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Abstract
Early maternal separation and other disruptions of attachment relations are known to increase risk
for the later onset of depressive illness in vulnerable individuals. It is suggested here that sensitization
involving proinflammatory processes may contribute to this effect. This argument is based on: (1)
current notions of the role of proinflammatory cytokines in depressive illness; (2) evidence that
proinflammatory cytokines mediate depressive-like behavior during separation in a rodent model of
infant attachment; and (3) comparisons of the effects of early proinflammatory activation versus
maternal separation on later proinflammatory activity and biobehavioral processes related to
depression. The possible interaction of proinflammatory processes and corticotropin-releasing factor
in the sensitization process is discussed.
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Introduction
In recent years, there has been a concerted effort to better understand the relationship between
stress and depression. Stress promotes depression in vulnerable individuals in at least two ways.
First, periods of major stress frequently precipitate the onset of depressive bouts (Bonde et al.,
2008; Caspi et al., 2003; Chadda et al., 2007; Gotlib et al., 2008). Second, exposure to stressors
during early life—often stressors involving disruption of attachment relations (i.e., separation,
abuse, neglect)—increases the risk for the onset of depressive illness in later life (Agid et al.,
1999; Bernet & Stein, 1999; Gilman et al., 2003; Reinherz et al., 1999; Takeuchi et al.,
2002).

The association between early attachment-figure separation and depression was suggested by
the work of Spitz and others in the 1940’s and 50’s, which demonstrated that children often
exhibited depressive-like behavior during prolonged separation from their parents in hospitals
or other institutional settings (Bowlby et al., 1952; Robertson, 1953; Spitz, 1946). Studies of
nonhuman primates that then followed firmly established the importance of the attachment
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figure in infancy for healthy psychological functioning (Harlow & Harlow, 1969; Mineka &
Suomi, 1978) and identified a stage of behavioral response to maternal separation that was
marked by passivity and withdrawal. Behavior during this passive or “despair” stage clearly
resembled the depressive behavior of separated children (Kaufman & Rosenblum, 1967;
Mineka & Suomi, 1978) and soon was established as an early animal model of depressive
illness (McArthur & Borsini, 2006). Later studies by Levine and others in both nonhuman
primates and rodents demonstrated the variety of essential physiological functions [e.g.,
cardiovascular, hypothalamic-pituitary-adrenal (HPA)] and behaviors of the infant that were,
as a matter of course, controlled and regulated by the presence of the maternal figure (e.g.,
Hofer, 1987; Mason & Berkson, 1975; Rosenfeld et al., 1992; Schanberg et al., 2003).

In humans, retrospective studies began to document a positive correlation between early
attachment-figure separation and increased risk for depression in adulthood (Birtchnell,
1972; Brown et al., 1977). As the association of early attachment disruption and later depression
has progressively become more firmly established in the literature (e.g., Kessler et al., 2008;
Widom et al., 2007), studies attempting to identify the mechanisms responsible have
proliferated as well. Research has implicated the HPA and serotonergic systems among others
(Gillespie & Nemeroff, 2007; Spinelli et al., 2007), though the bulk of attention has focused
on corticotropin-releasing factor (CRF). A number of lines of evidence suggest that CRF acting
at both hypothalamic and extra-hypothalamic sites is a crucial factor determining the effect of
early stressors on later depression and anxiety disorders (Bradley et al., 2008; Coplan et al.,
2001; Heim et al., 2008; Keen-Rhinehart et al., 2008). Enhancement or sensitization of CRF
action on, for instance, HPA, sympathetic, and central monoamine systems as a result of the
early trauma provides a unifying mechanism for “stress diathesis” models for the development
of depressive illness (Gold et al., 1988; Heim & Nemeroff, 2001), and has helped build a case
for current attempts to develop CRF antagonists as anti-depressants (Binneman et al., 2008;
Holsboer & Ising, 2008; Valdez, 2006).

