html#ref-list-1
http://ajpendo.physiology.org/content/300/1/E11.full.html
http://ajpendo.physiology.org/


Neonatal programming of innate immune function

S. J. Spencer,1 M. A. Galic,2 and Q. J. Pittman2

1Department of Physiology, Faculty of Medicine, Monash University, Melbourne, Victoria, Australia; and 2Hotchkiss Brain
Institute and Institute of Infection, Immunity and Inflammation, Department of Physiology and Biophysics, Faculty of
Medicine, University of Calgary, Calgary, Alberta, Canada

Submitted 3 September 2010; accepted in final form 26 October 2010

Spencer SJ, Galic MA, Pittman QJ. Neonatal programming of innate immune
function. Am J Physiol Endocrinol Metab 300: E11–E18, 2011. First published
November 2, 2010; doi:10.1152/ajpendo.00516.2010.—The early life environment
can be crucial in influencing the development of an animal’s long-term physiology.
There is now much evidence to suggest that perinatal challenges to an animal’s
immune system will result in changes in adult rat behavior, physiology, and
molecular pathways following a single inflammatory event during development
caused by the bacterial endotoxin lipopolysaccharide (LPS). In particular, it is now
apparent that neonatal LPS administration can influence the adult neuroimmune
response to a second LPS challenge through hypothalamic-pituitary-adrenal axis
modifications, some of which are caused by alterations in peripheral prostaglandin
synthesis. These pronounced changes are accompanied by a variety of alterations in
a number of disparate aspects of endocrine physiology, with significant implica-
tions for the health and well-being of the adult animal. In this review, we discuss
the newly elucidated mechanisms by which neonatal immune challenge can
permanently alter an animal’s endocrine and metabolic physiology and the impli-
cations this has for various disease states.

lipopolysaccharide; fever; hypothalamic-pituitary-adrenal axis

Early Life Events Program Physiology Long Term

EARLY LIFE EVENTS can have significant long-term effects on
an animal’s physiology. In humans, an adverse early life
experience such as emotional neglect can lead to an increased
likelihood of the individual developing anxiety, depression,
chronic illness, even drug addiction, in later life (15, 32, 39,
54). Similar findings have been demonstrated in primate mod-
els, with parental or social deprivation during the neonatal
period producing socially maladjusted, timid, depressed adults
that have alterations in neuroimmune and hypothalamic-pitu-
itary-adrenal (HPA) axis function (32, 75). In rodents, too, an
experience as subtle as a brief period of handling or withdrawal
of maternal attention can have pronounced effects on physiol-
ogy and behavior throughout the life of the animal. For in-
stance, seminal work by Meaney and colleagues has revealed
that parenting style, categorized by high- vs. low-intensity
nursing and grooming, can program anxiety levels and respon-
siveness of the HPA axis in the offspring. Thus, rats nursed by
dams that impart low-intensity nursing/grooming have exacer-
bated HPA axis responses to stress (19, 53). They also have
alterations in other functions, ranging from their ability to
perform cognitive tasks (52) to sexual behavior (17).

Early life events other than social and maternal contact can
also have an impact upon the animal’s physiology long term.
For instance, neonatal overfeeding can lead to obesity in
adulthood coupled with changes to anxiety and HPA axis

responses to stress (84). Also, a painful inflammatory event
experienced at critical time points during development alters
perception of a painful stimulus in later life (4). Clearly, the
early postnatal developmental period is important in program-
ming adult physiology.

One of the more common types of physical stimulus encoun-
tered during childhood is an infection, or challenge to the
immune system. The question therefore arises: how does a
challenge to the immune system, encountered during develop-
ment, alter immune function in the long term? It is now well
accepted that a neuroimmune challenge in the form of a
bacterial or viral infection can permanently alter some aspects
of the innate immune response (30). In this review, we discuss
the mechanisms by which this occurs, how these mechanisms
differ from those of other programming events like maternal
attention, and some of the long-term consequences of this
altered immune function.