This paper will suggest that the association of early attachment disruption with the later onset
of depression might also involve a sensitization of proinflammatory pathways; that is, a
neuroimmune process. This notion was prompted by ongoing research in our laboratories
indicating that proinflammatory activity mediates depressive-like behavior in an animal model
of attachment-figure separation. The present paper places these findings in the context of: (1)
the now extensive literature documenting that proinflammatory processes can contribute to
depressive illness; and, (2) evidence that increased proinflammatory activity in the CNS can
exert long-term effects on both behavior and stress-related physiological systems that are
relevant to the development of depressive illness. Specifically, the current paper will suggest
that stress-induced activation of proinflammatory activity during attachment-figure separation
(or possibly other forms of attachment disruption) in early life may increase proinflammatory
activity or its effects on other stress-related systems in later life, and thereby increase the
chances of depressive illness. Such a process, if confirmed, might be incorporated within the
broader framework of the stress-diathesis model of depression and its proposed mediators (e.g.,
CRF). Others have proposed that stressors and increased proinflammatory activity can cross-
sensitize neural circuits underlying depression (Anisman et al., 2003; Tilders & Schmidt,
1999). We build on this idea as it applies to a specific form of an early psychosocial stressor
(attachment-figure separation) thought to be particularly potent at promoting the development
of depression in later life.

In the following sections we first will provide a brief overview of relevant findings regarding
the role of proinflammatory activity in depressive illness. Second, we will present evidence
primarily from our own comparative work indicating that proinflammatory processes underlie
depressive-like behavior during maternal separation. Third, comparisons of the lasting effects
of increased proinflammatory activity and maternal separation on relevant biobehavioral
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measures and proinflammatory activity in later life will be made. Finally, conclusions from
these sets of data, as well as limitations and qualifications of the proposal, will be discussed.

Proinflammatory processes in depressive illness
The notion that proinflammatory processes can play an important role in at least some forms
of depressive illness has gained widespread acceptance during the last decade. A complete
review of the role of proinflammatory activity in depression is beyond the scope of the present
paper. A number of more-comprehensive recent reviews of this topic are available (e.g.,
Dantzer et al., 2008; Dunn et al., 2005; Miura et al., 2008; Schiepers et al., 2005). The purpose
here is to provide the basic framework of this idea, to illustrate the kinds of data that support
it, and to demonstrate how relevant proinflammatory processes appear to be linked to stress in
ways that are amenable to study in laboratory animals.

Proinflammatory cytokines [Interleukin-1 (IL-1), IL-6, tumor necrosis factor-α (TNF-α), and
interferon-α (INF- α) among others] are peptides secreted by monocytes/macrophages and
microglia upon detection of antigens as part of the innate immune response. The peptide
signalers orchestrate a systemic inflammatory response known as the acute phase response, or
sickness, that constitutes a first line of defense against pathogen replication (Bauman &
Gauldie, 2004). The acute phase response consists of both physiological components such as
fever, shifts in the production of proteins by the liver, and HPA activation, as well as behavioral
changes. In general, active behaviors are diminished and passive responses predominate.
“Sickness behaviors” include reductions in feeding, drinking, socio-sexual activity, and overall
interaction with the environment, as well as the seeking of warmth, shivering, piloerection,
sleepiness, cognitive impairments, and the assumption of a hunched posture (Hart, 1988;
Yirmiya, 1996). The responses largely appear to be motivated behaviors rather than simply the
result of debilitation (Aubert, 1999), and seem to be adaptive during times of illness by
supporting the production of fever, conserving energy, etc (Hart, 1988). Interestingly, sick
animals can also appear “depressed”, i.e., disengaged, asocial, and, in some cases, projecting
an impression of sadness.

Evidence that increased proinflammatory cytokine activity contributes to human depression
stems from several sources. For instance, levels of circulating cytokines and other markers of
the acute phase response have been found to be elevated in depressed patients (Kronfol,
2002). Chemotherapy with proinflammatory cytokines, in particular INF-α, provokes
depressive reactions in a substantial proportion of patients (e.g., Miyaoka et al., 1999; Raison
et al., 2006), and the depressive effect of cytokines can be reduced with antidepressants
(Musselman et al., 2001). Further, exposing laboratory animals to stressors has been found to
elicit increased proinflammatory activity and aspects of an acute phase response, including
depressive-like, sickness behavior (Maier & Watkins, 1998). Indeed, it has been suggested that
cytokine activation in response to stressors may be a major factor accounting for the onset of
stress-induced depression (Miura et al., 2008). Thus, study of stress-induced sickness behavior
offers a potential framework in which to consider the ability of periods of stress to precipitate
depressive episodes. During stressor exposure, increased proinflammatory activity may alter
metabolism of tryptophan to reduce central serotonin, enhance HPA activity, and increase
central neurotoxic activity (Hayley et al., 2005; Miura et al., 2008). In other words, stress-
induced cytokine activity may promote depression by its action on other putative mechanisms
of depressive illness, namely: reduced serotonergic activity, HPA hyperactivity, and increased
neurotoxic action. Moreover, Koo and Duman (2008) and Goshen et al (2008) recently reported
that stressor-induced behavioral signs of depression and associated reductions in neurogenesis
in mice were reversed by central antagonism of the IL-1 receptor. These latter findings not
only fit well with a growing literature supporting neurogenesis as a key adaptation that may
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be necessary for the action of typical antidepressants (Balu & Lucki 2008), but they also
implicate cytokines in the process.