The Immune Response

In responding to an immune challenge, the body employs
two major strategies, the acquired and the innate immune
responses. Whereas the acquired immune response is specifi-
cally targeted to particular previously encountered antigens,
reviewed in Ref. 28, the innate immune response functions to
recognize more generalized and conserved microbial patterns
and responds by initiating a rapid nonspecific immune cascade,
culminating in fever and sickness behaviors that combat the
pathogen. This review focuses on the changes in the innate
immune response after neonatal interventions.

Briefly, when an immune stimulus is encountered, it is
recognized by pathogen-associated molecular pattern recogni-
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tion receptors, called Toll-like receptors (TLR), that are found
on several cell types, including monocytes, macrophages, and
adipocytes. A bacterial infection, such as is mimicked by the
application of lipopolysaccharide (LPS), the pyrogenic moiety
of the outer membrane of the Gram-negative bacterial cell
wall, activates TLR4 (27, 45). This activation of TLR4 initiates
a complement cascade contributing to the initiation of the
febrile response and local release of prostaglandin (PG)E2 from
the liver that acts on the vagus to signal the brain (9, 20),
causing an initial elevation in glucocorticoids (35, 68). Subse-
quently, a number of phosphorylation steps are activated,
leading to the phosphorylation of inhibitory (I)�B, which
releases nuclear factor (NF)-�B from its complex (24). This
NF-�B is then translocated to the nucleus, where it initiates
transcription of proinflammatory cytokines such as interleukin
(IL)-1�, IL-6, and tumor necrosis factor (TNF)�, as well as
anti-inflammatory cytokines such as IL-1 receptor antagonist
and IL-10 (18, 20). Cytokines are released into the blood
stream and stimulate cyclooxygenase (COX)-2, the rate-limit-
ing enzyme in the conversion of arachidonic acid to PGE2.
PGE2 acts in the brain, principally in the vascular organ of the
lamina terminalis and in the ventromedial preoptic area of the
anterior hypothalamus, to stimulate heat conservation via cu-
taneous vasoconstriction and reduction of sweating or panting,
and heat production via increases in brown adipose tissue
metabolism (60), the end result of which is fever (Fig. 1).
Additional activation of the HPA axis also helps to control the
magnitude of the inflammation.

Concurrent with the development of fever, a variety of
sickness behaviors occur that are manifested as withdrawal of
social interactions, anhedonia, and anorexia (21). These asso-
ciated functions are thought to be activated following the
synthesis and action of additional cytokines within the brain
and action of other mediators such as leptin (21, 69).

The development of fever appears to be important for
survival. When animals are prevented from developing a fever,
they are more likely to have higher pathogen loads and are
more likely to die (38, 49). Fever probably increases our
survival ability by altering the body temperature enough that it
is suboptimal for bacterial and viral proliferation and survival
(43). It also enhances existing host defense mechanisms such
as phagocytosis of pathogens by neutrophils (38). Activation of
the innate immune response is followed by an acquired im-
mune response wherein antibodies are raised against invading
pathogens (28). In the aftermath of an infection, there is often
a period when the organism is refractory and therefore less
responsive to a subsequent immune challenge, a phenomenon
known as “tolerance” (8). However, there are not thought to be
any persistent changes to the innate, or more generalized,
immune response resulting from an acute infection experienced
in adulthood. Infections are also commonly encountered during
the perinatal period, however, and it is becoming clear that,
depending on the timing and severity of the insult, such
infections can impose more permanent alterations in the re-
sponse to further infections of the same type.

Neonatal Programming of Adult Immune Responses

In the mid to late 1990s, Shanks and colleagues established
that an immune challenge experienced at postnatal days (P)3
and 5 of the neonatal period in the rat can lead to permanent
alterations in HPA axis function and immune regulation (71,
72). Subsequent studies have addressed the effects of and
mechanisms for such alterations.

Results from our laboratory have shown that even a single
peripheral injection of LPS (Escherichia coli) given at a critical
period in development programs an attenuated neuroimmune
response to a similar stimulus in later life (Fig. 2). This
phenomenon occurs in both male and female Sprague-Dawley
rats (11, 78) as well as in mice (unpublished observations) and
is independent of the occurrence of fever in the neonate (11).
There appears to be a critical window after P7 and before P28
in development during which this single immune challenge is
able to exert these programming effects (82). Similar attenu-
ated neuroimmune responses to LPS in adulthood are seen,
however, if consecutive injections of LPS are administered
earlier e.g., P3 and P5, implying that a large or chronic

Fig. 1. Central responses to an immune challenge. Pathogens [e.g., lipopoly-
saccharide (LPS)] bind to Toll-like receptors (e.g., TLR4) on monocytes,
macrophages, and adipocytes. A complement cascade is initiated, resulting in
local release of prostaglandins (PG; e.g., PGE2) that act on the brain. Subse-
quently, the myeloid differentiation primary response gene (MyD)88-depen-
dent phosphorylation of inhibitory (I)�B is triggered within the immune cell.
The transcription factor NF-�B is released, resulting in the synthesis and
release of proinflammatory cytokines (e.g., TNF�, IL-1�). Cytokines act
directly or indirectly on the brain to activate inducible cyclooxygenase
(COX)-2, leading to PGE2 production. This cascade culminates in fever,
sickness behavior, and hypothalamic-pituitary-adrenal (HPA) axis activation,
combating the invading pathogen.

Fig. 2. Time line of treatment protocol. On postnatal day (P)14, 50% of the rats
from each litter are given an ip injection of 100 �g·kg�1·ml�1 E. coli LPS. The
remaining 50% are given a similar volume of pyrogen-free saline. They are left
to grow to adulthood, and at approximately P70 are given either 50
�g·kg�1·ml�1 E. coli LPS or saline. Inset: depiction of typical febrile response
to LPS in adult animals pretreated at P14 with saline (blue line) or LPS (red
line). Neonatally LPS-treated rats have attenuated febrile responses to the same
dose of LPS.
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challenge may over-ride any protective mechanisms that would
otherwise occur at this age (86). Interestingly, the mechanism
by which neonatal LPS causes alterations in adult immune
function appears to be different depending on age at exposure.
This point is discussed further below in Unresolved Issues.

The attenuated febrile response to a second challenge with
LPS after a single exposure to LPS at P14 is due to permanent
changes in the innate and not the acquired immune response.
Antibodies to LPS are raised against the O-antigen portion,
which is not conserved between species. When P14 rat pups
are treated with an injection of Salmonella enteritidis LPS,
which has a different O-antigen sequence, attenuated febrile
responses to E. coli LPS in adulthood are still seen (11). In
addition, this phenomenon also cannot be attributed to merely
an extended “tolerance” to the immune challenge. Firstly,
immune tolerance typically lasts less than a week (8), whereas
the attenuated febrile response is seen with at least a 50-day
interval between the first and second LPS challenges. Second,
the same attenuated fever is not seen if the initial LPS exposure
is given in adulthood (or even as early as P28) (82). These
findings therefore describe a long-lasting altered innate im-
mune response following a single low-dose immune challenge
that is encountered, in the rat, at a developmental period after
P7 and before P28. These alterations in innate immune func-
tion with neonatal LPS also appear to be independent of any
changes in both the anorectic and anhedonic responses to LPS
(47, 79).

Mechanisms of Neonatal Programming of Adult
Immune Function

There are a number of components of the immune re-
sponse that are potentially permanently altered by a neonatal
exposure to an immune challenge (Fig. 1). For instance,
reduced febrile responses in adulthood could be due to an
inability to produce heat or to an alteration in the proin-
flammatory cytokine profile induced by LPS. The former is
unlikely, as rats respond with robust hyperthermia to the stress
brought about by an injection. Furthermore, normal fevers are
seen with both an intraperitoneal injection of the proinflam-
matory cytokine IL-1� and with an intracerebrocentricular
(brain) injection of PGE2 (11) or LPS (61), indicating that
these rats have a normal ability to respond to proinflammatory
cytokines and a normal ability of PGE2 and LPS to elaborate
the febrile response when the brain is activated centrally. These
neonatally LPS-exposed animals are capable of mounting ro-
bust fevers but do not do this in response to LPS.