While such findings suggest involvement of proinflammatory cytokines in stress-induced
depression, they say little about a possible role for cytokines in the ability of early attachment
disruption to predispose individuals to depression in later life. Most demonstrations that
stressors can elicit signs of an acute phase response have employed manipulations (e.g.,
immobilization) with little psychosocial component and have used older aninals (Deak et al.,
2005; Lemay et al., 1990; Maier & Watkins, 1998; Pugh et al., 1999). Though these studies
have been valuable for documenting how stressors beget cytokine expression, little remains
known about the proinflammatory response of young animals to stressors such as separation
from the maternal attachment figure.

Proinflammatory activity during maternal separation
In nonhuman primates, the most well-documented consequence of maternal separation on
activity of the immune system is a suppression, particularly of specific immunity (e.g., of T-
cell and B-cell activity; Coe, 1993; Laudenslauger, et al., 1982). Yet, these findings do not rule
out an enhancement of other immune responses, including those of the innate immune system.
Indeed, Coe, Rosenberg, and Levine (1988) found that a 24-hr separation procedure produced
a dramatic and prolonged increase in macrophage activity and other signs of an acute phase
response in squirrel monkeys. Nevertheless, effects of maternal separation on proinflammatory
cytokines and the acute phase response in nonhuman primates have not been studied in any
detail, and the relation of proinflammatory activity to behavioral responses during separation
in these animals is unknown. Recently, we have examined these questions in a rodent species,
the guinea pig.

The guinea pig is a valuable rodent for studies of attachment-figure separation. Using
traditional criteria, guinea pigs display better evidence for a specific attachment to the mother
than do laboratory rats or mice (Hennessy, 2003; Hennessy & Ritchey, 1987; Jackel &
Trillmich, 2003). This difference is probably related to differences in infant development and
the nature of maternal care in these species. Unlike rats or mice, newborn guinea pigs are
extremely precocial at birth: they are born fully furred with their eyes and ears open. The pups
can locomote within minutes of birth and begin to ingest small quantities of solid food and
water during the first days of life (Harper, 1976; Schiml & Hennessy, 1990). Lactating guinea
pig females have no permanent nest and do not retrieve pups or show substantial amounts of
other active maternal behaviors (Konig, 1985). As a result, it is the strong attraction, or
attachment, of the pup for the mother that is primarily responsible for maintaining mother-
young proximity. Because guinea pigs exhibit better evidence for a true filial attachment
process that do laboratory rats or mice, lasting effects of separation can be attributed more
definitively to removal of an attachment figure as opposed, for instance, to changes in maternal
behavior following return of the pups (e.g., Meaney et al., 1996).

Studies over the last 25 years have shown that there are a large number of similarities in the
physiological and behavioral responses that occur during separation in guinea pigs and species
of nonhuman primates (Hennessy, 2003). These similarities include activation of stress-related
systems (e.g., HPA, sympathetic, central dopamine and norepinephrine) as well as the
occurrence of passive behavioral responses during maternal separation. As is the case in
nonhuman primate infants, the immediate behavioral response to separation is activation,
particularly of vocalizing, which is then followed by a reduction of active behavior and the
emergence of a constellation of passive responses, which in the guinea pig include a
characteristic crouched stance, prolonged closure of the eyes, and extensive piloerection (Fig.
1; Hennessy et al., 1995). In guinea pigs, however, the response develops much more rapidly
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than in primates (several hours vs many hours or days). Moreover, we hesitate to refer to the
response in guinea pigs as “despair” since it is evoked simply by placing a physically developed
pup into a new cage for a few hours. The impression conveyed by the passive response is one
of physical illness, an impression that also struck early investigators of the passive response
in nonhuman and human primates (Kaufman & Rosenblum, 1967; Spitz, 1946).

Such observations prompted the hypothesis that passive responses to separation are mediated
by proinflammatory cytokines (i.e., represent stress-induced sickness behaviors; Hennessy et
al., 2001), which has motivated much of our research over the past several years. This
possibility has been addressed experimentally from several different approaches. One tact has
been to show that the components of the response seen during separation can be elicited by a
proinflammatory cascade. To test this possibility, pups were injected with lipopolysacchride
(LPS), a component of the cell wall of gram negative bacteria that elicits a robust acute phase
response free of the effects of a replicating pathogen. When these pups were then observed in
our test situation for a 1-hour period (during what would be the active response phase under
control conditions), we observed a dose-related increase in each of the passive responses
relative to pups injected with saline (Fig. 2; Hennessy et al., 2004). Thus, the crouching, eye-
closing, and piloerection are indeed expressed as part of the natural repertoire of sickness
behaviors in the guinea pig pup.

If proinflammatory cytokines contribute to the behavior of separated guinea pig pups, then it
should be possible to demonstrate increased cytokine activity, and direct physiological effects
of increased cytokine activity, during separation. In agreement with these expectations, gene
expression of TNF-α in spleen was found to be elevated over baseline rates at one and three
hours with our isolation procedure (Hennessy et al., 2007a), and an increase in core temperature
attributable to the absence of the mother—and not correlated with physical activity—has been
observed (Hennessy et al., 2008).

Perhaps the most direct means of documenting that passive behaviors of separated pups are
mediated by proinflammatory activity is by showing that anti-inflammatory compounds reduce
passive behavior during separation. In a first study, the peptide α-melanocyte-stimulating
hormone (α-MSH) was administered to separated pups. α-MSH is a naturally occurring peptide
with a variety of physiological and behavioral effects. We chose it for our initial study because
is has a very potent and broad spectrum of anti-inflammatory activity. We found that
intracerebroventricular (ICV) infusion of α-MSH significantly reduced each of the three
passive responses during a separation of 3 hr, a duration of separation that is sufficient to induce
a robust passive response (Fig. 3; Schiml-Webb et al., 2006). Because the same dose and
administration procedures also decreased passive behavior induced by LPS injection
(Hennessy et al., 2007b), it appeared that it was the anti-inflammatory property of α-MSH that
was responsible for the behavioral effect.

Prostaglandins are inflammatory products induced by cytokines that contribute to sickness
behaviors (Johnson et al., 1993; Yirmiya et al., 1997). Therefore, we also assessed the effect
of indomethacin, which inhibits the activity of cyclo-oxygenase-2, a rate-limiting enzyme for
the production of prostaglandin E2 during inflammatory challenges. Peripheral injection of
indomethacin (which readily crosses the blood-brain barrier) significantly reduced passive
responses of guinea pig pups during 3 hours of separation (Hennessy et al., 2007b). Finally,
we examined IL-10, a cytokine that has a variety of anti-inflammatory actions, including
reversal of LPS-induced behavioral effects (Bluthe et al., 1999; Nava et al., 1997; Smith et al.,
1999). An association of this peptide with depression is suggested by the finding that
administration of antidepressants increases levels of IL-10 (Kubera et al., 2000). We found
that ICV IL-10 across doses ranging from 12.5 to 250 ng significantly reduced all measures of
passive responding (Perkeybile et al., in press). In summary, three quite different anti-
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inflammatory agents have now been observed to reduce the passive responding of guinea pig
pups during a several-hour period of separation from the mother. These results strongly suggest
proinflammatory processes contribute to the passive responses observed during attachment-
figure separation. The results are consistent with the somewhat limited findings in monkeys
(Coe et al., 1988) and raise the possibility that proinflammatory activity may underlie
depressive-like behavior during the “despair” stage of separation in primates as well.