Neonatal LPS does affect circulating proinflammatory cyto-
kine responses to a further LPS challenge, and it is this
difference that is likely responsible for the attenuated fever, at
least in males (47). Thus, circulating concentrations of the
proinflammatory cytokines IL-1�, IL-6, and TNF� are signif-
icantly attenuated after an adult LPS challenge in neonatally
LPS-treated rats compared with saline-treated controls (25,
47). This reduction in circulating proinflammatory cytokine
production is associated with reduced I�B phosphorylation in
the liver and spleen (25), which would lead to attenuated
NF-�B release, reduced translocation, and less initiation of
cytokine transcription. The resultant dampening of circulating
cytokine production also results in reduced activation of PGE2-
catalyzing COX-2 in the brain (11, 47). It is noteworthy that

cytokine levels in adult Fischer 344 rats are not attenuated if
the first exposure to LPS occurs earlier in life, i.e., at P3 and P5
(86), indicating that age-, dose-, or strain-specific mechanisms
may be involved.

These findings led to the possibility that this dampening of
the response to LPS, at least to a single dose between P7 and
P28, could be due to altered negative feedback by corticoste-
rone. Glucocorticoids are known to modify cytokine expres-
sion, chiefly via their actions on NF-�B and HPA axis activity
(35, 68) and have previously been shown to be altered by
neonatal immune challenge, albeit under different conditions
(40, 71, 72). Glucocorticoid levels or actions therefore repre-
sent good candidate mechanisms to explain our altered cyto-
kine expression and febrile responses. In support of this hy-
pothesis, corticosterone is strongly elevated compared with
controls in the first hour after LPS in adult rats treated with
LPS as neonates, and blocking the ability of corticosterone to
respond to LPS with adrenalectomy, or with the glucocorticoid
receptor antagonist RU-486, completely restores normal febrile
responses and plasma cytokine concentrations (25).

Exploration of the mechanisms by which corticosterone was
enhanced after a second LPS challenge revealed that animals
that received LPS during development had a greater increase in
corticotropin-releasing hormone (CRH) mRNA within the first
hour after LPS, although basal levels were similar. Proopio-
melanocortin (POMC), the parent peptide for adrenocortico-
tropic hormone (ACTH) mRNA, was also increased in the
same manner as CRH by the neonatal treatments and following
the adult LPS injection. Indeed, increases in CRH and POMC
mRNA translated into elevated serum levels of ACTH that
were more pronounced after the adult LPS challenge in the rats
given LPS neonatally (61). These findings indicate an en-
hanced HPA axis reactivity to LPS in adulthood in neonatally
LPS-treated rats that may account for the amplified corticoste-
rone release.

The HPA axis response to a stressor is under tight negative
feedback regulation via glucocorticoids acting at glucocorti-
coid receptors on neurons in the hypothalamus, hippocampus,
and elsewhere that inhibit the paraventricular nucleus (PVN) of
the hypothalamus CRH neuron activation. The amplified cor-
ticosterone release after a second LPS challenge occurs without
changes in this glucocorticoid negative feedback. That is,
neonatally LPS-treated rats have amplified corticosterone re-
sponses to LPS in adulthood despite no significant changes in
glucocorticoid receptor mRNA (37) or protein (61) in the
hippocampus of adult animals treated with LPS at P14 com-
pared with controls. In further support of the contention that
there are no changes in glucocorticoid feedback, activation of
the viral receptor TLR3 in adulthood in LPS-treated neonates
resulted in unaltered febrile and corticosteroid responses com-
pared with controls despite the involvement of a similar con-
stellation of immune mediators (26). These findings pointed to
a critical role for the LPS receptor TLR4 in the programming
response. TLR4 is required for the recognition of the LPS
molecule, and animals deficient in this receptor show pro-
nounced febrile hyporesponsiveness when given LPS (41, 66).
In contrast to the expectation that TLR4 would be downregu-
lated after neonatal LPS treatment (thus accounting for reduced
cytokine levels), adult rats treated with LPS on P14 have
significantly higher amounts of TLR4 receptor mRNA in the
liver and spleen than controls (61). The question remains as to
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how changes to TLR4 in the liver and spleen may be respon-
sible for downstream alterations in corticosterone, especially
since these occur at an early time point, before they are
influenced by cytokine activation of the brain.