Lasting effects of enhanced proinflammatory activity during early life
If depressive-like behavior during infancy is mediated by increased proinflammatory activity,
and if proinflammatory activity in adulthood contributes to the onset of depression, then
perhaps the association of early attachment-figure separation and other forms of attachment
disruption (e.g., neglect, abuse) with an increased likelihood of developing depressive illness
might be due in part to lasting effects on, or of, proinflammatory activity. That is,
proinflammatory processes that contribute to depression (either the proinflammatory activity
itself or its effects on other relevant systems) may be sensitized by the proinflammatory
response occurring during the early insult. If this were the case, one would expect to find
similarities in the effects of early attachment-figure separation and early proinflammatory
activation. Specifically, Arrows A and B in Figure 4 indicate that one would predict that both
separation from the attachment figure and enhanced proinflammatory activity during early life
should produce physiological and behavioral outcomes associated with depression. Arrows C
and D illustrate it should be possible to show that the same two early interventions also increase
proinflammatory activity, or sensitize its effects on other relevant systems, in later life. Here
we will review extant findings that bear on these predictions.

Immunological challenge in early postnatal life has lasting effects on HPA activity in laboratory
animals. Whereas neonatal immune activation with, for instance, LPS has been observed to
produce no effect or variable effects on basal HPA hormone levels (del Rey et al., 1996; Ellis
et al., 2005, 2006; Hodgson et al., 2001; Shanks et al., 1995, 2000; Walker et al., 2006), a more-
consistent finding has been an exaggerated response to stressors, such as restraint, in adults
exposed to LPS in the neonatal period (Hodgson et al., 2001; Shanks et al., 1995; Shanks et
al., 2000). This effect appears to be achieved at least in part through a disruption of negative
feedback. Specifically, LPS administration to rats in the first week of life was found to reduce
ACTH suppression in response to the synthetic glucocorticoid dexamethasone, reduce
glucocorticoid receptor density in hippocampus, hypothalamus, and frontal cortex, and to
enhance CRF and arginine vasopressin expression in the median eminence (Shanks et al.,
1995). These findings are relevant to depression because enhanced HPA activity and
suppression of negative feedback have long been known to frequently accompany major
depressive episodes (Carroll et al.,1968; Sachar et al., 1970) and may play a causative role in
the disorder (Shelton, 2007). And as noted above, an increase in HPA activity is one means by
which stress-driven increases in cytokine activity have been proposed to induce the onset of a
depressive episode (Miura et al, 2008). In contrast to the effects of early LPS, exposure of
infant rats to an actual bacterial infection typically has been found to have no effect on later
HPA responses (Bilbo et al., 2005a , b; 2006), or even to reduce later responses (Bilbo et al.,
2008b ). It seems that the presence of a replicating pathogen in addition to just cytokine release
in some way negates or alters the later response. Alternatively, the procedures used in the
different sets of studies may have resulted in differences in the degree or nature of the cytokine
response.

How do these effects of early immunological challenge compare to those of attachment-figure
separation? First, it should be said that relevant studies examined rats and mice almost
exclusively, and effects of maternal separation in these species—particularly effects on HPA
activity—may be due in large part to changes in treatment of the pup by the mother, rather than
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to absence of the attachment-figure per se (Lehmann & Feldon, 2000; Meaney et al., 1996).
For that reason, similarities in the outcome of early immunological challenge and of early
maternal separation in rats and mice might be due to similarities in the treatment the pups
receive as a result of these manipulations (Hennessy et al., 2007a). With that caution in mind,
there are similarities in the effects of early immunological challenge and maternal separation,
though only with more-prolonged periods of separation.

Brief periods of maternal separation, the so-called “handling” procedure typically reduces HPA
responsiveness to mild and moderate stressors at later ages (Levine, 1967; Meaney et al.,
1996). When separations are extended to several hours, later HPA responsiveness increases
from handled levels and can exceed that of controls (Plotsky et al., 2005). Moreover, this
increase in HPA activity appears to be achieved by the same means as observed following early
immunological challenge: a reduction of glucocorticoid receptor expression in areas (e.g.,
hippocampus) mediating negative feedback on CRF and arginine vasopression production,
resulting in enhanced HPA response to stressors (Meaney et al., 1996). In sum, prolonged
separation from the mother and early proinflammatory activation with LPS both have been
found to increase measures of HPA activity, and to do so at least in part through a reduction
of glucocorticoid negative feedback. The lasting consequences of early LPS administration
and of prolonged maternal separation on HPA activity are similar to each other and to changes
in HPA activity that accompany, and may promote, depressive behavior.

There also are similarities in the behavioral consequences of early cytokine activation and
maternal separation. Administration of LPS shortly after birth has been reported to produce
several lasting effects that collectively could be characterized as reflecting increased
emotionality or anxiety. These include reduced time in, and number of entries into, the open
arms of an elevated plus maze (Breivik et al., 2002; Walker et al., 2004b ), more-prolonged
behavioral activation in response to noise exposure (Shanks et al., 2000), reduced exploration
in open field and hole-board apparatuses (Breivik et al., 2002; Spencer et al., 2005), and more
reactivity (e.g., startle) and immobility during an encounter with a conspecific in an unfamiliar
environment (Granger et al., 1996; Granger et al., 2001). As with HPA effects, these behavioral
effects of cytokine activation are most consistent with those of prolonged maternal separation,
rather than of infant “handling”. While it should be noted that behavioral effects of prolonged
separation have varied widely—largely it seems because of differences in the procedures used
(Lehmann & Feldon, 2000)—several studies have reported evidence for increased emotionality
(e.g., decreased open-field exploration, tendency to avoid open arms of elevated plus maze;
Francis et al., 2002; Huot et al., 2001; Patchev et al., 1997; Wigger & Neumann, 1999) as well
as increased ingestion of alcohol (Huot et al., 2001). Thus, both early immune challenge and
prolonged maternal separation appear capable of producing outcomes suggestive of increased
anxiety, which frequently is comorbid with depression. In one study in which rats were infected
with actual bacteria in early life, depressive-like behavior following inescapable shock in
adulthood was actually reduced relative to controls (Bilbo et al., 2008b ). As with effects on
HPA activity, actual infection with a replicating pathogen has effects on behavior that sharply
differ from those seen when cytokine activation is achieved in the absence of a replicating
pathogen by administering LPS.

If the early proinflammatory response to separation sensitizes later proinflammatory processes
(proinflammatory activity itself or its effects on other systems), which then promotes
depression, one might also expect both direct activation of proinflammatory cytokines in early
life and attachment-figure separation to enhance proinflammatory processes in adulthood
(Arrows C and D in Fig. 4). Effects of induction of a cytokine cascade in early life on adult
cytokine-related measures (Arrow C) have been examined, and, once again, the results are
mixed. Shanks et al (2000) found early LPS reduced an inflammatory condition (arthritis
model) in rats, while Boisse et al (2004) observed adult rats treated with LPS in infancy to have
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a reduced febrile and COX-2 response to LPS but increased hypothalamic levels of COX-2.
Others have observed reductions in fever and peripheral cytokine responses when exposed to
the same bacterial (LPS) or viral mimetic as experienced during the preweaning period, but
not when exposed to the heterotypic mimetic (Ellis et al., 2005, 2006). Some of the reduction
in effects of a second administration of the same mimetic probably reflects the commonly
observed tolerance to repeated exposure (e.g., Soszynski, 2002) or a tolerance-like effect that
depends on initial exposure during a sensitive early period (Ellis et al., 2006). Nonetheless,
several studies have now found that neonatal bacterial infection enhances proinflammatory
responses following LPS exposure in adulthood. These effects include an enhanced febrile
response, elevated central and peripheral cytokine activity, and increased central COX-2 levels
and glia activity, and appear in large part to reflect reduced tolerance to later immunological
challenges (Bilbo et al., 2005a,2007a,2008a). However, reduced cytokine responses to LPS in
early infected rats have also been observed (Bilbo et al., 2005b ). Clearly more work is needed
to better sort out the precise conditions that lead to the different outcomes, but it is certain that
early cytokine activation can alter later cytokine activity. At least under some conditions, rats
exposed to bacterial infection in infancy, and the cytokine cascade that it induces, exhibit
enhanced proinflammatory activity in adulthood.

It is also known that cytokine activation can sometimes sensitize the effects of cytokines, as
well as effects of stressors, on HPA activity in adult animals. Cytokine activation was observed
to enhance later HPA responsiveness to immune challenge or stressor (e.g., novelty) exposure,
and also increased later expression of hypothalamic CRF, AVP, and the CRF1 receptor under
resting conditions (Anisman et al, 2003; Schmidt et al., 2003). Though these studies were
performed in adult animals, they suggest that the enhanced HPA activity seen in rats or mice
exposed as infants to a cytokine cascade (e.g., Shanks et al., 2000) may be a direct result of
the cross-sensitization of cytokines on hypothalamic activity driving ACTH release. We are
not aware of studies of such sensitization effects on measures of negative feedback of the HPA
axis.