Enhanced TLR4 expression in the livers of neonatally LPS-
treated rats after a second dose of LPS led to the suggestion
that these rats were displaying an early vagally mediated
activation of the brain. The vagus nerve plays a large role in the
activation of HPA responses following peripheral inflamma-
tory stimuli (31, 44), and acute-phase mediators released from
the liver can activate it sufficiently rapidly to precede the
synthesis and release of cytokines responsible for fever (10, 51,
65). However, Fos immunoreactivity in the nucleus of the
solitary tract (where vagal afferents terminate) was attenuated,
not enhanced, in response to LPS in neonatally LPS-treated
adults. There was also no change in c-fos mRNA in this region
and no reversal of the enhanced corticosterone response to LPS
in neonatally LPS-challenged adults after hepatic vagotomy
(61), essentially ruling out a role for a vagally mediated
component to these effects.

COX-2 plays an important role in mediating the effects of
LPS and is a crucial catalyst not only for the production of PG
leading to fever (63, 85), but also for the early rise in plasma
PGE2. Although neonatally saline-treated rats do not have
appreciable levels of liver COX-2, the enzyme can be seen in
measurable quantities in those treated neonatally with LPS.
Thus, in contrast to control animals, where the enzyme has to
be induced, normally resulting in very little early PGE2 pro-
duction, the neonatally LPS-exposed animals have sufficient
enzyme readily available in the liver to quickly produce PGE2.
In support of this contention, adult LPS in these animals causes
a significantly greater early elevation in plasma PGE2 (61),
which can then cause an early activation of the HPA axis.

Collectively, these results point to a collaborative TLR4-
and COX-2-mediated mechanism by which early life exposure
to LPS causes attenuated febrile responses to the same chal-
lenge in adulthood. Early exposure to LPS leads to greater
expression of TLR4 in the liver and constitutive COX-2; thus,
LPS acting on these more numerous TLR4, coupled with high
peripheral levels of available liver COX-2, results in increased
early PGE2 production, amplified early HPA axis activity, and
subsequent downregulated cytokine production (Fig. 3).

It is important to note that this phenomenon is not restricted
to LPS. Thus, there is similar programming in response to a
viral infection, and this likely occurs via a similar mechanism.
We have seen that exposure to the viral mimetic polyinosinic:
polycytidylic acid (Poly I:C) at P14 leads to a similar attenu-
ated febrile response to a second, adult, exposure to the same
virus (26). This programming of the immune response is
specific to the type of pathogen. Neonatal LPS leads to an
amplified HPA axis response to further LPS via activation of
TLR4, which is more abundantly expressed in these animals.
Poly I:C presumably leads to a similar amplification of the
HPA axis response to further Poly I:C to suppress fever, but it
does so via activation of TLR3, of which there is greater
expression (26). How these changes are brought about by a
bacterial or viral challenge at specifically this time window and
whether they can be reversed remains to be determined.

In support of a critical role for TLRs in the programming
response, we found that there was no alteration to the cortico-
steroid response to restraint stress after neonatal LPS or to the
brief stress-induced hyperthermia in response to the needle
prick of the injection (61, 79). However, it is interesting to note
that, in a recent study by Soriano and Branco in which they
examined open-field-induced stress fever in rats treated at P14
with LPS (76), there was a corticosterone-dependent attenua-

Fig. 3. Mechanism for attenuated febrile responses in neonatally LPS-treated animals. A: in animals not treated with LPS as neonates, i.e., in the normal innate
immune response, LPS acts on TLR4 on immune cells. An immune cascade is initiated whereby COX-2 is activated in liver macrophages (Kupffer cells and
possibly other immune cells elsewhere), promoting PG (e.g., PGE2) release into the circulation to signal to the brain, contributing to the onset of fever. At the
level of the immune cell, NF-�B also triggers synthesis and release of proinflammatory cytokines (e.g., TNF� and IL-1� or -6), which activate the brain,
stimulating COX-2 to catalyze further production of PGE2. In addition to contributing to the onset of fever, PG cause an initial ACTH release from the anterior
pituitary and glucocorticoid release from the adrenal cortex. Glucocorticoids have anti-inflammatory actions to limit peripheral cytokine synthesis. B: in animals
treated with LPS as neonates, there is a constitutive upregulation of TLR4 on immune cells in the spleen and liver as well as constitutive upregulation of COX-2.
In these animals, adult LPS causes a rapid enhanced rise in plasma PGE2 that results in an early glucocorticoid surge that acts on the immune cells to suppress
cytokine production, thereby resulting in a reduced febrile response.
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tion in stress-induced PGE2 production and fever in these
animals similar to what we see with LPS. At this stage, we
have no explanation for the differential ability of neonatal LPS
to alter responses to open-field relative to restraint stress, but it
could be related to the affective magnitude of the stressor to the
rat.