Proinflammatory effects on behavior also can be sensitized by prior cytokine activation. That
is, previous injection with cytokines or LPS in adulthood increased the sickness behavior
response to later cytokine or LPS injection (Anisman et al., 2003; Hayley et al., 2001); and
bacterial infection in infancy enhanced the adult behavioral response to cytokine exposure
(Bilbo et al., 2008a ).

We recently obtained preliminary evidence for sensitization of separation behavior in infant
guinea pigs. When guinea pig pups were separated from the mother for 3 hours on consecutive
days, there was a robust increase from the first day to the second in levels of those passive
responses that appear to be mediated by proinflammatory processes (Table 1; Hennessy et al.,
2008). Further, this increase in passive behavior was associated with a more-rapidly occurring
febrile response to the absence of the mother during the second separation. These results
parallel those in adult rats in which injection of LPS enhanced the sickness response to LPS
or TNF-α 24 hr later (Hayley et al., 2001). Finally, memory impairment induced by early
bacterial infection was found to be abolished in rats following administration of an IL-1
synthesis inhibitor (Bilbo et al., 2005a ). In summary, there is evidence that increased
proinflammatory activity can sensitize physiological systems thought to underlie depressive
illness as well as depressive-like (sickness) behavior. This process provides a potential means
by which enhanced proinflammatory activity during early separation or other forms of
attachment disruption might facilitate the development of depressive conditions at a later life
stage (Anisman et al., 2003).

As for Arrow D in Figure 4 (early separation leading to a sensitized proinflammatory process),
a study in which preweaning mice were subjected to prolonged maternal separation and
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adulthood cytokine responses were observed showed that separation enhanced cytokine
expression to viral infection (Avitsur et al., 2006). Of particular relevance in the present context,
the authors note in the Discussion that the results of a preliminary study suggested that early
separation also enhances sickness behavior in response to later viral infection. Further, although
the focus of the present paper is on the postnatal stressor of maternal separation, it warrants
mention that exposing pregnant rats to a stressor (restraint) can increase proinflammatory
activity in the adult offspring (Vanbesien-Mailliot et al., 2007). Finally, two human
experiments suggest a relation between childhood stressors and increased proinflammatory
activity in adulthood. In a longitudinal study, measures of childhood maltreatment (e.g., abuse,
maternal rejection) predicted higher levels of proinflammatory markers at 32 years of age
(Danese et al., 2007). Further, Pace et al (2006) found that a group of depressed men who
reported high levels of childhood trauma exhibited a greater proinflammatory response to a
laboratory psychosocial stressor than did a comparison group of non-depressed men reporting
less childhood trauma.

Conclusions, Qualifications, and Limitations
It has long been known that disruption of an infant’s attachment to its mother produces
maladaptive, depressive-like responses during the time of the separation itself, and is associated
with increased risk of depression and other psychopathologies (e.g., anxiety) in adulthood.
Further, separation from an attachment figure ranks high among psychosocial stressors in its
potency at stimulating stress responses, particularly of the HPA axis (Hennessy, 1997). It
appears that one of the responses that can be elicited by the stressor of attachment-figure
separation is an activation of proinflammatory processes characteristic of an acute phase
response. Results from our laboratories indicate that such processes underlie depressive-like
behavior exhibited by separated guinea pig pups. And though results have often been
conflicting, data reviewed here provide reason to suspect that sensitization of proinflammatory
responses or their effects may contribute to depressive behavior in adulthood. If this were to
prove to be the case, it would seem that the processes involved could readily be incorporated
in current stress-diathesis models for the development of depressive illness, which focus in
large part on sensitization of CRF and its effects on the HPA axis and other relevant
physiological systems (e.g., central monoamine, sympathetic; Gold et al., 1988. Heim et al.,
2008).

The proposal presented here might fit within such schemes in at least two general ways. First,
as suggested by the cross-sensitization data presented above, proinflammatory activity may
sensitize CRF responses. That is, part of the impact of early cytokine activation may be through
CRF-dependent pathways. Second, the separation-induced cytokine response might itself be
mediated by CRF. Although CRF increases levels of glucocorticoids, which are well known
for their anti-inflammatory actions, CRF itself has proinflammatory effects (Ilias &
Mastorakos, 2003). It is possible that exposure to the stressor of separation increases CRF
activity, which in turn activates proinflammatory processes. In line with this reasoning, we
have found that injection of CRF induces passive separation behaviors during the initial
(typically active) phase of separation in guinea pig pups in the same fashion as does injection
of LPS (Hennessy et al., 1995). Furthermore, the passive behavior elicited by CRF, as well as
by LPS, is reduced if the pups are also administered α-MSH, which, as indicated above, has
widespread anti-inflammatory action (Schiml-Webb et al., submitted). Injection of just a CRF-
receptor antagonist delays the onset of passive behavior (McInturf & Hennessy, 1996),
suggesting that the effects of CRF injection reflect actions of endogenous CRF. In sum, CRF
could conceivably stimulate proinflammatory activity that is then subject to sensitization; and/
or CRF systems could be sensitized by the increased proinflammatory activity in early life.
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Some qualifications and limitations of the present proposal should also be noted. The above
discussion should not be interpreted as a claim that maternal separation produces a complete
acute phase response, that all separation behaviors are mediated by cytokine activity, or that
cytokine activity is the only mediator of those behaviors that are affected by cytokine action.
Rather, we are suggesting that attachment-figure separation evokes some elements of the acute
phase response, that some separation behaviors (e.g., active behaviors) are likely not affected
by cytokine activity, and that the behaviors that are affected by cytokines may be affected by
various other mediators as well. One significant limitation of the present proposal is the absence
of direct evidence for central cytokine activation underlying separation behavior. Sickness
behavior is thought to result from the effect of cytokines on central neural structures (Maier &
Watkins, 1998). In the guinea pig pup, we have found that separation increases peripheral
cytokine activity (Hennessy et al., 2007a), and that centrally administered anti-inflammatory
agents attenuate passive behavioral responses (Perkeybile et al., in press; Schiml-Webb et al.,
2006). While these findings strongly suggest proinflammatory involvement, the nature and site
of the putative central proinflammatory activity that induces behavioral change remains to be
determined. Further, long-lasting effects of early experience on depressive-like responses in
the guinea pig model have yet to be identified. Whether proinflammatory activity mediates
behavior during maternal separation in primate infants also is unknown. However, the recent
finding that INF-α administration produces sickness behavior in rhesus monkeys, which
includes a hunched posture resembling the posture seen in the despair stage of maternal
separation, certainly is consistent with this possibility (Felger et al., 2007).

Finally, since this volume is dedicated to the late Seymour (Gig) Levine and his pervasive
influence on the field of early experience, it seems fitting to note that the general notion of a
link between one’s early experience and later immunological functioning and health was
recognized by Gig long ago (Levine & Cohen, 1959; Solomon et al., 1968). While a fuller
recognition of the implications of such early findings had to await the interpretative context
provided by more-recent results and theory from the field of psychoneuroimmunology, Gig’s
ideas and findings here, as in so many other areas, presaged modern trends in developmental
and neuroscience research.
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Figure 1.
Illustration of the passive response of isolated guinea pig pups. The response is characterized
by a crouched stance, closed eyes, and extensive piloerection.
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Figure 2.
Median number of 60-s intervals (and semi-interquartile range of scores) in which guinea pig
pups injected with saline or one of two doses of LPS exhibited a crouched stance, closed eyes,
and extensive piloerection during 60 min of isolation in a novel environment, a duration of
separation in which levels of passive behavior typically are low.
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Figure 3.
Median number of 60-s intervals (and semi-interquartile range of scores) in which guinea pig
pups infused ICV with either saline or 25 μg of α-MSH exhibited a crouched stance, closed
eyes, and extensive piloerection during 3 hr of isolation in a novel environment. High levels
of passive behavior typically emerge by 3 hr of separation. Shown are values pooled across
observations made during Min 0–30, 60–90, and 150–180.
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Figure 4.
Illustration of predictions. Both separation from the attachment figure and early
proinflammatory activation are predicted to result in biobehavioral effects associated with
depression (Arrows A and B) and a sensitization of the proinflammatory response or its effects
(Arrrows C and D) in adulthood.
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Table 1

Median values (semi-interquartile range) of passive behaviors of pups tested alone on 2 consecutive days

Behavior Day 1 Day 2

Crouch 6.0 (8.6) 31.0 (11.9)

Eye-close 6.0 (5.1) 27.5 (6.6)

Piloerection 9.0 (15.1) 37.5 (7.4)

Full passive (all 3 together) 0.5 (2.1) 16.0 (8.1)
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