Interestingly, the TLR4-PG changes underlying the attenu-
ation of the febrile response are in contrast to those seen with
other programming events, such as with changes to the HPA
axis caused by altered maternal attention. In this case, a
different type of perinatal event (reduced maternal attention)
also has permanent programming effects on HPA axis func-
tion, but it does so by chronically downregulating hippocampal
glucocorticoid receptors, leading to reduced negative feedback
(56, 57). Offspring of high-licking and -grooming mothers
probably have a serotonin-mediated increase in nerve growth
factor-inducible factor A (NGFI-A) expression. NGFI-A binds
to its recognition sequence on the glucocorticoid receptor,
resulting in increased histone acetylation, facilitating demeth-
ylation of the glucocorticoid receptor promoter and thus greater
activity of the glucocorticoid receptor. The opposite occurs
with reduced maternal attention (58).

Unresolved Issues

After P14 LPS treatment, the febrile, cytokine, and cortico-
sterone responses to adult LPS are all altered. In association
with these alterations, the pronounced hyperalgesia usually
seen after LPS is also attenuated, most likely via the same
mechanisms involving the reduced cytokine levels and reduced
brain COX-2 activation (12). However, other responses to
LPS, such as sickness behaviors like anorexia (78) and anhe-
donia (47), are unchanged. As the former most likely involves
leptin (70) and insulin (48) action, and the latter the central
monoamine systems in addition to the cytokine influence (14,
22), it will be important to determine why they do not respond
in the same manner as the febrile, cytokine, and corticosterone
responses. Additionally, social withdrawal is an important
component of sickness behavior involving central cytokines
(46), and we are unaware of any reports concerning how this
behavior is altered.

We have discussed here a mechanism by which an LPS
challenge at P14 can alter the neuroimmune response to a
further challenge long term. However, the mechanism by
which an earlier challenge (P3 and P5) affects later immune
responses appears to differ. Although an altered adult cortico-
sterone profile to LPS in P3/P5 LPS-treated rats was reported,
and this is associated with a decreased glucocorticoid receptor
density in the hypothalamus and hippocampus (71), this was
not correlated with changes in immunological function (5, 6).
That is, these rats had similar increases in plasma corticoste-
rone with adjuvant-induced arthritis as their neonatally saline-
treated counterparts but were protected from paw inflammation
in this model. Bilbo et al. (5, 6) have conducted a number of
elegant studies into the effects of live E. coli exposure at P4 in
Sprague-Dawley rats. Unlike the effects of LPS at a similar
time point (72), live E. coli during the neonatal period does not
alter the adult corticosterone response to LPS (5, 6). The
plasma cytokine profile is also not altered. Although it is
possible that the effects of a live bacterial infection represent a
much more severe inflammation than does a single low dose of

LPS, these studies, along with those of Walker et al. (86) at a
similar time point, suggest that the differences are due to the
neonatal age when exposure takes place.

A possible explanation for these discrepancies may lie in the
specific developmental time windows for immune and HPA
axis function. As pointed out by Bilbo et al. (7), the very early
postnatal period is a time when certain cytokine levels in the
brain are naturally elevated. For instance, brain IL-1� is high
just after birth in the rat, declining to adult levels by approx-
imately P6 (33). An immune challenge at this time (at least
with live E. coli) is able to further elevate brain IL-1� (5), and
this potentially exacerbates or prolongs the developmental
influence of this cytokine on the brain. Conversely, P14 is a
point in development where HPA axis responsiveness to stress
begins to acquire an adult-like profile (50), potentially a vul-
nerable stage in the development of HPA axis function. In this
regard, we have also observed, under some housing conditions,
changes in adult body weight after an LPS challenge at P7 (82,
83), an observation that has been replicated in rats treated at
P10 (42). The hypothalamic pathways regulating body weight
and metabolism are known to mature, in the rodent, between
P6 and P12 (2, 13), making this a particularly sensitive time for
these pathways. It will be essential for future studies to deter-
mine how LPS interacts with the central nervous system at
particular vulnerable times during development to alter these
systems.

Implications

In human newborns, bacterial infections are the primary
cause of infection and hospital admissions, particularly in
developing countries (64), and pre- and postnatal inflammation
can have serious immediate and long-term consequences. For
instance, fetal inflammation is a likely cause of preterm birth in
many cases (74), and severe perinatal inflammation may also
lead to neurodevelopmental impairments, including delays in
cognition and psychomotor function (1), if not mortality (64).
Viral infections, too, are known to have significant long-term
effects on neurodevelopment, with maternal influenza being
linked to increased susceptibility to schizophrenia in the off-
spring (16).

It is less clear what the consequences are of a very mild
immune challenge at critical time points of vulnerability in
humans, and this remains to be determined. It is difficult and
controversial to equate developmental stages between humans
and rodents. However, it is generally assumed that late gesta-
tion and the early postnatal period in the rat and mouse are
roughly equivalent to the third trimester of pregnancy in
humans, whereas the later postnatal period in the rodent may
be more developmentally similar to a child of six months of
age or more (3, 30, 34, 36). While little is known about the
impact of inflammation at this time, we do know that the brains
of young children (�4 years of age) are more vulnerable to
deficits in motor and cognitive function than older children
after traumatic brain injury (67). HPA axis function is also
vulnerable during infancy to functional alterations. For in-
stance, child abuse can lead to epigenetic regulation of glu-
cocorticoid receptors, causing downstream alterations of CRH
and potentially altering the risk for depression (55).

It is highly likely that an inflammatory challenge at this time
will also have long-term effects in the human. In terms of
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whether these effects are likely to be negative or positive for
the subject, again, more research is needed. The long-term
effects of an inflammatory challenge at or near parturition in
the human appear to be overwhelmingly negative (1, 16, 64,
74). However, it is also known that lack of exposure to
appropriate immune stimuli in childhood can enhance the risk
of developing autoimmune diseases (62, 73). We have seen in
the rodent that a P14 challenge with LPS does not lead to
obvious deficits in the later life ability to respond to a dose of
LPS sufficicent to produce sepsis (79). We have also seen
minimal effects on the animals’ behavioral profiles (80). On
the other hand, we do see a very severe and clearly detrimental
response to experimental colitis in the adult rat after neonatal
LPS (81), an effect that appears to be reflected in the human
(23, 87). Thus, the survival value or otherwise of an early-life
immune challenge appears to depend largely on the physiolog-
ical system under study and will also depend on genetic and
other environmental factors already at play.

It is now abundantly clear that experiencing an immune
challenge during the perinatal period can have far-reaching and
long-term effects on many aspects of physiology. Current
research has produced conflicting results regarding some of
these aspects, but it is evident that there are critical windows
during development when the animal is vulnerable to such
challenges, and the outcomes may depend on the age, dose,
type, and duration of the stimulus. It will be essential for future
studies to define these critical windows of vulnerability for the
system of interest and the different mechanisms by which an
immune challenge can cause long-term effects at each period.
It will also be important to start to translate these critical
windows of vulnerability into similar developmental periods in
humans. Given increasing evidence for epigenetic alterations
brought about via a wide range of neonatal interventions
(57–59), it is imperative that epigenetic analysis be applied to
components of the innate immune response after neonatal
inflammation. Whatever the mechanism, the immunological
experience of a developing animal has profound implications
for its long-term physiology and pathophysiology and, there-
fore, prognosis and treatment in the face of a variety of
disorders. For those aspects thought to be detrimental to adult
health [such as increased susceptibility to seizures, stroke, pain
etc. (12, 29, 77)] it will be particularly interesting, from a
medical perspective, to understand how to reverse the effects
of a neonatal immune challenge. Given that exposure to patho-
gens is most likely a normal consequence of infant growth
outside the relatively sterile world of an animal research
facility, it would also be interesting to learn whether the altered
innate immune response that results is associated with better or
worse outcomes after disease.
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